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Preface

In prehistoric times, humans undoubtedly acquired nature’s benefits by discovering
medicinal and aromatic plants (MAPs) that were food and medicine. Today, a vari-
ety of available herbs and spices are used and enjoyed throughout the world and
continue to promote good health. As the benefits from medicinal and aromatic
plants are recognized, these plants will have a special role for humans in the future.
The enormous demand in botanicals results in a huge trade from local to interna-
tional level. Until the last century, production of botanicals relied to a large degree
on wild collection. However, utilization and commerce of wild plant resources are
not detrimental in themselves, For example, the increasing commercial collection,
largely unmonitored trade, and habitat loss lead to an incomparably growing pres-
sure on plant populations in the wild. Throughout time, medical care has continually
progressed, moving from illnesses to vaccinations and new medicines along with
improved healthcare facilities that can more accurately diagnose and treat health
problems. Advancements in modern medicine and medical care have enabled peo-
ple to live longer and healthier lives. New medicines from plant materials and anti-
biotics from microflora have defeated most diseases. Medicinal and aromatic plants
are of high priority for conservation action as wildcrafting will certainly continue to
play a significant role in their future trade: the sustainable commercial use of their
biological resources may provide a financial instrument for nature conservation.
The international market is also quite welcoming for MAPs and essential oils. The
increasing environment- and nature-conscious buyers encourage producers to pro-
duce high-quality essential oils. There has been growing preference for organic and
herbal-based products in the world market. Similarly, the world is shifting from
crude export to processing of herbal products and essential oils.

The present book covers a wide range of topics, discussing the role of MAPs in
healthcare and their industrial uses. Moreover, this will be a unique reference book
on the topic highlighting various healthcare, industrial, and pharmaceutical applica-
tions that are being currently used on immensely important MAPs and its future
prospects. In this volume, we highlighted the working solutions as well as open
problems and future challenges in MAPs research. We believe that this book will
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viii Preface

initiate and introduce readers to state-of-the-art developments and trends in this
field of study.

The book comprises 27 chapters, most of them being review articles written by
experts, highlighting wide range of topics, discussing the role of MAPs in health-
care, industry, and their pharmaceutical applications. We are hopeful this volume
would furnish the need of all researchers who are working or have interest in this
particular field. Undoubtedly, this book will be helpful for general use of research
students, teachers, and those who have interest in MAPs.

We are highly grateful to all our contributors for accepting our invitation and for
not only sharing their knowledge and research but for venerably integrating their
expertise in dispersed information from diverse fields in composing the chapters
and enduring editorial suggestions to finally produce this venture. We also thank the
Springer Nature team for their generous cooperation at every stage of the book’s
production.

Lastly, thanks are also due to well-wishers, research students, and authors’ fam-
ily members for their moral support, blessings, and inspiration in the compilation of
this book.

Aligarh, India Tariq Aftab
Jeddah, Saudi Arabia Khalid Rehman Hakeem
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Chapter 1
Medicinal Plants and Herbal Drugs:
An Overview

Burhan Ahad, Waseem Shahri, Humeera Rasool, Z. A. Reshi,
Sumaiyah Rasool, and Tufail Hussain

1.1 Introduction

Plants apart from being a source of food are also sources of non-food industrial
products. Such crops are typically cultivated on a large scale for the production of
fine chemicals or specialty products. Medicinal plants are one such category of
plants being an incredible treasure of chemical compounds which find diverse
applications in human healthcare. A medicinal plant according to the World Health
Organization is any plant which, as whole or in one or more of its organs, either
contains such substances that can be used for synthesis of useful drugs or contains
such substances with medicinal properties that can be used directly for therapeutic
purposes or can affect human health (Farnsworth and Soejarto 1997). Such plants
as whole or their parts such as roots, stem, leaves, stem barks, fruits or seed can
be applied in control or treatment of a disease. These medically active non-nutri-
ent substances or chemical components present in these plants are often referred
to as phytochemicals or bioactive chemicals or active principles (Liu 2004;
Doughari et al. 2009).

Partly based on their use in traditional medicine, an impressive number of mod-
ern drugs have also been isolated from these natural plant species. Various phyto-
chemicals serve as imperative drugs, which are currently used across the globe to
cure a variety of perilous diseases.
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Due to diversity of phytochemicals present in each plant, single plant may be
applied in treatment of various disease conditions. Traditionally used medicinal
plants and their components have been found useful in treatment of several ailments
including asthma, fever, constipation as well as infections of urinary tract, gastroin-
testinal and biliary systems and skin (Saganuwan 2010). The plants are applied in
different forms such as poultices, concoctions of different plant mixtures, infusions
as teas or tinctures or as component mixtures in porridges and soups administered
in different ways including oral and nasal (Adekunle and Adekunle 2009).

The history of medicinal plant utilization for therapeutic purposes dates back to
antiquity. Medicinal plants form the mainstay of herbal drugs. These plants have
been an integral part of the ancient traditional medicine systems, e.g. Chinese,
Egyptian and Ayurvedic (Sarker and Nahar 2007). Medicinal plant products have
over the years assumed a very central stage in healthcare system and as an alterna-
tive source of health beneficial drugs.

The rise in acceptability of medicinal plants is primarily due to the increasing
inefficacy and side effects of many modern synthetic drugs such as increase in bac-
terial resistance (Smolinski et al. 2003). According to the World Health Organization
(WHO), about two-thirds of world population in developing countries rely on plant-
based traditional medicines and herbal drugs for primary healthcare requirements.

Medicinal plants contain a curative capacity used for the treatment of major and
minor human disease (Oksman-Caldentey 2007) and serve as raw material for syn-
thesis of diverse products ranging from traditional to modern medicines. Regular
scientific research have highlighted the importance and contribution of many plant
families, i.e. Asteraceae, Apocynaceae, Liliaceae, Rutaceae, Caesalpiniaceae,
Solanaceae, Piperaceae, Ranunculaceae, Apiaceae, Sapotaceae, etc., and their bio-
active compounds in therapeutic arena thus constituting very important part of natu-
ral wealth (Table 1.1). Therapeutic activities of medicinally important bioactive
components obtained from these plants range from successful preventions and treat-
ment of diseases, improvement in illnesses symptoms, as well as beneficial regula-
tion of the physical and mental status of the body.

However, the production of plants as raw material for fine chemicals needs to
take into consideration certain aspects such as to know how trade in these raw mate-
rials and ingredients is organized and regulated nationally and internationally, iden-
tifying the current trends in the sector and what future demands might exist,
determination of desired crops based on market demand, employability of the culti-
vation requirements and investigating the potential need for the production of the
final product. Production of natural as well as recombinant bioactive products of
commercial importance has attracted substantial attention over the past few decades
(Canter et al. 2005).

Traditional use of medicinal plants for herbal drugs is well established and
widely acknowledged as safe and effective. To promote the proper use of traditional
medicine and medicinal plant products, medicine strategy that focuses on policy,
safety/quality/efficacy, access and rational use of traditional medicine should be in
place (WHO 2013). Unfortunately, rapid explosion in human population put more
demands on the use of natural herbal health remedies.



1 Medicinal Plants and Herbal Drugs: An Overview

Table 1.1 Some medicinal plants, their parts used and therapeutic use

Plant name Family Part used Therapeutic use
Acacia tenuiflora | Fabaceae Bark Wound healing, cough, common cold
Acanthospermum | Asteraceae Leaves Cardiovascular disease, cancer,
hispidum inflammation, allergies
Achyrocline Asteraceae Inflorescence, Antispasmodic, digestive and
satureioides seeds gastrointestinal disorders
Aconitum Ranunculaceae | Rhizome Rheumatism, hypertension
chasmanthum
Acorus calamus Araceae Rhizome Epilepsy, chronic dysentery,
Leaves intermittent fevers and tumours
Allium cepa Liliaceae Bulbs Antimicrobial, antioxidant, anti-
inflammatory, antidiabetic,
anti-hypertensive
Allium sativum Liliaceae Bulbs Antiarthritic, expectorant, febrifuge,
stimulant
Artemisia Asteraceae Leaves Fever, depression, memory loss, liver
absinthium diseases, intestinal spasms
Artemisia annua Asteraceae Leaves Antimalarial, anti-inflammatory,
anticancer
Aloe vera Asphodelaceae | Leaf cathartic Wound healing, anti-inflammatory
Althaea officinalis | Malvaceae Root Coughs, skin irritation, gastritis ulcers
Atropa belladonna | Solanaceae Root, leaves, Hepatic disorders, peptic ulcer,

flower, seeds motion sickness

Baccharis trinervis | Asteraceae Stem, leaf Hepatic diseases

Bacopa monnieri | Scrophulariaceae | Stem Antioxidant, anti-inflammatory,
antiarthritis, anti-stress and
antiulcergenic

Bauhinia Fabaceae Leaf Hypoglycaemic, analgesic, anti-

candicans inflammatory, nephroprotective

Brassica nigra Solanaceae Seed Stimulant, diuretic and purgative

Calendula Asteraceae Leaf flower Rheumatic pains, antiseptic

officinalis

Cannabis sativa Cannabaceae Leaf Antidiarrhetic, sedative, anticancer

Carthamus Asteraceae Flower, seed Heart disease, stroke, diabetes,

tinctorius scarring

Capsicum Solanaceae Fruit Analgesic, vasodilator

frutescens

Chenopodium Amaranthaceae | Whole plant Liver disorders, contusions, lung

ambrosioides infections, analgesic, antifungal

Cinchona Rubiaceae Bark Haemorrhoids, varicose veins and leg

officinalis cramps

Cinnamomum Lauraceae Bark Diabetes, flu, intestinal disorders

zeylanicum

Cinchona Rubiaceae Bark Antiparasitic, antipyretic

pubescens

(continued)
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Plant name Family Part used Therapeutic use

Cleome Cleomaceae Leaves Analgesic and anti-inflammatory

rutidosperma

Commiphora Burseraceae Stem Astringent, anthelmintic, anti-

mukul inflammatory, diuretic, depurative,
anodyne, thermogenic, antiseptic,
nervine tonic, aphrodisiac, stimulant
and diaphoretic

Crocus sativus Iridaceae Stigma Asthma, cough, whooping cough
(pertussis) and to loosen phlegm (as
an expectorant)

Curcuma longa L. | Zingiberaceae Rhizome Anti-inflammatory, antioxidant

Cymbopogon Poaceae Leaves Anti-inflammatory, analgesic,

Sflexuosus anti-fungal

Dioscorea Dioscoreaceae Rhizome Rheumatoid arthritis, menstrual

deltoidea cramps, stomach cramps

Digitalis purpurea Leaves Cardiovascular, cytotoxic,
antidiabetic, antioxidant, insecticidal,
immunological, hepato-, neuro- and
cardioprotective effects

Embelia ribes Myrsinaceae Fruit Tapeworm infestation

Burm.

Eupatorium Asteraceae Root Bleeding disorders, appendicitis

odoratum

Evodia lepta Rutaceae Root Asthma

Ferula asafoetida | Apiaceae Root gum Cough, jaundice, antispasmodic,

regel. gastritis, laxative and rheumatism

Foeniculum Apiaceae Seed Diaphoretic, diuretic, carminative,

vulgare expectorant, febrifuge, stomachic,
stimulant, appetizer, cardiac stimulant

Geranium Geraniaceae Whole plant Hypoglycaemic

sessiliflorum

Ginkgo biloba Ginkgoaceae Leaf Cerebral vasodilator

Gnaphalium Asteraceae Flower Cough, bronchitis

indicum

Heliotropium Boraginaceae Root Back pain

indicum

Hibiscus Malvaceae Flower Diuretic, hypertension, liver diseases

sabdariffa and fevers

Hyoscyamus albus | Solanaceae Leaves, seeds Sedative, analgesic (small dose),
hallucinogenic (large dose

Inula racemosa Asteraceae Root and Anti-inflammatory, carminative,

rhizome diuretic, antiseptic, chronic bronchitis,

rheumatism, stomach troubles

Kaempferia Zingiberaceae Rhizome Gastric ulcer, chest pain

galanga

(continued)
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Plant name Family Part used Therapeutic use
Malva sylvestris Malvaceae Leaves, flower | Expectorant, digestive, emollient,
respiratory disorders
Mentha piperita Lamiaceae Leaves Carminative, spasmolytic, antitumour,
antidiabetes, anti-nociceptive
Nasturtium Brassicaceae Whole plant Antiscorbutic, diuretic, depurative,
officinale purgative, hypoglycaemic,
expectorant, stimulant, bronchitis
Ocimum sanctum | Lamiaceae Leaves, stem, Anticancer, antidiabetic, antifungal,
seeds, flower, hepatoprotective, cardioprotective,
root analgesic, antispasmodic
Papaver Papaveraceae Flower, seeds Analgesic, sedative
somniferum
Picrorhiza kurroa | Plantaginaceae | Root Dyspepsia, anti-allergic, anti-
asthmatic, hepatoprotective, wound
healing, vitiligo
Piper nigrum Piperaceae Dried fruits Anti-inflammatory, antihypertensive,
anti-thyroids, hepatoprotective,
anticonvulsant, appetizer,
antihistaminic, counterirritant,
antiflatulent
Podophyllum Berberidaceae Root stocks Jaundice, typhoid fever, dysentery,
hexandrum chronic hepatitis, rheumatism, ulcers,
gonorrhoea
Rauvolfia Apocynaceae Root, bark Hypertension, insomnia, constipation,
serpentina fever
Rheum emodi Polygonaceae Root Purgative, astringent, laxative, liver
stimulant diuretic
Rosa laevigata Rosaceae Roots, leaves, Astringent, anticancer, antibacterial,
fruits carminative, stomachic
Sapindus Sapindaceae Fruit Cold, epilepsy, constipation, nausea
mukorossi
Saussurea costus | Asteraceae Root Asthma, cough, dysentery, eczema,
cholera
Syzygium Myrtaceae Floral bud Nausea, liver, bowel and stomach
aromaticum disorders
Taraxacum Asteraceae Leaf, flower, Depurative, hepatoprotective, diuretic
officinale root
Taxus wallichiana | Taxaceae Root, stem, Common cold, pain, fever, cough,
leaves antispasmodic, diaphoretic, narcotic
and purgative, asthma, bronchitis,
rheumatism
Valeriana Valerianaceae Root, rhizome | Epilepsy, hypochondriasis, hysteria,
Jjatamansi Jones nervous unrest and skin diseases
Withania Solanaceae Root, flower Hypertension, asthma, diabetes,
somnifera arthritis and uterine sedative
Zingiber officinale | Zingiberaceae Rhizome Influenza, cholic haemorrhagia
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1.2 Taxonomical Aspects and Botanical Characteristics
of Medicinal Plants

The knowledge of medicinal plants begins with the classification (systematics/tax-
onomy) and description (anatomy/morphology) of these plants, especially in view
of their healing or simply other useful properties.

1.2.1 Plant Systematics and Taxonomy

Medicinal plants are highly diverse with respect to their botanical characteristics,
belonging to various families of plant kingdom, which, often, comprise characteris-
tic similar active principle components (owing to biosynthetic pathway similari-
ties). For instance, Solanaceae comprises of several alkaloid-containing species,
while as species of Labiateae are characterized by occurrence of large number of
essential oil ingredients (tobacco, belladonna, etc.).

Like all plants, the species remains the basic taxonomic unit of medicinal plants
with genus comprising of related species. For differentiating dissimilar populations
among wild-growing species, the categories subspecies (subsp.), variety (var.) and
form (f.) are used. In some variants of medicinal plants of same species, different
secondary metabolite profile may arise due to mutation. In some instances, genetic
variations affect species’ chemical constituents. These are termed chemical races or
chemodemes. Chemical races have been detected in numerous species, and variant
chemical substances include, for instance, cyanogenetic glycosides in Prunus com-
munis, alkaloids in Duboisia species and cardiac glycosides in Digitalis purpurea.
In an eco-botanical sense, both natural and cultivated species are divided into well-
distinguished infraspecific varieties (Terpo 1992). Cultivars are differentiated usu-
ally according to their features valued by human societies.

Correct identification forms the first and foremost component in study and utili-
zation of medicinal plants, and as such there should be greater emphasis on the
correct reproducible experiments (Bennett and Balick 2008) required for identifica-
tion of plants and that correctly identified vouchered plant should be deposited in
recognized herbaria.

Botanical sciences like plant systematics, plant morphology, physiology, molec-
ular traits and off late chemo-differentiation based on plant metabole information as
well as ecological characters have been assisting in multiple ways in the correct
identification and description of medicinal plants. High-refined morphological sys-
tems contemplate more on plant morphological traits and assess plants as per hered-
itary and evolutionary principles. In addition to these, recent trends in underlying
biological processes, the study of the gene structure, function and the mechanism by
which genes are replicated and transcribed to control the metabolism in botanical
classification (in Molecular Systematics), have established themselves as efficient
tools to supplement correct identification of medicinal plants (Minelli 1993) and
seem to have somewhat eased role of secondary metabolites in plant systematics
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(Singh 2004). This multidisciplinary collaborative approach not only helps in
correct identification but also opened promising perspectives for the breeding of
highly powerful chemo-cultivars of medicinal taxa.

1.2.2 Plant Morphology

Plant morphology involves external appearance, i.e. external form, arrangement and
relationships with anatomy, i.e. the internal structure.

The implications of morphological structures in medicinal plants have, however,
remained intact because synthesis and accumulation of active chemical constituents
are cells, tissues and organs specific, e.g. in Datura and Hyoscyamus, tropane alka-
loids are synthesized in root system and then transported to aerial shoot system of
plant. Similarly in Lamiaceae family members, glandular hairs are sites of accumu-
lation of essential oils (Mothes et al. 1985). There is great reliance of pharmacog-
nosy, on the morpho-anatomic characteristics, i.e. on presence or absence of a trait,
so as to determine crude drug identity and eliminate adulterations. Histological
structures such as starch grains, polygonal crystalloids and secretory structures such
as glandular hairs, lactiferous vessels, schizolysigenous cavities, etc. also facilitate
drug identification even in the dried crude drugs. The morphological features of
plants (e.g. density of glandular cells) may also vary according to growth and devel-
opment stage as well as under the influence of ecological factors.

1.2.3 Plant Physiology

Plant physiology is an experimental science which observes effect of environment
as well as variations in hereditary on the plant life-processes and uses this informa-
tion to explain plant behaviour. The production and variation of active principles in
medicinal plants is mainly linked to plant physiology (Robbins et al. 1957). The
metabolic processes change dynamically from juvenile to adult stage which in turn
influences synthesis and accumulation of biologically active chemical constituents.

1.2.3.1 Primary and Secondary Metabolism

The sum of multitude of chemical reactions and processes occurring in every plant
cell at any single moment is called metabolism. While primary metabolism results
in formation of carbohydrates, proteins, lipids and nucleic acids as primary com-
pounds, secondary metabolites are produced mainly during different stress condi-
tions, resulting in a wide range of compounds that are not found in all species. They
are used for special purposes, e.g. defence, or to cope with a specific environmental
need (Graham et al. 2006). These secondary metabolites produced in medicinal
plants are put to utilization by humans for various health benefits.
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In contrast to universally occurring substances, secondary metabolites are
referred frequently as special principles because of their distinct role in the plant
metabolism (Vagujfalvi 1992). These compounds are synthesized frequently during
altered natural conditions by special tissues and organs to serve a specific function;
hence, within plant, their occurrence is not ubiquitous. The capability to synthesize
multitude of bioactive principles with beneficial properties for humans forms the
very base for their utilization as herbal drugs, where the humans adapt the very
same compounds which the plants use for themselves (Daniel 2006). For instance,
for protection from harms in humans caused by oxidative or free radical, the anti-
oxidants synthesized in plants which confer protection against similar attacks in
them can be used by man.

The differences which make medicinal plants distinguishable from others are
mainly those of the physiological activity. The physiological basis of synthesis or
accumulation of bioactive ingredients characterizes speciality of a taxon. Since
same chemical constituents can be produced in different ways, their synthetic path-
ways are characteristic of any plant. For example different plant families can syn-
thesize structurally similar naphthoquinones, e.g. synthesis of lawsone in
Balsaminaceae and Lythraceae and plumbagin in Droseraceae, Ebenaceae and
Apocynaceae (Hegenauer 1986). The qualitative changes that occur in medicinal
plants under environmental pressure particularly the ability to change their synthe-
sis (chemical components) is remarkable feature of their physiology and such
changes are observed mainly in metabolism of terpenoids containing plant species.

1.3 Bioactive Chemical Substances

Medicinal plants display wide-range pharmacological activities such as anti-
inflammatory, antibacterial and antifungal properties (Okwu and Ekeke 2003) and
hence have marked their importance in human health. The medicinal plants owe this
value to presence of certain chemicals which invokes a certain physiological
response in human body. These phytochemicals are widely distributed in plant king-
dom and perform many physiological and ecological functions. The chief role of
these bioactive secondary products in plants is to help them in combating various
types of abiotic and biotic stresses such as chemical defence against pathogens,
predators, pathogens and allopathic agents (Naikoo et al. 2019). The medicinally
important active ingredients of the medicinal plants are secondary metabolites.
They are relatively small chemical compounds, with ubiquitous distribution in plant
kingdom, though their role in the life of plants in the most cases is not known.

The main chemical reactions involved in synthesis of these metabolites in medic-
inal plants are oxidation, reductions, substitutions and condensation reactions.
Medicinal plants synthesize and accumulate a great variety of these phytochemicals
such as phenolic compounds, flavonoids, alkaloids, tannins and terpenes (Edeoga
et al. 2005) and find their use for therapeutic purposes or as precursors for synthesis
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of useful medicines (Sofowara 1993). A large diversity of these biologically active
chemical constituents exists and produces a definite physiological action in the
human body (Edeoga et al. 2006).
In most medicinal plants, stems and leaves are found to be rich in most and var-
ied secondary metabolites with marked physiological activity (Sofowara 1993).
The secondary metabolites in medicinal plants are mainly divided in to three
sets, namely, phenolic compounds, terpenoids/terpenes and alkaloids.

1.3.1 Phenolic Compounds

Phenolics, phenols or polyphenolics (or polyphenol extracts) are chemical compo-
nents that occur ubiquitously in plant kingdom as natural colour pigments respon-
sible for the colour of fruits of plants. They are very important to plants and have
multiple functions. The most important role may be in plant defence against patho-
gens and herbivore predators and thus are applied in the control of human patho-
genic infections (Puupponen-Pimia et al. 2008). They are low molecular weight,
ranging from simple single aromatic-ringed compounds to complex and large poly-
phenols. Plant phenolics range from simple one-ringed phenols to lignin, a huge
polymeric structure composed of phenylpropanoid units cross-linked to each other
through heterogeneous chemical bonds. The biologically active chemical constitu-
ents found in plants belonging to phenolic group vary according to their functional
group, which may be hydroxyl, aldehydes or carboxylic group. Most phenolic sec-
ondary metabolites are aromatic compounds with C6-C1 carbon skeleton, having a
carbonyl group attached (Dewick 2002). They can be synthesized in plants princi-
pally by shikimic acid pathway via which pool of aromatic amino acids are synthe-
sized, which in turn are converted into diverse phenolic compounds while some
other phenolic compounds are synthesized via polyketide pathway such as quinones
and orcinols (Fig. 1.1).

Phenolic compounds synthesized from both these pathways are rather common,
e.g. flavonoids, pyrones and xanthones (Bruneton 1999). The shikimate pathway,
which starts with erythrose-4-phosphate and phosphoenolpyruvate, is a major bio-
synthetic route for secondary metabolism. Chorismate which is formed at the end of
this pathway acts as substrate for all succeeding products thus forming an important
branching site in metabolism (Mustafa and Verpoorte 2005). These intermediate
products form the basis for synthesis of great variety of phenolic compounds, e.g.
phenylalanine is a common precursor for tannins and lignans (Wink 2000) (Fig. 1.2).
Phenolic compounds in plants are mostly synthesized from phenylalanine via the
action of phenylalanine ammonia lyase.

The phenolic group includes metabolites derived from the condensation of ace-
tate units (e.g. terpenoids), those produced by the modification of aromatic amino
acids (e.g. phenylpropanoids, cinnamic acids, lignin precursors, hydroxybenzoic
acids), coumarins, flavonoids and tannins.
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Fig. 1.1 Principal biosynthetic pathways of secondary metabolites

The main groups of phenolics found in the medicinal plants are simple phenolics
(phenols, phloroglucinols, etc.), coumarins, flavonoids, tannins, lignans, phenylpro-
panoids, etc. and the subgroups of these larger groups. The presence of phenols is
considered as pathogen growth inhibitor. Protonated phenol acts as antioxidant,
anticlotting, anti-inflammatory and immune enhancer agents. Phenols block spe-
cific inflammation causing enzymes and also are known to protect platelets from
clumping. Polyphenols are considered to prevent malignant tumour development
and progression (Okwu 2004). Likewise plant flavonoids are potential cancer che-
moprotective agents (Okwu and Okwu 2004) and are also known to reduce the risk
of heart diseases (Cook and Samman 1996). In addition flavonoids are known as
potential agents for protection against free radicals, allergies, inflammation, platelet
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Fig. 1.2 Biosynthesis of diverse phenolic compounds from amino acids via shikimic acid
pathway

aggregation, ulcers, hepatotoxins and tumours (Uruquiaga and Leighton 2000;
Okwu and Omodamiro 2005).

1.3.1.1 Simple Phenolics

Phenolic groups are ubiquitous among plants, although free phenols are rare. Simple
phenolics are compounds having at least one hydroxyl group attached to an aromatic
ring, e.g. catechol. Some representatives of simple phenolics are phenylpropanoids
(anethole, estragole, myristicin, asarone, etc.) which are defined as secondary
metabolites derived from phenylalanine, having a C6C3 carbon skeleton and most
of them are phenolic acids (cinnamic acid, o-coumaric acid, p-coumaric acid, caf-
feic acid and ferulic acids) which are often the ingredients alone or mainly together
with terpenoids of essential oils (Fig. 1.3). Some of these compounds are toxic like
asarone and myricetin. Some simple phenolics and their sources in medicinal plants
are phloroglucinol derivatives such as hyperforin used as antidepressant found in
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Hypericum perforatum and albaspidin and filicic acid in Dryopteris filix-mas, lupu-
lone and humulone (sedatives) in Humulus lupulus, diuretic antiseptic arbutin in
Arctostaphylos uva-ursi and salicin, an anti-inflammatory, in Salix fragilis.

1.3.1.2 Anthraquinones

Anthraquinones are derivatives of phenolic and glycosidic compounds derived from
anthracene ring with keto group at position nine and ten, and different functional
groups such as hydroxyl, aldehyde, methoxy, carboxylic acid group and so on may
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substitute at various positions giving variable oxidized derivatives such as anthrones
and anthranols (Maurya et al. 2008; Firn 2010) (Fig. 1.3). They are found in families
Fabaceae, Polygonaceae, Rubiaceae and Xanthorrhoeaceae and exhibit diuretic,
laxative, estrogenic and immunomodulatory activities. Some of the common anthra-
quinones are aloin A in Aloe vera, damnacanthal and rubiadinin in Cassia sp. and
emodin in Rheum rhaponticum.

1.3.1.3 Naphthoquinones

They are also phenolic secondary metabolites compounds found in plant kingdom.
Chemically naphthoquinone is an organic compound from naphthalene with one
aromatic ring fused to quinone subunit derived from naphthalene (Fig. 1.3). The
common and wide spread naphthoquinones are lawsone, juglone and plumbagin. In
plants they occur in glycosidic and reduced forms. Naphthoquinones display very
significant pharmacological properties such as antibacterial, antifungal, antiviral,
insecticidal, anti-inflammatory and antipyretic. Naphthoquinones are found in
members of Avicenniaceae, Droseraceae, Ebenaceae, Juglandaceae, Nepenthaceae
and Plumbaginaceae families (Ramawat et al. 2004). Lawsonia inermis has naph-
thoquinones with hepatoprotective activity. Juglans regia and Lithospermum eryth-
rorhizon have naphthoquinone derivatives attributed with antibacterial, fungicidal,
cytostatic and anticarcinogenic effects.

1.3.1.4 Tannins

Tannins (or tannoids) are a class of polyphenolic biomolecules that bind to and
precipitate proteins and various other organic compounds including amino acids
and alkaloids. In this process, tannin molecules cross-link the protein and make it
more resistant to bacterial and fungal attack. Typically, tannin molecules require
at least 12 hydroxyl groups and at least five phenyl groups to function as protein
binders. Tannins are classified often into two large groups: the hydrolysable and
non-hydrolysable or condensed tannins. Hydrolysable tannins have central carbo-
hydrate molecule such as glucose or polyhydric alcohol esterified partially or
completely with phenolic acids such as gallic acid and hexahydroxydiphenic,
forming gallotannins and ellagitannins. Condensed tannins, also known as proan-
thocyanidins, are polymers of the flavanol units bound by carbon-carbon bonds
(Fig. 1.3).

Some of the common sources of tannins are Quercus sp., Crataegus monogyna,
Acacia catechu, Hamamelis virginiana, Rosa gallica, Krameria triandra, Vitis
vinifera and Rhus hirta. They have antioxidant, astringent and styptic properties
owing to which they are used to treat pharyngitis, tonsillitis, skin eruptions and
haemorrhoids.
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1.3.1.5 Coumarins

Distributed throughout the plant kingdom, they form large class of secondary met-
abolic compounds. Simple coumarins are biogenetically derived from shikimic
acid, via cinnamic acid. They occur at high concentrations in some essential oils,
such as Cassia oil (87,300 ppm), Cinnamon bark oil (7000 ppm) and lavender oil.
Structurally, coumarins have a benzene ring joined to a pyrone ring, hence classified
as members of the benzopyrone family. More than 1400 type of coumarins distributed
across more than 40 different families of angiosperms have been isolated (Fig. 1.3).
Different types of coumarins found in medicinal plants are simple couma-
rins, biscoumarins, furocoumarins, dihydrofurocoumarin and phenylcoumarins
(Venugopala et al. 2013). Their bacteriostatic and antitumour properties have put
them in category of novel therapeutic agents. Coumarin and its derivatives have
shown promise as potential inhibitors of cellular proliferation in various carcinoma
cell lines. They also have antioxidant, antibacterial, antiviral, antifungal, antico-
agulant, anti-inflammatory, anti-hyperglycaemic and anti-adipogenic properties.
The families with high incidence of coumarins are Asteraceae, Apiaceae, Fabaceae,
Rutaceae, Oleaceae and Thymelaeaceae, respectively (Venugopala et al. 2013).

1.3.1.6 Lignans

They are dimeric compounds of two molecules of phenyl propane derivatives
(Fig. 1.3). Some of the known lignans are podophyllotoxin in Podophyllum pelta-
tum having potent anticancer effect. Similarly flavanolignans found in Silybum
marianum have hepatoprotective effect. Lignans are present in many plants like in
Vixcum album and Eleutherococcus senticosus having adaptogenic effect.

1.3.1.7 Stilbenes

Stilbenes are polyphenolic compounds like flavonoids having C6-C2-C6 structure
and are found in Pinus, Madura and Eucalyptus (Fig. 1.3). Other major sources are
grape, soya and peanut. These are produced in plants in response to bacterial, fungal
or viral attack. They have known cardioprotective properties and can also inhibit
offsetting of atherosclerosis. The most common stilbene is resveratrol, having can-
cer antiprogression properties.

1.3.1.8 Flavonoids

Flavonoids are brightly coloured compounds generally present in plants as their gly-
cosides. “Flavonoid” is a larger group which refers to various subgroups. They rep-
resent the largest polyphenol group with ubiquitous distribution in plant kingdom
and are synthesized predominantly via phenylpropanoid pathway. They play impor-
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tant role in plant colour, light stress and pathogens and are known potential health-
promoting compounds responsible for variety of pharmacological activities.

Flavonoids are synthesized in plants in response to microbial infection, and
activity of these hydroxylated phenolic substances is structure dependent. The
structural class, degree of hydroxylation, conjugations, substitutions and degree of
polymerization determine the chemical nature of flavonoids (Ramawat 2007). They
can be divided into a variety of classes such as flavonols (e.g. quercetin, kaempferol,
myricetin and fisetin), flavones (e.g., flavone, apigenin and luteolin), flavanones
(e.g. hesperetin and naringenin) and others.

More than 8000 naturally occurring flavonoids have been characterized from
various plants. Chemically, flavonoids have the general structure of a 15-carbon
skeleton consisting of two aromatic rings (A and B) which are joined together by a
three-carbon unit that may or may not form a third ring (C). Therefore, their struc-
ture is also referred to as C6-C3-C6 (Fig. 1.4).

In most cases, B ring is mostly attached ring to C ring at position 2, but it can
bind also at position 3 or 4. The patterns of this B-C rings attachment, together with
the structural features of the ring B and the patterns of hydroxylation and glycosyl-
ation of the three rings, make the flavonoids one of the most diversified groups of
the secondary metabolites occurring in the nature. Flavonoids are further subdi-
vided into following subgroups.

Flavones

Flavones in C ring have ketone group at position 4 and double bond between posi-
tions 2 and 3. Most flavones have hydroxyl group in position 5 of the A ring, while
the hydroxylation at position 7 of ring A or 3 and 4 of B ring varies according to the
taxonomic classification of the particular plant (Fig. 1.5).

Fig. 1.4 Basic skeleton of 3
flavonoid
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Flavanols

They are similar to flavones but lack keto group in C ring and have hydroxy group
attached at position 3 in the C ring (Fig. 1.5). Epicatechins and catechin, the two
isomers, are widely occurring flavanols present in edible plants and are found in
high levels at green tea, cocoa powder and red wine. They have antioxidant proper-
ties with beneficial effects on immunity and cardiac health.
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Fig. 1.5 Structure of different types of flavonoids
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Flavonols

The flavonol is similar to flavanol but has a double-bonded oxygen atom attached to
position 4 in C ring and also has one double bond between position 2 and 3 in C
ring. Flavonols are found mostly as O-glycosides-aglycons (Fig. 1.5). For example,
quercetin is the most abundant flavonol present in many plant foods with proven
antioxidant effects.

Flavanones

They are also known as dihydroflavones and are close structurally to flavones but
have saturated C ring., i.e. they don’t have double bond between positions 2 and 3 in
C ring (Fig. 1.5). An important flavanone is naringenin found in citrus species.
Naringenin is known for anticancer and liver protective effects.

Flavanonols

Flavanonols are hydroxyl derivatives of flavanones and are also called dihydroflavo-
nols; they are a highly diversified and multi-substituted subgroup (Fig. 1.5).

Isoflavones

The isoflavonoids are rearranged flavonoids in which the B ring is attached to posi-
tion 3 of the C ring (Fig. 1.5). The transformation of flavanones such as naringenin
or liquiritigenin to isoflavones (daidzein or genistein) occurs normally, which is duly
mediated by cytochrome P-450-dependent enzyme, respectively. Simple isoflavones
such as daidzein and coumestans affect reproduction of grazing animals. Owing to
their high estrogenic activity, they are also known as phytoestrogens. Isoflavones
also have anticancer, antiangiogenic and antioxidant properties (Dixon and Ferreira
2002; Dixon and Sumner 2003). Isoflavone consumption reduces risks of breast
and prostate cancers and additionally also helps in limiting cardiovascular diseases,
postmenopausal disorders, osteoporosis and prevention of postmenopausal disorders
(Lamartinier 2000; Uesugi et al. 2001). Genistein and daidzein — phytoestrogens —
are some common isoflavones and can effect reproduction of grazing animals.

Neoflavonoids

They have the B ring attached to position 4 of the C ring (Fig. 1.5). Some of the
known neoflavonoids are calophyllolide from Calophyllum inophyllum and dalber-
gichromene extracted from Dalbergia sissoo. They are used as precursors of anti-
diabetic and anticancer drugs.
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Anthocyanidins

Anthocyanidins are common plant pigments, the sugar-free counterparts of antho-
cyanin. They have two double bonds in positive C ring (Fig. 1.5). They are based on
the flavylium cation, an oxonium ion, with various groups substituted for its hydro-
gen atoms.

Chalcones

Chalcones are open C-ringed flavonoids; they are classified as flavonoids because
they have similar synthetic pathways (Fig. 1.5).

1.3.2 Terpenes

The functional diversity of chemicals in medicinal plants is best demonstrated by
terpenes. In plants more than 30,000 terpenes have been identified. All terpenes
have basic five-carbon isoprene repeating unit giving rise to structures that may be
divided into isopentane units (Fig. 1.6) by which they are defined and by which they
may be easily classified. There are two biosynthetic routes that produce main ter-
pene building block, i.e. isopentenyl diphosphate (IPP): mevalonic acid pathway
(MVA) and methylerythriol-4-phosphate (MEP) or 1-deoxy-D-xylulose (DOX)
pathway. The first biosynthetic pathway, i.e. MVA, occurs in the cytosol, producing
sesquiterpenes (Janses and de Groot 2004; Oudin et al. 2007). The key intermediate,
six-carbon compound, mevalonic acid (MVA) formed in the process by enzyme
mediated reduction of 3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA) is
converted to IPP with the loss of carbon dioxide, and subsequently IPP and its inter-
convertible isomeric form dimethylallyl pyrophosphate (DMAPP) are incorporated
directly into cholesterol. These two isomers are condensed together by enzyme pre-
nyltransferases in a sequential manner producing diversity of products such as
squalene, geranyl, farnesyl and phytoene, all being direct precursors of the major
terpene families.

In MEP, IPP is derived from 1-deoxyxylulose 5-phosphate (1-DXP), formed
from the glycolytic intermediates pyruvate and glyceraldehyde 3-phosphate. The
key step in the biosynthesis is the DXP skeletal rearrangement and reduction using
NADPH to form 2C-methylerythritol 4-phosphate (MEP) which then by sequential
removal of three molecules of water is converted to IPP. Here, IPP is formed in the
chloroplast, mainly for the synthesis of more volatile mono- and diterpenes. Various
classes of terpenes classified by the number of five-carbon units are monoterpenes,
sesquiterpenes, diterpenes, triterpenes and saponins (Fig. 1.6).
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Fig. 1.6 Structure of basic isoprene and different types of terpenes
1.3.2.1 Monoterpenes

Monoterpenes can be divided into two groups: volatile monoterpenes and nonvola-
tile (iridoids) monoterpenes. Volatile monoterpenes are components of many essen-
tial oils and are found in many families such as Apiaceae, Lamiaceae, Asteraceae,
etc. Monoterpenes may be linear type noncyclic, cyclic and bicyclic compounds.
They may have double bonds and acetoxy carbonyl, hydroxyl and other types of
substituents. They mainly occur in angiosperm families and some gymnosperms.
Some predominantly occurring monoterpenes are linalyl acetate, geraniol and lin-
alool in Lavandula angustifolia; o-, p-thujone in Salvia officinalis; menthol and
menthone in Mentha piperita; linalool in Ocimum basilicum; thymol and carvacrol
in Thymus vulgaris; oregano in Origanum vulgare; geraniol in Cymbopogon citra-
tus and a-, B-pinene in Pinus.
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Nonvolatile monoterpenes are monoterpene glycosides with D-glucose predomi-
nantly being the sugar part. The main groups are the lactons having a cyclopentan-
c-pyran-ringed, normal iridoids (iridane skeleton) and seco-iridoids —asix-membered
lacton ring. In a special case only ester-bound iridane skeleton are found. They are
the ingredients of valepotriates of Valeriana species. Hapagoside in Harpagophytum
procumbens has choleretic, anti-inflammatory, appetite-stimulating and analgesic
effects. Oleuropein and oleacin in Olea europaea are high-content seco-iridoids
having hypotensive effect and are traditionally used to enhance the renal and diges-
tive elimination. Sweroside and amarogentin, found in Centaurium erythraea,
Gentiana lutea and Menyanthes trifoliata, are class of bitter seco-iridoids used to
enhance the appetite. Lamium album and Galium verum also contain significant
amount of iridoids such as aucubin and asperuloside.

