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Foreword

Ayurveda – the traditional medicine of India – traces its roots to Atharvaveda of the 
fifteenth century BCE or earlier. Though the medicine of the Atharvaveda was faith- 
based and relied on chants and rituals for the treatment of diseases, the practice of 
medicine witnessed a major change during the subsequent centuries when Buddhism 
became the central faith of India. The change was conspicuous by the virtual disap-
pearance of chants and rituals from medical practice, which, according to Caraka of 
the first century CE, had become reason-based. Ayurveda, which flourished in 
Buddhist India became systematized during the golden period from first to sixth 
centuries CE, when the great texts of Caraka and Suśruta were redacted in the pres-
ently available format and the two texts of Vāgbhaṭa – Saṅgraha and Hṛdaya – were 
composed. Systematization involved the division of Ayurveda into eight branches, 
refinement of basic concepts such as tridoṣa, standardization of medical procedures 
such as panchakarma, establishment of an elaborate training protocol for Ayurvedic 
physicians and the development of medical therapy based on a massive formulary, 
much of which was composed of medicinal plants.

Medicinal plants constitute the principal weapons in the therapeutic arsenal of 
Ayurveda. They greatly outnumber animal and mineral products. While Caraka 
Samhita mentions nearly 2000 plants for the making of drugs, the earlier Buddhist 
literature refers to less than 500, indicating the growth of a herbal formulary in 
Ayurveda over the centuries.

The European interest in India’s medicinal plants and traditional medicine was 
triggered by the publication of the Colloquies on the Simples and Drugs of India in 
1563 by Garcia de Orta, a Portuguese physician from Goa where he practiced medi-
cine for 36 years. This was followed by the endeavour of the Dutch Governor of 
Kochi  – Van Rheede  – who organized in the seventeenth century a study of the 
medicinal plants of the Malabar Coast over 30 years and published 12 volumes of 
Hortus Malabaricus in Latin from Amsterdam. The interest in the taxonomy of 
medicinal plants grew rapidly among Europeans, and studies were carried out in 
Bengal, Madras and elsewhere by scientists such as Roxburgh and Ainslie. In the 
nineteenth century, 70% of the drugs of plant origin in the British Pharmacopoeia 
were based on Indian plants. The taxonomy-dominated phase was followed in the 
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early twentieth century by the pioneering work of RN Chopra in pharmacology and 
the development of herbal drugs. His stated aim was “to discover remedies from the 
claims of Ayurvedic, Tibbi and other indigenous sources, suitable to be employed 
by the exponents of western medicine”. His contributions included botanical identi-
fication, chemical analysis, pharmacologic studies and clinical trials of a large num-
ber of commonly used herbal drugs including Rauwolfia serpentina. His endeavour 
was the forerunner of the still vigorous and extensive research in natural products 
chemistry where India became a world leader.

As Ayurveda laid great emphasis on preventive and promotive aspects of health 
(Svasthavṛtta), a number of medicinal plants were identified as anti-ageing (vayast-
hapana), health promoting (jivaniya) and strengthening (brmhaniya). Many of these 
were studied in detail, and an extensive literature exists on their botanical, chemical 
and pharmacological characteristics. Ashwagandha (Withania somnifera), highly 
valued among Indian medicinal plants, occurs throughout the drier and subtropical 
parts of India and is cultivated widely in Madhya Pradesh. In this remarkable book 
on the biology of Ashwagandha, Drs. Renu Wadhwa and Sunil Kaul have drawn 
upon their lifetime experience in Ashwagandha research in Japan and that of scien-
tists elsewhere in the world, who have studied diverse aspects of this remarkable 
“plant for all seasons”. The research contributions from experts cover a wide variety 
of topics with reference to Ashwagandha such as phytogenomics and pharmacol-
ogy, cancer treatment, brain function and biotechnology-based propagation. The 
papers are notable not only for their comprehensive coverage of Ashwagandha but 
also for their equal appeal to biological scientists and clinicians. This volume of 
Science of Ashwagandha: Preventive and Therapeutic Potentials is of much topical 
interest and is, at the same time, a call for accelerated search for molecular drugs 
from Ashwagandha in medical treatment, especially of cancer and dementia.

National Research Professor M.S. Valiathan
Manipal University 
Manipal, 576 104, India
msvaliathan@gmail.com

Foreword
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Preface

Ayurveda, the world’s oldest home medicine system and a living tradition in India, 
defines that our whole-body wellness is determined by a delicate balance of three 
elements, the doshas (named vata, pitta and kapha), and a variety of herbs can be 
used for correcting, improving and innovating such balance for health care and cure. 
With 3000 years of experience passed through several generations, principles of 
Ayurveda are greatly trusted and recruited for supporting health, disease prevention 
and therapeutics. Owing to improved living, food and medical standards, human 
average lifespan has increased over the years and in effect has raised concerns on 
rapidly increasing old age populations in several developing parts of the world. 
Allied outcomes of this are the new challenges to deal with a variety of old age 
pathologies including neurodegenerative/cardiovascular diseases and cancers. In 
addition, the current scenario of industrialized lifestyle wherein we are using a large 
amount of chemicals and environmental pollution in a variety of forms has widely 
escalated incidence of these diseases.

Inspired by our own nearly three decades of research on understanding the 
molecular mechanism(s) of stress, ageing and cancer that has revealed their multi-
factorial basis and complexities in their intervention, we comprehended the need of 
NEW (natural, efficient and welfare) multi-targeted and affordable drugs for sup-
porting quality of life (QOL) under normal and diseased circumstances. By integrat-
ing traditional knowledge with the modern bioinformatics and experimental 
strengths for dissecting the activities and functional mechanisms of several herbs, 
Ashwagandha was selected as champion for further research and supporting human 
health and QOL.  With an aim to apprehend the mechanism(s) of various well- 
documented activities and explore more, the book is organized into four parts: (1) 
“Ashwagandha  – Phytogenomics and Pharmacology”, (2) “Ashwagandha for 
Cancer”, (3) “Ashwagandha for the Brain” and (4) “Active Ingredient-Enriched 
Ashwagandha – Biotechnologies”. We hope that the book will encourage not only 
students at graduate and advanced undergraduate levels but also general readership 
and medical practitioners. We hope that this portrait of Science of Ashwagandha: 
Preventive and Therapeutic Potentials by the team of experts would help in 
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 understanding its potential as a NEW drug and asking new questions to advance 
knowledge for its effective use for health care and cure.

We are deeply obliged to all the authors for their interest, enthusiasm and dedica-
tion to Ashwagandha research that made this book necessary and feasible. Without 
their commitment to contribute chapters, it was not possible to accomplish this vol-
ume suitable for general and specialized reading.

Tsukuba, Japan Sunil C. Kaul 
  Renu Wadhwa 

Preface
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Chapter 1
Phytochemical Genomics of Ashwagandha

Neelam S. Sangwan, Sandhya Tripathi, Yashdeep Srivastava, 
Bhawana Mishra, and Neha Pandey

Abstract Withania somnifera due to its characteristic secondary metabolite con-
tent is of valuable medicinal significance and thus various omics approaches have 
been recently gaining lots of interest. Present updates had revealed various key 
enzymes involved in withanolide biosynthetic pathway. Molecular markers (SSRs) 
resources have also been established and have provided leads to study intra and 
inter-specific gene diversity. Various in-vitro studies have been conducted to improve 
the withanolide content in this important plant. Further, emerging metabolomic area 
like phytochemical genomics has also been applied in case of Withania somnifera 
for metabolite detection and its structural validation.

Keywords Withania somnifera • Secondary metabolites • Biosynthetic pathway • 
Phytochemical genomics • Metabolite detection

1.1  Introduction

Plants present a rich source of naturally existing medicines in Indian literature hav-
ing medicinal importance. These medicinal plants are responsible for producing 
various phytochemicals which providing immunity to combat against plant disease. 
Phytochemical study of medicinal plants is indispensable to identify the presence of 
active constituents in them. Phytochemicals also termed as secondary metabolites 
comprise of alkaloids, flavonoids, steroidal lactones, saponins, tannins, terpenoids, 
etc. which exhibit medicinal as well as pharmacological activities such as antibacte-
rial activity, anti-inflammatory effects. Due to emerging safety records of herbal 
medicines in comparison to chemical drugs, medicinal plants-based drugs have 
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regained popularity for treating even the chronic human illness. The oldest written 
evidence of herbal medicine usage has been found on a Sumerian clay slab (approx-
imately 5000 years old) from Nagpur, India, comprising 12 herbal preparations by 
using around 250 different plants (Kelly et al. 2009; Petrovska 2012). Due to Recent 
discoveries stating modern therapeutic usages of bioactive compounds from medic-
inal plants, researchers are giving immense attention to the medicinal plant biology. 
Out of around 18,000 flowering plants on our planet earth, 44% are of medicinal 
importance and are the rich source of phytochemicals (Handa et al. 2006).

1.1.1  About Withania somnifera

Withania somnifera is one of the most reputed Indian medicinal plant in Indian 
system of medicine known for its pharmaceutical and nutraceutical properties also 
considered as Indian ginseng and in Sanskrit it is called (Ashwagandha). Withania 
somnifera, commonly known as ‘Ashwagandha, Indian Ginseng or Indian winter 
cherry’ is a wonder herb that belongs to the family Solanaceae. In ancient system of 
medicines such as Ayurveda, Unani and Siddha, the root of this plant was an impor-
tant ingredient of over 300 formulations for treating several physiological disorders 
(Tavhare 2015). Withania somnifera is an erect, evergreen branched, tomentose 
shrub. Leaves are simple, ovate and glabrous. Flowers are greenish or pale yellow 
born in axillary, umbellate cymes. Fruits are globose, berries, orange red when 
mature enclosed in membranous persistent calyx. Seeds are yellow, and reniform. 
The plant has wide geographic distribution and is mainly adapted to the warmer/
drier parts of the tropical and subtropical regions of the world ranging from 
Mediterranean regions, tropical Africa, South Africa, warmer parts of Europe to 
Southwest Asia. The plant is native to Tropical Asia especially India, Pakistan, and 
Srilanka (Van Wyk and Wink 2004).

1.1.2  Pharmacological Importance of Withania somnifera

Withania have always been a center of attraction of plant scientific research commu-
nity due to its various pharmacological activities such as anti-microbial, anti- 
inflammatory, anti-arthritic, anti-diabetic, anti-stress, cardio-protective, 
neuroprotective, anti-leishmaniasis, anti-ischemic and anti-hypoxic (Fig.  1.1) 
(Tripathi and Verma 2014; Dhar et al. 2015). Additionally, it has emerged as a potent 
anticancer agent against a wide range of cancers such as breast, cervical, lung, colon, 
prostrate and medullary thyroid cancer and it acts by utilizing multiple modes of 
action, for example by inducing cell cycle arrest, apoptosis, autophagy and suppress-
ing various oncogenic pathways (Palliyaguru et al. 2016). The plant posses various 
pharmacologically important constituents in its roots, leaves, fruits and stem.

Various extracts of leaf prominently posses anti-microbial, anti-cancer, anti- 
diabetic, and anti-proliferative activity. For example, the leaves of Withania som-
nifera have been shown to possess anti-microbial activity against both gram-positive 
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(methicillin-resistant Staphylococcus aureus and Enterococcus spp) (Bisht and 
Rawat 2014) and gram-negative bacteria (Salmonella typhi, Escherichia coli, 
Pseudomonas aeruginosa, Proteus mirabilis, Klebsiella pneumonia and Citrobacter 
freundii) (Singh et  al. 2006; Alam et  al. 2012). In addition, the leaf of Withania 
somnifera are also known to be effective against oral bacterial infection caused by 
Streptococcus mutans, and Streptococcus sobrinus (Pandit et  al. 2013). The root 
extracts is found to have anti-cancer, anti-tumor, neuroprotective, immunomodula-
tory, and anti-stress activity. It is also found to be effective against Alzheimer’s and 
Parkinson’s disease. The roots of Withania somnifera have been used for centuries 
as a general tonic for vitality and longevity. The roots of Withania somnifera have 
shown to inhibit several markers of inflammation such as cytokines (Interleukin-6, 
Tumor necrosis factor-α), reactive oxygen species (ROS) and Nitric oxide (NO). 
Additionally extract from stem contains anticancer activity while berry extract is 
effective against Alzheimer’s` disease (Table 1.1).

1.1.3  Phytochemical Constituents

As plants are sessile organisms, they possess a rich repository of metabolites around 
200,000 to 1 million. Plants produce vast array of phytochemicals, among these 
millions of metabolites expected in plants three major groups comprises: terpenoids 

Fig. 1.1 Major pharmacological properties of withanolides from Withania somnifera
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Table 1.1 Pharmacological actions of bioactive constituents of Withania somnifera

Plant part Extract type Action References

Leaf Methanolic Antimicrobial
Anticancer [against cancer cells 
(TIG1, U2OS, and HT1080) by 
activating p53, apoptosis 
pathway & cell cycle arrest]

Widodo et al. (2008)

Anti-diabetic [Alloxan-induced 
diabetes mellitus in rats]

Methanolic Hypoglycemic [Increased uptake 
of glucose in myotubes and 
adipocytes]

Gorelick et al. 
(2015)

Neuroprotection through 
activation of neuronal proteins, 
oxidative stress and DNA 
damage

Konar et al. (2011)

Anticancer [Neuroblastoma] Kuboyama et al. 
(2014)

Antimicrobial (against 
methicillin resistant 
Stephylococcus aureus and 
Enterococcus sps.)

Bisht and Rawat 
(2014)

Methanolic Antimicrobial [oral infections by 
Streptococcus mutans and S. 
sobrinus]

Methanolic Antiproliferative [against 
MCF-7, HCT116 and HepH2 
cell lines]

Alfaifi et al. (2016)

Methanolic Antimicrobial activity Dhiman et al. (2016)
Methanolic Antibacterial [against Salmonella 

typhi] and Antioxidant
Alam et al. (2012)

Methanolic Cytotoxic activity against Breast 
cancer (MCF7), Hepatocellular 
carcinoma (HEPG2) & Cervix 
cancer (HeLa cells)

Ethanolic exract Antimicrobial activity Dhiman et al. (2016)
Hydroalcoholic Anti-cancer [Breast Cancer] Nema et al. (2013)
CHCl3 Siriwardane et al. 

(2013)
Aqueous Anti-cancer Wadhwa et al. (2013)

(continued)
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Table 1.1 (continued)

Plant part Extract type Action References

Root Chloroform Anti-cancer (Liver, breast, colon) Siddique et al. 
(2014)Prostate cancer

Against chemically induced 
fatigue

Biswal et al. (2013)

Alcoholic Anti-tumor Khazal et al. (2013)
Ethanolic Anti-cancer [Breast cancer] Maliyakkal et al. 

(2013)
Ethanolic of N-118 Neuroprotectant (Against 

cerebral stroke)
Ahmad et al. (2015)

Ethanolic of 101R, 
118R and 128R

Immunomodulatory Kushwaha et al. 
(2012a), Kushwaha 
et al. (2012b),

Ethanolic Anti-cancer [Cervical] Jha et al. (2014)
Anti-diabetic [Stabilized blood 
glucose levels]
Anti-diabetic [Non-insulin- 
dependent Diabetes mellitus in 
rats]
Anti-diabetic [Alloxan-induced 
Diabetes mellitus in rats, 
normalized the urine sugar, 
blood glucose, glucose-6- 
phosphatase and tissue glycogen 
levels)

Aqueous Antistress [reduced in T-cell 
population and up-regulated Th1 
Cytokines in chronically stressed 
mouse)

Khan et al. (2006)

Anti-stress Jain and Saxena 
(2009)

Alzheimer’s disease Sehgal et al. (2012)
Neuroprotective (Enhanced 
memory and attenuated 
hippocampal neurodegeneration 
through inducing glutathione 
biosynthesis)

Baitharu et al. 
(2013), (2014)

Methanolic Hepatoprotective role in 
acetaminophen-intoxicated rats

Devkar et al. (2016)

Methanolic Parkinson’s disease De Rose et al. (2016)
Methanolic Neuroprotective effects Bhattarai and Han 

(2014)
Bhattarai et al. 
(2013)

(continued)
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>40,000 different molecules, alkaloids >12,000 alkaloids and phenolic compounds 
> 8000 which are present in mainly all forms of life (Kabera et al. 2014; Rober 
2007; Ziegler and Facchini 2008). Withania somnifera is tremendously rich reser-
voir of a wide range of secondary metabolites. The population of biologically active 
compounds includes around 40 withanolides (steroidal lactones). Among various 
withanolides, withanolide A, withaferin A, withanone and withanolide D are the 
most abundant having various activities (Fig. 1.2, Table 1.2). Withanolides are C-28 
steroidal lactone triterpenoids having ergostane structure backbone. In this struc-
ture, six-membered lactone ring was formed after the oxidation of C-22 and C-26 
atoms. These structures were nomenclatured as 22-hydroxy ergostane-26-oic acid 
26, 22-lactones. Six or five membered lactone or lactol ring is the characteristic 
feature of withanolides at C-8 or C-9 side chain. 27-hydroxy withanolide A, iso- 
withanone and 6,7-epoxy-1,3,5-trihydroxy-witha-24-enolide were also found in 
fruits of Withania (Chatteriee et al. 2010; Dhar et al. 2015; Lal et al. 2006). More 
than 12 alkaloids, several steroids, ashwagandhine, cuscohygrine, anahygrine, tro-
pine various alkaloids, salts, flavonoids, nitrogen containing compounds, steroids 
and steroidal lactones (withanolides) are also found to be present. Other abundant 
phytochemicals includes withanamides (A, B, C, D, E), withanosides, withanolide 
glycosides, steroidal saponins, and lignanamides, flavonoids, coagulins (C, H, L), 
tropane alkaloids (calistegins, pseudotropine and tropine) and nitrogen-containing 
compounds distributed among different plant parts (Mirjalili et al. 2009; Chatterjee 
et al. 2010; Singh et al. 2015; Jadaun et al. 2016; Kushwaha et al. 2013a and b). The 
earthy odour and flavour of Ashwagandha is attributed to the presence of steroidal 

Table 1.1 (continued)

Plant part Extract type Action References

Stem Methanolic Cytotoxic activity against Cancer 
cell lines MDA-MB-231 [Human 
breast cancer cell lines]

Srivastava et al. 
(2015)

Ethanolic Cytotoxic activity against Cancer 
cell lines MDA-MB-231 [Human 
breast cancer cell lines]

Srivastava et al. 
(2015)

Fruit/berry Alzheimer’s disease Jayaprakasam et al. 
(2010)
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Fig. 1.2 Chemical structure of various withanolides
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lactones or withanolides. Maximum amount of withaferin A is present in shoot tips, 
followed by leaves, nodes, internodes, roots, flowers and seeds (Praveen and Murthy 
2010). Our group for the first time succeeded in showing the differential biosynthe-
sis of withanolides during different morphogenetic stages of the plant in-vitro (Sabir 
et al. 2012). The previous beliefs that the withanolides are synthesized in leaves and 
transported to roots got faded after we had demonstrated the de-novo synthesis of 
withanolide A in the roots (Sangwan et al. 2008). The unique composition of differ-
ent withanolides along with other secondary metabolites is the key determinant of 
varied medicinal significance of different plant parts. We have reported an efficient 
method for isolation of withaferin A (Sangwan and Sangwan 2013). These withano-
lides have been reported to be present in various plant parts and different develop-
mental stages, however, their concentration/abundance varies greatly.

For maximum economic benefit it is important to identify a specific genotype of 
plant that synthesize bioactive metabolites in more quantity with much better 

Table 1.2 Active withanolides with therapeutic potential

S.N. Activities Bioactive withanolides References

1 Anti cancer Withaferin A, Withanolide D Mandal et al. 
(2008); Subramanian 
et al. (2014); Mondal 
et al. (2010, 2012a, b)

Withalongolide A
Withalongolide A-4,19,27-triacetate
Withalongolide B-4,19-diacetate

2 Hypoglycemic 4 β -hydroxywithanolide E Takimoto et al. (2014)
Withaferin A Gorelick et al. (2015)

3 Anti microbial 17β-hydroxywithanolide K Choudhary et al. (2010)
Withaferin A Subramanian and Sethi 

(1969)
14,15β-epoxywithanolide I Choudhary et al. (2010)
Withanolide F
Withanolide D

4 Anti inflammatory Withaferin A Noh et al. (2016)
3β-hydroxy-2,3- dihydrowithanolide F Budhiraja et al. (1984)

Antioxidant WIthaferin A Bhattacharya et al. 
(1997)

Neuroprotection Withanolide A Baitharu et al. (2014)
5 Immunosuppressive Withaferin A Shohat et al. (1978)

Withanolide E Shohat et al. (1978)
5,20α(R)-dihydroxy-6α,7α- epoxy- 1-
oxo-(5α)-with a-2,24dienolide

Bähr and Hänsel (1982)

6 CNS related 3β-hydroxy-2,3- dihydrowithanolide F Budhiraja et al. (1984)
7 Alzheimer’s disease Withanolide A Sehgal et al. (2012)
8 Cardiovascular 3β-hydroxy-2,3- dihydrowithanolide F Budhiraja et al. (1984)

Withaferin A Ravindran al. (2015)
9 Hepatoprotective 3β-hydroxy-2,3- dihydrowithanolide F Budhiraja et al. (1986)

1 Phytochemical Genomics of Ashwagandha
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 quality. Also, there is considerable variations in both qualitative and quantitative 
patterns of secondary phytochemicals in plants belonging to different agro-climatic 
regions. This becomes highly pertinent to study as this factor will impact the effi-
cacy of the pharmaceutical preparations prepared from these plants. Mir et  al. 
(2014b) found variations in the level of withanolides viz. withanolide A, withanone 
and withaferin investigated from Withania somnifera samples collected from differ-
ent regions of India. These regions included Neemuch, Mandsaur, Manasa and 
Hyderabad. Withanone was detected only in plants of Manasa population (1.312% 
in the leaves) and 0.083% withanolide A was present in the roots. Highest content 
of withanolides was found in mature roots and leaves, showing a correlation between 
the developmental stages of the plant and withanolide accumulation (Mir et  al. 
2014b).

1.1.3.1  Phytochemical Variations with Different Accessions

Fascinating researches were actively pursued by different research laboratories 
around the world to understand the phytochemical variability present in different 
parts as well as varieties of W. somnifera plant. Pharmacological properties of 
Withania somnifera are mainly because of its secondary metabolite content that is 
present in the parts like leaf, stem, root, seed or some times in the whole plant.

Withania somnifera produces specific bunch of withanolides in different parts as 
well as in different variety with independent biogenesis capability (Sangwan et al. 
2007; Chaurasiya et al. 2007; Misra et al. 2005; Chatterjee et al. 2010; Chaurasiya 
et al. 2008, 2009). There exist variations in the metabolome of plants under different 
conditions. These include nutritional stress, physical stress mutation or environ-
mental changes. Further phytochemical variations in different accessions constitute 
a drawback for the quality control in herbal formulations as they lead to inconsis-
tency in pharmacological properties. There is a need to identify these phytochemi-
cal variations among different accessions of the same plant. Investigations showed 
that there is a correlation between phytochemical data of different chemotypes of 
Withania somnifera with genetic factors (AFLP markers, RAPD, isozymes) for the 
presence of secondary metabolites (Dhar et  al. 2006; Sangwan et  al. 2014). 
Withanolide biogenesis is linked with the morphogenic transitions in the plant. The 
level of total withanolide content was higher in field grown roots (1.9 mg/g DW) in 
comparison to in-vitro developed roots (0.31 mg/g DW). Withanolide A content was 
two times higher with equal amount of withanone and absence of withaferin A in 15 
days old green callus as compared to the mother explants, however compared to the 
non green callus derived from the multiple shoots which were found to contain high 
propotions of withanolides in best optimized media conditions (Sabir et al. 2013).

N.S. Sangwan et al.
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1.1.4  Omics and In Silico Approaches to Study Plant 
Metabolism

Newly emerging fields of omics and bioinformatics are nowadays mandate to real-
ize the significance of molecular mechanisms underlying different plant activities. 
Current game-changing next generation sequencing (NGS) approaches have revolu-
tionized the sequencing protocols in genomics thus providing a platform to novel 
analytical applications. Influenced by these technological advancements new omics 
areas are emerging for example interactome, epigenome and hormonome etc. These 
in turn address several biological properties of different plant species model or non- 
model. Combination of information from these omics approaches is a rising area of 
research to investigate significant biological issues and promotion of translational 
research. Technological advancements provide a backbone for plant scientists to 
understand the metabolic pathways involved in the production of various secondary 
metabolites. These mainly includes ultra-high-throughput DNA sequencing, or 
‘next-generation DNA sequencing’, which made the availability of DNA sequence 
not only limited to model plants like Arabidopsis and rice but also for crop plants as 
well as medicinal plants for which no genome sequencing data is available. The 
datasets available from genome or transcriptomic sequencing can provide us a rela-
tionship between the expressions of a gene under particular conditions in relation to 
its metabolite contents.

The present chapter thus describes in detail the various omics approaches 
(metabolomics, transcriptomics and genomics) to decipher the withanolide identifi-
cation, its significance, biosynthesis and its multilevel regulation.

1.2  Withanolide Biosynthesis Under Different Growth 
Conditions

The diverse chemical nature of the plant, which is helpful in such a wide array of 
health conditions, has puzzled plant biologists and chemists equally. The National 
Medicinal Plant Board of India has listed Withania somnifera among the 32 most 
demanding medicinal plant around the world that drives its huge demand (Prajapati 
et al. 2007). It has been estimated that the yearly global demand (around 12,120 
tonnes) (Ramawat and Goyal 2008) of withanolides exceeds the annual supply 
(5905 tonnes) (Sharada et al. 2007). This leads to need for enhanced production of 
these phytochemicals in Withania somnifera. Chemical synthesis of these com-
pounds has also been reported but due to complex structure of withanolides 
(Neumann et al. 2008) the chemical synthesis is uneconomical. Many approaches 
have been screened for their potential for increased production of withanolides. 
Among them in-vitro approaches gained much attention. In addition, various stress 
signals have also been reported to enhance the withanolide biosynthesis in Withania 
somnifera.

1 Phytochemical Genomics of Ashwagandha
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1.2.1  Regulation of Withanolide Biosynthesis Under In-vitro 
Conditions

In-vitro culture technique for secondary metabolite production has gained much 
attention during last two decades. Further, alterations in culture’s growth conditions 
have been variously used for improving the yield of secondary metabolites. 
Successful callus cultures of Withania somnifera were established long back in 
1979 (Vishoni et al. 1979) by inoculating anthers as explants onto the MS medium 
supplemented with 10−6 M 6-benzyladenine (BAP). In-vitro cultures of Withania 
somnifera have been extensively and variably used for withanolides production. 
Roja et  al. (1991) have established the protocol for the in-vitro shoot generation 
from axillary meristems of Withania somnifera using benzyladenine (BA). Various 
combinations of BA, 2,4-dichlorophenoxyacetic acid (2,4-D) and indolebutyric 
acid (IBA) were used for optimizing the generation of rooted shoot cultures of 
Withania somnifera (Sen and Sharma 1991). Various studies have been conducted 
for the optimization of in-vitro propagation of Withania somnifera. Our group has 
developed a protocol for producing large numbers of plant via sterile lines having 
stable production of withanolides. For this study six accession of Withania som-
nifera (RSS-8, RSS118, RSS-27, RSS 28, RSS41 and RSS44) were taken. Nodal 
segment of these accession were used for the generation of sterile lines with various 
concentration of BAP and kinetin in combination or alone. After shoot induction, 
IBA and IAA were used in combination or alone for the rooting of shootlets, which 
were further successfully transplanted in field under various optimized conditions 
such as fertilizer dose etc. (Sabir et al. 2008a, b, Tables 1.3 and 1.4).

Manipulation in the growth medium provides an easier way for varied degree of 
improved withanolide production. MS medium supplemented with 5.0 μM BAP 
and 1.0 μM Kinetin has been shown to be appropriate for withaferin A production. 
Wherein, withaferin A production in the liquid cultures was higher as compared to 
the static composition of the same media (Mir et al. 2014a). Surprisingly, withano-
lide- A, which was hardly detectable in the aerial plant parts of field-grown Withania 
somnifera was found to be present in the in-vitro shoot cultures of the plant (Sangwan 
et al. 2007). In another study, changes in composition of macro elements (addition 
of KNO3 and removal of NH4+) in the medium of adventitious root cultures resulted 
in increased withanolide-A production (Murthy and Praveen 2012). In addition, 
when adventitious root cultures were given methyl jasmonate and salicylic acid 
treatments, withanolides contents were increased. However, comparatively salicylic 
acid show better performance and has been shown to boost accumulation of witha-
none, withaferin A, withanolide A and withanolide B along with minor constituents 
likely 12-deoxy withastramonolide, withanoside V and withanoside IV (Sivanandhan 
et al. 2012a, b).

Agrobacterium rhizogenes-mediated hairy root production is also an efficient 
tool for withanolide biosynthesis. Our group has developed the protocol for the 
efficient Agrobacterium-mediated genetic transformation using leaf and node of 
Withania somnifera. By this method, we can modify the biosynthesis of secondary 
metabolite content by altering the enzymes activity involved in their biosynthesis 
pathway (Mishra et al. 2013; Mishra et al. 2016a, b).
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Recently, modified Agrobacterium rhizogenes-mediated genetic transformation 
of Withania somnifera has been developed with leaf tissue explants of in-vitro raised 
plantlets involving sonication and heat treatments. These techniques may be useful 
for large-scale production of bioactive phytochemicals by metabolic engineering 
approaches of Withania somnifera (Chandrasekaran et al. 2015).

Withanolides can be produced efficiently by in-vitro cultures of Withania som-
nifera. In-vitro callus, root, multiple shoots and cell suspension cultures are used as 
a source for bioproduction of withanolides in-vitro. Genetic transformation in this 
plant by different Agrobacterium rhizogenes strains leads to an increase in second-
ary metabolites like withaferin A which was produced up to 2.25 and 1.77 times 
more over control hairy roots, also the metabolites was found to be released into the 
culture media (Varghese et al. 2014). Various types of elicitors have effect on sec-
ondary metabolites production in Withania somnifera. When Withania somnifera 
was transformed by fungal elicitor protein β-cryptogein, it was observed that the 
hairy root cultures possess more withaferin A and withanolide A content with an 
increase in wall-bound ferulic acid (Sil et al. 2015). When elicitors like cadmium 
chloride, aluminium chloride and chitosan were inspected in different concentra-
tions with the precursor feeding (cholesterol, mevalonic acid and squalene), the 

Table 1.3 List of the developed methods for the in-vitro propagation of Withania somnifera

Objective of the study Hormone used for propagation

References (column 
shifted to extreme 
right)

In-vitro propagation by 
organogenesis

Various concentration of Bap, NAA and 
IAA and TDZ in combination or alone.

Kulrkarni et al. 
(1996)

Callus cultures were 
initiated from axillary 
leaves, axillary shoots, 
hypocotyls, and root 
segments

Fir axiilary leaves different 
concentrations of 2,4-D and KN,either 
alone or in combination for axillary 
shoots different concentrations of BA 
and KN (alone or in combination) for 
hypocotyl and root segment 2,4-D and 
KN (alone or in combination) for plant 
regenration combinations of 2,4-D, KN, 
BA, and 2-iP [N6-(2-isopentenyl) 
adenosine]

Rani and Grover 
(1999)

Rapid micropropagation of 
selected chemotypes using 
nodes, internodes, 
hypocotyls and embryo 
explants

Various concentration of BA and TDZ in 
combination or alone; Fatima et al. 2016.

Kulkarni et al. 
(2000)

Plant regeneration from 
encapsulated shoot tips

Various concentration of IBA Singh et al. (2006)

Large scale propagation 
using seed as an explant

Various concentration of BAP, IAA and 
TDZ in combination or alone.

Supe et al. (2006)

Direct rooting from leaf 
explants

Various concentration of IBA, NAA and 
IAA and TDZ in combination or alone.

Wadegaonkar et al. 
(2006)

In-vitro mass propagation Various combination of kinetin Shukla et al. (2010)
In-vitro plant regeneration 
from cotyledonary nodes

Various concentration of BAP, IBA and 
KN in combination or alone.

Nayak et al. (2013)

1 Phytochemical Genomics of Ashwagandha



14

study reveals that the presence of total withanolides (withanolide A withanolide B 
withanone, withaferin A, 12 deoxy withanstramonolide, withanoside IV and witha-
noside V) were highest in the combined treatment of chitosan and squalene when 
applied along with picloram, kinetin, L-glutamine and 5% sucrose in culture at an 
interval of 4 h and 48 h respectively on 28th day of culture in bioreactor. Higher 
concentrations of total withanolides (2.13-fold) were observed in shake-flask cul-
ture as well as in bioreactor (1.66-fold) in comparison to control treatments 
(Sivanandhan et al. 2014).

In comparison to methyl jasmonate salicylic acid was proved to be the best elici-
tor to enhance the production of withanolides, when examined on adventitious root 
culture of Withania somnifera. Salicylic acid improved the level of major withano-
lides namely withanone, withaferin A, withanolide A and withanolide B along with 
minor constituents likely 12-deoxy withastramonolide, withanoside V and withano-

Table 1.4 In-vitro studies to improve the withanolide production in Withania somnifera

Used 
material Method Results

References (column 
shifted to extreme 
right)

Callus 
culture

Transformation with opaline 
and octopine strains of 
agrobacterium tumefaciens.

Increase withanolide D 
and withaferin

Ray and Jha (2001)

In-vitro 
culture

At different developmental 
stage

Differential pattern of 
withanolide content

Sharada et al. (2007)

Callus 
culture

Agrobacterium 
transfomation/and biotic and 
abitoic elicitaion strategy

Enhancement in 
Withaferin accumulation

Baldi et al. (2008)

Root line, 
callus line, 
rooty 
callus line

Transformation by 
Agrobacterium rhizogenes,

Presence of withasteroids 
in undifferentiated callus 
cultures

Bandyopadhyay et al. 
(2007)

Callus 
culture

Effect of different growth 
regulators (auxins, 
combination of auxin and 
cytokinin)

2,4-D in combination with 
kinetin induce the 
withanolide production 
kinetin was suitable for 
withanolide A production

Nagella and Murthy 
(2010)

Root 
cultures

Induce adventitious root 
culture

Induce withanolide 
production

Praveen and Murthy 
(2010)

Leaves, 
stems, and 
roots

Addition of polyamine, 
spermidine (20 mg L−l)

Increase in the quantities 
of withanolide A, 
withanolide B,

Sivanandhan et al. 
(2011)

Root 
cultures

Aluminium chloride at 
10 mg L−l, chitosan at 
100 mg L−l

Enhance withanolide 
content

Sivanandhan et al. 
(2012a, b)

Hairy root 
culture

Effects of carbon source 
[sucrose, glucose, fructose, 
maltose) and ph change pH 
(4.0, 4.5, 5.0, 5.5, 5.8, 6.0 
and 6.5) on

4% sucrose favoured the 
production of withanolide 
A withanolide A 
production was highest in 
the medium pH set at 6.0 
(13.84 mg g−1 DW).

Praveen and Murthy 
(2012)

N.S. Sangwan et al.
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side IV. Treatment of root biomass on 30-day-old adventitious root cultures with SA 
in 150 μM concentration for 4 h exposure period resulted in the production of high 
dry weight of withanolide A with an increase of 48-fold, withanolide B with an 
increase of 29-fold and withaferin A which shows 20-fold increase, withanone with 
37 fold increment, 12-deoxy withastramonolide with nine fold increase, withano-
side V with seven fold increase, and withanoside IV which was a nine fold incre-
ment after a elicitation of 10 days (40th day of culture) in comparison to untreated 
culture was observed (Sivanandhan et al. 2012a, b).

Withaferin A production was obtained on MS medium supplemented with a 
 concentration of 5.0 μM of BAP and 1.0 μM of kinetin, In this study Withaferin 
A production in the liquid cultures was higher as compared to the static composition 
of the same media (Mir et  al. 2014a). Also withanolide-A, which was hardly 
 detectable in the aerial plant parts of field-grown Withania somnifera was found to 
be present in the in-vitro shoot cultures of the plant (Sangwan et al. 2007).

Genetic transformation of Withania somnifera using two strains of A. rhizogenes 
(strains LBA 9402 and A4) shows accumulation of withaferin A in the transformed 
root line to a maximum (0.44%dry weight) while callus lines produced both witha-
ferin A ranging from 0.15 to 0.21% in dry weight and withanolide D (ranging from 
0.08 to 0.11% in DW (Bandyopadhyay et al. 2007).

Inter-conversion of withanolides takes place when some withanolides viz. witha-
nolide A, withaferin A, and withanone were added as precursor substrates, these get 
converted to some unknown compounds, and further released to the culture media, 
withanolide A is converted to withanone, and vice versa though at a lower level 
(Sabir et al. 2011).

Plant cell culture has been used successfully for the production of various useful 
secondary metabolites, which are useful in pharmaceutical applications, pigments 
and other fine chemicals. Optimization studies were carried out in Withania som-
nifera cell suspension cultures to enhance the withanolides production. The effects 
of macro elements for the optimization of the adventitious root suspension culture 
of ashwagandha plant were studied (Murthy and Praveen 2012).

For optimization of different factors concentrations of auxins, cytokinins and 
their combinations, agitation speed, carbon sources, organic additives and seaweeds 
were altered in cell suspension culture. The study reveals that production of witha-
nolides namely withanolide A, withanolide B, withaferin and withanone in higher 
quantities (in DW) were recorded after treatment of Gracilaria edulis at 40%. 
Organic additives like L-glutamine when used in combination with picloram and 
kinetin, promoted growth characteristics up to 11.87 g in formula weight and 2.96 g 
in dry weight with an increase in withanolides biosynthesis, likely, withanolide A to 
5.04 mg/g DW, withanolide B to 2.59 mg/g DW, withaferin A to 2.36 mg/g DW and 
withanone up to 4.32 mg/g DW). Sucrose at 5% level revolved out to be a superior 
carbon source and yielded the highest withanolides production likely withanolide A 
to 2.88 mg/g DW, withanolide B to 1.48 mg/g DW, withaferin A to 1.35 mg/g DW 
and withanone to 2.47 mg/g DW) (Sivanandhan et al. 2013).

The detected level of Withanolide A in transformed roots was 2.7-fold more in 
comparison to non-transformed cultured roots (Murthy et al. 2008). They also used 
adventitious roots from generated from leaf explants of Withania to assess the level 
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of production of withanolide-A (Praveen and Murthy 2010). With increase in age of 
plant the concentration of withaferin A was increased and withanolide A decreased 
in the leaves of Withania somnifera. It was observed that carbohydrate and elicitor 
treatment in hairy root cultures of Withania somnifera shows that there was increase 
in withaferin A with increasing glucose levels peaked at 5% and withanolide A was 
detected only at 5% glucose concentration while both withaferin A and withanolide 
A accumulated at 3% sucrose levels. Treatment of chitosan and nitric acid increased 
the levels of withaferin A while jasmonic acid decreased it (Doma et al. 2012). In 
addition, aeroponics studies have shown production of unusual withanolides from 
W. somnifera (Xu et al. 2011). These new molecules were derivatives of withaferin 
and thus aeroponics offer induction of novel molecules not present in plants.

1.2.2  Regulation of Withanolide Biosynthesis Through Various 
Stress-Signals

Secondary metabolites have been variously shown to be regulated by different biotic 
and abiotic stress-signals due to their protective effects under adverse environmental 
conditions. Withanolides, being an important member of steroidal lactones, have also 
been shown to be regulated by many abiotic and biotic stresses. Drought stress has 
been reported to alter withanolide content in Withania somnifera. While observing 
the trend of various withanolides accumulation under drought stress, it was found 
that withaferin-A content was increased by 42.7% with concomitant decrease of 
withanolide-A and 12-withastromonolides by 78 and 71% respectively as compared 
to control (Sanchita et al. 2015). Similarly, cold stress triggered differential accumu-
lation of different withanolides in Withania somnifera. While a significant elevated 
level of leaf withaferin-A was found throughout the cold stress treatment (from day 
1 to day 7), withanolide-A and withanone contents were decreased (Mir et al. 2015). 
Effect of light was also studied for withanolide biosynthesis in Withania somnifera 
and the results suggested the inducible effect of light on withanolide accumulation 
when 75% shade conditions were applied to 5 months old Withania plant for 30 days 
(Jacob et al. 2014). When Withania somnifera plants were subjected to supplemental 
ultraviolet-B radiations (UV-B) exposure, withaferin-A content was induced while 
reduction in withanolide-A was observed. Thus, s-UVB stress can be a potential tool 
for withanolide production (Kalidhasan et al. 2013; Takshak and Agarwal 2014). In 
addition to the abiotic stresses, effects of biotic factors on withanolides have also 
been reported, though less explored. In a report addressing the impact of leaf spot 
disease on Withania somnifera, significantly higher accumulation of withanolide 
contents by 15.4% (withaferin-A) and 76.3% (withanolide-A) and total alkaloids by 
49.3% was observed (Pati et al. 2008). Secondary metabolites such alkaloids accu-
mulation were also enhanced against the microbial consortium which also induced 
the plant growth activity (Rajasekar and Elango 2011).

Based on various reports regarding impact of stress-signals on withanolides, it 
was observed that most of the abiotic and biotic stress-signals caused differential 
accumulation of withanolides. Under most of the abiotic stresses, only withaferin-A 
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was significantly induced however other withanolides were more or less decreased. 
This suggests probable role of withaferin-A in conferring abiotic stress tolerance in 
Withania somnifera. However this needs further validation through various experi-
ments that may provide a valid mechanistic evidence for the hypothesis.

1.3  Omics of the Withanolide Biosynthetic Pathway Genes 
in Withania somnifera

Due to enormous medicinal applications of the plant it has been chosen for sequenc-
ing project namely Sol Genomics Network (http://solgenomics.net/organism/
sol100/view) in 100 Solanaceae genomes, which have been proposed to be 
sequenced. Consecutively various omics studies have opened up the gateway for 
some more studies to be conducted through in silico studies with risen interest of 
plant biologists in NGS generated data from the plant for different sets of experi-
ments under different situations.

1.3.1  Genomics of the Withanolide Biosynthetic Pathway 
Genes in Withania somnifera

The major goal of genomics is to reveal the structure, function, and evolution of 
genomes of an organism. Although the whole genome sequencing of Withania som-
nifera has not been carried out yet but the characterization of some major pathway 
genes related to secondary metabolites, which helps us to understand the function 
and effect on secondary metabolite production was done. Phytochemical genomics 
provides a platform for investigating biosynthesis, function and regulation of plant 
secondary metabolites. This provides ample information for altering and tweaking 
with the biosynthetic pathway for improved secondary metabolite production. The 
withanolide biosynthetic pathway has been almost completely elucidated, however, 
their regulation at molecular level has still not been completely explored. The with-
anolide biosynthetic pathway genes that have been manipulated (Table 1.5). Besides 
these enzymes, others enzymes such as several glycosyltransferases 27β-hydroxy 
glucosyltransferase, 3β-hydroxy specific sterol glucosyltransferase, tryptophan 
decarboxylase, tropine reductase were also stuided (Madina et  al. 2007; Sharma 
et al. 2007; Kushwaha et al. 2013c; Jadaun et al. 2016) Withanolides are synthesized 
in genus Withania in most prominent and diversified amounts. In view of the phar-
macological importance of this plant, Withania somnifera has been extensively 
studied. Previous studies revealed the chemotypic variation, tissue specific abun-
dance of withanolide in Withania somnifera. The withanolide content was also 
affected by various factors such as stress, growth rate, environments and geographi-
cal conditions (Srivastava et al. 2015; Mishra et al. 2014, 2016b; Sabir et al. 2012; 
Dhar et al. 2013; Chaurasiya et al. 2007; Sangwan et al. 2007, 2008). These witha-
nolides are synthesized from triterpenoid pathway intermediates, which imply the 
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Table 1.5 List of withanolide biosynthetic pathway gene manipulation studies

Gene Manipulation strategy Remarks References

WsHMGR Expressed in E. coli Elevated expression in 
response to salicylic acid, 
methyl jasmonate and 
mechanical injury

Akhtar et al. 
(2013)

WsSGTL1 Transformed in Arabidopsis 
thaliana

Elevated level of WsSGTL1 Mishra et al. 
(2013)Conferred abiotic stress 

tolerance
RNAi-mediated gene 
silencing

Downregulation of SGTs Singh et al. 
(2016)Increase in withanolide A, 

Withaferin A
Increased expression of 
WsHMGR, WsDXR, 
WsFPPS, WsCYP710A1, 
WsSTE1 & WsDWF5 genes
Reduced biotic tolerance

Ectopic overexpression Increased glycowithanolide Saema et al. 
(2016)Provided tolerance to biotic 

and abiotic stress
WsDXS Differentially expressed 

under salicylic acid, methyl 
jasmonate and mechanical

Gupta et al. 
(2013)

WsDXR Differentially expressed 
under salicylic acid, methyl 
jasmonate and mechanical

Gupta et al. 
(2013)

WsCYP98A Expressed in E. coli Elevated expression under 
methyl jasmonate and 
salicylic acid while 
reduced expression under 
gibberellic acid treatment.

Rana et al. 
(2014)

WsCYP76A Expressed in E. coli Elevated expression under 
methyl jasmonate and 
salicylic acid while 
reduced expression under 
gibberellic acid treatment.

Rana et al. 
(2014)

WSCYP93Id Expressed in E. coli Elevated expression under 
methyl jasmonate and 
salicylic acid

Srivastava 
et al. (2015)

WsCPR1& Expressed in E. coli Expression of WsCPR1 
remained unchanged while 
WsCPR2 expression 
induced under Salicylic 
acid and methyl jasmonate 
treatment

Rana et al. 
(2013)WsCPR2

WsSQS Expressed in E. coli Positively regulate 
withanolide content

Bhat et al. 
(2012)

(continued)
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Table 1.5 (continued)

Gene Manipulation strategy Remarks References

WsSQE Expressed in E. coli Positively regulate 
withanolide content

Razdan et al. 
(2013)

OSCs (WsOSC/
LS,

Expressed in 
Schizosaccharomyces pombe

Differentially expressed 
under methyl jasmonate, 
salicylic acid and yeast 
treatments

Dhar et al. 
(2014)

WsOSC/BS,

WsOSC/CS)

WsDWF1 Expressed in E. coli Overexpressed under 
methyl jasmonate, 2,4-D 
and gibberellic acid 
treatments

Razdan et al. 
(2016)

WsDWF5 Virus induced gene silencing Confirmed its role in 
withanolide biosynthetic 
pathway

Gupta et al. 
(2015)

WsFPPS Upregulation under 
mechanical injury, methyl 
jasmonate and salicylic 
acid treatment

Gupta et al. 
(2011)

WsCAS Overexpressing lines Enhanced withanolide 
content

Mishra et al. 
(2016b)

RNA i-mediated gene 
silencing

Reduced withanolide 
content

Mishra et al. 
(2016b)

isoprenogenesis followed by withanolide production. Chaurasiya et al. (2012) con-
cluded that two pathways, mevalonate (MVA) in cytosol and non-mevalonate or 
DOXP/MEP in plastids involved in withanolide biosynthesis. 
Isopentenylnpyrophosphate (IPP) and dimethyl allyl pyrophosphate (DMAPP) 
serve as the precursor for the withanolide biosynthesis. Seven enzymes are involved 
in the Mevalonate Pathway. First is AcAc-CoA thiolase which catalyses the synthe-
sis of acetoacetyl-CoA by the condensation of two molecules of acetyl-CoA. Second 
HMG-CoA synthase, synthesizes 3-hydroxy-3-methylglutaryl-coenzyme (HMG- 
CoA) after the condensation of AcAc-CoA with one molecule of acetyl- 
CoA.  Mevonalate is synthesized from HMG-CoA by the HMG-CoA reductase 
(HMGR) enzyme. The IPP unit is formed after various sequential reactions includ-
ing two phosphorylations and decarboxylation by mevalonate kinase, phosphom-
evalonate kinase, and mevalonate diphosphate decarboxylase enzymes. Final step 
of this biosynthesis is carried out by isopentenyl diphosphate isomerase which 
catalyses the conversion of IPP into DMAPP (Sangwan et al. 2004; Srivastava et al. 
2015; Mishra et al. 2016b; Chaurasiya et al. 2012).

The first step of the MEP pathway is the synthesis of glyceraldehyde 3- phosphate 
into 1-deoxy-D-xylulose 5-phosphate (DXP) by 1-deoxy-D-xylulose 5-phosphate 
synthase (DXS) from pyruvate and glyceraldehyde 3-phosphate. After several con-
secutive enzymatic reactions IPP unit is synthesized in cytosol via DXP reductoi-
somerase, 2-C-methyl-D-erythritol 4-phosphate cytidylyltransferase, 
4-diphosphocytidyl-2-C-methyl-D-erythritol kinase, 2-C-methyl-D-erythritol 
2,4-cyclodiphosphate synthase, and (E)-4-hydroxy-3-methylbut-2-enyl diphosphate 
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synthase. (E)-4-hydroxy-3-methyl but-2-enyl diphosphate reductase (HDR) cataly-
ses the last step of the reaction, which is the conversion of the IPP into the 
DMAPP. Further, farnesyl diphosphate synthase (FPPS) enzyme catalyzes the head 
to tail condensation of IPP units to from FPP (main precursor for triterpenoids). 
Condensation of two FPP molecules synthesize squalene (squalene synthase) which 
converts into squalene 2,3- epoxide (squalene epoxidase). Squalene 2,3- epoxide 
converted in to ring structure cycloartenol by cycloartenol synthase (CAS). 
Cycloartenol further converted into 24-methylenecholestro (an immediate precur-
sor for different withanolides). The δ-lactonization between C-22/C-26 and hydrox-
ylation of C-22 of 24-methylenecholestrol, lead to the biosynthesis of withanolides. 
After various sequential reactions various withanolides synthesized.

1.3.2  Transcriptomics of Withania somnifera

Various transcriptomic studies have been conducted on Withania somnifera in 
recent years (Table 1.6). As far as the first reports on application of transcriptomic 
approach is concerned, it was reported in 2010 by Senthil and co-workers through 
construction of cDNA library from 2 months old in-vitro leaf and root cultures. The 
plasmid DNA templates were subjected to sequencing reactions and the product 
was then sequenced on ABI3730XL DNA Analyzer. As a result there was genera-
tion of 1047 leaf (48.5% unique sequences) and 1034 root (61.5% unique sequences) 
sequences, which were clustered into 239 leaf identities and 230 root identities to 
represent 22.8 and 22.2% respectively out of total repertoire of sequences. E -value 
> = 10−14 non-redundant database search against annotated and characterized pro-
teins returned 70% similarity of encoded proteins from the dataset. Annotated 
expressed sequence tags (ESTs) were also assigned to various biological processes 
and molecular functions on the basis of gene ontology (GO) classification. Genes 
like cytochrome P-450 having significant role in photosynthesis, arginine decarbox-
ylase and chitinase with potential roles in pathogenesis and squalene epoxidase and 
CDP-ME kinase involved in withanolide biosynthesis were identified. The tran-
script with highest abundance in leaf (0.85%) was reported for cytochrome-P450. In 
addition to this, the sequences were also subjected for CpG island search and Pfam 
analysis for identification of functional domains. In conclusion the study presented 
a comparative analysis in two vital sites (i.e., leaf and root) of withanolide biosyn-
thesis using transcriptomic approach (Senthil et al. 2010).

Next to this after 4 years in 2013, NGS was used to establish transcriptomic 
resource for leaf and root tissues of NMITLI-101 chemotype of Withania through 
454 GSFLX Titanium platform. Here, 34,068 and 7,21,755 HQ reads for leaf and 
root tissues respectively were generated resulting in 89,548 unigenes in 101 L and 
1, 14,814 unigenes in 101R. Further annotations were also provided by comparison 
to TAIR 10, non-redundant database, tomato and potato databases. To look for an 
elaborated view of enzymes putatively involved in biosynthesis of withanolides, 
Gene Ontology assignment and KEGG analysis was performed on the generated 
unigenes. Tissue specific biosynthesis of withanolides was predicted on the basis of 
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Table 1.6 Fundamental findings of transcriptomic approach studies relevant to Withania somnifera

Senthil et al. (2010)

Unique contigs (unassembled + clustered) In-vitro leaf In-vitro root
No. of contigs 508 636
ESTs identified for genes related to Withanolide biosynthetic pathway
Gene name In-vitro leaf EST ID In-vitro root EST ID
Squalene epoxidase – K-Root-1-1a-N13
Sesquiterpene cyclase – K-Root-2-1a-I03
CDP-ME kinase – K-Root-1-3a-F11
HMG CoA synthase – K-Root-1-3a-D01
Cytochrome p-450 K-SL-1-3a-T3-E05 K-Root-1-3a-N21
Glucosyltransferase K-SL-1-4a-T3-A03 K-Root-1-4a-D10
Genes highly expressed Total no. of ESTs
Universal stress protein 11
Zinc finger protein 9
UDP-arabinose-4-epimerase 9
Methionine synthase 9
Cytochrome p-450 9
UDP-apiose/xylose synthase 7
Phosphoglucomutase 7
Elongation factor-1-gamma chain 6
Aspartyl protease 6
Heat shock protein 6
Xylulose-6-phosphate-1-dehydrogenase 6

Gupta et al. (2013)

Chemotype 101 L 101R
Total (contigs + singletons) 89,548 114,814
Unigenes related to secondary metabolites 1068 1034
Unigenes involved in triterpenoid biosynthesis
MVA pathway (step 1) 41 41
MEP pathway (step 1) 23 25
Step 2 49 60
Step 3 116 72
Total SSRs identified 2553 3262

Parmar et al. (2015)

Source species used for cross-species-transfer of 
ESTs

Tomato Chili Tobacco Egg plant

No. of primer pairs used in study 9 7 3 1

Dasgupta et al. (2014)

Relative fold expression after SA 
treatment

Pathogenesis related gene name 17 h 36 h
Pathogenesis- related protein PR-1 (WsPR1) 3.02 21.76
b-1,3-glucanase (WsB13G) 21.49 287.74
Class I chitinase (WsCHTN1) 0.3 1.23

(continued)
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Table 1.6 (continued)

Gupta et al. (2015)

NMITLI-118 NMITLI-135 NMITLI-101
Leaf (contig + singletons 
above 200 bases)

66,807 67,005 71,630

Root (contig + singletons 
above 200 bases)

78,790 74,282 87,216

Total SSRs (leaf + root) 
in contigs

1150 884 1432

Total SSRs (leaf + root) 
in singletons

2282 2127 4383

Gene families Cytochrome 
P450s

Glycosyl- 
transferase

Methyltransferase Transcription 
factors

Total unigenes 228 259 419 1210
Differentially expressed 
genes

143 144 143 624

Dasgupta et al. (2014)

Relative fold expression after SA 
treatment

Class II chitinase (WsCHTN2) 83.97 5.42
Class IV chitinase (WsCHTN4) 33.58 190.62
Thaumatin-like protein (WsTHAU) 1.58 7
Cystatin-like protein (WsCYST) 7.14 149.24
Serine protease inhibitor like protein (WsSPI) 1.51 9.06
Class III chitinase (WsCHTN3) 75.03 46.29
Lignin-forming anionic peroxidase (WsL-PRX) 12.12 377.42
Suberization-associated anionic peroxidase 
(WsS-PRX)

49.07 6532.89

PR-10 type pathogenesis- related protein (WsPR10) 0.12 0.07
Chitinase, class V (WsCHTN5) 2.26 13.39
Defensin (WsDFSN) 0.83 5.75
Nonspecific lipid transfer protein 2 (WsLTPa) 3.57 5.4
Non-specific lipid-transfer protein-like protein 
At2g13820-like (WsLTPb)

0.8 4.85

Germin-like protein subfamily 1 member 20 
(WsGER1–20)

1 19.87

Senthil et al. (2015)

Differentially expressed transcripts in major secondary metabolite biosynthetic pathways
No. of pathways 
assigned

Total no. of 
differentially 
expressed transcripts

No. of unique 
transcripts in 
adventitious roots

No. of unique 
transcripts in 
adventitious leaves

25 801 389 1
Details of transcripts involved in withanolide biosynthesis
No. of enzymes for 
which transcripts 
were found

Total transcripts 
number

Transcripts involved 
in adventitious roots 
+ leaves

Transcripts involved in 
adventitious roots

30 778 686 82
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differential expression and uniquely present gene members from cytochrome P450, 
glycosyltransferase and methyltransferase in leaf and root tissues. Detection of sim-
ple sequence repeats (SSRs) also provided a platform to various genetic studies in 
near future. In this study attempt was made to assist the fundamental learning about 
the biosynthesis of withanolide in Withania somnifera chemotype 101 L specifically 
involved in biosynthesis of withaferin A and chemotype 101R, specifically involved 
in the biosynthesis of withanolide A through pyrosequencing (Gupta et al. 2013).

Utilizing the data from previously mentioned resources cross-species transfer-
ability of EST-SSR markers from Withania and other solanaceous species was vali-
dated. Conclusively 30 SSR markers were valuably reported to be important to 
analyze intra and inter-specific gene diversity in Withania somnifera and  established 
an important resource for SSR related studies (Parmar et  al. 2015). Similarly 
 salicylic acid induced leaf transcriptome of Withania somnifera was characterized 
to study expression of gene related to pathogenesis. The study resulted in genera-
tion of 45.6 million reads which were further assembled de novo to produce 73, 
523 transcript contig, each having an average length of 1620 bp. On annotation 
53,424 transcripts were assigned with GO terms. Presence of 182 pathways 
revealed on mapping of transcripts to biological pathways. Seventeen genes 
belonging to 12 pathogenesis-related gene family were studied from the transcrip-
tome and documentation of expression pattern after 17 and 36 h of salicylic acid 
(SA) treatment was carried out. Pattern of accumulation of major secondary 
metabolites of Withania e.g., withanoside V, withaferin A and withanolide A on SA 
treatment was analyzed and increase in corresponding metabolite content was 
observed (Dasgupta et al. 2014).

For example, in 2015 Senthil and group again proposed in-vitro leaf and root 
cultures as resources for targeted withanolide biosynthesis by pyrosequencing 
approach using illumina platform. Here 1,77,156 assembled transcripts were gener-
ated with each unigene having an average length of 1033 bp. Specifically 13% of 
overall transcripts were observed in case of in-vitro adventitious root and no unique 
proportion of transcripts was found for in-vitro leaf tissues. In terms of transcripts, 
1,52,839 sequences have shown their presence in both the in-vitro tissues while 
24,319 were specific to be expressed in root. Amongst 12,822 differentially 
expressed transcripts, 8013 were found to get up regulated whereas 4809 were 
showing down regulation. Mapping of the assembled transcripts to KEGG database 
resulted in deduction of putative biosynthetic pathway for withanolide biosynthesis. 
A total of 505 transcripts were related to phenylpropanoid biosynthesis, 174 were 
found to be involved in monoterpenoid biosynthesis and 155 members were puta-
tively present in biosynthesis of terpenoid backbone. Also the expression of candi-
date genes of withanolide biosynthesis was subjected to qRT PCR validation. 
Additionally, 13 specific beta amyrin synthase transcripts were observed for in-vitro 
root tissues as against absence of corresponding transcripts in field grown root tis-
sues. Variation was observed in withaferin A and withanolide A accumulation pat-
tern based on tissue type and culture period. Further anticancer activity of in-vitro 
leafs have been demonstrated against human gastric adenocarcinoma cancer cell 
line (Senthil et al. 2015).
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Recently, comparative analysis of transcriptome from differnt chemotypes of 
Withania somnifera was carried out to elucidate biosynthesis of withanolides. 
Variability in different chemotypes with respect to nature and content of withano-
lides was observed on chemoprofiling of leaf and root tissues. Leaf and root tran-
scriptomes specific to different chemotypes were established for identification of 
genes in particular chemotype for tissue specific biosynthesis of withanolides. Total 
(20,621contigs and 63,910 singletons in leaf), (22,438 contigs and 78,645 singletons 
in root) for NMITLI-118, (20,135 contigs and 66,176 singletons in leaf), (18,413 
contigs and 79,737 singletons in root) for NMITLI-135 and (21,445 contigs and 
68,103 singletons in leaf) and (20,797 contigs and 94,017 singletons in root) for 
NMITLI-101 were generated in the study. Combined assembly of the two tissues 
from different chemotypes generated 43,287 contigs 1,78, 956 singletons and 18,317 
transcripts, which were differentially expressed. Moreover on differential compari-
son 142 contigs were matched against non-redundant database, 943 were showing 
matches with Tomato genome and 6 were found similar against TAIR database.

Genes corresponding to enzymes of intermediary steps of terpenoid backbone 
biosynthesis were identified along with paralogous and alternatively spliced iso-
forms. For example seven enzymes namely AACT having 1 unigene, HMGS having 
2 unigenes, HMGR with 5 unigenes, MK comprising 4 unigenes, pmk (5 unigenes) 
were found for Step1 MVA pathway in addition to MDD and IPP having 3 and 1 
unigenes respectively. Similarly, for MEP pathway also seven genes were character-
ized as DXS, DXR, CDP-MES, CDP-MEK, HDS, HDR containing 2, 1, 3, 1, 2, 3 
unigenes respectively, in addition to partial gene sequence for MECPS. Additionally, 
12 full-length unigenes were identified in Step 2 and one partial unigene for cycloeu-
calenol cycloisomerase (CEC1) was found. Among full length unigenes 1 was 
found for (GPPS), (CAS), Δ14-sterol reductase (FK), C-7,8 sterol isomerase 
(HYD1), sterol-4α-methyl oxidase 2 (SMO2), C-5 sterol desaturase (STE1) and ste-
rol δ7 reductase (DWF5) each, 4 for (FPPS), 2 for (SqS), (SMT1), (SMO1), 2 for 
(CYP51G1) and sterol δ7 reductase (DWF5) were found. Moreover, 228 CYPs, 259 
GTs, 419 MTs and 1210 transcription factors unigenes were involved in secondary 
metabolism of which 143, 144, 143 and 624 unigenes were differentially expressed 
respectively in the four gene families. It was proposed that this differential expres-
sion might account for chemodiversity in Withania somnifera. In the same study 
nucleotide sequence of WsDWF5 was mined and constructs for virus-induced gene 
silencing (VIGS) analysis were prepared to observe transcript accumulation and its 
role in withanolide biosynthesis (Gupta et al. 2015).

1.3.3  Metabolomics of Withania somnifera

The term ‘metabolomics’ was introduced by Oliver Fiehn in 2002 for holistic analy-
sis for quantification and identification of whole of the metabolites in an organism. 
Metabolomics is an important tool for understanding the metabolism of plant 
including both primary and secondary (Tugizimana et al. 2013). It is like a finger-
print of an organism, which represents the sum total of compounds present in a 
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particular organism at a given time point. Search is going on to find out the phyto-
chemicals, a major investigation in which done metabolic fingerprinting of crude 
extracts of leaf and root of Withania somnifera by using Nuclear magnetic reso-
nance (NMR) and chromatographic (HPLC and GC-MS), 62 major and minor pri-
mary and secondary metabolites from leaves and 48 from roots were identified 
(Singh et  al. 2015). There are various applications of NMR in metabolomics of 
plant as it can be used as tool for functional genomics and to differentiate between 
plants from different origin and after different treatments. Using NMR and IR spec-
troscopy and chemical transformations some unusually sulfated containing the rare 
3-O-sulfate group with the saturation in A ring and oxygenated unusual 1,4-dien-3- 
one group steroids along with 5,6-deepoxy- 5-en-7-one-17-hydroxy withaferin A 
(Siddique et al. 2014) were isolated from leaves of Withania somnifera (Misra et al. 
2005). Chlorinated withanolides like 6a–chloro-5b,17a–dihydroxywithaferin A is 
also reported from Withania somnifera dried plant by using spectroscopic tech-
niques like (IR, HRESIMS, 1D/2D NMR) and further validated by X-ray crystal-
lography (Tong et al. 2011). Leaves of Withania somnifera are the best source of 
withaferin A patents were developed for the ion of withaferin A from leaves of 
Withania somnifera (Sangwan et al. 2006).

1.3.4  Phytochemical Genomics for Identification 
of Withanolides

Phytochemical genomics is an emerging field of plant science that integrates bio-
synthetic mechanisms and genomics to the plants metabolomics. This area emerges 
as a combinatorial approach of high-throughput massive DNA sequencing technol-
ogy and metabolomics. This current field is based on advancements in metabolo-
mics and allied ‘omics’ like transcriptomics, proteomics and genomics to find the 
biosynthetic mechanism, function evolution and regulation of plant metabolites 
(Saito 2013; Muranaka and Saito 2013).

There are two cornerstone techniques used for the detection of metabolites in a 
plant: NMR and MS. Other correlated techniques for single-separation of a metabo-
lite, based on physicochemical properties are: gas chromatography-MS, capillary 
electrophoresis-MS, reversed phase liquid chromatography (LC)-MS, collision- 
induced dissociation (CID) in tandem mass spectrometry (MS/MS), LC-fourier 
transform-ion cyclotron resonance (FT-ICR)-MS, LC-NMR and LC-CD 
(Nakabayashi and Saito 2013).

Now a days’ various software tools are available that makes it possible to project 
both metabolome and transcriptome data onto maps for systematic analyses (Joung 
et al. 2009; Thimm et al. 2004; Tokimatsu et al. 2005). Transcriptome and metabo-
lome data provide us a clue about expression pattern of genes along with pattern of 
metabolite accumulation. These data also helps us a way to find out the functions of 
genes. Since many of the model plants like tomato, potato, pepper and tobacco 
belong to Solanaceae family, transcriptome and metabolome research is much 
advanced in solanaceous plants during their different developmental phases (Alba 
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et al. 2005; Carrari et al. 2006; Urbanczyk et al. 2003, 2005). The Sol Genomics 
Network (SGN) is dedicated to provide us a useful genomics data for solanaceous 
plants. At present, complete genome data is available for tomato, potato, wild 
tomato and pepper with draft genome available for Nicotiana benthamiana, 
Nicotiana tabacum, Solanum pimpinellifolium. Metabolite analysis (metabolome) 
using GC-MS and comprehensive gene expression analysis in different accessions 
or introgression lines of wild tomato performed to recognize the genes involved in 
production of volatile metabolites (Fridman et al. 2005; Tieman et al. 2006). The 
AtMetExpress is a detailed database about metabolites detected in A. thaliana, 
which is based on liquid chromatography-mass spectrometry and contains 167 
metabolite structures from different growth stages and organs (Matsuda et al. 2010). 
Using omics approaches (transcriptomics and metabolomics) genes and metabolites 
responsible for biosynthesis of terpenoids, glucosinolates, flavonoids, phenylpro-
panoids and lipids in A. thaliana are recognized (Higashi and Saito 2013; Okazaki 
et al. 2013). RIKEN tandem mass spectral database (Re Spect) is a database based 
on literature and tandem mass spectrometry (MS/MS) data that covers up to 9017 
spectra records of different plants (Sawada et al. 2012). Some other important data-
bases of MS and MS/MS spectra are Madison Metabolomics Consortium Database 
(MMCD, http://mmcd.nmrfam.wisc.edu/), METLIN and MassBank databases 
(Nakabayashi and Saito 2013). KNApSAcK family databases contains 101,500 spe-
cies metabolite relationship encompassing 20,741 species and 50,048 metabolites 
searched with their name, molecular mass or molecular formula, or mass spectra in 
several ionization modes (Afendi et al. 2012). For figuring out the genetic back-
ground of plant metabolites metabolomics is used in combination with a QTL anal-
ysis of natural variants of some plants like Rice and tomato and their inbred line 
(Schauer et al. 2006; Okazaki and Saito 2016).

Advanced analytical tools like GC–MS, HPLC and NMR creates new opportuni-
ties to explore the rapid identification of various metabolites qualitatively as well as 
quantitatively. Recently, 62 major and minor primary and secondary metabolites 
from leaves and 48 from roots were identified by using NMR and chromatographic 
(HPLC and GC-MS) techniques (Singh et al. 2015).

1.3.4.1  Various Techniques for Structural Identification

Metabolomics approaches using GC-MS, LC-MS, or NMR spectroscopy served as 
efficient tools for quality control of medicinal plants and their herbal products. 
Metabolomic studies based on NMR have been widely used to decipher problems 
in functional genomics. NMR has very wider applications in plant sciences includ-
ing the comparison studies of metabolites in different plant accessions collected 
from different sites as well as to check the effect of various known biological factors 
on the metabolome of a plant (Kim et al. 2011).

Metabolic investigations from roots of Withania somnifera by using 1H NMR, 
13C NMR and chemical transformation reveals the presence of two new withano-
lides with rare 16 b-acetoxy-17(20)-ene and 6a–hydroxy-5,7a–epoxy functional 
groups in the withasteroid skeleton and also ergosterol (Misra et al. 2008, 2012). 
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Further by using techniques like column chromatography, normal-phase silica gel 
column chromatography, reversed-phase silica gel, column chromatography and 
HPLC, seven new withanolide glycosides called withanosides I, II, III, IV, V, VI, 
and VII along with withaferin A, 5a,20aF(R)-dihydroxy-6a,7a–epoxy-1-oxowitha- 
2,24-dienolide, physagulin D, and coagulin Q were identified from methanolic root 
extracts of Withania somnifera (Matsuda et al. 2009).

By using NMR, HPLC and GC-MS techniques, metabolite profiling of Withania 
somnifera was carried out (Chatterjee et al. 2010) that revealed a total of 62 and 48 
secondary metabolite from leaves and roots respectively. It was analyzed that out of 
four fractions of different polarities used for ion, quantities of metabolite in leaf 
(228.57 ± 5.2 mg/g of DW) was much higher than that in roots (15.00 ± 1.6 mg/g of 
DW), especially in the aqueous-methanolic fraction. NMR spectrum of Withania 
somnifera leaf indicated the presence of withaferin-A and withanone as the major 
metabolite present in the leaves while withanolide A and withanone are major 
metabolites in the roots. The HPLC-PDA analysis of butanolic fraction of leaf indi-
cates the presence of physagulin, withanoside IV and withanoside VI.

Applying HR-MASNMR spectroscopy for metabolite analysis of root and leaf 
tissues led to the identification of a total of 41 metabolites including both primary 
and secondary metabolites. This technique is advantageous as it provides a com-
plete characterization of metabolites from the whole tissue without any ion proce-
dure (Bharti et al. 2011).

Another technique of metabolite identification is 1H NMR. Being a fast method, 
1H NMR has many applications like classification and characterization based on 
metabolites (chemotaxonomy), quality control, to check the difference in genetically 
modified plants and to check the changes in plants after interaction with other organ-
ism or environment. NMR alone has a lower sensitivity than MS therefore it is used 
in association with MS where high sensitivity is required (Kim et  al. 2011). In 
Withania somnifera, this technique was used for determining the phytochemical vari-
ability among Withania somnifera plants collected from six different locations in 
Pune (India). Surprisingly, leaf metabolites showed highest degree of phytochemical 
variability among them. Besides the common withanolide, the technique led to the 
identification of two other withanolides such as 4-OH-5,6-epoxy withanolides (with-
aferin A-like steroids) and 5-OH-6,7-epoxy withanolides (Namdeo et al. 2011).

Similar to leaves and roots, fruits of Withania somnifera are also loaded with a 
rich population of secondary metabolites. Application of liquid chromatography 
(LC) coupled with high-resolution mass spectrometry (HRMS) along with data- 
dependent and targeted MS/MS enabled identification of a total of 62 secondary 
metabolites and their structures from fruits of Withania somnifera. As per studies of 
Bolleddula et al. (2012) several novel phytomolecules including withanamides (32), 
and withanolides (22), saponins (3), and other tyramine based phytomolecules were 
also reported, in addition to several knoen compounds (Bolleddula et  al. 2012). 
Further the variations in metabolites of fruits from four different chemotypes 
(NMITLI-101, NMITLI-108, NMITLI-118 and NBRI-WS) were detected using 
GC–MS and 1H NMR.  In this study 82 metabolites including both primary and 
secondary metabolites were identified namely, fatty acids, aliphatic organic acids 
and aromatic amino acids, sugars and sugar alcohols, polyols, tocopherols, sterols, 
phenolic acids, and withanamides (Bhatia et al. 2013).
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1.4  Conclusion

Withania somnifera and its most important bioactive constituents withanolides have 
gained significant attention from the researchers belonging to both plant biology 
and medical science fields. However, the information gathered from this plant till 
date is still very little. Researchers from both the areas plant biology and medical 
sciences are engaged in bringing depth of information to an open platform for more 
specific utilization of Withania somnifera and withanolides for betterment of man-
kind. Although various approaches have been adopted to enhance the withanolide 
production, it is still a challenge to find out the most appropriate way to bring global 
withanolide production equivalent to its demand.
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Chapter 2
Phytopharmacology of Ashwagandha 
as an Anti-Diabetic Herb

Vikas Kumar, Amitabha Dey, and Shyam Sunder Chatterjee

Abstract Ashwagandha (Withania somnifera) extracts and several pharmaceutical 
formulations containing them are currently often used as tonics useful for preven-
tion and cure of mental health problems, including sleep disturbances, accompany-
ing or caused by diverse slowly progressing chronic diseases. The possibility that W. 
somnifera could be used for treatments of diabetes and associated metabolic distur-
bances were first suggested by the results of an exploratory clinical study conducted 
with its root powdered in diabetic patients and published in 2000. Since then, 
numerous preclinical and a randomized, double blind and placebo controlled clini-
cal study with extracts of the plant have continued to add experimental evidences in 
favor of the convictions of the scholars and practitioners of Ayurvedic and other 
traditionally known systems of medicine that the plant could also be used for pre-
vention and cure of diabetes and other metabolic disorders associated physical and 
mental health problems. Currently available information suggesting such possibili-
ties are summarized and critically analyzed in this chapter. Potential uses of our 
current knowledge on phytopharmaclogy and medicinal phytochemistry of the plant 
and its bioactive constituents for obtaining more sustainable and reproducible health 
benefits from the plant in patients suffering from, or at risk to, metabolic disorders 
associated mental health problems, or for discovering novel therapeutic lead against 
such health problems of the twenty-first century are also discussed.
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2.1  Introduction

Diabetes is a slowly and silently progressing metabolic disorder, which ultimately 
leads to structural and functional deteriorations of almost all bodily organs includ-
ing those of circulating fluids and central and peripheral nervous systems. It is one 
of the major health problems now affecting almost all countries, irrespective of their 
socioeconomic, cultural, and genetic backgrounds (Shaw et al. 2010). According to 
recent estimates, more than 85% of diabetic patients live in India, China and others 
developing countries where herbal remedies and advices of the practitioners of tra-
ditionally known systems of medicine still continue to be the only health care and 
therapeutic possibilities for a vast majority of their population. Most probably, prev-
alence of diabetes in those countries is also continuing to increase during the next 
two decades (Guariguata et al. 2014).

Co-morbidities of anxiety, depression and other mental health problems are more 
often encountered in diabetic patients than in normal population (Mendenhall et al. 
2014; Balhara and Sagar 2011; Snoek et al. 2015; Petrak et al. 2015; Bajor et al. 
2015), and it is now well recognized that serious psychological distress has a signifi-
cant negative impact on the initiation and progression of diabetes and associated 
comorbidities (Egede and Dismuke 2012; Egede et al. 2014). However, cardiovas-
cular diseases are the leading causes of death and other health problems of patients 
suffering from, or at risk to, type 2 diabetes. While lowering blood glucose levels in 
such patients have major beneficial effects on microvasculature complications, as 
yet no very definitive statements on beneficial effects of available psychoactive 
drugs and other treatments on mental health problems and cardiovascular outcome 
are possible (Huqi 2015; McMurray et al. 2014).

