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Part I

Phytomolecules, Drug Discovery and Modern
Technique



Global Approach for Drug Discovery
and Development from Indian Traditional
Medicine

1

Shanti Bhushan Mishra, Alok Mukerjee, and Shradhanjali Singh

Abstract

Traditional medicine is the fusion of therapeutic experiences of generations of
general physicians, tribal and rural peoples of indigenous systems of medication.
Medicinal plants play a crucial role for the investigation of new entities (biologi-
cally active compounds in the current market). Drug discovery approaches based
on natural products and traditional medicines are re-emerging as choices for new
drugs to facilitate discovery process and also for the development of synergistic
herbal formulations. Moreover, the integration of Ayurvedic knowledge and drug
discovery brings the need for a revolution in the extraction process from sequen-
tial to parallel extraction. Bioassay-guided fractionation is a supportive measure
through which standardized extract or isolated bioactive compound is obtained as
the new drug. This integrated approach would result in saving of cost, time, and
increased success rate in drug discovery. In this chapter we exemplified various
approaches of drug discovery and application of Ayurvedic opinion in preference
of plant for its therapeutic (e.g., antidiabetic) activity.
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medicines
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Abbreviations

GMP Good Manufacturing Practice
GCP Good Clinical Practice
GLP Good Laboratory Practice
CMC Chemistry, Manufacturing and Controls

1.1 Introduction

Modern drug discovery and development endeavors typically come from the basic
research and then gradually move on to definite sequential activities, which if
successful ends in a new drug for the treatment of a human disease. The entire
pathway is systematized by well-defined mileposts, which include identification of
the lead compound, selection of the drug target, its modification to a compound
suitable for toxicity testing in experimental animals, and choosing a drug molecule
for clinical evaluation. Even before the beginning of human studies, a drug molecule
suitable for clinical testing is assumed to satisfy specific and challenging safety
criteria. It should bind selectively to the receptor on the target and prompt for the
preferred functional response. There must be satisfactory bioavailability and distri-
bution inside the body to reach the site of action, and this should produce the desired
responses in in vivo models. Most importantly, a drug molecule suitable for testing
in human being must pass toxicity evaluations to show that humans contributing in
the phase 1 clinical trials are showing negligible risks only (Hefti 2008).

Presently traditional medicines are used in primary health-care systems in most
countries equivalent to conventional medicine. Therefore, traditional medicine
should be subjected to research for their efficacy and safety for greater health care.
At present there is a requirement for evidence-based drug development with fluctua-
tion of global economic scene. When developing novel drugs using traditional
medicines, it is essential to consider novel standard parameters whenever possible
(Zhang 2015). Quality control of traditional medicines is also prerequisite of stan-
dard clinical trials. It is essential to follow current standard quality controlling
methods, viz., Good Manufacturing Practice (GMP); Chemistry, Manufacturing
and Controls (CMC); Good Clinical Practice (GCP); and Good Laboratory Practice
(GLP).

There are numerous examples of emergence of new drugs from the plant sources.
Morphine was isolated from opium produced from latex of the poppy plant (Papaver
somniferum) about 200 years ago. A number of drugs developed from natural/plant
sources have certainly revolutionized medicine, like antibiotics (e.g., erythromycin,
penicillin, tetracycline), anti-parasitics (e.g., avermectin), anti-malarials (e.g., qui-
nine, artemisinin), hypolipidemics (e.g., lovastatin and analogs), immuno-
suppressants for organ transplants (e.g., rapamycins, cyclosporine), anticancer
drugs (e.g., irinotecan, paclitaxel), and antidiabetic drugs (e.g., metformin) (Alamgir
2017).

4 S. B. Mishra et al.



There are about more than 100 plant-derived drugs and molecules/compounds
that are in preclinical stage on which clinical trials are ongoing (Harvey 2008);
undoubtedly, there are numerous species of plants in plant kingdom that contains the
substance of medicinal value which will be discovered in the future; a lot of plants
are continuously being screened for their possible pharmacological value (particu-
larly for their hypotensive, anti-inflammatory, hypoglycemic, anti-fertility, antibi-
otic, anti-Parkinsonism, amebicidal, and cytotoxic properties) (Pan et al. 2013). The
use of sole genuine compounds with synthetic drugs is also having lots of
restrictions, and in the current years, there has been an immense resurgence of
interest in the Ayurvedic and homeopathic systems of medicine, both of which
rely profoundly on plant source (Kumar et al. 2017).

1.2 Drug Development from Natural Resources: Benefits
and Drawbacks

Use of plant sources as preliminary point of the drug development program is related
with few specific advantages:

• Typically, the assortment of a plant candidate species for research can be done on
the basis of long-term use of folklore medicines by humans. This methodology is
based on the finding that active compounds isolated from such plants are likely to
be safer than those obtained from plant species without a history of human use.
Subsequently, the synthesis of lead molecules could be reducing the pressure on
natural resources. Drug development from Cinchona officinalis, Rauwolfia
serpentina, Digitalis purpurea, etc. in the past fall under this category (Atanasov
et al. 2015).

• The lead molecules isolated from natural source by using such methods can be of
use with some limitations like low bioavailability, low toxicity, etc. Such type of
limitations can be overcome through modification in the molecule like
nanonization and by formulating their semisynthetic derivatives. For example,
the bark of the willow tree (genus Salix) has been known from ancient times to
have analgesic properties which is due to the presence of the natural product
salicin and is hydrolyzed into salicylic acid (Jamshidi-Kia et al. 2018). A syn-
thetic derivative acetylsalicylic acid (aspirin) is a widely used pain reliever. There
are numerous examples of phyto-constituents which are obtained from natural
sources and modified chemically, viz., morphine (Papaver somniferum), colchi-
cine (Colchicum autumnale), penicillin G (Penicillium citrinum), paclitaxel
(Taxus brevifolia), metformin (Galega officinalis), etc.

Although there is incredible growth in traditional system of health care globally,
ITSM based on its different features of folklore medicines have also developed
greatly. But there are several constrains in this development in a proper way which
include:

1 Global Approach for Drug Discovery and Development from Indian Traditional. . . 5



• Rules and regulations imposed for traditional medicines are just similar to
chemical-based drugs.

• Availability of raw material means dramatic depletion of wild populations of the
plants; for example, the plants Panax ginseng, Artemisia annua, and Taxus
brevifolia are now endangered due to the overexploitation.

• Once isolated from their source, compounds may work differently than expected.
Moreover, the approach could be more time-consuming and more costly and may
be less sustainable.

Already 29 plants and their worthy products have been banned by the government
of India as they are considered as endangered species (Sen and Chakraborty 2016).

1.3 Colligative Properties of an Isolated Phyto-constituent

Not all lead molecules generated by the drug discovery persons are tested in
complete regulatory packages. This is because the regulatory testing is very time-
consuming and costly affair. A series of tests are initially conducted to help select
certain candidate molecules within the desired pharmacological possibilities and
safety profile for further regulatory testing. Drugs that do not meet the necessary
requirements in these initial assays are less likely to be taken for testing in more
expensive, time-consuming regulatory tests (Koehn and Carter 2005).

Koehn and Carter have figured out the following some elite characteristics of the
compounds isolated from natural sources. They are as follows.

1.3.1 Molecular Structure

The automatic screening technologies and wide range of chemical libraries and
archives have made it reasonably easy to identify initial lead candidates for new
drug targets. The chemists have developed specific rules that lead molecules must
fulfill.

• Molecular weight should be less than 500.
• Not more than five hydrogen bond donors.
• Not more than ten hydrogen bond acceptors.

1.3.2 Octanol/Water Partition Coefficient

The lipid solubility of drugs is stated as octanol/water coefficients of the uncharged
molecules or log P. When the log P value is higher, drugs will be highly lipid soluble
and believably accumulated in the body (Bergström and Larsson 2018).

6 S. B. Mishra et al.



1.3.3 Structure-Activity Relationship (SAR)

SAR gives information about the possible toxicity of a chemical based on chemical
structure, when no experimental data is available. It can make predictions about a
wide variety of toxicological properties of compounds such as neurotoxicity, carci-
nogenicity, skin sensitization, thyroid toxicity, teratogenicity, respiratory, and
mutagenicity.

1.3.4 Cytotoxicity

An essential part of the drug discovery/approval process is determining the toxic
effects of potential drugs. Following a toxic attack, cells may react with changes in
size or morphology depending on the type of cell and compound. Some toxins can
affect the cell’s functionality by changing the physiology of organs such as
lysosomes and endosomes or by causing a rise in number of lysosomes seen in the
case of phospholipidosis. There are several types of diagnostic kits that are available
in the market that can be used to measure these types of parameters.

1.3.5 Parallel Artificial Membrane Permeability Assay (PAMPA)

The potential of a molecule is orally absorbed as one of the most important aspects in
deciding whether a molecule is a probable lead candidate. Parallel artificial mem-
brane permeability assay is a decent alternative to cellular models for the initial
absorption, distribution, metabolism, and excretion (ADME) and primary
investigations of the research compounds. This method is used to measure the
effective permeability, P (e), as a function of pH from 4 to 10. This technique
provides quick response, low-cost, and automation-friendly method to measure a
chemical entity’s passive permeability (Kansy et al. 2004).

1.3.6 Derived Solubility

The water solubility of a drug is a crucial physical property that affects both its
ADME profile and screenability in high-output systems.

1.3.7 Aqueous/Plasma Stability

The stability of lead compounds in plasma is an important parameter that can
strongly affect the in vivo efficacy of a test compound. Drugs that are exposed to
enzymatic processes (proteinase, esterase) in plasma may undergo intra-molecular
rearrangement or bind covalently to the proteins. Thus the determination of plasma

1 Global Approach for Drug Discovery and Development from Indian Traditional. . . 7



stability should be performed early in drug discovery phase. Measurement of plasma
stability is performed at physiological pH level in plasma (Chung et al. 2015).

1.3.8 Protein Binding

In-depth understanding of plasma and tissue (brain, liver, etc.) protein binding is
important for evaluating the distribution of drug molecules. The plasma or tissue
homogenate is incubated with the test compound. The bound and unbound test
compounds are separated using ultrafiltration or equilibrium dialysis, and the amount
of test compound in both fractions is estimated using HPLC or LC/MS.

These unique characteristics of lead molecules of natural origin pose order of
challenges for medicinal chemists as they start working upon development of
analogs (Chung et al. 2015).

1.4 Benchmarks for Selecting the Plants for Research

It has been estimated that <10% of the approximately 300,000–500,000 species of
plants worldwide have been studied for 1 or more bioactivities.

Success in identifying a new biologically active plant-based natural product can
be influenced firstly by a clever choice of plant or secondly by how randomly the
selection of plant extracts can be quickly and effectively screened. The following
selection criteria are suggested for plant-related research (Dias et al. 2012). The
sketch of possible approaches to the discovery of new drug leads has been mentioned
in Fig. 1.1.

Fig. 1.1 Sketch of possible approaches to the discovery of new drug leads
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1.4.1 Random Selection

In the random screening method, plant extracts, fractions, or isolated compounds are
randomly selected on their convenience and availability. In the perception of plant-
based drug discovery, this method can be highly beneficial when applied with
samples originating from regions with high biodiversity and endemism. The random
selection of test sample has the effectiveness in the identification of unpredicted
biological activities that could not have been expected based on the existing infor-
mation (Atanasov et al. 2015). Paclitaxel and camptothecin are the bio-actives which
were isolated through this approach.

1.4.2 Selection Based on Traditional Use (Ethno-Medicinal
Approach)

This is the widespread basis for selecting plants for investigation especially in
societies and rural and ethnic communities where traditional medicine is whole
sole part of human health care. If a traditional healer claims success in the treatment
of a disease, the researcher can assume from the above selection criteria a chemical
constituent with suitable pharmacological activity in the plant extract. The ethno-
medicinal approach allows for better chance of finding an active compound as well
as documenting and preserving local knowledge. This becomes of greater impor-
tance with the increased mobility among rural communities and the subsequent loss
of local information of the use of native plant species (Lewis 2003). Regarding the
ethno-medicinal approach for the selection of the plant, two important issues require
attention. Firstly, the rights of the country of origin related to any drugs discovered
need to be protected, as mentioned in the United Nations Convention on Biological
Diversity (UNCBD) (Baker et al. 1995). Secondly, the prominence of any ethno-
pharmacological field studies should be carried out before the plant selection which
indicates an impact on the success of the research.

The ethno-medicinal approach has successfully been used by the researchers at
Shaman Pharmaceuticals to verify the use of Cryptolepis sanguinolenta (Lindl.) as a
treatment for type II diabetes as well as a source for the isolation of the active
constituent, the alkaloid cryptolepine (Bierer et al. 1998; Luo et al. 1998). The
dichloromethane and hot water extracts of the roots of C. sanguinolenta showed
the ability to reduce the blood glucose in animal model. In vivo bioassay-guided
fractionation using the same model results in the isolation of cryptolepine as an
active constituent (Bierer et al. 1998; Luo et al. 1998).

1.4.3 Ecological Approach

In the ecological approach, the selection of plant candidate is dependent upon the
observation of interactions between organisms and their surroundings from which
bioactive natural compounds can be produced. The basic fundamental hypothesis of
this approach is that secondary metabolites which possess ecological functions also
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exerts pharmacological activity. Different investigators have considered different
phases of the ecological argument, including the relationship between biodiversity
and chemodiversity (Ramesha et al. 2011), the apparency theory (de Almeida et al.
2011), the life-strategy theory (Coley et al. 2003), chemical defenses and herbivory
(Albuquerque et al. 2012), animal behavior (Obbo et al. 2013), and phylogenetic
trends (Zhu et al. 2012).

Another approach which is simultaneously linked with ecological approach is the
zoopharmacognosy approach. In this approach, the activity of plant is sometimes
evaluated through observation of animal behavior. Khaya species are common to
Madagascar and Africa, and people use their bitter bark and seeds for treating fevers,
microbial infections, and worm infestations. Baboons and chimpanzees in Western
Uganda have been observed to eat the bark and seeds that are bitter in taste and have
no nutritional value (Obbo et al. 2013). The petroleum extract of Khaya anthotheca
evidenced for good activity against Plasmodium falciparum K1 (IC50 ¼ 0.955 μg/
mL) and Trypanosoma brucei rhodesiense STIB 900 (IC50 ¼ 5.72 μg/mL). It
appears that chimpanzees and baboons were using seeds and bark for self-
medicating, in addition to evidence of the effectiveness of these plants used by
traditional healers (Obbo et al. 2013).

1.4.4 Computational Approach: Virtual Screening and Reverse
Pharmacognosy

Computational methods are supplementary knowledge-based approach that assists
to select plant material with a high probability for pharmacological activity. These
methods can also aid with the validation of biological activity of natural compounds
and selection of test samples dependent on in silico bioactivity predictions for
constituents of plant species. Virtual screening (VS) uses the availability of large
compound libraries generated by combinatorial and high-throughput chemistry to
select low number of potential candidates for experimental testing (López-Vallejo
et al. 2011). Virtual screening can follow two general strategies: ligand-based virtual
screening and structure-based virtual screening. In this method, molecular docking is
broadly used to explain the mechanism of action and defend the SAR of natural
products. The purpose of docking is to accurately predict the position of a ligand
within the protein binding site and the ability of binding with a docking score
(López-Vallejo et al. 2011).

Reverse pharmacognosy intends to find out new biological targets for natural
products by either virtual screening or real screening and then to connect these
findings to original or different plant sources (Do et al. 2005).

1.5 Biological Activity-Guided Fractionation for Compound
Isolation

Isolation strategies for natural products are constantly evolving. Originally, all
compounds that could be purified were isolated from a plant that was used tradition-
ally to treat diseases without concern if the specific compound was responsible for
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activity. This ensures that the isolation of several inactive compounds and offered a
way to bioassay-directed isolation, leading the disease to the responsible compound
(Altemimi et al. 2017). Bioassay-guided isolations are currently the most common
technique to purify the responsible compound for a certain bioactivity. Bioassay-
guided fractionation starts with a crude extract from the dried plant material using
either aqueous ethanol or aqueous methanol. The crude extract is then taken through
a liquid-liquid extraction using solvents of increasing polarity, from hexanes to
water, to produce five fractions (1–5) as shown in Fig. 1.2. Bioassay-guided frac-
tionation of plant extracts can be achieved through chromatographic separation
techniques which can lead to isolation of biological active molecules. If one of the
fractions is bioactive, that fraction is further purified with either gravity column
chromatography or flash column chromatography, depending on the complexity of
the crude sample. The column fractions are then again screened with the bioassay to
confirm the activity. This process is continued until a final pure compound is isolated
responsible for the bioactivity. Final purification often requires high-performance
liquid chromatography (HPLC) in order to obtain clean nuclear magnetic resonance
(NMR) spectra and high-resolution mass spectrometric (HRMS) data for compound
characterization. Even a small amount of an impurity can lead to mis-assignment of
peaks in the spectrum. Advances in isolation and structural elucidation technologies
provide a more comprehensive image of the entire plant extract.

Crude Plant Extract

Hexane Solubles
(F1)

Chloroform
Solubles (F2)

Ethyl acetate
Solubles (F3)

Butanol Solubles
(F4)

Water Solubles (F5)

Aqueous layer

Aqueous layer

Aqueous layer

Aqueous layer

Fig. 1.2 Flow diagram of preliminary liquid-liquid extraction based on polarity
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1.6 Ayurvedic Perception in Selection of Plant Candidate
for its Therapeutic (e.g., Antidiabetic) Activity

On the basis of the above-said approaches of screening of medicinal plants, it is
possible to apply the traditional knowledge on a variety of herbs to identify the
improved lead compounds or phyto-chemicals for research and development to find
out better treatment of diabetes. In Ayurvedic literature, prameha is characterized
with undue urination (in both quantity and frequency) and turbidity. The nature of
the turbidity may differ depending upon the body reaction with the tridoshas.
Understanding of prameha is not merely related only to the patho-physiology and
clinical picture of diabetes mellitus as depicted in Fig. 1.3. From the pathological and
etiological state of complications, prameha is almost common in obesity and meta-
bolic syndrome (Sharma and Chandola 2011).

The herbs from the authentic classical text Charak Samhita, Sushruta Samhita,
and Astanga Hrdaya (Jadavaji 1992; Sharma 2001; Srikantha Murty 2000) are
traditionally employed in the treatment of diabetes mentioned in Table 1.1 and
scientifically explored by various investigators to evaluate the same in terms of
Rasa, Veerya, Vipaka, Guna, and Karma. On the basis of the traditional elements for
the herbs having pramehahara/tridoshhara effects, it can be assumed that these
herbs have particular pharmacological traits in general. Going by the dominance
investigation of these attributes, the following scenario appears.

Rasa: Kashaya, Tikta, and Katu
Guna: Laghu and Ruksha
Vipaka: Katu

Fig. 1.3 Correlation of different types/stages of prameha with diabetes mellitus
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Veerya: Ushna and Sheet
Dosha Karma: Kapha-Pitta-Vata Shamana (Tridoshahara)

1.7 Effects of Medicinal Plant Extract on Type II Diabetes
Mellitus

Botanical agents show promise for the development of new compounds to treat type
II diabetes mellitus. Till now, over 400 traditional and folklore plant treatments for
diabetes have been reported, although only few of these have established a scientific
and medical evaluation to assess their effectiveness. The anti-hyperglycemic effect
of a number of plant extracts has been confirmed in individuals and animal models of
type II diabetes (Modak et al. 2007). The WHO Expert Committee on Diabetes
Mellitus has also recommended that traditional medicinal herbs should be further
investigated. Several phyto-constituents including glycosides, flavonoids, alkaloids,
saponins, glycolipids, dietary fibers, peptidoglycans, polysaccharides,
carbohydrates, amino acids, and others obtained from various plant sources have
been reported as antidiabetic agents with different mechanisms of action which are
mentioned in Table 1.2, and scientifically explored plants as antidiabetics are
mentioned in Table 1.3 (Mishra et al. 2010; Alam et al. 2019).

Table 1.2 Mechanism of action of phyto-chemicals of different chemical categories involved in
diabetic pathway

S. no. Constituents Mode of activity

1 Alkaloids Inhibit alpha-glucosidase and reduce glucose transport
through the intestinal epithelium

2 Imidazoline compounds Stimulates insulin secretion in a glucose-dependent
manner

3 Polysaccharides Increased the levels of insulin, decrease the blood glucose
levels, and improve tolerance of glucose

4 Flavonoids Suppressed the glucose level, decrease plasma
triglycerides and cholesterol significantly, and increased
their hepatic glucokinase activity possibly by improving
the insulin release from pancreatic islets

5 Dietary fibers Effectively adsorbed glucose, delay glucose diffusion, and
reduce the alpha-amylase activity and possibly
responsible for decreasing the rate of glucose absorption
and concentration of postprandial serum glucose

6 Saponin, (triterpenoid
+steroidal glycosides)

Stimulates the secretion of insulin and blocks the
formation of glucose in the bloodstream

7 Ferulic acid Stimulatory effects on insulin secretion (secretagogue)

Reproduced with permission from Mishra et al. 2010
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1.8 Conclusion

There is a reasonable need to renew scientific interest toward natural products for
inclusion in the drug discovery program. One of the vital concerns related to plant
products is the prediction of hit rate during several stages of drug development. Such
a prediction is expected to be lower in case of random selection of plant species
considering the overall complexity of botanical sources for new chemical entities.
The best drug of the future will come from a combination of a natural product
research and synthetic approaches.

Clinical experience with herbal medicine as classified in traditional medicine may
simplify issues associated with deprived prognosis. New functional leads taken from
traditional knowledge and experiential databases can help to reduce the time, money,
and toxicity, which are the three specific barriers to drug development. Furthermore,
the trend today, especially in an industrial setting, is to seek biologically active
compounds from plants that will serve as lead compounds for synthetic or semisyn-
thetic development to assure patent protection.
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Abstract

Therapeutic interest in targeting cancer metabolism has become emerging in
recent years. However, a very few numbers of molecules has been identified as
a potential modulator of cancer cell metabolism and are in the investigation.
Therefore discovery and development of potent and selective drugs from natural
sources like plants, marine organisms, or invertebrates are very essential to check
the global health disaster because of cancer. To address these emerging
complications potential leads from the natural origin are a judicious choice of
interest. An organized and summarized evidence concerning cancer cell meta-
bolic proteins and natural lead molecules against cancer cell metabolism with an
emphasis on molecular/cellular mechanism(s) is crucial in a single podium. This
chapter precisely discusses the antimetabolic potential of natural lead molecules
and their mechanisms of action (MOA) against cancer cell metabolism. This
complete review on different molecular mechanisms of bioactive leads will
toward cancer cell metabolism support researchers in understanding the
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targetable metabolic protein and their interacting pathways, to discover safe and
potent drugs for better therapeutic applications against cancer.

Keywords

Natural leads · Cancer cell metabolism · Cellular metabolic targets · Bioinformatic
approaches

Abbreviations

2-PG 2-phosphoglycerate
3-PG 3-phosphoglycerate
6PGD 6-phosphogluconate dehydrogenase
ACC Acetyl-CoA carboxylase
ACL ATP citrate lysate
ACS Acyl-CoA synthetases
ADR Anticancer drug resistance
AH Aconitase
AMPK AMP-activated protein kinase
ATP Adenosine triphosphate
DMAPP Dimethylallyl diphosphate
DNA Deoxyribonucleic acid
EGFR Epidermal growth factor receptor
FAS Fatty acid synthase
FH Fumarate hydratase
G6PD Glucose-6-phosphate dehydrogenase
GIST Gastrointestinal stromal tumor
GLUTs Glucose transporters
GPI Glucose-6-phosphate isomerize
GSH Glutathione
HIF-1α Hypoxia-inducible factor-1α
HKs Hexokinases
HMGCR 3-hydroxy-3-methylglutaryl-CoA reductase
HMGR 3-hydroxy-3-methylglutaryl-CoA reductase
HSF1 Heat shock factor
IDH Isocitrate dehydrogenase
IPP Isopentenyl pyrophosphate
LDH Lactate dehydrogenase
LKB1 Liver kinase B1; also known as serine/threonine kinase 11—

STK11
MALDI-TOF-MS Matrix-assisted laser desorption/ionization-time-of-flight-mass

spectrometry
MCTs Monocarboxylate transporters
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MDH1 Malate dehydrogenase
MFS Major facilitator superfamily
mTOR Mammalian target of rapamycin
NADPH Nicotinamide adenine dinucleotide phosphate
OXPHOS Oxidative phosphorylation
PC Phosphatidylcholine
PDK Pyruvate dehydrogenase
PEP Phosphoenolpyruvate
PFKFB 6-phosphofructo-2-kinase/fructose-2, 6-bisphosphatases
PFKs Phospho-fructokinases
PGAM1 Phosphoglycerate mutase 1
PGD Phosphogluconate dehydrogenase
PGM Phosphoglucomutase
PHGDH Phosphoglycerate dehydrogenase
PKM2 Pyruvate kinase M2
PPP Pentose phosphate pathway
QSAR Quantitative structure-activity relationship
RNA Ribonucleic acid
SCD-1 Stearoyl-CoA desaturase-1
SCDs Stearoyl-CoA desaturases
SDH Succinate dehydrogenase
SIRT3 Sirtuin 3
SLC Solute carrier
SREBP1 Sterol regulatory element-binding protein 1
TAL Transaldolase
TALDO1 Trans-aldolase
TCA Tricarboxylic acid cycle
TKT Human transketolase
TKT Transketolase
TPI Triosephosphate isomerase

Cell Line Details

NSCLC Non-small-cell lung carcinoma
AsPC-1 Human pancreatic cell lines
BXPC-3 Human pancreatic cell lines
SK-BR-3 Breast cancer cells
MCF-7 Human breast adenocarcinoma cells
PC-3 Human prostate cancer cells
AGS Human stomach adenocarcinoma cell line
PANC-1 Human pancreatic cancer cell line
MUM28 Uveal melanoma cells
OCM-1 Uveal melanoma cells
SW620 Human colorectal cancer cell line
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SW480 Human colorectal cancer cell line
MDAH2774 Human ovarian cancer cells
PA-1 Human ovarian cancer cells
SKOV3 Human ovarian cancer cells
OVCAR3 Human ovarian cancer cells
HCC-LM3 Human hepatocellular carcinoma cells
H1650 Non-small cell lung cancer (NSCLC) cells
H460 Non-small cell lung cancer (NSCLC) cells
HCC827 Non-small cell lung cancer (NSCLC) cells
LY18 Human diffuse large B-cell lymphoma
LnCap Human prostate cancer cell line
K-562 Human erythroleukemia cell line
Caco-2 Human colon cancer cells
A549 human lung adenocarcinoma cells
Ec109 Esophageal cancer cells
MIAPaCa-2 Human pancreatic adenocarcinoma
HT29 Human colon cancer cells
DLD-1 Human colon cancer cells
HCT116 Human colon cancer cells
SKBR3 cells Human breast cancer cell line
TSCCa Human tongue carcinoma cells
Tca8113 Human tongue carcinoma cells
NCI-H1299 Human lung cancer cells

2.1 Introduction

Reprogramming metabolism is one of the surviving techniques associated with a
cancer cell. Several publications have been already reported various common traits
that help in tumor cell growth and metastasis. Cancer cell requires a huge blast of
energy to maintain their macromolecular biosynthesis, controlling the redox balance
to support their tumor growth and progression, and reprogramming the cell metabo-
lism is one of the reliable techniques.

In oncogenesis, tumor cells carry out aerobic glycolysis, and this metabolic
rearrangement was first observed by Otto Warburg, and the phenomenon is known
as “Warburg effect.” In this case, to maintain the nutrient uptake and gene regulation,
cancer cell undertaken a range of alterations in their intracellular metabolism and
other metabolic interaction with the microenvironment (Pavlova and Thompson
2016). Over the past two decades, extensive research works have been carried out
to explore deep insights into this metabolic reprogramming of cancer cells and how it
provides survival and growth advantages to them by energy acquisition and biomass
synthesis. Glucose and glutamine are the two major sources of glycolysis and the
tricarboxylic acid cycle (TCA) process. These metabolic processes synthesize many
unconventional nutrient sources from cells like ketone, lactate, ammonia, acetate,
and other exogenous proteins which act as a source for ATP acquisition, biomass
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synthesis for building blocks during cancer cell reaction in the frazzled microenvi-
ronment (Fig. 2.1). Therefore, targeting cancer metabolism has become a topic of
research interest to achieve therapeutic benefits against cancer. Various metabolic
targets have been already under exploration for their therapeutic potential, and
various small molecules or drug targeting metabolism are being tested both in
preclinical and clinical trials also (Luengo et al. 2017; Martinez-Outschoorn et al.
2017; Dey et al. 2019a, b, c).

Different natural products have conventionally been used to treat various human
diseases (Islam et al. 2018; Debnath et al. 2012; Karuna et al. 2018; Dey et al. 2012a,
b; Dey et al. 2014; Kundu et al. 2020; Sachan et al. 2020). They hold a huge bank
of bioactive compounds for the new drug discovery. Natural compounds are
very useful because of their wide range of pharmacophores and a high degree of
stereochemistry. Natural-derived compounds are intricately appropriate candidates
for the development of novel therapeutic agents because of their structural diversity,
remarkable bioactivity, and significant bioavailability. Fusion with the bioinformat-
ics tools provides deep insights about their molecular targets and, hence, simplifying
the drug discovery steps. Again combining with the synthetic chemistry will gener-
ate more potent chemical entities. Various plant-based compounds are being exten-
sively studied in various cancer models to identify the potent molecules and their
mechanism of action, of which few of them also are in clinical trials (Butler et al.
2014; Seca and Pinto 2018). Among them, some natural product-inspired antican-
cer compounds are also available in the market (Newman and Cragg 2016).
These compounds can be used alone or can be used as combination therapy along
with standard drugs to promote the synergistic effect and minimize any adverse
effect. On the other hand, many natural lead molecules target multiple proteins or
genes and can modulate various carcinogenic pathways, hence increase the chance
of success.

In this chapter, we will systematically address important metabolic proteins or
enzymes, their role and also mechanism of action of various natural lead molecules
(belonging to the alkaloid, phenolic, and isoprenoid group) that modulate the cancer
cell metabolism and exerts the anticancer effects along with the different in silico
approaches.

2.2 Global Trends in Cancer

2.2.1 General Features

Cancer is a group of diseases characterized by uncontrolled cell growth and failure to
control anti-growth signals. The immortalized cells can grow beyond normal limits,
metastasize, and have the potential to invade adjacent tissues and other parts of the
body via the bloodstream or lymphatic system due to malfunctioning apoptosis or
programmed cell death systems. The main causes of cancer include genetic
mutations, carcinogens, immune system problems, lifestyle, environmental factors
such as pollutants, certain viruses, and bacterial infections.
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Fig. 2.1 Major metabolic signaling molecules of cancer cell metabolism pathway and the targeting
natural leads. Reproduced with permission from the publisher of Guerra et al. 2018. Copy-
right#2018, American Chemical Society
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To combat cancer, different diagnostic approaches, including natural- and
synthetic-based therapies, are being used to target cancerous cells and cancer stem
cells (Block et al. 2015; Dey and Das 2013; Boohaker et al. 2012; Jeon et al. 2017;
Markman et al. 2013; Thakor and Gambhir 2013). The FDA has approved certain
new anticancer drugs to improve available therapeutic options (Fig. 2.2). The
optimal therapeutic approach is determined by the type and stage of cancer. To
date, there are ~200 different types of cancer that have been well identified, and
numerous validated and effective therapies (chemotherapeutic agents, radiotherapy,
surgery, hormonal drugs, complementary therapy like acupuncture, yoga, physical
activity to reduce some side effects of cancer treatment, and combinations) are
clinically available; however, these therapies have various limitations (Qi et al.
2010). Due to poor diagnosis and other factors, most patients are diagnosed too
late to undergo surgery. Existing chemo- and radiotherapies have serious adverse
effects and complications, such as diarrhea, nausea, vomiting, and alopecia, which,
along with increased chemo�/radioresistance, make this a devastating and belliger-
ent disease worldwide (Pereira et al. 2012; Qi et al. 2010). Consequently, there is a
persisting requirement to develop novel, effective, and affordable anticancer drugs.
One of the oldest effective strategies in drug discovery involved isolating
compounds from natural sources and mimicking the active natural product. The
use of medicinal plants is a common alternative for cancer treatment in many
countries globally. In this regard targeting cancer energetic pathways can be a
promising therapeutic approach.

Fig. 2.2 FDA has approved certain new anticancer drugs
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2.2.2 Global Cancer Statistics

Despite technological and social development, cancer has become one of the leading
causes of mortality worldwide. According to GLOBOCAN 2018, produced by the
International Agency for Research on Cancer, estimations of the mortality incidence
and the prevalence of major cancer types across 20 world regions have been made.
The data revealed 18.1 million new cancer cases and 9.6 million cancer-associated
mortalities worldwide in 2018 (Bray et al. 2018). Lung cancer is the most leading
cause of cancer-associated death in both sexes. By 2030, it is projected there will be
26 million new cancer cases and 17 million cancer mortalities/year (Thun et al.
2009).

2.2.3 Chemotherapy Resistance in Cancer

Drug resistance is a common phenomenon wherein a susceptible cell becomes
tolerant in the presence of a drug. Cancer is a prodigious problem for global
economies and public health. Anticancer drugs, an imperative tool in medicine,
are lethal to cancer cells, being designed and developed to kill cancerous cells.
Resistance against chemotherapeutic drugs was first observed in the 1940s with
alkylating agents, and the rapidity of the developing resistance is concerning (Cree
and Charlton 2017).

Anticancer agents that kill or prevent the growth of cancer cells function by
blocking DNA and RNA biosynthesis, interfering with transcription, protein synthe-
sis, and function, and influencing hormone homeostasis. The efficacy of many, but
not all, anticancer drugs is severely compromised by the emergence of anticancer
drug resistance (ADR) (Housman et al. 2014). Imatinib in GIST, BRAF inhibitors in
melanoma, EGFR inhibitors in NSCLC, and HER2 inhibitors in breast cancer are
some examples (Cree and Charlton 2017). The six most common mechanisms of
ADR are depicted in Fig. 2.3. Among them, mutations in drug targets could alter
target sequences, reduction, or overexpression of targets or efflux pumps that may
diminish uptake or drug efflux. Additionally, cancer cells can alter drug metabolism
profiles and upregulate drug-detoxification mechanisms. Decreased susceptibility to
apoptosis, changes in proliferation, and enhancement of DNA damage repair capac-
ity can contribute to resistance development. Multiple methods of ADR confer
advantages to cancer cells and allow them to grow in the presence of anticancer
drugs. Thus, the number of resistant mutants increase and spread rapidly in the body.

2.3 Important Cellular Metabolic Targets

Cancer cells undertake notable metabolic reprogramming to survive and proliferate
by maintaining their signaling networks and metabolic alterations (Luengo et al.
2017). These metabolic alterations actively participate in the tumor cell development
and proliferation and hence positively provide growth advantages to them. These
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changes in metabolism led us to identify and target novel therapeutic molecules in
the cancer cell metabolic and bioenergetics pathway.

Glucose is the most plentiful nutrient in the blood and the main source of energy
of the cell, and its metabolism is quite complex. A series of glycolytic enzymes are
involved in the breakdown of glucose. Here, we will discuss those metabolic
enzymes and transporters which involves in the process of cell metabolism.

2.3.1 Glucose Transporters (GLUTs)

The first rate-limiting step of glucose metabolism is the transportation of glucose
across the cell membrane, and two types of hexose transporter, the family of glucose
transporters (GLUTs) (Fig. 2.1) and the sodium-dependent glucose co-transporters
(SGLTs), help in the glucose transportation, which is often found to be dysregulated

Fig. 2.3 Six most important benchmarks of anticancer drugs
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in some of the tumor cells (Macheda et al. 2005). These GLUTs are the part of major
facilitator superfamily (MFS) with alike transmembrane anatomy, but they mainly
differ from each other in tissue distribution and substrate recognition. Fourteen
members constitute a human GLUT family (GLUT1–14 or SLC2A1–14) (Cao
et al. 2007; Macheda et al. 2005; McBrayer et al. 2012). Among all, GLUT1 is the
most abundant isoform and is frequently upregulated in most of the human cancers
which are directly correlated with poor patient outcomes (Wang et al. 2017). This
makes GLUT1 as a possible therapeutic target of various anticancer molecules
(Barron et al. 2016).

2.3.2 Hexokinases (HKs)

Tumor cells typically undergo huge glycolytic flux and lactate production as com-
pared to normal cells which acquire most of their energy by oxidative phosphoryla-
tion in mitochondria. This facilitates tumor cells to fast energy production, biomass
synthesis and accumulation, maintenance redox balance, and cancer metastasis and
invasion (Vander Heiden et al. 2009). Among all rate-limiting glycolytic enzymes,
hexokinases (HKs) (Fig. 2.1) participate in the first step of glycolysis which irre-
versibly convert phosphorylate glucose to glucose-6-phosphate, and HK2 has been
extremely expressed in the cancer cells as compared to HK1 (highly expressed in the
normal cells) (Pedersen et al. 2002). This makes HK2 a novel biomarker for the
cancer cells and becomes a possible therapeutic target of anticancer therapy.

2.3.3 Phospho-Fructokinases (PFKs)

Phospho-fructokinases (PFKs) (Fig. 2.1) is another important glycolytic enzyme
which converts fructose-6-phosphate to fructose-1, 6-bisphosphate. Various
oncogenes, hypoxia-inducible factor (HIF)-1α, and Akt inhibition can trigger the
upregulation of PFK1 (Scatena et al. 2008; Yalcin et al. 2009). Again the dysfunc-
tion or altered regulation of fructose-2, 6-bisphosphate, an important allosteric
activator of PFK, maintains the cellular level of PFK and hence modulates the cancer
metabolism (Lincet and Icard 2015). On the other hand, a bifunctional enzyme,
6-phosphofructo-2-kinase/fructose-2, 6-bisphosphatases (PFKFB), more specifi-
cally PFKFB3, which is highly expressed in various human cancers and regulate
the cell cycle, also maintain the expression of fructose-2, 6-bisphosphate (Lincet and
Icard 2015). Both of these PFKs can be targeted for inhibiting the cancer cell
metabolism.

2.3.4 Pyruvate Kinase M2 (PKM2)

Pyruvate kinase (PK) is the last rate-limiting glycolytic enzyme that catalyzes the
conversion of phosphoenolpyruvate (PEP) to pyruvate with simultaneous production
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of ATP (Dey et al. 2019a, b, c). Human PKs have four distinct isoenzymes: M1
(encoded by PKM; primarily present in muscle, heart, and brain), M2 (encoded by
PKM; express in different types of cells and tissues), L (encoded by PKLR; mainly
expressed in the liver), and R (encoded by PKLR; present in the erythrocytes) (Zhao
et al. 2013). Cells prefer glycolysis, and oxidative phosphorylation depends on the
relative expression of PKM1 and PKM2 (Fig. 2.1) (He et al. 2017). PKM2 is highly
expressed in normal proliferating cells and rapidly proliferating cancer cells,
whereas PKM1 is especially expressed in normal adult cells (Dayton et al. 2016).
PKM2 performs both metabolic and nonmetabolic functions of cancer cells and
promotes cellular growth (Yang and Lu 2015). Various cancer cells highly express
PKM2 which is associated with the malignant type of tumor and poor patient
outcomes (Dey et al. 2019a). Various cancer alterations of PKM2 expression are
associated with drug resistance which makes PKM2 a potential therapeutic target
(Zhao et al. 2013).

2.3.5 Lactate Dehydrogenase (LDH)

High production of lactate from pyruvate is one of the signatures and final glycolytic
steps of cancer cells which is catalyzed by LDH (Fig. 2.1). In human tissue, two
different subunits, H and M (encoded by LDHA and LDHB), form five active LDH
isoenzymes (Miao et al. 2013). Among these, LDHA is abundantly expressed in the
cancer cells, while knockdown or inhibition results increased mitochondrial respira-
tion, reduced cell proliferation under hypoxic condition, decreased cellular metasta-
sis and invasion potential, and repressed tumorigenicity (Fantin et al. 2006; Miao
et al. 2013). High serum level of LDH has been directly correlated with the increased
risk of colorectal, prostate, hematological, pulmonary, gynecological, and gastro-
esophageal cancer-associated death (Wulaningsih et al. 2015). Therefore, LDHA has
become a predictive cancer biomarker and potential therapeutic target.

2.3.6 Monocarboxylate Transporters (MCTs)

MCTs (Fig. 2.1) are the member of the solute carrier (SLC) family protein and
consist of 14 isoforms that exports intracellular lactate (Jones and Morris 2016).
Among all MCT1–4 isoforms are mostly studied because of their importance in
transporting various metabolites like lactate, pyruvate, etc. (Jones and Morris 2016).
Most importantly a high expression of MCT4 is positively correlated with poor
patient prognosis in various types of cancer (Bovenzi et al. 2015). Maintaining the
metabolic phenotype in cancer cells makes it an attractive target or biomarker for
cancer and to explore the MCTs in the pathway of anticancer therapy research.
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2.3.7 Glucose-6-Phosphate Dehydrogenase (G6PD)

Various anabolic pathways like the pentose phosphate pathway (PPP; also known as
the phosphogluconate pathway or the hexose monophosphate shunt) and serine
biosynthesis pathway are also contributing cancer cell growth and proliferation.
They also maintain the fatty acid synthesis, oxidative defense, and nucleotide
biosynthesis (Patra and Hay 2014). G6PD (Fig. 2.1) is a cytosolic and first enzyme
of PPP (an alternative pathway of glucose metabolism) that produces NADPH by
reducing NADP+. Many human cancers express a high level of G6PD which makes
an attractive biomarker for cancer therapy. Some anticancer molecules are thought to
control PPP by modulating the G6PD activity (Cho et al. 2018).

2.3.8 6-Phosphogluconate Dehydrogenase (6PGD)

6PGD (Fig. 2.1) is an oxidative carboxylase in the PPP and catalyzes the conversion
of ribulose 5-phosphate from 6-phosphogluconate. This enzyme is highly
upregulated in several cancers, and inhibition of this enzyme can lead to increased
ROS production, suppression of RNA biosynthesis, and lipogenesis, which can be
mediated by the inhibition of LKB1 (liver kinase B1; also known as serine/threonine
kinase 11—STK11)-AMPK (AMP-activated protein kinase) (Lin et al. 2015b).

2.3.9 Transketolase (TKT) and Trans-aldolase (TALDO1)

Transketolase (encoded by TKT gene) and trans-aldolase (encoded by TALDO1
gene) (Fig. 2.1) is an enzyme of the non-oxidative phase of PPP. Cancer cells utilize
these two enzymes to produce nucleotides which will be further utilized to synthe-
size DNA and RNA (Patra and Hay 2014).

2.3.10 Phosphoglycerate Dehydrogenase (PHGDH)

Serine biosynthetic pathway is one of the metabolic reactions which produce
non-essential amino acids, necessary for purine and GSH (glutathione) biosynthesis.
PHGDH (Fig. 2.1) is an enzyme that catalyzes the first step of serine biosynthesis
and highly overexpressed in various types of cancer cells (Tennant et al. 2010). This
enzyme can be targeted to inhibit the growth and survival of the cancer cells with
upregulated serine biosynthesis.

2.3.11 Glutaminase

Unlike glucose, glutamine, the non-essential amino acid, helps in energy generation
as well as supplies nitrogen for the biosynthesis of nucleic acid and other amino
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acids and helps in the growth and metabolism of tumor cells. Glutamine helps in the
synthesis of GSH and an alternative source of carbon donor in lipid biosynthesis.
This enzyme glutaminase (Fig. 2.1) helps in the formation of glutamate from
glutamine, and hence it can be another therapeutic target for anticancer drug
discovery (Tennant et al. 2010).

2.3.12 Heat Shock Factor (HSF1)

Apart from regulating the heat shock response in the eukaryotes, HSF1 (Fig. 2.1)
also has some non-heat shock function which provides advantages to cancer cell
growth. HSF1 enhances the glucose consumption, LDH activity, and lactate produc-
tion (Dai et al. 2007). Thus downregulation or inhibition of HSF1 hinders glycolysis
(Zhao et al. 2009). It has been reported that cancer cells with high expression of
HSF1 get resistant to trastuzumab, and the inhibition of HSF1 sensitizes them to
trastuzumab treatment. This confirms the role of HSF1 in the trastuzumab resistance,
and therefore, it can be an excellent target to overcome the trastuzumab drug
resistance in cancer patients.

2.3.13 Pyruvate Dehydrogenase (PDK)

Four types of PDK (Fig. 2.1) isotypes are identified so far. Typically, HIF activation
initiates the overexpression of these PDKs that negatively regulate the pyruvate
dehydrogenase (PDH) which converts pyruvate into acetyl-CoA and enters into the
tricarboxylic acid (TCA) cycle to produce ATP (Lu et al. 2008). Inhibition of PDKs
potentiates the pyruvate to acetyl-CoA production and stimulates the TCA cycle.
Dichloroacetate is one of those kinds of small molecules that has already entered into
the clinical trials (Saunier et al. 2016). Generally, enzymes involved in the TCA
cycle (fumarate hydratase or FH; aconitase or AH; succinate dehydrogenase or SDH;
and isocitrate dehydrogenase or IDH) are either mutated or deregulated in the cancer
cells, and small molecules targeting those enzymes are now under examination
(Luengo et al. 2017).

2.3.14 ATP Citrate Lysate (ACL)

All rapidly proliferating cells need a huge blast of lipids and steroids to continue their
phospholipid bilayers synthesis and maintain signaling cascades. In the pathways of
tumor progression, various enzymes that are involved in lipid biosynthesis can be
served as potential therapeutic targets (Liu et al. 2017). ACL (Fig. 2.1) which is
highly expressed in various tumors are directly regulated by the PI3K/Akt pathway.
This enzyme links glucose and glutamine metabolism to fatty acid synthesis by
converting citrate into lipogenic precursor acetyl-CoA (Chypre et al. 2012).
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2.3.15 Acetyl-CoA Carboxylase (ACC)

ACC1 (Fig. 2.1) converts acetyl-CoA into malonyl-CoA in the fatty acid synthesis
pathway and has been overexpressed in various cancer which is correlated to tumor
progression and poor patient outcomes (Currie et al. 2013). AMPK interacts and
inhibits the sterol regulatory element-binding protein 1 (SREBP1), which, in turn,
phosphorylates and inactivate ACC1 (Li and Zhang 2016).

2.3.16 Fatty Acid Synthase (FAS)

FAS (Fig. 2.1) is highly expressed in various human cancers (Liu et al. 2017) and an
important enzyme in lipogenesis that catalyzes the terminal step of fatty acid
synthesis and converts malonyl-CoA and acetyl-CoA substrate into palmitate
(Flavin et al. 2010).

2.3.17 Others

Apart from these proteins, various other proteins are highly expressed in the human
tumors and also involved in fatty acid synthesis and modification, including stearoyl-
CoA desaturases (SCDs) (Igal 2016) and acyl-CoA synthetases (ACS) (Currie et al.
2013). Additionally, choline and cholesterol are synthesized by choline kinase and
3-hydroxy-3-methylglutaryl-CoA reductase (HMGCR), respectively, have a role in
tumor development and progression, and can be considered as a potential target for
anticancer drug development (Martinez-Outschoorn et al. 2017).

2.4 Natural Leads Targeting Cancer Cell Metabolism

2.4.1 Alkaloids

Alkaloids (Fig. 2.1) are the natural molecules found in plants, animals, bacteria, and
fungus, having a basic nitrogen atom in their structure (except in peptide bond or
amide) (Kushiro and Ebizuka 2010). In the ancient times, after the breakthrough
discovery of the molecule morphine, in 1804, plants having alkaloids are being used
in various traditional medicines by various ethnic groups of people in this world
(Aniszewski 2007). Vinca alkaloids are the first alkaloids (discover in the 1950s)
having anticancer potential against various types of human cancers (Cragg et al.
2009). In this section, we will cover major important anticancer natural lead
molecules that target biosynthetic metabolic pathways.

2.4.1.1 Capsaicin
Capsaicin (trans-8-methyl-N-vanillyl-6-nonenamide) (Fig. 2.1) is a derivative of
homovanillic acid and the key constituent in chili peppers that are consumed in
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various cultures as a spice (Clark and Lee 2016). Because of its vast medicinal
properties, capsaicin is widely explored for its anti-obesity (Kang et al. 2007),
antioxidant (Galano and Martínez 2012), analgesic (Brederson et al. 2013), and
anti-inflammatory properties (Kim et al. 2003). Capsaicin possesses in vitro
chemopreventive and chemotherapeutic effect (Amantini et al. 2009; Jun et al.
2007; Yang et al. 2009) and antitumorigenic activity in vivo (Bhutani et al. 2007;
Lu et al. 2010; Pramanik et al. 2011; Yoshitani et al. 2001; Zhang et al. 2008) against
various cancers (Bley et al. 2012). In the HepG2 cell line, capsaicin notably
downregulated the FAS protein levels at a 0.05–0.5 mM concentration as compared
with control groups, without affecting other lipid-related proteins (like ACL and
ACC) (Impheng et al. 2014). Capsaicin also suppressed intracellular triglycerides
and long-chain fatty acid levels by inhibiting the synthesis of de novo fatty acid
(Impheng et al. 2014). At a concentration of 150 μM, capsaicin disrupts the
functionality of mitochondrial complex I and III in human pancreatic cell lines
(AsPC-1 and BXPC-3) and induces the ROS generation which finally led to apopto-
sis (Pramanik et al. 2011).

2.4.1.2 Tetrandrine
Tetrandrine (Fig. 2.1) is a bisbenzylisoquinoline alkaloid isolated from the root of
Stephania tetrandra S. Moore. MALDI-TOF-MS found that tetrandrine (5� 0.6 μg/
mL) downregulated phosphoglycerate mutase 1 (PGAM1) and transaldolase (TAL)
protein level and inhibited the glycolysis and pentose phosphate pathway in HepG2
cells (Cheng et al. 2010).

2.4.1.3 Piperine
Piperine (Fig. 2.1) is isolated from Piper nigrum Linn. In breast cancer cells
(SK-BR-3), it inhibited the mRNA expression and protein level of FAS and ulti-
mately inhibited fatty acid synthesis (Do et al. 2013).

2.4.1.4 Berberine
Reprogramming the metabolism including OXPHOS, glycolysis and fatty acid
synthesis provide growth advantages to the cancer cells. Several potential targets
involved in this reprogramming mechanism were investigated by various novel
molecules to find a profit in cancer treatment. Among them, berberine (Fig. 2.1),
an isoquinoline quaternary alkaloid isolated from the herbal plants like Rhizoma
coptidis, is nontoxic to humans (Jantová et al. 2003). In breast cancer cells berberine
treatment (36.91 μg/mL) inhibited various glycolytic enzymes like enolase α,
triosephosphate isomerase (TPI) and fructose-diphosphate aldolase A (Chou et al.
2012). In MCF-7 cells the p-ACL level was decreased, while the p-ACC level was
increased after berberine (2–100 μM) treatment (Tan et al. 2015). In another study on
MCF-7 cells, berberine (2–50 μM) upregulated the p-PKM2 level and
downregulated PFK and LDH level and shifts the metabolism toward OXPHOS
(Fan et al. 2013). PKM2 activity was inhibited after berberine treatment in HeLa and
HCT116 cells (Li et al. 2017c). Other metabolic proteins like 1,2-dihydroxy-3-keto-
5-methylthiopentene dioxygenase, kynurenine 3-monooxygenase, succinyl-CoA:3-
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ketoacid-coenzyme A transferase 1, mitochondrial/OXCT1, and triosephosphate
isomerase were also differentially expressed in MCF-7 cells after berberine treat-
ment (Chou et al. 2012).

2.4.2 Isoprenoids

Isoprenoids are plant secondary metabolites originated from the five carbon
precursor’s isopentenyl pyrophosphate (IPP) and its isomer dimethylallyl diphos-
phate (DMAPP) (Withers and Keasling 2007). Depending on the number of five-
carbon skeleton, isoprenoids can be classified as monoterpenoids (C10),
sesquiterpenoids (C15), diterpenoids (C20), triterpenoids (C30), and tetraterpenoids
(C40) (MA Domingues et al. 2014) which have significant pharmacological
activities, among which some candidates enter the clinics. For example, artemisinin
(a sesquiterpene lactone) which was isolated from Artemisia annua, with its semi-
synthetic compounds, is potent antimalarial drug (Slezakova and Ruda-Kucerova
2017). On the other hand, a diterpenoid, namely, paclitaxel, which was isolated from
Taxus brevifolia is being used in various chemotherapeutic regimes against lung,
breast, and ovarian cancer (Bernabeu et al. 2017). Nowadays plant-derived
metabolites have received growing interest because of their antimetabolic activity
in the anticancer pathway. Table 2.1 provides a collected list of those plant-derived
isoprenoids, while some of them are mentioned below.

2.4.2.1 Oleanolic Acid
Oleanolic acid (Fig. 2.1) is an oleanane-type pentacyclic triterpenoid isolated from
Olea europaea (family: Oleaceae) having various pharmacological activities includ-
ing anticancer activity. Treatment with oleanolic acid (50–100 μg/mL)
downregulated the PKM2 protein along with the concomitant increase of PKM1
which ultimately impairs glucose uptake and lactate production in the human breast
cancer (MCF-7) and prostate cancer cells (PC-3) (Liu et al. 2014b, c). In these same
cell lines, oleanolic acid (10–100 μg/mL) activate AMPK which, in turn, phosphor-
ylate and inactivate 3-hydroxy-3-methylglutaryl-CoA reductase (HMGR) and
acetyl-CoA carboxylase 1 (ACC1) and downregulated fatty acid synthase (FAS)
protein level which ultimately ends up into reduced fatty acid synthesis (Liu et al.
2014c). In breast cancer cells, oleanolic acid (5 μM) inhibited the glucose consump-
tion and lactate production which was induced by high salt-mediated osmotic stress
(Amara et al. 2016). Various rate-limiting glycolytic enzymes like HK, PKM2, and
LDH was also downregulated after the treatment of oleanolic acid (Fig. 2.1).

2.4.2.2 Tanshinone IIA
Tanshinone IIA (Fig. 2.1) is the most important lipophilic compound found in Salvia
miltiorrhiza Bunge roots and can inhibit tumor cell growth and proliferation by
inhibiting glucose metabolism (Lin et al. 2015a). At a concentration of 5.3 μM,
tanshinone IIA downregulated the glucose-6-phosphate isomerize (GPI) in human
stomach adenocarcinoma AGS cell line, which ultimately inhibits the glucose
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metabolism, intracellular ATP, and lactate production. Downregulation of malate
dehydrogenase (MDH1) and L-lactate dehydrogenase B chains (LDHB) and
upregulation of PCK2 by tanshinone IIA inhibited the gluconeogenesis process. In
esophageal cancer cell line, Ec109, tanshinone IIA at a concentration of
0.40–1.70 μM downregulated the PKM2 mRNA and its protein expression and
hence inhibited glycolysis (Zhang et al. 2016).

2.4.2.3 Geraniol
Geraniol (Fig. 2.1) is a monoterpenoid originated in the volatile oil of various
aromatic plants and possesses anticancer activity (Cho et al. 2016). Geraniol
inhibited the mevalonate synthesis by downregulating HMGCR activity in human
breast cancer cells (MCF-7) (Duncan et al. 2004). In human prostate cancer cells
(PC3), geraniol (0.25–1 μM) activated the AMPK pathway which increases the
p-ACC protein level (Kim et al. 2012). In HepG2 HCC cells, geraniol inhibits
fatty acid metabolism at a concentration of 50–200 μmol/L (Crespo et al. 2012;
Polo and De Bravo 2006). It has entered that geraniol inhibits the HMGCR and
CTP-PC cytidyl transferase which ultimately downregulated the mevalonate and
phosphatidylcholine (PC) synthesis (Crespo et al. 2012).

2.4.2.4 Betulinic Acid
Betulinic acid (Fig. 2.1) is a pentacyclic lupine-triterpenoid (found mainly in outer
barks of Betula spp.) that showed a negative impact on the tumor metabolism
(Domingues et al. 2014). PKM2 protein level was suppressed after treatment with
this dietary molecule in MIAPaCa-2 (25 μM) and PANC-1 (20 μM) cell line (Pandita
et al. 2014). In MCF-7 and SK-BR-3 cells, betulinic acid downregulated the HK and
PKM2 protein levels and inhibited the glycolysis process (Lewinska et al. 2017). In
HeLa cells, betulinic acid inhibits the de novo fatty acid synthesis by downregulating
the activity of SCD-1 (Potze et al. 2016).

2.4.2.5 Oridonin
This diterpenoid oridonin (Fig. 2.1) was isolated from Rabdosia rubescens. In
colorectal cancer (SW480) cells, oridonin (1.25–20 μM) downregulated the
mRNA expression and protein level of GLUT1 and MCT1 and inhibited the glucose
uptake and lactate production and hence induce autophagy (Yao et al. 2017b). In
uveal melanoma cells (MUM28 and OCM-1), oridonin (5 μM) suppressed the FAS
protein level (Gu et al. 2015). The mRNA expression and protein level of FAS were
inhibited after oridonin (5–10 μM) treatment in colorectal cancer (SW620 and
SW480) cells which suppressed cellular fatty acid level (Kwan et al. 2013).

2.4.3 Phenolic Leads

These compounds comprise a major group of secondary metabolites containing
hydroxylated aromatic ring system that may be flavonoids, stilbenes, phenolic
acids, xanthones, and coumarins and possess various pharmacological activities
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like anticancer, antibacterial, antiviral, antioxidant, and antiatherosclerotic (Han
et al. 2007). The anticancer potential of different phenolic compounds boasts
researchers to explore the modulation of tumor cell metabolism by this group of
compounds. In this chapter, we have provided the metabolic changes in various
human cancer cells governed by phenolic compounds (Table 2.2). A few phenolic
compounds with antimetabolite potential are described below.

2.4.3.1 Resveratrol
Resveratrol (Fig. 2.1) is a polyphenol compound mostly found in the berries, grapes,
and other food sources, having various roles in cancer cell metabolism. Treatment of
resveratrol in lung cancer cells (Li et al. 2016) and hepatocellular carcinoma cells
(Dai et al. 2015; Guerra et al. 2018; Iqbal and Bamezai 2012; Massimi et al. 2012)
decrease the glucose uptake and lactate production. In human ovarian cancer cells
(MDAH2774, PA-1, SKOV3, and OVCAR3) resveratrol treatment (50 μM) inhibits
the glucose uptake by suppressing the GLUT1 membrane localization (Gwak et al.
2015; Tan et al. 2016). In HCC cells (Bel-7402 and HCC-LM3) (Dai et al. 2015),
non-small cell lung cancer (NSCLC) cells (H1650, H460, and HCC827) (Li et al.
2016), and LY18 human diffuse large B-cell lymphoma (Faber et al. 2006), resvera-
trol inhibit the glycolysis process by inhibiting the hexokinase 2 (HK2) protein
expression level. At a concentration of 10–50 μM, resveratrol inhibits the expression
of glycolytic enzyme phosphofructokinase (PFK), glucose consumption, and ATP
production in human breast cancer cell lines (MCF-7) (Gomez et al. 2013). In
MCF-7, HeLa, and HepG2 cells, resveratrol (50 μM) inhibits PKM2 expression
via downregulating mammalian target of rapamycin (mTOR) protein, which, in turn,
inhibits the glycolysis and macromolecular synthesis (Iqbal and Bamezai 2012).
Resveratrol also inhibits the PFK and PGAM1 expression levels in the LnCap
(Narayanan et al. 2004) and LY18 lymphoma cells (Faber et al. 2006). At a
concentration of 50–150 μM, resveratrol inhibits the expression of
phosphogluconate dehydrogenase (PGD), G6PD, and TKT (Vanamala et al.
2011). Resveratrol decreases lactate production and increases the ATP production
in colon cancer cell lines at a concentration of 10 μM for 48 h (Saunier et al. 2017). It
has been also proved that resveratrol can modulate cancer cell lipid metabolism. In
HCC cells, resveratrol activates AMPK expression which ultimately increases the
ACC phosphorylation (Hou et al. 2008; Shin et al. 2009). Resveratrol at a concen-
tration of 30 μM showed a protective effect against mitochondrial dysfunction,
arachidonic acid, and iron-induced ROS production by AMPK-mediated inhibitory
phosphorylation of GSK3β downstream of poly (ADP-ribose) polymerase-LKB1
pathway (Shin et al. 2009). Resveratrol showed antiproliferative activity toward
breast cancer cells by inhibiting both FAS mRNA and protein expression (Khan
et al. 2014; Pandey et al. 2011). At a concentration of 20–100 μM, resveratrol
increases the arachidonic acid and its metabolite 12S-HETE concentration in breast
cancer cells (MDA-MB-231 and MCF-7) (Jäger et al. 2011). In MDA-MB-231 cells,
resveratrol altered lipid metabolism by increasing the ceramide level which is an
important component of sphingolipids associated in cell proliferation and apoptosis.
In human erythroleukemia cell line (K-562), resveratrol (50–100 μM) treatment
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downregulated sphingomyelin, sphingosine-1-phosphate (SIP), and upregulated
transcription level of acid sphingomyelinase mRNA (ASMase) which leads to
accumulation of ceramide (Mizutani et al. 2016). On the other hand, resveratrol
(10 μM) treatment in human colon cancer cells (Caco-2) reduced the sphingomyelins
level which results increased level of phosphatidylethanolamines and ceramides
(Saunier et al. 2017).

2.4.3.2 Curcumin
Curcumin (Fig. 2.1) is a major polyphenol found in the turmeric Curcuma longa,
which has been reported to have activity on glucose uptake, metabolism, and
transport. In human A549 (15–30 μmol/L) (Liao et al. 2015) and MCF-7
(5–10 μM) cells, curcumin inhibited GLUT1 mRNA and protein expression
(Vaughan et al. 2013). Interestingly curcumin treatment increased or suppressed
glycolysis in the human breast cancer cells has been reported. In MCF-7 cells,
curcumin (5 μM) treatment improved HK2 activity, glucose uptake, and lactate
production and inhibited mitochondrial respiration (Jung et al. 2016). In
MDA-MB-231 cells, curcumin (5 μM) inhibited the HK2 expression and sensitize
these cells to 4-hydroxytamoxifen treatment (Geng et al. 2016). In both human
breast cancer cells (SKBR-3; 5–20 μM) and HCC HepG2 cells (5–15 μg/mL),
curcumin inhibited the FAS protein expression and activity (Younesian et al.
2017). Curcumin treatment (10–40 μmol/L) inhibited the expression and activity
of HK2 which leads to inhibition of glucose uptake, lactate production, and ATP
generation without affecting other glycolytic enzyme (PFK, LDH, and phosphoglu-
comutase (PGM)) activities in human colorectal cancer cells (HCT29 and HCT116)
(Wang et al. 2015). Furthermore, curcumin (1–10 μM) altered AMPK activity
which, in turn, downregulated the mRNA and protein expression of HK2,
PFKFB3, GLUT4, and PKM2 proteins in esophageal cancer cells (Ec109) (Zhang
et al. 2015b). Curcumin was also reported to inhibit the glucose uptake and lactate
production by inhibiting the PKM2 expression via downregulating mTOR-HIF1α
pathway in various cancer cell lines (Siddiqui et al. 2018).

2.4.3.3 Quercetin
Quercetin (Fig. 2.1) is a flavonol found in various fruits and vegetables and has been
investigated its role in glucose uptake and lactate efflux in various cancer cells
(Amorim et al. 2015; Moreira et al. 2013; Santos et al. 2014). Quercetin
(5–100 μM) translocates GLUT1, increases its expression, but decreases its function
by competitive inhibition in cholangiocarcinoma (TFK-1) and liver cancer (HepG2,
Hep3B2.1-7, and HuH7) cells(Brito et al. 2016). In MCF-7 and MDA-MB-231 cells,
quercetin (100 μM) competitively inhibit the GLUT1 expression (Moreira et al.
2013). Quercetin (25 μM) effectively inhibits the lipogenesis process to 38% as
compared to control cells by inhibiting the enzymatic activity of FAS protein in
human breast cancer (MDA-MB-231) and prostate cancer (LnCaP) cells
(Brusselmans et al. 2005). In the triple-negative breast cancer model, quercetin
(150–415 μM) inhibits the FAS and β-catenin levels and induced cell apoptosis
(Sultan et al. 2017). In human pancreatic adenocarcinoma (MIAPaCa-2) cells,
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quercetin (50 μM) inhibits glycogen synthesis (Harris et al. 2012). Quercetin
(25–100 μM) has been reported to inhibit the expression and activity of FAS protein
level in the HepG2 cell line (Zhao et al. 2014). In the HCC cell line, quercetin
inhibits glycolysis by downregulating the HK2 and Akt/mTOR pathway (Wu et al.
2019).

2.4.3.4 Apigenin
Apigenin (Fig. 2.1) is a flavone that mostly originates in the vegetables and fruits and
possesses potent anticancer activity. In human pancreatic cancer cells, apigenin
(6.25–50 μM) inhibited the mRNA and protein level of GLUT1 by altering the
PI3K-Akt pathway (Melstrom et al. 2008). Apigenin (10 μM) inhibited the glucose
flux and ATP production by downregulating GLUT1 mRNA and protein expression
without affecting other glycolytic enzymes in human lung cancer cells (Lee et al.
2016b). After apigenin exposure, both GLUT1 and GLUT4 levels were upregulated
in androgen-sensitive LNCaP cells (7.1 μM), whereas in androgen-insensitive PC3
cells (15.7 μM), the GLUT1 protein expression was decreased and the expression of
GLUT4 increased (Gonzalez-Menendez et al. 2014). In human colon cancer (HT29,
DLD-1, and HCT116) cells, apigenin (10–40 μM) binds directly with PKM2 and
altered its expression and activity and deceased glucose consumption, lactate, and
ATP production (Shan et al. 2017). In breast cancer cells, specifically in epidermal
growth factor receptor 2 (HER2)-overexpressing SKBR3 cells, apigenin (50 μM)
significantly downregulated the FAS protein expression (Menendez et al. 2008).

2.4.3.5 Oroxylin A
Oroxylin A (Fig. 2.1) is a flavone isolated from Oroxylum indicum and Scutellaria
baicalensis and can modulate the glucose metabolism in various cancer cells (Lee
et al. 2016a). Oroxylin A (12.5–50 μM) inhibited the mRNA and protein expression
of PDK, HK, PKM2, and LDHA in HepG2 cells under hypoxic (1% oxygen)
condition rather than normoxic condition via modulating the HIF1α expression
(Dai et al. 2016). Glycolysis was inhibited by oroxylin A (100–200 μM) in the
human lung adenocarcinoma (A549) cells by downregulating the glycolytic protein
HK2 expression (Wei et al. 2013). In MDA-MB-231 cells, oroxylin A (50–200 μM)
downregulated the HK2 expression by suppressing HIF1α via sirtuin 3 (SIRT3)
activation and hence inhibited glucose uptake and lactate production (Wei et al.
2015). Oroxylin A at a concentration of 12.5–50 μM modulates the TP53-induced
glycolysis in HepG2 cells (Dai et al. 2013). Under hypoxic condition, oroxylin A
(50–150 μM) inactivates HIF1α protein and downregulates the lipid synthesis and
uptake by reprogramming fatty acid metabolism whereas decreases the intracellular
fatty acid level and increases fatty acid oxidation in HCT116 cells (Ni et al. 2017).

2.4.3.6 Epigallocatechin Gallate (EGCG)
Epigallocatechin gallate (Fig. 2.1) is polyphenol mostly found in green tea with an
antagonistic effect on cancer cell metabolism. EGCG (50–400 μM) downregulated
the mRNA level of GLUT1, AMPK activation, and vascular endothelial growth
factor (VEGF) reduction in human colon cancer cells (HT-29) (Hwang et al. 2007).
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In these same cell lines, suppression of glucose uptake and upsurge of glutamine
consumption was reported after EGCG (70–140 μM) treatment (Sánchez-Tena et al.
2013). In human tongue carcinoma (TSCCa and Tca8113) cells, EGCG (20–80 μM)
inhibited glycolysis by downregulating the HK2 (Gao et al. 2015). EGCG (80 μM)
inhibits the conversion of 3-phosphoglycerate (3-PG) to 2-phosphoglycerate (2-PG)
by downregulating the expression of phosphoglycerate mutase 1 (PGAM1) in the
breast (MDA-MB-231) and lung (NCI-H1299) cancer cells (Li et al. 2017b).
Glucose uptake and lactate production were reduced after EGCG (10–100 μM)
treatment in MCF-7 cells (Moreira et al. 2013). In MCF-7 cells, EGCG
(10–40 μM) altered EGFR/PI3K/Akt/Sp-1 signaling network which ultimately
inhibited the epidermal growth factor (EGF)-induced FAS expression (Yeh et al.
2003). The important constituent of cellular membrane palmitate synthesis was
diminished after the downregulation of acetyl-CoA by ECGC (50 μM) treatment
in human pancreatic adenocarcinoma (MIA PaCa-2) cells (Lu et al. 2015).

2.5 Bioinformatics Approaches

Traditionally, pharmacology and chemical science-based drug discovery of natural
product techniques face various criticism in finding new drugs due to time constrain,
a huge investment of money, and toxicity occurrence. The increasing demand for
time-saving strategy to discover and develop selective and safe natural lead
molecules has signaled the start of a new era of bioinformatics (Li et al. 2020). In
bioinformatics analysis, it is possible by designing various computer algorithm to
recognize or structurally transform a natural product, to design a lead (molecule)
with the required function, and to assess its in silico therapeutic effects which further
paved major foundation stone in the branch of science what is now called computer-
aided drug designing or virtual screening of drugs (Fig. 2.4).

In the post-genomic era, computer-aided drug designing is one of the promising
rational drug designing approaches to develop anticancer leads with plant-derived
natural products or synthetic compounds that target cellular metabolic signaling
networks. Multiple bioinformatics methodologies can be taken into encounter (like
virtual screening, molecular docking, high-throughput screening, QSAR,
pharmacophore, and modeling) to minimize the cost and time of drug identification,
candidate screening, and refinement but also provide insights about the characteri-
zation of side effects and predict drug resistance (Jiang and Zhou 2005; Xia 2017).
Several web-based servers or standalone softwares and online public repositories of
natural product libraries are available for target identification, hit to lead generation,
and lead optimization that help to understand clinical and preclinical findings. All
these approaches are very useful for researchers targeting the antimetabolic lead
discovery, assessment, and development.

The rise of cutting-edge technology, especially the use of high-throughput next-
generation data such as metagenomic, transcriptomic, proteomics, epigenetic, ribo-
some profiling, and pharmacogenomics data, encompasses weighty contribution to
mechanism-based drug discovery and drug repurposing (Tietz and Mitchell 2016).
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Accumulation of amino acid and nucleotide structures, as well as the development of
in silico homology modeling and molecular simulation, together with large structure
databases of small molecules and metabolites, paved the way for more realistic
receptor-ligand docking experiments and more informative virtual screening being
uncovered biological insights whose deciphering can be the basis for scientific and
economical success (Johnston et al. 2015).

2.6 Summary

Targeting cancer cell metabolism is a promising therapeutic approach that is still
unexplored. In this chapter, we have highlighted many of the responsible proteins or
enzymes and their modifications in the pre-carcinogenesis stage. Therefore, targeting
them may be a promising strategy for chemopreventive purposes.

Identification of highly expressed or active proteins that perversely regulated the
key metabolic signatures is important to develop a potential therapeutic drug.
Although numerous efforts have been made for this, the effective number of lead
molecules is still very low and in the preliminary stage. A promising candidate
should possess toxicity against cancer cells rather than normal cells and also have
favorable pharmacological profiles including stability, half-life, and bioavailability.
We have reported that many natural products have been identified so far as a
promising anticancer agent that targets various cancer metabolic proteins. Although
these kinds of lead molecules provide many health benefits, sometimes poor pharma-
cokinetic properties like absorption, bioavailability is becoming a major concern that
needs to explore.

Nature provides a vast source of different and diversified molecules. The rapid
modernization of the screening system allows the selection and analysis of isolated
natural compounds that are potent antimetabolic actions with reduced side effects.
The application of synthetic chemistry and bioinformatics tools will be very much
helpful to generate a more selective and less toxic lead in the distant future.
Alternatively, inexpensive production of those scaffolds will make them commer-
cially interesting.
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of Anti-diabetic Therapies from Prospective
Natural Products
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Abstract

The emergence of omics technologies has revolutionised modern biology and
also offers promise to addressing epidemic chronic diseases including type
2 diabetes mellitus (T2DM). Sustained peripheral insulin resistance and an
irreversible systemic alteration and progressive decline of physiological functions
in T2DM patients are borne of modern unhealthy lifestyle and contribute to
disability and mortality worldwide. Earlier-onset and prolonged disease state
underscore the need for both prophylactic and ameliorating therapeutics to impact
the chronicity of T2DM and progressive comorbidities. This complexity has not
been solved with prolonged use of tissue-target screens for synthetic drug dis-
covery. The modern disease of T2DM can be impacted with recognised anti-
diabetic agents derived from traditional medicines and phytochemicals. Exploit
of phytochemicals employed in medicinal practices can now be validated with
omics technologies. Constructive omics testing offers new and meaningful
insights to improving drug discovery and implementation. This chapter reviews
the application of genomics, transcriptomics, proteomics, metabolomics and
network analysis to ascertain candidature of anti-diabetic agents arising from
green tea, citrus, and garlic isolates including (�)-epigallocatechin gallate,
tangeretin, and allicin. The restoration of the old natural products and new
technologies will progress pharmacological and pathological insights into
T2DM beyond current allopathic measures.
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Abbreviations

1H-NMR Proton nuclear magnetic resonance
BW Body weight
EGCG (�)-Epigallocatechin 3-gallate
GC-MS Gas chromatography- mass spectroscopy
GLUT 2 Glucose transporter 2
GWAS Genome-wide association studies
HPLC High-performance liquid chromatography
MS Mass spectroscopy
PPAR Peroxisome proliferator activator receptor
RNA Ribonucleic acid
SGLT2 Sodium/glucose co-transporter 2
T2DM Type 2 diabetes mellitus
UPLC Ultrahigh performance liquid chromatography

3.1 Introduction

Diabetes (passing through) Mellitus (sweet urine), describes the observed excess of
glucose present in copious patient urine. The disease is classified into two
syndromes, differentiated by mode of insulin depletion. Type 1 diabetes is a failure
to produce adequate insulin due to pancreatic beta-cell destruction or loss of function
leading to peripheral excess of glucose and other metabolites. Type 2 diabetes
(T2DM) is considered a failure to compensate for excessive glucose intake, whereby
pancreatic beta-cell secretion is exhausted and ultimately fails. The prevalence of
T2DM is rising (Krug 2016) facilitated by the modern lifestyle, yet incidence reveals
remarkable heterogeneity obscuring mechanistic knowledge. Indeed, the unprece-
dented increase in total diabetic disease has raised informal discourse of a broader
spectrum of mellitus diseases, with some categorisation into Type 1.5 and/or Type 3
to conjecturally support the notion of interrelated phenotypes. Diagnostically, a
glycated haemoglobin level exceeding 7.5% is a well-accepted measure of unman-
aged T2DM disease. Glucose inundation creates systemic toxicity and ensues
metabolic and immune dysregulation, promoting chronic low-grade inflammation
and chronic homeostatic compensations perpetuating the diabetic milieu.

Current anti-diabetic drugs remain expensive and are limited in outcomes. The
pharmacokinetic balance of optimal specificity and minimal side effects is evidently
challenging with the exceptional multiplicity of diabetic pathology encompassing all
tissues. In contrast to historical incidence, rising chronicity and accompanying
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burden of disease demands capitalisation of known anti-inflammatory, anti-oxidant
and anti-diabetic sources drawn from conserved cultural practices of traditional
medicine. The abundance of natural products and their broad use in medicinal and
biological applications present foundations to develop impactful anti-diabetic
therapies. This chapter discusses natural products tangeretin, allicin and
(�)-epigallocatechin gallate (Table 3.1) as rational candidates for derivative pursuit.
The discussion features the superior means offered by ‘omics’ technologies to
expand the evidence base obscured at population level owing to incomplete disease
knowledge. Such repositioning could realise anti-diabetic potential of natural
products; however, studies must confer translatability to contribute the critical data
for pharmacological benefit.

3.2 Omics Technology Appraisal

The suffix ‘-omics’ denotes the modern comprehensive technologies to assess
cellular response at discrete biological demarcations of a cell population from
genome to metabolome (and beyond). The superior approach of modern omics
(using transcriptomic analysis for train variants in T2DM) surpasses conventional

Table 3.1 Representative anti-diabetic natural products
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biological methods (genome wide asociation studies or expression quantitative trait
locus) (Jenkinson et al. 2016). The extensive arrays based on high-throughput
and multi-omics approaches provide quantitative assessment of functional
discrepancies between groups, such as those present in a disease versus
non-disease cohort whereas deep homogeneous sampling cannot infer effect causa-
tion with the substantial variation within and between individuals, underscoring
ambiguous directionality of putative associations (Hasin et al. 2017). Computational
biology has enabled processing of perturbed cell responses non-directionally to
represent complex biological interactions of T2DM and prospective therapeutic
interventions.

Superior interaction assessment of omics could address the articulated
shortcomings of conventional drug discovery studies. High-throughput screening
attests to the improved hit rate of natural substrate interactions with biological
membranes (0.03%) compared to synthetics (<0.001%) (Isgut et al. 2018).
Biological plausibility of natural products is further supported by conserved medici-
nal referral and complementary scientific findings. Previous studies have been
unable to account for molecular interactions within a given product, let alone in
subject response system using conventional biological techniques, diminishing
outcomes and development following clinical trials.

The repositioning of traditional medical products is justified by both social and
biological acceptability for semi-novel T2DM therapeutics. T2DM omics assess-
ment complemented by animal and cell studies holds promise to construing inadver-
tent mechanistic insights of disease in the pursuit of drug discovery. Further analysis
is essential to constructing true associations and resolving specific mechanisms of
diabetic disease in pursuit of natural product transformation for successful drug
development.

3.2.1 Genomics

Proceeding the fundamental Human Genome Project, genome-wide association
studies (GWAS) have been performed on large cohorts for diabetic pathophysiology.
Resultant single nucleotide polymorphisms and comparative analyses of variant
profiles have marginally improved T2DM aetiology (Siddiqui and Tyagi 2015;
Jain et al. 2013). True discrimination of contributing variants from coincident
mutations is not possible: nor is the extent of cooperation or synergism posed by
mutant loci, preventing causative interpretations between non- and diabetic cohorts.

Later iterative modifications to differential gene expression also confound direct
causality thereby preventing direct inference to specific pathways or genes for
therapeutic exploit. Thus the complexity of polygenic diabetes in the context of
lifestyle-mediation remains to be assessed by combining genome sequencing with
other omics data. Such comprehensive analyses with reference to the genome may
address the articulated simplification and oversight of shared disease pathways
augmented in modern T2 diabetic disease. Integrating genomics and other data
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sets could also combat the criticism of underwhelming and superficial genomic-drug
studies conducted for T2DM (Siddiqui and Tyagi 2015).

3.2.2 Transcriptomics

Transcriptomics is the expression of total RNA population in a sample to quantify
differential variation at transcriptional and post-transcriptional phases with RNA
sequencing and component assays. Choreography of component RNA and
associated proteins forms the dynamically attuned signalling responses constituting
significant variation unexplained with GWAS alone.

Transcriptome scrutiny may support the notion of a rare variant, common disease
phenotype for T2DM which may be unapparent with genomic analysis (Jenkinson
et al. 2016). Alternatively RNA processing may contribute greater diversity to
observed heterogeneity of T2DM than previously appreciated (Jain et al. 2013).
This facet of analysis could contribute subtle new indicators of discrepancy in
minority or neglected cohorts to better elucidate disease pleiotropy, for comprehen-
sive profiling and subsequent therapeutic drug development.

3.2.3 Proteomics

Proteomics provides the quantitative assessment of cellular protein content as the
functional product of gene expression. Protein composition and structures are
assessed with high throughput analysis of cell modifications in response to a
stimulus. Measurements of abundance, molecular weight and conformation are
used to infer enrichment, reduction and post-translational modifications: reflecting
stability, affinity, transport, activation or degradation. Mass spectroscopy analysis
can differentiate functional effects indirectly with comparative shifts in fragment
composition and prevalence.

Functional modifications can be further probed with protein imaging and expres-
sion techniques including gel electrophoresis, digestion assays and peptide sequenc-
ing to confirm aberrations. To cite a study on Traditional Chinese Medicines, their
mechanisms of action including anti-diabetic properties confirmed with bioinformat-
ics analysis of proteomic data (Yang et al. 2019).

3.2.4 Metabolomics

Metabolomics characterises the metabolite aftermath of cellular processes and
considers a ‘fingerprint’ of molecular markers constituting amino acids, fatty
acids, carbohydrates and other small molecules. The investigations of intermediates,
secondary metabolites, hormones and other signalling molecule pathway up- or
downregulated levels manifest altered cellular metabolism, indicative of disease or
adaptation. Systematic profiling is performed with proton nuclear magnetic
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resonance imaging (e.g. 1H NMR), providing visual comparisons of metabolic
spectra. Metabolites are also quantified by various chromatography techniques
coupled with mass spectroscopy for chemical composite data. Metabolomic
profiling is crucial to detecting and differentiating the notorious complexity of
natural products, often polyherbal or combination products requiring differentiation
of active and spectator compounds for mechanistic and pharmacological
clarification. For example, Sun et al. (2014) conducted a study of urinary metabolites
in a T2DM rat model to posit reconstruction of associated known metabolites
implicated in the disease target pathway.

3.2.5 Multi-omics and Network Analysis

Multi-omics and network analysis encompass the integration of composite omics
data sub-sets for network construction and pattern recognition (Fig. 3.1) to map
putative associations representing cellular interactions for biological response
caused by natural products from functional protein to signal and gene expression
changes. A biological cascade cannot be inferred with the multi-metric complexity
and inability to resolve directionality when representing systemic and
combinatorically diverse interactions of high throughput data. Such inadvertent
interrelationships require correction for trans-omics prevalent objects with the
advent of mediation analysis. Higher-order processing of multi-omics holds prospect
to associating pharmacodynamics altered by diabetic-stasis if the inevitable ‘matrix

Fig. 3.1 Sketch of prospective natural products (e.g. catechin and racemosic acid) impacting on
multi-omics and network analysis
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effect’ is addressed with multi-metric analyses (Hasin et al. 2017). Other omics
iterations, immunolomics, ionomics, toxicogenomics and lipidomics, have emerged,
prompting the integration of rich data for pathological and pharmacological insights.

Larger network analysis is also implicated in the paradigm shift from systems to
network pharmacology. Integrative analysis can address the modern complexed
diabetes and comorbid diseases such as obesity and hypertension. A study by
Bezerra and colleagues analysed diabetes exclusively and in ascending comorbid
combinations, finding 217 associated genes (Bezerra et al. 2016). In addition to this
astounding interactivity, the notion of individualising Hemoglobin A1c thresholds
has been proposed by Siddiqui and Tyagi (2015) as another measure to better stratify
individual variation. Multi-metric data present prime opportunity for data scalability
to deduce meaningful associations at individual and population levels, which
underpins the advancement of disease knowledge and therapeutic direction.

3.3 Anti-diabetic Natural Products for Consideration

Medicinal phytochemicals have been exhaustively characterised for reverting or
preventing cellular stress in the context of chronic diseases (Thomson 2010).
Resultant findings of anti-oxidant, anti-inflammatory and free radical scavenging
effects concur with traditional medicinal utility to promote longevity and youth
(Shen et al. 2017). Beyond prophylactic means, scientific findings validate and
implicate the concurrence of these practices for chronic disease impact including
T2DM. The modest repositioning of phytochemicals to diabetic disease models and
cell line experiments has posited compelling evidence for metabolic corrections
mediated by phytochemical effects. The selected foci of this chapter, tangeretin,
allicin and (�)-epigallocatechin 3-gallate, are contending sources of anti-diabetic
development. Each case, discussed in current and future evaluations, builds the
evidence base to demonstrate the potential of omics technologies to address the
issues encountered with prior methods and the impinged translation to current
populations.

3.3.1 (2)-Epigallocatechin3-Gallate

(�)-Epigallocatechin 3-gallate (Table 3.1a) or (�)-EGCG is the most abundant of
the flavan-3-ols found in green tea products originating from the leaves and buds of
the Camellia sinensis plant. The gallate ester originates from gallic acid condensa-
tion with 3R-hydroxy groups, responsible for biological reactivity. The established
pathways and molecular targets of (�)-EGCG acting on mulptiple mediators have
been comprehensively reviewed elsewhere (Lin and Li 2018), supporting traditional
consumption for wellbeing and justifying it as a tangible drug candidate.
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3.3.1.1 Absorption
Human uptake is limited to ingestion, with an oral bioavailability of EGCG
estimated at 5% with intestinal uptake (Scholl et al. 2018) and imposes limitations
reconciling animal and cell studies with excess compound exposure which may not
recapitulate the preliminary interactions yielding low assimilation, due to the sub-
stantial number of hydroxyl moieties which promote hydrophilic interactions (Del
Rio et al. 2013). Hydroxyl reactivity induces rapid degradation and biotransforma-
tion that appear to confer some anti-diabetic properties reflected in animal studies.

Wistar rats on a high-fat diet regime and stratified (�)-EGCG dosage (0.2, 0.4,
0.7 g/day/kg BW, respectively) showed reduction in lipid micelle uptake at the
intestinal lumen, attributed to steric hindrance of the (�)-EGCG hydroxyl-motifs
(Raederstorff et al. 2003). Insulin sensitisation arose from the competitive inhibition
of cholesterol uptake thereby decreasing free fatty acids in circulation (Raederstorff
et al. 2003). Peripheral reduction of insulin resistance was also supported by lipid-
EGCG co-injection of Wistar rats (continuoue intravenous infusion of 5, 10 mg/kg
for 48 h, respectively) with further metabolic improvements including reduction in
oxidative stress markers (Li et al. 2011). Similar mode of impedance was
demonstrated for glucose transporter uptake in human Caco-2 intestinal cell mono-
layer for which several catechins (100 μM concentration, 2 min exposure) sterically
hindered binding sites of GLUT2 and SGLT2 uptake of exogenous glucose, most
marked for EGCG (Johnston et al. 2005). Pharmacokinetics coupled to temporal
transcriptomics and proteomics at physiological relevance is necessary to establish
diabetic-dependent uptake considering inflammation and compromised transport to
the plasma. Conjugation to toxicogenomics screening and appreciation of hepatic
processing at physiological and supra-physiological dosages to confirm
bio-interactive modes of EGCG for diabetic therapy is also required.

3.3.1.2 Distribution
The scarce remainder of (�)-EGCG post-absorption is rapidly eliminated from
blood plasma at an estimated half-life of 2.6 h following ingestion (Scholl et al.
2018). Recognition as a secondary plant metabolite or xenobiotic substance may
prompt the observed rapid processing and clearance from circulation (Del Rio et al.
2013). Adversely, the inherent reactivity inducing cell function interference could
also prompt elimination (Mihaela et al. 2009). The instability of the hydroxyl motifs
and aftermath of decomposition pathway could also contribute detrimental
intermediates and pro-oxidant species necessitating removal (Krupkova et al.
2016). The balance needs to be ascertained for cell responses already protracted
with diabetic disease and hostile circulatory environment. The serum exclusion of
the majority of the parent metabolite warrants cell screening of peripheral tissues to
quantify uptake of primary and derivative metabolites which are unaccounted in
plasma-based assays (Del Rio et al. 2013).

Even at low circulating levels, EGCG was documented to modify lymphocytes
from T2DM patients, increasing fluidity and hyperpolarisation of cell membranes
(Mihaela et al. 2009). The bi-layer interference is consistent with other cell type
findings, with functional modifications yet to be determined with multi-omics
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assessment. Deeper analysis at diabetic conditions, controlling for inherent dysfunc-
tion of disease, offers a thorough platform to mechanistically ascertain cell responses
to EGCG exposure.

Host categorisation of (�)-EGCG as a mild toxin or antigen element could also
support the plasma clearance mechanism, which could offer exploit to pharmaco-
logical flushing and transient immune upregulation. The diabetic spectrum of
perturbed temperature, oxygenation and pH remains to be assessed for influence
on (�)-EGCG-facilitated membrane interactions and specificity. For example, (�)-
EGCG exerts superior affinity than gallocatechin gallate (GCG) at pH greater than
3.5 (Muzolf-Panek et al. 2012). Consideration of local and systemic physiological
parameters, and variable presence of advanced glycation end products, free fatty
acids, and potentiated inflammation with upregulated stress signalling of adipokines
and cytokines of T2DM is required. Comprehensive analysis with high-throughput
inquisition could appreciate the deviations in cell response with (�)-EGCG exposure
compared to non-diabetic controls; furthermore the establishment of a baseline
spectrum may enable T2DM sub-phenotype investigations for unappreciated
subtleties in disease.

3.3.1.3 Sampling Recovery
Despite attenuation in circulation, substantial inter-individual variation may under-
score new avenues to therapeutic development previously neglected with plasma-
based assays. Scholl and colleagues’ nutrikinetics study on green tea capsule
administration in a non-diabetic human population revealed sixfold variation in
plasma catechin concentrations (Scholl et al. 2018). The development of diverse
and non-invasive complements to plasma testing can now provide new insights that
may account for the unknown sources of substantial variation, namely, lipidomics,
and other facets of emerging omics assessment (Ulaszewska et al. 2019). New data
sets offer complement to GWAS for population-variants exerting differential disease
effects. Greater exploration of emerging omics sub-sets and integration with multi-
omics appraisal could prelude probable symbiotic therapies which modulate
microbiome to assist in compound targeting and delivery with definitive evidence
base for (�)-EGCG therapy.

The extensive variation in plasma concentrations could also be attributed to
polymorphic variants for metabolic transport and enzymes, proposed by Scholl
et al. (2018). Aside from genomic discrepancies, polymorphisms can be complexed
by cultural and regional exposure contributing additional variation. A Czech survey
on dietary polyphenol intake compared the demographically defined exposure of
consumers as a function of cultural practices including endemic low-polyphenol beer
and lower consumption of polyphenol-rich food types including tea (Zloch et al.
2018). The considerable and inherent pleiotropy in a non-disease population may be
further obscured by the heterogeneous diabetic spectrum and now-recognised
sophisticated disease beyond insulin and glucose modulation.

The advance of omics studies must therefore correct for Caucasian biases when
validating current findings, with inclusion of diverse and adequately powered
population cohorts. Santangelo and colleagues demonstrate this critical gap with
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tissue- and time-dependent miRNA sequencing of a minority T2DM cohort,
appreciating the apparent pleiotropy of T2DM pathology in broader analyses:
underscoring demand for diverse omics evaluations and consulting explicit inter-
vention data (Santangelo et al. 2016).

3.3.1.4 Standardisation
Failed conversion of clinical trial to successful therapies is further encumbered by
the non-standardisation of tea extracts. Plant source material and processing unac-
companied by a chromatogram has prevented reproducibility and quality assurance
especially when using commercial products (Gosslau et al. 2011). Confidential
combination product compositions employed in animal studies have not published
an assessment of individual isolate purity, nor contrasted with discrete effects from
selected product. This is a wider argument in combination therapy screens, which
require subjugated and composite analysis to truly appreciate the interaction effects
between the considered active ingredient and supposedly negligible minor elements,
which may actually stabilise or induce molecular dynamics (Fernandez-Ochoa et al.
2018). For example, a study of diet-induced T2DM in hamsters used a commercial
(�)-EGCG capsule, standardised at 50% content, however accompanied by rice
flour and gelatin, without validation of separated versus pair-wise combination
effects (Li et al. 2006a). Equally, human studies reporting green tea capsule use
standardise dosage of constituents, but are yet to distinguish whole product from
isolate effects, preventing mechanistic insight to additive, synergistic or antagonistic
properties of test products. Whilst routine exposure does not affect trial responses,
dietary exposure to composite products or a range of dosage (850–2200 mg/L
EGCG) cannot differentiate compound-specific effects from a whole product (Scholl
et al. 2018).

Prior to product manufacture, regional variability in composition and climatic
exposure affecting yield and composition of raw plant material. A metabolomics
study of Camellia sinensis (green tea) leaves grown in three provinces of South
Korea were compared for differential metabolic profiles measured by 1H NMR and
assessed with multi-variate analysis (Lee et al. 2010). Environmental light exposure;
age of leaves; rainfall; and temperature significantly varied the catechin synthesis
within tea leaves (Lee et al. 2010). Metabolomics and chemical analyses are
therefore inherent to reporting (�)-EGCG product use, especially when examining
traditional product cultivation, processing and crude preparation methods to modify
content and structure and interaction effects. Knowledge of molecular integrity and
co-stabilisation offer pharmacological insight to optimising desired isolate
acquisition.

3.3.2 Allicin and Other Labile Compounds

Physical damage to the Allium sativum (garlic) bulb catalyses conversion of
sulfoxides to rare thiosulfinates in this plant of the Liliaceae family (Perera and Li
2012). The conversion to low molecular weight sulphur-organic compounds
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promotes the cysteine interactions posited for medicinal applications (Kimbaris et al.
2006). The volatile sulphur metabolites are implicated for the anti-oxidant,
immunomodulating, anti-inflammatory properties of garlic reviewed by (Shang
et al. 2019). The instability and totality of organosulphur transformations has limited
structural and composition analyses for therapeutic validation of A. sativum’s health
benefits.

Allicin (Table 3.1b) is the prevalent labile compound detected with Gas Chroma-
tography coupled to Mass Spectrometry (GC-MS). The established conversion of
alliin precursor to allicin is facilitated by the alliinlyase enzyme, which is perma-
nently inactivated by heat and at pH � 3.6, thereby excluding allicin conversion at
stomach pH (Amagase 2006). Acidic inhibition challenges conventional attributions
of allicin as the predominant bioactive—perhaps other compounds may convene the
health benefits designated by its detection. The potency of garlic’s many medicinal
properties implores further investigation afforded with omics appraisal to contribute
new ground to the evidence base for integral compounds. This is underscored with
the pharmacological need to deduce synergism, antagonism or additive effects of
allicin and other garlic metabolites relative to the diabetic physiological context,
drawing upon traditional medicinal uses for alliaceous drug development to
impact T2DM.

3.3.2.1 Variability
The sensitivity of product conversions is differentially enacted by processing method
and subsequent catalysis of phytochemicals. The rarity of these compounds
complicates their recovery, with substantial product loss or transient capture
(Hu et al. 2002). Despite its known composition, allicin was only detected for 20 s
before the reaction ceased in a bulb puncture study (Chang et al. 2016). The volatility
of allicin facilitates immediate binding to fatty acids and proteins in system
preventing internalisation, conjecturally acting as a spectator molecule and irrelevant
as a quality assurance marker (Amagase 2006). However, other labile compound
biochemical mechanisms remain incomplete, leaving allicin as the surrogate
standardisation marker. The validity of this attribution remains unclear until bioac-
tive compounds can be elucidated, stabilised and tested for their effects in physio-
logical conditions, let alone under T2DM recapitulation.

Significant efforts to resolve and attribute other compounds of biological
relevance require specific deduction of structure and function in isolation and
combination assessment. Geometric isomerism was applied to differentiate sulphur
mono-isotopes to improve capture and detection of volatile reactions via ultrahigh
resolution mass spectrometry (Nakabayashi et al. 2016). Differential compositions
may improve discrimination of unknown metabolites or better distinguish fragments
and intermediates in metabolic analysis. Discovery of new isolates also requires
consideration of climatic variation and plant cell response manifested in proteins and
metabolites of the source material to account for diverse phenotypic influence. For
example, cold stress was associated with compromised garlic bulb composition
(Dufoo-Hurtado et al. 2015). Characterisations of starting plant material serves to
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aid exploration of garlic extract content and the reconciliation of the resultant
phytochemical profile for optimisation of desired isolates for therapeutic pursuit.

Beyond standardising starting material, the various extraction processes manipu-
late natural product composition necessitating omics appraisal. Aged extracts, such
as the Chinese ‘laba’ garlic preparation utilise vinegar to liberate allicin, enhancing
palatability (Liu et al. 2018; Kimbaris et al. 2006). Product modification included
enrichment of S-allylcysteine; S-allylmercaptocysteine content; and up- or
downregulation of 20 volatile, 16 primary, and 15 phenolic compounds evident
with metabolomics assessment (Liu et al. 2018). With this information, chemometric
studies can then evaluate stability and optimisation protocols to reduce
transformations and maximise recovery of volatile compounds and development of
viable authenticity markers using HPLC (Hrbek et al. 2018). Nutritional studies have
investigated garlic supplementation, employing HPLC for metabolomic analysis of
plasma assays (Fernandez-Ochoa et al. 2018). This approach is arguably limited in
interpretation with the incomplete profile of primary and derivative metabolites.
Thus high-throughput analyses must comprehensively assess the scope of compound
interactions to quantify subtle differences in product quality, exerting plausibly
differential effects. This limitation has been challenged with an isotope dilution
study collating UPLC-MS/MS with multiple reaction monitoring to report recovery
ratios of 89–105% of four known organosulphur compounds (Lin et al. 2017). Such
existing techniques to verify compositions paired with high throughput analysis in
cell screening assays could decipher complex interactions and confirm the allicin-
present versus allicin-independent effects of garlic preparations for optimisation and
pharmacological progress.

3.3.2.2 Interaction Effects
Natural product interaction effects in T2DM cohort are still emerging and require
further assessment with the imposed challenges of labile compound recovery and
stabilisation. The inevitable reactivity is implicated for comprehensive anti-diabetic
effects now appreciated in concomitant disease of both animal models (Qamar et al.
2015) and human cohorts (Choudhary et al. 2018). Despite compelling findings
illustrating the pharmacological benefits of garlic extracts, systematic analysis has
been limited. The first meta-analysis of nine studies on T2DM and garlic use,
reported promising risk reduction ratios for pathological parameters, yet neither
dosage nor duration of treatment was significantly associated with fasting blood
glucose at a 95% confidence interval (Wang et al. 2017). Thus complex effects of
disease and garlic interaction remain to be well-established in absence of definitive
mechanisms and substrates for anti-diabetic therapies.

Implications for gene drug targets have emerged, with construction of an interac-
tion network between toxicogenome and altered gene expression in T2DM
vastuslateralis biopsy (Muhammad et al. 2017). Such analysis lays the groundwork
for more integrated analyses accounting for allicin and allicin-independent garlic
supplementation. A breath biomarker test revealed an unexpected increase in
gamma-glutamyl-S-allylcysteine and S-allylcysteine metabolism in absence of alli-
cin (Lawson and Hunsaker 2018). Taken together, these findings support the
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feasibility of integrated study designs to correctly attribute metabolite influence and
associate interventions with genomic data to appraise differential outcomes for
T2DM cohorts.

Beyond disease-specific interactions, the inevitable herb-drug interaction requires
extensive assessment considering the conjugative potential partially demonstrated
for garlic therapies. A clinical trial of metformin with garlic or placebo (300 mg
tablet, thrice/day) showed enhanced anti-diabetic effects and manifested reduction in
plasma lipids and blood glucose for diabetic patients, superior to Metformin therapy
alone (Ashraf et al. 2011). Allicin has also been implicated in anti-coagulant
enhancement, with an additive effect on warfarin in two cases, which may hold
further ramifications for diabetic circulation and likelihood of vascular injury requir-
ing assessment (Borrelli et al. 2007). In either case, omics offers deep interrogation
of cell response to interpret the prevalence of these effects, with the capacity to
quantify modified cell signalling and comprehensive appraisal of systemic and local
effects on T2DM and the accompanying physiological milieu.

3.3.2.3 Repositioning
Expansive use of garlic, despite its obscured mechanistic properties provides other
bodies of evidence supporting anti-diabetic therapies and chronic disease impact.
Traditional medicinal use of garlic extracts as vitality agents and anti-ageing natural
products has now been demonstrated for Caenorhabditis elegans life extension
(Huang et al. 2015). Metabolomics appraisal of the nematode revealed 20% increase
in total lifespan, beneficial gene expression for enhanced function and disease
resistance (Huang et al. 2015). This study presents one case of applying omics
technologies to validate traditional medicinal applications and derive new knowl-
edge from deeper analysis. For example, the capacity for temporal omics sampling
can monitor changes over time to traits like insulin resistance, improving reconcilia-
tion of true interaction effects not practicable with conventional methods (Wang
et al. 2017).

Greater therapeutic exploration of garlic effects manifested in other disciplines
reveals two concepts raised but inadequately assessed for therapeutic relevance,
pertaining to greater questions of garlic administration, cytotoxicity and bioavail-
ability. Persulfidation, the emergence of H2S originating from cysteine protein
residues, as a biological signalling molecule has been posited for vascular relaxation
and improved circulation, yet remains untested for diabetic effects (Filipovic 2015).
A second phenomenon yet to be appraised in humans is the oxidative toxicity of
garlic plant matter to domestic animals. Garlic exposure corrupted canine
erythrocytes, yielding methemoglobin and haemolytic anaemia (Hu et al. 2002).
These effects have not been well studied for their detriment or benefit in diabetic
context, and warranted pharmacokinetic studies to establish true effects for drug
consideration. Broader limitations encountered in conventional compound isolation
and testing imploring omics designs to appreciate mechanistic outcomes in cell
response to assist in pharmacological interpretations and the validation of garlic
product derivatives for T2DM therapy also require further investigation.

3 Omics Technologies and Development of Anti-diabetic Therapies from. . . 89



3.3.3 Tangeretin

Tangeretin, or 40, 5, 6, 7, 8-pentamethoxyflavone (Table 3.1c), is one of two
predominant compounds obtained from various citrus peels. The compound is
water insoluble, requiring ethanol extraction confirmed in the Citrus tanaka
(Hwang et al. 2015). As the ‘poly’-methoxylated flavone, tangeretin is capable of
direct gut absorption (Lin et al. 2011). Full methoxylation of both the B and A rings
gives superior biological interactivity compared to incomplete methoxy-flavones.
The redundancy of both rings enables these interactions, despite partial catabolism of
the 40 ring upon absorption (Xiao et al. 2011).

Tangeretin conforms an ideal structure to capitalise on metabolic lipid
interactions, shown to reduce circulating apoB and other lipids exacerbated abun-
dance with diabetic disease (Lin et al. 2011). A flavone screen of caco-2 intestinal
cells demonstrated the full methylated flavone ability to permeate the cell line,
compared to unmethylated counterparts, concluding greater intestinal uptake and
metabolic stability (Wen and Walle 2006). Despite favourable isomerism enabling
demonstrable biological uptake, tangeretin remains modestly appraised for
biological and pharmacological applications.

3.3.3.1 Preliminary Prospects
Studies specific to tangeretin are rare; instead broader inclusion of citrus composites,
including tangeretin, have demonstrated a spectrum of favourable properties to
ameliorate T2DM. Wounds of diabetic mice had superior collagen synthesis and
tissue repair with oral administration of various citrus peels compared to controls
(400 mg/kg BW) (Ahmad et al. 2013). The C2C12 muscle cell exposure to 100 μM
tangeretin was comprehensively assessed for a dose-dependent increase in AMPK
activity, validated in a mouse model of high-fat diet induced diabetes: observing
AMPK activation in muscle with 200 mg/kg BW dosage and improved lipid, serum
and anthropometric profiles compared to untreated controls (Kim et al. 2012). This
finding was also supported with extrapolation to Tanaka citrus peel extract, verifying
increased PPAR-gamma and AMPK activity in C2C12 cell line, corroborated with a
high-fat diet mouse model: concluding similar benefit with 5% extract inclusion in
diet (Kim et al. 2013).

Tangeretin has also shown cardioprotective effects in diabetic rats, with insulin
sensitisation of cardiac muscle, reduction in plasma lipids and inhibition of
NF-kappaB oxidation: anti-inflammatory effects likened to the anti-diabetic drug
glibenclamide, with 100 mg/kg BW administration for 30 days (Sundaram et al.
2015). An insulin-resistant hamster model also exhibited metabolic and inflamma-
tory improvements with reduction in pro-inflammatory cytokines and lipid
parameters with polymethoxylated flavone treatment, with increased PPAR-alpha
and PPAR-gamma expression (Li et al. 2006b). More recently, tangeretin exposure
was shown to increase glucose absorption in 3T3-differitate adipocytes in a
concentration-dependent manner (range 15–50 μM, 24 h), implicating favourable
PI3K and Akt pathway modulation (Onda et al. 2013). Studies thereby demonstrate
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robust effects of tangeretin in glucose homeostasis pathways, with potential correc-
tion of the metabolic dysregulation potentiated in diabetes.

3.3.3.2 Elusive Recovery
Despite these promising results, tangeretin examination remains critically limited,
pending mechanistic insight to deduce metabolite recovery. The first
pharmacokinetics study was performed by Elhennawy and Lin (2018), to establish
bioavailability and pharmacological parameters for tangeretin (50 mg/kg BW)
in Sprague-Dawley rats. Despite predicted membrane permeability conferred by
full methoxylation, true bioavailability of oral tangeretin suspension was <3.05%
(Elhennawy and Lin 2018). Bioavailability and plasma concentrations for human
ingestion have not been published to date, despite capacity to detect trace quantities
to pico grams of tangeretin in animal samples (Manthey et al. 2010). The limitation
in conventional focus on flavone metabolite recovery raises argument for complex
analysis of the understudied transformed derivatives, via glucuronation and
sulfination (Manthey et al. 2010). This observation extends to a broader criticism
of the lag in tangeretin-specific studies in biological systems, despite promising
upregulation of AMPK, PPARs and other metabolic pathways dysregulated
in T2DM.

Gavage co-administration of nobiletin and tangeretin (50 mg/kg BW) to Sprague-
Dawley rats confirmed absorption from the intestine, with plasma concentrations of
tangeretin monitored for 24 h (Manthey et al. 2010). Another study reported oral
bioavailability of 27.11% with peak tissue concentration of tangeretin achieved
between 4 and 8 h (Hung et al. 2018). Fourty-eight hour egestion recovery in the
Sprague Dawley rats totalled 0.00026% in urine, and 7.54% in faeces, indicating
majority processed into other metabolites, totalling only 24% recovery of tangeretin
(Hung et al. 2018). Therapeutic pursuit is thereby limited by the lack of vital
biochemical data for pathway mechanisms and cellular transport processes, to be
determined with proteomics and transcriptomics analysis of perturbed cell
responses. In addition, the migration and degradation of parent molecule into
derivatives requires broad cell screening array and metabolomic verification of
migration and sequestration in aftermath of exposure. The microbiome interaction
has not been studied, warranting further investigation with the marked persistence of
tangeretin in the colon, peaking concentration at 12 h, compared to lesser stomach
and intestine duration (Hung et al. 2018).

3.3.3.3 Isolation
Each facet of omics is implored to deduce these independent effects on tissue for
local and systemic appreciation of therapeutic potential and further dictate
optimisation pathway for further elaboration. Without deciphering mechanistic
pathways and appreciating relevant metabolites for further analysis, interpretation
is limited to whole citrus extracts which include tangeretin as an abundant, yet partial
component. Tanaka peel, including 0.7 mg/100 g tangeretin in an insulin-resistant
human cohort, reflected consensus to previous studies, with appreciable metabolic
improvements, however no attribution to specific compound effects (Hwang et al.
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2015). Enhanced tangeretin in the curing of ‘chenpi’, aged Citrus reticulata peel,
shown to partially improve diet-induced dyslipidemia in diabetic C57/BL6 mice
(Guo et al. 2016). Tangeretin has shown multi-effector promise in rectifying diabetic
metabolism, warranting deeper analysis borne of omics technology to translate it
promising effects to therapeutics.

3.4 Summary and Conclusion

From the discussion of allicin, EGCG and tangeretin above, it is clear that each is
abundant in both cultivation and consumption with prolific use and social accept-
ability of perceived health benefits to consumers. Indeed, it is difficult to find human
cohorts naïve to each phytochemical or its origin. The known compound
compositions present a short-cut to isolate extraction and derivative generation
bolstered by superior biological affinity and interaction. This presents the challenge
of achieving desired cellular action yet minimising damage and other off-target
effects in the balance of optimisation (Odeyemi and Bradley 2018). This compro-
mise is notoriously complex with the intricate pathology of T2DM presenting
systemic inflammation, microvascular changes and metabolic instability; with the
specific tissue and organ responses including pancreas, gut lumen and nerve
endings; and with the interface of converging and additive co-morbidities including
obesity, CVD, hypertension, metabolic syndrome (Bezerra et al. 2016). This physi-
ological milieu is difficult to completely corroborate with experimental variants, due
to the expansive and continuing spectrum of diabetic disease.

Pharmacodynamics determination of compound utility and specific effect balance
is limited in a partially representative system. The incomplete recapitulation of
diabetic physiology is contrasted by incomplete profiling of traditional medicines
as largely combination products. Single isolate screening cannot determine the
additive, synergistic or antagonistic compilations of multi-potent preparations.
Inherent variation in traditional preparations is similar to the non-standardised or
unreported conditions of preparation, storage, sterility and integrity of consumer
products employed in clinical studies. Unaccounted variation in starting plant
material and cultivation conditions introduce further sources of variation which
limit interpretation between studies and constrict broader findings with the reliance
on composite, commercially confident food grade products. Rich data generation
must minimise practicable noise to focus outcomes of perturbed cell response
variations for conclusive interpretations.

Multi-omics discovery strategies can investigate compound interactions within
and between subject, microbiome and the multiplex of environment, behaviour and
cell responses. The strategies pose approach of monitoring multiple axes of variation
to delineate changes observed at different levels of gene expression in both disease
and resistant cohorts (Hasin et al. 2017). Comprehensive probing of overlooked
conjugates with deep analysis could reveal the speculated obscurity of seemingly
inactive or irrelevant components, which could actually influence toxicity, stability
or other pharmacological parameters and thereby dictate drug design.
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Diabetic-mediated deviations (e.g. acidosis, body temperature, advanced glycation
end products, chronic inflammation) must be assessed for alterations to pharmaco-
kinetics. Omics can evaluate these multiple phases of gene expression with temporal
sampling to construct improved networks to proposed pathways of response. Tangi-
bility is cautioned by the difficulties of establishing herb-drug interaction networks
with known substrates and targets still lagging critical data of herbal natural products
(Gupta et al. 2017). Omics also provides the means to address the under-
representation of non-Caucasian populations in allopathic medical studies, and the
greater bias of historical Western medicine prevailing deficits in T2DM disease
understanding. The three natural products’ premise, the potential of omics to address
conventional gaps and the considerations for improved study design offer hope to
champion feasible drug development with substantiated and reproducible outcomes
originating from traditional medicinal practices.
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Amaryllidaceae Alkaloids
as Anti-inflammatory Agents Targeting
Cholinergic Anti-inflammatory Pathway:
Mechanisms and Prospects

4

Rachel W. Li, Partha Palit, Paul N. Smith, and G. David Lin

Abstract

Amaryllidaceae alkaloids are well-known for inhibiting acetylcholine esterase
and for its representative galanthamine to treat Alzheimer’s disease in clinical
practice. Recently galanthamine is known for modulating the cholinergic anti-
inflammatory pathway (CAP), in which the parasympathetic vagus nerve inhibits
the release of pro-inflammatory cytokine and protects against systemic inflam-
mation during immune challenge. This cholinergic modulation of inflammation
involves with the neurotransmission of acetylcholine in the vagus nerve, acetyl-
choline esterase, alpha 7 subunit of nicotinic acetylcholine receptors (α7nAChR)
in macrophages, and pro-inflammatory cytokines in the immune system. All of
these involved factors are possible targets for the potential anti-inflammatory
action of amaryllidaceae alkaloids. In addition, amaryllidaceae alkaloids inhibit
p-38 MAP kinase, NFκB activation, cyclooxygenases, and nitric oxide, all of
which are key inflammatory mediators. This chapter focuses on the mechanisms
and prospects of four amaryllidaceae alkaloids, galanthamine, lycorine,
narciclasine (lycoricidinol), and crinamine for their anti-inflammatory potential
targeting CAP. It discusses their molecular and cellular action on the acetylcho-
line esterase, the vagus nerve, α7nAChR, pro-inflammatory cytokines, p-38 MAP
kinase, NFκB, cyclooxygenases, and nitric oxide. Following the discussion, it is
clear that amaryllidaceae alkaloids are not only a useful tool for studying the
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cholinergic anti-inflammatory pathway but also offer a potential as a new class of
anti-inflammatory natural products, acting on multiple targets to combat inflam-
matory disorders and having different modes of action from the classical nonste-
roidal anti-inflammatory drugs.

Keywords

Amaryllidaceae alkaloids · Cholinergic anti-inflammatory pathway · Anti-
inflammatory natural products · Alpha 7 subunit of nicotinic acetylcholine
receptor · The vagus nerve · NSAIDs · Galanthamine · Lycorine · Narciclasine ·
Crinamine

Abbreviations

AChE Acetylcholine esterase
CAP Cholinergic anti-inflammatory pathway
ChAT Choline acetyltransferase
COX Cyclooxygenase
IL Interleukin
iNOS Inducible nitric oxide synthase
ip Intraperitoneally
LPS Lipopolysaccharide
NFκB Nuclear factor kappa-light-chain-enhancer of activated B cells
NSAIDs Nonsteroidal anti-inflammatory drugs
p38 MAPK p38 mitogen-activated protein kinase
PBMC Peripheral blood mono-nuclear cell
TNF Tumour necrosis factor
α7nAChR Alpha 7 subunit of nicotinic acetylcholine receptor

4.1 Introduction

4.1.1 Amaryllidaceae Alkaloids

Mother Nature has created a distinguish group of natural products known as
alkaloids. The NAPRALERT database contains about 27,000 known alkaloids
among 150,000 natural products documented in the database (Jin 2005).
The alkaloids are so diverse in structures and so important to our healthcare that
the scientific community has documented 82 volumes under the lead title of The
Alkaloids for nearly 70 years (Royal Society of Chemistry 2019). The series started
in 1950 under the subtitle of Chemistry and Physiology (volumes 1–20), then in
1983 under Chemistry and Pharmacology (volumes 21–49) and from 1998 under
Chemistry and Biology (volumes 50–82). The topic of Amaryllidaceae alkaloids
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was featured in volumes 2 (1952, p331), 6 (1960, p289), 11 (1968, p307), 15 (1975,
p83), 30 (1987, p251), and 63 (2006, p87).

Amaryllidaceae alkaloids have been isolated almost exclusively from family
Amaryllidaceae and thus bear the name. Based on the NCBI’s Taxonomy Browser
(National Center for Biotechnology Information 2019), family Amaryllidaceae has
three subfamilies, 71 genera, and 588 species plus unclassified species; see more
details summarized in Table 4.1.

The first Amaryllidaceae alkaloid lycorine was isolated in 1877 (Cook and
Loudon 1952). Up to now more than 500 alkaloids are estimated to have been
obtained from the plant source (Jin and Yao 2019). Based on their ring structures,
these alkaloids can be categorized into 20 types, see Tables 4.2 and 4.3. Ten groups
are popular and widely distributed thus classified as major types (Table 4.2) whereas
other 10 groups are treated as minor types (Table 4.3).

There have been a number of classifications of Amaryllidaceae alkaloids.
Norbelladine, lycorine, homolycorine, crinine, haemanthamine, narciclasine,
tazettine, montanine, and galanthamine are nine major types with an unifying
numbering system of the different skeleton types (Bastida et al. 2006). 15 structure
types (Jin 2007) and 18 types (Jin 2013) were also grouped. Detailed structures,
species, and references of 357 Amaryllidaceae alkaloids in 14 different types
covering the past three decades were also published (Ding et al. 2017).

Chemistry and biological activities of Amaryllidaceae alkaloids have been
investigated extensively, and one latest review series (Jin and Yao 2019) has updated
all publications from 2015 to 2017. The IC50 or EC50 of Amaryllidaceae alkaloids
published between 2005 and 2014 for anti-cancer, AChE inhibition, antiviral,
antibacterial, antiparasitic, antimalarial, anticonvulsant, and antidepressant activities
were also presented (He et al. 2015). Ding and co-workers provided a detailed
account of the biological activities of many representative Amaryllidaceae alkaloids
under the following areas (Ding et al. 2017):

1. Effects on the central nervous system
(a) Anti-Alzheimer’s disease and cholinesterase inhibitory activity
(b) Anxiolytic activity
(c) Anti-depressive and anti-epilepsy activities

Table 4.1 The Amaryllidaceae family

Family Subfamily Genus Species

Amarillidaceae Agapanthoideae Agapanthus 5 + unclassified

Allioideae Allieae
Gilliesieae
Tulbaghieae

2
10
2

Amaryllidoideae 67 genera including Amaryllis,
Crinum, Galanthus, Haemanthus,
Hippeastrum, Ismene, Lycoris,
Narcissus, and Zephyranthes

569 + unclassified

Total 3 71 588 + unclassified
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Table 4.2 Ten major types of Amaryllidaceae alkaloids (based on key structure difference)

Major type 1 Lycorine

Representative alkaloid Lycorine

CAS RN 476-28-8

Formula C16 H17 N O4

Molecular weight (g/mol) 287.31

Major type 2 Norbelladine

Representative alkaloid Norbelladine

CAS RN 6053-00-5

Formula C15 H17 N O3

Molecular weight (g/mol) 259.30

Major type 3 Homolycorine

Representative alkaloid Homolycorine

CAS RN 477-20-5

Formula C18 H21 N O4

Molecular weight (g/mol) 315.36

Major type 4 Crinine

Representative alkaloid Crinine

CAS RN 510-67-8

Formula C16 H17 N O3

Molecular weight (g/mol) 271.31

Major type 5 Haemanthamine

Representative alkaloid Haemanthamine

CAS RN 466-75-1

Formula C17 H19 N O4

Molecular weight (g/mol) 301.34

Major type 6 Galanthamine

Representative alkaloid Galanthamine

CAS RN 357-70-0

Formula C17 H21 N O3

Molecular weight (g/mol) 287.35

Major type 7 Tazettine

Representative alkaloid Tazettine

CAS RN 507-79-9

Formula C18 H21 N O5

Molecular weight (g/mol) 331.36

(continued)
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2. Antitumor activity
3. Antimicrobial properties

(a) Antibacterial and antifungal activities
(b) Antiviral activity
(c) Antimalarial and antiparasitic activities

4. Anti-inflammatory activity

In the anti-Alzheimer’s disease and cholinesterase inhibitory activity area,
galanthamine is particularly important as it has been used clinically to treat mild to
moderate severity of Alzheimer’s disease since its approval by the FDA under the
brand name Reminyl™ (2001) and now known as Razadyne™. Galanthamine
inhibits AChE with an IC50 at 1 μM and increases the concentration of acetylcholine,
which will be harder to be hydrolysed by acetylcholinesterase to choline and acetic
acid (Fig. 4.1). Other significant pharmacological activities have also been discov-
ered during its clinical use for nearly two decades. In a nutshell, patients taking
galanthamine for a substantial time have additional benefits of reduced systematic
inflammation. The recent discovery of cholinergic anti-inflammatory pathway (CAP,
Fig. 4.1) has explained the anti-inflammatory action of galanthamine in part, which
is summarized in Fig. 4.1 and will be discussed at various sections in this chapter.

In addition to galathamine, this chapter will showcase three more Amaryllidaceae
alkaloids: lycorine, narciclasine (lycoricidinol), and crinamine. The drug-like
properties, in vitro and in vivo anti-inflammatory activity of the four alkaloids, are
summarized in Table 4.4 and discussed in details in Sect. 4.3.

Table 4.2 (continued)

Major type 8 Montanine

Representative alkaloid Montanine

CAS RN 642-52-4

Formula C17 H19 N O4

Molecular weight (g/mol) 301.34

Major type 9 Phenanthridone

Representative alkaloid Narciclasine

CAS RN 29,477-83-6

Formula C14 H13 N O7

Molecular weight (g/mol) 307.26

Major type 10 Phenanthridine

Representative alkaloid Trisphaeridine

CAS RN 224-11-3

Formula C14 H9 N O2

Molecular weight (g/mol) 223.23
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Table 4.3 Ten minor types of Amaryllidaceae alkaloids (based on key structure difference)

Minor type i Plicamine

Representative alkaloid Plicamine

CAS RN 232,597-76-1

Formula C26 H26 N2 O6

Molecular weight (g/mol) 462.49

Major type ii Graciline

Representative alkaloid Graciline

CAS RN 216,444-04-1

Formula C17 H17 N O3

Molecular weight (g/mol) 283.32

Major type iii Galanthindole

Representative alkaloid Galanthindole

CAS RN 666,174-48-7

Formula C17 H15 N O3

Molecular weight (g/mol) 281.32

Ajor type iv Cherylline

Representative alkaloid Cherylline

CAS RN 23,367-61-5

Formula C17 H19 N O3

Molecular weight (g/mol) 285.34

Major type v Cripowelline

Representative alkaloid Cripowelline B

CAS RN 196,812-55-2

Formula C25 H33 N O11

Molecular weight (g/mol) 523.53

Minor type vi Augustamine

Representative alkaloid Augustamine

CAS RN 86,734-72-7

Formula C17 H19 N O4

Molecular weight (g/mol) 301.34

(continued)
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4.1.2 Cholinergic Anti-inflammatory Pathways

The cholinergic anti-inflammatory pathway (CAP) is a novel function of the vagus
nerve (Pavlov and Tracey 2005). The pathway involves the neurotransmission of
acetylcholine and interaction with peripheral α7 subunit of nicotinic acetylcholine
receptors (α7nAChR, or α7 subunit) expressed on macrophages (Pavlov et al. 2003).
Neural signals transmitted via the vagus nerve in the CAP pathway modulate
systemic and local inflammation, for example, by inhibiting the release
pro-inflammatory cytokines from macrophages (Fig. 4.1).

Table 4.3 (continued)

Minor type vii Mesembrenone

Representative alkaloid Mesembrenone

CAS RN 468-54-2

Formula C17 H21 N O3

Molecular weight (g/mol) 287.35

Minor type viii Gracilamine

Representative alkaloid Gracilamine

CAS RN 879,561-55-4

Formula C25 H34 N2 O5

Molecular weight (g/mol) 442.55

Minor type ix Pallidiflorine

Representative alkaloid Pallidiflorine

CAS RN 133,740-60-0

Formula C34 H40 N2 O7

Molecular weight (g/mol) 588.69

Minor type x Buflavine

Representative alkaloid Buflavine

CAS RN 65,762-70-1

Formula C18 H21 N O2

Molecular weight (g/mol) 283.36
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Macrophages can express α7nAChR, and its interaction with acetylcholine in the
vagus nerve is one of mechanisms connecting the brain and immune system (Pavlov
et al. 2009).

Amarillidaceae alkaloid galanthamine exhibits anti-inflammatory action by
suppressing the pro-inflammatory cytokines, and its molecular mechanisms via the
cholinergic anti-inflammatory pathway, deciphered in Fig. 4.1, are discussed in Sect.
4.2.

Fig. 4.1 Cholinergic anti-inflammatory pathway and targets by galanthamine. Macrophages are
activated by endotoxins from foreign pathogens via NFκB and produce pro-inflammatory cytokines
TNFα, IL-1β, and IL-6. Inflammatory signals interact with the dorsal vagal complex of medulla
oblongata via the afferent vagus nerve and regulate inflammatory responses including the involve-
ment of humoral pathway, the efferent vagus nerve, and neurotransmitters such as acetylcholine.
Acetylcholine allosterically binds to α7nAChR on the surface of macrophages and prevents
macrophages to produce pro-inflammatory cytokines. Galanthamine sensitizes the binding of
acetylcholine with α7nAChR and also inhibits acetylcholine esterase to break down acetylcholine,
resulting in the stronger reduction of pro-inflammatory cytokines production by macrophages. This
action by galanthamine seems similar to the stimulation of the efferent vagus nerve
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Table 4.4 Anti-inflammatory activities of selected Amaryllidaceae alkaloids

Alkaloids Targets Results References

Galanthamine
Lipinski’s rule
of 5
MW < 500
H-bond donor
1
H-bond
acceptor 3
LogP 1.8

C57BL/6 mice with
α7nAChR deficiency and
wild-type littermates were
used to obtain homozygous
knockout mice or wild-type
mice (n ¼ 7–8 per group)

Galanthamine (4 mg/kg, i.p.),
injected 1 h prior to endotoxin
(6 mg/kg, i.p.) suppressed
significantly both serum and
splenic TNF levels in wild-
type mice, but did not alter
serum TNF levels in
α7nAChR knockout mice
compared with saline-treated
controls

Pavlov
et al.
(2009)

(a) Rats with peritonitis
induced by
lipopolysaccharide (E. coli
055:B5, 5 mg/kg, ip),
5/group; control group
(saline)
(b) Rats treated as above
plus sham and bilateral
cervical vagotomy

(a) Galanthamine at 3 mg/
kg ip significantly inhibited
TNFα release by about 30%
of the control group
(b) Galanthamine at 3 mg/
kg ip in the sham group
significantly inhibited TNFα
release by about 30% of the
control group, but did not
inhibit TNFα release in the
vagotomy group

Liu et al.
(2010)

C57BL/6J mice fed with
high-fat diet (HFD) for
12 weeks. At week
8 galanthamine 4 mg/kg, ip,
once daily for 4 weeks
(HFD-G group). In parallel,
mice on the low-fat diet
(LFD) were treated with
saline 4 mg/kg, ip (LFD-S
control)

Plasma IL-6 levels were
elevated (about 50%)
significantly in the HFD-S
mice compared with the
LFD-S mice. Galanthamine at
4 mg/kg significantly reduced
the IL-6 levels in the HFD-G
mice (about 50%) compared
with HFD-S mice

Satapathy
et al.
(2011)

5 groups of healthy rats and
adjuvant arthritis (AA) rats
(6/group) were used: group
1 (healthy control), group
2 (14 days’ AA rat control),
group 3 (galanthamine
2.5 mg/kg gavage, day
14–18), group 4 (selective
α7nAChR blocker
methyllycaconitine citrate
(MLA) 5.6 mg/kg, ip,
day14–18) and group 5 (MLA
treatment 15 min before
galanthamine treatment).
Vehicle control injection was
saline

Splenic TNF-α levels in AA
rats increased 615% from the
healthy rat control. In joint
tissues, significant
up-regulation of TNFα
mRNA and increase of TNFα
protein levels were observed
in groups 3–5. Group
3 (galanthamine alone)
significantly suppressed
TNFα and mRNA levels. But
groups 4 (MLA alone) and
5 (MLA + galanthamine)
significantly reversed some
of the suppression compared
with group 3

Gowayed
et al.
(2019)

(continued)
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Table 4.4 (continued)

Alkaloids Targets Results References

Lycorine
MW < 500
H-bond donor
2
H-bond
acceptor 5
LogP 0

Sprague-Dawley rat
(200–250 g) with paw
oedema induced by lambda-
carrageenan (type IV,
0.05 mL). Group I (saline
0.2 mL), group II (ethanol),
group III (indomethacin 3 mg/
kg, ip), groups IV-VI
(lycorine 0.5, 1.0 and 1.5 mg/
kg, ip)

ED50 0.51 mg/kg based on
group IV to VI results.
Lycorine at 2.0 mg/kg was
comparible to indomethacin
3 mg/kg (group III) with 95%
inhibition of foot volume
against controls (groups I and
II)

Citoglu
et al.
(2012)

Murine macrophage-like
RAW264.7 cells, pre-treated
with lycorine (5 μM) or
dexamethasone (5 μM) for
3 h, then stimulated with LPS
(100 ng/mL) for 10–12 h

Lycorine at 5 μM significantly
inhibited the level of TNF-α,
IL-6, NO and PGE2 in
the cells stimulated by LPS.
Also lycorine at 5 μM
significantly inhibited the
level of COX-2 and iNOS
protein expression in the cells
with or without LPS
stimulation

Kang et al.
(2012)

Mouse RAW264 macrophage
cells, pre-treated with
lycorine (0.1–10 μM), and
then stimulated by LPS
(100 μg/mL in medium)

Lycorine inhibited TNFα
production with IC50 of
2.1 μM.
Lycorine inhibited NO
production with IC50 of
1.2 μM

Yamazaki
and
Kawano
(2011)

LPS-stimulated macrophage
cells from the peritoneal
cavities of male ddY mice
stimulated with 4%
thioglycolate 4 days earlier

Lycorine inhibited NO
production with IC50 of
2.5 μM

Abdel-
Halim
et al.
(2004)

Narciclasine
(Lycoricidinol)
MW < 500
H-bond donor
5
H-bond
acceptor 7
LogP –1.2

Male Wistar Lewis rat
(8 weeks old) with arthritis
induced by adjuvant (0.05 mL
paraffin containing 5 mg heat-
killed Mycobacterium
butyricum)

Narciclasine at 1 mg/kg
(ip) for 10 day suppressed the
degree of swelling and
inflammation, which was
comparable to hydrocortisone
(20 mg/kg, ip)

Mikami
et al.
(1999)

Mouse RAW264 macrophage
cells, pre-treated with
lycoricidinol (0.1–10 μM)
and then stimulated by LPS
(100 μg/mL in medium)

Lycoricidinol inhibited TNFα
production with IC50 of
0.020 μM. Lycoricidinol
inhibited NO production with
IC50 of 0.010 μM

Yamazaki
and
Kawano
(2011)

Adult male Lewis rats
(200–250 g) with arthritis
induced by complete
Freund’s adjuvant (0.1 mL of
3 mg/mL), group I (healthy
control), II (arthritis control),
III (saline), IV (prodrug
1.75 mg/kg/day, ip), V
(3.5 mg/kg/day, ip) and VI
(5.0 mg/kg/day, ip) for
28 days

Narciclasine prodrug sodium
narcistatin was used. It
dramatically reduced joint
inflammation about 70%, and
bone loss about 50% at dose
of 5 mg/kg/day for 28 days,
compared to group II

Lubahn
et al.
(2012)

(continued)
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4.2 Molecular Mechanisms of Cholinergic Anti-inflammatory
Pathway

4.2.1 Acetylcholine and Acetylcholine Esterase

Acetylcholine is the principal neurotransmitter in the vagus nerve signalling and can
significantly attenuate the release of TNFα, IL-1β, IL-6, and IL-18, but no IL-10 in
human macrophage stimulated by lipopolysaccharide (LPS) in vitro (Borovikova
et al. 2000). Other cholinergic agonists including muscarine and nicotine have
similar effects. Interestingly, anticholinergic drug atropine does not restore the
LPS-stimulated release of TNFα in the human macrophage culture treated with
acetylcholine (Borovikova et al. 2000).

Acetylcholine esterase catalyses the conversion of acetylcholine to choline and
acetic acid. Galanthamine inhibits AChE and stops the breakdown of acetylcholine
(Fig. 4.1). This increases acetylcholine concentration available for interaction with
α7nAChR.

Through direct acetylcholine action and indirect AChE inhibition, galanthamine
and other AChE inhibitors evoke cholinergic enhancement and through interaction
with α7nAChR in CAP pathway suppress the inflammatory cytokines in
microglia and attenuate the central and peripheral inflammation in brain for the
benefit of patients with Alzheimer’s disease (Tabet 2006).

Non-neuronal acetylcholine can be assembled in lymphocytes expressing choline
acetyltransferase (ChAT) and is in close proximity with macrophage and interacts
with α7nAChR (Fujii et al. 2008). More about α7nAChR is presented in Sect. 4.2.3.

4.2.2 The Vagus Nerve and Pro-inflammatory Cytokines

The vagus nerve is the tenth cranial nerve of the central nervous system and the
longest nerve of the autonomic nervous system in the human body. It has an
autonomic ganglion and innervates all the organs except the adrenal glands where
epinephrine and norepinephrine are produced.

In a rat model of lethal endotoxaemia, direct stimulation of the peripheral vagus
nerve inhibits the synthesis of TNFα in liver, reduces the peak serum concentration

Table 4.4 (continued)

Alkaloids Targets Results References

Crinamine
MW < 500
H-bond donor
1
H-bond
acceptor 3
LogP 1.8

Rat liver hepatoma cancer
cells

Crinamine at 25 μM after 48 h
treatment produced an
apoptotic index of about 90%

McNulty
et al.,
(2007)

LPS-stimulated macrophage
cells from the peritoneal
cavities of male ddY mice
stimulated with 4%
thioglycolate 4 days earlier

Crinamine inhibited NO
production with IC50 of
1.8 μM

Abdel-
Halim
et al.
(2004)
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of TNFα, and prevents shock as measured by mean arterial blood pressure
(Borovikova et al. 2000). The study supports that the cholinergic parasympathetic
(vagus) nerve is involved with the immune regulation process or with an immuno-
modulatory reflux mechanism which is mediated by the vagus nerve (Pavlov and
Tracey 2005). Indeed there is possible existence of “the inflammatory reflex”, which
controls innate immunity and inflammation in real time (Tracey 2002).

Galanthamine decreased the TNF-α level in rats with peritonitis induced by
lipopolysaccharide when the vagus nerve was not cut (sham operation). With the
vagotomy where the vagus nerve was cut, the TNF-α level did not decrease (Liu
et al. 2010). The vagotomy studies also demonstrated that the α7nAChR-mediated
cholinergic anti-inflammatory pathway was required for the anti-inflammatory effect
of galanthamine (Table 4.4).

4.2.3 a7 Subunit of Nicotinic Acetylcholine Receptors

The α7 subunit of nicotinic acetylcholine receptors (α7nAChRs, or α7 subunit) is
one of 16 subunits in a family of ligand-gated pentameric ion channels in the
mammalian (Albuquerque et al. 2009). The α7nAChR is distributed in peripheral
immune tissues with different synaptic locations (Schilstrom et al. 2007). The α7
subunit is an essential regulator of inflammation as its deficiency renders the vagus
nerve ineffective as a physiological pathway to inhibit TNFα release (Wang et al.
2003).

Knockout mice lacking α7nAChR could not control the rise of TNF-α level from
peripheral macrophages even after systematic treatment with galanthamine. This
contrasts to the significant reduction of serum TNFα levels and the protection against
lethality during murine endotoxemia wild-type mice by the peripheral adminstration
of galanthamine (Pavlov et al. 2009).

The α7nAChR ligands such as choline, nicotine, epibatidine, lobeline,
varenicline, and cytisine can mimic the action of acetylcholine. Galanthamine can
bind allosterically with α7nAChR to increase the sensitisation of the α7 subunit
receptor and regulates peripheral anti-inflammatory response. Other Amaryllidaceae
alkaloids may have the similar action but need to be investigated.

In carrageenan-induced inflammatory pain and chronic constriction injury (CCI)
neuropathic pain models, synthetic allosteric modulators of the α7nAChR have been
tested to activate the cholinergic anti-inflammatory pathway and attenuated inflam-
mation and pain (Freitas et al. 2013). Amaryllidaceae alkaloids may act similarly via
α7AChR modulation and may emerge as broad-spectrum non-opioid analgesics like
(R)-5-(2-azetidiylmethoxy)2-chloropyridine (Bannon et al. 1998).

4.2.4 p38 Mitogen-Activated Protein Kinase

The inhibition of p38 MAP kinase activity induced by injury or shock at the central
nervous system can attenuate the peripheral inflammation through CAP-mediated
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vagus nerve activation. The p38 MAP kinase has been linked to the α7nAChR
(Gubbins et al. 2010). The inhibition of p38 MAP kinase increases the high-
frequency power spectrl compoment of heart rate variability, a parasympathetic
activity parameter directly linked to the activation of the CAP pathway (Waldburger
et al. 2008).

The p38 MAP kinase inhibition promotes the recovery of bone destruction in
rheumatoid arthritis. This is supported by markedly suppressed paw swelling,
inhibited synovial inflammation, and decreased radiographic evidence of joint
destruction in rats with adjuvant arthritis when the p38 inhibitor SB203580 was
administered via intrathecal (IT) catheters to selective block the spinal cord p38
MAP kinase (Boyle et al. 2006). When the same dose of SB203580 was delivered
systemically, there was no effect. This means that the effect is mediated by the local
concentrations of the p38 inhibitor in the neural compartment (Boyle et al. 2006).

When another potent and selective inhibitor of the p38 MAP kinase, SB 242235,
was administered orally to rats at doses of 10, 5, and 2.5 mg/kg, significant inhibition
of the LPS-induced production of TNFα at 80%, 68%, and 28% was observed,
respectively, compared with vehicle control (Badger et al. 2000). Also there was a
significant inhibition of serum IL-6 levels when rats with adjuvant induced arthritics
were administered with 60 mg/kg oral dose of SB242235 from day 10 to day 20 and
IL-6 was measured at day 21, but not at the lower doses than 60 mg/kg.

The Amaryllidaceae alkaloid lycorine also inhibit p38 MAP kinase expression in
RAW264.7 cells challenged with LPS (Kang et al. 2012). It is postulated that the
anti-inflammatory activity of the AChEIs may link with the central p38 MAP kinase
inhibition and the vagus nerve mediated cholinergic outflow (Waldburger et al.
2008).

4.2.5 The Nuclear Factor NFkB, Nitric Oxide, and Cyclooxygenases

The nuclear factor kappa-light-chain-enhancer of activated B cells (NFκB) within
macrophages plays a pivotal role in the expression of pro-inflammatory genes
including cytokines, chemokines, and adhesion molecules during the regulation of
local and systemic inflammation (Lawrence 2009). It is a prototypical
pro-inflammatory signalling pathway, for example, increasing pro-inflammatory
cytokine IL-1 production during inflammation, that activates the NFκB within the
macrophage and triggers genes responsible for the inflammatory response (Baeuerle
and Henkel 1994).

NF-κB activation was induced when the cholinergic anti-inflammatory pathway
was activated using electrical stimulation of efferent vagus nerves in animal. This
also results in the inhibition of TNF-α production and protection of the animal from
splanchic artery occlusion shock (Altavilla et al. 2006).

Amaryllidaceae alkaloids may indirectly attenuate the NFκB activation evoked
by IL-1 to alleviate the inflammatory response. Amaryllidaceae alkaloids as AChE
inhibitors may also attenuate the receptor activator of NFκB ligand (RANKL)-
induced osteoclastogenesis in arthritic disorders.
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Nitric oxide production requires the induction of nitric oxide synthase (iNOS).
The promoters of murine and human iNOS genes related to NO production comprise
a unique harmony sequence for the activation of NFκB, which is essential to induce
inflammatory cytokines challenged by LPS (Nunokawa et al. 1996). Amaryllidaceae
alkaloids may stimulate the vagus nerve, attenuate the peripheral inflammation,
inhibit inflammatory iNOS, and suppress NO production.

Nicotine exposed to the activated human astrocytes inhibited the production of
critical pro-inflammatory cytokines IL-6 (60%), IL-1β (42%), and TNF-α (68%).
However, nicotine’s inhibitory effect on IL-6 production was reversed by the
specific cyclooxygenase-2 (COX-2) inhibitor NS-398 (Revathikumar et al. 2016).
It was observed that the activity of COX-2 was blocked by NS-398 at 1 and 10 μM,
whereas IL-6 release in the presence of nicotine (10 μM) was not reduced when the
cells were exposed to NS-398.

4.3 Anti-inflammatory Activities of Amaryllidaceae Alkaloids

4.3.1 Galanthamine

Galanthamine is a centrally acting acetylcholine esterase (AChE) inhibitor with an
IC50 of 1 μM. It became commercially available for the treatment of poliomyelitis in
Bulgaria in 1980s. In 2000 galanthamine was licensed in Iceland, Ireland, Sweden,
and the UK for the treatment of Alzheimer’s disease. In 2001, FDA-approved
galanthamine (hydrobromide) for moderate to severe Alzheimer’s disease. Since
then more European countries and also Asian countries have used the drug.

Interestingly treatment of the Alzheimeric patients with galanthamine for 1 month
showed marked decrease of pro-inflammatory cytokine such as IL-1β, TNF-α, and
IL-6 from blood PBMC (Pollak et al. 2005). This is in contrast with untreated
Alzheimeric patients who produce large amount of IL-1 in both central and periph-
eral systems (Dinarello 1996).

Galanthamine inhibits AChE and increases the acetylcholine neurotransmitter in
the parasympathetic vagus nerve, which subsequently interacts with the α7 subunit
of nicotinic acetylcholine receptors on macrophages and reduces TNFα production.
Galanthamine also sensitizes the α7nAChR and attenuates the systemic inflamma-
tion (Fig. 4.1).

As summarized in Table 4.4, galanthamine at 4 mg/kg intraperitoneally
(ip) injected 1 hour prior to endotoxin challenge (6 mg/kg, ip) suppressed signifi-
cantly both serum and splenic TNFα levels in wild-type mice, but did not alter serum
TNFα levels in α7nAChR knockout mice, compared with saline-treated controls. In
rats with peritonitis induced by lipopolysaccharide (E. coli 055:B5, 5 mg/kg, ip),
galanthamine at 3 mg/kg, ip, significantly inhibited TNFα release by about 30% of
the control group (saline). Compared with the sham-operated group of the peritonitis
rats, bilateral cervical vagotomy did not inhibit TNFα release significantly (Liu et al.
2010). In C57BL/6J mice fed with high fat diet (HFD) for 12 weeks, plasma IL-6
levels were elevated significantly (about 50%) compared with low-fat diet (LFD).
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However, at week 8 of the 12 weeks galanthamine at 4 mg/kg (ip) daily to the HFD
mice at week 8 to week 12, the IL-6 levels were reduced significantly (about 50%) at
the end of 12 weeks study when compared with the LFD mice injected with saline
(Satapathy et al. 2011). Splenic TNF-α levels in adjuvant arthritis rats increased
615% from the healthy rat control. In joint tissues, significant upregulation of TNFα
mRNA and the increase of TNFα protein levels were observed in groups 3-5,
compared with the control. Group 3 (galanthamine alone) significantly suppressed
both TNFα and mRNA levels. But groups 4 (MLA alone, MLA is
methyllycacronitine citrate, a selective 7αnAChR inibitor) and
5 (MLA + galanthamine) significantly reversed the suppression compared with
group 3 (Gowayed et al. 2019). All these studies demonstrated that galanthamine
possesses anti-inflammatory action through the cholinergic anti-inflammatory path-
way. Other Amaryllidaceae alkaloids with the similar drug-like property of
galanthamine based on Lipinski’s Rule of 5 (a molecular weight less than
500, H-bond donors not more than 5, H-bond acceptors not more than 10 and an
octanol-water partition coefficient log P not exceeding 5) may elicit similar anti-
inflammatory action to galanthamine.

4.3.2 Lycorine

Lycorine is the most reported alkaloid isolated from family Amaryllidaceae, and
67 alkaloids of the lycorine-type (Table 4.2) have been isolated from 42 species
(Ding et al. 2017).

Lycorine at 2.0 mg/kg has been shown to be comparable to the standard anti-
inflammatory drug indomethacin 3 mg/kg, based on an ED50 of 0.51 mg/kg of
lycorine in reducing paw oedema in a carrageenan-induced rat paw oedema model
(Table 4.4).

Lycorine at 5 μM significantly inhibited the level of TNF-α, IL-6, NO, and PGE2

in murine mancrophage-like RAW264.7 cells stimulated by LPS (Kang et al. 2012).
At 5 μM, lycorine also significantly inhibited the level of COX-2 and iNOS protein
expression in the cells with or without LPS stimulation (Table 4.4).

In mouse RAW264 macrophage cells, lycorine inhibited TNFα production with
an IC50 of 2.1 μM and NO production with an IC50 of 1.2 μM (Yamazaki and
Kawano 2011). In LPS-stimulated macrophage cells from the peritoneal cavities of
male ddY mice stimulated with 4% thioglycolate 4 days earlier, lycorine inhibited
NO production with an IC50 of 2.5 μM (Abdel-Halim et al. 2004).

4.3.3 Narciclasine (Lycoridinol)

In male Wistar Lewis rats (8 weeks old) with arthritis induced by adjuvant
(Table 4.4) narciclasine at 1 mg/kg (ip) for 10 day suppressed the degree of swelling
and inflammation, which was comparable to hydrocortisone at 20 mg/kg, ip (Mikami
et al. 1999). In the mouse RAW264 macrophage cells pre-treated with lycoricidinol
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(0.1–10 μM) and then stimulated by LPS (100 μg/mL in the medium), lycoricidinol
inhibited TNFα production with an IC50 of 0.020 μM (Table 4.4). Lycoricidinol also
inhibited NO production with and IC50 of 0.010 μM (Yamazaki and Kawano 2011).

Adult male Lewis rats (200–250 g) with arthritis induced by Complete Freund’s
Adjuvant (0.1 mL of 3 mg/mL) were divided into six groups: group I healthy control;
II arthritis control; III saline; IV 1.75 mg/kg/day, ip; V 3.5 mg/kg/day, ip; and VI
5.0 mg/kg/day, ip (Table 4.4). A narciclasine prodrug sodium narcistatin dramati-
cally reduced joint inflammation about 70% and saved bone loss about 50% at a dose
of 5 mg/kg/day for 28 days, when compared to group II (Lubahn et al. 2012).

4.3.4 Crinamine

Crinamine belongs to the crinine type of Amaryllidaceae alkaloids (Table 4.2).
Crinamine at 25 μM after 48 hours treatment produced an apoptotic index of about
90% in rat liver hepatoma cancer cells (Table 4.4). In the LPS-stimulated macro-
phage cells from the peritoneal cavities of male ddY mice stimulated with 4%
thioglycolate 4 days earlier, crinamine inhibited NO production with an IC50 of
1.8 μM (Abdel-Halim et al. 2004).

4.4 Anti-inflammatory Potential of Amaryllidaceae Alkaloids
Targeting CAP

4.4.1 The Potential as New Anti-inflammatory Agents

This section will extend the immunomodulation and anti-inflammatory action of
galanthamine, lycorine, narciclasine (lycoricidinol), and crinamine (Table 4.4) to
other major types (Table 4.2) and minor types (Table 4.3) of Amaryllidaceae
alkaloids in search for novel anti-inflammatory agents. Would all 20 types of
amaryllidaceae alkaloids have the anti-inflammatory action if they were shown to
inhibit AChE or modulate α7nAChR?

From the discussion of the CAP pathway above, it is notable that the vagus nerve,
AChE, and α7nAChR are emerged as potential new targets for anti-inflammatory
drug design and development, in addition to classical targets of cycloxoygenases,
nitric oxide, NFκB, and cytokines. It is reasonable to believe that all galanthamine-
type alkaloids may hold good prospects to have anti-inflammatory activity with
favourable pharmacokinetic properties for drug development.

In search of Amaryllidaceae alkaloids with one-molecule-multiple-targets includ-
ing anti-inflammatory activities, some or all of the following requirements may need
to be met:

1. Is a strong AChE inhibitor
2. Stimulates the efferent vagus nerve mediated by CAP
3. Binds peripheral α7nAChR allosterically or directly
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4. Inhibits p38 MAP-kinase
5. Attenuates NFκB activation

Galanthamine has been demonstrated to meet all the criteria above and a clini-
cally useful drug for Alzheimer’s disease and additional benefits of reducing sys-
tematic inflammation. A multi-targeted drug can be designed by many combinations
of the five targets above to screen over 500 Amaryllidaceae alkaloids for various
inflammatory conditions or diseases.

4.4.2 Testing Methods

As alpha 7 nAChR is expressed locally in liver and spleen and some peripheral
tissues including synovial fibroblast cells in RA diseases, in vitro screening of nACh
receptors with Amaryllidaceae alkaloids via receptor binding assay may be used to
develop the lead molecules as nAChR agonists or modulators from the vast and
diverse Amaryllidaceae alkaloids. In silico screening using molecular docking of
α7nAChR with a range of Amaryllidaceae alkaloids (Castillo-Ordonez et al. 2017)
can be employed.

In vivo tests can use acute and chronic inflammatory models of footpad or ear
swelling induced by carrageenan, lipopolysaccharide, Freund’s adjuvant, or cotton
pellets. Graft versus host reaction using spleen cells or marrow graft to induce
nonspecific chronic inflammation, and animal model of experimental allergic
encephalomyelitis, aspermatogenesis, and arthritis can also be tested.

4.5 Prospects and Conclusion

Based on the discussion in this chapter, alpha 7 nAChR is a new player in the
neuronal regulation of inflammation as demonstrated in the recent discovery of the
cholinergic anti-inflammatory pathway and the action of galanthamine on the path-
way. Alpha 7 nAChR may be an emerging drug target for anti-inflammatory action
of Amaryllidaceae alkaloids in addition to the traditional targets of COXs, NO,
NFκB, TNFα, IL-1β, p38 MAP kinase, and other.

It is clear that Amaryllidaceae alkaloids are not only a useful tool for studying the
cholinergic anti-inflammatory pathway but also offer a potential as a new class of
anti-inflammatory natural products, acting on multiple targets to combat inflamma-
tory disorders and having different modes of action from the classical nonsteroidal
anti-inflammatory drugs. It is hoped that continuing research in this areas would lead
to the development of new anti-inflammatory drugs with one-molecule-multiple-
targets (Lin and Li 2018) and reduced unwanted side effects of classical NSAIDs.
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Neurodegenerative Diseases and Small
Molecule Protein Chaperone Activator
of Natural Origin

5
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Abstract

Progressive neurodegenerative diseases such as Alzheimer’s, Parkinson’s,
Huntington’s disease, and amyotrophic lateral sclerosis affect millions of people
around the world. In addition, these diseases cause emotional, medical, and
financial burden on the caregivers and the society. Common symptoms of these
patients in include depression, memory impairment, anxiety, and defective motor
function. A major pathological signature of these diseases is the accumulation of
aggregates of different proteins in different parts in the brain. Unfortunately, there
is no cure yet; presently management options are available which provides some
relief from the disease symptoms. Intense investigations are ongoing by indepen-
dent research groups to develop an effective novel therapy to protect these
helpless patients. Because misfolding of proteins is a common pathological
marker, upregulation of protein chaperones in the affected area is being consid-
ered as a promising therapeutic approach to treat these diseases. Small molecules
of natural origins of distinct mode of actions have been identified that modulate
activity of different components of chaperone signaling pathway with a positive
outcome in the animal models. In this book chapter, we provide an account on the
association of deregulated protein chaperone pathway and the prospect of small
molecule modulators of natural origin with therapeutic prospect.
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Abbreviations

AD Alzheimer’s disease
ALS Amyotrophic lateral sclerosis
GFP Green fluorescent protein
HD Huntington’s disease
HSE Heat shock element
HSF1 Heat shock factor 1
HSPs Heat shock proteins
HSR Heat shock response
MJD Machado-Joseph disease
PD Parkinson’s disease
PTM Posttranslational modifications
SMBA Spinal and bulbar muscular atrophy

5.1 Neurodegenerative Diseases Associated with Protein
Misfolding

A number of neurodegenerative diseases such as Alzheimer’s disease (AD),
Parkinson’s disease (PD), Huntington’s disease (HD), and amyotrophic lateral
sclerosis (ALS) are associated with misfolding and aggregation of distinct proteins
(Ross and Poirier 2004). Some of these diseases, for example, AD and PD, are
associated with aging; however many neurodegenerative diseases like ALS, HD, and
PD can occur in younger ages (Longinetti et al. 2017; Jarrett and Lansbury Jr. 1993).
An inefficient protein quality control mechanism is found to be common in all of
these diseases and found to be partly responsible for the accumulation of protein
aggregates in a particular tissue type. An accumulation of SOD1 and TDP-43 in the
spinal cord is associated with patients with ALS; the deposition of β-amyloid
fragments occurs in the brain of AD patients; the formation of α-synuclein plaques
in specific regions of the brain including substantia nigra, hippocampus, neocortex,
cerebellum, and thalamus is observed in PD patients (Ross and Poirier 2004; Dobson
2003; Jha et al. 2009). Huntington’s disease occurs with the pathology of aggregates
with huntingtin in the brain (cortex, striatum, and hippocampus). Ataxin 3 protein is
found in aggregates that accumulate in the different regions of the brain with
Machado-Joseph disease (MJD). Expansion of polyglutamine repeats as a result of
the mutation in the huntingtin protein-encoding HTT gene located in chromosome
4 is a signature of Huntington’s disease and different forms of familial
spinocerebellar ataxia (Jimenez-Sanchez et al. 2017; Zoghbi and Orr 2000). In
healthy condition α-synuclein, a water-soluble protein helps to maintain the release
of dopamine from the synaptic vesicles to control the voluntary and involuntary
movement of muscles, but in PD, dementia or multiple system atrophy, this protein
misfolds and accumulates as a spherical filamentous structure called Lewy bodies
causing premature cell death (Stefanis 2012). Similarly, it is widely believed that the
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production and deposition of β-amyloid peptides in brain parenchyma drives the
pathogenesis of AD (Murphy and LeVine 3rd 2010).

5.2 Role of Molecular Chaperones in Neurodegenerative
Condition

For normal growth proteins in a cell must fold into distinct three-dimensional
conformations, and the misfolded protein must be degraded immediately. A complex
network of molecular chaperones as a component of protein quality control mecha-
nism plays a critical role in the maintenance of protein homeostasis (Krobitsch and
Lindquist 2000; Kim et al. 2002). Under numerous environmental stress conditions
like hyperthermia and hypoxia, genes encoding the inducible heat shock proteins are
rapidly upregulated to supply the heat shock proteins (HSPs) for repairing and
clearance of damaged proteins to maintain cellular homeostasis. Transcriptional
activation of those genes is orchestrated by a master transcription activator, heat
shock factor 1 (HSF1) functionally conserved from prokaryote to human. HSF1, a
529 amino acid long protein, carries a winged helix-turn-helix-type amino-terminal
DNA binding domain, spanning from aa 16 to 120 from the N-terminal end. Two
leucine zippers HR-A and HR-B (located between aa 130 and 203) composed of two
heptad repeats mediate intermolecular oligomerization (Jee 2016). LZ1-3 domain
that occurs within HR-A and HR-B regions was shown to be essential for oligomeri-
zation but counteracted by LZ4 region located in HR-C (aa 384–409). The regu-
latory domain (RD) spanning from aa 203 to 384 undergoes various posttranslational
modifications and controls HSF1 functions as well as stability. The activation
domain resides on the C-terminus of the LZ-4 region (Soares et al. 2019). In normal
condition HSF1 exists mainly in the cytoplasm as an inactive monomer in associa-
tion with HSP70 and TRiC/CCT (Shi et al. 1998; Anckar and Sistonen 2011). Upon
a cellular stress, monomeric HSF1 dissociates from that complex and undergoes
several posttranslational modifications (PTM) and translocates to the nucleus. The
activated HSF1 in the form of a trimer binds to the heat shock element (HSE) of
consensus sequence motif 50-nGAAn-3 located in the upstream region of the HSP
genes to drive their upregulation (Kroeger and Morimoto 1994). Evidence suggests
that HSF1 is activated in a signal-specific manner. Once the damaged proteins are
refolded to their native form or degraded for clearance from the cell via ubiquitin-
mediated proteasomal degradation, HSF1 goes to an inactive monomeric state by a
negative feedback mechanism involving the chaperones. Though it is considered
that the sequences of HSF1 activation events are universal across different cells,
some studies indicated cell-type-specific differences of HSF1 activation and the
expression of its target HSPs (Batulan et al. 2003). Many studies show the
co-localization of chaperons like HSP70, HSP90, and HSP40 with different protein
aggregates, which confirm direct involvement of chaperones in the re-establishment
of cellular homeostasis (Kuiper et al. 2017). Stability of HSF1 signaled by distinct
PTM of HSF1 has been shown to play an important role in cell homeostasis. Stability
of HSF1 was shown to be severely compromised in various neurodegenerative
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disease conditions including AD, PD, and HD resulting in depletion of inducible
protein chaperone levels in the affected cells (Gomez-Pastor et al. 2018; Kim et al.
2016; Jiang et al. 2013; Abner et al. 2016).

5.3 HSF1 and Various Neurodegenerative Diseases

Numerous studies demonstrated impairment of HSF1 function in various neurode-
generative diseases. The inducible HSP levels also diminish in various neurodegen-
erative conditions. Notably, deletion of HSF1 was shown not to produce a particular
neurodegenerative disease in a healthy cell; nevertheless upregulation of HSF1 or
the inducible HSPs provided some relief in the neurodegenerative disease pathology
indicating therapeutic potential in the processes. In polyQ expansion disease of
spinal and bulbar muscular atrophy (SMBA), hsf�/�mouse showed more androgen
receptor aggregation and severe disease pathology and behavioral phenotype than
hsf+/+ mouse. Both in SMBA and HD, HSF1 protein level was reported to be
abnormally low (Gomez-Pastor et al. 2018). Upregulation of HSF1 activity was
shown to ameliorate HD with an extension of lifespan (Singh et al. 2018). In PD
condition as well, the levels of HSF1 and the HSPs are depleted, and a correspond-
ingly forced expression of HSF1 or HSP70 provided protection from α-synuclein
aggregation-induced toxicity (Auluck et al. 2002). In ALS and AD upregulation of
HSF1 led to the amelioration of the toxicity induced by aggregation of respective
proteins (Lin et al. 2013; Chen et al. 2014).

5.4 Activation of Chaperone Activity by Small Molecules
with Natural Source

Numerous studies since the last two decades showed ameliorative role of HSPs in
various neurodegenerative diseases. A growing number of evidence suggests that
forceful induction of chaperones or their master regulator HSF1 produced beneficial
effects in animal models of different neurodegenerative diseases (Westerheide and
Morimoto 2005; Singh et al. 2018). Number of small molecules including the those
of HSP90 inhibitors were shown to activate HSR through HSF1 (Table 5.1).

5.4.1 Celastrol

Celastrol, a triterpene, isolated from the root extracts of a common Chinese medici-
nal plant Tripterygium wilfordii belongs to the Celastraceae family of plants.
Celastrol was first identified as an antioxidant and anti-inflammatory drug at the
beginning of the twentieth century (Allison et al. 2001). It was later identified to
carry potent neuroprotective activity. In 2004, Richard Morimoto and his group
showed that celastrol induces heat shock response in different types of human cells
including those of neuronal origin involving HSF1 (Westerheide et al. 2004).
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Celastrol disrupts the association between HSP90 and its co-chaperone CDC37 to
induce heat shock proteins including HSP70B aiding to cellular protein homeostasis
(Zhang et al. 2008). Interestingly, celastrol activity in a cell was shown to depend on
its dose; at submicromolar concentration it acted as an antioxidant and inflammatory
molecule, while at micromolar concentration, the activity was attributed to the ROS
it produced (Chen et al. 2011). In contrast to other small molecule heat shock
response modulators, celastrol has better therapeutic potential through its robustness
in inducing HSF1 activity (Westerheide et al. 2004). In the mouse model of
Parkinson’s disease, celastrol was shown to efficiently ameliorate the loss of dopa-
minergic neurons induced by MPTP-treatment. Similarly, in the rat model of
Huntington’s disease, celastrol significantly subsidized the striatal lesion induced
by 3-nitropropionic acid (Cleren et al. 2005).

5.4.2 Gedunin

Gedunin, a pentacyclic triterpenoid, is one of the prime compounds found in Indian
medicinal plant neem (Azadirachta indica). It has been in use in numerous homeo-
pathic medicines for a long time (Subapriya and Nagini 2005). Apart from its
neuroprotective activity this small molecule also shows anticancer, antifungal, and
antiparasitic activity (Misra et al. 2011; Brandt et al. 2008). In recent studies it was
found that like celastrol, gedunin induces the HSF1 activity through inhibiting its
negative regulator HSP90 by blocking the interaction with co-chaperone p23
although gedunin was found as a less potent activator of HSR compared to celastrol
(Brandt et al. 2008; Patwardhan et al. 2013). ROS was shown to be an important
mediator of gedunin activity (Braga et al. 2020).

5.4.3 Withaferin A

Withaferin A is a steroidal lactone occurring naturally in Indian plant Withania
somnifera with anticancer and neuroprotective activity (Zhang et al. 2012). HSF1-
inducing activity of withaferin was indicated through a reporter cell-based assay
(Santagata et al. 2012). Like previously described molecules, withaferin A induces
HSF1 activity through inhibiting the function of HSP90 (Yu et al. 2010) and ROS
production (Ghosh et al. 2016).

5.4.4 Curcumin

Curcumin traditionally has been in use against wounds and inflammation for its
antibacterial and anti-inflammatory property, and isolated from the Indian plant
Curcuma longa, commonly known as turmeric (Marathe et al. 2011). Curcumin
was shown to ameliorate Alzheimer’s disease and was included in different clinical
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trials (Hamaguchi et al. 2010; Salehi et al. 2019). Curcumin activates both HSP70A
and HSP70B expression through inducing HSF1 activity (Teiten et al. 2009).

5.4.5 Sulforaphane

Sulforaphane [1-isothiocyanato-4-(methyl-sulfinyl)butane] is majorly found in cru-
ciferous vegetables like broccoli, cabbages, and cauliflower. It is a very well-known
compound with anticancer activity; numerous studies with different cancer cells and
animal models supported its activity in reducing human cancer risk (Zhang et al.
1994). Recently, sulforaphane appeared to carry a promising neuroprotective activ-
ity; it was found to reduce the load of β-amyloid peptide deposition in the mice
model of Alzheimer’s disease (Zhang et al. 2017). Sulforaphane was shown to play
an important role in clearing the protein aggregates by stimulating the proteasome
activity involving heat shock protein (Gan et al. 2010) and NRF2 pathway (Li et al.
2020).

5.4.6 Resveratrol

Resveratrol [3,5,40-trihydroxy-trans-stilbene], an antioxidant is produced by several
plants in response to injury by pathogens. It can be found in a major quantity of
different fruits including grapes, blueberries, and peanuts. This molecule is very
well-known for its anti-carcinogenic, neuroprotective, cardio-protective, and anti-
aging activities (Pangeni et al. 2014). Apart from its antioxidant activity, resveratrol
is also found to efficiently clear β-amyloid aggregates in animal model of
Alzheimer’s disease (Bastianetto et al. 2015). It activates the cellular heat shock
response to protect from thermal shock heat (Putics et al. 2008). Resveratrol is an
activator of SirT1 deacetylase (Borra et al. 2005).

5.4.7 Azadiradione

Azadiradione is the only molecule which stimulates HSF1 activity by facilitating the
binding of HSF1 to its recognition site (HSE) present at its target promoters.
Azadiradione interacts with HSF1 physically with high specificity in a test tube.
Activation of azadiradione was demonstrated to be independent of HSP90 and
proteasome function. In 2016, Nelson et al. have reported azadiradione as a heat
shock response inducer for the first time. Notably azadiradione treatment does not
result in the elevation of cellular reactive oxygen species. They have isolated
azadiradione from the neem (Azadirachta indica) seed extract and identified its
activity through a cell-based reporter assay. It was found that azadiradione signifi-
cantly ameliorates protein aggregates both in the cell and Drosophila model of
PolyQ disease (Nelson et al. 2016). Its activity against neurodegenerative diseases
was further confirmed in the animal model of Huntington’s disease (Singh et al.
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2018). The unique activities highlighted azadiradione as a potential therapeutic agent
to combat various neurodegenerative diseases.
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Role of Phytomolecules on the Basic
Biology of Aging 6
Swapnil Pandey and Puneet Singh Chauhan

Abstract

Aging is an inevitable process influenced by genetic, lifestyle, and environmental
components which increases the primary risk of multiple age-related chronic
diseases. The efficacy of any herbal medication depends on delivering adequate
levels of plant extract from the therapeutically active phytomolecules.
Phytomolecules such as flavonoids, phenolics, and hydrophilic molecules are
predominant in vegetables, nuts, teas, wines, fruits, grains, olive oil, and choco-
late. Polyphenols are secondary plant metabolites and are packed with potential
health benefits of plant-rich dietary polyphenols as plant-rich antioxidant diets. In
this chapter, we have focused on several recently identified phytochemicals
having potent antiaging properties, i.e., silymarin, 18α-glycyrrhetinic acid,
piceatannol, withanolide, and other polyphenols, on the lifespan of model
organisms and summarize the current understanding of phytomolecules interac-
tion with various signaling mechanism pathways of aging context relevant to
human wellness. Natural phytochemicals are widely approved for antiaging
properties that have less side effects compared to synthetic and that are easier
to manage for human beings.
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Abbreviations

AD Alzheimer’s diseases
C. elegans Caenorhabditis elegans
DR Dietary restriction
PD Parkinson’s diseases
ROS Reactive oxygen species

6.1 Introduction

Caenorhabditis elegans (C. elegans) is a free living model organism, with well-
characterized genome, short life cycle, and small body size, and conserves 65% of
the genes linked with human disease (Walker et al. 2000; Hill et al. 2000). C. elegans
is a well-established model organism for the work on aging emerged in several
fields, including genetics, neurobiology, and developmental biology (Luyten et al.
2016). Aging is a natural phenomenon that deteriorates the total physiology of an
organism due to widespread systematic dysfunction of almost all organs, leading to
enhanced exposure to environmental problems and increased risk of destruction and
disease (Fulop et al. 2010). Free radicals are an atom, molecule, or compound
generated by metabolic reaction in the physical structure. Reactive oxygen species
(ROS) generated by normal metabolism directly regulate the aging process. Mito-
chondrial dysfunction is a hallmark of aging diseases and modification in mitochon-
drial dynamics related to a loss of mitochondrial fitness with unhealthy aging
(Sebastián et al. 2017). Phytomolecules are secondary metabolites which have
been used for decades in traditional system of medicine in the form of antioxidants,
drugs, flavors, dyes, scents, insecticides, pheromones, and so forth by more than
80% of the world population (Ekor 2014). Polyphenols and other food phenolics are
the subject of increasing scientific interest because of their potential beneficial
effects on human wellness. Phytochemicals are present in various edibles, including
fruit, veggies, grains, and nuts as well as in beverages including juice, tea, chocolate,
and wine (Prakash et al. 2012). Various plant-based molecules have been reported
for their properties to prevent chronic diseases like prevention of malignant neoplas-
tic disease, diabetes, obesity, cardiovascular disease, as well as neurological
dysfunctions (Zhang et al. 2015; Si and Liu 2014). Phytomolecules act as a signifi-
cant part in the maintenance of age-associated pathologies via a positive feedback
mechanism. This chapter discusses the applications of several new phytomolecules
with different pharmacological properties (Table 6.1).

6.2 Antiaging Phytochemicals

Phytomolecules are plant-based secondary metabolites which have antioxidative and
anti-inflammatory characteristics that promote better wellness and prevent diseases,
such as malignant neoplastic disease, diabetes, cardiovascular disease, and
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neurodegenerative disorders, in animals (Zhang et al. 2015). In summation to the
health-improving and disease-preventing effects, phytochemicals also have been
demonstrated to delay the aging process and prolong life in several experimental
animal studies using yeast, insects, flies, fishes, and rodents (Sadowska-Bartosz and

Table 6.1 List of phytomolecules with different pharmacological properties

Phytomolecules/
chemical
structure Source Different properties References

Sesamin Sesame oil Antioxidant, anticancer,
anti-inflammation,
antiaging

Liu et al. (2014); Nakatani
et al. (2018)

Silymarin Silybum
marianum

Antioxidant, anti-
inflammatory, diabetes,
sepsis, osteoporosis,
arthritis,
hypercholesterolemia,
cancer, viral infections,
Alzheimer’s, Parkinson’s
antiaging

Kumar et al. (2015); Liu
(2016); Srivastava et al.
(2017); Stolf et al. (2017)

Piceatannol Red wine,
grapes, fruits

Antioxidant, anti-
inflammatory,
antiatherogenic, antiaging

Wang et al. (2002); Lyons
et al. (2003); Ovesná et al.
(2006); Shen et al. (2017)

Ursolic acid Basil, rosemary,
etc.

Antioxidant, anti-
inflammatory, antiaging
activity

Liobikas et al. (2011);
Kashyap et al. (2016);
Bahrami and Bakhtiari
(2016); Negi et al. (2016)

Acacetin Premna
integrifolia

Antioxidant, anti-
inflammatory,
antidiabetic, antibacterial,
antihyperglycemic, anti-
obesity

Mali (2014); Asthana et al.
(2016)

Chlorogenic
acid

Apple peels,
green coffee
beans

Antibacterial, antioxidant,
anticarcinogenic, anti-
obesity, antidiabetic,
antiaging

Sato et al. (2011); Meng
et al. (2013); Jeszka-
Skowron et al. (2016);
Zheng et al. (2017)

Specioside Stereospermum
suaveolens
“patala”

Analgesic, antidyspeptic,
astringent, antiaging, liver
stimulating, wound
healing

Garg et al. (1994); Asthana
et al. (2015)

Withanolide A Withania
somnifera

Antioxidant, antistress,
anti-inflammatory,
antiaging

Kurapati et al. (2013);
Baitharu et al. (2014);
Akhoon et al. (2016)
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Bartosz 2014). The presence of phytochemicals is also capable of cutting down the
side effects and enhances promoting lifespan. In this chapter, the longevity benefits
and putative underlying mechanisms of phytochemicals help them to survive under
environmental stresses and to protect them from microbial infections and environ-
mental pollutants as are described briefly.

6.2.1 Sesamin

A polyphenolic compound sesamin is found in sesame seeds and extracted from
sesame oil which contains significant amounts of lignins. It has antioxidant, antican-
cer, anti-inflammatory, and diverse pharmacological functions which are reported to
exert a variety of health benefits such as modulation of lipid biosynthesis and
alleviation of oxidative stress (Liu et al. 2014). Sesamin is also reported as an
antiaging activity to promote lifespan in C. elegans. It has been reported that sesamin
is more resistant to oxidative stress and extended the life of a mev-1 mutant that
produces abundant superoxide anions. Interestingly, sesamin can also extend the
lifespan by overexpression of dietary restriction-related signaling pathways, in
RNAi-treated worms which is a key regulator of autophagy (Nakatani et al. 2018).

6.2.2 Silymarin

Silymarin is a flavanone derivative extracted from the sources of the milk thistle
Silybum marianum. Silymarin has been demonstrated to exert antioxidant and anti-
inflammatory properties. It has also been reported for the treatment of various
chronic disorders, such as hepatitis, gallstones, and cirrhosis. Apart from these
properties, silymarin possess diabetes, sepsis, osteoporosis, arthritis, cancer, viral
infections, and Alzheimer’s diseases (AD) and Parkinson’s diseases (PD) activity
(Srivastava et al. 2017; Stolf et al. 2017). Silymarin was reported as an antiaging
agent in the C. elegans model system. In addition to increased lifespan, silymarin
also allows increased locomotion rate, increased stimulus response, and improved
stress tolerance (Kumar et al. 2015; Liu 2016).

6.2.3 Piceatannol

Piceatannol, a resveratrol metabolite, is also present in many fruits and vegetables, as
a natural stilbene. This is found even in some beverages like red wine (Lyons et al.
2003; Wang et al. 2002). In addition, piceatannol is more active in antioxidant, anti-
inflammatory, and antiatherogenic activities than resveratrol (Ovesná et al. 2006).
Piceatannol is also reported as an antiaging potential activity in C. elegans in terms
of reducing locomotive activity, improving pharyngeal pumping rate, and protecting
the worms from oxidative and heat stress through insulin/IGF-1 signaling and
sir-2.1-dependent pathways (Shen et al. 2017).
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6.2.4 Ursolic Acid

Ursolic acid (3β-hydroxyurs-12-en-28-oic acid, UA) is a lipophilic pentacyclic
triterpenoid, the main component of herbal plants, found in a wide variety of
vegetarian and medicinal foods. It has been reported as an antioxidant, anti-
inflammatory, and antiaging activity and possesses many beneficial effects, notably
hepatoprotection, antitumoral, antihyperlipidemic, and anti-inflammation (Liobikas
et al. 2011). UA is one of these plant-based therapeutic metabolite groups that have
separate extracellular and intracellular marks that play a role in metastasis, apoptosis,
and inflammatory processes. In addition, UA’s synthetic derivatives were also found
to be active in a series of pharmacological applications related to age-related disease
prevention (Kashyap et al. 2016). Ursolic acid regulates the aging process for better
health span and lifespan in Caenorhabditis elegans via modulating JNK pathway
(Bahrami and Bakhtiari 2016; Negi et al. 2016).

6.2.5 Acacetin

Acacetin is extracted in nature from Premna integrifolia (P. integrifolia) and is an
essential flavanoid. It has been known for its potential actions such as antioxidant,
immunomodulatory, anti-inflammatory, antidiabetic, antibacterial, hepatoprotective,
antihyperglycemic, and anti-obesity (Mali 2014). Acacetin has been reported as a
stress buster, antiaging, and ROS scavenger and also able to reduced aging marker
lipofuscin level in C. elegans (Asthana et al. 2016).

6.2.6 Chlorogenic Acid

Chlorogenic acid compounds are the most abundant polyphenols typically found in
apple peels and green coffee beans and have many biological properties, including
antibacterial, antioxidant, anticarcinogenic, and anti-obesity activity and are capable
of lowering blood sugar rates (Sato et al. 2011; Meng et al. 2013; Jeszka-Skowron
et al. 2016). Chlorogenic acid has beneficial effects on human health and ameliorates
aging diseases, and it also slows age-related decrease in body activity and increases
stress tolerance via insulin/IGF-1 signaling pathway in C. elegans. Chlorogenic acid
is also able to activate the FOXO transcription factors DAF-16, HSF-1, and SKN-1
but not SIR-2.1 (Zheng et al. 2017).

6.2.7 Specioside

Specioside (6-O-coumaroylcatalpol) is an iridoid glucoside isolated from the plant
Stereospermum suaveolens (Bignoniaceae), commonly known as “patala.” The plant
produces apigenin, lapachol, dianatin-7-glucuroniside, dinatin, β-sitosterol,
saponins, palmitic, stearic, and oleic acids that have multifunctional properties,
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viz., analgesic, antidyspeptic, astringent, hepatic stimulant, antiaging, and wound
healing (Asthana et al. 2015). The iridoids, present in a wide range of plants, are
groups of natural molecules with a monoterpene cyclic ring. Iridoid glucoside has
been reported to have many functions, such as antitumoral, hypotensive, sedative,
and hepatoprotective (Garg et al. 1994).

6.2.8 Withanolide A

Withania somnifera, also known as ashwagandha, is an essential therapeutic medici-
nal plant worldwide. Withanolide A is a steroidal lactone important bioactive
compound extracted from W. somnifera (root) (Baitharu et al. 2014). Many studies
are reported for the human health benefits ofWithania somnifera because it is one of
the most important plants which has been reported that have antioxidant, antistress,
anti-inflammatory, immunomodulatory, and rejuvenating properties (Alam et al.
2012). Withanolide A also has many therapeutic properties, such as neurological
disorders, including Alzheimer’s disease-associated amyloid pathology, neuritis
regeneration, synapsis recovery, axonal outgrowth, etc. (Baitharu et al. 2014;
Kurapati et al. 2013). Withanolide A is also reported as antiaging agent and
promotes stress resistance via IIS pathway (Akhoon et al. 2016).

6.3 Other Phytochemicals

Many of the phytochemicals are secondary plant metabolites that are found in a wide
range of fruits, vegetables, grains, nuts, tea, and wine as well as in beverages
including juice and coffee. More than 1 g of phytochemicals per day is commonly
ingested with diet (Septembre-Malaterre et al. 2018; Leitzmann 2016). Many natural
antioxidants, nutraceutical, and functional foods have been identified as radical or
reactive oxygen-free scavengers. Functional and nutraceutical foods with antioxi-
dant activity may play a significant role in slowing aging (Liu et al. 2018; Pant and
Pandey 2015). Various pathways interact with each other and modulate lifespan by
controlling the cellular stress response (Pan and Finkel 2017). These nutrient-
sensing pathways include IGF, TOR, AMPK, and SIRTs (Aiello et al. 2017).
Numerous phytomolecules have been reported for their therapeutic effects without
compromising the quality of life (Pant and Pandey 2015). The natural molecules
extend lifespan and reduce age-related pathologies. Polyphenols, resveratrol, found,
for example, in grape berry skins, increased lifespan in Caenorhabditis elegans and
prolonged lifespan and reduced oxidative stress and appeared to occur via a dietary
restriction (DR) mechanism and performed to validate SIR-2-dependent and prevent
age-related disease (Bhullar and Hubbard 2015; Conti et al. 2016). Quercetin is the
primary representative of flavonoids found in elevated levels in herbal edibles such
as onions, apples, and broccoli, as well as in red wine, tea, and Ginkgo biloba
extracts (Pant and Pandey 2015; Conti et al. 2016; Koch et al. 2014). These
flavonoids extend mean lifespan by improving antioxidant potential, reducing
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ROS level, and increasing mev-1mean lifespan and daf-16 translocation (Koch et al.
2014; Büchter et al. 2015; Kampkötter et al. 2008). Curcumin is also one of the
active ingredients that has been widely used as a spice and herbal medicine found in
turmeric (Curcuma longa). It has biological activities, such as anti-inflammatory,
antioxidative, anticancer, and anti-neurodegenerative and chemopreventive
properties. Curcumin 20 μM dose extends the lifespan by 39.28% as well as
improves health span and enhances resistance to oxidative and thermal stresses
and prevents the age-related disease in C. elegans (Liao et al. 2011). 4-Hydroxy-
E-globularinin (4-HEG) is major component of Premna integrifolia and enhanced
the mean lifespan of worms by over 18.8% at 20 μM dose and also reduced reactive
oxygen species (ROS) levels and fat accumulation in the worms (Shukla et al.
2012a, b). Some other phytomolecules reported as antiaging agent are l-theanine,
10-O-trans-p-coumaroylcatalpol, ferulsinaic acid, and baicalin (Zarse et al. 2012;
Shukla et al. 2012a, b; Sayed 2011).

6.4 The Mechanisms of Age-Promoting Factor
of Phytomolecules

Over a few decades, aging research has seen a breakthrough, particularly in the fact
that the rate of aging is regulated, at least partly, by genetic mechanisms and
biochemical procedures preserved in evolution. On the other side, it is further
distinguished that age-related developments developed by genetics can be strongly
affected by environmental variables (Stephan et al. 2013; López-Otín et al. 2013).
Aging is induced by mitochondrial dysfunction, telomeric attrition, genomic insta-
bility, epigenetic modifications, deregulated nutrient sensing, cellular senescence,
and stem cell fatigue. Aging would describe procedures that offer promising
outcomes in animal models or even in human studies, leading in lifespan elongation
or health improvement with the positive impacts of plant-derived extracts on aging
and age-related diseases. Many phytochemicals can encourage longevity and
enhance health span by synthesizing to boost plant fitness by enabling it to commu-
nicate with its surroundings, including herbivorous pathogens and insects.
Phytochemicals can stimulate a cellular stress response in animals that is useful for
life and health through various stress response mechanisms and low-dose exposures
and can then stimulate adaptive stress resistance, also called hormesis (Mattson
2008). Functional foods and nutraceutical/dietary ingredients are an enormous
promise to promote health and longevity and to prevent age-related chronic diseases
through bioenergetic pathways that encourage aging via well-characterized
antiaging pathways (López-Lluch and Navas 2016; Aiello et al. 2017). The increase
in DNA damage with the consequence of impaired DNA repair system efficiency is
the primary cause of cellular senescence. However, age-related declines in AMPK
(AMP-activated protein kinase) pathways have improved the lifespan of the model
organism, and AMPK kinase can also control several signaling pathways engaged in
senescence and aging, such as those involving p53, mTOR, and NFB (Salminen and
Kaarniranta 2012). The principal applicants for targeted measures are the mTOR
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signaling inhibitors. This signaling pathway has been related to lifespan and health
span in model organisms because both of these events have benefited from decreased
mTOR signaling (Johnson et al. 2013).

6.5 Conclusion

Many Ayurvedic nutraceutical products are available in markets which provide
health benefits made by phytodrug for the management of aging. Different natural
compounds are an attractive research area because of their beneficial effects on
human health and preventing degenerative disorders of aging for their antioxidant as
well as antiaging activity. Different natural compounds are an attractive research
area due to their beneficial effects on human health and the prevention for their
antioxidant and antiaging activity of degenerative aging disorders. It will be inter-
esting to see if such long-term exposure of different model organisms to natural plant
molecules can guide to a variety of species that live longer than their predecessors.
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Role of Phytomedicine in Alleviating
Oxidative Stress-Mediated Vascular
Complications in Diabetes

7
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Abstract

Oxidative stress development is inevitably associated with diabetes mellitus.
Hyperglycemia triggers excessive free radical generation, frequent oxidation of
stable macromolecules, destabilizing conformation of antioxidative enzymes and
transcription factors, modulating metabolic pathways, and promoting inflamma-
tory reactions, and ultimately leads to endothelial dysfunctions and vasculopathy.
Conventional diabetes management strategies are found inadequate to counter all
these associated health issues and often exert many adverse side effects.
Phytotherapy in the form of complementary and alternative medicine has raised
attention in the treatment of diabetes over the years. Ethnomedicinal knowledge
of several plants from traditional literatures have enlighten the path for natural
regulation of ailments with safe, economic, and prolonged cure. Extensive phar-
macological experiments has also been conducted to affirm the potency of plant-
derived active constituents in this regard, and the scientific reports deciphering
the underlying mechanism of these molecules in bringing metabolic homeostasis
in diabetes is gradually increasing. However, the success rate of developing and
marketing of herbal drugs is not satisfactory till date. This book chapter attempts
to focus on the detailed pathophysiology of oxidative stress development in
diabetes and the important contributions of phytomedicine along with pros and
cons in herbal drug development in this context.
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7.1 Introduction

According to the reports of the World Health Organization (2018), current global
scenario of diabetes mellitus is really scary, as the increasing prevalence of diabetic
patients are very rapid (approximately 9% of the global population). It was also
estimated that about four million deaths in recent times were caused due to direct or
indirect effects of hyperglycaemia and diabetes. Diabetes is thus considered as a
chronic endocrine disorder characterized by elevated blood sugar levels and insuffi-
ciency in insulin secretion or action inside the body (Ullah et al. 2016). Typically the
disease is categorized into three major types, type 1, type 2, and gestational diabetes,
with some subgroups viz. LADA (latent autoimmune diabetes in adults), MODY
(maturity-onset diabetes of the young), lipoatrophic diabetes (severe lipodystrophy
along with other diabetic symptoms), type A insulin resistance, Leprechaunism and
the Rabson-Mendenhall syndrome (occur due to genetic anomalies in insulin recep-
tor function), etc. (American Diabetes Association 2011). Autoimmune destruction
of pancreatic beta islet cells results into inadequate insulin secretion in type-1
diabetes, also known as insulin-dependent diabetes. Environmental and genetic
factors and autoimmunity are mainly responsible for the development of type-1
diabetes. Type-1 diabetes often results in unpredictable or irregular blood sugar level
along with ketosis and other endocrinopathies (Siddiqui et al. 2013). The situation
becomes more complicated in type-2 diabetes, where body remains unresponsive to
insulin in spite of the adequate secretion of the hormone, a phenomenon known as
“insulin resistance”. The exact reason of developing such resistance is still unknown,
though functional defects of insulin receptors may be responsible. Besides this,
unhealthy lifestyle, poor diet, frequent consumption of tobacco, and alcohol can
increase the risk of developing type-2 diabetes (Olokoba et al. 2012). About 2–10%
of expecting mothers have to face the high blood sugar levels during their pregnancy,
known as gestational diabetes. Severe neonatal complications, viz. high birth weight,
congenital coronary and cerebral anomalies, and skeletal muscle malformations,
may occur if not properly treated at time. LADA is characterized by certain features
in common with both type-1 and type-2 diabetes, viz. lower BMI; autoimmunity to
cellular antibodies, islet cell autoantibodies (ICA), autoantibodies to glutamic acid
decarboxylase (GAD), tyrosine phosphatase-related islet antigen 2 (IA-2), and
insulin autoantibodies (IAA); intermediate level of beta cell destruction; and insulin
resistance as well as faster depletion of C-peptide levels. It can occur anytime
between the age of 30 and 70 years and is often misdiagnosed due to such complex
signs and symptoms (O’Neal et al. 2016). MODY is considered as one of the
subgroup of monogenic diabetes developed due to single gene mutations in glyco-
lytic enzymes or transcription factors involved in carbohydrate metabolism. Two
very abundant forms of MODY results from mutation in the genes encoding
glucokinase (also known as MODY 2) and hepatocyte nuclear factor α or HNF1A
(also known as MODY3). Post-prandial hyperglycaemia, fasting glucose tolerance,
and increased ketoacidosis with other type-2 symptoms are the main diagnostic
features of the patients, who are often under the age of 25 (Steenkamp et al.
2014). In all the above-mentioned cases, it was observed that prolonged
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hyperglycaemic condition and impaired glucose tolerance in turn results into
lipotoxicity and inflammatory reactions followed by varying degree of endothelial
cell degeneration, injuries, inhibition of mobilization of progenitor cells, and diffuse
vascular disorders. It is also responsible for developing severe oxidative stress,
atherosclerosis, renal and hepatic dysfunction, visual loss, and neurodegenerative
diseases (Maiese 2015).

Fasting blood glucose level �126 mg/dL and 2 h post-prandial glucose level
�200 mg/dL are considered as important markers for diabetic measurement. Pres-
ence of histocompatibility antigens (HLA-DR3 or HLA-DR4) and circulating
antibodies (insulin antibodies, glutamic acid decarboxylase antibodies, protein tyro-
sine phosphatase antibodies) in the bloodstream, increased production of hepatic
glucose and glycated haemoglobin (HbA1c; above 6.5%), decreased endogenous
insulin and C-peptide levels are also diagnosed for convenience of the diabetes
treatment (Woldu et al. 2014). The criteria for selection of appropriate therapeutics in
diabetes management practice depend on several factors, condition of body’s own
immune system, severity of hyperglycaemia, liver and kidney functions, hyperlipid-
emia and obesity, risks of hypoglycaemia, etc. Stimulation of insulin secretion by
GLP analogues (e.g. dulaglutide), exogenous insulin injection, improving incretin
secretion by DPP-4 inhibitors (e.g. sitagliptin), pancreatic beta cell regeneration
through islet neogenesis-associated protein (INGAP) peptide therapy, etc. are
being applied for type-1 diabetes. For type-2 diabetes, the conventional medications
include biguanides and thiazolidinediones for increasing insulin sensitization in liver
tissues, sulphonylureas and meglitinides for promoting insulin secretion, and
α-glucosidase inhibitors for delayed carbohydrate digestion, respectively (Tiwari
2015). Sometimes these medications are used in combinations according to the
requirement of particular situation. Unfortunately, almost all the synthetic
antidiabetic medicines exert harmful side effects, viz. hypoglycaemia, weight gain,
nausea, diarrhoea, lactic acidosis, etc., thereby posing limitations in their usage.

The disease with its multifaceted health issues put forth a huge burden over the
scientific community as complete cure seems to be rather impossible. Moreover, the
usual diabetes management is expensive and requires long period of monitoring,
thus affecting the socio-economic backbone of both the developed and developing
countries (Cho et al. 2018). To manage the worsening situation carefully, scientists
are now looking forward for some alternatives that could be used in combination
with the synthetic medication or alone to regulate the body system in bringing
glucose homeostasis more naturally and economically. Physical activities, dietary
modifications, lifestyle management, etc. are prescribed to the patients as the first
line of alternative treatment. However, the most stable form of such treatment is
offered by complementary and alternative medicines (CAM). Herbal medicines or
phytomedicines in the form of plant-based or plant-derived products are highly
acclaimed for its proven efficacy towards diabetes management in several clinical
and preclinical studies worldwide. Traditional or indigenous knowledge of medici-
nal plants of several countries have contributed significantly in the field of herbal
medicine. Extensive pharmacological experiments are being carried out for isolation,
purification, identification, and characterization of the bioactive principles from
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selected medicinal plants to decipher the molecular mechanism of their action in
detail.

7.2 Pathophysiology of Oxidative Stress Development

7.2.1 Production of Free Radicals

Free radicals are short-living, highly reactive chemical species that are naturally
produced inside the body and are involved in signal transduction, neurotransmission,
gene transcription, and many other cellular activities. They are also significantly
responsible for damaging the molecular structure of biological membranes and
macromolecules by repetitive oxidation, resulting in several vascular diseases,
when produced in excess (Bansal and Bilaspuri 2011). Free radicals can be grouped
into three major types: reactive oxygen species (ROS), reactive nitrogen species
(RNS), and reactive chlorine species (RCS). All these are produced by several
exogenous and endogenous factors, viz. biochemical reactions involving oxygen,
neutrophil and macrophage production, radiations, chemicals, industrial waste
products, smoking, etc. Level of such reactive free radicals remains under rigid
control of the protective effects of cellular antioxidative machinery that includes
both enzymatic and non-enzymatic antioxidant molecules. In diseased condition like
diabetes, the reaction cascade of oxidative stress is triggered by hyperglycaemia and
insulin resistance, leading to the overproduction of several reactive species. Highly
oxidative metabolism of glucose and free fatty acids increases the successive
production of superoxide and hydroxyl radicals and hydrogen peroxide inside
mitochondria (Evans et al. 2002). Other major free radicals and non-radical reactive
species responsible for diabetic complications include singlet oxygen, hypochlorous
acid, peroxynitrite, ozone, nitric oxide, etc. Under hyperglycaemic condition,
increased levels of NADPH and FADH2 cause blocking of electron transport inside
Complex III, which in turn causing the electrons to flow back to coenzyme Q10 and
ultimately to molecular oxygen, resulting in the overproduction of superoxide
(Fiorentino et al. 2013). Superoxide alone or in combination with H2O2 plays an
important role in diabetes as it regulates the spontaneous generation of nitric oxide in
model organisms. Hydroxyl radical is the most reactive free radical, frequently
produced by reaction of H2O2 with glucose (Sheikhpour 2013).

7.2.2 Effects on Antioxidant Defence System (Enzymatic
and Non-enzymatic)

During normal physiological condition, production of free radicals is maintained at a
steady state by scavenging activities of endogenous and exogenous antioxidants.
The endogenous antioxidants include both enzymatic and non-enzymatic molecules,
viz. superoxide dismutase (SOD), glutathione peroxidase (GPx), glutathione reduc-
tase (GR), catalase (CAT), glutathione (GSH), α-lipoic acid, and vitamins C and
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E. Sometimes micronutrients and supplements are applied externally to reduce
oxidative stress, known as exogenous antioxidants. These include flavonoids;
carotenoids; vitamins C and E, and some trace metals (zinc, manganese, selenium,
copper etc.) (Halliwell and Gutteridge 2007). However, in diabetic condition,
detoxification capacity of the cellular antioxidative machinery becomes insufficient
due to the structural modifications of the active sites of the enzymes and the other
non-enzymatic antioxidants, leading to overproduction of RNS and ROS and acti-
vation of oxidative reaction cascade and several biochemical damages that occur
within the body system.

Superoxide dismutase, considered as the first line of antioxidative defence against
free radicals, is either deactivated by loss of essential co-factor Cu+2 ion, by
glycosylation in red blood cells, or by increased level of malondialdehyde (MDA)
in serum of diabetic patients (Taheri et al. 2012). Decreased activity of glutathione
peroxidase, catalase, and glutathione was also observed in several diabetic patients.
Increased glucose oxidation, protein glycation, activation of protein kinase C, and
excessive consumption of NADPH through polyol pathway are thought to be the
major sources of free radical-mediated oxidative damages of these antioxidants
(Adel et al. 2018).

7.2.3 Effects on Metabolic Pathways and Cellular Macromolecules

7.2.3.1 Proteins
Proteins and amino acids are vulnerable to oxidative stress due to denaturation,
fragmentation, and overall inactivation of primary and higher-order structural orga-
nization. In vivo studies with diabetic model rats showed significant reduction in
total protein concentration. This may be due to decreased uptake of amino acids,
reduced concentration and synthesis of essential amino acids, increased conversion
of glycogenic amino acids to CO2 and water, decreased de novo synthesis of mRNA
and protein, etc. (Matough et al. 2012). Formation of dityrosine, an unusual amino
acid, was widely designated as one of the convenient biomarkers of protein oxida-
tion during hyperglycaemic condition. Oxidative stress-mediated cross-linking of
proteins with this modified amino acid serve as a signal for rapid acceleration of
in vivo proteolysis by cellular proteases (Berlett and Stadtman 1997). Excessive
glycation of proteins also cause structural and functional alteration of enzymatic and
non-enzymatic antioxidant molecules that affect their radical scavenging activities.
The degree of such protein glycation can be estimated by using two important
markers, viz. glycated haemoglobin and fructosamine levels (Maritim et al. 2003).

7.2.3.2 Lipids
It has already been established that carbohydrate and lipid metabolism are closely
related with each other and has important clinical consequences. Diabetic patients
often showed dyslipidemic condition where the cells become very susceptible to
lipid peroxidation. Cell membrane polysaccharides are found to be extremely sensi-
tive to free radical attack due to multiple bonds and readily form highly reactive and
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toxic lipid hydroperoxides (LHPs) (Matough et al. 2012). Malondialdehyde
formation during lipid peroxidation is considered as a critical biomarker for
diabetes-induced oxidative stress and widely used for quantitative estimation of
lipid peroxidation (Esterbauer et al. 1991). Apart from MDA, other reactive
aldehydes formed during peroxidation reactions are acrolein, 4-hydroxynonenal
(HNE), 4-oxononenal (ONE), and isolevuglandins (IsoLGs). Peroxidative injuries
are thought to be responsible for the development of many diabetic complications
including atherosclerosis and neurological disorders. Studies showed that increased
level of lipid peroxidation products in red blood cells and serum during diabetic
condition cause concomitant decrease in antioxidant enzyme activities in
erythrocytes (Singh and Shin 2009).

7.2.3.3 DNA
Hyperglycaemia-induced oxidative stress leads to inactivation of tuberin and
downregulation of DNA repair enzyme OGG1 via the redox-dependent activation
of Akt in the kidney cells (Simone et al. 2008). Habib and Liang (2014) also showed
that overactivation of Akt was associated with decreased level of tuberin and
increased 8-OHdG concentration in kidney cancer tissues from diabetic patients.
Imbalanced expression in genetic variants of peroxisome proliferator–activated
receptor–γ coactivator-1α (PPARGC1A) were also associated with development of
oxidative stress and increased risk of DNA damage (urine 8-OHdG) during diabetes
(Lai et al. 2008). The interrelationship of hyperglycaemia-induced oxidative stress
and the associated cellular damages is shown in Fig. 7.1.

7.2.4 Histological Alterations

7.2.4.1 Pancreas
Structural and functional alterations of exocrine and endocrine pancreas were
observed during diabetic condition. Varying degree of atrophy of the acinar cells
and diffused to moderate hyperplasia of the centroacinar and the intercalated duct
cells in the exocrine pancreas was observed in diabetic model organisms (Fujisawa
et al. 2012). Prolonged exposure to increased glucose concentrations and prolifera-
tion of beta islet cells were extremely suppressed in humans and Psammomys
obesus, an animal model of type-2 diabetes. This might be due to free radical-
induced inflammatory reactions along with several other factors, viz. high levels of
triglycerides and LDL and low levels of HDL (Donath et al. 2008). According to
Deng et al. (2004), several in vitro and in vivo studies showed a significant reduction
of total islet mass that could be correlated to impaired islet function. Pancreatic beta
cells are also very prone to oxidative damage due to defective expression of antioxi-
dant enzymes, viz. catalase and glutathione peroxidase. Isolated rat islet cells and
HIT-T15 cells showed significantly decreased insulin gene expression when
exposed to oxidative stress. It was observed in several experimental studies that
downregulation of pancreatic and duodenal homeobox factor-1 (PDX-1) and
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subsequent activation of c-Jun N-terminal kinase (JNK) pathways are responsible for
beta cell dysfunction in diabetic condition (Kajimoto and Kaneto 2004).

Fig. 7.1 The interrelationship of hyperglycaemia-induced oxidative stress and the associated
cellular damages
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7.2.4.2 Kidney
Ultrastructural and functional alterations in kidney cells during hyperglycaemic
condition create severe distresses in the pathophysiology of diabetic nephropathy.
Multifocal lesions in the renal cortex cells are also an important histopathological
characteristic of diabetic nephropathy (Fioretto and Mauer 2007). Vacuolization of
renal tubules, abnormal thickening of the tubular membrane, and interstitial infiltra-
tion with mononuclear cells are regarded as early histological changes in diabetes
which ultimately lead to interstitial fibrosis of the tubules and tubular atrophy
(Pourghasem et al. 2015). In vivo experimental data on diabetic nephropathy models
(ZFS1 rats) showed an increased NO production during early stages along with
arteriolar thickening, tubular dilation and atrophy, glomerular basement membrane
thickening, and mesangial expansion. These major changes were also associated
with increased renal expression and urinary levels of 8-hydroxydeoxyguanosine, an
indicator of mitochondrial oxidative stress, as well as with increased renal
peroxynitrite formation (Sharma et al. 2007).

7.2.4.3 Liver
Hyperglycaemia-induced oxidative stress leads to severe cellular damages by
disrupting metabolic processes and triggering inflammatory cascade in the liver.
Microvesicular steatosis (excessive accumulation of fat globules); distortion and
glycogenation of nuclei; infiltration of inflammation-causing leukocytes,
macrophages, and other mononucleate cells; formation of peribiliary cysts; dilatation
of central and portal veins; etc. are considered as notable changes in diabetic liver
(Kini et al. 2016). Presence of small inconspicuous Mallory bodies, ballooning, and
necrosis of hepatocytes are also found to be associated with these changes. Signifi-
cant reduction of rough endoplasmic reticulum and densities of mitochondrial
cristae, decrease in glycogen content, increased nuclear pycnosis and perinuclear
area along with damaged nuclear membrane are frequently observed in diabetic liver
(Mohamed et al. 2016).

7.2.4.4 Heart
Immunohistochemical studies on diabetic rats showed increased protein accumula-
tion and significantly increased staining for collagen in cardiac cells. Electron
microscopic examination revealed degenerative signs of cardiac tissue including
dense packing of collagen fibrils between cardiomyocytes and irregular microfibril-
lar organization in cytoplasm. Disintegration of mitochondrial membrane and cristae
were also observed indicating progression of diabetic cardiomyopathy and intersti-
tial fibrosis (Aragno et al. 2008). In another study with streptozotocin-induced
diabetic rats, heart cells showed myonecrosis with oedema, infiltration of inflamma-
tory cells, and separation of cardiac muscle fibres (Naderi et al. 2015). Peripheral
condensation and marginalization of chromatin fibres in the nuclei and cytoplasmic
vacuolations of cardiac myocytes were also observed in diabetic condition (Dallak
et al. 2008). Histological alterations of the major organs are shown in Fig. 7.2.
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7.2.5 Effects on Blood Vessels (Endothelial Dysfunction
and Vascular Complications)

Nitric oxide (NO) and ROS produced during diabetic condition play a pivotal role in
developing endothelial dysfunction. Reduced expression of endothelial nitric oxide
synthase (eNOS) and lower bioavailability of NO exert negative effect on the
survival rate of endothelial cells and their function (Magenta et al. 2014). The
pathological nature of endothelial dysfunction differs in type-1 and type-2 diabetes.
However, in general, three major factors, viz. hyperglycaemia, excessive release of
free fatty acids, and insulin resistance, are considered responsible in this regard. All
of them impose oxidative stress that create an imbalance in vasoconstriction and
vasodilatation and ultimately foster diabetic endothelial dysfunction. Apart from the
reduced NO synthesis, increased production of advanced glycation end products

Fig. 7.2 Histological alterations of the major organs induced by oxidative stress
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(AGEs), activation of protein kinase C (PKC), proliferation of vascular smooth
muscle cells, etc. contribute for the endothelial dysfunction and vascular
complications (Sena et al. 2013). According to Giugliano et al. (1996), glucose
and LDL oxidation, protein glycation, and defective antioxidant response during
hyperglycemic condition attribute to several micro- and macrovascular
complications, viz. retinopathy, neuropathy, nephropathy, and cardiovascular
diseases (Fig. 7.1).

7.3 Role of Ethnomedicinal Knowledge in Diabetes
Management

Ethnomedicinal knowledge from different corners of the world is undoubtedly the
prime contributor of developing the backbone of phytomedicine. The age-old
practices of traditional medicinal knowledge of ethnic communities is considered
the major inspirations of flourishing the natural healthcare strategies. Among
60 angiospermic families, members of Asteraceae, Fabaceae, Apiaceae,
Scrophulariaceae, Liliaceae, Cucurbitaceae, Lauraceae, etc. are extensively used
for diabetes treatment in indigenous culture. Phenolics, flavonoids, alkaloids,
terpenoids, saponins, and polysaccharides are the major bioactive phytochemicals
with hypoglycemic properties that have been isolated and purified from the leaves,
roots, stems, fruits, seeds, and other parts. It was also reported that these potent
metabolites could reverse or prevent diabetic complications by stimulating insulin
release, increasing insulin sensitization, reducing oxidative stress, inhibiting AGEs,
etc. (Singh et al. 2013). Many species are identified with significant antioxidant
activities along with their antidiabetic and antihyperlipidemic properties, Achillea
santolina, Achyrocline satureioides, Azadirachta indica, Bauhinia forficate,
Cuminum cyminum, Curcuma longa, Emblica officinalis, Gongronema latifolium,
Hibiscus rosa-sinensis, Teucrium polium, Tinospora sinensis, Adhatoda vasica,
Ocimum sanctum, Litsea cubeba, Salvia moorcroftiana, Gymnema sylvestre, etc.
(Jeeva and Anlin 2014; Chakraborty et al. 2016). According to Vaidya and
Devasagayam (2007), the medicinal plants exert their antioxidative potential in the
following major levels, viz. suppression of radical formation, scavenging of primary
radicals, scavenging of secondary radicals, reconstitution of membranes, and
repairing of damage. Table 7.1 listed few selected antidiabetic medicinal plants
with their active phytoconstituents and possible mode of action.

7.4 Pharmacological Evidences: Clinical Trials, Case Studies,
Chemical Nature of Active Constituents and Mechanism
of Action

Several pharmacological experiments were conducted in vitro and in vivo to validate
the previously reported ethnomedicinal knowledge of the plants. Sabu and Kuttan
(2002) showed that methanolic extract of Terminalia chebula, Terminalia belerica,
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Table 7.1 List of some selected antidiabetic active phytoconstituents with antioxidative properties
and their possible mode of action

Name of the plants
Name of active
constituents Probable mode of action References

Aegle marmelos D-limonene
(monoterpene)

Reduces plasma glucose
and oxidative stress

Murali et al.
(2013)

Trigonella foenum-
graecum

Trigonelline (alkaloid) Reinforces activities of
antioxidant enzymes,
improves glycemic
control and liver function

Hamden et al.
(2013)

Cornus officinalis Ursolic acid
(triterpenoid)

Increases SOD activities;
decreases levels of
MDA, TNF-α and IL-6

Qi et al.
(2014)

Glycyrrhiza uralensis,
G. inflata, and
G. glabra

Glycyrrhizic acid
(saponin)

Reduces oxidative stress,
enhances AMPK, SIRT1
and Mn-SOD expression,
exerts antioxidant
activity

Hou et al.
(2014)

Larrea tridentata Nordihydroguaiaretic
acid (phenolic
derivative)

Alleviates diabetic renal
dysfunction and
oxidative stress, inhibits
lipoxygenase

Anjaneyulu
and Chopra
(2004)

Artemisia scoparia,
A. capillaris,
Ceratostigma
willmottianum, and
Citrus limonia

Esculetin (lactone) Increases activities of
SOD, CAT, GPx, GST
and GSH

Prabakaran
and
Ashokkumar
(2013)

Piper longum,
P. nigrum

Piperine (alkaloid) Increases activities of
SOD, CAT and GPx

Arcaro et al.
(2014)

Tripterygium wilfordii Celastrol (triterpenoid) Reduces oxidative stress
and proinflammatory
cytokine activity in
diabetic mice

Kim et al.
(2013)

Cathanthrus roseus Catharanthine,
vindoline, vindolinene
vinblastine, vincristine
(alkaloid)

Free radical scavenging
activities

Kar et al.
2003

Camellia sinensis,
Punica granatum,
Satureja khuzestanica,
Bauhinia forficata

Epigallocatechin-
gallate, gallocatechin,
epicatechin, (+)
catechin, (�)
Epicatechin (flavonoid
derivative)

Free radical scavenging
activities

Waltner-Law
et al. (2002)

Panax ginseng Ginsenosides Rg2,
panaxan
A, B, C, D, E (saponins)

Regeneration of
pancreatic β cells, free
radical scavenging

Ma et al.
(2008)

Ginkgo biloba Kaempferol,
isorhamnetin (flavonoid
derivatives)

Free radical scavenging
activity

Jellin et al.
(1999)

(continued)
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Table 7.1 (continued)

Name of the plants
Name of active
constituents Probable mode of action References

Curcuma longa Ferulic acid, Curcumin
(phenolic derivative)

Free radical scavenging
activity, insulin
secretion, inhibition of
lipid peroxidation,
superoxide radical
generation and remove
insulin resistance

Ohnishi et al.
(2004);
Ahangarpour
et al. (2019)

Morus alba, Pisum
sativum, Polygonum
cuspidatum

Resveratol (polyphenol) Prevent oxidative
damage by modulation of
lipid metabolism and
glycation reaction in
diabetes

Szkudelska
et al. (2009)

Smallanthus
sonchifolius, Prunus
sp., Malus sp.

Chlorogenic acid
(polyphenol)

Prevent lipid
peroxidation and
formation of hydroxyl
radicals during diabetic
condition

Park et al.
(2009)

Olea europaea Hydroxytyrosol
(phenolic compound)

Potent scavenger of
superoxide anion and
hydroxyl radical and
protects pancreatioc beta
cells from oxidative
damage

Jemai et al.
(2009)

Fragaria sp., Rubus
ideaus, Daucas
carota, Solanum
lycopersicum, Punica
granatum

Ellagic acid
(polyphenol)

Prevention and
scavenging of ROS and
RNS, protection of DNA
from alkylating damage

Priyadarsini
et al. (2002)

Sophora flavescens Oxymatrine
(quinolizidine alkaloid)

Reduces the level of
AGEs, TGF-β1 and
inflammatory cytokines

Guo et al.
(2014)

Peumus boldus Boldine
(Benzylisoquinoline
alkaloid)

Reduces overproduction
of reactive oxygen
species
By inhibiting angiotensin
II-stimulated BMP4
expression

Lau et al.
(2013)

Citrus spp. Rutin (flavonoid
glycoside)

Increases cellular
antioxidant capacity and
inhibits TGF-β1 mRNA
expression

Tang et al.
(2011)

Passiflora caerulea,
Passiflora incarnata,
Oroxylum indicum

Chrysin (flavone) Suppresses TGF-β
expression and
inflammatory cytokines
in diabetic nephropathy

Ahad et al.
(2014a)

Allium sativum, Vitis
vinifera

Quercetin (flavonol) Increases antioxidant
capacity and Smad
7 expression in diabetic
kidney

Tang et al.
(2011)

(continued)
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and Emblica officinalis and their combination named “Triphala” showed promising
hypoglycaemic activity along with antioxidant activity (inhibition of lipid peroxida-
tion, scavenging of superoxide and hydroxyl radicals) in alloxan-induced diabetic
rats. Aqueous extracts of leaves of Murraya koenigii, Psidium guajava, and
Catharanthus roseus (500 mg/kg body weight) showed significant lowering of
blood sugar and improved histological parameters in streptozotocin-induced diabetic
rats, compared to the standard drug glibenclamide (Prasad et al. 2009). Ethanolic
bark extract of Sorbus decora showed increased insulin sensitivity and decreased
glycaemia in diabetic rats at a dose of 200 mg/kg body weight (Vianna et al. 2011).
Oral administration of ethanolic corm extract (400 mg/kg body weight) of Stephania
hernandifolia also showed significant antihyperlipidemic and antioxidant activity in
streptozotocin-induced diabetic rats (Sharma et al. 2010). Aslan et al. (2007) showed
that aqueous and ethanolic extracts of capitulums of Helichrysum plicatum ssp.
plicatum exhibited marked inhibitory effects on blood glucose concentrations and
lipid peroxidation in kidney and liver cells. Ethanolic extract of Asparagus
racemosus showed promising increment in antioxidant status of alloxan-induced
diabetic rats (Vadivelan et al. 2011). Ficus racemosa leaf extract showed

Table 7.1 (continued)

Name of the plants
Name of active
constituents Probable mode of action References

Vitis vinifera Naringenin (flavanone) Depletes lipid
peroxidation and NO,
elevates reduced
glutathione

Rahigude
et al. (2012)

Oroxylum indicum,
Scutellaria
baicalensis

Baicalein (flavonoid) Mitigate renal oxidative
stress and suppress the
activation of NF-κB,
decrease expression of
iNOS and TGF-β1

Ahad et al.
(2014a, b)

Catalpa sp. Catalpol (iridoid
glycoside)

Increases serum SOD
and reduces
ROS-mediated
endothelial damage in
type-2 diabetic rats

Liu (2014)

Corni Fructus Loganin (iridoid
glycoside)

Reduces oxidative stress,
increase ratio of
GSH/GSSG in liver and
kidney

Yamabe et al.
(2010)

Litchi sinensis Oligonol (polyphenol) Reduces renal glucose
concentration and ROS,
inhibits AGEs and its
receptor expression

Park et al.
(2014)

Salvia miltiorrhiza Salvianolic acid A
(polyphenol)

Reduces oxidative stress
and expression of
TGF-β1

Qiang et al.
(2014)

154 R. Chakraborty and V. Mandal



hypoglycemic and antioxidant activity in diabetic model rats (Yadav et al. 2015). In
vivo studies with Saraca asoka leaf extract also showed hypoglycemic and
antihyperlipidemic activity along with antioxidant activities in streptozotocin-
induced rats (Jain et al. 2013).

Different phytochemicals showed hypoglycemic activity along with antioxidative
action includes alkaloids, terpenoids, flavonoids, phenolics, etc. They exert their
bioactivity in various different molecular pathways. Flavonoids increase glucose
transport, improve insulin sensitization and activities of antioxidative enzymes
(SOD and CAT), inhibit carbohydrate-degrading enzymes, and attenuate oxidative
stress-mediated inflammatory reactions and vascular complications (Vinayagam
et al. 2017). Monoterpenes, sesquiterpenes and diterpenes are major constituents
of plant essential oils, that exhibit antioxidative activities by preventing free radical
generation, LDL oxidation and stimulating other antioxidants (vitamin E and
flavonoids). Carotenoids is regarded as the effective quencher of singlet oxygen
and peroxyl radicals (Grabmann 2005). Alkaloids also show antioxidative action by
preventing lipid peroxidation and H2O2-mediated oxidative damages in diabetic
condition (Tiong et al. 2013).

7.5 Herbal Medicine: Present Status and Drawbacks in Drug
Development

Herbal medicine or phytomedicine has acclaimed great attention and relevance
among the alternative management practices of diabetes, especially in the develop-
ing countries. In developed countries also, the use of herbal medicine is continually
encouraged to avoid the adverse effect of synthetic drugs and to gently replenish
body’s metabolic control (Samad et al. 2009). More than 1200 antidiabetic plants are
being recognized and utilized around the world for the control of diabetes and out of
this only 30% of them were chemically and pharmacologically investigated.

Many countries have formed regulatory bodies to monitor these parameters, for
example, Department of Ayurveda, Yoga & Naturopathy, Unani, Siddha and
Homoeopathy (AYUSH) in India, the Bureau of Food and Drugs (BFAD) in the
Philippines, National Agency for Food and Drug Administration and Control
(NAFDAC) in Nigeria, Therapeutic Goods Administration in Australia, Food and
Drug Administration in the USA, the European Medicine Agency in Europe, etc.
Several pharmacopoeias have been published by these authorities, viz. American
Herbal Pharmacopoeia (AHP), British Herbal Pharmacopoeia (BHP), Korean Herbal
Pharmacopoeia (KHP), Indian Herbal Pharmacopoeia (IHP), etc., with useful
informations in the form of monographs which are regarded as most important
criteria for safety and quality control measures of herbal drugs (Sharma 2015).
Table 7.2 shows some marketed herbal formulations and their proposed mode
mechanisms.

According to Amjad et al. (2019), presently nanotechnology-based approach in
delivering herbal products viz. nanorobots, nanopumps, smart cells, nanotized herbal
drugs (NHDs), etc. in the diabetes treatment is gaining much attention. However, it
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Table 7.2 Some herbal formulations along with their proposed mode of action

Herbal drugs/
formulations

Name of the plant and
active constituents Possible mode of action References

Pancreas tonic
180 cp

Pterocarpus marsupium,
Gymnema sylvestre,
Momordica charantia,
Syzygium cumini, Trigonella
foenum graceum,
Azadirachta indica, Ficus
racemosa, Aegle marmelos,
Cinnamomum tamala

Regulates glucose
homeostasis

Hsia et al.
(2004)

Divya
Madhunashini
vati (Patanjali
ayurveda)

Andrographis paniculata,
Aegle marmelos, Withania
somnifera, Curcuma longa,
etc.

Promotes insulin secretion,
regulates carbohydrate
metabolism

Patil et al.
(2016)

Diasulin
(ACI limited)

Scoparia dulcis (Scoparic
acid), Momordica charantia,
Syzygium cumini, Tinospora
cordifolia, and Trigonella
foenum-graecum
(Trigonellin, Scopoletin),
Cassia auriculata, Coccinia
indica, Curcuma longa,
Emblica officinalis
(Emblicanin A and B),
Gymnema sylvestre

Decreases gluconeogenesis,
increases glycolysis,
antihyperlipidemic and
antioxidant activities

Saravanan
and Pari
(2005)

Diabecon
(Himalaya
herbal
healthcare)

Glycyrrhiza glabra,
Asparagus racemosus,
Phyllanthus niruri, etc. along
with minerals and vitamins

Hypoglycaemic, reduces
level of glycated
haemoglobin, restores
normal pancreatic activity

Sridharan
et al.
(2011)

Epiinsulin
(Swastik
formulations)

Epicatechin from
Pterocarpus marsupium

Promotes insulin release,
maintains overall glucose
homeostasis, inhibits Na/K
ATPase activity

Rajesham
et al.
(2012)

Madhumardan
Churna
(Sri Jain
Ayurvedic
pharmacy)

32 plant ingredients
including Azadirachta
indica, Terminalia chebula,
Adhatoda vasica etc., and
minerals

Lowers blood glucose level,
improves liver and kidney
function

Savant
et al.
(2013)

BGR-34 tablet
(Aimil
pharmaceuticals)

Berberis aristata,
Pterocarpus marsupium,
Gymnena sylvestre

DPP-4 inhibitor Gupta
et al.
(2018)

Diabeta plus
(Planet
ayurveda)

Momordica charantia,
Gymnema sylvestre,
Pterocarpus marsupium,
Ocimum tenuiflorum,
Withania somnifera, and
Salacia chinensis

Prevents hyperglycemia,
effective against diabetic
neuropathy

Modak
et al.
(2007)
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was observed that plant-based products may induce toxicity when applied through
nanocarriers. Proper standardization of the herbal products in terms of safety and
efficacy, therapeutic risks, and benefits should be evaluated through rigorous clinical
investigations prior to administration as a drug. Pan et al. (2013) have pointed
towards the major problems of herbal drug development, which should be followed
strictly: maintaining ecological ethics and conservation of biodiversity of medicinal
plants, prevention of overexploitation of natural resources, wide cultivation and
propagation of medicinal plants for bioactive compounds, search for alternative
species, rational usage of herbal medicine, etc. According to Williamson (2001),
isolation and purification of bioactive principles from the phytocomplex matrix are
important constraints for herbal drug development. They also suggest “herbal
shotgun” approach as a preferable method of administration, because of the presence
of large number of bioactive compounds in extracts or formulations rather than
isolated compounds. Carmona and Pereira (2013) specified that there is still a huge
gap between the present usage of medicinal plants or plant-based products and
proper scientific evidence of pharmacokinetic and pharmacodynamic properties,
molecular mechanism of action, adverse effects, etc.

7.6 Conclusion

Concurrence of oxidative stress and diabetes is inexorable. In fact, overproduction of
free radicals and hyperglycaemia complement each other and in turn bring about
destabilization of metabolic homeostasis inside the body. Several phytochemicals
have shown their potent antioxidative activities by several different mechanisms and
thereby protecting cellular antioxidative defence. Plant-based products are now
being considered as the most potential, sustainable alternative exogenous source of
antioxidants to supplement the endogenous defence system of human. Acceptance
and concerns regarding the usage of herbal products are rapidly increasing across the
world, suggesting the positive response and confidence of people towards the natural
remedy of ailments. However, the isolation of the bioactive molecules in purest form
from phytocomplex matrix, proper molecular characterization, depiction of their
mode of action, effective mode of consumption, and, most importantly, toxicity
symptoms (if any) are quite a big challenging task in the field of herbal medicine.
Extensive and elaborative research in the laboratory as well as clinical level is thus
required to strengthen the future of phytomedicine.
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Plant-Based b-Secretase (BACE-1)
Inhibitors: A Mechanistic Approach
to Encounter Alzheimer’s Disorder

8

Atanu Bhattacharjee, Raja Chakraborty, and Saikat Sen

Abstract

BACE-1 (β-secretase) has emerged as a promising drug to treat Alzheimer’s
disease (AD). BACE-1, an aspartic protease, acts on amyloid precursor protein
(APP) prompting the formation and deposition of amyloid-β peptide (Aβ).
BACE-1 hindrance has direct ramifications in AD pathology without generally
influencing viability. However, inhibition of BACE-1 specifically through in vivo
models has introduced numerous issues to the researchers. Since its identification
in 2000, inhibitors covering a wide range of auxiliary classes have been structured
and created. Advancement in these fields brought about targeted drug therapy that
may reduce deposition of Aβ plaque in the brain. Natural product derivatives have
always been a potential source of drug discovery process, and they are considered
to be safe and economical. Flavonoids are an abundance of naturally delivered
BACE-1 inhibitors. Citrus bioflavonoids are distinguished as potential noncom-
petitive BACE-1 inhibitors. Further, xanthones displayed the hindrance of Aβ
conglomeration and BACE-1 activity in vitro and in cells, notwithstanding their
radical scavenging and metal chelation capacity. The manuscript has been
focused to deliver a refreshed learning with array of phytoextracts and lead
molecules with BACE-1 inhibitory potential.
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8.1 Introduction

Alzheimer’s disease (AD) is a progressive neurodegenerative disorder and irrevers-
ible age-related form of dementia that slowly erodes the brain and causes severe
changes in memory, cognitive skills, personality, and behavior. The WHO perceived
the effect of AD as a worldwide general wellbeing need. AD is the main cause of
dementia in elderly people (>65 years), with an average duration of around 9 years
between the onset of clinical side effects and death. By 2040, more than 71% of
dementia cases is expected in developing nations (Zhang and Jiang 2015). Caring of
AD patients requires tremendous efforts for both medical fraternity and family
members (Anderson 2002). At present more than five million AD patients are
under treatment in the USA, whereas in India the progression of AD is on a higher
note (Gupta and Bala 2013).

Aβ plaques which decline levels of acetylcholine (Ach) in the brain are consid-
ered as a pathological hallmark of AD (Azimi et al. 2017; Berrino 2002). Aβ is
formed from APP by beta- and gamma-secretases. Initial cleavage by BACE-1
generates a soluble N-terminal fragment and C-terminal fragment of peptides. The
latter upon proteolysis by γ-secretase yields insoluble peptides (Skovronsky et al.
2006; Brinton and Yamazaki 1998). BACE-1 has emerged as a promising therapeu-
tic target as it is involved in Aβ plaque formation (Barao et al. 2016). Conversely,
neuro-inflammation of AD likely begins as a host resistance reaction to the harming
impacts of the amyloid plaques in the cerebrum. Hence, anti-inflammatory drugs
could be another potential therapeutic target to encounter progress of AD (Zhang and
Jiang 2015). Medicinal plants are considered as potential sources of anti-
inflammatory agents, BACE-1, and cholinesterase inhibitors (Bachurin et al. 2017;
Ben Halima et al. 2016). Therefore, exploration of plant-based medicine either as
primary or adjuvant therapy in early prevention of AD has become necessary as they
are considered to be safe and economical by the WHO.

8.2 Pathophysiology of AD

Extracellular amyloid-beta (Aβ) plaques and neurofibrillary tangles are considered
as hallmarks of AD resulting in behavioral changes and cognitive decline periodi-
cally. Hyperphosphorylation of tau protein and activation of N-methyl-d-aspartate
(NMDA) receptors are other important contributing factors of AD (Hardy and
Selkoe 2002; Tanzi and Bertram 2005; Crouch et al. 2008). Premature
synaptotoxicity, changes in synapse articulation, neurophils count decline, and
gathering of amyloid-β protein plaques and mind decay are totally connected with
phases of AD movement. A few ongoing examinations have inspected the connec-
tion among Aβ and NMDA receptors. Aβ-actuated spine misfortune is related with
diminishing glutamate receptors and is reliant upon the calcium subordinate phos-
phatase calcineurin, which has likewise been connected to long-term depression
(Selkoe 2004; Armstrong 2009).
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8.3 Treatments of AD

A list of existing drugs used in AD is summarized in Table 8.1.

8.4 Disease-Modifying Therapies and Drug Development

Current medications primarily aim to delay the progression of AD. However, the
side effects associated with those drugs remain a big concern for medical fraternities.
There is an earnest requirement for the advancement of disease-altering treatments or
medicines focusing on essential pathophysiology of AD (Mei et al. 2010; Carlsson
2008).

While there is no remedy for AD or an approach to stop or moderate its
progression, there are drug and nondrug alternatives that may help treat indications.
Understanding accessible alternatives can help people living with the illness and
their parental figures to adapt to manifestations and improve personal satisfaction.
Since the last two decades, only memantine was able to clear phase III clinical trial
(Vladimir and Sophia 2018). The summary of current treatment strategies for AD is
mentioned below (Table 8.2).

Table 8.1 Approved drugs for the treatment of AD (adopted and modified fromMiguel and Emília
2019)

Name Structure Chemical name
Trade
name References

Tacrine N

NH2

1,2,3,4-tetrahydroacridin-
9-amine

Cognex Mahesh
and
Tasneem
(2014)

Donepezil
O

CH3

OCH3 N

O 2-[(1-benzylpiperidin-4-yl)
methyl]-5,6-dimethoxy-
2,3-dihydroinden-1-one

Aricept Tariot
et al.
(2004);

Rivastigmine

N

CH3

CH3 O
N

CH3

CH3

O CH3
[3-[(1S)-1-
(dimethylamino)ethyl]
phenyl]N-ethyl-N-
methylcarbamate

Exelon Scarpini
et al.
(2003);

Galantamine

NCH3 O

OH

O
CH3

H

(1S,12S,14R)-9-methoxy-
4-methyl-11-oxa-4-
azatetracyclo heptadeca-6
(17),7,9,15-tetraen-14-ol

Razadyne Parihar
and
Hemnani
(2004)

Memantine

CH3
CH3

NH2 3,5-dimethyladamantan-1-
amine

Axura Shankar
et al.
(2007)
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8.5 The Amyloid Hypothesis

Aβ is a complex protein oligomer cluster typically found in Alzheimer’s brain
formed via catalysis of APP by secretase enzymes. As per the “β-amyloid theory,”
Aβ peptide clusters trigger neuro-inflammatory mediators resulting in inflammation
of neurons (Dewachter and Van 2002). This leads to synchronization of neuron
concentration in the brain resulting in dementia (Choi et al. 2008a, b; Jeon et al.
2008; Jeon et al. 2005; Atanu 2018) (Fig. 8.1). Therefore, modulating the chain of
events like production of Aβ peptide fragments from APP, its deposition as extra-
cellular plaques is believed to be a possible approach toward the treatment of AD.

Aβ is produced from APP by β-site APP-cleaving enzyme (BACE-1) resulting in
the formation of soluble APPΆ (sAPPΆ) and a 99-amino acid fragment (C99). The
C99 fragments in the presence of γ-secretase form AΆ40 and AΆ42 responsible for
neuritic plaque formation (Kinghorn 2001; Balunas and Kinghorn 2005; Gurib-
Fakim 2006; Huang and Mucke 2012).

Table 8.2 Current treatment strategies for AD (modified from Yu et al. 2015)

Treatment strategy Mechanism of action
Stages of
AD

Modulation of neurotransmitter (existing/
approved therapy)

1. AChE inhibitor Early

2. NMDA antagonist
Disease-modifying therapies (under
investigation)

1. Amyloid cascade
• Modulation of α-, β-,

γ-secretase
• β-amyloid depleter
• Promoting β-amyloid

cleaning
2. Tau protein modulation
• Inhibition of tau

hyperphosphorylation
• Degradation of tau protein
• Inhibition of tau

oligomerization

Mild to
moderate

Immunotherapy (under investigation) 1. Passive immunization
• Solanezumab
• Crenezumab

2. Active immunization
CAD106

Mild to
moderate

Gene-based therapy (under investigation) 1. Modulation of expression
of presenilin

Mild to
moderate

Antioxidants (existing/approved therapy) 1. Oxidative stress reduction
2. Free radical scavenger

Mild to
moderate

Anti-inflammatory agents (existing/
approved therapy)

1. Caspase inhibitors
2. Metal chelators
3. Statins
4. PPAR-γ

Mild to
moderate
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8.6 b-Secretase (BACE-1)

BACE-1, a transmembrane aspartyl protease, promotes sequential proteolytic cleav-
age of APP and thereby formation of Aβ peptide in neurons. Hence, BACE-1 is the
new intervention for AD therapy (Roberds et al. 2001). Scientific investigation on
BACE-1 inhibitors is considered as a potential therapeutic approach to minimize Aβ
fibril concentrations in the brain of AD patients (Guo and Hobbs 2006; Salloway
et al. 2008; Vassar 2004; McArdle and Quinn 2007).

Fig. 8.1 Mechanism of toxic amyloid-β formation leading to cognitive impairment in AD (adopted
and modified from Eric and Bard 2016)
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8.7 Medicinal Plants with BACE-1 Inhibitory Effect

Notwithstanding the obvious away from of medication revelation from therapeutic
plants, future undertakings face numerous difficulties. Researchers should primarily
focus on natural sources for the development of medication or adjuvant therapy to
ease AD patient agony (Fenical and Jensen 2006). Raw crude drugs, extract, and
lead molecules serve an indispensable role to treat neurological illness either as
standard or adjuvant based on their ethnopharmacological aspects (Philomena
2011). Natural products not only act synergistically but also enhance the activity
of other analogs and reduce the toxicity. Various alternative systems of medicine
documented the usefulness of numerous plants to treat neurological disorders
associated with cognitive dysfunctions (Perry et al. 1999; Vaidya 1997) (Table 8.3).

8.8 Phytoconstituetns with BACE-1 Inhibitory Activity

8.8.1 Phenyl Propanoids

Phenyl propanoids are a widely distributed plant secondary metabolite derived from
the precursor amino acid phenylalanine. It has been observed that they inhibit protein
aggregation in a nonstoichiometric fashion (Feng and Shoichet 2006; Coan et al.
2009). Sebesteniods A–D (Fig. 8.2 (i)), isolated from Cordia sebestena, showed
potent BACE-1 inhibitory activity in vitro (Dai et al. 2010). These findings
postulated sebestenoids as possible future drug candidate for AD (Eglen 2002;
Gunasekera et al. 2010).