1.3.2.2 Sesquiterpenes

Sesquiterpenes having molecular formula C15H24 comprise of three isoprene units,
and their biosynthesis occurs via farnesyl pyrophosphate (FPP). Sesquiterpenes are
colourless lipophilic compounds and may be acyclic or contain rings, including
many unique combinations with most functional forms being cyclic. The 15 number
long carbon backbone chain of farnesyl pyrophosphate gives rise to several ring
systems which together with the different substituents such as ketones and lactones
provide a large group of natural products. The most typical nonvolatile sesquiter-
pene lactons are germacranolide, eudesmanolide, guaianolide and elemanolide
found in Inula helenium. Artemisinin found in Artemisia annua is used in making
an important antimalarial drug. Matricaria contains sesquiterpene lactons.

1.3.2.3 Diterpenes

Diterpenes have chemical formula C,,H;, and comprise of four isoprene units. In
plants they are produced by activity of HMG—COA reductase with geranyl pyro-
phosphate being a primary intermediate. They form the basis for some important
biological compounds such as phytol, retinal and retinol. They are known to be
antimicrobial and anti-inflammatory. Tanshinones I and II found in Salvia miltior-
rhiza are used against angina pectoris. Marrubiin found in Marrubium vulgare is an
expectorant. Diterpenes found in Taxus brevifolia contain the anticarcinogenic taxol
in the bark.

1.3.2.4 Triterpenes

Triterpenes are composed of three terpene units, biosynthetically derived from
squalene, a 30 carbon acyclic hydrocarbon having molecular formula C;)Hyg.
Triterpenes exist in great variety and have reasonably complex structure.
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Around 200 skeletons broadly divided on basis number of rings have been identi-
fied, with pentacyclic structures generally dominating ones. Some important pen-
tacyclic triterpenes found in plants are oleanane, ursane and lupane, all of which
are promising anticancer agents.

1.3.2.5 Saponins

They are C27 steroids composed of glycone or sugar part and aglycone or geenin
(triterpene) part and are found in families like Amaryllidaceae, Liliaceae,
Dioscoreaceae, Solanaceae and Scrophulariaceae. The triterpene steroid aglycone
part is linked to sugar or glycone oligosaccharide chains of different size and com-
plexity. They are produced as part of self-defence by plants.

Azadirachtin in Azadirachta indica, licorice in Glycyrrhiza glabra, limonins and
the cucurbitacins are some known saponin triterpenes.

Steroids are also modified triterpenes and have profound importance as hor-
mones (androgens such as testosterone and estrogens such as progesterone), coen-
zymes and provitamins in animals. All plant steroids hydroxylated at C3 are sterols.

1.3.3 Alkaloids

Alkaloids occur predominantly though not exclusively in the dicotyledonous spe-
cies. Alkaloids generally occur as organic acid salts in plants, with few occurring
as sugar and glycosides, e.g. solanine in Solanum; some as amides, e.g. piper-
ine; and few esters of organic acids, e.g. cocaine. A few alkaloids mainly weak
basic in nature occur freely in nature such as nicotine. More than 12,000 types of
alkaloids are known to occur in about 150 plant families, the important being are
Ranunculaceae, Solanaceae, Apocynaceae, Papaveraceae, Fabaceae and Rutaceae
(Wink 2000; Ramawat 2007). Alkaloids are present in specific plant parts such
as root (Atropa belladonna), bark of stem (Cinchona), etc. or can occur in whole
plant. Chemically alkaloids are nitrogen-containing low molecular weight cyclic
organic compounds; the N originates from one of the essential amino acids
(Fig. 1.7). However alkaloids like the other secondary metabolites cannot be sim-
ply classified.

They are roughly distinguished into three groups: real, proto- and pseudo-
alkaloids (Hegnauer 1963). The alkaloids having N atom in a heterocyclic ring or

Fig. 1.7 Basic structure of
alkaloid X
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ring system with N originating from one of the essential amino acids are true alka-
loids, e.g. nicotine, atropine, etc., while as in proto-alkaloids N atom, which also
arise from amino acids, is not in a ring system, e.g. ephedrine and mescaline. The
precursors of these types of alkaloids are I-tyrosine and I-tryptophan. Pseudo-
alkaloids are alkaloid-like substances whose carbon skeleton does not arise directly
from amino acids. These include steroid- and terpene-like alkaloids such as caffeine
and theophylline.

Alkaloids have found their use as stimulants, pharmaceuticals, narcotics and
even poisons because of their physiological activities. Alkaloids are used as basic
medicinal agents for their analgesic, bactericidal, antispasmodic, stimulating and at
the same for sedative effects (Stary 1998). Some of the alkaloids used clinically
include codeine and morphine as analgesics, colchicine as gout suppressants, vin-
blastine as anticancer agent, sanguinarine as antibiotic and scopolamine as sedative.
The caffeine, which is present in coffee and tea, and nicotine, which is present in all
tobacco preparations, are widely consumed alkaloids (Ramawat 2007). Some of the
alkaloid-containing plant families are the following.

Apocynaceae (Dogbane family): This family contains tryptophan-derived alka-
loids having strong anticancer properties (Aniszewski 2007). Some of the typical
alkaloids belonging to species of this family are quinine, reserpine, ibogaine, rescin-
namine, deserpidine, tabersonine, ervatine, menilamine and coronaridine (Srivastava
et al. 2001; Macabeo et al. 2005).

Asteraceae: With more than 2000 species belonging to this family, its members
contain many different tryptophan- and ornithine-derived alkaloids. The most com-
mon alkaloids are apigenin, intergerrimine, retrorsine, senecionine and usaramine
(Pelser et al. 2005; Aniszewski 2007).

Loganiaceae: This family has more than 100 species containing mainly tyrosine-
derived medicinally important alkaloids such as brucine, isosungucine, strychnine,
sungucine, curare and isostrychnopentamine (Lansiaux et al. 2002; Frederich
et al. 2004).

Papaveraceae: Poppy family has about 250 plant species producing many
tyrosine-derived alkaloids such as berberine, codeine, morphine, thebanine, narcotine,
narceine, papaverine, sanguinarine, cholidonine and chelerythine (Aniszewski 2007).

Rutaceae This family contains more than 900 species, containing both histidine-
and anthranilic acid-derived alkaloids, e.g. pilosine, pilocarpine, fagaronine, isode-
carpine, rutaecarpine, cuspareine, galipinine, dihydroevocarpine and evodiamine
are l-histidine-derived alkaloids, while acronycine, acutine, dictamine, rutacridone,
melicopicine, bucharidine, perfamine, helietidine and kokusaginine are anthranilic
acid-derived alkaloids. (Nazrullaev et al. 2001; Chen et al. 2005).

Solanaceae This family has more than 2000 species abundant in ornithine-derived
alkaloids, e.g. cuscohygrine, hyoscine and hyoscyamine. Some other alkaloids such
as capsaicin have phenylalanine as precursor, while anabasine and nicotine both
have nicotinic acid as precursor (Schwarz et al. 2005).
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Boraginaceae This family with about 2000 species contains ornithine-derived
alkaloids such as europine, indicine-N-oxide and ilamine and several pyrrolizidine-
derived alkaloids used as sedatives, analgesic as well as sudorific remedies and for
skin disease treatment (Haberer et al. 2002; Siciliano et al. 2005).

Fabaceae The species of this family contain mostly lysine-derived alkaloids such
as angustifoline, castanospermine, epi-lupanine, swainsonine, etc. (Przybylak et al.
2005) as well as some tryptophan-derived alkaloids, namely, serine and eseramine.

Amaryllidaceae This family contains plant species with tyrosine-derived alka-
loids such as lycorine, galanthine, haemanthamine, ycorenine, maritidine, oxo-
maritidine and vittatine (Herrera et al. 2001; Forgo and Hohmann 2005).

Berberidaceae The plant species of this family produce tyrosine-derived alkaloids
such as glaucine, berberine, hydroxycanthin and berbamine widely used against
asthma, whooping cough, uterine bleeding, pharynx tumours and diabetes
(Khamidov et al. 2003; Aniszewski 2007).

Ranunculaceae The plant species of this family biosynthesize tyrosine-derived
alkaloids such as hydrastine, berberine and fangchinoline (Erdemgil et al. 2000) and
terpenoid-derived alkaloids such as acorone, aconitine, cammaconine, coryphidine,
nepelline, songorine, secokaraconitine, methyllycaconitine and delcorinine
(Salimov 2001; Sultankhodzaev et al. 2002).

Liliaceae The plant species of this family produce tyrosine-derived alkaloids, for
instance, autumnaline, kreysigin and floramultine (Aniszewski 2007) and steroidal
alkaloids such as cyclopamine, jervine, protoveratrine A and O-acetyljervine used
as expectorant and antitussive (Jiang et al. 2005).

1.4 Cultivation and Good Agricultural Practices
for Medicinal Plants

The wild-harvested resources of medicinal plants are widely considered more effica-
cious than those that are cultivated. However increased cultivation eases harvest vol-
ume pressure on wild medicinal plants and contributes towards recovery and
restoration of these wild resources. Moreover, the scope for improvement of medici-
nal plant products as quality drugs primarily stems from their good cultivation, where
factors like good site selection, good seed material, nutrient input, harvest and post-
harvest techniques and management form the merits for their commercialization as
well as provide opportunities to solve the problems encountered in medicinal plant
production such as low bioactive ingredient content, pesticide and toxic contamina-
tion and misidentification of biological origin. The efficiency of cultivation of these
species is fundamentally dependent on the productivity of the plant biomass within
which the active principles are synthesized and frequently accumulated. The quantity
and composition of bioactive chemical components are important preconditions for
their utilization and therefore also intensively investigated botanical domains.
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Fig. 1.8 Factors affecting growth of medicinal plants and quality of bioactive chemical constituents

Controlled cultivation practices are designed to improve yield of secondary
metabolites and ensure stability in their production by making available better and
optimal environmental factors such as light, temperature, humidity, water, soil and
other additives such as nutrients, fertilizers and pesticides (Fig. 1.8).

There is need for intensive care and management in cultivation of medicinal
plants depending upon the quality of plant material, the duration and conditions of
cultivation required. Traditional methods of cultivation should be preferred in case
of absence of any scientific published or documented cultivation data.

Good agricultural practices, including apt rotation of selected medicinal plants
should be followed according to environmental suitability and other growth
requirements to ensure quality production and facilitate the standardization of
herbal drugs. Conservation agriculture techniques which aim for efficient use of
natural resources should be followed through integrated management of available
water, soil and biological resources in combination with external inputs which con-
tribute to sustained agricultural production and also environmental conservation.
The biosynthesis of active principles and their concentration in medicinal plants is
also correlated with certain other physiological and environmental factors. Some
of the most important factors influencing growth of medicinal plants as well as
quality and content of their active chemical constituents and hence medicinal plant
products are the following.
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1.4.1 Seeds and Other Propagation Materials

Seeds and any other propagating material should be of good quality having avail-
able record performance and breeding history. This material should be free from
diseases and contamination as much as possible so as to promote healthy growth
and development of plant and their chemical products. The quality of propagation
material should conform to the regional regulations and be well documented.
Substandard, counterfeit and adulterated propagation materials must be avoided.

1.4.2 Site Selection

Site selection is the most critical factor in the cultivation of medicinal plants so as
to meet requirements of ecological homogenous groups. Cultivation site influences
quality of medicinal plant products mainly related to the active constituents owing
to difference in soil, climate, eco-geographical and other factors. The impact of past
land uses on the cultivation site, including the planting of previous crops and any
applications of plant protection products, should be evaluated. Among other factors
while considering site selection, altitude and slope has an important bearing impact
on cultivation of medicinal plants. Altitude/elevation of selected site/region has a
profound influence on successful medicinal cultivation. With increase in the alti-
tude, there is decrease in atmospheric pressure and temperature, while an increase
in light intensity, relative humidity and wind velocity occurs.

Thus, change in pattern of vegetation occurs with change in height due to varia-
tion in the climatic conditions, e.g. Afropa belladonna, Datura innoxia and
Catharanthus roseus show high active principle content at high altitudes. Alkaloid
content in Aconitum lobelia and pyrethrum in Pyrethrum increases with increase in
altitude, while in peppermint, decrease in alkaloid content occurs.

Slope face also determines diurnal light intensity and temperature both having
pronounced effect on growth and development of medicinal. Latitude is another
factor effecting biomass composition, e.g. Atropa belladonna.

1.4.3 Light

Light being the main external energy source for continuity of plant life affects pho-
tosynthesis, vegetative growth, stomata opening and closure, seed germination and
flowering in medicinal plants. Day light length has profound bearing on growth and
development of medicinal plants. Light intensity also plays an important regulatory
role in performance improvement in a number of medicinally plants. Dry sunny
weather coupled with more than 14 hours of day light conditions increase the pro-
portion of glycosides in Digitalis and those of alkaloids in Atropa, Mentha, Coptis,
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Glycyrrhiza and Humulus. Some other plants such as Pelargonium, Citronella and
Pogostemon shows nearly 25% increase in essential oil production when grown
under less than 12 h of daylight conditions. In crops like Solanum, Digitalis,
Rauvolfia and Dioscorea, effects of photoperiodic cycles (long days) have been
clearly established (Chatterjee 1996).

Higher content of menthol in Mentha is obtained when plants are subjected to
ample sunshine; in contrast to this, low light intensity promotes higher active chem-
ical constituent production in Cephaelis ipecacuanha, thereby necessitating need
for artificial shading. Similarly in Coptis japonica, berberine content increases by
15% when 75 of the incident light is screened. Similarly, 40% reduction in light
intensity results in increase of alkaloid and quinine by 30% in Cinchona.

1.4.4 Temperature

The role of atmospheric temperature on growth and development of medicinal plants
is well established. Temperature like in other plants is the major influencing factor in
medicinal plant cultivation. The rate of photosynthesis and respiration are both affected
by temperature, with both increasing with increase in temperature up to a certain
degrees. Likewise the sudden temperature decrease results in ice crystals formation
in plant intercellular spaces leading to cell death and plant death due to desiccation.
In many terpene- and alkaloid-producing medicinal plants, increasing temperature
up to a maximum (prior to physiological damage) favours increase in production of
these secondary metabolites. Temperature also affects the secondary metabolite com-
position of medicinal plants. For instance, morphine content in Papaver somniferum
increases while as total principle content decreases at low temperature. Low tempera-
ture also favours increase in yield and total pyrethrin contents in Pyrethrum.

1.4.5 Atmospheric Humidity

Atmospheric humidity affects various aspect of growth and development in medici-
nal plants by affecting photosynthesis and under abnormal conditions leads to pro-
duction of more secondary metabolite content. Water evaporation and condensation
along with precipitation depend upon relative humidity which thereby affects form,
structure and transpiration in these plants.
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1.4.6 Water Supply

Water supply is the most vital factor influencing medicinal plant cultivation.
Plant morphology and physiology are highly influenced by water availability.
Water supply should be in accordance to needs of individual medicinal plant.
There should be controlled irrigation and drainage so as to ensure that plants are
neither under-watered nor over-watered.

A very complex relationship exists between availability of water and optimum
medicinal plant production though differences in adaptation of these plant species
to water stress exist. Consideration of per-plant response vis-a-vis a whole field
response is very critical. Water stress though in general might not be beneficial, but
correctly timed stress of appropriate intensity can be productive with regard to sec-
ondary metabolite synthesis (Simon 1999). Water stress stimulates more secondary
metabolite accumulation in Catharanthus and Rauvolfia. An increase in alkaloid
content is observed in Atropa and Datura under moisture stress conditions. In con-
trast, increased water availability supresses alkaloid accumulation in Cinchona
sometimes even leading to zero alkaloid content.

1.4.7 Soil

Soil being one of the most important natural resources supporting plant growth
provides anchorage, nutrients and mechanical support to plants. The optimal growth
of medicinal plants is ensured in soil containing appropriate amounts of inorganic
and organic nutrients. Other conditions such as soil type, moisture retention, drain-
age, pH and fertility will depend on target medicinal plant. Adequate soil moisture
and moderate nutrient status generally meet the requirements for growing most
medicinal plants. However some medicinal plants such as Withania and Cymbopogon
can also thrive well on less fertile soils. Medicinal plants are adapted generally to a
wide range of soil pH and texture, e.g. increase in yield is observed in Cymbopogon
and Cassia, when transformed from light soils to loam and clay loam. Vetiveria is
unique for its tolerance to soil alkalinity and periodic flooding and water logging of
field conditions which have no adverse effect on total oil yield and its composition.
Cinchona and Coptis have preference for acidic soils (5—6 pH); whereas species like
Aloe, Vetiveria and Commiphora are grown in soils with high pH.

1.4.8 Fertilizers

The key factor in successful cultivation of medicinal plants is fertilizer manage-
ment. Even though each plant has its own specific requirement of nutrients, the use
of correct type of fertilizers, chemical or organic, in correct quantities is often nec-
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essary to obtain good yield. The application of NPK has resulted in higher biomass
as well as active principle content production in a variety of medicinal plants. For
instance, application of nitrogen fertilizers results in an increase in content of dios-
genin in Dioscorea, alkaloid in Afropa and essential oils in Cymbopogon grasses,
Vetiveria and Mentha. Increase in secondary metabolite production is obtained in
medium levels of N, P and K.

1.4.9 Maintenance and Protection

The field management practices should be guided by growth and development char-
acteristics of a particular medicinal plant or its specific part destined for medical
use. The timely application of measures such as topping, bud nipping, pruning and
shading may be used to control the growth and development of the plant, thereby
improving the quality and quantity of the medicinal plant material being produced.
There should be in place integrated pest management with little to no use of herbi-
cides and pesticides. Different types of pest control methods such as hand picking
to remove insects, pruning, burning and trapping of pests need to be employed.
Chemical methods of pests control involve use of chemical pesticides such as
insecticide (DDT, gammaxene, parathion, malathion), fungicides (Bordeaux mix-
ture, chlorophenols), herbicides (2, 4-dichlorophenoxy acetic acid, sulphuric acid)
and rodenticides (warfarin, red squill). However advanced plant breeding tech-
niques involving genetic manipulations result in production of hybrid varieties pro-
duction, which are resistant to fungal and bacterial attack, can prove more useful. In
addition to these factors, hybridization both natural as well as human engineered
and greenhouse effect influence growth, development, production, quality, content
and quantity of medicinal plant and their constituent bioactive chemicals.

1.4.10 Harvesting

The mass production of quality crude drugs with desirable active principle contents
(i.e. composition and high amounts) has scientific basis similar to other commercial
plants and involves sustainable harvesting such as expert collection practices, time
of harvesting, material to be harvested, harvesting techniques, harvesting equip-
ment, proper processing and drying, packaging and correct storage.

Medicinal plants should be harvested during the optimal season to ensure the
ample production of quality medicinal plant materials. The harvest time varies with
plant type as well as plant part to be used. Harvesting should be done under best
possible conditions, avoiding rain, dew and high humidity, so as to prevent any pos-
sible deleterious effects due to increased moisture levels. The biologically active
ingredient concentration varies with plant growth and developmental stage, thus
harvesting time should be determined by peak quality and quantity of active chemi-
cal constituents rather than vegetative yield.
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There should be well-documented, easily available information regarding appro-
priate harvest timing of a particular medicinal plant. Utmost care should be taken
during harvest, so as to avoid mixing of weeds, foreign matter or toxic plants with
the harvested medicinal plant materials. Harvesting tools and other machines should
be kept clean and so to reduce chances of contamination from soil and other materi-
als. Contact of harvested material with soil should be avoided to the possible extent
so as to reduce the microbial load.

The harvested raw medicinal plant materials should be transported promptly in
clean, dry conditions. They may be placed in well-aerated containers and carried to
a central point for transport to the processing facility.

Any mechanical damage or compacting of the raw medicinal plant materials, as
a consequence, for example, of overfilling or stacking of sacks or bags that may
result in composting or otherwise diminish quality should be avoided. Decomposed
medicinal plant materials should be identified and discarded during harvest, post-
harvest inspections and processing, in order to avoid microbial contamination and
loss of product quality.

1.4.11 Post-Harvest Processing

Prior to primary processing, there should be inspection of raw medicinal plant mate-
rial which may include visual inspection for cross-contamination by untargeted
medicinal plants or plant parts, foreign matters as well as organoleptic evaluation,
such as size, colour, taste, odour and damage. Appropriate measures of primary
processing are dependent on the individual materials. These processes should be
carried out in conformity with national and/or regional quality standards, regula-
tions and norms. As far as possible, standard operating procedures should be fol-
lowed. If modifications are made, they should be justified by adequate test data
demonstrating that the quality of the medicinal plant material is not diminished.
Harvested or collected raw medicinal plant materials should be promptly unloaded
and unpacked upon arrival at the processing facility. Medicinal plant materials that
are to be used in the fresh state should be harvested/collected and delivered as
quickly as possible to the processing facility in order to prevent microbial fermenta-
tion and thermal degradation. The materials may be stored under refrigeration, in
jars and in sandboxes, or using enzymatic and other appropriate conservation mea-
sures immediately following harvest/collection and during transit to the end-user
must be followed. The use of preservatives should be avoided. If used, they should
conform to national and/or regional regulations for growers/collectors and end-users.

Wherever the medicinal plant product is to be used in dry form, its moisture level
needs to be kept as low as possible so as to minimize damage from microbial infes-
tation. Information regarding the appropriate moisture content for particular medic-
inal plant materials should be made available from pharmacopoeias or other
authoritative monographs. There are many ways by which medicinal plants are
dried: by direct sunlight, in ovens, by indirect fire, in the open air in drying frames,
baking, lyophilization or infrared devices. To avoid damage to biologically active
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constituents, the humidity and temperature should be controlled. There is consider-
able effect of method and temperature used for drying on the quality of the resulting
medicinal plant product. For instance, in case of plant material containing volatile
oil, low temperature for drying is preferred, and shade drying is employed to mini-
mize flower and leaf colour loss. There should be avoidance of drying medicinal
plants on bare ground and that it should also be ensured that drying is uniform to
reduce chances of mould formation.

For indoor drying, drying temperature and its duration, humidity and other con-
ditions should be determined by the part of plant used as well as its natural
constituents.

Specific processing is required by certain medicinal plant materials so as to
improve purity, prevent damage from infestation and enhance efficacy. The most
common specific processing practices include pre-selection, root and rhizome skin
peeling, steaming, pickling, natural fermentation, distillation, roasting, treatment
with lime and fumigation. Processing procedures involving building of specific
shape formation also impacts quality of medicinal plant material and subsequent
products. Antimicrobial treatments of raw and processed medicinal plant materials
by various methods must be declared, and the materials must be labelled as required
and should be conducted in accordance with standard operating procedures and
national and/or regional regulations.

1.5 Medicinal Plant Products (Herbal Drugs) and Safety
and Quality Concerns

Plants being rich sources of phytochemicals are generally free from side effects, and
because of better human body compatibility, herbal medicines are widely acknowl-
edged as alternative to synthetic drugs (Fennel et al. 2004; Yadav and Dixit 2008).
Herbal drugs or plant drugs are medicines that contain a chemical compound or
more usually mixtures of chemical compounds derived from plants that act indi-
vidually or in combination on the human body to prevent diseases and to maintain
or restore health. These plant products are used in raw form, or chemical com-
pounds are isolated from these natural products in the laboratory, and sometimes
new drugs are synthesized by combining different isolated compounds before being
put to use. Isolation of vast number of herbal drugs isolated from natural sources is
done by traditional methods in non-standardized manner (Rizvi et al. 2009). This
coupled with varied locations of plant growth, problems of different vernacular
names and absence of standard procedure for cultivation, harvesting and post-
harvesting often leading to addition of impurities thereby deteriorating quality and
effectiveness of final medicinal products, where the use in some cases can also
result in adverse drug reaction. In recent times emphasis is being laid on the adher-
ence of certain standards for herbal drug safety to minimize adulteration and main-
tain quality of these herbal products (WHO 1999).
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The integration of medicinal plant products/herbal medicine into modern medi-
cal practices needs to take into account the interrelated issues of quality, safety and
efficacy. Quality is the utmost issue as it affects safety and efficacy of medicinal
pant products. Product quality is influenced by extrinsic, intrinsic and regulatory
factors. Species differences, organ specificity, diurnal and seasonal variations can
affect the qualitative and quantitative production and accumulation of active chemi-
cal constituents in the source medicinal plants. Extrinsic factors which contribute to
the quality of herbal products include environmental factors, method employed in
collection and harvesting, post-harvest stages, manufacturing practices, unintended
contamination and intentional adulteration. Among intrinsic factors, difference in
species and their specific ecological requirements and biochemical process opera-
tive in them affect the quality of medicinal products. Quality of herbal medicine can
also be attributed to regulatory practices, with unregulated practices often leading to
decline in quality of products.

1.5.1 Adulteration of Herbal Drugs

Drug adulteration, intentional or direct, usually includes those practices where
herbal drug is either completely or partially substituted with other inferior products,
which may or may not have any therapeutic value. Adulteration is generally of two
types, deliberate and undeliberate. Deliberate or direct adulteration is wherein, with
genuine crude material, intentional substitution by different materials is carried out.
This practice is encouraged mainly by traders who are unwilling to pay premium
prices for superior quality herbs and are more inclined to procure cheaper products,
thereby encouraging producers and traders to sell inferior quality herbs. In addition
to this, another factor which promotes adulteration of herbal drugs is their rarity.
Undeliberate or unintentional adulteration is due to confusion of common vernacu-
lar name of herbal drugs. Also due to absence of proper evaluation means, an
authentic drug partially or fully devoid of the active ingredients may enter the mar-
ket. This occurs mostly in case of volatile oils. Such adulteration and substitution
lead to poor quality and batch-to-batch inconsistency.

In deliberate adulteration, drugs are generally adulterated or substituted with
substandard, inferior or artificial drugs. Substitution with substandard commercial
varieties involves use of adulterants which are cheaper cost-wise and are substan-
dard but resemble morphologically and chemically with the original crude drug
used. Another type of deliberate adulteration is substitution with superficially simi-
lar inferior drugs which involves use of inferior quality drugs which have little or no
chemical or therapeutic value and are used owing to their morphological resem-
blance with actual products. Substitution with artificially manufactured substance is
another form of direct adulteration where adulterant resembling original drug is
manufactured artificially and used for the costlier drugs. Many a times there is sub-
stitution by “exhausted” drugs which involves adulteration of the herbal plant mate-
rial with the same plant material but devoid of the active constituents. This is mainly
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done in volatile oil containing drugs like coriander clove, fennel and caraway. In
addition to these types, many times synthetic chemicals are used as substitutes to
augment natural character of the already exhausted drug.

For instance, citral is added to citrus oils like lemon and orange oils. In some
cases, some vegetative parts of miniature plants growing along with medicinal
plants are added. The drugs which are in the form of powders are frequently adulter-
ated. For example, dextrin is added in Ipecacuanha, exhausted ginger in ginger, red
sanders wood in capsicum powder and powdered bark adulterated with brick powder.

Some other factors also affect quality of drugs, e.g. growing conditions, geo-
graphical sources, processing, storage, etc. Drug quality is also influenced by dete-
rioration to which crude drugs are often prone to, especially during post-processing
stage such as storage resulting in a loss of active principles and production of non-
active and sometimes even toxic metabolites. Physical factors such as temperature,
humidity, oxygen level and light alone or in combination are also responsible for
bringing about deterioration. Elevated temperatures and humidity by accelerating
enzymatic activities lead to physical appearance changes and decomposition of the
herbs. High oxygen levels cause oxidation of the active ingredients in drugs often
resulting in resinification or rancidification of essential oils.

Dried herbs are prone to contamination with bacterial and fungal spores which is
accompanied usually by the growth of moulds, evident by changes in appearance of
the plant material, breakdown in some cases and even production of smell.

1.5.2  Quality Control of Medicinal Plant Products/Drugs

The process involved in maintaining quality as well as validity of manufactured
entity is referred to as quality control. Quality control of drugs whether herbal or
synthetic is of paramount importance for its safety and efficacy (Balandrin et al.
1993; Chan 2002). Herbal drug quality can be defined as the drug status which is
determined by identity, purity, content and other physico-chemical or biological
properties and by the manufacturing and storage processes. For the traditional medi-
cines, quality control involves the study of traditional information and method of
identification and quality assessment of a drug and its interpretation in terms of
modern assessments. Herbal drugs denote plant parts or crude products derived
from plants which are converted by simple means of processing such as harvesting,
drying and storage into pharmaceuticals. Herbal drug quality is influenced by vari-
ous factors such as plant material being naturally and chemically variable, existence
of plant chemo cultivars, their inherent complexity as well as the limitations of
simple analytical techniques for identification and characterization of bioactive con-
stituents coupled with the fact that herbal drugs are mixture of many constituents
whose chemical nature is still unknown. The preparations of crude products is also
influenced directly by the primary processing and production of the medicinal plant
product or herbal drug and prerequisites for adequate quality assurance system dur-
ing all stages of herbal drug manufacturing right from cultivation, harvesting, pri-
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mary processing, handling, storage, packaging to distribution. As these processes
are susceptible to variation caused by differences in geographical location, differ-
ences in growth, duration of growing season and time of harvesting, so is variation
expected in quality of these drugs. Since contamination and deterioration can occur
at any one of these stages, therefore to maintain the quality and potency of an indi-
vidual herbal product, it is extremely important to establish good agricultural, har-
vesting and manufacturing practices to ensure quality and stability of these drugs
(Shimmer et al. 1998; Jacobson et al. 2001; Kasper 2001).

All medicines, however, whether they are of synthetic or of plant origin, should
fulfil the basic requirements of being efficacious and safe, and this can be achieved
by suitable clinical trials.

The quality control in herbal drugs generally is based on three important pharma-
copoeia parameters: the correct identification of the plants, whether the product is
in pure form and whether the content active constituents are within the defined limits.

The correct identity of the plant material or crude material is pivotal in establish-
ing quality control of herbal drugs. Both macro- and microscopic examinations are
employed to ascertain the correct identity and also can voucher specimens be used
as reference sources.

Sometimes markers can be used which are, by definition, chemically defined
constituents that are of interest for control purposes, independent of whether they
have any therapeutic activity or not (Rates 2001).

Purity is of prime importance as being linked closely to safe usage of herbal
drugs and deals with factors such as evaluation of contaminants, ash values, heavy
metals, aflatoxins and pesticides, etc. To prove purity, criteria such as type of prepa-
ration, sensory properties, physical constants, adulteration, contaminants, moisture,
ash content and solvent residues have to be checked. Several improved analytical
methods such as photometric analysis, high-performance liquid chromatography
(HPLC), thin-layer chromatography (TLC) and gas chromatography (GC) are
employed to establish the constant composition of herbal preparations. Depending
upon whether the active principles of the preparation are known or unknown, differ-
ent concepts such as “normalization versus standardization” have to be applied in
order to establish relevant criteria for uniformity.

Content or assay is the most difficult assessment of quality control as active con-
stituents in most herbal drugs are not known. A vast array of modern chemical
analytical methods such as ultraviolet/visible spectroscopy (UV/VIS), TLC, HPLC,
GC, mass spectrometry (MS) or a combination of GC and MS (GC/MS) are
employed for ascertaining this parameter (Goldman 2001).

Another important parameter in quality control is standardization. Standardization
involves adjusting the herbal drug preparation to a defined content of a constituent
or a group of substances with known therapeutic activity by adding excipients or by
mixing herbal drugs or herbal drug preparations. There is ample variation in terms
of chemical composition, quality and therapeutic effect in the crude extracts
obtained from plants. Standardized extracts are high-quality extracts containing the
consistent levels of specified compounds, and these high-quality extracts are sub-
jected to thorough quality controls during all phases of the growing, harvesting and



34 B. Ahad et al.

manufacturing processes. Since in absence of any regulatory definition of standard-
ization of dietary supplements, the word “standardized” on a supplement label does
not necessarily indicate product quality. In case of the unknown active principles,
marker substance(s), which in herbal drugs are chemically defined constituents
important in determining quality of finished product, should be established for ana-
lytical purposes of standardization. Ideally, the chemical markers chosen would also
be the compounds that are responsible for the botanical’s effects in the body.

There are two types of standardization: “true” standardization, where a certain
known phytochemical constituent is known to have activity. For instance, the highly
concentrated flavones and terpenes in Ginkgo which are now considered as phyto-
pharmaceuticals, which no longer represent whole herb, are more effective in most
cases than plant as whole. The other type of standardization is where in the presence
of certain percentage of marker compounds is guaranteed by the manufacturers;
these are not indicators of herb quality or its therapeutic activity.

The other important parameter in quality control of medicinal plant products or
drugs is validation. Both in developed and underdeveloped countries, the major
public health concern vis-a-vis the use of herbal products is their validation so as to
avoid or reduce the selling of adulterated herbal medicines. Thus for any herbal
products having potential to cure and reduce the disease severity, it is essential to
certify scientific validation and periodic monitoring of its quality and efficacy in
order to control or limit introduction of its adulterated and impure forms.

Validation is the process of proving that an analytical method is acceptable for its
intended purpose for pharmaceutical methods, and depending upon whether ana-
lytic method is quantitative or qualitative, it in both cases includes studies on speci-
ficity, precision, accuracy, precision, range, detection and quantitative limits.

1.6 Conservation and Sustainable Use of Medicinal Plants:
Threats, Issues and Strategies

The use of plant-based products or herbal medicines in healthcare along with new
nutritional trends and evolving markets led to increase in demand of these raw mate-
rials. Harvesting of wild medicinal plants on small scale occurring mainly for local
use and on large scale for supplying to the global markets on commercial basis
(Zlobin 2012) has put these species under tremendous pressure even threatening
their existence. There is growing concern in conservationist vis-a-vis ever-increasing
extinction threats to medicinal plants world over. Both natural and anthropogenic
activities are reasons for causing a plant species to become endangered. Since natural
ecosystem plays fundamental role in successful existence conservation of species,
thus among all the factors, habitat destruction is the most serious cause of species
extinction or slipping into endangered categories (McKenzie et al. 2009). The other
factors which threaten existence of species include introduction of invasive alien
species, over-exploitation, climate change, outbreak of diseases and increase in pol-
lution level and fire outbreaks (Miththapala 2006; Zlobin 2012). Genetic changes
occurring naturally (mutation, speciation and evolution) as well as human-induced
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genetic modifications (intended to increase concentrations of active medicinal com-
pounds) are also having profound impacts on species existence (WWF and [UCN
1997). These threats to species existence are further exacerbated by destructive har-
vesting techniques, grazing, tilling and swamp drainage. Furthermore uncontrolled
trade in the form of the export of vast majority of medicinal plants to industrialized
countries, due to local restrictions in use of native species for medicinal purposes,
is pushing many rich medicinal plant regions to the brink of ecological and eco-
nomic catastrophe (Lange 1998). Weak or non-existent regulation coupled with lack
of transparency in law enforcement is a major contributor to this crisis (Mulliken
2000). There has been a huge transformation from collection of the medicinal plant
for satisfying local needs to trade because of the increased global demand for herbal
drugs due to realization of shortcoming, no holistic nature and side effects of holis-
tic drugs. This combination of enticement of short-term profits and lax regulation
which led to the over-exploitation of wild medicinal plant stocks, without any con-
sideration to sustainability (Hachfeld and Schippmann 2000), has put medicinal
plant diversity under tremendous existence pressure.

These factors had brought issues of conservation of medicinal plants to the fore-
front of public discourse (Switzer et al. 2003). The conservation strategies thus
thrive to ensure continuance of these natural plant races by identifying and evaluat-
ing employment of modern scientific methods (Johns and Eyzaguirre 2000;
Baricevic et al. 2012).

A multitude of strategies are being employed for conservation of medicinal
plants. These include ex situ conservation, in situ conservation, improved and
enhanced management of wild demes, improved cultivation, public awareness pro-
grammes, fair and transparent trade monitoring and national and international legis-
lation and regulation. The general medicinal plants conservation strategy from
system’s view point comprises of in situ and ex situ conservation. In practice, all
other mentioned subsystems can be closely connected.

The in situ conservation strategy ensures that the plants continue to grow and
evolve in their natural habitats. These measures can be applied in various types of
species recovery and restoration programmes. Since most medicinal plants are
endemic species, the secondary metabolites which attribute them medicinal values
are produced in them in response to those natural endemic environmental conditions
involving intricate relationship network with other existing species in the commu-
nity, and as such these metabolites under culture conditions may not be expressed in
same content, quality and quantity. In situ conservation thus aims to conserve not
only indigenous plants but whole communities (Long et al. 2003; Gepts 2006),
thereby strengthening the link between conservation of resources and their sustain-
able use by increasing the diversity amount that can be conserved. In situ conserva-
tion thus rather being species oriented is ecosystem oriented and focuses on
establishing protected areas.

Ex situ conservation is an effective complement to in situ conservation. Ex situ
conservation aims to cultivate and naturalize threatened, low-abundance, slow-
growing, over-exploited and disease-susceptible species to ensure their continued
survival and increase their density. Ex situ approaches involve propagation, breed-
ing and conservation of medicinal plants in controlled and managed ecosystems.
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Here, vegetative propagules and seeds of rare and threatened medicinal plants are
collected from the wild ecosystem and bred in a controlled environment in order to
ensure adequate stocks. This approach relies on basic understanding of ecological
requirements of medicinal plants for their preservation and maintenance often
involving their cultivation in botanical gardens, herbal gardens, seed banks and gene
banks and other agrosystems (Shengji 2001) and at the same time resulting in pro-
motional and dissemination of ethnopharmacological knowledge as well as sustain-
able management for conservation (Innerhofer and Bernhardt 2011; Salako et al.
2014). This is important for sustenance of medicinal plant resources used for pro-
ducing large quantities of human beneficial drugs, and it is often an immediate
action taken to sustain medicinal plant resources (Pulliam 2003; Swarts and Dixon
2009). Wild-growing medicinal plant species may not retain high potency when
grown away from their natural habitats in managed gardens but can have their repro-
ductive materials selected and stored for future replanting.