The most ancient text of traditionally known system of medicine, i.e. Ayurveda, 
mention that metabolic abnormalities leading to sweet tasting urine are associated 
with abnormal body weight changes and sedentary behaviour (Sharma and Chandola 
2011a, b; Puranik and Patwardhan 2012). The Ayurvedic concept that proper choices 
of food and eating habits in combination with physical and mental exercises and 
medicine is useful for prevention and cure of such disorders, now referred to as 
diabetes or diabesity, have now been well accepted by all other traditional known or 
modern systems of medicine (Ahmed 2002; Henschen 1969; White 2014; Zajac 
et al. 2010; Zhang et al. 2010). Specific combinations of diverse edible and psycho-
active plants with anti-stress or adaptogenic properties are often used as therapeu-
tics in Ayurvedic and other traditionally known systems of medicine for prevention 
and cure of physical and mental health problems accompanying almost all chronic 
diseases. Amongst them, W. somnifera (Ashwagandha, or Winter cherry) is one of 
the clinically and preclinically more extensively scrutinized ones now also attract-
ing considerable attention of modern drug designers. It is one of the few plants of 
the Withania genus of flowering plants of the Solanacea family with 23 species that 
are native to many Afro-Asian countries (Mirjalili et  al. 2009). The two other 
medicinally used ones in India and other Afro-asiatic countries are W. coagulans 

V. Kumar et al.



39

and W. obtusifolia (Kumar et al. 2011; Alali et al. 2014), some scattered reports on 
their beneficial effects against diabetes have also appeared during more recent years.

A group of naturally occurring poly-oxygenated C-28 estrogen-type steroids 
commonly known as Withanolides (Misico et al. 2011; Singh et al. 2010; Choudhary 
and Yousuf 2013) are chemotaxonomic markers of the plants of the Withania genus 
(Alali et al. 2014; Chen et al. 2011; Zhang et al. 2014; Samadi 2015). Since anti- 
hyperglycemic and diverse other therapeutically interesting bioactivities of structur-
ally diverse Withanolides have been reported (Gorelick et al. 2015; Khodaei et al. 
2012), they are now often considered to be their quantitatively major bioactive sec-
ondary metabolites. It cannot be ignored though, that numerous other extractable 
secondary metabolites of W. somnifera with Withanolides like bioactivity profiles in 
preclinical models are now known also (Singh et  al. 2001, 2003; Wadhwa et  al. 
2013). Therefore, it is apparent that like for all other medicinal plant extracts, bio-
activity profiles or therapeutic benefits of W. somnifera extracts do not also depend 
entirely on their contents of Withanolides, or any other chemotaxonomic marker of 
the plant, only. Since our current knowledge on biological interactions between the 
structurally diverse extractable bioactive constituent of the plant still remain far 
from being satisfactory, as yet no very definitive statements on therapeutic poten-
tials of diverse types of medicinally used W. somnifera extracts, or on their bioactive 
constituents involved in their such potentials, can yet be made.

Critical analysis of currently available preclinical and clinical information on 
such potentials of W. somnifera extracts and their quantitatively major bioactive 
constituents strongly suggest though, that appropriately processed and standardized 
extracts of the plant and several bioactive metabolite of the plant could be useful 
therapeutic leads against diabetes mellitus and associated co-morbidities. Therefore, 
efforts are now being made in several laboratories, including ours, to better define 
the medicinal phytochemistry and phytopharmaclogy of the plant. Currently avail-
able preclinical and clinical information on such extracts and their bioactive con-
stituents potentially involved in their glucose and insulin homeostasis regulating 
effects are summarized and critically analyzed in this chapter.

2.2  Why Should Withania somnifera Be Considered 
as an Anti-Diabetic Plant?

Together with sedentary behaviour, malnutrition (both over and under-nutrition) is 
a major risk factor for diabetes mellitus (Zimmet et al. 2014; Schmidt and Duncan 
2003), defined as a disease characterized by hyperglycemia and secretion and excre-
tion of excessive amount of urine. Available therapeutic options for prevention and 
cure of diabetes (Colagiuri 2010) either do not meet the therapeutic demands of 
patients, or are not affordable or available to a vast majority of global population. 
Diabesity, i.e. obesity associated type-2 diabetes, is the spreading epidemic of the 
twenty-first century and is also major economic burden in many countries including 
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USA and other economically developed ones (Farag and Gaballa 2010). Amongst 
all currently available antidiabetic drugs, metformin is the only one highly recom-
mended for prevention and cure of type-2 diabetes, which is the most prevalent type 
(ca. 90%) encountered amongst all diabetic patients (Liu et al. 2010; Anwer et al. 
2008). The development of type-2 diabetes begins with an impairment of glucose 
tolerance and insulin resistance, i.e. a condition when the cells in the body are 
unable to use insulin secreted from the β-pancreatic and other cells, and which even-
tually leads to hyperglycemia and hyperinsulinemia (Anwer et al. 2008; Zimmet 
and Thomas 2003; Robertson and Harmon 2006). The symptoms of diabetes include 
high blood sugar, polydypsia, polyuria, unusual thirst, polyphagia, weakness and 
tiredness, intense hunger and sudden weight loss. In addition to high blood sugar, 
other factors including dyslipidemia or hyperlipidemia also play important roles in 
the development of micro and macro-vascular complications of Type-2 diabetes, 
which ultimately leads to cardiovascular disorders and other co-morbidities and 
death (Tiwari et al. 2014). Cognitive deficits and diverse spectrums of mental health 
problems, including anxiety and depression, are more often encountered in diabetic 
patients than in normal population, and it is now well documented that serious psy-
chological suffering has a major negative impact on diabetes process and outcome 
(Thakur et al. 2015; Balhara and Sagar 2011; Sarkar and Balhara 2014).

Like for numerous other lifestyles associated medical conditions, sleep distur-
bances has now also been well recognized to be another major risk factor for diabe-
tes development (Anothaisintawee et al. 2015; Kowall et al. 2016). Changes in diet, 
physical activity, body eight, and obesity (as judged by body mass index) do not 
seem to be effective in decreasing diabesity risk of sleep disturbances (Cespedes 
et  al. 2016; Lee et  al. 2016). Due to their diabetogenic and obesogenic effects, 
numerous currently available psychoactive and sleep inducing or tranquilizing 
drugs are often contraindicated in patients suffering from or at risk to diabetes 
(Flanagan 2008). Environmental and metabolic stress triggered anxiety and depres-
sion are the root causes of sleep disturbances (Spoormaker and van den Bout 2005; 
Leroith and Vinik 2008), and W. somnifera has since long been well recognized to 
be a sleep inducing plant without sedative or hypnotic effects (Archana et al. 2015; 
Pingali et al. 2013; Choudhary et al. 2015). It has recently been pointed out indeed, 
that while most herbal adaptogens possess stimulating effects, W. somnifera is a 
calming adaptogenic herb (Winston and Maimes 2007). Numerous preclinical and 
some clinical studies have consistently revealed and reconfirmed beneficial effects 
of diverse types of W. somnifera extracts against stress triggered psychopathologies 
leading to sleep disturbance (Chandrasekhar et al. 2012; Ashok and Shende 2015; 
Archana et  al. 2015; Pratte et  al. 2014; Dar et  al. 2015; Wadhwa et  al. 2015). 
Therefore, W. somnifera seems to be a particularly well-suited adaptogenic herb for 
prevention and cure of sleep disturbances triggered metabolic disorders like diabe-
tes and diabesity.
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2.3  Pathophysiology of Diabetes Comorbidities

It has since long been well recognized that diabetes is not a single disease entity, but 
rather a group of metabolic disorders sharing the common underlying feature of 
hyperglycemia (Anderson and Auslander 1980). Insulin is the principle hormone 
that regulates the uptake of glucose from the blood into most other cells. Therefore, 
deficiency of insulin or insensitivity of its receptors plays a crucial role in all forms 
of diabetes. The body can obtains glucose either from food, digested and processed 
inside the gastrointestinal tract, or by breakdown of from stored glucose precursor 
glycogen or from gluconeogenesis i.e., the generation of glucose from non- 
carbohydrate substrates in the body. Glucose is used by about two thirds of the 
body’s cells for maintaining their energy balance and for conversion of glucose to 
other needed molecules or for storage and other functions.

Lower glucose levels results in decreased insulin release from pancreatic cells 
and in breakdown of glycogen to glucose. This process is mainly controlled by the 
hormone glucagon, which acts in opposite manner to insulin (Gardner and Shoback 
2011). When the glucose concentration in blood remains high for a long time, the 
kidney reach a threshold of glucose reabsorption, and glucose is excreted in the 
urine causing glucosuria. This increases the osmotic pressure of the urine and inhib-
its water reabsorption by kidney, resulting in increased urine production (polyuria) 
and increased fluid loss. Resulting loss of blood volume is then replaced osmoti-
cally from water held in the body cells and other body compartments, causing dehy-
dration and increased thirst.

Apart from insulin and glucagon, numerous other hormones of the gastrointesti-
nal tract are also involved in pathogenesis of obesity and type-2 diabetes (Vincent 
et al. 2008; Adamska et al. 2014; Thomas et al. 2003; Scheen and Paquot 2015). It 
is now becoming increasingly apparent that gut microbial ecology also plays a cru-
cial role in regulating the homeostasis of gastrointestinal hormones, and that dys-
biosis or dysbacteriosis inside the gastrointestinal tracts often leads to numerous 
chronic diseases, including diabetes and obesity (Nicholson et al. 2012; Miele et al. 
2015; Durg et al. 2015; Choudhury et al. 2016). Diverse gastrointestinal hormones 
are encountered or even biosynthesized inside the brain, and that they are also 
involved in the pathogenesis and progression of diabesity associated co-morbid psy-
chopathologies (Torres-Fuentes et al. 2015; Thakur et al. 2014). Since like structur-
ally diverse plant derived molecules and other products, W. somnifera extracts and 
substances derived from them also possess bactericidal activities (Kapoor et  al. 
2015; Singh and Kumar 2011; Girish et al. 2006), it could as well be that modula-
tion of gut microbial ecology are also involved in broad spectrums of beneficial 
effects of the plant observed in diabetic patients and animals. Efforts to verify this 
possibility could not only be useful for better understanding of therapeutic potential 
of the plant, but also for obtaining novel therapeutic leads against diabesity and 
associated co-morbidities.
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2.4  Preclinical Pharmacology of Withania somnifera

The very first reports dealing with preclinical pharmacology of W. somnifera started 
appearing in English language journals during 1980s, and dealt mainly with adapto-
genic or stress response regulating effects of the herb. Since several observations 
have revealed Ginseng like effects of the plant in diverse animal models, it is now 
often referred to as “Indian ginseng” (Kulkarni and Dhir 2008). It was not until the 
year 2000 when the very first reports on beneficial effects of the plant in diabetic 
patients had appeared (Andallu and Radhika 2000). This clinical trial was con-
ducted to corroborate an earlier preclinical finding made with an Ayurvedic formu-
lation of the plant (Trasina) in diabetic rats (Bhattacharya et al. 1997a). Currently 
available experimental evidences reaffirming that W. somnifera is indeed another 
anti-diabetic, or anti-hyperglycemic, or glucose homeostasis regulating plant are 
summarized in the following. For more detailed currently available preclinical and 
clinical information on neuro-psycho-pharmacology (Durg et al. 2015), and other 
therapeutically interesting bioactivities of the plant, more recent reviews mentioned 
before and other chapters of this book has to be consulted.

2.4.1  Anti-Hyperglycemic Activities in Rodent Models

Prevention of diabetes is the primary goal of almost all health care authorities 
around the globe (WHO 2006). The biomarker or diagnostic criteria now regularly 
used in all epidemiological or clinical studies for identifying patients prone to, or 
suffering from, diabetes are blood glucose responses to meals and to diverse ver-
sions of glucose-tolerance and insulin sensitivity tests in relation to body weights or 
body mass index of a person (Bentley-Lewis et  al. 2008; Marrero et  al. 2014; 
Hostalek et al. 2015). Several reports on beneficial effects on body weight changes, 
blood glucose and insulin levels, and glucose or insulin tolerance in stressed, or 
obese, or diabetic rodents have appeared during the past decade. Some of the most 
cited and more recent reports revealed such effects of diverse types of W. somnifera 
extracts are summarized in Table 2.1. One such report dealing with effects of W. 
somnifera extracts in alloxan-induced diabetic rats attributed the observed effects of 
the extract to the flavonoids encountered in roots of the plant, and suggested that this 
is due to their ability to stimulate insulin release from pancreatic cells (Udayakumar 
et al. 2009). Such and numerous other W. somnifera extracts like beneficial effects 
of pure flavonoids and their metabolites have often been reported (Dall’Asta et al. 
2015). It cannot be ignored though, that numerous other phytochemicals and other 
substances capable of modulating glucose homeostasis and with antidiabetic activ-
ity in animal models are also encountered in such extracts, and that pancreatic cells 
are not the only insulin producing and secreting cells involved in etiology and 
pathogenesis diabetes (Kojima et al. 2006; Lehner et al. 2012).
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Extra-pancreatic insulin production and secretion have been observed in 
streptozotocin- induced diabetic rats (Cunha et al. 2007), and antidiabetic activity of 
repeated daily treatments with W. somnifera extracts have also been reported in such 
animals as well (Sarangi et al. 2013; Safhi and Anwer, 2011). In one of the reports 
dealing with anti-diabetic activity of W. somnifera (Anwer et al. 2008), no effects of 
even 400 mg/kg daily oral doses of an extract on blood glucose and glycosylated 
haemoglobin (HbA1C) levels, or in glucose and insulin tolerance tests, or on hepatic 
insulin resistance, were observed, whereas 200  mg/kg daily doses of the same 
extract was effective in affording protections against all these altered parameters in 
diabetic rats. Others using other animal models for hyperglycemia and in non- 
diabetic animals have also reported analogous observations. Such observations 
strongly suggest that beneficial effects of W. somnifera in diabetic rodents is not 
necessarily due to its effects on insulin secretion, and that its observed bioactivity 
profile in normal animals is not very predictive for its potential therapeutic benefits 
observed in diabetic and other animals with disturbed glucose homeostasis.

The alternative possibility that stimulatory and enhancing effects of Withanolides 
on glucose transporters and cellular glucose transport are involved in anti-diabetic 
activity of the plant is suggested by the observations made in some cellular as well 
as in animal models (Gorelick et al. 2015; Kumar et al. 2015a, b; Safhi and Anwar 
2011). Plant metabolites structurally analogous to Withanolides (Coagunolides) 
encountered in W. coagulans have also been reported to be effective in suppressing 
postprandial hyperglycemia and anti-hyperglycemic activity in streptozotocin dia-
betic rats (Maurya et al. 2008). Since diverse steroidal lactones are encountered in 
varying concentrations in roots and leaves of W. somnifera, and antidiabetic activi-
ties of diverse parts of this and other plants of Withania family has been reported, it 
seems logical that they are also involved in traditionally known medicinal uses in 
diabetic patients. However, since several other fairly common plant metabolites like 
fumaric, succinic, 4-hydroxybenzoic, nicotinic and several other organic acids and 
other bioactive molecules with antidiabetic and other glucose homeostasis influenc-
ing bio-activities are also found in W. somnifera (Chatterjee et al. 2010), they could 
also be involved in observed effects of its crude extracts and root powders in animal 
models and clinical trials. Moreover, since depending on cultivations and extraction 
procedure used, the relative contents of Withanolides and other bioactive phyto-
chemical in different parts and types of W. somnifera extracts vary considerably 
(Bharti et al. 2011; Dhanani et al. 2017; Fernando et al. 2013), observations made 
with one type of extract in a study cannot be generalized for all types of extracts.

In any case, there is now more than sufficient preclinical evidences suggesting 
preventive and curative potentials of diverse types of extracts from different parts of 
W. somnifera against diabetes and other chronic diseases caused by or associated 
with disturbances of glucose homeostasis. Recent observations in our laboratories 
and elsewhere (Thakur et  al. 2015; Nirupama et  al. 2014; Bhattacharya and 
Muruganandam 2003) have revealed that fairly low daily oral dose (25 mg/kg/day 
or lower) of W. somnifera root extracts are highly effective in regulating body 
weights and glucose metabolism in diabetic as well as in stressed non-diabetic 
rodents. These observations, taken together with the fact that such low oral doses of 
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W. somnifera extracts also modulate brain functions, strongly suggest that their 
observed anti-diabetic activities are most probably due to their modulating effects 
against environmental and metabolic stress triggered alterations in brain functions 
and that their regulating effects on biological oxidative processes are involved in 
their anti-hyperglycemic activities observed after their repeated daily doses. This 
inference is well supported by currently available evidences on the neurobehavioral 
activity profiles of W. somnifera (Durg et al. 2015; Dar et al. 2015).

2.4.2  Mechanistic Studies

The initial report (Bhattacharya et al. 1997a) appearing in 1997, and leading to the 
very first exploratory clinical study with Withania somnifera root powder in diabetic 
patients (Andallu and Radhika 2000), had indicated that hypoglycemic effect of the 
Withania somnifera containing Ayurvedic formulation (Trasina) could be due to its 
protective effects against oxidative free radicals triggered pathologies in pancreatic 
β-cells. A report suggesting that Glycowithanolides (Sitoindosides VII to X) and 
Withaferin A are involved in the antioxidative and stress response modulating or 
adaptogenic activity of Withania somnifera extracts had also appeared during the 
same year (Bhattacharya et al. 1997b). Another study revealing protective effects of 
fairly low daily oral doses (25 mg/kg/day) of a Withania somnifera extract against 
chronic stress triggered alteration in insulin sensitivity and glucose homeostasis had 
appeared after a few years thereafter (Bhattacharya and Muruganandam 2003). 
Since then the numbers of reports reaffirming protective effects of diverse types of 
Withania somnifera derived products and their bioactive constituents against diverse 
oxidative stress triggered pathologies have continued to increase (Mirjalili et  al. 
2009; Rai et al. 2016). Although it is now almost certain that Glycowithanolides and 
their aglycones are some of the bioactive anti-diabetic and oxidative stress protec-
tive constituents of W. somnifera extracts, the fact that they also contain numerous 
other bioactive molecules with anti-oxidative and other activities similar to those of 
Withanolides in numerous in vitro and completely animal models cannot be 
neglected.

In patients suffering from diabetes mellitus, oxidative stress induced by dysregu-
lation of glucose homeostasis accompanies chronic inflammation, which eventually 
leads to tissue damages, and the crucial role of oxidative stress in the development 
of diabetic endothelial dysfunctions is also underlined in numerous studies (Rochette 
et al. 2014; Domingueti et al. 2015; Fiorentino et al. 2013; Hasnain et al. 2016). 
Diverse cellular heat shock proteins are involved in regulation of stress triggered 
alterations in glucose homeostasis and insulin sensitivity (Hooper and Hooper 2005; 
Hooper et al. 2014). It has been suggested that manipulation these cellular chaper-
ons in metabolically relevant tissues represent a therapeutic avenue for prevention 
and cure of obesity associated diabetes and other metabolic disorders (Hooper 2014; 
Henstridge et  al. 2014; Molina et  al. 2016). W. somnifera root extracts and 
Withanolides, especially Withaferin A and Withanone, modulate the functions of 
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such cellular chaperons and other nuclear processes regulating oxidative stress and 
cellular stress responses (Vanden Berghe et al. 2012; Gao et al. 2014; Misico et al. 
2002; Mohan and Bargagna-Mohan 2016; Heyninck et al. 2014; Vaishnavi et al. 
2012; Cui et al. 2014). Covalent or irreversible binding to sulfhydryl groups of pro-
teins and other biological targets have been implicated in their broad spectrums of 
activities observed against diverse cellular metabolic processes (Antony et al. 2014). 
However, yet little concentrated efforts have been made to identify such mechanis-
tic possibilities for other W. somnifera metabolites with anti-oxidative and anti- 
diabetic activities in animal and cellular models. Available information on such 
bioactivities of numerous phytochemicals encountered in W. somnifera (Chatterjee 
et al. 2010) strongly suggest though, that many of them can modulate the functions 
of diverse biological targets and processes involved in diverse hyperglycemia trig-
gered pathological changes involved in diabesity associated vascular and other 
complications. Some such major mechanisms and processes involved in 
hyperglycemia- triggered pathologies are summarized in Fig. 2.1.

Apart from intracellular, several extracellular sites of actions for W. somnifera 
extracts have been suggested during more recent years (Fig. 2.2). Glucose transport-
ers and other cellular processes regulating glucose uptake in skeletal muscle myo-
tubes and adipocytes and some others involved in insulin secretion from basal 
pancreatic β cells are just a few of them (Jonathan et al. 2015; Kumar et al. 2015a; 
Safhi and Anwer 2011; Nirupama et al. 2014). Inhibition of enzymatic activities of 
α-amylase and α-glucosidase involved in starch degradation and digestive processes 
regulating glucose homeostasis has also been implicated in anti-hyperglycemic 
activities of Withania somnifera extracts and their bioactive constituents (Balaji 
et al. 2015; Prabhakar et al. 2013; Khan et al. 2014). In one of these reports (Khan 
et al. 2014), α-glucosidase inhibitory IC50 value of W. somnifera derived Withanolides 
in isolated cells was estimated to be 38.20 μg/ml. In another study (Khan et  al. 

Fig. 2.1 The major pathological mechanisms involved in the development of vascular and other 
complications in diabetes mellitus (Adapted from: Domingueti et al. 2015)
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2014a) the same authors have reported that a roots extract of W. somnifera at 0.1 and 
0.2 mg/ml dose levels possess anti-glycating activity (in vitro) via inhibition and 
reduction of cross-link breaker of glycated proteins or of extra cellular matrix pro-
teins. Since after oral intake, the high concentrations can be expected only inside the 
gastrointestinal tract, and both α-amylase and α-glucosidase are involved in diges-
tive process and other functions of the gastrointestinal tract, it could as well be that 
their anti-hyperglycemic and diverse other effects observed after their repeated 
daily oral doses in metabolically or otherwise stressed animals are also due to their 
modulating effects on the physiological functions of the digestive system inside this 
tract. Considering the facts that gut microbial ecology influences the functions of 
almost all innervated bodily organs (Fig. 2.3), and numerous W. somnifera constitu-
ents possess bactericidal activities as well as inhibitory effects on enzymes hydro-
lyzing carbohydrate polymers, this possibility is theoretically a very plausible one 
also.

Although many questions concerning bioactive constituents, modes and sites of 
actions still remain unanswered, it is now certain that Glycowithanolides and their 
aglycones are some of the quantitatively major bioactive constituents of W. som-
nifera, and that like numerous other secondary plant metabolites, they are also plu-
ripotent molecules with therapeutically interesting effects on homeostatic processes 
regulating blood glucose levels, insulin sensitivity, and physiological functions of 
the peripheral as well as of the central nervous system. Since numerous therapeuti-
cally interesting effects of W. somnifera derived products become apparent, or more 
pronounced, in metabolically abnormal or stressed animals only, it seems reason-
able to assume that their ability to facilitate adaptability of diverse bodily organs 
against noxious stress responses are also involved in their anti-diabetic or anti- 
hyperglycemic activities. In any case, they do not seem to be carbon copies of any 

Inhibits
carbohydrate
breakdown

Inhibited
α-glucosidase

enzyme

Increases insulin
secretion

Increases
transport of
glucose into

cells

Stimulate pancreatic
β cells

Withania somnifera
Stimulate glucose

transporters

Stimulate insulin
receptors

Decreases insulin
resistance

Fig. 2.2 Diverse proposed mechanisms that could be involved in glucose and insulin homeostasis 
influencing effects of Withania somnifera and its bioactive constituents. All such mechanisms 
could be influenced diverse Withania somnifera extract constituents by reversible as well as irre-
versible binding to diverse biological targets regulating glucose homeostasis
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currently known and therapeutically used anti-diabetic and other drugs. Since fairly 
high daily oral W. somnifera extract doses (400 mg/kg/day for several weeks) are 
well tolerated by diabetic or stressed rodents, and their estimated minimal daily 
stress response modulating and antidiabetic activities in rodent models are 25 mg/
kg/day or lower (Thakur et  al. 2015; Bhattacharya and Muruganandam 2003; 
Nirupama et al. 2014), it can also be said that safety range of products derived from 
the plant are very big. Thus, depending on the severity of diabetes in a given patient, 
daily oral doses of W. somnifera extracts could be fairly low or even very high.

2.5  Withania somnifera and Diabetic Complications

Hyperlipidemia is one of the major risk factor for cardiovascular disorders and pre-
mature deaths in patients suffering from diabetes mellitus, and it is now becoming 
increasingly apparent that dyslipidemia accompanying hyperglycemia can also 
eventually lead Alzheimer’s disease and other dementia disorders (Saxena 2010; 
Tiwari et al. 2014; Aulston et al. 2013). Reports revealing anti-hyperlipidemic and 
other beneficial effects of W. somnifera and Withanolides against altered lipid 
metabolism in diabetic or hyperlipidemic animals are summarized in Table 2.2. In 
one of these reports (Visavadiya and Narasimhacharya 2007), enzymatic activity of 
HMG-CoA (the enzyme regulating cholesterol synthesis) in liver of cholesterol fed 

Fig. 2.3 Role of gut microbiota in regulating glucose homeostasis (Adapted from: Foster and 
Neufeld 2013). Withania somnifera extracts and many of their bioactive constituents posses bacte-
ricidal activity, and in addition can also modulate the functions of all organs functions regulating 
glucose homeostasis

2 Phytopharmacology of Ashwagandha as an Anti-Diabetic Herb
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rats was reduced by incorporating W. somnifera root powder in the hypercholester-
emic diet. Increased bile acid synthesis and improvements in antioxidative status of 
the animals treated with W. somnifera were also observed in that study. 
Antihyperglycemic and anti-hyperlipidemic effects of some Withanolides isolated 
from W. coagulans (Coagulin: 50  mg/kg/day) have also been reported (Maurya 
et al. 2008). These observations suggest that appropriate structure activity studies 
and structural modification of Withanolides could eventually lead to structurally 
and functionally novel drug leads for prevention and cure of diabetes associated 
hyperlipidemia also. However, till now all such efforts have been made for obtain-
ing potential anticancer drugs, or for obtaining structurally novel inducers of heat 
shock proteins only (Zhang et al. 2012; Wijeratne et al. 2014).

Functions and structures of all parts of the nervous system are eventually dis-
rupted in diabetic patients causing encephalopathy and myelopathy in the central 
nervous system, and peripheral neuropathy in all divisions of peripheral nervous 
system. Autonomic neuropathy is most commonly associated with dysregulation of 
gastrointestinal (Drewes et al. 2016) and cardiovascular functions (Serhiyenko and 
Serhiyenko 2015), while peripheral sensory neuropathy manifests as pain, dyses-
thesia, and/or loss of sensation. Peripheral neuropathy ultimately affects more than 
50% of all diabetic patients. It is most prevalent in poorly controlled diabetic 
patients and its complications start arising immediately after sudden improvement 
of glycaemic control (Lee-Kubli et al. 2014; Hosseini and Abdollahi 2013). Since 
currently available drugs are not effective in relieving pain in all patients, and all of 
them have their own drawbacks, efforts are now being made in several laboratories 
to identify novel therapeutic leads against diabetic neuropathy associated pain.

The very first report suggesting Withania somnifera roots could have anti- 
nociceptive activities had appeared also in 1997 (Kulkarni and Ninan 1997), and a 
very recent one has reconfirmed and further extended those observations (Orrù et al. 
2014). However, efforts to identify the pharmacological receptors possibly involved 
in anti-nociceptive activity of diverse types of W. somnifera extracts and numerous 
of their known bioactive constituents using in vitro radio-ligand binding experi-
ments were unsuccessful in pinpointing any specific neurotransmitter or opioid 
receptors for the extracts of for any of their bioactive constituents studied (Sonar 
et al. 2015). In any case, the observations summarized in this report strongly suggest 
that opioid, cannabinoid, GABAergic and glutamatergic receptors are not the pri-
mary pharmacological targets involved in anti-nociceptive and other brain function 
modulating activities of W. somnifera extracts and many of their bioactive constitu-
ents observed in animal models after their repeated daily fairly low oral doses.

Several other reports have continued to reconfirm anti-nociceptive effects of W. 
somnifera against the second phase of formalin-induced pain in diabetic rodents 
(Khalili 2009; Pradeep et al. 2010; Orrù et al. 2016; Roughani et al. 2007). Reported 
results of one of these studies (Pradeep et al. 2010) suggest that such effects of the 
tested dose of the extract (100  mg/kg/day for several weeks) is due to its anti- 
depressant activities, and that protective effects of the extract against noxious stim-
uli triggered oxidative stress is involved in its such effects. They reveal also that 
antidepressant drugs like effects of the extract increases with increasing numbers of 
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treatment days, and that such effects of the extracts is qualitatively similar that to 
that of the flavonoid quercetin (10 mg/kg/day). In another study, similarities between 
the effects of W. somnifera and salicylic acid in formalin induced pain after their 
repeated daily doses were observed (Khalili 2009). Since both salicylic acid and 
quercetin are also encountered in W. somnifera extracts, they could also contribute 
to the observed effects of the extracts in pain models. Available preclinical and clini-
cal information on therapeutic potentials salicylic acid (Rainsford 2013; Ugurlucan 
et al. 2012; Rumore and Kim 2010; Berk et al. 2013; Khan et al. 2016) and querce-
tin (Nabavi et al. 2015; Gormaz et al. 2015) are in agreement with this possibility.

Salicylates and the anti-hyperlipidemic drug simvastatin are currently often pre-
scribed for prevention of diabetes and metabolic syndromes associated with or 
caused by environmental stress and psychiatric disorders. Although, their potential 
uses as antidepressants or for treatments of psychiatric disorders are now controver-
sially discussed (Rahola 2012), it cannot be denied that psychiatric disorders often 
accompany or are caused by metabolic disorders, and that prevalence of morbidity 
and mortality are higher in diabetes with psychosomatic abnormalities (Balhara and 
Sagar 2011; Sarkar and Balhara 2014; Maia et  al. 2012). Several reports during 
more recent years have consistently revealed antidepressive, anxiolytic and other 
beneficial effects of W. somnifera and its metabolites against diverse neurological 
disorders in diabetic and stressed or intoxicated rodents after their repeated daily 
oral doses (Parihar et al. 2004; Xu et al. 2013; Thakur et al. 2015; Kumar et al. 
2015a; Roughani et al. 2006; Parihar et al. 2015; Wadhwa et al. 2015; Sehgal et al. 
2012; Kuboyama et al. 2014). Several of these reports, have reconfirmed that such 
effects of the extracts of the plant are due to their protective effects against hyper-
glycemic stress triggered alterations in oxidative defense systems in brain and other 
bodily organs. However, yet no very definitive statement on possible involvements 
of bioactive metabolites of the plant, other than Withanolides, in such effects of W. 
somnifera derived crude products can be made.

Except for a very few reports dealing with stress resistance increase or adapto-
genic and anxiolytic and antidepressant other bioactivities activities of the plant, 
most of them deal with arbitrarily chosen extraction procedures, doses and dosing 
regimen for the tested extracts. However, in one such more recent report (Bharathi 
et al. 2015) it was inferred that 30 mg/kg daily oral doses of a commercially avail-
able W. somnifera extract is its minimally effective anti-depressive ones in albino 
mice. Dose finding studies conducted with another commercially available extract 
of the roots of the plant (containing only 2.6% Withanolides and their glycosides) 
have revealed that 25 mg/kg/day or lower doses of the extract for 10 days is high 
enough not only for its statistically significant antidepressant and anxiolytics like 
effects in diabetic and non-diabetic rats, but also for its protective effects against 
chronic unpredictable mild stress triggered alterations in body weight and tempera-
ture changes in such rats (Thakur et al. 2015). Such were also the more recent obser-
vations made with root, leaf, and stem extracts of W. somnifera extracts containing 
different contents of Withanolides, and the minimally effective daily oral doses of a 
W. somnifera root extract devoid of Withanolides for analogous activities was only 
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a bit higher than that of the root extracts containing Withanolides (Dey et al. 2014, 
2016a, b).

These observations reaffirm and strongly suggest that constituents of Withania 
somnifera extracts other than Withanolides also contribute to the bioactivity profiles 
of its extracts, and that such profiles of Withanolides present in W. somnifera roots 
and other parts of the plant are modulated by numerous other bioactive constituents 
of the plants, or those of other edible or medicinal plants. Salicylic and other hydrox-
ylated aromatic acids, quercetin and other flavonoids, nicotinic, fumaric and ascor-
bic acids, an triethylene glycol are some such phytochemicals present in W. 
somnifera extracts, and their diverse combinations are encountered also in numer-
ous other medicinal or edible plants often used in Ayurvedic and other traditionally 
systems of medicine for prevention and cure of diabetes and other metabolic disor-
ders (Singh et al. 2014; Kumar et al. 2015a). Unfortunately, as yet only very little 
attention has been paid to the possibility that neurohormetic and stress response 
modulating properties of structurally and functionally diverse phytochemical (Son 
et al. 2008; Mattson and Cheng 2006; Calabrese et al. 2012) of W. somnifera could 
also be involved in antidiabetic and other therapeutically interesting bioactivities of 
diverse types of extracts of the plant. It is now becoming increasingly apparent 
though, that heat shock proteins and other cellular chaperons are also involved in 
their hormetic and stress response regulating activities (Dattilo et al. 2015). Diverse 
biomarkers of such physiological processes are useful tools for diagnosing and 
treatments of neurodegenerative and other comorbidities commonly encountered in 
chronic diseases, including those leading to or caused by insulin resistance and 
dysregulation of glucose homeostasis (Bhakta-Guha and Efferth 2015; Farooqui 
2013). Appropriate uses of these biomarkers for better understanding of therapeutic 
potentials of W. somnifera and its metabolites could eventually lead to novel thera-
peutic leads and pharmacological strategies urgently needed for prevention and cure 
of diabetes and associated comorbidities.

2.6  Clinical Studies

The very first exploratory clinical observations suggesting that W. somnifera could 
be an antidiabetic plant with anti-hyperlipidemic activities (Andallu and Radhika 
2000) was conducted with its root powder containing capsules administer for 30 
consecutive days to mild non-insulin dependent mildly diabetic patients maintained 
on antidiabetic diabetic drug Daonil (glibenclamide), and in mildly hypercholester-
emic patients not undergoing any drug treatments. Daily dose of the root powder 
used was 3 g/day, and the effects of W. somnifera treatments on hyperglycemia, 
hyperlipidemia and other parameters were compared with those observed in sub-
jects not undergoing any other additional treatments. This study indicate that regular 
intake of W. somnifera root powder can induce potassium sparing diuretic effects in 
diabetic patients, and can also reduce serum cholesterol and triglycerides in hyper-
lipidemic patients. However, the magnitude of effects of root powder treatment on 
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hyperglycemia in diabetic patients maintained on glibenclamide (12% reduction in 
blood glucose level) was equal to that observed in only glibenclamide treated dia-
betic patients. No adverse effects of treatments were observed in this study.

Report of another exploratory clinical study dealing with effects of W. somnifera 
extract on blood glucose and lipid levels have appeared 12 years after that explor-
atory study (Raut et al. 2012). In this study published in 2012, increasing numbers 
of capsules of a W. somnifera aqueous extract (extraction procedure used and ana-
lytical characteristics of the extract used was not mentioned) was administer to 
young healthy volunteers during 30 days for evaluating its dose related safety, toler-
ability and effectiveness against diabetes associated vascular abnormalities. 
Increasing doses of the extract used were equivalent to 6, 8, and 10 g of crude pul-
verized of W. somnifera roots (not mentioned whether dried or not). The extract was 
well tolerated by 17 of the 18 volunteers included in the study. One of the volunteers 
showed increased appetite, libido and hallucinogenic effects with vertigo even after 
the lowest dose of the extract tested (750 mg/day for 10 days) and was excluded 
from the study. Improvement in sleep quality was observed in 6 subjects. Although 
significant reduction in mean total blood cholesterol and blood urea nitrogen values 
were observed, extract treatments for 30 days had no statistically significant effects 
on blood sugar, triglyceride, and HDL-, LDL-, and VLDL-cholesterol values.

However, significant and dose dependent lowering effects of an analytically well 
characterized W. somnifera root extract on total cholesterol, triglyceride, and LDL- 
cholesterol levels were observed in a more recently reported randomized, double 
blind, and placebo controlled study in Type-2 diabetic patients maintained on 1500–
2500 mg/day metformin (Usharani et al. 2015). This study was designed to evaluate 
the effects of the extract on endothelial functions of type-2 diabetic patients and to 
verify whether antioxidative effects of W. somnifera extracts observed in animals 
could be confirmed in patients or not. Daily 250 and 500 mg doses of the extract 
were administered for 12 weeks in this study. Significant improvements of endothe-
lial function, as well as in biomarkers of oxidative stress, systemic inflammation, 
and HbA1C levels were also observed in this study, and the extract was well toler-
ated by the patients. The authors conclude that the extract can be used as a therapeu-
tic adjunctive in type-2 diabetic patients. Since diabetic patients included in the 
study were maintained in on metformin and yet a significant reduction in the 
HbA1aC level was observed in W. somnifera treated group, the observation of the 
study are also in agreement with several observations made in laboratory rodents 
suggesting preventive effects of oxidative processes as well as glycation reactions 
(Fig. 2.4) are involved in the modes of action(s) of the W. somnifera extract tested.

The same research group had also reported similar effects of an ayurvedic poly-
herbal formulation (CardiPro) containing W. somnifera as one of its several active 
ingredients (Fatima et al. 2012), and also were the authors of another report reveal-
ing analgesic activity a W. somnifera extract currently commercialized in the USA 
(Sensoril®) and containing ca 15.7% Withanolides glycosides, 40.2% oligosaccha-
rides and 0.24% Withaferin A (Usharani et al. 2013; Kumar et al. 2015b). The same 
author (Pingali et al. 2014) has also reported mental function improving effects of 
the same extract in healthy persons. Although several other reports revealing 
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 anti- stress, anxiolytic, and safety in volunteers and patients have appeared during 
more recent years (Chandrasekhar et al. 2012; Pratte et al. 2014), as yet only two 
reports (Andallu and Radhika 2000; Usharani et al. 2015) on potential health ben-
efits of W. somnifera in diabetic patients have appeared in more recent English lan-
guage journals. Both of them and several others made in volunteers and non-diabetic 
patients do reaffirm that fairly high daily W. somnifera extracts doses are well toler-
ated without any severe adverse effects and that they could be effective and safe 
herbal therapeutic alternatives against diabetes associated hyperlipidemia and other 
comorbidities. Identification of bioactive metabolites of the plant involved in their 
anti- hyperlipidemic and Hb1Ac level suppressing effects of its extracts could even-
tually lead to novel therapeutic leads and strategies urgently needed for prevention 
and cure of diabetes and other metabolic disorders, i.e. the most widely spreading 
epidemics of the twenty-first century affecting ca. 20–25% of global adult popula-
tion (Alberti et al. 2006).

2.7  Conclusions and Future Perspective

Although it is now evident that W. somnifera is an anti-diabetic plant, many ques-
tions concerning its bioactive constituents and pharmacological interactions 
between them as well as on their pharmacological targets and their locations of 

Fig. 2.4 Increase in oxidative stress in the diabetic state: Acceleration of glycation response and 
the intramitochondrial electron transfer system is observed in the diabetic (hyperglycemic) state, 
causing oxidative stress as the responses accelerated. [Black arrows indicate pathway; grey arrows 
indicate increase; AGE advanced glycosylation end products, ROS reactive oxygen species, TCA 
cycle tricarboxylic acid cycle, ATP adenosine tri-phosphate (Adapted from: Kawahito et al. 2009)]. 
Withania somnifera extracts can inhibit both glycation reactions leading to elevated HbA1c levels 
as well as oxidative damages
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actions in different bodily organs remain unanswered. From the preclinical and 
clinical information summarized in this chapter it is evident though, that homeo-
static processes and mechanisms regulating circulating glucose levels and its bio-
logical functions are involved in the modes of actions of diverse types of extracts 
obtainable from different parts of the plant. Hereupon, modulations of oxidative 
processes and mechanisms regulating glucose and/or insulin homeostasis by the 
extracts of the plant and their numerous bioactive constituents play important roles. 
A few, but not all, such effects of W. somnifera derived products could be due their 
antioxidative properties, and due to their irreversible and nonspecific binding to 
diverse biological targets involved in regulation of biological oxidative processes. 
Like for numerous other plant-derived products, the so-called synergy and polyva-
lence paradigms (Houghton 2009) can explain their therapeutically interesting bio-
activity profiles.

Although glycosylated Withanolides and their aglycones are certainly some of 
the quantitatively major secondary metabolites with modulating effects on glucose 
and insulin homeostasis, they must not necessarily be the only ones involved in such 
effects of extracts of the plant. However, since they are structurally and functionally 
the unique constituents biosynthesized by W. somnifera and many other plants, bet-
ter understanding of their sites and modes of action are certainly be useful not only 
for drug discovery purposes, but also better understanding of therapeutic potentials 
of numerous other plants synthesizing and storing them in different concentrations 
in their different anatomical parts. Since medicinal values of other plants synthesiz-
ing and storing structurally and functionally diverse Withanolides for prevention of 
metabolic and other disorders has been well recognized by practitioners of Ayurvedic 
and other traditionally known systems of medicine, better understanding of their 
sites and modes of actions could be useful for identifying novel therapeutic leads 
from several such plants as well.

Since W. somnifera is a fairly nontoxic psychoactive plant with traditionally 
known and reasonably validated sleep quality improving and anti-diabetic activities 
in experimental and some clinical models, it seems to be particularly well suited for 
prevention and cure of diabesity and other metabolic disordered triggered by, or 
associated with sleep disorders. Proper understanding of its bioactive constituents 
and pharmacological interactions between them, involved in such effects of the 
plant is an essential prerequisite for obtaining sustainable and reproducible thera-
peutic benefits from the plant. To date, only very little concentrated efforts have 
been made to identify a convenient and validated bioassay system necessary for 
such purposes. It is now well recognized though, that environmental and/or meta-
bolic disturbances triggered stress leads to sleep disturbances (Fig. 2.5), which in 
turn leads to diabesity and further diabetic complicates. Therefore, quantification of 
the extracts and their bioactive constituents in stressed or metabolically disturbed 
rodent models for such purposes can be warranted.

More recent observations made in our laboratories and elsewhere using stressed 
rodents have revealed sleep quality improving effects of W. somnifera extracts 
(Kumar and Kalonia 2007, 2008) and their antihyperglycemic activities on stress 
diabetic and non-diabetic rats (Thakur et al. 2015). The most sensitive and easily 
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quantifiable effects of such extracts identified to date in our laboratory are their 
protective effects against alterations in stress triggered body weight and temperature 
of laboratory rodents after their repeated daily fairly low oral doses. Using a bioas-
say procedure identified and validated during these efforts we have already led us 
identify several bioactive constituents of their extracts other than Withanolides with 
very high oral efficacies against both these biological markers of environmental or 
metabolic stress. Therefore, it seems reasonable to suggest that appropriate uses of 
this bioassay system and conventionally known activity guided fraction procedures 
could be used not only or better understanding of therapeutic potentials of W. som-
nifera derived products for prevention and cure of diabetes and associated co- 
morbidities, but also for clarifying pharmacological interactions between 
Withanolides and other bioactive constituents of the plant often encountered in 
many other edible and medicinal plants.

China, India and South American countries are the most populous countries now 
affected the most from diabetes, and these are the also the ones spending the most 
on drug discovery efforts based on the uses of medicinal plants. However, the phyto- 
pharmacological and other strategies often used by preclinical and clinical researches 
are those based on reductive and specific target based ones evolving from efforts to 
better understand the biological processes and mechanisms involved in modes of 
actions of already known drugs. Unfortunately, even diverse combinations of cur-
rently available and more costly antidiabetic and other drugs evolving from such 

Fig. 2.5 Pathways leading to sleep loss to diabetes risk (Adapted from: Knutson et al. 2007)
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strategies are not meeting the therapeutic needs and demands of the patients suffer-
ing from, or at risk to, diabetes and other metabolic disorders. The phyto- 
pharmacological lessons learned from W. somnifera strongly suggest that more 
realistic and holistic strategies are necessary for better understanding of therapeutic 
potentials, of this and other plants many of which also biosynthesize and store many 
stress response modulating secondary metabolites of W. somnifera.

A quotation cited in the introduction of recently published book on herbal adap-
togens (Winston and Maimes 2007), states: “All plants contain adaptogenic/tonic 
compounds, because plants have to contend with good deal of stress themselves”. 
Currently available information on the effects of metabolites of W. somnifera and 
other adaptogenic plants on brain functions (Kennedy 2014), have already added 
more than sufficient experimental evidences that numerous of them are also adapto-
genic or stress resistance improving agents in all mammals including human beings. 
Numerous preclinical and clinical observations made with Withanolides and other 
metabolites synthesized and stored by W. somnifera have continued to add further 
evidences in favor of the conviction that loss of adaptability to metabolic stress and 
leading to diabetes can be compensated by their regular oral intake. What needs to 
be done now is to assemble their appropriate combination and doses in a capsule, or 
in foods and drinks, for obtaining reliable and reproducible therapeutic benefits 
from them. Judicious uses of the knowledge and knowhow evolving from the efforts 
of numerous phyto-pharmacologists and medicinal phytochemists during the past 
decade, and leading to our current understanding of therapeutic potentials of the 
plant, will certainly be useful for such purposes.
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Chapter 3
Allium cepa Root Chromosomal Aberration 
Assay: An Application in Assessing  
Anti- genotoxic Potential of Ashwagandha

Rajneet Kour Soodan, Ashita Sharma, Mandeep Kaur, 
Jatinder Kaur Katnoria, and Avinash Kaur Nagpal

Abstract Plant kingdom is rich in phytochemicals with high potential for medici-
nal and therapeutic uses. These can be particularly recruited to combat the environ-
mental genotoxins that have increased tremendously in last few decades due to 
industrialization of human lifestyle. Screening of plants for this purpose involves a 
battery of bioassays; the mammalian or bacterial assays are used worldwide. 
Considering the ethical and economic reasons, the use of plant bioassays for the 
initial screening is advocated. Of all plant bioassays available, Allium cepa root 
chromosomal aberration assay is an efficient, most-easy and inexpensive tool that 
can be used for (i) assessment of genotoxicity of environmental mutagens and (ii) 
evaluation of anti-genotoxic potential of plant extracts. The present chapter dis-
cusses the history, application and technical aspects of this assay in assessing the 
geno-protective potential of various plants with special reference to Ashwagandha, 
the wonder herb.

Keywords Allium cepa • Chromosomal aberrations • Assessment of genotoxicity 
• Ashwagandha • Geno-protective potential

3.1  Introduction

The phenomenal growth of chemical industry in the past few decades has led to 
immense social and economic advancements. At the same time, it has accentuated 
environmental contamination leading to severe health hazards. Large-scale use of 
synthetic chemicals as a result of changes in lifestyle has caused degradation of 
environmental quality resulting in increase in magnitude and variety of ill health 
effects including hypertension, impairment of kidneys, cognitive disorders and even 
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death. Exposure to different environmental contaminants has caused considerable 
damage to the human gene pool and biodiversity at large (Weil et al. 2012; Brei 
et al. 2016; Kim et al. 2016).

Evidences have been accumulating to prove that environmental contaminants not 
only increase the genetic load but also cause cancer through induction of somatic 
mutations (Ames et al. 1983; Popesku et al. 2010; Xia et al. 2013). Environmental 
biologists throughout the world are presently concerned to safeguard human beings 
from unduly exposure to environmental mutagens and carcinogens. To frame out 
programs and policies to protect the human beings from adverse effects of various 
environmental chemicals, it is important to determine the degree of health risk to 
humans by an environmental agent under a specified level of exposure. Since, the 
direct risk assessment in humans is not feasible due to logistic, ethical and practical 
considerations so a variety of tests using different experimental models ranging 
from viruses, bacteria, insects, animals, plants, human cell cultures and also intact 
mammals have been employed to assess the genotoxic effects of environmental con-
taminants (Kong and Ma 1999; Matsumoto et al. 2006; Mouchet et al. 2006; Yıldız 
et al. 2009; Pohren et al. 2013).

A number of international organizations including World Health Organization 
recommended the utility of higher plant bioassays such as Allium cepa root chromo-
some aberration assay (Grant 1982); Hordeum vulgare chromosomal aberration 
assay (Constantin and Nilan 1982); Tradescantia staminal hair mutation assay, 
Tradescantia micronucleus assay (Ma et al. 1983); Zea mays specific locus muta-
tion assay (Plewa 1982) etc. for the detection of different types of environmental 
genotoxins/mutagens. The cytotoxic response in the meristematic tissues of plants 
is similar to the embryogenic or spermatogenic tissues in animals (Kristen 1997).

Allium cepa root chromosomal aberration assay is the most widely used assay 
among higher plant bioassays. The popularity of this assay is because of cost benefit 
factors and simple methodology involving minimum use of expensive laboratory 
equipment. The less number (2n = 16) and appropriate size (8–16 μm) of chromo-
somes in Allium cepa further adds to ease aspects of this assay (Bolle et al. 2004). 
The results obtained have been largely demonstrated to be in good correlation with 
results obtained from other test systems using eukaryotic and prokaryotic cells 
(Grant 1978; Hazarika and Sarkar 2001; Ozkara et  al. 2015). Also, unlike Ames 
assay (which requires addition of S9), the plant system possesses the important 
enzymes, which can activate the promutagens to mutagens (Fiskesjo 1985). Thus, it 
is widely used for the assessment of genotoxicity of environmental chemicals such 
as pesticides (Nagpal and Grover 1994; Asita and Makhobo 2013); chemical muta-
gens (Rank and Neilson 1997); heavy metals etc. (Fiskesjo 1988; Soodan et  al. 
2009a; Eleftheriou et al. 2012; Cigerci et al. 2014) and environmental mixtures such 
as air, water and soil (Grover and Kaur 1999; Katnoria et al. 2011; Souza et al. 2013; 
Kaur et al. 2014). Though, this assay was introduced to assess the geno-toxicity but 
later it was successfully used to assess anti-genotoxicity of plant extracts rich in 
various kinds of phyto-chemicals which can further help in drug discovery (Fiskesjo 
1969; Rani et al. 2005; Fedel-Miyasato et al. 2014; Mekki et al. 2015; Prajitha and 
Thoppil 2016; Roberto et al. 2016).

R.K. Soodan et al.



71

3.2  Allium Assay: History and Applications

The Allium cepa test was first introduced by Levan (1938) while studying effects of 
colchicine in the root tip cells of Allium fistulosum and Allium cepa. Colchicine 
inhibited the formation of spindle, delayed the division of centromeres and led to 
the scattering of chromosomes in the cell. This study was followed by a number of 
other studies where some chemicals like organic hydrocarbons, pesticides, metal 
ions, etc. showed colchicine like effect in this test system (Quidet and Hitier 1948; 
Scholes 1955; Wilson et al. 1956). Later in 1969, Fiskesjo reported other kinds of 
aberrations like chromosomal stickiness, breakage, acentric fragments, anaphase 
bridges, multipolar mitosis, c-mitosis and c-tumors as a result of treatment with five 
organic mercury halogenides viz. betoxin (technical preparation); methyl, ethyl and 
methoxyethyl mercuric chloride; and butyl mercuric bromide. Grant (1978) 
observed that chromosomal aberrations in plants could serve as a reliable monitor-
ing system for detection of genotoxic nature of environmental chemicals. He pre-
sented examples of some pesticides, which showed parallel effects in induction of 
chromosomal aberrations in plants and mammalian systems in different studies, 
advocating use of plant systems in the first-tier bioassay systems for detection of 
environmental genotoxins. Grant (1979) studied genotoxicity of herbicide 2, 4, 
5-trichlorophenoxyacetic acid (2, 4, 5-T) using Allium cepa test. He discussed 
molecular activity, toxicology, morphological and cytological effects; mutagenicity; 
carcinogenicity; and teratogenicity of 2, 4, 5-T. Also, Fiskesjo (1988) recommended 
Allium test as an alternative method for testing the relative toxicity of heavy metals 
viz., Hg, Cu, Ni, Cd, Be, A1, Mn and Li. Induction of c-tumors, c-mitosis, sticki-
ness, chromosome breaks, ‘banded’ or ‘fragmented’ chromosomes was reported. 
The study strongly advocated the use of Allium assay as an important tool for evalu-
ation of environmental chemicals like heavy metals and their ranking with reference 
to their toxicity. The use of this assay for unknown natural/environmental samples 
was also proposed. Rank and Nielsen (1993) studied the genotoxicity of complex 
mixtures like non-diluted wastewater from slaughterhouse and dye-house using this 
assay. The genotoxicity of samples was estimated by observing the chromosomal 
aberrations in metaphasic and anaphasic cells. Various aberrations including 
bridges, fragments, vagrants, c-mitosis and stickiness were reported. Rank (2003) 
carried out a study and advocated use of Allium anaphase-telophase chromosome 
aberration assay as a modification of Allium test as it was simpler and faster.

The slight modifications in the Allium cepa assay were proposed by Fiskesjo 
(1979) to use it as a tool to assess anti-gentoxicity. Later, the assay was widely and 
efficiently used to assess anti-genotoxicity of plant extracts and/or phytoconstituents.

3.3  Methodology

The widely used protocol proposed through various studies for evaluation of geno-
toxicity of environmental chemicals and anti-genotoxicity of plant extracts is given 
in Fig. 3.1. Young and fresh onion bulbs of uniform size are used. For genotoxicity 

3 Allium cepa Root Chromosomal Aberration Assay: An Application…



72

studies, the assay can be carried out with two different modes of treatment, in situ 
and root dip. In both modes of treatment, the primary roots are first removed. During 
in situ treatment, the denuded bulbs are placed directly on solution to root while in 
root dip treatment, the bulbs are placed on Couplin jars filled with water for 24–36 
h for rooting. After 24–36 h, bulbs with freshly emerged roots of size 0.5–2 cm are 
treated with different concentrations of test sample for 2–5 h (mostly 3 h). 
Assessment of anti-genotoxicity of a plant extract can be carried by treatment of 
onion root tips with genotoxin along-with plant extract. There are three modes of 
treatment for the assessment of anti-genotoxicity – pre-treatment, post-treatment 
and simultaneous treatment. For pre-treatment, root tips are first treated with the 
plant extract and then with the genotoxin while for post treatment it’s the other way 
round. For simultaneous treatment, root tips of onion bulbs are treated with both 
genotoxin and plant extract simultaneously. After treatment, the bulbs are thor-
oughly washed, and root tips are plucked and fixed in Farmer’s fluid (ethanol and 
glacial acetic acid; 3:1). At least, nine root tips are squashed in Aceto-Orcein to 
prepare slides and the slides are screened under microscope to score different types 
of chromosomal aberrations.

When a genotoxic agent attacks a meristematic cell, it causes damage to the 
genetic compliment of the cell; either this damage gets repaired through the cellular 
repair mechanisms or if unrepaired this leads to various kinds of chromosomal 
aberrations (Fig.  3.2). Chromosomal aberrations are considered as end result of 

Fig. 3.1 Protocol for assessment of genotoxicity and anti-genotoxicity using Allium cepa root 
chromosomal aberration assay
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genotoxic effects of various physical and chemical agents and are also estimates of 
exposure of various organisms to these agents that impair human health (Pohren 
et al. 2013). Chromosomal aberrations are caused due to effect on DNA (synthesis 
or replication) or nucleoproteins, which can lead to either direct breaking effect on 
chromosomes or abnormal segregation of chromosomes. The aberrations can 
broadly be classified as clastogenic aberrations (direct breaking effect on chromo-
somes) and physiological (effect on spindle proteins). The clastogenic effects are 
observed in the form of chromosomal/chromatid breaks, rings and bridges. The 
chromosomal break is considered to be result of unfinished or misrepair of DNA 
involved in the linear continuity of chromosomes (Evans 1977). The broken ends of 
chromosomes stick together to form ring chromosomes. The loss of telomeres 
results in the sticky broken ends which join together to form ring (Peacock et al. 
1973; Raghuvanshi and Singh 1976). The formation of bridge is attributed to “end 
to end” fusion of uncapped chromosomes resulting in the formation of dicentric 
chromosomes (Tusell et al. 2010). Also, formation of bridges is attributed to unequal 
exchange leading to formation of dicentric chromosomes, which are pulled equally 
to both poles resulting in bridge like structure (Sax 1940). Among physiological 
aberrations, when during the separation of chromosomes, one chromosome moves 
ahead of the group towards the pole and gets separated from the rest of group, this 
anomaly is called as vagrant chromosome while, laggard is a situation where during 
separation a chromosome lags behind the rest of the group as it doesn’t get attached 
to the spindle fiber. Both laggards and vagrants result in unequal distribution of 

Fig. 3.2 Representation of effects of a genotoxin on the root tip cells of Allium cepa
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chromosomes in daughter cells. Increased chromosomal contraction, depolymer-
ization of DNA or dissolution of nucleoproteins lead to the condensation of chro-
mosomes, which gives the sticky appearance and this anomaly is labeled as 
stickiness. At times, the separation of chromosomes doesn’t occur during anaphase 
and all the chromosomes lie near the equatorial plate, this is recorded as delayed 
anaphase. The spatial abnormality during anaphase with respect to equatorial plate 
is considered as abnormal anaphase.

3.4  Allium cepa Assay as a Tool to Screen Anti-genotoxic 
Products

The risk associated with exposure to genotoxic carcinogens incites scientific com-
munity to carry out rigorous research for the identification of compounds of plant 
kingdom with anti-genotoxic potential, which can be used either directly for medici-
nal purposes or for drug development. The secondary metabolites present in plants 
are known to have anti-genotoxic and anti-carcinogenic properties. These phytocon-
stituents can scavenge reactive oxygen species that contribute to DNA damage and 
also prevent cell proliferation. Allium cepa assay, as discussed above is also used to 
assess the anti-genotoxicity of natural products. Fiskesjo (1979) suggested the modi-
fications in the original protocol to use this assay as a tool to assess anti-genotoxic 
potential. He studied the protective effects of selenium against mercury poisoning in 
plants. This study reported that treatment with mercury induced stickiness, delayed 
anaphases, vagrant chromosomes and c-mitosis in root tip cells, and the frequency of 
chromosomal aberrations was reduced by the treatment of root tips with selenium.

This assay is widely used as an efficient tool to screen the anti-genotoxic potential 
of plant extracts against various toxic compounds. Extracts of plants like Brassica 
juncea (Sharma et al. 2012); Coriandrum sativum, Cuminum cyminum (Sharma et al. 
2011) and Emblica officinalis (Samanta and Bandyopadhyay 2011) have shown 
genoprotective effects against heavy metals using Allium cepa assay. Also, extracts of 
plants like, Adhota vasica, Carica papya and Cinacarthus nutans (Rathnasamy et al. 
2013); Erythrina velutina (Silva et  al. 2013) and Schinus terebinthifolitus (Fedel-
Miyasato et al. 2014) have been reported to decrease the percentage of chromosomal 
aberrations induced by MMS in root-tip cells of Allium cepa. Anti-genotoxic poten-
tial of Calotrpis gigantea (Ravi et al. 2011) and Terminalia chebula (Rathore and 
Choubey 2005) against various drugs was also reported using this assay.

3.5  Anti-genotoxicity Potential of Ashwagandha: A Wonder 
Herb of India

Withania somnifera Dunal (family Solanaceae), also known as Ashwagandha, win-
ter cherry, wonder herb of India and queen of Ayurveda is amongst the plants, which 
are widely used as traditional medicine. In Vedas, it is referred as herbal tonic 
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and a healthy food. The plant is known to possess anti-inflammatory, anti-tumor, 
anti- stress, anti-bacterial, anti-fungal, anti-diabetic, anti-oxidant, immunomodula-
tory, cardioprotective, neuroprotective, hemopoetic and rejuvenating properties 
(Arora et al. 2004; Kaur et al. 2004, 2007; Widodo et al. 2007; Hamza et al. 2008; 
Shah et al. 2015). Roots and leaves of Ashwagandha are known to have number of 
bioactive withanolides, which have various medicinal properties (Buddhiraja and 
Sudhir 1987; Ziauddin et al. 1996). Rani et al. (2005) investigated anti-genotoxic 
effects of leaf extract of Ashwagandha (LASH) against MNNG (N-methyl-N′-nitro-
N- nitrosoguanidine) induced chromosomal aberrations in root tip cells of Allium 
cepa. For preparation of LASH, finely ground leaf powder (40 g) was exhaustively 
extracted in soxhlet apparatus using methanol at 60 °C for 100–110 h. Methanol 
extract was made aqueous by addition of distilled water and then hexane was added 
to remove chlorophyll and other pigments. Diethyl ether was added to the residual 
aqueous methanolic extract and diethyl ether extract (DEE) was separated using a 
separatory funnel. Diethyl ether extract was concentrated, dried and was called as 
LASH. 1 g of LASH was solubilized in DMSO (1 ml) and 99 ml of distilled water 
was added to make 1.0% LASH. This extract (1%) was further diluted to get differ-
ent concentrations (0.25, 0.50, and 0.75%) of LASH. To study anti-genotoxic poten-
tial of LASH, freshly emerged onion root tip cells were subjected to three different 
kinds of treatment viz., pre-, post- and simultaneous with different concentrations of 
LASH. For pre-treatment, the onion roots were first treated for 2 h with different 
concentrations of LASH followed by 2 h treatment with 0.1% MNNG. During post- 
treatment, 2 h MNNG (0.1%) treatment was given first followed by LASH concen-
trations for 2 h. For simultaneous treatment, onion roots were treated simultaneously 
with 0.1% MNNG and each concentration of LASH. 1.0% DMSO (2 h) and 0.1% 
MNNG (2 h) served as negative and positive controls, respectively. After treatment, 
the root tips were thoroughly washed and squashed in aceto-orcein and slides were 
screened for different types of chromosomal aberrations. Treatment of onion roots 
with MNNG (0.1%) alone induced different kinds of chromosomal aberrations, 
which were classified as physiological aberrations (c-mitosis, stickiness, delayed 
anaphases, laggards and vagrant chromosomes) and clastogenic aberrations (chro-
matid bridges and chromosomal breaks). Different kinds of treatment (pre-, post- 
and simultaneous) with different concentrations of LASH imparted a dose dependent 
protective effect on MNNG-induced chromosomal aberrations in root tip cells of A. 
cepa (Fig. 3.3). About 91–92% inhibition in the induction of chromosomal aberra-
tions due to MNNG treatment was observed at the highest concentration (1.0%) of 
LASH tested. In another study, LASH showed anti-proliferative activity in human 
osteosarcoma (U2OS) and breast carcinoma (MCF-7) cancer cell lines (Kaur et al. 
2004). Soodan et al. (2009b) determined the anti-genotoxic potential of an aqueous 
extract of Ashwagandha leaves against lead induced genotoxicity in Allium cepa 
root chromosomal aberration assay and micronucleus test (MNT) in bone marrow 
cells of male albino rats. Treatment of Allium roots with lead (0.5 ppm) led to dif-
ferent kinds of physiological and clastogenic aberrations. A dose dependent decrease 
in percent chromosomal aberrations was observed in RTCs of Allium cepa treated 
with lead (0.5 ppm) and different concentration of aqueous extract of Ashwagandha 
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in three mode of treatment as described by Rani et al. (2005). Maximum genopro-
tective effect was observed with 1% Ashwagandha leaf extract (aqueous) in all the 
three modes of treatment. Treatment of male albino rats with Ashwagandha leaf 
extract along with lead resulted in a decrease in number of micronucleated poly-
chromatic erythrocytes as compared to when rats were treated with lead alone. This 
study demonstrated strong correlation between Allium test and mammalian micro-
nucleus test.

3.6  Conclusion

Plant kingdom is rich in compounds that can protect the cells from effects of various 
genotoxins released in the environment through accelerated use of chemicals. 
Screening of these plants to determine their anti-genotoxic potential can prove a 
boon for mankind. Allium cepa root chromosomal aberration assay is validated by 
various international agencies like WHO, UNEP as an efficient and easy tool for 
screening of genotoxic agents. This assay not only assesses genotoxic compounds 
but also used for the screening of anti-genotoxicity of plant extracts. The meriste-
matic cells of onion roots depict cytotoxic effects similar to those observed in mam-
malian cells. Genoprotective substances can support human beings by providing 
protection against genotoxic carcinogens. Screening of Ashwagandha, for anti- 
genotoxic properties depicts that this wonder herb can prove to be nectar against 
carcinogens.
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Chapter 4
Withania somnifera: From Traditional Use 
to Evidence Based Medicinal Prominence

Sheikh Rayees and Fayaz Malik

Abstract Withania somnifera is wonder shrub used traditionally as a folk medicine 
for several remedies in the Indian subcontinent. During last few decades numerous 
scientific studies have shown the potential therapeutic prospects of this herb and of 
its various constituents in different disease models. Several classes of compounds 
including withanolides, sitoindosides and other useful alkaloids have been isolated 
from this plant with promising medicinal value. It has been demonstrated that dif-
ferent parts of plant including roots, leaves and fruits exhibit unique biological 
activities that actually are manifested to the presence and the abundance of specific 
constituent/s in the respective parts of the plant. It was also established that same 
plant grown at different locations under varied environmental conditions influences 
the synthesis of the individual constituents in different parts of the plant, hence their 
biological activities. Studies conducted in cellular and murine models have shown 
that extracts made of roots bear immune activating properties, whereas leaf extracts 
showed anticancer activities. It has been observed that root and leaf extracts of plant 
characterised with about a dozen markers displayed that root extracts demonstrated 
Th1 specific immunomodulatory and anti-inflamatory activities, whereas leaf 
extracts showed anticancer properties, respectively. It was further explored that anti- 
cancer potential of leaf extracts was mainly due to Withaferin A, a potent cytotoxic 
withanoloid, existing in abundance and a major constituent in the leaves of the 
plant. Similarly, anti-inflammatory and Th1 immune skewing properties of the root 
extract was conferred to the higher amount of Withanolide A, present in the roots of 
the plant along with other constituents. Meanwhile several studies have deciphered 
the role of individual constituents in various biological activities with extensive 
mechanism of action discussed in this review. This review while summarises the 
potential medicinal benefits of the W.somnifera, it also emphasizes that marketed 
product of the plant extracts for human consumption should scientifically validated 
for bioactive constitutents.
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4.1  Introduction

Since the origin of human civilisation, human beings have been using plants, avail-
able in their habitat, both for therapeutic purposes and as a source of food. Despite 
all the advancement in synthetic chemistry and drug development processes, plants 
are still a key source of modern medicinal preparations. Numerous species of plants 
are known for their medicinal values and are used to treat various human ailments 
and diseases. Medicinal properties of the plants are associated with their roots, 
seeds, flowers, leaves, fruits or as a whole plant itself. Traditional system of medi-
cine, which is based on beliefs and practices has always been a remedy to every kind 
of human ailments. This system of medicine dates back to hundreds of centuries ago 
when there was hardly any drug based on authentic scientific validation (Winters 
2006; Mirjalili 2009a; Kulkarni and Dhir 2008; Rayees et al. 2012, 2013). More 
importantly this pharmacological treatment of diseases through traditional system 
of has proven to be successful in curing several human ailments and wounds, though 
most of the industrialized countries have reduced the use of plants in therapeutics. 
Some of the most powerful and useful medicinal plants in the history of mankind 
include Emblica officinalis, Saraca Asoca, Withania Somnifera, Aegle marmelous, 
Bacopa monnieri, Azardirchata indica, etc. There are more than 120 plant based 
chemical agents that were development into drugs and used in modern medicine to 
treat diseases related to cardiovascular system, nervous system, reproductive sys-
tem, respiratory disorders, etc. More importantly, these drugs have been very suc-
cessful in treating human illnesses of every class. Some of the best known drugs of 
plant origin include Paclitaxel, Etoposide, Vinblastine, Acetyldigoxin, Aescin, 
Atropine, etc. The current strategies employed for the development of new drugs 
include the development of a novel chemical moity or modification of the existing 
drug structures. Later has proven to be more successful and economical. Modern 
science and medicine has also started developing links with traditional medicine 
(homeopathic) which has resulted in exploration of traditionally used herbs/plants 
to underdstand and explore the individual constitutents for any particular biological 
activity (Dhar et al. 2012; Gauttam and Kalia 2013; Sukanya et al. 2010; Singh and 
Kumar 1998; Linder 1996; Murthy et al. 2008; Rayees et al. 2014; Bhandari 1970). 
W. somnifera, widely used herb in Indian traditional medicine has been scientifi-
cally explored for it’s medicinal properties and efforts have been made to identify 
the individual constituents present in various parts of the plant by using in vitro and 
animal models. In this chapter, we will try to highlight the recent scientific advances 
made in the exploration of therapeutic potential of the plant extracts and indicidual 
constitutuents.
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4.1.1  Withania somnifera, a Widely Grown Shrub

Withania somnifera (L.) Dunal, commonly known as Ashwagandha or Indian 
Ginseng is a valuable medicinal plant used since ancient times (Winters 2006). It is 
an evergreen shrub belonging to the solanaceae family. It is widely used in tradi-
tional system of medicine in India (Unani and Ayurvedic system). W. somnifera 
grows in most parts of the world mainly in tropical and subtropical zones. However, 
it is abudnatly found in sub-Himalayan (1000 m) tracts in India, Pakistan, Sri Lanka, 
Afghanistan, South Africa Jordan, Egypt and Morocco. Among the 23 species of 
Withania genus, this plant is economically more valuable because of its medicinal 
importance (Mirjalili 2009a; Kulkarni and Dhir 2008).

Various pharmacological activities have been documented to be associated with 
W. somnifera. It is regarded as “Rasayana” in Ayurveda which means potent rejuve-
nator, as it enhances haemoglobin count, hair melanin pigmentation (Singh et al. 
2011) physiological endurance and general health (Dhar et al. 2012). All parts of 
this plant have been reported to possess medicinal values e.g. its roots are used to 
treat various physiological disorders. Their paste or powder is used to cure ulcers, 
rheumatic swellings and as a nutrient or health restorative in pregnant or old age 
people. Similarly, the leaves of this plant are used as antihelmantic, anti-pyretic, 
anti-cancer, anti-tuberculosis and anti-ulcer.

Furthermore, various parts of this plant are constituents of more than 200 formu-
lations in Indian system of traditional medicine and have been used to cure various 
health disorders (Gauttam and Kalia 2013; Sukanya et al. 2010).

4.1.2  Geographical Distribution of W. somnifera

W. somnifera is widely distributed across the globe. Its distribution area extends 
from the Canary Islands and the Mediterranean region through India, the Middle 
East, Africa and Sri Lanka to China. It also occurs in Australia, Pakistan, Afghanistan, 
Jordan, Morocco and Spain. In Africa, it occurs wild or naturally, mostly on drier 
parts like South Africa and Indian Ocean islands. However, W. somnifera is found 
almost on all drier parts and sub-tropical India. It is widely distributed in Punjab, 
Madhya Pradesh, Mumbai, Uttar Pradesh, Rajasthan, Jammu and Himachal Pradesh 
(Singh and Kumar 1998; Linder 1996; Murthy et al. 2008).

4.1.3  Classical Uses of W. somnifera

W. somnifera has been widely used as Rasayana in Ayurvedic system of medicine, 
practiced in India which can be traced back to 6000 BC (Singh et al. 2011). Rasayana 
has been described in Ayurveda as a herbal or metallic preparation that upholds a 
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youthful state of physical and mental health. Different parts of this plant have been 
used for different activities. The roots of this plant are used as anthelmintic, diuretic, 
narcotic, astringent, thermogenic and aphrodisiac.

Further, the roots are used for rheumatism, leucoderma, constipation, insomnia, 
nervous breakdown, goitre, joint inflammation (Singh et al. 2011; Bhandari 1970), 
ulcers and painful swellings (Kritikar and Basu 1935) pimples, worms and piles 
(Mishra 2004). Because of horse like smell of roots, this plant is also called as 
Ashwagandha (on consuming it gives the power of a horse). The leaves of this plant 
are bitter and are used for fever, anthelmintic and for painful swellings. The flowers 
are aphrodisiac and diuretic. The seeds are anthelmintic, however when mixed with 
rock salt, can remove white spots from cornea. These are also used in hysteria, 
memory loss, anxiety and increasing the sperm count (Govardhan 1938).

4.2  Pharmacological Properties Associated with Whole 
Plant, Parts of the Plant and Individual Constituents

4.2.1  Anti-stress

W. somnifera has traditionally been used for mood soothing in patients with behav-
ioural disorders and as a tranquiliser. Studies were conducted on different rodent 
models to explore its anti-stress and anti-depressant potential. In a study conducted 
on a rodent model, Imipramine, an anti-depressant drug and Lorazepam, anti- 
anxiety drug were compared for their respective pharmacological effects with the 
extract of W. somnifera and the results obtained for W. somnifera were found quit 
promising (Archana and Namasivayam 1999). In a similar study conducted on a 
Wistar rat chronic stress model, W. somnifera root extract was compared with Panax 
ginseng for its anti-stress properties. In this study, the extracts of the both the herbs 
were compared and contrasted for their potential to relieve some adverse effects of 
chronic stress. It was observed that both W. somnifera and Panax ginseng reduced 
the severity and frequency of induced stress, reversed stress induced hampering of 
sexual behaviour and showed a positive effect on learning and memory tasks 
(Bhattacharya and Muruganandam 2003). In yet another study, conducted on 
rodents, chronic stress was induced in animals using electric shock method which 
resulted in different adverse effects like mental depression, glucose intolerance, 
sexual dysfunction, immuno suppression and gastric ulcerations The study con-
cluded that glycowithanolides isolated from the whole plant W. somnifera root 
extract has a significant anti-stress and adaptogenic effect (Bhattacharya et  al. 
2001). Further, another study done at University of Texas, USA, found that anti- 
anxiety effects of W. somnifera are possibly due to its GABA (Gamma Amino- 
butyric acid)-like activity. GABA, is an inhibitory neurotransmitter which functions 
by attenuating the neuron activity and suppresses the nerve cells from over firing 
(Mehta et al. 1991).
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4.2.2  Anticancer

W. somnifera has been reported to show anti-cancer activity both in vitro and in vivo 
in various studies. Muralikrishnan et al. (1996) reported that W. somnifera was able 
to normalise the count of immune cells and immunoglobins in an experimental 
colon cancer model induced by Azoxymethane in mice (Muralikrishnan et al. 2010). 
Several studies reported that root extract of W. somnifera suppressed stomach and 
skin cancer and tumour development in mice (Singh et  al. 1984; Chandra et  al. 
2012; Kuttan 1996). The root extract of W. somnifera was also documented to inhibit 
methylcholanthrene induced sarcoma development in mice. This study also reported 
that the extract increased the life span of tumour bearing animals (Ziauddin et al. 
1996). W. somnifera was also found to reduce tumour growth in urethane-induced 
lung tumours in adult male mice (Sharma et al. 2011) and Sarcoma 180 (S-180), a 
transplantable mouse tumour in BALB/c mice (Devi et al. 1992). W. somnifera has 
also demonstrated anti-cancer properties in several in vitro studies performed on 
various human cancer cells of different origin like breast cancer, lung cancer, colon 
cancer, blood cancer and pancreatic cancer (Kritikar and Basu 1935; Muralikrishnan 
et al. 2010).

4.2.3  Anti-inflammatory

W. somnifera has been explored for its anti-inflammatory effects in arthritic and 
other inflammatory conditions and found to be a good anti-arthritic agent in differ-
ent studies (Singh et al. 1984). In various other studies conducted on Wistar rats, W. 
somnifera was observed to reduce inflammation induced by Freund’s complete 
adjuvant or Formaline and Carragenaan (Chandra et al. 2012; Singh et al. 2007). In 
a similar study, W. somnifera was reported to reduce inflammation by inhibiting 
cyclooxygenase (Gorain et  al. 2012; Mishra et  al. 2000). W. somnifera has been 
reported to have high steroidal content which is higher than that of hydrocortisone, 
a commonly used anti-inflammatory agent which may be a possible reasons of its 
significant anti-inflammatory potential (Kaur et al. 2007).