8.8.2 Flavonoid Derivatives

Flavonoids, found in a variety of edible plants, showed significant BACE-
1inbhibitory activity in vitro along with their antioxidant activity (Youdim et al.
2004; Ross and Kasum 2002; Commenges et al. 2000). Antioxidant potentiality of
flavonoids reportedly inhibits Aβ oligomerization. Myricetin (Fig. 8.2 (ii)), an
isolated flavonoid, showed protective activity against Aβ fibrils in vitro (Shimmyo
et al. 2008). Morus lhou stem bark extract and isolated compounds, viz.,
norartocarpetin, kuwanon C, morusin, kuwanon A, morusinol, cyclomorusin, and
neocyclomorusin (Fig. 8.2 (iii–vii)), exhibited significant BACE-1 inhibitory activ-
ity in vitro (Ono et al. 2003; Jeong et al. 2009; Kang et al. 2004).

8.8.3 Napthoquinone Derivatives

Hsp90, a 1,4-napthoquinone derivative, has shown BACE-1 inhibitory activity
in vitro (Muto et al. 1987). Hsp90 augmented α-secretase activity and thus increased
α-APP formation (Tauraite et al. 2009; Montenegro et al. 2010). Resveratrol

168 A. Bhattacharjee et al.



Ta
b
le

8.
3

P
ot
en
tia
l
ph

yt
oe
xt
ra
ct
s
an
d
th
ei
r
de
ri
va
tiv

es
to

en
co
un

te
r
A
D
(a
do

pt
ed

an
d
m
od

ifi
ed

fr
om

A
bd

ul
et
al
.2

01
8)

P
la
nt

na
m
e

E
xt
ra
ct

E
xt
ra
ct
ed

co
m
po

un
d(
s)

S
tr
uc
tu
re

M
ec
ha
ni
sm

of
ac
tio

n
P
ha
rm

ac
ol
og

ic
al

st
ud

y
R
ef
er
en
ce
s

So
ph

or
a
fl
av
es
ce
ns

C
hl
or
of
or
m

ex
tr
ac
t
of

ro
ot

L
av
an
du

ly
l
fl
av
an
on

es
(S
ap
ho

ra
fl
av
on

es
)

O
H

C
H
3

C
H
2

C
H
3

C
H
3

O

O
H

O
H

O
O
H

B
A
C
E
-1

in
hi
bi
to
ry

ac
tiv

ity

In
vi
tr
o

H
w
an
g

et
al
.

(2
00

8)

F
ru
ct
us

ga
rd
en
ia
e

M
et
ha
no

l
ex
tr
ac
t
of

w
ho

le
pl
an
t

G
en
ip
os
id
e

O

O
H

O
H

O

O

O
H

O
H

O
H

O
O C
H
3

H
H H

A
C
hE

in
hi
bi
to
r

In
vi
tr
o

N
am

an
d

L
ee

(2
01

3)

P
ae
on

ia
la
ct
ifl
or
a

E
th
an
ol
ex
tr
ac
t

of
se
ed
s

R
es
ve
ra
tr
ol

ol
ig
om

er
O
H

O
H

O
H

B
A
C
E
-1

in
hi
bi
to
ry

ac
tiv

ity

In
vi
tr
o

C
ho

ie
t
al
.

(2
01

1)

P
so
ra
le
a
co
ry
lif
ol
ia

M
et
ha
no

l
ex
tr
ac
t
of

se
ed
s

Is
ofl

av
on

es

OO
B
A
C
E
-1

in
hi
bi
to
ry

ac
tiv

ity

In
vi
tr
o

C
ho

ie
t
al
.

(2
00

8a
,b

)

C
or
di
a
se
be
st
en
a

E
th
an
ol
ex
tr
ac
t

of
fr
ui
t

S
eb
es
te
no

id
s

O
O

H

R
1

R
2

O

O

O
H

O
H

O
H

O

O

O

O
M
e

O
H

O
H

3
=
ZR

1
=
O
H

R
2
=
H

3
=
ER

1
=
H

R
2
=
O
H

A
sp
ar
tic

pr
ot
ea
se

in
hi
bi
to
r

In
vi
tr
o

D
ai
et
al
.

(2
01

0)

(c
on

tin
ue
d)

8 Plant-Based b-Secretase (BACE-1) Inhibitors: A Mechanistic Approach to. . . 169



Ta
b
le

8.
3

(c
on

tin
ue
d)

P
la
nt

na
m
e

E
xt
ra
ct

E
xt
ra
ct
ed

co
m
po

un
d(
s)

S
tr
uc
tu
re

M
ec
ha
ni
sm

of
ac
tio

n
P
ha
rm

ac
ol
og

ic
al

st
ud

y
R
ef
er
en
ce
s

P
er
ill
a
fr
ut
es
ce
ns

va
r.

ac
ut
a

M
et
ha
no

l
ex
tr
ac
t
of

le
av
es

L
ut
eo
lin

an
d
ro
sm

ar
in
ic
ac
id

O
H

O
O
H

O

C
H
3

C
H
3

L
ut
eo
lin

O

O

O
H

O
H

O
H

O
O
H

O
H

R
os
m
ar
in
ic
ac
id

B
A
C
E
-1

in
hi
bi
to
ry

ac
tiv

ity

In
vi
tr
o

C
ho

ie
t
al
.

(2
00

8a
,b

)

Sm
ila

x
ch
in
a

L
.(
S
m
ila
x
R
hi
zo
m
a)

M
et
ha
no

l
ex
tr
ac
t
of

rh
iz
om

es

T
ra
ns
�/

ci
s-
re
sv
er
at
ro
l
m
ix
tu
re
,

ox
yr
es
ve
ra
tr
ol
,v

er
ap
he
no

l,
an
d

ci
s-
sc
ir
pu

si
n
A

O
H

O
H

O
H

O
H

O
xy

re
sv
er
at
ro
l

O

O
H

O
H

O
H V
er
ap
he
no

l

O

O
H

O
H

O
H

O
H

O
H

O
H S
ci
rp
us
in

A

B
A
C
E
-1

in
hi
bi
to
ry

ac
tiv

ity

In
vi
tr
o

Je
on

a
et
al
.

(2
00

7)

Sa
ng

ui
so
rb
a

of
fi
ci
na

lis
L
.(
S
an
gu

is
or
ba
e

ra
di
x)

M
et
ha
no

l
ex
tr
ac
to

f
ro
ot
s

1,
2,
3-
tr
ig
al
lo
yl
-4
,6
-

he
xa
hy

dr
ox

yd
ip
he
no

yl
-β
-D
-

gl
uc
op

yr
an
os
id
e
an
d
1,
2,
3,
4,
6-

pe
nt
ag
al
lo
yl
-β
-D
-g
lu
co
py

ra
no

si
de

O
O

O
O

O O

O
H

O
H

O
H

O
H

O
H

O
H

OO

O
O

O

O
H

O
H

O
H

O
H

O
H

O
H

O
H

O
H

O
H

H

H

B
A
C
E
-1

in
hi
bi
to
ry

ac
tiv

ity

In
vi
tr
o

L
ee

et
al
.

(2
00

5)

170 A. Bhattacharjee et al.



oligomers (Fig. 8.2 (viii)) isolated from the seed extract of Paeonia lactiflora was
experimented successfully as a biomarker to encounter AD (Hadden et al. 2009).
Vitisin A and B (Fig. 8.2 (ix–x)) are reported to decline Aβ-induced oxidative stress
in PC12 cell lines and considered as promising candidates for new BACE-1 inhibitor
(Ko et al. 2005).

Sebestenoids (i) Myricetin (ii) Norartocarpetin (iii) Kuwanon  C (iv)

Morusin (v) Cyclomorusin (vi) Neocyclomorusin (vii) Resveratrol (viii)

Vitisin A (ix) Vitisin B (x) Aloveroside A (xi) Elgnica Dimer  A (xii)

Coumaroyl  aloenin

(xiii)

Aloenin (xiv)

O

O

OH

O

OH OH

OH

R
1

R
2

CH3

O

CH3

OH

OH

7,8 = ZR1 = OH, R2 = H

7,8 = ER1 = H, R2 = OH

Fig. 8.2 Structure of various potential phytoconstituents to encounter AD
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8.8.4 Glycoside Derivatives

Nine glycosides were isolated with bioassay-guided fractionation techniques, and
structural characterization ascertain them as aloveroside A, elgnica dimer A, elgnica
dimer B, p-coumaroyl aloenin, and aloenin (Fig. 8.2 (xi-xiv)). BACE-1 inhibitory
activity was assessed using a fluorescence resonance energy transfer (FRET) peptide
cleavage assay. Among them coumaroyl aloenin showed the most potent inhibitory
activity with IC50 (68.3 μg/mL) (Speranza et al. 1986; Hyun et al. 1997; Jung et al.
2010).

8.9 Conclusion

Despite recent advancement in targeted therapy, most of AD drugs fail in clinical
trials due to bioavailability issues and inability to cross the BBB (Ansari and Fariba
2013). In this context BACE-1 inhibitors may be a drug of choice for the researchers.
BACE-1 inhibitors prevent amyloid fibril formation and thereby may prevent mal-
function of synapses. In conclusion, plant-based BACE-1 inhibitors can be consid-
ered as potent therapeutic alternative due to their less side effects and better
affordability.
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Bioactive Compounds of Mangroves
as Potent Drug and in Nanoparticle
Synthesis: Play a Pivotal Role in Combating
Human Pathogens

9

Sunayana Saha, Soumaryya Bhattacharyya, Mausumi Sikdar (nee
Bhakta), and Rabindranath Bhattachryya

Abstract

Plants like mangroves house a large volume of bioactive compounds, as they
thrive in challenging environments. Various interesting literatures are there
stating successful exploration of these bioactive compounds as antimicrobials
or as traditional medicines against various common diseases used by the locals. In
this report, the use of mangrove plants as traditional medicines is discussed in a
systematic and detailed way. A glimpse of the validation of antimicrobial potency
of two common mangrove plant extracts of Avicennia spp. against the most
predominant uropathogen of eastern India, Escherichia coli, is discussed in this
report. Mangrove plant extract reduced silver nanoparticles can be a promising
option for alternative drug and are discussed. Their efficacy as antimicrobials and
their characterization were also investigated. Extracts of leaves of two selected
mangrove plants, Avicennia alba and Avicennia marina, were assayed for anti-
microbial efficacy. The silver nanoparticles (AgNP) synthesized using these two
mangrove leaf extracts were characterized by UV-Vis spectrophotometer, Fourier
transform infrared spectroscopy, zeta potential technology, transmission electron
microscopy, and scanning electron microscopy. Application of AgNP as antimi-
crobial agents was also explored. Synergistic effect with common broad-
spectrum antibiotic and cytotoxicity of the green synthesized silver nanoparticles
were also evaluated in this report. The antibacterial activity of both the mangrove-
synthesized AgNP and their synergistic effect with some common antibiotics
exhibited significant and varying amount of antibacterial potentialities against the
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test pathogen. This study can be beneficial in the formulation of alternate drug
and drug modifications for combating various human pathogens.

Keywords

Bioactivity · Antimicrobial activity · Green synthesized silver nanoparticles ·
Nanoparticle characterization · Cytotoxicity · Synergistic effect

9.1 Introduction

9.1.1 Urinary Tract Infection (UTI)

The ever-rising development of microbial resistance to a large number of common
antibiotics is the major cause of global health hazards. Currently, infectious
pathogens are mostly resistant to numerous antibiotics, and this challenges the
capacity of the antibiotics to arrest infections efficiently (Tseng et al. 2008; Haider
et al. 2010; Sood and Gupta 2012). UTI, either nosocomial infections or community-
acquired infections, is one of the most common infections encountered. About
150 million patients per annum are evaluated to be suffering from UTI, worldwide.
UTI incidences are reported to rise up to 75% in the female population by the age of
24, and 15–25% of this group are described to suffer from a recurrence of this
disease (Foxman 2002; Hunstad and Justice 2010; Pouwels et al. 2012; Mukherjee
et al. 2013). ARESC (Antimicrobial Resistance Epidemiological Survey on Cysti-
tis), a global survey on antimicrobial resistance of uropathogens, validated that
E. coli exhibited high resistance to sulfonamide, SXT (sulfamethoxazole—double-
strength trimethoprim), ciprofloxacin, and fluoroquinolone in nine European
countries and in Brazil (Schito et al. 2009). SXT resistance developed among
uropathogens appears wide-ranging in the United States, and it appears to be
probable that SXT, in due course, will need to be substituted by alternative therapies
(Gupta et al. 2001). Regardless of the circumstance that UTI is the third most
common infection found in our country, only a few fragmented studies on UTI in
India have been reported (Akram et al. 2007; Kothari and Sagar 2008; Hussain et al.
2012; Prakash and Saxena 2013). In eastern India, UTI is a common infection
reported among all ages from newborns to aged persons. However, concrete studies
on UTI and the antimicrobial resistance pattern in eastern India are still continuing.
There exist extensive discussions on selection of antibiotics in empirical treatment
attributable to the deficiency of elaborate and authenticate guidelines. Information
and awareness of the etiology and antibiotic susceptibility pattern of the causative
agents of UTI is utterly crucial. In the international plus national background, the use
of antibiotics in the empirical treatment of UTI pathogens has been considered as the
most probable origin for the appearance and emergence of antibiotic resistance
among several classes of bacterial pathogens. Even though clinically empirical,
antibiotic treatment against uropathogens is conventional, and bacteria are evolving
resistance to antibiotics quicker than the advances in new groups of antibiotics.
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Frequently, clinical practitioners advise broad-spectrum antibiotics in its place of a
precise antibiotic in the course of empirical treatment, to avoid the difficulties in
treating resistance of the pathogens against the particular choice of drug. Antibiotic
exploitation and patients who are noncompliant or who fail to finish the course of
antibiotic treatment also effect to a surge of antibiotic-resistant bacteria (Saha et al.
2014).

Incidences of UTI occurred typically among female population aged between
2 and 13 years, and about seven million acute uncomplicated infections are reported
to occur per annum among young women exclusively in the United States
(Schappert 1992).

Catheter-associated UTI comprise 40% incidences among all hospital-acquired
infections. This is the most common category of opportunistic nosocomial infection.
UTI infections are a main pool for grouping and spreading of multidrug-resistant
pathogenic strains (Kunin and Kunin 1997; Gupta and Stamm 1999).

Studies from various parts of India and several other countries have described that
the most predominant uropathogen is E. coli, followed by Klebsiella spp. (denHeijer
et al. 2012; Mukherjee et al. 2013; Prakash and Saxena 2013; Renuart et al. 2013).
ESbL (extended spectrum β-lactamase)-producing organisms triggering a major
surge in infection epidemics have been indicated from every continent globally.
ESbL-producing pathogens frequently display resistance factors to numerous antibi-
otic groups like aminoglycoside and fluoroquinolones, which limit the range of
effective antibiotics (Akram et al. 2007; Mukherjee et al. 2013). The frequency of
ESbL-producing strains among clinical Klebsiella isolates has been gradually rising
over current years and estimates for 6–17% of all nosocomial UTI incidences (Subha
and Ananthan 2002; Hussain et al. 2012).

9.1.2 Mangroves and Weeds

Mangroves are the ecosystems situated between land and sea enclosing almost 18.1
million hectares of the globe (de Souza Sebastianes et al. 2013). Mangrove vegeta-
tion comprises almost 70 species from 20 different angiosperm families (Duke et al.
1998). Mangroves are considered among the most productive ecosystems on the
earth as they serve as custodians of their juvenile stock and form most valuable
biomass (Singh et al. 2014). Mangroves are an ecological group of halophytic plant
species that grow in saline coastal sediment habitats in the tropics and subtropics and
act as the salt-tolerant forest ecosystem supporting the ecology, economy, and
ecosystem of the area (Singh et al. 2014). Mangroves are reported to dominate
three-quarters of tropical coastlines.

India has a long coastline of approximately 7516.6 km which also includes the
island territories which has the fourth largest mangrove area in the world covering an
area of about 6749 km2 (Naskar and Mandal 1999). These mangrove habitats
(69–89.5�E longitude and 7–23�N latitude) is made up of three distinct zones: east
coast habitats with a coastline of about 2700 km, facing the Bay of Bengal; west
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coast habitats with a coastline of about 3000 km, facing the Arabian Sea; and Island
Territories comprising about 1816.6 km coastline (Singh et al. 2014).

Plants are known to tolerate a number of biotic and abiotic stresses (Dey and
Corina Vlot 2015; Gupta et al. 2013). Stress signals modulate the secondary
metabolites in plant cells (Ramakrishna and Ravishankar 2011) by changing the
metabolic signaling and regulatory networks (Krasensky and Jonak 2012). Nitric
oxide (NO) modulation (Liu et al. 2015) and reactive oxygen species homeostasis
(Miller et al. 2010) play crucial roles in various stresses which might contribute to
the secondary metabolite composition in plants. Mangroves exposed to high salt,
flood, high temperature, and irradiance are always exposed to stress which might
contribute to its diverse and novel secondary metabolite composition as well as
increased bioactivity. Endophytic fungi associated with mangroves similarly may
show unique chemical composition with enhanced bioactivity of their crude extracts
or isolated compounds. Mangroves are considered as the botanical amphibians
occupying a zone of desiccating heat, choking mud, and elevated salt levels (http://
ngm.nationalgeographic.com/2007/02/mangroves/warne-text). Antinociceptive, anti-
inflammatory, and antipyretic activities have also been exhibited by many mangrove
plants (Shilpi et al. 2012).

Indian mangroves form Goa such as Rhizophora mucronata, Sonneratia alba,
and Excoecaria agallocha were reported for possessing antibacterial activity against
human pathogens such as Staphylococcus aureus, Streptococcus sp., Salmonella
typhi, Proteus vulgaris, and Proteus mirabilis (Sahoo et al. 2012). Avicennia
marina, A. officinalis, Bruguiera sexangula, Excoecaria agallocha, Lumnitzera
racemosa, and Rhizophora apiculata were evaluated against antibiotic-resistant
pathogenic bacteria (Abeysinghe 2010). Suaeda maritima, another mangrove from
Bhitarkanika, India, was investigated for in vitro antioxidant and antimicrobial
activities (Patra et al. 2011). Furthermore, the mangrove plant extracts were found
to possess great antioxidative ability and potent antibacterial ability against seven
foodborne pathogens (Suganthy et al. 2009).

Sonneratia alba (Saad et al. 2012), Sonneratia caseolaris (Yompakdee et al.
2012), Lumnitzera littorea (Saad et al. 2012), Heritiera fomes (Wangensteen et al.
2009), etc. are among the other mangroves reported from various parts of the world
for possessing antimicrobial potential. Mangrove plant Avicennia marina-
synthesized abietane diterpenoids with cytotoxic and antimicrobial activities (Han
et al. 2008). Phytochemical evaluation of mangroves has been done in Bruguiera
gymnorrhiza for bruguierols A–C (Han et al. 2005), Avicennia marina for
naphthoquinone derivatives (Han et al. 2008), Derris indica for flavonoids
(Koysomboon et al. 2006), etc., some of which showed profound bioactivity.

Another current research area involves the antimicrobial potential of some endo-
phytic fungi occurring in mangrove plants especially from the foliage because of the
greater and well-known potential of foliar extracts against human pathogens
(Bhimba et al. 2012). Natural microbial and fungal consortium of mangrove has
been reported for antimicrobial potential (Liu et al. 2007). Hypocrea lixii VB1 from
the foliar extracts of Rhizophora mucronata, Avicennia officinalis, and Avicennia
marina were reported for anticancer activity against Hep2 and MCF7 cell line
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in vitro as well as for having significant biocidal properties (Bhimba et al. 2012).
Mangrove endophytic fungus Nigrospora sp. from China produced
4-deoxybostrycin, a natural anthraquinone with potent antimycobacterial activity
(Wang et al. 2013). Aniquinazolines A–D, four new quinazolinone alkaloids, and
4-phenyl-3,4-dihydroquinolone derivatives were isolated from Aspergillu nidulans
MA-143, an endophytic fungus of the mangrove plant Rhizophora stylosa which
was tested for antibacterial and cytotoxic activities (An et al. 2013). Flavodonfuran,
a new difuranylmethane derivative, was isolated from the mangrove endophytic
fungus Flavodon flavus PSU-MA201 which was tested for antibacterial and antifun-
gal activities (Klaiklay et al. 2013). Mangrove-derived fungus Xylaria cubensis
PSU-MA34 yielded xylacinic acids A (1) and B (2) and other compounds
investigated for cytotoxicity against KB cells and antibacterial activity against
drug-resistant bacteria (Klaiklay et al. 2012). An endophytic Streptomyces
sp. HKI0595 isolated from the mangrove plant Kandelia candel produced
Kandenols A–E (eudesmenes) active against bacteria Bacillus subtilis ATCC 6633
and Mycobacterium vaccae IMET 10670 (Ding et al. 2012). The antibacterial
compound 3-hydroxypropionic acid was isolated from mangrove endophytic fungi
Diaporthe phaseolorum (de Souza Sebastianes et al. 2013). Another mangrove plant
Scyphiphora hydrophyllacea-derived endophytic fungus A1 produced
monoterpenes and a new fatty acid glucoside known to be active against Staphylo-
coccus aureus and methicillin-resistant S. aureus (Zeng et al. 2012; Mei et al. 2012).
The marine semi-mangrove plant Pongamia pinnata-derived Nigrospora sp. MA75
produced diverse secondary metabolites in culture media showing activity against
cancer cell lines (Shang et al. 2012). Antimycobacterial activity of fusaric acid from
a mangrove fungal endophyte Fusarium sp. was reported against M. tuberculosis
H37Rv strain with an MIC of 10 μg/mL (Pan et al. 2011). A mangrove-derived
endophytic Streptomyces albidoflavus produced antimycin A18 (Yan et al. 2010).
Eremophilane sesquiterpenes from the mangrove endophytic fungus Xylaria
sp. BL321 was reported for α-glucosidase inhibitory activity (Song et al. 2012).
Nigerapyrones A–H, α-pyrone derivatives, were also isolated from marine
mangrove-derived endophytic fungus Aspergillus niger MA-132 (Liu et al. 2011).
Meroterpenoid and diphenyl ether derivatives were isolated from Penicillium
sp. MA-37, a fungus from marine mangrove rhizospheric soil, and were evaluated
for brine shrimp lethality and antibacterial activity (Zhang et al. 2012). Mangrove
rhizosphere soil-derived fungus Aspergillus effuses H1-1 produced diketopiperazine
alkaloids with potent activity against P388 cells and also exhibited selectivity against
topoisomerase I (Gao et al. 2012).

Leaf extracts of Biophytum sensitivum in different solvents were studied for their
antibacterial activity against several human pathogenic bacteria (Battu and Kumar
2012), and their activity is quite comparable with that of standard antibiotics.

The antimicrobial activities of medicinal plants are imparted by the active anti-
oxidant components of those plants. Some reports are being published on the
determination of the antioxidant activity of medicinal plants. Aerva lanata leaves
showed high antioxidant content through various antioxidant evaluation studies like
superoxide radical scavenging activity, hydroxyl radical scavenging activity, DPPH
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radical activity, etc. (Tsanova-Savova et al. 2018). Antioxidant content and antimi-
crobial properties are shown by Asparagus racemosus, Ocimum sanctum, Cassia
fistula, Piper betel, Citrus aurantifolia, Catharanthus roseus, and Polyalthia
longifolia (Kumar and Arunachalam 2009).

9.1.3 Nanotechnology and Nanoparticles

Currently, nanotechnology is projected to be the basis of several vital and innovative
technologies, and exploration of this field is increasing rapidly universally. Matter at
the nanometer scale (typically less than 100 nm) possesses novel and unique
properties than their macro counterparts (Bar et al. 2009). Metal nanoparticles
have been of immense interest due to their unique characteristics such as biotic,
optical, and magnetic behaviors (Rassaei et al. 2008). This characteristic gives rise to
an interdisciplinary field, nanobiotechnology, which is growing rapidly recently.

9.1.3.1 Overview
A nanoparticle is defined as particles with a dimension of less than 100 nm, and even
the nanoparticles might have zero level sizes in materials like quantum dots (QD).
Nanoparticles are classified based on its size and shape. Coarse particle sizes are in
the range of 2500 nm and more. Fine nanoparticles range between 100 and 2500 nm,
and the fine-sized nanoparticles are between 1 and 100 nm. Nanoparticles show a
size-dependent nature that differs significantly from smaller fine particles to bulk
particles (Buzea et al. 2007).

Nanoparticles show unique properties compared with bulk materials, and this
kind of innovative characteristic features results from variation in specific features
reminiscent of size, distribution, and shape. Nanoparticles have a higher surface-
area-to-volume ratio, - this special features like specific surface area is pertinent to
catalytic activity and other properties such as antibacterial and antifungal activity
like antimicrobial activity exhibited by silver nanoparticles (AgNPs). The
applications of nanoparticles are also important in the area of functional
nanostructures, combined materials, biological organization, and environment.

Nanoparticles can be synthesized using both chemical agents and biological
agents. But use of biological agents for preparing nanoparticles is advantageous as
biological methods are free of pollution. Biological agents used as sole reducing
agent for preparing nanoparticles are much cost-effective than regular chemical
means of synthesis. Nanoparticles synthesized by biological means are so aptly
known as green synthesized nanoparticles.

9.1.3.2 Characterization
Characterization of the nanoparticle is an important process in understanding the
synthesis and applications in specific fields. Characterization is carried out by using
different techniques, mainly obtained from materials science. Reports exist which
defined ultraviolet- visible (UV-Vis) spectroscopy, atomic force microscopy (AFM),
dynamic light scattering (DLS), electron microscopy methods such as scanning
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electron microscopy (SEM) and transmission electron microscopy (TEM), X-ray
photoelectron spectroscopy, Fourier transform infrared spectroscopy (FTIR), X-ray
diffraction (XRD) and nuclear magnetic resonance (NMR) spectroscopy, and
matrix-assisted laser desorption/ionization time-of-flight mass spectrometry as the
most frequently performed tests for characterization (Taylor et al. 2013).

9.1.3.3 Cytotoxicity
Most of the nanoparticles present potential dangers, both medically and environ-
mentally (Mnyusiwalla et al. 2003), because nanoparticles have a high surface-to-
volume ratio, which can make them extremely reactive or catalytic. They also
possess the ability to pass through the cell membranes of microorganisms, and
their interactions with biological systems are unidentified. A current study on the
effects of ZnO nanoparticles on the human immune cells was observed to have
varying levels of susceptibility to cytotoxicity (Hanley et al. 2009). In the present
scenario, the pharmaceutical companies, looking for regulatory approval for nano-
formulations of existing medicines, are depending on safety and clinical data
produced during clinical studies of earlier, pre-reformulation description of the
medicine. The result of the nano-reformulation of the drug may lead to change the
norms in regulatory bodies, such as FDA, and they missing the analysis of specific
side effects (Vines and Faunce 2009).

9.1.3.4 Application of Nanoparticles
Nanoparticles have found applications in various field ranging from electronics and
communications, to optics, chemistry, energy, and, of course, biology. But, its
application in medical science is increasing every day significantly from drug
delivery, to drug development, imaging (McAteer et al. 2008), diagnosis (Agarwal
et al. 2007), etc.

9.2 Materials and Methods

9.2.1 Plant Material and Extract Preparation

Fresh leaves of A. alba and A. marina were collected from Sundarban parts of West
Bengal, India. The leaves were cleaned and washed in tap water and dried in shade
for 3 weeks. Dried leaves were weighed and crushed in motorized grinder and stored
in an airtight container and maintained at 4 �C for further use. Dried plant dust were
weighed and mixed individually with excess ethanol. The mixture was kept in an
incubator shaker at 35 �C in continuous shaking for 24 h. After 24 h the mixture was
filtered through Whatman filter paper, and the filtrate was allowed to evaporate in a
rotary evaporator under reduced pressure to concentrate the plant extract (Trifunschi
et al. 2015) to a final concentration of 100 mg plant dust/mL of ethanol. The extract
were stored at 4 �C to prevent any degradation.
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9.2.2 Synthesis of Silver Nanoparticle

In different volumes of 1 mM aqueous AgNO3 solution, 5 mL of A. alba plant leaf
extract and 3 mL of A. marina plant leaf extract were individually added to make a
final volume of 10 mL. The resulting solution was heated at 70 �C for 30 min for
complete formation of nanoparticles (Emeka et al. 2014). The formations of
nanoparticles were confirmed by the characteristic peak of Ag in a UV-Vis
spectroscopy.

9.2.3 Characterization

The reduction of Ag+ to Ag0 and thus formation of green synthesized silver
nanoparticles were monitored and confirmed by scanning from 300 to 700 nm in
UV-Vis spectrophotometer. The functional groups responsible for the bioreduction
were detected by FTIR analysis. The FTIR analysis was carried out between 4000
and 400 cm�1 to identify the probable biomolecules of A. alba and A. marina
mangrove extracts responsible for capping and stabilizing the synthesized silver
nanoparticles. XRD analysis was done to study the 3D structure of the synthesized
nanoparticles. The quantitative measures of the samples, like the size of the
synthesized nanoparticles, were investigated by transmission electron microscopy
(TEM). Scanning electron microscopy (SEM) analysis was also done to obtain
surface information and shape of the green synthesized nanoparticles.

9.2.4 Test Organisms

The most common drug-resistant uropathogens of West Bengal, Escherichia coli,
was selected as the test organisms. The clinical isolates from urinary tract-infected
patients were collected from a tertiary hospital, Kolkata. Working cultures were
prepared by adding fresh sterile nutrient broth on pre-cultured stabs of the test
pathogens. Proper care was taken, to conserve the generation number of the patho-
genic strains and diminish loss of antibiotic resistance factors.

9.2.5 Antibacterial Potentialities

The antibacterial screening of the green synthesized silver nanoparticles (AgNPs)
was carried out against the epidemiologically studied most prevalent antibiotic-
resistant human pathogens, E. coli. The pathogen was isolated from urinary tract-
infected patients admitted in a tertiary care hospital and cultured overnight in sterile
nutrient broth. The following day the 24 h young cultures were washed, and the cells
were resuspended in freshly prepared sterile nutrient broth. The optical density of
this broth was adjusted to 0.1 at 600 nm corresponding to 108 cfu/mL of the test
organisms (Pal et al. 2007). 1 mL of the prepared broth, i.e., broth containing 108cfu,
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and 1 mL of the individual nanoparticles are added to 8 mL of fresh nutrient broth.
Absorbances were noted immediately at 0 h and incubated at 37 �C for 24 h. The
following day absorbance is taken at 600 nm to check the turbidity of the cells.

9.2.6 Hemolytic Assay

Prior to the antimicrobial assay, the toxicity level in RBC cells are demonstrated in
this assay by study of hemocompatibility using standard protocol. In brief, blood
was collected from 6-week-old male BALB/c mice in a heparinized tube, and red
blood cells (RBC) were obtained by centrifugation at 1500 � g for 5 min in 4 �C.
The collected RBC pellet was diluted in 20 mM PBS-buffered saline (pH 7.4) to
make a 5% (v/v) solution. The RBC suspension was added to PBS-buffered saline
(�ve control) and 0.1% Triton X-100 (+ve control) and incubated with different
concentrations of hydrogel containing silver nanoparticles for 1 h at 37 �C. After
centrifugation at 12,000 rpm at 4 �C, the supernatants were transferred to a 96-well
plate. Hemolytic activity was determined by measuring the absorption at 570 nm.
Control samples of 0% lysis (in PBS buffer) and 100% lysis (in 0.1% Triton X-100)
were employed in the experiment. All assays were performed in triplicate. Hemolytic
effect of each treatment was expressed as percent cell lysis relative to the +ve control
cells (% control) using the following formula: [(Abs570 of samples)/(Abs570 of (+)
ve control cells)] � 100, where absorbance is abbreviated as Abs.

9.2.7 Antibacterial Activity of AgNPs and Antibiotics

After trail with many resistant drugs, ofloxacin, a common broad-spectrum antibi-
otic, was chosen for this study to investigate the efficacy of green synthesized AgNP.
The test organisms showed complete resistance against this drug, ofloxacin. The
AgNPs (0.48 μg/mL) and the antibiotics (5 μg/mL) were mixed. A bacterial growth
curve study was plotted in which four experimental setups were designed. In the first
experimental setup, E.coli was grown in Mueller Hinton Broth (MHB), the second
setup contained E.coli grown in MHB along with a standard antibiotic (oflaxacin), in
the third setup, E.coli was grown in MHB with green synthesized silver
nanoparticles, and in the fourth setup, E.coli was grown in the presence of both
the oflaxacin and nanoparticles, to investigate their synergistic effect. The absor-
bance was measured for 600 min at 600 nm.
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9.3 Results and Discussion

9.3.1 Nanoparticle Characterization

The synthesized silver nanoparticle using mangrove leaf extract was observed to be
dark brown to reddish-brown color in aqueous solution as there is excitation and
changes in electronic energy levels by the reduction of Ag+ into Ag0 (Dare et al.
2012). The reddish color formation of the nanoparticles was observed after comple-
tion of the chemical reduction of AgNO3. AgNP synthesized from both the man-
grove leaf extracts showed characteristic plasmon band appearing around 420 nm
(Fig. 9.1), confirming the formation of nanoparticles. The FTIR analysis of the
A. alba-synthesized nanoparticle sample shows peaks at 3796.24, 3723.82,
3443.41, 2956.97, 2879.73, 2406.98, 2314.25, 1629.85, 1383.07, 1070.55,
562.71, and 466.13 cm�1 (Fig. 9.2). The band at 3796.24, 3723.82, and 3443.41,
cm�1 is assigned to the O–H stretching of H-bonded alcohols and phenols. The band
at 2956.97 and 2879.73 cm�1 is attributed to O–H stretching of carboxylic acids.
The peak value at 1629.85 cm�1 corresponds to N-H bonded primary amines. The
peak at 2956.97 and 2879.73 cm �1 corresponds to C-H stretching meant for
carboxylic acids. The peak at 1383.07 cm�1 corresponds to C-N stretching of the
aromatic amine group, and the bands observed in 1070.55 cm�1 corresponds to C-N
stretching of carboxylic acids, ethers, and esters. The peak at 562.71 cm�1

corresponds to C-H stretching of the alkene group. These investigations indicate
the presence of some proteins and secondary metabolites of A. alba such as alkaloids
and terpenoids having functional groups of alcohols, ketones, aldehydes, and car-
boxylic acids on the surface of the silver nanoparticles. These observations signify
the term green synthesized silver nanoparticles.

Like A. alba leaf extract, the sample synthesized by A. marina leaf extract showed
peaks at different wave numbers which corresponds to H-bonded alcohols and
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Fig. 9.1 UV-Vis spectroscopy study of green synthesized AgNP by A. alba. Peak around 420 nm
(blue shift) confirms reduction of AgNO3 to AgNP with particle size lesser than the reactants. The
ethanolic extracts of A. alba have reacted with 1 mM AgNO3 to produce silver nanoparticles.
Standard used is chemically reduced 1 mM AgNO3 by sodium borohydride (NaBH4)
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phenols, N–H bonding of primary amines, and C-N stretching of the aromatic amine
group again indicating the presence of some proteins, terpenoids, and alkaloids
present on the surface of the silver nanoparticles. The investigation of FTIR studies
confirmed that the carbonyl group from the amino acid residues and proteins has the
strong ability to bend metallic part of the AgNP, demonstrating that the proteins
could possibly play an important role in capping of silver nanoparticles. The studies
further indicated the role of plant secondary metabolites in avoidance of agglomera-
tion and thereby become constant in the medium. In a nutshell, the FTIR studies also
indicate that the biomolecules could possibly achieve functions of creation, stabili-
zation, and antibacterial activities of silver nanoparticles.

The zeta potential value of nanoparticles synthesized using A. alba plant extract
was computed to be –27.23 � 0.32.

The profile, size, and morphology of the synthesized silver nanoparticles were
revealed with the help of transmission electron microscopy. The TEM images
established the green synthesis of silver nanoparticles. Nanoparticles synthesized
from different mangroves leaf produced different TEM images. The nanoparticles
synthesized using A. alba (Fig. 9.3) are homogeneous and spherical which make
them conform to the shape of SPR band in the UV-Vis spectrum with an average
diameter of 17.4 nm. The A. marina-synthesized nanoparticles show heterogeneous
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Fig. 9.2 The FTIR of AgNP synthesized from A. alba. Pure plant extract of A. alba leaves in
ethanol is used as standard. The upper graph (AAL) is the graph of A. alba-synthesized AgNP. The
graph when compared to lower graph (AA) of ethanolic extract of A. alba used as standard shows
that there is change in band size signifying involvement of secondary metabolites of A. alba extract
in bioreduction, capping, and stabilization of AgNP. Technical support: CECRI, Tamil Nadu
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Fig. 9.3 TEM image of A. alba-synthesized nanoparticles. The profile, size, and morphology of
the synthesized silver nanoparticles were revealed by 200 keV transmission electron microscopy.
The nanoparticles synthesized by A. alba are homogeneous and spherical which make them
conform to the shape of SPR band in the UV-Vis spectrum with an average diameter of 71.4 nm.
Technical support: SINP, Kolkata

Fig. 9.4 SEM image of green synthesized AgNP. The SEM images show fairly smooth and
homogenous A. alba-synthesized nanoparticles. Technical Support: IIT, KGP
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mixture of AgNP with average particle size of 86 nm. In scanning electron micros-
copy, this field of AgNP synthesized by A. alba (Fig. 9.4) clearly reveals smooth and
spherical nanoparticles.

But A. marina-synthesized AgNP showed spherical nanoparticles with irregular
contour. The size of the nanoparticles synthesized by A. marina extract was seemed
to be larger than that of the A. alba-synthesized AgNP.

9.3.2 Antibacterial Efficacy of Green Synthesized AgNP

AgNP synthesized using A. alba plant extracts showed more promising and signifi-
cant antibacterial effectiveness than AgNP synthesized by A. marina plant extracts
against pathogenic E. coli. The absorbance of the sample setup containing AgNP
synthesized using A. alba plant extracts and AgNP synthesized using A. marina
plant extract was found to be 0.31 and 0.67, respectively. The O.D. of the control
setup was noted to be 0.94.

9.3.3 Hemolytic Assay

No significant difference in hemolysis could be detected between samples and (�)
ve control after 1 h of incubation up to 1 mg/mL concentration of the nanoparticles
synthesized by A. alba. A. marina-synthesized AgNP showed high cytotoxicity. The
toxicity to RBC cells are regulated in a dose-dependent manner. The particle showed
no cytotoxic activity at 0.48 μg/mL and below this concentration. So, the
synthesized nanoparticles are completely safe against RBCs up to a concentration
of 0.48 μg/mL.

9.3.4 Synergistic Activity

We have observed the complete nontoxic activity of nanoparticles synthesized by
A. alba plant extracts at 0.48 μg/L. Therefore we have investigated a combination
study of ofloxacin with different doses along with nanoparticles (0.5 μg/L).

Interestingly, it was observed that nanoparticles of very minimum dose along
with minimum doses of antibiotics nullify the resistant pattern (Fig. 9.5). Between
the tested nanoparticles, those synthesized using A. alba plant extract produced more
significant results than those using A. marina plant extract. The killing kinetics of
nanoparticle from A. alba, ofloxacin, and their combination were examined
(Fig. 9.5) and showed an excellent synergistic effect, suggesting their combined
application to control the infection by multi-antibiotic-resistant E.coli. Synergistic
killing kinetics also performed to check the efficiency of AgNP at nontoxic dose
(0.5 μg/mL) along with highly resistant antibiotics ofloxacin. From this study it is
seen that the setup with no antimicrobials and in the presence of ofloxacin (4 μg/mL)
reached the log phase, followed by the setup with nanoparticles only. The log phase
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started after 300 min for nanoparticles only, and no growth was observed for their
combination (Fig. 9.5). This study thus indicates that antibiotics and nanoparticles in
synergy can inhibit resistant pathogens in a much effective way.

Three control setups were one with only MHB and E.coli, second with E. coli in
the presence of ofloxacin, and third with E. coli in the presence of nanoparticles. The
sample setup consisted of E. coli in the presence of ofloxacin and AgNP in synergy.
The setups were incubated overnight at 37 �C, and the bacterial growth curve was
measured. The absorbance was measured for 36 h at 600 nm.

The setup with no antimicrobials and in the presence of ofloxacin (4 μg/mL)
reached the log phase first, followed by the setup with nanoparticles only (12 h), but
no E. coli growth was observed for the conjugated nanoparticles indicating that the
conjugated nanoparticles with antibiotics in synergy can inhibit resistant pathogens
in a much more effective way.

9.4 Conclusion

From the above study, it can be concluded that as the UV-Vis spectroscopic analysis
showed formation of stable nanoparticles, the reducing power of A. alba and
A. marina, two common mangroves of Sundarbans, West Bengal, under the same
genus, is thus established. The FTIR analysis of the AgNP suggested proteins and
secondary metabolites of the mangroves which could be responsible for the
bioreduction of AgNO3 and also capping and stabilizing the reduced AgNP. The
release of Ag imparts the antimicrobial potency to the green synthesized silver
nanoparticles (Dwivedi and Gopal 2010). On characterization by TEM and SEM,
the nanoparticles showed satisfying size, morphology, and homogeneity synthesized

Fig. 9.5 Growth curve of E.coli in the presence of A. alba-synthesized AgNP, ofloxacin, and their
combination
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using A. alba plant extract, though nanoparticles synthesized using A. marina failed
to satisfy all criteria of being an ideal nanoparticle. The silver nanoparticles formed
by the reduction of AgNP with different antibiotics showed promising results,
enhancing the antibacterial activity of the antibiotics. However, further research on
the plant extracts are needed to identify the active principle of the extract to pinpoint
the reducing ability of the extracts and in turn can be helpful in drug designing. The
information obtained from the study of synergistic effect of the AgNP and antibiotics
can be employed in drug modification to augment their activity. The above men-
tioned study can throw light on alternative treatment and thus prove to be very
helpful in clinical sciences.
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Medicinal Plants: A Rich Source of Bioactive
Molecules Used in Drug Development 10
Laxmi Rathor

Abstract

Medicinal plants are a rich repository of various biologically active molecules
that have various pharmacological effects in mammals. The majority of the
world’s population (around 60–80%) still rely on the traditional medicinal
method to treat common illnesses. In addition, finding a plant-derived antioxi-
dant, which scavenges reactive oxygen species (ROS), has become a central focus
of drug development research. The increment in oxidative stress and impaired
cellular redox homeostasis due to elevated ROS lead to age-related diseases,
including type 2 diabetes, cancer, and neurodegenerative disorders. Although
drugs of plant extraction origin are available to prevent these age-related
disorders, living cells have various defense mechanisms to prevent the harmful
effects of ROS generation. Antioxidant enzymes neutralize free radicals and help
the cell to overcome stress. Phytomolecules having antioxidative properties can
help in stress modulation by scavenging ROS. This book chapter summarizes
how bioactive molecules can be utilized as a tool for screening plant extract/
bioactive molecules of natural origin and advance our understanding of molecular
mechanisms of drug action and diseases.
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Abbreviations

AD Alzheimer’s disease
C. elegans Caenorhabditis elegans
HDL High-density lipoprotein
LDL Low-density lipoprotein
MAPs Medicinal and aromatic plants
PD Parkinson’s disease
ROS Reactive oxygen species

10.1 Introduction

The reverse pharmacological consideration of conventional herbal medicine can be a
better alternative and intelligent choice to systematically develop new, safer drugs
(Patwardhan and Mashelkar 2009; Yuan et al. 2016). Since ancient times, medicinal
and aromatic plants (MAPs) have been used as medicine. Medicinal herbs are a rich
reservoir of huge bioactive molecules that are synthesized as “sidetracks” of the
primary metabolism of crops (Petrovska 2012; Yuan et al. 2016). The majority of the
world’s population still relies on the traditional herbal medicine system for their
primary health needs (Ekor 2014; Oyebode et al. 2016). There were more than
100 herbal prescriptions at the clinical stage (Atanasov et al. 2015; Chugh et al.
2018). More understanding of the side effects of synthetic drugs and the least side
effects of plant-based medicines has led to the re-emergence of the demand for
herbal products, which is expected to grow continuously by 2050 (Ekor 2014;
Karimi et al. 2015; Welz et al. 2018). For decades, natural plant-derived medicines
have developed to treat multiple human pathologies and ailments, including AIDS
(Ji et al. 2009; Yin et al. 2013). Drug discovery strategies based on medicinal plant
development and traditional herbal medicines are all of a sudden on the rise from the
past decade. India accounts for approximately 1.6% of the ever-growing herbal
industry (Gurib-Fakim 2006; Veeresham 2012; Ekor 2014). India has been a
wealthy repository of maps and medicinal herbs used for multiple medical
procedures since time immemorial in the Indian medical scheme (Pandey et al.
2013; Sen and Chakraborty 2017). Approximately 25,000 efficient herbal
formulations are used by Indian rural groups to treat serious ailments. More than
7800 drug-manufacturing units in Indian consume a total of 2000 tons of herbs
annually for the manufacturing of herbal medicines (Pandey et al. 2013; Sen and
Chakraborty 2017). A tedious and expensive method to find robust and viable
candidate herbs and their compounds is large-scale screening of traditionally used
herbs. Successful completion of broad screening requires a better understanding of
various approaches, and key past learning with correct future strategies is necessary
(Leelananda and Lindert 2016; Harvey 2008; Atanasov et al. 2015; Yuan et al.
2016). The development of drugs of natural origin is currently limited to the
discovery of new active molecules, but these traditional formulations need to be
systematically evaluated to develop a better alternative to synthetic drugs (Pan et al.
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2013; Li and Weng 2017). Hour-needed is a useful tool which consumes less time
and cost. To this end, the model organisms like C. elegans, D. melanogaster, and
mice emerged as an important tool for biomedical and toxicological research,
especially for functional characterization of novel drug targets discovered using
genomics technologies and for compound screens and broad-scale target validation
(National Research Council 2000; Giacomotto and Ségalat 2010; Bulla and Cheng
2013).

10.2 Aging Impact on Health

Aging is a debilitating process that is associated with physiological deterioration
(Kenyon 2010). It is characterized by a gradual deterioration that results in increased
vulnerability to disease and death (Kenyon 2010). The rise in age was associated
with the increased incidence of degenerative diseases such as diabetes, Alzheimer’s
disease (AD), and Parkinson’s disease (PD) which are responsible for morbidity and
higher socioeconomic costs (Blagosklonny and Hall 2009; Patrícia et al. 2017).
The delay of aging and the avoidance of aging-related chronic disease pathogenesis
are, therefore, an important part of the strategy to promote healthy aging (Topp et al.
2004; Shilsky et al. 2017). Chronic disease associated with aging and age is highly
associated with high levels of stress and metabolic cellular load. Disrupting cellular
homeostasis contributes to damages to DNA, lipids, and proteins that eventually
decrease an organism’s health and lifespan (Pomatto and Davies 2017; Srivastava
2017). Recent developments in gerontological research have resulted in the produc-
tion of plant extracts and bioactive phytomolecules as a potential candidate for the
management of age-related pathologies (Pant and Pandey 2015; Pohl and KongThoo
Lin 2018). With the discovery of different cellular signaling pathways controlling
aging and age-related diseases in many organisms, it appears targeting nutrient-
sensing pathways and energy metabolism can prolong survival in living beings and
preserve the vitality of later life (Kenyon 2010; Carmona and Michan 2016; Johnson
2018).

10.3 Medicinal Plants: An Age Source that Defies Bioactive
Molecules

Medicinal plants is health-promoting influence has uncovered a gold mine of natural
bioactive molecules (~1.00,000) (Zhang and Reddy 2018). The world is filled with a
rich abundance of strength, medicinal plants. According to the active bioactive
molecule, each plant is associated with its own unique therapeutic properties
(Thomford et al. 2018; Koparde et al. 2019). Natural drug substances are stated to
be vital in the modern medical system and have appreciable roles. By the existence
of their bioactive molecules, their therapeutic function was justified. These are
extremely useful as natural drugs because they possess disease-inhibiting properties,
they contain less toxic and more stable natural bioactive compounds, and they
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integrate chemical or biological means of alteration and extraction of natural
products into potent drugs (Ji et al. 2009; Zhang and Reddy 2018; Koparde et al.
2019). Bioactive molecules formed as sidetracks of the primary metabolic process of
plants are typically found in various foods including fruits, vegetables, nuts, berries,
and drinks. Fruits like grapes, pears, apples, berries, and cherries contain up to
200–300 mg of polyphenols per 100 g of fresh weight (Pandey and Rizvi 2009;
Pant and Pandey 2015). In different plant species, more than 8000 polyphenolic
compounds have been identified. Phytomolecules are groups of phenols, terpenes,
indole/glucosinolates/sulfur compounds, organosulfides, betalains, enzyme
inhibitors, and other organic acids (Tsao 2010; Upadhyay and Dixit 2015).

Such bioactive molecules play a significant role in the treatment of various human
diseases and drug development due to their least side effects in comparison to their
chemical counterparts (Pan et al. 2013; Tungmunnithum et al. 2018). Previous
research on medicinal plants centered on the beneficial effect of phytomolecules as
a dietary supplement, such as a source of vitamins (Vitamin A, E) or minerals (Nasri
et al. 2014). Nevertheless, with advances in modern medical science and the
discovery of various side effects of chemically synthesized medicines, biologists
are looking for drugs from natural sources to treat various age-related neural diseases
and others (Lublin and Link 2013; Durães et al. 2018). Various phytomolecules and
plant extract are found to boost age-related pathologies for this reason (Pant and
Pandey 2015). The ever-increasing geriatric population is of great concern to people
worldwide, as it puts an immense socioeconomic burden on the world community.
Hence, this hour is required to discover and improve antiaging medication with the
least side effects. Antiaging work has boomed with increasing studies and articles on
antiaging plant molecules. In C. elegans, several plant molecules and extracts are
found to cause lifespan extension (Carretero et al. 2015; Pant and Pandey 2015). The
higher homology of C. elegans model worth noting in human and higher mammals
also extends the pharmacological use of antiaging phytomolecules in human (Pant
and Pandey 2015; Tissenbaum 2015). It has been found that these bioactive
molecules modulate cellular signaling pathways that control age-related disorders
(Rea et al. 2018). Bioactive molecules can link fruit, herbs, vegetables, and health
benefits (Pant and Pandey 2015). Ginkgo biloba, bananas, red wine, and tea extract,
for example, are rich in flavonoids such as quercetin (Pant and Pandey 2015).

10.4 Phytochemicals as a Human Reality: Potential
and Challenges for the Development of Drugs

It is a gift from God to find new herbal medicines for scientific research. A modern
driving force for developing new drugs, biologically active metabolites derived from
such products, which were led to drug success (Lahlou 2013; Thomford et al. 2018).
Supplements to dietary habits play a crucial role in the everyday life of humans and
also play an important role in improving human health. Most pharmaceutical
compounds contain secondary plant metabolites which are critical to drug design
(Katz and Meller 2014; Panche et al. 2016). Due to active bioactive molecules, each
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plant is known by its own unique therapeutic properties. Natural drug products are
known to be important and have essential roles in the modern medicine system.
Their therapeutic function was explained by their bioactive molecules (Veeresham
2012; Koparde et al. 2019). They are tremendously valuable as natural drugs because
they possess disease-inhibiting properties; consist of simple, less harmful, and more
powerful bioactive compounds; and combine chemical and biological means of
modifying and converting natural products into effective drugs (Dias et al. 2012;
Yuan et al. 2016). However, other considerations, such as environmental changes,
varied geographical distribution, labor costs, and superior crop choice, should be
taken care of by green plant developers to ensure adequate supply of the source
material so that ample plants can assist the pharmaceutical industry in developing
high-quality bioactive medicinal drugs (Atanasov et al. 2015; Koparde et al. 2019).
Herbs, vegetables, and fruits have been used in many fields including medicine,
food, flavoring, drinks, dyeing, repellents, fragrances, cosmetics, and other industrial
applications. Such plants have been the basis for almost all-medicinal treatment and
the use of synthetic drugs since the pre-historic period (Wang 2002; Kennedy and
Wightman 2011). The medicinal benefit of these plants is correlated with their
phytochemical elements, which perform different physiological behaviors on the
human body (Pant and Pandey 2015). Alkaloids, tannins, flavonoids, and phenolic
compounds are the most common of these elements. Several herbs have been
reported to exhibit antioxidant activity, and polyphenols are a major potential source
of antioxidant (Tungmunnithum et al. 2018). The benefit of these plants is linked to
the secondary metabolites generated by the plants, because plants developed such
secondary metabolites for the benefit of the plant itself as a protection against
infection and injury; however secondary metabolites have beneficial effects on the
human health and the potential to cure human diseases (Takshak and Agrawal 2019).
Herbs in modern medicine have provided the very important life-saving medicines.
But among the approximate 4 lakh plant species, only 6% were studied for their
behavior, and not more than 20% of phytochemicals were studied (Atanasov et al.
2015; Yuan et al. 2016; Koparde et al. 2019). Therefore, to achieve the dreams of
herbal drug discovery, there is a need to examine the various bioactive fractions and
phytoanalysis and phytopharmacological assessment of herbal products.

10.5 Phytochemicals Can Enhance the Production
of Antioxidants

The importance of the antioxidant components of plant materials in preserving
health and protecting against coronary heart disease and cancer also raises interest
among researchers, food producers, and consumers, as the step toward functional
foods with unique health effects (Abuajah et al. 2015; Wilson et al. 2017).
Phytochemicals can be present in a wide variety of foods, including fruits,
vegetables, cereals, nuts, and cacao/chocolate, as well as soda, tea, coffee, and
wine (Upadhyay and Dixit 2015). Polyphenolic compounds commonly distributed
in higher plants have possible health benefits that are thought to be derived primarily
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from their antioxidant activity (Tungmunnithum et al. 2018). Antioxidant protection
mechanism involves the exogenous and endogenous antioxidants. The main endog-
enous antioxidants are superoxide dismutase, glutathione peroxidase, catalase, and
glutathione (Ighodaro and Akinloye 2018). ROS may also induce enzymes such as
metalloproteinase collagenase, mucopolysaccharase hyaluronidase, and serine pro-
tease (elastase), contributing to invisible skin aging. Nevertheless, numerous in vitro
scientific studies have shown that phytochemicals can diminish oxidant levels and
thus inhibit collagenase and hyaluronidase tyrosinase enzymes (Garg 2017; Madan
and Nanda 2018). Exogenous antioxidants include vitamins, carotenoids, and
polyphenols, of which the diet is the primary source. There is growing evidence
that polyphenols, as antioxidants, can protect cell constituents from oxidative dam-
age and the risk of various degenerative diseases linked to oxidative stress (Pandey
and Rizvi 2009). Table 10.1 included various bioactive extract of medicinal plants
used in the treatment of various diseases/disorders.

10.6 Polyphenols Uses in Human Healthspan and Lifespan

Several studies have shown that plant-derived bioactive compounds can postpone
age-related declines and increase the lifespan and health of a variety of species
(Argyropoulou et al. 2013; Leonov et al. 2015; Ergen et al. 2018). To prevent or
slow down normal aging processes like cancer growth, one approach is to reduce
stress such as shortening telomeres, non-telomeric DNA damage, and severe mito-
genic signals (Shammas 2011; Bär and Blasco 2016). Several model organisms are
concerned with the effect of exogenous antioxidants such as several phytomedicines
on the aging process and age-related diseases (Pant and Pandey 2015).

10.6.1 Cardioprotective Effect

Polyphenols are powerful inhibitors of LDL oxidation, and this form of oxidation is
seen as a key factor in the development of atherosclerosis. Antioxidant, antiplatelet,
and anti-inflammatory behavior and improved HDL and endothelial function are
many forms of defending polyphenols against cardiovascular diseases (Khurana
et al. 2013; Cheng et al. 2017). The causal association between cardiovascular
diseases (CVDs) and LDL oxidation is now well established. LDL particulate
oxidation is closely associated with the risk of heart failure and myocardial infarc-
tion. Several studies have shown that many phytomolecules potentially inhibit LDL
particle oxidation by chelating copper or directing free radical scavenging (Brites
et al. 2017; Ahmad and Leake 2018).
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Table 10.1 Bioactive extract from medicinal plants used in the treatment of a various diseases/
disorders

Natural drugs Bioactive molecules Therapeutics activity References

Himalaya
Boswellia

Boswellic acid Inflammation, healthy
joints, immune-
modulating

Siddiqui (2011)

Zingiber
officinale
(ginger)

6-Gingerol Antifungal, antibacterial,
anti-inflammatory,
antidiabetic, nausea

Gunathilake
and
Rupasinghe
(2015)

Allium
sativum
L. (garlic)

Caffeic acid

S-allyl cysteine

Antiaging, anticancer,
hepatoprotective activity

Moutia et al.
(2018)

Ocimum
sanctum

Eugenol Bronchitis asthma,
malaria, diarrhea,
dysentery, skin diseases,
arthritis, chronic fever

Garg and
Sardana (2016)

Origanum
vulgare
(oregano)

Thymol, carvacrol Antibiotics, anti-
allergies, tumors

Gutiérrez-
Grijalva et al.
(2018)

Bacopa
monnieri

Bacosides Antiaging,
neuroprotection

Singh et al.
(2016)

Emblica
officinalis
(amla)

Quercetin,

Gallic acid,

Myricetin

Cardioprotective,
gastroprotective,
antidiarrheal, and
neuroprotective
properties

Bhandari and
Kamdod (2012)

(continued)
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Table 10.1 (continued)

Natural drugs Bioactive molecules Therapeutics activity References

Curcumin
longa
(turmeric)

Curcumin Antiaging,
neuroprotection

Panda et al.
(2017)

Premna
integrifolia

4-hydroxy-E-globularinin Antiaging, skin disorders,
asthma, diabetes

Mali (2016);
Asthana et al.
(2015)

Ocimum
basilicum

Beta-caryophyllene Neuroprotective activity,
antiaging

Asthana et al.
(2015)

Rauwolfia
serpentina

Reserpine Antiaging Kaur (2018)

Rosmarinus
officinalis
L. (rosemary)

Carnosol Antiaging, anticancer Kompelly et al.
(2019)

Glycyrrhiza
glabra

Licorice Antiaging, hepatitis,
HIV, influenza, pain
relief

Ishtiyaq et al.
(2019)

Ginkgo biloba Kaempferol Neuroprotection,
antiaging

Luo (2001);
Nuhu et al.
(2017)

(continued)
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10.6.2 Anticancer Effect

The impact of bioactive compounds on human cancer cell lines is most often
protective and helps to minimize the number or growth of tumors. Some polyphenols
including catechins, quercetin, isoflavones, lignans, flavanones, ellagic acid, red
wine polyphenols, resveratrol, and curcumin have protective effects in some models,
but their mechanisms of action have been found to be unique (Pandey and Rizvi
2009; Działo et al. 2016). Multiple mechanisms of action for the chemical preven-
tion of polyphenols have been established, including estrogenic/antiestrogenic
behavior, antiproliferation and initiation of cell cycle arrest or apoptosis, and oxida-
tion prevention (Cipolletti et al. 2018). It has also been shown that theaflavins and
thearubigins, the abundant polyphenols in black tea, possess significant anticancer
properties (Pandey and Rizvi 2009). Some compounds inhibit all stages of cancer
growth and have been shown to be active in most cancers, including lung, hair,
breast, prostate, stomach, and colorectal cancer (Wang et al. 2012).

Table 10.1 (continued)

Natural drugs Bioactive molecules Therapeutics activity References

B. diffusa Boeravinone B Antiaging Rathor and
Pandey (2018);
Akhter et al.
(2019)

Withania
somnifera

Withanolide A Antiaging, anticancer,
neuroprotective

Verma and
Kumar (2011);
Mandal and
Reddy (2017)

Asparagus
racemosus

Shatavarin IV Antiaging, anti-
parkinsonism

Singh and
Geetanjali
(2016);
Selvaraj et al.
(2019)

Cinnamomum
cassia

Cinnacassosides Antidiabetes,
antiulcerogenic

Upadhyay
(2017)
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10.6.3 Antidiabetic Effect

Impairment of the glucose metabolism causes metabolic instability with the onset of
hyperglycemia and then diabetes mellitus. There are two major diabetes categories:
type 1 and type 2. Numerous studies document polyphenols’ antidiabetic effects.
Tea catechins are tested for their antidiabetic potential (Pandey and Rizvi 2009;
Umeno et al. 2016). Polyphenols can affect glycemia through a variety of
mechanisms, including inhibition or absorption of glucose in the intestine by
peripheral tissues. A recent study showed that quercetin can help protect changes
in patients with diabetes during oxidative stress. Several research papers have shown
that by working at many levels, some polyphenols act as an effective antidiabetic
agent. These molecules have shown decreased blood glucose, followed by signifi-
cantly increased plasma insulin and a negative correlation between blood glucose
and plasma insulin (Bahadoran et al. 2013; Mukhopadhyay and Prajapati 2015).

10.6.4 Antiaging Effect

Aging is associated with gradual degeneration of organ function in organism. This is
due to excess amount of cellular ROS which can cause oxidative stress. A certain
amount of oxidative damage occurs even under normal conditions, but the rate of
this damage increases as the efficacy of antioxidant and repair mechanisms declines
throughout aging process (Nita and Grzybowski 2016; Tan et al. 2018). Fruit and
vegetable extracts with high flavonoids also exhibit high total antioxidant activity
such as blueberries, strawberries, and lettuce (Pandey and Rizvi 2009).

10.6.5 Neuroprotective Effects

Oxidant inflammation and brain macromolecular damage are important factors in
neurodegenerative diseases. Polyphenols are highly antioxidant in nature, and their
use in neurological diseases can provide protection (Tan et al. 2018). Furthermore,
the antioxidant function is also associated with the induction of antioxidant expres-
sion and detoxifying enzymes, particularly in the brain (Kurutas 2015).

10.7 Future Avenues in Herbal Drug Discovery

Phytochemistry or natural product phytoanalysis is the foundation and core of both
the herbal and food industries of chemical science. Scientific research on medicinal
plants in many developed countries is increasingly needed for an hour at various
research institutes, universities, and pharmaceutical laboratories as well as in their
clinics. Nearly all countries have their own herbal pharmaceutical copeias and make
adjustments to new monographs and procedures from time to time to maintain their
interest of herbal products that come from common people. India’s Ayurvedic
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pharmacopeia includes many specific quality standards and techniques of isolation,
separation, and spectroscopic identification of hundreds of common herbal
medicines. Both research and advances on drug discovery have immense potential
to exploit chemical and natural product varieties. Newly established techniques are
fast-growing, with strong results in the discovery of natural drugs.

10.8 Conclusion

Nature’s exceptional phenomenon is always a golden mark of completing the
discovery of herbal medicines. In recent days, the majority of the prevalent diseases
and metabolic disorders have been treated with natural medicines. The chemical
constituents of the plant and the pharmacological screening will provide the basis for
creating a lead molecule through the discovery of herbal medicines. A increasing
interest in the production of herbal medicinal products which increases minimal side
effects, there are better opportunities to explore medicinal and other biological
properties of previously inaccessible natural products. Life was made possible or
extended many years ago only because of natural herbs as per the literature
references that can be obtained. In the new era of the twenty-first century, without
herbal medicines or products obtained through the discovery of natural herbal drugs,
no life on earth is possible.
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Abstract

Natural products have been crucial and bounteous sources for the discovery of
lead compounds and drugs for various therapeutic indications. The intrinsic
complexity of the natural products poses several obstacles in the HTS programs.
Besides, drug screening in animals is a long-drawn, costly process with many
hurdles and low productivity. Cell-based HTS assays on the other hand are
excellent means for preliminary screening of drugs of natural origin for numerous
therapeutic indications as they help in designing more relevant in vivo pharma-
cological models to study drugs and thus expedite drug discovery process. In this
book chapter, we have discussed a plethora of cell-based HTS assays for drug
discovery, employing optical and electrochemical methods of detection and for
quantification of cells and information on their proliferation rate, biomarker
production, and activation of various signaling pathways. Also, the potential
applications of these cell-based assays are discussed briefly for screening of
natural products for their anti-inflammatory, anti-diabetic, anti-obesity/
hypolipidemic, anti-microbial, anti-mycobacterial, anti-cancer, and anti-viral
activities.
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Abbreviations

2DG 2-deoxy-d-[14C] glucose or 2-deoxy-d- [3H] glucose
2-NBDG 2-[N-(7-nitrobenz-2-oxa-1, 3-diazol-4-yl)amino]-2-deoxy-d-

glucose
3-O-MG 3-O-methyl glucose
ABC1 ATP-binding cassette transporter A1
AK Adenylate kinase
AMPK 50-adenosine monophosphate-activated protein kinase
BLV Bovine leukemia virus
CAM Calcein acetoxymethyl
CFU Colony-forming units
CHIKV Chikungunya virus
CPE Cytopathic effect
FITC Fluorescein 5(6)-isothiocyanate
GFPs Green fluorescent proteins
GLP-1 Glucagon-like peptide-1
GLUT-4 Glucose transporter type 4
HCS High-content screening
HEK 293 cells Human embryonic kidney 293 cells
HTS High-throughput screening
IL Interleukin
LDH Lactate dehydrogenase
MIC Minimum inhibitory concentration
MTBH Mycobacterium tuberculosis H37Rv

Nrf2 Nuclear factor erythroid 2-related factor 2
PPAR γ Peroxisome proliferator-activated receptor γ
Rluc Renilla luciferase
SGLT2 Sodium/glucose cotransporter 2
SREBP1 Sterol regulatory element-binding protein 1

11.1 Introduction

Humans have been using natural products since prehistoric times as medicines to
prevent and cure diseases. Natural products serve as the cornerstone of drug discov-
ery and development; most drugs available in the market today are of natural origin.
Some of the notable drugs derived from natural origin include antibiotics, paclitaxel,
hypericin, curcumin, artemisinin, and so on. The present definition of a natural
product can vary from “a naturally occurring compound that has been chemically
modified” to “any FDA-approved, unmodified natural material or compound, semi-
synthetic derivatives, or synthetic structures which were conceptually derived from a
natural product.” According to the Herbal Medicine Market Research Report, the
global herbal medicine market is expected to grow at CAGR of 5.88% and reach
around USD 1,29,690 million by 2023. Recent advances in computational
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techniques such as the computer-aided drug design in the discovery of bioactive
natural products have aided researchers in developing the otherwise difficult to
process natural products and derivatives into novel drugs.

The development of a medication in the lab to its commercialization is a detailed,
prolonged, and costly procedure. It ordinarily takes 10–12 years and over $775
million for getting a new drug from bench to bedside. By and large, after screening
millions of compounds, around 250 enter preclinical testing, 10 of which continue to
clinical preliminaries and just about 1 gets approved by the FDA as a new drug. The
emergence of combinatorial chemistry and increase in the number of identified
protein targets for drug screening have triggered the development of highly selective
and reliable HTS assays for comparatively faster drug discovery (Zang et al. 2012).

11.1.1 HTS Assays: Biochemical and Cell-Based Assays

HTS assays can be broadly categorized into two types: biochemical assays and cell-
based assays. Biochemical assays are target-based assays in which the binding
affinity of the ligand for receptor/isolated targets (such as enzymes) is determined,
whereas cell-based assays are physiology-based assays performed in cell cultures.
Biochemical assays, in spite of being the basis of HTS in the pharma industry, are
accompanied with several limitations. Firstly, not all of the targets used for assaying
can be prepared in a manner suitable to quantify the binding or affinity. Secondly, the
activity shown by a drug compound in a biochemical assay may not necessarily
represent its activity at the cellular level because the drug targets are generally
located in the cell interior and inadequate cellular drug exposure/uptake might lead
to a lower bioactivity. Such compounds are known to exhibit a “cell drop-off,” i.e.,
they show high affinity to isolated target proteins but fail to perform intracellularly
which is the major cause of failure in clinical drug development. To address this
challenge, the focus has therefore shifted from target-based approach to a more
appropriate in vitro physiology-based approach with cell-based assays increasingly
being used in HTS screenings (Mateus et al. 2017). In addition to the conventional
cell-based assays, HCS technologies are also being increasingly used, wherein
cellular events can be monitored by integrating advanced microscopy with cell-
based assays. HCS is any cell-based experiment, monitored through techniques such
as reporter signals, phenotypic profiling, and morphological analysis to measure
cellular responses. Most cell-based assays which use a small number of cells show
deviation due to alterations in cell morphology or gene expression upon treatment
with drug. Hence, newer techniques associated with HCS that are multidimensional/
multi-parametric at the single-cell level are indispensable and help us to gain a better
understanding of the interaction and effect of genes, extracellular matrix, and signal
networks in the regulation of phenotypes in heterogeneous populations of cells
(Nierode et al. 2016). The worldwide market for cell-based drug discovery assays
is estimated to reach USD 18.9 billion by 2024 from USD 13.9 billion in 2019.
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11.1.2 Cell-Based Assays

Cell-based assays are versatile tools that can differentiate between agonists and
antagonists, recognize allosteric modulators, and provide immediate data on cell
permeability and stabilization compounds within cells and its associated acute
cytotoxicity. Cell-based assays have been used during early drug discovery since
they can provide representative tissue-specific reactions, from target detection and
validation to primary testing, identification, and optimization of lead compounds and
screening for safety and toxicology. Cells, devices that culture cells, and systems for
detecting and quantifying cells or cellular activities are the major components of
cell-based HTS assay. Assays involving secondary messengers, assays for reporter
genes, and assays for cell proliferation are the three main types of cell-based assays.
Cells used in cell-based assays should be capable of testing, accurately portraying
the system, and expressing the essential aspects and signaling intermediates. The
various cell lines used for performing cell-based assays are immortalized cell lines,
primary cells, human cancer cells, cancer stem cells, mesenchymal stem cells
(MSCs), embryonic stem cells (ESCs), and induced pluripotent stem cells (iPSCs)
(Zang et al. 2012).

Cell culture systems used in cell-based assays majorly employ multi-well plates
which enable high drug screening rates. These assays can also be made automated.
There are two types of cell culture models used in cell-based assays:
two-dimensional (monolayered, single cells grown on a two-dimensional surface)
and three-dimensional (multilayered cells grown on a three-dimensional surface).
Though 3D assays provide advantages such as close cell-cell and cell-matrix
interactions, owing to the significant difference in cost and ease in performing 2D
cell-based assays, these are preferred as assays of choice over 3D cell-based assays
in preliminary screening.

The various conventional methods for recording responses/readout include hemo-
cytometer, coulter counter, trypan blue dye exclusion, and neutral red uptake
methods which require large workforce harmful chemicals and have low throughput.
Owing to these reasons, these techniques are less preferred as detection techniques in
HTS vis-à-vis electrochemical and optical methods which are the most commonly
used methods of quantification for cell-based assays.

Electrochemical methods are based on measurement of electrons generated and
charge transferred due to redox reactions in a cell. Such reactions also cause changes
in ionic composition which is a measure of cell viability in a homogenous solution.
However, electrochemical methods of detection are deficient in providing cell
function and cell signaling pathway data which is important to understand the
mechanism of action of drug. Besides, this method can be used only for 2D cultures
since direct contact of the electrode and the cells is necessary. Optical methods on
the other hand can be carried out using principles of colorimetry, fluorimetry,
luminescence, and radiometry as described in Fig. 11.1.

This chapter provides an update of the various cell-based assays that have been
reported for screening of drugs of natural origin for various therapeutic conditions.
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The chapter also gives an insight into newer strategies that can be deployed for
screening drugs of natural origin.

11.2 Cell-Based Assays for Screening of Natural Origin Drugs

11.2.1 Inflammatory and Autoimmune Diseases

Reports in the literature suggest that the relation between the impaired metabolism
and disproportionate redox levels is the underlying cause behind the development of
autoimmune diseases. Cell metabolism plays a key role in the pathogenesis and
development of diseases which is indicated by the role of cross-organ control in
managing multi-organ diseases. Inflammatory diseases are characterized with
increase in levels of cytokines (IL-8, IL-1, IL-6, TNF-α), chemokines, platelet-
activating factor (PAF), NO, inducible NO (iNO) synthase, etc. One of the tried
and tested methods for screening drugs for inflammatory diseases has been to
eliminate the generated ROS which is reported to be involved in the initiation and
progression of inflammatory responses. Pathogenic cells exhibit imbalance in the
metabolism and redox state and differ from the normal cells with generation of
biomass, unusual rates of autophagy, and unmanageable cell growth. This leads to
the development of complex diseases such as cancer, type I diabetes, systemic lupus
erythematosus, and rheumatoid arthritis (Fan et al. 2018). Various cell-based assays
reported in literature for screening drugs of natural origin for inflammatory and
autoimmune disorders are discussed in this section.

Autoimmune diseases like rheumatoid arthritis exhibit indiscriminate cell prolif-
eration. One of the most rudimentary assays reported to evaluate drugs for their
activity against autoimmune or inflammatory diseases is by the cell proliferation
assay. These assays are based on colorimetric methods and employ tetrazolium
dyes, alamar blue, or resazurin sodium. However, these methods are laborious and

Colorimetric detection:

Detecting the change in color of growth 
medium due to cell metabolites reacting 

with the chemical agents.

Fluorimetric detection:

Rapid, non-invasive method of 
quantification involving flourescent 
molecules that have narrow emission 

range.

Luminescent detection:

Catalysis of luciferin oxidation by 
luciferase into a compound that emits 
light ranging from yellow-green to red 

color.

Radiometric detection:
Based on the principle of attenuation of 
gamma radiation due to its penetration 

into materials. Makes use of a 
radioactive isotope, its container and a 

transmitter.

Fig. 11.1 Overview of optical detection techniques for various cell-based assays
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time-consuming and require addition of chemicals at different intervals, which can
hamper the normal functioning of targeted cells. Besides, such assays only provide
endpoint data and have low sensitivity (Zang et al. 2012). Okamoto (2008) has
reported the use of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) assay to screen drugs such as vitamin K2 [menaquinone-4 (MK-4)] and
vitamin K1 against rheumatoid arthritis. It is based on the principle that MTT
converts to formazan in the mitochondria of the viable cells. The researchers
proposed that vitamin K exhibits activity against rheumatoid arthritis by suppressing
NF-κB. NF-κB is responsible for generating many pro-inflammatory signals
(TNF-α, IL-1β, IL-6, IL-8, NO, iNO synthase, COX-2), which may play a crucial
role in the development of oxidative stress-induced inflammatory and degenerative/
autoimmune diseases. The suppression of these pro-inflammatory signals is consid-
ered as an important strategy to counter inflammation. Inactive NF-κB is captured in
the cytoplasm by the inhibitor of κB, IκBα. Cytokines such as TNF-α induce the
phosphorylation of inhibitor of κB kinase (IKK), resulting in the degradation of
IκBα and release of NF-κB. The free NF-κB is transported to the nucleus where it
transcribes for a number of diseases such as cancer, AIDS, autoimmune diseases,
and inflammatory disorders (Meijer et al. 2015).

Targeting the AMPK-SREBP1 lipogenesis pathway to screen drugs for rheu-
matoid arthritis was proposed by Fan et al. (2018). Strong lipogenic activity and high
expression of SREBP1 is found in synovial fibroblasts of rheumatoid arthritis
(RASFs) patients. SREBP1 causes increased sterol synthesis, and the elevated levels
of lipids exacerbate rheumatoid arthritis. Besides, increased levels of inflammatory
cells produce uncontrolled proliferation of cells leading to hyperplasia. In this study,
the researchers have estimated the levels of triglycerides, cholesterol, and other lipid
metabolites to estimate the levels of SREBP1 in the cell milieu post exposure to
drugs. G-R NSCLC cell lines H1975 and H1650 with the maximum SREBP1
expression were used in the study, and levels of palmitic acid were measured. Cell
viability assay was performed using MTT assay. The authors reported that berberine
effectively controls SREBP1 and lipogenesis, via the ROS/AMPK pathway, while
inhibiting the growth of RASFs but not that of normal cells. Berberine was found to
protect the bones better than methotrexate via the inhibition of AMPK-SREBP1
lipogenesis pathway. It effectively switches on the ROS/AMPK pathway, causes
mitochondrial dysfunction, and inhibits cellular lipogenesis and cell proliferation.
Targeting ROS/AMPK/lipogenesis signaling pathway inhibits the progress of
RASFs in vitro opening a new approach for treating proliferative diseases.

Escherichia coli-derived lipopolysaccharide (LPS) stimulation of cells is the
most routinely used approach to understand the underlying mechanism behind the
activity of anti-inflammatory drugs. LPS is reported to be a potent activator of
NF-κB. Perez del Palacio et al. (2016) devised a high-throughput 96-well method
and screened 5976 noncytotoxic microbial extracts from a natural product collection
(comprising of filamentous fungi, actinomycetes, and unicellular bacteria) for their
potential immunomodulatory activity in LPS-stimulated murine macrophage cells
(RAW 264.7) and IL-1β-stimulated intestinal epithelial cells (Caco-2). Levels of NO
and IL-8 were measured. The assay developed was successful in overcoming the
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disadvantages of being time-consuming and expensive, posed by 24-well plate
format or manual liquid addition for whole cell assay-based HTS approaches. Recent
developments in spectrophotometry-based detection techniques and technological
innovations have enabled the application of these assays to 96-well plate format with
advantages such as decreased assay volumes, increased plate throughput, high-
sensitivity readout systems, reduced consumption of cells, costly reagents, and
shorter assay time. The efficiency of this assay was validated by evaluating the
immunomodulatory compounds diketocoriolin B and eremoxylarin A from crude
extracts.

DaSilva et al. (2019) studied the effects of urolithins (gut microbe-derived
metabolites of pomegranate ellagitannin) on inflammatory biomarkers in
LPS-stimulated BV-2 microglia. Urolithins decreased levels of NO, IL-6, prosta-
glandin E2, and TNF-α from LPS-BV-2 microglia. This attenuation of
neuroinflammation by urolithins may be responsible for pomegranate’s
neuroprotective effects against Alzheimer’s disease. Cells were pre-treated with
the test drug before incubation with LPS, and the levels of cytokines were estimated
in the supernatants either directly by ELISA kits or indirectly by RT-PCR technique.
The inhibition of the production of these pro-inflammatory factors can in turn
provide protection from neuronal damage in neurodegenerative conditions. Usually
all neurodegenerative diseases are characterized by chronic immune activation,
especially of microglia of the central nervous system. Many approaches have been
devised to inhibit/modulate microglial activation via the important anti-
inflammatory target proteins, iNOS and IL-8. NO regulates neurotransmission,
smooth muscle contractility, platelet reactivity, and cytotoxic activity of immune
cells. Inappropriate release of NO has been associated with the development of a
number of disease states. The inhibitors of iNOS are potential effective agents in the
treatment of such conditions.

One of the more recent approaches to screen anti-inflammatory drugs is by using
a type of luminescent assay, i.e., luciferase reporter assay, based on the principle
of luciferase enzyme (a heterodimer comprising of α and β subunits, encoded by
luxA and luxB, respectively)-mediated oxidation of luciferin to inactive oxyluciferin
with emission of light. This light is then detected by illuminometer or optical
microscope. Dual-reporter luciferase assays make use of both firefly luciferase
(isolated from beetles, Photinus pyralis) and Rluc (isolated from sea pansy Renilla
reniformis) as both differ in their substrate and cofactor requirements and can enable
detection of different metabolic pathways. Firefly luciferase produces a greenish
yellow light in the 550–570 nm range from luciferin in the presence of oxygen, ATP,
and magnesium, whereas Rluc requires only coelenterazine (a luminescent enzyme
substrate) and oxygen and produces a blue light at 480 nm. This assay can be used to
detect the upregulation of the transcription factor Nrf2. Nrf2 exerts cytoprotective
role in the control of oxidative stress-induced cellular damage to the body. Besides,
this assay indirectly measures the levels of NF-κB which is discussed earlier in this
chapter. NF-κB is also the site of action for glucocorticoid-mediated IL-8 suppres-
sion. In this assay, cells transfected with NF-κB luciferase reporter plasmid are
incubated with drugs prior to stimulation with pro-inflammatory cytokine TNF-α
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which causes the NF-κB promoter to carry out transcription of luciferase. The
amount of light emitted corresponds to the levels of NF-κB activity which is
measured quantitatively in terms of relative light units by a luminometer. A high-
throughput cell-based glucocorticoid activity screening platform that measures
dexamethasone-mediated NF-κB repression was developed by Jiang et al. (2017).
The developed assay could identify glucocorticoid receptor-modulating compounds
that may be designed to improve current glucocorticoid-based therapies. Lung
epithelial A549/NF-κB-luc reporter cells were seeded into plates overnight,
incubated with drugs, followed by addition of either IL-1β or IL-1β + dexamethasone
and luciferase agent. The repression in NF-κB was measured. About 8000 natural
and synthetic compounds were screened, and several compounds that suppressed
glucocorticoid receptor activity were identified including pyrromycin, camptothecin,
podophyllotoxin, colchicine, vinblastine sulfate, vincristine sulfate, and
sanguinarine chloride.

NF-κB detection in H293-NF-κB-RE-luc2P reporter cell line was used as an
effective tool for screening of bioactives with anti-inflammatory activity by Meijer
et al. (2015). Activity of minced broccoli seedlings, short-chain fatty acids, and
lutein was evaluated to validate the method used by the researchers. Broccoli
seedlings ( p < 0.01) and lutein ( p < 0.05) were found to significantly reduce
NF-κB activity. Among the short-chain fatty acids, butyrate was found to be the
most potent inhibitor of NF-κB activity, followed by propionate and acetate. Short-
chain fatty acids (acetate, butyrate, and propionate) are actives produced by fermen-
tation of dietary fiber in the colon and have been reported to possess anti-cancer and
anti-inflammatory activity besides playing a vital role in the prevention of inflam-
mation of the adipose tissue and insulin resistance.

Metabolic inflammation possesses risk for various disease conditions such as
insulin resistance, type 2 diabetes, and cardiovascular diseases. Imbalance in the
dietary factors is responsible for many lifestyle issues. Literature is replete with
examples stating that consumption of active phytomolecules such as flavonoids,
carotenoids, plant sterols, and isothiocyanates decreases adipose tissue inflammation
in turn reducing the risk of insulin resistance and atherosclerosis. Qin et al. (2016)
used HEK293 cells transfected with heme oxygenase-1 (HO-1) reporter plasmid
DNA and Rluc plasmid to evaluate the efficacy of Sinomenine (7, 8-didehydro-4-
hydroxy-3, 7-dimethoxy-17-methyl-α, 13α, 14 α-morphinan-6-one), an alkaloid
originally derived from Sinomenium acutum. Sinomenine possesses anti-
inflammatory activity and is effective with minimal side effects in patients afflicted
with arthritis and mesangial proliferative nephritis. The luciferase activities,
measured with a dual luciferase reporter assay system are expressed by dividing
the value of reporter luciferase activity by that of Rluc activity. It was observed that
sinomenine produced a dose-dependent increase in the levels of HO-1 and NAD
(P)H quinone oxidoreductase 1 (NQO1) in both HEK293 cells and mouse macro-
phage RAW 264.7 cells. HO-1 is a crucial Nrf2 target gene, and the results obtained
establish sinomenine as an activator of Nrf2 signaling pathway.

Fluorescence-based assays such as the one involving caspase activation are
highly sensitive when compared to the luminescence assays. Caspase-3 belongs to
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the apoptotic family of caspases which cause cell death. An easy cell-based assay to
screen compounds inhibiting polyglutamine-induced caspase-3 activation was
developed by Piccioni et al. (2004). This assay is based on the expression of
androgen receptor with an expanded polyglutamine tract in HEK 293T cells and
measurement of caspase-3 activation by employing a fluorogenic substrate. Cells
were incubated in assay plates before transfection with AR112 plasmid DNA. Post
transfection, drugs were added and the cells harvested for analysis. To determine
caspase-3 activity, lysed cells were incubated with fluorogenic substrate. Upon
screening of drugs, digitoxin, nerifolin, and peruvoside, known inhibitors of Na+

K+- ATPase, were identified as drugs blocking polyglutamine-induced caspase-3
activation and thus providing protection against polyglutamine cytotoxicity.
Spinobulbar muscular atrophy or Kennedy’s disease is a neurodegenerative disorder
caused by multiplication of a trinucleotide CAG repeat sequence which encodes for
the polyglutamine tract in the androgen receptor. This toxic mutant protein initiates
an apoptotic cascade, activating caspase-3 and leading to the generation of toxic,
polyglutamine-containing fragments with consequent initiation or amplification of
the disease. Caspase-3 cleaves the androgen receptor with expanded polyglutamine,
resulting in cytotoxicity and elimination of these caspase-3 cleavage sites and in turn
reducing the toxicity of mutant androgen receptors. Similar mutations are observed
in other polyglutamine diseases like Huntington’s disease, dentatorubral-
pallidoluysian atrophy, and six forms of spinocerebellar ataxia. Hence, caspase
assay can be used to screen drugs against the abovementioned polyglutamine-
induced diseases.

One of the latest techniques to be used in cell-based assays is flow cytometry
which employs sophisticated instruments with multiple lasers and detectors to
measure signals and record multiple events simultaneously within single cells.
However, it is tedious to scan individual cells as minute events such as subcellular
localization of proteins are indiscernible. A flow cytometry method that combines
accurate tracking of cell movement with a high-resolution multispectral imaging
system can overcome the drawback associated with the conventional system
(Nierode et al. 2016). The levels of CD4+T and CD8+T cells can be measured
using flow cytometric analysis. T cells differentiate into CD4+T and CD8+T cells
and are responsible for playing different roles in immunomodulation. The assay is
performed by incubating cells with various concentrations of drug, followed by
treatment with mouse CD4-FITC or CD8-FITC monoclonal antibody, and a washing
step to remove unbound antibody. Yang et al. (2006) deployed this technique to
evaluate the immunomodulatory effect of a polysaccharide obtained from the fresh
roots of Angelica sinensis. The percentage of CD4+T cells within total spleen cells
was greatly increased by the polysaccharide (30–100 μg/mL), whereas CD8+T cells
decreased.

The Janus kinase (JAK) pathway and the T helper 17 (Th17) pathway [IL-17,
IL-21, IL-22, and granulocyte-macrophage colony-stimulating factor (GM-CSF)]
are the newer pathways being studied in screening of rheumatoid arthritis drugs.
Anti-arthritic drugs such as tofacitinib and ruxolitinib have reported activity on the
JAK pathway, whereas ustekinumab and briakinumab act against the Th17 pathway
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(Koenders and van den Berg 2015). Also, proteins such as hexokinase 3, glucose-6-
phosphate isomerase, fructose-bisphosphate aldolase, phosphoglycerate kinase
1, phosphoglycerate mutase 1, enolase 1-α, pyruvate kinase, LDH A, and malate
dehydrogenase 1 are upregulated during the glycolysis pathway in rheumatoid
arthritis. Assays can be developed to screen drugs that modulate these protein levels,
thus acting as effective rheumatoid arthritis agents (Fan et al. 2018; Balakrishnan
et al. 2014). Table 11.1 illustrates the various assays used to screen drugs of natural
origin against inflammatory and autoimmune diseases.

11.2.2 Noncommunicable Lifestyle Diseases

Noncommunicable lifestyle diseases (NCDs) will be the prime cause of death in the
world by 2030. Noncommunicable diseases include CVS diseases, hypertension,
diabetes, and chronic respiratory diseases and aren’t limited to high-income
countries alone. Of the several lifestyle disorders mentioned, given the scope of
this chapter, we are restricting our discussion to diseases with impaired glucose and
lipid metabolism etiology.

11.2.2.1 Diabetes
Diabetes mellitus is a metabolic disorder in which the blood glucose levels are
elevated. This mainly occurs due to decrease in insulin secretion. Diabetes mellitus
is classified into three types: type 1 diabetes mellitus, type 2 diabetes mellitus, and
gestational diabetes mellitus. In type 1 diabetes mellitus, there is autoimmune
destruction of pancreatic β-cells mediated by T cells, autoreactive lymphocytes,
insulin antibodies, macrophages, and cytokines (like IFN-γ and TNF-α) which
leads to insulin insufficiency and hyperglycemia. In type 2 diabetes mellitus, there
is deficiency in insulin secretion and insulin resistance. The former leads to reduction
of glucose uptake in adipose tissue and skeletal muscles, as well as increase in
gluconeogenesis in the liver. Due to insulin resistance, insulin responsive cells don’t
respond to action of insulin secreted, which leads to hyperglycemia. In type 2 diabe-
tes mellitus, there is decrease in glycogen synthase activity, due to which there is
decrease in glycogen synthesis. Abnormalities in hormone secretion like GLP-1
which helps in insulin secretion also contribute in manifestation of type 2 diabetes
mellitus. The major targets of insulin are adipose tissues, skeletal muscle, and
hepatic cells; hence the most commonly used cell lines to assess the glucose uptake
activity of test compounds are 3T3-L1 (mouse fibroblast), L6 (rat myoblasts),
C2C12 (mouse myoblasts), HepG2 (human hepatic carcinoma), human liver cells,
and yeast cells.

The most basic screening assay for screening anti-diabetic drugs is glucose
uptake assay which measures the ability of test drug to increase the glucose uptake
into target tissues of insulin. To measure the glucose uptake within the cell lines,
radioactive glucose analogues/radiotracers like 2DG and 3-O-MG are commonly
utilized due to their structural similarities to glucose. The amount of radioactivity in
the cell lysate is determined radiometrically. Radioactive waste disposal and hazards
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Table 11.1 Assays employed in the search for novel drugs of natural origin for the treatment of
inflammatory and autoimmune diseases

Cell-based
assay Compound/herb Characteristic/function References

LPS-
stimulation

Narciclasine was isolated from
Lycoris radiata

• Inhibited the mRNA
expression of iNOS, IL-6,
TNF-ɑ, IL-1β, and COX-2 in
RAW 264.7 cells
• Inhibited NF-κB and
mitogen-activated protein
kinase (MAPK) pathways

Shen et al.
(2019)

Capuli cherry fruits (Prunus
serotina)

Upregulates the activation of
the AMPK/Nrf2/ARE
signalling pathway

Alvarez-
Suarez
et al.
(2017)

Fermented preparations of
Rhizoma atractylodis
macrocephalae

Reduced the production of
TNF-α, IL-1β, and NO

Bose and
Kim
(2013)

Glucan, a polysaccharide
extracted from a mushroom,
Lentinus edodes

Regulate the production of NO,
TNF-α, and IL-6 levels

Xu et al.
(2012)

17-O-acetylacuminolide,
diterpenoid labdane from
Neouvaria foetida

Reduced the production of
TNF-α and IL-1β

Achoui
et al.
(2010)

Dietary supplements
α-tocopherol, N-acetylcysteine,
catechin, and epigallocatechin
gallate

Inhibition of TNF-α release Singh
et al.
(2005)

LPS-
stimulation
and
luciferase
assay

Ethanolic extracts of Castanea
sativa leaves, Cinchona
pubescens bark, Cinnamomum
verum bark, Salix alba bark,
Rheum palmatum root,
Alchemilla vulgaris plant,
Humulus lupulus cones,
Vaccinium myrtillus berries,
Curcuma longa root, and
Arctostaphylos uva-ursi leaves

• Affected inflammatory
signaling pathways through
toll-like receptors (TLRs),
TLR2 and TLR4 in
LPS-stimulated THP-1
monocytes and HeLa-TLR4
transfected reporter cells
• Inhibition of the NF-κB
pathway

Schink
et al.
(2018)

Luciferase
assay

Ethanolic extract of rhizome of
Atractylodes chinensis

Inhibition of the NF-κB
pathway

Hossen
et al.
(2019)

Aqueous extract from
Artemisia capillaris

Inhibition of the NF-κB
pathway

Yeo et al.
(2018)

Calycosin from Radix astragali Suppression of IL-6, IL-33,
COX-2

Su et al.
(2016)

Swertiamarin, sweroside,
secoxyloganin, chlorogenic
acid, loganic acid, and
aldosecologanin from green
and flower buds of Lonicera
japonica

Inhibition of the NF-κB
pathway

Jiang et al.
(2014)

(continued)
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of handling radioactive material are the major concerns and limitations of this
method. An enzymatic, fluorometric resazurin assay is also used to measure the
glucose (2DG and 3-O-MG) uptake within the cell which overcomes the
disadvantages of radiometric method. In this assay, the intensity of fluorescence
produced due to NADPH/NADH-mediated conversion of alamar blue/resazurin to
reddish-pink colored resorufin in the presence of diaphorase is measured with a
microplate reader (Yamamoto et al. 2015). Zou et al. (2005) for the first time used
2-NBDG as a fluorescent glucose analogue to measure the glucose uptake activity of
lead compounds in HepG2 and L6 rat skeletal muscles using flow cytometry as a
detection technique. Huang et al. (2018) evaluated the anti-diabetic potential of
flavonoid-rich extract of Sophora davidii in L6 muscles using 2-NBDG as a glucose
tracer. In vitro S. davidii extract was found to enhance GLUT4 translocation and its
expression and increase uptake of glucose via the 50-AMPK-mediated GLUT4
translocation in L6 cell line. To understand the mechanism of action of glucose
uptake, GLUT4 translocation assay is routinely performed. Within the body, glucose
uptake within the insulin-responsive target cells is due to the movement of insulin-
responsive transporter GLUT4 on the cell surface. Hence, insulin- dependent
GLUT4 translocation to the cell surface is an important molecular regulation for
glucose homeostasis. Kadan et al. (2018) evaluated the GLUT4-mediated glucose
uptake activity of Teucrium polium extracts: {water/ethanol, methanol, and hexane}
in L6 muscle cell line by ELISA technique. This cell line used stably expressed

Table 11.1 (continued)

Cell-based
assay Compound/herb Characteristic/function References

Plumericin from stem bark of
Himatanthus sucuuba

Inhibition of the NF-κB
pathway

Fakhrudin
et al.
(2014)

Flow
cytometry

Combination of Caryophyllus
aromaticus, Mentha
haplocalyx, Magnolia biondii,
Xanthium sibiricum, Asarum
sieboldii

• Cytotoxicity estimation
• Activation of Nrf2

Han et al.
(2019)

Streptonigrin Pathway-selective inhibitors of
JAK-Stat and MAP kinase
signaling

Krutzik
et al.
(2008)

LPS-
stimulation/
flow
cytometry

Ethanolic extract of
Anemarrhena asphodeloides
(components identified-
timosaponin B and timosaponin
B II)

Inhibition of production of NO,
ROS, and pro-inflammatory
cytokines

Ji et al.
(2019)

Isorhamnetin: -flavonoid
extracted from the Chinese herb
Hippophae rhamnoides

• Measurement of apoptosis
by FITC Annexin V/propidium
iodine kits
• Downregulation of TNF-α,
IL-6, IL-1β, and IL-12p70 and
upregulation of IL-10

Shi et al.
(2018)
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myc-tagged GLUT4. Out of three extracts, the hexane extract at 32 μg/mL and
methanol extract at 63 μg/mL effectively enhanced GLUT4 translocation. In con-
trast, water extract did not have any effect in the presence of insulin, whereas in the
absence of insulin, water extract slightly enhanced GLUT4 translocation.

Radiotracers 2DG, 3-O-MG, and 2-NBDG are also used for screening of SGLT2
inhibitors. SGLT2 is a transporter protein in kidney cells responsible for reabsorp-
tion of glucose back into blood. SGLT2 inhibitors block these SGLT2 proteins
which leads to the excretion of glucose from the body via urine, helping in
normalizing the blood glucose levels and decreasing glucotoxicity to various organs
and tissues (Huan et al. 2013). The practicability of the assay for the discovery of
SGLT2 inhibitor was validated by measuring the inhibitory activity of phlorizin
(a dihydrochalcone belonging to the family of bicyclic flavonoid) on the sodium-
dependent uptake of 2-NBDG in stable CHO cells transfected with the plasmid
vector for expression of SGLT2 receptor. Results showed that NBDG uptake
decreased as the concentration of phlorizin was increased.

In type 1 diabetes mellitus, there is autoimmune destruction of β-cells. β-cell
proliferation assay is an attractive and widely used assay to screen compounds that
can normalize the function of β-cells or aid their differentiation and growth (Dsouza
and Lakshmidevi 2015). RIN, HIT, MIN, INS-1, and β-TC cells are the most widely
used cell lines in β-cell proliferation assay. Use of a new and relevant model for
human β-cells, i.e., EndoC-βH1 cell line, has been reported by Tsonkova et al.
(2018). In β-cell proliferation assay, replicating insulin-secreting β-cells are
incubated with radiolabelled nucleoside analogue like methyl 3H-thymidine and
Bromodeoxyuridine/5-bromo-20-deoxyuridine. These radioactive analogues help in
direct measurement of proliferation. Kasabri et al. (2015) evaluated the anti-diabetic
effect of Gymnema sylvestre aqueous extracts using β-cell MIN6 cells. Results
showed that Gymnema sylvestre aqueous extract significantly induced β-cell MIN6
cell proliferation ( p < 0.001) which enhanced the insulin secretion capacity and
glucose uptake activity sequentially.

In addition to autoimmune destruction of β-cells, defects/decrease in insulin
secretion also plays a key role in the pathogenesis of type 2 diabetes mellitus. In
insulin secretion assay, insulin-secreting cell lines RIN, β-TC, MIN6, and INS-1
are most commonly used. The amount of insulin secreted in the presence or absence
of test drug is measured using radioimmunoassay or ELISA. Kumar et al. (2017)
investigated the β-cell proliferation effect of Picrorhiza kurroa extract in RIN5f
cells. P. kurroa extract treatment significantly supported β-cell proliferation in a
concentration-dependent manner. It was found that P. kurroa extract significantly
increased the insulin secretion 3.1-fold at 6.25 mg/mL ( p < 0.01) as compared to
glucose control and glibenclamide control. This significantly enhanced insulin
secretion was due to increase in proliferation of β-cells and enhanced insulin gene
expression. Khazaei and Pazhouhi (2018) reported that there is a significant increase
( p < 0.01) in glucose-stimulated insulin-releasing capacity of RIN-5F cells treated
with Trifolium pratense extract. This effect of increase in insulin secretion of
T. pratense extract is due to presence of genistein, a naturally occurring isoflavone
compound with anti-diabetic effects. This anti-diabetic effect of genistein on β-cells
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is mediated through cyclic AMP/protein kinase A signalling and epigenetic regula-
tion of gene expression.

Due to autoimmune destruction of β-cells, there is decrease in the number of
GLP-1 receptors present on β-cells. GLP-1, an incretin-derived peptide, secreted by
enteroendocrine L cells in the small intestine in response to the food intake, binds to
GLP-1 receptor. GLP-1 is mainly responsible for increasing the glucose-dependent
insulin release from β-cells, reducing glucose-dependent glucagon secretion, leading
to decreased hepatic glucose output, inhibition of gastric acid secretion and gastric
emptying, inhibition of appetite, and lowering of food intake. On binding of GLP-1
to GLP-1 receptor on β-cells, GLP-1R binds to Gs and Gq types of heterotrimeric G
proteins, resulting in cAMP induction and Ca+2 release, followed by activation of
downstream signalling such as extracellular signal-regulated kinase. Additionally,
activated GLP-1R stimulates β-arrestin signalling and opening of voltage-dependent
Ca+2 channels. To identify compounds possessing GLP-1 agonist activity, calcium
mobilization assay, cAMP accumulation assay, β-arrestin recruitment assay, and
receptor internalization assay are performed. CHO and INS cells stably expressing
GLP-1 receptor are used in these assays. Huang et al. (2013) reported the hypogly-
cemic activity of Momordica charantia water extract and its fractions mediated by
increase in secretion of GLP-1. The levels of GLP-1 were evaluated in murine
enteroendocrine cell line by ELISA technique.

Decrease in glycogen synthesis is frequent in insulin resistance and type 2 diabe-
tes. Glycogen synthase is one of the therapeutic targets for treatment of type
2 diabetes mellitus because glycogen synthase is involved in synthesis of glycogen
in skeletal muscle cells. Skeletal muscle is the significant site for glucose uptake and
glycogen storage in humans, both processes being regulated by insulin. In this assay,
human muscle cells are incubated with test drug and [14C] UDP-glucose and
glycogen synthase. The amount of radiotracer incorporated into glycogen is
measured radiometrically or with the help of glycogen kit assay (Nakano et al. 2017).

In addition to glycogen synthase, glucokinase is a glucose sensor, rate-controlling
enzyme responsible for hepatic glucose metabolism and glycogen synthesis. Gluco-
kinase activator activates glucokinase by binding to the allosteric site of glucokinase
which increases the uptake of glucose in liver and also potentiates glucose-
dependent insulin secretion, leading to decrease in blood glucose levels. Min et al.
(2017) reported mangiferin (C-glycosyl xanthone) as a glucokinase activator by
performing molecular docking studies on glucokinase-mangiferin complex and
determining glucose consumption in HepG2 and C2C12 cells.

The uptake of glucose within the cells is also mediated through activation of
PPAR-γ, a nuclear receptor, responsible for proliferation of adipocytes and enhanced
uptake of lipogenesis, fatty acids, and glucose. PPAR-γ is expressed mainly in the
adipose and β islet cells, and activation of PPAR-γ is a very critical step in glucose
uptake which affects the glucose homeostasis and lipid metabolism as well as
inflammation. It is also known that PPAR-γ affects glucose-stimulated insulin
secretion. Therefore, assay based on measuring glucose uptake mediated by
PPAR-γ can be used for screening PPAR-γ agonist which can be used as a potential
anti-diabetic drug used in the treatment of type 1 or type 2 diabetes and related
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metabolic syndromes. HeLa cell line is extensively used in this assay. Gao et al.
(2016) evaluated the anti-diabetic potential of 37 traditional Chinese medicine
extracts by evaluating the activation of PPAR-γ by the PPAR-γ transactivation
assay and seven medicines (root bark of Lycium barbarum, Anoectochilus
roxburghii, the rhizome of Phragmites australis, Pterocephalus hookeri,
Polygonatum sibiricum, fruit of Gleditsia sinensis, and Epimedium brevicornu)
were able to significantly activate PPAR-γ ( p < 0.05).

11.2.2.2 Obesity
Obesity is a significant risk factor and may lead to development of type 2 diabetes,
hypertension, and cardiovascular disorders. In obesity, there is accumulation of lipid
in insulin-responsive adipose tissues which leads to insulin resistance. Decreasing
the accumulation of lipid in insulin-responsive tissues thus becomes one of the
potential targets for screening of anti-diabetic and anti-obesity drugs. 3T3-L1 cell
line is the most frequently used cell line in lipid accumulation assay since it exhibits
appropriate features of lipid storage and glucose homeostasis. The amount of
glucose uptake and lipid content within cell is the endpoint of this assay. To measure
the amount of glucose uptake, cells are incubated with 2-NBDG, and the intensity of
fluorescence is measured, whereas lipid content within the cell is measured using Oil
Red O staining method by incubating the cells with test drug and Oil Red O stain,
post which the dye retained in 3T3L1 cell is completely eluted with isopropyl
alcohol, and absorbance was measured (Gulati et al. 2015). Gulati et al. (2015)
evaluated the anti-diabetic activity of 7 Australian and 5 Indian Ayurvedic plant
extracts using lipid accumulation assay, out of which 3 Australian plant extracts of
Acacia tetragonophylla, Beyeria leschenaultii, and Euphorbia drummondii and the
Indian plants extract of Pterocarpus marsupium, Andrographis paniculata, and
Curculigo orchioides significantly reduced lipid accumulation in 3T3-L1 adipocytes
( p < 0.001) and thus are promising drugs with anti-obesity activity. Kim et al.
(2018) evaluated the lipid droplet accumulation inhibitory activity of quercetin and
orlistat on polydimethylsiloxane-based adipocyte micro-cell pattern chips. Oil Red
O staining method was used to determine the inhibitory activity of quercetin and
orlistat. It was reported that orlistat exhibited lipid accumulation inhibition capacity
of 19.9%, whereas quercetin exhibited lipid accumulation inhibition capacity of
24.4% in 3T3-L1 cells.

The cell-based lipid uptake assay is also used to screen for PCSK9 inhibitors.
PCSK9 is a factor secreted from hepatocytes responsible for destruction of LDL
receptors in hepatocytes by promoting its metabolism (Xu and Liu 2013). Xu and
Liu (2013) developed a cell-based fluorescent-labelled LDL uptake model for
screening PCSK9 inhibitors using HepG2 cell line to screen NINDS library. The
amount of LDL uptake by HepG2 cell line was measured by fluorescence plate
reader. On screening of NINDS library, it was found that colchicine inhibited
PCSK9. Western blot analysis was done to confirm the PCSK9 inhibitory activity
of colchicine.

In addition to lipid accumulation in obese individuals, leptin is a hormone to
which obese people are resistant. Leptin is secreted by white adipocytes and is
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involved in whole-body weight regulation which exerts its effect by activating the
leptin receptor (i.e., two main isoforms, OBRa and OBRb), and its blood level
directly corresponds to the white tissue mass (Kim et al. 2014). Nowadays,
preventing and overcoming leptin resistance is a major target for research of anti-
obesity drugs. By increasing the number of OBR receptors, leptin signal transduc-
tion can be increased, and leptin sensitivity can be improved. HEK293, HeLa, and
COS-7 cell lines are commonly used in this assay since they express OBR receptors.

As discussed earlier, obesity is a significant factor for development of atheroscle-
rosis. Due to obesity, there is a rise in TG and LDL levels in the body which often
leads to deposition of TG, LDL, etc. in the arterial walls leading to formation of
atherosclerotic plaque. Initially in atherosclerosis, due to endothelial cell injury,
leukocytes adhere and migrate into the endothelium with the help of various cell
adhesion molecules and gap junctions. Monocytes then proliferate to macrophage
cells inside the vessel which further take up oxidized LDL (Ox-LDL). These cells
then interact with T cells and vascular smooth muscle cells and undergo differentia-
tion which leads to atherosclerosis progression. Since proliferation of monocytes to
macrophages is one of the most significant events of atherosclerosis, new drugs
inhibiting this process can be good candidates for atherosclerosis treatment. With the
help of cell differentiation assay, we can screen for drugs that inhibit the conversion
of monocytes to macrophages. In cell differentiation assay, various monocytic cell
lines like THP and RAW 264.7 are taken. These cells are differentiated in the
presence of phorbol 12-myristate 13-acetate (PMA), Ox-LDL, MCSF, or GMCSF.
Increase in upregulation of various differentiation markers like CD11, CD14, and
type I SR can be monitored for evaluating differentiation. Similarly, drugs inhibiting
the process of macrophage proliferation/macrophage foam cell formation are also
good candidate molecules for treatment of atherosclerosis. The number of
macrophages is determined after 24 h of exposure to varying concentrations of the
test drug. To study the proliferation of macrophages, trypan blue dye and MTT
reagent are used. Singh et al. (2015) evaluated the anti-atherosclerotic bioactivity
and underlying mechanism of Curcuma longa oil in THP-1 macrophage cells. They
found that the cells pre-treated with C. longa oil prevented lipid accumulation in the
cells. To study the mechanism in detail, further RT-PCR was performed. Cells
treated with C. longa oil decreased the mRNA-mediated levels of TNF-α, IL-1β,
IL-6, and IFN-γ and enhanced the production of TGF-β in peritoneal macrophages.
THP-1 macrophages treated with C. longa oil inhibited production of TNF- α and
IL-1β by OxLDL and increased the levels of TGF-β, thus acting as an anti-
atherosclerosis agent.

Similarly, drugs that inhibit the process of migration of leucocytes to injured
endothelial cells can be screened with the help of leucocyte migration assay. To
evaluate the migration of cells in response to activation due to endothelium injury,
THP-1 monocyte migration can be assayed in Boyden chamber. The lower portion
of the Boyden chamber is filled with medium obtained after Ox-LDL or TNF-α
treatment of endothelial cells. Monocytes are incubated with/without test compound,
and after incubation for around 6 h at 37 �C, cells that migrate into the lower
chamber are counted by flow cytometry or various other conventional methods.
Song et al. (2016) evaluated the anti-atherosclerotic effect of crocetin (obtained from
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Crocus sativus) by performing functional assay. The researchers found that crocetin
decreased the cell infiltration rate to the damaged site in endothelial cells. Cell
adhesion assay is used to screen test drug compounds that prevent the adhesion of
human monocytes to endothelial cells. Inhibition of the cellular adhesion step of
monocytes to endothelial cells is due to inhibition of the expression of adhesion
molecules on human monocyte cell line which further prevents progression of
atherosclerosis. In this assay, endothelial cells and human monocyte cell line
(THP-1) are incubated in the absence or presence of test drug compound. The total
number of platelets adhered is calculated either microscopically or by protein
estimation method. Hsueh et al. (2016) evaluated the anti-atherosclerotic activity
of Naringin (flavanone), by performing cell adhesion assay. The researchers found
that naringin prevented the expression of various adhesion molecules and chemokine
which resulted in inhibiting the adhesion of THP-1 cells to endothelial cells by
inhibiting the NF-κB translocation and phosphorylation of NF-κB and IκB signal-
ling pathways. Macrophage apoptosis is one of the factors promoting atherosclero-
sis. Drugs which inhibit the apoptosis pathway are promising anti-atherosclerotic
agents. With the help of apoptosis assay, we can screen new drug compounds that
target macrophage necroptosis. Luo et al. (2015) examined the activity of
isorhamnetin a flavonoid compound extracted from Hippophae rhamnoides on
THP-1 macrophage cell line. To determine the anti-apoptotic effect of isorhamnetin,
western blot analysis was performed. Isorhamnetin was found to enhance the
upregulation of anti- apoptotic proteins and decrease the downregulation of
pro-apoptotic proteins. The various cell-based assays used to screen anti-
atherosclerotic agents are schematically represented in Fig. 11.2.

Fig. 11.2 Schematic representation of cell-based assays used to screen anti-atherosclerotic agents
along with targets involved in each assay
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In addition to the abovementioned assays for atherosclerosis, a high-throughput
screening assay using human HDL labelled with 1,10-dioctadecyl-3,3,30,3-
0-tetramethylindocarbocyanine perchlorate and CHO cells has been reported. With
the help of this assay, agents that inhibit the transfer of HDL into the cells were
measured. Human hepatoma cells transfected with a plasmid encoding the promoter
region of the human ABCA1 gene linked to a luciferase reporter along with LDL and
test drug was used to study drugs which increase the expression of ABC1A1 and
promote the formation of HDL particle, protecting against the development of
atherosclerosis. Pyrromycin and aclarubicin (anthracycline antibiotic), daidzein,
and pratensein (isoflavone compounds) were studied by this assay. It was found
that both the antibiotics and isoflavone compounds promote expression of ABCA1
in cultured HepG2 cells which was determined by quantitative real-time RT-PCR
(Etzion and Muslin 2009).

Various target cell-based assays like Liver X receptor agonist cell-based assay,
NPY receptor cell-based assay, and β3 adrenoceptor assay are also used to screen
anti-obesity agents. These assays help in target-based screening of natural drugs for
treatment of obesity (Vogel 2002).

Cardiovascular disorders like ischemic heart disease arise due to atherosclerotic
plaque formation in blood vessels. Ischemic heart disease is a condition which
causes extensive death of cardiac cells due to activation of apoptotic pathways via
regulation of Bcl-2 and Bax. Therefore, compounds with anti-apoptotic and anti-
necrosis activity can be positioned as good cardioprotective agents. Wang et al.
(2017) evaluated the cardioprotective activity of hypaconitine and glycyrrhetinic
acid on H9c2 cells under oxygen-deprived glucose condition (OGD)-induced injury.
To evaluate the cardioprotective effects of hypaconitine and glycyrrhetinic acid,
pathology and morphology of the nucleus and ultrastructure of H9c2 cells was
determined by TEM and Hoechst 33342 staining techniques. LDH, creatine
kinase-myocardial band isoenzyme, and aspartate transaminase levels were deter-
mined from the supernatant of cultured H9c2 cells by ELISA. To determine apopto-
sis, FITC-AV/PI double staining assay was performed which showed a decrease in
the rate of apoptosis via the PI3K/Akt signalling pathway.

Guo et al. (2012) developed a cell-based assay model which is helpful to
recognize cardioprotective agents. A plate-based respirometry apparatus was
designed to measure mitochondrial O2 consumption rate and glycolysis by intact
cells on a 24-well plate. There is disposable cartridge with fluorescent probes
sensitive to PO2 and pH resting on the top of the plate which travels in a vertical
axis. On lowering of plunger, cells are trapped in the microchamber which allows for
the measurement of changes in PO2 and pH. On continuous lowering of the plungers,
cells consume all available O2 in the microchamber, creating an ischemic-like state.
In the extracellular flux apparatus, an argon gas flow was adapted in the head space
of the cartridge due to which a better control over O2 level in the media is achieved.
These modifications produced a 24-well model of IR injury which can be used for
HTS of ischemic drugs from natural source. Figure 11.3 represents the various cell-
based assays covered in this section which are used to screen anti-obesity and
hypolipidemic agents.
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11.2.3 Anti-cancer Activity

A study by the American Cancer Society in 2019 has revealed that there will be an
estimated 1,762,450 newly diagnosed cancer cases and 606,880 cancer deaths in the
USA alone. Cancer is a deadly disease affecting the health of humans from all strata
of life. Mutations in genes can lead to altered cellular functions leading to cancer. In
cancers, the cell cycle is disturbed leading to abnormal proliferation. Cell division
and growth under normal conditions is governed by proto-oncogenes which convert
to oncogenes during genetic mutation and threaten cell existence. Besides, the lack
of tumor suppressor genes causes uncontrolled cell division. In this section, we have
reviewed various cell-based screening assays for anti-cancer drugs of natural origin.

As described earlier, colorimetric techniques of detection are the most routinely
used methods to determine cell viability. Alamar blue/resazurin; sulforhodamine B;
tetrazolium reagents such as (3-(4,5-dimethylthiazol-2-yl)-5-
(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium) MTS, (2,3-bis-
(2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-carboxanilide) XTT, and the
(water-soluble tetrazolium salts) WST; and electron acceptor reagents such as
phenazine methyl sulphate/phenazine ethyl sulphate and CAM are the dyes used
in cell viability assay. These assays are based on the principle of conversion of these
dyes to their fluorescent/colored reduced forms in metabolically viable cells. The
cytotoxicity of Thai herb Clinacanthus nutans was validated by both MTT and SRB
assays by Vajrabhaya and Korsuwannawong (2018). An excellent correlation was
observed between the two cytotoxicity assays ( p> 0.05). Wu et al. (2017) evaluated
the anti-cancer activity of Pinicolol B, a natural product from Antrodia cinnamomea
by determining cell viability in nasopharyngeal carcinoma cell line using MTS
assay.

Fig. 11.3 Schematic flow chart of cell-based assays used to screen anti-diabetic and anti-obesity
agents along with targets involved in each assay
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Clonogenic cell survival assay has been studied as an effective tool for screening
compounds acting against tumor cells. Clonogenic cells have the potential to
proliferate indefinitely which results in formation of a clone or colony which is
visible to the naked eye. In this assay, a known number of cells are plated post-
treatment. The cells are allowed to grow, followed by a staining step wherein the
colony-forming surviving cells are counted. This is measured in terms of plating
efficiency, i.e., the percentage of cells seeded into a plate that result in formation of a
colony/clone. Jerantinine B, one of the seven Aspidosperma indole alkaloids isolated
from the leaf extract of Tabernaemontana corymbosa, was evaluated for its anti-
cancer activity by clonogenic assay. This antiproliferative assay revealed that
jerantinine B and jerantinine B acetate considerably inhibited growth and colony
formation in HCT 116 human cancer cell lines (Qazzaz et al. 2016).

The two major forms of cell death in normal and disease pathologies include
apoptosis and necrosis. Many assays for detection of apoptosis are reported, but a
very few assays measure necrosis which is characterized primarily by
permeabilization of plasma membrane. Necrosis can be quantified by measuring
the levels of enzyme LDH. LDH is a soluble cytoplasmic enzyme which upon
damage to the plasma membrane is released into the extracellular space and detected
with the aid of a tetrazolium salt (Fotakis and Timbrell 2006). Using a colorimeter or
fluorimeter, the released LDH can be measured which relates to cell viability.
Acetone extract of roots of Rubus fairholmianus was evaluated on human colorectal
cancer cells for its antiproliferative activity by LDH assay (PlackalAdimuriyil
George et al. 2015).

Demchenko (2013) screened anti-cancer drugs using annexin V affinity assay
which involves binding of the highly fluorescent annexin V to phosphatidylserine
externalized from cells due to loss in cell membrane integrity. In cells which are
viable, phosphatidylserine is located on the surface of the cytoplasm of the cell
membrane. During the intermediate stages of apoptosis, phosphatidylserine is ferried
from the inner to the outer surface of the membrane, making phosphatidylserine
available for detection in the external cellular environment. Apoptosis is
programmed cell death, which includes morphological changes and a set of bio-
chemical steps, resulting in activation of caspases and fragmentation of cells into
small apoptotic bodies. Activation of caspases in cancer is important as they are a
family of protease enzymes playing an essential role in programmed cell death. The
researchers developed a method using hapten (biotin)-labelled annexin V which
could be detected fluorometrically. Annexin V is unable to bind to viable cells since
the molecule cannot penetrate intact phospholipid bilayer. Besides annexin V, a
DNA stain, propidium iodide can be used to differentiate viable and apoptotic cells.
The cells are analyzed by flow cytometry in the annexin V and propidium iodide
assays. Honokiol, an active principle isolated from the aqueous extracts ofMagnolia
grandiflora, was found to be a potent anti-tumor agent when screened using this
assay in endothelial cell lines (Bai et al. 2003).

Bcl-2 family of proteins which consist of both pro-apoptotic and anti-apoptotic
factors play a crucial role in development of malignancies by promoting its
overexpression in pathogenesis and can be effectively tapped as an anti-cancer
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target. The anti-apoptotic Bcl-2 family proteins mainly exhibit their activity by
sequestering pro-apoptotic BH3-only proteins (Bim, Bid, Bad). Therapeutic anti-
cancer molecules are developed by mimicking BH3 molecule which antagonize the
interaction between Bcl-2 proteins and BH3-only proteins. Bcl-2 inhibitors are
reported to exhibit caspase-dependent cell death by liberating the pro-apoptotic
BH3-only proteins which result in mitochondrial outer membrane permeabilization
causing the release of cytochrome c and other pro-apoptotic factors in the region of
apoptosome and activation of caspases-9/3/7 (Hassig et al. 2014). Cell-based orthog-
onal assays were performed to screen samples for their enhanced pro-apoptotic Bcl-2
family activity. Gossypol, a natural phenol derived from the cotton plant, was found
to be one of the drugs actively targeting Bcl-2 proteins. Also, during the effector
phase of apoptosis, caspases and proteases are activated and result in cleavage of
intracellular substrates such as cytokeratin-18. This results in disruption and disas-
sembly of the skeleton and cytoplasmic inclusions. These cleavage products are
indicative of cell death. Anti-cancer drugs can be effectively screened by measuring
their ability to activate caspase-3/7 in tumor cells or by measuring the levels of
cytokeratin-18. Single multiplex assays have been used to measure cell viability and
caspase-3/7 activation in order to determine the capability of extracts to produce
programmed cell death. Caspase-3/7 activity can also be monitored with the aid of
luminescent assays. Li et al. (2006) carried out caspase-3/7 assay to study apoptosis
in HK-60 and MDA-231 cells. Activated caspases-3/7 cleave the firefly luciferase
substrate Z-DEVD-aminoluciferin sodium salt to liberate aminoluciferin which
reacts with luciferase resulting in generation of measurable light. This luminescence
directly correlates to cell death. Potent anti-cancer drugs enhance the caspase activity
which is indicated by increased luminescence. Oxadiazine nocuolin A (NoA)
extracted from various cyanobacterial strains of genera Nostoc, Nodularia, and
Anabaena was screened by this assay (Voráčová et al. 2017). NoA-induced cell
death has been attributed to caspase-dependent apoptosis. Besides, NoA exhibits
considerable antiproliferative activity against several human cancer lines. Another
assay based on the caspase-dependent cleavage of cytokeratin-18 (CK-18) was
carried out by Hägg et al. (2002) using the M30 Apoptosense ELISA kit in
MDA-MB-231 cell line. Levels of caspase-cleaved CK-18 and the accumulated
cleavage-products in cells were measured. A library of natural products was
screened by Fayad et al. (2009) for their apoptotic activity in HCT116 colon
carcinoma cells. The alkaloid thaspine obtained from Croton lechleri, daunorubicin
obtained from Streptomyces peucetius, and streptonigrin obtained from Streptomy-
ces flocculus were found to be potent apoptosis-inducing agents.

Some other novel targets for screening anti-cancer drugs include enzymes
indoleamine 2,3-dioxygenase (IDO1) and tryptophan 2,3-dioxygenase (TDO),
which catalyze the conversion of tryptophan to N-formylkynurenine (NFK).
Overexpression of IDO1 has been associated with the progression of cancer,
whereas preclinical studies have indicated TDO as a target for cancer immunother-
apy and neurodegenerative disease. By consuming tryptophan, IDO modulates the
function of effector T cells and increases autoantibody titers produced by B cells.
Assays have been developed using NFK Green, a chemical probe, which reacts with
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NFK to produce green fluorescence. This assay evaluated the tryptophan-
metabolizing ability of cells and estimated the activity of IDO and TDO inhibitors.
Natural IDO inhibitors such as curcumin, exguamine A, Crinum latifolium leaf
extract, neem (Azadirachta indica), tryptanthrin, brassinin, and annulin A and B
have been screened by this assay (Zulfiqar et al. 2017).

Altering the cell cycle can serve as excellent target for screening anti-tumor
drugs. Cell cycle arrest assay operates through the checkpoints of the cell cycle. A
group of researchers have reported that terpenoids and mixed isoprenoids suppressed
the growth of tumor cells by initiating apoptosis and arrest of the cells in G1 phase in
the cell cycle (Mo and Elson 2004) Ursolic acid present in plants like rosemary and
thyme induces apoptosis in HCT-116 cell lines by arresting the cell cycle in G1
phase (Dar et al. 2016). Table 11.2 lists the various assays that have been reported for
screening drugs of natural origin for their anti-cancer activity.

11.2.4 Anti-viral Activity

Viruses are small agents which invade body and replicate inside host cells, produc-
ing toxins that cause viral infections. Although the immune system helps to destroy
viruses, anti-viral immune responses may result in tissue damage and illness.
Inhibiting infectious virus growth inside cells requires the ability of the drugs to
traverse across the cell membrane. Assays to screen anti-viral drugs are usually
based on automated readouts, i.e., either microscopy or luminescence-based assays,
which measure virus yield reduction (VYR) and CPE reduction as their endpoints
and are described below. CPE assays monitor cell viability by measuring the drug-
induced inhibition/reduction in viral CPE by means of employing assays such as
colorimetric and luminometric cell death assays, viral plaque assays, and
microscopy-based assays (Alves et al. 2018).

The simplest and most basic techniques used to screen anti-viral drugs employ
colorimetric viability assays using neutral red, resazurin, MTS dyes, etc. The neutral
red (3-amino-7dimethyl-2-methylphenazine hydrochloride) dye uptake cytotoxicity
assay provides a quantitative estimate of the viable cell numbers in a culture by
measuring the ability of a drug to inhibit the uptake of the dye. The same group
evaluated the anti-reovirus (double-stranded RNA virus) activity of kuraridin
isolated from the roots of Sophora flavescens against human type 1–3 reoviruses
and Korean porcine reovirus using neutral red assay.

Another simple assay to measure cell viability was reported by Liang et al.
(2013). A luminescence-based assay was performed which relies on ATP measure-
ment to estimate the number of viable cells. The assay measures inhibition of virus-
induced CPE by a test compound using luminescent cell titer kits and exhibits a
luminescent signal which is directly proportional to the amount of cellular ATP
present, which corresponds to the number of metabolically active cells. The
researchers evaluated the anti-HIV-1 properties of Sanguisorba officinalis which
was found to exhibit therapeutic efficacy against HIV1 (ADA and HXB2) and also
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showed inhibitory activity against simian immunodeficiency virus infection by a
luminescence assay.

In order to determine titers of viruses, plaque assay plays a vital role in identifying
inhibitors of Enterovirus 71 (EV-A71). Plaque assay works on the principle that
replication of a single infectious virus in a host cell leads to invasion of its progeny to
adjacent monolayered cells under the cover medium. Yin et al. (2019) used Homo

Table 11.2 Assays employed in the search for novel drugs of natural origin for their anti-cancer
activity

Cell-based assay Compound/herb Characteristic/function References

Anti-
proliferation

Honokiol
(magnifolia
extract)

Inhibited angiogenesis by interfering
with phosphorylation of vascular
endothelial growth factor receptor
(VEGFR2) in human endothelial cells.
It also inhibited the growth of
transformed epithelial cells in vitro

Bai et al.
(2003)

Curcumin Inhibited COP9 signalosome-
associated kinase activity resulting in
downstream effects of potent
angiogenic factor VEGF

Epicatechin
gallate and
genistein

Inhibited the activity of the 26S
proteasome, may also regulate VEGF
synthesis

Resveratrol Inhibited tumor promotion by protease
inhibitors activity

Rapid
colorimetric
assay
(MTT) assay

Ginkgo biloba L MTT assay converts MTT into
formazan crystals by living cells and
determines the mitochondrial activity.
Mitochondrial activity relates to the
viability of cells

El-
Menshawi
et al.
(2010)

The ATP
bioluminescence
assay

Ellagic acid
extracted from
Galla chinensis

Determines tumor cell viability by
measuring the ATP (exhibited light)
which is produced by adding
luciferase-luciferin reagent. Inhibition
in luminescence relates to no cell
growth

Ceci et al.
(2018)

[3H] thymidine
assay

Paclitaxel The amount of thymidine incorporated
into DNA co-relates to the rate of
proliferation. Inhibitors of proliferation
will result in reduction of thymidine
signal and is measured by scintillation

Li et al.
(2006)

Neutral red assay Glandularia
selloi
(Spreng)Tronc.
leaf extract

Neutral red determines cell viability by
binding to anionic sites. Cell viability is
expressed as concentration-dependent
NR uptake into the cell

Figueiró
et al.
(2016)

Colony-forming
assay

Chinese herbal
compound
Songyou Yin

Anti-tumor agents after adding to
colony-forming cell line results in
decrease in colony formation. Inhibits
cell growth

Jia et al.
(2012)
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sapiens muscle rhabdomyosarcoma cell line to examine the anti-plaque-forming
activity of nobiletin, a flavone which showed complete prevention of plaque forma-
tion at 10uM. The integrity of this monolayer was used as a measure of the
compound’s inhibitory activity.

An alternative to the dye-based and luminescence-based viability assays,
reporter virus/cell assays can be used to monitor viral replication in a much
efficient way. In reporter virus assays, a reporter gene, inserted into a nonessential
region of viral genome, causes the expression of corresponding reporter protein
when virus replicates inside cells. Hence, when viral inhibitors are added, there is a
decreased expression in the reporter protein indicated by the loss-of-signal endpoint.
Three types of reporter assays have been reported
for indirect measurement of anti-viral activity: the first type of assay involves viral
minigenome system wherein the cells with transfected plasmids produce a virus-like
RNA encoding a reporter gene, controlled by viral polymerase regulatory sequences.
The second type of assay involves the engineering of a replication-incompetent
virion in which a reporter gene replaces a viral gene. The third type is to generate
a replication-competent reporter virus. However, the major drawback of these assays
is their requirement for expression of a reporter gene, an indicator of viral polymer-
ase activity. Hence, these assays cannot be applied to new emerging viral strains, and
the need for developing a non-reporter-based screening assay arises (Wang et al.
2016).

Lucas-Hourani et al. (2013) screened 3040 molecules from a natural product
library using luciferase-based reporter gene assay to identify small molecules
targeting nsP2-mediated transcriptional shutoff. nsP2 protein is a nonstructural
protein of CHIKV which induces a transcriptional shutoff leading to blockade of
cellular anti-viral response. On evaluating the results, they found one natural com-
pound ID1452-2, a derivative of taxoid oxetan, partially blocked nsP2 activity.

Vasou et al. (2018) proposed a class of viral interferon antagonists to counteract
host IFN response as an important target for anti-viral drugs. These sites are crucial
as most viruses encode these proteins and their suppression can help in exerting anti-
viral activity. The researchers have developed a cell-based platform using two
reporter cell lines to identify the activation of IFN induction via an eGFP gene
which is controlled by IFNβ or IFN-stimulated response element (ISRE)-containing
promoter, respectively. Hence, an IFN antagonist in the reporter cell line will result
in IFN response blockade and subsequent inhibition in the eGFP expression. An
anti-viral drug would therefore inhibit IFN antagonist function and facilitate IFN
response restoring eGFP expression. The same group demonstrated the assay using
human respiratory syncytial virus and cytomegalovirus, and both the screens
performed robustly with Z-factor scores of >0.6.

Since the enterovirus EV71 is one of the majorly studied organisms for screening
of anti-viral agents, it becomes really interesting to know how exactly it spreads
infection in host cells. One of the assays targeting the first step of virus infection is
the cell-binding assay as studied by Cao et al. (2015). Initial screening involved
expression of GFP fluorescence in order to define the effective concentration range
of test compound. Further, anti-EV71 activity was evaluated by infecting RD cells
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with EV71, followed by treatment with varying concentrations of compounds under
investigation. The amount of EV71 RNA remaining in host cells after incubation
was determined using qRT-PCR which showed that the reduction in the number of
EV71 RNA was concentration-dependent.

Another important assay for screening of anti-virals is the syncytium induction
assay. Syncytia are formed due to fusion of virus-infected host cells with neighbor-
ing cells to form a multinucleate mass leading to CPE. Therefore, this assay was
employed to evaluate enzootic bovine leukosis, a neoplastic disease common in
cattles, caused by BLV. This assay referred to as luminescence syncytium induction
assay involves use of a reporter cell line CC81-BLU3G transfected with a reporter
plasmid pBLU3-EGFP (BLV long terminal U3 region as the promoter and enhanced
GFP, i.e., eGFP, as the reporter gene). Expression of the green fluorescent protein
leads to direct visualization and quantification of BLV infectivity due to formation of
fluorescent syncytia. This assay was found to be more sensitive to detect cell-to-cell
and cell-free BLV infection. The applicability of this assay was also checked using
plasma from BLV-infected cows. Chathuranga et al. (2019) demonstrated the anti-
viral activity of Plantago asiatica and Clerodendrum trichotomum using the
syncytia assay against respiratory syncytial virus.

The major limitation of viral replication assay to screen anti-viral compounds of
natural origin is its low-throughput nature. Viral replicon assay has been established
to overcome this limitation. In this assay, two reporter genes Rluc and neomycin
phosphotransferase are engineered into the flaviviruses like hepatitis C virus, West
Nile virus, and Zika virus replicon which results in Rluc/NeoRep. BHK-21 or A549
cell lines transfected with Rluc/NeoRep are the most commonly used cell lines in
this assay. In replicon-based assay, the compound to be screened is added to cells
with replicon RNAs under full replication. On the other hand, in the standard viral
infection assay, the compound to be screened is added either concomitantly or before
viral infection of cells. Drugs which decrease the Rluc activity in the cell line are
potential candidates to be developed as anti-viral agents. To measure the reduction in
Rluc activity, real time RT-PCR is performed. Besides, it provides added advantages
such as higher success rate in animal studies and no formation of infectious virions.
Hishiki et al. (2017) used the viral replicon assay to check at which stage hirsutine
(indole alkaloid from Uncaria rhynchophylla) target the dengue virus (DENV) life
cycle. The researchers found that hirsutine did not decrease the luciferase activity in
culture supernatants which helped the researchers establish that hirsutine doesn’t
inhibit DENV replication during viral-genome RNA translation and synthesis.
Varghese et al. (2016) evaluated berberine, abamectin, and ivermectin as anti-viral
drugs against chikungunya and other alphaviruses. The researchers evaluated the
anti-viral activity of 3000 compounds using BHK-21 cell line transfected with a
stable CHIKV replicon with a luciferase reporter, out of which abamectin
(EC50 ¼ 1.5 μM) and ivermectin (EC50 ¼ 0.6 μM) which are fermentation products
generated by a soil-dwelling actinomycete, Streptomyces avermitilis, and berberine
an isoquinoline alkaloid (EC50 ¼ 1.8 μM) inhibited CHIKV replication in a dose-
dependent manner and also had inhibitory effect against other alphaviruses.

11 Cell-Based Assays in Natural Product-Based Drug Discovery 235



11.2.5 Anti-mycobacterial Activity

Tuberculosis is an intracellular infection caused by MTB that remain housed within
macrophages and is of two types – pulmonary and extrapulmonary tuberculosis.
Mycobacterial infection of macrophages is indicated by initiation of a localized
inflammatory response which serves as the driving factor for tissue destruction
leading to cavity formation in pulmonary tuberculosis. The key players in the
pathogenesis of both pulmonary and extrapulmonary tuberculosis are the matrix
metalloproteinases (MMPs); pro-inflammatory TNF-α, IL-12/23p40, and IFN-γ; and
anti-inflammatory (IL-10) cytokines. Cell-based assays reported in literature for
screening of anti-mycobacterial and anti-microbial drugs of natural origin are as
below.

Currently used cell-based assays include two basic methods for quantification:
direct and indirect method. Direct method measures the number of CFUs which is
simple and cost-effective. However, it is accompanied with longer testing duration
and higher chances of error. Nair et al. (2017) have reported anti-tubercular activity
of garlic extracts and its isolates in RAW 264.7 mouse macrophages. Initial testing
for anti-TB activity of various isolates was done using Resazurin Microtiter Plate
Assay (REMA). Later on, these results were validated using mouse macrophages
RAW 264.7, and it was found that the anti-tubercular activity of Allium sativum
extract against MTB-infected macrophages was appreciable and concentration-
dependent.

Due to innate immune responses being suboptimal in tuberculosis, modulation of
host immune responses using polysaccharides derived from medicinal plants can
become an essential strategy to develop novel anti-mycobacterial agents. Gupta et al.
(2016) performed CFU assay where a polysaccharide G1-4A derived from crude
extract of Tinospora cordifolia inhibited survival of susceptible and resistant MTB
strains. This study was done using in vitro and ex vivo macrophage models that were
infected with MTB, followed by G1-4A treatment, and the number of colonies were
counted post incubation. Induction of NO, pro-inflammatory cytokines, and surface
expression of CD-86 and MHC-II happened in a TLR4-MyD88-dependent manner.
Surface expression of CD-86 and MHC-II was studied by immunophenotyping, and
phagocytosis assay was performed using GFP-expressing MTBH.

An indirect method involves testing of activity by measuring either fluorescence
or luminescence. However, it involves high expenses due to rigid infrastructural
requirements.

Of the widely accepted causes of anti-microbial resistance in patients with
bacterial infections, one is a subpopulation of non-replicating persistent (NRP)
bacteria. An assay was developed by Cho et al. 2007, targeting such
non-replicating bacteria called luminescence-based low oxygen recovery assay
(LORA) for MTB that contains a plasmid with a bacterial luciferase gene driven
by an acetamidase promoter. A comparative study was also performed by exposing
microplates to aerobic and anaerobic conditions and results showed that MICs of
31 selected antibiotics like rifampin, ciprofloxacin, streptomycin and so on were
higher under anaerobic conditions.
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The disease-causing MTB strain used for screening of anti-mycobacterial
compounds could either exhibit auto-luminescence or plasmid-induced lumines-
cence or fluorescence. A BSL-2-compatible infection model involving
macrophage-passaged MTB was developed by Schaaf et al. (2016) to demonstrate
that rifampicin, fluoroquinolones, and streptomycin show higher MICs against
intracellular MTB. It involved THP-1 monocytes as host cells along with H37Rv-
derived auxotroph strain mc26206. Insertion of a plasmid pMN437 into this strain
allowed direct quantification of levels of infection due to expression of green
fluorescent protein. A sensitive and accurate model also offered the advantage of
being easily scalable and simple to perform.

Assays for monitoring cell viability involving luminometric measurements in
bacterial cells such as genetically modified strains of MTBH-expressing lux genes
{bacterial luciferase either from Photorhabdus luminescens (Sharma et al. 2014) or
from Vibrio harveyi (Larsson et al. 2014)} are reported in literature. The oxidation of
reduced flavin mononucleotide (FMNH2) leads to bacterial luminescence
confirming cell viability. The number of luminescence producing viable cells was
determined and verified using colony-forming unit analysis (Larsson et al. 2014).

Nonpathogenic, biosafety level 2 bacteria like M. aurum, M. smegmatis mc2155,
and M. neoaurum are fast-growing and can be generally employed as surrogate
models for MTB in preliminary screening of anti-mycobacterial agents since they do
not require very stringent biosafety conditions. Gupta and Bhakta (2012) reported
the use of an integrated host model using unlabeled and FITC-labelled M. aurum to
infect mouse macrophage RAW 264.7 cells and measured the fluorescence intensity.
This study was carried out at different pH ranges and varying time intervals in order
to estimate the antibiotic susceptibility and growth kinetics of the selected host-
model system. Owing to the limitation of selectivity by the use of nonpathogenic
models as surrogates for MTB, Diop et al. (2018) explored utility of mammalian and
protozoal hosts infected by a pathogenic bacterium. M. marinum is a fast-growing
bacterium with lower safety risks and easy manipulation and transition into a potent
zebrafish infection model. A phenotypic assay for host-pathogen was designed based
on the monitoring of protozoal host amoeba Acanthamoeba castellanii infected with
GFP-expressing strain of M. marinum. The difference in fluorescence readouts
between the point of infection of host amoeba with GFP-expressing M. marinum
and post its incubation period were measured. Aqueous extracts of Combretum
aculeatum and Guiera senegalensis from Senegal exhibited anti-mycobacterial
activities on the authenticated amoeba GFP-expressing M. marinum host-pathogen
assay. Host model systems could also include mammalian host cells that offer better
phenotypic resemblance to the disease in humans and also conserve the basic cellular
functions of a housekeeping gene. In a whole-cell-based phenotypic screen devel-
oped by Trofimov et al. (2018), a microglial phagocytic cell line, BV2, and the
amoeboid organisms Dictyostelium discoideum and Acanthamoeba castellanii have
been employed to characterize anti-microbial activity of selected antibiotics.
GFP-expressing M. marinum was employed to measure total fluorescence exhibited
by the bacterial mass. Also, luxCDABE-expressing auto-bioluminescent
M. marinum strain was employed for antibiotic activity testing of selected
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compounds. Fluorescence signal intensity was proportional to the cell count. Mem-
brane permeability and loss of substrate attachment were indicative of cell death. The
study also evaluated mode of action of the selected anti-TB agents using generation
of overexpressor M. bovis BCG strains.

11.2.6 Anti-microbial Activity

The remarkable spread of resistance to anti-microbials used for therapy has had a
great impact on public health. Natural products become excellent sources of newer
drug molecules that can combat this looming healthcare emergency. Conventional
methods involving luciferases, light-emitting enzymes, or even the autofluorescent
proteins have been widely used and reported for the discovery of novel anti-
microbial agents.

A very interesting methodology has been proposed by Lyu et al. (2018) which
targets induction of host defense peptides (HDPs) that would help in controlling the
disease. HDPs are a part of innate immune system that can control infection and limit
it by employing various immune cells to the site of infection and further
counteracting endotoxin-induced inflammation. HDP induction can be done by
constructing a stable chicken HTC macrophage cell line using avian β-defensin
9 (AvBD9) gene promoter (readily inducible) as demonstrated by Lyu et al.
(2018). Induction of luminescence was recorded as a measure of HDP induction.
A potent natural lead, wortmannin, was explored as a powerful inducer of HDP
synthesis. It was also found to act synergistically with butyrate in enhancing anti-
bacterial activity of chicken monocytes.

An approach involving luminescent bioreporters in conjunction with HPLC was
thought to be more sensitive and speedier in comparison to the traditional anti-
microbial assays like turbidimetry. Such bioluminescence assays can be applied to
natural product crude extracts to establish anti-microbial activity of the isolated
fractions. One novel method that uses HPLC micro-fractionation of crude drug
extracts coupled with a recombinant, luminescent bioreporter Escherichia coli
K-12 strain, has been developed. After preliminary screening by TLC
bioautography, the crude ethyl acetate extract of Pycnoporus cinnabarinus (fungal
strain FBCC130) was further analyzed for anti-microbial activity using HPLC-UV
of its micro-fractionations. Luminescence was measured to quantify the dose-
dependent anti-microbial response (Järvinen et al. 2016).

To exemplify a novel approach highlighting the applicability of sensitive
pathway-based assay, Fischer et al. (2004) focused on bacterial fatty acid synthesis
(FAS) pathway (type II) which is essential for bacterial viability. FAS type II is
completely different from human FAS type I and is unexploited as a target for
screening of anti-microbials. Phylogenetic relevance of Bacillus subtiliswith most of
the pathogens made it a model organism of choice. The reference gene yjaX (also
called fabHA) represented a central enzyme of the FAS pathway. This promoter
gene was fused with firefly luciferase to construct a reporter strain that selectively
indicated induction of reporter system by FAS inhibitors. This assay was
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successfully employed to identify a well-known FAS inhibitor, cerulenin, which
inhibits enoyl-ACP reductase FabI in Bacillus subtilis.

Assays based on mRNA expression profiling in bacteria have found utility as
targets in anti-bacterial screening and mechanism of action studies. An assay was
developed and validated involving antibiotic biosensors for five biosynthetic
pathways in bacteria: biosynthesis of DNA, RNA, protein, cell wall, and fatty
acid. Cellular biosensors were based on fusion of promoters to reporter genes by
genetic engineering. yheI, yorB, yvgS, ypuA, and fabHB genes were taken from
B. subtilis, and each of these were fused with firefly luciferase in order to create a
biosensor strain. Signal transduction was observed in the form of luminescence. An
increase in luminescence indicated induction of the biomarker system. Subsequent
mechanism of action studies was performed by incorporation of radiolabelled
precursors using S. aureus revealing that the gene fabHB was selectively induced
by fatty acid synthesis inhibitors; yvgS induced by RNA biosynthesis inhibitors;
ypuA induced by cell wall biosynthesis inhibitors; yorB induced by DNA biosynthe-
sis inhibitors; and finally yheI induced by inhibitors of protein biosynthesis. This
assay led to identification of the mechanistically unexploited antibiotic, Ferrimycin
A1, as a selective inhibitor of protein synthesis (Urban et al. 2007).

Antibiotic biosensor strains have been utilized in the identification of inhibitors of
DNA metabolism through initiation of SOS response, an indicator of bacterial DNA
damage. RecA promoter and GFP gene were fused to generate a plasmid-based
reporter vector which was introduced into an Escherichia coli K-12 MG1655 strain.
RecA senses accumulation of single-stranded DNA and interacts with LexA (tran-
scriptional repressor for SOS response) to cause its cleavage and thus allow expres-
sion of SOS response to deal with DNA damage. Inhibition of bacterial cell cycle
was recorded as GFP fluorescence readout (Fan et al. 2014).

One essential bacteria-specific target is the S1-dependent translation initiation
pathway. Initiation is the first and the rate-limiting step of translation. Existing
antibiotics have been explored to have translation as the target pathway. However,
they are yet to be explored as targets for initiation. This is because initiation in
bacteria can be carried out by using different mechanisms. The ribosomal protein S1
is specifically recruited to promote the binding of 30s ribosome to the translation
initiation region in bacterial mRNA, i.e., 50 UTR, encompassing the start codon. In
an experiment carried out by Raneri et al. (2015) an aminoglycoside antibiotic,
kasugamycin, was found to be an inhibitor of translation initiation. This was done
using E. coli strain (AS19/DH10B) to screen inhibitors of S1-dependent pathway.
eGFP was used as the reporter gene due to its ease of monitoring and amenability to
high-throughput screening. pGM991 or pGM999 have been used as plasmids.
Quenching of fluorescence was used as a measure of inhibitory activity.

An assay specific for gram-negative bacteria (pathway-based) has been proposed
by Zhang et al. (2018). LPS is a component of the outer layer which prevents many
antibiotics from travelling inside the cell, thus acting as a protective barrier for gram-
negative organisms and a reason for antibiotic treatment failure. An ATP-dependent
enzyme, MsbA, is responsible for translocation of LPS across inner membrane and
forms an important target for screening of agents active against infections of
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gram-negative organisms. The utility of this assay was exploited using
Acinetobacter baumannii. Inhibition of MsbA leads to accumulation of LPS inside
the cell, thereby disrupting the essential steps that occur while LPS levels are normal.
Visualization of LPS was done using a fluorescent probe, Dansyl-PMBN. Since
bacterial growth was used as a readout, this pathway-based phenotypic screen was
inexpensive and easy to implement. These conventional growth-based assays pro-
vide poor sensitivity to detect anti-microbial agents that are present in low
concentrations, failing to screen agents that kill small colony variants or bacteria
present within biofilms.

AK is an intracellular enzyme that acts as a reporter for cell lysis. The enzyme is
released into the extracellular space only when a cell is lysed. AK assay helps to
confirm whether the anti-microbial agent is bactericidal or bacteriostatic. Forbes
et al. (2015) demonstrated selectivity of AK assay for bactericidal agents. Conver-
sion reaction of ATP to ADP and AMP by the released AK acts as a driving force for
activation of luciferases leading to luminescence as an indicator of cell lysis.
Similarly, AK assay has also been used to screen bactericidal activity of known
anti-microbial agents or agents that can inhibit bacterial biofilms (Jacobs et al. 2012).

Various other target-based assays that could be exploited in the discovery of anti-
microbials of natural origin are assays to identify regulators of TNF-α (Stanley et al.
2014), macrophage-based assay selective for Salmonella typhimurium (Ellis et al.
2019), assays targeting FtsZ protein (Yuan et al. 2019), and nuclear-receptor based
screening assays (Ahn et al. 2008). Table 11.3 illustrates the various assays used to
screen drugs of natural origin for their anti-mycobacterial and anti-microbial activity.

11.3 Future Perspectives

Drugs from natural sources or chemical analogues of molecules of natural origin
present a chemically complex and diverse array of molecules that can be the answer
to many modern-day, difficult-to-treat infections and diseases. Developing these as
drugs necessitates validation of their bioactivity by techniques that also ascertain
their molecular-level mechanism of action.

HTS has been widely employed to achieve these goals of drug discovery in early
stages so as to be able to forecast the man-drug interactions prior to conducting
clinical trials. The use of sophisticated biological assays becomes essential for more
accurate assessment of therapeutic activity and toxicity of compound libraries. A
new approach which can perform simultaneous monitoring of cellular events with
spatial and temporal resolution called the HCS approach has been proposed. HCS
refers to cell-based assays that are examined through numerous techniques to
quantify cellular responses. Such assays shall require urbane biochemical and
molecular biology tools for quantifying and observing cell morphology, protein
expression, localization, and posttranslational modifications. Methods such as
immunochemistry-based assays, fluorescent reporter gene assays, assays for
detecting protein interactions, and so on could be easily extended to HCS purposes.
Majority of the one-dimensional cell-based assays are simple readouts of the
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population change in a biological process. However, they might miss the subtle but
essential morphology or change that is present only in a particular subset of cells.
Therefore, HCS can be extended to multidimensional cell-based assays in order to
study the complex phenotypic population in a heterogeneous cell (Nierode et al.
2016).
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Allelochemicals: An Emerging Tool
for Weed Management 12
Chandan Das, Avishek Dey, and Abhijit Bandyopadhyay

Abstract

Allelopathy represents a mechanism by which plant releases biochemical
compounds that influence cell division, seed germination, physiology, overall
growth, development, and survival of other plants. Presently, allelochemicals find
applications in crop field, especially in weed management, and in agricultural
systems as growth regulator, as well as herbicides. Applying such allelochemicals
is safer than synthetic harmful chemicals as these natural biodegradable
phytometabolites hardly leave residual toxicity on targets. Allelopathy is mostly
reported to produce inhibitory action of allelochemicals against targeted weeds and
promises potent alternative to chemical herbicides. This article evaluates promising
aspects of diverse allelochemicals as an upcoming tool in weed management.

Keywords
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12.1 Introduction

The phenomenon allelopathy is an interaction between different organisms that is
induced by various chemical compounds termed as allelochemicals. The word
allelopathy was coined by Molisch in 1937 and is derived from the Greek word
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“alleon” which means of each other and “pathos” which means to suffer or injurious
effect of one upon another (Rizvi et al. 1992). According to Einhellig (1995),
allelopathy is also a subdiscipline of chemical ecology that is concerned with the
effects of chemicals produced by plants or microorganisms on the growth, develop-
ment, and distribution of different plants and microorganisms in natural
environments as well as agricultural systems. However, presently the term is familiar
with the stimulatory and inhibitory effects of one plant on another plant (Rice 1984).
The allelochemicals are basically secondary metabolites of plants as well as
microbes and control a number of processes in the environment and ecosystems
(Rizvi et al. 1992; Seigler 1996).

Different parts of plants including the stems, leaves, roots, rhizomes, pollen,
seeds, and flowers are the source of allelochemicals, which are released into the
environment by the process of root exudation, leaching from aboveground parts and
volatilization or by decomposition of different plant parts (Rice 1984). It has been
reported that there are several categories of allelochemicals with potential
phytotoxicity including alkaloids, benzoxazinones, cyanogenic compounds,
cinnamic acid derivatives, ethylene, and flavonoids (Putnam 1988). These
compounds are indispensable for the dealings between plants and the living part of
the environment and also act as a defense strategy of plants against natural enemies
(Kroymann 2011). Interestingly, the survival as well as reproductive ability of plants
is associated with the released allelochemicals into their environment. However, the
connection between ecological aspects and allelopathy is a complex and layered
phenomenon.

The effect of allelopathy has been investigated in agricultural systems in terms of
crop establishment and performance (Weston and Duke 2003). The application of
several allelopathic crops to effectively suppress the invasive weeds in agricultural
system was reported by Inderjit et al. (2007). In agroecosystems, the effect of
allelopathy on weed management and plant reproduction was reported by Chon
et al. (2006). Invasion of weeds in crop field is a constant problem in agricultural
production. The application of chemical herbicides is the key approach to control the
growth of invasive weeds in conventional agriculture system. Constant use of
overdoses of synthetic chemical regulators worsened the situation with simultaneous
increase of resistance towards different pests and weeds, thus endangering
ecosystems. Resistance to herbicides among weeds has reached an alarming level
in agricultural fields. Stephenson (2000) noticed that most of the agricultural systems
collectively use three million tones of herbicides per year and simultaneously cause
the selective growth of weeds. As these synthetic weedicides are not biodegradable,
mounting applications of such notorious chemicals invited simultaneous rise in
weedicide tolerance (thus, generating “super weeds”), which contaminates our
food and devastates ecosystem. This vicious cycle rotates to demand more toxic
chemicals to kill the weeds and thus generate more recalcitrant weeds. Therefore,
alternative strategies to toxic herbicide application are gaining importance and have
become a natural choice. In this challenging backdrop, this review attempts to
explore the recent advancements in the application of allelochemicals in
agroecosystem with lasting impact on weed control measures.
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12.2 Production, Bioavailability, and Types of Allelochemicals
in Plants

Plants synthesize different allelochemicals via secondary metabolism, and such
synthesis depends on several factors including availability of precursor molecules,
regulation of specific genes, as well as environmental stimuli (Croteau et al. 2000). It
is reported that several environmental factors including UV radiation, unavailability
of nutrients, and pathogenic stress can promote the allelochemicals accumulation in
plants (Dixon and Paiva 1995). Dayan (2006) reported that the occurrence of other
plants surrounding Sorghum found to be connected with the production of
sorgoleone (an oily exudate of root hair of Sorghum). Cheema (1988) observed
the phytotoxic effects of the soluble allelochemicals from Sorghum on reduction of
the growth of certain weeds including Phalaris, Chenopodium, and Convolvulus.

Moreover, it was also studied that rice seedlings produced almost seven times
higher amount of momilactone B when cultivated with Echinochloa (Kato-Noguchi
2011). Dudareva et al. (2013) reported that momilactone B is synthesized in rice
through methylerythritol phosphate (MEP) pathway and used as weedicide for its
tremendous level of allelopathic potential. Fujii (1994) noticed that the aqueous
extract of Pueraria thunbergiana leaves shows allelopathic effect on the germination
percentage of lettuce seed and growth of the seedlings, and such effect might be
associated with the production of xanthoxins (Kato-Noguchi 2002). Furthermore,
many weeds are now showing significant role in weed management for having
allelopathic potential. Parthenium is a well-known weed for its massive proliferation
rate and negative effects on agriculture, ecology, and the environment through the
production of parthenin (Kohli and Rani 1994). The allelopathic potential of this
weed is primarily due to the existence of parthenin, a sesquiterpene lactone in
various parts of the plant (Kanchan and Chandra 1980). Parthenin is identified as a
specific inhibitory compound and significantly affected the root and shoot growth of
Cassia, Ocimum, and Hordeum (Khosla and Sobti 1979).

The bioavailability as well as activity of allelochemicals in the soil is dependent
on several factors including adsorption, leaching, degradation, soil pH, organic
matter, and the availability of water (Kobayashi 2004). It was noticed that
sorgoleone showed reduced allelopathic potential due to its lipophilic nature and
strong binding tendency with soil colloids (Trezzi et al. 2006). Therefore, the
allelochemicals that are not adsorbed onto colloids can be absorbed by plants or
leached because it was revealed in a study with rice plants that flavonoids with a high
mobility in the soil were found to be less phytotoxic than those with low soil
mobility (Li et al. 2013; Kong et al. 2007). According to Wang et al. (2010),
allelochemicals can be grouped into ten classes according to their structures and
properties including (1) water-soluble organic acids, straight-chain alcohols, ali-
phatic aldehydes, and ketones, (2) simple lactones, (3) long-chain fatty acids and
polyacetylenes, (4) quinines (benzoquinone, anthraquinone, and complex quinines),
(5) phenolics, (6) cinnamic acid and its derivatives, (7) coumarins, (8) flavonoids,
(9) tannins, and (10) steroids and terpenoids (sesquiterpene lactones, diterpenes, and
triterpenoids). Different types of allelochemicals from plants and their target weeds
are presented in Table 12.1.
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Table 12.1 Different allelochemicals from plants and their target weeds

Name of the
source plants Allelochemicals Sensitive weeds References

Oryza sativa Phenolic acids,
Momilactone

Echinochloa colonum,
Amaranthus lividus

Rimando
et al. (2001);
Soltys et al.
(2013)

Cucumis
sativus

Benzoic and cinnamic
acids

Panicum miliaceum and
Brassica hirta

Yu and
Matsui
(1994)

Triticum
aestivum

Hydroxamic acids Ipomoea hederacea,
Echinochloa colonum

Niemeyer
(1988)

Avena sativa Phenolic acids and
scopoletin

Amaranthus sp.,
Setaria sp.

Weston
(1996)

Sorghum
bicolor

Sorgoleone Phalaris minor, Coronopus
didymus, Cyperus rotundus

Netzley and
Butler (1986)

Tinospora
tuberculata

Ethanolamine,
hydrazinecarboxamide
3-Carene

Echinochloa colonum Aslani et al.
(2015)

Piper
methysticum

Ferulic acid,
protocatechuic acid,
gallic acid, trans-o-
coumaric acid

Leptochloa filiformis, wild
mustard, wild spinach

Xuan et al.
(2003);
Soltys et al.
(2013)

Medicago
sativa

Vanillin, vanillic acid,
sinapic acid

Paddy weeds Xuan et al.
(2003)

Brassica nigra Glucosinolates Sonchus asper, Amaranthus
hybridus, Cuscuta spp.,
Alopecurus myosuroides

Turk and
Tawaha
(2003);
Soltys et al.
(2013)

Raphanus
sativus

Isothiocyanates Matricaria inodora,
Echinochloa crus-galli,
Alopecurus myosuroides,
Hirschfeldia incana

Soltys et al.
(2013)

Artemisia
annua

Artemisinin Ipomoea lacunose, Portulaca
oleracea, Lemna minor,
Pseudokirchneriella subcapitata

Soltys et al.
(2013)

Leptospermum
scoparium

Leptospermone Setaria glauca, Brassica juncea,
Rumex crispus

Soltys et al.
(2013)

Eucalyptus sp. Essential oils Cassia occidentalis, Lolium
rigidum

Soltys et al.
(2013)

Piper sp. Sarmentine Leptochloa filiformis,
Chenopodium album,
Leptochloa filiformis

Soltys et al.
(2013)

252 C. Das et al.



12.3 Mode of Action of Different Allelochemicals

Identification of the mechanisms of action of different allelochemicals became an
important area of research to explore their role in agroecosystems and to find out
leads in the discovery of herbicides. Allelochemicals are very diverse in nature, and
therefore, it’s difficult to establish a general model of action (Fig. 12.1), since it
depends on the compound type and the type of receiving plants and their interaction.
At internal level, allelochemicals affect a large number of physiological parameters,
including action on the cellular membrane, disruption of the activity of different
enzymes, as well as structural proteins and alteration of hormonal balance. In
addition, allelochemicals can also inhibit or reduce cellular respiration and chloro-
phyll biosynthesis that cause subsequent reduction in vitality, growth, and develop-
ment of the plant. Conversely, at external level, allelochemicals may be associated
with release or limitation of nutrients in the soil. Despite of the discovery of
thousands of allelochemicals and the determination of their chemical structure
from plants, the mechanisms of actions have only been elucidated in a limited
number of these substances (Vyvyan 2002). The major mechanisms of action of
allelochemicals are revealed including (1) photosystem II electron transport inhibi-
tion; (2) inhibition of photosystem I; (3) interfering with reactive oxygen species;
(4) alteration of the synthesis of amino acid and plant growth regulators (auxins and
gibberellins); and (5) inhibition of tubulin polymerization (Duke et al. 2002).

Benzoxazolinone (BOA) is exuded from the roots of various cultivated grasses
and exerts multiple physiological effects on plants, and it was noticed that the
generation of reactive oxygen species and oxidative stress were the key mechanisms
operating behind the actions of BOA in plants (Schulz et al. 2013). Dayan et al.
(2012) reported that essential oil of citrus can disrupt microtubule polymerization
and used as a desiccant herbicide. A primary action on ATP production is indicated
for juglone (5-hydroxy-1,4-napthalenedione, found in bark of black walnut) and
sorgoleone, since they strongly control the chloroplast oxygen evolution and signifi-
cantly affect mitochondrial functions. The chloroplast block by sorgoleone was
found to be associated with the inhibition of photosystem II and
4-hydroxyphenylpyruvate dioxygenase (Trezzi et al. 2006). In addition, it was
studied that the secretion of glucose and phenylalanine by plants reduces the
adsorption and biodegradation of p-coumaric acid and synergistically inhibiting
Ipomoea growth (Gerig and Blum 1993).

Fig. 12.1 Conceptual route for release of allelochemicals

12 Allelochemicals: An Emerging Tool for Weed Management 253



The aqueous leaf leachate of Shorea robusta contains diverse type of potential
allelochemicals. Routine test with Allium cepa bulb assay was carried out to assess
antagonistic potential of allelochemicals. For this, cytotoxicity parameters like
mitotic index, abnormality index, and nucleolar frequencies are generally considered
(Das and Bandyopadhyay 2011). Possible action of allelochemicals in plants is
presented in Fig. 12.2.

12.4 Use of Allelochemicals in Agronomy and Weed
Management

The impact of allelochemicals on weeds is highly connected with the behavior of
these compounds in the soil. After release from the source, the soil is the main means
of transportation that makes the contact between allelochemicals and their respective
target plants. Even highly volatile oily compounds, such as terpenoids, can be
effective within the soil. After being released into the soil, the allelochemicals
need to reach the target plant to execute their function, and this movement in the
soil is associated with a series of processes including mass flow, diffusion, and root
interception. It was further noted that during this movement, allelochemicals
undergo retention that involves the attraction of allelochemicals to soil colloids,
transformation, and degradation (Kah and Brown 2006). The properties of
allelochemicals play an important role in determining their destiny in the environ-
ment. For example, the water solubility of the compounds is connected with their
mobility within the soil; in addition, the vapor pressure can trigger their volatiliza-
tion, and the chemical structure can modulate their attraction with the soil surface
(Souza and Alves 2002).

Fig. 12.2 A schematic representation showing action of allelochemicals in plants
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Investigation of the allelopathic potential of different plant species is connected
with the introduction of alternative methods for weed management, and this
approach not only decreases the costs of herbicide application but also improves
crop production. Field experiments were conducted using water extracts of Sor-
ghum, sunflower, and rapeseed for controlling purple Cyperus rotundus in cotton. It
was noticed that the density and dry weight of Cyperus rotundus were suppressed
significantly, when different crop water extracts were used in combination with a
reduced rate of glyphosate (Iqbal et al. 2009). Herbicidal property of juglone on field
poppy without hindering the growth of different crops like wheat and barley was
reported by Topal et al. (2007). Isothiocyanates in Brassica found to be strong
suppressants of germination of Sonchus asper, Matricaria inodora, and Alopecurus
myosuroides (Petersen et al. 2001). Extracts from different parts of Brassica nigra
found to inhibit the germination and radicle length of wild oat (Turk and Tawaha
2003). The efficacy of the aqueous extracts from Sorghum bicolor and Helianthus
annuus was noticed in rice on significant reduction of Echinochloa crus-galli
biomass (Cheema and Khaliq 2000). Moreover, experiments were conducted using
Raphanus sativus extract on germination of different weed species, and it was
revealed that extracts of R. sativus totally inhibited germination Sorghum halepense,
Alhagi sp., Alopecurus myosuroides, Capsella bursa-pastoris, Cuscuta sp., and
Sisymbrium polyceratium (Uygur et al. 1990). Furthermore, the application of
legumes as a source of allelochemicals has been studied, and it was noticed that
Pea cover crop has regulated germination and growth of Polygonum persicaria,
smooth pigweed, small flower galinsoga, and common lambs quarters (Akemo et al.
2000). Correspondingly, the aqueous extract of Mucuna deeringiana, Canavalia
ensiformis, exhibited strong phytotoxic effects on the radicle growth of barnyard
grass, Amaranthus sp., and amaranth Amaranthus hypochondriacus (Caamal-
maldonado et al. 2001). The overall outcome of all these complex processes results
in the allelopathic effect and shows weedicidal potential for agronomic application.

12.5 Nanotechnology in Weed Management

Herbicide resistance and the development of “super weed” pose serious hurdle to
tackle weed eradications. Such tolerance to herbicides perhaps generates due to
inadequate bioavailability of herbicides at target tissues. Promising field of nano-
technology is now being explored widely to address the weed problem. Various
methods of synthesis of nanoparticles, nanoemulsions, nanocapsules with
allelochemicals, and their deployment as nanoherbicides offer alternative potentials
for weed management. The controlled release of nanoherbicides with their effective
minimum concentration ensures least toxic impact onto target field crops along with
their sustained bioavailability. In coming decades, allelochemical-based eco-friendly
nanopesticides would come up in a big way for better weed management (Amna
et al. 2019).
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12.6 Limitations of Allelopathy in Weed Management

Despite of huge potential, there are many restrictions in using allelochemicals as a
weed management system, and such restrictions are due to plant itself and the
environmental condition. Many abiotic and biotic factors such as plant age, temper-
ature, light and soil conditions, microflora, nutritional status, and herbicide
treatments influence the production, release, and phytotoxic levels of allelochemicals
(Duke 1985; Huang et al. 1999). Some allelochemicals are found to be very much
expensive to synthesize (Duke et al. 2000). In addition, some allelochemicals are
found to be toxic as well as carcinogenic to human beings, for example, AAL-toxin
and fumonisin (Duke et al. 2000). Inderjit and Bhowmik (2002) reported that
sorgoleone causes dermatitis to human beings. Isothiocyanates and thiocyanates
have been found to be harmful when consumed by humans and animals and might
be associated with thyroid, liver, and kidney diseases (Tookey et al. 1980). Further-
more, it was noted that some allelopathic agents such as monoterpenes are active
only under hot and dry climate due to their specific active nature in vapor phase
(Kohli and Singh 1991).

12.7 Conclusion

The application and mechanisms of allelopathic interactions among plants are
upcoming areas of research in weed management. It is comprehensible from the
above discussion that there is an immense prospect of allelochemicals in the area of
weed management. Allelochemicals from several plants have been identified, and
their activities have been established, but detailed understanding of mode of action
needs to be explored. The immense diversity of allelochemicals, their easy biode-
gradability, and their promising weedicidal properties offer novel approach in weed
management in days to come. Applications of allelochemicals have already been
used to defend crops from destructive and invasive weeds. In spite of these
developments, the following issues demand careful considerations during applica-
tion of allelochemicals in crops fields:

1. Stringent field trials to study interaction of applied allelochemicals with various
physical, chemical, biological properties of soil

2. Monitoring dynamics of allelochemicals and understanding mode of action
3. The impact assessment of allelochemicals in diverse agroecosystems

Judicious application of such wide array of allelochemicals promises to revolu-
tionize weed management in particular and expected to provide lasting impact in
global agricultural scene, in general.
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Abstract

Herbal raw materials get contaminated with different microbes during collection
and postharvest processing, causing both quantitative and qualitative damage
leading to degradation of active principles. Currently, a wide range of plant
products including essential oils have been found efficacious against fungal and
mycotoxin contamination of raw materials and have been recommended as green
preservatives for postharvest protection of herbal raw materials. Extracts of
different higher plants and bioactive constituents, viz., carvone (from Carum
carvi), azadirachtin (from Azadirachta indica), and isothiocyanate (from horse-
radish and brassicaceous plants) have exhibited promising efficacy against micro-
bial contamination. Currently, nanotechnological approach has enhanced the
bio-efficacy of phytochemicals through controlled release, site specific delivery,
and enhanced stability. The present article throws light on different plant products
recommended in postharvest preservation of herbal raw materials and also
explains the future technological advancements in their better utilization as
preservative of herbal raw materials. Such documentation of pharmacological
efficacy of traditionally used plant products would also be helpful in
bioprospection of plant diversity against biopiracy.
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Abbreviations

AFs Aflatoxins
EOs Essential oils
FB1 Fumonisin B1

FB2 Fumonisin B2

FB3 Fumonisin B3

GRAS Generally recognized as safe
OTA Ochratoxin A
OTB Ochratoxin B
OTC Ochratoxin C

13.1 Introduction

Herbal medicines have completed a long journey and are still well accepted in Asia,
Africa, Americas, and other European countries. The herbal products also have deep
root in formulation of different modern drugs (Silambarasan et al. 2017). About 30%
of drugs are of herbal origin and approved by Food and Drug Administration
(Martino et al. 2019). Recent report of World Health Organization suggests the
present earning through medicinal plants equivalent to US$ 14 billion worldwide,
whereas it is expected to reach up to US$ 5 trillion in the upcoming year of 2050
(Aneesh et al. 2009; Nirmal et al. 2013). The major reason behind increasing
popularity is its cost effectiveness and no side effects in comparison to allopathic
medicines. Herbal medicines are generally secondary metabolites with different
bio-functional molecules containing a set of varied alkaloids, phenols and glycosidic
metabolites of cell (Jones and Kinghorn 2006). Recently, the traditional herbal
medicines have been merged with modern Ayurvedic system and given the birth
of “Green medicine” with lesser side effects and long-term drug utilizing efficiency.
However, biodeterioration of herbal drugs through microbial infestation and toxin
contamination has shifted the global attention for their qualitative and quantitative
maintenance. High moisture content, pH, relative humidity, and variable aw level
easily provide a wide and suitable platform for fungal and mycotoxin contamination
in the herbal raw materials during the prolonged storage conditions (Roy 2003).
Occurrence of different mold species and their toxic secondary metabolites decline
the medicinal property of herbal drugs by affecting the cellular alkaloids and
phenolic contents. Microbial contaminants generally include diversified fungal
conidiospores, bacterial endospores, and viruses leading to severe pathogenicity.
Fungal infestation of herbal drugs has attracted greater attention due to their myco-
toxin contamination and toxicity as evident in form of carcinogenesis, teratogenesis,
neurotoxicity, and immunotoxicity (Rizzo et al. 2004). Among different
mycotoxins, aflatoxins produced by Aspergillus flavus, A. parasiticus, and
A. nomius are common contaminants of herbal drugs and classified as class
1 human carcinogen. In addition to aflatoxins (AFs), ochratoxin A (OTA),
ochratoxin B (OTB), ochratoxin C (OTC), fumonisin B1 (FB1), fumonisin B2
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(FB2) fumonisin B3 (FB3), penicillic acids, and citreoviridin are abundantly found in
different medicinal herbal preparations. Geographical variation, altitudinal
differences, and climatic variability have marked impact on mycotoxin biosynthesis
and transportation. Different endospore forming bacteria such as Enterococcus
faecalis, Acinetobacter baumannii, Escherichia coli and Pseudomonas aeruginosa
easily proliferate in postharvest stored herbal drugs in between the range of
3.8 � 103 CFU/mL and 1.6 � 106 CFU/mL (Wilson et al. 2004).

Till now, different synthetic preservatives have been utilized to control the
bacterial, fungal, and mycotoxin contamination in herbal raw materials, but their
significant mammalian toxicities, effect on food chain organisms, environmental
persistence, and long-term bio-incompatibility have restricted their wide-scale
applications (Nasreddine and Parent-Massin 2002). Several synthetic preservatives
induce mycotoxin secretion by promoting reactive oxygen species generation which
ultimately reduces the shelf life of stored herbal drugs (Dórea 2008). On the other
hand, plant essential oils have exhibited the potential as safer alternative of synthetic
antioxidants and antimicrobials due to vapor phase botanical fumigants and category
of exemption under generally recognized as safe (GRAS) status. Essential oil
components are more judicious for preparation of compound-based synergistic
formulations with significant efficacy against pathogenic bacteria, fungi, and
mycotoxins.

In spite of a lot of proved antimicrobial and antioxidant efficacy, there are various
limitations for practical scale essential oil applications because of bioactive
components degradation under variable pressure, heat, light, and oxygen. Moreover,
water insolubility and problem of sustained release are the key parameters which
could be resolved through modern nanoencapsulation technology. Nanoparticles
preserve the bioactive functionality of phenolic and terpenoid components of essen-
tial oil as well as facilitate in controlled release of nanoencapsulated substances
having greater surface to volume ratio. Further, essential oil and their encapsulated
products also preserve the active ingredients of herbal drugs from severe biodeterio-
ration and metabolic non-functionality.

13.2 Herbal Medicine: Global Status

Herbal medicines are in use since very ancient time of human civilization, and it is
the oldest healthcare form for the humans. About 500 plants of medicinal importance
are mentioned in the old literature, and almost 800 plants are mentioned of being
used in native systems of medicines (Verma and Singh 2008). Europeans and other
nations such as Canada, Russia, the United States, New Zealand, and Australia use
herbal medicines in place of generally used allopathic medicines (Enioutina et al.
2017). Herbs are obtained from natural sources and considered as safe in comparison
to allopathic medicines (Harish 2001). In the western world during the second half of
twentieth century, there was decline in use of herbal medicines causing its replace-
ment by allopathic medicines. In present time allopathic medicines have occupied
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most of the share of herbal medicines which were used for the sake of humankinds
before the development of allopathic medicines (Bhardwaj et al. 2018).

Presently, the utilization and consumption of herbal medicines are increasing in
developed as well as in developing countries. The highest consumers of herbal
medicines are recorded from China and India. The practice of herbal medicines is
common in almost all cultures, but it is well established in Japanese and Chinese
medicine system and in their culture. In Japanese culture, commonly used Kampo
medicine system is completely based on herbal medicines (Hakamatsuka 2011).

Traditional herbal drugs are obtained from herbal medicinal plants which are
utilized in generally small amount or as a whole plant or its part without industrial
process for treatment of disease at local level. Currently, the herbal medicines are
being utilized by large number of people of the world population in the developing
and developed countries (Tilburt and Kaptchuk 2008). ‘WHO Traditional Medicine
2013–2023’ highlighting the significance of traditional herbal drug was launched in
2013. Utilization of herbal drugs results in universal health protection and promotes
the safety and quality of herbal drug (Maithani et al. 2019). The use of traditional
herbal medicine has been increased in present scenario because of its natural origin,
almost no side effects, and simple nature. In Europe, North America, and Asia,
utilization of wild life has been raised from 8 to 15% per annum (Verma and Singh
2008). Currently, researchers have investigated different bioactive chemical
compounds such as quinine, digoxin, aspirin, ephedrine, atropine, and colchicines
extracted from different parts of Ephedra sp., Cinchona sp., and Digitalis purpurea
as potent ingredients of herbal drugs (Moteriya et al. 2015). In South Africa,
Francisco, and London, varied utilization of herbal drugs for the treatments of
AIDS patients is evidenced, and most notably 70–90% population of Germany
and Canada is described to use herbal drug at least once in their life.

Herbal drug utilization is continuously rising. About 158 million adult population
of the United States used herbal drug for healthcare. Finally, at global market level,
utilization of herbal medicine is US$60 billion per year (Gunjan et al. 2015).
Traditional herbal drugs are utilized for the control of malaria in 60% population
of Nigeria, Zambia, Ghana, and Mali. Nowadays, most of the countries have
preferred the utilization of traditional herbal drugs for the healthcare, viz., 80% in
Germany, 39% in Belgium, 42% in the United States, 48% in Australia, 70% in
Canada, and 76% in France (Maithani et al. 2019). Herbal health product, herbal
cosmetics, herbal medicines, nutraceuticals, food supplements, and herbal
pharmaceuticals are non-toxic, exert less side effect, and proved better compatibility
with intestinal flora; therefore plant-based products are rising continuously through-
out the world (Sharma et al. 2008). Many medicinal plants are also used by primitive
system, viz., Ayurveda, Unani, Allopathy, and Siddha, and documented for protec-
tion from different diseases (Rabe and Van Staden 1997). In 1983–1994, researchers
observed that about 520 drugs are derived from different parts of angiospermic
medicinal plants with richest source of antibacterial, anticancerous, and anti-
spasmolytic bioactive ingredients. In 2010, China occupied first rank in the export
of herbal product in the world with export value US$1329.72 million, whereas,
currently India have exported herbal product with cost value of US$ 790.56 million.
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The delivery of herbal materials by AYUSH will be enhanced up to 8800 crores in
2020. Presently, the United States is the largest contributor in the herbal market,
while Japan is the second largest country for the export of traditional herbal medicine
with transport value 505 million USD in 2016. Value of Chinese patent medicine
was 225 million USD in 2016 which is identical to 13.94% decrease in transport
value of herbal medicine in the last year (Lin et al. 2018). In India, marketing of
aromatic and herbal drug is increasing by 8–10% per year.

13.3 Postharvest Losses of Raw Material of Herbal Drugs

Herbal drugs are prepared from different parts of medicinal plants like roots,
rhizome, bulbs, bark, leaf, fruit, and seed; however, the quality of medicinal plants
also depends on several factors, viz., geographical origin, growth stage at the time of
collection, and their postharvest handling. Although herbal drugs possess distinct
flavor, color, and aroma, their unscientific cultivation, collection methods, inappro-
priate harvesting, cleaning techniques, unsuitable transportation, prolonged storage,
as well as warm and humid climatic conditions result into microbial contamination
which further causes different health disorders (Stević et al. 2012). Mold infestation
is the major threat to the stored and processed herbal raw material which further lead
to its discoloration, quality deterioration, reduction in therapeutic potential, and
accumulation of several mycotoxins such as aflatoxins, ochratoxins, citrinin,
trichothecenes, zearalenone, and fumonisin produced by Aspergillus flavus,
A. ochraceous, Penicillium citrinum, and Fusarium sp. (WHO 2007). Mycotoxins
are known to induce several disorders in the liver, kidney, muscular system, skin,
respiratory organs, digestive tract, and genital organs of human (Rai and Mehrotra
2005). Aflatoxins produced by different species of Aspergillus are of great concern
in the current generation due to its mutagenic, carcinogenic, teratogenic, neurotoxic,
nephrotoxic, and immunosuppressive activities (FAO 2000). Aziz et al. (1998)
reported fungal and mycotoxin contamination in 84 drug samples. Spoilage of herbal
medicines due to several bacterial and fungal contaminants such as Bacillus, Staph-
ylococcus, Klebsiella, Listeria, Micrococcus, Corynebacterium, Proteus,
Escherichia, Streptococcus, Acinetobacter, Citrobacter, Lactobacillus, Serratia,
Aspergillus, Penicillium, Candida, and Mucor was also reported by Esimone et al.
(2007). Microbial contamination of herbal drugs degrades its medicinal property by
deteriorating its medicinally important chemical constituents (Gupta et al. 2009).
Due to microbial contamination, ingredients of Triphala drug were declined, and
drug potency was declined up to 50% within 2 months (Prasad et al. 2003). It has
been reported that fruits of Emblica officinalis, Terminalia bellirica, and Terminalia
chebula exhibited excessive contamination of Aspergillus, Penicillium, Curvularia,
Alternaria, Helminthosporium, and Rhizopus along with different mycotoxins, viz.,
aflatoxins, ochratoxins, and patulin (Gautam and Bhadauria 2010). Different
investigators suggested the active participation of Aspergillus and Penicillium for
contamination of a range of herbal drugs leading to alarming situations of mycotoxin
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on their consumptions (Gautam and Bhadauria 2011). Postharvest contaminations of
some herbal raw materials are presented in Table 13.1.

13.4 Higher Plant Secondary Metabolites in Postharvest
Management of Herbal Raw Materials

Management of postharvest microbial and mycotoxin-mediated biodeterioration of
herbal raw materials may be achieved through different physical methods as well as
utilization of chemical methods like application of synthetic preservatives. Common
physical methods include radiation treatment, cold shock, heat therapy, and modified
packaging system. Utilization of synthetic fungitoxicant such as organochlorine,
benzimidazole, organophosphate, and methyl bromide has been reported to stimulate
mycotoxin secretion in herbal materials. Also, the synthetic preservatives cause
generation of toxic free radicals leading to oxidation which degrade the active
constituents of herbal drugs. Therefore, plant products are represented as safer and
green alternatives for inhibition of microbial infestation and toxin production.

13.4.1 Inhibition of Microbial and Fungal Contamination in Herbal
Materials

Since long time, phytochemicals or botanicals have been categorized under green
antimicrobial for preservation of medicinal values and food materials. From a large
biochemical pool of plant secondary metabolites, essential oils (EOs) extracted from
aromatic plants act as a boon for pharmaceutical and agricultural industries based on
non-toxicity, renewable nature, and environmental safety of medicinal formulations.

Botanical preservatives are more acceptable to the pharmaceutical and agri-
industries due to its negligible mammalian toxicity and vapor phase fungitoxic
activity leading to less chance of residual toxicity (Mishra et al. 2015; Das et al.
2019). Moreover, based on the volatile nature, significant antioxidant, and antimi-
crobial efficacy, different formulations of essential oils, viz., Protecta 1, Protecta
2, FL-USA, Bavaria Corp. Apopka, and DMC Base Natural, have been prepared and
reached to the international markets (Burt 2004). Mishra et al. (2013) reported the
active participation of different essential oil components such as eugenol, thymol,
linalool, menthol, asarone, and caryophyllene against fungal contamination of
different stored herbal raw materials. Raw materials from different medicinal plants
such as Withania somnifera, Boerhaavia diffusa, Holarrhena antidysenterica, and
Terminalia arjuna were significantly protected against microbial contamination by
utilization of Cymbopogon flexuosus essential oil (Kumar et al. 2009). Leaf extract
of Adenocalymma alliaceum has actively participated in the inhibition of fungal
contamination in stored herbal materials of Acorus calamus andWithania somnifera
(Shukla et al. 2008). Stević et al. (2014) suggested potential efficacy of 16 different
essential oils isolated from commonly occurring aromatic plants against fungal
contamination in traditionally used medicinal plants such as mint, marigold, and
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Table 13.1 Microbial and toxin contamination of stored herbal raw materials

Herbal raw materials
Plant
parts

Fungal/bacterial/mycotoxin
contamination References

Mentha piperita Mint leaf Aspergillus sp. (Aspergillus
flavus, Aspergillus niger),
Fusarium sp., Alternaria sp.,
Mucor sp., Rhizopus sp., etc.

Stevic et al. (2012)

Zea mays Corn silk Bacillus cereus and Clostridium
perfringens bacterial strains and
among molds Fusarium sp.,
Penicillium sp., Aspergillus
flavus, and Aspergillus niger are
dominant

Martins et al. (2001)

Emblica officinalis,
Terminalia bellirica,
and Terminalia
chebula

Fruits Aspergillus sp., Penicillium sp.,
Helminthosporium sp., Rhizopus
sp., Syncephalastrum sp.,
Alternaria sp., and Curvularia
sp. fungus and mycotoxins such
as AFB1, AFB2, AFG1, AFG2,
citrinin, and sterigmatocystin

Gautam and
Bhadauria (2009),
Gautam and
Bhadauria (2010)

Aframomum
melegueta

Seeds Aspergillus sp., Penicillium sp.,
Rhizopus spp., Mucor sp.,
Fusarium sp. among which
A. flavus and A. niger were
dominant

Efuntoye (1996)

Azadirachta indica Stem bark

Xylopia aethiopica Seeds

Plumbago zeylanica Seeds

Morinda lucida Whole
stem

Jatropha curcas Stem bark

Plumbago zeylanica Roots and
leaves

Aspergillus flavus, Aspergillus
niger, Penicillium italicum,
Fusarium sp., Cladosporium
herbarum, Trichoderma viride,
Alternaria alternata, Absidia
corymbifera, Rhizopodopsis sp.,
Curvularia sp., Aspergillus
terreus, Umbelopsis sp., Mucor
sp.

Singh et al. (2008)

Evolvulus alsinoides Whole
plant

Asparagus racemosus Tuberous
root

Adhatoda vasica Leaves
and stem
bark

Glycyrrhiza glabra Stem and
root

Aloysia triphylla Whole
plant

Aspergillus flavus, Aspergillus
ochraceus, A. sojae fungi, and
aflatoxin, ochratoxin, and
fumonisin

Rizzo et al. (2004)

Asparagus racemosus Tuberous
root

Aspergillus flavus, Aspergillus
niger, Aspergillus terreus,
Aspergillus fumigatus, Fusarium
oxysporum, Cladosporium
herbarum, Trichoderma viride,
Mucor sp., Alternaria alternata,
Curvularia lunata,
Rhizopodopsis sp., P. italicum,
Umbelopsis sp., and aflatoxin B1

Singh et al. (2010)

(continued)
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Table 13.1 (continued)

Herbal raw materials
Plant
parts

Fungal/bacterial/mycotoxin
contamination References

Phyllanthus emblica Dried
fruit rind

Fungi such as Aspergillus flavus,
Aspergillus niger, Mucor sp.,
and Escherichia coli bacteria

Amina et al. (2017)

Thea sinensis (herbal
black and green tea)

Whole
plant

Fumonisins B1, fumonisins B2 Omurtag and
Yazicioğilu (2004)

Red pepper, black
pepper and white
pepper

Fruits Aflatoxin B1, B2, G1, G2, and
ochratoxin A

Fazekas et al. (2005)

Rauvolfia serpentina Root Aspergillus flavus, Aspergillus
niger, Penicillium sp., Alternaria
alternata, Curvularia lunata,
Fusarium oxysporum

Kumar et al. (2013)

Basil Leaves Aflatoxins B1, B2, G1, and G2 Romagnoli et al.
(2007)Coriander Seeds

Rosemary Whole
plant

Cumin Seeds

Marjoram Whole
plant

Fennel Seeds

Alpinia galanga Rhizome Aspergillus terreus, Aspergillus
niger, Aspergillus flavus,
Aspergillus parasiticus,
Penicillium verrucosum,
Penicillium steckii, Rhizopus
stolonifer, Mucor pusillus,
Cladosporium herbarum,
Trichoderma viride, Absidia
corymbifera, and Paecilomyces
liliacinus

Mandeel (2005)

Elettaria
cardamomum

Seeds

Amomum
angustifolium

Seeds

Syzygium aromaticum Flower
buds

Bunium persicum Seeds Aspergillus sp., Curvularia sp.,
Alternaria sp., Fusarium sp.,
Cladosporium sp., Mucor sp.,
Rhizopus sp., Trichoderma sp.,
Phoma sp., Emericella sp.,
Paecilomyces sp.

Gupta et al. (2013)

Zanthoxylum
armatum

Dried
fruits

Glycyrrhiza glabra Dried
root

Capsicum annum Fruit Aflatoxins B1, B2, G1, and G2 Jalili (2016)

Piper nigrum Fruit

Curcuma longa Rhizome

Cinnamomum verum Bark

Laurus nobilis Leaf Aspergillus flavus, A. niger,
A. fumigatus, A. terreus,
A. versicolor, A. fumigatus),
Penicillium chrysogenum,
Alternaria alternata, and
Rhizopus stolonifer

Migahed et al.
(2017)Elettaria

cardamomum
Seeds

Foeniculum vulgare Seeds

Trigonella foenum
graceum

Seeds

Petroselinum sativum Seeds
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horse tail. Mishra et al. (2012) reported the application of jamrosa essential oil and its
major component linalyl acetate toward significant inhibition of fungi-mediated
biodeterioration and oxidative damages in Holarrhena antidysenterica and
Rauvolfia serpentina. Essential oil of Citrus reticulata and Cymbopogon citratus
exhibited significant in vitro and in vivo fungitoxicity in tuberous root of Asparagus
racemosus (Singh et al. 2010). Kumar et al. (2013) suggested the fungitoxic nature
of Ocimum sanctum essential oil against fungal infestation-mediated deterioration in
stored roots of Rauvolfia serpentina. Determination of per cent protection of
ajmaline, the major bioactive ingredients of Rauvolfia serpentina, in Ocimum sanc-
tum essential oil fumigated sets as determined through high-performance thin layer
chromatography (HPTLC) suggested the preservative potency of Ocimum sanctum
essential oil under in situ conditions. Dimkic et al. (2015) observed significant
synergistic and additive effects of thyme and savory essential oils against the in
situ fusarial infection in Calendula officinalis. Recently, Singh et al. (2019) reported
the synergistic activity of Salvia sclarea essential oil and its major component linalyl
acetate against major herbal drug contaminating fungi such as A. flavus, A. niger,
A. parasiticus, and Alternaria alternata.

13.4.2 Inhibition of Mycotoxin Contamination in Herbal Materials

Globally, mycotoxin contamination of herbal raw materials is one of the major
factors responsible for decreased medicinal value of herbal raw materials. The
application of synthetic preservative to control the mycotoxin contamination is not
recommended because of its persistence, bioaccumulation, and hazardous impact on
human health and environment. On the other hand, the application of essential oils
for controlling the mycotoxin contamination is promising due to rapid loss from the
system, non-toxicity, safety to non-target species, and inclusion under generally
recognized as safe (GRAS) status. Numbers of studies have reported remarkable
potential of essential oils as well as plant-based products in controlling the myco-
toxin contamination of stored herbal raw materials; however, more detailed studies
are still warranted to recommend such plant metabolites for industrial applications.
Mishra et al. (2013) reported the activity of essential oil components such as
eugenol, thymol, linalool, menthol, asarone, and caryophyllene against aflatoxin
contamination of different stored herbal raw materials. Effective retardation of AFB1

contamination in herbal drugs such as Terminalia chebula, Asparagus racemosus,
and Glycyrrhiza glabra by application of Cinnamomum camphora essential oil has
been reported by Singh et al. (2008). Raw materials from different medicinal plants
such as Withania somnifera, Boerhaavia diffusa, Holarrhena antidysenterica, and
Terminalia arjuna were reported to be significantly protected against aflatoxin
contamination by utilization of Cymbopogon flexuosus essential oil (Kumar et al.
2009). Leaf extract of Adenocalymma alliaceum is demonstrated to actively partici-
pate in inhibition of mycotoxin contamination of stored herbal materials of Acorus
calamus and Withania somnifera (Shukla et al. 2008). Mishra et al. (2012) reported
the biological activity of jamrosa essential oil and its major component linalyl
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acetate in significantly inhibiting the aflatoxin-mediated biodeterioration and oxida-
tive damages in Holarrhena antidysenterica and Rauvolfia serpentina. Essential oil
of Citrus reticulata and Cymbopogon citratus exhibited significant in vitro and
in vivo aflatoxin inhibitory efficacy in tuberous root of Asparagus racemosus
(Singh et al. 2010). Kumar et al. (2013) suggested the application of Ocimum
sanctum essential oil against aflatoxin-mediated deterioration in stored roots of
Rauvolfia serpentina. The determination of percent protection of ajmaline, the
major bioactive ingredients of Rauvolfia serpentina, in Ocimum sanctum essential
oil fumigated sets through high-performance thin layer chromatography (HPTLC)
suggested the antifungal potency of Ocimum sanctum essential oil under in situ
conditions. Mishra et al. (2015) have also reported the efficacy of essential oils from
Caesulia axillaris, Cymbopogon khasans, and Cymbopogon martinii in preserving
the active component andrographolide from stored raw materials of Andrographis
paniculata. Fumigation of the raw materials with EOs caused considerable protec-
tion of active component and controlled fungal as well as aflatoxin contamination,
while the samples were significantly biodeteriorated, and the active component was
declined in control sets. Figure 13.1 shows microbial and toxin contamination of
herbal drugs and their inhibition by bioactive plant products.

13.5 Technological Advancements in Application of Plant
Products as Green Preservative in Postharvest Processing
of Herbal Raw Materials

Application of plant products for preservation of herbal drugs against postharvest
fungal and mycotoxin contamination is a green approach in the modern era. Most of
the postharvest deteriorating fungi qualitatively and quantitatively biodeteriorate the
active constituents of herbal drugs and effectively reduce their shelf life. Although
numbers of plant extracts, EOs, and their components have shown effectiveness and
employed as ecofriendly green pesticides against postharvest deterioration of herbal
raw materials, however, volatile, unstable, and fragile nature of EOs makes them
inconvenient for long-term utilization as preservative (Kedia and Dubey 2018). EOs
and its bioactive components get oxidized and degraded under prolonged storage
condition as well as during interaction with food components such as fat, starch, and
protein, eventually reducing their antimicrobial potential (Hyldgaard et al. 2012).
Such challenges of EOs and its components may be resolved through incorporation
of nanotechnological approach which boost up the bio-efficacy of these natural
preservatives through controlled release, site specific delivery, and enhanced stabil-
ity. Also, encapsulation not only protects the degradation of volatile bioactive
components from external factors such as light, temperature, and pH but also reduces
alteration in organoleptic properties (Ezhilarasi et al. 2013; Sansukcharearnpon et al.
2010). Nanoencapsulation technology deals with the entrapment of bioactive
molecules within polymeric substances such as chitosan, gelatin, starch, casein,
cyclodextrin, cellulose, alginate, and zein that are of biodegradable, biocompatible,
and user friendly nature (Ribeiro-Santos et al. 2017; Chaudhari et al. 2019).
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Nanoencapsulated EOs are highly efficacious in comparison to unencapsulated form
due to their increased surface area to volume ratio facilitating easy penetration into
pathogen (Gupta et al. 2016) and controlled release of aroma. Singh et al. (2019)
demonstrated that chitosan-encapsulated Ocimum sanctum EO significantly
enhanced the shelf life of stored herbal drugs against fungal and aflatoxin contami-
nation as compared to its unencapsulated form. The two fold increased antioxidant
potential of encapsulated Ocimum sanctum was ascribed to inhibit the AFB1 synthe-
sis under in vitro conditions. The IC50 value as determined through DPPH• assay was
2810 μL L�1 and 1390 μL L�1 for unencapsulated and encapsulated EO, respec-
tively. Further, the study revealed decreased biosynthesis of methylglyoxal, an
aflatoxin inducer, suggesting novel mechanism of antiaflatoxigenic potential of
encapsulated essential oils. Increase in antioxidant activity of encapsulated essential
oil of Coriandrum sativum is also reported by Das et al. (2019). The investigation
also demonstrated boosted antimicrobial activity and in situ efficacy. The increased
antiaflatoxigenic potential and fungitoxicity was the resultant of sustained release of
entrapped bioactive components, nanoscale size of emulsion, and improved phenol
content. The enhancement in antioxidant activity and phenolic content may also be
due to association of entrapped essential oils with nanomatrix coating system. The
radical scavenging potential measured through DPPH• and ABTS•+ assay for
unencapsulated and encapsulated Coriandrum sativum essential oil was reported

Fig. 13.1 Flowchart showing microbial and toxin contamination of herbal drugs and their inhibi-
tion by bioactive plant’s products
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as 16.04, 10.26 μL mL�1, and 3.26, 2.41 μL mL�1, respectively. Therefore,
increased antioxidant activity and phenolic content of essential oils after encapsula-
tion are the important features while designing the nanoformulation for the purpose
of herbal raw material protection from fungal and mycotoxin contamination. Some
of the important studies performed in food system using encapsulated essential oil
may serve as the base for protection of herbal raw materials from fungal and
aflatoxin contamination. For instance, Dwivedy et al. (2018) reported active partici-
pation of Illicium verum EO-loaded chitosan nanoparticle with potential fungitoxic
activity and aflatoxin inhibitory action against fungi infesting stored products.
Although, the authors have reported the antioxidant activity of unencapsulated
essential oil but not for encapsulated one. The antioxidant potential of test essential
oil was determined through DPPH• (IC50 was 25.89 μL/mL) and ABTS•+ assay
(2.86 μL/mL). Encapsulated cardamom essential oil exhibited strong antimicrobial
activity against Escherichia coli and Staphylococcus aureus (Jamil et al. 2016).
However, they did not report the antioxidant activity of essential oil and their
encapsulated formulation. Chitosan-entrapped EOs of Cinnamomum zeylanicum
(cinnamon), Syzygium aromaticum (clove), and Thymus capitatus (thyme) have
been found effective against Aspergillus parasiticus, Fusarium verticillioides, and
selective mycotoxins such as aflatoxins, patulin, ochratoxin, and fumonisins
(Villegas-Rascón et al. 2018). Both unencapsulated and encapsulated essential oils
exhibited fungistatic behavior over mycotoxin-secreting fungi. Further, they did not
measure the radical scavenging potential of either form of selected essential oils.
Encapsulation of clove and lemongrass EO within chitosan nanoparticle exhibited
enhanced antifungal potential against Aspergillus niger and Fusarium graminearum
due to biphasic and cumulative release of EOs in controlled manner (Hasheminejad
et al. 2019). Although antioxidant activity plays a major role in controlling the
fungal growth and subsequent mycotoxin secretion, the radical scavenging property
was not determined by the workers. Thymol and carvacrol nanoformulations in zein
nanoparticle were reported to show better dispersion in water with enhanced poten-
tial against different microbial pathogens and oxidative deterioration (Wu et al.
2012). The DPPH•- and ferric ion-based antioxidant activity was assessed for
encapsulated thymol and carvacrol. Encapsulated thymol, for the most of the
samples tested, had better radical scavenging potential as compared to
unencapsulated carvacrol. The DPPH• reduction by encapsulated bioactive
compounds ranged from 37.5 to 75%. Encapsulated Coriandrum sativum EO
resulted in enhanced antifungal potential against several toxigenic molds such as
A. flavus, A. niger, A. candidus, A. fumigatus, A. terreus, A. sydowii, P. italicum,
F. verticillioides, Alternaria alternata, Curvularia lunata, Cladosporium
cladosporioides, and aflatoxin secretion (Das et al. 2019). Investigations from
abovementioned study led to the conclusion that higher the antioxidant potential,
higher will be protection from fungal and mycotoxin contamination. Although, lots
of investigations have been made toward the application of essential oil
nanoformulation against fungal and mycotoxin contamination of stored food
materials, limited study has been performed to protect the herbal raw materials.
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Different physical, mechanical, and chemical methods have been used to encap-
sulate EOs and their bioactive components, among them, liposome-based strategy,
coacervation, nanoemulsion, nanoprecipitation, inclusion complexation, ionic gela-
tion, and drying techniques, viz., lyophilization and spray drying, have been widely
accepted and most commonly used for encapsulation of EOs (Bakry et al. 2016).

In coacervation technique, single or mixture of compounds is separated from
solution with its subsequent deposition on active biomolecules as coacervate and
generally glutaraldehyde or trans-glutamine are utilized as cross-linkers to enhance
robustness of coacervate (Zuidam and Shimoni 2010). Pimenta dioica EO
encapsulated in chitosan or chitosan/k-carrageenan through coacervation technique
effectively inhibited postharvest fungal and bacterial contamination (Dima et al.
2014). In ionic gelation process, polyelectrolytes are developed by cross-linking
with counter ions in order to develop nanoparticles (Giri et al. 2013). Nanoemulsion
technique is based on liquid dispersion principle of two completely immiscible or
partially miscible compounds where one is dispersed in form of droplet into another;
suitable emulsifiers such as tween 20, tween 80, and acetone improve the stability of
emulsion system (Jaiswal et al. 2015). Nanoemulsion of clove bud (Syzygium
aromaticum) and oregano (Origanum vulgare) EO show effective antimicrobial
potential against Aspergillus niger and Penicillium sp. (Otoni et al. 2014). To
avoid the irreversible aggregation and chemical instability of nanoformulations,
nano-suspensions are converted into particulate forms via spray drying technique
which removes moisture, prevents from chemical and biological degradation,
enables lower cost for storage and transportation, and enhances solubility of product.
In spray drying technique, core and wall material are solubilized in suitable solvents
followed by formation of their dispersion or emulsion through high-speed mixing
leading to formation of spherical particles (Dos Santos Da Veiga et al. 2019).
Nanoencapsulation of eugenol and thymol within zein/casein exhibited bactericidal
potential against E. coli (Chen et al. 2015), while spray-dried microencapsulation of
Lippia sidoides EO exhibited potential fungitoxicity (Fernandes et al. 2008). Hence,
encapsulation technique facilitates the formulation of green preservative as effective
tool in controlling herbal raw materials biodeterioration under postharvest condition
and as a safer alternative of synthetic preservatives.

13.6 Conclusion and Future Perspectives

Microbial and toxin contamination in herbal raw materials cause degradation of
bioactive components having important medicinal properties. Different essential oils
of traditionally used plants and their bioactive components comprising of terpenoids,
sesquiterpenoids, and phenolics are currently well acknowledged for effective con-
trol of microbial and mycotoxin contaminations of herbal raw materials.
Nanoencapsulation of essential oils into carbohydrate and protein polymers is a
modern technological approach currently practiced to enhance their efficacy and
facilitate the formulation of green preservative as effective tool in controlling herbal
raw materials biodeterioration under postharvest storage condition.
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Abstract

Chromatography is a technique including thin-layer chromatography, column
chromatography, high-performance liquid chromatography, and gas-liquid chro-
matography. These isolation techniques play a significant role in authentification,
identification, isolation, and enrichment of phyto-molecules belonging to specific
aromatic and medicinal plants. In thin-layer chromatography, the standard com-
pound is used for authentification of the plant material after small-scale extraction.
The large-scale extraction method was then carried accordingly with suitable
solvent. Thin-layer chromatography also gives the basic idea for isolation because
it requires proper combination of solvents for optimum Rf value. Column chroma-
tography is the most basic technique for isolation of phyto-molecules. During
isolation process both thin-layer chromatography and column chromatography
are used simultaneously for identification of a compound in various fractions at
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different combinations of solvent used for isolation. For increasing the polarity of a
particular solvent combination, thin-layer chromatography gives the basic infor-
mation. The quantitative assessment of phyto-constituents is through high-
performance thin-layer chromatography (HPTLC) and high-performance liquid
chromatography (HPLC) for nonvolatile components, whereas gas-liquid chroma-
tography is used for volatile components in general context. High-performance
thin-layer liquid chromatography is effective in quantification of biomarkers in
extracts and fractions. High-performance liquid chromatography (HPLC) and gas
chromatography (GC) are coupled with mass spectrophotometer (MS) to give a
unique combination of LC-MS and GC-MS respectively, which are used for
quantification of biomarkers along with their molecular weight. Recently, the
work is carried out on enrichment of phyto-molecules using chromatographic
techniques. In this chapter, we have focused on the recent advances in using
chromatographic techniques at different levels of phytochemical investigation.

Keywords

Phyto-molecules · Thin-layer chromatography · Column chromatography · High-
performance liquid chromatography · Gas chromatography · High-performance
thin-layer chromatography

Abbreviations

APCI Atmospheric pressure chemical ionization
CI Chemical ionization
EI Electron impact
ESI Electrospray ionization
GC Gas chromatography
GC-MS Gas chromatography-mass spectroscopy
GLC Gas-liquid chromatography
HPLC High-performance liquid chromatography
HPTLC High-performance thin-layer chromatography
LC-MS Liquid chromatography-mass spectroscopy
MALDI Matrix-assisted laser desorption/ionization
PC Paper chromatography
TLC Thin-layer chromatography

14.1 Introduction

The discovery of new drugs from plant sources involves a systematic scientific
investigation using a multifaceted approach. It requires the knowledge of ethno-
pharmacological uses, chemistry, biology, and toxicology of the plants leading to
better understanding of concept correlated to drugs. It is also necessary to carry out
community surveys, previous literature survey, and analysis of the outcomes of
community interventions to evaluate the ethno-pharmacological uses of plants
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against the various diseases. Discovery of drugs from plant sources is based on the
constituents and their properties, which can be used for the treatment of any disease.
Selection of appropriate isolation method involves the acquisition of knowledge
related to ethno-use, which can help to work on the isolation of active drug substance
from the complex framework of plant materials using the concepts of chemistry for
the drug development. Chromatography represents the most flexible and readily
available separation technique. It refers to a physical method for the isolation and
detection of components or compounds from a mixture into separate components
using stationary phase (consist of solid phase or layer of liquid adsorbed onto the
surface of solid support) and a mobile phase (composed of liquid or a gaseous
component). Thus, phytoconstituents can be easily separated and purified by the help
of various chromatographic techniques (Archana Khale and Anubha 2011; Coskun
2016). However, the quality evaluation of drugs like physical and chemical stability,
bioavailability, and identity characterization requires the proper isolation and drug
development procedure.

There are several techniques currently applied to separate and identify the
phytoconstituents. The extraction process is followed by separation of the
constituents and isolation of the compounds using different chromatographic
techniques. Further, application of spectroscopic techniques leads to identification
and confirmation of the pure compounds. On the basis of the nature of the functional
groups of compounds, if already known, they can be extracted at high, low, or room
temperatures. Moreover, the extraction process is based on mass transfer, which is a
unit operation, transferring soluble matter from solid to liquid phase. When a crude
particle is immersed in a solvent, it is surrounded by boundary layer of the solvent,
which starts penetrating inside the particle and subsequently forms solution of the
constituents within the cells. Escape of this dissolved constituent takes place through
the cell wall throughout the boundary layer, and the process continues till equilib-
rium is set up between both the sides.

14.1.1 Extraction Methods

Extraction methods involve the separation of the soluble plant constituents from the
insoluble cellular residue. In small-scale extraction processes like maceration and
percolation are generally slow, time-consuming and give insufficient extraction of
the crude drugs. Whereas in large scale extraction process like modified soxhlet
extraction large batches of crude drugs are extracted more easily and quickly.

14.1.1.1 Maceration
Maceration is the process of extracting medicinally active components of the plant
material. It involves immersing of coarse or powdered crude drugs in a stoppered
vessel containing suitable solvent. The above mixture is allowed to stand for at least
3–7 days in a warm place with intermittent shaking and finally the solvent containing
dissolved constituents is collected for further processing. Maceration method is
modified to multiple-stage extraction to increase the yield of the constituents in the
extracts. The crude plant material is taken in the extractor, which is joined with a
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circulatory pump and spray distributor along with number of connected tanks to
collect the extraction solution. This is called as multiple-stage extraction. The
solvent is added and circulated in the extractor containing plant material and is
removed and stored as extracted solution in the receiver tanks. This operation is
repeated thrice. When the fresh plant material is charged in the extractor, the stored
solution is once again circulated and then removed as an extract. Likewise after three
extractions, the plant material is removed from the extractor, again recharged with
fresh drug, and the whole cycle is repeated. At the end of the process, the solvent
moves out, and the crude extract is separated from the plant residue by centrifuging
or pressing. Maceration is an old method in which active ingredients cannot be
completely extracted (Silva et al. 2017; Raaman 2006).

14.1.1.2 Percolation
Percolation involves the constant flow of the solvent through the crude plant
material, which continuously replaces the saturated solvent by fresh solvent. It
involves a number of steps. In the first step of the process, powdered material is
treated with sufficient amount of the solvent to make it uniformly wet and allowed to
stand for 15–20 min. After which the above mixture is transferred into percolator
which is generally a “V”-shaped vessel open at both ends. Again sufficient amount
of the solvent is added for the saturation of the plant material, and the liquid starts to
fall out from the outlet of the percolator (Fig. 14.1). Thereafter, the plant material is
allowed to macerate in the vessel for 24 h, and percolation is continued gradually
using sufficient solvent.

This process is based upon the flow of the solvent which is used until its point of
saturation through the powdered material (Raaman 2006). This process yields
products of greater concentration than the macerated products.

14.1.1.3 Modified Percolation
The conventional percolation process is modified by including evaporation, for
getting more concentrated extract, especially when alcohol is used as solvent. In
this method, the first portion of the percolate is collected and kept aside, and then
subsequent portions are collected, concentrated, and added to the first portion. This
method is known as reserve percolate method. By this method, the first portion
which contains a large amount of the constituents is not subjected to heat, and also
higher concentration of the extract is obtained.

In the modified process of percolation techniques, continuous or semi-extraction
devices are used in some industries for handling the batches of varying size. The
extraction battery which consists of a number of vessels in series is interconnected
through pipelines and arranged so that the solvent can be added directly and the
product can be removed from the vessel. Such type of extraction battery gives
maximum efficiency of extraction with minimum use of the solvent; thus the extract
obtained is more concentrated.

14.1.1.4 Continuous Extraction
Continuous extraction is used widely when the constituents and impurities both have
partial solubility in the particular solvent (Silva et al. 2017). Soxhlet extraction is the
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method of continuous extraction, in which the solvent is circulated through the
extractor for a number of times. In this process, extraction is done by evaporating
the solvent and collecting the vapors of the solvent into a condenser, and the
condensed liquid is again returned for continuous extraction of the plant material.

Soxhlet apparatus (Fig. 14.2) designed for continuous extraction process includes
the following:

• Extractor: Body of extractor is attached with siphon tube and side tube.
• Distillation flask: The extractor from the base is attached to the distillation tank.
• Condenser: Mouth of extractor is set to condenser with the help of standard joints.

In the soxhlet extraction process, first the crude powdered material is filled in the
soxhlet apparatus directly or in a thimble of filter paper, and then the solvent is
heated, evaporated, and siphoned back into the flask through the thimble. This
sequence is repeated a number of times without changing the solvent to get sufficient
extract. Fresh activated pieces of porcelain are added into the flask to avoid bumping
of solvent.

Fig. 14.1 Percolator
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14.1.1.5 Large-Scale Extraction
Large-scale extraction is meant for the extra-large batches of drug/plant material, in
which various soxhlet extractor assemblies are modified (Fig. 14.3). The pilot plant
extractor generally has a separate extractor and condenser unit. Separate inlet for
loading the drug and outlet for drug discharge are also provided into it. The extractor
body is divided into two parts: the upper one which contains plant material and lower
one which is a distillation chamber. The distillation chamber is electrically heated,
and the vapors of the solvent are passed to the condenser. The condensed liquid is
sprayed on the bed of the powdered material with the help of a solvent distribution
nozzle. Such large-scale extractors are provided with the outlet from the lower side
of the extractor for removing the extract.

14.2 Method of Separation

The crude extract obtained by extraction process is subjected to separation and
isolation of the pure compound, which requires specific and specialized techniques.
The selection of appropriate method and/or technique depends on solubility and
volatility of the compounds to be separated from the crude extract. Techniques
which are used for separation and purification include the following:

(a) Paper chromatography (PC)
(b) Thin-layer chromatography (TLC)
(c) Gas-liquid chromatography (GLC)
(d) High-performance liquid chromatography (HPLC)

Fig. 14.2 Soxhlet extractor
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(e) High-performance thin-layer liquid chromatography (HPTLC)

Paper chromatography is generally useful for hydrophilic components like amino
acids, nucleic acid bases, carbohydrates, phenolic compounds, and organic acids.
While TLC is preferred for the separation of lipophilic components like carotenoids,
steroids, lipids, and chlorophyll, the third technique, i.e., GLC is mainly used for the
separation of volatile components like fatty acids, mono as well as sesquiterpenes,
sulfur compounds, and hydrocarbons. However, the volatility of the compounds can
be enhanced by conversion to esters or ethers. In contrast, the less volatile substances
can be separated by using HPLC, which has the benefit of column efficiency along
with the high speed analysis. All of these methods are applied for the identification,
purification, isolation, and/or separation of the compounds. For large-scale isolation
column containing adsorbents (as used in PC and TLC) are used and the technique is
known as column chromatography. For a large amount of crude material, these
columns are coupled with automatic fraction collectors to get a high yield of purified
compound (Fan et al. 2006; Hamburger and 193 Cordell 1987; Zygmunt and
Namiesnik 2003). Generally, a combination of the aforementioned techniques is
the best strategy to isolate a pure compound.

Fig. 14.3 Modified soxhlet
extractor
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14.2.1 Paper Chromatography

Paper chromatography is a very simple method, in which a filter paper sheet is used
as stationary phase for separation of components of a mixture. The Rf values
obtained in this method are quite reproducible, which are important to authenticate
the results, especially in the case of constituents like anthocyanins, which do not
have defined physical properties.

Paper chromatography is of two types: partition chromatography and adsorption
chromatography. In the former, compounds are partitioned between water-
immiscible alcoholic solvent (e.g., n-butanol) and water. On the other hand, the
latter involves the selective adsorption of compounds in the presence of aqueous
solvent as in case of common purines and pyrimidines, phenolics, and plant
glycosides. Generally PC is done by descending the Whatman filter paper in tanks
which is suitable for two-dimensional separation of the compounds. A variety of
“modified” filter papers are commercially available for separation of specific
compounds. For instance, addition of alumina or salicylic acid onto cellulose
paper helps in reducing its polarity, while soaking it in silicone or paraffin oil
makes it suitable to carry out “reversed-phase” chromatography.

In this technique, detection of particular class of compounds is done by spraying
or dipping the developed paper in specific chromatographic reagent and the
compounds are eluted as colored or fluorescent spots under UV light. In few cases
the paper may be heated in order to develop the colors. The Rf value can be
calculated by measuring the distance from the origin to the center of the spot formed
by the compound to the distance travelled by the solvent. This always appears as a
fraction between the range of 0.001 and 0.99. Also, Rm value can be calculated for
the comparison of structurally correlated compounds (Ye et al. 2007) by the follow-
ing formula:

Rm ¼ log (1/Rf � 1)

14.2.2 Thin-Layer Chromatography (TLC)

TLC is a versatile and sensitive technique. Its versatility is due to the variety of
adsorbents which can be spread on glass plate. Generally silica gel is used, but
ciliate, polyamide, ion-exchange resin, calcium hydroxide, magnesium phosphate,
aluminum oxide, sephadex, cellulose, polyvinylpyrrolidone, and a mixture of two or
more of the above materials can also be used. In this technique, time taken in running
the sample is less in comparison to PC due to the more compact nature of adsorbent.
In ancient times, a major drawback with the TLC was the labor of spreading glass
plates with adsorbent, but nowadays automatic spreading devices as well as a variety
of pre-coated plates of glass, plastic, or aluminum sheets are commercially available,
which has eased the routine phytochemical work. In TLC, there is a sequence of
steps to be followed with all the precautions for obtaining good results. First, the
glass plates are cleaned properly, and slurry of silica and/or other materials which are
used as stationary phase is prepared. Some additives like calcium sulfate
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hemihydrate and inorganic salts can also be added into the slurry for effective
binding and improving the adsorbents properties, respectively. Then the slurry is
spread onto the glass plates, dried, and heated at 100–110 �C for 30 min for
activation. Thereafter, loaded plates are put into an ascent tank saturated with the
solvent system consisting of a combination of solvents in exact proportions. How-
ever, in this technique, Rf values are considerably less reproducible; thus it is
essential to include one or more standard compounds for reference (Fig. 14.4).

In TLC, glass plates can be easily sprayed with concentrated H2SO4 for the
detection of lipids and steroids. Also, the separated compounds can be recovered
by scraping the adsorbent at the appropriate places on the developed glass plate,
eluting the powder with a solvent like ether and centrifuging to remove the adsor-
bent. TLC plates can be repeatedly developed with one or several different solvent
systems with intermittent drying (Archana Khale and Anubha 2011; Mohammad
et al. 2010; Beckett and Stenlake 2005; Kasture et al. 2008; Chatwal and Anand
2008). Table 14.1 includes a few examples of analytes evaluated by TLC.

14.2.3 Gas-Liquid Chromatography

GLC is a well-developed analytical technique frequently used for the identification,
quantification, and characterization of volatile substances. It is a highly efficient and
sensitive technique, which can be used for the separation and detection of essential
oils (Bombarda et al. 2008). GLC requires sophisticated and expensive apparatus
(Fig. 14.5) consisting of four important components:

Fig. 14.4 Thin-layer chromatography
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1. Column—made up of metal in the form of a coil to conserve space, packed with a
stationary phase like 5–15% silicone oil on an inert powder (Chromosorb W,
celite, etc.).

2. Heater—provides heat to the column progressively from 50 to 350 �C at a
standard rate and holds the temperature at the higher limit if needed. The
temperature of column inlet is controlled separately so that the sample can be

Table 14.1 Examples of analytes evaluated by TLC

S. No. Analyte Parameters of TLC References

1 Harhra’ (Terminalia chebula
and gallic acid)

Stationary phase, i.e., silica gel
Mobile phase, i.e., ethyl acetate with
toluene and formic acid in the ratio
of 5:5:1

Lalla et al.
(2000)

2 Azadirachta indica,
Catharanthus roseus, and
Momordica charantia

Stationary phase, i.e., silica gel
Mobile phase, i.e., methanol with
dichloromethane in the ratio of 8:2

Habib
et al.
(2000)

3 Strychnos nux-vomica Stationary phase, i.e., silica gel
Mobile phase, i.e., diethylamine
with chloroform and ethyl acetate in
the ratio of 1:0.5:8.5

Jadhav
et al.
(2009)

4 Fruit of Piper chaba
constituents are piperamine,
piperine, methyl piperate, and
piperlonnguminine

Stationary phase, i.e., silica gel
Mobile phase, i.e., ethyl acetate with
n-hexane in the ratio of 1:1

Richter
et al.
(2003)

5 Quinones Stationary phase, i.e., silica gel 60
Mobile phase, i.e., n-hexane with
dichloromethane in the ratio of 2:8

Pyka
(2014)

Fig. 14.5 Gas-liquid chromatography
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vaporized rapidly as it is passed on to the column. The sample is dissolved in
hexane or ether and is injected by hypodermic syringe into the inlet port through a
rubber septum.

3. Gas flow—consists of an inert carrier gases, i.e., argon or nitrogen. Separation of
the compounds on the column depends on passing this gas at a controlled rate.

4. Detector—based on either electron capture capacity or flame ionization, detects
the compounds as they are swept through the column, and the potentiometric
recorder generates peaks for different compounds with varying intensities.

The results of GLC are expressed as retention volume R”, which is the volume of
carrier gas required to elute a component from the column, or in terms of retention
time Re, which is the time required for elution of the sample. These parameters are
nearly always expressed in terms relative to a standard compound (as RR” or RRe),
which may be added to the sample extract or which could take the form of the solvent
used for dissolving that sample.

There are three important parameters, namely, stationary phase, the column, and
the temperature of operation which varies with the volatility and polarity of the
compounds to be isolated. Conversion of the compounds to derivatives can be a
strategy to carry out separation at a lower temperature. GLC provides both quantita-
tive and qualitative data on plant substances, since measurements of the area under
the peaks shown on the GLC trace are directly related to the concentrations of the
different components in the original mixture. There two general formulae for
measuring these areas: (a) peak height � peak width at half height ¼ 94% of the
peak area (this only applies to symmetrical peaks), and (b) peak area is equivalent to
that of a triangle produced by drawing tangents through the points of inflection. Peak
areas can be determined automatically, e.g., by the use of an electronic integrator.

14.2.4 High-Performance Liquid Chromatography

High-performance liquid chromatography is analogous to gas-liquid chromatogra-
phy as it can provide qualitative and quantitative data in a single operation. Pres-
ently, HPLC is the most accepted technique for the phytochemical separation
(Faghihi et al. 2001; Lu et al. 2005; Li et al. 2010).

HPLC has high rates of precision, resolution, sensitivity, and selectivity. It has the
column filled with small spherical particles enclosed in stationary phase held in a
narrow bore stainless steel column making it especially sensitive to impurities, so it
is essential to purify and filter the plant extracts before injecting into the column
(Fig. 14.6). The liquid mobile is a combination of solvents and is forced under
considerable pressure. It either remains constant (isocratic separation) or may be
changed continuously in its proportions by including a mixing chamber into the
setup called as gradient dilution. The HPLC apparatus is more costly than GLC
because of the pumping system which can withstand the high pressure. In this
technique, elution process can be monitored by a detector using ultraviolet light. A
computing integrator may be added to handle the whole operation, which can be
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controlled through a microprocessor. The major difference between HPLC and GLC
is that the former operates at ambient temperature and the compounds are not
subjected to rearrangements during separation. Moreover, the thermostatically con-
trolled jacket of HPLC column provides effective temperature control. HPLC is used
for those classes of compounds which are nonvolatile in nature, e.g., phenolics,
higher terpenoids, lipids, alkaloids, and sugars. It is more advantageous for
compounds which can be detected in the visible or ultraviolet regions of the
spectrum. Proteins can be separated by HPLC on columns of modified silica gels,
sephadex, or ion exchangers.

Preparative HPLC and analytical HPLC are used extensively in pharmaceutical
industry for the isolation as well as purification of herbal compounds. The objective
of the former is to purify and isolate the compounds, whereas the latter aims to get
information regarding the sample. There are commonly two types of preparative
HPLC, i.e., low-pressure HPLC (pressure under 5 bar) and high-pressure HPLC
(pressure > 20 bar). In preparative high-pressure HPLC (pressure > 20 bar), larger
stainless steel columns and packing materials of (particle size 1030 μm) are required.
Applications of HPLC for evaluation of herbal drug are enlisted in Table 14.2.

14.2.5 High-Performance Thin-Layer Chromatography

High-performance thin-layer chromatography is commonly employed in the herbal
pharmaceutical industries for identification, quality control and quality assurance of
herbs and herbal products. Also the pesticide content, mycotoxins and adulterants in
health food products are detected by HPTLC (Patel and Patel 2016).

Fig. 14.6 Instrumentation of HPLC
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It is also known as planer chromatography or HPTLC. Conventional TLC is
modified in order to utilize the full potential of the method. The principle of HPTLC
is the same as that of TLC. The samples to be chromatographed are applied to the
self-coated plates in the spot or a band without damage to the layer. The volume is
governed by disposable glass capillaries or sample applicator. The sample is
concentrated into a narrow band of selectable length, which needs precision and
exact positioning. The growth of chromatogram takes place in the same way as that
of TLC. As the solvent migrates on the plate by capillary, the samples are separated
into fractions. For the evaluation of chromatogram, the peaks are scanned in a
densitometer with a light beam in the visible or ultraviolet range of spectrum. The
fluorescence is calculated by diffused reflectance. HPTLC systems are provided with
the photo and video documentation systems. Densitometric scanning of individual or
fractions can be repeated with the same or different parameters, stored on the plate
operators, and evaluated or documented before and after derivatization. This tech-
nique is largely used in the study of natural product botanicals and herbal cosmetics.
Some mobile phases and common derivatization used in HPTLC are tabulated in
Tables 14.3 and 14.4. Applications of HPTLC in the evaluation of herbal drugs are
mentioned in Table 14.5.

Table 14.2 Applications of HPLC for evaluation of herbal drugs

Active
compounds

Flow
rate Mobile phase Column

Gradient
detector References

Atropine 1.0 mL/
min

A is 0.05M
KH2P04 in water of
pH 3, B is
acetonitrile

Zorbax
Eclipse
XDBC18,
3.5 μm

UV
[diode
array
detector]

Pharmaceutical
Applications
with HPLC
(2000)

Quercetin
Kaempferol

2.0 mL/
min

A is 0.5% H2.0 mL/
min 3P04 in water,
B is methanol

Hypersil
ODS, 5 μm

Diode
array
detector

Pharmaceutical
Applications
with HPLC
(2000)

Rhein
Emodin

1.0 mL/
min

A is 0.05M NH
40Ac in water of
pH 2.5, B is
acetonitrile

Hypersil
ODS, 5 μm

Diode
array
detector

Pharmaceutical
Applications
with HPLC
(2000)

Ephedrine
Norephedrine

1.0 mL/
min

A is 0.025M
KH2PO4 in water
of pH 3, B is
acetonitrile

Zorbax
SBC18,
3.5 μm

UV
[diode
array
detector]

Pharmaceutical
Applications
with HPLC
(2000)

Quinidine
Quinine

0.8 mL/
min

A is 0.05M
KH2P04 in water of
pH 3, B is
acetonitrile

Purospher
RP-18,
5 μm

UV
[diode
array
detector]

Pharmaceutical
Applications
with HPLC
(2000)
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14.3 Recent Advances in the Chromatographic Techniques
with Their Applications

The necessity to identify the components of complex mixtures stimulated the
development of combination of chromatographic techniques with mass
spectrometry (MS).

14.3.1 Liquid Chromatography-Mass Spectroscopy (LC-MS)

Liquid chromatography-mass spectrometry or high-performances liquid
chromatography-mass spectrometry (HPLC-MS) is an analytical technique joined
together for high-resolution separation with sensitive and specific mass spectrum
detection. Combination of LC with MS is a significant development in the chroma-
tography techniques. Mass spectrometry in LC-MS helps to find out the elemental
composition and elucidate the structure of a sample (Pitt 2009).

Typical LC-MS system is a combination of HPLC with MS using interface, i.e.,
ionization source. The sample is separated using liquid chromatography, and the
separated sample is sprayed into atmospheric pressure ionic source, which
transformed ions into the gas phase. There is a mass analyzer which is used to sort
ions depending on their mass-to-charge ratio, and a detector is used to count the ions

Table 14.3 Some mobile phase used in HPTLC for herbal compounds (Srivastava and Springer
Verlag 2011; Atlas 1996; Shivatare et al. 2013)

Chemical constituents (herbal) Mobile phase used

Hydrophilic constituents: Aanthraglycosides,
arbutin, alkaloids, bitter principles, cardiac
glycosides, saponin, flavonoids

Ethyl acetate with methanol and water in the
ratio of 100:13.5:10

Lipophilic constituents: Eessential oils,
coumarin, naphthoquinones, terpenes

Ethyl acetate with toluene in the ratio of 7:93

Flavonoids Ethyl acetate with glacial acetic acid, formic
acid, and water in the ratio of 100:11:11:26

Alkaloids Toluene with ethyl acetate and diethylamine in
the ratio of 70:20:10

Cardiac glycosides Ethyl acetate with methanol and water in the
ratio of 100:13.5:10 or 81:11:8

Terpenes Chloroform with water and methanol in the
ratio of 65:4:25

Triterpenes Ethyl acetate with toluene and formic acid in
the ratio of 50:50:15
Toluene with chloroform and ethanol in the
ratio of 40:40:10

Essential oil Ethyl acetate with toluene in the ratio of 7:93

Saponins Chloroform with glacial acetic acid, methanol,
and water in the ratio of 64:32:12:8

292 A. Gujrati et al.



rising from the mass analyzer, and it may also amplify the signals generated from
each ion. As a consequence, spectrum of mass is obtained, which is used to
determine the mass of molecules and elemental or isotopic nature of a sample and
to elucidate the chemical structure of molecules (Korfmacher 2005; Lim and Lord
2002).

Generally the LC-MS consists of an assembly of ion generation unit or ionization
source, liquid chromatography, mass analyzer, and mass spectrometric data acquisi-
tion. The effluent mobile phase with separated compound from the liquid chroma-
tography is interfaced with the ionization source of the mass spectrometer. Ionization
sources include matrix-assisted laser desorption/ionization (MALDI), atmospheric
pressure chemical ionization (APCI), and electrospray ionization (ESI). Apart from
this chemical ionization (CI), electron impact (EI), or negative chemical ionization is
also used as a source of ionization in MS (Sparkman 2006).The analyzer is a
component of the mass spectrometer which takes ionized molecules and separates
it on the basis of charge-to-mass ratios to the detector to be detected and later
converted to a digital output (Fig. 14.7).

Table 14.4 Common derivatization agents used in HPTLC (Jork and Funk 1990; Knap et al.
2006)

S. No. Reagent
Chemical compounds
(herbal) Color

1. Dragendorff reagent
This reagent forms complex
reaction with nitrogen-containing
compounds

Alkaloids Red-brown zone
(visible)

2. Natural products
PEG reagent, i.e., diphenylboric
acid 2-aminoethyl ester, forms
complexes via condensation
reaction with 3-hydroxyflavones

Flavonoids Intense yellow,
green, and Orange
Fluorescent zones at
UV 366 nm

3. Iodine
It produces iodine reaction which
results in oxidative products

Quinolone derivative,
indole, thiols, and
organic compounds

Dark zone at UV
254

4. Ethanolic KOH (10%) Anthrones
(cascarosides, aloin)

Yellow zone
(visible)
Yellow
fluorescence at UV
366 nm

5. Ninhydrin reagent Amines, peptides,
amino acids, and amino
sugars

Yellow, brown to
pink, and violet
(visible)

6. Vanillin sulfuric acid or
Aanisaldehyde sulfuric acid

Bitter principle,
saponins, essential oils

Red-brown, yellow-
brown, dark green
zone (visible)
Colored zones
(visible)
Blue, brown, or red
zones (visible)
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14.3.2 Gas Chromatography-Mass Spectroscopy (GC-MS)

The most extensively and effectively used combination technique is the GC coupled
with MS. The combination of GC and MS was first reported in 1958, and it was
made available commercially in 1967 (Ardrey 2003).