1.7 Conclusions

Medicinal plants despite being used since prehistoric times still have incalculable
unknown and unexplored potential for human healthcare. There has been dynamic
and continuous expansion in the role of medicinal plants and their products with
changing times. This has led to the need for expanded research in medicinal plants
to get insights into promising leads from these natural products in efforts to produce
new beneficial drug entities. Close collaboration between various scientific and
clinical domains needs to be established with a common endeavour — production of
quality, safe and efficacious products. However, issues like conservation of both
ethno-botanical data and biodiversity must be addressed so as to minimize loss of
genetic resources and also not to upset coexisting balance between plants and
humans which other can result in myriad ecological problems. The accumulated
knowledge regarding cultivation and therapeutic use of medicinal plants needs to be
disseminated across the world and down to generations as well as making it a worth-
while contribution to human healthcare.
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Chapter 2

Secondary Metabolites in Medicinal
and Aromatic Plants (MAPs): Potent
Molecules in Nature’s Arsenal to Fight
Human Diseases

Deepu Pandita and Anu Pandita

2.1 Introduction

Nature has created perfectly complex bioactive chemical compounds that no
synthetic chemist could ever imagine (Brower 2008). Plants act as “biosynthetic
laboratory” for innumerable active molecules that use physiological effects and
provide plants their medicinal assets. Medicinal plants are sources of medicines,
and different traditional systems of medicine are available from time immemorial
of human civilization (Teiten et al. 2013; Verpoorte et al. 2006). According to the
World Health Organization (WHO), beyond 80% of global population in developing
countries relies mostly on plant-based traditional drugs and medicines for primary
healthcare necessities (Vines 2004). The World Health Organization (WHO 1993)
accepted significance of traditional medicine-based novel drug discovery in the con-
temporary medicines. In the West, 25% of pharmaceutical molecules have plant
origin (Payne et al. 1991). Till 1991, only 5000 species out of 250,000-300,000
were investigated for medicinal properties (Payne et al. 1991). The broad investiga-
tion on the medicinal plants from 500,000 existing diversities of the plant kingdom
will lead to sequestration of the novel bioactive phytocompounds for the forthcom-
ing drug molecule repository findings in the modern medicine system (Fowsiya
and Madhumitha 2017; Ngo et al. 2013). The oldest record of plant based medi-
cines was 5000-3000 BC in Alps from Otzi by Iceman (Inoue and Craker 2014).
Some 40,000 plant species find ethnomedicinal use (Trease and Evans 2002). Out
of 20,000 Indian medicinal plant species, 800 were phytochemically used for treat-
ment of diseases (Kamboj 2000). Modern synthetic medicines and antibiotics have
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become available only during the last 150 years (Bellamy and Pfister 1992; Hénsel
et al. 2007; Mutschler et al. 2008; Schmeller and Wink 2008). Before that humans
mostly relied on plant-based natural drugs. The goldmine of well-recorded medici-
nal and aromatic plants is available for traditional Chinese, Indian (Ayurvedic,
Siddha, and Unani), African, Kampo, American, European, and Australian herbal
medicine systems (Bruneton 2002; Chevallier 2001; Duke 2002; Saller et al. 1995;
Tyler 1993, 1994; Van Wyk and Wink 2004, 2015; Van Wyk et al. 2015; Wagner
et al. 2007; Weif3 and Fintelmann 2002; Wichtl and Bisset 2000; Wiesenauer 2012).
In industrialized countries complementary and alternative medicine (CAM) sys-
tems were adapted by 65% of the population (Baser 2005). For promotion of the
appropriate utilization of the traditional medicinal/CAM systems, the World Health
Organization has expanded Traditional Medicine Strategy focusing on policy,
safety/quality/efficacy, access, and rational use of traditional medicinal/CAM sys-
tems (WHO 1998, 2002, 2013). The cure of infections and syndromes in humans
with herbal medicines involves low molecular weight active natural plant secondary
metabolites (Bruneton 2002; Chevallier 2001; Duke 2002; Saller et al. 1995; Tyler
1993, 1994; Van Wyk and Wink 2004, 2015; Van Wyk et al. 2015; Wagner et al.
2007; Weil} and Fintelmann 2002; Wichtl and Bisset 2000; Wiesenauer 2012; Bown
1995; Bejeuhr 1994, 1998).

Secondary metabolites of plants are chemical compounds produced from path-
ways of the primary metabolism. Secondary metabolites are “bioactive compounds
eliciting pharmacological or toxicological effects in man and animals.” Albrecht
Kossel proposed the concept of secondary metabolites for the first time and received
Nobel Prize for Physiology or Medicine in 1910 for this pioneering research (Jones
and Kossel 1953). Later on secondary metabolites were termed end products of nitro-
gen metabolism by Czapek, produced due to secondary modifications, for instance,
deamination (Bourgaud et al. 2001). The secondary metabolite-rich medicinal plants
with wide array of biological and pharmacological properties act as an alternate route
for the drug discovery. Plant metabolome contains approximately 4000 compounds,
and there are over 2,000,000/2,140,000 known plant secondary metabolites in plant
kingdom with different functions (Bino et al. 2004; McMurry 2015; Sepulveda
et al. 2003). Morphine was isolated from opium poppy plant in 1804 by Friedrich
Serturner which led to the concept that plant bioactive compounds have therapeutic
properties (Busse 2006; Jonsson et al. 1988; Kinghorn 2001; Samuelsson 2004).

Medicinal and aromatic plants (MAPs) include variety of species which produce
numerous natural plant-based compounds essential for mankind. A lot of plants are
bestowed with the traits of both the aromatic and medicinal plants, but all plant
kingdom members do not own this twofold quality. Essential oils and aromatic
chemicals may possess antibacterial, anti-inflammatory, expectorant, and sedative
properties (Krings and Berger 1998; Rowe 2004). There are various instances of
non-aromatic but medicinal plants which produce active metabolites with pharma-
cological properties, for instance, Digitalis spp. Some other plants, for instance,
Jasminum spp., are principally known as aromatic plants and used because of their
valuable aroma (Barata et al. 2011). Medicinal plants, aromatic plants, and medicinal
and aromatic plants (MAPs) are three different groups of plants with prominent
differences as given in Table 2.1.
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Table 2.1 Medicinal plants, aromatic plants, and medicinal and aromatic plants (MAPs)

Medicinal and aromatic
Medicinal plants Aromatic plants plants (MAPs)

Medicinal plants constitute an Aromatic plants have MAPs are bestowed with the
independent unit in plant systems | pleasant taste and odor and | properties of both the
of economic botany (Simpson and | include spices, condiments, | medicinal plants as well as

Conner-Ogorzaly 1986), e.g., and flavoring plants, e.g., | the aromatic plants

Digitalis spp. Jasminum spp.

Biologically active substances or Essential oils, flavors, and | MAPs include products

drug constituents with medicinal fragrances can be extracted |ranging from traditional and
value by Western standards can be | from aromatic plants at modern medicines, healthcare
isolated from the medicinal plants | industrial level products, and food industry
(Farnsworth and Solejarto 1991) to cosmetics (Hornok 1992)

2.2 Primary Metabolites Versus Secondary Metabolites

On the basis of the biological prerequisites in plant kingdom, naturally occurring
bioactive compounds may be generally categorized into the primary metabolites
and secondary metabolites (SMs). Primary metabolic pathways, for instance, Calvin
cycle, glycolysis, Krebs cycle, and photosynthesis, in plants synthesize primary
metabolites mainly carbohydrates, lipids, amino acids, proteins, and nucleic acids
with the help of chlorophylls (Weinberg 1971). The primary metabolites are ubiqui-
tous in plant kingdom which play vital biological functions like reproduction,
growth, and development required for basic metabolism and plant survival (Fraenkel
1959). With secondary metabolism, the medicinal plants harvest a wide range of
special, small, active principles of Secondary metabolites which do not make
molecular skeleton of plant but play special roles in plant metabolism including
defensive and self-defense functions in plants by interacting with ecosystems, spe-
cialized structures, and in reproduction (Graham et al. 2006; Stamp 2003; Vagujfalvi
1992). Secondary metabolites show low abundance, specificity, and non-ubiquitous
nature. Some secondary metabolites known as accessory health factors are exploited
for promoting public health in addition to basic nutrition (Combs et al. 1996;
Diplock 1999; Krzyzanowska et al. 2009; Wahle et al. 2009). The variance between
primary and secondary metabolites is indistinct, as metabolites like amino acid and
sterol intermediates are overlapping with mosaic nature suggesting biosynthesis
through common biochemical pathways. Primary metabolite amino acids act as a
secondary metabolite as well. The secondary metabolite sterols are part of primary
structural framework of cells (Verpoorte et al. 2000; Yeoman and Yeoman 1996).

2.3 Classification of Secondary Metabolites

Above 200,000 known plant-derived secondary metabolites are subdivided into
nitrogen and nonnitrogen compounds on the basis of diversity in chemical structure,
composition, function, and biosynthesis (McMurry 2015; Sepulveda et al. 2003).
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Fig. 2.1 General classification of secondary metabolites

The nitrogen secondary metabolites consist of alkaloids, whereas nonnitrogen sec-
ondary metabolites comprise terpenoids, steroids, and phenolics produced by bio-
synthetic pathways of the malonic, shikimic, and mevalonic acid (Poiroux-Gonord
et al. 2010; Wink 2015). The alkaloids (12,000) have one or more nitrogen atoms
synthesized from the amino acids. The phenolic compounds (8000) are biosynthe-
sized by pathway of the shikimic acid or malonate/acetate (Rodney et al. 2000). The
general classification of secondary metabolites is given in Fig. 2.1.
A: Nitrogen-Free Secondary Metabolites

2.3.1 Terpenoids and Steroids

At present, over 35,000 terpenoid and steroid compounds are characterized
(Thirumurugan et al. 2018). Terpenoids have diverse range of distinct structures,
whereas steroids (C27) share tetracyclic carbon skeleton and are modified terpenoids
derived from the triterpene lanosterol (Teuscher and Lindequist 2010; Thirumurugan
et al. 2018).
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2.3.1.1 Terpenoids/Terpenes

Terpenoids are the most essential, common worldwide, and major group of second-
ary metabolites among the main plant species. The name terpenoid has originated
from turpentine acquired from pine resins (Breitmaier 2006). Around 25,000 terpe-
noids are derived biosynthetically from five-carbon precursor isopentenyl diphos-
phate (IPP) by mevalonic acid biosynthetic pathway (Rodney et al. 2000;
Thirumurugan et al. 2018). The chemical nature of terpenoids is unsaturated hydro-
carbon backbone in liquid form typically accessible in plant resins and essential oils
(Firn 2010). The basic building block of terpenoid structure includes branched five-
carbon (C5) unit known as the isoprenoid biosynthesized from acetyl-CoA or
3-phosphoglycerate. Repetitive coupling of the isoprene C5 unit gives rise to diverse
categories of terpenoid molecules, for instance, hemiterpene (C5), monoterpene
(C10) (geraniol), sesquiterpene (C15) (farnesol), diterpene (C20) (geranylgeraniol
with having two geraniols), triterpene (C30) (squalene having two sesquiterpenes),
teraterpene (C40) (carotenoids with two diterpene units), and polyterpenes (rubber
with many isopentenyl pyrophosphates). Terpenes show cytotoxic activities against
bacteria, fungi, insects and vertebrates, and infections (Teuscher et al. 2012). In
plants terpenes play different roles in plant defense growth and development
(Ashour et al. 2010), stem elongation, seed germination, flowering, seed dormancy,
senescence, photo-oxidation (Sharoni et al. 2004), and other functions (Aerts and
Mordue 1997; Davies et al. 2007; Thomas et al. 2005).

Monoterpenes

Monoterpenes with an aromatic fragrance are broadly found in various gymno-
spermic and angiospermic families such as Asteraceae, Burseraceae, Apiaceae,
Lamiaceae, Dipterocarpaceae, Myricaceae, Poaceae, Myristicaceae, Verbenaceae,
and Rutaceae and resin of conifers. In angiosperms, monoterpenes attract pollina-
tors. Monoterpenes can be isolated as essential oils from plants which find use in
aroma therapy and phytomedicines for treatment of rheumatism, infections, cold,
flatulence, and spasms, as stomachic, and for improvement of taste (Van Wyk
et al. 2015; Van Wyk and Wink 2004, 2015). Monoterpenes are volatile and non-
volatile (iridoids). Volatile monoterpenes are part of essential oils which are mix-
tures of monoterpenes, sesquiterpenes, and phenylpropanoids. Monoterpenes with
double bonds can be cyclic, non-cyclic, and bicyclic linear type with substituents
of hydroxyl, carbonyl, and acetoxy. Thujone monoterpenes (Tanacetum vulgare,
Artemisia absinthium, Thuja spec.) alkylate proteins of neuronal signal transduc-
tion and cause neuronal disorders (Teuscher and Lindequist 2010; Van Wyk et al.
2015; Van Wyk and Wink 2004, 2015). Sabinene and sabinol (Juniperus sabina)
bind with protein SH groups and change their conformation. Dialdehydes poly-
godial and warburganal (Polygonum hydropiper, Drimys aromatica, Warburgia
salutaris) and cynaropicrin, helenalin, lactupicrin, and parthenolide sesquiterpene
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Fig. 2.2 Chemical structures of some monoterpenes: (a) linalyl acetate (Lavandula angustifolia;
(b) linalool (Ocimum basilicum, Lavandula angustifolia); (¢) geraniol (Lavandula angustifolia,
Cymbopogon citratus); (d) eucalyptol/1,8-cineole (Rosmarinus officinalis); (e) (—)-a-thujone,
(+)-p-thujone (Salvia officinalis); (f) borneol, menthol, menthone (Mentha spicata, M. piperita);
(g) estragole (methyl chavicol) (Ocimum basilicum); (h) pinene (Pinus spp.); (i) thymol, carvacrol
(Thymus spp., Monarda punctata, Origanum vulgare, Satureja Montana)

lactones (Asteraceae, Apiaceae, Menispermaceae, Magnoliaceae, Lauraceae and
fern pteridophytes) (Teuscher et al. 2012; Van Wyk et al. 2015; Van Wyk and Wink
2004, 2015) have anti-inflammatory properties. Sesquiterpene lactones (Achillea,
Matricaria, Arnica, Parthenium) behave as anti-inflammatory, antibacterial, expec-
torant, antifungal, and antiparasitic (Van Wyk et al. 2015; Van Wyk and Wink
2004, 2015). Monoterpenes of Mentha sp. can be used as relaxants against spasms
and cramps (Teuscher et al. 2012; Van Wyk et al. 2015; Van Wyk and Wink 2004,
2015). The chemical structures of some of the important monoterpenes are drawn
in Fig. 2.2.

Diterpenes

Diterpenes have a lot of forms. Cyclic compounds are produced from geranyl-
geranyl pyrophosphate. Several central diterpene skeletons include abietane,
kaurane, clerodane, cembrane, taxane, and tiglane. The species of genera like
Croton, Daphne, Euphorbia, and Thymelaea contain highly toxic diterpenes.
Tanshinones I and II (Salvia miltiorrhiza) aid in urea excretion and angina pec-
toris, marrubiin (Marrubium vulgare) is expectorant and choleretic; forskolin
(Coleus forskohlii), grindelic acid (Grindelia squarrosa, G. robusta, G. humilis),
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Fig. 2.3 Basic structure skeletons of diterpenes: (a) abietane, (b) clerodane, (c¢) kaurane, (d) cem-
brane, (e) taxane. Chemical structures of some diterpenes: (f) marrubiin (Marrubium vulgare), (g)
forskolin (Coleus forskohlii), (h) taxol (Taxus brevifolia)

and taxol (Taxus brevifolia) possess anticarcinogenic potential. Phorbol esters
(Euphorbiaceae and Thymelaeaceae) have toxic, purgative, and tumor-promoting
effects (Teuscher and Lindequist 2010; Van Wyk et al. 2015; Van Wyk and Wink
2004, 2015), whereas phorbol esters of Daphne mezereum produce laxatives and
blister-forming drugs (Van Wyk et al. 2015; Van Wyk and Wink 2004, 2015; Wink
and van Wyk 2010); romedotoxin and atractyloside (Ericaceae, Pieris, Gaultheria,
Ledum, Kalmia, Rhododendron) are neurotoxic and cause bradycardia, hypoten-
sion, or death (Van Wyk et al. 2015; Van Wyk and Wink 2004, 2015; Wink and van
Wyk 2010); and atractyloside (Atractylis gummifera) blocks energy supply of cells
and organisms (Wink and van Wyk 2010). The chemical structures of some diter-
penes are drawn in Fig. 2.3.

Triterpenes

Triterpenes which are mainly the glycoside and ester members are produced from
30C atoms comprising squalene present in certain fish oils and some plants. The
important triterpene skeletons of medicinal plants are ursane, lupine, and oleanane
pentacyclic triterpenes and tetracyclic dammarane which may contain double
bonds, carboxylic groups and hydroxyl groups (ursolic acid, oleanolic acid), or oxo
groups. Saponins occur as triterpenes and steroids in various species. Hederacoside
C (Hedera helix) causes skin disorders, whereas asiatic acid (Centella asiatica)
causes venous insufficiency and skin disorders. Protoprimulagenin A and echino-
cystic acid (Primula veris) treat cough and skin disorders. Presenegenin glycosides
(Polygala senega) have antitussive effects against cough. Bioactive steroids phy-
toecdysones (Achyranthes, Ajuga, Podocarpus, Rhaponticum, Silene, Vitex) show
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Fig. 2.4 Chemical structures of some triterpenes: (a) protopanaxadiol (Panax ginseng), (b) pro-
topanaxatriol (Panax ginseng), (¢) presenegenin glycoside (Polygala senega), (d) protoprimula-
genin A (Primula veris), () echinocystic acid (Primula veris), (f) faradiol (Calendula officinalis),
(g) eleutheroside I-M (Eleutherococcus senticosus), (h) glycyrrhizin (Glycyrrhiza glabra), (i)
cucurbitacins (Cucurbitaceae)

antiherbivore defense (Wink and van Wyk 2010). Steroidal glycosides, cucurbitacins
(Cucurbitaceae), show cytotoxic, diuretic, abortifacient, and anti-rheumatism
effect and inhibit tumor growth and nasopharyngeal carcinoma and muscle pain
(Teuscher and Lindequist 2010; Van Wyk et al. 2015; Van Wyk and Wink 2004,
2015; Wink and van Wyk 2010). The chemical structures of some triterpenes are
drawn in Fig. 2.4.

Tetraterpenes

Carotenoids (600 naturally occurring) which denote the most significant tetrater-
penes with documented health benefits are extremely lipophilic compounds associ-
ated with biomembranes. Carotenoids can be acyclic (such as lycopene) or have one
or two cyclic rings (such as -carotene and provitamin A). Tetraterpenes in chloro-
plasts function as accessory pigments which play a central role in photosynthesis
and give plants protection from UV radiation. Carotenoids in nutrients and drugs are
potent antioxidants (Van Wyk et al. 2015; Van Wyk and Wink 2004, 2015; Wink and
van Wyk 2010). Carotenoids are vitamin A precursors to produce retinal and reti-
noic acid. Some carotenoids are ABC transporter inhibitors which when applied
together with cytotoxic drug lead to reversal of drug resistance (Eid et al. 2012). The
chemical structures of some tetraterpenes are drawn in Fig. 2.5.
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Fig. 2.5 Chemical structures of some tetraterpenes: (a) bixin (Bixa orellana), (b) crocetin, (c)
crocin (Crocus sativus), (d) lutein (Tagetes erecta)

Polyterpenes

These consist of isoprene units which are 100-10,000 in number. Polyterpenes are
noticeable in latex of families of Apocynaceae, Euphorbiaceae, Moraceae,
Asteraceae, and Sapotaceae. Rubber (Hevea brasiliensis) or gutta-percha of family
Euphorbiaceae is commercially used polyterpene (Van Wyk et al. 2015; Van Wyk
and Wink 2004, 2015; Wink and van Wyk 2010).

Saponins

Saponins are bioactive components which produce foam over the surface on shak-
ing with water due to drop in surface tension caused by grouping of the lipophilic
sugar moiety (Guclu-Ustundag and Mazza 2007). The saponins occur as steroid
glycosides or polycyclic triterpenes (Matsuura 2001) in plants, for instance,
Gynostemma or Bupleurum, Panax, Salvia, Astragalus, Boussigaultia, and litchi,
and include cardiac glycosides with additional five- or six-membered cardenolide or
bufadienolide ring functional groups and steroidal alkaloids. Steroidal saponins
from garlic and allied species exhibit antifungal and antitumor activity and blood
coagulation effects (Purmova and Opletal 1995). Steroid saponins are typical for a
number of monocot families and Araliaceae, Plantaginaceae, Fabaceae, Solanaceae,
and Scrophulariaceae dicot members. Triterpene saponins are copious in a number
of dicot families, for instance, Amaranthaceae, Phytolaccaceae, Caryophyllaceae,
Poaceae, Ranunculaceae, Primulaceae, and Sapotaceae and lacking in gymno-
sperms (Van Wyk et al. 2015; Van Wyk and Wink 2004, 2015; Wink and van Wyk
2010). Cardenolides occur in Apocynaceae (Apocynum, Periploca, Nerium,
Strophanthus, Xysmalobium, Thevetia), Celastraceae (Euonymus), Brassicaceae
(Erysimum, Cheiranthus), Plantaginaceae (Digitalis), Convallariaceae (Convallaria),
and Ranunculaceae (Adonis). Bufadienolides are found in Asparagaceae (Urginea),
Crassulaceae (Kalanchoe), and Ranunculaceae (Helleborus) (Van Wyk et al. 2015;
Van Wyk and Wink 2004, 2015). Cardiac glycosides are neurotoxic. Isolated cardiac
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Fig. 2.6 Chemical structures of some saponins: (a) quillaja saponins (Quillaja saponaria), (b)
cardenolide (Apocynum, Nerium, Periploca, Strophanthus, Thevetia, Xysmalobium), (¢) bufadi-
enolide (Urginea, Kalanchoe, Helleborus)

glycoside phytomedicine can be used for treatment of patients with cardiac insuffi-
ciency (Mutschler et al. 2008; Teuscher et al. 2012; Teuscher and Lindequist 2010;
Van Wyk et al. 2015; Van Wyk and Wink 2004, 2015; Wink and van Wyk 2010).
Diosgenin, cincholic acid, gypsogenin, acetic acid, oleanolic acid, and hecogenin
saponins show hypolipidemia and anticancer properties (Guclu-Ustundag and
Mazza 2007). The saponins find use in traditional medicine as anti-infection (Van
Wyk et al. 2015; Van Wyk and Wink 2004, 2015). Saponins aggravate Nervus vagus
in the stomach inducing secretion of water in bronchia. Saponin phytomedicines
(Hedera helix, Primula veris) act as secretolytic agents (Van Wyk et al. 2015; Van
Wyk and Wink 2004, 2015; Wink and van Wyk 2010). Saponins inhibit lipid perox-
ide formation in cardiac muscles; change function of liver enzymes; reduce coagu-
lation of blood, cholesterol levels, and blood sugar content; stimulate immune
system (Xu et al. 1996); and show chemotherapeutic value (Hecht 2004).
Mussaendoside O saponins isolated from M. pubescens possess anti-toxicity, hemo-
lytic, and immunopromotive activities (Thakur et al. 2011). The chemical structures
of some of the central saponins are drawn in Fig. 2.6.

2.3.1.2 Steroids

Plant steroids include several subgroups such as cardenolides and bufadienolides
cardiac glycosides, ecdysterols, sterols, pregnane derivatives, steroid saponins, and
steroid alkaloids. Pregnane derivatives occur in Asclepias spp. and Vitex agnus-
castus, and cardiac glycosides occur in several plants (such as Digitalis). The
[-sitosterol and sigmasterols are ubiquitous in plants in free and ester or glycoside
forms. Urtica dioica has huge number of sitosterols, and Cucurbita pepo contains
seven sterols which affect benign prostate hypertrophy. Dioscorea floribunda,
Dioscorea composita, Dioscorea deltoidea, and Dioscorea mexicana have diosgenin
and tigogenin, Agave sisalana has hecogenin, and Trigonella foenum-graecum has
diosgenin glycosides. Diosgenin and hecogenin form initial materials in hormone-
steroid industries. The length and composition of cardiac glycoside sugar moiety
and substituents on steroid skeleton impacts cardiac activity of glycosides. Purpurea
glycosides A-E and lanatosides A—E are glycosides of digitoxigenin, digoxigenin,
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and gitoxigenin in Digitalis purpurea and Digitalis lanata. The various species of
Strophanthus such as S. kombe, S. gratus, S. hispidus, and S. sarmentosus,
Convallaria majalis, and Adonis vernalis have strophantidin glycosides. Drimia
maritima mainly possess bufadienolides like proscillaridin, and Helleborus odorus
has hellebrigenin as the chief element of aglycones of the cardiac glycosides.

2.3.2 Phenolics

Phenolic compounds contain a low molecular weight single aromatic ring attached
by at least one hydroxyl functional group besides, very large, complex and multi-
ringed species and produced by shikimate or malonate pathway (Goldberg 2003;
Taiz and Zeiger 2002). Polyphenols with multi-phenolic rings and phenolic OH
groups occur in most drugs with antioxidant, sedating, anti-inflammatory, antimi-
crobial, antiviral, and wound-healing properties (Van Wyk et al. 2015; Van Wyk and
Wink 2004, 2015; Wink and van Wyk 2010). Above 8000 polyphenolic compounds
are reported and are further subclassified into flavonoids and non-flavonoids
(Crozier et al. 2006; Somasegaran and Hoben 1994). Condensed tannins follow
either pathway, while ellagitannins are produced by only shikimate pathway
(Salminen and Karonen 2011). Moieties phenylpropanoids and polyketides on con-
densation generate flavonoids, chalcones, stilbenes, catechins, and anthocyanin
compounds having two aromatic rings with phenolic hydroxyl or methoxyl groups
(Dewick 2001; Harborne and Baxter 1993). A number of simple phenolics and their
plant sources are listed in Table 2.2.

2.3.2.1 Flavonoids and Anthocyanins
Flavonoids, generic name, are the major group of natural polyphenol second-
ary metabolites with over 7000 flavonoid chemical structures (2000 known)

and 500 occurring in free state abundantly present in wide range of plants

Table 2.2 Sources of some simple phenolics

Plant sources Simple phenolics
Dryopteris filix-mas and other Filicic acid, aspidinol, albaspidin which are the
Dryopteris species (Polypodiaceae) taenicide phloroglucinol derivatives

Mallotus philippinensis (Euphorbiaceae) | Antidepressant phloroglucinol derivatives

Hypericum perforatum (Hypericaceae) | Hyperforin

Humulus lupulus Humulone and lupulone

Cannabis sativa (Cannabaceae) Cannabinoids with hallucinogenic compound THC
(A9-tetrahydrocannabinol)

Arctostaphylos uva-ursi (Ericaceae) Arbutin (D-glucoside of methyl hydroquinone)

Salix purpurea, S. fragilis, S. alba, Anti-inflammatory salicin

Filipendula ulmaria
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(Andersen and Markham 2006; Evans 2009; Harborne and Herbert 1999; Yonekura-
Sakakibara et al. 2008). Flavonoids, secondary metabolites, have low molecular
weight aromatic structural skeleton with chroman ring having an aromatic ring at
2, 3, and 4 positions (Robards and Antolovich 1997). Flavonoids are hydrophilic
compounds and complement the hydrophobic carotenoids (Rice-Evans et al. 1997).
Flavonoids are divided on the basis of degree of unsaturation and oxidation level
of central 3C bridge in flavone skeleton between phenyl groups of flavonoids into
various subgroups, for instance, flavanols (epicatechin, catechin, proanthocyani-
dins), flavanones (naringenin, hesperetin, eriodictyol), flavonols (quercetin, myric-
etin, kaempferol, isorhamnetin), flavanonols (dihydroquercetin, dihydromyricetin),
flavones (apigenin, luteolin), isoflavones (daidzein, genistein), anthocyanidins
(delphinidin, cyanidin, malvidin, pelargonidin, petunidin), flavan-3-ols, and proan-
thocyanidins (Le Marchand 2002; Rhodes 1996). Flavonoids give color to flower
petals which attracts the insect pollinators and act as chemical messengers in plants
for regulation of physiological function of plant cell. Quercetin, kaempferol, and
quercetin flavonols are broadly dispersed over 70% of plant species (Karr 2007).
Flavan-3-ols are most complex group in structure and include monomeric catechin,
epicatechin, and oligomeric and polymeric proanthocyanidins (Crozier et al. 2006).
Flavones and allies are yellow in color and widely distributed in nature along with
Polygonaceae, Leguminosae, Rutaceae, Umbelliferae, and Asteraceae. The action
of Chamaemelum nobile, Glycyrrhiza glabra, and Ginkgo biloba flavonoids-based
drugs is known. Betula pendula, Sambucus nigra, Calendula officinalis, Tilia cor-
data, Equisetum ramosissimum, Leonurus cardiaca, and Passiflora edulis contain
flavonoids and have been included in British Pharmacopoeia (Montanher et al.
2007; Serafini et al. 2010). Naringin, neoeriocitrin, and neohesperidin are bit-
ter in taste, while dihydroflavonol taxifolin 3-O-acetate, 6-methoxytaxifolin, and
6-methoxyaromadendrin 3-O-acetate are sweet (Van Wyk et al. 2015; Van Wyk
and Wink 2004, 2015; Wink and van Wyk 2010). Flavonoids give pigmentation
to leaves and fruits, attract and repel insects, and protect plants from herbivores
(Iwashina 2003; Koes et al. 2005). Anthocyanins-based blue or red dye is influenced
by glycosylation degree, H ion concentration, and existence of some metals in cell
vacuole (Dewick 2001). Anthocyanins possess antioxidant value and find use in
phytomedicine or nutraceuticals to avoid ROS-linked health syndromes (Teuscher
and Lindequist 2010).The chemical structures of some of the important flavonoids
are drawn in Fig. 2.7.

2.3.2.2 Stilbenes

Stilbenes have basic skeleton of C6-C2-C6 and are small, heartwood constituents
widely distributed in Pinus, Eucalyptus, and Madura (Seigler 1998). Phytoalexins
are produced under pathogen attack (Crozier 2008). Para-hydroxylated resvera-
trol is the most commonly occurring stilbene in nature such as in Picea, Pinus,
Fabaceae, Myrtaceae, and Vitaceae. Resveratrol possesses antioxidant, antibacterial,
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Fig. 2.7 Chemical structures of some flavonoids: (a) catechin, (b) hesperetin, (¢) naringenin, (d)
eriodictyol, (e) quercetin, (f) kaempferol, (g) myricetin, (h) petunidin, (i) pelargonidin, (j) genis-
tein, (k) cyanidin, (I) delphinidin

antifungal, and estrogen-like potential, improves lipid profile and glucose levels
in high-fat diets, and makes several drugs and nutraceuticals (Gehm et al. 1997;
Rocha et al. 2009; Van Wyk et al. 2015; Van Wyk and Wink 2004, 2015; Wink
and van Wyk 2010). Isoliquiritigenin and glyceollin II inhibit mitochondrial mono-
amine oxidase and uncouple mitochondrial oxidative phosphorylation. Chalcone
O-glycoside phloridzin of Pieris and Rhododendron inhibits the transport of glu-
cose at biomembranes (Van Wyk et al. 2015; Van Wyk and Wink 2004, 2015; Wink
and van Wyk 2010).

2.3.2.3 Catechins and Tannins

Catechins make a distinct flavonoids class which frequently undergo dimerization
to procyanidins or polymerization to oligomeric procyanidins. Tannins which pre-
cipitate proteins have two main types: hydrolyzable tannins and non-hydrolyzable
or condensed tannins. The conjugate or condensed tannins or proanthocyanidins
have structures according to oligomeric flavonoid precursors with more than 10 OH
groups. The tannin-protein interactions allow application of plants with catechins in
phytotherapy. Crataegus monogyna can be used in heart complications (Teuscher
et al. 2012; Teuscher and Lindequist 2010; Van Wyk et al. 2015; Van Wyk and Wink
2004, 2015; Wink and van Wyk 2010). Hydrolyzable tannins are formed from gallic
and hexahydroxydiphenic acids and have two types, gallotannins (made of gallic
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acid) and ellagitannins (made of ellagic acid). Geraniin ellagitannins were isolated
from Geranium robertianum and G. maculatum, and tellimagrandins 1 and 2 were
isolated from Punica granatum, Quercus alba, and Filipendula ulmaria (Catarino
etal. 2017; Evans 2009; Yi et al. 2004). Gallotannins have esters between gallic acid
and sugars along with numerous gallic acid moieties linked by ester bonds.
Gallotannins find wide distribution in bark, leaves, and fruits of plants. Gallotannins
can be condensed with catechins having numerous phenolic hydroxyl groups to
form stable protein-tannin complexes and show interaction with various protein tar-
gets in microbes and animals (Van Wyk et al. 2015; Van Wyk and Wink 2004, 2015;
Wink and van Wyk 2010). Quercus infectoria and other Quercus spp., Rosa gallica,
Alchemilla glabra, Hamamelis virginiana, Krameria triandra, Potentilla erecta,
Crataegus monogyna, C. laevigata, Polygonum bistorta, Rubus spp., Geum urba-
num, Fragaria vesca, Uncaria tomentosa, Vitis vinifera, Acacia catechu, Corylus
avellana, and Rhus hirta are source of tannins. Camellia sinensis and Hamamelis
virginiana contain both hydrolyzable and non-hydrolyzable tannins (Puneet et al.
2013). Tannins are used both in traditional and modern phytotherapy and have anti-
oxidant, anti-inflammatory, anti-diarrheal, antiparasitic, antibacterial, antifungal,
cytotoxic, and antiviral potential. Agrimonia, Krameria, Alchemilla, Potentilla,
Fragaria, Ribes, Quercus, and Sanguisorba have anti-inflammatory and anti-
infection properties (Teuscher et al. 2012; Teuscher and Lindequist 2010; Van Wyk
et al. 2015; Van Wyk and Wink 2004, 2015; Wink and van Wyk 2010).

2.3.2.4 Coumarins and Furanocoumarins

Coumarins and furanocoumarins (FC) are derived from building blocks of phenyl-
propanoids (benzo-a-pyrone, lactone of O-hydroxycinnamic acid). Over 700/1000
aromatic structures of coumarins have been determined (Dewick 2001). Coumarins
occur in 150 species of 30 families. Richest sources of coumarin are Dipteryx odo-
rata, Melilotus spp. and Galium odoratum (Hoffmann 2003), Atropa belladonna,
Daphne mezereum, Datura stramonium, Ruta graveolens and Aesculus hippocasta-
num, and Anthoxanthum odoratum (Poaceae) and Rosaceae, Apiaceae, Asteraceae,
Rutaceae, and Fabaceae families (Evans 2009). Aesculetin in Aesculus hippocasta-
num, melilotsid in Melilotus officinalis, khellin (furanochromone) and visnadin in
Ammi visnaga, A. majus, Hieracium pilosella, Angelica archangelica, Galium odo-
ratum, Dipteryx odorata, and umbelliferone, scopoletin, umbelliferone, and hernia-
rin coumarins are common in plant kingdom. Furanocoumarins have a 3rd furan
ring and linear (psoralen) and angular (angelicin) types. These are abundantly found
in Apiaceae (up to 4%), Rutaceae, and Psoralea bituminosa (Fabaceae) (Van Wyk
et al. 2015; Van Wyk and Wink 2004, 2015; Wink and van Wyk 2010). Coumarins
are anti-inflammatory, antimicrobial, anticoagulant, anti-edemic, anticancer, and
anti-Alzheimer’s (Teuscher et al. 2012; Van Wyk et al. 2015; Van Wyk and Wink
2004, 2015; Wink and van Wyk 2010; Xu et al. 2015). Furanocoumarins are muta-
genic and carcinogenic. 8-MOP is used for treatment of psoriasis and vitiligo (Van
Wyk et al. 2015; Van Wyk and Wink 2004, 2015; Wink and van Wyk 2010).
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2.3.2.5 Lignans and Lignin

Lignans are complex dimeric structures of phenylpropanoids with four subtypes
(dibenzylbutane derivatives, dibenzyl butyrolactones, monoepoxy lignans, and
bisepoxylignans) and occur mainly in Achillea lingulata (Asteraceae) (Saeidnia
et al. 2011), Cedrus deodara (Pinaceae) (Sharma et al. 2008), and Fagara heitzii
(Rutaceae) (Mbaze et al. 2009). Lignans are antimicrobial and antifungal (Seigler
1998). Cedrus deodara containing wikstromal, dibenzyl butyrolactol, and
matairesinol are cytotoxic (Sharma et al. 2008).

Vixcum album and Eleutherococcus senticosus lignans have adaptogenic poten-
tial. Podophyllotoxin which is an inhibitor of microtubule formation with potent
anticancer effect occurs in Anthriscus, Linum, and Podophyllum peltatum.
Pinoresinol and allied compounds are cAMP phosphodiesterase inhibitors, insecti-
cidal, cytotoxic, and immune modulating (Teuscher and Lindequist 2010; Van Wyk
et al. 2015; Van Wyk and Wink 2004, 2015; Wink and van Wyk 2010). Silybin,
silandrin, and silychristin flavanolignans from Silybum marianum (Asteraceae) are
hepatoprotective and useful in poisoning of Amanita and damages due to liver cir-
rhosis. Schisandra chinensis (Schisandraceae) is effective against hepatitis (Teuscher
et al. 2012; Van Wyk et al. 2015; Van Wyk and Wink 2004, 2015; Wink and van
Wyk 2010).

B. Nitrogen-Containing Secondary Metabolites

2.3.3 Alkaloids

Alkaloids represent the most active and are composed of organic compounds
(protein molecules) carbon, oxygen, and hydrogen with one or several nitrogen
atoms in a heterocyclic ring structure (true alkaloids) or in a side chain (pseudoal-
kaloids). The true alkaloids have N-atom (originated from essential amino acids)
in a heterocyclic ring. Sometimes phosphorus, chlorine, sulfur, and bromine also
exist (Hegnauer 1963; Nicolaou et al. 2011). There are over 12,000 recognized
natural alkaloids present in 20% of plant species, and their basic structure contains
basic amine group (Thirumurugan et al. 2018). The nitrogen of the nitrogen-based
alkaloids protect plant cells from bacteria, viruses, or microorganisms, herbivore
attacks, ecological turbulences, and climatic changes. On the basis of alkaloid ring
structures, subgroups such as aromatics, acridones, bisindoles, carbolines, ergots,
ephedras, imidazoles, indolizidines, indoles, manzamines, oxindoles, phenylethyl-
amines, phenylisoquinolines, purines, pyrrolidines, piperidines, pyrrolizidines,
pyridines, pyrroloindoles, quinozolines, quinolines, and tetrahydroisoquinolines
are available (Dewick 2001; Tadeusz 2015). Alkaloids are predominant in roots
and seeds of families such as Chenopodiaceae, Boraginaceae, Berberidaceae,
Lauraceae, Menispermaceae, Magnoliaceae, Convolvulaceae, Ranunculaceae,
Fumariaceae, Papaveraceae, Rutaceae, Apocynaceae, Rubiaceae, Loganiaceae, and
Solanaceae and subfamilies such as Leguminosae, Lobelioideae, and Senecioneae
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(Evans 2009). The alkaloids have pharmacological properties of central nervous
system (CNS) stimulation, anesthesia effects (Madziga et al. 2010), anticancer and
chemotherapeutic potential of the mutagenic paclitaxel or camptothecin and vinca
alkaloids, and have antibacterial, antifungal, and antiviral nature (Teuscher and
Lindequist 2010; Wink and van Wyk 2010). Different alkaloids, codeine and san-
guinarine (Papaveraceae) and pyrrolizidine (Asteraceae), show various biological
effects (Crozier 2008; Roberts et al. 2010). Berberine (Berberidaceae genera such
as Argemone mexicana, Phellodendron amurense, Xanthorhiza simplicissima) has
anti-inflammatory, antiviral, antibacterial, and anticancer effects (Agyapong et al.
2013; Kimetal. 2010; Zha et al. 2010; Zhang et al. 2010). Cocaine (Erythroxylaceae
genera such as Conium maculatum, Sarracenia flava) are neurotoxins (Hajek et al.
2013; Panter et al. 2013), and vinblastine, vinorelbine, vincristine, and vindesine
(Apocynaceae genera such as Catharanthus roseus G.) have antitumor and anti-
diabetic effects and lower high blood pressure (Jordan and Leslie 2004; Moudi
et al. 2013). The reserpine lowers high blood pressure (Reyburn et al. 2009); toma-
tine (Solanum lycopersicum) has anticancer, antifungal, and immune effects (Gao
and Hu 2010; Morrow et al. 2004; Tomsik et al. 2013); and strychnine (Strychnos
nux-vomica) has anticonvulsant and pesticide effects (Dopham et al. 2014; Jensen
et al. 2006; Umukoro et al. 2013). The cytisine (Cytisus laburnum) acts as acetyl-
choline agonist (Porreca et al. 1983; West et al. 2011). Quinines (Cinchona suc-
cirubra, Cinchona calisya, Cinchona ledgeriana) are antimalarial, antipyretic, and
anti-inflammatory (Adnyana 2013; El-Tawil et al. 2010; Fewell and Roddick 1993;
Mwita et al. 2012; Reyburn et al. 2009), whereas atropine (Mandragora officina-
rum) has muscarinic antagonist, anti-myopia, and anti-cholinergic value (Gu et al.
2011; McBrien et al. 2013).