4.2.4  Anti-oxidant

W. somnifera has been documented to show anti-oxidant properties by up regulat-
ing some natural anti-oxidants and inhibiting free radical production. In an in vivo 
study conducted on rat brains, it was observed that W. somnifera up regulated the 
levels of various natural anti-oxidants like glutathione peroxidise, superoxide dis-
mutase and catalase. In another study conducted on mice and rabbits, W. somnifera 
treated animals showed a significant inhibitory effect on stress induced lipid 
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peroxidation (Dhuley Dhuley 1998a, b). The anti-oxidant effect of W. somnifera 
may also explain the reasons of its reported anti-aging, anti-inflammatory and anti-
stress effects.

4.2.5  Cardio Protective Activity

W. somnifera has been reported to demonstrate cardio protective effects both in 
clinical and preclinical studies. In a study conducted in dogs, W. somnifera showed 
a prolonged hypotensive, bradycardiac and respiratory-stimulant action. This study 
concluded that hypotensive effect was due to autonomic ganglion blocking action of 
W. somnifera. This study also found that the alkaloids present in this botanical stim-
ulate the vasomotor and respiratory centres in the brain stem of experimental ani-
mals (Mishra et  al. 2000; Ojha and Arya 2009). In another study conducted on 
human subjects, hypocholesterolemic, diuretic and hypoglycaemic effects of hydro- 
alcoholic extract of W. somnifera were evaluated. It was observed that W. somnifera 
treatment increased urine volume, and urine sodium and decreased triglycerides, 
serum cholesterol and low-density lipoproteins (Mohanty et al. 2004).

4.2.6  Immuno Modulatory Activity

W. somnifera has been documented as an effective immune regulator in several ani-
mal studies. Various animal studies demonstrated that methanolic extract W. som-
nifera enhances the production of white blood cells (Kuttan 1996; Ziauddin et al. 
1996). Similarly, in a study performed on Swiss mice and Wistar rats, whole plant 
extract of W. somnifera caused the augmentation of peritoneal macrophages and 
increased the activity of the lysosomal enzymes.

Furthermore, this extract was found to augment the phagocytic activity of mac-
rophages, hamper delayed-type hypersensitivity reactions in mice and stimulate the 
generation of cytotoxic T lymphocytes (Davis and Kuttan 2000; Davis and Kuttan 
2002). Malik et  al. (2007) has shown that both marker based chemically stan-
dardised root and leaf extract are able to stimulate the Th1 cell mediated and 
humoral immune response in BALB/c mice. The leaf extract of W. somnifera was 
shown to activate immune system by selectively augmenting Th1 immune response 
in vitro. In another study, the root extract of W.somnifera was found to enhance cell 
mediated immunity by predominantly enhancing Th1 immunity. In the same study, 
the authors found that root extract with Withanolide-A as a major constituent, was 
responsible for this Th1 polarisation of immune response (Malik et al. 2007). In yet 
another study, same group in 2009, reported that a chemically standardized herbal 
mixture of standardised root and leaf extract of W.somnifera (WSF) possesses both 
anti-cancer and Th1 immune up-regulatory activities.WSF which produced cytotox-
icity in a panel of human cancer cell lines also showed marked reduction in in tumor 
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growth in different mouse tumor models.The study also demonstrated that WSF 
enhanced Th1 tumor reactive immune response in tumor bearing mice with simul-
taneous induction of apoptosis in cancer cells (Malik et al. 2009).

4.2.7  Other Documented Pharmacological Actions

In several in vitro or in vivo studies, the whole plant extract or extracts of different 
plant parts of W. somnifera were found to be effective againt different disease condi-
tions e.g. root extract of this plant was demonstrated to be an effective treatment 
against osteoarthritis (Kulkarni et  al. 1991) and stroke (Anbalagan and Sadique 
1981), hydroalcoholic extract of the whole plant or its constituents were found to be 
effective against tardive dyskinesia (Chaudhary et al. 2003) and microbial and bac-
terial infections (Choudhary et al. 1995; Ali et al. 2001). Similarly, the ethanolic 
extract of W. somnifera was found to be effective against Alzheimer’s disease 
(Dickson and Vickers 2001).

4.3  Chemical Characterisation of W. somnifera Visa-Vis 
Pharmacological Activities

4.3.1  Chemical Characterisation

Phytochemical profile of W. somnifera has been extensively studied for the first time 
isolated Dimethyltryptamine (C12H16N2), an amorphous alkaloid from a South 
African strain of W. somnifera Majumdar (1955). The presence of this alkaloid was 
later confirmed by Majumdar and Guha. They also isolated several other alkaloids 
from the roots of this plant which were named as withanaminine, pseudowithamine, 
somniferinine, withanmine, somniferine, somnine and withamine; however no 
structural elucidation of these alkaloids was provided. Several other groups of 
chemical constituents were identified, extracted and isolated from time to time 
including steroidal lactones, flavonoids, saponins, tannins and alkaloids (Murthy 
et al. 2008; Eastwood et al. 1980; Rahman et al. 1993).

However, steroidal lactones are the major constituents found in the leaves of 
W.somnifera and responsible for most of the therapeutic properties of this plant 
(Rahman et al. 1993; Iqbal et al. 1996; Dhar et al. 2012). These steroidal Lactones, 
called as withanolides are a group of naturally occurring C28- steroidal lactones 
built on an intact or rearranged ergostane framework, in which C-22 and C-26 are 
appropriately oxidized to form a six-membered lactone ring. The basic structure 
(Fig. 4.1) of withanolides (withanolide skeleton) is given below (Mirjalili 2009b).

Withanolides are also present in other plant species like members of Taccaceae 
(Leet et  al. 1982), Fabaceae (Leguminosae) (Khan et  al. 1999) and Lamiaceae 
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(Labiatae) (Sultanbawa et  al. 1985) families and fifteen Solanaceous genera i.e. 
Acnistus, Datura, Deprea, Dunalis, Iochroma, Jaborosa, Lycium, Nicandra, 
Physalis, Salpichroa, Tubocapsicum, Discopodium, Trechonaetes, Withania and 
Witheringia. Further, withanolides have also been isolated from marine organisms 
(Singh et al. 2011). Presently, more than 12 alkaloids and 40 withanolides have been 
reported and isolated from different parts of W. somnifera plant. The concentration 
of major withanolides in the dry weight of this plant ranges from 0.001 to 1.5% 
(Kumar et al. 2007; Kapur 2001). Various bioactive compounds isolated of W. som-
nifera are depicted in Table 4.1. The most bioactive molecules isolated from this 
plant along with the description of their pharmacological actions and chemical 
structures, are given in Table 4.1.

4.3.2  Pharmacological Significance of Individual Constituents 
of W. somnifera

Till date various active molecules have been isolated from W. somnifera (Figs. 4.2, 
4.3, 4.4, 4.5, 4.6 and 4.7). Given below are the pharmacological properties of the 
active constituents isolated from the plant.

4.3.2.1  Withaferin A

Withaferin A is an oxygenated steroidal lactone, isolated from W.somnifera. It was 
the first pharmologically active withanolide isolated from this plant. Further, it is the 
most profuse and primary pharmacological agent of W. somnifera. Withaferin A 
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(Fig.  4.2) has been documented to possess diverse pharmacological activities. 
However, the primary molecular target of Withaferin A is unknown.

Anti-cancer Activity

Withaferin A has been documented as a versatile pharmacological agent with 
diverse pharmacological activities. More importantly, this important derivative of 
W.somnifera has been reported to possess a significant anti-cancer activity both in 
vivo and in vitro.

Withaferin A was shown to cause a concentration dependent cell cycle arrest of 
estrogen-independent (MDA-MB-231) and estrogen-responsive (MCF-7) human 
breast cancer cell lines in their G2-M phase, decreasing levels of cyclin-dependent 
kinase 1 (Cdk1), Cdc-25C (cell division cycle-25C) and Cdc-25C proteins (Stan 
et  al. 2008). It also exhibited a strong growth inhibitory effect on several other 
human cell lines like human myeloma (U266), adipocytes (3 T3-L1), endothelial 
cell (HUVEC), pancreatic cells (Panc-1, MiaPaCa2 and BxPc3) and primary cells 

Table 4.1 Chemical constituents of pharmacological importance identified in various parts of W. 
somnifera (Mir et al. 2012)

Plant part Chemical constituent

Roots Sitoindosides VII (Acylsteryl-glucoside)
Sitoindosides VIII (Acylsteryl-glucoside)
Sitoindosides IX (Glycowithanolide)
Sitoindosides X (Glycowithanolide)
Withanine (Alkaloid)
Withananine (Alkaloid)
Ashwagandhanolide

Leaves Withaferin (Steroidal lactone)
Withaferin A (Steroidal lactone)
Withanolie D (Steroidal lactone)
Withanolie E (Steroidal lactone)
Withanone (Steroidal lactone)
Withanolide Z (Novel)
Withanolide B
7-hydroxywithanolide
3α-methoxy-2, 3-dihydro-
27-deoxywithaferin A (Steroidal lactone)
4β, 17α-dihydroxy-1-1oxo-
5β, 6β-epoxy-22R-witha-
2, 24-dienolide (steroidal lactone)
4β-dihydroxy-5β, 6β-epoxy-
1-oxo-22R-witha-2, 14-24-
Trienolide (steroidal lactone)

Seeds Withanolide –WS 2 (aliphatic ester), Withanolide –WS 1 
(aliphatic ketone)
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from patients with myeloid or lymphoblastic leukemia and oral squamous cell car-
cinoma (Mandal et al. 2008; Malara et al. 2008; Park et al. 2008; Panjamurthy et al. 
2009).

Withaferin A also showed a significant potential to combat tumors in vivo. It 
demonstrated a potent anti- angiogenic activity in mice by interfering with the 
ubiquitin- mediated proteasome pathway (Mohan et  al. 2004). It also suppressed 
tumour growth in pancreatic xenografts via an ATP-independent mechanism. 
Furthermore, Withaferin A also demonstrated a significant anti-tumour potential 
using a stringent orthotopic human glioma xenograft model in (Santagata et  al. 
2012).
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Fig. 4.2 Chemical structure of Withaferin A (Molecular formula: C28H38O6; Molecular mass: 
470.60 g mol−1)

Fig. 4.3 Chemical 
structure of Withanolide A 
(Molecular formula: 
C28H38O6; Molecular mass: 
470.60 g mol−1)
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Anti-inflammatory Effect

Withaferin A has been widely studied for its anti-inflammatory potential. In pre-
clinical studies it has shown a notable effect against inflammatory disorders like 
rheumatoid arthritis and airway inflammation. Withaferin A was found to attenuate 
collagen production and inflammation in rabbit articular chondrocytes by up regu-
lating the cyclooxygenase-2 expression. It was also found to down regulate intercel-
lular adhesion molecule-1 and vascular cell adhesion molecule-1 (VCAM-1) 
expression in TNF-alpha stimulated human lung epithelial (A549) cells. 
Furthermore, it also showed a notable decrease in LPS induced nitric oxide produc-
tion in RAW 264.7 cells, a mouse macrophage cell line (Mohan et al. 2004; Singh 
et al. 2007; Oh and Kwon 2009; Yu and Kim 2013).

4.3.2.2  Withanolide A

Withanolide A, a well oxygenated steroidal lactone, is isolated from roots of W. 
somnifera (Yu and Kim 2013). It is has been documented to possess a strong phar-
macological profile especially related to nervous system (Jain et al. 2001; Kuboyama 
et al. 2002, 2005). It was found to target and block β-amyloid deposition in rat brain 
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Fig. 4.4 Chemical 
structure of Withanolide D 
(Molecular formula: 
C28H38O6; Molecular mass: 
470.59 g mol−1)
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Fig. 4.5 Chemical 
structure of Withanolide E 
(Molecular Formula: 
C28H38O7; Molecular mass: 
486.59712 gmol−1)
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by targeting multiple proteins like BACE1, ADAM10, IDE, and NEP (Patil et al. 
2010). Withanolide A (Fig. 4.3) has also been documented to possess a neuro pro-
tective ability showing cholinesterase inhibition potential, reducing the epileptic 
seizures in rats and ameliorating the impaired memory in rats (Grover et al. 2012; 
Soman et al. 2012). Further, Withanolide A improved neuronal atrophy and synaptic 
loss in mice brain (Kuboyama et al. 2005). Thus, Withanolide A seems to have a 
potential to combat various nervous system pathologies especially related to 
Alzheimer’s disease. Also, Withanolide A has been reported to cause a notable 
recovery of immune system functioning with regard to normalising the T cell popu-
lation, depleted as a result of stress in mice (Kour et al. 2009).

4.3.2.3  Withanolide D

Withanolide D is a steroidal lactone and a pure herbal compound isolated from W. 
somnifera (Kour et al. 2009). It has been reported to possess diverse pharmacologi-
cal activities like anti fungal (Roumy et  al. 2010), anti-bacterial, anti-oxidant 
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hepatoprotective, adaptogenic, anti-inflammatory and anti-stress (Budhiraja et al. 
2000). However, its anti-cancer activity, both in vitro and in vivo, is a hot topic in 
preclinical research. Withanolide D (Fig. 4.4) has been reported to block cell cycle 
at G2/M phase in pancreatic ductal adenocarcinoma cells and induce apoptosis 
(Sarkar et al. 2014). It also caused a significant apoptosis of estrogen-independent 
(MDA-MB-231) and estrogen-responsive (MCF-7) human breast cancer cells 
(Wang et  al. 2012). Further, this withanolide showed a significant anti-apoptotic 
potential in other cell types also like human myeloid (K562), lymphoid (MOLT-4) 
cells and human epidermoid carcinoma of the nasopharynx (KB). It also showed a 
notable in vivo anti-tumour activity against Sarcoma 180 and Ehrlich ascites carci-
noma (Mondal et al. 2010; Wall and Wani 1977).

4.3.2.4  Withanolide E

Withanolide E is a naturally occurring steroidal lactone isolated from W. somnifera. 
This withanolide has been reported to significantly halt cell proliferation of human 
pancreatic cancer (Panc-1) and breast cancer cells (MDA-MB-231 and MCF-7). 
The anti-proliferative activity of Withanolide E in Panc-1 cells was found to be due 
to its binding to Hsp90, causing Hsp90 aggregation and hence inhibiting its chaper-
one activity to induce degradation of Hsp90 client proteins Akt and Cdk4 through 
proteasome-dependent pathway (Wang et al. 2012; Gu et al. 2014) Further, witha-
nolide E was demonstrated to possess a notable immunosuppressive activity. It was 
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shown to suppress the proliferation of T and B lymphocytes and affect antigen rec-
ognition (Shohat et al. 1978).

4.3.2.5  Other Withanolides

There are several other withanolides, isolated from W. somnifera that have been 
documented to possess different pharmacological activities, e.g., 5, 2O-α 
dihydroxy-6α 7α-epoxy-1- OXO, a withanolide isolated from W. somnifera pos-
sesses significant immuno modulatory properties (Bahr and Hansel 1970). Another 
steroildal lactone 3-β-hydroxy-2, 3-hydroxy Withanloide was found to possess anti- 
inflammatory properties, evaluated in Wistar rats and antibacterial activity against 
different microbial strains (Mir et al. 2012; Budhiraja et al. 1984). Similarly, another 
withanolide namely Withaferinil was demonstrated to possess anti-proliferative 
activity against HeLa cells (Palyi 1969). The structures of several other withano-
lides isolated from W. somnifera is given below (Fig. 4.6):

Further examination of W. somnifera roots resulted in the isolation of a series of 
compounds named as Withanamides A-I.  Later, another dimeric thiowithanolide 
was also isolated from this plant, named Ashwagandhanolide (Fig. 4.7). All these 
compounds were isolated by a bioassay-guided purification of the methanolic 
extract of the plant. However, their pharmacological actions have not been explored 
yet (Mirjalili 2009b) (Fig. 4.7).

4.4  Combitorial Studies with the Constuients of W. somnifera 
to Deter Pathobiology of Diseases

Most of the chemical constituents of W. somnifera possess various pharmacological 
activities, as demonstrated by various studies. However, in several studies, a combi-
national approach has been demonstrated where the effect of combination of two 
chemical constituents of W. somnifera was observed on a particular pharmacologi-
cal activity and the results so obtained where comparatively promising e.g. in a 
study performed on glioma (C6 and YKG1) cell lines, the effect of Withaferin A, 
Withanone, Withanolide A and their different combinations, was evaluated on the 
growth inhibition and differentiation of these cells. It was observed that Withaferin 
A combined with Withanone and Withaferin A combined with Withanolide A 
showed better inhibitory action rather than evaluated individually (Shah et al. 2009). 
In another study, Withaferin A in combination with Sorafenib, a clinically approved 
drug for the treatment of renal cell carcinoma, demonstrated synergistic efficacy in 
apoptosis induction in papillary and anaplastic cancer cells. This combination 
achieved potent anti-cancer activity at lower doses of Sorafenib, which may decrease 
its toxicity for future translational studies (Cohen et al. 2012). In another study per-
formed on nude mice, Withaferin A in combination with Cisplatin, a chemotherapy 
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drug, reduced tumour growth up to 70 to 80% and completely inhibited the metas-
tasis of other organs compared to untreated controls and Cisplatin group (Kakar 
et  al. 2014). In a different study, Withaferin A effectively enhanced the ionizing 
radiation induced apoptosis in human lymphoma U937 cells, so the presumption of 
using Withaferin A as radio sensitizers to enhance the therapeutic efficiency of 
radiotherapy cannot be underestimated (Yang et al. 2011) (Fig. 4.8).

4.5  Clinical Studies with W. somnifera

Apart from the various preclinical studies performed with W. somnifera or its con-
stituents, several clinical studies have been also done for different pharmacological 
actions:

 1. W.somnifera was found to recover the seminal plasma levels of antioxidant 
enzymes, vitamins A, C, and E and corrected fructose in infertile men. Moreover, 
treatment also significantly increased serum T and LH and reduced the levels of 
FSH and PRL, which is a good indication of healthy semen (Ahmad et al. 2010). 
In a similar study, W. somnifera repaired the distorted concentrations of lactate, 
alanine, citrate, GPC, histidine, and phenyl alanine in seminal plasma and recov-
ered the quality of semen of post-treated compared to pre-treated infertile men. 

Fig. 4.8 Overview of potential targets of W. somnifera and its constituents

4 Withania somnifera: From Traditional Use to Evidence Based Medicinal…



96

Furthermore, serum biochemistry was also improved over post-therapy in infer-
tile men (Gupta et al. 2013).

 2. In another study performed on infertile men of different age groups, it was dem-
onstrated that frequency of sperm apoptosis and intracellular ROS levels were 
significantly higher in infertile men compared with control subjects. Similarly, 
the seminal plasma levels of the essential metal ions Cu2+, Zn2+, Fe2+ and Au2+ 
were low. Treatment with Withania somnifera significantly reduced the sperm 
apoptosis, ROS levels and improved serum metal ion levels of infertile men of all 
the age groups under study (Shukla et al. 2011).

 3. In a double-blind, placebo-controlled study performed on patients with ICD-10 
anxiety disorders. It was observed that by the end of the first month of treatment, 
72% of the patients showed moderate to excellent improvement and in about half 
of these cases, benefits were observed within the first fortnight. These 72% 
patients were continued on the drug for a maximum of 18 months. It was 
observed that the drug satisfactorily attenuated anxiety symptoms and did not 
occasion any adverse effects (Andrade et al. 2000).

 4. In a double-blind, multi-dose, placebo-controlled study, 20 healthy male con-
trols were randomized to receive 250 mg two capsules twice daily of an encap-
sulated dried aqueous extract of roots and leaves of W. somnifera or a matching 
placebo for a period of 14 days. Cognitive and psychomotor performance was 
assessed pre-dose (day 1) and at 3-h post-dose on day 15 using a battery of com-
puterized psychometric tests. After a washout period of 14 days, the subjects 
crossed-over to receive the other treatment for a further period of 14 days as per 
prior randomization schedule. Same battery of test procedures was performed to 
assess cognitive and psychomotor performance. Significant improvements were 
observed in reaction times with simple reaction, choice discrimination, digit 
symbol substitution, digit vigilance, and card sorting tests with W. somnifera 
extract compared to placebo. All the results indicate that W. somnifera extract 
can improve cognitive and psychomotor performance (Pingali et al. 2014).

 5. In a double-blind, randomized, placebo-controlled trial performed on patients 
with chronic stress, a 300 mg capsule was given for 60 days. It was observed that 
the patients who received 300 mg capsule of W. somnifera showed a significant 
improvement towards stress which improved their self-assessed quality of life. 
Further, the consumption of W. somnifera was found to be safe health wise 
(Chandrasekhar et al. 2012).

 6. In another study conducted on subjects with moderate to severe anxiety, the 
group of patients who received naturopathic therapy involving deep breathing 
relaxation technique, a standard multi-vitamin and W. somnifera (300 mg b.i.d.), 
were found to recover effectively, with no toxic manifestation (Cooley et  al. 
2009).

 7. In another study conducted on post myocardial infarction patients, W. somnifera 
extract, administered in the form of a herbal cocktail, was able to reduce the 
levels of cholesterol and triglycerides and augment high density lipoprotein cho-
lesterol, very effectively (Dwivedi et al. 2000).

S. Rayees and F. Malik



97

 8. Study performed on hypoglycaemic and hypo-cholesterolemic subjects, W. som-
nifera was able to increase urine volume, urine sodium, decrease serum choles-
terol and triglyceride levels significantly (Dhuley Dhuley 1998a, b).

 9. Study conducted on breast cancer patients undergoing combination chemother-
apy with oral W. somnifera(2 g every 8 h) showed a notable and remarkable anti- 
cancer activity. The consumption was found to be clinically safe (Biswal et al. 
2013).

4.6  Marketed Preparations of W. somnifera

W. somnifera has been used in various herbal preparations for treating different ail-
ments in countries where Ayurvedic or Unani system of medicine is officially rec-
ognised, such as India, Sri Lanka, Nepal, Malaysia and Bangladesh. Given below 
are listed some marketed products (Sangwan et al. 2004) of W. somnifera with their 
therapeutic properties (Table 4.2):

Table 4.2 Various marketed preprations of W. somnifera and their health benefits

Name of the medicine Manufacturer Application

Ashwagandharista Baidyanath Ayurvedic 
Bhawan

Used for improvement of memory and 
cognition, sleep induction and general 
nervous weakness

Himalaya 
Ashwagandha

The Himalaya Drug 
Company

Used for stress management

Stresswin Baidyanath Ayurved 
Bhawan

Used for relieving stress and physical 
exertion, memory enhancement, sleep 
induction and for general body weakness 
during menopause

Stresscom Dabur India Ltd Used as an anti-depressant and relieves 
physical and mental stress and general 
body weakness

Himalaya massage oil The Himalaya Drug 
Company

Used for stress relief and against insomnia, 
backache and as a muscle relaxant

Lovemax BACFO 
Pharmaceuticals Ltd

Used to induce vigour and cure sexual 
dysfunctioning

Vigomax Charak Pharmaceuticals 
Pvt Ltd

Used to cure sexual dysfunctioning

Vital plus Mukhti Pharma Used to cure sexual dysfunctioning, 
oligospermia and for general body 
weakness

Amrukha Kasthuri Pankajakasthuri 
Herbals India Ltd

Used to treat Neurasthenia and for 
convalescence

Brento Zandu Pharmaceutical 
Works Ltd

Used as a nervine tonic
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4.7  Conclusion

The traditional plant derived medicinal products used in disease therapies are a rich 
source of medicines. In this context, W. somnifera, one of the most useful medicinal 
plants, has been used for centuries to cure various disease conditions like inflamma-
tion, immune-modulation and several nervous disorders. This palnt is chemically 
enriched with various active constituents such as withanolides, sitoindosides and 
many useful alkaloids that have been explored through valid scientific analysis. 
These active isolated constituents have been documented to be beneficial for curing 
a wide range of human ailments. Currently, several studies are being conducted 
globally to explore the pharmacologic benefits of the plant and its constituents. 
Although several individual constitunets have been isolated and characterised for 
their health benefits, there is still need to explore the treasure of small molecules in 
this plant and to identify bioactive constituents. A more robust scientific evidence 
vis-à-vis pharmacological evalauation including drug like properties needs to be 
performed on bioactive constitunets to promote them as drug like candidates.
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Chapter 5
Withanolides: A Prospective Drug 
for Infectious and Tropical Diseases

Radheshyam Maurya

Abstract Withania somnifera (Ashwagandha) is a shrub plant from the family of 
Solanaceae and widely used by practitioners in the folk medicines as immune boost-
ing agent. The medicinal properties of plants have been attributed due to the pres-
ence of steroidal lactones called as withanolides. Withanolides are a group of highly 
oxygenated steroids derived from a C28 ergostane skeleton and have attracted sig-
nificant scientific interest due to their complex structural features and multiple bio-
activities. Last one decade’s more than 130 new natural withanolides were isolated 
from Withania spp., and the scientist from the different field demonstrated that 
Ashwagandha possesses antioxidant, anti-inflammatory, antitumor, antimicrobial 
properties. This chapter briefly reviews the drug-likeness activity of withanolides 
against antibacterial, antifungal, antiparasitic diseases and more focussed on anti-
leishmanial and immunomodulatory activities of withanolides.

Keywords Withanolides • Withaferin-A • Antibacterial • Antifungal • Antiparasitic 
• Anti-leishmanial • Immunomodulatory

5.1  Introduction

Withanolides are a group of steroidal lactones, isolated from various plants of the 
family, concluding W. somnifera, distributed in the South Asian sub-continent 
(Subramanian and Sethi 1971). W. somnifera (WS) has been safely used for centu-
ries for the treatment of different ailments is one of the examples for Medhya 
Rasayana. In Sanskrit “Ashwa” means horse and “Gandha” means odor, which 
resembles the sweaty horse. The name “somnifera” in Latin means “sleep-inducer” 
which relates its activity of relieving stress. WS is an erect, grayish, slightly hairy 
evergreen shrub with relatively long tuberous roots and also known as winter cherry, 
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or Indian ginseng (Fig. 5.1). The genus Withania includes 26 species out of which 
two occur in India. These are readily distinguishable as W. somnifera and W. coagu-
lans (Singh and Kumar 1998). The pharmacological and therapeutic properties of 
the plant have been attributed to the presence of withanolides, the most important of 
which is Withaferin-A, a steroidal lactone first isolated by Kurup (1956) from the 
leaves of the Indian plant and later isolated from the Israeli variety of the plant and 
characterized by Lavie et al. (1965).

WS leaves consist of steroidal lactone triterpenoids compounds called as witha-
nolides. Withanolides are a group of highly oxygenated steroids derived from a C28 
ergostane skeleton as the major chemical constituents (Lavie et al. 1972; Menssen 
and Stapel 1973). It is functionalized at carbons 1, 22 and 26, commonly known as 
the withanolide skeleton, in which C22 and C26 are oxidized to form a six- 
membered lactone ring (Fig.  5.1). Withaferin-A, the first withanolide-type, was 
reported in 1965 (Kurup) More than 1000 withanolides have been discovered over 
the past 50 years from the families of Solanaceae, Leguminosae, Labiatae, 

Fig. 5.1 Some bioactive molecules and their chemical structures isolated from Withania som-
nifera. (a) The basic structure of Withanolide, (b) Withaferin-A, (c) Withanolide-D, (d) Withanone 
(e) Withanolide-A, (f) Withastramonolide (g) Withanolides E (h) 5, 6-epoxy withanolides (i) 6, 
7-epoxy withanolides
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Myrtaceae, and Taccaceae. Most of these compounds are 1-oxo steroids and/or oxi-
dized at C-26 and C-22, or C-26 and C-23 to form a β- or α-lactone (Kurup 1958; 
Sethi et al. 1974; Kirson et al. 1969, 1970, 1971; Jaffer et al. 1988). Some of these 
(Table  5.1) are 14 a-hydroxy steroids, 4-OH and 5, 6-epoxy withanolides 
(Withaferin-A like steroids) and 5-OH and 6, 7-epoxy withanolides (withanolides A 
and D like steroids), 12-deoxywithastramonolide, (Kirson and Glotter 1980; 
Namdeo et al. 2011; Srivastava et al. 2008; Pretorius et al. 2009; Chatterjee et al. 
2010) and 14, 15β-epoxywithanolide I and 17β-hydroxywithanolide K (Choudhary 
et al. 1995). Ashwagandhanolide, a bioactive dimeric thiowithanolide has been iso-
lated from the roots of WS (Subbaraju et al. 2006). Withanolides are synthesized de 
novo in different parts of the plant (root and leave) and possess diverse biological 
and pharmacological activities (Mirjalili et al. 2009; Chen et al. 2011).

The antimicrobial activity of the roots, as well as leaves, has been shown experi-
mentally (Kurup 1958; Kohlumnezer and Krupinska 1963). Withaferin-A possess 
antibiotics activity (10 μg/ml) against the growth of various Gram-positive bacteria, 
acid-fast aerobic bacilli, pathogenic fungi, Micrococcus pyogenes var. aureus and 
partially inhibited the activity of glucose-6-phosphate dehydrogenase in Bacillus 
subtilis (Atta-ur-Rahman and Choudhary 1993). Withaferin-A inhibited Ranikhet 
virus. The shrub’s extract is active against Vaccinia virus and Entamoeba histolytica 
(Wealth of India 1982). Antibiotic activity of Withaferin-A is due to the presence of 
the unsaturated lactone ring. The lactone showed a potent therapeutic activity in 
experimentally induced sores in rabbits and the being slightly stronger than that of 
Penicillin. It substantiates the reliability of the leaves as a cure for abscesses and 
carbuncles in the indigenous system of medicine (Wealth of India 1982).

The comprehensive study has reported the diverse activities of WS (Winters 
2006) and whole plant extract and its constituents were associated anti- inflammatory, 
immunomodulatory and anti-stress activities. WS is also considered an adaptogen, 
a preventive medication that normalizes physiological functions which are disturbed 

Table 5.1 Antibacterial, antifungal and antiparasitic activities of some Withanolides isolated from 
Withania somnifera

Chemical 
constituent Compounds Biological activity

Withanolides Withaferin A Antibacterial and Antifungal Antibiotic 
and Antimitotic Antiparasitic and 
Antitumour

Withanolide E Antibacterial, Immunosuppressive, 
Insectantifeedant

(3-β-hydroxy-2, 3-hydroxy 
Withanloide)

Antibacterial , Antitumour, 
Antiinflammatory, Insect antifeedant

Withanolide D Antitumour
17β-hydroxywithanolide K Antifungal
5, 20-α dihydroxy-6α 
7a-epoxy-1- OXO (5α-1 with 
a-2, 24-dienolide)

Immunolomodulatory
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by due to chronic stress, through correction of imbalances in the neuroendocrine 
and immune systems (Ven Murthy et al. 2010). Antitumor mechanisms of WS reveal 
its potential to upregulate phase II liver enzymes, cell cycle proliferation, tumor 
apoptosis, inhibition of angiogenesis; NF-ΚΒ suppression enhanced immune sys-
tem (Oh et al. 2008). Withaferin-A and Withanolide-E exhibited a specific immuno-
suppressive effect on human B and T lymphocytes and mice thymocytes. 
Withanolide-E had a particular effect on T lymphocytes whereas Withaferin-A 
affected both B and T lymphocytes (Aggarwal et al. 2012). WS has been used in 
different forms, such as dried powder of root and leaf.

In recent years, withanolides have attracted significant scientific interest due to 
their complex structural and pharmaceuticals properties, such as their antibacterial, 
antiviral, antifungal, anti protozoan, antitumor, immunosuppressive, antifeedant, 
antistress, and anti-inflammatory capacities (Fig. 5.2). This chapter provides a com-
prehensive review on withanolides in the treatment of various infectious and tropi-
cal diseases last one decade.

5.1.1  Anti-bacterial Activity

The antibacterial properties of this multipronged medicinal plant were for the first 
time reported by Kurup (1956) against Salmonella aureus. Withaferin-A and 
3-b-hydroxy-2,3-dihydrowithanolide-F isolated from WS show promising antibac-
terial, antitumoral, immunomodulating and anti-inflammatory properties (Kurup 
1958; Sethi et al. 1974; Budhiraja and Sudhir 1987; Ziauddin et al. 1996; Mishra 
et al. 2000). The methanolic and hexane extracts of both leaves and roots of WS 

Anti-
Inflammatory

Anti-Bacterial

Anti-Fungal

Anti-Viral

Anti-Protozoan

Anti-Tumor

Anti-Oxidant

Immune
Modulator

Withanolides

Fig. 5.2 Schematic flow chart represents the Withanolides as a potential drug for human 
diseases
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were demonstrated as a potent antibacterial activity  (Shanazbanu et  al. 2006). A 
synergistic increase in the antibacterial effect with Tibrim was noticed in agar plate 
disc-diffusion assay against Salmonella typhimurium and Escherichia coli (Arora 
et al. 2004). Recently, the antibacterial activity of WS root and leaf of both aqueous 
as well as alcoholic extracts of the plant were found to possess potent antibacterial 
activity against a range of bacteria including Salmonella typhimurium, E.coli as 
revealed by in vitro Agar Well Diffusion Method (Owais et al. 2005; El-Boshy et al. 
2013). Further, the oral administration of the aqueous fruit extracts successfully 
obliterated Salmonella infection in mice as revealed by increased survival rate, as 
well as less bacterial load in various vital organs of the treated animals (Owais et al. 
2005; Heyman et al. 2009). WS leaf extract indirectly modulates immune activity 
and probably disengages Listeria- monocyte genes induced suppression by provok-
ing a higher reserve of myeloid progenitors in the bone marrow, proliferation of 
lymphocytes and increased INF-γ levels in infected mice (Teixeira et al. 2006).

Antimicrobial activity of alkaloids of different parts (root, stem, leaf and fruits) 
of WS was evaluated against four bacteria (Escherichia coli, Pseudomonas aerugi-
nosa, Proteus mirabilis, Staphylococcus aureus) and four fungi (Aspergillus flavus, 
Aspergillus niger, Candida albicans and Trichophyton mentagrophytes). The 
 alkaloid extracts from the different source of the plant were found to possess effec-
tive antimicrobial activity against test pathogens, as revealed by Disc Diffusion 
Assay. All the microorganisms were found to be sensitive against the extracts tested 
except A. flavus, A. niger. The results of these studies advocate the exploitation of 
alkaloid extracts of WS for future antimicrobial drugs (Rajendran and Ramakrishnan 
2009; Singh and Kumar 2011). The methanolic extract of WS (MEW) was restrain-
ing physiological activities of carcinogenic bacteria and virulence properties of 
Streptococcus mutans and Streptococcus. Moreover, MEW inhibited acid produc-
tion, acid tolerance, and biofilm formation of S. mutans and S. sobrinus at sub-MIC 
levels and showed a broad antibacterial range against oral bacteria (Pandit et  al. 
2013). A Recent study demonstrated that the herbal extracts of WS showed the 
highest MIC against drug resistant E. coli (erythromycin, tetracycline, ceftazidime, 
cefixime, penicillin, ampicillin and nalidixic acid) was 200 ppm and lowest MIC 
was 50 ppm. These results indicated that WS extracts had antibacterial effects on 
drug resistant E. coli strains isolated from clinical samples (Bokaeian et al. 2015).

Antibacterial activities of WS leaf extracts displayed the highest activity against 
S. typhi (32.00 ± 0.75  mm zone of inhibition), although the lowest activity was 
against K. pneumoniae (19.00 ± 1.48 mm zone of inhibition). The lowest minimum 
inhibitory concentration value was 6.25 mg/ml, which was against S. typhi, fol-
lowed by 12.5 mg/ml against E. coli. Finally, WS exhibited significant antibacterial 
activities against Gram-negative bacteria, particularly S. Typhi (Alam et al. 2012). 
The root extracts of WS were found to be effective against all multi-drug resistant 
(MDR) Staphylococcus aureus strains isolated from local and patient sources. The 
antimicrobials activities of different root extracts of WS showed a different degree 
of effectiveness against the strains and may raise an alternative therapy for MDR 
staphylococcal infections in the near future (Jaffer et al. 1988; Datta et al. 2011). 
The different fraction of WS extract was tested on clinically isolated bacterial 
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pathogens from skin, upper respiratory tract, gastrointestinal and urinogenital tract 
infection (Staphylococcus aureus, E. coli, Pseudomonas aeruginosa and Bacillus 
subtilis) and possess high antibacterial activity for gram negative as well as gram 
positive bacteria. (Mahesh and Satish 2008; Sundaram et  al. 2011). The acetone 
extract of WS leaves possessed promising antimicrobial activity against the growth 
of six pathogenic bacteria viz., Bacillus cereus, B. subtilis, Staphylococcus epider-
mis, S. aureus, Streptococcus pneumoniae and S. pyogenes and five bifidobacteria 
viz., Bifidobacterium animalis, B. breve, B. catenulatum, B. infantis and B. longum 
(Polesny et al. 2008; Halamova et al. 2013). The above finding also demonstrated 
that the withanolides are extracted from ethanol, methanol, ethyl acetate and ace-
tone, the range of polar solvents which are a potent inhibitor of bacterial growth 
(Table 5.2).

5.1.2  Anti-fungal Activity

Therapeutic efficacy of W. somnifera was demonstrated to possess potent antifungal 
activity and was found effective in the treatment of murine aspergillosis. 
Ashwagandha showed the protective action against systemic Aspergillus infection. 
This protective activity was probably related to the activation of the macrophage 
function revealed by the observed increases in phagocytosis and intracellular killing 
of peritoneal macrophages induced by Ashwagandha treatment in mice (Dhuley 
1998). Moreover, Dhuley (1997) demonstrated that this plant stimulates chemotaxis 
and the production of Interleukin-1 and TNF-α in macrophages from immunosup-
pressed mice. Another study showed that extracts of WS with 100 μg concentration 
in each disk, made an inhibitory zone (15 ± 0.5 mm) against Aspergillus fumigatus 
(Bansod and Rai 2008). 14, 15β-epoxywithanolide I and 17β-hydroxywithanolide 
K isolated from W.cogulance exhibited antifungal activity against human pathogens 
Nigrospora oryzae, Aspergillus niger, Curvularia lunata, Stachybotrys atra, 
Allescheria boydii, Drechslera rostrata, Microsporum canis and Epidermophyton 
floceosum and plant pathogen Pleurotus ostreatus (Choudhary et al. 1995) Table 5.2.

5.1.3  Anti-parasitic Activity

In vitro study has been shown that chloroform extract from W. somnifera posse’s 
antimalarial activity against P. falciparum and the IC50 of the extract is 2.04 μg/ml 
(Bogale and Petros 1996). The anti-malarial activities of WS also have been reported 
in  vivo model of malaria (Dikasso et  al. 2006; Teklemariam 2005). Results of a 
4-day malaria suppressive test in P. berghei-infected mice also revealed that the 
methanolic extract fractions of WS leaves showed a significant reduction of parasit-
emia at lower doses compared to the crude extracts. The decrease of parasitemia by 
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44% and 57% at doses of 200 and 300 mg/kg body weight, respectively, by fractions 
of crude methanolic extract (Dame et al. 2013; Amuamuta and Na-Bangchang 2015).

The methanolic extracts from W. somnifera (Ashwagandha) possess antileish-
manial activity showed in-vitro (Sharma et al. 2009; Sen et al. 2007). A recent study 
also revealed that the antileishmanial activity of the herbal drug from WS is  exhibited 

Table 5.2 Chemical constituents of pharmaceutical importance identified in Withania somnifera 
(Mir BA et al. 2012)

Plants 
parts Chemical constituent References

Roots Sitoindosides VII (Acylsteryl-glucoside) Bhattacharya et al. (1987)
Sitoindosides VIH (Acylsteryl-glucoside) Bhattacharya et al. (1987)
Sitoindosides IX (Glycowithanolide) Ghosal et al. (1988)
Sitoindosides X (Glycowithanolide) Ghosal et al. (1988)
Withanine (Alkaloid) Majumdar (1955)
Withananine (Alkaloid) Majumdar (1955)
Ashwagandhanolide Subaraju et al. (2006) and 

Mirjalili et al. (2009)
Leaves Withaferin (Steroidal lactone) Anjaneyulu and 

Satyanarayana Rao (1997)
Withaferin A (Steroidal lactone) Kirson et al. (1970) and 

Lavie et al. (1965, 1972)
Withanolie D (Steroidal lactone) Kirson et al. (1970) and 

Lavie et al. (1975)
Withanolie E (Steroidal lactone) Glotter et al. (1973)
Withanone (Steroidal lactone) Dhalla et al. (1961) and 

Kirson et al.(1971)
Withanolide Z (Novel) Pramanick et al. (2008)
Withanolide B Pramanick et al. (2008)
7-hydroxywithanolide Pramanick et al. (2008)
3α-methoxy-2, 3-dihydro- Anjaneyulu and 

Satyanarayana Rao (1997)
27-deoxywithaferin A (Steroidal lactone) Kirson et al. (1970)
4β, 17α-dihydroxy-l-loxo- Lavie et al. (1965)
5β, β-epoxy-22R-witha- Lavie et al. (1965)
2,24-dienolide (steroidal lactone) Kirson et al. (1970) and 

Lavie et al. (1968)
β-dihydroxy-5β, 6β-epoxy- Glotter et al. (1973)
l-oxo-22R-witha-2, 14-24- Dhalla et al. (1961)
Trienolide (steroidal lactone) Kirson et al. (1971)
5,20α (R)-dihydroxy-6α, 7α-epoxy-l-oxo- (5α) 
-Witha-2, 24-dienolide (steroidal laetone) 
2,3-dihydrowithaferin A-3beta-0-sulfate

Menben Von and Stapel 
(1973), Xu et al. (2011)

Seeds Withanolide —WS 2 (aliphatic ester) Withanolide 
—WS 1 (aliphatic ketone)

Kundu et al. (1976) and 
Khan et al. (1993)
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through blocking of the protein kinase C signaling pathway (Grover et al. 2012). 
The treatment of infected mice with a combination of Asparagus racemosus and WS 
extracts not only resulted in the successful reduction of parasite level but also, gen-
erated protective Th1 type of immune responses with normalization of biochemical 
and hematological tests suggesting their role as an important antileishmanial agent 
(Kaur et al. 2014).

Withaferin-A has been identified as one of Ashwagandha’s prominent compounds 
from WS and has shown antileishmanial activities with possible inhibitory action on 
DNA topoisomerase-I (Pramanick et al. 2008; Sharma et al. 2009). A previous study 
with L. donovani showed that Withaferin-A inhibits protein kinase, which induces 
apoptosis through apoptotic topoisomerase I- DNA complex (Sen et  al. 2007). 
Withaferin-A was collectively known as withanolides and exhibits other therapeutic 
activities like anticancer (Grover et al. 2010, 2012), anti-herpetic property (Grover 
et al. 2011). It is a cell permeable steroidal lactone having many other pharmacologi-
cal properties (Sharma et al. 2009). Recently, our lab demonstrated that the mode of 
action of Withaferin-A, an abundant withanolide in the leaves of WS inhibits 
Pteridine Reductase-1 enzymes from the Pteridine salvage pathway of the parasite 
(Chandrasekaran et al. 2015), exclusively present in trypanosomatids (Table 5.2).

5.1.4  Withanolides Controls the L. donovani Infection

Recently we have demonstrated that Withanolides isolated from WS leaves using 
bioassay-guided fractionation (F5 and F6 of ethanolic fractions) showed potent 
antileishmanial activity on the promastigote stage of the L. donovani parasites in- 
vitro (Chandrasekaran et al. 2013). The study revealed that the withanolides were 
altered the morphology of parasites from spindle to round shape and loss of flagella/
cell integrity in promastigote stage of parasites. Moreover, it also induced DNA 
cleavage, inhibition of cell cycle and externalization of phosphatidylserine in dose 
and time-dependent manner via an increase in reactive oxygen species (ROS) and 
decreased in mitochondrial membrane potentials (Ψm) in parasites. Further, in-vivo 
study revealed a drastic reduction in Th2 cytokine (IL-10, IL-4, TGF-β) expression 
and increased IgG2a levels when compared with IgG1 in treated mice suggesting its 
immunomodulatry properties (Chandrasekaran et  al. 2017) (Fig.  5.3). In conclu-
sion, withanolides induce apoptotic-like death through the production of ROS from 
mitochondria and disruption of Ψm in promastigotes of L. donovani and shown 
potent immunomodulatory properties.

An ex-vivo study of fractions F5, F6, and Withaferin-A have shown the drastic 
reduction of amastigotes count in infected macrophage compared to control through 
the induction of reactive oxygen species upon treatment. BALB/c mice infected 
with L. donovani and treated for ten consecutive days showed a drastic reduction in 
parasite burden in both spleen and liver. The treatment resulted in increased expres-
sion of Th1 cytokines (IFN-γ, IL-12) and reduced expression of Th2 cytokines 
 (IL- 10, IL-4, and TGF-β). Besides, the IgG2a levels were significantly increased as 
compared to IgG1 in the sera of treated mice, indicating the induction of Th1 type 
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of immunity (Fig. 5.3). In conclusion, our results suggest that withanolides from W. 
somnifera have potent antileishmanial and immunomodulatory activities in experi-
mental VL mice.

Furthermore, our lab has also demonstrated the Withaferin-A can alone inhibit 
the parasite-specific Pteridine reductase 1 (PTR1) enzymes. This is a crucial enzyme 
involved in pteridine salvage pathway and an essential for the growth and survival 
of the parasite. Hence, we employed molecular docking studies to identify the bind-
ing mode of Withaferin-A with PTR1 in-silico. The enzymes kinetic assayed with 
purified PTR-1 protein and whole parasites lysates revealed that Withaferin-A 
inhibits PTR-1 enzymes (Fig. 5.4) through the uncompetitive mode of inhibition in 
the parasites (Chandrasekaran et al. 2015).

5.1.5  Immune-Modulation in Infectious Diseases

The immune response elicited by the treatment as well as an effect of therapy on the 
immune response. Since, the Th1 and Th2 responses play a prominent role in recov-
ery from leishmaniasis and shift from Th2 to Th1 response helps in providing 

Fig. 5.3 Schematic representation of Withania somnifera leaf extract (F5 & F6) and Withaferin-A 
activities in experimental visceral leishmaniasis. Withanolides have shown potential antileishman-
ial and immunomodulatory properties against Leishmania donovani parasites in in vitro, ex vivo 
and in vivo studies
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resistance to infection (Chowdhury et  al. 2012; Chandrasekaran et  al. 2013; 
Yamamoto et al. 2014). Some studies have demonstrated the benefits of combining 
conventional treatment with other compounds that can control immune response, or 
they have immunomodulatory property (Calla-Magarinos et  al. 2013; Gamboa-
Leon et  al. 2014). An in  vivo study on anti-leishmanial and immunomodulatory 
activity of withanolides against L. donovani has shown that it is more effective with 
the combination of cisplatin compared to the drugs alone (Sachdeva et al. 2013). 
This inhibitory effect of WS has been attributed to the presence of Withaferin-A 
(steroidal lactone) and withanolide-A.  Withaferin-A can induce Leishmania-
affected cells apoptosis via inhibition of protein kinase C affecting apoptosis and 
pteridine reductase- 1 activity in parasite (Sachdeva et  al. 2013; Chandrasekaran 
et al. 2013). Additionally, withanolides having its hepatoprotective and antioxidant 
properties can eliminate hepatotoxicity and the liver dysfunction either induced by 
cisplatin used for the treatment of VL or by the parasite itself (Sachdeva et al. 2013). 
Plant extracts, secondary metabolites or biomolecules can exert immunostimulatory 
properties (Chouhan et al. 2014). It is believed that the most common mechanism 
for exerting immunomodulatory activity is the stimulation of NO or ROS 

Fig. 5.4 Docking, Cloning, Expression and Purification of Pteridine reductase 1 (PTR 1) protein. 
The enzyme assayed with Withaferin-A has shown the inhibition of PTR1 enzyme through the 
uncompetitive mode of enzyme inhibition suggesting its antileishmanial activity. (a) Withaferin-A 
Docking with Pteridine Reductase 1 enzymes, (b) Amplified PCR product of PTR1 gene (c) 
Cloning & confirmation of PTR1 gene, (d) Expression of PTR1 proyein, (e) PTR1 protein confir-
mation by Western Blot and (f) PTR1 Enzymes assay with substrate, Withaferin-A and PTR1 
Inhibitors
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production that is principle effector molecule for killing of Leishmania amastigotes 
(Chowdhury et al. 2012; Chandrasekaran et al. 2013).

W. somnifera show an immuno-potentiating and myeloprotective effects know 
roots by enhancing the levels of interferon (IFN)-γ, interleukin (IL)-2 and granulo-
cyte macrophage colony stimulating factor in normal and cyclophosphamide-treated 
mice (Malik et al. 2009; Davis and Kuttan 1998). The active compound (withano-
lide- A) in the roots of WS significantly increases the expression levels of T-helper 1 
(Th1) cytokines, as well as CD4 and CD8 T cells counts. It also enhances natural 
killer (NK) cell activity in a dose-dependent manner with a prompt recovery of 
CD4+ T cells in immune suppressed animals (Malik et al. 2009; Davis and Kuttan 
2000; Khan et al. 2006; Bani et al. 2006; Khan et al. 2009). Apart from this, the 
activated macrophage functioning indicated by enhanced secretion of nitric oxides, 
IL-2, and TNF-2, decreases moderately IL-4 with no effect on IL-10 suggesting that 
it only influenced Th1 profile of the cytokines (Chandrasekaran et  al. 2013 and 
2017; Khan et  al. 2009). The root powder is also reported to stimulate the cell- 
mediated immunity, IgM, and IgG and a noticeable improvement in proliferation 
and differentiation of lymphocytes as indicated by lymphocyte surface markers of T 
cells (CD3+, CD4+, and CD8+) and B cells (CD19+) (Bani et al. 2006; Khan et al. 
2009). Furthermore, the aqueous suspension of WS also showed anti-inflammatory 
and immunosuppressive effects by inhibiting the complement system, mitogen- 
induced lymphocyte proliferation and delayed type hypersensitivity (DTH) in rats 
(Rasool and Varalakshmi 2006). Though, no effect on the humoral response was 
seen while others have reported that elevated levels of IgG2a over lgGl in the witha-
nolides treated BALBc mice (Bani et al. 2006). However, the effect of Withanolides 
on the immunoregulatory cellular response has not been tested yet. Hence, natural 
compounds isolated from WS are the future drugs candidates that might address the 
antibacterial and antifungal and antiparasitic activities together with induced 
immune response to control the infectious diseases.

5.2  Conclusion

The future perspective of basic and translational research with Withania somnifera 
must enlist the investigation for immunoregulatory molecules induced by withano-
lides in infectious diseases. The involvement of immune- regulatory cells induced 
by withanolides molecules might have several functions: such as regulating antigen 
presentation and control of immunosuppressive microenvironment along with a 
physiological cytokine milieu for an effector T cell function. Finally, the investiga-
tions toward the use of withanolides, in accord with the holistic Ayurvedic 
approaches to treating infectious diseases may impact on several forms of bacterial, 
fungal and parasitic disease together with immune modulation.
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Chapter 6
Withania somnifera Extract/Withaferin 
A as a Prospective Anti-pigmenting Agent

Genji Imokawa

Abstract A screening test was used to assess more than 400 kinds of herbal extracts 
and related chemicals for their ability to interrupt the endothelin (EDN)1- and/or 
stem cell factor (SCF)-activated interacellular signaling that leads to the increased 
activity of tyrosinase in normal human melanocytes (NHMs). A Withania somnifera 
extract (WSE) and one of its active compounds withaferin A (WFA) showed distinct 
abrogating effects on the EDN1- and SCF- stimulation of tyrosinase activity with-
out any direct inhibitory effect on tyrosinase, which suggests that the WSE and 
WFA interrupt signaling pathways upstream of tyrosinase expression. In addition, 
in a co-culture system using UVB-exposed normal human keratinocytes (NHKs) 
and NHMs, WFA has a potent ability to abrogate the UVB-stimulated tyrosinase 
activity in NHMs by abolishing the increased secretion of the intrinsic melanogenic 
cytokine EDN1 in UVB-exposed NHKs as well as by interrupting signaling path-
ways upstream of tyrosinase expression in NHMs. Consistently, signaling analysis 
with immunoblots revealed that in WSE-treated human melanoma cells or NHMs in 
culture, there is a marked deficiency in the EDN1-stimulated phosphorylation of 
Raf-1, MEK, ERK, CREB and MITF at 15 min after EDN1 treatment. The absence 
of an inhibitory effect on EDN1-induced intracellular calcium mobilization in 
NHMs suggests that the WSE inhibits EDN1-triggered PKC activity and/or abol-
ishes its activation. In NHMs treated with SCF, the WSE also has a distinct potential 
to abrogate the stimulated phosphorylation of ERK, MITF and CREB, but not of 
Raf-1 and MEK, which indicates that the WSE attenuates the SCF-triggered phos-
phorylation of ERK by inhibiting MEK kinase activity. In WFA-treated NHMs, 
there is a marked deficiency in the SCF-stimulated series of phosphorylations of 
c-KIT, Shc, Raf-1, MEK, ERK, CREB and MITF. Taken together, the analysis of 
SCF binding and the effect of dithiothreitol (DTT) revealed that WFA attenuates the 
SCF-induced activation of c-KIT in NHMs by interrupting the auto- phosphorylation 
of c-KIT through DTT-suppressible Michael addition thioalkylation reactions with-
out interrupting the binding of SCF to the c-KIT receptor. In human epidermal 
equivalents consisting of multilayered NHKs and NHMs, addition of the WSE or 
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WFA elicits a marked depigmenting effect on EDN1- or SCF-stimulated pigmenta-
tion accompanied by a significant decrease in eumelanin content. Real-time RT-PCR 
and Western blotting revealed that the stimulated expression of melanocyte-specific 
mRNAs and proteins, including tyrosinase and microphthalmia associated tran-
scription factor (MITF), is significantly suppressed at days 7–10 of culture by the 
WSE and by WFA. The sum of these findings strongly suggests that the WSE and 
WFA can serve as potent melanogenic signaling-interruption type anti-pigmenting 
agents without any risk of hypopigmentation, thus they are prospective therapeutic 
candidates for treating hyperpigmentary disorders such as UVB-melanosis, solar 
lentigo and melasma where the over-expression of SCF and/or EDN1 is involved in 
the hyperpigmentation mechanism.

Keywords Withania somnifera • Extract • Withaferin A • Interrupt endothelin and 
stem cell factor- activated interacellular signaling • Anti-pigmenting agents

6.1  Introduction

Medicinal plants contain antioxidants consisting of polyphenols and flavonoids, and 
many other active ingredients (such as alkaloids). They have several biological 
properties such as depleting reactive oxygen species (ROS), modulating the cell 
cycle and alterating intracellular signaling. Withania somnifera (WS), commonly 
known as Ashwagandha or Indian winter cherry, is a medicinal plant that contains 
Withaferin A (WFA), a bioactive steroidal lactone. The known pharmacologic 
effects of the Withania somnifera extract (WSE) include modulation of immune 
function (Agarwal et  al. 1999), cardioprotection from ischemia and reperfusion 
injury (Gupta et  al. 2004), protection from 6-hydroxydopamine–induced 
Parkinsonism in rats (Ahmad et al. 2005), antibacterial effects (Owais et al. 2005) 
and anti-inflammatory effects (Rasool and Varalakshmi 2006). As for effects associ-
ated with modulating signal transduction, cell signaling, transcription, apoptosis 
and the cell cycle in a variety of cell types, the WSE has been reported to suppress 
the lipopolysaccharide-induced production of inflammatory cytokines, including 
tumor necrosis factor (TNF)-α, interleukin (IL)-1 and IL-12, in peripheral blood 
mononuclear cells and it inhibits nuclear factor-nkB activation (Singh et al. 2007; 
Ichikawa et al. 2006; Kaileh et al. 2007). Treatment with the WSE also significantly 
down-regulates the expression of proinflammatory cytokines (IL-6, IL-1β, IL-8, 
Hsp70 and STAT-2) in prostate cancer cells, while a reciprocal up-regulation is 
observed in the expression of p38 MAPK, PI3K, caspase 6, cyclin D and c-myc 
(Aalinkeel et al. 2010). Furthermore, treatment with the WSE significantly modu-
lates the JAK-STAT pathway, which regulates both the apoptosis process as well as 
MAP kinase (MAPK) signaling (Aalinkeel et al. 2010). WFA has been reported to 
inhibit Notch-1 signaling and to down-regulate prosurvival pathways, such as Akt/
NF-kappaB/Bcl-2, in 3 colon cancer cell lines (HCT-116, SW-480 and SW-620) 
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(Koduru et  al. 2010). In addition, WFA down-regulates the expression of the 
rapamycin signaling targets, pS6K and p4E-BP1, and activates c-Jun-NH(2)-kinase- 
mediated apoptosis in colon cancer cells (Koduru et al. 2010). WFA has also been 
shown to be a radiosensitizer and a suppressor of mouse Ehrlich ascites carcinoma 
growth (Devi et al. 1992, 1995, 1996, 2000). More recent studies have shown that 
WFA suppresses the growth of human cancer cells by causing apoptosis (Yang et al. 
2007; Srinivasan et al. 2007; Malik et al. 2007). In leukemic cells of lymphoid and 
myeloid origin, WFA induces apoptosis by activating the p38 MAPK signaling cas-
cade, which further activates downstream signaling by phosphorylating ATF-2 and 
HSP27 (Mandal et al. 2008). Further, WFA has a potent capacity to inhibit inflam-
mation through the inhibition of NO production and iNOS expression by blocking 
Akt and subsequently down-regulating NF-kappaB activity in RAW 264.7 cells (Oh 
et al. 2008). Withanolide sulfoxide from Aswagandha roots completely suppresses 
TNF-induced NF-kappaB activation followed by the inhibition of cyclooxygenase 
and tumor cell proliferation (Mulabagal et al. 2009). Recently, the bioactive proper-
ties of WFA have been reported to include an anti-tumor capacity by inhibiting 
proteasomal chymotrypsin-like activity (Yang et al. 2007) and apoptosis induction 
through the inhibition of protein kinase C (Sen et al. 2007). WFA also inhibits cell 
adhesion through the inhibition of ICAM-1 and VCAM-1 expression by blocking 
Akt and down-regulating NF-kappaB activity in human pulmonary epithelial cells 
(Oh and Kwon 2009). Despite abundant reports on the biological activities of the 
WSE and WFA derivatives, there have been no reports elucidating their effects on 
melanogenesis in melanocytic cells. The abundant evidence for the WSE and WFA 
derivatives to modulate intracellular signaling and apoptosis prompted us to exam-
ine their effects on the endothelin 1 (EDN1)- and stem cell factor (SCF)-stimulated 
melanogenesis and pigmentation in melanocytic cells including normal human 
melanocytes (NHMs) and human melanoma cells, and human epidermal equiva-
lents (HEEs) consisting of multilayered normal human keratinocytes (NHKs) and 
NHMs.

6.2  Hyperpigmentation Mechanisms

Ultraviolet B (UVB) irradiation is a harmful stimulus for human skin and elicits 
various types of alterations and degenerations especially in epidermal cells, with 
one of the most frequently occurring phenomenon being the accentuation of skin 
pigmentation such as UVB-melanosis and solar lentigo. As depicted in Fig. 6.1, the 
biological mechanism underlying UVB-melanosis has been extensively character-
ized (Hachiya et al. 2001, 2004; Imokawa et al. 1992, 1995, 1996, 1997; Yada et al. 
1991; Yang et al. 2007; Yokota et al. 2006). The mechanism involves a sequence of 
cellular events that predominantly occurs in the epidermis, where the production 
and secretion of several cytokines, such as EDN1, SCF and α-melanocyte stimulat-
ing hormone (αMSH), is accentuated in an autocrine fashion by the initial secretion 
of the primary inflammatory cytokine IL-1α in UVB-exposed NHKs.

6 Withania somnifera Extract/Withaferin A as a Prospective Anti-pigmenting Agent



124

Those cytokines trigger neighboring melanocytes to activate intracellular signal-
ing cascades that are initiated by the binding of EDN1, SCF and/or αMSH to their 
specific receptors (Abdel-Malek et al. 1995; Imokawa et al. 1992, 1995, 1996, 1997, 
2000; Suzuki et al. 1996). This activation of intracellular signaling pathways even-
tually leads to cAMP response element binding protein (CREB) activation (phos-
phorylation) at the terminal point of corresponding intracellular signaling, which 
results in an accentuated expression of the melanocyte master transcription factor 
microphthalmia-associated transcription factor (MITF). This then up-regulates the 
expression of genes encoding melanocyte-specific proteins, including the major 
melanin synthetic enzymes tyrosinase, tyrosinase-related protein 1 (TYRP1) and 
dopachrome tautomerase (DCT) as well as melanosomal structural pro-
teins  (PMEL17) and the corresponding receptors for EDN1 (EDNRB) and SCF 
(c-KIT). This results in increased melanization within melanosomes in melanocytes 
and subsequently an accumulation of melanized melanosome complexes in kerati-
nocytes after they phagocytize them from the dendritic tips of melanocytes. On the 
other hand, solar lentigos, which are the most common type of pigmented spots in 
Asians and frequently occur in sun-exposed skin areas, have been implicated in a 
similar but distinct biological mechanism, as depicted in Fig. 6.1. In that mecha-
nism, the secretion of TNFα by lesional keratinocytes is up-regulated independent 
of UV, which triggers keratinocytes to stimulate the production of EDN1 and SCF 

Fig. 6.1 Paracrine cytokine mechanisms underlying the hyperpigmentation in UVB-melanosis, 
solar lentigo and melasma. TNF tumor necrosis factor, IL-1 interleukin-1, EDN1 endothelin-1, 
mSCF membrane-bound stem cell factor, sSCF soluble stem cell factor (Imokawa and Ishida 2014)
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in an autocrine fashion (Hattori et al. 2004; Kadono et al. 2001; Hachiya et al. 2001, 
2004). Those same cytokines cause melanocytes to activate several intracellular sig-
naling pathways, which lead to the accentuated expression of melanocyte-specific 
proteins including tyrosinase, via the up-regulated levels of MITF in the same 
 fashion as UVB-melanosis. In melasma, the secretion of soluble SCF (sSCF) by 
dermal fibroblasts (Imokawa et al. 1998) is upregulated in the lesional dermis, prob-
ably due at least in part to the photoaging process (Kang et al. 2006). This leads to 
the penetration of sSCF into the epidermis through the basement membrane and 
then to the activation of epidermal melanocytes via the SCF signaling cascade, all 
of which results in the stimulation of epidermal pigmentation.

Few anti-pigmenting agents have been designed and developed according to 
these known hyperpigmentation mechanisms and corresponding cytokine-triggered 
intracellular signaling cascades. In most cases, anti-pigmenting agents have been 
shown to inhibit tyrosinase activity in vitro (Noh et al. 2007; An et al. 2010; Cha 
et al. 2011; Chung et al. 2012; Emami et al. 2012; Vontzalidou et al. 2012), to stimu-
late the proteolytic degradation of tyrosinase via the proteasome system (Ando et al. 
1999) and/or to disrupt the transfer of melanin granules to keratinocytes from mela-
nocytes (Paine et al. 2001). Thus, those anti-pigmenting agents are mechanistically 
involved in the interruption of natural melanogenic mechanisms by which constitu-
tive skin color is maintained at a normal and unstimulated level. These mechanistic 
approaches to search for appropriate therapeutic and anti-melanogenic agents face 
a serious problem as follows: Even in normal skin conditions, tyrosinase functions 
to synthesize melanin in melanosomes to a specifically regulated level and the mela-
nin produced is transferred to keratinocytes, which maintains the constitutive level 
of skin color. Thus, because of the difficulty of topically applying agents limited to 
a hyperpigmented skin area, some potent anti-pigmenting agents capable of sup-
pressing these natural non-stimulated pigmentation processes may lead to hypopig-
mentation, which hampers further research into potent anti-pigmenting agents 
without the risk of hypopigmentation. Such a skin problem occured in 2013 in Japan 
among approximately 20,000 consumers (corresponding to 2% of the total users) 
who used the tyrosinase inhibitor rhododendrol containing whitening cosmetics 
(Imokawa 2014). In this respect, the general notion that hyperpigmentation should 
be diminished at most to the normal level of constitutive pigmentation by anti- 
pigmenting agents would be ideal. From this viewpoint, suppressing the over- 
activation of melanogenesis, including these melanogenic intracellular signaling 
pathways, would be an appropriate approach to develop new anti-pigmenting agents 
with an effective potential at nM levels but without the risk of causing hypopigmen-
tation because the intracellular signaling pathway does not function substantially in 
normal skin conditions and is activated only by environmental stimuli such as UVB 
to contribute to the hyperpigmentation.
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6.3  Abrogating Effect of WFA on Stimulated Tyrosinase 
Activity in Co-culture

We first characterized the paracrine cytokine interactions between UVB-exposed 
NHKs and NHMs, which lead to the increased activity of the key melanin synthetic 
enzyme tyrosinase using co-cultures of NHMs and UVB-exposed NHKs. 
Co-cultures with cell culture inserts were performed as previously reported 
(Nakajima et al. 2012c; Niwano et al. 2015).

Thus, in the co-cultue system with cell culture inserts, we found that NHMs co- 
cultured with UVB-exposed NHKs had significantly increased tyrosinase activity 
as measured using 3-methyl-2-benzothiazolinone hydrazine (MBTH) as reported 
by Winder and Harris (1991) in a UVB dose-dependent manner (Niwano et  al. 
2015). Real-time RT-PCR analysis revealed that co-culture with UVB-exposed 
NHKs stimulated mRNA levels of MITF, tyrosinase and TYRP1 at 48 h post-irra-
diation in NHMs. In the co-culture medium, the secretion of IL-1α, TNFα, Il-6, 
IL-8, EDN1, prostaglandin (PG) E2 and granulocyte macrophage colony stimula-
tory factor (GM-CSF), but not αMSH, was significantly increased during 24–72 h 
post- irradiation (Niwano et al. 2015). The addition of an EDN1 neutralizing anti-
body to the co-culture significantly abrogated the stimulation of tyrosinase activity 
elicited by UVB-exposed NHKs (Niwano et al. 2015). This indicates that among 
the several soluble cytokines secreted, EDN1 is the one responsible for stimulating 
tyrosinase activity in the co-culture, which is consistent with our previous reports 
concerning intrinsic soluble cytokines involved in UVB pigmentation mechanisms 
(Imokawa et al. 1992, 1995). The sum of our results indicates that paracrine factors, 
including EDN1, are secreted by UVB-exposed NHKs, which pass through the 
membrane of the cell insert well and trigger NHMs in cell culture plate to increase 
tyrosinase activity. Thus, this co-culture system with cell culture inserts serves as 
an appropriate new epidermal model for UVB-induced hyperpigmentation. We 
have  determined using the co-culture system whether WFA can interrupt the para-
crine interaction between UVB-exposed keratinocytes and melanocytes to abolish 
the increased tyrosinase activity. The results revealed that while UVB-exposure of 
NHKs stimulated tyrosinase activity in NHMs, treatment with WFA (at 12.5, 25 
and 50 nM) at 2 h pre-irradiation abrogated the stimulatory effect at 96 h post- 
irradiation (Fig. 6.2).
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6.4  Abrogating Effects of WFA on the Increased Secretion 
of Cytokines in UVB-Exposed NHKs

To elucidate the mechanism(s) involved in the abrogating effect of WFA on the 
increased activity of tyrosinase in NHMs in the co-culture system, we used ELISA 
kits to measure the levels of IL-6, IL-8 and EDN1 in UVB-exposed NHKs after 2 h 
treatment with WFA at 50 nM (Niwano et al. 2015). The ELISA assays reveal that 
pre-treatment with WFA significantly attenuates the increased secretion of IL-6 and 
IL-8 at 24, 36, 48 and 72 h post-irradiation and of EDN1 at 24, 36 and 48 h post- 
irradiation (Fig.  6.3) (Niwano et  al. 2015). The facts reported above show that 
EDN1 is a major factor that stimulates tyrosinase expression by NHMs in the co- 
culture with UVB-exposed NHKs and that WFA has the potential to suppress the 
secretion of EDN1 by UVB-exposed NHKs. Thus, the finding that WFA abrogates 
the increased tyrosinase activity suggests that it may serve as an inhibitor of EDN1 
secretion and/or the EDN1-activated intracellular signaling pathway, either of which 
would prevent the stimulated tyrosinase activity in EDN1-activated NHMs.

6.5  Abrogating Effects on the Stimulated Tyrosinase Activity 
in EDN1- or SCF-Treated NHMs

To determine which herbal extracts have suppressive effects on EDN1- or SCF- 
activated intracellular signaling which leads to the increased activity of tyrosinase 
in NHMs, we screened more than 400 kinds of herbal extracts and found that the 
WSE has a distinct abrogating effect on the stimulated tyrosinase activity without 
any direct inhibitory effect on tyrosinase. Thus, NHMs were cultured for 72 h after 

Fig. 6.2 Abrogation of the stimulated tyrosinase activity by WFA in co-cultures with UVB- 
exposed NHKs (Niwano et al. 2015)
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EDN1 or SCF stimulation together with 3 h pre-incubation with the WSE or with 
WFA at concentrations of 10 μg/ml or 50 nM, respectively, after which cell viability 
was evaluated by cellular morphology and by the MTT assay. The cell lysates were 
measured for tyrosinase activity in the WSE- or WFA-treated NHMs (Nakajima 
et al. 2011, 2012b; Terazawa et al. 2015; Niwano et al. 2015). In separate experi-
ments, lysates of NHMs cultured in the absence of the WSE for 72 h after EDN1 or 
SCF stimulation were directly incubated with the WSE or with WFA at a concentra-
tion of 10 μg/ml or 50 nM, respectively, after which tyrosinase activity was mea-
sured according to the method of Winder and Harris (1991). The results showed that 
there were no cytotoxic changes caused by the WSE in NHM morphology and the 
cells are 110.2% viable (Nakajima et al. 2011). Tyrosinase activity in cell lysates of 
NHMs cultured for 72 h was significantly suppressed by 3 h pre-incubation with the 
WSE or with WFA before EDN1 or SCF stimulation. In contrast, tyrosinase activity 
was not affected by the direct addition of the WSE or WFA (Nakajima et al. 2011b; 
2012b), indicating that they have no melano-cytotoxic effect and that tyrosinase 
activity is not directly inhibited by the WSE or by WFA. Thus, it is likely that the 
WSE or WFA interrupts an upstream pathway that leads to the increased tyrosinase 
expression.
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6.6  Melanogenic Intracellular Signaling Pathways Activated 
by SCF and EDN1

Fortunately, the melanogenic intracellular signaling pathways that are activated by 
SCF and by EDN1 have been elucidated in detail. In NHMs, as summarized sche-
matically in Fig. 6.4, SCF binding to the c-KIT receptor elicits its dimerization and 
activation of its intrinsic tyrosine kinase activity, which results in its auto- 
phosphorylation (Blume-Jensen et  al. 1991). The activated c-KIT receptor then 
phosphorylates various substrates and associates with a number of different signal-
ing molecules, including phosphatidylinositol 3-kinase (PI 3-kinase), the Shc and 
Grb2 adaptor proteins and the guanine nucleotide exchange factor, SOS, the latter 
two of which are linked to activation of the Ras-MAPK pathway (Cutler et al. 1993; 
Imokawa et al. 2000; Lennartsson et al. 1999; Liu et al. 1994). Activated SOS con-
verts Ras GDP to Ras GTP, which is required for the activation of Raf-1 kinase 
through its series of phosphorylations (Troppmair et al. 1992; Yang et al. 2007). 
Raf-1 then phosphorylates and activates MAPK kinase (MAPKK), also known as 
MEK1 (Imokawa et al. 2000), which initiates a protein kinase cascade that leads to 
the phosphorylation and activation of the extracellular signal-regulated MAPK iso-
forms ERK1 and ERK2 (Imokawa et al. 2000). Upon activation, MAPK is translo-
cated from the cytoplasm into the nucleus, where it phosphorylates several 

Fig. 6.4 Intracellular signaling mechanisms associated with EDN1 and SCF. EDN1 endothelin-1, 
EDNRB endothelin B receptor, MITF microphthalmia associated transcription factor, PKA protein 
kinase A, PKC protein kinase C, SCF stem cell factor, TYRP-1 tyrosinase-related protein-1, DCT 
dopachrome tautomerase, TYK tyrosine kinase, αMSH alpha melanocyte stimulating hormone 
(Imokawa and Ishida 2014)
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transcription factors, including CREB and MITF (Sato-Jin et al. 2008), all of which 
culminates in stimulating the proliferation and/or melanization of melanocytes.

Furthermore, in NHMs, the intracellular signaling mechanisms by which 
ligands such as EDN1 activate melanogenic cellular events have been well charac-
terized. After the binding of EDN1 to its receptor EDNRB, phospholipase Cγ is 
activated via G protein to stimulate the hydrolysis of polyphosphoinositide. That 
hydrolysis yields equal amounts of inositol triphosphate (IP3) and diacylglycerol, 
which results in intracellular Ca2+ mobilization and the translocation of PKC from 
the cytosol to the cell surface membrane, respectively (Yada et al. 1991; Imokawa 
et al. 1996). The translocated and then activated PKC directly phosphorylates RAF 
proto- oncogene serine/threonine-protein kinase (Raf-1) at many serine residues, or 
the Raf-1 inhibitory protein that activates Raf-1 via complex mechanisms (Kolch 
et al. 1993; Schonwasser et al. 1998; Marais et al. 1998; Mason et al. 1999). The 
Raf-1 activation then leads to the activation of the MAPK cascade, which includes 
the sequence of protein phosphorylations elicited by the kinase activities of Raf-1 
on MEK, of MEK on ERK1/2, of ERK on ribosomal s6 kinase (RSK), of RSK on 
CREB and of ERK/RSK on MITF (Imokawa et al. 2000; Wan et al. 2011). By a 
cross-talk mechanism, the activation of PKC also increases levels of cyclic AMP to 
activate PKA leading to the phosphorylation of CREB, which is also mediated by 
the action of RSK following the activation of ERK (Imokawa et  al. 2000; Wan 
et al. 2011).

6.7  Effect of the WSE on EDN1 Signaling in Human 
Melanoma Cells

We next asked whether the WSE interrupts the EDN1-induced phosphorylation of 
ERK, CREB and/or MITF in acral lentigo malignant (ALM) melanoma cells 
(Nakajima et al. 2011b). When the WSE was added at 10 μg/ml 3 h prior to EDN1 
stimulation, the EDN1-stimulated phosphorylation of ERK, CREB and MITF was 
significantly suppressed at 15 min post-EDN1 incubation. To determine which sig-
naling factor(s) through the MAPK pathway is affected by the WSE, we examined 
the effects of the WSE on the phosphorylation of MEK and Raf-1, which occur 
upstream of ERK at 15–30 min after EDN1 incubation. Western blotting analysis 
revealed that the WSE at 10 μg/ml significantly suppressed MEK and Raf-1 phos-
phorylation at 15–30  min after EDN1 incubation (Nakajima et  al. 2011b). This 
result indicates that the WSE interrupts the EDN-signaling pathway upstream of 
Raf-1 activation, which results in the down-regulated phosphorylation of Raf-1 and 
MEK. To determine which signaling factor(s) upstream of Raf-1 is affected by the 
WSE, we next examined their effects on the calcium mobilization that occurs 
upstream of PKC at 0–300 sec after EDN1 incubation. Calcium mobilization analy-
sis revealed that the WSE at 10 μg/ml did not suppress the EDN1-induced calcium 
mobilization starting at 15 sec after EDN1 incubation (Nakajima et  al. 2011b). 
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This result indicates the possibility that, as depicted in Fig. 6.5, the WSE abrogates 
EDN1-induced PKC activation or directly inhibits PKC activity, resulting in the 
down-regulated phosphorylation of Raf-1 that occurs downstream of PKC.