GC-MS is a synergistic union, extremely favorable as the compounds which can
be analyzed by GC (low molecular weight, medium or low polarity in ppb-ppm

Table 14.5 HPTLC application in the evaluation of herbal drugs (Knap et al. 2006)

Herbal constituents
Reagent for
spraying Quantification

Panaxadiol and
panaxatriol
(ginseng)

10% H2SO4

acid in CH3OH
UV spectroscopy absorbance at 544 nm and 522 nm,
silica gel is used as an adsorbent with solvent system
ether/chloroform (1:1)

Flavonol glycosides
(ginkgo biloba)

8% AlCl3 in
Ethanol

UV spectroscopy absorbance at 370 nm, silica gel is
used as an adsorbent with solvent system chloroform/
benzene/ethanol/water/acetic acid (11:4:2:2:1)

Glycyrrhetinic acid
(liquorice)

None UV spectroscopy absorbance at 260 nm, silica gel is
used as an adsorbent with solvent system ethyl acetate/
ammonia/methanol: (10:1:3)

Aloin (aloe vera) None UV spectroscopy absorbance at 350 nm, silica gel is
used as an adsorbent with solvent system ethyl acetate/
acetic acid/water (17:2:3)

Carvone (Cuminum
cyminum)

Anisaldehyde
sulfuric acid

UV spectroscopy absorbance at 410 nm, silica gel is
used as an adsorbent with solvent system acetone/
chloroform (2:100)

Cholesterol (bear
gall bladder)

10% H2SO4

acid in alcohol
UV spectroscopy absorbance at 400 nm, silica gel is
used as an adsorbent with solvent system ethyl acetate/
acetone/petroleum ether (2:1:11)

Gradient
Controller

Mobile phase

Control Unit

Pump

Column

Splitter

Interface

SourceMass analyseDetector

Vacuum pump

Secondary
Detector

Fig. 14.7 Instrumentation of LC-MS
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concentrations) are also compatible with the MS requirements. In addition, both
analyses proceed in the same aggregation state, i.e., vapor phase. But both the
techniques differ in the working pressures, i.e., pressure in the GC column exists
low at 10.5–10.6 Tor than in the ionization chamber. To solve this problem, efficient
vacuum pumps (gas jet pump and turbo molecular pump) and gas chromatography
capillary columns (having internal diameter of 0.18–0.32 mm, traditionally used in
GC-MS) directly inserted into the ionization chamber of a mass detector
(Hubschmann 2009; McMaster 2011) are used.

There are several advantages of GC-MS including the capillary column, which
provides effective separation capacity, producing clear chemical fingerprint.
Another is the coupling with mass spectroscopy and corresponding mass spectral
database provides the complete information of the components of the plant extract
which can be used for exploring phytoconstituents and their properties especially the
volatile compounds (Guetens et al. 2002; Gong et al. 2000a, b; Gong et al.
2001a, b, c; Li et al. 2003; Li and Liang 2003; Wang et al. 2003; Tsai et al. 2002;
Vieira and Simon 2002; Gherman et al. 2000; Velasco-Negueruela et al. 2003).
Instrumentation of original and modern GC-MS is included in Fig. 14.8.

14.4 Summary

The aim of chromatographic techniques was to separate the individual substances
into a mixture depending on their color as in the case of herbal pigments. With time,
its application was extended numerously. Nowadays, chromatographic techniques
are widely acceptable for separation of phyto-constituents. Advanced chro-
matographic techniques like HPLC, HPTLC, and GC are extremely reliable for
quantification and purification of carbohydrates, nucleic acids, amino acids, steroids,
hydrocarbons, proteins, antibiotics and many other phyto constituents due to their
high sensitivity, accuracy and reproducibility. GC is a separation technique which is
used to analyze thermally stable volatile substances. For example, gas chromatogra-
phy is used for the determination of fatty acids, flavored compounds, triglycerides,

Fig. 14.8 Instrumentation of GC-MS

14 Importance of Chromatography Techniques in Phytomedicine Research 295

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/volatile-substance
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/triglyceride


and several other food components, as well as aroma compounds, pesticides,
polychlorinated biphenyls, and other volatile components.

High-performance thin-layer liquid chromatography is effective for quantifica-
tion of biomarkers in extracts and fractions. Hyphenated techniques like LC-MS and
GC-MS are highly authenticate for quantification and molecular weight determina-
tion of phyto-pharmaceuticals. The GC-MS is also used for quantification of volatile
compounds too. Phytomedicine research has a very important role in contributing to
the development of new and better drugs for effective phytotherapy. Fortunately,
chromatography offers very powerful separation ability, such that the complex
chemical components in HM extracts can be separated into many relatively simple
subfractions. Further more, the recent hyphenated chromatographic techniques for
separation, isolation, purification and quantification of the phytoconstituents are the
stepping for global acceptance of phyto medicines. Separation, isolation, and purifi-
cation of the phytoconstituents are the stepping stones to achieve this goal. There-
fore, development and constant improvement of the existing chromatographic
techniques is very crucial to mine the magical compounds from the huge plant
repositories.
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Reverse Pharmacology: A Tool for Drug
Discovery from Traditional Medicine 15
V. Suba

Abstract

Reverse pharmacology approach reduces the three major bottlenecks of drug
discovery. In India this approach is pioneered with the traditional basis of
ayurveda. In reverse pharmacology, traditional drugs which have good efficacy
and lesser side effects are chosen as a starting material for drug development. The
major issue with the traditional drugs is they are polycomponent in nature with
variety of biological nature. It is difficult to identify the components responsible
for therapeutic action and their mechanism of action. In recent days various
approaches are proposed to solve this issue. In India many hits and leads are
developed from ayurvedic drugs using this approach. But still those leads remain
at research level and do not reach market due to inadequate involvement from
pharma industries. Various initiatives have been taken to bridge this gap. Further
various strategies are suggested by Indian researchers to improve the methodol-
ogy and to effectively utilize this approach for drug discovery.
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15.1 Introduction

15.1.1 Reverse Pharmacology and Its Origin

This chapter discusses the role of reverse pharmacology in the development of drug
discovery from traditional formulation. The recent trends in the development of new
chemical entities of pharmaceutical industries proved the fact that a lot of cost and
time are incurred in the production of new drugs, but the success of the drugs
developed is questionable. The drug development process takes about 8–12 years
and screening of more than 25,000 molecules (O’Connell and Roblin 2006). In this
classical method of drug development, the drugs are developed using reductionist
approach that is testing the chemical entities against the targets. This mechanism-
based models led to the development of inefficient drugs. Though millions of
chemical compounds were synthesized as research drugs, they did not prove to be
successful drugs for various ailments. Further the classical drug development pro-
cess involves robust preclinical and clinical phases of study. Even after lot of
research involved in the development of new drugs, many of the blockbuster
drugs raised out of this strategy have been withdrawn from market. One of the
problems with the modern medicine is it considers the human as an isolated system,
whereas the traditional system of medicine considers human and health in the
context of environment.

Recently large populations show interest toward the use of traditional system of
medicine. The well-recognized traditional system of medicine is Chinese and Indian.
India has its own system of medicine includes ayurveda, siddha, unani, yoga, and
homeopathy. In India more than 500 million people use traditional system of
medicine (Raut 2013). Over the last decade, there is a paradigm shift in the drug
discovery starting the research with traditional drugs which are used effectively for a
long time with safety. Their action targets are identified, and bioactive compounds
responsible for the biological effects are identified and isolated for further develop-
ment of lead and drug. This research field is called as reverse pharmacology
(RP) which shifts drug discovery from clinic to laboratory reversing the classical
drug development process which is from laboratory to clinic. It is a science of
integrating documented experiential hits into leads by transdisciplinary exploratory
studies and further developing into drug candidates by experimental research.
Reverse pharmacology is also known as target-based drug discovery (Lee et al.
2012). It is an approach integrating clinical experience, traditional knowledge, and
experimental observations for reversing the traditional drug development process
from bedside to laboratory approach. This approach also paves the way for the
finding of new use of old drugs. The leads developed through this science provide
chemical scaffolds for structural modifications with drug targets.

Sir Ram Nath Chopra and Gananath Sen were the pioneers of RP in India for
ayurvedic drugs. Sen and Bose 1931 took a lead from Rauwolfia serpentina for
antihypertensive and tranquilizing effect through this approach. They also identified
the side effect of this drug as depression, Parkinson-like syndrome, prolactinoma,
gynecomastia, and nasal congestion. Further this research led the isolation of
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reserpine as bioactive compound and depletion of catecholamines as its mechanism.
These findings paved the way for new drugs against Parkinson’s disease, depression,
prolactinoma, and nasal congestion. The need for approaching the traditional drugs
different from modern drugs was understood. Then the scope of RP is extended to
provide scientific evidence for safety and efficacy of traditional drugs already in
practice, to find lead from natural products, and to find new clinical facts which
provide insights about human biology and provide chemical scaffolds for further
drug discovery (Raut et al. 2011).

15.1.2 Natural Products as Traditional Drugs and Reverse
Pharmacology in Drug Discovery

Natural products and the traditional medicine system play a vital role to meet the
medical and pharmaceutical needs for centuries. Indian and Chinese traditional
system of medicine is the living system of medicine. India has very long history of
traditional system of medicine including ayurveda, siddha, yoga, unani, and home-
opathy. Natural products like plants, animals, minerals, and metals are used as
medicaments in Indian traditional system of medicine. The presence of natural
medicaments in traditional system provides merits over other forms of medicine.
Plant-based formulations play a major role in Indian system of medicine. Approxi-
mately 90% of ayurvedic and siddha formulations are plant-based. Literature
claimed around 20,000 medicinal plants in India (Pandey et al. 2008). Most of the
plant-originated drugs in modern medicine are derived from traditional medicine
(Li-Weber 2009). Today, approximately 80% of antimicrobial, cardiovascular,
immunosuppressive, and anticancer drugs are derived from medicinal plants
(Gordaliza 2009). Plants have chemically diverse phyto-constituents with varied
biological actions and are exploited for the development of new lead compounds and
scaffolds for drug discovery. Many lead compounds identified from natural products
and traditional medicine paved the way for rational drug design. Coral, sponges, fish,
and other microorganisms derived from marine sources which are used in traditional
system of medicine show promising anti-inflammatory, antiviral, and anticancer
activity. Venoms and toxins from snakes, spiders, scorpions, and insects which are
practiced in traditional system of medicine served as lead for drugs like
anticholinergics, antihypertensives, etc.

During the last two centuries, drugs were discovered incidentally from medicinal
plants referred as drug serendipity. Advances in drug discovery technologies includ-
ing high throughput screening, combinatorial and asymmetric synthesis, and system
biology created new path in drug discovery. But drug industries faced serious
challenges in terms of cost, risk, and ineffective drug molecules. There were many
drugs derived from medicinal plants (aspirin, calcium antagonists, α and β blockers)
before the introduction of innovative approaches, but the time lag between tradi-
tional use and modern medicine proved that many opportunities were lost. So
researchers felt the need to shift the drug discovery from single to multi-targeted
drugs. Drug discovery from natural products offered multi-targeted approach which
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is the need of the hour since now we are encountering polygenic syndromes. Natural
products can provide synergistic effects simultaneously due to multicomponent
nature. Current drug development approach of single target-single compound is
reductionism strategy which makes use of molecular assays. (Verpoorte et al.
2005). This approach is not suitable for studies on traditional medicines. Pharma
industries felt the need for the shift of drug discovery and development process from
the conventional approach due to failures in the new chemical entities produced.
This crisis led to the new model in the drug discovery called reverse pharmacology.
This organized path of drug discovery exploiting the traditional drugs emerged as
alternative drug discovery engine (Patwardhan and Vaidya 2010). These drugs are
explored on fast rack using innovative approaches (Patwardhan et al. 2008). The
understanding of human genome and structural characterization of human protein
provide clear views by which diverse chemical structured plant products act on
precise targets (Cragg and Newman 2005).

RP approach showed that standardized phytomedicine can be developed faster
and more cheaply than the conventional drugs. This approach has recently emerged
to reduce the three bottlenecks time, cost, and toxicity encountered in classical drug
research. The research starts with the selection of traditional drugs which have
clinically proven safety and efficacy. Then their targets like receptors, enzymes,
and ion channels are identified on the basis of mechanism of action, and the
corresponding active compounds are identified as hits and leads. They are further
developed into new drug candidate through systematic and precise preclinical and
clinical research. The scope is to understand the mechanism of action at different
biological levels and to optimize the safety, efficacy, and quality of the leads from
the natural products (Vaidya 2006).

Traditional system of medicine like ayurveda is time tested with centuries, and
together with extensive scientific research, they proved to be very useful. This
traditional drug discovery is not only useful to pharma industries; it also provides
immense benefit to patients in terms of being closer to nature by using natural
products, reducing cost and provide solution to ailments which has no answer in
modern medicine. Recently, India has amended the Drug Act to include a category
of phytopharmaceuticals to be developed from medicinal plants by reverse pharma-
cology, with evidence of quality, safety, and efficacy. These drugs will be distinct
from traditional medicines like ayurvedic, unani, or siddha. India with its pluralistic
healthcare system provides great opportunities for natural product drug discovery
through RP using traditional knowledge and clinical observations (Patwardhan et al.
2004). The Indian Council of Scientific and Industrial Research and the Indian
Council of Medical Research have successfully developed many leads through RP
approach. Some of the plants subjected to RP include Mucuna pruriens for
Parkinson’s disease, Zingiber officinale for nausea/vomiting, Curcuma longa for
oral cancer, Picrorhiza kurroa for hepatitis, Panchvalkala spp. for burns and
wounds, and Azadiracha indica for malaria. Because of inadequate involvement
from industries, these leads remain only at academic levels and not pursued further to
druggable candidates. CSIR under the New Millennium Indian Technology Leader-
ship Initiative (NMITLI) project brings industry and academia together to solve this
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issue. This project includes development of drugs for psoriasis, osteoarthritis,
hepatitis, and diabetes (Padma 2005). Further ICMR established an advance center
of RP which took initiatives of drug development for malaria, sarcopenia, and
cognitive deficit.

15.2 Hits and Leads from Traditional Drugs for Drug Discovery

Indian and Chinese traditional system of medicine is researched through RP
approach. There is large number of leads obtained from these systems of medicine.
Reserpine from Rauwolfia serpentina for hypertension (Sen and Bose 1931) was the
first lead from ayurvedic knowledge obtained through RP. This finding also
documented the side effects of reserpine which was the forerunner for the discovery
of newer drugs. Artemisia annua was used in Chinese traditional medicine for fever
and malaria. Artemisinin the lead from the herb offered a new class of antimicrobial
agents (Klayman 1985).

In Mucuna pruriens, the ayurvedic drug was subjected to RP for its efficacy
against Parkinson’s disease (Vaidya et al. 1978). This research led the development
of Zandopa which may replace the synthetic L-DOPA derivatives in the market.
Arogyawardhani (a herbo-mineral formulation) was practiced in ayurveda for the
treatments of jaundice. Antarkar et al. (1980) reported the safety and efficacy of this
drug against viral hepatitis in clinical studies. Tubocurarine, from the plant species
Strychnos guianensis and Chondrodendron tomentosum was developed as a muscle
relaxant from curare which was used as arrowhead poison (Verpoorte et al. 2005).
Huperzine A was derived from Huperzia serrata, a Chinese herbal medicine for
senile dementia (Ved et al. 1997).

Picrocides from Picrorhiza kurroa served as lead for its effectiveness against
viral hepatitis (Vaidya et al. 1996). The herb Commiphora wightii (guggulu), is an
ayurvedic drug. The hypolipidemic effects of the plant were studied by RP approach,
and guggulsterones were identified as the lead (Satyavati et al. 1969). The antimi-
crobial property of berberine from Berberis aristatawas reported (Amin et al. 1969).
Further Tinospora cordifolia as immunomodulator (Dahanukar et al. 1988);
curcumins as anti-inflammatory agents (Chandra and Gupta 1972); withanolides as
immune modulators (Davis and Kuttan 1998); Papaver somniferum as analgesic
(Martin 1983); Physostigma venenosum as anticholinesterase (Holmstedt 1972);
Psoralens, the lead for vitiligo; Holarrhena alkaloids in amoebiasis; and baccosides
in memory are pharmacological correlates of ayurvedic drugs.
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15.3 Methodology of Reverse Pharmacology

15.3.1 Clinical and Paraclinical Models Employed in Reverse
Pharmacology

The classical research methodology of traditional drugs are based on providing
scientific evidence for the traditional claim of the drug and standardizing its activity
or else to screen the drug against various models, isolation of the active constituents,
and subjecting the isolated molecules to preclinical and clinical study. Those
methodologies failed in many ways to bring the successful lead for drug discovery
wherein, RP practices an organized path for drug discovery. This research starts with
traditional drugs which are clinically proven to be successful for long time with
lesser side effects. Then their targets are identified by the study of action mechanism;
further, the bioactive compounds responsible for the pharmacological effects are
selected as lead for new drug candidate.

The following are the three tracks of RP with overlapping steps with each other
(Patwardhan et al. 2008).

• Experiential: This phase includes clinical observation of biodynamic effects of
the traditional drug, its documentation, and record keeping.

• Exploratory: This phase cover the dose range finding studies clinically, tolerance,
drug interaction studies, and in vitro and in vivo models to assess the drug targets.

• Experimental: The experimental domain involves well-planned experimental and
clinical investigation at different levels of biological organization and extended
clinical trials to identify and validate the pharmacological correlates of traditional
drugs.

In the experiential domain, the traditional drugs are selected on the basis of
clinical experiences, observation, and available data from human use. These include
disease prevalence, thrust area of research where alternative medicines are optimal,
availability of raw material for formulation, method of fractionation and isolation,
and safety and efficacy of the formulation. These drugs are subjected to clinical
trials. Extensive clinical evaluations as used in conventional clinical trial may not be
feasible for all traditional drugs in many times. Hence case studies conducted in the
existing clinical setup are a relevant option which provides valuable information
regarding safety and efficacy of drugs within the measurable parameters. This is
recommended by the National Institute for Health and National Center for Comple-
mentary and Alternative Medicine for ayurvedic practitioners. Clinical assessment
including the effect of the drugs against the disease studied and various biodynamic
effects are observed from clinical notes and case studies. This phase includes
researchers of RP and physician in charge to provide the treatment as per the
principles of traditional practice. In most cases the traditional practice includes
individual variation, diet, and lifestyle modification in addition to the therapeutic
intervention. In this domain traditional formulations are analyzed for efficacy and
safety through precise biological and clinical end point assays, clinical interactions,
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and interindividuality variable measures. This domain also makes use of further
information sourced from pharmacoepidemiology, observational therapeutics, and
serendipitous findings. Pharmacoepidemiology is an important tool providing lot of
information for experiential domain. In the Indian context, since ayurveda is largely
practiced, ayurvedic pharmacoepidemiology (APE) was very relevant (Vaidya et al.
2003). APE studies the ayurvedic drugs in the context of its use, efficacy, safety,
interaction, and documentation of adverse and unexpected beneficial effects.

In the exploratory studies, traditional drugs are subjected to rigorous in vitro and
in vivo (preclinical and clinical components). The clinical design should involve
studies of pharmacodynamics, dose finding, dose optimizing, and pharmacokinetics
if assay is available. The clinical study design should be modified according to the
intervention and indication of the drug. Extracts of multicomponent traditional
formulations are subjected to bioguided fractionation using animal models, assay-
based screening techniques, etc., to identify single compound or fewer
combinations. The recent analytical techniques like HPLC and tandem mass spec-
trometry is commonly used for the separation. High-resolution NMR spectroscopy is
a good tool for analysis and structural elucidation. Further the high throughput
screening assays also find their application in an attempt to isolation and elucidation
of compounds. Once the compounds are isolated, they are subjected to various
synthetic approaches to convert them into suitable moiety for drug development.
Several steps of chemical purification and synthesis are involved in identification
and isolation of hits and further to scale-up lead. This includes porphyrin-mediated
catalytic oxidation (Chorghade et al. 1996a, b), microwave-mediated methods (Col-
lins Jr 2010; de la Hoz et al. 2005; Huber and Jones 1992; Jones and Mathews 1997;
Jones and Chapman 1993; LaBeaume et al. 2010; Torregrossa et al. 2006), and
glycosylation coupling chemistries (Dong et al. 2008; Kallmerten and Jones 2010;
Ma et al. 2009). Then these refined molecules should be subjected to clinical studies
safety and efficacy for the disease which the formulation is originally indicated for.

In these fractionation techniques, some of the compounds lacking activity in the
specific assay procedures are eliminated. Hence further testing of these fractions
against other assays will yield complete spectrum of bioactive compounds. Some-
times multicomponents present at different order of concentration are responsible for
different level of therapeutic actions. This fact should also to be taken into account
while identifying the hits and leads out of the formulations. The experimental
domain has preclinical and clinical research similar to research methods used in
any new drug development. In the preclinical study design, the isolated compound or
combinations are subjected to conventional drug development step.

15.3.2 Traditional Drug Discovery Through Reverse Pharmacology:
Essential Consideration and Requirements

In India, RP approach initiated with the discovery of lead from ayurvedic drugs.
Researchers encountered many challenges while subjecting ayurvedic drugs to this
approach. This traditional drug discovery mandates the inclusion of traditional
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knowledge and principles both in clinical and preclinical research. The attributes of
ayurvedic formulations such as dosage form, dosage schedule, dosage regimen,
vehicles used, diet, and lifestyle determine the therapeutic outcome. Further
patient-related determinants like patient’s constitution, stage of disease, causative
factor, pathological factors, and clinical features also have a role in the logical
outcome. Hence clinical protocol should be designed accordingly. Conventional
clinical designs for efficacy and pharmacodynamics of traditional drugs are critical.
According to Verpoorte et al. (2005), holistic approach based on systems biology
may be more suitable. Further double-vision trials which include factors that influ-
ence the drug actions are proposed instead of double-blind trial for RP methodology
(Raut et al. 2011).

The important problem of the methodology of RP includes the way of testing and
analyzing the relationship between the pharmacological effects of traditional drug
and its components. Many a times the multicomponent therapeutic activity of the
formulation cannot be shown by single compound or combinations developed from
it. According to Xiangming et al. (2014) who studied analgesic effect of Resina
draconis through RP methodology, the study should be designed to observe the
component/combination which causes the same pharmacological effects as that of
the original traditional drug. While in some cases, the active principles of
formulations fail to produce the desired effects when isolated individually. This
may be due to the synergistic activity of several components present in a
formulation.

The other important lacunae with ayurvedic and other traditional herbal products
are the lack of drug standardization and quality control procedures. Since the
majority of formulations contain crude extracts in mixtures of different ingredients,
it is very difficult to apply modern tests to fix the standards for the same. Unlike the
modern drugs, the quality of material for traditional medicines varies between, and
even within, plants because of genetic differences, environmental conditions,
harvesting, transport, and storage. The research on traditional drugs requires alter-
native steps to be included to characterize the widely diverse chemical entities.
Difficulties in conducting pharmacokinetic and pharmacodynamics activities of the
formulations are also major hurdles in subjecting them to RP methodology.

The scientific research carried out on ayurvedic formulations proved a fact that
some of the compounds or herbal extract included in these formulations don’t carry
any biological effects, but instead they act as potentiator or moderator of efficacy and
toxicity of the active principles. For example, milk and ghee are added to
Semecarpus anacardium to counteract hot, acidity, and dryness of the formulation.
Further in an ayurvedic practice, diverse vehicles are identified along with the drug
administration for specific indication. All these facts should be taken into account
while designing the study.

According to Patwardhan (2012), the basic principles of traditional system such
as its knowledge, diagnosis, drug preparation, materials used, processing methods,
dosage forms, diagnosis, diet, therapeutics, and personalized approach should be
understood and followed while designing preclinical and clinical studies. Further
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epistemological difference between traditional medicine and biomedicine should be
well understood.

Though there is enormous potential for this discovery approach, only few leads
have found their way in the market. Most of this work remains either in the academic
level or with the practitioner. This discipline requires regulatory recognition and
support from pharma industries for further development. There is a need to develop
this discipline in all drug research institutes including medical, pharmaceutical and
life sciences colleges, and drug research centers.

15.3.3 Reverse Pharmacology and Novel Biodynamic Action

Traditional medicines always pave the way for novel biodynamic action. RP is one
of the good tools to bring the biodynamic effects and mechanistic understanding of
the disease. There are many such effects reported from ayurvedic drugs. According
to Raut et al. (2011), the study of structure of trichomes of fruit of Mucuna pruriens
provided them the mechanism of pruritis as mast cell degeneration. Forskolin an
alkaloid from Coleus forskohlii (Seamon et al. 1981) and compound from Stephania
glabra are identified to be useful in obesity and atherosclerosis (Das et al. 2009).
Berberine alkaloids originally identified as antimicrobials are now found to possess
cholesterol lowering property (Kong et al. 2004). Piperine was shown to improve
bioavailability of many synthetic drugs, and its potential as bioenhancer was
identified (Atal et al. 1985) by this approach.

15.4 Advantages of Reverse Pharmacology Approach

• RP reduces three major bottlenecks of drug discovery time, cost, and toxicity.
This approach is much faster, less than 5 years of drug development process, and
more efficient than the classical methods.

• The leads developed through RP methodology serve as good scaffolds for drug
discovery. Since the leads are from traditional drugs already used for long years,
their safety and tolerance are well-known.

• Through this approach traditional drugs are found to have new application.
• This strategy is not only useful for new drug development but also for improving

current drugs. A good example is the improvement of current antimalarial
medications which show a synergistic effect against quinine resistant plasmodium
falciparum (Lewis 2003).

• It provides new clinical facts which provide insights about human biology. For
example, involvement of metabotropic glutamate receptors and glycine reuptake
inhibitors was studied in schizophrenia as a result of clinical observations and
reverse pharmacology (Moghaddam 2003; Olney 2003). This led to the develop-
ment of psychotomimetic drugs phencyclidine and ketamine as NMDA receptor
antagonists (Anis et al. 1983; Zukin and Zukin 1979).
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• It also provides clues about the plants which deserve further drug development
process.

• It is a rationale strategy for the development of new drug molecule. It adopts
system biology principles, so holistic and rational analysis is done in this
approach.

15.5 Future Scope

The modern drug discovery process revisited traditional knowledge to improve the
innovation for many reasons. Multidrug target of traditional drugs provides advan-
tage over modern drugs due to genetic diversities of human. Ayurvedic principles of
classifying human as three prakriti type encourage the researchers to correlate the
genomics for individualized therapy. RP is grown in India only in the context of
ayurvedic knowledge. But RP was only sporadically applied to drug development
process. Hence it is important to document unknown, unintended, and desirable
novel prophylactic and therapeutic effects in observational therapeutics of traditional
practice. Efforts must be taken to link observational therapeutics and
pharmacoepidemiology to identify clinical hits. In India, major steps have been
taken already both in the private and the public sectors of pharma research and
developments. India has already adopted the golden triangular research for
correlating the three fields by R&D network, viz., modern medicine, Indian systems
of medicine, and life and pharmaceutical sciences (Mashelkar 2003). Indian
institutes are already involved in making traditional knowledge and experiential
database for making this RP approach more fruitful. This approach will fast-forward
the drug discovery when it is effectively linked with observational therapeutics,
epidemiology, and system biology.
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Abstract

An alternative to synthetic drugs having severe side effects, the use of Ayurvedic
preparations from natural sources like herbs, metals, and minerals may be effi-
cient due to better activity profile to combat the harmful nature of the diseases.
Ayurvedic therapy can treat those diseases better, which do not respond to the
treatment by western medical practices. This preparation may have anticancer,
antimicrobial, and immunomodulatory effect as evidenced earlier. Further, it may
have a specific role in preventing cancer metastasis, neuro-diseases, diabetes,
atherosclerosis, and many other chronic diseases. Modern biotechnology and
molecular biology-based techniques have contributed to the identification of
active components and mechanical effects of these preparations having ethnobi-
ological importance. Treatment with Ayurvedic herbometallic preparations is
practiced in India since 5000 BC to prevent, delay, or diminish the incidence of
significant ailments. These are having a holistic approach as traditional medicine
and have less toxicity and ignorable side effects. However, the experimental
validity and nano-materialistic method of different Ayurvedic herbometallic
preparations are not sufficiently acknowledged. An evidence-based validation
of Ayurvedic herbometallic preparations, their mechanism of action in disease
prevention or remedy is the main focus of this chapter. The information from the
in vitro and in vivo studies on these preparations and mechanism-based analyses
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and challenges to evaluate its efficacy can add on therapy to improve the quality
of life in patients.

Keywords

Ayurveda · Herbometallic · Anticancer · Antimicrobial · Immunomodulatory

Abbreviations

AAS Atomic absorption spectroscopy
DCFHDA 2,7-Dichlorofluorescein diacetate
FTIR Fourier-transform infrared spectroscopy
GSH Glutathione
ICP-AES Inductively coupled plasma atomic emission spectroscopy
RNS Reactive nitrogen species
ROS Reactive oxygen species
SEM Scanning electron microscopy
SOD Superoxide dismutase
TEM Transmission electron microscopy
TGA Thermogravimetric analyses
XRD X-ray diffraction

16.1 Introduction

Ayurveda is a native ethnic medical system popularly practiced in India since time
immemorial. The foremost strength of the system is its comprehensive approach
toward health and disease using naturally occurring resources derived from medici-
nal plants and minerals. This system of medicine also emphasizes self-discipline and
modest lifestyle and exercise in daily healthy livings.

In Ayurvedic medicine, minerals and metals used are mostly water as well as fat
insoluble. The ancient researchers tried to transform these metals and minerals into
nanoforms that they should have excellent bioavailability and therapeutic potentials,
as mentioned in Charaka Samhita in 1500 B.C. These modified forms of the metals
and minerals used in therapeutics of Ayurveda are known as Bhasma and Sindura.
Most importantly, the Bhasmas and Sinduras are fine medicinal powders containing
various elements, including carbon (C), hydrogen (H), and sulfur (S). The carbon
particles formed in the Bhasma at a high temperature (>600� C) may be in the form
of carbon nanotubes (fullerenes), help in targeted delivery of metal and mineral
preparations, and can even cross the blood-brain barrier (BBB) (Kumar et al. 2007).
In recent scenario, the Bhasmas are claimed to be bioprocessed nanoparticles,
prescribed with several plant drugs and are taken along with milk, butter, honey,
or ghee; thus, this makes these elements easily soluble, capable of being assimilated,
eliminating their harmful effects and enhancing their biocompatibility (Sarkar and
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Chaudhary 2010). Lauhadi Rasayana, an essential metallic preparation, as men-
tioned in Charaka Samhita, requires iron for its preparation. This iron is heated up
to red hot and quenched in some liquid media immediately until the flakes of iron get
transformed into fine powder form for medicinal use (Sharma and Dash 2000).

Again, one of the most effective Ayurveda preparations is Swarna Bhasma (gold
ash). It deals with globular particles of gold with an average size of 56–57 nm using
modern techniques, i.e., transmission electron microscopy (TEM) analysis. It
indicates the high cell penetration possibilities for potential bioactivity (Brown
et al. 2007). Again, comprehensive physicochemical characterization of Yashada
Bhasma using modern techniques reveals that these particles are in the oxygen-
deficient state and are identifiable for being nanometer in size. Therefore, these
properties might contribute to the therapeutic possibility efficiently as biomedicine
(Brown et al. 2007). Furthermore, the particle size of Rasa Sindura (preparation of
mercury and sulfur) is 30 nm along with increasing milling time. From this observa-
tion, it concluded that further improvisation using modern techniques in these
preparations might enhance the future possibilities in an active drug preparation
according to requirements (Bhowmick et al. 2009).

Interestingly, the final form of the metals and minerals (Bhasma and Sindura) is
nothing, but ethno-nanomedicine. It includes not only an ancient traditional medi-
cine system but also the potential applications based on the physicochemical
properties for treatment of various ailments. Therefore, it considered the medicinal
system of Ayurveda as one of the pioneers for the implementation as biomedicine
based on the proper scientific knowledge and validation. Herein, we have depicted
overall possibilities of Ayurveda system as biomedicine based on medicinal poten-
tial and its future aspect regarding the growing attention followed by the advance-
ment in various scientific techniques.

16.2 Ayurveda: A System of Traditional Preparations

The Bhasma and Sindura are the most critical terms in preparation of metal and
mineral-based constituents. A repeated levigation and incineration of metal or
mineral with herbal extract or juice followed by sequential heating help to achieve
those fractions. The compositions are prepared mostly by the following two different
methods, i.e., Putapaka (incineration) and Kupipakwa (sublimation) method.

16.2.1 Putapaka Method

It is a complex process which includes four unit operations, i.e., Shodhana process,
Jarana process, Bhavana process, and Marana process.

16.2.1.1 Shodhana Process
In Ayurveda formulations, Shodhana means purification. After the procurement of
raw metals or minerals, these are transformed into coarse powder by hammering.
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Then, prior to the Shodhana process, the final fractions are repeatedly heated,
melted, and quenched immediately in particular solvents for further refinements.

16.2.1.2 Jarana Process
This is an intermediate process in between Shodhana and Marana process, followed
for some specific metals having low melting point. For the process, the metal is
melted, mixed with some dried plant materials, and rubbed continuously until it
becomes powder form in open air.

16.2.1.3 Bhavana Process
The Shodhita or Jarita materials are then subjected to Bhavana (levigation) process.
Briefly, an incineration of Jarita material and specific drugs is simply specifying the
Maraka Dravyas. These are further triturated with specified liquid media to make a
doughy mass.

16.2.1.4 Marana Process
Followed by the Bhavana process, the levigated doughy mass transformed into
pellets called Chakrika. Next, keep those in between two earthen crucibles facing
each other after the sealing of junction by mud-smeared clothes which introduce the
apparatus, called Sharava Samputa. It mainly works as an electric muffle furnace or
traditional Puta (heating grade) for heating. A continuation of this heating process of
materials is called Putapaka in the system of Ayurveda. After the completion of the
heating process for a specified time, the apparatus (Sharava Samputa) is taken out
and is made open to get the incinerated powder. Finally, the powder form of
incinerated metal or Bhasma is ready for collection and storage after cooling.

16.2.2 Kupipakwa Method

Herein, the finally prepared inorganic preparations are called Sindura or Kupipakwa
Rasayana. It is called “Kupipakwa,” because here the medicine is prepared in a
specially prepared glass bottle. The Kupipakwa method is carried out by including
four different steps, Shodhana process, preparation of Kajjali, Bhavana process, and
Kupipaka process.

16.2.2.1 Shodhana Process
In Sindura preparation, Shodhana process includes the purification of raw materials
prior to Kajjali preparation in Ayurvedic validation.

16.2.2.2 Preparation of Kajjali
After the Shodhana process, the purified materials are called mostly Parada and
Gandhaka. Next, a successive trituration of purified materials completes the Kajjali
process for a long time to transform the mixture in a black, lusterless, fine, impalpa-
ble powder of uniform consistence. Again in Makaradhwaja process, a mixture of
Shuddha Parada and Shuddha Dhatu (metal like gold, etc.) is amalgamated prior to
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titration for several hours in Kajjali preparation. Finally, the Kajjali preparations are
ready to get further transformation through Bhavana process.

16.2.2.3 Bhavana Process
In Bhavana process, the prepared “Kajjali” is then levigated by juice or decoction of
some plant drugs for specific duration. It is then allowed to dry completely. After
drying, again it is triturated to make powder.

16.2.2.4 Kupipaka Process
After Bhavana processing of prepared Kajjali, the materials are transferred and filled
into a specially prepared glass bottle (seven layers of mud-smeared clothes) up to 1/3
portion, then it is placed in a Valuka Yantra (sand bath), and the Valuka Yantra is
heated. Here temperature is increased gradually and provided for specific duration.
The final product is sublimed to deposit in the bottleneck inner side. Therefore, it
completes the Kupipakwa Rasayana prior to self-cooling and collected by breaking
the bottleneck.

16.2.3 Varna (Color)

It indicates the color of the specific Bhasma. Different metals and minerals possess
different colors in preparation of Bhasma. The specific color or Varna indicates the
proper preparation of Bhasma, but changes in desired color suggest the inappropriate
preparations.

16.2.4 Nishchandratvam

In therapeutic application, the Bhasmas are prescribed to be lusterless, i.e.,
Nishchandratvam. In general, a luster or Chandratva is an important characteristic
in metal, and it is not desired in Bhasma preparation because of insolubility and toxic
effect. Therefore, metallic characters in Bhasma preparation should be checked
properly. Nishchandratvam signify the transformation of the specific metallic luster
to lusterless compound after incineration. For the confirmation of lusterless, Bhasma
is checked under the sunlight for further incineration process if needed.

16.2.5 Varitara

Varitara process includes the study of lightness and fineness of prepared Bhasma. It
is a floating character of Bhasma based on the law of surface tension on stagnant
water. In this process, the prepared Bhasma floats over the water surface without
breaking the surface tension of stagnant water, and the final preparation is checked
taking in between index finger and thumb followed by the sprinkling it on stagnant
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surface water (Kulkarni 1998). Therefore, it signifies the quality of the Bhasma
preparation.

16.2.6 Unama Test

A fine-tuned Varitara process is further called Unama test. In this test, a rice grain is
kept carefully on the floated layer of prepared Bhasma. Therefore, if the grain
remains over the Bhasma layer without sinking, this indicates the excellent prepara-
tion, but sinking opposes its excellence (Kulkarni 1998).

16.2.7 Rekhapurnata

The Rekhapurnata test is applied to investigate the size of the Bhasma particles for
easy absorption and assimilation capacity in therapeutic purposes, as size barrier in
cellular system plays one of the important parts for absorption and assimilation. In
case of large size, the bio-system may not allow the particles to absorb and assimilate
properly, thereby causing irritation in the gastrointestinal tract (Kulkarni 1998).

16.2.8 Slakshnatvam

It is the tactile sensation produced by Bhasma by simple touch with finger tips. The
properly incinerated Bhasma attains this quality. Slakshna Bhasma can be absorbed
and assimilated in the body without producing any irritation to the mucous mem-
brane of gastrointestinal tract.

16.2.9 Susukshma

Susukshma includes the further fineness of the Bhasma following both Varitara and
Rekhapurnata tests.

16.2.10 Anjana Sannibha

Anjana (collyrium) is also a similar process like Slakshnatvam indicating smooth
and fine character of Bhasma without any irritation whenever applied.

16.2.11 Particle Size

Particle size of Bhasma is the most important characteristic for therapeutic purposes
as mentioned in Rekhapurnata. In Ayurveda system, Churna (powder) form or
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nanosize of the Bhasma particles are always favored which is mostly like pollen
grains of Pandanus odoratissimus flower (Ketaki Rajah).

16.2.12 Gatarasatvam

Gatarasatvam indicates the specific taste of metallic preparations based on the taste
perception. Some of the specified preparation also gets high attention by unique
pharmaceutical procedure as every metal has its specific metallic taste.

16.2.13 Apunarbhavata

This process indicates the irreversible state of the prepared Bhasma which includes
the inability to reform its original metallic form from transformed form. It also
indicates the proper or improper incineration of Bhasma. A successive
Apunarbhavata indicates the proper incineration of Bhasma (Kulkarni 1998).

16.2.14 Niruttha

Niruttha test is also similar to Apunarbhavata, but it emphasizes the ability of further
physical condition to reform the previous stage. Briefly, a fixed weight of silver leaf
and prepared Bhasma were further processed by Ayurveda system keeping in
earthen pots with similar grade of heat. After cooling, the increase in silver leaf
weight indicates the improper Bhasma preparations (Kulkarni 1998).

16.2.15 Inorganic Substance Processing

During Shodhana by the application of force in the form of heat, the tension in matter
is increased, causing linear expansion. After heating, immediate cooling in liquid
media leads to decrease in tension and increase in compression force. Repetition in
heating and cooling causes disruption in compression tension equilibrium and leads
to increased brittleness, reduction in hardness, and finally reduction in the
particle size.

The applied force by the form of heat is initially taken on the high portion of the
surface. As a result, high stress may be set up locally in the particles. The bonds at
this place become weak, which may be responsible for creating flaws. The particle
with the weakest flaw fractures most easily and produces largest possible pieces. The
particle with the weakest flaw, fractures most easily and produces largest possible
pieces. In the next step, another weak flaw fractures. In this way particle size is
reduced.

It is very interesting to note that the same metal is processed (i.e., given Bhavana)
with different sets of herbs, to be used for different therapeutic indications. In this
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context, it is all the more interesting to study as to what changes the metal goes
through during the different steps of Shodhana and subsequently during the process
of Bhavana and the incineration (Marana) process that it acquires a nontoxic,
therapeutically efficacious form. It has applied importance also, for example,
Vanga (tin, Sn) Bhasma prepared by Jarana of Apamarga (Achyranthes aspera) or
Palasa (Butea monosperma) should not be used for Vrishya (spermatogenesis)
purpose, because Kshara has anti-Vrishya properties. The Apamarga (A. aspera)
or Palasa (B. monosperma) Kshara present in the prepared Vanga Bhasma may affect
the Vrishya property of Vanga. For Vrishya purpose, Vanga Bhasma prepared by
Jarana of Shuddha Haritala (orpiment) should be used.

16.3 Ingredients of Herbometallic Preparations and Their
Importance in Biological System

A perfect balance between herbal and metallic components is a key requisite of
Ayurvedic medicines. Gold (Au), silver (Ag), zinc (Zn), copper (Cu), iron (Fe), and
tin (Sn) are frequently used in Ayurvedic drugs as “Bhasma” (the incinerated form of
metal) (Sarkar, Das, Prajapati 2010). In Ayurvedic practice, the heavy metals like
arsenic (As), chromium (Cr), mercury (Hg), lead (Pb), and many others are also in
use but in a very low concentration and in an holistic approach (Kumar et al. 2006).
These metals are then treated with herbal juice or decoction to blend properly (Pal
et al. 2014).

The Ayurvedic preparations, namely, Swarna Bhasma (incinerated gold), Rajat
Bhasma (silver ash), Hirak Bhasma (diamond ash), Tamra Bhasma (incinerated
copper), Yashada Bhasma (zinc ash), Lauha Bhasma (incinerated iron), Vanga
Bhasma (incinerated tin), and Naga Bhasma (incinerated lead), consist of one
main metal component after which these are named. These key metals in the
respective preparations play a central role for the cure of the ailments (Table 16.1)
(Sarkar et al. 2010; Pal et al. 2014).

These Ayurvedic Bhasma preparations are suggested to consume with some
specific adjuvants to enhance the drug activity. These adjuvants also complement
the activity of the metal components of Bhasmas. Honey, jaggery, milk, sesame oil,
and sugar are some common adjuvants prescribed with the herbometallic Ayurvedic
drugs.

16.3.1 Modern Techniques to Assess the Herbometallic Preparations

For a long time, the metal-based Ayurvedic drugs were in use, but the detailed
concentration-based composition was not reported in the scientific proceedings.
Thus, the mechanism of drug action was unknown which has been raising debates
about the use of metals or even the heavy metals of these herbometallic drugs. With
the aid of modern techniques, namely, atomic absorption spectroscopy (AAS) and
X-ray diffraction (XRD), analysis researchers have now shown the presence of
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metallic fraction along with their concentrations in such herbometallic preparations
(Ruidas et al. 2019). XRD study revealed the crystalline nature of the Bhasmas.
Also, the ratio of metallic and organic parts has been revealed via the
thermogravimetric analyses (TGA) (Ruidas et al. 2019). The advanced spectroscopic
techniques, namely, Fourier-transform infrared spectroscopy (FTIR) and Raman
spectroscopy, have also appeared to be helpful for the detection of aromatic,
aliphatic, or other organic functional groups (Balmain et al. 1999).

Pal has reported an elemental analysis of Swarna Bhasma (gold ash) via AAS
study (Pal 2015). In 2016, R Sharma and colleagues reported the chemical charac-
terization of Rajat Bhasma (silver ash) via inductively coupled plasma atomic
emission spectroscopy (ICP-AES) and UV spectroscopy; also they detected the
size and morphology through scanning electron microscopy (SEM) and transmission
electron microscopy (TEM) (Sharma et al. 2016) The ICP-AES and AAS studies of
these Bhasmas profoundly suggest that the Bhasmas are a mixture of many metal
components with one key element and thus explain their synergistic action on

Table 16.1 The key metal elements of Ayurvedic herbometallic drugs, their importance, and use
in respective diseases

Metals used in
Ayurvedic
preparation Importance in biological system Used in the disease

Gold Cardiac stimulant, aphrodisiac,
immunomodulator, to regain body
potentiality and longevity,
complexion, and to increase memory,
intellect, and attentiveness

Tuberculosis, fever, dyspnea, cough,
anorexia, ophthalmic disorders, and
schizophrenia

Silver Antiaging, immunomodulator,
aphrodisiac, to increase potentiality
and intellect

Diabetes, vitiligo, tuberculosis,
anemia, dyspnea, cough, piles, etc.

Zinc Immunomodulator, ophthalmic
nourisher, to increase strength,
potentiality, vitality, and intellect

Ulcer, emaciation, depression,
tremor, ophthalmic disorder,
diabetes, cough, dyspnea, anemia

Iron Aphrodisiac, immunomodulatory,
antiaging, emaciating agent, increases
appetite and potentiality

Cachexia, obesity, bowel syndrome,
hyperlipidemia, splenic disorder

Copper Wound healer, emaciating agent,
rejuvenator, and purgative

Anorexia, dyspepsia, abdominal
tumor, liver disorder, ascites, piles,
coughs, fever, and so on

Tin Appetizer, rejuvenator, aphrodisiac,
and immunomodulator. Increases
vitality and intellect

Diabetes, hyperlipidemia, dyspnea,
cough, emaciation, oligospermia

Arsenic Antimicrobial, anticancer,
immunomodulator

Sepsis, leukemia, skin diseases,
psoriasis

Lead Appetizer, aphrodisiac,
immunomodulator

Rheumatoid arthritis, tetanus,
cachexia, edema, ulcer, diarrhea

Mercury Memory enhancer, antimicrobial,
anticancer.

Syphilis, high fever, pneumonia,
neurological disorders
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specific target. Moreover, the results of TGA analyses suggest the higher fraction of
organic material in Bhasmas is responsible to lower the toxicity of the heavy metals
(Ruidas et al. 2019). Along with the progress of the new age, instrumental-based
analyses of all these herbometallic compounds would bridge the lacking scientific
evidences in the near future.

16.4 Safety and Efficacy of Ayurvedic Herbometallic
Preparations

As discussed above, Ayurveda uses various herbometallic preparations of diverse
origins which contain many metals like in gold, silver, copper, zinc, tin, lead,
mercury, etc. These metals have been complexed with herbal ingredients through a
scrupulous preparation protocol, to form the unique complex formulation called
Bhasmas (herb-mineral ashes). It has been estimated that most of the Ayurvedic
preparations (near about 40%) among 6000 reported preparations contain at least
1 metal as an important therapeutic ingredient (Saper et al. 2004). Again, metallic
formulation has gained high attention due to rapid and prolonged action in small
dose (Parikh et al. 2012).

The assumption exists among the public that “natural” equates with “safe” and
may believe that plant drugs are not toxic in any of the concentration. However,
some findings suggest that the natural products can be toxic without proper medical
supervision (Barakat and Fatma 2003; Harrison’s Internal Medicine n.d.; Ernst
1999; Rasheed et al. 2011). According to modern physicians, the addition of
heavy metals with herbal medicine increases the toxic effects of herbal medicine at
the lowest concentrations in the biological system (Desai et al. 1996). Any imbal-
ance of essential substances in our body, whether excess or deficiency, can alter the
normal activity of physiological function (Rasheed et al. 2011).

The efficacy and safety of an herbometallic preparation depend on its method of
preparation, chemical nature, and therapeutic factors. The main purpose of
herbometallic preparations is the transformation of starting elemental materials
into an oxidized state which is the effective therapeutic ingredients of the prepara-
tion. Repeated heat treatment cycles are used to remove impurities and detoxify the
harmful ingredients present in elemental materials. The effectiveness of nano-
dimensional materials is greater than normal materials because their absorption,
transport, and penetration into cells are relatively better (Desai et al. 1996; Rabinow
2004). The efficacy and safety of a drug depend on its pharmacokinetics parameters
like digestion, absorption, metabolism, elimination, etc. These parameters are further
attuned by the physicochemical properties of the herbometallic preparations. With-
out proper medical supervision, any drug can cause harmful effects to the body and
even be life-threatening to a person. Long-term medication of any drug without
proper scientific knowledge might be dangerous to health (Lucock 2004). Hence, an
expert medical supervision is always welcome to overcome these backlogs.

Before the therapeutic use of modern medicine, many preclinical evaluations are
done for its effectiveness, toxicity, dose-related information, etc. In the field of
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Ayurvedic pharmacology, some special experiments are performed to assess the
quality of metallic ingredients present in herbometallic preparation. The fineness of
the metal in a Bhasma preparation can be tested by using a finger-based
Rekhapoorva experiment. If the test sample settles in between the finger lines and
it can be seen with a very narrow margin, then it is considered as a well-prepared
Bhasma. A well-prepared Bhasma will lose its elementary nature, and monoxide
metallic glaze is completely lost. The final form of metal cannot form an alloy with
silver even at higher temperatures. This can be tested by the Nischandratwa test. The
complete transformation of elemental metal to oxidized state is essential to its action;
this is done by the Apunarbhava test. The density and surface energy of an
herbometallic preparation depends on the oxidized state of metallic particles present
in plasma. A properly calcined preparation tends to float on the water, rather than
settling at the bottom (Nagarajan et al. 2012). Varitara test is done to determine the
floating capability of Bhasma which is the indication of the density and surface
energy of the preparation (Krishnamacharya et al. 2012).

16.5 Important Factors in Determining Quality and Therapeutic
Potency

Ayurveda means a science of life (Ayur ¼ life, Veda ¼ science or knowledge).
According to Vedic culture in India, Ayurveda includes a 5000-year-old system
having natural healing properties. Furthermore, Ayurveda has a strong root in the
preparation of the traditional Chinese medicine and Tibetan medicine (Patwardhan
et al. 2005; Vetrov and Sorokina 2012). Therefore Ayurveda has shown rejuvenation
not only in its native palace but also throughout the world (WHO 2001; Ragozin
2016). Despite a broad range of activity, Ayurveda failed to achieve high importance
due to lack of proper scientific evidences. In recent scenario, the drug development
from Ayurvedic Bhasma has gained high attention due its overwhelming response
against both microbes and cancer without any toxic effect in limited dose (Ruidas
et al. 2019).The proper scientific knowledge and effective validation of Ayurveda
Bhasma increases the possibilities as therapeutic drug nowadays. The advancement
of new techniques including the introduction of more advanced extraction method
(Soxhlet method) and quantification techniques (pharmacokinetics analysis) for
effective assessment of Ayurveda drugs also intensified its acceptance as potential
therapeutics.

Furthermore, analysis of molecular ingredients such as organic and inorganic
fractions in traditional preparations having biological and medicinal functions is
widely accepted in a defined dose as most of the molecules have an important role in
biological system either individually or synergistically (Jungwrith et al. 2011;
Nieboer and Richardson 1980). Again, both excessive and reduced amounts of
molecular ingredients in biological system may show an adverse effect, thereby
needing a balance system for active functioning of cellular system (Tchounwou et al.
2012). Majority of the diseases have shown an imbalance in molecular ingredients;
therefore fixation of the imbalance might be a potential approach to encounter those
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diseases (Dabrowiak 2017).Therefore identification of exact problem behind the
disease progression and proper validation based on quality control and therapeutic
potency are the most important parameters prior to the preparation of therapeutic
drugs. Some of the major factors including high cost of new therapeutics, increased
side effects of marketed novel drugs, and lack of effective remedial treatment for
several chronic diseases, multidrug resistance of microbes, and other emerging
diseases have enhanced the importance of traditional drug preparations. In ancient
times, Ayurveda Bhasma has been used as therapeutic drug without proper scientific
knowledge including proper medications and dose selection which also had
increased the adverse side effects (Sarkar et al. 2010). In recent scenario the proper
medication and dose selection including quality control, i.e., enhanced solubility,
maintaining of biological pH 7.2–7.4, with minimal or without side effect, broad-
spectrum activity range, low aggregation, high metabolism, etc. has gained the prime
focus for Ayurveda Bhasma preparation for the enhancement of therapeutic potency.
Therefore it will be worth declaring the drug prepared from Ayurveda Bhasma
having high potential as therapeutic agent in the near future both quantitatively
and qualitatively.

16.6 Antimicrobial Potential and Importance

Herbometallic compounds like Rasa Manikya, Hirak Bhasma, Swarna Bhasma,
Parada, Yashada Bhasma, and so on possess antimicrobial potential. The key
metal ingredients, namely, arsenic, diamond, gold, mercury, and zinc, respectively,
of these compounds bring the microbicidal and/or microbistatic effect. Now, with
the advancement in the modern scientific techniques, reports are coming very often

Table 16.2 Antimicrobial property of ancient medicines

Ayurvedic
preparations Microbes affected References

Swarna Bhasma Staphylococcus aureus, Escherichia coli Pal (2015)

Tamra Bhasma Enteric pathogenic bacteria e.g., E. coli, S. aureus,
Enterobacter aerogenes, S. typhi, etc.

Tambekar and
Dahikar (2011)Lauha Bhasma

Mandura Bhasma

Kashis Bhasma

Rajata Bhasma S. aureus, Enterococcus faecalis, E. coli, and
Pseudomonas aeruginosa

Sharma et al.
(2016)

Rasa Manikya Pathological MRSA/MSSA strains of E. coli,
S. aureus, Enterobacter sp.

Ruidas et al.
(2019)

Hartala Bhasma
(As2S3)

S. aureus, P. aeruginosa, Streptococcus
pneumoniae, Klebsiella pneumoniae

Kumar et al.
(2015)

Hartalagodanti
Bhasma (CaSO4,
2H2O)
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with the emergence of scientific data proving the antimicrobial properties of these
ancient medicines (Table 16.2).

Normally, in the herbometallic compounds, the metal ions are found in the
oxygenated form, or bonded with carbon and nitrogen (e.g., As2O3, of Rasa
Manikya; C�C, C¼C of Hirak Bhasma; HgO of Parada). In cellular metabolism,
these oxygenated or nitrogenized metals act to release the cationic metals and
eventually increase the reactive oxygen species (ROS) and/or reactive nitrogen
species (RNS). This increased ROS and RNS level helps to acquire the primary
defense of immunity against the pathogenic microbes. Moreover, these Ayurvedic
preparations enact to regain the vitality in a sepsis condition by balancing the redox
potential managing the glutathione (GSH) and superoxide dismutase (SOD) levels
which reduce excessive ROS/RNS (Sharma et al. 2017). Apart from the ROS/RNS-
mediated destruction of microbes, the herbometallic preparations exploit the ligand-
receptor-based entry of microorganisms into the host body through metal chelation
of receptor proteins. Microbes get entry inside the host body via receptor protein-
mediated phagocytosis. Being the resource of cationic metals (Ca2+, Fe2+/Fe3+, Zn2+,
Mn2+, Mg2+, Cr3+, As3+), herbometallic compounds help in chelating the host
receptor proteins so that microbes do not get an easy access to the host cells anymore
(Bharti and Singh 2009).

16.6.1 Techniques Adapted to Prove Antimicrobial Activity
of Herbometallic Preparations

16.6.1.1 Agar Well Diffusion/Disc Diffusion
For testing the antimicrobial activity of antibiotics, agar well diffusion and disc
diffusion technique are a routine practice. Researchers have adapted this technique
for documenting the antimicrobial potential of herbometallic Ayurvedic preparations
(Table 16.2).

16.6.1.2 Minimal Inhibitory Concentration/Minimal Bactericidal
Concentration

MIC and MBC determine the minimal concentrations of a drug to inhibit and kill a
bacterial culture in solution, respectively. Though in Ayurveda the doses are
predetermined following norms, the practice of this MIC and MBC determination
would help in considering the dose scientifically and thus avoiding lethal toxicity for
human being (Ruidas et al. 2019). This would also lessen the side effects.

16.6.1.3 Bacterial MTT Test
Besides MBC and well diffusion techniques, another test to confirm bactericidal
effect of herbometallic preparations is a modified reduction test of
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT assay) through
which the percent bacterial cell viability can be counted after the treatment with
targeted herbometallic drug with respect to the control study (Wang et al. 2010).
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16.6.2 Antimicrobial Mechanism Revealing Techniques

16.6.2.1 Bacterial ROS/RNS Measurement
2,7-Dichlorofluorescein diacetate (DCFHDA) is used as an indicator of ROS gener-
ation. The change in fluorescence intensity after treating with DCFHDA indicates
the presence of active microbial growth. By measuring the bacterial ROS level, the
mechanism of antimicrobial drug can also be revealed (Su et al. 2009). Similarly,
measurement of change in SOD, glutathione, and RNS level would be complemen-
tary to find out the oxidative stress and produce evidence against the drug mecha-
nism of the herbometallic preparations.

16.6.3 Importance of Herbometallic Preparations in the Premise
of Multidrug Resistance

To date, the antibiotics are considered most reliable fighting against pathogenic
bacterial strains. However, an alarming bell has already rung due to the fast
emergence of multidrug-resistant (MDR) bacterial strains. Reports have confirmed
that we are thus far living in the post antibiotic era (Alanis 2005). Here lies the
importance of the herbometallic compounds prescribed in Ayurveda. With the
proven effectiveness of metal ions against bacteria, many metal-based nanoparticles
(Ag, Au, Pt, etc.) are also tested as antibacterial agent, but they come up with high
toxicity and other side effects. In herbometallic compounds the metal elements are
blended with the organic decoction and thus cause almost no toxicity to the host.
Moreover, the nanoformulation of the metals in these compounds functions as
chelating agents and stimulator of ROS to combat with the MDR strains of bacteria
and also helps to regain the vitality unlike the antibiotics which affect the good gut
microflora. The growing scientific evidences for these Ayurvedic drugs (Table 16.2)
present a glimpse of reconsidering the cost-effective traditional drugs as antimicro-
bial therapeutics.

16.7 Anticancer Activity of Ayurvedic Herbometallic
Preparations and Some Promising Drug Candidates

Based on the modern concepts for searching the anticancer drugs from natural
resources, numerous researches have been conducted based on the information
from folk and traditional medicines throughout the globe. Several anticancer drugs
extracted from plant sources after purification are tested in both in vitro and in vivo
models and then sent to clinical trials (Khazir et al. 2014). The substances of natural
origin that exhibit antitumor or anticancer properties belong to various groups of
compounds, such as alkaloids, diterpenes, lactonic sesquiterpene, peptides, cyclic
depsipeptide, proteins, etc. (Subramaniam et al. 2019). Previous reports implied that
on the basis of pharmacological activities and chemical structural information of
natural compounds, antitumor or anticancer drugs have been synthetically
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developed, viz., vincristine from Catharanthus roseus and paclitaxel and taxanes
from the yew tree or Taxus baccata (Mukhtar et al. 2014). Some of the important
active constituents present and isolated from the natural resources having anticancer
activities are classified in (Lichota and Gwozdzinski 2018) (Table 16.3).

Studies have shown that natural resource-derived compounds in combination
with anticancer drugs have great potential to destroy tumor or cancer cells while
not affecting normal cells such as lymphocytes and fibroblasts. The side effects of
anticancer drugs may be reduced by using nanoparticle encapsulations to transport
the drugs to their target sites. Drugs may also be administered in the form of
liposomes, which serve as carriers for the drug. Considering the huge costs
associated with the discovery and development of effective anticancer drugs, natural
compounds can be an inexhaustible source in near future.

16.8 Antidiabetic and Anti-inflammatory Role of Traditional
Herbometallic Preparation

Chaturmukha Rasa has four metal constituents, viz., mercury, sulfur, iron and mica
based Ayurvedic preparation. Recently, Sharma and colleagues extensively studied
the antidiabetic role of Chaturmukha Rasa in streptozotocin-induced diabetic rat
model (Sharma et al. 2019). Diabetes mellitus, the condition of hyperglycemia, can
be treated with the approach to delay the digestion of carbohydrate. Through the
inhibition of salivary amylase, α-glucosidase, and sucrose, Sharma et al. have shown
that Chaturmukha Rasa can lower down the carbohydrate digestion rate and thus
combat hyperglycemia (Sharma et al. 2019). Earlier, in 1989 it was reported that the
blood zinc level varies between diabetic and nondiabetic persons (Prasad and
Sharma 1989). Also, Zn has been found in the alpha and beta cells of islet of
Langerhans where it stabilizes the insulin being an integral part of insulin crystal.
These findings indicate the role of Zn in diabetes mellitus. With the advancement in
preclinical evaluation of the drugs, scientists now deserted the antidiabetic effect of
Yashada Bhasma which contains Zn as the key metal ingredient (Rao et al. 1997).
On the other hand, the anti-inflammatory role of copper and copper complexes has
been known since long. Even the nonsteroidal anti-inflammatory drugs (NSAID)
contain copper complexes which play the central role to heal inflammation (Bafna
and Patil 2018). Bafna and Patil have reported a scientific evaluation of Tamra
Bhasma in carrageenan, cotton pellet, and complete Freund’s adjuvant (CFA) model
(Bafna and Patil 2018). Here in this report, a significant reduction in carrageenan-
induced paw edema, cotton pellet-induced granuloma, and CFA-induced arthritis
has comprehensively demonstrated the anti-inflammatory action of Tamra Bhasma.
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Table 16.3 Anticancer activities of promising new molecules from natural resources

Active ingredients

Herbs/natural
products’
name Information of anticancer activities References

Camptothecin
(quinoline
alkaloids)

Camptotheca
acuminata

Irinotecan and topotecan have been
developed as semisynthetic
compounds which have clinical
efficacies on second-line lung cancer

Wagner
(2015)

Combretastatin
(stilbene
derivative)

Combretum
caffrum

Combretastatin A-1 has been
synthesized and found in drugs
targeting the microtubules similar to
taxanes and vinca alkaloids

Zweifel et al.
(2011)

Podophyllotoxin
(toxin lignin)

Podophyllum
peltatum

This compound is effective in
lymphomas, brain tumors,
gastrointestinal cancer, colon cancer,
breast cancer, small-cell lung cancer,
and testicular carcinomas

Zhang et al.
(2018)

Geniposide
(aglycone)

Gardenia
jasminoides

Effective for lung cancer Habtemariam
and Lentini
(2018)

Artesunate Artemisia
annua

Semisynthetic derivative of
artemisinin is effect on pancreatic
tumor and brain tumor

Konstat-
Korzenny
et al. (2018)

Homoharringtonine Omacetaxine
mepesuccinate

Effective in leukemia and breast
cancer

Hansz (2000)

Salvicine
(diterpenoquinone)

Salvia
prionitis

Salvicine, chemical synthesized
product acts as cytotoxic on
nonintercalative topoisomerase II
poisons

Deng et al.
(2011)

Ellipticine
(alkaloid)

Ochrosia
elliptica

Synthetic ellipticine has antitumoral
activity

Stiborova
et al. (2011)

Roscovitine Raphanus
sativus

Synthetic roscovitine has efficacies
on lung cancer and breast cancer

Cicenas et al.
(2015)

Maytansine Maytenus
serrata

Synthetic maytansine is effective on
metastatic breast cancer

Lopus et al.
(2010)

Thapsigargin
(sesquiterpene)

Thapsia
garganica

Synthetic thapsigargin is effective on
solid tumors

Ganley et al.
(2011)

Curcumin Curcuma
longa

Effective on neck, head, oral, colon,
pancreas, bladder, prostate, and
breast cancers

Mohammadi
et al. (2005)

Resveratrol
(phytoalexin)

Vitis vinifera Antileukemic activity Sahpazidou
et al. (2014)

Carnosol
(diterpene)

Rosmarinus
officinalis

Antitumor activities Johnson et al.
(2008)

Crocetin Crocus sativus Effective on lung, liver, pancreas,
colon, and breast carcinoma

Aung et al.
(2007)

Silibinin Silybum
marianum

Effective in colon, lung, prostate, and
skin cancers

Ramasamy
et al. (2011)

Withanolides Withania
somnifera

Effective in breast cancers and brain
tumors

Samadi
(2015)
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16.9 Traditional Ayurvedic Herbometallic Preparations
in Treatment of Neurological Disorders

According to several reports, the use of traditional Indian system of Ayurvedic
herbometallic preparation is very common in treatment of several neurological
ailments due to its easy accessibility, low cost, and minimal side effects. Ayurvedic
herbometallic formulations refer to metal-based herbal remedies prescribed on the
basis of traditional Asian system of medication. From time immemorial metals play a
vital role in human physiology, and the deficiency in metals led to the occurrence of
various diseases. In Indian Ayurvedic history, numerous metals like gold, silver,
copper, iron, lead, zinc, tin, etc. are considered as important elements of body, but
very few of them has got an effective role in treating neurological diseases. There-
fore any imbalance in this metal content hampers the body metabolism. In this
regard, metallic formulation Bhasmas are highly effective in prevention and treat-
ment of various diseases (Lee et al. 2018). Generally, Bhasmas are metallic
Ayurvedic preparations made up of herbal juices/fruits used in India from the
seventh century B.C. and are widely used against chronic ailments.

16.9.1 Efficacy of Swarna Bhasma in Neurological Disorders

Gold along with other metals are therapeutically effective Ayurvedic medicine since
ancient time. In the Vedic period, gold was used to increase the strength, potency,
and longevity and also to combat aging in humans. Since the eighth century AD, by
proper purification and incineration, gold was utilized as Bhasma (ash) which is
referred to as Swarna Bhasma (gold ash) (Mitra et al. 2002).Several reports suggest
that cognitive disorders such as dementia, delirium, amnesia, etc. can be
characterized by various symptoms like memory impairment, and massive cognitive
decline, gait disturbances, and language disturbances can be improved by Swarna
Bhasma (Warad et al. 2014). This Swarna Bhasma acts as a nootropic agent and is
primarily used to improve memory, behavior, and mood. Recently, a study
evidenced the antioxidant/restorative property of Swarna Bhasma in cerebrovascular
diseases (Singh and Chaudhary 2012). It has been demonstrated that the different
enzymatic parameters were measured to assess ischemic brain damage, and the result
showed significant restoration of altered values near normal level proving the
efficacy of Swarna Bhasma in treatment for cerebrovascular disease. Not only
cognitive and cerebrovascular disorder, but other neurological disorders also can
be effectively treated by Swarna Bhasma. Alzheimer’s disease (AD), the common
form of age-related dementia, can be characterized by gradual deterioration of
cognitive function specially functions related to memory. The main pathogenic
hallmark of this disease is the gradual aggregation of misfolded protein like amyloid
beta and tau. Currently, a study with Swarna Bhasma has been performed to illustrate
the decrease in amyloid-beta aggregation. The study also paved the path of hope to
treat AD if proper medication with Swarna Bhasma is initiated immediately after
early diagnosis of AD (Agrawal 2010). Like AD, Parkinson’s disease (PD) is also a
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common geriatric disorder, and the initial manifestations may be tremor, rigidity,
akinesia, slowness, and many others. The formulation of Swarna Bhasma plays a key
role in the effective management of PD (Kaviya et al. 2016).

16.9.2 Efficacy of Raupya Bhasma in Neurological Disorders

Raupya Bhasma also called Chandi Bhasma or calcined silver ash is an Ayurvedic
herbometallic formulation used in eye diseases, jaundice, anemia, hysteria, epilepsy,
and neurological disorders. This type of calcined silver ash possesses medicinal
properties such as a potent cognitive enhancer as well as acts as an antidepressant,
antianxiety, anti-stress, and neuroprotective agent. Generally, excessive use of the
brain, insomnia, anxiety, fear, working on computers, etc. cause nervous
aggravations in the body which lead to reduction in mental power and strength.
Therefore, Raupya Bhasma works widely in all these conditions and can be effec-
tively used in treating mental fatigue (https://www.ayurtimes.com/rajat-bhasma-
raupya-bhasma/#mental-fatigue; 2014). Despite all these properties, very few
evidences have been found regarding the successful use of Raupya Bhasma in
treating neurological disorders.

16.9.3 Efficacy of Naga Bhasma in Neurological Disorders

Naga Bhasma (incinerated lead) is the herbometallic preparation containing lead as
the main ingredient. Manifestations of some extraordinary medical properties prove
its therapeutic efficiency in treatment of various diseases. Nowadays, modern
research revealed that in PD, APO-E 4/3 and 4/4 genotypes can excrete heavy metals
in minimal amount. Those abundant APO-E proteins with this version of genotype in
the cerebral spinal fluid surrounding the brain will have the highest affinity for
becoming ill from exposure to neurotoxic heavy metals (Rajput and Patgiri 2013).
This situation can be treated by Naga Bhasma due to its untoward side effects and
responsive efficacy.

16.10 Effective Medications Against Other Common Lifestyle
Diseases

In Ayurveda, the diseases associated with aging and cardiovascular diseases and
many such diseases are correlated with obesity, food habits, and change in lifestyle.
It is also considered that the normal physiology, metabolism, and the driven force of
life are dependent on related state of metal ions and even a little imbalance in metal
ions in body may lead to the irregular functioning of the biomolecules associated
with those metal ions (Bharti and Singh 2009).Thus, it is prescribed in Ayurveda that
these kinds of diseases can be treated following a common route. Virupaksha et al.
have reviewed the works reflecting the success of Ayurvedic Bhasmas in treating the
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lifestyle diseases, viz., type II diabetes, cardiac diseases, depression, obesity, stroke,
and so on (Virupaksha et al. 2011). Similarly, Dr. Bhanu Priya and colleagues
reported the evaluations of herbometallic compounds to achieve a state of well-
being (Priya et al. 2018).

16.11 Major Issues of Clinical Trials of Ayurvedic Medicine

The Department of AYUSH (Government of India) already has prescribed various
clinical as well as preclinical trials for new herbal Ayurvedic drug formulations
following proper evaluation methods to facilitate the development of regulation and
registration in Ayurveda along with other traditional medicine systems. Presently,
various reports evidenced the use of HMPs in lead toxicity. Thereafter, from early
reports it has been evidenced that 65 cases of heavy metal intoxicity in adults and
children have been found to be associated with Ayurvedic HMPs (Mishra and Gupta
2010). A report suggested that clinical trials with herbal medicine are a challenging
phenomenon. For instance, the use of placebo group in evaluation of efficacy of
herbal drugs leads to unethical issues as the patients are unaware of its use as an
available therapy effective in treating the disastrous condition (Mishra and Gupta
2010).Recent reports suggested that there lie immense difficulties in estimation of
active biomolecules in the pharmacokinetic study of drug discovery (Mishra and
Gupta 2010). Another study reported that storage conditions generally alter the
bioavailability of herbal medicines. This leads to loss of fungal or bacterial activity
resulting into batch-to-batch variation (Mishra and Gupta 2010). On the other hand,
dose selection is also a major issue. This dosage must be calculated on the basis of
extractive value. Few herbal drugs have been immensely studied to prove their safety
and efficacy. However, the clinical trials of Ginkgo biloba extract effective for
treatment of CNS disorders and Hypericum perforatum effectively used as antide-
pressant evidenced the safety and efficacy of these drugs. Besides these two drugs,
other herbal drugs include Panax ginseng (ginseng) effectively used as tonic,
Tanacetun parthenium (feverfew) for headache and migraine, Allium sativum (gar-
lic) for lowering cholesterol level, Arnica montana (arnica) to treat post-traumatic
conditions, and Serenoa repens (saw palmetto) for the treatment of benign prostatic
hyperplasia. Thus, all of these herbal medicines have been effectively evaluated in
various clinical trials. However, well-organized and appropriate randomized clinical
trials are still needed to be performed in order to prove their safety as well as efficacy.

16.12 Status of Clinical Trials of Ayurvedic Medicine

Plants cannot be patented, due to insufficient research, and validation has been
performed on plants as medicinal agents. The clinical trials on ancient Ayurvedic
medicine need proper validation for betterment of treatment modalities by improving
dose forms and side effects of any given drug. In the USA, it almost takes 15 years
with an estimated cost of $500 million for elucidating safety and efficacy of drug.
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Due to the regulatory essentials regarding proof of safety, it turned out to be very
uneconomical for private industry to carry out clinical trials regarding herbal
Ayurvedic medicine. In this harsh condition, public funds are required in a huge
amount to confirm the validity of herbal remedies, as this will help the pharmaceuti-
cal companies to earn meager incentive for development of an herbal drug against a
patented drug. Owing to this fact, it is debated that there is a huge demand regarding
a proper study, and unless and until it has been conducted on human subjects, no
effective conclusion can be carried regarding the safety and efficacy of the drug.

16.13 Future Scope

In a developing country, most of the rural people depend on herbal products for their
health and used many medicinal plants without proper supervision. Traditional
medicine is based on the universal principle like cold, heat, and five sense organs
(Panchami elements). So in this modern era, our challenging issue is how we can
change the form of Ayurveda without distorting its principal. The common people
do not know the ingredients of these Ayurvedic preparations. They know the local
names of this plant, but do not know the general name and scientific name. Many
plants have some ingredients that work very well at low doses, but all of these
ingredients can do a lot of harmful effect in high doses and long-term usage; even
life-threatening events can happen if dose and duration of an herbometallic prepara-
tion is not adjusted. Only a small fraction of medicinal plants used worldwide has
been tested rigorously in randomized control trials. If clinical trials of all herbal
products are possible in the future and standardization of the ingredients can be done,
then the efficacy, dose-related adverse effect, etc. can be predicted. Ayurveda is not
only evolving, but it is also growing and changing day by day. At the same time,
there are a lot of challenges being faced with Ayurveda. More specific experiments
on animal models and also clinical trials are required to understand the exact
molecular mechanisms of function of different ingredients present in herbometallic
preparations. As traditional medicine is the first level of contact for rural people for
their health system, it is necessary for the government to take immediate steps to
introduce the use of traditional medicine to supplement Primary Health Care (PHC).
All medicinal plants that have been reported in the rural area should be scientifically
examined and detailed about their functional contents along with its pharmacokinet-
ics. Health education should be given to the people concerning the use of the
indigenous herbal product. PHC should impart education regarding the identification
of various medicinal plants and their usage for the treatment of common diseases.
The government should provide financial support to promote the potential role of
traditional medicine in primary health care.
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16.14 Conclusion

It is observed that most of the processed inorganic materials (Bhasma) have some
common pharmacological properties like Rasayana, Yogavahi, Agni Deepana,
Shighravyapti, Kshipram or Shighrakari, Alpamatra, and others (Mishra and Gupta
2010). The Rasayana exhibits immunomodulatory as well as antiaging properties,
whereas Yogavahi shows ability of targeted drug delivery of the Bhasma. These
ancient preparations are prescribed in very minute dose of 15–250 mg/day. Besides,
other properties of these herbometallic preparations include that Bhasmas are readily
absorbable, adaptable, and easily assimilable in the body and will be nontoxic in
nature (Rasibhavan). Therefore, these features of Bhasma are comparable with the
action of nanoparticles in the body as they are easily biodegradable as well as
biocompatible and nonantigenic in nature. Besides, these nanoparticles are effi-
ciently used to provide targeted drug delivery to specific site of action in the body
including the blood-brain barrier. These can also be used to extend the bioavailabil-
ity time and to protect the drug from chemical as well as enzymatic decomposition.
However, these results in reduced peripheral side effect by decreasing the overall
dose of drugs in the body.

In recent years, there has been concerted research regarding the potentiality of
Ayurvedic medicines and its efforts to understand real-life treatment paradigm.
Therefore, there is an immense need to interpret logic of Ayurveda while adopting
modern scientific tools in development and validation of drugs. Hence, validation of
Ayurvedic medicines using the latter approach may lead to evidence-based interdis-
ciplinary study of modern Ayurvedic medicine. Further, owing to build better
treatment opportunities, we ought to step beyond the realm of only drugs and attempt
validation of comprehensive specific treatment package as per classical Ayurveda.
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HPTLC Fingerprinting Analysis
of Phytoconstituents from Indigenous
Medicinal Plants

17
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Abstract

High-performance thin-layer chromatography (HPTLC) is a versatile and flexible
technique for the analysis of herbal and medicinal plants. Standardization of plant
materials was essential for their identification and assessment of quality in herbal
medicines. Moreover, HPTLC fingerprinting analysis represents as an important
analytical tool for semiquantitative, qualitative and quantitative estimation of
phytochemicals. This incorporates the TLC fingerprinting analysis and estimation
of biomarkers. Quantification of various pharmacological active constituents was
estimated by fingerprinting in herbal plants which leads to conquer the therapeu-
tic effects of phytochemicals incorporated in herbal medicines. The
phytochemicals obtained by HPTLC fingerprinting from herbal plants will tell
the number of constituents present. Authentication of these constituents can be
done by marker compounds which will ensure the therapeutic potential of the
herbal plants used in Indian traditional medicine. Due to its simplicity and
reliability, this technique is popular amongst other techniques. Chromatographic
fingerprinting analysis will represent the qualitative method for the purpose of
authentication, quality and ratio of constituents in herbal plants.
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Abbreviations

HPTLC High-performance thin-layer chromatography
ICH International Council for Harmonisation
LOD Limit of detection
LOQ Limit of quantitation
mg/mL Milligram/millilitre
ng Nanogram
nm Nanometre
Rf Retardation factor
RSD Relative standard deviation
S/N Signal-to-noise ratio
SD Standard deviation
v/v Volume/volume
w/w Weight/weight
μg/μL Microgram/millilitre
μm Micrometre

17.1 Introduction

Due to high variability of chemical compounds in herbal plants, fingerprinting
becomes a necessary tool to ensure that proportionate amount of phytochemical
constituents will be present in the herbal plants. Moreover complexity of the herbal
plants represents a challenge amongst Indian traditional medicine. So to overcome
this challenge, fingerprinting is a versatile tool to resolve the complex
phytochemicals or constituents in a simpler way (Ekor 2014). The authenticity of
these complex phytoconstituents in herbal plants can be assessed by marker
compounds which can be estimated by HPTLC fingerprinting analysis. To estimate
the constituents from these complex herbal plants, methods such as gas chromatog-
raphy and high-performance liquid chromatography have also been employed
(Geethika and Sunojkumar 2017). In this chapter, an attempt has been made to
quantify a wide variety of constituents/phytochemicals in herbal plants. This
includes the estimation of phytoconstituents qualitatively and quantitatively from
various plant extracts and fractions. The chromatographic fingerprinting
characterizes the different and similar components in the herbal plants.

17.2 Requirements for Analysis of Phytoconstituents

The protocol for analysis of phytoconstituents is required to carry out the experi-
mentation procedure effortlessly (Chavan et al. 2011).
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17.2.1 Stationary Phase

Precoated plates are available with various stationary materials of different sizes and
thickness. For qualitative and quantitative analysis of phytochemicals from herbal
plants, plates with 100–250 μm thickness were used. Silica gel 60F plates are
versatile, and more than 80% of samples (natural component, synthetic drugs) can
be analysed, hence preferred for analysis. Plates placed in the air acquire humidity,
so activation of plates is necessary for proper separation of constituents. Activation
of plates can be done by placing the plates in an oven at 100–120 �C for 30 min
before spotting.

17.2.2 Preparation and Spotting of Sample and Standard

The interferences from the impurities can be overcome by decreasing the thickness
layer of stationary phase, hence reducing S/N ratio. Other parameters which include
straight baseline and LOD were also been considered and improved during the
analysis. Methanol is the preferred solvent used in the preparation of samples. At a
concentration range, 0.1–1 μg/μL samples and standard (marker compounds) were
spotted on the plates using automatic applicator as bands since bandwise spotting
leads to better separation.

17.2.3 Selection of Mobile Phase and Chamber Saturation

Polarity of mobile phase solvent is being taken under consideration since non-polar
mobile phase and polar stationary phase will lead to elution of non-polar compounds
first due to lesser affinity towards stationary phase. Moreover, different composition
of not more than three solvents used as mobile phase should be tried on the basis of
trial-and-error method for increased resolution and spot definition. Chamber satura-
tion is extremely required for Rf reproducibility, hence should be done by lining the
filter paper absorbed in the mobile phase around the chamber for 30 min prior to
plate development.

17.2.4 Development of Chromatographic Plates

For the development of chromatographic plates, automated multiple development
systems were used for gradient elution. The successive elution of the constituents on
the basis of strength of solvents will provide a gradient pattern by which constituents
will be separated in spot form.
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17.2.5 Detection and Visualization

Detection of fluorescent compounds can be performed at 254 nm, 366 nm and visible
light. The densitometry was done by using winCATS software, CAMAG,
Switzerland. Being a non-destructive method, the property of constituents can be
retained and detected easily. One percent iodine solution and derivatization is one of
the method used to detect non-UV-absorbing compounds.

17.3 Quantitative Estimation

The scanner is the instrument which is used to measure the absorption and fluores-
cence of the constituent applied on chromatoplate. The area under the curve can be
estimated by densitogram. The peaks in densitogram can be resolved by estimating
optical density of the constituents. The amount of sample is compared by running the
standard (marker compound) under the same condition. The data can be evaluated by
measuring the optical density of sample component by concentration of the sample
placed on plate.

17.4 Analytical Method Validation

HPTLC is a versatile technique for estimation of various phytochemicals from plant
extract and their fractions. Method validation which includes linearity, precision,
LOD, LOQ, specificity, robustness, accuracy and assay imparts that the quantifica-
tion procedure is intended to be used for further analysis. To justify the above
comment, some examples have been given below with quantification of
phytoconstituents extracted from plant extract from the reference.

17.4.1 Estimation of Rutin from Alhagi pseudalhagi (M. Bieb) Desv

17.4.1.1 Preparation of Ethanolic Extract of Alhagi pseudalhagi
The freshly aerial parts of the plant as in Fig. 17.1 were dried under shade and then
dried in tray drier under controlled conditions and then powdered. The powdered
plant material (500 g) was extracted at 60 �C using 95% v/v ethanol by continuous
extraction method (Kokate et al. 2008). The extract was collected and concentrated
on rotavapor and then dried in lyophilizer under reduced pressure, and therefore
170 g of solid residue were obtained and the percentage yield was found to be 34%
w/w.
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17.4.2 Preparation of Standard Solution of Rutin

Standard stock solution of rutin (1000 μg/mL) was prepared by dissolving 25 mg
rutin in 25 mL of methanol. 2.0 mL aliquot of the above solution was made up to
10 mL with methanol (200 ng/μL). From the above solution, 2 μL, 3 μL, 4 μL, 5 μL
and 6 μL were spotted on the HPTLC plate which corresponds to 400 ng/spot,
600 ng/spot, 800 ng/spot, 1000 ng/spot and 1200 ng/spot, respectively. The
densitogram of standard solution of marker compound rutin was shown in Fig. 17.2.

17.4.2.1 Chromatographic Conditions
Analysis was performed on 5 cm � 10 cm HPTLC silica gel G60 F254 plates.
Different compositions of mobile phase were tried using binary and ternary mixtures
of solvents like toluene, methanol, chloroform, ethyl acetate, acetic acid, formic acid,
etc. with chamber saturation to achieve optimum resolution. After several trials,
mixture of ethyl acetate/acetic acid/formic acid/water (10:1:1:1 v/v/v/v) is chosen as
the mobile phase for analysis. The details were given in Table 17.1.

The ethanolic extract and standard samples were applied on the plate as bands
with the band size of 6 mm and at position of 15 mm. The plate was developed to a

Fig. 17.1 Aerial part of
A. pseudalhagi (Bieb.) Desv
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distance of 80 mm in the glass chamber previously saturated with ethyl acetate/acetic
acid/formic acid/water (10:1:1:1 v/v) mobile phase for 30 min. The plates were
completely dried in air at room temperature, were derivatized with anisaldehyde-
sulphuric acid solution and were scanned. The areas for sample and standard were
recorded at 366 nm by densitometry.

17.4.2.2 Validation as per ICH Guidelines

Linearity
Linearity of the method was analysed by using five different concentrations in the
range of 200�1000 ng/spot for rutin. Results were expressed in terms of correlation
coefficient in Fig. 17.3. The method validation parameters were shown in
Table 17.2.

400

350

AU

300

250

200

150

100

50

0
0.02 0.12 0.22 0.32

Rutin

0.42 0.52 0.62 0.72 0.82 0.92 RF

Fig. 17.2 Densitogram of rutin (marker compound) by HPTLC

Table 17.1 Selection of solvent system for method validation of rutin from A. pseudalhagi

Solvent system Ratio

Chloroform/methanol/water 9:1:0.1 (v/v/v)

Toluene/ethyl acetate/formic acid 7 :2 :1 (v/v/v)

Ethyl acetate/acetic acid/formic acid/water 10:1:1:2.5 (v/v/v/v)

Ethyl acetate/acetic acid/formic acid/water 10:1:1:1 (v/v/v/v)
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Precision
The precision of the method was demonstrated by intraday and interday variation
studies. Three different concentrations 400, 600 and 800 ng/spots of standard plant
extract were analysed in a day for intraday variation and 3 consecutive days for
interday variation studies. The results were determined by calculating % RSD.

Limit of Quantitation and Limit of Detection
From the calibration curve, the standard deviation (SD) of the intercept (slope) was
determined. Then LOD was determined using Eq. 17.1.

Fig. 17.3 Calibration curve of rutin at various concentrations (200–1000 ng/spot)

Table 17.2 Method validation parameters

Parameters Rutin

Linearity range (ng/spot)a 200–1000

Correlation coefficient 0.9885

Slope 7.658

Intercept 53.86

Intraday precision (%RSD)b 1.37

Interday precision (%RSD) 1.46

LOD 5.24

LOQ 15.90

% recovery 99.5–101.12
aFive concentrations
bNine determinations
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LOD ¼ 3:3ρ=S ð17:1Þ
and LOQ was determined using Eq. 17.2.

LOQ ¼ 10ρ=S ð17:2Þ
where S is the slope of the calibration curve and ρ is the standard deviation of
Y-intercept of regression line.

Accuracy
The accuracy of the method was determined by recovery experiments. The recovery
studies were carried out at three levels of 80, 100 and 120%, and the percentage
recovery was calculated as shown in Table 17.3.

Robustness
The robustness was determined by performing small changes in mobile phase ratio
and chamber size. The effect on the Rf values and peak areas were noted.

Specificity
Specificity is the ability to access unequivocally the analyte in the presence of
impurities and degradation products. It is done by comparing Rf value of samples
with that of standard rutin.

Assay
A 0.025 mL aliquot of the test solution was made up to 10 mL with methanol. 3 μL
was spotted on the plate for HPTLC assay. The assay was performed in triplicates
and mean � SD were calculated.

17.4.3 Quantitative Estimation of b-Sitosterol from Natural Plants

17.4.3.1 Preparation of Chloroform Fraction from Ethanolic Extract
of Clerodendrum serratum

The powdered leaves as in Fig. 17.4 was considered, and its ethanolic extract was
prepared by hot percolation technique using 95% ethanol at 55 �C. The percentage
yield was found to be 28% w/w. 100 g of ethanolic remnant was taken with water
and chloroform (1:1) in a separating funnel, and by liquid-liquid partitioning
method, chloroform fraction was obtained which further concentrated on rotavapor

Table 17.3 Recovery studies

%Amount
estimated

Amount present
(ng/spot)

Amount recovered
(ng/spot)

%
Recovery � SD

80 400 395.53 101.12 � 1.40

100 400 398.25 99.55 � 0.92

120 400 400.10 100.02 � 0.21
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(Buchi, USA) at a temperature of <40 �C and then dried in lyophilizer (Labconco,
USA) under reduced pressure. The percentage yield of fraction was 24% w/w.

17.4.4 Quantitative Estimation of Quercetin from Natural Plants

17.4.4.1 Preparation of Ethanolic Extract of Amaranthus spinosus
Powdered plant material (leaf) (2 g) as in Fig. 17.5 extracted with methanol/water
(70:30 v/v) (3� 100 mL, 8 h each) was concentrated at low temperature by rotatory

Fig. 17.4 Leaves of
Clerodendrum serratum

Fig. 17.5 Leaves part of
Amaranthus spinosus
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evaporation and was freeze-dried under high vacuum. The percentage yield was
2.3% w/w.

17.4.4.2 Preparation of Standard Solution of Quercetin
Dissolve 1 mg of pure compound (marker compound) in 1 mL of pure solvent
methanol. This solution was considered as test solution.

17.4.4.3 Assessment of Quercetin from Amaranthus spinosus
10μL of the ethanolic solutions was applicated on precoated HPTLC plate; the plate
was then developed in the solvent system (toluene/ethyl acetate/formic acid (5:6:2 v/v).
The plate was then developed in the solvent system to a height of 8 cm, dried and
scanned densitometrically at 368 nm. The percentage of quercetin was found to be
10.2% (w/w). The densitogram was shown in Fig. 17.6.

17.4.4.4 Preparation of Ethanolic Extract of Strychnos potatorum
Powdered plant material (seed) as shown in Fig. 17.7 (2 g) extracted with methanol/
water (70:30 v/v) (3� 100 mL, 8 h each) was concentrated at low temperature by
rotatory evaporation and was freeze-dried under high vacuum. The percentage yield
was 3.3% w/w.

Fig. 17.6 HPTLC densitogram of (a) standard quercetin on HPTLC plate, (b) quercetin (1),
ethanolic extract of A. spinosus (2)
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17.4.4.5 Assessment of Quercetin from Strychnos potatorum
10μL of the standard quercetin solution was applicated on precoated HPTLC plate;
the plate was then developed in the solvent system (toluene/ethyl acetate/formic acid
(5:6:2). The plate was then developed in the solvent system to a height of 80 mm,
dried and scanned densitometrically at 368 nm. The composition of the developing
solvent was selected from the method previously developed. The percentage of
quercetin was found to be 10.5% (w/w). The densitogram was shown in Fig. 17.8.

17.4.4.6 Assessment of Quercetin in Saraca asoca

Preparation of Ethanolic Extract of Saraca asoca
Powdered plant material (flower) as shown in Fig. 17.9 (2 g) extracted with metha-
nol/:water (70:30v/v) (3� 100 mL, 8 h each) was concentrated at low temperature by
rotatory evaporation and was freeze- dried under high vacuum. The percentage yield
was 2.9% w/w.

Assessment of Quercetin from Saraca asoca
10μL of standard quercetin solution was applicated on precoated HPTLC plate; the
plate was then developed in the solvent system (toluene/ethyl acetate/formic acid
(5:6:2). The plate was then developed in the solvent system to a height of 8 cm, dried
and scanned densitometrically at 368 nm. The percentage of quercetin was found to
be 0.18% (w/w) Fig. 17.10.

Fig. 17.7 Seeds of Strychnos
potatorum
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17.4.5 Qualitative Assessment of Various Extracts of Traditional
Plants

17.4.5.1 Preparation of 50% w/v Ethanolic Extract of Plants
Powdered plant material (2 g) extracted with methanol:water (70:30 v/v) (3�
100 mL, 8 h each), concentrate at low temperature by rotatory evaporation and
was freeze dried under high vaccum.

Fig. 17.8 HPTLC profile (a) densitogram of HPTLC plates and (b) densitogram of quercetin
(1) and densitogram of ethanolic extract of seeds of Strychnos potatorum (2)

Fig. 17.9 Flower of Saraca asoca
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17.4.5.2 Preparation of 50% w/v Aqueous Extract
Powdered plant material (2 g) extracted with water by cold percolation method. The
aqueous extract was concentrated at low temperature by rotatory evaporation and
was freeze dried under high vaccum. The percentage yield was 3.4% w/w.

17.4.5.3 HPTLC Fingerprinting of the Extract of Manilkara hexandra
(Stem Bark)

The stem bark of the plant was shown in Fig. 17.11. The ethanolic extract of stem
bark (8 μL) solution was applicated by Linomat 5 Applicator (CAMAG) on
precoated HPTLC plate; the plate was then developed in the solvent system tolu-
ene/ethyl acetate/acetone/formic acid (10:5:15:1). The plate was then developed in
the solvent system to a height of 8 cm, dried and scanned densitometrically at
254 nm, the peak area was recorded, and the calibration curve was prepared by
plotting the peak area against concentration of the component. The HPTLC profile of
M. hexandra revealed the presence of eight spots at Rf 0.09 (60.14%), 0.26
(22.24%), 0.55 (3.17%), 0.65 (5.07%), 0.85 (1.28%), 1.04 (1.82%), 1.15 (2.68%)
and 1.35 (3.60%). The maximum percentage of area of component in the extract was
found to be 60.14% w/w at Rf 0.09. The densitogram was shown in Fig. 17.12.

17.4.5.4 HPTLC Fingerprinting of Ethanolic Extract of Tecomella
undulata (Stem Bark)

The stem bark of the plant was shown in Fig. 17.13. The ethanolic extract of stem
bark (12 μL) was applied on precoated HPTLC plate; the plate was then developed in
the solvent system toluene/ethyl acetate/acetic acid (55:45:2). The plate was then
developed in the solvent system to a height of 8 cm, dried and scanned
densitometrically at 254 nm, the peak area was recorded, and the calibration curve

Fig. 17.10 HPTLC densitometric profile of Saraca asoca (a) HPTLC densitogram plate, (b)
quercetin standard (1) HPTLC densitogram of methanolic extract of Saraca asoca (2)
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was prepared by plotting the peak area against concentration of the component. The
HPTLC profile of T. undulata revealed the presence of 11 spots at Rf 0.08 (55.44%),
0.25 (15.29%), 0.35 (5.09%), 0.44 (2.21%), 0.55 (2.05%), 0.72 (1.32%), 0.81
(2.45%), 0.94 (0.76%), 1.02 (2.10%), 1.10 (11.39%) and 1.26 (1.91%). The maxi-
mum percentage of area of component in the extract was found to be 55.44% w/w at
Rf 0.08. The densitogram was shown in Fig. 17.14.

Fig. 17.11 Stem bark of M. hexandra

Fig. 17.12 Densitogram of ethanolic extract of M. hexandra (a) HPTLC plates at different
wavelengths, (b) HPTLC profile of M. hexandra
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17.4.5.5 HPTLC Fingerprinting Profile of the Extract of Zanthoxylum
armatum (Stem Bark)

The stem bark of Zanthoxylum armatum was shown in Fig. 17.15. The ethanolic
extract (12 μL) of stem bark was applied on precoated HPTLC plate; the plate was
then developed in the solvent system toluene/ethyl acetate/formic acid (7:3:0.1). The
plate was then developed in pre-saturated CAMAG twin trough chamber with

Fig. 17.13 Stem bark of Tecomella undulata

Fig. 17.14 Densitogram of ethanolic extract of T. undulata (a) HPTLC plates at different
wavelengths, (b) HPTLC profile of T. undulata
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solvent system to a height of 8 cm, dried and scanned densitometrically at 254 nm,
the peak area was recorded, and the calibration curve was prepared by plotting the
peak area against concentration of the component. The HPTLC profile of
Z. armatum revealed the presence of 13 spots at Rf 0.05 (17.46%), 0.12 (10.08%),
0.17 (3.17%), 0.21 (2.15%), 0.25 (2.99%), 0.29 (3.16%), 0.33 (3.88%), 0.37
(6.56%), 0.42 (5.19%), 0.46 (11.11%), 0.54 (4.07%), 0.65 (25.46%) and 0.74
(4.71%). The maximum percentage of area of component in the extract was found
to be 25.46% w/w at Rf 0.65. The densitogram was shown in Fig. 17.16.

17.4.5.6 HPTLC Fingerprinting Profile of Extract of Strychnos
potatorum

2 g of ethanolic extract of S. potatorum was dissolved in 25 mL of methanol
separately and used for HPTLC analysis. 10 μL of the above solution was applied,
and the plates were then developed in toluene/ethyl acetate (7:3) to a distance of
8 cm. After development, the plates were dried and densitometrically scanned at
376 nm. The HPTLC profile of extract in solvent system toluene/ethyl acetate (7:3)
revealed the presence of 14 spots at Rf 0.05 (8.54%), 0.26 (4.88%), 0.34 (10.26%),
0.37 (6.35%), 0.44 (18.60%), 0.48 (15.01%), 0.55 (6.07%), 0.59 (3.96%), 0.63
(8.50%), 0.71 (2.55%), 0.73 (2.80%), 0.78 (3.18%), 0.81 (3.92%) and 0.93
(5.39%); the maximum percentage were found to be of components 5 and 6 at Rf

0.44 (18.60%) and 0.48 (15.01%), respectively. The densitogram was shown in
Fig. 17.17.

17.4.5.7 HPTLC Fingerprinting Profile of the Extract of Saraca asoca
10 mg of ethanolic extract was dissolved in 1.0 mL of 80% aqueous methanol and
used for HPTLC analysis. 10μL of the above solution was applied, and the plates
were then developed in ethyl acetate/acetic acid/formic acid/methanol (7.5:1:0.5:1)
to a distance of 9 cm. Developed plate was then observed under visible light after

Fig. 17.15 Stem bark of Zanthoxylum armatum
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derivatization with anisaldehyde sulphuric acid reagent and scanned
densitometrically at 254 nm which showed the presence of nine spots at Rf of
0.04, 0.10, 0.15, 0.23, 0.52, 0.58, 0.70, 0.78 and 0.92. The densitogram is shown
in Fig. 17.18.

17.4.5.8 HPTLC Fingerprinting of Ethanolic Extract of Amaranthus
spinosus

10 μL of the ethanolic extract of Amaranthus spinosus was applicated on precoated
HPTLC plate; the plate was then developed in the solvent system toluene/ethyl
acetate (7: 3). The plate was then developed in the solvent system to a height of 8 cm,
dried and scanned densitometrically at 310 nm. The HPTLC profile of A. spinosus
revealed the presence of nine spots at Rf 0.19 (3.09%), 0.29 (1.26%), 0.40 (8.01%),
0.47 (11.76%), 0.57 (10.72%), 0.63 (4.60%), 0.66 (1.92%), 0.75 (2.55%) and 0.93
(40.23%). The maximum percentage of area of component in the extract was found
to be 40.23% w/w at Rf 0.93. The densitogram was shown in Fig. 17.19.

17.4.5.9 HPTLC Fingerprinting Profile of Extract of Thespesia lampas
(Flower)

10μL of the aqueous extract solution was applied, and the plates were then devel-
oped in toluene/ethyl acetate (7:3 v/v) to a distance of 9 cm. Developed plate was
then observed under visible light after derivatization with anisaldehyde sulphuric
acid reagent and scanned densitometrically at 310 nm which showed the presence of
nine spots at Rf of 0.04, 0.10, 0.15, 0.23, 0.52, 0.58, 0.70, 0.78 and 0.92. The

Fig. 17.16 Densitogram of ethanolic extract of Z. armatum (a) HPTLC plates at different
wavelengths, (b) HPTLC profile of Z. armatum
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densitogram is shown in Fig. 17.11.The HPTLC profile of the plant revealed the
presence of 11 spots at Rf 0.20 (4.15%), 0.33 (3.86%), 0.38 (6.05%), 0.47 (6.89%),
0.51 (2.41%), 0.57 (10.28%), 0.61 (7.67%), 0.67 (2.72%), 0.68 (1.13%), 0.75
(3.64%) and 0.92 (38.92%). The maximum percentage was found to be of compo-
nent 11 at Rf 0.92 (38.92%) as shown in Fig. 17.20.

17.4.5.10 HPTLC Fingerprinting of Ethyl Acetate Fraction of Alhagi
pseudalhagi

100 g of ethanolic residue was taken in separating funnel. 100 mL of ethyl acetate
was considered with 100 mL distilled water and mixed for 15–20 min. The ethyl

Fig. 17.17 Densitogram of ethanolic extract of Strychnos potatorum (a) HPTLC plates at various
wavelengths, (b) HPTLC fingerprint profile of Strychnos potatorum
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acetate section was above the aqueous layer. The ethyl acetate was subjected to
aridness in an evaporating dish. 25.5 mg of dried residue of ethyl acetate fraction was
dissolved in 1 mL methanol (solution ‘a’); 1 mL from solution ‘a’ was dissolved in
1 mL of methanol (solution ‘b’). From solution ‘b’, 10 μL of test solution was
spotted on the HPTLC plates (20� 20 cm). The plates were developed in the solvent
system ethyl acetate/acetic acid/formic acid/water (10:1:1:1 v/v/v/v). The plate was
then developed in the solvent system to a height of 8 cm, dried and scanned
densitometrically at 366 nm.

The HPTLC profile of ethyl acetate fraction in the solvent system ethyl acetate/
formic acid/acetic acid/water (10:1:1:1 v/v/v/v) revealed the presence of seven spots
at Rf 0.07 (0.71%), 0.19 (1.55%), 0.36 (7.83%), 0.43 (8.19%), 0.49 (2.23%), 0.63
(3.26%) and 0.71(2.78%). The maximum percentage was found to be component
4 at Rf 0.43 (8.19%). The details were shown in Fig. 17.21.

17.5 Conclusion

With the help of special sampling techniques, quantification and separation of
various constituents in herbal plant are possible by densitometry. Most of the other
techniques including infrared spectroscopy and high-performance liquid chromatog-
raphy were limited to examining the plant microscopically or comparing and
quantifying the known separated markers. HPTLC allows for the standardization
and validation of botanicals by comparing and quantifying different marker
compounds simultaneously and figuring out the similarities and dissimilarities
between them.

Fig. 17.18 Densitogram of ethanolic extract of Saraca asoca (a) HPTLC plates at various
wavelengths, (b) HPTLC fingerprint profile of Saraca asoca
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Fig. 17.19 Densitogram of ethanolic extract of A. spinosus (a) HPTLC plates at various
wavelengths, (b) HPTLC fingerprint profile of A. spinosus
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Fig. 17.20 Densitogram of aqueous extract of T. lampas (a) HPTLC plates at various
wavelengths, (b) HPTLC fingerprint profile of T. lampas
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Climate Change, Geographical Location,
and Other Allied Triggering Factors
Modulate the Standardization
and Characterization of Traditional
Medicinal Plants: A Challenge and Prospect
for Phyto-drug Development

18

Partha Palit and Subhash C. Mandal

Abstract

Evidenced-based traditional plants are believed to be a prospective and alterna-
tive source of safe and effective drug development both in developed and
developing countries for fruitful remedy against acute and chronic diseases, as
because mainline allopathic medicines demonstrate versatile untoward effect and
become ineffective in the treatment of chronic therapy.

In order to fulfil this motto, large number of traditional plants needs to be
cultivated in homogeneous environmental condition, favorable geographical and
climatic condition for optimise the yield and increase the production rate of the
plant metabolites. Satisfactory climate, good quality of soil, and advantageous
geographical condition yield huge number of cultivated medicinal plants with
suitable growth. By maintaining such parameters of cultivation protocol, the
farmers and cultivators may be capable to give homogeneous and optimized
phytoconstituents containing crude extract for herbal drug discovery. However,
global changing of climate is modulating the weather condition of the same
geographical condition, which in turns drastically jeopardize the secondary
metabolite production rate, their composition in the organized medicinal plant
extracts. Vis-a-vis, weather condition, rainfall, and humidity are versatile in
different geographical locations, which could change the phytometabolites com-
position and yield when the same species medicinal plant is growing in different
geographical locations. These variations are augmented due to difference in the
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soil quality, collection time, and dispensation methods of cultivated medicinal
plants for secondary metabolites extraction. These consequences are resulting in
the huge discrepancy in the reproducibility of bioactive phytometabolites extrac-
tive yield and composition from the same species of medicinal plant. Therefore,
patient may not obtain uniform and optimized bioactivity from the same herbal
formulations from different batch. In order to attenuate this challenges and
hurdles, different standardization techniques and characterization method with
optimized fingerprinting technology based on marker compounds are urgently
required. Present review will be discussed critically the different issues related
with above-cited challenges and their probable solution to optimize the lead and
traditional herbal formulation standardization techniques for establishing the
smooth avenue of medicinal plant-based drug discovery program.

Keywords

Plant metabolites · Climatic factors · Collection place and time · Processing ·
Standardization · Annual variation

Abbreviation

ADR Adverse drug reaction
PSM Plant secondary metabolites

18.1 Introduction

There is no doubt that evidenced-based traditional folk medicinal plants are
promising resource of modern ayurvedic and natural medicine development. This
exercise and culture were introduced in India since the era of Charak and Sushruta’s
ayurvedic practice. Different tribal folk people use such medicinal and aromatic
plants for mitigating and managing their own physical illness and lifestyle diseases
as therapeutic and prophylactic phytomedicine (Atanasov et al. 2015), although
those ethnic plants are being cultivated in their own flora and fauna-based
biodiversified geographical area. That is why, those plants are very popular for
phytomedicine development at local tribal zone. Apart from Indian traditional folk
medicinal plants, Chinese and African people also rely on the evidenced-based
traditional plants for therapeutic medicine and food development on their daily life
(Kayne 2010). They utilize the ethnic plants as prophylactic along with preventive
agents to combat the disease progression and its subsequent development, too (Pan
2014). Several advantages have been attributed for using the traditional medicinal
plants as alternative sources toward modern natural drug discovery process over
allopathic drugs in the developing and developed countries. Easy availability in
copious amount, lesser side effect, lower chances of ADR, high therapeutic index
with higher safety level, and synergistic action are key and advantageous factors to
make the traditional plant-based drugs very impressive and acceptable.
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In order to manufacture modern herbal and medicinal plant-based natural drugs,
scientific cultivation, processing, and extraction is mandatory (Sachan et al. 2016).
Moreover, scientific validation through preclinical biological evaluation in animal
model as well as clinical trial needs to be carried out prior to marketing toward
therapy against human diseases. This pharmacological effect of the herbal formula-
tion derived from the traditional folk medicinal plants is very much dependent on the
phytochemical composition and important marker metabolite’s pharmacophore
scaffolds. This bioactive metabolite’s yield and composition are varied, if the
collection time, processing, and method of extraction are not homogeneous. Further-
more, environmental weather change and soil quality due to geographical location
variation also influence the biological effect of the same plant extract from batch to
batch formulation due to altered metabolite’s composition and percentage of yield.
In this aspect, the characterization and standardization of the raw medicinal plants is
very difficult to optimize the outcome biological effect (Gupta et al. 2019). Nowa-
days the natural drug discovery process from traditional herbs and folk plants are
facing numerous hurdles. However, the development of bioprospecting and
eco-friendly traditional herbal formulation in the context of modern pharmacognosy
is very successful approach. Hence, we are encouraged to write this present book
chapter to address the issue of climate change, geographical location variation, and
other allied factors on the cultivation processing and pharmacological activity of
traditional folk plants. We also highlight how could those factors influence the
agricultural cultivation of same plants in respect to time and place. We try to
emphasize how could the variation of biological impact of ayurvedic formulation
batch to batch be solved out successfully. We have described the matter related to fix
up the climate change, geographical location of the cultivating zone of traditional
plants, collection time, the way of processing of phytometabolites, etc. to standardize
the raw medicinal plants for obtaining the safe and effective biological effect of
traditional plant extract formulation (Das et al. 2016).

18.2 Threatening Factors for Biodiversity and Ecosystem
Malfunctioning on Traditional Medicinal Plant Cultivation
and Bioactive Phytometabolite Production

18.2.1 Description of Different Triggering Factors Which Influence
the Cultivation, Growth, and Active Secondary Metabolite
Productions

18.2.1.1 Climatic Change in Local Cultivating Zone and Growth
of Medicinal Plants

Climate and weather change intensely influence the cultivation and growth of active
medicinal plants, because this climate change in connection to global warming
(Rivaes et al. 2013) and environmental pollution is serious threat to mankind and
plant kingdom for their survival and growth across the globe (Lotter and le Maitre
2014). Literature suggested that unfavorable climate may adversely affect the
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biosynthetic pathway for primary and secondary metabolite production in medicinal
plant, for which the yield and composition of primary and secondary metabolites will
be varied from time to time (Zhang et al. 2019), because plants produce active
metabolites in their tissues via shikimic acid and mevalonic acid pathway. In order to
biosynthesize successfully those several bioactive metabolites via biochemical reac-
tion, plants need to be exposed into the ideal weather condition such as favorable
rainfall, humidity, air temperature, atmospheric vapor pressure, precipitation, sun-
shine duration, etc. (Verma and Shukla 2015; He et al. 2013;Liu et al. 2011).
Furthermore, the weather condition of the same place nowadays has been drastically
altered in comparison to earlier time (Li 2019). This phenomenon may modify the
reproducibility of percentage of total extractive matter comprising of bioactive
phytoconstituents from traditional medicinal plants, because the alteration of such
climatic factors completely changes the rate and nature of biochemical reaction of
plant biosynthetic pathway, resulting in the lack of reproducibility of
phytoconstituents composition. Thus, the ratio of the different phytopharmaceuticals
derived from the traditional medicinal plant extract and their modified yield may
revise the pharmaceutical property including therapeutic efficacy of the same herbal
formulation batch to batch (Lotter and le Maitre 2014). This outcome is very
alarming threat to the natural drug discovery process due to global climate change
in intolerable manner. The variation of the phytochemical composition in the crude
extract in connection to changing climatic condition need to be solved to optimize or
standardize the phytoextract in proper and scientific manner; otherwise dose-
dependent pharmacological effect of the same plant extract in constant dose from
different batches would not be achieved. In order to fix up this issue, the traditional
plants cultivating and grown up in respect to present altered climate need to be
standardized with proper chromatographic fingerprint characterization and
investigated their changed phytochemical composition for subsequent fixed herbal
dose formulation development. The revised standardized data including marker
compound’s yield need to be preserved as reference results in phytochemical library
for future reference. This approach could help and guide the pharmaceutical scientist
to produce reproducible herbal formulation with optimized therapeutic effect and
improved safety level.

18.2.1.2 Impact of Geographical Variation Location-Wise on Medicinal
Plant’s Cultivation and Phytoconstituents Yield

Climatic scenario is variable in connection to changing of geographical location.
Therefore, understanding medicinal plant’s favored territory is of great significance
for their cultivation, conservation, artificial cultivation, and assessment of their
biological importance, because changing of geographical location may vary the
different climatic factors extremely, which could influence the phytometabolic
pathway of plants as we discussed above. Consequently, the same plant species
with identical taxonomical classification may change their phytometabolite compo-
sition, if they cultivate in different zones (Verma and Shukla 2015; He et al. 2013;
Liu et al. 2011). Apart from climatic change, the high water and nutrient supply for
rhizome and root production in the cultivating soil are also most important factors for
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increasing rate of cultivation and growth for medicinal plant (Bernath 1997).The soil
nutrient composition and groundwater content are varied by changing of cultivating
zone. Therefore, the same species plant may change their phytochemical composi-
tion, anabolism, and accumulation of secondary metabolites, if it grows in different
geographical cultivating zone across the world (Radusiene et al. 2012).

It is very tedious to standardize the composition, identity, and degree of phyto-
chemical quality of medicinal plant extract for herbal formulation development.
Therefore, we may postulate that strong relationships are coexisting between the
specific and favorable ecological environments and active phytometabolite produc-
tion of medicinal plants. Earlier reports suggest that high water content in the ground
soil may increase the total polyphenolic acid yield of the plants. Excessive tempera-
ture may reduce the proportion of bioactive flavonoids and anti-inflammatory
tanshinone contents in the plant extract like S. miltiorrhiza (Jayabalan et al. 2007;
Zhang et al. 2019). Thus, issue related to geographical location variation need to be
solved out very carefully during cultivation, processing, and supply of traditional
plants as raw herbs for industrial herbal formulation development. Moreover, the
supplier should intimate the industrial analytical pharmaceutical chemist regarding
the details of collection region for carrying out proper standardization and charac-
terization of raw medicinal herbs. Thus, the effect of extreme climatic factor varia-
tion on active ingredients production by the medicinal plants could be rationalized
for future reference data. On the other hand, farmers and analytical chemists should
identify the suitable habitat for cultivation of each species of medicinal plants, so that
favorable climatic factors could trigger relatively the stable growth for those
cultivated plants species. These investigative studies may provide the practical
guidance for proper exploration of cultivating region against the suitable medicinal
plant growth.

18.2.1.3 Impact of Collection Time on Medicinal Plant Metabolite
Production

Collection time is one of the key regulatory factors for plants primary and secondary
metabolite production rate and their total yield content, which also affects the % of
active marker compound content in the extract. The key marker phytocompound are
mainly responsible for biological activity of the crude ayurvedic formulation. Its
content along with other secondary metabolites composition in plants may fluctuate
due to seasonal and daily variation of plucking time despite other climatic, genetic
factors being constant (Gobbo-Neto and Lopes 2007; Wallaart et al. 2000). Report
suggests that opium poppy (P. somniferum) contains in excess of 80 alkaloids in
which morphine, codeine, thebaine, narcotine, and papaverine are lead marker
compounds and widely used for pharmacological therapeutic efficacy. The contents
of those alkaloids have varied from season to season during developmental stages.
Moreover, bacopaside and bacoside a lead biomarker molecule (as anti-dementia
molecules) content is maximum yield, if brahmi (Bacopa monnieri) leaves are
plucked in August months (Munish et al. 2013).

If Muhlenbergia glomerata leaves are collected during the sunny daytime, then
the lead bioactive coumarin content would be obtained as larger amount. Because
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longer sunlight in daytime favors the significant accumulation of coumarins in
M. glomerata leaves and stem. The coumarin content accumulation is significantly
affected by the photoperiod and sunlight intensity in leaves and stems (Castro et al.
2006). Similarly, Digitalis leaf’s cardiotonic glycoside digitoxin A, B, and C would
be obtained as highest quantity, if the leaves are collected in daytime in presence of
sunny light, because sunlight triggers the digitoxin biosynthetic pathway production
rate. So, the light intensity and photoperiod has significant role on the accumulation
and biosynthetic production of primary and secondary metabolites (Kokate et al.
2008; Jacobsohn and Jacobsohn 1976).

Edible shoots of Buck’s-beard [Aruncus dioicus (Walter) (Rosaceae)] contain the
cyanogenic compound prunasin, if the leaves of the plants are plucked in vegetative
stages during plant development. Interestingly shoots could not be used for cooking
purposes any longer, after first mature green development (Fusani et al. 2016).

Henceforth, the optimum harvesting time of the primary and secondary
metabolites, diurnal variation, optimized annual seasonal collection time, and
exact time of plucking of crude drugs during the plant developmental stages need
to be taken simultaneously into full consideration; otherwise the active ingredient’s
composition or yield would be different from reference data and may transform or
degrade. It might be due to modification in the enzyme activity in metabolite
biosynthetic pathway following an irreversible path, so once converted into another
compound, previous compound becomes absent from the tissues (Shukla et al. 1996,
2006). Moreover, commercial supplier should provide reliable and exact data
regarding the above-cited factors to the industrial chemist and lab research during
the supply of any bioactive traditional plants or herbs as raw materials. If the chemist
and researchers obtain satisfactory data regarding the collection profiles from sup-
plier, then the impressive standardization may be followed for future reference, and
patient may get reproducible therapeutic effect irrespective of batches of the
formulation.

18.2.1.4 Impact of Soil Quality on Production of Secondary Metabolite
Production

Another important abiotic factor, i.e., soil quality, also regulates the production,
yield, and quantity of primary as well as secondary metabolite and their accumula-
tion in the respective plant-organized tissues. Favorable soil quality for cultivation
and growth of the plants functionally depends on the soil salinity, flooding, and low
soil temperature, soil composition including mineral nutrients, heavy metals, soil
pH, soil microbial actinomycete diversity, etc. Earlier reports suggest that low soil
moisture and water contents reduce the bioactive anti-oxidant polyphenolic yield in
tea beverages. The soil water percentage, i.e., 54 in respect to field capacity, may
render the optimum level of aromatic phytoconstituents in the tea extract. Increasing
level of aluminum and selenium in the soil may influence the catechin, polyphenols,
and essential amino acid production positively (Ahmed et al. 2019). Earlier reports
suggested that eco-friendly actinomycete bacteria-enriched soil profoundly
increased the production rate of secondary metabolites from the economically
important cornflakes (wheat, barley, oat, maize, and sorghum) and their
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photosynthesis, growth, and grain yield. This type of fertile soil improved vitamins,
amino acids, and organic acids contents in grains through novel approach of organic
farming (Hozzein et al. 2019). High concentration Na+ in soil causes soil stress by
increasing salinity that may uprise the primary or secondary metabolite accumula-
tion in the plant tissue. Because report supported that Solanum nigrum (Solasodine),
C. roseus (indole alkaloids), and Achillea fragrantissima demonstrated noteworthy
rise in alkaloid content in the plants exposed to salt stress. The increase in the content
of phenolic acid in the plants of A. fragrantissima was observed too under soil
salinity-induced stress condition (Abd El-Azim and Ahmed 2009; Said-Al Ahl and
Omer 2011). Mineral contents like soil phosphorous (Nell et al. 2009) and aluminum
(Khalid 2006) enhance the PSM contents and their tissue accumulation like
hypericum’s flavonoid and total phenolic and rosmarinic acid (RA) concentrations
of holy basil through modulating the enzymatic activity of plant biosynthetic
pathway.

Furthermore, elevated soil pH significantly could reduce the chances of accumu-
lation and up taking of toxic heavy metals like Ni, Cu, Pb, Cd, mercury, and arsenic
in edible vegetables. This could be very detrimental for consumption and create
enormous health hazards (Bai et al. 2016; Hu et al. 2017); on the other hand, soil
micronutrients like Fe, Zn, Cu, Ca, Mg, Se, etc. may enhance the plant metabolite
production of protein and polyphenols, whereas soil ammonia and phosphorous
increase the production rate of flavonoids and alkaloids in plant tissue (Shitole and
Dhumal 2012; Azizi and Dias 2004).

Soil water is key modulator for optimum biosynthesis and transportation of PSM
and nutrients through the plant parts. Under drought condition or deficiency of
groundwater soil, plants face the aqueous scarcity limiting the transpiration and up
taking of water into plant tissue to carry out the enzymatic biosynthesis of PSM and
other nutrients. It normally hampers the plant physiological process; plant growth
and photosynthesis may be due to stomatal blockage, disrupted ATP synthesis, and
membrane damage. Thus, it reduces the PSM and nutrient production in plants due
to lowered photosynthetic rate. Scientific reports suggest that aqueous stress leads to
reduce the essential oil contents of plants, total flavonoids content in G. longituba,
hypericin, and pseudohypericin content in H. perforatum (Razmjoo et al. 2008;
Zhang 2012). However, water scarcity under drought stress increases the amount of
few PSM like artemisinin, botulinic acid, quercetin, and rutin in bioactive herbs
(Artemisia annua, Hypericum brasiliense) (Zobayed et al. 2007).

The study illustrates that ideal soil quality with optimized soil pH, soil nutrient
composition, soil water capacity and its content, and salinity should be considered
for eco-friendly and productive harvesting of herbs, edible vegetables, and crops for
obtaining optimized active constituents. Otherwise the after-formulation develop-
ment and the active constituent’s composition would be diversified in fixed dose
from batch to batch that could lead to undesirable biological effect at reference
therapeutic dose.
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18.2.1.5 Impact of Processing and Extraction Method on Plant
Secondary Metabolites

After collection of raw herbs, crops, and vegetables, the way how those are
processed and extracted are important triggering factors for obtaining the optimum
standard composition of active constituents for natural drug and nutraceuticals
development. The effective health benefits and biological effects of the herbal and
nutraceutical formulation also depend on the processing and adopted techniques of
extraction (Jacobsohn and Jacobsohn 1976). As, for example, post harvesting of tea,
way of processing like withering, oxidation, drying influence the polyphenols,
catechin, and flavonoid contents of the samples. Less oxidized and withering for
2 h of post collected tea gives maximum non-hydrolysable tannins and saponins and
flavonoids content (Tanaka et al. 2002). Maximum quantity of bioactive metabolites
such as polyphenol, flavonoids, tannins, etc. are accumulated in coffee beans, if it is
processed via dry and wet processing techniques (De Bruyn et al. 2017).

18.3 Proper Method of Standardization and Characterization
of Collected Medicinal Plants

18.3.1 Different Challenges Created Due to Variation
of Phytoconstituents and Its Probable Management

As we discussed above that when we concern about the natural drug development
from traditional herbs and spices or aromatic plants in the form of bioactivity-guided
fractions or crude extract, then serious issues like climatic change of the same place,
as well as weather variation of different location may hamper the quality and
reproducibility of the plant extract-based formulation at fixed dose. Because
ayurvedic and herbal formulation consist of versatile phytocompounds along with
lead marker in a fixed dose with different ratio and composition, which may
intensely be varied due to climate change, geographical variation, and annual
plucking time variation. This outcome may change the ratio of different active
phytoconstituent’s composition and yield of marker compounds; however total
weight or volume of the crude extracts is constant in the formulated dose. As a
result, the lead marker compounds yield out of total crude extracts would be either
lesser or greater. The actual amount of the lead phytocompounds, for which the
biological efficacy mainly exhibited, is deviated from the desirable reference dose. If
the quantified dose of the lead phytocompounds is higher than the reference value,
then possible toxic effect or side effect may be raised. In contrast, if the quantified
dose of the lead phytocompounds in the formulated herbal dose is smaller than the
reference standard value, then patient would not get the optimum pharmacological
response for therapeutic management, even after taking full course of dose regimen
as per prescribed value of herbal medicines. This awkward outcome could be an
upsetting for natural drug discovery approaches. These challenges should be handled
carefully for developing an effective, safe, and reproducible phyto-drug formulation
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batch to batch. Following approaches may need to be considered during or before
formulation development.

1. Ideal and favorable climatic factors require to be selected for plant cultivation.
The optimum rainfall, moisture content, soil water and salinity stress, soil pH,
soil-friendly microbiome status, environmental temperature, soil temperature,
and altitude of plantation for harvesting need to be chosen before initiation of
harvesting for the suitable cultivating place, where the medicinal or crops could
be grown with all desirable phytoconstituents yield.

2. The tribal folk plants should not be migrated in other places from their original
cultivating region. If such practices are undertaken, then alteration of
phytoconstituents composition and yield may change the biological effect of
the formulated herbal dose due to climatic change related issues.

3. Agricultural farmers and suppliers should provide the relevant details of the
cultivating places and collection time to the herbal pharmaceutical chemist or
industrial quality control analyst to avoid the error or faults in the formulation
standardization in respect to dose-oriented biological response for the fruitful
treatment of target diseases. The collection time and place-related data also guide
the chemists for future characterization of the same herbs from different batches
as reference data.

4. If the medicinal plants collected from different harvesting region are used for
formulation development, then the HPLC profiles of the same plants as per
collection places need be characterized and kept in the fingerprinting library as
reference standard. These approaches may help the analytical chemists to stan-
dardize the new sample of same herbal plants through finger printing matching
with reference HPLC chromatogram. Thus, the interpreted results could have
solid basis for accepting or rejecting the raw herbs toward the further formulation
development.

5. Proper processing techniques such as drying time, drying temperature, moisture
contents of the crude drugs, and suitable extraction techniques need to be
followed and adopted for phytoconstituent-based herbal drug development.
This tactic may give the effective and safe herbal drug formulation with repro-
ducible results irrespective of batches.

18.4 Discussion and Conclusion

Herbal drugs and nutraceutical formulation development are significant alternative
approach for prevention, management, mitigation, and cure of the functional or
microorganism invading diseases, where mainline allopathic drugs are nowadays
being offered a series of health hazards including ADR and side effects. Moreover,
there is no permanent cure is possible via such treatment regimen. Whereas,
bioactivity-guided fraction or crude drug extracts formulated from traditional herbs
and medicinal aromatic plants may give much more potential and effective
biological effect subjected to proper scientific standardization following the
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above-cited guidelines. They may provide better, effective, and safe therapeutic
efficacy due to the synergistic action and complementary effect elicited by the
homogeneous composition of pre-standardized active chemical constituents of
herbal samples.
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Abstract

In the current scenario of medicine, products from natural source have been
significantly contributing towards the therapeutic approach in the treatment of
disease ailments ranging from simple to complicated ones. The World Health
Organization has stated that approximately 80% of the global population rely on
herbal medicines/products for their healthcare benefits. But in many cases, the
utilization of herbal products as medicine has slowed down due to their lack of
standardization involving botanical, chemical and biological (activity/toxicity)
aspects. Standardization of medicinal plants and its active constituents has been
the major event in the field of plant science involving ethnopharmacology,
phytomedicine and pharmacognosy. The conventional or traditional
standardization method of medicinal plant research is a cumbersome process,
expensive, time-consuming and to a less extent outdated. Hence, a computational
technique incorporating in silico molecular docking simulation study has become
an essential tool for drug discovery, standardization and screening of
phytochemicals. In this chapter, a comprehensive information have been
discussed on the approach, significance and application of molecular docking
study towards the ligand-protein interaction taking examples of pure active
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phytoconstituents (as ligand) against the targeted protein for therapeutic
screening.
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Drug discovery

Abbreviations

3D Three-dimensional
Lys Lysine
Ala Alanine
Met Methionine
Ans Asparagine
NMR Nuclear magnetic resonance
Arg Arginine
PDB Protein Data Bank
BBR Berberine
Phe Phenylalanine
Cys Cysteine
Pro Proline
Glu Glutamine
Ser Serine
Gly Glycine
Thr Threonine
His Histidine
Trp Tryptamine
HTS High-throughput screening
Tyr Tyrosine
Ile Isoleucine
Val Valine
kcal/mol Kilocalorie per mole
ADME/T Absorption, distribution, metabolism, excretion and toxicity
Leu Leucine

19.1 Introduction

Since time immemorial, medicinal plants have been utilized as a valuable source for
the production of numerous therapeutic agents, and they are still contributing
significantly as a major source of medicines to counter the demand. As there are
many limitations related to the natural product-based drug discovery, the pharma-
ceutical industry has primarily focus towards the synthetic molecule libraries and
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high-throughput screening (HTS) for the discovery of new leads. However, the
results obtained from those trials did not produce promising results that meet with
the expectations, which were evident through a consistent decline in the number of
new drugs reintroduced into the market (David et al. 2015; Kingston 2011; Scannell
et al. 2012). Such circumstance again encourages the researchers working in the field
of natural products to develop new leads from natural origin, despite its high
complexity and involvement of interdisciplinary research approaches (Heinrich
2010). The first scientific drug discovery started from the nineteenth century, when
the famous German apothecary ‘Friedrich Sertürner’ created history by successfully
isolating a sleep inducing agent and pain reliever compound ‘morphine’ from opium
and named it ‘morphium’ after the Greek God of dreams, ‘Morpheus’ (Sertürner
1817). Later, following decades of the nineteenth century, such discovery triggered
many eminent researchers of the world to examine other medicinal herbs by isolating
many potent bioactive natural compounds, including alkaloids like codeine, quinine,
colchicine, cocaine, nicotine, caffeine, capsaicin and atropine from their respective
natural sources (Corson and Crews 2007; Kruse 2007; Zenk and Juenger 2007).
Further, to facilitate the quantitative production of natural products at higher per-
centage yield with lower costs, research was extended by means of chemical
synthesis, and the best example was the successful synthesis of the first natural
compound ‘salicylic acid’ in 1853 (Kaiser 2008). Another revolution in the drug
discovery from microbial sources was initiated in 1930s, which is attributed with the
discovery of penicillin, which is till date of pharmaceutical importance (David et al.
2015). Despite in recent times with the growing dominance of combinatorial chem-
istry and study on HTS, the impact of the drug discovery process from natural
products still remains valuable, whereby out of 1073 new chemical entities approved
between the year 1981 and 2010 from the classes of small molecules, only 36%
belongs to purely synthetic category, while more than half of the drugs were
retrieved from natural resources (Newman and Cragg 2012). In fact, some of the
natural products which are derived from plant source have become very essential for
modern therapeutics especially to treat cancer; and some of the potentially active
plant components of great demand include paclitaxel and its derivatives from
Himalayan yew (Taxus baccata L.), camptothecin from Camptotheca acuminate
Decne., and vincristine and vinblastine from Catharanthus roseus (L.) G. Don.
(Cragg and Newman 2013; Kinghorn et al. 2011).

19.1.1 Approaches for Drug Discovery from Natural Resources

The selection criterion for starting material during drug discovery from natural origin
is a very critical and important step, for example, if the extracts, its bioactive
fractions, or isolated compounds under investigation are collected from their
originating source or from areas with very high biodiversity and abundance, and
may have better bioactivity as the chemical variety directly reflects the biodiversity
of their source organisms (Henrich and Beutler 2013). Further, a knowledge-based
collection of raw material can also be applied, which may help us in identifying the
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potential bioactive molecules from a very less number of test samples using some
selected and authentic pharmacological assays. The approach is based on systematic
ethnopharmacological knowledge, where the use of traditional medicinal plants
plays a critical role in the selection of test material under investigation. Another
approach for selection of plant material includes chemosystematic or phylogenetic
characterization, by using molecular phylogenetic data and chemotaxonomic knowl-
edge, which helps in selection of authentic plant species from identified genus and
families having compounds or classes of compounds with certain therapeutic uses in
a targeted manner. The ecological approach can also be one of the criteria for
selecting the plant material that depends on the interactions between organisms
and their original environment, which results in production of bioactive natural
molecules (Atanasov et al. 2015).

In recent years, computational knowledge-based approach has gained immense
value in selecting plant material for drug discovery having a very high likelihood of
biological activity with very high success rates. Molecular docking simulation
studies help us in understanding the binding characteristics between protein and
ligand for a molecular structure, especially in case of known phytoconstituents.
Phytoconstituents showing significant results in in silico model predictions can be
selected as most prominent starting materials for investigation (Hein et al. 2010),
thus focusing on the main phytoconstituents of herbal therapy in addition to any
other natural compounds with relevant biological activity retrieved from the litera-
ture (Rollinger et al. 2009).

Virtual screening based on pharmacophore is also one of the highly demanded
computational methods (success rates between 2 and 30%), which includes a 3D
arrangement of physicochemical characteristics related to the formation of H-bond
between the donor and acceptor, incorporation of hydrophobic areas and involve-
ment of aromatic ring which represents the interactions between a ligand molecule
with that of the targeted protein (Zhang et al. 2011; Hein et al. 2010). Molecular
docking studies are widely and frequently used computational approach for
elucidating the preferred mechanism of action and also to rationalize the observed
structure-activity relationships (SAR) of natural compounds by accurately predicting
their position within the protein binding pockets and also help to estimate the
probable strength of the binding by providing a docking score (Waszkowycz et al.
2011).

19.1.2 Limitations Associated with Natural Product Drug Discovery

Correct identification and nomenclature of medicinal plants is one of the major
issues related to natural product’s authenticity as these are the very first step
associated with the discovery of natural products. Therefore, it is essential that the
medicinal plant under investigation should undergo both genetic and chemical
analyses along with their morphological and histological characterization (Bucar
et al. 2013). Incompetency in sharing of knowledge by the traditional healers or
tribal people from various tribes and rural areas of globe regarding the use of
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medicinal plant is also a major issue in exploration of new medicinal plants and its
therapeutic potential. Availability of starting material and the yield of the natural
product derived from the starting material is also one of the areas of concern.
Generally, it has been observed that the yield of the bioactive natural compounds
is found to be very low and is quite insufficient for carrying out various biological
activities. The problem of low availability of active biomolecule from natural
products becomes more critical, if the molecule shows very high promising activity,
which needs to be further evaluated in developing it as a pharmaceutical lead (David
et al. 2015).

In case of highly potent herbal plant or drug, their extensive wild crafting and
unsustainable harvesting techniques for collection has resulted in its depletion from
the society to a very high frequency. The most common example includes ‘Taxol
supply crisis’, where it showed remarkable clinical efficacy in ovarian cancer that
resulted in a very high demand of the compound, which was obtained earlier from
the barks of Taxus brevifolia L. This resulted in unethical and an irrelevant collection
of the barks which ultimately raised concerns over the ecological impact on the
methods of collection (Kingston 2011).

The quality of medicinal plants and its composition is also a very essential
criterion for proper assessment of the therapeutic claims of the plant-derived drug.
The main factor contributing towards the quality and composition includes correct
species identity and right harvesting time along with actual climate, altitude,
processing, storage conditions and type of extraction techniques (Bucar et al.
2013; Jones and Kinghorn 2012).

Another challenge in drug discovery from natural product includes the incompat-
ibility of natural products with HTS, which are basically conducted incorporating
cell-based or cell-free bioassays. This requires a comprehensive strategy of accuracy,
robustness, reproducibility and reliable sample handling systems, where the test
compound must not precipitate and decompose or should not interact with the
components of assay, which is very rare in natural products (Coan et al. 2011).
Further, it is also very difficult to identify the specific mode of action of medicinal
plant extracts or bioactive fractions as they are composed of multicomponents. In
addition, studies related to interaction of drug molecule to that of molecular targets
are still very less explored. Rigorous clinical trial required for getting approval of
phytoconstituents as drug candidate is also one of the major areas of concern due to
lack of industrial support, which may be attributed to the high cost and time involved
especially in case of those compounds which cannot be synthetically modified
(Corson and Crews 2007).

19.1.3 Initiation in In Silico-Based Drug Discovery

It has been observed for many years that drug discovery and their development are
considered to be a time-taking as well as resource-consuming method. To minimize
these time and resources, efforts have been taken by researchers by application of
computational technique in combination with chemical and biological space; and
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this has significantly attributed with streamlining drug discovery, development,
design and their optimization. In scientific fields such as biomedical engineering,
utilization of computer-aided drug design virtually helps to accelerate and validate
the process of drug discovery. Such technique helps to facilitate identification of hit,
hit-to-lead selection criterion, optimization of absorption, distribution, metabolism,
excretion studies or toxicity profiling (ADME/Tox), and safety issues (Singh and
Sharma 2011). The commonly and conventionally used computational approaches
in in silico studies include quantitative structure-activity relationships as well as
ligand-based and structure-based drug design. The applications of such structure-
based design are implied quite early for optimizing the leads into drugs in the drug
discovery and development process. Generally, protein structures are used for
selection and target identification by assessing their ‘druggability’ or tractability of
targets for searching the hits either by virtual screening or by fragmentation screen-
ing process. Thus, we may assume that the critical role of structural biology in drug
discovery and its optimization will always maintain its priority forever (Singh and
Sharma 2011; Rollinger et al. 2006).

Most of the drugs available in the market were either discovered from chance
observations or from screening the libraries available for natural and/or synthetic
product. Natural products obtained either in the form of pure isolated compounds or
as standardized extracts have always provided unlimited opportunities for the search
of new drug leads due to their diverse chemical nature. The phytoconstituents
undergoing chemical modification on the basis of trial and error have typically
resulted in a higher selectivity and bioavailability along with improved potency
and reduced toxicity of the compounds under investigation. However, such approach
is highly laborious and time-consuming; therefore scientists from the relevant sector
are continuously developing new methods for enhancing the efficiency of the
process related to drug discovery (Giersiefen et al. 2003). The rationale behind the
protein and structure-based drug discovery chiefly depends on the functional identi-
fication of the basic chemical structure of the targeted protein, which is being
followed by the hypothetical ligand prediction for the target protein from molecular
modelling and subsequent chemical and biological assays of the compounds. This
has resulted in a vast increase in the data collection of the Protein Data Bank (PDB,
http://www.rcsb.org/pdb); however, only 1–2% 3D structure of all known proteins
till date have been experimentally characterized (Berman et al. 2000; Hein et al.
2010; Atanasov et al. 2015).

However, recent advances in the field of fold recognition, sequence comparison
and protein modelling algorithms has minimised the so-called sequence-structure
gap up to a great extent and has also enabled the extension of experimental protein
structure information to homologous proteins. The advancement in threading
procedures has helped in correlation of the protein sequences available in the library
of known structures and has enabled identification of the probable protein fold even
when there is no clear sequence homology. The quality of homology models and
their applications in discovering drug largely depends on the similarity of sequence
between the known structured proteins taken as a template and the targeted proteins.
Recent studies have reported that homology modelling has proven to be significantly

376 D. Laloo et al.

http://www.rcsb.org/pdb


advantageous in proper identification, validation and optimization of drug targets of
lead compounds (Fig. 19.1) (Rollinger et al. 2006; Atanasov et al. 2015).

19.2 Molecular Docking Studies

In the last two decades, computational methods are extensively used in the study of
the complex formation particularly at intermolecular level in the field of scientific
research. With the well establishment of the fact that the activity of a drug depends
on its binding capacity towards its specific target and along with the advancement in
technology, computational methods of drug discovery have gained extensive popu-
larity in the field of scientific research in the last few years. The drug molecules while
binding to the target site exhibits close geometric and chemical complimentary
properties, and the computer-based method of finding such properties of a test
molecule towards the target is known as ‘molecular docking’. Further, this kind of
drug design methods that utilizes known structural properties of receptors in finding
new drug is called as ‘receptor-based drug design’. With the main target to find out
newer small molecules with probably less toxic properties and greater drug
likeliness, molecular docking became a vital and essential tool in the field of drug
design and drug discovery system (Krovat and Langer 2005; Lengauer and Rarey
1996).

During the molecular docking program, the initial requirement is to obtain the
three-dimensional structure of the target molecule. In general, the target is chemi-
cally a protein molecule; this three-dimensional structure is obtained from different
biophysical-based techniques such as NMR spectroscopy and X-ray crystallogra-
phy. The three-dimensional structure of both the protein and a set of ligands is used
as the initial input to a docking protocol (Fig. 19.2). Search algorithm and scoring

Fig. 19.1 Schematic flowchart of in silico intervention in drug discovery
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function are the main key components of docking program on which its success
depends upon. Both search algorithm and scoring function work parallel to find out
the minimum energy binding complex.

Search algorithm: It works to find out the energetically more suitable conforma-
tion or binding pattern of the ligand-receptor complex. Different simulation
techniques are applied for this purpose such as simulated annealing, molecular
dynamics, stepwise bond rotation, Monte Carlo simulation, genetic algorithm, tabu
search, etc. The prime goal of all these simulation techniques is to identify the most
stable and suitable site by calculating the lowest binding energy conformation of the
receptor-ligand complex (Meng et al. 1992).

Scoring function: It is a parameter which selects the most suitable conformation
of the ligand-receptor interaction as an input, whereas, a score is generated as an
output. The input is also known as ‘docking pose’. Three main and important scoring
functions employed in docking applications are listed below:

• Force field-based scoring
• Empirical scoring
• Knowledge-based scoring

In force field-based scoring function, the binding affinity of the ligand towards the
target molecule is calculated by adding up the strength of different non-covalent
interactions such as electrostatic and van der Waals interactions, H-bond energy,
intramolecular strain of the ligand and the target, desolvation energy, etc. Same way
the numbers of ligand and receptor atoms in contact with each other are counted in
case of empirical scoring functions. PLP, ChemScore and the FlexX are some
common examples of empirical scoring functions. Based on the statistical
observations of intermolecular close contacts in 3D database, knowledge-based
scoring functions are assigned. The potential of mean force (PMF) score is an
appropriate example of a knowledge-based scoring function (Kitchen et al. 2004;

Fig. 19.2 Sample demonstration of molecular docking simulation study
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Wei et al. 2004). The information supplied in Table 19.1 represents the best
examples of different software’s incorporated for molecular docking of compounds.

19.2.1 Approaches and Applications of Molecular Docking Studies

In the case of molecular docking studies, there are primarily two different types of
approaches which are basically followed. They are as follows:

19.2.1.1 Molecular Simulation Approach
Here the chemical substance taken as a ligand molecule is allowed to bind with the
amino acid active site of the targeted proteins. The ligand molecule in its different
conformations moves within the target in search of the active sites for binding
purpose. Molecular simulation then predicts the ligand conformation and orientation
that is best suited to the active site. Each and every orientation/conformation the
ligand binds with the receptor, the free energy is calculated. And then best on the free
energy, the most suitable conformation and binding pose of the molecule is assigned
(Totrov and Abagyan 2008; Wang et al. 1999).

19.2.1.2 Shape Complementary Approach
In this approach of molecular docking, shape recognition algorithms are used. These
shape recognition algorithms search for the perfect shape complementary happening
between the ligand taken as a small molecule and the targeted protein. Based on the
shape complementary, a score is provided, and binding capability of the ligand is
assigned (Shoichet et al. 2002).

Table 19.1 Software used in molecular docking study

Software Conformational searching method Scoring function

AutoDoc Genetic algorithm Empirical

DOCK Incremental construction Force field

eHITS Exhaustive systematic Knowledge-based/eEmpirical

FLexX Incremental construction Empirical

FRED Shape matching Gaussian/empirical

Glide Incremental construction Empirical

GOLD Genetic algorithm Force field

HammerHead Incremental construction Empirical

ICM Monte Carlo simulation Force field/empirical

LigandFit Shape matching/Monte Carlo simulation Empirical

QXP Monte Carlo simulation Force field
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19.2.2 Applications of Molecular Docking

At the molecular level, interaction between a ligand and a targeted enzyme not only
signifies the process of activation or inhibition, but it also allows the researcher to
understand about the mode of binding suitability of the ligand-enzyme complex.
Similarly, if the macromolecule is a receptor, then it may result into agonist or
antagonist. Therefore the final biological activity can only be predicted by molecular
docking studies, but cannot be determined as it shows only about the interaction of
the ligand and the target. It does not refer anything about the type of biological
activity. Based on this criterion docking method can be applied for hit identification,
for lead optimization and even for drug DNA interaction.

Hit identification: Molecular docking incorporating proper scoring function is
used to find out a potent hit molecule from a set test molecules using in silico studies.
If the target structure is known, it becomes very easy to find out probable potent
molecule by employing molecular docking techniques (Gschwend et al. 1996).

Lead optimization: Molecular docking methods further can be used to modify the
hit molecules to have a superior ligand with more affinity towards the target and
probably with less toxicity. This method is used in the design of newer potent and
effective ligand (Ferreira et al. 2015).

19.2.3 Significance of Molecular Docking Studies over Conventional
Standardization Methods Towards Plant-Derived Molecules

Standardization of medicinal plants and its active constituents has been the major
event in the field of plant science involving ethnopharmacology, phytomedicine and
herbal medicine. The conventional or traditional standardization method of medici-
nal plant research is a cumbersome process which involves the extraction of active
constituents (plant extracts), fractionation process, qualitative and quantitative iden-
tification, isolation and characterization and finally screening of the overall isolated
phytoconstituents for pharmacological activity (forward pharmacology). In addition,
when numerous phyto-components have been isolated from one single plant, then
screening process for pharmacological activity of the most active molecule from a
pool of numerous compounds is a colossal problem, and this will lead to the
utilization of a huge number of animals for experimentation. In general, the entire
research process to systematically evaluate the pharmacological activities of huge
numbers of active ingredients is time-consuming and expensive and may not gener-
ate reproducible result outcomes. Hence, there is a need to develop a quick, effective
and convenient screening technique to accurately predict the activity of a small
potential group of active molecule(s) from a large pool of inactive chemical
compounds which can be subjected for further in vivo or in vitro assays. Reverse
pharmacology in combination with computational screening technique is one good
example for fast screening of active molecule from a pool of inactive ones
(Fig. 19.3). With the great advancement in science and technology, the concepts
of utilizing the virtual screening technique involving in silico technique have paved
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ways to correct and update the limitations of the conventional screening methods for
both synthetic and natural products. Molecular docking studies are virtual computa-
tional method which is widely used in the development and drug discovery system
with great significance to predict the ligand-protein binding property and ADME/T
properties, elucidating the molecular mechanism of action, and to rationalize the
structure-activity relationships of natural products (Atanasov et al. 2016).

19.2.4 Other In Silico Virtual Screening Methods

19.2.4.1 Pharmacophore Modelling
Pharmacophore modelling has become one of the widely accepted methods in the
field of drug design and discovery. Such method helps in predicting the capability of
test molecules to bind with the receptors at active site. Pharmacophore is a cluster of
all the features (both steric and electronic) which the molecule possessed to func-
tionally bind with the desired target. The assembly of characters can be created either
by comparing the common properties of a set of similarly active molecules or by
mapping the geometric and electronic properties of a bound ligand at the active site.
In both the above cases, features like the H-bond donor, H-bond acceptor, aliphatic
chain, aromatic or lipophilic group, presence of acidic or basic group and presence of
charge on the molecules are considered; and this logical molecular representation
entity is used in the software packages to find out potential binder to a target.
Commercial software packages like LigandScout (Wolber and Langer 2005) and

Fig. 19.3 Significance of in silico techniques in reverse pharmacological approach
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The Pocket v.2 (Chen and Lai 2006) use such similar algorithms in protein-ligand
complex data to chart interactions between ligand and target.

Both the leading methods of virtual screening, i.e. molecular docking and
pharmacophore modelling, have been extensively used in finding newer ligands.
Best examples is the study in 2008 conducted by Pierce and his associates where the
discovery of the four potential anticancer candidates happened by incorporating the
molecular docking screening techniques from a library of databases consisting of
over 700,000 molecules (Pierce et al. 2008). In an another study, Allen and his
associates screened six millions of commercially available compounds using virtual
screening methods, and a total of 24 molecules were selected and tested in BRD4
and EGFR biochemical assay (Allen et al. 2015).

19.2.4.2 Molecular Similarity Screening Method
Screening molecules on the basis of molecular similarity is a logical method and has
been widely used in the field of drug discovery. As per this concept, two molecules
may share similar physical properties and biological activities if they have got
similar chemical properties. This concept of similarity between the molecules and
their properties has been utilized in drug discovery to screen a large database of
molecules (Armstrong et al. 2010).

Descriptors for Molecular Similarity Calculations
A significant number of descriptors are categorized and are now widely used in
molecular similarity search and calculation in drug design. The descriptors can be
based on molecular graph and the wave function of molecules or even based on the
conformational molecular shape. Molecules are then compared in three stages,
including (a) chemical space representation of molecular structures, (b) feature
assigning (this step is optional) and (c) comparison of the structures. This description
can be constitutional, topological, geometrical, electrostatic and even quantum
chemical based on the requirement of the studies. Some common descriptors used
are like molecular weight, LogP, refractivity, polarizability, hydration energy, sur-
face area, volume, EHOMO, ELUMO, total energy, electronic energy, heat of forma-
tion, dipole moment, etc. (Zauhar et al. 2013; Venkatraman et al. 2009; Goldman
and Wipke 2000).

19.3 Molecular Docking Study of Some Potential Active
Phyto-molecules Towards Pharmacological Targeted
Proteins/Enzymes

For the past decade, there has been an extensive and profound research happening on
plant active constituents incorporating in silico virtual screening techniques. In silico
molecular docking technique is the most valuable tool utilized by many research
scientists to investigate and understand the nature of the active site of the protein and
also to corroborate the binding interactions between ligands and targeted enzymes/
receptors. Molecular docking techniques predict binding properties at the molecular
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level, which include the energy profile (binding free energy) and by incorporating
scoring function to predict the strength and stability of complexes in terms of binding
affinity and binding constant (Agarwal and Mehrotra 2016). The free energy for
ligand binding is taken as the reference parameter to compare the binding properties
of the other unknown ligands and the possible inhibition or activation of the targeted
protein/enzyme/receptor. The amount of energy liberated upon the binding affinity
between a ligand to its enzyme/protein/receptor is a direct criterion to measure the
stability of the complex, which designates how strongly a ligand may produce
inhibitory effects towards its target (Mazumder et al. 2019). The utility of molecular
docking study to screen the active components from plants against the virtual design
pharmacological targeted protein/enzyme has paved ways for the scientist to predict
the ligand-substrate interaction. The inclusion and application of virtual
standardization process in natural product chemistry will provide precise results
for the proper identification of natural lead molecules at the molecular level. The
following are some of the best examples of in silico standardization techniques
incorporating molecular docking simulation studies taking plant active constituent
(s) as ligand and virtually docked with the targeted protein/enzyme/receptor.

19.3.1 Caffeine

Caffeine (1,3,7-trimethylpurine-2,6-dione) is a purine alkaloid which is famous for
its psychoactive stimulant activity in the brain. It has a wide array of pharmacologi-
cal efficacy which includes respiratory, cardiovascular, renal, smooth muscle effects
and also CNS stimulant activity with significant effects on moods, memory, alertness
and cognition [Institute of Medicine (US) Committee on Military Nutrition Research
2001]. In contrast to in silico study, there are many research studies published on the
interaction of caffeine scaffold and its analog(s) against various targets such as
monoamine oxidase (MAO), caspase-3, collagenase, elastase, tyrosinase, acetylcho-
linesterase (AChE), MAP kinase, etc.

19.3.1.1 Interaction with Caspase 3
Caspases are mediators which are responsible for programmed cell death (apopto-
sis). Caspase-3 an enzyme of the endoproteases family has a potential role in
regulating the various phases of inflammation and apoptosis signalling networks
(Porter and Janicke 1999). Recently, a molecular docking simulation study of
caffeine molecule versus caspase-3 was reported by Erukainure and associates
(2019) using the AutoDock Vina software. Results revealed that caffeine strongly
binds with caspase-3 enzyme, thereby showing higher binding energy of �5.0 kcal/
mol. Caffeine forms conventional H-bond with amino acid Arg-B:207, π-π T-shaped
interaction with amino acid His-A:121 and alkyl interaction with Trp-B:204 and
Cys-A:163. Thus, the strong interaction of caffeine with Caspase-3 signifies poten-
tial anticancer activity.
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19.3.1.2 Interaction with Chk1 Receptor
Chk1 receptor is the main target in epithelial cancer where alkylxanthines actively
bind with. Incorporating AutoDock 4.2.6 software, da Silva Costa and associates
(2018) reported that caffeine has potential binding efficacy with such receptor via
carbon-hydrogen bond associated with Chk1 amino acid residue Glu-85 and Cys-87
and π-σ bond with that of Leu-15. The binding free energy of Caffeine-Chk1
interaction was reported to be �5.14 kcal/mol. Such binding potential signifies the
inhibitory action of caffeine against the epithelial cancer.

19.3.1.3 Interaction with Monoamine Oxidase
Monoamine oxidase (MAO) an enzyme found in the mitochondria is involved in the
process of catabolism and breakdown of biogenic amine neurotransmitters such as
serotonin, dopamine, norepinephrine and epinephrine. In humans, two isoenzymes
of MAO have been identified, including MAO-A and MAO-B. Both the isoenzymes
have different locations in the body and specific substrates binding to them (Markey
2007). As per the literature, structural modification at C-8 position substitution of
caffeine with an array of moieties yields potential MAO inhibitors (Petzer et al.
2013). Caffeine binds with both the MAO subunits at different active sites of amino
acids. There is an H-bond interaction between the carbonyl oxygen at the C-6
position of the caffeinyl ring with that of the phenolic hydrogen of Tyr-435 in
MAO-B, and H-Bond interaction also takes place between the carbonyl oxygen at
C-2 of the caffeinyl ring with that of the phenolic hydrogen of Tyr-444 in MAO-A.
Such binding was evaluated incorporating AutoDock 4.0 software. The molecular
interaction results signify that caffeine may contribute as potential MAO inhibitors.

19.3.1.4 Interaction with Human Serum Albumin (HSA)
HSA is the most abundant protein in human serum with a negatively charged surface
and is basically comprised of three homologous domains—I, II and III. HSA
comprises of 585 amino acids with 17 disulphide bonds, thereby forming 9 structural
loops. Islam and associates (2016) as well as Wang and associates (2013) incorpo-
rate the fluorescence quenching technique and reported the positive interaction of
caffeine with HSA subdomain IIA via Trp-214 amino acid residue binding site of the
protein. In addition, amino acids such as Leu-198, Leu-481, Ser-202, Ser-454,
Phe-211, Lys-199, Trp-214, and Val-344 also form stable hydrophobic pockets in
a subsite A of the HSA protein. This probably facilitates the strong hydrophobic
interaction between the pyrimidine ring of caffeine with that of the amino acid
Trp-214 via aromatic group stacking. The docking study was ascertained using
GOLD docking suite 5.1.

19.3.1.5 Interaction with MAPK-1 (Mitogen-Activated Protein Kinase)
MAPK is a category of protein kinases, which play an essential role in signal
transduction, and it is involved in distinct biological events such as cell proliferation
and differentiation, immune cell function, motility, metabolism, survival and apopto
sis. Inactivation of MAPK may result in a serious defect related to cell lysis, which is
particularly attributed to a deficiency in cell wall construction (Wang and Anderson
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2012). A study on the interaction of caffeine with MAPK-1 was reported where
caffeine induces phosphorylation reaction, thereby binding with the C-terminal
extension of MAPK-1 at two serine amino acid residues Ser-423 and Ser-428
(Truman et al. 2009). The positive activation of MAPK-1 by the caffeine results in
probable regulation of cellular integrity and thereby helps to correct the deficiency of
cell wall construction.

19.3.1.6 Inhibitory Interaction Against Collagenase, Elastase
and Tyrosinase

Collagenase, elastase and tyrosinase are intracellular enzymes, which are responsible
for skin ageing, thereby resulting in the loss of skin elasticity. Inhibition of such
enzyme will contribute to rejuvenating of the skin morphological characters. Caf-
feine has been reported to have inhibitory activity towards collagenase, elastase and
tyrosinase with good binding affinity of �4.66 kcal/mol, �3.36 kcal/mol and
�2.86 kcal/mol, respectively. The intermolecular interaction was ascertained with
caffeine forming an H-bond with Glu-498 and His-527 amino acid residues of
collagenase enzyme and moderate hydrogen bonding with Gly-216 and Ser-195 of
elastase, and no sort of H-bond was observed with tyrosinase amino acid residue.
However, the binding efficacy towards tyrosinase was observed via polar and
hydrophobic interactions with His-61, His-85, His-244, His-259, Ans-260,
His-263, Ser-282 and Phe-90 amino acid residues (Lee et al. 2019). Thus, the
inhibitory effect of caffeine against the above three enzymes will result in
maintaining and rejuvenating various types of skin disorders.

19.3.2 Berberine

Berberine (BBR) is a yellow coloured benzylisoquinoline alkaloid which is found in
many families, including Berberidaceae, Rutaceae, Menispermaceae, Annonaceae
and Ranunculaceae. It is widely distributed in plants such as Coptis chinensis,
Hydrastis canadensis, Berberis aristata, Coptis japonica, Phellodendron amurense,
etc. Many studies suggested the therapeutic value of berberine as antiulcer, antiviral,
antipyretic, antibacterial, anti-inflammatory agent, antidiabetes, antiobesity, etc.
(Hu et al. 2018). The following are some of the best examples of molecular
interaction of berberine against various target proteins.

19.3.2.1 Inhibitory Interaction Against Hepatitis C Virus (HCV)
HCV is a pathogenic virus infecting the global population which causes serious
problems to the liver, including cirrhosis and hepatocellular carcinoma (HCC).
There are currently no effective vaccines, which are used to protect against HCV.
Incorporating molecular docking simulation study, Hung and his associates (2018)
made an attempt to screen the inhibitory binding efficacy of berberine (BBR)
towards the E1/E2 terminal glycoproteins of HCV taken as the target. BBR forms
polar interaction by binding to Ser-599 amino acid residue of the E2 terminal
glycoproteins of HCV with the average binding energy of 6.7 kcal/mol. The strong
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binding and inhibitory efficacy of berberine to the viral glycoprotein signifies the
potential anti-HCV activity of the compound.

19.3.2.2 Inhibitory Interaction Against Epidermal Growth Factor
Receptor (EGFR)

EGFR is a membranous protein, which is a fundamental biomarker for breast cancer.
This protein is also highly associated with the signalling pathway related to the
dysregulation process of EGFR mitogen-activated protein kinase (MAPK). The
pharmacological effects of EGFR are governed by the over-activation of MAPK
and other extracellular signal-regulated kinase (ERK) which is involved in tumour
cells. A molecular docking study on the inhibitory interaction of BBR against the
EGFR was reported by Kaboli and his associates (2018). BBR form strong hydrogen
bonding with the EGFR specifically at amino acid residue Lys-745 with the binding
energy of �7.22 kcal/mol. In addition, BBR has unsaturated bonds in its structure
which also provide π-π interactions with the neighbouring amino acid residues.
Moreover, there is also a strong hydrophobic interaction between BBR and other
surrounding amino acid residues including Leu-844, Leu-718, Pro-794, Gly-796 and
Val-726.

19.3.2.3 Inhibitory Interaction Against Neuraminidase-1
Neuraminidase is a class of surface glycoprotein antigen, which is one of the
significant biomarkers for the classification of subtype of influenza A virus. It is
due to the activation of this enzyme that triggers the liberation of the virus by
forming hydrolysing linkage with terminal sialic acid residue. In one of the study,
a report on the in silico inhibitory effect of berberine (BER) and epiberberine
(EBER) on neuraminidase-1 (NA-1) enzyme (Zhou et al. 2017) was analysed.
Both the compounds were reported to have potential interaction against the enzyme
which is comparable with zanamivir (a neurominidase-1 inhibitor). BER forms
strong H-bonding (binding energy of �7.4 kcal/mol) with amino acid residue of
NA-1 at Ser-179 (3.3 Å) and Asn-294 (3.0 Å) and also forms several hydrophobic
contacts with amino acids Arg-152, Arg-292, Glu-277, Trp-178, Ile-222, Ser-179,
Ser-246, Arg-224, Glu-227, Glu-276, Asn-294 and Asn-347, whereas at a particular
binding energy of �7.8 kcal/mol, epiberberine forms H-bond with amino acid
Ser-246 of NA-1. Thus, from the study it can be incurred that berberine may
contribute to possible management of influenza virus.

19.3.2.4 Inhibitory Interaction Against Thrombin
During the blood coagulation process, thrombin is likely a key enzyme which is
responsible for the conversion of fibrinogen to fibrin. It is a multifunctional serine
protease which is produced by the cleavage of prothrombin. Inhibition of thrombin
clinically leads to the regulation and management of diverse disease events such as
thrombosis-fibrinolysis process, blood clotting, stroke, cancer and many neurode-
generative diseases (Wojtukiewicz et al. 2016). Berberine (BER) binds at the active
sites of the thrombin amino acid residue and produces inhibitory effect. The binding
involves the C-10 methoxy group of BER which is inserted into the thrombin
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catalytic site, thereby forming two H-bond interactions with two amino acid residues
of NA-1, viz. Phe-227 and Trp-215. In addition, π-π interaction was also observed
between the aromatic ring A of BER with the side chain of Trp-60D amino acid.

19.3.2.5 Inhibitory Interaction Against Urease
Urease, a urea amidohydrolase, is a nickel-dependent metalloenzyme which is
widely distributed in plants, animals and microbes. In bacteria, urease facilitates
the breakdown of urea to ammonia, thereby promoting the growth of various
microorganisms. Virulent factors of bacterial ureases are commonly involved in
disease pathogenesis of which the best example is the colonization of Helicobacter
pylori urease (HPU) in the GIT that clinically leads to the development of peptic
ulcer. Urease inhibitors are currently used to treat peptic ulcer and other urease-
related diseases. In a study reported by Tan and his associates (2017), berberine and
epiberberine showed potential inhibitory efficacy against H. pylori urease. Molecu-
lar docking assay signifies that epiberberine binds better than berberine towards the
substrate by inhibiting the bacterial enzyme urease, thereby forming strong H-bond
interactions with the two basic amino acid residues (Met-366 and Asn-168) of HPU.
The binding free energy was reported to be �5.38 kcal/mol. Thus, berberine may be
a useful drug for the treatment of peptic ulcer caused by pathogenic bacteria.

19.3.2.6 Inhibitory Interaction Against ZIKA and Dengue Virus
Zika virus (ZIKV) belonging to Flaviviridae family is a mosquito-borne pathogenic
virus which produces symptoms similar to viral infections such as fever, headache,
malaise, conjunctivitis, arthralgia and skin rashes. There is also a report on risk
development of microcephaly with severe defects on the fetus brain of a pregnant
woman. ZIKV possess a single-stranded RNA genome-bearing seven nonstructural
(NS) proteins, viz. NS1, NS2A, NS2B, NS3, NS4A, NS4B and NS5. Of all these
proteins, NS3 is proven to be an important drug target for drug cleavage and
discovery. The protease activity of NS3 is functionally required for viral replication;
and any inhibitory effect against NSE protease site may be considered as a strategic
drug discovery for the treatment of ZIKV infection. In one study reported by Sahoo
and his associates (2016), berberine showed potential binding efficacy against the
ZIKV-NS3 terminal, thereby producing an inhibitory action. The binding affinity
was reported to be �5.8 kcal/mol of which berberine forms H-bond with Ser-135
amino acid residue of ZIKV protein. In the same study, an attempt was also made to
docked berberine with dengue virus (DENV), and the result was quite promising of
which a potential inhibitory activity was observed. The drug berberine forms
H-bonding with DENV amino acid residues His-51, Ser-135 and Asn-152, thereby
producing a free binding energy of �6.6 kcal/mol. Hence, berberine may be a good
antiviral agent for the treatment of dengue and zika virus.
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19.3.3 Piperine

Piperine (1-piperoyl piperidine) is a yellow pungent alkaloid which is widely
distributed in the plant genus Piper belonging to the family Piperaceae. It has a
wide array of pharmacological activity which includes antitumour, antimutagenic,
antidiabetic and anti-oxidant and also to treat complicated disease like Parkinson’s
and Alzheimer’ (Cho and Yoon 2015). Some of the interesting facts about the
molecular interaction of piperine with the target protein are shown below.

19.3.3.1 Interaction with Serum Albumin
The molecular docking of piperine against the human serum albumin (HSA) was
reported by Yeggoni and his associates (2015) incorporating the AutoDock software
(4.2.3 version). Binding of piperine-HSA complex was reported to be thermody-
namically and conformationally stable, showing binding energy of �6.8 kcal/mol.
Piperine develops strong hydrogen bonding specifically at Lys-212 amino acid
residue of HSA. In addition, there is also a strong hydrophobic and hydrophilic
interaction of HSA amino acid residues (Lys-351, Ala-350, Ala-213, Glu-354,
Gly-328, Leu-347,Asp-324, Val-216 and Val-235) with piperine molecule.

In contrast with rat serum albumin (RSA), three active binding sites (site 1, site
2 and site 3) were reported. Piperine showed strong affinity towards site 1 of RSA
with a binding energy of �6.7 kcal/mol. The mechanism of interaction revealed that
piperine forms H-bonds with Arg-484 and Arg-485 at pH 8.4. The study also
showed that there is involvement of both polar (Asn-242, Ser-454) and a polar
(Phe-211, Trp-214, Met-203) amino acid residues of RSA with piperine (Zazeri et al.
2019).

19.3.3.2 Inhibitory Interaction Against Acetylcholinesterase (AChE)
AChE is a class of serine hydrolase enzyme which is found in brain cholinergic
synapse and neuromuscular junction. It is mainly involved in the biological termi-
nation of impulse transmission by promoting the hydrolysis of acetylcholine (ACh)
to choline and acetate. Inhibition of AChE may produce therapeutic management of
various disease complications, including Alzheimer’s disease and glaucoma
(Colovic et al. 2013). Piperine-AChE molecular interaction was reported by
Manap and associates (2019). Piperine has a strong binding interaction at both the
peripheral anionic site (PAS) and catalytic action site (CAS) of the AChE enzyme
with a binding energy of �10.5 kcal/mol. The mechanism of molecular binding of
piperine showed conventional H-bond interaction with AChE amino acid residues
Phe-295, Ser-203, Gly-122 and Gly-121. In addition, the piperidine ring of piperine
also formed π-alkyl and π-σ interaction with nearby amino acids Tyr-337 and
His-447 and Trp-86, respectively. Thus, piperine can be a potential drug for targeting
AChE enzyme associated with the management of Alzheimer’s disease.

19.3.3.3 Inhibitory Interaction with Monoamine Oxidase (MAO)
With the involvement of the active methylenedioxyphenyl (MDP) ring present in
piperine structure, there exist strong inhibitory binding properties of piperine with
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MAO-B by forming a water bridge with amino acid residue Tyr-188 and Cys-172.
Piperine also forms H-bond interaction with the aromatic ring of Tyr-398. This
selective inhibitory effect of piperine may lead to the novel discovery as potential
MAO-B inhibitors for the management of Parkinson’s disease (Al-Baghdadi et al.
2012).

19.3.3.4 Inhibitory Interaction with NF-kB
Nuclear factor-kappa B. (NF-kB) is a transcription factor which regulates multiple
aspects of adaptive and innate immune functions and is mainly involved in inflam-
matory responses including cancer. As reported by Verma and associates (2017),
piperine may act as anticancer molecule by strongly forming inhibition at the active
sites of NF-kB, thereby producing an interaction binding energy of �24.68 kcal/
mol. The molecular interaction showed that piperine forms hydrophobic bonds with
Tyr-306, Lys-301 and Lys-310 and H-bonds with Arg-302 and Thr-305 of NF-kB.

19.3.3.5 Inhibitory Interaction with Kir6.2 Protein
Kir6.2 protein is a major subunit of the ATP-sensitive K+ channel. Mutations of
Kir6.2 subunits may result in the permanent blockade of the calcium channel and
promote the opening of pancreatic KATP channel, thus leading to the obstruction of
insulin exocytose which probably leads to type 1 diabetes. Molecular docking of
piperine against Kir protein was reported incorporating AutoDock 4.2 software
(Jagadeb et al. 2014). Piperine shows H-bonding with Kir6.2 protein amino acid
residues Arg-301, Lys-39, Thr-302 and Phe-183 with an interaction distance of 2.01,
2.1, 1.94 and 1.66 Å, respectively. The piperine-Kir6.2 binding mode may result in
the future implications for the management of type 1 diabetes mellitus.

19.3.3.6 Inhibitory Interaction with Tyrosine Kinase (EGFR Tyrosine
Kinase)

Tyrosine kinase is an enzyme which on activation can cause proliferation and growth
of tumour cells, induce antiapoptotic effects and promote angiogenesis with proba-
ble metastasis. Inhibition of tyrosine kinase enzyme is the key target for developing
potential anticancer drugs. The inhibitory interaction of piperine against EGFR-
tyrosine kinase enzyme has been studied by molecular docking study incorporating
in silico techniques (Paarakh et al. 2015). The result revealed that piperine showed
two H-bond interactions with EGFR tyrosine kinase amino acid residues Pro-699
and Arg-83, with a respective binding energy of �7.6 kcal/mol and docking energy
of �7.06. This inhibitory binding efficacy of piperine against the tyrosine kinase
may result in a new lead discovery of the natural component for cytotoxic potency.

19.3.4 Curcumin

Curcumin [1,7-bis-(4-hydroxy-3-methoxyphenyl)-1,6-heptadiene-3,5-dione] is a
yellow-orange colour pigment which is distributed widely in Indian turmeric
(Curcuma longa) belonging to the family Zingiberaceae. It is commonly known as
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diferuloylmethane and is one of the highly researched and the most valuable
components with a wide array of pharmacological activities including anti-
inflammatory, anti-HIV, anticancer, anti-angiogenic, antioxidant, antidiabetes, anti-
malarial, anti-amyloid, antimicrobial, wound healing, hepatoprotective, etc. (Ji and
Shen 2009).

19.3.4.1 Interaction with HIV-1 Protease and Integrase
Human immunodeficiency virus type 1 (HIV-1) is the main culprit for the cause of
AIDS, and its replication cycle provides many potential targets for the action of
chemotherapeutic drugs. Following the infection, there are three functional enzymes,
which are involved in the propagation of the life cycle of the virus, viz. protease,
integrase and reverse transcriptase. Curcumin has been reported to act against the
HIV infection by inhibiting all the functional enzymes. A report on the inhibitory
action of curcumin on HIV-1 protease and integrase with molecular docking simu-
lation was ascertained by Vajragupta and associates (2005) incorporating AutoDock
3 software. Curcumin strongly binds with both integrase and protease with a binding
energy of �8.79 and �9.77 kcal/mol, respectively. One terminal phenolic moiety of
curcumin forms H-bond with amino acid residue of integrase at His-67, Thr-66 and
Lys-155, whereas the other terminal phenolic moiety forms H-bond with Asn-120,
Ser-119 and Thr-93. In addition, the o-methoxy group of curcumin also interacts
with His-67 and Thr-66 amino acid residues of integrase, thereby engaging in
30-processing activity. In contrast to curcumin-protease interaction, the keto-enol
oxygens of curmumin selectively bind to both the chain-A and chain-B site of
protease particularly involving the carboxylic acid group of Asp-25 and the carbonyl
oxygen (backbone) of Gly-27, respectively. Moreover, both the terminal methoxy
and phenolic groups also form H-bonding with the protease amino acid residues at
Asp-29 and Asp-30, thus producing inhibitory action on the enzyme.

19.3.4.2 Inhibitory Interaction Against COX-2 Protein
Cyclooxygenase-2 is an important enzyme which is involved in inflammatory
process and is also a catalytic enzyme which is responsible for the first step synthesis
of prostaglandin, eicosanoids and thromboxanes. Expression of COX-2 has been
widely reported to induce the growth of tumour cells by stimulating proliferation and
angiogenesis process. COX-2 protein has three active sites, viz. 1CX2, 1PZZ and
1CVU. The protein-ligand docking simulation study of curcumin versus COX-2 was
reported by Maldonado-Rojas and Olivero-Verbel (2011) using the AutoDock Vina
software. Curcumin produces inhibitory effects at all COX-2 active sites (1CX2,
1PZZ and 1CVU) with a binding energy of �8.4, �8.7 and �9.3 kcal/mol, respec-
tively. It was reported that curcumin binds more specifically with 1CVU active sites
of the enzyme. For 1CVU-curcumin, most interactions are aromatic and hydropho-
bic in nature (involving COX-2 amino acid residues Val-116, Val-523, Val-349,
Phe-518, Met-113, Ile-345, Leu-359, Leu-384, Trp-387, Ala-527), except for
Ser-530 which forms H-bond with curcumin. This molecular inhibitory effect on
COX-2 signifies a potential anti-inflammatory activity of curcumin.
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19.3.4.3 Inhibitory Interaction Against PfATP6 Protein
PfATP6 is a calcium ATPase gene encoded by the malarial parasite Plasmodium
falciparum. This gene has been reported to be the active sites and novel molecular
target for the action of ‘artemisinins’ which are the currently prescribed antimalarial
drugs. An attempt to screen the antimalarial activity of curcumin inhibitory action
against PfATP6 by in silico technique was reported by Ji and Shen (2009). Result
revealed that the keto-enol and phenolic groups of curcumin form H-bond with the
surrounding amino acid residue of PfATP6. The keto oxygen group of curcumin
forms H-bond with Gln-267, one terminal phenolic oxygen of curcumin forms
H-bond with Leu-1040 and Ile-1041, whereas the other terminal phenolic oxygen
forms H-bond with Ala-985 of PfATP6. Thus, from the active interaction, it can be
incurred that curcumin may be considered among the potential drug for the manage-
ment of malaria cases.

19.3.4.4 Inhibitory Interaction Against Cancer Proteins EGFR, GST-PI
and PDGFA

Cancer is a disease which is governed by a number of virulent factors involving
proteins. Epidermal growth factor receptor (EGFR) is one virulent factor which is
involved in various cancer events including oral, gastric, bladder and cervical cancer.
Glutathione S-transferase Pi gene (GST-Pi) is involved in prostate cancer, whereas
platelet-derived growth factor alpha chain (PDGFA) is involved in malignant pleural
mesothelioma and glioma cancer. Inhibition of all these virulent factors is the key
target for antitumour activity. Curcumin is one potential drug which produces
inhibitory effect against all these virulent factors (Mahajanakatti et al. 2014). The
binding energies of curcumin against EGFR, PDGFA and GST-Pi were reported to
be �7.59, �7.93 and �7.98 kcal/mol, respectively. Inhibitory interaction of
curcumin was enhanced by forming H-bond with amino acid residue Lys-120 of
GST-Pi, whereas H-bond formation was also observed between curcumin-PDGFA
interaction which involves four amino acid residues Glu-43, Glu-125, Ile-83 and
Cys-179 of PDGFA. In the case of curcumin-EGFR interaction complex, H-bond
formation was observed with EGFR amino acid residues Lys 384, His 10, Ala
89, Met 87, Gly 288, Glu 306 and Asp 290. The study revealed that curcumin
may serve as a potential candidate that can be used to manage various types of
cancers when present treatments in oncology fail to subside cancer.

In addition to the above data, a brief information on the molecular docking
commonly known as phytoconstituents are represented in Table 19.2.

19.4 Summary and Conclusion

Since time immemorial medicinal plants and their active products have been contin-
uously serving the society with potential health benefits in treating various categories
of disease ailments. Nature has given us many potential medicinal plants, which are
comparatively having lesser side effects, better efficacy and ease of availability for
developing new potential and therapeutic lead molecule. Worldwide, the utilization
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of natural products as the alternative source of medicine by various pharmaceutical
and cosmeceutical industries has been growing at an extensive rate. Hence, there is
always a need to regulate and validate the efficacy, safety and quality of natural
products by putting forward the standardization process. In this chapter, we have
elaborated the application of in silico screening method incorporating virtual molec-
ular docking technique, taking into account some potential active constituents from
plants having positive interaction with a range of targeted proteins for pharmacolog-
ical action. The output of the chapter will aid in understanding the interaction of
active phytoconstituents with the target at the molecular level with a defined
mechanism of binding property. Thus, in silico molecular docking simulation
study will serve as an important standardization tool in future aspects of drug
discovery and will minimize the problems associated with conventional
standardization methods, thereby promoting ease of research and development
with accurate and reproducible results.
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Abstract

Botanicals or herbal drugs have gained wide popularity because of their easy
availability and acceptance by patients. In earlier days, no standardized methods/
techniques were available to test the quality efficacy and safety of marker
components obtained from herbal sources. It was a big challenge in the formula-
tion of herbal pharmaceutical products. In recent days, with the advancement in
instrumentation and technology, it has become easier to identify and screen the
marker compounds responsible for the bio-efficacy of herbal drugs. Therefore it
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has given a new direction in the formulation of efficacious and safe and multi-
component herbal medicine. Chemical marker-based and genetic level
standardization can reduce the chances of adulteration, toxicity, and global
market-based variation of botanical drugs. Our chapter will cover the latest
developments in techniques and strategies that foster the evaluation of marker
components in terms of their efficacy, safety, and quality as per WHO guidelines.
The chapter would encompass various challenges that still exist and regulatory
guidelines to be complied with in standardization for marker components to use
herbal drugs with a high margin of safety and efficacy.

Keywords

Standardization · Quality · Botanicals · Herbal drugs · Adulteration · Marker · Bio-
efficacy · Toxicity

20.1 Introduction

Botanical drugs are shared with large portions of a source of medicine. Its applicability
has been part of accepted since ancient times as an important healthcare system.
Botanical drugs have been an important natural source of conventional drugs available
in the market. An application of the botanical drug is not limited to the traditional
medicinal practice, but it is also accepted in modern medicinal practice, few examples
of botanical drug which are used in allopathic system pilocarpine, such as digoxin,
atropine, ephedrine, tubocurarine, vasaka, balsum of tolu, artemisinin, morphine,
paclitaxel, etc. Moreover, botanicals are used as raw materials for a different range
of products not only for herbal pharmaceuticals but also for dietary supplements, food
industry, cosmetics, beverages, agrochemicals, etc. However, the phytotherapeutic
agents or bioactive markers are believed to be the key components responsible for the
medicinal importance as well as the industrial applicability of botanicals. As per the
World Health Organization (WHO), botanical drugs are sharing about 80% part of the
primary healthcare system. Popularity and demand for botanicals are highly increased
in the last few decades, so pharmaceutical manufacturers show interest in botanicals.
This increasing demands standardization which ensures quality, safety, efficacy, and
availability of raw materials with a similar quality profile. The manufacturer involved
in research and development tries to find out new lead compounds from botanical
sources (Sarwa et al. 2014a, b).

20.2 Botanical Drugs/Botanical Products

Botanicals drugs mean a plant or plant parts used as an active ingredient for a
pharmaceutical formulation that may contain the crude drug or extract or the isolated
active ingredient. A botanical preparation means finished formulation in a suitable
dosage form which is ready for marketing.
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The therapeutic application of any pharmaceutical formulation is based on the
added active principal. This active principle is called as an active pharmaceutical
ingredient. This biomarker term is more precisely called as bioactive chemical
markers (BCM). Any chemical compound from a botanical drug is considered as
BCM if the overall therapeutic effect is based on these compounds which are
differentiated as well as comparable to another chemical group. The therapeutic
potential can be modulated by controlling the strength of these bioactive chemical
markers, which suggests a set of promising quality assurance and tools for
representing the pharmacological activity of botanical drugs (Panteghini 2004).

20.3 Standardization of Botanical Drugs/Botanical Products

Standardization is a method to check the presence of some predefined specifications
in a product or a process. In general terminology, standardization is a process
whether confirmation of identity and determination of purity has been done by
morphological, microscopically, physical, chemical, and biological methods for
any botanicals. This process has been carried out with respect to the prescribed set
of standards, constant parameters, inherent characteristics, and definitive qualitative
and quantitative values. Standardization process is involved in the determination of
technical standards which is helpful for the reproduction of one set of results when
needed. The process of standardization assured the quality, which will finally reflect
the efficacy and safety of the botanicals as well as finished preparation.

The standardization of botanicals is required because of the following reasons:

1. Identification of the source
2. Quantification of biomarker
3. Identification of common adulterants
4. Determination of quality, safety, efficacy, and stability

Development of standards for specific botanicals drugs and preparation is a long-
term process work out by experimentation. The experimental results are critically
reviewed and finally prescribed as a set of parameters. A different agency is
continuously working at national and international levels for setting standards for
botanical drugs and preparation. The American Herbal Products Association
(AHPA) is a national trade association working on botanical preparation that defines
“standardization refers to the body of information and control necessary to produce
material of reasonable consistency.” The development of botanical finished product
need to remove batch-to-batch variation. This is achieved by the standardization of
botanical raw materials (Kunle et al. 2012; Kumari and Kotecha 2016). Hence, the
process of standardization is a tool for determining identity, purity, and quality of
botanical. The steps of the development of botanical preparation are summarized in
Fig. 20.1.
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20.3.1 Requirement of Standardization in Botanicals

The quality of botanical will affect the response of the finished product and ulti-
mately applicability of the preparation. The applicability of standardization is
presented in the following headings:

1. A dynamic revolution in the field of sophisticated instruments has to create a new
horizon to set new quality parameters for traditional herbs.

2. The supply of genuine botanicals is a challenge without preset quality standards.
3. The geographical factor, storage condition, and agronomic variables will affect

the quality of botanical.
4. A batch-to-batch variation is more common in botanicals as compared to

synthetic drugs
5. Legal applicability of botanical drugs and preparation also demands a standard

quality practice in a documented format.
6. The traditional practice of botanical drug is based on the assessment of response

and need to be correlated with the quality of applied botanicals.

20.3.2 Standardization of Botanical/Polyherbal Formulation

Standardization of botanical preparation divided into a two-step process. In the first
step, crude drug or raw botanical material is standardized. The main aim of this step
is to confirm biochemical variation in the source, deterioration due to the storage,
and remove substitution and adulteration.

Fig. 20.1 Steps of
development of botanical
pharmaceuticals
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This step is helpful in the selection of the best raw material for the finished
botanical preparation. The information collected in this step is preserved throughout
the self-life of the product and used as a reference at any time of the manufacturing
procedure. The standardization of the botanical finished product is quite complex as
compared to the synthetic drug preparations. The botanical finished pharmaceuticals
may be classified into four categories, first preparations which contain single marker
compound in pure isolated form like digoxin tablet (Lanoxin, Sun Pharma). The
second category is containing more than one isolated compound. The example for
this class is Migranil EC containing ergotamine and caffeine in tablet formulation.
The third category is a product that doesn’t contain an isolated compound but having
an extract of botanicals. A The Himalaya Drug Company product Hadjod Tablet
contains extract of Asthisamhara (Cissus quadrangularis). The fourth category is a
product that contains raw botanicals like Sankat Mochan manufactured by
L.P. Nagar & Company. The Sankat Mochan polyherbal formulation contains
Cinnamomum camphora, Trachyspermum ammi, Eugenia caryophyllus,
Cinnamomum zylanicum, Foeniculum vulgare oil, Eucalyptus globulus oil, and
Mentha arvensis (Sarwa et al. 2017).

The botanical preparations containing isolated compounds are much simple by
using chromatographic fingerprinting and genetic fingerprinting, but standardization
of botanical preparation containing semipurified extract is more complex due to the
interference of another available compound. A simultaneous fingerprint is required
for this class of finished product to avoid batch-to-batch variation with an assuring
the quality, efficacy, safety, and acceptability (Sarwa et al. 2017) To avoid variation
in finished product, a good laboratory practice (GLP) and good manufacturing
procedure (GMP) must be accepted. The acceptance of good agriculture practice
(GAP) in the production of raw materials may use in the development of the
standardized finished product.

A clinical trial is required to establish the relationship between active compound
and therapeutic response. This correlation would promote clinical use as well as
giving a direction to the standardization process. Sometimes a semipurified extract
shows better clinical response than pure isolated compound (Sarwa et al. 2014a, b,
2016). The safety consideration will helpful to the determination of the application
of botanical drugs as a prescription or as over the counter medicine. Standardization
parameters reported in The Ayurvedic Pharmacopoeia of India are given in
Tables 20.1 and 20.2.

20.4 Quality Variation in Botanicals

The botanicals are prone to quality variation, such variations are ecotypic, genotypic,
and chemotypes variations. It is difficult to control all variables at the same level for
all cultivators by which minimize the batch-to-batch variation, so the better oppor-
tunity is to develop standardization techniques by scaling up all products at the same
level. Numbers of factors affect the plant chemical constituent profile. It is difficult
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for manufacturers to control all these factors for making a similar product in different
batches. Some of the factors are summarized below (Sampaio et al. 2016):

• Collection and harvesting time and procedure, storage conditions, and method
• Environmental conditions such as rainfall, humidity, sunlight, altitude, nature of

soil, and temperature
• Manufacturing techniques and processes such as selection, size reduction, drying,

extraction, evaporation, crystallization, purifying and extraction, etc.
• Selection of seed is important because genetic variability is also found in the seed

which will affect the resultant product quality and quantity.
• Pollination, microbial attack, birds bite, and insect feeding may affect secondary

metabolites of the botanical plant.
• Seasonal changes largely affect the chemical constituent profile. The chemical

constituent composition is changed by diurnal variations
• The chemical of interest in botanicals is varying with stages of ripeness.

20.5 Types of Evaluation

Evaluation of botanicals drug is defined as a process of identification, quantification
of a constituent of interest, and detection of an adulterant. The evaluation process
necessary to be considered all quality attributes in the development of the
standardization procedure (Kumari and Kotecha 2016). A standardization process
is an extended form of older quality evaluation with adding some new parameters
which are likely to be constant for particular botanicals or its preparation.
Standardization covers all scientific class of investigation in which standard referral
limit and the procedure have been set for a specific outcome. This procedure includes
the development of physical standards, chemical standards, and clinical standards.

Table 20.1 Standardization parameters reported in The Ayurvedic Pharmacopoeia of India

Parameters

• Test and Determination
Microscopic identification

Determination of quantitative data

Limit tests

Microbial limit tests

Pesticide residues

Gas chromatography

Test for aflatoxin

Test for the absence of methanol

• Physical tests and determinations
• Chemical tests and assays
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20.5.1 Physical Evaluation

The physical evaluation develop standards which are based on a visual characteristic
of materials. Identification, authentication, macroscopic and microscopic character-
istic, sensor characteristic, pharmacognostic, etc. parameters may consider in their
class. A microscopic analysis is the very oldest technique adopted for identification.
Nowadays electron microscope is also applied for the evaluation process (Serrano
et al. 2010). The estimation of quality based on size shape color order taste and
texture is categorized as macroscopic evaluation. A further application of the
microscope is involved in macroscopic evaluation. In this procedure, section cutting
is very common to identify the cellular structure and few identified characters like a
prism-shaped crystal of calcium oxalate and stone cells in some plants (AHPA
2019). The example of few physical standardization parameters like ash value,
moisture content, melting point, optical rotation, and refractive index, etc. comes
under this evaluation.

20.5.2 Chemical Evaluation

Chemical evaluation of the botanical includes phytochemical profile investigation
and assessment of potency of an active chemical constituent of interest. A phyto-
chemical investigation is an important aspect of standardization procedure because
therapeutic application depends on chemical constituents. The determination of
nature and quantity of chemical constituents of the botanicals come in chemical
evaluation. These plant constituents are classified as a carbohydrate, glycoside,
tannin, lipids, terpenoids and alkaloids, etc. Some other parameters like acid value,
saponification value, sulfated ash, acetyl value, ester value, and methoxy determina-
tion also come under this evaluation. Chemical fingerprinting by both chro-
matographic techniques and spectrophotometric analysis is adopted in chemical
evaluation which is extended to and genetic fingerprinting (AHPA 2019; Serrano
et al. 2010).

20.5.3 Clinical Evaluation

Clinical evaluation is based on direct assessment of therapeutic responses on a living
organism or isolated organs. The strength of the response is directly reflecting the
qualitative as well as quantitative assessment of botanical with reference to their
therapeutic applicability. In some cases, the microbial assay may also be adopted for
effective assessment of the clinical response of botanical and their preparation.
Pharmacokinetic and bioavailability parameter determination is also covered. A
limit and standard procedure of determination of safety and toxicity are needed to
be determined. Various safety parameters like maximum safe dose, short and long
term toxicity, pesticide residue, microbial load, aflatoxin analysis, etc. are come
under this heading. The various types of evaluation are summarized in Fig. 20.2.
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20.6 Markers Compounds: Key of Standardization of Botanical
Drugs and Preparation

Markers are biochemical as well as phytoconstituents including both primary and
secondary metabolites as well as other macromolecules like nucleic acid considered
for quality control purpose may/may not possess therapeutic activity. The World
Health Organization defines “markers as reference substances that are chemically
defined constituents of herbal material. They may or may not contribute to the
therapeutic activity. However, even when they contribute to the therapeutic activity,
evidence that they are solely responsible for the clinical efficacy may not be
available” (WHO 2017). The European Medicines Agency (EMA) defines “the
chemical markers as chemically defined constituents or groups of constituents of
an herbal medicinal product which are of interest for quality control purposes
regardless of whether they possess any therapeutic activity (EMA).” The definition
of these markers might be extended by added genetic materials. Now the markers are
classified into two broad categories: first genetic markers that are used in the Genetic
Fingerprinting Techniques. In these techniques, genetic materials like DNA are used
for quality control purpose. Another is a Chromatographic Fingerprinting Technique
in which chemical constituents are used for quality attributes. Any compound may
serve as markers compound if isolated as single. Normally primary and secondary
metabolites act as a marker compound for botanical drugs. They belong to group
glycosides, terpenes, steroid, alkaloid, flavonoid, aromatic, and heteroaromatic
frameworks. Similarly, glycosides having alcoholic, amide, ester, carbonyl, and
olefinic acid functionalities are highly useful in the standardization. In the
standardization process, chemical markers can be easily analyzed, quantified, and

Fig. 20.2 Standardization of drug: physical, taxonomical, biological, and chemical
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distinguished from similar constituents. So this parameter may easily adoptive for
both crude botanical standardization and finished product quality assessment.
Characteristics of markers compound as per WHO are summarized in Table 20.3.

Table 20.3 Characteristics of markers compound (WHO)

Marker
substances of
constituents with
known
therapeutic
activity

Marker
substances of
constituents with
recognized
pharmacological
activities

Marker substances
of characteristic
constituents

Marker
substances for
toxic constituents

Purposes
and
function

Identification or
quantification

Qualitative and
quantitative
measures in herbal
medicine

Identification and
quantification of
herbal materials in
herbal
preparations and
finished herbal
products

Define maximum
acceptable
concentrations of
toxic constituents
in herbal
materials, herbal
preparations, or
finished herbal
products

Selection
criteria

Readily
available
Easy to separate/
distinguish the
marker
analytically from
other structurally
similar herbal
constituents
Detectable and
quantifiable with
the available
analytical
instrumental
method

Occur naturally in
sufficient
quantities in
herbal materials
A representative
of the main
therapeutic or
pharmacological
profiles of the
herbal materials
and finished
products
Detectable and
quantifiable by
available
instrumental
analytical
methods

A marker should
be specific for one
plant. If not, the
marker should be
specific for a
certain plant
species, genus,
and family
Marker for
quantification
should be
available in
sufficient quantity
for assay

A consequence of
the composition
of the herbal
material or
product, such a
limit test is
needed
Defined upper
tolerable limit for
the mode of
application and
posology intended
Toxicological
evaluation
including
genotoxicity,
mutagenicity, and
carcinogenicity
Analytical
detection
procedure for the
established
tolerable limits
should be
available
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20.7 Genetic Marking: DNA Fingerprinting

The term molecular marking, DNA marking, is a synonym used for genetic marking.
All the living organisms having a genetic material and this deoxyribonucleic acid
(DNA) is considered as the fundamental building constituents. The characteristics
and physical features of botanicals depend on this DNA sequence. So this property is
applied in the standardization of botanicals. The genetic marking is based on the
identification of specific arrangements of DNA base-pair sequences in the cell.
Molecular marking techniques are attractive to scientists because it is unique for
each species. The genetic composition of botanical is not affected by age or
physiological conditions or environmental factors. The important aspect of this
fingerprinting is simplicity in procedure and applicability in both fresh as well as
old samples. Another aspect of genetic fingerprinting does not restrict by physical
form and quantity (Sucher et al. 2012).

Genetic marking can be further categorized into two classes as dominant and
co-dominant. A basic difference in these two is the capability of analyzing loci with
PCR reaction. Dominant markers are carried out an analysis of many loci at one
time, and co-dominant can do analyze one locus at a time. The commonly used
genetic marking techniques are AFLP (amplified fragment length polymorphism),
microsatellite polymorphism, RAPD (random amplification of polymorphic DNA),
RFLP (restriction fragment length polymorphism), SFP (single feature polymor-
phism), SNP (single-nucleotide polymorphism), STR (short tandem repeat), and
VNTR (variable number tandem repeat) (Chial 2008). The scheme of genetic
marking is presented as Fig. 20.3.

20.7.1 DNA Barcoding: Tool for Genetic Marker-Based
Standardization

Authentication of raw botanicals materials is an initial step of standardization. Due to
variation in geo-climatic level, species level, chemotypes level, cultivar level, and
market-level adulteration, taxonomic or chemical marker-based authentication is a
challenging job. To overcome this problem, DNA barcoding technique is used to
find out the differences in very short regions (locus) of DNA (Balachandran et al.
2015). Generally, the process associated with a resolution ability of chloroplast
(Cp) genomes including maturase K (matK) and ribulose 1, 5-bisphosphate carbox-
ylase/oxygenase large subunit (rbcL). For closely related species, combination of
nuclear genome along with the chloroplast genome is also considered [nuclear
internal transcribed spacer (ITS)]. Molecular standardization successfully applied
in the determine the total substitution in herbal products like St. John’s wort
(Hypericum perforatum) substituted with Senna alexandrina (Fabaceae) and Ginkgo
product with Juglans nigra (black walnut) (Newmaster et al. 2013). Although this
technique is going to be an effective tool for standardization, still chemical
constituent-based standardization cannot be avoided for botanicals because
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pharmacological activities are based on the active principle of botanical. An example
of botanicals with important DNA barcoding is mentioned in Table 20.4.

Fig. 20.3 Steps of genetic marking of botanicals drugs

Table 20.4 Example of botanicals with important DNA barcoding types

Botanical drugs Potential chemicals constituent
Barcode for species
authenticity

Datura stramonium
(Solanaceae)

Hyoscine, hyoscyamine (tropane
alkaloids)

ITS2 or psbA-trnH

Datura metel (Solanaceae) Hyoscine, hyoscyamine (tropane
alkaloids)

ITS2 or psbA-trnH

Datura innoxia (Solanaceae) Hyoscine, hyoscyamine (tropane
alkaloids)

ITS2 or psbA-trnH

Boerhavia diffusa
(Nyctaginaceae)

Punarnavine (alkaloid) ITS and ITS1

Asparagus racemosus
(Liliaceae)

Shatavarin (saponin glucoside) ITS2

Catharanthus roseus
(Apocynaceae)

Vincristine, vinblastine (indole
alkaloid)

matK

Crocus sativus (Iridaceae) Crocin, Picrocrocin (glycoside) psbA-trnH

ITS internal transcribed spacer, matK matures kinase
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20.8 Role of Genetic Marketing in Botanical Drug

20.8.1 Genetic Variation/Genotyping

A chemical profile of botanical drugs is well affected by geographical condition. The
commercial importance of botanical drugs is determined by presence of chemical
constituents of interest. Germplasm technique is helpful in mapping and preventing
botanical source for long time (Dhillon et al. 2007).

A product from different geographical sources is identified by using genetic
marking. Mostly applied techniques are random amplified polymorphic DNA
(RAPD) and random fragment length polymorphism (RFLP) for this purpose. A
different accession of Azadirachta indica, Allium schoenoprasum, Andrographis
paniculata and Taxus wallichiana is identified using RAPD. Random fragment
length polymorphism (RFLP) and RAPD are applied in the identification of inter-
species of different genera such as Curcuma, Echinacea, Glycyrrhiza, etc. (Li et al.
2019).

20.8.2 Authentication of Medicinal Plants

Genetic fingerprinting is widely used for authentication of the botanical source.
Arbitrarily Primed PCR (AP–PCR), RAPD, RFLP, and sequence characterized
amplified region (SCAR) are frequently applied techniques. These techniques are
capable of distinguishing nearby species developed due to the mutation and/or
alteration in genomic loci. Yu Ping Feng San is a Chinese herbal preparation. The
RAPD techniques are successfully applied to authenticate of Lycium barbarum and
other botanicals. Single RAPD primer technique is applied to identify the presence
of three herbs Astragalus membranaceus Fisch Bge, Atractylodes macrocephala
Koidz, and Ledebouriellas eseloides Wolff, in a single formulation (Zhang et al.
2001).

20.8.3 Detection of Substitution and Adulteration

DNA marking is well applied for identification of substitution and adulteration
which is difficult by physical and chemical marking due to morphological resem-
blance as well as similarity in chemical profile. The DNA marking techniques like
SCAR, RAPD, RFLP, and AP-PCR are applied for such purpose. P. quinquefolius
(American ginseng) is used for substitution of P. ginseng which is identified and
detected by DNA marking techniques (Baek et al. 2012).
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20.8.4 Selection of Desirable Chemotypes

A genetic marking is applied in the selection of chemotypes. Few examples are
Cannabis sativa for cannabinoid and Acorus calamus chemotypes differing in their
essential oil composition by using RAPD and AFLP (Baum et al. 2001; Toth et al.
2020).

20.8.5 Standardization and Quality Assurance of Botanical Plant
Materials

Genetic marking has shown applicability in quality assurance of commercially
important botanical plants like Atractylodes, soybean, maize, ginseng, Echinacea,
etc. (Datukishvili et al. 2015). This method is effective for the selection of the best
botanical source. Ultimately this identification is responsible for the desired clinical
effect. The application has been extended to differentiated germ and non-germ
product of soybeans and capsicum products. Primers specific for inserted genes
and crop endogenous genes are used for this purpose (Joshi et al. 2004).

20.9 Chemical Markers

Chemical makers are plant constituents either possess clinical activity or not but
must be interesting for quality control purposes. Both primary and secondary
metabolites, as well as other macromolecules such as proteins, polysaccharides,
and nucleic acid, may serve as a chemical marker. Chemical marking is applied in
wide area like the selection of botanical source, investigation of new resource,
identification of substitute, determination of best collection and harvesting time,
optimization processing and extraction procedure, development of purification
method post-extraction, purity determination, shelf life assessment, and other quality
control aspects (Li et al. 2008).

20.9.1 Types of Chemical Markers

Chemical makers are broadly classified into three groups, called active markers,
analytical markers, and negative markers. The chemical constituents which possess
pharmacological activity come under this heading. Few examples of these markers
are Allin in Allium sativum, Ephedrine in Ephedra sinensis, and Silymarin in
Silybum marianum. If the chemical constituents used only for analytical assessment
without respect to their pharmacological activity, then it is called analytical markers.
For example, the presence of alkyl amides bond is used for the authentication of
Echinacea species. This bond is absent in the Echinacea pallid but present in the
Echinacea angustifolia and Echinacea purpurea. The last is a negative marker,
which is a chemical constituent that is allergic or toxic in properties that may
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interfere with the bioavailability of other therapeutic agents. An example of negative
marker is ginkgolic acid found in Ginkgo biloba leaf extract.

20.9.2 Comparative Study Between Genetic Marking and Chemical
Marking

For both genetic and chemical marking, uniqueness with a constant value of targeted
chemical or DNA for a particular sample is a most crucial factor. The chemical
compassion is varying with respect to physiological and environmental factors,
while genetic marking system could not be affected by this factor. Another advan-
tage of genetic marking is to provide an efficient and accurate authenticity of several
samples simultaneously, whereas the conventional chemical-based methods usually
longer duration. So in this respect, analysis of DNA markers is more reliable than
chemical markers. Lots of work have been done in the field of applicability of
molecular marking of botanical materials and preparation, but the biggest limitation
of this technology is DNA fingerprint in some irrespective to plant part used. The
applicability of genetic marking is limited based on the availability of nucleic acid.
Normally the secondary metabolites like gum, latex, oils, etc. do not content cellular
structure so difficult to standardized based on genetic fingerprinting.

20.10 Chemical Marking: Chromatographic Fingerprinting

Separation and identification is a step-by-step procedure of standardization. Both
steps are simultaneously achieved by advanced chromatographic techniques for
single botanical preparation as well as polyherbal formulations. The name of chro-
matographic techniques used in the fingerprinting of chemicals is paper chromatog-
raphy, column chromatography, thin-layer chromatography, ion-exchange
chromatography, size exclusion chromatography, gas chromatography, gas-liquid
chromatography, high-pressure chromatography, high-performance thin-layer chro-
matography, supercritical fluid chromatography, and capillary electrophoresis. Sim-
ilarly, the spectroscopy method is also used in the combination of chromatographic
techniques like liquid chromatography-mass spectroscopy (LC-MS), gas chroma-
tography- atomic absorption spectroscopy, and gas chromatography-mass spectros-
copy (GC-MS). The concept behind combinational techniques is chromatography
applied for the separation of components of the interest, and spectrophotometer is
used to identify the compound.
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20.11 Indian Official Book as a Reference for Marker-Based
Standardization of Botanicals/Herbal Drugs

Indian Pharmacopoeia is an official book published by the Indian Pharmacopoeia
Commission (IPC), Ghaziabad, Utter Pradesh India, under Ministry of Health and
Family Welfare, Government of India, and is considered as one of the legally
recognized books for the standardization of drugs and medicine in India (Prakash
et al. 2017). Indian Pharmacopoeia 2014 and 2018 have given more and more
emphasis on the standardization of herbal medicines on the basis of chemical marker
along with their pharmacognostic parameters. Along with mentioning marker
compounds and assay analytical techniques, they also provide internal
phytochemicals reference sample (PRS) and botanical reference standard (BRS). A
list of botanicals drugs with their marker for assay as per Indian Pharmacopoeia is
mentioned in Table 20.5. Similarly, the Ayurvedic Pharmacopoeia of India is
published by the Ayurvedic Pharmacopoeia Committee working under the Depart-
ment of Ayurveda, Yoga, Naturopathy, Unani, Siddha, and homeopathy, under
Ministry of Health and Family Welfare, Government of India, and prescribes the
standards for Ayurveda formulation sale in Indian Market.

20.12 The Need of Fingerprinting

Nowadays high precious sophisticated instruments are available for fingerprinting,
but still challenges are difficult to remove. Botanical preparation has been applied in
the healthcare system since ancient times. An Indian Ayurveda system is considered
as the oldest treatment methodology of the world, apply multiple botanical to single
patients for a single disease, and sometimes prescribe single botanical for multiple
diseases. In this situation difficult to identify, the marker compound over which
therapeutic activity assessed. Complexity has been increased because single botani-
cal also contains a variety of chemical constituents. However, a potential risk to the
health of patients still needs to be considered. Thus, comprehensive characterizations
of drug substances are important. A batch-to-batch variation is also needed to be
addressed. With the help of the standardization process, a limit of fluctuation (range)
can be decided. The fingerprinting concept also needs to link the Adjusted Efficacy
Score based method developed by in vivo experiments (Yang et al. 2017). For
getting approval for authorities, it is necessary to report the markers compound
which is assessed in quality control test.

20.13 Conclusion

Botanical drugs have great market accessibility, traditional history, and potency to
become lead molecules for modern medicine. Apart from medicine, botanical drugs
can be used as new cosmeceuticals, nutraceuticals, perfumes, and pesticides. How-
ever, due to great variations of raw materials globally, it is difficult to reproduce for
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formulations on commercial-scale uniformly. The safety and efficacy of botanicals
are totally dependent upon the proper standardized quality of crude material. Proper
agricultural, pharmacognostical, phytochemical, marker-based standardization, and
DNA barcoding can generate a harmonized source of raw materials for commercial
applications. Due to the diversity in chemical profile of botanical source it is
necessary to perform toxicity marking at different level of finished good preparation.
Different agencies are working on the standardization of botanicals focusing on a
molecular level. In India, a new class of drug, “phytopharmaceuticals” is introduced
which leads to proper validation of age-old Indian systems of medicine (ISM). In
nutshell, standardization leads to more efficacious and safer botanical drugs for
humans and animal health.
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Analytical Standardization of Haridra
Formulation by UV-Vis Spectrophotometry
and RP-HPLC

21

Panja Srikanth, Huzaifa Naaz, Mithun Rudrapal,
and Manjunath S. Yalagatti

Abstract

In our study, analytical methods were developed for the determination of Haridra
in the marketed formulation by UV-Vis spectrophotometry and RP-HPLC. The
percentage of curcumin estimated in the marketed formulation complies with the
standard (not less than 1.5% w/w of curcumin) specified in the official monograph
of Haridra. The developed methods showed acceptable linearity, accuracy,
precision, ruggedness, robustness, specificity, LOD, and LOQ. Results of valida-
tion studies were found satisfactory with % RSD values of less than 2%, which
indicates good specificity, validity, and reliability of the developed methods. The
methods proposed herein are claimed to be accurate and precise. Our study
reports the standardization of Haridra by means of analytical determination of
curcumin in the marketed formulation. The developed methods are proposed to
be used for the routine analytical determination of Haridra in crude drugs,
traditional preparations, and marketed formulations.
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Abbreviations

ICH International Council of Harmonization of Technical Requirements for
Pharmaceuticals for Human use

IP Indian Pharmacopoeia
LOD Limit of Detection
LOQ Limit of Quantification
RP-HPLC Reverse Phase-High Performance Liquid Chromatography
RSD Relative Standard Deviation
RT Retention Time
UV-VIS Ultraviolet-Visible
WHO World Health Organization

21.1 Introduction

Haridra (Turmeric) is an herbal drug official in the Indian Pharmacopoeia (IP). It
contains dried rhizomes of Curcuma longa Linn. belonging to the Zingiberaceae
family (IP 2014). Since ancient times, the use of Haridra has been documented in
various traditional systems of Indian medicine (Ayurveda, Unani and Siddha) for the
treatment and management of a variety of human ailments (Noorafshan and
Ashkani-Esfahani 2013). Various formulations of Haridra are now available in the
market, which are used extensively as antioxidant, anti-inflammatory, and anthel-
mintic and other medications (Choudhary and Sekhon 2012). Curcumin (not less
than 1.5% w/w) is the chief active principle of Haridra (IP 2014). It is chemically a
diarylheptanoid [(1E,6E)-1,7-bis (4-hydroxy-3-methoxyphenyl)-1,6- heptadiene-
3,5-dione, Fig. 21.1], belonging to the group of curcuminoids. It occurs as an intense
yellow-colored crystalline solid sparingly soluble in water and freely soluble in
methanol and ethanol (Manolova et al. 2014; Tonnesen and Karlsen 1985).
Curcumin and its derivatives are attributed to be responsible for the medicinal
potential and health benefits of Haridra. The curcumin is commercially used as an
ingredient in nutraceuticals, dietary supplement, and cosmetics and as a flavor in
foods and/or food products (Hewlings and Kalman 2017; Beevers and Huang 2011).

Since Haridra is an herbal drug, there is no sufficient standardized protocol
(as per WHO guidelines) for its evaluation (quality, purity, and potency) in crude
preparations or marketed formulations. Due to this fact, the analytical evaluation of
Haridra is not well-established. Literature survey reveals availability of many

Fig. 21.1 Structure of
curcumin
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scientific methods, but they lack in consistency, adequacy, and reliability (Singh and
Avupati 2017; Syed et al. 2015; Kachhadiya et al. 2014). In this context, it is
necessary to develop some new analytical methods that can be applied widely for
the standardization of Haridra in traditional and/or marketed preparations. In this
study, our effort was to develop simple and specific analytical methods for the
standardization of marketed formulation of Haridra by means of determination of
its principle ingredient, i.e., curcumin by UV-Vis spectrophotometry and RP-HPLC.

21.2 Experimental

21.2.1 Chemicals

Curcumin was commercially procured from Yarrow Chem Products, Mumbai.
Haridra formulation (capsules) was obtained from the local market. Methanol,
acetonitrile, and water were of HPLC grade supplied by Merck Pvt. Ltd., Mumbai.

21.2.2 Instruments and Analytical Parameters

Spectrophotometric analyses were done on ELICO SL 244 Double Beam UV-Vis
spectrophotometer with quartz cuvette of 1 cm width using methanol as solvent.
Chromatographic analysis was performed on a Cyber Lab RP-HPLC equipped with
a pump, manual sampler, and a UV detector. The chromatographic column was a
Phenomenex Luna C18 column (250 mm � 4.6 mm i.d., 5 μm). The column
temperature was kept constant at 55 �C. The mobile phase was a mixture of
acetonitrile and 0.1% orthophosphoric acid in the ration of 85: 15% v/v. The
chromatographic separation was done on an isocratic mode of operation at room
temperature. The flow rate was 1.0 mL/min and the volume of injection was 20 μL.
The time for chromatographic run was 6.0 min. The wavelength of UV detection was
kept at 418 nm. Citizen Ultra Sonicator was used for sonicating the sample solutions.
Digital balance (SHIMADZU AUX 220) was used for weighing.

21.2.3 Preparation of Standard and Sample Solutions

21.2.3.1 UV Method
To prepare the standard stock solution, accurately weighed 10 mg of curcumin was
added into a volumetric flask of 10 mL, and the volume was adjusted up to 10 mL
with methanol to get a stock concentration of 1000 μg/mL. Standard solutions were
prepared with the concentration range between 1 and 5 μg/mL by further dilutions
with methanol.

Powder of 20 capsules equivalent to the standard stock concentration was
weighed and dissolved in a volumetric flask of 10 mL using methanol to get a
sample stock concentration of 1000 μg/mL. The solution was mixed well by
sonication for 20 min and filtered on a Whatman filter paper. Using the stock
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solution, a series of sample solutions (1–5 μg/mL) were made by serial dilution with
methanol.

21.2.3.2 HPLC Method
To a 10 mL of volumetric flask, 10 mg of curcumin was transferred and dissolved
with acetonitrile: 0.1% orthophosphoric acid (85: 15% v/v) to produce a standard
stock concentration of 1000 μg/mL. Standard solutions of a series of concentrations
in the range of 2–10 μg/ml was prepared by dilution with the same solvent system.

Powder of 20 capsules equivalent to the standard stock concentration was
weighed and dissolved in a 10 mL of volumetric flask using acetonitrile/0.1%
orthophosphoric acid (85:15% v/v) to produce a sample stock solution of 1000 μg/
mL. The solution was mixed under sonication for 20 min and filtered with the help of
Whatman filter paper. Using the stock solution, final sample solutions (2–10 μg/mL)
were prepared by serial dilution with the same solvent system.

21.2.4 Assay of Curcumin in Haridra Formulation

21.2.4.1 UV Method
The percentage of curcumin in the test solution (5 μg/mL) of Haridra was estimated
by absorbance ratio method. The absorbances of solutions were measured at the
wavelength of 418 nm using methanol as a blank.

21.2.4.2 HPLC Method
The percentage of curcumin in the test solution (4 μg/mL) of Haridra was deter-
mined by calculating the peak area of curcumin. The wavelength of detection was at
418 nm.

21.3 Results and Discussion

21.3.1 Method Development

21.3.1.1 UV Method
Based upon solubility studies, methanol was selected as a suitable solvent for
spectrophotometric measurements. To find out the wavelength of absorbance max-
ima (λmax), a test solution of curcumin (5 μg/mL) was prepared and scanned between
300 and 500 nm of UV range against methanol as a blank. Relevant information
regarding selection of suitable solvent system and determination of wavelength of
absorption was recollected from available literature (Syed et al. 2015). A represen-
tative spectrum of curcumin is given in Fig. 21.2. The spectrum indicates a broad and
well-defined peak at the λmax of 418 nm.

21.3.1.2 HPLC Method
Several trial runs were performed using C8 and C18 RP columns, various mobile
phase compositions, and different flow rates for the separation of curcumin with
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good chromatographic parameters (retention time, resolution, peak area, theoretical
plates, tailing factor, etc.). A reverse-phase C18 column (250 mm � 4.6 mm,
i.d. 5 μm) as a stationary phase with a mobile phase of acetonitrile/0.1%
orthophosphoric acid (85:15% v/v) at a flow rate of 1.0 mL/min and a wavelength
detection of 418 nm afforded the best separation with a sharp and well-resolved peak
for curcumin. The optimized chromatograms obtained for the standard and test
sample of curcumin are displayed in Fig. 21.3. Results indicate that test chromato-
gram matches with that of the standard chromatogram with the retention time

Fig. 21.2 Spectrum of curcumin (methanol) at λmax 418 nm

Fig. 21.3 Chromatogram of curcumin (a): test and (b): standard (RT ¼ 2.88)
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(RT) of 2.88 min. The analytical values of peak area (70568), theoretical plates
(3508), and tailing factor (1.04) were found acceptable for the optimized chromato-
gram. The development and optimization of the method was achieved with the help
of available literature (Joshi et al. 2018; Warule et al. 2017; Patil and Salunkhe
2012).

21.3.2 Method Validation

The validation of UV and RP-HPLC methods was performed by means of following
analytical parameters according to the ICH (Q2 R1) guidelines: linearity and range,
accuracy and percentage recovery, precision studies, ruggedness and robustness,
limit of detection (LOD) and limit of quantification (LOQ), specificity, and system
suitability (Gavali et al. 2016; Surya Kiran et al. 2016; Rudrapal et al. 2015; Green
1996; ICH 1996; Wegscheider 1996).

21.3.2.1 Linearity
The linearity was studied by analyzing the standard solutions of curcumin (1–5 μg/
mL and 2–10 μg/mL in UV and HPLC, respectively) at 418 nm. The calibration
curve (Fig. 21.4) was constructed between average absorbance (mean � SD) and
concentration for triplicate observations (n ¼ 3). The calibration plot was obtained
linear in the studied range of concentrations described above. The equations of
regression analysis were obtained as follows: y ¼ 0.1444x � 0.0001 (r2 ¼ 0.999)
and y ¼ 11,280x + 1981.1 (r2 ¼ 0.999) for UV and HPLC method, respectively,
where y ¼ absorbance or peak area, x ¼ concentration of solution, and r2 ¼ the
square of correlation coefficient. Results imply that the developed methods are linear
for the specified analytical range.

21.3.2.2 Accuracy
To determine accuracy or percentage recovery studies, a known standard concentra-
tion of the drug was mixed to the sample solution to obtain three different
concentrations. It was studied at three concentration levels, i.e., 50, 100, and

Fig. 21.4 Calibration curve of curcumin (a): in UV and (b): in HPLC
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150%, in triplicate observations (n ¼ 3). The percent recoveries were between 98.49
and 99.01% and 98.58 and 99.48% for UV and HPLC method, respectively. The
percentage of curcumin recovery in the marketed formulation was within the accep-
tance range between 98 and 102%. From the results, it is apparent that both methods
are accurate. Satisfactory RSD values with less than 2% were obtained. The %
recovery data are summarized in Table 21.1.

21.3.2.3 Precision
Repeatability (intra-day precision) was studied by analyzing standard solutions for
six replicate observations (n ¼ 6) on the same day. Similarly, reproducibility (inter-
day precision) was determined by conducting studies in the same laboratory but on
different days under similar experimental conditions. The standard concentrations
were 4 and 6 μg/mL for UV and HPLC method, respectively. Results of precision
studies were also found to be acceptable. The % RSD values were below 2%,
indicating good repeatability and reproducibility of both UV and HPLC methods.
Results of precision studies are depicted in Table 21.2.

21.3.2.4 Ruggedness
Ruggedness was determined by the analysis of six samples (n ¼ 6) of the standard
solution by different analysts but in the same laboratory under similar experimental
conditions. The standard concentrations were 4 and 6 μg/mL for UV and HPLC
method, respectively. Results of ruggedness studies are displayed in Table 21.3. The
% RSD values with 2% prove optimum ruggedness of the methods.

21.3.2.5 Robustness
The robustness of the methods was analyzed for six replicate studies (n ¼ 6) of
standard solution by changing the UV spectrometric measurements such as temper-
ature and instrumental parameters in chromatographic analysis such as flow rate. The
standard concentrations were 4 and 6 μg/mL for UV and HPLC method, respec-
tively. Results of robustness studies presented in Table 21.4 indicate that both the

Table 21.1 Accuracy (% recovery) data

Recovery
level

Concentration (μg/mL)

Absorbance/
Peak areaa

Mean %
recovery

%
RSD

Test (initial
amount)

Standard (amount
added)

UV method

50% 1 1 0.2618 � 0.008 98.49 0.810

100% 1 2 0.4296 � 0.005 98.57 0.531

150% 1 3 0.5639 � 0.004 99.01 0.419

HPLC method

50% 2 2 42,669 � 0.005 98.58 0.513

100% 2 4 65,264 � 0.001 99.31 0.178

150% 2 6 86,105 � 0.003 99.48 0.357
aValues are presented as mean � RSD of three replicate observations (n ¼ 3)
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methods are practically robust. The % RSD values of the methods determined under
robustness conditions were below 2.0%.

21.3.2.6 LOD and LOQ
The limit of detection (LOD) and limit of quantification (LOQ) of the UV method
were 0.054 and 0.180 μg/mL, respectively. For the HPLC method, the values were
0.068 and 0.207 μg/mL, respectively. The LOD and LOQ indicate that the devel-
oped methods are adequately sensitive for the precise determination of the compo-
nent of interest, i.e., curcumin in the sample.

21.3.2.7 Specificity
The specificity of chromatographic method is meant to separate principal analytes
from other components such as excipients, impurities, other active principles,
degradants, etc.. About 20 μL of curcumin and related components were injected
into the instrument, and their chromatograms were recorded. No peaks were
observed in the chromatogram at the desired location other than the peak due to
curcumin with the retention time of 2.88 min. Results of this study indicate that the
developed HPLC method is free from interfering substances such as excipients
and/or related components that are attributed to be present in the formulation. The

Table 21.3 Ruggedness Ruggednessa Analyst 1 Analyst 2

UV method

Absorbanceb 0.5790 � 0.009 0.5929 � 0.011

%RSD 0.929 1.186

HPLC method

Peak areac,d 72496.33 � 0.003 72581.83 � 0.002

%RSD 0.398 0.292
aValues are presented as mean � RSD of six replicate observations
(n ¼ 6)
bConcentration was 4 μg/mL
cConcentration was 6 μg/mL
dRT was 2.88 min

Table 21.4 Robustness

Robustnessa Parameter

UV method Room temperature (29 �C) Elevated temperature (35 �C)
Absorbanceb 0.5727 � 0.009 0.5901 � 0.009

%RSD 0.9507 0.9023

HPLC method Flow rate 0.8 mL/min Flow rate 1 mL/min

Peak areac,d 114888.2 � 0.006 88421.67 � 0.003

%RSD 0.6970 0.36706
aValues are presented as mean � RSD of six replicate observations (n ¼ 6)
bConcentration was 4 μg/mL
cConcentration was 6 μg/mL
dRT was 2.88 min
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proposed HPLC method is, therefore, claimed to be specific for the quantitative
analysis of curcumin in the herbal formulation.

21.3.3 Assay

In both UV and HPLC methods, the %curcumin estimated in the marketed Haridra
formulation were satisfactory as per the label claimed (Table 21.5). In the UV
method, the %curcumin was estimated to be 99.46%, whereas it was 99.85% by
HPLC method, at the tested concentration of 5 and 4 μg/mL, respectively. The assay
chromatogram is represented in Fig. 21.5. The %curcumin estimated in the marketed
formulation was found to be within limit (98–102%). The estimated amount of
curcumin also complies with the standard specified (not less than 1% w/w of
curcumin) in the official monograph of Haridra (IP 2014).

Table 21.5 Assay

Standard absorbance/
peak areaa

Test absorbance/peak
areaa

Amount found
(mg/mL)

% of curcumin
estimated

UV methodb

0.7268 � 0.0007 0.6756 � 0.0002 4.973 99.46

HPLCc

446,310 � 0.057 43,219 � 0.014 3.994 99.85
aValues are expressed as mean � RSD of three replicate observations (n ¼ 3)
bConcentration was 5 μg/mL
cConcentration was 4 μg/mL

Fig. 21.5 Assay chromatogram of curcumin
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21.3.4 System Suitability

System suitability was analyzed by introducing the standard solution (6 μg/mL) of
curcumin in six replicate observations (n ¼ 6). Results of system suitability studies
(Table 21.6) were found within acceptable limit.

The summary of validation parameters are represented in Table 21.6. From
validation studies, it is evident that the developed analytical methods are practically
valid and thus useful. Results of validation studies described in the above sections
are satisfactory for both the methods. In all validation experiments, the % RSD
values are not more than 2%, indicating high reliability and validity of the methods.
Furthermore, results of our present study are consistent with existing literature (Joshi
et al. 2018; Baghel et al. 2017; Purohit et al. 2014; Patil and Salunkhe 2012). In
HPLC, good separation and high resolution of the analyte peak proves satisfactory
performance of the proposed analytical method. Moreover, higher percentage of
recovery from accuracy studies and non-interference of excipients and/or related
components assure that the HPLC method is quite specific for the estimation of
curcumin in the Haridra formulation.

Table 21.6 Summary of validation parameters

Parameters

Result

UV method HPLC method

Wavelength of detection (λmax, nm) 418 418

Linearity Beer’s law limit (μg/mL) 1–5 2–10

Slope 0.0001 1981.1

Intercept 0.1444 11,280

Coefficient of correlation 0.999 0.999

Accuracy or % recovery (%RSD) <2.0 <2.0

Precision (% RSD) Repeatability <2.0 <2.0

Reproducibility <2.0 <2.0

Ruggedness (% RSD) <2.0 <2.0

Robustness (% RSD) <2.0 <2.0

LOD (μg/mL) 0.054 0.068

LOQ (μg/mL) 0.180 0.207

System suitability Retention time (RT, min) – 2.88

Peak area – 70,568

Theoretical plates – 3508

Tailing factor – 1.04

Efficiency – 36,490

Asymmetry – 1.201
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21.4 Conclusion

In our study, analytical methods were developed for the standardization and/or
evaluation of Haridra in the marketed formulation by UV-Vis spectrophotometry
and RP-HPLC. The methods proposed herein are claimed to be simple, accurate, and
precise. The developed methods are also reported to be highly valid, specific, and
reliable. However, our study reports the standardization of Haridra by means of
quantitative determination of curcumin in the marketed herbal formulation. Simi-
larly, the crude preparations of Haridra can also be standardized by these proposed
methods. Our developed methods, thus, can be used in routine practice for quality
control analysis of Haridra in crude drugs, traditional preparations, and marketed
formulations.

Acknowledgments Authors are thankful to the Management of Srikrupa Institute of Pharmaceu-
tical Sciences for proving necessary laboratory facilities for carrying out this work.
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Ethnobotanical Survey: The Foundation
to Evidence-Based Validation of Medicinal
Plants

22

Sunday O. Otimenyin

Abstract

Plants are vital to the survival of humans and animals. They supply the required
nutrient and medicine to this group of living things. Plant seems to be the
healthiest diet compared to diet of animal origins. Their benefits have been
actualized over the year by the ability of humans and animals to recognize the
difference between plants and their uses. Today much has been documented
about plants and their food and health benefits. The ability to identify plants
and their uses has been beneficial to the survival of mankind. Wrong identifica-
tion can lead to poisoning and eventual death or to lack of expected activities and
thus treatment failure and the consequence of treatment failure. Evidence that
plant contents are dependent on the environment they are grown has been
documented.

Research into plant usefulness and actions has been facilitated by taxonomical
identification of the plant. This enhances documentation of plants and their
actions. Plant location and distribution plays a vital role as it gives information
about where to harvest the plants. This provides steady availability of the plants, a
crucial requirement for their use in traditional medicine. Plant documentations
brought to bear the plants that are about to go into extinction and prompt man to
take positive actions, like cultivation of such plants for preservation. The process
of identifying the plants and documenting their location and use is referred to as
ethnobotanical survey. This is vital to evidence-based validation of traditional
medicine. In this chapter, we have looked at the advantages of ethnobotanical
survey and their impact on the validation of the uses of traditional medicine. The
chapter revealed that such survey has enhanced plant’s knowledge, their uses, and
location documentation. It has also reduced duplication of studies and saved time
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and monies met for fruitful research. It has served as the foundation for evidence-
based validation of traditional medicines.

Keywords

Ethnobotany · Ethnopharmacology · Evidence-based validation · Medicinal
plant · Reverse pharmacology

Abbreviations

ATP Adenosine Triphosphate
HIV Human Immunodeficiency Virus
HPLC High-Performance Liquid Chromatography
NMR Nuclear Magnetic Resonance
Spp Species
USA United States of America

22.1 Introduction

Plants are vital to the survival of humans and animals. They supply the required
nutrient and medicine to this group of living things. Plants seem to be the healthiest
diet compared to diet of animal origins. Their benefits have been harnessed over the
year by the ability of humans and animals to recognize the difference between plants
and their importance or uses. Today much has been documented about plants, their
food, and health benefits. The ability to identify plants and their uses has been
beneficial to the survival of mankind. Wrong identification can lead to poisoning and
eventual death or to lack of the expected effects or activities and thus treatment or
use failure. Evidence that plant contents are dependent on the environment they are
grown has been documented.

22.2 Ethnobotany

Ethnobotany as a discipline is currently oriented toward the exploration and docu-
mentation of new plant resources, collection of genetic materials, drug discovery,
and product development. In recent years, the discipline of ethnobotany has become
increasingly associated with the search for medicines. The search for herbal
medicines and phytonutrients continues to gain more attention and expand rapidly
across the world, with many people now resorting to these products for treatment of
various health challenges in both developing and developed countries. Herbal
remedies are available in drug stores, food stores, and supermarkets and on our
streets (Höft et al. 1999; Peters 1996; Phillis and Gentry 1993).The surge in the
utilization of herbal products has fueled research in this area and resulted in
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transition from classic herbal teas to standardized herbal products (Aumeeruddy-
Thomas and Shengji 2003; Martin 1995; Davidson-Hunt 2000). The major reasons
for seeking herbal therapy are the beliefs that it promotes healthier living and that it is
natural and therefore safe. Others resort to herbal medicine when orthodox medicine
has “failed,” especially if the patient believes that there is spiritual involvement in
the disease condition. Herbal medicines are, therefore, often viewed as a balanced
and moderate approach to healing and recently represent a substantial proportion of
the global drug market (Höft et al. 1999; Peters 1996). Another proof for the growing
interest in herbal medicine industry is the novel basis of classical drug development.
In 2007, China has collected 3563 extracts, 64,715 compositions, and 5000 single
compounds from 3000 Chinese herbs together with about 130 kinds of chemical
drugs (Elvine-lewis 2001). These findings follow the same trends from what is
documented in most countries. As the global use of herbal medicinal products
continues to grow and many more new products are introduced into the market,
public health issues and concerns surrounding their safety are also increasingly
recognized and overwhelming. Although some herbal medicines have promising
potential and are widely used, many of their pharmacological and toxicological
properties remain unverified. This makes knowledge of their potential toxicity and
adverse effects very limited (Etkin 2001). It has become essential, therefore, to
furnish the general public, including healthcare professionals, with adequate infor-
mation based on scientific findings to facilitate better understanding of the risks
associated with the use of these products and to ensure their safety, efficacy,
suitability, and quality.

22.3 Basic Steps in Plant Research

Research into plant usefulness and actions has been facilitated by taxonomical
identification of plants. This enhances documentation of plants, their distribution,
their uses, and their actions. It also enhances the prescription or recommendation of
specific plant to a patient or an individual. Plant location and distribution has also
played a vital role as it gives information about where to harvest the plants for further
scientific study. Plants that have not been identified scientifically cannot favor
scientific research because of the difficulty in linking the discovery to the said
plant. Knowledge of the local name of the plant is useful, but such identity cannot
replace scientific name. Traditional names of plants are only useful in the area or
region where such language is understood. This was what necessitated the introduc-
tion of botanical names for easy identification and global use. Knowledge of plants’
scientific names or local names aids sourcing of the plants and provides steady
availability of the plants, a crucial requirement for their use in traditional medicine
and scientific research. Documentations have also brought to bear the plants that are
about to go into extinct and prompted man to take positive conservative actions, like
cultivation of such plants for preservation and/or the restriction of plant collection.
The process of identifying the plants and documenting their location and use is
referred to as ethnobotanical survey. This is vital to evidence-based validation of
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traditional medicine. In this chapter, we have looked at the advantages of ethnobo-
tanical survey and their impact on the validation of the uses of traditional medicine.
The chapter revealed that such survey has enhanced plant data collection, data base,
their uses, and location documentation and pharmacological records on such plants.
It has also reduced duplication of studies and saved time and monies met for fruitful
research. It has served as the foundation for evidence-based validation of traditional
medicines.

22.4 Plant Cycle

The role of plants in the life cycle (cycle of living things and non-living things)
cannot be overemphasized. Plants have played a major role in the survival of man,
animal, and plants. It is also known to be instrumental to the replenishment of key
minerals in earth deposits. They are the builders of the basic building blocks of life.
Plants assemble simple elements, like carbon, hydrogen, nitrogen, and other
elements, into important building blocks required for normal body function and
growth and for mineral deposits. They also provide enabling environment for
nitrogen-fixing bacteria in plants and promotes the formation of nitrogen-containing
compounds. The assembling process results in the generation or production of a
wide range of chemical substances that are both beneficial and harmful to living
things. Substances produced include food (carbohydrates and amino acids),
medicines, perfumes and scents, and poisons (useful in warfare). The ability of
plants to produce these products makes them as the sustainer of life. The identifica-
tion of these roles of plants has made man to be pre-occupied with the selection and
cultivation of important plants—a major pre-occupation of man. Records have
shown that selected and cultivated plants are plants that are of benefits to man.
Plants that are regarded as not beneficial are often weeded out—this has led to the
extinction of some plants. Generally, as will be seen later in this chapter, all plants
are of immerse benefit to mankind. Of notable importance are plants that hold soil
together and prevent soil erosion and landscape destruction.

22.4.1 Importance of Plants

The importance of plants to the survival and sustenance of life cannot be
overemphasized. Plants are utilized in all the endeavors of man. They are used in
crude stage or processed stage. Animals, a minor source of food, survive on plants.
They use the basic and complex chemicals produced by plants to produce other
chemicals that are beneficial to man. Plants and animals depend on oxygen produced
and released from plants for normal cell function. Plants have been found useful in
many areas of life cycle and human endeavors. Important uses of plants are depicted
in Table 22.1.
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22.5 Plant Identity and Contents

Plants, like animals, have their genetic makeup. This determines their color, shape,
and physical characteristics—a distinguishing element that aids in the identification
of plants by taxonomists. The genetic composition of plants also determines the
types of chemical agents they can produce or synthesize. The color and physical
appearance helps in the identification of plant; it may also reveal the type of chemical
agents that can be produced by such plant. Their identity also gives information of
the type of chemical agents that can be found in them. This helps in distinguishing
plants that are used as food, medicines, etc. Chemical agent found in the plants
determines their uses. Plants are used as food because they contain carbohydrate,
protein, and useful minerals. Carbohydrates are used as fuel by living things (Balick
and Cox 1996). In man, it is fed into the Krebs cycle to produce ATP, an important
element for normal cell function.