2.3.3.1 Ornithine-Derived Alkaloids

Tropane alkaloids (TAs) are predominant in families of Solanaceae and
Erythroxylaceae. The main TA representatives are L-hyoscyamine (its raceme
mixture is atropine) and hyoscine (L-scopolamine). Hyoscyamine is CNS stim-
ulant, whereas hyoscine has sedative effect and occurs in Atropa belladonna,
Datura stramonium, D. sanguinea, D. innoxia, D. metel, Duboisia myoporoides,
D. leichhardtii, Hyoscyamus niger, H. muticus, Mandragora officinalis, Physalis,
Physochlaina, Salpichroa, Scopolia carniolica, S. japonica, and Schizanthus
(Solanaceae). Cocaine, cinnamylcocaine, and a-truxilline are analgesic, and
CNS stimulant TAs are present in Erythroxylum coca and E. novogranatense
(Erytroxylaceae). Pyrrolizidine alkaloids have toxic nature, cause hepatic tumors,
and occur in Doronicum, Eupatorium, Petasites, Senecio, Tussilago, Alkanna,
Echium, Lithospermum, and Symphytum. TA shows parasympatholytic proper-
ties, spasmolysis, and loss of motion in the gastrointestinal tract, bladder, and
bronchia and inhibits glandular secretions, tachycardia, and accommodation dis-
turbance. TA has a long history of generating hallucinations and intoxication.
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Hyoscyamine and scopolamine produce hallucinations and central paralysis and
find use as narcosis premedication (Van Wyk and Wink 2004, Wink and van Wyk
2010; Teuscher and Lindequist 2010; 2015; Van Wyk et al. 2015; Teuscher et al.
2012; Wink 2000). Scopolamine cures travel sickness. Datura herbal cigarettes
were used to cure asthma and respiratory disorders. Atropine cures smooth mus-
cle spasms in GI and urinary tract, gall ducts, and bronchia, bradycardia arrhyth-
mia, and hyperhidrosis and is used as antidote in parasympathomimetic poisoning
(Mutschler et al. 2008; Van Wyk and Wink 2004, 2015; Van Wyk et al. 2015;
Wink and van Wyk 2010; Teuscher and Lindequist 2010; 2015; Teuscher et al.
2012; Wink 2000).

2.3.3.2 Lysine-Derived Alkaloids

Lysine-derived alkaloids occur as quinolizidine alkaloids (QA) (sparteine, cytosine,
lupanine, and anagyrine) in Cytisus scoparius. QA are neurotoxins. Examples of
few lysine-derived alkaloids are lobeline, lobelanine, lobelanidine (Lobelia inflata),
piperine (Piper nigrum), nicotine (Nicotiana tabacum, N. glauca, N. rustica), and
pelletierine (Punica granatum). Sparteine treats heart arrhythmia and induces uterus
contraction during delivery in humans. The crooked calf disease occurs in female
pregnant animals on eating anagyrine-rich herbs (Teuscher et al. 2012; Teuscher and
Lindequist 2010; Van Wyk et al. 2015; Van Wyk and Wink 2004, 2015; Wink 2000;
Wink and van Wyk 2010).

2.3.3.3 Phenylalanine and Tyrosine-Derived Alkaloids

Alkaloids of this subgroup arise from phenylalanine and tyrosine. The phenethyl-
amine proto-alkaloids such as mescaline in Lophophora williamsii, cathinone (cen-
tral nervous system stimulant) in Catha edulis, and ephedrine in Ephedra distachya,
E. sinica, and E. gerardina cure asthma and hay fever. Colchicum autumnale has
highly toxic colchicine proto-alkaloid which finds use against gout and chromo-
some multiplication. Hydrastine and berberine isoquinoline alkaloids in Hydrastis
canadensis cure uterine hemorrhage. Fumaria officinalis is choleretic. Phenantridine,
protopine, and other alkaloids occur in Chelidonium majus, Escholtzia californica,
Sanguinaria canadensis, and Papaver rhoeas. Morphine, codeine, thebaine, and
papaverine occur in Papaver somniferum. Morphine and derivative and opium are
traded as illegal drugs.

Various phenylalanine-derived alkaloids of Galanthus, Leucojum, and Narcissus
find use in Alzheimer’s disease. Cephaelis ipecacuanha and C. acuminate have
emetine, psychotrine, and cephaline. Tubocurarine used as a muscular relaxant is
present in Chondrodendron tomentosa and C. candicans. Peumus boldus has anti-
hepatoxic and anti-inflammatory boldine.
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Fig. 2.8 Chemical structures of some alkaloids: (a) hyoscyamine, (b) hyoscine, (¢) pyrrolizidine,
(d) sparteine, (e) lupanine, (f) colchicine, (g) ephedrine, (h) morphine, (i) codeine, (j) thebaine, (k)
papaverine, () nicotine

2.3.3.4 Indole Alkaloids

Indole alkaloids derived from tryptophane or tryptamine amino acids are classified
into smaller and larger groups. Smaller groups are simple indole alkaloids with
substituents on indole ring, e.g., psilocybin in Psilocybe aztecorum and toxic cho-
linesterase inhibitor physostigmine in Physostigma venenosum. The indole alka-
loids’ larger groups can be combined with monoterpene building units. Ergonovine,
ergotamine, ergometrine, ergocristine, ergocryptine, and ergocornine of Claviceps
purpurea are biosynthesized from dimethylallyl pyrophosphate. Monoterpene
indole alkaloids are largest alkaloid group. Strictosidine which serves as an interme-
diate compound of over 2000 indole alkaloids is produced from tryptamine and
secologanin (Bruneton 1999).

The chemical structures of some of the important alkaloids are drawn in Fig. 2.8.

2.4 Functions of Plant Secondary Metabolites

Plants exist on Earth from beyond 400 million years and survived and evolved
through challenges of the drastic conditions of external abiotic and biotic stresses
from herbivores, microbial pathogens, and internal agents. The terminology “sec-
ondary” suggests that molecules are less essential for plants, but as a matter of fact,
these metabolites play vital functions in plants’ adaptation and protection from vari-
ous biotic or abiotic stresses (Fraire-Veldzquez and Balderas-Herndndez 2015;
Harborne 1999; Pavarini et al. 2012). As a defense mechanism against herbivores
and bacteria, fungi, and viruses, thousands of secondary metabolites with different
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Table 2.3 Functions secondary metabolites perform in plants

Secondary metabolites References

Chemical defense mechanism and adaptation | Harborne (1993), Stamp (2003), Seigler (1998),
of plants to their environments, help plants Crozier et al. (2006), Gershenzon and Mary
recover from injury (1983), Singh (2004), Herms and Mattson

(1992) and Taiz and Zeiger (2002)

Protect plants from microbial infections and | Harborne (1993), Seigler (1998), Stamp (2003),
other pathogen attacks by their repellant or Singh (2004), Crozier et al. (2006), Bennett and

toxic nature to defend against predators, Wallsgrove (1994), Gershenzon and Mary
herbivores, pathogens, diseases, and (1983), Herms and Mattson (1992) and Taiz and
allelopathic agents Zeiger (2002)

Contributes to specific odors (smell, color, Harborne (1993), Stamp (2003); Crozier et al.
taste) in plants, attracting pollinators in (20006), Seigler (1998) and Bennett and
pollination and seed-dispersing animals Wallsgrove (1994)

Function as signaling molecules in plant-plant | Bennett and Wallsgrove (1994) and Demain and
competition and plant-microbe symbioses or | Fang (2000)
ecological interactions, metal transport,

competition

Protect plants from ultraviolet radiation Herms and Mattson (1992) and Taiz and Zeiger
(2002)

Tannins contribute to drought tolerance by Herms and Mattson (1992) and Taiz and Zeiger

increasing elastic resilience in plant cell walls | (2002)

structures have evolved during plant development (Schmeller et al. 1997; Seigler
1998; Teuscher et al. 2012; Teuscher and Lindequist 2010; Wink 1988, 1993, 2003,
2008, 2010; Wink et al. 1998). Alkaloids have defense toxic chemicals against her-
bivorous predators and target neuroreceptors at molecular levels or modulate neuro-
nal signal transduction (Teuscher and Lindequist 2010; Van Wyk et al. 2015; Van
Wyk and Wink 2004, 2015; Wink 2000; Wink and van Wyk 2010). Plant secondary
metabolites symbolize stimulating library of bioactive molecules sieved by natural
selection (Wink 2010). SMs function as antioxidants, antibiotic, antifungal, antivi-
ral, UV protectants of DNA and photosynthetic apparatus, anti-germination phyto-
toxics, and signal compounds to fascinate pollinators and seed-dispersal agents
(Dewick 2001; Hartmann 2007; Mattoo et al. 1999; Seigler 1998; Teuscher et al.
2012; Teuscher and Lindequist 2010; Wallace 2007; Wink 1988; Wink 2003). SMs
perform significant ecological roles in plants (Bennett and Wallsgrove 1994), some
of which are enlisted in Table 2.3.

2.5 Biological Potential and Health Benefits of Secondary
Metabolites of MAPs

Ever since the primeval period, man has used plant life as medicine for curing dis-
eases. The traditional medicine systems are most realistic, effective, and naturally
available primary sources of treatment for human disease and ailments (Hosseinzadeh
et al. 2015; Madhumitha et al. 2016; Manivel et al. 2009; Roopan and Khan 2010).
Nature has a huge repository of valuable drug sources and continues to deliver lead
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compounds (Grabley and Thiericke 1999; Tulp and Bohlin 2004). Higher plant
species (50,000-70,000) find place in traditional and modern medicinal systems
throughout the world (Leaman 2008). Pandita et al. (2013a, 2013b) documented
86 medicinal herbs and 105 medicinal tracheophytes from Jammu province (India)
with ethnobotanical utilization against a range of health disorders and reviewed the
pharmacological and phytochemical properties of monocotyledonous and dicotyle-
donous antidiabetic medicinal plants of Jammu and Kashmir UT (India) (Pandita
et al. 2015a, 2015b. Before the recognition of efficacy of pharmacological active
compounds of medicinal plants, the ‘Doctrine of Signatures’ stating that plant
or plant parts resembling body parts can be used to treat disorders of those body
parts, used to be practised (Pandita et al. 2016). Secondary metabolites among the
natural products are of medicinal value (Dobson 2004). Humans use SMs as medi-
cines, spices, perfumes, arrow poisons, and toxins (Wink 2010). Plant fruits and
vegetables contain biologically active phytonutrients used as pharmaceuticals or
nutraceuticals and derivatives of secondary metabolism (Bartosz 2003; Bourgaud
et al. 2001). Saponins lower cholesterol levels (Aazami et al. 2013), and pheno-
lics show antioxidant and anticarcinogenic effect (Waghorn 2008; Waghorn et al.
1994). Taxol is isolated from Taxus brevifolia bark. Taxus species’ leaves contain
10-deacetylbaccatin III which acts as substitute of anticancer taxol compounds.
Hundred compounds with taxan-skeletons are reported in 7axus spp. (Baloglu and
Kingston 1999; Oberlies and Kroll 2004). Carotenoids and tocopherols protect
against cardiovascular and eye diseases, and ascorbic acid, phenolics, and poly-
phenols boost immune system and lower cancer risk (Cho et al. 2007). Phenolic
compounds are present in all types of fruits, vegetables, tea leaves, and green plants
and possess antioxidant, antimicrobial, anticancer, antiseptic, anti-inflammatory
(Pengelly 2004; Rauha et al. 2000; Santos et al. 2000), antiviral (Perez et al. 2003),
vasodilatory (Padilla et al. 2007), neuroprotective (Nichenametla et al. 2006), fun-
gicidal (Prats et al. 2007), bactericidal (Okunade et al. 1997), anti-atherosclerosis
(Tsuda et al. 1997), and cardioprotective effect and improve metabolic disorders
(Kishimoto et al. 2013). Epigallocatechin-3-gallate (EGCG) polyphenol in green
tea has protective role at cellular levels due to antioxidant potential, and high green
tea consumers show reduced risk of Parkinson’s disease (Checkoway et al. 2002;
Hu et al. 2007) and cognitive impairment (Kuriyama et al. 2006; Suh et al. 2009).
Flavonoids are active constituents of numerous herbal medicines (Teuscher et al.
2012; Van Wyk et al. 2015; Van Wyk and Wink 2004, 2015; Wink and van Wyk
2010). Flavonoids are anti-inflammatory, antiallergic, antithrombotic and vasopro-
tective, antitumor, anticancer, antiviral, and antioxidant, protect the gastric mucosa,
and inhibit low-density lipoprotein oxidation which in turn prevents cardiovascu-
lar disorders (Guardia et al. 2001; Hertog et al. 1995; Hooper et al. 2008; Karr
2007; Montanher et al. 2007; Scalbert et al. 2005; Serafini et al. 2010). Isoflavones
resemble female sex hormone estradiol hence known as phytoestrogens. They show
estrogenic and antioxidant potential and impede tyrosine kinases, thus preventing
cancers and menopause in females or osteoporosis-related complications. Glycine
max and Trifolium pratense isoflavones are sold by way of nutraceuticals (Van Wyk
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et al. 2015; Van Wyk and Wink 2004, 2015; Wink and van Wyk 2010). A summary
of various MAPs and their secondary metabolites and pharmacological effects is
presented in Table 2.4.

2.6 Conclusion

This chapter discusses the secondary metabolites, biological activities, and medici-
nal properties of herbal medicines of innumerable MAPs. There has been tremen-
dous in last decade. Secondary metabolites are antibiotic, antifungal, and antiviral
and defend plants from various kinds of pathogens. These possess UV-absorbing
potential and thus prevent leaf damage from harsh light, and forage grasses (alfalfa)
express estrogenic compounds and affect animal fertility (Bennets et al. 1946).
Scientific research on MAPs will boost their consumption and demand and is open-
ing new horizons in the potential of herbal-based medicines and other natural prod-
ucts. Secondary metabolites with notable abovementioned positive pharmacological
and biological activities find important place in the healthcare system and act as
naturally derived molecule substitutes to most of the synthetic medicines and can be
efficiently utilized and exploited in the current medicinal research for the drug dis-
covery against dreaded diseases including cancer, coronaviruses like SARS-CoV
and FCoV, AIDS, and Parkinson’s and Alzheimer’s disease.
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3.1 Introduction

Medicinal and aromatic plants (MAPs) are gaining popularity globally as a source
of raw material for pharmaceuticals and traditional healthcare system (Azaizeh
et al. 2003; Kandari et al. 2012). More than 85% of herbal medicines used in tradi-
tional healthcare systems are derived from medicinal plants (Prasad and Bhattacharya
2003; Phondani et al. 2014) and ensure the livelihoods of millions of people
(Phondani et al. 2011). Medicinal plants are globally valuable sources of new drugs
(Chen et al. 2010; Chacko et al. 2010; Hamilton 2004). There are over 1300 medici-
nal plants used in Europe, of which 90% are harvested from wild resources; in the
United States, about 118 of the top 150 prescription drugs are based on natural
sources (Balunas and Kinghorn 2005). Furthermore, up to 80% of people in devel-
oping countries are dependent on herbal drugs for their primary healthcare, and over
25% of prescribed medicines in developed countries are derived from wild plant
species (Hamilton 2004). With the increasing demand for herbal drugs, natural
health products and secondary metabolites of medicinal plants, the use of MAPs is
growing rapidly throughout the world (Chen et al. 2010).

Medicinal plants offer alternative remedies with tremendous opportunities to
generate income, employment and foreign exchange for developing countries
(Rawat and Uniyal 2004). Many traditional healing herbs and their parts have been
shown to have medicinal value and can be used to prevent, alleviate or cure several
human diseases (Dhar et al. 1999). Consumption of herbal medicines is widespread
and increasing in recent years, and approximately 80% of the people in developing
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countries depend on traditional medicines for primary healthcare needs (Phondani
et al. 2014). The global market for the medicinal plants and herbal medicine is esti-
mated to be worth US$800 billion a year.

MAP species is increasing with the expanding growth of the human population
(Maikhuri et al. 2003). As a result, indiscriminate collection of the MAPs from the
wild is occurring, which has threatened the status of several high-value MAP spe-
cies. This outcome has been widely recognized, and threatened wild species need to
be brought under cultivation (Schippmann et al. 2002). As such, production through
cultivation can reduce the pressure on wild medicinal plant populations and main-
tain uniformity in production. Also, the present approach will prevent environmen-
tal degradation and loss of genetic diversity in the wild (Dhar et al. 2000; Kala
2005). However, indiscriminate collection and overharvesting of MAP species from
their natural habitats have adversely affected their availability. In a wider context,
there is a growing demand for plant-based medicines, health products, pharmaceu-
ticals, food supplements, cosmetics, etc. in the national and international markets.
Conservation and sustainable use of medicinal plants are issued on which immedi-
ate focus is required in the context of conserving biodiversity and promoting and
maintaining the health of local communities, besides generating productive
(Shinwari and Qaiser 2011).

Therefore, approaches for cultivation, sustainable harvesting and protection
against existing threats should be developed for the conservation of MAPs and live-
lihood enhancement of local communities in that region. This has become a priority
agenda as part of meeting the international obligations under the biodiversity con-
vention (Rao et al. 2003). As such, MAP cultivation is emerging as a sector of self-
employment (Maikhuri et al. 2001) and an option for livelihood enhancement versus
the cultivation of traditional food crops (Nautiyal and Nautiyal 2004; Phondani
et al. 2011). Therefore, promoting the cultivation of medicinal and aromatic plants
in the farmer’s field was attempted (1) to evaluate the yield and cost-benefit analysis
of cultivated MAP species and (2) to provide the technical skill to farmers.

The increasing demands for herbal medicines by consumers in both developing
and developed countries have renewed interest in the multinational pharmaceutical
industry in bio-prospecting. But the lack of national legislation or effective interna-
tional agreements on conservation and sustainable use of biodiversity has resulted
in ‘slaughter harvesting’ of medicinal plants and massive depletion of biodiversity
(Phondani et al. 2011). Medicinal plants are globally valuable sources of herbal
products, and they are disappearing at a high speed. This chapter reviews global
trends, developments and prospects for the strategies and methodologies concerning
the conservation and sustainable use of MAPs resources to provide a reliable refer-
ence for the conservation and sustainable use of medicinal plants. We emphasized
that both conservation strategies (e.g. in situ and ex situ conservation and cultivation
practices) and resource management (e.g. good agricultural practices and sustain-
able use solutions) should be adequately taken into account for the sustainable use
of medicinal plant resources. We have further recommended that biotechnical
approaches (e.g. tissue culture, micropropagation, synthetic seed technology and
molecular marker-based approaches) should be applied to improve yield and modify
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the potency of medicinal plants. The present chapter provides a practical example of
economic potential and research on MAPs, which may help policy planners at the
national and international levels in linking livelihood and socio-economic develop-
ment with natural resource conservation.

3.2 Medicinal and Aromatic Plants Diversity

Medicinal plants are grouped for any commercial purposes in the broader category
of ‘medicinal and aromatic plants’ (MAPs), covering not only plants used medici-
nally but also for neighbouring and overlapping purposes, for instance, as foods,
condiments and cosmetics (Schippmann et al. 2002). The term ‘botanicals’ is
becoming commonly used for a wide range of plant-based products. In terms of the
number of species individually targeted, the use of plants as medicines represents by
far the biggest human use of the natural world. Plants provide the predominant
ingredients of medicines in most medical traditions. There is no reliable figure for
the total number of medicinal plants on Earth, and numbers and percentages for
countries and regions vary greatly (Schippmann et al. 2002). More than a tenth of
the plant species (over 50,000 species) are used in pharmaceutical and cosmetic
products. However, the distribution of medicinal plants across the world is not uni-
form, and medicinal herbs are mainly collected from the wildlife population. Indeed,
the demand for wildlife sources has increased by 8—15% per year in Europe, North
America and Asia in recent decades (Verma and Singh 2008). The toxicity and
adverse effects of conventional and allopathic medicines have also been important
factors in the sudden increase in population demand an increase in the number of
herbal drugs manufactures as well as a reduction in the use of chemical drugs
(Rasool Hassan 2012). Among these uses, medicinal plants play a central role, not
only as traditional medicines used in many cultures but also as trade commodities
that meet the demand of often distant markets. Nowadays the centuries-old tradition
of medicinal plants’ application has turned into a highly profitable business on the
world market. Numerous herbal products have been released like patented medical
goods, food additives, herbal teas, extracts, essential oils, etc. (Lange 2002, 2004).
Traditional ethnomedicinal knowledge is a particular and valuable form of indige-
nous knowledge; it is a cultural asset that can be used for the recognition and
preservation of valuable species as well as the habitats in which they occur (Jules
et al. 2008; Gaikwad et al. 2011).

The World Health Organization (WHO) defines traditional MAPs as natural
plant materials which are used at least or in the absence industrial processing for the
treatment of diseases at a local or regional scale (WHO 1999, 2007a, b, 2009, 2010,
2013; Tilburt and Kaptchuk 2008). Traditional herbal medicine has been used in
developing and developed countries for thousands of years because it is natural and
causes comparatively fewer complications (Wichtl 2004). Today, according to the
WHO, more than 80% of the world’s population rely more often on traditional
drugs, mainly plants, serving as the main source of health care (Ganesan 2008).
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Currently, it is estimated that over 50% of the available drugs are somehow derived
from medicinal plants (Yarnell and Abascal 2002; Harvey 2008). Phytotherapy is
widely being used across the world on a constantly growing basis. Therefore, the
global trend of synthetic compounds has turned to herbal drugs, which we can refer
to it as a return to nature to prevent diseases and pains. Nature has been served as
the source of medicinal herbs (Fabricant and Farnsworth 2001).

MAPs are important for the livelihoods of poor communities all over the world.
Even today, hundreds of millions of people, mostly in developing countries, derive
a significant part of their subsistence needs and income from gathered plant and
animal products (Firenzuoli and Gori 2007; Singh 2002). The great majority of spe-
cies of medicinal plants are used only in Folk Medicine. Traditional Scholarly
Medical Systems employs relatively few: 500-600 commonly in Traditional
Chinese Medicine (Pei 2001); 1430 in Mongolian Medicine (Pei 2002b);
1106-3600 in Tibetan Medicine (Pei 2001, 2002a, b); 1250-1400 in Ayurveda
(Singh 2002); 342 in Unani; and 328 in Siddha (Verma and Singh 2008). The num-
ber of plant species that provide ingredients for drugs used in Western Medicine is
even fewer. Despite the small number of source species, drugs derived from plants
are of immense importance in terms of numbers of patients treated. The value of
medicinal plants to human livelihoods is essentially infinite. They make fundamen-
tal contributions to human health. Medicinal properties in plants are mainly due to
the presence of secondary metabolites which the plants need in their natural envi-
ronments under particular conditions of stress and competition and which perhaps
would not be expressed under monoculture conditions. Active-ingredient levels can
be much lower in fast-growing cultivated stocks, whereas wild populations can be
older due to slow growth rates and can have higher levels of active ingredients.
While it can be presumed that cultivated plants are likely to be somewhat different
in their properties from those gathered from their natural habitats, it is also clear that
certain values in plants can be deliberately enhanced under controlled conditions of
cultivation (Uniyal et al. 2000).

More than one-tenth of plant species are used in drugs and health products, with
more than 50,000 species being used. However, the distribution of medicinal plants
is not uniform across the world (Huang 2011; Rafieian-Kopaei 2013). For example,
China and India have the highest numbers of medicinal plants used, with 11,146 and
7500 species, respectively, followed by Colombia, South Africa, the United States,
and another 16 countries with percentages of medicinal plants ranging from 7% in
Malaysia to 44% in India versus their total numbers of plant species (Hamilton
2003; Marcy et al. 2005; Srujana et al. 2012).

3.3 Various Factors Responsible for MAPs Exploitation

Demand for a wide variety of wild species of MAPs is increasing with the growth
in human needs, numbers and commercial trade. With the increased realization that
some wild species are being overexploited, several agencies are recommending that
wild species be brought into cultivation systems (BAH 2004). There is no reliable
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estimate for the number of medicinal plants that are globally threatened, variously
calculated as 4160 or 10,000 (Schippmann et al. 2002). A highly conservative esti-
mate states that the current loss of plant species is between 100 and 1000 times higher
than the expected natural extinction rate and that the Earth is losing at least one
potential major drug every 2 years (Pimm et al. 1995). According to the International
Union for Conservation of Nature and the World Wildlife Fund, there are between
50,000 and 80,000 flowering plant species used for medicinal purposes worldwide.
Among these, about 15,000 species are threatened with extinction from overhar-
vesting and habitat destruction (Bentley 2010), and 20% of their wild resources
have already been nearly exhausted with the increasing human population and plant
consumption (Ross 2005). Hence, there is a necessity to strike a balance between
conservation and utilization of these medicinal plants (Rajasekharan and Ganeshan
2002). The Global Checklist of Medicinal Plants (GCLMP; U. Schippmann, 2014,
personal communication) recorded 21,524 taxa globally in 2010 (Biodiversity
Indicators Partnership 2010), a number that constantly increases as further research
records novel uses and additional species. The current reliance of commercial drugs
on plant sources is more, since they exclude semi-synthetic and synthetic medicines
based on naturally occurring compounds and estimates the future potential for 540
to 23,490 new drugs discovered from the world’s flora, based on the current rate of
drug discovery and development from plants and given the range of estimates of
global plant species diversity (Bentley 2010). The threats are degradation of habitat
due to expanding human activity, forest decline, destructive collection of plant spe-
cies, invasion of exotic species that compete with native species, increased spread
of diseases, industrialization, overexploitation, human socioeconomic change and
upheaval, changes in agricultural practices, excessive use of agrochemicals, natural
and manmade calamities, genetic erosion, etc. (Fig. 3.1). Different primary and sec-
ondary factors pose a threat to many MAPs and their wild populations (Fig. 3.1) are:

Loss of biodiversity

of medicinal plants

Over- Agricultural
exploitation practices
. 7 Loss of
ing . traditional
techniques activities knowledge
Invasion of

exotic species

Fig. 3.1 Various factors responsible for loss of medicinal plant biodiversity
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Intensive and increasing commercial collection: MAPs can have other uses than
as sources of medicines, and the threats from overharvesting may be due, or
partly due, to the collection for purposes other than medicinal. One reason why
MAPs have become increasingly threatened has been the weakening of custom-
ary laws that traditionally have regulated the use of natural resources. Such laws
have often proved to be easily undermined by modern socioeconomic forces
(Pant 2002). To satisfy the regional and international markets, the plant sources
for expanding local, regional and international markets are harvested in increas-
ing volumes and largely from wild populations (Lange 2008).

Destructive harvesting techniques: MAPs collectors are untrained, and almost
half of the material collected by untrained manpower is wasted. Therefore, there
is a need to find ways to harvest medicinal plants sustainably from the wild.
Major reasons for the loss of biodiversity are that most people live below the
poverty line and harvest natural resources mindlessly to subsidize their meagre
incomes (Tali et al. 2019; Lee et al. 2018). A further threat may be destructive
harvesting techniques. To harvest the bark by felling the whole tree or to collect
the fruits by cutting whole twigs may damage the plant significantly or even
destroy it. Harvesting the roots or rhizomes of a plant is destructive per se.
Genetic erosion: Overexploitation of medicinal plant resources may result in a
decline in genetic diversity. In areas with high diversity in MAPs, this may lead
to problems of genetic erosion. The loss of genetic diversity may cause enor-
mous problems in the context of cultivation aspects (Tali et al. 2019). This ero-
sion among wild plants is very poorly documented, and many species of
medicinal plants known to have become globally extinct are very few, and con-
servationists are advised to avoid exaggerated claims in this respect. Many of the
threats to medicinal plant species are similar to those causing endangerment to
plant diversity generally.

Issues of accessibility: Poorer members of local communities can face additional
problems of loss of access to medicinal plants due to the privatization or nation-
alization of land (Ekor 2014). There is a major trend today in many developing
countries towards stricter individual ownership of land and plant resources,
replacing older forms of tenure and resource rights in which poorer people could
be less excluded. Loss of access through nationalization can occur with the cre-
ation of more strongly protected types of the conservation area.

Anthropogenic activities: The use of plants for medicinal uses, grazing and fodder
now imposes a high pressure on the plant biodiversity, with implications for lon-
ger-term sustainability; with some species under such continuous pressure, they
are likely to become extinct soon. Anthropogenic activities and biodiversity con-
flict with each other (Arunachalam et al. 2004). People choose species only because
of their own needs and hence put pressure on rare species (Ahmad et al. 2002). The
major social problems responsible for the enormous anthropogenic pressures on
the vegetation in the region are the increased population, prevailing poverty, lack
of awareness and poor education, which combine to increase the competition for
and overexploitation of the natural plant resources. It can also be attributed to the
high market value of medicinal species (Khan et al. 2013). Given the tremendously
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growing world population, increasing anthropogenic activities, rapidly eroding
natural ecosystem, etc., the natural habitat for a great number of herbs and trees are
dwindling and of per capita consumption has resulted in unsustainable exploitation
of Earth’s biological diversity, exacerbated by climate change, ocean acidification
and other anthropogenic environmental impacts (Rands et al. 2010).

* Dwindling sources of traditional knowledge: Knowledge of MAPs, as once
embedded in tens of thousands of indigenous cultures, is rapidly disappearing.
Every year, the total of human knowledge about the types, distribution, ecology,
methods of management and methods of extracting the useful properties of
medicinal plants is declining rapidly — a continuation of a process of loss of local
cultural diversity that has been underway for hundreds of years (Joshi and Joshi
2000). There has, of course, been great growth in scientific information about
MAPs in recent decades, but in many ways, this has proved poor compensation,
because such information is often inaccessible at the field level or is irrelevant to
the problems faced by land managers or collectors or growers of medicinal
plants. Knowledge of the natural world is typically a very important part of the
knowledge-worlds of rural people following more traditional ways of life. It is
therefore not surprising that the revitalisation of traditional systems of medicine
can be high on the agendas of those promoting local and indigenous cultures; a
trend was seen in many parts of the world.

* Global habitat loss and alteration: An essential factor that poses a significant
threat to wild populations and species is the continuing global destruction of hab-
itats. The major direct threats to medicinal plants across the Himalaya are gener-
ally agreed to be habitat loss (including deforestation), habitat fragmentation,
overgrazing by domestic stock, burning and unsustainable harvesting. More local
direct threats include pressures from tourism, mining and construction. Climate
change is athreat to many medicinal plants in the Himalaya. The Intergovernmental
Panel on Climate Change has indicated that global warming will be particularly
pronounced at high altitudes, especially at lower latitudes (as the Himalaya).
However, habitat loss and alteration also affects the populations of medicinal
plants in Europe or North America. Also, extensive destruction of the plant-rich
habitat as a result of forest degradation, agricultural encroachment, urbanization,
etc. is another factor, thus challenging their existence (Tali et al. 2019).

* Largely unmonitored trade: The use of botanical raw material is in many cases
much cheaper than to use chemical alternative substances. As a consequence,
there is an enormous demand in botanicals resulting in large quantities of MAPs
traded into urban centres from rural areas in developing countries, and also
regionally and internationally. According to the data of the Food and Agricultural
Organization (FAO) at the United Nations annually, the flora bares irretrievable
losses which destroy the natural resources and the ecological equilibrium (FAO
2010). Four thousand to 10,000 medicinal species were endangered of disap-
pearing at the beginning of this century (Edwards 2004). Lange (2006) observed
that the majority of internationally traded MAPs are raw or semi-processed and
of wild origin. Just 3% of the world’s well-documented medicinal flora has been
evaluated for global conservation status by 2010, and the proportion of medicinal
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plants flora considered to be threatened appeared to have remained relatively
stable. The trade-in botanicals are largely unmonitored. In general, MAPs are
collected in few countries (a very cheap source for botanicals) rather within their
whole area of distribution.

* Genetic diversity: Another aspect to consider is the genetic diversity of the spe-
cies that are in demand. The plants used in the phytopharmaceutical preparations
are obtained mainly from the naturally growing areas. The genetic diversity of
medicinal plants in the world is getting endangered at an alarming rate because of
ruinous harvesting practices and overharvesting for production of medicines, with
little or no regard to the future (Lee et al. 2018). Long before non-sustainable har-
vest practices lead to the extermination of a whole species, selection of favoured
growth forms and concentration on certain harvesting areas which may hold cer-
tain ecotypes will lead to a degradation of genetic diversity of the wild populations.

e Species rarity: It is used to assess the extinction risk of medicinal plants and to
identify those species most at risk of extinction, before the commencement of
conservation efforts (Figueiredo and Grelle 2009). It is necessary to determine
how rare each species is and in which ways rare species differ from one another.
Not all medicinal plants are affected in the same way by harvesting pressures
(Wagh and Jain 2013; Andel and Havinga 2008). Overexploitation, indiscrimi-
nate collection, uncontrolled deforestation and habitat destruction all affect spe-
cies rarity but are insufficient to explain individual species susceptibility or
resilience to harvest pressure. Multiple biological characters correlate with
extinction risks, such as habitat specificity, distribution range, population size,
species diversity, growth rate and reproductive system.

Species threat status of MAPs The Red List status of taxa is one of the most
widely used indicators for assessing the condition of ecosystems and their biodiver-
sity (Artsdatabanken 2010). It also provides an important tool in establishing priori-
ties for species conservation. At the global scale, the primary source of information
on the conservation status of plants and animals is The [TUCN Red List of Threatened
Species TM (the IUCN Red List), while numerous national Red List initiatives
within the European region include many more plant species and often contain a
wealth of additional information (IUCN 2011a, b). The IUCN Red List Categories
and Criteria are designed to determine a taxon’s relative risk of extinction, with the
main purpose of cataloguing and highlighting those taxa that are facing a higher risk
of extinction. The ITUCN Red List provides taxonomic, distribution, ecological,
threat and conservation status information on taxa that have been evaluated using
the IUCN Red List Categories and Criteria (IUCN 2012a). The IUCN Red List
Categories are based on a set of quantitative criteria linked to population trends,
population size and structure and geographic range. There has been very limited and
fragmented published work on only a few IUCN Red List plant species (Ali 2008;
Alam and Ali 2009; Ali and Qaiser 2011), so one can find very few comparators to
evaluate endangered and critical plant species at a national level (Ali 2008). There
are nine categories, ranging from Not Evaluated (NE), where a species has not been
evaluated against the Red List Criteria; Least Concern (LC), for species that are not
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threatened; and to Extinct (EX), for species that have disappeared from the planet1.
The extinction risk of a taxon may be assessed at any scale from global to regional,
national or even sub-national level. A taxon can have a different category in the
global IUCN Red List than in a regional Red List. To avoid an over- or underestima-
tion of the regional extinction risk of a taxon, the Guidelines for Application of
IUCN Red List Criteria at Regional and National Levels (IUCN 2012b, 2014)
should be applied.

3.4 Utilisation and Conservation Strategies of MAPs

The conservation and sustainable use of MAPs have been studied extensively (Chen
et al. 2016; Schippmann et al. 2006; Schippmann 2013). Various sets of recommen-
dations have been compiled regarding their conservation, including the establish-
ment of systems for species inventorying and status monitoring and the need for
coordinated conservation practices (Schippmann et al. 2006). Conservation of bio-
logical diversity involves protecting, restoring and enhancing the variety of life in
an area so that the abundance and distribution of species and communities contrib-
ute to sustainable development (Hamilton 2004). The ultimate goal of conservation
biology is to maintain the evolutionary potential of species by maintaining natural
levels of diversity which is essential for species and populations to respond to long-
and short-term environmental changes. MAPs are of high priority for conservation
action, as their wild-crafting will certainly continue to play a significant role in
future trade. Accordingly, it is necessary to ensure the sustainability of their wild-
collection through developing and implementing adequate general and species-
specific management programmes which should cover trade monitoring and
guidelines for sustainable collection and may be supported by an adequate certifica-
tion (Walter 2002). This requires coordinated conservation work at regional, national
or even global level involving conservationists, scientists, governmental authorities,
producers, traders and the processing industry. Medicinal plants contribute to health,
income, agroforestry system, cultural identity and livelihood security (Khan et al.
2013). Hence there is a need for conservation, cultivation, maintenance and assess-
ment of germplasm for future use (Fig. 3.2). Some of the steps used for conservation
and sustainable use of MAPs (Fig. 3.2) are discussed as follows:

e Small-scale cultivation: It requires low economic inputs can be a response to
declining local stocks, generating income and supplying regional markets. This
can be a more secure income than from wild-harvest, which is notoriously incon-
sistent. For farmers that integrate MAP into agroforestry or small-scale farming
systems, these species can provide a diversified and additional source of income
to the family. Home gardens are increasingly a focus of medicinal plant propaga-
tion and introduction programmes intended to encourage the use of traditional
remedies for common ailments by making the plant sources more accessible
(Agelet et al. 2000).
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Fig. 3.2 Strategies invilved in conservation and proper utilisation of medicinal and aromatic
plants

» Large-scale cultivation: Commercialization is both necessary and potentially
harmful to farmers. It is necessary for that without it the market for products is
small and the opportunity does not exist for rural people to generate income. A
degree of product domestication is therefore desirable. On the other hand, com-
mercialization is potentially harmful to rural people if it expands to the point that
outsiders with capital to invest come in and develop large-scale monocultural
plantations for export markets. Rural people may benefit from plantations as a
result of available employment and hence off-farm income (Laird and Pierce
2002). However, plantations may also distort market forces to their advantage,
for example, by imposing low wages which will restrict the social and economic
development of local people. The major beneficiaries of large-scale exports will
probably be the country’s elite and, perhaps, the national economy. To meet the
requirements of expanding regional and international markets healthcare prod-
ucts and needs of growing populations, large quantities of medicinal plants are
harvested from forests (Laird and Pierce 2002).

e In situ or on-site conservation: It involves maintaining genetic resources in their
natural habitats, i.e., within the ecosystem to which it is adapted, whether as wild
or crop cultivar in farmer’s field as components of the traditional agricultural
systems (Figueiredo and Grelle 2009). The key operational steps for establishing
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in situ gene banks for the conservation of prioritized medicinal plants include
threat assessment, the establishment of a network of medicinal plant forest
reserves, involving local stakeholders, botanical, ecological, trade and ethnome-
dicinal surveys, assessing intraspecific variability of prioritized species, design-
ing species recovery programmes, the establishment of a medicinal plant seed
centre, etc. Conclusively, no in situ conservation project can succeed without the
complete cooperation and involvement of local people (Forest et al. 2007). Most
MAPs are endemic species, and their medicinal properties are mainly because of
the presence of secondary metabolites that respond to stimuli in natural environ-
ments and that may not be expressed under culture conditions (Coley et al. 2003).
In situ conservation of whole communities allows us to protect indigenous plants
and maintain natural communities, along with their intricate network of relation-
ships (Gepts 2006). Additionally, in situ conservation increases the amount of
diversity that can be conserved (Forest et al. 2007) and strengthens the link
between resource conservation and sustainable use (Long et al. 2003). In situ
conservation efforts worldwide have focused on establishing protected areas and
taking an approach that is ecosystem-oriented, rather than species-oriented (Ma
et al. 2012). Successful in situ conservation depends on rules, regulations and
potential compliance of medicinal plants within growth habitats (Volis and
Blecher 2010).

e Ex situ conservation: It involves conservation of biodiversity outside the native
or natural habitat where the genetic variation is maintained away from its origi-
nal location. The ex situ genetic conservation fulfils the requirement of present
or future economic, social and environmental needs. Conservation also includes
propagation and assessment of molecular diversity (Haven et al. 2006). This
includes a combination of methods, depending on factors such as geographic
sites, biological characteristics of plants, available infrastructure and network
having access to different geographical areas, human resources and number of
accessions in a given collection (Rajasekharan and Ganeshan 2002). It is done
especially for those overexploited and endangered medicinal plants with slow
growth, low abundance and high susceptibility to replanting diseases (Yu et al.
2010). Ex situ conservation aims to cultivate and naturalize threatened species to
ensure their continued survival and sometimes to produce large quantities of
planting material used in the creation of drugs, and it is often an immediate
action taken to sustain medicinal plant resources (Pulliam 2000; Swarts and
Dixon 2009). Many species of previously wild medicinal plants can not only
retain high potency when grown in gardens far away from the habitats where
they naturally occur but can have their reproductive materials selected and stored
in seed banks for future replanting (Hamilton 2004).