6.8  Effect of the WSE on SCF Signaling in ALM Human 
Melanoma Cells or NHMs

We next asked whether the WSE interrupts the SCF-triggered intracellular signaling 
including the phosphorylation of ERK, CREB and/or MITF in ALM human mela-
noma cells or in NHMs (Nakajima et al. 2012b). When the WSE was added at 10 
μg/ml 3 h prior to SCF treatment, the SCF-stimulated phosphorylation of ERK, 
CREB and MITF in ALM melanoma cells was significantly suppressed at 15 min 
post-SCF treatment. Similarly, the SCF-stimulated phosphorylation of ERK, CREB 
and MITF but not Raf-1 and MEK in NHMs was distinctly suppressed by treatment 
with the WSE, especially at 10 μg/ml, at 3 h prior to SCF addition  in NHMs 
(Nakajima et  al. 2012b). This result indicates the possibility that, as depicted in 
Fig. 6.5, the WSE abrogates SCF-induced MEK activation or directly inhibits MEK 
activity, resulting in the down-regulated phosphorylation of ERK which occurs 
downstream of MEK.

Fig. 6.5 Intracellular signaling pathways regulating the expression of melanocyte-specific pro-
teins in NHMs and inhibition sites of the WSE and WFA (Nakajima et al. 2011b, 2012b; Imokawa 
and Ishida 2014; Terazawa et al. 2015)
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6.9  Effects of WFA on SCF Signaling in NHMs

We next asked whether WFA interrupts the SCF-triggered intracellular signaling 
pathway where the phosphorylation/activation of CREB occurs at the terminal step, 
being mainly responsible for the increased gene expression of MITF (Nakajima 
et al. 2012b). When WFA was added to NHMs at concentrations of 12.5, 25 and 50 
nM prior to SCF stimulation, the SCF-stimulated phosphorylation of CREB was 
distinctly attenuated at 15 min post-SCF treatment by WFA at concentrations of 25 
and 50 nM (Fig. 6.6a) (Terazawa et al. 2015). The abrogating effect of WFA at 50 
nM on the stimulated phosphorylation of CREB was accompanied by a similar sup-
pressive effect on the stimulated phosphorylation of MITF (Fig. 6.6b) and of ERK 
(Fig.  6.6c), which indicates that the down-regulated phosphorylation of ERK is 
attributable to the diminished phosphorylation levels of CREB and MITF. Western 
blotting analysis of the phosphorylation of SCF-triggered signaling molecules 
upstream of ERK demonstrates that WFA at 50 nM elicits an attenuating effect on 
the stimulated phosphorylation of MEK (Fig. 6.6d), Raf-1 (Ser338) (Fig. 6.6e), Shc 
(Fig. 6.6f) and c-KIT (Fig. 6.6g) (Terazawa et al. 2015). This indicates that the sig-
naling step initially affected by WFA occurs at the auto-phosphorylation of c-KIT 
owing to SCF binding to c-KIT, followed by the suppressed phosphorylation of Shc, 
which leads to the abrogated series of phosphorylations of Raf-1/MEK/ERK, and 
results in the diminished phosphorylation of CREB and MITF.

As for the biochemical mechanism(s) by which WFA elicits the interruption of 
c-KIT auto-phosphorylation induced by its binding to SCF and subsequent dimer-
ization, several reports have described the regulatory actions elicited by WFA or its 
derivatives on protein kinases or protein phosphatases involved in a variety of 

Fig. 6.6 Effects of WFA on SCF-stimulated phosphorylation ofCREB (a), MITF (b), ERK (c), 
MEK (d), Raf-1 (e), Shc (f) and c-KIT (g) (Terazawa et al. 2015)
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 intracellular signaling pathways. The major action by WFA is implicated in Michael 
addition thioalkylation reactions through either its epoxide or lactone ring (Rosazza 
et al. 1978; Yokota et al. 2006), which are involved with directly suppressing IKK 
kinase activity upon attack of Cys-179 in the kinase domain activation loop or of 
Cys-662/716, that affects IKK/ complex formation (Bernier et  al. 2006; Hehner 
et al. 1999; Liang et al. 2003, 2006; Na and Surh 2006). Also, those dual specificity 
tyrosine phosphatases have been shown to be susceptible to thioalkylation due to a 
conserved “XHCXXGXSRS” motif in the catalytic domain, which can result in 
sustained MEK/ERK signaling (Ueda et al. 2002; Foley et al. 2004; Peyregne et al. 
2005; Vasudevan et al. 2005; Rahmouni et al. 2006; Shin et al. 2006). WFA can also 
target various cysteine residues of multiple protein kinases/protein phosphatases 
(Adams et al. 2002; Prajapati et al. 2004; Kray et al. 2005; Humphries et al. 2005; 
Chi et al. 2006; Codreanu et al. 2006; Reynaert et al. 2006; Salojin et al. 2006; Seth 
and Rudolph 2006) that affect the phosphorylation of p38, MEK/ERK, JNK and 
IKK, ultimately resulting in the inhibition of IKK kinase activity upon attack of 
critical cysteine residues involved in kinase activation and/or complex formation.

Based on the above evidence, there are three mechanistic possibilities for the 
inhibition of c-KIT phosphorylation by WFA, as follows: (1) WFA may stimulate 
c-KIT conjugated protein tyrosine phosphatase via a thioalkylation-sensitive redox 
mechanism (Kaileh et  al. 2007). (2) WFA may directly inhibit c-KIT auto- 
phosphorylation by inhibiting its tyrosine kinase activity via a similar redox mecha-
nism, and/or (3) WFA may interrupt the binding of SCF to the c-KIT receptor. Since 
ERK hyperphosphorylation by treatment with WFA in concert with IKK kinase 
inhibition (Kaileh et al. 2007) was not observed in the present study using NHMs 
treated with WFA and since the known effects of WFA on tyrosine phosphatase 
would lead to the up-regulation of c-KIT phosphorylation, the first possibility can 
be ruled out.

As for the second possibility, WFA can manipulate intracellular signaling cas-
cades by down- or up-regulating protein kinases or protein phosphatases, respec-
tively, by Michael addition thioalkylation reactions using its epoxide or lactone ring 
(Rosazza et al. 1978; Yokota et al. 2006). DTT is known to interrupt Michael addi-
tion thioalkylation reactions by WFA to several protein kinases or protein phospha-
tases with an SH domain in their catalytic sites, which leads to the down-regulation 
of protein kinase activity or sustained phosphorylation of many signaling intermedi-
ates (Kaileh et al. 2007). Therefore, we determined whether pretreatment with DTT 
can abrogate the WFA-suppressed phosphorylation of c-KIT and the subsequent 
series of phosphorylations of signaling intermediates in SCF-treated NHMs. 
Western blotting using anti-phospho-antibodies to c-KIT or other signaling interme-
diates revealed that DTT distinctly abrogates the suppressive effect of WFA on the 
SCF-stimulated phosphorylation of c-KIT/ MITF/CREB at 5 min post-SCF treat-
ment (Terazawa et al. 2015). Thus, treatment with DTT was found to significantly 
abrogate the attenuated phosphorylation of c-KIT by WFA.

To address the third possibility, we determined whether or not WFA interrupts 
the binding of SCF to the c-KIT receptor, resulting in the interruption of the c-KIT 
phosphorylation induced by SCF treatment. NHMs were incubated at 4 °C for 2 h 
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with SCF at 5 nM, followed by removal of free unbound SCF by washing with fresh 
medium and raising the temperature to 37 °C to start the signaling reaction. c-KIT 
was distinctly phosphorylated by incubation for 5 min at 37 °C followed by phos-
phorylation of MITF and CREB to a similar extent by treatment with SCF only and 
with SCF + WFA (Terazawa et al. 2015), which suggests that WFA does not inter-
rupt the binding of SCF to the c-KIT receptor. Taken together, these findings 
strongly suggest that WFA attenuates the SCF binding-induced c-KIT activation in 
NHMs by interrupting the auto-phosphorylation of c-KIT tyrosine kinase through 
Michael addition thioalkylation reactions.

Concerning the mode of action of WFA, the sum of our findings indicates that 
while other depigmenting agents generally inhibit tyrosinase, WFA functions in a 
distinct manner by interrupting the phosphorylation of c-KIT, the initial step of the 
SCF-triggered intracellular signaling cascade, which mainly consists of the MAPK 
pathway, that leads to down-regulation of the expression and function of the mela-
nocyte master transcription factor MITF. The decrease in MITF function then sup-
presses the expression and function of its downstream targets, including most of the 
melanocyte-specific proteins, which in turn results in the attenuated synthesis of 
melanin.

6.10  Effect of WFA on EDN1 Signaling in NHMs

We next asked whether WFA interrupts the EDN1–induced phosphorylation of Raf- 
1, MEK, ERK, CREB and/or MITF in NHMs (Niwano et al. 2015). When WFA was 
added at 12.5, 25 and 50 nM 2 h prior to treatment with EDN1, the EDN1-stimulated 
phosphorylation of Raf-1 (at 25 and 50 nM), MEK (at 12.5, 25 and 50 nM), ERK 
(at 12.5, 25 and 50 nM), CREB (at 12.5, 25 and 50 nM) and MITF (at 25 and 50 nM) 
in NHMs was significantly suppressed at 15 min post-EDN1 treatment (Fig. 6.7). To 
elucidate the intracellular action site(s) affected by WFA, we next asked whether 
WFA interrupts the calcium mobilization induced by EDN1, which occurs upstream 
of PKC. Treatment with EDN1 markedly elicited calcium mobilization with a peak 
at 80 sec post-incubation in NHMs, which was not affected by 2 h pre-treatment 
with WFA (Niwano et al. 2015).

As mentioned above regarding the mode of action of WFA and DTT, we deter-
mined whether pretreatment with DTT can abrogate the WFA-suppressed phos-
phorylation of MITF and/or CREB in EDN1-treated NHMs because MITF 
phosphorylation is directly linked to ERK/RSK phosphorylation. Western blotting 
using antibodies to MITF and phosphorylated CREB revealed that DTT did not 
abrogate the suppressive effect of WFA on the EDN1-stimulated phosphorylation of 
MITF and CREB at 15 min post-EDN1 treatment (Niwano et al. 2015). Since WFA 
does not interrupt intracellular calcium mobilization in EDN1-treated NHMs, taken 
together, these findings indicate that, similar to the effect of the WSE on the EDN1- 
triggered signaling cascade, WFA inhibits the PKC activation process and/or its 
activity that occurs upstream of Raf-1 in EDN1-treated NHMs.
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6.11  Human Epidermal Equivalents (HEEs)

There are now strict regulations that animal studies cannot be used to screen anti- 
pigmenting agents in the medical cosmetic field. Therefore, there is an urgent need 
for an alternative human skin model in which melanogenic paracrine interactions 
between UVB-exposed NHKs and NHMs can be precisely evaluated. For this pur-
pose, HEEs consisting of multilayered NHKs and NHM at a cell number ratio of 10 
to 1 have been developed to characterize the inhibitory effects of bioactives on vis-
ible pigmentation. This allows the levels of proteins and genes of melanocyte- 
specific proteins, such as tyrosinase, TYRP1, DCT, PMEL17, EDNRB and c-KIT, 
to be assessed in SCF- or EDN1-treated HEEs. However, the HEE model has limita-
tions such as that UVB exposure does not necessarily increase the activity of tyrosi-
nase and subsequently their pigmentation, probably due to the medium-mediated 
dilution of melanogenic cytokines secreted by UVB-exposed NHKs. In compensa-
tion for that defect, HEE models are cultured in the presence of several melanogenic 
cytokines, and therefore, they do not allow the evaluation of anti-melanogenic 
agents capable of inhibiting the secretion of melanogenic cytokines by UVB-
exposed NHKs. To resolve that limitation, we described above a co-culture system 
using UVB-exposed NHKs and NHMs that serves as an appropriate new model for 
characterizing UVB-induced hyperpigmentation. Using that co-culture system, we 
showed the blocking effects of WFA on paracrine cytokine interactions between 
UVB-exposed NHKs and NHMs and characterized its mechanism of action. On the 
other hand, using the HEE model system, we next determined the abrogating effects 
of the WSE and of WFA on the SCF- and EDN1-stimulated pigmentation and the 
biological mechanisms involved.
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Fig. 6.7 Effects of WFA on the EDN1-stimulated phosphorylation of Raf-1 (a), MEK (b), ERK 
(c), MITF (d) and CREB (e) in NHMs (Niwano et al. 2015)
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6.12  Effect of the WSE on EDN1-Stimulated Pigmentation 
of HEEs

In HEEs, the addition of EDN1 at 10 nM gradually stimulates visible pigmentation 
over 14 days of culture. During the EDN1-induced stimulation of pigmentation, 
addition of the WSE at 5 or 10 μg/ml markedly reduced the increase in visible pig-
mentation over those 14 days with the most marked suppression attained at 10 μg/
ml, the suppression level of which was slightly higher than the basal pigmentation 
level without EDN1 stimulation (Nakajima et al. 2011b). While there was no degen-
eration of the epidermal tissue visible at day 14 by hematoxylin and eosin (H&E) 
staining, melanin deposition detected by Fontana Masson (FM) staining throughout 
the epidermis (including the stratum corneum) was markedly reduced in the WSE- 
treated HEEs at day 14 compared to the untreated controls (Nakajima et al. 2011b). 
Chemical analysis of eumelanin (pyrrole-2,3,5-tricarboxylic acid: PTCA) content 
according to the method established by Ito and Fujita (1985) revealed that the WSE 
significantly decreased the eumelanin content compared with the untreated control 
(Nakajima et  al. 2011b). Immunohistochemistry with anti-S-100, a protein nor-
mally present in cells derived from the neural crest such as Schwann cells and mela-
nocytes, revealed that there was no reduction in the number of S-100 positive 
melanocytes in the WSE-treated HEEs at day 14 compared with the untreated con-
trols and the non-EDN1 stimulated control (Nakajima et al. 2011b). The lack of a 
reduced number of S-100 positive melanocytes strongly suggests that there is no 
involvement of a melano-cytotoxic effect in the depigmenting effect elicited by the 
WSE.

6.13  Effect of the WSE on the Expression of Melanocyte- 
Specific Genes

To elucidate the biochemical mechanism(s) involved in the depigmenting effect of 
the WSE, we used real-time RT-PCR analysis to examine its effects on the expres-
sion of melanocyte-specific genes during the EDN1-stimulated pigmentation of 
HEEs. Since our previous time course study in the identical system with EDN1 
stimulation (Nakajima et  al. 2011a) demonstrated that the expression of genes 
encoding all the melanocyte-specific proteins tested (MITF, Tyrosinase, TYRP1, 
DCT, PMEL17, c-KIT and EDNRB) was gradually up-regulated over 14 days, with 
a peak at day 7, we used real-time RT-PCR analysis at day 7 to characterize the 
effects of the WSE. The results reveal that addition of the WSE at 10 μg/ml (the 
minimal concentration effective for the depigmentation in HEEs) significantly 
down-regulated the increased expression of genes encoding MITF, Tyrosinase, 
TYRP1, DCT, PMEL17, c-KIT and EDNRB in EDN1-treated HEEs compared with 
the untreated HEEs controls (Nakajima et al. 2011b). These findings are consistent 
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with the interrupting effects on EDN1-triggered intracellular signaling, leading to 
MITF gene expression.

6.14  Effect of the WSE on the Expression of Melanocyte- 
Specific Proteins

To further elucidate the biochemical mechanism(s) involved in the depigmenting 
effect of the WSE, we next used Western blotting analysis to examine its effects on 
the expression of melanocyte-specific proteins at day 10 of culture during the 
EDN1-stimulated pigmentation of HEEs, at which time their protein expression 
reaches a peak in the identical system with EDN1 stimulation (Nakajima et  al. 
2011a). Western blotting analysis reveals that the addition of WSE at 10 μg/ml (the 
minimal concentration effective for the depigmentation in HEEs) significantly 
down-regulated the increased protein expression of all melanocyte-specific proteins 
examined, except for EDNRB and c-KIT, in EDN1-treated HEEs compared with 
the untreated control (Nakajima et al. 2011b).

6.15  Effect of the WSE on SCF-Stimulated Pigmentation 
in HEEs

In HEEs, the addition of SCF (5 nM) gradually stimulated visible pigmentation over 
14 days of treatment. During the SCF-induced stimulation of pigmentation, addi-
tion of the WSE at 2, 5 or 10 μg/ml distinctly reduced the increase in visible pig-
mentation in a dose-dependent manner over those 14 days (Nakajima et al. 2012b). 
The most marked suppression attained at 10 μg/ml, the level of which was still 
slightly higher than the basal pigmentation levels without SCF stimulation. While 
there was no degeneration of the epidermal tissue visible at day 14 by HE staining, 
melanin deposition detected by FM staining throughout the epidermis (including 
the stratum corneum) was markedly reduced in the WSE-treated HEEs at day 14 
compared to the untreated controls (Fig. 6.8a). Chemical analysis revealed that the 
WSE significantly reduced the eumelanin content compared with the untreated con-
trol (Fig. 6.8b). Immunohistochemistry with anti-S-100 revealed that there was no 
reduced number of S-100 positive melanocytes in the WSE-treated HEEs at day 14 
compared with the untreated controls and the non-SCF stimulation control 
(Nakajima et al. 2012b). The lack of a reduced number of S-100 positive melano-
cytes strongly suggests that there is no involvement of a melano-cytotoxic effect in 
the anti-melanogenic effect elicited by the WSE.
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6.16  Effect of the WSE on the Expression of Melanocyte- 
Specific Genes

To elucidate the biochemical mechanism(s) involved in the anti-melanogenic effect 
of the WSE, we used real-time RT-PCR analysis to examine its effects on the expres-
sion of melanocyte-specific genes during the SCF-stimulated pigmentation of 
HEEs. A time course study demonstrated that the expression of genes encoding all 
melanocyte-specific proteins tested (MITF-M (Amae et  al. 1998), Tyrosinase, 
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TYRP1 and PMEL17) was gradually upregulated over 14 days, with a peak at day 
7 (Nakajima et al. 2012c). Real-time RT-PCR analysis of the effects of the WSE at 
day 7 revealed that the addition of the WSE at 10 μg/ml significantly down- regulated 
the increased expression of genes encoding MITF, Tyrosinase, TYRP1 and 
PMEL17  in SCF-treated HEEs compared with the untreated controls, the down- 
regulated levels of which are still slightly higher than the levels without SCF 
(Nakajima et al. 2012b). These findings are consistent with the interrupting effects 
on SCF-triggered intracellular signaling, leading to MITF gene expression.

6.17  Effect of the WSE on the Levels of Melanocyte-Specific 
Proteins

To elucidate the biochemical mechanisms involved in the anti-melanogenic effect of 
the WSE, we next used Western blotting analysis to examine its effects on the levels 
of melanocyte-specific proteins at day 10 at which time the protein expression 
peaked during the SCF-stimulated pigmentation of HEEs (Nakajima et al. 2012c). 
Western blotting analysis reveales that the addition of the WSE at 10 μg/ml signifi-
cantly abolished the increased levels of all melanocyte-specific proteins examined 
compared with the untreated control at day 10, the down-regulated levels of which 
were still slightly higher than the levels without SCF (Nakajima et al. 2012b).

6.18  Effects of WFA on the SCF-Stimulated Pigmentation 
of HEEs

Because an extract of Ashwagandha at 10 μg/ml has already been shown to dis-
tinctly abrogate the SCF-stimulated pigmentation of HEEs (Nakajima et al. 2011b), 
we next examined the effects of one of its major active substances, WFA, on the 
same pigmentation system. The addition of WFA at 50 nM markedly abolished the 
increase in the visible pigmentation of HEEs elicited by SCF over 14 days, whereas 
WFA at 50 nM did not decrease the level of visible pigmentation in untreated HEEs 
(Terazawa et al. 2015). While there was no degeneration of the epidermal tissue vis-
ible at day 14 by HE staining, melanin deposition detected by FM staining through-
out the epidermis (including the stratum corneum) was markedly reduced in the 
WFA-treated HEEs at day 14 compared to the untreated controls. To eliminate the 
possible influence of a chromophore other than melanin on visible pigmentation, we 
performed chemical analysis of eumelanin content by HPLC. Those results show 
that WFA at 50 nM significantly reduced the eumelanin content (expressed as rela-
tive eumelanin ratio) to the unstimulated level compared with the untreated control. 
We also assessed the viability of HEEs treated with or without WFA. HEEs were 
cultured for 14 days in the presence of WFA at 50 nM after which cell viability was 
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evaluated for the last 24 h of culture using the MTT assay. The results showed that 
there was no significant reduction in cell viability of HEEs treated with 50 nM WFA 
compared with untreated controls (Terazawa et al. 2015).

6.19  Effects of WFA on the Expression of Melanocyte- 
Specific Genes

To elucidate the biochemical mechanism(s) involved in the anti-pigmenting effect 
of WFA, we used real-time RT-PCR analysis to examine the effects of WFA on the 
expression of melanocyte-specific genes at day 7 when those gene levels reached a 
peak during the SCF-stimulated pigmentation of HEEs (Nakajima et  al. 2012c). 
Those analyses revealed that the addition of WFA at a concentration of 50 nM sig-
nificantly down-regulated the increased expression of melanocyte-specific genes at 
day 7 for MITF, tyrosinase, TYRP1, DCT, PMEL17 and c-KIT in SCF-treated 
HEEs compared with the untreated controls (Terazawa et al. 2015). These findings 
are consistent with the interrupting effects on SCF-triggered intracellular signaling, 
leading to MITF gene expression.

6.20  Effects of WFA on the Expression of Melanocyte- 
Specific Proteins

We next performed Western blotting to examine the effects of WFA on the expres-
sion of melanocyte-specific proteins at day 10 when those protein levels reached a 
peak during the SCF-stimulated pigmentation of HEEs (Nakajima et al. 2012a, b). 
Those analyses revealed that the addition of WFA at 50 nM distinctly down- 
regulated the increased expression of melanocyte-specific proteins at day 10 for 
MITF, TYR, TYRP1, DCT, PMEL17 and c-KIT, compared with the untreated con-
trols (Fig. 6.9) (Terazawa et al. 2015). Western blotting analysis revealed that the 
increased expression of melanocyte-specific proteins was significantly abrogated 
for tyrosinase (Fig. 6.9a), TYRP1 (Fig. 6.9b), DCT (Fig. 6.9c) and c-KIT (Fig. 6.9e) 
by WFA in a dose-dependent manner at concentrations of 12.5, 25 and 50 nM, and 
12.5 and 50 nM, respectively, and for PMEL17 (Fig. 6.9d) at a concentration of 25 
nM (Terawawa et al. 2015).

6.21  Conclusion

In this study, for the first time, we show that an extract of Withania somnifera (WSE) 
and one of its active compounds, WFA, significantly abrogates both the EDN1- and 
the SCF-stimulated pigmentation of HEEs at concentrations as low as 10 μg/ml and 
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50 nM, respectively, without affecting the normal non-stimulated levels of pigmen-
tation. These depigmenting effects of the WSE and WFA are accompanied by the 
significantly down-regulated expression of major melanocyte-specific genes and 
proteins (MITF, tyrosinase, TYRP1, DCT and PMEL17) compared with their up- 
regulated expression in the EDN1 or SCF treated-HEEs. Unlike ordinary anti- 
pigmenting agents whose anti-melanogenic mechanisms are involved in the 
interruption of natural melanogenic mechanisms by which constitutive skin color is 
maintained at a normal and unstimulated level, those anti-melanogenic mechanisms 
are specifically characterized by their interrupting effect on the EDN1- or SCF- 
activated intracellular signaling pathways which results in the up-regulation of the 
melanocyte-specific master transcription factor, MITF, then leading to the up- 
regulated expression of all melanocyte-specific proteins. Those activation processes 
of the EDN1- or SCF-triggered intracellular signaling are mechanistically involved 
in the anti-pigmenting agent-targeted hyperpigmentary disorders such as UVB-
melanosis (Hachiya et al. 2001, 2004), lentigo senilis (Kadono et al. 2001; Hattori 
et al. 2004) as well as melasma (Kang et al. 2006). These mechanistic characteris-
tics provide a great advantage to avoid the risk of hypopigmentation because the 
intracellular signaling pathways involved are not substantially activated in normal 
skin conditions and are initiated to function only by environmental stimuli such as 
UVB to contribute to the hyperpigmentation. The sum of these results suggest that 
the WSE and WFA can serve as therapeutic tools for treating EDN1- and SCF- 
associated hyperpigmentary disorders, such as UVB-melanosis, lentigo senilis as 
well as melasma.

Fig. 6.9 Inhibitory effects of WFA on SCF-stimulated protein expression. a: Tyrosinase, b: TYRP- 
1, c: DCT, d: PMEL17, e: c-KIT (Terazawa et al. 2015)
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Chapter 7
Ashwagandha Bioactives for Cancer 
Treatment: Experimental Evidence and Their 
Mechanism(s) of Action

Renu Wadhwa, Sukant Garg, Ashish Kaul, and Sunil C. Kaul

Abstract Cancer is a complex disease showing rapid increase in its incidence that 
is often related to (i) increasing old age societies- an outcome of improved standards 
of living, healthcare and hygiene, and (ii) harmful impact of environment- an out-
come of excessive industrialization of lifestyle and use of chemicals. In contrast to 
normal cells that have strictly regulated division potential controlled by tumor sup-
pressor proteins, cancer cells escape limits on proliferation and divide indefinitely 
resulting in formation of tumors in the body. These are genetically unstable and 
yield self-propagating signals leading to progressively aggressive stages that are 
extremely difficult to treat. Extensive cancer research in last 2–3 decades has gener-
ated sensitive and sophisticated technologies for early diagnosis as well as better 
treatment. However, it still remains a scary and dreadful disease due to high rate of 
mortality, high toxicity and side effects of chemotherapeutic drugs. Since several 
herbs have been shown to possess anticancer potential, a lot of interest has hence 
been generated to understand their mechanism of action for cancer prevention and 
treatment. In this chapter, we provide a basic understanding of cancer, the use of cell 
culture and modern molecular biology techniques to understand its mechanism(s) 
and anticancer activity in leaves of Ashwagandha. We found that both alcoholic and 
water extract possess anticancer bioactives that operate through different signaling 
pathways in cells providing molecular evidence to the multi-module action and 
basis of the long-trusted fact that extracts work better than the individual and puri-
fied herbal components.
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7.1  Introduction

Cancer is a disease of cell proliferation and most commonly defined as the process 
in which the normal cells exit from their proliferation control checkpoints and set to 
the path of infinite division. The process, called carcinogenesis, oncogenesis, or 
tumorigenesis, is a continuum of discrete molecular changes over time resulting in 
aberrant growth of cells and tissues. Although extremely complex, the process is 
often divided into various stages from initiation to progression to malignant trans-
formation, and involves a series of genetic and epigenetic changes leading to altered 
cell physiology and disruption balancing between cell proliferation and death. In 
spite of their diverse etiology including genetics (mutation, DNA amplification and 
chromosomal rearrangement) and environmental factors (radiations, chemical and 
viral toxins), all cancers encompass rapidly dividing cancer cells that often loose 
their differentiation and specific functional characteristics, and become highly 
unstable genetically. Cancer cells exploit their normal neighbor cells for space and 
nutrients. According to the World Health Organization, global cancer burden is 
likely to rise from 14 million annual new cases in 2012 to beyond 22 million by 
2030, due to (i) rapidly increasing aging populations world-wide, (ii) industrializa-
tion of life style that enrolls heavy use of chemicals, (iii) environmental pollution 
and radiations, (iv) dietary insults and carcinogen exposure leading to hormonal and 
neurodegenerative disorders and (v) infectious agents. Cancer can occur in any tis-
sue or cell type in the body in the form of either benign or malignant tumors. Benign 
tumors are lumps that grow slowly, limit their spread to other tissues, and do not 
threaten life except when localized at complex organs such as brain or grow 
extremely large making uncomfortable or start pressing other organs. Malignant 
tumors are fast growing, have ability to invade and destroy neighboring tissue, and 
spread to other parts of the body through a process known as metastasis.

Based on the lineages, cancer can be classified into the following four 
categories:

• Carcinoma - It arises from the epithelial (the lining of cells that enclose organs) 
cells and often invades to the neighboring or far-off tissues by metastasizing to 
the lymph nodes. The most common forms of carcinomas are breast, prostate, 
lung and colon cancers.

• Sarcoma - It arises from bone or soft connective tissues including fat, muscle, 
blood vessels, nerves. The most common forms of sarcomas are leiomyosar-
coma, liposarcoma and osteosarcoma.

• Lymphoma - Also called cancer of immune system, it arises from the lympho-
cytes, the cells that fight disease and infection. The two main forms of lymphoma 
include Hodgkin and non-Hodgkin lymphoma. Hodgkin’s lymphoma constitutes 
of large abnormal lymphocytes. Non-Hodgkin lymphoma comprises of different 
types of white blood cells (B-cells, T-cells, NK cells). Whereas Hodgkin’s lym-
phoma is often slow growing and curable, non-Hodgkin lymphoma are aggres-
sive and difficult to treat.

R. Wadhwa et al.



151

• Leukemia - Leukemia, a cancer of the white blood cells and bone marrow, com-
prises of several subtypes of which the most common are lymphocytic leukemia 
and chronic lymphocytic leukemia.

Just like the multiple causes of cancer (genetics, environment, age, food and stress), 
its symptoms are diverse and depend on its type, lineage, niche and stage. However, 
escape from cellular senescence and immortalization (capacity to proliferate indefi-
nitely) remains the common feature of most cancers.

7.2  Cellular Senescence

Senescence or irreversible growth arrest is the stage at which a cell stops dividing 
yet stays viable and functionally active. Normal cells have a limited lifespan (capac-
ity to divide) that is determined by the following major in-build mechanisms –

• DNA end-replication problem of eukaryotic chromosomes- Specialized chromo-
some ends (telomeres) consisting of tightly held specialized and repetitive (10–
15 kb) TTAGGG sequence and protein caps protect chromosomes from end to 
end fusion (Hayflick 1965; Harley 1990). With each division of normal cells, 
telomeres shorten (by 50–200 base pairs) due to the inherit incapability of DNA 
polymerase enzyme to initiate the replication process. Such telomere erosion 
triggers a normal cell into an irreversible and non-proliferative stage called rep-
licative senescence through complex signaling cascades resulting in activation of 
several tumor suppressor proteins.

• Limited defense mechanisms and hence accumulation of metabolic, physiologi-
cal and molecular damage leading to DNA damage and repair signaling cascades 
and activation of tumor suppressor proteins.

Senescence is an anticancer mechanism in normal cells, naturally designed to pre-
vent them to replicate beyond their healthy lifespan (typically about 60–80 popula-
tion doublings). Telomere shortening, DNA damage, increasing endogenous stress 
induced by reactive oxygen species, metabolic or molecular damage cause activa-
tion of tumor suppressor proteins and cellular senescence. At the same time, a 
threshold of these factors reverses the signaling resulting in inactivation of tumor 
suppressor mechanisms, activation of oncogenes leading to breakdown of controls 
on cell proliferation and escape of cells from senescence resulting in continued 
proliferation, immortalization. It is most often associated with activation of telom-
erase, a reverse transcriptase enzyme that prevents telomere erosion through semi- 
conservative DNA replication by adding TTAGGG repeat sequences to the 
chromosome ends (Blackburn et  al. 2015; Hayflick 2000). Cancer cells divide 
uncontrollably, fail to achieve physiological differentiation, escape normal apop-
totic pathways and become genetically unstable. They are resistant to extrinsic 
growth-check signaling pathways, and are capable of angiogenesis, invasion, and 
metastasis, and escape the immune and tumor suppressor regulatory mechanisms. 
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Here we discuss, in brief, only the main tumor suppressor mechanisms involved in 
regulation of cellular senescence and carcinogenesis.

7.2.1  p53 Tumor Suppressor as a Regulator of Cellular 
Senescence and Carcinogenesis

p53 is an established multifunctional regulator of cellular senescence and carcino-
genesis. The two main activities of p53, DNA binding and transcriptional activation, 
have been shown to increase in cells that undergo either normal replicative senes-
cence or stress-induced premature senescence in response to oncogenic or environ-
mental stimuli (Hengartner 2000). p53 acts as a transcriptional activator of a variety 
of genes including p21WAF1, Bax, GADD45, cyclin G, TGFα, IGF-BP3, and MDM2 
(Cheung and Vousden 2010; Engelmann and Putzer 2014) and in turn gets regulated 
by HDM2 by proteasome mediated degradation. Several studies have shown that 
p53 regulates senescence by its downstream effector, cyclin dependent kinase inhib-
itor p21WAF1 that causes cell cycle arrest at G1/S or G2/M stage of cell cycle. Whereas 
exogenous expression of p21WAF1 induced senescence in early passage human dip-
loid fibroblasts (Fang et al. 1999; McConnell et al. 1998; Vogt et al. 1998), its dis-
ruption caused lifespan extension (Brown et al. 1997). p53 is inactivated in more 
than 70% of human cancers by mechanisms involving mutations, inactivation either 
by DNA tumour virus oncoproteins or cellular partners/antagonists (Sharpless et al. 
2002).

DNA damage and other stresses have been shown to cause site-specific phos-
phorylation of p53 that prevents its binding to antagonist HDM2, resulting in its 
stability and up regulation in stressed cells resulting in their growth arrest. Several 
other factors including proteins and miRNAs regulate p53. For example, ARF 
(Alternate Reading Frame) protein coded by INK4a locus on human chromosome 
9p21 (also encodes p16INK4A, an upstream regulator of pRb) has been shown to be a 
major upstream regulator of p53 and its control in replicative senescence, Stress 
Induced Premature Senescence (SIPS), Oncogenic Stress Induced Premature 
Senescence (OIPS) and immortalization of human cells (Kamijo et al. 1997; Quelle 
et al. 1995; Serrano et al. 1996). It is further regulated by CARF (collaborator of 
ARF) that activates ARF-induced activation of p53 (Cheung and Vousden 2010; 
Hasan et al. 2002, 2004, 2008) and regulates senescence and carcinogenesis by its 
dose dependent two-way regulation of DNA damage response. High level of CARF 
activated DNA damage response and p53 pathway causing growth arrest of cells. 
Super-high levels were shown to inactivate these pathways leading to malignant 
transformation (Cheung et  al. 2014). Knockdown of CARF, on the other hand, 
caused apoptosis depicting that it is an essential protein for cell survival (Cheung 
et al. 2011, 2014). p53 is regulated by stress chaperone mortalin, enriched in cancer 
cells. Mortalin sequesters p53 in cell cytoplasm (Deocaris et al. 2013; Wadhwa et al. 
2006) by binding to its c-terminus region in cancer cells (Kaul et al. 2001, 2005). 
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Small molecules and peptides that disrupted the binding of mortalin to p53 resulted 
in nuclear translocation and reactivation of p53 activities resulting in either growth 
arrest or apoptosis of cancer cells (Deocaris et al. 2007; Grover et al. 2012a; Kanai 
et al. 2007; Kaul et al. 2005; Lu et al. 2011a, b; Ma et al. 2006; Wadhwa et al. 2000, 
2002).

7.2.2  pRb Tumor Suppressor as a Regulator of Cellular 
Senescence and Carcinogenesis

Retinoblastoma (Rb) protein is coded by RB1 tumor suppressor gene, and remains 
in an inactive state bound to E2F in the cytoplasm. It is the key regulator of cell 
cycle progression, apoptosis and a number of other biological processes (Korenjak 
and Brehm 2005). At the G1-S checkpoint, upregulation of cyclin-Cdk kinases cause 
phosphorylation of pRB protein resulting in abrogation of its interaction with E2F 
proteins. The free E2F translocates to the nucleus and triggers DNA replication. 
Several studies have shown that pRB is under-phosphorylated in senescent cells, 
favoring pRB-E2F interactions and cell cycle arrest. Similar to p53, pRB is a target 
of DNA tumor virus transforming proteins and remains inactivated in a large major-
ity of tumors. Introduction of pRB gene into p53/pRB deficient immortal tumor 
cells lead to induction of senescence (Xu et al. 1997). pRB phosphorylation is regu-
lated by an inhibitor of cyclin D-dependent kinase (p16INK4a) (Kamijo et al. 1997; 
Stott et al. 1998). It has been shown to maintain hypo-phosphorylated pRB in senes-
cent human cells. Unlike p21WAF1, p16INK4A remains high in late senescent cells. 
Introduction of exogenous p16INK4A into immortal and normal human cells resulted 
in their growth arrest, and induction of premature senescence, respectively (Lin 
et al. 1998; Serrano 1997). Consistent with the role of p53 and pRb in cellular senes-
cence in vitro, mice with mutations in p53 and pRb or p16INK4A showed high inci-
dence of tumors (Sharpless et  al. 2002), suggesting the role of these proteins in 
organismal ageing. Of note, p16INK4a and p53 double knockout animals showed 
severely short lifespan (Sharpless et al. 2004). Stress-induced senescence in human 
cells is associated with increase in p16INK4A expression (Rayess et al. 2012). The two 
major tumor suppressor pathways, p53 and pRb, show independent as well as over-
lapping activities to trigger and maintain senescence through activities of p21WAF1 
and p16INK4A. Since senescence is a permanent cell cycle arrest that limits tumor 
progression, it serves as a crucial marker for anticancer therapies. Activation of 
tumor suppressor mechanisms by small molecules/drugs/peptides and induction of 
senescence in cancer cells is a promising strategy for cancer intervention. Inhibition 
of telomerase activity or telomere maintenance can slow down the abnormal and 
uncontrolled proliferation of cancer cells.
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7.3  Oncogenes and Cancer Pathogenesis

Proto-oncogenes are the cellular homologues of retroviral genes that activate into 
oncogenes following random and multiple mutations and stresses, and affect the 
cell biomechanics in a variety of ways. They promote tumor development by alter-
ing signal transduction, gene transcription, ribosomal translation, protein transpor-
tation, mitosis, or other biochemical reactions essential for physiological cell cycle. 
Majority of the mutated cells die owing to innate immunity and defective genomic 
targets. Few survive, escape and settle in nourished niches resulting in dynamic 
proliferation and vandalize normal cells for nourishment and space.

7.4  Apoptosis

Apoptosis, a programmed cell death, is a phenomenon in which a cell identifies its 
incapability to sustain growth or repair damage, and commits suicide. It is a geneti-
cally regulated inbuilt cancer-preventive mechanism in a cell. Through a cascade of 
pro-apoptotic signaling, the cell shrinks and degrades, and the phospholipid phos-
phatidylserine is exposed to attract circulating phagocytes like macrophages and 
dendritic cells, which then phagocytize them and secrete cytokines to inhibit inflam-
mation in the surrounding tissue. Neighboring cells remain healthy and unaffected. 
Apoptosis is important to remove cells that pose threat to the integrity of a tissue.

In response to stress or damage (internal or extrinsic stimulus or pathway), the 
cell recruits serine/threonine kinase proteins (ATM, ATR) and phosphorylate check-
point kinases (Chk1, Chk2) that in turn phosphorylate and activate p53 resulting in 
an up regulation of its downstream effector protein p21WAF1 and inhibition of cell 
cycle progression by inhibiting cyclin-dependent kinases (cdc2, cdk2). As a result, 
the cell is forced to take up DNA repair (for minor damage), continued growth arrest 
(for medium damage), or undergo apoptosis (for major damage). The latter involves 
up regulation of pro-apoptotic BH3 family proteins (Bad, Bim, Bid, Puma, Noxa) 
and inhibition of anti-apoptotic proteins (Bcl-2, Bcl-xL). The apoptotic proteins 
control the formation of Mitochondrial Apoptosis-induced Channel-MAC (whereas 
pro-apoptotic proteins- BAX and BAK promote MAC, anti-apoptotic proteins, 
Bcl-2 or Bcl-xL prevent MAC formation) and release cytochrome c from mitochon-
dria to cytosol, a key step in apoptotic cell death. Several pharmacological inhibitors 
of BAX have been shown to cause inhibition of apoptosis by depletion of MAC 
activity and prevention of cytochrome c release. When there is an external injury 
(external stimulus, extrinsic pathway), tumor necrosis factors (TNFs) and ligands 
(FAS of CD95, TRAIL of DR4 and DR5) cross-link and associate Fas-associated 
death domain (FADD) and procaspase-8 to the receptor death domain motifs. Active 
caspase-8 further catalyzes the process and rapidly produces large amount of the 
protein to lead the cell into the same fate following karyorrhexis. Apoptosis, like 
senescence, could be a great tool and target for anticancer therapies. Since it is a 

R. Wadhwa et al.



155

physiological mechanism and can also be promoted by external stimuli, pro- 
apoptotic drugs that promote apoptosis have fair potential in cancer intervention.

7.5  Cancer Treatment and Prevention

Cancer research establishes therapeutics that comply with the safety and ethical 
standards. Since cancer has multitudinous ways to initiate, express and operate, its 
treatment cannot be generalized into one or few targeted approaches. Enormous 
research has been done to understand and treat cancer. The fundamental established 
points include that cancer cells (i) escape from cellular senescence, (ii) grow expo-
nentially and are genetically unstable, (iii) may possess multitude of molecular 
changes in tumor suppressor and oncogenic pathways, and (iv) show a 
physiologically- stressed state in which cells compete for oxygen and nutrients. 
These edges direct to the viewpoint, i.e. prevention of cancer is worthwhile and may 
be less cumbersome than the treatment. Early detection and prevention have hence 
been prioritized in modern cancer research.

7.6  Cancer Prevention and Treatment by Herbs

Search and development of preventive strategies against cancer began as early as 
1845 when cisplatin was discovered as a soluble platinum complex generated by the 
electrolysis of platinum electrodes. It inhibited binary fission in Escherichia coli 
bacteria (Rosenberg et al. 1967). Years later, cisplatin was tested in rat sarcoma and 
extended to various other tumor cell lines to develop its medicinal applications and 
approvals for human use. Doxorubicin was also a result of an accidental discovery 
(Tan et al. 1967). A compound called Daunorubicin was found in a soil sample that 
showed potent anti-tumor properties in rats. However, it posed fatal cardio-toxicity. 
With minor changes in its chemical structure, newly termed as Adriamycin or doxo-
rubicin, it lost its cardio-toxicity but retained its chemotherapeutic index. More than 
2000 analogs of this compound are known.

Since the ancient era, plants have increasingly gained attention and importance 
in the prevention of cancer. Many drugs have been developed exclusively from plant 
extracts. However, cancer prevention remains controversial and yet to be explored. 
Kaefer and Milner first described scientific surprises in a number of herbs, and their 
probable role in cancer prevention (Kaefer and Milner 2008, 2011). They demon-
strated a profound link in the establishment of cancer prevention and curative thera-
pies using herbs like allspice, basil, clove, and garlic, etc. Active ingredients from a 
number of herbs have been identified in recent years that interfere with the process 
of carcinogenesis. Several studies have supported that autonomous or collaborative 
therapy with herbs could contribute to reduce the risk of developing cancer through 
various mechanisms. Although the pharmacodynamics and pharmacokinetics of 
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herbal medicines have not been clearly demonstrated, being natural they are consid-
ered to be easily tolerated with lesser adverse effects or chances of chemo-resistance 
than the synthetic molecules. Furthermore, ingredients for natural medicines are 
more readily available and the manufacturing costs are relatively lower than the 
synthetic molecules. Therefore, switching to herbs, rather than completely on syn-
thetic medicines, shall also be cost effective.

7.7  Ashwagandha Anticancer Bioactives and Their 
Mechanism of Action

Ashwagandha (Withania somnifera), commonly known as winter cherry or Indian 
ginseng, is a shrub belonging to Solanaceae family. It is famously known in an 
Ayurveda health supplements and tonics that possesses a large variety of activities. 
In traditional Indian home medicine, its tuberous roots have been used to prepare 
medicinal formulations, while the flower, leaf and fruit extracts have been used for 
external applications on tumors, ulcers, inflamed skin rash or wounds. Ashwagandha 
has been professed for its anti-oxidant, analgesic, anti-inflammatory, anti-anxiety, 
anti-stress, anti-aging, and fertility related properties (Deocaris et  al. 2008). Its 
adverse effects, only if consumed in heavy doses, are gastro-intestinal and gesta-
tional complications. Scientific basis of its health promoting activities have not been 
completely understood as yet. In this chapter, we discuss the experimental evidences 
and molecular mechanism(s) of action of anticancer activity in Ashwagandha 
extracts and their constituents.

Ashwagandha is rich in Withanolides, a group of phytochemicals that consist of 
steroid backbone bound to lactone and/or its derivatives. The main phytochemicals 
extracted from Ashwagandha roots/leaves/fruits are alkaloids, anaferine, ana-
hygrine, beta sisterol, chlorogenic acid, cysteine, cuscohygrine, iron, pseudotro-
pine, scopoletin, somniferiene, tropanol, withanine, steroidal lactones, and 
withanolides (Dar et al. 2016; Dhar et al. 2006). They are produced as secondary 
metabolites by oxidation of steroids. Several studies have reported anticancer activ-
ity in the root and leaf extracts of Ashwagandha (Vyas and Singh 2014; Wadhwa 
et al. 2016). The active anticancer Withanolides include Witahferin-A (Wi-A) and 
Withanone (Wi-N). Wi-A is the most extensively studied among all the Withanolides. 
Several studies have shown that anti-cancer activity of Wi-A is mediated by (i) inac-
tivation of NFκB, a multifunctional transcriptional factor that regulates cytokine 
production and stress response (Gambhir et al. 2015), (ii) collapse of intermediate 
filament protein Vimentin, an important regulator of cell shape and migration 
(Ivaska et al. 2007; Thaiparambil et al. 2011), (iii) Oxidative stress in endoplasmic 
reticulum and mitochondria and c-FOS-FLIP-TRAIL induced apoptosis (Malik 
et al. 2007; Mayola et al. 2011; Nishikawa et al. 2015), (iv) Inhibition of proteasome 
mediated degradation leading to upregulation of p21, BAX, IκBα and apoptotic cell 
death (Yang et al. 2012), (v) Inhibition of STAT3 phosphorylation (an anti- apoptotic, 
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pro-migratory factor in various types of cancers) (Lee et al. 2010; Spitzner et al. 
2014; Yu et al. 2014), (vi) Inhibition of Hedgehog signaling pathway, an important 
contributor to proliferation, differentiation, and maintenance of tissue patterning 
(Yoneyama et  al. 2015), (vii) Inhibition of c-MET, AKT and RAF-1 signaling 
(Grogan et al. 2013; Samadi et al. 2012; Suman et al. 2016), (viii) inhibition of snail 
and e-Cadherin mediating EMT signaling (Suman et al. 2016) (ix) downregulation 
of BRCA1 and HSF1 proteins (Zhang et al. 2012) and (x) downregulation of HPV 
oncoproteins in human cervical cancer cells and restoration of p53 mediated growth 
arrest or apoptosis (Munagala et al. 2011). Furthermore, Wi-A has been shown to 
sensitize cancer cells to radiotherapy (Kalthur and Pathirissery 2010) and work in a 
synergistic manner with other commercial anticancer compounds including 
sorafenib (Cohen et al. 2012), oxaliplatin (Li et al. 2015) and cisplatin (Kakar et al. 
2014). Table 7.1 provides a comprehensive review on the cellular targets and molec-
ular mechanism(s) of its anticancer activity tested on various kinds of human cancer 
cells in vitro and in vivo.

We initially prepared an alcoholic extract of leaves of Ashwagandha (called 
i-Extract) (Fig. 7.1a), and investigated its tumor suppressor activity in nude mice 
tumor-growth suppression assays. Significant tumor-growth suppression with 
i-Extract was recorded (Fig. 7.1b). In vitro cytotoxicity assays, using a variety of 
human cancer cell lines, revealed that i-Extract caused toxicity to cancer cells and 
was safe to normal cells at the equivalent doses (Fig. 7.1c). HPLC profiling of the 
i-Extract showed that (i) it contained Withaferin-A and Withanone as major con-
stituents, (ii) the extracts with high ratio of Withanone/Wi-A possess higher antican-
cer activity in vivo and were selectively toxic to cancer cells in vitro (Fig. 7.1a). In 
order to identify the cellular targets for anticancer activity of i-Extract, we per-
formed phenotype based loss-of-function screening using a shRNA library. In a 
platform of 96-well cell culture dishes, shRNA-mediated gene knockdown was car-
ried out before the cells were subjected to i-Extract. shRNAs that rendered the cells 
unresponsive to the cytotoxic effect of i-Extract were identified and their gene tar-
gets were considered crucial for i-Extract mediated cancer cell death (Fig. 7.1d). By 
similar, but more robust and unbiased, loss-of-function screening using ribozymes 
involved infection of cancer cells with randomized ribozyme library prior to the 
treatment with i-Extract (Fig. 7.1e). Ribozymes were recovered from cells that sur-
vived the i-Extract treatment. Gene targets of the selected ribozymes (as predicted 
by database search) were analyzed by bioinformatics and pathway analyses. 
Interestingly, we identified p53 tumor suppressor in these screenings, and also 
found it to be activated in response to the treatment by i-Extract and its constituent 
(Withanone) in cancer, but not normal, cells (Fig.  7.2) (Widodo et  al. 2007). 
Withaferin-A (Wi-A), on the other hand, that caused cytotoxicity to cancer as wells 
as normal cells (Widodo et al. 2007) induced p53 in both cell types endorsing that 
activation of p53 tumor suppressor is one of the mechanisms of anticancer activity 
in Ashwagandha bioactives. It has been reported that p53 binds to mortalin 
(mtHSP70) in cancer cells. This interaction causes cytoplasmic retention of p53 and 
inactivation of its transactivation function in cancer cells (Kaul et  al. 2005). 
Pancytoplasmic subcellular distribution of mortalin has been demonstrated as a 

7 Ashwagandha Bioactives for Cancer Treatment: Experimental Evidence and Their…



158

Ta
bl

e 
7.

1 
A

 c
om

pr
eh

en
si

ve
 r

ev
ie

w
 o

n 
th

e 
ce

llu
la

r 
ta

rg
et

s 
an

d 
m

ol
ec

ul
ar

 m
ec

ha
ni

sm
(s

) 
of

 it
s 

an
tic

an
ce

r 
ac

tiv
ity

 te
st

ed
 o

n 
va

ri
ou

s 
ki

nd
s 

of
 h

um
an

 c
an

ce
r 

ce
lls

 
in

 v
it

ro
 a

nd
 in

 v
iv

o

D
is

ea
se

Ta
rg

et
Pa

th
w

ay
R

es
ul

t
R

ef
er

en
ce

s

1
G

ra
ft

-t
o-

ho
st

 r
ea

ct
io

n
N

Fκ
B

M
H

C
-m

ed
ia

te
d 

im
m

un
e 

re
ac

tio
n

D
el

ay
 o

f 
re

je
ct

io
n 

of
 a

llo
ge

ni
c 

tr
an

sp
la

nt
G

am
bh

ir
 e

t a
l. 

(2
01

5)

2
B

re
as

t c
an

ce
r

V
im

en
tin

V
im

en
tin

 s
er

56
 

ph
os

ph
or

yl
at

io
n

In
va

si
on

 in
hi

bi
tio

n
T

ha
ip

ar
am

bi
l e

t a
l. 

(2
01

1)
3

E
nd

ot
he

lia
l c

el
l 

in
fla

m
m

at
io

n
V

im
en

tin
V

im
en

tin
-I
κB

α-
N

Fκ
B

A
nt

i-
in

fla
m

m
at

or
y

M
oh

an
 a

nd
 B

ar
ga

gn
a-

 
M

oh
an

 (
20

16
)

4
Pr

os
ta

te
 c

an
ce

r
c-

FO
S

PE
R

K
-e

IF
2α

-C
H

O
P

A
po

pt
os

is
N

is
hi

ka
w

a 
et

 a
l. 

(2
01

5)
5

Pr
os

ta
te

 c
an

ce
r

C
Y

C
L

IN
 A

, E
1 

an
d 

B
1,

 p
21

, W
E

E
1

C
hr

om
os

om
al

 
co

nd
en

sa
tio

n
D

ep
ol

ym
er

iz
at

io
n 

of
 α

-t
ub

ul
in

(R
oy

 e
t a

l. 
20

13
)

6
M

al
ig

na
nt

 p
le

ur
al

 
m

es
ot

he
lio

m
a

p2
1,

 B
A

X
, I
κB

α,
 

c-
M

Y
C

, c
-F

O
S,

 
c-

JU
N

, T
IM

P-
2,

 
(C

A
R

P)
-1

/C
C

A
R

1

p5
3

A
po

pt
os

is
Y

an
g 

et
 a

l. 
(2

01
2)

7
R

en
al

 c
an

ce
r

ST
A

T
3,

 J
A

K
2

JA
K

-S
TA

T
3

A
po

pt
os

is
U

m
 e

t a
l. 

(2
01

2)
8

R
en

al
 c

an
ce

r
ST

A
T

3,
 J

A
K

2
E

nd
op

la
sm

ic
 r

et
ic

ul
um

 
st

re
ss

A
po

pt
os

is
C

ho
i e

t a
l. 

(2
01

1)

9
Pa

nc
re

at
ic

 c
an

ce
r

H
SP

90
H

ed
ge

ho
g

A
po

pt
os

is
, p

ro
lif

er
at

io
n 

in
hi

bi
tio

n
Y

u 
et

 a
l. 

(2
01

0)
 a

nd
 

Y
on

ey
am

a 
et

 a
l. 

(2
01

5)
10

M
ye

lo
id

 le
uk

em
ia

C
as

pa
se

 3
, p

65
/R

E
L

, 
N

Fκ
B

p5
3

A
po

pt
os

is
M

al
ik

 e
t a

l. 
(2

00
7)

11
L

eu
ke

m
ia

p3
8M

A
PK

, B
A

X
p5

3
A

po
pt

os
is

M
an

da
l e

t a
l. 

(2
00

8)
12

M
al

ig
na

nt
 m

el
an

om
a

R
O

S 
pr

od
uc

tio
n

p5
3

A
po

pt
os

is
(M

ay
ol

a 
et

 a
l. 

(2
01

1)
13

M
ur

in
e 

sk
in

 c
an

ce
r

A
ce

ty
l-

C
oA

 
ca

rb
ox

yl
as

e
C

ar
ci

no
ge

n-
in

du
ce

d 
an

ch
or

ag
e-

in
de

pe
nd

en
t 

gr
ow

th

Pr
ol

if
er

at
io

n 
in

hi
bi

tio
n

L
i e

t a
l. 

(2
01

6)

R. Wadhwa et al.



159

14
M

et
as

ta
tic

 u
ve

al
 

m
el

an
om

a
c-

M
E

T,
 A

K
T

 a
nd

 
R

A
F-

1
A

K
T-

m
T

O
R

, p
53

G
ro

w
th

 a
rr

es
t, 

ap
op

to
si

s
Sa

m
ad

i e
t a

l. 
(2

01
2)

15
M

ur
in

e 
sk

in
 e

pi
de

rm
al

 
(p

re
-c

an
ce

ro
us

)
Is

oc
itr

at
e 

de
hy

dr
og

en
as

e
A

na
er

ob
ic

 g
ly

co
ly

si
s

T
ra

ns
fo

rm
at

io
n/

pr
ol

if
er

at
io

n 
in

hi
bi

tio
n

L
i a

nd
 Z

ha
o 

(2
01

3)

16
C

ol
or

ec
ta

l c
an

ce
r

M
A

D
2,

 C
D

C
20

C
hr

om
os

om
al

 
se

gr
eg

at
io

n
G

ro
w

th
 a

rr
es

t, 
ap

op
to

si
s

D
as

 e
t a

l. 
(2

01
4)

17
C

ol
or

ec
ta

l c
an

ce
r

N
ot

ch
-1

, I
κK

α,
 

p7
0-

S6
 K

, 4
E

-B
P1

, 
c-

JU
N

, J
N

K
, E

R
K

1/
2

N
ot

ch
-1

, A
K

T-
m

T
O

R
, 

N
Fκ

B
, p

53
, 

c-
JU

N
-N

H
2-

ki
na

se

G
ro

w
th

 a
rr

es
t, 

ap
op

to
si

s
K

od
ur

u 
et

 a
l. 

(2
01

0)

18
C

ol
or

ec
ta

l c
an

ce
r

ST
A

T
3

JA
K

-S
TA

T
3

A
po

pt
os

is
C

ho
i a

nd
 K

im
 (

20
15

)
19

C
ol

or
ec

ta
l c

an
ce

r
A

K
T

A
K

T-
m

T
O

R
A

po
pt

os
is

Su
m

an
 e

t a
l. 

(2
01

6)
20

B
re

as
t c

an
ce

r
β-

tu
bu

lin
M

ito
tic

 n
uc

le
ar

 
se

gr
eg

at
io

n
G

ro
w

th
 a

rr
es

t, 
ap

op
to

si
s

A
nt

on
y 

et
 a

l. 
(2

01
4)

21
B

re
as

t c
an

ce
r

E
R

K
 1

/2
 a

nd
 R

SK
E

R
K

1/
2-

R
SK

-E
L

K
1-

 
C

H
O

P-
D

R
5

A
po

pt
os

is
N

ag
al

in
ga

m
 e

t a
l. 

(2
01

4)
22

B
re

as
t c

an
ce

r
B

R
C

A
1,

 H
SF

1
p5

3
A

po
pt

os
is

Z
ha

ng
 e

t a
l. 

(2
01

2)
23

B
re

as
t c

an
ce

r
ST

A
T

3
JA

K
-S

TA
T

3
A

po
pt

os
is

L
ee

 e
t a

l. 
(2

01
0)

24
C

er
vi

ca
l c

an
ce

r
p5

3,
 p

R
b,

 S
TA

T
3

p5
3

A
po

pt
os

is
, P

ro
lo

fe
ra

tio
n 

in
hi

bi
tio

n
M

un
ag

al
a 

et
 a

l. 
(2

01
1)

25
N

eu
ro

bl
as

to
m

a
ST

A
T

3
IL

-6
-m

ed
ia

te
d 

ce
ll 

de
at

h
A

po
pt

os
is

Y
co

 e
t a

l. 
(2

01
4)

26
G

lio
bl

as
to

m
a

A
K

T,
 m

T
O

R
, 

A
M

PK
α

A
K

T-
m

T
O

R
, p

53
G

ro
w

th
 a

rr
es

t, 
ap

op
to

si
s

G
ro

ga
n 

et
 a

l. 
(2

01
3)

27
G

lio
bl

as
to

m
a

–
–

N
eu

ro
sp

he
re

 c
ol

la
ps

e
(C

ha
ng

 e
t a

l. 
(2

01
6)

28
T

hy
ro

id
 c

an
ce

r
Sy

ne
rg

is
m

 w
ith

 
so

ra
fe

ni
b

–
Si

m
ila

r 
ef

fic
ac

y 
w

ith
 r

ed
uc

ed
 to

xi
ci

ty
C

oh
en

 e
t a

l. 
(2

01
2)

29
Pa

nc
re

at
ic

 c
an

ce
r

Sy
ne

rg
is

m
 w

ith
 

ox
al

ip
la

tin
–

Si
m

ila
r 

ef
fic

ac
y 

w
ith

 r
ed

uc
ed

 to
xi

ci
ty

L
i e

t a
l. 

(2
01

5)

30
R

en
al

 c
an

ce
r

Sy
ne

rg
is

m
 w

ith
 

ra
di

ot
he

ra
py

p5
3

A
po

pt
os

is
Y

an
g 

et
 a

l. 
(2

01
2)

7 Ashwagandha Bioactives for Cancer Treatment: Experimental Evidence and Their…



160

marker for normal cells; tumor cells show perinuclear-staining pattern (Wadhwa 
et al. 1993). Interestingly, a shift in perinuclear mortalin staining pattern, typical of 
tumor cells, to pancytoplasmic pattern was observed in i-Extract treated cancer 
cells. The latter also showed nuclear translocation and activation of p53 (Widodo 
et al. 2007). Similar change in the subcellular distribution of mortalin was found 
when cancer cells were induced to undergo senescence-like growth arrest in 
response to treatment with a rhodacyanine dyes (MKT-077 and its derivatives), 
bromo-deoxyuridine (BrdU), single chromosomes and active component of honey 

Fig. 7.1 Anticancer activity in leaves of Ashwagandha. (a) Chemical profile of alcoholic extract 
(i-Extract) of Ashwagandha showing high level of Withanone than Witahferin A. (b) Nude mice 
tumor progression assay showing that whereas, in 2 weeks, subcutaneous xenograft of HT1080 
cells formed solid and big tumors in control mice. The i-Extract fed mice showed suppression of 
tumor growth. (c) Cell culture assays showed cytotoxicity of i-Extract (12 μg/ml) to MCF7 (human 
breast cancer cells), but not TIG-1 (normal cells). (d and e) Loss of function screening using 
shRNA or ribozymes for identification of cellular targets for cytotoxicity of i-Extract to cancer 
cells (Widodo et al. 2007)
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bee propolis-CAPE (all of these have been demonstrated to possess anticancer 
activity) (Kaul et al. 1995; Michishita et al. 1999; Wadhwa et al. 2000, 2016). By 
molecular docking studies, we further found that Wi-A and Wi-N are able to dock 
into the p53-mortalin complexes in which mortalin protein inactivates the tumor 
suppressor activities (Fig. 7.2a). By docking to the protein sites that are involved in 
their binding, these small molecules cause abrogation of mortalin-p53 complexes, 
resulting in re-translocation of p53 to the cell nucleus and activation of its transcrip-
tional activation and growth arrest functions mediated by p21WAF-1 protein (Fig. 7.2b). 
Of note, since mortain-p53 interaction occurs in cancer, not in normal, these molec-
ular data accounted for selective toxicity of Wi-A to cancer cells. Taken together, 
these data suggested that the i-Extract abrogated mortalin-p53 interactions and 
induced senescence-like growth arrest in cancer cells through an activation of wild 
type p53 function that was endorsed by increase in p21 protein in i-Extract treated 
cancer cells (Fig. 7.2c, d). Furthermore, as discussed above, mutant p53 (a hall mark 
of cancer cells) was seen to decrease in i-Extract treated cells along with the appear-
ance of wild type p53 activity, suggesting that i-Extract is useful for cancer 
treatment.
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Fig. 7.2 Activation of tumor suppressor p53  in cancer cells Withanone. (a) A model showing 
inactivation of p53 by its binding to p53 in cytoplasm, docking to Withanone into mortalin-p53 
complexes, resulting in nuclear translocation of p53. (b) i-Extract and Withanone treated cells 
showed increased number of cells with nuclear p53. (c) A model showing transcriptional activation 
of p21 by p53. (d) i-Extract and Withanone caused increase in p21 in cancer cells. (e) Wild type 
p53 reporter assay in control and i-Extract treated cells showed that the later caused increase wild 
type p53 activity (Widodo et al. 2008, 2010)
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Cell phenotype driven molecular analyses showed that i-Extract induced growth 
arrest in cancer cells with wild type p53 (U2OS, MCF7, and HeLa) and apoptosis in 
mutant type p53 (HS578T, SK-BR3 and PC14) proteins. Apoptosis in cancer cells 
with mutant p53 (HT29A4) has been reported when wild type p53 protein was 
restored in these cells (Barberi-Heyob et al. 2004). Reactivation of wild type p53 
activity was also achieved by low molecular weight peptides including PRIMA-1 
(Bykov et al. 2003) and by global suppressor motif approach (Baroni et al. 2004). 
In view of this information, our data was suggestive that i-Extract has an ability to 
endow wild type p53 function in mutant p53 protein in cancer cells. Since such 
endowment of wild type p53 function (reactivation of the growth arrest or the apop-
totic pathway) to mutant p53 protein in cancer cells is the most beneficial approach 
for cancer therapeutics. We undertook biochemical, reporter and imaging assays to 
confirm wild type p53 activity in i-Extract treated mutant p53-harboring cells. As 
shown in Fig. 7.2e, we detected wild type p53 activity by reporter assays as well as 
endogenous downstream targets (p21WAF-1, HDM2 and Bax) in treated cells. 
Decrease in the level of mutant p53 and reactivation of wild type p53 in i-Extract 
treated cancer cells suggested that it is a useful for cancer treatment.

In order to obtain further molecular insights to the anticancer bioactives and their 
mechanism of action, i-Extract was fractionated by silica gel column chromatogra-
phy and subjected them to cell based activity analyses. We identified seven fractions 
that could cause cancer cell killing; Wi-N was most selective for cancer cells. Wi-N 
rich Ashwagandha leaf powder was nontoxic and anti-tumorigenic in mice assays. 
Gene silencing and pathway analyses approach on the i-Extract and its components 
revealed that they cause cancer cell killing by at least by five different pathways 
viz., p53 signaling, GM-CFS signaling, death receptor signaling, apoptosis signal-
ing and G2-M DNA damage regulation pathway of which p53 signaling was most 
common (Fig. 7.3) (Widodo et al. 2008, 2010). Imaging analyses of p53 and morta-
lin further revealed that i-Extract, Fractions F1 & F4, and Wi-N caused an abroga-
tion of mortalin-p53 interactions and reactivation of p53 function while the fractions 
F2, F3, F5 work through other mechanisms. These analyses provided evidence on 
the multi-module action of i-Extract and its components Wi-A and Wi-N.  Such 
multi-site mechanisms of action of i-Extract may offer greater success as compared 
to the single-site agents (Fig. 7.3). Bioinformatics on the selected gene-targets once 
again revealed involvement of p53, apoptosis and insulin/IGF signaling pathways 
linked to the ROS signaling. We verified these findings by biochemical and imaging 
assays and found that the selective killing of cancer cells is mediated by induction 
of p53 activity and oxidative stress including increase in ROS levels, DNA damage, 
changes in mitochondrial structure and membrane potential (Fig. 7.4). Furthermore, 
cellular targets, TPX2, TFAP2A, LHX3 and ING1 were identified.

TPX2 is a microtubule-associated protein that functions as an allosteric regulator 
of Aurora-A, an oncogene that plays essential role in centrosome maturation and 
chromosome segregation during mitosis (Bibby et al. 2009). It is overexpressed in 
multiple human cancers (Tanenbaum et al. 2009) and regulate the Aurora A kinase 
that plays a key role during mitosis and cytokinesis and has also been found to be up 
regulated in several cancer types. TPX2 and Aurora A kinase together control the 
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genetic instability that results from improper segregation of sister chromatids dur-
ing mitosis. They associates with the centrosome and the spindle microtubules dur-
ing mitosis, and function in centrosome maturation, spindle assembly, maintenance 
of spindle bipolarity, and mitotic checkpoint control. Aurora A inhibitors have been 
proposed as anticancer drugs that work by blocking its ATP binding site. However, 
the ATP binding site is common to other kinases, such inhibitors would lack speci-
ficity, and hence advocate the need of some alternative inhibition route. Withanone 
inhibited TPX2. By computational and experimental approaches, we found that 
Withanone binds to TPX2-Aurora A complex and results in their dissociation caus-
ing disruption of mitotic spindle apparatus and cell death. Furthermore, phosphory-
lation analysis of Aurora A and its subtrate histone H3 in control and Withanone 
treated cells showed significant decrease in phosphorylated histone H3 in the latter 
suggesting that Withanone is a candidate Aurora A targeting anticancer drug (Grover 
et al. 2012b).

TFAP2A has been shown to play crucial role in tumor growth and progression by 
regulation of E-cadherin, insulin like growth factor receptor-1, MMP-2, c-kit, HER- 
2, Bcl-2, and Smad signaling (Koinuma et al. 2009). LHX3 is a homeodomain tran-
scription factor and plays key role in cell fate determination, embryonic development 
and oncogenesis (Dietrich et al. 2009). On the other hand, ING1, an ING family 

Fig. 7.3 Cellular pathways involved in cytotoxicity of i-Extract to cancer cells. Cellular targets 
identified by loss-of-function screening assays using shRNA and ribozymes were analyzed by 
bioinformatics. The identified five pathways are shown (Widodo et al. 2008)
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protein, is involved in human cellular senescence, tumor suppression and apoptosis 
(Menendez et al. 2009; Shah et al. 2009). ING1 has been shown to modulate p53 
activity and its downstream effectors, p21WAF1 and Bax by acetylation and stabiliza-
tion (Zhu et al. 2009). Taken together, the data suggested that the cancer cell killing 
by i-Extract might involve repression of TPX2, TFAP2A and LHX3, and activation 
of ING1 functions; supporting its multi-site action. Bioinformatics and systems 
biology analyses on these gene targets revealed that these gene targets are involved 
in several kinds of biological processes such as, oncogenesis, cell cycle, DNA repair 
and nucleic acid metabolism. The top two pathways were p53 tumor suppressor 
(gene targets-DDB2, CDKN1A, CDKN2B) and apoptosis (gene targets-IGF2R and 
HSPA9). In addition, Ras, insulin/IGF, angiogenesis and cytoskeleton regulation 
pathways that are tightly linked with apoptosis and tumor development, were also 
identified. Involvement of these gene clusters during i-Extract induced cytotoxicity 
suggested that it might be characterized as cellular responses including, stress 
response (HSPA9, CDKN1A), and DNA damage response (ING1, DDB2 and 
TFAP2A) culminating into either cell cycle arrest or apoptosis.

Based on these data it was suggestive that i-Extract causes activation of cellular 
stress signaling by ROS-mediated pathways initiated at two levels (i) mitochondrial 
stress leading to change in membrane potential and (ii) DNA damage stress leading 
to activation of DNA damage and repair machinery. In order to test this hypothesis, 
we investigated molecular markers of stress in control and i-Extract treated cells. As 
shown in Fig. 7.2, i-Extract caused an activation of CDKN1A-p21 in cancer cells; it 

Fig. 7.4 Withanone caused oxidative stress and ROS induction in cancer cells. Electron micro-
graphs of control and Withanone-treated cells showing induction mitochondrial damage (a) and 
reactive oxygen species (b) in Withanone treated cells (Widodo et al. 2007, 2008, 2010).
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remained unaltered in normal cells when treated with either i-Extract or Withanone. 
Of note, i-Extract induced increase in CDKN1A-p21 expression was abrogated by 
knockdown of each of these four (TPX2, LHX3, ING1 and TFAP2A) target genes 
suggesting CDKN1A-p21 is a critical mediator of i-Extract induced selective 
growth arrest in cancer cells. Furthermore, whereas p53+/+ and p53−/− cells showed 
comparable sensitivity to i-Extract, the p21−/− cells were 2–3 times more tolerant to 
i-Extract treatment as compared to the p21+/+ cells endorsing that CDKN1A-p21 is 
a critical mediator of i-Extract induced growth arrest in cancer cells (Widodo et al. 
2008, 2010).

The involvement of DNA damage and repair-signaling pathway in i-Extract 
induced cancer cell killing was investigated by analysis of DNA damage-induced 
molecular markers. i-Extract, Wi-A and Wi-N treated cells showed increase in 
γH2AX (an early marker of DNA damage response) in cancer cells only (Widodo 
et al. 2008, 2010). Similarly, stress response initiated at mitochondria in i-Extract 
induced MCF7 (breast cancer) cell killing was supported by induction of ROS 
(chemically reactive molecules that have essential role in signal transduction, cell 
growth and differentiation, regulation of enzyme activities and immune response 
including inflammation and cytokine production). Whereas a moderate increase in 
ROS promotes cell proliferation and differentiation, its excessive amount causes 
irreversible oxidative damage to DNA, proteins and lipids leading to cell death. 
Cancer cells frequently exhibit high oxidative stress and increased generation of 
reactive oxygen species (ROS) as compared to the normal counterparts. This higher 
level of ROS has been considered as a selective therapeutic target for cancer treat-
ment (Piccirillo et al. 2009). Consistent with the cytotoxicity of two components 
(Wi-A and Wi-N) in i-Extract, ROS induction was detected by both the components 
in cancer cells and only by Wi-A in normal cells (Widodo et al. 2008, 2010). These 
data demonstrated that the treatment with i-Extract and Withanone lead to induction 
of ROS selectively in cancer cells and hence could be responsible for selective can-
cer cell killing (Fig. 7.4) (Widodo et al. 2008, 2010). Investigations of mitochon-
drial membrane potential that is highly affected by ROS levels, revealed decrease in 
mitochondrial membrane potential in i-Extract treated cancer cells. Ultrastructure 
of control and i-Extract treated MCF7 cells at single-cell level showed typical mito-
chondrial morphology, characterized by a double membrane containing a homoge-
neous matrix and a system of parallel cristae. Wi-N treated cells showed swollen 
mitochondria with an altered morphology of which the shortening and reduction in 
number of cristae were apparent (Fig. 7.4) (Widodo et al. 2007).

With the experimental strategies described above, we next investigated antican-
cer activity in the water extract of Ashwagandha leaves (WEX) and found that it 
possesses considerable anticancer potential. Since water extracts are eco- as well as 
bio- friendly by which plant is not sacrificed and organic solvents are replaced with 
easy, economic, convenient and safe alternative i.e., water, the anticancer activity in 
water extract was deemed extremely beneficial for human consumption. We 
extended the study to examine (i) the toxicity assays in mice, (ii) in vivo anti-tumor 
test in nude mice subcutaneous xenograft and tail vein metastasis models (Fig. 7.5). 
Nude mice fed with 500 mg of WEX/Kg body weight on every alternate day for 60 
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days did not show toxicity in terms of change in body weight and physical activity. 
After implanting HT1080 subcutaneous xenografts and tail vein injections, the nude 
mice were fed with WEX 250 mg/Kg body weight every alternate day and the tumor 
formation was monitored. In about 20 days, out of 24 control mice, 21 showed big 
tumor, one showed small tumor and two showed no tumors. WEX fed mice, on the 
other hand, showed strong tumor suppression. In this group, out of 24 mice, 12 
showed no tumors, 3 showed tumor buds, 5 showed small tumors and only 4 showed 
big tumors. In lung metastasis assays, WEX fed mice showed strong suppression of 
metastasis. There were less than 5 tumors in WEX fed mice as compared to the 
control mice that had more than 50 tumors. These data suggested that the WEX has 
considerable anticancer activity in vitro and in vivo.

Chemical analysis of WEX showed that it contains very low levels of Wi-N or 
Wi-A.  Analysis on the cellular targets of WEX and i-Extract by shRNA library 
revealed that their cytotoxicity was mediated by some unique and several common 
gene-targets. The latter were attributed to low levels of Wi-N and Wi-A. By activity 
based fractionation and NMR analysis, we identified triethylene glycol (TEG) as a 
key component that possess tumor suppression activity in in vivo nude mice tumor 
formation and metastasis assays (Fig. 7.5). TEG is a member of dihydroxy alcohol 
family, known to have high ability to hold water molecules. It has been well 

Fig. 7.5 Anticancer activity in water extract of Ashwagandha leaves and its active component 
Triethylene glycol. (a) Nude mice tumor assays showing growth suppression in mice fed either 
with WEX or TEG. (b) Cancer (U2OS), but not normal (TIG-1), cells treated with WEX or TEG 
showed decrease in phosphorylated pRB signifying their cell cycle arrest (Wadhwa et al. 2013)
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 established as a low toxicity mild disinfectant towards a variety of airborne, solution 
and surface bound microbes including bacteria and viruses (Rudnick et al. 2009). 
An old study on dogs having inoperable malignant and metastatic tonsillar epithe-
lioma and reticulum cell sarcoma reported the regression of tumors in response to 
the treatment with TEG without any toxicity (Owen 1962). Liu et al. (2008) reported 
that the triethylene tetramine (TETA) as a novel ligand for g-quadruplex and has 
many kinds of biological activities, including telomerase inhibition and induction of 
senescence in tumor cells. Low dose of TETA caused week inhibition of the growth 
of tumor cells in culture. However, it could significantly enhance anti-tumor activity 
of traditional anti-tumor drugs in vitro and in vivo (Liu et al. 2008).