Table 22.1 Uses of plants

Flowering plants Virtually all crop plants are flowering plants

Beverage: teas, coffee, cocoa

Cooking; oil from corn, canola, peanut, sesame, olive

Spices and seasonings: cloves, vanilla, black pepper, cinnamon, nutmeg,
saffron

Alcohol, latex, adhesives

Dyes, perfumes, saffron

Drugs; morphine, aloe, strychnine, atropine, aspirin, digitalis, quinine

Ferns and fern Horticultural; ornamental plants

Food

Art: basketry and weaving

Coal; form coal deposit in forests

Conifers and
conifer

Paper product; from wood pulp

Turpentine, varnish, resin, adhesives, chewing gum, printing ink

Cellulose fibers are processed into cellophane, rayon, and insulation

Drugs: methamphetamines

Horticultural; landscaping, Christmas trees, flowers

Recreation: hiking, camping

Mosses and Moss Fuel for cooking

Herbal medicines; astringents, germicides, antiseptics, antibiotics

Building material; as low-cost alternative

Bioindicators of air pollution

Horticulture: manures, mulch, and for propagation by “air layering”

Water filtration and waste water treatment

Arts and crafts
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22.5.1 Genetics and Environment: Determinant of Plant Contents
and Products

The gene in the cell of plants ensures plants are reproduced to specification. The
genetic materials in plants are housed in the nucleus of each cell. It contains codes of
the general and salient features of the plants. It can be used for proper plant
identification and characterization but is seldom used because of the cost
implications and facilities that may not be readily available or easily moved to
field. The outputs of gene expression, like the leaf, flower, fruit, stem, and root
shapes and types, are used for identification by taxonomists.

Several plants that have not been in existence before now are being produced via
gene mutation and basic gene element rearrangement. Such mutation is fueled by
change in the environment in which the plants are grown and arises as a survival tool
in harsh environment. Genetic mutation, apart from changing the physical features of
the plants, also impacts on the chemical agents formed by the plants.

The environment, to a greater extent, determines the types of biochemical agents
that are produced by plants. As mentioned earlier, plant utilizes basic elements in the
environment (particularly the soil) for the production/synthesis of the chemical
principles found in them. This by implication means that the soil and air must
contain these basic elements required for the synthesis of biochemical. This
informed the variation of the type of chemicals found in the same species of plants
across the globe. The full capacity of a plant to produce biochemical may not be
realized if the basic elements needed for the formation of the said biochemical are
not present in the environment. This implies that there might be a need to vary the
growth environment if the yield of the needed agent from plant is low. Research into
the basic elements needed for such agents to be formed may provide a clue to what is
needed in the plant environment for optimum production of the required agents.

22.5.2 Local Identification of Plants

Proper identification of plants is crucial if the benefits of their contents are to be
harnessed. The locals in a particular community identify plants by their shape (shape
of leaves, fruits, stem, and roots), color, and smell and sometimes taste. This
identification skill of the traditional people has been used by botanist for the
identification of plant, since genetic identification is not easily accessible and costly.
Local identification of plants by the traditional people is a skill inherited from their
mentors and forefathers. This has led to the proper identification of plants that serves
as food and/or medicines. Animals feed on plants and also eat plant for their
medicinal purposes. They use the same features used by man to identify plants in
the environment and determine the plants that are poisonous or edible or could be
useful in the healing of their disease conditions. Plants that have resulted in the death
of animals are often regarded as poisonous and avoided by man and animals.
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22.5.3 Spiritual Identification

This is a subject of debate by scientists and non-scientists, but most ethnobotanical
surveys have records of how the ancestors claim that dreams, spirits, and God reveal
the curative herbs to them. This explains why their practice includes incantation, a
belief that the locals hope it gives life and potency to their medicinal plant. What
remains uncertain is the contribution of these claims to plant identification and uses
by traditional people.

22.5.4 Taxonomical Identification of Plant

Taxonomists are the authority in the identification of plants in scientific environ-
ment. They use key features of the plants for plant identification. These features are
not too different from the features used by the traditional people, but it is more
refined and generally accepted. The taxonomist attains this height of plant identifi-
cation after undergoing specific training in recognized university or institution.
During ethnobotanical survey, plant herbarium is collected for plant identification.
Collected herbarium is submitted to the taxonomist for onward identification of the
plant. The voucher specimen is given a number after identification and stored in the
herbarium for future reference. This practice has ease report submission and data
storage in the data base of plants. The data bank avail the scientist the needed
information on the plant or disease conditions they intend to research on. It also
reveals the level of scientific probe that has been carried on the said plant. Twofold
identification may be adopted as seen in most plant data base: the taxonomical
identity (botanical name) and the local identity (local name) of the plants. Misiden-
tification has been a major issue in data collection and storage, implying that effort
must be made for proper identification if the information in the data base is to be
reliable and credible. The identity of a plant is crucial if a plant that has been used by
locals is to be validated for pharmacological activity. Plant identification either as
local name or botanical name is also important for evidence of use of the medicinal
plant. Correct plant identification is therefore crucial in evidence-based validation of
medicinal plants.

22.6 Ethnopharmacology

Ethnopharmacology was first used in 1967 in a book titled The Hallucinogens. It is a
relatively new field in pharmacology. It covers ethnobotany and the validation of the
claims documented during ethnobotanical survey. As with ethnobotany, it covers the
observation, collection, identification, description, and experimental investigation of
the chemically active principles and the effects of the chemical agents found in
traditional medicine preparation (Abdolbaset et al. 2006).

Ethnopharmacology is defined as “the interdisciplinary scientific evaluation and
documentation of biologically active agents in medicinal plants” (Abdolbaset et al.
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2006). Many drugs in use today were discovered through ethnopharmacological
research. Many plants have been and are being evaluated with the aim of discovering
new drugs. Knowledge of medicinal plants used in the management of disease
conditions is an important element of traditional medical systems in many
communities in the world, and these resources is a part of traditional knowledge of
a culture (Heinrich et al. 2018). In some cultures, these practices or cultures are
documented in their traditional pharmacopoeia. However, most of the traditional
knowledge are not documented but are passed from generation to generation through
apprenticeship. In this process, traditional knowledge are either modified or lost. The
quest for modern education had negatively impacted the passage of traditional
knowledge and culture in most African communities. This informs the need for
ethnobotanist and ethnopharmacologists to act fast in the documentation of these
rich cultures to avoid loss of knowledge that may lead to the discovery of life-saving
drugs in the future. Some countries have well-developed pharmacopoeias, with
research ongoing to validate the efficacy of the claims in such records. There exists
the Asian, European, indigenous, and non-Western type of herbal medicines whose
practices date back to thousands of years. Indigenous medical systems are the most
diverse and are still practiced where such cultures are intact but are continuously
evolving as contact with other cultures is continuous. The knowledge may reside
exclusively with traditional healers, or may be known generally (Davidson-Hunt
2000). Ethnopharmacology is a field that yields collaboration among different
researchers as well as the application of that knowledge to practical ends for both
scientific and indigenous communities (Elvine-lewis 2001).

22.6.1 Imperatives of Ethnopharmacological Studies

Ethnopharmacological approach in the study of medicinal plants and cultural
practices has yielded products of know pharmacological effects (Table 22.2). Such
products have been integrated into modern orthodox medical practice or provided
detailed understanding of its use in different cultures and/or the understanding of
some physiological function of the human body. The study of the botanical origin of
the arrow poison curare, its physiological effects, and the compound responsible for
these effects has provided explanation for its use as poison arrow. The botanical
source of curare was identified as the climbing vine Chondrodendron tomentosum
Ruiz and Pavon; other species of the Menispermaceae (Curarea spp. and Abuta spp.)
and Loganiaceae (Strychnos spp.) are also used in the production of curares of
varying types (Abdolbaset et al. 2006). Ior and her team (Ior et al. 2017) reported
medicinal plants used for the management of psychosis in Northern Nigeria. Their
investigation into the claimed activity of these plants revealed that a number of
plants have central nervous system effects (Otimenyin and Ior 2019). Figure 22.1
and Table 22.3 show the area of study and the plants claimed to have antipsychotic
activity. Table 22.4 shows the results that validated some of the claims (Ior and
Otimenyin 2019). Discovery of reserpine from a traditional medicinal plant (Rau-
wolfia serpentina) was a monumental breakthrough that led to the introduction of a
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Table 22.2 Ethnobotanical approach outcomes

Drug/Agents Plant Action

Berberine Berberis vulgaris Management of bacillary dysentery

Atropine Atropa belladonna Anticholinergic

Asiaticoside Centella asiatica Vulnerary

Arecoline Areca catechu Anthelmintic

Anisodamine Anisodus tanguticus Anticholinergic

Anisodine Anisodus tanguticus Anticholinergic

Andrographolide Andrographis
paniculata

Hepatoprotective management of bacillary
dysentery, hepatoprotective

Allyl isothiocyanate Brassica nigra Rubefacient

Agrimophol Agrimonia supatoria Anthelmintic

Ajmalicine,
serpentine

Rauwolfia serpentina Management of circulatory disorders

Agrimophol Agrimonia supatoria Anthelmintic

Aesculetin Fraxinus
rhynchophylla

Antidysentery

Aesculetin Aesculus
hippocastanum

Anti-inflammatory

Adoniside Aesculus
hippocastanum

Cardiotonic

Gossypol Gossypium species Male contraceptive

Glaucarubin Simarouba glauca Amoebicide

Gitalin Digitalis purpurea Cardiotonic

Etoposide Podophyllum peltatum Antitumor agent

Ephedrine Ephedra sinica Sympathomimetic, antihistamine

Emetine Cephaelis ipecacuanha Emetic, amoebicide

Digoxin Digitalis purpurea Cardiotonic

Digitalin Digitalis purpurea Cardiotonic

Digitoxin Digitalis purpurea Cardiotonic

Deslanoside Digitalis lanata Cardiotonic

Deserpidine Rauvolfia canescens Antihypertensive, tranquilizer

Danthron Cassia species Laxative

Curcumin Curcuma longa Choleretic

Cynarin Cynara scolymus Choleretic

Convallatoxin Convallaria majalis Cardiotonic

Codeine Papaver somniferum Analgesic, antitussive

Colchicine Colchicum autumnale Antitumor, antigout

Cocaine Erythroxylum coca Local anesthetic

(+)-Catechin Potentilla fragarioides Hemostatic

Chymopapain Carica papaya Proteolytic, mucolytic

Caffeine Camellia sinensis CNS stimulant

Betulinic acid Betula alba Anticancer

Bromelain Ananas comosus Anti-inflammatory, proteolytic

Monocrotaline Crotalaria sessiliflora Topical antitumor agent

Lapachol Tabebuia species Anticancer, antitumor

(continued)
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Table 22.2 (continued)

Drug/Agents Plant Action

a-Lobeline Lobelia inflata Smoking deterrent, respiratory stimulant

Kheltin Ammi visage Bronchodilator

Lanatosides A, B, C Digitalis lanata Cardiotonic

Kainic acid Digenea simplex Ascaricide

Kawain Piper methysticum Tranquilizer

Irinotecan Camptotheca
acuminate

Anticancer, antitumor agent

Hyoscyamine Hyoscyamus niger Anticholinergic

Hemsleyadin Hemsleya amabilis Treatment for bacillary dysentery

Hydrastine Hydrastis canadensis Hemostatic, astringent

Glycyrrhizin Glycyrrhiza glabra Sweetener, treatment for Addison’s disease

Gossypol Gossypium species Male contraceptive

Scopolamine Datura species Sedative

Santonin Artemisia maritima Ascaricide

Scillarin A Urginea maritima Cardiotonic

Salicin Salix alba Analgesic

Rotenone Lonchocarpus nicou Piscicide, Insecticide

Rhomitoxin Rhododendron molle
(rhododendron)

Antihypertensive, tranquilizer

Rorifone Rorippa indica Antitussive

Reserpine Rauwolfia serpentine Antihypertensive, tranquilizer

Rescinnamine Rauwolfia serpentine Antihypertensive, tranquilizer

Quisqualic acid Quisqualis indica Anthelmintic

Quinine Cinchona ledgeriana Antimalarial, antipyretic

nor-
pseudoephedrine

Ephedra sinica Sympathomimetic

Pseudoephedrine Ephedra sinica Sympathomimetic

Protoveratrines A, B Veratrum album Antihypertensives

Podophyllotoxin Podophyllum peltatum Antitumor, anticancer agent

Picrotoxin Anamirta cocculus Analeptic

Pilocarpine Pilocarpus jaborandi Parasympathomimetic

Phyllodulcin Hydrangea
macrophylla

Sweetener

Physostigmine Physostigma
venenosum

Cholinesterase inhibitor

Papain Carica papaya Proteolytic, mucolytic

Ouabain Strophanthus gratus Cardiotonic

Neoandrographolide Andrographis
paniculata

Treatment of dysentery

Noscapine Papaver somniferum Antitussive

Morphine Papaver somniferum Analgesic

Sennosides A, B Cassia species Laxative

Silymarin Silybum marianum Antihepatotoxic

Stevioside Stevia rebaudiana Sweetener

(continued)
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new drug for the management of some disease conditions in orthodox medicine.
Rauwolfia serpentina, called Chotachand in Hindi, was reported to have been used
by the local people of the Himalayan Mountains for snakebite.
Ethnopharmacological survey revealed the claim by a local legend that in ancient
times, mongooses feed on the plant before engaging in combat with cobra. This
observation prompted the local people in that region to test the plant for activity in
human bitten by snake and found that the shrub could serve as a potent antidote to
snakebite. In Bihar Province of India, people use this plant to treat insanity, epilepsy,
and insomnia (Balick and Cox 1996). Reserpine, a potent drug for hypertension, was
later isolated from Rauwolfia.

Some plants have been reported to be of no value after scientific investigation.
Traditional medical practitioners were advice not to use such drugs for the manage-
ment of the unvaried disease conditions. Their insistence on the use of such plants
has generated a lot of concerns in the scientific world. This has stimulated to further
investigations that involved following up on the patients taking such plant to
ascertain the claimed activity. Reports have shown that indeed some of such plants
are effective. Lack of activity reported has been pinned to the type of solvents used
during extraction processes and the fact that some plant constituents act in synergy to
elicit their biological activity. These findings have reiterated the need to revisit plants
that have been claimed to be devoid of pharmacological activity. Table 22.5 includes
plants, ethnobotanical leads, verified biological activities, and herbal products pro-
duced from medicinal plants.

22.6.2 Research Driven by Ethnopharmacology

The volume of plants in the world is large. Conducting unfocused research is time-
consuming and tasking and produces poor outcomes. Our biodiversity is evolving.
This explains why it will be near impossible to screen all the plants that exist on

Table 22.2 (continued)

Drug/Agents Plant Action

Strychnine Strychnos nux-vomica CNS stimulant

Teniposide Podophyllum peltatum Antitumor agent

Tetrahydropalmatine Corydalis ambigua Analgesic, sedative, tranquilizer

Yuanhuacine Daphne genkwa Abortifacient

Yohimbine Pausinystalia yohimbe Aphrodisiac

Tubocurarine Chondrodendron
tomentosum

Skeletal muscle relaxant

Valapotriates Valeriana officinalis Sedative

Trichosanthin Trichosanthes kirilowii Abortifacient

Theophylline Theobroma cacao and
others

Diuretic, bronchodilator

Topotecan Camptotheca
acuminate

Antitumor, anticancer agent
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earth. Research driven by folkloric use of plants saves cost and time and may be
more productive. Ethnobotanical or ethnopharmacological survey documents folk-
loric plants and their uses. During such survey, it is possible to obtain first-hand
evidence of individuals who have benefited from the plants. Beneficiaries can be
interviewed to authenticate folkloric claims. The composition of
ethnopharmacological survey team contributes to verification of folkloric claims.
The team has qualified health practitioner who can confirm their diagnosis and the
resolution of the disease condition. Positive evidence often gives hope and
encourages further scientific study. Such evidence-based studies have been found

Fig. 22.1 Map of Plateau State showing study areas (Ior and Otimenyin 2019) Source: Geographic
Information Systems (GIS) Laboratory, Department of Geography and Planning, University of Jos
(2014)
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to be result-oriented and most likely to lead to the development of new or lead drugs
(Abdolbaset et al. 2006). The interview sometimes reveals the side effects of the
medicinal plant under investigation. Such findings can reveal unknown effects of the
plant under investigation and result in the discovery of new drugs. It is also possible
that the drug relieves only the symptoms as is the case with most analgesic and anti-
inflammatory drugs. The relief of pain without managing the underlying cause of
pain poses a great problem in the use of traditional medicine. The traditional medical
systems have referral system that encourages referrals, especially if the patient is not
responding to treatment or the practitioner lacks expertise in the area. Records also
show that traditional medical system has specialists in different disease conditions;
such specialists are located through referral system. This makes the traditional
heritage of disease management rich and all encompassing. Most schools believe
that the present orthodox medicine system copied the traditional medicine systems.
There are known approaches for the selection of medicinal plants for study. Five

Table 22.4 Medicinal plants with validated antipsychotic activity

Treatment
Dose
(mg/kg)

Number of
climbing
10 min

Number of
climbing
20 min

Number of
climbing
30 min

Normal saline 10 mL/kg 5.52 � 0.29 4.00 � 0.10 3.11 � 0.03

P. pinnata 800 1.53 � 0.08* 1.72 � 0.13* 1.11 � 0.33*

O. canum 800 4.08 � 0.22 3.21 � 0.26 2.57 � 0.12

D. oliveri 800 3.24 � 0.12 2.44 � 0.21 1.15 � 0.17*

T. macroptera 800 1.95 � 0.66* 1.80 � 0.60* 1.25 � 0.42*

U. chamae 800 2.34 � 0.27* 2.52 � 0.13 1.28 � 0.17*

C. Zambesicus 800 2.83 � 0.60* 2.67 � 0.88 2.07 � 0.17

J. curcas 800 1.85 � 0.19* 2.14 � 0.32* 1.81 � 0.48*

S. campanulata 800 2.15 � 0.29* 2.58 � 0.29* 1.72 � 0.44

C. edulis 800 4.53 � 0.08 2.52 � 0.13 2.28 � 0.17

S. Kunthianum 800 4.21 � 0.26 3.87 � 0.43 2.67 � 0.26

S. longepedunculata 200 2.21 � 2.67* 2.67 � 0.26* 1.52 � 0.44

I. erecta 800 4.73 � 0.55 3.34 � 0.52 2.88 � 0.55

N. latifolia 800 2.62 � 0.32* 1.00 � 0.63* 1.30 � 0.83*

T. Ddodoneifolius 800 2.45 � 0.43* 1.51 � 1.43* 1.33 � 1.31

B. dalzielii 800 1.66 � 0.42* 1.98 � 0.10* 0.60 � 0.36*

L. camara 800 2.44 � 0.30* 3.22 � 0.57 0.45 � 0.25*

C. ambrosioides 800 2.34 � 0.48* 1.60 � 0.60* 0.56 � 0.56*

G. Senegalensis 800 2.64 � 0.33* 3.12 � 0.38 2.28 � 0.62

N. laevis 800 2.50 � 0.07* 1.00 � 0.63* 1.30 � 0.83*

V. doniana 800 2.75 � 0.25 2.75 � 0.31 3.07 � 0.12

Chlorpromazine 4 0.05 � 0.01* 0.02 � 0.01* 0.05 � 0.01*

Comparison of the effects of aqueous extracts of some collected plants on apomorphine-induced
stereotypic climbing behavior in mice
Values are presented as mean � SEM (n ¼ 5); * p < 0.05 compared to control
Source: Ior and Otimenyin 2019
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major approaches of plant selection for pharmacological screening are known,
namely:

1. Random approach, which involves the collection of all plants found in the
study area

2. Phytochemical targeting, which entails the collection of all members of a plant
family known to be rich in bioactive compounds

3. The ethno-directed sampling approach, based on traditional medicinal uses of
a plant

4. Chemotaxonomic approach
5. A method based on specific plant parts, such as seeds, flowers, leaves, etc.

(Cotton 1996)

Khafagi and his research team (Khafagi and Dewedar 2000) investigated the
antimicrobial activity of Sinai Peninsula plants collected randomly versus those
collected based on ethno-medical uses. Their results revealed that about 83.3% of
plants collected by ethno-directed approach showed antimicrobial activity, while
only 41.7% of plants collected randomly showed antimicrobial action. Ethno-
directed plant selection approach demonstrated higher percentage of test results of
species with antimicrobial activity either way as compared to random selection
approach. Both ethno-directed and random selection approach may serve as a useful
strategy in the search for biologically active compounds with potential antimicrobial
activity (Khafagi and Dewedar 2000). It is reasonable to conduct ethnobotanically
directed research in order to optimize the search for novel pharmaceuticals. Random
selection approach may be useful for the identification of the presence of bioactive
compounds from plants with unknown folk medicinal use, but ethnobotanical
approach is believed to be the best and is giving the highest chances to success
(Sairafianpuor 2002). Ethno-directed approach reveals the possible uses of the plant
and suggests screening methodology and extraction technique to be employed.
Extraction methods determine the nature of chemicals that will be extracted from
any medicinal plant. If the method used does not favor extraction of active principle
in the plant, results obtained may show that the plant does not possess the claimed
biological activities. This explains why, for the first study of evaluating plants for
activity, it is advisable to choose the extraction methods that is same or close to the
methods used by the traditional medical practitioner in the community where
ethnobotanical survey was carried out. This saves time and may screen out the
toxic principle in the plant.

22.6.3 Enriching Indigenous Medicinal Knowledge

Attention has been on traditionally used medicinal product with little efforts to add to
the data base of the traditional knowledge of medicinal plants. In the past before the
advent of medicine or pharmacology, medicinal knowledge is constantly being
enriched by the discovery of new herbs that have healing prospects. Today attention
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has shifted to orthodox medicine and industrial or laboratory search for drugs. This
has been helpful though, but attention should be given to the traditional methods of
drug discovery and development of indigenous knowledge. Traditional data bases
can be enriched by random study of plants for medicinal value. Plants that have not
been documented or used by traditional medical practitioner as medicines can be
evaluated for bioactivity. The study of the antimicrobial activity of Sinai Peninsula
plants collected randomly shows that non-ethno-directed investigation can yield
bioactive compounds (Bernard 1957).

22.6.4 Preservation of Ethnobotany Knowledge

Human living conditions have changed over decades, a change that has impacted on
the environment. This change may be beneficial or adverse, but generally the change
was intended for the betterment of humans and intended to favor survival and
produce persistent effects that are beneficial to mankind (Laland et al. 2010; Levis
et al. 2017; Sullivan et al. 2017). New generations always inherit modified
environments that result from past decisions. This has affected the knowledge and
current use of plants in our society (Lins Neto and Albuquerque 2018). Human
activity has also impacted on the climate resulting in climate change (Ladio 2017).
Climate change has affected the soil composition and the type of plants that can grow
on such soil. Record has shown that plant used by a community of people depends
on the types of diseases prevalent in their region. The tropics, especially Africa, have
high incidence of malaria (Santoro et al. 2017). This always correlates with the type
and number of plants used by the indigenous people living in this environment for
the management of malaria (Albuquerque et al. 2019). Changes in the environment
that favored the breeding of mosquitos may have contributed to the wealth of
knowledge of plants used in the management of malaria. Ethnobotanical survey in
these regions will unlock the wealth of knowledge of plants used in the management
of prevalent disease condition in the region. The evidence gathered during such
survey will direct scientific research in this direction and may result in the validation
of the useful medicinal plants. The world today has artemisinin, a compound
extracted from Artemisia Annum, as its commonly used antimalarial agent. This
plant was used in china by the local people for the management of malaria. It has
saved the world after the development of resistance to chloroquine.

22.6.5 Ethnobotanical Leads and Potential Drug Candidate

Plants produce economically important organic compounds such as oils, resins,
tannins, rubber, gums, waxes, dyes, flavors and fragrances, pesticides, and
pharmaceuticals (Eldeen et al. 2010). As indicated earlier in this chapter, many of
the medicines used and/or currently in use such as aspirin, codeine, ipecac, pilocar-
pine, pseudoephedrine, quinine, reserpine, scopolamine, theophylline, vinblastine.
etc. have been derived from medicinal plants based on ethnobotanical research
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programs (Balick and Cox 1996). It is estimated that among the total flowering
plants occurring in the tropical regions of the world, only few were studied for their
pharmaceutical potentials. Most plants contain chlorophyll-a, an agent that has been
shown to possess anti-inflammatory activity (Subramoniam 2014). This may support
the claim that all chlorophyll-a-bearing plants have pharmaceutical potential
(Subramoniam 2014). Pharmaceutical companies are gradually turning their search
for potent bioactive compounds to medicinal plants. They have produced a number
of herbal preparations based on ethnobotanical leads for different purposes. Few
examples of these products and their botanical sources are given in Table 22.2.
Otimenyin and his research team (Otimenyin et al. 2013) validated the presence of
pharmacologically active compound in an herbal preparation that contains
Mormordica balsamina, an herbal mixture sold over the counter in Southern
Nigeria. They also established the safety profiles of the medicinal preparations
they validated (Otimenyin et al. 2013; Otimenyin and Uguru 2006), since safety is
one of the major concerns in the use of medicinal plants.

22.6.6 Challenges of Ethnobotany and Herbal Medicine

It is believed that all medicinal plants are safe for use in the management of disease
conditions. This belief is hinged on the fact that they are natural occurring and that
most of these plants are found in our normal daily menus. This claim or assertion is
baseless and false. Scientific examination of known herbal preparations has revealed
that a sizable number of plants have unsafe pharmacological profiles. This may be
dose-dependent or highly toxic. The increasing interest in medicinal plants has
necessitated the screening of these plants, with the aim of ascertaining their safety
profiles. Such study has led to the discovery of plants with deleterious effects on
human health (Otimenyin and Uguru 2006). There exists a pool of research findings
that reveals the hypersensitivity and damaging effects of plants on internal organs in
the body. Herbs have been shown to be capable of producing a wide range of
undesirable/adverse reactions, some of which are capable of causing serious injuries,
life-threatening conditions, and even death. In many countries before now herbal
medicines are registered without verifying their safety, the wealth of scientific
evidence of the harmful effects of plants has led to the adoption of proof of safe
toxicological profiles before registration of herbal medicines.

Plants if used as it is used by the traditional people may be safe for consumption.
Research has shown that the method of preparation of herbal medicine impacts their
safety. Some plants contain substances that can neutralize the toxic components in
that plant, implying that separation of the constituents of the plant may result in
obtaining a preparation that is harmful to human health. Taxol, also known as
paclitaxel, an anticancer agent from Taxus brevifolia is an example. Toxicological
study of the crude extract showed that the preparation is not toxic; the herbal
medicine obtained with industrial method of preparation was shown to be toxic.
This led to the development of more appropriate extraction/processing methods with
less toxic products (Wilson et al. 2001).
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The use of herbal medicines over the past decades represents approximately 40%
of all healthcare services delivered in China, and the percentage of people who have
used herbal medicines at least once in Australia, Canada, the USA, Belgium, and
France is estimated to be between 48 and 75% (Ekor 2013). This increase in
medicinal plant use raises concerns about the need for effective scientific evaluation
of safety and toxicity of medicinal plants. There are a number of herbal products that
have been scientifically evaluated for bioactivity and safety; some have undergone
extensive clinical investigation and subjected to systematic review/meta-analysis.
However, their development and large-scale production have been hampered due to
the complex nature of the herbal products and the variation between manufacturer
methods. Evaluation and documentation of efficacy and safety of medicinal plants
should be extract-specific. This has become necessary because each manufacturer
has different methods of extraction. As pointed out earlier, extraction procedure
determines the contents of the extract and thus their efficacy and safety. Presently,
finger printing of the extracts has been adopted for standardization purposes and to
address changes that may occur from batch to batch. This involves subjecting the
extract through mass spectrometry, HPLC, and NMR. The “picks” obtained from the
standard extract that produced the desired effects are used as standard for other
extracts, since it reveals the constituents present in the preparation. A number of
cases of adverse effect and toxicity of herbal medicines have been reported. Yoyo
“Cleanser” bitters, an herbal remedy that is found and used in Nigeria, has been
reported to elevate plasma levels of liver enzymes and induce hypokalemia in rats
that ingested it for 30 days consecutively (Ekor 2013). Efforts must be made to
determine the safety profiles of all traditional medicines as this will ensure the safety
of the large number of people that depends on herbal medicines for their health
needs. This to my view should be the priority rather than the validation of the
bioactive compound, though validation of bioactivity is not less important. It will
reduce the number of toxicities related to medicinal plant use and sound a precau-
tionary warning to the large populace that consume herbal medicines and encourage
the use of the medicinal plants that are safe for consumption. The level of safety
should be specified when reporting on the safety profiles of herbal remedies.
Regulatory authorities in most countries have made this a priority for the registration
of herbal remedies. Manufacturers are required by law to provide some evidence of
safety of their preparation before drug regulatory agencies register their products.

22.7 Evidence-Based Validation of Medicinal Plants

We have established that plants have played key roles in the survival of man and
animal. It took care of their food, health, and domestic needs. Ethnobotanical/
ethnopharmacological survey provides documented evidence of the use of plants
by a known community. Further survey does reveal the testimonies of the inhabitants
in that community that have benefited from the practice of the use of a particular
plant for the management of a known disease condition. Such documentation
provides a guide to the scientific validation of medicinal plants. It saves time and
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is cost-effective compared to the practice of selection of plants at random for
scientific evaluation. It also suggests the method of investigation of the plants by
giving a clue to the disease conditions it is effective in remitting. This practice has
added substantial knowledge to the medicinal plant library, has led to the discovery
of new drugs and drug leads, and has contributed immensely to meeting the health
needs of man. Okwuasaba et al. 1991 reported a survey of medicinal plants used as
contraceptives by women in Jos, Plateau State of Nigeria. The survey led to the
discovery of Ricinus communis, a plant seed used in Plateau State for the child
spacing. Scientific evaluation of the plant revealed that it has contraceptive and
hormonal effects. Many drugs have been discovered following this similar pattern of
research; see Tables 22.2 and 22.4.

It is also possible to liaise with the traditional medical practitioners to clerk their
patients: that is teach them the healthcare reporting systems and documentation
process. Some of the clinical features to look out for in the disease being managed
may also be revealed to them to enable them to manage and give proper records of
their observation and outcome. This is imperative because it is not possible to stop
the practice or discourage the patients from patronizing them. This practice is
referred to as reverse pharmacology, an aspect of pharmacology that starts with
human subjects that are presently using the herbal medicine for the evaluation of the
effect of a known herbal medicine. Ethics is a major issue in this field and care must
be taken if this method is to be used. In Nigeria, human immunodeficiency virus was
a scourge, and many claim to have cure for the disease condition. Patients were
forced to subject themselves to any form of treatment, since there was no orthodox
medicine available at that time or the cost was not affordable. Efforts were taken to
advice the traditional practitioners to keep records. For some who did, record of the
success rates, the number of deaths, and the number that had serious side effects
were extracted from their records. Such records were useful as it helped dissuade the
herbalists from using their claimed remedy, when it showed that it was not effective.

22.7.1 Reverse Pharmacology

Human and clinical effects of medicinal plants and poisons started the entire
enterprise of drug development and pharmaceutical industry. Bernard himself had
said, “The most useful path for physiology and medicine to follow now is to seek to
discover new facts instead of trying to reduce to equations the facts which science
already possesses.” (Saxena et al. 2015). At least in the early decades of the last
century, scientists with medical backgrounds pursued the factual activity of plants in
man and searched the mechanisms in animals and tissues (Raut et al. 2017). Striking
observation can be made during ethnobotany/ethnopharmacological survey. During
survey it is possible to see patients that are undergoing treatment for the claimed
disease condition. This is possible because some of the herbal practitioner may have
clinics and admission policies. An example of this setup is the traditional bonesetters
in Nigeria. The health practitioner in the team may examine the patients and
determine the progress of the patients. This might necessitate carrying out some
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medical investigations to ascertain the resolution of the disease being managed.
Once a clear evidence of disease resolution has been documented, a para-clinical trial
can be conducted to further support their claim. Once this has been established, the
use of such herbal remedy is encouraged, while basic laboratory evaluation of the
herbal remedy is initiated until the active principle in the herbal preparation is
established. Research can progress to the synthesis of the active principle in the
herbal preparation, in which case the active principle is derived from laboratory-
based synthesis rather than obtaining it from the plant, thus saving the plant
biodiversity. This type of drug discovery starts from bedside to benches and is
known as reverse pharmacology. It is essentially a transdisciplinary quest for clinical
significance of traditional medical practice (Saxena et al. 2015). Reverse pharmacol-
ogy involves the investigation of the potential of widely used herbal remedies.
Reverse pharmacology is a novel initiative that offers a paradigm shift in the new
drug discovery process. The ingenuity of reverse pharmacology is meant for the
integration of traditional remedies with the wisdom of robust documentation of
safety and efficacy (Raut et al. 2017). Reverse pharmacology is staged as experien-
tial knowledge/data, exploratory research, and relevant clinical/experimental studies.
It can also be relevant for new uses of old drugs or for following up on a new unseen
indication of a drug candidate. The clinically novel biodynamic actions of traditional
remedies may open up new vistas in biomedicine and life sciences. The phyto-active
molecules can also provide novel chemical scaffolds for structural modifications
with defined drug targets. Hence, reverse pharmacology can play a dual role� it can
inspire new drugs from traditional remedies and enrich the chemical repertoire of
medicinal chemists for new chemical entities. Antimalarial have been developed
through reverse pharmacology. Table 22.6 shows some drugs that were discovered
through reverse pharmacology.

The scope of reverse pharmacology is immense: (1) to evaluate clinically the
evidence of safety, efficacy, and quality of drugs/plants used in herbal medicine;
(2) to discover new drugs from natural products already in use by humans; (3) to find
new clinical facts and bedside biodynamic phenomena that may lead to new insights

Table 22.6 Leads and indication from reverse pharmacology

Plants Activity/lead Indication

Enicostemma littorale Antioxidant
DNA protection
Lipemic control

Type 2 diabetes
mellitus

Zingiber officinale Anti-inflammatory, Antiemetic,
and anti-arthritic

Arthritis, nausea,
vomiting

Curcuma longa Anticancer Cervical precancer

Semecarpus anacardium and
Tinospora cordifolia

Chondroprotection Arthritis

Nyctanthes arbor-tristis Antiparasite
Anticytokine

Malaria

Saraca asoca Kidney problems, ovulatory
dysfunction

Menorrhagia
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in human biology; (4) to overcome the current costly, drawn out, and attractive
process of drug discovery/development; and (5) to complement the extant process by
novel phyto-actives as chemical scaffolds for new chemical entities (Saxena et al.
2015). The origin of reverse pharmacology is often from the diverse and rich big data
of traditional/modern literature, ethnobotanical, phytochemical, experimental, clini-
cal, and anecdotal cases. Ethnobotany is an important area of drug discovery and is
the foundation for drug discovery and validation of traditional medicinal products.
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Phytotherapeutics: The Rising Role of Drug
Transporters in Herb-Drug Interactions
with Botanical Supplements

23
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Abstract

There is increase in the consumption of traditional medicines all over the globe
despite of the lack of sufficient information on the safety. Researchers are
showing interest in traditional medicines as precursor for pharmacological activ-
ity. Membrane transporter proteins play a crucial role in drug absorption, distri-
bution, metabolism, and excretion, which determines the efficacy and safety.
Herb-drug interaction (HDI) may involve multiple drug transporters in the
body, which leads to alteration in the pharmacokinetics of substrate drugs,
consequently affecting their efficacy and toxicity. In silico databases and
in vitro approaches are there for screening HDIs; in vivo studies are the conclu-
sive way to determine the clinical importance of HDIs. Evaluation of herbal
product interaction is challenging due to variability in herbal product composi-
tion, uncertainty of the causative constituents, scant knowledge of causative
constituent pharmacokinetics, pathological conditions, and genetic polymor-
phism. The current chapter is an extensive systematic review of the effect of
transporters on ADME of traditional products, novel screening approaches of
HDIs, challenges in the evaluation in the HDI, and future perspectives.
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Abbreviations

ABC ATP-binding cassette
ADME Absorption, distribution, metabolism, and excretion
ATP Adenosine triphosphate
BCRP Breast cancer resistance protein
CHO Chinese hamster ovary
DI Drug interaction
DME Drug-metabolizing enzyme
HDI Herb-drug interactions
HEK293 Human embryonic kidney
LLC-PK1 Porcine kidney epithelial cells
MATE Multidrug and toxin extrusion
MDCK II Madin-Darby canine kidney II
MRPs Multidrug resistance-associated proteins
NTCP Sodium-dependent taurocholate co-transporting polypeptide
OAT Organic anion transporters
OATP Organic anion-transporting polypeptides
OCT Organic cation transporters
P-gp P-glycoprotein
SLC Solute carrier family

23.1 Introduction

There is increase in the consumption of traditional medicines all over the globe despite
the lack of sufficient information on the safety. Researchers are showing interest in
traditional medicines as a precursor for pharmacological activity. This drift might be
attributed to the myth among the people that traditional medicines are nontoxic as they
are of natural origin and extensive usage history (Calitz et al. 2015). In addition, the
common public have rising knowledge of health and easy access to herbal
supplements (Stickel and Shouval 2015). Although herbals have been demonstrated
to be efficacious, several herbal extracts may also have deadly fractions (Calitz et al.
2015; Stickel and Shouval 2015). Furthermore, herbal supplements may interact with
concomitantly used drugs by modulating drug metabolism, interacting with
transporters, or both and may consequently affect pharmacokinetics and pharmacody-
namics, resulting in adverse drug reactions and altered efficacy (Li and Paxton 2013;
Haefeli and Carls 2014; Domitrović and Potočnjak 2016).

Few decades earlier, drug-metabolizing enzymes (DME) were thought to be
accountable for drug interactions (DI). However, recent studies have proved the
importance of role of transporters in modulating the drug absorption, distribution,
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metabolism, and excretion (ADME) processes. Transporter-based interactions turned
out to be of immense interest among the researchers and have been comprehensively
recorded in the recent years. Drug transporters are present in several tissues and play
an important role in transport of drugs into and out of the cells (Giacomini et al. 2010).
Consequently, when drugs are concomitantly administered, there is a competition
among them for the same transporter, which causes a significant change in the ADME
of drugs. Therefore, the subsequent DI alters drug level in the blood and tissue, which
changes the safety and efficacy profiles of the drug. In cases like these, the drug loses
its effectiveness, or there is an increase in undesired adverse drug reactions, especially
in the case of drugs with narrow therapeutic index. Hence, evaluation of the clinical
significance of transporter-mediated DI has become one of the regulatory
requirements during drug approval processes (Huang et al. 2008).

Transporters are expressed at either the apical membrane or the basolateral
membrane of the polarized cells; they are classified based on their function, i.e.,
efflux or influx transporters (Giacomini and Sugiyama 2006). Among these
transporters, solute carrier family (SLC) and the ATP-binding cassette (ABC)
superfamily are actively involved in transporter-mediated DI. ABC superfamily
transporters are chief active efflux transporters, which uses ATP hydrolysis-derived
energy for the active cellular efflux of drugs (Poller et al. 2011; van Herwaarden
et al. 2003). In contrast, the SLC transporters assist the cellular influx of drugs by
facilitated diffusion or by co-transport of endogenous ions to provide the driving
force (Hediger et al. 2004; Fredriksson et al. 2008). Few SLC transporters exhibited
efflux properties or are bidirectional that is determined by the concentration gradient
of the substrate and coupled ions across the membrane (Hediger et al. 2004). Many
herbal products were found to show modulatory effect on the transporters, and some
transporter-mediated herb-drug interactions (HDI) were clinically significant. There-
fore, in the current chapter, we describe an extensive systematic review of the effect
of transporters on ADME of traditional products, novel screening approaches of
HDIs, challenges in the evaluation in the HDI, and future perspective.

23.2 Mechanism of Drug Transporter-Based
Pharmacokinetic HDIs

In contrast with DME-based interactions, mechanism of transporter-based interac-
tion is restricted, while the knowledge gap is beginning to narrow. The following are
the biochemical mechanism underlying pharmacokinetic HDIs (Brantley et al.
2014a). Figure 23.1 represents the mechanism of HDIs.

1. Inhibition: Transporter proteins are susceptible to inhibition by two mechanisms,
i.e., competitive reversible inhibition due to perpetrator obstructing the victim-
binding site; Noncompetitive reversible inhibition due to change in the confor-
mation of the transporter that decreases transporter activity due to the perpetrator.
Inhibition of transporter activity in vivo can manifest as alteration in the systemic
and tissue concentrations of the victim drug. The course of the alteration is
influenced by the site of transporter expression and direction of flux.
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2. Induction: Apart from inhibition, HDIs can induce increase in transporter
expression. Most common induction mechanism comprise increase in gene
transcription or stabilization of mRNA or active protein (transporter), of which
the receptor-mediated increase in the gene transcription is the chief mechanism
for transporter induction. The perpetrator activates one or more nuclear receptors
by binding to one of the ligand-binding site of the nuclear receptor, which causes
a cascade of events leading to increase transcription and subsequent translation of

Fig. 23.1 Mechanism of HDIs: (a) mechanism of HDIs of uptake transporter, (b) mechanism of
HDIs of efflux transporter
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mRNA into protein. Similar to inhibition, induction of transporters exhibits as
increased or decreased in circulating and tissue concentrations of the victim drug
depending on the site of transporter expression and direction of flux.

23.3 Role of Drug Transporters in HDIs

Generally, ABC transporters include breast cancer resistance proteins (ABCG2 or
BCRP), P-glycoprotein (MDR1 or P-gp), and multidrug resistance-associated
proteins (MRPs), while the SLC transporters include organic cation transporters
(OCTs), organic anion transporters (OATs), and organic anion-transporting
polypeptides (OATPs). These efflux and uptake transporters are widely present in
the apical and luminal membrane of epithelia of many organs (e.g., intestines,
kidney, liver, brain, testis, and placenta) that relate to drug disposition. Figure 23.2
shows the distribution of transporters on different organs. To foresee potential HDIs
or demarcate the basic mechanisms, it is vital to apprehend the tissue distribution of
transporters and to recognize their substrates, inhibitors, and inducers. It has been
worldwide documented that transporters leading the drug movement across the
biological membranes are highly related with drug ADME (Scherrmann 2009).

23.3.1 Absorption

Transporters expressed on the apical membrane of enterocytes serve as a foremost
line of barrier for absorption of orally administered drugs into the systemic

Uptake Transporters:
OCT2, OAT1, OAT3, OATP4C1,
MATE 1 MATE2-K and OAT4.
Efflux Transporters:
P-gp, MRP2, MRP4 and BCRP 

Kidney Transporters

Uptake Transporters:
OATPs,OCT and PEPT-1 
Efflux Transporters:
P-gp, MRPs and BCRPs 

Intes�nal Transporters

Uptake Transporters:
OATP1B1, OATP1B3, OATP2B1, 
OCT1, OCT3, OAT2 and OAT7 
Efflux Transporters:
P-gp, MRPs and BCRP 

Liver Transporters

Uptake Transporters:
OATPs and OCTs
Efflux Transporters:
P-gp, MRP4/5 and BCRP 

Brain Transporters

Uptake Transporters:
OATPs and OCT  
Efflux Transporters:
P-gp, MRPs and BCRPs 

Tes�s Transporters

Uptake Transporters:
OATPs and OCT  
Efflux Transporters:
P-gp, MRPs and BCRPs 

Placental 
Transporters

Fig. 23.2 Transporter distribution on different organs
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circulation. Efflux transporters like MDR1, MRPs, and BCRPs and SLC transporters
like OATPs and PEPT-1 transporters hinder the absorption of its substrates. Natural
products that inhibit or induce transporters may significantly alter the intestinal
absorption of the concomitantly administered drugs. Inhibition of the efflux trans-
porter increases the bioavailability of the substrate drugs, whereas the induction of
efflux transporter function may lead to restricted absorption of drug and vice versa
for the SLC transporters. Many herbal extracts and phytotherapeutics modulate the
efflux as well as the SLC transporters in the intestine. For example, milk thistle
(Silybum marianum extract) is traditionally used for liver disorders like hepatitis and
cirrhosis and gallbladder disorders. Milk thistle has been found to modulate the
function of many transporters by inhibiting them like BCRPs, MRPs, and OATPs
(Köck et al. 2013). A flavonoid from Ginkgo biloba (ginkgo), kaempferol inhibits
OATP2B1 transporter (Mandery et al. 2010). Curcumin from Curcuma longo, which
has been used for generations in the traditional medication, also inhibits P-gp,
BCRP, and MRP2 (Wu et al. 2011). Piperine (Piper nigrum flavonoid) and garlic
extract are inducers for BCRP and MRP2, respectively (Li et al. 2011; Berginc et al.
2010).

23.3.2 Distribution

Physiological barriers block the entry of possibly toxic xenobiotics. Transporters are
broadly expressed on the physiological barriers including the blood-brain barrier,
blood-testis barrier, and blood placenta. Transporters expressed in the brain mainly
include BCRPs, P-gp, MRP4/5, OCTs, and OATPs. Some phytotherapeutics are
substrates of these transporters. For therapeutic effect, few conventional drugs must
move to the brain, but transporters present on the brain limit the exposure of the drug
in the brain which leads to treatment failure. In some cases, co-administration of
transporter modulator with drugs, which has poor brain bioavailability, is a favorable
way to increase its brain concentration. For instance, natural flavonoids silymarin
and quercetin improve the brain distribution of co-administered substrate by
modulating the efflux transporters (Reddy et al. 2016). P-gp transporter present on
the placenta plays a crucial role by protecting the fetus exposure to several harmful
compounds (Iqbal et al. 2012). Modulation of the P-gp transporter on the placenta
affects the distribution and subsequently the efficacy or the fetal toxicity of the P-gp
substrates. Efflux transporters present on the testis protect them from unwanted
exposure of the drugs and in some cases can be negative if the site of action is
located behind the blood-testis barrier (Mruk et al. 2011). Nevertheless, the possible
adverse effects should also be taken into consideration if an excess drug penetrates
these physiological barriers.
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23.3.3 Metabolism and Excretion

Liver is the major organ responsible for metabolism of drugs. The hepatic portal
blood is separated from the basolateral membrane of the hepatocyte by fenestrated
sinusoidal endothelial cell layer, which results in the direct contact of this basolateral
membrane with the portal blood plasma. The SLC or the uptake transporters
(OATP1B1, OATP1B3, OATP2B1, OCT1, OCT3, OAT2, and OAT7) are
expressed on the basolateral membrane of the hepatocytes, while the ABC
transporters (P-gp, ABCG2, and MRP2) are present on the canalicular membrane,
which mediates the extrusion of the drugs and its metabolites into the bile
(Giacomini et al. 2010; Roth et al. 2012). Other SLC transporters such as MATE1
(multidrug and toxin extruder 1) are expressed on the canalicular membrane, which
shows the possible involvement to xenobiotic extrusion into the canaliculus.
Kidneys are responsible for transporting drugs out of the blood into urine.
Transporters like OCT2, OAT1, OAT3, and OATP4C1 are present on the basolateral
side, MATE1 and MATE2-K are present on the luminal membrane of the proximal
tubule cell, while OAT4, P-gp, MRP2, MRP4, and BCRP are present on the brush
border membrane of the kidneys (Masereeuw and Russel 2010; van Aubel et al.
2002; Sakurai et al. 2004). Few examples of metabolism and excretion based HDIs
are Epigallocatechin has inhibitory activity on OCT1, OCT2, MATE1, MATE2-K,
OATP1B1, OATP1B3 and P-gp transporters (Knop et al. 2015). Ursolic acid affects
the uptake of rosuvastatin in hepatocytes by inhibiting the transport of OATP1B1
(Hua et al. 2014). Berberine significantly reduces metformin elimination from the
kidney by OCT2 inhibition (Wang et al. 2018). Rhein is a major constituent of
Chinese herbal extract of Dahuang and inhibits OAT1/OAT3 and can lead to HDIs
(Wu et al. 2016).

23.4 HDI: In Silico Tools, In Vitro and In Vivo Evaluation

23.4.1 In Silico

The approach of in silico tool is virtual screening to check if there is possibility of
HDIs. Various in silico tools are used to assess the drug-drug interaction, but
assessment of HDIs is difficult and still is the area to explore. There are different
approaches used for evaluation of HDI (Ai et al. 2015). Different approaches for
screening of transporter-based HDIs are shown in Fig. 23.3.

23.4.1.1 Hypothesis-Driven In Silico Approaches
The availability of 3D structure of transporters helps to study computational model-
based HDIs in relation with transporters. This approach predicts HDIs at exact
protein level and helps to understand the fundamental mechanism of interaction
based on the previously collected data for HDIs. It includes four different
approaches: pharmacophore modeling, machine learning methods, protein-based
modeling, and hybrid approach. Generally, to study HDIs the pharmacophore
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model is a more preferred approach. The pharmacophore approach deals with
development of pharmacophores of enzymes, transporters, ion channels, and recep-
tor followed by screening of plethora of compounds. Discovery Studio (Catalyst)
provided by Accelrys, Inc.; Phase by Schrödinger, Inc.; and SYBYL (GALAHAD)
by Tripos, Inc. are few of the examples of pharmacophore method (Ekins 2004;
Toba et al. 2006; Zheng et al. 2009; Zhou et al. 2007).

23.4.1.2 Informatics-Driven Approach
There is enormous data available through various sources such as publications,
pharmaceutical industry data, clinical study data, online data libraries, etc. This
available data is extracted, compiled, and validated by using informatics tools.
Informatics-driven approach is a more effective and relevant in silico approach as
compared to others because it uses heterogeneous and huge experimental dataset for
virtual screening. By using this approach, probable harmful interactions between
anticoagulant or antiplatelet agents and herbal medicines have been identified and
reported. The additive effect of anticoagulant or antiplatelet of herbal medicines,
specifically danshen, dong quai, ginger, ginkgo, licorice, and turmeric, causes the
major consequence of increased bleeding risks (Ai et al. 2015; Tsai et al. 2013).

23.4.1.3 Physiologically Based Pharmacokinetics Modeling (PBPK)
The herbal medicine contains various numbers of active compounds; physiologically
based pharmacokinetics model has the capability to screen huge number of
compounds at a same time, which is beneficial to study complex HDIs. However,
the major drawback of PBPK approach in HDIs is the lack of data reported for
standardization of herbal medicine, impact of herbal medicines on the modulation of
enzymes or transporters, and also the variability in data reported for herbal medicines
across the laboratories (Ai et al. 2015; Brantley et al. 2014a). Brantley et al. provide
an example for prediction of HDIs between silibinin an herb and midazolam and
warfarin the two drugs by using PBPK model approach. Though there was minimal

Fig. 23.3 Different approaches for screening of transporter-based HDIs
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HDIs observed with no clinical relevance, still as a proof of concept, clinical study
data was done which also showed minimal HDIs. Although in this case only one
herbal constituent was used to study interaction, in future a complex mixture with
more than one active constituents can be used to predict the interaction (Brantley
et al. 2014b). The PBPK-generated in silico data is of regulatory relevance, and
regulatory agencies emphasize on the use of PBPK model to study the HDI (Zheng
et al. 2009; Ekins 2004; Zhao et al. 2012).

23.4.2 In Vitro

23.4.2.1 Membrane-Based Assays
These are high-throughput assays used to identify the substrates and inhibitors of the
efflux pumps and uptake transporters. It involves ATPase assay and membrane
vesicular transporter study. The ATPase assay involves calorimetric detection of
released inorganic phosphate due to hydrolysis of ATP in presence of substrate. The
ABC transporter directly interacts with the substrate or inhibitor and alters the
ATPase activity, i.e., either inhibit or stimulate the transition state of ATPase
reaction, and this altered activity shows the interaction of substrate with transporter.
The altered activity of ATPase is monitored by release of inorganic phosphate by the
enzyme. The drawback of ATPase assay is its limitations to differentiate between
substrate and inhibitor as it is not a functional assay and there is huge variation in the
experimental data; the chances of false positive are more in the case of ATPase assay
(Bjornsson et al. 2003; Brouwer et al. 2013; Xia et al. 2007). The membrane
transporters are ATP-dependent unidirectional pumps, which mediate the efflux
transport of drugs from the cells. Examples of efflux transporters are P-gp, BCRP,
and MRP, and uptake transporter is sodium-dependent taurocholate co-transporting
polypeptide (NTCP). As these transporters are expressed on the apical membrane of
cells, the inside-out vesicular membranes are used to study efflux mechanism, and
they are considered as more reliable tool especially for ABC transporters. Isolated
primary hepatocytes, isolated primary cells from other tissues, transfected cell lines,
overexpressed cell lines, derived or immortalized cell lines, and recombinant cell
lines are used as in vitro tools to study efflux transporters, and oocytes are more
specifically used to study uptake transporter. Transfected cell lines are HeLa, human
embryonic kidney (HEK293), Madin-Darby canine kidney II (MDCK II), V79
hamster, porcine kidney epithelial cells (LLC-PK1), and Chinese hamster ovary
(CHO) cells. HEK293 and CHO cell lines are preferred to study uptake transporters,
as they are easy to maintain and demonstrate low endogenous transporters. The
advantages of membrane-based transporter study are high throughput, ease of
experimentation, and easy maintenance of prepared membranes (Bjornsson et al.
2003; Giacomini et al. 2010; Glavinas et al. 2008; Keogh 2012; Kwatra et al. 2012;
Wu et al. 2016).
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23.4.2.2 Cell-Based Assays
(a) Bi-directional transport assays with cell-based systems: To study efflux or

uptake transporters by cell-based system, polarized monolayer cells are used.
Cells used to study interactions are intact cells (hepatocytes), cell lines (CaCo2
cell line), and recombinant cell lines (MDCK and LLC-PK1). To study
bi-directional transport assay, the test analyte is added into the apical compart-
ment (A) and buffer in basolateral compartment (B) which gives A!B trans-
port. In addition, in corresponding wells, test analyte is added in basolateral
compartment and buffer in apical compartment (A) which gives B!A transport.
The permeability coefficient (Papp) is calculated for both the directions. If an
efflux transporter is expressed on the apical cell membrane, then Papp
A!B < Papp B!A. If an uptake transporter is expressed on the apical cell
membrane, then Papp A!B > Papp B!A. The situation will be reversed if the
transporters are expressed on the basolateral cell membrane. This assay is
suitable to determine the transport of test analyte as only the analyte that is
fluxed through the cell monolayer is measured (Bjornsson et al. 2003; Brouwer
et al. 2013; Xia et al. 2007). CaCo2 cell lines are extensively used in cell-based
assays; they are derived from heterogeneous human epithelial colorectal adeno-
carcinoma cells. It expresses P-gp, BCRP, and MRP efflux transporters and
PEPT, OAT, OATP, and OCT uptake transporters. The major limitation of
CaCo2 cell lines is its cultivation period which is 21 days. MDCK cell lines
are used as alternative for CaCo2 cell line which is derived from dog kidney and
has a shorter cultivation period of 3–5 days (Awortwe et al. 2014; Sun et al.
2008).

(b) Uptake assays with cell-based systems: The uptake assays are performed to
measure the uptake of compound in the cells. The inhibitors of uptake trans-
porter will reduce the uptake of compound; sometimes substrates act as compet-
itive inhibitors because of more affinity than that compound. Suspended
hepatocytes and sandwiched cultured hepatocytes are used to study the interac-
tion because of uptake transporters. Organic anion-transporting polypeptides
(OATP), organic cation transporters (OCT), and NTCP are the major
transporters present on the basolateral membrane of heapotocytes (Liao et al.
2019; Bjornsson et al. 2003; Brouwer et al. 2013; Xia et al. 2007). Freshly
isolated or cryopreserved suspended hepatocytes are utilized to study active
hepatobiliary uptake transport as the presence of NTCP-mediated taurocholate
and OATP-mediated estradiol-17β-glucuronide (E17βG) uptake has been
reported by Shitara et al. (2003). The rate of hepatic uptake is determined by
linear or dynamic regression analysis. The hepatocytes are pooled to avoid inter-
individual variability due to differences in protein expression or genetic varia-
tion. Limitations of suspended hepatocytes are they cannot be used to study
efflux transport due to internalization of canalicular membrane during isolation
and identification of specific isoform responsible for uptake of compound is
difficult as there is no specific substrate or inhibitor. As there is loss of polarity
in suspended hepatocytes which disables their use as efflux transporter,
sandwiched cultured hepatocytes are used which retain the polarity and are
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used to study efflux transport. The hepatocytes are sandwiched between the two
layers of collagen gel. The sandwiched cultured hepatocytes retain more in vivo
like properties, and there is existence of good in vitro and in vivo correlation
(Bjornsson et al. 2003; Brouwer et al. 2013; Giacomini et al. 2010; Liao et al.
2019; Swift et al. 2010).

23.4.3 In Vivo

Gene knockout animal model and transporter chemical knockout animal model are
used as in vivo tools to study transporter-based HDIs. Gene knockout mice are
developed by eliminating the transporter gene of interest to study specific role of
transporter. Chemical knockout animal model is developed by using the inhibitor of
specific transporter; it gives detailed information of role of efflux transporter. The
limitation of gene knockout model is there is gene deletion of a specific transporter, it
may alter the expression of other transporters or enzymes, and also it will change the
physiology of gene knockout animal. In the case of chemical knockout animal
model, the selection of dose of an inhibitor is critical; also the specificity of inhibitor
is of major concern (Agarwal et al. 2012; Klaassen and Lu 2007; Xia et al. 2007).

23.5 Challenges with Assessment of Transporter-Based HDIs

HDIs are mainly of pharmacokinetic origin, i.e., either DME based or drug trans-
porter based. These interactions lead to variation in the victim drug’s exposure or
clearance due to induction of inhibition of DME and transporters by the herbal
product (de Lima Toccafondo Vieira and Huang 2012; Tsai et al. 2013; Shi and
Klotz 2012). The following point focuses on the challenges with assessment
of HDIs.

23.5.1 Variation in Herbal Product Composition

Herbal products consist of multiple components, which vary in composition batch to
batch and between manufacturers. The bioactive components of the herbal products
are often plant-derived secondary metabolites produced from normal plant metabo-
lism or as a defense reaction to environmental stress (Rousseaux and Schachter
2003). The percentage of the bioactive compound formation varies according to the
growing conditions, i.e., temperature and rainfall (Rousseaux and Schachter 2003).
Proper care should be taken to the composition of herbal products to ensure
reproducibility within studies and to enable comparisons between studies.
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23.5.2 Identification of the Constituents of Herbal Product

Modulation of transporters can be due to interaction between one or more
constituents of herbal product. Hence, identification of the constituents in herbal
product is necessary for precise prediction of HDI. Bioactivity-guided fractionation
technique helps to elucidate the components of herbal product (Roth et al. 2011; Kim
et al. 2011).

23.5.3 Pharmacokinetics of the Constituents of Herbal Product

Majority of the herbal product components have high first-pass metabolism and low
bioavailability via modulation of various transporters, which results in low system
concentration of the perpetrator component; as a result the concentration at site of
interaction might be less (Peterson et al. 2019). Furthermore, on concomitant
administration with the victim drug, it alters the clearance and system exposure of
the victim drug. Henceforth, knowledge of the pharmacokinetics of the herbal
product component is desirable for precise prediction of HDIs.

23.5.4 Interplay of Drug Transport and Drug Metabolism

The uptake of drug by the transporters present on the membrane is a precondition for
their subsequent metabolism as DMEs are present intracellularly. Additionally,
transfer of drugs or its metabolites also affects the DME kinetics, as kinetics is
dependent on the concentration of the drugs or its metabolites present in the cell.
Hence, variation in efflux or uptake of drug might also affect intracellular metabo-
lism (Benet 2009; Fan et al. 2010). Vectorial transport is a process when uptake of
drugs happens through the basolateral membrane and efflux of drugs or its
metabolites happens through the apical membrane, as different families of
transporters share a common substrate spectrum. For example, OATP family and
MRP family or the OCT family and P-gp family have common substrate spectrum
(Nies et al. 2008). Moreover, DMEs like phase I and phase II enzymes have wide
substrate spectrum and accept the drugs transported by various transporter families.
The DMEs and transporters work together, and any alteration to one of them might
result in altered pharmacokinetics of drugs. Hence, when DMEs and transporters
share a common substrate assessing the role and contribution of a single transporter
in drug interaction might be challenging. In such cases, the selection and concomi-
tant administration of the interacting drugs should be taken into account for planning
a drug interaction study. For greater efficiency in drug development and avoidance
of toxic interactions in clinics, quantitative prediction of DI consisting of both DME
and transporters would give beneficial information. Hence, for designing the appro-
priate in vivo interaction studies and producing data for the informative labeling and
effective use of medication, the development of standardized mechanism-based
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modeling and simulation is strongly needed (Huang and Lesko 2004; Zhang et al.
2010).

23.5.5 Transporter Polymorphism

Xenobiotic can produce a valuable effect or toxic effect in a particular patient. The
nature and degree of the effect are dependent on the ADME of the drugs. The drug
transporters have a vital role in the ADME of drugs. They control the passage of the
drugs and their metabolites. Hence, polymorphism of their gene alters the ADME
and eventually safety and efficacy of the drugs. Inter-individual variation in drug
pharmacokinetics is due to genetic transporter polymorphism (Liu et al. 2015). After
baicalin treatment, the AUC0–72 and AUC0–1 of rosuvastatin were reduced,
OATP1B1 haplotype �1b/�15 (21.0 � 20.6% and 23.9 � 8.66%), �15/�15
(9.20 � 11.6% and 1.76 � 4.89%), and �1b/�1b (47.0 � 11.0% and
41.9 � 7.19%), respectively (Fan et al. 2008). Digoxin effluxes by MDR1 were
significantly reduced in MDR1 gene variants of 2677G/893Ala and 2677T/893Ser
with the treatment ofDictamnus dasycarpus and of 2677T/893Ser with the treatment
of Poria cocos (Liu et al. 2015).

23.5.6 Pathological Conditions

Human disease can prompt a widespread effect on the expression and function of
transporter proteins. These changes can modulate pharmacokinetics and ultimately
pharmacological response. Numerous experimental data has shown that drug trans-
porter expression is interrupted during pathophysiological conditions mainly due to
reductions in gene expression of these transporters. Approximately 10% of the
hospitalized cases are due to adverse effects caused by altered metabolism. The
actual incidence may be much higher; many of the cases go unreported. Neverthe-
less, transporter expression and function in diseased states are not as well
characterized (Atilano-Roque et al. 2016). The following point focuses on the
transporter expression in liver, kidney, and brain diseases.

23.5.6.1 Liver Disease and Transporters
Literature database in human and rodent models shows that SLC and ABC trans-
porter expression is altered in liver diseases. There is an increase in efflux
transporters and decrease in uptake transporters in nonalcoholic steatohepatitis and
cholestasis. However, alteration in MRP transporter expression is reported in hepa-
tocellular carcinoma and viral hepatitis. The liver is the most commonly transplanted
organ after the kidney. During transplantation procedure, liver ischemia contributes
to post-operative hepatobiliary dysfunction. A study performed in a rat model of
arterial liver ischemia demonstrated alterations in hepatobiliary transporter expres-
sion in response to hypoxia. At present, there is limited data on how transporter

23 Phytotherapeutics: The Rising Role of Drug Transporters in Herb-Drug. . . 481



Table 23.1 Altered expression of transporters in hepatic disease

Liver
disease Transporter Alteration References

Cholestasis OATP1B1 Decrease in mRNA
expression

Mennone et al. (2006), Chen et al.
(2008), Chai et al. (2012), Canet et al.
(2014), Trauner et al. (1997)OATP1B3 Decrease in mRNA

expression

OCT1 Decrease in mRNA
and protein expression

MRP3 Increase in mRNA
and protein expression

MRP4 Increase in mRNA
and protein expression

MRP2 Decrease in mRNA
and protein expression

HCV OATP1B1 Decrease in mRNA
expression

Nakai et al. (2008), Hanada et al. (2012),
Kikuchi et al. (2010), More et al. (2013),
Ros et al. (2003), Ogasawara et al.
(2010), Kurzawski et al. (2012)

OATP2B1 Decrease in mRNA
expression

OAT2 Decrease in mRNA
expression

MRP1/
MRP1

Increase in mRNA
and protein expression

MRP3 Increase in mRNA
and protein expression

MRP4 Increase in mRNA
and protein expression

BCRP Decrease in mRNA
expression

MRP2 Decrease in mRNA
expression

P-gp Increase in mRNA
and protein expression

HCC OATP1B1 Decrease in mRNA
and protein expression

Kullak-Ublick et al. (1996), Vavricka
et al. (2004), Libra et al. (2006) Vander
Borght et al. (2005), Tsuboyama et al.
(2010), Schaeffeler et al. (2011), Heise
et al. (2012), Ros et al. (2003), Zhao
et al. (2010), Borel et al. (2012),
Sukowati et al. (2012), Sun et al. (2010),
Namisaki et al. (2014)

OATP1B3 Decrease in mRNA
and protein expression

OCT1 Decrease in mRNA
and protein expression

MRP1 Increase in mRNA
and protein expression

MRP3 Increase in mRNA
expression

MRP4 Increase in mRNA
expression

BCRP Increase in mRNA
and protein expression

(continued)
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protein expression and function can be altered with human liver transplantation.
Table 23.1 shows the altered expression of transporters in liver disease.

23.5.6.2 Kidney Disease and Transporters
Variation in transporter expression and function has been reported in specific kidney
diseases in comparison to normal kidneys. In acute kidney injury, OAT, OCTs, and

Table 23.1 (continued)

Liver
disease Transporter Alteration References

P-gp Decrease in mRNA
and increase in protein
expression

NASH OATP1B1 Increase in protein
expression

Aguilar-Olivos et al. (2015), Fisher et al.
(2009), Okushin et al. (2016), Bedogni
et al. (2005), Clarke et al. (2014b), Canet
et al. (2014, 2015), Clarke et al. (2014a),
Hardwick et al. (2011), Tanaka et al.
(2012)

OATP1B3 Decrease in protein
expression

OAT2/
OAT2

Decrease in mRNA
expression

MRP1 Increase in mRNA
and protein expression

MRP3 Increase in mRNA
and protein expression

MRP4 Increase in mRNA
and protein expression

BCRP Increase in mRNA
and protein expression

MRP2 Increase in mRNA
and protein expression

P-gp Increase in mRNA
and protein expression

Cirrhosis OATP1B1 Decrease in mRNA
and protein expression

Zollner et al. (2003), Kojima et al.
(2003), More et al. (2013), Takeyama
and Sakisaka (2012), Ros et al. (2003)OATP1B3 Decrease in mRNA

and protein expression

OATP2B1 Increase in mRNA
and protein expression

MRP1 Increase in mRNA
and protein expression

MRP3 Increase in mRNA
and protein expression

MRP4 Increase in mRNA
and protein expression

BCRP Increase in mRNA
and protein expression

P-gp Increase in mRNA
and protein expression
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P-gp modulation has been proved. In glomerulonephritis and chronic kidney disease,
mainly a variation in the efflux transporters has been reported. Variation in expres-
sion of transporters like PEPT, GLUT, and SGLT has been reported in diabetic
nephropathy. Table 23.2 shows the altered expression of transporters in kidney
disease.

23.5.6.3 Brain Pathologies and Transporters
Literature data suggests that there is a relationship between blood-brain barrier and
ABC transporter expression and function. The current data shows that the expression
of efflux transporters like P-gp and BCRP increases in diseases like brain tumor,
epilepsy, amyotrophic lateral sclerosis, and ischemic stroke. Expression of uptake
transporters like OATP1A2 and OATP2B1 decreases in brain tumor, and OATP
expression increases in ischemic stroke. Table 23.3 shows the altered expression of
transporters in brain disease.

Literature data on different pathophysiological conditions’ influence on the
expression of transporters are limited. To optimize the treatment course and to
avoid drug interaction, a better understanding of the influence of disease state on
transporter expression and function would be helpful. Development and application
of modern methodologies such as physiologically based pharmacokinetics model
and quantitative proteomics will help in advancement of our knowledge and under-
standing of influence of diseases in the functional changes of transporters and its
impact on the pharmacokinetics and pharmacological response of drugs.

23.6 Conclusion

Treatment herbal product administration along with the prescribed drugs is increas-
ing due to limitation in the conventional drugs, ultimately contributing to the
increasing incidence of HDIs. Due to variability in the herbal product composition,
uncertainty of the causative constituents, and limited information of the pharmaco-
kinetics of the phytotherapeutics, mechanism of HDIs remains unpredictable, and
evaluation of the interaction is still a big challenge (Brantley et al. 2014a). Majority
of the phytotherapeutics are found to be multi-target modulators of ABC and SLC
transporters. Most of the investigation with phytochemical has been done in vitro,
and its outcome is dependent on the specific phytotherapeutics and its concentration
and cell line and substrate used (Giacomini et al. 2010). Hence, to predict the clinical
outcome from the in vitro data, various factors have to be considered like the
concentration of the phytochemical in the gut, its solubility in the gut, and different
transporter kinetics. However, it is often difficult to ascertain the in vivo effect of the
phytotherapeutics is due to transporters solely as there are other factors involved like
DMEs as many phytotherapeutics are its substrates and expression of the
transporters that is up-/downregulated due to genetic polymorphism of transporters
or the diseased state (Zhang et al. 2009). There is considerably less information
about the metabolites of the phytotherapeutics, which can modulate the transporters
in the liver or kidneys and alter the pharmacokinetics of the phytotherapeutics.
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Table 23.2 Altered expression of transporters in kidney disease

Kidney
disease Transporter Alteration References

AKI OAT1 Decrease in mRNA
and protein
expression

Ji et al. (2002), Matsuzaki et al. (2008),
Schneider et al. (2007), Erman et al. (2014),
Brandoni and Torres (2015), Huang et al.
(2000)OAT3 Decrease in mRNA

and protein
expression

OCT1 Decrease in mRNA
and protein
expression

OCT2 Decrease in mRNA
and protein
expression

MRP2 Increase in mRNA
and protein
expression

MRP4 Increase in mRNA
and protein
expression

CKD P-gp Increase in mRNA
and protein
expression

Lu and Klaassen (2008), Moe and Chen
(2008), Lau et al. (2014), Dankers et al. (2013)

BCRP Decrease in mRNA
and protein
expression

MRP2 Increase in mRNA
and protein
expression

MRP3 Increase in mRNA
and protein
expression

MRP4 Decrease in mRNA
and protein
expression

MRP6 Decrease in mRNA
and protein
expression

GN P-gp Decrease in mRNA
and protein
expression

Joy et al. (2014)

BCRP Decrease in mRNA
and protein
expression

DN P-gp Increase in mRNA
expression

Tramonti et al. (2006)

BCRP Increase in mRNA
expression

(continued)
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Different funding agencies like the National Institute of Health (NIH) and related
organizations in other countries are encouraging the scientific evaluation related to
the safety of the herbal products by giving financial support. This drift will endorse
standardization of the herb medicines as that of conventional drugs, and the devel-
opment might promote discovery of new and effective drugs from herbal extract.

Table 23.2 (continued)

Kidney
disease Transporter Alteration References

PEPT1 Increase in mRNA
and protein
expression

PEPT2 Increase in mRNA
expression

Table 23.3 Altered expression of transporters in brain disease

Brain disease Transporter Alteration Reference

Brain tumor P-gp Increase in mRNA
and protein
expression

de Vries et al. (2007), Adkins et al.
(2013), Bronger et al. (2005)

BCRP Increase in mRNA
and protein
expression

OATP1A2,
OATP2B1

Decrease in
mRNA and
protein expression

Epilepsy P-gp Increase in mRNA
and protein
expression

Dombrowski et al. (2001), Tishler et al.
(1995), Wen et al. (2008), Römermann
et al. (2015)

BCRP Increase in mRNA
and protein
expression

Amyotrophic
lateral
sclerosis

P-gp Increase in mRNA
and protein
expression

Milane et al. (2010), Jablonski et al.
(2014)

BCRP Increase in mRNA
and protein
expression

Ischemic
stroke

P-gp Increase in mRNA
and protein
expression

Ji et al. (2013), Dazert et al. (2006),
Thompson et al. (2014)

BCRP Increase in mRNA
and protein
expression

OATPs Increase in mRNA
and protein
expression
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An Insight into Herb Interactions: Clinical
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Abstract

Medicines are used for betterment of human health, and huge number of human
population uses medicines for the same. But the desired effects of these drugs are
obtained when taken in appropriate concentration called ‘dose’. These same
medicines can be ineffective at a subtherapeutic dose and toxic above it. Often
herbs taken concomitantly with pharmaceutical drugs can pose a problem in
gaining the desired effect by potentiating or inhibiting the drug action. This can
prove to be life-threatening in severe cases. There is a need to identify the
potential interactions and understand their mechanisms. Various clinical studies,
case reports and review articles are available highlighting the prominent herb
interactions. However summary of such clinical evidences for each main class of
pharmaceutical drugs separately may provide for better understanding and further
prevention of harmful interactions. An attempt is made to summarize potential
herb-drug interactions for various therapeutic classes of prescription drugs.
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Abbreviations

CNS Central nervous system
CVS Cardiovascular system
CYP Cytochrome P450
HDI Herb-drug interaction

24.1 Introduction

Herbal remedy and traditional medicines have bloomed to a great extent in the late
nineteenth century and is an interest worldwide till today. The increasing interest and
an insight of equating the term ‘herbal’ or ‘natural’ to ‘safety’ have resulted in
marked rise in consumption of herbal medication globally. Great percentage of
population considers herbal therapy as a treatment which is safe and efficacious
over a long run. The huge popularity acquired by the herbal therapy has led in use of
herbs in the first or second line of choice of treatment. Moreover, there is a
tremendous concomitant use of herbal remedies along with other therapeutic regi-
men. It has been a belief the natural products would afford an added advantage in
treatment along with extended safety (Ekor, 2014).

However herbal products and drugs obtained from natural origin are not devoid of
side effect and adverse reactions. Various manifestations such as rash, gastric
discomfort, nausea, vomiting, allergies, headache, etc. have been associated with
herbal drugs. Certain herbs can be even toxic or life-threatening to humans. The fact
that herbs contain multiple components or active principles shouldn’t be neglected,
and this could be the possible reason for the adverse reaction especially in case of
preparation containing multiple herbs due to the interaction of multiple components
of the preparation (Yuan et al., 2016).

Multitude of patients considers herbs as an alternative of complementary medi-
cine. Concomitant use of herbs with prescription medications could lead to interac-
tion of the herbal component with conventional drug. This could alter the
pharmacological effects of the drug and cause toxicological manifestations. In
addition various evidences suggest that the patient does not disclose to physicians,
about herbal remedies concomitantly used. So certain events of herb-drug interaction
that occur are not even reported. Based on certain clinical reports, some of the herb
drug interactions could be summarized.

24.2 General Consideration to Mechanisms of Herb-Drug
Interactions

Interaction between herb and drug can lead to synergism (additive effect), thus
potentiating the action of the pharmaceutical drug or antagonism (negative effect),
thus diminishing the effect of drug administered, or may also lead to alteration of
effects of one or the other drug.
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Interactions occur at level of biotransformation pathways of the drug which
results in changes in serum drug concentrations or drug levels at the site of action
(Marchetti et al., 2007).

Herb-drug interactions can be broadly categorized into two major classes
(Capasso et al., 2000; Izzo, 2012):

• Pharmacokinetic interactions: Those that alter the plasma drug concentration
of drug.

• Pharmacodynamic interactions: The interactions are at receptors on target organs.

24.2.1 Pharmacokinetic Interactions

All those interactions that arise due to alteration in absorption, interference in
distribution patterns of drug or competition at metabolic or excretory pathways
can be categorized under this heading. These are more likely to occur due to
induction or inhibition of drug-metabolizing enzymes such as cytochrome P450 or
drug transporter proteins like P-glycoprotein. Both play a necessary role in drug
bioavailability (Izzo, 2004).

24.2.1.1 Interaction with Cytochrome P450 (CYP) Enzymes
CYP enzyme families play an important role in metabolizing a wide array of drugs. It
is expressed in the liver as well as in the intestine. There are various families of this
enzyme, of which CYP1, CYP2 are CYP3 have a major role in drug metabolism.
The subfamilies predominantly involved in drug metabolism are CYP1A2,
CYP2A6, CYP2C9, CYP2C19, CYP2D6, CYP2E1, CYP3A4 and CYP3A5. The
interactions with these enzymes result in alteration of absorption, distribution
patterns or competitive changes in metabolic or excretory pathways. Different
conventional medicines are metabolized by cytochrome P450 enzymes (phase I
drug-metabolizing enzyme system); the interaction of herbs with this enzyme
could lead to adverse events. There might be over-expression or under-expression
of this enzyme leading to diminishing effect or potentiating effect of drug leading to
inefficacy or toxicity problems (Izzo, 2004, 2012; Fasinu et al., 2012; Colalto, 2010;
Zhou, 2008).

St. John’s warts have shown to affect the blood concentrations of various drugs
that are metabolized by cytochrome P450 enzymes (Izzo, 2004, 2012; Fasinu et al.,
2012).

24.2.1.2 Interaction with P-Glycoprotein
Drug transporter proteins are functional in the pharmacokinetics of drugs at different
levels according to its site of expression in the human body. Those at intestinal site
will alter the absorption of drug into the bloodstream; those at excretory sites will
affect the drug excretion. As a result it plays a role in modulation of the plasma drug
concentration and bioavailability. Transporter protein, namely, P-glycoprotein,
influences absorption, distribution and elimination of drug and might be responsible
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for interacting effects. This transporter protein influences pharmacokinetics of drug
by limiting the cellular transport from the intestinal lumen into epithelial cells and by
enhancing the excretion of drugs from hepatocytes and renal tubules into adjacent
luminal space (Izzo, 2004, 2012; Fasinu et al., 2012; Zhang et al., 2009).

The pharmacokinetic profiles of various drugs transported by P-glycoprotein are
altered by St. John’s warts leading to potentiating or diminishing of the effect of drug
(Izzo, 2004, 2012; Fasinu et al., 2012).

24.2.2 Pharmacodynamic Interactions

These interactions are due to different degrees of alteration of physiological envi-
ronment or interaction with receptor sites by chemical entities. The interaction of
herb at receptor level of the drug might be ‘additive or synergetic’ and potentiate the
pharmacological/toxicological action of synthetic drugs or ‘antagonistic’, i.e. the
herb may diminish the action of concomitantly administered drug. These can also be
a result of interaction of drugs with hepatic enzymes (Izzo, 2004, 2012; Fasinu et al.,
2012).

The anticoagulant effect of warfarin can be increased or diminished by coumarin
containing herbs and vitamin K containing herbs, respectively (Izzo, 2004, 2012;
Fasinu et al., 2012).

24.3 Clinical Significance and Evidence of Herb-Drug
Interaction Study

Various study methods are available, which could help us to summarize that the
herb-drug interaction is a comprehensive manner. But these have certain advantages
as well as limitation. A comparative study of different types of methods can be used
to come to some reliable conclusions. The reports of HDI studies are usually
available for potential interactions, but it becomes a concern to identify the magni-
tude of clinical reliance of such interactions. The overall limitations of various
methods could be summarized as variations caused in phytochemical composition
of herbs due to seasonal variation, demographic changes of herbal drug, adulteration
cause and its nature, poor authentication and characterization, methods employed in
extracting and fractionating the herbals, etc. (Izzo, 2004, 2012; Fasinu et al., 2012).

In addition to these, the different study methods may attribute to certain specific
limitations. Summary of different methods and certain limitations that these methods
are prone to is stated in Table 24.1 (VanRoon et al., 2015).

Recently, evidences of HDI are derived through structured assessment procedures
which gives due consideration to clinical evidence of potential adverse events,
patient-specific risks and disease conditions which need to be considered for certain
interaction. A system for hierarchical evidence-based structured assessment proce-
dure of drug-drug interaction has been developed by Van Roon et al., which can be
also applicable for HDI. This method can be used to identify well-established HDIs.
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It categorizes evidences into four different levels as summarized below (Fasinu et al.,
2012; VanRoon et al., 2015).

Level 1: Published theoretical proof or expert opinion on the possibility of HDI due
to certain factors including the presence of known interacting phytochemicals in
the herbs and structure-activity relationship

Level 2: Pharmacodynamic and/or pharmacokinetic animal studies, in vitro studies
with a limited predictive value for human in vivo situation

Level 3: Well-documented, published case reports with the absence of other
explaining factors

Level 4: Controlled, published interaction studies in patients or healthy volunteers
with surrogate or clinically relevant endpoint

These levels of herb-drug evidence can be beneficial for better understanding and
correlation with the clinical risk assessment of the various herb-drug interactions
(Fasinu et al., 2012; VanRoon et al., 2015).

24.4 Classification of Herb-Drug Interactions According
to Clinical Classes of Drugs

For better understanding of any study, it is necessary to classify the wide array of
information available into feasible classes. Various herbs interact with the conven-
tional drugs which may alter the therapeutic action of the drug and thus have a
clinical manifestation. The main problem arising today is due to the underreporting
of herbal products used by the patients, which finally affect the therapeutic regimen
of the conventional drugs. An attempt is made to classify the herbal interactions with
conventional drugs as per the therapeutic classes of pharmaceuticals.

Table 24.1 Limitation to methods of studying HDIs

Method of study Limitations

In vitro studies: These include the studies
conducted using cell lines, tissues and organs
or by employing certain metabolic enzymes

Reproducibility of results is difficult, clinical
vs experimental variations; the in vivo changes
and phenomena like plasma protein binding
and correlating to clinical situation are poor

In vivo studies: This involves study conducted
employing animals

Interpretation of results could be difficult due
to species variation and changes in dosing
patterns in comparison to physiological dose

Case reports: Patient history reports or
diagnosis reports identifying HDI are
considered ideal for better conclusions

Underreporting by patients, poor identification
by physicians and difficulty in statistical
evaluation of each herbal drug especially in the
case of polyherbal preparations

Human studies: Human subjects are involved
in these studies

Ethical constraints, costs involved and use of
healthy subjects pose a problem in correlating
it with pathological conditions and genetic
variations
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The herbs may interact with various classes of synthetic drugs. Focus is laid only
upon prime therapeutic classes that may have a clinical manifestation and on which
relative clinical evidence is available.

Herb-drug interactions for following therapeutic classes have been illustrated.

• Cardiovascular drugs
• Central nervous system drugs
• Antiretroviral and anticancer drugs
• Hypoglycaemic drugs
• Immunosuppressants
• Miscellaneous drugs

This attempt of classification will ease the understanding of HDIs and further
preventive measure can be laid upon during administration of those herbal
preparations that might have a potential to interact with drug therapy of
patient’s need.

24.4.1 Interactions with Cardiovascular Drugs

Cardiovascular diseases are much prevalent in today’s era, and variety of drugs is
available in this class. Various cardiovascular drugs such as anticoagulants, cardiac
inotropic drugs, antihyperlipidaemics and antihypertensive drugs interact differently
with different herbs. The herbs that show potential interactions include St. John’s
wort, ginkgo, ginger, guar gum, garlic, boldo, fenugreek, devil’s claw, dong quai,
ginseng, danshen, cranberry, soya, green tea, goldenseal, etc. A summary of these
interactions is provided in Table 24.2.

St. John’s wort (Hypericum perforatum) is found to interact with a wide array of
drugs belonging to different subclasses, and the mechanism is found to be induction
of CYP enzyme or P-glycoprotein. The CYP enzyme induction ultimately leads to
decreased blood concentrations of the drugs. Ginkgo biloba interacts with
P-glycoproteins or has a pharmacodynamic interaction with resultant potentiation
of drug action. Herbs like garlic, boldo, fenugreek, devil’s claw, dong quai, ginseng,
danshen, cranberry, etc. interact with blood thinners such as warfarin and potentiate
their effects. Other herbs like soya and green tea have opposite effect on anticoagu-
lant drugs. Exact mechanisms of these interactions are not known, but the anticoag-
ulant properties of the herbs might be the underlying cause. Further there is scope for
deducing the mechanism of interaction at the receptor level.

24.4.2 Interactions with Central Nervous System Drugs

Antidepressants, neuroleptics, antiepileptics, anxiolytics and antiparkinson drugs
can be clubbed together as centrally acting drugs. Potentiating or inhibiting the
effects of these drugs may prove to be life threatening. Herbs do interact with large
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number of these drugs through both pharmacokinetic and pharmacodynamic
manners. Induction of CYP enzymes and additive or synergistic effects have been
found to be underlying cause of many such interactions; still some mechanisms of
interactions need to be identified. Interactions with CNS drugs have been given in
Table 24.3.

Same as that for the CVS drugs, the herb that prominently interacts with most
drugs is St. John’s worts. It either induces the CYP3A4 leading to decreased plasma
drug concentration or affords an additive effect on neurotransmitter signaling, thus
potentiating the drug action. Other herbs interacting with drugs include Echinacea,
kava, evening primrose oil, psyllium, herbal diuretics, ginseng, Shankhapushpi,
betel nut, ginkgo, danshen, garlic, goldenseal, passion flower, valerian, aloe vera,
etc., showing variable mechanisms of action. Herbal interactions with CNS drugs
can have deadly effects such as tremors, loss of seizure control, fatal seizures, etc.
Therefore understanding and preventing such interactions are most important to
reduce the prevalence of clinical manifestations.

24.4.3 Interactions with Antiretroviral and Anticancer Drugs

Herbs interacting with antiretroviral drugs may lead to either increased or decreased
blood concentrations of such drugs via CYP3A4 enzyme induction, induction of
transporter protein or an unknown mechanism which falls under the scope of further
research. St. John’s worts, garlic, ginseng, ginkgo and cat’s claw have shown to
interact with such drugs. St. John’s worts also interact with anticancer drugs. These
drugs with their herbal interactions have been condensed in Table 24.4.

24.4.4 Interactions with Hypoglycaemic Drugs

Herbs such as garlic and karela have been used to regulate the blood sugar levels. But
there exist certain herbs that can interact with certain hypoglycaemic drugs and alter
their potential. Herbs such as garlic, ginkgo, prickly pear cactus and St. John’s worts
have shown the interactions resulting in hyperglycaemia or hypoglycaemia through
CYP enzyme induction or additive effect. These interactions are encapsulated in
Table 24.5.

24.4.5 Interactions with Immunosuppressant Drugs

St. John’s worts and red yeast rice have been found to interact with
immunosuppressants like tacrolimus and cyclosporine. The possible mechanisms
of interactions include induction of CYP enzyme or protein transporters, thus
altering the drug concentration in blood and leading to organ rejection episodes in
cases of organ transplants stabilized by immunosuppressant therapy. Herbs such as
St. John’s worts, red yeast rice, red avens and magnolia berry are herbs of interest
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which interact with this class of drugs. The list of these interactions has been
enumerated in Table 24.6.

Table 24.4 Interaction of herbs with anti-retroviral drugs and anticancer

Herb Biological
source

Antiretroviral
drug

Result of
interaction

Possible
mechanism

References

St.
John’s
wort

Hypericum
perforatum

Imatinib Decreased
blood
concentration
drug

Induction of
CYP3A4

Izzo,
(2012),
Wang et al.
(2001),
Zhou et al.
(2004)

Indinavir Decreased
blood
concentration
drug

Induction of
CYP3A4

Izzo (2012),
Wang et al.
(2001),
Zhou et al.
(2004)

Nevirapine Decreased
blood
concentration
drug

Induction of
CYP3A4

Izzo (2012),
Wang et al.
(2001),
Zhou et al.
(2004)

Ginseng Panax
ginseng

Imatinib Hepatotoxicity Unknown
mechanism

Izzo (2012)

Cat’s
claw

Uncaria
tomentosa

Protease
inhibitors
(atazanavir,
ritonavir and
saquinavir)

Increased
blood
concentration

Unknown
mechanism

Izzo (2012)

Garlic Allium
sativum

Ritonavir Severe GI
toxicity

Induction of
CYP enzymes
in gut wall

Izzo (2012),
Fasinu et al.
(2015)

Saquinavir Decreased
blood
concentration

Induction of
P-glycoprotein
in the gut

Izzo (2012),
Fasinu et al.
(2015)

Ginkgo Ginkgo
biloba

Efavirenz Decreased
blood
concentration

Unknown
mechanism

Izzo (2012),
Fasinu et al.
(2015)

Herb Biological
source

Anticancer
drug

Result of
interaction

Possible
mechanism

References

St.
John’s
wort

Hypericum
perforatum

Irinotecan Decreased
blood
concentration
of active
metabolite
SN-38

Interaction
with CYP3A4

Izzo (2012),
Haefeli and
Carls (2014)
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24.4.6 Interactions with Miscellaneous Classes of Drugs

Few interactions have been found with other classes of drugs such as antipyretics,
antiinflammatory, antiallergic, antiasthmatic, antihistamines, oral contraceptives,
anthelmintics, antacids, antiemetics, antimalarial, antidiarrheal, antifungal, vitamin
supplements, etc. St. John’s worts have been found to interact with multiple classes
of drugs. Other herbs include garlic, ginkgo, green tea, hibiscus, milk thistle,
valerian, etc. The mechanisms of such interactions are unknown. These interactions
are enlisted in Table 24.7.

24.5 Conclusion

Though it is believed that drugs obtained from natural origin are safe, it has been
observed that many herbs interact with the conventional drugs causing adverse
effects to different extent, even causing fatal manifestations. This has been evident
from various in vitro and in vivo clinical studies as well as patient history reports.
Evidences of such interactions are available to different level of confirmation, and
only few interactions are known along with their mechanism of actions. The clinical
significance of such interactions is yet to be identified. And many more herbal
products need to be evaluated, to identify the incidences of herb-drug interactions.

It is of prime importance to create awareness among the patients of seriousness of
herbal interactions in order to increase the patient compliance and reporting of
adverse events by patients. Physicians should also be responsible to make patient
history reporting, in order to prevent inadvertent impact on patient’s health. This will
also help in disclosure of other interactions which are not known so far.

Further, evidence-based study, to identify the underlying mechanisms of interac-
tion, needs to be conducted. This will serve the purpose of evaluation of reliability of
case studies of herb-drug interactions.

Table 24.5 Interaction of herbs with oral hypoglycaemic drugs

Herb
Biological
source Drug

Result of
interaction

Possible
mechanism References

St.
John’s
wort

Hypericum
perforatum

Gliclazide Decreased
blood
concentrations

Induction
of CYP
enzyme

Izzo (2012),
Gupta et al.
(2017)

Prickly
pear
cactus

Opuntia
polyacantha

Glipizide and
metformin

Hypoglycaemic
effect

Additive
effect

Izzo (2012),
Gupta et al.
(2017)

Garlic Allium
sativum

Chlorpropamide Hypoglycaemia Unknown
mechanism

Izzo (2012),
Gupta et al.
(2017)

Ginkgo Ginkgo
biloba

Tolbutamide Decreased
blood
concentrations

Unknown
mechanism

Izzo (2012),
Gupta et al.
(2017)
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Pharmacovigilance of Herbal Medicines: An
Overview 25
Saipriyanka Bhimaneni, Ruchika Sharma, Prasanta Dey,
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Abstract

Herbal medicine and its formulations play a main role in the treatment of different
types of diseases such as diabetes, arthritis, memory disorders, liver disorders,
etc. across the globe. The most common myth about these medicines is that these
are totally safe and can be consumed without prescription. However, various
reports in the literature have indicated the adverse drug reactions of these
medicines. Pharmacovigilance is essential for developing reliable information
on the safety of herbal medicines. The existing systems are successfully devel-
oped and implemented for synthetic medicines, but regarding herbal medicines,
some modification is required to address the specific differences of medicinal
herbs. This chapter starts with a review of safety concerns of various types of
herbal medicines, pharmacovigilance methods of signal detection and causality
assessment of herbal drugs as well as regulatory aspects. Finally, this chapter
concludes with current challenges and future perspectives of herbal
pharmacovigilance.
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Abbreviations

ADRs Adverse drug reactions
AIA All India Institute of Ayurveda
ATC Classification System Anatomical Therapeutic Chemical Classification

System
CDSCO Central Drugs Standard Control Organisation
COSTART Coding Symbols for a Thesaurus of Adverse

Reaction Terms
EU Directive European Union Directive
EudraVigilance European Union Drug Regulating Authorities

Pharmacovigilance
HC Health Canada
ICD9CM International Classification of Diseases, ninth Revi-

sion, Clinical Modification
ICH International Council for Harmonisation of Technical

Requirements for Pharmaceuticals for Human Use
INN International Nonproprietary Names
MedDRA Medical Dictionary for Regulatory Activities
MHRA Medicine and Healthcare products Regulatory

Agency
PV Pharmacovigilance
WHO ART World Health Organization Adverse Reaction

Terminology
WHO DDE World Health Organization Drug Dictionary

Enhanced
WHO World Health Organization

25.1 Introduction

Pharmacovigilance is made up of two words, i.e. “Pharmakon” and “Vigilance”.
Pharmakon is a Greek word which means drug, whereas Vigilance is a Latin word
which means to keep watch. In simple words, pharmacovigilance is the science of
collecting, monitoring, assessing and evaluating information from health-care
professionals (HCP) and patients on adverse effect of medications, biological
products, vaccines, blood products, medical devices as well as herbals and tradi-
tional medicines. The World Health Organization (WHO) defined
pharmacovigilance as “the science and activities related to the detection, assessment,
understanding, and prevention of adverse drug effects or any other possible drug-
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related problems” (WHO 2004a). After completion of the phase 3 clinical trial, the
sponsor submits the new drug application (NDA) to the respective regulatory
authorities to get market approval. The NDA contains all the safety as well as
efficacy data in animals (preclinical) and human (phase 1–phase 3 clinical trials).
However, these all studies are not that much reliable because of limited number of
patients studied in clinical trials and strict inclusion and exclusion criteria, for
example, special group of population (children, pregnant women, etc.) are normally
excluded. Thus, the long-term adverse drug reactions and adverse drug reactions in
special population are difficult to detect. Therefore, to study rare ADRs which are in
long latency and ADRs with special groups, the careful monitoring of drugs in post-
marketing phase is necessary (Wester et al. 2008). The main objective of the
pharmacovigilance is to monitor the safety of drugs continuously by evaluating
adverse effects which are previously unrecognized during the clinical trial (Mann
and Andrews 2002). Apart from pharmaceutical medicines, the safety of other
pharmaceutical products such as vaccines, herbal products, blood products and
medical devices is also monitored (Shaw et al. 2012).

Herbal medicinal products are used from the ancient time for the treatment of
various disorders/diseases such as anxiety (Sarris et al. 2011); arthritis (Mills et al.
1996); depression (Sarris et al. 2011); high blood pressure (Mansoor 2001); viral
infections (Liu et al. 2003); hormonal imbalance such as premenstrual tension,
eczema, chest problems, insomnia and migraine; gastro-intestinal disorders (Chen
et al. 2014); etc. These medicines are also consumed by special populations like
pregnant women and children (Park et al. 2010). The term herbal medicine describes
crude preparations which are obtained from different parts of a plant, herbal
tinctures, usually supplied in the formulation as tablets, capsules and powders
which can be available without a prescription (Barnes and Anderson 2003).

However, the safety of these herbal products is still unclear; many herbal
practitioners assume that these medicines are completely safe, but in some experi-
mental studies, some of these medicines are found to be toxic (Patel et al. 2012).
Thus, there is a need to monitor the safety profile of herbals in a large group of
population. This chapter starts with a review of safety concerns of various types of
herbal medicines, pharmacovigilance methods of signal detection and causality
assessment of herbal drugs as well as regulatory aspects. Finally, this chapter
concludes with current challenges and future perspectives of herbal
pharmacovigilance.

25.2 Need of Pharmacovigilance for Herbal Products

The safety of herbal products is still unknown. However, it is assumed that these
products are safe as used from ancient times, but unfortunately, researchers have
found the various safety concerns regarding the use of herbal products. The herbal
products contain a mixture of plants that contain several hundreds of chemical
constituents which are sometimes unknown also. Out of these hundreds of
constituents, only some of the constituents have a therapeutic activity, whereas
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others have no therapeutic activity and sometimes also toxic (Barnes et al. 1998). In
literature, various preclinical (animals) and clinical (human) studies have reported
various adverse reactions related to herbal medicines. The dermatological problems
such as photosensitivity and severe allergenicity have been observed after the use of
St. John’s wort herbal preparation (Ernst 2000). The hyper-reflexia due to the use of
belladonna extract has been observed (Ulbricht et al. 2004). Liver toxicity in rats has
been reported after the chronic use of kava kava (Sorrentino et al. 2006). Liver
fibrosis is reported after the administration of Hypericum in rats (Gregoretti et al.
2004). The hepatotoxicity is reported due to kava kava (Denham et al. 2002), and
urothelial cancer due to Aristolochia species (Cosyns 2003). The various ADRs
related to herbal medicines are compiled in Table 25.1. The herbal products are
commonly associated with hypersensitivity (Drain and Volcheck 2001),
allergenicity, idiosyncratic, hypoglycaemia, abdominal pain, etc. (Kamsu-Foguem
and Foguem 2014). The most common adverse reactions related to the herbal
products as per the system organ class (SOC) have been compiled in Table 25.2.
Thus, to avoid these all adverse effects which occurred due to herbal medicine, it is
necessary to have proper pharmacovigilance system for the herbal medicines.

25.3 Classification of Adverse Drug Reactions

Adverse drug reactions are defined as “noxious and unintended response occurs at
doses normally used in the population for the prophylaxis, diagnosis or therapy of
disease, or modification of physiological function” (WHO 1972). An adverse effect
can be termed as the unexpected or irrelevant toxic response of a drug caused due to
the pharmacological response of drugs (Syed et al. 2015).

These adverse effects are mainly classified into six types (Drain and Volcheck
2001) as mentioned below:

• Augmented (Type A)
• Bizarre (Type B)
• Chronic (Type C)
• Delayed (Type D)
• End of treatment (Type E)
• Failure of treatment (Type F) (Edwards and Aronson 2000)

The brief classification of adverse drug reactions is compiled in Fig. 25.1.

25.4 Reasons for Safety Concerns of Herbal Products

The reasons for safety concerns of herbal products are due to presence of multiple
constituents in the herbal preparations and also the percentage of chemical
constituents which are not the same as throughout the plant for all time, and also
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Table 25.1 List of herbal products and their traditional uses along with adverse effects

S. No Medicinal plant Traditional uses Adverse effects References

1. Pygeum africanum
(Prunus africana)

Prostate cancer,
prostatitis, benign
prostatic hyperplasia,
other urinary tract
infections, and
aphrodisiac

Gastro-intestinal
upsets

Kamsu-
Foguem
and
Foguem
(2014)

2. Wild wisteria, violet
tree (Securidaca
longipedunculata)

Laxative, nervous
system ailments
(epilepsy), wounds,
sores, coughs,
venereal diseases,
snakebites, bilharzias,
headaches, fever
related to malaria,
erectile dysfunction or
aphrodisiac,
dysmenorrhoea, and
abortion induction

Acute kidney (cortical
necrosis, acute
interstitial nephritis),
injury, diarrhoea,
dehydration, and
collapse

Kamsu-
Foguem
and
Foguem
(2014)

3. Madagascar rosy
periwinkle
(Catharanthus
roseus)

Cancer chemotherapy Medullary aplasia,
leucopenia,
incoordination of
movements,
convulsions, fatigue,
mucositis,
constipation, and
neutropenia of short
duration

Kamsu-
Foguem
and
Foguem
(2014)

4. Red spinach (also
known as Chinese
spinach, Hon-toi-
moi, Yin choy,
Hsien tsai) or spleen
amaranth
(Amaranthus
dubius)

Diuresis (high blood
pressure, kidney
infections, obesity,
and the oedema
associated with
premenstrual
syndrome (PMS) or
traumatic injuries)

Hypotension, skin
irritations, to
extensive organ and
tissue damage with
death induction

Kamsu-
Foguem
and
Foguem
(2014)

5. Licorice
(Glycyrrhiza
glabra)

Sore throat, cough,
arthritis, and weight
loss induction

Acute kidney injury
(hypokalaemic
nephropathy),
amenorrhoea,
pseudoaldosteronism,
hypertension, heart
failure, and
rhabdomyolysis

Kamsu-
Foguem
and
Foguem
(2014)

6. Betamethasone Asthma, seasonal
allergies, transfusion
reactions

Corticosteroid-like
side effects

Wal et al.
(2011)

7. Aristolochic acid Traditional Chinese
medicine used in
manufacturing of

Kidney failure,
mutagenicity,
carcinogenicity

Wal et al.
(2011)

(continued)
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Table 25.1 (continued)

S. No Medicinal plant Traditional uses Adverse effects References

cough, immune
stimulation products

8. Ginkgo biloba Alzheimer’s disease,
anxiety, depression

Prolonged
prothrombin time,
increased coagulation
time, subcutaneous
haematoma,
intracranial
haemorrhage

Wal et al.
(2011)

9. Myrrh
(Commiphora
myrrha)

Astringent, wound
healing agent,
antifungal, anti-
bacterial

Liver, kidney toxicity,
immune nephritis,
tachypnoea

Wal et al.
(2011)

10. Bidens pilosa L. Antihyperglycaemic,
antihypertensive,
antiulcerogenic,
hepatoprotective,
antipyretic,
immunosuppressive
and anti-
inflammatory, anti-
leukaemic, anti-
malarial, anti-
bacterial, antioxidant,
antitumour and
antifungal effects

Abnormal abortions to
pregnant women

Kiguba
et al.
(2016)

11. Hoslundia opposita In post-partum to
cleanse the uterine
blood clots, heal
vaginal lacerations

Abnormal abortions in
pregnant women

Kiguba
et al.
(2016)

12. Yoyo cleanser
(Entandrophragma
utile and
Anacardium
occidentale)

To cleanse body and
blood infections

On chronic exposure
lung tumours

(Ekor
2014)

13. Ephedra sinica Asthma, allergy,
weight loss, dietary
supplement

Severe cardiotoxicity,
central nervous
system disorders

(Ekor
2014)

14. Aconitum
carmichaelii and
Aconitum kusnezoffii

Pain relief, stroke and
heart failure, diarrhoea
and diabetes

Cardiotoxicity,
ventricular fibrillation,
tachycardia

(Ekor
2014)

15. Tussilago farfara Acute and chronic
cough

Hepatic veno-
occlusive disease,
cirrhosis

(Ekor
2014)

16. Garlic (Allium
sativum)

Hypertension,
hypercholesterolaemia

Burning sensation in
GIT nausea,
diaphoresis and light-
headedness, spinal
epidural hepatoma

(Ekor
2014)

(continued)
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Table 25.1 (continued)

S. No Medicinal plant Traditional uses Adverse effects References

17. Kava (Piper
methysticum)

CNS depressant,
anxiolytic

Dizziness,
disorientation, coma,
numbness up on oral
ingestion, liver
injuries

(Ekor
2014)

18. St. John’s wort
(Hypericum
perforatum)

Against viral
infections,
antidepressant

Allergic reactions,
headache,
restlessness, fatigue,
dry mouth, nausea,
vomiting,
constipation,
photosensitivity.
Hyperesthesia and a
syndrome of dyspnoea
hyperventilation with
flushing headache,
mydriasis, nausea,
palpitations, tremor

(Ekor
2014)

19. Aloe vera Laxative, anti-
inflammatory
properties, inactivates
HSV virus,
antidiabetic
properties, weight loss

Lowers blood sugar
by stimulating insulin,
diarrhoeal/abd.
cramps, arrhythmia
from hypokalaemia,
contact dermatitis,
stinging, soreness,
acute hepatitis, renal
failure, nephritis,
abortifacient, may
increase uterine
bleeding, avoid in
pregnancy and
lactation

Sucich and
Sanoski
(2011)

20. Ashwagandha
(Withania
somnifera)

Antidiabetic, anti-
ageing,
hyperlipidaemia,
Parkinson disease,
adaptogen

Lowers BP, blood
sugar and
testosterone, FSH
levels increase WBC,
platelet

Sucich and
Sanoski
(2011)

21. Chamomile Antispasmodic,
anxiolytic, children
diarrhoea, GI upset,
infant colic, sedative
effects

Decrease blood
pressure, increase
blood sugar, increase
in heart rate, asthma

Sucich and
Sanoski
(2011)

22. Fenugreek seed Diabetes mellitus,
hyperlipidaemia, loss
of appetite, stimulates
milk production.
Induce child birth

Bloating, flatulence,
diarrhoea,
hypoglycaemia,
hypokalaemia,
miscarriage

Sucich and
Sanoski
(2011)

(continued)
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difference occurs between the same plants. The following factors are responsible for
variations in chemical constituents of plants (Barnes et al. 1998):

• Inter- and intra-species variation in constituents.
• Harvesting time.
• Post-harvesting factors such as storage conditions, drying, etc.
• Variations exist between different manufacturer’s products and preparations of

the same herbal products.
• Quality issues such as contamination with soil, microorganism, pesticides, etc.

25.5 Regulatory Aspects

In most of the countries, the herbal medicines and other related nutraceutical
products are widely introduced into the market without any mandatory toxicological
studies. Many of these countries don’t have an effective machinery for the regulation
of herbs such as manufacturing practices, sound knowledge of the particular herbs
and quality control standards, data related to reference drugs used for comparison,
etc.

For the assessment of ADRs associated with herbal medicine, the following
regulations are implemented worldwide:

• WHO International Drug Monitoring Programme for safety monitoring of herbal
and traditional medicine in 2000, 2001 (World Health Organization
2004a, b, c, d).

• EU—The Directive on Traditional Herbal Medicinal Products (Directive 2004/
24/EC) (Hitchen 2006).

• UK—Yellow Card Scheme for monitoring of ADRs (Ekor 2014).

Table 25.1 (continued)

S. No Medicinal plant Traditional uses Adverse effects References

23. Ginger Arthritis, muscle pain,
pregnancy nausea,
chemotherapy nausea,
platelet aggregation

Nausea, arrhythmias,
increase bleeding risk

Sucich and
Sanoski
(2011)

24. Lavender Anxiety, depression,
insomnia, GI upset,
alopecia, topical
antiseptic,
aromatherapy

Hypersensitivity, skin
pigmentation, GI
upset

Sucich and
Sanoski
(2011)

25. Milk thistle (holy
thistle)
Sylimarin

Chronic hepatitis,
liver cirrhosis, anti-
cancer drug for breast,
prostate cancer,
cervical cancer

Decrease blood sugar,
GI side effects H/A,
insomnia, exacerbates
hemochromatosis,
arthralgia

Sucich and
Sanoski
(2011)
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• India—Ayurveda, Yoga & Naturopathy, Unani, Siddha, Sowa Rigpa and
Homoeopathy (AYUSH), under the Ministry of Health and Family Welfare.
The National Medicinal Plants Board (2000) by the Indian government to deal
with the herbal medicine. All India Institute of Ayurveda (AIA) (Wal et al. 2011).

• USA FDA—The Dietary Supplement Health and Education Act (DSHEA), 1994
(Bent 2008).

• Russia—Federal Service for Surveillance in Healthcare under the Ministry of
Health. It is governed by the Constitution of the Russian Federation, Federal

Table 25.2 Common adverse effects regarding use of herbal medicines as per system organ class
(SOC) (Patel et al. 2012)

No. System organ class involved Most frequently reported adverse reactions

1. Endocrine disorders Hypoglycaemia, Cushing’s syndrome, adrenal
insufficiency

2. Central and peripheral nervous system
disorders

Unconsciousness, drowsiness, giddiness, coma

3. Body as a whole General disorders, lethargy, fever, diaphoresis

4. Liver and biliary system disorders Jaundice, hepatitis, increased liver enzymes,
hepatic failure

5. Skin and appendage disorders Rash, urticaria, maculopapular rash, Stevens-
Johnson syndrome

6. Gastro-intestinal system disorders Vomiting, nausea, abdominal pain

7. Psychiatric disorders Confusion, abnormal mental state, insomnia

8. Urinary system disorders, platelet Acute renal failure, urine discolouration, urine
incontinence

9. Respiratory system disorders Shortness of breath, wheeze, respiratory failure

10. Metabolic and nutritional disorders Hypokalaemia, hyponatraemia, diabetes
mellitus

11. Heart rate and rhythm disorders Palpitations, tachycardia

12. Cardiovascular disorders Hypotension, hypertension, septic shock

13. Platelet and bleeding, clotting
disorders

Thrombocytopenia, increased prothrombin time

14. White cell and reticuloendothelial
system disorders

Eosinophilia, leukopenia, pancytopenia

15. Musculo-skeletal system disorders Rhabdomyolysis, myalgia, myopathy

16. Red blood cell disorders Anaemia, haemolysis, methaemoglobinaemia

17. Reproductive disorders, female Hypomenorrhoea, hypermenorrhoea,
postmenopausal bleeding

18. Vascular extracardiac disorders Vasculitis, stroke, subdural haemorrhage

19. Myo, endo, peripheral and valve
disorders

Myocardial infraction, myocarditis,
endocarditis

20. Vision disorders Blurred vision, blindness

21. Collagen disorder Systemic lupus erythematosus

22. Hearing and vestibular disorders Tinnitus

23. Neoplasms Hepatocellular carcinoma
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Constitutional Laws, federal laws, government of the Russian Federation and
international treaties of the Russian Federation (Kumar et al. 2016).

25.6 Case Processing

For any herbal product, if any adverse drug reactions were found, then the case is
processed in following mentioned steps:

• Data collection
• Case validity
• Triage of cases
• Entry of data into databases
• Quality assessment
• Medical coding
• Causality assessment
• Reporting of cases
• Aggregate reporting (PSURs, PBRERs, etc.)
• Submission of aggregate reports
• Regulatory action

The all above-mentioned steps have been described below.

25.6.1 Data Collection

The data related to ADRs of herbal products are collected from manufacturers,
consumers, health-care reporters, patients, poison information centres, a consumer
organization, clinical trials, spontaneous reporting, etc. These all sources are men-
tioned below in detail and compiled in Fig. 25.2.
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Fig. 25.1 Classification of adverse drug reactions (ADRs)
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25.6.1.1 Reports from the Consumers
The reporting of ADRs by the consumers is very much appreciated and essential for
safety of medicines. This type of reporting could be useful for the identification of
unknown ADRs or known effects of herbal medicine. The herbal medicines are
mostly available for the public without prescription. Thus, reports of herbal
medicines associated adverse drug reactions from physicians and health-care
professionals will be less as compared to reports directly from the consumers.
However, in allopathic medicines, most of the ADRs are obtained from physicians
and health-care professionals as these medicines are mostly prescribed with
prescription.

The reporting of ADRs by the consumers can be done in one form or any another
form which includes an important information on patient, medication, ADRs, and
reporter detail. Unfortunately, very less number of regulatory authorities is focusing
on the collection of direct ADR reports from consumers. The Council for Interna-
tional Organizations of Medical Sciences (CIOMS) proposes a lot of policy
approaches and practices to get the consumer reports. Further, the analysis of these
reports is done in appropriate way.

25.6.1.2 Manufacturers
The manufacturers involved in the preparation of herbal medicine are also an
important source of information to point out the ADRs associated with their
products. However, very few regulatory authorities are focusing on this source of
reporting.

25.6.1.3 National Poison Centres
National poison centres play vital role in pharmacovigilance of herbal products
mainly in those countries where resources are limited.
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Consumer 
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and 
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Fig. 25.2 Sources of
reporting of ADRs related to
herbal medicines
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25.6.1.4 Drug Information Centres
The data related to ADRs of herbal product can also be collected from drug
information centres. These drug information centres must have a better communica-
tion with national pharmacovigilance centres to provide the information on
behaviour of herbal products in large number of population.

25.6.1.5 Consumer Organizations
The consumer organization can also play an essential role in the collection of data
related to ADRs of herbal medicines. These organizations receive complaints from
the market regarding the use of any type of products. Thus, these organizations can
also obtain the complaints regarding herbal medicine which can be useful for risk
and benefit analysis (World Health Organization 2004a, b, c, d).

25.6.2 Validity of Case

The safety information of herbal products is reported in the standard form of
Individual Case Study Report (ICSR). A valid case needs to have four elements
which are mentioned below (Dhanalakshmi and Harikrishnan 2017):

• Patient/consumer identification
• List of medicines used by the patient
• Outcome of the suspected adverse reaction
• Reporter identification

The standard format of ADR reporting form is available at www.cdsco.gov.in
under consumer section.

25.6.3 Triage of Cases

Next step is triage of cases which means prioritization of cases for reporting to
regulatory authorities. The cases are assessed in the prioritization way such as
serious adverse events are regarded as if any ADRs is fatal such as life-threatening
adverse effect (may result to patient’s death), disabilities are detected which leads to
showing any effect on person’s quality of life, or person leads to prolonged hospi-
talization or may have congenital abnormalities, i.e., adverse effect to the baby when
a pregnant woman consumed. Depending on this, the adverse effects are categorized
and listed on the bases of priority for further assessment (Kumar and Khan 2015).

25.6.4 Entry of Data in Databases

Next step is to enter the data in the safety databases, and these databases vary across
the globe. For example, in the USA, Adverse Event Reporting System (AERs) is
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used, whereas in Europe, EudraVigilance is used. In India, VigiFlow is used and, in
Canada, Canada vigilance. The sponsor or pharmaceutical companies are also using
other software like Oracle AERS, PV-Works, Clintrace, etc. Some of these databases
are mentioned below and compiled in Table 25.3.

25.6.4.1 VigiFlow
VigiFlow is the well-known database for the management of individual case safety
reports (ICSRs). This database is widely used in national centres under WHO
Programme for International Drug Monitoring (Chandel et al. 2014).

25.6.4.2 AERS (USA)
The Adverse Event Reporting System (AERS) is the US-based database which
contains information about the adverse events. This database is designed for the
safety surveillance programme of drug and therapeutics and other biological
products by the FDA. The framework of AERS fully adheres to International
Conference on Harmonisation (ICHE2B). The reports in AERS have been reviewed
and evaluated by the departments such as Centre for Biologics Evaluation and
Research (CBER) and Centre for Drug Evaluation and Research (CDER) to monitor
the safety of products.

25.6.4.3 EudraVigilance (Europe)
EudraVigilance (European Union Drug Regulating Authorities Pharmacovigilance)
is the data processing network and management system of Europe for reporting and
evaluation of adverse drug reactions (Eudravigilance 2019).

25.6.4.4 Canada Vigilance (Canada)
In Canada, Health Canada is using Canada Vigilance Adverse Reaction Online
Database for the reporting and analysis of ADRs related to medicinal
products (Health Canada 2019).

25.6.4.5 ARISg Software
ARISg software is used by most of the pharmaceutical companies for the manage-
ment of reporting of adverse drug events (Kumar and Khan 2015).

Table 25.3 Common databases used in pharmacovigilance (Kumar and Khan 2015)

S. no Country Regulation Software ADR form

1. USA FDA AERS Med Watch 3500A

2. Europe EMEA EudraVigilance Yellow Card

3. India CDSCO VigiFlow Suspected Adverse Drug Reaction Form

4. Canada HC Canada Vigilance Canada vigilance reporting system
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25.6.5 Quality Assessment

After the collection of reports, quality assessment is done. The selection of appro-
priate data is most important for the signal detection and assessment of ADRs. It’s
difficult or impossible to do causality assessment of reports which contain inappro-
priate information. The good quality reports should contain the following
information:

• Patient information includes age, sex, date of birth, weight, BMI and diagnostic
results due to the particular medicine.

• Drug which has been taken by patient. ADR information includes what they have
faced, when the event happened and what was the event? How it affected patient
life quality? How the event is managed? Such as by decreasing dose or by
restricting its usage whether the event is reappeared again? Is there any supportive
laboratory data?

• Information related to drug includes name of the drug, brand name,
manufacturing address, dose, etc. Information is added to get a quality of report
(Kumar and Khan 2015).

25.6.6 Medical Coding

After reviewing the data, the ADRs are converted into universal medical terminol-
ogy with the help of different dictionaries of drug such as WHO ART, Med DRA,
WHO DDE, ICD9CM, CONSTART, etc. These are internationally accepted medi-
cal dictionaries used by regulatory authorities and biopharmaceutical industries
(Talbot and Aronson 2012). The most commonly used medical dictionary is Med
DRA. This dictionary is organized in the form of system organ class (SOC) and
divided into different terms for enlisting the ADRs such as high level group terms
(HLGT), high level terms (HLT), preferred terms (PT) and lowest level terms (LLT)
(Brown et al. 1999). Usually individual cases are coded in LLT level, and outputs of
that counts are coded in PT level. The current version of Med DRA is 23.0
(September 2019). WHO ART is another drug dictionary maintained by UMC and
used in the coding of medical events related to the drugs. The US FDA use
COSTART for coding, filling and retrieving ADRs. The various types of dictionary
used for the coding of adverse events are summarized in Table 25.3 (Qureshi 2012).

25.6.7 Causality Assessment

The causality assessment between the drug and the adverse event is done by using
various methods. The most common methods are Naranjo scale and WHO UMC
causality categories scale. The Naranjo scale assesses the adverse drug reactions in
clear, transparent and consistent form by explaining the relationship between drug
and adverse effect in the form of a probability scale. This scale contains set of
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questions to find out causal relationship between the drug and adverse event. The
scoring of Naranjo algorithm is done depending on the score which is obtained after
addition of all points mentioned in Table 25.4: >9 gives definite ADR which means
the drug is found to have adverse drug reactions, 5–8 score gives probable ADR and
gives an idea that the drug may have adverse drug reaction on suitable population,
1–4 score gives possible ADR about the drug, and 0 is doubtful ADR. According to
WHO UMC causality categories (Table 25.4), the different causality terms like
certain, possible/likely, possible, unlikely, conditional or unclassified and inaccessi-
ble or unclassifiable are used depending upon the relationship between the drug and
ADRs. The WHO UMC causality categories are summarized in Table 25.5 (Zaki
2011).

25.6.8 Reporting of Cases

After the causality assessment, case with ADR is reported to regulatory authorities
(as per requirement). Nowadays, in most of the countries, cases with the ADR are
reported through online system.

25.6.9 Aggregate Reporting

In aggregate reporting, the risk and benefit analysis of the particular product during
the fixed interval time is done and submitted to respective regulatory authorities
(Jarernsiripornkul et al. 2002). The periodic safety update reports (PSUR), periodic
benefit risk evaluation report (PBRER), etc. are the examples of aggregate reporting
(Sharma et al. 2020).

Table 25.4 Naranjo probability scale

Questions Yes No
Don’t
know

Are there any previous reports on this reaction? +1 0 0

Did the adverse event appear after the suspect drug was administered? +2 �1 0

Did the AR reduced when the drug was discontinued or specific
antagonist administered?

+1 0 0

Did the adverse drug reaction reappear when drug was
re-administered?

+2 �1 0

Are there alternate causes that could alone have caused the reaction? �1 +2 0

Did the reaction reappear when other than drug-like placebo has
given?

�1 +1 0

Is that drug detected in body fluids and found to be toxic? +1 0 0

Was the reaction is dose dependent? +1 0 0

Did the patient have similar reaction on previous exposure of similar
molecules?

+1 0 0

Is that AR confirmed by any evidence? +1 0 0
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25.6.10 Submission of Aggregate Reports

As per the regulatory requirements, these reports are submitted.

25.6.11 Regulatory Action

On the basis of risk and benefit profile of herbal products, the following action can be
taken by the regulatory authority:

• Possible actions are taken to minimize the risks related to the product.
• Advice is given to community (health-care professionals, consumer, etc.) regard-

ing safety of the drugs.
• Modifications in the product such as dose, dosage, etc. to avoid ADRs.
• Restriction of the product from the market for the interest of public safety.
• Safety warnings and instructions sent to the manufacturers regarding the quality

of the product in manufacturing which affects the safety.
• Label changing for the products.
• Marketing authorization withdrawal or cancellation of approval.
• Licence cancellation.

Table 25.5 WHO UMC causality categories

Causality term Assessment criteria

Certain Event or abnormalities in laboratory test data which depends on time
relationship to drug administration
Response to withdrawal (pharmacologically, pathologically)
Event with specific medical disorder is recognized
Rechallenge satisfactory if necessary

Probable or likely Event or abnormalities in laboratory test data which depends on time
relationship to drug administration
Relation with the other disease or drugs
Response to treatment such as withdrawal treatment
Rechallenge not required

Possible Event or abnormalities in laboratory test data which depends on time
relationship to drug administration
Can explain with the relationship with other drugs or disease
Unclear information about the withdrawal

Unlikely Event or abnormalities in laboratory test data which depends on time
relationship to drug administration are improper but not impossible
Relation with the other disease or drugs

Conditional or
unclassified

Event or abnormalities in laboratory test data
Need more data for proper assessment
Additional data is under examination

Un accessible or
unclassified

Report suggestion on AR
Insufficient information to take action or judgment on particular drug
Data is unable to supplement or verify
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The overview of case reporting and management of ADRs related to herbal
products is presented in Fig. 25.3.

25.7 Current Challenges

In case of pharmacovigilance of herbal products, the regulatory authorities and
sponsor are facing various challenges. Some of the challenges are mentioned
below and presented in Fig. 25.4.

25.7.1 Regulation

There are no uniform regulations for monitoring of ADRs associated with herbal
products. The regulations may vary from country to country. These types of
medicines are mostly available without prescription, and consumers directly get
the medicine. These medicines are also not handled by qualified persons, and there
are no proper regulations for proper quality control, proper distribution channels, etc.
which can lead to increase in adverse effects of herbal medicines. Further, there is no
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proper regulation regarding import or export of herbal medicine. Thus, these types of
products are directly coming into the market without proper regulations. National
regulatory information on herbal products is different among all the countries, and
there is a lack of sharing information such as safety monitoring, pharmacovigilance
centres and also national regulatory authority regulation. Thus, there is need of
proper regulatory guidelines regarding herbal products.

25.7.2 Quality Assurance and Control

The safety and efficacy of herbal products directly depend upon quality. Thus,
quality control and assurance measures are required as per national and regional
pharmacopoeias (Bandaranayake 2006). These pharmacopoeias provide the stan-
dard for herbal material and assurance of good manufacturing practice (GMP) for
herbal products. However, these standards are not implemented in every country,
and poor quality control measurement leads to poor quality of medicines, adverse
drug reactions, adulterations with unknown potent substances, etc. (Sucich and
Sanoski 2011).

Fig. 25.4 Current challenges in pharmacovigilance of herbal products
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Practically, the quality control of herbal medicine is difficult due to presence of
multiple constituents. The quality of herbal medicine is depending on various factors
such as cultivation of plant, seasonal variation, harvesting factors, etc. Thus, quality
assurance and quality control of herbal medicine are one of the challenges in
herbovigilance.

25.7.3 National and Regional Pharmacopoeias

The national and regional pharmacopoeias regulate the quality specifications and
standards of the herbal materials and herbal preparations which include essential
oils, powdered herbal materials, etc. The inclusion of herbal products in pharmaco-
poeia may depend on the availability of herbal products in a particular region or
country. The availability of herbal products depends on obtaining original medicinal
products. The ecological and environmental habitats play a major role in
it. Therefore, if the same pharmacopoeia monograph name is given to a herbal
material and the same name is enlisted in pharmacopoeia in the different form
from the original medicinal product, then it’s very difficult to analyse the ADRs
associated with herbal product.

25.7.4 Lack of Proper Knowledge Regarding Herbal Medicines

The herbal medicine products are most common as traditional herbal medication
which is used in different countries in different ways. These medicines are available
in the market without prescription. The mode of administration of these medicines is
also varying person to person. Most of the persons are also in dilemma whether they
have to take it or not and assume these medicines are completely safe. However, all
the herbal medicines are not safe completely. Thus, proper knowledge is required
among physician as well as in public regarding use of herbal medicine.

25.7.5 Patient Consumer Attitudes Towards Herbal Medicine

Most of the people believe that herbal medicines are completely safe as these are
prepared from the natural resources. The patient who uses herbal medicine along
with the conventional medication could result in ADRs as in the often cases they will
not report to physicians about their usage of herbal medicine along with the other
medication. Thus, it is necessary to take interview of consumers by the health-care
professionals and herbal medicine providers, respectfully, about what are all the
medication they are taking, prescription medicine, herbal medicine, and any other
health-care and self-care products used by patients to know the complete history
usage of products. It is required to educate the entire stakeholder regarding proper
use of herbal medicines (World Health Organization 2004a, b, c, d).
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25.7.6 Nomenclature of Herbal Products

To provide consistency for pharmacovigilance of herbal products, the nomenclature
of herbs also plays a major role due to having different naming of the same herbs in
different countries. The same herb with different names among various countries
may lead to confusion about the herbs. Thus, the pharmacovigilance of these types of
herb is challenging task (Farah et al. 2006).

25.7.7 Underreporting

The underreporting of ADRs associated with herbal medicine is also one of the
challenges. The public as well as physician and health-care professional don’t know
how to report ADRs related to herbal medicine. Thus, there is less number of reports
related to ADRs of herbal medicine as actually exist (Kiguba et al. 2016).

If we can overcome these all above-mentioned challenges, then we can ensure the
proper use of herbal medicines.

25.8 Future Perspectives

In the future, to achieve the effective pharmacovigilance system for herbal
medicines, it is necessary to have proper regulatory authorities, sufficient quality
assurance and quality control studies, proper national and regional pharmacopoeias,
knowledge about herbal medicine to the public, changing attitudes of patient towards
herbal medicine and use of proper scientific names such as nomenclature of herbs
and awareness to the public in reporting of ADRs. The proper regulatory authorities
will be helpful for prioritizing post-marketing surveillance and safety monitoring of
herbal medicine. The strict actions are also required towards non-prescription
medicines to strengthen the pharmacovigilance of herbal products. In this direction,
the European Union (EU) of Directive on Traditional Herbal Medicinal Products has
implemented some regulatory action for the manufacturers of herbal medicine. The
UK also put a forward step to strengthen herbal pharmacovigilance to formulate a
committee regarding safe use of herbal medicines. The Netherlands also ensure the
pharmacovigilance of herbal products in future years by inventing common elec-
tronic health record which contains all the data about patient and herbal medicine,
which can be accessed by community pharmacist. However, this system is probably
applied to prescription medicine only. The Department of Health is increasing the
use of technology advances by developing computerized record linkage to common
electronic heath record to access the non-prescription medicine also. Italy also taken
a forward step for ensuring drug safety by motivating the patients in reporting ADRs
which improves patient care and clinical practice also (Russo and Sarro 2013).

The individual genetic pattern also affects the occurrence of adverse drug
reactions related to herbal medicines in the population. Thus, pharmacogenomic
studies will be helpful for ensuring the safety of herbal medicines. These studies will
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give the idea about importance of genetic factors in determining the individual
susceptibility to ADRs. Further, these studies are also helpful in the optimization
of treatment and potential reduction of ADRs on the basis of patient genotype
(Munir and Park 2001).

To implement pharmacovigilance of herbal products in effective way, the proper
scientific names for the herbs should be used which will be helpful for the physicians
and health-care providers for reporting ADRs related to herbal medicines.
Underreporting of the ADRs is the major challenge in pharmacovigilance. To
increase the reporting of ADRs associated with herbal medicines, the awareness
related to reporting of ADRs should be strengthen. Thus, it is necessary to educate
the public regarding the ADRs associated with herbal medicines and importance of
reporting of these ADRs. We hope that, in coming years, the pharmacovigilance of
herbal medicines is also implemented in the same way as implemented for the
synthetic medicines.

25.9 Conclusion

In conclusion, herbal medicines are not always safe. There are numbers of examples
which raise the question on the safety of these medicines. Thus, the proper
pharmacovigilance system is also required for the herbal medicines to ensure the
public health.
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Herbal Drugs: Efficacy, Toxicity, and Safety
Issues 26
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Abstract

Herbal drugs are being in use for the management of human health and for
prevention as well as to cure human diseases since ancient civilization. In recent
days, the use of herbal drugs has been increased significantly in various forms
such as herbal formulations, dietary supplements, and nutraceuticals in the global
market. This growing demand undoubtedly proves the therapeutic claims of
herbal drugs as biomedicines and/or functional foods. However, the safe use of
herbal products/herbal medicines is still challenging due to the toxicity and
regulatory issues. This review discusses toxicity-related and safety issues of
herbal medicinal products, factors responsible for, and suitable remedial
measures. Some challenges associated with monitoring the safety of herbal
drugs are also discussed to ensure their effectiveness for adequate protection of
public health and the relevant regulatory issues.
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Abbreviations

CAM Complementary and alternative medicines
CVS Cardiovascular system
DSHEA Dietary Supplement Health and Education Act of 1994
FDA Food and Drug Administration
GC-MS Gas chromatography-mass spectrometry
GMP Good manufacturing practices
HMPs Herbal medicinal products
LC-MS Liquid chromatography-mass spectrometry
TM Traditional medicine
WHO World Health Organization

26.1 Introduction

Herbal drugs have been used to maintain human health and to prevent and/or cure
human diseases since ancient civilizations. Herbal medicinal preparations predate a
recorded history with their usage in traditional Greek, Egyptian, Indian, and Chinese
medicine for a variety of therapeutic purposes (Ang-Lee et al. 2001; Fabricant and
Farnsworth 2001). In developing world, herbal drugs are increasingly used as a part
of traditional medical practices in addition to complementary and alternative
medicines (CAM). In recent years, the consumption of herbal medicines has been
increased in developed countries including Europe, the United States, and Australia
(Fabricant and Farnsworth 2001; Jamshidi-Kia et al. 2018). According to the
estimates of World Health Organization (WHO), about 80% of the world’s popula-
tion relies mainly on traditional medicines (TM) including botanicals and herbal
drugs for their primary healthcare needs (Ganesan 2008; Farnsworth et al. 1985).
Over the past few decades, the use-consumption of botanicals such as
phytomedicines, herbal drugs, dietary supplements, nutraceuticals, cosmetics, and
other products has been dramatically increased across the globe (Jamshidi-Kia et al.
2018). This is because of the fact that botanical drugs are naturally derived and,
therefore, believed to be safe. Also, these are locally available and cheap as com-
pared to conventional Western medicines (Cragg et al. 1997; Kong et al. 2003).
Herbal medicines are, therefore, considered as a rational approach of alternative
therapeutic measure for diseases of human and animals. Owing to the growing
demand, the sales and trades of herbs and herbal drugs/drug products have been
dramatically increased with significant proportion in the global market. In a recent
report, a huge expenditure (about 100 billion in US dollars) has been accounted for
the use of herbal drugs as primary remedies at home and also the over-the-counter
medicines (Cordell and Colvard 2012; Pal and Shukla 2003).

As the global consumption of herbal medicines is continuously increasing with
the introduction of many new herbal products into the market, public health faces
challenges. Herbal drugs sector, therefore, requires a more detailed guideline from
the regulatory bodies to ensure the quality, efficacy, and safety of herbal medicines.
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Although herbal medicines possess promising level of therapeutic efficacy, they lack
valid scientific and clinical evidences to comply their efficacy and safety profile. It is
a challenging task to develop scientifically validated and standardized herbal drug
products. Some guiding protocols have been developed for the standardization
and/or quality evaluation of herbal drugs. However, practical issues related to their
safety and toxicity still exist. In this chapter, the therapeutic efficacy, toxicity issues,
and safety concerns that are commonly encountered for the effective and safe use of
herbal drugs/medicines are discussed. This review also discusses some significant
challenges and relevant regulatory issues associated with monitoring of safety of
herbal drugs to ensure their overall effectiveness for adequate protection of public
health.

26.2 Herbal Drugs and Related Terms

26.2.1 Terms and Definitions

The following terms and definitions related to herbal drugs/herbal medicines/herbal
products are discussed as per WHO guidelines (WHO 2004) on traditional
medicines.

Herbs: A herb is a plant or plant part generally used for its flavor, scent, or health
benefits. Herbs include crude plant materials such as leaves, flowers, fruit, seeds,
stems, bark, wood, roots, rhizomes, or other plant parts, which may be whole plant,
fragmented part, or powdered form of the plant parts.

Herbal materials: Herbal materials include herbs, fresh juices, gums, fixed oils,
essential oils, resins, and dry powders of herbs. In some countries, the herbal
materials may be subjected for processing by various local procedures, such as
roasting, steaming, and fermentation.

Herbal preparations: These are the finished herbal products and/or herbal
formulations and may include grounded or powdered herbal materials, herbal
extracts, tinctures, and volatile or fatty oils of herbal materials. Such preparations
are produced by means of extraction, fractionation, distillation, purification, concen-
tration, and other processes/techniques like physical or biological procedures.

Herbal products: Herbal products are herbal medicines derived from plants or
plant parts or herbs. They are used to improve health and physical/mental well-being
and may also be used for other therapeutic claims. Such products are available as
powders, tablets, capsules, teas, extracts, decoction and fresh or dried plants, and so
on. The three most common types of herbal medicines available globally are
Ayurvedic medicine (Indian), Chinese herbal medicine (Chinese), and Western
medicine (European).

Herbal formulations: Herbal formulations are the finished labeled herbal
products that contain active ingredients such as aerial or underground plant parts
or other plant material or combinations of plant parts (e.g., leaves, flowers, barks, or
roots), either in the crude form or as processed plant preparations (fresh or dried).
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Herbal drug/herbal medicine: A plant or plant part or an extract or mixture of
these which is used in the form of medicinal preparation to treat illness and promote
health is known as herbal drug or herbal medicine. It is also called botanical
medicine, phytomedicine, or phytotherapy. Herbal medicine includes herbs,
herbal materials, herbal preparations, and finished herbal products or herbal
formulations.

According to the definition of WHO, herbal drugs contain plant parts as active
ingredients or plant materials in the crude form or processed state along with certain
excipients, such as solvents, diluents, binders, preservatives, etc. The active chemi-
cal principles responsible for the biological action of herbal drugs are unknown.
Other important characteristics of herbal medicines are their diverse therapeutic uses
and wide acceptance by the population. Formulation with active chemical
ingredients or any combination with isolated constituents is not considered to be
herbal medicines.

Botanicals: Botanicals include herbal materials (plant or their component parts as
discussed above), algae, fungi, and/or their combinations. They are intended for the
prevention of illness and promoting healing. Botanical drugs are the botanicals
intended for use as drugs with therapeutic claim. Herbs or herbal medicines fall into
the general category of botanicals. Botanical products are diverse and classified as
herbal medicines, dietary supplements, nutraceuticals, phytopharmaceuticals, food,
cosmetics, and beverages.

Phytomedicines: They are also known as phytotherapeutic agents. They are
standardized preparations of herbals drugs consisting of complex mixtures of one or
more herbs or plant materials. Phytomedicines are used in the treatment of various
diseases.

Polyherbal formulation (PHF): It is the use of more than one herb in an herbal
medicinal preparation. The concept is found in Ayurvedic and other traditional
medicinal systems where multiple herbs in a particular ratio may be used in the
treatment of a diverse range of human illness. The concept behind polyherbalism is
to exert maximal therapeutic efficacy with reduced toxicity. It is insufficient to
achieve the desired therapeutic effects by the active phytochemical constituents of
plants.

26.2.2 Herbal Drugs vs. Conventional Drugs

In developing countries, many of the prescription drugs available today are botanical
drugs (drugs derived from plants). Herbs or botanicals are the natural chemicals
within a plant. Either the extract is administered in its original form, sometimes
combined with other herbal extracts, or it is refined or purified. On the other hand, a
conventional drug is derived from a chemical that is synthesized or isolated in a
laboratory, even though it may have originally derived from plant. The conventional
drugs are based on active pharmaceutical ingredients. Unlike herbal drugs, the use of
conventional drugs must be approved by the Food and Drug Administration (FDA)
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(Yuan et al. 2016). Table 26.1 describes some important differences between herbal
drugs and conventional medicines.

Table 26.1 Differences between herbal drugs and conventional drugs (Cordell and Colvard 2012;
Yuan et al. 2016)

Herbal drugs Conventional drugs

Herbal drugs are finished, labeled medicines
containing pharmacologically active parts of a
plant or plants, either in the crude state or
processed form (physically modified during
processing)

Conventional drugs are either pharmacological
single entities which have been derived by
chemical synthetic procedures or single
chemical derivatives of naturally occurring
pharmacologically active substances and
isolated from plant, fungus, bacteria, or animal

They are prescribed often as chemically
complex remedies and administered in the
form of multicomponent formulations

They are rather prescribed as a single agent or
more often combined with other conventional
drugs. This is done either to enhance the
desired clinical effect and/or to alleviate the
unwanted side effects of the principal drug

They are usually administered by oral route or
in the topical dosage form to cure diseases
(acute/chronic) and are available as crude
preparations (fresh or dried plants, teas, or
extracts) or as powders, tablets and capsules,
and many others

They are given to patients by oral route
topically or by parenteral administration to
treat disorders in chronic or acute state and are
usually available as powders, tablets, capsules,
liquids, and many other pharmaceutical
formulations

Herbal therapy is usually combined with
advices related to lifestyle such as changes in
diet, exercise, etc. This is supposed to enhance
the potency of the herbal drugs by boosting the
patient’s innate self-healing processes or
immune system and natural defense system

Conventional therapy is used to alleviate the
patient’s disease causing symptoms, viz., the
relief of pain, depression, digestive disorders,
and movement problems, and restore the
presenting signs to normal. There is, however,
no real or urgent imperative to rectify
underlying causes of the disorder, whether
lifestyle, environmental, or behavioral in origin

Herbal products contain many active chemical
principles which can act in combination or
synergistically. The basic pharmacological
response may be different from when one
active ingredient acts alone, as the primary
mechanism may be intensified/potentiated by
individual mechanism

Conventional drugs are used generally as
single chemical or therapeutic entity. It is
mainly responsible for the principal
pharmacological response or therapeutic
indication with well-defined mechanism of
action at biological matrix

Herbal products usually have several different
pharmacological/therapeutic actions, and
parameters that predominate the therapeutic
efficacy are dosage employed, the part of plant
used, and also the presence of other active
components

A single conventional drug may only have one
major direct action on a particular receptor site.
Indeed, it is more specific for one type of
receptor involved which is in turn believed to
be the preferred outcome of research for new
therapeutic agents
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26.3 Efficacy, Toxicity, and Safety Issues

Herbal medicinal products (HMPs) are being released into the market without
performing any standardized efficacy, safety, or toxicity evaluation studies. This is
because of less availability of appropriate guiding protocols and/or methodologies
for the standardization and evaluation (analytical/biological) of herbal drugs. It is,
therefore, difficult to execute standardization, evaluation, or quality control tests on
herbal drugs in order to ascertain their quality, efficacy, and safety profile. Due to
this reason, herbal products available at consumer level produce, in many cases,
some serious health hazards like adverse drug reactions and/or toxic effects.

26.3.1 Efficacy

Herbal medicines usually contain a diverse range of biologically active components.
Herbal medicinal preparations contain up to 150 active constituents (Cordell and
Colvard 2012; De Smet 1995). It is believed that herbal remedies generally work due
to biochemical action of the whole plant material and/or mixtures of plant parts, and
not due to only one particular active ingredient (Roberts and Tyler 1997). The
therapeutic activity of herbal medicines does not depend on a particular component
or active ingredient that is present in the herbal drug product and/or herbal formula-
tion. It is firmly believed that isolated active principle has weaker efficacy than that
of entire plant material and/or crude plant extracts (Fetrow and Avila 2004). There
are many scientific studies on the efficacy of certain herbal medicines in human
disease indications, but they do not possess valid clinical evidences (Ernst 2005).

26.3.2 Toxicities and Adverse Effects

Clinical evidences suggest that adverse effects or toxicities of herbal drugs are
relatively less intense as compared to conventional medicines or synthetic drugs
(Parle and Bansal 2006; Zhang et al. 2015). In clinical practice, the occurrence of
herbal drug toxicities is also not very routine. The incidence of side effects is
normally less severe which affects a small population (Drew and Myers 1997).
Herbal medicines are, therefore, generally considered safer and less harmful over
synthetic drugs. However, some herbs, for instance, comfrey, ephedra, and kava, can
cause heart attacks, strokes, and hepatotoxicity (Ekor 2014; D’Arcy 1993). Most
toxicities of herbal drugs involve the skin, liver, GI tract, and heart. Adverse effects
related to herbal drugs are mainly attributed to be due to predictable toxic effects
including allergic reactions, overdosage, and herb-drug interactions. One more
attribute is that problems due to preparation and formulation such as improper
identification of plant species, lack of protocol for standardization, inadequate
good manufacturing practices, adulteration and contamination of plants/plant parts,
improper preparations and dosage, etc. (Ekor 2014; George 2011).
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26.3.3 Herb-Drug Interactions

With the increasing consumption of herbal drugs, the incidence of herb-drug
interactions has attained a serious health concern worldwide. According to global
regulatory authorities such as Therapeutic Goods Administration and US Food and
Drug Administration (US FDA), the increasing issue of herb-drug interactions is
believed to be an important aspect as far as the safety of herbal drugs is concerned
(Bland 1998; Coxeter et al. 2004). Herbal drugs can interact with conventional over-
the-counter drugs. Herbal medicine may also interact with other herbal preparations
causing alteration of therapeutic response of both the drugs (Bushra et al. 2011; Herr
et al. 2002). In a research, it has been reported that about 50% of patients consuming
herbal medicines are cancer patients due to the increasing incidence of toxicities of
cancer medicine (Izzo and Ernst 2011). Herbal remedies can either potentiate or
antagonize some drug from other conventional therapies (Abubakar et al. 2015).
However, common remedial measure is to avoid the use of a drug or an herb that is
associated with potential toxic effects (Fugh-Berman and Ernst 2001; Otles and
Senturk 2014).

26.3.4 Evidence of Clinical Efficacy and Toxicity

Scientific and clinical evidences available in literature support the efficacy,
toxicities, and herb-drug interactions for herbal drugs. Evidences may be indirectly
based on some preclinical efficacy studies of the herbal drugs and/or herbal drug’s
active constituents in in vitro models and in vivo experimental animals. Evidences
are directly based upon some clinical observations such as spontaneous clinical
reports or case studies, drug metabolism studies, and drug interactions in patients
and healthy individuals (Mukherjee et al. 2006). Preclinical data (in vitro or in vivo)
may provide required evidence about the clinical efficacy, toxicities, and herb-drug
interactions of herbal drugs. Controlled clinical studies may put light on clinical
efficacy, possible adverse effects, and drug interactions of herbal medicines. Case
reports may also be a valid evidence of certain clinically important herb-drug
interactions (Zhi-Xu et al. 2014). Herbal drugs are generally studied by well-
controlled double-blind trials to ensure their efficacy and safety. Scientific evidences
from randomized and controlled double-blind clinical trials are thus available for
certain herbal medicines (Boullata and Nace 2000; Ekor 2014). The efficacy of some
common herbs and herbal drugs (used in traditional medical practices), their adverse
responses, and interactions are depicted in Tables 26.2 and 26.3.

26.4 Efficacy, Toxicity, and Safety Assessment

The multicomponent character of herbal drugs renders their evaluation efficacy
comparatively more tedious and complex than that of isolated active chemicals. In
this case, the entire plant extract is considered as the bioactive principle. The
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evaluation of efficacy is generally achieved by selecting the key active ingredient of
the herbal drugs and/herbal drug products, or, if such an ingredient is not known, a
suitable marker component is preferably selected (Mukherjee et al. 2013). There are
some prescribed guidelines used to investigate the safety and/or efficacy of herbal
drugs (Akerele 1993; WHO 2005a). However, following the procedure prescribed in
the WHO guidelines, limited standardization of herbal drugs could be achieved,
where one or two ingredients can be standardized and rest of ingredients may remain
unattended. It could largely affect both the efficacy and safety of herbal drugs/drug
products. Therefore, complete product characterization and/or quality control tests
are essential for the overall assessment of standardization of herbal drugs (Fig. 26.1).
It could also be followed to regulate as well as establish further the quality standards
of crude herbal drugs and/or finished herbal preparations.

Table 26.2 Efficacy of some common herbs and herbal drugs (Ernst 2005; Staines 2011)

Herbal drug Effect/clinical efficacya

Ginger (Zingiber
officinale L.)

Inhibits platelets aggregation (antiplatelet)

Garlic (Allium sativum L.) Decreases low-density protein cholesterol
(in hypercholesterolemia) and beneficial in hypertension and some
disturbances of CVS (anti-lipidemic and anti-hypertension) and
inhibition of progression of certain cancer (anticancer)

Ginkgo (Ginkgo biloba
L.)

Useful in dementia and tinnitus

Ginseng (Panax ginseng
C.A. Meyer)

Improves physical performance, beneficial in diabetes and cognitive
dysfunction, helps in immunomodulation, and acts to inhibit herpes
simplex infection

Aloe vera (Aloe
barbadensis L.)

Useful as antidiabetic and anticoagulant medication

Licorice (Glycyrrhiza
glabra)

Causes salt and water retention

Feverfew (Tanacetun
parthenium)

Used to cure migraine headache

Chamomile (Matricaria
chamomilla)

Used as a carminative, anti-inflammatory agent, and antispasmodic

Valerian (Valeriana
officinalis)

Used as a sedative-hypnotic to induce sleeping

Kava (Piper methysticum) Used as an anxiolytic

Silybium marianun (milk
thistle)

Used for repairing liver cirrhosis

Echinacea (Echinacea
purpurea)

Used as anti-inflammatory and immunostimulant

aStrength of evidence: No trial data available/uncertain efficacy in almost all cases
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Table 26.3 Some common adverse effects of herbal drugs and herb-drug interactions (Staines
2011; Tasneem 2012; Thomas et al. 2012)

Herbal drug(s)
Conventional drug(s)/
drug class Interactions/effects

Garlic, ginger, gingko, feverfew,
saw palmetto, guarana,
Passiflora, cranberry, evening
primrose oil

Anticoagulants
(warfarin), anti-platelets
(aspirin)

Increase anticoagulant effects
of warfarin

Ginseng, green tea, St. John’s
wort, chamomile

Decrease anticoagulant
activity of warfarin

Garlic, ginseng, karela,
eucalyptus, fenugreek, St. John’s
wort

Antidiabetic/
hypoglycemic agents
(insulin, sulfonylureas,
biguanides, etc.)

Hypoglycemia

Ephedra, licorice Hyperglycemia

Licorice Diuretics
(spironolactone)

Antagonism of diuretic effect

St. John’s wort Antiretrovirals, digoxin,
theophylline,
cyclosporin, oral
contraceptives

Decreases clinical effect

Ginseng Estrogens, corticosteroids Additive effects

Licorice Oral contraceptives Increases the risk of fluid
accumulation, blood pressure

Ginseng Additive estrogenic effects

Feverfew, garlic gingko Nonsteroidal anti-
inflammatory drugs

Inhibition of herbal effect,
increase risk of bleeding

Evening primrose oil, gingko,
ephedra

Anticonvulsants Lower seizure threshold,
increase risk of seizures,
decrease drug effect

Licorice, hawthorn, cascara,
cassia, aloe, senna

Digoxin, laxatives Increase risk of hypokalemia

Ginseng Elevates digoxin levels

St. John’s wort Decreases digoxin levels

St. John’s wort, gingko Antidepressants Increase serotonin levels

Valerian, ginseng, St. John’s wort Opioid analgesics Additive CNS depression,
reduce analgesic effectiveness

Kava, hawthorn, hops, St. John’s
wort, valerian

Anesthetics or sedative-
hypnotics
(benzodiazepines)

Additive-sedative effects,
reduce effectiveness

Ephedra, guarana, licorice,
ginseng

Anti-hypertensives Hypertension

St. John’s wort Reduces effectiveness of some
anti-hypertensives

Echinacea, licorice, St. John’s
wort

Immunosuppressants Reduce immunosuppressant
levels

Garlic, St. John’s wort, milk
thistle, gingko ginseng,
Echinacea – used for only short
duration

Anti-HIV drugs Decrease concentration of
protease inhibitor, increase the
risk of antiretroviral resistance

(continued)
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26.4.1 Physicochemical Assessment

As a general consideration, herbal medicine must of acceptable quality and be safe as
per the prescribed standards and guidelines. The quality control may be done by
assessing identity, purity or assay, and other physical chemical or biological
parameters (Shulammithi et al. 2016). Standardization of herbal drugs are, therefore,
essential for the final assurance of their efficacy and safety. Standardization of
botanical drugs is defined as the process of documenting a set of guidelines/
standards and qualitative as well as quantitative parameters which assure the quality
aspects including stability, efficacy, safety, and toxicity of herbal drugs (Bijauliya
et al. 2017). The standardization of botanicals is done by the identification of
botanicals, identification of active component(s), identification of common
adulterants or contaminants, and systematic quality evaluation of crude botanicals
(Shukla et al. 2009).

Table 26.3 (continued)

Herbal drug(s)
Conventional drug(s)/
drug class Interactions/effects

Cranberry, gingko, St. John’s
wort

Proton-pump inhibitors
(PPIs)

Reduce effectiveness of PPIs

Dandelion, fennel Antibiotics Decrease effectiveness of
fluoroquinolones

Cinnamon Decreases effectiveness of
tetracyclines

St. John’s wort Increases risk of phototoxicity
with tetracyclines

Quality

Safety
Issues ToxicityEfficacy

Drug
Interactions

Fig. 26.1 Quality, efficacy,
and safety cycle

546 M. Rudrapal and D. Chetia



However, despite the use of modern analytical tools and techniques, scientific
validation of herbal drugs still remains to be a challenging task. The efficacy is
defined by the active ingredients (i.e., phyto-constituents) of herbal drugs and/or
herbal formulations. Compared with synthetic molecules, the physicochemical
determination of herbal drugs, particularly in terms of thorough phytochemical
investigations, involves a more tedious and rigorous procedure due to the multi-
ingredient nature of herbal products. In most of the cases, phyto-constituents are
present at negligible amount and also vary in content that may interfere with the
quality control process (Bauer and Tittel 1996). Moreover, phytomedicines are
mixtures of many components which make them difficult to characterize. In the
absence of active chemical principles, suitable marker component(s) can be used for
analytical studies to establish and/or assess the efficacy profile of herbal drugs
(Nikam et al. 2012). The quality of herbal products has to be assured at all stages
of manufacturing starting from cultivation, harvesting and procurement of raw
materials, herbal materials processing, and finally production of finished herbal
formulations (Calixto 2000). The fixation of criteria for quality of herbal drugs is,
therefore, based on evidenced-based scientific investigations of the crude or raw
plant materials, plant preparations, and finished products.

The source and processing of raw materials play a significant role to assure the
quality and stability of herbal drugs. Some atmospheric and other factors such as the
temperature, exposure to light, availability of water, nutrients, harvesting period and
time, method of collection, plant part(s) collected, processing for drying, packing
condition, storage and transportation of raw material, etc. can considerably influence
the quality and consequently the therapeutic potential of herbal materials (Patra et al.
2012). Apart from these, others factors related to processing such as the extraction
methods, production processes, and quality control process can also influence the
quality assessment of herbal drugs. In quality control tests, the botanical description
including genus and species, plant profile, plant part(s) used, and active ingredients
should be systematically depicted. Type(s) of herbal preparation, sensory
parameters, physical constants, moisture content, extractive values, ash values, and
presence of contaminants or adulterants should be thoroughly determined to identity
and also to assess purity of herbal drugs. Microbiological contamination, impurities
and foreign substances, such as toxic heavy metals, pesticide(s) or pesticide residues,
aflatoxins, and radioactive contaminants are also required to be determined (Nikam
et al. 2012; Shulammithi et al. 2016). The application of appropriate modern
analytical tools and techniques such as UV-Vis spectroscopy, TLC, HPTLC,
HPLC, GC, mass spectrometry (MS), GC/MS, LC/MS, etc. is necessary in order
to establish certain standards for the qualitative as well as quantitative evaluation of
herbal dugs/preparations.

26.4.2 Biological Assessment

Biological standardization includes screening for potency, toxicity, or safety in
various experimental models such as in vitro techniques, screening using cell
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lines, and in vivo studies in animals. The efficacy screening is preliminarily done for
various pharmacological evaluations such as anti-inflammatory, antiulcer,
hepatoprotective, antidiabetic, antitumor, insecticidal, antiparasitic,
neuropharmacological, cardioactive property, and so on in statistically well-defined
animal models. For antimicrobial efficacy of plant materials, the screening is carried
out using methodologies described under WHO guidelines for the assay of antimi-
crobial herbal drugs (Patra et al. 2012; Schulz et al. 2001). In clinical stage, clinical
trials are generally carried out to assess the therapeutic efficacy as well as toxicity
using outcomes of several clinical, laboratory, or diagnostic studies (Ekor 2014).

Toxicity investigations of herbal drugs involve several techniques such as in vivo
cell culture, in vivo technique using animal models, and micro-array techniques.
Toxicity studies are usually carried out in laboratory animals to assess various levels
of toxicities such as acute, subacute, and chronic toxicities. In assessing so, the dose
chosen is very important. Carcinogenicity, hepatotoxicity, cardiotoxicity, immuno-
genicity, and also reproductive toxicity are generally investigated (Nasri and Shirzad
2012). However, there are some clinical evidences of the occurence of serious
physiological adverse effects after the consumption of certain herbal products. In
many cases, the toxicities have been attributed mainly to be due to the inherent
toxicity of plant constituents and ingredients, manufacturing malpractices, and
contaminations or adulterations (George 2011). In addition to adverse effects,
some serious drug-drug and drug-food interactions have also been investigated
from animal studies and clinical trials for certain commonly used herbal medicines
(Bushra et al. 2011). Due to the inadequate evidences and reports, the biological
evaluation of toxic effects and herb-drug still, however, requires thorough phyto-
chemical, toxicological, and pharmacological investigations.

26.5 Safety Monitoring and Challenges

Safety is a fundamental requirement as far as quality control of herbal drugs is
concerned. With the enormous global usage of herbal drugs, toxicity and safety
issues are the main risk factors associated with herbal medicines (WHO 2004). The
safety has, therefore, become a matter of great concern in the domain of public
health. Increasing cases of adverse events and toxicities urge thorough toxicological
investigation on herbal drugs along with active pharmacovigilance program.
According to WHO Programme for International Drug Monitoring, the safety
monitoring is an inevitable requirement for herbal drugs together with thorough
toxicity and safety assessment (Rodrigues and Barnes 2013; Shetti et al. 2011).

Adverse effects of herbal drugs are commonly attributed to be due to several
factors such as the use of the wrong plant species, adulteration of herbal materials,
admixture with toxic elements or other contaminants, overdosage of drugs, improper
use of herbal medicines, and simultaneous use of herbal drugs with other
medications (Saxena et al. 2008; Ekor 2014). Some challenges that are commonly
encountered for monitoring safety of herbal drugs (George 2011; Zhang et al. 2015;
Wu et al. 2008; Warude and Patwardhan 2005) are enumerated below:
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• Lack of proper knowledge on herbal medicines: Medicine providers such as
doctors, nurses, and pharmacists may have little knowledge regarding the use
of herbal remedies and detailed knowledge on their health implications. It is
suggested to provide them with adequate training since most patients are not
acquainted proper usage of medicines. In fact, educating the healthcare
professionals, herbal practitioners, herbal medicine providers, and patients or
consumers is necessary for combating serious risks resulting from the herbal
medicine misuses.

• Patient or consumer attitudes toward herbal medicines: Herbal medicine
consumers or patients generally believe that herbal drugs are absolutely safe
and they do not possess any potential risk of toxicities. Patients who take herbal
medicines and conventional medicines together often do not inform so to their
doctors. It creates some unavoidable herb-drug interactions.

• Difficulty in standardization of herbal drugs: For safe and effective use of herbal
medicines, proper standardization is necessary for achieving consistency in
chemical and biological properties of herbal materials. However, herbal drugs
seldom meet the quality standards because of several hurdles encountered during
standardization and/validation studies described in above sections.

• Inadequate quality of herbal preparations: If an herbal product or formulation is
effective, quality assurance is needed to be ensured that the product has the
expected effects. Even in the absence of data on efficacy, quality assurance is
important. The quality is an important determinant of safety as well.

• Adulteration: Some of the common adulterants that are found in plant materials or
botanicals are other plant materials, botanicals, heavy metals, microbial residues,
and pesticides.

26.6 Regulatory Status

Currently, several regulatory guidelines for the use of herbal medicines exist, which
include prescription medicines, traditional remedies, and dietary supplements. In
fact, the regulatory situation for herbal drugs varies from country to country. As per
regulations of food and medicines, a botanical preparation may be used as a food, a
dietary supplement, a functional food, and an herbal medicine. Herbal preparations
used for diagnosis, cure, mitigation, treatment, or prevention of diseases are consid-
ered and regulated as drugs (Bandaranayake 2006; Warude and Patwardhan 2005).
Botanical products and/or natural products are made marketed as dietary
supplements as per the regulation of Dietary Supplement Health and Education
Act of 1994 (DSHEA 1994). A dietary supplement is defined as a product that is
intended to supplement the normal diet and contains some ingredients of diet. The
dietary ingredients may include vitamins, minerals, herbs, or other botanical
preparations (Ekor 2014; Ernst 2011). To perform toxicities, the FDA assures certain
guidelines for an herbal product or dietary ingredient whether it is toxic or not safe
for use. WHO has set regulatory guidelines (Fig. 26.2) for evaluating the quality,
efficacy, and safety of herbal medicines (WHO 2005b). Pharmacopoeial
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monographs have set guidelines for the quality assessment of herbal medicines.
WHO has also urged the governments to establish regulatory mechanisms to control
the quality and safety of herbal products (WHO 2004).

However, there are several increasing regulatory concerns in relation to research
applications and commercialization of herbal medicines, particularly in developing
countries. Though several regulatory guidelines are available, among various tradi-
tional medicinal practices, herbal medicines represent some unique challenges in
research and regulations. Challenges often encountered are those related to regu-
latory requirements, safety monitoring, and inadequate or poor knowledge about
traditional, complementary/alternative, and herbal medicines (Calixto 2000; Wu
et al. 2008). Therefore, the development of regulatory standards for the analysis of
herbal drugs is necessary on a global and/or regional scale. To address the safety
issues, the development of new regulations for herbal therapies is, therefore, urgently
required.

26.7 Conclusion

In recent times, the global consumption of herbal drugs is increasing. Issues relating
to toxicity and safety of herbal drugs are also becoming a growing concern. It is
believed to be due to the misbelief that herbal medicines are safe because of their
natural origin. Such attributes are due to cultural aspects, inadequate scientific
studies (standardization and validation protocol), and the weak regulatory mecha-
nism of herbal drugs in most of the countries.

In this chapter, toxicity issues and major safety concerns related to herbal
medicines are briefed. Since safety continues to be a major challenging issue, it is,
therefore, imperative to create increased awareness program for understanding and
monitoring the safety as well as toxicity of herbal medicines. To do so, it is urgently
required to gather sufficient knowledge of possible harmful effects and/or adverse
reactions and their mechanism of action and possible interactions with conventional
drugs and functional foods associated with the use of herbal remedies. Regulatory

Regulatory

Quality Safety

Fig. 26.2 Regulatory aspects
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policies are required to be standardized and strengthened on a global scale. Regu-
latory authorities may implement appropriate measures that ascertain the quality and
safety of herbal products before getting released into the market. It is also important
to create adequate awareness among the general public, healthcare providers,
policymakers, and manufacturers with sufficient information for understanding of
the risks or toxicities linked with the consumption of herbal drugs. Moreover,
monitoring the safety of herbal medicine would require effective collaboration
among botanists, phytochemists, pharmacologists, toxicologists, and other major
stakeholders. However, appropriate scientific and regulatory measures must be
implemented for promoting the rational and safe use of herbal medicines and/or to
protect health of public in general by ensuring that all herbal drugs are safe and
efficacious and of acceptable quality.
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Herbal Drug Patenting 27
Kalpana Patil and Raju Wadekar

Abstract

Herbal drugs are increasing overall noticeable quality because of their particular
points of interest. Creating nations have begun investigating the
ethnopharmacological methodology of medication disclosure and have started
to document patents on herbal medicines. Worldwide, herbal drug manufacturing
units are congregating to these bazaars in an endeavour to shelter a clamp for their
products. Several research institutes were set up and indulged to bring herbal
products, which include herbal medicine, to the international arcade. As herbal
drug market magnifies and progresses, the role of intellectual property protection
right becomes significant in its existence. Analysts and experts must build up
notoriety and push one advance step towards selectiveness utilizing rights for
insurance. IP incorporates licences, trademarks, exchange privileged insights and
copyrights. A great many people may accept there is no IP assurance for home
herbal drugs/medicines thereof. Truth be told, this isn’t accurate. The most well-
known types of IP insurance for home-grown drugs are exchange mysteries and
trademarks.
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Abbreviations

ABS Access and benefit-sharing
BDA Biological Diversity Act
CBD Convention on Biological Diversity
CGRFA Commission on Genetic Resources for Food and Agriculture
COICA Coordinating Body of Indigenous Organisations of the Amazon Basin
COP Conference of Parties
CSIR Council for Scientific and Industrial Research
EPO European Patent Office
FPO Farmer Producers Organization
GI Geographical indication
GO Government of India (I)
IPR Intellectual property right
IUPGRFA International Undertaking on Plant Genetic Resources for Food and

Agriculture
NBA National Biodiversity Authority
PBRs Plant breeders’ rights
PGRs Plant genetic resources
PPVFR Protection of Plant Varieties and Farmers’ Rights Act
SIPO State Intellectual Property Office
TCM Traditional Chinese medicine
TK Traditional knowledge
TKDL Traditional Knowledge Digital Library
TRIPs Trade-Related Aspects of Intellectual Property Rights
UPOV International Convention For The Protection Of New Varieties Of

Plants
WIPO World Intellectual Property Indicators
WTO World Trade Organization

27.1 Introduction

According to the World Trade Organization survey, the global trade of herbal drugs
has been increased at 60 billion US dollars. In today’s era, pharmaceutical industries
were developing enormously on the basis of the discovered medicinal plants and
products. The pharmaceutical companies neither recognize nor give any compensa-
tion for those who created/reported their intellectual knowledge of traditional
medicines, and on the contrary, pharmaceutical companies retain the economic
benefits derived from these traditional medicines (Aguilar 2001). Thus it is necessary
to create awareness and constitute policies and law for the protection of the intellec-
tual property of the inventors and proprietor of this traditional knowledge by
granting patent to the newly invented product or process through the traditional
knowledge of medicines such as herbal drugs/extracts, formulations,
phytoconstituents, etc. (Bayram 2005). Intellectual property (IP) defined as the
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form of invention, skill, knowledge, information, design or process is neither known
nor obvious to others. It should be a novel and self-owned defined commodity. An
intellectual property is owned by an individual or by a group of inventors of either an
institute or an organization. The owner of an intellectual property owes all rights and
laws whether to sell, practices, give away, trade or commerce, etc. (Bhat 1996).
Nevertheless, several private and government research organizations have devel-
oped globally to explore the new horizons and avenues in the field of natural product
research and herbal medicines so that the herbal products get a place into the
international market. As characteristic medication extends and develops, licensed
innovation (IP) assurance is assuming a significant work in its presence. Innovators
and scientists have to develop a reputation and recognition for their intellectually
developed or discovered products/molecules and must step forward for the exclusiv-
ity by the use of intellectual property (IP) protection. Intellectual Property Rights or
protections can be of different types based on the inventions to be protected, for
example, patents granted for product and process, whereas trademarks, trade secrets
and copyrights for the protection of process design, etc. Surprisingly, most of the
inventors believe that there is no intellectual property rights or protections in or for
the herbal drugs/medicines. However, in fact, the trade secrets and trademarks are
the main IP protection for herbal medicines and products thereof (Boyd 1996). In
this chapter, the efforts have been made to comprehend the jurisdiction/laws/rights
regarding IPR for herbal drugs and also for the traditional knowledge of herbal
medicines.

27.2 Definition and Introduction of Patent

Patent is defined as a legal intellectual protection right granted to the original and
first discoverer or “inventor” of a new intellectual property granted by a government,
for a defined period of time to prohibit others from selling or using or making (Albert
and Jason 2004).

The grantor allows a patent “skilled in the art” to the inventor if the claimed is
novel unobvious and useful to others (Albert and Jason 2004).

A patent application is in a form of a written document which describes “claimed
invention and discloses sufficient details and comprehensiveness of an art” so as to
use or practise the invention. Thereafter, the inventor may submit the application
form where patent protection is desired and available in its respective country. The
patent issued may be failed in case, where the requirement of the invention utility,
novelty and unobviousness deficient. Hence, to avoid such circumstances, it is
always suggested to provide detailed information about the novelty and applicability
of the invention (Boyd 1996). Unfortunately, the mechanism for the protection of
intellectual wisdom of traditional knowledge and indigenous people is still lacking,
and, therefore, the ethnic tribes strongly believe that their ethnobotanical/
ethnopharmacological knowledge and bio-resources is the subject of biopiracy.
Due to lack of guidelines or laws in protection of their traditional intellectual
property including traditional medicine, it was necessary to take immediate action
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and calls for the establishment of a sui generis system (A “sui generis” framework
just signifies “one that is of its own sort”. For this situation it alludes to the
production of another national law or the foundation of global standards that
would manage the cost of security to licensed innovation managing hereditary
assets—or biodiversity—and the biotechnology that may result. It additionally
alludes to a law that may secure manifestations, developments, models, drawings,
plans and advancements contained in pictures, figures, images, petroglyphs, work-
manship, music, history and other conventional masterful articulations) for the
protection of ethnic knowledge. It was thought worthwhile and suggested by the
experts that sui generis system be separate from the existing IPR system which
should be designed to protect inventions, practices and innovations associated with
biological resources (Ganguli 2000). However, sui generis system protocols,
paradigms and structured methodologies are yet to be finalized. Recently, about
95% of patents in the world are held in developed countries. Perhaps, there is a
strong possibility to modify and to implement new guidelines and laws for the
intellectual property ownership for those who seek to protect knowledge of tradi-
tional herbal medicine (Cheeptham and Chantawannakul 2001).

27.3 Convention on Biological Diversity (CBD) and TRIPS
Agreement on Traditional Knowledge

In 1992, the Convention on Biological Biodiversity was held in Rio de Janeiro
wherein individuals accredited the rule about the traditional knowledge of the herbal
medicines that shall be the sole property of the respective nation and the government
shall have rights to utilize them as commercial products for trade and sale. Be that as
it may, most nations in the creating scene have not so far authorized enactment to
actualize the goals intended in the convention. Therefore, the guidelines laid down
on the basis of accepted norms for the transfer of indigenous resources used for the
research and development or for commercial production in the form of bilateral and
multilateral agreements (Cordell 2000).

The CBD played a major role that assigns rights of biodiversity not only to
indigenous communities but to individuals as well and asserts their rights to protect
this knowledge. Two articles of this convention are particularly relevant (Okan and
Mine 2007).

1. Article 8 (j): The article states that, the respective nation shall preserve, conserve
and actively involved in the sustainable biodiversity and utilisation of the
innovations, knowledge and practices of ethnic/local and indigenous
communities including their traditional lifestyle. “The government has equal
responsibility to preserve and endorse the application with the authorization
and association of the holders of such acquaintance, practices and creations and
support the unbiased sharing of the remuneration arising from the exploitation of
such knowledge, innovations and practices” (Bodeker 2000).
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2. Article 18.4: “To encourage and cooperate to develop models for the sustainable
development and use of technologies, including traditional and indigenous
technologies (Bernaid 2002)”.

There are two significant global conventions, viz. the World Trade Organization’s
Trade-Related Aspects of Intellectual Property Rights (TRIPs) and the Convention
on Biological Diversity (CBD), that have to bear on protected innovation rights in
indigenous information frameworks. The outing is a link between national
understandings in advancing the harmonization of national IPR systems. These
two conventions express that licence will be accessible for any creations, items
and procedures, given a creative advance, fit for modern era of technology, whereas
protected innovation rights is a specific part of property covering “everything that
radiates the activity from the human mind”. Thus, the patents, ‘plant breeders’ rights,
geographical indications, trade secrets, trademarks and copyrights are covered under
the major intellectual property rights (Correa 1998). Usually, in all legal systems,
companies and individuals invest and acquire rights on property such as sale and
lease and gain economic returns from their investments. Therefore, to protect
intellectual property of traditional knowledge, it is necessary to separate the existing
system of intellectual property and design sui generis system associated with access
to genetic resources (King et al. 1996). Moreover, sui generis laws adopted by the
countries like Brazil, Costa Rica, India, Peru, Panama, the Philippines, Portugal,
Thailand and the United States for the protection of at least some aspects of
traditional knowledge and also at present play a crucial role for accomplishing
security and benefits for traditional knowledge holders (Okan and Mine 2007).

Although under existing intellectual property rights some aspects of traditional
medicine may be protected sin form of patents still some part of ethnobotanical
information need to be protected and thus sui generis system has been developed and
accepted. The regimens in updation of sui generis system are regularly, explicitly in
light of contemplations of value. If trail blazers in the “formal” arrangement of
advancement get pay through IPRs, equity necessitates that holders of conventional
information be comparably treated, hence the need for the development of appropri-
ate legislation on intellectual property rights that recognize and protect indigenous
knowledge. Whereas, inventive insurance of licensed innovation of conventional
drugs as indicated by their disposition ought to be created which are the fundamental
necessities and states of protected innovation (Walden 1998).

27.4 Intellectual Property Rights for the Protection
of Traditional Herbal Medicine and Herbal Medicinal
Products and in the Natural Product Drug Discovery

The cost of drug discovery and development is a costly affair of more than thousand
millions to several billion dollars. IPR ensures thoughts and demeanour inside
inventions and procedures. Patents provide protection to the inventor for its inven-
tion may be a product/process for the period up to 20 years (Walden 1998). The
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pharmaceutical products can be protected by patent based on the following
parameters:

• Drug discovery/patent for discovering new chemical components
• Novel process patent in producing the products
• Trademark/copyright (Zhang 2000)

27.4.1 Patents for New Chemical Components from Natural
Products

In nature, species of plants, animals, marine organisms and microorganisms synthe-
size enormous variety of primary and secondary metabolites of therapeutic signifi-
cance (Rocha et al. 2001). Roughly 33% of the drugs on the planet are characteristic
items of their subordinates. Notwithstanding major logical and mechanical advance-
ment in combinatorial science, drugs got from regular items despite everything that
makes a gigantic commitment to tranquilize disclosure (Rocha et al. 2001). A plant
serves as a solar power biochemical laboratory which synthesizes thousands of
primary and secondary metabolites of therapeutic importance (Udgaonkar 2004).
Innovative methods such as extraction, isolation and purification and structural
identification for the drug discovery and development from natural products were
employed to find a new natural product and its useful biological properties of the
new lead; synthesis of new analogues or derivatives (Boyd 1996). The plant-derived
or natural product-derived compounds discovered unreservedly insignificant revela-
tion which may not be patentable. However, if the natural product appropriately
portrayed with respect to its method of production, synthesis and its novelty as a
potent therapeutically active compound in the supreme feeling recently perceived
presence, at that point the substance might be patentable. For example: Microorgan-
ism derived natural products such as proteins, amino acids, neurotoxins, etc.
(Walden 1998; Ganguli 2000). It is also stated further that the value of patent is
placed on a compound with novelty in its structural appearance, derivatives, sight
specificity structure-activity relationships and uniqueness in its mechanistic pharma-
cology. Modification in various stages of its development and discovery with the
intention to reduce its toxicity profile and overall of pharmacokinetic and pharma-
codynamics (Cordell 2000).

27.4.2 Patents for Known Phytoconstituents from Natural Products

To patent the known phytoconstituents from the natural product, the conditions must
be appropriate such as the following: the lead molecules should possess defined
pharmacological activity. However, company would purchase only those plant-
derived entities having potential and promising pharmacological activity. The tradi-
tional medicine likely to patent, if the old medicine found to have novelty in its
activity which is not mentioned in the traditional text but found effective as drug
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lead. For instance, if betulinic acid exhibits target-specific anticancer activity against
melanoma cells and also possesses in vivo antiproliferative and cancer
chemopreventive activities could be patentable. Similarly, a semisynthetic approach
in drug discovery applied on a known compound and can be modified with a view to
enhancing potency and reducing toxicity or modifying solubility can be patentable.
Also in case of new techniques derived for the isolation and purification of known
compounds from nature and synthesis of useful new analogues or derivatives could
be patentable (Kartel et al. 2006).

27.4.3 Patent Rules for Traditional Herbal Medicines and Herbal
Medicinal Products

Value-added products as well as active phytoconstituents and active extracts derived
obtain from the various cultivated and wild grown medicinal plants and traditionally
utilised herbs. Thus, ethnobotanical or ethnomedicinal plants may serve as a precur-
sor for the screening of natural products of therapeutic importance. However, this
traditional medicine-derived plant components need to be analysed scientifically and
systematically to complement its use as a medicine. The endeavours of present-day
industry are to exploit traditional medicines and to use it for the conventional
information, especially phytopharmaceuticals (Correa 2002).

The herbal formulations derived from the traditional medicines are prepared in
various forms such as tinctures, concentrates, extracts, oils and powdered natural
products. They incorporate various techniques and procedures such as soaking or
warming home-grown products in mixed drinks as well as nectar, etc. Practical this
process cannot be eligible for patent. The extracts are prepared with different
solvents (nonpolar to polar) and from different parts of the same plant (stem, leaves,
roots, fruits) each with an exclusive right for a different set of applications.
Procedure’s or patent process have generally been seen as being of a less financial
incentive than “item” patent, incompletely in light of the fact that they are hard to
police, while new specialized systems can likewise regularly be found to deliver a
specific item. An alternative is a sweeping ‘item by procedure’s patent case, which
offers ascend to the most productive imposing business model rights. Scientists or
organizations may likewise guarantee patent innovation rights over natural assets as
well as customary information, after marginally adjusting them. Instances of these
incorporate patents gave identified with the neem tree, kava, barbasco. Protection
can be given to the use of technology, including biotechnology, to develop a useful
product using traditional knowledge (Zhang 2000).
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27.5 Classification of Patent Protection for the Herbal Medicine
Inventions

27.5.1 Patent on Formulation of Herbal Medicine

Preparing a novel dosage form containing herbal medicine using new technology to
achieve synergistic or significant therapeutic effect.

27.5.2 Combination Patents on Herbal Medicine

It may include new or alternative herbal drug/herbal preparation targeted for same
indication, and patent is granted in the following circumstances:

(a) The combination of herbal medicines prepared from several crude drugs and the
composition is newly prepared and completely different from the original one or
by changing ration of its constituents.

(b) The combination of novel herbal medicines should report new indications
other than.

27.5.3 Patents on Process of Herbal Medicine

Novelty in the process or method of preparation herbal medicines can be patented.
Following are the inventive key steps may get patentable such as:

(a) To process such as cultivation, collection, drying and sampling of crude drugs
(b) To process and prepare pharmaceutical formulations using herbal drugs or

herbal drug preparations
(c) To separate, extract and isolate phytoconstituents from known herbal drugs

which are used in the procedure of pharmaceutical production
(d) To formulate and standardize solid/liquid herbal extracts or powders or tinctures

from herbal drugs,
(e) To process crude drug to produce granules and drying process of standardized

extracts
(f) To develop novel methods and process to prevent moisture and microbial

contamination of standardized extracts
(g) To develop process for removal of trace amounts of contaminant substances

such as pesticides, toxins and surfactants from plant products
(h) To develop novel process and techniques to increase the production of

standardized extracts from herbal drugs
(i) To invent new procedures to decrease the cost of preparation of standardized

extracts from herbal drugs
(j) To enhance the purity of the extract separated from herbal drugs
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(k) To develop new techniques and model to eliminate the side effects of herbal
medicine (Bayram 2005)

27.6 New Indication of Herbal Drug and Herbal Medicine

If the herbal drug or medicine is found to possess new indication such as novel
therapeutic activity in its extract form or in formulation preparation under such
circumstances, patent can be granted. For instance, herbal medicine could have an
obscure impact of relieving bosom malignant growth found by a researcher. In such
a case, the new sign can be secured by patent law. The use of new technology for the
formulation of new dosage form of the herbal drug showing new indication to
achieve significant therapeutic effect can be patentable (Kartal 2007).

27.7 Prerequisites for Patent of Herbal Medicines/Drugs

27.7.1 Validation

Validation of the unknown phytochemicals in herbal medicines is the mandate for
each batch of drug formulation. To achieve validation of the unknown compounds,
the quality of product may be identified. Comparative study claims and use of
standard drug may also be patentable.

27.7.2 Clinical and/or Animal Studies

The herbal medicines should be tested for all clinical and animal studies to ensure its
acute toxicity profile as well as to find out the therapeutic dose. Thus the effective
dose must be calculated and may be patented.

27.7.3 New Formulations

In case of new formulations and their new route of administration and drug delivery
is discovered, then the patent protection is necessary. For that all the relevant data
must be provided, which can prove the efficacy of such modifications.

27.7.4 Active Ingredients

All types of active phytoconstituents present in herbal medicine, which may be
simple or are complex in nature, are patentable.
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27.7.5 Second-Generation Products

In this case, if the natural product should be improved product from the native
product. Such type of second generation product may be patentable. These second-
generation products are chemically decoded or modified by some reactions and
change in any functional group. Also the bioactivity or target specific activity of
such molecules must be known.

27.7.6 Authentication Kits

Authentication of herbal drugs and medicines thereof is of prime importance as the
malpractices of adulteration are prevalent. The authentication of plant sample can be
done by sophisticated techniques like DNA fingerprinting and protein analysis.
However, if the plant material is found to be authenticated by means of these
methods, the inventor may subsequently decide whether to keep patent or to keep
it for trade secret (Albert and Jason 2004).

However, in India the certain legislative measures are active and considered to
protect IPR of the biological source and traditional knowledge. Patent protection to
the biological materials and their control of biopiracy are sought under the Biodiver-
sity Bill, thereby resulting in the financial and nonfinancial benefits contributing to
the final product. A biological resources can be obtained by an Indian for commer-
cial purpose after giving proper and prior information to the State Biodiversity Board
concerned (Patwardhan 2005). An extensive procedure for ensuring herbal drug
knowledge, think about the network, national, local and worldwide measurements.
The more grounded the incorporation and coordination between each level, the more
probable the general viability. Numerous people groups, nations, and, what’s more,
provincial association are attempting to address these levels individually. National
laws are the prime factor for accomplishing security for TK holders. Countries like
Brazil, Costa Rica, India, Peru, Panama, the Philippines, Portugal, Thailand and the
United States have all embraced sui generis laws that secure probably some part of
TK (WIPO 2005). The Convention on Biological Diversity is working on imple-
mentation of Article 8(j) and related provisions: development of elements of sui
generis systems for the protection of the knowledge, innovations and practices of
indigenous and local communities. As per the choice VIII/5 E (27 June 2006);
Parties and Governments, indigenous and nearby networks, and non-legislative
associations are mentioned to impart to the Executive Secretary data on existing
sui generis frameworks and their perspectives on the definitions contained in archive
UNEP/CBD/WG8J/4/7 addition II, no later than 30 June 2007 to guarantee they are
considered in the readiness of documentation for the following gathering of the
Working Group on Article 8(j). Parties and governments are also requested to report
on initiatives to adopt local and national sui generis models and to share experiences
through the Clearing-House Mechanism (Notification from Secretariat of the Con-
vention on Biological Diversity 2006).
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The implementation of the Convention on Biological Diversity, in particular
Article 8(j), ensures that traditional knowledge will receive adequate protection.
The laws, priorities and definition of concerns, aims and objectives of the protection
to be sought at the international level to delineate interests more clearly in different
international organizations such as the CBD, WTO and WIPO (The Inter-national
Dimension of TK Protection 2006). The WIPO work is based on the core principles
that should underpin the protection of TK. This serves as an opportunity to a
potential establishment for worldwide lawful advancement as exact approach and
administrative choice for improved assurance of TK through adjusted or extended
ordinary licensed innovation (IP) frameworks, or through independent sui generis
frameworks (Timmermans 2003).

A traditional Chinese medicine (TCM) patent information is based on the princi-
ple built up by the State Intellectual Property Office (SIPO) of PR China. The
database has just been put to use in the patent assessment office in SIPO since
April 2002. There are 29 pursuit fields in the database that fall into four classes:
bibliographic data, subject file terms, utilizes/impacts and TCM recipes. Neverthe-
less, the database provided by TCM accessible to Chinese examiners contains
approximately 30,000 records in the bibliographic database and more than 60,000
TCM formulae. Till November 2005, 1761 items in the English demo version are
made publicly available and also contain 1995 items in the Chinese demo version.
This type of database is provided as an efficient way for patent examiners or other
users to search TCM-related patent documents. Thus, every state’s patent office
should establish a traditional medicine patent database of each community in each
country. Furthermore, in order to obtain a more powerful traditional medicine patent
database, they should be merged into one central database system (Yanhuai and
Yanling 2004).

At the University of Illinois, Chicago, a policy has been developed on contracts
for collecting natural product samples for drug discovery which includes royalty
sharing and other important provisions. For example, the providing organization for
their endeavours and their ability, and perceive a commitment to offering a sover-
eignty to the establishment in the occasion that medicates revelation, with ensuing
commercialization, owes its source, to a material that it gave and repay by the Glaxo.
The new commercialized agricultural products such as bio-fertilizers and pesticides
will also come under the power of IPR and become monopolized. In such cases
patent granted for the neem extracts which is used as biopesticide to some US and
Japanese companies. Thus, before filing the patent, it is mandatory to submit a
publication related to the invention issued at least a year ago from the date of filing of
patent application (Timmermans 2003). Patents on Ayurvedic herbal extracts are
listed on Table 27.1 (https://ipindiaservices.gov.in/publicsearch).
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Table 27.1 Patent on Ayurvedic/herbal extracts

Sl.
No.

Patent
No. Title Main herbs

1. 155/
MUM/
2008

Herbal extract and Ayurvedic
composition for the treatment of
diabetes

Momordica charantia

2. 1734/
KOL/
2007

A process for preparing an Ayurvedic
medicament effective against
leukaemia and carcinoma of the lung
and intestine

Lime, asafoetida and black jeera

3. 1938/
DEL/
2006

A process for preparation of
Ayurvedic composition for treatment
of hepatic disorder

Kagzi nimbu (lemon) [Citrus medica
(aurantifolia)], Sarjika [Salsola kali
Linn., Fagonia cretica Linn., Barilla]
and Varat (Kapard) Cypraea moneta

4. 1623/
MUM/
2006

An Ayurvedic composition for oral
consumption in treatment of heart
diseases and hypertension

Arjuna, Terminalia arjuna; Ajamoda,
Apium graveolens; Punarnava,
Boerhavia diffusa; Rasona, Allium
sativum; Shigru, Moringa oleifera;
Draksha, Vitis vinifera; Pippali, Piper
longum; Guduchi, Tinospora
cordifolia; and Triphala

5. 228/
CHE/
2006

A process for the preparation of
Ayurvedic tooth powder/paste

Azadirachta indica, menthol, thymol,
camphor and gall nut

6. 3207/
DEL/
2005

An Ayurvedic composition for
joining fractured bone and as anti-
inflammatory and process for
preparation thereof

Cissus quadrangularis, Pterocarpus
marsupium heartwood, buffalo/cow
milk and Chenopodium murale
(kurund)

7. 726//
CHE/
2005

An Ayurvedic medicine for curing
viral hepatitis

Luffa aegyptiaca, Luffa cylindrica or
Luffa acutangula or Luffa operculata
and seeds of Cuminumcyminum

8. 313/
CHE/
2005

An unique combination of Ayurvedic
compounds for correcting a rare form
of mulleri and ysgenesis

Asoka, Asana and Bilwa, Shorea
robusta Gaertn, Pinus roxburghii
Sargent, Cyperus rotundus Linn.,
Sida rhombifolia, Cyperus rotundus
Linn., Gmelina asiatica Linn.,
Nardostachys jatamansi DC, Randia
dumetorum Linn., Kaempferia
galangal Linn., Teramnus labialis
Spreng., Phaseolus trilobus, Inula
racemosa Hook. f., Cinnamomum
zeylanicum, Syzygium aromaticum
Merr., Parmelia (Sangejaranath),
Crocus sativus Linn., Cinnamomum
camphora T. Nees & Ebem

9. 146/
MUM/
2005

An Ayurvedic herbal hair oil
composition and preparation thereof

Jatamansi (Nardostachys jatamansi
(D.Don) DC.), Amla, Brahmi
(Gratiola), Bhringraj (Eclipta alba)
Thistles, Nagamothra (Cyperus
rotundus), Kapur kachari (Hedychium

(continued)
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27.8 Protection of Geographical Indications

Geographical indication implies a sign which recognizes farming or common or
fabricated merchandise as starting or produced in a specific region “where a given
quality, notoriety or another trait of such products is basically owing to its geological
origin”. Medicinal plants beginning from specific locales numerous a period have
unmistakable restorative properties and, subsequently, are qualified for enlistment
and assurance under the Geographical Indications of Goods (Registration and
Protection) Act, 1999. The approved clients of an enlisted geographical indication
(GI) just are qualified for the rights under the Act which are the rights to utilize the
sign and to get alleviation thereof in the event of encroachment. An application for
enrolment is to be made by “a relationship of people or makers or any association or
authority set up by or under any law speaking to the premiums of the makers of the
concerned goods”. The enlisted assortments have the benefit of telling premium
value in the market. A model is Navara rice from Kerala which is an enrolled
assortment. It is used in Ayurveda for specific treatments like Panchakarma and in
various treatments for arthritis (Dutfield 2003). The List of medicinal/aromatic
plants registered as geographical indications is presented in Table 27.2 and patent
on thirty medicinal plants in India in Table 27.3.

27.9 Farmers’ Right and Breeders’ Right

Plant genetic resources (PGRs) are forming the building blocks for continuous
development of a food and nutritionally secure society. Furthermore, plants have
numerous utilizations, including feed, fibre, medication and modern applications.
Ranchers may have almost no comprehension of the logical premise of hereditary
decent variety, yet they surely comprehend its vital significance to agribusiness and
the requirement for advancing fluctuation in rural practices. The self-governance that
each rancher practises in choosing, sparing and keeping up seed for re-planting has
been principal for the agronomic change of plant species into crops and their further
choice. Any sensible valuation of PGR created by ranchers could all around run into
trillions of dollars, which is commonly higher than the worth that cutting-edge plant

Table 27.1 (continued)

Sl.
No.

Patent
No. Title Main herbs

spicatum) and Kavath (Feronia
elephantum)

10. 31/
MUM/
2005

An Ayurvedic herbal composition for
treatment of cancer/skin diseases and
process of making thereof

Murraya paniculata (Bhutkati),
Latanacamara (ghanera or Tantani),
Terminalia (Kinjal), Toalia asiatica
(Jangli-Mirch) chawat or dhundari
and teakwood
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reproducing has contributed. In any case, PGRs were treated as the “legacy of
humankind” and were shared openly among countries, till the worries for the
preservation of organic decent variety were raised by the Convention on Biological
Diversity (CBD), which came into power in 1993. The preservation and manageable
usage and access to natural assorted variety were considered as national sway by
CBD. Therefore, numerous issues with respect to the privileges of the conservers,
clients, reproducers, ranchers and protected innovation have risen. During 2001,
huge advancements have occurred concerning the acknowledgement of the
privileges of raisers, ranchers and nearby networks assortment is thorough, permit-
ting no adaptability for ranchers and negligible adaptability for reproducers, contin-
gent upon the locale. The essential basic rule of IPR on plant assortments is the
acknowledgement of human advancement in building up another plant assortment
through choice, with or without recombination, which is novel and unmistakable
from the previous assortments. Dissimilar to the developments that are made in
numerous non-organic spaces, life structures, for example, crop assortments, are not

Table 27.2 Registered geographical indications of medicinal/aromatic plants and allied products

Plant/allied product State
Reg.
No. Reference

Mysore Agarbathi Karnataka 11 http://ipindiaservices.gov.in/publicsearch/
. Accessed on 20 April 2015

Mysore Sandalwood oil Karnataka 23 http://ipindiaservices.gov.in/publicsearch/
. Accessed on 20 April 2015

Mysore Sandal soap Karnataka 24 http://ipindiaservices.gov.in/publicsearch/
. Accessed on 20 April 2015

Mysore Betel leaf Karnataka 28 http://ipindiaservices.gov.in/publicsearch/
. Accessed on 20 April 2015

Nanjanagud banana Karnataka 29 http://ipindiaservices.gov.in/publicsearch/
. Accessed on 20 April 2015

Mysore Jasmine Karnataka 37 http://ipindiaservices.gov.in/publicsearch/
. Accessed on 20 April 2015

Udupi Jasmine Karnataka 38 http://ipindiaservices.gov.in/publicsearch/
. Accessed on 20 April 2015

Hadagali jasmine Karnataka 39 http://ipindiaservices.gov.in/publicsearch/
. Accessed on 20 April 2015

Navara rice Kerala 40 http://ipindiaservices.gov.in/publicsearch/
. Accessed on 20 April 2015

Coorg Green Cardamom Karnataka 57 http://ipindiaservices.gov.in/publicsearch/
. Accessed on 20 April 2015

Naga tree tomato Nagaland 220 http://ipindiaservices.gov.in/publicsearch/
. Accessed on 20 April 2015

Sikkim large cardamom
(Amomum subulatum)

Sikkim 222 http://ipindiaservices.gov.in/publicsearch/
. Accessed on 20 April 2015

Assam Karbi Anglong
Ginger

Assam 226 http://ipindiaservices.gov.in/publicsearch/
. Accessed on 20 April 2015

Khasi Mandarin Meghalaya 231 http://ipindiaservices.gov.in/publicsearch/
. Accessed on 20 April 2015
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Table 27.3 Patent on 30 medicinal plants in India

Plant/herb

Number of patent
applications
published

Number of
patents
granted References

Lemon 65 16 http://ipindiaservices.gov.in/
publicsearch/. Accessed on 11 Dec
2019

Neem 173 47 http://ipindiaservices.gov.in/
publicsearch/. Accessed on 11 Dec
2019

Aloe vera 185 43 http://ipindiaservices.gov.in/
publicsearch/. Accessed on 11 Dec
2019

Terminalia
bellirica

123 25 http://ipindiaservices.gov.in/
publicsearch/. Accessed on 11 Dec
2019

Turmeric 103 16 http://ipindiaservices.gov.in/
publicsearch/. Accessed on 11 Dec
2019

Ginger 86 19 http://ipindiaservices.gov.in/
publicsearch/. Accessed on 11 Dec
2019

Pepper 80 17 http://ipindiaservices.gov.in/
publicsearch/. Accessed on 11 Dec
2019

Garlic 59 13 http://ipindiaservices.gov.in/
publicsearch/. Accessed on 11 Dec
2019

Sandal/
Chandan

50 29 http://ipindiaservices.gov.in/
publicsearch/. Accessed on 11 Dec
2019

Arjuna 47 16 http://ipindiaservices.gov.in/
publicsearch/. Accessed on 11 Dec
2019

Amla 47 12 http://ipindiaservices.gov.in/
publicsearch/. Accessed on 11 Dec
2019

Almond 23 12 http://ipindiaservices.gov.in/
publicsearch/. Accessed on 11 Dec
2019

Poppy 18 05 http://ipindiaservices.gov.in/
publicsearch/. Accessed on 11 Dec
2019

Camphora 14 04 http://ipindiaservices.gov.in/
publicsearch/. Accessed on 11 Dec
2019

Senna 06 03 http://ipindiaservices.gov.in/
publicsearch/. Accessed on 11 Dec
2019

(continued)
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Table 27.3 (continued)

Plant/herb

Number of patent
applications
published

Number of
patents
granted References

Jasmine/
Jasminum

25 07 http://ipindiaservices.gov.in/
publicsearch/. Accessed on 11 Dec
2019

Nutmeg/Jati 26 03 http://ipindiaservices.gov.in/
publicsearch/. Accessed on 11 Dec
2019

Vetiver/
Khus

09 04 http://ipindiaservices.gov.in/
publicsearch/. Accessed on 11 Dec
2019

Rose
geranium

94 19 http://ipindiaservices.gov.in/
publicsearch/. Accessed on 11 Dec
2019

Patchouli 07 02 http://ipindiaservices.gov.in/
publicsearch/. Accessed on 11 Dec
2019

Chamomilla 06 02 http://ipindiaservices.gov.in/
publicsearch/. Accessed on 11 Dec
2019

Basil/Tulsi 60 09 http://ipindiaservices.gov.in/
publicsearch/. Accessed on 11 Dec
2019

Lavender 10 01 http://ipindiaservices.gov.in/
publicsearch/. Accessed on 11 Dec
2019

Rosemary 15 01 http://ipindiaservices.gov.in/
publicsearch/. Accessed on 11 Dec
2019

Mint 57 16 http://ipindiaservices.gov.in/
publicsearch/. Accessed on 11 Dec
2019

Mucuna/
Kawanch

28 06 http://ipindiaservices.gov.in/
publicsearch/. Accessed on 11 Dec
2019

Jamun 10 01 http://ipindiaservices.gov.in/
publicsearch/. Accessed on 11 Dec
2019

Celastrus 11 02 http://ipindiaservices.gov.in/
publicsearch/. Accessed on 11 Dec
2019

Babchi/
Psoralea

20 01 http://ipindiaservices.gov.in/
publicsearch/. Accessed on 11 Dec
2019

Musli 19 04 http://ipindiaservices.gov.in/
publicsearch/. Accessed on 11 Dec
2019
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totally imagined but however are constantly made from previous living things and
engendered by regular procedures. Along these lines, the making of another assort-
ment has two segments: the utilization of prior assortments and the information
required to choose another assortment by recombining the previous ones or by
different procedures. Value requests that the acknowledgement of advancements
made on the recently reproduced assortments ought to likewise incorporate the
comparatively inventive segment put resources into the source assortments
(e.g. plant hereditary assets). The last basically speaks to the far more prominent
total scholarly information sources contributed by ages of cultivating networks over
a significant stretch. The way that those networks need character and institutional
support, in contrast to the current business plant raisers, does not imply that they are
given less significance or acknowledgement for their scholarly information sources.
While IPRs on plant assortments are maintained, the interest with the expectation of
complimentary access to assortments created by ranchers, without the instalment of
sovereignties material to assortments secured by licensed innovation (IP), can be
viewed as a twofold standard concerning rights. Additionally, the allowing of
restrictive rights over the seed or proliferating material of an IP-shielded assortment
denotes a defining moment from the conventional unlimited right ranchers had
appreciated over seeding. This limitation on the seed of a patent-shielded assortment
denotes a defining moment from the conventional unhindered right ranchers had
delighted in over seeding. This limitation on the seed of a patent-secured assortment
is thorough, permitting no adaptability for ranchers and negligible adaptability for
raisers, contingent upon the ward (Brahmi et al. 2004).

IPR that is allowed to reproducers of plant assortments is alluded to as plant
raisers’ privileges (PBRs). The International Convention for the Protection of New
Varieties of Plants (UPOV Convention) is the most punctual framework for plant
assortment assurance and is at present clung to by 69 nations. PBRs permit a plant
raiser to bar others from the creation, preparing, loading, conveyance, promoting,
deal, fare and import of engendering material of a secured assortment for a
predetermined number of years. It additionally permits the reproducer to authorize
such rights to other people and to get eminences created from the approved utiliza-
tion of the proliferating material. These rights may in certain nations likewise
incorporate reaped material, for example, cut blossoms, organic products or foliage
of the ensured assortment, in situations where the raisers don’t have sensible chances
to practise their privileges over the planting materials. The lawful space accessible to
ranchers concerning the seed of a secured assortment under such a framework for
plant varietal insurance appears as ranchers’ privileges, together with PBRs, or that
of the ranchers’ benefit inside PBRs. The UPOV Convention of 1978 had created the
special case to PBRs as a private and nonbusiness activity on engendering material
of the secured assortment, which permitted—as indicated by specific translations—
ranchers to utilize the spreading material got to as the result of the gather acquired by
planting. The UPOV rendition of 1991, be that as it may, makes reference to the
ranchers’ benefit which restrains the exclusion to specific harvests (by the decision of
the part state) and just to seed delivered by ranchers for planting back on their own
possessions, in this way significantly diminishing the customary ranchers’ privileges
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for use. While perceiving PBRs on plant assortments, the administrative Commis-
sion on Genetic Resources for Food and Agriculture (CGRFA) likewise affirmed
ranchers’ privileges in a goal on the understanding of the International Undertaking
on Plant Genetic Resources for Food and Agriculture (IUPGRFA) in 1989. Its
essential target for perceiving ranchers’ privileges was to guarantee that ranchers
would keep on adding to the preservation and reasonable utilization of PGR for
reinforcing the worldwide nourishment and wholesome security (Brahmi
et al. 2004).

The Protection of Plant Varieties and Farmers’ Rights Act (PPVFR Act) tries to
address the privileges of plant reproducers and ranchers on an equivalent balance. It
asserts the need for perceiving and ensuring the privileges of ranchers as for the
commitment they make in saving, improving and making PGR accessible for the
advancement of new plant assortments. The PPVFR Act additionally regards it
similarly important to secure PBRs to animate venture for innovative work, both
in general society and private part, for the advancement of new plant assortments.
Under the Act, PBRs permit reproducers to hold selective rights to create, sell,
advertise, appropriate, import or fare the engendering material of an enlisted assort-
ment (Brahmi et al. 2004). The PPVFR Act perceives the different jobs played by
ranchers in developing, moderating, creating and choosing assortments. As to
creating or choosing assortments, the Act alludes to the worth added by ranchers
to wild species or conventional assortments through choice and distinguishing proof
of their helpful qualities. As needs are, ranchers’ privileges incorporate the jobs of
ranchers as clients, conservers and reproducers. Farmers are granted nine specific
rights, which are briefly described below.

27.9.1 Right 1: Access to Seed

Farmers were qualified to spare, use, sow, resow, trade, offer or sell their homestead
produce, including seed of ensured assortments, in a similar way as they were
qualified before the PPVFR Act came into power. Be that as it may, farmers will
not be qualified to sell marked seed of an assortment ensured under this Act. The Act
doesn’t determine the amount of seed that farmers can spare from a yield developed
in their own homesteads from a secured variety.

27.9.2 Right 2: Benefit-Sharing

All Indian legitimate substances who give PGR to raisers to growing new varieties,
including farmers, will get a decent amount of the advantages from the business
gains of the enrolled assortments. Out of all the national plant assortment security
laws enacted since 2001, the PPVFR Act primarily coordinates an arrangement for
access and benefit-sharing (ABS) alongside PBRs. Legitimate promotion of the
hereditary asset utilized inbreeding isn’t tended to in the Act; this falls rather
under the Biological Diversity, 2002. In any case, the PPVFR Act requires a
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reproducer to make a sworn declaration on the geological inception of the hereditary
assets utilized in the family of the new variety, and how they were gotten too.

27.9.3 Right 3: Compensation

Registered seed must be sold with full disclosure including the details of their
agronomic performance under recommended management conditions. If the farmer
found that the seed sold to him fails to provide the expected performance under
recommended management conditions, then the farmer shall claim compensation
from the breeder through the office of the PPVFR Authority.

27.9.4 Right 4: Rational Seed Price

Farmers reserve the privilege to get to seed of enlisted assortments at a sensible cost.
At the point when this condition isn’t met, the reproducer’s elite directly over the
assortment is suspended under the arrangement concerning mandatory authorizing,
and the raiser is committed to permit the seed creation, dispersion and deals of the
assortment to an able legitimate substance. A large portion of the laws for plant
assortment assurance have arrangements on mandatory authorizing of secured
assortments to guarantee sufficient seed supply to farmers, and a few of them
additionally utilize out of line evaluating as reason for necessary permitting.

27.9.5 Right 5: Farmers’ Recognition and Reward for Contributing
to Conservation

Farmers who have been occupied with PGR protection and yield improvement, and
who have caused considerable commitments in giving hereditary assets to edit
improvement, to get acknowledgement and awards from the national quality store.
The quality reserve gets assets from the execution of the Act, which thusly is
supplemented by commitments from national and universal associations. The
utilisation of the reserve are reserved to help the preservation and reasonable
utilization of PGR, and along these lines, it very well may be viewed as a national
identity to the worldwide benefit-sharing asset working inside the ITPGRFA. Since
2007, the plant genome guardian angel grant, related to the national quality reserve,
has been remunerating cultivating networks and individual ranchers for their com-
mitment to in situ protection on ranch and to the choice of PGR.

27.9.6 Right 6: Registration of Farmers’ Varieties

The Indian PPVFR Act takes into account the enlistment of existing ranchers’
assortments that satisfy prerequisites for uniqueness, consistency, security and
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section, but however excludes that of curiosity. This privilege furnishes ranchers
with a coincidental open door for a restricted timeframe, from the second when a
yield animal variety is remembered for the harvest portfolio under the PPVFR Act
for enlistment. When enrolled, these assortments are qualified for all PBRs.

27.9.7 Right 7: Prior Authorization for the Commercialization
of Essentially Derived Varieties

At the point when farmers’ assortments, regardless of whether surviving or new, are
utilized by an outsider as source material for the advancement of a basically
determined assortment, the ranchers need to give earlier approval to its commercial-
ization. Such a procedure can permit ranchers to arrange the terms of approval with
the raiser, which may incorporate sovereignties, one-off instalments, advantage
sharing and so on.

27.9.8 Right 8: Exemption from Registration Fees for Farmers

Under the PPVFR Act, ranchers have the benefit of being totally absolved from
paying any sort of charges or different instalments that are regularly payable for
assortment enlistment; tests for uniqueness, consistency and strength (DUS), and
different administrations rendered by the PPVFR Authority; just as for lawful
procedures identified with encroach coach different causes.

27.9.9 Right 9: Farmer Protection from Accidental Infringement

On the off chance that a farmer can some way or another demonstrate under the
watchful eye of the court that the person in question didn’t know about the presence
of any rights at the hour of encroachment on any such rights, as pointed in the
PPVFR Act, the individual in question won’t be charged. This arrangement is made
with regard to the hundreds of years old unreasonable rights that the ranchers had
over the seed everything being equal, the novel idea of the PPVFR Act, and the low
lawful education of farmers.

Along these lines, the arrangement for reasonable and fair advantage sharing from
plant reproducers utilizing the PGRmonitored by ranchers is a significant motivating
force for connecting preservation with occupation advancement, during the time
spent network biodiversity the executives (CBM). So as to guarantee the proceeded
with commitments of ranchers through CBM, ranchers over the world must be
conceded liberal rights over the seed of each assortment that they create. These
rights ought to be joined by the arrangement of money related, good and specialized
help, through the use of CBM rehearses inside seed frameworks including those
utilizing current innovations. Such rights and bolster must be given as a need and
should be equivalent to the select rights that have been conceded to plant raisers,
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who scrounge on the PGR that once started and keep on being preserved and created
by those ranchers (Benjamin et al. 2007).

27.10 Biopiracy

The indigenous individuals of the world have monstrous information on their
surroundings, in light of hundreds of years of living near nature. Conventional
information (TK)- framework held by indigenous networks, regularly identifying
with their encompassing common habitat like agriculture information, logical infor-
mation, specialized information, natural information, restorative information,
“articulations of fables” as music, movie, tune, handwork plans, stories, craftsman-
ship, biodiversity protection, nourishment methods, tradition-based artistic works,
information, and all other customary-based advancements, Healing information
(Example: Aspirin, got from salicylic corrosive found in meadowsweet and the
salivation of the vampire bat of South America opens stopped up courses quicker)
and so on. The key qualities of conventional information to protected and transmit-
ted in a customary setting from age to age relates to a specific conventional or
indigenous individuals or community are not static, yet rather advance as networks
react to new difficulties and requirements are aggregate/individual in nature. Around
370 million indigenous and innate individuals all around the globe are the genuine
caretaker and holders of conventional information, and up to 80% of the total
populace relies upon customary medication for its essential social insurance (Battiste
and Henderson 2000). This information is fundamental for the most unfortunate
sections of society and by the TK additionally forestalls land and soil corruption,
fisheries exhaustion, biodiversity disintegration and deforestation. Roughly 90% of
the world’s biodiversity is packed in tropical and sub-tropical districts inside creating
nations, explicitly in Mexico, Brazil, India, Indonesia, Australia and the Democratic
Republic of Congo. An expected 90 percent of the world’s biodiversity exists in the
regions of indigenous people groups. India brags a wide assortment of verdure which
is enhanced in nature. The faunal and flower lavishness has been perhaps the greatest
resource of India. Accessible information place India in the tenth situation on the
planet and fourth in Asia in plant decent variety. With this India has for some time
been a casualty of biopiracy (Gollin 1999).

Bio-robbery alludes to the procedure through which the privileges of indigenous
societies to these assets and information are deleted and supplanted by restraining
infrastructure rights. Biopirates, privateers of life, are looting another sort of riches,
that of biodiversity and the conventional information and strategies of provincial and
indigenous people groups. Biopiracy can be characterized as, “the misappropriation
and commercialization of hereditary assets and conventional information on the
country and indigenous individuals”. Pharmaceutical biopiracy is a term utilized
for the most part to describe the legitimate practice by pharmaceutical organizations
abusing the indigenous individuals’ conventional information on medication. India
and other creating nations are rich in bio-assets, and TK are the most loved targets
and casualties of biopiracy. Famous market analyst and Nobel Prize winner Joseph
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E. Stiglitz remarks on the World Trade Organization’s Trade-Related Aspects of
Intellectual Property Rights (TRIPs) Agreement—what we were not completely
mindful of was another threat, what has come to be named bio-robbery, worldwide
organizations protecting traditional medicines and nourishments. It isn’t just that
they try to bring in cash from “assets” and information that legitimately has a place
with the creating nations, however in this manner, they suppress residential firms
that have since quite a while ago gave the items. Biopirates are for the most part
pharmaceutical, corrective and agri-nourishment firms. Biopiracy of hereditary
assets and hereditary materials is likewise noted. It was drawn on biodiversity
problem areas so as to make apparently “inventive” items and assurance their
restraining infrastructure on them through the patent framework. Such misappropri-
ation of TK brings about the award of a patent for the innovation to the “first-to-
document” (the pharmaceutical organization) instead of the “first-to-design” (the
indigenous network). It includes making benefits from unreservedly accessible
normal items (plants, seeds, leaves and so forth.), by duplicating methods utilized
day by day for ages by nearby people groups so as to take care of or deal with
themselves. Biopirates don’t give any benefit or appropriate advantage to nearby
networks and TK holders. The issue of intellectual property rights (IPRs) is subse-
quently getting firmly identified with the issue of bio-robbery and scholarly theft of
western-style IPR systems. The absence of lawful insurance of our organic and
social legacy has made the indigenous networks of the third world defenceless
against bio-robbery and scholarly theft as in the instances of neem and so on. The
current patent systems dependent on western ideal models are one sided for enor-
mous transnational corporations with interests cutting across pharmaceuticals and
agri-synthetic concoctions (Turner 1996). Citations on biopiracy across the globe are
discussed in Table 27.4.

With this backdrop of practicing biopiracy and to bring out some concrete
solution to stop biopiracy, and to give justice to the guardians of the traditional
knowledge of medicines, it was thought worthwhile to form international treaties
which can deal with biopiracy. There are two international treaties that help protect
peoples and biodiversity from biopirates.

1. Convention on Biological Diversity (CBD) Evolved from the Rio Earth Summit
(1992)

2. Nagoya Protocol on Biodiversity, Negotiated in Japan (2010)

Prior to these two bargains, in 1994, one endeavour was made through the United
Nations Draft Declaration on the Rights of Indigenous People for the security of
indigenous information or TK. In this assertion Article 29 commands for the control,
acknowledgement to full proprietorship and assurance of their social and licensed
innovation. Moreover, the assertion likewise incorporates acknowledgement and
insurance of their hereditary assets, seeds, meds, writing, plans, visuals and
performing expressions. Accordingly, in 1989, The Indigenous and Tribal Peoples
(Convention 169) perceived the yearnings of these people groups to practise author-
ity over their own organizations, lifestyles and monetary turn of events and to keep
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Table 27.4 Citations on biopiracy across the globe

Sr.
No.

Name of
country Name of drugs References

1 India Neem: Several US and European patents on neem seed
were received by W.R. Grace and Co. received in the year
1992 to 1995. Howerer, the neem patent was evoked by
the European Patent Office on the basis of biopiracy

Marcia and De
(2003)

Turmeric: The Council for Scientific and Industrial
Research (CSIR) and other government authorities from
India challenged the patent for turmeric obtained by
Dr. Suman K. Das and Dr. HariHar P. Cohly, faculty at the
University of Mississippi, for its efficacy in the treatment
of various untreatable conditions in humans. This
challenge, often described in the press as a complex legal
battle fought by CSIR, provides an interesting insight into
patent reexamination and revocation practices at the end of
the twentieth century

Emily (1999)

Phyllanthus niruri: Crude drugs like Phyllanthus niruri
which are well-known for their potential hepatoprotective
activity in the traditional system of medicine. Patent has
been granted to the Fox Chase Cancer Centre of
Philadelphia, USA, for the manufacture of a medicine for
treating hepatitis B

Miriam (2001)

Recently, various well-known herbs and its preparations
such as Ashwagandha, Neem, Tulsi, Brahmi, etc. were
discovered in the West, known to have significant
medicinal value without adverse side effects. However,
pharmaceutical industries along with academic institutions
have conflicts with western agencies for exploiting the
traditional Ayurvedic practitioners over the intellectual
property rights of their owned herbal products. Thereby,
indulged in the significant economic loss of the traditional
knowledge by such biopiracy practices. It was also
observed that a patent for the antidiabetic properties of
Karela, Jamun and Brinjal was granted by the US
government to the nonresidential Indians, namely, Onkar
S. Tomer and Kripanath Borah and their colleague Peter
Gloniski. However, traditionally these substances are
well-known for their antidiabetic activity and were used
enormously in day-to-day diet in Indian cuisine. The
practice of biopiracy is a sensible problem getting deep
and systemic. Thus attention is required for a change

2 Africa Banisteriopsis caapi Mort.: “Ayahuasca” a well-known
drink obtained from the bark of the plant B. caapi Mort.
from the Amazon vicinity used by the tribes of the
Amazon basin as a religious ritual for healing and to
diagnose the illness. A patent on the alleged variety of this
plant was granted to an American Loren Miller obtained
US patent (No. 5, 751 issued in 1986), The patent claimed
that Da Vine represented a new and distinct variety of
B. caapi Mort. primarily because of the flower colour.
Thereafter, members of the Coordinator of the Indigenous
Organizations of the Amazon Basin (COICA) protested

Homsy et al.
(1999)

(continued)
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up and build up their characters, dialects and religions inside the structure of the
states in which they live. The show explicitly shielded the privileges of these people
groups identified with the regular assets relating to their properties. In Article 15(1),
these rights remember that of interest for the utilization, the board and protection of
these assets.

Table 27.4 (continued)

Sr.
No.

Name of
country Name of drugs References

against the patent as Miller could not have discovered it
and should not have been granted such rights, which, in
effect, appropriated indigenous and the drug is already
used in TRM and cultivated for that purpose for
generations. Nevertheless, on 3 November 1999, USPTO
revoked and reexamined this patent, and the inventor
convinced to USPTO the claims he had made on the said
species. Because reconfirmation of the original claims
made by the inventor was found appropriate, therefore
patent rights were restored in favour of the inventor on
17 April 2001

Rosy Periwinkle: African local knowledge of herbs and
their preparations have been inappropriately used by the
pharmaceutical drug developers and Co. For instance,
vinca is used as potential drug candidate for the treatment
of cancer as it gives two molecules, i.e. vincristine and
vinblastine. By knowing this fact, Michael Brown, an
anthropologist, fought for several years for the rights of
the native peoples and for giving back their ownership,
dignity, knowledge and respect for their local knowledge
of this herb

Michael
(2003)

Rooibos Tea: “red bush” is the rich source of various
phyto-elements and herbal products including tea derived
from this plant which is native to South Africa. It was
noticed that the trademark purchased by the US company
was abandoned for its further use

Amin et al.
(2011)

3 South
America

Quinine: Quinine isolated in the year 1820 is derived
from the bark of Cinchona which was indigenous to the
peoples of Andes for the cure of malaria. The indigenous
knowledge of the drug was passed on to the Jesuit priests
by the Peruvian in the year 1630. After, the disclosure of
this traditional knowledge, a couple of pharma industries
indulged in the developing and manufacturing of quinine
and its synthetic derivatives for the treatment of
arrhythmia

Walter and
Veena (2011)

Tamate: Another example of biopiracy is the drug called
tamate obtained from tomato containing lycopene. This
fruit was used as an anticancer drug by the aboriginal
Amazonian Indians in Ecuador. However, the active
ingredient of the tamate, lycopene, was discovered and
developed by multinational pharma industry and made the
formulation out of it for the treatment of cancer

Walter and
Veena (2011)
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27.10.1 Convention on Biological Diversity (CBD)

A global network structured the Convention on Biological Diversity (CBD) (1992)
as another instrument to forestall the loss of biodiversity around the world. Under-
standing the significance of indigenous knowledge (IK) and the target of the CBD
with respect to profit sharing, the Conference of Parties to the CBD, in its sixth
gathering (COP 6) in 2002, embraced the Bonn Guidelines on Access to Genetic
Resources and Fair and Equitable Sharing of the Benefits Arising out of their
Utilization. It gives the rules to creating authoritative, managerial or strategy
quantifies on access and advantage sharing. Articles 15 and 8 (j) of this show are
significant and characterize the lawful standards and measures for bio-exchange,
including the utilization of characteristic local fixings and frequent customary
information concerned. CBD sets up three correlative goals, for example, the
protection of biodiversity, its economical use and the reasonable and impartial
sharing of the advantage emerging from their utilization which is otherwise called
the “access and benefit-sharing (ABS)” component. The CBD perceives the estima-
tion of the “information, developments and practices of indigenous and
neighbourhood networks” for the protection and economical utilization of organic
decent variety. The fundamental issue is that of access and benefit-sharing (ABS).
ABS is actualized under Article 15 of CBD under which national governments are
required to set up local laws and arrangements to permit access to hereditary assets. It
means to destroy the wrongs of biopiracy just as to ensure the interests of TK
holders.

27.10.2 The Nagoya Protocol

The Nagoya Protocol on Access to Genetic Resources and the Fair and Equitable
Sharing of Benefits is a milestone bargain that was concocted remembering the
expanding loss of biodiversity on Earth. The Nagoya Protocol indicates the methods
by which the CBD can be applied. The Nagoya Protocol, particularly the ABS
condition, calls for frameworks to be set up. These frameworks are required to drive
the expenses brought about by pharmaceutical organizations during the medication
revelation stage. The Nagoya Protocol could adversely affect the pharmaceutical
business. Numerous organizations feel that the access and benefit-sharing statement
will expand item improvement costs and confuse the medication revelation stage. As
indicated by the convention, associations should pay a lot of their income and
sovereignties to indigenous networks and host nations for the medication they create
from hereditary assets. The amended patent framework will likewise add to the
expense of medication advancement. Because of the guidelines and guidelines set
somewhere around the Nagoya Protocol, associations would need to execute joint
licences with the networks from whom they source assets.
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27.10.3 India Fights Against Biopiracy

India is one of the 17 uber biodiversity nations with 2.4% of the worldwide land
territory and records for 7–8% of the recorded types of the world, making it
increasingly inclined to biopiracy. The turmeric case, in which India prevails with
regard to upsetting a patent allowed by the United States Patent and Trademark
Office on turmeric powder, was a milestone in the fight against “bio-theft”. It was the
principal case in which a third world nation prevailing in its issue with a remote
patent in light of the fact that it depended on conventional information known to the
nation for ages. In 1995, two exile Indians at the University of Mississippi Medical
Center (Suman K. Das and Harihar P. Cohly) conceded a US patent (no. 5,401,504)
on the utilization of turmeric in wound mending. The Council of Scientific and
Industrial Research (CSIR), New Delhi, India, documented a reconsideration case
with the USPTO testing the patent on the grounds of existing of earlier craftsman-
ship. CSIR contended that turmeric has been utilized for a huge number of years for
mending wounds and rashes and, in this manner, its restorative use was not a novel
innovation. Their case was upheld by narrative proof of conventional information,
including antiquated Sanskrit content and a paper distributed in 1953 in the Journal
of the Indian Medical Association. Regardless of intrigue by the patent holders, the
USPTO maintained the CSIR protests and dropped the patent. The award of the
patent for the fungicidal impact of neem oil in 1994 is another model. The European
Patent Office (EPO) allowed a patent (No. 436257) to the US Corporation
W.R. Elegance Company and the US Department of Agriculture for a strategy for
controlling parasites on plants by the guide of hydrophobic extricated neem oil. In
1995, a gathering of universal NGOs and delegates of Indian ranchers recorded
lawful resistance against the patent. They submitted proof that the fungicidal impact
of concentrates of neem seeds had been known and utilized for a considerable length
of time in Indian agribusiness to secure yields and, in this manner, can’t be licensed.
In 1999, the EPO discovered that as per the proof, all highlights of the current case
were unveiled to general society preceding the patent application, and the patent was
not considered to include an innovative advance. The patent allow on neem was
denied by the EPO in May 2000.

27.11 Learning from such Bitter Experiences: Indian Government
Framed Following Acts and Projects to Fight Against
Biopiracy

27.11.1 Biological Diversity Act (2002), India

In India, empowering arrangements have been made for securing the conventional
information in the Biodiversity Bill 2000. Area 36(iv) accommodates security of
information on nearby individuals identifying with biodiversity through measures,
for example, enrolment of such information and advancement of a sui generis
framework. For guaranteeing fair sharing of benefits arising from the utilization of
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natural assets and related information, Areas 19 and 21 specify earlier endorsement
of the National Biodiversity Authority (NBA) before their entrance. Segment 6 states
that anyone looking for any sort of protected innovation rights on an exploration
dependent on natural asset or information acquired from India needs to get an earlier
endorsement from the NBA. The NBA will force benefit-sharing conditions. Area 18
(iv) specifies that one of the elements of NBA is to take measures to restrict the
award of IPRs in any nation outside India on any organic asset acquired from India
or information related to such natural assets. India’s Biological Diversity Act, 2002
(BDA) looks to carry out a few responsibilities, including to manage access to
natural assets to make sure about the fair offer in benefits emerging out of the
utilization of organic assets and related TK to moderate and reasonably utilize
natural assorted variety; to regard and ensure TK of nearby networks to protect
sharing of advantages with neighbourhood individuals as conservers of organic
assets and TK holders. The Biological Diversity Rules of 2004 further recognizes
benefit-sharing strategies, for example, joint endeavours, innovation move, item
improvement, training, mindfulness raising, institutional limit building and invest-
ment assets and states that applications will be resolved dependent upon the situation
(James 2016).

27.12 Protection of Plant Varieties (PPV) and Farmers’ Rights Act
(2001)

The Indian enactment for the Protection of Plant Varieties and Farmers’ Rights Act,
2001, additionally recognizes that the preservation, investigation, assortment, por-
trayal, assessment of plant hereditary assets for nourishment and agribusiness are
basic to meet the objectives of national nourishment and dietary security as likewise
for economic improvement of horticulture for the people in the present and the
future.

27.13 Traditional Knowledge Digital Library (TKDL)

India has taken different activities with respect to the security of conventional
information under licensed innovation rights, including the Traditional Knowledge
Digital Library (TKDL), to ensure its customary information and to forestall award
of wrong licences. A community-oriented undertaking among CSIR and the Depart-
ment of AYUSH, Ministry of Health and Family Welfare, TKDL is a ready Indian
exertion to help forestall misappropriation of customary information having a place
with India at International Patent Offices. By recording the conventional informa-
tion, lawfully, it becomes an open space information. Under the patent law, this
implies it is viewed as earlier craftsmanship and consequently isn’t patentable. Such
a put-down account, in a structure effectively open to patent workplaces around the
globe, would give every single such office a record of India’s earlier craftsmanship.
Patent analysts could easily check this database and reject any patent application that
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might be a minor duplicate of customary information. Being in document structure,
it is satisfactory to patent workplaces that insist on a setup account of earlier
craftsmanship, as in the United States. To this degree, it would forestall instances
of “bio-robbery”. Around the time the TKDL was built up in 2001, the TKDL master
bunch evaluated that, yearly, approximately 2000 licences identifying with Indian
restorative frameworks were as a rule incorrectly allowed by patent workplaces
around the globe. TKDL hence empowers crossing out/withdrawal of wrong patent
applications concerning India’s customary information at zero expense and in
scarcely any week’s time. In any case, biopiracy is an emerging logical aggravation
in the pharmaceutical business. It can be a market locally just as all-around verifiable
truths, acquired information, conventional information, network astuteness and so
on, so as to investigate new chance and cost sparing in pharmaceuticals innovative
work. CBD and Nagoya Convention have attempted to streamline the contention
between bio-privateers and unique asset bearers by proposing administrative under-
standing which despite everything should be overhauled and reimagined. In India,
NBDA and TKDL are two beginning up activities to balance the biopiracy (James
2016).

27.14 Trademark and Copyright

A trademark is a word, expression, image or potential structure that recognizes and
recognizes the wellspring of the products of one gathering from those of others. A
service mark is a word, expression, image as well as a structure that recognizes and
separates the wellspring of assistance as opposed to merchandise. A few models
include brand names, mottos and logos. The expression “trademark” is frequently
utilized from a general perspective to allude to the two trademarks and administra-
tion marks. Trademark rights originate from real “use”. Accordingly, a trademark
can keep going perpetually inasmuch as you keep on utilizing the imprint in business
to show the wellspring of merchandise and enterprises. A trademark enrolment can
likewise keep going everlastingly—insofar as you. A trademark is an interesting
imprint (e.g. the name of the item introduced on signs or bundles) which can be
utilized to secure a homegrown medication’s notoriety. Makers distinguish a gov-
ernmentally enlisted trademark with a circumnavigated R image, for example, “®”.
They offer the end client an assurance of value, administration and item picture. This
is the explanation that numerous coffee shoppers pick McDonald’s over other drive-
through joints. The trademark close to the McDonald’s name guarantees shoppers
that the cheeseburgers will taste the equivalent in Beijing as they do in New York.
On account of regular or homegrown meds, a trademark can convince the purchaser
that the item is sold by a similar organization that makes other top-notch wellbeing
nourishment items. This is especially significant on the grounds that loads of
common items bear comparable names or bundling. For instance, there are in excess
of 60 Ginkgo biloba items now available. A trademark must be particular and must
be utilized persistently so as to be considered substantial. Non-utilization of the
trademark in the market would set up by all appearance instances of deserting.
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Trademarks likewise should be used at the time of its application submission. A
candidate may record a plan to go through the trademark to 3 years preceding
genuine use, however, the candidate must give evidence that the imprint is utilized
inside the timespan showed. It is certainly worth investing the energy to pick the
correct trademark for an item. Any trademark candidate needs to put forth an attempt
to comprehend the US culture and market and pick an imprint that will be adequate
to the end client. On account of regular or natural medication, this end client could be
a common individual keen on ensuring or improving his/her wellbeing, a clinical
specialist, a medication store, an oversaw human services model and so on. Along
with these lines, the notoriety of conventional information can be defended to a
limited degree by trademark framework; however it won’t ensure the substance of
such information. It will guarantee cautious security against demonstrations of going
off non-certifiable items or administrations. Such utilization of imprint can unques-
tionably set up item devotion and shield against loss of notoriety coming about
because of the utilization of the assignment of conventional information for
subsidiaries items. Especially similar to the utilization of trademarks significantly
after the termination of licences, especially if there should arise an occurrence of
pharmaceutical licences, to draw out item devotion. On the occasion, if a patent
denies the indigenous network from selling the item, they could enlist the trademark
and consequently permit out the utilization of the trademark so as to permit
organizations to guarantee validity. Existing techniques could be performed on
items and affirmed by a network as a strategy for increasing the value of an item
with the possibility to gather sovereignties on the items sold. While, a land sign
distinguishes merchandise as starting in a region or district, or region in a region,
where a given quality, notoriety, or another trait of the products are inferable from its
geological beginning. Like trademarks, when related with an item, it decidedly
ascribes a known quality to the item that is related with a particular topographical
area (James 2016).

On account of advertising restorative plant items and even in selling the plants, all
things considered, trademarks can be utilized. These imprints can be utilized by
singular merchants and furthermore by aggregate gatherings. So as to guarantee the
quality, confirmation stamps additionally can be enrolled and applied to explicit
therapeutic plant items. Ayurvedic firms, for example, Dabur and Zandu, use
trademarks. Restorative plant cultivars and dealers can utilize the course of
trademarks. “India Organic” is an accreditation trademark conceded by the Spices
Board based on consistency with the National Standards for Organic Production.
The logo has an explicit shading plan. Therapeutic plants by their very nature so as to
keep up the quality must be created naturally and, along these lines, could utilize
this, on the off chance that they fulfil the conditions determined. Another affirmation
mark is the FPO mark granted by the Ministry of Food Processing Industries which
is utilized for prepared natural product items. It guarantees that the item is fabricated
in a sterile ‹food-safe› condition.

The AGMARK is utilized on farming items to guarantee that they comply with a
lot of guidelines affirmed by the Directorate of Marketing and Inspection, an office
of the Government of India. These imprints ought not to be utilized on merchandise
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without the endorsement of the equipped affirming specialists. Else it might draw in
punishments and fines as the instance of encroachment of geographical indication
rights. Therefore, numerous IPRs can be utilized for getting insurance and for
receiving rewards on account of therapeutic plants. In any case, these conceivable
outcomes have not been investigated by the Indian cultivars ideally. In numerous
examples, more than one IPR can be abused. The absence of information and
mindfulness could be viewed as the primary explanation behind the equivalent.
While common society bunches have been dynamic in battling against bio-theft,
the positive course additionally should be investigated. This is especially the situa-
tion with numerous fragrant plants, for example, sandalwood, lavender (from
Kashmir Valley, Himachal Pradesh and Uttarakhand) and so on. On account of
items sent out to different nations, there is an additional peril, since, if certain parts or
characteristics of those items have been protected or even trademarked in those
nations, it might cause the exporters much avoidable difficulties.

27.15 Copyright

It is a selective right given by law to the makers of proficiency, melodic and creative
universes, movies and records. These rights are managed lawful security to forestall
unlawful re-assurance of such works. The object of the Copyright Act is to shield the
essayist and the craftsman from unlawful re-creation, counterfeiting, robbery and
impersonation. In any case, the creation of an indistinguishable thing through
autonomous inventive research isn’t disallowed, and there can be no risk for
encroachment in such cases. The law fundamentally is worried about the negative
right of forestalling the copyright of physical material, existing in the field of writing
and craftsmanship. The copyright empowers the creator to guarantee initiation of the
work just as to control or guarantee harms in regard to bending or different
adjustments in the work or whatever other activity which is biased to his respect
or notoriety comparable to that work. While if there should be an occurrence of
licences, plans and trademarks, the rights can be procured uniquely by enlistment, in
the event of copyright enrolment isn’t essential and it stays alive naturally. Like all
the licensed innovation rights, duplicate rights insurance as acquired by the residen-
tial law of a nation and the sufficiency of the current copyright Act, 1957.