» [In vitro regeneration include plant/explant growth, maintenance under disease-
free condition, retention of regenerative potential, genetic stability and ensuring
that there is no damage to the live material. In vitro multiplication protocols for
fast propagation of several red-listed MAPs and recalcitrant taxa that are diffi-
cult to propagate through conventional means would be very useful. It offers
several advantages over the in vivo method: (a) great savings in storage space
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and time, (b) possibility of maintaining species for which seed preservation is
impossible or unsuitable, and (c) disease-free transport and exchange of germ-
plasm since cultures are maintained under phytosanitary conditions (Natesh
2000). Even more important is the reintroduction of in vitro raised material into
their natural habitat and monitoring its performance over several years, to ensure
fidelity concerning active compounds or the marker chemical, vis a vis the par-
ents (Natesh 2000).

Botanic gardens: It plays an important role in ex situ conservation (Havens et al.
2006), and they can maintain the ecosystems to enhance the survival of rare and
endangered plant species. Although living collections generally consist of only a
few individuals of each species and so are of limited use in terms of genetic con-
servation (Yuan et al. 2010), botanic gardens have multiple unique features. They
involve a wide variety of plant species grown together under common conditions
and often contain taxonomically and ecologically diverse flora (Primack and
Miller-Rushing 2009). Botanic gardens can play a further role in medicinal plant
conservation through the development of propagation and cultivation protocols,
as well as undertaking programmes of domestication and variety breeding
(Sharrock and Jones 2009; Sharrock et al. 2014). The Botanical Garden
Conservation International (BGCI) 2000 database indicates that there are about
1846 botanic gardens.

Cultivation practice: Although wild-harvested resources of medicinal plants are
widely considered more efficacious than those that are cultivated, domestic cul-
tivation is a widely used and generally accepted practice (Gepts 2006; Joshi and
Joshi 2014; Leung and Wong 2010). Cultivation provides the opportunity to use
new techniques to solve problems encountered in the production of medicinal
plants, such as toxic components, pesticide contamination, low contents of active
ingredients and the misidentification of botanical origin (Raina et al. 2011).
Cultivation under controlled growth conditions can improve the yields of active
compounds, which are almost invariably secondary metabolites, and ensures
production stability. Cultivation practices are designed to provide optimal levels
of water, nutrients, optional additives and environmental factors including tem-
perature, light and humidity to obtain improved yields of target products (Wong
et al. 2014).

Good agricultural practices (GAP): GAP for medicinal plants have been formu-
lated to regulate the production, ensure quality and facilitate the standardization
of herbal drugs (Chan et al. 2012). A GAP approach ensures high quality, safe
and pollution-free herbal drugs (or crude drugs) by applying available knowl-
edge to address various problems (Muchugi et al. 2008). GAP include compre-
hensive items, such as the ecological environment of production sites, germplasm,
cultivation, collection and quality aspects of pesticide detection, macroscopic or
microscopic authentication, chemical identification of bioactive compounds and
inspection of metal elements (Makunga et al. 2008). Many countries actively
promote the implementation of the GAP. For example, Chinese authorities have
promoted GAP for the growth of commonly used herbal drugs in regions where
those medicinal plants are traditionally cultivated (Ma et al. 2012).
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Organic farming: It has received increasing attention for its ability to create inte-
grated, humane and environmentally and economically sustainable production
systems for medicinal plants (Rigby and Caceres 2001; Macilwain 2004). The
aims of organic farming of medicinal plants include producing material with bet-
ter quality and high productivity and ensuring the conservation and sustainable
utilization of those plants. The defining characteristic of organic farming is the
non-use of synthetic fertilizers, pesticides and herbicides, which are not allowed
according to many current organic certification standards in Europe and North
America (Macilwain 2004). Organic farming is benign to the environment and
relies upon farm-derived renewable resources to maintain biological processes of
medicinal plants and the ecological balance of habitats (Macilwain 2004).
Organic farming of medicinal plants is becoming increasingly important in the
long-term development and sustainability of medicinal plants (Suresh 2010).
Good harvesting practices: The wild collection is sustainable as long as the
amount of medicinal plant material of a given species collected each year in a
certain region does not exceed the annual, natural increase of the species in the
same location. If collection exceeds the natural increase over several consecutive
growing seasons, the species may become regionally threatened (Panday and
Savita 2017). For medicinal plants with limited abundance and slow growth,
destructive harvesting generally results in resource exhaustion and even species
extinction (Panday and Savita 2017). Therefore, the sustainable use of medicinal
plants should be considered, and good harvesting practices must be formulated.
Root and whole-plant harvesting are more destructive to medicinal plants (e.g.
herbs, shrubs and trees) than collecting their leaves and flowers or buds. For
herbal drugs made of whole plants or roots, using their leaves as a remedy can be
a benign alternative. In the case of MAPs, conservation concepts and manage-
ment measures have to meet both (1) future supply and (2) the provisions of
species conservation.

Natural reserves: The degradation and destruction of habitats is a major cause of
the loss of medicinal plant resources (Camm et al. 2002). Natural reserves are
protected areas of important wild resources created to preserve and restore bio-
diversity (Rodriguez et al. 2007). Around the world, more than 12,700 protected
areas have been established, accounting for 13.2 million km?, or 8.81% of the
Earth’s land surface (Huang et al. 2002). Conserving medicinal plants by protect-
ing key natural habitats requires assessing the contributions and ecosystem func-
tions of individual habitats (Liu et al. 2001). It is impossible to designate every
natural wild plant habitat as a protected area, owing to cost considerations and
competing for land uses (Kramer and Havens 2009). A wild nursery is estab-
lished for species-oriented cultivating and domesticating of endangered medici-
nal plants in a protected area, natural habitat or a place that is only a short distance
from where the plants naturally grow (Strandby and Olsen 2008). Natural
reserves and wild nurseries are typical examples to retain the medical efficacy of
plants in their natural habitats (Strandby and Olsen 2008).

Cryobanks for conservation: Cryopreservation of plant cells and meristems is an
important tool for long-term storage of germplasm or experimental material
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without genetic alteration using minimum space and maintenance. The develop-
ment of methods to store apical meristems in liquid nitrogen successfully is
needed to aid in the conservation of genetic resources. Cryobanks are meant for
storage of germplasm. For long-term preservation, cryogenic storage at ultralow
temperatures under liquid nitrogen (— 150 to —196 °C) is the method of choice.
Several types of in vitro raised materials such as meristems/shoot tips, cell sus-
pensions, protoplasts, somatic embryos and pollen embryos of MAPs species
have been studied from the cryopreservation perspective (Natesh 2000).
Low-temperature germplasm storage: Preservation by under-cooling has recently
been applied to plant tissue cultures. The objective of this approach is to maintain
tissues at low temperatures (—10 to —20 °C) but in the absence of ice crystalliza-
tion. The plant tissues are immersed in immiscible oil, and the emulsion thus
formed can be undercooled to relatively low temperatures thereby circumventing
ice formation, one of the most injurious consequences of low-temperature stor-
age (Chauhan et al. 2019). Recently, vitrification, simplified freezing and
encapsulation-dehydration methods have been used for the storage of valuable
germplasm. These new procedures may replace freeze-induced cell dehydration
by removal of all or a major part of freezable water from cells at room tempera-
ture or 0 °C.

Seed storage modules: Usually seeds, being natural perennating structures of
plants, represent a condition of suspended animation of embryos and are best
suited for storage (Schoen and Brown 2001). By suitably altering their moisture
content (5-8%), they can be maintained for relatively long periods at low tem-
peratures (—18 °C or lower). It is now possible to store materials other than seed,
such as pollen or clones obtained from elite genotypes/cell lines with special
attributes, in vitro raised tissues/organs or genetically transformed material
(Schoen and Brown 2001). Seed banks offer a better way of storing the genetic
diversity of many medicinal plants ex situ than through botanic gardens and are
recommended to help preserve the biological and genetic diversity of wild plant
species (Li and Pritchard 2009). The most noteworthy seed bank is the Millennium
Seed Bank Project at the Royal Botanic Gardens in Britain (Schoen and Brown
2001). Seed banks allow relatively rapid access to plant samples for the evalua-
tion of their properties, providing helpful information for conserving the remain-
ing natural populations (Li and Pritchard 2009).

Geographical prioritization: Prioritization of places for the conservation of
Himalayan medicinal plants is essential. Achievement of conservation and
sustainable use for Himalayan medicinal plants requires geographical prioritiza-
tion, to focus conservation attention on key sites (Tali et al. 2019). Priority sites
will vary according to the particular interests, remits and capabilities of con-
cerned individuals or groups.

Preserve indigenous knowledge: In 2004 the United Nations Conference on
Trade and Development (UNCTAD) warned that a biodiversity crisis is being
accompanied by a cultural diversity crisis and the weakening of the customary
laws that traditionally regulated the use of natural resources. The growing aware-
ness of the loss of indigenous knowledge and the implications of this was
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reflected in questionnaire responses. Some conservationists interested in MAPs
should become engaged with the commercial sector, both because it is the pres-
sures of trade that are responsible for so much MAP endangerment and also,
more positively, because of the opportunities which engagement with industry
and consumers presents. Conservationists can become engaged in various ways,
including helping to formulate and promote appropriate standards, supplying rel-
evant information to the parties involved, and also putting parties in touch with
each other (Msuya and Kideghesho 2009).

*  Community-based conservation: The community level is the critical level for the
conservation of MAPs. Recognition of important areas for plant conservation
(including sustainable use) at the community level should be based on commu-
nity values and knowledge. Participatory research and planning between com-
munities and scientists can be useful for identifying priority sites for improving
the management of medicinal plants and for working out how this might be
achieved (Berkes 2003). Different community perspectives (local healthcare,
income, culture; men, women, etc.) should be considered in making decisions on
the use and management of medicinal plants. Traditional doctors associations,
religious leaders and indigenous groups can provide encouragement and guid-
ance to communities seeking to conserve their medicinal plants. The herbal
industry can assist communities to achieve conservation of medicinal plants
through making agreements that specify fair and assured prices for medicinal
materials from sustainable sources (Infield 2001). Natural resource managers
can assist communities to conserve medicinal plants through making agreements
that provide benefits in the buffer zones of protected areas (e.g. assistance with
the cultivation of medicinal plants) or rights of sustainable use within forest
reserves. Governments can assist communities to conserve medicinal plants by
providing appropriate policy frameworks (natural resource management, tradi-
tional medicine, community and cultural development, standards in the herbal
industry). They also have responsibilities concerning education, training, advi-
sory services and central scientific services (e.g. herbaria, etc.). Non-governmental
organizations (NGOs) can play catalytic roles through developing innovative
conservation case studies, especially at the critical community level, and contrib-
uting analyses to identify best practice. At a local level, botanic gardens can
provide communities with valuable horticultural expertise and market informa-
tion. The transfer of cultivation methodologies to farmers and other stakeholders
via training initiatives should be encouraged, as should the development of
harvester organizations and best practice horticultural knowledge shared between
these. Additionally, investments in technology transfer, research, training and
capacity building can make the private sector voluntarily respond to environmen-
tal management (Tali et al. 2019).

» Traditional management practices: They have an immense contribution to the
conservation of medicinal plants and other resources. These traditional practices,
which are mostly based on cultural norms and religious beliefs, are the basis for
sustainable use and conservation of biodiversity. Although they have long been
neglected by official conservation policies, they have proved effective, as
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acknowledged in literature (Kajembe et al. 2003; Colding and Folke 2001; Saj
et al. 2006). The reality that the traditional management practices exist and
enhance conservation implies that the protectionist model, which prohibits
access to resources by local communities in protected areas, is sometimes
uncalled for. There is no point of prohibiting the use of natural resources if that
use is harmless to a resource.

3.5 Role of Biotechnology in the Protection
of Endangered MAPs

Biotechnological methods seem appropriate ones with their potential for multiplica-
tion, selection and protection of medicinal plants. The development of genetic engi-
neering has led to the feasibility of large-scale biosynthesis of natural products, and
advancements in tissue culture and fermentation of medicinal plants have opened
new avenues for the large-scale and highly efficient production of desirable bioac-
tive compounds. Biotechnological approaches are convenient for use of cells, tissue,
organs or entire organism which grow and develop in vitro controlled conditions
and can be subjected to in vitro and genetic manipulations (Khan et al. 2009) to
obtain desired substances (Rao and Ravishankar 2002). These methods are espe-
cially appropriate and reasonable to apply when the targeted species have high eco-
nomical or trade value, or when plant resources are limited concerning the
availability of wild area or good healthy plants, or when the plants are difficult to
grow (Verpoorte et al. 2002).

 Tissue culture (including plant cell and transgenic hairy root culture) is a promis-
ing alternative for the production of rare and high-value secondary metabolites
of medical importance (Rao and Ravishankar 2002). Micropropagation via tissue
encapsulation of propagules can not only facilitate storage and transportation but
also promotes higher regeneration rates (Baker et al. 2007). When the amounts
of normal seeds are insufficient for propagation, synthetic seed technology,
defined as artificially encapsulated somatic embryos (or other tissues) that could
be used for cultivating in vitro or ex vitro, is a feasible alternative (Lata et al.
2008; Zych et al. 2005). The micropropagation is considered to have the greatest
commercial and economical importance for the rapid propagation and ex situ
conservation of rare, endemic, and endangered medicinal plants (Khan et al.
2009; Tasheva and Kosturkova 2012). Micropropagation, cell and callus cul-
tures, metabolic engineering and genetic manipulations are especially appropri-
ate for species which are difficult to propagate in vivo (Verpoorte 1999).

e In vitro technologies offer some or most of the following advantages: easier
extractions and purification of valuable substances from temporary sources; new
products which may not be found in nature; absence of various environmental
and seasonal effects, automation, better control of the biosynthetic pathways and
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flexibility in obtaining desired product; shorter production cycles; and cheaper
less costly products. Here should also be mentioned the potential of the sophisti-
cated techniques of genetic engineering, which might be applied respecting the
rules of contained use (Khan et al. 2009; Verpoorte et al. 2002). At present, the
methods of plant cell and tissue cultures have found many proper sites for appli-
cation in the medicinal plant’s utilization. The achieved results and the confi-
dence for further success drive the efforts for wider application of plant
biotechnologies in more spheres concerning medicinal plants (Tripathi and
Tripathi 2003). At present, there is a long list of research groups worldwide
investigating hundreds of medicinal species. Various success procedures and
recipes for many of these species have been developed. Furthermore, breeding
improvements can be carried out using molecular marker-based approaches
applied at the genetic level, and the time required for breeding may be signifi-
cantly shortened (Baker et al. 2007; Rao and Ravishankar 2002; Lata et al. 2008).

* Biotransformation and its ability to release products into the cells or out of them
provide an alternative method of supplying valuable natural products that occur
in nature at low levels. Generally, the plant products of commercial interest are
secondary metabolites, which in turn belong to three main categories: essential
oils, glycosides and alkaloids (Sajc et al. 2000). Plant cell cultures as biotransfor-
mation systems have been highlighted for production of pharmaceuticals, but
other uses have also been suggested as a new route for synthesis, for products
from plants difficult to grow, or in short supply, as a source of novel chemicals.
It is expected that the use, production of market price and structure would bring
some of the other compounds to a commercial scale more rapidly, and in vitro
culture products may see further commercialization (Mulabagal and Tsay 2004).
The application of molecular biology techniques to produce transgenic cells and
to affect the expression and regulation of biosynthetic pathways is also a signifi-
cant step towards making in vitro cultures more generally applicable to the com-
mercial production of secondary metabolites (Mulabagal and Tsay 2004).

e Gene transfer may be direct when isolated desired DNA fragments are inserted
into the cell most often by electrical field or adhesion. This method is less used
in medicinal plants. Indirect genetic transformation of plants uses DNA vectors
naturally presenting in plant pathogens to transfer the isolated genes of interest
and to trigger special metabolic pathways (Giri and Narasu 2000). Agrobacterium
rhizogenes induces the formation of ‘hairs’ at the roots of dicotyledonous plants.
Genetically modified ‘hairy’ roots produce new substances, which very often are
in low content. Hairy roots are characterized by genetic stability and are the
potential highly productive source for valuable secondary metabolites necessary
for the pharmaceutical industry (Sevon and Oksman-Caldentey 2002).
Manipulations and optimization of the productivity of the transformed hairy
roots are usually the same as for the other systems for in vitro cultivation (Terryn
et al. 2006). They also depend on the species, the ecotype, the explant, the nutri-
ent media, cultivation conditions, etc. (Guillon et al. 2006).
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3.6 Protocols/Approaches to Medicinal Plant Conservation

e The Convention on Biological Diversity (CBD) was ratified in 1992 at the Rio
Earth Summit. The 190 Parties have agreed to commit to protecting biodiversity,
develop sustainably and engage in the equitable sharing of benefits from the use
of genetic resources. The conservation of biodiversity is acknowledged as the
cornerstone of sustainable development.

e The World Trade Organization’s (WTO) Agreement on Trade-Related Aspects of
Intellectual Property Rights (TRIPS), 1994, sets out how to deal with the com-
mercial use of traditional knowledge and genetic material by those other than the
communities or countries where these originate, especially when these are the
subject of patent applications.

e The UNCTAD BioTrade Initiative (launched in 1996) promotes the sustainable
use of goods and services derived from biodiversity, in support of the objectives
of the CBD.

e The eight Millennium Development Goals (MDGs) were agreed by world lead-
ers in 2000, providing an agenda for reducing poverty and improving lives
through environmental sustainability by the target date of 2015. Any measures
which enable the sustainable use of natural resources to improve livelihoods will
contribute to the MDGs.

e The Millennium Ecosystem Assessment (MEA) assessed the consequences of
ecosystem change on human well-being, gathering data from 2001 to 2005 and
providing a scientific appraisal of the condition and trends in the world’s ecosys-
tems and the services they provide, as well as the scientific basis for action to
conserve and use them sustainably.

e The Doha Declaration of 2001 aimed to ensure that the TRIPS agreement and
the CBD support each other; ‘allowing for the optimal use of the world’s
resources by the objective of sustainable development, seeking both to protect
and preserve the environment and to enhance the means for doing so in a manner
consistent with their respective needs and concerns at different levels of eco-
nomic development’.

e In 2002 the CBD adopted the Global Strategy for Plant Conservation (GSPC),
which specifies 16 outcomes orientated targets for delivery by 2010.

e The 2002 World Summit on Sustainable Development aimed to promote a global
commitment to sustainable development, improving the lives of the world’s
poorest people as well as reversing the continued degradation of the global
environment.

e The WHO launched their Traditional Medicine Strategy in 2002, discussing the
role of traditional medicine in healthcare systems.

e In 2004, the Addis Ababa Principles and Guidelines to the CBD detailed 14
interdependent practical principles and operational guidelines that govern the
uses of components of biodiversity to ensure the sustainability of such use.
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* Also in 2004, a new paragraph was added to the Convention on International
Trade in Endangered Species of Wild Fauna and Flora (CITES) Resolution
Conf.8.3 stating that the Conference of the Parties recognizes that implementa-
tion of CITES listing decisions should take into account potential impacts on the
livelihoods of the poor.

e The European Cooperative Programme for Crop Genetic Resources Networks
(ECP/GR) is a collaborative programme including most European countries
aimed at facilitating the long-term conservation and the increased utilization of
plant genetic resources in Europe.

* Policy frameworks and legislation are informed by essential data such as the
endangerment assessments made by the Species Survival Commission (SSC) of
the IUCN, which produces a Red List of Threatened Species. Using a network of
thousands of scientists the Red List provides taxonomic, conservation status and
distribution information on globally evaluated species according to specific cat-
egories and criteria.

* The International Plant Genetic Resources Institute (IPGRI) is an independent
international scientific organization that seeks to advance the conservation and
use of plant genetic diversity for the well-being of present and future genera-
tions. It is one of 15 Future Harvest Centres supported by the Consultative Group
on International Agricultural Research (CGIAR).

3.7 Priorities and Strategies for Future Action

Convention on Biological Diversity (CBD) states that the systematic approach of
medicinal plant conservation plays a vital role in environmental management and
development through traditional as well as scientific practices (CBD 2010a, b,
2011). On priority, the strategy must address the conservation of wild medicinal
plants, threatened with extinction. The present scenario offers a unique opportunity
for government representatives, scientists and NGOs to work in coordination, to
devise mechanisms to promote the traditional healthcare system and engage rural
inhabitants in conservation, cultivation, processing and marketing of raw material.
Medicinal plants should be cultivated to save the forests and alpine regions and, at
the same time, meet the rising demands of herbs to improve the livelihoods of the
hill people (Kala 2005). It is well known that the cultivation of medicinal and aro-
matic herbs to be one such potential option. At this stage, a strategy for future need
is to be developed. The legal protection of MAPs was established in 1936 by pass-
ing a law prohibiting or limiting the collection of flowers and herbs in certain
regions.

The use of medicinal plants from forest territories is regulated by the Forest Law
and is controlled by the Forest Office at the Ministry of Agriculture, Forestry and
Agrarian Reform. The Ministry of Environment and Waters is in charge of the man-
agement and control of the national natural resources (forests excepted) in the pro-
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tected territories. A different regime of protection has been imposed on 3.5% of the
total area of the country, and 82% of the protected territory (nature reserves and
national parks) received nature protection status corresponding to categories I and
II defined by IUCN (2012b). An effective method of promoting conservation may
be by encouraging the use of medicinal plants and thus increasing their perceived
value. To enhance the conservation of medicinal plant resources in the ranch and
mitigate their perceived decline, appropriate conservation measures, monitoring
and harvesting strategies by the community are strongly recommended.

The importance of the medicinal plant’s sector can be gauged from the fact that
herbal medicines serve the healthcare needs of about 80% of the world’s population.
According to the World Health Organization (WHO), the goal of ‘Health for All’
cannot be achieved without herbal medicines. While the demand for herbal medi-
cines is growing in developing countries, there are indications that consumers in
developed countries are becoming disillusioned with modern healthcare and are
seeking alternatives. This has renewed interest by the multinational pharmaceutical
industry in bio-effective international agreements on conservation of biodiversity
has resulted in ‘slaughter harvesting’ of medicinal plants and massive depletion of
biodiversity (GBIF 2014). This trend does not augur well for the sustainable use of
medicinal plants resources. One of the immediate tasks for conserving medicinal
plants diversity is to effectively implement the provisions on conservation and sus-
tainable use of biodiversity (Biological Diversity Act 2002) and the Patents
(Amendment) Act, 2005. The available flexibility under TRIPS provisions should
be utilized fully for protecting the pool of our plant genetic resources and traditional
knowledge effectively. Capacity building is another important area which would be
a major source for harnessing the potential of medicinal plants sector. Perhaps the
greatest challenge in making trade a positive force for development is ensuring that
the benefits accelerate development in the poorest countries and for the poorest
people. The root cause of many health problems in developing countries is poverty.
Therefore, a national policy on utilising medicinal plants for herbal medicines need
to be developed soon which should ensure that all herbal medicines in the market
are safe, effective, of good quality, reasonably priced and are prescribed and utilized
rationally. It is equally important that the interests of the growers are well protected
by the supply of modern technologies, services and credit supplies and above all a
good marketing system. The national policy should have effective provisions for
ensuring equitable benefit sharing for all stakeholders. This would go a long way in
fulfilling traditional healthcare needs and ensuring the conservation and sustained
utilisation of medicinal plant resources of the country. Still, strategic actions based
on research on issues identified above will be needed to realize the vision. However,
the fact that all medicinal plants are not amenable for cultivation should not be
ignored. Hence, conservation and cultivation must go together with prioritization
for the development of the medicinal plant’s sector as a whole. To harness the poten-
tial of this sector, we should have an economic outlook, realistic policy and effective
planning strategy. Since available evidence is inadequate to fully capture the com-
plex issues of this sector, three is a dire need to undertake in-depth socio-economic
and policy research analysis to fill the gaps in understanding the dynamics of medic-
inal plants sector.
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3.8 Conclusion

Conservation is the process of management of biosphere to obtain the greatest benefit
for the present generation and maintaining the potential for the future. MAPs-based
livelihood systems are often mediated by market demand and are a good source of
employment and income generation to poor rural communities. Developing appro-
priate framework and technologies for the cultivation of MAPs is a critical factor
to ensure a continuous and regular supply of medicinal plants for the pharmaceuti-
cal industry and to halt the degradation of the natural resource base. The participa-
tory action research framework approach would be helpful to the farmers, traders,
scientists and policy planners in the context of socio-economic development for
sustainable livelihoods of the subsistence rural communities. With the increased
realization that many wild MAP species are being overexploited, several agencies
are recommending that wild species be brought into cultivation systems. Concerns
about loss of medicinal plants, considered as material resources, relate to worries
about healthcare, livelihood security and financial income. Now the major recom-
mendations for future research are as follows: (1) as MAPs have vast potential, their
cultivation should be promoted on barren, nonarable, and marginal lands under a
participatory management action plan to improve the economy of deprived farm-
ers; (2) strengthening indigenous techniques of MAP cultivation should be encour-
aged through promoting cost-effective and appropriate rural technologies such as
polyhouse, nethouse, polypit, mulching and organic farming; (3) traditional healers,
farmers and other stakeholders involved in medicinal plant sectors should be prop-
erly registered and officially recognized; (4) strict implementation of laws and rules
should be enacted to secure community-based traditional knowledge and intellectual
property rights and to ensure equitable benefits sharing among the stakeholders; (5)
formulation of herbal products and promotion of value-added products of MAPs for
possible market opportunities and better return to the farmers; (6) farmers need to
be encouraged in the promotion, protection and uses of MAPs by providing incen-
tives and training on the latest activities, development, and policies related to MAPs;
and (7) regular backstopping should be promoted through meetings, exposure visits,
and capacity building for long-term sustainability (Fig. 3.2). Conservation of MAPs
resources is of global concern because we don’t know what we are losing and what
we will need in future.
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Chapter 4

Bioactive Secondary Metabolites

of Medicinal and Aromatic Plants

and Their Disease-Fighting Properties

Navneet Kaur and Tawseef Ahmed

4.1 Introduction

Medicinal and aromatic plants, i.e., MAPs may be defined as plants which contain
compounds possessing medicinal and aromatic properties which may exert benefi-
cial effect on human or animal body (Samarth et al. 2017). These plants are source
of structurally variant bioactive compounds called secondary metabolites such as
alkaloids, anthocyanins, chlorogenic acids, coumarins, essential oils, flavonoids,
lignans, phenolic acids, resins, tannins, terpenoids, saponins, steroids, etc. These
valuable secondary metabolites have been wisely utilized by mankind in numerous
applications. In the form of plant extracts, isolated compounds, and chemically
modified or structurally similar analogues, these bioactive secondary metabolites of
MAPs have been used worldwide commercially in cosmetic and perfumery indus-
try, food and flavor industry, and pharmaceutical and medicinal industry. In the past,
phytochemical analysis of various species of MAPs have led to the discovery of
many new bioactive secondary metabolites with immense therapeutic potential
which makes them “Chemical Goldmines” of novel pharmaceutical products and
applications (Padalia 2012).

Although the knowledge of healing properties of MAPs is ancient but due to
advances in technology, development of analytical techniques for the characteriza-
tion of compounds and recognition of traditional knowledge they are gaining
immense popularity world over as the consumers are now getting more inclined
towards natural and safe products. In modern medicine also, though the synthetic
drugs have been majorly used to cure several ailments but these plants hold a
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significant status as they are used as raw material for the synthesis of many impor-
tant drugs. Moreover, synthetic drugs are beyond the reach of millions of people
living in remote and rural areas and where traditional medicine is still being used to
cure deadly disease (Namdeo 2018).

Thus, MAPs due to their healing properties form the basis of many traditionally
recognized systems of medicine such as Indian Ayurveda, Chinese Pharmacopoeia,
Siddha, Unani, etc. Along with these properties, the plants are safe, effective, easily
available, and low in cost (Namdeo 2018). As mentioned earlier, recent advance-
ments in the technology have made possible the isolation of many new phytochemi-
cals which offer huge opportunities for their use in healthcare. Hence, the chapter
will help to understand the history of MAPs in traditional medicine and secondary
metabolites present in MAPs and their functions in nature, getting a sneak peek into
the biosynthesis of these secondary metabolites, the major type of secondary metab-
olites present in MAPs, and their role in preventing disease, and last but not the least
the mode of action of these secondary metabolites attributing to their disease-
fighting properties.

4.2 History of MAPs and Their Secondary Metabolites

The role of medicinal plants in healing mankind is long enough. Moreover, the
proof of this partnership between man and medicinal plants is evident in the form of
written records and documented monuments. The history of our ancestral beings is
incomplete without use of medicinal plants for treating various disorders, and the
knowledge they had has been passed through civilizations. The movement of
humans also led to the discovery of new plants with curative action (Petrovska
2012; Inoue et al. 2019). Thus, Table 4.1 summarizes the major events in history of
usage of medicinal and aromatic plants.

4.3 Secondary Metabolites in MAPs and Their Role
in Nature

As mentioned earlier also, bioactive secondary metabolites are “chemical gold-
mines” as they are treasures of valuable chemicals which can be used for the pro-
duction of various cosmetics, dyes, insecticides, medicines, perfumes, etc.
(Thirumurugan et al. 2018). They originate as either the by-products or intermedi-
ates of biosynthetic pathway of primary metabolites. The basic structure of major
classes of secondary metabolites, i.e., the alkaloids, phenylpropanoids, and terpe-
noids, is the result of carbon and nitrogen biosynthesis and similarly cyanogenic
glycosides, polyketides, and quinones, while the other secondary metabolites like
alkylamides and glucosinolates have been derived from fatty acid and sulfur metab-
olism (Bottger et al. 2018).
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Table 4.1 Timeline of important events showing historical achievements of usage of MAPs till
present

S.no. | Timeline Event
1. 5000-3000 BC Oldest medical records found on clay tablets by Sumerians at Nagpur
2. 3400 BC Cultivation of MAPs such as cannabis and opium started in Egypt

and Mesopotamia

3. 3400-3100 BC Records of body preserved using medical plants found in cold
mountainous Alps

4. 2900 BC Medicine of Egypt started

5. 2800-1700 BC Foundation of Traditional Chinese Medicine started

6. 1500 BC Record of drugs found on Elbers Papyrus having 810 prescriptions
including use of plants as inhalant, lotion, poultice, suppository, etc.

7. 460-377 BC Hippocrates used 60 different kinds of MAPs for medicinal purposes

8. AD 131-200 Galenus, a popular doctor in Roman era prepared different medicines
using MAPs and termed them galenical preparations

9. 1493-1541 Chemical drugs were prepared using raw plants by Paracelsus

10. | 16th century World Bible of Medicine De Materia Medica containing plant
preparations gained global recognition

11. | 1783-1841 Morphine extraction from opium started and was used as analgesic

12. | 1788-1877 Quinone was extracted from Cinchona bark to treat malaria

13. | Late 18th century | Role of spices as preservative and food flavoring was recognized
New bioactive secondary metabolites were discovered and used in
medicine to treat disease

14. | 19th century Alkaloids, glycosides, etheric oils, hormones, saponins, tannins,
vitamins, etc. were discovered from MAPs using chemical isolation
methods

15. | Early 20th century | Stabilization methods for long-lasting actions of fresh medicinal
plants were discovered

16. | Present situation | All pharmacopoeias in the world such as PhEur 6, USP XXXI, and
BP 2007 prescribe plant drugs for real medicinal value
Homeopathic drugs containing herbal plants are in use

Some countries allow the use of herbal drugs without any
prescription

4.3.1 Role of Secondary Metabolites in Nature

The idea of secondary metabolites was first conceptualized by Albrecht Kossel in
1910 for which he was awarded Nobel Prize in Physiology/Medicine, but after
around 30 years, Czapek deduced that these are the end products of nitrogen metab-
olism obtained by “secondary modifications” (Hussein and Anssary 2018).
Secondary metabolites differ from primary metabolites as they do not participate in
any basic process associated with plant growth such as development and
reproduction. On the contrary, they play a major role in defense mechanism of
plants and protect them against disease, predators, and environmental stresses
(ultraviolet (UV) rays, oxidants, etc.). They also help in pollination and reproduc-
tion by producing essential oils which may produce attractive smells and anthocya-
nins which give attractive color. They are also helpful in preventing interspecies
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Fig. 4.1 Role of secondary metabolites in plants

competition (Zhao et al. 2015). Moreover, the number of plant bioactive secondary
metabolites (greater than 200,000) is far more than primary metabolites, i.e., only
10,000. The major functions of bioactive secondary metabolites in plants (Fig. 4.1)
are discussed below in detail:

(a) Plant Adaptation
The evolution of land plants started around 500 years ago, and this huge step to
conquer land required the presence of distinctive secondary metabolites. To
facilitate the development of plants on land, several problems were there to be
addressed such as exposure to UV light, survival in water shortage, structural
assistance to uphold them, and, last but not the least, protection against emerg-
ing herbivores and pathogens. To overcome all these shortcomings, new biosyn-
thetic pathways came into being such as early land plants that started producing
phenylpropanoids to protect against UV rays, followed by production of lignins
in vascular plants to save them from wind and plant-eating organisms. Then
with the arrival of insects on land, pteridophytes started forming cryogenic glu-
cosides to protect against them (Bottger et al. 2018).

(b) Pollination
Pollination is the mechanism by which the plants propagate, and it is generally
carried out in two means, biotic involving the use of animals, bats, birds, insects,
etc. and abiotic involving use of environmental factors such as wind, water, etc.
To achieve pollination, plants use various means to attract pollinators such as
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(c)

(d)

colorful flowers, flavors, volatile scents, etc. However, the above attributes can
also invite unwanted predators than desired pollinators. Thus, to overcome
these difficulties, plants produce certain secondary metabolites such that irri-
doid glycosides are produced in floral nectar of Catalpa speciose (northern
catalpa tree). These glycosides make the nectar toxic to predators such as ants,
while it remains edible to potential pollinators, bumble bee, and moths. In addi-
tion, nectar also has antimicrobial properties due to the presence of secondary
metabolites. Similarly, unripe fruits also consist of toxic metabolites or bitter
principles to prevent premature eating by animals (Bottger et al. 2018).
Flavonols in flowers form nectar guides in the form of concentric circles which
are thought to be helpful to insects in finding the site of pollen and nectar (Taiz
et al. 2015).

Defensive Mechanisms

Plants form the first trophic level in food energy pyramid, and hence every
organism obtains their energy directly or indirectly from plants as food source.
Thus, to survive against herbivores and to protect themselves from pests and
microbial attack, they need to develop efficient defense mechanisms.
Secondary metabolites play an important role in defending plants by making
them toxic and unpalatable, for example, cyanogenic glucosides in plants
result in formation of toxic hydrogen cyanide (HCN) in response to herbivore
attack. These chemical substances help plants by different mechanisms
(Mithofer and Maffei 2017):

* By reducing herbivore attack

* By killing insects upon ingestion

* By hindering herbivore development

* By lowering their digestive ability

* By decreasing their immunity to disease

Terpenes can either be poisonous or simply stops or repels the herbivores,
insects, and mammals, e.g., pyrethroids in flowers of Chrysanthemum species
are insecticidal in nature. Essential oils such as limonene and peppermint oil are
insect repellents. Lignins not only provide physical strength to plants to resist
attack by herbivores but also are practically indigestible to herbivores. Flavones
and flavanols protect certain plants against UV radiation which causes damage
to DNA, by absorbing it. Tannins being bitter in nature work as herbivore repel-
lents. Even mammals such as apes, cattle, and deer do not eat plants with high
tannin content. Saponins harm herbivores by interfering with sterol uptake in
digestive system, or they may damage cell membrane once they are absorbed
into bloodstream (Taiz et al. 2015).

Communication

Plants communicate with other plants in order to warn other or nearby plants
against threats, disease, injury, and environmental stresses such as wind,
extreme weather conditions, etc. and even to remove inter- or intraspecies com-
petition (also called allelopathy). Plants produce volatile secondary metabolites
to perform above functions. These volatile compounds travel by air to nearby
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plant species and warn them against the danger and give them time to strengthen
their immune system (Ueda et al. 2012). The effect of allelopathy, i.e., second-
ary metabolites released by one plant in order to affect another plant, can be
harmful or beneficial. Derivatives of phenylpropanoids and benzoic acid have
been found to show allelopathic activity. Similarly, caffeic acid and ferulic acid
limit the germination efficiency and growth of various plants when present in
Soil (Taiz et al. 2015).

4.4 Pathways for Biosynthesis of Secondary Metabolites
in MAPs

Primary and secondary metabolites in plants share a common biosynthetic pathway.
Secondary metabolites basically absorb and store extra carbon and nitrogen pro-
duced during primary metabolism. However, under circumstances of need, the stored
reservoirs in the form of secondary metabolites can be disintegrated and again uti-
lized in primary metabolism. Hence there is effective and intricate balance between
both primary and secondary metabolism (Thirumurugan et al. 2018). On the basis
of biosynthetic pathways, there are mainly three types of secondary metabolites,
i.e., terpenes, phenolic compounds, and nitrogen-containing compounds (Verma
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Fig. 4.2 Simplified sketch of biosynthetic pathway of secondary metabolites adopted by plants
where CO, carbon dioxide, MFP methylerythritol-4-phosphate, TCA tricarboxylic acid pathway,
CoA coenzyme A. (Adapted from: Verma and Shukla 2015)
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and Shukla 2015). The biosynthetic pathways of all these are discussed below, and
Fig. 4.2 gives simple description of biosynthetic pathways occurring in plants.

4.4.1 Biosynthetic Pathways for Terpenes

Terpenes are synthesized by two different pathways, cytosolic pathway or mevalonic
acid pathway and chloroplast pathway or methylerythritol-4-phosphate pathway
(MFP pathway). The cytosolic pathway is exclusive to eukaryotes and is responsi-
ble for the biosynthesis of triterpenes, sesquiterpenes, sterols, brassinosteroids, etc.,
while chloroplast pathway occurs in prokaryotes and plastids of eukaryotes and
is involved in synthesis of hemiterpenes; mono-, di-, and tetra-terpenes; isoprene;
carotenoids; phytohormones; etc. (Verma and Shukla 2015; Ahmed et al. 2017).

Mevalonic pathway begins with condensation of three molecules of acetyl-CoA
which eventually results in formation of mevalonic acid, which further undergoes
phosphorylation to give mevalonate-5-phosphate as product. This is lastly used to
form isopentyl diphosphate (IDP) which is a precursor molecule for the biosynthe-
sis of all terpenes (Ahmed et al. 2017).

In MEP pathway on the other hand, pyruvate and glyceraldehyde-3-phosphate
react to form methyl erythritol-4-phosphate which in turn is used to form
4-hydroxy-3-methylbut-2-enyl diphosphate or HMBDP which finally results in the
formation of either IDP or dimethyl-allyl-diphosphate (DMAPP or DMADP)
(Ahmed et al. 2017).

4.4.2 Biosynthetic Pathway for Phenolics

The major pathways involved in biosynthesis of phenolic compounds are malonic
and shikimic acid pathways. Both these pathways occur in prokaryotes and eukary-
otes with an exception that malonic acid pathway do not occur in higher plants
while shikimic acid pathway in animals. Shikimic acid pathway utilizes precursors
from glycolysis and pentose phosphate pathway to form various aromatic amino
acids frequent being phenyl alanine (Ahmed et al. 2017).