Our biochemical, molecular and imaging analyses revealed that the cytotoxicity 
of TEG is mediated by activation of p53 and pRb tumor suppressor pathways. 
However, in contrast to the selective activation of p53 in response to i-Extract treat-
ment as discussed above, WEX caused activation of p53 in cancer as well as normal 
cells. On the other hand, investigation on the level of phosphorylated pRb by 
Western blotting and immunostaining in control, WEX and TEG-treated cells 
revealed that whereas pRb phosphorylation and cyclin B1 decreased in cancer cells, 
normal cells showed increase (Fig.  7.5) (Wadhwa et  al. 2013). Cyclin D1 was 
increased in cancer and decreased in normal treated cells. Cyclins are a highly con-
served family of proteins that act as regulators of CDK kinases and show dramatic 
periodicity in their expression level during the cell cycle progression. Different 
cyclins exhibit distinct expression and degradation patterns that contribute to the 
temporal coordination of each mitotic event. It has been established that cyclin D1 
forms a complex with CDK4 or CDK6 and is absolutely required for G1/S transi-
tion. Cyclin D1-CDK4/CDK6 complex forms an active kinase for the retinoblas-
toma protein (RB) resulting in RB-phosphorylation, release of E2F from RB-E2F 
complex and transcription of genes required for cell cycle progression. Cyclin D1 
also plays a key role in linking the extracellular signaling to cell cycle progression. 
Its expression level increases during G2 phase, maintains through mitosis and G1 
phase, and declines in S phase when DNA synthesis begins. During the cell cycle 
progression in response to pro proliferative signals, cyclin D1 level gets induced 
once again during G2 phase and decline on entry to S phase resulting commitment 
to continuing proliferation. WEX and TEG caused hypophosphorylation of Rb 
(activation of its tumor suppressor activity) in cancer cells selectively (Fig.  7.5)
(Wadhwa et al. 2013). These studies have not only demonstrated the molecular basis 
of the anticancer activity in the leaves of Ashwagandha but also provided compel-
ling evidence to the fact that often herbs are seen to have better activity than their 
extracts (Fig. 7.6a). In view of this, we finally investigated anticancer potential of 
Ashwagandha leaf powder and found that mice fed with Ashwagandha (500 mg/Kg 
Body weight) showed no toxicity, but strong suppression of tumor progression 
(Fig. 7.6b). Furthermore, mixture of leaf powder with gamma cyclodextrin (γCD) 
showed higher efficacy that may be caused by increased stability and bioavailability 
of active ingredients (Fig. 7.6c) (Kaul et al. 2017).

In last one decade, large number of studies has provided experimental evidence 
and molecular insights to the anticancer bioactive compounds in leaves of 
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Ashwagandha. While further studies to dissect their efficacy in in vivo clinical mod-
els of cancers and pharmokinetics are warranted, the traditional knowledge on use 
of extracts in preference to the individual active components is validated by our 
analyses and deserves attention for anticancer treatment.
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Chapter 8
Scientific Evidence for Anticancer Effects 
of Withania somnifera and Its Primary 
Bioactive Component Withaferin A

Anuradha Sehrawat, Suman K. Samanta, Su-Hyeong Kim,  
Eun- Ryeong Hahm, and Shivendra V. Singh

Abstract Withania somnifera (WS) plant has been used for centuries to cure or 
treat various disorders in the Ayurvedic medicine. Research over the years has indi-
cated that withanolides are the primary bioactive constituents in WS. Scientific evi-
dence for anticancer effects of WS root extract (WRE) is quite strong, and is derived 
from both in vitro cellular experiments and in vivo studies in rodent models of can-
cer. This article reviews scientific evidence supporting anticancer effects of WRE 
and its primary withanolide (withaferin A). The primary focus of the present article 
is on: (a) phytochemistry of WS, (b) withanolide biosynthesis, (c) pharmacokinet-
ics, (d) in vivo evidence for anticancer activity of WRE and its primary bioactive 
component withaferin A (WA), and (e) effect of WA and WRE on cancer stem cell 
population and/or epithelial-mesenchymal transition. Unpublished results from our 
own laboratory are presented to demonstrate that WA is the most likely primary 
anticancer agent in WRE standardized for WA content (sWRE). The mechanisms 
underlying anticancer effects of WRE and WA have been reviewed extensively by 
us and others, and therefore are not elaborated in this article.
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8.1  Introduction

Withania somnifera (also known as Ashwagandha, Indian winter cherry or Indian 
Ginseng), a plant belonging to the Solanaceae family, has been used in the Ayurvedic 
medicine for centuries. In Ayurvedic medicine, Withania somnifera (WS) is charac-
terized as a Sattvic Kapha Rasayana (tonic). WS is a key ingredient in hundreds of 
Ayurvedic formulations. Some of the suggested medicinal benefits of WS include 
anti-aging effect, revitalization of the body, and mental comfort (Changhadi 1938; 
Mahima et al. 2012; Sharma 1999). WS grows in many parts of the world, including 
India, Africa, and Europe (Sharma et al. 2011; Uddin et al. 2012). It is generally 
available in the form of a fine powder that can be mixed and used with water, ghee 
(clarified butter) or honey (Singh et al. 2011). The root of WS is believed to be a 
tonic, diuretic, and stimulant. The leaves of WS are bitter and are recommended for 
alleviation of fever and painful swelling. The seeds are anthelmintic and combined 
with rock salt to remove white spots from the cornea as well as to increase sperm 
count and improve testicular growth (Dar et al. 2015; Singh et al. 2011). WS has 
been the subject of considerable scientific research, including clinical trials, sup-
porting the use of WS for the treatment of anxiety, cognitive and neurological disor-
ders, senile dementia, and Alzheimer’s and Parkinson’s diseases (Dar et al. 2015; 
Tiwari et al. 2014; Uddin et al. 2012; Winters 2006). It is the principal component 
in many commercially available poly-herbal preparations (Cecchini et  al. 2014; 
Sangwan et al. 2004). Several preclinical studies have been conducted to evaluate 
the effectiveness of WS for the prevention and treatment of different malignancies. 
Extracts, derived from the WS root (WRE) or the whole plant, have been shown to 
possess anticancer activity through diverse yet converging pathways (Rai et  al. 
2016). Constituents of WS (withaferin A, withanone, etc.) have been shown to sup-
press proliferation of cancer cells without showing any toxic effects on normal cells 
(Samadi 2015; Vyas and Singh 2014). WRE significantly reduces lipid peroxidation 
and increase activities of anti-oxidative enzymes such as superoxide dismutase 
(SOD) and catalase, thus providing evidence for its anti-oxidant activity (Dhuley 
1998; Panda and Kar 1997). Furthermore, the radio-sensitization and chemo- 
sensitization effects of WS/WA represent other attractive anticancer traits of this 
plant (Dar et al. 2015). This article reviews experimental evidence for antitumor 
efficacy of WS and its chemical constituent WA.

8.2  Phytochemistry of Withania somnifera (WS)

A variety of chemicals are present in WS, including alkaloids (withanine, somnifer-
ine, somninine, somniferinine, withananine, pseudowithanine, tropine, etc.), steroi-
dal lactones (WA, withanolides A-Y, withasomniferin-A, withasomidienone, 
withasomniferols A-C, withanone, etc.), flavonoids (6,8-dihydroxykaempferol 
3-O-rutinoside, quercetin and its 3-O-rutinoside and 3-O-rutinoside-7-O-glucoside), 
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saponins, nitrogen containing compounds (withanol, somnisol, somnitol) and other 
chemicals (cuscohygrine, anahygrine, pseudotropine, anaferine) (Dar et al. 2015; 
John 2014; Kandil et al. 1994; Mirjalili et al. 2009; Misra et al. 2008). Two acyl 
steryl glucoside (sitoindoside VII and sitoindoside VIII) and two glycowithanoloids 
(sitoindoside IX and sitoindoside X) have also been isolated from the root of WS 
(Matsuda et al. 2001). Other chemical constituents like resin, fat, sugar, phytosterol, 
ipuranol and fatty acids are also present in WS (Umadevi et al. 2012). The chemical 
structures of some withanolides in WRE are exemplified in Fig. 8.1.

8.3  Withanolide Biosynthesis

Withanolides are a group of molecules having C-28 steroidal lactone backbone in 
which C-26 and C-22 or C-26 and C-23 are oxidized to form δ- or γ-lactone ring, 
respectively (Mirjalili et al. 2009; Misico et al. 2011). The withanolides are gener-
ally poly-oxygenated and believed to be produced via enzyme system capable of 
catalyzing oxidation of all carbon atoms in a steroid nucleus (Dhar et  al. 2015). 

Fig. 8.1 Chemical structures of some chemicals present in WS
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Studies suggest that precursor molecules for the withanolide are the isoprenoids, 
that are synthesized via classical cytosolic mevalonic acid (MVA) and plastid local-
ized 2-C-methyl-D-erythritol-4-phosphate (MEP) pathways leading to biosynthesis 
of 24-methylene cholesterol. This central molecule, through various biochemical 
reactions (desaturation, hydroxylation, glycosylation, formation of additional rings 
and addition of the side chains in the steroid backbone), leads to production of vari-
ous withanolides (Dhar et al. 2015; Gupta et al. 2013a; Mirjalili et al. 2009; Misico 
et al. 2011). Withanolides are distributed in distinct amount and ratios in different 
tissues, developmental stages and chemotypes of the plant (Dhar et al. 2015; Gupta 
et al. 2013a; Sangwan et al. 2008). WA and withanone are the major metabolites in 
the leaves, whereas withanolide A (WLA) and withanolide D are principal metabo-
lites found in the root (Gupta et al. 2015; Ray and Jha 2001). It is proposed that 
withanolides are first synthesized in the leaves followed by their transport to the root 
(Ray and Jha 2001; Singh et al. 2015). Both shoots and roots of WS contain WA and 
withanolide D, but only withanolide D could be detected in the excised non- 
transformed as well as transformed root cultures (Ray et al. 1996). This suggests 
that the de novo synthesis of withanolide D probably occurs in the root from pri-
mary isoprenogenic precursors. Tissue specific site of synthesis and accumulation 
of withanolides in WS has also been studied (Bharti et al. 2011; Chaurasiya et al. 
2009; Gupta et al. 2011). The expressed sequence tag (EST) and transcriptome data-
bases generated from the leaf and root of WS revealed presence of withanolide 
biosynthetic genes (Gupta et al. 2013b; Senthil et al. 2010; Senthil et al. 2015). A 
useful protocol to enhance the withanolide production by a diversity of biotic and 
abiotic elicitors has been developed in hairy root culture of WS (Sivanandhan et al. 
2016). There have been several endeavors to clone and characterize withanolide 
biosynthetic pathway genes from WS (Akhtar et al. 2013; Dhar et al. 2014; Gupta 
et al. 2011; Rana et al. 2013). Differential expression of biosynthetic genes in dif-
ferent chemotypes, tissues and in response to elicitor suggested that roots and leaves 
might possess independent systems for withanolide synthesis (Singh et al. 2015). In 
addition, various in vitro studies with cell suspension, and shoot and root culture 
and in somaclonal variants have opened new avenues for pathway engineering or 
withanolide production (Dhar et al. 2015).

8.4  Pharmacokinetics

An understanding of the pharmacokinetic behavior (e.g., absorption, clearance, oral 
bioavailability, and metabolism) is necessary for drug development. Levels of WA 
and withanolide A (WLA) were measured in mice plasma after a single oral admin-
istration of aqueous extract of WS root at 1 g/kg suspended in 0.5% carboxymethyl 
cellulose sodium aqueous solution (Patil et al. 2013). The maximum plasma con-
centrations (Cmax) for WA and WLA were about 17 ng/mL (~ 35 nM) and 27 ng/mL 
(~56.5 nM), respectively (Patil et  al. 2013). The T1/2 (elimination half-life) was 
about 60 min for WA and 45 min for WLA (Patil et al. 2013).
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Following a single intraperitoneal (i.p.) administration of WA (4 mg/kg body 
weight), a mean Cmax of 1.8 μM was achieved in mice plasma with a half-life of 
about 1.4 h (Thaiparambil et al. 2011). This study also indicated that WA is cleared 
rapidly (0.151 L/hour) as this agent was not detectable in plasma of any mice at the 
24-h time point (Thaiparambil et al. 2011). A very recent study designed to deter-
mine the tissue distribution of WA in mice after a single i.p. administration (50 mg/
kg body) revealed its bioavailability in the liver and intestine but not in the brain 
(Gambhir et al. 2015). Single oral administration of 500 mg/kg WS to healthy buf-
falo calves resulted in a mean peak plasma concentration of about 248 μg/mL after 
0.75 h (Dahikar et al. 2012). This study also indicated that the mean therapeutic 
concentration of WS was maintained from 10  min to 3 h (Dahikar et  al. 2012). 
However, the pharmacokinetic behavior of WA in humans is yet to be elucidated.

8.5  In vivo Evidence for Anticancer Effects of Withania 
somnifera (WS) Root Extract (WRE) and Withaferin 
A (WA)

8.5.1  Inhibition of Transplanted Tumor Growth by WS

Devi and colleagues (Devi et al. 1992) were the first to demonstrate in vivo growth 
inhibition of mouse Sarcoma 180 transplanted in BALB/c mice. Administration of 
the alcoholic extract of WRE (200 to 1000 mg/kg body weight), i.p., for 15 days 
beginning 24 h after intradermal inoculation of Sarcoma 180 cells resulted in com-
plete tumor regression at the 400 mg/kg and higher doses (Devi et al. 1992). Some 
mortality was observed at the highest dose of 1000 mg/kg (Devi et al. 1992). In vivo 
anticancer efficacy of WRE against Sarcoma 180 was further established in a fol-
low- up study from the same group of investigators (Devi et al. 1993). WRE admin-
istration at 20 mg/mouse dose significantly inhibited pulmonary colonization of 
B16F-10 melanoma in mice (Leyon and Kuttan 2004). WRE administration also 
increased survival of mice (Leyon and Kuttan 2004). In vivo tumor growth inhibi-
tory effect of ethanol extract of WRE Dunal (200 mg/kg), reflected by a decrease in 
number of cancer cells, packed cell volume, and tumor weight, was also reported 
(Christina et al. 2004). The life span of mice treated with WRE Dunal was increased 
by about 28% when compared to control mice (Christina et al. 2004). Effect of sub-
cutaneous administration of ether extract of WS leaves (termed as i-Extract) on in 
vivo growth of highly aggressive HT1080 fibrosarcoma subcutaneously implanted 
in female nude mice was determined with three different protocols, including: (a) 
treatment starting at the time of tumor cell injection; (b) treatment before tumor 
appearance; and (c) treatment after tumor appearance (Widodo et al. 2007). Tumor 
growth suppression was observed with all three protocols (Widodo et al. 2007). A 
mixture of the WRE and the leaf extract of WS in a 1:1 ratio, given i.p. (100–150 
mg/kg) or orally (350 mg/kg), inhibited in vivo growth of Ehrlich ascitic and 
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Sarcoma 180 tumors by 41–61% (Malik et al. 2009). In vivo anti-metastatic effect 
of WRE standardized for WA content (termed as sWRE) was investigated using 
murine 4 T1 mammary carcinoma cells and human basal-like MDA-MB-231 breast 
cancer cells (Yang et al. 2013). Inhibition of primary tumor growth and pulmonary 
metastasis were observed in both models after oral administration (3 times/week) of 
4 mg sWRE/kg and 8 mg sWRE/kg (Yang et al. 2013). Importantly, both 4 and 8 
mg/kg doses administered orally for 35 days were well-tolerated by the female 
Balb/c mice (Yang et al. 2013). In the MDA-MB-231 model, sWRE (oral treatment) 
and WA (i.p. treatment) exhibited comparable efficacy suggesting that WA might be 
the primary anticancer agent at least in sWRE. Data from our laboratory shown later 
in this article further supports this possibility. Dietary administration of human 
grade WRE to laying hen resulted in a decrease in incidence and progression of 
ovarian cancer (Barua et al. 2013). Water extract of WS leaves (termed as ASH- 
WEX) (140 mg/kg or 4 mL ASH-WEX/kg body weight) administered orally on 21 
consecutive days inhibited growth of C6 glioma cells in rats reflected by a 43.6% 
reduction in tumor volume (Kataria et al. 2015). In conclusion, WRE administration 
seems to inhibit in vivo growth of transplanted tumor in rodents. Because different 
doses and schedules of WRE administration were used in these studies, it is difficult 
to comment on treatment conditions optimal for humans. Another potential limita-
tion of these studies relates to lack of standardization for withanolide content (e.g., 
WA), which can vary greatly in different WRE preparations. Hopefully, future stud-
ies will use only well-characterized (standardized for WA or any other withanolide) 
WRE preparations for antitumor evaluations. In fact, a very recent study showed in 
vivo activity of a standardized WRE preparation (AshwaMAX containing 4.3% WA 
and 8.4% total withanolides) against patient-derived glioblastoma multiforme cell 
line GBM39 (P4–9) injected into the right parietal region of the brain of female 
nude mice (Chang et al. 2016). AshwaMAX was given by gavage every other day at 
40 mg/kg/day dose (Chang et al. 2016).

8.5.2  Cancer Chemoprevention by WS

Cancer chemoprevention by WS/WRE was initially studied using chemically 
induced rodent models. Prevention of 20-methylcholanthrene-induced sarcoma in 
mice was achieved with i.p. administration of 20 mg WRE/mouse (Davis and Kuttan 
2000a). Chemoprevention of 20-methylcholanthrene-induced fibrosarcoma was 
also observed after oral administration of 400 mg WRE/kg body weight (Prakash 
et al. 2001). The overall incidence of skin papilloma induced by dimethyl benzan-
thracene (DMBA) and croton oil was reduced by 50% upon i.p. administration of 
20  mg WRE/mouse prior to and after DMBA administration (Davis and Kuttan 
2001). Significant increase in antioxidants, including reduced glutathione, glutathi-
one S-transferase, glutathione peroxidase, and catalases were observed in the skin 
and liver of WRE-treated mice when compared with the controls (Davis and Kuttan 
2001). Oral administration of 400 mg WRE/kg body weight (3 times per week on 
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alternate days) 1 week before carcinogen challenge and 24 weeks thereafter inhib-
ited incidence and multiplicity of squamous cell carcinoma of the skin induced by 
DMBA (Prakash et al. 2002). Moreover, WRE administration was able to restore 
imbalances in antioxidants (e.g., reduced glutathione, superoxide dismutase, cata-
lase, etc.) and oxidant (malondialdehyde) levels (Prakash et  al. 2002). Dietary 
administration of WRE (2.5 and 5%, w/w) to mice inhibited benzo(a)pyrene- 
induced forestomach papilloma incidence by 60% and 13%, respectively, and 
DMBA-induced skin papilloma incidence (Padmavathi et  al. 2005). Skin tumor 
multiplicity was also decreased upon feeding of mice with WRE-supplemented 
diets (Padmavathi et al. 2005). Muralikrishnan et al. (2010) provided evidence for 
constraint of azoxymethane-induced colon cancer and immune dysfunction in mice 
by oral administration of 400  mg WS extract/kg once every week for 4 weeks. 
Chemopreventive effect of WRE against estrogen receptor-positive breast cancer 
was examined using N-methyl-N-nitrosourea-rat model (Khazal et al. 2013). WRE 
(150 mg/kg body weight/day) was administered to rats by daily gavage starting 1 
week prior to the carcinogen injection and continuing for the duration of the study 
(155 days) (Khazal et al. 2013). Even though tumor multiplicity and burden (wet 
weight) were modestly lower (21–23%) in the WRE treatment group compared with 
the rats of the control group, the differences were not statistically significant (Khazal 
et al. 2013). Interestingly, the labeling indices for proliferation markers Ki-67 and 
PCNA were significantly lower (42% and 38%, respectively) in the WRE treatment 
group compared with control (Khazal et al. 2013). One potential limitation of the 
study was that the WRE was not standardized for withanolide content (Khazal et al. 
2013). Dietary administration 750 mg WRE/kg diet for 10 months produced similar 
effects in estrogen receptor-negative breast cancer in MMTV-neu transgenic mouse 
model (i.e., a trend for a decrease in tumor multiplicity and wet tumor weight that 
was statistically not significant but a significant decrease in tumor cell proliferation 
markers) (Khazal et al. 2014).

8.5.3  In vivo Evidence for Anticancer Efficacy of WA

In vitro anticancer effect of WA was first shown in the late sixties (Shohat et al. 
1967), and a few years later, the same group demonstrated its in vivo efficacy against 
Ehrlich ascites tumor model (Shohat and Joshua 1971). The Ehrlich model was used 
to further characterize the in vivo activity of WA by i.p. injection at 10–60 mg/kg, 
and statistically significant and dose-dependent tumor growth inhibition was 
reported (Devi et al. 1995). The in vivo anticancer activity of WA was subsequently 
extended to other solid tumor xenograft models. The first evidence of solid tumor 
xenograft growth inhibition by WA was obtained using PC-3 human prostate cancer 
cells after daily i.p. injections with 4 or 8 mg/kg body weight (Yang et al. 2007). 
Tumor growth inhibition of 54 to 70% was reported after 24 days of WA treatment 
(Yang et al. 2007). Notably, only 7 days of treatment resulted in complete tumor 
regression in one mouse of the 4 mg WA/kg group (Yang et al. 2007). The same 
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PC-3 prostate cancer xenograft model was used to demonstrate tumor growth inhi-
bition following intratumoral injections at 5 mg WA/kg body weight (Srinivasan 
et al. 2007). We demonstrated that five times per week i.p. injection of 4 mg WA/kg 
resulted in >40% inhibition of orthotopic MDA-MB-231 xenograft growth (Stan 
et al. 2008). While these examples serve to highlight early studies demonstrating in 
vivo efficacy of WA against solid tumors, growth inhibition has also been reported 
in xenograft models of Panc-1 pancreatic tumor (Yu et al. 2010), leiomyosarcoma 
(SKLMS1) and fibrosarcoma (HT1080) (Lahat et al. 2010), medullary thyroid car-
cinoma (DRO-81-1) (Samadi et al. 2010), CaSki cervical cancer cells (Munagala 
et  al. 2011), glioma (Santagata et  al. 2012), 92.1 uveal melanoma cells (Samadi 
et al. 2012), AB12 murine mesothelioma cells (Yang et al. 2012), MDA-MB-231 
basal-like breast cancer (Nagalingam et  al. 2014), HCT116 human colon cancer 
(Choi and Kim 2015), and Akt overexpressing HCT116 colon cancer cells (Suman 
et al. 2016). WA administration was also effective in suppressing B-cell lymphoma 
in a syngeneic-graft model (McKenna et al. 2015). Notably, i.p. route was employed 
in most of these in vivo studies. In future studies, it is important to test anticancer 
efficacy of WA after oral administration. Short plasma half-life of WA also suggests 
that frequent administration (twice or thrice daily) may produce even greater antitu-
mor response than that previously observed with single daily treatment. Nevertheless, 
WA shows in vivo efficacy against a variety of human and rodent cancer cells.

8.5.4  Evidence for Cancer Chemoprevention by WA

A handful of studies have assessed cancer chemoprevention by WA. Cancer chemo-
preventive efficacy of WA has been established in DMBA-induced oral cancer model 
in golden Syrian hamsters (Manoharan et al. 2009). Oral treatment with 20 mg WA/
kg body weight for 14 weeks resulted in complete prevention of oral tumorigenesis 
(Manoharan et al. 2009). Our laboratory was the first to demonstrate mammary can-
cer prevention by WA in a clinically relevant transgenic mouse model (MMTV-neu) 
(Hahm et al. 2013). Unlike data with dietary WS administration (Khazal et al. 2014), 
WA administration by i.p. route at a modest regimen of 100 μg/mouse/day (three 
times per week) resulted in a statistically significant decrease in tumor burden (both 
macroscopic and microscopic) compared with control MMTV- neu mice but the over-
all incidence was not affected (Hahm et al. 2013). A reduction in tumor incidence 
may be possible with a more intense dosing regimen (i.e., higher dose and/or daily 
administration), but further work is needed to explore this possibility. Nevertheless, 
biomarkers of mammary cancer prevention by WA in MMTV- neu mice included 
inhibition of energy pathways including complex III of the mitochondrial electron 
transport chain, glycolysis and tricarboxylic acid pathway (Hahm et al. 2013). Breast 
cancer prevention by WA in this model was also associated with apoptosis induction 
(Hahm et al. 2013). A more recent study demonstrated prevention of DMBA-initiated 
and 12-O-tetradecanoylphorbol-13-acetate-promoted skin carcinogenesis in DBA/2 
mice with topical application of WA (Li et al. 2015a). Further research is needed to 
establish chemopreventive efficacy of WA for other cancer types.
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8.5.5  Anticancer Activity of WA in Combination 
with Chemotherapy Drugs

Anticancer efficacy of WA in combination with chemotherapy drugs has also been 
investigated (Cohen et al. 2012; Kakar et al. 2012; Lee et al. 2009; Yang et al. 2011a, 
b). These studies were undertaken to identify efficacious combinations for minimiz-
ing side effects of chemotherapy drugs. Examples include WA in combination with 
TRAIL, sorafenib, cisplatin, and doxorubicin. For example, WA and sorafenib com-
bination exhibited synergistic efficacy in thyroid cancer cells (Cohen et al. 2012). 
Sensitization of Caki renal cancer cells to TRAIL-induced apoptosis by WA was 
also shown (Lee et al. 2009). Treatment of ovarian cancer cell lines with WA and 
doxorubicin combination exhibited time- and dose-dependent synergistic effect on 
cell proliferation inhibition and apoptosis induction (Fong et al. 2012). This study 
also provided in vivo evidence for the superiority of the WA/doxorubicin combina-
tion (Fong et al. 2012). Purified extract of WS containing 1.5% withanolides pro-
tected against doxorubicin-induced cardiotoxicity in rats (Hamza et  al. 2008). 
WA-mediated sensitization of ovarian cancer cells to cisplatin-induced apoptosis in 
vitro has also been reported (Kakar et al. 2012). WA augmented oxaliplatin- mediated 
growth inhibition in pancreatic cancer cells (Li et  al. 2015b). This chemo- 
sensitization was attributable to mitochondrial dysfunction and inactivation of the 
PI3K/AKT pathway (Li et al. 2015b). More importantly, WA/oxaliplatin combina-
tion therapy exhibited the strongest antitumor effect compared with single agents in 
vivo without additional toxicity (Li et al. 2015b). However, most of these studies 
have used in vitro cellular models to study antitumor effect of the combination. In 
vivo data establishing anticancer synergy/additivity is needed to warrant clinical 
investigations of WA in combination with other agents like sorafenib.

8.6  Inhibition of Cancer Stem-Like Cells by WA

The cancer stem-like cell hypothesis implicates this cell population in tumor ini-
tiation and progression as well as in resistance to chemotherapy (Akbari-Birgani 
et al. 2016). Our laboratory was the first to provide in vitro as well as in vivo evi-
dence for inhibition of breast cancer stem cell (bCSC) by WA (Kim and Singh 
2014). Specifically, bCSC markers such as mammosphere frequency, aldehyde 
dehydrogenase 1 (ALDH1) activity, and CD44high/CD24low/epithelial-specific 
antigen-positive (ESA+) fraction were decreased significantly in vitro in the pres-
ence of plasma achievable concentrations of WA (Kim and Singh 2014). More 
importantly, the WA-mediated prevention of breast cancer development in 
MMTV-neu mice in vivo was accompanied by inhibition of mammosphere num-
ber and ALDH1 activity (Kim and Singh 2014). An induced CSC-like model in 
MCF-10A cells also showed inhibition of stem cell activity by WA (Nishi et al. 
2014). Since these two initial reports showing inhibition of bCSC’s, it was shown 
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that WA alone as well as in combination with cisplatin could suppress growth and 
metastasis of ovarian cancer cells by targeting cancer stem-like cells (Kakar et al. 
2014). In vitro inhibition of neurosphere formation in glioblastoma multiforme was 
also shown (Chang et al. 2016). On the other hand, ethanolic extract of WS failed to 
inhibit side population suggesting lack of any activity against cancer stem-like cells 
(Maliyakkal et  al. 2015). Further research using in vivo models is necessary to 
determine whether WA and/or WRE affect cancer stem-like cells in other types of 
malignancies.

8.7  Comparative Efficacy of WRE and WA in Breast Cancer

We compared the growth-inhibitory efficacy of sWRE and WA against breast cancer 
cells using basal-like MDA-MB-231 (Fig. 8.2a) and SUM159 (Fig. 8.2b) cells. WA and 
sWRE exhibited nearly comparable activity in both cell lines (Fig. 8.2a, b). Recently, we 
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Fig. 8.2 Effect of WA and sWRE on viability of (a) MDA-MB-231 and (b) SUM159 cells (24 h 
treatment). Cell viability was determined by trypan blue dye exclusion assay. Results shown are 
mean ± SD (n = 3). *Significantly different (P < 0.05) compared with vehicle-treated control by 
one-way ANOVA followed by Dunnett’s test. The results were consistent in replicate experiments. 
(c) Western blotting for β-Tubulin and p-(S10)-Histone H3 using lysates from MDA-MB-231 and 
SUM159 cells after 24 h treatment with vehicle (control), WA or sWRE
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identified β-tubulin as a novel target of WA-mediated growth arrest in human breast 
cancer cells (Antony et al. 2014). We observed that in human breast cancer cells growth 
arrest by WA was associated with downregulation and covalent binding at Cysteine 303 
of β-tubulin (Antony et  al. 2014). Both WA and sWRE were able to downregulate 
β-tubulin in these cells (Fig. 8.2c). WA and sWRE treatments also increased levels of 
S10 phosphorylated histone H3, a marker of mitotic arrest (Fig. 8.2c). Similar to WA, 
treatment of breast cancer cells with sWRE resulted in a dose-dependent and statisti-
cally significant decrease in first- and second-generation mammosphere frequency in 
both MCF-7 and SUM159 cell lines (Fig. 8.3a, b). Inhibitory effect of sWRE on bCSC 
fraction was confirmed by flow cytometric analysis of ALDH1 activity and CD44high/
CD24low/ESA+ fraction (Fig. 8.3c, d). The ALDH1 activity was decreased significantly 
in the presence of 50 and 100 nM of sWRE in both cell lines when compared with con-
trol (Fig. 8.3c). In comparison with vehicle-treated control, the CD44high/CD24low/ESA+ 
fraction was significantly lower in the sWRE-treated MCF-7 and SUM159 cultures 
(Fig. 8.3d). These results suggested that WA might be the primary anticancer compo-
nent in sWRE. However, further studies are needed to establish the in vivo efficacy of 
sWRE for elimination of cancer stem-like cells.

8.8  Inhibition of Epithelial to Mesenchymal Transition 
(EMT)

The EMT is a process by which epithelial cells acquire spindle-shaped morphol-
ogy leading to reduced cell-cell contact but increased motility (Thiery 2002). 
EMT is characterized by downregulation of epithelial adherens junction pro-
teins (e.g., E-cadherin) and induction of mesenchymal markers such as vimentin 
(Thiery 2002). Accumulating evidence indicates that EMT promotes CSC prop-
erties such as the ability to self-renew and initiate tumors (Hollier et al. 2009). 
Because WA inhibited CSC self-renewal, the EMT modifying effects of this 
agent were also studied. We were the first to demonstrate that both sWRE and 
WA inhibited EMT (Lee et al. 2015; Yang et al. 2013). sWRE inhibited breast 
cancer cell motility and invasion at 1 μM dose that was associated with disrup-
tion of the vimentin morphology in cell lines (Yang et al. 2013). The TGF-β-
induced EMT in MCF-10A cells was prevented in the presence of sWRE (Yang 
et  al. 2013). A follow-up study from our laboratory using WA confirmed its 
anti-EMT effect in breast cancer cells (Lee et al. 2015). Specifically, experimen-
tal EMT induced by exposure of MCF-10A cells to TNF-α and TGF-β combina-
tion was partially attenuated in the presence of WA, whereas its close 
naturally-occurring structural analogs withanone or withanolide A (WLA) 
(Fig. 8.1) were practically inactive (Lee et al. 2015). Cell migration inhibition 
by WA was also partially attenuated by TNF-α and TGF-β treatments (Lee et al. 
2015). More importantly, vimentin protein was significantly downregulated in 
the MDA-MB-231 xenografts as well as in the tumors from the WA-treated 
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Fig. 8.3 sWRE inhibits bCSC population. (a) Representative images of first generation of mam-
mospheres after 5 days of treatment with vehicle (control) or 100 nM sWRE (100× magnification; 
scale bar = 100 μm). (b) Percentage of first (after 5 days of cell seeding) and second generation 
(after 7 days of cell seeding) mammospheres relative to corresponding vehicle-treated control. (c) 
Percentage of ALDH1 activity (relative to corresponding control) in MCF-7 and SUM159 cells 
after 72 h treatment with vehicle (control) or 50 or 100 nM of sWRE. (d) Bar graphs showing quan-
titation of CD44 high/CD24low/ESA+ fraction in MCF-7 and SUM159 cells relative to corresponding 
vehicle-treated control. Results shown are mean ± SD (n = 3). *Significantly different (P < 0.05) 
compared with control by one-way ANOVA with Dunnett’s adjustment. Comparable results were 
observed in two independent experiments. Representative data from one such experiment are shown
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MMTV-neu mice when compared with controls (Lee et al. 2015) providing first 
evidence of WA-mediated in vivo inhibition of biochemical features of EMT 
(Lee et al. 2015). These results support anti-metastatic effect of WA reviewed 
elsewhere (Vyas and Singh 2014).

8.9  Immunomodulatory Effects

The immunomodulatory effects of WS have been described in a number of animal 
studies with evidence for both immunostimulatory and immunosuppressive proper-
ties (Dar et al. 2016; Kuttan 1996; Tiwari et al. 2014; Ziauddin et al. 1996). WS 
extract showed profound effect on hematopoietic system by acting as an immuno-
regulator and chemoprotective agent (Tiwari et al. 2014). Extract of WS increased 
cell-mediated immunity in normal mice by enhancing the proliferation of lympho-
cytes, bone marrow cells and thymocytes in responses to mitogens (Davis and 
Kuttan 2002). Davis and Kuttan (2000b) showed that WRE inhibited delayed type 
hypersensitivity reaction (Mantoux test) and enhanced the phagocytic activity of 
peritoneal macrophages in mice. WRE enhanced the levels of interferon gamma 
(IFN-γ), interleukin-2 (IL-2), and granulocyte macrophages colony stimulating fac-
tor (GM-CSF) in mice (Davis and Kuttan 1999). Immune enhancement with WS 
extract was observed in mice with myelosuppression induced by cyclophosphamide 
(Davis and Kuttan 1998; Davis and Kuttan 1999; Tiwari et al. 2014). Treatment with 
the extract counteracted the cyclophosphamide, azathioprin or prednisolone- 
induced immunosuppression by causing a significant increase in hemagglutinin 
antibody and hemolytic antibody response towards human erythrocytes (Ziauddin 
et al. 1996). Administration of WS could also enhance total WBC count, bone mar-
row cellularity as well as α-esterase positive cells in Swiss albino mice treated with 
cyclophosphamide (Davis and Kuttan 1998). BALB/c mice treated with WS extract 
exhibited inhibition of ochratoxin A-induced suppression of chemotactic activity 
and productions of IL-1 and TNF-α by macrophages (Mahima et al. 2012). WS 
extract could reduce the ovalbumin-induced paw edema in mice, almost similar to 
that of standard drug disodium chromoglycate (Agarwal et  al. 1999). Ethanolic 
extract of WS enhanced both humoral and cell-mediated immune responses in 
BALB/c mice under immune suppressed conditions. WRE has been reported to 
induce helper T lymphocyte (Th1) polarized cell-mediated immune response in 
BALB/c mice (Malik et al. 2007). Oral administration of aqueous fraction of WRE 
caused significant increase in the stress-induced depleted T-cell population and 
increased the expression of Th1 cytokines in chronically stressed mice (Khan et al. 
2006). In support of these findings, WS was reported to possess immune potentiat-
ing and myelo- protective effect (John 2014). Standardized herbal formulation of 
WS (WSF) repressed pStat-3, with a selective stimulation of Th1 immunity as dem-
onstrated by enhanced secretion of IFN-γ and IL-2 (Malik et al. 2009). WSF was 
also harmless when given orally up to 1500 mg/kg to rats for 6 months with aug-
mentation of proliferation of CD4(+)/CD8(+) and NK cells along with an amplified 
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expression of CD40/CD40L/CD80 (Malik et al. 2009). WS treatment lowered the 
levels of TNF-α (Davis and Kuttan 1999). Administration of WS could reduce leu-
copenia, enhance bone marrow cellularity and normalize the ratio of normochro-
matic to polychromatic erythrocytes in mice treated with sub-lethal dose of gamma 
radiation (Kuttan 1996). Extract of WS showed immunomodulatory effects on 
azoxymethane-induced colon cancer in Swiss albino mice when treated with the 
plant extract at 400 mg/kg body weight once a week for 4 weeks (Muralikrishnan 
et al. 2010). WA and Withanolide E (WE) exhibited specific immunosuppressive 
effect on human B and T lymphocytes and on mice thymocytes. WE showed spe-
cific effect on T lymphocytes whereas WA influenced both B and T lymphocytes 
(John 2014).

8.10  Clinical Trials

Cancer preventive or therapeutic effects of WRE or WA in humans are yet to be 
determined. However, a few studies have studied the effect of WS on the immune 
system, central nervous system, and general growth promotion. Many of these stud-
ies were inconclusive due to small sample size, inadequate treatment methods or the 
short trial duration. In an open-label, prospective, nonrandomized comparative trial 
on 100 patients with breast cancer of all stages, it was noted that WRE (2 g every 8 
h) has the potential to improve quality-of-life with alleviation of cancer-related 
fatigue (Biswal et al. 2013). In this study, the quality-of-life and fatigue scores were 
evaluated before, during, and on the last cycle of chemotherapy (Biswal et al. 2013). 
Another Phase I study on 25 individuals (daily administration of ~6 gm of WS 
extract for 5 days) aimed to examine the effects on stress, inflammation and immune 
cell activation (ClinicalTrials.gov Identifier: NCT00817752),  showed that WS 
increased the number and activation of CD4+ T cells (Mikolai et al. 2009). WS has 
been studied for its effect on anxiety and stress. Sixty-four participants were ran-
domly divided into either placebo group or WS treatment arm. WS arm subjects 
received one capsule containing 300 mg of high-concentration full-spectrum extract 
from the root of the WS twice a day for a period of 60 days (Chandrasekhar et al. 
2012). Significant differences were found for all outcome measures in WS treated 
group, including scores on the perceived stress scale, the general health question-
naire, and levels of cortisol in the bloodstream relative to the placebo group 
(Chandrasekhar et al. 2012). However, validity of the study was compromised by a 
small sample size (Chandrasekhar et  al. 2012). In two independent double-blind 
intervention studies in India with healthy volunteers (age ≥ 55 years), consumption 
of natural care tea fortified with five herbs including WS significantly improved the 
NK cell activity of the volunteers in comparison with a population consuming regu-
lar tea (Bhat et al. 2010). These limited controlled clinical trials reported no serious 
adverse events. However, clinical trials are still needed to evaluate cancer preventive 
or therapeutic effects of WRE and WA.
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8.11  Toxicology

WS is considered a safe herb as it has been used for centuries in the Ayurvedic medi-
cine without any toxicity. Safety of WS formulation was studied in eighteen appar-
ently healthy volunteers (12 males and 6 females, age: 18–30 years, and BMI: 
19–30). This volunteer study demonstrated that WS, when given in the form of 
aqueous extract in capsules with gradual escalating doses from 750 to 1250 mg/day, 
was well-tolerated (Raut et al. 2012). The formulation was found to be safe based 
on hematological and biochemical organ function tests and also demonstrated mus-
cle strengthening, lipid lowering, and improved quality of sleep. Only one volunteer 
showed increased appetite, libido, and hallucinogenic effects with vertigo at the 
lowest dose and was withdrawn from the study (Raut et al. 2012). Malhotra et al. 
(1965a) tested acute toxicity of 2% suspension of ashwagandholine (total alkaloids 
from the WRE) prepared in ten-percent glycol using two percent gum acacia as a 
suspending agent in rats and mice. The acute LD50 value was found to be 465 mg/kg 
(332–651 mg/kg) in rats and 432 mg/kg (299–626 mg/kg) in mice (Malhotra et al. 
1965a; Mishra et al. 2000). An effect on spontaneous motor activity was observed 
at higher doses (Malhotra et al. 1965a, b). In a chronic dosing study, repeated injec-
tions of WS extract for 30 days to rats did not produce any mortality (Sharada et al. 
1993; Tiwari et al. 2014). In a prenatal developmental toxicity evaluation of WS, 
root extract at the dose levels of 500, 1000, and 2000 mg/kg/day, given orally to 
pregnant rats during the period of major organogenesis and histogenesis (days 5 to 
19 of gestation), no evidence of maternal or developmental fetal toxicity was 
observed (Prabu and Panchapakesan 2015). No changes in body weight of parental 
females, number of corpora lutea, implantations, viable fetuses, and external, skel-
etal or visceral malformations were observed (Prabu and Panchapakesan 2015). 
Aphale et al. (1998) investigated the subacute toxicity with WS in rats by measuring 
various safety parameters. WS administered for a period of 90 days did not show 
any toxicity (Aphale et al. 1998).

8.12  Concluding Remarks

Preclinical studies in the past have mainly focused on the mechanism by which WA 
induces apoptosis in cancer cells (reviewed in Vyas and Singh 2014). In contrast, 
the mechanisms underlying inhibition of EMT and cancer stem-like traits by  WRE/
WA are still poorly understood. Animal studies have provided in vivo evidence for 
anticancer activity of WRE and WA against some cancer types, which should now 
be extended to other cancer types because of promising in vitro data in cellular can-
cer models. Cancer chemopreventive effect of WA/WRE has only been studied in a 
few types of cancer including breast and oral cancers. It is highly likely that these 
agents are able to prevent other types of cancers, but this speculation requires exper-
imental validation using chemically induced or transgenic models representing 
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different cancers. Clinical development of WRE or WA for cancer prevention and/
or treatment should also be a top priority. Clinical translation of WA is expected to 
be slow because of regulatory issues. On the other hand, clinical trials with stan-
dardized WRE are feasible because of comparable anticancer effects of WA and 
WRE at least in breast cancer cells (present study).

Acknowledgements The work cited from the corresponding author’s laboratory was supported 
by the US PHS grant CA142604 awarded by the National Cancer Institute.

References

Agarwal R, Diwanay S, Patki P, Patwardhan B (1999) Studies on immunomodulatory activ-
ity of Withania somnifera (Ashwagandha) extracts in experimental immune inflammation. 
J Ethnopharmacol 67:27–35

Akbari-Birgani S, Paranjothy T, Zuse A, Janikowski T, Cieślar-Pobuda A, Likus W, Urasińska E, 
Schweizer F, Ghavami S, Klonisch T, Łos MJ (2016) Cancer stem cells, cancer-initiating cells 
and methods for their detection. Drug Discov Today 21:836–842

Akhtar N, Gupta P, Sangwan NS, Sangwan RS, Trivedi PK (2013) Cloning and functional char-
acterization of 3-hydroxy-3-methylglutaryl coenzyme A reductase gene from Withania som-
nifera: an important medicinal plant. Protoplasma 250:613–622

Antony ML, Lee J, Hahm ER, Kim SH, Marcus AI, Kumari V, Ji X, Yang Z, Vowell CL, Wipf P, 
Uechi GT, Yates NA, Romero G, Sarkar SN, Singh SV (2014) Growth arrest by the antitumor 
steroidal lactone withaferin A in human breast cancer cells is associated with down-regulation 
and covalent binding at cysteine 303 of β-tubulin. J Biol Chem 289:1852–1865

Aphale AA, Chhibba AD, Kumbhakarna NR, Mateenuddin M, Dahat SH (1998) Subacute toxicity 
study of the combination of ginseng (Panax ginseng) and Ashwagandha (Withania somnifera) 
in rats: a safety assessment. Indian J Physiol Pharmacol 42:299-302

Barua A, Bradaric MJ, Bitterman P, Abramowicz JS, Sharma S, Basu S, Lopez H, Bahr JM 
(2013) Dietary supplementation of Ashwagandha (Withania somnifera, Dunal) enhances NK 
cell function in ovarian tumors in the laying hen model of spontaneous ovarian cancer. Am 
J Reprod Immunol 70:538–550

Bharti SK, Bhatia A, Tewari SK, Sidhu OP, Roy R (2011) Application of HR-MAS NMR spec-
troscopy for studying chemotype variations of Withania somnifera (L.) Dunal. Magn Reson 
Chem 49:659–667

Bhat J, Damle A, Vaishnav PP, Albers R, Joshi M, Banerjee G (2010) In vivo enhancement of natu-
ral killer cell activity through tea fortified with Ayurvedic herbs. Phytother Res 24:129–135

Biswal BM, Sulaiman SA, Ismail HC, Zakaria H, Musa KI (2013) Effect of Withania somnifera 
(Ashwagandha) on the development of chemotherapy-induced fatigue and quality of life in 
breast cancer patients. Integr Cancer Ther 12:312–322

Cecchini S, Paciolla M, Caputo AR, Bavoso A (2014) Antioxidant potential of the polyherbal for-
mulation “ImmuPlus”: a nutritional supplement for horses. Vet Med Int 2014:434239

Chandrasekhar K, Kapoor J, Anishetty S (2012) A prospective, randomized double-blind, 
placebo- controlled study of safety and efficacy of a high-concentration full-spectrum extract of 
Ashwagandha root in reducing stress and anxiety in adults. Indian J Psychol Med 34:255–262

Chang E, Pohling C, Natarajan A, Witney TH, Kaur J, Xu L, Gowrishankar G, D'Souza AL, Murty 
S, Schick S, Chen L, Wu N, Khaw P, Mischel P, Abbasi T, Usmani S, Mallick P, Gambhir SS 
(2016) AshwaMAX and Withaferin A inhibits gliomas in cellular and murine orthotopic mod-
els. J Neurooncol 126:253–264

A. Sehrawat et al.



191

Changhadi GS (1938) Ashwagandharishta-Ras Tantra Saar and Sidhyaprayog Sangrah. Krishna- 
Gopal Ayurveda Bhawan (Dharmarth Trust), Nagpur, pp 743–744

Chaurasiya ND, Sangwan RS, Misra LN, Tuli R, Sangwan NS (2009) Metabolic clustering of a 
core collection of Indian ginseng Withania somnifera Dunal through DNA, isoenzyme, poly-
peptide and withanolide profile diversity. Fitoterapia 80:496–505

Choi BY, Kim BW (2015) Withaferin-A inhibits colon cancer cell growth by blocking STAT3 
transcriptional activity. J Cancer Prev 20:185–192

Christina AJ, Joseph DG, Packialakshmi M, Kothai R, Robert SJ, Chidambaranathan N, Ramasamy 
M (2004) Anticarcinogenic activity of Withania somnifera Dunal against Dalton's ascitic lym-
phoma. J Ethnopharmacol 93:359–361

Cohen SM, Mukerji R, Timmermann BN, Samadi AK, Cohen MS (2012) A novel combination 
of withaferin A and sorafenib shows synergistic efficacy against both papillary and anaplastic 
thyroid cancers. Am J Surg 204:895–901

Dahikar PR, Kumar N, Sahni YP (2012) Pharmacokinetics of Withania somnifera (Ashwagandha) 
in healthy buffalo calves. Buffalo Bull 31:219–223

Dar NJ, Hamid A, Ahmad M (2015) Pharmacologic overview of Withania somnifera, the Indian 
Ginseng. Cell Mol Life Sci 72:4445–4460

Dar PA, Singh LR, Kamal MA, Dar TA (2016) Unique medicinal properties of Withania som-
nifera: phytochemical constituents and protein component. Curr Pharm Des 22:535–540

Davis L, Kuttan G (1998) Suppressive effect of cyclophosphamide-induced toxicity by Withania 
somnifera extract in mice. J Ethnopharmacol 62:209–214

Davis L, Kuttan G (1999) Effect of Withania somnifera on cytokine production in nol and cyclo-
phosphamide treated mice. Immunopharmacol Immunotoxicol 21:695–703

Davis L, Kuttan G (2000a) Effect of Withania somnifera on 20-methylcholanthrene induced fibro-
sarcoma. J Exp Clin Cancer Res 19:165–167

Davis L, Kuttan G (2000b) Immunomodulatory activity of Withania somnifera. J Ethnopharmacol 
71:193–200

Davis L, Kuttan G (2001) Effect of Withania somnifera on DMBA induced carcinogenesis. 
J Ethnopharmacol 75:165–168

Davis L, Kuttan G (2002) Effect of Withania somnifera on cell mediated immune responses in 
mice. J Exp Clin Cancer Res 21:585–590

Devi PU, Sharada AC, Solomon FE, Kamath MS (1992) In vivo growth inhibitory effect of 
Withania somnifera (Ashwagandha) on a transplantable mouse tumor, Sarcoma 180. Indian 
J Exp Biol 30:169–172

Devi PU, Sharada AC, Solomon FE (1993) Antitumor and radiosensitizing effects of Withania 
somnifera (Ashwagandha) on a transplantable mouse tumor, Sarcoma-180. Indian J Exp Biol 
31:607–611

Devi PU, Sharada AC, Solomon FE (1995) In vivo growth inhibitory and radiosensitizing effects 
of withaferin A on mouse Ehrlich ascites carcinoma. Cancer Lett 95:189–193

Dhar N, Rana S, Razdan S, Bhat WW, Hussain A, Dhar RS, Vaishnavi S, Hamid A, Vishwakarma 
R, Lattoo SK (2014) Cloning and functional characterization of three branch point oxidosqua-
lene cyclases from Withania somnifera (L.) Dunal. J Biol Chem 289:17249–17267

Dhar N, Razdan S, Rana S, Bhat WW, Vishwakarma R, Lattoo SK (2015) A decade of molecu-
lar understanding of withanolide biosynthesis and in vitro studies in Withania somnifera (L.) 
Dunal: prospects and perspectives for pathway engineering. Front Plant Sci 6:1031

Dhuley JN (1998) Effect of ashwagandha on lipid peroxidation in stress-induced animals. 
J Ethnopharmacol 60:173–178

Fong MY, Jin S, Rane M, Singh RK, Gupta R, Kakar SS (2012) Withaferin A synergizes the 
therapeutic effect of doxorubicin through ROS-mediated autophagy in ovarian cancer. PLoS 
One 7:e42265

Gambhir L, Checker R, Sharma D, Thoh M, Patil A, Degani M, Gota V, Sandur SK (2015) Thiol 
dependent NF-κB suppression and inhibition of T-cell mediated adaptive immune responses 
by a naturally occurring steroidal lactone Withaferin A. Toxicol Appl Pharmacol 289:297–312

8 Scientific Evidence for Anticancer Effects of Withania somnifera and Its…



192

Gupta P, Akhtar N, Tewari SK, Trivedi P (2011) Differential expression of farnesyl diphosphate 
synthase gene from Withania somnifera in different chemotypes and in response to elicitor. 
Plant Growth Regul 65:93–100

Gupta P, Agarwal AV, Akhtar N, Sangwan RS, Singh SP, Trivedi PK (2013a) Cloning and charac-
terization of 2-C-methyl-D-erythritol-4-phosphate pathway genes for isoprenoid biosynthesis 
from Indian ginseng, Withania somnifera. Protoplasma 250:285–295

Gupta P, Goel R, Pathak S, Srivastava A, Singh SP, Sangwan RS, Asif MH, Trivedi PK (2013b) 
De novo assembly, functional annotation and comparative analysis of Withania somnifera leaf 
and root transcriptomes to identify putative genes involved in the withanolides biosynthesis. 
PLoS One 8:e62714

Gupta P, Goel R, Agarwal AV, Asif MH, Sangwan NS, Sangwan RS, Trivedi (2015) Comparative 
transcriptome analysis of different chemotypes elucidates withanolide biosynthesis pathway 
from medicinal plant Withania somnifera. Sci Rep 5: 18611

Hahm ER, Lee J, Kim SH, Sehrawat A, Arlotti JA, Shiva SS, Bhargava R, Singh SV (2013) 
Metabolic alterations in mammary cancer prevention by withaferin A in a clinically relevant 
mouse model. J Natl Cancer Inst 105:1111–1122

Hamza A, Amin A, Daoud S (2008) The protective effect of a purified extract of Withania som-
nifera against doxorubicin-induced cardiac toxicity in rats. Cell Biol Toxicol 24:63–73

Hollier BG, Evans K, Mani SA (2009) The epithelial-to-mesenchymal transition and cancer stem 
cells: a coalition against cancer therapies. J Mammary Gland Biol Neoplasia 14:29–43

John J  (2014) Therapeutic potential of Withania somnifera: a report on phytopharmacological 
properties. Int J Pharm Sci Res 5:2131–2148

Kakar SS, Jala VR, Fong MY (2012) Synergistic cytotoxic action of cisplatin and withaferin A on 
ovarian cancer cell lines. Biochem Biophys Res Commun 423:819–825

Kakar SS, Ratajczak MZ, Powell KS, Moghadamfalahi M, Miller DM, Batra SK, Singh SK (2014) 
Withaferin A alone and in combination with cisplatin suppresses growth and metastasis of 
ovarian cancer by targeting putative cancer stem cells. PLoS One 9:e107596

Kandil FE, El-Sayed NH, Abou-Douh AM, Mabry TJ (1994) Flavonol glycosides and phenolics 
from Withania somnifera. Phytochemistry 37:1215-1216

Kataria H, Kumar S, Chaudhary H, Kaur G (2015) Withania somnifera suppresses tumor growth 
of intracranial allograft of glioma cells. Mol Neurobiol 53:4143–4158

Khan B, Ahmad SF, Bani S, Kaul A, Suri KA, Satti NK, Athar M, Qazi GN (2006) Augmentation 
and proliferation of T lymphocytes and Th-1 cytokines by Withania somnifera in stressed mice. 
Int Immunopharmacol 6:1394–1403

Khazal KF, Samuel T, Hill DL et al (2013) Effect of an extract of Withania somnifera root on estro-
gen receptor-positive mammary carcinomas. Anticancer Res 33:1519–1523

Khazal KF, Hill DL, Grubbs CJ (2014) Effect of Withania somnifera root extract on sponta-
neous estrogen receptor-negative mammary cancer in MMTV/Neu mice. Anticancer Res 
34:6327–6332

Kim SH, Singh SV (2014) Mammary cancer chemoprevention by withaferin A is accompanied by 
in vivo suppression of self-renewal of cancer stem cells. Cancer Prev Res (Phila) 7:738–747

Kuttan G (1996) Use of Withania somnifera Dunal as an adjuvant during radiation therapy. Indian 
J Exp Biol 34:854–856

Lahat G, Zhu QS, Huang KL, Wang S, Bolshakov S, Liu J, Torres K, Langley RR, Lazar AJ, Hung 
MC, Lev D (2010) Vimentin is a novel anti-cancer therapeutic target; insights from in vitro and 
in vivo mice xenograft studies. PLoS One 5:e10105

Lee TJ, Um HJ, Min do S, Park JW, Choi KS, Kwon TK (2009) Withaferin A sensitizes TRAIL- 
induced apoptosis through reactive oxygen species-mediated up-regulation of death receptor 5 
and down-regulation of c-FLIP. Free Radic Biol Med 46:1639–1649

Lee J, Hahm ER, Marcus AI, Singh SV (2015) Withaferin A inhibits experimental epithelial- 
mesenchymal transition in MCF-10A cells and suppresses vimentin protein level in vivo in 
breast tumors. Mol Carcinog 54:417–429

A. Sehrawat et al.



193

Leyon PV, Kuttan G (2004) Effect of Withania somnifera on B16F-10 melanoma induced metas-
tasis in mice. Phytother Res 18:118–122

Li W, Zhang C, Du H, Huang V, Sun B, Harris JP, Richardson Q, Shen X, Jin R, Li G, Kevil 
CG, Gu X, Shi R, Zhao Y (2015a) Withaferin A suppresses the up-regulation of acetyl-coA 
carboxylase 1 and skin tumor formation in a skin carcinogenesis mouse model. Mol Carcinog 
55:1739–1746

Li X, Zhu F, Jiang J, Sun C, Wang X, Shen M, Tian R, Shi C, Xu M, Peng F, Guo X, Wang M, Qin 
R (2015b) Synergistic antitumor activity of withaferin A combined with oxaliplatin triggers 
reactive oxygen species-mediated inactivation of the PI3K/AKT pathway in human pancreatic 
cancer cells. Cancer Lett 357:219–230

Mahima RA, Deb R, Latheef SK, Abdul Samad H, Tiwari R, Verma AK, Kumar A, Dhama K 
(2012) Immunomodulatory and therapeutic potentials of herbal, traditional/indigenous and eth-
noveterinary medicines. Pak J Biol Sci 15:754–774

Malhotra CL, Mehta VL, Das PK, Dhalla NS (1965a) Studies on Withania-Ashwagandha, Kaul 
(Part-V): the effect of total alkaloids (Ashwagandholine) on the central nervous system. Indian 
J Physiol Pharmacol 9:127–136

Malhotra CL, Mehta VL, Prasad K, Das PK (1965b) Studies on Withania Ashwagandha, Kaul (Part 
IV) the effect of total alkaloids on the smooth muscles. Indian J Physiol Pharmacol 9:9–15

Malik F, Singh J, Khajuria A, Suri KA, Satti NK, Singh S, Kaul MK, Kumar A, Bhatia A, Qazi GN 
(2007) A standardized root extract of Withania somnifera and its major constituent withano-
lide- A elicit humoral and cell-mediated immune responses by up regulation of Th1-dominant 
polarization in BALB/c mice. Life Sci 80:1525–1538

Malik F, Kumar A, Bhushan S, Mondhe DM, Pal HC, Sharma R, Khajuria A, Singh S, Singh G, 
Saxena AK, Suri KA, Qazi GN, Singh J (2009) Immune modulation and apoptosis induction: 
two sides of antitumoural activity of a standardised herbal formulation of Withania somnifera. 
Eur J Cancer 45:1494–1509

Maliyakkal N, Appadath Beeran A, Balaji SA, Udupa N, Ranganath Pai S, Rangarajan A (2015) 
Effects of Withania somnifera and Tinospora cordifolia extracts on the side population pheno-
type of human epithelial cancer cells: toward targeting multidrug resistance in cancer. Integr 
Cancer Ther 14:156–171

Manoharan S, Panjamurthy K, Menon VP, Balakrishnan S, Alias LM (2009) Protective effect of 
Withaferin-A on tumour formation in 7,12-dimethylbenz[a]anthracene induced oral carcino-
genesis in hamsters. Indian J Exp Biol 47:16–23

Matsuda H, Murakami T, Kishi A, Yoshikawa M (2001) Structures of withanosides I, II, III, IV, 
V, VI, and VII, new withanolide glycosides, from the roots of Indian Withania somnifera 
DUNAL. and inhibitory activity for tachyphylaxis to clonidine in isolated guinea-pig ileum. 
Bioorg Med Chem 9:1499–1507

McKenna MK, Gachuki BW, Alhakeem SS, Oben KN, Rangnekar VM, Gupta RC, Bondada 
S (2015) Anti-cancer activity of withaferin A in B-cell lymphoma. Cancer Biol Ther 
16:1088–1098

Mikolai J, Erlandsen A, Murison A, Brown KA, Gregory WL, Raman-Caplan P, Zwickey HL 
(2009) In vivo effects of Ashwagandha (Withania somnifera) extract on the activation of lym-
phocytes. J Altern Complement Med 15:423–430

Mirjalili MH, Moyano E, Bonfill M, Cusido RM, Palazón J  (2009) Steroidal lactones from 
Withania somnifera, an ancient plant for novel medicine. Molecules 14:2373–2393

Mishra LC, Singh BB, Dagenais S (2000) Scientific basis for the therapeutic use of Withania som-
nifera (Ashwagandha): a review. Altern Med Rev 5:334–346

Misico RI, Nicotra VE, Oberti JC, Barboza G, Gil RR, Burton G (2011) Withanolides and related 
steroids. Prog Chem Org Nat Prod 94:127–229

Misra L, Mishra P, Pandey A, Sangwan RS, Sangwan NS, Tuli R (2008) Withanolides from 
Withania somnifera roots. Phytochemistry 69:1000–1004

8 Scientific Evidence for Anticancer Effects of Withania somnifera and Its…



194

Munagala R, Kausar H, Munjal C, Gupta RC (2011) Withaferin A induces p53-dependent apopto-
sis by repression of HPV oncogenes and upregulation of tumor suppressor proteins in human 
cervical cancer cells. Carcinogenesis 32:1697–1705

Muralikrishnan G, Dinda AK, Shakeel F (2010) Immunomodulatory effects of Withania somnifera 
on azoxymethane induced experimental colon cancer in mice. Immunol Invest 39:688–698

Nagalingam A, Kuppusamy P, Singh SV, Sharma D, Saxena NK (2014) Mechanistic elucidation of 
the antitumor properties of withaferin A in breast cancer. Cancer Res 74:2617–2629

Nishi M, Akutsu H, Kudoh A, Kimura H, Yamamoto N, Umezawa A, Lee SW, Ryo A (2014) 
Induced cancer stem-like cells as a model for biological screening and discovery of agents 
targeting phenotypic traits of cancer stem cell. Oncotarget 5:8665–8680

Padmavathi B, Rath PC, Rao AR, Singh RP (2005) Roots of Withania somnifera inhibit forestom-
ach and skin carcinogenesis in mice. Evid Based Complement Alternat Med 2:99–105

Panda S, Kar A (1997) Evidence for free radical scavenging activity of Ashwagandha root powder 
in mice. Indian J Physiol Pharmacol 41:424–426

Patil D, Gautam M, Mishra S, Karupothula S, Gairola S, Jadhav S, Pawar S, Patwardhan B (2013) 
Determination of withaferin A and withanolide A in mice plasma using high-performance liq-
uid chromatography-tandem mass spectrometry: application to pharmacokinetics after oral 
administration of Withania somnifera aqueous extract. J Pharm Biomed Anal 80:203–212

Prabu PC, Panchapakesan S (2015) Prenatal developmental toxicity evaluation of Withania som-
nifera root extract in Wistar rats. Drug Chem Toxicol 38:50–56

Prakash J, Gupta SK, Kochupillai V, Singh N, Gupta YK, Joshi S (2001) Chemopreventive activity 
of Withania somnifera in experimentally induced fibrosarcoma tumours in Swiss albino mice. 
Phytother Res 15:240–244

Prakash J, Gupta SK, Dinda AK (2002) Withania somnifera root extract prevents DMBA-induced 
squamous cell carcinoma of skin in Swiss albino mice. Nutr Cancer 42:91–97

Rai M, Jogee PS, Agarkar G, dos Santos CA (2016) Anticancer activities of Withania somnifera: 
current research, formulations, and future perspectives. Pharm Biol 54:189–197

Rana S, Lattoo SK, Dhar N, Razdan S, Bhat WW, Dhar RS, Vishwakarma R (2013) NADPH- 
cytochrome P450 reductase: molecular cloning and functional characterization of two paralogs 
from Withania somnifera (L.) Dunal. PLoS One 8:e57068

Raut AA, Rege NN, Tadvi FM, Solanki PV, Kene KR, Shirolkar SG, Pandey SN, Vaidya RA, Vaidya 
AB (2012) Exploratory study to evaluate tolerability, safety, and activity of Ashwagandha 
(Withania somnifera) in healthy volunteers. J Ayurveda Integr Med 3:111–114

Ray S, Jha S (2001) Production of withaferin A in shoot cultures of Withania somnifera. Planta 
Med 67:432–436

Ray S, Ghosh B, Sen S, Jha S (1996) Withanolide production by root cultures of Withania som-
nifera transformed with Agrobacterium rhizogenes. Planta Med 62:571–573

Samadi AK (2015) Potential anticancer properties and mechanisms of action of withanolides. 
Enzyme 37:73–94

Samadi AK, Mukerji R, Shah A, Timmermann BN, Cohen MS (2010) A novel RET inhibitor with 
potent efficacy against medullary thyroid cancer in vivo. Surgery 148:1228–1236

Samadi AK, Cohen SM, Mukerji R, Chaguturu V, Zhang X, Timmermann BN, Cohen MS, Person 
EA (2012) Natural withanolide withaferin A induces apoptosis in uveal melanoma cells by 
suppression of Akt and c-MET activation. Tumour Biol 33:1179–1189

Sangwan RS, Chaurasiya ND, Misra LN, Lal P, Uniyal GC, Sharma R, Sangwan NS, Suri KA, 
Qazi GN, Tuli R (2004) Phytochemical variability in commercial herbal products and prepara-
tions of Withania somnifera (Ashwagandha). Curr Sci 86:461–465

Sangwan RS, Das Chaurasiya N, Lal P, Misra L, Tuli R, Sangwan NS (2008) Withanolide A is 
inherently de novo biosynthesized in roots of the medicinal plant Ashwagandha (Withania som-
nifera). Physiol Plant 133:278–287

Santagata S, Xu YM, Wijeratne EM, Kontnik R, Rooney C, Perley CC, Kwon H, Clardy J, Kesari 
S, Whitesell L, Lindquist S, Gunatilaka AA (2012) Using the heat-shock response to discover 
anticancer compounds that target protein homeostasis. ACS Chem Biol 7:340–349

A. Sehrawat et al.



195

Senthil K, Wasnik NG, Kim YJ, Yang DC (2010) Generation and analysis of expressed sequence 
tags from leaf and root of Withania somnifera (Ashwgandha). Mol Biol Rep 37:893–902

Senthil K, Jayakodi M, Thirugnanasambantham P, Lee SC, Duraisamy P, Purushotham PM, 
Rajasekaran K, Nancy Charles S, Mariam Roy I, Nagappan AK, Kim GS, Lee YS, Natesan 
S, Min TS, Yang TJ (2015) Transcriptome analysis reveals in vitro cultured Withania som-
nifera leaf and root tissues as a promising source for targeted withanolide biosynthesis. BMC 
Genomics 16:14

Sharada AC, Solomon FE, Devi PU (1993) Toxicity of Withania somnifera root extract in rats and 
mice. Int J Pharmacogn 31(3):205–212

Sharma PV (1999) Ashwagandha, Dravyaguna Vijnana, Chaukhambha Viashwabharti. Varanasi, 
pp 763–765

Sharma V, Sharma S, Pracheta PR (2011) Withania somnifera: a rejuvenating Ayurvedic medicinal 
herb for the treatment of various human ailments. Int J PharmTech Res 3:187–192

Shohat B, Joshua H (1971) Effect of withaferin A on ehrlich ascites tumor cells. II. Target tumor 
cell destruction in vivo by immune activation. Int J Cancer 8:487–496

Shohat B, Gitter S, Abraham A, Lavie D (1967) Antitumor activity of withaferin A (NSC-101088). 
Cancer Chemother Rep 51:271–276

Singh N, Bhalla M, de Jager P, Gilca M (2011) An overview on Ashwagandha: a Rasayana (reju-
venator) of Ayurveda. Afr J Tradit Complement Altern Med 8(Suppl):208–213

Singh P, Guleri R, Singh V, Kaur G, Kataria H, Singh B, Kaur G, Kaul SC, Wadhwa R, Pati PK 
(2015) Biotechnological interventions in Withania somnifera (L.) Dunal. Biotechnol Genet 
Eng Rev 31:1–20

Sivanandhan G, Selvaraj N, Ganapathi A, Manickavasagam M (2016) Elicitation approaches for 
withanolide production in hairy root culture of Withania somnifera (L.) Dunal. Methods Mol 
Biol 1405:1–18

Srinivasan S, Ranga RS, Burikhanov R, Han SS, Chendil D (2007) Par-4-dependent apoptosis by 
the dietary compound withaferin A in prostate cancer cells. Cancer Res 67:246–253

Stan SD, Hahm ER, Warin R, Singh SV (2008) Withaferin A causes FOXO3a- and Bim-dependent 
apoptosis and inhibits growth of human breast cancer cells in vivo. Cancer Res 68:7661–7669

Suman S, Das TP, Sirimulla S, Alatassi H, Ankem MK, Damodaran C (2016) Withaferin-A sup-
press AKT induced tumor growth in colorectal cancer cells. Oncotarget 7:13854–13864

Thaiparambil JT, Bender L, Ganesh T, Kline E, Patel P, Liu Y, Tighiouart M, Vertino PM, Harvey 
RD, Garcia A, Marcus AI (2011) Withaferin A inhibits breast cancer invasion and metastasis 
at sub-cytotoxic doses by inducing vimentin disassembly and serine 56 phosphorylation. Int 
J Cancer 129:2744–2755

Thiery JP (2002) Epithelial-mesenchymal transitions in tumour progression. Nat Rev Cancer 
2:442–454

Tiwari R, Chakraborty S, Saminathan M, Dharma K, Singh SV (2014) Ashwagandha (Withania 
somnifera): role in safeguarding health, immunomodulatory effects, combating infections and 
therapeutic applications: a review. J Biol Sci 14:77–94

Uddin Q, Samiulla L, Singh VK, Jamil SS (2012) Phytochemical and pharmacological profile of 
Withania somnifera Dunal: a review. J Appl Pharm Sci 2:170–175

Umadevi M, Rajeswari R, Sharmila Rahale C, Selvavenkadesh S, Pushpa R, Sampath Kumar 
KP, Bhowmik D (2012) Traditional and medicinal uses of Withania somnifera. Pharm Innov 
1:102–110

Vyas AR, Singh SV (2014) Molecular targets and mechanisms of cancer prevention and treatment 
by withaferin A, a naturally occurring steroidal lactone. AAPS J 16:1–10

Widodo N, Kaur K, Shrestha BG, Takagi Y, Ishii T, Wadhwa R, Kaul SC (2007) Selective killing 
of cancer cells by leaf extract of Ashwagandha: identification of a tumor-inhibitory factor and 
the first molecular insights to its effect. Clin Cancer Res 13:2298–2306

Winters M (2006) Ancient medicine, modern use: Withania somnifera and its potential role in 
integrative oncology. Altern Med Rev 11:269–277

8 Scientific Evidence for Anticancer Effects of Withania somnifera and Its…



196

Yang H, Shi G, Dou QP (2007) The tumor proteasome is a primary target for the natural anticancer 
compound Withaferin A isolated from “Indian winter cherry”. Mol Pharmacol 71:426–437

Yang ES, Choi MJ, Kim JH, Choi KS, Kwon TK (2011a) Combination of withaferin A and X-ray 
irradiation enhances apoptosis in U937 cells. Toxicol In Vitro 25:1803–1810

Yang ES, Choi MJ, Kim JH, Choi KS, Kwon TK (2011b) Withaferin A enhances radiation-induced 
apoptosis in Caki cells through induction of reactive oxygen species, Bcl-2 downregulation and 
Akt inhibition. Chem Biol Interact 190:9–15

Yang H, Wang Y, Cheryan VT, Wu W, Cui CQ, Polin LA, Pass HI, Dou QP, Rishi AK, Wali A 
(2012) Withaferin A inhibits the proteasome activity in mesothelioma in  vitro and in  vivo. 
PLoS One 7:e41214

Yang Z, Garcia A, Xu S, Powell DR, Vertino PM, Singh S, Marcus AI (2013) Withania somnifera 
root extract inhibits mammary cancer metastasis and epithelial to mesenchymal transition. 
PLoS One 8:e75069

Yu Y, Hamza A, Zhang T, Gu M, Zou P, Newman B, Li Y, Gunatilaka AA, Zhan CG, Sun D (2010) 
Withaferin A targets heat shock protein 90  in pancreatic cancer cells. Biochem Pharmacol 
79:542–551

Ziauddin M, Phansalkar N, Patki P, Diwanay S, Patwardhan B (1996) Studies on the immuno-
modulatory effects of Ashwagandha. J Ethnopharmacol 50:69–76

A. Sehrawat et al.



197© Springer International Publishing AG 2017 
S.C. Kaul, R. Wadhwa (eds.), Science of Ashwagandha: Preventive and 
Therapeutic Potentials, DOI 10.1007/978-3-319-59192-6_9

Chapter 9
Withaferin-A as a Potential Candidate 
for Cancer Therapy: Experimental Evidence 
of Its Effects on Telomerase Plus and Minus 
Cancer Cells

Zeenia Kaul, Yue Yu, Sunil C. Kaul, and Renu Wadhwa

Abstract Telomeres (specialized ends of eukaryotic chromosomes) shorten with 
each round of division in normal human cells. In contrast, cancer cells maintain 
their telomere length and have been defined as their most consistent attribute. It is 
achieved by activation of telomere maintenance mechanisms that may either involve 
up regulation of a specialized reverse transcriptase, telomerase (Telomerase posi-
tive, TEP) or recombination based Alternative Lengthening of Telomeres (ALT). 
Telomere shortening is considered as a tumor suppressor mechanism and hence the 
drugs to activate this mechanism are deemed anticancer agents. In this chapter we 
describe the basic mechanisms of telomere length maintenance and their targeting 
in anticancer therapy. Use of Withaferin-A as a potential anticancer drug for TEP 
and ALT cells is discussed. Whereas ALT cells escape the deleterious effect of 
telomerase inhibitors in cancer therapy, Withaferin-A kills both TEP and ALT cells 
effectively. Thus, Withaferin-A emerges as a promising potential candidate for can-
cer therapy.
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9.1  Introduction

Cancer is a complex disease of which initiation, growth and progression to aggres-
sive stages including invasion and metastasis to other tissues involves multiple fac-
tors. It is largely defined as a disease of proliferation in which normal cells (divide 
only a limited number of times in culture) breach controls on cell division and set 
on to the path of immortalization that can be established into permanent cell lines. 
It has been established that immortalization, one of the most important aspects of 
the cancer cell phenotype, results from multiple genetic and environmental changes 
in multi-step processes. The role of telomeres in normal cell proliferation controls 
and their breaching in cancer cells has been firmly established in last three decades. 
In contrast to telomere shortening with every cell division in normal cells, cancer 
cells evolve mechanisms to maintain their telomere length. This chapter provides a 
simple outline on structural and functional aspects of telomeres in normal cell pro-
liferation controls and their maintenance in cancer cells by activation of either 
telomerase or alternative mechanisms. Cytotoxic activity of Withaferin-A on telom-
erase plus and minus cancer cells is discussed. Also, the experimental evidence 
showing the mechanism how Withaferin-A kills both telomerase plus and minus 
cancer cells is discussed.

Telomeres are specialized structures at the ends of chromosomes composed of 
repetitive 5′ TTAGGG 3′ DNA repeat sequences in all vertebrate species (Blackburn 
1991). Human telomeres contain 5–15 kb of repetitive DNA. In the early 1970s, 
Olovnikov (1971) and Watson (1972) independently proposed that chromosome 
ends shorten with each round of cell division due to the inability of DNA polymer-
ases to replicate the ends of linear DNA molecules. Olovnikov further hypothesized 
that the finite doubling capacity of normal mammalian cells is due to the loss of 
telomeric DNA with each cell division and eventual deletion of essential sequences 
and proteins (Fig. 9.1).