Copyright insurance can in all likelihood be stretched out to legends. There are
numerous nations which secure old stories as protected innovation under the copy-
right law. For instance, Angola ensures as old stories, all abstract, masterful and
logical works made by creators dared to begin in specific areas or ethnic networks,
went from age to age, secretly or on the whole or by different methods, and
establishing one of the essential components of the customary social legacy. Benin
Law on the Protection of Copyright, 1984, further broadens the extent of legends and
secures all abstract, masterful, strict, logical, mechanical and different customs and
creations made by the national networks gave from age to age and subsequently
comprising the essential components of the national social legacy. Under Article
10 of the Benin Copyright Law, legends have a place with native to the national
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legacy. Copyright Law, 1990, of Cameroon covers and secures society stories,
people verse, mainstream melodies, and instrumental music, society moves and
shows, just as imaginative articulations, customs, and creations of well-known
craftsmanship inside the articulation old stories. A few different nations likewise
have sanctioned extraordinary arrangements to ensure their one-of-a-kind legend.
For example, Congo Law on Copyright and Neighbouring Rights, 1982; 213 Ghana
Copyright, 1985; 214 Law Adopting Provisions on Copyright and Neighbouring
Rights in the Revolutionary People’s Republic of Guinea, 1980; 215 the Copyright
Act, 1966 of Kenya; 216 Liberian Act Adopting another Patent, Copyright and
Trademark Law, 1972; 217 Dahir (Act) Relating to the Protection of Literary and
Artistic Works, 1970, of Morocco; 218 Law Governing Copyright, 1983, of
Rwanda; 219 the Copyright Act 1973 (as changed in 1986) of Senegal; 220 Law
on Protection of Copyright and Neighbouring Rights, 1986 (Zaire); 221 Code of
Intellectual Property Act (Sri Lanka), 1990; 222 Barbados Copyright Act, 1982;
223 Law on the Protection of Copyright, Folklore and Neighbouring Rights (Togo),
1991. It is clear from the above conversation that the abstract, aesthetic and strict,
logical, mechanical and different customs and creations made by the national or
ethnic networks or obscure or unidentified creators, yet gave from age to age can
fantastically be given lawful acknowledgement and security under the copyright law
as protected innovation. A wide scope of customs which structure some portion of
social legacy can be ensured under this choice. It is very well may be contended that
this sort of assurance would furnish conventional and indigenous networks with
lawful intends to forestall any demonstrations that mutilate the paternity privileges of
the network or influence their honesty as TK holders. Be that as it may, in this
viewpoint, distinguishing proof of the creator and term of security will be worried in
the Copyright Law. In spite of the fact that copyright obliges the idea of joint
initiation, copyright can’t be vested over the whole clan or network since copyright
doesn’t perceive network proprietorship. Copyright doesn’t perceive unending
insurance too. In such a circumstance until we build up a sui generis framework or
the idea of network possession in the Indian Copyright Law, the standard law must
win (Anantha 2013).

27.15.1 Copyrights for Herbal-Related Matter

• Copyrights are also registrable.
• It includes specific text matter, advertisement materials, jingles, music elements,

documentaries, product promotion literatures, clinical trial reports, books, PIL’s,
training manuals, etc.

• State that the material is copyrighted and who owns the same.
• Provisions for reproductions to be cited.
• Photocopying for personal use is okay.
• Is a matter of severe discussion and legal battles in pharmaceuticals area for new

drugs where the published data of the new drug belongs to the innovators and
cannot be cited by the generic applicant.
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• Large firms have policy of the same under data management.
• Exact copying to be avoided, and if needed and done provide correct and full

references to the original copyrighted material.
• Many of us also quote from published material, many of which are copyrighted.

Doing so without giving reference and also doing so where “exact parts/paras/
sentences” are copied may turn out as infringement of copyrights. Copying may
also turn out to become cases of “plagiarisms”. One needs to be careful in this
area, an area where many of us do not have good awareness, let alone
competency.

• A few years ago, to check if any copyrighted material is being used, it was very
difficult and time-consuming as it had to be done by manually searching “poten-
tial areas”; with the advent of IT tools, it is much easier now and can be done as
easily as “a click of the mouse”. Examples of sites called “Turnitin” and similar
cites are available to trace if any copyrighted material is used in any submission.
Most such sites may need to be subscribed to and accessed with login IDs and
passwords. In one paper that I was reviewing, I was given access to this site, and it
was wonderful to get so much information, which almost lists which sentences
have been lifted from which publication (Anantha 2013).

27.16 Protecting Traditional Knowledge Under the Indian
Copyright Law

The Indian Copyright Law as such doesn’t accommodate insurance of articulation of
legends or assurance of customary information on indigenous individuals; anyway a
surmising can be drawn from Section 31A of the Indian Copyright law, which
secures the unpublished Indian work. The question that emerges is whenever in all
actuality, regardless of whether copyright law would be adequate for the insurance of
customary information? Some of the major drawbacks in protecting traditional
knowledge with copyright are as follows:

27.16.1 Authorship

Under the Indian Copyright Law, insurance is given to the creator or proprietor of the
work. Customary knowledge is network claimed information and is commonly evolved
and developed from generation to generation. In such a case following the creator of the
conventional information isn’t just troublesome but practically unthinkable.

27.16.2 Protection for Limited Time

Indian copyright insurance is time restricted as it is only allowed for a specific term
of 60 years. Customary knowledge is objective, and it ought to have interminable
security as opposed to constrained insurance.
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27.16.3 Fixed Form

To secure any work with copyright under the Indian Copyright Law, it is
necessitated that the work must be available in an unmistakable structure. A fixed
type of customary information is elusive. In the greater part of the cases, customary
information is ignored ages in a network in the type of stories. These accounts are
once in a while accessible in fixed structure (Section 17 of the Copyright Act 1957).
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Safety and Regulatory Issues on Traditional
Medicine Entrusted Drug Discovery 28
Divya Sankaramourthy, Kavimani Subramanian,
and Sudha Rani Sadras

Abstract

Traditional medicine refers to the therapeutic approach of diagnosing, treating or
preventing ailments with the aid of knowledge acquired through ancient practices
and beliefs using phytocompounds and animal- or mineral-based compounds,
applied singularly or as a combination. Around 70–95% people living in Asian,
African, Latin American and Middle East countries have been utilizing indige-
nous knowledge as traditional medical practice for health care. Different practices
are adopted in different parts of the world for traditional medicines and are given
in the form of dietary supplements, health foods, functional foods,
phytoprotectants, over-the-counter medicines, etc. Remarkably, the interest in
traditional medical systems has increased globally owing to increased cost of
modern medicines associated with development of drug resistance as well as lack
of treatment to several chronic and emerging diseases. Nevertheless, all
medicines have their own adverse effects and indigenous medicines are no
exception. Most of the reported side effects of traditional medicines arise due to
failures in identifying precise plants, adopting good manufacturing practices,
standardizing products and preventing contamination of products and also
because of incorrect preparations. Along with this, certain other factors including
soil quality, temperature, light, plant age and time of harvest also influence the
quality of traditional medicines. Keeping these flaws in mind, if meticulous
scientific approach with focussed attention to ensure quality, safety and efficacy
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of traditional medicines is adopted, it will certainly benefit mankind to overcome
the consistently increasing threat of drug resistance for modern medicine. The
current chapter presents discussion on the safety and regulatory issues associated
with practice of traditional medicines and appraise the operational approaches
towards entrusted drug discovery.

Keywords

Indigenous medicine · Traditional medicine · Safety · Regulatory issues ·
Ayurveda · Siddha · World Health Organization

Abbreviations

GACP Good agricultural and collection practice
GMP Good manufacturing practice
TM Traditional medicine
WHO World Health Organization

28.1 Introduction

As defined by the WHO, “Traditional medicines include herbal medicines composed
of herbs, herbal materials, herbal preparations, and finished herbal products, that
contain as active ingredients parts of plants, or other plant materials, or combinations
thereof. Traditional medicines may also use animal parts and or minerals” (WHO
2002). Traditional medicine applies the therapeutic approach of diagnosing, treating
or preventing ailments with the aid of knowledge acquired through ancient practices
and beliefs using phytocompounds and animal- or mineral-based compounds singu-
larly or as a combination. They are practised in different ways around the world in
the form of home remedies, dietary supplements, health foods, functional food,
phytoprotectants (World Health Organization 2003a, b, c), over-the-counter
medicines, etc. (World Health Organization 2005). However, increasing costs of
modern medicines, lack of treatment to several chronic and emerging diseases and
increasing drug resistance had also expanded the global interest to traditional
medicine.

Though the importance of traditional medicine is valued everywhere, neverthe-
less, the indigenous medicines also have their own adverse effects. One such ideal
example is liquorice (Glycyrrhiza glabra), which is used worldwide conventionally
for treating sore throat, cough, arthritis and weight loss induction. But it is said that
prolonged use of liquorice induces acute kidney injury (hypokalaemic nephropathy),
amenorrhoea, pseudo-aldosteronism, hypertension, heart failure and rhabdomyoly-
sis (Foguema and Foguemb 2014). Another plant named Catharanthus roseus or
rosy periwinkle, used in Eastern Africa for its anticancer properties, also causes
adverse effects like medullary aplasia, leucopenia, incoordination of movements,
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convulsions, fatigue, mucositis, constipation and neutropenia (Morel and Talbot
2010).

Furthermore, majority of side effects of traditional medicines also arise from
factors such as improper plant identification, poor manufacturing practices, lack of
product standardization, contamination of products, substitution or incorrect
preparations or dosage. The quality of preparation of traditional medicines was
also influenced by environmental factors such as light, temperature, soil quality,
period and time of harvest, age of the plant, etc. This demands future research to
ascertain the quality, safety and efficacy of traditional medicine.

28.2 Significance of Traditional Medicines: An Overview

The existence and practice of traditional medicines were evident from 1552 BC
(Joachim et al. 1890), whereas the rise of modern medicines took place in the middle
of the twentieth century starting from commercial production of penicillins
(Sevillano and Ramos 2007). Thereby, since ancient times, there is an indispensable
place for traditional medicine in several countries. They are practised as diverse
therapies throughout the world under indigenous names such as traditional European
medicine, traditional Chinese medicine, traditional Korean medicine, traditional
African medicine, Ayurveda, Siddha, Unani, ancient Iranian medicine, Persian
medicine, Islamic medicine, Muti and Ifa. However, all these traditional medicines
centre around the balance of mind, body and environment with an emphasis on
health and natural way of living. Around 70–95% of the Asian, African, Latin
American and Middle East population depend on traditional medicines for their
primary health care (WHO 2002; World Health Organization 2003a, b, c; World
Health Organization 2004). It is a well-known fact that nearly 25% of drugs
currently in market like aspirin, artemisinin, ephedrine and paclitaxel are formulated
from bioactive compounds isolated from traditionally used medicinal herbs. Unde-
niably, modern anticancer drugs such as vincristine and vinblastine carry their origin
from ancient medicinal plant Catharanthus roseus or rosy periwinkle which is
indigenous to Madagascar (Newman and Cragg 2007). In that way, the knowledge
acquired from traditional medicines and their contribution to the development of
modern medicines is irrefutable. Ayurveda, one of the world’s oldest medical
systems, uses natural products in combination for remedy. One such well-known
medicine in Ayurveda is guggul. Guggul, an oleo-gum-resin acquired from
Commiphora mukul tree, is known for its antibacterial, anti-inflammatory (Gujral
et al. 1960), hypolipidaemic and anticoagulant (Mester et al. 1979) activities and is
recommended in Ayurveda for treating various ailments such as inflammatory
diseases, muscle spasms, urinary infections, skin diseases, obesity, rheumatoid and
osteoarthritis (Gujral et al. 1960).

Many such traditional medicines are being used in various countries for
recuperating from several health conditions including sleeplessness, headaches,
hyperlipidaemia, increased blood pressure, diabetes mellitus, skin diseases,
infections of respiratory and gastrointestinal tracts, menopause, etc. (Calixto 2000;
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World Health Organization 2004). Moreover, it has been reported that countries like
Brazil have used traditional medicines for treating 89% of reported cancer cases
(Holtz 2007). This reflects the significance of traditional medicines which are used
worldwide under the labels of alternative medicines, complementary medicines, etc.

28.3 Challenges Faced by Traditional Medicines and Its
Regulatory Issues

28.3.1 Challenges Related to Safety and Efficacy Assessment

Traditional medicines are generally administered as combinations of medicinal herbs
with animal products, minerals, etc. Each medicinal plant may possess several
bioactive compounds, and hence, a medical formulation might comprise of even
more numbers of unknown constituents. As the combinational treatment fails to
identify or isolate the active constituents responsible for the pharmacological effect,
there is a lack of specificity in the treatment resulting in scepticism about the efficacy
of traditional medicines. Inadvertently, treating an ailment with such combinations
may increase the incidence of toxic components along with therapeutic ingredients,
thereby questioning the safety of traditional medicines. Potential adverse effects
such as acute nephropathy, vomiting, diarrhoea, hepatitis, hypertension, cardiac
failure, duodenal ulcer, convulsions, liver failure, sexual dysfunction,
hypoglycaemia, hypotension, skin irritations and confusions have been documented
worldwide upon the use of indigenous medicinal plants for therapeutic purposes
(Luyckx 2012; Morel and Talbot 2010; Moolla and Viljoen 2008; Brendler and Wyk
2008; Jain and Singh 2013; Halberstein 2012). In that way, research on safety and
efficacy demands primary importance for the continued development of traditional
medicines.

28.3.2 Challenges Associated with Ensuring Quality of Herbal
Medicines

The therapeutic potential of traditional medicines is closely associated with its
quality, safety and efficacy. Extrinsic factors such as failure to identify correct
plant species, adopting substandard manufacturing protocols, inadequacies in
standardization of products, adulteration of products, inappropriate preparation of
dosage, etc. will influence the quality of preparation of medicine. Additionally, other
factors such as agroclimatic conditions like light, temperature, soil quality, plant age,
harvest time etc. may also affect the quality and consistency of the medicinal product
(Marcus and Grollman 2002; Peters et al. 2003; Li et al. 2008). It becomes extremely
challenging to perform quality control checks for each of the raw material used in the
formulation. However, good manufacturing practice (GMP) stipulates several inevi-
table methods for quality control of raw materials that include precise recognition of
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appropriate medicinal plants, implementing suitable methods for their proper stor-
age, cleaning, etc.

28.3.3 Challenges Associated with Safety Monitoring of Indigenous
Medicines

World Health Organization reports have indicated that several of the indigenous
medicines sold in the market for remedial purpose were found to be frequently
contaminated with toxic substances such as heavy metals, mycotoxins, pesticides
and alternate plant species (Teschke et al. 2013). Preparation of traditional medicines
with misidentified plant species, adulterated plant materials, undeclared medicines
and toxic contaminants may also imperil the consumers to adverse effects. Overdos-
age, misuse of herbal medicines by consumers or health-care providers and simulta-
neous use of traditional medicines with other medicines may also lead to hazardous
effects. Since majority of traditional medicines are most commonly used for self-care
purpose, there is an impending necessity to create awareness among the consumers
on the proper use of traditional medical practices.

28.3.4 Dearth of Knowledge Update Among National Drug
Authorities on Traditional Medicines Affects Development
of National Policies on Traditional Medicines

It has been speculated that a deficit in the depth of knowledge on traditional
medicines prevailing among the national drug authorities and inadequacies in
suitable assessment methods have greatly impacted formatting or updating of
national policies on traditional medicines.

The shortcomings of modern medicine are its symptomatic treatment approach
that reveal therapeutic gap between complete relief and cure of the disease. Though
the treatment approach in modern medicines has helped mankind in handling several
life-threatening diseases such as cancer, tuberculosis, AIDS (Manosuthi et al. 2006),
etc., it ails with unavoidable adverse drug reactions and development of multi-drug
resistance (Tanwar et al. 2014). Moreover, modern medicines have failed to provide
complete cure for iatrogenic diseases such as Parkinsonism, Alzheimer’s disease,
stroke, etc. On the other hand, knowledge from traditional medical practices on the
naturalistic cure for the above-said diseases remains to be unveiled. Nevertheless,
several traditional medicines were used for centuries as nature’s cure for several
diseases such as Mucuna pruriens for Parkinsonism (Sathiyanarayanan and
Arulmozhi 2007), Gymnema sylvestre for diabetes (Tiwari et al. 2017), Vinca
rosea for cancer (Vipasha et al. 2016), Artemisia afra for tuberculosis (Buwa and
Afolayan 2009) and ashwagandha for stroke (Mishra and Singh 2000). Hence,
gaining sufficient knowledge from historic roots of older traditional medical systems
and implementing rigorous research efforts to ascertain the hidden therapeutic
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benefits of traditional practices will benefit mankind enormously to handle life-
threatening diseases.

28.3.5 Challenges Faced by Countries in Formation of Regulations
for Herbal Medicines and WHO Support

Invariably, various countries have faced persistent challenges in developing and
standardizing their traditional medicines that differ by culture, history and varied
applications. In case of conventional pharmaceuticals, though it may take
10–12 years to develop a conventional drug (a single pure compound) and cost
several hundreds of million dollars (WHO 2002; Sucher and Carles 2008), the
money invested could be augmented after patenting and marketing the product. On
the other hand, developing a traditional medicine has more difficulties as it involves
longer periods of time for steady research to optimize the product and even more
money. In addition, natural sources like plants and minerals used for developing the
indigenous drug could not be patented. Even though major proportion of traditional
medicines are from plants, it is difficult to hold trademarked rights over a tree or
flower where anyone can grow the plant for similar medicinal purpose (McIntyre
1999). Hence, the money spent for standardizing and developing a traditional
medicine cannot be redeemed easily.

Based on the regulations applied to food and medicine in each country, the
categorization of medicinal plants may also differ under the classification of func-
tional foods, dietary supplements, herbal medicines, etc. Thereby, lack of uniformity
in development of drug regulations for traditional medicines worldwide made the
WHO to develop WHO traditional medicine strategy (WHO 2002). The four major
objectives of WHO traditional medicine strategy were framing a policy; enhancing
safety, efficacy and quality; ensuring access; and promoting rational use.

A resolution on traditional medicines was adopted at the 56th World Health
Assembly in May 2003 which requested the WHO to support member states to
provide internationally acceptable guidelines, technical standards and evidence-
based information in framing policy and regulations to govern the safety and efficacy
and quality of traditional medicines. In turn, the WHO also came out with numerous
supportive documents such as policies on research and evaluation of traditional
medicines, good agricultural and collection practice (GACP), good manufacturing
practice (GMP) and the duty of pharmacists (World Health Organization 1998a, b;
World Health Organization 2000; World Health Organization 2003a, b, c; World
Health Organization 2007).
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28.4 WHO Global Survey on Regulation of Traditional
Medicines

In 1994, the WHO requested various countries to provide information regarding the
regulatory affairs with respect to herbal medicines, and only 52 out of 191 countries
responded positively, and based on the details obtained, the WHO published a
review in 1998 on the regulatory policies adopted worldwide for herbal medicines
(World Health Organization 1998a, b). Subsequently in 2001, the WHO prepared a
global survey questionnaire with items like whether those countries practicing
traditional and alternative medicines would require technical guidance and support
from the WHO, whether the policies and regulations on traditional medicine were
reviewed, etc. From the acquired positive responses, the WHO created a global
database representing 74% of its member states. This served as a primary reference
line to all the member states to collect, share and update the information on national
policies and regulations on traditional and alternative medicines. In addition, the
database provides comprehensive information on laws and regulations, regulatory
requirements, monographs and pharmacopeia but limits its access to national health
authorities. However, efforts have been taken to expand and update the database in
the future by conducting regular surveys and data-gathering activities. The WHO
also plans to update the outcomes of the exercises for developingWHO’s Traditional
Medicine Strategy. In 2009, a resolution on traditional medicine (WHA 62.13) was
put forward by the World Health Assembly emphasizing the national governments
and member states to share their knowledge on traditional medicines while
formulating national policies and regulations with the help of conventional and
traditional practitioners (World Health Organization 2009). The resolution also
fosters to expand the safe and effective use of traditional medicines and their
inclusion in national health-care systems through pertinent research.

28.5 National Policy on Traditional Medicines

The following key elements are considered to be essential while constituting national
policy on traditional medicine as per the WHO survey on traditional medicine
strategy (WHO 2002). The requirements include a classic definition on tradition
medicine and stipulation for devising laws and regulations as well as for inclusion of
intellectual property right issues. The proposed laws and regulations on traditional
medicine can also be included in the national policy.

The global survey conducted by the WHO exposed that 32% (45 out of 141) of
member states possessed a national policy on traditional medicine and 64% (90 out
of 141) of member states did not frame any policies while the remaining failed to
respond. In addition, 44 out of 45 countries with national policy have also mentioned
their year of issue, and 51 (54%) out of 90 member states without national policy
have specified their progressive status towards development of a national policy.

Laws and regulations on traditional medicine form the preliminary stage of
legislative procedures. The law comprehends legal conditions required for
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systematizing traditional medicines in accordance with national traditional medicine
policy. Legal procedures for traditional medicine field concerning licensing of
manufacturers, medical practitioners, sales practice, production of primary stuffs
required for the manufacture of end products and counselling of professionals are
covered by law. The administrative and technical goals of law are established by a
secondary tool termed as regulation. The regulation encompasses the obligatory
rules related to the responsibilities of licensed practitioners, traditional medicine
manufacturers and penal sanctions for those who violate the law. However, the
survey on national policy on traditional medicine enquired about the existence or
promulgation of national law and regulation in each member state following the
indicators for monitoring national drug policies (Brudon Jacobowicz et al. 1999).
Consequently, it has been evident that nearly 54 (38%) countries reported (year:
1987–2003) to have laws and regulations provided the composition and inclusive-
ness of laws and regulations vary from one country to the other. On the contrary,
60% of countries (80) had failed to develop laws and regulations, and about 2% of
countries (3) had failed to report.

Organizing national programmes, setting up of national office and establishment
of expert committee and national research institutes are also considered to be
important for maintaining national policy and traditional medicine drug develop-
ment. The national programmes are usually conducted by the Ministry of Health in
order to accomplish the goals in time with national policy or legislation. The WHO
survey on national policy on traditional medicine have revealed that nearly 40 (28%)
member states have created national programmes on TM, whereas 93 (66%)
countries haven’t organized national programmes. Furthermore, 31 (33%) countries
have indicated that the development of national programme were in progress.

A national office is a governing body associated with national authority and is
established for addressing the issues related to traditional medicines. The results of
the WHO survey on national policy on traditional medicine revealed that 75 (53%)
countries have national office, 61 (43%) countries do not have national office and
5 (4%) countries haven’t responded to the question. Among 61 countries without
national office, 19 (31%) have indicated that the process of setting up national office
was in progress.

Similarly, expert committees structured by national governments are considered
to be indispensable for revising, policy-making and propounding practical
commendations concerning traditional medicines. The WHO survey on national
policy on traditional medicine exposed that 61 (43%) countries positively responded
to have an expert committee, whereas 72 (51%) countries responded “No” for an
expert committee and 8 (6%) countries where nonresponders.

In the same way, national research institutes also play an essential role towards
drug development of traditional medicines. The WHO survey on national policy on
traditional medicine indicated that only 28% of its member states have developed a
national research institute for traditional medicine for the period of 1970–2003
which is expected to increase over a period of time.
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28.6 Regulatory Status of Traditional Medicines

The regulatory statuses of traditional medicines were enquired among the member
states in order to classify them under separate regulatory categories. The member
states were requested to broadly classify their traditional medicines under the
following regulatory categories such as prescription medicines (drugs that are legally
dispensed under physician’s prescription), over-the-counter medicines (drugs that do
not require medical prescription to be dispensed), self-medication only (drugs that do
not require medical supervision during administration), dietary supplements
(nutritional add-ons such as vitamins, minerals, herbs or amino acids), herbal
medicines under separate regulatory category (medicines derived from plant origin),
health foods (foods marketed under definite health claims), functional foods (super
foods of extra nutrient value which claims physiological benefits, also known as
nutraceuticals), etc.

The survey results indicated an overwhelming response with more than 130 mem-
ber states providing information. As each drug was categorized in more than one
class, about 97 responses were recorded under the over-the-counter medicines
category, 50 as prescription medicines, 47 as dietary supplements, 40 as self-
medication only, 25 as herbal medicines, 15 under health foods, 9 under functional
foods and 12 under excluded (other) categories. Of 130 member states, 23 did not
show proper regulatory status for herbal medicines, while 13 countries showed the
categories included in their legislation for herbal medicines as herbal remedies;
supportive medicines; homeopathic, bioactive, probiotic substances; etc.

28.7 Regulation on Claims, Pharmacopeial Database
and Monographs for Herbal Medicines

28.7.1 Claims

Claims are the assertions or statements labelled on a product assuring promising
results upon usage. The probabilities of claims on traditional medicines were queried
in the WHO global survey. If so, the member states were asked to mention the
possible category of claim on their traditional medicines, specified in accordance
with their law or regulation. Definitions on various forms of claims were also
furnished in the survey. The claims include medical claims (specifying treatment,
cure or prevention of a disease or modification of a physiological condition), health
claims (specifying definite health benefits, nutritional function or recommended
dietary practice), nutritional content claims (specifying nutritional composition of
a product) and functional claims (specifying beneficial effect on the body).

The results of the survey revealed that 103 (73%) countries sell their traditional
medicines with appropriate claims, while 34 (24%) countries do not permit selling
with claims. Furthermore, the responding (103) countries came up with chosen
categories of claims to their traditional medicines. Of that, 87% were medical claims,
60% health claims, 48% nutritional content claims and 38% structure/functional
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claims. Six other member states also mentioned other claims such as cultural,
traditional and cosmetic use and against witchcraft and accidents. Exceptionally
the survey also exposed five member states picking “No claim can be made
according to the law” category.

28.7.1.1 Pharmacopeial Database
A pharmacopoeia is an official book published by the authority of a government or a
medical or pharmaceutical society (Holmes 1911). It serves as a drug reference
standard containing details about the drugs used in the medical practice, composi-
tion, physical and chemical properties and mode of preparation (Churchill
Livingstone 1989). In addition, assay methods for ensuring purity, preservation of
quality and biological potency as well as for identifying active elements may also be
included in pharmacopoeia.

When theWHO global survey on traditional medicine queried about the existence
of national pharmacopoeia, 34 (24%) countries responded “yes” on having a national
pharmacopoeia, while 104 countries (74%) reported “no”, and subsequently, of the
104 countries, 26 have specified that the development of national pharmacopoeia
were in process.

28.7.2 Monographs for Herbal Medicines

Monographs are the reference standards comprising detailed research-based infor-
mation on safety, efficacy and quality control of widely used medicinal plants. They
are generally prepared for supporting the manufacture of herbal formulations, for
developing new monographs on unknown medicinal plants and for easy sharing of
knowledge among the member states (World Health Organization 1999). In order to
set the standards high, the WHO initially provided a comprehensive reference by
publishing monographs on various medicinal plants for the benefit of drug regu-
latory authorities, physicians, traditional health practitioners, pharmacists,
manufacturers, research scientists and general public.

In a survey conducted by the WHO among the member countries regarding the
strategy adopted for traditional medicines, the countries were requested to provide
information on the prevalence of national monographs. In response to this,
46 countries reported existence of national monographs, 84 reported absences of
national monographs, while another 25 countries indicated positive move towards
preparation of monographs.

28.7.3 Manufacture of Indigenous Medicines

In order to meet safety and quality standards while manufacturing indigenous
medicines, the WHO global survey on national policy of traditional medicine
asked the member states to choose their opinion on regulatory requirements by
providing set of options in the survey form. The choices given were the need for
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adherence to guidelines provided in pharmacopoeias or monographs, adopting GMP
rules alike conventional pharmaceuticals or special GMP rules, no necessity for
regulatory guidelines and other requirements.

The response from the member countries regarding the need for regulatory
requirements was varied wherein the choice of adopting similar GMP rules for
herbal medicines as used for conventional medicines was chosen by 73 countries
followed by adherence to information in pharmacopoeias or monographs by
59 countries, the choice of special GMP rules was picked by 30 countries, while
the choice of no regulatory requirements needed was selected by 28 countries.
Interestingly, six other member states also delivered additional regulatory
requirements essential for manufacturing indigenous medicines such as implemen-
tation of hygienic practices and few other improved elements of GMP like need for
documentation, licensing, packing, etc.

28.7.4 Regulatory Requirements for Safety Assessments

Traditional medicines even though they are of natural origin may not always be safer
for human consumption and held to be non-toxic (Calixto 2000). Unavoidable
adverse effects and drug interactions such as food-drug interaction and drug-drug
interaction may even bound to happen upon inappropriate use of traditional
medicines. Thereby, safety assessments for traditional medicines are highly
recommended. For that reason, the WHO global survey on traditional medicines
requested the member states to choose among the options provided for assessment of
safety of traditional medicines. The choices given were applying the same safety
requirements as used for conventional pharmaceuticals, unique requirements or no
requirements. The survey results revealed that 82 member states have special
requirements for herbal medicines, 57 member states use the same regulatory
requirements as for conventional pharmaceuticals and 28 member states do not
follow any safety assessment strategy for traditional medicines. Furthermore, the
member countries which chose unique requirements were asked to select the relevant
category of special requirements or to mention if any other special requirements
exist. As a result, out of 82 member states with special requirements, 66 indicated
that their laws and regulations employ the regulatory requirement of traditional use
without proven harmful effects. Fifty-three countries stated that their regulatory
requirements were designed based on the references to documented scientific
research on similar products. Twenty-one countries picked the option as other
requirements and came up with documentary evidences on clinical studies, bibliog-
raphy, screening of herbs not suitable for consumption, screening of toxic elements,
radioactive and heavy metals, well-established use, traditional literature review and
toxicological studies.
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28.7.5 Registration System for Herbal Medicines and Essential
Drug List

As of conventional pharmaceuticals are concerned, each drug product must be
registered under relevant state authority before its release into the market. The
chief aim of registration system is to ensure the consumers that the registered
drugs supplied are of good quality and safer to use. Thereby, the WHO global
survey on traditional medicine was curious to know about the existence of registra-
tion system for herbal medicines among member countries. Results of the survey
have shown that nearly 85 countries have proper registration system, while
54 countries do not have a registration system for herbal medicines. The countries
which have registered their herbal medicines were also asked to provide the number
of registered herbal medicines. Accordingly, 64 countries provided the number of
registered herbal medicines which approximately ranged from 1 to 10,000. It was
also evident that several countries weren’t able to mention the exact number of
registered herbal medicines due to implementation of new registration system.

An essential drug list comprises of all the drugs accepted for public use
(Jacobowicz et al. 1999). In general, the essential drug list represents drugs that
are commonly denoted by short scientific names indicating active ingredient of the
drug known as international nonproprietary name (INN). Moreover, the essential
drug list must also be approved by the Ministry of Health before its release into the
public sector.

The WHO global survey on traditional medicine questioned the member states
regarding the addition of herbal medicines in essential drug list. The results of the
survey have indicated that only 22 (16%) countries have included their herbal
medicines in national essential countries, whereas the remaining 111 (78%)
countries haven’t included their herbal medicines in the essential drug list. The
maximum number of essential herbal drugs (1242) was reported by China. An
average of 165 essential herbal drugs was reported by other member states.

28.7.6 Sales and Postmarketing Surveillance

TheWHO global survey on national policy of traditional medicine aimed to fulfil the
regulatory requirements essential for traditional drugs among the member states and
to maintain its uniformity worldwide. In that way, postmarketing surveillance is the
final stage of regulatory requirement for a drug product after the drug is released into
the market for sale. Postmarketing surveillance is the practice of monitoring and
documenting the adverse drug reactions of a drug product after its clinical approval
and release into the market.

The member states were inquired about the prevalence of postmarket survey
system for herbal drugs. The survey results revealed that nearly 59 countries have
postmarketing surveillance system for herbal drugs and nearly 90% countries have
indicated that they have a nationwide system for monitoring damaging side effects of
herbal drugs. Another 77 countries indicated that they do not have a postmarketing
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survey mechanism but of that 44 countries (58%) mentioned that such a system was
in development stage.

The survey also enquired the member states regarding the modes of procurement
of herbal medicines by consumers whether as prescription drugs from registered
physicians, over-the-counter drugs, no restrictions prevailed for sales of herbal
medicines, etc. A total of 137 countries responded the survey where
101 countries reported as sales in pharmacies as over-the-counter drugs, about
70 countries indicated that no restrictions were followed in selling herbal drugs,
48 countries reported as sales in pharmacies as prescription drugs and 30 countries
informed as sales by licensed practitioners. About 22 countries declared the option as
sales by other ways which included selling methods such as peddling in markets;
door-to-door selling; sales by unregistered physicians, ethnic groups, traditional
therapists, supermarkets and food markets; mail order; multilevel marketing
systems; etc.

The survey results also indicated a steady progress in annual sales and demand for
herbal medicines from 1999 to 2001 in nine representative countries picked from
various parts of the world, namely, Bhutan, Canada, the Czech Republic, the Islamic
Republic of Iran, Madagascar, Malaysia, Pakistan, Sudan and Sweden.
Stimulatingly, there has been 40% increase in the sales value of herbal drugs
observed in these countries (World Health Organization 2005).

28.8 Conclusion

For the entrusted drug discovery of traditional medicines, continued research on
safety and efficacy of the formulated product is of prime importance. Production of
quality-assured indigenous medicines by good manufacturing practice and safety
monitoring of traditional medicines entrusting proper education to consumers about
the product have become a worldwide necessity for the development of traditional
medical system (Sen et al. 2011). The WHO has played an indispensable role,
addressing various regulatory issues faced by member states concerning the devel-
opment of traditional medicines. This had set a way to progress to uniformity and
standardization of regulatory requirements among the member states assuring qual-
ity, safety and efficacy of the manufactured product. Standardization of preparation
methods, growing, harvesting and processing of raw materials is also essential for
production of uniform grade products (Noller et al. 2001). Commencement of
postmarketing surveying practice among the member states ensures the resulting
step of quality in evaluating the adverse effects, herb-herb or herb-drug
interactions, etc.

A gradual improvement is being speculated among the member states towards
formulating national standards, policies and regulations governing the production
and use of traditional medicines. This in turn encourages good practice among the
manufacturers and traditional medicine practitioners assuring safety to consumers.
Concurrent sharing of available information, knowledge and model guidelines
among the member states will ease the process of framing national policies for
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traditional medicine and also help to attain greater international standards. Therefore,
the member states would be enabled to maintain the regulatory standards while
formulating traditional medicines.
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Abstract

With increase in popularity and use of herbal products both as medicine and
nutraceuticals throughout the world, there is an urgent need to monitor their
adverse drug reactions. Pharmacovigilance is the discipline of monitoring,
reporting and evaluating adverse drug reaction for medicinal products including
herbal medicines. However, the current model of pharmacovigilance, its activities
and associated tools have been developed with respect to conventional medicines.
Applying these methods to monitor the safety of herbal medicinal products
provides new challenges due to the diverse nature, regulatory requirements and
usage of these products. In this chapter we discuss the importance and regulations
associated with monitoring adverse drug reactions of herbal medicine. We also
discuss the current challenges and future opportunities in this evolving field of
importance.
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Abbreviations

ADR Adverse drug reaction
AE Adverse effect
CEM Cohort event monitoring
GMP Good manufacturing practice
HIV Human immunodeficiency virus
HPLC High-performance liquid chromatography
ICSR Individual case study report
IR Infrared
MS Mass spectroscopy
NMR Nuclear magnetic resonance
OTC Over-the-counter
WHO World Health Organization

29.1 Introduction to Pharmacovigilance

We all have heard about the thalidomide tragedy. There may be argument that the
history of pharmacovigilance was much earlier, but the era of modern
pharmacovigilance begins from the thalidomide tragedy (Waller 2010). The concept
of pharmacovigilance was not much used earlier, and the testing and evaluation of
medicines were entirely dependent on pharmaceutical companies in the late 1990s.
As far as the thalidomide tragedy was concerned, iniquitous allegation of safety in
pregnancy was questioned because of its use as a sedative in pregnant women (Baker
1960). It was seen that drug was having teratogenic effect, bringing forth a variety of
abnormalities (Gregg 1941), especially limb defects called phocomelia (Warkany
and Pediatr 1944). Overall, about 12,000 foetuses were afflicted, notably in Europe
where the medicine was initially sold (Sullivan 1900). A sequence of three cases
linked with thalidomide was divulged in The Lancet in the 1960s, and the trouble
was finally identified, and the medicine was withdrawn from the market (McBride
1961). In the initial 1960s, the only effective mechanism of drawing attention was
the publication of adverse drug reaction. Thalidomide seemed to produce nonlethal
but teratogenic and adverse effect, which lead individuals to ask about the reason of
impaired infants after birth (Botting and Botting 2015). This question was central to
subsequent developments. It is not possible to predict all the adverse and harmful
effects which may be caused by medicines, but limiting them is now easily achiev-
able. An important lesson learnt from phocomelia was that drug safety problem
cannot be taken for granted and these entire incidents should be taken earnestly,
quite literally in this case. The recent system called pharmacovigilance which is
prevalent now started to develop after the thalidomide tragedy (Evans 2000).

606 G. Ranjan et al.



29.1.1 Definition

According to the World Health Organization, pharmacovigilance is defined as ‘The
science and activities relating to the detection, assessment, understanding and preven-
tion of adverse effects or any other drug-related problems’ (WHO 2004). Though the
term pharmacovigilance has been defined in a lot of many ways, still the definition
given by the WHO seems to be the appropriate one as there is a clear implication of
‘risk management’. This basic concept is recently developed in pharmaceuticals, but it
was already applied to many parts of modern life. The ultimate aim of
pharmacovigilance is to enhance the proper use of medicine which will conclusively
lead to better patient care and public healthcare (Mann and Andrews 2002).

29.1.2 Important Lessons Learnt from the Thalidomide Tragedy

• Testing of drugs should be mandatory prior to marketing.
• Government rules and regulations should be implicated for medicines.
• Adverse effect of drugs needs to be identified.
• The relationship between safety and marketing claims should be properly

established.
• Preventing irrelevant use of drugs in pregnancy.

The major lesson learnt as an upshot of the thalidomide tragedy with respect to
pharmacovigilance was that effective systems for hazard detection are required.

29.1.3 Importance of Pharmacovigilance

Amedicine or drug product after being released for marketing needs to be studied for
its safety. Once the medicines are being released in the market, patients with
different ailments and different dietary pattern and tradition and patients already
using several other drugs take them, so they may get affected and react in a different
way. There may be a slight difference between different brands of medicines because
of the alteration in ingredients used and their manufacturing. The toxicity, hazardous
effect and adverse drug reactions allied with herbal and natural products need to be
regulated in each country. One country’s data or information received for adverse
effect may not be applicable or significant to other country’s inhabitants
(Kshirgsagar 2005). There are many cases found in which chances of adverse effect
befalls in a particular habitat. In order to avoid patient suffering unnecessarily or to
use medicine in a proper, safe and efficient way, a regulating system is vital for each
country which should be supported by physicians, pharmacist, nurses and other
healthcare professionals. The responsibility to improve the safety profile of drugs
through proper monitoring is led by the Department of Health’s Essential Drug
Programme and Drug Regulatory. Adverse drug reaction should be testified and
reported on a routinely basis by the authority through the Drug Regulatory
Authority’s national pharmacovigilance programme.
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29.1.4 Scope and Purposes of Pharmacovigilance

The process of pharmacovigilance has time and again been reflected to begin when a
medicine is certified for the administration in conventional practice in earlier days.
However, recently all safety-related activity is usually considered to embrace before
individuals are first exposed to a new medicine (Maldonado et al. 2014). The
endmost tenacity of pharmacovigilance is to diminish and minimize the potential
for damage or harm that is linked with all active medications (De Ponti 2014). Even
though data and information about all types of adverse drug reactions are gathered,
the foremost emphasis is on detecting and preventing all the serious harmful and
hazardous side effects. Thus, adverse drug reactions must fulfil any of the following
conditions:

1. Lethal or fatal
2. Extends hospitalization
3. Deadly or life threatening
4. Results in chronic debility

Furthermore, all congenital deformities are considered harmful and serious, and
the meaning of ‘serious’ permits the solicitation of medical verdict such that a
response may be considered severe, even if there is no clear indication of criteria
met. Non-serious or mild reactions are significant to every patients and healthcare
professionals involved in their treatment, but they can generally be accomplished
clinically, and their impression is negligible when possible potential benefits and risk
are calculated. Thus, pharmacovigilance can be regarded as a part of healthcare
system which aids in subsidizing the incidence of harmful effects and also helps in
achieving all possible measures which promote rational and safety use of drugs and
provide specific precautions against known health risks.

29.2 Pharmacovigilance Methods

Pharmacovigilance is the process of monitoring, collecting, reporting and analysing
the adverse reaction caused by any drug molecule or medicine that is being
administered by an individual for therapeutic purposes.

Various methods are used for pharmacovigilance process such as:

1. Spontaneous reporting
2. Intensified adverse drug reaction reporting
3. Targeted reporting
4. Cohort event monitoring
5. Electronic health record mining
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29.2.1 Spontaneous Reporting

This method includes voluntary submission of ICSR by healthcare professionals,
patients, pharmaceutical companies, etc. to the National Pharmacovigilance Centre
(Bate and Evans 2009). This method includes patient and healthcare professional
(Van Puijenbroek et al. 2002). When the patient observes any undesirable medical
event which may occur after the administration or exposure of any medicine, then he
reports to the healthcare professional, and the healthcare professional fills up the
ICSR and submit it to the National Pharmacovigilance Centre. The patient may also
report independently (Bégaud et al. 1993).

Advantages
1. Easiest method to establish
2. Covers whole population
3. Can detect new, rare, serious ADR which may not be detected during preclinical

and clinical trail
4. Least expensive

Disadvantages
1. Reporting bias
2. Only suspected ADRs are reported
3. Delayed ADRs are difficult to detect
4. Denominator unknown
5. Under reporting is common

29.2.2 Intensified Reporting

It is the extension of spontaneous reporting system. It is used in early post-marketing
phase to improve reporting of adverse drug events.

ADR of medicines reported by this method includes medicines which contain the
following:

(a) New active substance
(b) Biological medicine applied after 1 January 2011
(c) Those medicines for which marketing authorization holder ID is required to

carry out a post-authorization safety pass

29.2.3 Targeted Reporting

This method is used in a defined population to check the occurrence of known
adverse drug reaction which is associated with a specific medicine. It may be done
for specific medicines and specific ADRs, for example, TSR UGANDA. Targeted
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reporting method was used in UGANDA to check the adverse drug reaction of
tenofovir which causes renal toxicity on HIV-infected patients.

Advantages
1. Can utilize existing ADR reporting infrastructure
2. Denominator known
3. Target specific medicines of interest
4. Possible to implement monitoring programme that targets specific issues of

concern

Disadvantages
1. Captures only suspected ADRs or known toxicities
2. It relies on diagnostic capability of reporter
3. May limit reporting only to specific ADRs
4. Under-reporting

29.2.4 Cohort Event Monitoring (CEM)

This method is used in definite group of population to monitor particular adverse
effect caused by the drugs (Layton et al. 2014). This method includes monitoring of
adverse effect from the ignition of the therapy. It is the real-time monitoring of
adverse events associated with one or more monitored medicines in a defined group
of patients over a period of time from the starting of treatment (Pal et al. 2013). Its
objective is to collect the required information about the safety profile of the
chemical entity which is newly discovered when the drug enters the market. It
document’s all clinical events and not just the probable adverse effects. It is a
programme limited to a time frame to compliment pharmacovigilance activities
and not intended to alter spontaneous reporting (Dodoo et al. 2014) (Fig. 29.1).

Advantages
1. It helps to record complete profile of ADR/AE for medicine of interest.
2. It helps in the assessment of risk and detection of risk factors.
3. It can detect inefficacy of medicines.
4. It helps in characterizing known reactions.

Disadvantages
1. It is costlier and labour intensive than spontaneous or targeted reporting.
2. It is a new technique to healthcare professionals and pharmacovigilance centres

and requires training.
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29.2.5 Electronic Health Record Mining

This method uses existing health records for pharmacovigilance activities. Health
records cover large populations and give the detailed information of medical
histories of all types of patients (Jensen et al. 2012).

Fig. 29.1 Cohort event
monitoring
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The clinical information includes:

1. Prescriptions
2. Laboratory test results
3. Hospital referrals
4. Admission
5. Signs and symptoms

29.3 Herbal Medicine

According to the World Health Organization (WHO), herbal medicines are defined
as finished, labelled medicinal products that contain active ingredients, aerial or
underground parts of the plant or other plant material or combinations. The WHO
has fixed precise guiding principle for the assessment of the quality, safety and
efficacy of herbal drugs. As estimated by the World Health Organization, approxi-
mately 78% of the total population currently takes herbal medicine for primary
healthcare and disease diagnosis (Mosihuzzaman and Choudhary 2008). Formal
definitions and other terms used in relation to herbal medicines are included in
Table 29.1.

Herbal drugs are progressively being used up by the individuals without prescrip-
tion. Herbal medicines are recognized for almost 4000 years ago. Various plant parts
such as leaves, stems, roots, seeds, bark, flowers, fruits and their extracts have been
used over the periods. Herbal preparations have extended widespread adequacy and
acceptability as therapeutic agents which include anti-diabetic, anti-fertility,

Table 29.1 Formal definitions and other terms used in relation to herbal medicines

Term Definition

Herbal substance
(herbal drug)

Herbal substance may be defined as all whole, uncut, disjointed or cut
flora, plant parts, fungi, algae, lichen in an unrefined or crude,
generally dried form. Sometimes fresh materials are also included
under it. Various exudates which are not exposed to a specific treatment
may be considered as herbal substances. Herbal substances are
accurately defined by the part of the plant used and its scientific name
in accordance to the binomial system

Herbal drug
preparation

Preparations attained by exposing herbal materials to treatments like
fractionation, concentration, purification, fermentation, distillation,
maceration expression, or extraction. These comprise comminuted or
powdered herbal substances, expressed juices, tinctures, extracts,
essential oils and treated exudates

Herbal medicinal
product

Herbal medicinal products are demarcated as any pharmaceutical
product which solely comprises a single active constituent or consist of
more than one active ingredient in combination. Vitamins or minerals
may be present and well-documented confirmation for safety, only if
their action is auxiliary with that of the herbal active constituents
concerning the specific claimed suggestions
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anti-ageing, antimicrobial, antiarthritic, sedative, anti-HIV, vasodilatory,
hepatoprotective, antiasthmatic, antidepressant, anti-anxiety, antispasmodic, analge-
sic and anti-inflammatory and for the treatment of cirrhosis, acne, gall stones,
hypertension, chronic fatigue, impotence, menopause, migraine, obesity,
Alzheimer’s disease and learning and memory-enhancing activities. These drugs
have undergone thousands of years of human testing. Few drugs have been obsolete
due to their toxicity, harmful and noxious effects, whereas some medicines have
been altered or combined with supplementary herbs to counterbalance ADR
(Delgoda et al. 2004). Many herbal product experienced modifications in their
pharmacological uses.

Herbal supplements are used as a substitute and/or adjunct to their prescribed
medicine by the patients. Herbal drugs are favoured by individuals, for the reason
that they are natural and are supposed to be safer and have minor side effects than
synthetic drugs. In the United States, herbal drugs are utilized by 20% of the
inhabitants. Plants comprehend a number of active constituents that produce physi-
ological effect in the system.

If an herbal drug is claimed to have advantageous effect on the human health, then
it should be capable of altering the physiological system, i.e. exert a pharmacological
response. Consequently, it may be expected to retain side effects as well. For
instance, herbal tea made from Digitalis purpurea leaves will show toxic and
harmful effect although it is natural and herbal product. Herbal supplements must
be commercially obtainable after being standardized according to a specific active
constituent. Therefore, there are several issues which arise during the use of these
herbal drugs including side effects which may be due to drug-drug interaction or
contaminants. Because of all the directly above cited explanations, there are numer-
ous case reports of adverse effects of herbal supplements, specifically in combina-
tion. Nevertheless, many cannot be recognized due to inadequate information about
the content of the mixture or combination (Toklu 2016) (Fig. 29.2).

Fig. 29.2 Problems associated with herbal medicines
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29.4 Safety of Herbal Medicines

Generally, there is a misconception that natural products are safe, but the true fact is
that many herbal products are toxic and may produce serious side effects. The safety
of the drug is the major concern in herbal products and herbal medicines. With herbal
medicines flooding the market, the necessity for the development of the system for
quality control is essential.

Herbal medicines may also possess side effect like other medicines, which may
be of an adverse nature. Adverse event may also arise from the following.

The mistaken use of the wrong species of medicinal plants (Chavez et al. 2006):

1. Incorrect dosing
2. Error in the use of herbal medicines both by the healthcare providers and

consumers
3. Interactions with other medicines and use of products contaminated with poten-

tially (Ernst 2000)
4. Hazardous substances such as toxic metals
5. Pathogenic microorganisms and agrochemical residues (Naithani and Kakkar

2006).

For example, herbal products were found to contain 0.1–0.3 mg of betamethasone
per capsule after some patients developed corticosteroid-like side effects (Kumari
et al. 2006).

29.5 Adverse Drug Reactions of Herbal Drugs

There may be a slight possibility that herbal remedies can cause adverse drug
reactions (Baldwin 1987). Ginkgo biloba (Sparreboom et al. 2004) which is a
common herb causes spontaneous bleeding. Another example can be Hypericum
perforatum (Bennett Jr et al. 1998) which causes allergic reactions, fatigue, gastro-
intestinal disturbances, dizziness, confusion and photosensitivity (Rey and Walter
1998). Capsicum annuum is responsible for adverse drug reactions like myocardial
infarction, hypertension and cardiac arrhythmias. Anxiety is caused by the com-
monly used plant Ephedra. Vitex agnus (chaste tree fruit) causes known adverse
drug reactions like diarrhoea and headache. Liver toxicity is caused by Piper
methysticum (Boullata and Nace 2000).

Drug Interactions: Drugs with a narrow therapeutic index should not be
encouraged for herbal use like cyclosporine, phenytoin, procainamide, digoxin,
theophylline, warfarin, etc. Drugs having narrow therapeutic index when used
along with herbal products may either result in increased adverse effect or be less
effective. Ginkgo, which is a remedy for Alzheimer’s disease, when used along
with aspirin causes increased bleeding. Synergism is shown by ginseng when used
with monoamine oxidase inhibitors. Anxiolytic kava shows synergism with
benzodiazepines. The reduction of plasma levels of drugs like cyclosporine,
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theophylline and oral contraceptives is caused by St. John’s Wort which is an
antidepressant. Ancient physicians permitted the use of heavy metals in medicines
but in limited concentrations (Stephens 1998). Nowadays toxicity is reported when
there is use of heavy metals in traditional drugs. Heavy metals responsible for
causing toxicity are silver, arsenic, mercury, lead, copper and gold. The patient
henceforth must cautiously use herbal drugs with modern medicines as there are high
chances of adverse drug reactions (De Smet et al. 1997).

29.6 Standardization of Herbal Medicines

Standardization refers to the code of conduct which represents the necessity for a
comprehensive quality management system in order to ensure proper designing and
manufacturing of medicine (Waldesch et al. 2003). Complex mixture of various
ingredients or mixture of herbals is used according to Ayurveda system, so it is
necessary to standardize herbals. In these cases, the component which is actually
responsible for the effect is unknown.

The physicochemical properties like boiling point, melting point, optical rotation
and pre-formulation data followed by MS, NMR, IR and other analytical data should
be considered as validated markers along with structural elucidation as these are the
most important aspect for standardization. Safety, strength, purity, identity and
quality of herbal drugs should be placed under GMP procedures (Kamboj et al.
2012). The assessment of plant preparation, crude plant material and finished
products is necessary for assuring the quality of herbal medicines. For products
which are imported, confirmation of regulatory status in the country where it
originated is required. The pharmaceutical products which are exported should be
certified under the WHO scheme. Monographs have been provided by several
pharmacopoeias which state the standard and parameter of various herbs and also
products made out of these herbs. Several pharmacopoeias contain monograph for
herbal products to maintain a standard quality irrespective of nations like the British
Herbal Pharmacopoeia, Pharmacopoeia Committee, British Herbal Compendium,
Japanese Standards for Herbal Medicines and the Ayurveda Pharmacopoeia of India.
Quality control and parameters for several Ayurvedic medicines have been
recommended by the Government of India. The chemical and physical stability of
marketed product should be evaluated under specific storage conditions, and the
shelf life of the product should be determined. Toxicological studies are an important
parameter for the safety of herbal drugs. Pharmacological and clinical effects of
active ingredients are responsible for the efficacy of herbal medicines. Chromatog-
raphy or instrumental analysis is done for the qualitative and quantitative
standardization of polyherbal products (Patra et al. 2010).
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29.7 Stability Testing of Herbal Medicines

The stability of herbal medicines is difficult because the whole herb is considered as
an active ingredient irrespective of constituents with known therapeutic activity.
Factors influencing the quality of herbal products are environmental factors such as
oxygen, moisture, temperature, light, other ingredient or excipient in dosage form,
microbial contamination, trace metal contamination and particle size of drug
leaching from container. The main aim of stability evaluation is to provide proof
how the quality of herbal products varies with time under such factors and also to
establish proper storage conditions and shelf life. The product must be of desired
quality throughout its storage period which is ensured by stability testing. Stability
studies are conducted under natural atmospheric conditions and on at least three
production batches. Stability studies which are conducted under accelerated atmo-
spheric conditions of humidity, light and temperature are known as short-term
stability, and the shelf life of the product is obtained by the data produced. Dosage
forms in packed container should also be subjected to stability testing. Proper data
and shelf life is established with modern analytical techniques like HPLC and
spectrophotometry and by introducing proper guidelines. This will help in the
acceptance of herbal medicines globally (Sachan et al. 2010).

29.8 Pharmacovigilance of Herbal Medicines

Developed and developing countries widely use herbal medicines, but recently there
are various safety concerns influencing public health. Surveillance and monitoring
are still needed for herbal products even though they are considered harmless in
order to determine the potential risk factors (Awodele et al. 2013). Data which are
already published indicates that risk factors are majorly due to contaminant or any
added drug. Extensive and continuous monitoring of safety of these products must
be carried out as there is limited knowledge about the components of herbal
medicines and lack of quality control and effects in humans and their heterogeneous
nature (Gulmez 2013). The WHO International Drug Monitoring Programme
promotes herbal safety monitoring issues like classification, assessment of efficacy,
pharmacovigilance and control of advertisements of herbal products which are
covered under the regulation of herbal medicines which the WHO guidelines takes
into account. The pharmacovigilance of herbal products is challenging because they
are usually available from outlets where healthcare professionals are absent, so
mostly they are purchased in conventional OTC environment. Different methods
for pharmacovigilance are passive surveillance under which we have spontaneous
and stimulated reporting and active surveillance by sentinel sites, registries, drug
event monitoring, comparative observational studies by case-control study, survey
study, targeted clinical investigations by investigating drug-drug interaction and
food drug interactions (Toklu and Mensah 2016).
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To monitor the safety of herbal medicines, four complementary actions are
needed:
1. Identification of adverse events.
2. Risk management.
3. Establish guidelines to measure adverse effect and prevent its occurrence.
4. Discussion about the safety and the risk benefit ratio of using herbal medicine.
5. Safety monitoring of herbal medicines can be done by analysing the following

types of reports (Rodrigues and Barnes 2013) (Zhang et al. 2012).

The common source of information on adverse events and reactions to medicines
are clinical trials and spontaneous reports.
Reports from Healthcare Professionals

Generally, herbal medicines are bought without prescription from the retail phar-
macy without any prior post-marketing surveillance; hence, the necessity of the
nurses and community pharmacist is important.

Reports from Consumers

The adverse reactions reported by the consumer should be noted seriously, as they
contribute as markers of the unknown effects of herbal medicine.

Reports from Manufacturers

The manufacturers are a reliable source of information of the adverse events related
with their products; in many countries the reporting of adverse events are
mandatory by the manufacturers.

Problems Associated with Herbal Medicines May Be Reported as Toxicity
to the Following:
1. National poison centres: Poison centres are the major source for the

pharmacovigilance and safety associated with herbal medicines in areas where
resources are limited and no pharmacovigilance centres are established.

2. Drug information centres: They are the primary place of contact to provide the
requisite clinical information. They could be the first point of contact and may
provide a wealth of clinical information.

3. Consumer organizations: They obtain the required information from the list of
complaints regarding the products.

4. Clinical trials and clinical studies: They can also be a point of information for
safety monitoring of herbal products.
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29.9 Regulatory Position of Herbal Medicines

Every country has its own legal documentation of herbal medicine, i.e. it varies from
country to country (Saito 2000). In folklore medicines, the knowledge of herbs and
their use in traditional medicine is quite prevalent in developing countries, but the
problem with these countries is that they don’t have any legislative measures to
incorporate these traditionally used herbal drugs in drug regulation (WHO 1998).
Authorization of herbal drugs in most of the countries is centred on traditional herbal
references, only if they are known to be safe when used to treat minor ailments
(Mukherjee 2003). In the current scenario, claims are being made to diagnose more
severe ailments with herbal drugs for which no traditional knowledge exists. There-
fore, regulatory necessities for herbal drugs are essential to certify the quality, safety
and efficacy to aid specific signs; scientific and clinical evidence must be learned and
acquired. Submission of clinical trial data and toxicity data depends upon the nature,
quality of herbs and market accessibility. The governing requirements of herbal
drugs vary from country to country (Morgan 2002). There are some countries which
accept traditional, knowledge-based evidence, while some countries consider herbal
medications as hazardous or of doubtful value (Calixto 2000).
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Abstract

Medicinal herbs are extensively used for therapy in many parts of the world. This
traditional knowledge has been passed on from one generation to the other, based
on their long-term clinical use. Little clinical and experimental data is available
for most herbal medicaments. Herbs are normally considered to be safe. They are
obtained from living species. Yet many adverse cases have been reported,
especially on long-term use. These include toxic effects or allergic reactions.
Frequently herbal drugs tend to interact with one another. Some plants produce
toxic constituents for defence purposes such as Aconitum columbianum, Digitalis
purpurea and Hyoscyamus niger. Reasons for herbal drug toxicity are improper
identification/authentication, improper labelling or standardization or contamina-
tion with fungal toxins, such as aflatoxin. Accordingly, the World Health Orga-
nization has prescribed study guidelines for toxicity investigation of herbal
medicines, including acute toxicity testing, long-term toxicity testing, local tox-
icity tests and special toxicity tests. Guidelines have also been put forward by
Organization for Economic Co-operation and Development in this regard. As
traditional and herbal medicines are increasingly used, scientific validation of its
folkloric usage has become necessary.
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Abbreviations

% Percentage
�C Degree centigrade
BW Body weight
cm Centimetre
FTIR Fourier transform-infrared radiation
g Gram
g/kg Gram/kilogram
HPTLC High-performance thin-layer chromatography
mg Milligram
mL Millilitre
mm Millimetre
mM Millimolar
MTD Maximum tolerated dose
nm Nanometre
NOAEL No-observed-adverse-effect level
OECD Organization for Economic Co-operation and Development
PO Per oral
UV Ultraviolet
μg Milligram

30.1 Introduction

Medicinal plants have been used for therapeutics since time immemorial (Cragg and
Newman 2001). Across ages and cultures, they have influenced healthcare practice.
Traditional medicines mostly consist of herbal drugs. Not only for the treatment of
acute ailments, herbs have also been beneficial in chronic disorders. Hence it is very
important in the modern era to incorporate the herbal remedies as part of the national
drug policy, to enable them to be a part of mainstream modern therapeutics. More
than 80% of the world population still resort to herbal formulations for initial
treatment. It is time to strengthen drug regulatory measures involving them.

Even WHO recognizes that usefulness of most herbal drugs has been enhanced,
when scientists started isolating the active phytoconstituents. It established the
traditional usage scientifically to the world (Farnsworth 1984). Herbal remedies
are increasingly becoming popular, as most people believe them to be free of side
effects. For chronic ailments they offer a useful alternative to allopathic drugs.
Figure 30.1 shows the data that represents the usage trends of herbal drugs in a
few less developed countries.
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Long-term clinical usage is the main rationale for herbal drug usage. Little
scientific and experimental data is available in most cases, pertaining both to safety
and efficacy (Zhu et al. 2002). This traditional information of usage of herbal
medicines has been passed on across generations. At times incorrect documentation
and perpetuation of knowledge leads to alteration of the original usage formulation
or application. With the upsurge in usage of herbs as an alternative to allopathic
medicine, it has become very important to standardize them. Validation of traditional
knowledge will greatly enhance their acceptance among the developed world
nations. Though considered safe by most people, herbs do possess adverse effects
at times, which occasionally may be life-threatening (Whitto et al. 2003). Adultera-
tion or use of substituent possesses another challenge to use of herbs. These in
addition to direct toxic actions and allergic reactions make it necessary to evaluate
the therapeutic profile of herbs, before they are used for clinical practice. Toxicity of
many phytoconstituents aggravate on isolation. This offers another grave challenge
to the scientists (Bent and Ko 2004).

Undesirable changes upon usage of herbal drugs are its adverse effects. Though
death-mortality is considered the ultimate adverse effect, altered/unwanted physio-
logical status pertaining to drug usage may also necessitate withdrawal of herbal
drugs from therapeutic regimen. Altered body-organ weight and altered levels of
enzyme are also indications of drug toxicity (Duffus and Worth 2006). Hence all the
herbal drugs should be stringently tested for efficacy and safety. The guidelines of
testing should be the same as used for synthetic drug moieties (Talalay and Talalay
2001). Many herbal drugs, otherwise toxic, may be used for therapeutics if they are
used within tolerable limits. Preliminary acute toxicological studies help elucidate
the appropriate doses to be used for therapeutics. Acute toxicity studies are essential
to prevent overdose of herbal drugs, which otherwise may lead its withdrawal from
therapeutics. LD50 or lethal dose 50 is determined after acute, single exposure.

Fig. 30.1 Use of traditional medicine in middle-income countries
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Herbal drugs on most occasions are taken in orally. Thus the adverse effect of the
drug on the GIT should be ascertained wherever possible. Other body parts include
the lungs and the skin that may serve as an entry point of herbal toxicant. Airborne
herbal toxicants, specially associated with the manufacturing process of herbal
drugs, need to be ascertained (Ozbek et al. 2004). The skin rarely serves as an
entry point. For herbs to be used topically, however, skin irritation tests must also be
performed.

Single-dose toxicity studies are not very useful. Always the studies should be
done using multiple doses (Alvarez et al. 2004). The results and data obtained from
the acute toxicity study help to determine the doses to be used for repeated dose
studies. Pharmacological studies of biological activity in animals and in humans may
also help in part in the dose selection procedure (Da Silva et al. 2002). Most
toxicologists believe that the doses used for preclinical chronic toxicity testing
should be higher than the clinical doses to be used for human (Datta and Bose
2017; Feres et al. 2006).

The results of the toxicity study guides as to whether a herbal drug can be used for
clinical use. Toxicological studies are broadly of three types—acute, subacute and
chronic (Baki et al. 2007). This classification is based on the duration of exposure of
animals to drugs. Toxicity of a herbal drug is a function of the dose and the toxic
properties of the phytoconstituents. Both these factors are equally important, and
their relation greatly determines the doses to be used for therapeutics in clinical
practice (Hayes 2001).

Extensive preclinical toxicological data is required to support the safety profile of
a herbal drug, especially if it is to qualify the stringent clinical trials guidelines, like
any other synthetic molecule. Two-week toxicological study (usually rodents)
elucidates significant toxicological profile of a herbal drug. Along with this
toxicokinetics studies are also necessary to determine the no-observed-adverse-
effect level (NOAEL) of a herbal drug. There is a threshold dose beyond which
the clinical signs of toxicity of a herbal drug may not be measurable (Talalay and
Talalay 2001). NOAEL estimation greatly depends on this threshold dose. It helps to
ascertain the maximum permissible daily intake of herbal drugs. Even the save limits
of food additives and pesticides are related to NOAEL (Duffus and Worth 2006).

30.2 Toxicity of Herbs

Most herbal drugs are safe or possess minimal toxicity. At times they possess toxic
phytoconstituents which are not identified or written on the label (Barrett et al.
1999). These may be intentionally or unintentionally added. Intentional adulteration
is done to maximize economic gains, though it severely compromises the toxicity
and safety profile of a herbal drug. Misidentification of a plant or contamination with
pesticides/heavy metals may account for unintentional compromise with the quality
of a herbal drug (Asif 2012).

Most modern system of allopathic medications has side effects. These unwanted
effects are elucidated based on clinical use, either during clinical trials or post-
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marketing surveillance. Precautions need to be taken for pregnant mothers. Lactating
and breastfeeding mothers offer an additional risk of harming their infants. This
information should be made available to doctors as standard references. Herbal drug
formulations should also meet strict quality control measures. Uniform standards
should be laid down in official formularies to ensure product and quality uniformity.
It is a big challenge to standardize herbal drugs and formulation using sophisticated
modern analytical techniques, in a reproducible manner. Figure 30.2 outlines the
pathway normally followed for the screening of herbal drugs for potential toxicities.

Herbal drugs frequently lack standardized references. Quality control and valida-
tion are very crucial. It is a challenge to modern era scientists. One batch may be
different from the other, based on time of collection. Ample references exist in
literature that show that expression of phytoconstituents can vary in herbs based on
the time of collection. Also if a herb is known to possess toxicity, the manufacturer
may not reveal it to the consumers (Barrett et al. 1999). WHO and the regulatory
authorities of various countries are constantly working in this direction. Most plant
exposures are unintentional. Many people try out herbal treatment for self-
medication before actually visiting the physician. This is mainly to reduce the
healthcare costs. Thus the herbal industry has rapidly evolved in the recent time.
The definition of herbal drugs is confusing at times. Though literally speaking herbs
refer to drugs obtained from plants, herbal formulations also occasionally do possess
animal and/or mineral products to synergize the therapeutic efficacy of plant
materials (Asif 2012).
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Fig. 30.2 Schematic representation of screening of herbal drugs for potential toxicities
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30.2.1 Intrinsic Adverse Effects

These are also known as type A adverse effects. These are normally predictable in
nature. The intensity of type A adverse effects is related directly to dose. As the dose
of the causative agent increases, the chances and intensity of adverse effects also
increase. The adverse effect normally occurs due to an increased pharmacological
response of the drug. Since these adverse effects are predictable, mortality does not
normally occur due to these adverse effects. It is easier to manage and monitor these
adverse effects. These types of adverse effects are usually identified during the
preclinical trials and the clinical trials. Thus herbal drugs that may show these
types of adverse effects at therapeutic doses are usually not allowed to come to the
market. Acetaminophen is often cited as a prototype candidate possessing dose-
dependent adverse effect. It produces fulminant hepatic failure at higher-dose levels.
However significant hepatic dysfunction is usually not observed at doses below 4 g/
day in healthy patients (Feres et al. 2006). Repeated administration of herbal drugs,
especially those used for chronic disorders, can increase the risk of developing type
A adverse effects in several folds. Work done by many researchers have established
that chronic exposure of hepatotoxic herbal just like medications, just like acetamin-
ophen, overtime increases the chances of development of intrinsic hepatotoxic
reactions (Baki et al. 2007).

30.2.2 Extrinsic Adverse Effects

These types of adverse reactions are also referred to as type B or idiosyncratic drug
reactions. These are in general unpredictable in nature, making them even more
concerning. These are expressed in certain individuals as a combination of unique
factors. Being rare in nature, the actual incidence of idiosyncratic reactions is
difficult to estimate. But most clinicians believe that the expression rate ranges
from 1 in 1000 to 1 in 200,000, depending on the agent. Liver injury caused by
antibiotics and certain classes of NSAIDs is considered as type B adverse reactions.
High degree of variable presentation of idiosyncratic reactions makes them
extremely difficult to predict. Thus they are not usually identified during the
preclinical or the clinical trials. Only post-marketing surveillance may be considered
an effective tool to track and monitor type B adverse drug effects. These are further
subdivided into immunologic and non-immunologic type B adverse drug reactions.
Usually these types of reactions due to herbal drugs are not related to the dose; but
also examples do exist where dose levels can predict the response up to certain extent
(Bunchorntavakul and Reddy 2013).
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30.3 Possible Reasons for Toxicity of Herbal Medicines

30.3.1 Self-medication

Herbal drugs can be easily purchased from the market without prescription. Often
traditional treatments based on plants at hand such as neem and tulsi are taken as
initial therapy by many patients before consulting the doctors. Herbal drugs are also
frequently advertised as miracle treatments of many disorders people are shy of
consulting a physician. Many people adopt herbal medicines when they have lost
hope on allopathic system of medicine, or are not being able to tolerate their side
effects. Many patients take herbal remedies along with their regular allopathic
medications without informing their physicians (Barrett et al. 1999). People also
regularly take herbal remedies prophylactically to stay healthy (Andrade et al. 2007).
All these reasons may contribute to self-medication of herbal drugs and remedies.

30.3.2 Untrained/Unqualified Practitioners

In many countries of the world, untrained or unqualified practitioners are prescribing
herbal remedies. Though laws and regulations exist in many countries, it is very
difficult to implement those to herbal practitioners. Medical practitioners having vast
knowledge of human body and the drug pharmacology and years of experience are
usually allowed to practice herbal therapy in developed countries of the world
(Barrett et al. 1999). Degrees in alternative systems of medicines are being offered
by many reputed universities of the world. Still almost half of the actual herbal
practitioners do not have a formal degree or training. They acquire these knowledge
and information from their elderly and forefathers. These practitioners are them-
selves not aware of the untoward adverse effects a herbal drug may produce (Pai and
Nahata 2000).

30.3.3 Substandard Product

Many herbal drugs are marketed without assuring uniform standards. They do not
meet the prerequisite standards. The reason for this being inadequate testing before
the marketing of the finished products. Herbal formulations at times do not contain
the active ingredients as claimed in the labels. Incorrect identification and authenti-
cation of the plant sample may result in adulteration. The abovementioned errors,
whether deliberate or not, may even lead to total absence of the bioactive
phytoconstituents. Deliberate adulteration may also lead to substandard quality of
herbal products. Improper storage of the plant sample of the finished product may
also lead to loss of efficacy (Cragg and Newman 2001). Extraneous materials that are
not claimed in the labels may also be present, for example, earthy materials, minerals
and heavy metals. Presence of toxins or pesticide residues, employed in plant
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cultivation, may also account for the presence of toxic principles in the finished
herbal product (Maffè et al. 2013).

30.3.4 Improper Intake

Doses of conventional allopathic medications are fixed after years of testing and
trials. Age or body weight is the major parameters that govern the dose fixation of the
allopathic medications (Cragg and Newman 2001). But no such stringent testing or
regulatory procedures are normally followed for the herbal drugs. At times herbal
remedies are consumed as dietary supplements; no definite dose regimen is being
outlined. Also incomplete/inappropriate packaging and failure to provide a cup or
spoon for accurate dosing of herbal drugs may contribute to inaccurate intake. The
pharmaceutical companies involved in the manufacturing and marketing of herbal
drugs frequently misguide the patients by claiming their product to be free of side/
adverse effects. So people at times are inclined to overdose themselves to get quick
relief from their ailments. Some people continue to take such drugs over months and
years, without realizing the cumulative toxicity the active herbal drugs can have on
the human body.

30.3.5 Herbal-Drug Interactions

Most people believe herbal drugs to be safe and free of side effects. Research has
shown that herbal drugs may also contain harmful ingredients. They can also interact
with other allopathic medications, dietary supplements and even food. Thus it
becomes very necessary to identify all possible interactions of herbal remedies
(Nielsen and Brant 2002). Rigorous research is usually not carried out for herb-
allopathic drug interactions. Drugs with narrow therapeutic index may aggravate the
problem. Many studies with the drugs warfarin and digoxin have highlighted the
issue (Farnsworth 1984). These interactions can even lead to therapeutic failure and
in extreme cases loss of life. For example, it has been found that the drug St. John’s
wort reduces the drug levels of cyclosporine in the body. This eventually will lead to
transplant rejection in many cases. We now know many of the predisposing and
protective factors that determine whether or not an interaction occurs, but in practice,
it is still very difficult to predict what will happen when an individual patient is given
two potentially interacting medicines (Bent and Ko 2004). Table 30.1 outlines a list
of some of herbal drugs that have been found to cause toxicity.

30.4 Preclinical Toxicity Testing

Limited scientific data is available regarding herbal drugs. Their safety and efficacy
are not well-documented in the literature. Thus many doubt their therapeutic usage
as an alternative system of medicine. Stringent standards have been set by the
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Table 30.1 Potential toxic effects associated with some common herbal medicines marketed for
different indications

Plant source
Parts
used

Pharmacological
use Toxicity References

Panax
ginseng
(ginseng)

Roots Relieves stress,
promotes mental
and physical activity

Central nervous system
stimulation, hypertension,
skin eruptions

Chan and
Fu (2007)

Hypericum
perforatum
(St. John’s
wort)

Aerial
parts

Antidepressant,
mood stabilizer

Highly potent cytochrome
P450 enzyme inducer which
affects drug metabolism.
Also causes hepatotoxicity
and nephrotoxicity in
pregnancy and lactation

Gregoretti
et al.
(2004)

Piper
methysticum
(kava kava)

Roots Sedative, anxiolytic Hepatotoxic, cytochrome
P450 enzyme inhibitor

Gow et al.
(2003)

Ginkgo
biloba
(ginkgo)

Leaves Impotence, vertigo,
circulatory
disorders, improves
mental alertness

Gastric irritability,
spontaneous bleeding

Sierpina
et al.
(2003)

Salvia
miltiorrhiza
(danshen)

Exterior
taproot

Angina pectoris,
antihyperlipidemic,
ischemic stroke

Bleeding, anticoagulant
effects

Wang
(2010)

Crataegus
oxycantha
(hawthorn)

Flowers,
roots,
berries

Mild to moderate
congestive heart
failure

Cardiac arrhythmias,
lowered blood pressure

Rothfuss
et al.
(2001)

Symphytum
officinale
(comfrey)

Leaves Anti-inflammatory,
anti-diarrhoel and
treatment of
thrombophlebitis

Hepatotoxicity,
carcinogenicity

Stickel and
Seitz
(2010)

Glycyrrhiza
glabra
(liquorice)

Roots Antiulcer, anti-
inflammatory,
antihypertensive

Hypokalaemic myopathy,
pseudoaldosteronism,
thrombocytopenia

Celik et al.
(2012)

Larrea
tridentata
(chaparral,
creosote
bush)

Leaves
and
twigs

Blood thinner,
weight loss,
antioxidant,
anticancer,
antiarthritis

Carcinogenic, nephrotoxic,
hepatotoxic

Allard
et al.
(2013)

Urginea
maritima
(squill)

Bulbs Antiarthritic,
bronchial
expectorant

Symptoms resembling
digitalis toxicity

Tuncok
et al.
(1995)

Ephedra
(mahuang)

Stem Promotes weight
loss and mental and
physical alertness

Cardiotoxicity,
thyrotoxicosis, seizures

Woolf
et al.
(2005)

Senna
occidentalis
(senna)

Seeds Laxative Skeletal and cardiac muscle
degeneration,
hepatotoxicity,
neurotoxicity

Barbosa-
Ferreira
et al.
(2005)

Aloe vera
(aloe)

Leaves Wound healing,
laxative

Cytogenetic toxicity Verma
et al.
(2012)
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prominent regulatory agencies like the US Food and Drug Administration (US FDA)
(USFDA 2006) and the Committee on Safety of Medicines, United Kingdom
(CSMUK) (Barnes 2003). Thus scientists are trying to establish a toxicity and safety
profile of the herbal drugs. The Organization for Economic Co-operation and
Development (OECD) test guidelines have been globally accepted for toxicity
testing in animals. They provide a uniform and harmonized approach.

Many scientists have been trying to isolate the active principles from the plant
sources, so that large-scale production is possible after determination of its structure.
But it has been found that many chemical compounds exert toxicity if isolated from
the plants, because in the plants, possible untoward effect may be balanced or
neutralized by the presence of other constituents (Rao 1985). Contamination of
herbal drugs by pesticides, herbicides or naturally occurring toxins and microbes
or adulteration by means of synthetic substitutes are also causes for concern (Sharma
2000).

Several factors have to be kept in mind while adopting OECD guidelines for
toxicity testing of herbal drugs:

1. Lack of standardization—Herbal drugs often lack uniform standards and phar-
macopoeial monographs. Identity of herbs, composition of polyherbal
formulations and dose may differ depending on the practitioner (Chopra and
Doiphode 2002). Thus OECD guidelines ask for material characterization. It is a
prerequisite to preclinical and clinical drug testing. Only then can the polyherbal
formulations be validated. Use of marker compound detection by instrumental
techniques such as HPLC and HPTLC may offer a solution to this problem.

2. Use of vehicles for drug administration—On most occasion herbal drugs need a
vehicle. The vehicles may be honey, clarified butter or curd. These carriers may
modify the therapeutic efficacy or the toxicity of the herbal drugs. The adjuvants
and vehicles may modify the toxicokinetic properties (Raghunathan 1976). Thus
vehicle control groups in preclinical testing designs. Along with it a suitable and
robust statistical tool can help enhance the predictive significance of the data
generated.

3. Polyherbal formulations—Most herbal drugs consist of many active ingredients.
A ‘single holistic entity’ approach should better be adopted than a ‘reductionist
approach’ during the toxicity testing design. Efforts should be made to use the
whole extract of the herbal drugs as far as possible, instead of trying to isolate the
individual constituents.

30.4.1 General Tests

Standard guidelines have been put forward by OECD (1998a, b) to harmonize and
provide uniformity to testing of herbal drugs. Some factors that may influence such
tests include:

Preparation of herbal drug: Different dose forms may be formulated for drug
administration. Tablets, capsules or creams are the dosage forms commonly
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prepared for toxicity testing. It is important that the dosage form provides uniform
and predictable dosage administration in the test species. Before actual drug admin-
istration, it is important to standardize the herbal drug. Quantitative content unifor-
mity is an important criterion the scientists should be careful of. The dose and the
route of administration are related to the proposed clinical usage of the herbal drug.

Animal welfare: The animals used for preclinical studies need to be humanely
treated. Appropriate housing conditions should be maintained. The preclinical
design and testing protocol must be approved by an appropriate Animal Ethics
Committee. To account for intraspecies variation in drug response, multiple animal
species should be tested on. The protocol should include both rodents and
non-rodents for better extrapolation of preclinical data into clinical studies. If the
animals seem to be suffering during repeated dosing, an informed decision should be
made by the investigator as to whether to humanely euthanize the animal before the
end of the study period.

Regulatory requirements: An independent animal ethics committee should
review and scrutinize all animal experimentation protocols. The justification of the
test procedures and animal usage should be appropriately explained. The regulations
may differ from one country to another.

30.4.2 Acute Toxicity Testing

It is designed to measure the toxicological response of the test animals to a single
(or rarely multiple) dose of the test herbal drug, over a period of not more than 24 h
(OECD 2001a, b, c, d). This test is also used to calculate median lethal dose (LD50)
of a substance (OECD 2019; OECD 2006a, b). For preclinical testing two rodents
species should be used wherever possible. Mice and rats are usually selected for the
preliminary studies. To study the effect of gender on the toxicological response of a
herbal drug, both male and female test organisms are included in the study design.
Animals are administered by the same route as that of the intended route in the
humans (Nandy and Datta 2012). The maximum cutoff limit is at least ten times the
human therapeutic dose. If single-dose administration is not possible, the dose may
be divided and administered within a course of 24 h. The toxic signs should be
carefully noted. Time to onset of these adverse reactions and their severity should be
monitored. Additional groups of animas should be included to study the reversibility
of toxic signs, once the herbal drug has been withdrawn from the regimen. These
observations are usually made after 14 days of administration of herbal drugs (Lorke
1983). Changes in colour of the skin, eyes and mucous membranes should also be
noted. Tremors, convulsions, diarrhoea or lethargy in movement are noted. Mori-
bund animals are humanely killed. Autopsy of all the dead animals should be done.
Histopathological studies are also done of the major organs after the death of the
animals.
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30.4.3 Repeated Dose Toxicity Study

The herbal drugs are repeatedly administered over a period, ranging from weeks to a
few months. If the period of exposure is 28–30 days (OECD 1995), the term
‘subacute’ is used. If the period of exposure ranges from 2 to 3 months
(60–90 days) (OECD 1998a, b), the term ‘subchronic’ toxicity can be used. Delete-
rious effects on organs and haematological and biochemical indices are explored.
Herbal drugs are tested on two mammalian species, one of which should be a
non-rodent. To study the effect of gender on the toxicological response of a herbal
drug, both male and female test organisms are included in the study design. Animals
are administered by the same route as that of the intended route in the humans
(Table 30.2). Three dose levels are used for the study. The highest dose selected
produces some observable toxicity (selected on basis of MTD calculated in acute
toxicity study). The lowest should not produce any observable toxicity. A middle
dose should be selected between the two. Also a vehicle control should be included
in the testing. The parameters evaluated at the end of study period include body
weight, food and water intake. Additional groups of animas should be included to
study the delayed occurrence and reversibility of toxic signs (if any), once the herbal
drug has been withdrawn from the regimen. These observations are usually made
after 14 days of administration of herbal drugs. Biochemical parameters to study the
effect of herbal drug on liver, kidney and haematological parameters are studied. At
the end of study period, the animals are sacrificed; autopsies are performed; and
histopathological studies of the major organs are done.

30.4.4 Reproduction and Developmental Toxicity Studies

These tests are usually carried out on rodents, which are mice and rats. If additional
animal species are required for the study, rabbits may be considered. Few researchers
also include zebra fish and roundworm for preliminary reproductive studies to
minimize the number of animals involved. In this test the animals are dosed

Table 30.2 The duration of period of exposure in repeated toxicity study in animals

Serial
number

Duration of proposed
human administration

Period of exposure in toxicity
study References

1 Single dose 2 weeks WHO (1993)

2 More than 2 weeks to less
than 4 weeks

4 weeks WHO (1993)

3 More than 4 weeks to less
than 12 weeks

12 weeks WHO (1993)

4 More than 12 weeks to less
than 24 weeks

24 weeks WHO (1993)

5 More than 24 weeks Same as that of expected period
of use of trial drug

WHO
(1993); WHO
(2002)
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repeatedly with the herbal drug (Datta and Bose 2018). The test animals are dosed
throughout the period of mating. Drug administration should proceed even after
delivery to study the adverse effects of the herbal drug (if any) on the reproductive
organs. The offspring born are carefully observed for signs of anomaly. Often
toxicological reactions result in spontaneous abortions. Additionally birth defects
may also occur in the newborn, indicating toxic end points. The route of administra-
tion is the same as the intended route of administration in humans. The OECD
guidelines 414 (OECD 2001a, b, c, d) and 416 (OECD 2001a, b, c, d) outline the
reproduction and developmental toxicity studies. Three segments of these tests are:

Segment I—Female fertility study
Segment II—Teratogenicity study
Segment III—Perinatal study

30.4.5 Special Toxicity Tests

30.4.5.1 Genotoxicity Test
Herbal drugs at times cause damage to the genetic makeup of an organism. Such
alterations are evaluated by genotoxicity tests. These tests may be done both in vitro
and in vivo. Mutations induced by herbal drugs or any alteration of the genetic
materials are evaluated (WHO 1993). The genotoxicity study must be completed
before the Phase III clinical trials. They are not required before the Phase I and Phase
II trials.

1. Ames test with S. typhimurium—It is used to assess the potential of a herbal drug
to induce genetic mutations in bacteria.

2. Chromosomal damage due to a herbal drug may be evaluated using in vitro
mammalian cell cultures.

3. Chromosomal damage due to a herbal drug may be evaluated using in vitro
mouse lymphoma tk assay.

4. Chromosomal damage due to a herbal drug may be evaluated using in vivo
models involving rodent. Here effects of the drugs are tested on hematopoietic
cells.

30.4.5.2 Carcinogenicity Test
These tests are usually performed on rodents (rats). Alternatively mice may be used
for these tests, provided the use is justified after the scrutiny of the Animal Ethics
Committee. The selection of proper animal strain is important (WHO 1993). It
should not have a very high or a very low incidence of spontaneous tumours.
These tests are done at two levels:

(a) Preliminary test
(b) Full-scale study
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Initially the preliminary tests are done to study the initial response of the test
organism to the herbal drug. These studies help to determine the dose levels to be
used for subsequent studies. A preliminary study for carcinogenicity requires the
involvement of at least two animal species. Both male and female animals should be
incorporated in the study group. For example, a group of rodents containing at least
ten male and females would suffice the purpose. While for non-rodents, a lower
number of animals may be considered in each study group. For example, three
animals per sex per group would be a rational number. The duration of drug
administration should be at least 90 days. Usually the same route to be used for
human trials is used in the animal species.

The period may be longer if the drug tends to cause delayed or cumulative effects.
During the observation period, the animals are monitored for food intake, water
intake and body weight changes. Necropsy and histopathological examinations are
done at the end of the study period.

In the full-scale carcinogenicity studies, the test animals are administered the
highest dose that was tested in the preliminary investigation. A full-scale study for
carcinogenicity requires the involvement of at least two animal species. Both male
and female animals should be incorporated in the study group. Herbal drugs are
administered for 24 months in rats and for 18 months in mice. During the observa-
tion period, the animals are monitored for food intake, water intake and body weight
changes. Also blood biochemistry and haematological examination should be done
for the animals. Necropsy and histopathological examinations are done at the end of
the study period.

A test substance is considered to be positive for carcinogenicity when any of the
following types of response have been observed in the carcinogenicity study:

1. If the test animals develop any tumour, which was not seen in the control animals.
2. If the rate of incidence of tumours in test animals is more.
3. More of the organs of the test animals are affected by the tumour growth.
4. The tumours appear early in the test animals.

30.4.6 Local Toxicity Tests for Topical Preparations

30.4.6.1 Dermal Toxicity Study
Dermal toxicity study of herbal drugs is done on rat or rabbit. Daily topical applica-
tion of the dosage form of the herbal drugs allows detection of dermal toxicity
(if any). To apply the drug formulation, at least 10% of total body surface area is
shaved (WHO 1993). Precaution is taken so as not to irritate the area during the
shaving process. To explore the toxicity profile, the herbal drug should be applied in
at least three different concentrations. Erythema or oedema is considered as dermal
toxicity. At the end of the study, histological examination is done of the tissues.
Tissues are collected from the site of administration and observed under a micro-
scope to see the changes in the cellular level.
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30.4.6.2 Photoallergy or Dermal Phototoxicity
Guinea pigs are the most suitable test animal for exploring photoallergy or dermal
phototoxicity of herbal drug formulations. It is also referred to as Armstrong or
Harber test. Usually a pretest or preliminary examination is done using a lesser
number of animals. Most acceptable protocols need drug application to at least eight
animals for preliminary evaluation. Herbal formulations should be applied at four
different concentrations. If the herbal drug is formulated as a patch, application
becomes easier. The patches should be applied for 2 h� 15 min. After application of
herbal patches, the test animals are exposed to UV radiation. The strength of the
radiation should be 10 J/cm2. Additional animals are dosed, but without exposing
them to the UV rays. The highest dose of the herbal drug that does not produce any
irritation in the test animal is thereafter determined. The site of application is
observed for signs of toxicity, including oedema and erythema formation. The
toxic signs are also graded based on the severity of expression. Observations are
usually taken after 24 and 48 h of herbal drug exposure (WHO 1993). In the study
design, positive control groups should also be included. Such animals are dosed with
musk or psoralen.

30.4.6.3 Vaginal Toxicity Test
These tests are done on rabbit or dog as test animals. The herbal drugs are formulated
as a pessary, cream or ointment (WHO 1993). They are applied topically in the
vaginal mucosa of the animals. The minimum drug treatment period is 7 days. The
maximum drug treatment period is 30 days. Vaginal swelling and histological
studies are done to evaluate vaginal toxicity.

30.4.6.4 Rectal Tolerance Test
These tests are done on rabbit or dog as test animals. Six to ten animals per dose
group should be taken. Formulation in volume comparable to human dose (or the
maximum possible volume) should be applied once or several times daily, per
rectally, to achieve administration of multiples of daily human dose. The minimum
duration of application is 7 days (more according to clinical use), subject to a
maximum of 30 days. For the ease of application, a suitable suppository size may
be formulated with the herbal drug. The concentration of drug in the suppository is
much higher than the therapeutic dose to be used in humans (WHO 1993). At the end
of the study period, the animals are observed for signs of pain. Presence of the blood
in the faeces is also indicative of rectal discomfort and toxicity. Microscopical
examination of histological tissues provides conclusive evidence of toxicity to rectal
tissue.

30.4.6.5 Neurotoxicity Test
Certain herbal drugs may cause neurological effects and convulsions. Acute or
subacute administration may cause cerebrovascular accident or encephalopathy
(WHO 1993). the presence of high amounts of metals in herbal drugs may also
lead to neurotoxicity.
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30.4.6.6 Allergenicity/Hypersensitivity Test
To explore antigenic potential of herbal drugs, GPMT or LLNA tests may be used
(WHO 1993).

GPMT stands for guinea pig maximization test. A preliminary test is performed
before performing the main GPMT test. The objective of the preliminary test is to
determine the minimum irritant dose and the maximum safe dose. Four doses of the
herbal formulation are administered by intradermal route to eight guinea pigs. The
group should consist of four animals of each gender. Of these two of each sex are
administered the Freund’s adjuvant. Thus the minimum dose that produces signs of
irritation is determined (WHO 1993). In the main study, a total of 12 guinea pigs are
tested on. Six animals of each gender are used. One test and one control group should
be used. It is preferable to have one more positive control group. Intradermal
induction (day 1) coupled with topical challenge (day 21) should be done. If the
initial dosing does not produce any response, the herbal formulation is
re-administered after 7–30 days. This re-challenge often revokes the hypersensitiza-
tion reactions typical of many allergens. Erythema and oedema are considered as
toxicological responses. These are scored based on the severity of the response
produced.

LLNA tests stands for local lymph node assay. Mice are the most suitable animal
for performing this test. Contrary to the other test protocols, here animals of a single
sex/gender are used. Herbal drugs are administered on the skin of the ear. Drugs are
evaluated at three dose levels. The maximum dose administered should not produce
any irritation in the test animals. Additionally a vehicle control animal group should
be incorporated in the test design. In each testing group, there should be a minimum
of six mice (WHO 1993). The Herbal drug formulations are applied on the ear skin
of mice for 3 days consecutively. The mice are sacrificed on day 5. The draining
auricular lymph nodes should be dissected out 5 h after I.V. administration of
3H-thymidine or bromodeoxyuridine (BrdU). Increase in 3H-thymidine or BrdU
incorporation in the lymph nodes is used as the criterion for evaluation of results.

30.5 Replacement of Toxicity Testing Using New Technologies

30.5.1 Computerized Modelling

Bioinformatics and systems biology are increasingly being used to predict toxicity of
herbal drug molecules. Computer simulation is used speeding the rate of discovery.
Wet lab work is also significantly curtailed in the process. The quality of the data
generated in such experiments is a major issue. The methods should be of predictive
value in assessing in vivo toxicity and in exploring the mechanisms involved. Data
from tumour cell lines cannot always be applied to in silico models. Morphology and
signalling pathways of cancer cells may vary from normal cells. Quantitative in vitro
to in vivo extrapolations are crucial. This helps to predict the systemic toxicity of any
herbal drug. They can reduce animal experimentations. Also human toxicity poten-
tial can be made before clinical trials (Daneshian 2012).
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30.5.2 Microarray Technology

The method allows the simultaneous semiquantitative measurement of the transcrip-
tional activity of thousands of genes in a biological sample. A microarray is like a
‘multiplex lab-on-a-chip.’Microarrays are generated by immobilizing cDNAs, PCR
products or cloned DNA. This immobilization is done on solid supports. Most
frequently the commercially used supports consist of glass slides or silicon films.
Microscopic DNA spots contain the specified DNA (Wishart 2007). These are also
referred to as DNA microarrays or probes. Differences in gene expressions are
determined by detection techniques. Fluorescent or radioactive-labelled RNA probes
are frequently used that may be hybridized. Toxicological screening of herbal drugs
is a major area where this method can be applied (Schena et al. 1995).

30.5.3 Genomics and Transcriptomics

The discipline deals with the study of the genomes of organisms. Entire DNA
sequences of various organisms are determined, to study complex disease
mechanisms. Many diseases are caused by interplay of genetic and environmental
factors. Genomics helps to unearth the fine-scale genetic mapping. The information
present in a cell is based in its DNA or RNA. Thereafter the genes encoded in DNA
are copied into mRNA. Translation helps in production of functional proteins.
Quantitative measure of mRNA can be done by transcriptomics (Wilkins et al.
1997).

Herbal drugs with potential toxicity can be characterized by these methods.
Predictive safety evaluation becomes more meaningful by the application of these
technologies. Complex toxicological mechanisms can also be determined by geno-
mics as the pattern of gene expression changes during toxicity. Overtime it can help
in exploration of biomarkers for the diagnosis of toxicant
exposure (Buchwald 1984).

30.5.4 Proteomics

Automated and high-throughput techniques facilitate the analysis of body fluids or
tissue samples (Srivastava 2008). Structure and function of proteins are studied in
proteomics. Isoelectric focusing and SDS-PAGE allow separation of proteins.
Matrix-assisted laser desorption/ionization and protein mass fingerprinting allow
identification of proteins. It is possible to detect and identify even very low levels
of proteins (Wilkins et al. 1997). The genome of an organism is fixed, but its
proteome may vary. Disease states or environmental conditions may lead to altered
protein expression. Proteomics allows the peptide data to be connected directly to
nucleotide sequences and gene information. 2D-gel electrophoresis helps in explor-
ing toxic mechanisms. When altered protein expression takes place after exposure to
a herbal toxicant, the biochemical pathways are altered.
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30.5.5 Metabonomics/Metabolomics

The study of chemical processes involving metabolites is referred to as
metabonomics. The study of metabolite profiles greatly helps in identifying toxicity
due to herbal drugs (Nicholson and Lindon 2008). These products of cellular
responses are greatly altered in production once an organism encounters toxicants.
The focus is to identify the metabolic changes that take place in an organism
(Wishart 2009).

30.5.6 Lipidomics

It is the study of pathways and networks of cellular lipids. Changes in lipid profile
are the target of the study. The profile at the levels of cell, tissue or organism may be
studied, once an organism encounters herbal toxicants. The lipid profile within an
organism is referred to as ‘lipidome.’Many diseases such as obesity and atheroscle-
rosis are associated with lipid profile abnormalities. Instrumental techniques such as
mass spectrometry, NMR and fluorescence spectrometry may be used for these
lipidomics studies (Han and Gross 2005).

30.5.7 In Vitro Models

These models attempt to mimic the in vivo conditions. Controlled testing conditions
provide an alternative to whole organism studies (Kandárová and Letašiová 2011).
To some toxicologists the predictive value of these studies is arguable. Especially
chronic toxicological effects of herbal drugs cannot be evaluated by these study
methods. However cell culture or tissue assays may be designed to assess toxicity in
studies discussed above (Guillouzo 1998).

30.5.7.1 Cell Cultures
Bioinformatics and systems biology are increasingly being used to predict toxicity of
herbal drug molecules. Computer simulation is used speeding the rate of discovery.
Wet lab work is also significantly curtailed in the process. The quality of the data
generated in such experiments is a major issue. The methods should be of predictive
value in assessing in vivo toxicity and in exploring the mechanisms involved. Data
from tumour cell lines cannot always be applied to in silico models. Morphology and
signalling pathways of cancer cells may vary from normal cells. Quantitative in vitro
to in vivo extrapolations are crucial. This helps to predict the systemic toxicity of any
herbal drug. They can reduce animal experimentations. Also human toxicity poten-
tial can be made before clinical trials (Daneshian 2012).

Cell cultures provide an effective alternative to in vivo methods for toxicity
testing. Interaction of herbal toxicants with cultured cells can be studied under
microscope. Both qualitative and quantitative changes can be studied to ascertain
toxicological changes. Higher growth of cells in culture medium can speed up the
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studies, minimizing time consumption. It is possible to study the effect of drugs on
both animal and human cell lines. Specific organ cells can be cultured in appropriate
medium to study organ-specific toxicity of herbal drugs (Guillouzo 1998). A major
drawback of these in vitro studies is low proliferation of a few cell lines. Also these
methods do not allow designing of chronic studies. As repeated herbal drug admin-
istration is not possible. Variable results may be obtained from animal cell cultures,
compared to human ones. Interspecies variation is very common in biological and
preclinical studies. This reduces the predictability of the data generated significantly.
Though these studies can provide preliminary toxicological data about herbal
toxicants, such as toxic concentrations or effects on specific types of cells, detailed
in vivo studies are required from drug regulatory point of view.

30.5.7.2 Target Organ/Tissue Assays
These may be used to predict toxicity of herbal drugs mostly on the eye or skin. The
ocular toxicity assays are bovine corneal opacity and permeability (BCOP) test
(OECD 2013a, b, c, d), isolated rabbit eye test (IRE) (OECD 2013a, b, c, d) and
chicken enucleated eye test (CEET). Skin tests include skin irritation, skin corrosion,
skin sensitization, skin penetration and photo-toxicity tests.

Living corneas of cows are used in BCOP test. Here the herbal formulations are
applied directly to the epithelial surface of corneas. The corneas are obtained from
slaughtered animals (OECD 2013a, b, c, d). If the drug affects the cornea adversely,
the opacity is altered. Even the drug can hamper the permeability. These physiologi-
cal alterations are monitored by various modern analytical optical devices.

In the isolated rabbit eye test (IRE), herbal drugs are applied to the eyes of test
rabbits. Drugs are considered toxic if it produces irritation in the eyes of the test
animals. End point of the assay is analysed by slit-lamp biomicroscopes (OECD
2013a, b, c, d). In the chicken enucleated eye test (CEET), the herbal drugs to be
evaluated are applied to the isolated eyes of sacrificed chickens. Noncorrosive
chemicals are identified by these methods. A score of 0 to 4 is given for varying
degree of erythema and oedema formation. Herbal drugs available in liquid
formulations are applied undiluted for the study. Solid samples may be dissolved
and diluted with a minimum amount of solvent.

Skin irritation tests widely used are EPISKIN (reconstructed human epidermis
test, OECD 439) (OECD 2013a, b, c, d), EpiDerm, pig ear and PREDISKIN.

EPISKIN is a 3D model of human skin. The model contains a reconstructed
epidermis. Even the stratum corneum is functional, which offers an additional
advantage to study the local effects of a herbal formulation. After application to
the skin, MTT assay is used to evaluate toxicity. Cell viability after toxicant
exposure is the end point of the assay method (Dreher et al. 2002). EpiDerm contains
cultured human keratinocytes. It offers an in vitro skin irritation testing platform
(Kubilus et al. 2004).

Irritant and non-irritant herbal drugs may be distinguished using the pig ear test.
An increase in trans-epidermal loss of the non-perfused pig ear is considered the end
point. The skin corrosion tests approved by OECD for the evaluation of herbal drugs
include Corrositex (membrane barrier test, OECD 435) (OECD 2006a, b),
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transcutaneous electrical resistance (TER) (OECD 430) (OECD 2013a, b, c, d) and
SkinEthic (reconstituted human epidermal model, OECD 431) (OECD 2014).

The rate of penetration of a herbal drug into a skin membrane maybe predicted by
Corrositex. It is a protein membrane that simulates the human skin. The membrane
encounters a colour change on potential toxicant exposure. Transcutaneous electrical
resistance helps to identify potential corrosive herbal drugs or formulations. Loss of
integrity of skin layers is the end point. This is estimated by the transcutaneous
electrical resistance of the skin layers. In SkinEthic assay human epidermal
keratinocyte cultures are used. Herbal drugs are applied topically, and the loss of
cell viability is evaluated. This may be due to the release of cytokines from the cells
(de Brugerolle et al. 1999).

In murine local lymph node (LLNA) assay (OECD 429) (OECD 2002), live mice
are used. Increase in thymidine (3H-TdR) incorporation is the end point. The test
estimates sensitization of a herbal drug in mice as a function of proliferative activity
induced in lymph nodes.

3T3 NRU photo-toxicity test (OECD, 432) and ECVAM pre-validated EpiDerm
Phototoxicity Test are used to evaluate phototoxicity (OECD 2004a, b). The test
allows high-throughput testing. Poorly water-soluble compounds cannot be
evaluated by this test method. The test utilizes the mouse fibroblast 3T3 cell line.
Cytotoxicity is evaluated using the neutral red uptake (NRU) assay. On the other
hand, ECVAM uses reconstructed human skin model, and the cytotoxicity is
determined by MTT assay.

OECD Test Guideline 428 describes skin penetration tests of herbal drugs and
other potential toxicants (OECD 2004a, b). Diffusion of herbal drugs into and across
excised skin gives an indication of the end point. Ex vivo human, pig skins or
reconstructed skin models may be used for the test. Radiolabelled or
nonradiolabelled herbal test materials are evaluated by quantitating the amount of
chemical that crosses the skin to test topically applied pharmaceutical formulations.

30.6 Clinical Trials of Herbal Medicines: World and Indian
Scenario

According to the World Health Organization (WHO), herbals drugs are used more
than allopathic medicines. Among the alternative systems of medicines prevalent in
the society, Herbal formulations constitute a major portion (Bauer and Tittel 1996).
With regard to safety and efficacy assessment of these drugs, nonsystemic clinical
trials approach poses a great challenge. Standardization and variability in composi-
tion aggravates the problem. Standardization and variability in composition
aggravates the problem, though the problem has been addressed to quite some extent
with the discovery of the modern sophisticated analytical instruments. However lack
of suitable marker compounds often jeopardizes the standardization protocols. The
Western Pacific Regional Office of WHO took a significant step in this direction. In
the year 1992, they tried to lay down the general principles to evaluate herbal
medicines (WHO 1993). The urgent need to devise protocols for clinical testing of
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herbal drugs was laid down. Guidelines for standardization of herbal drugs were also
outlined. Studies related to both pharmacology and toxicology of herbal drugs were
elaborated in the protocol.

Some of the issues that influence the designing of clinical trial protocols of herbal
formulations are:

– Adulteration, which may lead to non-uniform dosing
– Herbal drug-food interactions and herbal drug-allopathic medication interactions
– Toxicological data
– Dose fixation in preclinical models and extrapolation to clinical trials

Ethical practice of clinical research is of utmost importance in clinical trials. The
same stringent principles should be adopted both for synthetic and natural
molecules. The principal investigator should be sufficiently trained and skilled to
honour the interests of the participating subjects. They should identify and recognize
the adverse effects (if any) at the earliest possible in the best interests of the patients.
If the herbal drugs tend to worsen any preexisting illness of the participating subject,
the same should be promptly attended to. Ethics committees must apply the same
vigilant attitude towards herbal studies as they do towards conventional treatment
protocols.

The Drugs and Cosmetics Act of 1940 and the Drugs and Cosmetics Rules of
1945 regulate the commerce and usage of traditional medicines in India. The
Government of India recognized traditional Indian medicinal system in 1959. State
drug control authorities give the necessary licence for the manufacture of traditional
medicines. The Drugs and Cosmetics Act has prescribed the books, which should be
followed while compounding these traditional medicines. Pharmacopoeia
committees of Ayurveda, Siddha and Unani drugs have been constituted
(Chakravarty 1993). The safety and efficacy guidelines for the herbal drugs were
put forward by the Indian government in 1993. The authorizing application of a new
herbal product should be prepared according to these guidelines. Herbal drugs may
be classified into three categories:

– Category 1: Drugs in use for more than 5 years
– Category 2: Drugs in use for less than 5 years
– Category 3: New herbal medicines

Central Drugs Standard Control Organisation (CDSCO), India, issued Good
Clinical Practice guidelines in 2001 for herbal drugs (CDSCO 2001). It outlines
the approaches that should be adopted for the clinical trial of herbal drugs.

According to the guidelines:

– The Drug Controller General of India should lay down the rules for clinical
evaluation of herbal drugs. Such drugs may thereafter use in allopathic hospitals.
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– All New Chemical Entities should be evaluated for repeated dosing of toxicolog-
ical data. This should include exploration of toxicological effects after acute,
subacute and chronic administration.

– An extract or an isolated compound should be regarded as an NCE if its proposed
use is not mentioned in traditional literature.

– Clinical trials should be done after identification of markers and standardization
of herbal drugs.

– Good manufacturing practices should be practiced for formulation of herbal
drugs.

– During the Phase I of clinical trials, MTD should be estimated.
– If proposed duration of use is more than 3 months, 4- to 6-week toxicity studies in

at least two animals should be done before Phase 2 clinical trials.
– Ethical principles should be followed, and informed consent should be taken from

the participants of the clinical trials.
– During clinical evaluation of herbal drugs, a competent person should be a

coinvestigator. He should be an expert in the field of Ayurveda, Siddha or
Unani medicine.

In March 2013, the Department of AYUSH, Ministry of Health & Family
Welfare, Government of India, introduced Good Clinical Practices guidelines for
the conduction of clinical trials for Ayurveda, Siddha and Unani medicines. Drugs
and Cosmetics Rule 158 B was introduced in August 2010, to further outline GCP
guidelines in ASU (Ayurvedic, Siddha and Unani) drug research (AYUSH 2013).

Evidence of safety and efficacy of herbal medicines in clinical trials is limited.
Most data are available in animal models only. Efficacy end points are at times
variable for herbal medicines, complicating the designing of clinical trials. Different
extracts of the same plant may vary in composition, and factors such as time of
collection and extraction methods can give diverse results in clinical trials.

30.7 Summary and Path Forward

In the modern era, toxicity testing of herbal drugs has considerably evolved. Focus
on alternative screening strategies bypassing animal usage has increased consider-
ably. Identification of unique approaches to toxicity testing to satisfy regulatory
needs remains challenging.

Animal welfare and usage have drawn considerable attention of the scientists
recently. Though alternative strategies have been developed, it is impossible to
predict long-term toxicity by bypassing animal models. Adoption of ‘3R’ can help
usage of animals in toxicity testing of herbal drugs. Replacement, reduction or
refinement of studies using animals might help animals, but the goal is to use the
best model with as few animals as necessary for a meaningful study. This might
improve the studies, but it is more of an ethical consideration. In in vitro toxicity
testing using cell lines, both human and animal can help achieve the objective to a
great extent.
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Next-generation sequencing technology, toxicogenomics and proteomics have
been found to be of great value in predicting toxicity of herbal drugs. Suitable data
libraries (genomic signatures of isolated and identified phytochemicals) should be
developed to exploit these tools further. Modern analytical techniques such as
HPLC, HPLC-MS, HPTLC and HPLC-NMR have helped to isolate the marker
compounds from herbal drugs and helped in standardization and toxicity testing.

More so, the integration of recent biotechnological innovations undoubtedly
brings about significant advances in predicting and determining herbal medicine
safety.
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Herb-Drug Interactions 31
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Abstract

Modern drugs are being more replaced by herbal medicines especially for chronic
and severe diseases for their fewer side effects, better patient adherence, cost-
effectiveness and vast availability. However, an unexpected herb-drug interaction
(HDI) can amplify or block the action of drugs which is a detrimental issue to be
considered. Some of HDIs may even be fatal. For example, concomitant admin-
istration of warfarin with Ginkgo biloba and Allium sativum leads to
haemorrhage, precipitation of mania in depression patients consuming
antidepressants and Panax ginseng together, induction of hypertension on con-
current administration of tricyclic antidepressants with Pausinystalia yohimbe
and therapeutic failure of phenytoin on simultaneous administration with
shankhapushpi. Our current knowledge on HDI is limited because of the poor
reporting by patients and the failure on part of practitioner to recognise HDIs.
Also reports on HDIs are vague since these herbs contain many phytoconstituents
and hence difficult to interpret. HDI may be of pharmacokinetic or pharmacody-
namics in nature. Pharmacokinetic interactions occur mainly by inhibiting or
inducing drug-metabolising enzymes and transporters, which adversely affect
absorption, distribution, metabolism and excretion of concurrently administered
victim drugs. Pharmacodynamic HDIs such as synergism, additive, agonist and
antagonist effect are also known to occur. This chapter provides an insight into
the significance of pharmacokinetic and pharmacodynamic interactions that occur
on concomitant administration of herbs and conventional drugs.
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Abbreviations

ATP Adenosine triphosphate
BCRP Breast cancer resistance protein
CYP Cytochrome
HDIs Herb-drug interactions
MRP Multidrug resistance-associated protein
OATP Organic anion-transporting polypeptides
OCT Organic cation transporters
P-gp P-glycoprotein
SLC Solute carrier transporters
UGT Uridine diphospho-glucuronosyltransferase

31.1 Introduction

Modern drugs are being more replaced by herbal medicines especially for chronic
and severe diseases for their easy accessibility, fewer side effects, better patient
adherence, and cost-effectiveness. China and India rank top on the use of medicinal
plants in the world. Europe and the United States are major importers of herbal
product in the world. Medicinal plants are used as food, drugs and raw materials for
the production of drugs (Santosh et al. 2016). In fact most potent drugs such as
digitalis, morphine, atropine and many anticancer agents were derived from herbs
(Yaheya and Ismail 2009). Currently there is a global transition from allopathic to
herbal remedies for reasons such as inconsistent increase of human population,
scarcity of allopathic drugs in economically poor countries, high price and severe
adverse effects associated with Western drugs (Ramawat and Goyal 2008).

Herbal drugs contain many active ingredients and when taken along with phar-
maceutical drugs may interact with each other in body leading to pharmacokinetic
and pharmacodynamic alterations. This raises the issue of potential herb drug
interactions (HDIs). Many reports of HDIs are vague since herbs contain many
phytoconstituents and are difficult to interpret. HDI may be of pharmacokinetic or
pharmacodynamics in nature and unexpected HDIS may amplify or block the drug
action, and it is mandatory to identify and understand the mechanisms underlying
HDIs in order to prevent adverse interactions and improve beneficial HDIS (Brantley
et al. 2014).

Major hindrance in identification of the phytoconstituents responsible for HDIs is
periodic variation in the phytochemical composition of herbal materials; poor
characterisation of the herbal ingredients; lack of content uniformity; poor
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documentation of the presence and nature of adulterants present; variations in
methodologies such as extraction; deficit in data regarding the bioavailability of
herbal components; interactions with many other herbal constituents; patient-related
factors such as the dose, schedule and route of administration; pharmacogenetics
involved in drug absorption, metabolism, distribution, excretion and drug action;
underreporting by patients to healthcare providers; and failure to recognise HDI by
practitioners (Venkataramanan et al. 2006). For few herbal medicines like St. John’s
wort and milk thistle, their constituents have been characterised (Brantley et al.
2014).

31.2 Mechanisms Involved in HDIs

Mechanisms of HDIs are divided into pharmacokinetic and pharmacodynamic
interactions. Inhibition or induction of drug-metabolising enzymes and/or
transporters leads to pharmacokinetic interactions, which affect absorption, distribu-
tion, metabolism and excretion of concurrently administered drugs. This alteration of
plasma drug concentrations would be of clinical significance for drugs with narrow
therapeutic index (warfarin, digoxin), steep dose effect profile and disease condition.
Pharmacodynamic HDIs such as synergistic, additive, agonist and antagonistic
effect also occur. Some of HDIs may even be fatal. For example, concomitant
administration of warfarin with Ginkgo biloba, Pausinystalia yohimbe and Allium
sativum leads to haemorrhage, precipitation of mania in depression patients consum-
ing antidepressants and Panax ginseng together, induction of hypertension on
concurrent administration of tricyclic antidepressants with and therapeutic failure
of phenytoin on simultaneous administration with shankhapushpi.

31.2.1 Pharmacokinetic HDIs

Pharmacokinetic drug interaction can cause drug, toxicity, or treatment failure. Drug
toxicity is due to inhibition of drug-metabolising enzymes and transporters which
affects metabolism and clearance of these drugs, while therapeutic failure is due to
induction of drug-metabolising enzymes and transporters leading to faster drug
metabolism (Santosh et al. 2016). Pharmacokinetic interactions are observed more
for antiepileptic and antibiotics which have narrow therapeutic index and hence
require continuous therapeutic drug monitoring for better efficacy and safety (Shord
et al. 2009).

31.2.1.1 HDIs at Absorption Level
Pharmacokinetic-based HDIs lead to variations in absorption, distribution, metabo-
lism and excretion of the drug. To add on physical and chemical properties of drugs
such as partition coefficient, molecular size and degree of ionisation, modulation of
drug transporters adversely affects the amount of drug absorbed. Some herbal
medicine alters the pH of the GIT which in turn can alter dissolution and absorption
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of pH-dependent drugs, namely, ketoconazole and itraconazole. Anthranoid-
containing plants Cassia senna, Rhamnus purshiana, Rheum officinale, psyllium
and guar gum disturb gut epithelium by inhibiting Na+/K+ ATPase and augment the
activity of nitric oxide synthase leading to decreased drug absorption by altering the
intestinal water and salt absorption (Mamindla et al. 2016).

31.2.1.2 HDIs at Distribution Level
HDIs at distribution level may be due to altered protein binding or at induction or
inhibition of drug transporters. Salvia miltiorrhiza interfere with warfarin protein
binding and hence increase anticoagulant effect of warfarin (Borse et al. 2019).
Toxicity of drugs such as warfarin and carbamazepine is increased due to displace-
ment from plasma protein by herbs such as meadow sweet and black willow
(Mamindla et al. 2016).

31.2.1.3 HDIs at Metabolism Level
HDIs at metabolism are due to cytochrome P450 (CYP) enzymes and drug
transporters. Though mostly found in the liver, they are widely distributed in most
tissues. Of this CYP2B6, -2C9, -2C19, 2D6, and -3A4 isoenzymes metabolise most
drugs, and CYP3A4 alone accounts for metabolism of 60% of drugs.
Phytoconstituents can cause liver injury by oxidative stress, mitochondrial injury
and apoptosis leading to hepatitis, liver failure, vaso-occlusive disorders, liver
cirrhosis, fibrosis, cholestasis, necrosis and steatosis which can in turn affect drug
metabolism. HDIs due to metabolism occur due to induction or inhibition of drug-
metabolising enzymes by concurrent herbal medicines and are reversible after
discontinuing the administration of herbal drugs.

Induction is a slow process involving gene activation and increased expressions
of the drug-metabolising enzyme leading to therapeutic failure. It can also affect
stabilisation of mRNA or protein. Enzyme induction culminates in subtherapeutic
effect of the drug (Gorman 2012; Brantley et al. 2014). For instance, hyperforin, an
active ingredient of St. John’s wort, acts as an agonist of pregnane X receptor-
modulating CYP3A4 expression, leading to decrease in bioavailability of irinotecan
and imatinib. Subtherapeutic effect of midazolam was observed when
co-administrated with Echinacea purpurea, due to CYP3A4 induction in the liver
(Murtaza et al. 2017).

Inhibition of metabolic enzymes occurs when herbal medicines decrease the
expression or activities of metabolic enzymes causing an increase in bioavailability
of the concomitant drug and toxicity. Enzyme inhibition can result in reversible or
irreversible loss of activity. Reversible inhibition is again classified as competitive,
non-competitive and uncompetitive inhibition. In competitive inhibition the herbal
constituent and drug compete with each other for binding to the enzyme, and most
HDIs are of competitive inhibition type. Non-competitive inhibition occurs when the
herb brings about an allosteric modulation of the enzyme, thus preventing the
binding of the drug to the enzyme. In uncompetitive inhibition herbal medicine
binds to the enzyme-drug molecule complex, thus perturbing its affinity and activity.
Irreversible inhibition occurs when the herbal constituent mediates enzymatic
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degradation and can be revived only after new enzymes are synthesised. However,
the subsequent pharmacodynamic effect depends on other drug and patient-related
factors (Fasinu et al. 2012; Shord et al. 2009).

Furanocoumarins in Citrus paradisi juice and Citrus sinensis inhibit CYP3A4
enzyme, thus affecting the bioavailability of cyclosporine, terfenadine, midazolam
and felodipine. Also studies show that Ginkgo biloba can inhibit human CYP-1A2,
209, 2C19, 2D6, and 3A4 in vitro. Also in rats it increased the plasma levels of
diltiazem by inhibition of CYP3A enzyme (Nowack 2008). Green tea inhibits
CYP3A4, contributing to increased plasma levels of simvastatin. Resveratrol on
concomitant administration with diclofenac and carbamazepine significantly
affected their plasma levels by inhibition of CYP2C9 and CYP3A4, respectively
(Murtaza et al. 2017). Curcuma xanthorrhiza have high content of xanthorrhizol and
can inhibit glucuronidation of lovastatin and lorazepam that are primarily
metabolised by uridine diphospho-glucuronosyltransferase (UGT) (Salleh et al.
2016).

31.2.1.4 HDIs at Elimination Level
Renal route is the major routes of drug excretion. HDIs at kidneys are due to
variations of urinary pH, glomerular filtration, tubular reabsorption and active
secretion. Arctostaphylos uva ursi, Taraxacum officinale, Urtica dioica, Solidago
virgaurea, Equisetum arvense, Medicago sativa, Juniperus communis, Levisticum
officinale, Petroselinum crispum, and Asparagus officinalis exhibited diuretic prop-
erty and thus can increase the renal elimination of other drugs (Borse et al. 2019; Liu
et al. 2011).

31.2.1.5 HDIs Due to Drug Transporters
Drug transporters are widely distributed in body and play significant role in phar-
macokinetic and pharmacodynamic perspectives of drug. The effect of drug
transporters on drug depends on their expression and activity which in turn can be
modulated by many endogenous and exogenous factors (Ishikawa et al. 2004).
Variation of drug action by herbal constituents may be due to interaction with one
or more drug transporters through inhibition or induction of drug transport. Inhibi-
tion of drug transporter leads to altered bioavailability of drugs pertaining to its
toxicity. Induction of drug transporter can lead to therapeutic failure (Ondieki et al.
2017). The most commonly affected drug transporters are discussed herewith:

P-Glycoprotein
P-gp is an active transmembrane efflux pump and affects many drugs (digoxin,
vinblastine) and endogenous substrates (steroids, lipids, bilirubin, bile acids).
Phytochemicals can also modulate P-gp by inhibition of adenosine triphosphate
(ATP) binding, hydrolysis or coupling of ATP-hydrolysed molecules, thus
preventing transport of P-gp substrates. Induction of P-gp will decrease the bioavail-
ability of drugs causing therapeutic failure, and inhibition of P-gp leads to drug
toxicity by increasing the bioavailability of drugs. Therefore, the inhibition or
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induction of P-gp by concurrently administered herbs may result in interactions that
can adversely affect therapy (Cho and Yoon 2015).

Studies show that Piper nigrum, Curcuma longa, Morinda lucida and Carica
papaya inhibit P-gp efflux pump, leading to digoxin toxicity. Herbs such as
Momordica charantia, Citrus aurantium L, Rosmarinus officinalis, Zingiber
officinale and Camellia sinensis inhibit P-gp efflux pump, culminating in vinblastine
toxicity. Also Citrus paradise and Mangifera indica inhibit P-gp efflux when
combined with calcium channel blockers and increase the plasma concentration of
these drugs. Hypericum perforatum, Morus nigra and Glycyrrhiza glabra induce
P-gp efflux when treated with cyclosporine decreasing the bioavailability of cyclo-
sporine. Hypericum perforatum when combined with digoxin and sulphonylureas
induce P-gp efflux leading to their subtherapeutic effect. Allium sativum induce P-gp
efflux pump when co-administered with saquinavir, thus decreasing saquinavir
activity (Subhashri et al. 2018).

Chemotherapeutic failure and poor prognosis in cancer patients have been
attributed to high P-gp expression levels. Herbal modulation of P-gp expression or
activity has been exploited to overcome chemotherapeutic resistance (Cho and Yoon
2015). Studies reveal that administration of P-gp modulators helps to overcome this
chemotherapeutic drug resistance. Studies using first- and second-generation P-gp
modulators proved to be too toxic to patients. This was followed by the study of
third-generation modulators of low toxicity. Currently fourth-generation P-gp
modulators of herbal origins such as flavonoids and curcuminoids are being exten-
sively studied (Amin 2013).

Breast Cancer Resistance Protein
BCRP is widely distributed in the body and responsible for export of bile acids,
estrone, doxorubicin, daunorubicin, topotecan, rosuvastatin and protease inhibitors
(Griffin et al. 2011). Studies reveal rhinacanthin-C from Rhinacanthus nasutus
inhibits intestinal BCRP efflux transporters and thus increases bioavailability of
topotecan, paclitaxel, digoxin, indinavir and rosuvastatin (Dunkoksung et al.
2019). Also flavonoids such as apigenin, genistein, biochanin A and kaempferol
from Silybum marianum increase intracellular concentration of mitoxantrone by
inhibition of BCRP (Mamindla et al. 2016; Fasinu et al. 2012).

Multidrug Resistance-Associated Protein
MRP are organic anion pumps, being expressed widely in the liver, kidneys and
intestine. MRP substrates include glutathione conjugates and anionic drugs (Griffin
et al. 2011). Studies show that curcumin by modulating MRP pump increased the
absorption of baicalein (Li et al. 2016).

Solute Carrier Transporters (SLC)
Organic cation transporters (OCT) are present mainly in the kidneys and liver and
transport small cations, carnitine and acetylcholine (Griffin et al. 2011; Lu et al.
2014). Flavonoids in herbal medicine have the potential to modulate this OCT
transport. Organic anion-transporting polypeptides (OATP) are distributed in the
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liver, kidney, intestine and placenta. They transport thyroid hormones, bile acids,
steroids, imatinib, fexofenadine, methotrexate, statins and HIV protease inhibitors.
The phytoconstituents of pomegranate such as oleanolic acid, ursolic acid and gallic
acid inhibit OATP, thus affecting the bioavailability of rosuvastatin (Li et al. 2014).
Flavonoids present in grape juice can inhibit OATP affecting the activity of
celiprolol and fexofenadine. The plasma levels of atenolol and fexofenadine are
decreased due to inhibition of OATP by apple and orange juice in human subjects
(Yu et al. 2017).

31.2.2 Pharmacodynamic HDIs

Pharmacodynamic interactions cause changes in pharmacological responses that
may result in stimulation or opposition of the pharmacological activity of a concur-
rently administered drug manifesting as additive, synergistic, agonist or antagonistic
actions. HDIs alter the affinities for receptor sites which precipitate pharmacody-
namic toxicity or antagonistic effects (Fasinu et al. 2012). The problem in predicting
such HDIs is that herbal preparation contains several components with unknown
activity and also herbal medicine can modulate the effects of concomitantly
administered drugs through concurrent effects on the same or different targets
(Mamindla et al. 2016).

31.2.2.1 HDIs: Additive
The total effect of two or more drugs is equal to the sum of their individual effect, it
is called additive effect. Additive activity on vitamin K epoxide reductase with
Matricaria recutita, Medicago sativa, ginger, ginkgo, garlic, ginseng and Danshen
may augment haemorrhage in patients on chronic warfarin therapy. Ephedrine-like
alkaloids increase the actions of monoamine oxidase inhibitor (Mamindla et al.
2016).

31.2.2.2 HDIs: Synergism
Synergism occurs when one drug is enhanced or facilitated by another drug. Thus
they provide favourable effects either by amplifying drug efficacy or diminishing
adverse effects. For example, combined therapy of garlic with ACE inhibitor
exhibited better anti-hypertensive effect. Similarly patients co-administered with
silymarin and desferrioxamine showed favourable effects on thalassemia patients
(Fasinu et al. 2012).

31.2.2.3 HDIs: Antagonism
One drug opposing or inhibiting the action of another is antagonism. Hypericum
perforatum decreases anticoagulant activity of warfarin. Arecoline reduces the effect
of anti-parkinsonism drugs such as flupenthixol, phenothiazine and anticholinergic
such as procyclidine. Piper methysticum counteract L-dopa by dopamine antago-
nism. Phytoconstituents of Trikatu interacts with diclofenac and decreases its bio-
availability and anti-inflammatory actions. Aspilia africana when co-administered
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with artemisinin and chloroquine in malaria antagonised their effects (Mamindla
et al. 2016).

31.3 Pharmacogenomics in HDIs

Genetic polymorphism is intersubject variability in drug response due to pharmaco-
kinetic and pharmacodynamic reasons and may affect drug efficacy and toxicity.
Genetic polymorphisms can occur at the level of drug receptors, enzymes and
transporters. St. John’s wort when co-administered with nifedipine, gliclazide,
mephenytoin and caffeine exhibited genetic polymorphism by inducing expression
of CYP3A4 and CYP2C9 gene. St. John’s wort induce OATP transporter gene,
thereby decreasing the plasma concentration of repaglinide. Baicalin induces OATP
transporter gene, thereby decreasing the bioavailability of rosuvastatin (Liu et al.
2015).

31.4 Evaluation of HDIs

HDIs are evaluated by in vivo, in vitro and in silico models. In vitro studies deal with
disposition of herbs by drug-metabolising enzymes and transporters. Drug transport
activity is determined by using cell lines such as Caco-2, Madin-Darby Canine
Kidney, primary or immortalised human hepatocytes or microsomes and
sandwich-cultured hepatocytes. Of this inhibition, experiments depend on cell
fractions, while induction experiments are conducted on intact cells and by evalua-
tion of RNA or protein expression (Brantley et al. 2014; Shord et al. 2009). The
limitations of in vitro studies are poor sink condition and poor association to clinical
situation. In vivo studies are mostly conducted in mice and rats, but interspecies
variability is of major concern. The advantages are dose, and bioavailability of
components is considered. Human studies are conducted in healthy volunteers or
patients, and hence the results are directly extrapolative on interactions (Shord et al.
2009). The limitations are ethical issues, genetic polymorphism and population size
and cost (Fasinu et al. 2012).

31.5 Regulation of Herbal Medicine

Unlicensed preparations account for over 80% of herbal medicine sales, and regu-
latory agencies have limited ability to restrict herbal pharmacotherapy because of
wide range of herbal products. Various regulatory agencies have developed stringent
regulatory guidelines for addressing market availability and safety of herbal medi-
cine. In the United Kingdom, many herbal medicinal products remain unregistered
since the licencing fee is high and limited data on efficacy and safety profile of the
product is available. In Germany herbal medicines have special licencing
procedures. In France more than 200 herbs have been officially accepted as
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phytomedicines. Australia has developed regulatory policies for herbal market for
various non-Western herbs. The European Herbal Practitioner and National Institute
of Medical Herbalist have been set up to integrate herbalists (Pal and Shukla 2003).

31.6 Conclusion

In conclusion, many reports have documented pharmacokinetic and pharmacody-
namic interactions with therapeutic drugs which may precipitate toxicity or thera-
peutic failure. Identifying the mechanism of HDI is important, and when mixing of
herbs with pharmaceutical drugs is inevitable, dose adjustment or discontinuation of
therapy may be essential to avert obnoxious HDIs. Both patients and healthcare
professionals should be educated on these medical implications of HDIs in order to
curtail it.
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Abstract

Contraception is essential in preventing unwanted pregnancy in addition to
controlling population outgrowth. Control of population explosion has remained
an important issue across the developing world, and socioeconomic conditions
have been associated with the choice of contraceptive methods. A large propor-
tion of rural population still practice traditional herbal medicines; hence the
evaluation of contraceptive and/or anti-fertility agents assumes huge significance
not only for their efficacy but also for their safety. On an average, women in the
age group of 21 and 28 years use contraception in India with traditional methods
being the primary choice particularly in rural settings. Estrogen and progesterone
content of modern-day contraceptives has certain risk factors, which has triggered
the debate over the need of traditional contraceptives. A lot of traditional con-
traceptive methods employ the use of plants and/or plant-based products.
Although the plant-based products offer a cheap, accessible, and women-friendly
approach toward contraception, yet safety and regulatory measures needed to
contain the chemical and functional integrity of the compounds have remained
questionable at large. Also, proper dosages of such products, if not well
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monitored, may result in potential toxicity and unwanted medical hazards. Fur-
thermore, the risk of sexually transmitted diseases (STDs) may never be
overruled while employing traditional methods that might put the women’s health
at jeopardy. Moreover, validation of such herbal and plant-based traditional
products for possible development of contraceptive drug, proper evaluation of
their safety, and regulatory issues coupled with associated toxicity and side
effects, if any, is mandatory. In this regard, safety pharmacology applies the
principles of proper drug testing for safe human administration. It deals with
quality control and testing for efficacy which includes toxicity studies supported
by well-documented preclinical data, dose escalation studies, regulatory review,
and mandatory clinical trials (Phases 1, 2, & 3). A lot of the traditional herbal
products do not follow the required guidelines of drug development and medica-
tion usage. Central Drug Standard Control Organization (CDSCO) is the Indian
national regulatory organization for pharmaceuticals and medical devices which
is equivalent to the Food and Drug Administration (USA), European Medicines
Agency (European Union), Pharmaceuticals and Medical Devices Agency
(Japan), and Medicines and Healthcare products Regulatory Agency (UK).
Many traditional contraceptives in usage in rural India as folk medicines have
not yet been tested for safety and efficacy and assessed by CDSCO safety
guidelines/licensing procedures. Although drug testing and approval by
CDSCO will enhance cost of medication, yet it is mandatory for the long-term
medical cost and health of individuals exposed to untested/unlicensed drugs.

Keywords

Traditional medicine · Herbal contraceptive · Safety pharmacology · Regulation ·
CDSCO
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CDSCO Central Drugs Standard Control Organization
EMA European Medicines Agency
FAERS FDA Adverse Event Reporting System
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LAM Lactational amenorrhea method
LPD Luteal phase dysfunction
MHRA Medicines and Healthcare products Regulatory Agency
PAHO Pan American Health Organization
PCOS Polycystic ovarian syndrome
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PSTC Predictive Safety Testing Consortium
STD Sexually transmitted disease
TGA Therapeutic Goods Administration
WHO World Health Organization
WTO World Trade Organization

32.1 Introduction

The world population continues to rise, and there is an urgent need to increase the
choice of family planning methods available to couples. As such, continued research
to develop safe, effective, affordable, and reversible contraceptives is crucial.
Indeed, the past few decades have brought about great advances in hormonal and
non-hormonal contraceptive studies on both sexes alike (Sitruk-Ware et al. 2013).
However, long-term use of systemic hormone-based contraceptives might result in
adverse side effects or undesired pathological circumstances (i.e., increase the
incidence of cancer, hypertension, obesity, and/or blood clots, etc.) (Marnach et al.
2013).

Contraceptive method is the best protection against unwanted pregnancy. It can
be defined as the global prevention of contraception via various devices, chemicals,
drugs, or surgical procedures. To control the population, contraception has been a
basic need for the mankind. The prime aim of contraception lies in allowing a couple
maximum comforts, freedom to choose expansion of family at an appropriate time,
and have no fear of unwanted pregnancy. Certain contraceptive methods also
prevent sexually transmitted diseases (STDs) apart from reducing the vulnerability
of adolescents against the risk of unwanted pregnancy outcome(s).

Energy metabolism is closely linked to human reproduction. Balanced nutrition is
not only required during the pregnancy, but they also play a vital role during the
adolescent age as well as the preconception period (Templeton 2000). Poor lifestyle
habits corresponding to altered body mass index, physical activity, and nutritional
intake can affect fertility (Chavarro et al. 2007). Malnutrition in poor countries is
very common due to inadequate availability of food and lack of awareness; while in
developed countries, inappropriate food habits as well as lifestyle choices are the
major reasons for undernutrition in females which can culminate into reproductive
disorders (Hassan and Killick 2004).

Studies have shown that decrease in food intake, prolonged undernutrition, and
negative energy balance can suppress the reproductive function (Knuth et al. 1977).
When there is prolonged food scarcity or energy imbalance, growth and reproduc-
tion are compromised over essential body functions in order to ensure the
individual’s survival. Altered nutritional status has also been encountered in poly-
cystic ovarian syndrome (PCOS) and hypothalamic amenorrhea (HA) (Chavarro
et al. 2007), which are common causes of infertility. Body fat ratio is higher in PCOS
patients as compared to normal ones irrespective of their normal weight. Approxi-
mately 4–9% of healthy reproductive age group women also suffer the potential risk
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of luteal phase dysfunction (LPD) (Lenton et al. 1984). The LPD makes the
endometrium less receptive for implantation which may lead to early pregnancy
loss and sometimes infertility (Smith 1988). Under such conditions of malnutrition
and associated disorders, preventing pregnancy through proper use of contraception
might be the only answer to prevent further health complications.

32.2 Types of Contraceptive Methods

Over the past decades, there has been an increasing need for custom-made, sexual
health services for adolescents. Societal change led by urbanization and moderniza-
tion has directed to flexibilities in family ties leading toward premarital sexual
activity (Muniruzzaman 2017). Younger ages of menarche combined with delayed
average age of marriage culminate in a longer time period between the onset of
sexual maturity and marriage. An important source of information to the adolescents
on responsible sexual behavior gets eliminated with decline in intergenerational
relationships. As such, adolescents tend to learn on this subject from peers or from
the mass media and social networking sites. This puts them at a risk to most likely
depend on cheap traditional contraceptives. Sex education and information on proper
use of contraceptives are of utmost importance to achieve unwanted adolescent
pregnancies. There are many different types of contraceptives, and some are very
effective. They may be classified as given below.

1. Traditional methods: These may include lactational amenorrhea method
(LAM), withdrawal, rhythm method, etc.

2. Modern methods: These include male condom, female condom, oral contracep-
tive pills, injectables, emergency contraceptive pills, etc.

3. Surgical methods: These include intrauterine devices (IUD), female sterilization
(tubectomy), and male sterilization (vasectomy).

4. Other methods: These include hormonal implants, barrier/chemical method, and
the use of diaphragm and spermicides in some of the developed countries.

In general, any method other than sterilization that is appropriate and physiologi-
cally safe to healthy adults is also considered as safe and appropriate for post-
pubertal adolescents. However, informed contraceptive decision-making includes
more than just medical safety.

Female condoms, although not a new idea, offers a great tool for contraception
and potential protection against sexually transmitted diseases. Recent advancements
in the design and use of polyurethane to make female condoms have made them
widely available to willing users. Polyurethane, being a stronger material compared
to latex is less likely to rupture or to have the pinholes common in natural latex
condoms. Female condoms offer certain advantages over male condoms. One
primary advantage is that it can be inserted in advance allowing more sexual
impulsiveness. The female condom can provide greater protection against STDs
due to its ability to cover both the internal and external genitalia (Prudhomme et al.
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2005). Additionally, the female condom does not need to be immediately removed
after ejaculation, thereby providing adequate space for greater intimacy after inter-
course. Finally, it is absolutely safe for individuals with latex allergy.

Pregnancy is rare among breastfeeding women with LAM. This method
comprises of the informed use of breastfeeding as a contraceptive method by a
woman who is still amenorrheic and who is not feeding her baby with supplements,
for up to 6 months after delivery (Tietze and Lincoln 1987). Breastfeeding delays
return of fertility and menstrual cycle, thereby providing a natural and physiological
method of contraception. Users of this method are thought to have 98% protection
from pregnancy (Kennedy et al. 1989). It is unquestionably cost-effective with
greater health benefit, as breastfeeding alone provides the infant with adequate
nutrition and fluid intake through the first 6 months. Breast milk is considered a
healthier option than its substitutes for infants in low-resource settings, as suitably
practiced in countries like Egypt (Khella et al. 2004).

The withdrawal method or coitus interruptus is another effective method of
contraception. This involves withdrawal of penis from the vagina and woman’s
external genitals before ejaculation with the objective to prevent sperm from entering
the vagina. However, this is not an effective form of birth control (Handelsman and
Waites 2006). Sperm may enter the vagina if withdrawal is not properly timed or if
pre-ejaculation fluid contains sperm. The withdrawal method does not offer protec-
tion from sexually transmitted infections. Rhythm method, also known as calendar
method, is another natural method of family planning. This requires tracking the
menstrual history to predict when ovulation will possibly occur. This helps to
determine when the person is most likely to conceive. If the female is hoping to
get pregnant, the rhythm method is one of the possible ways to determine indulging
in intercourse. Similarly, if one is hoping to avoid pregnancy, rhythm method may
be used to determine the exact days to avoid unprotected sex. Rhythm method is
based on detecting ovulation and the fertile period in a woman. Ovulation occurs
approximately 14 days before the start of next menstrual cycle (Wilcox et al. 2000).
Throughout a menstrual cycle, there are approximately 6 days of fertile interval
during which conception will likely occur if intercourse happens (Bilian et al. 2010).
The fertile window can comprise of 5 days before and on the day of ovulation.
Rhythm method requires persistence and careful record keeping. Couples interested
in getting pregnant have only a limited period of time for fertilization to happen due
to limited viability of the ovum and sperm (Colombo and Masarotto 1996). The
ovum usually loses its viability 10–24 h post-ovulation (Stanford et al. 2002). Life
span of sperm is usually 24–48 h and depends on the internal environment of the
female reproductive tract. Under conditions where estrogenic cervical mucus
supports the life span of sperm, their fertilizing capacity can last from 3–7 days in
the periovulatory period (Pallone and Bergus 2009).
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32.3 Limitations to Contraception in India and the Availability
of Herbal Contraceptives

There are certain limitations to contraception in India due to a number of factors as
noted below.

32.3.1 Inadequate Cognitive Capacity

Adolescents in their preadolescence phase do not understand properly the risks
involved in sexual indulgence. Until they move from concrete to abstract, they are
unlikely to engage themselves in correct sexual decision-making. Often, such
individuals are quite ignorant of the fact that their non-deductive decision-making
might put their life in turmoil (Molina and González 2012).

32.3.2 Egocentric Thinking

A kind of egocentric belief makes some adolescents feel that they entirely depend
upon natural methods to avoid pregnancy. This makes them more inclined toward
taking chances rather than using contraceptives (Whaley 1999).

32.3.3 Inadequate/Lack of Knowledge of Contraceptives

Low uptake of contraceptives is often attributed to lack of proper knowledge of
contraceptive methods. A study on abortion-seeking unmarried girls reported that
88% women did not know the link between sexual relations and pregnancy (Chabbra
and Nuna 1994).

32.3.4 Anxiety

Less knowledge about sexual information leads to anxiety and becomes an obstruc-
tion in use of contraception which results in contraceptive failure. Moreover, cogni-
tive problems related to socially disapproved activity often leads to anxiety and
prevents adolescents from seeking reliable advice related to contraception
(Furstenberg et al. 1981).

32.3.5 Misinformation

The misinformation about safe periods most of the times becomes the cause for
failure to use contraception. Though the sexually active adolescents in urban areas
have knowledge about birth control and contraception, such knowledge may not
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always ensure proper use of birth control methods during coital activity (Gandotra
and Das 1996).

32.3.6 Perception of Dangers of Contraceptives

Some adolescents believed that condoms and IUDs could move upward in the
women’s body and cause complications or pills cause permanent infertility (Olson
and Rollins 1982). It has been noted that sometimes beliefs are distinct and distant
from actual information on birth control and availability of methods/devices.

32.3.7 Faulty Use and Storage

Condoms are often stored in cupboards or under mattresses in order to hide from kids
and family members. Due to pressure, heat, and humidity, the quality of condoms
may deteriorate.

32.3.8 Poor Quality of Contraceptives

Due to poor quality and defective packaging or storage, contraceptives may fail
leading to the disappointment of the user. Estrogen and progesterone content of
contraceptive pills has certain risk factors (Ness et al. 2000), which has triggered the
need of traditional contraceptives. Therefore, there is a quest for contraceptive drug
development from herbal products used by indigenous and ethnic communities for
ages. Such plant-based agents could effectively replace the pills having untoward
side effects. Furthermore, the reversible herbal contraceptives are non-invasive and
are believed to be relatively safe. Therefore, development of newer contraceptives
with the ethno-pharmacological background using the reverse pharmacology
approach is perhaps the way forward (Gurib-Fakim 2011). In India, there are
many references of such plants and/or plant products with contraceptive and/or
anti-fertility properties (Table 32.1).

32.4 Efficacy

The main aim of contraception is to ensure a couple with a full comfort without fear
of an unwanted pregnancy and to bestow the couple with sufficient freedom to have
offspring when desired. The primary emphasis lies on ensuring maximum comfort
and privacy at minimum cost and without any side effects. The need of young
couples is not termination of fertility but proper management and spacing out
pregnancies. This requires the use of reversible and non-invasive methods. Revers-
ibility rate of many of the modern-day contraceptives are very low and so less
accepted. Reversibility is a very good factor for a novel contraceptive. Steroid-
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Table 32.1 Plants used traditionally in India having potential for development of herbal
contraceptives

Sl.
No Scientific name Parts used Solubility Effect Author/year

1 Abrus
precatorius

Seeds Ethanolic Abortifacient Priya et al.
(2012)

2 Acalypha
indica

Seeds Alcoholic Anti-estrogenic Kong et al.
(1985)

3 Achillea
millefolium

Flowers Water Contraception Raj et al. (2011)

4 Achyranthes\
aspera

Whole
stem and
root

Ethanolic Anti-
implantation
and
abortifacient

Pokharkar et al.
(2010)

5 Adhatoda
vasica

Leaves Methanolic Anti-
implantation
and
abortifacient

Pokharkar et al.
(2010)

6 Aegle
marmelos

Leaf Alcoholic Contraception Shah et al.
(2009)

7 Afrormosia
laxiflora

Stem bark Ethanolic Anti-
gonadotropic,
estrous cycle
blocker

Pokharkar et al.
(2010); Gediya
et al. (2011)

8 Ailanthus
excelsa

Leaf,
stem, bark

Ethanolic Anti-
implantation

Shah et al.
(2009); Raj et al.
(2011)

9 Alangium
salvifolium

Stem bark Ethanolic Abortifacient,
anti-
implantation

Priya et al.
(2012)

10 Albizia lebbeck Seeds,
roots,
pods

Ethanolic Anti-fertility Raj et al. (2011)

11 Allium cepa Bulb Ethanolic Anti-
implantation

Priya et al.
(2012)

12 Aerva lanata Aerial
parts

Ethanolic Anti-
implantation

Pokharkar et al.
(2010)

13 Aloe vera Latex Ethanolic Anti-ovulatory Gediya et al.
(2011)

14 Arctium lappa Leaves
and roots

Alcoholic Abortifacient Shah et al.
(2009)

15 Ardisia
solanacea

Plants
excluding
roots

Water extract Spermicidal Pokharkar et al.
(2010)

16 Aristolochia
tagala

Whole
plant

Ethanolic Anti-
implantation

Narwaria et al.
(1994)

17 Artemisia
africana

Leaf Water Abortion Pathak et al.
(2005)

(continued)
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Table 32.1 (continued)

Sl.
No Scientific name Parts used Solubility Effect Author/year

18 Artemisia
vulgaris

Whole
plant

Water Disrupts
spermatogenesis

Priya et al. 2012

19 Aspilia
africana

Leaves Alcoholic Anti-ovulatory Priya et al.
(2012)

20 Austropenckia
populnea

Pods Alcoholic Anti-
implantation &
abortification

Shah et al.
(2009)

21 Azadirachta
indica

Seed oil Ethanolic Anti-androgenic Pokharkar et al.
(2010)

22 Ballota
undulate

Leaves,
flower

Alcoholic Anti-
implantation

Priya et al.
(2012)

23 Mentha
arvensis

Leaves Water Contraception Ahmad et al.
(2011)

24 Mentha
longifolia

Leaves Water Contraceptive Kaur et al.
(2011)

25 Melia
azedarach

Seed Water Anti-
implantation

Azmeera et al.
(2012)

26 Momordica
cymbalaria

Root Methanolic Anti-
implantation

Pokharkar et al.
(2010)

27 Mondia whitei Root Methanolic Anti-
spermatogenic

Kaur et al.
(2011)

28 Nelumbo
nucifera

Seeds Methanolic Anti-estrogenic Kaur et al.
(2011)

29 Oxalis
corniculata

Whole
plant

Methanolic Estrogenic Priya et al.
(2012)

30 Piper longum Roots,
leaves,
fruits

Methanolic Anti-fertility Keshri et al.
(1996)

31 Piper nigrum Fruit
powder

Water Contraception Panda et al.
(2011)

32 Piper betel Petiol Methanolic Anti-estrogenic Singh and Singh
(2010)

33 Punica
granatum

Fruits Alcoholic Anti-
implantation

Pokharkar et al.
(2010)

34 Plantago ovata Seed Methanolic Abortion Panda et al.
(2011)

35 Polygonum
hydropiper

Root,
powder

Water Anti-estrogenic Singh and Singh
(2010)

36 Physalis
alkekengi

Plants Water Anti-
implantation

Keshri et al.
(1996)

37 Phyllanthus
amarus

Whole
plant

Methanolic Contraception Panda et al.
(2011)

38 Pterocarpus
erinaceus

Stem bark Ethanolic Anti-
gonadotropic

Pokharkar et al.
(2010)

39 Plumbago
zeylanica

Root Ethanolic Abortifacient Ravichandran
et al. (2009)

(continued)

32 Plant-Based Traditional Herbal Contraceptive Use in India: Safety and. . . 667



Table 32.1 (continued)

Sl.
No Scientific name Parts used Solubility Effect Author/year

40 Pergularia
daemia

Twig Ethanolic Anti-
implantation,
late
abortifacient

Choudhary et al.
(2013)

41 Quassia amara Bark,
leaves

Benzene Contraception Ravichandran
et al. (2009)

42 Striga
orobanchioides

Plant Ethanolic Anti-
implantation

Choudhary et al.
(2013)

43 Sesbania
sesban

Seeds Chloroform Anti-
implantation

Pokharkar et al.
(2010)

44 Ruta
graveolens

Root,
plant
powder

Aqueous Contraception Ravichandran
et al. (2009)

45 Rumex steudeli Root Acetone Contraception Singh and Singh
(2010)

46 Cassia fistula Fruits,
bark
aqueous

Aqueous Anti-
implantation,
estrogenic

Panda et al.
(2011)

47 Areca catechu Fruit/seed Ethanolic Anti-ovulatory Shrestha et al.
(2010)

48 Ocimum
sanctum

Leaves Benzene Anti-fertility Pandey and
Madhuri (2010)

49 Plumbago
rosea

Leaves Ethanolic Anti-ovulatory Sheeja et al.
(2009)

50 Trichosanthes
cucumerina

Whole
plant

Ethanolic Anti-ovulatory Kage et al.
(2009)

51 Hibiscus rosa
sinensis

Root,
flower

Benzene Anti-
implantation,
anti-ovulatory

Vasudeva and
Sharma (2008)

52 Achyranthes
aspera

Roots Ethanolic Anti-ovulatory,
anti-
implantation

Vasudeva and
Sharma (2007)

53 Dysoxylum
binectariferum

Stem bark Ethanolic Anti-
implantation

Keshri et al.
(1996)

54 Balanites
roxburghii

Bark,
fruit, seed,
leaves

Ethanolic Abortifacient,
anti-
implantation

Singh and Singh
(2010)

55 Lantana
camara

Leaves Hydroalcoholic Female
infertility

Mello et al.
(2005)

56 Derris brevipes Leaf, root Ethanolic Anti-
implantation,
anti-fertility

Badami et al.
(2003)

57 Tinospora
cordifolia

Stem Aqueous Infertility Choudhary et al.
(2013)

(continued)
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based contraceptive pills may develop unwanted side effects, such as obesity,
cardiovascular disease, and cancer of the breast and uterus and hence not
recommended for long-term use.

Estradiol and progesterone used in contraceptive pills are metabolized in the
gastrointestinal tract and liver resulting in side effects like abdominal cramping,
bloating, changes in menstrual periods, breast pain, and liver toxicity.

Due to better compatibility and lesser side effects, herbal contraceptives are now
more acceptable. The development of new fertility regulating drugs from plants is an
attractive proposition. Herbal contraceptive also offers alternatives to those women
who lack access to modern contraceptives, basically, the women in the rural areas in
developing nations with very high fertility rates. Ethnic plant products of proven
birth control efficacy are expected to be of higher acceptability and are likely to
generate greater confidence and safety with reference to public health.

32.5 Case Study

Spermicides have also been reported to be of similar effect in some studies. Reddy
et al. (2004) reported that nisin, a known antimicrobial peptide, can have a safe and
effective contraception in rabbits both in vitro and in vivo. Nisin, at a concentration
of 400 mg/mL, was found to be spermicidal in vitro. It was also observed that the
effect was dose and time dependent. Intravaginal application of 1 mg nisin inhibited
conception in rabbits (in vivo studies). It was further observed that repeated applica-
tion in rabbits (50 mg per animal per day) for 14 consecutive days did not cause any
damage to vaginal epithelium or local inflammation.

32.6 Safety and Regulatory Issues

Safety pharmacology is an important aspect of drug development not only from
inception in the laboratory to the launch of a finished product in the market but also
for the life cycle optimizations of the product. Regulatory agencies across the globe
in many countries take the prime responsibility to ensure that a drug product is safe
for human use and is used as recommended and that there are no toxic side effects.
Regulatory affairs cover not only the aspects associated with the product develop-
ment and manufacturing but also registration of the product, market viability, and

Table 32.1 (continued)

Sl.
No Scientific name Parts used Solubility Effect Author/year

58 Lepidium
sativum

Mature
plant

Methanolic Anti-ovulatory Pande et al.
(2002)

59 Calotropis
procera

Root Aqueous Anti-ovulatory Circosta et al.
(2001)
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life cycle monitoring or optimization. Safety monitoring and putting safety as the
first rule of thumb during the process of drug development are critical steps to
determine the efficacy and long-term success of a drug product (Gewin 2009; Yao
et al. 2013; Sanghi and Tiwle 2014). Different countries worldwide have different
agencies that monitor the drug development process, and approval of these agencies
is mandatory for labeling and marketing of drugs. Some of established agencies are
Food and Drug Administration (FDA, USA), Medicines and Healthcare products
Regulatory Agency (MHRA, UK), Therapeutic Goods Administration (TGA,
Australia), Central Drug Standard Control Organization (CDSCO, India),
European Medicines Agency (EMA, European Union), Health Canada (Canada),
Swiss Medics (Switzerland), and Pharmaceuticals and Medical Devices Agency
(PMDA, Japan). In addition, World Health Organization (WHO), Pan American
Health Organization (PAHO), and World Trade Organization (WTO) also play an
important role in pharmaceutical and medical device research and development,
licensing, manufacturing, marketing, and intellectual property protection. In essence
the prime objective of such organizations is to regulate proper research and safety
measures of drugs and devices used in healthcare industry (Cronenwett et al. 2007).
Here, we highlight the functional aspects of FDA and compare facts with CDSCO
with the objective to focus on improving safety measures and regulatory affairs
during the process of marketing and use of traditional herbal-based therapies/
medications.

All drugs and medical devices available in the US market have to get an approval
or licensed through FDA. FDA functions under tight regulation and surveillance in
the development and marketing of healthcare products and continues to work on
safety evaluation of drugs and devices post-marketing. The objective is to support
drug safety and performance throughout the life cycle of drugs (Ciociola et al. 2014).
Surprisingly, in certain cases, new emerging safety profiles have casted original risk
assessment data in doubt. A company interested in launching a new product and has
at that point collected sufficient preclinical data is required to put in an Investiga-
tional New Drug application (IND) with FDA (Young et al. 1988). Following the
application, the Center for Drug Evaluation and Research (CDER) has 30 days to
review the IND and approve for clinical trials. A clinical trial primarily comprises of
3–4 phases (Mahan 2014). Phase 1 is a safety evaluation and dose escalation study
mostly on healthy subjects. Positive data from Phase I is needed to proceed to Phase
II which comprises 100–200 subjects. Phase 3 allows the testing of drugs in larger
number of subjects. Success of Phase III will determine if the drug is ready to seek
FDA approval for marketing and labeling. In certain cases, investigators may decide
or FDA may mandate a Phase IV clinical trial of a new drug (Hermans 2014). Drug
safety science is another functional aspect of FDA which continues to bring new
insights into a disease process and information related to the cellular and molecular
incorporation of the drug in question. FDA employs high end software and tools to
help CDER’s staff during product evaluation. Jumpstart is a software platform used
by CDER/FDA during early assessment of drug product, data quality, and safety
measures in consideration. FDA mandates that all clinical trial data be deposited at
the Janus clinical trial repository and made available to public. Post-marketing drug
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surveillance is an important aspect of FDA. FDA utilizes a passive and an active
system to monitor safety of drugs already available in the market. FDA Adverse
Event Reporting System (FAERS) is the passive system that employs an electronic
database allowing spontaneous submission of adverse events. FDA also utilizes the
sentinel system (active system) to monitor post-marketing drug safety and efficacy.
In addition, MedWatch is routinely used to report and collect clinically relevant
safety information on marketed drugs or devices. Predictive Safety Testing Consor-
tium (PSTC) was also established with a mission to scientifically validate new
biomarkers for the detection, evaluation, and monitoring of adverse events induced
by drugs. FDA also works to regulate or monitor misuse of drugs. Working toward
drug product efficacy and safety FDA regularly updates public on new drug safety
information through drug safety communications (Lynch 2019). Figure 32.1
summarizes the drug approval and safety regulatory process followed by FDA.

Central Drug Standard Organization (CDSCO) is the Indian national regulatory
authority that functions under the Directorate General of Health Services, Govern-
ment of India. CDSCO oversees compliant conduction of clinical trials, approval of
new drugs, manufacturing standards, and quality of imported drugs. CDSCO works
in coordination with the State Drug control organization with the objective to
establish uniformity in the enforcement of Drug and Cosmetic Act (CDSCO
website). New investigational drug or foreign imported drugs have to get approval
from CDSCO before their launch in market. Agencies interested in either can apply
online, make due payments, and upload all required data, following which the
review committee will review facts and data and decide whether or not to grant
permission. During the process all steps can be monitored online. All permissions
and licenses are organized through a comprehensive database (SUGAM). According
to the CDSCO Clinical trial guidelines, sponsors, investigators, regulator,and ethics
committee are solely responsible for the proper design and ethical conduction of
trials. Investigators are limited to working on a maximum of three trials at the same
time, whilemanufacturers, sponsors, and clinical research organizations are advised
to provide compensation for any post-trial adverse event. Clinical trials of foreign
approved drugs in Indian population can only be waived under extreme conditions of
emergency or epidemic. Generic or bio-similar products marketed in other countries
with satisfactory report for over 4 years can be approved in India and require only
short trials. Under conditions where two or more countries remove a certain drug
from their market on grounds of safety and efficacy, the continued marketing of that
particular drug will require stringent monitoring by CDSCO. In addition, CDSCO
has established many drug testing laboratories throughout India that engages in
testing and analytical quality control of new, imported drugs and cosmetics that
require CDSCO approval. Certificate of accreditation from these laboratories is
required for drug approval and quality control. Although CDSCO functions to
regulate drugs and devices permitted or licensed to be in the Indian market and
maintains strict regulatory protocols, proper safety evaluation post-marketing is not
as well monitored and regulated as in the United States or other European nations.
An initiative by the central/regional drug testing laboratories to test the traditional
herbal contraceptives used particularly in rural India, for safety and efficacy, will be
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an important step toward providing cheap and safe contraceptive means to the
population.

32.7 Conclusions

The use of contraceptives is a useful method for safe sex without unwanted
pregnancies in the short term while also contributing to a long-term effect on
population control. Lack of information, fear to discuss with elders, and social
stigma often result in the use of cheap and traditional plant-based contraceptive
methods, particularly in rural India. Although these herbal traditional means of

Fig. 32.1 Schematic representation of drug approval and safety regulatory processes
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contraception have delivered some success toward achieving the goal of avoiding
unwanted pregnancies, yet their role in protection against sexually transmittable
diseases is not known. Besides, some of these drugs may not be as effective or may
result in adverse side effects. Since a lot of these traditional herbal products have not
gone through stringent manufacturing, safety and regulatory measures, or approval
by CDSCO, their efficacy, safe dosage, and adverse effects are not properly
documented or imparted to end users, thereby imposing a greater health hazard.
Although cheap and readily available to low-income sectors, their safety and efficacy
are questionable, and the use of these drugs should be approached with great
concern. CDSCO and its regional drug testing laboratories can play a fundamental
role in evaluating the safe dosage, adverse effects, or any other regulatory issues
pertaining to the use of such traditional plant-based contraceptives. If properly
manufactured with all safety measures evaluated and considered, these plant-based
contraceptive methods can produce significant result and be readily available for use
particularly in rural areas.
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Abstract

Phytomedicine including Ayurveda, Siddha, Naturopathy, Homeopathy, Chinese
traditional medicine, Unani, etc. has a long history of therapeutic application in
humans and animals. However, the efficacy of phytomedicine depends not only
on the pharmacokinetics but also on the shelf life of the formulations as well.
Many of the compounds/herbal formulations due to short shelf life show different
pharmacological responses at different time points. But unfortunately for many
formulations, stability of the compounds and relative response to its pharmacoki-
netics have not been well established. Further many of the herbal formulations are
a raw extract of one or multiple plants where the exact composition of the
formulations is not known; therefore their stability and pharmacokinetic
parameters largely remain unexplored. Here in this chapter different methods of
studying the stability of the formulations and effect of stability on the pharmaco-
kinetics have been discussed to benefit the people working in the field of
traditional and translational medicine.
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Abbreviations

�C Degree Celsius
ADR Adverse drug reactions
API Ayurvedic Pharmacopoeia of India
APIs Active pharmaceutical ingredients
FDCs Fixed-dose combination
FPPs Finished pharmaceutical products
GACP Good agricultural and collection practices
GC-MS Gas chromatography-mass spectrometry
GLC Gas liquid chromatography
GMP Good manufacturing practice
HDPE High-density polyethylene
HPLC High-performance liquid chromatography
HPTLC High-performance thin-layer chromatography
h Hours
IR Infrared spectroscopy
JAMA Journal of American Medical Association
LD50 Lethal dosage 50
NLN Natural lipid-based nanoparticles
PVP Polyvinylpyrrolidone
RH Relative humidity
TLC Thin-layer chromatography
UV-VIS Ultraviolet visible spectroscopy
WHO World Health Organization

33.1 Introduction

From ancient times, Indians, Egyptians, Chinese, and people from other countries
have used various plant parts and products as herbal products. In the indigenous
medical texts, about 25,000 plant-based formulations are written, and the modern
pharmacopeias are known to have at least 25% drugs that are derived from plants or
are the synthetic analogs of the prototype compounds that are isolated from the
plants. Since the Vedic era, plants and its parts have been used in medicines, and
about 500 plants have been reported for medicinal uses. WHO had estimated that for
primary health care, about 81% of the world population uses herbal medicines.

Phytomedicines are known to have a short shelf life. Those get deteriorated easily
when not stored properly due to factors like environmental conditions including
humidity, temperature, sunlight, and pollution, leading to the loss of active
components having pharmaceutical value. Plants contain a variety of components
such as lecithins, saponins, polyphenols, alkaloids, flavonoids, phenols, etc. which
act as therapeutic agents in herbal medicine. When the herbal extracts are formed,
these various components come to a single phase which can lead to chemical
reactions between them causing the production of some toxic metabolites, which
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in turn can cause serious effects on the body if consumed (Johnson et al. 2011).
According to the new Indian government norms, the quality of the herbal product
should be within the permissible limits. Before marketing, the stability of the herbal
medication should be tested for its active product and its related toxicity. Based on
the toxicity study, the safety of herbal medicine is assured (Hussin 2001). Stability
testing is a very critical step in the case of herbal formulations as the whole
formulation is regarded as the potent medicine, regardless of the other components
present and their effects on the organism. The rules for herbal drug preparation and
its marketization differ from country to country according to the native herbal
medicine preparations and practices. Of the total herbal medicines practiced so far,
only a few of them have been tested for their safety and efficacy. There are certain
guidelines published by the WHO defining the criteria for evaluating herbal
medicines. There are other regulatory bodies or national agencies established by
the different countries for assurance of the safety of herbal medicines (Calixto et al.
2000).

For the safety and effectiveness of herbal medicines, pharmacovigilance and
pharmacognosy of the herbal drug are important. Pharmacovigilance is the discipline
that is related to the collection of information, its monitoring and researching, and
then evaluation of the information collected from the patients or health service
providers. The word pharmacovigilance comes from Greek and Latin words
pharmakon (Greek for drug) and vigilare (Latin for to keep watch).
Pharmacovigilance strongly emphasizes on the adverse drug reactions (ADR)
caused by any pharmaceutical compound. It precisely evaluates the risk factors
and beneficial factors associated with any potent drug (Nainwal and Nainwal
2010). Pharmacognosy means a complete systematic study of herbal drug, which
includes scientific name, the source of the drug, its chemical composition, and its
harvesting and storage. Pharmacovigilance identifies the hazards related to a drug
and protects the people from unnecessary harm (Krishnaiah 2010; Nainwal and
Nainwal 2010). It identifies and does an assessment of the drug and its interactions
with other components or drugs including pet medications (Routledge 1998;
Nainwal and Nainwal 2010).

In previous times, all the standards of herbal medicine were optimized by the
herbal medicine practitioner. Nowadays, it is well determined by the herbal pharma-
copoeia. Pharmacopoeia is a book that contains all the guidelines laid down by the
government to monitor the quality of herbal medicines. It is published by the
governmental authority or the pharmaceutical society.

Internationally many pharmacopeias provide the standards for herbal medicinal
products like:

– The Ayurvedic Pharmacopoeia of India (API)
– Japanese Standards for Herbal Medicine
– Pharmacopoeia Committee
– The United States Herbal Pharmacopoeia
– British Herbal Compendium
– British Herbal Pharmacopoeia
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– Chinese Herbal Pharmacopoeia
– European Pharmacopoeia

There are different pharmacopoeia monographs to maintain the quality of the
herbal preparations. For example, The Ayurvedic Pharmacopoeia of India (API)
recommends the standards for the 80 Ayurveda herbal formulations that are com-
monly used (Patel 2011).

It is a general perception of the people that herbal preparations are safe to use and
do not possess any side effects, but it is completely untrue. In 1991 and 1992, in
Brussels, Belgium, it was reported that 30 women were treated with a Chinese herbal
preparation to reduce weight. In that herbal formulation, one of the herbs was
mistakenly considered as non-toxic. They died of renal failure due to the presence
of aristolochic acid in that herbal preparation. Therefore, pharmacovigilance for
natural formulations is very important and should be practiced regularly to avoid
such a situation in the future (Ernst 1998). Different analytical techniques are
employed to evaluate herbal drug formulations such as chromatography and spec-
troscopic techniques. As herbal formulations contain a lot of contents which makes it
very difficult to analyze each component, therefore sometimes markers are used.
Markers are the chemically defined components that are used for the control purpose,
even if they do not have any medicinal or therapeutic value. For the quality, purity,
and identifying the kind of herbal preparation, its physical parameters, its moisture
content, ash content, adulterants’ presence, and other solvent residues need to be
checked. The correct identification and quality of herbal formulation are of supreme
importance in quality control of phytoformulations (Shulammithi et al. 2016).

The demand for herbal plants is increasing day by day around the world in the
form of drugs, food supplements, beverages, and cosmetics. When compared to
well-defined synthetic drugs, these herbal medicines show marked differences like:

– The unknown active principles.
– Stability, quality control, and standardization are feasible but not easy.
– The quality and availability of raw materials are of concern.
– It’s difficult to prove the efficacy and safety of well-controlled double-blind

clinical and toxicological studies.
– Have a wide range of therapeutic use.
– Suitable for chronic treatments.
– With herbal medicines the undesirable side effects were known to be less

frequent, but it was revealed with the help of well-controlled randomized clinical
trials that they also exist.

– Generally the cost is less than synthetic drugs.
– Known to be effective, economical, and relatively less toxic.
– These are easily available in the neighborhood.

Because herbal medicines are being used directly from natural sources, it may
contain impurities, heavy metals, biological contaminants, toxic substances, and
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hazardous foreign materials and therefore must be checked before consumption, or it
could cause serious health problems.

Phytotherapeutic agents do not possess immediate pharmacological action and
therefore are not used for emergency treatment. Combinations of homeopathic
preparations along with the chemically defined active substances are not considered
to be herbal medicines even though they contain plants.

Herbal products that are used in prevention, diagnosis, or treatment of diseases
are classified as drugs depending on a country and its current legislation. The
marketing of botanical products in the form of dietary supplements is done in few
nations like the USA. While in some nations, the drugs from the herbal preparations
need to be registered and have to be examined to show that they are safe and have
clinical efficacy.

Some programs have been established to investigate the safety and efficacy of
herbal medicines as the WHO guidelines have initially recommended for the evalu-
ation of herbal medicines. Even though clinical trials of herbal drugs are possible,
placebo-controlled double-blind trials have done for the herbal medicines as it has
been shown by the specialized literature’s survey, and this has been confirmed by the
meta-analysis done recently by the reviews that have been published in prestigious
medical journals like the Journal of the American Medical Association (JAMA), the
Annals of Internal Medicine, the Lancet, and the British Journal of Clinical Pharma-
cology, and the British Medical Journal. For the explanation of discrepancies like
this, many factors play an important role, like a deficiency in quality control and
standardization of the herbal drugs that are used in clinical trials; using various
dosages of herbal medicines; patients not selected properly and improper randomi-
zation in many studies; because of the different aromas, tastes, etc., there is a
challenge in establishment of suitable placebos; for the achievement of statistical
significance, there is an insufficient number of patients in most trials; and herbal
medicines have a large number of variations in the duration of treatments. To verify
the efficacy and safety that may have been lacking in herbal drugs as a function of the
above difficulties, some have been studied appropriately, and well-controlled dou-
ble-blind clinical trials are done.

33.2 WHO Guidelines for Herbal Drug Stability

Herbal medicines have been defined by the World Health Organization as the
finished labeled medicinal products that contain an aerial or underground part of
the plant, an active ingredient or other plant material, or combinations. According to
WHO, around 80% of the world population depends on traditional medicines for
their primary health-care needs as these herbal drugs are comparably cheaper and
easily available because of the presence of rich agroculture conditions, but its
careless utilization may result in threatening the sustainability of many of plant
species.

The Drugs and Cosmetics Act of 1940 and The Drugs and Cosmetics Rules of
1945 govern traditional medicines. The Drugs and Cosmetics Act was amended in
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1959 by the Government of India, and it incorporated drugs that were obtained from
traditional medicines. In 1993, the guidelines for the safety and efficacy of these
herbal drugs were formed by an expert committee, and the procedures of which were
devised by the Drug Controller General of India for the allopathic drugs, and it was
stated that all the traditional and herbal products should follow these guidelines
before undergoing clinical trials for therapeutic conditions.

WHO guidelines of the year 1993 asserted that both the regulatory bodies and the
manufacturers should take the responsibility for the quality of herbal products and
drugs. The responsibility to make guidelines on several aspects of data evaluation,
dossiers, and quality assurance and the evaluation of the agreement of the post-
marketing product along with the specifications that were given by the producers and
in compliance with GMP was given to the regulatory authorities.

In the WHO Summit, 2000, numerous suggestions were given for the cultivation
of raw materials of herbal formulations and quality control. Some of these
suggestions comprised the development of a sub-committee on GACP that will
promote good-quality herbal medicine’s availability to the market by giving advice
and training to small farmers and producers. Incentives were given to the producers
of botanical raw materials which will help to promote the GACP implementation,
and that could involve giving help in the form of logistic and technical support for
the selection of a suitable site for agricultural production, selecting pesticides and
fertilizers, providing seedlings and seeds, and giving advice on primary processing
and machinery used for harvesting.

The license issuing for wholesalers, manufacturers, assemblers, and importers of
herbal medicinal must be ensured by the National Drug Regulatory Authority.
Depending on what type of business is involved, the dealers of imported herbal
medicinal products can ask for one or more of the licenses.

Detailed knowledge is required for the registration of the herbal medicinal
products like the list of ingredients, details of the assembler(s) and manufacturer
(s), complete product formula for the imported herbal-based medicinal products,
manufacturer’s certificate or license that is provided by the drug regulatory authority,
dosage form, mode of administration, dosage, it’s adverse effects, precautions,
warnings, indications, duration of use, product brand name, contraindications, and
major drug interactions and, if feasible, the expiry date of product, date of
manufacturing, storage condition, and lot/batch number.

Herbal product’s pharmacovigilance centers were expected to collect and evalu-
ate the information regarding the efficacy and safety of herbal products by observing
the adverse drug reactions. Only 4 out of the 11 member countries in the SE Asia
region have national systems for observing the safety of traditional medicinal
products (Parveen et al. 2015).

33.2.1 WHO Guideline Goals

1. Strengthening of the research in testing of efficiency and safety of herbal
medicines
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2. Promoting and strengthening the fair use of herbal medicines

33.2.2 WHO Guideline Objectives

1. Ensuring the efficiency and safety of herbal medicines that are used in the health-
care systems of countries within the region and elsewhere in the world

2. Providing research criteria for evaluation of the efficiency and safety of herbal
medicines to propose basics for the states to make research guidelines of their
own for the study of herbal medicines

3. Facilitating the exchange of research information and experience so that a source
of reliable data can be stored for the affirmation of herbal medicines

33.2.3 WHO Guidelines for Stability Testing of Pharmaceutical
Products Having Well-Established Drug Substances
in Conventional Dosage Forms

The Committee reviewed and adopted the advised modifications of the storage
conditions for climatic zone IV to read with a relative humidity of 65% (�5%)
and 30 �C (�2 �C) for the real-time stability studies. In cases the storage conditions
and special transportation were not following these criteria, extra study data
explaining these conditions were required to be made available.

33.2.4 Stability Testing of Active Pharmaceutical Ingredients
and Finished Pharmaceutical Products

WHO in the Technical Report Series No. 953 (2009) published the guidelines on
stability testing of active pharmaceutical ingredients (APIs) and finished pharma-
ceutical products (FPPs) that aimed to make a clear picture about the core stability of
the data packages that were needed for the registration of APIs and FPPs. Another
thorough discussion, as well as feedback on the report and on the numerous sections
of the existing guidelines, was done in July 2016 in Copenhagen during the joint
meeting with the Prequalification of Medicines Team Assessment Group and the
Medicines Quality Assurance Group on regulatory guidance for multisource
products, and timely revisions of the text was concluded.

The main objective of stability testing was in rendering evidence regarding the
quality and how it varies in accordance with the time when under the influence of a
different kind of environmental factors like light, humidity, and temperature. The
stability testing also involved the study of product-related factors that influence its
quality, for example, packaging materials, container-closure systems, and the inter-
action of the APIs with excipients. In the case of fixed-dose combination FPPs
(FDCs), the interactions between two or more APIs were considered. Due to this
stability testing, the shelf life for the FPP or the retest period for the APIs can be
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established, and suitable storage conditions can be recommended. In exceptional
cases like that of unstable APIs, shelf life is given.

33.2.5 Guidelines for Active Pharmaceutical Ingredient

Knowledge about the stability of active pharmaceutical ingredients (APIs) is an
essential part of the methodical approach towards stability evaluation. The shelf life
or the retest period specified by the API(s) producer should be acquired using the
stability testing data.

Stress Testing: API(s) stress testing could help in identifying the suitable degra-
dation products that can help in validating the stability-indicating power of the
analytical procedures that have been used and establishing the degradation pathways
along with the intrinsic stability of the molecule.

The following strategies can be used for an active pharmaceutical ingredient:
when feasible, it would be acceptable to give the relevant data that is being published
in the scientific literature for supporting the identified degradation pathways and
products, and in case no published data is available, stress testing should be
performed.

Stress testing can be executed with a single slot of the API(s), and it should
include effects of humidity (75% relative humidity (RH) or higher), temperature
(in 10 �C increments above the temperature used for accelerated testing), and,
wherever suitable, photolysis and oxidation of the API(s). The susceptibility of the
API(s) towards hydrolysis over a justified pH range when present in solution or
suspension should also be evaluated during the testing.

The aim of stress testing is not to degrade the API(s) completely but to recognize
the primary degradation products. The conditions investigated should cause small
extent degradation, typically with 10–30% loss of API(s) to occur when concluded
by an assay as compared to non-degraded API(s). Such a target should be chosen so
that secondary products do not get generated, but only some degradation occurs.

Batch Selection: Stability study data for at least three primary batches of the APIs
should be given, and these API(s) batches should be fabricated at a pilot-scale by
using the identical synthesis route as that of production batches. A production
method and a scheme that mimic the final process should be used in case of
production batches. The whole quality of the API(s) batches that are placed on
stability studies should represent the material quality that has to be formed on the
production scale.

Container-Closure System: A container-closure system should be used for the
stability studies carried out on the API(s) packaged in a way either that is the same or
that simulates the packaging that has been proposed for storage and distribution.

Specification Stability Studies: Testing of different stability-indicating attributes
like those that are sensitive to change during storage and are expected to affect the
safety, efficacy, and/or quality should be included, and the biological, chemical,
microbiological, and physical attributes should also be covered. The employment of
certified stability-indicating analytical procedures should be done.
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Frequency of Testing: In the case of long-term studies, the testing frequency
should be sufficient enough to establish the API(s) stability profile. For APIs that
have recommended shelf life or retest period of at least 12 months, the testing
frequency at long-term storage conditions should normally be every 3 months for
the first year, every 6 months for the second year, and yearly thereafter throughout
the recommended shelf life or retest period. A minimum of three time points from a
6-month study, including the initial and final time points like 0, 3, and 6 months, is
recommended for the accelerated storage conditions.

Storage Conditions: An API(s) in general should be assessed under storage
conditions with suitable tolerances, which tests its thermal stability and, if suitable,
its sensitivity to moisture. The lengths of studies chosen and the storage conditions
should be adequate to cover the shipment and storage. Monitoring and recording of
the storage conditions should be done; however, short-term environmental variations
because of the storage facility’s opening and closing of the doors are accepted as
unavoidable. Any effect of excursions that affects the stability data due to equipment
malfunction should be evaluated, addressed, and notified. If the registration applica-
tion is being evaluated, then the additional data gathered during this period should be
submitted to the authorities along with the data in response to outstanding questions.
To assess the effect of short-term excursions outside the label storage conditions that
might happen during shipping, data from the intermediate storage condition and the
accelerated storage condition can be used. In case long-term studies are performed at
60% RH � 5% RH/25 �C � 2 �C and at the accelerated storage condition if some
“significant change” happens at any time during 6 months’ testing, additional tests
should be conducted at the intermediate storage conditions and then assessed against
the notable change criteria. The testing during the intermediate storage condition
should incorporate all long-term tests unless it is otherwise justified. At least
6 months’ data from a 12-month study at the intermediate storage condition should
be incorporated in the initial application.

Stability Commitments: A commitment should be made in case the proposed shelf
life or retest period is not covered on the primary batches of available long-term
stability data that had been granted at the time of approval and should also continue
with the stability studies even after post-approval to firmly establish the shelf life or
retest period. A post-approval commitment is unnecessary if the submission covers
the proposed shelf life or retest period of long-term stability data on the three
production batches. If not then one of the following commitments should be made:
in case stability study data on less than three production batches is included in the
submission form, then a commitment should be made so that these studies continue
through the suggested retest period, and additional production batches should be
made in long-term stability studies up to a total of at least three through the suggested
shelf life or retest period; in case stability study data on three production batches is
included in the submission form, a commitment should be made such that these
studies continue through the suggested shelf life or retest period; and in case stability
data on production batches are not included in the submission form, a commitment
should be made so that the first three production batches should be placed on long-
term stability studies through the suggested shelf life or retest period. The stability
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protocol should be the same for both, in case of long-term studies for the stability
commitment and that for the primary batches unless otherwise it is scientifically
justified.

Evaluation: The stability study aims to establish a shelf life or a retest period that
is appropriate to all forthcoming API(s) batches that are fabricated under similar
circumstances. The amount of variability in the case of individual batches affects the
confidence if a future production batch will have similar specifications throughout
the shelf life or retest period that was assigned. It is apparent from the data that with
so little variability and so little degradation, the requested shelf life or retest period
will be imparted. It is unnecessary to do statistical analysis under those
circumstances. One proposal for the data analysis for the quantitative attribute
which is assumed to vary with time is to determine the time during which 95% of
the one-sided confidence limit for the mean curve will intersect at the acceptance
criterion. If small batch-to-batch variability is shown in the analysis, it would be
beneficial to combine all the data to make it one overall estimate which can be
performed firstly by applying suitable statistical tests like P values in case the level of
significance of rejection is greater than 0.25, to the zero time intercepts for individual
batches and slopes of the regression lines. If it is unsuitable for data to combine from
several batches, then the overall shelf life or retest period should depend on how
much minimum time a batch can be supposed to reside in the acceptance criterion.
The character of the degradation relationship would help in determining if the data
should be modified for the linear regression analysis. Normally, this relationship can
be expressed by a cubic, linear, or quadratic function on a logarithmic or an
arithmetic scale. The choice of model should be supported by a chemical and/or
physical rationale and should also acknowledge the amount of available data (using
the parsimony principle). To examine the quality of fit of data on all the batches,
statistical methods should be employed. Long-term data from the long-term storage
condition with limited extrapolation can be taken beyond the perceived range to
prolong the shelf life or retest period that can be engaged if verified, and this
justification should be based on the consequences of examining under accelerated
conditions, what is known about the degradation mechanism, the goodness of fitting
of any of the mathematical models, batch size, and occurrence of supporting stability
results. Nevertheless, this extrapolation implies that beyond the observed data, the
same degradation relationship will proceed to apply. The evaluations should cover
the levels of degradation products and other stability-indicating attributes along with
the assay.

Statements and Labeling: Based on API(s) stability evaluation, a storage state-
ment should be set up for the label display. Specific instructions should be provided
where it is suitable, particularly in case of APIs which cannot tolerate the freezing or
temperature excursions. Words like “room temperature” or “ambient conditions”
should be avoided. Using the stability information, a retest period should be pro-
cured, and the retest date should be shown on the label of the container if suitable. An
API(s) batch after the retest period that is intended for usage in the production of an
FPP could be retested, and if it is in agreement with the specifications, it could be
immediately used (within 30 days). In case the retested batch is found compliant,
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then the batch does not get extra time in comparison to the time that was established
for the retest period. Nevertheless, retesting of a batch of API(s) can be done multiple
times, and different portions of the batch can be used after every retest, as long as it
remains compliant with the specification. It is more relevant to establish a shelf life
rather than a retest period for the APIs that are known to be labile (like certain
antibiotics).

Ongoing Stability Studies: The API(s) stability should be observed according to
an appropriate and continuous program that will allow the detection of stability
issues like the variation in the number of degradation products. The ongoing stability
program aims to observe the API(s) and determine if the API(s) within the terms
supporting the storage conditions that are designated on the label within the shelf life
or the retest period will persist or can be expected to persist in all the future batches.
The ongoing stability program should be reported in a written protocol, and the
results should be displayed and made available on-site in the form of a formal report.
The protocol should extend up to the end of the shelf life or retest period and also
include the following parameters: number and sizes of different batch(es); appropri-
ate chemical, biological, microbiological, and physical test parameters along with
the reference to the attached specifications or the acceptance criteria; testing fre-
quency; reference to test methods; description of the storage conditions; other
applicable parameters that are specific to the API(s); and the container-closure
system(s) description. Unless none of the production batches of API(s) is produced
during a year, at least one production batch per year should be added to the stability
monitoring program and at least every 6 months in the first year and then annually to
confirm the stability.

33.2.6 Guidelines for Finished Pharmaceutical Product

The designing of finished pharmaceutical products (FPPs) for the stability studies
should be done based on the understanding of the behavior and properties of the
active pharmaceutical ingredients (APIs) and also on the experience gained during
similarly marketed formulations, pre-formulation studies, and investigational FPPs.

Another essential part of stress testing, the photostability testing, should be done
on a minimum of one primary batch of the FPP. Some additional stress testing like
the freeze-thaw studies in case of liquid products or cyclic studies in case of semi-
solid products with a particular type of dosage form would be appropriate.

Data from stability studies from at least three primary batches of each of the
proposed strength of FPP having new APIs should be provided for the FPPs. One of
the three batches can be smaller, but two out of the three batches should at least be of
pilot-scale batches. FPP data having existing APIs should be given for not less than
two batches of a minimum of pilot scale, or otherwise of an uncomplicated three FPP
like non-sterile solutions or immediate-release solid FPPs, at least one batch of a
minimum of pilot scale, and a second batch which could be smaller like in case of
solid oral dosage forms, 25,000 or 50,000 tablets or capsules of recommended FPP
strength. The primary batches should have the same preparedness and should be
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packaged in the same container-closure system as it was intended for marketing. The
primary batch production process should assume such as to be applied in case of
production batches, and the product should be of the same quality and should match
the specification as it was proposed for marketing. In case the primary batch size
used is smaller than a pilot scale, then discussion or data is required which will verify
that the smaller batch represents the proposed production size, in addition to its
method of manufacture and formulation. Wherever possible, the FPP batches should
be produced using different API(s) batches, and the stability studies should be done
on every individual dosage form and container type, strength, and size of the FPP
except in case matrixing or bracketing is applied.

Container-Closure System: The stability testing should be performed on the
dosage form that is packaged inside the primary container-closure systems initially
intended for marketing. In case the secondary container-closure system has some
protective properties, the packaging of the product is in a semi-permeable container,
and the ingredients from the secondary packaging can transfer into the product or in
case the labeling asks the product to be stored in the primary and secondary
packaging, for example, “store tablets in blisters in the provided cartons,” then the
secondary packaging can become a part of the stability samples’ packaging system.
Any available evaluation performed on the FPP outside its immediate container or in
some other packaging materials can form a beneficial part in the stress testing in case
of the dosage form, or it can be regarded as the supporting information, respectively.

Specification: Stability-indicating attributes of the FPP should also be included in
the case of stability studies like those that are sensitive to alteration during storage
and are expected to affect the safety, efficacy, and/or quality. The evaluation should
include the chemical, microbiological, biological, and physical attributes, function-
ality tests like in case of a dose delivery system, and preservative content like the
antimicrobial or the antioxidant preservatives. Stability-indicating and full validation
should be done by analytical procedures. The outcomes of validation studies will tell
up to what extent and whether replication should be performed.

Frequency of Testing: For products having an intended shelf life of a minimum of
12 months, the testing frequency should usually be every 3 months for the first year,
every 6 months for the second year, and thereafter annually throughout the intended
shelf life in case of long-term storage conditions. In case of the accelerated storage
conditions, at least three time points from a 6-month study, including the initial and
final time points like 0, 3, and 6 months, are usually recommended. If it is expected
that the outcomes from accelerated testing are expected to propose a significant
change criterion, then either the testing should be increased by the addition of
samples during the last time point or a fourth time point is included in the study
scheme. If the evaluations at the intermediate storage condition during the
accelerated storage condition are known as outcomes of significant change, then at
least four time points from a 12-month study are recommended including the initial
and final time points like 0, 6, 9, and 12 months. t0 is considered as the initial date of
storage, and the stability time points should be described as dates in accordance with
t0. For example, if 1 January 2020 is t0, then the time point of 1 month will
correspond either to 31 January 2020 or to 1 February 2020, and for every time
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point, withdrawing and evaluation of samples should be according to the protocol. It
should be noted that the testing/evaluations should be finished as soon as possible
and any deviation from the protocol should be recorded/documented and justified.

Storage Conditions: The stability of the medicinal product should be
demonstrated throughout its expected shelf life in the climatic conditions that are
common in the target countries. If the same requirements are applied to the other
markets, like in case the stability studies are performed at the storage conditions for
the countries of I/II climatic zone and the products are supplied in countries of III/IV
climatic zones, it could probably lead towards the substandard products. Generally,
an FPP should be tested under storage conditions along with the designated
tolerances that will evaluate the thermal stability and its moisture sensitivity or the
potential in case there is a solvent loss. The lengths of studies chosen along with the
storage conditions should be enough to incorporate the storing, shipping, and
subsequent application with due consideration to the climatic conditions during
which the product is proposed to be marketed. During storage, the orientation of
the product, i.e., whether it should be upright, inverted, or on the side, along with the
justification for the orientation may be needed to include in the protocol in place
where the contact of the product along with the closure system would be required to
alter the product’s stability contained like semisolids and liquids or in case there has
been a variation in the container-closure system. The additional testing at the
intermediate storage condition, accelerated storage condition should be performed
and tested for a significant change criterion in case the long-term studies are
performed at 60% RH � 5% RH/25 �C � 2 �C and “significant change” happens
at any time in 6 months. In such a case, at least 6-months’ data from a 12-month
study should be included in the initial application at the intermediate storage
condition. A “significant change” in case of an FPP is usually described as follows:
a variation in the API(s) initial content of 5% or more as identified by an assay or a
failure in meeting the acceptance criterion for potency when immunological or
biological procedures are used; the acceptance criterion of any of its degradation
product exceeds; if it fails to satisfy the acceptance criterion for physical attributes,
appearance, and functionality test like phase separation, color, caking,
resuspendability, hardness, and dose delivery per actuation. Nevertheless, some
variations in the physical attributes could be considered under accelerated conditions
like creams melting, suppositories softening, and partial loss of adhesion in the case
of transdermal products; the acceptance criterion for pH fails to satisfy; or the
acceptance criterion fails to satisfy for the dissolution of 12 dosage units.

The stability commitments are as follows:

– The primary batch stability commitment is a commitment that should be
performed to continue the post-approval stability studies throughout the
recommended shelf life when the long-term stability data that is available for
the primary batches does not comprise the recommended shelf life that was
granted during the time of approval.

– In the production batch stability commitment, a commitment should be
performed to place up to a total of at least three, the next production batches,
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and long-term stability studies should be done throughout the recommended shelf
life and on the accelerated studies for a period of 6 months if data from stability
studies on less than three production batches are included in the submission.

– For the ongoing stability commitment, an ongoing stability program is needed for
each product to observe its shelf life and in determining that the product remains
and will remain in the specifications according to the storage conditions that are
there on the label. The stability protocol used should be the same for both studies
on commitment batches and that for the primary batches unless it is justified
scientifically.

Evaluation: For the evaluation and presentation of the stability information, a
systematic approach should be used that must have the results from the chemical,
microbiological biological, and physical tests, and some particular attributes of the
dosage form like the solid oral dosage form’s dissolution rate should also be
included. A summary of extra knowledge and an understanding gained from
modeling, supporting studies, and the predictive tools regarding stability should be
included wherever suitable to support knowledge gained from the primary stability
program. The stability study aims to establish the label storage and shelf life
instructions that are suitable for all future batches of the FPP that are produced and
packaged in similar circumstances based on testing of a minimum number of FPP
batches. The amount of variability in individual batches affects the assurance that
throughout its shelf life, the future production batch will persist within its
specifications. Usually, it is not necessary to do statistical analysis in case the results
show very little variability and very little degradation. Another approach to
analyzing the quantitative attribute data which varies from time to time is to
determine the time period during which, for the mean curve, 95% of the one-sided
confidence limit intersects with the acceptance criterion, and if a small batch-to-
batch variability is shown in the analysis, it would be beneficial for the data to
combine in one overall estimate. This can be performed firstly by employing suitable
statistical tests like P values having value more than 0.25 for the level of significance
of rejection to the zero time intercepts and the regression line slopes for the individ-
ual batches. If combining data from different batches is unsuitable, then the overall
shelf life should be based on how much minimum time can a batch be expected to
remain within the acceptance criterion.

Labeling and Statements: Based on the FPP stability evaluation, a storage
statement for the label should be established. Specific instructions should be given
wherever suitable particularly in the case where freezing cannot be tolerated by the
FPPs. Words like “room temperature” or “ambient conditions” should be avoided,
and there should be a direct connection between the FPPs’ demonstrated stability
and the storage statements on the label. On the label of the container, an expiry date
should be written. Packaging of FPPs should be done in containers that will assure
protection from the deterioration and FPP stability. In the case of inferior or inade-
quate packaging, a storage statement should not be used as compensation. In cases
the results of the stability testing show some limiting factors, additional labeling
statements can be used.
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In-Use and Hold-Time Stability: The testing for in-use stability aims in providing
information regarding the labeling on the development; utilization period for multi-
dose products after they are opened, reconstituted or solution dilution; and for the
storage conditions, for example, in case an antibiotic injection is supplied in the form
of powder for the reconstitution or hygroscopic (moisture-sensitive) solid oral FPP
present in a large format multi-dose containers like 500 tablets are present in high-
density polyethylene (HDPE) bottle. A 30-day in-use time period is usually accepted
without any additional supporting data. The tests should be designed considering
any reconstitution or dilution before usage and the filling volume of the container to
mimic the use of the FPPs in actual practice. The suitable amount should be removed
at intervals similar to those during practice using the withdrawal methods that are
commonly described and used in the product literature. The FPP’s chemical, micro-
bial, and physical properties that are sensitive to alteration during storage can be
determined during the proposed in-use shelf life. Testing on the FPP’s final amount
that remained in the container should be conducted at the end of the proposed in-use
shelf life and during intermediate time points. The effectiveness and content of
preservatives are required to be studied for specific parameters like in the case of
semisolids and liquids. The testing of a minimum of two batches of at least a pilot
scale should be conducted on the primary batches of the diluted or reconstituted FPP
or for the solid oral FPP, as a part of the stability studies during the recommended
in-use period for the initial and final time points. In the case of bulk products like
coated tablets, before final packaging, consideration should be given to hold-time
studies, and similar considerations should be applied to the intermediates which are
used and stored for periods surpassing 30 days.

Variations: Additional stability studies are needed once the registration of FPPs
has been done and whenever alterations are made that can change the API(s) or FPP
stability. The expected change will have an effect on the stability, and the quality
characteristics of APIs and/or FPPs should be investigated by the applicant. Based
on the experience and knowledge gained on APIs and FPPs, the design and scope of
the stability studies for the alterations can be studied. For guidance, the available
variation guidelines should be advised for the expectations concerning the stability
requirements to approve variations to the APIs and FPPs. For the specific regulatory
authority or region, the requirements of the guidelines predominate for an assigned
region, but in case such guidelines are absent, then the “WHO Prequalification
Team: Medicines guidelines” can be implemented, and depending upon the change,
there is a requirement of either a commitment to perform such as test or the stability
study data. Variations that need supporting data must incorporate certain
modifications to the retest period of APIs or in the storage conditions and, in case
of the formulation of FPPs, fabrication process, shelf life, container-closure system,
storage conditions, and in-use period. There is a need for a commitment to support
the variations for the stability studies in case of alterations in the API(s) certificate of
the manufacturing process, manufacturing site, or prequalification and certificate of
suitability or specific variation in the FPP batch size, container-closure system, or
manufacturing site. The outcomes of these stability studies should be reported to the
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concerned regulatory authorities along with the appropriate specifications specified
in the region variation guidelines.

Ongoing Stability Studies: After a marketing authorization has been allowed, the
FPP stability should be observed properly in respect to the continuous program that
will allow the detection of any stability issue like the variation in levels of dissolution
profile or degradation products that are correlated to the formulation present in the
container-closure system through which it is marketed. The ongoing stability pro-
gram aims in monitoring the product over its shelf life and in determining that the
product will remain, or can be assumed to remain, in accordance with the
specifications that are given on the label of the storage conditions. In the ongoing
stability program, results should be formalized and described in a written protocol in
the form of a report. For an ongoing stability program, the protocol for the shelf life
period should prolong till the end and should include the following parameters:
different batch sizes and the number of batches per strength, and in case of different
batch size, it should be recorded; appropriate chemical, biological, microbiological,
and physical test parameters along with the reference to the attached specifications or
the acceptance criterion; information of the container-closure system(s); reference to
test methods; testing frequency usually in 6-months’ time points and annual time
points for ongoing studies is satisfactory; storage condition description like the
standardized conditions for long-term testing as told in the guidelines and consis-
tency with the labeling of the product should be used; and other applicable
parameters that are specific to the FPP. The protocol of the initial long-term stability
study could vary from the ongoing stability program as it was submitted in the
marketing authorization dossier only if it is documented and justified in the protocol.
The testing frequency and the number of batches should provide an adequate amount
of data to allow for the trend analysis. A minimum of one batch per year of the
product produced in every primary packaging type and every strength should be
incorporated in the stability program unless it is otherwise justified or none of the
product is manufactured in that year. The principle of matrixing designs and
bracketing could be utilized if in the protocol it is justified scientifically. Any verified
significant change should be reported to the appropriate accountable authorities
immediately, and consultation should be considered with the appropriate account-
able authorities for the possible impact on batches on the market.

33.3 Stability-Related Issues with Herbal Drugs

The various factors responsible for the physical and chemical stability of the drug
depend on the following (Fig. 33.1):

33.3.1 Physical Instability

Herbal medicines show a small half-life period due to the degradation of its
components when they come to direct contact with the environment. Microbial
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contamination is very common in herbal medications which causes instability of the
formulation. One should choose wisely the container generally earthen pots, glass
vessel, or bone china vessels to preserve the herbal formulations and to prevent the
deterioration of the medicine by the component of the container itself. Another factor
that is responsible for the physical instability of herbal formulation is its volatile
components that are generally aromatic in nature such as essential oils. Essential oils
get volatile with time resulting in the loss of its therapeutic activity. This is the reason
that the species that contain essential oils lose their effect if stored for long times, and
the loss is rapid if not stored properly. Examples include cardamom, cinnamon, etc.
that lose their active ingredients if not properly stored. Microorganism and insect
infestation can strongly affect the plant secondary metabolites and lead to change in
the chemical composition of the drug. To avoid instability of the phytoformulation,
factors such as volatility of components, microbial contamination, insect infestation,
and deliquescent or hygroscopic nature of the components should be taken into
consideration and should be properly answered (Thakur et al. 2011).

33.3.2 Environmental Conditions

The environmental conditions play a magnificent role in the storage of herbal drugs,
for example, moisture content, temperature, harvesting, processing methods, and

Fig. 33.1 The various factors on which the chemical and physical stability of the drug depends
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time of collection of the herb. In the case of essential oils, during harvesting from
flowers, one should collect the flowers before sunrise, and the sample should be
dried in the shade as sun rays cause the loss of essential oils from the flowers.
Excessive heat results in the loss of pharmaceutically active compounds. Higher
moisture content causes an increase in the chance of being attacked by fungus,
molds, or insects (Nainwal and Nainwal 2010; Thakur et al. 2011).

The environment conditions also count for the genetic variability of species, soil
contents, day length, seasonal variations of the area from which particular herb that
affects the activity, concentration, and stability of active phytoformulation.

33.3.3 Chemical Instability

The half-life of different compounds in phytoformulations is different during storage
which affects the concentration of active ingredients of the herbal formulations.
Microbial contamination might be present at the time of harvesting of the herb,
which can cause a change in chemical composition over time. Additional factors
such as hydrolysis, oxidation, photon sensitivity, humidity, and high temperature
enhance the deterioration of phytochemicals during storage. High moisture content
makes the formulation more prone to be attacked by fungi and other microorganisms
that can cause the hydrolysis of many active compounds and cause chemical
instability. Sometimes the product itself contains native enzymes that result in the
instability of the herbal formulation with time (Nainwal and Nainwal 2010; Thakur
et al. 2011).

Chemical evaluation can be done to know the chemical composition and its
stability. Chemical analysis for the resins can be done using the acid value or sulfated
ash. For the balsams, the acid value, saponification value, and better values can be
evaluated, and for the evaluation of the volatile oils, acetyl and ester value can be
evaluated. Various chromatographic techniques, HPTLC techniques, and UV-VIS
spectrophotometry can also be employed to test for the chemical constituents and
their stability (Patel 2011).

33.3.4 Variability in Composition and Inconsistency

The composition of the herbal formulation depends upon different factors; the
composition and amount can be different due to harvesting methods, processing,
regional changes, soil composition, and pollution levels. Even the same species
grown in a different geographical area may have variability in composition due to
environmental differences and soil composition. All the mineral and organic nutri-
tion of the plant is provided by the soil that is different in different geographical areas
and has a different composition of micro- and macronutrients that causes a change in
the chemical composition of herbal formulations. These factors count for physical
parameters that are responsible for the variability in composition and inconsistency.
On the other hand, genetic factors also lead to variability in composition. In species
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or sub-species differences, a small genetic change can lead to huge differences in the
components and consistency of herbal drugs. Herbal formulations are a mixture of
many components, and each constituent has a different half-life and different
percentage in composition. Therefore it becomes very difficult to assess the exact
composition and consistency of a single component in herbal formulations. When a
phytoformulation for pharmaceutical benefit is formed, it contains many
components. In case of phytoformulations, the half-life, chemical activity, percent-
age composition, and consistency are different for all the different components,
which leads to loss of precision in the final product formed. Hence it is difficult to
determine the stability of the final herbal formulations (Thakur et al. 2011).

A study was done on the genus Ocimum of Lamiaceae family having geographi-
cal distribution in tropical and subtropical regions of Asia, Africa, and South
America. The species of Ocimum genus are the source of essential oils containing
a mixture of monoterpenoids, sesquiterpenoids, triterpenoids, and phenolic
compounds as their chemical components (Ogendo et al. 2008; Ghasemi Pirbalouti
et al. 2013; Hussain et al. 2017).

The essential oils isolated from various spices are well recognised for their anti-
allergic, antifungal, antimicrobial, and immunity-booster properties. Henceforth,
these essential oils are widely used in food, pharmaceutical, cosmetics, and perfume
industries (Makri et al. 2008; Dambolena et al. 2010).

In Iran, the analysis of essential oil was done on Ocimum which was obtained
from 28 accessions (plant parts obtained from single species collected from the same
location at the same time), and this was investigated using GC-MS, and three
different chemotypes were found showing genetic variation in the same species in
the same geographical area (Moghaddam et al. 2017). The inconsistency and
variability in composition of herbal formulations making them difficult to
standardize.

33.3.5 Drug Interactions, Deterioration, Decomposition,
and Storage

Patients should be restrained from using herbal products with a narrow therapeutic
index, for example, digoxin, cyclosporine, procainamide, phenytoin, warfarin, the-
ophylline, etc. All the drugs having a narrow therapeutic index when used in
combination with herbal products may either be less effective or have enhanced
adverse effects. A general depiction of herb-drug interaction is shown in Fig. 33.2.
For example, Ginkgo biloba was found to be good for patients having Alzheimer’s
dementia as it was found to increase blood flow in the brain, but if it is taken with
aspirin, it causes increased bleeding, showing a synergic effect with aspirin. Ginseng
has versatile uses but shows synergism with monoamine oxidase inhibitor. Kava has
been identified with the properties to cure anxiety disorders, but it shows a synergic
effect when taken along with benzodiazepines, a well-known drug used to relieve
anxiety. Also, the famous St. John’s wort, a flowering plant wide grown in various
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parts of the globe is used to treat depression causes the reduced plasma levels of
warfarin drug (an anticoagulant drug) and oral contraceptives (Hussin 2001).

Heavy metals are quite common in traditional medicinal formulations. Heavy
metals such as copper, lead, arsenic, mercury, gold, and silver added in the herbal
formulation traditionally are toxic and causes enormous heath issues. Patients are
advised not to use herbal drugs in combination with modern medicines as there are
high chances of drug synergies and enhanced risk of adverse drug reactions
(Nainwal and Nainwal 2010).

As composition of herbal formulations are unknown for many traditional
medicines may lead to undesirable sideeffects due to drug-drug interactions. It is
very often that people believe that herbal formulations are safe and do not have
adverse effects, and sometimes they take the herbal preparation with another drug,
especially allopathic drugs. Some herbal formulations have agnostic and some have
antagonistic effects on each other which can be even fatal for the person. Due to
drug-drug interaction many herbal formulations should not be used simaltaneously
such as Mentat, an antiatheritic drug and Celery root, a drug used for monipose
treatment. Other examples are Gingko biloba with fish oil supplement, Melatonin
with antidepressants, (such as benzodiazepines, narcotics, etc), St. John’s wort. with
antidepressants.

The other environmental factors such as moisture content or microbial contami-
nation can result in the interaction of herbal formulation with the container or the
intraspecific interactions of different components of the same herbal formulations.

Fig. 33.2 Herb-drug interaction
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Therefore the stability of the herbal formulation is different as compared to the
stability of its individual components.

Natural medicines consisting of plant parts or other naturally available
compounds contain a lot of microorganisms on their surface. Faulty methods of
processing of herbal medicine can cause contamination of the herbal formulation
with microorganisms especially sporulating bacteria and fungi. The plant parts are
tested for the total number of microbes and for the presence of various gram-positive
and gram-negative bacteria and fungus. It is well included in the European Pharma-
copoeia that Escherichia coli and Salmonella species should not be present in herbal
preparations. Microorganisms’ growth, high moisture levels at the time of harvesting
of the drug, or the faulty packaging practices can cause the loss or deterioration of
the active component in herbal formulations. Normally there are hundreds of
components in a single herbal formulation, and it is quite obvious that there are
intra-chemical interactions between these components, which can change the com-
position and activeness of the herbal formulation. Further, the different components
have different stability parameters which can lead to loss of effectiveness of the drug
or cause the decomposition of that herbal drug (Thakur et al. 2011).

33.4 Effect of Drug Stability on Pharmacokinetics

Pharmacokinetics is the study of the movement of the drug within the body; it tells
about what the drug does to the body. Pharmacokinetics of herbal drug includes the
five basic steps similar to that of all the conventional medicinal therapy as shown in
the Fig. 33.3.

Whenever a person takes the drug orally, the drug moves through the GI tract to
the intestinal region where the maximum of the drug gets absorbed. During the
movement through the gastrointestinal tract, the drug encounters different enzymes
and pH conditions that vary from pH 1.5 to pH 7.4, which largely affects the stability
of the herbal formulations. Factors responsible for the plasma concentration of drug
are its dosage concentration, absorption, distribution, metabolism, half-life of the
drug in plasma, and its excretion.

As the herbal formulations generally contain crude extracts from plants, each
component has a different dosage concentration, absorption, and distribution in the
body according to its chemical nature. Pharmacokinetics of the herbal preparation or
herbal drug helps to evaluate the efficacy and its related toxicity.

In South Africa, a study of pharmacokinetics was done on Hypoxis extract having
50–55% of hypoconid, a di-glucoside, primarily found in corms of many Hypoxis
species. In vitro studies showed that it is non-toxic to cancer cells for up to the
concentration of 100 mg/mL. It gets hydrolyzed into aglucone and rooperol having a
cytotoxic concentration of 2–10 mg/mL. When Hypoxis extract dosage of
1600–3200 mg was administered orally to lung cancer patients, it was observed
that neither rooperol nor hypoxoside was seen in the blood. Only rooperol
conjugates were measured along with glucuronide sulfate as major metabolites,
and diglucuronide and disulfate as minor metabolites were obtained. Large inter-
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patient variation in the concentration was seen in the concentration-time relationship
of the major metabolite which may be due to metabolizing capacity. The lag phase
for the metabolites was also different for different patients. Some patients showed
enterohepatic recirculation immediately after taking the Hypoxis extract orally.
Hence the individual dosage of the herb varies according to the metabolism of the
individual.

33.5 Tools for Dealing with Natural Product Instability

33.5.1 Physical Parameters

The consistency of the herbal formulations is very important for defining its thera-
peutic effect and toxicity. Instability of phytomedicines may take place due to
interaction of components, as the composition may vary based on environmental
and geographical factors. Further it may also alter based biological factors such as
pest or microbial infestation. Other internal factors may include pesticides, insecti-
cide content, presence of radioactivity or heavy metal poisoning, and alpha toxins

Fig. 33.3 Five steps depicting the pharmacokinetics of the herbal drug within the body, viz.,
administration, absorption, distribution and binding, inactivation, and finally excretion from
the body
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which might be due to soil pollution. To make a standard herbal medicine, a suitable
analytical method should be applied (Thakur et al. 2011).

The herbal preparations should be stored carefully by considering all the physical
parameters like temperature and exposure to sunlight and other parameters as
discussed earlier to ensure the stability. There are several factors which influence
the natural product instability and make herbal medicines different from allopathic
medicines like:

1. Herbal drugs contain multiple components.
2. The active component in most of the cases is unknown.
3. Reference compounds or reference analytical methods are generally not available.
4. Plant contents are chemically variable due to genetic diversity and geographical

differences.
5. Different sources cause a difference in the quality and standard of herbal

medicine.
6. Method of harvesting, storage, transportation, and processing methods also count

for the instability and should be addressed to maintain the quality and activeness
of phytoformulations (Folashade et al. 2012).

Stability Testing of Herbal Medicines: Generally the whole herb is regarded as the
active substance, even if the therapeutic value of each component is not known. Due
to multi-component, it becomes a tedious job to define the stability of herbal
medication. Stability testing of a herbal formulations ensures its quality, effective-
ness, and shelf life. Stability testing is done in batches for the proposed period of
storage denoting its shelf life. Long-term stability testing is generally done under
natural atmospheric conditions, while short-term stability data is collected under
accelerated atmospheric conditions like humidity, temperature, and light. The data
obtained from both studies are used to predict the shelf life of the herbal product. The
stability testing is done on the dosage form, packed in the container prior to
marketization, and it is generally done with the help of instruments such as HPLC
(high-performance liquid chromatography) or spectrophotometric study and also by
following proper guidelines of pharmacopoeia for safety and effectiveness of herbal
drugs which lead to standard marketable herbal formulation, hence improving the
global market and worldwide acceptance of the herbal product (Kumari 2016;
Shulammithi et al. 2016).

33.5.2 Impurity Profile

The impurity profile of herbal drugs is important for the assessment of the stability of
phytomedicine, related toxicity, and its effectiveness. The impurity profile gives a
tool especially for the assessment of a new drug. A degradted product of unstable
subject can be utilized to make reference librabry and can be utilized as referenecs
for future studies. This reference library acts as a reference for the routine testing of
impurity profile of the respective substance. From here we can discover the nature of
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the impurity using analytical methods like HPLC, TLC, GC-MS, and electrophoresis
(Fig. 33.4).

The strategy is chosen for the assessment of the total impurity profile of the drug
which includes all the physical and chemical evaluation starting from the selection
and handling of crude plant material; generally the following quality parameters are
chosen for the assessment of the marketable finished product:

1. Identification of the right variety and checking for adulterants.
2. Removal of unnecessary plant material, other than the drug source.
3. Analysis of ash values to analyze the identity and purity of the drug.
4. Analysis of moisture content for proper storage.
5. Calculation of extractive values to judge the weights of chemical constituents

present in the crude drug.
6. Determination of crude fibers to calculate the woody material and to judge the

purity of the drug.
7. Qualitative analysis of the crude drug with the help of phytochemical analysis to

detect and extract the active components of the drug. It involves the botanical
identification of the herb, the use of an appropriate solvent to extract the drug,
purification of the drug, and characterization of the active ingredient of pharma-
cological importance.

8. Chromatographic analysis of the crude drug by using the major constituents as
markers through gas liquid chromatography (GLC) and high-performance thin-
layer chromatography (HPTLC). HPTLC provides a valuable tool for the quality
assessment of the extracts of botanical origin in a very efficient and
convenient way.

Fig. 33.4 Analytical methods that can be used to impurity profiling of herbal drugs. (a) HPLC. (b)
GC-MS
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9. Evaluation of presence of potential toxic contents (for examples microbial
toxins, pesticides, heavy metals, etc) to ensure the safety of the drugs.

10. Biological assays and LD50 value (lethal dosage 50) evaluation on the living
systems for ensuring the safety of the herbal medicine (Folashade et al. 2012).

All the guidelines and approaches for the herbal drug are for the efficacy,
stability, and safety of herbal medications and to address the problems related to
herbal medicines. The various techniques are employed to render it safe and effec-
tive for the people. The herbal drugs are screened through various stages and become
standardized marketable products only when they meet the criteria laid by the
Pharmacopoeia of that nation or as guided by WHO.

33.5.3 Identification and Quantification of Components

WHO gives a strong emphasis on the quantitative and qualitative tools for the
characterization of herbal samples. Quantification and identification of all the
metabolites in the herbal preparation are important to define the stability and efficacy
of the herbal formulation. Fingerprint profile through IR spectroscopy with
chemometric data processing enables to get the details of the total metabolites
present in the herbal formulations. This technique enables the inspection at a time
and gives acceptance or rejection for the classification of material. If the main active
component having the pharmacological importance in the herbal preparation is
known, it becomes easy and logical to quantify that compound, and the herbal
preparation could be standardized to its components. In the photo preparations
where the active component is not known, a marker that is specific for that plant is
used for the analysis of the active component of the herbal medicine (Thakur et al.
2011; Shulammithi et al. 2016).

The most reliable method of quantitative analysis should always be done along
with the qualitative analysis generally done with chromatographic tools. The correct
identification and purity are the two utmost things needed for the standardization of
herbal preparation. The primary aim of these methods is to quantify the active
compound having the pharmacological activity (Folashade et al. 2012).

Correct identification and purity of the herb are the preliminary things to be done
before assigning it to be used as medicine. All the quality aspects of the herb should
be critically examined. Sometimes outbreaks of some phyto-diseases could lead to
wrong identification of the herb. The exemplary case was seen in the 1990s when a
South American product was marketed which was labeled as “Paraguay Tea.” It was
the reason behind the outbreak of anticholinergic poisoning in New York. After a
series of chemical investigations, it was found that a different metabolite was present
in the product which was normally not part of the metabolites present generally in
the plants from which the Paraguay Tea was used to be made of.
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33.5.4 Storage Conditions

To enhance the stability of the herbal preparation protecting it from the environmen-
tal factors are essential. Therefore storing the preparation in clean, dry and shady
area away from the sunlight is generally preferred. The container should be properly
airtight and moisture-free and should not chemically interact with the herbal formu-
lation stored in it. Proper storage influence the shelf life of the drugs directly (Thakur
et al. 2011). Therefore the container for storage should be made up of inert materials
(such as glass) which do not change in environmental influence.

33.6 Approaches to Address the Problem of Instability
of Natural Products

Some of the major challenges like the astringent taste, hygroscopicity, uncontrolled
release, physiological instability, poor absorption and bioavailability, gastric and/or
intestinal irritation, and high-dose-induced toxicity because of unspecific delivery
restrict the widespread applications of bioactive compounds. Due to this, encapsula-
tion is an efficient method to overcome these problems and to intensify the bioactiv-
ity of these natural products.

33.6.1 Nanoparticle Coating

Nanoparticle coatings have been used widely for antimicrobial properties shown by
the bioactive compounds. Ag, Au, Se, and Cu metal-based nanoparticles have also
exhibited potent antimicrobial properties. Nowadays, green chemistry is being used
for the synthesis of metal-based nanoparticles of biological compounds of plants,
algae extracts, yeast, fungi, and bacteria (Amini 2019). In phytoformulation
research, development of polymeric nanoparticles (for example nanospheres and
nanocapsules, liposomes, proliposomes, nanoemulsion, solid lipid nanoparticles,
etc.) has been found to exhibit many benefits for herbal drugs, such as improvement
in bioavailability, solubility, stability and phamodynamics (Musthaba et al. 2009).
Improved stability of liquid dosage compositions of stable nanoparticulate drugs was
found to be more than the conventional dosage forms (Bosch et al. 2004).

Geranyl cinnamate loaded in polycaprolactone nanoparticles that were prepared
using solvent evaporation technique and are known for their antibacterial activity
showed good colloidal stability for over 60 days and was not released even after
72 h. To release the active compound, triggers like the oil phase was required
(Zanetti et al. 2019) (Fig. 33.5). Using green chemistry, silver nanoparticles
(AgNPs) were synthesized, and natural extracts of dark (D) or white (W) seeds of
Salvia hispanica L. were used as a reducing-stabilizing agent. These were studied for
their antimicrobial activity against gram-positive (E. coli) and gram-negative
(S. aureus) bacteria; it was observed that the nanoparticles that were synthesized
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using dark seeds (AgNPs/D) showed more antibacterial activity than the ones
prepared using white seeds (AgNPs/W) (Hernández-Morales et al. 2019).

33.6.2 Cellulose Coating

Polysaccharides of different physicochemical properties can easily be obtained from
plant parts at a cheaper cost and can be changed chemically as per requirement.
Because of intramolecular hydrogen bonding and high molecular weight,
polysaccharides can be used for the formation of biosystems that are non-toxic,
complex, stable, easily biodegradable, and highly hydrophilic. Chemical and/or
biochemical modifications can be done to enhance the bioadhesiveness and
biostability of the tissues (Lu et al. 2019).

Plant materials that are rich in polysaccharides have been utilized successfully in
the altered release dosage forms in the form of matrix formers and have been
examined for its application in the formation of solid oral dosage forms. Some
polysaccharides having the property of gelation can be utilized in the controlled
delivery of herbal formulations that have enhanced storage stability. For effective
drug delivery, several polymers of plant origin are being used, and some others are
being examined for the designing of dosage forms as the excipients.

Polysaccharides like alginate, carrageenan, glucomannan, guar gum, gum Arabic,
and locust bean gum that are obtained from plants have displayed remarkable
potential as carrier materials in controlled release dosage forms of the matrix type
in the form of beads, cross-linked hydrogel microparticles, and tablets. Pectin, rosin,
and inulin have been examined for its properties in film formation, while some other
plant polysaccharides have been modified physically or chemically for the develop-
ment of starch and cellulose derivatives. The semi-synthetic polymers are used for
the formation of conventional dosage forms and are being investigated for its
application in drug delivery systems (Beneke et al. 2009).

Fig. 33.5 Silver nanoparticle green synthesis using a natural extract of dark or white Salvia
hispanica L. seeds and the study of their antibacterial property
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33.6.3 Lipid Coating

Polar, amphiphilic, and non-polar regions are present in the liposomal system of the
phospholipid bilayer compartment, and this can encapsulate both the hydrophilic
and the lipophilic compounds. Improved biological activities were observed on
inclusion of the natural compound into a nanoliposome when compared to the native
compound.

A low-linolenic acid-base compound is used by the long-chain fatty acid which is
derived from plant for incorporation in many formulations to improve the product
stability as it enhances the shelf life of the product and decreases the requirement of
hydrogenation by the oil-based formulations. Some of the plant extracts are also
encapsulated in lipid-based formulations for better stability and encapsulation.

Alkaloid extract of Solanum lycocarpum was loaded in natural lipid-based
nanoparticles (NLN), and these particles have shown high stability, better encapsu-
lation efficiency, and enhanced anti-proliferative and anti-tumor activity. These
NLN-AE particles have also been reported to induce apoptosis in bladder cancer
cells when compared to alkaloid extract alone (Fig. 33.6). When alkaloid extract was
encapsulated in NLN particles, cell viability was decreased up to 5.4 times showing
better results as anti-tumor particles (Carvalho et al. 2019).

33.6.4 Protein Coating

Chaperonin-like Sp1 protein can be used for the formation of therapeutic protein by
forming a fusion product and complex that has improved thermal stability, with the
core comprising of at least one protein that is biologically active and the coating
comprising of a micronized product obtained from leguminous plants (Thakur et al.
2011). The Azadirachta indica (neem) extract loaded in albumin nanoparticles was
prepared using the coacervation process and bovine serum albumin cross-linked
with glutaraldehyde. These particles showed better antimicrobial properties when
treated with cotton fabrics than neem extract alone. The antimicrobial activity was
retained up to 25 washes, whereas the neem extract-treated fabrics retained the
activity only up to 10 washes (Ahmed et al. 2012).

33.6.5 Suspension and Emulsion

A study on herbal extracts prepared by dissolving emulsifiers (such as olein oil 7
(heptaethylene) glycol monooleate, methylcellulose, and Tween 20) in
ethoxypolysiloxane and water shows that the viscosity decreases in case of the
emulsions that contained methylcellulose. when the storage stability in case of oil-
in-water emulsions and the size and number of globules during the storage was
studied. The emulsions having Tween 20 had a similar globule size and number and
increased viscosity after storage. The emulsion containing olein oil 7 (heptaethylene)
glycol monooleate was the least stable. The ability to subdue the formation of
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aqueous solutions having plant extract by emulsions was preserved during the
storage period (Thakur et al. 2011).

A nanoemulsion formulation consists of a therapeutically active aqueous phase
that is captured in oil phase chosen from one or more essential oils and utilized in the
topical treatment of skin disorders like acne and some others like psoriasis, aging,
scarring, and eczema and showed enhanced percutaneous penetration, increased
efficacy, low skin irritation, and great thermodynamic stability that ensures longer
shelf life and reservoir effect that favors localization of drug in the skin and enables
controlled drug delivery of the stated therapeutic agent (Thakur et al. 2011).

The suspension stability depends on the viscosity and some other factors.
Xanthan gum can improve the stability of the formulation by enhancing the viscos-
ity. Cellulose derivatives, in comparison to xanthan gum, have lead to decreased
stability due to lesser viscosity. Nonionic surfactant and the suspending agent in the
presence or absence of propylene glycol help in stabilizing the sparingly soluble,
sparingly insoluble, or the insoluble plant (Thakur et al. 2011).

Spray microcapsule formulations are used in nutraceutical manufacturing and in
the production of cosmetic products like anti-wrinkle creams as these are sufficient
in stabilizing compounds that are of natural origin. Microcapsules are formed by a
consecutive water-in-oil-in-water type of microencapsulation process, and its for-
mulation comprises of dispersion of microcapsules in the continuous water phase
that contains oil drops, and in the middle of every oil phase drop, there would be a
dispersion of water or water-dispersible material or aqueous extract or water-soluble

Fig. 33.6 Effect of alkaloid extract of Solanum lycocarpum when loaded in natural lipid-based
nanoparticles on RT4 bladder cancer cell line
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material. Encapsulation of the oil drops is done with the help of a polymerizable
material that is of a natural origin. Microcapsules like these are suitable for spray-
drying that can be used as a gel, dry powder, cream, lyophilized, any liquid form, and
self-emulsifiable powder. The active compounds that are incorporated in the
microcapsules are useful in health and other biological purposes.

33.6.6 Use of Antioxidants

Antioxidants like polyphenols, Ginkgo biloba, Glycyrrhiza, fatty acids, and esters of
flavanol are important as they help in lessening oxidation. The formulations are
damaged more easily due to the formation of free radicals. Here, the antioxidants
behave as scavengers of free radicals and thereby enhance the stability of liquid
herbal formulations and other products.

During the preparation of linctuses, the physical properties such as viscosity, pH,
and shelf life are determined with the help of formulations that are glycerin-based.
Using these glycerin-based formulations, the value of viscosity and specific gravity
becomes higher, and formulation properties are more stable on storage (Iwu et al.
2009).

It has been shown in studies that the disrupted plant cells get transformed
genetically to express the immunogens or some other polypeptides which further
form the immunoprotective compounds, biologically active proteins which show
robustness and stability and are helpful in pharmacological and vaccine
developments. The functional proteins or antigens get accumulated in the membrane
part of the plant cell and the cell wall of cytoplasm, and these get released in the form
of particles in the form of physical or mechanical disruption or by some other
methods that form immunoprotective compounds (Miller et al. 2009).

33.6.7 Tablet and Pellets

The chewable tablets have benefits of better dispersion, fast dissolution, little
disintegrating time, larger stability and bioavailability, faster absorption in the
human body, convenient administration, and good taste when compared to the
already present dosage forms having the same component. For example, when a
chewable tablet is formed having a mixture of the fruit of Gardenia jasminoides,
Flos lonicerae, and Herba artemisiae Scopariae, it has better bioavailability and
stability when compared to the similar injection and liquid formulations (Xu et al.
2015).

In case of a stable liquid preparation, a solution comprises an active ingredient
which is coated with a water-soluble cellulose derivative and has a water content of
10–80%. This liquid preparation preserves the water-unstable active ingredient in it,
and a hard capsule can be formed from it, and this also helps in masking the
unpleasant smell or taste.
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For the preparation of a visually stable tablet that contains medicine which is a
volatile liquid, damp-proof coating is performed after the volatile liquid active
medicine is included and moisturized. It can be done by the following procedure:
the volatile liquid active medicine is made which is then incorporated in
β-cyclodextrin and moisturized with colloidal solution of silicon dioxide; this is
mixed with the other additives and then pulverized and pressed in fixed size for the
preparation of dried granules; this is then mixed with lubricants and disintegrating
agents and later re-pressed to form a tablet which is then damp-proof coated with a
coating material (e.g., isopropane of polyvinylacetaldimethylaminoacetate), and
later sugar coating is done on it.

33.6.8 Powder in Oil

The powders contain oil compounds and base powders that are prepared by drying of
water-in-oil emulsions in which emulsifiers contain oil phase and a water-soluble
dispersible active substance is contained in the aqueous phase. The active substances
like plant extracts and flavors are stabilized in the powders in oil. A powder
preparetion using pinedex 3 and arabic gum (starch hydrolyzate) are useful for
masking the taste of the extract.

33.6.9 Miscellaneous

Derivatives of carvacrol, thymol, caffeic acid, N-(3-oxo-dodecanoyl)-l-homoserine
lactone, and pterostilbene, which are naturally occurring compounds and known for
their strong anti-inflammatory properties, are either chemically unstable or have poor
solubility problems. For these compounds, liposomal formulations have been
employed, and it was found that lipophilic 3-oxo-C12-homoserine lactone and
stilbene derivatives when loaded into the liposomal lipid bilayer showed an effi-
ciency of 50–70% and inhibited tumor growth by approximately 70% in a murine
tumor model. This showed that simple solubilization techniques can have important
therapeutic benefits (Coimbra et al. 2011). The compounds that were solubilized by
the liposomes allowed intravenous administration without using solvents. There was
an improvement in the chemical instability of resveratrol due to liposome encapsu-
lation which prevented the inactivation of cis-trans isomerization. By the derivati-
zation into a phenyl ester, caffeic acid was encapsulated stably without any chemical
degradation. Liposomal delivery of natural products had shown an increased protec-
tive effect against cancer, hepato-/neurotoxicity, oxidative stress, inflammation,
hyperlipidemia, and microbial disease (Islam Shishir et al. 2019).

Plant extracts collected through aqueous extraction could be stabilized by
utilizing a water-soluble and stabilizing agent like polyvinylpyrrolidone (PVP) that
was capable of chelating the extract. Nutritional supplement’s dosages have a huge
amount of stable ascorbic acid, herbal extracts, and vitamins for mammals which
were prepared using improved compositions and methods and have shown
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prolonged shelf life without substantial degradation. The processes involved heating
the mixture of humectants and ascorbic acid to higher temperatures and agitation to
stabilize the ascorbic acid at chosen water activity. Therefore, vitamin C solution
was prepared that comprised of citric acid, vitamin C, glycerine, and water. It was
inferred that a large amount of glycerin, i.e., about 46%, and temperature higher than
135 �F, which is a detrimental temperature, are required in order to obtain a low level
of water activity. Heat exposure of about 6 min was required to achieve complete
solubilization of many herbal preparetions. But heat treatment sometime damage
many components of the herbal formulation such as vitamin C.

33.7 Summary

Herbal medicines generally consist of several components, and the whole prepara-
tion is regarded to be as medicine. The components of the drug may interact with
each other and may have differences in shelf lives. Further composition of
phytochemicals in a drug formulation distinctively varies based on the geographical
distribution and harvesting time period of the plant species. These ambiguities may
cause alteration of pharmacokinetics in different batches as well as affect the shelf
life of the herbal medicine. The study of pharmacokinetics and the stability of the
drug can help to make the use of herbal preparations safe and can save people from
herbal drug’s toxicity. Moreover, the guidelines for the safety of herbal drugs laid by
the local government and the WHO should be followed by herbal drug practitioners
who will make the herbal preparations more reliable and acceptable worldwide.
Identification and quantification of metabolites are necessary for the characterization
of herbal samples and to define its stability and efficacy. Different techniques like
spectroscopic and chromatographic techniques can be used for the same. Knowing
the active component of the herbal products will result in easy and logical quantifi-
cation and standardization of the components for herbal medicines. These herbal
medicines prepared must be stored in proper conditions that are moisture-free and in
an inert environment. Different stability parameters of different components can
result in loss of effectiveness of the drug or can cause the decomposition of the
herbal drug. Therefore, to increase the efficacy of herbal drugs, the active substance
can be delivered by advanced methodologies like using various colloidal systems
such as microgels, emulsions, nanoemulsions, microemulsions, liposomes, solid
lipid nanoparticles, and biopolymer nanoparticles to encapsulate the natural bioac-
tive compounds, which will make the drug absorption more efficient.
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Pharmacovigilance: Methods in Developing
the Safety and Acceptability of Traditional
Medicines
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Abstract

Traditional medicines are widely recognized and used as therapeutic agents such
as anti-inflammatory, cough remedies, antipyretic, etc. The myth with public
concerning traditional medicine is that it is safe to consume as it has been
bestowed by our forefathers and it can be consumed without prescription which
have led to self-medication which in turn often led to disappointing side effects
and end results. There is alarming need for increasing awareness to develop
pharmacovigilance practices with regard to herbal and traditional medicines.
The present status of pharmacovigilance and its tools have been developed in
relation to drugs which are synthetic in nature. With recent several prominent
drugs withdrawn from the market, the pharmaceutical agencies have raised the
issue of pharmacovigilance. Early uncovering of signals from clinical and
pharmacovigilance studies has now been adapted by main companies in order
to detect and identify the association of risk with medicinal products and to
effectively manage the risk by applying health hazard management plans during
the life cycle of the product. Applying the methods to monitor the safety of
traditional medicine is an exclusive challenge. A strong, well-defined system for
monitoring adverse events is in a position for evaluating the safety of the drugs. In
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today’s world, there is an immense need to understand and implement
pharmacovigilance with more activity of clinical research conducted all over
the globe.

Keywords

Adverse effects · Traditional medicine · Herbal medicine · Pharmacovigilance ·
Medicinal products

34.1 Introduction

Patient safety is a fundamental principle in the provision of traditional medicines and
herbal products for health care and a critical component of quality control. The
consumption of traditional medicines worldwide is enormous, so that, in terms of
population exposure alone, it is essential to identify the risks associated with their
use. Safety of traditional medicines is therefore an important public health issue.
Medicines from traditional origin are frequently used in conjunction with other
medicines, and it is essential to understand the consequences of such combined
use and monitor whether any adverse effects are arising or not. This can be achieved
most readily within existing pharmacovigilance systems (Geneva; WHO 2004a, b).

Pharmacovigilance is the science and activities relating to the detection, assess-
ment, understanding and prevention of adverse effects of drugs or any other possible
drug-related problems. Recently its concern has widened to include herbals, tradi-
tional and complementary medicines, blood products and biological (Geneva; WHO
2004a, b). The purpose of pharmacovigilance is to detect, assess, understand and
prevent the adverse effects or any other possible drug-related problems which are not
only confined to chemical drugs but also extended to herbal, traditional and comple-
mentary medicines, biologicals, vaccines, blood products and medical devices.

In traditional systems of medicine, the medicinal plants play a foremost role and
constitute their backbone. Adverse events may also ascend from the misuse of the
wrong species of medicinal plants, incorrect dosing, errors in the use of herbal
medicines by consumers and health-care providers, interactions with other
medicines and use of products contaminated with potentially hazardous substances,
such as pathogenic microorganisms, and agrochemical residues, toxic metals (Wal
et al. 2011).

34.2 Traditional Medicines

Traditional medicine refers to the knowledge, skills and practices based on the
beliefs, theories and experiences indigenous to different cultures, used in the main-
tenance of health and in the diagnosis, prevention, improvement or treatment of
physical and mental illness. Traditional medicine is often termed alternative or
complementary medicine in many countries. Herbal treatments are the most popular
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form of traditional medicine. One third of the population lacks access to essential
medicines, and the provision of safe and effective traditional as well as alternative
remedies could become a significant way of increasing admittance to health-care
services. The traditional use of herbal medicines has long historical basis, on the
basis of which they are widely acknowledged to be safe and effective (WHO
2004a, b).