4.4.3 Biosynthetic Pathways for Nitrogen-Containing
Compounds

Alkaloids, glucosinolates, and cyanogenic glycosides fall under the category of
nitrogen-containing compounds (Verma and Shukla 2015). Biosynthesis of nitrogen-
containing compounds is carried out by pyruvate and shikimic acid obtained from
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phosphoenolpyruvate and erythrose-4-phosphate. L-Amino acids such as aspartic
acid, lysine, tryptophan, and tyrosine are basically involved in the biosynthesis of
generally all major alkaloids with exception of purine alkaloids formed from xan-
thosine and pyrrolizidine alkaloids obtained from putrescine and spermidine
(Ahmed et al. 2017).

4.5 Various Types of Secondary Metabolites in MAPs

Secondary metabolites of MAPs can be classified by many different ways on the
basis of:

e Chemical structure: such as cyclic and acyclic compounds or those comprising
sugar units

* Composition: nitrogen and non-nitrogen-containing compounds

e Solubility in water or organic solvents

* Biosynthetic pathways: such as terpenoids, phenolic fractions, and nitrogen-
containing compounds

Thus, it is quite clear from the above discussion that there is no particular
strategy to group natural products. Due to their vast differences in structure, func-
tional ability, and biosynthesis, it is hectic to put them into simple classes or
groups. However, scientific community worldwide divides these bioactive natural
substances into five major classes, viz., alkaloids, enzyme co-factors, fatty acid
derivatives and polyketides, non-protein fractions, and terpenoids and steroids
(Brahmkshatriya and Brahmkshatriya 2013), hence keeping in mind the major
classes the authors have tried to summarize the various types of secondary metab-
olites in detail:

4.5.1 Terpenoids/Terpenes

Terpenes or isoprenoids form 55% of total secondary metabolites in nature, and the
basic unit of terpenes is isoprene (Cs) (Fig. 4.3) meaning all the terpenes are made
of this single unit repeated in head to tail fashion. However, there are exceptions
such as carotenoids, in which isoprene units are joined in tail to tail fashion and even
terpenoids with carbon content not a multiple of 5 also exist (Brahmkshatriya and
Brahmkshatriya 2013).

Fig. 4.3 Structure of
isoprene
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The general formula for terpenes is (CsHg), where n is the number of carbon
atoms present in the structure. Based on this formula and structural arrangement,
terpenes can be classified as hemi-, mono-, sesqui-, di-, sester-, tri-, and tetraterpe-
noids. Mono-, di, sesqui-, and sester-terpenes are all joined in head to tail arrange-
ment, while tri- and tetra-terpenes are linked in tail to tail arrangement. Usually all
the terpenes are hydrocarbons, but those containing oxygen like alcohol, aldehydes,
and ketones also are terpenes, but due to the presence of oxygen moiety, they are
referred to as terpenoids (de las Heras et al. 2003).

Terpenes are accountable for many functions in plants such as protection from
predators, thermoregulation, signaling functions, etc., but the advantages are not
limited to plants only as they are gathering the attention of researchers worldwide
due to the numerous health benefits they offer (Kim et al. 2020). Besides having
pleasant smell, terpenes are spicy to taste and offer array of medicinal benefits.
Plants such as balm trees, carnation, caraway, cinnamon, citrus fruits, cloves, euca-
lyptus, ginger, lavender, lemongrass, lilies, peppermint, roses, rosemary, sage,
thyme, violet, etc. exhibit terpenes in their blossoms, fruits, leaves, rhizomes, roots,
seeds, and stems (Brahmkshatriya and Brahmkshatriya 2013). As reported by sev-
eral workers, terpenes exhibit potent anti-inflammatory activity (de las Heras et al.
2003; Kim et al. 2020). Other pharmacological activities displayed by terpenes and
terpenoids include antibacterial, anticancer activity, central nervous system (CNS)-
protective activity, cardiovascular system (CVS)-protective activity, and antihyper-
glycemic agent, antioxidant, antiparasitic agent, and antiviral activity. They are also
immunomodulatory in action. Essential oils are generally composed of mono- and
sesquiterpenes, while balsans, resins, rubber, and waxes contain other terpenes.
Some of the major terpenes found in plants are D-limonene, taxol, perillyl alcohol,
carveol, uroterpenol, sobrerol, farnisol, geraniol, citronellol, puuphenone, cineol,
barneol, etc. (Brahmkshatriya and Brahmkshatriya 2013).

4.5.2 Phenolic Compounds

Phenolic compounds are major secondary metabolites ubiquitous in plants. They
may be defined as the compounds either linked to mono- or polysaccharides form
bonds with one or more phenolic group or as derivatives of methyl or ethyl esters.
They are mainly divided into two major classes—polyphenols (coumarins,
flavonoids, lignans, anthocyanins) and phenolic acids (Minatel et al. 2017). The
major categories of phenolic compounds are discussed below in detail:

(a) Coumarins: Vogel first isolated coumarin from Coumarou or tonka beans
(Dipteryx odorata) in 1820 from where it has derived its name also. Coumarins
are widely distributed in plants and belong to a class of benzopyrones. They can

Fig. 4.4 Simple structure N
of coumarin
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either be naturally occurring or chemically synthesized by oxygen carrying het-
erocycle and a typical benzopyrone ring in the structure. Figure 4.4 gives a
simple structure of coumarin (Stefanachi et al. 2018).

Coumarins can be classified as simple coumarins (e.g., coumarin, flaxidin,
etc.), furanocoumarins (e.g., psoralen, marmalade, etc.), dihydrofuranocouma-
rins (e.g., anthogenol, rutaretin, etc.), pyronocoumarins (e.g., xanthylettin, ino-
phyllum, etc.), phenylcoumarins (dispardiol B, disparinol D, etc.), and
biocoumarins (e.g., dicoumarol) (Matos et al. 2015).

The major function of coumarins in plants is to save them against predators.
They are also widely used in cosmetic and perfumery industry for a decade and
also to enhance aroma in alcoholic and tobacco-based drinks. Coumarins offer
potential medicinal benefits as they possess strong pharmacological action,
low toxicity, lesser side effects, and better bioavailability. They also possess
several pharmaceutical properties being an analgesic, anticancerous, antico-
agulant, antidiabetic, anti-inflammatory, antioxidant, antimicrobial, and anti-
neurodegenerative agent (Matos et al. 2015).

Flavonoids: Flavonoids are an important class of secondary metabolites con-
sisting of polyphenolic structure and widely distributed in plants. They play
several crucial role in plant survival by protecting them against various biotic
and abiotic factors such as UV light, draught, frost hardiness, extreme thermal
and low temperature conditions, predators, microbes, etc. They also help in
seed dispersal and are responsible for the attractive color and aroma of plants.
Due to beneficial biochemical and antioxidant effects, they are widely used in
health promoting, nutraceutical, pharmaceutical, and cosmetic industry (Panche
et al. 2016). Structurally the flavonoids are composed of 15-C skeleton com-
prising two benzene rings attached to each other by heterocyclic pyrane ring.
Further they are divided into several subclasses such as anthocyanins, flavonols,
flavones, flavonones, flavan-3-ols, and isoflavones. The major difference
between various classes is their level of oxidation and the fashion in which
C-ring is substituted (Kumar and Pandey 2013). The major subclasses are dis-
cussed below in comprehensive manner and are given in Table 4.2 along with
examples:

* Anthocyanins

The colorful anthocyanins belong to flavonoid family having oxygen atom
with positive charge present at C-ring of basic flavonoid structure (flavylium
ion). Anthocyanins not only impart color to flowers and fruits of plants but
also play a crucial role in treating various human health issues. They have
proven activity against diabetes, cancer, obesity, cardiovascular disease,
inflammation, and microorganism-related infections. Anthocyanins exist as
glycosides, while in aglycone form, they are termed as anthocyanidins. The
major anthocyanidins present in plants are cyaniding, delphidin, peonidin,
malvidin, petunidin, and pelargonidin (Khoo et al. 2017).
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Table 4.2 Basic structure of flavonoid and its types along examples

Flavonoid (basic structure)

Class of
S.No. | flavonoid Basic structure Examples
1. Anthocyanin Cyanidin-3-glucoside, delphidin-3-
glucoside, malvidin-3-glucoside, etc.
2. Flavanols Quercetin, kaempferol, etc.
3. Flavones 0 Apigenin, luteolin, chrysin, etc.
o | S
=
4. Flavanones ®: | Naringenin, hesperetin, neohesperetin,
‘ ete.
Ry o
e
OH o
5. Flavon-3-ols Catechin, epicatechin, gallocatechin,

etc.

Isoflavones

Genistein, daidzein, glycitein, etc.
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e Flavonols

Flavonols are also called 3-hydroxylavones and are white to yellow in color.
They bear hydroxyl group at 3-C position; otherwise they closely resemble
flavones in structure. The major bioactive compounds of this group include
quercetin, kaempferol, and myricetin. They mainly occur in two forms, i.e.,
aglycon and glycosides. Flavonols offer many benefits to human health as
they are potent antioxidants. They also show anticancer, anti-atherosclerosis,
and neuroprotective activities (Zuiter et al. 2014) (Table 4.2).

* Flavones

Flavones are mainly found in leaves, flowers, and fruits as flavon-C-glucosides
and are colorless to pale yellow in color. They share structural similarity to fla-
vonols and differ only in lack of hydroxylation at 3-C-ring. The major sources
of flavones include chamomile, celery, ginkgo biloba, parsley, and thyme,
while chief flavone glycosides are apigenin and luteolin. Methoxylated fla-
vones such as tangeretin, nobiletin, and sinensetin are mainly present in the
skin of citrus fruits. Bioactive flavone compounds own several health-pro-
moting properties such as anticancer, anti-inflammatory, antimicrobial, and
antioxidant activities (Zuiter et al. 2014; Panche et al. 2016).

* Flavanones

Flavanones or dihydroflavones are colorless to yellow compounds mainly
found in citrus species such as grapefruit (e.g., naringenin), lemons (e.g.,
eriodictyol), and oranges (e.g., hesperetin) and aromatic plants such as mint.
The C-ring is saturated in case of flavanones which makes them different
from flavones and flavonols. Flavanones can further be classified in two
groups, viz., simple flavanones having hydroxyl, methoxy, methylenedioxy,
and C-methyl or related groups and complex flavanones like benzylated,
furano, prenylated, and pyranoflavanones showing distinct substitution
behavior. Like other classes of flavonoids, they also possess various medicinal
properties such as anticancer, anti-cholesteromic, antidiabetic, anti-
hypertensive, anti-inflammatory, anti-lipidemic, and antioxidant activity
(Zuiter et al. 2014; Panche et al. 2016).

* Flavan-3-ols

Flavan-3-ols or commonly known as flavanols or catechins are again color-
less to yellow in color and composed of hydroxyl group at C-3 position of
ring with absence of carbonyl group. They are abundantly present in apples,
blueberries, bananas, cocoa, peaches, pears, and tea. Aromatic plants con-
taining flavanols are mint, sage, rosemary, basil, and dill. The flavanols
present in these fruits and plants include catechin, epicatechin,
epicatechin-3-O-gallate, gallocatechin, procyanidin, theaflavin, etc. They
possess several pharmaceutical properties such as anticancer, anti-
inflammatory, anti-thrombotic, antioxidant, vasodilating, and cardioprotec-
tive activity (Zuiter et al. 2014).

e Isoflavones

Isoflavones structurally resemble estrogens and contain B-ring linked to
C-3 position. On the basis of oxidation level of central pyran ring, isoflava-
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Fig. 4.5 Basic structure of
lignans

(c)

(d)

nones can be divided into subcategories like daidzein, genistein, formo-
monetin, biochanin A, prunetin, 6-hydroxy daidzein, glycitein, orobol, and
santal. They are mainly found in family Leguminosae, Prunus species, soy-
beans, and Pueraria lobata (Kudzu). The major health benefits of isofla-
vones include various activities, viz., antidiabetic, anti-estrogenic,
anticancer, and anti-lipidemic, prevent osteoporosis, improve cardiovascu-
lar health, treat menopause symptoms, and inhibit platelet aggregation
(Zuiter et al. 2014).

Lignans

Lignans may be defined as bioactive phenolic compounds formed by linking two
phenylpropanoid units (Fig. 4.5) and are non-nutritive and non-caloric in nature
(Peterson et al. 2010; Zuiter et al. 2014). Lignans as a group was first described
by Haworth in 1936 (Basu and Mukherjee 2018). They perform several functions
in plants as in plant defense by acting as biocides and phytoalexins and thereby
providing protection against predators and insects (Peterson et al. 2010). Lignans
occur in nature either as free entities or bound to sugar moieties. The major lig-
nan sources in nature include cereals, fruits and vegetables, legumes, and oil
seeds. The major lignans found in plants are lariciresinol, isolariciresinol, larici-
resinol sesquilignan, secoisolariciresinol, pinoresinol, matairesinol, 7-hydroxyl-
ariciresinol, syringaresinol, cyclolariciresinol, etc. (Peterson et al. 2010; Zuiter
et al. 2014; Basu and Mukherjee 2018)

Lignans comprise estrogenic and anti-estrogenic activity which is responsible
for several disease-fighting properties that lignans exhibit such as anticancer,
antimicrobial, and cardiovascular protective activity (Peterson et al. 2010;
Herrero et al. 2012; Zuiter et al. 2014).

Tannins

Tannins or commonly called tannic acid is water-soluble phenolic compound
formed by condensation of flavan derivatives or polymerization of quinone
units (Basu and Mukherjee 2018). Tannins are widely distributed in medicinal
and aromatic plants such as black cohosh, cinnamon, curry leaves, feverfew,
and thyme (Ghosh 2015) (Fig. 4.6).

Tannins are categorized into two major subclasses, i.e., hydrolyzable tannins
and non-hydrolyzable or condensed tannins (Fig. 4.6). The former are made up
of hydrolyzable polyhydric alcohol esterified by gallic acid or hexahydroxy-
diphenic acid at hydroxyl group either partially or completely, e.g., gallotannins
(geraniin, etc.) and ellagitannins (corilagin, etc.), while the latter are condensa-
tion products of phenolic compounds mainly catechin or epicatechin. Condensed
tannins are also called proanthocyanidins (PAs) or flavolans, e.g., proanthocy-
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[ Tannins \
Q, OH OH
]
HO
OH
HO OH OH
OH

OH

{ HYDROLYSABLE " CONDENSED

Fig. 4.6 Major types of tannins in nature and their basic structure

anidin B, proanthocyanidin B,, etc. Condensed tannins are basically polymer-
ized forms of flavan-3-ols and flavan-3,4-diols or consortium of two (Chung
et al. 1998; Ghosh 2015; Ky et al. 2016).
Tannins are immense source of therapeutics and are used to treat allergies, acute
dermatitis, burn injuries, cardiovascular disorders, cold sores, cough, diarrhea,
dysentery, gastric ulcers, heavy metal-induced oxidative stress, inflammation,
inhibits platelet aggregation, microbial infections, painful joints, prickly heat,
snake bites, sore throat, tonsils, tumors, etc. (Ghosh 2015).

(e) Phenolic acids
Phenolic acids or phenolcarboxylic acids are class of phenolic compounds
comprising a phenolic ring attached to an organic carboxylic acid. They per-
form vital functions in plants such as allelopathy, enzyme activity, nutrient
uptake, photosynthesis, synthesis of proteins, and structural components.
They can further be classified into two subclasses based on the C-units linked
to the phenolic ring, hydroxybenzoic acids and hydroxycinnamic acids
(Goleniowski et al. 2013).
Hydroxybenzoic acids are derivatives of benzoic acids such as gallic acid,
vanillic acid, protocatechuic acid, salicylic acid, etc., while hydroxycinnamic
acids are cinnamic acid derivatives, e.g., chlorogenic acid, caffeic acid,
p-coumaric acid, etc. (Fig. 4.7).
Phenolic acids have tremendous therapeutic value as they act as antidiabetic,
antimicrobial, antioxidant, anti-allergic, anticancer, anti-inflammatory, and
antiviral agents (Goleniowski et al. 2013; Kumar and Goel 2019).
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Fig. 4.7 Classes of phenolic acids along with basic structure and examples
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Fig. 4.8 Basic structures of some of the alkaloids based on structure
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4.5.3 Nitrogen-Containing Compounds

(a) Alkaloids
Alkaloids (term coined by Wilhelm Meissner, German pharmacist) are bioac-
tive plant secondary metabolites containing at least single nitrogen atom in het-
erocyclic ring structure (Eguchi et al. 2019). They are mainly amino acid
derivatives. The classification of alkaloids is strenuous as they are sometimes
classified on the:

* Basis of structure: indoles, quinolones, isoquinolines, pyrrolidines, tro-
pane, and izidine alkaloids. The basic structure of alkaloids is given in
Fig. 4.8.

* Basis of biological distribution or the family of plant species in which they
occur such as opium alkaloids belonging to Papaver somniferum (opium
poppy) (Kurek 2019).

Alkaloids give plants protection against herbivores and insects. They also show
allelopathy and due to their toxic nature some even cause death in animals if
ingested (Hussein and Ansary 2018).
More than 10,000 alkaloids have been identified till date from about 300 differ-
ent plant species. They have even gained acclaim due to their pharmaceutical
and medical importance. They are widely used in narcotics. They exhibit vari-
ous medicinal properties, viz., antibacterial, analgesic, anti-inflammatory, anti-
cancer, anti-mitotic, anti-malarial, etc. (Zhao et al. 2015; Kurek 2019). They are
also used as blood vessel constrictors, muscle relaxants, and sexual stimulants,
to treat bradycardia and also to relieve discomfort due to hay fever, sinusitis,
and common colds (Zhao et al. 2015; Kurek 2019). Some of the major alkaloids
used today include atropine, caffeine, codeine, colchicine, ephedrine, nicotine,
and morphine (Zhao et al. 2015; Ahmed et al. 2017).

(b) Cyanogenic glycosides
Cyanogenic glycosides or commonly called cyanoglycosides form major group
of plant toxins known as cyanogens. The principle feature of this group is release
of free hydrogen cyanide (HCN) by the process called cyanogenesis. These are
o-hydroxynitriles, f-linked with mostly D-glucose, and result in production of
aglycone and sugar moiety upon enzymatic hydrolysis by p-glucosidase (Vetter
2000). Upon crushing of plants, these N-containing compounds release poi-
sonous gases such as HCN and hydrogen sulfide (H ,S) which form defense
system of plants by giving protection against insects and herbivores. The
important plant families consisting cyanogen glycosides are Compositae (lina-
marin), e.g., Linum usitatissimum; Poaceae (dhurrin), e.g., Sorghum species;
and Rosaceae (amygdalin and prunasin), e.g., Prunus species (bitter almond
and peaches) (Pagare et al. 2015).
Although cyanogenic glycosides are poisonous to both human beings and ani-
mals but few in vitro studies have suggested the beneficial role of prunasin and
amygdalin in prevention of cancer by inhibiting DNA polymerase (Yarnell
2007). The structures of prunasin and amygdalin are given in Fig. 4.9.
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Fig. 4.9 Important
cyanogenic glycosides. (a)
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(¢) Glucosinolates

Glucosinolates are class of secondary metabolites containing sulfur and nitro-
gen groups, i.e., thiohydroximate-O-sulfonate group forming bonds with
D-glucose along with alkyl, aralkyl, or indole side chain. They are generally
found in species of Brassicaceae family (Barba et al. 2016).

Glucosinolates are stable and biologically inactive metabolites of plants; how-
ever on disruption of plant tissue by any means or external factors such as
crushing of plant by animals, insects, predators, etc., they release enzyme
myrosinase which upon hydrolysis of glucosinolate produce unstable aglycon
metabolites like thiocyanate, nitriles, sulfates, and goitrins having therapeutic
properties. Thiocyanates play a vital role as antitumor agents by inhibiting
mitosis and further stimulating apoptosis in malignant cells (Johnson 2002;
Bischoff 2016; Barbara et al. 2016). The important glucosinolates are progoi-
trin, sinigrin, glucobrassicin, and glucoraphanin (Bischoff 2016).
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4.6 Pharmacological Potential and Mechanism of Action
of Bioactive Secondary Metabolites

According to World Health Organization (WHO), 80% of the total world popula-
tion still trusts traditional medicine for the treatment of various ailments. Bioactive
secondary metabolites form the backbone of ancient medicine, and around 3.3
billion people in developing nations use MAPs to cure common disease on daily
basis (Ahvazi et al. 2012). Research on the bioactive secondary metabolites has
increased tremendously in the past 50 years due to their vast impact on pharma-
ceutical and healthcare industry. The compilation of extensive data on secondary
metabolites is quite arduous; hence the authors have made an effort to assemble
data on disease-fighting properties of secondary metabolites from previous 5 years
(2015-2020).

4.6.1 Antimicrobial Activity

Antibiotic resistance has emerged as a threat on global basis due to ineffectiveness
of antibiotic drugs to respond against infection-causing microorganisms. Moreover,
with the prevalence and emergence of new multidrug-resistant strains, researchers
have been prompted to identify new antimicrobial agents having strong efficacy and
lesser side effects to treat pathogenic microorganisms (Barbieri et al. 2017;
Manadhar et al. 2019).

With the popularization and new methods for identification of bioactive second-
ary metabolites of MAPs in the past few decades, the research has found a pace with
hundreds of articles published on antimicrobial activity of these plants and their
secondary metabolites against deadly human infections (Barbieri et al. 2017). Some
of the studies involving the use of MAPs against human and food pathogens are
listed in Table 4.3.

Some of the secondary metabolites exhibiting antimicrobial activity are car-
vacrol, eugenol, linalool, linalyl acetate, menthol, citral, allicin, apigenin, quer-
cetin, epicatechin gallate, epigallocatechin gallate, 3-O-octanoyl-(+)-catechin,
2,4,2'-trihidroxy-5"-methylchalcone, cinnamaldehyde, berberine, hermane,
verbascosides, coumarin, allyl isothiocyanate, thymol, citronellol, tea tree oil, gera-
niol, p-cymene, piperine, curcumin, terpenine-4-ol, etc. (Radulovic et al. 2013).

The antimicrobial potency of various secondary metabolites from MAPs can be
attributed to several mechanisms including (Raduvolic et al. 2013):

* Disintegration of structure of membrane along with hampering of membrane
functions

e Termination of synthesis of genetic material, i.e., DNA/RNA and its functions

» Disturbance of intermediary metabolism

e Interference with mechanism of quorum sensing, i.e., cell-cell communication

* Inhibition of major enzymes
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4.6.2 Anti-carcinogenic Activity

Cancer may be distinguished by uncontrolled growth and proliferation of abnormal
cells. These malignant cells spread and destroy non-malignant or normal cells also
(Abdullahi et al. 2018). Cancer affects around 3.5 billion people all over the world.
It spreads to various vital organs and ultimately leads to death. Drugs currently used
for the treatment of cancer are expensive and toxic and may cause harm to healthy
cells. Hence search for novel anticancer agents with effective and safe properties
led the scientific community to bioactive secondary metabolites of MAPs (Alabi
et al. 2020).

MAPs contain various bioactive constituents which act against cancer such as
allicin (Allium sativum); lactone and vermodalin (Vernonia amygdalina); lycopene
(Solanum lycopersicum); vinblastine, vincristine, vindesine, and vinorelbine
(Catharanthus roseus); chebulinic acid, ellagic acid, and tannic acid (Terminalia
chebula); etc. (Abdullahi et al. 2018).

Recent study carried out by Promraksa and co-workers (2019) to check the
potential of ethanolic extracts of three medicinal herbs, namely, Cardiospermum
halicacabum, Gomphrena celosioides Mart., and Scoparia dulcis L., against chol-
angiocarcinoma (CCA) cell lines KKU-100 and KKU-213 was investigated. The
research group deduced that out of all the extracts used, S. dulcis extract signifi-
cantly increased BAX/Bcl-2 ratio along with permeability of cell membrane leading
to inhibition of cancer cells.

Similarly different doses of essential oil (EO) containing a-thujone, 1,8-cineole,
and camphor from aromatic plant Salvia officinalis were studied for antitumor
activity against human hormone-dependent tumor cell lines, viz., LNCaP (prostate
cancer), MCF 7 (breast cancer), and HeLa (cervical cancer), and it was identified
that both oil and its components significantly reduced the viability of cancer cells
after 2 days incubation. The authors suggested that the EO and its fractions induced
apoptosis via PI3K/AKT and MAPK/ERK pathways along with cell cycle arrest
and by alleviating the levels of reactive oxygen and nitrogen species (Privitera
et al. 2020).

4.6.3 Anti-cholestromic/Anti-lipidemic Activity

Hypercholesterolemia may be defined as elevated levels of cholesterol in the
bloodstream than normal concentration. The major risk factors associated with
high cholesterol are atherosclerosis, heart stroke, and myocardial infection.
Hypercholesterolemia and hyperlipidemia are the terms which can be used inter-
changeably as both involve increased levels of blood lipids such as cholesterol, lipo-
proteins (aid in transport of cholesterol through blood plasma), and triglycerides.
Thus, hypocholesteromic and hypolipidemic agents basically reduce the concen-
tration of cholesterol and triglycerides in blood and protect against cardiovascular
disease (Hurell et al. 2015).
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Several MAPs along with their secondary metabolites exhibiting anti-
cholesteromic activity are Allium cepa L. (S-alkyl cysteine sulfoxides), Allium
sativum L. (allicin), Commiphora mukul L. (E-Z-guggulsterone), Terminalia
arjuna (arjunine, arjunetin, arjunoside I, arjunoside II, triterpene-O-glycoside),
Phyllanthus niruri L. (phloretin-2-O-xylosyl glucoside, theaflavin-3-O-gallate,
myricetin, cyanidin, delphidin-3-O-sambubioside, protocatechuic acid, 8-5"-diferu-
lic acid, lupenone), Cicer arietinum (biocharin A and formomonetin), Glycine max
L. (isoflavones, genistein, daidzein), Oryza sativa L. (triterpene alcohols, tocopher-
ols, oryzanol, campesterol, p-sitosterol), Curcuma longa L. (curcumin), Trigonella
foenum-graecum (galactomannan), Glycyrrhiza glabra (glabridin, isoliquiritigenin),
Lagenaria siceraria (triterpenoid cucurbitacins B, D, G, 22-deoxycucurbitacin), etc.
(Saravanan and Ignacimuthu 2015; Kaur et al. 2017; Srivastava and Srivastava 2018).

Essential oils in aromatic plants of citrus family such as Citrus limon L. Burm
(lemon), Citrus sinensis L. Osbeck (orange), Citrus paradise Macfayden (grape-
fruit), etc. contain many bioactive secondary metabolites such as limonene,
a-terpineol, terpinolene, y-terpinene, etc. All these metabolites exhibit anti-
lipidemic, anti-atherogenic, and anti-cholesteromic activity (Lee et al. 2018). The
potential of these compounds was tested in hypercholesteromic rabbits by Lee and
co-workers (2018), and they suggested that the metabolites show this effect by
upregulating peroxisome proliferator-activated receptor alpha (PPARx) and liver
X-receptor beta (LXR}).

Similarly latest in vivo study in hypercholesteromic rats was carried out by Harb
and company (2019) to study the effect and mechanism of bioactive secondary
metabolite eugenol commonly found in essential oil of Eugenia caryophyllus
(clove) and in other MAPs such as Ocimum minimum and Melissa officinalis against
high cholesterol and lipids. The researchers concluded that eugenol effectively
reduced total cholesterol, low density lipoproteins (LDL), and anthrogenic index in
high cholesterol diet-fed rats. It also lowered steatosis, hepatic inflammation, and
hepatomegaly. Additionally, significant reduction was observed in marker enzymes
associated with hepatic injury such as alanine amino transferase (ALT) and alkaline
phosphatase (ALP) while alleviating antioxidant enzymes superoxide dismutase
(SOD) and catalase. The mechanism of action was attributed to downregulation of
transient receptor potential vanilloid (TRPV1) channels in the liver which induce
the action of f-hydroxy B-methylglutaryl-CoA, i.e., HMG-CoA reductase, the rate-
limiting enzyme in cholesterol biosynthesis.

4.6.4 Antiviral Activity

Around 219 virus species have been identified to be infectious to human beings, and
yellow fever virus was the first to be discovered in 1901. From then, new viral
disease-causing species have been discovered at the rate 2—3/year, and the research
regarding novel pathogenic viral strains has accelerated after the discovery of
human immunodeficiency virus (HIV) in the 1980s. New viruses emerged in the last
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Table 4.4 MAPs exhibiting antiviral action against major infectious viruses

Extract/compound

S.No. | Virus type Plant used used Reference

1. Hepatitis B virus Acacia mellifera Aqueous, Arbab et al.
(HBV) ethyl acetate, (2015)

n-butanol

2. Herpes simplex virus-1 | Artemisia kermanensis, | Essential oils Gavanjia
(HSV-1) Eucalyptus caesia, et al. (2015)

Rosmarinus officinalis,
Satureja hortensis,
Zataria multiflora
3. Measles virus Uvaria chamae and Methanol Oluremi and
Xylopia aethiopica Adeniji
(2015)

4. Influenza A-virus/ Aristolochia bracteolata, | Aqueous, acetone, Mehrbod
Influenza virus A/ Boscia senegalensis, methanol, ethanol etal. (2018)
WSN/33 (HIN1) Pittosporum viridiflorum,

and Rapanea
melanophloeos

5. Echovirus Crinum jagus, Methanol and Ogbole
Macaranga barteri, and | dicholoromethane etal. (2018)
Terminalia ivorensis

6. Human Achyranthes aspera and | Methanol Palshetkar
immunodeficiency Rosa centifolia et al. (2020)
virus (HIV)

7. SARS-CoV-2 Silybum marianum, Silybin, Withaferin-A, | Pandit and
(Covid-19) Withania somnifera, cordioside, catechin Latha
In-silico study Tinospora cordifolia, and | and quercetin (2020)

Aloe barbadensis

few years including deadly strains of Arenaviridae, Bunyaviridae, Coronaviridae,
Flaviviridae, Hepeviridae, Paramyxoviridae, and Togaviridae (Woolhouse et al.
2012; Parvez and Parveen 2017).

The major virus outbreaks that have led to millions of causalities in previous
years (2015-2020) include avian influenza virus [A(H7N9), A(H5NG6)], polio virus,
Middle East respiratory syndrome coronavirus (MERS-CoV), dengue virus, chi-
kungunya virus, yellow fever, Oropouche virus disease, hepatitis E, HIV, influenza
A (HINT1), Nipah virus, Ebola virus, Zika virus (ZICV), hantavirus, and novel coro-
navirus (WHO 2020).

Secondary metabolites of different MAPs exert different mechanisms to inhibit
the viruses such as some anti-HIV plants work by inhibiting viral proteases, viral
reverse transcriptase (RT), and integrase. Baicalin, a secondary metabolite, inter-
acts with chemokine receptors to inhibit the entry of HIV virus. Several plants of
Phyllanthus genus such as Phyllanthus amarus, Phyllanthus niruri, and Phyllanthus
urinaria inhibit hepatitis B virus (HBV) polymerase activity and mRNA transcription
and overexpress annexin-7 (Anx7) gene. Phytochemicals such as silybin and oxy-
matrine show anti-HCV (hepatitis C virus) activity by significantly reducing the
level of serum aspartate aminotransferase (AST) and a-glutamyl transpeptidase
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along with HCV clearance (Mukhtar et al. 2008; Kaur et al. 2020). Some of the
recent studies on MAPs exhibiting antiviral properties are listed in Table 4.4.

4.6.5 Antidiabetic Activity

Diabetes mellitus (DM) or diabetes is a common metabolic disorder character-
ized by hyperglycemia (increase in blood glucose levels). Under chronic condi-
tions, it results in severe damage to blood vessels, eyes, heart, kidneys, and nerves
(Malviya et al. 2010). Around 25% of total world population is suffering from
diabetes. It is generally of two types, type 1, or insulin-dependent diabetes, in
which insufficient insulin is produced by the pancreas and type 2 or non-insulin-
dependent diabetes, in which body becomes ineffective to use the insulin produced
which further results in elevated level of glucose in the blood. Out of the two, type
2 diabetes is more prevalent around the world (Salehi et al. 2019).

Although large numbers of drugs are available to control this disease, they inher-
ent several adverse effects such as reduction in efficiency of drug after long-term
usage and sometimes toxicity. To overcome these problems, scientific community is
continuously working for new herbal alternatives of these drugs having easy avail-
ability, low cost, and lesser side effects (Salehi et al. 2019).

There are about 509 plants belonging to 140 genera having antidiabetic potential.
The major antidiabetic plants are Ficus elastica, Ficus hispida, Artemisia afra,
Solanum viarum, Terminalia arjuna, Euphorbia hirta, Allium cepa, Mangifera
indica, Phyllanthus amarus, Phyllanthus niruri, Aloe vera, Boerhaavia diffusa,
Camellia sinensis, Nelumbo nucifera, Ichnocarpus frutescens, etc. These plants are
either a-amylase inhibitors or a-glucosidase inhibitors (Kaur et al. 2017; Salehi
et al. 2019; Srujana et al. 2020).

Several bioactive secondary metabolites of plants exhibiting antidiabetic activity
include alkaloids like berberine, boldine, neferin, lupanine, piperine, oxymatrine,
sanguinarine, etc.; flavonoids such as catechin, baicalin, diosmin, genistein, fisetin,
luteolin, kaempferol, rutin, naringenin, quercetin, etc.; triterpenoids like betulin,
betulinic acid, lupeol, etc.; and polysaccharides, viz., galactomannan and inulin
along with other compounds such as revesterol, piceatannol, butein, curcumin, chlo-
rogenic acid, embelin, erianin, garcinol, honokiol, etc. (Salehi et al. 2019).

4.7 Conclusion and Future Prospects

It is impossible to imagine human existence without plants. They not only pro-
vide food but also form the foundation of modern medicine. They are widely used
for medicinal purposes today also due to their easy availability, low cost, and
lesser side effects. Research on ethnopharmacology has led to many discoveries
in new strains of medicinal and aromatic plants and their bioactive secondary
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metabolites. Currently the research is more focused on methods for isolation of
these bioactive metabolites into purified forms and utilizing them as drugs to treat
various disorders. Although there has been extensive research in this field, still a
lot needs to be done regarding their mode of action in detail. Clinical trials involv-
ing purified secondary metabolites also need to be carried out to prove their safety
and efficacy.
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Chapter 5

Potential Uses of Bioactive Compounds
of Medicinal Plants and Their Mode
of Action in Several Human Diseases

Sadaf Choudhary, Andleeb Zehra, Mohammad Mukarram,
Kaiser Igbal Wani, M. Naeem, Khalid Rehman Hakeem, and Tariq Aftab

5.1 Introduction

Since ancient times, traditional medicinal system including several hundred plant
genera has been the most affordable and the easily approachable source of treatment
in the primary health-care system. Plant-based medicines are mainly used as herbal
preparations in the native systems of medicine in different parts of the world and are
rich sources of potent and powerful drugs which are being used till date and modern
chemistry has not been able to replace most of them (Ahmad et al. 1998). Medicinal
plants have long been known as remedies for human disease and provide a new
source of biologically active compounds as antimicrobial agents and also are great
bioresources of food supplements, pharmaceuticals and drugs of traditional medici-
nal system, modern medicines, folk medicines, nutraceuticals, intermediates, and
chemicals entitled for synthetic drugs (Das et al. 2010). Developing countries count
for 80% of the world’s population, and about 64% of the total population of the
world relies on herbal medicines, i.e., 3.2 billion people (Chadwick and Marsh
2008). Some parts of India and China and the developed areas of Europe cultivate
several medicinal plants on large scale to maintain the high demands of alternative
natural drugs (Greenwell and Rahman 2015). A wide range of bioactive compounds
have been identified in folk medicines that can be used to treat chronic as well as
infectious diseases (Sasidharan et al. 2011). A vast array of natural product drugs
discovered from medicinal plants including galantamine, arteether, and tiotropium
have either been approved by the US Food and Drug Administration (FDA) or are
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in clinical trials. A large number of therapeutically important drugs based on plant
origin raise hopes against various human diseases such as HIV/AIDS, Alzheimer’s
disease, malaria, and cancer, and these natural products continue to contribute to the
development of clinically important drugs in widespread clinical use such as pacli-
taxel, vincristine, vinblastine, and topotecan (Guimaraes et al. 2014).

Medicinal plants or their extracts have continuously been providing new and
valuable leads in the treatment of various medical conditions including malaria,
cardiovascular diseases, cancer, and neurological disorders. Traditional and ethno-
botanical utilization of medicinal plants provides as a source of useful knowledge
for the isolation of bioactive compounds including D-tubocurarine from
Chondrodendron tomentosum (direct use as a therapeutic agent), diosgenin from
Dioscorea floribunda, cocaine from Erythroxylum coca (the model drug for new
synthetic drugs), and for the production of local anesthetics (Ramawat et al. 2009).
The World Health Organization (WHO) has recognized herbal medicines as essen-
tial components for primary health care, and about 11% of the 252 drugs are
obtained from medicinal plants (Taylor 2000). The safe use of medicinal plants in
different ailments has great advantage in therapeutics besides being economical and
effective and their easy availability. These advantages allow the extensive use of
medicinal plants by the traditional medical practitioners in their day-to-day practice
(Hosseinzadeh et al. 2015a, b).

5.2 Bioactive Compounds

Bioactive compounds (BAC) are the substances synthesized by plants as secondary
metabolites (phytochemicals) having pharmacological or toxicological effects in
humans and animals (Bernhoft 2010). These secondary metabolites include terpe-
noids, glycosides, alkaloids, flavonoids, and phenolic compounds. Terpenoids gen-
erally exhibit potential pharmaceutical properties such as anticancer, antimalarial,
anti-inflammatory, antiviral, antibacterial, and inhibition of cholesterol synthesis.
On the other hand, alkaloids have antispasmodic, antimalarial, diuretic, and analge-
sic activities. Phenols and flavonoids are reported for their antioxidant, anti-allergic,
and antibacterial properties, while glycosides have antifungal and antibacterial
properties. Saponins are found to have anti-inflammatory, antiviral, and plant
defense activities (Wadood et al. 2013; Shakya 2016). Plant bioactive compounds
also exhibit antioxidant activity, stimulation of the immune system, modulation of
detoxification enzymes, decrease of platelet aggregation, and modulation of hor-
mone metabolism. Recent studies suggest the role of BACs in reducing the risk of
coronary heart disease by regulating the oxidation of low-density lipoprotein (LDL)
cholesterol, lowering the synthesis of cholesterol, maintaining blood pressure and
clotting, and enhancing arterial elasticity (Saxena et al. 2013).
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5.3 Functions of Bioactive Compounds

5.3.1 Alkaloids

Alkaloids are nitrogen-containing compounds (usually heterocyclic) and have
emerged as a chemical defense against microorganisms, viruses, herbivores, or
against other plants. They are structurally the most diverse class of secondary
metabolites and occur as simple structures to complex ones such as many neurotox-
ins (Fig. 5.1). Their immense pharmacological properties (especially in medicines
and stimulants) induce interest in selected plant products containing alkaloids
(Bandaranayake 2002). A number of distinct classes of approximately 12,000 dif-
ferent alkaloids have been identified in plants, and majority of these potential sec-
ondary metabolites have striking positive effects in different human medical
conditions (Takos and Rook 2013). Alkaloids are structurally more diversified than
any other class of secondary metabolites; therefore, they are not classified uni-
formly. Depending on the precursor and the final structure, alkaloids have been
divided into three major classes including true alkaloids, that are derived from
amino acids and contain nitrogen in the heterocyclic ring such as atropine and nico-
tine; protoalkaloids, derived from amino acids but nitrogen is not present in the
heterocyclic ring, e.g., phenylethylamine-derived alkaloids; and pseudoalkaloids,
not synthesized from amino acids but have nitrogen in the heterocyclic ring such as
caffeine and solanidine (Singh 2017). Some commonly used alkaloids in medicines
are aconitine, ajmaline, atropine, berberine, boldine, caffeine, cathine, cocaine, col-
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Fig. 5.1 Common properties of some important alkaloid-bearing medicinal plants
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chicine, ephedrine, ergotamine, morphine, narceine, nicotine, papaverine, quinine,
reserpine, taxol, vinblastine, vincristine, and many more (Schmeller and Wink
1998). Alkaloids possess several pharmacological activities such as antiarrhythmic
effect (spareien, quinidine), anticancer actions (vincristine, vinblastine, dimeric
indoles), antimalarial activity (quinine), and antihypertensive effects (many indole
alkaloids) (Saxena et al. 2013).