Harley et al. first demonstrated that the amount and length of telomeric DNA 
decreases as a function of serial passage in vitro (Harley et al. 1990). There is much 
experimental data to support the role of telomere shortening in senescence in vitro 
(telomere shortening during serial passaging of normal cells), and in vivo (telomere 
length decrease with age) (Wadhwa et  al. 2016). The minimum rate of telomere 
shortening in human cells in vitro is about 30–50 base pairs with each cell division 
(Levy et al. 1992). Telomere shortening has been established as a reliable marker of 
replicative senescence, and is tightly associated with (i) upregulation of tumor sup-
pressor activities, (ii) accumulation of DNA damage response proteins at telomeres, 
(iii) increase in intrinsic stress including mitochondrial dysfunction and accumula-
tion of reactive oxygen species (ROS), and (iv) increase in secreted growth factors, 
matrix remodeling enzymes, and inflammatory cytokines that contribute to age- 
related pathologies including cancers (Fig.  9.2)(Shay 1997; Colgin and Reddel 
2004; von Zglinicki et al. 2001; Passos et al. 2007; Singhapol et al. 2013; Sikora 
et  al. 2014; Maciel-Baron et  al. 2016). However, telomere-dependent replicative 
senescence is not solely determined by telomere length but also by telomere binding 
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proteins and telomere structure that play an important role (Passos et al. 2007; Kaul 
et al. 2012; von Figura et al. 2009) in triggering senescence.

9.2  Telomere Binding Proteins

A unique complex containing six proteins, telomeric repeat binding factors 1 and 2 
(TRF1 and TRF2), protection of telomeres 1 (POT1), repressor activator protein 1 
(Rap1), TIN2-POT1-interacting protein 1 (TPP1), and TRF-interacting nuclear pro-
tein 2 (TIN2), referred to as “shelterin” (Palm and de Lange 2008) binds to single- 
stranded and double-stranded telomeric DNA and protects chromosome ends 
(Martinez and Blasco 2010) (Fig.  9.3a). Shelterin has a highly specific binding 
affinity for telomeric DNA, due many specific oligonucleotide binding (OB) folds 
within the complex. It has been proposed that the shortened telomere may affect the 
binding as well as the expression of the shelterin proteins leading to an unprotected 
or exposed telomere. TRF1 and TRF2 are the two most specific double-stranded 
telomeric DNA binding proteins. Other proteins including POT1, RAD3, TIN2 and 

DNA damage
response

End processing

RNA primer removal
and gap fill-in

Lagging strand

Leading strand
DNA
replication

Blunt end

Overhang

SENESCENCE

Fig. 9.1 The end replication problem, telomere shortening and senescence. During lagging-strand 
DNA replication, RNA primers (grey) are removed and the resulting gaps are filled in, but the gap 
resulting from removal of the terminal RNA primer (circled) cannot be filled in. This is referred to 
as the end-replication problem. In addition, the leading-strand replicated telomere is processed by 
removal of terminal C-strand DNA to form a 3′-overhang. The result of both of these processes is 
that the template for synthesis of telomeric DNA in the next S-phase of the cell cycle is shorter, and 
consequently there is progressive telomere shortening with each cell division. It has been hypoth-
esized that telomeric shortening eventually causes a DNA damage response that triggers the onset 
of senescence
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TPP1 and Rap1 localize to the telomere, mainly via specific interactions with TRF1 
or TRF2 (de Lange 2005; Martinez and Blasco 2011; Patel et al. 2015).

9.3  Telomere Dysfunction

Unprotected or critically short telomeres are readily detected as DNA breaks and 
trigger DNA damage signaling (Giardini et al. 2014; Hartwig and Collares 2013). A 
cellular state indistinguishable from replicative senescence may be induced in nor-
mal human cells, regardless of their telomere length, by disrupting the function of 
TRF2, POT1 or TPP1 (van Steensel et al. 1998). Such state was well characterized 
by DNA damage foci on telomeres as detected by the presence of phosphorylated 
histone H2AX (γ-H2AX), tumor suppressor p53-binding protein 1 (53BP1) on telo-
meres. The latter have been referred to as telomere dysfunction induced foci (TIFs) 
(Mender and Shay 2015; Takai et al. 2003). Similar foci occur in much smaller num-
bers in nuclei of cells undergoing replicative senescence, and telomeric chromatin 
can be immunoprecipitated with antibodies against γ-H2AX in senescent cells 
(d'Adda di Fagagna et  al. 2003). The causal relationship between DNA damage 
response signaling and senescence is also demonstrated by the observation that in 

Replicative senescence Premature senescence

Cell division Stress signal
(e.g. activated oncogenes)

Telomere shortening

Telomere DDR

RAS

DDR

Chk1 Chk2

p53

p21

Cyclin/Cdk

Growth arrest

ATM/ATR/DNA-PK
Kinases

Fig. 9.2 Diagram of 
relationship between 
replicative and premature 
senescence. Replicative 
senescence is associated 
with telomere shortening 
ultimately resulting in 
increased expression of the 
cyclin dependent kinase 
(Cdk) inhibitor, p21. 
Premature senescence 
elicited by DNA damaging 
agents, activated 
oncogenes etc. leads to 
activation of the same Cdk 
inhibitor. Both replicative 
senescence and premature 
involve a DNA damage 
response (DDR) with the 
recruitment of ATM, ATR 
and DNA-PK kinases and 
their substrates including 
Chk1 and Chk2. ATM- 
dependent activation of 
p53 leads to irreversible 
cell cycle arrest through 
the activation of p21
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both the experimentally induced and replicative senescence the p53-mediated cell 
cycle arrest is ATM- and/or ATR-dependent (Karlseder et al. 1999; Schmitt et al. 
2007). Advances in understanding mammalian telomere dysfunction have been 
obtained by expressing a TRF2 mutant proteins that resulted in gross chromosome 
uncapping and induction of DNA damage response, activation of p53 and pRb result-
ing in senescence (Karlseder et al. 1999; de Lange 2005; van Steensel et al. 1998).

9.4  Immortalization

Normal cells that inactivate one or more tumor suppressor and DNA damage signal-
ing mechanisms can be established as permanent cell lines in culture and are referred 
to as immortal. These cells have been characterized to possess either of the two 

Fig. 9.3 Shelterin complex and schematic presentation of telomerase action. (a) The telomere- 
specific shelterin complex contains two double-stranded telomeric DNA binding proteins, telo-
meric repeat binding factor 1 (TRF1) and 2 (TRF2), as well as a single-strand G-rich telomeric 
DNA binding protein, protection of telomeres 1 (POT1). TIN2 bridges TRF1 and TRF2 and while 
the POT1- and TIN2-interacting protein (TPP1) connects POT1 to TRF1 and TRF2 via TIN2. 
Repressor and activator protein 1 homologue (RAP1) binds directly to TRF2 and does not interact 
with the other shelterin proteins. (b) Shelterin complex is shown bound along the T-loop. (c) The 
3′ end of the G-rich strand acts as a substrate for telomerase binding via base pairing to the tem-
plate within the hTR subunit. Telomerase then catalyses the addition of nucleotides corresponding 
to the telomeric repeat sequence (nucleotide addition) and after addition of six nucleotides, the 
enzyme translocates to the telomere end. Continued nucleotide addition and translocation accounts 
for the processivity of telomerase
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telomere maintaining mechanisms (TMM); activation of telomerase enzyme 
(Blackburn 2001) or Alternative Lengthening of Telomeres (ALT) (Bryan et  al. 
1995; Conomos et al. 2013).

9.5  Telomerase Enzyme

Telomeres of telomerase positive human immortal and cancer cell lines are rela-
tively homogeneous in length (<10 kb) that is maintained during their serial passag-
ing in culture (Counter et al. 1998; Hastie et al. 1990). In contrast, normal somatic 
cells possess low or undetectable level of telomerase activity and undergo progres-
sive telomere shortening during continued proliferation.

There is a very close temporal correlation between the immortalization event and 
the onset of telomerase activity when cells are escaping from crisis (Bryan et al. 
1997a). The enzyme uses its own RNA subunit as a template for the de novo addi-
tion of telomeric repeats to the 3′ terminus of eukaryotic chromosomes (Fig. 9.3b). 
Telomerase is a specialized reverse transcriptase that is responsible for telomere 
length maintenance in human cancers. It is a multi-subunit enzyme comprises of, at 
least, three components: TERT (telomerase reverse transcriptase protein), TR 
(telomerase RNA subunit), and dyskerin (RNA-binding protein) (Cohen et al. 2007) 
(Fig. 9.4a). Mass analyses of the complex (650–670-kDa) of and of the separate 
components, hTR (153-kDa), hTERT (127-kDa) and dyskerin (57-kDa) suggested 
that the active complex exists as a dimer.

Human telomerase RNA (hTR; coded by chromosome 3q26.438 locus) sequence 
varies widely from species to species. Furthermore, the template sequence makes up 
only a small portion of the RNA suggesting that in addition to being an essential 
template for telomerase reverse transcriptase activity, hTR plays an important struc-
tural role within the complex. hTR is defined by a hairpin-hinge-hairpin-tail second-
ary structure containing a box H motif (ANANNA  – where N represents any 
nucleotide) within the hinge and a box ACA motif (ACA) within the tail. This region 
of hTR mediates RNA binding to dyskerin and possibly other members of the H/
ACA protein family-NHP2, NOP10 and GAR1- in RNA-protein and indirect 
protein- protein interactions (Mengual Gomez et al. 2014).

Human Telomerase Reverse Transcriptase (hTERT) (127-kDa protein coded by 
5p15.33 locus) is a highly specialized and unusual reverse transcriptase (RT), which 
shares partial sequence and structural homology with known retroviral transcrip-
tases (Cohen et al. 2007; Cong and Shay 2008; Cong et al. 2002). Overexpression 
of hTR and/or hTERT has demonstrated that both components result in increased 
telomerase activity leading to telomere lengthening, consistent with the conclusion 
that both hTR and hTERT levels are limiting for telomerase activity (Cristofari et al. 
2007; Bodnar et al. 1998; Cao et al. 2008).

Dyskerin (514 amino acid nuclear protein coded by chromosome Xq28) together 
with NHP2, NOP10 and specific guide RNAs, form RNP complexes (Vulliamy 
et al. 2008). It was first identified as the gene mutated in Dyskeratosis Congenita 

Z. Kaul et al.



203

(DC) patients and causes triad of mucocutaneous abnormalities and bone marrow 
failure (Heiss et al. 1998). Cells from DC patients have short telomeres and increased 
susceptibility to cancer. The telomere dysfunction in these cells either arises as a 
result of a failure to maintain telomere length or an inability to protect the telomere. 
This relationship highlights the importance of dyskerin for telomere maintenance.

9.6  Telomerase Inhibitors

Telomerase activity is detectable in a large majority of human tumor-derived cell 
lines and in primary tumor samples. The suppression of telomerase activity in can-
cer and tumor cells causes telomere shortening that is often associated with onset of 
apoptosis or inhibition of cell proliferation. Hence, the development of anti- 
telomerase drugs for cancer therapy has been initiated (White et al. 2001). However, 
there are several concerns on the efficacy of telomerase inhibitors as anticancer 
drugs (i) anti-telomerase drugs are expected not to kill cells immediately, but would 
cause steady telomere shortening until a critical point, (ii) germline cells also use 
telomerase to prevent telomere shortening, (iii) the very low abundance of endoge-
nous telomerase enzyme even in cancer cells makes it very difficult to purify human 
telomerase in sufficient quantities to screen for inhibitors, (iv) no high resolution 

Fig. 9.4 Telomere lengthening processes. (a) Schematic diagram of telomerase enzyme complex 
that adds TTAGGG repeats to chromosome ends is shown. (b) Telomeric recombination in ALT 
cells. According to the HR-dependent replication model, it is proposed that the copy template used 
for alternative lengthening of telomeres (ALT)-mediated telomere lengthening may be (another 
telomere, the t-loop of the same telomere, circular extra chromosomal telomeric DNA, or linear 
extra chromosomal telomeric DNA (as shown from top to bottom)
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structural information is available for intact active telomerase enzyme, complicat-
ing structure-based design strategies, (v) telomerase is a polymerase, and inhibitors 
would need to be selective for its inhibition relative to other cellular polymerases 
and (vi) these will be ineffective for cancer cells that possess ALT mechanism (as 
discussed below) for telomere lengthening.

9.7  Alternative Lengthening of Telomeres (ALT)

Some in vitro-immortalized and tumor-derived cell lines are capable of maintaining 
their telomere length over very large numbers of population doublings in the absence 
of telomerase activity that suggested the existence of one or more telomerase- 
independent TMMs referred to collectively as Alternative Lengthening of Telomeres 
(ALT) (Bryan et al. 1995). Tumors of mesenchymal origin including osteosarcomas 
and soft tissue sarcomas commonly use ALT to maintain their telomere length 
(Henson and Reddel 2010; McDonald et al. 2010). Telomerase-independent telo-
mere length maintenance was first as a recombination-mediated mechanism that can 
either be inter- or intra-molecular (Dunham et al. 2000; Cesare and Reddel 2010) 
(Fig. 9.4b).

9.8  Characteristic Features of ALT Cancer Cells

 (i) ALT cancer cells have heterogeneous telomere length ranging from <3 kb to 
>50 kb, with an average length of ~20 kb (Bryan et al. 1997b; Conomos et al. 
2013).

 (ii) ALT cells undergo post-replicative telomeric exchanges at a much higher fre-
quency than non-ALT (normal or telomerase-positive) cells (Londono-Vallejo 
2008).

 (iii) ALT cells also contain a unique subset of promyelocytic leukaemia (PML) 
nuclear bodies known as ALT-associated PML bodies (APBs) that contain 
telomeric repeat DNA and telomere binding proteins in addition to the HR 
proteins normally associated with PML bodies (Yeager et al. 1999). APBs are 
nuclear structures and can be visualized by immunostaining of interphase 
nuclei with anti-PML antibodies and telomeric DNA or telomere binding pro-
teins. ALT cells possess large APBs (Yeager et al. 1999). The role of APBs in 
the ALT mechanism is not fully understood; it is not known whether APBs act 
as repositories for the by-products of ALT process or are the sites of telomeric 
recombination. Live cell imaging experiments have demonstrated that telo-
meres move to and from APBs suggesting that APBs may be directly involved 
in the ALT mechanism (Cesare and Reddel 2010).

 (iv) ALT cells possess extrachromosomal telomere repeats (ECTR) including ds 
telomeric circles (T-circles), linear single-stranded DNA and partially double- 
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stranded telomeric circles named C- or G-circles (Cesare and Reddel 2010). 
C-circles are self-priming telomeric C-strand templates for rolling circle 
amplification. Recent findings have established a quantitative relationship 
between the amount of ALT activity and the levels of C-circles within a cell 
(Henson and Reddel 2010).

Genetic or epigenetic alterations that underline the ALT mechanisms of telomere 
maintenance remain poorly defined. Various proteins with diverse activities (tumor 
suppression, DNA damage, homologous recombination, G2/M checkpoint and 
genetic stability controls) have been suggested to play role in this process. The 
MRE11-NBS1-RAD50 complex is the first protein complex to be identified as nec-
essary for ALT mediated telomere elongation. It plays several roles including (i) 
detection of double-strand breaks (DSB) and initiation of DSB signaling, (ii) 
recruitment of DNA repair proteins to break foci and (iii) stabilization of telomere 
structure (Cesare and Reddel 2010).

9.9  Effect of Withaferin-A on Telomere Plus and 
Minus Cancer Cells

Withaferin-A (Wi-A) is a steroidal lactone found in the medicinal plant, Withania 
somnifera (Ashwagandha). Several independent studies have shown that it pos-
sesses anticancer activity that has been attributable to its multimodule action includ-
ing induction of (i) DNA damage signaling as indicated by an increase in the levels 
of p-Chk1 and p-Chk2 in Wi-A treated cells, (ii) cell cycle arrest by downregulation 
of cyclin B1, Cdk2, cyclin A and p-Cdc2, (iv) wild type p53 signaling and accumu-
lation of p21WAF1 and (v) disruption of cytoskeleton elements including actin, 
vimentin and intermediate filaments suggesting that it is a potential natural antican-
cer drug (Suman et al. 2016; Lv and Wang 2015; Munagala et al. 2011; Petroni et al. 
2015). We investigated the effect of Wi-A on isogenic telomerase-plus (TEP) and 
-minus (ALT) cancer cells and found that it causes a stronger cytotoxicity to ALT 
cells. We discuss here experimental and computational evidence that Wi-A inhibits 
the ALT phenotype, induces telomere dysfunction, and these effects are caused by 
Myc-Mad mediated transcriptional suppression of NBS-1, a MRN complex protein, 
an essential component of ALT mechanism.
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9.10  Wi-A Causes Stronger Cytotoxicity to ALT Cancer 
Cells by Telomere Dysfunction and Inhibition of ALT 
Phenotype

We compared the effect of Wi-A on telomerase plus (TEP) and telomerase negative 
(ALT) isogenic cancer cells and found that it caused stronger cytotoxicity to ALT 
cells (Fig. 9.5). We investigated the molecular mechanism of its differential effect in 
response to low dose of Wi-A on TEP and ALT cells. Cell cycle analyses of Wi-A 
treated and control cells showed that the low doses of Wi-A were enough to cause 
G2/M phase arrest and apoptosis in ALT, but not TEP, cells (Fig. 9.5). In order to 
investigate if Wi-A treatment affected telomere length, we performed qPCR-based 
telomere length assays in control and Wi-A treated TEP and ALT cells. Both cells 
did not show any effect of Wi-A on telomere length (Yu et al. 2017) suggesting that 
it may alter telomere structure or cause telomere damage/de-protection.

Quantitative assay for telomere dysfunction in control and Wi-A treated cells 
indeed showed significant increase in telomere damage-induced foci (~10% to 
25%) in ALT cells specifically (Yu et al. 2017). Wi-A treated TEP and ALT cells 
were also examined for a well-established marker for ALT, APBs (ALT-associated 
Promyelocytic Leukemia (PML) nuclear bodies). APBs were specifically detected 
in ALT cells and showed 20–40% reduction in Wi-A treated cells (Fig. 9.6). On the 

120

100

80

60

40

20

0C
el

l p
o

p
u

la
ti

o
n

 (
%

)

Ctrl CtrlWi-A Wi-A

JFCF-6B JFCF-1L

G2/M

S

G0/G1

28.0±1.6

28.2±2.1

41.7±1.8

30.3±1.6 20.6±1.0 42.8±1.9

30.1±1.4

27.1±1.5

26.9±1.1

52.4±2.6

19.3±0.7

52.7±2.7

G0/G1 S G2/M

500

400

300

200

100

0
Ctrl CtrlWi-A

JFCF-6B JFCF-1L

Wi-A

A
p

o
p

to
ti

c 
ce

lls
(%

 o
f 

co
n

tr
o

l) vs Control **
**≤ 0.01

Control Wi-A 0.5 mg/ml

JF
C

F
-1

L
(A

L
T

)
JF

C
F

-6
B

(T
E

P
)

a b

c

Fig. 9.5 Withaferin-A showed stronger cytotoxicity to ALT cells. Cytotoxic response of isogenic 
telomerase plus (TEP; JFCF-6B) and telomerase minus (ALT; JFCF-1 L) cells to Withaferin-A. ALT 
cells were more sensitive (a), showed G2/M arrest (b) and apoptosis (c) (Yu et al. 2017)

Z. Kaul et al.



207

other hand, telomerase activity was not affected in control as well as Wi-A treated 
TEP/ALT cells (Yu et al. 2017). The induction of DNA breaks was also examined. 
Whereas immunostaining did not reveal any difference in γH2AX in control and 
Wi-A (0.25 μg/ml) treated TEP cells; JFCF-1 L cells showed a large increase in the 
number of γH2AX positive cells (Fig.  9.6) (Yu et  al. 2017). Furthermore, Wi-A 
treated ALT cells showed lower level of telomere binding proteins, TRF2 and POT1 
(shown to be important for ALT) as compared to the TEP cells (Fig. 9.6). These data 
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suggested that stronger cytotoxicity of Wi-A to ALT cells is due to, at least in part, 
its disruptive effect on telomere protecting proteins.

We examined MRN complex proteins (essential for the ALT mechanism and 
APB assembly) in control and Wi-A treated TEP and ALT cells. As shown in 
Fig. 9.7, a sharp decline in NBS1 and MRE11 expression, and a smaller reduction 
of RAD50  in Wi-A treated ALT cells; TEP cells showed only a small/negligible 
change (Fig. 9.7). Transcriptional analysis revealed reduction in NBS1, and not in 
MRE11 and RAD50, in ALT cells suggesting that Wi-A may target NBS1 in ALT 
cells (Yu et al. 2017). Since MRN complex is regulated by n-Myc and c-Myc at the 
transcription level, we next examined their status and found that Wi-A led to ~40% 
decrease in n-Myc and ~55% decrease in c-Myc in ALT cells (Fig.  9.7). 
Bioinformatics, molecular docking and experimental analyses of targeting potential 
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of Wi-A on Myc-Max and Mad-Max complexes revealed that Wi-A causes a tran-
scriptional suppression of myc by its strong binding to Mad-Max.

Considerable efforts have been put on the development of telomerase inhibitors 
due to high incidence of telomerase activation as compared to ALT in cancer cells. In 
vitro studies have demonstrated that telomerase and ALT mechanism can co-exist 
within individual cancer cells. Inhibition of TEP could activate ALT or vice versa (Hu 
et al. 2012; Shay et al. 2012) raising the need for dual action inhibitors. We report 
Wi-A is a good candidate for overall cancer treatment. It caused strong cytotoxicity 
to ALT cells by inactivation of ALT mechanisms. Although no effect on telomere 
length and telomerase activity of TEP cells, they undergo growth arrest or death by 
telomerase independent mechanisms as reported previously (Um et  al. 2012; 
Thaiparambil et al. 2011; Lee et al. 2015; Gao et al. 2014; Chi et al. 2010; Bargagna-
Mohan et al. 2013; Widodo et al. 2007, 2008, 2010; Cui et al. 2014) (Fig. 9.8). Wi-A 
thus could be a good candidate natural compound for cancer therapy.

References

Bargagna-Mohan P, Deokule SP, Thompson K, Wizeman J, Srinivasan C, Vooturi S, Kompella UB, 
Mohan R (2013) Withaferin A effectively targets soluble vimentin in the glaucoma filtration 
surgical model of fibrosis. PLoS One 8:e63881

Blackburn EH (1991) Structure and function of telomeres. Nature 350:569–573

•   p53 activation

•   Cytoskeleton dysfunction
•   JAK/STAT3
•   Inhibition of hnRNP-K
•   Induction of DNA damage
•   Induction of ROS

•   p53 activation

•   Cytoskeleton dysfunction
•   Inhibition of JAK/STAT3
•   Inhibition of hnRNP-K
•   Induction of DNA damage
•   Induction of ROS

APB disruption
Telomere dysfunction
Myc-Mad activation
NBS1 downregulation

ApoptosisGrowth arrest

Telomerase

TEP cell ALT cellWi-A

Fig. 9.8 A model showing the effect of Withaferin-A (Wi-A) on TEP and ALT cells. Wi-A targets 
several cancer promoting proteins and mechanism in these cells (shown in grey). In addition, sev-
eral ALT cell specific mechanisms (APB bodies, down-regulation of NBS1 through Myc-Mad 
activation and induction of telomere dysfunction) are affected causing apoptosis of ALT cancer 
cells (Yu et al. 2017)

9 Withaferin-A as a Potential Candidate for Cancer Therapy: Experimental Evidence…



210

Blackburn EH (2001) Switching and signaling at the telomere. Cell 106:661–673
Bodnar AG, Ouellette M, Frolkis M, Holt SE, Chiu CP, Morin GB, Harley CB, Shay JW, 

Lichtsteiner S, Wright WE (1998) Extension of life-span by introduction of telomerase into 
normal human cells. Science 279:349–352

Bryan TM, Englezou A, Gupta J, Bacchetti S, Reddel RR (1995) Telomere elongation in immortal 
human cells without detectable telomerase activity. EMBO J 14:4240–4248

Bryan TM, Englezou A, Dalla-Pozza L, Dunham MA, Reddel RR (1997a) Evidence for an alterna-
tive mechanism for maintaining telomere length in human tumors and tumor-derived cell lines. 
Nat Med 3:1271–1274

Bryan TM, Marusic L, Bacchetti S, Namba M, Reddel RR (1997b) The telomere lengthening 
mechanism in telomerase-negative immortal human cells does not involve the telomerase RNA 
subunit. Hum Mol Genet 6:921–926

Cao Y, Huschtscha LI, Nouwens AS, Pickett HA, Neumann AA, Chang AC, Toouli CD, Bryan TM, 
Reddel RR (2008) Amplification of telomerase reverse transcriptase gene in human mammary 
epithelial cells with limiting telomerase RNA expression levels. Cancer Res 68:3115–3123

Cesare AJ, Reddel RR (2010) Alternative lengthening of telomeres: models, mechanisms and 
implications. Nat Rev Genet 11:319–330

Chi F, Jong TD, Wang L, Ouyang Y, Wu C, Li W, Huang SH (2010) Vimentin-mediated signal-
ling is required for IbeA+ E. coli K1 invasion of human brain microvascular endothelial cells. 
Biochem J 427:79–90

Cohen SB, Graham ME, Lovrecz GO, Bache N, Robinson PJ, Reddel RR (2007) Protein compo-
sition of catalytically active human telomerase from immortal cells. Science 315:1850–1853

Colgin L, Reddel R (2004) Telomere biology: a new player in the end zone. Curr Biol 14:R901–R902
Cong Y, Shay JW (2008) Actions of human telomerase beyond telomeres. Cell Res 18:725–732
Cong YS, Wright WE, Shay JW (2002) Human telomerase and its regulation. Microbiol Mol Biol 

Rev 66:407–425
Conomos D, Pickett HA, Reddel RR (2013) Alternative lengthening of telomeres: remodeling the 

telomere architecture. Front Oncol 3:27
Counter CM, Hahn WC, Wei W, Caddle SD, Beijersbergen RL, Lansdorp PM, Sedivy JM, 

Weinberg RA (1998) Dissociation among in vitro telomerase activity, telomere maintenance, 
and cellular immortalization. Proc Natl Acad Sci U S A 95:14723–14728

Cristofari G, Sikora K, Lingner J (2007) Telomerase unplugged. ACS Chem Biol 2:155–158
Cui ZG, Piao JL, Rehman MU, Ogawa R, Li P, Zhao QL, Kondo T, Inadera H (2014) Molecular 

mechanisms of hyperthermia-induced apoptosis enhanced by withaferin A. Eur J Pharmacol 
723:99–107

d’Adda di Fagagna F, Reaper PM, Clay-Farrace L, Fiegler H, Carr P, Von Zglinicki T, Saretzki 
G, Carter NP, Jackson SP (2003) A DNA damage checkpoint response in telomere-initiated 
senescence. Nature 426:194–198

de Lange T (2005) Shelterin: the protein complex that shapes and safeguards human telomeres. 
Genes Dev 19:2100–2110

Dunham MA, Neumann AA, Fasching CL, Reddel RR (2000) Telomere maintenance by recombi-
nation in human cells. Nat Genet 26:447–450

Gao R, Shah N, Lee JS, Katiyar SP, Li L, Oh E, Sundar D, Yun CO, Wadhwa R, Kaul SC (2014) 
Withanone-rich combination of Ashwagandha withanolides restricts metastasis and angiogen-
esis through hnRNP-K. Mol Cancer Ther 13:2930–2940

Giardini MA, Segatto M, da Silva MS, Nunes VS, Cano MI (2014) Telomere and telomerase biol-
ogy. Prog Mol Biol Transl Sci 125:1–40

Harley CB, Futcher AB, Greider CW (1990) Telomeres shorten during ageing of human fibro-
blasts. Nature 345:458–460

Hartwig FP, Collares T (2013) Telomere dysfunction and tumor suppression responses in dyskera-
tosis congenita: balancing cancer and tissue renewal impairment. Ageing Res Rev 12:642–652

Hastie ND, Dempster M, Dunlop MG, Thompson AM, Green DK, Allshire RC (1990) Telomere 
reduction in human colorectal carcinoma and with ageing. Nature 346:866–868

Z. Kaul et al.



211

Heiss NS, Knight SW, Vulliamy TJ, Klauck SM, Wiemann S, Mason PJ, Poustka A, Dokal I (1998) 
X-linked dyskeratosis congenita is caused by mutations in a highly conserved gene with puta-
tive nucleolar functions. Nat Genet 19:32–38

Henson JD, Reddel RR (2010) Assaying and investigating Alternative Lengthening of Telomeres 
activity in human cells and cancers. FEBS Lett 584:3800–3811

Hu J, Hwang SS, Liesa M, Gan B, Sahin E, Jaskelioff M, Ding Z, Ying H, Boutin AT, Zhang 
H, Johnson S, Ivanova E, Kost-Alimova M, Protopopov A, Wang YA, Shirihai OS, Chin L, 
DePinho RA (2012) Antitelomerase therapy provokes ALT and mitochondrial adaptive mecha-
nisms in cancer. Cell 148:651–663

Karlseder J, Broccoli D, Dai Y, Hardy S, de Lange T (1999) p53- and ATM-dependent apoptosis 
induced by telomeres lacking TRF2. Science 283:1321–1325

Kaul Z, Cesare AJ, Huschtscha LI, Neumann AA, Reddel RR (2012) Five dysfunctional telomeres 
predict onset of senescence in human cells. EMBO Rep 13:52–59

Lee J, Hahm ER, Marcus AI, Singh SV (2015) Withaferin A inhibits experimental epithelial- 
mesenchymal transition in MCF-10A cells and suppresses vimentin protein level in vivo in 
breast tumors. Mol Carcinog 54:417–429

Levy MZ, Allsopp RC, Futcher AB, Greider CW, Harley CB (1992) Telomere end-replication 
problem and cell aging. J Mol Biol 225:951–960

Londono-Vallejo JA (2008) Telomere instability and cancer. Biochimie 90:73–82
Lv TZ, Wang GS (2015) Antiproliferation potential of withaferin A on human osteosarcoma cells 

via the inhibition of G2/M checkpoint proteins. Exp Ther Med 10:323–329
Maciel-Baron LA, Morales-Rosales SL, Aquino-Cruz AA, Triana-Martinez F, Galvan-Arzate 

S, Luna-Lopez A, Gonzalez-Puertos VY, Lopez-Diazguerrero NE, Torres C, Konigsberg M 
(2016) Senescence associated secretory phenotype profile from primary lung mice fibroblasts 
depends on the senescence induction stimuli. Age (Dordr) 38:26

Martinez P, Blasco MA (2010) Role of shelterin in cancer and aging. Aging Cell 9:653–666
Martinez P, Blasco MA (2011) Telomeric and extra-telomeric roles for telomerase and the 

telomere- binding proteins. Nat Rev Cancer 11:161–176
McDonald KL, McDonnell J, Muntoni A, Henson JD, Hegi ME, von Deimling A, Wheeler HR, 

Cook RJ, Biggs MT, Little NS, Robinson BG, Reddel RR, Royds JA (2010) Presence of alter-
native lengthening of telomeres mechanism in patients with glioblastoma identifies a less 
aggressive tumor type with longer survival. J Neuropathol Exp Neurol 69:729–736

Mender I, Shay JW (2015) Telomere Dysfunction Induced Foci (TIF) Analysis. Bio Protoc 5:pii: 
e1656

Mengual Gomez DL, Armando RG, Farina HG, Gomez DE (2014) Telomerase and telomere: their 
structure and dynamics in health and disease. Medicina (B Aires) 74:69–76

Munagala R, Kausar H, Munjal C, Gupta RC (2011) Withaferin A induces p53-dependent apopto-
sis by repression of HPV oncogenes and upregulation of tumor suppressor proteins in human 
cervical cancer cells. Carcinogenesis 32:1697–1705

Olovnikov AM (1971) Principle of marginotomy in template synthesis of polynucleotides. Dokl 
Akad Nauk SSSR 201:1496–1499

Palm W, de Lange T (2008) How shelterin protects mammalian telomeres. Annu Rev Genet 
42:301–334

Passos JF, Saretzki G, Ahmed S, Nelson G, Richter T, Peters H, Wappler I, Birket MJ, Harold G, 
Schaeuble K, Birch-Machin MA, Kirkwood TB, von Zglinicki T (2007) Mitochondrial dys-
function accounts for the stochastic heterogeneity in telomere-dependent senescence. PLoS 
Biol 5:e110

Patel TN, Vasan R, Gupta D, Patel J, Trivedi M (2015) Shelterin proteins and cancer. Asian Pac 
J Cancer Prev 16:3085–3090

Petroni M, Sardina F, Heil C, Sahun-Roncero M, Colicchia V, Veschi V, Albini S, Fruci D, Ricci 
B, Soriani A, Di Marcotullio L, Screpanti I, Gulino A, Giannini G (2015) The MRN complex 
is transcriptionally regulated by MYCN during neural cell proliferation to control replication 
stress. Cell Death Differ 23:197–206

9 Withaferin-A as a Potential Candidate for Cancer Therapy: Experimental Evidence…



212

Schmitt E, Paquet C, Beauchemin M, Bertrand R (2007) DNA-damage response network at the 
crossroads of cell-cycle checkpoints, cellular senescence and apoptosis. J Zhejiang Univ Sci 
B 8:377–397

Shay JW (1997) Telomerase in human development and cancer. J Cell Physiol 173:266–270
Shay JW, Reddel RR, Wright WE (2012) Cancer and telomeres-an ALTernative to telomerase. 

Science 336:1388–1390
Sikora E, Bielak-Zmijewska A, Mosieniak G (2014) Cellular senescence in ageing, age-related 

disease and longevity. Curr Vasc Pharmacol 12:698–706
Singhapol C, Pal D, Czapiewski R, Porika M, Nelson G, Saretzki GC (2013) Mitochondrial telom-

erase protects cancer cells from nuclear DNA damage and apoptosis. PLoS One 8:e52989
Suman S, Das TP, Sirimulla S, Alatassi H, Ankem MK, Damodaran C (2016) Withaferin-A sup-

press AKT induced tumor growth in colorectal cancer cells. Oncotarget 7:13854–13864
Takai H, Smogorzewska A, de Lange T (2003) DNA damage foci at dysfunctional telomeres. Curr 

Biol 13:1549–1556
Thaiparambil JT, Bender L, Ganesh T, Kline E, Patel P, Liu Y, Tighiouart M, Vertino PM, Harvey 

RD, Garcia A, Marcus AI (2011) Withaferin A inhibits breast cancer invasion and metastasis 
at sub-cytotoxic doses by inducing vimentin disassembly and serine 56 phosphorylation. Int 
J Cancer 129:2744–2755

Um HJ, Min KJ, Kim DE, Kwon TK (2012) Withaferin A inhibits JAK/STAT3 signaling and 
induces apoptosis of human renal carcinoma Caki cells. Biochem Biophys Res Commun 
427:24–29

van Steensel B, Smogorzewska A, de Lange T (1998) TRF2 protects human telomeres from end- 
to- end fusions. Cell 92:401–413

von Figura G, Hartmann D, Song Z, Rudolph KL (2009) Role of telomere dysfunction in aging and 
its detection by biomarkers. J Mol Med (Berl) 87:1165–1171

Vulliamy T, Beswick R, Kirwan M, Marrone A, Digweed M, Walne A, Dokal I (2008) Mutations 
in the telomerase component NHP2 cause the premature ageing syndrome dyskeratosis con-
genita. Proc Natl Acad Sci U S A 105:8073–8078

Wadhwa R, Kaul Z, Kaul SC (2016) Cell cycle checkpoints and senescence. In: Suresh ISR, 
Hayflick L (eds) Cellular ageing and replicative senescence. Springer, Cham, pp 145–166

Watson JD (1972) Origin of concatemeric T7 DNA. Nat New Biol 239:197–201
White LK, Wright WE, Shay JW (2001) Telomerase inhibitors. Trends Biotechnol 19:114–120
Widodo N, Kaur K, Shrestha BG, Takagi Y, Ishii T, Wadhwa R, Kaul SC (2007) Selective killing 

of cancer cells by leaf extract of Ashwagandha: identification of a tumor-inhibitory factor and 
the first molecular insights to its effect. Clin Cancer Res 13:2298–2306

Widodo N, Takagi Y, Shrestha BG, Ishii T, Kaul SC, Wadhwa R (2008) Selective killing of cancer 
cells by leaf extract of Ashwagandha: components, activity and pathway analyses. Cancer Lett 
262:37–47

Widodo N, Priyandoko D, Shah N, Wadhwa R, Kaul SC (2010) Selective killing of cancer cells by 
Ashwagandha leaf extract and its component Withanone involves ROS signaling. PLoS One 
5(10):e13536

Yeager TR, Neumann AA, Englezou A, Huschtscha LI, Noble JR, Reddel RR (1999) Telomerase- 
negative immortalized human cells contain a novel type of promyelocytic leukemia (PML) 
body. Cancer Res 59:4175–4179

von Zglinicki T, Burkle A, Kirkwood TB (2001) Stress, DNA damage and ageing - an integrative 
approach. Exp Gerontol 36:1049–1062

Yu Y, Katiyar SP, Sundar D, Kaul Z, Miyako E, Zhang Z, Kaul SC, Reddel RR, Wadhwa R (2017) 
Withaferin-A kills cancer cells with and without telomerase: chemical, computational and 
experimental evidences. Cell Death Dis 8:e2755

Z. Kaul et al.



213© Springer International Publishing AG 2017 
S.C. Kaul, R. Wadhwa (eds.), Science of Ashwagandha: Preventive and 
Therapeutic Potentials, DOI 10.1007/978-3-319-59192-6_10

Chapter 10
Withania somnifera Has Potential to Treat 
Cancer

Babli Halder and Suman S. Thakur

Abstract Withania somnifera is universally known as Ashwagandha in Ayurveda. 
Different parts of the Withania are used in medicinal and clinical applications. It 
possesses a lot of therapeutic action. Among them anticancer activity of Withania is 
the most interesting subject to research with. Recently in various studies Withania 
somnifera extract, different metabolites derived from Withania are found to show 
potent anticancer efficacy against various cancers including pancreatic, breast, lung, 
cervical, skin etc. The mostly studied Withaferin A (WA), a withanolide purified 
from Withania somnifera is an important bioactive molecule. WA showed promis-
ing inhibitory activity against various cancer cells in vitro and in vivo. WA induces 
apoptosis in cancer cells by stimulating pro-apoptotic proteins and inhibiting anti- 
apoptotic proteins. The mechanisms of action of WA in cancer cells are extensively 
studied all over the world. Withania somnifera could be use full medicinal herb as a 
potent chemotherapeutic agent in diverse clinical circumstances.

Keywords Withania somnifera • Cancer • Withafrin A • Withanolide • Traditional 
medicine • Chemotherapeutic agent

10.1  Introduction

Aswagandha (Withania somnifera) is a very well known medicinal plant and it has 
a number of ethno pharmacological actions. Various parts of different species of 
Withania having diverse activities (Naz et al. 2009). Withania somnifera has a wide 
range of therapeutic potentials like anti-arthritic, anti-cancer, anti-inflammatory, 
anti-aging, immunoregulatory, chemo protective, cardio protective, and recovery 
from neurodegenerative disorders. With the developing realization of its benefits 
several in vitro and in vivo preclinical studies are ongoing to validate its therapeutic 
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potentials (Singh et al. 2015). Diverse compounds of Withania species like witha-
ferin A derived from the leaves, is well recognized to posses anti-cancer properties 
(Jayaprakasam et al. 2003). Recently quite a lot of studies have been conducted to 
validate its anti-cancerous effect in in vitro and in vivo preclinical experiments. In 
various studies the mechanism of action of this phytochemicals has been dissect out 
elaborately. Withania could modulate different signaling pathways in cancer cell 
lines (Gambhir et al. 2015; Park et al. 2015; Nishikawa et al. 2015; Sarkar et al. 
2014; Roy et al. 2013; Grover et al. 2012; Munagala et al. 2011; Yu et al. 2010). 
Withaferin A (WA), is a steroidal lactone isolated from medicinal plant Withania 
somnifera, was attenuated tumor development by inducing oxidative stress by 
increasing the basal reactive oxygen species levels and suppressing NF-κB pathway 
(Gambhir et  al. 2015). Compound derived from Methanolic (MeOH) extract of 
withaferin A showed cytotoxic effect against human pancreatic (PANC-1), prostate 
(DU145) and breast (MCF7) cancer cell line by inhibiting hedgehog (Hh) signal 
(Yoneyama et al. 2015). The smallest inhibitor of apoptosis known as Survivin is up 
regulated in case of almost cancer cells which plays both the roles in proliferation 
and survival of the cancer cells. It inhibits caspases and facilitates mitosis by becom-
ing a part of chromosomal passenger complex through its BIR5 domain. Thus it 
causes inhibition of apoptosis. Withanone, extracted from roots of Withania som-
nifera showed binding affinity with BIR5 domain of survivin and which causes 
inhibitory action against caspases and as a result induction of apoptosis. Binding of 
withanone at BIR5 domain of survivin might also inhibited to be a part of chromo-
somal passenger complex and resulted hindrance of the mitotic process within the 
cancer cell (Wadegaonkar and Wadegaonkar 2013). Molecular docking studies pro-
vided evidence that WA is a promising VEGF inhibitor, which has important role in 
the angiogenesis in cancer cells (Saha et al. 2013). HSP 90 (Heat shock protein 90) 
is a molecular chaperone is known to responsible for quality control in cell environ-
ment and protein folding. Other than this HSP 90 is involved in the maturation and 
stabilization of an extensive array of oncogenic client proteins, which are decisive 
for oncogenesis and malignant development. Computational docking study showed 
that WA inhibits the interaction between chaperone (Hsp90) to its co-chaperone 
(Cdc37) by disrupting the stability of attachment of Hsp90 to Cdc37. Thus WA 
could be a potential anticancer drug as determined by its significant Hsp90-client 
modulating capability (Grover et al. 2011).

10.2  Effect of Withania on Breast Cancer

WA is very important phytochemical to treat various kind of cancer. Among them 
breast cancer treatment by WA is recently progressed a lot. Szarc vel Szic K et al. in 
2014 has shown that WA decreased invasion of the breast cancer cell MDA-MB-231. 
WA treatment reduced gene expression of extracellular matrix-degrading proteases 
(uPA, PLAT, ADAM8), cell adhesion molecules like integrins, laminins and along 
with this increased expression of the breast cancer metastasis suppressor gene 
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(BRMS1). Preventive effect of Withania somnifera root extract was assessed in mam-
mary cancer bearing female transgenic MMTV/Neu mice. A 33% reduction of mam-
mary carcinoma was found in treated group than those of the control group. Moreover 
reduction of the Ki67, a cellular marker of cell proliferation, proliferating cell nuclear 
antigen marker (PCNA) as well as chemokine CCL2 was also observed in mammary 
carcinoma of treated mice in comparison to the control mice (Khazal et al. 2014).

In another study, it has been shown that WA inhibited growth of cultured and 
xenografted human breast cancer cells in nude mice. WA also prevented breast can-
cer development and pulmonary metastasis in transgenic mice (Lee et al. 2013a, b). 
Treatment of human breast cancer cells, MDA-MB-231 and MCF-7 to pharmaco-
logical concentrations of WA resulted in cleavage of Notch2 as well as Notch4. The 
levels of both transmembrane and cleaved Notch1 were decreased towards the treat-
ment of WA (Lee et al. 2012). WA also found to inhibit level of XIAP, cIAP-2, and 
Survivin in human breast cancer cells MDA-MB-231 and MCF-7 thereby induced 
apoptosis. In in vivo MDA-MB-231 xenografted model WA reduced Survivin pro-
tein level, which indicated the significant role in the induction of apoptosis (Hahm 
and Singh 2012). WA showed anti-metastatic activity in human breast cancer cells 
by mediating through its action on vimentin and vimentin ser56 phosphorylation 
(Thaiparambil et al. 2011).

Important role of reactive oxygen species (ROS) in WA mediated apoptosis 
induction in the human breast cancer cells, MCF-7 and MDA-MB-231 was experi-
mentally demonstrated by Hahm et al. in 2011. WA treatment resulted in generation 
of ROS in both of the human breast cancer cells. The authors also evidenced produc-
tion of ROS associated with the mitochondrial dysfunction. Expression level of pro-
apoptotic protein Bax and Bak were also been increased in WA treated cancer cells.

Widodo and his group (2010) investigated the mechanism of action of the leaf 
extract of Withania somnifera, Ashwagandha (i-Extract) and its purified component 
Withanone in breast cancer cells MCF-7. They have found selective cancer cell 
death by induction of ROS (reactive oxygen species) signaling cascade in treated 
cells. A decrease in the mitochondrial membrane potential was found in treated 
MCF-7 cells. MCF-7 cells were arrested at G2 phase after treatment with i-Extract 
and Withanone. i-Extarct, Withanone, Withaferin A were also seen to induce DNA 
damage in MCF-7 cells by stimulation and phosphorylation of γH2AX, which is a 
marker of DNA double strand break. An increment of the CDKN1A-p21 level was 
also observed in treated MCF-7 cells in comparison to untreated cancer cells. 
Moreover in their bioinformatics study, it was found that the association of p53, 
apoptosis and insulin/IGF signaling cascade is connected with the ROS signaling.

10.3  Effect of Withania on Gastric, Colon and Colorectal 
Cancer

Withaferin A (WA), purified from Withania somnifera, has well known anti- 
inflammatory and anti-tumor effects. Kim et al. studied that WA could be a protec-
tive and therapeutic agent for gastric cancer (Kim et al. 2015). Choi and Kim’s study 
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(2015) suggested that withaferin-A derived from leaf extract of W. somnifera 
deceased interleukin-6-induced activation of STAT3 thus progression of colon can-
cer. They have generated HCT116 colon cancer cells xenograft tumors in nude mice. 
Treated mice with Withaferin-A have shown decreased weight and less volume 
tumor than that of the untreated control mice. It has been also shown that immuno-
modulatory function of Withaferin somnifera might be helpful to treat the colon 
cancer induced by the carcinogen Azoxymethane in vivo in Swiss albino mice 
(Muralikrishnan et al. 2010a, b). In an in vivo model WA showed promising protec-
tive agent against colon cancer cells. Azoxymethane induced colon cancer in Swiss 
albino mice. The comparison has been made on the enzymes involved in tricarbox-
ylic acid (TCA) cycle between WA treated and untreated colon cancer bearing mice. 
After the stipulated period decreased activities of TCA cycle key enzymes such as 
isocitrate dehydrogenase (ICDH), succinate dehydrogenase (SDH), malate dehydro-
genase (MDH), and alpha-keto glutarate dehydrogenase (alpha-KGDH) were found 
in colon cancer bearing animals. On the other hand it has been seen that WA normal-
ized the level of the TCA key enzymes, ICDH, SDH, MDH, and alpha- KGDH in 
colon cancer bearing mice. These results together proposed that the WA has a poten-
tial anti cancer efficacy against colon cancer (Muralikrishnan et  al. 2010a, b). In 
colon cancer development Notch signaling has a critical task. WA inhibited Notch-1 
signaling and reduced prosurvival pathways, such as Akt/NF-kappaB/Bcl-2, in three 
human colon cancer cell lines (HCT-116, SW-480, and SW-620). WA induced apop-
tosis by down regulating mammalian target of rapamycin signaling components, 
pS6K and p4E-BP1, and triggered c-Jun-NH(2)-kinase. These observations confer 
emphasis to the anticancer potential of WA, which could be further developed as a 
targeted chemotherapy in case of colon cancer (Koduru et al. 2010). WA arrested cell 
cycle at G2/M in colorectal cancer cell lines HCT116 and SW480. It showed induc-
tion of apoptosis in a dose dependent manner. WA caused mitotic delay by blocking 
Spindle assembly checkpoint (SAC) function. Apoptosis induction by WA is associ-
ated with proteasomal degradation of Mad2 and Cdc20, an important constituent of 
the Spindle Checkpoint Complex (Das et al. 2014).

10.4  Effect of Withania on Renal Cancer

WA induced apoptosis in human renal cancer cells, Caki by down-regulation of  
STAT3 and its associated Janus-activated kinase 2 (JAK2) activity, and other genes 
like Bcl-xL, Bcl-2, cyclin D1 and surviving (Um et al. 2012). WA treatment of 
human renal Caki cells stimulated a number of ER stress markers, such as phos-
phorylation of eukaryotic initiation factor-2α (eIF-2 α), ER stress- specific XBP1 
splicing, and increment of glucose-regulated protein (GRP)-78. Additionally, WA 
responsible for up regulation of CAAT/enhancer-binding protein- homologous pro-
tein (CHOP), which suggested the generation of ER stress. These studies provide 
proof that WA incubation is important to induce apoptosis in human renal cancer 
cells (Choi et al. 2011). In another study WA has shown potent protective effect 
against human renal cancer Caki cells. In this study it has been observed that 
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combinatorial effect of WA and radiation on induction of apoptosis in Caki cells. 
This treatment increased cleavage of caspases 3 and PARP and arrest of cell cycle 
at sub-G1 phase. WA improved radiation stimulated apoptosis in renal cancer cells 
by means of ROS generation and down regulation of Bcl2 and dephosphorylation of 
Akt (Yang et al. 2011a, b).

10.5  Effect of Withania on Skin Cancer, Osteosarcoma 
and Mesothelioma

In our study the cytotoxic effect of Withania somnifera root extract on human malig-
nant melanoma A375 cells was demonstrated. The crude extract of Withania showed 
time and dose dependant cytotoxicity against A375 cells as observed by MTT assay. 
MTT assay showed a statistically significant reduction of cell viability with an IC50 
value of 350 μg/ml for 24  h of treatment, 250 μg/ml for 48  h of treatment and 
200 μg/ml for 72 h of treatment with the root extract (Fig. 10.1). Phase contrast 
micrography of A375 cells after treatment with IC50 doses of Withania extract 
showed spherical appearance as compared to the untreated polygonal A375 cells. 
Fluorescence microscopic observation with DAPI staining showed nuclear blebbing 
and apoptotic body formation after 48 h and 72 h of treatment respectively. Further 
a prominent DNA ladder formation was observed in 48 h and 72 h Withania extract 
treated A375 cells. Thus all the observations from the Withania root extract treated 
A375 cells indicate an initiation of apoptotic cell death (Halder et al. 2015).

Withaferin A (WA) was inhibited carcinogen-induced up-regulation of acetyl- 
CoA carboxylase 1 (ACC1), which was additionally established in a skin cell trans-
formation model. WA could able to suppress ACC1 level in human melanoma cells, 

Fig. 10.1 IC50 value at different time point of treatment with Withania somnifera water extract in 
human malignant melanoma A375 cells
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which suggests that ACC1 could be potential target of WA in clinical studies 
(Li et al. 2015a, b). Effect of WA has been studied on skin epidermal JB6 P+ cells, 
which is a famous model for tumor promotion. It has been found that WA inhibited 
the tumor promoter 12-O-tetradecanoylphorbol 13-acetate (TPA)-induced cell 
transformation and cell proliferation. Inactivation of isocitrate dehydrogenase 1 
(IDH1) by TPA has been observed to be reversed by WA. Mitochondrial functions 
were suppressed by TPA treatment which was supported by reduced mitochondrial 
membrane potential, complex I activity and mitochondrial respiration. But WA 
treatment could inhibit all theses suppressions. Moreover it was examined WA 
blocked reduction of the level of α-ketoglutarate, a product of IDH1 upon TPA treat-
ment. Tumor promoter treatment caused the elevation of lactate level which is a 
glycolysis marker but WA inhibited its rise by this it showed its chemopreventive 
activity in JB6 P+ cells (Li and Zhao 2013). WA has shown to inhibit human malig-
nant melanoma cells by induction of apoptosis in these cell lines as evident from 
down regulation of Bcl-2, by increment of Bax translocation to mitochondria, gen-
eration of Reactive oxygen species (ROS), change of mitochondrial membrane 
potential, release of cytochrome c in cytosol, activation of caspases 9 and caspases 
3 and DNA fragmentation (Mayola et al. 2011). Withaferin A (WA) showed anti- 
proliferative activity by inhibiting cell cycle at the G2/M phase in association with 
the reduced expression of cyclin B1, cyclin A, Cdk2 and p-Cdc2 (Tyr15) and an 
increase in the levels of p-Chk1 (Ser345) and p-Chk2 (Thr68) in two types of human 
osteosarcoma cells, MG-63 and U2OS (Lv and Wang 2015). Wadhwa et al. (2013) 
have observed that the water extract of Ashwagandha, Withania somnifera leaves 
(ASH-WEX) and TEG (triethylene glycol) derived from ASH-WEX showed potent 
cytotoxic effect on human osteosarcoma U2OS cells. This treatment revealed an 
increment of the level of p53 and its downstream p21 protein. Phosphorylated p53 
level was also increased due to treatment when compare to the untreated cancer 
cells. An arrest of G1 phase of cell cycle was observed in ASH-WEX and TEG 
treated cancer cells. Additionally this treatment caused hypophosphorylation of 
pRB thus activating its tumor suppressing function. Further a decrease of MMP-3 
(matrix Metalloproteinases-3) and MMP-9  in treated U2OS cells was observed, 
thereby suggesting an antimetastatic role of ASH-WEX and TEG.

WA has potent suppressive effects on the malignant pleural mesothelioma 
(MPM) growth. Both murine and patient-derived MPM cells growth inhibited by 
WA treatment. It induces apoptosis evidenced by activation of pro-apoptotic p38 
stress activated protein kinase (SAPK) and caspase-3, increased levels of pro- 
apoptotic Bax protein and cleavage of poly-(ADP-ribose)-polymerase (PARP). 
Gene-array based analyses also revealed that WA suppressed cell growth and 
metastasis- promoting genes like c-myc. Expression of the cell cycle and apoptosis 
regulatory protein (CARP)-1/CCAR1 was also stimulated towards the treatment of 
WA thus it acts as a promising anti MPM agent (Yang et al. 2012). The Aurora A 
kinase is a Ser/Thr kinase and its functional copartner TPX2 are the potential can-
didates for promotion of various cancers. Computational and experimental studies 
revealed that withanone derived from Withania could able to dissociate TPX2- 
Aurora after binding with this complex thus it might be acted as a potential antican-
cer drug (Grover et al. 2012).
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10.6  Effect of Withania on Glioma and Neuroblastoma

An extract of Withania somnifera called AshwaMAX is effective on orthotopic 
Glioblastoma multiforme (GBM) in murine model (Chang et  al. 2016). Water 
extract of Withania somnifera blocked the G2/M stage and activated many pro- 
apoptotic cascades which led to suppression of cyclin D1, bcl-xl, and p-Akt,. It 
further decreased the expression of polysialylated form of neural cell adhesion mol-
ecule (PSA-NCAM) and action of matrix metalloproteinases in glioma cells. In in 
vivo experiment it has been observed that Aswagandha water extract reduced the 
intracranial tumor volumes and suppressed the tumor-promoting proteins p-nuclear 
factor kappa B (NF-κB), p-Akt, vascular endothelial growth factor (VEGF), heat 
shock protein 70 (HSP70), PSA-NCAM, and cyclin D1 in the rat model of ortho-
topic glioma allograft (Kataria et al. 2015).

Alcoholic extract of Withania somnifera leaves (i-Extact) and its different com-
ponents (Withaferin A, Withanone, Withanolide A) showed an effective dose depen-
dent antiproliferative activity against rat glioma cell line, C6 and human glioma cell 
line, YKG1. High concentrations of i-extarct and its constituents induced apoptosis 
but low concentrations resulted in the growth arrest. Cell cycle arrest was found at 
S phase in the treated C6 cells. Additionally i-Extract and its components were able 
to change the morphology of glioma cells. Moreover it was observed that there was 
augmentation of GFAP (glial fibrillary acidic protein) level, decrease in cell motility 
and enhancement of neuronal cell adhesion molecules (NCAM) in the treated gli-
oma cells (Shah et al. 2009).

In neuroblastoma cells (IMR-32) Ashwagandha water extract (ASH-WEX) 
showed anti-proliferative and anti migratory activities. ASH-WEX down regulated 
MMP2 and MMP9 activities. ASH-WEX treatment resulted in cell cycle arrest at 
G0/G1 phase and augmented early apoptotic population. Down regulation of cell 
cycle marker Cyclin D1, anti-apoptotic marker bcl-xl and Akt-P provide evidence 
that ASH-WEX might prove to be a potential therapeutic intervention in case of 
neuroblastoma related malignancies (Kataria et al. 2013).

10.7  Effect of Withania on Pancreatic Cancer

Li et al. have shown that the WA extracted from Withania has shown synergistic 
effect with Oxaliplatin on human pancreatic cells in vitro and in vivo. Combinatorial 
treatment oxaliplatin and WA showed significant cytotoxicity in human pancreatic 
cells by means of induction of apoptosis and reduction of PI3K/AKT thus it could 
be an effective strategy for the treatment of pancreatic cancer (Li et al. 2015a, b). In 
pancreatic cancer cells β-catenin plays an essential role in oncogenesis. Pancreatic 
cancer is very aggressive and weakly prognosed. Withanolide-D (witha-D) extracted 
from Withania has shown to increase apoptosis in pancreatic ductal adenocarci-
noma cells by arresting cell cycle dynamics at cell-the G2/M phase. Witha-D down 
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regulated Akt, which in turn failed to promote Gsk3β deactivation. As a result active 
Gsk3β aided β-catenin demolition in pancreatic carcinoma cells. This observation 
proposed a new potential molecule in the treatment of pancreatic adenocarcinoma 
(Sarkar et al. 2014). Different in vitro and in vivo studies shown that WA exhibited 
potent anti-proliferative effect against human pancreatic cancer cells Panc-1, 
MiaPaCa2 and BxPc3. WA was able to induce significant apoptosis in Panc-1 cell 
line. WA was found to bind with Hsp90, reduce Hsp90 chaperone function through 
an ATP-independent mechanism. Thus resulted in Hsp90 client protein degradation, 
and exerted anticancer potential against pancreatic cancer (Yu et al. 2010).

10.8  Effect of Withania on Cervical Cancer

Hyperthermia in combination of WA showed significant increase of apoptosis in 
human cervical cancer HeLa cells by augmenting pro-apoptotic Bcl-2-family pro-
teins tBid and Noxa, and down regulating antiapoptotic Bcl-2 and Mcl-1. Combined 
treatment with hyperthermia and WA induced significant increases in JNK phos-
phorylation (p-JNK), and decreases in the phosphorylation of ERK (p-ERK) com-
pared with either treatment alone (Cui et al. 2014). WA treatment down regulated 
the level of TGF β and suppressed expression and activity of matrix metalloprotein-
ase (MMP) 9 in human cervical cancer cells Caski cell line (Lee et al. 2013a, b). 
Human papilloma virus (HPV) expressing E6 and E7 oncoproteins is the major 
cause of cervical cancer. These oncoproteins actually inactivate tumor suppressor 
proteins p53 and pRb, respectively. So suppression of HPV oncoproteins would 
result in activation of tumor repressor pathways leads to apoptosis in cancer cells. 
WA showed inhibitory efficacy against several different cancers. Here WA has 
shown protective effect in both in vitro and in vivo models of human cervical cancer 
cells, CaSki. WA significantly inhibited proliferation of the cervical cancer cells 
associated with down regulation of expression of HPV E6 and E7 oncoproteins, 
induction of p53 up regulation, augmentation of p21(cip1/waf1) and its interaction 
with proliferating cell nuclear antigen (PCNA). Moreover it caused G(2)/M cell 
cycle arrest and modulation of cyclin B1, p34(cdc2) and PCNA levels. Decreased 
the levels of STAT3 and its phosphorylation at Tyr(705) and Ser(727) and alter 
expression levels of p53-mediated apoptotic markers-Bcl2, Bax, caspase-3 and 
cleaved PARP after treatment with WA are responsible for the induction of apopto-
sis in human cervical cancer. In vivo study also revealed that the WA treatment 
resulted in a significant reduction of tumor volume in athymic nude mice injected 
with CaSki cells (Munagala et al. 2011).
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10.9  Effect of Withania on Prostate Cancer

Nishikawa et al. (2015) reported that Withaferin A (WA) induces cell death by apop-
tosis or necrosis in various kinds of tumor cells. WA could induce cell death selec-
tively in two cancer cell lines, androgen-insensitive PC-3 and DU-145 prostate 
adenocarcinoma cells, but the cytotoxicity was fewer severe in androgen-sensitive 
LNCaP prostate adenocarcinoma cells and normal human fibroblasts (TIG-1 and 
KD). Abnormal cell cycle dynamics is one of the major causes of prostate cancer. 
So most of the chemotherapeutic drugs mainly target the cell cycle regulatory mol-
ecules. Treatment with WA in both the prostate cancer cell lines (PC-3 and DU-145) 
inhibited cell cycle at G2/M phase. It is accompanied by up-regulation of phos-
phorylated Wee-1, phosphorylated histone H3, p21, and Aurora B while down regu-
lation of cyclins (A2, B1, and E2). A reduction in phosphorylated Cdc2 (Tyr15) was 
also found. Moreover WA treatment also reduced levels of phospho Chk1 (Ser345) 
and Chk2 (Thr68) in prostate cancer cells (Roy et al. 2013). Inhibition of purified 
proteasome by WA has been determined by Yang et al. (2007). They have observed 
reduction of chymotrypsin like activity of 26S proteasome in human prostate cancer 
cell lines, PC3 and LNCaP and in solid tumors. This resulted in induction of apop-
tosis, inhibition of angiogenesis and in vivo suppression of tumor growth. WA 
induced accumulation of proteasome substrate Bax, IκBα, and p27 and also ubiqui-
tinated proteins in androgen receptor (AR) independent human prostate cancer PC3 
cells. Proteasomal degradation was associated with the activation of caspase-3 and 
cleavage of PARP in PC3 cells. It has also been shown that WA treatment reduced 
AR level in AR dependent LNCaP cells. In their in vivo xenograft model with PC3 
cell line, they found that treatment with WA in tumor bearing mice showed a signifi-
cant regression of tumor growth. Treatment with WA resulted in the reduction of 
chymotrypsin activity of proteasome and accumulation of proteasome substrate. 
Apoptotic morphology and TUNEL (Terminal deoxynucleotidyl transferase dUTP 
nick end labeling) positive apoptotic cells were also observed in WA treated tumor 
tissue in vivo.

10.10  Effect of Withania on Myeloid Cells

In tumor progression myeloid cells play a vital role. Myeloid-derived suppressor 
cells (MDSC) and tumor-associated macrophages (TAMs) are the most common 
tumor-infiltrating cells. MDSC and TAMS cells support tumor expansion by their 
intrinsic immune suppressive action and that is enhanced by their cross talk. It has 
been found that the root extract of the plant Withania somnifera reduce tumor devel-
opment. WA treatment reduced production of IL-10 in MDSC and secretion of IL-6 
and TNFα, cytokines that increase MDSC accumulation and function from macro-
phages (Sinha and Ostrand-Rosenberg 2013).
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10.11  Effect of Withania on Lymphoma

Activity of heat shock protein (Hsp) 90 inhibited by WA as revealed by a quick 
increase in Hsp70 expression levels in lymphomas. It has been found that WA 
robustly inhibited the survival of numerous human and murine B cell lymphoma 
cells. Moreover, in vivo experiments with syngeneic-graft lymphoma cells proposed 
that WA inhibits the augmentation of tumor without affecting other proliferative 
tissues. From this study it could be said that the anti-cancer effects of WA in lym-
phomas are because of its capability to inhibit Hsp90 function and successive 
decrease of decisive kinases and cell cycle controllers (McKenna et al. 2015). WA 
treatment enhances ionizing radiation (IR) induced apoptosis in human lymphoma 
U937 cells in associated with the PARP cleavage, caspase-3 activation and down 
regulation of anti-apoptotic protein Bcl-2 which proposed that WA might be acted 
as a potential radiosensitizer. From the experimental evidences it was revealed that 
generation of reactive oxygen species (ROS), down regulation of Bcl-2 and MAPKs 
pathway activation are importantly involved in the apoptosis stimulated by WA and 
radiation (Yang et al. 2011a, b). Ceramide has diverse biological function and it is a 
fundamental second messenger. Its main function to induce apoptosis and repress 
the cell growth. In leukemic cells, deregulation in ceramide metabolism causes its 
chemoresistance. Thus in leukemia chemotherapeutic regiment, management in 
ceramide production by physiological and pharmacological modulators provides a 
strategy for the prevention. Withanolide D derived from Withania somnifera 
enhanced the ceramide accumulation by activating N-SMase 2. WithaD inhibited 
JNK and p38MAPK and stimulated apoptosis in both in myeloid (K562) and lym-
phoid (MOLT-4) cells and also with primary cells derived from leukemia patients. 
All together, it might be suggested that WithaD could consider as a potential chemo-
therapeutic agent in drug development strategy (Mondal et al. 2010).

10.12  Effect of Withania on Liver and Lung Cancer

In HepG2 cell line, crude extract of Withania showed potential anticancer activity. 
Dichloromethane fraction of Withania showed significant amount of apoptotic cells 
W. somnifera may have the potential to serve as a template for future anticancer 
drug development (Abutaha 2015). However, further investigation is required to 
identify the active compound/s. WA exhibited anti-angiogenic, anti-metastatic and 
anti-neoplastic activity in human metastatic liver cancer cell line, SK-Hep1 (Lee 
et al. 2013a, b). WA showed an effective protective action against human lung can-
cer cell line NCI-H460 (Choudhary et al. 2010).
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10.13  Effect of Withania on Head and Neck Cancer

WA has been shown to inhibit the proliferation, metastasis, invasion and angiogen-
esis of head and neck cancer cells, AMC-HN4. WA induced apoptosis, by the incre-
ment of sub-G1 cell population and the cleavage of poly (ADP-ribose) polymerase 
(PARP) (Park et al. 2015).

10.14  Effect of Withania on Ovarian Cancer

In case of ovarian cancer chemotherapy is an effective way to treat after cytore-
ductive surgery. But relapse of the tumor occurs due to chemo-resistance of can-
cer stem cells. Treatment with WA alone or in combination of cisplatin might 
reduce significant tumor growth of nude mice bearing orthotopic ovarian tumors, 
which was generated by injecting human ovarian epithelial cancer cell line 
(A2780). This combination significantly eliminated cells, which are expressing 
cancer stem cells markers like -CD44, CD24, CD34, CD117 and Oct4 and down 
regulated Notch1, Hes1 and Hey1 genes expression. So it might be said that WA 
alone or in combination with cisplatin could be an efficient therapy for ovarian 
cancer (Kakar et al. 2014).

10.15  Conclusion

In order to conclude it could be said that extract from Withania somnifera or its 
derivative like WA exhibited significant anti proliferative activity in different human 
cancer cells. WA shows chemoprevention by facilitating suppression of tumor pro-
moting factors and induction of apoptosis inducing factors in cancer. 
Chemotherapeutic activity has been proven in in vitro as well as in vivo model so it 
serves as a template for prospect anticancer drug development. Nevertheless, addi-
tional research is essential to classify the active compound/s and its bioactivity.
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Abstract Ashwagandha, an ayurvedic medicinal plant, has been found to be a 
major contributor in treating medical ailments. Ayurveda is one of the world’s oldest 
traditional medical systems originated in India through various indigenous theories, 
beliefs and experiences. Often translated as science of “ayus” (life) and “ved” 
(knowledge), it emphasizes the use of herbs and their derivatives for prevention of 
disease, rejuvenation of body systems, and improving the quality of life. In this 
chapter, we will discuss some of the immuno-modulatory effects of withaferin A 
(WFA) as well as its growth-inhibitory effects on B cell lymphoma, leukemia and 
myelodysplastic syndrome.
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11.1  Introduction

Ashwagandha, an ayurvedic medicinal plant, has been found to be a major contribu-
tor in treating medical ailments. Ayurveda is one of the world’s oldest traditional 
medical systems that originated in India through various indigenous theories, beliefs 
and experiences. Often translated as science of “ayus” (life) and “ved” (knowledge), 
it emphasizes the use of herbs and their derivatives for prevention of disease, reju-
venation of body systems, and improving the quality of life (Mishra et al. 2000). 
Ashwagandha (Withania somnifera (WS) or Indian Ginseng) is a small evergreen 
woody shrub found in Africa, the Mediterranean, and India. It has been used as an 
adaptogen, liver tonic, rejuvenating herbal drug, anti-inflammatory, and immunos-
timulatory agent (Mishra et  al. 2000). In addition, despite the limited laboratory 
evidence, more recently, its use has expanded to treat specific conditions including 
anxiety, asthma, bronchitis, emaciation, ulcers, insomnia, inflammation, cognitive 
and neurological disorders, and senile dementia (Widodo et al. 2009; Malik et al. 
2007). Withanolides and alkaloids are two of the major classes of compounds char-
acterized from W. somnifera (Mishra et al. 2000). Withaferin A (WFA) represented 
the first natural lactone of the withanolide series isolated (Mishra et al. 2000; Malik 
et al. 2007). WFA, a steroidal lactone, was demonstrated to have growth inhibitory 
effects for cancers of breast, cervix, lung, prostate, pancreas, and oral cancers as 
well as anti-angiogenic effects (Vanden Berghe et al. 2012). It has been reported in 
various studies to possess both immune-activating and immuno-suppressive proper-
ties. In this chapter, we will discuss some of the immuno-modulatory effects of 
WFA as well as its growth-inhibitory effects on B cell lymphoma, leukemia and 
myelodysplastic syndrome.

11.2  Immuno-Modulatory Activity of Ashwagandha

Ashwagandha or WS is a well-known herb that has been shown to exhibit many 
health benefits. Steroidal alkaloids and lactones (withanolides) are the active con-
stituents from the roots and leaves of this plant (Mishra et al. 2000). The withanolides 
have been implicated in the wide ranging therapeutic activities of WS in promoting 
good physical and mental health, diuretic, general tonic and rejuvenator, stress 
reliever, anti-aging, anti-oxidant, and anti-inflammatory functions in addition to anti-
cancer activities (Mishra et al. 2000). It is important to understand the mechanisms 
by which some of the chemical components in WS function, because of their wide 
range of activities. In this section we review both anti-inflammatory and immuno-
stimulatory functions of the ashwagandha plant extracts and purified WFA. Early 
studies have shown that preparations of WS extract caused the activation of perito-
neal macrophages and phagocytosis. Administration of WS extract to normal Balb/c 
mice enhanced cytokine production such as IFN-γ and IL-2, which indicated its 
immune-potentiating and myeloprotective effects (Davis and Kuttan 1999, 2000).  
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In addition, WS  extract had a protective effect against cyclophosphamide- induced 
myelosuppression in a mouse model (Agarwal et al. 1999). A study by Iuvone et al. 
found that a WS root extract caused a significant increase in nitric oxide (NO) pro-
duction by J774 macrophages (Iuvone et al. 2003). NO is normally synthesized by 
oxidation of a terminal guanidine nitrogen of L-arginine, a reaction catalyzed by the 
NO synthase (NOS) (Moncada et  al. 1991). An isoform of NOS called inducible 
NOS (iNOS) is typically synthesized in response to pro- inflammatory mediators by 
a number of immune cells and its expression has been shown to be beneficial in host 
defense and modulating the immune response (Bogdan 2001). For example, iNOS-
derived production of NO by macrophages inhibits the growth of many pathogens, 
including bacteria, fungi, viruses, and parasites (Bogdan 2001). Therefore, the 
increased NO production by macrophages in response to WS root and plant extracts 
could account for some of the immune- stimulant properties (Iuvone et al. 2003).

A few other studies have reported immune-enhancing properties of WS extracts 
including those that contain WFA. In evaluating the potential immune-prophylactic 
efficacies of these extracts against an infective pathogen, Kushwaha et al. (2012) 
demonstrated that oral administration of crude root extracts as well as purified WFA 
offered protection for susceptible rodents (Mastynys coucha) against infection with 
the filarial parasite B. malayi. Additionally, treatment with WS extracts led to defec-
tive embryogenesis in females of the parasitic worm (Kushwaha et al. 2012). This 
suggested that WS extracts might be used as immuno-prophylactic agents (Kushwaha 
et al. 2012). The root extracts of WS and pure WFA were investigated recently in 
another model of parasite infection, which involved Leishmania donovani infection 
of hamsters (Tripathi et  al. 2014). In this study, naïve animals were fed orally a 
number of different WS extracts or WFA 5 days prior to challenge with Leishmania 
parasites (Tripathi et  al. 2014). There was a significant increase in the mRNA 
expression of iNOS, interferon-γ (IFN-γ), interleukin (IL)-12 and tumor necrosis 
factor-α (TNF-α) but a decrease in IL-4, IL-10 and transforming growth factor 
(TGF)-β in mononuclear cells upon treatment of animals with WS extract or WFA 
(Tripathi et al. 2014). Also enhanced were Leishmania-specific lymphocyte prolif-
eration as well as reactive oxygen species (ROS), NO and anti-leishmanial IgG2 
levels, resulting in a better control of the parasites (Tripathi et al. 2014).

The effects of root extracts of WS on humoral immune responses were investi-
gated using a sheep red blood cell (SRBC) immunization study (Malik et al. 2007). 
SRBC is a T-cell dependent antigen that is often used to test immunotoxicity of 
potentially toxic chemicals in mice (Ladics 2007). The quantification of specific IgM 
antibody-forming cell response is often used to measure the immunotoxicity of the 
test substances (Ladics 2007). Mice were administered a chemically standardized 
aqueous alcoholic (1:1) root extract of WS orally for 15 days and immunized with 
SRBC intraperitoneally on day 9 of drug treatment (Malik et  al. 2007). The WS 
extract enhanced cell mediated as well as humoral immunity as reflected by an 
increase in SRBC-specific IgM and IgG titers with an additional increase in prolifera-
tion and differentiation of both T and B lymphocytes (Malik et al. 2007). Furthermore, 
authors found that the extract selectively, induced type 1 immunity since there was an 
increase in expression of T helper cell (Th)1 cytokines including IFN-γ and IL-2 
while there was a decline in the Th2 cytokine, IL-4 (Malik et al. 2007). Interestingly, 
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they found that withanolide-A was mostly responsible for the Th1 skewing effect 
observed (Malik et al. 2007). Finally, in agreement with previous studies mentioned, 
WS root extract strongly activated macrophage functions indicated by enhanced 
secretion of nitrite, IL-12 and TNF-α (Malik et al. 2007). Together, these studies have 
demonstrated the potential immuno-stimulatory effects of WS extracts and WFA and 
suggest its potential applications against intracellular pathogen infections and in the 
management of diseases involving immunosuppression (Malik et al. 2007; Kushwaha 
et al. 2012; Tripathi et al. 2014).

Despite some literature about the immuno-stimulatory effects, there have also 
been several studies that indicated an immuno-suppressive role for WS extracts. 
Sohat et al. found that WFA and withanolide E, two steroidal lactones, had immuno- 
suppressive effects on proliferation of human B and T lymphocytes as well as of 
murine thymocytes (Shohat et al. 1978). In this study, WFA inhibited the formation 
of rosettes with SRBC alone (E-rosettes) and SRBC coated with antibody and com-
plement (EAC-rosettes) by normal human T and B lymphocytes, suggesting an 
interference with some of the surface receptors involved in rosette formation. The 
effect of WFA on the functional activity of normal human T lymphocytes was tested 
using a local xenogeneic graft versus host reaction (GVHR). Administration of low 
doses of WFA for three consecutive days resulted in an inhibition of the graft versus 
host reaction (Shohat et al. 1978).

The results from all the studies reviewed raise the question of the actual role of 
WS extracts on the immune system. It is worth mentioning that most studies show-
ing immune-stimulatory effects use a crude root extract from the plant. On the other 
hand, many of the recent studies demonstrating an anti-cancer or immuno- 
suppression effects of ashwagandha use purified forms of some of the major com-
ponents found in WS extracts including WFA. Also many of the studies demonstrating 
immune-enhancing effects of WFA or WS extracts used oral administration whereas 
many but not all of the recent studies demonstrating immune suppression use intra-
peritoneal route to administer WFA. This might account for some of the contradic-
tory results found in literature. Also the actual chemical composition of various 
extracts may be slightly different leading to variable results in different systems. 
Since the majority of the anti-cancer studies use a purified form of WFA, we became 
interested in studying the immuno-modulatory effects of WFA. In the next section, 
we discuss some of our results that demonstrate immuno-suppressive effects of 
purified WFA.