Traditionally made herbal formulations have reached widespread acceptability as
therapeutic agents such as cough remedies, hepatoprotective and antidiabetic, etc.
Herbal medicines are traditionally considered harmless since these belong to natural
sources. However, this is not accurate as there are numerous case reports of adverse
reactions of herbal drugs mentioned in published literatures. Even though most
traditional therapies are presumed to be safe, there is still the problem of how to
assess and quantify the possibility of very rare adverse events. A serious event is
sufficient to tip the scales in contradiction of the use of the alternative medicine
therapy (Gadre 1910). Increasing uses of these drugs are growing concerns about the
safety of Ayurvedic medicines (Trikramji 2001).

Regulation and standardization are not satisfactory in spite of the growing
popularity of herbal products. In 1994, Dietary Supplement Health and Education
Act (DSHEA) were passed to protect access by consumers to safe dietary
supplements. Thus, all herbs, vitamins, botanicals and minerals are identified as
dietary supplements (Bass and Raubicheck 2000). In India, the Mashelkar commit-
tee on pharma industry was recommending formulations of national policy to bring
over-the-counter drugs and herbal drugs under one umbrella to maintain standards of
safety and efficacy (Geneva; WHO 2000).

Another traditional form of medicine, the Unani medicine, is an ancient form of
medicine originated from Greece. It is more commonly practised in Indian subconti-
nent and has an age-old concept and principles of drug management. It has drugs
from natural identity and source. It may pose threat if not prepared, isolated,
identified and administered properly (Khan et al. 2008). According to Unani medi-
cine, correct reasoning in the method of preparation of drugs, including a rationality
underlying combination of various medicinal plants, animal products, minerals, etc.,
is given in various Unani formularies. Therefore, correctives to drugs are used since
a long time to lessen some undesirable effects, which the basic and the adjuvant
ingredients may produce in a normally prescribed combination of both single and
compound crude form of drugs which are sometimes toxic and are processed and
purified in various ways before use. In spite of the fact that every drug used in
traditional systems of medicine may have some side effects, the aim of the
precautions taken by well-informed and experienced physician was noticeably to
avoid any adverse drug reactions (Khan et al. 2008).

34.3 Pharmacovigilance

Pharmacovigilance (PV) is well-defined as ‘the study of the safety of marketed drugs
under the practical conditions of clinical usage in large communities’ (Mann and
Andrews 2002). The objective is to encompass safety monitoring and distinguish
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adverse events that have previously been unrecognized despite evaluation in clinical
trials. While these procedures were established for monitoring pharmaceutical
medicines, they are also used for other evaluation of the safety and efficacy of
other medicinal products including traditional, herbals, vaccines, blood products and
even medical devices.

34.3.1 Aims of Pharmacovigilance

The thalidomide tragedy incident highlights the life-threatening status of effective
drug monitoring systems for all medicines. The pharmacovigilance programmes are
aiming (Geneva; WHO 2004a, b):

• To progress public health and safety with respect to use of medicines.
• To progress patient care and well-being in relation to the use of medicines and

medical and paramedical interventions.
• To encourage education, understanding and clinical training in

pharmacovigilance.
• To perform the valuation of harm, benefit, effectiveness and risk of medicines,

inspiring their rational and safe use.

The main purposes of pharmacovigilance are comprise of exhibiting the efficacy
of drugs by intensively monitoring their adverse effect profile for many years from
the lab to the pharmacy; tracing for any extreme effects of drugs improving public
health and safety in relation to the use of medicines, encouraging the safe, rational
and cost-effective use of drugs and endorsing understanding, education and clinical
training in pharmacovigilance; and effective communication to the generic public. In
addition, providing information to consumers, practitioners and regulators on the
effective use of drugs along with designing programmes and procedures for
collecting and analysing reports from patients and clinicians conclude to the
objectives of pharmacovigilance studies (Tuffs 2002).

The fact of plant having an important role in the development of modern
medicines is undeniable. Directly or indirectly approximately 60–70% of modern
medicines is available in the present market derived from plant source (Geneva;
WHO 2003). Due to the lack of clinical trials for most herbal medicinal products,
post-marketing pharmacovigilance becomes a critical source of safety information.
However, the assessment of adverse reactions associated with herbal medicinal
products offers unique challenges in the quantity and quality of available informa-
tion (Trikramji 2001; Shastri 1994).
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34.4 Adverse Drug Reaction of Herbal Origin and Drugs

Herbal products unlike conventional drugs are not measured nor regulated for purity
and potency. Thus impurities, contamination of mineral, undeclared adulteration and
batch-to-batch discrepancy are few examples of the constant threats in their usage
and can also justify many of the reports on their toxic effects (Kinsel and Straus
2003; Ernst 2002).

Extensively, ADRs-reported issues associated with Aristolochia and ephedra
have shown that herbal medicinal products can give results to toxicity in human
beings. The most common adverse effects reported are hepatic and renal problems.
However, it is difficult to identify the causative agent associated with the ADRs
encountered because traditional herbal preparations often contain multiple
ingredients (Bowdler 1997) (Tables 34.1 and 34.2).

According to the database of WHO, which elaborates that there are large number
of suspected herbal case reports and some of the most commonly reactions reported
among them are rash, pruritis, urticaria, nausea, vomiting, headache, abdominal
pain, fever, etc. (Geneva; WHO 2004a, b).

In one of the case reports, two botanical varieties of Piper betle Linn (betel leaf),
the Mysore variety and Ambadi variety, had different actions for lowering the
activity of enzymes of the intestine and stimulation of enzyme activity, respectively
(Prabhu et al. 1995). Another report shows that two patients prescribe with phenyt-
oin 300 mg/day had well-controlled seizures later presented with sudden loss of
seizure control and due to which a strict history was conducted and revealed that they
had started taking “SHANKHAPUSHPI.” Administration of single drug dose does
not lead to any change in phenytoin levels but decreased its antiepileptic effect
(Jawadekar et al. 1992).

Table 34.1 List of specific herbal drugs and their adverse interactions

Sl
no. Herb Drugs

Adverse
effect Reference

1 Ginkgo biloba Drugs such as aspirin, warfarin,
ticlopidine clopidogrel,
dipyridamole, garlic, vitamin E

With aspirin-
retards aspirin
absorption

Kubde
(2016)

2 Psyllium seed Coumarin derivatives Retards
absorption of
drugs

Kubde
(2016)

3 Devil’s claw
(Harpagophytum)

Warfarin May be
addictive in
nature

Elvin-
Lewis
(2001)

4 Echinacea Aspirin, rosuvastatin, escitalopram,
atorvastatin, esomeprazole,
montelukast, levothyroxine,
alprazolam, cetirizine

Toxic side
effects

Nyambega
et al.
(2018)
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34.5 Approaches of Monitoring Traditional Medicine

Modern drug depends only on the perception of disease and suffering to be treated
by intervening a drug or potion, to the patient. Still, evidence gathering is that a wide
variety of apparently unrelated ailments can be due to abnormal reactions to con-
sumed food or other things and that a cure can be affected by simply suppressing
those ingredients. A struggle also arises because symptoms are often vague rather
than specific and chronic rather than acute. Grievances of irritability, fatigue,
depression, headache, muscle and joint pain or gastrointestinal disturbances may
well be dismissed as being of emotional origin or psychological (Khan et al. 2008).
Basically, diagnosis is very time-consuming, tough and involved skilled personnel,
which can be presented only by one who has engaged in special awareness. Even
though, traditional remedies (called indigenous remedies in Europe and United
States) are widely used by the public continuously as there is a perception among
the consumers that these remedies are naturally made and therefore have no ill-
effects and are very safe to be taken by human being.

Explanations for herbal medicine may be varied, like risks associated with
parenteral use, and are greater because all drugs are prepared for internal purpose
or for external application. Adulteration of herbals with pharmaceutical drugs is a
problem in many countries. In the present scenario, when adverse drug reactions
(ADR) monitoring is being done on wide scale and in a well-maintained way, there
is still a very low reporting of adverse drug reactions of herbs. The traditional
medicine also varies from country-to-country permissible status and approval mech-
anism and when it comes to risks linked with its irrational use are also larger (Khan

Table 34.2 List of herbs with suspected or known adverse effects

Sl
no. Herbal drugs Adverse effects Reference

1 St. John’s wort Gastrointestinal disturbances, allergic,
reactions, fatigue, dizziness, confusion, dry
mouth, photosensitivity

Kubde
(2016)

2 Ginkgo biloba Bleeding Boullata
and Nace
(2000)

3 Ephedra (ma huang) Hypertension, insomnia, arrhythmia,
nervousness, tremor, headache, seizure,
cerebrovascular event, myocardial infarction,
kidney stones

Kubde
(2016)

4 Kava (P. methysticum) Sedation, oral and lingual dyskinesia,
torticollis, oculogyric crisis, exacerbation of
Parkinson’s disease, painful twisting
movements of the trunk, rash

Nyambega
et al. (2018)

5 Aristolochia sp. (found
use in Chinese
medicine)

Kidney toxicity, carcinogenicity Kubde
(2016)
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et al. 2008). Table 34.3 includes few examples of clinical effectiveness based on
meta-analyses of clinical traditional medicine therapy research.

34.6 Need of Pharmacovigilance

In view of all medicines, it is anticipated that traditional form of medicines also has
side effects, whose consequence may be of an adverse nature.

• It has been broadly acknowledged that development of medicines is a process of
multifaceted nature which also comprises traditional and herbal origin and their
products. Once medications are released for the consumer, it proceeds down the
protected and secure scientific setting of clinical study and is free for consumption
by all. Thereafter, utmost medicines will only have been tested for its efficacy and
short-term safety on a restricted number of cautiously selected people, be it of
herbal or traditional origin of medicines (Geneva; WHO 2000).

• Henceforward, pharmacovigilance is certainly a necessity in drugs of various
origins including the traditional source of medicine which comprise of fortifying
the initial discovery of any new adverse reactions or patient’s subdivisions of
extraordinary sensitivity and taking up convincing actions so as to manage such
risks.

• Additionally, it is of important matter that the new medicine that is available in
markets is strictly observed after being sold for their safety and effectiveness in
real-life environments.

• Supplementary evidence furthermore is generally required in terms of its usage in
precise groups like elderly people, pregnant women and children when it comes
to safety and its efficacy of chronic routine usage in adjunction to other drugs
(Geneva, WHO 2002).

• Large number of people do not inform their physician about their use of herbal
medicines which can seriously lead to unexpected results of laboratory test
(Dasgupta 2003).

Table 34.3 Selective examples of clinical effectiveness based on meta-analyses of clinical
traditional medicine therapy research

Therapy
Medical
condition Conclusion Reference

St. John’s
wort

Mild depression As effective as synthetic anti-depressants,
more effective than placebo

Berner et al.
(2008)

Kava kava Anxiety More effective than placebo Nyambega et
al. (2018)

Glucosamine
sulphate

Osteoarthritis Decreased pain and increased function Jorg Jerosch
(2011)

Horse
chestnut

Chronic venous
insufficiency

Effective in reducing leg pain and
swelling for short term

Pittler and
Ernst (2012)
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• It was observed that there is decreased plasma concentration of simvastatin after
co-administration with St. John’s wort (Sugimoto et al. 2001).

34.7 Safety Monitoring of Medicine with Special Reference
to Herbal Origin

Clinical trials and spontaneous reports are among the common sources of informa-
tion on adverse events and reactions to medicines. In some countries, adverse
reaction reporting by physicians is mandatory; such reports are regarded as sponta-
neous (Shetti et al. 2011).

34.7.1 Sources of Reports

It has been recommended by the Council for International Organizations of Medical
Sciences (CIOMS) working group V that a common controlling principle which is
emphasise on the quality of a report and not on its source and therefore the value of a
report does not lie in who made the report but in the thoroughness and care with
which it is prepared, documented, received, recorded, followed-up, clarified and
analysed (The Council for International Organizations of Medical Sciences 2001).

34.7.2 Reports from Health-Care Professionals

Internationally, adverse drug reaction reporting systems in the post-marketing safety
surveillance setting depend primarily on voluntary reporting by health-care
professionals, preferably those directly associated with the care of the patient/
consumer, i.e. the patient’s primary health-care provider or specialist (Geneva;
WHO 2004a, b).

34.7.3 Reports from Consumers

Consumers should be appreciated positively for their concern regarding probable
adverse effects in the use of herbal medicines and products in health care. Their
reports on adverse reactions should be acknowledged as a serious source of data,
which can in return help in identification of indications for unknown effects of herbal
medicines and products (Geneva; WHO 2004a, b).
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34.7.4 Reports from Other Sources

Any problems allied with herbal medicines may be reported from various different
sources, namely, clinical trials/studies, National Poisons Centre, drug information
centres and consumer organizations (Geneva; WHO 2004a, b).

34.8 Herbal Products Targeted for Safety Monitoring

It is useful to think of herbal products so as to have maximum exposure, in the
following categories:

1. Regulatory status.
• Herbal medicines in the prescription medicines category and non-prescription

medicine’s category.
• Other herbal products intended for use in health care.

2. Registration/marketing status.
• Herbal medicines undergoing the new drug development process: In clinical

trials prior to national drug regulatory approval and under post-marketing
safety surveillance.

• Herbal medicines undergoing re-evaluation under the current protocol: In
clinical trials and under post-marketing safety surveillance.

• Other herbal products marketed for health care, such as dietary supplements
(Geneva; WHO 2004a, b).

34.8.1 Reporting of Suspected Adverse Reactions

A. The main players who should be reporting an adverse reaction are:
• Health professionals (physicians, pharmacists and nurses) should report to the

national pharmacovigilance centre.
• Patients/consumers usually report to their physicians or providers of herbal

medicines, but they may also report directly to the national pharmacovigilance
centre, consumer organizations or manufacturers.

• Manufacturers should be directly report to the national pharmacovigilance
centre or national regulatory authority (Geneva; WHO 2004a, b).

B. A complete report should contain information as follows:
• Where it is permitted by the country health information privacy code, and with

appropriate confidentiality, some form of identification of the patient/con-
sumer in order to avoid duplications and facilitate follow-up.

• Age, sex and a brief medical history of the patient (when relevant).
• Details of suspected product(s) if known: species name (Latin binomial name

and common vernacular name of medicinal plant) and/or brand or ingredient
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name(s), including the part of medicinal plant used, preparation methods,
manufacturer, country of origin, batch number, expiry date and provider.

• Details of drug administration: dose and quantity supplied, dosage form,
route, start-stop dates including the indication or reason for use.

• Data of adverse reaction: date of onset (or duration from first administration to
onset of event), description with symptoms and signs, severity and serious-
ness, results of clinical investigations and tests, course and outcome.

• Risk factors, e.g. age, impaired renal function, previous exposure to the herbal
medicine(s) concerned, previous allergies, drug misuse or abuse and the social
use of drugs.

• All other medicines used (including self-medication), with administration
details.
Full name and address of the reporter ( which is to be considered confidential)
are to be used only for data verification, completion and case follow-up
(Gneneva; WHO 2004a, b).

C. How to Report an Adverse Reaction:
For all medicines which include traditional medicines (herbal source), a single
reporting form should be used. A familiarized form for health-care providers is
previously included in a national pharmacovigilance system, which will help in
facilitating a report. A standard printed or electronic reporting form will be
desirable for usage and to ensure that forms are available extensively. A sample
of the herbal product and its packaging should be submitted with the report
whenever feasible. Reports should be acceptable to receive by telephone, letter or
e-mail (Geneva; WHO 2004a, b).

D. Recording and Coding the Identity of Herbal Medicines:
For reports to be submitted to Uppsala Monitoring Centre (UCM), it is desirable
to use a standardized classification and identification for transmitting. Coding of
adverse reactions/events should be compatible to herbal medicines with that for
other medicines. Therefore, Uppsala Monitoring Centre suggests the use of the
WHO Drug Dictionary (WHO-DD), as it has been structured to store, classified
information on the names of herbal products and their ingredients in the same
way as similar information on other medicines. Herbal medicines typically
contain variety of ingredients, and identifying them all is not possible. Then
such cases should be recorded and referred to Uppsala Monitoring Centre, which
will contribute in identifying the product. The product information will be added
(if not recorded earlier) in the global WHO database, along with the existing
information (Geneva; WHO 2004a, b).
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34.9 Challenges in Monitoring the Safety of Herbal Medicines

34.9.1 Regulation, Quality Assurance and Control

National registration and regulation of traditional medicines vary from one country
to another. Where medicines are regulated, they may be categorized as either
prescription or non-prescription medicines. Traditional-based herbal products may
also be categorized other than as medicines. Likewise, the regulatory status of a
particular traditional or herbal product may differ from one country to another. The
framework generally includes the involvement of qualified medicine providers and
distributors of respective constituents. Regulatory status consequently determines
distribution or access route of medicinal products (The Council for International
Organizations of Medical Sciences 2001).

34.9.2 Quality Assurance and Control

National quality specification and standards for herbal materials, good
manufacturing practices (GMP), labelling and licencing outlines should be regulated
in places of the country where herbal medicines are manufactured, imported and
marketed. These measures are vital for ensuring the safety and efficacy of traditional
medicines. Negligence in regulations as well as quality control may lead to high
prevalence of adverse reactions particularly resulting from adulteration with
assumed potent substances and/or mixing with possibly hazardous substances and
residues (Geneva; WHO 2004a, b).

34.9.3 Appropriate Use

According to respective country’s national health-care delivery system and judicial
agenda, various health-care professionals are oblige as qualified providers of tradi-
tional medicines and its products. Those countries where herbal medicines are
classified as prescription medicines, dispensers and prescriber other than physicians,
pharmacists and dentists are left occasionally from existing reporting systems
(Geneva; WHO 2004a, b).

34.9.4 Action Required

It is very essential to create an atmosphere of trust to enable the sharing of
knowledge about the use and safety of traditional and herbal medicines so that the
prescribers are effectively involved. Due to lack of knowledge, providers of
medicines, such as physicians, nurses and pharmacists, may have less training and
understanding of how this traditional origin medicines affect the health of their
particular patients, who may be taking other medicines also be it prescription or
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non-prescription. An appropriate knowledge base is also relevant to diagnostic and
treatment decision-making (Geneva; WHO 2004a, b).

34.10 Challenges in Pharmacovigilance of Traditional Medicine

34.10.1 The Complexity of Herbal Products (with Regards to the
Following)

• Lack of clinical trial data: Systematic clinical trial data for several traditional and
herbal medicinal products is not available continuously unlike conventional
medicines.

• Chemical complexity: Remedies and preparations of herbal and traditional medi-
cine are chemically rich mixtures containing several hundreds of complex
constituents, and the resultant effects are likely to be contributing to a group of
correlated constituents rather than a single constituent.

• Non-uniformity or non-standardization: The constituents of a plant are usually
not uniform all over a plant, and it may be noted that some parts of the plant can
be poisonous. The detailed profile of constituents is expected to vary among
different batches of herbal products, and factors such as drying, storage, environ-
ment, time of harvesting and processing can affect their variability. This makes it
difficult to determine toxicology pharmacokinetics and pharmacodynamics and to
suggest which ingredient of the plant may cause a safety concern (WHO 2017).

• Quality assurance and control: In comparison with conventional pharmaceutical
products, traditional and herbal medicines are made from ingredients of herbal
origin which are often obtained from various commercial and geographical
sources, resulting in ambiguous condition. Also, techniques and procedures
used in its manufacturing and quality control measure are very unlike from
those used for conventional medicines.

• Due to lack of technical skill personnel, manpower and amenities to assess and
dealt with the problem, especially in identifying adulterated, substandard and
contaminated incorrect medicinal plants, which is frequently observed with
traditional medicine products.

34.10.2 Botanical Nomenclature

The nomenclature of crude plants is not constant. In various manuscripts the names
are in Latin, consisting of two parts, one indicating the plant part and another related
to the scientific name, e.g. Digitalis folium.
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34.10.3 Difference in Product Regulation

The differences on classification of traditional and herbal medicines, inadequate data
and lack of admittance to reliable information support such as product name, part
use, etc., for analysing the products which is of very concerned.

34.10.4 Safety Monitoring

Most of the health-care providers are undertrained on safety monitoring of medicines
including traditional medicine (pharmacovigilance methods), which results into zero
or very less reports (WHO 2017).

34.11 Measures for Improvising the Pharmacovigilance
of Traditional Medicines

With special reference to usage of herbal medicine, the contemporary practice of
contemporary and alternative medicine (CAM) is massively different from what it
was envisioned and practise in ancient times. In urban scenario, the patient, health-
care provider, symptoms, plants, formulations, etc. have drastically changed, thus
making safety and pharmacovigilance a sweltering issue (Gogtay et al. 2002).
Roughly vital steps that need to be taken in order to establish safety and efficacy
of these interventions can be enumerated as below:

(a) Physician’s training: Well-organized training to enhance the physician’s capa-
bility to recognize and report adverse events.

(b) Public awareness and education: Increasing public awareness as well as educa-
tion can certainly put weightage to improve pharmacovigilance of traditional
medicine in the future.

(c) Conducting randomized, controlled clinical studies: The gold standard for
establishing the safety and efficacy of any interventions remains to conduct
randomized, controlled clinical trial/studies (RCT) which will definitely help in
recognizing type A adverse events easily, though some uncertain blocks that
remain are blinding, placebo, appropriate standard, evaluation paradigms, etc.

(d) Incorporation of safety monitoring of herbal medicines as part of routine safety
monitoring.

(e) Appropriate stringent regulations regarding quality and purity of traditional
products should be of favourable steps be it herbal or animal sources.

(f) Another approach can be introduction of product information leaflet for herbal
medicines for better understanding of the source, consumption method as well
as possible side effects.
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34.12 Conclusion

As a potential source of therapeutics aids, traditional medicines (herbal medicines)
have accomplished a significant role in health care system all over the world for
combating diseased condition in human beings and for maintaining proper health.
Several types of drugs are continuously increasing with advancement, but the
financial resources for health-care services still persist to be of limited, and as a
result, rational drug management has become an increasingly vital topics as to make
optimal use of the drug budget and to provide highest possible standard of health
services which is safe and free/less of adverse drug reactions. There is no systematic
data on the incidence of traditional medicine-associated adverse effects. One of the
difficulties has been that there are many complex issues relating to adverse event
detection with traditional products. These include the problems of products with
multiple ingredients, drugs of multiple systems of medicine, misclassification of
names, poor standardization of products, clinical trial conducted very less, variation
in manufacturing processes, contamination, adulteration and misidentification of
herbs. In particular, rare adverse events and delayed effects may not be readily
identified despite traditional use, countering the argument that many herbal remedies
are safe because of previous traditional use. Adopting guidelines for rational use of
these traditional medicines are essential to be outlined such as general guidelines for
methodologies on research and evaluation of traditional medicines. National
pharmacovigilance systems should be closely connected to national drug regulatory
systems. A national safety monitoring programme for herbal medicines should be
running conjunction with an active national drug regulatory system for its proper
functioning, with the intentions and potential to respond to signals originating from
reports of adverse effects of herbal medicines and to take appropriate regulatory
measures.

34.13 Future Aspects

The education among providers of traditional/herbal medicines, health-care
professionals and consumers is vital for the prevention from misapplication of herbal
medicines of probable serious risks. Health-care professionals and providers of
traditional medicines should ask patients directly, respectfully and persistently
what other medicines they are taking, including prescription medicines, herbal
medicines and other health products for self-care.

The following are ways to improve pharmacovigilance application in traditional
and herbal medicines:

1. In case of herbal formulations, making it a mandatory step for reporting of
adverse reactions to regulatory.

2. Including undergraduate and postgraduate level, the concept of
pharmacovigilance into the syllabus of herbals.
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3. It will be essential to train herbal experts personally in the field of
pharmacovigilance and include them in reporting and in valuation of the adverse
reactions.

4. Specifically, when it comes to treatment with narrow therapeutic indices, being
vigilant by all health-care professionals for potential interactions between pre-
scription medications and herbals.
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Zoopharmacognosy (Plant-Animal
Interaction) 35
Shiv Shankar Shukla, Sachin Kumar Jain, Gunjan Kalyani,
Beena Gidwani, Ravindra Kumar Pandey, Rupesh Pandey,
and Amber Vyas

Abstract

As humans we have taken several things as slender. In case of any ailment, there
is a visit to the doctor, in order to have some control and cure. However, such
competence does not exist for floras and faunas. This is due to the fact that they
have adapted toward the progression and have attained an innate association to
the soils, minerals, algae, and supplementary remedies that environment proffers
them in order to restore their health from the ailments and diseases through which
they are suffering. Zoopharmacognosy also known as animal self-medication had
been worn out by several animals, which is comprehensive of our genuine,
connubial escorts and their untamed relatives, for the treatment of a diverse
ailments and diseases. Alongside the path of progression, and with the employ-
ment of trial-and-error methodology, animals have acquired the knowledge of
nature’s reward by which they can heal themselves. With the vigorous participa-
tion of their insight and perception, animals inquire about the beneficial and

S. S. Shukla (*)
Department of Pharmaceutical Analysis and Quality Assurance, Columbia Institute of Pharmacy,
Raipur, Chhattisgarh, India

Columbia Institute of Pharmacy, Raipur, CG, India
e-mail: shivpharma007@gmail.com

S. K. Jain
IPS Academy College of Pharmacy, Indore, MP, India
e-mail: sachin225819@rediffmail.com

G. Kalyani · B. Gidwani · R. K. Pandey
Columbia Institute of Pharmacy, Raipur, CG, India

R. Pandey
KSCP, Swami Vivekanand Subharti University, Meerut, UP, India

A. Vyas
University Institute of Pharmacy, Raipur, India

# Springer Nature Singapore Pte Ltd. 2021
S. C. Mandal et al. (eds.), Evidence Based Validation of Traditional Medicines,
https://doi.org/10.1007/978-981-15-8127-4_35

727

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-15-8127-4_35&domain=pdf
mailto:shivpharma007@gmail.com
mailto:sachin225819@rediffmail.com
https://doi.org/10.1007/978-981-15-8127-4_35#DOI


helpful plant secondary metabolites and by employing the diverse methodology
such as by smelling the delicate scent of pure essential oils and by recognizing
assured colors. Plants fabricate these nonnutritious materials either for defending
themselves or for the attraction of pollinators and carrying out of certain supple-
mentary functions that have been undiscovered. At present, the scientists have
discovered that the secondary plant metabolites are beneficial to the animals as
well as humans. The modern medicine system and traditional folk medicine
system substantiate on the principle which embraces trial-and-error methodology.
Owing to the environmental alterations and diverse anthropogenic activities,
many of the essential imperative and fundamental species have been gone astray.
The present chapter thus furnishes an outline of the repercussions pertaining to
the biodiversity and furthermore relating to the conservation strategies. Expert
opinion taking care of the critical points and look in has also been discussed.

Keywords

Zoopharmacognosy · Humans · Animals · Environment · Essential oil

35.1 Introduction

Self-medicating accomplishment has drawn together a hasty curiosity of the experts
pertaining to the diverse fields such as ethnobotanists, chemical ecologists,
conservationists, and physicians as well. Scientists/researchers from various
restraints have investigated the prospect and opportunity that quite a lot of plant
species, soil, insects, and fungi have been employed and utilized as “medications” as
a matter of course against controlling and curing of the illness which is referred to as
preventive medicine usage and/or to mitigate the disagreeable symptoms which are
referred to as curative or therapeutic medicine approach.

It is an imperative measure to note that the systematic and methodical study of
animal self medication is not allied to affirm that animals stand with an innate
‘astuteness’ by which they unblemished get acquire for the good to them. Self-
medication approaches are endurance dexterity which works on by natural hodge-
podge. In numerous cases self-medication could be instigated by a craving to
instantaneously sponsor the disagreeable stipulations. Some species, predominantly
great apes, confirmed the rationale of their medication, and as a result, the term
“zoopharmacognosy” was coined to obscure the course by which feral animals
selectively employ and utilize specific plants demeanor with medicinal properties
for the healing and preclusion of diverse ailments and diseases (Balza et al. 1989).

Therefore, “zoopharmacognosy” refers to the progress by which animal do self-
medication, by deciding and exploiting the plants along with the soil as well as
insects for the control and cure of ailments and diseases. This term was introduced by
Dr. Eloy Rodriguez, who was a biochemist and professor at Cornell University. The
word is blend of zoo (“animal”), pharma (“drug”), and gnosy (“knowing”). From
times immemorial, people have evidenced the observations that an animal in fact
discovers the curative potential of plant species and thus medicates with the natural
tinge. This is in accordance with the name of many herbs which surmise to their
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exploitation, such as dog grass (Agropyron repens), catnip (Nepeta cataria), horny
goat weed (Epimedium sp.), etc. which advocates for their credible use by animals as
indicated in their common name. However, these sorts of inspections are for the most
part being unexplored by science. Tales and stories pertaining to animal self-
medication are merely premeditated to enlighten and empathize the herbal lore
rather than validating it on the scientific basis.

As per the Chinese folklore, centuries ago a farmer in the Yunnan district
discovered a snake near his shelter. Afraid for his life, he ridiculously killed the
snake. After few days of this incident, the same snake returned. Again he killed the
snake, but every time the same happened. The farmer in turn followed the wounded
snake, which made a slow progress into a clump of weeds. The snake started feeding
on the weeds, which cured the injuries caused. The plant which is responsible for the
curing the wounds in the story was identified as Panax ginseng, and it is the major
constituent in the Chinese herbal formulation “Yunnan bai yao,” which is actually a
white powder that is used for the cuts and stems exterior flow of the blood straight
away. It was then utilized during the Vietnam War, when soldiers were wounded
(Barrera and Rodriguez 1990).

35.2 The Significance of Studying Zoopharmacognosy

As nature’s medicine breakfront moderate every day, for the animals, with whom we
crack this earth, and for ourselves, we have no time to abuse and must work to
defend environment. Thoughtful consequence of zoopharmacognosy and its com-
pensation to animals and humans will help congeal the inevitability in which
mankind must uphold species-rich habitat and preserve biodiversity. Not only is it
vital to conserve our earth’s assorted species and ecosystems for their beauty and for
their involvement to our own expedition for knowledge but most prominently for the
indecision we hold, of not knowing what the effects of trailing it might entail
(Fig. 35.1).

There must be a multidiscuiplinary approach for creature of drug, which will
enhance creature’s and our lives from side to side give the associate expected to
recognize why certain species go cleared out and the methods we can take to deflect
this, advance unique therapeutic colleague and furthermore embrace the potential
disclosure of new fixes and prescriptions for our own species. Just with circumstance
shared modification activities will zoopharmacognosy be fit to detach the numerous
repayment to be aggregated by natural life biologists, open strength experts, phar-
maceutical organizations, preservationists, and the wide-extending open (Clark and
Mason 1985).

35.3 Domestic Livestock Benefits

Further than zoopharmacognosy’s sizeable benefits, the feasible discovery of recent
clinical cures, it also offers a whole realm of other guarantee. May be even greater
giant than the medicinal potential, the thoughtful animal self-medicinal drug can
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Fig. 35.1 Red-and-green
macaws (Ara chloroptera)
consumption clay to aid
digestion
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assist humans uphold their meals supply. We stay in a global world where meals, for
the most part, isn’t any long farmed but mass-produced in a similar fashion to that of
a congregation line. However, nature does now not have characteristic as such.
Rather, nature functions as a web of assorted interlinking, overlapping, and compli-
cated relationships, which do now not dash on a linear aircraft as discovered on a
manufacturing facility floor. Nonetheless, maximum of our meals is produced in this
way, in the shape of monoculture or manufacturing facility farms, producing lots of
livestock, chickens, and swine. So far, in nature, plants do not develop fruitfully in a
monoculture, or in exhausted soil, nor do animals preserve on wholesome within
confined, enclosed spaces, at the same time as standing in their individual feces.
Even though we experience we’ve mastered the technology of mass-produced food,
all we’ve consummate is growing a gadget of extra work, greater inputs, and a less
humane technique than that of the past. More time must be spent fertilizing fields,
spraying insecticides, and deep-tilling the earth (Clark and Mason 1987).

Considering the aspect of the agricutural enterprise more money must be spent on
antibiotics and veterinarians to make wonderful the fitness of animals in what most
crucial might regard as no longer to fit stay in farms. Even though the agriculture
industry can also take years to increase into more humane and greater sustainable,
there is want for the future for the duration of zoopharmacognosy. Pragmatic
evidence suggests that sick, debilitated animals, when given the selections of certain
flowers, soils, minerals, among other substances, will self-medicate and heal them-
selves. Provided more studies happen and collaboration among scientists and
farmers develops, the solutions to be had via applying zoopharmacognosy ideas
could shop the farming enterprise billions of dollars. When animals are given the
choice to self-medicate, farmers will no longer deliver antibiotics to all their animals,
together with the healthful ones, as they do at the present. Not simplest will they
shop cash and skip these reserves onto the customer; in addition they will keep away
from the extra buildup of bacterial confrontation to antibiotics, which will be
dangerous for animal populations as properly as human beings (Clark and Mason
1988).

35.3.1 Chewing Plants

Huffman is one of the pioneers of zoopharmacognosy, on account of his clarification
in 1987 of a creature, the chimp, endeavoring to restore to well-being herself.
Charmed by her moment recovery and inquisitive about the reason for her disease,
Huffman investigated the chimp’s manure and discovered the intestinal parasite
Oesophagostomum stephanostomumto is a decent number likely edification for her
side effects. Likewise, he build up lower levels of the worm in one increasingly
female chimp’s discharges 20 h after she ate the severe substance from a Vernonia
tree, when trouble from looseness of the bowels. Huffman and his associates
separated a totally new class of mixes from the essence, one of which, vernonioside
B1, was found to procure antiparasitic, antitumor, and antibacterial properties (Clark
and Smeraski 1990) (Fig. 35.2).
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35.3.2 Fur-Rubbing Behavior

Mary Baker, an anthropologist at the University of California, opined that white-
colored Capuchin monkeys (Cebus capucinus) open the products with specific types
of Citrus plants by tearing, mashing, scouring and squeezing into their place of hide.
They also tore stems, leaves, and seed units from Clematis dioica, Piper
marginatum, and Sloanea terniflorastems, blended with salivation, and energetically
focused on them too. These botanicals have optional mixes with helpful and creepy-
crawly repulsing uniqueness. Pastry specialist likewise examined that hide scouring
conduct turns into extra constant when temperatures and mugginess increment
during the blustery period. This might be because of the ensuing increase in the
danger of bacterial or contagious diseases. North American earthy-colored bears
(Ursus arctos) bite the foundation of Ligusticum porteri, making a glue of the plant
with spit, stroke on their countenances. Ligusticum porteri contains coumarins-
fragrant natural aggravates that may ward off creepy crawlies when topically applied
(File et al. 1976) (Fig. 35.3).

35.3.3 Eating Bacteria for Digestion

The folivorous are those herbivore animals that feed on leaf, and utilize the specific
microorganisms in the yield to crush down difficult to-process verdant plant

Fig. 35.2 Leaf-eating habit
of chimpanzee
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substance. Literature survey shows that the fledgling's gut microscopic organisms
also offset harmful auxiliary mixes beginning in the plants it eats (Huffman and
Seifu 1989).

35.3.4 Consumption of Soil

“Geophagy” is depicted as purposefully expending soil, stones, and rock by herbiv-
orous and omnivorous warm-blooded animals, flying creatures, reptiles, and creepy
crawlies. This kind of behavior is experiential and determined with regard to self-
drug in Japanese macaques (Macaca mulatta), mountain gorillas (gorilla),
chimpanzees (container troglodytes), and African elephants. Geophagy is elective
as a way to keep up gut pH, to meet wholesome necessities for minerals, to persuade
long for sodium, to detoxify before devoured plant auxiliary metabolites, and to
battle intestinal difficulties like looseness of the bowels (Itokawa et al. 1983).

Fig. 35.3 Fur-rubbing habit
of monkey
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35.4 Zoonotic Disease Prevention

As the human populace ends up off the impact points of the swine flu pandemic, we
are familiar with too well how negative creatures can very quickly convert into
unfortunate people. Zoonotic maladies, those which are passed across species
limitations, have flooded the features and presented extreme terrorizing to human
well-being lately (Janzen 1978). Despite the fact that AIDS might not have
been restricted from side to side the comprehension and importance of
zoopharmacognosy standards and disclosures, there are such huge numbers of
zoonotic ailments that may have been forestalled. Obliging creature self-medicine
conduct and guaranteeing that creatures, familial and wild, have permission to the
regular cures they require may have the option to put off comparative wellbeing
pandemics, for example, Mad Cow infection, Bird Flu and Swine Flu later on. If
zoopharmacognosy is contemplated extra with the relationship of scientists, creature
conduct specialists, drug specialists, veterinarians, and human well-being concern
experts, people may be fit to turn away cataclysmic zoonotic illness transmissions or
if nothing else discover prescriptions to mitigate them.

35.4.1 Wild Remedies for Reproduction

Creatures may have endless supply of approaches to control copy, and researchers
accept ebb and flow disclosures are just a glimpse of something larger. As indicated
by World Wildlife Fund researcher Holly Dublin, African elephants (Loxodonta
africana) search for specific types of tree, presumably to prompt work. Dublin
followed a pregnant elephant for over a year in East Africa and explored that the
elephant followed a severely uniform eating regimen, an example of every day
conduct holding up close to the end of development. The elephant strolled
17 miles in a single day a few more than her standard three and a tree of the
Boraginaceae family from leaves to trunk! After 4 days she brought forth a sound
calf. The University of Wisconsin anthropologist Karen Strier starts that, at various
occasions, muriqui monkeys (Brachyteles arachnoides) of Brazil make a special
effort to eat leaves of Apuelia leiocarpa and Platypodium elegans and the product of
Enterolobium contortisiliquim (monkey’s ear). The initial two plants have
isoflavonoids which are compounds practically equivalent to estrogen. Ingesting
the leaves may bring estrogen step up in the body, accordingly lessening ripeness.
Then again, eating monkey’s ear may raise the monkey’s odds of getting pregnant on
the grounds that the plant contains an ancestor to progesterone (the “pregnancy
hormone”) called stigmasterol (Kapundu and Penders 1988).
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35.4.2 Antimicrobial Property of Plant

As indicated by scholar John Berry at Cornell University, sweet red products of
Aframomum angustifolium, forces’ antimicrobial impacts basically represent a
stomach related danger to the ordinary, well populace of microorganisms found in
the gorilla’s gut. Utilization of products such as wild ginger and antibacterial mixes
in the plant can for the present harm these microorganisms, thus around upsetting the
gorilla’s stomach-related structure on the off-chance that they aren’t before an
ordinary piece of the eating routine. Affirmation uncovered that the gorilla’s
microbiota has urbanized protection from the organically dynamic segments of the
plant in territories where it is generally eaten in an adjustment (Kawabata and
Nishida 1991).

35.4.3 Antimicrobial Lining in the Nests

The leaves of wild carrot (Daucus carota, Umbelliferae) impressively lessen the
quantity of fowl bugs (Ornithonysus sylviarum) in starling homes. The dusty-footed
wood rodents (Neotoma fuscipes) put inlet foliage in the locale of their resting
homes, and it has been tentatively demonstrated that the inclusion of narrows foliage
altogether lessens the bug larval endurance. The wood ants, Formica paralugubris,
frequently incorporate enormous amounts of set conifer gum into their homes. By
making pitch-free and tar-rich test homes, it was built up that the coordinated gum
restrains the improvement of pathogenic smaller-scale life form inside subterranean
insect homes (Kokwaro 1976).

35.4.4 Plants as Stimulants

Chacma monkeys (Papio ursinus) in South Africa are known to eat a little amount of
leaves of explicit plants, which are notable for their energizer property. The plants
were accessible everywhere throughout the day, and their availability isn’t confined;
however, monkeys benefited from them discontinuously and just in little amounts.
These plants were not under mandrill’s standard eating regimen and are gathered as
“euphoric.” The use of such plants isn’t straightly identified with any ailment or an
ailing state however shows energizer action. These incorporate Croton megalobotrys
(Euphorbiaceae), Euphorbia avasmontana (Euphorbiaceae), Datura innoxia, and
D. stramonium (Solanaceae). In any case, there are no trial contemplates announcing
the plant’s particular pharmacological advantages (Kupchan et al. 1969).
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35.4.5 Self-Medication as Adaptive Plasticity: Augmented Eating
of Plant Toxins by Parasitized Caterpillars

Self-medication is a down-to-earth restorative and self-versatile conduct in response
to infection or parasitism. Tainted creatures could change their scavenging to
remember therapeutic substances for their eating regimens. They see self-drug as a
sort of versatile pliancy, which are typically described by ecologically initiated
changes in conduct or phenotype through a person’s life expectancy that recuperates
its conjecture for perseverance and propagation. Versatile pliancy is totally expected
when there is an obvious exchange off in the versatile thought of uncommon
phenotypes under perceptibly extraordinary environmental conditions. Thusly, we
envision creatures to interface in self-medicine when it is versatile in the event of
ailment or parasitism, yet not to associate in such conduct without ailment or
parasitism because of its wellness cost (Lwande et al. 1985) (Fig. 35.4).

35.5 Impacts on the Organic Food Revolution

Bacterial and other microorganism cause infections that cause genuine wellbeing
dangers, and they cannot be ignored proportionally due to the risk of malignant
growth. Since the world depends on a ton of seriously fake medication, manures, and
pesticides, one got the opportunity to address whether driving this unnatural way
may bring about hazardous physical state angle impacts like malignant growth. The

Fig. 35.4 Self-medication by
caterpillar and butterfly
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natural food upheaval has aforesaid started an answer for requests of people’s
inadequate to a more beneficial, more secure substitute to plant created, concoction
soaked nourishments. Zoopharmacognosy will energize the natural affiliation even
extra through particular and commitment options in contrast to pesticides and
genetically changed monoculture. Enquiry shows that honey bees are utilizing
explicit blossoms to self-sedate and help battle unwellness. Since honey bees are
critical to regularly yield well-being as pollinators, its fundamental that ranchers
support a solid supplier of blossoms, on that honey bees trust. This kind of connec-
tion guarantees self-medicine anticipating honey bees yet as different species, which
can advantage from the protection of a great deal of encompass or arrangement of
species (Mcgrew et al. 1989).

Thereof, if ranchers would repulse creepy crawlies, reasonable recognition of
plants should be possible, having explicit plant optional metabolites that normally
forestall bugs. Insightful and finding about creature self-prescription will most likely
encourage the deciding of such plants, since creatures conjointly need them to
protect themselves from creepy crawlies and thusly the maladies they bear. In the
event that plants, that grip comparative properties, it tends to be learned through
Zoopharmacognosy investigation, and therefore planted among crops, which will
diminish the use of pesticides discernibly and initiate the security of food. Any
nonheritable animal self-medicine associate can be shared over the cultivating
network to convey enormous scope-cultivating activities, likewise as profiting little
scope and local kinds of cultivating (Gompper and Hoylman 1993).

35.6 Biodiversity and Conservation Repercussions

Regrettably the species-rich tropics are not impervious to outsized extent farming
and ranching. It has only been recently when the world has seen an emergent trend of
great degree of operational activities in the tropics; it is therefore intimidating to the
authenticity of the world’s tropical rainforests. Even though tropical rainforests do
not swaddle much of the surface of earth, they are the abode to most of species on the
earth.

However, there are some threats to the tropical rainforests which is due to the
following reasons, as cut and burn agriculture, legal and banned logging, cattle
ranching, removal, and climate; therefore humans must make an attempt in order to
defend for the better management of the leftover plant species in the ecosystems. The
research have shown that plants manage to give the medicinal benefits; it is awfully
indispensable that they must be preserved and studied as many as feasible before
they are lost gradually. Changes in weather in particularly elevate the danger for the
perpetuation of tropical plant species, since the tropics transform somewhat diminu-
tive in warmth; the species that flourish there have advanced to stay alive in very
explicit temperature circumstances.

However, with the change in weather, the temperature of earth rises up, and
heating effect increases with it; the species unable to adapt with these changes will
become extinct. Those medicinal plants that are able to withstand the changes in the

35 Zoopharmacognosy (Plant-Animal Interaction) 737



temperature emit stronger aromas which are all due to the heating system climate
change, which can perplex animals that rely on the medicinal plants for their self-
medication. This is due to the positive contribution between the raised
concentrations of secondary plant metabolites and the elevated temperatures.
Though the change in weather is not under the human control, zoopharmacognosy
researchers can toil simultaneously with conservationists in order to safeguard the
biodiversity in the tropics (Nishida 1990). In the study of zoopharmacognosy and
secondary plant metabolites, both researchers along with the conservationists can
contribute to the healthy and holistic ecosystems, as their association will assist and
help the local forest dwelling and other farming communities to have an advantage
from the zoopharmacognosy and for their protection as well.

Regrettably for the maintenance efforts, there is an equal requirement of interna-
tional collaboration, self-indulgence. For these abovementioned reasons, humans
must overpower their own egotistical ambitions and act hastily to bring to a standstill
for the destruction of very significant ecosystems, such as the tropical rainforests,
before it is too late for the species and communities as well, relying on them
(Hemmes et al. 2002). (Fig. 35.5).

Zoopharmacognosy supports the fortification efforts for the sake of ensuring
continued animal self-medication as well as for the discovery of human cures for
ailments and diseases. There should be the efforts to preserve the species for the
inherent value; furthermore, there is also a gigantic financial gain, if the

Fig. 35.5 Mushrooms and
lichens start the disintegration
of a fallen tree
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pharmaceutical companies and farming industry could better appreciate nature’s
remedies (Rodriguez et al. 1985). There will be profits for major pharmaceutical
companies, along with a source of income to the rural communities as well, and it
will also consent the people to their advanced understanding for the animal needs
which will assure better and more humane treatment of animals.

Earth’s weather is not constant over the time, and there is continued observance of
the variations. Plant species will either die out or will adapt against their disappear-
ance from the ecosystems. The existing ecological concern and trepidation, however,
lies not in the fear that we are causing transformation in our natural world but in the
fact that the rate of these changes has been considerably hastened by human
movement and far exceeds the environment’s capability to get well. Our never-
ending craving for natural resources, physical space, and energy and our short
nervousness for anything other than our own species have resulted in a disturbing
rate of habitat destruction and loss of species, putting both biodiversity and humans
at risk. Human aptitude and the competence to problem-solve have delayed our
defense efforts of natural resources and species, simply because we think we will be
able to come up with a speedy fix in the future. Yet, indisputably, the human
community has defeat wonderful hurdles when faced with worldwide dilemmas
(Takasaki and Hunt 1987).

35.7 Expert Opinion: Critical Points and Look in

Currently, the scientists revealed and did their expertise in medical miracles leading
to the discovery of penicillin and immunization processes for several deadly diseases
such as tuberculosis, measles, mumps, etc.

Zoopharmacognosy shall learn to light on novel solutions for our ever-increasing
medicinal needs. From miscellaneous estimation and accepting of animals’ self-
medication performance, new cures can be discovered for our medical necessitates.
The approach for this is to safeguard and preserve the habitats since we do not
completely appreciate the consequence of destroying incalculable ecosystems and
species. Continued observance and knowledge about the animal behavior can escort
to the appreciation of holistic surroundings for them as well as ourselves (Wrangham
and Goodall 1989).

Zoopharmacognosy can enlighten the path that is required for the liability of our
delinquency, overdo, and ignorance about the species in this world. Once unchained,
the probable reimbursement of zoopharmacognosy and its affirmative connotation
for conservation can then revolutionize the humanity. John Muir, a Scottish-
American preservationist, on one occasion cleverly said, “One learns, that the
world, although made, is yet being made. That this is still the morning of making.”
One would simply anticipate creating a world, where we and all other species can
thrive.
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35.8 Future Prospects

Babu Kalunde reported for the lessons of animal self-medication and ethnomedicinal
observation which are pragmatic and outstandingly lead to approaching source of
medicine. An insight into the behavior of animals pertaining to the use of plants and
products will lead to some novel pathways for new strategies.

The rationale behind this is to incorporate the pragmatic results into local health
apprehension and farm animal’s supervision systems so that close by accessible
plants can be fittingly used for the benefit of all.
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Abstract

Herbal medicine has become the backbone of the traditional medicine in recent
years. There is an increase in demand in the global market and international
attention for herbal medicines because of the proved scientific significance of
traditional medicines commercially. In an herbal drug, separate active
constituents or entire herb is used as an herbal medicine. Because of the presence
of many active ingredients, stability of the herbal products becomes difficult
throughout the storage period which may change the chemical composition of
active ingredients. So, stability testing has become an important component in the
development of herbal products to determine the altered therapeutic activity of the
formulation ingredients. Furthermore, this complexity of the natural products
leads to various pharmacokinetic interactions results in altered absorption, distri-
bution, metabolism and excretion of drugs when co-administered with western
drugs. These issues need to be analyzed adequately to avoid the adverse effects of
traditional drugs. In this chapter, importance of stability and pharmacokinetics-
related issues, and the measures taken to avoid any adverse effects will be
discussed in detail.
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Abbreviations

ABC ATP binding cassette
ASU Ayurveda, Siddha, and Unani
AUC Area under curve
AYUSH Department of Ayurveda, Yoga & Naturopathy, Unani, Siddha

and Homoeopathy
CE-MS Capillary electrophoresis-mass spectrometry
Cmax Maximum concentration of a drug in the systemic circulation
CNS Central nervous system
CRISM Centre for Research on Indian Systems of Medicine
CYP Cytochrome P-450 enzyme family
D&C Act Drugs and Cosmetics Act
DPPH 2,2-Diphenyl-1-picrylhydrazyl
EU European Union
FDA Food and Drug Administration
GACP Good Agricultural and Collection Practices
GC-MS Gas chromatography-mass spectrometry
HDI Herb-Drug Interactions
HM Herbal medicine
HPLC High-performance liquid chromatography
HSA-DB-L Human Serum Albumin
K3G Kaempferol 3-O-gentiobioside
L-AA Levo-ascorbic acid
LC-MS Liquid chromatography-mass spectrometry
MAO Monoamine oxidase
MRP Multidrug resistance protein
NMR Nuclear magnetic resonance spectroscopy
NSAIDS Nonsteroidal anti-inflammatory drugs
OAT Organic anion transporters
OATP Organic anion transporting polypeptides
OCT Organic cation transporters
PBPK modelling Physiologically based pharmacokinetic modelling
PEG Polyethylene glycol
P-gp P-glycoprotein (transporter protein)
PK Pharmacokinetics
Poly-PK Poly-pharmacokinetics
PPO Phenylperoxidase
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QC Quality Control
RH Relative humidity
RSA Radical scavenging activity
SLC Solute carrier transporters
SLN Solid-lipid nanoparticles
T½ Half-life of a drug
T1/2 Half-life
TAA Total ascorbic acid
UGT UDP glucuronosyltransferase
US United States
USFDA United States Food and Drug Administration
WHO World Health Organisation

36.1 Introduction

Traditional medicines are generally herbal extracts, and these constitute the main
component in curing the ailments. As having less side effects and more acceptance in
the patient population, the use of herbal medicine (HM) is variably increased in the
past decades because they offer treatment for a wide variety of diseases. The use of
these medicines increased mainly due to the valuable experiences and observations
given by the people who use them. Important aspect in this boost and usage of HM
includes cost-effectiveness and wide intake in the people as a status of being a
natural product/extract (Builders 2018; Kamboj 2000).

36.1.1 Herbal Medicine

Herbal medicine which is also regarded as a phytomedicine includes active natural
products that are made up of herbs. These natural products and the chemical
characteristics of them differ from several factors. So, the dose may vary from
person to person and with respect to the community sometimes. These HMs have
a very long history and are under practice based on the beliefs, theories and
experiences of different times. Some medications may contain bee and fungal
extracts, insect parts, few minerals like bentonite and kaolin for the betterment of
the health and also for the management of several diseases.

HM is being propagated as the popular kind of traditional medicine in the health-
care sector; but there is a need to test the efficacy of the HMs. HM offers number of
health benefits yet can show some adverse effects. These pharmacological and
adverse effects are shown by HMs majorly connected to their secondary metabolites.
Unknown of these facts, public think that natural products/HMs are inherently safe.
But HMs do have a risk of carrying some side effects; this suggests intensified
research should be carried out on herbal extracts (Firenzuoli and Gori 2007).
Containing many active ingredients in the extracts, HM stability is one of the most
important elements that need to be maintained in the development of HMs. Next
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aspect that is to be considered is the pharmacokinetic interactions that are mainly
caused by the complexity of the natural herbal product and also with the
co-administration of western allopathic drugs.

36.1.2 Common Herbal Medicines and Chemical Constituents

Differing from conventional medicine, HMs use part or whole of the plant – for
treating acute and chronic diseases. The main enigma of the herbal product is about
the composition. Their chemical composition alters based on factors like anatomical
part of the herb (leaf, root, flower, or seed), storage conditions and type of ground the
herb is collected from, humidity and so on. Same products from manufacturers tend
to produce extracts with different concentration of the constituents. This irregularity
in the production of HMs from batch to batch gives chance of difference in
pharmacological activity: both pharmacokinetic and pharmacodynamic changes
(Firenzuoli and Gori 2007; Kamble et al. 2018). Raw plant materials (bulk herbs)
are used to prepare a wide variety of herbal dosage forms. Most popular are the
extracts and powders in oral dosage forms. Freeze-dried herbs and tinctures are
consumed well too. Some herbal drugs and their uses are mentioned in Table 36.1.

The chemical composition of the HMs may show adverse and side effects: people
are still aware about introducing a natural ingredient into the body. This vegetable
origin unknown to the people may cause some effects like sequestrenes, salicylic

Table 36.1 Herbal drugs and their uses (Falzon and Balabanova 2017; Vickers et al. 2001)

Herb Scientific name Dosage form available Used for

Garlic Allium sativum Oil-filled capsules,
enteric-coated tablets

Hypertension,
hypercholesterolemia,
aphrodisiac

Ginkgo Ginkgo biloba Solid and liquid
extracts

Intermittent claudication
and dementia

Echinacea Echinacea purpurea Liquid extracts and
tinctures

Short-term immune system
stimulation

Ginseng Panax spp. Elixirs, tablets and
capsules

Anti-inflammation

St. John’s
wort

Hypericum perforatum Tinctures, tablets and
capsules

Mild depression, gastritis

Turmeric Curcuma longa Capsules Anti-inflammatory effect

Kava Piper methysticum Powders, tablets and
capsules

Stress and anxiety

Devil’s
claw

Harpogophytumprocumbens Capsules and gel Anti-inflammatory effect

Marigold Calendula officinalis Creams and herbal tea Hemollient and healer
(only topic use)

Saw
palmetto

Serenoa repens Capsules Benign prostatic
hyperplasia
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glucosides produce allergic reactions, bioavailability of some drugs are improved or
reduced by the use of grapefruit juice and St. John’s Wort. Some herbal extracts may
also be carcinogenic. Special attention or care should be taken before taking HMs in
pregnancy and should be done under medical supervision. Some herbs and conven-
tional drugs when taken together may lead to side effects: herb-drug interactions
depicted in Table 36.2.

In this chapter we brief about the stability issues and pharmacokinetic interactions
with their regulatory perspectives related to HMs.

36.2 Stability-Related Issues

Herbal products/medicines involve many specific markers or constituents for the
cure of a disease. Any changes in the components of HM/changes in their content
will affect the therapeutic activity. In herbal formulations, the herb in it is entirely
treated as the active ingredient. The contents of the HM that belong to different
chemical classes undergo molecular changes by the exposure of light, humidity, pH,
heat and various reactions due to storage, manufacture and transport. The stability
report alone of the active ingredient will not serve the purpose. Stability data in the
presence of other substances in herbal formulations is to be provided with actual
fingerprint chromatograms (EMEA GOS 2006; Bansal et al. 2016; Nanjappan et al.
2018).

Some interactions are very complex among different constituents and make the
final product very active/less active or toxic. For example, tannins, lignins and
polysaccharides tend to develop mono-dentate and bi-dentate complexes with
heavy metals (Martin-Dupont et al. 2006). Non-covalent interaction seen in
paeoniflorin and glycyrrhizin increased the water-solubility of tannins with
glycosides. These kinds of reactions probably change the chemical detail of the
HMs during their storage which alters the therapeutic activity. Proper analytical data

Table 36.2 Herb-conventional drug interactions (Boullata and Nace 2000; Vickers et al. 2001)

Herb Conventional/western drugs Interactions observed

St. John’s wort Tetracyclins, CNS stimulants Increased phototoxicity

Ginseng MAO inhibitors Tremors, headache and mania

Echinacea used above
8 weeks

Anabolic steroids, ketoconazole Hepatotoxicity

Kava kava Benzodiazepines More sedation

Saw palmetto Estrogen Herbal effect is increased

Fever few NSAIDS Herbal effect inhibition

Liquorice Spironolactone Diuretic antagonism

Shankapushpi Phenytoin Drug inhibition

Kelp Thyroxin Herbal iron content interferes with
thyroid replacement

Ginkgo Anticoagulants, NSAIDS Risk of excess bleeding
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is to be provided focusing the drug is unaltered during its shelf life. Generally, HMs
are formulated as either tablets, capsules, or oral solutions. Tests/parameters distinct
to these formulations are also to be additionally performed like dissolution, hardness,
disintegration, viscosity, suspendability and microbial contamination. These tests
should be done according to the pharmacopoeia protocols (Table 36.3) in HM
stability period (Atmakuri and Dathi 2010; Bansal et al. 2016). Stability data studies
are good to be performed on at least three production batches during shelf life period
of the herbal medicines. Stability should be done on the herbal dosage packing in the
container which is to be released in the market (Atmakuri and Dathi 2010).

36.2.1 Shelf Life

Shelf life determination is same as for the chemical APIs, but special care is taken for
the nature of herbal product involved. In known therapeutic active herbal products,
the variation in components should not exceed �5% to that of initial value. If a
proper reason is given to justify the changes caused, the acceptance limit is up to
�10%. Tests like water content and fingerprint chromatograms should be added.
Due to the climatic changes, harvesting behaviour and biological variance, the
marker added to the herbal product is to be highly given importance during the
stability study. Different types of approaches available for assessing the shelf life are
biological assays, assay of markers added and chromatographic profiling of both
control and stability samples. Expiry date provided for a herbal medicine should
have some stability data which supports its shelf life (World Health Organization
2006).

36.2.2 Recent Literary Work in Herbal Medicine Stability Testing

Many stability reports in the recent decades showed a wide difference in the
conditions applied for the assessment of shelf life. In this current book chapter, we
have identified reports that showed (1) physical changes, (2) chemical changes,
(3) biological and (4) physico-chemical and biological changes in different stability

Table 36.3 Stability testing conditions (WHO 2009)

Type of stability
study Storage condition

Duration to be
covered before
submission Testing frequency

Long-term stability 25 � 2 �C/60 � 5% RH or
30 � 2 �C/65 � 5% RH or
30 � 2 �C/75 � 5% RH

12 months 0, 3, 6, 9, 12,
18, 24 months and
annually

Intermediate stability 30 � 2 �C/65 � 5% RH 6 months 0, 6, 9, 12 months

Accelerated stability 40 � 2 �C/75 � 5% RH 6 months 0, 3, 6 months
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conditions. These changes help to know the challenges faced and the kind of
approaches to be developed during stability testing.

36.2.2.1 Physical Changes during Herbal Medicines/Products
Assessment

Physical changes in herbal medicines include change in formulation colour, viscos-
ity and few specific variations respective to that of dosage form. Neem (Azadirachta
indica) cream at a stability condition of 25–30 �C, 12 months is found to be stable
(Aremu et al. 2009). Topical gel (2.5% and 5%) of Clerodendron infortunatum was
prepared which has its use in skin diseases, inflammation and asthma. The topical gel
filled in collapsed tubes was subjected to stability testing according to ICH
guidelines. The storage conditions were 25 �C � 2 �C/60% � 5% RH,
30 �C � 2 �C/65% � 5% RH and 40 � C � 2 �C/75% � 5% RH for a period of
3 months and studied for appearance, viscosity, pH and spreadability. The gels with
lower concentration (2.5%) showed better stability than compared to 5% topical gel
formulation. The stability conditions didn’t show much variation on viscosity and
spreadability either (Das et al. 2011).

Akhtar and co-workers developed a topical skin cream of sea buckthorn
(Hippophae rhamnoides) for anti-sebum secretion effects. This cream being a w/o
emulsion is analysed for the stability parameters in a storage period of 4 weeks. The
storage was in 8 � 0.1 �C, 25 � 0.1 �C and 40 � 0.1 �C with 75% RH. Physical
stability was estimated by subjecting the cream to centrifugation and by making a
note of pH changes. Centrifugation studies showed slight phase separation for the
formulation preserved at 40 �C after 21 days period. pH was reasonably reduced till
the final stage of the storage period (Akhtar et al. 2010). Topical gels of fenugreek
(Trigonella foenum-greacum) developed for the anti-inflammatory action was tested
for stability for a time period of 3 months. The stability conditions maintained were
40 � 2 �C and 75 � 5% RH for 90 days. The colour was green to that of the initial
preparation. The formulation was stable showing no changes in viscosity and drug
content for a period of 90 days (Jyothi and Koland 2016).

36.2.2.2 Chemical Changes during Herbal Medicines/Products
Assessment

Chemical changes cause major effect on the activity of the drug. So, these changes
must be properly studied and estimated with proper storage specifications.
Andrographis paniculata is used traditionally for liver complaints and as
immunostimulant. The dried sample extract when kept under 25 � 2 �C, 60 � 5%
RH and 30 � 2 �C, 60 � 5% RH storage conditions showed an insignificant
reduction the andrographolide content. The same is the case in storage of
5 � 2 �C for 3 months. The ambient condition for storage of Andrographis
paniculata dried leaves is decided as 30 � 2 �C, 60 � 5%RH. This attempt declares
no special container is required to preserve the quality of dried Andrographis
paniculata (Ibrahim and Chong 2008). Birch leaves and passion flowers which are
rich in flavonoid content were tested for stability. The samples stored at 40 �C and
75% RH for 6 months showed a significant decrease in the total flavonoid content.
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Here the birch leaves showed degradation of flavonoid glycosides into sugar and
aglyca-moieties (Heigl and Franz 2003). Sea buckthorn which consists of vitamin C
as the primary vitamin within it is evaluated for the storage capacity of the berries
and juice. The study estimates the effect of temperature on total ascorbic acid content
(TAA). The content was estimated with different temperatures, viz. -20 �C, 6� to
25 �C and also 40 �C. The TAA content was decreased to half of its percentage at
elevated temperatures like 40 �C after 7 days. L-ascorbic acid (L-AA) is majorly
prone to chemical and enzymatic oxidation. L-AA showed good aqueous stability in
the pH working range of 3.0–4.5 (Gutzeit et al. 2008).

Piper sarmentosum, medicinal plant used in phytopharmaceuticals, has many
benefits to cure ailments. It has pharmacological activities like anti-amoebic, anti-
neoplastic and anti-malarial (Hussain et al. 2012). The ethanolic extracts of this
Piper sarmentosum were studied for the stability by HPLC. The accelerated stability
was done by the addition of the selective markers like pellitorine, sarmentine and
sarmentosine. The samples were studied for 0, 1, 2, 4 and 6 months. Three different
temperatures selected are 30 �C/60% RH, 40 �C/75% RH and 60 �C/85% RH for
6 months. The integrity of the samples was good in 30 �C/60% RH showing less than
10% of content lost in contest to the markers. The reduction in the concentration was
likely found to be 25% and 40% at 40 �C/75% RH and 60 �C/85% RH. This
indicating the higher temperatures and humidity caused the loss of activity of
Piper sarmentosum. These samples should be stored in room temperatures (Khalid
et al. 2011). Stevia rebaudiana leaves are known for its commercial sweetener
purpose due to the presence of steviol glycosides. These glycosides stability was
determined in leaves and also the commercial sweetener Truvia. The methanolic
extracts of the steviol and its glycosides were stored at 4� and �20 �C for 30 days.
The samples at 4 �C showed a good stability result, whereas samples stored at
�20 �C reported a decrease of 3.6% in all the analytes (Gardana et al. 2010).

36.2.2.3 Biological Activity Assessment during Stability Testing
Antioxidant property of Aegle marmelos with leaves extracted with ethanol, metha-
nol and water was subjected to pH studies. The pH selected was 4, 7 and 9 and the
incubation was 24 h. The ethanol and water extracts at pH 4 showed good radical
scavenging activity (RSA) initially for 30 min. This eventually declined at the 24 h.
time point. The antioxidant extracts at pH 7 showed high RSA till 24 h making the
samples stable in neutral environment. The ability to scavenge the 2,2-diphenyl-1-
picrylhydrazyl (DPPH) radicals was completely lost at pH 9 and may be due to the
structural denaturation of antioxidant composite (Reddy and Urooj 2013). Echina-
cea purpurea formulations like creams and gels are checked for the antioxidant
activity under the storage condition of 4, 30 and 40 �C for 6 months. Linear
regression analysis was used for the antioxidant activity purpose. The antioxidant
activity didn’t last for more than 4 months in 30 �C. The gel components for
antioxidants decreased far than that of cream. The gels are incorporated with water
which causes oxidation of the bioactive compounds. 0.1% w/w of α-tocopherol or
disodium edetate were added to improve the stability of Echinacea purpurea creams
and gels, but the results seemed not satisfactory (Yotsawimonwat et al. 2010).
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Aqueous garlic extract studied for the antibacterial activity at different ranges of
pH 6, 7, 8 and 9. The initial pH 5.8 of Allium sativum aqueous extracts showed good
pathogenic activity against Escherichia coli, Salmonella typhi and Bacillus. But as
the pH increases from 5.8 to 9, the antibacterial activity was eventually lost (Durairaj
et al. 2009).

36.2.2.4 Herbal Products Evaluated for Biological along
with Physico-Chemical Changes

Allium sativum is well known for its antimicrobial and also anti-thrombotic
activities. The instabilities in allyl 2-propenylthiosulphinate (allicin), a major con-
stituent of Allium were evaluated. This was done in various solutions like water and
different percentages of ethanol. The biological half-life T1/2 (17 days) was high and
good compared to chemical T1/2 ¼ 12 days. The allicin was seen to be more stable in
20% ethanolic extract but unstable in vegetable oil (Fujisawa et al. 2008). The
abundant flavonoid glycoside found in Cassia alata leaves, kaempferol 3-O-
gentiobioside (K3G) when sundried and heat dried and then tested for anti-
inflammatory effects on COX-1, showed least inhibitory activity (Moriyama et al.
2003). Withania somnifera has its therapeutic uses in cancer, stress and arthritis.
Dried extracts (powder) of Withania were tested for physicochemical stability in
correlation with biological effects in accelerated and real-time storage conditions for
6 months. Test conditions included 30 � 2 �C and 65 � 5% relative humidity
(RH) for the real-time testing and 40 � 2 �C with 75 � 5% RH for the accelerated
testing. Moisture content and size distribution were assessed under physical
parameters while chemical stability by HPLC for the determination of withanolides.
The physical form of the Withania powder changed to clump in five-month sample
of real time study and at third month of accelerated storage. Moisture content was
found to increase in accelerated and real time storage case. The particle size range
was from 20 to 140 μM. HPLC analysis of withaferin A and withanolide A showed a
percentage of 90.40 and 92.82 in real-time storage. In accelerated storage, these
percentages went to 63.60 and 88.86. Immunomodulatory effect of levamisole
(reference drug) and Withania spray-dried extract was measured in biological
stability which showed a high decline in accelerated condition (Patil et al. 2010).

36.2.3 Challenges Faced in Current Scenario of Herbal Medicine
Stability

The quality, efficacy and safety of the herbal products are to be maintained through-
out their shelf life. The main challenges faced nowadays by herbal products stability
testing are the biochemical variation in raw materials, selection of specific markers,
chemical complexity of the composition and the enzyme activity. The herbal drugs
are mixture of various heterogeneous chemical components. The development of
chromatographic finger printing is quite difficult with the divergent chemical com-
position. The exposure to light, humidity, heat and air may trigger new chemical
reactions and changes the amount/levels of components present. These chemicals
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exist in tiny amounts in an herb where the extraction becomes difficult, and also
many constituents together produce their individual pharmacological action leading
to synergistic or antagonistic action. To avoid this, identification of chemical
markers is important with respect to their biological activities in parallel to the
control sample during the stability testing of herbal drugs. The other quality attribute
of stability is the microbial contamination of the herbal drug product. The microbial
enzymes not only cause hazardous effects by the product but also degrade the
components present. Biochemical variation occurs by the herbs when collected
from different climates (Bansal et al. 2016).

Commercial formulations of Hypericum perforatum were meant to have 0.3%
hypericin of the product. But the study showed it was somewhere around lowest of
7.72% and a highest of 38.57% of the label claim (Shah et al. 2005). Such studies
prove that chemical composition varies from batch to batch of same herbal formula-
tion. The most common phenomenon observed in herbals is the post-harvest
browning. The reasons behind these are the phenyl peroxidase (PPO), phenylalanine
ammonia lyase and/or peroxidase present which imparts brown colour to the product
by oxidising the phenolic compound to a quinine (giving the brown colour).
Enzymatic activities should be a must check in the processing of the HMs (Adams
2010; Bansal et al. 2016).

36.2.4 Advances in Improvement of Stability

Many components in herbal products and natural medicines are causing a common
problem that they react with each other, further leading to stability issues in the
formulation. Different studies to deal with herbal products stability are (a) physical
parameters testing, (b) complete study of impurity profile, (c) quantification of all
metabolites and (d) properly maintained storage conditions. Instability issues can be
dealt with techniques mentioned here like- preparation of nanoparticle coating to
enhance the shelf life. Coating of herbal formulations with nanoparticles prevents
them for oxidation and environment degradation and improves the shelf life (Thakur
et al. 2011). Solid-lipid nanoparticles (SLN) have gained good importance in the
improvement of the physicochemical stability and provide good protection against
degradation of labile drugs (Martins et al. 2012; Kolenyak dos Santos et al. 2013).
SLN were incorporated into curcumnoids. In the absence of light, the stability
samples showed 91%, 96% and 88% of curcumin, demethoxycurcumin and
bisdemethoxycurcumin, respectively. SLN are a good choice in improving the
stability of curcumnoids (Tiyaboonchai et al. 2007). Camptothecin, anti-tumour
agent from Camptotheca acuminata, is an active lactone. This was incorporated
into PEGylated liposomes by the addition of 3,5-bis (dodecyloxy) benzoic (PO)-
polyethylene glycol-containing liposomes. The surface was overlaid with human
serum albumin (HSA-DB-L). These studies performed for this anti-tumour action
showed that HSA-DB-L improves the stability of camptothecin (Watanabe et al.
2008). The instabilities caused by liposomes can be replaced by the usage of
proliposomes. Proliposomes convert into liposomes upon the addition of water.
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This was applied for silymarin which improved its stability along with bioavailabil-
ity and also encapsulation efficiency (Yan-yu et al. 2006).

Phytosomes gained good popularity in the twentieth century for formulating
herbals. These are used in the nanosized range as controlled and sustained release
systems. The phosphatidylcholine chains form chemical bonds showing good stabil-
ity (Sharma et al. 2016). Soft gel complex of curcumin powder was prepared with
soy phosphatidylcholine by solvent evaporation method. These curcumin-loaded
phytosomes were filled in soft gelatin capsules to assess the stability. The samples
were kept in 25 �C and 65% RH for 3 months. The zeta potential between the
aqueous and curcumin phytosome complex varied from �38.8 � 3.48 mV com-
pared �35.4 � 2.45 mV indicating a good stability (Allam et al. 2015). Topical
herbal formulations help in the therapy of skin disorders like psoriasis, scarring and
eczema. These are nano-emulsions drug-based aqueous phase tapped in essential
oils. These promote good thermodynamic stability with long shelf life (Chaudhary
and Naithani 2009). Storage stability can be increased by the addition of
β-cyclodextrin to the herbal liquid compound (Thakur et al. 2011). Silver is always
known for its prominent role. Silver nanoparticles prepared for the antibacterial
traditional Chinese medicines showed good role in the upliftment of stability. The
conjugation of these silver nanoparticles improved the potency against Pseudomo-
nas aeruginosa, Staphylococcus epidermidis and Staphylococcus aureus (Sun et al.
2014). Tannins when microencapsulated with β-cyclodextrin, sodium alginate and
ethylcellulose have shown better stability in light and heat conditions compared to
normal tannins (Wu et al. 2006). Many a times long-chain fatty acid derivatives from
plants are incorporated into herbal formulations by the use of linoleic acid-base
compound. This reduces the hydrogenation of oil-based products and improves the
stability character of the drugs and increases its shelf life (Wilkes 2009).

In addition to all the above examples, traditional herbal and natural medicinal
active ingredients are formulated into promising delivery systems like
transferosomes, ethosomes, polymer drug-conjugates, dendrimers, microemulsions,
nanostructured lipid carriers and hybrid nanocarriers (Fig. 36.1). These are able to
improve both the stability and also biological activity of the natural herbal product
(Liu and Feng 2015).

36.3 Pharmacokinetic Issues

The usage of herbs for an ailment dates back to centuries, but in recent times
alternate treatments to allopathic medicine have been gaining increased popularity
for a wide range of ailments like common cold to cancer and even metabolic
disorders. Due to the fact that herbal drugs having more than one component and
some are being taken as food supplements along with the prescribed drugs, there is a
chance for potential herb-drug interactions. With the multiple components in a single
formulation, the herbal drug acts on multiple targets in the body that produces
multiple responses which are interdependent and makes the interaction study quite
difficult to perform. Due to increased popularity, there is an increased scope of
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performing clinical studies for elucidating herb-drug interactions. The interactions
become potential or life threatening in case of drugs with low therapeutic index. In
general, the possible types of interactions are pharmacokinetic and pharmacody-
namic, but the mostly reported ones are pharmacokinetic interactions. It is said to be
pharmacodynamic herb-drug interaction when the herbal drug antagonises or
synergises the pharmacological effect of the drug. In case of pharmacokinetic
interactions, there is alteration in metabolism or transport of a drug resulting in
changes in absorption, distribution, metabolism and excretion leading to the altered
pharmacokinetics. These interactions are clinically more significant because of the
changes it brings to area under curve (AUC), T1/2 and Cmax of the simultaneously
administered drug. The two main mechanisms behind these pharmacokinetic
interactions are metabolism-mediated and transporter-mediated interactions.

36.3.1 Metabolism-Mediated HDI

In this type of HDI, phase I and phase II enzymes are involved. Phase I enzymes are
nothing but CYP family, and phase II enzymes are non-CYP family like UGTs. The
herbal medicines induce or inhibit the metabolic enzymes of the drug. The inhibition

Fig. 36.1 Advanced formulations for good stability of herbal medicine
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occurs when the herbal medicine competitively or non-competitively decreases the
expression or the activity of the enzyme. Induction of enzyme involves the gene
activation and increase in protein or gene level of a particular enzyme which makes it
a much slower process. However, the induction or inhibition processes are reversible
and the enzyme levels reach normal when the herbal medicine administration is
stopped. The inhibition of CYP enzymes increases the plasma concentrations of the
drug and induction leads to the therapeutic failure with low plasma concentrations of
the drug.

36.3.2 Transporter-Mediated HDI

These are less reported than metabolism-mediated HDI but are equally important. To
know about the transporters mediated HDI, it is essential to know about the types
and functions of these transporters. There are two super families of drug transporters:
(i) ATP-binding cassette [ABC] and (ii) solute carrier transporters [SLC]. The ABC
transporters include P-glycoprotein, multidrug resistance protein (MRP) and breast
cancer resistance protein (BCR), whereas SLC include organic anion transporters
(OATs), organic cation transporters (OCTs) and organic anion transporting
polypeptides (OATPs) that mediate the uptake of their substrates. Unlike metabolic
enzymes which are mainly expressed in the liver and intestine, these transporters are
expressed in most of the tissues and involve in absorption, distribution and excretion
and also involved in oral bioavailability, hepatobiliary and intestinal and renal
excretion of drugs. These transporters also cause changes in pharmacokinetics of
drugs administered along with herbal medicine that have the potential to induce or
inhibit the transporter for which the drug is a substrate. Herb-drug interactions
because of the alteration in metabolism and transport enzymes are mentioned in
Table 36.4.

The pharmacokinetic interactions can be identified by different kinds of models
like in vitro models, animal in vivo models and human in vivo models. Of them
in vitro models are widely used because of the ease of operation and practical
applicability. Generally cryopreserved human liver cells and microsomes expressing
recombinant enzymes are used as in vitro models. And mice and rats are used as
in vivo models. Sometimes probes are also used to determine the pharmacokinetic
interactions. Studies performed in human healthy volunteers and patients provide
clinically relevant data from which systemic concentrations and elimination of the
drug can be known (Meng and Liu 2014).

However, the wide number of metabolites present in herbal drugs makes it
difficult for effective pharmacological evaluation and for drug development. The
complexity of herbal drugs and that of biological samples provides a challenge to
measure the concentration-time profiles of herbal drugs quantitatively through
analytical approach that is just out of the scope in present traditional study. The
study of herbal pharmacokinetics along with multiple metabolites is called poly-
pharmacokinetics is only seen in a few studies and needs to be concentrated in order
to establish a safety profile for an herbal drug/formulation. Due to drug-drug
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interactions, the PK of a given compound differs from single component assay to
multicomponent assay. With large number of variables and complicated network of
metabolites, it is technically quite challenging to identify a metabolite and changes
occurring in it in the metabolite pool. The metabolic fate of a chemical in human
body can be first determined by the structure and varied by diet, dose, gut
microbiota, lifestyle, genetic differences, environment and routes of exposure as
well as other xenobiotics intentionally or unintentionally. To simplify all this, in
silico prediction coupled with in vitro screening and identification and in vivo
validation were introduced for xenobiotic metabolism studies. However,
extrapolations among different platforms (in vitro/in vivo/in silico) are not robust
or reliable; the xenobiotic metabolite studies require extra attention.

Recent advances in hyphenated techniques like LC-MS, GC-MS, CE-MS and
NMR made it easier to identify small metabolites simultaneously. Metabolomics is
another approach of analysis of metabolites. This particular omics branch can be
used in many ways; some of them are for determining how a biological system reacts
to a stimulus, identifying metabolic pathways and differentiating the pathways of
endogenous and xenobiotic metabolites, etc. It untangles the interlinked pathways of
both endo- and exogenous metabolites and can analyse hundreds and even thousands
of variables. It can be used to form a new platform in PK studies that can measure
multiple herbal drugs in vivo and to identify alterations in the human body upon
exposure to an herbal drug. Presently utilising metabolomics to study the safety and

Table 36.4 Herb-drug interactions because of the alteration in metabolism and transport enzymes
(Meng and Liu 2014)

Herbal drug Enzymes altered
Transporters
altered Drugs affected

Ginkgo
biloba

CYP2B6, CYP2C19,
CYP3A4

P-gp, OATP Efavirenz, midazolam, talinolol,
fexofenadine, omeprazole

Ginseng CYP1A2, CYP2D6,
CYP2E1, CYP3A

P-gp Midazolam, debrisoquine

Garlic CYP1A2, CYP2D6,
CYP2E1, CYP3A4

P-gp Chlorzoxazone, saquinavir

Black
cohosh

CYP1A2, CYP2E1,
CYP3A4

P-gp Debrisoquine

Echinacea CYP1A2, CYP3A P-gp Midazolam

Milk thistle CYP1A2, CYP2C9,
CYP2D6, CYP2E1,
CYP3A4

UGT1A,
P-gp

Losartan, metronidazole, talinolol

Kava CYP2E1, CYP1A2,
CYP2D6, CYP3A4

P-gp Chlorzoxazone

St. John’s
wort

CYP2B6, CYP2C19,
CYP2D6, CYP2E1,
CYP3A4

P-gp Alprazolam, amitriptyline, bupropion,
chlorzoxazone, cimetidine,
ciclosporin, digoxin, fexofenadine,
warfarin, imatinib, mephenytoin

Goldenseal CYP3A4, CYP2D6,
CYP3A5

Caffeine, chlorzoxazone, digoxin,
indinavir, midazolam, ciclosporin
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efficacy of herbal drugs is the main focus in present research. There are advances in
the aspect of metabolic fate in case of single xenobiotics, whereas multicomponent
drug systems with complicated and highly variable composition provide a challenge
to conduct studies to know how the herbal drug works inside the body.

There are two strategies generally followed to determine the herb-drug
interactions; they are (a) classic strategy and (b) metabolomics-based strategy.

1. Classic strategy: It is a recently discussed knowledge-based technique. A number
of metabolites were determined by this technique with the advancement of
bioanalytical techniques. This strategy can reveal intra-herb interactions and
robust and reliable but time consuming.

2. Metabolomics-based strategy: the first study under this category is NMR-based
study on human nutritional intervention. This gave rise to new study called
‘Nutrikinetics’ that is a combination of latest technologies and methodologies
that gives a complete note on the fate of a metabolite in the body. This has been
used in many studies to know the fate of metabolites exposed to diet.

Metabolomics with multivariate statistical analysis can address all the challenges
faced in poly-PK. The results we get are reliable and many factors and variables that
are faced in case of multicomponent herbal drugs are taken into account. Focus in
this area further helps to increase the efficacy of the analysis. Elucidation of
complete pharmacokinetic parameters is essential to reduce complications, toxicity
and costs and to increase the quality of patient’s life.

36.3.3 Challenges Faced with the Complexity of Metabolism
of Herbal Drugs

To develop protocols for in vivo metabolomics, there are many challenges that need
to be addressed. Some of them are (1) multicomponent system and the difficulty to
standardise it, (2) overlap of herbs with daily diet, (3) co-metabolism in the gut by
microbes that varies and gives unreliable data, (4) differentiating endo- and exoge-
nous metabolites and (5) similar chemical structure of different constituents with
interlinked metabolic pathways. From these one can say that research in this area is
still in its infancy and needs to be explored (Lan et al. 2013).

The composition of the herbal drug is not constant and subjected to variation
based on many factors like climatic changes, rainfall, temperature, growing
conditions, etc. To achieve reproducibility, the composition of the formulation has
to be more focussed on. The detailed screening of the constituents is done only for
some herbs like Milk thistle, St. John’s wort, etc. and needs to be expanded to every
possible herb. Some techniques like bioactivity-guided fractionation are used to
determine the constituents of herbs. The variable experimental protocols across
laboratories and lack of standardisation of herbal drugs give low-quality and variable
results. Due to multiple constituents in a single drug, the static equations used for
extrapolations are not amenable which renders the requirement of more sophisticated
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techniques like physiologically based pharmacokinetic modelling (PBPK) and sim-
ulation studies (Brantley et al. 2014).

Although the studies on these interactions are increasing, the area is still limited
by lack of long-term in vivo studies and lacks clear mechanisms of the interactions.
The pharmacodynamic end points must be thoroughly investigated to draw a clinical
relevance of these interactions. This enables us to take clear decisions regarding
patient’s safety. These types of interactions can find out by systematic study during
drug discovery and development stage and further continued by clinical trials. There
is a need to develop a protocol to conduct clinical trials to determine risks and any
lethal interactions. The composition variability is the biggest challenge in herb-drug
interaction study which is altered by species of the plant, geographical area, plant
part used, collection methods, post-harvesting treatment, etc. This demands
standardisation and harmonisation of herbal drug standards.

Another emerging challenge is polymorphism in genotypes related to the meta-
bolic pathways of drugs and herbs. Extreme criteria are needed to assess the adverse
effects that may occur when herb and drug are taken simultaneously during the
development phase. Very little scientific data is available on interactions of herbs
with the drugs which need to be the present focuses in order get clinically significant
and quality data. The interactions reported are less because the patients do not report
them to their health care professionals. There should be awareness brought among
the consumers regarding the usage of herbs and the potential interactions that they
cause when taken along with allopathic drugs (Tarirai et al. 2010).

There is a need for pharmacovigilance to assess risks, quality and safety in case of
herb-drug interactions which is not tested or not subjected to approval by regulatory
agencies. Because of the underreporting of the incidents by the consumers, it is
difficult to keep a track on number of interactions occurring. It is the national
pharmacovigilance centre’s responsibility to bring awareness about this herb-drug
interactions and drug safety among the consumers, health professionals, regulatory
authorities and suppliers of the herbal medicine (Skalli and Bencheikh 2012).

Herbal practitioners and manufacturing companies do not require clinical trials
for endorsement and marketing internationally. And also, there are no strict regula-
tion requirements during regulatory approvals. This may be the cause of lack of
proper protocols for clinical trials for HDI (Parveen et al. 2015). Quality assurance,
health and safety are global concerns regarding standards of herbal drugs and
regulatory requirements. The documentation and traceability of every herbal drug
entering into local or international market is lacking and has to be maintained.
Research regarding the cultivation, drying, various processing methods, storage
practices and their effect on the herbs not only benefit the consumer but also achieve
stable herbal products (Street et al. 2008).

36.3.4 Regulatory Perspective

In India, under the Ministry of Health & Family Welfare, Department of Ayurveda,
Yoga & Naturopathy, Unani, Siddha and Homoeopathy (AYUSH) was established
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in 1995 which regulates the herbal medicines. Drugs and Cosmetics Act 1940 and
Drugs and Cosmetics Rules of 1945 governs the manufacture, import, sale and
distribution of drugs and cosmetics. In 1959, the govt. of India included the drugs
derived from traditional Indian medicine. Without state drug control, authorities
license no products derived from traditional medicine should be manufactured.
Proprietary medicines and drugs with patents should have ingredients mentioned
in the books recognised by the above regulatory systems. Special committee for
ayurvedic, siddha and unani medicines advises the govt. regarding any issues in
traditional medicine. Pharmacopoeias for all these systems are being prepared by the
pharmacopoeia committees. Indian government appointed an expert committee to
develop guidelines for safety and efficacy of herbal drugs in 1993 which were
intended to be included in the D & C Act and Rules. The herbal medicines other
than those authorized by the regulatory agencies are not allowed to be manufactured
or marketed except for those drugs that are manufactured in compliance with the
formulae taken from the authoritative books for herbal medicine. For marketing
authorisation for a new drug, the manufacturer must submit the safety and efficacy
data. The requirement for submission of clinical trial and toxicity data differs
according to the nature of the herb and its availability. The herbal drugs are classified
into three categories based on their nature and availability. Category 1: Already in
use for more than 5 years, Category 2: In use for less than 5 years and Category 3:
New medicines. This classification depends on whether the drug has processed or
unprocessed plant parts or presence of any poisonous substance (World Health
Organization 1998).

The WHO produced a large amount of data on how to handle traditional plant
material and their products from collecting the material to clinical trials. These
guidelines are facilitating the work of academicians, industries and regulatory
authorities concerned with the trade and regulation of the herbal drugs. The WHO
published a collection of test procedure to assess the purity, identity, content of the
herbal drugs in the name “Quality Control Methods for Medicinal Plant Materials”
to engage national laboratories in drug QC. In 2003, guidelines on good agricultural
and collection practices (GACP) for medicinal plants and in 2007, ‘WHO guidelines
for assessing quality of herbal medicines with reference to contaminants and
residues’, were published. Regional and national guidelines for GACP were devel-
oped in European Union, China and Japan so as to ensure that the irrigation water
and soil used for cultivation of herbal drugs are having within the limits of heavy
metals and free from herbicides, pesticides and toxic substances. In Germany a
concept was introduced to ensure the consistency of herbal drugs known as
‘phytoequivalence’ in which a fingerprint is constructed for an herbal constituent
and compared with reference (Ameh et al. 2010; Sahoo et al. 2010).

The main reason for fall back of traditional medicine internationally is that no
efficacy and safety studies are required for marketing approval according to D & C
Act, and in United States all the traditional medicines are being marketed under
Dietary Supplement Health and Education Act of 1994, as dietary supplements
which doesn’t require any safety and toxicity data. Under this act the manufacturers
are not allowed to claim any health benefit towards any disease. By this, the value of
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the traditional Indian medicine is not being recognised fully and properly. For
producing or selling dietary supplements, the industries do not need to register
with USFDA or have to take approval. This has been a loophole for the wide
marketing in United States for herbal drugs. The FDA can take any action against
safety issues only after the product being released into the market. Most of the
manufacturers favourably export the traditional medicine to United States because of
the relaxed requirements, and no requirement of submitting any scientific evidence
for the health claims for dietary supplements which require a lot of money.

While this is the case in United States, European Union requires a lot of data to be
submitted for registration and application for marketing authorization. The data need
to be submitted are description of manufacturing methods, contraindications, quali-
tative and quantitative data of the herbal drug constituents, adverse reactions,
posology, dose, route of administration, etc. The product is allowed into the market
only if it passes the full regimen including safety and toxicity data which is an
expensive issue making EU less favourable for the industries although the demand
for herbal medicine is equally increasing in both areas.

Different countries have different pharmacopoeial standards, the comparison to
which produces differences in permissible limits of heavy metals, plant-specific
parameters, microbial contamination, pesticides, quality standards, etc. There are
country-specific standards and regional guidelines evolving which have become
bottlenecks to comply with for manufacturers for trading of herbal drugs. To resolve
this issue, it is necessary to support the profession and strengthen it in other countries
in order to increase the value for Indian herbal medicine worldwide. For this the
government of India has taken necessary steps by organising major events,
exhibitions, providing technical support to universities for the research, exchange
of scholars and funding research. An Indo-US Centre for Research on Indian
Systems of Medicine (CRISM) which provides scientific validation and spread the
information on ASU (Ayurveda, Siddha, and Unani) medicines through collabora-
tive research was set up in National Center for Natural Products Research, Univer-
sity of Mississippi. Through this mission, it was intended that the scientific
acceptance of the Indian traditional medicine will be increased.

To overcome the problem of difficulty in identification of components in multi-
component herbal drug systems, ‘marker-based assessment’ was introduced. It was
already well established in developed countries along with chemical fingerprinting to
assure the identity and quality of raw materials and active ingredients which has
recently been introduced in India. In this approach, for identification and quality
assessment, one or more compounds are being selected by natural product analysts
as markers. But no guidelines are provided regarding ‘marker-based assessment’ in
Indian GMP. One of the surveys regarding the quality issues in herbal medicines
revealed that the poor quality of herbal medicines is the result of lack of sufficient
regulatory guidelines in various aspects off production. Manufacturers feel that there
should be further development and elaboration of guidelines on quality control of
herbal drugs. Good storage practices are also very important in herbal drug
manufacturing other than QC and GACP. National Medicinal Plants Board, India,
developed guidelines on good agricultural practices and good field collection
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practices specific to India in line with GACP developed by the WHO. However,
many people are not aware of these guidelines, and there is a need to spread
awareness about these guidelines. Even though some companies are aware of
them, they find it impractical because the growers are unaware of those practices
and also the operational cost is more. There is a need to establish government
certified raw material supply centres in every state in order to supply standardised
and certified raw materials to produce quality herbal medicines.

As a first attempt in elaboration of guidelines, in D & C Act, fourth amendment a
rule was introduced for the guidelines for evaluation of ASU drugs. Another
drawback in the Indian herbal drug industry is that the non-uniformity in drug
registration timeline which differs in different states. There is an urgent need to
establish a unified system in the country with defined timelines and unified protocols
(Sahoo and Manchikanti 2013).

36.4 Conclusion

Vast numbers of herbal medicines are used to improve health by using different
forms such as phytoformulations, nutraceuticals and functional food. Plants are the
main source of treatment against most of the diseases and in future can dominate the
synthetic drug market. Because of the increased use of these herbal drugs, it is
essential to have clear and complete picture on pharmacokinetics of the herbal drugs.
The pharmacokinetic profile of the herbal drugs acts as a blueprint and is used to
determine the clinical and toxicological value of the herbs. Since there are increasing
number of patients using these herbal drugs, clinicians must have a clear picture
about the interactions that a particular herb can cause. Either dose adjustments or
discontinuation of the therapy is to be suggested if any herb is found to be interacting
with a particular herb (Mehta et al. 2015; Mamindla et al. 2016).

Not only about the interactions but also the factors affecting the interactions must
be known. This can lead to better understanding of the interactions thereby leading to
better rationale behind the administration. However these studies are limited to
in vivo animal models and since the extrapolations are not robust and reliable;
there is a need to expand these studies to clinical research to better understand the
mechanisms of the interactions and to elucidate the metabolic fate of the herbal
constituents (Sun et al. 2019).

Because of the less strict regulations and lack of standardised raw materials, the
labels identified on the herbal formulations are incorrect or incomplete. The compo-
sition may change from batch to batch. This can be overcome by forming strict
guidelines and bringing awareness on different regulatory practices like GACP,
WHO guidelines, etc. in order to get consistent herbal drugs. There is also need
for well-designed clinical studies and making it mandatory to submit clinical safety
and toxicity data to acquire manufacturing and marketing approvals (Shi and Klotz
2012).
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Pharmaceutical Formulation Development
Based on the Polymers Obtained from
Edible Plants: An Excellent Approach
for the Betterment in Health-Care Services

37

Basudev Sahana and Kuhu Bhaduri

Abstract

Pharmacy is a professional health science that deals with the techniques and
chemical sciences of preparing and dispensing drugs to ensure the safe and
effective use of medicines. Pharmaceutical scientists have been engaged and
much more interested in the field of pharmaceutical product development based
on new molecule invention through synthesis or isolation from herbal sources,
chemical modification of drugs or alternate use of drugs and use of different
excipients obtained from plant sources especially polymers for proper
administrable drug formulation development and to minimize the toxicity or
health hazards of synthetic drugs and additives. The design and development
depends upon the polymers for both the conventional and controlled release drug
delivery systems, but the quality of drugs and polymers can affect the safety for
applications. Formulation development based on the herbal drugs and polymers
obtained from edible plants is the current interest in pharmaceutical formulation
design and development. Edible drugs and polymers are playing a major role in
several ways of herbal formulation design for potential improvement of efficacy
like modern medicines. The present study is highlighting the edible and biocom-
patible herbal polymers and drugs utilized in mechanized controlled release and
long-acting formulations for better health-care services.

Keywords

Edible polymers · Mucoadhesive · Biodegradable · Biocompatible · Nanoparticles

B. Sahana (*) · K. Bhaduri
Department of Pharmaceutics, Institute of Pharmacy, Jalpaiguri, Govt. of West Bengal, Jalpaiguri,
West Bengal, India
e-mail: sahanabasu33@rediffmail.com; bsahana_29@yahoo.com

# Springer Nature Singapore Pte Ltd. 2021
S. C. Mandal et al. (eds.), Evidence Based Validation of Traditional Medicines,
https://doi.org/10.1007/978-981-15-8127-4_37

767

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-15-8127-4_37&domain=pdf
mailto:sahanabasu33@rediffmail.com
mailto:bsahana_29@yahoo.com
https://doi.org/10.1007/978-981-15-8127-4_37#DOI


37.1 Introduction

Pharmaceutical product development based on herbal constituents and excipients
is an important and emerging field for the betterment in health-care systems for
modern human society (Hoover 1975) to minimize toxicity and avoid unwanted
health hazards.

37.1.1 Pharmacy or Pharmaceutical Science

It is the branch of sciences which deals with drugs, chemical modification of drugs,
better efficacious new molecule invention through synthesis or isolation and design
and development of formulations for delivering the drug in proper administrable
forms with the help of some nondrug components or additives according to the need
of the patients. Pharmacy is the science and technique of preparing and dispensing
drugs. It is a health professional science that deals with the techniques and chemical
sciences to ensure the safe and effective use of drugs or medicines. The pharmacy
practice includes compounding and dispensing medications and modern health-care
services including clinical services, reviewing medications for safety and efficacy
and providing drug information. Pharmacists are specialized personnel engaged in
procurement, handling, testing, manufacturing, quality testing, storing, dispensing
and distributing of drug products or medicines (Hoover 1975). They are the experts
on drug therapy and primary health professionals who optimize use of medication
and minimize toxicity for the benefit of the patients.

37.1.2 Pharmaceutics

This is the formulation science main branch of pharmacy which deals with the drugs,
excipients and drug formulation design. Investigation of herbal and chemical drug
molecules which are having sufficient pharmacologic or therapeutic response and
studies regarding those molecules prior to the formulation for safe, economic, legal,
efficacious and stable dosage form development are the major working fields of
pharmacy. Pharmaceutical formulation design and development has been performed
through the analysis of their physicochemical properties, drug-excipient compatibil-
ity studies and other pre-formulation testings to achieve a safe, efficacious, quality
and stable dosage form. The safe, effective, legal and rational use of drug through
dispensing a quality and stable dosage form to the patients is the major part of
pharmaceutics. Biopharmaceutics and pharmacokinetics deal with formulation
design according to the need of biosystems with proper dosage regimen and dosage
interval adjustment. Clinical pharmacokinetics deals with individual dosage
requirements and dosage intervals with selection of proper drug or drugs for
optimization of drug efficacy and minimization of drug hazards or toxicity (Hoover
1975; Liberman and Lachman 1980).
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37.1.3 Drugs

Drugs are the agents or substances used in prevention, control, diagnosis, mitigation,
treatment and cure of disease or ailments through the applications or administration
in the body of human beings or animals. Drugs are very rarely used in their pure
forms and applied in proper administrable forms (medicines) with the help of some
nondrug components used for giving proper shape, size, mass or volume of drug
ingredient. Proper administrable dosage forms or medicines contain both active
pharmaceutical ingredients (API) or drug components and nondrug components or
additives or excipients or adjuncts or pharmaceutical aids. Drugs are used for disease
prevention (BCG vaccines act to prevent tuberculosis), control (streptomycin and
rifampicin act to control tuberculosis), diagnosis (barium meal X-ray helps to
diagnose gastric or peptic ulcer), mitigation or relieving (paracetamol is used to
relieve fever and pain) and treatment and cure (antibiotics and other drugs are used to
treat and cure diseases) (Hoover 1975; Liberman and Lachman 1980).

37.1.4 Additives

Additives are nondrug components used to make a proper administrable dosage form
for delivering the drug as form stabilizers or form givers such as suspending or
emulsifying agents that help in the formation of suspension or emulsion; as form
disintegrators like disintegrating agents which are used in tablets to break down the
tablet in biological systems; as solvents (water, alcohol) which are used in solution
preparation or monophasic liquid preparations and as vehicles (water) used in
dispersion systems for carrying or dissolving the drugs in suspension or colloidal
dispersion systems; as bases (white or yellow soft paraffin) used as carriers of drugs
in semisolid preparation in which drug or drugs are incorporated or distributed
evenly; as diluents used to dilute the drug as well as make up the volume or mass
for proper shape or size of medicines; as formulation stabilizers which include
preservatives (sodium benzoate), antioxidants (tocopherol) and buffers (citrate or
phosphate) used to improve the stability of the product; as organoleptic additives for
the improvement of the essence using flavouring agents (ethyl vanillin) or appear-
ance using colouring agents (amaranth) or acceptability using sweetening agents
(sucrose) of the product; and as manufacturing additives which are used to
improve the process of manufacturing (lubricant or glidant in tablet manufacturing)
(Raymond et al. 2012).

37.1.5 Polymers

Polymers are excellent dosage form devising materials (Jain 2006; Sahana and
Bhaduri 2019a) used widely in conventional and controlled release pharmaceutical
formulations of all categories such as solid, semisolid and liquid dosage forms.
Conventional dosage forms used commonly and conveniently such as tablets,
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capsules, gels, solutions, colloidal dispersions, suspensions and emulsions are
required to make use of polymers in their formulation. Polymers have been used
in solubility enhancement of poorly soluble drugs; in suspension formulations as
suspending, thickening and dispersants; and in emulsion preparations as emulsifying
agents. Tablets have been prepared using polymers as binders and disintegrants as
well as coating materials. Capsule shells are prepared with gelatin (nonvegcapsule)
and semi-synthetic cellulosic polymers (vegcapsules). Semi-synthetic polymers like
HPMC, HPMC k4, are used as gelling agents to prepare clear gels. Controlled
release drug delivery systems have been devised through specially mechanized
way totally based on polymers obtained from natural, semi-synthetic and synthetic
sources and especially biodegradable and biocompatible polymers and polymers
obtained from edible plants or vegetables. Controlled release formulations have been
designed specially in such a way that makes the drug available for the target,
providing the predetermined sufficient release rate and prolonging duration to
produce the desired effect (Sahana and Bhaduri 2019a; Ali et al. 2009).

37.2 Formulation Development

Pharmaceutical formulation development is the most important and emerging area
for pharmaceutical scientists and technologists engaged in the pharmaceutical
research laboratory and industry materials (Jain 2006). They have constantly been
engaged in devising dosage forms with the objective of maintaining the effective or
therapeutic blood levels of drugs in the biological systems for prolonged period
without causing dose dumping. Specially designed dosage form with controlled drug
release at a predetermined rate and spatial placement of the drug formulations in the
site of action or absorption fulfils the goal for providing an effective amount of drug
to the proper site in the body to promptly achieve action and then maintain the
desired drug concentration for a long time. Polymeric materials based drug delivery
systems are now very much important and glorious fields among the several
controlled drug delivery strategies such as specially devised micro- and
nanoparticles, lyposomes and niosomes, matrices, pellets, floating systems,
microemulsions, colloidal dispersions, liquid crystals, solid dispersions,
nanosuspensions, transdermal systems, cyclodextrin inclusion complexes, osmotic
pumps, etc. (Jain 2006; Sahana and Bhaduri 2019b; Ali et al. 2009). The spatial
placement for enhanced residence period of dosage forms and long-term action can
be achieved from the special formulation based on mucoadhesive (Nagai and
Konishi 1987) polymers interacting with the mucus membrane that lines organs
and body cavities such as the mouth, gut, rectum, genital area, nose and eye lids
(Nagai and Konishi 1987).
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37.2.1 Polymers in Devising Controlled Release Drug Delivery
Systems

The study lays emphasis mainly on the polymers used in devising controlled release
drug delivery systems (CRDDS) design and development with natural polymers
(Sahana and Bhaduri 2019b; Mahajan et al. 2013; Sahana 2002). Specially designed
dosage form using different grades of polymers with controlled release of drug at a
predetermined rate and spatial placement of the drug formulations in the site of
action or absorption fulfils the goal of providing an effective amount of drug to the
proper site in the body to promptly achieve action and then maintain the desired drug
concentration for a long time. Polymers are basic ingredients for designing and
formulating the CRDDS which can provide extended duration of action and thus
assure greater patient compliance (Jain 2006; Sahana and Bhaduri 2019b; Ali et al.
2009).

37.2.2 Advantages of Controlled Release Drug Delivery Systems

Mainly improvement in patient compliance, reducing dosing frequency, more con-
sistent and prolonged therapeutic effect, reduction in health-care cost, decreased
intensity of adverse effect and toxicity, better drug utilization, controlled rate and site
of release and a greater selectivity of pharmacological activity (Jain 2006; Ali et al.
2009).

37.2.3 Disadvantages of Controlled Release Drug Delivery Systems

Increased variability among dosage units, stability problems, toxicity due to dose
dumping, increased cost, more rapid development of tolerance and need for addi-
tional patient education and counselling (Jain 2006; Ali et al. 2009).

37.2.4 Rationale of Controlled Release Drug Delivery Systems

Ideally the optimization of therapeutic efficacy and safety of controlled release
formulation is attained as a result of providing a nearly constant pharmacological
response, thereby avoiding the normal peak and valley pattern associated with
multiple dosing of conventional drug product. Thus the basic rationale of controlled
drug delivery systems is to optimize the physicochemical, pharmacokinetic and
pharmacodynamic properties of drug for maximizing the efficacy and minimizing
the side effects by using the smallest quantity of drug administered by the most
suitable route. Physicochemical characteristics such as solubility, diffusion, molec-
ular weight, pKa, apparent partition coefficient and drug stability and pharmacoki-
netic characteristics such as elimination half-life, area under curve (AUC), total
clearance, apparent volume of distribution (Vd), mean steady-state concentration,
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mean residence time, first pass effect, intrinsic absorption rate constant and dosage
form index can be altered or changed and optimized for the development of
controlled release formulations. Controlled release formulations have been designed
in several ways of control such as dissolution controlled release, diffusion controlled
release, both dissolution and diffusion controlled release, ion exchange resins,
pH-independent formulations, pH-dependent controlled formulations, osmotically
controlled release, altered density formulations, pro-drugs and delayed-release
systems (Jain 2006; Ali et al. 2009).

37.3 Herbal Formulations

Herbal drugs (Table 37.1) and excipients (Table 37.2) have been utilized in new
formulation development of both allopathic and Ayurvedic systems of medicines
(Andrew et al. 2001). Presently, Indian traditional system of medicine Ayurvedic is
becoming much more popular and acceptable as less hazardous for health. Herbal
polymers and other excipients (Table 37.2) specially obtained from edible plants or
vegetables have been becoming the excellent dosage form devising materials to
minimize the hazards of synthetic materials.

Natural products (Table 37.1) specially obtained from edible plants have been
utilized in the treatment of human diseases. Presently about 80% of people in
developing countries especially in India has been using traditional medicines
based on herbal drugs obtained from edible plants for their primary health care as
India is a large repository of medicinal plants (Chopra et al. 1956). Formulations
based on herbal drugs are currently in demand, and their popularity is increasing day
by day due to toxicity and side effects of allopathic medicines. This led to the sudden
increase in the number of herbal drug manufactures (Agarwal 2005). A number of
scientific investigations have highlighted the importance and the contribution of
many plant families, i.e. Asteraceae, Liliaceae, Apocynaceae, Solanaceae,
Caesalpiniaceae, Rutaceae, Piperaceae and Sapotaceae, used as medicinal plants
(Verma and Singh 2008). Medicinal plants play a vital role for the development of
new drugs by extracting, isolating, standardizing and analysing the safety studies of
the actual bioactive compounds.

37.3.1 Natural Polymers Obtained from Edible Plants
for Formulation Development

Polymer molecule is made by linking many small units (monomers) together to form
a large molecule. Polymers have been successfully employed in the solid, liquid and
semisolid pharmaceutical formulations and specially used in the CRDDS. The
polymers are mainly of three types: natural, semi-synthetic and synthetic. The
natural polymers are obtained from the nature (plant or animal tissue, marine and
mine sources), semi-synthetic polymers are chemically modified form of natural
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polymers, and the synthetic polymers have been made synthetically in laboratory or
industry (Raymond et al. 2012; Jain 2006).

1. Natural polymers—starch, cellulose, mucilage, pectin, gelatin, gum etc.
2. Semi-synthetic polymers—cellulose nitrate/acetate, ethyl cellulose, CMC, HPC

and HPMC.
3. Synthetic polymers—polyethylene, polyvinyl chloride (PVC), nylon and PVA

Presently pharmaceutical formulations based on the use of natural polymers
(Sahana 2002; Sahana and Bhaduri 2019b) have been becoming more popular and
attractive because of their non-toxicity and potential biodegradability and biocom-
patibility. They have versatile advantages like cheap, safe and devoid of side effects,
easy availability, flexibility in polymer chain, degrading in biological fluids, quickly
eliminated by the kidney, forming a strong non-covalent bond with mucin-epithelial
cell surfaces, soothing action and non-irritant nature. Although the natural polymers
obtained from edible plant sources are very much advantageous for formulation
development, some disadvantages are also present which should be taken under
consideration: easy to microbial degradation, batch-to-batch variation, unreserved
rate of hydration, heavy metal adulteration, sometimes immunogenic in nature,
viscosity of the formulation reduced during the storage and most of the natural
polymers are seasonal.

Excipient selection is based on the drug-excipient compatibility within an accept-
able range for a given drug product. Drug-excipient compatibility studies have been
usually performed for detecting the potential incompatibilities that can alter physical,
chemical, microbiological or therapeutic properties of the drug in the formulations.
Natural herbal polymers selection is too tough through the analysis of their physico-
chemical properties to achieve a quality, safe, efficacious and stable dosage form.

Natural excipients (Table 37.2) have certain advantages over other synthetic and
semi-synthetic excipients. So these excipients are getting preference day by day.
Potential characteristics of them help the scientists to formulate better formulation.
But, while working with these excipients or using them in dosage form, it should
pass all the regulatory requirements. Experiments and researches should be done
with natural excipients in order to get the most safe and suitable one for pharmaceu-
tical applications (Sahana 2002; Sahana and Bhaduri 2019b). Natural polymers can
act numerously as excipients in pharmaceutical preparations.

37.3.2 Polymers Obtained from Edible Plants Used in Better
Health-Care Systems

Edible plants like vegetables that are used in medicinal purposes containing muci-
lage, gum, pectin or other polymers and their utility for formulation development for
better health-care services are highlighted in this work.
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37.3.2.1 Polymers Obtained from Natural Sources
Polysaccharide-based polymers: agarose, alginates, alginic acid, carrageenan, cellu-
lose, cyclodextrins, dextran, hyaluronic acid, lectin, microcrystalline cellulose, pec-
tin, polysialic acid, soluble starch.

37.3.2.2 Agarose
Agarose is a complex group of polysaccharides derived from seaweed, extracted
from the agarocytes of Rhodophyceae, marine algae found predominately in the
Pacific and Indian Oceans. It is used as a matrix to encapsulate cells for cartilage
tissue engineering (Malviya et al. 2010; Buschmann et al. 1992).

37.3.2.3 Alginate
Alginate is a group of naturally occurring anionic polysaccharides derived from
brown algae cell walls (Szekalska et al. 2016); seaweed (Lee and Mooney 2012)
including Macrocystis pyrifera, Laminaria hyperborea and Ascophyllum nodosum
(Nagai and Konishi 1987); and several bacteria strains such as Azotobacter and
Pseudomonas (Remminghorst and Rehm 2006). Alginates are useful polymer as
viscosity-increasing agents, thickeners and suspension and emulsion stabilizers in
food and pharmaceutical industry (Repka and Singh 2009). ALG is useful for its
mucoadhesive properties to prepare buccal, nasal, ocular, gastrointestinal and vagi-
nal mucosa tissue (Martin-Villena et al. 2013).

37.3.2.4 Carrageenans
Carrageenans are high-molecular-weight polysaccharides made up of repeating
galactose units obtained from several species of red seaweeds. It is useful for tissue
engineering, wound healing, growth factor, drug delivery systems, immobilization
of enzymes and encapsulation of cells for in vivo delivery (Aramwit 2016). The
gelling, thickening, stabilizing and strong interaction with protein properties of
carrageenans are widely useful in the food industry, dairy and meat products.

37.3.2.5 Cellulose
Cellulose is the most abundant polysaccharide found in nature, a polymer of long,
unbranched chains of β-D-glucose, oriented with CH2OH groups alternating above
and below the plane of the cellulose molecule. The absence of side chains in
cellulose molecules brings them close to each other to form rigid structures. Cellu-
lose is mainly used to produce paper and paperboard (Strydom et al. 2011).

37.3.2.6 Chitosan
Chitosan is a natural polycationic copolymer consisting of glucosamine and N-acetyl
glucosamine units, mostly obtained by deacetylation of chitin derived from the
exoskeleton of crustaceans. Chitosan is having valuable properties of biocompati-
bility and biodegradability for devising nanoparticulate pharmaceutical formulations
(Rani et al. 2010).
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37.3.2.7 Cyclodextrins
Cyclodextrins are naturally available in three forms as alpha, beta and gamma
consisting of six, seven and eight D-glucopyranose residues, respectively, useful
for carrying drug materials. It can alter physical, chemical and biological properties
of active molecules through the formation of complexes. Cyclodextrin-tamoxifen
citrate complex is utilized for enhancing the solubility of tamoxifen citrate (Mondal
et al. 2018). The different hydrophilic, hydrophobic and ionic derivatives of cyclo-
dextrin are used as excellent devising agents for novel drug carriers to administer
drugs in various routes such as oral route of drug delivery (prednisolone, to reduce
gastric ulceration) and nasal drug delivery (midazolam, to enhance bioavailability of
drug) (Tiwari et al. 2010).

37.3.2.8 Dextran
Dextran is an extracellular bacterial homopolysaccharide (Seymour and Knapp
1980) used for devising sustained release dosage forms of proteins, vaccines, and
drugs for its water solubility, biocompatibility and biodegradability properties.

37.3.2.9 Hyaluronic Acid
Hyaluronic acid is a major component of the skin involved in tissue repairing and is
found throughout the body in various tissues and fluids and binds to specific cell
surface receptors. Hyaluronic acid is the only non-sulphated glycosaminoglycan that
consists of repeating units of N-acetyl-d-glucosamine and d-glucuronic acid and is
degraded in the presence of hyaluronidases. Hyaluronic acid hydrogels are readily
fabricated as microspheres, sponges and fibres depending on the intended applica-
tion (Burdick and Stevens 2005).

37.3.2.10 Lectins
Lectins are cell-agglutinating proteins of nonimmune origin that bind mono- and
oligosaccharides reversibly and with high specificity. They also precipitate
polysaccharides and glycoproteins. Bean lectins agglutinate erythrocytes owing to
their ability to bind with cell-surface glycoproteins and glycolipids. Lectins are
useful in controlled release drug delivery systems and in targeted drug delivery
systems.

37.3.2.11 Microcrystalline Cellulose
Microcrystalline cellulose is playing an important role in formulation design of solid
dosage forms as multifunctional excipients such as compressibility enhancer, binder
in granulations, thickeners and flow enhancer (Wan and Prasad 1988).

37.3.2.12 Pectin
Pectin is a high-molecular-weight carbohydrate polymer which is present in virtually
all plants where it contributes to the cell structure. The gelling properties of pectin
have been known for centuries, but the isolation of commercial pectin only started at
the beginning of the twentieth century. Pectin is used as viscosity-improving agent
and as suspending agent used in mucoadhesive drug delivery systems.
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37.3.2.13 Polysialic Acid
Polysialic acid is a linear polymer of sialic acid, covalently bound to proteins as a
post-translational modification. (1) It is widely expressed in nature in bacterial
capsules, fish, sea urchin eggs, embryonic tissues, amphibians, animal and human
brains and in a variety of cancers. (2) Polysialic acid, a homopolymer of α-2,8-linked
sialic acid, is one of the carbohydrates expressed on neural precursors in the
embryonic and adult brain. Polysialic acid, synthesized by two polysialyltransferases
(ST8SiaII and ST8SiaIV), mainly modulates functions of the neural cell adhesion
molecule. Polysialic acid-based micelles for encapsulation of hydrophobic drugs
will be helpful for better therapeutic efficacy (Bader et al. 2011).

37.3.2.14 Soluble Starch
Soluble starch is a branched polysaccharide composed of two substances: amylose
and amylopectin. Natural starch contains 10–20% amylase and 80–90% amylopec-
tin. Amylose forms a colloidal dispersion in hot water, whereas amylopectin is
completely insoluble. Starches are hydrolysed to simple sugars using acids or
enzymes as catalysts. It plays an important role in pharmaceutical formulation
development as binder, disintegrant and strong film-forming agent (Jane 1995).

37.4 Herbal Polymers Utilized in Modern Pharmaceutical
Formulations

Herbal polymeric materials are very much advantageous for controlled release drug
delivery systems and retardant mucoadhesive formulations in several ways such as
edible and biodegradable, degrading in biological fluids with progressive release of
dissolved or dispersed drugs, surgical removal of mucoadhesive device after
releasing the drug is not required, diffusion controlled delivery systems which are
excellent means of achieving predetermined rates of drug delivery. New oxytocin-
containing nasal gel formulation has been developed using natural mucoadhesive
agent obtained from the fruit of Dillenia indica (Ketousetuo and Bandyopadhyay
2007). Nasal gel containing benzodiazepine derivative drug diazepam and natural
mucoadhesive agent obtained from fenugreek seed (Trigonella foenum-graecum L.)
was developed (Datta and Bandyopadhyay 2005). In situ nasal gel of midazolam
with natural mucoadhesive material obtained from mucilage of Ficus carica fruit
(Basu and Bandyopadhyay 2010) and antimigraine drug metoclopramide HCl with
mucoadhesive material xanthan gum have been developed and characterized
(Parmar and Lumbhani 2012). Nasal gel containing antiemetic drug domperidone
(Sabale et al. 2012) with natural polymer obtained from mucilage of jackfruit tree
has been developed and mucoadhesive tablets of metformin using jackfruit latex has
been developed.
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37.4.1 Herbal Mucoadhesive Polymers Used in Formulation
Development

The uses of two natural mucoadhesive agents, jute leaf extract and vine spinach leaf
extract, and two synthetic mucoadhesive agents, carbopol 934 and carbopol 940, for
the development of gastrointestinal mucoadhesive tablets for lingering the residence
period of the formulations were highlighted for the comparison of herbal and
synthetic polymers. The 1.0%w/v solution of those mucoadhesive agents was used
as binder for granulations of the tablets, and the 3.0%w/v solutions were used as
coating agents of the adhesive tablets of barium sulphate (Sahana 2002). The barium
sulphate oral mucoadhesive tablets were administered to the rabbit. The adhesive
tablets of barium sulphate adhered for a long time to the mucosal absorptive
membrane of the gastrointestinal tract of the rabbit, which was observed by X-ray
plate analysis of the rabbit’s gastrointestinal tract after specific time of interval of
tablet administration. Barium sulphate adhered up to 8 h in the small intestine; that is
why it may be concluded that any kind of drug will be absorbed from the small
intestine for a long time up to 8 h or more. It was also observed that the adhesive
action of the two leaf extracts is much longer than the two synthetic polymers. This
will be the potential alternative of extending the drug action for a long time through
long-term absorption.

37.4.2 Herbal Novel Drug Delivery Systems: Phytosomes or
Phytolipids

Drug delivery systems for the betterment in drug actions through improved bioavail-
ability due to high lipophilicity are formulated with lipophilic complexes of
components of plant origin like Silybum Marianum, Ginkgo biloba, ginseng, etc.
with natural herbal phospholipid (Semalty et al. 2009).

37.4.3 Novel Ayurvedic Medicines

Herbal drugs or purified phytochemicals have been incorporated in novel drug
delivery systems in Indian Ayurvedic medicines to combat serious diseases. Herbal
novel drug delivery systems (Semalty et al. 2009) such as buccal tablet, mouth
dissolving tablets, sustained release formulations, mucoadhesive drug delivery
systems, transdermal dosage forms, micro- and nanoparticulate drug delivery
systems, etc. based on herbal drugs and herbal excipients have a lot of potential
for the betterment in health-care systems.
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37.5 Future Scope

Herbal excipients and herbal drugs are most useful in the betterment of health-care
services by avoiding the health hazards of synthetic materials. In the near future, it
will be the potential alternative of modern medicine through the applications of
special techniques in designing and fabrication of herbal medicines to achieve safe,
efficacious, stable and legal quality formulations.

37.6 Conclusion

Presently the novel drug delivery systems based on herbal drugs and excipients have
been utilized widely all over the world for their better therapeutic value as they have
less adverse effects as compared with synthetic drugs and excipients. Research on
natural herbal drugs and excipients is the current interesting field, and the use of
herbal formulation is the potential alternative in place of synthetic and allopathic
formulations. Medicinal herbs are potential sources of therapeutic aids, and the
excipients obtained from herbal sources specially from edible plants have a great
and significant role in designing and development of special formulations such as
mucoadhesive drug delivery systems, controlled release drug delivery systems,
micro- and nanoparticulate formulations, etc. which have been uprising the phar-
maceutical sciences for the betterment in health-care services. Herbal formulations
need to overcome the problems regarding dosing and dosing interval, clinical
pharmacokinetic studies, bioassays for biological standardization, pharmacological
and toxicological evaluation, investigation of their sites of absorption, toxicity and
safety evaluation and legal and regulatory aspects of herbal drugs.
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Review
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Abstract

Contemporarily the worldwide growth of interest in chemically synthesized
nanoparticles (NPs) for use in therapeutic applications is noteworthy in spite of
the broad range of toxicity imposed by them in vertebrates and invertebrates so
far tested. Further trend of advancement aimed toward getting rid of toxicity for
which green synthesis of metal nanoparticles was indispensable as a cost-
effective and better environment-friendly alternative. Interestingly the ‘green’
chemical techniques involving traditionally used medicinal plants for
synthesizing nanoparticles are getting more and more accepted far and wide for
being simple, one-step, cost-effective, environment-friendly, and relatively repro-
ducible to handover more stable materials. So far there have been important
publications evaluating rationally the efficacy of green nanoparticles synthesized
from plants used traditionally in ethnomedicine over the antibiotics and antican-
cer chemotherapeutic drugs in use that are not only very costly and toxic but also
with the possibilities of facing drug resistance problems. The present review
provides information on green nanoparticles synthesized from plants, their bioac-
tivity, and ethnomedicinal uses.
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Abbreviations

AgNP Silver nanoparticle
AuNP Gold nanoparticle
CuNP Copper nanoparticle
NPs Nanoparticles
ZnNP Zinc nanoparticle

38.1 Introduction

Realizing the importance of traditional knowledge at the disposal of ethnic
communities regarding medicinal use of plants in one hand and modern technology
regarding patient-friendly therapeutic use of green nanoparticles on the other, the
present authors decided to review the publications of concern for innovative con-
templation of medical scientists working hard for conveying benevolence to
mankind.

Understanding medicinal potential of a plant in the surroundings of man has been
the subject addressed by him almost since the dawn of his consciousness as a part of
his struggle for existence. The direct “man-plant” relationship formed the basis for
discovery of different types of species serving as source of food, medicine, fodder,
fuel, fiber, floss, timber, and other phytoresources essential for sustenance of life.
Concomitantly with sociocultural advancement, science and technology started
exploring the chemical weapons produced by plants to survive and reveal their
pharmacological effects and bioactivities. While doing so, series of secondary
metabolite were identified belonging to such categories as alkaloids, phenols,
flavonoids, tannins, terpenoids and glycosides, etc. that can thrill, kill, and heal
man. Scientific endeavors started establishing their pharmacological effects that
paved the pathway for isolation, attenuation, characterization, and therapeutic prov-
ing and hence resulted in discovery of active principles constituting medicines
suitable for use against certain ailments/diseases.

The advent of nanotechnology in medicine in the recent past has made us very
hopeful regarding the exciting therapeutic possibilities offered by different types of
nanoparticles (NPs) that subsequent to synthesis have dimensions less than 100 nm.
This review aims to highlight the bioactivity of nanoparticles synthesized from
plants to the ethnomedicinal uses which have been literally documented.

38.1.1 Ethnomedicine

Ethnomedicine is a discipline to include an age-long indigenous therapeutic system
in vogue among folk and ethnic communities, thus referring to the study of tradi-
tional medical practices with the cultural interpretation of health, illness and
diseases, as well as their healthcare and healing practices (Krippner 2003). It is a
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complex multidisciplinary system that includes the plants usage, spirituality, and the
natural environment which lead to the healing source for people for millennia.

In India, ethnomedicine has been nurturing age long the codified traditional
systems like Unani, Ayurveda, and Siddha and also enabling development of
modern medicine. Since the ethnomedicinal knowledge has been getting orally
transmitted through generations with progressive extinction keeping parity with
modernization, its documentation for validation has been presently prioritized.
Since medicinal uses of plants documented in Ayurvedic literature have been
responding positively to pharmacological evaluation and clinical trials for valida-
tion, WHO and UNESCO have resolved to nurture this Indian Traditional System of
Medicine on global basis. According to Uniyal et al. (2002), study discovery of
multiple vital drug of modern age is linked with the Great Sage Charak knowledge.
This resolution has evoked immense rejuvenation of interest in ethnomedicine all
over the world for scientific validation of ethnopharmacy-based medicines and their
standardization with optimum proportions of active ingredients (secondary
metabolites) for inclusion in modern herbal-healthcare system. The health-conscious
people in modern societies have been showing involvement especially with
Ayurvedic medicines for their prophylactic, palliative, and immunomodulatory
actions, amelioration of refractory diseases, and antioxidant activities (Mukherjee
2012).

Presently the uses of traditional medicines of plant origin for primary health care
are about 80%. Users of traditional medicine for health care have a good numerical
representation being 40% of the populations in China and Cambodia as well and
71% in Chile. India as one of the mega-biodiversity countries of the world is having
rich vegetation with a wide diversity of species having medicinal value. Rural people
depend extensively on wild plants as sources of food, medicine, fodder, and fuel for
which they have been trying to work out methods of resource management, which
may be basic to the conservation of some of the world’s major habitats. In India,
about 65% of the populations in rural areas are known to use medicinal plants to
fulfill their needs for primary health care. There have been important publications
concerning ethnomedicinal plants of India (Ahirwar et al. 2010; Anonymous 1976,
Bhattacharya 2004; Biswas and Mukherjee 2017; Borgohain et al. 2016; Borthakur
1976a, b, 1981, 1992, 1996a, b; Borthakur and Goswami 1995; Borthakur and
Sarma 1996; Borthakur and Nath 2007; Borthakur et al. 2004; Chopra and Simon
2002; Das and Pandey 2007; Das et al. 2010; Gautam et al. 1998; Jain 1991, 1994,
2004; Jain and Jain 2015; 2016a; b; Jain and Srivastava 1999; Kapoor 1990; Kaushik
and Dhiman 1999; Kumar 2014; Lalramnghinghlova 2001; Lalramnghinghlova and
Jha 1997; Nadkarni 1992; Nath 2015; Naik 2004; Nair and Mohanan 1998; Rana
2003; Sahu et al. 2015; Satyavati and Gupta 1987; Shah 1992; Swami Brahmananda
2002; Zafar 1999). Ethnobotanical investigations have also been revealing edible
species capable of preventing and curing various diseases and disorders with resto-
ration of health. The nutritional and medicinal importance of wild edible plants
started subsequently getting revealed (Jain et al. 1977; Arora and Pandey 1996;
Arjariya and Rawat 2005; Devi and Salam 2016). Efficacy of ethnomedicines,
especially of India, has been driving most of the corporate world crazy for profitable
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acquisition of the crude drugs along with the indigenous knowledge about their use,
thus eventually indirectly sensitizing India to arouse consciousness about her own
knowledge on plant resources (Mukherjee and Banerjee 2019).

38.1.2 Nanotechnology in Medicine

The use of nanotechnology in medicine offers some challenging therapeutic
prospects. In recent years, NPs have emerged as promising agents in modern
medicine, with applications in drug delivery, diagnosis, cell repair, and wound
treatment, and as antibacterials. In biosciences, organic dyes are getting replaced
by nanoparticles since organic dyes require high photostability as well as high
multiplexing properties. Nanotechnology promises important role in agriculture
and food industry by innovation of such new techniques as “precision farming
techniques” augmenting the ability of plants to absorb nutrients and make more
efficient and targeted use of inputs. The technology has been facilitating detection
and control of diseases, imparting the ability to withstand environmental pressures
and providing effective systems for processing, storage, and packaging of products.

Conventionally nanoparticles can be synthesized by various physical, chemical,
and biological methods. The production of nanoparticles using plant extract (green
nanoparticle) is a better alternative to the conventional methods. These particles have
no harmful effects on environment. Moreover, green nanoparticles have a wide
range of applications, viz., as detectors, catalysts, surface-coating agents, anticancer
substances, antibacterial, antifungal, etc.

The success of nanoparticles in drug release is rooted in its ultra-dimensions.
Drug release is known to be affected by particle size. Smaller particles have a larger
surface area-to-volume ratio; therefore, most of the drug associated with small
particles would be at or near the particle surface, leading to faster drug release. In
contrast, larger particles with large cores allow more drugs encapsulation per particle
and give slower release rate (Redhead et al. 2001). Thus, particle size is a vital issue
for regulating drug release rates.

Some of the most studied metallic nanoparticles include silver (Ag) (Ajitha et al.
2015; Feng et al. 2013), gold (Au) (Moreira dos Santos et al. 2012), zinc
(Zn) (Fakhari et al. 2019; Ezealisiji et al. 2019), and copper (Cu) (Chung et al. 2017).

Plant extracts may act both as reducing agents and stabilizing agents in the
synthesis of nanoparticles (Jirovetz et al. 2003). Compared with other NPs, CuNP
synthesis has drawn attention since their useful properties are achievable at costs
lower than those of silver and gold (Han et al. 2006). Synthesis of gold nanoparticles
(AuNP) using plant extract is useful for two reasons, firstly it has almost no
environmental effects, and secondly it can be used to produce large quantities of
nanoparticles, in spite of high cost, gold nanoparticles have revolutionized the field
of medicine due to their efficacy in widespread applications in targeted drug
delivery, imaging, diagnosis, and therapeutics. Moreover, their extremely small
size, high surface area, stability, non-cytotoxicity, and tunable optical, physical,
and chemical properties (Thakor et al. 2011; Huang and El-Sayed 2010) add
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immensely to their credentials. Among different types of nanoparticles, zinc
nanoparticles (ZnNPs) are versatile semiconductors in the sense that they can display
significant optical transparency and luminescent properties in UV-visible (UV-vis)
regions (Cao et al. 2011) and excellent potential as chemical and thermal stable
compound (Nunes et al. 1999). Easy accessibility is the main advantage of synthe-
size silver nanoparticles (AgNP) using plant extracts. Moreover, AgNPs are ren-
dered safety (non-toxicity) in most cases by the concerned plants which have
different types of metabolites that can help in the reduction of silver ions and operate
the synthesis at rates faster than those operated by microbes (Anandan et al. 2019).
Green silver nanoparticles synthesized by Anandan et al. (2019) from the aqueous
leaf extract of Dodonaea viscosa exhibited antibacterial and anticancer activities.
Incidentally green silver nanoparticles synthesized from aqueous leaf extracts of
Elephantopus scaber L. were seen to be with antibacterial and anticancer properties
(Das 2019).

38.2 Publications Reviewed

This review is based on the usage of 26 species of plants in ethnomedicine
(Table 38.1) and in synthesis green nanoparticles for use in modern medicine
(Table 38.2). So far the ethnomedicinal uses of these plants are concerned on how
wide the range of their remedial applications is (Fig. 38.1). It can well be presumed
that they must be equipped with variety of secondary metabolites keeping parity with
the evolutionary status and the environments in which they grow. Selection of these
plants for resolving their ethnomedicinal use was rather indirect. Firstly, these plants
were selected on the basis of their efficacy in synthesis of green NPs and in
exhibiting bioactivity. The trend of researches on green NPs is to work out their
efficacy as antibacterial/viral/fungal agents and antioxidant, cytotoxic, and
anticancerous so that mankind can be served with more friendly and effective
remedies than those contemporarily used. Leaves are mostly used in synthesis of
green nanoparticles. Literature reveals that different plant parts are useful for syn-
thesis of green NPs (Fig. 38.2) involving leaf (17 plant species), root (3 species),
seed (2 species), peel (2 species), fruit (1 species), and gall (1 species). For a few
plants, viz., Abutilon indicum, Acorus calamus, Carica papaya, Acalypha indica,
Nelumbo nucifera, Memecylon edule, Melia dubia, Psoralea corylifolia, and Vitex
negundo, same plant parts were used in both ethnomedicine and green NPs, whereas
in case of Artocarpus lakoocha and Carissa edulis, different plant parts were used.
Analysis of therapeutic potential of green NPs in the context of the concerned
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Table 38.1 Ethnomedicinal potential of selected species of plants

Name of the
plant Ethnomedicinal potential Reference

Abutilon
indicum

Leaf paste is taken orally to relieve body pain and to
cure piles

Prakshanth et al.
(2006)

The fruit decoction mixed with ammonium chloride
is used against hemorrhagic septicemia

Ali (1999)

Acorus
calamus

The various extract of this is traditionally used for
the antidiabetic, antiproliferative,
immunosuppressive, hypolipidemic, mitogenic, and
anticarcinogenic activity toward human
lymphocytes

Umamaheshwari and
Rekha (2018)

Argyreia
nervosa

Traditionally the plant is used in the treatment of
gonorrhea, strangury, and chronic ulcers. The leaves
are used to prevent conception and antiphlogistic,
used externally in the treatment of ringworm,
eczema, itch, and other skin diseases. It is also used
as a local stimulant and rubefacient

Padhi et al. (2013)

Acalypha
indica

Extract of fresh leaves may be employed in scabies
and other skin diseases, with lime and onion. It is a
good stimulating application in rheumatism. Powder
of dry leaves is used in bed sores

Saha and Ahmed
(2011)

Carica
papaya

Papaya leaf when dried and cured like a cigar is
smoked by asthmatic persons. Fresh papaya leaves
infusion is used by person to expel or destroy
intestinal worms. Fresh green papaya is also used to
remedy colic, a certain stomach disorder, or cramp.
Outer part of the papaya roots decoction is able to
cure dyspepsia

Yogiraj et al. (2014)

Cymbopogon
citratus

It is used in herbal medicine for a wide range of
applications based on its antibacterial, antifungal,
antiprotozoal, anticarcinogenic, anti-inflammatory,
antioxidant, cardioprotective, antitussive, antiseptic,
and antirheumatic activities. It has also been used to
inhibit platelet aggregation, treat diabetes,
dyslipidemia, gastrointestinal disturbances, anxiety,
malaria, flu, fever, and pneumonia, as well as in
aromatherapy

Christopher et al.
(2014)

Coccinia
indica

It has remarkable effect in reducing the amount of
sugar in the urine of patients suffering from diabetes
mellitus

Wealth of India (1992)

Citrus
sinensis

It has been used traditionally to treat ailments like
constipation, cramps, colic, diarrhea, bronchitis,
tuberculosis, cough, cold, obesity, menstrual
disorder, angina, hypertension, anxiety, depression,
and stress

Milind and
Chaturvede (2012)

Musa
paradisiaca

Treatment of depression, anemia, and constipation Sampath Kumar et al.
(2012)

Melia dubia The leaf is a good source of essential oil camphene
and exhibited bacteriostatic and fungistatic activities
against wide range of human pathogens. The leaf and

Chauhan et al. (2018)

(continued)
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Table 38.1 (continued)

Name of the
plant Ethnomedicinal potential Reference

bark extract has antifeedant, insecticidal, and anti-
larval property and anti-inflammatory, anticancer,
and hepato-protective activities

Memecylon
edule

The lotion prepared from leaf was used for
conjunctivitis and ophthalmia. Decoction of leaf was
given internally for treating gonorrhea and urticarial
antipyretic in Thai medicine

Srinivasan et al.
(2014)

Nelumbo
nucifera

Lotus leaves are used against diarrhea, high fever,
hemorrhoids, leprosy weakness, skin inflammation,
body heat imbalance, hematemesis, epistaxis,
hemoptysis, hematuria, and metrorrhagia

Subzar (2014)

Plumbago
zeylanica

Act as stimulant, digestant, expectorant, laxative,
abortifacient, and also treating muscular pain and
rheumatic disease

Vishnukanta and Rana
(2011)

Psoralea
corylifolia

In India, seed powder is mixed with haratala bhasma
(yellow arsenic) and cow urine to make paste. This
paste is used to treat leukoderma lesions. In another
formulation, the mixture of powdered seeds with
buttermilk has been used externally for treating
ringworm and scabies. In Ayurveda, the seeds are
used in the form of paste and as an ointment for
external as well as internal use for treatment of
different conditions such as alopecia, inflammation,
leukoderma, leprosy, psoriasis, and eczema

Fiaz et al. (2017)

Vitex negundo Decoction of leaves of Vitex negundo or boiled
leaves can be applied locally to reduce inflammation

Kabeeruddin et al.
(2007)

Carum
copticum

Traditionally, it has been used in the past for various
therapeutic effects including bloating, fatigue,
diarrhea, abdominal tumors, abdominal pain,
respiratory distress, and loss of appetite

Syzygium
cumini

Charaka used seeds, leaves, and fruits in decoctions
for diarrhea and the bark as an astringent. According
to Sushruta the fruit can be used in obesity problem,
vaginal discharges, and menstrual disorders

Nair and Subramanian
(1962)

The bark decoction is potent mouthwash and gargle
method for curing spongy gums, stomatitis, relaxed
throat, and other mouth diseases. In Ayurveda, its
bark is acrid, sweet, digestive, astringent to the
bowels, anthelmintic, and also used for treating sore
throat, asthma, bronchitis, thirst, biliousness, blood
impurities dysentery, and ulcers

Kirtikar and Basu
(1975)

The leaf juice of amra, jambu, and amalaka mixed
with honey and goat milk is used for curing diarrhea
with the blood. Leaf juice also taken orally for
treating diabetes. Fresh juice of S. cumini leaves is
taken orally for curing stomach pain

Bhandary et al. (1995)

(continued)
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publications (Fig. 38.3) reveals them as antioxidants (5 species), antimicrobials
(18 species), anticancerous (3 species), antileukemic (1 species), and larvicidal
(1 species).

Table 38.1 (continued)

Name of the
plant Ethnomedicinal potential Reference

Hovenia
dulcis

In East Asia, it is a traditional herbal medicine used
for curing liver problem and also acts as alcoholic
poisoning detox agent

Gadelha et al. (2005)

Dendropanax
morbifera

The leaves, stems, and roots of the plant have been
traditionally used for treating various disease, viz.,
dysmenorrhea, infectious diseases, and migraine
problem

Bae (2000)

Rhus
chinensis

Historically, gallnuts have been used by both
Western and eastern cultures as a traditional
medicine for various body disorders, as an astringent
in painful hemorrhoids, an antiphlogistic for
inflammatory conditions, and also used for treating
diarrhea, dysentery, toothache, and dental caries

Larew (1987),
Sariozlu and Kivanc
(2011)

Carissa edulis Aqueous extract of root used as anti-plasmodial
agent in traditional malaria therapy in Meru and
Kilifi districts of Kenya

Kiriraa et al. (2006)

Linum
usitatissimum

Traditionally been used for curing diarrhea as well as
infections of Gastrointestinal track

Palla et al. (2015)

Suaeda
maritima

Traditionally, different parts of the plant have been
used as an ethnomedicine for curing various ailments

Nayak et al. (2018)

Cassytha
filiformis

In Taiwan, it has beneficial medicinal value against
the gonorrhea, kidney ailments, and also the diuretic.
In Africa it was used to cure cancer and African
trypanosomiasis

Mythili et al. (2011)

Artocarpus
lakoocha

Bark powder is applied for curing any wound and
also used to draw out purulent matter from any
abscess. The stomach and liver disease can be cured
by the seed and bark of the plant. The juice and seeds
from this plant are used as purgative, and the bark is
used as astringent. The root is used as refresher,
whereas the leaves are used for curing dropsy

Hossain et al. (2016)

Cassia fistula According to the Unani and Ayurvedic medicines,
this plant is potent agent for curing liver troubles,
tuberculous glands, and skin diseases and also used
for treating hematemesis, pruritus, leucoderma, and
diabetes as has been suggested

Ali (2014)
Dutta and De (1980)
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Table 38.2 Bioactivity of green nanoparticles synthesized from ethnomedicinal plants

Name of the
plant

Plant
parts
used Bioactivity type Reference

Abutilon
indicum

Leaf Antioxidant activity Sadeghi and
Gholamhoseinpoor
(2015)

Acorus
calamus

Rhizome Antioxidant and antibacterial, cytotoxic
activities

Nakkala et al.
(2014)

Argyreia
nervosa

Seed Antibacterial and antifungal activities Thombre et al.
(2014)

Acalypha
indica

Leaf Antibacterial activity Krishnaraj et al.
(2010)

Carica
papaya

Fruit Antibacterial activity Jain et al. (2009)

Cymbopogon
citratus

Leaf Antibacterial and antifungal activities Masurkar et al.
(2011)

Coccinia
indica

Leaf Antibacterial activity Kumar et al. (2013)

Citrus
sinensis

Peel Antibacterial activity Kaviya et al. (2011)

Musa
paradisiaca

Peel Antibacterial and antifungal activities Bankar et al. (2010)

Melia dubia Leaf Anticancer activity Kathiravan et al.
(2014)

Memecylon
edule

Leaf Antioxidant activity Elavazhagan and
Arunachalam
(2011)

Nelumbo
nucifera

Leaf Larvicidal activity Santhoshkumar
et al. (2011)

Plumbago
zeylanica

Root The effects of quantitative biofilm
inhibition and disruption assays of
Acinetobacter baumannii, Staphylococcus
aureus, and Escherichia coli biofilms

Salunke et al.
(2014)

Psoralea
corylifolia

Seed Antimicrobial activity Sunita et al. (2014)

Vitex negundo Leaf Antibacterial activity Zargar et al. (2011)

Carum
copticum

Root Antibacterial activity Esmaeili and
Ghobadianpour
(2016)

Syzygium
cumini

Leaf Antitubercular and antimycobacterial
activities

Singh et al. (2016)

Hovenia
dulcis

Leaf Antibacterial activity Salunke et al.
(2016)

Dendropanax
morbifera

Leaf Anticancer activity Wang et al. (2016)

Rhus
chinensis

Gall Antibacterial activity Patil et al. (2016)

(continued)
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38.3 Discussion

Since time immemorial the plant resources in India have been evoking profound
interest in her people to discover various medicinal plants and their uses and develop
indigenous system of medical science that still survives today in Indian traditions.
Such a scientific concern of the people covered even the exotic plants that
immigrated and naturalized in India in the recent past and discovered many of
their hitherto unknown uses. Synthesis of nanoparticles (NPs) by various chemical
reactions got global attention due to their wide range of bioactivity despite the fact

Table 38.2 (continued)

Name of the
plant

Plant
parts
used Bioactivity type Reference

Carissa edulis Leaf Antioxidant and antibacterial activities Fowsiya et al.
(2016)

Linum
usitatissimum

Leaf Antibacterial and antifungal activities Ghaedi et al. (2016)

Suaeda
maritima

Leaf Antileukemic activity Rajendran et al.
(2016)

Cassytha
filiformis

Leaf Anticancer, antifungal, and antibacterial
activities

Jena et al. (2016)

Artocarpus
lakoocha

Leaf Antibacterial activity Kaewkod et al.
(2016)

Cassia fistula Leaf Antioxidant, antimicrobial, and cytotoxic
activities

Mohanta et al.
(2016)

Fig. 38.1 Ethnomedicinal potential of selected plants showing number of species vis-à-vis
ailments cured
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that they possess a broad range of toxicity in invertebrates and vertebrates. The
“green” (environment-friendly) techniques in chemistry and chemical technologies
become widely accepted to overcome problems associated with environmental
concerns (Thuesombat et al. 2014). Researchers have explored the use of silver
nanoparticles as carriers for delivering small drug molecules or large biomolecules to
specific targets. Once the NP has had sufficient time to reach its target, which could
be potentially triggered by an internal or external stimulus, and then provide high
concentrations at specific target sites and could minimize side effects. NPs produc-
tion per year is estimated to increase in next few years for its profound role in field of
high sensitivity biomolecular detection, catalysis, biosensors, agriculture, and medi-
cine; it has been acknowledged to have bactericidal effects along with the antifungal,
anti-inflammatory, and anticancer activities (Abalkhil et al. 2017; Afrah et al. 2018).

Fig. 38.2 Different plant parts used in synthesis of green NPs

Fig. 38.3 Curative properties of green NPs showing number of species vis-à-vis bioactivity
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Antibiotics and anticancer chemotherapeutic drugs are very costly and toxic,
besides there being a drug resistance problem. Consequently, looking for alternative
medicines is essential. NPs produced with an eco-friendly approach is efficient,
boasts limited side effects, and less costly. From the present review, one can develop
the idea of giving much emphasis on ethnomedicinally important plants for selection
of species for synthesis of green nanoparticles. The therapeutic potential of a species
used among ethnic communities can serve as the criteria for strengthening its
candidature for use in nanoparticle therapeutics.

38.4 Summary and Path Forward

The green AgNPs prepared from plants should be seriously considered as an
antibacterial and anticancer drug. Our investigations in the future will focus mainly
on answering specific questions, and the knowledge gained in ethnomedicine is
likely to enhance our understanding of the efficacy of nanoparticles in biological and
biotechnological applications for restoration and sustenance of life worldwide.
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Physicochemical, Micromeritics,
Biomedical, and Pharmaceutical
Applications of Assam Bora Rice Starch
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Abstract

In current times the utilization of the natural starches in various aspects like as
pharmaceutical, biomedical, food materials, etc. due to their uniqueness
properties. Assam bora rice starch is a promising biopolymer as well as
bio-carrier in different aspects. Natural starch as well as modified starch was
being used abundantly as natural polymers in different drug delivery systems.
The prime advantages of using natural starches are low cost, easily available,
renewability, etc. Starch obtained from Assam bora rice is having potential
applications in pharmaceutical industries such as excipients and binder and
disintegrates in tablet formulations, as an active drug carrier in nano,
microformulations, and controlled drug delivery formulations. Assam bora rice
starch as a native starch is having maleate particles which are often used for drug
delivery carrier in the field biomedical application. The reasons behind this were
due to their non-toxicity, biocompatibility, and inexpensive nature. In this chap-
ter, we specially focus on Assam bora rice starch to profile its different
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applications along with physicochemical and powder flow properties which
drastically affect the compactness of the starch granules.

Keywords

Assam bora rice · Bora rice starch · Pharmaceutical aspects · Biomedical
applications

Abbreviations

ABR Assam Bora Rice
ABRS Assam Bora Rice Starch
API Active Pharmaceutical Ingredients

39.1 Introduction

Starch, a polysaccharide formed in the cytoplasm of the plant’s cells, forms the prin-
cipal carbohydrate reservoir in plants (Moorthy 2002). In its natural form, starch is
semicrystalline in nature also known as grains or granules. The size, shape, and
structure of starch granules are characteristic of the botanical source. Starch is a
biocompatible and biodegradable natural polymer, white, soft, and smooth, and
possesses viscosity modifying properties; these attributes greatly attract investigators
to evaluate its potential as a pharmaceutical excipient in various drug delivery
systems (Tester et al. 2004). When native starch is modified, new attributes such
as enhanced flow, disintegration, direct compression, and formation of stable gels in
hot and cold water are introduced. These enhanced attributes make starch not only
applicable to conventional but also to novel drug delivery systems.

Assam bora rice (ABR) also known as Bora Saul (Oryza sativa) is a traditional
waxy or glutinous rice variety of Assam state of India (Sharma 2014). Traditionally
ABR is grown by the farmers to meet up their domestic consumptions. ABR is also
required to prepare a number of food items during and after the festival and religious
ceremonies; the food items include pithas (biscuit-like confectionaries), chira (flaked
rice), hurum (expanded wax rice), and sandoguri (fried rice powder). Apart from its
usage in food items, some communities of Assam state also prepare high quality of
rice beer out of bora rice. Because of its waxy or glutinous and instant cooking
property, many companies outside of the state are attracted for the preparation of
instant and packet food, bakery components, etc. (Deka et al. 2014).

Assam bora rice mainly consist of amylopectin (>99%), while the maximum
amylose content of ABR is 0.257% (Kumar 2011). Contrary to the linear structure of
amylose, amylopectin has a highly branched structure, consisting of three types of
branch chains. The chains present in amylopectin can be classified as A-, B-, and C-.
A-chains are those which are linked to other chains (B- or C-) by their reducing ends
through α-D-(1 ! 6) linkages, but are not branched themselves. B-chains are those
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linked to another B-chain or a C-chain, but B-chains are branched by A-chain or
other B-chains at O-6 of a glucosyl unit. Each amylopectin has only one C-chain,
which carries the sole-reducing end of the molecule (Finar 1975). The high content
of amylopectin in bora rice attributes to its adhesive properties, which can be utilized
as a pharmaceutical excipient in conventional and novel drug delivery vehicles
(Sharma et al. 2013). Several investigations on bora rice as pharmaceutical excipient
or as a drug delivery vehicle involve the use of flour or isolated starch. These
includes the use of Assam bora rice starch (ABRS) as directly compressible excipi-
ent for tablet formulation (Sharma et al. 2011; Rajak and Bhuyan 2011), use as
mucoadhesive and bioadhesive drug delivery vehicles for colon targeting (Ahmad
et al. 2012a, b, c). Apart from the use as pharmaceutical excipients, ABRS is
investigated as plasma volume expander (Rajak et al. 2014).

Based on the previous studies, it can be concluded that the starch content in ABR
is very high (Sharma et al. 2011). The reports also conclude the huge potential of the
ARBS in the application as pharmaceutical excipients, biomedical field, and in
industry. Therefore, we have design to profile the various utilization, physiochemical
characterization, and micrometrics of ABRS in a form of review.

39.2 Extraction of Starch from ABR

Alkali extraction of protein is the most common method of preparation of ABRS
(Deka et al. 2014; Rajak and Bhuyan 2011; Ahmad et al. 2012a, b, c). The method
involved stepping of ABR with 0.2–0.4% sodium hydroxide solutions with regular
stirring for every 6 h, followed by replacement of the sodium hydroxide solution for
every 18–24 h. The steeped rice then blended with two parts of sodium hydroxide
solution to each part of steeped rice, which results in a milky solution. The starch
suspension thus formed was diluted and allowed to settle, which is followed by
filtration and drying at temperature of 40�–50 �C. The dried ABRS is then pulverized
and pass through sieves. Applications and properties of Assam bora rice starch and
flour are given in Fig. 39.1.

39.3 Physiochemical Properties

39.3.1 Chemical Structure

Chemically starch consists of two main structural units or components: amylose and
amylopectin. Amylose is a linear polymer with glucose units arranged in α (1–4)
linkage; it constitutes 15–20% of starch, with a degree of polymerization upto 6000,
and has a molecular mass of 105–106 g/mol. Amylopectin is a larger branched
molecule with α (1–6) linkage which results in a compact, branched structure.
Amylopectin has a molecular weight of 107–109 g/mol with a degree of polymeri-
zation of two million (Rodrigues and Emejea 2012; Builders and Arhewoh 2016).
ABRS is waxy starch which contains virtually all amylopectin (more than 99%). The
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amylose content of ABRS is 0.257% along with trace amount of starch lipids,
proteins, and fibers (Kumar 2011). Amylose possesses a linear structure, while
amylopectin has a highly branched structure with branch chains. The chains present
in amylopectin can be classified as A-, B-, and C-. A-chains are those which are
linked to other chains (B- or C-) by their reducing ends through α-D-(1 ! 6)
linkages, but are not branched themselves. B-chains are those linked to another
B-chain or a C-chain, but B-chains are branched by A-chain or other B-chains at O-6
of a glucosyl unit. Each amylopectin has only one C-chain, which carries the sole-
reducing end of the molecule (Finar 1975). This indicates a differences in certain
function properties of starches, such as crystallinity, viscosity, shear resistance,
gelatinization characteristics, solubility, swelling, and retrogradation as compared
with native starch which consists of 10–15% of amylose content.

Fig. 39.1 Applications and properties of Assam bora rice starch and flour
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39.3.2 Morphology

Granule morphology is an important parameter as it is helpful in identifying and
differentiating the starch obtained from different botanical sources. Starch granules
can be classified into following categories: large (>25 mm), medium (10–25 mm),
small (5–10 mm), and very small (5 mm) (Manek et al. 2005). Starch granules of rice
are the smallest granule produced by the plants and have an average size of 3–8 μm
(Rajak and Bhuyan 2011). The starch granules of rice are irregular and polygonal in
shapes. ABRS starch granules have an average size of 21.75 μm; however, most of
the particles falls in the size range of 8–12 μm (Kumar 2011). Owing to the small
size rice starch granules, several reports have described the possibility of use as
directly compressible excipient for the formulation of tablets (Rajak and Bhuyan
2011).

39.3.3 Solubility

ABRS has a cold water solubility of 1.01 � 0.08 g/dm3; this indicates the low cold
water solubility of ABRS (Rajak and Bhuyan 2011). The low cold water solubility of
ABRS can be attributed to its high content of amylopectin (>99%). However the
solubility in water can be increased, when the dispersion is heated to a certain value
also known as gelatinization temperature (Builders and Arhewoh 2016). Gelatiniza-
tion is a property, by virtue of which starch undergoes an enormous swelling,
increased viscosity, translucency, and solubility. These changes often involve the
breakage of the hydrogen bonds within the starch granules and allow water to enter
the granules to make it swell (Shimelis et al. 2006). DSC study suggests that the
gelatinization of ABRS is 64 �C, which complies with that of the waxy rice
(64–71 �C); however, complete gelatinization does not occur below 76–78 �C up
to 45 min of heating; this may be due to water acting as a plasticizer and mobility
enhancer in the starch/water system by depressing the thermal transition (Sachan
et al. 2012).

39.3.4 Viscosity

The viscosity of waxy starch such as ABRS is higher than that of non-waxy starches.
This is due to the presence of high amylopectin content which imparts high degree of
branching and very high weight and average molecular weight. Bhattacharya et al.
investigated the viscosity of ABRS using cone plate type Brookfield programmable
viscometer (Sachan et al. 2012). The results indicated that the viscosity increases
with an increase in concentration of starch.
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39.3.5 Organoleptic Properties

ABRS being waxy rice have higher amylopectin content than amylose; this increase
in amylopectin gives ABRs its characteristic dull milky white color (Sachan and
Bhattacharya 2006).

39.4 Micrometricsproperties of ABRS

Micromeritics is the science and technology of small particles. It includes the study
of fundamental and derived properties of individual and collection of particles. The
knowledge and control of the particles are an important aspect in pharmaceuticals
(Sinko and Singh 2006).

39.4.1 Particle Size and Shape

The size and shape of particles are important parameters as they govern every and
every manufacturing step which includes mixing, granulation, drying, milling,
coating, and compression. Particle size is an important parameter for solid dosage
form and biphasic liquid dosage form as it influence the efficacy and stability of the
formulation. Similarly particle shape plays an important role in particle size distri-
bution, the shape of a particle can be symmetrical or asymmetrical and therefore
difficult to measure by a meaningful diameter. Particle size is usually expressed as
the equivalent spherical diameter to correlate with the size of particles to that of a
sphere with the same diameter, surface area, and volume. The measurement of size
of irregular particles depends upon which type of method is applied (Lowell and
Shields 2013; Maheshwari et al. 2018).

39.4.2 Flow Properties

Flow property is an important characteristic of powder for the pharmaceutical
manufacturing process. Manufacturing of solid dosage forms such as tablets
involves the filling of tablets die with powder or granules based on volume; therefore
the flow property determines the various crucial parameters of tablets such as weight,
hardness, and content uniformity. Similarly the manufacturing of capsules involves
the filling of powder or granules in the empty capsule shells. Therefore assessments
of flow properties are important prior to the manufacturing of pharmaceuticals.
There are various methods available to measure the powder flow (Shah et al.
2008). The compendial methods include measurement of the angle of repose (USP
2007a, b), bulk density, tapped density (USP 2007a, b), Carr’s compressibility index
(Carr 1965), or Hausner ratio (Hausner 1967). These methods suffer from various
limitations including reproducibility, performance conditions, and predictability. For
instance, powder flow measurement by the angle of repose has limitations for very
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cohesive powder which doesn’t flow through the funnel, and vibrating the funnel
introduces inherent variability in measurement technique. The other compendial
methods of powder flow characterization which includes measurements of bulk
and tap density which is semi-quantitative (Shah et al. 2008).

Prakash et al. extracted starch from ABR by alkali extraction method using 0.4%
caustic soda and evaluated its flow properties (Ahmad and Bhattacharya 2010).
Evaluation parameters were true density, bulk density, tapped density, Hausner’s
ratio, Carr’s compressibility index, and angle of repose. Their findings indicated that
starch from Assam bora rice is not porous and is poor-flowing powder; this is
reflected by the low bulk and tapped densities (0.31 � 0.06 and 0.46 � 0.01,
respectively); and the poor-flowing property of ABRS was further confirmed by
the values of Hausner ratio (1.47 � 0.06), Carr's compressibility index
(31.93 � 2.88%), and angle of repose (40.31 � 1.52�). Similar results were reported
describing the poor flow property of ABRS (Sharma et al. 2011; Rajak et al. 2014).

However, Ahmad et al. reported good flowing property of ABRS. The good
flowing property is indicated by the higher value of tapped and bulk densities as
compared to the other reports (Ahmad et al. 2012a, b, c). The value of Hausner’s
ratio (1.18 � 0.001), Carr’s compressibility index (15.92 � 1.23), and angle of
repose (23.02� � 1.01�) also indicated the good flow property. The moisture content
of ABRS was found to be low. The difference in the results in flow property of
ABRS obtained by different investigators may be attributed to the extraction proce-
dure. M.Z. Ahmad et al. used 0.01 M sodium hydroxide solution for the extraction of
starch rather than the use of 0.2–0.4% solution. Therefore, it may be concluded that
optimal modification in the extraction procedure can lead to improvement in the flow
properties of starch which is necessary requirement for pharmaceutical excipients.

39.5 Application of ABRS

39.5.1 Pharmaceutical Excipients

Excipients are the substances other than the active pharmaceutical ingredients (API)
which are used in pharmaceutical formulations with the aim to provide stability,
safety, and integrity to the pharmaceutical formulations. Native and modified starch
has been widely used as pharmaceutical excipients. Excipients based on starch are
widely used owing to their low cost, biocompatibility, safety, and product quality.
Based on the properties, starch has been also evaluated as novel drug delivery
carriers.

39.5.1.1 ABRS as Binder
Binders are pharmaceutical excipients which are added to tablet formulation to
increase plasticity as well as to increase interparticulate bonding strength in tablets.
Binders also increase the degree of consolidation or compactions while decreasing
the brittle fracture tendency during tableting. Rajak et al. prepared paracetamol
tablets (400 mg) using ABRS as a tablet binder and evaluated the tablets against
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tablets prepared by using gelatin as tablet binder (Shah et al. 2008). The binder
concentrations in both cases used were 2%, 4%, 6%, and 8% w/w. The evaluations
of the prepared tablets were conducted by measuring weight variation, tablet hard-
ness, friability, disintegration, and dissolution study. From the results obtained, it
can be concluded that the tablets prepared by using ABRS at a binder concentration
of 8% w/w show more optimum results; also the gelatin and ABRS showed
comparative effectiveness as binders in paracetamol tablets. Therefore, ABRS
could be used as a better binder in tablet formulations comparable to the gelatin
powder.

39.5.1.2 ABRS As Directly Compressible Agents
Directly compressible excipients are pharmacologically inactive, non-medicinal
substances which may be compacted under force with no difficulty and which may
do so even when mixed with active drug substances without significant change in
tablet quality, in addition to their good compression property, some of the directly
compressible agents also possess good flow property and high bulk density (Sharma
et al. 2011). The advantages of the direct compression method of tablets preparation
lead to the extensive use of the directly compressible excipients; this is supported by
the fact that about 50% of worldwide tablet production is made by this method
(Sharma et al. 2011).

Sharma et al. explored the potential application of ABRS as a directly compress-
ible agent in tablet formulations (Sharma et al. 2011). The atorvastatin chloride
tablets were prepared by using unmodified ABRS, acid, and thermally modified
ABRS, and spray-modified ABRS and MCC were used for the preparation of
different tablet formulations.

The results indicate that spray modified and acid-modified showed good hard-
ness, and the results obtained after evaluation of all the prepared tablets on the based
on weight variation, friability, drug uniformity, disintegration time, and dissolution
were comparable with the tablets prepared by using MCC as directly compressible
agent. Similar investigation was performed by Rajak et al. by preparing ketotifen
tablets using ABRS and comparing it with tablets prepared by using pregelatinized
starch. The results obtained after evaluating the ABRS as directly compressible
excipients were found to be comparable with that of the tablets prepared by using
pregelatinized tablets. The above studies serve as basis for further evaluation of
ABRS as directly compressible excipients.

39.5.2 ABRS as Plasma Volume Expander

Plasma volume is a crucial and important factor in maintaining hemodynamic and
tissue oxygenation. Decrease in the amount of circulating blood may be the result of
acute bleeding, sepsis, or any kind of polytrauma, in such circumstances rapid
restoration of normal blood volume and sufficient filling of vascular components
have to be guaranteed, else the situation may turn fatal. Plasma volume expanders
serve in restoring the deficient volumes; these mainly consist of polymeric
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substances which are isotonic to the blood. Plasma volume expanders work by the
virtue of increased osmotic pressure. Most of the plasma volume expanders are not
physiologically homogeneous, besides they are insufficiently excreted in urine,
which leads their accumulation in body organs (Kulicke et al. 1993; Kulicke and
Heinze 2006; Dewachter et al. 1992).

ABRS is mainly consisting of amylopectin, which is similar in compatible with
physiological tissues, besides being unaffected by the presence of the amylase.
Bhattacharya et al. evaluated the potential of ABRS as plasma volume expander
by polymer analysis (Ahmad et al. 2012a, b, c). ABRS was characterized by
determining the FTIR spectra, degree of branching by H1 NMR, osmotic pressure
by internal measurement technique, establishment of Mark-Houwink relationship,
and determination of molecular weight-viscosity relationship. From their findings it
can be concluded that ABRS posses the required characteristics to be potentially
used as plasma volumes expanders, owing to its biocompatibility to physiological
tissues.

39.5.3 Advanced Drug Delivery

ABRS was investigated as novel colon-targeted mucoadhesive microspheres for the
delivery of 5-fluorouracil to the colon (Ahmad et al. 2012a, b, c). The microspheres
were formulated by a double emulsion evaporation method using Tween-80 as
an emulsifying agent. The prepared microspheres were characterized by evaluating
their size, shape, surface morphology, size distribution, drug incorporation effi-
ciency, and in vitro and in vivo drug release studies. From the release studies, it
can be concluded that the release of 5-fluorouracil is sufficiently less in the stomach
and small intestine as compared to the colon; this results in reduced systemic side
effect of 5-fluorouracil; and this is supported by the decreased level of liver enzymes,
serum albumin, creatinine, leucocytopenia, and thrombocytopenia in animals receiv-
ing 5-fluorouracil-loaded mucoadhesive microsphere.

ABRS was also investigated as novel colon-targeted bioadhesive microsphere
loaded with metronidazole (Ahmad et al. 2012a, b, c). The microspheres were
prepared by double emulsion evaporation techniques. The prepared microspheres
were obtained with a uniform spherical shape, with sufficiently high retention time.
In vitro drug release study in different physiological environment indicates suffi-
ciently high drug release in target site. The drug release pattern was also found to be
over a longer period of time. In vitro bacterial inhibition studies show an equivalent
or higher zone of inhibition against bactericides fragile than that of marketed
formulations. In vivo studies showed that the ABRSmicrospheres remained attached
to the GIT and release the drug once they reach the colon, the release of drug from
the microsphere is due to microbial digestion of ABRS by microbial flora residing in
the colon, and the results obtained from in vivo studies comply with that of the
results obtained from the in vitro drug release studies. These studies show the
potential application of ABRS as drug delivery system for colon targeting.
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Sharma et al. investigated the use of natural polysaccharides for controlled release
of metformin hydrochloride from the microspheres by the emulsion solvent diffusion
method (Sharma et al. 2013). Polysaccharides used in the microsphere were obtained
fromDillenia indica L., Abelmoschus esculentus L., and Assam bora rice starch. The
prepared microspheres were then evaluated for their particle size, drug entrapment,
swelling index, mucoadhesive strength, and in vitro drug release studies. Mean
particle sizes of different batches of prepared microspheres were found to be within
the range from 77 � 1 to 190 � 10 μm, as shown in the microspheres which were
found to be uniformly sized and spherical with maximum drug entrapment efficiency
of 84.7� 2.3%. Drug release from the prepared microspheres was found to diffusion
(non-Fickian) controlled as evident from the correlation coefficient obtained from
drug release kinetic study. The controlled release of drug from the microsphere may
be attributed to higher content of amylopectin present in ABRS rice and pectic
polysaccharides in Dillenia indica L. and Abelmoschus esculents L. extracts.

39.6 Conclusion

The applications of native starch are increasing exponentially in different fields
including pharmaceutical, food industry, film preparation, etc. The unique property
of starch granules of ABRS is remarkable. ABRS is also a good candidate to use as
slowly digestible starch (SDS) which can be a valuable co-product to incorporate in
food products as well as supplements. The long chain of amylopectin structure
abundant in starch granules plays the ideal role to provide the SDS property. Natural
as well as modified form of ABRS is used as biopolymer, bio-carrier, micro carrier,
nano carrier, etc. in the bunch of drug delivery systems.

39.7 Future Challenges

Native starch is considered as promising biopolymer in drug delivery systems.
Assam bora rice starch has different effective properties. In this review, we specially
focus on Assam bora rice starch to profile its different applications along with
physicochemical and powder flow properties. But some research work on Assam
bora rice starch still need to be establish in different aspects. Future investigations
required seeing the different chemical modification along with the length of the
amylose and amylopectin chains distribution in native starch system. The advance
physical and chemical approaches are required to explore the better functional
properties and molecular strategies of Assam bora rice starch in future research.
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Abstract

Pharmaceutical excipients are the backbone of pharmaceutical formulations.
These are inert substances added to contribute physicochemical stability in vitro
as well as in vivo to the active pharmaceutical ingredients during formulation
development. Excipients significantly affect the quality of a finished pharmaceu-
tical dosage forms. They are intended to be used to facilitate the pharmacokinetic
as well as pharmacodynamic profiles of the medicament. Furthermore, excipients
also influence the physical properties of medicinal products including solubility,
consistency, weight and volume, release rate, etc. which are required for admin-
istration of adequate dose of active drug in a particular dosage formulation.
Currently, numerous synthetic excipients have been explored in pharmaceutical
formulations such as tablets, capsules, novel drug delivery systems, etc. How-
ever, they are found to have some unwanted side effects in vivo after administra-
tion. Therefore, there is a quest to have some excipients from natural origin with
minimum side effect or toxic manifestations.

Nature is enriched with a wide array of precious components which directly or
indirectly are beneficial for maintaining the good health of living organisms.
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Natural excipients such as binders, diluents, sweeteners, colorants, preservatives,
film formers, etc. and their derivatives are found abundantly in plants, animals, and
minerals. Since natural ingredients are inert, biocompatible and biodegradable
with minimum toxic effects, as well as cost-effective, hence pharmaceutical
industries are showing their interest for these excipients to be used in formulating
novel drug formulations, cosmetics, as well as in food products.

This book chapter entitled “Natural Excipients in Pharmaceutical
Formulations” has been compiled to explore the extensive information about
the excipients of natural origin to be utilized as bulking, binding, film forming,
lubricating, sweetening, preservative, coloring agent, etc. in design and develop-
ment of various pharmaceutical dosage forms.

Keywords

Excipients · Gums and mucilage · Polysaccharides · Colorants · Dosage form

Abbreviations

3,6-AG 3,6-Anhydro-D-galactose
AGP Andrographolide
ALG Alginic acid
CG Carrageenan
CPM Chlorpheniramine maleate
CR Copal resin
EC Ethyl cellulose
GalA D-galacturonic acid
LA Lignosulfonic acid
LBG Locust bean gum
LCCs Lignin–carbohydrate complexes
LER Lignin epoxy-modified resin
NDDS Novel drug delivery systems
NPs Lignin nanoparticles
SA Sanguinarine
Sclg Scleroglucan

40.1 Introduction

Pharmaceutical formulations are composed of many components including active
pharmaceutical ingredient(s) along with other excipients such as binders, diluents,
disintegrants, etc. These ingredients contribute a key role in maintaining the quality,
safety, and efficacy of the formulation to be manufactured. Several studies report that
the extensive use of synthetic excipients in developing formulations poses a vexed
problem due to their toxicity, incompatibility, nonavailability, and huge cost. The
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emergence of natural excipients in pharmaceutical field led to the need for novel
ways to prepare safer and effective medicines for the patients. However, several
challenges have been found to be associated with chemicals derived from natural
sources including their structural complexity in mixture and productivity which may
differ according to the geographical location and season in addition with slow and
expensive isolation and purification processes (Lam 2007; McChesney et al. 2007).

There are tremendous sources including plants, animals, marines, etc. to obtain
natural excipients. In addition, a wide range of derivatives of natural excipients can
also be prepared through modification techniques such as grafting and cross-linking.
In recent years, the research has been focused on plant-derived ingredients like
polysaccharides, gums, and mucilages and volatile oils. These plant-based polymers
have potential applications in pharmaceutical preparations such as solid and liquid
dosage forms, controlled and sustained drug delivery, osmotic drug delivery, micro-
encapsulation, injectables, buccal films, and implants. These ingredients are
employed in the form of binders, disintegrators, diluents, emulsifiers, suspending
agents, coloring agent, flavoring agents, gelling agents, bioadhesives, and viscosity
enhancers in formulations (Sakarkar 2012).

In this context, the book chapter highlighted brief information collected from
various research and review articles, regarding the naturally derived biopolymers
employed in food, cosmetics, and pharmaceutical domains along with their biomed-
ical applications.

40.2 Classification of Natural Excipients

Natural excipients are commonly classified according to their origin, chemical
nature, and applications.
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Natural Excipients

Applications & 

Functions

Chemical NatureSource of Origin

Animals

Plants

Minerals

Marine

Carbohydrates

Proteins

Polymers

Minerals

Glycosides & 

waxes

Water 

Alcohol

Esters, Ethers 

& Carboxylic 

acids

Binders & Diluents

Glidants, Lubricants 

& Disintegrants

Film forming &

Coating Agents

Plasticizers

Suspending Agents

Preservatives & 

Antioxidants

Colorants &

Flavoring Agents

40.2.1 Starch

Starch is the major dietary source of carbohydrate in plants. It is present in root,
tubers, leaves, stem, fruits, seeds, legumes, and cereals of higher plants (Hu et al.
2015). Biochemically, starch is synthesized from infinite numbers of glucose
molecules by photosynthesis (Teramoto et al. 2003). Cereals (40–90%), roots
(30–70%), tubers (65–85%), legumes (25–50%), and fruits are the rich sources of
starch [Santana and Meireles 2014].

Chemically, starch is a polysaccharide which constitutes exclusively a large
number of D-glucopyranose units joined together by α-1,4 and α-1,6 glycosidic
bonds. It is primarily made up of two inherent incompatible components: amylose
(15–30%), a linear chain polymer, and amylopectin (70–85%), a branched chain
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polymer (Robyt 2008). Despite tremendous use of starch in a variety of industries
like cosmetics, textile, food, and paper, it has also achieved a great position in
pharmaceutical field. Native starch is employed as binder, diluents, and disintegrants
in solid dosage forms. Moreover, starch finds its novel applications in the area of
nasal, periodontal, film-based drug delivery systems (Hartesi et al. 2016). Nowa-
days, chemical modification of native starch is carried out to alter the physicochemi-
cal properties like stability, flowability, and compressibility (Table 40.1). The most
commonly used modified starch in pharmaceutical industry is pre-gelatinized starch
that is marketed under the name of starch 1500 (Alcazar-Alay and Meireles 2015).

40.2.2 Celluloses

Cellulose, a polysaccharide, is the most important natural polymer of plants. It is the
structural or skeleton component of plant cell walls. Cotton seed fibers are the major
source of pure cellulose. Other cellulose-producing plants are hemp, jute, corn,
flasks, rice, wheat straw, and sisal. Currently, cellulose has also been isolated from
bacteria Acetobacter xylinum by fermentation of glucose from corn syrup. Cellulose
is a water insoluble fiber. Humans cannot digest cellulose in smaller components
(Lavanya et al. 2011).

Cellulose has fascinating structure consisting of linear chain of β-1,4-linked
D-glucose units. It has parallel arrangements of crystallites and crystallite strands,
which are the basic elements of the fibers (Krässig 1996). Supramolecular structure
of cellulose reveals the two main regions: amorphous (low ordered) and crystalline
(high ordered) (Fainberg and Mikhailov 1966). Presently, cellulose and their
derivatives (Table 40.2) of pharmaceutical importance can be prepared by chemical
processes like esterification, etherification, and cross-linked or graft copolymeriza-
tion (Marques-Marinho and Vianna-Soares 2013).

Table 40.1 Modified starches and their applications

Materials Applications Reference

Dextrin, hydroxyethyl
starch, cyclodextrin

Solid dispersions of
phenylbutazone and
nalidixic acid

Chowdary and Rao (1994),
Schmidt and Broegmann (1988)

Maltodextrin,
hydrogenated
maltodextrins

Vitamin C effervescent
tablets

Schmidt and Broegmann (1988)

Dialdehyde starch Sustain release dosages
forms of isoniazid and
isonicotinic acid

Hiraku and Nagai (1986)

Pregelatinized starch,
short-chain amylase like
amylodextrin

Control drug delivery
systems

Herman and Remon (1989); Te
Wierik et al. (1996); Te Wierik
et al. (1993)
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40.2.3 Hemicelluloses

Hemicelluloses are the heterogeneous group of polysaccharide in woody plants and
cereals. These are present in plants in association with lignin and cellulose. Hemi-
cellulose offers rigidity to the cell wall and acts as adhesive between single cells in
plants (Muchlisyam et al. 2015). The composition of hemicellulose varies according
to the type of plant. Structurally, they are composed of both linear and branched
monomeric sugar moieties such as xylans (β-1,4-linked D-xylose units), mannans
(β-1,4-linked D-mannose units), arabinans (α-1,5-linked L-arabinose units), and
galactans (β-1,3-linked D-galactose units) (Belgacem and Gandini 2008). Various
types of hemicelluloses and their sources with composition are as depicted in the
Table 40.3. Hemicelluloses are potentially applied in pharmaceutical field in

Table 40.2 Cellulose and their derivatives of pharmaceutical importance

Chemical
class Examples Reaction Applications

Native
cellulose

Microcrystalline
cellulose

Controlled hydrolysis
of cellulose with
mineral acid

An adsorbent, suspending agent,
capsule diluent, and bulking agent

Cellulose
ether
derivatives

Methyl cellulose
(MC)

Etherification by
methyl group

Emulsifying agent (1–5%),
suspending agent (1–2%), capsule
disintegrants, viscosity enhancer,
topical creams and gel
formulations, syrup preparations

Ethyl cellulose
(EC)

Etherification by ethyl
group

Viscosity enhancer, flavoring
agent.
Oral and topical preparations like
gels, lotions, creams, thickening
agents stabilizer in emulsions

Hydroxyethyl
cellulose

Etherification by
hydroxyethyl group

Suspending agent, thickening
agent viscosity enhancer,
cosmetics preparation

Hydroxypropyl
cellulose

Incorporation of
hydroxypropyl group

Suspending agent, thickening
agent viscosity enhancer, topical
formulations

Hydroxypropyl
methyl cellulose

O-methylated and O-
(2-hydroxypropylated
derivative)

Foaming agent, emulsifying agent,
dispersing agent, thickening agent,
Controlled and sustained release
agent

Carboxymethyl
cellulose (CMC)

Polycarboxymethyl
ether of cellulose

Capsule disintegrant, emulsifier,
suspending agent, gel-forming
agent

Cellulose
ester
derivatives

Cellulose acetate Acetylation of hydroxy
group

Capsule diluent, filler and taste-
masking agent

Cellulose acetate
phthalate (CAP)

Obtained by reaction of
phthalic acid and
partial ester of cellulose

Enteric coating agents (0.5–9%),
delayed and controlled release
systems
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developing drug formulation excipients such as binders, thickeners, stabilizers, and
disintegrators (Ma et al. 2017). In recent years, hemicellulose-based hydrogels have
been designed and evaluated for novel drug delivery system. Besides, the hydrogels
can be applied in contact lenses. The current investigations on hemicellulose-based
hydrogels demonstrated the blending of hemicellulose with chitosan and polyvinyl
alcohol to create hybrid hydrogels responsible for antibacterial function (Hu et al.
2018).

40.2.4 Chitins and Chitosan

Chitin is a natural biopolymer and comprised of β-(1 ! 4)-linked 2-acetamido-2-
deoxy-β-D-glucose (N-acetylglucosamine). It serves as structural component in the
exoskeleton of arthropods as well as cell walls of fungi and yeast. Commercially,
two marine crustaceans, namely, crab and shrimp shells are the major sources of
chitin (Rinaudo 2006; Younes and Rinaudo 2015).

Chitosan is a polycationic polysaccharide, derived from chitin through
deacetylation process. Recent study involved the isolation of chitosan from fungal
strains, Aspergillus niger, Rhizopus oryzae, Lentinus edodes, and Pleurotus sajor-
caju, and two yeasts, Zygosaccharomyces rouxii and Candida albicans by fermen-
tation technique (Pochanavanich and Suntornsuk 2002).

It is a linear polymer consisting of S (1–4)-linked 2-acetamido-2-deoxy-S-D-
glucopyranose and 2-amino-2-deoxy-S-D-glycopyranose units. Molecular weight
and degree of deacetylation are the most important characteristics of chitosan which
have determining effects on solubility, film-forming capacity, and optical and
structural properties (Hon 1996; Dutta et al. 2004). Notably, the presence of primary
amino group in chitosan imparts promising characteristics such as cationic nature,
mucoadhesion, controlled release, in situ gelation, permeation enhancement, and
antimicrobial properties (Ali and Ahmed 2018). The multiple applications of chitin
and chitosan (Fig. 40.1) have been identified in pharmaceutical as well as biomedical
field (Younes and Rinaudo 2015).

Table 40.3 Types of hemicelluloses and their sources with composition

Type of hemicellulose Source Composition (%)

Arabinoglucuronoxylans Softwood (non-woody materials) 7–10

Galactoglucomannans Softwood 20

Glucomannans Harwood 2–5

Arabinogalactans Larch wood 5–35

Glucuronoxylans Hardwood 15–30

Arabinoxylans Brans and annual plant Variable
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40.2.5 Lignins

Lignins are the naturally occurring biopolymers and extensively found in secondary
cell walls of the plants. Lignin in combination with cellulose provides mechanical
strength to the plant cell walls. Lignin, a highly complex in structure, consists of
randomly cross-linked phenylpropanoid units (monolignols) such as cumaryl,
coniferyl, and sinapyl alcohol. The monolignol units when connected with the lignin
polymer are called guaiacyl (G), syringyl (S), and p-hydroxyphenyl (H) units.

Phenylpropane units are randomly cross-linked to each other with a variety of
chemical bonds such as βO-4-aryl ether linkages, α-O-4-aryl ether, 4-O-5-diaryl
ether, β-5-phenylcoumaran, 5–5-biphenyl, β-1-(1,2-diarylpropane), and
β-β-(resinol) (Agrawal et al. 2014; Vanholme et al. 2010; Witzler et al. 2018).
Interestingly, lignin is a nonsugar macromolecule found in the plants. At present,
lignin and its derivatives are broadly investigated in numerous pharmaceutical and
medical domains as described in the Table 40.4, and pharmaceutical perspectives of
lignins are presented in Table 40.5.

Tablets

Disintegrants,
compressed

diluents

Cosmetics, gene
delivery,

anticancer agent,
anticoagulants,

hemostatic
Gene delivery,

Enzyme
immobilization

Encapsulation
of sensitive

drugs

Delivery
vehicle

Implants, coating,
delivery vehicle,

tissue
engineering

Drug delivery

Surgical glove
powder, adsorbent
for pharmaceutical

and medical
devices, enzyme

immobilization

Solutions

Microspheres

Nano particles
Chitin and
chitosan

Capsules

Gels
Beads

Powder

Fig. 40.1 Pharmaceutical and biomedical applications of chitin and chitosan
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40.2.6 Pectin

Pectin is a heteropolysaccharide and widely extracted from the cell walls of higher
plants. Citrus fruits, apple, plume, gooseberry, oranges, cherries, and grapes are the
rich sources of pectin. It is mainly composed of D-galacturonic acid (GalA) units
linked together by α-(1–4) glycosidic linkage (Mukhiddinov et al. 2000). Pectin has
promising applications in pharmaceutical industry (Sriamornsak 2006). These are
used as binding, thickening, emulsifying, suspending, and stabilizing agents in many
dosage forms. Pectin hydrogels have been exploited as binder in tablet dosage forms
and controlled release matrix tablet formulations. Sungthongjeen et al. (1999)
studied HM-pectins in controlled release matrix formulations. Various pharmaceuti-
cal applications of pectin have been briefly mentioned in Fig. 40.2.

Table 40.4 Chemically derived lignins and their biomedical applications

Ingredients Source Uses References

Native lignins Acacia nilotica wood
(Mimosaseae)

Oxidative stress and
diabetes, mouth, bone,
and skin cancer

Barapatre et al.
(2016); Kalaivani
and Mathew
(2010)

Modified
alkali lignin

Microbial
biotransformation by the
ligninolytic fungi
Aspergillus flavus and
Emericella nidulans

Quesille-
Villalobos et al.
(2013)

Lignosulfonic
acid (LA)

Sulfite pulping of softwood α-Glucosidase inhibitory
activity, raw material in
vanilla flavor, vanillin,
anti-HIV activity

Andrei et al.
(2011); Fargues
et al. (1996);
Hasegawa et al.
(2015)

Lignin–
carbohydrate
complexes
(LCCs)

Pinecones and pine nut
shells, Lentinus edodes
mycelia and Sasa
senanensis Rehder leaves
extracts

Anti-UV activity
(cosmetic sun care
products)

Sakagami et al.
(2016)

Pinecone LCC from
Prunella vulgaris

Anti-herpes activity Zhang et al.
(2007)

LCCs from P. anisum Antiviral activities Lee et al. (2011)

Sulfonated
lignins

– Anticoagulants Monien et al.
(2006)

Sulfated low-
molecular-
weight lignins

– Anticoagulants Henry and Desai
(2014)

Sulfated β-O-
lignins

– Anticoagulation and
antiplatelet actions

Mehta et al.
(2016)
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40.2.7 Alginates (Alginic Acid)

Alginates are the marine-derived polysaccharides comprising linear chain of β-d-
mannuronic acid and α-l-guluronic acid residues connected with α and β- 1 ! 4
glycosidic bonds. Alginates are widely found in brown seaweeds such as Laminaria,
Ascophyllum, Macrocystis, Sargassum, Durvillaea, Lessonia, and Turbinaria

Table 40.5 Pharmaceutical perspectives of lignins

Formulation Use Reference

Lignins nanoparticles (NPs) Controlled release of
different herbicides and
pesticides

Fernández-Pérez et al.
(2007); Pereira et al.
(2003)

Stabilizers of cosmetic Frangville et al.
(2012)

Water-dispersed lignin NPs Stabilize Pickering
emulsions

Lievonen et al. (2016)

Lignin-based NPs from A. tequilana
Weber bagasse

Sun protection Gutiérrez-Hernández
et al. (2016)

Lignin coated with silver NPs Antibacterial effect Klapiszewski et al.
(2015)

Superabsorbent hydrogels prepared by
xanthan and lignin epoxy-modified resin
(LER) mixture, cross-linked with
epichlorohydrin

Drug delivery of
bisoprolol fumarate

Răschip et al. (2015)

Colon specific
delivery system

LM-Pectin:
Microsphere coated

pellets

Pectin Bead:
Sustain release drug

delivery system

HMPectins:
Controlled release
matrix formulations

Pectin Hydrogel:
Tablet and controlled
release formulations

Pectin

Fig. 40.2 Various applications of pectin

838 P. Singh et al.



species. Of these, Laminaria hyperborea, Laminaria digitata, Laminaria japonica,
Ascophyllum nodosum, and Macrocystis pyrifera are the most common marine
algae. In addition, bacterial alginates extracted from Azotobacter and Pseudomonas
have also been reported (Lee and Mooney 2012). Alginic acid and its salts are
reported to serve as tablet binders and disintegrants, stabilizers in emulsions, and
suspending agents (Table 40.6). Recently, chemically modified alginates prepared
by different reactions (Table 40.7) have been extensively investigated as excipients
in drug delivery systems (Szekalska et al. 2016).

Table 40.6 Pharmaceutical applications of alginates and their derivatives

Types Pharmaceutical applications

Alginic acid Tablet binder and disintegrant, sustained release and release-modifying
agent, taste-masking agent, thickener, suspending and viscosity-
increasing agent, stabilizer

Sodium alginate Suspending and viscosity-increasing agent, tablet and capsule
disintegrant, tablet binder, stabilizer, sustained release agent, diluent in
capsule formulation, thickener

Calcium alginate Tablet disintegrant

Ammonium
alginate

Color diluent, emulsifier, film former, humectants

Propylene glycol
alginate

Stabilizer, emulsifier, suspending and viscosity-increasing agent

Table 40.7 Current investigations on chemically modified alginates and their applications

Alginates
material

Active
substance Dosage form Application

Oxidized-
NaALG

Flurbiprofen Beads Sustained oral delivery

Sulfated ALG Microspheres Reduction of secretion inflammatory
cytokines, improvement of the
biocompatibility

Propylene
glycol ALG

Lysozyme Microparticles Protein encapsulation with a sustained
release

β-Cyclodextrin-
ALG conjugate

Ondansetron Gel Controlled drug delivery systems

α-Cyclodextrin-
ALG conjugate

Sphingomonas
cloacae

Bead Immobilization of bacteria

Galactosylated
ALG

Hepatocytes Microcapsules Cell carrier with mechanical stability
and selective permeability

NaALG-co-
polyacrylamide

Famotidine Hydrogel Sustained release gastroretentive carrier

Starch–poly
(acrylic acid)-
NaALG

Diclofenac
sodium

Hydrogel
beads

Matrices for the oral drug delivery
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40.2.8 Inulin

Inulin is a heterogeneous polysaccharide and widely distributed in plants like
chicory, dalia, Jerusalem artichoke, onion, and garlic. Inulin is composed of β-D-
(2! 1) fructosyl fructose (fractan) units with a starting α–D-glucose unit. The chain
length in inulin molecules varies from 2–60 fractan units (Roberfroid 2007). Pres-
ence of β (2! 1) linkage is the unique characteristic of inulin and is responsible for
reduced calorific values and dietary fiber effect. Inulin is a popular ingredient of food
industry. Recently, inulin and its derivatives have also been extensively used in
pharmaceutical industry as excipients. It is being potentially used in drug delivery
systems due to its rapid water solubility, stability, and low friability against gastric
and intestinal enzymes (Akhgari et al. 2006; Shahwar et al. 2012).

40.2.9 Carrageenans

Carrageenans are the naturally occurring linear and anionic polysaccharides
containing both sulfated and nonsulfated residues (Table 40.8). High-molecular-
weight carrageenans are composed of alternate units of D-galactose and
3,6-anhydro-D-galactose (3,6-AG) linked by α-1,3 and β-1,4-glycosidic linkage
(Michel et al. 1997). Carrageenans are extracted from a number of red seaweeds
especially from Chondrus crispus, Eucheuma, Gigartina stellata, Iridaea, Hypnea,
Solieria, Agardhiella, and Sarconema belonging to the family Rhodophyceae. There
are mainly three classes of carrageenans designated as kappa (κ), iota (ι), and lambda
(λ). They differ in their chemical composition, solubility, viscosity, and gel-forming
property with potassium and calcium ions (Necas and Bartosikova 2013).
Carrangeenans are widely explored in pharmaceutical arena as a gelling agent/
viscosity-enhancing agent for controlled drug release. The current investigations
declared the use of carrangeenan as polymer matrix in oral extended-release tablets,
as a novel extrusion aid for the production of pellets and as a carrier/stabilizer in
micro�/nanoparticles systems (Li et al. 2014). Rodriguez et al. (2014) examined two
carrageenan (CG)-based formulations, namely, PC-515 gel and the lubricant Divine
9 for in vitro and in vivo anti-HPV activity against HPV16, 18, and 45 pseudoviruses
(PsVs). Another study was designed to formulate the bioadhesive films containing

Table 40.8 Types of carrageenans and their characteristics

Type Source

Chemical composition

Solubility
Gelling
property

Ester
sulfate
content

3,6-AG
content

Kappa
(κ)

Kappaphycus
alvarezii

25–30% 28–35%. Soluble in hot
water

Form hard or
brittle gels

Iota (ι) Eucheuma
denticulatum

28–30% 25–30%. – Forms soft and
elastic gels

Lambda
(λ)

Gigartina 32–39% Nil Soluble in hot and
cold water

No gel-forming
ability
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κ-carrageenan along with other excipients and ibuprofen as a model drug for buccal
drug delivery system (Kianfar et al. 2011). In addition, the blending of κ carrageenan
with another polysaccharide chitosan in the presence of cross-linker
tripolyphosphate (TPP) led to the development of stable nanoparticles (Khan et al.
2017).

40.2.10 Scleroglucan

Scleroglucan (Sclg), a well-known branched exopolysaccharide, is produced from
filamentous fungi of the genus Sclerotium predominantly from Sclerotium rolfsii
(Farina et al. 1998). It is a nonionic, high-molecular-weight homoglucan which is
composed of a backbone of a linear chain of β-d-(1–3)-glucopyranosyl and β-d-
(1–6)-glucopyranosyl units as a side chain for every three main residues. This water
soluble homopolysaccharide on complete hydrolysis liberates D-glucose units
(Farina et al. 1998; Rinaudo and Vincendon 1982). Scleroglucan possesses numer-
ous unique physicochemical properties like water solubility, and viscosity, and,
interestingly, it exhibits great stability at high temperature and pH. Therefore, it is
globally considered as multipurpose compound employed in food, oil, and pharma-
ceutical industries. Recent investigation on scleroglucan demonstrated the develop-
ment of a novel spray dried formulation for dry powder inhaler loaded with model
drug andrographolide (AGP) which enhanced the in vitro and in vivo lung deposi-
tion and pulmonary antihypertensive activity (Mali et al. 2017). In another study,
physical hydrogel prepared from high-carboxymethylated derivative of scleroglucan
(Scl-CM300A) was evaluated for topical drug delivery system using three different
bioactive agents, namely, betamethasone, diclofenac, and fluconazole (Paolicelli
et al. 2017). Moreover, physical hydrogels containing various conc. of
carboxymethyl scleroglucan in the presence of calcium ion, loaded with diclofenac
drug, were investigated as modified drug delivery system for topical use (Corrente
et al. 2009). Brief summary of scleroglucan and its chemical derivatives (Coviello
et al. 2005) with other pharmaceutical applications has been given in Table 40.9.

Table 40.9 Scleroglucan and its chemical derivatives with other pharmaceutical applications

Ingredient Applications

Native scleroglucan Slow release matrix, sustain release tablets, oral dosage forms like
benzamide, theophylline

Aldehyde and carboxylated
derivatives

Sustain release tablets

Cross-linked scleroglucan Hydrogels preparations for controlled release delivery

Co-cross-linked
scleroglucan

Hydrogels preparations for sustained release tablets
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40.2.11 Rosin

Rosin or colophony is a naturally occurring oleoresin extracted from pine trees such
as Pinus soxburghui, Pinus longifolium, and other species such as Pinus palustris
Miller, Pinus linnae, etc. Chemically, it is predominantly comprised of tricyclic
diterpene carboxylic acids, namely, abietic and pimaric acids. Presence of hydro-
phobic hydrophenanthrene ring is the salient feature of rosin that imparts film-
forming property. Pharmaceutically, rosin and rosin-based polymers have been
potentially used as film formers, coating materials, microencapsulation, and matrix
materials in tablet dosage forms as well as drug delivery systems (Fulzele 2003;
Yadav et al. 2016). Rosin and its derivatives have been investigated for film-forming
property using diclofenac as model drug for sustained drug release (Kim and Fassihi
1997; Pathak and Dorle 1990). Further, rosin in combination with other polymers
like polyvinylpyrrolidone and dibutyl phthalate was used to design matrix-type
transdermal drug delivery system to prolong the drug release (Satturwar et al.
2005). Some investigations demonstrated the use of rosin polymers in the prepara-
tion of controlled release formulations with bioactive agent carbofuran as insecti-
nematicide (Choudhary et al. 2006). Moreover, nanoparticles were designed using
rosin as excipient and hydrocortisone for controlled release system (Lee et al. 2005).
Of late, rosin nanoparticles were synthesized and studied for colloidal stability
against numerous factors such as solvent nature, temperature, and pH (Kozlova
et al. 2017).

40.2.12 Gums and Mucilages

Gums and mucilages are the translucent and amorphous substances obtained from
plants, animals, and microbial sources. Both are composed of polysaccharide units in
association with uronic acids. Gums are the breakdown products of cell walls and
soluble in water. However, mucilages are the intracellular products of metabolism
and exist in the form of slimy mass when combined with water.

Gums and mucilages and their derivatives play a pivotal role in food and
pharmaceutical industries. Majority of gums and mucilages have been investigated
as key ingredients in many formulations as binders, disintegrants, emulsifying agent,
sustaining agents, film-forming agents, hydrogels, and thickening agents. Currently,
drug delivery research involving novel drug delivery systems opened a new window
to develop gums and mucilage-based formulations for targeting specific sites of
delivery (Hamman et al. 2015; Jania et al. 2009).

40.2.12.1 Okra Gum
Okra gum is extracted from the fresh fruits of Abelmoschus esculentus (Family:
Malvaceae). The gum is composed of a mixture of sugars galactose, galacturonic
acid, and rhamnose and small portion of glucose, mannose, arabinose, and xylose.
Okra polysaccharide has been reported as a popular excipient in many formulations.
Okra polysaccharide was used to prepare sustained release matrix tablets and gastric
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floating matrix tablets of metformin hydrochloride (Chodavarapu 2011; Tawari
2018). Mucoadhesive gel for nasal drug delivery was prepared using okra mucilage
as gel-forming agent and rizatriptan benzoate as model drug (Sharma 2013). In
another study, okra mucilage has been investigated as sustained release matrix
excipient on in vitro release of lamivudine drug (Palei et al. 2016).

40.2.12.2 Albizia Gum
Albizia gum is extracted from different species of Albizia plant such as Albizia zygia,
Albizia procera, Albizia lebbeck, and Albizia stipulata belonging to the family
Leguminosae. This naturally occurring polymer is comprised of β-1-3-linked
D-galactose units with some ß1–6-linked D-galactose residues. Albizia gum has
been reported to be used as emulsifier, binding agent in food and pharmaceutical
industry (Ashton et al. 1975; Choudhary and Pawar 2014). In a study, it was found
that Albizia zygia gum is used as binder and produced tablets with higher mechanical
strength in comparison to gelatin (Odeku 2005). Furthermore, microbeads were
prepared from Albizia gum for the controlled release of ibuprofen (Odeku et al.
2014). Controlled release matrix tablets of paracetamol were developed using
Albizia stipulata gum as novel excipient. Recent investigation on Albizia gum has
shown the formulation of floating tablets of cefuroxime axetil for controlling the
release of the drug (Swapna et al. 2019; Veenus Seelan et al. 2016).

40.2.12.3 Locust Bean Gum (LBG)
Locust bean is a neutral polysaccharide obtained from the seeds of carob tree
Ceratonia siliqua (family: Leguminosae). The gum is primarily composed of
D-galacto-Dmannoglycan, pentane, proteins, and cellulose. It is slightly soluble in
cold water and devoid of gel-forming ability. Hot solutions of LBG when mixed
with other hydrocolloids like agar, xanthan, and carrageenan form gel on cooling
below the gelling temperature. This natural polymer has diverse range of pharma-
ceutical applications comprising of production of solid monolithic matrix systems,
microparticles, nanoparticles, implants, films, beads, injectable systems, as well as
viscous liquid and gel formulations. The gum is widely used as thickener, stabilizer,
emulsifier, and gelling agent and also serves as good candidate for controlled drug
delivery systems (Beneke et al. 2009; Dionísio and Grenha 2012). A study on locust
bean gum has shown the preparation of novel colon targeted drug delivery of
mesalamine which is used in the treatment of ulcerative colitis (Sirisha et al.
2018). This gum has also been investigated for its superdisintegrant property in
nimesulide oral dispersible tablets (Malik et al. 2011).

40.2.12.4 Tara Gum
Tara gum is derived from the endosperm of seed of Caesalpinia spinosa (family:
Leguminosae or Fabaceae). The gum is a galactomannan polymer constituting a
linear chain of (1 ! 4)-β-D-mannopyranose units linked with α-D-galactopyranose
units through (1 ! 6) linkage. The ratio of mannose to galactose is 3:1 (Final
Assessment Report: Application A546 Tara Gum as a Food Additive 2006). Tara
gum is soluble in cold water and produces viscosity less than gaur gum. Tara gum
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has been investigated as an excellent carrier in production of gastroretentive con-
trolled release tablets (Shin et al. 2006) and as emulsifying agent (Zeng et al. 2007)
for various drugs including ciprofloxacin, metformin, and clozapine.

40.2.12.5 Khaya Gum
Khaya gum is a branched polysaccharide and obtained from the incised trunk of the
tree Khaya grandifoliola, family Meliaceae. The gum consists of D-galactose,
L-rhamnose, D-galacturonic acid, and 4-O-methyl-D-glucoronic acid (Aspinall
and Bhattacharjee 1970). Khaya gum exhibits good binding capacity in tablet
formulations and emulsifying property. Several investigations have been carried
out on Khaya gum as a controlled release agent for paracetamol and indomethacin
drugs (Odeku and Fell 2004). Besides, colon targeted drug delivery system using
budesonide as active drug and Khaya gum as coating material was investigated
(Prabhu et al. 2010).

40.2.12.6 Honey Locust Gum
Honey locust gum, commonly known as thorny locust, is obtained from the seeds of
a leguminous tree Gleditsia triacanthos belonging to the family Leguminosae. The
seeds are rich in carbohydrates, proteins, fats, and fibers. Honey locust gum has been
investigated as sustaining material in matrix tablets containing theophylline as active
drug (Üner and Altinkurt 2004).

40.2.12.7 Guar Gum
Guar gum is a nonionic, water soluble, and gel-forming polysaccharide obtained
from the seeds of Cyamopsis tetragonolobus (family Leguminosae). It is commonly
known as cluster bean, guaran, Cyamopsis gum, and guarkernmehl in German. The
gum is predominantly composed of high-molecular-weight polysaccharides of
galactomannans. Chemically, guar galactomannans constitute a linear chain of
(1 ! 4)-linked β-D-mannopyranosyl units with (1 ! 6)-linked α-D-
galactopyranosyl residues as side chains. Guar gum on complete hydration produces
a viscous colloidal dispersion. Guar gum is used as binder and disintegrating agent in
solid dosage forms, and it is also used as emulsifier, suspending agent, and stabilizer
in liquid and topical formulations (Mudgil et al. 2014). In recent years, guar gum has
gained its importance as carrier in development of three-layer matrix tablets for
controlled drug delivery systems (Chavda et al. 2012; Krishnaiah et al. 2002).
Further studies have shown that guar gum is successfully evaluated for the prepara-
tion of microspheres for oral and colon targeted drug delivery systems (Shukla et al.
2012).

40.2.12.8 Hakea Gum
Hakea gum is an arabinogalactan type of polysaccharide derived from the exudates
of the plant Hakea gibbosa (family: Proteaceae). The gum has partial solubility in
aqueous medium. The chemical composition of gum is comprised of glucuronic
acid, galactose, arabinose, mannose, and xylose in the ratio of 12:43:32:5:8 (Peter
et al. 1993). This arabinogalactans gum has been highlighted as a sustain release as
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well as mucoadhesive component in buccal tablets containing chlorpheniramine
maleate (CPM) as a model drug (Alur et al. 1999).

40.2.12.9 Hupu Gum
Hupu gum, also called kondagogu gum, kolha gum, and silk cotton, is the dried
gummy exudates obtained from the tree Cochlospermum religiosum (family:
Bixaceae). Structurally, the gum consists of several carbohydrate units like rham-
nose, galacturonic acid, glucuronic acid, β-D galactopyranose, α-D-glucose, β-D-
glucose, galactose, arabinose, mannose, and fructose. Pharmaceutically, hupu gum
has been considered as a novel excipient in designing controlled release tablets of
freely soluble drugs like diltiazem hydrochloride, partially soluble drugs like rifam-
picin and sparingly soluble drugs like diclofenac sodium. In a study, hupu gum as a
carrier in combination with other polymers revealed excellent dissolution
characteristics for poorly soluble drugs like rofecoxib (Vadlamudia et al. 2014).
Apart from that, hupu gum was successfully employed in colon-specific drug
delivery system, development of sustain release matrix tablets, nanoparticles, and
mucoadhesive microcapsules (Balambhaigari et al. 2012; Bhowmik et al. 2013;
Krishna and Murthy 2010; Lankalapalli et al. 2014).

40.2.12.10 Tamarind Gum
Tamarind gum is a galactoxyloglucan polysaccharide obtained from the endosperm
of the seed of Tamarindus indica (Family: Fabaceae). It is a high-molecular-weight
polymer consisting of a (1Ñ4) β-D-glucan backbone substituted with side chains of
α-D-xylopyranose and β-D-galactopyranosyl linked (1Ñ2)-α-D-xylo-pyranose
linked (1Ñ6) to glucose units. The monomer units glucosyl/xylosyl/galactosyl are
found in the ratio of 3:2:1 (Chawananorasest et al. 2016). Its high viscosity, broad
pH tolerance, noncarcinogenicity, biocompatibility, mucoadhesive nature, and
gel-forming ability offer a prime role in pharmaceuticals (Chandramouli et al.
2012; Khanna 1997; Sattle and Agrawal 2012). It is regarded as a novel excipient
for oral-controlled drug release, ocular drug delivery systems, and in the design of
sustained release drug delivery systems and dosage forms (Singh et al. 2011). Recent
investigation on TSP demonstrated its sustained release property from matrix tablets
developed using diclofenac sodium as standard drug (Mahavarkar et al. 2016).
Tamarind seed polysaccharide (TSP) serves as vehicle in ophthalmic preparations
(Sahoo et al. 2010). It has mucomimetic and mucoadhesive ability to form
hydrogels. Tamarind seed polymer is an attractive candidate in the form of binder
for tablet dosage forms (Kulkarni et al. 1998).

40.2.12.11 Cashew Gum
Cashew gum (CG) is an exudate heteropolysaccharide obtained from Brazilian plant
Anacardium occidentale belonging to the family Anacardiaceae. The gum is
arabinogalactan consisting of a variety of sugar molecules galactose (72–73%),
glucose (11–14%), arabinose (4.6–5%), rhamnose (3.2–4%), and glucuronic acid
(4.7–6.3%) (De Paula et al. 1998). Enormous numbers of studies have been
performed on cashew gum as new excipient to formulate tablets, hydrogels,
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microspheres, and nanoparticles for controlled drug delivery system (Dias et al.
2016; Gowthamarajan et al. 2012; Guilherme et al. 2009; Okoye et al. 2012; Soares
et al. 2014). In addition, cashew gum polysaccharide has been used as binder,
diluents, coating agent, viscosity enhancer, and drying agent. A study on cashew
gum demonstrated its diluent property in tablet formulation (Ana Paula de Sá et al.
2018; Kumar et al. 2012). In another study, a formulation named an Orabase gel
containing cashew gum polysaccharide was evaluated for the treatment of periodon-
titis (Filho et al. 2018).

40.2.12.12 Damar Gum
Damar gum is a naturally occurring triterpenoid resin obtained from Shorea spp.
including Shorea wiesneri, S. javanica, S. lamellata, and S. retinodes (family
Dipterocarpaceae). This whitish to yellowish color gum is composed of α-resin
(40%), β-resin (22%), dammarol acid (23%), and water (2.5%). Besides these
constituents, a polymeric fraction, composed of polycadinene, has also been reported
in the gum. It has been extensively used as emulsifier and stabilizer in food and
cosmetics industries. Pharmaceutically, damar gum alone or in combination with
copal gum has been employed as sustained release matrix forming materials in tablet
formulations (Fulbandhe et al. 2012; Morkhade et al. 2006a, b; Prasanna et al. 2012).
Presently, bilayer gastric retentive floating tablets have been formulated using neem
gum, damar gum, and copal gum and ranitidine HCl and clarithromycin as standard
drugs to prolong the gastric residence time and bioavailability (Rajeswari et al.
2017).

40.2.12.13 Sandarac Gum
Sandarac gum is a resinous substance collected by incision from the stem of
coniferous tree Callitris quadrivalvis (family: Pinaceae). Till date, sandarac gum
has not been investigated for medicinal and pharmaceutical purposes with few
exceptions. A comparative study on sandarac gum with ethyl cellulose
(EC) illustrated that the gum can be used as promising matrixing material for
formulating coated pellets for sustain release of the drug (Khobragade et al. 2016).

40.2.12.14 Gum Copal
Gum copal is a naturally occurring polymer derived from the plant Bursera
bipinnata (family Burseraceae). Additionally, the gum can also be obtained from
the plants belonging to the families Caesalpiniaceae and Araucariaceae. Gum copal
obtained from both families differs in its chemical composition. Copal resin
(CR) consists of agathic acid (diterpenoid) and related lobdane compounds along
with cis-communic acid, trans-communic acid, polycommunic acid,
sandaracopimaric acid, agathalic acid, monomethyl ester of agathalic acid, agatholic
acid, and acetoxy agatholic acid. CR obtained from Leguminosae family contains
copalic acid, pimaric acid, isopimaric acid, dehydro-dehydroabietic acid,
dehydroabietic acid, and abietic acid (Osete-Cortina and Domenech-Carbo 2005).
The gum has both medicinal and pharmaceutical significance. It is recommended to
use in the treatment of headache, fever, burns, and stomach ache and as binder in
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preparation of dental products (Dutton et al. 1993; Whitmore 1980). Moreover, gum
copal has been investigated as film-forming agent for sustained release and colon
targeted drug delivery systems (Morkhade et al. 2006a, b).

40.2.12.15 Bahera Gum
Bahera gum is a natural gum extracted from the bark of plant Terminalia bellirica
Roxb. belonging to family Combretaceae. The gum primarily consists of tannins
such as ß-sitosterol, gallic acid, ellagic acid, ethyl gallate, galloyl glucose, and
chebulaginic acid. It has potential use in pharmaceutical and cosmetic industries as
emulgent. Medicinally, it is used as demulcent and purgative (Kokate et al. 2009).
Also, the gum has been used as additive in water-based natural rubber adhesive
formulations (Saha et al. 2005). Recently, bahera gum has been evaluated as
excipient in developing microcapsules of famotidine for sustained release
microencapsulated drug delivery system by ionic gelation technique (Nayak et al.
2008).

40.2.12.16 Fenugreek Mucilage
Fenugreek mucilage is a gummy substance naturally obtained from the seeds of the
plant Trigonella foenum-graceum (family: Leguminosae). However, mucilage in
aqueous media has poor solubility, but when in contact with fluid, it generates
viscous and glutinous mass when comes in contact with fluid (Petropoulos 2002).
Fenugreek seeds contain major amount of mucilage (26%), protein (22%), fatty
acids, minerals, and fibers (Ahmad 2017). This mucilaginous substance is composed
of different monomers such as mannose, galactose, and xylose. Fenugreek mucilage
has been used and investigated as gelling agent, disintegrant, and granulating agent
and as control release material for tablet formulation of propranolol hydrochloride
(Avachat et al. 2007; Kumar et al. 2009; Kuppusamy et al. 2002; Nokhodchi et al.
2008).

40.2.13 Natural Dyes in Pharmaceuticals

Colorants are the group of additives which impart distinctive elegance/appearance to
the pharmaceutical dosage forms particularly in tablets, capsules, oral liquids,
ointments, and cosmetic preparations. Pharmaceutical preparations are colored to
enhance the acceptability to the patient and identification of similar looking products
as well as stability purposes (Allam and Kumar 2011). Despite the tremendous use of
synthetic colorants, there is a great demand of natural colors in pharmaceuticals and
nonpharmaceutical industries. Natural colorants can be obtained from a variety of
sources such as plants, animals, minerals, insects, and microbial flora (Chengaiah
et al. 2010; Joshi et al. 2003). The past studies demonstrated that only 0.5% from
70% plants have been explored and investigated as coloring agents (Mohd-Nasir
et al. 2018). Here, the most commonly used natural colorants derived from different
sources including plants, microbes, and animals have been discussed.
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40.2.13.1 Natural Dyes Derived from Plants

Curcumin
Curcumin, chemically known as diferuloyl methane, is isolated from the rhizomes of
plant Curcuma longa Linn. (turmeric). It consists of two hydrophobic aromatic rings
with o-methoxy phenolic groups, joined by a seven carbon linker consisting of an
α,β-unsaturated β-diketone moiety. Curcumin, a turmeric constituent, is mainly
responsible for its yellow color (Gilda et al. 2010; Pyrzanowska et al. 2010; Soni
et al. 2011). Curcumin is insoluble in water, readily soluble in polar solvents
(DMSO, methanol, ethanol, acetonitrile, chloroform, ethyl acetate), and sparingly
soluble in hydrocarbon solvents like cyclohexane and hexane. Curcumin exhibits
wide range of therapeutic applications including anti-inflammatory, antioxidant,
antimicrobial, antiparasite, antispasmodic, and anticancer activities. In addition, it
is also used as coloring agent in food, cosmetics, as well as pharmaceutical
industries. Curcumin has been investigated as an excellent candidate for skin care
preparations due to its antioxidant, antiseptic, anti-inflammatory, and antiaging
activities (Priyadarsini 2014; Arct et al. 2014). Arct et al. (2014) investigated skin-
coloring properties of curcumin-based cosmetic emulsion at various concentrations.

Crocin
Crocin is a carotenoid extracted from the stigmas of Crocus sativus Linn. (saffron)
and the fruits of Gardenia jasminoides Ellis (Pham et al. 2000). Besides crocin, the
other constituent of saffron are crocetin, picrocrocin, and safranal. Crocin is a water-
soluble pigment and imparts golden yellow coloration to saffron. Structurally, it is
primarily composed of mono- and di-glycosylic esters of polyene dicarboxylic acid.
The natural dye obtained from saffron finds its wide applications in food, cosmetic,
textile, and pharmaceutical industry. It has been investigated for several medical
properties such as antiproliferative, antioxidant, anticancer, anticoagulant, and anti-
Alzheimer (Sedaghati and Abbaszadeh 2018).

β-Citraurin and Violaxanthin
Both β-citraurin and violaxanthin are carotenoid pigments isolated from the peel of
Valencia orange fruit, scientifically named as Citrus sinensis (Szabolcs 1980).
β-citraurin, a C30 apocarotenoid, is responsible for the reddish orange color of citrus
fruits (Ma et al. 2013). It is degradation product of cryptoxanthin and zeaxanthin.
Violaxanthin is a natural xanthophylls dye and biosynthesized from zeaxanthin by
epoxidation (Gonzalez-Jorge et al. (2016).
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Lutein
Lutein is a member of xanthophyll family and widely found to occur in fruits,
flowers, and vegetables. This yellow-colored pigment has also been isolated from
the flowers of plant Tagetes erecta L. (marigold flowers) (family: Asteraceae).
Structurally, it is composed of C40 isoprenoid units containing ten conjugated
double bonds. The flowers make about 80% of lutein diesters of dry matter. It is
considered as a powerful antioxidant. It has been reported to be used as food additive
and in dermatology and cosmetology areas (Philip and Berry 1976; Šivel et al. 2014;
Vasudevan et al. 1997).

Carthamin
Carthamin, a red natural dye, is obtained from the plant Carthamus tinctorius
L. (safflower). The plant also contains carthamidin, arctigenin, tacheloside,
N-feruloyl tryptamine, N-feruloylserotonin, steroids, flavonoids, and
polyacetylenes. Carthamin is a water-insoluble pigment, while carthamidin is
responsible for producing water-soluble yellow dye. Apart from food coloring and
flavoring agent, carthamin has been investigated for uterine stimulating, coronary
dilating, and hypotensive properties. It also has the cytotoxic, antigenic, and
antiplatelet activities (Azami et al. 2019; Kizil et al. 2008; Takahashi et al. 1982).
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Bixin and Norbixin
Bixin and norbixin are naturally occurring pigments derived from the outer resinous
coatings of the seeds of Bixa orellana Linn. (Annato) (family: Bixaceae). These
carotenoid pigments are responsible for red-orange color. The plant pigments are
largely used as colorants in food and pharmaceuticals. Bixin is oil-soluble compo-
nent and suitable for preparation of fat- and oil-based formulations such as emulsions
and other oral dosages forms. Norbixin, a water-soluble compound, is found suitable
in food preparations (Dinda and Mukharjee 2008; Satyanarayana et al. 2003).
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Lycopene
Lycopene is the chief constituent of fresh ripens fruits of plant Solanum
lycopersicum (tomato). The pigment principally contributes red color to the tomato
fruits. Chemically, it is polyunsaturated open linear chain of aliphatic hydrocarbons
containing 11 conjugated and two unconjugated double bonds. Lycopene exists in
both cis and trans forms. The red color of lycopene is due to trans-isomeric form. It
has attracted much attention as colorant in food and pharmaceutical industries. The
presence of double bonds in the pigment offers numerous therapeutic properties such
as antioxidant, antiulcer, anticancer, and anti-neuroinflammatory activities (Kumar
et al. 2017; Story et al. 2010).
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Capsanthin and Capsorubin
Capsanthin and capsorubin are the natural pigments principally responsible for red
color of the fruits of Capsicum annuum L. (paprika, sweet peppers). Paprika
constituents make about 60% of total carotenoids of paprika fruits. These are
water insoluble and stable to heat and pH variation but deteriorate in light (Cantrill
2008).

850 P. Singh et al.



O

CH3H3C

HO CH3

CH3 CH3

CH3CH3

CH3

CH3

HO

H3C

Capsanthin

HO
CH3

O

O
CH3

O
H

CH3 CH3

CH3CH3
Capsorubin

Lawsone
Lawsone, a red-orange-colored natural hair dye, is obtained from the fresh and dried
leaves of the plant Lawsonia inermis L. (henna) (family: Lythraceae). It is exten-
sively used in textile and cosmetic industry as coloring agent. Structurally, lawsone
is 2-hydroxy-1,4-naphthoquinone present at a concentration of 1.0–1.4% w/w
(Hasan et al. 2015).
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Indigo Dyes
Indigo dye is extracted from various plants such as Indigofera tinctoria, Persicaria
tinctoria, Strobilanthes cusia, and Isatis tinctoria. Pure indigo is slightly soluble in
water. The reduced form of white indigo on oxidation produces a substance of deep
blue color. The isomer of blue indigo named indirubin (red color pigment) is a
pharmacologically active molecule (Stasiak et al. 2014). In addition, indigo dye has
also been isolated from the fruits and flowers of Couroupita guianensis (cannonball
tree). The plant contains indigotin and indirubin as chief constituents which are used
in dyeing of cotton fabrics (Tayade and Adivarekar 2014).
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Alizarin and Purpurin
Alizarin and purpurin are the two important natural pigments containing anthraqui-
none ring in their structures. These pigments are largely found in the roots and tubers
of Rubia tinctorum (Common Madder). Recently, some other anthraquinone-type
compounds named lucidin primeveroside, ruberythric acid, and lucidin-ω-ethyl ether
have also been isolated from the plant (Henderson et al. 2013). Both the pigments are
present in the form of glycoside. Alizarin and purpurin have been investigated for
mutagenic and antimutagenic along with antimicrobial properties. These coloring
matters are widely exploited in food, textile, and cosmetic industries (Uysal et al.
2019). Alizarin is converted into an insoluble red dye in the presence of mordants
like alum and alkali.
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Catechin
Catechin is a naturally occurring polyphenolic compound with excellent antioxidant
properties. It is present in several medicinal plants such as Camellia sinensis (green
tea), Agrimonia eupatoria (agrimony), Areca catechu (betel nut), Fragaria
sp. (strawberry), Hordeum vulgare (barley), Olea europaea (olive), Piper betle
(betel leaf), and Ribes nigrum (black currant) (Duke 1992; Ghayur 2007). It was
originally isolated from Acacia catechu belonging to the family Fabaceae. Chemi-
cally, it is a monomeric flavonoid belonging to the flavan-3-ol family. In nature, it
exists as a mixture of (�)-epicatechin and (+)-catechin. This phytochemical is
mainly responsible for brown coloration. Interestingly, a novel hair dye named
catechinone has been synthesized from catechin and tyrosinase enzyme which
gives reddish orange color to the hairs (Yasunaga 2012). Catechin is potentially
used in pharmaceutical formulations and cosmetics (Gadkari and Balaraman 2015).
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Sanguinarine
Sanguinarine (SA), a benzophenanthridine alkaloid, is naturally drawn from many
plants including Sanguinaria canadensis (bloodroot), Poppy fumaria, Bocconia
frutescens, Chelidonium majus, Macleaya cordata, and Bocconia frutescens
(Govender and Gathiram 2008). Chemically, it is designated as 13-methyl (1,3)
benzodioxolo(5,6-c)-1,3-dioxolo(4,5)phenanthridinium. Medicinally, SA is known
to display cytotoxic and cytostatic effects on various human cancer cells including
prostate cancer, pancreatic carcinoma, colon cancer, breast cancer, lung cancer,
promyelocytic leukemia, and bone cancer (Singh and Sharma 2018). Sanguinarine
(1%, colorless alkaloid yielding red salts) is also used as coloring matter in various
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industries. Berberine is yellow-colored constituent isolated from the blood root
plant.
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40.2.13.2 Natural Colorants Derived from Animals/Insects

Carminic Acid (Cochineal Dye)
Carminic acid consists of an anthraquinone aglycone part linked to a C-D-
glucopyranose unit. It is extracted from the dried bodies of female cochineal insect,
Dactylopius coccus. The scaly insect is largely found in Mexico and Central
America. It is a red color pigment which turns black-red in aqueous solution and
yellow-violet in acids. The dye has multiple applications in food, cosmetics,
pharmaceuticals, and textile industries (Borges et al. 2012). In recent years,
researchers have isolated a novel biopigment designated as spiroketalcarminic acid
from the cochineal extract (Ito et al. 2017).
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Lac Dye
Lac dye, also known as lake and lacca, is a natural colorant that can be produced by
washing the tiny insects Kerria lacca (family: Tachardiidae). Lac dye is a mixture of
anthraquinone derivatives designated as laccaic acid A, B, C, D, and E. The red color
of dye is due to laccaic acid. The methylated derivative of lac dye has been
investigated for antifungal and antibacterial activity. Its main use is with foods,
cosmetics, and pharmaceutical applications (Srivastava et al. 2017).
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Kermesic Acid
Kermesic acid is a natural colorant obtained from the female kermes insect Kermes
vermilio found on the tree kermes oak (Quercus coccifera L). It imparts crimson red
color and used as colorant in textile and pharmaceutical industries.
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Tyrian Purple
Tyrian purple, also known as royal purple, shellfish purple, derived exclusively from
marine shellfish of the Muricidae and Thaisidae families. Chemically, it consists of

856 P. Singh et al.



major component named 6,60-Dibromoindigo imparting purple color to the dye
(Cooksey 2001).
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40.2.13.3 Natural Dyes Derived from Microorganisms
In addition to the plant sources, a variety of microorganisms have been recognized as
potential source of pigments including carotenoids, melanins, flavins, quinines,
monascins, violacein, etc. These microbial dyes not only are used as colorants in
various foods and cosmetic industry but also display anti-inflammatory, antioxidant,
antimicrobial, and anticancer activities. Some of the coloring agents obtained from
microorganisms are briefly described in Table 40.10 (Tuli et al. 2015).
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Table 40.10 Coloring agents obtained from microorganisms

Pigment Source Color

Ankaflavin Monascus spp. Yellow

Anthraquinone Penicillium oxalicum Red

Astaxanthin Haematococcus pluvialis, Euphausia pacifica (Pacific krill),
Euphausia superba (Antarctic krill), Pandalus borealis
(shrimp), Xanthophyllomyces dendrorhous

Pink
red

Canthaxanthin Bradyrhizobium spp. Orange-
red

Granadaene Streptococcus agalactiae Orange-
red

Heptyl prodigiosin Proteobacteria Red

Indigoidine Corynebacterium insidiosum Blue

Lycopene Fusarium, Blakeslea trispora Red

Naphthoquinone Cordyceps unilateralis Deep
red

Procynin Pseudomonas spp. Blue,
green

Riboflavin Ashbya gossypii Yellow

Rubrolone Streptomyces echinoruber

Staphyloxanthin Staphylococcus aureus Golden

Undecylprodigiosin Streptomyces Red

Violacein Janthinobacterium lividum, Chromobacterium violaceum Purple

Xanthomonadin Xanthomonas oryzae Yellow

Zeaxanthin Staphylococcus aureus, Paracoccus zeaxanthinifaciens Yellow

β-Carotene Dunaliella salina Orange
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Lycopene

40.2.13.4 Natural Dyes Derived from Minerals
The most commonly used dyes derived from mineral sources are chrome yellow,
chrome green, chrome orange, manganese brown, iron buff, Prussian blue, etc.
Mineral colors are basically inorganic compounds which are insoluble in water
and precipitated onto the fiber by double decomposition. Red lead (Sindur),
laminated red earth (Gem), cinebor (Sangraj), ultramarine (Lajerd), zinc white
(Sajeda), etc. are the well-known minerals used as natural dyes.

40.3 Conclusion

Conclusively, pharmaceutical excipients derived from natural sources have attracted
a great attention for researchers in developing a wide array of convectional dosage
forms as well as novel drug delivery systems (NDDS). In recent times, chemically
modified natural excipients have been extensively used to overcome the
disadvantages of their native forms. They offer a putative role not only in pharma-
ceutical domain but also in other areas like food, textile, and paper industries.
Pharmaceutically, natural excipients are being preferred over synthetic to ensure
the administration of accurate and desired amount of drug at the specific target at the
right time. In addition, they also enhance the bioavailability, stability, patient
acceptance, and confirm the safety as well as efficacy during administration. In
future, a lot of research on these excipients is required to explore their numerous
features and potential role in drug delivery in order to obtain a better pharmaceutical
formulation.
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A Wonder Plant Withania: Pharmacological
and Chemical Perspectives 41
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Abstract

Plants belonging to Withania genus are well-known medicinal plants and are
commonly used as herbal medicine in the Ayurvedic health system. These plants
belong to the family Solanaceae and comprise of 23 known species distributed in
North Africa, the Middle East, Asia, the Mediterranean, and the Canary Islands.
However, only six species, namely, Withania somnifera (L.) Dunal, Withania
coagulans (Stocks) Dunal, Withania adpressa Coss, Withania aristata
(Aiton) Pauquy, Withania frutescens (L.) Pauquy, and Withania obtusifolia
Täckh, are extensively investigated with regard to their pharmacological
properties and bioactive constituents. Therefore, in this chapter, the traditional
uses of the sixWithania species and the pharmacological validations of the plants
and plant-derived constituents are discussed. Applications of the bioactive
constituents in drug discovery are explained by discussing the semisynthetic
modifications and structure-activity relationships.
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41.1 Introduction

W. somnifera and W. coagulans are economically popular and medicinally signifi-
cant species of the genus Withania. These species are widely used and cultivated in
several regions of the world. W. somnifera and W. coagulans are the most exten-
sively investigated species with regard to the biological activities, bioactive
constituents, and the scientific validation of the traditional usages. Other species of
Withania are less popular, and very few scientific studies have been done on them.

The medicinal values of Withania species are well-documented in the Indian
Ayurvedic system of traditional medicines and are also important in the traditional
medicine of Africa and Asia (Mirjalili et al. 2009). However, around 80% of the total
literatures available onWithania are based on the studies done onW. somnifera only.
This species has diverse pharmacological properties and is the species responsible
for the economic and medicinal importance of the genus. It is also known as
“Ashwagandha” or “Indian ginseng” and is native to India and North Africa.
W. coagulans is the second most explored plant of the genus and is known as
“Indian cheese maker” as its fruit has a milk-coagulating characteristic. It is also
well-known for its antidiabetic effect. The major constituents responsible for its
antidiabetic effect are withanolide glucosides (Pramanick and Srivastava 2015). A
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number of phytochemicals have been isolated from different Withania species. The
major phytochemical constituents of these plant species are “withanolides,” a class
of naturally occurring steroids based on an ergostane skeleton.

The purpose of this book chapter is to provide a brief description of the traditional
usage of six selected species of Withania, their biological activities, their bioactive
constituents, and their structure-activity relationship (SAR). In addition, this book
chapter also summarizes the scientific work already done on these species for the
validation of their traditional usages and to identify the gaps which still need to be
addressed by further research.

41.2 Withania Species

In this chapter, only six species will be discussed, which have been investigated in
detail for therapeutic potential and the presence of bioactive compounds. Those
species are, namely:

• Withania adpressa Coss.
• Withania aristata (Aiton) Pauquy.
• Withania frutescens (L.) Pauquy.
• Withania obtusifolia Täckh.
• Withania coagulans (Stocks) Dunal.
• Withania somnifera (L.) Dunal.

41.3 Traditional Usage

In traditional medicine, W. adpressa is used to treat food poisoning by traditional
healers of Morocco (Bakrim et al. 2018), while W. aristata has long been used as a
scarring agent, antispasmodic, to treat rheumatism, eye diseases and otitis, insomnia,
constipation, and urinary pathologies in folk medicine of the Canary Islands. Inges-
tion of the fruit strongly stimulates urine production, making it useful against
hydropesia (Martin-Herrera et al. 2007). W. frutescens is used by the traditional
healers of Morocco for the treatment of dysentery (Bouzidi et al. 2013), and
W. coagulans fruit is reported to be sedative, emetic, and diuretic. They have been
reported to be effective in chronic liver disorder, dyspepsia, flatulent coli, other
intestinal infections, asthma, biliousness, and strangury. In some parts of the Indo-
Pak subcontinent, the berries are used as a blood purifier, and the smoke of the plant
is inhaled for the relief of toothache. In Northwestern parts of India, traditional
practitioners use dry fruits of this species for the treatment of diabetic patients. It is
also used for the treatment of ulcers, rheumatism, nephronia, bronchitis, and degen-
erative disease (Huang et al. 2009; Pramanick and Srivastava 2015). Unfortunately,
no traditional usage of W. obtusifolia has been documented.

W. somnifera (commonly known as Ashwagandha in Hindi, a native language of
India) is used traditionally to boost energy, strength, and stamina and for the
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treatment of numerous ailments including hepatic, cardiovascular, immunological,
neurological, and metabolic disorders such as diabetes (Jonathan et al. 2015). It is
also used for treating cold and coughs, ulcers, emaciation, diabetes, conjunctivitis,
epilepsy, insomnia, senile dementia, leprosy, Parkinson’s disease, nervous disorders,
rheumatism, arthritis, intestinal infections, bronchitis, asthma, impotence, and as a
suppressant of HIV (human immunodeficiency virus)/AIDS (acquired immunodefi-
ciency syndrome). It might also be beneficial against diseases like tuberculosis (TB),
chronic upper respiratory diseases, and HIV due to its strong immunostimulatory
effect. Its usage as a blood tonic, especially in gynecological disorders including
anemia and irregular menstruation, has been documented (Umadevi et al. 2012).

41.4 Biological Activities

41.4.1 W. adpressa

There are two reports on the biological effect of W. adpressa: one on antifungal
activity (Askarne et al. 2012) and the other on cytotoxicity (Abdeljebbar et al. 2009).
The dichloromethane, ethyl acetate, and methanol extracts from leaves of this plant
exhibited cytotoxicity against the human laryngeal cancer cell line (Hep-2), human
colorectal adenocarcinoma cell line (HT-29), human rhabdomyosarcoma cell lines
(RD), Madin-Darby canine kidney (MDCK) cells, and Vero cancer cell lines with
half maximal inhibitory concentration (IC50) values in the range of 0.61–25 μg/mL.
The leaf powder exhibited poor inhibitory potential against Penicillium digitatum
(Pers.:Fr.) Sacc.

41.4.2 W. aristata

The dichloromethane extract of Withania aristata and its chemical components
(withanolides) has shown interesting antiproliferative/cytotoxic activity against
human cervical cancer cell line (HeLa), human lung cancer cell line (A549),
human breast cancer cell line (MCF-7), and Vero cells (Llanos et al. 2010, 2012).
The W. aristata’s water and aqueous methanolic extracts exhibited potent diuretic
activity in rats at a dose of 100 mg/kg body weight, with significant excretion of
sodium and potassium ions (Martin-Herrera et al. 2007; Benjumea et al. 2009).