5.3.1.1 Some Important Alkaloid-Bearing Plants and Their Medicinal
Properties

Trigonella foenum-graecum, commonly known as fenugreek, is a traditional
Chinese herb. The major alkaloid component of fenugreek, trigonelline
(N-methylnicotinic acid, C,H;NO,), has great pharmacological importance and is
found beneficial in the prevention and treatment of diabetes and central nervous
system diseases. Apart from these properties, trigonelline also has antimigraine,
sedative, hypolipidemic, memory-improving, antibacterial, and antiviral proper-
ties. The mechanisms regulating these effects have been found to be connected
with modulation of f cell regeneration, activity of glucose metabolism-related
enzymes, insulin secretion, reactive oxygen species generation and scavenging,
axonal extension, and neuron excitability. More findings are required to further
explore the possible mechanism including trigonelline effects on antioxidant
actions and transcriptional pathways. However, both in vivo and in vitro studies are
required before its clinical use in the treatment of diabetes and other human disor-
ders (Zhou et al. 2012).

Papaver somniferum, usually known as the opium poppy, is an annual herb
belonging to the family Papaveraceae. It produces two main alkaloids, i.e., the
narcotic analgesic morphinan alkaloid morphine and antimicrobial benzophenan-
thridine alkaloid sanguinarine (Huang and Kutchan 2000). Morphine is an iso-
quinoline alkaloid and used in the attenuation of moderately serious to extreme
pain. Several studies have indicated that its analgesic activity is regulated by
p-opioid receptor (MOR), and it can also exhibit beneficial role in neuronal system
injuries (Hussain et al. 2018).

Mahonia aquifolium (Berberidaceae), commonly known as Oregon grape,
exhibits great pharmaceutical importance. It contains a variety of bioactive iso-
quinoline compounds such as berberine, jatrorrhizine, and a complex of
bis(benzylisoquinoline) alkaloids (BBI). Berberine has been found to have antitu-
mor activity in myelocytic leukemic HL60 cells, where it regulates the differentia-
tion and apoptotic death. It also alters the reverse transcriptase activity of RNA
tumor viruses (Vollekova et al. 2001).

Berberis vulgaris (barberry) also belonging to family Berberidaceae is a well-
known plant having immense medicinal value. The roots, bark, leaves, and fruits
of the plant have been used in traditional medicinal systems. The most studied
constituents of the plant are its isoquinoline alkaloids, i.e., berberine, berbamine,
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and palmatine. However, some other important alkaloids, i.e., oxycontin, bervul-
cine, columbamine, and coptisine, have also been identified (Zarei et al. 2015).
Berberine is one of the most studied protoberberine alkaloids. It has also been
reported in many other plants in addition to B. vulgaris including Coptis chinen-
sis, Ranunculaceae (Coptis or goldthread); Hydrastis canadensis, Ranunculaceae
(goldenseal); Arcangelisia flava, Menispermaceae; B. aquifolium (Oregon
grape), and B. aristata (tree turmeric) (Imanshahidi and Hosseinzadeh 2008).
Recently, its antimicrobial activity against hepatitis C virus has been reported
(Ghareeb et al. 2013). Several studies have confirmed that berberine could play
role as anti-obesity and hypoglycemic agent as it increases insulin sensitivity and
is capable of inhibiting alpha glucosidase and adipogenesis. It can also improve
the function of liver enzymes by reducing the density of serum cholesterol and
triglycerides; therefore, it can be suggested as hypolipidemic and hepatoprotec-
tant (Zarei et al. 2015).

Taxus wallichiana (Himalayan yew), belonging to the family Taxaceae, is a tem-
perate Himalayan forest tree of high medicinal value and ethnobotanical impor-
tance. Recently, it has received attention because of its alkaloid taxol, a potent
anticancer drug. Taxol was found to have unique properties to prevent the growth of
cancerous cells and is used in the treatment of ovarian and breast cancers. It was first
isolated from the bark of Taxus brevifolia. However, taxol and related bioactive
taxoids have been identified from several other species of the genus Taxus. T. wal-
lichiana exhibits several medicinal properties other than its anticancer activity
including anti-inflammatory, immunomodulatory, anticonvulsant, anticociceptive,
antibacterial, antifungal, analgesic, antipyretic, antispasmodic, antiplatelet, and
vasorelaxing effect (Juyal et al. 2014).

Catharanthus roseus (L.), an important medicinal plant, belongs to the family
Apocynaceae. It is the most widely studied medicinal plant consisting of more than
100 monoterpenoid indole alkaloids (MIAs) (Gajalakshmi et al. 2013). It is used to
treat several fatal diseases, and two major commercially important cytotoxic dimeric
alkaloids, i.e., vincristine and vinblastine, are used in cancer chemotherapy (Naeem
et al. 2017). Several hypertensive alkaloids such as ajmalicine, serpentine, and
reserpine have also been reported in the roots of plant and can also be used in the
treatment of platelet and platelet-associated disorders, malignancy, and in nonma-
lignant disorders (Idrees et al. 2011).

Rauwolfia serpentina, commonly known as sarpgandha, is an important medici-
nal plant of family Apocynaceae. It is commonly used in insomnia, hypertension,
sexual aggression, and vertigo. A large number of important alkaloids have been
identified in R. serpentina, i.e., ajmaline, ajmalimine, ajmalicine, deserpidine,
indobine, indobinine, reserpine, reserpiline, serpentine, serpentinine, yohimbine,
etc. (Kumari et al. 2013). However, reserpine, serpentine, and ajmaline have gained
more interest having immense medicinal value. Reserpine is the most prominent
alkaloid among all alkaloids and acts directly on the central nervous system, hence
lowers blood pressure as compared to any other blood-pressure-reducing agents.
Reserpine acts as a depressant on the central nervous system and peripheral ner-
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vous system by binding to catecholamine storage vesicles present in the nerve cells
and regulates the antihypertensive actions. By depleting the transmitter substances
from the adrenergic neurons, it interferes with the function of autonomic nervous
system and possibly by activating the central parasympathetic nervous system
(Bunkar 2017).

Strychnos nux-vomica (poison nut), belonging to the family Loganiaceae, is an
evergreen tree native to India and Southeast Asia. Strychnine and brucine are two
major alkaloids having pharmacological activities, i.e., relaxant in the stomach and
bowel movements, promote blood circulation, and relieve pain. It is also a valuable
remedy for chronic alcoholism and urinal incontinence (Patel et al. 2017). It has
also been known to improve spinal reflexes and stimulates respiratory and sensory
centers of the cerebral cortex (Akbar et al. 2010).

5.3.2 Terpenes

Terpenes are the polymers of isoprenoid units and one of the most extensive and
varied compounds occurring in nature. They exhibit a wide range of biological and
pharmacological activities and emit fragrances which allow them to be used in per-
fume preparation and cosmetics, aid in pollination, and act as insect repellents.
There are seven classes of terpenes identified in nature on the basis of their attached
isoprenoid units (IPUs) including monoterpenes (2 IPUs and 10 carbon atoms),
sesquiterpenes (3 IPUs and 15 carbon atom), diterpenes (4 IPUs and 20 carbon
atoms), sesterterpenes (5 IPUs and 25 carbon atoms), triterpenes (6 IPUs and 30
carbon atoms), tetraterpenes (8 IPUs and 40 carbon atom), and polyterpenes (sev-
eral IPUs) (Kandi et al. 2015). Terpenes (also known as terpenoids) constitute the
largest class of natural products having >55,000 known structurally diversified com-
pounds. Terpenes raise interest in the clinical applications having broad range of the
biological properties including antimicrobial, antifungal, antiviral, antihyperglyce-
mic, cancer chemopreventive effects, analgesic, antiparasitic, and anti-inflammatory
activities. The two most renowned terpene-based drugs are paclitaxel (anticancer)
and artemisinin (antimalarial); however, other terpenes have also gained attention in
pharmaceutical market, such as menthol. It is classified as a topical analgesic by the
US FDA, and it composes topical formulation nonprescription analgesic or over-
the-counter drug (OTC), as Salonpas® (5.7% menthol, 1.12% camphor, and 6.3%
methyl salicylate). Terpenes are also found to have anticancer properties via acting
on different stages of tumor development, i.e., induce the cell cycle arrest by inhibi-
tion of the early initiation and progression of tumorigenesis, tumor cell differentia-
tion, apoptosis and the suppression of angiogenesis, invasion, and metastasis in the
late stages through the regulation of various intracellular signaling pathways (Ansari
and Akhtar 2019).



5 Potential Uses of Bioactive Compounds of Medicinal Plants and Their Mode... 149

5.3.2.1 Some Important Terpenes Containing Medicinal Plants and Their
Uses

Cannabis sativa (cannabis), the terpene and cannabinoid-rich resin of which, is the
most valuable cannabis product with its various psychoactive and medicinal proper-
ties. The resin of different cannabis types has been identified to have more than 150
different terpenes and approximately 100 cannabinoids. Cannabis terpenes are
mostly hydrocarbons (Booth and Bohlmann 2019). The most abundant terpene
identified in Cannabis is myrcene, and it was found to protect the brain, heart, and
skin tissues from inflammation and oxidative damage. It has also shown antinoci-
ceptive properties. A more predominant terpene of cannabis, i.e., f-caryophyllene,
possesses significant anticancer properties, affecting the growth and proliferation of
numerous cancer cells. However, f-caryophyllene has several other pharmaceutical
properties including hepatoprotective, neuroprotective, nephroprotective, cardio-
protective, gastroprotective, anti-inflammatory, and immunomodulatory actions
(Nuutinen 2018).

Artemisia annua (sweet wormwood or quingho) is an important medicinal plant
native to Asia and most probably China. The main component of A. annua, arte-
misinin (C;sH»0ys), a sesquiterpene lactone containing a peroxide bridge, has
been widely used for the treatment of malaria (Aftab et al. 2010). For the treatment
of malaria, WHO recommends ACT (artemisinin-based combination therapy),
considered as one of the most novel discoveries in the medicinal world (Zehra et al.
2020). Several other pharmaceutical properties of artemisinin are antibacterial,
antifungal, antileishmanial, antioxidant, antitumor, and anti-inflammatory (Kim
et al. 2015). Apart from all these properties, inhibitory activity of A. annua against
some viruses including HSV1 has also been reported (Karamoddini et al. 2011).
The bioactivity of artemisinin and its semisynthetic derivative artesunate has been
scrutinized, and their inhibitory activity has been revealed against some viruses
including cytomegalovirus and other members of the Herpesviridae family (i.e.,
Epstein-Barr virus and herpes simplex virus type 1), bovine viral diarrhea virus,
hepatitis B virus, and hepatitis C virus (Efferth et al. 2008). Recently, it has been
reported that artemisinin inhibited the replication of SARS-CoV-2 which causes
the novel coronavirus COVID-19; however, the efficacy of artemisinin needs to be
tested like other potential COVID-19 therapeutic agents such as hydroxychloro-
quine and remdesivir in well commanded and profusely powered clinical trials
(Rolta et al. 2020).

Genus Mentha includes more than 25 species of mint, i.e., peppermint, spear-
mint, curled mint, American mint, Korean mint, wild mint, etc., constituting
essential oil enriched with monoterpenes, i.e., menthol, menthone, carvone, and
pulegone as major phytoconstituents. Mint exhibits innumerable medicinal and
pharmacological properties that led to an enormous induction of research interest
in this amazing herb (Shaikh et al. 2014). The essential oil of mint species usu-
ally consists oxygenated monoterpenes followed by sesquiterpene hydrocarbons.
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Different species of the genus Mentha contain different terpene composition.
Mentha arvensis, commonly known as corn mint or menthol mint, has the maxi-
mum share in global mint market among all the species of the genus Mentha, due
to the highest content of menthol which has great pharmaceutical and medicinal
value (Choudhary et al. 2020). Several research studies have confirmed its antiul-
cerogenic property (Tiwari 2016). The leaves of M. arvensis are used to treat fevers,
hypertension, jaundice, nausea, diabetes, bronchitis, respiratory, and urinary tract
infections (Akram et al. 2011).

Thymus vulgaris (thyme) synthesizes terpene alcohols and phenols which are

known to have powerful antibacterial and antifungal properties (Cox-Georgian et al.
2019). Among all the terpenes present in thyme essential oil, thymol and carvacrol
are the major phytochemicals having immense medicinal properties (Guesmi et al.
2018). T. vulgaris is commonly used in the treatment of many diseases especially in
inflammation-related ailments, such as rheumatism, muscles swelling, insect bites,
and pains. The essential oil of 7. vulgaris is basically composed of monoterpenes,
which act as antimicrobial, antispasmodic, antioxidative, medicinal drug, anti-
tissue, and antibacterial activities. Several other therapeutic properties of thyme
have been reported, including antiseptic, astringent, disinfectant, carminative, and
treatment of several skin diseases (Hosseinzadeh et al. 2015a, b).
Azadirachta indica (neem) has medicinal properties known to Indians since time
immemorial. Several different terpenoids including di- and triterpenoids have been
reported in neem plant. These terpenoids exhibit antitumor, anti-inflammatory,
immunostimulatory/immunosuppressive, antiviral, antiulcer, antimalarial, antibac-
terial, and antioxidant activities; however, several other potentially useful activities
have also been reported, such as controlling the neoplastic growth, AIDS virus
infected cells, hepatitis B virus, and malaria parasite (Dayanandan et al. 2000;
Gupta and Chaphalkar 2016). A. indica contains four well-known limonoids, i.e.,
nimbinene, nimbinal, nimbandiol, and salannin; three diterpenoids including nim-
bidinol, ferruginol, and 6,7-dehydroferrugenol and recently two new terpenoids,
i.e., limonoid morenolide and diterpene 17-hydroxy-sandaracopimar-8,15-dien-11-
one, have been reported (Passos et al. 2019). However, azadirachtin, gedunin, and
nimbolide are highly investigated due to their immense anticancer properties
(Nagini 2014).

5.3.3 Glycosides

Glycosides comprise a large group of secondary metabolites, which are widely dis-
tributed in plants (Table 5.1). They are structurally diversified having significant
medicinal potential and clinical scope as antidepressants. These compounds consist
of an aglycone unit (genin) attached to the anomeric carbon of a sugar molecule
(glycone) through a glycosidic linkage (Bartnik and Facey 2017). Several classes of
glycosides have been identified such as alcoholic, anthraquinone, flavonoid, iridoid,
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coumarin, cardiac, steviol, cyanogenic, chromone, phenolic, and saponins. There
are a number of well-studied glycosides reported in plants including digoxin, hes-
peridin, rutin, catalpol, amygdalin, diosgenin, loganin, salicin, arbutin, lotaustralin,
geniposidic acid, stevioside, rebaudioside, prunasin, sinigrin, sinalbin, antron,
anthranol, aucubin, theviridoside, naringin, dhurrin, ginsenosides, etc. The vali-
dated pharmaceutical properties of glycosides are antidiabetic, anticancer, anti-
thrombotic, analgesic, antifungal, antioxidant, and antiviral, among others (Khan
et al. 2018a, b). Glycosides are found to cure irritant dry cough and urinary disor-
ders and have sedative and relaxant effect on the heart and muscles under the pre-
scribed doses (Visweswari et al. 2013). The cardiotonic steroids (cardiac glycosides)
have long been known to treat heart-related disorders in folk medicinal system. A
vast variety of plants especially belonging to Plantaginaceae, Apocynaceae,
Asparagaceae, and Moraceae families possesses cardiac glycosides including
Antiaris toxicaria, Asclepias sp., Bowiea volubilis, Calotropis procera, Calotropis
gigantea, Convallaria majalis, Digitalis purpurea, Drimia maritima, Kalanchoe
daigremontiana, Nerium oleander, Thevetia peruviana, Strophanthus gratus etc.
(Patel 2016).

5.3.4 Flavonoids and Phenolic Acids

Flavonoids are highly diversified plant secondary metabolites and represent a broad
family of more than 4000 phytochemicals. The four major classes are isoflavones,
anthocyanins, 4-oxoflavonoids (flavones and flavonols), and flavan-3-ol derivatives
(catechin and tannins). They possess various biological activities such as anti-
inflammatory, anticancer, and antiviral antithrombotic, and cardioprotective proper-
ties and are consumed in the human diet on daily basis (Salvamani et al. 2014).
Flavonoids (polyphenolic compounds) constitute one of the most characteristic
classes of compounds in higher plants possessing 15 carbon atoms and 2 benzene
rings joined by a linear 3-carbon chain. They are the small organic compounds and
are normally absorbed by the human body for long period; thus, they might be one
of the safest non-immunogenic drugs (Lee et al. 2007). Flavonoids recently gained
consideration as requisite component of pharmaceutical, nutraceutical, medicinal,
and cosmetic application. Flavonoids have functional hydroxyl groups which scav-
enge free radicals or chelate metal ions, thus exhibit antioxidant effects and help in
the prevention of radical generation that damage the biological molecules leading to
oxidative stress and many diseases (Tiwari and Husain 2017). Phenolic compounds
are known to exert preventative actions against inflammation and allergies via anti-
oxidant, infectious and degenerative diseases, neutralization/modulation mecha-
nisms, and antimicrobial and protein/enzymes (Ozcan et al. 2014). Several
medicinally important phenolic compound-containing plants are Acacia catechu,
Morus alba, Portulaca oleracea, Solanum nigrum, Curcuma longa, Zingiber offici-
nale, Arctium lappa, Xanthium sibiricum, Cinnamomum cassia, Salvia miltiorrhiza,
and many more (Cai et al. 2004).
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5.4 Mode of Action

Proteins can function as enzymes, receptors, transcription factors, transporters, ion
channels, and cytoskeletal proteins and are the major target molecules of cells. Plant
secondary metabolites can form covalent bonds with proteins, peptides, and some-
times DNA through their reactive functional groups (such as aldehydes and
SH-groups, epoxides, double bonds with enon configuration, triple bonds) and
impair the protein function. Secondary metabolites can nevertheless be useful as
multi-target drugs in diseases in which proteins are involved as they can attack a
multitude of protein with their functional groups in a non-selective way. Herbal
medicines usually contain phenolic compounds, which contain one or more
hydroxyl groups, and can form many hydrogen bonds with electronegative atoms
(O, N) in proteins and peptides. Positively charged amino groups of several amino
acids such as lysine and arginine in proteins form ionic bonds with these negatively
charged groups. The structural and functional flexibility of proteins can be impaired,
if a secondary metabolite (polyphenol) forms several hydrogen and ionic bonds
with a protein or with its binding or catalytic site. Transcription factors that regulate
differential gene expression in an organism are also an important class of proteins
and can also be modulated by secondary metabolites or phenolics which form cova-
lent bonds, thus influence gene regulation indirectly. Many genes were found to be
either up- or downregulated when transcriptome analysis have been conducted in
cells or animals treated with an herbal drug or even a single compound. It has
become apparent with the availability of RNA-Seq using next-generation sequenc-
ing (NGS) that several genes and the protein-mediated differentiation and epi-
genetics are also affected by secondary metabolites (Wink 2015).

Plant secondary metabolites have been reported to affect microbial cells in sev-
eral different ways including disruption of membrane function and structure (includ-
ing the efflux system), induction of coagulation of cytoplasmic constituents,
interference with intermediary metabolism, interruption of DNA/RNA synthesis
and functions, and alterations in normal cell communication (quorum sensing).
Plants secondary metabolites primarily target cytoplasmic membrane and affect its
structure, integrity, permeability, or functionality in different ways, such as some
antifungal natural products alter the function of the major sterol of fungal cell mem-
brane, i.e., ergosterol, which is involved in several processes such as maintenance of
integrity and fluidity of membrane and regulation of enzymes necessary for the
growth and division of cells. The most diversified group of plant bioactive com-
pounds, i.e., flavonoids, exerts their inhibitory effect mainly on cytoplasmic mem-
brane function and DNA synthesis and also affects RNA synthesis and proteins, but
in a lesser content. The dehydratase activities of f-hydroxyl-acyl carrier protein and
DNA gyrase were found to be inhibited by apigenin and quercetin together with
some other flavonoids. It has further been reported that quercetin inhibits the ATPase
activity of DNA gyrase enzyme via its binding to the GyrB subunit in E. coli. Along
with this activity, quercetin has been considered as membrane active compound and
also caused an increase in permeability of the inner membrane and a dissipation of
the membrane potential (Radulovic et al. 2013).
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A study on immunosuppressive and anti-inflammatory effect of terpenoids of
Azadirachta indica, Acacia catechu, and S. malabarica showed inhibition of nitric
acid (a fundamental signaling molecule) production from human peripheral mono-
nuclear cells and also on the monocyte and granulocyte count from whole human
blood (Gupta and Chaphalkar 2016).

Cardiac glycosides inhibit the Na*-K*-ATPase, building up Na* and K* gradients
which are essential for transport activities and neuronal signaling, one of the most
important molecular targets of animal cells. They exhibit positive inotropic, positive
bathmotropic, weakly negative chronotropic, and dromotropic heart activity and
slow down heart beat (Wink 2007; Van Wyk and Wink 2018).

Several agents cause oxidative DNA damage and increase the risk of cancer
development. Plant-derived polyphenols are known to have strong antioxidant prop-
erties. They inhibit lipid peroxidation and peroxygenases, thus scavenging free radi-
cals, i.e., superoxide, peroxyl, and hydroxyl. Glucosinolates have been reported to
actagainstseveral carcinomas by modulating carcinogen metabolism. Isothiocyanate,
a highly reactive derivative of glucosinolate, also regulates mitosis and stimulates
apoptosis in human tumor cells in vivo and in vitro (Singh et al. 2003).

Hashemzaei and his research group tested the anticancer activity and the
apoptosis-inducing ability of quercetin in both in vivo and in vitro conditions. They
tested nine cancer cell lines including colon carcinoma, CT-26 cells, LNCaP cells,
prostate adenocarcinoma, acute lymphoblastic leukemia MOLT-4 T-cells, human
prostate PC3 cells, estrogen-receptor positive breast cancer, human myeloma
U266B1 cells, ovarian cancer CHO cells, pheochromocytoma PC12 cells, and
human lymphoid Raji cells. The experimental results proved quercetin significantly
induces apoptosis in all tested cancer cell lines as compared to the control group.
The in vivo experiment on mice MCF-7 tumor lines and mice bearing CT-26 tumors
exhibited a significant decrease in tumor size and volume and also increased the
survival period of tested animals. Another experiment has been conducted by the
research team of Clifford to evaluate anticancer activity of quercetin on three estab-
lished pancreatic cancer cell lines. They have tested the crosstalk between querce-
tin, microRNAs, and Notch (an important gene for signaling receptor encoding)
signaling in the regulation of self-renewing cancer stem cell divisions, and results
showed that quercetin can induce miR-200b-3p to mediate the mode of self-
renewing divisions of the tested pancreatic cancer (Tungmunnithum et al. 2018).

Although a large number of plant secondary metabolites have been examined
from medical plants, an innumerable count of natural compounds has still not been
identified. However, functional evaluation of these natural products and profiling of
several medicinal plants have not been completely performed.

5.5 Conclusion

To recapitulate, plant secondary metabolites are the potential candidates to treat
several life- threatening human diseases. These natural bioactive compounds
offer defense against various diseases with a wide array of defense properties



5 Potential Uses of Bioactive Compounds of Medicinal Plants and Their Mode... 155

(antimicrobial, antiviral, antifungal, anticancer, and many more) without harmful
side effects and being cheap and affordable as compared to other treatments. The
knowledge gained at the cellular and molecular levels could be useful in plan-
ning for future epidemiological diseases, several human cancer prevention trials,
diabetes, several neurological disorders, etc. However, a large number of second-
ary metabolites have not been tested yet for their potential pharmaceutical and
medicinal applications, and the mechanism of several known potential bioactive
compounds is not clearly understood.
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Chapter 6

Understanding the Mechanistic
Functioning of Bioactive Compounds
in Medicinal Plants

Aryadeep Roychoudhury and Rituparna Bhowmik

6.1 Introduction

Plants produce secondary metabolites to protect themselves against herbivores,
parasitic plants, and microbes. Some of these secondary metabolites also act as
signalling compounds. Over several ages, humans found a way to suitably use these
secondary metabolites, so that the field of herbal medicine or phytomedicine
emerged. According to the estimates made by the World Health Organization
(WHO), plant-based pharmaceuticals are one of the most sought-after items for
primary healthcare for 3.5—4.0 billion people across the world. A major chunk of
these are traditional medicines involving plant extract and decoction which is often
termed as “modern herbal medicine” (Srivastava et al. 2019).

Plant pharmaceuticals often interact with the main targets in cells like proteins,
biomembranes, and nucleic acids (mainly DNA) which form the basis of their use
in pharmaceuticals. Some secondary metabolites have been optimized for specific
targets like alkaloids which act on neurotransmitter receptors, while others like phe-
nolics and terpenoids have a more generalized action without a defined target.
Mostly, these secondary metabolites interact by formation of hydrogen, hydropho-
bic, and ionic bonds, which interferes with the three-dimensional macromolecular
structure imparting their bioactivity. The multitarget effect of many plant secondary
metabolites justifies their use in overall health improvement. For several hundred
medicinal plants all around the world, monographs have been published, where
their therapeutic potentials have been assembled in an organized manner. Some
such important monographs are German Commission E and the European
Pharmacopoeia (Ph. Eur.) and the European Scientific Cooperative on Phytotherapy
(ESCOP) and the WHO monographs (Wink 2015).

A. Roychoudhury (P<) - R. Bhowmik
Department of Biotechnology, St. Xavier’s College (Autonomous),
Kolkata, West Bengal, India

© The Author(s), under exclusive license to Springer Nature 159
Switzerland AG 2021

T. Aftab, K. R. Hakeem (eds.), Medicinal and Aromatic Plants,
https://doi.org/10.1007/978-3-030-58975-2_6


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-58975-2_6&domain=pdf
https://doi.org/10.1007/978-3-030-58975-2_6#DOI

160 A. Roychoudhury and R. Bhowmik

This chapter discusses the general mode of action of different plant metabolites
such as covalent interactions, non-covalent interactions, and interactions with bio-
membranes and antioxidant properties. Some important pharmaceuticals from the
different categories of secondary metabolites, namely, phenolics (aspirin and quer-
cetin), alkaloids and alkyl amines (quinine, lysergic acid dimethylamine or LSD,
and Vinca alkaloids like vincristine), cardiac glycoside (digoxin), terpenoids (sapo-
nins), and atypical amino acids (myriocin) have been discussed in detail.

6.2 Role of Secondary Metabolites

Many secondary metabolites are used in pharmaceuticals as bioactive compounds
with definite application. These secondary compounds may act on ion channels,
neuroreceptors, enzymes which degrade neuroreceptors, acetylcholine receptor
agonist, elements of extracellular matrix (ECM), etc. (Van Wyk and Wink 2015;
Wink et al. 1998). Some of them may be potent hallucinogens like salvinorin from
Salvia divinorum and cannabinoids from Cannabis sativa (Wink 2000). These bio-
active compounds are very specific in their activity. Their structures are determined
by “evolutionary molecular modelling” (analogous to chemical modelling) by evo-
lution and selection for their function (Wink 2007; Wink and van Wyk 2010).
Phytomedicines are commonly available as extracts with water/alcohol or as dis-
tillate or essential oil. They are almost always a mixture of dozens or even hundreds
of secondary metabolites often from a variety of structural groups. Most of the
bioactivity of these phyto-extracts cannot be pinpointed to a single secondary
metabolite (Chevallier 2001). They manifest due to the synergistic interactions of
several secondary metabolites present in the mixture and help to treat a broad spec-
trum of diseases in place of a single disorder (Hellmann et al. 2010). These medici-
nal plants contain compounds like polyphenols, alkaloids, alkylamines, etc. and
groups of secondary metabolites which have curative roles (Hénsel et al. 2007).
Understanding the mechanism of action of these secondary metabolites may help
us modify them for improved effectiveness, reduced side effects, and use in other
applications. While understanding the exact mode of action of every secondary
metabolite individually would be tedious, Table 6.1 summarizes the mode of action
of many useful secondary metabolites, along with their plant sources. Most of these
activities may be studied under some broad categories like covalent interactions,
non-covalent interactions, antioxidant properties, etc. which are discussed ahead.

6.2.1 Covalent Interactions

Plants constitute a storehouse of secondary metabolites, with various reactive func-
tional groups attached to the skeletal framework (Wink and Schimmer 2010). They
may be aldehydes, thiol groups, hydroxyl groups, triple bonds, etc. which interact
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Table 6.1 Wide varieties of secondary metabolites and their diverse modes of action
Secondary
metabolites Source Application Mode of action References
Adoniside Adonis vernalis | Cardiotonic Inhibits Na*/K* Poliakov
pumps (1961)
Aescin Aesculus Anti-inflammatory | Endothelial NO Berti et al.
hippocastanum synthesis, making | (1971)
endothelial cells
more permeable to
Ca*. Induces
prostaglandin
release
Aesculetin Fraxinus Anti-inflammatory | Blocks MAPK Sarfraz
rhynchophylla et al.
(2017)
Agrimophol Agrimonia Anthelmintic Inhibits DNA Zhao et al.
eupatoria synthesis in tumor | (2015)
cells
Allyl isothiocyanate | Brassica nigra | Rubefacient Kills bacteria by Lin et al.
acting on its cell (2000)
membrane
Anabasine Anabasis Skeletal muscle AChE inhibitor Victor
aphylla relaxant Kuete
(2014)
Andrographolide Andrographis Treatment for Kills bacteria by Singha
paniculata bacillary dysentery | preventing DNA et al.
synthesis (2003)
Anisodine Anisodus Anticholinergic Cyclooxygenase Tian et al.
tanguticus inhibitor blocks (2015)
prostaglandin
synthesis
Anisodamine Anisodus Anticholinergic Blocks mAChR Tian et al.
tanguticus (2015)
Arecoline Areca catechu Anthelmintic nAChR/mAChR Liu et al.
receptor agonist (2016)
Asiaticoside Centella asiatica | Vulnerary Collagen synthesis, | Fitri et al.
stimulates ECM (2018)
accumulation
Atropine Atropa Anticholinergic Inhibits mAChR Wang et al.
belladonna (2017a,
2017b)
Berberine Berberis Treatment for Inhibits choline Schmeller
vulgaris bacillary dysentery | acetyltransferase etal.
(1997)
Bergenin Ardisia japonica | Antitussive Inhibits Interleukin | De
1p and TNF-a Oliveira
et al.
(2011)

(continued)
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Secondary
metabolites Source Application Mode of action References
Betulinic acid Betula alba Anticancerous Induces apoptosis | Wang et al.
(2017a,
2017b)
Bromelain Ananas comosus | Anti-inflammatory, | Cysteine protease | Van Wyk
proteolytic and Wink
(2004)
Caffeine Coffea arabica | Stimulant Inhibits Boswell-
phosphodiesterase | Smith
and adenosine et al.
receptors (2006)
Camphor Cinnamomum Rubefacient CNS stimulant Matthews
camphora et al.
(2009)
Camptothecin Camptotheca Anticancerous Inhibitor of DNA | Van Wyk
acuminata topoisomerase and Wink
(2004)
Catechin Potentilla Hemostatic Alters apoptotic Abbas and
[fragarioides gene expression Wink
and NO synthase (2009)
Cissampeline Cissampelos Skeletal muscle Cysteine protease | Smolarsky
pareira relaxant (1978)
Cocaine Erythroxylum Analgesic, Inhibits Na* Van Wyk
coca stimulant channels and and Wink
reuptake of (2004)
noradrenaline and
dopamine
Codeine Papaver Analgesic, Interacts with Bhandari
somniferum antitussive opioid receptors et al.
(2011)
Colchicine Colchicum Antitumor, Inhibits Van Wyk
autumnale antigout microtubule and Wink
assembly (2015)
Curcumin Curcuma longa | Choleretic PPARy activation | Jacob et al.
(2007)
Digitoxin Digitalis lanata | Heart insufficiency | Inhibits Na*/K* Arispe
ATPase et al.
(2008)
Emetine Psychotria Amoebicide, Protein Moller
ipecacuanha emetic biosynthesis et al.
inhibitor (2006)
Ephedrine Ephedra species | Sympathomimetics | Stimulate o- and Limberger
p-adrenergic et al.
dopaminergic (2013)
receptors

(continued)
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Table 6.1 (continued)

Secondary
metabolites Source Application Mode of action References
Galanthamine Galanthus Alzheimer Inhibits AChE Van Wyk
woronowii treatment and Wink
(2004)
Hyoscyamine Atropa Antagonist of Antagonist of Van Wyk
belladonna mAChR mAChR and Wink
(2015)
Irinotecan Camptotheca Anticancer, Inhibits de Man
acuminata antitumor agent topoisomerase I et al.
(2018)
Kawain Piper Tranquilizer Interacts with Na* | Walden
methysticum and Ca* ion et al.
channels (1997)
Lobeline Lobelia inflate Smoking deterrent, | Inhibits ABC Ma and
respiratory transporters Wink
stimulant (2008)
Morphine Papaver Analgesic Agonist of Yadlapalli
somniferum endorphin et al.
receptors (2017)
Nicotine Nicotiana CNS stimulant nAChR agonist Wink et al.
tabacum (1998)
Ouabain Strophanthus Cardiotonic Na*/K*-ATPase Manunta
gratus inhibitor et al.
(2009)
Palmatine Coptis japonica | Antidepressant Regulates Long et al.
monoamine (2019)
oxidase activity
Papain Carica papaya | Cures digestive Proteolysis Van Wyk
problems and Wink
(2004)
Physostigmine Physostigma Alzheimer Inhibits AChE Van Wyk
venenosum treatment and Wink
(2015)
Pilocarpine Pilocarpus Glaucoma mAChR agonist Van Wyk
Jjaborandi treatment and Wink
(2015)
Podophyllotoxin Podophyllum Anticancer Inhibitor of Zhang
peltatum microtubule et al.
formation (2018)
Quinidine Cinchona Antiarrhythmic Na* channel Wink
pubescens inhibitor (2012)
Reserpine Rauvolfia Hypertonia Inhibits the uptake | Jerie
serpentina treatment of noradrenalin (2007)

into postsynaptic
vesicles

(continued)
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Secondary
metabolites Source Application Mode of action References
Rotenone Lonchocarpus Piscicide Inhibits Wink and
nicou mitochondrial Schimmer
respiratory chain (2010)
Salicin Salix alba Analgesic Prostaglandin Maclagan
inhibitor (1876)
Sanguinarine Sanguinaria Dental plaque DNA intercalator | Hamoud
canadensis inhibitor et al.
(2015)
Sparteine Cytisus Antiarrhythmic Na* channel Van Wyk
scoparius inhibitor and Wink
(2015)
Tetrahydrocannabinol | Cannabis sativa | Antiemetic, Activates THC Tiwari
(THO) decreases ocular receptor et al.
tension (2018)
Theobromine Theobroma Diuretic, Inhibits Martinez-
cacao vasodilator phosphodiesterase | Pinilla
and adenosine et al.
receptors (2015)
Tubocurarine Chondrodendron | Muscle relaxant Inhibits nAChR Sun and
tomentosum Wink
(2014)

NO nitric oxide, nAChR nicotinic acetylcholine receptor, mAChR muscarinic acetylcholine recep-
tor, AChE acetylcholine esterase, THC tetrahydrocannabinol, ABC ATP-binding cassette, PPARy
peroxisome proliferator-activated receptor gamma, CNS central nervous system, ECM extracellu-
lar matrix, TNF-a tumor necrosis factor-o, MAPK microtubule-associated protein kinase

with the covalent bonds of biological macromolecules like proteins and DNA
(Fig. 6.1) (Wink 2008). Under physiological conditions, several random modifica-
tions may take place throughout the body, like aldehyde groups in secondary metab-
olites may interact with the amino or imino groups of amino acids, proteins, and
DNA or with the thiol groups of proteins. Similarly, epoxy groups in these bioactive
compounds may react with free amino acids, DNA bases, or thiol groups. Exocyclic
methylene groups present in terpenes and phenylpropanoids, allicin in garlic, or
groups like sesquiterpene lactones can interact with thiol groups in glutathione.
Proteins function as receptors, ion channels, transporters, enzymes, cytoskeletal
structures, etc. inside the cell. On modification of their functional groups, they may
lose their catalytic activity or structural role. Changes in these functional groups
may prevent receptor ligand interactions and modify signalling pathways.
Modifications like alkylation which affect the 3D structure of proteins may even
prevent important protein-protein binding, catalytic activity, or turnover. Due to
their varied mode of interaction, these secondary metabolites may non-specifically
attack a number of proteins in a non-selective manner, resulting in multitarget drugs.
These drugs are very useful indeed in curing several ailments and may even act on
proteins that are still unknown to us as participants in relevant pathways (Wink 2015).
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Fig. 6.1 Covalent interactions of secondary metabolites with biological macromolecules, like
proteins, lead to a conformational change which also affects their biological function. (a—c) show
interactions of some common functional groups with —SH group of proteins. It represents the
interacting groups, namely, epoxide group in A, allicin in B, and thiophene in C, which lead to the
formation of respective covalent bonded molecules. (d—f) show similar interactions of some func-
tional groups with -NH group on proteins. Here, (d) shows NH interaction with an aldehyde, E
represents —NH interaction with isothiocyanate, and F shows interaction with epoxide

DNA base modification, such as alkylation, may be brought about by secondary
metabolites like aldehydes, epoxides, cycasin, aristolochic acids, furanocoumarins,
etc. leading to mutations. Some commonly known secondary metabolites like pyr-
rolizidine alkaloids present in Boraginaceae and some Asteraceae are capable of
alkylating DNA. Some others such as DNA-alkylating metabolites are aristolochic
acids (Aristolochia), cycasin (Cycads), furanocoumarins (Apiaceae), and ptaquilo-
side (Pteridium aquilinum). Alkaloids like berberine and sanguinarine, and some
furanocoumarins are planar in nature, which allows them to stack between DNA
bases. Such intercalating secondary metabolites bring about frameshift mutations
and may even affect the proto-oncogenes or tumor suppressor genes on long use,
thus leading to cancer (Teuscher et al. 2012; Teuscher and Lindequist 2010). While
sometimes used in traditional medicines, such mutagenic phytochemicals are no
longer used in modern phytotherapy.

6.2.2 Non-Covalent Interactions

Cellular proteins have hydrophilic or charged patches which are subjected to modi-
fications by reactive functional groups present in secondary metabolites like
hydroxyl (OH) group, phenyl group, etc. These groups may form hydrogen bonds
with the electronegative atoms like nitrogen or oxygen in proteins and peptides and
modify their functions (Van Wyk and Wink 2004; Van Wyk and Wink 2015). At
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physiological pH, phenols dissociate to give negatively charged phenolic groups
which interact with positively charged amino acids in proteins (Wink 2005). These
interactions impair the proteins by modifying their structural and functional flexibil-
ity. Similar to the reactive secondary metabolites involved in covalent bonds, such
hydrogen bond and ionic bond formations may also lead to a multitarget drug effect.