11.2.1  WFA Inhibits Both T and B Cell Proliferation 
in Response to Stimulation

In spite of extensive literature on the anti-tumor effects of WFA, little is known 
about how it affects the normal cells. Hence the immuno-modulatory properties of 
WFA were investigated by testing its effects on the proliferation of purified murine 
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T and B cells. Only purified WFA preparations were used for these studies. As sur-
rogate for antigen, purified normal T cells were stimulated with anti-CD3 that 
ligates the T cell receptor (TCR) complex or antibodies to CD3 and CD28, a key 
costimulatory molecule on T cells that enhances TCR signals. Low concentrations 
of WFA induced a dose-dependent inhibition of T-cell proliferation in response to 
both the stimuli tested (Fig. 11.1a). In addition, low doses of WFA induced striking 
inhibitory effects on the proliferation responses of purified B cells stimulated via a 
T-cell dependent (anti-CD40) or T-cell independent (lipopolysaccharide or LPS) 
mechanisms (Fig. 11.1b). On average EC50 values for WFA mediated suppression of 
B cell responses (~0.25 μM) were less than those for T cells (~1.5 μM). The suscep-
tibility of B cell responses induced by B cell receptor ligation with anti-IgM to 
WFA-mediated suppression was also similar to the effect of WFA on LPS and anti-
CD40 induced B cell expansion. Interestingly, WFA treatment induced only a small 
decrease in the survival of unstimulated lymphocytes especially at the submicromo-
lar concentrations that inhibited T and B lymphocyte proliferation (Fig.  11.1c). 
These results indicate that the observed immunosuppression was not due to the 
cytotoxic effects of WFA on normal unstimulated lymphocytes. The 
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Fig. 11.1 WFA inhibits both T and B cell proliferation in response to various stimuli. (a) Using 
tritiated thymidine incorporation assay, T cell response was measured in response to T cell receptor 
(CD3) ligation using an anti-CD3 antibody with or without anti-CD28. (b) B cell mitogenic 
response was evaluated in response to LPS, anti-IgM or by anti-CD40 to respectively mimic 
T-independent and T-dependent B cell activation. All samples were evaluated in triplicates. Bars 
indicate standard deviation. (c) Cytotoxic effects of WA to lymphocytes were evaluated by trypan 
blue staining

11 The Effects of Withaferin A on Normal and Malignant Immune Cells



232

immuno- suppressive effects of WFA were shown by another study, where WFA 
inhibited both Con-A- induced lymphocyte proliferation and anti-CD3/CD28 mAb-
induced proliferation of CD4+ T cells and CD8+ T cells in vitro (Gambhir et  al. 
2015). This study also found that pre-treatment of cells with different concentra-
tions of WFA significantly suppressed LPS-induced proliferation of B cells in vitro 
(Gambhir et al. 2015).

11.2.2  WFA Inhibits Both T and B Cell Differentiation 
Responses

The effects of WFA on the differentiation responses of normal T and B cells were 
studied using the enzyme-linked immunosorbent assay (ELISA) to measure secreted 
antibodies and cytokines. Purified B cells were stimulated with T-dependent (anti-
 CD40 + IL-4 + IL-5) or T-independent stimuli (LPS) in the presence or absence of 
WFA and both IgM and IgG secretion were measured by ELISA. The results indi-
cated that IgM and IgG secretion response induced by LPS stimulation was more 
sensitive to the effects of WFA than the antibody secretion response induced by the 
T-dependent (TD) B cell activation (EC50 of ~0.1 μM for LPS versus ~0.5 μM for 
TD response) (Fig.  11.2a). This is consistent with the greater resistance of 
T-dependent (anti-CD40 + IL-4 + IL-5) than LPS induced B cell proliferation 
(Fig. 11.1b versus Fig. 11.2a). Nonetheless, in both cases WFA was able to signifi-
cantly reduce IgM and IgG secretion by stimulated B cells.

IL-2 was used as a measure of overall T cell activation. IL-4 and IL-5 were used 
as cytokines characteristic of Th2 type of T-helper cells, whereas IFN-γ was used as 
a marker for Th1 cells. IL-17A was employed to assess inflammatory T-helper cell 
subset, Th17, whereas IL-10 was quantified to determine the effects of WFA on 
anti-inflammatory cytokines. Highly purified CD4+ T cells stimulated with anti-
 CD3 + anti-CD28 mAb secreted significantly higher levels of all the cytokines (IL- 
2, IL-4, IL-5, IL-10, IL-17A and IFN-γ) measured as compared to unstimulated 
cells. Treatment with WFA inhibited anti-CD3/CD28 induced secretion of cyto-
kines (Fig.  11.2b). The cytokine secretion response was more sensitive than the 
proliferation response of T cells (Fig. 11.1a versus Fig. 11.2b) with an EC50 of 0.1–
0.3 μM for cytokine secretion as against an EC50 of 1.5 μM for the T-cell prolifera-
tion response. Although the inhibitory effects of WFA were not specific to Th1, Th2, 
or Th17 responses, secretion of IL-2, IL-4 and γ-IFN was more sensitive than that 
of IL-5, IL-10 and IL-17A to the WFA induced inhibition (Fig. 11.2b).
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11.3  Mechanisms Underlying Immunomodulatory Activity 
of WFA

The mechanism of action of WFA has been studied in multiple systems including 
cancer and inflammation. This agent inhibits inducible nitric oxide synthase and 
nitric oxide, which are known to have beneficial immuno-modulatory effects in 
acute and chronic inflammatory disorders, by downregulation of NF-κB in macro-
phage type cells (RAW264.7) (Oh et  al. 2008). It should be noted that WS root 
extract had the opposite effect, i.e. enhanced NOS in the J774 macrophage cells, 
which could be due to other components in the extracts that opposed the inhibitory 
effects of WFA or due to the use of different cell lines (Iuvone et al. 2003). Also, 
WFA downregulated cell adhesion molecules in pulmonary epithelial cells, at least 
in part, by blocking Akt and down-regulating NF-κB activity (Bogdan 2001). Other 
studies including a report by Kaileh M et al., using L929sA mouse fibroblast cells, 
showed that WFA inhibits NF-κB activation by directly suppressing IKKβ activity, 
which in turn blocked IκBα phosphorylation thereby preventing its ubiquitination 
and degradation (Kaileh et al. 2007). The NF-κB inhibiting activity of WFA has 
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Fig. 11.2 WFA inhibits both T and B cell differentiation responses. (a) Differentiation responses 
of B cells indicated by IgM (left) and IgG (right) production were measured by ELISA. (b) 
Differentiation responses of T cells as represented by secretion of IL-10, IL-17A, IFN-ϒ, IL-2, 
IL-4 and IL-5 were measured by ELISA. The unstimulated differentiation response was set to 
100%. All samples were evaluated in triplicates. Bars indicate standard deviation
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been studied in several different tumor cell types (McKenna et al. 2015; Vanden 
Berghe et al. 2012). These reports and others clearly indicate that NF-κB pathway, 
which regulates inflammation, apoptosis and tumorigenesis is one of the main tar-
gets that mediates the biological effects of WFA. Although there are few studies on 
the immuno-modulatory effects of WFA, even fewer reports discuss the possible 
mechanisms leading to those effects. In a recent study investigating the immuno- 
modulatory effects of WFA, authors found that modulation of cellular thiols plays a 
central role in the observed immuno-suppressive effects of WFA in lymphocytes 
(Gambhir et al. 2015). WFA induced oxidative stress by increasing the basal reac-
tive oxygen species. This study demonstrated the ability of WFA to directly interact 
with free thiols. WFA inhibited NF-κB nuclear translocation in lymphocytes and 
prevented the direct binding of nuclear NF-κB to its consensus sequence. Therefore, 
in agreement with the effects of WFA in other systems, direct targeting of NF-κB by 
WFA may also be one of the molecular mechanisms responsible for the observed 
inhibition of T cell mediated immune responses (Gambhir et al. 2015). The mecha-
nisms by which WS extracts of WFA enhance immune responses are not understood 
at the present time.

11.4  Effect of WFA on B Cell Lymphomas

Non-Hodgkin Lymphoma (NHL) represents over 4% of all cancer cases in the 
United States with a majority being B cell in origin (Howlader et al. 2013). Diffuse 
Large B cell lymphoma (DLBCL) is one of the most common and aggressive NHLs 
that contributes to 30% of newly diagnosed cases of B-cell lymphoma (Young and 
Staudt 2013). Current therapy for DLBCL includes the R-CHOP regimen (ritux-
imab, cyclophosphamide, doxorubicin, vincristine, prednisone) that may lead to the 
development of resistance with a ~ 40% patient mortality, which therefore warrants 
new treatment options (Young and Staudt 2013; Shaffer et al. 2012). DLBCL have 
been classified as germinal center type (GC) and activated B cell lymphoma (ABC) 
(Shaffer et al. 2012). Our investigations of the effects of WFA treatment on B cell 
lymphoma demonstrated its potent anti-proliferative activity against a variety of B 
cell lymphoma lines in vitro and effective tumor reducing capability in vivo 
(McKenna et al. 2015). Interestingly, WFA was effective against both GC and ABC 
types of DLBL.  WFA also inhibited  B cell lymphoma growth in a syngeneic 
model in which luciferase expressing A20 lymphoma cells were injected subcutane-
ously into Balb/c mice. Tumor growth was measured through bioluminescence 
imaging. WFA treatment administered intraperitoneally every other day signifi-
cantly reduced tumor growth compared to the vehicle treatment (McKenna et al. 
2015). Despite its anti-proliferative effects on injected B-lymphoma cells, WFA did 
not affect endogenous epithelial cell proliferation as shown by near normal colon 
histology in WFA treated animals.

Previously we had shown that B-cell receptor (BCR) signaling is important for 
B-lymphoma survival and growth in vitro (Gururajan et al. 2007; Gururajan et al. 
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2006). BCR signaling has also been shown to be important in patients by identifica-
tion of mutations in the BCR signaling pathway (Shaffer et al. 2012). BCR signal-
ing involves activation of proximal protein tyrosine kinases (PTK), Lyn, Syk and 
Btk, all of which are constitutively activated in B-cell lymphomas. Interestingly 
WFA reduced activation of all these three PTKs rapidly after addition to B-lymphoma 
cultures. Reduction of the multiple PTK activities could be due to the down regula-
tion of the activity of heat shock protein 90 (HSP90). Consistent with a reduction in 
HSP90  activity, WFA rapidly induced HSP70, which compensates partially for 
HSP90. Thus WFA appears to affect B-lymphoma growth in a novel manner by 
affecting BCR signaling.

In our lymphoma models (SUDHL-6 and LY-10 cell lines) WFA reduced activa-
tion of IKKα/β, a kinase required for degradation of the inhibitor of NF-κB (IκB) 
and nuclear translocation of NF-κB. BCR signaling is also known to lead to NF-κB 
activation. Hence the reduction in NF-κB activity in WFA treated B lymphoma cells 
could be due to a reduction in BCR signaling, though a role for other mechanisms 
cannot be ruled out. Other studies reported on the direct inhibitory effects of WFA 
on NF-κB activity suggesting multiple mechanisms of action (McKenna et  al. 
2015). Analysis utilizing in silico molecular docking by Grover et al. revealed that 
WFA interacts with the NEMO subunit (IKKγ) of the IKK complex and prevents 
complete kinase complex formation and downstream IκB phosphorylation required 
for NF-κB activity (Grover et al. 2010). In human lung epithelial cells WFA inhib-
ited TNFα-induced activity of NF-κB by preventing DNA binding (Oh and Kwon 
2009). Jackson et al. (2015) suggest that WFA blocks TNFα- induced NF-κB activ-
ity by preventing the ubiquitin dependent NEMO reorganization required for activa-
tion of the IKK complex. Similar to studies in pancreatic cancer, WFA was found to 
inhibit the activity of heat shock protein-90 (HSP90) resulting in the degradation of 
key target proteins that are found to be involved in cell survival (Akt), cell cycle 
progression (Cyclin B, CDK1, CDK4), and specifically B cell receptor signaling 
(Lyn, Syk, Btk) (Caplan et al. 2007; McKenna et al. 2015). While it has not been 
confirmed in B cell lymphoma, a study suggests that WFA inhibits HSP90 by inhib-
iting HSP90 complex with the co-chaperone Cdc37 and preventing its action on 
target proteins (Yu et  al. 2010). Client proteins of the HSP90-Cdc37 complex 
include kinases such as Akt, Lyn, Syk, CDKs, and the IKK complex (Vanden Berghe 
et al. 2012; Taipale et al. 2012). We hypothesize that WFA is targeting the function 
of HSP90-Cdc37 leading to a down regulation of client proteins that are important 
for BCR signaling in DLBCL and, therefore, results in inhibition of NF-κB and cell 
death of B-cell lymphoma (Fig. 11.3). The most aggressive DLBCLs are associated 
with constitutive BCR signaling and NF-κB activity. Hence treatment with WFA, 
which interferes with both BCR signaling and NF-κB activation has potential to be 
a novel therapy for DLBCLs (Davis et al. 2001).
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11.5  Effect of WFA on B-Cell Chronic Lymphocytic 
Leukemia

NHL includes a heterogeneous group of B cell malignancies that can be grouped 
into aggressive and fast growing types (i.e. DLBCL, Mantle Cell Lymphoma and 
Burkitt’s Lymphoma) as well as slow growing or indolent types such as Chronic 
Lymphocytic Leukemia (CLL) and follicular lymphoma (Howlader et  al. 2016). 
CLL is the most common adult leukemia in the western world. Unlike many 
DLBCL that are characterized by uncontrolled proliferation, leukemic cells are 
defined by abnormal lymphocytes produced in the bone marrow that have defects 
in apoptosis, or other cell death mechanisms, leading to the accumulation of cells 
in the peripheral blood and secondary lymphoid structures (Chiorazzi et al. 2005). 
CLL are thought to derive from a unique subset of B cells called B-1 cells. We used 
a well- studied mouse model of CLL to determine if WFA can be effective against 
this indolent type of B cell malignancy. The model is a Eμ-Tcl1 transgenic mouse 
that overexpresses Tcl1, an oncogene derived from a human T-cell leukemia, in a B 
cell specific manner using Ig-VH promoter and Eμ-enhancer (Bichi et al. 2002). 
These mice reproducibly develop CLL between 10–15 months of age. Our in vitro 
studies showed that survival of CLL cells derived from the Eμ-Tcl1 transgenic 
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Fig. 11.3 Proposed mechanism of action of WFA on B cell lymphoma tumors. WFA targets the 
Cdc37-HSP90 complex preventing the activity on client proteins such as proximal protein tyrosine 
kinases involved in BCR signaling, prosurvival and growth supportive protein kinases, as well as 
components of the IKK complex. Loss of HSP90 activity in these cells leads to client degradation 
and eventual cell death
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mouse model was profoundly blocked by WFA and that these CLL cells are more 
sensitive to WFA treatment than other mouse or human lymphoma cells (Table 11.1, 
Fig. 11.4). This is an interesting discovery as many of the previous studies of anti-
cancer effects of WFA utilized models that involve extensive proliferation of cancer 
cells in vitro and in vivo, whereas CLL cells are known to be quiescent in cultures 
in vitro and in peripheral blood, in vivo. Also the quiescent CLL cells are more 
susceptible to the inhibitory effects of WFA than normal lymphocytes, which are 
also quiescent in vitro and in vivo (compare Fig. 11.2c). One possible explanation 
is that CLL cells have a higher constitutive level of BCR signaling compared to 
unstimulated normal B lymphocytes and WFA treatment results in degradation of 
Lyn, Btk, and Syk kinases that are required for the survival of CLL cells (Stevenson 
et al. 2011). Studies are being performed to confirm this hypothesis. Mandal et al. 
investigated the effects WFA on leukemic cells from both myeloid and lymphoid 
origin. These studies showed that WFA has the capacity to induce apoptosis of 
primary leukemic cells with no toxicity to normal human lymphocytes (Mandal 
et al. 2008). Interestingly, Mandal et al. found that WFA was slightly more toxic to 
an acute B-lymphoblastic leukemia cell line (REH) compared to T-cell (Jukrat, 
MOLT-4) and myeloid leukemia (K562) cell lines [Ref 35, Fig. 11.1b]. Data also 
suggested that WFA induced activation of caspase 9, 3 and PARP cleavage result-
ing in apoptosis (Mandal et  al. 2008). In primary murine CLL cells caspase 3 

Table 11.1 Effective inhibitory concentrations of WFA for murine B cell malignancies. Values 
represent an average of at least two experiments including triplicate samples determined from a 
linear line of best fit on a logarithmic scale

NHL Subtype EC50 (μM)

A20-Luc Lymphoma GCB-DLBCL 5.35
BKS-2 Lymphoma Immature Lymphoma 4.41
Eμ-Tcl1 B-CLL Primary Leukemia (CLL) 0.49

Fig. 11.4 Effect of WFA on human B-lymphoma lines compared to B-CLL. Human B cell lym-
phoma cells and murine CLL cells were treated with different concentrations of Withaferin A for 
48 hr. and then proliferation and viability were measured by MTT assay. Data points indicate 
percentage of viable cells of triplicate cultures and an average of at least two experiments. The 
curves are plotted on a log scale with 0.01 μM drug concentration representing no drug added. Bars 
indicate mean ± standard error
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cleavage was increased after WFA treatment suggesting apoptosis as a major mech-
anism of the inhibitory effect of WFA (unpublished data).

To determine the effect of WFA on CLL in vivo, an adoptive transfer model was 
used, which consisted in injection of EμTcl1 CLL spleen cells intravenously (IV) 
into syngeneic recipients and monitoring CLL in peripheral blood by flow cytome-
try. The recipient mice with CLL burden exhibit splenomegaly and accumulation of 
leukemic cells in the blood, which is also the phenotype of Eμ-Tcl1 mice that 
develop CLL de novo. Surprisingly, WFA treatment did not decrease CLL burden in 
blood at all times after CLL injection. Furthermore, splenomegaly was also not 
attenuated by WFA (unpublished data). Interestingly even the growth of A20 
B-lymphoma cells was not blocked by WFA when lymphoma cells were injected 
intravenously to induce systemic growth of tumor cells. On the other hand, WFA 
blocked A20 B-lymphoma growth when injected subcutaneously that results in 
solid tumors (McKenna et al. 2015). These results suggest that WFA may be target-
ing other factors in vivo to prevent the growth of solid tumors. The role of WFA and 
other Ashwagandha components on angiogenesis has been well studied. Results 
indicated that WFA has potent anti-angiogenic properties in vitro and in vivo at 
doses lower than required to observe anti-tumor effects, primarily by targeting 
vimentin (Mohan et al. 2004; Bargagna-Mohan et al. 2007). In addition, in silico 
studies also suggest that WFA may bind directly to vascular endothelial growth fac-
tor (VEGF), a key regulator of angiogenesis, and inhibits its ability to promote 
vasculogenesis (Saha et al. 2013). These findings may provide an explanation as to 
why WFA does not inhibit systemic tumors such as IV injected lymphoma cells as 
well as CLL cells in vivo, as they do not require angiogenesis but further studies 
must be performed to confirm this mechanism. Unexpectedly WFA treatment 
enhanced the proportion of recipients that were successfully engrafted with trans-
ferred CLL cells (Fig. 11.5). This result suggests that an immunomodulatory effect 
of WFA may be playing a role to prevent any immune response towards leukemic 

Fig. 11.5 Effect of WFA on leukemic growth. Percent of leukemic engraftment in animals injected 
with primary Eμ-Tcl1 CLL cells treated with WFA or vehicle. Animals treated with WFA had 
overall greater engraftment after 29 days of growth compared to vehicle. Each bar represents per-
cent engraftment with six animals per treatment group
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growth in a hematologic cancer model. Further studies examining the function of 
immune cells in this model are required to understand the ability of WFA to pro-
mote growth of systemically injected hematological tumor cells.

11.6  Anticancer Mechanisms of Withaferin A Are 
Pleiotropic

Several studies over the years have demonstrated the anti-cancer potential of 
Withaferin A in a number of cancer models. However, the mechanisms by which 
WFA exhibits its effects are still not completely understood. This is mostly due to 
the fact that the anti-cancer effects of WFA are pleiotropic. WFA has been shown to 
inhibit proliferation, angiogenesis and metastasis, and to induce apoptosis and 
autophagy (Lee and Choi 2016). All of these effects culminate into one overall out-
come -decrease in the numbers of cancer cells. WFA can alter the expression and 
activity of several proteins ranging from cytoskeletal proteins, cell cycle proteins, 
proteasome proteins, endoplasmic reticulum (ER) proteins, heat shock proteins, and 
transcription factors (Samadi 2015; Lee and Choi 2016). The pathways and proteins 
targeted vary greatly in different systems. WFA induced G2/M cell cycle arrest and 
apoptosis, and inhibited HSP90 activity and NF-κB nuclear translocation in B lym-
phoma and in several solid tumor models (McKenna et al. 2015). Studies from our 
laboratory in a human myelodysplastic syndrome cell line (MDS-L) model revealed 
that in addition to a G2/M cell cycle arrest, WFA also induced an S phase arrest in 
this system. Moreover, no apparent inhibitory effect of WFA on NF-κB nuclear 
translocation was observed in the MDS-L cells despite significant growth inhibition 
(unpublished data). Preliminary results in this MDS-L model suggest that WFA 
may induce JNK, which has been previously shown to be involved in induction of 
apoptosis in several but not all cell types. This would suggest that elucidation of the 
anti-cancer mechanisms of WFA in individual models is going to be crucial for its 
further development as an anti-cancer drug. Most studies have focused on the over-
all effect of WFA in cancer cell growth via cell survival or cell cycle mechanisms. 
However, a few studies have demonstrated direct targets of WFA by exploiting the 
thiol reactivity of the steroid lactone moiety of WFA. This led to identification of a 
few direct targets of WFA, which include vimentin, VEGF, p65 of NF-κB, IKK-γ 
and HSP90. However, their generality for more than one system has not yet been 
established. Hence better characterization of the proximal or direct targets of WFA 
may provide better answers about its mechanism of action, which could pave the 
way for clinical studies.

11 The Effects of Withaferin A on Normal and Malignant Immune Cells



240

11.7  Future Perspectives

Crude extracts from the plant WS have been widely used in Indian medicine despite 
limited laboratory evidence (Mishra et al. 2000). Based on the studies reviewed in 
this chapter, some of these benefits could be explained by the observed immuno- 
stimulatory effects of WS extracts by enhancing immune responses. In particular 
WS extracts increased pro-inflammatory responses that are protective against intra-
cellular pathogens and in the management of diseases associated with immunosup-
pression (Tripathi et al. 2014; Kushwaha et al. 2012; Iuvone et al. 2003). WFA, a 
key cytotoxic component of WS extracts has recently become an attractive natural 
product under investigation in various preclinical studies for treatment of different 
cancer types. Our studies have extended the anti-cancer effects of WFA to hemato-
logical cancers, such as B-lymphoma (McKenna et al. 2015) and myeloid dysplastic 
syndrome (unpublished data). The thiol-reactive properties of WFA, could possibly 
explain its pleiotropic effects. Future studies have to better define the proximal tar-
gets of WFA so that it can be targeted to specific cancers without inhibiting the 
immune system. Also further studies of the effects of WFA on immune system in 
cancer models are required in order to advance this plant therapeutic to clinical tri-
als, so that any adverse effects can be minimized. The beneficial effects of WFA 
have been mostly associated with inhibition of NF-κB signaling, which is necessary 
for inflammatory responses. Many acute and chronic inflammatory diseases such as 
arthritis, atherosclerosis, and Crohn’s disease as well as autoimmune diseases such 
as lupus are associated with inflammation, which requires NF-κB activation as one 
of the first steps. The ability of WFA to block NF-κB activation makes it a potential 
therapeutic for many of these conditions too.
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Chapter 12
Ashwagandha for Cancer Metastasis: 
Bioactives and Basics of Their Function

Sunil C. Kaul, Priyanshu Bhargava, and Renu Wadhwa

Abstract Cancer metastasis is an extremely complex multistep process that is reg-
ulated by multiple module interactions of genetic, environmental factors. It leads to 
movement of cancer cells from the primary tumor site to distant sites in the body 
through blood or lymph circulation. Tightly regulated by migratory, invasive char-
acteristics of the tumor cells as well as micro-environment, it poses major hurdles to 
the cancer therapy. In this chapter, we sketch a simple picture of ayurvedic descrip-
tion of cancer and metastasis, provide a review on the metastatic targets and discuss 
findings on Ashwagandha bioactives for therapy of metastatic cancers.

Keywords Ashwagandha • Bioactives • Prevention • Cancer • Metastasis

12.1  Ayurvedic Description of Cancer and Metastasis

Ayurveda (Ayur – life; Veda – knowledge) is the world’s oldest existing literature 
(1200 years old) recorded in Sanskrit, an ancient language of India. It describes 
experiences and teachings on (i) spiritual practices such as, meditation & yoga, and 
(ii) use of herbs to cure diseases and sustain health in the form of home remedies 
practiced in Indian continent through thousands of years. Ayurvedic philosophy 
brings together a series of conceptual systems, such as balance and disorder between 
mind, body and soul. Three fundamental energy complexes (called doshas) – Vata, 
Pitta and Kapha, describe the human kinds in terms of their functional nature and 
hence the disease types. Imbalance in energies influences the physiology in several 
ways. Vata defines the mobile, energetic and non-material aspects. Vata type 
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individuals often show malfunction of digestive system, arthritis and anxiety. Pitta 
describes transformative or intelligence aspects; individuals of this type tends to 
have inflammations, infections and ulcers, and Kapha (defines the structural & 
physical aspects) types tend to be overweight, diabetic and shown congestive disor-
ders. Ayurvedic medicine aims to cure or prevent disease by increasing energy and 
well-being, balancing mind, body and spirit and decreasing stress by use of herbs, 
massage, yoga and breathing & relaxation techniques. According to Ayurveda, can-
cer is state of high disorder and imbalance between mind, body and spirit caused by 
physical, emotional and spiritual factors. According to doshas, it is mainly catego-
rized into three types, (i) Vatta Pradhan Arbuda – Cancer caused in this category 
due to imbalance in vatta dosha. The tumors are well vascularized, soft and black in 
color, (ii) Pitta Pradhan Arbuda – Cancer caused in this category is due to agni 
factor turning vicious. Tumor is yellowish or red, exudes large amount of warm 
blood and feels severe burning sensation, and (iii) Kapha Pradhan Arbuda  – 
Cancer caused in this category is described to be due to vitiation of kapha dosha. 
Tumor is solid and hard. Although mostly painless it exudes white thick fluid often 
causing itching.

Cancer metastasis is a complex and multi-step process of dissociation of cancer 
cells from the primary tumor site followed by migration, invasion, adhesion and 
proliferation at a distant site within the body through bloodstream or the lymph 
system. It involves multiple factors that determine this process that requires (i) the 
acquisition of the migratory characteristics by the tumor cells by which they leave 
the primary site, (ii) capacity to proteolytically digest surrounding connective tis-
sues, (iii) characteristics to enter the lymphatic or blood vessels by which they travel 
to distant site of the body and (iv) ability to proliferate at the new site to establish 
into tumor. All of these processes are highly influenced by origin, type and stage of 
the cancer, and in turn determine the type and outcome of the treatment. Matrix 
metalloproteinases (MMPs) that regulate extracellular matrix play an important role 
in tumor metastasis and angiogenesis. They are regulated by cytokines, growth fac-
tors via interlinked signaling pathways. The choice of cancer treatment (either sur-
gery, chemotherapy, radiation therapy, hormone therapy, laser-immunotherapy, or a 
combination) depends on the type of primary cancer, size and location of the metas-
tasis. Whereas the most direct treatment of any kind of cancer is surgical removal of 
the tumor, the others include achieving reduction in tumor growth by synthetic or 
herbal drugs either consumed orally or applied over the tumor as a paste. These 
either act directly on the cancer or support a deeper healing by supporting the 
immune system. Most of the times, the combinational chemotherapy that involves 
combination of drugs to kill cancer cells and boost the immune system are used. 
However, the treatment is complicated by metastasis, a multi-step, complex process 
of cancer cell movement from their primary to a secondary site within the body 
through the bloodstream. Metastasis also accounts for tumor relapse in 90% of the 
cancers accounting for failure of therapy and high mortality. Current options to cure 
metastatic cancers are very limited and there is a substantial need to understand the 
phenomenon of metastasis, uncover the factors that influence cellular migration and 
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adhesion characteristics, and formulate new strategies and reagents for safe and 
effective cancer treatment.

Stepwise metastasis progression has been well characterized in several types of 
pre-malignant lesions, such as dysplasia and hyperplasia, which can be detected in 
various organs before localized as fully malignant invasive tumors. The process of 
invasion in which tumor cells acquire the ability to migrate and penetrate the sur-
rounding tissues, pass through the basement membrane and extracellular matrix, 
and penetrate the lymphatic or vascular circulation. In this process, the recruitment 
of new blood vessels (called angiogenesis) that provide route for intravasation of 
cancer cells from the primary tumor sites to circulation and distant tissues is an 
important player. Angiogenesis is controlled by multiple endogenous and exoge-
nous chemical signals from tumor cells and microenvironment in a phase of rapid 
growth. Inhibition of these signals has been shown to lead to necrosis or apoptosis 
and has hence been proposed as targets for tumor therapy. Angiogenesis involves 
four main intertwined steps – (i) tissues basement membrane is injured locally, (ii) 
endothelial cells are activated by angiogenic factors like vascular endothelial growth 
factor (VEGF), basic fibroblast growth factor (bFGF), angiogenin, transforming 
growth factor (TGF) – α, β, tumor necrosis factor (TNF-α), platelet-derived endo-
thelial growth factor etc. (Folkman 1995a) that arise from rapidly dividing tumor 
cells and transforming tumor microenvironment, (iii) endothelial cells proliferate, 
stabilize and undergo cell-cell and cell-microenvironment interactions leading to 
activation of tumor promoting and transforming signaling and (iv) angiogenic fac-
tors promote the process of blood vessel formation and extension, and provide route 
for motile cells to invade to distant sites. Since these signaling are connected by 
positive feed-backs, the tumors grow progressively in an uncontrolled manner and 
are difficult to treat (Folkman 1995b). Rapidly growing mass of tumor cells often 
experience lack of nutrients and hypoxia environment responsible for induction of 
hypoxia signaling that in turn provides positive feedback to proliferative and meta-
static features of the tumors. Upregulation of hypoxia-inducible factor 1- alpha 
(HIF-1α) and secretion of vascular endothelial growth factor (VEGF), matrix metal-
loproteinase (MMPs) and increased levels of adhesion factor α/β-integrins have 
been well established as hallmarks of metastasis. During this process, metastatic 
cells invade and changes in their plasticity based on morphological or phenotypical 
conversion includes Epithelial to Mesenchymal Transition (EMT), Collective to 
Amoeboid Transition (CAT) and Mesenchymal to Amoeboid Transition (MAT) 
(Nieto 2009).

12.2  Epithelial to Mesenchymal Transition (EMT)

EMT is a highly conserved process in embryogenesis. MET (mesenchymal to epi-
thelial transition) is a critical developmental process including gastrulation, neural 
crest formation and myogenesis. These are characterized by change in the pheno-
type of cells. Whereas epithelial cells are tightly connected to each other by 
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junctions (tight, gap and adherens junctions) and have an apico-basal polarity deter-
mined by cytoskeleton, the mesenchymal cells are spindle shaped, interact with 
each other only through focal points, lack polarization. Epithelial cells express high 
levels of E-cadherin; mesenchymal cells express N-cadherin, fibronectin and vimen-
tin. Based on the biological context, EMT has been categorized into 3 types – devel-
opmental (Type I), fibrosis and wound healing (Type II) and cancer (Type III) 
(Biganzoli et al. 2016; Kalluri and Weinberg 2009; Nieto 2009). During the process 
of epithelial-mesenchymal transition (EMT), the epithelial cells lose their polarity 
and cell-cell adhesion (epithelial characteristics), and acquire migratory and inva-
sive properties (mesenchymal characteristics) by multiple pathways, several of 
these still remain unclear. However, alterations in protein profiles and cytoskeleton 
characteristics are most often considered as reliable biomarkers of EMT. Cell sur-
face proteins, E-cadherin (biomarker of epithelial cells) and integrins, are replaced 
by mesenchymal markers (N-cadherin, vimentin or fibronectin). These processes 
are determined by several regulatory proteins including transcriptional factors, 
snail, slug and twist (Thiery et al. 2009). Not only that these proteins are enriched 
in cancer cells, their ectopic expression has been shown to induce EMT, downregu-
lation of E-cadherin and increase in tumor metastasis (Harris and Tepass 2010). Of 
note, TGF-β acts as a tumor suppressor factor at early stages of cancer and promotes 
its malignant characteristics at the later stages (Zavadil and Bottinger 2005). p53 
has been shown to inhibit EMT by transcriptional repression of SNAIL and non- 
coding regulation mediated by miRNAs (Kim et al. 2011). EMT has also been well 
correlated with the drug resistance feature of cancer cells. Tamoxifen resistant 
breast cancer cells showed aggressive and invasive behavior that could be reversed 
upon the inhibition of the autocrine epidermal growth factor receptor (EGFR) path-
way, a key determinant of EMT (Xu et al. 2010).

12.3  Collective to Amoeboid Transition (CAT)

The individual cell invasion known as collective to amoeboid transition involves 
detachment of individual cells from the cell clusters especially in melanoma 
(Hegerfeldt et  al. 2002). These cells show reduced cell-epithelial cell membrane 
(ECM) interaction as compared to EMT, which enables them to cross the ECM bar-
riers easily and independently. The major marker studied in this kind of transition is 
integrin β-1 (Hegerfeldt et al. 2002).

12.4  Mesenchymal to Amoeboid Transition (MAT)

It was detected especially in breast cancer, melanoma and fibrosarcoma and is regu-
lated by proteins such as EphA2kinase. Re-expression of EphA2 in mesenchymal 
melanoma cells triggered nonproteolytic invasive signaling causing amoeboid 
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motility in the cells (Parri et al. 2009). p27kip1 and p53 tumor suppressor proteins 
have been shown to be involved in this transition; their loss of function enhanced the 
aggressiveness of cancer cells (Berton et al. 2009).

The organs that are mostly affected by metastasis are lung, liver, brain and bones; 
lung and liver are the top metastatic sites for maximum type of cancers. The lungs 
are the first filter for the tumor cells because blood circulation in malignancies flow 
directly through the lungs via venous drainage (Abbruzzese et  al. 1995). Tumor 
types, which prominently metastasized liver, are melanoma, lymphomas and rarely 
sarcomas. Patients with lung, breast, melanoma, renal and colorectal cancer are 
known to have higher incidence of brain metastasis (Schouten et al. 2002). Bone 
metastasis is commonly seen in prostate, breast and lung cancer and it leads to 
severe morbidities including severe pain in bone, fractures, hypercalcemia and 
paralysis (Mundy 2002).

The microenvironment of tumor plays an important role in metastasis. It com-
prises various kind of cells including endothelial cells, heterogenous cancer cells, 
lymph, blood vessels, pericytes, stromal fibroblast and bone marrow derived cells 
like macrophages, neutrophils and mesenchymal stem cells (Joyce and Pollard 
2009). Tumor microenvironment provides growth factors and cytokines e.g. TGF-β, 
hepatocyte growth factor (HGF), fibroblast growth factor (FGF) with ECM arrange-
ment to facilitate tumor growth and metastasis. Besides these, increased level of 
MMPs, chemokines and cytokines provide enhanced proliferative, migratory and 
angiogenic signaling to the growing tumor cells (Strzyz 2016; Coussens and Werb 
2002). The tight connection in metastasis and inflammation has been demonstrated 
by high content of inflammatory cells, particularly tumor-associated macrophages, 
in invasive fronts of advanced carcinoma (Condeelis and Pollard 2006). Since can-
cer metastasis is regulated by complex genetic alterations, cell-cell and cell- 
environment interactions, it requires multi-module treatment.

Of the 121 prescription anticancer drugs (often called chemotherapeutic or 
chemo-preventive agents) in use today, 90 have been derived from plants. Between 
1981 and 2002, 48 out of 65 approved drugs were derived from natural products and 
many of these phytochemicals from Ayurvedic herbs that, in contrast to the modern 
medicine (a single chemical entity), contain multiple active components working 
synergistically to produce therapeutic benefits and lower the adverse effects. Several 
herbs possessing cytotoxicity to cancer cells have been identified. While description 
of all of these is out of the scope of this chapter, we describe here the effects of 
Ashwagandha on cancer metastasis.

12.5  Bioactives of Ashwagandha

Ashwagandha (Withania sominifera) has been used as traditional medicine from 
decades for the treatment of various ailments. The various parts of Ashwagandha 
and its constituents are effective in prevention and treatment of different cancers. 
The active ingredients are alkaloids, (Isopelletierine, Anaferine, Cuscohygrine, 
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Anahygrine, etc.), Steroidal lactones (Withanolides, Withaferins) and Saponins 
(Mirjalili et al. 2009). Sitoindosides and Acylsterylglucosides have also been to pos-
sess anti-stress properties. Active principles of Ashwagandha have also been shown 
to possess significant anti-stress activity against acute models of experimental stress 
(Madina et al. 2007). Some clinical studies have suggested that Ashwagandha could 
be useful as anti-tumor, immunomodulator agent in sarcoma, brain cancers, uterine 
tumors, fibroids and endodermal carcinomas. The active ingredients of Ashwagandha 
are its secondary metabolites including alkaloids, (isopelletierine, anaferine, cusco-
hygrine, anahygrine, etc.), steroidal lactones (withanolides, withaferins, withanone) 
and saponins (Mirjalili et  al. 2009). A most common chemical profile of 
Ashwagandha root and leaf is described in Table 12.1.

Table 12.1 A most common chemical profile of Ashwagandha

Chemical composition in Ashwagandha Weight in mg/g
ReferencesType Name Roots Leaves Fruits

Steroidal 
lactones

Withanone 5.54+/−0.4 18.42+/−0.8 – Chatterjee 
et al. (2010)27-deoxywithanone 3.94+/−0.4 1.63+/−0.2 –

27-hydroxywithanone 0.50+/−0.1 0.50+/−0.1 –
5,6-epoxy Withaferin-A 0.92+/−0.4 22.31+/−1 –
17-hydroxy-27-deoxy-
Withaferin- A

0.66+/−0.2 3.61+/−0.5 –

Withanolide A 3.88+/−0.7 2.11+/−0.5 –
27-hydroxy Withanolide B 0.55+/−0.2 2.78+/−0.5 –
Withanoside IV 0.44+/−0.1 1.60+/−0.2 –
Withanoside VI 3.74+/−0.2 1.90+/−0.2 –
12-deoxywithastromonolide 1.90+/−0.5 2.15+/−0.5 –
Physagulin – 3.46 ± 0.4 –
Kaempferol – – 0.06 Alam et al. 

(2011)Naringenin – – 0.5
(+)-Catechin 12.82 28.38 19.48
Gallic acid – 0.18 –

Phenolic 
acid

Syringic acid – 0.3 –
p-coumaric acid – 0.8 –
Vanillic acid – 0.15 –
Benzoic acid – 0.8 –
Trigonelline – 1.33+/−0.3 – Chatterjee 

et al. (2010)Palmitic acid 1.18+/−0.2 3.55+/−0.5 –
Oleic acid 0.39+/−0.1 0.71+/−0.1 –
Linoleic acid 1.31+/−0.2 1.52+/−0.2 –
Linolenic acid 0.15+/−0.1 4.38+/−0.5 –
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12.6  Anti-metastasis and Anti-angiogenic Activity 
of Ashwagandha – Molecular Targets

Several studies have described anti-metastasis and anti-angiogenic activities in 
Ashwagandha extracts and their purified components. (Yang et al. 2012) reported 
that Withaferin-A (Wi-A) inhibits the proteasome activity in mesothelioma. 
Regression of murine MPM (malignant pleural mesothelioma) tumor growth by 
Wi-A treatments caused a complete regression of tumor growth in one Wi-A –
treated animal, suggested that Wi-A can facilitate its direct targeting and inhibition 
of tumor cellular proteasome, resulting in elevated apoptosis induction and tumor 
growth inhibition. (Saha et al. 2013) reported that Wi-A is a potent anti-VEGF agent 
as ascertained by its potential interaction with VEGF. It was proposed as an anti- 
angiogenic drug. Gao et al. (2014), Hahm et al. (2013), Wadhwa et al. (2013) have 
reported metabolic alterations in mammary cancer prevention by Wi-A. It resulted 
in significant decrease in tumor mass and the incidence of pulmonary metastasis. 
These effects of Wi-A were associated with increased apoptosis, inhibition of com-
plex III activity and reduced levels of glycolysis intermediates. This report clearly 
indicated that Wi-A inhibited tumor burden but not tumor incidence. The possible 
interpretation is that inhibition of mammary cancer incidence require daily dose of 
Wi-A rather than intermittent schedule performed in this study. The another possi-
ble reason is notch signaling which is often hyperactive in human breast cancer (Lee 
et  al. 2012) impedes prevention efficacy of Wi-A.  In context of in vivo results, 
higher levels of 8-hydroxy-2′-deoxyguanosine (8-OhdG) found in tumor from mice 
group treated with Wi-A as compared to control suggested that Wi-A caused 
Reactive Oxygen Species (ROS)-dependent apoptosis in tumor cells. Wi-A was also 
reported to trigger clinically relevant anticancer effects specific to triple negative 
breast cancer cells. In this study, a comparative pathway based transcriptome analy-
sis was performed in epithelial like MCF7 and triple negative mesenchymal 
MDA-MB-231 breast cancer cells. Wi-A showed strong decrease invasion in single 
cell collagen invasion assay in MDA-MB-231 as compared to MCF7 cells. 
Furthermore, transcriptional downregulation of uPA (extracellular matrix- degrading 
protease), PLAT, ADAM8, integrins, laminins, TNFSF12, interlukin 6, ANGPTL2, 
CSF1R was detected in therapy-resistant triple negative breast cancer cells (Szarc 
vel Szic et al. 2014). Wi-A induced suppression of Vimentin, MMP9 and Akt caus-
ing EMT inhibition has been reported in breast and ovarian cancer cells (Lee et al. 
2013; Yang et al. 2013; Lee et al. 2015). Wi-A alone and its combination with cis-
platin caused strong suppression of growth and metastasis of ovarian tumors (Yang 
et al. 2012; Kakar et al. 2014; Hahm et al. 2013). The current understanding on the 
anti-metastatic role of Wi-A involves the following targets:
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12.6.1  Vimentin

Yokota et al. (2006) first discovered that Wi-A caused degradation of a 56-kDa pro-
tein in HUVEC cells. The protein was identified as vimentin, an intermediate fila-
ment protein that regulates wound healing, angiogenesis, cancer growth and 
metastasis (van Beijnum et al. 2006; Eckes et al. 2000). Docking studies showed 
that Wi-A docks to the specific amino acid residues, Gln234, Cys328 and Asp331, 
of vimentin and this bonding does not block aggregation of vimentin into a tetramer. 
However, it alters its binding efficacy and induces fragmentation or depolymeriza-
tion (Thaiparambil et al. 2011; Bargagna-Mohan et al. 2007). Wi-A also phosphory-
lates serine 56 residue of vimentin, a site phosphorylated prior to disassembly. The 
C3 carbon on the A-ring of Wi-A is critical for phosphorylation (Thaiparambil et al. 
2011). The reduction in vimentin expression is concentration and time dependent 
process and can occur at low (nanomolar) concentrations (Lahat et al. 2010). Wi-A 
may also reversed reduce TGF-β induced increase in vimentin expression (Yang 
et al. 2013). It was shown that Wi-A directly binds to vimentin and induces its deg-
radation. Besides, the other filament proteins, such as KIFs (keratin heteropolymer 
Ifs), PFs (Peripherin filaments), NIFs (neurofilament triplet protein) and VIFs 
(vimentin inhibitory filaments) were affected in a similar manner. The study showed 
that there is disruption of microtubules and microfilament formation in the cell’s 
cytoskeleton and increase in actin stress fibers in Wi-A treated cells (Grin et  al. 
2012).

12.6.2  NF-kB

Several genes that regulate cellular proliferation, carcinogenesis, metastasis and 
inflammation are regulated by activation of nuclear factor-kappaB (NF-kappaB). 
NF-kB is kept inactive by its inhibitor IkB that forms a complex, keeping NF-kB in 
the cytoplasm and prevents NF-kB activation. IkB is phosphorylated by IKK (IkB 
Kinase) to release and activate NF-kB (Karin and Delhase 2000). IKK is a complex 
of two subunits, IKKα and IKKβ and a regulatory subunit called NEMO. Withanolide 
A has been shown to directly interact with the NEMO in its binding pocket at Glu89, 
Glu99, Phe92, Leu 93, Phe 97 and Ala 100. Such interaction was shown to interfere 
with NEMO:IKKβ interaction (Grover et al. 2010b). It has also been shown that 
Wi-A stops degradation of IkBα via blocking IKKβ and MEK1/Erk pathway and 
causes sustained inhibition of transcriptional activation function of NF-kB (Kaileh 
et al. 2007). Lactones have been reported to directly bind to cys-179 of IKKβ kinase 
and inhibit its complex formation (Na and Surh 2006). Resorcylic acid lactones 
were shown to target mitogen-activated protein kinase pathways at multiple levels 
including inactivation of receptors, protein kinases and effector proteins (Schirmer 
et al. 2006). Furthermore, co-treatment of Withaferin-A and DTT (dithiothreitol) 
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reversed the inhibitory effects of Withaferin-A on TNF-induced NFkB activation 
(Kaileh et al. 2007).

12.6.3  20S Proteasome

Proteasomes are large multicatalytic proteinase complexes present in cytosol and 
nucleus of the eukaryotic cells. The ubiquitin-proteasome system is main site for 
non-lysosomal degradation of most intracellular proteins and hence it plays an 
important role in tightly regulated cellular processes e.g. cell cycle progression, 
proliferation, differentiation, angiogenesis, apoptosis and homeostasis (Yang et al. 
2012; Chen and Dou 2010). In this process, proteins are first modified by polyubiq-
uitin chains and then degraded in small peptides by the proteasome; ubiquitin is 
released and recycled. Several cell cycle-, inflammation-, carcinogenesis-, metasta-
sis- and angiogenesis-regulatory transcriptional factors such as NFkB, p53, c-Jun, 
c-Myc, c-Fos, HIF-1-α are known to be regulated by proteasome (Mani and 
Gelmann 2005; Godwin et  al. 2013; Zhang and Peng 2007; Helbig et  al. 2003). 
Furthermore, alterations in proteasomal activity have been documented to be 
directly associated with the pathological state of these disorders. Wi-A has been 
shown to target catalytic β subunit of the 20S-proteosome specifically resulting in 
decreased chymotryptic activity and increase in pro-apoptotic proteins e.g. p21, 
Bax, IkBα (Grover et  al. 2010a; Yang et  al. 2012). Molecular docking studies 
revealed that Wi-A inhibits activity of 20S proteasomes by blocking the nucleo-
philic function of N-terminal Thr1 (Grover et al. 2010a). (Grin et al. 2012) demon-
strated that Wi-A caused aggregation of intermediate filament protein that impaired 
the function of the proteasome and caused accumulation of its target proteins, Bax, 
IkB-α and p27kip1, involved in apoptotic cell death (Grin et al. 2012).

12.6.4  Survivin

Survivin is an apoptosis and mitotic signaling regulatory protein, also involved in 
angiogenesis and chemo-resistance of cancer cells. It is the smallest member of the 
inhibitor of apoptosis protein family and is enriched in majority of tumors (Groner 
and Weiss 2014). High level of expression of surviving is associated with advanced 
aggressive tumor stages and metastasis disease (Werner et  al. 2016). It has been 
documented that surviving inhibits caspases and apoptosis of cancer cells. Molecular 
docking studies showed that Withanone binds to surviving at its BIR5 domain and 
interferes with its inhibitory action on caspases (Wadegaonkar and Wadegaonkar 
2013). Survivin expression is regulated by transcriptional and post-transcriptional 
mechanisms and is associated with growth factor signaling including epidermal 
growth factor receptor (EGFR) (Asanuma et al. 2005), EGFR2 (Zhu et al. 2010) and 
insulin-like growth factor (IGF-1) (Vaira et al. 2007). Based on the clinical studies, 
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it has been reported that EGFR induces surviving expression in breast cancer 
patients and contributes to their resistance to etoposide-induced apoptosis (Asanuma 
et  al. 2005). It has been established that surviving is phosphorylated by cyclin 
dependent kinase and the phosphorylated surviving translocates to nucleus wherein 
it regulates p53, Wnt, hypoxia, TGF, and Notch signaling pathways. Activation of 
the Wnt signaling pathway leads to accumulation of β-catenin in the cytoplasm. 
Β-catenin translocates to the nucleus and upregulates surviving by forming an active 
transcription factor complex with TCF enhancer factor. HIF-1α and STAT3 have 
been also been shown to bind to the surviving promoter and function as its transcrip-
tional activators. On the other hand, TGF-β acts as a negative regulator of surviving 
through Smads 2, 3, and 4 proteins (Chen et al. 2016). The potential mechanism by 
which surviving mediates metastasis and other cellular events involving local inva-
sion, intravasation into the circulation, survival and transportation in the circulation, 
extravasation from the bloodstream and growth in the metastatic site still needs to 
be more clear (Chen et al. 2016; Gopalkrishnan et al. 2001).

12.6.5  Mortalin

Mortalin/GPR75/heat sock protein (HSP70)/cytosolic heat shock protein is a ubiq-
uitous mitochondrial chaperone and plays an important role in human carcinogen-
esis by increasing cancer cell proliferation, protection of cancer cells against 
apoptosis (Saxena et al. 2013; Lu et al. 2011a; Wadhwa et al. 2006). It interacts with 
tumor suppressor protein p53 and inactivates its functions including transcriptional 
activation and control of centrosome duplication leading to uncontrolled prolifera-
tion, a hallmark of cancer cell (Wadhwa et  al. 1998; Lu et  al. 2011a, b). Most 
recently, it was shown to activate telomerase and hnRNP-K proteins and contribute 
to malignant phenotype of cancer cells (Gao et al. 2013). In agreement with these 
reports, knockdown of mortalin in cancer cells was shown to activate p53 function 
and cause their growth arrest or apoptosis (Nigam et  al. 2015; Lu et  al. 2011b). 
Some studies have shown correlation of mortalin expression level with metastatic 
potential and tumor recurrence in case of hepatocellular carcinoma, suggesting clin-
ical application of mortalin as a chemotherapeutic drug target (Lu et  al. 2011a). 
Chen et al also showed that the genetically isogenic cell lines with variable meta-
static potentials possess tight correlation with the level of expression of mortalin, 
suggesting its role in metastatic hepatocellular carcinoma (HCC) (Chen et al. 2011). 
Furthermore, mortalin-compromised cells showed inhibition of EMT suggesting 
mortalin as a therapeutic target for HCC metastasis. Ashwagandha withanolide, 
Withanone was shown to binds with mortalin, like MKT-077 (mortalin inhibitor) at 
the Phe 272 and Asn 139 (lactone group in withanone) (Grover et  al. 2012a). It 
resulted in abrogation of mortalin-p53 complexes and reactivation of p53 proteins 
leading to growth arrest of cancer cells (Wadhwa et al. 2016).
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12.6.6  Aurora A

Aurora A, centrosome associated a protein member of the serine/threonine kinase 
family regulating centrosome function, spindle assembly, chromosome segregation 
and cytokinesis (Bischoff and Plowman 1999). It has gained attention in recent 
years because of its increase expression levels in several types of tumors. However, 
the mechanism by which Aurora A mediates its invasive effects still remain elusive. 
TPX2, a microtubule-associated protein and downstream of Ran-GTP, plays role in 
spindle formation. TPX-2 is highly expressed in colon cancer tissues and cell lines 
via PI3K/Akt signaling pathway (Wei et al. 2013). Binding studies clearly shown 
that the NH2 terminus of TPX-2 can directly interact with the COOH terminal cata-
lytic domain of Aurora A and make a complex (Kufer et al. 2003). Withanone has 
showed direct semi-flexible docking via hydrogen bonding to His 280 with Aurora 
A, which is a residue required binding for TPX2 (Grover et al. 2012b). So these two 
proteins cannot bind and influence the genome resulting reduction in invasiveness.

12.6.7  Hsp90

Heat Shock protein 90 is an abundant molecular chaperon in cancer cells that main-
tain the function and stability of numerous client proteins (Neckers 2002). Hsp90 
clients are frequently mutated or activated in cancer and their interaction is regu-
lated by the adenine nucleotide binding status of Hsp90. Hsp90 inhibitors inhibit 
cancer cell proliferation and function by competing with ATP binding, freezing 
chaperon cycle, decrease the affinity of Hsp90 for client proteins and finally leads 
to proteasome-mediated client protein degradation (Grenert et al. 1997). Moreover, 
the level of cell surface Hsp90 has been shown to increase and correlate with carci-
nogenesis and metastasis, respectively (Becker et al. 2004). Withaferin-A has been 
shown to inhibit Hsp90 signaling in pancreatic cancer cells (Yu et  al. 2010). 
Recently, it was shown that Withaferin-A docks to the active site of Hsp90 resulting 
in structural disruption of the site where Cdc37 binds to Hsp90 causing inhibition of 
complex formation (Narayan et al. 2015).

12.6.8  VEGF and hnRNP-K

Vascular Endothelial Growth Factor (VEGF) is a potent and essential angiogenic 
factor requires for vascular endothelial cells. It is also known as vascular permeabil-
ity factor, produced by many cell types including cancer cells, macrophages, plate-
lets, keratinocytes (Prager et al. 2010). It works as survival, growth and metastasis 
factor (Pidgeon et al. 2001). hnRNP-K is a RNA binding multifunctional protein 
that regulates ERK1/2, MMPs and VEGF resulting migration, invasion and ascites 
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formation (Gao et al. 2013). Withaferin-A was shown to target hnRNP-K and VEGF 
and inhibits metastasis signaling (Gao et al. 2014). A combination of Withanone 
and Withaferin-A in a ratio of 20:1 (WiNA 20-1) was shown to be selectively toxic 
to cancer cells. Migration, invasion & metastasis ability of fibrosarcoma (HT1080) 
was significantly reduced after WiNA 20-1 treatment. The data was supported by 
quantitative assays for cell invasion and migration (Fig.  12.1a). Furthermore, by 
tube formation assay using human umbilical vein endothelial cells (HUVEC) 
treated with WiNA 20-1, it was found that VEGF-induced tube formation was 
strongly inhibited by the combination (Gao et al. 2014) (Fig. 12.1c) and was com-
parable to Avastin (50 μg/ml), an established inhibitor of angiogenesis. In vivo vali-
dation of anti-metastasis activity by intraperitoneal injections of either Withanone 
(1 mg/kg), Withaferin-A (0.5 mg/kg), or their combination (WiNA) in 100 μL of 
0.5% DMSO in HT1080 subcutaneous xenograft and lung metastasis nude mice 
models also support anticancer and anti-metastasis activity by downregulation of 
hnRNP-K in treated tumors as compared to control tumors (Gao et  al. 2014) 
(Fig. 12.2a). Whereas there were no significant differences found in body weight of 
control, Withaferin-A, Withanone and WiNA-injected mice. WiNA-injected mice 
showed strong suppression of subcutaneous HT1080 tumor-xenografts. In the lung 
metastasis model, big lung tumors were detected only in control mice suggesting 
that WiNA has significant anti-cancer and anti-metastasis activities, in vivo. 
Bioinformatics, molecular docking and experimental studies to dissect the molecu-
lar mechanism of anti-migratory activity of Withanone, Withaferin-A and WiNA 
20-1 revealed targeting of mortalin and hnRNP-K, established players of metastasis 
and angiogenesis (Gao et al. 2014). Molecular docking of the crystal structure of 
KH3 domain of hnRNP-K protein with DNA (DNA-Protein complex) revealed 
interaction of hnRNP-K with Withaferin-A/ Withanone at Lys22, Asp23, Ala25, 
lle29, Lys31, Arg40, Lys47, IIe48, Asp50, Tyr84 and Ser85 of KH3_hnRNP-K pro-
tein (Gao et  al. 2014) (Fig.  12.3c). Furthermore, Withanone was also shown to 

Fig. 12.1 Withaferin-A, Withanone and their combination WiNA 20-1 caused inhibition of cancer 
cell migration (a and b) and tube formation in HUVEC cells (c) (Adopted from Gao et al. 2014)
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target TPX2 oncogene, a prime regulator of Aurora A kinase that plays a critical role 
during mitosis and cytokinesis (Grover et al. 2012b).

Ashwagandha leaves (water extract) have its active component identified as tri-
ethylene glycol (TEG), which activates tumor suppressor proteins p53, pRB, and 
down-regulates MMP-3 and MMP-9 (regulators of metastasis) (Wadhwa et  al. 
2013). TEG is a member of dihydroxy alcohol family and is hydrophilic nature 
makes it more available for water molecules to interact. It has been well established 
that at low pressure TEG as a low toxicity mild disinfectant towards a variety of 
airborne, solution and surface bound microbes including bacteria and viruses 
(Rudnick et al. 2009). An old study on dogs having inoperable malignant and meta-
static tonsillar epithelioma and reticulum cell sarcoma reported the regression of 
tumors in response to the treatment with TEG without any toxicity (Owen 1962). 
Triethylene tetramine (TETA) was reported as a novel ligand for γ-quadruplex that 
has many kinds of biological activities, including telomerase inhibition and induc-
tion of senescence in tumor cells. Low doses of TETA had limited ability to inhibit 
the growth of tumor cells in short-term culture, but it could significantly enhance 
anti-tumor activity of traditional anti-tumor drugs in vitro and in vivo (Liu et al. 
2008). We found that water extract of Ashwagandha leaves (WEX) that showed 
good anticancer activity in vitro (Wadhwa et al. 2013) also was effective in tumor 

Fig. 12.2 Combination of Withaferin-A and Withanone (WiNA 20-1) caused inhibition of tumor 
growth and metastasis in nude mice subcutaneous xenografts (a) and lung metastasis (b) models. 
Downregulation of hnRNP-K, VEGF, P44/42 and MMP2 was observed in small tumors from 
WiNA treated mice as compared to the big tumors from control mice (c) (Adopted from Gao et al. 
2014)
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suppression in nude mice models. Mice were fed with 500 mg/kg body weight of 
WEX on every alternate day for 60 days. No toxicity in terms of body weight and 
physical activity was observed. In addition to the strong tumor suppression in sub-
cutaneous tumor model, ASH-WAX and its active component TEG both showed 
significant reduction in number and volume of lung tumors as compared to control. 
Both oral feeding and intraperitoneal injections of TEG were effective to signifi-
cantly reduce the tumor volume and lung metastasis. Anti-metastatic activities of 
TEG and ASH-WEX were supported by molecular analyses that revealed remark-
able decrease in matrix metalloproteases and activation of tumor suppressor protein 
pRB (Fig. 12.4).

In lights of the findings that alcoholic and water extracts of Ashwagandha leaves 
possess anticancer bioactive compounds, we aimed to enrich the water extracts with 
active withanolides by recruiting various isoforms of cyclodextrin (CD). The latter 
are natural derivatives of starch or polymer of glucose that possess circular structure 
and are widely used in food, pharmaceutical, agriculture and drug delivery. They 
possess unique structure (hydrophobic inside and a hydrophilic outside) that 
enhances the solubility and bioavailability of compounds. γCD, consists of 8 glu-
cose monomers arranged in the form of a cyclic ring, is widely accepted as food 
constituent and has been reported to enhance the bioavailability of hydrophobic 

Fig. 12.3 Withaferin-A, Withanone and their combination WiNA 20-1 targets hnRNP-K (a and c), 
downregulates VEGF (b) and inhibits cancer cell migration (d) (Adopted from Gao et al. 2014)
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ingredients such as coenzyme Q10 (Terao et  al. 2006; Miyoshi et  al. 2011). We 
found that CD-derived extracts of Ashwagandha leaves contained high level of 
Withanone and Withaferin-A. By cell-based assays, we found that the CD extracts 
of Ashwagandha leaves have enhanced cancer cell cytotoxicity as compared to the 
conventional water extract (Wadhwa et al. 2013). HPLC analysis of Withanone and 
Withaferin-A in γCD residual precipitate revealed that they contained 17-fold 
higher Withanone than Withaferin-A and as similar to our WiNA combination (Gao 
et  al. 2014). Taken together, it is strongly suggestive that Ashwagandha possess 
multiple bioactives useful for the treatment of cancer cell metastasis. These natural 
bioactives work through multiple pathways and offer high rate of successful treat-
ment. Furthermore, NEW (natural Efficient and Welfare) technologies such as use 
of cyclodextrins can be useful for further enhancing the anticancer potential.
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Chapter 13
Computational Methods to Understand 
the Anticancer Mechanism of Withanolides

Shashank P. Katiyar, Vidhi Malik, Anjani Kumari, and Durai Sundar

Abstract With many excellent biological properties, withanolides have shown to 
be promising against few of the most widely spread and incurable diseases such as 
cancer and Alzheimer’s disease. To further improve the potency and selectivity of 
withanolides, it becomes absolutely necessary to understand their action mecha-
nism. Though many experimental studies have revealed the biological targets of 
withanolides, still their mode of action mechanism at molecular level needs better 
understanding. Computational methods are especially reliable and fast to under-
stand the mechanism at molecular level, facilitating the study of dynamics of mol-
ecules that would not be possible otherwise. In this chapter, the computational 
methods to identify the biological targets and the study of mechanism of withano-
lides are discussed.

Keywords Withanolides • Anticancer • Computational methods • Targets • 
Mechanism

13.1  Introduction

Withanolides, naturally occurring steroidal alkaloids and lactones, are major chemi-
cal ingredient extracted from various parts of Ashwagandha. Pharmacological stud-
ies on withanolides have revealed their effectiveness in treatment of various kinds 
of cancers like breast cancer, prostate cancer, blood cancer, lung cancer, skin cancer, 
colon cancer, renal cancer and pancreatic cancer (Kumari 2013). Withaferin-A and 
withanone are two major and most studied components of Ashwagandha extract. 
Research on activity of withaferin-A and withanone show that these molecules have 
anti-migratory properties and cause downregulation of migration-promoting 
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protein, (heterogeneous nuclear ribonucleoprotein K (hnRNP-K) (Gao et al. 2014). 
Moreover, study of the effect of these two withanolides in different cancer cell types 
shows selective killing of cancer cells and less toxicity towards normal cells (Grover 
et al. 2010, 2012; Saxena et al. 2013; Gao et al. 2014). This differential response is 
instigated due to differential binding efficiencies with target molecules in cancer 
and normal cells (Vaishnavi et al. 2012). The reasons for differential binding and 
selective killing of cancer cells are not completely understood and implementation 
of computational techniques provide better understanding of interactions of witha-
nolides with their biological targets at molecular level. In this chapter, the computa-
tional methods and techniques are discussed that can be employed to select the 
potential molecular targets related to diseases and can provide insights into the 
action mechanisms of withanolides.

13.1.1  Importance of Understanding the Molecular 
Interactions Between Withanolides and the Biological 
Targets

Despite major advances in experimental techniques, suggesting the role of withano-
lides against cancer and other diseases, the nature of their interactions with biologi-
cal targets at molecular level remains unclear. It has been seen that a minor change 
in the chemical structure of a withanolide can completely alter its functionality, for 
example an addition of β-methoxy group at C3 position of withaferin-A diminishes 
its activity (Huang et al. 2015). In silico methods can reveal the molecular action 
mechanism of withanolides and precisely predict the reasons behind the structure 
dependent differences in activity. Such a study will provide insights regarding the 
descriptors of withanolides. Descriptors of the withanolides can be utilized for vari-
ous purposes such as quantification of their activity relationship with their struc-
tures, searching of other molecules with similar descriptors, modification of 
withanolides to improve the activity and to make them more selective. Additionally, 
in silico methods not only does help to understand the molecular mechanism of 
action, but also save much of the resources, money and time by predicting possible 
targets of withanolides before proceeding with wet laboratory experiments. Hence, 
it becomes very important to study the interactions of withanolides with their bio-
logical targets.

The next key issue to know about is how in silico methods could be applied to 
study the action mechanism of withanolides. Understanding the action mechanism 
of a small molecule requires two important things; first is the structural information 
of the target biological molecule or at least of the surroundings of the active site and 
second is the possible binding conformations of the small molecules. Structure of a 
biological molecule such as protein can either be obtained experimentally or mod-
eled computationally. Conformations of withanolides can be generated using in 
silico methods depending on the chemical nature of the surrounding environment. 
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Once, the information about the structures and conformations of target and small 
molecules are known, in silico methods such as molecular docking and molecular 
dynamics simulations (MDS) are used to predict the bound complexes between 
them. The following sections describe the details of identification of biological tar-
gets and structure of withanolides for studying their interactions.

13.2  Identification of Biological Molecular Targets

Discovery of a new drug molecule and approval for its release in the market takes 
almost 15 years with the investment of up to 800 million dollars (Dai and Zhao 
2015). Though activities of natural products, such as withanolides are mostly 
known, their specific targets are usually not known. Also, many times, instead of 
identifying a new molecule from scratch, starting with the derivatives of natural 
products is a better and more efficient way. In any case, the first step of identifica-
tion of potential target molecule related to a disease is the most important and criti-
cal step in the field of drug discovery. Before the release of human genome sequence, 
target molecules were selected on the basis of experimental findings by research 
groups for a particular disease (Wang et al. 2004). As a result, most of the marketed 
drug molecules target small number of protein classes, such as, G-protein coupled 
receptors, ion channels, kinases, proteases and nuclear receptors (Wang et al. 2004). 
With the release of complete human genome sequence and advent of techniques for 
quantifying gene expression level, large pool of potential target molecules has 
become available (Hughes et al. 2011). Comparison between the expression level 
information (mRNA or Protein) in diseased and normal state and its effect on the 
biological pathways have a tendency to accelerate diverse range of potential target 
identification process for drug development (Tamames et  al. 2002). Some of the 
computational techniques that can be employed for selection of target molecules of 
withanolides are discussed here.

13.2.1  Literature Survey

Traditional approach to identify a biological target molecule for drug discovery was 
to explore reported experimental findings related to a particular disease. Dysregulated 
signaling pathways in diseased state were usually targeted by selection of critical 
protein involved in that pathway. As in the case of cancer, proteins involved in path-
ways like DNA repair, apoptosis, cell cycle, stress response and proteasomal degra-
dation can be targeted for drug discovery. Most commonly targeted proteins belong 
to the classes of receptors involved in signaling pathways, kinases, proteases, etc. 
(Wang et al. 2004). Experimental results indicating difference in expression, local-
ization and phosphorylation state of proteins in normal and diseased state are 
explored for target identification. For example, mortalin, a heat shock protein, is 
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found to be overexpressed in cancer cells, which interacts with tumor suppressor 
protein p53 and leads to cytoplasmic retention and functional inactivation of p53 
(Kaul et al. 2005). Therefore, functional activation of p53 by abrogating mortalin-
 p53 interaction makes mortalin-p53 complex a biological target for drug develop-
ment. Withaferin-A has been reported to abrupt the interactions between mortalin 
and p53 protein (Grover et al. 2012).

13.2.2  Expression Data and Biological Pathways Analysis

With the advent of techniques for measuring gene expression like microarray and 
RNASeq, it has become possible to check the expression of whole transcriptome of 
particular cell type at high speed and low cost. Comparison of gene expression 
between (a) diseased and normal cells and (b) drug-treated cell and untreated cell, 
has a potential to provide insight into the biology of disease and mechanism of 
action (MOAs) of drug molecule respectively (Dai and Zhao 2015). Wealth of 
expression data from microarray and RNASeq platforms for different diseased state 
under varying sets of conditions are available in public databases (some are listed in 
Table 13.1). Analysis and comparison of gene expression data of diseased and nor-
mal cells from these databases can give a list of genes showing contrary behavior 
and have a potential to provide better insight in dysregulated pathways in diseased 
state. Target molecule from this list can be selected by performing pathway analysis 
to identify the genes involved in dysregulated pathway (Young et al. 2014).

Different pipelines are reported in literature to carry out analysis of high through-
put sequencing data. One of the NGS analysis pipeline developed by Trapnell et al. 
(2009), is described here - the raw sequencing reads are first preprocessed via trim-

Table 13.1 Popular microarray data and next generation sequencing (NGS) read databases

Data type Database Availability

Gene expression 
Microarray data

Array Express http://www.ebi.ac.uk/arrayexpress/

Gene expression 
Microarray data

Gene expression 
omnibus (GEO)

http://www.ncbi.nlm.nih.gov.geo/

Gene expression 
Microarray data

GeneX http://www.ncgr.org/genex

Gene expression 
Microarray data

Stanford 
Microarray data 
(SMD)

http://genomewww5.stanford.edu/microarray/smd/

Raw sequence data 
from NGS platforms

Sequence read 
archive (SRA)

http://www.ncbi.nlm.nih.gov/sra
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ming of adapter and low quality reads. Preprocessed reads are then aligned onto the 
human reference genome using TopHat (spliced read aligner) (Trapnell et al. 2009). 
Spliced read aligners work in the following two steps:

Step 1 In the first step, all reads are mapped to the genome using Bowtie, an 
unspliced read aligner. It maps all non-junction reads to the genome using 
Burrows- Wheeler transform method. This Burrows-Wheeler indexing approach 
makes it ultrafast and memory efficient program for alignment of short reads 
when exact reference genome is available (Langmead et al. 2009).

Step 2 In the second step, unmapped reads are split into smaller segments that are 
then independently aligned to reference genome. These mapped reads are then 
extended to find possible splice sites to determine spliced alignment of initially 
unmapped read (Trapnell et al. 2009).

Above steps help to generate alignment files that contain the information on 
mapped reads. Mapping of reads is followed by transcriptome reconstruction by 
using Cufflinks that works by generating overlap graph and subsequent parsing of 
the graph into transcripts by covering minimum path. The set of transcripts obtained 
are merged based on reference transcripts available and the redundant transcripts 
are subsequently removed by using Cuffmerge. Differential expression of these tran-
scripts in different samples can be checked by using Cuffdiff, part of cufflink suite 
(Trapnell et al. 2012). The genes showing differential response can be linked to the 
dysregulated pathways, which can be targeted by drug molecules (Young et  al. 
2014). As an example, we describe here this approach that was used to compare the 
post-irradiation transcriptome of radiation sensitive (LNCaP) and radiation resistant 
(PC-3) cells (Young et al. 2014). 399 genes were found to be differentially expressed 
in radio-resistant PC-3 cell lines at 6 hour while only 89 genes were showing dif-
ferential regulation in LNCaP cells. Ingenuity Pathway Analysis (IPA) was per-
formed to link the differential response observed after radiotherapy to dysregulated 
pathways. IPA analysis revealed two pathways- DNA repair and DNA replication 
pathway, showing contrary behavior in radiosensitive and radio-resistant cell line 
after 24 h. Analysis of both pathways provide list of genes showing contrary behav-
ior in both cell lines. BRCA1, RAD51 and FANCG genes of DNA repair pathways 
were differentially regulated in PC-3 and LNCaP cell lines. Three genes of DNA 
replication pathway namely, ORC1, CDC6 and MCM showed similar behavior. 
Hence, comparison of gene expression data between different samples followed by 
pathway analysis can provide a small list of genes that may serve as potential target 
molecules of withanolides.

Similarly microarray expression data analysis can provide a list of potential tar-
get molecules. General outline of steps involved in microarray and RNASeq data 
analysis is shown in Fig. 13.1. Main steps involved in microarray data analysis are 
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filtering, normalization, differential expression analysis, clustering, and functional 
analysis. Various open source software packages including R based Bioconductor 
packages are available for complete analysis of microarray data (Saeed et al. 2003; 
Tong et al. 2003; Smyth 2005; Subramanian et al. 2005; Kallio et al. 2011;). Some 
of the R based packages were used in a study to check dysregulated pathways in 
bladder carcinoma (Xiao and Yiqing 2013). Gene expression profile for bladder 
carcinoma and normal cells was obtained from GEO database to examine differen-
tial gene expression between two datasets. Initially data was normalized using RMA 
(Robust multichip averaging) package, followed by differential expression analysis 
using Limma package. 6562 genes were found to be differentially expressed in 
bladder carcinoma cells. These genes were clustered based on Gene Ontology (GO) 
using DAVID (Database for Annotation, Visualization and Integrated Discovery). 
Differentially expressed genes were linked to pathways to identify dysregulated 
pathways in bladder carcinoma cells via KEGG pathway enrichment analysis. Eight 
dysregulated pathways were identified using this approach. Analysis of role of dif-
ferentially expressed genes in these eight dysregulated pathways can provide a clue 
for potential target molecule. In this way, expression data analysis can provide a list 
of target molecules of withanolides. Once target molecules are identified, interac-
tion of withanolides with these molecules can be studied using molecular docking 
and molecular dynamics simulation.

13.3  Molecular Mechanisms of Withanolides

The previous section described the methods for identifying targets of withanolides. 
Once, a biological target has been identified, there is a necessity to identify its three 
dimensional structure. A three dimensional structure of a biological molecule such 
as a protein provides information about the shape and chemical nature of binding 
pockets. A binding pocket of a protein can either be an active site or an allosteric site 
and a probable target site for withanolides. Binding of withanolides with a protein 

Fig. 13.1 Graphical depiction of the methodology for transcriptome analysis of particular cell line
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at a binding pocket can bring significant conformational changes and alter the func-
tionality of that protein. Alteration in the functionality includes decrease, increase 
or loss of the functions, which depends on the type of conformational changes 
brought by withanolides. Withanolides can either bind at the active sites and com-
pete with natural substrate, acting as a competitive inhibitor or bind at an allosteric 
site. Furthermore, withanolides may also bind at such a binding pocket that is not 
part of any active site but rather is in contact with other biological molecule such as 
DNA. In this section, few case studies are discussed as an example, to describe the 
methodology followed, to reveal the mechanism and mode of interactions of 
withanolides.

13.3.1  Identification of Molecular Structure of Identified 
Targets

The most critical step in the field of drug discovery is identification of target mole-
cule. Once target molecule is selected, knowledge of its structure is required to 
study its interaction with withanolides. Moreover, structure of protein provides 
knowledge about the environment, surface area and shape of its active site and other 
binding pockets. Information about the residues present in binding pocket is neces-
sary to predict the binding pose and energy of withanolides. The structure of the 
target molecule may be obtained from databases if experimentally determined 
structure is available. Otherwise, comparative modeling based on an experimentally 
determined structure of a related protein, can provide three-dimensional structure of 
target molecule.

13.3.1.1  Experimentally-Solved Molecular Structure

With the advent of biophysical techniques like X-ray crystallography and NMR 
spectroscopy, large numbers of protein and protein-ligand complex structures are 
now available in databases. Protein data bank (PDB: http://www.rcsb.org/pdb) is the 
most widely used biomolecule structures database that currently houses around 
1,10,777 experimentally determined protein structures. The best way to start a 
docking experiment is to retrieve target molecule structure from this database. If 
target protein is available in complex with ligand, then this will be the ideal struc-
ture for carrying out interaction studies with withanolides.
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13.3.1.2  Computational Prediction of Molecular Structure

Computational methods can be used to predict three-dimensional structure of pro-
tein if experimentally determined structure is not available. Homology modeling is 
a technique used to predict tertiary structure of protein based on the fact that pro-
teins with similar sequences have similar structures and the protein structure is evo-
lutionarily more conserved than its sequence. Therefore, in homology modeling, 
protein structure is predicted by using experimentally determined structure of 
homologous protein as a template. Determining the complete structure of protein 
computationally is a multistep process that involves template identification, multi-
ple sequence alignment, backbone generation, loop modeling, side-chain modeling, 
model optimization and verification. For example, in a study carried out to inhibit 
formation of mortalin-p53 complex using withanone as inhibitor, mortalin structure 
was computationally modeled using multiple template comparative homology mod-
eling (Grover et al. 2012). Six X-ray crystal structures were obtained from PDB 
showing significant similarity to human mortalin (PDB Ids: 1BA0, 2E88, 3FE1, 
3GL1, 2KHO, 2V7Y). MODELLER was used to predict the structure of mortalin 
using these structures as templates. Five modeled structures were reported, out of 
which the structure with the least DOPE score was selected for the study (Grover 
et al. 2012).