41.4.3 W. frutescens

The ethanolic extract of W. frutescens leaves has shown protective and curative
action against carbon tetrachloride (CCl4)-induced hepatotoxicity in rats (Montilla
et al. 1990). It has been reported that the dichloromethane fraction of the methanolic
extract of the leaf and isolated compounds “withanolides” possessed moderate
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cytotoxicity against human liver cancer cell line (HepG2) and HT-29 cancer cell
lines (Bouzidi et al. 2013).

41.4.4 W. obtusifolia

Although W. obtusifolia (WO) extracts have not been evaluated for any biological
activity, few cytotoxic withanolides have been isolated from the leaf ethanolic
extract (Fig. 41.6). The activity of those withanolides is discussed in Sect. 41.5.4.

41.4.5 W. coagulans

Various organic, hydro-organic, and aqueous extracts of the different parts of
W. coagulans (WC) along with the isolated compounds have shown interesting
biological properties. The alcoholic extract and total alkaloid fraction of WC fruit
(WCF) showed significant anti-inflammatory effect in subacute inflammation pro-
duced by formalin and acute inflammation produced with egg albumin. It also
reduced the granulation tissue formation (Budhiraja et al. 1977). Methanolic extract
of WC dried fruit (WCFE) showed significant anticancer activity against human
breast cancer cell line MDA-MB-231. The cell viability was reduced to about 50% at
40 μg/mL concentration of methanolic extract in 50% DMSO. However, WCFE did
not exhibit significant cytotoxicity against Vero cells at 170 and 200 μg/mL (Ahmad
et al. 2017). The methanolic extracts of WC leaf stalk and fruit have shown
remarkable activity (IC50, 0.96–4.73 and 0.69–6.69 μg/mL, respectively) against
human immortal cancer (HeLa), breast cancer (MCF-7), rhabdomyosarcoma cancer
(RD), and rat glioma 2 (RG2) and INS-1 cancer cell lines (Maqsood et al. 2018).

The combination of aqueous and chloroform extracts of WCF showed highly
significant ( p < 0.01) reduction in blood glucose (55%), triglyceride, total choles-
terol, LDL, and VLDL (very low density lipoprotein) levels and a highly significant
( p < 0.01) increase in HDL (high-density lipoprotein) level in diabetic rats. The rats
were administered with a dose of 1 g/kg body weight (b.wt) for 14 days (Hoda et al.
2010). Administration of an aqueous extract of WCF (1 g/kg per oral) to high-fat
diet-induced hyperlipidemic rats for 7 weeks significantly reduced elevated serum
cholesterol, triglycerides, and lipoprotein levels. It also showed hypolipidemic
activity in triton-induced hypercholesterolemia (Hemalatha et al. 2006). Antidiabetic
activity WCF extracts in diabetic rats have also been reported few other groups
(Datta et al. 2013; Hemalatha et al. 2004; Jaiswal et al. 2009). A withanolide isolated
from the alcoholic extract of WCF produced a moderate fall of blood pressure in
dogs (34 � 2.1, mm Hg) which was blocked by atropine but not by mepyramine or
propranolol. In rabbit, it produced myocardial-depressant effects, but in perfused
frog heart, it produced mild positive inotropic and chronotropic effects (Budhiraja
et al. 1983).

The hydroalcoholic fraction of methanolic extract of WC fruit showed a signifi-
cant increase in the rate of wound healing on topical application of 10% w/w
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ointment and oral administration (500mg/kg, per oral) in streptozotocin-induced
diabetic rats (Prasad et al. 2010). The ethyl acetate extract of WCF showed antimi-
crobial activity against Enterobacter aerogenes (28 mm) at a concentration of
150 mg/20disc, while methanolic extract showed the best activity against Klebsiella
pneumonia (21 mm) at a concentration of 250 mg/20 discs (Sudhanshu et al. 2012).
The antimutagenic effect of WCF extract has also been documented. Administration
of WCF methanolic extract at the dose of 500, 1000, and 1500 mg/kg body weight
significantly prevented the micronucleus formation in dose-dependent manner in
bone marrow cells of mice as compared to cyclophosphamide treated group (Mathur
and Agrawal 2011). WCF ethanolic extract exerted nephroprotective effect in
Charles Foster albino (150–200 g) male rats at a dose of 400 mg/kg, per oral
(Sharma et al. 2017). As mentioned in Sect. 41.3,W. coagulans is used as a diuretic
agent in traditional folklore medicine. The diuretic potential of WCF aqueous extract
was evaluated by Dabheliya et al. 2010. A significant ( p < 0.001) increase (79.12%
and 71.02%) in the urine volume was observed in Albino Wistar rats at a dose
500 and 750 mg/kg body weight. Thus, the traditional use of WC as a diuretic agent
has been justified.

41.4.6 W. somnifera

TheW. somnifera (WS) is known for various biological effects, including anti-stress,
antibiotic, antioxidant, antiaging, anticonvulsant, nootropic, antiparkinson, cardio-
vascular, immunomodulatory, antihyperglycemic, hypolipidemic, stimulating sex-
ual behavior, anticarcinogenic, and supportive toward osteoarthritis, hypothyroid,
and anti-inflammatory activities (Kaur et al. 2013). W. somnifera leaf and root
methanolic extracts have been reported to increase glucose uptake in myotubes
and adipocytes in a dose-dependent manner. The leaf extract was found to be
more active than the root extract. Leaf but not the root extract increased insulin
secretion in basal pancreatic beta cells but not in stimulated cells (Jonathan et al.
2015). The root powder of WS has shown hypoglycemic, diuretic, and
hypocholesterolemic effects on human subjects. Decrease in blood glucose was
comparable to that of an oral hypoglycemic drug daonil (glibenclamide) after
30 days of treatment (Andallu and Radhika 2000). The aqueous alcoholic extract
of WS root reduced the rate of cell division in the mammary carcinomas developed
in female transgenic (MMTV/Neu) mice (Khazal et al. 2014). The alcoholic extract
of WS (400 mg/kg b.wt) along with paclitaxel (33 mg/kg b.wt) provided stabilization
of membrane-bound ATPase enzymes levels and decreased lipid peroxidation
against benzo(a)pyrene-induced lung cancer in male Swiss albino mice
(Senthilnathan et al. 2006). Other in vivo studies have shown that alcoholic extract
of WS root could also be useful in the treatment of colon and brain or glioblastoma
multiforme (GBM) cancers (Chang et al. 2016; Muralikrishnan et al. 2010). How-
ever, no evidence suggests that WS exerts similar effect in humans.

Stress has been reported to be a causative factor for male infertility. Administra-
tion of the root powder of WS (5 g/day) for 3 months to the human subjects resulted
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in a reduction in stress and thus the infertility (Mahdi et al. 2011). A stress hormone
(cortisol) level was substantially ( p¼ 0.0006) reduced in chronically stressed adults
by administration of 300 mg of root extract twice a day for 60 days. The anxiety and
insomnia were thus reduced by 69%, on average, compared with 11% in the placebo
group (Chandrasekhar et al. 2012). The aqueous root extract blocked the stress
pathway in the brain of the rats by regulating chemical signalling in the nervous
system (Candelario et al. 2015).

It has a powerful effect on reproductive organs by increasing sperm count and its
motility and by increasing testosterone levels. In a study a total of 180 infertile male
patients were administered WS root powder at the rate of 5 g/day for a 3-month
period. This therapy resulted in the repair of disturbed concentrations of lactate,
alanine, citrate, glycerophosphocholine (GPC), histidine, and phenylalanine in sem-
inal plasma and recovers the quality of semen of post-treated compared to pre-treated
infertile men (Gupta et al. 2013). In another study, WS root powder (5 g/day) is
administered orally for 3 months with milk to the infertile human subjects. The
treatment resulted in improvement in sperm count and motility and recovery of the
seminal plasma levels of antioxidant enzymes, vitamins A, C, and E, and corrected
fructose. Moreover, treatment also significantly increased serum T (serum testoster-
one) and LH (luteinizing hormone) and reduced the levels of follicle-stimulating
hormone (FSH) and prolactin (PRL) (Ahmad et al. 2010). W. somnifera is also used
as a health tonic; the people who administered 6–10 g of pulverized root per day
significantly gained muscle strength and size and loosed total- and low-density
lipoprotein (LDL) cholesterol (Raut et al. 2012). The subjects who consumed the
300 mg of aqueous extract of Ashwagandha root twice a day lose the body fat by
more than two times as compared to the placebo group after 30 days (Wankhede
et al. 2015). Hypocholesterolemic and antioxidant effects of WS root powder have
also been observed in male albino rats by treatment with 0.75 and 1.5 g/rat/day
(Visavadiya and Narasimhacharya 2007).

W. somnifera root powder exerted protective effect on inflammatory markers and
insulin resistance in fructose-fed rats. The rats treated with WS root powder
(62.5 mg/g per diet) were found with significantly ( p < 0.05) low glucose, insulin,
homeostasis model assessment for insulin resistance (HOMA-R), interleukin (IL)-6,
and tumor necrosis factor (TNF)-α level (Noshahr et al. 2015). The WS methanolic
extract has also been reported to exert anti-inflammatory effect through alleviation of
formalin-induced nociception in mice (Orrù et al. 2016). Treatment with WS aque-
ous root extract (WSAq) resulted in a dose-dependent reduction in arthritic index,
autoantibodies, and C-reactive protein ( p < 0.05) with maximum effect at dose of
300 mg/kg body weight in collagen-induced arthritic (CIA) rats. The oxidative stress
in CIA rats was also ameliorated by treatment with different doses of WSAq, which
was evidenced by a decrease in lipid peroxidation and glutathione-S-transferase
activity and an increase in the glutathione content and ferric-reducing ability of
plasma ( p < 0.05) (Khan et al. 2015). A regular consumption of tea fortified with
WS enhanced the natural killer (NK) cell activity in human volunteers. NK cells are
important aspect of the (early) innate immune response to infections (Bhat et al.
2010). A major change in immune cell activation was observed after 96 h in human
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volunteers who consumed 6mL of an Ashwagandha aqueous alcoholic root extract
twice a day. A significant increase was observed in the expression of CD4 (cluster of
differentiation 4) on CD3+(cluster of differentiation 3) T cells after 96 h. CD56+ NK
(natural killer) cells were also activated after 96 h which was evidenced by expres-
sion of the CD69 (cluster of differentiation 69) receptor (Mikolai et al. 2009).

A methanol:chloroform (3:1) extract of WS root reversed the β-amyloid1–42-
induced toxicity in HIV-associated neurocognitive disorders in human neuronal
cells (Kurapati et al. 2013). The aqueous leaf extract of WS suppressed the acute
effects of sleep loss on learning and memory impairments in sleep-deprived Wistar
rats administered with a dose of 140 mg/kg body weight for 15 consecutive days
(Manchanda et al. 2017). Administration of aqueous-methanolic extract of WS root
(WSRE) prevented hypobaric hypoxia-induced memory impairment and
neurodegeneration in Sprague Dawley rats after 21 days. In addition it also reduced
the nitric oxide, corticosterone, oxidative stress, and AchE activity in hippocampal
region. Administration of sodium nitroprusside (SNP) along with WSRE supple-
mentation during hypoxic exposure enhanced corticosterone levels and increased the
number of pyknotic cells (Baitharu et al. 2013).

An almost complete amelioration of spatial memory deficits in temporal lobe
epilepsy by enhancing antioxidant system and restoring altered N-methyl-daspartate
(NMDA) receptor density epileptic rats was observed after treatment with an
aqueous WS root extract (100 mg/kg body weight/day) and withanolide A
(10 μmol/kg body weight/day) for 15 days (Soman et al. 2012). The healthy men,
who took 500 mg of aqueous extract of root and leaf daily, experienced significant
improvements in their task performance, in reaction times, choice discrimination,
digit symbol substitution, digit vigilance, and card sorting tests. However, no effect
was observed in the finger tapping test (Pingali et al. 2014). Thus, all these proved
health benefits of WS, documented previously (Spritzler 2018), and validate its
traditional usages for treating various ailments.

41.5 Bioactive Constituents

The major bioactive constituents isolated from the Withania species are the
“withanolides.” Hence, under this chapter, only withanolides and its associated
biological activities will be discussed. The withanolides are a group of naturally
occurring steroids (containing 28 carbons) based on an ergostane skeleton in which
C-26 and C-22 or C-26 and C-23 are oxidized in order to form δ- or γ-lactones or
lactols. The withanolides containing δ-lactone or δ-lactol are known as type-A
withanolides, while those containing γ-lactone or γ-lactol are called type-B
withanolides (Fig. 41.1). Withaferin A (WA) was the first withanolide isolated
fromWithania somnifera in 1965, and it possesses significant and diverse biological
activities. Over the past 53 years, a number of withanolides have been isolated and
characterized fromWithania as well as from other species (Chen et al. 2011). Similar
to withaferin A, all of the withanolides contain oxidized ring A and B systems
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(Glotter 1991). The oxidation patterns of ring A and B can be categorized into eight
major groups, i-viii (Fig. 41.2).

41.5.1 Cytotoxic Constituents of W. adpressa

Three withanolides, (17S,20S,22R)-14α,15α,17β,20β-tetrahydroxy-1-oxowitha-
2,5,24-trienolide (1), withanolide F (2), and withanolide J (3), and two withanolide
glycosides, coagulin L (4) and wadpressine (5) along with withaferin A (WA), were
isolated from the dichloromethane and ethyl acetate fractions of the methanolic
extract of the W. adpressa leaves (Fig. 41.3). Withanolide F and withaferin A
exhibited good antiproliferative activity against multiple myeloma cancer stem
cells (MM-CSCs), derived from the bone marrow of a multiple myeloma
(MM) patient and the tumor plasma cells (RPMI 8226). The IC50 values for 2 and
WA against MM-CSCs were found to be 5.3 and 0.33 μM, respectively, while
against RPMI 8226 cells were found to be 0.1 and 0.17 μM, respectively. These
compounds also inhibited necrosis factor NF-κB significantly, with IC50 values of
1.2 and 0.05 μM, respectively, as compared to the IC50 value for control drug
(parthenolide), 0.53 μM. The other compounds possessed a moderate inhibition
potential of cell proliferation in RPMI 8226 cells (IC50, 3.2–7.1 μM).

Nicotiflorin, a flavonoid glycoside isolated from the methanolic extract of
W. adpressa, exhibited a moderate-free radical-scavenging activity with IC50,
35.3 μM in the 2,2-diphenyl-1-picryl-hydrazyl-hydrate (DPPH) assay, and with
IC50, 41.3 μM in nitric oxide (NO) assays. The methanol, dichloromethane, and
ethyl acetate extracts, semi-pure fractions, and compounds 1–3 exhibited potent
cytotoxicity against the other cancer cell lines, viz., Hep2, HT29, RD, Vero, and
MDCK by inducing apoptosis (Abdeljebbar et al. 2009; Bakrim et al. 2018).

41.5.2 Diuretic and Cytotoxic Constituents of W. aristata

Withaferin A, witharistatin (6), and its mixture, isolated from the water extract of
W. aristata, possessed significant diuretic effect in rats with a diuretic index of
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2.43–2.59 (3.56 for the reference drug hydrochlorothiazide) at the dose of 10 mg/kg
body weight (Benjumea et al. 2009). It has been reported that several other
withanolides isolated from the dichloromethane extract of W. aristata leaves and
semisynthetic derivatives (Fig. 41.4) possessed interesting antiproliferative/cyto-
toxic activities against HeLa, A-549, MCF-7, and Vero cells (Llanos et al. 2010,
2012). The withanolides 27-O-acetyl-withaferin A (7), 27-O-acetyl-viscosalactone
B (8), 4β-hydroxy-1-oxo-5β,6β-epoxywitha-2,24-dienolide (9), 4β-hydroxy-1-oxo-
5β,6β-epoxy-22R-witha-2,14,24-trienolide (10), 27-O-(tert-butyldimethylsilyl)
withaferin A (11), 27-O-(tert-butyldimethylsilyl)-4-dehydroxy-4-oxo-withaferin A
(12) and (4S,20S,22R)-27-acetoxy-4-p-bromobenzoyloxy-1-oxowitha-2,5,16,24-
tetraenolide (13) along with withaferin A and witharistatin (6) exhibited potent
antiproliferative/cytotoxic activity (IC50, < 10 μM).
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Compounds 11 (IC50, 0.7–1.5 μM) and 12 (IC50, 0.5–5.3 μM) were found to be
even more potentially active than the reference drug mercaptopurine (IC50,
1.4–67.6 μM). These compounds are semisynthetic derivatives of withaferin
A. The withanolides (20S,22R)-27-hydroxy-1,4-dioxo-witha-2,5,16,24-tetraenolide
(14), (4S,22R)-4,16,27-trihydroxy-1-oxo-witha-2,5,17(20),24-tetraenolide (15),
(4S,20S,22R)-4,27-dihydroxy-1-oxo-witha-2,5,16,24-tetraenolide (16),
(4S,20S,22R)-4-hydroxy-1-oxo-witha-2,5,16,24-tetraenolide (17), (4S,20S,22R)-
4,27-diacetoxy-1-oxo-witha-2,5,16,24-tetraenolide (18), and 4β,27-dihydroxy-1-
oxo-witha-2,5,24-trienolide (19) possessed moderate activities (IC50, 10–20 μM).
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41.5.3 Cytotoxic Constituents of W. frutescens

Three cytotoxic withanolides, 4β,17α,27-trihydroxy-1-oxo-22R-witha-2,5,24-
trienolide (20), 5β,6β-epoxy-4β,17α,27-trihydroxy-1-oxowitha-2,24-dienolide
(21), and 2,3-dihydrowithaferin A-3β-O-sulfate (22) were isolated from the
dichloromethane fraction of the methanolic extract of W. frutescens leaves
(Fig. 41.5). Among these three compounds, 22 exhibited the strongest cytotoxicity
against HT29 cancer cell lines (IC50, 1.780 μM), comparable to that of
5-fluorouracil, a reference drug (IC50 of 0.81 μM). The other compounds (20,21)
were moderately active, IC50, 13.18, and 25.13 μM, respectively (Bouzidi et al.
2013).

41.5.4 Cytotoxic Constituents of W. obtusifolia

Seven withanolides including “withaferin A” have been identified from the ethanolic
extract of the leaves of theW. obtusifolia (Fig. 41.6). The compounds obtusifonolide
(23), sitoindoside IX(24), and 6α-chloro-5β-hydroxywithaferin A (25) and
withaferin A exhibited potent cytotoxicity against SW-620 (human colon cancer)
cell lines (IC50, 0.3–7.3 μM). However, isowithanone (26), 2,3-dihydro-3-
ethoxywithaferin A (27), and daturataturin A (28) were found to not be active against
the tested cancer cell lines (Alali et al. 2014).

41.5.5 Cytotoxic, Immunosuppressive, and Antidiabetic
Constituents of W. coagulans

The W. coagulans is the second most explored species after W. somnifera. An array
of withanolides (including some of those isolated from the previous species) was
isolated from the different plant parts and different extracts of the plant (Khodaei
et al. 2012). The withacoagulin G (29), withacoagulin H (30), withacoagulin I (31),
27-hydroxywithanolide F or ajugin E (32), withanolide F (2), (20R, 22R-14α, 20α)-
dihydroxy1-oxowitha-2,5,16,24 tetraenolide (33), withacoagulin (34), withanolide
H (35), and withanolide G (36) were isolated from CHCl3-MeOH extracts of
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W. coagulans (Fig. 41.7). These compounds inhibited nitric oxide production in
lipopolysaccharide-activated murine macrophage RAW 264.7 cells with IC50 values
of 1.9–38.2 μM. Compounds 29 and 30 were found to be the most active (IC50, 3.1
and 1.9 μM, respectively). These compounds also exhibited inhibition of tumor
necrosis factor-α (TNF-α) and induced nuclear factor-kappa B (NF-κB) activation
with IC50 values of 1.60–12.4 μM (Ihsan-ul-Haq et al. 2013).

Five other withanolides, 1, 2, 4, coagulin C (37), and 17β-hydroxywithanolide K
(38), isolated from W. coagulans fruits along with two semisynthetic derivatives of
4 (39 and 40), have shown significant inhibition on postprandial rise in hyperglyce-
mia, post-sucrose load in normoglycemic rats, as well as streptozotocin-induced
diabetic rats. The median effective dose of the compound 4 was found to be around
25 mg/kg body weight. The compound 4 also showed significant fall on fasting
blood glucose profile and improvement in the glucose tolerance and
antidyslipidemic activity in diabetic (db/db) mice (Maurya et al. 2008; Akanksha
et al. 2010). The compounds 1, 2, and 4 were isolated from theW. coagulans, before
their isolation from the W. adpressa. Some other withanolides, isolated from
ethanolic extract of the aerial part ofW. coagulans, have shown immunosuppressive
activity by inhibiting T- and B-cell proliferation. The compounds 2, 38, 34,
withanolide L (41), and 1 potentially inhibited B- and/or T-cell proliferation (IC50,
1.66–9.73 μM). The withacoagulin A (42), withacoagulin C (43), withacoagulin D
(44), and withacoagulin E (45) and (3) exhibited moderate inhibitory activity against
T- and B-cell (IC50, 10.0–19.0 μM) proliferation (Huang et al. 2009).

O
O

CH3

O

O
O

OH
O

H

OH

H H

H

H

HO
OH

HO

O
O

CH3

OH

O

OH
OH

H

H H

H

H

Cl

O
O

CH3

CH3

O

OH

H

H H

H

OH

O

O
O

CH3

OH

O

OH
O

H

H H

H

H

OH3C

O
O

CH3

O

O
O

H

OH

H H

H

H

HO
OH

HO

OH

O
O

CH3

OH

O
H

H H

H

H
O

O
CH3

23 24 25

26 27 28

Fig. 41.6 Structures of compounds 23–28

41 A Wonder Plant Withania: Pharmacological and Chemical Perspectives 885



41.5.6 Bioactive Constituents of W. somnifera

More than 100 withanolides have been isolated and characterized from the
W. coagulans and W. somnifera, and the biological activities of these withanolides
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have been evaluated by several research groups independently and reviewed by
Chen et al. (2011). Under this section, only some selected bioactive withanolides
identified by bioassay guided isolation will be discussed.

A chlorinated steroidal lactone, 27-acetoxy-4β,6α-dihydroxy-5β-chloro-1-
oxowitha-2,24-dienolide (46), a diepoxy withanolide, 5β,6β,14α,15α-diepoxy-
4β,27-dihydroxy-1-oxowitha-2,24-dienolide (47), and withaferin A, isolated from
the methanolic extract of the aerial part of W. somnifera, exhibited growth inhibition
and cytotoxic activity against human lung cancer cell line NCI-H460 (Choudhary
et al. 2010). The GI50 (the concentration for 50% of maximal inhibition of cell
proliferation) values for these compounds were found to be 6.2, 1.5, and 0.18 μg/mL,
while the LC50 (lethal concentration 50) values were found to be 95.6, 8.3, and
0.45 μg/mL, respectively. Seven withanolide glycosides, withanosides I, II, III,
IV, V, VI, and VII (48–54), along with withaferin A were isolated form the
methanolic extract of the root of W. somnifera (Fig. 41.8). The withanolide VI and
withaferin A exhibited inhibitory activity for tachyphylaxis to clonidine in isolated
guinea-pig ileum at 10 μM concentration (Matsuda et al. 2001).

Four other compounds, (20S,22R)-3α,6α-Epoxy-4β,5β,27-trihydroxy-1-
oxowitha-24-enolide (55), withanolide A (56), (20S,22R)-4β,5β,6α,27-
tetrahydroxy-1-oxowitha-2,24-dienolide (57), and coagulin Q (58) along with
withanoside IV (51) and withanoside VI (53) of a methanolic extract of
W. somnifera root, showed significant neurite outgrowth activity at a concentration
of 1 μM on a human neuroblastoma SH-SY5Y cell line (Zhao et al. 2002). Two
dimeric thiowithanolide, ashwagandhanolide 59 and 60, have also been isolated
from the methanolic extract of the root (Fig. 41.9). Compound 59 displayed growth
inhibition against human gastric (AGS), breast (MCF-7), central nervous system
(SF-268), colon (HCT-116), and lung cancer (NCI H460) cell lines, with IC50 values
in the range 0.43–1.48 μg/mL. Compound 60 showed anticancer activity against
human gastric (AGS), breast (MCF7), central nervous system (SF-268), and colon
(HCT-116) cancer cell lines, with IC50 values in the range 0.74–3.63 μM. In
addition, these compounds also inhibited lipid peroxidation and the activity of the
enzyme cyclooxygenase-2 in vitro. It inhibited lipid peroxidation by 65% and the
COX-2 enzyme by 60% at a concentration of 100 μg/mL. Further, compounds 59
and 60 completely suppressed TNF-induced NF-κB activation at a 100 μM concen-
tration (Mulabagal et al. 2009; Subbaraju et al. 2006). Withaferin A is also believed
to promote the formation of reactive oxygen species (ROS) inside cancer cells and
disrupt their function. According to reports, it has also been documented to induce
apoptosis in cancer cells by making them less resistant to drugs (Nishikawa et al.
2015).

The enzyme inhibitory activity against cyclooxygenase-2 has also been displayed
by a few other withanolide glycosides and withanolides, isolated from the leaves of
W. somnifera. The active compounds noted were 27-O-β-D-
glucopyranosylphysagulin D (61), viscosalactone B (62), physagulin D (1 ! 6)-β-
D-glucopyranosyl-(1 ! 4)-β-D-glucopyranoside (63), 27-O-β-D-glucopyranosyl
viscosalactone B (64), physagulin D (65), withaferin A, 2,3-dihydrowithaferin A
(66), 4-(1-hydroxy-2,2-dimethylcyclo-propanone)-2,3-dihydrowithaferin A (67),
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24, and withanoside IV (51). These compounds selectively inhibited COX-2 enzyme
by up to 40% and lipid peroxidation up to 55% at 100 μg/mL concentrations
(Jayaprakasam and Nair 2003). A few withanolides isolated from the methanolic
extract of the whole plant material inhibited cholinesterase enzyme. Compounds
17α-hydroxywithaferin A (68) and 6α,7α-epoxy-5α,20β-dihydroxy-1-oxowitha-
2,24-dienolide (56) along with compound 10 and withaferin A displayed inhibitory
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potential against acetylcholinesterase (AChE) with IC50 values in the range of
50.0–161.5 μM.

However, only compounds 10 and 65 and withaferin A inhibited
butyrylcholinesterase (BChE) with (IC50) values in the range of 62.5–500 μM
(Choudhary et al. 2004). The neurite outgrowth and cholinesterase inhibitory
activities are related to the neurodegenerative diseases like Alzheimer’s and
Parkinson’s diseases. The activities of these compounds against these diseases
validate the traditional usages of W. somnifera for a memory boosting effect.

Some unusual withanolides (69–71) along with 22 are isolated from the
methanolic extract of aeroponically grown W. somnifera. Compounds, 3α-(uracil-
1-yl)-2,3-dihydrowithaferin A (69), 3β-(adenin-9-yl)-2,3-dihydrowithaferin A (70),
and 3β-O-butyl-2,3-dihydrowithaferin A (71) and 22, exhibited inhibition of cancer
cell proliferation/survival, disruption of cytoskeletal organization, and induction of
the cellular heat-shock response parallel to those displayed by withaferin A (Xu et al.
2009, 2011; Wijeratne et al. 2014). The detailed bioactivity will be discussed in the
section structure activity. The beta-epimer of 69, 3β-(uracil-1-yl)-2,3-
dihydrowithaferin A (72) is a synthetic analogue obtained by the reaction of adenine
with withaferin A.

41.6 Structure-Activity Relationships (SAR) in Withanolides

41.6.1 Cytotoxicity

From the biological activities of the withanolides isolated from different Withania
species, it is evident that most of the compounds exhibited potent anticancer/
cytotoxicity. A careful analysis of the structure of the withanolides with type-7
ring system and cytotoxic activity revealed that the enone group in ring A and
epoxide group fuse with ring A and B at 5,6-position are essential for the cytotoxic-
ity of the withanolides. The 2,3-dihydro or other analogues/derivatives produced
from the addition of the chemical entities to the double bond at 2,3-position
exhibited reduced cytotoxic activity (Fig. 41.10). For example, the IC50 value for
the cytotoxicity of withaferin A (WA) against HeLa (human cervix carcinoma),
A-549 (human lung carcinoma), MCF-7 (human breast adenocarcinoma), and Vero
(African green monkey kidney) cell lines was found to be in the range of
0.6–2.3 μM, while that of 2,3-dihydrowithaferin A were found to be between 5.4
and 19.3 μM. Thus the latter has been found to be about ninefold less active than the
WA (Llanos et al. 2012). Similarly, the IC50 value for the cytotoxicity of WA against
myeloma (H929) cells was found to be 0.25 μM, whereas that of 69 and 70 was
observed to be 0.54 and 0.61 μM, respectively (Wijeratne et al. 2014). The
compounds 69 and 70 are the addition product of the withaferin A with uracil and
adenine, respectively. The uracil and adenine derivatives are well-known for their
cytotoxic effects. In fact the 5-fluorouracil is a medication used to treat cancer
(Thedford et al. 1989; Takechi et al. 1997; Parker et al. 1999). Even then, their
addition to withaferin A reduces its cytotoxicity by more than twofold.
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The cytotoxicity of the addition products of sulfuric acid (22) and n-butanol (71)
was found to be much lower (21- and 35-fold; IC50, 5.25 and 8.74 μM, respectively)
than the WA (Fig. 41.10). This result indicated the role of the enone group in
cytotoxicity of the withanolides. The conversion of the epoxide ring into thioepoxide
or cleavage of the epoxide ring to produce hydroxyl groups resulted into the 4- to
25-fold reduction in the cytotoxicity of withaferin A and other withanolides
(Fig. 41.11) against human cancer cell lines WRL68 (liver cancer cells), CaCO-
2 (colon cancer cells), PC-3 (prostate cancer cells), and MCF7 (hormone-dependent
breast cancer cells) (Joshi et al. 2014). Thus, according to this result, one can
conclude that the 5β,6β-epoxide ring is also essential for the cytotoxicity of the
withanolides.

The acetylation of the hydroxyl group in some withanolides resulted in significant
improvement in the cytotoxicity against myeloma (H929) cells. The benzoylation
and silylation of the hydroxyl groups also resulted in significant enhancement in the
activity against HeLa, A-549, MCF-7, and Vero cancer cells (Fig. 41.12). The
benzoylation of 4-hydroxyl group with 4-bromobenzoyl group in 16, isolated from
W. aristata, enhanced the cytotoxicity up to three- to sevenfold (Llanos et al. 2010).
Hence, the above concept can be applied in the semi-synthesis of the other
withanolide derivatives with improved biological activities. Protection of the
27-OH group with tertiarybutyldimethylsilyl (TBDMS) group also enhanced cyto-
toxicity by three- to tenfold against the tested cancer lines.
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41.6.2 Cyclooxygenase-2 Inhibition

The cylooxigenase-2(COX-2) inhibition potential of the withanolides isolated from
W. somnifera has been reported by Jayaprakasam and Nair (2003) and Chen et al.
(2011). The only inactive compound contained the saturated lactone group in ring E
(79).
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Thus by comparing the structures and activity of the compounds, it can be
concluded that the α,β-unsaturated lactone in ring A is essential for the
cyclooxigenase-2 inhibitory activity, whereas the 5,6-epoxy and enone group are
not essential (Fig. 41.13). The dimeric withanolides 59 and 60 also inhibited COX-2
enzyme by 60% and 100 μg/mL concentration.
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41.6.3 Acetylcholinesterase Inhibition

Choudhary et al. (2005) reported the cholinesterase inhibition by withanolides,
isolated from W. somnifera. The withanolides having 5,6-epoxy ring were found
to be more active against acetylcholinesterase (AChE) than the one without the
epoxy ring at 5,6-position (Fig. 41.14). However, no such structure activity relation-
ship could be observed with butyrylcholinesterase (BChE).

41.6.4 Neurite Outgrowth Activities

As mentioned earlier, several withanolides and withanolide glycosides, isolated
from W. somnifera, exhibited neurite outgrowth activities in human SH-SY5Y
cells. Withanolide A (56) is the most interesting compound and has been syntheti-
cally modified by Liffert et al. (2013) for the neurite outgrowth SAR study. On the
basis of the results, it can be concluded that the enone group in ring A of withanolide
A is not essential for the neurite outgrowth activities. The substitution of 1-oxo
group by N-hydroxylimine group resulted in improvement in the activity. However,
substitution with N-alkoxyimine resulted in a decrease in the activity. Similarly,
replacement of the enone group by enol groups also resulted in the enhancement of
the activity (Fig. 41.15).
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41.7 Summary and Future Prospects

The antifungal activity ofW. adpressa has been reported for the leaf of this plant, but
other parts have to be investigated. No chemical constituents have been identified
which are responsible for this antifungal activity. Similarly, only five cytotoxic
withanolides (1–5) have been isolated from the dichloromethane fraction of the
methanolic extract of the W. adpressa leaf (Fig. 41.1). However, no work has been
carried out on the phytochemical investigation of the other parts of this plant as well
as on other fractions of the methanolic extract of the leaves. Hence, the other parts,
viz., stem, root, fruits, and flower, and other fractions, viz., n-hexane and n-butanol
of the methanolic extract of the leaf, require chemical investigation of the
compounds responsible for the cytotoxicity and other biological activities.

Only diuretic and cytotoxic constituents have been isolated from the
dichloromethane and aqueous extract of the W. aristata leaves; hence, the chemical
constituents of the stem, root, bark, fruits and flowers, etc. still need to be identified.
Further, the other extracts, viz. n-hexane, chloroform, ethyl acetate, n-butanol,
acetone and methanol, etc. should also be prepared and can be investigated for
chemical constituents and biological activities. Despite the report on
hepatoprotective activity of the ethanolic extract of the leaf of W. frutescens, the
hepatoprotective compounds still need to be identified. The phytochemical
constituents are only isolated from the dichloromethane fraction of the methanolic
extracts of the leaves. However, other parts of the plants and other extracts need to be
investigated in detail.

AlthoughW. coagulans andW. somnifera are explored and being used widely for
many purposes across the world, most of the biological activity of the plants and
compounds is tested in vitro and/or on animals. Several newly discovered biological
effects (other than that in traditional medicine) still need to be tested in the humans.
Similarly, several withanolides have been isolated from both the plants, but all were
not evaluated for their biological potentials. Further, a number of chemical
components have already been isolated from these two plants, and there is very little
probability of finding new compounds. One can still isolate novel compounds by
changing experimental methods. For example, Xu et al. 2009 has recently isolated
three novel withanolides from the aeroponically frown W. somnifera. Hence, it is
possible that one can find other novel compounds from the same as well as other
species grown under different kinds of stress conditions.

A number of traditional usages have been known for the six plant species.
However, none of the traditional usages have been clinically validated, and there
is no solid evidence to justify their medicinal benefits and adverse effects if it is taken
together with prescription drugs. The plants are not fully investigated for the
biological activities and bioactive compounds to validate all the traditional uses.
The isolated compounds can be further derivatized (synthetically modified) for
structure activity relationships associated with different biological activities, which
may lead to the discovery of more potent lead molecules than the isolated ones.
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Immunomodulators and Phytodrugs 42
Deepa S. Mandlik and Ajay G. Namdeo

Abstract

A strong, healthy immune system is the basis of good health. Immunity is the
balanced state of having adequate biological defense to fight against infection,
disease, or unwanted biological invasion while having tolerance to avoid allergy
and autoimmune diseases. Immune responses occur due to effective interaction
between innate (natural and nonspecific) and acquired (adaptive and specific)
components of the immune system. The interaction of phagocyte and microor-
ganism in the immunological system is a protective pathway but when unreason-
ably or improperly organized can damage the body and contribute to the
development of several long-term inflammatory conditions like allergies, autoim-
mune disease, rheumatic arthritis, carcinoma, and many more. Over the past
years, remarkable changes have occurred in the immune system due to exposure
to chemicals, drugs, or environmental pollutants. Numerous factors perform a
major part in alterations of the immunological system such as age, sex, stress,
genetic variability, alcohol/drug abuse, lifestyle, malnutrition, and environmental
pollution. In clinical practice, immunomodulators can be classified into three
main categories such as immunostimulants, immunosuppressants, and
immunoadjuvants. Majority of the immunomodulators and immunosuppressive
agents used in medicinal practice are toxic and have detrimental adverse effects
on the host body. Hence, there is a rising need for the usage of herbal drugs that
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leads to modulation of immunological system which will prevent the infections
rather than to treat the immunological disorders. Phytoconstituents such as
alkaloids, glycosides, flavonoids, lactones, tannins, saponins, phenolic
compounds, polysaccharides, and diterpenoids of herbal origin have been con-
firmed for their immunostimulating characteristics. Therefore, the exploration of
herbs derived potent and safe immunomodulator drugs is gaining more attention.
Hence, the current book chapter will focus attention on summary of extensively
scrutinized phyto-immunomodulator plants such as Boerhaavia diffusa,Withania
somnifera, Allium sativum, Azadirachta indica, Acacia catechu, Curcuma longa,
Ficus benghalensis, Tinospora cordifolia, Murraya koenigii and Ocimum sanc-
tum. These plant-derived immunomodulators drugs have displayed their action
by acting on cellular and humoral immune system in variety of animal models,
and we need to explore their role in clinical trials also.

Keywords

Immunity · Immune system · Cellular immunity · Humoral immunity ·
Immunomodulators · Plant-derived immunomodulators

Abbreviations

COX Cyclo-oxygenase enzyme
ERK-1/2 Extracellular signal-regulated kinase-1/2
IFN-γ Interferon-γ
IL-10 Interleukin-10
IL-12 Interleukin-12
IL-1α Interleukin-1α
IL-1β Interleukin-1β
IL-6 Interleukin-6
IL-8 Interleukin-8
MMP-2 Matrix metalloproteinase-2
MMP-9 Matrix metalloproteinase-9
NF-κB Nuclear factor κB
PAMPs Pathogen-associated molecular patterns
PBMCs Peripheral blood mononuclear cells
RBCs Red blood cells
STAT4 Signal transducer and activator of transcription 4
TLR6 Toll-like receptor 6
TNF-α Tumor necrosis factor-α
VEGF Vascular endothelial growth factor
WBC White blood cell
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42.1 Introduction

The scientist Edward Jenner was known for the idea of “immunomodulation.”
Balanced homeostatic state of body is maintained by body’s immune system, but
pathogenic organisms such as allergens, bacteria, viruses, and parasitic agents
repeatedly attacks on it. Additionally, the immune system was weakened by various
factors such as chronic stress, diseases, environmental conditions, and lifestyle-
related changes and interrupt the balanced homeostasis state of host. The disturbed
immune system can be repaired by using antibiotics and conventional chemothera-
peutic agents, but excessive use of these drugs and chemical agents has more
harmful effects on the immune system. So, for minimizing the side effects of these
chemotherapeutic agents, the usage of herbal medicines has widely enhanced in the
last few years. The management of immune system with plant-derived
immunomodulators offers a safer alternative to conventional chemotherapeutic
agents (Tzianabos 2000).

42.1.1 Immunity

It is stated that immunity is body’s capability to fight against huge amounts of
injurious microbes, facilitating the body to inhibit diseases, organ damage, or tissue
damage. The causative factors of immunity trigger consist of various external
stimuli, immunization, and previous infection. The moment, at which the outside
matter enters the body, the combined and synchronized reaction of immune cells in
response to foreign matters establishes the immune reaction (Baxter 2007). The
immunological structure is not restricted to any particular body part. The stem cells
are produced in the bone marrow, and on maturation they travel to various body
parts. On maturation, an immune cell exhibits specific effect on human body. Two
mechanisms of immune system like cellular immunity and humoral immunity plays
important role in fighting against invading microorganisms (Ford and Roach 2009).

42.1.2 Immune Systems

Immune system has been divided in two extensive categories depending on their
functions such as innate and adaptive immune system (Vesely et al. 2011). The chief
mediators of immune system are cytokines, interleukins, complement, acute phase
proteins, macrophages, monocytes, and neutrophils. Pathogen-associated molecular
patterns (PAMPs) are the different moieties expressed by pathogens to identify the
existence of microorganism in host body. The sensors in the host body are
recognized as pattern recognition receptors that identify the PAMPs. After recogni-
tion of PAMPs by pattern recognition receptors, a sequence of immune responses get
quickly activated through the generation of different types of cytokines, chemokines,
and interferons (Parkin and Cohen 2001). The components of innate immunity
system include antigen-presenting cells and macrophages that plays crucial role in
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secretion of cytokines, production of nitric oxide, antibody-dependent cell-mediated
cytotoxicity, antigen recognition, and phagocytic process. The stimulation of T and
B cells is carried out by dendritic cells (Moradali et al. 2007). The third main part of
innate immunity is component system (Oh et al. 2000). Adaptive immunity is
developed by the generation of pathogen-specific lymphocytes by gene reorganiza-
tion method. The acquaintance of host body to antigen for production of adaptive
immune response that develops in 30 days but lasts for entire life span is known as
active immunity. The adaptive immunity consists of T and B lymphocyte-mediated
antigen-specific reactions. The infectious microorganisms are deactivated by com-
bining with the antibodies. Antibodies lead to stimulation of variety of complement
proteins that result in opsonization and destruction of microorganisms by phagocytic
cells (Spellberg and Edwards Jr (2001). The several cells associated with innate and
adaptive immune responses are represented in Fig. 42.1.

42.1.3 Immunomodulators

Several exogenous and endogenous factors affect on the efficiency of immune
system and resulted in either immunosuppression or immunostimulation. The
molecules of biological or synthetic source proficient of modulation, suppression,
and stimulation of any component of immune system are recognized as
immunomodulators, immuno-restoratives, or immuno-augmentors. In autoimmune

Fig. 42.1 Different cells involved in innate and adaptive immune responses
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disorders, a number of chemically synthesized compounds and monoclonal
antibodies are being used as immunomodulators (Puri et al. 1994).
Immunomodulators are the drugs that can modify cellular actions such as protein
synthesis, apoptosis, antigen recognition, release of immune mediators, and tran-
scription factors (Fig. 42.2). Immunomodulating agents are commonly classified
into immunostimulants, immunosuppressants, and immunoadjuvants in medicinal
field. Immunostimulants are the agents that enhance the level of immune response by
enhancing the body’s resistance power against infectious diseases wherein they act
by both the responses like innate and adaptive. Immunostimulants modulate the
insufficiency of immune system as observed in acquired immunodeficiency syn-
drome disease. The resistance against autoimmunity, allergy, infection, and cancer is
enhanced by immunostimulants (Song et al. 2016). Immunosuppressant drugs
exhibit a central role in suppressing the immune system to restore normality. They
are utilized to control the pathological immune reaction subsequent to organ trans-
plantation, treatment of allergic reactions, autoimmune infections, and infection
associated immunopathology. Immunoadjuvants are the agents that can boost the
efficiency of vaccines such as Freund’s adjuvant (El-Sheikh 2008). The overall
classification of immunomodulators and their uses are indicated in Fig. 42.3.

Hence, immunomodulators with surplus safety and efficacy are still needed to
evaluate. So, association of several adverse effects with the use of synthetic
medicines and immunomodulating agents of natural origin would be the proposed
targets to substitute them in the treatments.

Fig. 42.2 Various targets of
functioning of
immunomodulator
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42.2 Plant-Derived Immunomodulator Drugs

Abundant research work have been explored on Rasayana and Non-Rasayana plants
for elucidation of phytoconstituents from them and understanding their role on the
immunological system of the body. Ayurveda-Indian traditional medicine system
defines the usage of numerous ayurvedic plants to fortify the body’s defense system
and helps to improve the general human well-being (Mukherjee et al. 2012).
Rasayana herbal plants have revitalizing properties and boost the immune system
against various diseases. As well as Non-Rasayana medicinal plants also display
immunostimulatory, anti-inflammatory, and anti-pathogenic properties (Kumar et al.
2012). Rasayana and Non-Rasayana plants with immunomodulatory activities are
presented in Table 42.1.

Since from the ancient times, medicinal herbs have been utilized for the manage-
ment of several microbiological and general day-to-day disorders (Kalia 2011). As
per World Health Organization, around 3/4 of the world’s populace depends on
plant-derived remedy for the treatment of numerous diseases (Kumar et al. 2012).
Phyto-immunomodulatory agents can enhance the body’s immune response against
infectious microorganism by the activation of immunological system (Agarwal and
Singh 1999). An immunostimulatory herb performs a crucial part for the manage-
ment of inflammation, infectious diseases and immunodeficiencies by exerting their
effect on different cells through the release of cytokines and interleukins (Jandu et al.
2017). The possible mechanism of action of phyto-immunomodulators could be as
immunostimulators, immunopotentiators, or immunoadjuvants to enhance the
antigen-specific immune response. Phyto-immunomodulators exhibit their

Fig. 42.3 Classification of immunomodulators and uses
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immunomodulatory action through the modulation of various body immune cells
such as T cells, B cells, macrophages, and dendritic cells (Dwivedi et al. 2017).

42.2.1 Boerhavia diffusa (Common Names: Tarvine, Punarnava)

The common names of B. diffusa are tarvine or punarnava belonging to the family
Nyctaginaceae. Punarnavine, boerhavia acid, boeravinone, palmitic acid, and
ecdysteroid are the foremost phytoconstituents isolated from it. Punarnavine and
syringaresinol are the two important immunostimulants obtained from the B. diffusa
roots. Aqueous extracts of B. diffusa have showed considerable increase in the
number of leukocytes and decreased the death rate in mouse model of abdominal
sepsis induced by E. coli. It also exhibited reduction in stress prompted elevation in
blood glucose and cholesterol levels. The alkaloid fraction of B. diffusa was found to
lessen the delayed type of hypersensitivity reactions and stabilizes the plasma
cortisol level in rodents (Mungantiwar et al. 1999). It is also been famous for its

Table 42.1 List of Rasayana and Non-Rasayana plants in Ayurveda

Sr. no. Rasayana plant Sr. no. Non-Rasayana plants

1 Acorus calamus 1 Andrographis paniculata

2 Allium sativum 2 Aristolochia indica

3 Aloe vera 3 Bauhinia variegata

4 Anacyclus pyrethrum 4 Bombaxmalabarium

5 Asparagus racemosus 5 Butea monosperma

6 Azadirachta indica 6 Butea superba

7 Bacopa monnieri 7 Calotropis procera

8 Boerhavia diffusa 8 Catharanthus roseus

9 Butea monosperma 9 Gymnema sylvestre

10 Centella asiatica 10 Hibiscus esculentus

11 Chlorophytum borivilianum 11 Jasminum sambac

12 Clitoria ternatea 12 Lawsonia inermis

13 Commiphora mukul 13 Luffa cylindrical

14 Convolvulus pluricaulis 14 Mangifera indica

15 Curculigo orchioides 15 Melia azadirachta

16 Curcuma longa 16 Mentha spicata

17 Cynodon dactylon 17 Nardostachys jatamansi

18 Glycyrrhiza glabra 18 Ocimum canum

19 Hemidesmus indicus 19 Ocimum sanctum

20 Phyllanthus emblica 20 Picrorhiza kurroa

21 Piper longum 21 Piper betle

22 Sida spinosa 22 Saraca indica

23 Terminalia bellirica 23 Viscum album

24 Tinospora cordifolia 24 Vitex negundo

25 Withania somnifera 25 Zingiber officinale
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adaptogenic property. Punarnavine, syringaresinol, and quercetin are the molecules
may be responsible for the immunostimulant potential of B. diffusa. Mehrotra et al.
(2003) have reported immunosuppressive properties of B. diffusa alcoholic extracts
that showed inhibition of human natural killer cells, generation of nitric oxide in
macrophages and reduced proinflammatory cytokines level in human PBMCs
(Mehrotra et al. 2003). The treatment of RAW 264.7 cell line with chloroform and
ethanolic extract of B. diffusa on lipopolysaccharides stimulation convinced produc-
tion of nitric oxide, inhibited production of proinflammatory cytokines in PBMCs
and phytohemagglutinin-induced proliferation (Pandey et al. 2005).

B. diffusamethanol extract has inhibited melanoma metastasis in mice along with
decreasing the levels of blood parameters (Leyon et al. 2005). In a different research
study, levamisole was considered as a standard drug while performing phagocytic
activity of macrophages that was enhanced with B. diffusa extract treatment
(Sumanth and Mustafa 2007). The activity of natural killer cells, interferon-γ
(IFN-γ) and interleukin-2 (IL-2) and antibody-dependent cellular cytotoxicity was
enhanced with B. diffusa extract treatment. The proinflammatory cytokines level like
IL-1β, IL-6, and TNF-α was abridged on treatment with punarnavine (Manu and
Kuttan 2007). In the anticancer activity, punarnavine decreased matrix
metalloproteinase and vascular endothelial growth factor expressions in lung mela-
noma (Manu and Kuttan 2009). The methanolic extract of whole plant decreased the
viability of MCF-7 cell lines in G0-G1 phase (Sreeja and Sreeja 2009). The ethanolic
extract prepared by using B. diffusa leaf and root part have reported anticancerous
activity against Hela and U-87 tumor cell lines (Srivastava et al. 2005).

42.2.2 Withania somnifera (Common Names: Indian Ginseng,
Ashwagandha)

It is commonly known as Indian ginseng or ashwagandha belonging to the family
Solanaceae. In preclinical studies, W. somnifera has shown numerous pharmacolog-
ical activities such as anti-inflammatory, anti-tumor, cardio-protective, anti-micro-
bial, anti-stress, neuro-protective and anti-diabetic properties. The active
phytoconstituents of W. somnifera include alkaloids (withanine, withananine,
withasomnine, somniferine, etc.), steroidal lactones (withanolides, withaferins),
and saponins (Mishra et al. 2000).

The administration of W. somnifera extract in mice has prevented the
myelosuppression in mice induced by various immunosuppressant agents along
with elevation in the blood cells number and body weight index (Ziauddin et al.
1996). Agarwal et al. have studied the cyclophosphamide-induced immunosuppres-
sion in mice in which the study result showed considerable elevation in the blood
cells count (Agarwal et al. 1999). The immunological potential of mice was
enhanced with increase in white blood cells, alpha-esterase-positive cells, bone
marrow cellularity, circulating antibody titer, and spleen cells. The type IV hyper-
sensitivity reaction and phagocytic activity of macrophages was improved on treat-
ment with ashwagandha extract (Davis and Kuttan 2000). Immun-21, polyherbal
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formulation of W. somnifera stated considerable immunomodulatory potential in
AIDS patients (Singh et al. 2001). Ashwagandha has shown immunostimulatory
activity on lymphocyte that resulted in reduction in tumor growth in cancer cell
cultures (Jayaprakasam et al. 2003). The immunosuppressive activity was exhibited
by withaferin A and withanolide E on mice T and B lymphocytes as well as
thymocytes (Aggarwal et al. 2012). In another research work, immunomodulatory
potential of W. somnifera was evaluated against doxorubicin induced immunosup-
pression in rats. The results of the study stated significant elevation in blood cells
count, alpha-esterase-positive cells, spleen, cells and bone marrow cellularity (Rizvi
et al. 2016). The immunomodulatory activity of ashwagandha and withaferin A was
also tested on zinc oxide nanoparticles that facilitated toxicity in mice. The
nanoparticle-induced toxicity was found to abridge on W. somnifera extract and
withaferin A administration in mice with decrease in gene expression and restoration
of phagocytic potential (Kumar et al. 2019).

42.2.3 Allium sativum (Common Names: Garlic)

A. sativum is commonly known as garlic or lahsun of family Amaryllidaceae. It is
used as a spice and condiment in a variety of food preparations due to its
immunomodulation activity. Allicin, diallyldisulfide, S-allylcysteine, and
diallyltrisulfide are the important phytoconstituents present in the A. sativum
(Wang and Ng 1999). The ethanolic extract of garlic cloves was found to be effective
against cancerous cell lines and natural killer cells (Kyo et al. 1998). The extract of
A. sativum exerts an immunomodulatory effect on lymphocyte and monocytes
multiplication by upregulation of IL-10 and downregulation of TNF-α expressions
followed by lipopolysaccharide activation (Hodge et al. 2002). The bioactive
compounds, allitridin or diallyltrisulfide, from garlic exhibit antiviral activity against
murine cytomegalovirus by inhibiting regulatory T cells (Yi et al. 2005). Lectin
isolated from A. sativum activates basophils and mast cells thereby acting as
powerful mitogens and immunomodulator agent. Lectins and agglutinins were the
immunoproteins isolated from A. sativum that are popular due to their mitogenic
activity same as that of concanavalin A and phytohemagglutinin (Clement et al.
2010). Fructooligosaccharides obtained from the ethanolic extract of garlic exhibited
mitogenic potential and phagocytic activity that was found to be comparable mannan
and zymosan mitogenic agents (Chandrashekar et al. 2011). The treatment of
ethanolic extract of garlic has inhibited the formation of histamine in rat basophilic
cell culture. The ethanolic extract of garlic on oral administration, in Leishmania-
infected murine macrophages, has considerably declined the immunoglobulin-E-
mediated hypersensitivity reactions and proinflammatory cytokines such as IL-12,
INF-γ, and inducible nitric oxide synthase (Gharavi et al. 2011). Allicin stimulates
the growth of dendritic cells by elevating the expression of costimulatory molecule
(CD40) in animal malarial model (Feng et al. 2012). The administration of allicin in
Plasmodium yoelii-infected mice enhances the macrophage activation and activates
the CD41 T-cells (Feng et al. 2012).
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Diallyldisulfide obtained from garlic has lessened the inflammatory cytokines
levels and nitric oxide formation in rodent macrophages and leukemia monocyte cell
lines (Shin et al. 2013). Fresh A. sativum extracts enhance the activation and
proliferation of CD81 T cells and exhibited type-IV hypersensitivity reaction
(Ebrahimi et al. 2013). Allicin, an active constituent obtained from garlic has
elevated the levels of monocyte chemoattractant protein-1 and growth response
protein-1 in lipopolysaccharide-stimulated adipocytes. A. sativum extract in low
doses augmented IL-10 expressions with decrement in the expressions of
proinflammatory cytokines (Quintero-Fabian et al. 2013). Additional bioactive
compounds of garlic such as allitridin, S-allyl-L-cysteine, and diallyl sulfide
inhibited the expressions of proinflammatory cytokines (IL-6, IL-12, TNF-α,
IL-1β, MCP-1) by inhibition of NF-κB factor (Kim et al. 2013). Treatment of
Labeo rohita with combination of A. sativum and minerals oil augments serum
antibody titer, serum agglutination, and hemolytic activity against Aeromonas
hydrophila infection (Dash et al. 2014).

42.2.4 Azadirachta indica (Common Names: Neem)

The common name of A. indica is neem belonging to the family Meliaceae.Different
phytoconstituents present in A. indica are quercetin, azadirachtin, nimbin, nimbinin,
nimbidin, nimbanene, 6-desacetylnimbinene, nimbandiol, nimbolide, and nimbiol.
The extract obtained from neem trees has been widely used in health management
since from olden times and possesses a variety of health-promoting properties
(Sudhir et al. 2010). It is also known for anti-microbial, hepatoprotective, hypogly-
cemic, hypolipidemic, hypotensive, antipyretic, cancer, skin diseases, digestive
disorders and acquired immunodeficiency syndromes (Santhosh and Navartnam
2013).

The treatment of dried leaves powder of A. indica in broiler chickens resulted in
significant enhancement of antibody titers against new castle disease virus antigen
thereby showing its effect on humoral and cell-mediated immune responses (Sadekar
et al. 1998). Neem leaf preparation plays important role as an adjuvant for the
generation of antigen-specific antiserum in mice (Baral and Chattopadhyay 2004).
In another research studies, administration of A. indica extract in Balb/c mice
enhanced the activation of peripheral blood lymphocytes, T cells, and macrophages.
It also exhibited significant effect in sarcoma model of Balb/c mice after the
treatment with A. indica extracts (Belska et al. 2006). The nimbolide extracted
from the A. indica leaves has exhibited anti-proliferative and anti-apoptotic activities
through the upregulation and downregulation of specific genes. Hence, A. indica
strengthens the body’s immune system by acting as an anticancer agent (Kumar et al.
2006). The neem leaf glycoprotein significantly improved the IFN-γ and
downregulated CXCR3B expression that causes lymphocyte death with decrement
in the chemotactic movement of PBMCs in the direction of tumor (Chakraborty et al.
2008). Durrani et al. have investigated the growth-promoting and immunomodula-
tory effects of A. indica leaves infusion in broiler chicks. The study results showed
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that neem infusion effectively enhanced the growth performance and antibody titer
in broiler chicks (Durrani et al. 2008). Neem leaf glycoprotein also causes T-cell
stimulation and release of IFN-γ and can successfully stimulate oral and
erythroleukemia cancerous cells (Bose et al. 2009). Treatment with watery extracts
of neem considerably improved tumor antigen presentation by macrophages and
lymphocytes (Tsang et al. 2011).

42.2.5 Acacia catechu (Common Names: Black Catechu, Cachou)

A. catechu is commonly known as black catechu or kattha belonging to the family of
Fabaceae. A. catechu has been commonly used for the treatment of many diseases in
Ayurveda. Its heartwood extract is used for the treatment of cough, asthma, stomati-
tis, bronchitis, skin reactions, colic pain, diarrhea, dysentery, boils, and sores.
A. catechu exerts its immunomodulatory effect by acting on cell-mediated and
humoral immune responses (Sunil et al. 2018).

The compounds isolated from A. catechu exert anti-viral effect against human
immunodeficiency virus-1 strains (Marquez et al. 2005). Its bark extracts also exert
anti-HIV activity by inhibition of viral protease enzyme and blocking Viral Tat
protein interaction to its HIV-1 promoter sequence of long terminal repeats (Modi
et al. 2013). The administration of water extract of black catechu (5 and 50 mg/kg)
exhibited an increase in neutrophil adhesion with optimum rise in the hemaggluti-
nation titer values, phagocytic index, and serum immunoglobulin levels and
decrease in the death ratio thus showing protective effect against
cyclophosphamide-induced neutropenia (Ismail and Asad 2009). Methanolic and
hexane extract of A. catechu bark exerts anti-proliferative, anticancer, and cytotoxic
activity against several cancerous cell cultures. Hence, it would be helpful in finding
out effective anticancer drug moiety. But, it is not effective on human peripheral
lymphocytes (Nadumane and Nair 2011). Different extracts of black catechu have
protective action against chemical-induced hepatic damage (carbon tetrachloride,
7,12-Dimethylbenz[a]anthracene), squamous cells, and breast cancers (Monga et al.
2011). Treatment of alcoholic extract of A. catechu in breast carcinoma cell culture
exhibited improvement in Bax/Bcl2 ratio leading to the activation of caspases with
50% cytotoxic activity (Ghate et al. 2014). The immunomodulatory effects of
A. catechu extracts was studied in mice. The study results showed that enhancement
in the spleen antibody producing cells with reduction in type-IV hypersensitivity
reaction (Sunil et al. 2018).

42.2.6 Curcuma longa (Common Names: Turmeric)

C. longa is commonly known as turmeric or haldi and belongs to the family of
Zingiberaceae. It has wide spectrum of pharmacological activities such as
anti-inflammatory, antiseptic, wound-healing, blood purifying, anti-tumor, anti-dia-
betic, anti-bacterial, neuro-protective, and immuno-modulatory and anti-
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carcinogenic properties. The chief phytoconstituents extracted from turmeric are
curcuminoids that contains curcumin, demethoxycurcumin, and
bisdemethoxycurcumin and turmerones (He et al. 1998). The bioactive constituents
of C. longa, curuminoid, inhibit cyclo-oxygenase-2 enzyme and nuclear factor κB
(NF-κB) thereby acting as a potent anti-inflammatory agent (Plummer et al. 1999).
The human T-cell maturation prompted by antigens is also affected by curcumin
(Cipriani et al. 2001). In chronic mild stress model of rats, treatment of C. longa
extracts improved the activity of natural killer cells and proinflammatory cytokine
levels (Xia et al. 2006). Curcumin was found to downregulate the expression of
various proinflammatory cytokines (TNF-α, IL-1, IL-2, IL-6, IL-8, IL-12) and
chemokines through the inactivation of transcription factor such as NF-κB. More-
over, curcumin at small doses augment the antibody responses, suggesting its
important role in treating variety of chronic diseases may be due to modulation of
immune system (Jagetia and Aggarwal 2007). In experimental autoimmune enceph-
alomyelitis model, curcumin has declined the production of IL-12 and signal
transducer and activator of transcription 4(STAT4) (Fahey et al. 2007). The aqueous
extracts of C. longa containing polysaccharides devoid of curcuminoids that possess
mitogen properties and improved the spleen cells count as compared to
lipopolysaccharide and concanavalin-A. Also it enhanced the levels of inflammatory
cytokines in inactivated macrophages and spleen cells (Chandrasekaran et al. 2013).
The molecular mechanism of curcumin for the management of carcinomas and
inflammatory diseases would be combinations of multiple signaling pathways such
as NF-κB and STAT3 signaling (Deguchi 2015). Several preclinical and clinical
trials have discovered immunomodulatory actions of curcumin by showing its effect
on immune cells and mediators involved in the immune response (Abdollahi et al.
2018).

42.2.7 Ficus benghalensis (Common Names: Banyan Tree)

The common name of F. benghalensis is banyan tree belonging to the family
Moraceae. The root extract of F. benghalensis has been used in traditional medicine
system for boosting the immune system. The numerous Ficus species have been
widely used in conventional medicines as an astringent, hypotensive, vermicide, and
anti-dysentery agent (Trivedi et al. 1969). The main phytoconstituents extracted
from banyan tree are glucosides and flavonoids (Bhattacharjee 2008). The aqueous
and methanolic extracts of F. benghalensis possess immunostimulatory potential as
well as amplify the engulfing ability of PBMCs. The lymphocytes proliferation
along with liberation of cytokines from the immune cells was enhanced by
F. benghalensis extracts (Gabhe et al. 2006). The aqueous extract of
F. benghalensis roots was administered in rats for evaluating immunostimulatory
activity, using in vitro polymorphonuclear function test, hemagglutination, and
hypersensitivity reactions (Khan et al. 2008). Immunostimulatory effect of the
roots powder of F. benghalensis was studied in fish models (Channa punctatus).
The study results showed that aspartate aminotransferase and alanine
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aminotransferase levels remained nearly same, whereas superoxide dismutase, total
serum protein, nitric oxide, immunoglobulin, serum lysozyme, phagocytotic index
have enhanced significantly (Verma et al. 2012). The hydro-alcoholic leaves extract
of F. benghalensis has considerably enhanced the engulfing ability of human
granulocytes that resulted in phagocytosis of microorganisms by leukocytes, with
scavenging of free radicals and lessening of oxidative burden. Therefore, extracts of
F. benghalensis showed immunomodulatory activity by phagocytosis of killed
C. albicans and antioxidant property (Bhanwase and Alagawadi 2016).

42.2.8 Tinospora cordifolia (Common Names: Guduchi)

The family of T. cordifolia is Menispermaceae and reported for extensive range of
immunological properties such as anti-inflammation, anti-allergic, anti-pyretic, anti-
hepatotoxic, anti-diabetic, and anti-bacterial properties with minimal toxicity. Com-
pound-D-glucan, cordifolioside A, cordifolioside B, and syringin are the chief
phytoconstituents present in the guduchi plant (Nair et al. 2006). The engulfing
capacity of human granulocytes was found to be enhanced with the treatment of
T. cordifolia aqueous and ethyl acetate extracts. T. cordifolia extract has also
stimulated the proliferation of stem cells and bone marrow cells along with increase
in the number of antibody producing cells. Hence, indicating the role of T. cordifolia
extract in the enhancement of humoral immune response. The guduchi extract also
reported with anti-tumor activity with reduction in tumor progression as compared
with the cyclophosphamide treatment (Mathew and Kuttan 1999). Lysozymes act as
a strong microbicidal agent against gram-positive bacteria. The treatment with
T. cordifolia extract has increased the quantity of lysosomes that lead to microbial
activation of macrophages (Shimada et al. 2008). The immunomodulatory activity of
T. Cordifolia was confirmed by evaluating its activity on macrophages and by
release of lysosomes and nitric oxide (More and Pai 2011). The immunomodulatory
activity of T. cordifolia extracts (ethyl acetate, water fractions, and hot water extract)
was investigated in relation to phagocytosis and reactive oxygen species production
in human neutrophil cells. The results of study indicated that all the three extract
exhibited significant immunomodulatory activity with increase in the percentage of
phagocytosis, nitric oxide, and reactive oxygen species generation. The
immunostimulatory activity of T. cordifolia may be associated with the synergistic
action of active constituents like syringin and cordifolioside A (Sharma et al. 2012).
The water and methanolic extracts of T. cordifolia were tested against Salmonella
typhimurium by the broth dilution and agar well diffusion assay methods. Treatment
with methanolic extracts of T. cordifolia resulted in increased survival and reduced
bacterial load in S. typhimurium-infected mice. Furthermore, aqueous and
methanolic extracts of T. cordifolia treatment reduced the liver inflammation and
rescued the levels of antioxidant enzymes in S. typhimurium-infected mice
(Alsuhaibani and Khan 2017).
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42.2.9 Murraya koenigii (Common Names: Curry Leaves)

M. koenigii is commonly known as curry leaves belonging to the family Rutaceae.
Due to the aromatic quality of curry leaves, it is regularly used in cooking. Carbazole
alkaloid present in the curry leaves are responsible for its antioxidant, anti-
inflammatory, and anticancer activities. Other active phytoconstituents in curry
leaves are koenine, koenidine, koenimbine, cyclomahanimbine, murrayastine,
tetrahydromahanimbine, murrayazoline, girinimbin, iso-mahanimbin, carbazole
alkaloids, mahanimbine, etc. The production of nitric oxide from macrophages
was significantly improved by the methanolic extracts of M. koenigii. In addition
to that, the phagocytic index was also increased in carbon-clearance test. The
treatment of methanolic extract has significantly exhibited the humoral antibody
response to ovalbumin with boosting of humoral response and immuno-stimulatory
effect on B cells. The extract ofM. koenigii does not show stimulatory effect on cell-
mediated immunity (T-cells) as there was no significant difference in delayed types
of hypersensitivity (Shah et al. 2008). The reduction in lipid peroxidation in ethanol-
induced liver toxicity was found to be reduced by M. koenigii leaf extracts (Sathaye
et al. 2011). In cadmium-induced oxidative stress, the cardiac tissue was protected
by the treatment of aqueous extracts of M. koenigii in rats due to its antioxidant
activity (Mitra et al. 2012). The administration of M. koenigii alcoholic extracts in
rodents has significantly abridged anti-inflammatory effect on paw edema in rats
induced by carrageenan (Bhandari 2012). The anti-inflammatory and
chemopreventive effect of M. koenigii aqueous extract was studied on 4 T1 breast
cancer cell-challenged mice. The aqueous extract ofM. koenigii was found to reduce
the tumor size and lung metastasis. Moreover, it decreased the level of inflammation-
related cytokines, genes, and nitric oxide (Yeap et al. 2015).

42.2.10 Ocimum sanctum (Common Names: Holy Basil or Tulsi)

O. sanctum is commonly known as holy basil or tulsi belonging to the family
Lamiaceae. It is known for analgesic, anti-inflammatory, immuno-stimulatory activ-
ity and has numerous therapeutic applications. Tulsi is a scavenger of free radicals
and found to be effective against a variety of cancer. Ursolic acid, the main
constituent of O. sanctum, has anti-inflammatory, anticancerous activity and inhibits
cyclo-oxygenase enzyme (Prashar et al. 1998). The treatment of mice with water and
alcoholic extracts of O. sanctum exhibited anti-tumor properties with reduction in
size of tumors (Adhvaryu et al. 2008). The immunomodulatory potential of
O. sanctum leave extract may be due to the existence of active constituents like
ursolic acid, salrigenin, caryophyllen, oleanolic acid, eugenol, and methyleugenol
(Mukherjee et al. 2005). In clinical trials in bovines, the aqueous extract of
O. sanctum leaf has revealed immunomodulatory activity with improved number
of granular and agranular white blood cells with reduction in bacterial count
(Mukherjee et al. 2005). In S. typhimurium infection, the treatment of O. sanctum
extract had lessen various cytokines levels such as TNF-α, IL-2, and IFN-γ along
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with the activation of macrophages that inhibits the bacterial growth (Goel et al.
2010). The GABAergic-mediated immune responses were regulated by the oil
extracted from O. sanctum seeds (Vaghasiya et al. 2010). The treatment of fish
with O. sanctum leaves extract has revealed immuno-stimulatory activity by induc-
ing innate immunity and increasing phagocytes, red blood cells (RBCs), white blood
cells (WBCs), and lymphocytes numbers in fish. Therefore, it could be utilized to
boost the immune power for the treatment of several parasitic infections (Nahak and
Sahu 2014). In another research investigation, treatment of L. Rohita (species of fish)
with O. sanctum leaf extract has demonstrated a general immunological reaction
against A. hydrophila infection that showed increase in hematological, biochemical,
lysosomal, and total immunoglobulins activity (Das et al. 2015).

42.3 Conclusion

Immunomodulation by using herbal medicinal plants for the treatment of variety of
diseases can provide a great substitute to conventional chemotherapy, especially
when host defense immune system is impaired in situations like autoimmune
disorders. The light has been thrown on numerous plant-based phytoconstituents
since from many years for their immunomodulation property. Variety of disease
conditions can be cured by herbal immunomodulators instead of chemotherapeutic
agents. The invention and identification of immunomodulatory agents of herbal
source have the ability to neutralize the adverse effects and high price of conven-
tional drugs. This book chapter focuses on the importance of herbal plants as creators
of immunomodulatory agents with possible applicability in preclinical and clinical
health studies. There is a great potential for the discovery of more specific
immunomodulators which mimic or antagonize the biological effects of cytokines
and interleukins, and the refinement of assays for these mediators will create specific
and sensitive screens.
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Combined Effects of Plant Extracts
on Ovarian Cell Functioning 43
Sushmita Nath, Attila Kadasi, Roland Grossmann,
Adriana Kolesarova, Anupam Das Talukdar, Alexander V. Sirotkin,
and Manabendra Dutta Choudhury

Abstract

Ovarian granulosa cell (GC) functions decide the fate of an ovarian follicle to
establish fecundity and regular ovarian cycle. Literature depicts the combined
effects of two or more herbal components are likely to be more prominent than the
effect of a single ingredient. Based on this, the current study was designed to
evaluate the combined effects of aqueous extract (RA) of Ricinus communis
L. and curcumin (Cur) of Curcuma longa L., ethnopharmacologically reputed
plants and porcine ovarian granulosa cell functions, in vitro. Cytotoxicity was
determined by using real-time cell analyser. Combination ofAQ+Cur enhanced
cyclin-B1 accumulation at low concentrations and significantly upregulated
caspase-3 accumulation, evaluated by immunocytochemistry, and significantly
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decreased progesterone (P4) and inhibited testosterone (T) release, as determined
by the enzyme immunoassay. The resulted observations suggested the possible
combined effect of AQ and Cur on GC cell functions via steroid output.

Keywords

Granulosa cell functioning · Steroid output · Ricinus communis · Curcuma longa

43.1 Introduction

For the last five decades, research on contraception is at the forefront, still there is no
groundbreaking discovery of perfect contraception (Brache et al. 2012; Sitruk-Ware
and Nath 2013). Till date, no plant-based contraceptive is available commercially
(Singh et al. 2012), even though herbal contraceptives are described more safe and
effective, yet less researched (Khillare and Shrivastav 2003). In spite of diverse
contraceptive efficacy of medicinal plants, still no plant-based contraceptive is
available in the market to practically employ herbs for fertility regulation (Singh
et al. 2012). Emphasis is given to develop safe non-hormonal alternatives from
biologically active substances of traditional medicinal plants. Most of the synthetic-
hormonal contraceptive, structurally related either to progestogen or androgen acts
potently on ovulation but with side-effects (Sitruk-Ware and Nath 2011). To curve
these adverse side-effects, individual herbal alternatives acting on the aforesaid
targets are already reported. Supported literature reveals that out of various medici-
nal plants Ricinus communis L. (R) and curcumin (Cur), folklore potent female
contraceptive (Ammon and Martin 1991; Eigner and Scholz 1999; Ross 2001) has
individual effect on both progestogen and androgen (Okwuasaba et al. 1991; Salhab
et al. 1999; Kadasi et al. 2012).

Folklores use leave, seeds, roots and stem bark of R for fertility regulation (Kalita
et al. 2011; Saharia and Sarma 2011). Seeds alter ovarian cyclicity and have
anticonceptive, anti-implantation and abortifacient activities in rodents (Okwuasaba
et al. 1991; Salhab et al. 1999). It decreases chances of pregnancy (Salhab et al.
1997; Salhab et al. 1998), induces long-term contraception (Meena and Rao 2010)
and inhibits follicular development and ovulation by acting directly on ovary
(Goncim et al. 2010). But scientific studies did not pay attention to R stem bark
for contraceptive efficacy. Whereas Nyishi (Daffla) tribes of Arunachal Pradesh
(India) use young twigs of the plant as locally applied abortifacient (Srivastava
and Nyishi 2010), but its mechanism remains unknown. In our recent study for the
first time, we have documented the potential contraceptive efficacy of aqueous
extract of R stem bark on human spermatozoa (Nath et al. 2013).

On the other hand, Cur, the main active constituent of the rhizome Curcuma
longa L., is a traditional contraceptive agent (Thakur et al. 2009, Niazi et al. 2010).
Cur has contraceptive, anti-implantational, antiovulatory, antigonadotropic,
antioestrogenic and antifertility effect (Purohit and Bhagat 2004; Ghosh et al.
2011; Yadav and Jain 2010) in rodents. Cur is also established as a potent human
spermatozoa inhibitor (Rithaporn et al. 2003), lowers the androgen level (Purohit
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1999) and inhibits testosterone-5-reductase (Liao et al. 2001). Its intravaginal use
acts as contraceptive (Naz 2011). Kadasi and co-workers (Kadasi et al. 2012)
demonstrated Cur’s fertility regulatory activity on porcine ovarian granulosa cell
functions – follicular development and steroidogenesis, as reproductive regulators
affect fecundity by targeting ovarian cell steroidogenesis, proliferation and apopto-
sis. As ovarian progestogens, androgens and oestrogens are known regulators of
ovarian folliculogenesis and oogenesis (Conneely et al. 2007; Sirotkin 2011; Qin
et al. 2011).

It was cited that the combined effect of two or more herbal compounds likely to
be more rigorous than their cumulative effect of single ingredient (Keith et al. 2005;
Parasramka and Gupta 2012). Therefore, combined effect of R and Cur may have
more rigorous efficacy towards contraception, as in recent times the concept of new
combinations is getting priority in pharmacology of medicinal plants research.
Moreover, their combined effects on various ovarian parameters are yet to be
experimented. With this hypothesis, the current experiments were designed to
investigate the direct influence of aqueous extract of R stem bark (RA) and RA in
combination with Cur on ovarian granulosa cell functions (proliferation, apoptosis)
and steroidogenesis. Furthermore, we discussed the effect of RA on Cur’s activity by
comparing present and reported data.

43.2 Materials and Methods

43.2.1 Preparation and Storage of Plant Extract

Fresh plant (voucher specimen number 2502, Assam University Herbarium, Depart-
ment of Life Science and Bioinformatics) was collected from Cachar, India. After
shade drying, the sectioned stem barks were powdered, and then aqueous extract
(RA) was prepared in double distilled water (Nath et al. 2013).

43.2.2 Isolation, Preparation and Culture of Granulosa Cells from
Ovaries

Granulosa cells were collected from the ovaries of non-cycling pubertal Slovakian
White gilts (Sus scrofa domestica L.) without any visible reproductive abnormalities,
from local abattoir of Animal Production Research Centre Nitra in accordance with
Slovak Government guidelines. Ovaries were transported to the laboratory in
containers of 4 �C. After washing them in sterile 0.9% physiological saline, follicular
fluid containing granulosa cells (GC) were aspirated from ovarian follicles,
centrifuged at 200xg for 10 min and washed in sterile DMEM/F12 1:1 medium
and then resuspended in DMEM/F12 1:1 medium supplemented with 10% FCS and
1% antibiotic-antimycotic solution. Cells at a concentration of 106 cells/mL were
counted with the help of haemocytometer (Sirotkin et al. 2008). GC (1 � 106 cells/
mL) seeded in 24-welled culture plates (Becton Dickinson Labware, Bedford, MA,
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2 mL/well) and Lab-Tek 16-welled chamber slides (Nunc Inc., International,
Naperville, USA, 200 μL/well). These plates and slides were incubated at 37.5 �C
under 5% CO2 in humidified air until a 60–75% confluent adhering monolayer was
formed. Bottom-attached cells were supplemented with renewed medium of previ-
ous composition.

43.2.3 Cytotoxicity Evaluation Using Real-Time Cell Analyser (RTCA)

The xCELLigence real-time system (Roche Applied Science, Germany) (Bird and
Kirstein 2009; Ozturk et al. 2014) was used to evaluate the real-time cytotoxicity of
RA and Cur on GC. The isolated GC were seeded as 50,000 cells/well into RTCA
E-Plates 16, cultured in sterile medium of above-mentioned composition and were
monitored by using xCELLigence DP real-time system of RTCA (by impedance
measuring and a voltage of 20 mV) at 50 mins intervals in incubation for 24� 2 h at
37.5 �C under 5% CO2.. Post 24 h, medium was replaced, experimental cells were
treated with RA (1, 10 and 100 μg/mL) and Cur (1, 10 and 100 μg/mL) separately
and again monitored for 200 � 10 h. At the end of the experiment, the impedance
was expressed as cell index (CI); the cell viability parameter and the resulted status
were determined by using the RTCA software 1.2.

43.2.4 Processing Cultured Granulosa Cells

Experimental GC in 24-well plates were cultured with RA (0.01, 0.1, 1, 10 and
100 μg/mL) and RA + Cur (0.01, 0.1, 1, 10 and 100 μg/mL) separately for 24 h.
Whereas, the in 16-welled plates, chamber slides were cultured with RA (0.01, 0.1,
1, 10, 100 μg/mL) and RA + Cur (0.01, 0.1, 1, 10, 100 μg/mL) in 4:1. After 48 h in
culture, the media from the 24-well plates were aspirated and frozen at �70 �C for
further immunoassay for steroidogenesis studies. Meanwhile, medium from cham-
ber slides removed, and cells were washed in ice-cold PBS (pH 7.5), fixed in
paraformaldehyde (4% in PBS, pH 7.2-7.4; 60mins) and kept at 4 �C for further
immunocytochemical analysis.

43.2.5 Immunocytochemistry

Cyclin B1 and caspase-3 (intracellular signalling molecules) were detected in GC
plated on chamber slides, using immunocytochemistry (Osborn and Isenberg 1994).
As per manufacturer’s instruction the ImmunoCruz Staining System and primary
mouse monoclonal antibodies against cyclinB1 and caspase3 (dilution 1:500).
Visualisation of the primary antibody binding sites was achieved with a
corresponding secondary polyclonal antibody against mouse IgGs, labelled with
HRP (dilution 1:1000) and DAB (10%). Chamber slides were stained with
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HRP/DAB, coated with Glycergel and mounted with a coverslip, and then the cells
containing specific immunoreactivity were counted under the light microscope.

43.2.6 Enzyme Immunoassay (EIA)

Concentrations of progesterone (P4) and testosterone (T) were determined by using
EIA, using antisera against steroids produced by the Institute of Animal Science,
Neustadt, Germany. P4 concentrations were measured as per standard protocol
(Prakash and Meyer 1987). Antiserum cross-reacted (�0.1%) with dihydrotestoster-
one, testosterone and 17β-hydroxyprogesterone, and the EIA sensitivity was found
to be 12.5 pg/mL. T concentrations were assayed according to Münster (Munster
1989); the sensitivity of the EIA was found to be 10 pg/mL. The cross-reactivity of T
antiserum was with dihydrotestosterone (�96%), androstenedione (�3%), proges-
terone (�0.01%), cortisol (�0.02%) and corticosterone (�0.001%).

43.2.7 Statistical Analysis

Four culture wells represented each experimental group. Presented data are the mean
values collected from three separate experiments executed on separate days using
separate pools of ovaries. At least 100 � 10 (totally �1000 cells) cells per chamber
of chamber slides were calculated to obtain the proportion of cells containing
specific immunoreactivity. Rates of hormonal secretion (determined by EIA) were
calculated from per 106 cells per day. Wilcoxon-Mann Whitney multiple-range test
(Sigma Plot 11.0 software, Systat Software, GmbH, Erkhart, Germany) has been
used, and differences from the control at p < 0.05 were considered as significant.

43.3 Results

43.3.1 Cytotoxicity Evaluation Using Real-Time Cell Analyser (RTCA)

Cell index (CI) data (Fig. 43.1) of 200 � 10 h of treatment with RA and Cur at
different dose levels obtained from RTCA analyser showed the viability of GC in
culture medium. Cells at dose level of 1 μg/mL (for both RA and Cur) are having
more CI than control. On the other hand, CI at dose level 10 μg/mL of RA is almost
same as that of control. Though, at dose level 10 μg/mL (Cur) and 100 μg/mL
(RA) CI value is lower than control, but the cells were still viable. On the contrary CI
value at dose concentration 100 μg/mL (Cur) appeared significantly lower in com-
parison to control.
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43.3.2 Immunocytochemistry and Enzyme Immunoassay (EIA)

Isolated porcine GC was viable in culture medium, secreted steroid hormones and
accumulated intracellular signalling substances. Immunocytochemistry revealed the
accumulation of cyclin B1 and caspase-3 within the GC, while EIA demonstrated the
release of P4 and T. These parameters were influenced by the treatments given at
various concentrations.

43.3.2.1 Effect of RA on Proliferation (Cyclin B1) and Apoptosis
(Caspase-3) Markers

RA at 0.1 μg/mL enhanced the percentage of cyclin B1 (Fig. 43.2) accumulation
significantly (p < 0.05) in comparison to the control. At dose level 1 to 100 μg/mL,
RA inhibited the cyclin B1 expression by causing apoptosis instead of proliferation,
whereas, at dose 0.01, 0.1 and 1 μg/mL, RA enhanced the caspase-3 accumulation,
but at dose level 10 and 100 μg/mL, there was 100% cell death (Fig. 43.3).

Fig. 43.1 RTCA profiling and plot of cell index (CI) data of RA and Cur on porcine ovarian
granulosa cells for entire 200 � 10 h of the experiments from E-Plates
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43.3.2.2 Combined Effect of RA and Cur on Proliferation (Cyclin B1)
and Apoptosis (Caspase-3) Markers

Application of RA alone significantly enhanced and inhibited both cyclin B1 and
caspase-3 accumulations in a dose-dependent manner. RA + Cur showed significant
influence on cyclin B1 expression and rigorous effect on caspase-3 accumulation.
Combination of RA + Cur (Fig. 43.2) upregulated cyclin B1 accumulation at doses
0.1 and 1 μg/mL significantly (p < 0.05). Whereas dose concentrations 0.01, 10 and
100 μg/mL downregulated the cyclin B1 accumulation. But when this combination
is tested on caspase-3 accumulation (Fig. 43.3), it emerged significant (p < 0.05)
upregulation of apoptosis by causing 100% cell death in all the dose levels
(0.01–100 μg/mL).

43.3.2.3 Effect of RA on Steroidogenesis
RA decreased (0.1 to100 μg/mL) the P4 release level in comparison to the control
(Fig. 43.4). RA inhibited (at dose concentration 10 μg/mL) as well as decreased
(at dose concentrations 0.1, 1 and 100 μg/mL) the T secretion in comparison to

Fig. 43.2 Effect of RA and RA + Cur on cyclinB1 accumulation. Values are means � SEM. *
(RA), § (RA + Cur) denote values significantly different (p < 0.05) from control group.
Immunocytochemistry
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control (Fig. 43.5) significantly (p < 0.05), while lower dose 0.01 μg/mL did not
affect it.

43.3.2.4 Combined Effect of RA and Cur on Steroidogenesis
In this series of experiment, RA + Cur significantly (p < 0.05) decreased (0.01, 0.1,
1 and 10 μg/mL) and inhibited (100 μg/mL) P4 release level (Fig. 43.4). On the other
hand, this RA + Cur combination has totally inhibited the T release (Fig. 43.5) in all
the five dose levels (0.01–100 μg/mL) in comparison to control suggesting cumula-
tive effect.

43.4 Discussion

In RTCA analysis the cells were viable for 200 � 10 h under treatment condition at
different dose concentrations of RA and Cur. The real-time CI curve suggests that
these plant materials (at assigned doses) can be used on porcine ovarian granulosa
cell in vitro. Formation of adherent GC monolayer, release of P4 and T and

Fig. 43.3 Effect of RA and RA + Cur on caspase-3 accumulation. Values are means � SEM. *
(RA), §(RA + Cur) denote values significantly different (p < 0.05) from control group.
Immunocytochemistry
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expression of cyclin B1 (marker of cell proliferation) indicated the viability of cells
used in the current experiments, whereas expression of caspase-3 (apoptosis marker)
suggests the occurrence of apoptosis in these cells. Hence, the cells used were viable,
functionally active and acceptable to examine the treatments affecting proliferation,
apoptosis and secretory activity. These results resemble with earlier reports
(Kolesarova et al. 2011; Kadasi et al. 2012).

Proliferation and apoptosis of ovarian cells are processes that determine ovarian
folliculogenesis and ovulation (Sirotkin 2011). This is the first demonstration of the
combined effect of R stem bark extract and Cur on basic ovarian cell functions –
proliferation and apoptosis—and its direct involvement in the regulation of ovarian
function. Current sets of results demonstrated that RA alone and RA + Cur by
enhancing proliferation marker (cyclin B1) accumulation could act in the G2 phase
of the cell cycle (Gavet and Pines 2010) and by inhibiting cyclin B1 expression in a
dose-dependent manner negatively affects the S-phase of the cell cycle. It was
reported (Kadasi et al. 2012) that Cur alone suppresses proliferation in porcine
GC, but the present study showed that RA + Cur regulated the proliferation in a

Fig. 43.4 Effect of RA and RA + Cur on progesterone (P4) release. * (RA), § (RA + Cur) denotes
significant (p < 0.05) differences compared to control group. Differences between groups were
assessed by t-test. Values represent the mean � SEM. EIA
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dose-dependent manner. This suggests the antagonistic effect of RA on Cur’s
proliferation suppressive efficacy at lower doses and protagonistic effect of RA on
Cur at highest dose level. RA alone and RA + Cur have upregulated the apoptotic
peptide caspase-3 accumulation which indicates promotion in granulosa cell apo-
ptosis. Earlier study (Kadasi et al. 2012) suggested that Cur acts as apoptotic agent
(Aktas et al. 2012). The results obtained from this study also showed that due to the
influence of RA, Cur’s apoptotic activity become more active, and the combination
is acting as apoptosis enhancer showing cumulative effect. Thus, RA can modify the
Cur’s effect on ovarian cell functions—proliferation and apoptosis. Therefore, the
dose-dependent combined effect of RA + Cur on both ovarian cell proliferation and
apoptosis demonstrates the combination’s direct influence on ovarian follicle
(growth and atresia) and an interrelationship between these two antagonistic
mechanisms defining ovarian cell turnover (Sirotkin 2011).

Furthermore, P4 is an important regulator of ovarian functions, folliculogenesis,
ovarian cell proliferation, luteinisation and pregnancy maintenance (Sirotkin 2011).
In the present study, RA reduced the P4 release level which corresponds with
previous reports on rodents (Okwuasaba et al. 1991; Salhab et al. 1999). RA + Cur

Fig. 43.5 Effect of RA and RA + Cur on testosterone (T) release. * (RA), § (RA + Cur) denotes
significant (p < 0.05) differences compared to control group. Differences between groups were
assessed by t-test. Values represent the mean � SEM. EIA
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combination significantly mitigated the P4 release level, whereas Cur alone acts as P4
enhancer (Kadasi et al. 2012). Thus RA has negatively affected the Cur’s P4 release
enhancing activity. Hence, current observations demonstrate the influence of R on
ovarian functions via alteration in P4 output. RA alone at higher doses reduces as
well as inhibited T release dose-dependently, thus affecting ovarian folliculogenesis,
oocyte maturation, ovulation, follicular atresia and fecundity. On the other hand, Cur
is reported as T release enhancer in porcine (Kadasi et al. 2012), but RA + Cur
combination in the current study prohibited the T release. Thus, here also RA has
negatively affected Cur’s activity on androgen. Therefore this combination in turn
can also affect ovarian folliculogenesis, follicular atresia, oocyte maturation, ovula-
tion and fecundity via T, a known regulator of these processes (Sirotkin 2011;
Walters et al. 2008). Hence, along with cell proliferation and apoptosis, RA can
also alter the Cur’s effect on ovarian steroidogenesis.

43.5 Conclusion

The comparison of real-time CI data and accumulation of cyclin B1, caspase-3 and
progesterone-testosterone releases demonstrate that both RA and Cur can affect
ovarian functions. Combination of RA + Cur has directly affected the (a) cell
proliferation, (b) cell apoptosis and (c) progestogen and androgen release when
Cur is used at a higher dose. Reversibly same combination with lower doses of
Cur neutralised the cell proliferation suppressing activity of RA. Present report also
suggests that RA can change the Cur’s reported efficacy on granulosa cell function
and RA + Cur combination can act as a fertility regulator. Since all the mentioned
parameters are under female reproductive cycle, therefore, results of the findings
suggest a possible female herbal contraceptive mechanism of action of RA + Cur
combination.
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Abstract

Pterocarpus santalinus Linn. (family Fabaceae), commonly known as
Raktachandan or red sandalwood in India, is a rare plant, principally found in
the southern part of India. The plant is described Ayurveda for multipurpose
biological activities like anti-diabetic, wound healing, anti-inflammatory, antipy-
retic, aphrodisiac, anti-haemorrhagic, etc. Phytochemical investigations of this
plant show that it contains substances, for example, alkaloids, phenols, saponins,
glycosides, flavonoids, triterpenoids, sterols and tannins. What’s more, heart-
wood contains isoflavone, glucosides and two enemies of tumour lignans, viz.
savinin and calocedrin. Biological studies of the plant reveal that it has a potent
wound healing property in animal model. Besides, hepatoprotective activity in
rodents was also found to be perceptible, and protection against oxidative stress-
induced DNA damage, investigated on the basis of comet assay, has also been
noticed with this medicinal plant.
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Abbreviations

ABTS 2,20-Azino-bis(3-ethylbenzothiazoline-6-sulfonic acid)
DMSO Dimethyl sulfoxide
DNA Deoxyribonucleic acid
DPPH 1,1-Diphenyl-2-picrylhydrazyl
EDTA Ethylenediaminetetraacetic acid
EtOH Ethanol
FBS Foetal bovine serum
HBSS Hanks Buffered Salt Solution
OTM Olive tail moment
RNA Ribonucleic acid
RPMI Roswell Park Memorial Institute
SDS Sodium dodecyl sulphate

44.1 Introduction

In the process of evolution of the universe for several thousands of years, numerous
biosyntheses occur in the nature, some of which were represented as gifts for the
mankind. These ranges of gifts included medicinal plants, lower and higher animals
and non-animated minerals and metals. The most important use of natural products is
highlighted as healthcare ingredients, next to food. Canvassers of natural products in
the world have explored many treasures for using them to control and cure many
diseases. These campaigners have also observed that a single natural product may
have diverse biological activities. This information is noted in various languages in
various countries under various traditional systems of medicine, and Ayurveda is
such a wing, established in India about 5000 years back, which described this
diversity of a single natural agent.

Many natural products are described in different classical texts of Ayurveda for
therapeutic purpose, and medicinal plant is a major resource among these. A review
reveals that a total number of 1587 medicinal plants are narrated in different texts of
Ayurveda for various therapeutic purposes, either in single or in combined form.
Among these 341 medicinal plants are described in Charaka Samhita, 395 in
Sushruta Samhita and a maximum of 902 in Ayurvedic text Ashtanga Hridayam
(Vassou et al. 2016). In reference to a large number of plants described in Ayurveda,
only 395 medicinal plants are included in Ayurvedic Pharmacopoeia of India as most
of these plants are not available now. Amusing descriptions of 500 medicinal plants
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are found in Charaka Samhita categorized into 50 groups on the basis of their
therapeutic mode of action (Biswas 2018).

Pterocarpus santalinus Linn. (family Fabaceae), commonly known as
Raktachandan, is one such available medicinal plant, now enlisted in the rare
category, which is descried in Ayurveda for its various therapeutic activities.
P. santalinus is a small to medium measured deciduous tree having a thick, round
crown arriving at a stature of 10–15 m with a circumference of around 90–160 cm
(Fig. 44.1). The plant is known as red sandalwood or rubywood, found specifically
in the southern parts of the Eastern Ghats of India. The heartwood of the plant is deep
red in colour (Fig. 44.2a) and described in different texts of Ayurveda for its use in
various therapeutic purposes like controlling vomiting, thirst, diabetes,
haemorrhage, different diseases of eyes, wounds, fever, helminthiasis (intestinal
worms), diverse psychological diseases, etc. (Biswas and Mukherjee 2003). The
bark is regularly dull earthy coloured in shading with rectangular plates and pro-
foundly fissured when developed and radiates a red shading gum with various pink

Fig. 44.1 The plant
Pterocarpus santalinus
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streaks on bursting. The plant has tremendous demand in the international market,
particularly in Japan, for its wavy red grained internal structure to prepare a three-
stringed special musical instrument called as ‘shamisen’. This typical structure of
wood of the plant enables to prepare the best quality of such acoustic musical
instrument. In China, the plant is used since the tenth century for the manufacture
of high-value furniture (Arunkumar and Joshi 2014). Apart from its classical uses as
mentioned in Ayurveda, there are a number of evidences for its different therapeutic
uses by traditional healers in different parts of India. The traditional Santal group of
folklores uses this plant for the treatment of burn wound (Pachiari ghao) (Bodding
1986). The whole plant of P. santalinus is used by Yerukula and Irula tribes of
Chittoor district in Andhra Pradesh for the healing of ulcer (Vedavathy et al. 1997);
the stem bark extract is used by a tribal group of the Western Ghats in Shimoga
region of Karnataka state for treating diabetes, fever and snake bite and specially for
jaundice (Manjunatha 2006); and various tribes in coastal Karnataka use red sanders
as an anti-inflammatory agent for the treatment of herpes zoster (Bhandari and
Chandrashekar 2011). The principal red pigment of red sanders contains the chemi-
cal constituents santalins ‘A’ and ‘B’ (Fig. 44.3), which are traditionally important
for its cosmetic value; particularly it is applied topically as a popular home remedy
used in southern India as lightening agent against post-acne and other facial scars.
The alcoholic extract of the plant is used as a natural colouring agent for providing
nutrition is cosmetic products and with the added benefit of antioxidant potential
(Prakash and Majeed 2008). Interestingly, it is also mythologically reported that the
stem of the plant is religiously used for the worship of lord Shiva, Durga and other
goddess according to Hindu rituals in India (Sarma 2015).

Fig. 44.2 The heartwood of Pterocarpus santalinus (a), powder (b) and ethanol solution (c)
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Scientific appraisal on this endangered plant is extremely limited. There is a
report of the presence of carbohydrates, anthocyanins, phenols, triterpenoids,
saponins, tannins, steroids, flavonoids, glycosides and glycerides in the plant
(Bhange et al. 2016), but no such detailed information is available till date. On the
other hand, the scientific information on the pharmacological and/or clinical
activities of the plant other than its wound healing property is least. An updated
scientific screening of the plant was performed, and fascinating findings were
revealed with this plant on different biological fields as well as chemical analysis,
which are being depicted in the current essay.

44.2 Scientific Screening

44.2.1 Collection and Identification of the Plant

The dried heartwood of P. santalinus was procured from an authorized vendor and
was identified by a competent authority of the Botanical Survey of India. The
heartwood was powdered finely with a mesh size of 80 (μm) and was separated
into two parts, of which one part was kept as crude powder and other for further
chemical extraction and analysis.

Fig. 44.3 Chemical structure
of colouring pigments of
P. santalinus(Source Prakash
and Majeed 2008)
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44.2.2 Toxicity Study of P. santalinus

Acute toxicity study including CNS effect were observed by conventional pharma-
cological method with aqueous extract of the powder of the plant on Swiss albino
mice in three doses as 500 mg kg�1 b.w., 1 g kg�1 b.w. and 2 g kg�1 b.w. on oral and
intra-peritoneal routes. No toxicities or mortalities were observed with these doses,
indicating its safety aspect (Biswas et al. 2004a, 3(3)).

44.2.3 Preparation of Ointment

Ointment of 15% concentration (w/w) was prepared with white soft petroleum jelly
(mp 60 �C) with crude powder and 5% concentration (w/w) with aqueous ethanol
extract powder. These formulations were meant for the wound healing study in
animal as well as clinical patients of non-healing wounds.

44.2.4 Chemical Screening of Ethanol Extract

44.2.4.1 Preparation of Plant Extract
Five gramme (5 g) of heartwood of P. santalinus was powdered and extricated
(Fig. 44.2b, c) twice with 20 ml 80% fluid ethanol (EtOH) with constant stirring for
18–24 h at surrounding temperature. The concentrates gained from the first and the
resulting extractions were blended and diluted to 50 ml, and aliquot was investigated
for their all-out phenolic, flavonoid and flavanol content, reducing power and free
radical scavenging limit.

44.2.4.2 Quantification of Total Phenolic, Flavonoid and Flavanol
Contents

The measure of all-out phenolic substance of unrefined concentrate of P. santalinus
was resolved by the Folin-Ciocalteu technique (Singleton and Rossi 1965). Total
flavonoids in P. santalinus were assessed utilizing the strategy of Ordonez et al.
(2006), and all-out flavanols in the plant were evaluated utilizing the technique of
Kumaran and Karunakaran (2006).

44.2.4.3 Estimation of Reducing Power
The capacity of the concentrates to reduce iron (III) was evaluated by using the
strategy of Oyaizu (1986). For this reason extricates (100 μl) of plant were added in
phosphate buffer (2.5 ml, 0.2 M, pH 6.6) and 1% potassium ferricyanide (2.5 ml).
The blend was incubated at 50 �C for 20 min. Aliquots of 10% trichloroacetic acid
(2.5 ml) were added to the mixture, which was then centrifuged at 3000 rpm for
10 min. The upper layer of the solution (2.5 ml) was mixed in with distilled water
(2.5 ml) followed by addition of ferric chloride (0.5 ml, 0.1%). The absorbance was
estimated at 700 nm. The reducing power is given in ascorbic acid comparable
(AAE) in milligramme per gramme (mg/g) of dry material utilizing the
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accompanying condition dependent on the calibration curve: y¼ 0.0023x� 0.0063,
R2 ¼ 0.9955 where y was the absorbance and x was the ascorbic acid proportional
(mg/g).

44.2.4.4 Evaluation of DPPH Free Radical Scavenging Activity
The free radical rummaging movement of the plant extract and butylated
hydroxytoluene (BHT) as positive control was resolved utilizing the steady radical
DPPH (1,1-diphenyl-2-picrylhydrazyl) (Blois 1958). Aliquots (20–100 ml) of the
tried example were set in test tubes, and 3.9 ml of newly arranged DPPH arrange-
ment (25 mg L�1) in methanol was included in each test tube and mixed. Thirty
minutes later, the absorbance was estimated at 517 nm (UV-noticeable spectropho-
tometer Shimadzu UV-1800). The ability to rummage the DPPH radical was deter-
mined, utilizing the accompanying condition:

DPPH scavenged %ð Þ ¼ Ac� Atð Þ=Acf g � 100

Here Ac is the absorbance of the control response, and At is the absorbance in
nearness of the example of the concentrates. The antioxidant capacity of the concen-
trate was communicated as IC50. The IC50 value was characterized as the fixation in
mg of dry material per ml (mg/ml) that represses the arrangement of DPPH radicals
by half. Each value was resolved from regression equation. Values are introduced as
mean � standard error mean of three recreates. The all-out phenolic content,
flavonoid content, flavanol content, reducing power and IC50 estimation of each
plant material were determined by utilizing linear regression examination.

44.2.4.5 Determination of ABTS Radical Cation Scavenging Activity
The 2,20-azino-bis(3-ethylbenzothiazoline-6-sulfonic corrosive) (ABTS) radical cat-
ion (ABTS.+)-searching movement was estimated by the strategy depicted by Miller
(Miller and Rice-Evans 1997). ABTS was dissolved in water to a 7 mM focus. The
ABTS radicals were created by including 2.45 mM potassium per sulphate (last
concentration). The completion of radical formation was acquired in obscurity at
room temperature for 12–16 h. This arrangement was then diluted with ethanol to
modify its absorbance at 734 nm to 0.70 � 0.02. To decide the scavenging activity,
1 ml of diluted ABTS. + solution was added to 10 μl of plant concentrate (or water
for the control), and the absorbance at 734 nm was estimated 6 min after the
underlying mixing, utilizing ethanol as blank. The level of inhibition was determined
by the equation:

ABTS scavenged %ð Þ ¼ Acont � Atestð Þ=Acont � 100

where Ac and As are the absorbencies of the control and of the test sample,
respectively. From a plot of concentration against % inhibition, a linear regression
analysis was performed to determine the IC50 value of the sample.
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44.2.4.6 Estimation of Phenolic Acids and Flavonoids in the 80%
Aqueous Ethanol Extract of P. santalinus by HPLC

HPLC examinations for the measurement of phenolic acids and flavonoids in the
concentrate were performed following the strategy of Seal et al. (2017) utilizing
Dionex Ultimate 3000 fluid chromatograph including a diode array detector (DAD)
with 5 cm stream cell and with Chromeleon system manager as data processor.
Separation was accomplished by a reversed phase Acclaim C18 column (5 micron
molecule size, 250� 4.6 mm). 20 μL of test was brought into the HPLC section. The
strategy was approved by the USP and ICH rules (ICH-Q2A 1995; ICH-Q2B 1996).
HPLC chromatograms were distinguished utilizing a photo diode array UV detector
at three unique frequencies (272, 280 and 310 nm) as indicated by absorption
maxima of analysed compounds. Each compound was recognized by its retention
time and by spiking with measures under similar conditions. The evaluation of
phenolic acids and flavonoids in the example extricates was done by the measure-
ment of the integrated peak area, and the substance was determined using the
calibration curve by plotting peak area against concentration of the respective
standard sample. The data were described with convergence limit in triplicate. A
representative HPLC chromatogram of the mixture of all standard phenolic acids and
flavonoids recorded at 280 nm is delineated in Fig. 44.4.

The quantification of phenolic acids and polyphenolic compounds (e.g. gallic
acid, protocatechuic acid, gentisic acid, chlorogenic acid, p-hydroxybenzoic acid,
vanillic acid, caffeic acid, syringic acid, p-coumaric acid, ferulic acid, sinapic acid,
salicylic acid and ellagic acid, catechin, rutin, myricetin, quercetin, naringin,
apigenin and kaempferol) in the 80% aq. ethanol extract of P. santalinus were
carried out by HPLC studies. The quantity of all phenolic acids and flavonoids in
the investigated plant has been expressed as μg/mg dry plant material and data
described in Table 44.1.

The HPLC chromatogram of the heartwood of P. santalinus (Fig. 44.5) showed
the presence of protocatechuic acid (0.72 � 0.007), catechin (8.16 � 0.033),
chlorogenic acid (1.89 � 0.03), vanillic acid (6.47 � 0.04gm), caffeic acid
(2.36 � 0.02), syringic acid (0.81 � 0.02), p-coumaric acid (0.78 � 0.02), ferulic
acid (0.52 � 0.01), sinapic acid (0.22 � 0.02), naringin (3.53 � 0.03), rutin
(5.67 � 0.04), ellagic acid (0.68 � 0.02 mg/100 gm), myricetin (12.58 � 0.07),
quercetin (2.14 � 0.04), naringenin (1.09 � 0.007), apigenin (1.50 � 0.02) and
kaempferol (94.78 � 0.07) (Table 44.2).

44.2.4.7 Antioxidant Activities of the Heartwood of P. santalinus
In this assay, estimation of all-out phenolic, all-out flavonoid and absolute flavanol
content, decreasing force, ABTS and DPPH techniques were utilized to assess the
in vitro cell reinforcement exercises of the 80% aq. ethanol concentrate of
P. santalinus, and the result has been introduced in Table 44.3. The outcome
indicated that the all-out phenolic content in the plant was 49.48 � 4.62 mg
GAE/gm dry concentrate. The flavonoid and flavanol sums that were identified in
the heartwoods were 39.61 � 0.41 mg/g and 91.80 � 2.38 mg/g dry concentrate,
respectively. The reducing power (AAE) of the 80% aq. ethanol extract was
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70.21 � 2.51 mg/g. The investigation likewise uncovered that the ABTS radical
searching action indicated higher antioxidant capacities with IC50 esteem
0.02 � 0.001 mg dry concentrate than DPPH measure (IC500.06 � 0.001 mg dry
concentrate).

44.2.5 Evaluation of Wound Healing Property

44.2.5.1 Study of Wound Healing Efficacy with Crude Ointment
Wound healing property was performed in Charles Foster rats of with ointment
prepared from P. santalinus crude drug (15% w/w) to compare the efficacy. The
efficacy of the ointment from P. santalinus crude drug (15% w/w) was evaluated in
8 mm full-thickness punch biopsy wound model by means of a specially designed
instrument Acuderm (Fig. 44.6), and effect was observed on the basis of physical
parameters like graphical measurement of wound contraction size (mm2) (Fig. 44.7),
healing periods (days) and tensile strength (g) as well as molecular markers like
estimation of tissue DNA, RNA, protein and hydroxyproline. The study was
conducted in comparison with untreated control, vehicle control (ointment base
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petroleum jelly with mp 60 �C) and standard comparator human placental extract.
Tissues were also processed for histopathological findings with haematoxylin and
eosin (H&E) stain. Interestingly, it was observed that the wound healing efficacy of
the ointment prepared from the crude powder envisaged significant reduction of
wound contraction size (mm2) within a time period of 9 days which was significantly
( p < 0.05) better than untreated control (16 days), vehicle control (15 days) or
human placental extract (12 days). There was also significant ( p < 0.05) generation
of tensile strength (421 g) which was better than all the other treated groups. This
evidence was supported with highly significant ( p < 0.001) synthesis of molecular
markers like DNA (2.45 mg/g), RNA (2.30 mg/g), protein (24.48 mg/g) and
hydroxyproline 6.04 mg/g) (Table 44.4). The result of molecular marker was
found to be quite comparable with human placental extract. The biological character
of wound healing process was reflected with histological study with P. santalinus
study showing potent epithelialization, neoangiogenesis and collagenases (Fig. 44.8)
(Biswas et al. 2004a, 3(3)).

Clinical study of crude ointment was performed owing to the promising result of
the experimental model, and the ointment was thereafter applied on selected patients
of non-healing wounds. Efficacy of the wound healing property of the crude
ointment of P. santalinus was observed on the basis of the physical parameters
like measurement of wound contraction size (mm2) and arbitrary scoring for assess-
ment of granulation and epithelialization (Table 44.5) (Biswas et al. 2004b, 3(4)).
Promising wound healing property of the ointment was observed in six patients as
observed on the basis of physical and haematological parameters. In the treatment
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Fig. 44.5 HPLC chromatogram of heartwoods of P. santalinus showing phenolic acids and
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protocol, all the patients’ wounds were primarily dressed with 70% ethanol followed
by turpentine oil. No antibiotic was applied to any of the patients in tropical or
systemic routes. A specific case study on a patient codified as R.S., 60 years, male
had a deep seated wound of 15 mm2 area over the lateral malleolus of left foot, was
treated with the ointment on every alternate day, showed complete healing without
any mal-union through healthy epithelialization and granulation along with decrease
of elevated ESR (37.5% reduction) indicating its role in controlling the inflammatory
procedure. The patient was treated with the ointment for 30 consecutive days and
showed complete healing (Fig. 44.9). The haematological investigation showed
13.63% increase of lymphocyte, indicating promotion of collagen fibres as lympho-
cyte is considered as the pre-cursor of collagen (Biswas et al. 2004b, 3(4)).

Table 44.3 Antioxidant properties of the heartwood of P. santalinus

Parameters Amount (mg/g) dry extract

Total phenolic content (gallic acid equivalent) 49.48 � 4.62

Total flavonoid content (rutin equivalent) 39.61 � 0.41

Total flavanol content (quercetin equivalent) 91.80 � 2.38

Reducing power (ascorbic acid equivalent 70.21 � 2.51

DPPH radical scavenging activity
(IC50mg dry extract)

0.06 � 0.001

ABTS radical scavenging activity
(IC50mg dry extract)

0.02 � 0.001

Each value in the table was obtained by calculating the average of three experiments, and data are
presented as mean � SEM

Fig. 44.6 Full-thickness punch wound of 8 mm2 diameter
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44.2.5.2 Study of Wound Healing Efficacy with 5% EtOH Extract
Ointment

Wound healing efficacy of 5% ointment of P. santalinus ethanol extract was
evaluated both in 8 mm full-thickness punch wound model in Wistar rats (inflicted
with Acuderm instrument) and in patients of chronic non-healing wounds. Methods
for infliction of wounds in rats were followed in the same way as done earlier. It was
observed that there was significant ( p < 0.05) reduction of wound size (1.30 mm2)
within a period of 8 days with P. santalinus 5% ointment, which was better than the

Fig. 44.7 Graphical measurement of wound contraction in different days
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vehicle control (petroleum jelly) or framycetin topical ointment-treated wounds in
rats (Fig. 44.10a, b, c). The sequential change of hydroxyproline (mg/g) of wound
tissues collected on days 6, 9 and 11 with this treatment was performed by a special
method of sealing in neutral glass ampules with 6 N HCl followed by boiling in
water bath at 100 �C temperature for a period of 2 h and thereafter neutralizing the
aliquot with 5 N NaOH. Estimation of hydroxyproline was done against blank and
standard hydroxyproline in spectrophotometer at 557 nm after a series of chemical
reactions (Woessner 1961). Results of sequential change of hydroxyproline (mg/g)
of wound tissues collected on days 6, 9 and 11 were 5.28, 10.72 and 14.44, which
were promisingly significant ( p < 0.001) than other treatment groups and quite
comparable with framycetin-treated group (Table 44.5). Hydroxyproline is the
fundamental building block of collagen, composed of three major proteins proline,
hydroxyproline and glycine, remaining in a triple helix manner and is the direct
molecular marker for understanding the potentiality of wound healing efficacy.
Results of animal study definitely support the potent wound healing efficacy of
5% ointment of P. santalinus ethanol extract. Results of physical and biochemical
studies were well evidenced by the study of protein SDS-polyacrylamide gel elec-
trophoresis (Bailey et al. 1979). This was done with wound tissues of P. santalinus-
treated animals collected on days 6, 9 and 11 and compared with standard marker
collagen IV (14–44 kDa). Interestingly it was observed that proteins of different
molecular weights were generated with the treatment of 5% ointment of
P. santalinus ethanol extract on days 6, 9 and 11, indicating its potentiality in the
formation of wound base as well as wound tissues (Fig. 44.11).

The 5% ointment of P. santalinus ethanol extract was thereafter applied on
patients of chronic non-healing wounds of lower extremity like diabetic foot ulcers
and varicose vein ulcer. Conventional anti-diabetic and antibiotic therapies were
administered therefore to the patients for controlling diabetic state and to prevent
secondary infections. A total 12 patients were selected and were categorized into two
groups. Six patients received 5% ethanol extracted P. santalinus ointment, and rest
six received vehicle control (petroleum jelly) as comparator to evaluate effect the
base of the ointment. There was significant ( p < 0.05) reduction of wound size

Fig. 44.8 Histological characteristics of P. santalinus crude ointment (15%w/w)-treated healed
wound tissues (A ¼ epithelialization, B ¼ collagenases, C ¼ neoangiogenesis)
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(50.12%) with good-quality epithelialization and granulation as detected by arbitrary
scoring system in P. santalinus-treated group with respect to vehicle control
(Table 44.6). This evidence was supported by haematological parameters like
significant reduction of ESR and increase of lymphocyte count (Table 44.7). Mani-
festation of wound is an outcome of inflammatory process of human system where
there is involvement of vascular response, cellular response and repair. Amelioration
of vascular and cellular response is indicated by reduction of ESR, while repair of
wounds is mediated by lymphocyte markers. It is reposted that lymphocytes initiates
the immune response during inflammatory procedure and thereby converted into
fibroblast which is the sourced of collagen (Rubin and Farber 1996). Healing of
wound is chiefly based on qualitative and quantitative synthesis of collagen which is
potentially performed by 5% ethanol extracted P. santalinus ointment. The efficacy
of the ointment prepared from 5% EtOH extract of P. santalinus was exemplified
with chronological improvement of a patient codified as C.B., 45 years, female,
having diabetic foot ulcers showing the potent closure of wounds as measured by
induration measurement scale (Fig. 44.12), which heal within a period of 22 days
(Figs. 44.13 and 44.14) without any complication.

44.2.6 Hepatoprotective Effect of EtOH Extract of P. santalinus

Advancement of civilization results in amplified exposure of human body to numer-
ous foreign chemicals known as xenobiotics. These potentially hazardous
compounds are subjected to chemical alterations within the body in a safer, water-
soluble and excretable molecule. The liver plays the central pivotal role for such
crucial activities. In spite of enormous regenerative capacity, continuous injuries to
hepatocytes and bile duct cells often lead to drug-induced liver injury. Furthermore,
the enhanced regenerating and proliferative response of hepatocytes makes the liver
susceptible to carcinogenesis. Carbon tetrachloride (CCl4) has long been used as a

Fig. 44.9 Clinically treated non-healing wounds with crude P. santalinus crude ointment (15%w/
w) on a patient of deep right lateral malleolus wounds
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standard hepatotoxin. It is evident that metabolic activation of CCl4 into.CCl3 and.Cl
kicks off lipid peroxidation. Scientific reports suggest that some herbal extracts
could ameliorate the damage caused by CCl4-induced oxidative stress by altering
the levels of increased lipid peroxidation and improving the decreased activities of

Fig. 44.10 Effect of 5% ethanol extract ointment of P. santalinus, framycetin ointment and vehicle
control on 8 mm punch wound on day 9 in Wistar rats
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endogenous antioxidant enzymes (viz. SOD, CAT), as well as increasing
hepatic GSH.

In the present study, the hepatoprotective effect of EtOH extract of P. santalinus
was evaluated on Wistar rats (body weight 160 � 20 g) which were acclimatized
under laboratory condition for a fortnight before starting the experiments. They were
provided with standard diet and water ad libitum. The animals were divided into
three groups, each group having six rats. Group I was treated as normal control,
group II was treated as CCl4 control in which rats were injected with CCl4 in paraffin
oil (1:1) at the dose of 2 ml-kg b.w. through i/p route, and group III received hydro-
alcoholic (30:70) extract (EtOH) of P. santalinus through oral route at a dose of

Fig. 44.11 Study of SDS-PAGE with wound tissues of different days treated with 5% ethanol
extract P. santalinus ointment in Wistar rats (Lanes: I ¼ collagen IV, II ¼ normal skin, III ¼ day
6, IV ¼ day 9, V ¼ day 11)

Table 44.6 Arbitrary scoring system for assessment of wound index, granulation and epitheliali-
zation in clinical patients of wounds

Sl Wound index
Incidences of granulation and
epithelialization Score

1 Complete healing of wound with scar
formation

Complete formation of epithelial and
granular tissue (100%)

5

2 Incomplete but healthy progress of
healing

Satisfactory progress of formation of
epithelial and granular tissue (75%)

4

3 Healing process is delayed but initiation
for granulation and epithelial tissue

Moderate formation of granulation
and epithelial tissue (50%)

3

4 Wound is healthy but healing process is
yet to start

Initiation of process of formation of
epithelial and granular tissue (25%)

2

5 Unhealthy wound and non-initiation of
healing process

No granular or epithelial tissue
formation (0%)

1

Total 15

Here, the higher the score, the better the healing
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500 mg-kg b.w. for 2 days prior to CCl4 administration (day 3), and the extract was
continued for another 3 days. On day 6, twenty-four (24) hours after the last i/p
injection of CCl4, blood samples from all the groups of rats were drawn from the
heart after being anaesthetized under a light diethyl ether. Animals of all the groups
were sacrificed thereafter, and liver tissues were collected, homogenized (10% w/v)
in normal PBS (pH 7.2) and stored at �20 �C for biochemical analysis. Serum
biochemical parameters like ALT, AST and ALP were estimated according to the
method of commercially available kit (BioLab Diagnostics, India). From the liver
homogenate, malondialdehyde (Uchiyama and Mihars 1978), GSH (Teitze 1969),
SOD (Misra and Fridovich 1972) and catalase (Beers Jr. and Sizer 1952) were
estimated.

Fig. 44.12 Wound contraction size measurement scale in clinical patients
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The hepatoprotective effects of P. santalinus extract on serum ALT, AST and
ALP activity are shown in Table 44.8. In the CCl4 group, serum ALT, AST and ALP
activity was significantly increased in comparison with that of control group,
whereas these values were 22–35% decreased in drug-treated groups. GSH, a
non-enzymatic endogenous antioxidant, is an important biomolecule for combating
chemically induced toxicity. The level of GSH was substantially decreased in the
CCl4 group compared to the control group. Pre-treatment with P. santalinus reduced
the extent of CCl4-induced hepatic GSH depletion by 35% (Table 44.9). Lipid
peroxidation is considered to be one of the principal causes of CCl4-induced liver
injury. Pre-treatment of rat with P. santalinus effectively inhibited CCl4-induced
hepatotoxicity (73.8%, p < 0.02), as shown by the reduced level of hepatic MDA
formation, an index of the chain reaction of lipid peroxidation (Table 44.9). SOD is
an extremely effective antioxidant enzyme. The increased production of free radicals
caused by the administration of CCl4 was a major cause of the reduced SOD activity.

Fig. 44.13 Effects of EtOH extract ointment (5% w/w) of P. santalinus on different days in
diabetic foot ulcer
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The data showed that the SOD activity significantly decreased in rats treated with
CCl4 compared with the control group. Pre-treatment with P. santalinus significantly
(69.4%, p< 0.02) prevented the decrease in SOD activity (Table 44.9). A significant
decrease in hepatic CAT activity was observed in the CCl4 control when compared

Fig. 44.14 Complete healing
of diabetic foot ulcer on day
22 with EtOH extract
ointment (5% w/w) of
P. santalinus

Table 44.8 Changes in serum hepatic markers in CCl4 and P. santalinus Linn. in rats

Groups ALT (KU/ml) AST (KU/ml) ALP (KU/ml)

Normal control 60.42 � 7.47 66.83 � 13.86 80.17 � 13.26

Only CCl4 268.50 � 11.52 480.83 � 35.82 219.83 � 22.10

CCl4 + drug (500 mg/kg) 221.42 � 11.95* 385.17 � 23.56* 170.67 � 10.82

*p < 0.05 when compared with CCl4 group

Table 44.9 Changes in hepatic lipid peroxidation, GSH contents, CAT and SOD activities in CCl4
and P. santalinus Linn. in rats

Groups
GSH (mU/mg
tissue)

CAT (mU/mg
tissue)

SOD (mU/mg
tissue)

MDA (nM/mg
tissue)

Normal control 1.789 � 10.16 131.65 � 5.81 101.91 � 6.06 56.41 � 6.52

Only CCl4 1.364 � 0.09 95.53 � 4.76 41.64 � 5.57 113.55 � 10.33

CCl4 + drug
(500 mg/kg)

1.502 � 0.10 116.63 � 6.64* 83.47 � 9.65* 71.37 � 5.67*

*p < 0.05 when compared with CCl4 group
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with the control group, but the decrease induced by CCl4 was significantly (58.4%,
p < 0.05) ameliorated by the pre-treatment of P. santalinus extract (Table 44.9).

44.2.7 Evaluation of DNA Damage Protection Role of P. santalinus
EtOH Extract (Comet Assay)

The experimentation was done on fresh goat livers which were perfused in PBS
(pH 7.4) with collagenase, and the liver was then minced in minute pieces, and cells
were separated using cell strainer having 40 μl pore size (Genetix cell strainer,
S. Korea). The cells were then washed with HBSS and centrifuged at 800 g to
eliminate fine debris. The purity of hepatocytes was examined by phase-contrast
microscopy. The isolated cells were taken in an Eppendorf tube containing 0.5 ml
RPMI and 10% FBS. Cells were then pre-incubated with with/without P. santalinus
extract at a concentration of 100 μg/ml at 37 �C for 30 min, and then 10 μl 1.5%
CCL4 was added to treated and only CCL4 groups and incubated for another 30 min
at 37 �C in a CO2 incubator. 20 μl cell suspensions in 90 μl of 0.5% low melting
point agarose (LMPA) were used for preparation of slides and solidified at 4 �C on a
slide pre-coated with a film of 1% normal melting point agarose (NMPA). Two
slides were prepared for each sample. After solidification, slides were put in cold
lysis buffer (2.5 M NaCl, 100 mM EDTA, 10 mM Tris buffer, 10% DMSO, Triton
X-100 0.8%, pH 10) for 1 h, followed by alkylation with electrophoresis buffer
(1 mM EDTA, 0.3 N NaOH, pH 13.0) for 20 min for unwinding of DNA. Then,
electrophoresis was performed for 30 min at 25 V/300 mA, and electrophoresis
slides were neutralized (three times) and stained with ethidium bromide solution
(20 mg/ml). The stained nuclei were visualized under fluorescent microscopy and
photographed. Olive tail moment (OTM) of individual stained nuclei was calculated
using CaspLab® comet assay software. The lower the value of olive tail moment, the
higher the level of DNA protection of the test extract.

The study revealed that there was about 50.39% prevention of DNA damage in
CCl4 along with P. santalinus-treated group with respect to CCl4 alone
(Table 44.10). Results are illustrated in Fig. 44.15 to envisage the mean olive tail
moment (whose magnitude reflects the extent of DNA strand breaks per nucleus) for
all groups including the untreated control and vehicle control group in which most
cells presented with no comet. DNA was tightly compressed and maintained the
circular nature of the normal nucleus (Fig. 44.15a, b). Fig. 44.15c of CCl4 group; the
profile of the nuclear DNA in this group was altered with the appearance of a

Table 44.10 Changes in
DNA damage in CCl4- and
P. santalinus Linn.-treated
isolated hepatocytes

Groups OTM

Normal control 4.53 � 1.41

Vehicle control 5.22 � 1.91

Only CCl4 (1.5%) 14.41 � 3.81

CCl4 + drug (100 μg/ml) 7.30 � 2.04

Data are in mean � SEM
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fluorescent streak extending from the nucleus. Image 15d of the treated group
showed less damage of liver cells. Thus, treatment with PS effectively alleviated
the DNA damage, induced by CCl4.

44.3 Summary and Path Forward

Pterocarpus santalinus, commonly known in India as Raktachandan, is considered
as a holy plant not only for its use in ritualistic activity but also for its multipurpose
therapeutic applications. Interestingly many natural products are described in Ayur-
veda for their diverse therapeutic applications, and P. santalinus is such an important
example. The description regarding the diverse therapeutic use of P. santalinus is
available in different classical texts of Ayurveda, and Bhavaprakasha Samhita of the
eleventh century (Sengupta et al. 2000) described it vividly as follows:

Fig. 44.15 Mean olive tail moment in different groups subjected to comet assay where a¼ normal
control, b ¼ vehicle control, c ¼ only CCL4 and d ¼ CCL4 along with P. santalinus-treated group
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The verse narrates the potent role of the plant in the amelioration of diseases like
vomiting manifested due to different pathological conditions, thirst disorders,
diseases of Pitta source like hepatic disorders, diseases of eye, wounds and various
systemic toxicities. The narration can be translated in modern scientific language as
its role in the eradication of noxious substances from the body like oxidative free
radicals, maintenance of physiological status of the hepatic biochemistry, healing of
wounds, etc. The current research work was planned to establish the theories of the
Ayurveda in modern parlance.

A detailed phytochemical investigation of the plant was performed with 80%
aq. ethanol concentrate of P. santalinus which demonstrated strong antioxidant
agent exercises utilizing DPPH and ABTS measure. The IC50 estimation of DPPH
examined was seen as higher than that of ABTS measure. The complete phenolic
segment displayed cell reinforcement action through adsorption and balance of the
free radicals, while flavonoid and flavanol indicated antioxidant action through
rummaging or chelating process. The antioxidant agent exercises of the extractive
arrangement speak to a significant parameter to assess the organic property of the
plant. In this way, it is important to describe and evaluate the significant mixes like
phenolic acids and flavonoids present in the plant and furthermore to approve the
technique for division and distinguishing proof of dynamic constituents. The HPLC
investigation indicated the nearness of protocatechuic acid which is a broadly
disseminated normally happening phenolic acid. It has auxiliary closeness with
gallic acid, caffeic acid, vanillic acid and syringic acid which are notable antioxidant
agent mixes. A decent measure of these phenolics identified in this plant may be
liable for the solid cell reinforcement properties of the plant and in this manner help
in the avoidance and treatment of different oxidative pressure-related illnesses, for
example, neurodegenerative and hepatic sicknesses (Kakkar and Bais 2014). It is
likewise detailed that because of the nearness of p-coumaric acid, the plant is
accepted to have cancer prevention agent conduct in this way lessening the develop-
ment of cancer-causing nitrosamines in the stomach (Ramadoss Karthikeyan et al.
2015). All these logical foundations are very much bolstered with the experimenta-
tion portrayed in the ebb and flow investigate work. The HPLC examination of the
ethanol concentrate of P. santalinus showed the nearness of good measure of
naringin and rutin. Rutin is a phenolic compound with glycosidic linkage. It is
accounted for to display huge pharmacological exercises, including antioxidation,
hostile to irritation, against diabetic and so on (Moghaddasian et al. 2013).
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Biological investigation of the plant for wound healing, hepatoprotective and
DNA damage protecting effect was performed on the basis of the chemical screen-
ing, and it is envisaged that P. santalinus has potent wound healing property which
was observed with ointment prepared by both crude plant (15% w/w) and EtOH
extract (5% w/w). The wound healing potentiality of ointment prepared from EtOH
extract was found to be better than the crude part, but both of them showed
potentiality in this perspective. The healing of wound is a natural phenomenon,
but the natural process of healing may lack quality, aesthetics and duration. This
entire goal was fulfilled by this plant due to its prompt synthesis of hydroxyproline,
its anti-inflammatory mechanism and the proliferative property of lymphocytic
tissues, which are the fundamental sources of collagen tissue formation. The
antioxidative and free radical scavenging activities of the phenolic and polyphenolic
compounds like gallic acid, protocatechuic acid, gentisic acid, chlorogenic acid, p-
hydroxybenzoic acid, vanillic acid, caffeic acid, syringic acid, p-coumaric acid,
ferulic acid, sinapic acid, salicylic acid and ellagic acid and catechin, rutin,
myricetin, quercetin, naringin, apigenin and kaempferol are solely responsible for
the healing property as well as hepatoprotective and DNA damage protection
activity. The hepatoprotective role of the plant supports the maintenance pathway
of different metabolic activities followed by the augmentation of biological synthesis
of beneficial microelements like growth factors to accelerate the healing process and
other biological achievements. The study of DNA damage protection is an added
accomplishment which indicates the safety aspects of the plant on the one hand and
role of P. santalinus in succeeding other biological outcomes like wound healing or
hepatoprotective values on the other. It can be concluded that the idea of Ayurveda in
considering single natural agent for multiple biological effects is contemplated well
with the present view of research work to explore the wonder gift.

44.4 Validation of the Plant

Pterocarpus santalinus is a rare plant of the world which was first identified in
Ayurveda a long way back for its medicinal use in varied fields. Identification of the
plant and its specific parts for specific therapeutic uses definitely favours credential
of Ayurveda regarding citation of this valuable wealth in various classical texts. In
spite, many advanced research works were carried out with different plants of
Ayurveda but it is interesting that a very few scientific personalities approaches
with this rare plant to evaluate its biological properties. The plant P. santalinus is
now becoming endangered from this land because of the wide cutting, uprooting and
environmental threats. There is great global demand of about 3000 tonnes per annum
of the plant for its deep red heartwood (red gold), and the plant is majorly distributed
in Deccan eco-region of India (UNEP-WCMC 2017, Technical Report). Conserva-
tion of the plant is urgently needed not only for its cosmetic value but also for its
tremendous biological property to save human life from different ailments. Germi-
nation of the plant in wide spectrum at the suitable geographical area like Deccan
eco-region of India is advocated to prevent its destruction. It is reported with one
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such in vitro experimentation that 100% germination of the plant can be done in 3%
sucrose solution (Padmalatha and Prasad 2007). The time has now come to apply the
outcome of the scientific results of laboratory tests to the land for preserving this
wonder gift.
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Phytochemicals and Investigations
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Mushrooms
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Abstract

Mushrooms degrade matter to produce metabolite for sustaining life. For degra-
dation they produce enzymes and certain metabolites. Both the enzymes and the
metabolites are of use for human. The metabolites have medicinal applications.
The traditional use and the scientific work on some traditionally used medicinal
mushrooms have been discussed here. Some of the mushrooms are Auricularia
delicata, A. polytricha, A. auricular, Agaricus blazei, Coprinus comatus,
Cordyceps spp., Fomes fomentarius, Fomitopsis pinicola, Ganoderma lucidum,
etc. Auricularia delicata has been used in the traditional medicine of Manipur,
India, for dysentery and liver healing therapy. A scientific investigation done by
one of the authors on traditionally used Auricularia species showed its
hepatoprotective activity. The compound isolated from the ethyl acetate extract
was chlorogenic acid. It is known to have hepatoprotective activity. This has been
a good example illustrating that traditional medicine is a good lead to drug
discovery.
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45.1 Introduction

Over the past decades, mushrooms which have therapeutic property have been used
as nutraceuticals and health supplements. These mushrooms are important areas of
research for medical and pharmacological researchers (Guillamon et al. 2010; Kwok
et al. 2005). In different places of the world, there are mushrooms which have been
studied for their traditional medicinal use. The therapeutic knowledge of the tradi-
tionally used medicinal mushrooms has been transmitted orally from one generation
to the next medicine man and woman across many places of the world. Such
knowledge of use of medicinal mushrooms has been documented in different parts
of the world as their medicine books in ancient texts like “Vedas.” Roman and
Chinese traditional medicinal use mentions of mushrooms having property of
providing strength and life force. In olden times people considered mushrooms as
the gifts of god Osiris. There are records of people of China, India, and Iran using
medicinal mushrooms (Sharma 2003; Lowy 1971). Mushrooms play an important
role in the degradation of organic matters on earth. Otherwise the earth would have
been a huge heap of waste. Fungi degrade organic waste and manage the waste. For
the purpose, it produces many enzymes to perform the degradation. Enzymes and
certain metabolites are produced to protect themselves and sustain their livelihood.
Such compounds have been useful for treating many ailments. Two Auricularia
species have been studied for their chemical constituents and bioactivity. Both
species are edible mushrooms. Chlorogenic acid which has hepatoprotective effect
was present in both species. It augmented the traditional medicinal use of the species
in liver healing in Manipur. The data can be a good lead in the discovery of drugs
from the hepatoprotective effect of Auricularia sp. (Sujata and Joshi 2017; Sujata
et al. 2018). As from the past, the traditional medicinal use has been good leads to
new drugs. Metabolites, proteins, and enzymes from mushrooms can be leads to new
drugs. A good example of protein being a good lead is exendin-4, a natural peptide
of 39 amino acids. It is isolated from a lizard and used for the treatment of diabetes
(Minghan 2011). Enzymes are also an important bioactive which have therapeutic
use. In some diseases, especially inheritable genetic disorders, there may be a
deficiency or even a total absence of one or more enzymes. There are disease
conditions for which excessive activity of an enzyme may be the cause.
Measurements of the activities of enzymes in blood plasma, erythrocytes, or tissue
samples are important in the diagnosis of many diseases. Many drugs exert their
biological effects through interactions with enzymes. Extracellular enzymes or
exoenzymes are enzymes from mushrooms. They are synthesized inside the cell
and then secreted outside the cell. They break down complex macromolecules into
smaller units, which are to be taken up by the cell for growth and assimilation (David
and Michael 2004; Sinsabaugh 1994). These enzymes degrade complex organic
matter such as cellulose and hemicellulose into simple sugars. Host enzyme-
producing organisms use the products as a source of carbon, energy, and nutrients
(Burns et al. 2013). Some of the enzymes produced by fungus are cellulase,
lignolytic, xylanase, hemicellulase, exoglucanase, laccases, manganese peroxidases,
fibrinolytic enzymes, etc. Here the medicinal use of the mushrooms producing
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fibrinolytic enzymes is of interest. Most of the mushrooms have medicinal
properties; herein in this chapter, the authors are focusing on the mushrooms
which have been used traditionally for medicinal purpose because of the presence
of different metabolites, proteins, and enzymes discussed. The scientific intervention
and the results will be correlated with the traditional uses. It is a well-known fact that
traditional medicinal system all around the world has been good guides for drug
discovery. And in the far-flung rural places, such medicines are the only way to
combat illness. There are many diseases for which there are no appropriate therapies,
so a study on traditional mushroom is of good importance. Auricularia delicata,
A. polytricha, A. auricular, Agaricus blazei, Copernicus comatus, Cordyceps spp.,
Fomes fomentarius, Fomitopsis pinicola, Ganoderma lucidum, etc. are some
mushrooms that are being studied in this chapter. The mushrooms had traditional
medicinal use, and their bioactivity was found out in many in vitro and in vivo
experiments. To illustrate its traditional use as a guide for drug discovery, a case
study on A. delicata conducted by the author will be discussed. Table 45.1 includes
the list of mushrooms which have been used as traditional medicine and validated
with scientific studies.

45.2 Traditional Mushrooms and their Scientific Studies

45.2.1 Auricularia delicata, A. polytricha, and A. auricular

Auricularia is a genus comprising edible macro-fungi. The Auricularia species
grows on fresh wood or decaying tree trunks. Auricularia spp. of family
Auriculariaceae are locally known as Uchina and are consumed as a dish widely
by patients in the course of therapy by local traditional healers in Manipur, India,
from olden times for the treatment of diarrhea, dysentery, hypertension, constipation,
and liver ailments. Chlorogenic acid was identified from the Auricularia species
(Sujata and Joshi 2017). Ethyl acetate extract of Auricularia delicata had
hepatoprotective property (Sujata et al. 2018).

A. auricula-judae was considered as a medicinal mushroom in the Chinese
ancient medicine book. It was effective in the treatment of chronic bronchitis.
Over that it was consumed as an anti-aging food in ancient China. The DPPH radical
scavenging assay suggests that the extract of A. auricular has very high antioxidant
activity. The extract of A. auricular had a strong superoxide anion scavenging
activity. The results showed that the extract of A. auricular has excellent antioxidant
activity. The extract had antioxidant activity and promoted the biosynthesis of
procollagen, a precursor of collagen in HaCaT cells. In addition, the expression of
HAS-3 (hyaluronic acid synthase), which is a moisturizing factor, was increased in
HaCaT cells. These results support the use of A. auricular taken as beauty food in
traditional use (Young-Ji et al. 2018).
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Table 45.1 Mushrooms which have been used as traditional medicine and validated with scientific
studies

Sl
no. Mushrooms Traditional use

Scientific study or
validation Bioactives

1 Auricularia
delicata
A. polytricha
A. Auricular

In Manipur, India, a
traditional medicine
used for diarrhea,
dysentery,
hypertension,
constipation, and
liver ailments
A Chinese traditional
medicine used for
chronic bronchitis
Anti-aging agent

Hepatoprotective
activity of A. delicata
Promoted the
biosynthesis of
procollagen, a
precursor of collagen
in HaCaT cells

Chlorogenic acid
(Sujata and Joshi
2017; Sujata et al.
2018; Young-Ji et al.
2018)

2 Agaricus
blazei

Used for treating
cancer, type
2 diabetes, high
cholesterol,
hardening of the
arteries
(atherosclerosis), and
hepatitis B and
preventing heart
disease, weakened
bones (osteoporosis),
and stomach ulcers in
Japan and China

Anticancer and
immunostimulant
activities

Polysaccharide (Hang
et al. 2013; Gonzaga
et al. 2005; Kawagishi
et al. 1990; Shu and
Wen 2003)

3 Coprinus
comatus

Used as digestives
and in constipation
and hemorrhoids in
China

Antidiabetic and
anticancer effect

Vanadium and
ergothioneine,
respectively (Ivo
2009; Jianzhe and
Mao 1989; Badalyan
et al. 2003; Bailey
et al. 1984; Dijkstra
and Wiken 1976;
Ershova et al. 2001;
Fan et al. 2006; Gu
and Leonard 2006;
Han et al. 2006; Han
et al. 2003; Li et al.
2001a, b; Li and
Xiang 2005; List
1957; Luo et al. 2004;
Wu et al. 2003; Yang
et al. 2003; Yilmaz
et al. 2006)

4 Cordyceps
spp.

Used in India, China,
Nepal, and Bhutan
and Tibetan medicine
system

Enhanced endurance
and resistance to
fatigue

Ashok and Kailash
(2011); Li et al.
(2001a, b); Wang
et al. (1995)

(continued)
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Table 45.1 (continued)

Sl
no. Mushrooms Traditional use

Scientific study or
validation Bioactives

5 Fomes
fomentarius

The Chinese apply
Fomes fomentarius in
the treatment of
cancer of the throat,
stomach, and uterus.
Further to increase
the immunity of the
body

Enhances blood
circulation, regulates
blood sugar, and
lowers blood
pressure. It extends
life by dealing with
malignant cells that
cause debilitating
diseases in our body

Wasser et al. (2005);
McMeekin (2005)

6 Ganoderma
lucidum

Used in popular
traditional medicine
in Asia

Anticancer activity Polysaccharides and
triterpenoids (Wasser
et al. 2005;
McMeekin 2005;
Wachtel-Galor et al.
2004; Wachtel-Galor
et al. 2011; Tomasi
et al. 2004)

7 Fomitopsis
pinicola

In folk medicine it
has been an anti-
inflammatory, anti-
hemorrhagic, and
antimicrobial agent

Apoptosis effect on
ROS and migration
arrest on matrix
metalloproteinase

Ergosterol (Keller
et al. 1996; Keller
et al. 1996; Zjawiony
2004; Rogers 2011;
Artem et al. 2018)

8 Grifola
frondosa

A traditional Chinese
medicine used in
cancer treatment;
curing of palsy, nerve
pain, and arthritis;
immune stimulation;
and regulation of
homeostasis

Inhibit
carcinogenesis,
metastasis, and tumor
growth

D-fraction (Nik and
Tom 2006)

9 Hericium
erinaceus

Used in Chinese and
Japanese medical
systems to fortify the
spleen and nourish
the gut and also as an
anticancer drug

Effective in
Alzheimer’s disease
and Parkinson’s
disease

Polysaccharides,
polyketides, and
terpenoids (Kevin
et al. 2017; Cui et al.
2016; Liu et al. 2015;
Thongbai et al. 2015;
Wang et al. 2015;
Nagano et al. 2010;
Wong et al. 2011)

10 Lentinula
edodes

Used in China and
Japan for their high
immunomodulatory
property in the
treatment of cancer

Anticancer effect and
good nutraceuticals

Lentinan (Kuppusamy
et al. 2009; Medical
Mushroom 2009a, b,
c, d)

11 Monascus
purpureus

Used in China and in
Asia as a
nutraceutical food to
improve blood

Lower cholesterol by
inhibiting HMG-CoA
(5- hydroxy-3-
methylglutaryl-

Monacolins (Thorne
Research Inc. 2004;
Li et al. 1998; Patrick
and Uzick 2001;

(continued)
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Table 45.1 (continued)

Sl
no. Mushrooms Traditional use

Scientific study or
validation Bioactives

circulation by
decreasing
cholesterol and
triglyceride levels

coenzyme A)
reductase, the rate-
limiting step for
cholesterol synthesis
in the liver

Smith and Olive
2003; Liu et al. 2006;
Klimek et al. 2009)

12 Piptoporus
betulinus

Used in north
European countries
for clearing parasitic
worms, soothing the
nerves, and
eliminating fatigue

It possess
antibacterial, anti-
fatiguing, immuno-
enhancing, and
soothing properties
for wounds. The
fractions significantly
decrease viability,
proliferation, and
migration of tumor
cells, effects the
stimulatory effect of
IGF. And it was
nontoxic to the
normal cells

Medical Mushroom
(2009a, b, c, d), Marta
et al. (2009)

13 Pleurotus
ostreatus

Used in Chinese,
Korean, and Japanese
cuisines
Lower cholesterol in
the body

Antimicrobial,
antiviral, antitumor,
anti-human
immunodeficiency
virus (HIV), anti-
mutagenic,
antineoplastic, anti-
lipidemic,
antioxidant,
hyperglycemic,
hypotensive, anti-
inflammatory,
hypocholesterolemic,
immunomodulatory,
hepatoprotective, and
anti-aging activities

Statins, lovastatins,
and pleuromutilin
(Medical Mushroom
2009a, b, c, d;
(Kunjadia et al. 2014;
Yashvant et al. 2012)

14 Polyporus
umbellatus

A traditional Chinese
medicine used for
treating edema and
promotion of diuretic
processes (promoting
urination)

Antitumor,
anticancer,
antioxidant, free
radical scavenging,
immune system
enhancement, and
antimicrobial
activities

Yang and Zhonghua
(1991), Ar et al.
(2015), Zhao (2013),
Ar et al. (2015)

15 Poria cocos Used in traditional
Chinese and Japanese
medicine for its
promising effects on
diuretic, sedative, and
tonic areas

The essential impacts
were on certain
diseases such as
rheumatoid arthritis,
psoriasis,
autoimmune uveitis,

Polysaccharides and
triterpenoids (Ríos
2011)

(continued)
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45.2.2 Agaricus blazei (Royal Sun Agaricus)

Agaricus mushroom is a fungus originating in Brazil. Recently grown in China,
Japan, and Brazil for commercial purposes, the mushroom extract is used as medi-
cine. The extracts of mushroom are traditionally used as a food additive and tea in
Japan. Agaricus mushroom is used for treating cancer, type 2 diabetes, high choles-
terol, hardening of the arteries (atherosclerosis), and hepatitis B. It is also helpful for
digestive problems such as ulcerative colitis and Crohn’s disease. It has remarkable
property of reducing side effects caused by cancer therapy. Moreover, it helps in
preventing heart disease, weakened bones (osteoporosis), stomach ulcers, etc. (Hang
et al. 2013).

Agaricus blazei is used traditionally in Japan. Many researchers of Japan studied
about the anticancer and immunostimulant activities with the extract of Agaricus
mushroom. The consumption of this mushroom extract showed improvement in the
diseased condition. The necessity to investigate the mechanism is of utmost impor-
tance. But there are lesser investigations on clinical studies. Data showed that
polysaccharide is the main component of A. brasiliensis which was responsible for
its antitumor activity (Gonzaga et al. 2005; Kawagishi et al. 1990; Shu and Wen
2003).

45.2.3 Coprinus comatus (Shaggy Mane)

Coprinus comatus has been recorded to be used in eastern folk medicines in China as
a digestive. It is commonly known as shaggy mane since it is hairy. It is also use in

Table 45.1 (continued)

Sl
no. Mushrooms Traditional use

Scientific study or
validation Bioactives

septic shock, and
bronchial asthma

16 Trametes
versicolor

Used in Chinese and
Japanese medicines

It has antioxidants
activity, immune-
boosting, immune
function in cancers
cells, enhance the
efficacy of some
cancer treatments,
enhancement of gut
health, HPV
clearance, reducing
inflammation,
antibacterial
activities, improving
athletic performance,
improving insulin
resistance of human

Polysaccharopeptides
(Medical Mushroom
2009a, b, c, d;
Christopher 2004;
Rajarathnam and
Shashirekha 2003;
Huaiqian and Lijuan
2019; Jillian 2018)
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the treatment of constipation and hemorrhoids. Chinese scientists used this mush-
room and demonstrated the inhibition of the growth of malicious tumors in connec-
tive and supportive tissue (Bailey et al. 1984; Han et al. 2003; Ivo 2009; Jianzhe and
Mao 1989). Shaggy mane has high blood sugar-lowering effects effective in the
treatment of diabetes. The vanadium content of the mushroom was responsible for
the property. It is reported that the insulin target cells are sensitized as the insulin-
producing ß-cells are protected and regenerated in the pancreas (Badalyan et al.
2003). Researchers have identified some potent bioactive compounds useful for
breast cancer from the water extract of Coprinus comatus. This has a great signifi-
cance because there is no effective therapy for estrogen-independent (ER-) breast
cancer (Badalyan et al. 2003; Bailey et al. 1984; Dijkstra and Wiken 1976; Ershova
et al. 2001; Fan et al. 2006; Gu and Leonard 2006; Han et al. 2006; Han et al. 2003;
Li et al. 2001a, b; Li and Xiang 2005; List 1957; Luo et al. 2004; Wu et al. 2003;
Yang et al. 2003; Yilmaz et al. 2006). Further it has been reported to have hypogly-
cemic effects, anti-nematode activity, and antioxidant activity. Ergothioneine was
responsible for the antioxidant activity. The hypoglycemic activity was proved with
in vivo experiments with investigations on mice. It also showed metabolic effects in
the weight gain in mice (Badalyan et al. 2003; Bailey et al. 1984; Dijkstra and Wiken
1976; Ershova et al. 2001; Fan et al. 2006; Gu and Leonard 2006; Han et al. 2006,
2003; Li et al. 2001a, b; Li and Xiang 2005; List 1957; Luo et al. 2004; Wu et al.
2003; Yang et al. 2003; Yilmaz et al. 2006).

45.2.4 Cordyceps Spp. (Caterpillar Fungus)

The fungus Cordyceps sinensis has been used in traditional Chinese medicine. It has
been found to be used in Tibetan medicine also (Ashok and Kailash 2011). Its uses
are also there in folk practices of Sikkim and other parts of India, China, Nepal, and
Bhutan. It is a powerful antioxidant. The Cordyceps mushroom also has bioactives
showing antioxidant properties (Li et al. 2001a, b).

In vivo investigation was conducted on mice, with a double-blind, placebo-
controlled trial, for Cordyceps for property of enhanced endurance and resistance
to fatigue. After 3 weeks of administration, the groups given CS-4 were able to swim
significantly longer than the control groups. The results of the study were dose-
dependent with one group on a higher dose showing a 30% increase in endurance
and a second group showing a 73% increase in endurance. CS formulation would
enhance lactate clearance and allow athletes greater anaerobic physical performance
(Wang et al. 1995).

45.2.5 Fomes fomentarius (Tinder Fungus)

Fomes fomentarius has been used in the ancient Indian medicine as a diuretic agent.
It is also known as tinder fungus. It is also used as a laxative to stimulate bowel
movement. The fungus is also used to stabilize the nerves. The Chinese apply Fomes
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fomentarius in the treatment of cancer of the throat. The Chinese use it too in the
treatment of cancer of the stomach and the cancer of the uterus (Wasser et al. 2005).

Fomes fomentarius or tinder is used to increase the immunity of the body.
Investigations on the fungus have successful results such as enhancing blood
circulation, regulating blood sugar, and lowering blood pressure. It enhances the
medicinal use of the mushroom. It extends life by dealing with malignant cells that
cause debilitating diseases in our body (McMeekin 2005).

45.2.6 Ganoderma lucidum (Reishi, Lingzhi)

Ganoderma lucidum is also known as reishi or lingzhi. Lingzhi has been used as a
powerful medicinal mushroom over 2000 years. It has been documented in ancient
scripts of China (Wasser et al. 2005). The proliferation of G. lucidum images in art
began in 1400 AD, and they are associated with Taoism in China (McMeekin 2005).

Ganoderma species is a popular traditional medicine in Asia till date. Their use is
spreading throughout the world (Wachtel-Galor et al. 2011). Fifty-eight basidiomy-
cete mushrooms of Ganoderma species were studied for their in vitro anticancer
activities. G. lucidum was shown to be the most effective in treating cancer cells. It
was found out that G. lucidum induced cell cycle arrest and apoptosis in various
human and rodent tumors (Wachtel-Galor et al. 2004; Tomasi et al. 2004). There
were reports on antioxidant activities helping in the prevention of cancer and other
chronic diseases. The mechanism was that antioxidants are protecting the cellular
components from oxidative damage and thus decreasing the risk of mutations and
carcinogenesis. It protects immune cells by maintaining immune surveillance and
responses. The main source of their antioxidant activity is particularly from the
polysaccharides and triterpenoids present in G. lucidum (Benzie and Wachtel-Galor
2009).

45.2.7 Fomitopsis pinicola (Red Belted Polypore)

Fomitopsis pinicola is known as red belted polypore. It has fruiting bodies which are
considered nontoxic mushrooms in Europe (Keller et al. 1996). It has been also used
in Korean folk medicine as a major hemostatic and anti-inflammation agent (Keller
et al. 1996; Zjawiony 2004). It is used as tonic to decrease the inflammation of the
digestive tract and increase the resistance to cancers. It is used by the Cree Indians as
an anti-hemorrhagic agent to stop bleeding. From the ancient records in folk
medicine, it has been used as an anti-inflammatory, anti-hemorrhagic, and antimi-
crobial agent (Rogers 2011).

F. pinicola has potent anticancer bioactives. The effects of different mushroom
derivatives and their mechanisms of action are studied. In vivo experiments were
carried out in mouse models for anticancer activity. It contains high reactive oxygen
species (ROS) and downregulates matrix metalloproteinase. Extracts and ergosterol
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isolated from the mushroom had an apoptosis effect on ROS and migration arrest on
matrix metalloproteinase (Artem et al. 2018).

45.2.8 Grifola frondosa (Maitake, Hen of the Woods)

Grifola frondosa has been called as “maitake” in Japan meaning as dancing mush-
room as the obtainers usually dance when they find the mushroom. It is also known
as “hen of the woods” because of the similarities of the texture and the meat of
chicken. It is also referred to as “sheep head” in Western Pennsylvania and eastern
Ohio (Nik and Tom 2006). As a well-documented traditional Chinese medicine,
Grifola frondosa is documented for its great medicinal uses. Some of the uses of
Grifola frondosa are in cancer treatment; curing of palsy, nerve pain, and arthritis;
immune stimulation; and regulation of homeostasis.

Many bioactives were isolated from the extracts of Grifola frondosa. The most
countable and useful of these activities is the antitumor activity of Grifola. Some of
the extracts of this mushroom have been known to inhibit carcinogenesis, metastasis,
and tumor growth. In Japan Grifola was prepared as a treatment for many cancer
patients. Most researches on this mushroom have shown antitumor activities in mice
and using in vitro studies with cancer cell lines. Studies of the crude extracts of this
mushroom are carried out. Potent mixture of bioactives of complex branched
polysaccharides called D-fraction was isolated. The D-fraction extract of Grifola
frondosa is the hot-water-extractable, acid-insoluble, alkali-soluble fraction. This
D-fraction extract has been used as an anticancer agent (Nik and Tom 2006).

45.2.9 Hericium erinaceus (Lion’s Mane)

Hericium erinaceus has a long well-documented record in the history of traditional
Chinese medicines. It is mostly known as lion’s mane. It is an edible mushroom. It is
also used in many regions of Asia as food and medicine. It grows on old or dead
broadleaved trees (Kevin et al. 2017). In China the fruiting body of Hericium
erinaceus is called hóu tóu gū (“monkey head mushroom”) (Cui et al. 2016). In
Japan it is known as yamabushitake (“mountain monk mushroom”). Traditionally
Hericium erinaceus has been served as a good medicine in Chinese and Japanese
medical systems. It has been reported to be used to fortify the spleen and nourish the
gut and also as an anticancer drug (Liu et al. 2015).

Bioactive compounds consisting of high molecular weight compounds particu-
larly polysaccharides and low molecular weight compounds, as polyketides and
terpenoids, were isolated and characterized from H. erinaceus (Thongbai et al. 2015;
Wang et al. 2015). It has extensive effectiveness in Alzheimer’s disease and
Parkinson’s disease. H. erinaceus works against Alzheimer’s disease in different
ways (Nagano et al. 2010).

Lowers the cerebral αβ plaque burden.
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Increases the NGF mRNA expression.
Decreases the plaque-activated microglia and astrocytes.
Increases the acetylcholine and choline acetyltransferase concentrations.
Increases the lipoxin A4 (LXA4) in the brain.
Decreases Tau tangles.

Oral administration of low-dose HEM (10.76 or 21.52 mg/day) is used in an
animal model of Parkinson’s disease. It has shown a significant improvement in
oxidative stress and dopaminergic lesions in the striatum and substantia nigra after
25 days (Wong et al. 2011).

45.2.10 Lentinula edodes (Shiitake)

Lentinula edodes has been used in practicing traditional medicine in many Asian
countries mainly in China and Japan for its high immunomodulatory property
(Kuppusamy et al. 2009). It is commonly known as shiitake in Japan. A complex
carbohydrate known as lentinan was isolated and identified from the mushroom.
Shiitake has been used in the natural and traditional treatment of cancer in Japan
because of its lentinan content. It is reported to be a source of selenium, an antioxi-
dant that is said to prevent cancer (Medical Mushroom 2009a, b, c, d).

The National Cancer Institute has been using selenium in the hope of coming up
with a cure to cancer. Meanwhile, the Japanese pharmaceutical company,
Ajinomoto, is already using lentinan extracted from shiitake mushrooms to treat
stomach cancers. Recently, other countries are also using it as injectable medication
to fight cancer. It was reported that the mushroom is low in sodium, is low in
glucose, and is a rich source of fiber. Hence, shiitake is ideal for diabetics and other
invalids. Shiitake (Lentinula edodes) is recommend for lowering serum cholesterol
(Medical Mushroom 2009a, b, c, d).

45.2.11 Monascus purpureus (Red Yeast Rice)

Monascus purpureus usually grows on the fermented product of rice. It has been
used for medicinal purpose in Chinese cuisines to improve blood circulation for
centuries (Thorne Research Inc. 2004) In Asian countries, red yeast rice is a dietary
staple and is used to make rice wine, as a flavoring agent, and to preserve the flavor
and color of fish and meat (Li et al. 1998).

This fermented rice product is used as a medicinal food to improve blood
circulation by decreasing cholesterol and triglyceride levels (Patrick and Uzick
2001; Smith and Olive 2003). The supplement contains varying amounts of natural
monacolins as a result of the different strains of Monascus purpureus used in
fermentation (Liu et al. 2006). Monacolins lower cholesterol by inhibiting
HMG-CoA (5-hydroxy-3-methylglutaryl-coenzyme A) reductase, the rate-limiting
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step for cholesterol synthesis in the liver. It has been used in the therapy for
hyperlipidemia (Klimek et al. 2009).

45.2.12 Piptoporus betulinus (Birch Polypore)

The Piptoporus betulinus grows in cold climate on the host, the birch tree, for which
it is known as birch polypore. Birch is very common in the Arctic and North
European countries. In the past, P. betulinus was used to clear parasitic worms
from the stomach and the digestive system. Traditionally it was added to tea where it
acted as a laxative. Tea made by brewing with this mushroom is used for soothing
the nerves or to eliminate fatigue (Medical Mushroom 2009a, b, c, d).

P. betulinus is used as an anti-parasitic and antimicrobial agent in the treatment of
wounds, rectal cancer, and stomach diseases. Tea from this mushroom had
antibacterial, anti-fatiguing, immuno-enhancing, and soothing properties for
wounds. In vitro anticancer activity of fraction isolated from P. betulinus has been
investigated. This mushroom has an effect on cell proliferation, motility, and
viability in a range of cancer and normal cells. Fractions of extracts of dried fruiting
bodies of P. betulinuswere tested for anticancer evaluation in human lung carcinoma
(A549), colon adenocarcinoma (HT-29), and rat glioma (C6) cell cultures. Further
cytotoxic effect was tested on human skin fibroblasts (HSF), bovine aorta endothe-
lial cells (BAEC), models of rat oligodendrocytes (OLN-93), hepatocytes (Fao), rat
astroglia, and mouse neurons (P19). The fractions significantly decrease viability,
proliferation, and migration of tumor cells, affects the stimulatory effect of IGF. And
it was nontoxic to the normal cells (Marta et al. 2009).

45.2.13 Pleurotus ostreatus (Oyster Mushroom)

Pleurotus ostreatus is also known as oyster mushroom. It helps in lowering choles-
terol in the body. The effect is due to the statin and lovastatin content of the
mushroom. It is made as dishes on Chinese, Korean, and Japanese menus. The
young mushrooms are only used for dishes. When it gets older, it gets tougher and
smells exacerbated. Arabitol present in the mushroom can cause gastrointestinal
upset to some people. P. ostreatus contains an antibiotic, pleuromutilin.
Pleuromutilin was bactericidal on various bacteria including the bacterium Salmo-
nella in 1950 (Medical Mushroom 2009a, b, c, d).

Ethanolic extracts of the mushroom showed antimicrobial activities against gram-
positive and gram-negative bacteria. In vitro antifungal activities have been found. A
nutraceutical formulation with nutritive, medicinal, and antimicrobial properties of
P. ostreatus has been made (Kunjadia et al. 2014). The therapeutic values found in
the extracts of oyster mushrooms were antimicrobial, antiviral, antitumor, anti-
human immunodeficiency virus (HIV), anti-mutagenic, antineoplastic, anti-
lipidemic, antioxidant, hyperglycemic, hypotensive, anti-inflammatory,
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hypocholesterolemic, immunomodulatory, hepatoprotective, and anti-aging
activities (Yashvant et al. 2012).

45.2.14 Polyporus umbellatus (Umbrella Polypore)

Polyporus umbellatus is also known as Zhuling (sclerotium) in China. It is known as
Chorei-maitake (fruiting body) in Japan (Yang and Zhonghua 1991). It is used in
folk traditional medicine. IT belongs to the family Polyporaceae. The important part
of this mushroom is underground sclerotia. Sclerotium is the hard dark resting body
of certain fungi, consisting of a mass of hyphal threads. The body can remain
dormant for long periods. Traditional Chinese medicine describes these sclerotia
as Zhuling, a crude bioactive commonly used for treating edema and the promotion
of diuretic processes (promoting urination) (Yang and Zhonghua 1991); Ar et al.
2015).

Many investigations on P. umbellatus mushroom led to the finding of a taxon
containing many bioactives showing its antitumor, anticancer, antioxidant, free
radical scavenging, immune system enhancement, and antimicrobial activities.
With the promising medicinal value, it has been used as a main ingredient in many
medicinal products. It is used as food supplement for providing many medicinal
effects. This mushroom has been cultivated in large scale under natural and indus-
trial conditions to meet the demand (Zhao 2013; Ar et al. 2015).

45.2.15 Poria cocos (Hoelen, Poria Mushroom)

Poria cocos (Polyporaceae) is a type of saprophytic fungus that widely grows in
diverse species of pines. It is also known as hoelen and poria mushroom. It produces
the bioactive sclerotium also known as fu-ling or hoelen. It has been used in
traditional Chinese and Japanese medicine for its promising effects on diuretic,
sedative, and tonic areas. Anti-inflammatory activities of acute and chronic inflam-
mation were reported. It has been widely used in the preparation of many Asian
medicine as a major constituent (Ríos 2011). Major phytochemical compounds,
polysaccharides, and triterpenoids were present in P. cocos. Investigations reported
the inhibitory effects of triterpenes on phospholipase A (2) (PLA (2)). Inhibitory
effects of P. cocos on phospholipase A led to the secretion of different cytokinins
from human peripheral blood monocytes. The essential impacts were on certain
diseases such as rheumatoid arthritis, psoriasis, autoimmune uveitis, septic shock,
and bronchial asthma. Polysaccharides potentiated the immune response. The
polysaccharides from the mushroom potentiated the immune system by enhancing
the secretion of immune stimulators and suppressed the secretion of immune
suppressors. Furthermore, bioactives showed antitumor activity against different
cancer cell lines. These mushrooms have the capacity to constrain angiogenesis by
controlling both NF-κB and the induction of NF-κB/Rel translocation in the cancer
cells (Ríos 2011).
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45.2.16 Trametes versicolor (Turkey Tail)

Trametes versicolor is also known as turkey tail. It is a polypore mushroom found in
many places of the world for its famous taste and medicinal property. From old times
it has been used traditionally in Chinese and Japanese medicines. In Chinese
medicine it is known as yun zhi, and in the Japanese medicine, it is kawaratake.
This mushroom has a thick leather-like cap; it grows and develops different colors. It
has been found to be grown as brownish or darkish brown with blackish areas having
algae over the cap. It has a triangular shape and a round-shaped cap (Medical
Mushroom 2009a, b, c, d).

T. versicolor contains the polysaccharide Krestin (PSK). It is known for having
high molecular weight fractions. It is adjuvant approved in Japan in 1977. In vitro
and in vivo studies have shown effects on enhancement of immune functions,
antiviral effects, cholesterol-regulating effects, and major effect on colorectal and
stomach cancers (Christopher 2004; Rajarathnam and Shashirekha 2003; Huaiqian
and Lijuan 2019). It has many biological activities such as antioxidants, Immune-
Boosting Polysaccharopeptides, Immune Function in Cancers cells, Enhance the
Efficacy of some Cancer Treatments, Enhancement of Gut Health, HPV clearance,
reducing inflammation, antibacterial activities, improving athletic performance,
improving insulin resistance of our human body (Jillian 2018).

45.3 Case Study on the Hepatoprotective Activity of Auricularia
delicata

There are species from Auricularia which have been studied by the author:
A. delicata and A. polytricha. These species have been used in traditional medicinal
practice by the medicine man of Manipur from olden times for the treatment of
diarrhea, dysentery, hypertension, constipation, and liver ailments. The traditional
medicinal knowledge of Manipur is well documented in the medicine book of the
Manipuri Maibaron. Maibaron is one of the Puyas of the Manipuris where their
cultural heritage is being documented (Sujata and Joshi 2017).

Both species have been studied for their elemental content and identification and
estimation of bioactives. Elemental analysis was performed with dried samples of
the two species. The technique used was EDX spectrometry. The elements were
identified and quantitated, viz., C, N, O, Na, Mg, Al, Si, P, S, Cl, K, Ca, and
Fe. Same types of elements have been present in both species but in different
quantities. Essential elements such as K and Ca were present in favorable amount.

Chemical investigations were performed with HPLC. Extractions with different
solvents were performed with the dried mushroom. Different types of standards
such as chlorogenic acid, ferulic acid, coumaric acid, etc. were taken and screened
with the respective method for their presence in different extracts. Chlorogenic acid
peak was detected in the ethyl acetate extracts of both species. To further confirm the
presence of CGA, standard CGA was procured, and the ethyl acetate extract was
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co-injected with standard CGA. The CGA peak of the extract was spiked which
confirmed the presence of CGA (Sujata et al. 2018).

Further there was investigation on the liver healing property which is used in the
Manipuri traditional therapy system. The antioxidant and antimicrobial properties of
the extracts of Auricularia delicata were conducted. Based on the results of the
antimicrobial and antioxidant activity of the extracts, potent extracts were selected.
As it is an experiment with animal sacrifice, assay-guided fractionation wasn’t
followed. Assay-guided fractionation in such experiment would involve sacrifice
of a large number of animals. The experiments were performed under the permis-
sion and guidance of proper ethics committee. Mice were used for acute toxicity
study. The experiment for liver healing was performed on rat model.

It was found that the ethyl acetate extract had optimum hepatoprotective effect. In
our earlier experiments, it was investigated that chlorogenic acid is present in the
ethyl acetate extract. Chlorogenic acid has been reported to have hepatoprotective
activity.

This is a very good illustration where the scientific investigations were guided by
the traditional medicinal practice of the past in Manipur, India. It is scientifically
proved to a level with the presence of active components such as chlorogenic acid as
expected. The liver healing traditional belief was proved in rat model (Sujata and
Joshi 2017; Sujata et al. 2018; Sujata 2018). Figure 45.1 shows the validation of the
traditional medicinal use of Auricularia delicata.

As many other experiments, this is another experiment with mushrooms which
showed that traditional therapies are good guides for drug discovery.

Fig. 45.1 Validation of traditional medicinal use of Auricularia delicata
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45.3.1 Validation, Identification, and Determination
of Pharmacognostic Character of Mushroom

Validation, identification, and determination of pharmacognostic properties of
medicinal mushrooms are carried out for drug discovery and formulations of
nutraceuticals. As for any natural products, mushrooms are collected from specific
locations recording longitude, latitude, and elevation. The species are identified with
appropriate taxonomic rules under an institute. Herbaria are submitted for the
purpose. Compounds or extracts from the mushrooms are extracted, separated, and
identified. Spectroscopic data of compounds and extracts are profiled. HPLC,
LC-MS, and GC-MS fingerprints are recorded. Experiments are repeated in a
controlled manner with the compounds or extracts. The desired bioactivity is studied
with respect to its traditional use. In vitro experiments such as on antioxidant activity
are performed with standard methods. Experiments are performed under controlled
conditions with standards. In vivo experiments includes antioxidant,
hepatoprotective, anti-aging activities, antitumor, anticancer, immune system
enhancement, anti-human immunodeficiency virus (HIV), anti-mutagenic, antineo-
plastic, anti-lipidemic, hyperglycemic, hypotensive, anti-inflammatory,
hypocholesterolemic and antimicrobial activities. Experiments with rat or mice
model are performed with authentic permission from ethics committee, and clinical
trials are then performed for further validation. NBA permission is sought if any
products are prepared from such mushrooms. Clinical trials are performed for
products. In the final stage, FDA approval is sought to get authentic product of
desired bioactivity (Sujata and Joshi 2017; Sujata et al. 2018; Sujata and Warjeet
2019).

45.4 Results and Conclusion

In all the cases of the medicinal mushrooms which have been used in different places
of the world, the scientific result has proved its medicinal use. Most of the
mushrooms had high antioxidant activity. Many extracts had bioactivity.
D-fraction was one active fraction which had medicinal effects.
Polysaccharopeptides, triterpenoids, terpenoids, and polysaccharides were reported.
Vanadium was also reported as one active element along with other elements like
potassium and calcium. The mushrooms had bioactives such as chlorogenic acid,
ergothioneine, ergosterol, polyketides, lentinan, monacolins, statins, lovastatins, and
pleuromutilin.

Our study is focused on medicinal mushrooms in folk medicine. The medicinal
properties which are recorded are results compiled after many hit and trial use.
Such natural products are good leads for bioactives and fractions for therapy of many
diseases. Here Auricularia delicata which is a traditional medicine of Manipur,
India, has been validated with scientific investigations for its hepatoprotective
activity.
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Abstract

Plants are being used for disease treatment, prevention, cure, and many other
medicinal purposes long before the prehistoric era as traditional medicines. The
use of natural products for the discovery of many novel drugs has been increasing
over the globe. Along with terrestrial plants, marine plant species too have a role
in drug discovery and serves as lead compounds. Marine plants showed potent
action in tumor and cancer cells and further produced many novel compounds in
natural products of chemistry. Thus, marine samples became attractive to phar-
maceutical companies in order “re-discovery” of compounds from relatively
well-characterized terrestrial sources and because of the realization that classes
of molecular structures not found in terrestrial but found in the marine environ-
ment. The present review aims to provide a detailed note on new marine
macroalgae of Chlorophyceae class, Spongomorpha indica L. that is also
accepted as Acrosiphonia orientalis and its important aspects related to ethnobot-
any and ethnopharmacology. Identification of important elements such as K
(802.5), I (215.5), etc., Compounds isolation (such as 2,5-Di-O-methyl-L-arabi-
nose, arabinose, 2,4-Di-O-methyl-L-arabinose, etc.) for the assessment of useful-
ness of the marine macroalgae and important pharmacological activities like anti-
inflammatory, antioxidant, antibacterial, antifungal, and antimicrobial activities.
In overall, this review concludes the reports on phytochemical and
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pharmacological aspects of Spongomorpha indica L. and brief information on its
genus Spongomorpha and species related to it. Marine algae are rich in vitamins,
minerals, and secondary metabolites. Thus, provides the information on impor-
tance of studies on marine algae those have the medicinal, molecular, and other
values that are not found in terrestrial but found in the marine environment only.

Keywords

Spongomorpha · Ulotrichaceae · Isolated compounds · Uses · Elemental analysis,
and Biological activities

Abbreviations

% Percentage
�C Degree centigrade
cm Centimeters
DPPH 2,2-diphenyl-1-picrylhydrazyl
g Grams
HIV Human Immunodeficiency Virus
m Meters
mg/ml Milligrams per milliliter
ml/L Milliliter per liter
nm Nanometers
ppm Parts per million
ppt Parts per thousand
RNA Ribonucleic acid
USD United States Dollar
WHO World Health Organization
α Alpha

46.1 Introduction

Plants have been used for medicinal purposes long before the prehistoric era as
traditional medicines for the prevention and treatment of diseases. In ancient, Unani
manuscripts, Egyptian papyrus, and Chinese writings described the uses of plants.
They became important lead compounds for many semi-synthetic, total synthetic
modifications and creating novel compounds for drug discovery having pharmaco-
logically active compounds with many blockbuster drugs being derived directly or
indirectly from plants. In current demand with synthetic chemistry in drug discovery
and manufacturing of drugs, the contribution of plants to disease treatment and
prevention became still enormous. Even at the dawn of the twenty-first century, 11%
of the 252 drugs considered as basic and essential by the WHO were exclusive of
flowering plant origins (Veeresham 2012).
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For many years, pharmacognosy only focused on the investigation and identifi-
cation of medically important terrestrial plants and animals, although many marine
organisms were concerned with the naturally occurring substances of medicinal
value from the marine. Marine samples became attractive to pharmaceutical
companies in order “re-discovery” of compounds from relatively well-characterized
terrestrial sources and because of the realization that classes of molecular structures
not found in terrestrial but found in the marine environment. Interest in the develop-
ment of marine natural products has been increasing, and internationally novel
compounds have been isolating from marine sources; hence the research is
continuing for drug discovery of novel compounds from marine sources (Russell
2009).

Marine plants belong to different types of families in which Ulotrichaceae family
in green algae consists of nearly 13 types of genus and 14 species of Chlorophyta
classification. This classification is well known for its antioxidant and tumor cell
activities as well as uses in traditional Chinese systems (Rangaiah et al. 2010).

Marine natural products have been found to be an important source of drugs and
drug leads. The resurgence of natural products those in the marine world initiated
drug discovery of novel compounds. There is a growing interest in marine natural
products for their secondary metabolites. Marine natural products have secondary
metabolites as well as enzymes, lipids, and heteropolysaccharides derived from
marine sources (Gudbjarnason 1999).

This field of research receives the attention of investigators in various fields,
marine biology, marine ecology, biochemistry, chemistry, and pharmacology. Most
of the natural products of interest to the pharmaceutical industry are secondary
metabolites, and several such compounds, derived from marine invertebrates, have
been in clinical trials as experimental anticancer drugs (Gudbjarnason 1999).

Many of the researches activities involved in the discovery of novel compounds
from the marine environment fall into the area of marine biotechnology. This is one
component of research in development for drug discovery, a process in which
pharmaceutical companies invest over USD 20 billion per annum (Russell 2009).

Marine environment has proven to be very rich source of extremely potent
compounds that have demonstrated significant activities in anti-tumor, anti-inflam-
matory, immunomodulatory, analgesia, allergy, and anti-viral assays. There are now
significant numbers of very interesting molecules that come from marine sources or
have been synthesized as a result of knowledge gained from a prototypical com-
pound that are either in or approaching clinical trials in cancer, analgesia, allergy,
and cognitive diseases. A substantial number of other potential agents are following
in their wake in pre-clinical trials in these and in other diseases (Newman and Cragg
2004).

Approximately 16,000 marine natural products have been isolated from marine
organisms and reported in 6800 publications. In addition to these publications, there
are approximately another 9000 publication that covers synthesis, reviews,
biological activity studies, ecological studies, etc. on the subjects of marine natural
products. Several of the compounds isolated from marine source exhibit biological
activity (Bhakuni and Rawat 2005).
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During the 35 years, more than 130 diverse secondary metabolites, including
alkaloids, terpenoids, peptides, lipids, and steroids, were discovered to have
biological activities such as antimicrobial, RNA cleavage activating, cytotoxic,
and anti-HIV effects. For instance, steroids and tri-terpenoids were mainly discov-
ered in South China Sea, whereas alkaloids and lipids were mostly isolated from
Japanese Sea (Wu et al. 2018).

Marine algae are distributed all over the world like India, China, Japan, Atlantic,
Iceland, etc. It is having antioxidant, anti-inflammatory, antimicrobial, antifungal,
and antibacterial activities. Isolated compounds are sulfated polysaccharides. They
are high in vitamin C content than in any other green algae (Newman and Cragg
2004).

The common interest for scientists and industries around the globe is in biotech-
nological development and the exploitation of marine metabolites of high economic
values in China and the ninth century A.D. in China (Keshini et al. 2016).

In the nineteenth century or so, several marine macroalgae have been used as
natural fertilizers in several countries. In the late twentieth century, around 1980, the
natural blue dye phycocyanin from the microalgae Spirulina sp. was mainly used as
colorants for ice creams and cosmetics. At the very beginning of the twenty-first
century, the array of marine algae and their derivatives are gaining increasing
recognition worldwide (Keshini et al. 2016).

Marine algae are being widely used both at the molecular and organismal levels
as food and nutraceuticals, animal and fish feed, biofertilizers, bioplastics,
pharmaceuticals, cosmeceuticals, fluorophores, food colorants and textile dyes,
biofuels, as well as phycoremediation (Keshini et al. 2016).

Marine algae have primary and secondary metabolites that are used as food, food
additives, and raw materials for industries such as vegetables oils, fatty acids (used
for making soap and detergents) and carbohydrates (sugar, starch, pectin and
cellulose). Edible seaweeds are rich in bioactive compounds such as soluble dietary
fibers, proteins, peptides, minerals, vitamins, and polyunsaturated fatty acids (Khalid
et al. 2018).

Active compounds include sulfated polysaccharides; phlorotannins, carotenoids
(e.g., fucoxanthin), minerals, peptides, sulfolipids, etc. are proven with benefits
against degenerative metabolic disease (Khalid et al. 2018).

Isolated compounds from marine algae includes the following:

• Brown Algae: Dieckol, 6,60-bieckol, dioxinodehydroeckol, fucoidan, fucoxan-
thin, fucoxanthinol, sargachromanol E, laminarin, fucodiphloroethol G,
diphlorethohydroxycarmalol, ascophyllan, bis(2,3 dibromo-4,5
dihydroxybenzyl) ether, sarg A, tuberatolide B etc. (Alves et al. 2018).

• Red Algae: Lophocladines B, polyether triterpenoid dehydrothyrsiferol,
eucheumaserra agglutinin, sulfated carrageenan, laurenditerpenol,
bromophycolide A, elatol, Υ carrageenan, mertesene, pheophorbide A,
thyrsiferol, porphyran, etc. (Alves et al. 2018).

• Green Algae: Nigricanosides A, caulerpin, caulerpenyne, siphonaxanthin,
clerosterol, etc. (Alves et al. 2018).
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Seaweeds are regarded as good reservoirs of compounds with numerous
biological and biomedical activities such as anticancer, anti-obesity, antidiabetic,
antibacterial, antihypertensive, antihyperlipidemic, antioxidant, antifungal, antimi-
crobial, anti-inflammatory, anticoagulant, antiestrogenic, immunomodulatory, thy-
roid stimulating, neuroprotective and tissues healing properties (Khalid et al. 2018),
neurodegenerative disorders, cardiovascular disorders, anti-infertility, antiviral/HIV,
HIV transfusion, antiallergy, skin disorders, metalloproteinase, inhibition activity,
and bone-related diseases (Thomas and Kim 2013).

Compared to the terrestrial plants and animal-based food, seaweeds are rich in
some health-promoting molecules and materials such as dietary fiber, ω-3 fatty acids,
essential amino acids, and vitamins A, B, C and E which are essential for cosmeceu-
tical product development (Thomas and Kim 2013).

The biochemical composition of seaweed provides an excellent choice of biolog-
ically active components with a broad range of physiological and biochemical
characteristics, many of which are rare or absent in other taxonomic groups.
Hence many novel compounds are obtained from marine sources in which most
compounds are used for anticancer activity (Thomas and Kim 2013).

Marine environment has demonstrated to be interesting source of compounds
with uncommon and unique chemical features on which the molecular modeling and
chemical synthesis of new drugs can be based with greater efficacy and specificity
for the therapeutics (Alves et al. 2018). In addition marine algae are considered as
sea vegetables not only for consumption but also as an alternative medicine since
ancient times for skin related diseases. In other words, the marine environment is off
many folds richer in its biodiversity, thereby making marine organisms and their
metabolites unique. The majority of the investigation on the metabolites derived
from brown algae (Thomas and Kim 2013).

On the chemo-ecological point of view, future work would be interesting to focus
on discovery of targeted bioactive molecules such as highly cytotoxic tri-terpenoids
from certain sea areas. Another outlook worth to mention is the possible biogenetic
relationship between some metabolites in this genus. It could inspire biomimetic
synthesis and compound interconversion, to scale up the available amounts for
further pharmacological and toxicological evaluation. Further, generation of some
metabolites could also be used for another direction future study (Wu et al. 2018).

46.1.1 Identification of Algae

Marine plants are known as marine algae. The study of algae is called phycology.
They are identified based on their macroscopic, microscopic, and habitat character-
istic. Similar types of algae are identified based on sexual systems, reproduction
organs, type of reproduction, germinating zoospores, zygospore, pyrenoids, nuclei,
rhizoids, etc. There are several types of living organisms present in oceans and seas
that include phytoplankton, kelps, seagrasses, mangroves, corals, waterwheel plants,
sea anemones, open brains, sponges, algae, bioluminescence plants and organisms,
etc. (PRI 2019).
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There are basically two categories of plants living in our ocean’s waters (PRI
2019):

Floating plants: They can be spotted near the surface of the water.
Rooted plants: They can be found in shallow waters near the shore.
Other plants: They can be found in deep waters.

Algae can be generally categorized into two large sub-groups (Keshini et al.
2016):

1. Microalgae: Cyanophyta—Blue green algae.
Pyrrophyta—Dinoflagellates.
Chrysophyta—Diatoms and golden brown algae.
Chlorophyta—Microscopic green algae.

2. Macroalgae: Chlorophyceae—Green algae.
Rhodophyceae—Red algae.
Phaeophyceae—Brown algae.

Spongomorpha indica L. (Family, Ulotrichaceae) is one of the macroalgae that
was accepted as Acrosiphonia orientalis that distributed in the intertidal rocky
habitats of tropical and subtropical seawaters of the globe. It is obtained from a
parent plant Spongomorpha kutzing (Rangaiah et al. 2010). It is used as fodder,
biogas production, fertilizers, dietary supplement, water waste treatments, etc. It is
rich in vitamin C content, which acts as an antioxidant, than other chlorophyta plants
(Rajubabu et al. 2017).

Historically, Thivy and V. Visalakshmi identified and scientifically named the
plant as Spongomorpha indica in 1963. The specimen accepted in the World
Register of Marine Species as Acrosiphonia orientalis given by (J. Agardh) P. C.
Silva in 1996 (Guiry and Guiry 2019).

Seaweed is also known as brown, red, green seaweed, algae, kelp, egg wrack,
kombu/konbu, sea spaghetti, wakame, nori, dulse/dillisk, sea lettuce, sea grass,
carrageenan, and Irish moss (McHugh 2003).

46.1.2 Description of Family Ulotrichaceae (Taylor 1960)

• Family Ulotrichaceae belongs to green algae in the order Ulotrichales.
• Algae consisting of filaments with or without an attaching base.
• Filaments are cylindrical, typically unbranched, uniseriate cells with thin to

gelatinous walls.
• Chloroplast consists of a parenchymatous layer with cells. It consists of a lateral

plate-like or a band like chromatophores with or without pyrenoids.
• Asexual reproduction by filament fragmentation or zoospores and sexual repro-

duction by diplohaplontic takes places.
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46.2 Botanical Description of Spongomorpha indica L.

Taxonomic classification of seaweed Spongomorpha indica L. (Guiry and Guiry
2019) given in Table 46.1. Vernacular names for word seaweed mentioned in
Table 46.2.

46.2.1 Distribution and Habitat

Spongomorpha indica L. is a green macroalgal seaweed, which is distributed in the
intertidal rocky habitats especially mid to low littoral regions of tropical and
subtropical seawaters of the globe. They grow on hard rocks and rarely as epiphytes.
It is a perennial weed which grows throughout the year within the intertidal zones
with depth 1.1 m (10 cm ¼ 1 m) and distance from the shore 10 m (2 cm ¼ 1 m)
consisting latitudes 17�1401300 and 17�41’ N and longitudes 83�1602500 and 21�3000.
Seawater conditions should be maintained as follows (Manjula 2015):

Salinity: 30–33 ppt.
pH: 7.2–7.6.
Dissolved oxygen: 7–7.6 ml/L.
Temperature: 26–37 �C.
Water temperature: 21–26 �C.

Table 46.1 Taxonomic
classification of seaweed
Spongomorpha indica L.

Empire Eukaryota

Kingdom Plantae

Sub-kingdom Viridiplantae

Phylum Chlorophyta

Sub-phylum Chlorophytina

Class Ulvophyceae

Order Ulotrichales

Family Ulotrichaceae

Genus Spongomorpha

Species Spongomorpha indica

Table 46.2 Name of
seaweed in different
languages

Languages Names

Telugu Samudrapu paci

Hindi Samudreesivaar

English Seaweed

Marathi Samudraparyatana

Guajarati Sivida

Tamil Katarpaci

Malayalam Katalijalam

Punjab Samudaritalaha

Kannada Kadalakale
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46.3 Morphology and Uses of Spongomorpha indica L.

46.3.1 Morphology and Distribution

Spongomorpha indica L. is seaweed that is classified as macroalgae with
sub-classification as chlorophyta (green algae). It is a medium-sized sea plant with
height 3–5 cm and width 5–7 cm having unbranched filaments or uniseriate
branched filaments attached by descending, often branched, multicellular rhizoids
as irregular branched clusters with thallus. Branches spreading in young plants,
intertwined in older plants, forming secondary tufts. Branching intercalary, irregular,
usually single per node, arising subterminally from upper cell pole with oblique
cross wall at axial cell having rounded tips, rarely hooked. It may or may not be
having other weeds and epiphytes attached to it. It is dark seaweed green in color
(Setchell and Gardner 1920).

Spongomorpha distributed in temperate, cold temperate to arctic waters of North
Atlantic and adjacent waters, growing in littoral zone, often in rock pools or
epiphytically on larger algae. Cell wall thin in fast-growing plants, pecto-cellulosic
in nature. Chemical compositions are unknown. X-ray diagrams indicating randomly
arranged substances (Setchell and Gardner 1920). Images of seaweed regarding the
habitat distribution and specimen images are given in Figs. 46.1–46.3. Figure 46.4
includes the uses of seaweed by their extraction methods and other uses.

Fig. 46.1 Picture of seaweed at the site of intertidal rocky habitat
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Fig. 46.3 Picture of seaweed

Fig. 46.2 Picture of seaweed attached to rock
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Thallus: It composed of short intercalary, sometimes isodiametric cells in the
lower parts of the thallus and longer cells in the upper part. Cells are uninucleate
(Taylor 1957).

Filaments: They may be branched or unbranched uniseriate filaments, which
either have hooks or rhizoids that cause the branches to become tangled. This
gives the algae a matted rope-like appearance. It is also said to resemble Rastafarian
hair (Taylor 1957).

46.3.2 Uses, Interaction, Toxicology of Seaweed

46.3.2.1 Recommended Dose
Clinical trials have used an oral dosage range of 4–12 g seaweed daily up to 2 months
(Teas et al. 2009).

46.3.2.2 Interactions
Patients taking warfarin and consuming a large quantity of food containing seaweed
may experience a change in international normalized ratio because of seaweed’s
high vitamin C, E, K, and B contents (Bartle et al. 2001).

46.3.2.3 Toxicology
Excessive intake of dried seaweed may result in increased serum thyroid-stimulating
hormones. There have been case reports of yellowing of the skin with excessive
seaweed consumption (Nishimura et al. 1998).

Fig. 46.4 Uses of seaweed by their extraction methods and other uses (Indergaad 1983)
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46.3.2.4 Uses of Seaweed Spongomorpha

Industrial Uses (Sekar 2015; Taylor 1957)
• Alginates, carrageenan, etc. extraction.
• Rich in elements like K, Na, Ca, Mg, Zn, Cu, Cl, S, P, Vi, Co, Mn, Se, Br, I, Ar,

Ir, F.
• Metabolically required minerals.
• Therapeutically get tracer elements.
• Dry weight minerals.
• Preparation of agar, alginates, carrageenan.
• Biogas production.
• Gelling, stabilizing, and thickening agents in food.
• Confectionary.
• Dairy.
• Textiles and papers industries.
• Paint and varnish industries.

Ethnobotanical Uses (Wu et al. 2018)
• Wound healing.
• Wound dressing.
• Anti-inflammatory.
• Allergy.
• Anti-viral.
• Analgesia.
• Cognitive disorders.
• Anticancer.
• Skin disorders, etc.
• Tuberculosis.
• Arthritis.
• Colds and influenza.
• Worm infestation.

Traditional Uses (McHugh 2003)
• Cosmetic preparations.
• Traditional medicine.
• Seaweed oils.
• Water waste treatments.
• Soil conditioners.
• Livestock as fodder.
• Organic fertilizers.
• Dietary supplements.
• Foliar feeding for plants.

Medicinal Uses (Manjula 2015; Stein and Borden 1984)
• Dietary source of essential medicines.
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• Cholesterol reduction.
• Appetite suppression.
• Heart problems.
• Mineral and vitamins supplements.
• Thyroxin production.
• Vermifugal agents.
• Inhibit herpes simplex virus.
• Carrageenan’s used as anti-viral agents.
• Bone replacement therapy.
• Sexual desirability.

46.4 List of Accepted Species in Other Names

Some Spongomorpha species were accepted as Acrosiphonia based on common
vegetative characters; however nuclear number provides stable features for generic
distinction. A genus is redefined because of the presence and absence of heteromor-
phic life history (Spongomorpha with and Acrosiphonia without heteromorphic life
history). This is the diversity among the endophytic sporophytic vesicles. The reason
seems reasonable since some species have distinguishable sporophytes (Hoek 1963).
The list of species was mentioned in Table 46.3.

Table 46.3 Spongomor-
pha species with accepted
names (Guiry and Guiry
2020)

Plant names Accepted names

Spongomorpha breviarticulata Acrosiphonia duriuscula

Spongomorpha cartilaginea Acrosiphonia duriuscula

Spongomorpha arcta Acrosiphonia centralis

Spongomorpha congregata Spongomorpha aeruginosa

Spongomorpha effusa Acrosiphonia effusa

Spongomorpha flagellata Acrosiphonia flagellata

Spongomorpha hemisphaerica Acrosiphonia hemisphaerica

Spongomorpha indica Acrosiphonia orientalis

Spongomorpha lanosa Spongomorpha aeruginosa

Spongomorpha ochotensis Spongomorpha mertensii

Spongomorpha oxyclada Camontagnea oxyclada

Spongomorpha pallida Spongomorpha aeruginosa

Spongomorpha saxatilis Acrosiphonia saxatilis

Spongomorpha sonderi Acrosiphonia sonderi

Spongomorpha spinescens Acrosiphonia spinescens

Spongomorpha uncialis Spongomorpha aeruginosa
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46.5 List of Accepted Species of Spongomorpha Genus (Guiry &
Guiry 2020)

1. Spongomorpha aeruginosa.
2. Spongomorpha cincinnata.
3. Spongomorpha coalita.
4. Spongomorpha conjuncta.
5. Spongomorpha indica.
6. Spongomorpha glacialis.
7. Spongomorpha hystrix.
8. Spongomorpha pacifica.
9. Spongomorpha spiralis.

10. Spongomorpha vernalis.
11. Spongomorpha mertensii.

Accepted names and description of seaweed regarding the chemical constituents and
biological activities along with references were mentioned in Table 46.4.

46.6 Isolated Molecules

A sulfated heteropolysaccharide [α]D+ 59� was isolated from a green seaweed
Spongomorpha indica L. by extraction with ammonium oxalate. Studies showed
that the polysaccharide is a complex and multilinked polymer containing arabinose
in both furanose and pyranose forms. The polymer is composed of arabinose, xylose,
galactose, and glucose in the ratio 8.9:1:12:1. The compounds isolated from seaweed
Spongomorpha indica L. by ammonium oxalate method were 2,5-Di-O-methyl-L-
arabinose, 2,3,4-Tri-O-methyl-L-arabinose, arabinose, 2,3,5-Tri-O-methyl-L-arabi-
nose, 2,3,4,6-Tetra-O-methyl-D-glucose, 3,5-Di-O-methyl-L-arabinose, 2,4-Di-O-
methyl-L-arabinose, 6-O-methyl-D-galactose, 2,3,6-Tri-O-methyl-D-glucose,
2,3,6-Tri-O-methyl-D-galactose, 2,3,4-Tri-O-methyl-D-xylose, 2-O-methyl-L-arab-
inose, and 2,3,4,6-Tetra-O-methyl-D-galactose (Rao et al. 1991) (Fig. 46.5).

46.7 Elemental Analysis

Elemental analysis is a process where a sample of some material (e.g., soil, water,
bodily fluids, minerals, chemical compounds, etc.) is analyzed for its elements and
sometime isotonic composition. Elemental analysis can be quantitative (determining
how much of each are present) and qualitative (determining what elements are
present). Elemental analysis falls within the analytical chemistry. It is necessary to
detect elemental analysis in materials especially food and chemical compounds to
check the major and minor elements present in the samples. Trace elements, toxic
elements such as heavy metals, and their implications have been dealt in a serious
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methyl-L-arabinose, 6-O-methyl-D-galactose, 2,3,6-Tri-O-methyl-D-glucose, 2,3,6-Tri-O-methyl-
D-galactose, 2,3,4-Tri-O-methyl-D-xylose, 2-O-methyl-L-arabinose, 2,3,4,6-Tetra-O-methyl-D-
galactose, etc. compounds isolated by ammonium oxalate method
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manner in food and chemical compounds. Thus, it became necessary to check the
elements in the samples (Rajubabu et al. 2017) (Tables 46.5–46.7).

46.8 Biological Activities

46.8.1 Antifungal

Antifungal activity was performed using agar cup plate diffusion method with
different extracts of three dose levels on various fungal organisms. All the crude
extracts of Spongomorpha indica L. showed maximum activity against Aspergillus
niger and minimum against Saccharomyces cerevisiae. When compared to other
extracts, ethanolic extract showed the highest activity on Aspergillus niger at a dose
level of 500 mg/ml, and water extract showed the lowest activity on Saccharomyces
cerevisiae at a dose level of 100 mg/ml. Nystatin (100 mg/ml) was used as a standard
drug that showed maximum activity on Aspergillus niger and minimum activity on
Mucor racemosus (Rangaiah et al. 2010).

46.8.2 Antibacterial

Antibacterial activity was performed using agar cup plate diffusion method with
different extracts of three dose levels on various bacterial organisms. Among gram-
positive organisms, all the crude extracts of Spongomorpha indica L. showed
maximum activity against Bacillus subtilis and minimum against Streptococcus
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mutans. When compared to other extracts, ethanolic extract showed the highest
activity on Bacillus subtilis at a dose level of 500 mg/ml, and water, chloroform
extracts showed the lowest activity on Streptococcus mutans at three dose levels.
Among gram-negative organisms, all the crude extracts of Spongomorpha indica
L. showed maximum activity against Pseudomonas aeuruginosa and minimum
against Lactobacillus acidophilus. When compared to other extracts, ethanolic
extract showed the highest activity on Pseudomonas aeuruginosa at a dose level
of 500 mg/ml, and water extract showed the lowest activity on Lactobacillus
acidophilus at three dose levels. Chloramphenicol (100 mg/ml) was used as a
standard drug that showed maximum activity on Staphylococcus aureus and mini-
mum activity on Streptococcus anginosus in gram-positive organisms, whereas in
gram-negative organisms, maximum activity showed on Proteus vulgaris and mini-
mum activity on E. coli (Rangaiah et al. 2010).

46.8.3 Anti-Inflammatory

In vitro anti-inflammatory activity was performed using erythrocyte stabilization
method and egg albumin method with methanolic and chloroform extracts. Percent-
age inhibitions of extracts were compared with diclofenac sodium at 1000 mg/ml. In
erythrocyte stabilization method, percentage inhibition obtained for diclofenac
sodium was 91.41% and 17% for the methanolic extract of Spongomorpha indica
L. at 1000 mg/ml. In egg albumin method, percentage inhibition obtained for
diclofenac sodium was 87% and 48.66% for the methanolic extract of
Spongomorpha indica L. at 1000 mg/ml. Percentage inhibition of methanolic extract
showed maximum activity when compared to chloroform extract (Satyalakshmi
et al. 2018).

Table 46.5 Major elements present in ppm

Sample name Variety Na P K Ca Mg

Spongomorpha indica L. Green 5.7 203.0 802.5 4112.1 1.3

Table 46.7 Potentially toxic elements present in ppm

Sample name Variety Pb Cd Hg As

Spongomorpha indica L. Green 28.0 0.3 2.4 16.6

Table 46.6 Essential trace elements present in ppm

Sample name Variety I Zn Se Cu Mo Cr Mn Fe Co

Spongomorpha
indica L.

Green 215.5 145.3 2.4 33.5 ND 11.1 246.5 5950.7 2.9
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46.8.4 Antioxidant

In vitro antioxidant activity was performed using the reducing power method and
radical scavenging method (DPPH). In reducing power method, methanolic extract
of Spongomorpha indica L. showed significant activity at absorbance 0.08 under
700 nm and zone of inhibition was observed. In radical scavenging method (DPPH),
methanolic extract of Spongomorpha indica L. showed 48.76% zone of inhibition,
whereas L-ascorbic acid showed 88.7% zone of inhibition at 200 mg/ml concentra-
tion under 517 nm (Satyalakshmi et al. 2018).

46.8.5 Antimicrobial

Antimicrobial activity was performed using agar cup plate diffusion method with
different extracts of three dose levels on various bacterial organisms. Among gram-
positive organisms, ethanolic extract of Spongomorpha indica L. showed the highest
activity on Bacillus subtilis at a dose level of 500 mg/ml, and water, chloroform
extracts showed the lowest activity on Streptococcus mutans at three dose levels.
Among gram-negative organisms, ethanolic extract of Spongomorpha indica
L. showed the highest activity on Pseudomonas aeuruginosa at a dose level of
500 mg/ml, and water extract showed the lowest activity on Lactobacillus acidophi-
lus at three dose levels (Rangaiah et al. 2010).

46.9 Summary

The morphology of seaweed was based on the previous literature about the plant. It
is dark seaweed green in color with or without weeds and epiphytes attached to it,
having a fishy odor. It consists of thallus that is attached to rocks and unbranched or
uniseriate-branched filaments. The seaweed is having a rough texture and irregular
clustered rosette shape. The phytochemical reports showed the isolation of sulfated
heteropolysaccharide [α] D + 59� by ammonium oxalate method. Reported pharma-
cological or biological activities were antibacterial, antimicrobial, antifungal, anti-
inflammatory, and antioxidant activities. According to an article on vitamins of
marine algae, the seaweed was reported for having high vitamin C content.

The seaweed Spongomorpha indica L. also has major elements like Na, P, K, Ca,
and Mg; essential trace elements like I, Zn, Se, Cu, Mo, Cr, Mn, Fe, and Co; and
potentially toxic elements like Pb, Cd, Hg, and As.

Previous studies showed that ethanolic extract of seaweed Spongomorpha indica
L. had the highest activity of antibacterial, antifungal, and antimicrobial actions
when compared to chloroform, water, and methanolic extracts.

In vitro activities such as anti-inflammatory activity, methanolic extract of sea-
weed Spongomorpha indica L. showed potent zone of inhibition in egg albumin
method than erythrocyte stabilization method. In the antioxidant activity, methanolic
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extract of Spongomorpha indica L. showed significant activity in radical scavenging
method (DPPH) than reducing power method.

46.10 Conclusion

The above literature survey was reviewed to show that marine sources such as
seaweeds are also having an important role in isolating compounds and studying
biological activities other than terrestrial plants and animals. It is used for different
uses like industrial, ethnobotanical, traditional, and medicinal uses among which
traditional uses are more preferred as water waste treatments, soil conditioners,
livestock as fodder, organic fertilizers and foliar feeding for plants, etc. The seaweed
Spongomorpha indica L. also has major elements, essential trace elements, and
potentially toxic elements. The seaweed has been reported to possess anti-
inflammatory, antioxidant, antibacterial, antifungal, and antimicrobial activities.
Hence the review on seaweed Spongomorpha indica L. concludes that the seaweed
is useful for compounds discovery and have biological aspects other than traditional
uses. However it can be considered as a medicinal plant with greater benefits in the
future.
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Validation of Traditional Claim of Oxalis
debilis Kunth: An Ethnomedicinal Plant
from Northeastern Region of India
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Abstract

Ethnomedicinal survey documents the traditional uses of Oxalis debilis Kunth
leaves in the management of diarrhea and helminthiasis. In our study, the
antidiarrheal and anthelmintic activities were evaluated for ethyl acetate and
hydro-alcoholic leaf extracts of O. debilis. Both the leaf extracts exhibited
antidiarrheal and anthelmintic activities. The hydro-alcoholic extract exhibited
better activity profile than that of ethyl acetate extract. Moreover, the anthelmintic
activity was found to be more significant in comparison to the antidiarreal activity
for the hydro-alcoholic extract. From phytochemical and TLC studies, the pres-
ence of phenolic compounds and flavonoids has been demonstrated in the extracts
indicating their possible role in the bioactivity of O. debilis leaves. However, the
potent antidiarrheal and anthelmintic activities are claimed with the hydro-
alcoholic extract of O. debilis leaves. Our present work justifies the
ethnomedicinal claims of O. debilis leaves in the treatment of diarrhea and
helminthiasis, particularly in the northeastern region of India.
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Abbreviations

CPCSEA Committee for the Purpose of Control and Supervision of Experiments
on Animals

IAEC Institutional Animal Ethics Committee
LOD Loss on drying
OECD Organisation for Economic Co-operation and Development
SEM Standard error of mean
TLC Thin-layer chromatography
UV Ultraviolet
WHO World Health Organization

47.1 Introduction

Medicines of plant origin have been used in traditional health practices for the
prevention, treatment, and management of a variety of human ailments since ancient
time (Rahman et al. 2013). According to the World health Organization (WHO),
about 60% of population depends on remedies based on traditional practices world-
wide, and 80% of the population living in developing world relies on traditional
herbal medicines for their primary healthcare needs (Ekor 2014; Mukherjee et al.
2012).

Oxalis debilis Kunth is a perennial herb belonging to the family of Oxalidaceae
(Fig. 47.1). It has three-part, clover-like leaves and deep pink flowers found during
July to September (Patiri and Borah 2012). This edible plant is grown as wild species
used in ethnomedicines for skin infections. It also has potent antipyretic,
antidiarrheal, antiasthma, and anthelmintic activities (Junejo et al. 2014b; Singh
and Dubey 2012). In traditional practice, the leaf extract of O. debilis is taken orally
for curing fever (Lourteig 2000; Luo et al. 2006). Literature review reveals that no
scientific work has been carried out so far on antidiarrheal and anthelmintic activities

Fig. 47.1 O. debilis plant
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of this plant. Our present investigation, therefore, aims at the evaluation of certain
leaf extracts of O. debilis for antidiarrheal and anthelmintic activities.

Diarrhea is increasingly responsible for mortalities in developing countries.
Children under 5 years old are more susceptible to this disease (Amole et al. 2010;
Saralaya et al. 2010). To circumvent this disease, the WHO has begun a program for
the control and prevention program of diarrhea disease using traditional medicine
practices, particularly herbal remedies (Damiki and Siva 2011). Helminth infections
(worm infestations or helminthiases) are the most common parasitic illness in
humans. This chronic and debilitating illness affects about half of the population
of the world. The morbidity rate of helminthiasis is increasing worldwide particu-
larly in subtropical regions. Herbal remedies have potential in the treatment and
management of helminthiases (Sirama et al. 2015).

47.2 Materials and Methods

47.2.1 Drugs and Chemicals

Loperamide hydrochloride and albendazole were purchased from Sigma-Aldrich,
Mumbai. These are used as standard drugs. Crude extracts of ethyl acetate and
hydro-alcoholic solvent of O. debilis leaves were used as test drugs. The extracts
were formulated at the concentrations of 250 and 500 mg/kg body weight for
antidiarrheal study and at the concentrations of 15, 60, and 100 mg/kg body weight
for anthelmintic study.

47.2.2 Collection of Plant

Fresh O. debilis Kunth leaves were collected from Dibrugarh University Campus,
Dibrugarh, Assam, India, during the month of April to May, 2013. Leaves were
properly washed, dried under the shade, and coarsely powdered. The plant species
was authenticated by the Botanical Survey of India, Eastern Regional Centre,
Shillong. A voucher specimen (Specimen Number DU/KM/2013/07, Reference
Number BSI/ERC/2013/Tech/PlantIdentification/636) was submitted for future
references.

47.2.3 Preparation of Extracts

The extraction of powdered leaves (approximately 300 g) of O. debilis was done by
cold maceration for about 15–20 days. Ethyl acetate and hydro-alcohol (70:30) were
used as solvents of extraction. After extraction is over, the solvent was allowed to
reduce by evaporation at 45 �C under negative pressure to yield the concentrated
extract.
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47.2.4 Physicochemical and TLC Analyses

Various physicochemical properties such as %LOD, ash value, and extractive value
of the powdered leaves were evaluated in accordance with the standard methods
(Kaneria and Chanda 2011; Evans 2002). The extractive values of solvent extracts
were also determined.

Silica gel 60 F254 (0.25 mm thick, precoated on aluminum sheet) and TLC plates
(Merck, Germany) were used for TLC fingerprinting using the mixture of toluene/
ethyl acetate/formic acid (4:5:1) as a mobile phase. The visualization of spots was
carried out under UV light at 254 and 365 nm (Indian Pharmacopoeia 2014). The
spots obtained with their relative Rf values were recorded.

47.2.5 Phytochemical Screening

Preliminary screening of both the leaf extracts of O. debilis for the detection of
various phytoconstituents was systematically performed (Kokate 1994; Harborne
1998).

47.2.6 Experimental Animals

Healthy Wistar albino rats (200–250 g) were used for the antidiarrheal activity.
Animals were procured from the Laboratory Animal House, Department of Pharma-
ceutical Sciences, Dibrugarh University, with the approval of the IAEC (Approval
no. IAEC/DU/50 Dated 24.9.13) under guidelines set by the CPCSEA, New Delhi
(India). Standard laboratory conditions (temperature 25 � 2 �C, relative humidity
50 � 5%, 12 h light/dark cycle) were maintained for the animals. Prior to experi-
ment, acclimatization of animals was carried out for 1 week. During this period,
animals were provided with standard diet and drinking water.

47.2.7 Acute Oral Toxicity Study

Animals were randomly grouped with six animals in each group. One group was
kept as normal control. Increasing doses (250, 500, 1000, 2000, and 5000 mg/kg bw)
of extracts were given to the test groups. The observation for acute toxicity for
14 days was done as per OECD guidelines (Junejo et al. 2014a).

47.2.8 Antidiarrheal Activity

For antidiarrheal activity, the in vivo model of castor oil-induced diarrhea in rats was
used (Shoba and Thomas 2001; Uddin et al. 2005). Four groups of animals were
prepared, allocating five rats each: group I, control received normal saline (10 ml/
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kg); group II, standard treated with loperamide (50 mg/kg); and groups III and IV,
test groups treated with ethyl acetate and hydro-alcoholic extract (250 mg/kg and
500 mg/kg, respectively). The percent inhibition of defecation was calculated as
follows:

%Inhibition of defecation ¼ A� Bð Þ=A½ � � 100

where A and B are mean value of number of defecation in control and drug/extract,
respectively. The results are presented as the mean � standard error of mean (SEM)
of three replicate observations.

47.2.9 Anthelmintic Activity

Adult Indian earthworms (Pheretima posthuma) and tapeworms (Raillietina
spiralis) were used for the evaluation of in vitro anthelmintic activity (Panda et al.
2011). The earthworms and tapeworms were obtained from moist soil and intestines
of chicken, respectively. The worms were prepared before performing the experi-
ment. The average size of earthworms and tapeworms used were 7.3–8.5 and
6.4–7.6 cm, respectively (Pillai and Nair 2011; Thorn et al. 1977; Zaman 1984). A
total of 60 worms were divided into 10 groups, each group containing 6 worms.
Different concentrations (15, 60, 100 mg/ml) of extracts (ethyl acetate or hydro-
alcoholic) and albendazole (standard) were prepared in distilled water and used as
test and standard solutions, respectively. The time required for paralysis and thereby
death of experimental worms were calculated to assess the anthelmintic activity. The
results are presented as the mean � standard error of mean (SEM) of three replicate
observations.

47.3 Results and Discussion

47.3.1 Physicochemical and TLC Analyses

The results of physicochemical analyses are given in Table 47.1. Physicochemical
parameters such as moisture content, ash values, and extractive values were within
limit. Physicochemical analyses standardize the crude leaf powder and the leaf
extracts of O. debilis considering their purity and quality.

Table 47.1 also depicts the TLC profiling ofO. debilis leaf extracts. Characteristic
spots with their relative Rf values were obtained. The chromatograms are displayed
in Fig. 47.2. TLC is a useful analytical tool for chemical fingerprinting as well as
chemotaxonomic identification of plants (Junejo et al. 2016). TLC analysis exhibited
the detection of certain phytoconstituents or marker components such as phenolic
substances, tannins, and flavonoids in both the leaf extracts (ethyl acetate and hydro-
alcoholic) of O. debilis.
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47.3.2 Phytochemical Screening

The results of phytochemical screening depicted in Table 47.2 revealed the presence
of certain phytoconstituents such as phenolics and tannins, flavonoids, saponins, and
alkaloids in the leaf extracts of O. debilis (Junejo et al. 2016).

47.3.3 Acute Toxicity

No signs of acute toxicity and/or mortality were observed in animals up to the
maximum dose of 2000 mg/kg bw during the experimental period. Significant
changes in behavior, food intake, water consumption, hair loss, postural
abnormalities, etc. were not observed. Acute toxicity study, therefore, validates the
folloric claim on the plant as a safe herbal medicine without having any adverse
effects (Junejo et al. 2016).

47.3.4 Antidiarrheal Activity

Both the extracts exhibited antidiarrheal activity in rats. Hydro-alcoholic extract
exhibited higher activity profile than that of the ethyl acetate extract. The
antidiarrheal effects of extracts are presented in Table 47.3. Upon administration
of extracts, the production of wet feces was decreased causing prevention of
defecation to an appreciable extent. At 250 mg/kg bw dose, the extract with ethyl
acetate produced 24.83% inhibition of defecation. At a higher dose, i.e., 500 mg/kg

Table 47.1 Physicochemical and TLC analyses of leaf and leaf extracts of O. debilis

Physicochemicala TLCb

Parameter % w/w� SEM Ethyl acetate Hydro-alcoholic

No. of
spots

Rf

value
No. of
spots

Rf

value

Moisture content (%
LOD)

11.09 � 0.17 02 0.924
0.886

04 0.943
0.905
0.792
0.584

Ash values

Total ash 34.56 � 0.29

Acid insoluble 7.18 � 0.47

Water soluble 12.56 � 0.33

Extractive values (leaf)

Water soluble 15.73 � 0.26

Alcohol soluble 8.22 � 0.18

Extractive values (extract)

Ethyl acetate 1.59 � 0.23

Hydro-alcoholic 5.46 � 0.37
aValues are expressed as mean � SEM of triplicate observations
bSolvent system: toluene/ethyl acetate/formic acid ¼ 5:4:1
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bw, the activity was improved up to 44.15% inhibition of defecation. Similarly, the
extract with hydro-alcohol showed 40.01% of inhibition at 250 mg/kg bw dose,
while 73.37% defecation inhibition was observed at 500 mg/kg bw dose. Adminis-
tration of loperamide (standard) at 50 mg/kg dose produced 3.12 � 1.32 numbers of
diarrheal feces in 4 h causing 74.67% inhibition of defecation. It was also seen that
with increasing dose of the extracts, antidiarrheal activity was also increased. The
decrease in defecation frequency was significantly inhibited by the extract with
hydro-alcoholic solvent as compared with untreated group. The hydro-alcoholic

Fig. 47.2 TLC of O. debilis
leaf extracts under 254 nm
(E is ethyl acetate extract; H is
hydro-alcoholic extract)
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extract produced similar extent of antidiarrheal effect as that of loperamide but at
considerably higher dose.

47.3.5 Anthelmintic Activity

Table 47.4 depicts details of anthelmintic activity produced by extracts of O. debilis
leaves. In earthworms, the extract with ethyl acetate solvent exhibited highest
anthelmintic activity at the dose of 100 mg/ml causing paralytic effect in
43.21 � 1.57 min and death in 69.24 � 0.68 min. In a similar way, the extract
with hydro-alcoholic solvent showed the highest anthelmintic activity in earthworms
at 100 mg/ml dose producing paralytic effect in 23.23 � 0.33 min and death in
34.48 � 0.39 min. In tapeworms, ethyl acetate extract produced maximum paralytic
response causing paralysis in 41.51 � 1.14 min and death in 63.71 � 0.68 min at
100 mg/ml dose. Similarly, the highest activity was demonstrated with hydro-
alcoholic extract against tapeworms at 100 mg/ml causing paralysis in
21.87 � 0.88 min and death in 39.83 � 0.69 min. Albendazole (standard drug)
showed paralytic effect in 21.27 � 0.74 min causing death in 33.12 � 1.47 and

Table 47.2 Phytochemical screening of O. debilis leaf extracts

Phytoconstituents Ethyl acetate extract Hydro-alcoholic extract

Alkaloids � +

Glycosides � �
Phenolic compounds and tannins + +

Flavonoids + +

Saponins � +

Terpenoids � �
Steroids �
Carbohydrates � +

Amino acids and proteins � +

Fats and oils � �
+, presence; �, absence

Table 47.3 Antidiarrheal effect of leaf extracts of O. debilis

Group Treatment
Dose
(mg/kg)

Number of diarrheal feces
in 4 h

% Inhibition of
defecation

I Normal control 10 (ml/kg) 12.32 –

II Loperamide
(standard)

50 3.12 � 1.32 74.67

III Ethyl acetate
extract

250 9.26 � 1.67 24.83

500 6.88 � 2.11 44.15

IV Hydro-alcoholic
extract

250 7.39 � 1.82 40.01

500 3.28 � 1.38 73.37

Data are presented as the means � SEM of three replicate studies
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20.31 � 1.57 min causing death in 40.56 � 1.57 min against earthworms and
tapeworms, respectively, at 100 mg/ml. It was apparent from our observation that
the anthelmintic activity was significantly improved with increasing the concentra-
tion of extract. The maximum activity was recorded with 100 mg/ml dose, while
60 and 15 mg/ml doses exhibited considerably reduced activity. The extract with
hydro-alcohol exhibited better profile of anthelmintic activity as compared to the
extract with ethyl acetate. The activity of hydro-alcoholic extract could be compared
with that of the standard albendazole.

To summarize, the hydro-alcoholic extract was found superior to possess
antidiarrheal and anthelmintic activities over ethyl acetate extract. Both the extracts
possess bioactivity at the highest tested dose. The activities of hydro-alcoholic
extract are comparable with that of the standard drugs. The hydro-alcoholic leaf
extract possesses significant level of anthelmintic efficacy, whereas its antidiarrheal
efficacy was found comparatively less significant. From phytochemical and TLC
studies, the presence of phenolic substances and flavonoids has been demonstrated
in the extracts, indicating their possible role in the bioactivity of O. debilis leaves.
However, antidiarrheal and anthelmintic potencies lie with the hydro-alcoholic leaf
extract of O. debilis. Finally, our present work justifies the ethnomedicinal uses of
O. debilis leaves in the treatment of diarrhea and helminthiasis in the northeastern
region of India.

47.4 Conclusion

Our work reports the significant role of ethyl acetate and/or hydro-alcoholic leaf
extracts of O. debilis in the prevention as well as treatment of diarrhea and helmin-
thiasis. This study confirms the traditional claim of O. debilis leaves as its use in
ethnomedicine for the management of diarrhea and worm infestation in the north-
eastern parts of India. Since it is a preliminary study, further phytochemical,
toxicological, and pharmacological studies are necessary for further exploration of
phytoconstituents responsible for the bioactivity of Oxalis debilis leaves.
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in Plateau-Fringe and Rarh Districts of West
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Abstract

Traditional medicine comprises the healthcare support indigenously developed
over generations among diverse cultural groups inhabiting different geographical
locations all over the globe since time immemorial. According to several reports,
around 80% of world populations especially from the developing countries rely
on traditional medical practices of which usage of plant products remains in
highest position due to their proven medicinal values. India also has a very rich
tradition of practicing herbal medicine particularly in the rural and tribal
communities for prevention and cure of diseases. The reasons behind popularity
and widespread uses of herbal products are their low cost, easy availability and
lesser side effects in addition to poor access of the common people with socio-
economic vulnerability to primary healthcare system and conventional medicine.
The great biodiversity of medicinal plants of India also remained pivotal for
developing such a very rich tradition of medical practices since ancient time,
mainly practiced at individual and familial levels, and usually transferred orally
from one generation to other. West Bengal is not an exception to this therapeutic
culture. Presently research is being encouraged on herbal medicine from different
stakeholders aiming development of more life-saving modern drugs at low cost as
there is an increasing trend of interest in traditional medicine worldwide. A
systematic approach for documentation of traditional knowledge of herbal medi-
cine is required in this view. In this review such an attempt is made to document
the plants and their products with potential therapeutic uses in the plateau-fringe
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and rarh districts of state of West Bengal, India, that is not only distinct from
geomorphological and climatic points of view but also in terms of natural and
human resources.

Keywords

Traditional medicine · Herbal · Plateau-Fringe · Rarh · Tribal

Abbreviations

AYUSH Department of Ayurveda Unani Siddha and Homeopathy
CM Complementary Medicine
IDRC International Development Research Centre
T&CM Traditional & Complementary Medicine
TM Traditional Medicine
WHO World Health Organization

48.1 Introduction

In the era of globalization, medical sciences has made remarkable progresses
resulting in an increase in the life expectancy and decrease in overall rate of mortality
and morbidity through the formulation of newer drugs against different infectious
and life-threatening diseases. In spite of such successes, quality healthcare facilities
are unreachable to all, as people residing in rural and remote corners of the globe
cannot access all conventional or modern medical facilities (Sen and Chakraborty
2017). Hence a huge fraction of the world population dwelling in the underdevel-
oped and developing countries largely depend on indigenously developed traditional
system of medicine in their respective societies for primeval healthcare needs since
human civilization came into being. As a result traditional medicine plays significant
role among the diverse communities and cultural groups in those rural and far-flung
areas where the magical touches of conventional medicine have largely failed to
reach. According to the report of World Health Organization (WHO), around 80% of
world population especially from the developing countries relies on traditional
medical practices to meet their basic healthcare needs (Akerele 1993).

According to WHO Traditional Medicine Strategy 2014–2023, the definition of
traditional medicine (TM) is “the sum total of the knowledge, skill, and practices
based on the theories, beliefs, and experiences indigenous to different cultures,
whether explicable or not, used in the maintenance of health as well as in the
prevention, diagnosis, improvement or treatment of physical and mental illness.
Traditional medicine has got a long history of its use in maintenance of health and
prevention and treatment of diseases” (World Health Organization 2013). Alterna-
tively, traditional medicine or nonconventional medicine may be termed comple-
mentary medicine (CM). Complementary medicine (CM) has been defined as “a
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broad set of health care practices that are neither part of a country’s own tradition nor
part of conventional medicine, and are not fully integrated into the dominant health
care system. CM practices are used interchangeably with TM practices in some
countries” (World Health Organization 2013). The term T&CM encompasses both
TM and CM products, practices and practitioners. T&CM can further be described as
an important but mostly underestimated health resource that includes diverse
applications, especially in dealing with lifestyle-related chronic diseases, and the
health issues of ageing populations (World Health Organization 2019).

This also includes ancient indigenous experiences used to maintain health and
comfort as well as to prevent illnesses, assist diagnosis and help cure. WHO has also
defined “indigenous traditional medicine” as the “sum total of knowledge and
practices, whether explicable or not, used in diagnosing, preventing or eliminating
physical, mental and social diseases. This knowledge or practice may rely exclu-
sively on past experience and observation handed down orally or in writing from
generation to generation. These practices are native to the country in which they are
practiced. The majority of indigenous traditional medicine has been practiced at the
primary health care level. The terms for these medicines may vary from country to
country and region to region, so specific definitions are used” (World Health
Organization 2019).

Due to ready availability and close associations of human beings with plants in
their surroundings since ancient time, plant-based herbal medicine has gained
predominance in traditional healthcare system. In most Asian and African countries
where folk medicines are mostly preferred, the search for herbal cures remains to be
very common practice (Akpanabiatu et al. 2005). In developing countries the basic
approach of the traditional healers and their plant-based herbal medicines is curative
rather than preventive for common ailments (Gabriel et al. 2007). According to
WHO, “herbal medicines include herbs, herbal materials, herbal preparations and
finished herbal products that contain, as active ingredients, parts of plants, other
plant materials or combinations thereof. In some countries, herbal medicines may
contain, by tradition, natural organic or inorganic active ingredients that are not of
plant origin (e.g. animal and mineral materials)” (World Health Organization 2019).
In traditional system the use of medicinal plants, their parts, doses and mode of
applications vary with the herbal practitioners and/or healers among diverse ethnic
groups and communities. The geographical and climatic conditions are also found to
be major regulatory factors in the variations of the herbal products, their medicinal
values and efficacies and also their indigenous applications. But research on medici-
nal plants and herbal medicines targets to identify and isolate the active principles
and attempts to standardize their adequate applications (Das and Ghosh 2017).

The effective uses, easy availability, low cost and lesser side effects of the herbal
medicines besides remote access of the common people to primary healthcare
system and conventional medicine might be the underlying reasons for their enor-
mous popularity and extensive uses especially in poor and vulnerable rural
communities residing in developing countries (Pattanayak et al. 2015). At the
International Conference on Traditional Medicine for Southeast Asian Countries in
February 2013, the WHO Director-General Dr. Margaret Chan stated that
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“traditional medicines, of proven quality, safety, and efficacy, contribute to the goal
of ensuring that all people have access to care. For many millions of people, herbal
medicines, traditional treatments, and traditional practitioners are the main source of
health care, and sometimes the only source of care. This is care that is close to
homes, accessible and affordable. It is also culturally acceptable and trusted by large
numbers of people. The affordability of most traditional medicines makes them all
the more attractive at a time of soaring health-care costs and nearly universal
austerity. Traditional medicine also stands out as a way of coping with the relentless
rise of chronic non-communicable diseases” (World Health Organization 2013).

Three major categories of traditional medicine have been suggested: the codified
medical systems, folk medicine and allied forms of health knowledge. The great
traditions of healthcare practices in different parts of the world that have been
evolved through time immemorial are codified medical systems. This includes
Ayurveda, Siddha and Unani in the Indian subcontinent and traditional Chinese
medicine and acupuncture in China. This system has unique and systematic
approach towards understanding of physiology, pathogenesis, pharmacology and
pharmaceuticals and thus has been professionalized. Folk medicine involves the
diverse groups of non-formalized medicines that can be adaptable under changing
conditions. Folk medicines show similarities over diverse cultural groups and
geographical locations. On the other hand, allied forms of health knowledge include
techniques attributed for well-being, such as yoga, qi-gong, tai chi and different
meditations and breathing techniques (Payyappallimana 2010).

At present, environmental pollution, sedentary and unhealthy lifestyle, increased
consumption of junk foods and use and overuse of conventional drugs are responsi-
ble for putting human lives in danger by increasing risk of life-threatening diseases
that are sometimes difficult to treat by conventional medicines (Imam and Ismail
2017). Moreover, healthcare costs and side effects of these medicines depict them
less popular. Nowadays most of the developing countries including India are also
facing the threat of a wide range of non-communicable and communicable diseases
due to lack of literacy and awareness, poor living conditions, lack of hygiene, high
population density and changing lifestyles intensifying the risks. In addition to this,
there are growing numbers of incidences of microbial resistance against different
commonly used antibiotics leading to increased healthcare cost, longer days of
hospital stay and increased mortality rate (Li and Webster 2018). These are the
main reasons that have directed to increasing trend of interests and demand for
traditional medicine all over the world in recent times as traditional medicine has a
very long history of its usefulness in maintenance of health and prevention and cure
of diseases. Formulation of quite a good number of conventional medicines has been
done taking into account the traditional knowledge (Manna and Mishra 2018). The
initiative of World Health Organization through WHO Traditional Medicine Strat-
egy 2002–2005 has generated increased interests among several countries,
governments and consumers in adopting traditional medicine for health and well-
being at individual level and also comprehensiveness of the healthcare systems. On
the basis of that,WHO Traditional Medicine Strategy 2014–2023 has been proposed
with the strategic objectives in (1) building the knowledge base and formulating
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national policies; (2) strengthening safety, quality and effectiveness through regula-
tion; and (3) promoting universal health coverage by integrating T&CM services and
self-healthcare into national health systems (World Health Organization 2013). The
overall objective is that traditional medicine of proven quality, safety and efficacy to
be extended to every part of the world and it has to be ensured that all people have
access to care.

48.2 Traditional Medicine: The Global Scenario

Traditional medicines are used by about 60% of the world’s population. These are
not only used in the rural areas in developing countries but also in the developed
countries as well where the modern medicines are predominantly used. According to
WHO, about three-quarters of the world population depends upon traditional
remedies (mainly herbs) for the healthcare of its people. Plant or herbs have not
only been providing food and shelter but also serving the humanity to cure different
dysfunctions. Almost 80% of the population of African and Asian countries believes
on traditional medicine for their primordial healthcare needs. Traditional medicines
include traditional Chinese medicine, traditional Korean medicine, traditional
European medicine, traditional African medicine, Ayurveda, Siddha, Unani,
Iranian Medicine, etc. The traditional medicines also sometimes are coined as herbal
or natural medicine existed in one way or another in different cultures/civilizations,
such as Egyptians, Western, Chinese, Kampo (Japan) and Greco-Arab or Unani/
Tibb (South Asia). According to the historians, ancient people used plants as the
remedial sources. Before the discovery of malarial disorder, quinine from Cinchona
bark was generally used. By the middle of the nineteenth century, at least 80% of all
medicines were derived from plants (Ansari and Inamdar 2010).

Since 2600 BCE, the uses of herbal medicine are evident through record of 1000
plant-based products in Mesopotamia. That demonstrated utilization of extracted oils
of Cupressus arizonica Greene, Commiphora acuminata Mattick, Cedrus libani
A. Rich, Glycyrrhiza glabra L. and Papaver somniferum L. These are still used
for the treatment of common colds, coughs, swelling and parasitic diseases (Cragg
and Newman 2013). The Chinese traditional medicine has been extensively known
throughout the centuries (Huang 1998), with the records obtained inWu Shi Er Bing
Fang (sometimes pronounced as Wushi’er Bingfang), translated as recipes for
52 ailments, written in ancient Chinese seal script (between 1100 and 800 BCE),
the Shennong herbal, a manual that covers the use of medicinal herbs (100 BCE;
365 medicines) and the Tang herbal (659 CE; 850 medicines). The Romans and
Greeks also had great contributions to the intelligible development of practices in
traditional medicine in the ancient Western world. Dioscorides, a Greek physician
~100 CE, documented the collection, storage and proper use of traditional medicine
in the then “known world” (Adhikari and Paul 2018).

Traditional medicine, being used by the African populations, includes indigenous
herbalism and African spirituality. This type of practice ails several diseases, viz.
high blood pressure, cancer, psychological disorders, diarrhoea, venereal diseases,
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epilepsy, asthma, eczema, fever, anxiety, depression, urinary tract infections, etc.
Large numbers of African populations still remain far away from the modern
pharmaceuticals and sophisticated ailment procedures. As a consequence, they are
forced to rely on the traditional practices. This makes the herbalists popular among
the Africans. In Durban herb trading market, 700,000 to 900,000 traders come per
year from South Africa, Zimbabwe and Mozambique (Halberstein and Saunders
1978). According to the International Development Research Centre (IDRC), an
estimate puts the number of Africans who routinely use these services for primary
healthcare as high as 85% in sub-Saharan Africa (Antwi-Baffour et al. 2014). In
Kwahu district of Ghana, for every traditional practitioner, there are 224 people,
against one university trained doctor there are nearly 21,000.

In recent time there has been an immense upsurge in the interest in traditional
medicine all over the globe that includes also a large number of developed countries.
WHO has reported a considerable amount of rise in interest since the publication of
the first global strategy in 2002 with the targets of linking TM contribution to health,
wellness and people-centred healthcare and also promotion of safe and effective use
of TM by regulating, researching and integrating TM products, practitioners and
practice into health systems, where appropriate. Gradually more countries have been
observed to accept the contribution of T&CM in maintenance of health and well-
being of any individual. Studies have revealed that besides widespread uses of
T&CM in developing countries, i.e. India (65–70%), Rwanda (~75%), Tanzania
(50–60%), Uganda (55–60%), Benin (80%) and Ethiopia (90%), more than 40%
population in the United States, 48–50% population in Australia, 65–70% popula-
tion in Canada and more than 20–60% population in Europe (for instance, 30% in
Belgium, 50% in France) use some form of T&CM (Bell et al. 2004; Ekor 2014;
Fabricant and Farnsworth 2001; Katz and Baltz 2016; Lim et al. 2005). On the basis
of second WHO global survey respondents only, 2012 among 133 member states the
9 indigenous TM and other T&CM mostly practiced on the basis of preferences all
over the world being acupuncture, Ayurvedic medicine, chiropractic, herbal medi-
cine, homeopathy, naturopathy, osteopathy, traditional Chinese medicine and Unani
medicine (World Health Organization 2019). Besides interest in herbal medicines,
more countries and consumers have been found with interests in aspects of T&CM
practices and practitioners, and there are gradually increasing demand in integration
of these into effective health service delivery (World Health Organization 2013). As
per WHO report, at present 88% (i.e. total 170) of member states are using T&CM
by developing policies, laws, regulations, programmes and offices for T&CM, and
the actual number is even higher. Greater numbers of countries at present are
offering high-level T&CM education programmes including Bachelor’s, Master’s
and Doctoral degrees at university level. Some countries have also developed
university curricula for health professionals and also started training programmes
to develop the knowledge of traditional health practitioners (World Health Organi-
zation 2019). Systematic research under regulated actions includes finding out
effective bioactive compounds in herbal products with therapeutic actions. In most
developed countries, the increasing trend of using TM is more due to confidence in
the treatment, ease of access and convenience in the choice of a traditional healer
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rather than the low cost. Another reason for preference is lesser side effects (Debas
et al. 2006). It is apprehended that integrating at the areas of convergence of T&CM
and conventional medicine would act best to help tackle the twenty-first century
unique health challenges rather than looking into the differences of the two. In an
ideal world, traditional medicine would be an option in a sound, people-centred
health system that will function through balancing curative services with preventive
care (World Health Organization 2019).