Phenolic compounds are well known for their pleiotropic effects on non-specific
targets. Glycosylation of the phenolic secondary metabolites, which supplies a
number of hydroxyl group, is a key reason for such non-specific interactions.
Transcriptome analysis of cells or animals treated with different secondary metabo-
lites like phenolics revealed that even transcription factors are modified by their
interactions. As these factors control cascades of signals controlling gene expres-
sion, it has a huge impact on the up- or down-regulation of several genes (Pakalapati
et al. 2009). It is expected that new technologies like next-generation sequencing
(NGS) and RNA sequencing will help us to detect such secondary metabolite-
mediated modifications on genes and on proteins that mediate differentiation and
epigenetic regulations.

6.2.3 Interactions with Biomembranes

Cells of all living beings are surrounded by a semipermeable membrane that acts as
a diffusion or permeation barrier between cytosol and its exterior, preventing the
leakage of cellular metabolites into the surrounding and uncontrolled influx of
external substances. This membrane houses a multitude of proteins like ion chan-
nels, specific receptors that mediate exterior signals, and transporters which allow
specific molecules to pass in a specific direction. Proper functioning of these pro-
teins and the non-porosity of the lipid bilayer of this membrane are vital for cell
survival. There are many lipophilic secondary metabolites that have an affinity for
these lipid bilayers, and they bind to the nonpolar inner core of these membranes
(Wink 2015). Monoterpenes and sesquiterpenes are good examples of such second-
ary metabolites which can accumulate in these bilayers in very high concentration,
often compromising its fluidity and enhancing permeability. This is the reason
behind the antimicrobial and cytotoxic effect of bioactive compounds like essential
oils (Van Wyk and Wink 2004; Van Wyk and Wink 2015).

Saponins can complex cholesterol in animal membranes, and monodesmodisic
saponins with a single sugar group are also known to completely lyse such cells
(Frenkel et al. 2014). Saponins can also interact with ergosterol in fungal bilayers
and bring about similar outcome. Such interactions of secondary metabolites with
biomembranes are non-specific (Herrmann and Wink 2011). However, they are very
powerful and can occur at very low concentrations. Saponins may play a role in the
uptake of polar secondary metabolite, aiding their interactions in a synergistic man-
ner. Polyphenols in these essential oil extracts can affect the membrane proteins as
well, disrupting their interactions with the lipid bilayer (Hamoud et al. 2015).
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6.2.4 Antioxidant Properties

Many processes in our daily metabolism generate reactive oxygen species (ROS)
like peroxide, superoxide, hydroxyl radicals, singlet oxygen species, etc. which
may interact with macromolecules within the cell. An excess of such ROS may
cause serious damage in our cell as seen in case of metabolic syndrome, diabetes,
cardiovascular ailments, etc. (Van Wyk and Wink 2015). These ROS also have an
impact on ageing process. Secondary metabolites with conjugated double bonds
like phenolics and terpenoids and ascorbic acid (in association with glutathione)
inhibit these ROS and prevent cell damage (Van Wyk and Wink 2004; Van Wyk and
Wink 2015). A good way of studying such antioxidant properties of secondary
metabolites is in Caenorhabditis elegans model. Algae rich in such phenolics and
several other plant pharmaceuticals have potent antioxidant properties and anti-
aging effects (Abbas and Wink 2009).

6.3 Understanding the Elaborate Mechanism of Functioning
of Some Important Secondary Metabolites

Secondary metabolites may be broadly classified into phenolic compounds, alka-
loids and alkyl amides, glycosides, terpenes, and some atypical amino acids. Some
alkaloids have specific mode of action, as they interact with various extracellular
receptors (mainly in CNS); action of others like phenolics and terpenes is more
generalized. Several essential pharmaceuticals belonging to all these categories find
their use in modern phytomedicines.

6.3.1 Phenolics

Polyphenols, with multiple OH groups, have a wide range of pharmacological prop-
erties like antioxidant, anti-inflammatory, sedating, wound healing, antimicrobial,
and antiviral. This makes them invaluable in phytotherapy. While they have a gen-
eralized multitarget effect on our body, we will discuss the specific mode of action
of two important phenolic pharmaceuticals, aspirin and quercetin.

6.3.1.1 Aspirin

The use of aspirin may be traced back thousands of years when this salicylate-
containing plant secondary metabolite was used to relieve pain. Salicin, obtained
from white willow, has been used way back in 1874 to work as an analgesic, anti-
pyretic, and anti-inflammatory drug for treating rheumatic fever (Maclagan 1876).
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Chemically, the drug “aspirin” is an acetylated form of salicylic acid that was first
prepared by Felix Hoffman in 1897. Aspirin acts as a weak analgesic, compared to
strong narcotic analgesics such as morphine. Its mechanism of action was also strik-
ingly different both qualitatively and quantitatively from steroid drugs.

Piper and Vane (1969) was the first to propose a relationship between aspirin and
prostaglandin while experimenting on anaphylactic processes. It was seen that dur-
ing anaphylaxis, other than histamine and slow-reacting substance of anaphylaxis
(SRS-A), prostaglandins like factors PG, and PGF,, and a factor RCS (rabbit aorta
contracting substance) were also released (Anggard and Samuelsson 1965). Aspirin
blocked RCS release and reduced PG output by targeting prostaglandin synthesis.
This pathway was evidently different from other steroid-based drugs like morphine
(an analgesic), hydrocortisone (an anti-inflammatory drug), and mepyramine (an
antihistamine) which have no effect on PG synthesis. It was shown by Smith and
Willis (1971) that aspirin inhibited PG release from platelet samples and even oral
administration of indomethacin was equally effective. This vital study proved that
the effect of aspirin on PG synthesis inhibition was not restricted to species, tissue,
or route of administration.

A membrane-bound dimeric protein of 72 kDa exhibits cyclooxygenase (COX)
or prostaglandin-endoperoxide synthase (PGHS) activity, which works together to
synthesize prostaglandin from arachidonic acid. While COX carries out the cycliza-
tion of arachidonic acid and addition of 15-hydroxy group to form prostaglandin G2
(PGG,), a separate peroxidase reduces PGG, to its final form, prostaglandin H2
(PGH,), as shown by (Vane and Botting 2003). Pure enzyme studies revealed that
aspirin acetylated the COX enzyme, blocking PGG synthesis, while the peroxidase
activity remained unperturbed. Aspirin specifically acetylates serine 530 residue,
locating 70 amino acids from C-terminal end of this COX enzyme which leads to
irreversible inhibition of this enzyme (Hemler et al. 1976; Roth and Majerus 1975;
Smith 1986). This acetylation places a bulky substituent on serine 530 oxygen that
inhibits the substrate (arachidonic acid) binding due to steric hindrance (de Witt
et al. 1990).

COX genes are of the following distinct types:

I. COX-1I: This mostly helps in expression of PGs which participates in physio-
logical processes like platelet activation, kidney function, and stomach mucosa
protection (Xie et al. 1991).

II. COX-2: This is induced by mitogens, growth factors, tumor promoters, and
lipopolysaccharides and inhibited by glucocorticoids. This mostly leads to
PGE, expression in inflammatory reactions.

III. COX-3: This is a variant of COX-1, which retains intron 1 and exists in humans
in adenylated form. It is selectively inhibited by drugs like paracetamol and
aspirin at low concentrations (Chandrasekharan et al. 1999).

Both COX-1 and COX-2 are inhibited by aspirin, which binds at serine 530 of
COX-1 and serine 516 of COX-2. However, as the active site of COX-2 is slightly
larger than that of COX-1, some arachidonic acid molecules may still squeeze past
the steric blockage and get converted to the cyclized product (Vane et al. 1998). This
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difference in size of active sites has been exploited over the ages to develop COX-2-
specific inhibitors like celecoxib, rofecoxib, and meloxicam which can function as
anti-inflammatory drugs without damaging the stomach mucosal lining (Bombardier
et al. 2000; Dequeker et al. 1998; Silverstein et al. 2000). Many other modified
forms of this drug have been developed like nitroaspirin. Nitroaspirin liberates nitric
oxide, which protects the stomach mucosa from hydrochloric acid damage (Fiorucci
et al. 2003). While discovery of new anti-inflammatory drugs with fewer side effects
is slowly replacing the use of aspirin, its use as a potent anti-thrombotic agent in
treatment of heart ailments is unparallel.

6.3.1.2 Quercetin

Quercetin is a bioactive flavonoid extracted from fruits and vegetables which
improves physical and mental performance and reduces infection risk (Davis et al.
2009). Quercetin helps in overall health improvement. While this secondary metab-
olite exhibits its anti-carcinogenic, antiviral, antioxidant, anti-inflammatory, and
psychostimulant activity, it also acts as an effective inhibitor of lipid peroxidation
and platelet aggregation and stimulates mitochondrial biogenesis (Aguirre et al.
2011). Chemically quercetin (C;sH;,0) is an aglycone, missing an attached sugar
moiety, with the ITUPAC (International Union of Pure and Applied Chemistry)
nomenclature of 3,3’,4’, 5, 7-pentahydroxyflvanone or 3, 3", 4", 5, 7-pentahydroxy-2-
phenylchromen-4-one (Li et al. 2016).

Quercetin finds its use as a strong anti-inflammatory drug with a long-lasting
effect (Orsolic et al. 2004; Read 1995). This effect is established by regulating com-
plex signalling pathways, affecting both mast cell stabilizing agent and gastrointes-
tinal mucosal lining protective agent (Penissi et al. 2003). This bioactive secondary
metabolite also exhibits an immunosuppressive effect on dendritic cell functions
(Huang et al. 2010). Quercetin plays a role in inhibiting lipopolysaccharide (LPS)-
induced signalling processes such as tumor necrosis factor-a (TNF-a)) production in
macrophages, Interleukin (IL)-8 production in lung cells, and TNF-a and IL-1 in
microglial cells. Quercetin effect on such signalling mechanisms may be explained by
the inhibition of Src- and Syk-mediated phosphorylation of phosphatidylinositol-3-
kinase (PI3K) (a tyrosine kinase) at Tyr-85 which leads to its activation in response
to an external signal (Endale et al. 2013). This subsequently inhibits the toll-like
receptor 4 (TLR4)/myeloid differentiation primary response 88 (MyD88)/PI3K
complex formation, hindering the downstream signalling cascade (Fig. 6.2).

Quercetin also inhibits inflammation producing COX and lipoxygenase (LOX)
enzymes (Kim et al. 1998; Lee et al. 2010). Quercetin controls calcium flux and
phosphorylated protein kinase C (PKC) signalling; this blocks high-affinity immuno-
globulin IgE receptor FcERI-controlled release of pro-inflammatory molecules such
as cytokines, tryptase, and histamine from human umbilical vein endothelial cells
(HUVECs) (Kempuraj et al. 2005). Peroxide-induced inflammation of HUVECs
may also be checked by quercetin by down-regulation of vascular cell adhesion
molecule 1 (VCAM-1) and C5a receptor (CD80) expression (Yang et al. 2015).
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Fig. 6.2 Quercetin blocks the tumor necrosis factor-a (TNFa) receptor-mediated signalling which
leads to inflammatory response. This secondary metabolite blocks the signal relay proteins like
extracellular signal-related kinase (ERK), c-Jun NH,-terminal kinase (JNK), and nuclear factor-xB
(NF-xB) which help in inflammation. It also increases peroxisome proliferator-activated receptor
¢ (PPARY) activity, thus antagonizing NF-kB or activator protein-1 (AP-1)-mediated transcription
of pro-inflammatory genes

Quercetin can affect the gene expression in T cells, which is mainly responsible
for its immune-stimulant activity. This activity is brought about by two-faced regu-
lations — stimulation of Th-1 (T-helper type 1)-derived cytokines and interferons
(IFNs) and simultaneous down-regulation of Th-2 (T-helper type 2)-derived cyto-
kine and IL-4 in normal peripheral blood mononuclear cells (PBMC) (Nair et al.
2002). Quercetin has an inhibitory impact on IL-12 signalling and prevents IL-12-
induced phosphorylation of Janus kinase 2 (JAK?2), tyrosine kinase (TYK2), and
signal transducer and activator of transcription 3 and 4 (STAT3 and STAT4). This
prevents IL-12-induced T-cell proliferation and differentiation (Muthian and
Bright 2004).

Studies reveal that the huge impact of quercetin on several molecular targets
may be due to its direct regulatory role over the extracellular regulated kinase 2
(Erk2) mitogen-activated protein (MAP) kinase signal pathway (Penissi et al.
2003). Quercetin targets several kinases, phosphatases, enzymes, and membrane
proteins within the leukocytes to impart its immune effect, while it also down-
regulation many inflammatory pathways in mast cells, basophils, etc., resulting in
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its anti-inflammatory effect. Some of the targets involved in this complex signalling
web are still not studied effectively; further insight may help us to develop better
therapeutic agents (Chirumbolo 2010).

6.3.2 Alkaloids and Alkyl Amines

These bioactive secondary metabolites are widely distributed in the plant kingdom,
particularly in angiosperms. They may be true alkaloids with nitrogen-containing
ring structure or pseudoalkaloids where nitrogen mainly occurs in the side chains.
Alkaloids are mainly produced by the plants as a defense mechanism against herbi-
vores and to some extent against bacteria, fungi, and viruses. These secondary
metabolites usually target the neuroreceptors; they alter neuronal signal transduc-
tion and metabolize neurotransmitters or second messengers (Walstab et al. 2014).
Some alkaloids may also intercalate between the nitrogenous DNA bases, leading
to mutations. Pharmaceuticals derived from such bioactive secondary metabolites
like Vinca alkaloids, paclitaxel, etc. are used in chemotherapeutics. Lipophilic alka-
loids may affect the ABC transporters as well. Such combination therapy is often
used against recalcitrant cancers.

6.3.2.1 Quinine

Quinine is a quinoline anti-malarial alkaloid extracted from the bark of cinchona
tree. While quinine has been first isolated in 1820, cinchona extracts were in use for
treatment of malaria since before 1633 (Foley and Tilley 1997). Quinine may also
be used for its mild antipyretic and analgesic properties and in treatment of babesio-
sis. This secondary metabolite has a direct effect on muscle membrane and on
sodium channels, which makes it a useful pharmaceutical for myotonia congenita
and nocturnal leg cramps (Cechinel-Filho 2012).

Quinine is best known for its role as an anti-malarial drug against the malaria-
causing pathogen Plasmodium falciparum. The mode of action of anti-malarial
drugs like chloroquine has been established for decades. This drug is active only
against the blood stages of the malarial parasite where it directly degrades hemoglo-
bin. Plasmodium falciparum is unable to degrade the heme molecule of hemoglobin
and in turn crystalizes it to overcome the toxicity. This crystal is a non-covalent
coordination complex with the heme irons chelated to the carboxyl side chains of
the adjacent heme molecules. This heme polymerizing ability of P. falciparum is
essential for its survival. With the exact mode of action of quinine being less under-
stood, it was expected to be similar to chloroquine. Hence, it was hypothesized to
inhibit the hemozoin biocrystallization, leading to accumulation of cytotoxic heme
which killed P. falciparum (Foley and Tilley 1997).

Recently, a Singapore-Karolinska collaboration attempted to unveil the
mode of action of quinine using the latest technologies available like mass
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spectrometry-coupled cellular thermal shift assay (MS-CETSA) (Dziekan et al.
2019). Using the MS-CETSA, the effect of ligand binding on heat-mediated dena-
turation and melting of proteins was studied. It is based on the idea that interaction
of ligand and protein stabilizes the complex. Comparing the number of stable com-
plexes in compound-treated and compound-untreated cell lysates after subjecting
them to heat stress, cellular targets for a drug may be excavated. Combining this
assay with mass spectrometry helps to excavate the whole proteome for suitable
drug targets.

The use of MS-CETSA on P. falciparum-infected red blood cells revealed that
drugs like quinine and mefloquine target our purine nucleoside phosphorylase
enzyme (PfPNP). This was validated against pyrimethamine (also known as
Daraprim) whose target, dihydrofolate reductase, was initially well-characterized. It
was also revealed that the drug resistance was not via mutation in target enzyme but
due to modifications in transporter proteins which actively pumps mefloquine out of
the cell. Mefloquine is a weak binder to PfPNP in comparison with quinine, while
other anti-malarial drugs like chloroquine, primaquine, and lumefantrine do not
bind to this target at all. This makes the mode of action of quinine strikingly differ-
ent from that of earlier excavated chloroquine. X-ray structures of quinine and
PfPNP have also been worked out. While other PNP targeting anti-malarial pharma-
ceuticals have been in use, quinine was not regarded as one of them. Thus, it may be
hypothesized that quinine targets the purine salvage pathway of P. falciparum by
inhibiting the human PNP and PfPNP, thus killing the parasite (Madrid et al. 2008).
While quinine may also have some other modes of action, so far this model is con-
sidered to be the main one.

6.3.2.2 Lysergic Acid Dimethylamine (LSD)

Lysergic acid dimethylamine or LSD is a semi-synthetic derivative of lysergic acid,
a secondary metabolite obtained from parasitic rye fungus, Claviceps purpurea.
LSD consists of a tetracyclic ring indole system (C,,H,sON3). It was first synthe-
sized by Albert Hofmann back in 1938 while searching for bioactive derivatives of
lysergic acid. It was initially used in psychiatric research and psychotherapeutic
treatments, as it altered neurotransmitter system (Passie et al. 2008). Currently,
attempts are being made to treat Alzheimer dementia, migraine, and cluster head-
aches using LSD-based drugs.

Psychedelics like LSD acts on a member of family A-type G protein-coupled
receptors (GPCRs) known as serotonin 5-hydroxytryptamine 2A receptor
(5-HT2AR) (Fig. 6.3). As an agonist (or partial agonist), LSD stimulates these sero-
tonin receptors that are widely distributed throughout the brain. These receptors are
densely placed on apical dendrites of layer 5-cortical pyramids, reticular nucleus of
the thalamus, locus coeruleus, amygdala, and ventral tegmental area and have the
highest expression in the claustrum. While activation of 5-HT2A receptors of gluta-
matergic neurons does not generate action potentials, it makes these neurons more
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Fig. 6.3 Psychedelics like LSD acts as agonists for the family A-type G protein-coupled receptors
(GPCRs). These receptors are widely distributed in the brain with some dense hotspots. Canonical
signalling occurs by activation of Gaq on ligand binding. This activates phospholipase C (PLC),
which in turn splits phosphoinositide 4,5 diphosphate (PIP2) into diacylglycerol (DAG) and inosi-
tol triphosphate (IP3). IP3 acts on intracellular calcium channels which lead to increase in cyto-
solic calcium concentration

excitable. LSD also suppresses raphe nucleus firing either directly or indirectly, via
phenethylamines, which also culminates to cortical cell excitation. Such widespread
5-HT2A excitation in key brain regions has a marked effect on cognitive ability of
the individual.

Martin and Nichols (2016) studied the effect of this psychoactive drug on rat
brains and showed that LSD only excited the 5-HT2A receptors in less than 5% of
the total brain neuronal population. Such excitatory neurons mainly belonged to the
prefrontal cortex and claustrum. These neurons expressed the 5S-HT2A receptors to
a greater extent, making more sensitive to psychedelics. This resulted in differential
response of specific brain regions to psychedelics, with strong excitation of a small
trigger population. These activated trigger group neurons also recruit other cell
types such as somatostatins and parvalbumin inhibitory gamma amino butyric acid
(GABA)-regulated interneurons which leads to recurrent activity, destabilization of
cortical network, perceptual and cognitive changes and visual imageries, character-
istic of hallucinogens. This differential excitation of small subsets of excitatory and
inhibitory neurons affects the coordination and communication between different
brain regions.

It is suggested that the 5S-HT2A receptor down-regulation in response to halluci-
nogens like LSD could help in stress-induced relapse. LSD also leads to structural
changes in the brain by remodelling pyramidal cell dendrites and synaptic plasticity.
It affects brain-derived neurotrophic factor (BDNF) and glial cell line-derived
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neurotrophic factor (GDNF) expression patterns in the brain, which may culminate
in the cognitive and behavioral changes characteristic of hallucinogens (Belouin
and Henningfield 2018; Jalal 2018).

6.3.2.3 Vincristine and Vinblastine

Vincristine and vinblastine belong to the class of Vinca alkaloids, which were initially
discovered from Catharanthus roseus G. Don (Kufe et al. 2003) back in the 1950s.
This secondary metabolite has been utilized for its hypoglycemic activity and more
importantly for its cytotoxic activity for decades. This anti-neoplastic secondary
metabolite is currently used in treatment of various types of cancer like Hodgkin’s
disease, Kaposi’s sarcoma, breast cancer, and testicular cancer. Vincristine differs
from vinblastine only by a single methyl group which is exchanged to a formyl
group. Some other Vinca alkaloids also approved for medicinal use include vinorel-
bine, vindesine, and vinflunine (Bennouna et al. 2008; Schutz et al. 2011).

The cytotoxic effect of this bioactive secondary metabolite is mainly brought
about by its interactions with tubulin which blocks polymerization and crystalizes
microtubules. Compromised microtubules cannot form mitotic spindles, and the
cell remains arrested in metaphase stage leading to apoptosis (Himes 1991). In com-
parison to mitotic inhibitors like colchicine, podophyllotoxin, and guanosine-5'-
triphosphate, Vinca alkaloids like vincristine and vinblastine have two distinct
binding sites per mole of tubulin dimer (Correia and Lobert 2001; Downing 2000).
There are high-affinity binding sites for Vinca alkaloids at the ends of each micro-
tubule (Gregory and Smith 2000; Joel 1996). On interaction, these secondary
metabolites inhibit new microtubule assembly and also shorten the already existing
ones, producing a “kinetic cap” (Jordan et al. 1992). There is reduction in the rate of
assembly and shortening of the microtubules, particularly at the ends of the mitotic
spindle, arresting the cell in metaphase stage. This mitotic arrest may also occur at
concentrations lower than that needed for microtubule disassembly (Toso et al.
1993). A concentration of 0.1-1.0 pmol/L is generally used to block endothelial
proliferation; however, fibroblasts and lymphoid tumors require a higher concentra-
tion for effective results (Vacca et al. 1999). The combination therapy of anti-VEGF
(anti-vascular endothelial growth factor) antibodies and vinblastine considerably
increases the antitumor effect even on recalcitrant tumors.

Vincristine is known to have some immunosuppressant activity (Brade et al.
1981a, 1981b). The Vinca alkaloids mostly act on specific cell cycle phases. This
secondary metabolite also induces an increase in intracellular cyclic adenosine
monophosphate (cAMP) concentration and glutathione metabolism. Increased lev-
els of cAMP stimulate polymerization of microtubules and redistributes myosin.
cAMP also activated cAMP-dependent protein kinases which phosphorylates mem-
brane proteins, myosin microtubules, and microtubule-associated proteins (MAP).
Vinca alkaloids also inhibit calmodulin-dependent Ca?* transport ATPase, cellular
respiration, and nucleic acid biosynthesis (Moudi et al. 2013).



6 Understanding the Mechanistic Functioning of Bioactive Compounds in Medicinal... 175
6.3.3 Glycosides

A category of saponins, carrying a 5/6 membered cardenolide or bufadienolide ring,
is known as cardiac glycosides. Such cardenolides may be found among
Apocynaceae, Brassicaceae, Celastraceae, Convallariaceae, Plantaginaceae and
Ranunculaceae family plants like Apocynum, Nerium, Euonymus, Convallaria,
Kalanchoe, Helleborus, etc. (Van Wyk and Wink 2015; Wink and Schimmer 2010).
These cardiac glycosides mainly target some essential transporters in our body like
sodium-potassium adenosine triphosphatase (Na*/K* ATPase) pump. They gener-
ally have a strong neurotoxic effect, leading to cardiac and respiratory arrest. While
previously it was mainly used as a poison, today this secondary metabolite finds its
use in different pharmaceuticals related to heart health. It can slow down heartbeat
and exhibit a positive inotropic effect. It modifies the degree of excitability of the
heart and also regulates the dromotropic heart activity. Standardized secondary
metabolite extracts from these plants are used in cardiac phytomedicine, one promi-
nent example of which is digoxin (Wink 2015).

6.3.3.1 Digoxin

Digoxin is an important cardiac glycoside that was first isolated in 1930 from
Digitalis lanata (Hollman 1996). Chemically, digoxin is a cardenolide glycoside
similar to digitoxin with a beta hydroxylation at C-12. Digoxin is used in case of
atrial fibrillation to control the ventricular rate. It may also be used in case of con-
gestive heart failure with atrial fibrillation.

Digoxin specifically inhibits the Na*/K* ATPase pump in the myocardium, which
regulates the ionic balance and cardiac contractibility. This leads to an increased
cytosolic sodium level, which affects the proper functioning of the sodium-calcium
exchanger. Under normal conditions, three Na* ions are imported in exchange of
one Ca*? ion. Digoxin reverses this mechanism leading to an increased cytosolic
Ca*? level. Calcium being an important second messenger lengthens the cardiac
action potential, thus decreasing the heart rate (Gheorghiade et al. 2004).

Increased calcium uptake in turn increases the amount of calcium stored in the
sarcoplasmic reticulum. With every action potential, more calcium is released from
sarcoplasmic reticulum, leading to stronger contractions without increasing energy
expenditure. Digoxin also shows some neurohormonal effect, which may relate to
the improved baroreceptor sensitivity in response to inhibition of sodium pump.
This secondary metabolite also has a direct and indirect parasympathetic impart on
atrioventricular (AV) node. Stimulation of vagus nerve slows down conduction via
AV node, increasing the refractory period of myocytes. This gives the ventricles
more duration to fill, before next contraction cycle. While the arrhythmia itself is
not affected, the myocardial contractibility is improved to a great extent due to
improved filling (Dart 2004).
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To sum it up, digoxin increases the stroke volume and decreases the heart rate,
which results in a net increase in blood pressure and tissue perfusion. It culminates
in improved ventricular function curve, with optimized hydrodynamics. While there
is an initial increase in action potential, eventually it decreases as the intracellular
calcium levels rise leading to increased potassium conductance. The resting mem-
brane potential becomes less negative, which makes the sinoatrial node more irri-
table. The conduction of stimulus increases in atria and is allowed down in the AV
node. Electroencephalogram (EEG) reports reveal an increased PR interval and
shortened QT interval as the AV node conduction is decreased. In addition, the T
wave may be inverted, with ventricular tachycardia and fibrillation.

6.3.4 Terpenoids

Terpenes are secondary metabolites built on five carbon units. They may be subdi-
vided into monoterpenes, sesquiterpenes, diterpenes, triterpenes, tetraterpenes, and
polyterpenes (Dewick 2001). Terpenoid compounds are mainly lipophilic in nature
enabling them to interact with biomembranes and membrane proteins. These sec-
ondary compounds increase the fluidity and permeability of the membrane and
affect normal membrane transporter function, causing efflux of ions and metabo-
lites, which may even lead to necrotic or apoptotic cell death (Wink 2007).
Monoterpenes like Mentha extracts have been used as muscle relaxants in case of
cramps and spasms. In general, terpenes show a non-specific cytotoxic activity
against a diverse range of organisms like bacteria, fungi, insects, and even verte-
brates; some may even affect membrane-enclosed viruses.

6.3.4.1 Saponins

Saponins are mainly glycosides of triterpenes or steroids. They may also include the
group of cardiac glycosides and steroidal alkaloids. While steroid saponins are typi-
cal of monocots (Araliaceae, Fabaceae, Plantaginaceae, etc.), triterpene saponins
are abundant in several dicot families (Poaceae, Primulaceae, Ranunculaceae, etc.),
while gymnosperms generally lack this secondary metabolite (Wink and van Wyk
2010). Saponins have a range of biological functions like hemolytic, antimicrobial,
insecticidal, and molluscicidal property. They are also used for the synthesis of
steroidal drugs (like birth control pills) and cosmetic products (Sparg et al. 2004).
Saponins have a range of properties due to their extensive structural diversity,
which includes bitter sweeteners, detergents, and emulsifying properties, in addi-
tion to the biological, medical, and pharmacological properties, such as hemolytic
activity, antimicrobial, insecticidal and molluscicidal properties. Also noteworthy
are the applications in pharmaceutical industries as raw material for the synthesis of
steroidal drugs such as birth control, besides the intense use in the cosmetic industry.
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Saponins are well-known for their ability to perturb cell membrane, which is
essentially a lipid bilayer with hydrophobic membrane proteins embedded in it. The
hemolytic effect of saponins, which ruptures the erythrocyte in circulation, is asso-
ciated with its effect on cell membrane. The first model on mechanism of action of
saponins on cell membrane was proposed by Glauert et al. (1962). This model sug-
gests that when brought in contact, saponins interact with membrane cholesterol
spontaneously. This complex then associates with a micelle, where the hydrophilic
sugar chains are directed toward the centre of the complex, thus forming an aqueous
pore. Such structures increase the membrane permeability to the hydrophilic ions
and macromolecules leading to membrane disruption.

The recent models expand Glauert’s hypothesis. It suggests that saponins are
incorporated in the lipid bilayer through their steroidal nucleus. The lipophilic agly-
cones interact with the hydrophobic membrane sterols to form complex saponin; it
also accumulates cholesterol in the matrix or membrane plates. As the final step of
membrane perturbation mechanism, carbohydrates on the surface noticeably change
the surface tension and curvature of the membrane. Such membrane curvature may
lead to pore formation, lysis, or tubular protuberances which may eventually result
in blistering via sterol extraction. As an alternative to this model, it is also suggested
that the initial aglycone of saponins migrate to the areas of membrane sphingomy-
elin and complex cholesterol. Following this, there is similar complex formation
which ultimately lead to membrane rupture in a dosage dependent manner
(Barbosa 2014).

A steroid core has strong lipophilic attraction for erythrocyte membrane choles-
terol. This explains the higher hemolytic activity of steroidal saponins over triterpe-
noidal saponins. This hemolytic activity is dosage-dependent and may be inhibited
on addition of cholesterol in the middle of the reaction, confirming its mechanism
of action through interaction with cholesterol (Barbosa 2014).

6.3.5 Atypical Amino Acid

While amino acids are mainly considered as primary metabolites, they may act as
important secondary metabolites as well. These atypical amino acids often find their
use in pharmaceuticals, as in case of myriocin.

6.3.5.1 Myriocin

Myriocin is a sphingolipid-like secondary metabolite which was initially known for
its anti-fungal property. Its ability to disrupt sphingolipid homeostasis mainly
results in its cytotoxic ability. Also known as thermozymocidin or ISP-1, myriocin
is a secondary metabolite obtained from Isaria (Cordyceps) sinclairii (Paecilomyces
cicadae, ATCC 24400). Pharmaceutical uses of myriocin make use of its antibiotic
and immunosuppressive nature. However, its regular use is limited by its acute
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toxicity (Fujita et al. 1995). Myriocin, as an inhibitor of fumonisin B1-induced
accumulation of free sphingoid bases, is used in the treatment of fumonisin-like
diseases (Riley et al. 1999). I. sinclairii is also commercially exploited as a source
of natural pigments (Cho et al. 2002). Today, a number of myriocin-like immuno-
suppressive analogues are in therapeutic use, e.g., FTY720 is a myriocin analogue
used as anti-rejection medicines (Napoli 2000).

In the sphingolipid biosynthetic pathway, myriocin inhibits the rate-limiting
enzyme, serine palmitoyltransferase (SPT) (Miyake et al. 1995). In this case, myrio-
cin structurally mimics the natural product of SPT, sphinganine, which allows it to
inhibit the enzyme. This inhibition leads to decreased free sphingoid bases,
sphingosine-1-phosphate (S1P), and gradually reduced availability of complex
sphingolipids, which are vital for normal cellular signalling and lipid bilayer func-
tioning (Miyake et al. 1995). Intermediates of sphingolipid biosynthetic pathway
are some of the major signalling molecules in the cell (such as sphingosine, sphin-
ganine, ceramide, and sphingosine-1-phosphate) which controls cell proliferation,
specialization, and apoptosis (Merrill Jr et al. 1997, 2001). These changes may lead
to cell death, or altered signalling and immune regulation. Sphingolipids are also
found in the lipid rafts and membrane microstructures, involved in receptor-
mediated signalling. Thus, sphingolipids have a definite structural and signalling
role, both of which regulate the development and responses of immune cells
(Baumruker and Prieschl 2002).

Studies show that myriocin strongly inhibits proliferation of lymphocytes in
mouse allogeneic mixed lymphocyte reaction (MLR), T-cell dependent antibody
generation, and the synthesis of cytotoxic T-lymphocytes (CTL). It is about 10-100
times stronger than the clinically approved immunosuppressant cyclosporine A
(Fujita et al. 1994). In the cytotoxic T-cell line (CTLL-2), myriocin inhibited growth
by inducing apoptosis. Addition of sphingosine to the culture reversed its effect,
confirming that myriocin targets sphingosine biosynthesis (Nakamura et al. 1996).
IL-2-induced T-cell proliferation is also hindered by myriocin; however, production
from alloantigen stimulated T cells is not affected (Fujita et al. 1994). Study by
Johnson et al. (2004) showed that subacute levels of myriocin may significantly
decrease the T-lymphocyte population in mice, particularly affecting the CD4*
populations.

6.4 Conclusion and Future Perspectives

From the viewpoint of evolutionary pharmacology, secondary metabolites represent
a class of bioactive compounds that show a diverse spectrum of activity in human
cells, bacteria, fungi, viruses, and even parasites. Most of these secondary metabo-
lites appearing in traditional medicine as complex mixtures of extracts are multitar-
get agents that non-specifically interact with several proteins, nucleic acids, and
biomembranes. Some of these secondary metabolites act on the nervous system of
animals, e.g., alkaloids like LSD, etc., and have mind-altering and hallucinogenic
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properties. Most of the activities of these multitarget pharmaceuticals can be cor-
related with simple biochemical interactions, where some of the interacting partners
are still unknown. These non-specific groups of bioactive compounds often form a
major part of rational medicine which may be used for maintenance of general good
health as well as for treating diseases and infection.

Some secondary metabolite extracts interact synergistically, which potentiates
their biological activities. This fascinating phenomenon needs to be further exca-
vated and attracts more enthusiasts in the field of pharmacology. Herbal medicine
cause a low-risk, low side effect, and cost-effective alternative compared to syn-
thetic drugs. The use of new tools like genetic engineering, next-generation sequenc-
ing, and metabolomics to decipher the yet unknown interactomics of these herbal
drugs will lead to better understanding of the mechanism of action of these herbal
drugs. Authentication of the health benefits of these bioactive compounds may only
be established through clinical trials, and implementation would rely on large-scale
production, but understanding their proper mechanisms is a big step in the right
direction.
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Chapter 7
Nutraceutical Potential of Herbs
and Aromatic Plants of Himalayan Region

Smita Rana and Sofiya Anjum

7.1 Introduction

In recent years, a new diet health paradigm is evolving which places more empha-
sis on the positive aspects of diet (Das et al. 2012). The demand for foods with a
positive impact on human health and wellness has exploded globally over the past
two decades (Cencic and Chingwaru 2010). Nowadays, nutraceuticals are in high
demand and are expected to increase the life expectancy and improve the quality
of life of older adults (Bigliardi and Galati 2013). In the view of nutraceutical
research in recent years, consumers have grown awareness about its usefulness
and medicinal properties as a food supplement and received much attention that
has led to its increased demand (Choudhary and Grover 2012; Cuellar-bermudez
et al. 2015; Mishra et al. 2015a; Pandey et al. 2015; Patel et al. 2016; Tanna and
Mishra 2018).

The term “nutraceutical” was coined from “nutrition” and “pharmaceutical” by
Stephen DeFelice, founder and chairman of the Foundation for Innovation in
Medicine (FIM), Cranford, New Jersey, in 1989. According to DeFelice, nutraceuti-
cal can be defined as “a food (or a part of food) that provides medical or health
benefits, including the prevention and/or treatment of a disease” (Das et al. 2012; El
Sohaimy 2012; Radhika et al. 2011). Nutraceuticals may range from genetically
engineered foods to dietary supplements and herbal formulations and may even
include processed products like cereals, soups, and beverages (Chaturvedi
et al. 2011).

The principle, “Let food be thy medicine, and medicine be thy food,” advo-
cated by Hippocrates (460-377 BC), the well-recognized father of modern medi-
cine, emphasized the association between nutrition and human health and
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conceptualized the relationship between the use of appropriate foods for health
and their therapeutic benefits (Palthur et al. 2010).

7.2 Medicinal and Aromatic Plants in the Indian Himalayan
Region

Medicinal and aromatic plants come up as an irreplaceable entity and are in high
demand nowadays due to their significance as a raw material in the traditional
healthcare system and modern pharmaceutical industries. The Indian Himalayan
region covers approximately 59,1000 km? area, that is, 11% of the country’s geo-
graphical area, and it contains more than 50% of the country’s forest cover (Rawat
and Satyakumar 2002; Saxena et al. 2001). Moreover, Himalaya is credited around
the globe as a treasure of medicinal herbs and aromatic plant, accounting for about
30% of the endemic species reported in the Indian subcontinent (Nautiyal et al.
1998). Wide altitude range, different microclimatic conditions, and unique habitat
type in the Himalayan region make the environment favorable for the growth and
development of medicinal and aromatic plants (Dhar 2002; Kala et al. 2004; Sher
and Alyemeni 2010). Approximately 44 gymnosperms, 600 pteridophytes, and
8000 angiosperms have been reported in the Indian Himalaya (Singh and Hajra
1996). Out of these, 1748 species are reported to have medicinal properties (Samant
et al. 1998). Nearly 85% of medicines used in traditional healthcare system are
being derived from these high-valued medicinal plants, and this helps in maintain-
ing the livelihood of local people of the Himalayan region by providing essential
day-to-day forest products for both food and medicine (Azaizeh et al. 2003; Diallo
et al. 1999; Fransworth 1988; Kandari et al. 2012; Maikhuri et al. 1998; Phondani
et al. 2014; Prasad and Bhattacharya 2003).

In India, more than 90% of raw materials of medicinal plants are harvested by
industries for the production of various commercial products, including exports of
these plants, and because of this, the population of medicinal and aromatic plants
has come under threat (Dhar 2002). The huge demand for herbal drugs and the
requirement of the products have led to the rapid depletion of several medicinal and
aromatic plants from their natural habitat (Maikhuri et al. 1998; Nautiyal et al.
2001; Phondani et al. 2010). Along with industrial requirements, road connectivity,
and infrastructure, a concept of the money-oriented market economy has been
introduced. This has adversely affected the vegetation wealth of the Himalayan
region. However, these developments have changed the indigenous socioeconomic
pattern of people of higher altitude (Kala 1998). Since the majority of medicinal
plant species of Indian Himalaya are endemic to the region (Chatterzee 1939),
these are more vulnerable to extinction due to over-harvesting, urban development,
climate change, the fulfillment of industrial needs, etc. In this chapter, we have
discussed about the nutraceutical potential of few such medicinal plants of the
Himalayan region having high nutritional profile but are on the verge of extinction
(Srivastava et al. 2011).
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7.3 Some Common Herbs Which Can Be Used
as Nutraceuticals

7.3.1 Aconitum heterophyllum

7.3.1.1 Taxonomical Classification of Aconitum heterophyllum (Common
Name — Atees)
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7.3.1.2 Vernacular Names of Aconitum heterophyllum

This plant is commonly known as Ativisha, Shuklakanda, Aruna, and Vishada in
Sanskrit, as Atees in Urdu, as Atis and Atvika in Hindi, as Atees and Atis root in
English, as Ativasa in Telugu, as Ativishsa in Kannada, as Araish in Bengali, as
Ativakhani in Gujarati, as Ativish in Marathi, as Atividayam in Malayalam, and as
Atis in Punjabi (Konda et al. 2013; Paramanick et al. 2017).

7.3.1.3 Morphological Description and Distribution

Aconitum heterophyllum species are usually perennial or biennial herbs, often with
stout leafy stems, bulbs, or creeping rhizomes. Leaves are mostly cauline, lobed,
rarely divided, and dentate. Flowers are large, branched racemes, white, or purple.
Around 300 species of Aconitum are found all over the world. About 24 sp