48.3 Traditional Medicine in India

India is the second largest country in the world in terms of population after China –
with population density of 460 per km2. The 2019 population was 1,366,417,754 at
mid-year according to United Nations data which is equivalent to about 17.71% of
total world population (Worldmeters United Nation 2019). According to Registrar
General, and Census Commissioner, India (2011), around 70% of Indian population
lives in rural areas, while 34.5% of the population is in urban (471,828,295 people)
as per data available in 2019 (Worldmeters United Nations 2019).

India not only has a rich cultural heritage but also has been bearing a very strong
tradition of indigenous healthcare practices among its people. The practice of
traditional medicine is observed mostly in the rural parts of the country especially
among diverse tribal groups and also others. As these people have very close
associations with nature, forests and plants in their daily living, they have relied
predominantly on plant-based herbal medicines for healing as well as preventing
different ailments since their existence came into being (Tripathi et al. 2013). The
easy availability of the herbal products from their surroundings at low and affordable
costs, lesser side effects and non-narcotic nature of the products have made them as
one of the major resorts for the disease-free living and well-being for these poverty-
prone rural population of India to whom the modern medicine remains mostly
inaccessible. Additionally, easy availability of plants with medicinal values in
close proximity has made it possible for the inhabiting population in India to develop
such rich age-old practices of herbal medicine. The rural people mainly use leaf,
root, bark, rhizome, stem, fruit, seed and latex of these plants as medicine for various
ailments. The plant parts are mostly administered as decoction, extracts, paste, juice,
etc. India has been identified as a leading centre for biodiversity with more than
450,000 plant species, of which more than 6000 are used in traditional herbal
medicine and folklore. India contains over 5% of the worlds’ diversity though it
covers only 2% of the earth’s surface area. India has two major biodiversity hotspots,
the Western Ghats and Eastern Himalayas, the rich, unique-natured and highly
endangered ecoregions of the world. Out of the 20,000 medicinal plants listed
globally by WHO, 15–20% contribution comes from India (Chakraborty and Paul
2014). 1500 medicinal plants have been recognized by Indian traditional medicine of
which 500 are of common use (Pattanayak et al. 2015).

The tribal populations of India constitute the ethnic communities, known as the
‘adivasis’ who are indigenous social groups in their respective inhabiting places.
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Total population of tribes in India is 84,326,240 as per the Census 2001 which is
8.2% of the total population and is the largest tribal population in the world. Majority
of the tribes inhabit in rural areas, i.e. in a total number of 593,615 villages in India,
and their population is 10.4% of the total rural population of the country (Registrar
General, and Census Commissioner, India 2001). Report reveals that there are
around 427 tribal communities in India (Tripathi et al. 2013). All these ethnic groups
have their own culture, tradition, language and lifestyle. The tribal populations
because of their inherent dependence on nature use a large number of plants in
running their daily livelihood. Plants have become integral part of their life and play
vital roles in their culture, customs, rituals, and most importantly, traditional
healthcare system. This interrelationship generally has evolved over generations
through experiences and practices. The tribal people possess substantial traditional
knowledge on the use of various biotic resources including plants. Most healers/
practitioners prepare their own formulations and dispense to the patients. Due to lack
of own scripts and written language in most of the tribal or ethnic communities, the
knowledge about formulations, prescription and approach towards diseases, diagno-
sis, etc. of the indigenously developed age-old practices of tribal traditional medicine
is remaining almost untaken (Chakraborty and Paul 2014). Such knowledge, mostly
verbal, is passed from one generation to other and thus has a chance of getting eroded
due to gradual changes in the lifestyle of these communities in modern era. Hence
systematic documentation of this invaluable knowledge regarding the plants and
their products with exclusive therapeutic uses are essential for future development of
life-saving drugs.

The history of traditional medicine in India dates back to 5000 BCE and that may
be acquired from statements in terms of healthcare needs and diseases in ancient
literatures, viz. Rigveda (1700–1100 BCE, therapeutic uses of 67 plants enlisted),
Yajurveda (1400–1000 BCE, therapeutic uses of 81 plants enlisted) and
Atharvaveda (1200 BCE, utilities of 290 plants enlisted). Later, the scripts, “Charaka
Samhita” (990 BCE, uses of 341 plants described), “Sushruta Samhita” (660 BCE,
395 plants mentioned) and “Dhanwantari Nighantu” (1800 CE, mentioned many
plants), play momentous role wherefrom the information regarding the uses of plants
and poly-herbal preparations can be attained (Kumar et al. 2007). Herbs are widely
mentioned in Vedic hymns, the most famous hymn is the The Healing Plants hymn
in Rigveda. The hymns found in Vedas about herbs specify the philosophies
predominated in Vedic society that the herbs and the amulets made from them can
do miracles. According to Vedic belief, through their indigenous knowledge about
their surroundings, herbs can cure all the ailments, remove and clean poison from the
blood (Swaminathan 2013). It is believed that the aforementioned practices of
medicine are of Indian origin or some of these practices have come to India from
outside and with time accepted into Indian culture to develop the Indian traditional
medicine. India has the exclusive diversity of its own renowned traditional medicine,
such as Ayurveda, Siddha, Unani, Yoga and naturopathy, and homoeopathy.
Homoeopathy came to India in the eighteenth century and thereafter is totally
accepted and enriched by Indian culture and has become most integral part of
Indian traditional medicine (Kumar et al. 2007).

1026 D. Jana et al.



48.3.1 Ayurveda

Ayurveda is one of the oldest, probably the oldest medical systems in the world.
Literally, Ayurveda means “the science of life”. It came from two Sanskrit words
“ayur” (life) and “veda” (science or knowledge) (Prasad 2002). Beginning of
Ayurveda can be idealized from different ancient scriptures including Rigveda and
Atharvaveda in between 2500 and 500 BCE in India (Mukherjee 2001). The two
basic fundamental rules of Ayurvedic treatments are (a) to keep the reason for illness
and (b) to make the patient more cautious about the reason for the sickness. The
crucial objective of Ayurveda is “Ayurveda deals with happy and unhappy life. It
explains what is appropriate and what is inappropriate in relation to the life, as well
as it measures the life expectancy and the quality of life” (Mukherjee et al. 2017;
Singh 2008). According to this holistic arrangement of medical services, seven
fundamental tissues, i.e. Rasa (fluid), Rakta (blood), Mansa (flesh) Meda (fat),
Asthi (bone), Majja (bone marrow) and Shukra, (germ cells) make a network within
human body and the waste outcomes of the body, such as urine, excretion and sweat
are derived by the five essential components, i.e. fire, water, air, ether and earth. It
also encompasses three dynamic functional philosophies, “vatha, pitta and kapha”—
the Tridosha, meaning the fundamental principles of energy or biological humour
forming life. Any inequality or disturbing influence in these basic standards of the
body causes disease (Lad 2002; Mukherjee and Wahile 2006). Ayurveda treats a
patient in general, not the sickness alone. Ayurvedic preparations are frequently
poly-herbal mixtures of plant and/or animal-derived products, metals and minerals.
However, ancient manuscript shows the dominance of natural products than other
derived products (Adhikari and Paul 2018; Joshi et al. 2017). Due to easy accept-
ability, affordability, traditional acceptance and socio-economic benefit, Ayurvedic
medicines are increasingly gaining popularity all over the globe. Quality, safety,
stability and efficiency of Ayurvedic medicines are now being assured through
extensive research as bioactive compounds present in those medicinal plants are
taking a major role in the development and management of healthcare issues in
India.

48.3.2 Siddha

Siddha was established in India, around 10,000–4000 BCE. It was developed
through everyday skills of applying natural resources for sustaining good health.
Like Ayurveda, it is an oldest medicinal practice in South India. This system is based
on Saiva philosophy of Hindu religion, which is a major tradition that worships Lord
Shiva, the Hindu god as the Supreme Being. The word “Siddha” specifies, “attaining
excellence” or “holy harmony” or “recognized fact”. The “Siddhars” were supernat-
ural beings with intellectual powers by continuous practice of such type of medicine.
Siddha system of medicine is supposed to be established by 18 Siddhars,
i.e. Agathiyar, Thirumoolar, Bogar, Konganar, Therayar, Korakkar, Karuvurar,
Edaikkadar, Chattamuni, Sundaranar, Ramadevar, Pambatti, Machamuni,
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Kudambai, Azhukanni Siddhar, Agapai siddhar, Nandhidevar and Kakapusundar.
This medicinal practice believes the philosophical idea that “food is medicine,
medicine is food” and “sound mind makes a sound body” (Sathasivampillai et al.
2017). The philosophy and the ideologies of this system are similar to Ayurveda. In
this system of medicine, the human body is an accumulation of seven basic
materials, three humours and the unwanted products. A balance among humours
reflects a healthy well-being, and its unevenness leads to disease or sickness (Piḷḷai
1998). Siddha medicines are less known in the Western world as large portion of the
literature is not well understood from the Tamil language (Thas 2008) but rather well
accustomed as an alternative biomedicine among the Tamil communities (Adhikari
and Paul 2018).

48.3.3 Unani

The Unani system of medicine was introduced in Greece, and it was urbanized in
Arabs into graceful medical science by the Greek philosopher and physician
Hippocrates (460–377 BCE). Greek and Arab scholars such as Galen
(131–212 CE), Raazes (850–925 CE) and Avicenna (980–1037 CE) heightened
the system significantly and it is recognized as Greco-Arab Medicine. According to
Hippocratic hypothesis, Unani system is built on the four conditions of living, such
as sodden, hot, frosty and dry, and four humours such as blood, dark bile, yellow bile
and mucus. Human body is made up of seven standards:Mizaj (temperaments), Anza
(organs), Quo (resources), Arawh (spirits), Arkan (components), Afal (capacities)
and Aklath (humours) (Chopra 2006; Kalim et al. 2010). In the Unani system of
medicine, three types of medications are recommended: diet therapy, pharmaco-
treatment and regimental treatment. Diet treatment is extended by appropriate diet
plans or by modifying the nature and quantity of diet in a routine manner for treating
certain illnesses; pharmaco-treatment is done by the application of natural products;
and regimental treatment includes diuresis, diaphoresis, Turkish shower, knead
cleansing, etc. Unani system of medicine is a wide-ranging medication where
crude form is preferred in single or in the poly-herbal formulation that miraculously
deals with numerous diseases such as, gastrointestinal, nervous disorders and car-
diovascular diseases.

The use of plants in the different Indian systems of medicine is as follows:
Ayurveda 2000, Siddha 1300, Unani 1000, homeopathy 800, Tibetan 500, modern
200 and folk 4500. In Indian traditional and folk medicine, approximately 25,000
effective plant-based formulations are used, and more than 1.5 million traditional
practitioners are there. It is estimated that more than 7800 manufacturing units are
involved in the production of natural health products and traditional plant-based
formulations in India (Pandey et al. 2008). In 1995 the Government of India
developed the Department of Indian Systems of Medicine and Homeopathy as a
separate department; later it was recognized as the Department of Ayurveda, Yoga,
Unani, Siddha and Homeopathy (AYUSH), to serve as T&CM national office.
AYUSH has four separate councils for research: the Central Council for Research
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in Ayurveda and Siddha, the Central Council for Research in Unani Medicine, the
Central Council for Research in Yoga and Naturopathy and the Central Council for
Research in Homeopathy. A national plan began in 2014 for integrating T&CM into
national health delivery. Numbers of T&CM practitioners registered (as at 1 January
2016) under each practice are Ayurveda, 419,217; Unani, 48,196; Siddha, 8528;
naturopathy, 2220; and homeopathy, 293,307. The total number is 771,468 (6.4 per
10,000 people) (World Health Organization 2019).

48.3.4 Some Evidences of Bioactive Components of Indian Herbal
Medicine

The widespread pharmacological impacts of medicinal plants depend fundamentally
on their phytochemical constituents. Commonly the phytochemical constituents of
plant products are of two categories, i.e. primary and secondary metabolites,
depending on their involvement in the metabolic processes. Primary plant
metabolites are almost similar in all living cells as they exert their effects on basic
life processes, whereas secondary plant metabolites originate from subsidiary
pathways, namely, the shikimic acid pathway (Hussein and El-Anssary 2018). In
traditional and folk uses of plant products, the secondary plant metabolites have been
identified to be highly significant in alleviation of several ailments, and also in
modern medicine, they have gained importance for providing the principal com-
pound for preparing medicines to combat several diseases ranging from migraine up
to cancer (Bourgaud et al. 2001).

It has been found that many communities use unripe green banana for the folk
treatment of different intestinal disorders that also includes diarrhoea. Green banana,
rich in amylase-resistant starch (ARS), has been reported to protect against chemi-
cally induced damage of gastrointestinal mucosa in animals. It has been postulated
that high content of ARS that remains undigested in human small intestine is
responsible for exerting this protective action. The resident bacteria in colon ferment
it into the short-chain fatty acids (SCFA) i.e. butyrate, propionate and acetate as it
reaches colon. SCFA in turn promote salt and water absorption in the colon, provide
energy and drive a trophic effect on the mucosa of colon as well as small intestine
(Rabbani et al. 2001).

Indigenous people from diverse parts of India use leaves of Azadirachta indica
A. Juss (Meliaceae) (locally known as neem) for treating gastrointestinal disorder
such as diarrhoea and cholera (Thakurta et al. 2007). Azadirachtin has been found as
the foremost active component in these leaves and the other compounds being
nimbin, nimbidin, nimbolinin, nimbidol, sodium nimbinate, quercetin, gedunin
and salannin. In addition to these, other ingredients those are also found are
nimbanene, 6-desacetylnimbinene, n-hexacosanol, nimbiol, nimbandiol, nimbolide,
7-desacetyl-7-benzoylazadiradione, 7-desacetyl-7-benzoylgedunin,
17-hydroxyazadiradione, ascorbic acid and amino acid (Ali 1998; Hossain et al.
2013). Azadirachtin and nimbolide have showed concentration-dependent
antiradical scavenging activity (Alzohairy 2016). Azadirachta indica aqueous leaf
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extract has been found to normalize the levels of bilirubin, protein, alanine amino-
transferase, aspartate aminotransferase and alkaline phosphatase in vitro under
hepatotoxic condition (Kale et al. 2003).

The unripe fruit of Aegle marmelos (bael) is said to be an excellent remedy for
diarrhoea and is especially useful in chronic diarrhoeas (Chopra and Chopra 1994).
This plant has been described as “Rasayana” in Charaka Samhita. Root, trunk, seed
and fruit are also found effective against several ailments. Besides, in intermittent
fever, hypochondriasis, melancholia and palpitation of the heart, the root bark has
been found useful (Nadkarni 1954). The leaves and bark have been found beneficial
as laxative, and the leaves are also used in diabetes mellitus (Chopra and Chopra
1994). Presence of mucilage, pectin, coumarins such as marmelosin and marmelide
and tannins in Aegle marmelos fruits play central role in its biological actions (Das
and Das 1995; Morton and Dowling 1987). Tannins and flavonoids in general have
been described to possess antidiarrhoeal property because of their potential to act as
antimicrobial and antisecretory agents and also inhibitor of intestinal motility
(Di Carlo et al. 1993; Lutterodt et al. 1999).

Moreover reports reveal that in chemically induced hepatotoxicity rat model, the
hepatoprotective impacts of Epaltes divaricatawas assessed on the basis of record of
traditional use of the herb in Ayurveda for treatment of acute dyspepsia, jaundice and
urethral discharge. The plant extract decreased the hepatic injury, as evident by
serum liver enzyme profile and histopathological evaluation (Hewawasam et al.
2004). Medicinal plants from Nilgiris were screened for antiviral activity, which
have potential to treat herpes simplex virus (HSV)-1 infection in vitro. Eighteen
plants with record of traditional use as anti-infective agents were identified. The
study was done to detect the active plant and its part for further elucidation of active
constituents. Three plants were found to have potent antiviral activity that could be
evaluated comprehensively for therapeutic potential (Vijayan et al. 2004).

48.4 Traditional Herbal Medicine in Plateau-Fringe and Rarh
Regions of West Bengal

The state of West Bengal present in eastern part of India is the 13th largest Indian
state (area of 88,752 km2) and fourth most populous state in India, the population
being 101,438,931 as of January, 2019; 91,276,115 as per Census 2011 constituting
7.54% of Indian population in 2011 (Registrar General, and Census Commissioner,
India 2011). West Bengal extends from the Himalayas in the north and happens to be
the only state in India to have such feature in its geographic location. This state of
India is surrounded by the countries Bangladesh in the east, Bhutan in the north-east,
and Nepal in the north-west, the Indian states Assam and Sikkim in the north-east,
Bihar and Jharkhand in the west and Odisha in the south-west. West Bengal has great
diversity in terms of geomorphological and climatic points of view but also is
distinct in relation to natural and human resources. In the course of its extension of
483 km from the Himalayas in the north through the Gangetic plains to the Bay of
Bengal in the south, it exhibits almost all geophysical features and associated

1030 D. Jana et al.



biodiversity. A large section of the population of West Bengal also embraces various
tribes mostly residing in the rural areas. The rich culture, ethnicity and biodiversity
in this state remained crucial for century-old practices of traditional medicine. In the
present article, an attempt has been made to document in detail the herbal products
with their traditional therapeutic uses (Tables 48.1 and 48.2, Fig. 48.1) among
people residing in two geomorphologically distinct locations of West Bengal,
(a) the plateau-fringe region and (b) Rarh region. These regions have several
variations, like natural forests, mainly dense dry deciduous forests dominated by
Sal tree (Shorea robusta) in association with Pterocarpus marsupium (Vijayasar),
Madhuca latifolia (mahua or mohul), Schleichera oleosa (kusum), Terminalia
arjuna (arjun), Terminalia bellirica (bahera), Bombax ceiba (red cotton or shimul),
Butea monosperma (palash or flame of the forest), Ficus religiosa (pial), Terminalia
chebula (haritaki), Artocarpus hirsutus (wild jackfruit), etc. (mostly found in
Purulia, Bankura, PaschimMedinipur and Jhargram districts) (Ghosh 2003); lateritic
wastelands, afforested lands with eucalyptus (Eucalyptus sp.), akashmoni (Acacia
auriculiformis) etc.; and water bodies like rivers, tidal creeks, canals and ponds of
various sizes (Bandyopadhyay et al. 2014; Das and Ghosh 2017). Rural people
including the tribals in these regions hold a great deal of ethno-medicinal knowledge.
The deep faith in religion, culture, economic vulnerability and lack of access to
conventional medicine are the major reasons for poor rural people to depend on
herbal products for healthcare. Despite great inclination of common people towards
the traditional herbal medicine, the preparation and mode of applications remain
confined to the local healers. In the face of rapid socio-economic and cultural
changes in the tribal populations and others with increased literacy among young
generations and migration of the youths to the urban areas, this traditional healthcare
system is facing substantive threat of abolishment and so do the natural resources
and plant species due to increased anthropogenic interventions (Ghosh 2008). For
this reason documentation of this endogenous knowledge is essential to preserve the
opulent traditional knowledge and practices and also aiming for conservation of
crucial and treasure plant species that may pave the way of formulation of precious
drugs.

The plateau-fringe region is characterized by rolling upland with isolated small
hills in a very irregular pattern. This feature is observed in western part of West
Bengal (Fig. 48.2), which is the continuation of Chhota Nagpur Plateau region. This
region is made of gneiss and granite of Archean era along with old igneous rock and
quartz- and coal-bearing mudstone of Carboniferous period. The total area under
plateau-fringe has undergone massive erosional phase, and therefore the morphol-
ogy of this region has been transformed into a rolling peneplain comprising of small
monadnocks (locally named “tila”). Some of the important hills are Ajodhya hills
(677 m) in Purulia district and Susunia (442 m) in Bankura district. The western part
of Bankura, Birbhum, Purulia, Paschim Medinipur and Bardhaman districts exhibits
the plateau-fringe geomorphologic features (Table 48.3). The altitude of this region
ranges from 100 to 500 m, and the higher slope towards eastern alluvial plain can be
seen in this region. The tributaries of Kangsabati-Haldi, Subarnarekha and
Dwarakeswar are the important rivers here (Bandyopadhyay et al. 2014; Das
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Table 48.2 Herbal medicines used in some common ailments in plateau-fringe and rarh districts of
state of West Bengal, India

Disease Plants used Scientific name

Plant
parts
used Mode of uses

Anaemia Dumur Ficus racemosa Fruits • Fruits are taken as
vegetable to reduce
anaemia

Kulekhara Hygrophila
spinosa T.

Leaf • Raw leaf juice with cow
milk or boiled leaf juice
with small amount of salt
is given to anaemia
patients to increase the
amount of haemoglobin
in blood

Common
cold and
cough

Basak Justicia adhatoda
L.

Leaf • Fresh leaf juice mixed
with honey is used to treat
chronic bronchitis, cold
and cough

Ada Zingiber officinale Rhizome • Tender rhizome paste
boiled in water with
common salt and then
gurgled in sore throat,
cough and tonsillitis

Marich Piper nigrum Seed • Seeds are chewed with
common salt and then
swallowed in sore throat,
cough, tonsillitis and
pharyngitis

Tulsi Ocimum sanctum Leaf • Fresh leaves or leaf
juice with honey is used
in common cold and
cough

Aam Mangifera indica Leaf • Mustard oil taken in
aam leaf is heated, and
then the oil is massaged at
throat region, chest and
back to reduce common
cold and cough

Constipation Bael Aegle marmelos Fruit • Ripe fruit pulp with
cow milk or curd is used
as syrup

Haritaki Terminalia
chebula

Fruit • Fruit powder is taken at
bedtime in case of
constipation

Varenda Jatropha
gossypifolia L.

Fruit • Dried fruit powder is
used as a laxative

Bahera Terminalia
bellirica

Fruit • It is one ingredient of
triphala (combination of
amlaki, haritaki and
bahera). It acts as laxative

(continued)
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Table 48.2 (continued)

Disease Plants used Scientific name

Plant
parts
used Mode of uses

Peyaj Allium cepa Bulb • Onion juice with warm
water is used for
constipation

Penpe Carica papaya Fruit • Boiled fruit or fruit
curry is taken for
constipation

Hingcha Enydra fluctuans Leaf,
stem

• It is consumed as
vegetable to reduce
constipation

Cuts and
wounds

Varenda Jatropha
gossypiifolia L.

Latex • Latex is used locally in
cuts, wounds and burns
on skin

Bhut bhairab Lantana camara Leaf,
fruit

• Leaf juice acts as
antiseptic in cut injury
• Fruit paste is used to
cure wounds

Neem Azadirachta indica Leaf • Neem oil is applied to
cure wounds

Kanta
bishalyakarani

Barleria lupulina
Lindl.

Leaf • Fresh leaf juice is used
at cut injury to stop
bleeding

Akanda Calotropis
gigantea L.

Latex,
leaf

• Latex is applied locally
to cut and wounds
• Leaf powder boiled in
oil is useful to treat
wounds

Durba Cynodon dactylon Leaf • Leaf paste mixed with
sugar is applied over cut
injury to stop bleeding

Ganda Tagetes erecta Leaf • Leaf juice is applied
over cut injury to stop
bleeding

Bonlata Mikania micrantha Leaf • Leaves are smashed,
and then juice is used in
cuts to stop bleeding

Diabetes Nayantara Catharanthus
roseus

Leaf • Fresh four to five leaves
can be taken by chewing
or as leaf juice in empty
stomach in the morning

Karala Momordica
charantia

Fruit • Fruit juice is drunk in
empty stomach especially
for diabetes

Peyara Psidium guajava Fruit • Extract prepared with
overnight immersion of
mature fruit in warm

(continued)
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Table 48.2 (continued)

Disease Plants used Scientific name

Plant
parts
used Mode of uses

water is used to control
blood sugar

Bot Ficus
benghalensis Linn.

Leaf • Bot leaves are
immersed in water, and
the extract is used to
regulate blood sugar

Jam Syzygium cumini Leaf,
seed

• Seed powder is taken
for diabetes
• Leaf juice is also
beneficial for diabetic
patients

Neem Azadirachta indica Leaf • Fresh soft leaves are
taken as such by chewing
or by making juice at
empty stomach

Digestive
ailments

Babla Acacia nilotica Leaf
buds

• Immature leaf buds are
used for stimulating
digestive system and also
reducing acidity

Kukshima Blumea lacera Root • Root paste with sugar
and water is used to cure
indigestion

Kagjilebu Citrus
aurantiifolia

Fruit • Fruit juice with warm
water is used to boost the
digestive system

Amlaki Emblica officinalis Fruit • Fruits are dried with
common salt and are
taken after meal to reduce
acidity and digestive
problems

Hingcha Enydra fluctuans Leaf,
stem

• It is consumed as
vegetable to reduce
digestive ailment

Gimeshak Glinus
oppositifolius

Leaf,
stem

• Leaves and stems are
used in daily meal as a
stimulant of digestive
system

Piplas Litsea glutinosa
(lour)

Leaf • After smashing the
leaves, a thick agar-like
extract is formed. It is
used as a curative agent
for chronic digestive
ailment

Pan Piper betle Leaf • Leaf of pan with
“supari” (Areca catechu)
and “chuna” (calcium
hydroxide) is used as
digestive stimulator

(continued)
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Table 48.2 (continued)

Disease Plants used Scientific name

Plant
parts
used Mode of uses

Tentul Tamarindus indica Fruit
pulp

• Fruit pulp is used to
make sour curry with
fishes to cure digestive
ailment and acidity

Arjun Terminalia arjuna Stem
bark

• Dried stem bark with
common salt is used as
stimulator of digestive
system and also reduces
acidity

Dysentery/
diarrhoea/
enteritis

Telakucha Coccinia grandis Leaf • Leaf juice is used in
empty stomach to control
dysentery

Bael Aegle marmelos Fruit • Unripe fruit pulp is
used against dysentery
and diarrhoea

Gandal Paederia foetida Leaf • Leaf is used as
vegetable in diarrhoea,
amoebiasis and dysentery

Satamuli Asparagus
racemosus

Root • Root juice mixed with
milk is taken in blood
dysentery

Durba Cynodon dactylon Leaf • Leaf juice is drunk in
dysentery at empty
stomach

Mushakani Evolvulus
nummularius

Leaf • Fresh leaf juice is
consumed in empty
stomach to treat
dysentery

Patharkuchi Bryophyllum
pinnatum

Leaf • Leaf juice mixed with
common salt is consumed
in bloody enteritis

Thankuni Centella asiatica
L.

Leaf • Leaves are consumed in
empty stomach by
chewing or by preparing
juice in dysentery,
diarrhoea and amoebiasis
• Curry of leaves is also
useful to cure chronic
dysentery

Muthaghas Cyperus rotundus Rhizome • Rhizome paste mixed
with common salt is used
to cure enteritis

Bot Ficus bengalensis
Linn.

Root • Root cap of bot fried
with ghee is used for
dysentery

(continued)
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Table 48.2 (continued)

Disease Plants used Scientific name

Plant
parts
used Mode of uses

Fever Bontulsi Pluchea indica
(L.)

Leaf • Leaf juice is consumed
in fever

Shewli Nyctanthes arbor-
tristis

Leaf • Leaf juice mixed with
honey is given to children
during fever

Bhut bhairab Lantana camera Fruit • Fruit paste or juice is
useful in fever

Tulsi Ocimum sanctum Leaf • Fresh leaf or leaf juice
with honey is used in
fever

Penpe Carica papaya Latex • Fruit latex is taken
orally with sugar/jaggery
candy known as
“batasha” in Bengali in
fever

Hypertension/
high blood
pressure

Neem Azadirachta indica Leaf • Leaf juice or leaf paste,
dried as a tablet, is taken
at empty stomach

Nayantara Catharanthus
roseus

Leaf • Leaf juice is taken to
combat hypertension

Sajina Moringa oleifera
L.

Leaf • Leaf juice or fried leaf
is taken to control blood
pressure

Skin diseases Ghritokumari Aloe vera Leaf • Fresh leaf extract or
jelly-like pulp is rubbed
in the affected area

Holud Curcuma longa L. Rhizome • Tender rhizome is taken
at empty stomach
• Paste of rhizome and
neem leaves together is
applied in skin diseases

Neem Azadirachta indica Leaf • Leaf paste with “kancha
(raw) holud (Curcuma
longa L.)” is used in skin
diseases and skin allergy.
• Leaves are boiled in
water first, and then the
water is used in affected
area of the skin

Akanda Calotropis
gigantea L.

Leaf • Leaf powder boiled in
oil is useful in eczema,
skin eruptions

Tulsi Ocimum sanctum Leaf • Leaf juice mixed with
lime is used in ringworm

Dhutra Datura metel L. Leaf • Leaf paste or juice
mixed with mustard oil is
used in skin diseases
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Fig. 48.1 (a) Some important medicinal plants of plateau-fringe and Rarh regions of West Bengal,
India. (a) Centella asiatica L. (Thankuni), (b) Coccinia grandis (telakucha), (c) Andrographis
paniculata (kalmegh), (d) Oxalis corniculata (amrul), (e) Azadirachta indica (neem), (f) Ananas
comosus (anaras), (g) Emblica officinalis (amlaki), (h) Aloe vera (ghritokumari). (b) Some impor-
tant medicinal plants of plateau-fringe and Rarh regions of West Bengal, India. (i)Marsilea minuta
(susni), (j) Zingiber officinale (ada), (k) Psidium guajava (Peyara), (l) Acacia nilotica (babla),
(m) Mikania micrantha (bonlata), (n) Curcuma longa L. (holud), (o) Blumea lacera (kukshima),
(p) Jatropha gossypiifolia L. (varenda), (q) Cynodon dactylon (durba). (c) Some important medici-
nal plants of plateau-fringe and Rarh regions of West Bengal, India. (r) Bacopa monnieri (brahmi),
(s) Hibiscus rosa-sinensis (joba), (t) Catharanthus roseus (nayantara), (u) Nyctanthes arbortristis
(shewli), (v) Tagetes erecta (ganda), (w) Datura metel L. (dhutra), (x) Bryophyllum pinnatum
(patharkuchi), (y) Calotropis gigantea L. (akanda), (z) Eclipta prostrata (keshut). (d) Some
important medicinal plants of plateau-fringe and Rarh regions of West Bengal, India.
(aa) Ocimum sanctum (tulsi), (bb) Carica papaya (penpe), (cc) Citrus aurantiifolia (kagjilebu),
(dd) Aegle marmelos (bael), (ee) Mangifera indica (aam), (ff) Barleria lupulina Lindl.
(kantabishalyakarani), (gg) Rauvolfia serpentina L. (sarpagandha), (hh) Evolvulus nummularius
(mushakani), (ii) Cyperus rotundus (muthaghas), (jj) Hygrophila spinosa T. (kulekhara)
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1983). Some regions, i.e. the places in close vicinities of Ajodhya hills and Dalma
reserve forest area, contain dense to moderate forest area, mainly dominated by Sal
tree (Shorea robusta). Santal, Munda, Savara, Bhumij, Saoria and Oraon are the
predominant tribal communities found in this region.

A symbolic north to south lateritic region of West Bengal is recognized as Rarh
Bengal (Bagchi and Mukherjee 1983) (Fig. 48.2). This region lies between the
south-flowing (e.g. Bhagirathi-Hooghly) and east-flowing river (Kangsabati,
Dwarkeswar, etc.) fan systems of West Bengal (Bandyopadhyay et al. 2014). It is
mainly covered by older alluvium and laterite soil with kaolinite and ferruginous
gravels deposits. Moreover distinct depositional pattern in-between Archean-
Gondwana time at west and recent alluvial deposits of quaternary period at east of

Fig. 48.1 (continued)
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Bengal basin defines the rarh region (Biswas 1987; Niyogi 1975). Elevation of this
geomorphic pattern ranges from 75 to 150 m (Mukherjee 1995). The important
rivers of Rarh Bengal are Ajay, Damodar, Dwarkeswar, Shilabati, Mayurakshi and
Kangasabati (Ghosh and Guchhait 2015). Santal, Munda, Oraon, Mahali, Kheria/
Lodha, Kora, Chakma and Bhumij are mostly found tribal communities in this
region.

Fig. 48.1 (continued)

1080 D. Jana et al.



48.5 Conclusions

In the face of rapid urbanization, there is an incredible shift in socio-cultural and
socio-economic domains of life of an individual, overall in lifestyle. However,
majority of the rural population including the tribes in India still depend on tradi-
tional herbal medicine for their overall well-being and treatment of ailments. Similar
faith and dependence on traditional medicine is also observed in other developing
countries. Besides, a growing popularity for several T&CM practices from different
corners of the globe is observed in developed countries in recent times. Here the

Fig. 48.1 (continued)

48 Traditional Herbal Medicine Practiced in Plateau-Fringe and Rarh Districts of. . . 1081



Fig. 48.2 The localizations of plateau-fringe and Rarh districts of state of West Bengal, India

1082 D. Jana et al.



Ta
b
le

48
.3

P
op

ul
at
io
n
in

th
e
di
st
ri
ct
s
(f
ul
ly

or
pa
rt
ly
)
fa
lli
ng

un
de
r
P
la
te
au
-f
ri
ng

e
an
d
R
ar
h
re
gi
on

s
of

W
es
t
B
en
ga
l,
In
di
a
(R
eg
is
tr
ar

G
en
er
al
,
an
d
C
en
su
s

C
om

m
is
si
on

er
,I
nd

ia
20

11
)

D
is
tr
ic
ts

T
ot
al
ar
ea

(k
m

2
)

T
ot
al

po
pu

la
tio

n
N
um

be
r
of

vi
lla
ge
s

T
ot
al
ru
ra
l

po
pu

la
tio

n
T
ot
al
ur
ba
n

po
pu

la
tio

n

T
ri
ba
l
po

pu
la
tio

n

T
ot
al

R
ur
al

U
rb
an

B
ar
dh

am
an

a
70

24
7,
71

7,
56

3
25

02
4,
63

9,
26

4
3,
07

8,
29

9
48

9,
44

7
37

9,
26

2
11

0,
18

5

B
ir
bh

um
45

45
3,
50

2,
40

4
24

55
3,
05

2,
95

6
44

9,
44

8
24

2,
48

4
23

2,
66

6
98

18

B
an
ku

ra
68

82
3,
59

6,
67

4
38

23
3,
29

6,
90

1
29

9,
77

3
36

8,
69

0
36

5,
38

0
33

10

P
ur
ba

M
ed
in
ip
ur

47
36

5,
09

5,
87

5
29

94
4,
50

3,
16

1
59

2,
71

4
27

,9
52

24
,0
28

39
24

H
oo

gh
ly

31
49

5,
61

9,
14

5
18

66
3,
39

0,
64

6
2,
12

8,
49

9
22

9,
24

3
21

1,
62

0
17

,6
23

P
ur
ul
ia

62
59

2,
93

0,
11

5
26

67
2,
55

6,
80

1
37

3,
31

4
54

0,
65

2
53

1,
82

2
88

30

M
ur
sh
id
ab
ad

53
24

7,
10

3,
80

7
21

66
5,
70

3,
11

5
1,
40

0,
69

2
91

,0
35

86
,0
04

50
31

P
as
ch
im

M
ed
in
ip
ur

b
93

45
5,
91

3,
45

7
86

94
5,
19

0,
77

1
72

2,
68

6
88

0,
01

5
85

3,
03

1
26

,9
84

a T
he

di
st
ri
ct
B
ar
dh

am
an

ha
s
be
en

di
vi
de
d
in
to

P
ur
ba

(e
as
t)
an
d
P
as
ch
im

(w
es
t)
B
ar
dh

am
an

di
st
ri
ct
s
on

A
pr
il
7,

20
17

b
T
he

di
st
ri
ct
P
as
ch
im

M
ed
in
ip
ur

ha
s
be
en

di
vi
de
d
in
to

Jh
ar
gr
am

an
d
P
as
ch
im

M
ed
in
ip
ur

di
st
ri
ct
s
on

A
pr
il
4,

20
17

48 Traditional Herbal Medicine Practiced in Plateau-Fringe and Rarh Districts of. . . 1083



major reasons for reliance being the effectiveness of the drugs, lesser side effects and
confidence on the practitioners, not the low cost. As a whole the present scenario is
that millions of people all over the world are trusting on these practices. As a result
more and more countries are coming forward with the intentions and establishment
of formal education and meticulous research in this area. One of the major targets of
the global healthcare leaders is to frame a universal healthcare system for all by
integrating prospective sides of several T&CM practices and conventional medicine
in future. In this view proper documentation of traditional knowledge is essential as
systematic record of these age-old practices especially from tribal societies is
unavailable due to being mostly confined with the practitioners/healers and trans-
ferred orally from one generation to others. The present approach of documentation
of precious herbal medicines from a distinct biodiversity zone with very rich ethnic
background and tradition of practicing herbal medicine might be important input to
this approach.
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Abstract

Diabetes mellitus (DM) is a chronic metabolic disorder that is affecting the
worldwide population with high rates of morbidity and mortality. The most
prevalent case of DM is type 2 diabetes mellitus (T2DM) which is characterized
by insulin resistance and insulin secretion defect due to impaired β-cell function-
ing. Epidemiological studies implied that the number of diabetic cases has been
doubled during the past two decades and has turned out to be a global epidemic
accompanied by severe metabolic and endocrine complications over time. The
rising emergence of T2DM in children, adolescents, and young adults signifies it to
be one of the most dominant perturbing features of its kind. Proper diet control,
moderate exercise, and hypoglycemic and lipid-lowering agents are some evident
strategies that have been employed in the management of T2DM so far. However,
a distinct possibility of severe diabetic complications still exists despite the thera-
peutic benefits achieved by these drugs. Various in vitro and in vivo models have
suggested that phytochemicals exert several pharmacological effects on metabolic
disorders such as in hyperglycemia, hypertension, and hyperlipidemia by
modulating oxidative stress, inflammatory response, autophagy, and anti-apoptosis
effects. Additionally, they have positive modulatory actions onmolecular targets of
T2DM like insulin signaling, IRS, glucose transporters, α-glucosidase, PPARγ,
DPP-IV, PTP1B, NF-κB, etc. Regulation of these maladaptive pathophysiological
mechanisms can improve insulin-resistant state, lower blood glucose levels, and
protect against various macrovascular and microvascular complications. Thus,
natural products have garnered significant interest as bioactive agents in the
management of T2DM. This chapter aims to overview the activities and underlying
mechanisms of natural medicine in the management of T2DM.
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Abbreviations

AGE Advanced glycation end products
AGT II Angiotensin II
Akt Also known as protein kinase B (PKB)
AMPK Adenosine monophosphate-activated protein kinase
Bcl-2 β-cell lymphoma protein 2
BMP 4 Bone morphogenic protein 4
cAMP Cyclic AMP
CB1 Cannabinoid receptor type 1
CCL 5 Chemokine ligand 5
CCR 5 Chemokine receptor type 5
CTGF CCN2 or connective tissue growth factor
DM Diabetes mellitus
DPP Dipeptidyl peptidase
eNOS Endothelial nitric oxide synthase
ERK Extracellular signal-regulated kinases
FFA Free fatty acids
Foxp3 Forkhead box
G6PD Glucose-6-phosphate dehydrogenase
GIP Gastric inhibitory polypeptide
GLP Glucagon-like peptide
GLUT Glucose transporter
GSK 3 Glycogen synthase kinase
HbA1C Glycosylated hemoglobin
HDL High-density lipoproteins
Hep G2 Human hepatocyte carcinoma cell line
HFD High-fat diet
HGP Hepatic glucose production
HMG-coA 3-Hydroxy-3-methyl-glutaryl-Coa reductase
ICAM Intercellular adhesion molecule
IDF International Diabetes Federation
IKK IκB kinase
IL-6 Interleukin 6
IRS-1 Insulin receptor substrate-1
JAK Janus kinase
JNK-c Jun N-terminal kinases
LDH Lactate dehydrogenase
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LDL Low-density lipoproteins
MAPK Mitogen-activated protein kinases
MCP-1 Monocyte chemoattractant protein-1
MMP Matrix metalloproteinase
NF-κB Nuclear factor kappa-light-chain-enhancer of activated B cells
NLRP Nod-like receptor protein
NO Nitric oxide
Nrf2 Nuclear factor erythroid 2-related factor 2
PCSK9 Pro-protein convertase subtilisin-kexin type 9
PI3K Phosphoinositide 3-kinases
PKC Protein kinase C
PPAR Peroxisome proliferated-activated receptor
PTP-IB Protein tyrosine phosphatase 1B
RAAS Renin angiotensin aldosterone system
RAGE Receptor for advanced glycation end products
ROS Reactive oxygen species
S1P Sphingosine-1-phosphate
SIRT1-NAD dependent protein deacetylase sirtuin-1
SphK1 Sphingosine kinase 1
SREBP Sterol regulatory element binding proteins
STAT Signal transducers and activators of transcription
STZ Streptozotocin
T2DM Type 2 diabetes mellitus
TBARS Thiobarbituric acid-reactive substances
TG Triglycerides
TGF Tumor growth factor
TNF-α Tumor necrosis factor-α
VEGF Vascular endothelial growth factor
VLDL Very-low-density lipoprotein
α-SMA Alpha-smooth muscle actin

49.1 Introduction

The co-occurrences of type 2 diabetes mellitus (T2DM) and a nexus of associated
detrimental events designate itself as a complex metabolic disorder to manage
therapeutically. It originates with multiple pathophysiological abnormalities and
pathway anomalies, thus affecting the worldwide population due to its high rate of
mortality which is emphasized by several epidemiological studies. The natural
history of T2DM represents the core defect in β-cell functioning, which ultimately
leads to an inherent decrease in the production as well as decreased secretion of
insulin over time, thereby leading to severe progressiveness of the disease. The
molecular and metabolic milieus associated with DM elicit a series of malfunctioned
stimuli of hyperinsulinemia, increased circulating FFA and TG, cardiac dysfunction,
and increased levels of inflammatory cytokines. Numerous mechanisms of enhanced
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free radical generation, lipid accumulation and elevated lipid peroxides, mitochon-
drial and endothelial dysfunction, overexpression of PPARs, and overproduction of
advanced glycation end products act in concordance with the systemic progression
and complications developed in DM.

β-cell mass deterioration determines the onset and rate of progression of dietary
failure in T2DM (Hadden et al. 1975; Wilson et al. 1980). In light of this dysfunc-
tional behavior of the endocrine disorder and the hepatic system, β-cells, and the
muscle comes into play which produces some of the significant characteristic
pathophysiological defects. Among these, the predominant hallmark pathophysio-
logical defects in T2DM are mainly due to insulin resistance, decreased glucose
uptake from the peripheral tissues, increased hepatic glucose production, and
impaired insulin secretion due to long-term pancreatic β-cell destruction resulting
in absolute insulin deficiency. These collective effects thereby hamper normal
glucose homeostasis in individuals (DeFronzo 1988).

In addition to this, several other associated factors like age, sedentary lifestyle,
obesity, stress, and uncontrolled dietary intake intensify the advancement of T2DM
in due course of time. The co-existence of obesity and diabetes mellitus following
interminable changes in the environmental conditions and lifestyle has projected the
extent of complications in an alarming situation. Various acute and chronic
comorbidities have raised due to uncontrolled glucose levels, insulin insensitivity,
dysregulated incretin levels (modulator of β-cell survival and function), and glucose
intolerance which are potentiated by obesity (Golay et al. 1988). The complications,
however, intensify along with chronic hyperglycemic state leading to disturbances in
carbohydrate, fat, and protein metabolism. This, in turn, gives rise to the negative
metabolic disturbances like glucotoxicity and lipotoxicity which further worsen the
situation along with β-cell failure by increasing disturbances in substrate levels in the
physiological system. Dysfunction of insulin sensitivity with an imbalance in sub-
strate metabolism leads to a state of glucose and lipid overloading, thereby depicting
the role of obesity-linked predisposition which further converges to produce cellular
oxidative stress, inflammatory cytokine release, and lipid-mediated complex
impairments, thus leading to cellular dysfunction (Rossetti et al. 1990; Unger 1995).

On the other hand, excess nutrient content, rise in the levels of systemic free fatty
acids, ectopic fat deposition, and inflammation of the peripheral tissues, as well as
disturbances in the regulation of different metabolic hormones such as leptin,
adiponectin, and glucagon, reinforce instances of the insulin-resistant state (Boden
1997; Goodpaster et al. 2000; McGarry 2002; Maciel et al. 2013; Seppälä-Lindroos
et al. 2002). In addition to this, different pathophysiological mechanisms have also
attributed the role of inflammatory parameters like generation of free radicals and its
abrupt signaling pathways which elevate consequences of oxidative stress, apopto-
sis, and significant destruction of β-cells. Inflammatory mediators and free radicals
trigger different negative regulations at the molecular level, thereby causing a
cascade of downstream signaling pathways involved in insulin receptor activity.
These detrimental effects arise due to a significant cluster of abnormalities like
hyperglycemia, hyperinsulinemia, hypertriglyceridemia, activation of the inflamma-
tory markers, and substrate imbalance which lead to several macrovascular and
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microvascular complications like diabetic retinopathy, neuropathy, nephropathy,
myocardial infarction, etc. It also leads to the development of various potential
cardiovascular events causing subsequent heart failures in the later stages, peripheral
vascular disease, ischemic heart disease, and several cerebrovascular diseases seen in
diabetic patients. Also, due to severe hyperglycemic conditions, the role of various
oxidative derivatives such as advanced glycation end products comes into play
which is further categorized as the possible risk factor in inducing β-cell injury
(Baynes and Thorpe 1999; Dandona et al. 1996).

Taking this into account, the additional theory of prediabetes as a prior and
existing phenomenon with T2DM has provided some insight into the prognosis
theory. Prediabetes is a state of diverse entity involving impaired glucose tolerance
and impaired fasting glucose levels, characterized by insulin insensitivity. It
develops into a transitional state of hyperglycemia with glycemic parameters
above normal levels but below diabetes-producing threshold. It is found to be
associated with dysfunction of cardiac autonomic activity which is reflected by
decreased heart rate variability and altered parasympathetic modulation of the
heart (Tabák et al. 2012). According to several epidemiological studies conducted
by the International Diabetes Federation (IDF), 91% of 415 million people have type
2 diabetes mellitus which comprise 8.8% of the total population worldwide
(Abraham et al. 2015). This estimate is expected to rise to 642 million by 2040. In
India, the prevalence has increased by 64% according to a report by the Indian
Council for Medical Research, in November 2017 (Abraham et al. 2015). The
current diabetic strain in India is about 49% of the world’s total diabetic cases and
which is about to leap to 134 million by 2025.

These epidemiological data have produced some significant information on the
ongoing prevalence and incidence of diabetes complications in different populations
which also predict the association of different risk factors determining susceptibility
to diabetes complications. The management of diabetes, as well as its numerous
related complications, implies for the use of different treatment modalities like oral
hypoglycemic agents to control glycemic levels, exogenous insulin administration to
regulate glycemic homeostasis and for additional physiological benefits, traditional
herbal agents, and change of diet with distinguished and intense lifestyle
modifications.

However, with the rising advent of disgruntled outcomes of higher treatment
costs and potential side effects, existing conventional therapies and modern
medicines complex the prevailing situation of treatment. These situations have
directed towards the approaches and use of traditional natural products by making
it more patient-compliant along with potential therapeutic benefit as compared to
existing allopathic formulations and limited side effects as compared to synthetic
medications. The mentioned phytoactive agents provide an effective and rational
alternative in the treatment regimen of diabetes. The abundant content, potential
treatment modalities, and less adverse effects have given rise to the demand for use
of these agents in the present scenario. The compounds have shown increased
therapeutic benefits as antidiabetics either as a single agent or in combination with
multiple extracts which in turn reduces the extent of drug loading in patients. This
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chapter summarizes these different types of herbal and natural phytochemicals that
are being used and proved to be beneficial as the line of treatment of diabetes. It
focuses on the potential mechanisms of these agents.

49.2 An Emerging Detrimental Outlook of Key Factors in Play

The multiple etiologies of diabetes mellitus have designated it to be a distinct and
complex metabolic-endocrine clinical manifestation. The convergence of several
malfunctions arising due to persistent hyperglycemia, altered metabolic pathways,
and dysregulation in the levels of lipids, carbohydrates, and proteins thereby causes a
significant increase in the chances of vascular and cerebrovascular complications.

The deranged state of hyperglycemia causes more complications due to
prolonged exposure of tissues to elevated concentrations of glucose and reduction
in the conversion of glucose from glycogen in the liver which is developed in due
course of time. The associated effects due to insulin resistance in the physiological
structures lead to the development of the associated complexities such as increased
hepatic glucose production, decreased peripheral glucose utilization, and impaired
glucose tolerance which is induced by reduction in glucose-responsive insulin
secretion, in the early phase, and a decrease in additional insulin secretion after
meals augmenting postprandial hyperglycemia (Gastaldelli et al. 2004).

Additional pathogenic mechanisms have also come into play in recent years
which involve the triumvirate, disharmonious quartet, and the ominous octet
structures which primarily comprise the malfunctioning of the liver, muscle, and
β-cell. The liver is the main target organ of insulin sensitivity and plays a key role in
maintaining normal glucose levels by dynamically regulating balances between
glycogenolysis and gluconeogenesis (Gastaldelli et al. 2004). However, these
hepatic effects of insulin are greatly opposed due to rising insulin resistance and
systemic FFA levels (Kashyap et al. 2003). This includes significant adipocyte
insulin resistance leading to accelerated lipolysis due to the antilipolytic effect of
insulin, reduced incretin secretion/sensitivity as a result of incretin hormone defi-
ciency like GLP-1 and GIP, increased glucagon secretion, and enhanced glucose
reabsorption.

Alterations in the levels of insulin and glucagon secretions remarkably affect the
lipid, ketone, and protein metabolism. GLP-1 and GIP are the hormones that
augment insulin secretion and inhibit glucagon secretion which in turn produce
beneficial effects in regulating insulin functions and normal homeostasis (Fujioka
2007). In T2DM, increased glucagon sensitivity plays a key role in the maintenance
of the levels of basal HGP. The elevated concentration of glucagon due to increased
pancreatic α-cell secretion enhances HGP and predominantly aggravates hepatic
insulin resistance. The response of the diabetic kidney to the predisposed hypergly-
cemic condition further enhances glucose reabsorption and thereby contributes to the
consequences of glucose intolerance. A strong correlation thus exists between the
increase in hepatic glucose production and the increase in plasma glucose concen-
tration in T2DM (Baron et al. 1987; McGarry 2002).
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The dysfunctional structures produce consequences by altering fat topography
due to elevated plasma FFA levels and ectopic fat. This rise in the levels of plasma
FFA further stimulates gluconeogenesis, induces hepatic and muscle insulin resis-
tance, and impairs insulin secretion in genetically susceptible individuals. These
FFA-induced disturbances are designated as the state of lipotoxicity. Dysfunctional
fat cells produce excessive amounts of insulin insensitivity, which in turn leads to a
rise in the content of inflammatory and atherosclerotic cytokines, and fail to secrete
normal amounts of insulin-sensitizing adipocytokines. Insulin resistance causes the
diminished capacity of the enlarged fat cells to store fat. This malfunction leads to
overflowing of the lipids into the muscle and liver when adipocyte storage capacity
is exceeded, thereby augmenting potential actions of muscle and hepatic insulin
resistance and hence impairing insulin secretion (Gastaldelli et al. 2004; Kashyap
et al. 2003).

Neurotransmitter dysfunction in CNS plays a significant role in the etiology of
metabolic disorders. The pathophysiologic concept of ominous octet describes the
converging and detrimental effects under long-term hyperglycemic state and
suggests neurotransmitter dysfunction in the brain contributing to the progression
of the disease (Matsuda et al. 1999). The compensatory mechanism causes an
increase in insulin secretion in response to β-cell insulin resistance. The pathogenesis
of obesity-linked insulin resistance and T2DM also involves various chronic and
low-grade inflammation as well as immune reactions. Persistent hyperglycemia
significantly stimulates oxidative stress by the autoxidation of glucose in the pres-
ence of several transition metals and hence causes the generation of reactive oxygen
species (ROS) during the process of glycation (Sakurai and Tsuchiya 1988). It
induces vascular injury through activation of complex overlapping pathways leading
to the formation of advanced glycation end products following activation of protein
kinase C and generation of ROS. The activated inflammatory markers are designated
as some of the major factors contributing to developing macro- and microvascular
complications. These activated markers and elevation in the levels of
pro-inflammatory cytokines interfere with blood glucose level and pancreatic
β-cell function. It has already been suggested that a rise in oxidative stress is further
attenuated in systemic inflammation, impaired glucose utilization in peripheral
tissues, endothelial dysfunction, and impaired pancreatic β-cell function (Brownlee
2001; Ihara et al. 1999; Prentki and Nolan 2006). Outlook of multiple metabolic
anomalies involved in progression of type 2 diabetes mellitus is given in Fig. 49.1.

49.3 Type 2 DM and Outline Reviews of Major Inimical
Pathways Involved

49.3.1 Insulin-Resistant State

The key pathophysiologic defect of insulin resistance under the prevailing condition
of hyperglycemia gives rise to various macrovascular and microvascular
complications. It causes an imbalance in the levels of metabolic as well as growth
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effects of insulin. This also gives rise to modulation of the insulin signaling pathway
by causing impairment in the PI3K signaling pathway and stimulation of Akt by
increased phosphorylation of IRS-1 serine residue (Jia et al. 2016). Excess nutrient
content as in insulin-resistant state enhances phosphorylation in mTOR/S6 kinase
1 pathway which in turn promotes insulin resistance in the heart as well, thus
inducing myocardial fibrosis and hypertrophy. The impairment of the PI3K signal-
ing pathway causes a reduction in the levels of glucose uptake and increases
intracellular Ca2+ levels due to reduced Ca2+ ATPase activity which then leads to
abnormalities of Ca2+ handling and subcellular remodeling (Kim et al. 2012a, b).
Persistent hyperglycemia also gives rise to the generation of superoxide radicals due
to the induction of oxidative stress which then leads to cellular DNA damage and
initiation of inflammation at the cellular level. In diabetic conditions, there is an
abrupt change in the utilization of substrates such as glucose and fatty acids. It leads
to increased metabolism of free fatty acids and downregulation of GLUT-4 trans-
porter expression causing a reduction in glucose uptake mechanism and decreased
glucose utilization which alters the rate of glycolysis and glucose oxidation. The
progressive hyperglycemia and induced glucotoxicity activate the process of protein
glycation reaction and lead to rising levels of AGEs/RAGEs which contribute to the
detrimental inflammatory expression of genes involved in MAPK and JAK
pathways and hence promote inflammation and fibrosis of the vascular tissues. It
also subsequently activates aldose-reductase pathway, hexosamine pathway, protein
kinase C, and mitogen-activated protein kinases with an elevation in expressions
levels of various growth factors such as platelet-derived growth factor, insulin-like
growth factor, and vascular endothelial growth factor which causes a cascade of
activated transcription events followed by intracellular signal transduction which
leads to increased oxidation of lipids, proteins, and nucleic acids (Jia et al. 2016; Kim
et al. 2012a, b).

49.3.2 Lipotoxicity

Change in substrate utilization in diabetes also involves the metabolic condition of
hyperlipidemia. It takes place under the metabolism shift of free fatty acids, and
hence lipid accumulation predominates which is also known as the state of
lipotoxicity. It is due to the elevated levels of toxic lipid metabolites such as fatty
acyl-coenzyme A, diacylglycerol, and ceramide which produces a negative feed
back loop of metabolic decompensation and further contributes to β-cell failure and
worsening of the insulin-resistant state (Atkinson et al. 2003). Ceramide is a potent
activator of inflammation which can thereby activate the JNK pathway and NF-κB/
IKK, producing favorable conditions to insulin resistance. Increased oxidation of
free fatty acids causes elevation of ROS levels and promotes myocardial inefficiency
and damage. It also modulates multiple gene transcription involved in PPAR-α
expression. High levels of TG are a potential predictor of hyperglycemia-induced
cardiac events. It produces a compensatory relationship between insulin resistance,
glucose intolerance, and central adiposity. It causes transcription of DNA and
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production of several inflammatory and atherosclerosis-provoking cytokines such as
TNF-α, IL-6, and monocyte chemotactic protein-1 by NF-κB activation and hence
further increases AGE/RAGE signaling causing subsequent cardiac fibrosis (Baynes
and Thorpe 1999; Boden 1997; Kashyap et al. 2003; Unger 1995).

49.3.3 Dysfunctional RAAS

In diabetes, there exists a predominant role of the renin-angiotensin-aldosterone
system. Increased expression of RAAS and overproduction of angiotensin II (AGT
II) produce different anomalies such as increased vascular resistance and arterial
pressure due to elevated inflammation and oxidative stress under the insulin-resistant
state. Impairment in insulin signaling is potentiated due to the activation of RAAS
and increased levels of mineralocorticoids through activation of the mTOR/S6
kinase 1 signaling pathway. These overexpressions produce maladaptive immune
responses by triggering leucocyte adhesion, cytokine expression, and macrophage
infiltration (Miller et al. 1996; Miller 1999).

49.3.4 Maladaptive Immune and Inflammatory Responses

Over time, hyperglycemia has been recognized as the predominant oxidative stress-
inducing clinical condition which causes an imbalance between the cellular reactive
oxygen species generation and action of natural counteracting antioxidant
mechanisms. The abnormalities in substrate utilization owing to severe glucotoxicity
and lipotoxicity alter the associated expression of various pro-inflammatory
cytokines, TNF-α, and interleukins. These overexpressions further interfere with
endothelial relaxing factor production which in turn causes significant modulation of
cardiovascular homeostasis under substrate imbalances. Cytokine-mediated inflam-
mation possesses the potential to reduce the activity of peroxisome proliferator-
activated receptors (PPARs) and hence accelerate fat cell death and inflammation on
account of central adiposity (Jia et al. 2016; Ma et al. 2009; Sell et al. 2012).

49.4 Current Natural Therapies in the Management of Diabetes
Mellitus

With the rising advent of persistent limitations and adverse effects offered by the
ongoing conventional treatment strategies, the need of the hour is directed towards
therapeutic benefits offered by phytoconstituents. Diabetes, a multidimensional
metabolic syndrome with a principal defect in glucose and lipid profiles in
individuals, has become very difficult to manage. Moreover, in addition to the series
of undesirable adverse effects and lack of efficacy offered by the various conven-
tional therapies, it is evident that all current antidiabetic medications elevate sys-
temic complications and glycemic parameters rather than control and cure it (Zhang
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and Moller 2000). Thus, the treatment regimen should emphasize acting on multiple
metabolic pathways which can reduce the chances of side effects.

Insulin secretagogues are often associated with weight gain, hypoglycemia,
hepatotoxicity, and subsequent β-cell injury (Mozaffari et al. 1989). Biguanides
also lead to weight gain, kidney toxicity, and an impaired cardiac functioning
recovery over time causing potential induction of myocardial fibrosis (Forcheron
et al. 2009; Verma and McNeill 1994). The risk correlation between PPAR-α
agonists and heart failure is greatly dependent upon persistent plasma lipid reduction
(Giles et al. 2008; Hemmeryckx et al. 2013; Komajda et al. 2010). Significant
gastrointestinal problems such as diarrhea, flatulence, sour stomach, belching, nau-
sea, vomiting, and indigestion result due to persistent use of α-glucosidase inhibitors
and incretin-based drugs over time. DPP-4 inhibitors and GLP-1R agonists are also
significantly associated in producing higher chances of cardiac dysfunction, heart
failures as a matter of inconsistent cardiac function recovery, and vascular
remodeling (Hemmeryckx et al. 2014). In addition to these theories, several other
predominant side effects also result in the virtue of hypoglycemia causing additional
serious cardiovascular events. In the context of this present scenario, several com-
plementary and alternative natural-based treatment regimens and constituents have
come into play which holds the potential to provide better glycemic control as well
as reduce chances of metabolic complications and extent of drug loading. These
bioactive agents serve as potential therapy in managing diabetes and its related
complications possessing antidiabetic, anti-inflammatory, and metabolic pathway
agonists, inhibitors, and modulators (Lu et al. 2016; Mirza and Siddiqui 2014). This
chapter aims to summarize and highlight the mechanisms of such natural products
along with the bioactive phytochemical constituents implicated in diabetes
treatment.

49.4.1 Flavonoids

This group of plant metabolites is comprised mostly of polyphenolic compounds.
These are widely found in fruits, vegetables, herbs, etc. They contain hydroxylated
phenolic structure having structure-dependent activities (Heim et al. 2002). Chemi-
cally, flavonoids contain a 15- carbon skeleton with two phenyl rings and a hetero-
cyclic ring. These are designated as one of the beneficial classes of compounds
having significant hypoglycemia potential and promote antioxidant activity as well
as modulate several cell signaling pathways. These are widely classified as
anthocyanidins, catechins, flavonols, flavones, flavanones, flavan-3-ols,
isoflavonoids, etc. (Heim et al. 2002; Mohan and Nandha Kumar 2014). These are
typically found in the form of glycosides or acyl glycosides, which can be water-
soluble and can get accumulated in cell vacuoles. Various approaches have been
made so far in utilizing these natural sources in diabetes treatment which help in
regenerating pancreatic cells, enhancing insulin release, and increasing intracellular
calcium levels, thus attenuating complications of diabetes mellitus (Mohan and
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Nandha Kumar 2014). The various flavonoid compounds, their modes of actions,
and biological diversities are discussed below.

Rutin: Chemically, it belongs to a polyphenolic bioflavonoid group. It is found in
many fruits, plants, etc. It improves insulin secretion, helps to restore glycogen
content by reducing chances of conversion to glucose, causes a reduction in the
levels of free radicals, inhibits the formation of AGE/RAGE production, decreases
pro-inflammatory cytokine levels, reduces glycosylated hemoglobin level, and
restores normal hepatic antioxidant content (Sharma et al. 2013). It has already
been evident that rutin tends to reduce fasting and non-fasting glucose levels with
a prominent reduction in serum TG, VLDL, and LDL levels and increased HDL
levels in diabetic models (Ghorbani 2017). It has shown to improve glucose insensi-
tivity in high-glucose content states. As given by several mechanistic approaches, it
causes activation of GLUT-4 glucose translocation pathway, hence augmenting
glucose uptake in muscles (Hunyadi et al. 2012). It also participates in the
upregulation of the hexokinase enzyme and hence modulates the glycolysis path-
way. It stimulates PKC and MAPK pathways and further acts on tissue glucose
uptake. In addition to this, it is found that rutin helps in glomerulosclerosis of
diabetic nephropathy significantly by decreasing cell content of G1 phase and
inhibition of the expression of Smad 2/3, laminins, type IV collagen, TGF-β, and
mRNA level, thus augmenting renal protective actions (Fernandes et al. 2010; Hsu
et al. 2014; Stanely Mainzen Prince and Kannan 2006).

Naringin: It is a major flavanone glycoside that is mainly found in citrus fruits and
vegetables, providing antidiabetic, antioxidant, and anti-inflammatory properties in
abundance. It acts as a promoter for carbohydrate metabolism and an immune system
modulator. It attenuates anti-inflammatory and anti-fibrotic activities providing renal
protective actions in diabetic nephropathy (Bharti et al. 2014). It has also shown to
reduce plasma glucose levels and blood urea nitrogen levels with a predominant
increase in insulin levels. It causes inhibition in the α-glucosidase effect and
activates AMPK. It is a significant DPP-4 inhibitor and can elevate hepatic glucose
utilization to prevent persistent hyperglycemic state. It has shown to decrease
glucose levels, HbA1C, NO, TNF-α, IL-6, mRNA expression, and protein produc-
tion in the kidney, thus providing a renal protective action as in the case of diabetic
nephropathy (Parmar et al. 2012; Jung et al. 2004). It causes an increase in the levels
of serum insulin, glutathione, and vitamins C and E which suggests that naringin
provides protective antioxidant effects and also suppresses pro-inflammatory cyto-
kine productions in high-fat-diet- and STZ-induced diabetic models. It also
diminishes insulin resistance and pancreatic β-cell dysfunction, through
upregulation of PPAR pathways in diabetic rats. In addition to these treatment
theories, it also tends to show predominant protection and improvement in
diabetes-induced memory dysfunction by enhancing cognitive behavior and certain
biochemical changes. Naringin also improved cholinergic function by inhibition of
elevated cholinesterase activity (Mahmoud et al. 2012).

Mangiferin: The extensive studies of various in vivo and in vitro diabetic models
have emphasized that mangiferin which is a type of C-glucosyl xanthone (chemi-
cally as 1,3,6,7-tetrahydroxyxanthone-C2-β-D-glucoside) holds some bioactive
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potential by protecting against various complications related to diabetes mellitus. It
is predominantly isolated from mango tree and exerts its milieu of
pharmacotherapeutic effects as an antidiabetic, anti-inflammatory, antioxidant, and
regulator of lipid metabolism, immune-modulation and cardio-protection (Dar et al.
2005; Duang et al. 2011; Guha et al. 1996). Administration of mangiferin in high-fat
and STZ-induced diabetic rats have significantly shown improved insulin resistance,
enhanced β-cell function, and also reduced serum lipid profiles such as TG, LDL,
VLDL, etc., thus decreasing the atherogenic index (Saleh et al. 2014). It has also
been demonstrated that modulation of cell cycle genes by mangiferin can augment
β-cell proliferation and pancreatic islet regeneration (Wang et al. 2014). It also
provides protective mechanism against hyperglycemia-induced oxidative stress
and inflammation by inhibiting activation of AGE/RAGE and MAPK, c-Jun N-ter-
minal kinase (JNK), and p38 molecular pathways (Suchal et al. 2017). It reduces
chronic inflammatory cytokine levels such as TNF-α and IL-18 and also decreases
expressions of myocardial enzymes such as LDH and creatine kinase MB which in
turn reduces left ventricular myocardium stress helping in diabetic cardiomyopathy
(Suchal et al. 2017). In addition to these predominant effects, it also provides a wide
range of beneficial effects, thus designating it to be a potential drug candidate in the
management of T2DM complications.

Quercetin: It is a flavonol which is predominantly found in many vegetables,
fruits, grains, leaves, etc. It produces renal protective effects by providing action
against glomerulosclerosis of diabetic nephropathy. It has shown to reduce ubiquitin
and NF-κB p65 expressions and decrease the cell percentages in G0/G1 phase, Smad
2/3 expression, laminins and type IV collagen, and TGF-β1 mRNA level in the high-
fat-diet STZ-induced rat model. It also improved cognitive deficits in diabetes-
induced memory dysfunction state and ameliorated neuronal damages. It also
tends to improve hyperglycemia-induced cellular injury and activated Akt/cAMP
responses. It exhibits its antidiabetic potential by augmenting several significant
antioxidant properties, decreasing lipid peroxide levels, and reducing renal glucose
reabsorption by inhibiting GLUT-2. It also has shown to recover cell proliferation by
blocking tyrosine kinases (Chen et al. 2012a; Chen et al. 2016; Eid et al. 2015;
Maciel et al. 2013; Wang et al. 2013b).

Baicalein: A type of flavonoid which is mainly found in the stem bark of
Oroxylum indicum and roots of Scutellaria baicalensis. It was shown to improve
glucose intolerances, hyperglycemic states, and increased insulin levels by improv-
ing pancreatic β-cell survival as given by several diabetic models. Researchers found
that baicalein also improved the related complications of this metabolic-endocrine
disorder by activating or upregulating AMPKα2 selectively and reduced inflamma-
tion and insulin resistance by increasing phosphorylation of IRS-1 and Akt. It also
causes a reduction in fatty acid synthesis and increased mitochondrial β-oxidation by
suppressing and dephosphorylating extracellular signal-regulated kinase (ERK),
JNK, and NF-κB. It potentially augmented its antidiabetic potential by modulating
PI3K/Akt/GSK3 signaling pathway, inhibited levels of oxidative stress factors, and
reduced inflammatory markers levels by scavenging free radicals (Ahad et al. 2014a;

49 Pharmacology and Mechanisms of Natural Medicine in Treatment of Type 2. . . 1103



Fu et al. 2014; Pu et al. 2012; Qi et al. 2015; Stavniichuk et al. 2011; Yang et al.
2009).

Silymarin: It is a type of flavonoid which is mainly derived from the milk thistle
plant Silybum marianum. Chemically it is a flavonolignan containing a C-25 back-
bone. It is generally a complex mixture of silybin, silydianin, silychristin, silybin A,
silybin B, isosilybin A, and isosilybin B. It causes a significant reduction in blood
glucose levels, glycosylated hemoglobin, serum creatinine, and uric acid levels
which further supports it to be a nephroprotective agent and proves its effectiveness
in various T2DM models (Sheela et al. 2013). It acts as a potent free radical
scavenger, as a hepatoprotective agent, and also as a modulator of elevated lipid
levels by inhibiting lipid peroxidation processes. It mediates its antioxidant
properties by protecting against increased oxidative stress by reducing the levels
of glutathione reduction process (Zhao et al. 2015). It is also evident that silymarin
inhibits TNF-α, NF-κB transcription, expression of IL-6, and iNOS (Dehmlow et al.
1996; Zhao et al. 2015). In addition to this, isosilybin, a constituent of silymarin, is
reported to possess activity as a PPAR-γ agonist (Pferschy-Wenzig et al. 2014).

Chrysin (5,7-dihydroxyflavone): It is a type of naturally occurring flavone which
is usually found in flowers of Passiflora caerulea, Passiflora incarnata, and
Oroxylum indicum. Chemically it consists of ubiquitous 15-C flavone backbone
with fused phenyl rings. It possesses multiple therapeutic benefits such as antioxi-
dant, immunomodulatory, and pro-apoptotic characteristics. Molecular mechanism
of chrysin underlies its diverse pleotropic effects involving modulation of several
cell signaling pathways. It has also shown to induce nephroprotective effects in the
high-fat-diet STZ-induced T2DM rat model. It produces anti-inflammatory effects
by targeting TNF-α pathway, reduced pro-inflammatory cytokine and interleukin
levels, and suppressed TGF-β factor, fibronectin, and type IV collagen expressions
in the kidney all of which are found to be helpful in nephropathy cases (Ahad et al.
2014b). It also have shown some promising antihyperlipidemic and hepatoprotective
effects due to an evident decrease in serum lipid profiles and its ability to modulate
TNF-α expression and block TNF-α-converting enzyme activity (Hermenean et al.
2017).

Hesperidin and neohesperidin: These are generally isolated from several species
of genus Citrus like Citrus aurantium. It has shown antidiabetic potential with
significant antioxidant and anti-inflammatory effects and hence can attenuate hyper-
glycemic complications. It plays an important role in activating AMPK pathways,
thus modulating hypoglycemic and hyperlipidemic effects under lipid normaliza-
tion. It downregulates free radical generation and pro-inflammatory cytokine release.
It alters glucose-metabolizing enzyme activities, causes a reduction in TBARS
levels, and elevates LDH activities (Jia et al. 2015; Mahmoud et al. 2012).

Genistein: It is a type of isoflavone flavonoid, found in species of Sophora
subprostrala and Genista tinctoria. It improves glucose intolerance states with a
significant increase in blood insulin levels. It significantly reduces high-glucose-
induced monocyte adhesion, monocytechemotactic protein-1 (MCP-1), and IL-8
production, thereby reducing instances of inflammation. Treatment with genistein
has proved to be helpful in diabetic retinopathy. Genistein is a tyrosine kinase
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inhibitor that suppresses the release of TNF-α and inhibits ERK and p38 MAPK
pathways which are involved in inflammatory mechanisms of diabetic retinopathy
(Gupta et al. 2015; Liu et al. 2006; Vinayagam and Xu 2015).

Diosmin: It is a type of flavonoid which is typically found in citrus plant origins,
isolated from Scrophularia nodosa. It is also obtained from the dehydrogenation of
hesperidin. It holds potential antidiabetic activities which are predominantly
mediated by a significant decrease in HbA1C levels and increases the efficiency of
glutathione peroxidase, hepatic hexokinase, and G6PD enzymes causing a reduction
in plasma glucose levels and increases in insulin levels. Treatment with diosmin
showed improved lipid profiles in diabetic rat models (Jain et al. 2014).

Icariin: It is a flavonoid glycoside that is predominantly found in various species
of Epimedium. It provides a protective action against high-glucose-induced type IV
collagen and fibronectin accumulation by inhibiting transforming growth factor-β
downstream cascades, G-protein estrogen receptor, and extracellular signal-
regulated kinase (ERK)1/2 signaling pathway which in turn reduces Smad 2/3 and
ERK1/2 phosphorylation (Li et al. 2011).

Isoangustone A: It is an isoflavone that is present in licorice. It possesses the
ability to inhibit renal fibrosis and inflammation induced by high glucose content. It
suppresses high-glucose-induced overexpression of MMP-1, MMP-2, and TGF-β1-
SMAD-responsive signaling pathway. It also reduces hyperglycemia-induced
inflammation in response to suppressing intracellular cell adhesion molecule-1
(ICAM-1) level and monocyte chemoattractant protein-1 (MCP-1) and mRNA
expression (Li et al. 2011).

Isoliquiritigenin: It is obtained from Glycyrrhiza glabra. It is a type of chalcone
flavonoid. It has been evident that it holds the ability to inhibit hyperglycemia-
induced fibrosis by reducing the formation of type IV collagen. It reverses collagen
secretion and connective tissue growth factor expression. It augments the degrada-
tion of the mesangial matrix and reduces its accumulation by diminishing the
TGF-β1-SMAD signaling transduction pathway (Li et al. 2010).

Kaempferol: It is a type of flavonol which is present inGingko biloba, grapefruits,
and berries. It holds potential for inhibition of programmed cell death such as in
apoptosis and necrosis with a reduction in the activity of caspase-3 in β-cells,
improves cAMP signaling pathway, and elevates insulin synthesis and secretion
with an improvement of the insulin-resistant state. In addition to this, its activity is
also associated with the regulation of antioxidant properties by decreasing
pro-inflammatory cytokine levels through the mediation of AMPK pathway activa-
tion (Häkkinen et al. 1999; Nirmala and Ramanathan 2011).

Fisetin: This type of flavonoid induces antidiabetic activity by inhibiting gluco-
neogenesis by decreasing cytosolic NADH/NAD levels and mitochondrial pyruvate.
It causes a reduction in glycogen breakdown, plasma glucose, and glycosylated
hemoglobin levels. It suppresses the expression of gluconeogenic genes like phos-
phoenolpyruvate carboxykinases. It induces insulin release and provides protective
action against inflammation by modulating nuclear factor kappa B p65 unit, IL-1β,
and NO expressions (Constantin et al. 2010; Prasath et al. 2014).
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Morin: It is found in many medicinal herbs such as Prunus dulcis, Cholorophora
tinctoria, and Psidium guajava. It provides antidiabetic activities with a prominent
reduction of insulin resistance and oxidative stress factors. It normalizes levels of
lipids and lipoproteins and reduces TNF-α and inflammatory cytokine levels. It also
induces recovery from insulin-resistant states and leptin insensitivity and reduces
instances of hyperlipidemia and lipid accumulation, thereby proving it helpful in
diabetic complications (Abuohashish et al. 2013; Vanitha et al. 2014).

Luteolin: It is primarily found in carrots, peppers, cabbage, apple, and many other
fruits and vegetables. It acts by potentiating insulin actions and secretion; causes
transcriptional activation of PPARs; reduces circulating levels of pro-inflammatory
cytokines, MCP-1, and resistin; and increases adiponectin expression (Ding et al.
2014b; Liu et al. 2014b; Miean and Mohamed 2001).

Apigenin: It is a flavone flavonoid that is ubiquitously found in fruits of citrus
origins and vegetables. It provides antioxidant properties, upregulates GLUT-4
translocation, and inhibits detrimental lipid synthesis and β-cell preservation over
time. It improves blood glucose, HbA1C, and insulin-resistant states (Ohno et al.
2013; Zhang et al. 2014).

Eriodictyol: It is abundantly extracted from lemon fruits. It helps to suppress
oxidative stress and causes upregulation of mRNA expression of PPAR-γ. It also
leads to the reduction in the levels of TNF-α, ICAM-1, VEGF, and eNOS levels, thus
proving its anti-inflammatory actions (Zhang et al. 2012).

Anthocyanin (cyanidin-3-O-β-glucoside): It is a type of anthocyanin which is
found in various types of fruits, grains, and vegetables. It possesses an anti-
inflammatory potential with a protective action on adiponectin expression, thus
proving it beneficial in hyperglycemia-induced endothelial dysfunction (Liu et al.
2014a, b).

Catechin: A type of flavonol which is found in high concentrations in grapes,
berries, dark chocolate, tea, cocoa, etc. Catechin is effective in suppressing NF-ĸB
system activation by inhibiting pro-inflammatory cytokine secretion and hence
reduces instances of chronic inflammation which are potentiated in the case of
T2DM, obesity, and atherosclerosis (Stofkova 2009).

Tangeretin: It is abundantly found in citrus fruits, it reduces total cholesterol,
resistin, leptin, IL-6, and MCP-1 levels. It also tends to decrease glycosylated
hemoglobin levels and elevated insulin levels and enhance glucose metabolism
pathways in the hepatic system. In addition to this, it reduces insulin-resistant factors
in adipocytes, thus helping in minimizing associated complications (Kim et al.
2012b).

Daidzein: It is a type of isoflavone flavonoid which is predominantly present in
soybeans, fruits, nuts, etc. It tends to improve glucose and lipid metabolism with a
significant improvement in insulin insensitivity and also elevates AMPK phosphor-
ylation in skeletal muscles (Cheong et al. 2014).
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49.4.2 Polyphenols

These are also known as tannins which contain polyhydroxy phenolic molecule and
are predominantly found in many natural products such as berries, legumes, spices,
herbs, etc. It can be further categorized into three major classes such as hydrolysable
tannins, non-hydrolysable or condensed tannins, and phlorotannins. The therapeutic
benefits of polyphenols include antidiabetic, anti-inflammatory, and anti-fibrotic
effects along with modulations of metabolic pathways. These agents are also capable
of mediating cell cycle arrest and elevating plasma antioxidant capacity which takes
place by its capability of accepting reactive oxygen species, thus forming stable
phenoxyl complexes. These associated chemical modifications thereby lead to
decreased lipid peroxidation and protein oxidations as well as reduce instances of
programmed cell death mechanisms. This reduction in oxidative stress and inflam-
mation ultimately helps in minimizing complications related to T2DM. Phenol-rich
compounds, their mode of action, and different biological species of phenolic origin
are discussed below.

Epigallocatechin gallate (EGCG): A very potent and bioactive polyphenol that is
abundantly present in green tea. It holds the potential to regulate glucose uptake
mechanism in skeletal muscle cells by inhibiting gluconeogenesis via the PI3K
pathway and also suppresses hepatic gluconeogenesis taking place in isolated
hepatocyte cells. It also inhibits insulin signaling in HepG2 cells via the AMPK
pathway. In addition to antidiabetic activity, it also caused the induction of lipid-
reducing capabilities in various high-fat-diet-induced T2DM models. The anti-
inflammatory actions of ECCG include reduction of the free radical generation
with its improvement of glucose intolerance state, enhance insulin secretion, and
also upregulate pancreatic cell regeneration. It promotes GLUT-4 translocation and
also reduces JNK phosphorylation which further improve insulin resistance in
adipocytes. It increases PPARγ expression in high-fat-diet-induced diabetic animals
(Collins et al. 2007; Jung et al. 2008). The rich polyphenolic compounds obtained
from EGCG thus exert anti-obesogenic properties by decreasing body weight and
reduce content of adipose mass and plasma lipid profiles. It also regulates numerous
mechanisms involving improvement in fat oxidation process in adipose tissues and
skeletal muscles and suppresses lipogenesis and dietary fat absorption (Bose et al.
2008; Chen et al. 2009; Klaus et al. 2005; Lu et al. 2012; Wolfram et al. 2006).

Resveratrol: Resveratrol has been extensively used in regulating multiple meta-
bolic pathways in various animal models owing to its pleitropic effects on the
metabolic system. This is extensively found in grapes, peanuts, etc. It has shown
to improve the insulin-resistant state in high-fat-diet-induced rats. Long-term admin-
istration of resveratrol causes improvement in visceral insulin sensitivity in diet-
induced animal models. It also ameliorates mitochondrial β-oxidation and also
promotes structural biogenesis to mitochondria to elevate fatty acid oxidation and
further decrease lipid content of the skeletal muscle. It activates the SIRT1 pathway
to increase phosphorylation of the insulin receptor and hence adjust protein levels of
insulin receptor substrate-1. Resveratrol leads to reduction of hyperinsulinemic state
and improved pancreatic cell content level to normalize the function of the
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pancreatic islets which helps in maintaining blood glucose and lipid levels. As a
potent free radical scavenger, it reduces lipid peroxidation which is induced by
oxidative stress. It also attenuates the release of pro-inflammatory cytokines by
causing downregulation of the NF-ĸB pathway (Chen et al. 2012b; Kim et al.
2011; Zheng et al. 2013).

Curcumin: It is isolated from the species of Curcuma longa. It exhibits several
therapeutic benefits such as antioxidant, anti-tumorigenic, anti-inflammatory, etc. It
significantly reduces blood glucose level and glycosylated hemoglobin and also
improves insulin insensitivity. It inhibits lipid peroxidation and lysosomal enzyme
activity and hence reduces the instances of pro-inflammatory cytokine content thus
helpful in decreasing inflammation. It also activates nuclear factor erythroid
2-related factor (Nrf2), PPARγ, and lipoprotein lipase. In addition to these important
effects, another potent analog, namely, bisdemethoxycurcumin, is also used in
treating complications of T2DM due to its ability to inhibit pancreatic α-amylase.
Hyperglycemia-induced free radical generation stimulates NF-ĸB activation and
causes an increase in the expression of ICAM-1 and induces vascular inflammation.
However, this stimulation further develops the consequences of diabetes-associated
atherosclerosis. In light of this, it has been seen that curcumin supplementation
reduces diabetes-induced vascular inflammation by decreasing ROS overproduction
and ICAM-1 overexpression (El-Azab et al. 2011; He et al. 2012; Soetikno et al.
2011).

Oligonol: It is a low molecular weight polyphenol that is isolated from lychee
fruit and also green tea. It acts to reduce renal glucose levels and the generation of
superoxide radicals. It also leads to the improvement of expression of anti-apoptotic
β-cell lymphoma protein 2 (Bcl-2) and pro-apoptotic proteins such as Bcl-2-
associated X protein, cytochrome c, and caspase-3. It also involves the reduction
of ROS generation, lipid peroxidation, and serum TG levels and thus attenuates the
formation and expression of AGEs (Park et al. 2014).

Salvianolic acid A (SalA): It happens to be a potent polyphenolic antioxidant and
ROS scavenger. It shows the reversal of hyperlipidemic conditions and the reduction
of hepatic TG levels with a decrease of type I and III collagens. It also improved
hepatic mitochondrial function in a high-fat-diet- and STZ-induced diabetic rats.
These series of effects also proposed the theories of oxidative stress which gets
reduced under the SalA application by suppressing α-SMA and TGF-β1 expression
and producing mitochondrial protective effects (Qiang et al. 2014).

Eugenol: It has shown inhibition of α-glucosidase and AGE formation in HepG2
cells and HFD-induced C57BL/6 J mice. It also reduces blood glucose levels
through inhibition of hepatic gluconeogenesis and modulation of the CAMKK-
AMPK-CREB signaling pathway (Jeong et al. 2014).

Hydroxytyrosol: It decreases the instances of central adiposity and improves
impaired glucose sensitivity and insulin intolerances in high-fat-diet-induced animal
models. It also functionalizes to inhibit 3 T3-L1 cell differentiation by modulating
CB1 receptor gene transcription in 3 T3-L1 cells (Poudyal et al. 2017; Tutino et al.
2016).
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Polydatin: It regulates lipid and glucose metabolism by downregulating
pro-protein convertase subtilisin/kexin type 9 (PCSK9) in palmitic acid-induced
HepG2 cells and db/db mice as well as through activation of Akt signaling pathway
in high-fat-diet- and STZ-induced rats. db/db mice models also show evident
downregulation of SphK1-S1P signaling pathway upon administration of polydatin
(Wang et al. 2019).

p-Coumaric acid: It ameliorates glucose tolerance, improves antioxidant status,
and hence declines inflammation and inhibits apoptosis. It also causes a reduction in
blood glucose level as well as gluconeogenic enzymes, which in turn modulates
glucose and lipid metabolism via GLUT 2 activation in STZ-induced diabetic rats
(Amalan et al. 2016).

Caffeic acid: db/db mice models have shown that caffeic acid holds the potential
to attenuate hepatic glucose output which results in enhancement of adipocyte
glucose uptake and improves insulin secretion and subsequent antioxidant activity
(Jung et al. 2006).

49.4.3 Saponins

These phytoactive compounds generally constitute the naturally occurring primary
and secondary plant metabolites. Their primary mode of action involves a defense
mechanism which acts as a chemical barrier. Chemically they usually contain sugar
moieties which are linked with a hydrophobic aglycone part (sapogenin). These are
also called as steroid or triterpenoid glycosides. The structural diversities and potent
biological profiles have designated saponins as a beneficial treatment regimen that
can be used as antidiabetic, anti-inflammatory, antibacterial, antifungal, etc.
Saponins exert their antidiabetic effects by potentially inducing insulin production,
activate calcium-dependent AMPK pathways, modulate gluconeogenesis, and hence
also regulate glucose uptake mechanisms by upregulating GLUT translocation. It
has been reported that saponins can regulate PPAR expression as well as lipid
metabolism in the diabetic population (Seo et al. 2015). It also possesses significant
antioxidant activity owing to its amelioration of oxidative stress and inhibition of
certain AGE formation. Several groups of sapogenin compounds, their respective
plant species, and their mode of action are discussed below.

Panax notoginseng: This species contains geinoside saponin which possesses the
ability to inhibit gluconeogenesis. It also improves PPAR expression and also
regulates lipid metabolism. Another compound, namely, ginsenoside compound K,
achieves hypoglycemic and insulin-sensitizing activities by causing downregulation
of phosphoenolpyruvate carboxykinases. In addition to these metabolites,
ginsenoside Rg3, ginsenoside Rg1, and ginsenoside Re show antihyperglycemic
effect by stimulating GLP-1 and promote glucose uptake through activation of the
AMPK pathway in insulin-resistant muscles. This also tends to decrease serum TG
levels and increase insulin and HDL levels by stimulating p38 MAPK, ERK1/2, and
JNK signaling pathways in several diabetic animal models (Lee et al. 2011).
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Astragaloside IV: It is isolated from the species of Astragalus membranaceus.
Chemically it is composed of 3-O-β-Dxylopyranosyl-6-O-β-D-glucose-pyranose
cycloastragenol. Administration of astragaloside IV significantly has shown a
decrease in blood glucose and TG levels and also has the ability to inhibit glycogen
phosphorylase in diabetic rats. It has been also found that astragaloside also inhibited
TNF-α-associated accelerated lipolysis, downregulated key enzymes involved in
lipogenesis, and also caused an improvement of TNF-α-induced insulin resistance
in 3 T3-L1 adipocytes (Jiang et al. 2008).

Platycodi radix: It produces platyconic acid which is a saponin and is involved in
insulin-mediated glucose uptake mechanisms in 3 T3-L1 adipocytes, thereby
decreasing serum glucose levels. It also enhances glycogen accumulation and
reduces TG levels in the liver by inhibiting JAK phosphorylation and modulation
of STAT-3 signaling cascades and causing upregulation of Foxp3 expression. In
addition to this, it also holds the ability to stimulate adiponectin and PPARγ
expression in adipose tissues (Kwon et al. 2012).

Diosgenin: It is isolated from the species of Dioscorea rotundata. It significantly
increases the activity of glucose-6-phosphate and thereby modulates the insulin
signaling pathway. It also decreases blood glucose levels and instances of insulin
resistance with modulation of lipid profiles. In addition to this, it can also attenuate
ER stress and free radical-generated oxidative damage in the pancreas (Uemura et al.
2010).

Helicteres isora: Saponins from this species tend to reduce serum lipid content
and plasma glucose levels and also lead to the upregulation of fatty acid-binding
protein expression and glucose-6-phosphatase enzyme with additional potentiated
expression of GLUT-4 translocation (Bhavsar et al. 2009).

Polygonatum kingianum: Isolated saponins possess antihyperglycemic potential
causing upregulation of GLUT-4 expression and downregulation of glucose-6-
phosphate expression involved in the insulin signaling pathway (Deng et al. 2012).

Polygonatum odoratum: Its mode of action generally comprises of improvement
of hyperglycemia-induced complications. It enhances glucose uptake mechanisms. It
also increases the activity of superoxide dismutase enzyme with a reduction in the
levels of malondialdehyde (Deng et al. 2012).

49.4.4 Alkaloids

A group of naturally occurring chemical compounds which are generally secondary
plant metabolites and contain basic nitrogen atoms in their chemical structures.
These are usually classified as true alkaloids, protoalkaloids, polyamine alkaloids,
and cyclopeptide alkaloids. Structurally these are designated as amphipathic
glycosides having one or more hydrophilic glycoside moieties which are further
combined with some lipophilic triterpene groups.

Berberine: A type of benzyl tetra-isoquinoline alkaloid which holds some signifi-
cant therapeutic potential against type 2 diabetic cases. It can reduce blood glucose
levels, enhance insulin secretion, and decrease instances of lipid profiles which in
turn can modulate insulin-resistant and glucose-intolerant states. It attenuates insulin
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resistance by causing activation of the AMPK pathway, elevates GLP-1 content,
reduces glycosylated hemoglobin content, decreases free radical generation,
suppresses inflammatory mediators levels, and reverses endothelial as well as
mitochondrial dysfunction under decreased oxidative stress. In addition to this, it
also showed a reduction in the activation of gluconeogenic enzymes as given in STZ
nicotinamide-induced diabetic animals (Punitha and Shirwaikar 2005).

Boldine: It is a type of aporphine-benzylisoquinoline alkaloid which is isolated
from the species of Peumus boldus. Several experimentations on T2DM models such
as in db/db mice have shown its potential natural antioxidant property by reducing
overproduction of superoxide radicals by inhibiting expression of angiotensin
II-mediated BMP4 (Lau et al. 2013).

Neferine: It belongs to the class of bisbenzyl isoquinoline which is obtained from
the species of Nelumbo nucifera. Treatment with neferine has shown reduced CCR5
and CCL 5 mRNA expressions. It also decreases fasting blood glucose levels and
lipid profiles such as triglycerides and cholesterols but elevates HDL levels (Li et al.
2013).

Vindogentianine: It is an indole alkaloid that possesses hypoglycemic activity by
causing upregulation of glucose uptake mechanisms which results in inhibition of
PTP-1B, thus proving its therapeutic benefits inT2DM (Tiong et al. 2015).

Tetrandrine: It decreases the expression of miRNA-155, reduces instances of
oxidative stress, and also regulates NF-ĸB signaling pathways which in turn shows
converging actions in reducing pancreatic β-cell injury (Song et al. 2015).

Matrine: It has shown a significant reduction of glucose intolerances and plasma
insulin levels in high-fat-diet-induced diabetic animals. It also causes a reduction in
hepatic triglyceride content, suppresses lipogenesis, and increases fatty acid oxida-
tion (Zeng et al. 2015).

Evodiamine: It has been found that evodiamine causes a reduction in blood
glucose levels, improves glucose intolerances, and also prevents insulin resistance
by inhibiting mTOR-S6K signaling and IRS-1 serine phosphorylation pathways in
KK-Ay mice models (Wang et al. 2013a, b, c).

49.4.5 Terpenoids

These natural compounds constitute a structurally related diverse group which is
basically secondary metabolites derived from different plant species. These are also
known as isoprenoids and are modified terpenes with a series of different functional
groups. Terpenoids are classified as monoterpenes, diterpenes, sesquiterpenes, and
triterpenes depending on the number of carbon units present in their molecular
structure which greatly modulates their variety of biological effects. Apart from
their hypoglycemic abilities, they also exert hypolipidemic, anti-obesity, and antiox-
idant effects. They modulate insulin-resistant state by inhibiting a series of enzymes
involved in glucose metabolism and hence normalize glucose homeostasis and
insulin levels. They also have proven to be helpful in preventing diabetic
complications of nephropathy and neuropathy due to strong antioxidant activity
and inhibiting generation of AGEs.
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Andrographolide: This active constituent is found in species of Andrographis
paniculata. It possesses activity against hyperglycemia and hyperlipidemia. AL-1, a
novel andrographolide derivative, has shown cytoprotective effects by augmenting
antioxidant and anti-inflammatory activities. It causes a reduction of sterol regu-
latory element-binding protein (SREBP) expressions which in turn leads to decrease
lipid accumulation in high-fat-diet-induced mice by reducing serum lipid levels
(Ding et al. 2014a, b). It also has potential to improve insulin-resistant states. It
attenuates extent of oxidative stress by inhibiting activation of the NF-κB signaling
pathway (Chen et al. 2013). Recent advances also prove that AL-1 suppresses
phosphorylation of both p65 and IκBα proteins and hence protects from high-
glucose-induced oxidative damage to islet cells (Li et al. 2015).

Ursolic acid: It is a pentacyclic triterpenoid that has reduced fasting blood
glucose level and plasma TG, FFA, and other lipid profiles in high-fat-diet-induced
diabetic models. It also significantly reduced hepatic G6P activity and predomi-
nantly increased glucokinase activity. The modulation of GLUT-2 mRNA levels and
attenuation of diabetes-induced renal fibrosis are also achieved by ursolic acid
administration (Lee et al. 2014).

Abscisic acid: It can stimulate β-pancreatic cells to release insulin as well as adjust
to GLUT-4-mediated glucose uptake mechanisms in addition to its rejuvenating
capabilities in glucose intolerance (Magnone et al. 2015).

Genipin: It can attenuate hepatic insulin resistance with its associated effects to
decrease the extent of hyperinsulinemia, high TG levels, and hepatic steatosis to
reduce hepatic oxidative stress and insulin-resistant-mediated mitochondrial dys-
function (Guan et al. 2013).

Oleanolic acid: It causes a reduction in blood glucose levels and improves
glucose and insulin insensitivity. It also enhances insulin signaling cascades and
inhibits gluconeogenesis (Wang et al. 2013c).

49.4.6 Quinones

This group of compounds contains many diverse therapeutic properties. Their
mechanism of action greatly depends on their structural variations. There are
different derivatives of quinones depending on the number of carbon skeleton
present such as the benzoquinones, naphthoquinones, and anthraquinones.

Emodin: Recent experimentation and advances have shown that emodin
possesses the ability to reverse hyperglycemic parameters by decreasing insulin
resistance and other associated metabolic complications.It reduces serum glucose
levels, augments insulin sensitivity, and enhances hepatic and skeletal muscle
glycogen content in KK-Ay diabetic mice models. Administration of emodin also
caused reduction in pro-inflammatory cytokine levels such as IL-6 and TNF-α. It
modulated PI3K/Akt pathway in hepatic tissues as well as in skeletal muscle in
diabetic KK-Ay mice models (Yuping Song et al. 2017).

Rheum palmatum: Purified anthraquinone glycosides which are generally
obtained from this species have shown significant antidiabetic potential with
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anti-inflammatory and detoxification effects in STZ and high-fat-diet-induced type
2 diabetes mellitus animal models (Fang-Rong et al. 2019). Rhein (4,5-dihydroxy
anthraquinone-2-carboxylic acid) which is predominantly found in Rheum
sp. ameliorates glucose tolerance by subsequent preservation of β-cell mass by
attenuating inflammation-mediated β-cell injury and apoptosis. It also leads to a
reduction of blood glucose levels, enhances insulin level, attenuates oxidative stress,
and decreases hepatic steatosis (Du et al. 2012). It has shown beneficial effects in
renal hypertrophy preventing development of glomerulosclerosis. It also helps in
several chronic inflammatory conditions due to its ability of inhibiting interleukin
(IL)-1β and further NF-κB activation (Du et al. 2012).

Pyrroloquinoline quinone (PQQ): It is an ubiquitous, water-soluble anionic
compound which primarily acts as a cofactor for various bacterial enzymes. How-
ever recent advances suggest that these phytoconstituents also hold multiple thera-
peutic benefits of preventing oxidative stress- induced cellular injury by free radical
scavenging mechanisms and reducing extent of lipid peroxidation. These antioxidant
properties help in restoring diabetes-mediated cellular complications and cardiac
histopathological features. Experimentation on STZ-induced diabetic animals has
indicated that POQ potentially regulates cardiac oxidative damages and related
cardiovascular events with a marked decrease in serum TG, LDL, and VLDL levels.
It also has shown to increase insulin levels with a reduction in glucose concentration
and reverse activity of elevated lactate dehydrogenase being a predominant hallmark
enzyme in inducing myocardial injury due to its overexpression (Misra et al. 2004,
2012; Narendhirakannan et al. 2006; Smidt et al. 1991).

49.4.7 Miscellaneous Agents

Momordica charantia: Chemical constituents such as momordicoside S,
momordicoside T, karaviloside XI, etc. are generally isolated from the fruits of
this species. These compounds collectively consist of saponins and triterpenes which
exert some potent antidiabetic benefits. Isolated triterpenes compounds act by
inhibiting disaccharidase activity and have the ability to activate AMPK pathway
(Chang et al. 2011; Tan et al. 2008), whereas saponin constituents have shown
evident upregulation of GLUT-4 translocation and also augment insulin secretion
from pancreatic β-cells in L6 muscle cells, 3 T3-L1 adipocytes, and MIN6 β-cells
(Keller et al. 2011). Momordicoside S and momordicoside T have shown increased
glucose tolerance and fatty acid oxidation in insulin-sensitive and insulin-resistant
mice models (Tan et al. 2008).

Oleuropein: It is a phenolic compound which specifically belongs to the class of
phenyl-propanoids. It is generally isolated from olive leaves and predominantly
possesses potential antidiabetic potentials by reducing blood glucose levels. Recent
advances have also shown that administration of oleuropein causes decrease in
infarct size and coronary effluent creatine kinase MB and hence reduces the chances
of developing coronary resistance in type 2 diabetic models. It also reduces rate of
ventricular pressure by decreasing left ventricular pressure (Nekooeian et al. 2014).
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Poria cocos: Triterpenes and saponins such as lanostane, dehydrotumulosic acid,
dehydrotrametenolic acid, and pachymic acid decrease postprandial blood glucose
level and enhance insulin sensitivity in STZ-induced db/db mice diabetic models
(Sato et al. 2002). Huang et al. have also demonstrated that pachymic acid
upregulates GLUT-4 translocation and elevates phosphorylation of insulin receptor
substrate-1 (IRS-1) and also enhances activity of Akt and AMPK (Huang et al.
2010).

Swertiamarin: It belongs to class of seco-iridoid glycosides and is generally
isolated from Enicostemma littorale species. Experiments on T2DM models have
shown that swertiamarin reduces serum TG, cholesterol, and LDL levels. It also
predominantly reduces fasting blood glucose levels and elevates insulin sensitivity
(Vaidya et al. 2012).

Allium sativum: It stimulates insulin secretion from pancreatic β-cells, hence
increasing glucose utilization and uptake by GLUT upregulation. It also serves as a
potent HMG co-A reductase inhibitor and as antioxidant and anti-inflammatory
agent (Kumari et al. 1995).

Aloe barbadensis: Its methanolic extract has shown potential antidiabetic actions
in streptokinin-induced diabetic rats. It causes increase in insulin secretion from
pancreatic β-cells and also inhibits pancreatic α-amylase activity. It also increases
insulin sensitivity and also exerts anti-inflammatory and antioxidant potential in
treatment therapies in streptokinin-induced diabetic rats (Grindlay and Reynolds
1986).

Coptis chinensis: Ethyl acetate extract of its rhizome has significantly shown
regeneration of pancreatic β-cells, stimulates fatty acid oxidation process, attenuates
lipogenesis, and also enhances glucose uptake by upregulating GLUT-4 transloca-
tion in high-fat-diet-induced diabetic mice (Cui et al. 2016).

Catharanthus roseus: It is also known as Madagascar periwinkle. It shows
significant antidiabetic modulation in streptokinin-induced diabetic models with an
enhancement of glucose uptake mechanisms and glucose utilization. It also
possesses antioxidant activity and alpha glucosidase inhibition and exerts insulin
sensitivity upregulation (Tiong et al. 2015).

Loganin: It is also a type of iridoid glycoside isolated from Corni fructus.
Administration of loganin results in amelioration of hyperglycemia and dyslipidemic
condition by reduction of TG levels following decreased oxidative stress. It also
inhibits advanced glycation end-product formation and expression (Yamabe et al.
2010).

Catalpol: A type of iridoid glycoside which is usually isolated from Catalpa
species. It reduces diabetes-mediated endothelial dysfunction by decreasing ROS
generation (Liu 2014).

In addition to the abovementioned phytoconstituents, several other lead
molecules belonging to the aforesaid class of compounds have also been explored
so far which hold potential in treatment of T2DM and its related complications.
Schematic overview of phytoconstituents and their therapeutic benefits in manage-
ment of diabetic complications is presented in Fig. 49.2. Those phytochemicals and
their respective mechanisms of actions are mentioned in Table 49.1.
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Fig. 49.2 Schematic overview of different effects of phytoconstituents obtained from various
medicinal plants and dietary supplementations and their therapeutic benefits in the management of
diabetic complications
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Table 49.1 Additional phytoconstituents and their mechanisms of action in the management of
type 2 diabetes mellitus and its associated complications

Phytoconstituents
or. plant species Mechanism of action References

Flavonoids
Delphinidin Exerts its antidiabetic action by augmenting

associated antioxidant activities
Gharib et al. (2013)

Pelargonidin Administration of pelargonidin causes a reduction
in oxidative stress and also tends to stimulate
insulin secretion

Roy et al. (2008)

Myricetin Elevates insulin sensitivity with a positive
modulation of the insulin signaling pathway and
also upregulates glycogen synthase activity, thereby
attenuating gluconeogenesis and glycogenolysis

Kandasamy and
Ashok Kumar
(2014)

Bavachin Upregulates glucose uptake mechanism through
modulation of the GLUT-4 translocation pathway
by activating Akt and AMPK signaling cascades

Lee et al. (2016)

Wogonin It is isolated from the roots of Scutellaria
baicalensis. It attenuates insulin insensitivity and
lipid metabolism by modulating AMPK and PPAR
signaling pathways

Bak et al. (2014)

Isorhamnetin It is isolated from Gingko biloba and Oenanthe
javanica. It decreases oxidative stress and interferes
with lipid metabolism

Yokozawa et al.
(2002)

Polyphenols
Paeonol It decreases blood glucose, glycosylated serum

proteins, and AGE levels via modulating AGEs/
RAGE and NF-ϏB pathway in STZ-induced
diabetic rats

Liu et al. (2013)

Ferulic acid It decreases blood glucose level, increases serum
adiponectin levels, and reduces oxidative stress and
hence ROS-mediated inflammation in OLETF rats

Choi et al. (2011)

Ellagic acid It exerts its antidiabetic potential by improving
hepatic steatosis and serum lipid composition by
reducing serum resistin levels and activating
hepatic PPAR-α expression in KK-ay mice models

Yoshimura et al.
(2013)

Chlorogenic acid It decreases plasma glucose and glycosylated
hemoglobin levels via modulation of adiponectin
receptor signaling pathway in STZ-induced diabetic
rats

Mubarak et al.
(2013)

Saponins
Solanum anguivi Saponins isolated from this species have the

potential to induce antioxidant activity and also
decrease serum glucose levels in diabetic rats

Elekofehinti et al.
(2013)

Garcinia kola Saponins from this species significantly reduced
plasma glucose levels with a predominant increase
in insulin level as given by alloxan-induced diabetic
models

Smith and
Adanlawo (2012)

(continued)
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Table 49.1 (continued)

Phytoconstituents
or. plant species Mechanism of action References

Trigonella
foenum-graecum

Saponins originated from this species cause
significant inhibition of TG accumulation, reduce
TG levels, and also decrease expression of
lipogenic genes which in turn collectively lead to
reduced lipid levels

Uemura et al.
(2010)

Terminalia arjuna Arjunolic acid, a type of triterpene saponin, exerts
its antidiabetic benefits by scavenging free radicals
and also causes inhibition of excessive reactive
oxygen species generation. It also can inhibit
α-amylase and α-glucosidase enzymes

Hemalatha et al.
(2010)

Entada
phaseoloides

These plant species generally contain saponins
which show an elevation in serum insulin levels,
thereby attenuating chances of hyperglycemia, and
also tend to decrease lipid levels

Zheng et al. (2012)

Alkaloids
Jatrorrhizine It holds the potential to reduce hyperlipidemic

conditions by suppressing lipogenesis and lipid
oxidation in high-fat-diet-induced animals

Yang et al. (2016)

Colchicine It augments its antidiabetic potential by reducing
activation of NLRP-3-mediated inflammation and
also improves the metabolic dysregulated state

Demidowich et al.
(2016)

Galantamine It has shown significant improvement of insulin-
resistant states and also alleviated inflammation in
STZ-induced rats

Consolim-
Colombo et al.
(2017)

Huperzine A It tends to modulate several inflammatory
modulators, thereby attenuating further
inflammation which are subjected due to a rise in
oxidative stress and apoptosis

Mao et al. (2014)

Koenidine It is isolated from the plant species of Murraya
koenigii
It causes an increase in insulin sensitivity which in
turn alleviates glucose uptake mechanisms

Yadav et al. (2002)

Terpenoids
Pinitol It modulates glucose uptake mechanisms mediated

by insulin signaling pathway, hence regulating the
PI3K/Akt pathway in T2DM rats

Gao et al. (2015)

Benzofuran-2-
carboxaldehyde

A diterpene in nature which is isolated from the
species of Globba pendula and which exerts its
hypoglycemic activity by glucose-lowering
activities

Maulidiani et al.
(2009)

Betulinic acid It proved to improve the hyperglycemic state by
inhibiting hepatic gluconeogenesis through
modulation of the CAMKK-AMPK-CREB
signaling pathway in HepG2 cells and HFD-fed
mice

Kim et al. (2014)

(continued)
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49.5 Conclusion

Diabetes mellitus, being a multifactorial disorder, engages a number of metabolic
and molecular pathways which get detrimental in due course of time producing
major complications. It encompasses a series of key players which augments fatal
consequences, thus producing many challenges in therapeutic regimens. However, it
has already been suggested that this metabolic-endocrine disorder can be managed
by several forms of medications, lifestyle modification, and diet. Over the years, the
use of synthetic and conventional medicines had been on the brink due to their chain
of adverse cascades and their unavoidability as a matter of cost in a great population
of diabetic patients. The growing mortalities and consequences arising due to
diabetes mellitus explain and demand more promising therapeutic regimens which
can be subjected to any need.

Recent advances in phytochemicals have ameliorated such complications owing
to their greater availability and abundance in nature. Several plant species compris-
ing of flavonoids, quinones, saponins, polyphenols, alkaloids, etc. serve as some
potential agents in minimizing diabetes state and its related metabolic complications.

Table 49.1 (continued)

Phytoconstituents
or. plant species Mechanism of action References

Dehydroabietic
acid

Suppresses expression of pro-inflammatory
cytokines such as TNF-α whereas causes
upregulation of anti-inflammatory cytokine levels
as in adiponectin and hence improves plasma
parameters

Kang et al. (2009)

Tormentic acid It possesses antihyperglycemic and
antihyperlipidemic potential via the downregulation
of hepatic SREBP-1c and apolipoprotein C-III and
subsequently increasing PPAR-α pathway
expression

Wu et al. (2014)

Quinones
Shikonin It reduces central adiposity and also enhances

glucose tolerance by upregulating tyrosyl
phosphorylation of the insulin receptor in high-fat-
diet-induced diabetic mice

Bettaieb et al.
(2015)

Tanshinone I It alleviates insulin resistance by modulating the
IRS-1 pathway and hence regulates blood glucose
and TG levels

Wei et al. (2017)

Cryptotanshinone It possesses potential antidiabetic effect with
AMPK pathway activation

Kim et al. (2007)

Plumbagin It causes upregulation of GLUT-4 translocation and
hence contributes to normal glucose homeostasis

Sunil et al. (2012)

Thymoquinone It can reduce oxidative stress by decreasing the
extent of pro-inflammatory cytokine generation

Safhi et al. (2019)
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These agents exert a circle of beneficial effects of hypoglycemic action by increasing
insulin secretion, sensitivity, glucose uptake, and utilization along with potent
antioxidant, anti-inflammatory, and free radical scavenging effects. Some
phytochemicals are also beneficial in managing hyperlipidemic and
hyperinsulinemia states by decreasing TG and lipid levels, inhibiting lipolysis, and
reducing FFA contents. The chapter summarizes such phytoconstituents, their
effects, and natural species which are novel and effective and have gained enormous
momentum in reducing various ailments relating to diabetes, hyperlipidemia, and
atherosclerosis.
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Indian Traditional Herbs and Alzheimer’s
Disease: Integrating Ethnobotany
and Phytotherapy
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Abstract

The use of plants for therapeutic reasons is perhaps as old as history of man itself.
Different traditional systems of medicine that developed across the world
depended largely on the usage of plants for treatment of numerous diseases.
Indian system of medicine, i.e., “Ayurveda,” is one such system, which is one
of the oldest systems of medicine known to mankind. According to Ayurveda, the
wellness of our body depends upon the delicate balance between the three
physiological indicators, known as doshas, i.e., vata, pitta, and kapha. Their
imbalance causes various physiological, metabolic, and also degenerative
disorders. Among these, neurodegenerative disorders, such as Alzheimer’s dis-
ease (AD), Huntington’s disease, Parkinson’s disease, etc., have attracted ample
attention from the scientific community in the recent past. AD is one of the most
extensively studied NDs throughout the globe. Besides modern therapeutic
interventions, various herbal drugs have also been found beneficial in
AD. Ayurveda has categorized certain plant drugs for such disorders under a
separate class known as “Medhya Rasayana” (brain tonics). Traditional plants
like Shankhpushpi, Brahmi, Gotu kola, Jyotishmati, Bach, Ashwagandha, etc.
and their phytoconstituents have shown beneficial effects against AD. This chap-
ter will highlight the protective role of these Indian traditional plants and their
phytoconstituents, along with their mechanisms, against AD.
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Abbreviations

AC Acorus calamus
AChE Acetylcholinesterase
AChEI Acetylcholinesterase inhibitor
AD Alzheimer’s disease
APP Amyloid precursor protein
Aβ Amyloid beta
BM Bacopa monnieri
C99 C-terminal fragment
CA Centella asiatica
CL Curcuma longa
CP Convolvulus pluricaulis
CPa Celastrus paniculatus
CREB c-AMP response element binding protein
CT Clitoria ternatea
DLB Dementia with Lewy bodies
GG Glycyrrhiza glabra
HD Huntington’s disease
IL-1 β Interleukin-1 β
NDs Neurodegenerative disorders
NFT Neurofibrillary tangles
PD Parkinson’s disease
PSEN1 Presenilin 1
PSEN2 Presenilin 2
sAPPα Soluble fragment of APP
sAPPβ Soluble peptide APPβ
SDH Succinate dehydrogenase
SLNs Solid lipid nanoparticles
STZ Streptozotocin
TC Tinospora cordifolia
TNF-α Tumor necrosis factor-α
WA Withanamide A
WC Withanamide C
WHO World Health Organization
WS Withania somnifera

50.1 Introduction

Neurodegeneration is a progressive loss or atrophy of neuronal function and struc-
ture leading to different disorders known as neurodegenerative disorders (NDs).
Commonly encountered NDs are dementia, Alzheimer’s disease, Parkinson’s dis-
ease, Huntington’s disease, stroke, etc. (Rubinsztein 2006). Among these, dementia
is one of the most common NDs illustrated by cognitive loss which interferes mainly
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with the person’s ability to perform daily chores (Ulep et al. 2018). Dementia has
severely impacted the lives of not only the demented patients but also people
associated with them (caregivers, family members, colleagues, friends, etc.). The
global societal cost of the disease is US$1 trillion, and it is projected to get doubled
by 2030. In addition to this, the annual global number of informal care is estimated to
consume about 82 billion working hours (Patterson 2018). The impact of dementia is
so sinister that the World Health Organization (WHO) in 2008 declared it is a
priority condition in both developed and developing countries, like China, India,
etc., and is also the fifth leading cause of death (Duthey 2013).

According to an estimate, in 2018, 50 million people suffered from dementia, and
the figure is expected to reach 82 million in 2030. Every year nearly ten million new
cases [1 new case every 3 s] of dementia are added across the globe (Patterson 2018).
Besides aging, Alzheimer’s disease (AD), Huntington’s disease (HD), Parkinson’s
disease (PD), dementia with Lewy bodies (DLB), stroke, vascular dementia, and
frontotemporal dementia have been enlisted as the common causes of dementia.
Among these, AD has been identified as the most prominent cause as 60 to 70% of
demented people suffer from AD, and the percentage increases to 80–90% when a
person reaches to an age of more than 75 years (Gaugler et al. 2014). Therefore, most
of the research for finding the newer therapeutic strategies for dementia is focused
around AD.

The major pathological causes of AD include (a) plaques of amyloid β peptide
(Aβ) deposition due to abnormal amyloid precursor protein (APP) processing,
(b) neurofibrillary tangles (NFT) formed due to hyperphosphorylation of the tau
proteins, and (c) cholinergic deficits which cause significant loss of neurons and
synaptic changes in the brain areas responsible for memory functions like the
hippocampus, cerebral cortex, etc. (Bhushan et al. 2018) (Fig. 50.1). APP is
processed by the amyloidogenic pathway and the non-amyloidogenic pathway. In
the amyloidogenic pathway, β-secretase cleaves APP into soluble peptide APPβ
(sAPPβ) and a C-terminal fragment (C99). Further, γ-secretase acts on C99 to
generate the Aβ and an intracellular APP domain. Non-amyloidogenic pathway
involves APP cleavage by α-secretase, thereby producing a soluble fragment of
APP (sAPPα) and C-terminal fragment. The latter is further acted upon by
γ-secretase to produce APP domain and p3 peptide. AD is also caused

AD 
Pathogenesis 

Amyloid cascade hypothesis 

Cholinergic Hypothesis

-Intracellular deposition of NFT

-Disruption of calcium (Ca2+) 
homeostasis

-Free Radical production
-Excitotoxicity

-Inflammation

Neuronal damage

Impairments in nerve 
impulse transmission

-Extracellular desposition of Aβ

Decline in acetylcholine
neurotransmitter

-Reduction in choline 
acetyltransferase (ChAT)

Fig. 50.1 Major hypothesis involved in AD pathogenesis
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by mitochondrial dysfunction, neurovascular dysfunction, calcium dysregulation,
oxidative stress, neuro-inflammation and mutation in APP and presenilin (PSEN)
genes (PSEN1 and PSEN2). APP gene has been associated with neural plasticity and
synapse formation, whereas PSEN1 and PSEN2 form the heart of γ-secretase and are
responsible for the stability and activity of the complex. Mutation in these genes
increases Aβ42 levels in the brain (Bekris et al. 2010).

The only approved drugs for the management of AD are cholinesterase inhibitors
[donepezil (Aricept®), rivastigmine (Exelon®), galantamine (Razadyne®)] and
NMDA receptor antagonists [memantine (Namenda®)] (Birks 2006). The modern
therapeutics only provide symptomatic relief and do not stop the underlying neuro-
nal degeneration; therefore, alternative therapeutic strategies, which can prevent this
neuronal loss, are always warranted. Over the last two to three decades, extensive
interest has been developed in the therapeutic agents from natural sources as ample
plants effective in NDs have been provided by “Mother Nature.” Galantamine, an
approved AChE inhibitor for the symptomatic treatment of AD, isolated from
Galanthus nivalis (Amaryllidaceae), is one such example. Some of the lead
compounds and plant extracts, viz., huperzine A, EGb761 (standardized extract of
Ginkgo biloba), essential oil of Salvia lavandulifolia, etc., have shown promising
effects in both preclinical and clinical studies (Hussain et al. 2018; Natarajan et al.
2013). Various traditional systems of medicine have mentioned different plants for
such disorders. Ayurveda, Indian traditional system of medicine, has categorized
many plants helpful in NDs under “Medhya Rasayana” (nervine tonic). Medhya
means brain or intellect, and Rasayana means “tonic” or preparation that improves
overall body functioning, including physical, immunological, and cognitive, leading
to longevity (Kulkarni et al. 2012). Different plants that are mentioned under this
category are Brahmi (Bacopa monnieri), Shankhpushpi (Convolvulus pluricaulis),
Ashwagandha (Withania somnifera), Gotu kola (Centella asiatica), Jyotishmati
(Celastrus paniculatus), Jatamansi (Nardostachys jatamansi), Guduchi (Tinospora
cordifolia), and Yashtimadhu (Glycyrrhiza glabra) (Chunekar and Pandey 2002).
The present chapter puts together the phytochemical and pharmacological aspects of
different plant drugs mentioned for their beneficial effects against AD in Ayurveda.

50.2 Plants Used in Ayurveda to Treat Alzheimer’s Disease

50.2.1 Bacopa monnieri Linn. (Brahmi, Family: Scrophulariaceae)

Bacopa monnieri (BM) or Herpestis monniera also referred to as water hyssop or
Jalanimba has been used for centuries in the Ayurveda as Medhya Rasayana. The
name brahmi was derived after the name of “Brahma,” the mythical creator in the
Hindu pantheon (Gohil and Patel 2010). Traditionally, it has been used in cognitive
disorders and as anticonvulsant, anxiolytic, and sedative (Shinomol and Muralidhara
2011). The plant contains dammarane-type triterpenoid saponins known as
bacosides as the major constituents. Bacopa also contains other saponins including
bacopasaponins A–G, pseudojujubogenin, and bacopasides I–V, X, N1, and N2;
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flavonoids, apigenin and luteonin; alkaloids, brahmine, herpestine, and
hydrocotyline; glycosides, asiaticoside and thanakunicide; and other constituents
like brahmic acid, brahamoside, brahminoside, and isobrahmic acid have also been
isolated from BM (Chaudhari et al. 2017).

Among various bacosides, bacosides A and B have been found responsible for the
neuroprotective and memory-enhancing activity of the plant (Vollala et al. 2011).
Furthermore, bacoside A is a mixture of four different saponins, viz., bacoside A3,
bacopaside II, jujubogenin, and bacopasaponin C (Deepak and Amit 2004). Strong
antioxidant activity, by metal chelation, free radical scavenging, and augmentation
of antioxidant enzymatic activity, has been the mainstay in its memory-enhancing
and neuroprotective activity (Russo et al. 2003). BM also exerts a protective effect
against DNA damage in astrocytes and human fibroblasts (Chaudhari et al. 2017).
Bacoside A protects the neurons by boosting the kinase activity, synthesizing
neurons, and also improving synaptic activity, thereby improving the nerve impulse
transmission. It also ameliorated the cognitive and memory impairment induced by
scopolamine, colchicine, phenytoin, sodium nitrite, diazepam, and BN52021
(a platelet-activating factor antagonist) possibly by improving acetylcholine levels
in the brain (Chaudhari et al. 2017). Moreover, methanol extract of BM decreased
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the formation of amyloid fibrils in vitro and also reduces Aβ40 and Aβ42 levels in
brains of PSAPP mice (Mathew and Subramanian 2012). BM improves the cogni-
tive skills by increasing the levels of serotonin and activating 5-HT3A receptors and
CREB in the hippocampus of rodents. BM has also shown to mitigate the
ethylcholine aziridinium ion-induced memory impairment and reduction in density
of neurons and cholinergic neurons (Uabundit et al. 2010). Apart from alleviating
memory, Brahmi also plays a vital role in treating other NDs like PD and
3-NP-induced HD-like symptoms (Mathur et al. 2016).

Furthermore, BM has remarkably improved verbal learning, memory acquisition,
and logical memory in many double-blind, randomized, placebo-controlled trials
(Calabrese et al. 2008; Chaudhari et al. 2017). Different nano-drug delivery systems,
like polymeric nanoparticles and solid lipid nanoparticles (SLNs), have been
employed for the successful delivery of bacosides to the brain. These delivery
systems have considerably improved the solubility, bioavailability, and stability of
bacosides (Bonifácio et al. 2014; Josea et al. 2014).

50.2.2 Convolvulus pluricaulis Chois. (Shankhpushpi, Family:
Convolvulaceae)

Convolvulus pluricaulis (CP), also known as C. prostratus Forsk. and
C. microphyllus Sieb., is a perennial herb, mentioned as a Medhya Rasayana in
Ayurveda for its brain-stimulating and brain-rejuvenating properties (Bhowmik et al.
2012). In Ayurveda, its aerial parts along with small part of the roots are used in
prophylaxis of various disorders (Chunekar and Pandey 2002). An alkaloid
shankhpushpine (C17H23NO3); coumarins-scopoletin, scopolin, ayapanin, and
esculetin; a phytosterol-β-sitosterol; aliphatic compounds, viz., glycosidic acid,
microphyllic acid, n-triacontane, and n-tetracontane; primary alcohols, viz., n-
triacontanol, n-octacosanol, and n-hexacosanol; and flavonoids-kaempferol and its
glycosides have been reported from the plant (Malik et al. 2016). Various fatty acids,
viz., myristic, palmitic, and linoleic acid, have also been extracted from the plant
(Agarwal et al. 2014).

The plant possesses antioxidant, antifungal, antiulcerogenic, anti-
cholesterolemic, anti-anxiety, and antidepressant activity. The memory-enhancing
activity of CP has been established by numerous studies on various animal models
(Malik et al. 2011; Nahata et al. 2008). CP inhibits AChE activity and attenuated the
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increase in levels of tau protein, Aβ levels and their aggregation, and oxidative stress
in rat brains (Kizhakke et al. 2019). In a comparative study, CP showed maximum
memory-enhancing activity among Evolvulus alsinoides and Clitoria ternatea,
which are also commonly known as Shankhpushpi (Malik et al. 2011). In a
bioactivity-guided fractionation and isolation study, scopoletin and scopolin were
found to be responsible for the memory-enhancing activity as they attenuated the
scopolamine-induced amnesia and also inhibited acetylcholinesterase enzyme
(Malik et al. 2016). Clinically, when patients were treated with Shankhpushpi tablets
(made of powder and juice of C. pluricaulis), their auditory and visual recognition
and long-term memory improved (Chen et al. 2017). The plant, by virtue of its strong
antioxidant action, has also showed protective effect against 3-NP-induced HD-like
symptoms in rats (Malik et al. 2015).

50.2.3 Withania somnifera Dunal (Ashwagandha, Family:
Solanaceae)

Withania somnifera (WS) is a well-known and widely used Rasayana drug in
Ayurveda for increasing longevity and vitality (Winters 2006). The plant has
reported antioxidant, anti-inflammatory, immunomodulating, anti-stress, memory-
enhancing, and antiepileptic properties. Chemical analysis of Ashwagandha shows
the presence of steroidal lactones, known as withanolides (withaferin A,
withanolides A–P, withanone, sitoindosides VII–X) and alkaloids (withanine,
somniferine, somnine, somniferinine, etc.) (Mirjalili et al. 2009).

The plant increases cortisol circulation and physical performance, decreases
fatigue and depression in animals subjected to stress, and influences various neuro-
transmitter receptor systems (Naidu et al. 2006). WS has also shown neuroprotective
activity in AD by enhancing the peripheral clearance of Aβ and increasing its
degradation (Sehgal et al. 2012). WS and its constituents also possess significant
antioxidant activity that further helps in improving the memory. Sitoindosides VII–
X and withaferin A exhibited strong antioxidant effect by increasing the levels of
endogenous antioxidant enzymes and decreasing lipid peroxidation (Bhatnagar et al.
2005; Gupta et al. 2003). These compounds have also protected neurons against the
ibotenic acid-induced neurotoxicity (Bhattacharya et al. 2006). Withanolide A and
withanosides IV and VI have protected cortical neurons against Aβ peptide-induced
neurotoxicity (Kuboyama et al. 2006). Withanone showed preventive effect against
scopolamine-induced DNA damage and oxidative stress in C6 cells (Kuboyama
et al. 2014). Withanamides A (WA) and C (WC) protect PC-12 cells from beta-
amyloid-induced cell damage by binding to the active motif of β-amyloid
and preventing the formation of fibrils (Jayaprakasam et al. 2010). Moreover, WS
and its active constituents modulate various targets associated with APP processing
and also enhance Aβ clearance from the brain, a property which is valuable in
designing newer and potent therapeutics for AD (Patil et al. 2010).

50 Indian Traditional Herbs and Alzheimer’s Disease: Integrating Ethnobotany and. . . 1135



50.2.4 Centella asiatica Linn (Jal Brahmi, Family: Apiaceae)

Centella asiatica L. (CA) (Syn. Centella coriacea Nannfd., Hydrocotyle asiatica L.,
Hydrocotyle lunata Lam., and Trisanthus cochinchinensis Lour.) is commonly
known as Gotu kola (miracle elixirs of life), Mandukaparni, Indian pennywort,
Asiatic pennywort, Indian water navelwort, wild violet, and tiger herb (Gohil et al.
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2010). It is also used as a Medhya Rasayana drug by virtue of its effectiveness in
cognitive disorders and other NDs. CA has exhibited various neuropharmacological
effects comprising of antiepileptic, anxiolytic (Gohil et al. 2010), memory-
enhancing, neurite elongation, and nerve regeneration activities (Lokanathan et al.
2016; Soumyanath et al. 2005). Triterpenoidal saponins, namely, asiaticoside,
madecassoside, asiatic acid, and madecassic acid, are the major constituents of
CA. Centellasaponins A–D, brahmoside, and brahminoside are the saponins present
in minor quantities (Siddiqui et al. 2007). Various terpenes, scentellin, asiaticin and
centellicin, triterpene acids, betullic acid, brahmic acid, isobrahmic acid, thankunic
acid, and isothankunic acid have also been reported from the plant (James and
Dubery 2009).

The plant has shown protective effect against colchicine- and STZ-induced
memory impairment and oxidative damage in rat brain (Kumar et al. 2009; Kumar
and Gupta 2003). It increases the phosphorylation of CREB both in neuroblastoma
cell line expressing Aβ (1–42) and in rat embryonic cortical primary cell culture,
thereby illustrating the mechanism of its memory-enhancing property (Xu et al.
2008). Asiatic acid protected neurons from the glutamate-induced oxidative damage
(Lee et al. 2000) and aluminum chloride-induced amyloid burden (Rather et al.
2019) in cultured neurons and rats, respectively. CA ethanol extract inhibits acetyl-
cholinesterase, butyrylcholinesterase, and tyrosinase enzymes, thereby restoring the
levels of important neurotransmitters in the brain (Orhan et al. 2008). Furthermore,
CA extract improves the neuronal morphology by increasing the dendritic arboriza-
tion in CA3 neurons located in the hippocampus, thereby improving the memory
(Rao et al. 2005). In addition to this, CA extract also reduces the levels of hippo-
campal Aβ plaques in PSAPP mice (Dhanasekaran et al. 2009) and mitigates the
Aβ-induced oxidative burden and mitochondrial dysfunction in neuroblastoma cells
(Gray et al. 2015). CA aqueous extract and its triterpene compounds attenuate the
amyloid-β-induced neurodegenerative spine loss and dendritic simplification,
indicating their broader therapeutic, beyond AD (Gray et al. 2017).
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50.2.5 Curcuma longa (Haldi, Family: Zingiberaceae)

Curcuma longa (CL), also known as turmeric, is a rhizomatous perennial herb with a
long history of use as a condiment and coloring agent. It is used in household
remedies for the healing wounds, inflammation, and different skin problems. CL
contains various curcuminiods responsible for its yellow color, sesquiterpenes,
volatile oil, and starch. Most of the curcuminiods are diarylheptanoid derivatives,
and among them curcumin is the major bioactive component (Choudhary et al.
2013). Curcumin is known for its wide range of activities like neuroprotective,
anticancer, wound healing, antioxidant, anti-inflammatory, antimicrobial, antiseptic,
antiparasitic, choleretic, analgesic, hepatoprotective, and anti-mutagenic activity.

CL has shown its neuroprotective action through different mechanisms of action
such as antioxidant, anti-amyloid, anti-tau, anti-inflammatory, etc. The antioxidant
potential of CL is due to free radical scavenging, metal chelation, and upregulation
of endogenous antioxidant enzymes (Choudhary et al. 2013; Kumar and Sakhya
2013). Curcumin, due to its potent antioxidant property, has also been found
effective against vascular dementia and in the treatment of age-related cognitive
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dysfunctions. It also antagonizes the amyloid pathogenesis by reducing the Aβ
burden in AD transgenic mice (Lim et al. 2001; Yang et al. 2005). Curcumin,
being lipophilic, crosses the BBB and binds to Aβ plaques. It destabilizes the Aβ
polymer and inhibited β-amyloid-40 aggregation (Mishra and Palanivelu 2008). It
also inhibited the APP metabolism by binding to the amyloid beta peptide (Narlawar
et al. 2008). Curcumin also reduces the levels of Aβ40/42, PSEN1 protein, and
mRNA in neuroblastoma cells with overexpressing APP and also inhibits A-
β-induced tau phosphorylation via PTEN/Akt/GSK-3bm pathway (Huang et al.
2014). Very recently, curcumin has abrogated scopolamine-induced Aβ40/42 and
tau hyperphosphorylation by downregulating GSK3 and Cdk5 (Das et al. 2019).
Curcumin reduced the levels of Aβ40/42 and phosphorylated tau at Ser396 (PHF13)
and Ser202/Thr205 in the brain and in the plasma. It also increases the clearance of
Aβ by increasing its phagocytosis in AD patients (Fiala et al. 2007).

Apart from curcumin, other compounds like calebin A, demethoxycurcumin,
bisdemethoxycurcumin, and 1,7-bis(4-hydroxyphenyl)-1-heptene-3,5-dione
isolated from CL protected PC12 cells against Aβ-induced toxicity (Park and Kim
2002). Lipid-core nanocapsules of curcumin attenuate Aβ-induced increase in
TNF-α and IL-1 β levels in rodents and mitigate the cognitive impairment. It also
protected brain cells against stroke by stimulating Sirt1 and Bcl-2 expression.
Though curcumin did not exhibit any toxic effect during short-term use, studies on
long-term safety and efficacy on human subjects are warranted.

50.2.6 Acorus calamus (Bach, Family: Araceae)

Acorus calamus Linn. (AC), also known as Vacha or sweet flag, is a valued
Ayurvedic brain rejuvenator. The words “Acoron (eye pupil) and Calamos
(a reed)” led to the genesis of the name of genus and species, i.e., Acorus and
Calamus, respectively. Traditionally, the plant was used to treat anorexia, GIT
disorders, bronchitis, chest pain, and nervous disorders. AC rhizomes are one of
the most common ingredients in Chinese herbal remedy for age-related dementia
(May et al. 2016). Phytoconstituents like tannins, glycosides, polyphenolic
compounds, flavonoids, sesquiterpenes, saponins, mucilage, essential oil, and bitter
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principle have been reported in AC rhizomes. It contains calamen, clamenol,
calameon, calamendiol, β-asarone, α-asarone, acorine, acoradin, acorone, and
galangin along with eugenol, pinene, and camphene (Chandra and Prasad 2017).

The hydro-alcohol extract and essential oil of AC rhizomes showed in vitro
acetylcholinesterase inhibitory activity with oil exhibiting better activity than the
extract (Mukherjee et al. 2007b). Oral administration of AC mitigated hyoscine-
induced cognitive loss in rats (Howes et al. 2017). Among different chemical
constituents, β-asarone and α-asarone showed in vitro acetylcholinesterase inhibi-
tory activity which was more prominent in case of β-asarone than α-asarone
(Mukherjee et al. 2007a). β-Asarone also exhibited neuroprotective action and
curb neuronal apoptosis by downregulating Bcl2, Bcl-w, and caspase-3 and
preventing JNK phosphorylation (Nair et al. 2019). α-Asarone also exhibited mem-
ory improvement, through cholinergic and antioxidant effects, in rodents injected
with β-amyloid (Howes et al. 2017; Kumar et al. 2012). AC also exhibited
neuroprotective effect by preventing oxidative stress induced by the
histomorphological changes in the CA1 and CA3 regions of rat hippocampus
(Subamalani et al. 2019).

50.2.7 Glycyrrhiza glabra L. (Mulhatti, Family: Fabaceae)

Glycyrrhiza glabra Linn. (GG), also known as licorice, Jashtimadhu, and
Yashtimadhu, is one of the most widely used herbs in Ayurveda for its medicinal
and flavoring properties. Hippocrates (400 BC) mentioned it as an antiulcer and
thirst-quenching agent. Licorice is also mentioned in Siddha system of medicine for
its cough suppressant, expectorant, demulcent, laxative, and sweetening properties
(Kaur et al. 2013). The roots and rhizomes of GG contain saponin (glycyrrhizin),
flavonoids (liquirtin, isoliquertin, liquiritigenin, rhamnoliquirilin, glucoliquiritin
apioside, prenyllicoflavone A, shinflavanone, shinpterocarpin, 1-metho-
xyphaseolin, and glabridin), and carbenoxolone and volatile components (pentanol,
hexanol, linalool oxides A and B, isoangustone A, and licoriphenon). The essential
oil contains various constituents such as methyl ethyl ketone, 2,3-butanediol,
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furfuraldehyde, furfuryl formate, 1-methyl-2-formylpyrrole, trimethylpyrazine, and
maltol (Pastorino et al. 2018).

The aqueous extract of GG significantly improved memory and learning in
diazepam- and scopolamine-induced amnesia (Dhingra et al. 2004). Licorice also
augments succinate dehydrogenase (SDH) activity and energy supply in brain parts
(Oganisyan et al. 2005). Glycyrrhiza is one of the major components of the tradi-
tional “Japanese Kampo” medicine, “Yokukansan,” that antagonizes α2A
adrenoceptors. In addition, isoliquiritigenin inhibited NMDA receptors, suppressed
caspase-3, and showed protection against cerebral ischemia-reperfusion injury in
rats (Zhan and Yang 2006). Carbenoxolone protected skeletal muscles and hippo-
campal neurons against acute ischemic-reperfusion by suppressing superoxide
anions and hydrogen peroxide generation in macrophages in rats (Hosseinzadeh
et al. 2005). Glabridin showed cognitive improvements, due to its antioxidant,
neuroprotective, and anticholinesterase activities, in diabetic rats (Hasanein 2011).
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50.2.8 Tinospora cordifolia Willd. (Guduchi, Family:
Menispermaceae)

Tinospora cordifolia (TC) or Giloya, a large, glabrous, deciduous climbing shrub, is
categorized as “Rasayana” drug in Ayurveda due to its immunomodulating
properties (Singh et al. 2003). According to Hindu mythology, “Giloya or Giloe”
denotes to the blissful elixir that has saved celestial beings from old age and kept
them forever young. The other common names are Guduchi (means one which
protects the entire body), Amrita (means ability to impart youthfulness, vitality,
and longevity), Amritavalli, Madhuparni, Guduchika, Gilo, and heartleaf moonseed.
Traditionally, it has been widely used as general tonic, antiperiodic, anti-spasmodic,
anti-inflammatory, antiarthritic, anti-allergic, anti-stress, anti-leprotic, anti-malarial,
and anti-diabetic agent. Constituents belonging to different phytochemical groups
like polyphenolics, sesquiterpenoids (tinocordifolin), diterpenoid lactones
(tinosporin, tinosporide, columbin), alkaloids (tinosporine, tinosporidine, berberine,
tembertarine, jatrorrhizine, magniflorine, palmatine), glycosides (tinosporaside,
tinocordiside, cordifolide), steroids (β-sitosterol, gilosterol), aliphatic compounds
(heptacosanol), and carbohydrates (syringing) have been isolated from TC (Joshi
and Kaur 2016).
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T. cordifolia along with Phyllanthus emblica and Ocimum sanctum showed
nootropic activity against scopolamine-, diazepam-, and cyclosporine-induced
amnesia in Wistar rats (Malve et al. 2014). Its combination with Bacopa monnieri
and Evolvulus alsinoides showed significant cognitive improvement against
scopolamine-induced amnesia (Gupta et al. 2013). In a 21-day randomized,
double-blind, placebo-controlled study, pure aqueous extract of TC root improved
the verbal learning and logical memory of the volunteers (Bairy et al. 2004). The
alcoholic and aqueous extracts of TC have shown improved cognition against
cyclosporine-induced memory deficit in rats. The memory enhancing effect was a
evident from the histopathological examination of hippocampal cells and improved
scores in Hebb-Williams maze test (Upadhyay et al. 2010). The plant has shown
protective effect against neuronal degeneration, and exploring it further may
enlighten the exact mechanism responsible for the action.
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50.2.9 Clitoria ternatea (Aparajita, Family: Fabaceae)

Clitoria ternatea (CT) also known as Koyal, butterfly pea, blue bell vine, and
Darwin pea is a tropical perennial climber with white or blue flowers. An Ayurvedic
preparation “Medhya Rasayana” for different cognitive and CNS disorders has CT
as a major ingredient. CT roots are also used to relieve inflammation, constipation,
arthritis, indigestion, bronchitis, fever, eye and throat disorders, and asthma. Differ-
ent plant parts of CT contain a wide array of constituents like pentacyclic
triterpenoids (taraxerol, taraxerone), sterols (β-sitosterol, γ-sitosterol), and
flavonoids and their glycosides in roots; anthocyanins (ternatins A1, A2, B1, B2,
D1, and D2) in flowers; lactones (aparajitin and clitorin) in leaves; and fatty acids
and proteins in seeds (Mukherjee et al. 2008).

Clitoria ternatea is also used under the common name “shankhpushpi,” along
with Convolvulus pluricaulis and Evolvulus alsinoides, in different parts of our
country. The memory-enhancing, anxiolytic, and antidepressant activities of these
three plants were evaluated and compared (Malik et al. 2011). In a comparative study
between the memory-enhancing and cholinergic activities of roots and aerial parts,
roots were found to be more biologically active than aerial parts (Taranalli and
Cheeramkuzhy 2000). CT roots have also shown to augment Ach in hippocampus
region (a region responsible for learning and memory) of rat brain (Rai et al. 2002).
They also improved dendritic arborization in the neurons of amygdala region and
increased the proliferation and growth of neurospheres leading to improved cogni-
tion in rats (Rai et al. 2005). Roots of CT have also attenuated the streptozotocin
(STZ)-induced Alzheimer-like conditions via AChE inhibitory and antioxidant
activity and also by downregulating the ROCK II expression in the brain (Mehla
et al. 2013). Additionally, “Medhya Rasayana” formulation of CT improved cogni-
tion and protected neurons against kainic acid-induced neurotoxicity (Raghu et al.
2017). CT roots also boost the synthesis of neurotransmitter such as acetylcholine
similar to synthetic drugs such as nefiracetam, dehydroepiandrosterone sulfate, and
FG7142 (Esmail Al-Snafi 2016; Muhammad Ezzudin and Rabeta 2018). Various
studies on CT have indicated its potential that could be exploited in AD treatment
(Gollen et al. 2018).
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50.2.10 Celastrus paniculatus (Malkangani, Family: Celastraceae)

C. paniculatus (CPa), also known as “Jyotishmati” or “tree of life,” is a valued
“Medhya Rasayana” herb used in Ayurveda for centuries to improve learning and
memory (Bhanumathy et al. 2010). Traditionally it has been used for its benefits
against rheumatism, gout, leprosy, leukoderma, paralysis, and asthma. The seed oil
of CPa has been used to improve memory and increase mental awareness (Lekha
et al. 2010). Different parts of CPa have been used for various disorders like roots
against malaria, wood for tuberculosis, stems for urinary disorders, fruits as
antiflatulent, and leaves in dysentery (Shen et al. 2019). The plant contains alkaloids
such as wifornine F and paniculatines A and B in the stem and celastrine, celapagine,
celapanigine, and celapanine in the seeds; polyhydric alcohol such as malkanguniol,
malkangunin, paniculatadiol, and malkanginnol; triterpenoids like pristimerin;
triterpenes such as β-amyrin and phytosterol, β-sitosterol (Shashank et al. 2017).

Seeds of CPa protected neurons against H2O2-induced and glutamate-induced
toxicity by their free radical scavenging properties, reducing lipid peroxidation,
stimulating endogenous antioxidant enzymes, and modulating glutamate receptor
activity, respectively (Godkar et al. 2006). CPa seeds have shown to improve
cognitive function by exhibiting antioxidant (Kumar and Gupta 2002), cholinergic
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(da Rocha et al. 2011), and cholinesterase inhibitory (Alama and Haque 2011)
activities. The seeds also increase myelination and brain phospholipid content
(Bidwai et al. 1987).

50.3 Conclusion

Plant drugs form the central core of all the traditional systems of medicines. In recent
years, a remarkable amplification in the use of herbal products/medicines, in both
developing and developed countries, has been observed. Besides ample data and
knowledge of AD pathophysiology, the presently available treatments (approved by
US FDA) provide only symptomatic relief with various side effects. In addition to
this, these drugs do not affect or slow down the progression of the underlying
disease. It is now well anticipated that alternative systems, especially plant-based
therapeutics, can be helpful in delaying and altering the course of this dreadful
disease. Therefore, thorough and target-oriented investigations of various plants
and/or their constituents, which can prove beneficial in the treatment of AD, are
being done. Many plants and their constituents have been found effective in various
clinical trials. But still, there are lot many plants that have not been explored for their
potentiality in combating this disease. Very less scientific data authenticating the role
of such plants or their active constituents and their mechanism of action is available.
Thus, meticulous scientific exploration of these plants, which will help in developing
newer therapeutics for the treatment of dementia, is highly warranted.

1146 J. Malik and S. Choudhary



References

Agarwal P, Sharma B, Fatima A, Jain SK (2014) An update on Ayurvedic herb Convolvulus
pluricaulis Choisy. Asian Pac J Trop Biomed 4:245–252

Alama B, Haque E (2011) Anti-alzheimer and antioxidant activity of Celastrus paniculatus seed.
Iran J Pharm Res 7:49–56

Bairy KL, Rao Y, Kumar KB (2004) Efficacy of Tinospora cordifolia on learning and memory in
healthy volunteers: a double-blind, randomized, placebo controlled study. Iran J Pharmacol
Ther 3:57–60

Bekris LM, Yu CE, Bird TD, Tsuang DW (2010) Genetics of Alzheimer disease. J Geriatr
Psychiatry Neurol 23:213–227

Bhanumathy M, Harish MS, Shivaprasad HN, Sushma G (2010) Nootropic activity of Celastrus
paniculatus seed. Pharm Biol 48:324–327

Bhatnagar M, Sisodia SS, Bhatnagar R (2005) Antiulcer and antioxidant activity of Asparagus
racemosus Willd and Withania somnifera Dunal in rats. Ann N Y Acad Sci 1056:261–278

Bhattacharya SK, Kumar A, Ghosal S (2006) Effects of glycowithanolides from Withania
somnifera on an animal model of Alzheimer's disease and perturbed central cholinergic markers
of cognition in rats. Phytother Res 9:110–113

Bhowmik D, Kumar KPS, Paswan S, Srivatava S, Yadav AP, Dutta A (2012) Traditional Indian
herbs Convolvulus pluricaulis and its medicinal importance. J Pharmacogn Phytochem 1:44–51

Bhushan I, Kour M, Kour G, Gupta S, Sharma S, Yadav AP (2018) Alzheimer’s disease: causes &
treatment—a review. Ann Biotechnol 1:1002–1010

Bidwai PP, Wangoo D, Bhullar NK (1987) Effect of Celastrus paniculatus seed extract on the brain
of albino rats. J Ethnopharmacol 21:307–314

Birks J (2006) Cholinesterase inhibitors for Alzheimer's disease. Cochrane Database Syst Rev 25:
CD005593

Bonifácio BV, Silva PB, Ramos MAS, Negri KMS, Bauab MT, Chorilli M (2014)
Nanotechnology-based drug delivery systems and herbal medicines: a review. Int J
Nanomedicine 9:1–15

Calabrese C, Gregory WL, Leo M, Kraemer D, Bone K, Oken B (2008) Effects of a standardized
Bacopa monnieri extract on cognitive performance, anxiety, and depression in the elderly: a
randomized, double-blind, placebo-controlled trial. J Altern Complement Med 14:707–713

Chandra D, Prasad K (2017) Phytochemicals of Acorus calamus (sweet flag). J Med Plants Stud
5:277–281

Chaudhari KS, Tiwari NR, Tiwari RR, Sharma RS (2017) Neurocognitive effect of nootropic drug
Brahmi (Bacopa monnieri) in Alzheimer’s disease. Ann Neurosci 24:111–122

Chen GT, Lu Y, Yang M, Li JL, Fan BY (2017) Medicinal uses, pharmacology, and phytochemis-
try of convolvulaceae plants with central nervous system efficacies: a systematic review.
Phytother Res 32:823–864

Choudhary S, Kumar P, Malik J (2013) Plants and phytochemicals for Huntington’s disease.
Pharmacogn Rev 7:81–91

Chunekar KC, Pandey GS (2002) Bhavaprakasa Nighantu. Indian Materia Medica of Sri
Bhavamisra Chaukhambha Bharati Academy, Varanasi

da Rocha MD et al (2011) The role of natural products in the discovery of new drug candidates for
the treatment of neurodegenerative disorders II: Alzheimer's disease. CNS Neurol Disord Drug
Targets 10:251–270

Das TK, Jana P, Chakrabarti SK, Abdul Hamid MRW (2019) Curcumin downregulates GSK3 and
Cdk5 in scopolamine-induced Alzheimer’s disease rats abrogating Aβ40/42 and tau
hyperphosphorylation. J Alzheimers Dis Rep 3:257–267

Deepak M, Amit A (2004) The need for establishing the identities of bacoside a and B, the putative
major bioactive saponins of Indian medicinal plant Bacopa monnieri. Phytomedicine
11:264–268

50 Indian Traditional Herbs and Alzheimer’s Disease: Integrating Ethnobotany and. . . 1147



Dhanasekaran M, Holcomb LA, Hitt AR, Tharakan B, Porter JW, Young KA, Manyam BV (2009)
Centella asiatica extract selectively decreases amyloid beta levels in hippocampus of
Alzheimer's disease animal model. Phytother Res 23:14–19

Dhingra D, Parle M, Kulkarni SK (2004) Memory enhancing activity of Glycyrrhiza glabra in mice.
J Ethnopharmacol 91:361–365

Duthey B (2013) Background paper 6.11: Alzheimer disease and other dementias. A public health
approach to innovation, pp 1–74. https://www.who.int/medicines/areas/priority_medicines/
BP6_11Alzheimer.pdf. Accessed 1 June 2020

Esmail Al-Snafi A (2016) Pharmacological importance of Clitoria ternatea—a review. IOSR J
Pharm 6:68–83

Fiala M et al (2007) Innate immunity and transcription of MGAT-III and toll-like receptors in
Alzheimer's disease patients are improved by bisdemethoxycurcumin. Proc Natl Acad Sci
104:12849–12854

Gaugler J, James B, Johnson T, Scholz K, Weuve J (2014) 2014 Alzheimer’s disease facts and
figures. Alzheimers Dement 10:e47–e92

Godkar PB, Gordon RK, Ravindran A, Doctor BP (2006) Celastrus paniculatus seed oil and organic
extracts attenuate hydrogen peroxide- and glutamate-induced injury in embryonic rat forebrain
neuronal cells. Phytomedicine 13:29–36

Gohil KJ, Patel JA (2010) A review on Bacopa monniera: current research and future prospects. Int
J Green Pharm 4:1–9

Gohil KJ, Patel JA, Gajjar AK (2010) Pharmacological review on Centella asiatica: a potential
herbal cure-all. Indian J Pharm Sci 72:546–556

Gollen B, Mehla J, Gupta P (2018) Clitoria ternatea Linn: a herb with potential pharmacological
activities: future prospects as therapeutic herbal medicine. J Pharmacol Rep 3:141–149

Gray NE, Sampath H, Zweig JA, Quinn JF, Soumyanath A (2015) Centella asiatica attenuates
amyloid-β-induced oxidative stress and mitochondrial dysfunction. J Alzheimers Dis
45:933–946

Gray NE et al (2017) Centella asiatica: Phytochemistry and mechanism of neuroprotection and
cognitive enhancement. Phytochem Rev 17:161–194

Gupta A, HemRaj, Singh KM, Upmanyu N (2013) Comparative evaluation of ethanolic extracts of
Bacopa monnieri, Evolvulus alsinoides, Tinospora cordifolia and their combinations on cogni-
tive functions in rats. Curr Aging Sci 6:239–243

Gupta SK, Dua A, Vohra BP (2003) Withania somnifera (ashwagandha) attenuates antioxidant
defense in aged spinal cord and inhibits copper induced lipid peroxidation and protein oxidative
modifications. Drug Metabol Drug Interact 19:211–222

Hasanein P (2011) Glabridin as a major active isoflavan from Glycyrrhiza glabra (licorice) reverses
learning and memory deficits in diabetic rats. Acta Physiol Hung 98:221–230

Hosseinzadeh H, Nassiri Asl M, Parvardeh S (2005) The effects of carbenoxolone, a semisynthetic
derivative of glycyrrhizinic acid, on peripheral and central ischemia-reperfusion injuries in the
skeletal muscle and hippocampus of rats. Phytomedicine 12:632–637

Howes MJ, Fang R, Houghton PJ (2017) Effect of Chinese herbal medicine on Alzheimer's disease.
Int J Neurobiol 135:29–56

Huang HC, Tang D, Xu K, Jiang ZF (2014) Curcumin attenuates amyloid-β-induced tau
hyperphosphorylation in human neuroblastoma SH-SY5Y cells involving PTEN/Akt/GSK-3β
signaling pathway. J Recept Signal Transduct Res 34:26–37

Hussain G et al (2018) Role of plant derived alkaloids and their mechanism in neurodegenerative
disorders. Int J Biol Sci 14:341–357

James JT, Dubery IA (2009) Pentacyclic triterpenoids from the medicinal herb, Centella asiatica
(L.) urban. Molecules 14:3922–3941

Jayaprakasam B, Padmanabhan K, Nair MG (2010) Withanamides in Withania somnifera fruit
protect PC-12 cells from beta-amyloid responsible for Alzheimer's disease. Phytother Res
24:859–863

1148 J. Malik and S. Choudhary

https://www.who.int/medicines/areas/priority_medicines/BP6_11Alzheimer.pdf
https://www.who.int/medicines/areas/priority_medicines/BP6_11Alzheimer.pdf


Josea S, Sowmyaa S, Cinuab TA, Aleykuttya NA, Thomasc S, Souto EB (2014) Surface modified
PLGA nanoparticles for brain targeting of bacoside-a. Eur J Pharm Sci 63:29–35

Joshi G, Kaur R (2016) Tinospora cordifolia: a phytopharmacological review. Int J Pharm Sci Res
7:890–897

Kaur R, Kaur H, Dhindsa AS (2013) Glycyrrhiza glabra: a phytopharmacological review. Int J
Pharm Sci Res 4:2470–2477

Kizhakke PA, Olakkaran S, Antony A, Tilagul KS, Hunasanahally PG (2019) Convolvulus
pluricaulis (Shankhapushpi) ameliorates human microtubule-associated protein tau (hMAPT)
induced neurotoxicity in Alzheimer's disease Drosophila model. J Chem Neuroanat 95:115–122

Kuboyama T, Tohda C, Komatsu K (2006) Withanoside IV and its active metabolite, sominone,
attenuate Aβ (25–35)-induced neurodegeneration. Eur J Neurosci 23:1417–1426

Kuboyama T, Tohda C, Komatsu K (2014) Effects of ashwagandha (roots of Withania somnifera)
on neurodegenerative diseases. Biol Pharm Bull 37:892–897

Kulkarni R, Girish KJ, Kumar A (2012) Nootropic herbs (Medhya Rasayana) in Ayurveda: an
update. Pharmacogn Rev 6:147–153

Kumar A, Dogra S, Prakash A (2009) Neuroprotective effects of Centella asiatica against
intracerebroventricular colchicine-induced cognitive impairment and oxidative stress. Int J
Alzheimers Dis. https://doi.org/10.4061/2009/972178

Kumar H et al (2012) Cognitive enhancing effects of alpha asarone in amnesic mice by influencing
cholinergic and antioxidant defense mechanisms. Biosci Biotechnol Biochem 76:1518–1522

Kumar MH, Gupta YK (2002) Antioxidant property of Celastrus paniculatus Willd.: a possible
mechanism in enhancing cognition. Phytomedicine 9:302–311

Kumar MHV, Gupta YK (2003) Effect of Centella asiatica on cognition and oxidative stress in an
intracerebroventricular streptozotocin model of Alzheimer’s disease in rats. Clin Exp Pharmacol
Physiol 30:336–342

Kumar N, Sakhya SK (2013) Ethnopharmacological properties of Curcuma longa: a review. Intl J
Pharm Sci Res 4:103–112

Lee MK et al (2000) Asiatic acid derivatives protect cultured cortical neurons from glutamate-
induced excitotoxicity. Res Commun Mol Pathol Pharmacol 108:75–86

Lekha G, Kumar BP, Rao SN, Arockiasamy I, Mohan K (2010) Cognitive enhancement and
neuroprotective effect of Celastrus paniculatus Willd. Seed oil (Jyothismati oil) on male wistar
rats. J Pharm Sci Technol 2:130–138

Lim GP, Chu T, Yang F, Beech W, Frautschy SA, Cole GM (2001) The curry spice curcumin
reduces oxidative damage and amyloid pathology in an Alzheimer transgenic mouse. J Neurosci
21:8370

Lokanathan Y, Omar N, Puzi NNA, Saim A, Idrus RH (2016) Recent updates in neuroprotective
and neuroregenerative potential of Centella asiatica. Malays J Med Sci 23:4–14

Malik J, Choudhary S, Kumar P (2015) Protective effect of Convolvulus pluricaulis standardized
extract and its fractions against 3-nitropropionic acid-induced neurotoxicity in rats. Pharm Biol
53:1448–1457

Malik J, Karan M, Vasisht K (2011) Nootropic, anxiolytic and CNS depressant studies on different
plant sources of Shankhpushpi. Pharm Biol 49:1234–1242

Malik J, Karan M, Vasisht K (2016) Attenuating effect of bioactive coumarins from Convolvulus
pluricaulis on scopolamine-induced amnesia in mice. Nat Prod Res 30:578–582

Malve HO, Raut SB, Marathe PA, Rege NN (2014) Effect of combination of Phyllanthus emblica,
Tinospora cordifolia, and Ocimum sanctum on spatial learning and memory in rats. J Ayurveda
Integr Med 5:209–215

Mathew M, Subramanian S (2012) Evaluation of the anti-amyloidogenic potential of nootropic
herbal extracts in vitro. Int J Pharm Sci Res 3:4276–4280

Mathur D, Goyal K, Koul V, Anand A (2016) The molecular links of re-emerging therapy: a review
of evidence of Brahmi (Bacopa monniera). Front Pharmacol 7:1–15

May BH et al (2016) Memory impairment, dementia, and Alzheimer's disease in classical and
contemporary traditional Chinese medicine. J Altern Complement Med 22:695–705

50 Indian Traditional Herbs and Alzheimer’s Disease: Integrating Ethnobotany and. . . 1149

https://doi.org/10.4061/2009/972178


Mehla J, Pahuja M, Gupta P, Dethe S, Agarwal A, Gupta YK (2013) Clitoria ternatea ameliorated
the intracerebroventricularly injected streptozotocin induced cognitive impairment in rats:
behavioral and biochemical evidence. Psychopharmacology 230:589–605

Mirjalili MH, Moyano E, Bonfill M, Cusido RM, Palazon J (2009) Steroidal lactones fromWithania
somnifera, an ancient plant for novel medicine. Molecules 14:2373–2393

Mishra S, Palanivelu K (2008) The effect of curcumin (turmeric) on Alzheimer's disease: an
overview. Ann Indian Acad Neurol 11:13–19

Muhammad Ezzudin R, Rabeta MS (2018) A potential of Telang tree (Clitoria ternatea) in human
health. Food Res 2:415–420

Mukherjee PK, Kumar V, Kumar NS, Heinrich M (2008) The Ayurvedic medicine Clitoria
ternatea—from traditional use to scientific assessment. J Ethnopharmacol 120:291–301

Mukherjee PK, Kumar V, Mal M, Houghton P (2007a) Acorus calamus.: scientific validation of
ayurvedic tradition from natural resources. Pharm Biol 45:651–666

Mukherjee PK, Kumar V, Mal M, Houghton PJ (2007b) In vitro acetylcholinesterase inhibitory
activity of the essential oil from Acorus calamus and its main constituents. Planta Med
73:283–285

Nahata A, Patil UK, Dixit VK (2008) Effect of Convolvulus pluricaulis Chois. On learning
behaviour and memory enhancement activity in rodents. Nat Prod Res 22:1472–1482

Naidu PS, Singh A, Kulkarni SK (2006) Effect of Withania somnifera root extract on reserpine-
induced orofacial dyskinesia and cognitive dysfunction. Phytother Res 20:140–146

Nair A, Chattopadhyay D, Saha B (2019) Plant-derived immunomodulators. In: Khan MSA,
IAaDC (eds) New look to phytomedicine, advancements in herbal products as novel drug
leads. Academic Press, pp 435–499

Narlawar R et al (2008) Curcumin-derived pyrazoles and isoxazoles: Swiss army knives or blunt
tools for Alzheimer's disease? ChemMedChem 3:165–172

Natarajan S, Shunmugiah KP, Kasi PD (2013) Plants traditionally used in age-related brain
disorders (dementia): an ethanopharmacological survey. Pharm Biol 51:492–593

Oganisyan AO, Oganesyan KR, Minasyan SM (2005) Changes in succinate dehydrogenase activity
in various parts of the brain during combined exposure to vibration and licorice root. Neurosci
Behav Physiol 35:545–548

Orhan I, Aslan S, Kartal M, Şener B, Hüsnü Can Başer K (2008) Inhibitory effect of Turkish
Rosmarinus officinalis L. on acetylcholinesterase and butyrylcholinesterase enzymes. Food
Chem 108:663–668

Park SY, Kim DS (2002) Discovery of natural products from Curcuma longa that protect cells from
beta-amyloid insult: a drug discovery effort against Alzheimer's disease. J Nat Prod
65:1227–1231

Pastorino G, Cornara L, Soares S, Rodrigues F, Oliveira MBPP (2018) Liquorice (Glycyrrhiza
glabra): a phytochemical and pharmacological review. Phytother Res 32:2323–2339

Patil SP, Maki S, Khedkar SA, Rigby AC, Chan C (2010) Withanolide a and asiatic acid modulate
multiple targets associated with amyloid-β precursor protein processing and amyloid-β protein
clearance. J Nat Prod 73:1196–1202

Patterson C (2018) World Alzheimer report 2018 the state of the art of dementia research: new
frontiers. Alzheimer’s Disease International (ADI), London

Raghu KS et al (2017) Age dependent neuroprotective effects of medhya rasayana prepared from
Clitoria ternatea Linn. In stress induced rat brain. J Ethnopharmacol 197:173–183

Rai KS, Murthy KD, Karanth KS, Nalini K, Rao MS, Srinivasan KK (2002) Clitoria ternatea root
extract enhances acetylcholine content in rat hippocampus. Fitoterapia 73:685–689

Rai KS, Murthy KD, Rao MS, Karanth KS (2005) Altered dendritic arborization of amygdala
neurons in young adult rats orally intubated with Clitorea ternatea aqueous root extract.
Phytother Res 19:592–598

Rao SB, Chetana M, Devi PU (2005) Centella asiatica treatment during postnatal period enhances
learning and memory in mice. Physiol Behav 86:449–457

1150 J. Malik and S. Choudhary



Rather MA, Thenmozhi AJ, Manivasagam T, Saravanababu C, Guillemin GJ, Essa MM (2019)
Asiatic acid attenuated aluminum chloride-induced tau pathology, oxidative stress and apoptosis
via AKT/GSK-3Β signaling pathway in wistar rats. Neurotox Res 35:955–968

Rubinsztein DC (2006) The roles of intracellular protein-degradation pathways in
neurodegeneration. Nature 443:780–786

Russo A, Borrellib F, Campisia A, Acquavivaa R, Racitia G, Vanellaa A (2003) Nitric oxide-related
toxicity in cultured astrocytes: effect of Bacopa monniera. Life Sci 73:1517–1526

Sehgal N et al (2012) Withania somnifera reverses Alzheimer’s disease pathology by enhancing
low-density lipoprotein receptor-related protein in liver. Proc Natl Acad Sci U S A
109:3510–3515

Shashank D, Rajendra SV, Mistry A (2017) An overview of phytoconstituents and pharmacological
activities of Celastrus paniculatus Willd. J Pharm Res 16:307–313

Shen Y, Chen BL, Zhang QX, Zheng YZ, Fu Q (2019) Traditional uses, secondary metabolites, and
pharmacology of Celastrus species—a review. J Ethnopharmacol 241. https://doi.org/10.1016/j.
jep.2019.111934

Shinomol GK, Muralidhara (2011) Bacopa monnieri modulates endogenous cytoplasmic and
mitochondrial oxidative markers in prepubertal mice brain. Phytomedicine 18:317–326

Siddiqui BS, Aslam H, Ali ST, Khan S, Begum S (2007) Chemical constituents of Centella asiatica.
J Asian Nat Prod Res 9:407–414

Singh SS, Pandey SC, Srivastava S, Gupta VS, Patro B, Ghosh AC (2003) Chemistry and medicinal
properties of Tinospora cordifolia (guduchi). Indian J Pharmacol 35:83–91

Soumyanath A, Zhong YP, Gold SA, Yu X, Koop DR, Bourdette D, Gold BG (2005) Centella
asiatica accelerates nerve regeneration upon oral administration and contains multiple active
fractions increasing neurite elongation in-vitro. J Pharm Pharmacol 57:1221–1229

Subamalani S et al (2019) Effect of Acorus calamus Linn on histomorphometric changes in the CA1
and CA3 regions of hippocampus in wistar albino rats. Res J Pharm Technol 12:3531–3536

Taranalli AD, Cheeramkuzhy TC (2000) Influence of Clitoria ternatea extracts on memory and
central cholinergic activity in rats. Pharm Biol 38:51–56

Uabundit N, Wattanathorn J, Mucimapura S, Ingkaninan K (2010) Cognitive enhancement and
neuroprotective effects of Bacopa monnieri in Alzheimer's disease model. J Ethnopharmacol
127:26–31

Ulep MG, Saraon SK, McLea S (2018) Alzheimer disease. J Nurse Pract 14:129–135
Upadhyay AK, Kumar K, Kumar A, Mishra HS (2010) Tinospora cordifolia (Willd.) Hook. f. and

Thoms. (Guduchi)—validation of the Ayurvedic pharmacology through experimental and
clinical studies. Int J Ayurveda Res 1:112–121

Vollala VR, Upadhya S, Nayak S (2011) Learning and memory-enhancing effect of Bacopa
monniera in neonatal rats. Bratisl Lek Listy 112:663–669

Winters M (2006) Ancient medicine, modern use: Withania somnifera and its potential role in
integrative oncology. Altern Med Rev 11:269–277

Xu Y, Cao Z, Khan I, Luo Y (2008) Gotu Kola (Centella asiatica) extract enhances phosphorylation
of cyclic AMP response element binding protein in neuroblastoma cells expressing amyloid beta
peptide. J Alzheimers Dis 13:341–349

Yang F et al (2005) Curcumin inhibits formation of amyloid beta oligomers and fibrils, binds
plaques, and reduces amyloid in vivo. J Biol Chem 280:5892–5901

Zhan C, Yang J (2006) Protective effects of isoliquiritigenin in transient middle cerebral artery
occlusion-induced focal cerebral ischemia in rats. Pharmacol Res 53:303–309

50 Indian Traditional Herbs and Alzheimer’s Disease: Integrating Ethnobotany and. . . 1151

https://doi.org/10.1016/j.jep.2019.111934
https://doi.org/10.1016/j.jep.2019.111934


Correction to: Natural Excipients
in Pharmaceutical Formulations

Pradeep Singh, Garima Mishra, and Subas Chandra Dinda

Correction to:
Chapter 40 in: S. C. Mandal et al. (eds.), Evidence Based
Validation of Traditional Medicines,
https://doi.org/10.1007/978-981-15-8127-4_40

The original version of this chapter was inadvertently published with dual affiliations
for Dr. Dinda which has been corrected now as follows:

S. C. Dinda
Department of Pharmaceutics, College of Pharmacy, Teerthanker Mahaveer

University, Moradabad, UP, India

The updated online version of this chapter can be found at
https://doi.org/10.1007/978-981-15-8127-4_40

# Springer Nature Singapore Pte Ltd. 2021
S. C. Mandal et al. (eds.), Evidence Based Validation of Traditional Medicines,
https://doi.org/10.1007/978-981-15-8127-4_51

C1

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-15-8127-4_51&domain=pdf
https://doi.org/10.1007/978-981-15-8127-4_40#DOI
https://doi.org/10.1007/978-981-15-8127-4_51#DOI

	Contents
	About the Editors
	Part I: Phytomolecules, Drug Discovery and Modern Technique
	1: Global Approach for Drug Discovery and Development from Indian Traditional Medicine
	1.1 Introduction
	1.2 Drug Development from Natural Resources: Benefits and Drawbacks
	1.3 Colligative Properties of an Isolated Phyto-constituent
	1.3.1 Molecular Structure
	1.3.2 Octanol/Water Partition Coefficient
	1.3.3 Structure-Activity Relationship (SAR)
	1.3.4 Cytotoxicity
	1.3.5 Parallel Artificial Membrane Permeability Assay (PAMPA)
	1.3.6 Derived Solubility
	1.3.7 Aqueous/Plasma Stability
	1.3.8 Protein Binding

	1.4 Benchmarks for Selecting the Plants for Research
	1.4.1 Random Selection
	1.4.2 Selection Based on Traditional Use (Ethno-Medicinal Approach)
	1.4.3 Ecological Approach
	1.4.4 Computational Approach: Virtual Screening and Reverse Pharmacognosy

	1.5 Biological Activity-Guided Fractionation for Compound Isolation
	1.6 Ayurvedic Perception in Selection of Plant Candidate for its Therapeutic (e.g., Antidiabetic) Activity
	1.7 Effects of Medicinal Plant Extract on Type II Diabetes Mellitus
	1.8 Conclusion
	References

	2: Bioactive Natural Leads Targeting Cancer Cell Metabolism
	2.1 Introduction
	2.2 Global Trends in Cancer
	2.2.1 General Features
	2.2.2 Global Cancer Statistics
	2.2.3 Chemotherapy Resistance in Cancer

	2.3 Important Cellular Metabolic Targets
	2.3.1 Glucose Transporters (GLUTs)
	2.3.2 Hexokinases (HKs)
	2.3.3 Phospho-Fructokinases (PFKs)
	2.3.4 Pyruvate Kinase M2 (PKM2)
	2.3.5 Lactate Dehydrogenase (LDH)
	2.3.6 Monocarboxylate Transporters (MCTs)
	2.3.7 Glucose-6-Phosphate Dehydrogenase (G6PD)
	2.3.8 6-Phosphogluconate Dehydrogenase (6PGD)
	2.3.9 Transketolase (TKT) and Trans-aldolase (TALDO1)
	2.3.10 Phosphoglycerate Dehydrogenase (PHGDH)
	2.3.11 Glutaminase
	2.3.12 Heat Shock Factor (HSF1)
	2.3.13 Pyruvate Dehydrogenase (PDK)
	2.3.14 ATP Citrate Lysate (ACL)
	2.3.15 Acetyl-CoA Carboxylase (ACC)
	2.3.16 Fatty Acid Synthase (FAS)
	2.3.17 Others

	2.4 Natural Leads Targeting Cancer Cell Metabolism
	2.4.1 Alkaloids
	2.4.1.1 Capsaicin
	2.4.1.2 Tetrandrine
	2.4.1.3 Piperine
	2.4.1.4 Berberine

	2.4.2 Isoprenoids
	2.4.2.1 Oleanolic Acid
	2.4.2.2 Tanshinone IIA
	2.4.2.3 Geraniol
	2.4.2.4 Betulinic Acid
	2.4.2.5 Oridonin

	2.4.3 Phenolic Leads
	2.4.3.1 Resveratrol
	2.4.3.2 Curcumin
	2.4.3.3 Quercetin
	2.4.3.4 Apigenin
	2.4.3.5 Oroxylin A
	2.4.3.6 Epigallocatechin Gallate (EGCG)


	2.5 Bioinformatics Approaches
	2.6 Summary
	References

	3: Omics Technologies and Development of Anti-diabetic Therapies from Prospective Natural Products
	3.1 Introduction
	3.2 Omics Technology Appraisal
	3.2.1 Genomics
	3.2.2 Transcriptomics
	3.2.3 Proteomics
	3.2.4 Metabolomics
	3.2.5 Multi-omics and Network Analysis

	3.3 Anti-diabetic Natural Products for Consideration
	3.3.1 (-)-Epigallocatechin3-Gallate
	3.3.1.1 Absorption
	3.3.1.2 Distribution
	3.3.1.3 Sampling Recovery
	3.3.1.4 Standardisation

	3.3.2 Allicin and Other Labile Compounds
	3.3.2.1 Variability
	3.3.2.2 Interaction Effects
	3.3.2.3 Repositioning

	3.3.3 Tangeretin
	3.3.3.1 Preliminary Prospects
	3.3.3.2 Elusive Recovery
	3.3.3.3 Isolation


	3.4 Summary and Conclusion
	References

	4: Amaryllidaceae Alkaloids as Anti-inflammatory Agents Targeting Cholinergic Anti-inflammatory Pathway: Mechanisms and Prospe...
	4.1 Introduction
	4.1.1 Amaryllidaceae Alkaloids
	4.1.2 Cholinergic Anti-inflammatory Pathways

	4.2 Molecular Mechanisms of Cholinergic Anti-inflammatory Pathway
	4.2.1 Acetylcholine and Acetylcholine Esterase
	4.2.2 The Vagus Nerve and Pro-inflammatory Cytokines
	4.2.3 α7 Subunit of Nicotinic Acetylcholine Receptors
	4.2.4 p38 Mitogen-Activated Protein Kinase
	4.2.5 The Nuclear Factor NFkappaB, Nitric Oxide, and Cyclooxygenases

	4.3 Anti-inflammatory Activities of Amaryllidaceae Alkaloids
	4.3.1 Galanthamine
	4.3.2 Lycorine
	4.3.3 Narciclasine (Lycoridinol)
	4.3.4 Crinamine

	4.4 Anti-inflammatory Potential of Amaryllidaceae Alkaloids Targeting CAP
	4.4.1 The Potential as New Anti-inflammatory Agents
	4.4.2 Testing Methods

	4.5 Prospects and Conclusion
	References

	5: Neurodegenerative Diseases and Small Molecule Protein Chaperone Activator of Natural Origin
	5.1 Neurodegenerative Diseases Associated with Protein Misfolding
	5.2 Role of Molecular Chaperones in Neurodegenerative Condition
	5.3 HSF1 and Various Neurodegenerative Diseases
	5.4 Activation of Chaperone Activity by Small Molecules with Natural Source
	5.4.1 Celastrol
	5.4.2 Gedunin
	5.4.3 Withaferin A
	5.4.4 Curcumin
	5.4.5 Sulforaphane
	5.4.6 Resveratrol
	5.4.7 Azadiradione

	References

	6: Role of Phytomolecules on the Basic Biology of Aging
	6.1 Introduction
	6.2 Antiaging Phytochemicals
	6.2.1 Sesamin
	6.2.2 Silymarin
	6.2.3 Piceatannol
	6.2.4 Ursolic Acid
	6.2.5 Acacetin
	6.2.6 Chlorogenic Acid
	6.2.7 Specioside
	6.2.8 Withanolide A

	6.3 Other Phytochemicals
	6.4 The Mechanisms of Age-Promoting Factor of Phytomolecules
	6.5 Conclusion
	References

	7: Role of Phytomedicine in Alleviating Oxidative Stress-Mediated Vascular Complications in Diabetes
	7.1 Introduction
	7.2 Pathophysiology of Oxidative Stress Development
	7.2.1 Production of Free Radicals
	7.2.2 Effects on Antioxidant Defence System (Enzymatic and Non-enzymatic)
	7.2.3 Effects on Metabolic Pathways and Cellular Macromolecules
	7.2.3.1 Proteins
	7.2.3.2 Lipids
	7.2.3.3 DNA

	7.2.4 Histological Alterations
	7.2.4.1 Pancreas
	7.2.4.2 Kidney
	7.2.4.3 Liver
	7.2.4.4 Heart

	7.2.5 Effects on Blood Vessels (Endothelial Dysfunction and Vascular Complications)

	7.3 Role of Ethnomedicinal Knowledge in Diabetes Management
	7.4 Pharmacological Evidences: Clinical Trials, Case Studies, Chemical Nature of Active Constituents and Mechanism of Action
	7.5 Herbal Medicine: Present Status and Drawbacks in Drug Development
	7.6 Conclusion
	References

	8: Plant-Based β-Secretase (BACE-1) Inhibitors: A Mechanistic Approach to Encounter Alzheimer´s Disorder
	8.1 Introduction
	8.2 Pathophysiology of AD
	8.3 Treatments of AD
	8.4 Disease-Modifying Therapies and Drug Development
	8.5 The Amyloid Hypothesis
	8.6 β-Secretase (BACE-1)
	8.7 Medicinal Plants with BACE-1 Inhibitory Effect
	8.8 Phytoconstituetns with BACE-1 Inhibitory Activity
	8.8.1 Phenyl Propanoids
	8.8.2 Flavonoid Derivatives
	8.8.3 Napthoquinone Derivatives
	8.8.4 Glycoside Derivatives

	8.9 Conclusion
	References

	9: Bioactive Compounds of Mangroves as Potent Drug and in Nanoparticle Synthesis: Play a Pivotal Role in Combating Human Patho...
	9.1 Introduction
	9.1.1 Urinary Tract Infection (UTI)
	9.1.2 Mangroves and Weeds
	9.1.3 Nanotechnology and Nanoparticles
	9.1.3.1 Overview
	9.1.3.2 Characterization
	9.1.3.3 Cytotoxicity
	9.1.3.4 Application of Nanoparticles


	9.2 Materials and Methods
	9.2.1 Plant Material and Extract Preparation
	9.2.2 Synthesis of Silver Nanoparticle
	9.2.3 Characterization
	9.2.4 Test Organisms
	9.2.5 Antibacterial Potentialities
	9.2.6 Hemolytic Assay
	9.2.7 Antibacterial Activity of AgNPs and Antibiotics

	9.3 Results and Discussion
	9.3.1 Nanoparticle Characterization
	9.3.2 Antibacterial Efficacy of Green Synthesized AgNP
	9.3.3 Hemolytic Assay
	9.3.4 Synergistic Activity

	9.4 Conclusion
	References

	10: Medicinal Plants: A Rich Source of Bioactive Molecules Used in Drug Development
	10.1 Introduction
	10.2 Aging Impact on Health
	10.3 Medicinal Plants: An Age Source that Defies Bioactive Molecules
	10.4 Phytochemicals as a Human Reality: Potential and Challenges for the Development of Drugs
	10.5 Phytochemicals Can Enhance the Production of Antioxidants
	10.6 Polyphenols Uses in Human Healthspan and Lifespan
	10.6.1 Cardioprotective Effect
	10.6.2 Anticancer Effect
	10.6.3 Antidiabetic Effect
	10.6.4 Antiaging Effect
	10.6.5 Neuroprotective Effects

	10.7 Future Avenues in Herbal Drug Discovery
	10.8 Conclusion
	References

	11: Cell-Based Assays in Natural Product-Based Drug Discovery
	11.1 Introduction
	11.1.1 HTS Assays: Biochemical and Cell-Based Assays
	11.1.2 Cell-Based Assays

	11.2 Cell-Based Assays for Screening of Natural Origin Drugs
	11.2.1 Inflammatory and Autoimmune Diseases
	11.2.2 Noncommunicable Lifestyle Diseases
	11.2.2.1 Diabetes
	11.2.2.2 Obesity

	11.2.3 Anti-cancer Activity
	11.2.4 Anti-viral Activity
	11.2.5 Anti-mycobacterial Activity
	11.2.6 Anti-microbial Activity

	11.3 Future Perspectives
	References

	12: Allelochemicals: An Emerging Tool for Weed Management
	12.1 Introduction
	12.2 Production, Bioavailability, and Types of Allelochemicals in Plants
	12.3 Mode of Action of Different Allelochemicals
	12.4 Use of Allelochemicals in Agronomy and Weed Management
	12.5 Nanotechnology in Weed Management
	12.6 Limitations of Allelopathy in Weed Management
	12.7 Conclusion
	References

	13: Secondary Metabolites of Higher Plants as Green Preservatives of Herbal Raw Materials and Their Active Principles During P...
	13.1 Introduction
	13.2 Herbal Medicine: Global Status
	13.3 Postharvest Losses of Raw Material of Herbal Drugs
	13.4 Higher Plant Secondary Metabolites in Postharvest Management of Herbal Raw Materials
	13.4.1 Inhibition of Microbial and Fungal Contamination in Herbal Materials
	13.4.2 Inhibition of Mycotoxin Contamination in Herbal Materials

	13.5 Technological Advancements in Application of Plant Products as Green Preservative in Postharvest Processing of Herbal Raw...
	13.6 Conclusion and Future Perspectives
	References

	14: Importance of Chromatography Techniques in Phytomedicine Research
	14.1 Introduction
	14.1.1 Extraction Methods
	14.1.1.1 Maceration
	14.1.1.2 Percolation
	14.1.1.3 Modified Percolation
	14.1.1.4 Continuous Extraction
	14.1.1.5 Large-Scale Extraction


	14.2 Method of Separation
	14.2.1 Paper Chromatography
	14.2.2 Thin-Layer Chromatography (TLC)
	14.2.3 Gas-Liquid Chromatography
	14.2.4 High-Performance Liquid Chromatography
	14.2.5 High-Performance Thin-Layer Chromatography

	14.3 Recent Advances in the Chromatographic Techniques with Their Applications
	14.3.1 Liquid Chromatography-Mass Spectroscopy (LC-MS)
	14.3.2 Gas Chromatography-Mass Spectroscopy (GC-MS)

	14.4 Summary
	References

	15: Reverse Pharmacology: A Tool for Drug Discovery from Traditional Medicine
	15.1 Introduction
	15.1.1 Reverse Pharmacology and Its Origin
	15.1.2 Natural Products as Traditional Drugs and Reverse Pharmacology in Drug Discovery

	15.2 Hits and Leads from Traditional Drugs for Drug Discovery
	15.3 Methodology of Reverse Pharmacology
	15.3.1 Clinical and Paraclinical Models Employed in Reverse Pharmacology
	15.3.2 Traditional Drug Discovery Through Reverse Pharmacology: Essential Consideration and Requirements
	15.3.3 Reverse Pharmacology and Novel Biodynamic Action

	15.4 Advantages of Reverse Pharmacology Approach
	15.5 Future Scope
	References


	Part II: Standardization and Validation of Traditional Medicine and Medicinal Plant
	16: Role of Modern Biological Techniques in Evidence-Based Validation of Ayurvedic Herbometallic Preparations
	16.1 Introduction
	16.2 Ayurveda: A System of Traditional Preparations
	16.2.1 Putapaka Method
	16.2.1.1 Shodhana Process
	16.2.1.2 Jarana Process
	16.2.1.3 Bhavana Process
	16.2.1.4 Marana Process

	16.2.2 Kupipakwa Method
	16.2.2.1 Shodhana Process
	16.2.2.2 Preparation of Kajjali
	16.2.2.3 Bhavana Process
	16.2.2.4 Kupipaka Process

	16.2.3 Varna (Color)
	16.2.4 Nishchandratvam
	16.2.5 Varitara
	16.2.6 Unama Test
	16.2.7 Rekhapurnata
	16.2.8 Slakshnatvam
	16.2.9 Susukshma
	16.2.10 Anjana Sannibha
	16.2.11 Particle Size
	16.2.12 Gatarasatvam
	16.2.13 Apunarbhavata
	16.2.14 Niruttha
	16.2.15 Inorganic Substance Processing

	16.3 Ingredients of Herbometallic Preparations and Their Importance in Biological System
	16.3.1 Modern Techniques to Assess the Herbometallic Preparations

	16.4 Safety and Efficacy of Ayurvedic Herbometallic Preparations
	16.5 Important Factors in Determining Quality and Therapeutic Potency
	16.6 Antimicrobial Potential and Importance
	16.6.1 Techniques Adapted to Prove Antimicrobial Activity of Herbometallic Preparations
	16.6.1.1 Agar Well Diffusion/Disc Diffusion
	16.6.1.2 Minimal Inhibitory Concentration/Minimal Bactericidal Concentration
	16.6.1.3 Bacterial MTT Test

	16.6.2 Antimicrobial Mechanism Revealing Techniques
	16.6.2.1 Bacterial ROS/RNS Measurement

	16.6.3 Importance of Herbometallic Preparations in the Premise of Multidrug Resistance

	16.7 Anticancer Activity of Ayurvedic Herbometallic Preparations and Some Promising Drug Candidates
	16.8 Antidiabetic and Anti-inflammatory Role of Traditional Herbometallic Preparation
	16.9 Traditional Ayurvedic Herbometallic Preparations in Treatment of Neurological Disorders
	16.9.1 Efficacy of Swarna Bhasma in Neurological Disorders
	16.9.2 Efficacy of Raupya Bhasma in Neurological Disorders
	16.9.3 Efficacy of Naga Bhasma in Neurological Disorders

	16.10 Effective Medications Against Other Common Lifestyle Diseases
	16.11 Major Issues of Clinical Trials of Ayurvedic Medicine
	16.12 Status of Clinical Trials of Ayurvedic Medicine
	16.13 Future Scope
	16.14 Conclusion
	References

	17: HPTLC Fingerprinting Analysis of Phytoconstituents from Indigenous Medicinal Plants
	17.1 Introduction
	17.2 Requirements for Analysis of Phytoconstituents
	17.2.1 Stationary Phase
	17.2.2 Preparation and Spotting of Sample and Standard
	17.2.3 Selection of Mobile Phase and Chamber Saturation
	17.2.4 Development of Chromatographic Plates
	17.2.5 Detection and Visualization

	17.3 Quantitative Estimation
	17.4 Analytical Method Validation
	17.4.1 Estimation of Rutin from Alhagi pseudalhagi (M. Bieb) Desv
	17.4.1.1 Preparation of Ethanolic Extract of Alhagi pseudalhagi

	17.4.2 Preparation of Standard Solution of Rutin
	17.4.2.1 Chromatographic Conditions
	17.4.2.2 Validation as per ICH Guidelines
	Linearity
	Precision
	Limit of Quantitation and Limit of Detection
	Accuracy
	Robustness
	Specificity
	Assay


	17.4.3 Quantitative Estimation of β-Sitosterol from Natural Plants
	17.4.3.1 Preparation of Chloroform Fraction from Ethanolic Extract of Clerodendrum serratum

	17.4.4 Quantitative Estimation of Quercetin from Natural Plants
	17.4.4.1 Preparation of Ethanolic Extract of Amaranthus spinosus
	17.4.4.2 Preparation of Standard Solution of Quercetin
	17.4.4.3 Assessment of Quercetin from Amaranthus spinosus
	17.4.4.4 Preparation of Ethanolic Extract of Strychnos potatorum
	17.4.4.5 Assessment of Quercetin from Strychnos potatorum
	17.4.4.6 Assessment of Quercetin in Saraca asoca
	Preparation of Ethanolic Extract of Saraca asoca
	Assessment of Quercetin from Saraca asoca


	17.4.5 Qualitative Assessment of Various Extracts of Traditional Plants
	17.4.5.1 Preparation of 50% w/v Ethanolic Extract of Plants
	17.4.5.2 Preparation of 50% w/v Aqueous Extract
	17.4.5.3 HPTLC Fingerprinting of the Extract of Manilkara hexandra (Stem Bark)
	17.4.5.4 HPTLC Fingerprinting of Ethanolic Extract of Tecomella undulata (Stem Bark)
	17.4.5.5 HPTLC Fingerprinting Profile of the Extract of Zanthoxylum armatum (Stem Bark)
	17.4.5.6 HPTLC Fingerprinting Profile of Extract of Strychnos potatorum
	17.4.5.7 HPTLC Fingerprinting Profile of the Extract of Saraca asoca
	17.4.5.8 HPTLC Fingerprinting of Ethanolic Extract of Amaranthus spinosus
	17.4.5.9 HPTLC Fingerprinting Profile of Extract of Thespesia lampas (Flower)
	17.4.5.10 HPTLC Fingerprinting of Ethyl Acetate Fraction of Alhagi pseudalhagi


	17.5 Conclusion
	References

	18: Climate Change, Geographical Location, and Other Allied Triggering Factors Modulate the Standardization and Characterizati...
	18.1 Introduction
	18.2 Threatening Factors for Biodiversity and Ecosystem Malfunctioning on Traditional Medicinal Plant Cultivation and Bioactiv...
	18.2.1 Description of Different Triggering Factors Which Influence the Cultivation, Growth, and Active Secondary Metabolite Pr...
	18.2.1.1 Climatic Change in Local Cultivating Zone and Growth of Medicinal Plants
	18.2.1.2 Impact of Geographical Variation Location-Wise on Medicinal Plant´s Cultivation and Phytoconstituents Yield
	18.2.1.3 Impact of Collection Time on Medicinal Plant Metabolite Production
	18.2.1.4 Impact of Soil Quality on Production of Secondary Metabolite Production
	18.2.1.5 Impact of Processing and Extraction Method on Plant Secondary Metabolites


	18.3 Proper Method of Standardization and Characterization of Collected Medicinal Plants
	18.3.1 Different Challenges Created Due to Variation of Phytoconstituents and Its Probable Management

	18.4 Discussion and Conclusion
	References

	19: Molecular Docking Studies of Plant-Derived Bioactive Compounds: A Comprehensive In Silico Standardization Approach
	19.1 Introduction
	19.1.1 Approaches for Drug Discovery from Natural Resources
	19.1.2 Limitations Associated with Natural Product Drug Discovery
	19.1.3 Initiation in In Silico-Based Drug Discovery

	19.2 Molecular Docking Studies
	19.2.1 Approaches and Applications of Molecular Docking Studies
	19.2.1.1 Molecular Simulation Approach
	19.2.1.2 Shape Complementary Approach

	19.2.2 Applications of Molecular Docking
	19.2.3 Significance of Molecular Docking Studies over Conventional Standardization Methods Towards Plant-Derived Molecules
	19.2.4 Other In Silico Virtual Screening Methods
	19.2.4.1 Pharmacophore Modelling
	19.2.4.2 Molecular Similarity Screening Method
	Descriptors for Molecular Similarity Calculations



	19.3 Molecular Docking Study of Some Potential Active Phyto-molecules Towards Pharmacological Targeted Proteins/Enzymes
	19.3.1 Caffeine
	19.3.1.1 Interaction with Caspase 3
	19.3.1.2 Interaction with Chk1 Receptor
	19.3.1.3 Interaction with Monoamine Oxidase
	19.3.1.4 Interaction with Human Serum Albumin (HSA)
	19.3.1.5 Interaction with MAPK-1 (Mitogen-Activated Protein Kinase)
	19.3.1.6 Inhibitory Interaction Against Collagenase, Elastase and Tyrosinase

	19.3.2 Berberine
	19.3.2.1 Inhibitory Interaction Against Hepatitis C Virus (HCV)
	19.3.2.2 Inhibitory Interaction Against Epidermal Growth Factor Receptor (EGFR)
	19.3.2.3 Inhibitory Interaction Against Neuraminidase-1
	19.3.2.4 Inhibitory Interaction Against Thrombin
	19.3.2.5 Inhibitory Interaction Against Urease
	19.3.2.6 Inhibitory Interaction Against ZIKA and Dengue Virus

	19.3.3 Piperine
	19.3.3.1 Interaction with Serum Albumin
	19.3.3.2 Inhibitory Interaction Against Acetylcholinesterase (AChE)
	19.3.3.3 Inhibitory Interaction with Monoamine Oxidase (MAO)
	19.3.3.4 Inhibitory Interaction with NF-kB
	19.3.3.5 Inhibitory Interaction with Kir6.2 Protein
	19.3.3.6 Inhibitory Interaction with Tyrosine Kinase (EGFR Tyrosine Kinase)

	19.3.4 Curcumin
	19.3.4.1 Interaction with HIV-1 Protease and Integrase
	19.3.4.2 Inhibitory Interaction Against COX-2 Protein
	19.3.4.3 Inhibitory Interaction Against PfATP6 Protein
	19.3.4.4 Inhibitory Interaction Against Cancer Proteins EGFR, GST-PI and PDGFA


	19.4 Summary and Conclusion
	References

	20: Standardization and Quality Evaluation of Botanicals with Special Reference to Marker Components
	20.1 Introduction
	20.2 Botanical Drugs/Botanical Products
	20.3 Standardization of Botanical Drugs/Botanical Products
	20.3.1 Requirement of Standardization in Botanicals
	20.3.2 Standardization of Botanical/Polyherbal Formulation

	20.4 Quality Variation in Botanicals
	20.5 Types of Evaluation
	20.5.1 Physical Evaluation
	20.5.2 Chemical Evaluation
	20.5.3 Clinical Evaluation

	20.6 Markers Compounds: Key of Standardization of Botanical Drugs and Preparation
	20.7 Genetic Marking: DNA Fingerprinting
	20.7.1 DNA Barcoding: Tool for Genetic Marker-Based Standardization

	20.8 Role of Genetic Marketing in Botanical Drug
	20.8.1 Genetic Variation/Genotyping
	20.8.2 Authentication of Medicinal Plants
	20.8.3 Detection of Substitution and Adulteration
	20.8.4 Selection of Desirable Chemotypes
	20.8.5 Standardization and Quality Assurance of Botanical Plant Materials

	20.9 Chemical Markers
	20.9.1 Types of Chemical Markers
	20.9.2 Comparative Study Between Genetic Marking and Chemical Marking

	20.10 Chemical Marking: Chromatographic Fingerprinting
	20.11 Indian Official Book as a Reference for Marker-Based Standardization of Botanicals/Herbal Drugs
	20.12 The Need of Fingerprinting
	20.13 Conclusion
	References

	21: Analytical Standardization of Haridra Formulation by UV-Vis Spectrophotometry and RP-HPLC
	21.1 Introduction
	21.2 Experimental
	21.2.1 Chemicals
	21.2.2 Instruments and Analytical Parameters
	21.2.3 Preparation of Standard and Sample Solutions
	21.2.3.1 UV Method
	21.2.3.2 HPLC Method

	21.2.4 Assay of Curcumin in Haridra Formulation
	21.2.4.1 UV Method
	21.2.4.2 HPLC Method


	21.3 Results and Discussion
	21.3.1 Method Development
	21.3.1.1 UV Method
	21.3.1.2 HPLC Method

	21.3.2 Method Validation
	21.3.2.1 Linearity
	21.3.2.2 Accuracy
	21.3.2.3 Precision
	21.3.2.4 Ruggedness
	21.3.2.5 Robustness
	21.3.2.6 LOD and LOQ
	21.3.2.7 Specificity

	21.3.3 Assay
	21.3.4 System Suitability

	21.4 Conclusion
	References

	22: Ethnobotanical Survey: The Foundation to Evidence-Based Validation of Medicinal Plants
	22.1 Introduction
	22.2 Ethnobotany
	22.3 Basic Steps in Plant Research
	22.4 Plant Cycle
	22.4.1 Importance of Plants

	22.5 Plant Identity and Contents
	22.5.1 Genetics and Environment: Determinant of Plant Contents and Products
	22.5.2 Local Identification of Plants
	22.5.3 Spiritual Identification
	22.5.4 Taxonomical Identification of Plant

	22.6 Ethnopharmacology
	22.6.1 Imperatives of Ethnopharmacological Studies
	22.6.2 Research Driven by Ethnopharmacology
	22.6.3 Enriching Indigenous Medicinal Knowledge
	22.6.4 Preservation of Ethnobotany Knowledge
	22.6.5 Ethnobotanical Leads and Potential Drug Candidate
	22.6.6 Challenges of Ethnobotany and Herbal Medicine

	22.7 Evidence-Based Validation of Medicinal Plants
	22.7.1 Reverse Pharmacology

	References


	Part III: Safety and Regulatory Issue of Traditional Medicine
	23: Phytotherapeutics: The Rising Role of Drug Transporters in Herb-Drug Interactions with Botanical Supplements
	23.1 Introduction
	23.2 Mechanism of Drug Transporter-Based Pharmacokinetic HDIs
	23.3 Role of Drug Transporters in HDIs
	23.3.1 Absorption
	23.3.2 Distribution
	23.3.3 Metabolism and Excretion

	23.4 HDI: In Silico Tools, In Vitro and In Vivo Evaluation
	23.4.1 In Silico
	23.4.1.1 Hypothesis-Driven In Silico Approaches
	23.4.1.2 Informatics-Driven Approach
	23.4.1.3 Physiologically Based Pharmacokinetics Modeling (PBPK)

	23.4.2 In Vitro
	23.4.2.1 Membrane-Based Assays
	23.4.2.2 Cell-Based Assays

	23.4.3 In Vivo

	23.5 Challenges with Assessment of Transporter-Based HDIs
	23.5.1 Variation in Herbal Product Composition
	23.5.2 Identification of the Constituents of Herbal Product
	23.5.3 Pharmacokinetics of the Constituents of Herbal Product
	23.5.4 Interplay of Drug Transport and Drug Metabolism
	23.5.5 Transporter Polymorphism
	23.5.6 Pathological Conditions
	23.5.6.1 Liver Disease and Transporters
	23.5.6.2 Kidney Disease and Transporters
	23.5.6.3 Brain Pathologies and Transporters


	23.6 Conclusion
	References

	24: An Insight into Herb Interactions: Clinical Evidence-Based Overview
	24.1 Introduction
	24.2 General Consideration to Mechanisms of Herb-Drug Interactions
	24.2.1 Pharmacokinetic Interactions
	24.2.1.1 Interaction with Cytochrome P450 (CYP) Enzymes
	24.2.1.2 Interaction with P-Glycoprotein

	24.2.2 Pharmacodynamic Interactions

	24.3 Clinical Significance and Evidence of Herb-Drug Interaction Study
	24.4 Classification of Herb-Drug Interactions According to Clinical Classes of Drugs
	24.4.1 Interactions with Cardiovascular Drugs
	24.4.2 Interactions with Central Nervous System Drugs
	24.4.3 Interactions with Antiretroviral and Anticancer Drugs
	24.4.4 Interactions with Hypoglycaemic Drugs
	24.4.5 Interactions with Immunosuppressant Drugs
	24.4.6 Interactions with Miscellaneous Classes of Drugs

	24.5 Conclusion
	References

	25: Pharmacovigilance of Herbal Medicines: An Overview
	25.1 Introduction
	25.2 Need of Pharmacovigilance for Herbal Products
	25.3 Classification of Adverse Drug Reactions
	25.4 Reasons for Safety Concerns of Herbal Products
	25.5 Regulatory Aspects
	25.6 Case Processing
	25.6.1 Data Collection
	25.6.1.1 Reports from the Consumers
	25.6.1.2 Manufacturers
	25.6.1.3 National Poison Centres
	25.6.1.4 Drug Information Centres
	25.6.1.5 Consumer Organizations

	25.6.2 Validity of Case
	25.6.3 Triage of Cases
	25.6.4 Entry of Data in Databases
	25.6.4.1 VigiFlow
	25.6.4.2 AERS (USA)
	25.6.4.3 EudraVigilance (Europe)
	25.6.4.4 Canada Vigilance (Canada)
	25.6.4.5 ARISg Software

	25.6.5 Quality Assessment
	25.6.6 Medical Coding
	25.6.7 Causality Assessment
	25.6.8 Reporting of Cases
	25.6.9 Aggregate Reporting
	25.6.10 Submission of Aggregate Reports
	25.6.11 Regulatory Action

	25.7 Current Challenges
	25.7.1 Regulation
	25.7.2 Quality Assurance and Control
	25.7.3 National and Regional Pharmacopoeias
	25.7.4 Lack of Proper Knowledge Regarding Herbal Medicines
	25.7.5 Patient Consumer Attitudes Towards Herbal Medicine
	25.7.6 Nomenclature of Herbal Products
	25.7.7 Underreporting

	25.8 Future Perspectives
	25.9 Conclusion
	References

	26: Herbal Drugs: Efficacy, Toxicity, and Safety Issues
	26.1 Introduction
	26.2 Herbal Drugs and Related Terms
	26.2.1 Terms and Definitions
	26.2.2 Herbal Drugs vs. Conventional Drugs

	26.3 Efficacy, Toxicity, and Safety Issues
	26.3.1 Efficacy
	26.3.2 Toxicities and Adverse Effects
	26.3.3 Herb-Drug Interactions
	26.3.4 Evidence of Clinical Efficacy and Toxicity

	26.4 Efficacy, Toxicity, and Safety Assessment
	26.4.1 Physicochemical Assessment
	26.4.2 Biological Assessment

	26.5 Safety Monitoring and Challenges
	26.6 Regulatory Status
	26.7 Conclusion
	References

	27: Herbal Drug Patenting
	27.1 Introduction
	27.2 Definition and Introduction of Patent
	27.3 Convention on Biological Diversity (CBD) and TRIPS Agreement on Traditional Knowledge
	27.4 Intellectual Property Rights for the Protection of Traditional Herbal Medicine and Herbal Medicinal Products and in the N...
	27.4.1 Patents for New Chemical Components from Natural Products
	27.4.2 Patents for Known Phytoconstituents from Natural Products
	27.4.3 Patent Rules for Traditional Herbal Medicines and Herbal Medicinal Products

	27.5 Classification of Patent Protection for the Herbal Medicine Inventions
	27.5.1 Patent on Formulation of Herbal Medicine
	27.5.2 Combination Patents on Herbal Medicine
	27.5.3 Patents on Process of Herbal Medicine

	27.6 New Indication of Herbal Drug and Herbal Medicine
	27.7 Prerequisites for Patent of Herbal Medicines/Drugs
	27.7.1 Validation
	27.7.2 Clinical and/or Animal Studies
	27.7.3 New Formulations
	27.7.4 Active Ingredients
	27.7.5 Second-Generation Products
	27.7.6 Authentication Kits

	27.8 Protection of Geographical Indications
	27.9 Farmers´ Right and Breeders´ Right
	27.9.1 Right 1: Access to Seed
	27.9.2 Right 2: Benefit-Sharing
	27.9.3 Right 3: Compensation
	27.9.4 Right 4: Rational Seed Price
	27.9.5 Right 5: Farmers´ Recognition and Reward for Contributing to Conservation
	27.9.6 Right 6: Registration of Farmers´ Varieties
	27.9.7 Right 7: Prior Authorization for the Commercialization of Essentially Derived Varieties
	27.9.8 Right 8: Exemption from Registration Fees for Farmers
	27.9.9 Right 9: Farmer Protection from Accidental Infringement

	27.10 Biopiracy
	27.10.1 Convention on Biological Diversity (CBD)
	27.10.2 The Nagoya Protocol
	27.10.3 India Fights Against Biopiracy

	27.11 Learning from such Bitter Experiences: Indian Government Framed Following Acts and Projects to Fight Against Biopiracy
	27.11.1 Biological Diversity Act (2002), India

	27.12 Protection of Plant Varieties (PPV) and Farmers´ Rights Act (2001)
	27.13 Traditional Knowledge Digital Library (TKDL)
	27.14 Trademark and Copyright
	27.15 Copyright
	27.15.1 Copyrights for Herbal-Related Matter

	27.16 Protecting Traditional Knowledge Under the Indian Copyright Law
	27.16.1 Authorship
	27.16.2 Protection for Limited Time
	27.16.3 Fixed Form

	References

	28: Safety and Regulatory Issues on Traditional Medicine Entrusted Drug Discovery
	28.1 Introduction
	28.2 Significance of Traditional Medicines: An Overview
	28.3 Challenges Faced by Traditional Medicines and Its Regulatory Issues
	28.3.1 Challenges Related to Safety and Efficacy Assessment
	28.3.2 Challenges Associated with Ensuring Quality of Herbal Medicines
	28.3.3 Challenges Associated with Safety Monitoring of Indigenous Medicines
	28.3.4 Dearth of Knowledge Update Among National Drug Authorities on Traditional Medicines Affects Development of National Pol...
	28.3.5 Challenges Faced by Countries in Formation of Regulations for Herbal Medicines and WHO Support

	28.4 WHO Global Survey on Regulation of Traditional Medicines
	28.5 National Policy on Traditional Medicines
	28.6 Regulatory Status of Traditional Medicines
	28.7 Regulation on Claims, Pharmacopeial Database and Monographs for Herbal Medicines
	28.7.1 Claims
	28.7.1.1 Pharmacopeial Database

	28.7.2 Monographs for Herbal Medicines
	28.7.3 Manufacture of Indigenous Medicines
	28.7.4 Regulatory Requirements for Safety Assessments
	28.7.5 Registration System for Herbal Medicines and Essential Drug List
	28.7.6 Sales and Postmarketing Surveillance

	28.8 Conclusion
	References

	29: Pharmacovigilance of Herbal Medicine: An Evolving Discipline
	29.1 Introduction to Pharmacovigilance
	29.1.1 Definition
	29.1.2 Important Lessons Learnt from the Thalidomide Tragedy
	29.1.3 Importance of Pharmacovigilance
	29.1.4 Scope and Purposes of Pharmacovigilance

	29.2 Pharmacovigilance Methods
	29.2.1 Spontaneous Reporting
	29.2.2 Intensified Reporting
	29.2.3 Targeted Reporting
	29.2.4 Cohort Event Monitoring (CEM)
	29.2.5 Electronic Health Record Mining

	29.3 Herbal Medicine
	29.4 Safety of Herbal Medicines
	29.5 Adverse Drug Reactions of Herbal Drugs
	29.6 Standardization of Herbal Medicines
	29.7 Stability Testing of Herbal Medicines
	29.8 Pharmacovigilance of Herbal Medicines
	29.9 Regulatory Position of Herbal Medicines
	References

	30: Toxicity Studies Related to Medicinal Plants
	30.1 Introduction
	30.2 Toxicity of Herbs
	30.2.1 Intrinsic Adverse Effects
	30.2.2 Extrinsic Adverse Effects

	30.3 Possible Reasons for Toxicity of Herbal Medicines
	30.3.1 Self-medication
	30.3.2 Untrained/Unqualified Practitioners
	30.3.3 Substandard Product
	30.3.4 Improper Intake
	30.3.5 Herbal-Drug Interactions

	30.4 Preclinical Toxicity Testing
	30.4.1 General Tests
	30.4.2 Acute Toxicity Testing
	30.4.3 Repeated Dose Toxicity Study
	30.4.4 Reproduction and Developmental Toxicity Studies
	30.4.5 Special Toxicity Tests
	30.4.5.1 Genotoxicity Test
	30.4.5.2 Carcinogenicity Test

	30.4.6 Local Toxicity Tests for Topical Preparations
	30.4.6.1 Dermal Toxicity Study
	30.4.6.2 Photoallergy or Dermal Phototoxicity
	30.4.6.3 Vaginal Toxicity Test
	30.4.6.4 Rectal Tolerance Test
	30.4.6.5 Neurotoxicity Test
	30.4.6.6 Allergenicity/Hypersensitivity Test


	30.5 Replacement of Toxicity Testing Using New Technologies
	30.5.1 Computerized Modelling
	30.5.2 Microarray Technology
	30.5.3 Genomics and Transcriptomics
	30.5.4 Proteomics
	30.5.5 Metabonomics/Metabolomics
	30.5.6 Lipidomics
	30.5.7 In Vitro Models
	30.5.7.1 Cell Cultures
	30.5.7.2 Target Organ/Tissue Assays


	30.6 Clinical Trials of Herbal Medicines: World and Indian Scenario
	30.7 Summary and Path Forward
	References

	31: Herb-Drug Interactions
	31.1 Introduction
	31.2 Mechanisms Involved in HDIs
	31.2.1 Pharmacokinetic HDIs
	31.2.1.1 HDIs at Absorption Level
	31.2.1.2 HDIs at Distribution Level
	31.2.1.3 HDIs at Metabolism Level
	31.2.1.4 HDIs at Elimination Level
	31.2.1.5 HDIs Due to Drug Transporters
	P-Glycoprotein
	Breast Cancer Resistance Protein
	Multidrug Resistance-Associated Protein
	Solute Carrier Transporters (SLC)


	31.2.2 Pharmacodynamic HDIs
	31.2.2.1 HDIs: Additive
	31.2.2.2 HDIs: Synergism
	31.2.2.3 HDIs: Antagonism


	31.3 Pharmacogenomics in HDIs
	31.4 Evaluation of HDIs
	31.5 Regulation of Herbal Medicine
	31.6 Conclusion
	References

	32: Plant-Based Traditional Herbal Contraceptive Use in India: Safety and Regulatory Issues
	32.1 Introduction
	32.2 Types of Contraceptive Methods
	32.3 Limitations to Contraception in India and the Availability of Herbal Contraceptives
	32.3.1 Inadequate Cognitive Capacity
	32.3.2 Egocentric Thinking
	32.3.3 Inadequate/Lack of Knowledge of Contraceptives
	32.3.4 Anxiety
	32.3.5 Misinformation
	32.3.6 Perception of Dangers of Contraceptives
	32.3.7 Faulty Use and Storage
	32.3.8 Poor Quality of Contraceptives

	32.4 Efficacy
	32.5 Case Study
	32.6 Safety and Regulatory Issues
	32.7 Conclusions
	References

	33: Traditional Medicine Stability and Pharmacokinetic Issue
	33.1 Introduction
	33.2 WHO Guidelines for Herbal Drug Stability
	33.2.1 WHO Guideline Goals
	33.2.2 WHO Guideline Objectives
	33.2.3 WHO Guidelines for Stability Testing of Pharmaceutical Products Having Well-Established Drug Substances in Conventional...
	33.2.4 Stability Testing of Active Pharmaceutical Ingredients and Finished Pharmaceutical Products
	33.2.5 Guidelines for Active Pharmaceutical Ingredient
	33.2.6 Guidelines for Finished Pharmaceutical Product

	33.3 Stability-Related Issues with Herbal Drugs
	33.3.1 Physical Instability
	33.3.2 Environmental Conditions
	33.3.3 Chemical Instability
	33.3.4 Variability in Composition and Inconsistency
	33.3.5 Drug Interactions, Deterioration, Decomposition, and Storage

	33.4 Effect of Drug Stability on Pharmacokinetics
	33.5 Tools for Dealing with Natural Product Instability
	33.5.1 Physical Parameters
	33.5.2 Impurity Profile
	33.5.3 Identification and Quantification of Components
	33.5.4 Storage Conditions

	33.6 Approaches to Address the Problem of Instability of Natural Products
	33.6.1 Nanoparticle Coating
	33.6.2 Cellulose Coating
	33.6.3 Lipid Coating
	33.6.4 Protein Coating
	33.6.5 Suspension and Emulsion
	33.6.6 Use of Antioxidants
	33.6.7 Tablet and Pellets
	33.6.8 Powder in Oil
	33.6.9 Miscellaneous

	33.7 Summary
	References

	34: Pharmacovigilance: Methods in Developing the Safety and Acceptability of Traditional Medicines
	34.1 Introduction
	34.2 Traditional Medicines
	34.3 Pharmacovigilance
	34.3.1 Aims of Pharmacovigilance

	34.4 Adverse Drug Reaction of Herbal Origin and Drugs
	34.5 Approaches of Monitoring Traditional Medicine
	34.6 Need of Pharmacovigilance
	34.7 Safety Monitoring of Medicine with Special Reference to Herbal Origin
	34.7.1 Sources of Reports
	34.7.2 Reports from Health-Care Professionals
	34.7.3 Reports from Consumers
	34.7.4 Reports from Other Sources

	34.8 Herbal Products Targeted for Safety Monitoring
	34.8.1 Reporting of Suspected Adverse Reactions

	34.9 Challenges in Monitoring the Safety of Herbal Medicines
	34.9.1 Regulation, Quality Assurance and Control
	34.9.2 Quality Assurance and Control
	34.9.3 Appropriate Use
	34.9.4 Action Required

	34.10 Challenges in Pharmacovigilance of Traditional Medicine
	34.10.1 The Complexity of Herbal Products (with Regards to the Following)
	34.10.2 Botanical Nomenclature
	34.10.3 Difference in Product Regulation
	34.10.4 Safety Monitoring

	34.11 Measures for Improvising the Pharmacovigilance of Traditional Medicines
	34.12 Conclusion
	34.13 Future Aspects
	References

	35: Zoopharmacognosy (Plant-Animal Interaction)
	35.1 Introduction
	35.2 The Significance of Studying Zoopharmacognosy
	35.3 Domestic Livestock Benefits
	35.3.1 Chewing Plants
	35.3.2 Fur-Rubbing Behavior
	35.3.3 Eating Bacteria for Digestion
	35.3.4 Consumption of Soil

	35.4 Zoonotic Disease Prevention
	35.4.1 Wild Remedies for Reproduction
	35.4.2 Antimicrobial Property of Plant
	35.4.3 Antimicrobial Lining in the Nests
	35.4.4 Plants as Stimulants
	35.4.5 Self-Medication as Adaptive Plasticity: Augmented Eating of Plant Toxins by Parasitized Caterpillars

	35.5 Impacts on the Organic Food Revolution
	35.6 Biodiversity and Conservation Repercussions
	35.7 Expert Opinion: Critical Points and Look in
	35.8 Future Prospects
	References

	36: Significance of Stability and Pharmacokinetic Issues in Traditional Medicine
	36.1 Introduction
	36.1.1 Herbal Medicine
	36.1.2 Common Herbal Medicines and Chemical Constituents

	36.2 Stability-Related Issues
	36.2.1 Shelf Life
	36.2.2 Recent Literary Work in Herbal Medicine Stability Testing
	36.2.2.1 Physical Changes during Herbal Medicines/Products Assessment
	36.2.2.2 Chemical Changes during Herbal Medicines/Products Assessment
	36.2.2.3 Biological Activity Assessment during Stability Testing
	36.2.2.4 Herbal Products Evaluated for Biological along with Physico-Chemical Changes

	36.2.3 Challenges Faced in Current Scenario of Herbal Medicine Stability
	36.2.4 Advances in Improvement of Stability

	36.3 Pharmacokinetic Issues
	36.3.1 Metabolism-Mediated HDI
	36.3.2 Transporter-Mediated HDI
	36.3.3 Challenges Faced with the Complexity of Metabolism of Herbal Drugs
	36.3.4 Regulatory Perspective

	36.4 Conclusion
	References


	Part IV: Pharmaceutical Excipients from Nature
	37: Pharmaceutical Formulation Development Based on the Polymers Obtained from Edible Plants: An Excellent Approach for the Be...
	37.1 Introduction
	37.1.1 Pharmacy or Pharmaceutical Science
	37.1.2 Pharmaceutics
	37.1.3 Drugs
	37.1.4 Additives
	37.1.5 Polymers

	37.2 Formulation Development
	37.2.1 Polymers in Devising Controlled Release Drug Delivery Systems
	37.2.2 Advantages of Controlled Release Drug Delivery Systems
	37.2.3 Disadvantages of Controlled Release Drug Delivery Systems
	37.2.4 Rationale of Controlled Release Drug Delivery Systems

	37.3 Herbal Formulations
	37.3.1 Natural Polymers Obtained from Edible Plants for Formulation Development
	37.3.2 Polymers Obtained from Edible Plants Used in Better Health-Care Systems
	37.3.2.1 Polymers Obtained from Natural Sources
	37.3.2.2 Agarose
	37.3.2.3 Alginate
	37.3.2.4 Carrageenans
	37.3.2.5 Cellulose
	37.3.2.6 Chitosan
	37.3.2.7 Cyclodextrins
	37.3.2.8 Dextran
	37.3.2.9 Hyaluronic Acid
	37.3.2.10 Lectins
	37.3.2.11 Microcrystalline Cellulose
	37.3.2.12 Pectin
	37.3.2.13 Polysialic Acid
	37.3.2.14 Soluble Starch


	37.4 Herbal Polymers Utilized in Modern Pharmaceutical Formulations
	37.4.1 Herbal Mucoadhesive Polymers Used in Formulation Development
	37.4.2 Herbal Novel Drug Delivery Systems: Phytosomes or Phytolipids
	37.4.3 Novel Ayurvedic Medicines

	37.5 Future Scope
	37.6 Conclusion
	References

	38: Evaluation of Bioactivity of Green Nanoparticles Synthesized from Traditionally Used Medicinal Plants: A Review
	38.1 Introduction
	38.1.1 Ethnomedicine
	38.1.2 Nanotechnology in Medicine

	38.2 Publications Reviewed
	38.3 Discussion
	38.4 Summary and Path Forward
	References

	39: Physicochemical, Micromeritics, Biomedical, and Pharmaceutical Applications of Assam Bora Rice Starch
	39.1 Introduction
	39.2 Extraction of Starch from ABR
	39.3 Physiochemical Properties
	39.3.1 Chemical Structure
	39.3.2 Morphology
	39.3.3 Solubility
	39.3.4 Viscosity
	39.3.5 Organoleptic Properties

	39.4 Micrometricsproperties of ABRS
	39.4.1 Particle Size and Shape
	39.4.2 Flow Properties

	39.5 Application of ABRS
	39.5.1 Pharmaceutical Excipients
	39.5.1.1 ABRS as Binder
	39.5.1.2 ABRS As Directly Compressible Agents

	39.5.2 ABRS as Plasma Volume Expander
	39.5.3 Advanced Drug Delivery

	39.6 Conclusion
	39.7 Future Challenges
	References

	40: Natural Excipients in Pharmaceutical Formulations
	40.1 Introduction
	40.2 Classification of Natural Excipients
	40.2.1 Starch
	40.2.2 Celluloses
	40.2.3 Hemicelluloses
	40.2.4 Chitins and Chitosan
	40.2.5 Lignins
	40.2.6 Pectin
	40.2.7 Alginates (Alginic Acid)
	40.2.8 Inulin
	40.2.9 Carrageenans
	40.2.10 Scleroglucan
	40.2.11 Rosin
	40.2.12 Gums and Mucilages
	40.2.12.1 Okra Gum
	40.2.12.2 Albizia Gum
	40.2.12.3 Locust Bean Gum (LBG)
	40.2.12.4 Tara Gum
	40.2.12.5 Khaya Gum
	40.2.12.6 Honey Locust Gum
	40.2.12.7 Guar Gum
	40.2.12.8 Hakea Gum
	40.2.12.9 Hupu Gum
	40.2.12.10 Tamarind Gum
	40.2.12.11 Cashew Gum
	40.2.12.12 Damar Gum
	40.2.12.13 Sandarac Gum
	40.2.12.14 Gum Copal
	40.2.12.15 Bahera Gum
	40.2.12.16 Fenugreek Mucilage

	40.2.13 Natural Dyes in Pharmaceuticals
	40.2.13.1 Natural Dyes Derived from Plants
	Curcumin
	Crocin
	β-Citraurin and Violaxanthin
	Lutein
	Carthamin
	Bixin and Norbixin
	Lycopene
	Capsanthin and Capsorubin
	Lawsone
	Indigo Dyes
	Alizarin and Purpurin
	Catechin
	Sanguinarine

	40.2.13.2 Natural Colorants Derived from Animals/Insects
	Carminic Acid (Cochineal Dye)
	Lac Dye
	Kermesic Acid
	Tyrian Purple

	40.2.13.3 Natural Dyes Derived from Microorganisms
	40.2.13.4 Natural Dyes Derived from Minerals


	40.3 Conclusion
	References


	Part V: Plants for Future
	41: A Wonder Plant Withania: Pharmacological and Chemical Perspectives
	41.1 Introduction
	41.2 Withania Species
	41.3 Traditional Usage
	41.4 Biological Activities
	41.4.1 W. adpressa
	41.4.2 W. aristata
	41.4.3 W. frutescens
	41.4.4 W. obtusifolia
	41.4.5 W. coagulans
	41.4.6 W. somnifera

	41.5 Bioactive Constituents
	41.5.1 Cytotoxic Constituents of W. adpressa
	41.5.2 Diuretic and Cytotoxic Constituents of W. aristata
	41.5.3 Cytotoxic Constituents of W. frutescens
	41.5.4 Cytotoxic Constituents of W. obtusifolia
	41.5.5 Cytotoxic, Immunosuppressive, and Antidiabetic Constituents of W. coagulans
	41.5.6 Bioactive Constituents of W. somnifera

	41.6 Structure-Activity Relationships (SAR) in Withanolides
	41.6.1 Cytotoxicity
	41.6.2 Cyclooxygenase-2 Inhibition
	41.6.3 Acetylcholinesterase Inhibition
	41.6.4 Neurite Outgrowth Activities

	41.7 Summary and Future Prospects
	References

	42: Immunomodulators and Phytodrugs
	42.1 Introduction
	42.1.1 Immunity
	42.1.2 Immune Systems
	42.1.3 Immunomodulators

	42.2 Plant-Derived Immunomodulator Drugs
	42.2.1 Boerhavia diffusa (Common Names: Tarvine, Punarnava)
	42.2.2 Withania somnifera (Common Names: Indian Ginseng, Ashwagandha)
	42.2.3 Allium sativum (Common Names: Garlic)
	42.2.4 Azadirachta indica (Common Names: Neem)
	42.2.5 Acacia catechu (Common Names: Black Catechu, Cachou)
	42.2.6 Curcuma longa (Common Names: Turmeric)
	42.2.7 Ficus benghalensis (Common Names: Banyan Tree)
	42.2.8 Tinospora cordifolia (Common Names: Guduchi)
	42.2.9 Murraya koenigii (Common Names: Curry Leaves)
	42.2.10 Ocimum sanctum (Common Names: Holy Basil or Tulsi)

	42.3 Conclusion
	References

	43: Combined Effects of Plant Extracts on Ovarian Cell Functioning
	43.1 Introduction
	43.2 Materials and Methods
	43.2.1 Preparation and Storage of Plant Extract
	43.2.2 Isolation, Preparation and Culture of Granulosa Cells from Ovaries
	43.2.3 Cytotoxicity Evaluation Using Real-Time Cell Analyser (RTCA)
	43.2.4 Processing Cultured Granulosa Cells
	43.2.5 Immunocytochemistry
	43.2.6 Enzyme Immunoassay (EIA)
	43.2.7 Statistical Analysis

	43.3 Results
	43.3.1 Cytotoxicity Evaluation Using Real-Time Cell Analyser (RTCA)
	43.3.2 Immunocytochemistry and Enzyme Immunoassay (EIA)
	43.3.2.1 Effect of RA on Proliferation (Cyclin B1) and Apoptosis (Caspase-3) Markers
	43.3.2.2 Combined Effect of RA and Cur on Proliferation (Cyclin B1) and Apoptosis (Caspase-3) Markers
	43.3.2.3 Effect of RA on Steroidogenesis
	43.3.2.4 Combined Effect of RA and Cur on Steroidogenesis


	43.4 Discussion
	43.5 Conclusion
	References

	44: Pterocarpus santalinus: A Wonder Gift of Nature
	44.1 Introduction
	44.2 Scientific Screening
	44.2.1 Collection and Identification of the Plant
	44.2.2 Toxicity Study of P. santalinus
	44.2.3 Preparation of Ointment
	44.2.4 Chemical Screening of Ethanol Extract
	44.2.4.1 Preparation of Plant Extract
	44.2.4.2 Quantification of Total Phenolic, Flavonoid and Flavanol Contents
	44.2.4.3 Estimation of Reducing Power
	44.2.4.4 Evaluation of DPPH Free Radical Scavenging Activity
	44.2.4.5 Determination of ABTS Radical Cation Scavenging Activity
	44.2.4.6 Estimation of Phenolic Acids and Flavonoids in the 80% Aqueous Ethanol Extract of P. santalinus by HPLC
	44.2.4.7 Antioxidant Activities of the Heartwood of P. santalinus

	44.2.5 Evaluation of Wound Healing Property
	44.2.5.1 Study of Wound Healing Efficacy with Crude Ointment
	44.2.5.2 Study of Wound Healing Efficacy with 5% EtOH Extract Ointment

	44.2.6 Hepatoprotective Effect of EtOH Extract of P. santalinus
	44.2.7 Evaluation of DNA Damage Protection Role of P. santalinus EtOH Extract (Comet Assay)

	44.3 Summary and Path Forward
	44.4 Validation of the Plant
	References

	45: Phytochemicals and Investigations on Traditionally Used Medicinal Mushrooms
	45.1 Introduction
	45.2 Traditional Mushrooms and their Scientific Studies
	45.2.1 Auricularia delicata, A. polytricha, and A. auricular
	45.2.2 Agaricus blazei (Royal Sun Agaricus)
	45.2.3 Coprinus comatus (Shaggy Mane)
	45.2.4 Cordyceps Spp. (Caterpillar Fungus)
	45.2.5 Fomes fomentarius (Tinder Fungus)
	45.2.6 Ganoderma lucidum (Reishi, Lingzhi)
	45.2.7 Fomitopsis pinicola (Red Belted Polypore)
	45.2.8 Grifola frondosa (Maitake, Hen of the Woods)
	45.2.9 Hericium erinaceus (Lion´s Mane)
	45.2.10 Lentinula edodes (Shiitake)
	45.2.11 Monascus purpureus (Red Yeast Rice)
	45.2.12 Piptoporus betulinus (Birch Polypore)
	45.2.13 Pleurotus ostreatus (Oyster Mushroom)
	45.2.14 Polyporus umbellatus (Umbrella Polypore)
	45.2.15 Poria cocos (Hoelen, Poria Mushroom)
	45.2.16 Trametes versicolor (Turkey Tail)

	45.3 Case Study on the Hepatoprotective Activity of Auricularia delicata
	45.3.1 Validation, Identification, and Determination of Pharmacognostic Character of Mushroom

	45.4 Results and Conclusion
	References

	46: A Review on Investigational Studies of Marine Macroalgae Spongomorpha indica L
	46.1 Introduction
	46.1.1 Identification of Algae
	46.1.2 Description of Family Ulotrichaceae (Taylor 1960)

	46.2 Botanical Description of Spongomorpha indica L.
	46.2.1 Distribution and Habitat

	46.3 Morphology and Uses of Spongomorpha indica L.
	46.3.1 Morphology and Distribution
	46.3.2 Uses, Interaction, Toxicology of Seaweed
	46.3.2.1 Recommended Dose
	46.3.2.2 Interactions
	46.3.2.3 Toxicology
	46.3.2.4 Uses of Seaweed Spongomorpha
	Industrial Uses (Sekar 2015; Taylor 1957)
	Ethnobotanical Uses (Wu et al. 2018)
	Traditional Uses (McHugh 2003)
	Medicinal Uses (Manjula 2015; Stein and Borden 1984)



	46.4 List of Accepted Species in Other Names
	46.5 List of Accepted Species of Spongomorpha Genus (Guiry and Guiry 2020)
	46.6 Isolated Molecules
	46.7 Elemental Analysis
	46.8 Biological Activities
	46.8.1 Antifungal
	46.8.2 Antibacterial
	46.8.3 Anti-Inflammatory
	46.8.4 Antioxidant
	46.8.5 Antimicrobial

	46.9 Summary
	46.10 Conclusion
	References

	47: Validation of Traditional Claim of Oxalis debilis Kunth: An Ethnomedicinal Plant from Northeastern Region of India
	47.1 Introduction
	47.2 Materials and Methods
	47.2.1 Drugs and Chemicals
	47.2.2 Collection of Plant
	47.2.3 Preparation of Extracts
	47.2.4 Physicochemical and TLC Analyses
	47.2.5 Phytochemical Screening
	47.2.6 Experimental Animals
	47.2.7 Acute Oral Toxicity Study
	47.2.8 Antidiarrheal Activity
	47.2.9 Anthelmintic Activity

	47.3 Results and Discussion
	47.3.1 Physicochemical and TLC Analyses
	47.3.2 Phytochemical Screening
	47.3.3 Acute Toxicity
	47.3.4 Antidiarrheal Activity
	47.3.5 Anthelmintic Activity

	47.4 Conclusion
	References

	48: Traditional Herbal Medicine Practiced in Plateau-Fringe and Rarh Districts of West Bengal, India
	48.1 Introduction
	48.2 Traditional Medicine: The Global Scenario
	48.3 Traditional Medicine in India
	48.3.1 Ayurveda
	48.3.2 Siddha
	48.3.3 Unani
	48.3.4 Some Evidences of Bioactive Components of Indian Herbal Medicine

	48.4 Traditional Herbal Medicine in Plateau-Fringe and Rarh Regions of West Bengal
	48.5 Conclusions
	References

	49: Pharmacology and Mechanisms of Natural Medicine in Treatment of Type 2 Diabetes Mellitus
	49.1 Introduction
	49.2 An Emerging Detrimental Outlook of Key Factors in Play
	49.3 Type 2 DM and Outline Reviews of Major Inimical Pathways Involved
	49.3.1 Insulin-Resistant State
	49.3.2 Lipotoxicity
	49.3.3 Dysfunctional RAAS
	49.3.4 Maladaptive Immune and Inflammatory Responses

	49.4 Current Natural Therapies in the Management of Diabetes Mellitus
	49.4.1 Flavonoids
	49.4.2 Polyphenols
	49.4.3 Saponins
	49.4.4 Alkaloids
	49.4.5 Terpenoids
	49.4.6 Quinones
	49.4.7 Miscellaneous Agents

	49.5 Conclusion
	References

	50: Indian Traditional Herbs and Alzheimer´s Disease: Integrating Ethnobotany and Phytotherapy
	50.1 Introduction
	50.2 Plants Used in Ayurveda to Treat Alzheimer´s Disease
	50.2.1 Bacopa monnieri Linn. (Brahmi, Family: Scrophulariaceae)
	50.2.2 Convolvulus pluricaulis Chois. (Shankhpushpi, Family: Convolvulaceae)
	50.2.3 Withania somnifera Dunal (Ashwagandha, Family: Solanaceae)
	50.2.4 Centella asiatica Linn (Jal Brahmi, Family: Apiaceae)
	50.2.5 Curcuma longa (Haldi, Family: Zingiberaceae)
	50.2.6 Acorus calamus (Bach, Family: Araceae)
	50.2.7 Glycyrrhiza glabra L. (Mulhatti, Family: Fabaceae)
	50.2.8 Tinospora cordifolia Willd. (Guduchi, Family: Menispermaceae)
	50.2.9 Clitoria ternatea (Aparajita, Family: Fabaceae)
	50.2.10 Celastrus paniculatus (Malkangani, Family: Celastraceae)

	50.3 Conclusion
	References


	Correction to: Natural Excipients in Pharmaceutical Formulations
	Correction to: Chapter 40 in: S. C. Mandal et al. (eds.), Evidence Based Validation of Traditional Medicines, https://doi.org/...