13.3.2  Identification of Biologically Active Conformations 
of Withanolides

Structure of withanolides can be obtained either from databases like PubChem 
(http://pubchem.ncbi.nlm.nih.gov/) or can be drawn manually using software like 
Marvin sketch. If the structure of withanolide is retrieved from databases, then it is 
important to first pre-process it to get the clean structure with correct molecular 
mechanics-parameters and atom types. Various software are available for ligand 
preparation and optimization. Most software follow several steps during the ligand 
optimization; a) ligand structures are deposited in databases in the form of salt, so 
at first instance, all these counter-ions are removed from the parent molecule. b) 
After desalting, ligand is protonated, charged groups are neutralized followed by 
ionized and finally tautomeric states of ligand are generated. Ligand optimization 
program also generates stereoisomers of the ligand. These steps will generate many 
structures depending on the number of chiral carbon present in the structure. All 
generated structures are minimized to relax the structures in three-dimensional 
space. It is recommended to check the formal charge and bond order of nitrogen 
manually before proceeding to docking studies (Chen and Foloppe 2010). These 
steps generate active conformations of withanolides that are suitable for carrying 
out interaction studies with target molecules.
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13.3.3  Interactions Between Biological Targets 
and Withanolides

Once, the structural information of target molecule and conformational information 
of withanolides are known, computational methods such as molecular docking and 
molecular simulations are used to explore the interactions between withanolides 
and biological targets that reveal their mechanism of action. Along with the struc-
tural information, spatial information about the site of action such as active site, 
allosteric site or binding interface will also be required. The identification of such 
sites requires some knowledge about the function of biological molecule and the 
relation of that function with its structure. For example, tumor suppressor protein 
p53 is a multifunction transcription factor, which not only interacts with DNA but 
also interacts with many other cellular proteins. Interactions of p53 with other bio-
logical molecules significantly change in cancer cells because of various mutations 
on p53 surfaces. Mortalin is another multifunction protein that interacts with 
mutant form of p53 and inhibits apoptosis of cancer cells. This functional informa-
tion is related to structural information of interactions between mutant p53 and 
mortalin, which is the “latch region” of mortalin protein across residues 439 to 597 
(Vaishnavi et  al. 2012). In spite of targeting multifunctional proteins, specific 
function- dependent structural information was required to target mortalin-mutant 
p53 protein complex. In another study, alcoholic extract of Ashwagandha leaves 
was found to down-regulate migration-promoting proteins hnRNP-K, VEGF, and 
metalloproteases while the exact components and biological targets were unclear 
from the experiments. hnRNP-K is a RNA binding protein and computational anal-
ysis revealed that two major components of the extract, withanone and withaferin-
A, inhibit function of hnRNP-K by blocking its ssDNA/RNA binding site (Gao 
et al. 2014).

Experimental information about the binding site of withanolides may not always 
be available. In the absence of experimental information, computational methods 
such as protein cavity analysis and protein-protein binding interface analysis are 
used to predict the binding site of withanolides (Saxena et al. 2013). Also, there are 
cases when targeting active site of a protein may produce side effects such as target-
ing ATP binding site of kinase enzymes. In such cases, identifying an alternate site 
of action that is specific for a particular kinase becomes important. Withanone is 
reported to target Aurora-A kinase, a Ser/Thr kinase. The function of Aurora-A 
kinase is regulated by its interactions with another protein, TPX2. Withanone aims 
for Aurora A-TPX2 interaction site, leaving kinase active site untouched (Grover 
et al. 2012).
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13.3.3.1  Study of Static Conformations Between Withanolides 
and the Target Molecules

Information about the possible binding conformations of withanolides, structure of 
target molecule and binding site is collectively used to calculate the structure of 
withanolide-bound biological molecule using various available docking algorithms 
such as genetic algorithms. A docking algorithm depends on a search algorithm to 
predict a binding pose of withanolide at the binding site and a scoring function to 
score the binding pose (Halperin et al. 2002). Various software packages are avail-
able to automate the docking processes; AutoDock is the most widely used open 
access docking software (Goodsell et al. 1996; Cecchini et al. 2004).

In a study, withaferin-A and withanone were reported to target the KH3 domain 
of hnRNP-K and inhibit its ssDNA/RNA binding function. Here, AutoDock was 
used to dock both withaferin-A and withanone at the KH3 domain of hnRNP-K 
protein, which is the site of ssDNA/RNA binding. ssDNA binds with the Lys22, 
Asp23, Ala25, Ile29, Lys31, Arg40, Lys47, Ile48, Asp50, Tyr84, and Ser85 of KH3 
domain of hnRNP-K protein (Fig. 13.2a); this binding site information was extracted 
using an experimentally-solved hnRNP-K and ssDNA complex structure (PDBID: 
1ZZI). Docking of withaferin-A and withanone specifically at ssDNA/RNA-binding 
site generated their bound conformations with hnRNP-K, scoring binding energies 
of -8.9 kcal/mol and -9.19 kcal/mol respectively. Both withaferin-A and withanone 
were in contact with residues Gly26, Ser27, Gly30, Lys31, Gln34, Gln83, Ser85, 
and Lys87 of hnRNP-K via hydrogen bonds (H-bonds) and hydrophobic interac-
tions (Fig. 13.2b, c). Docking scores and binding poses alone might be misleading 
if one does not check their biological significance. The residues  interacting with 
withaferin-A and withanone were all ssDNA binding site residues; also, biological 
significance of binding of withaferin-A and withanone was assessed by the fact that 
the second nucleotide Thymine (DT) of ssDNA also interacts with residues Tyr84 
and Ser85. Binding of withaferin-A and withanone with Tyr84 and Ser85 residues 
can hinder binding of hnRNP-K with ssDNA/RNA completely or partially because 
of the overlap with the binding of first few nucleotides that play key role in its tran-
scription activation/deactivation function (Fig. 13.2d, e).

13.3.3.2  Study of Dynamics Between Withanolides and the Target 
Molecules

Experimental techniques such as X-ray crystallography, nuclear magnetic reso-
nance (NMR) and electron microscopy allow determination of the molecular struc-
tures. These solved structures are snapshots of the most stable spatial conformation 
in a particular environment. Similarly, molecular complexes obtained from molecu-
lar modeling and docking studies are the most probable snapshots. Though these 
static snapshots provide quite detailed spatial description of molecular structures 
and binding between two molecules, it does not explain any dynamic behavior of 
the molecules and their interacting molecules in temporal context. Studying the 
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Fig. 13.2 Interactions of withaferin-A and withanone at the ssDNA binding site of KH3-hnRNP-K 
protein. (a) Interactions of ssDNA with KH3 domain of hnRNP-K protein. Thymine binds with 
KH3 domain where residue Ser85 surrounds it. (b) Withaferin-A binding at ssDNA binding site of 
KH3 domain. (c) Binding of withanone at the KH3 domain that occupies the same space where 
ssDNA binds. (d) Superimposition of ssDNA and withaferin-A at KH3 domain. (e) Superimposition 
of ssDNA and withanone at the KH3 domain. Superimposition of ssDNA with both withaferin-A 
and withanone clearly reveals that binding of any of the ligands hinders the binding of thymine 
nucleotide of ssDNA
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dynamics of molecules is very important for many reasons, in fact more important 
than studying just a static snapshot. Computer simulations are used to study the 
dynamics of molecules and loosely known as molecular dynamics simulations 
(MDS). Computer simulations make possible testing and improving theoretical 
models using a more realistic representation of nature and gives freedom to cross 
the barriers to test theories that would have been impossible otherwise. MDS also 
offer new insights into mechanisms and processes, which are not directly accessible 
through experiments (Karplus and McCammon 2002).

After withanolides are found to interact with a protein molecule by molecular 
docking studies, next task is to study the stability of binding pose and biologically 
significant interactions. Earlier in this chapter, binding of withaferin-A and witha-
none with KH3 domain of hnRNP-K was discussed. Stability of withaferin-A within 
the ssDNA binding site was reported from a study of 60ns long MDS. During the 
MDS, binding small molecules are expected to retain important interactions with 
the protein residues in order to be considered a good lead molecule. If molecular 
docking studies are indicating the interactions of a small molecule with protein at 
the critical site, but during the MDS study if molecule fails to retain its position and 
interaction, that molecule might not be usable for further studies. Withaferin-A 
showed a highly stable behavior at the KH3 domain of hnRNP-K during 60ns 
MDS. The stability of withaferin-A can be assessed on the basis of its movements 
within the pocket and root mean square deviations (RMSD) measurement. 
Withaferin-A had very low RMSD during whole 60ns simulation and retained all of 
its important interactions with KH3 domain of hnRNP-K (Fig. 13.3). Withanone 
was a more complex case to analyze. Molecular docking studies actually presented 
two close binding poses of withanone: one with -9.1 kcal/mol and other with 
-8.92 kcal/mol. Both the poses were at the ssDNA-binding site, thereby making it 
impossible to select one without further information. MDS studies showed that 

Fig. 13.3 RMSD deviations of withaferin-A (red) and withanone (green) during 60 ns molecular 
dynamics simulations. RMSD of both the trajectories suggest highly stable behavior of withaferin-
 A and withanone at the ssDNA binding site of hnRNP-K protein
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-9.1 kcal/mol scoring conformation of withanone retained more of the critical resi-
dues during the simulation studies, including those that were involved with the 
binding with second thymine of ssDNA.  RMSD of withanone, bound to KH3 
domain suggested the highly stable state at the ssDNA-binding site (Fig.  13.3). 
Hence, the conformation of withanone with higher score was proposed as the active 
conformation. These molecular docking and dynamics study have  stabilized the 
hnRNPK-RNA binding inhibiting role of withaferin-A and withanone and have 
complemented the experimental findings that alcoholic extracts of Ashwagandha 
down regulates the migration promoting proteins.

13.4  Experimental Validation of the Computational Results

Experimental information and in silico results complement each other and make 
better contributions together. In silico studies often requires initial inputs from 
experimental results for target identification, target structure and sequence informa-
tion, function and structure correlation of target or active and inactive conforma-
tions of a molecule. Not only, experimental information is used to accurately 
generate models and predictions but also often in silico predictions require experi-
mental validations because of high possibilities of false positive and negative results 
introduced at various levels (Fig. 13.4). Inaccuracies might arise because of human 
errors, machine inaccuracies, and flaws in models or algorithms. Hence, experimen-
tal validation of in silico results is a critical part to detect any bias and 
imprecisions.

Fig. 13.4 Depiction of the relationship between in silico studies and experimental techniques and 
their dependence on each other
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Study of mechanism of withanolides may directly not be possible using the exist-
ing experimental techniques or may prove costly, but certainly is required to assist 
in silico studies. Considering the huge number of possible biological targets, search-
ing a target blindly is not considered a good approach, even computationally. Hence, 
initial identification of possible targets from different experimental studies and 
expression analysis narrows down the possible targets. In the previous sections, 
where withanolides were identified to target specifically the ssDNA binding domains 
of hnRNP-K protein using computational methods, experimental results gave the 
leads by suggesting hnRNP-K protein. Once, the mechanism of inhibition was 
known using computational methods, anti-metastatic activity of the combination of 
withanone:withaferin-A (20:1) was confirmed using in vivo studies.

13.5  Challenges and the Future Scope

Computational methods are the most effective approach to study the dynamics of 
biological molecules and their interactions with other biological molecules. The 
previous section discussed how computer simulations were used to study the 
dynamics of withanolides with their biological target molecules. Not only the 
dynamics were studied, computational methods were also used to predict the bind-
ing affinity and the binding poses of withanolides against the biological targets. All 
the computational studies were carried out either based on the available experimen-
tal data or that were required for experimental validations. For most cases, in silico 
results were in well accordance with the experimental results but there have been 
few instances where the contrary was observed. Withanolides were observed to bind 
with protein target in silico but experimental results did not support the in silico 
findings. For example, withanoside IV and withanoside V were found to bind with 
the vascular endothelial growth factor receptor -2 (VEGFR-2) at the vascular endo-
thelial growth factor (VEGF) binding site during an in silico study. These in silico 
findings suggest that withanoside IV and withanoside V should have interfered with 
the activation process of VEGFR2, eventually inhibiting the VEGF pathway. MTT 
assay reflect the number of viable cells by assessing the cell metabolic activity. If 
withanoside IV and withanoside V were inhibiting the VEGF pathway in cancer 
cells, the reduction in viable cell numbers was an expected result. But when HELA 
cells were treated with withanoside IV and withanoside V, the viability of cells was 
not affected, even at very high concentrations (data not shown).

Membrane permeability and metabolism of withanolides are two other factors 
that are critical for corroboration of in silico and experimental findings. Not all 
withanolides are equally permeable and may have different metabolic fate. Studying 
the permeability and metabolism of any small molecule is highly important, but at 
the same time a very challenging task. In the following section, we discuss the 
importance and the challenges in studying membrane permeability and metabolism 
of withanolides.
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13.5.1  Permeability of Withanolides

For a molecule to be like a drug, it needs to have good adsorption, distribution, 
metabolism and excretion (ADME) properties. Permeability assessment is a crucial 
component in selecting and optimizing the lead compounds with good ADME prop-
erties. A common and quick method is to comply with rules-of-thumbs for drug- 
likeness such as Lipinski’s Rules of five (Lipinski et al. 2001). Rule of five suggests 
that a good drug like compound should have number of hydrogen bond donors 
between zero to five, less than 10 hydrogen bond acceptors, molecular mass less 
than 500 Daltons and octane-water partition coefficient log P lower than 5. 
Collectively, ADME properties of a molecule come under pharmacokinetic proper-
ties of drug in human body. Most of drug molecules fall under Rules of five, how-
ever, natural products have been proved to be exception from few of the rules (Keller 
et al. 2006).

Current predictive models for permeability assessment are quantitative structure 
permeability relationship (QSPR) methods. The QSPR approach has widely been 
applied to predict permeability of various biological membranes such as oral bio-
availability (Yoshida and Topliss 2000), intestinal absorption (Suenderhauf et  al. 
2011), skin permeability (Potts and Guy 1995) and brain permeability (Liu and So 
2001). QSPR models are based on descriptors such as molecular weight, polar sur-
face area, partition coefficients and number of hydrogen bonds and their correlation 
with known rate of permeation (Leung et al. 2012). Because QSPR models depend 
on available training data set, the main limitation of such an approach is transfer-
ability. The accuracy of such models depends highly on the chemical structural 
similarities between target and training compounds.

Withanolides are natural products and do not necessarily comply with the Rules 
of five nor can any other QSPR model be applied to predict the permeability of 
withanolides. One needs to generate QSPR models for withanolides using experi-
mental permeability data of withanolides but number of withanolides is not suffi-
cient enough to generate such models. Alternatively, methods based on direct 
physical interactions can be used to study the permeability of withanolides. The 
trans-membrane passive diffusion is a major factor in intestinal absorption, crossing 
blood brain-barrier and through plasma membrane of a cell. All atomic MDS can be 
used to study the interaction of withanolides with bi-layered lipid membrane and 
water solvent environment to gain knowledge of energetics and thermodynamics of 
passive membrane permeability. However, the main challenge using MDS to study 
permeability is requirement of high computational power.

Considering the limited number of withanolides, experimental assessment of 
their membrane permeability followed by QSPR model generation should be the 
way to study the passive membrane permeability of withanolides. Generation of 
QSPR model becomes more important when one wants to modify and improve the 
structure of withanolides. Because the chemical skeleton and space of modified 
withanolide derivatives will be similar to that of the original withanolide, QSPR 
models generated using withanolides can safely be applied to their derivatives.
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13.5.2  Metabolism of Withanolides

Metabolism of a drug inside body is another factor involved in identification of drug 
like molecules. The metabolic system is one of the main defense systems against the 
foreign harmful molecules by transforming them into excretory metabolites. Natural 
products have been evolved along with humans and tend to escape metabolic excre-
tion. Hence, natural products have inherent advantages over the synthetic molecules 
and they do not necessarily have to be like a drug like molecule. Though natural 
products may not always be drug-like, understanding their metabolic fate is impor-
tant to gain the knowledge of active molecules and their mechanisms (Ntie-Kang 
et al. 2013). Also, modifications of the natural products to make their derivatives 
need methods to assess the metabolic fate of derived products (Kirchmair et  al. 
2015).

Next challenge in learning about the withanolides is to know their metabolic fate, 
by both experimentally or computationally studying their interactions with enzymes 
of metabolic systems such as cytochrome P450, dehydrogenases, hydrolases, per-
oxidases, glutathione S-transferases and many more (Testa et al. 2012). There are 
abundant experimental methods to explore the metabolic fate of withanolides but 
are limited by the demand for expertise, cost and time. Meanwhile, newer computa-
tional methods and tools are being developed to predict drug metabolism with the 
advantage of higher throughput, lower cost, less time consumption over the experi-
mental methods. Cytochrome P450 is the most widely studied system using both 
experimental and in silico approaches (Potts and Guy 1995; Zhang et  al. 2011; 
Andrade et al. 2014). However, metabolic fate of withanolides and their derivatives 
using computational methods is yet to be explored. Such a study will largely improve 
the understanding of action mechanism of withanolides.
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Chapter 14
Ashwagandha for Brain Health: Experimental 
Evidence for Its Neuroregenerative Activities

Renu Wadhwa, Rajkumar S. Kalra, Anupama Chaudhary, and Sunil C. Kaul

Abstract Rapidly growing population, social and environmental factors are con-
tinuously exerting impact on social and psychological human health in multiple 
ways. In particular, these factors cause cumulative stress affecting cognitive func-
tions and elevate risks of diverse neuronal dysfunction and malignant brain diseases. 
Maintenance of brain health has hence emerged as a new challenge in increasing old 
age populations worldwide. Use of herbal drug constituents has emerged as a pre-
ferred choice due to enormous undesirable side effects of pharmacological drugs. 
Ashwagandha, a sub-tropical medicinal plant has been extensively used in Indian 
traditional home medicine system i.e. called “Ayurveda” for its stress-, hyperten-
sion-, aging-, neurological dysfunction- and malignant growth- inhibitory proper-
ties. Detailed molecular insights of these activities and mechanism(s) are only 
beginning to be demonstrated by laboratory studies. In this chapter, we attempt to 
sketch research evidence of the benefits of Ashwagandha bioactives for brain health.

Keywords Ashwagandha • Withanolides • Neurodegenerative disease • 
Neuroprotection • Brain health

14.1  Introduction

Human life has witnessed a major transition in its every aspect over the last century. 
Advancement of healthcare, quality of life and living standards improved signifi-
cantly. Increasing population with diversely complicated social organization led to a 
change in social and psychological health. Industrialization of life style with exces-
sive use of chemicals has led to a growing sense of stress and anxiety. Together, these 
scenarios have posed new challenges to maintain brain health. Risk of such factors 
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exceeds cumulatively at old age and is associated with high incidence of neurodegen-
erative diseases, functional abnormalities, disorders, psychological conditions and 
malignancies. Complex etiology of brain pathologies, their progression and conse-
quent symptomatic dysfunctions are marked by sequential molecular alterations that 
have not been fully characterized as yet. Therefore, protective/early stage preventive 
or therapeutic approaches are considered as an alternative strategy and hope. 
Traditional home medicine systems describe several natural reagents that possess 
health-supplementing activities. Although these are trusted and have been used 
through centuries, the science of their effects has not been sufficiently demonstrated.

14.2  Ashwagandha and Its Active Constituents

Ayurveda (Ayur = life, Veda = science or knowledge) is a traditional Indian home 
medicine system practiced since ancient times. Carried through several generations, 
it continues to be a living tradition with a history of about 5000 years. It is largely 
based on the use of herbs to provide a unique balance between physical and psycho-
logical fitness (Singh et al. 2011). Ashwagandha (Withania somnifera), also called 
“Queen of Ayurveda”, “Winter Cherry” or “Indian ginseng” is a sub-tropical herb, 
indigenous of Indian sub-continent, and is highly regarded in Ayurveda. 
Ashwagandha has been recognized for its ability to boost neuronal function, reduce 
stress and anxiety to promote cerebral calmness. It is a key component of rasāyana 
(a rejuvenative herbal tonic) that is used to combat stress, anxiety and depression, 
and hence promoting vitality, longevity and several aspects of brain and immune 
functions that are supported by laboratory studies (Kulkarni and Dhir 2008; Singh 
et al. 2008, 2011; Ven Murthy et al. 2010; Ahmad et al. 2005; Baitharu et al. 2013). 
However, the bioactive components and molecular mechanism(s) of such beneficial 
effects are only beginning to be resolved. Several studies have referred a reasonable 
dose of Ashwagandha herb, as safe, non-toxic, and comestible. Based on extensive 
toxicological studies, it has been categorized in GRASE (Generally Recognized As 
Safe and Effective) family of herbs. Its major bioactive constituents include steroi-
dal alkaloids and ester lactones, a category of constituents collectively known as 
withanolides (steroidal lactones comprising ergaostane skeleton). These forms with 
C9 side chain along with six-membered lactone ring on a C28 steroidal skeletal 
nucleus. Besides withanoloids, numerous sitoindosides also have been identified.

14.3  Ashwagandha as a Brain Tonic: Experimental 
Evidences

A large number of experimental studies on rodent models have shown that 
Ashwagandha extracts improve neurophysiological functions under chronic stress 
conditions including fatigue, ischemic stroke and dyskinesia (Bhattacharya et al. 
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2002; Singh et al. 2002; Chaudhary et al. 2003; Naidu et al. 2003). These effects 
have been attributed to protect against oxidative stress (a common causative factor 
for these disorders) (Jain et al. 2001; Ahmad et al. 2010; Parihar et al. 2004; Shukla 
et al. 2011a) and often lead to physiological and behavioral rejuvenation (Kumar 
et  al. 2005; Naidu et  al. 2006; Sankar et  al. 2007; Bhattacharya et  al. 2001) 
(Fig.  14.1). Cell culture studies have exhibited that such effect is modulated by 
NRF2, a key antioxidant protein (Reuland et al. 2013). Several experimental oxida-
tive stress models in rodents including exposure to streptozotocin, maneb, paraquat, 
bromobenzene, nicotinamide streptozotocin and rotenone have endorsed antioxi-
dant and neuroprotective activity of Ashwagandha extracts (Ahmed et  al. 2013; 
Prakash et  al. 2013; Vedi et  al. 2014; Manjunath and Muralidhara 2013; Shukla 
et  al. 2011a, 2012; Anwer et  al. 2012). The effects have been assigned to active 
constituents including withanolide A (Soman et al. 2012) and glyco-withanolides 
(Bhattacharya and Muruganandam 2003). Ashwagandha extract was shown to be 
effective for chronic fatigue (Singh et al. 2002; Kaur et al. 2004) and protected from 
swimming-induced oxidative stress (Misra et  al. 2009) in rodents. Similarly, we 
have observed that Ashwagandha extracts and withanone, at a lower non-toxic doses 
diminish oxidative stress and protect glial and neuronal cells (Shah et al. 2015). We 

Fig. 14.1 Ashwagandha and its bioactives for brain health. Schematic outline of common neuro-
pathologies involving degenerative, neurophysiological, neuropsychiatric or neurotoxicity related 
conditions and benefits of Ashwagandha and its bioactive compounds-based approaches towards 
effective treatment and their implications in maintaining brain function, oxidative stress and mem-
ory loss by augmenting neuronal function, cognitive response and reinstating homeostasis
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found that an alcoholic extract of Ashwagandha leaves (i-Extract) reduced 
scopolamine- induced oxidative stress in the brain (Gautam et al. 2015; Konar et al. 
2011). Treatment of water extract of Ashwagandha leaves (ASH-WEX) also reduced 
risk of glutamate-induced oxidative stress and excitotoxicity both in glial and neu-
ronal cell culture-based assays (Kataria et al. 2012).

Several laboratory studies have shown positive effects of Ashwagandha extracts 
and active phytochemicals on cognitive functions of the brain (Fig. 14.2). Kuboyama 
and colleagues reported that withanolide A caused neuritic regeneration and synap-
tic reconstruction in critically damaged neurons. In cultured cortical neurons, witha-
nolide A instigated significant renewal of axons and dendrites and restored pre- and 
post-synapses, damaged by Amyloid-β (25-35) treatment. It was found to limit dam-
age of the cerebral cortex and core hippocampus synapses, and form active neuronal 

Fig. 14.2 Ashwagandha and its bioactives: molecular activities validated in in vitro cell models. 
Administration of Ashwagandha and its bioactives to stressed neurons restores their structure, 
function and activity via regulating diverse molecular signaling pathways (upper half). Numerous 
Ashwagandha purified bioactives e.g. Withaferin-A, Withanone, Withanolide A, i-Extract possess 
activity against brain malignancies (lower half) by inhibiting cancer cell growth and by causing 
differentiation leading to senescence-like growth arrest along with modulation of diverse molecu-
lar phenotypes and signaling pathways
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networks as observed by MAP2, NF-H, synaptophysin, and PSD-95 functional neu-
ronal markers (Kuboyama et al. 2005). Based on these findings, withanolide A was 
suggested to be a vital compound to boost brain health. Similarly, Ashwagandha 
extracts and derivatives were found to support brain functions under potential anom-
alies induced by either drugs/environmental insults or psychological conditions 
(Sankar et al. 2007; Kumar and Kumar 2009; Kasture et al. 2009; Nair et al. 2007, 
2008) (Fig. 14.3). Ashwagandha root extract was shown to restore cognitive brain 
function, behavioral and the oxidant-antioxidant imbalance in the midbrain of 
MPTP-intoxicated mice (Sankar et al. 2007). Similarly, it restored 3-Nitropropionic 
acid, a potent neurotoxin, induced oxidative/nitrosative stress and neurobehavioral 
and biochemical alterations, as studied in the striatum and cortex regions of rat brain 
(Kumar and Kumar 2009). In the haloperidol-induced catalepsy mice model, 
Ashwagandha derivatives containing formulation restored posture anomalies and 
augmented anti-oxidant potential involving SOD activity (Nair et al. 2007).

14.4  Ashwagandha for Neurological Disorders: 
Experimental Evidences

Benefits of Ashwagandha have been reported in a number of central nervous system 
disorders including seizures, epilepsy, catalepsy, schizophrenia and insomnia 
(Prasad and Malhotra 1968; Rasheed et  al. 2013) (Fig.  14.1). Kulkarni and 

Fig. 14.3 Ashwagandha and its bioactives: diverse molecular activities of Ashwagandha and its 
bioactives against variety of neural disease/symptoms induced by artificial agents in experimental 
animal models. Multiple Ashwagandha neuroregenerating activities including augmenting brain 
function, cognitive response, antioxidant activity, antidepressant and memory restoration validated 
in rodent models
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colleagues have provided experimental evidence for the anti-convulsant effect of 
Ashwagandha root extract against seizure in pentylenetetrazol (PTZ) seizure mouse 
model (Kulkarni et  al. 2008a). The extract was seen to modulate GABAAergic 
activity. Similar model provided evidence to the anti-epileptic activity (Kulkarni 
and Dhir 2008; Akula et al. 2009; Soman et al. 2012). It was shown that Ashwagandha, 
besides its anti-oxidant function, modulated NMDA receptor density, improved 
motor learning defects by modulating AMPA receptor function in the rat cerebellum 
(Soman et  al. 2013). Catalepsy, a neurological disorder that is characterized by 
seizures with a loss of consciousness and acquiring immobilized rigid state of body, 
is often associated with hysteria, and other complex cerebellar nervous disorders. 
Ashwagandha was shown to provide protection against haloperidol or reserpine- 
induced catalepsy in a neuroleptic animal model (Kumar and Kulkarni 2006). In a 
similar approach, treatment of polyherbal formulation containing Ashwagandha 
was shown to reduce neurological abnormalities and oxidative stress in mouse 
model of haloperidol-induced catalepsy (Nair et al. 2008). Schizophrenia, neuro-
logical disorder comprising abnormal metabolism/function of neurotransmitters in 
the brain that involves dopamine, glutamate, GABA, acetylcholine, and serotonin 
abnormalities (Nandhagopal et al. 2008; Felicio et al. 2014). Ashwagandha has been 
shown to augment dopaminergic (Ahmad et al. 2005; Prakash et al. 2013), glutama-
tergic (Kataria et al. 2012), GABAergic (Yin et al. 2013) and cholinergic (Schliebs 
et al. 1997) nervous functions and to provide neuroprotection. Use of Ashwagandha 
was also shown to reduce risk of behavioral and extrapyramidal side effects of com-
mon antipsychotics e.g. haloperidol towards their use in schizophrenia (Nair et al. 
2007). Furthermore, treatment with Ashwagandha has been shown to reduce schizo-
phrenia and alleviate effect of associated neurological anomalies (Agnihotri et al. 
2013). Insomnia, sleep disorder that comprises inability to sleep, irregular patterns 
and lack of quality sleep, has been treated with Ashwagandha in traditional home 
medicine practice. It has been reported to induce physical calmness and relaxation 
and alleviate insomnia (Russo et al. 2001; Kuboyama et al. 2014; Manjunath and 
Telles 2005) that is often associated with reduced risk of inevitable neurodegenera-
tive vulnerability (Arvanitakis et al. 2007). Sleep related anomalies are believed to 
potentiate risks of serious neurodegenerative diseases e.g. Alzheimer, Parkinson’s 
disease, dementia and lateral sclerosis (Uitti and Wszolek 2003; Boeve et al. 2007). 
Alkaloids derived from Ashwagandha or their combination with diazepam was 
shown to restore sleep loss in mice models of sleep. They were shown to reduce 
lipid peroxidation, nitrites levels, improve catalase, and reduce glutathione activi-
ties and activate GABAergic signaling (Kumar and Kalonia 2007, 2008). Healthy 
human volunteers using Ashwagandha reported improvement in quality of sleep 
(Raut et al. 2012).

Cognitive dysfunctions often lead to a variety of neurophysiological anomalies 
(Spector et al. 2011) (Fig. 14.3). Consistent with the positive effects in the use of 
Ashwagandha for cognitive function and behavior, it was found to improve the key 
symptomic dysfunctions including auditory-verbal memory, reaction time, social 
cognition, associated with bipolar disorder and other neuropsychiatric conditions 
(Chengappa et al. 2013; Bhattacharya et al. 2000c; Gupta and Rana 2008; Maity 
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et al. 2011; Bhattacharya et al. 2000b; Shreevathsa et al. 2013; Ramanathan et al. 
2011; Muruganandam et al. 2002; Sarris et al. 2013), and improved locomotion and 
cognitive functions during ageing (Singh et al. 2008; Russo et al. 2001; Pingali et al. 
2014). (Schliebs et al. 1997) reported that it reduced neuritic atrophy and synaptic 
loss and activated procholinergic effects in the rodent brain (Schliebs et al. 1997). 
(Kuboyama et al. 2005) have shown that withanolide A, a predominant withanolide 
in Ashwagandha extracts, reverses memory loss by rejuvenation of dendritic axons 
and spines in mice models. Jain et al. (2001) reported that Ashwagandha attenuates 
damage to CA2 and CA3 region of hippocampal neurons in rat model of stress. In 
agreement with these studies, several other reports showed that the rodents pre- 
treated with Ashwagandha exhibited significant reduction in hypercortisolemia and 
other stress symptoms (Kaur et al. 2003; Bhattacharya et al. 2000a; Bhattacharya 
and Muruganandam 2003).

Above described diverse Ashwagandha activities at molecular level, were driven 
by modulation of GABAAergic activity, AMPA receptor function and by reinstating 
change in NMDA receptor density, and thus cumulatively augmenting neuroprotec-
tive anti-oxidant and anti-inflammatory activities in brain of experimental models 
(Fig. 14.3). Taken together, Ashwagandha extracts and derivatives improve dopami-
nergic, glutamatergic, GABAergic and cholinergic nervous functions, and thus 
mechanistically provide protection from the risk of diverse neurological disorders.

14.5  Ashwagandha for Neuropsychiatric Conditions: 
Experimental Evidences

Consistent to the fact that Ashwagandha supplementation induces relaxation and 
calmness in the body, a number of reports have suggested the use of Ashwagandha 
in treatment of a variety of neuropsychiatric conditions including anxiety and 
depression (Fig. 14.1). Study by Andrade (2009) has shown anxiolytic potential of 
ethanolic extract of Ashwagandha in patients having ICD-10 anxiety disorders. 
Consistent to this study, treatment with Ashwagandha-derived bioactive glycow-
ithanolides was found to reduce the levels of tribulin (i.e. an anxiety marker and 
induced by an anxiogenic agent, pentylenetetrazole) in rat brain (Bhattacharya et al. 
2000c) (Fig.  14.3). An oral administration of Ashwagandha attenuated ethanol 
withdrawal- induced anxiety in rats addicted to chronic ethanol consumption and 
suggested its use for management of ethanol withdrawal related anxiety (Gupta and 
Rana 2008; Mohan et al. 2011). Several other positive behavioral and physiological 
effects of Ashwagandha were also identified (Wscieklica et al. 2016). Anxiolytic 
effect of Ashwagandha  in comparison to diazepam, a standard anti-anxiety drug, 
along with a number of commercial anti-psychotics drugs including fluoxetine, 
gabapentin, citalopram, clozapine, resperidone and venlafaxine was also analyzed. 
The study confirmed anti-anxiety activity of Ashwagandha in a comparative behav-
ioral based study tested on different mazes (Kulkarni et al. 2008b). In a randomized 
trail on company employees, with moderate to severe anxiety levels, Cooley and 

14 Ashwagandha for Brain Health: Experimental Evidence for Its Neuroregenerative…



290

colleagues conducted a comparative survey on individuals taking naturopathic care 
(comprising dietary, relaxation and Ashwagandha supplementation) or standardized 
psychotherapy intervention (psychotherapy, relaxation and placebo) over a 12 
weeks period (Cooley et al. 2009). Although both approaches demonstrated a sig-
nificant reduction in patient’s anxiety, decline in anxiety levels in the Ashwagandha 
group over the psychotherapy group were reported (Cooley et  al. 2009; 
Chandrasekhar et al. 2012; Dar et al. 2016). Besides anxiety, Ashwagandha was also 
found to reduce levels of plasma corticosterone and hypertrophy of adrenals and 
spleen induced by chronic stress in Wister rats (Pramanik et al. 2010). Ashwagandha 
supplementation was also shown to improve obsessive-compulsive disorder induced 
anxiety in mice models (Kaurav et al. 2012). Effect of Ashwagandha in comparison 
to a number of other herbal anxiolytic medicines was analyzed based on pre-clinical 
evidences that described distinct anxiolytic advantages of Ashwagandha (Sarris 
et al. 2013). Anti-depressant effects of Ashwagandha have been established in a 
variety of comparative experimental models showing that its anti-depressant activ-
ity is comparable with imipramine (Tripathi et al. 1998; Bhattacharya et al. 2000c). 
It is widely accepted as a mood stabilizer in clinical conditions of psychiatric and 
alleviates depression (Maity et  al. 2011; Chatterjee et  al. 2001; Muruganandam 
et al. 2002; Krishnamurthy and Telles 2007). The effect was shown to be mediated 
by activation of adrenergic and serotonergic system (Ramanathan et al. 2011). In a 
mice model of depression, an Ashwagandha containing herbal formulation found to 
significant inhibit despair, moderate anti-reserpine activity, sedation and relative 
improvement in chronic fatigue syndrome (Shreevathsa et al. 2013). With improv-
ing behavioral, psychological and biochemical activities, Ashwagandha supplemen-
tation was suggested to have potent anti-depressant activity.

14.6  Ashwagandha for Protection Against Neurotoxic 
Agents: Experimental Evidence

Ashwagandha has been shown to reverse cytotoxicity induced by a variety of toxins, 
including endogenous toxins (neurotoxic peptide fragment and a predominant form 
of β-amyloid enriched in the brain of patients of Alzheimer’s disease or Down’s 
syndrome) and HIV (Human Immunodeficiency Virus) Type 1  in human neuron 
cells (Kurapati et al. 2013, 2014) (Fig. 14.2). Furthermore, cytoprotective activity of 
Ashwagandha extracts and purified components against various exogenous neuro-
toxic agents including cyclosphamide and derivatives (Praveenkumar et al. 1994; 
Davis and Kuttan 1998; Jena et al. 2003), Kainic acid (Parihar and Hemnani 2003), 
Streptozotocin (Parihar et  al. 2004), 6-hydroxydopamine (Ahmad et  al. 2005), 
methoxy acetic acid (Priyandoko et  al. 2011), lead (Kumar et  al. 2014), maneb- 
paraquat (Prakash et  al. 2013) and scopolamine (Konar et  al. 2011) have been 
reported (Fig. 14.3). Protection against neurotoxic drugs, hydrogen peroxide and 
viruses induced neurocognitive disorders has also been reported (Kurapati et  al. 
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2013, 2014; Kumar et al. 2010; Patil et al. 2010; Shukla et al. 2011b; Kuboyama 
et  al. 2014). Our laboratory studies demonstrated that Ashwagandha derivative 
withanone could protect human cells from methoxy acetic acid-induced toxicity. 
Withanone was found to protect cells from its toxicity by attenuating the ROS level, 
DNA and mitochondrial damage, and by inducing NRF2 cell defense and protea-
somal degradation pathways (Priyandoko et  al. 2011). We also found that the 
Ashwagandha extracts and withanone at a lower dose, protect glial and neuronal 
cells from oxidative and glutamate stress (Shah et al. 2015). Moreover, we analyzed 
neuroprotective response of aqueous Ashwagandha leaf extract on glutamate- 
induced ‘excitotoxicity’ and found that its pre-treatment reverted such cytotoxicity, 
mediated through changes in heat shock protein (Hsp) 70 levels, both in glial and 
neuronal cancer cells (Kataria et al. 2012) (Fig. 14.4).

Atherosclerosis or steady cholesterol deposition in the arteries is a common 
cause of ischemia (deprivation of oxygen and key nutrients in the brain) that causes 
significant brain damage (Ross et  al. 2013). Use of Ashwagandha was found to 
provide cytoprotection from ischemia and reperfusion injuries in animal models 
(Gupta et al. 2004; Mohanty et al. 2008; Raghavan and Shah 2014). In a rodent 

Fig. 14.4 Ashwagandha and its bioactives: molecular mechanism of neuroprotective and neurore-
generative activities. Ash-WEX (Water extract of Ashwagandha leaves) and withanone, a purified 
bioactive compound protects neurons from neurotoxic agents (glutamate and methoxyacetic acid) 
essentially by neutralizing oxidative damage, as validated in in vitro models (left, Kataria et al. 
2012; Priyandoko et  al. 2011; Shah et  al. 2015). i-Extract (Alcoholic extract of Ashwagandha 
leaves) protects cell from scopolamine-induced oxidative stress and restores neural network, struc-
ture, function and memory anomalies validated in in vitro and in vivo models (right, Konar et al. 
2011; Gautam et al. 2013)
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model of ischemia and reperfusion injury, Ashwagandha administration was shown 
to reduce stroke/injury effect by augmented levels of endogenous antioxidants i.e., 
GSH, GSHPx, SOD and CAT (Gupta et  al. 2004). Similarly, pre-treatment with 
Ashwagandha restored oxidant-antioxidant balance and caused anti-apoptotic 
effects by modulating Bcl-2 and Bax levels (Mohanty et  al. 2008) (Fig.  14.2). 
Moreover, Ashwagandha was found to enhance hemeoxygenase 1 (HO1) levels and 
suppress the PARP1 via the PARP1-AIF pathway, thereby preventing apoptosis- 
inducing factor (AIF) nuclear translocation and eventual apoptosis. Herein, 
Ashwagandha treatment reduced the level of Sema3A, while Wnt, pGSK-3β, and 
pCRMP2 levels remained unchanged (Raghavan and Shah 2014). These studies 
suggested a crosstalk of antioxidant-antiapoptic pathways and a possible associa-
tion of angiogenesis in addition to its antiapoptotic and antioxidant properties.

14.7  Ashwagandha for Treatment of Age-Related 
Neurodegenerative Disorders

Neurodegeneration is an intricate process comprising of progressive loss of neural 
structure and function in older age. It leads to neurodegenerative diseases such as 
Parkinson’s, Alzheimer’s and Huntington’s, categorized based on their distinct ori-
gin, and are frequently seen in elderly population. Such progressive neurodegenera-
tion also leads to multiple neurophysiological syndromes such as amnesia, dementia 
etc.. Worldwide, approximately 18 million people are presently undertreated for 
Alzheimer’s disease and it is expected to escalate to 34 million by 2025. Old-age 
neurodegenerative diseases impact not only the patient’s life expectancy and quality 
of life, but also severely affect family, social and global economy towards manage-
ment and treatment of the disease. Their prevention and treatment by natural drugs 
has hence been highly desired and valued.

14.7.1  Alzheimer’s Disease (AD)

AD is a chronic neurodegenerative old age disease causing progressive loss of 
memory (accounts for 60-70% of dementia cases) and cognitive functions (motion, 
balance and behavior related anomalies). Herbal formulation containing 
Ashwagandha and various withanolides were shown to inhibit acetyl-cholinesterase 
activity, a widely accepted therapeutic regime for AD (Schliebs et  al. 1997; 
Choudhary et al. 2005; Grover et al. 2012). Withanoside IV, a key withanolide in 
Ashwagandha extracts was found to reinstate memory loss in amyloid-β 
(25-35)-treated mice and prevent structural and functional damage to neurons 
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(Kuboyama et al. 2006; Kulkarni and Dhir 2008; Tohda 2008; Mirjalili et al. 2009; 
Tohda and Joyashiki 2009; Jayaprakasam et  al. 2010). Of note, reversal of 
Alzheimer’s disease progression (Sehgal et  al. 2012), and attenuating amyloid-β 
(1-42) induced toxicity in neuronal cells (Kurapati et al. 2013) have been reported 
suggesting the role of Ashwagandha as a brain heath remedy by supporting its neu-
rophysiological and homeostasis function (Fig. 14.2). Hynd and colleagues in 2004 
described the risk of glutamate-mediated excitotoxicity and its role in progression 
of neurodegenerative effect in AD (Hynd et al. 2004). Sehgal and colleagues found 
that oral administration of its root extract (predominantly withanolides and witha-
nosides) reversed the behavioral discrepancies, plaque, buildup of oligomers and 
beta-amyloid peptides (Aβ) in the brain of adult AD transgenic mice (Sehgal et al. 
2012). Ashwagandha root extract-treated mice showed clearance of brain Aβ pep-
tides to periphery. Subsequently, elevated levels of low-density lipoprotein receptor- 
related protein (LRP) and neprilysin (NEP, an Aβ-degrading protease) was observed 
in mice brain microvessels, suggested an important role of Ashwagandha extract in 
Aβ clearance and diagnosis as seen in AD models (Sehgal et  al. 2012). Another 
study demonstrated that Ashwagandha derivative withanamides A and C specifi-
cally bind to the beta-amyloid (25-35) active motif and prevents amyloid fibril for-
mation in the rat neuronal cells (Jayaprakasam et al. 2010). Above reports suggested 
that Ashwagandha extract and derivatives have potential to prevent and reverse neu-
rodegenerative effect of AD.

14.7.2  Parkinson’s Disease (PD)

PD on the other hand, is a neurodegenerative disease comprising of deterioration of 
dopamine producing neurons (Fig.  14.3). Muscular rigidity, tremors, and senile 
motion, speech and postures have been shown to be improved by Ayurvedic formu-
lation consisting of Ashwagandha (Nagashayana et  al. 2000). In a rat model of 
6-hydroxydopamine-induced Parkinsonism, Ashwagandha treatment was shown to 
provide neuroprotective effects against neuronal injury caused by oxidative agents 
and free radicals (Ahmad et  al. 2005). In MPTP (1-methyl 4-phenyl 
1,2,3,6-tetrahydropyridine)-induced Parkinsonism, Ashwagandha supplementation 
was shown to improve antioxidant and catecholamines level leading to improve-
ment in animal behavior and physical anomalies (Sankar et al. 2007; RajaSankar 
et al. 2009a, b). Similarly, in maneb-paraquat induced PD mice showed neuropro-
tective effects of Ashwagandha (Prakash et  al. 2013). At molecular level, 
Ashwagandha root extract was shown to enhance DOPAC, DA, and HVA levels and 
to normalize TBARS expressions in the brain of PD mouse. Moreover, its treatment 
exhibited improved motor function and higher GSH and GPx levels in the mice 
brain. However, reduced oxidative stress and improved catecholamines level largely 
considered as two major mechanism of Ashwagandha activity in PD models.
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14.7.3  Amnesia

It is a neurodegenerative disorder, defined by deficit in memory caused by brain 
damage or psychological trauma, and has also been treated by Ashwagandha. In 
mice model of amnesia, i-Extract and withanone were shown to improve amnesia 
symptoms and cognitive response that was attributed to induction of Brain-derived 
neurotrophic factor (BDNF) and activity-regulated cytoskeleton-associated (ARC) 
signalings (Konar et al. 2011; Gautam et al. 2013, 2015) (Fig. 14.4). In a rodent 
model of scopolamine-induced amnesia, decline in central cholinergic neuronal 
activity resulted in decreased BDNF and glial fibrillary acidic protein (GFAP) levels 
(in dose and time dependent manner) and blockade of muscarinic receptor activity 
(Konar et  al. 2011). Expression of BDNF, a neurotrophin family growth factor, 
increased in response to i-Extract and withanone treatment in brain-derived cells. 
Another study on the effect of i-Extract in recovery of Arc levels in the cerebral 
cortex and hippocampus in the brain of a scopolamine-induced amnesic mice model, 
demonstrated that Arc might play a role in i-Extract based recovery from amnesia 
(Gautam et  al. 2013). i-Extract pre-treatment restored F-actin polymerization in 
scopolamine-induced amnesia or with Arc antisense oligodeoxynucleotides 
(Gautam et al. 2015). It suggested that withanone and i-Extract both prevent pro-
gression of induced amnesia and restores homeostatic function.

14.7.4  Huntington’s Disease (HD)

Ashwagandha has also been shown to prevent symptomatic aberrations genetic neu-
rodegenerative disorders including Huntington’s disease (HD), a common autoso-
mal dominant genetic neurodegenerative disorder marked by abnormalities in 
muscle coordination, cognitive and behavioral responses (Hynd et al. 2004). In HD 
animal models, it was shown to protect neuronal cells against 3-nitropropionic acid 
that is know to induce neurophysiological anomalies including biochemical, behav-
ioral and mitochondrial dysfunction (Kumar and Kumar 2009; Choudhary et  al. 
2013). Ashwagandha was shown to mediate such effects via its antioxidant activity, 
which remained common among all neurodegenerative disease including AD, PD 
and HD (Shukla et al. 2011b; Singh et al. 2011).

14.7.5  Amyotrophic Lateral Sclerosis (ALS)

It is a neurodegenerative disorder caused by progressive deterioration of myelin 
sheath that protects brain and spinal cord neurons, was also reported to be benefited 
by Ashwagandha (Shukla et al. 2011b).
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In these studies, in addition to the activation of anti-oxidative defense mecha-
nisms, withanolides were shown to activate muscarinic receptors function (Schliebs 
et  al. 1997; Ali and Meitei 2011), inhibit cholinesterase (Choudhary et  al. 2004, 
2005) and promote neuronal differentiation, regeneration and plasticity signaling 
cascades (Kataria et  al. 2012; Choudhary et  al. 2013) (Fig.  14.4). Furthermore, 
majority of neurodegenerative diseases are marked with a loss of mitochondrial 
function and elevated production of toxic peptide/proteins in the brain. Such events 
gradually lead to a loss of cognitive abilities such as decision-making and memory. 
We have also found that withanone protects against Methoxyacetic acid, a key 
industrial metabolite (Priyandoko et al. 2011). Methoxyacetic acid exposure evoked 
ROS levels, mitochondrial and DNA damage in normal human cells and caused 
premature senescence. Withanone was found to suppress such effect by instigating 
cell defense pathways involving NRF2 and proteasomal degradation (Priyandoko 
et  al. 2011). Similarly, DNA damage induced by scopolamine or H2O2 to brain 
derived cells was inhibited by Ashwaganda extract or its purified component, witha-
none (Konar et al. 2011; Shah et al. 2015).

14.8  Ashwagandha for Treatment of Brain Malignancies

A growing body of evidence has suggested multiple benefits of Ashwagandha in 
number of brain malignancies. Cytotoxic and tumor-sensitizing properties of 
Ashwagandha in several brain cancers were reported (Devi 1996; Kuttan 1996). We 
found that Ashwagandha leaf extract and its derived components possess differen-
tiation activity for glioblastoma and neuroblastoma cells in culture (Shah et  al. 
2009, 2015) (Fig. 14.5). The cells treated with low doses of i-Extract or purified 
compounds such as withaferin A, withanone, withanolide A showed differentiation 
morphology and senescence-like growth arrest. At molecular level, i-Extract and 
withanone were found to upregulate GFAP, neuronal cell adhesion (NCAM) mole-
cules. Water extract (Ash-WEX) was also shown to modulate expression levels of 
GFAP, NCAM, NF200 and mortalin (Kataria et al. 2011, 2013) and protected dif-
ferentiated glioblastoma (C6) and neuroblastoma (IMR-32) cells from glutamate- 
induced excitotoxicity (Kataria et al. 2012). Use of Ashwagandha extract was also 
found to induce morphological and physiological changes in GnV-3, an immortal-
ized rat hypothalamic cell line (Kataria et al. 2015a). In in vivo glioblastoma model, 
ASH-WEX reduced the tumor burden and suppressed expression of NF-kappaB, 
p-Akt, VEGF, HSP70, PSA-NCAM, and cyclin D1, proteins involved in tumor pro-
gression, metastases and survival (Kataria et  al. 2015b). This was also found to 
suppress expression of vascular endothelial growth factor (VEGF), PSA- NCAM, 
HSP70, and cyclin D1 protein, generally upregulated in metastatic glioma cells. 
Permeability to blood-brain barrier that separate blood from cerebrospinal fluid in 
brain greatly contributes to efficacy of a drug in several neuropathologies. To test 
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this, in vivo study has demonstrated the presence of withanamides in the blood and 
brain of mice administered with Ashwagandha fruit extract (Vareed et  al. 2014), 
emphasizing efficacy of Ashwagandha bioactives in brain pathologies. Withanolides 
derived from Ashwagandha were shown to inhibit growth and invasion through sup-
pression of nuclear factor-kappa B (NF-kB) and its transcription regulatory activity 
(Ichikawa et al. 2006). (Lee et al. 2012) suggested that withaferin A and its struc-
tural analogue withanone and withanolide A cause anti-migration effect through 
activation of Notch pathway. Withaferin A was also found to inhibit epithelial-mes-
enchymal transition process by suppressing rearrangement of vimentin, a type III 
intermediate filament (IF) protein involved in cell motility and migration (Lee et al. 
2013b; Yang et al. 2013; Antony et al. 2014; Grin et al. 2012). It was shown to cause 
vimentin disassembly and Ser56 phosphorylation that regulates structural arrange-
ment of its filaments in migration and metastases (Thaiparambil et al. 2011) and 
inhibit MMP-9 activity by repressing Akt signaling (Lee et al. 2013a). A combina-
tion of withanone and withaferin-A was also shown to inhibit cancer cell migration 
and metastasis by inactivation of hnRNP-K protein (Gao et al. 2014).

Fig. 14.5 Ashwagandha and its bioactives: molecular effects against glioma/neroblastoma brain 
malignancies. Ash-WEX and its purified bioactives, Withaferin-A, withanone and withanolide A 
suppress glioblastoma cell proliferation by modulating molecular expression of markers involved 
in growth arrest and differentiation (left, Shah et al. 2009). Withanone and withaferin A inhibit 
cancer cell migration and metastasis (middle, Gao et al. 2014); whereas i-Extract and withanone 
promote cancer cell growth inhibition and apoptosis mediated by p53 and ROS signaling (right, 
Kaur et al. 2004)
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14.9  Current Perspectives and Next: Managing Risks 
of Brain Aging and Old Age Neurological Pathologies

Complex etiology of brain pathologies makes their diagnosis and therapeutics chal-
lenging. Accumulative cellular stress is recognized as a key trigger in the progres-
sion of several neurological anomalies. As discussed in this chapter Ashwagandha 
bioactives are useful to neutralize accumulative stress in cell, essentially by provid-
ing protection against a variety of agents/factors and conditions causing neurologi-
cal pathologies. Improved brain function and cognitive response in a variety of 
neuropathological conditions including Alzheimer’s and Parkinson’s and their asso-
ciated anomalies e.g. amnesia, dementia has been reported. Several studies have 
provided evidence to its anticancer activities including induction of differentiation, 
apoptosis or inhibition of proliferation and metastases by modulation of several 
molecular signaling pathways.

Rasayana is an Ayurvedic micronutrient remedy that is known to promote healthy 
aging and longevity. Among its all components, Ashwagandha has consistently 
been reported as an essential adaptogenic and anti-stress herb that retards brain 
aging and memory ameliorating effects, and promotes cognitive response, neuro- 
regeneration (Singh et  al. 2008; Bhattacharya et  al. 2000c). As discussed in this 
chapter, a large number of studies have provided evidence to the benefits of 
Ashwagandha phytochemicals to behavioral and psychological brain fitness in pre-
ventive and therapeutic ways. Of note, these have not only been reported to protect 
from the risk of degenerative neuropathologies, but also found to reverse effects of 
such pathologies at advanced stage in multiple ways. Protection against oxidative 
stress, activation of neuronal signalings and reconstruction of nerve cell networks 
by Ashwagandha bioactives can essentially provide a hope for targeted therapeutics. 
Bioinformatics and computational evidences have beginning to suggest the molecu-
lar modes of action of the specific bioactives and are opening a new avenue of 
exploring Ashwagandha activities. Druggability of predicted protein targets, phar-
mokinetics for brain pathologies defines another avenue that warrants further inves-
tigations and validation of their effects in animal models.
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Chapter 15
Cellular and Molecular Targets Underpinning 
Memory Enhancement by Ashwagandha

Arpita Konar and Mahendra K. Thakur

Abstract The search for therapeutic candidates of memory disorders including 
gene targets and compounds both synthetic and natural has been a prime arena of 
neurobiology research. Amongst suggested therapeutic compounds, several herbal 
products with a long history of use in Ayurveda have gained attention in modern 
medicine. Ashwagandha (Withania somnifera) also referred to as “Queen of 
Ayurveda” is at the zenith of Ayurvedic herbs owing to its tremendous potential to 
recover memory decline in aging and neurodegenerative pathologies as well as 
enhance basal memory function of healthy individuals. Despite such promising 
effects, limited mechanistic evidences have hindered its acceptance in modern med-
icine. However, technical advances in neuroscience research over the past decade 
have filled-in some gaps in understanding of molecular and mechanistic biology of 
Ashwagandha effects. In this chapter, we highlight the studies that have deciphered 
the cellular and molecular mechanisms of memory enhancing potential of 
Ashwagandha in various disease models. Cellular targets of Ashwagandha include 
(i) activation of antioxidant defence system rescuing nerve cells from apoptosis, 
oxidative stress and DNA damage, (ii) induction of cholinergic system and (iii) up- 
regulation of memory linked neuroplasticity genes and neuronal arborisation. All of 
these molecular effects translate into increase in memory. Such multiple-module 
action has intrigued research to unravel upstream master regulators of Ashwagandha 
effects on gene expression, cell physiology and behaviour.
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15.1  Memory Disorders

Memory is a higher order cognitive brain function that allows us to remember joyful 
and horrific past experiences, and connect them to present and future. However, this 
unique possession, that enriches our lives as individuals, gets lost and destroys our 
sense of self. Several mental health trajectories including neurodegenerative disor-
ders like Alzheimer’s disease, psychiatric illness of schizophrenia and depression, 
traumatic brain injuries, and brain tumours are associated with drastic memory 
decline (Fig.15.1). Memory decline or amnesia is generally classified as antero-
grade when the individual is unable to form and retain new information or retro-
grade when already encoded memory is not retrieved during recall (Gold 2006; 
Budson and Price 2005; Bartsch and Deuschl 2010). Depending on the time of 
information, it can be a short-term or long-term memory loss.

Amongst memory disorders, dementia particularly Alzheimer’s disease (AD) 
stands out for significant loss of both short-term and long-term declarative memory 
even at the early stages. Anatomical and functional deterioration of brain correlates 
with impaired memory of patients (Holger 2013). Other forms of dementia includ-
ing vascular and fronto-temporal involves decline in declarative memory. Psychiatric 
illness in general results in deficits of declarative and procedural memory as evident 
from depression, schizophrenia, attention deficit–hyperactivity disorder, and obses-
sive–compulsive disorder patients. Specific impairment of episodic memory is asso-

Fig. 15.1 Memory disorders and their causative factors
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ciated with mild cognitive impairment, encephalitis, Korsakoff’s syndrome, 
traumatic brain injury, seizure, hypoxic–ischemic injury, cardiopulmonary bypass, 
side effects of medication, deficiency of vitamin B12, hypoglycemia, anxiety and 
temporal-lobe surgery, whereas semantic memory loss occurs in traumatic brain 
injury (McKay and Kopelman 2009).

Besides pathological conditions, normal brain aging is associated with specific 
impairment of learning and memory. Similar to other organs, brain also undergoes 
several anatomical and physiological changes including shrinkage in volume, 
expansion in ventricular system, decrease in number of synapses and synaptic 
spines, and length of myelinated axons. These changes eventually contribute to 
altered brain plasticity and network dynamics leading to age-related memory defi-
cits (Morrison and Baxter 2012). Detailed anatomical and electrophysiological 
studies reveal that aged brain exhibits loss of hippocampal synapses leading to 
impairment of synaptic plasticity including deficits in LTP and LTD. Such disrup-
tion of LTP and LTD impairs the encoding of new memories and enhances the era-
sure of stored memories, contributing to memory deficits with physiological aging 
(Kidd 2008; Bano et al. 2011). Although the brain aging leads to delayed recall of 
information and greater difficulty in learning new information process, all types of 
memory are not affected equally in this process. Aging basically affects episodic 
memory related to specific events and experiences. Usually, aging does not exhibit 
significant decline in semantic memory but aged people fail to remember specific 
details. Aged people also show difficulty in manipulation, reorganization and inte-
gration of contents of working memory (Schulze et al. 2011).

15.2  Ayurvedic Interventions for Memory Enhancement

Most recently, it has been established that memory is not erased permanently. It is 
temporarily lost with stress and age, and could be recovered. In this regard, elucida-
tion of mechanisms underlying memory loss has been considered central and priori-
tized for formulation of targeted therapies. The challenges lie in elucidation of 
signalling pathways underlying the multiple causes of memory deficits. Moreover, 
individual cases of memory impairment resulting from psychiatric and neurodegen-
erative disorder have genetic and environmental heterogeneity conferring additional 
hurdle to the designing of drugs. Several drugs and bio-molecules have been tested 
to ameliorate amnesia but due to complex etiology and multi-factorial nature and 
side effects, an ideal recovery agent is lacking till date (Lee and Silva 2009). These 
limitations necessitated the development of an alternative approach that can exert a 
holistic impact on memory and other cognitive abilities with minimum side effects 
and can restore deficits irrespective of the specific causative factor.

An answer to this bewildering problem came from world’s oldest traditional 
medicinal practice of Ayurveda that has a holistic approach of promoting good 
health through maintenance of body homeostasis. Ayurveda gained prominence in 
diverse fields including immunology, geriatrics, genetics, neurology and psychiatry. 
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The ayurvedic home medicines comprise of herbal extracts combined seldom with 
supplements and those specific for nervous system are classified as Medhya 
Rasayana referring to the herbal preparation that can improve mental health (Mishra 
et al. 2000; Winters 2006; Deocaris et al. 2008; Modak et al. 2007). These extracts 
exert anti-aging and cognition enhancing effects by amelioration of stress and 
regeneration of damaged neural cells (Ven Murthy et  al. 2010). Ashwagandha 
(Withania somnifera), Brahmi (Bacopa monnieri), Sankhapuspi (Convolvulus plu-
ricaulis), Jatamansi, Jyotishmati, Mandukparni and Vacha are the renowned med-
hya rasayanas of Ayurvedic literature (Singh et al. 2011).

15.3  Ashwagandha as a Promising Memory Enhancer

Ashwagandha is the most recognized nootropic or natural memory and cognitive 
enhancer-herb of Ayurveda. It belongs to Solanaceae family and found in continents 
of Asia and Africa. It is cultivated on a large scale in India predominantly in the 
states of Madhya Pradesh, Uttar Pradesh, Punjab, Gujarat and Rajasthan. Almost all 
parts of this shrub are used for various health benefits. The nomenclature 
Ashwagandha originated from the odor of its root that resembled that of a horse. Its 
scientific name Withania somnifera signifies its well-known sleep inducing activity 
that might be related to its stress relieving capacity. It is also known asWinter 
Cherry/ Indian Ginseng/ Queen of Ayurveda. The wide spectrum of phytochemicals 
and chemotypes of Ashwagandha have been attributed to its diverse implications 
and health benefits. Laboratory and preclinical studies have demonstrated its anti- 
oxidant, anti-inflammatory, anti-stress, anti-diabetic, cardio- and neuroprotective 
potential. Although diverse in application, Ashwagandha extracts have been consid-
ered particularly relevant for treatment of neurological disorders like brain malig-
nancies, neurodegeneration and memory-afflicting injuries (Kuboyama et al. 2005; 
Kulkarni and Dhir 2008; Singh et al. 2008; Rajasankar et al. 2009).

In both in vitro and animal models of memory disorders, Ashwagandha extracts 
have been proven to be a promising therapeutic candidate natural drug. The extracts 
show enormous potential to modulate neurotransmitters, rescue oxidative damage, 
enhance neural plasticity and regenerate damaged neurons and synapses. Although 
there are a large number of studies, some are worth mentioning in which drastic 
and convincing effects have been reported. In different transgenic mouse models 
of neurodegeneration, Ashwagandha extracts ameliorated memory impairment 
(Kuboyama et al. 2014). APP/PS1 AD transgenic mice showed deficits in memory 
as evident by specific behavioural paradigms including water maze and radial arm 
maze test. Prolonged oral administration of methanol extracts of Ashwagandha root 
recovered memory loss and cleared amyloid beta (Aβ) plaques in cortex and hip-
pocampus, hallmark of AD (Sehgal et al. 2012). Aβ based cellular and animal mod-
els of AD have also been instrumental in screening therapeutic agents. The cell 
culture models showed significant disruption of neural network involving both den-
drite and axonal atrophy and premature neurodegeneration. The crude extract and 
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some of its active principles rendered neuro-protection and neuroregeneration 
against Aβ-induced neurotoxicity. The major components include Withanolide A, 
Withanoside IV, and Withanoside VI isolated from root extracts that stimulated den-
drite and axonal growth and reconstructed damaged synapses in Aβ-induced neuro-
blastoma cell lines, primary cortical neuronal culture and AD mice brain (Tohda 
2008; Kumar et al. 2010; Jayaprakasam et al. 2010; Liu et al. 2012; Kurapati et al. 
2013; Jansen et  al. 2014). The extracts also revived Aβ-induced loss in dendrite 
spine density, reduction in length and area, and distortion of morphology. 
Withanoside IV derivative, sominone also recovered damage in neuronal processing 
and connectivity and loss in memory acquisition in AD transgenic mice. Sominone 
also enhanced the basal memory capacities of control animals (Kuboyama et  al. 
2006; Tohda and Joyashiki 2009). Sankar et al. (2007) reported that in Parkinson’s 
disease animal models, Ashwagandha root extracts also exhibited neuro-protection 
as manifested by biochemical and behavioural correlates.

Ashwagandha also improved memory in pharmacological and physiological ani-
mal models of amnesia. Scopolamine is a potent acetylcholine receptor antagonist 
that inhibits central cholinergic neuronal activity and impairs memory as evident by 
several behavioral parameters like water maze and passive avoidance latency test. 
Scopolamine-induced amnesic mouse model is one of the well-recognized pharma-
cological animal models of memory dysfunction. In our studies, we found anti- 
amnesic effect of Ashwagandha leaf extract in scopolamine-challenged mice (Konar 
et al. 2011). Purified active component, withanone, also restored scopolamine medi-
ated degenerative alterations in brain. Ashwagandha also markedly attenuated 
memory decline in hypoxic rats and withanolide A contributed primarily to the 
recovery potential (Baitharu et al. 2013). Although several studies corroborate the 
nootropic potential of Ashwagandha as mentioned in Ayurveda, clinical trials war-
rant a comprehensive understanding of cellular and molecular mechanism underly-
ing memory enhancing properties of Ashwagandha. Therefore, the present chapter 
summarizes the mechanistic evidences revealed till date and the future directions of 
study, needed for therapeutic application.

15.4  Cellular and Molecular Mechanism of Memory- 
Enhancing Potential of Ashwagandha in Diverse Model 
Systems

15.4.1  Activation of Antioxidant Defence System

Brain is vulnerable to oxidative damage owing to high rate of ROS (Reactive 
Oxygen Species) generation and inadequate antioxidant mechanisms. Consequently, 
oxidative stress contributes to majority of brain dysfunctions including memory 
impairment (Mattson 2004). Aging and neurodegenerative diseases such as 
Parkinson’s, Alzheimer and Huntington’s associated memory decline results largely 
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from oxidative damage (Di Carlo et al. 2012; Shukla et al. 2011). Ashwagandha 
extracts exhibit enormous potential of scavenging free radicals and activating anti-
oxidant signalling pathways in various chemically induced and physiological mod-
els of memory loss both in vitro and in vivo.

Scopolamine hydrobromide is a plant alkaloid derivative used for inducing mem-
ory loss mimicking aging and dementia, and hence screening of active recovery 
agents. Till date its amnesic action has been attributed to impaired cholinergic neu-
rotransmission, and it has been characterized as acetylcholine receptor antagonist 
(Klinkenberg and Blokland 2010). We reported that scopolamine causes significant 
cytotoxicity, as evident by TUNEL assay, and is associated with dramatic increase 
in DNA damage and oxidative stress markers in neuronal and glial cell lines. 
Alcoholic extract of Ashwagandha leaves (i-Extract) and its active principle witha-
none considerably protected the cells from oxidative damage, indicated by reduced 
ROS level. It caused significant reduction in the level of scopolamine-induced DNA 
damage as shown by decreased gamma H2AX (Konar et al. 2011). Rotenone is a 
neurotoxic compound that mimics Parkinson’s associated memory and cognitive 
impairment. Several studies have correlated the degenerating action of rotenone 
with oxidative stress. Rotenone when intraperitoneally administered to mice at a 
dose of 1mg/kg BW for 7 days induced ROS malondialdehyde (MDA), hydroper-
oxides (HP) and nitric oxide (NO) levels in cerebellum and striatum. It also hin-
dered the antioxidant defence mechanism by reducing glutathione (GSH) levels, 
inactivating antioxidant enzymes and causing mitochondrial dysfunctions. The oral 
administration of Withania root extract (400mg/kgBW) for 4 weeks normalized the 
level of oxidative stress markers and restored GSH level (Manjunath and Murlidhar 
2013). Ashwagandha i-Extract at the dose of 100 mg/kgBW for 7 days also restored 
memory loss by rescuing from oxidative damage in other PD mouse models. It sig-
nificantly induced superoxide dismutase, catalase and malondialdehyde levels as 
well as reduced the levels of glutathione and glutathione peroxidase in corpus stria-
tum of PD mouse (Rajasankar et al. 2009).

Amongst physiological models, hypoxia induced memory impairment gains 
utmost prominence in replicating oxidative damage in memory disorders. The lack 
of oxygen supply at high altitude causes oxidative stress, degenerates neural cells 
and affects memory function. This phenomenon known as hypobaric hypoxia is 
modelled experimentally and Ashwagandha extracts with strong antioxidant poten-
tial has been extremely successful in ameliorating stress and restoring memory. 
Baitharu et al. (2013) reported that crude root extracts decreased the hippocampal 
level of nitric oxide, corticosterone and ROS whereas withanolide-A increased GSH 
influencing the free radical scavenging mechanism attenuating overall oxidative 
stress of hypoxic rats. Withanolide-A also reduced neuronal apoptosis by decreas-
ing activity of caspase-3  in hippocampal cells. Molecular analysis revealed that 
withanolide-A induced glutathione biosynthesis in neurons by upregulating GCLC 
level through Nrf2-mediated antioxidant signaling cascade (Baitharu et al. 2014).

In an experimental animal model of epilepsy, Ashwagandha crude root extract as 
well as active component withanolide-A was neuro-protective and recovered spatial 
memory loss. Its prime mechanism of action was reduction of oxidative stress, 
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thereby preventing neurodegeneration and inhibition of neurotransmission. Epileptic 
rodents exhibited significant degeneration of hippocampal neurons accompanied by 
elevation of oxidative damage as evident by increase in superoxide dismutase and 
catalase activity. These animals were also deficient in hippocampal dependent spa-
tial memory assessed by radial arm maze paradigm. The administration of total root 
extract and individual withanolide A substantially attenuated the increase in gene 
expression and activation of enzymes and almost restored it to the level of control 
animals. Lipid peroxidation increase in experimental rats was also reduced by the 
extract. These antioxidant activities of the extract were well reflected in rescue of 
hippocampal neuronal death and enhancement of memory (Soman et al. 2012).

15.4.2  Modulation of Neurotransmitter Level and Metabolism

The active principles of plant extracts have been reported to activate and inhibit 
neurotransmitter signalling and thereby modulate neural excitability and transmis-
sion. Acetylcholine signalling has been the most attractive target for most of the 
agents, since it is abundant in brain and implicated in learning and memory (Kumar 
and Khanum 2012).

The impairment of brain cholinergic neurotransmission owing to degeneration of 
cholinergic neurons or deficits in receptor signalling cascade is considered crucial 
for memory decline (Schliebs and Arendt 2011). Cholinergic hypo-function is piv-
otal for aging and AD related memory deficits and consequently agents stimulating 
cholinergic system are important for recovery (McKinney and Jacksonville 2005). 
Withaferin and sitoindosides VII-X isolated from methanolic root extracts enhanced 
muscarinic receptor binding and acetylcholinesterase (AChE) activity in frontal cor-
tex of male Wistar rats (Mishra et al. 2000). As discussed above, we also demon-
strated that the i-Extract attenuates amnesic action of muscarinic antagonist, 
scopolamine hydrobromide. Gautam et al. (2013) reported that i-Extract normalized 
the scopolamine mediated increase in AChE activity in mouse cerebral cortex and 
hippocampus. Ashwagandha root extract and its components withaferin A and with-
anolide A also modulate the inhibitory GABA receptors of brain (Candelario et al. 
2015). Bhattarai et al. (2010) had also reported earlier that the methanolic root extract 
acts on GABAA receptor (GABAAR) receptors at the synapses, thus may be crucial 
for neuroprotection and restoration of lost memory. Ashwagandha extracts also mod-
ulated NMDA receptors in epilepsy-induced memory impairment model of rats. 
Oxidative insult severely affected memory by decreasing the expression and density 
of NMDA receptors. The root extract of Ashwagandha increased the level of NMDA 
receptors and recovered memory loss (Soman et  al. 2012). In another study by 
Bhattarai et al. (2013), methanolic extract of Ashwagandha root was reported to act 
on hippocampal NMDA receptors by activation of the glycine binding site. 
Hippocampal induction of LTP requires glycinergic activation of NMDA receptors 
and LTP forms the chief cellular mechanism of memory. Therefore, it was speculated 
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that Ashwagandha by acting as a glycine mimetic and increasing NMDA receptor 
mediated neurotransmission might induce LTP and enhance memory.

15.4.3  Enhancement of Neural Network

Repair of the damaged neural network including dendrite and axonal regeneration 
and reconstruction of synaptic connections are the prerequisites for recovery of 
memory loss. Moreover, enhancement of the neural network in healthy individuals 
by processes such as neurogenesis and synaptogenesis is implicated in gain of 
memory function. Interestingly, various extracts of Ashwagandha have exhibited 
the property of regenerating damaged neural cells in memory disorder models as 
well as enhancing the existing network in healthy subjects.

It is well known that dementia, particularly AD pathology, entails significant loss 
of memory interfering with the molecular machinery and neural connections 
(Holger 2013). The administration of Aβ in neuroblastoma cell lines, primary corti-
cal neurons and mouse brain has been successful in mimicking the network damage 
in AD including atrophy of axons and decrease in synaptic densities (Kurapati et al. 
2013; Jayaprakasam et al. 2010;  Liu et al. 2012). The administration of Ashwagandha 
crude root extract as well as its active principles (Withanolide A, Withanoside IV, 
Withanoside VI and sominone) increased axonal growth and reformed synapses 
(Zhao et al. 2002; Kuboyama et al. 2006) in cell culture models. These phytochemi-
cals also demonstrated their regenerating potential in damaged cortical neurons and 
enhanced spatial and recognition memory in 5XFAD and Aβ25–35 treated mouse 
model of AD (Tohda 2008). Sominone, the derivative of Withanoside VI, stimulated 
neurite growth and increased memory even in normal mice (Tohda and Joyashiki 
2009).

As already discussed, scopolamine-induced amnesia is another well-recognized 
model replicating the cellular and molecular changes observed in age related mem-
ory decline and neurodegenerative disorders. Scopolamine significantly decreased 
dendrite length and branching of cultured hippocampal neurons. It also distorted the 
mushroom shape of dendritic spines, and reduced the overall spine density in mouse 
hippocampus in vivo. Pre-treatment with Ashwagandha leaf extract prevented 
scopolamine- induced damages to dendrites whereas its post-treatment restored the 
loss of dendrite growth and morphology both in vitro and in vivo models. Gene 
expression analysis revealed that the leaf extract up regulates hippocampal microtu-
bule associated protein (MAP2) whose deficiency is known to affect dendrite elon-
gation, maturation of hippocampal neurons and neuronal migration (Harada et al. 
2002).

The alteration in dendrite spine morphology relies primarily on the rearrange-
ment of actin cytoskeleton. The monomeric G-actin and filamentous polymeric, 
F-actin are present in spines and the degree of actin polymerization is an integral 
phenomenon of spine formation, maturation and plasticity contributing to memory 
formation (Cingolani and Goda 2008). Loss of actin-polymerization has been impli-
cated in age-associated memory loss (Johnson et al. 2015). Drug abuse and psychi-
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atric disorders related memory loss has also been linked with the preservation of 
polymerized actin and thus structural plasticity of neurons (Young et al. 2015).

We observed that scopolamine drastically reduced actin polymerization as 
depicted by phalloidin staining and also down-regulated the molecular marker Arc 
(activity- regulated cytoskeletal associated protein). Moreover, intra-hippocampal 
Arc knockdown also reduced polymerization of actin comparable to that of scopol-
amine (Gautam et al. 2015). i-Extract increased dendrite spine density in the hip-
pocampus of scopolamine-treated amnesic mice as evident from Golgi staining by 
up regulating the Arc expression and attenuating the loss of polymerized actin.

15.4.4  Induction of Memory Linked Gene Expression

The etiology of memory loss in aging and age-associated brain disorders is multi- 
dimensional, but accumulating evidence suggests that change in gene expression is 
fundamental. Over the past decade, it has been substantially demonstrated that de 
novo gene expression in an orchestrated manner in cortex and hippocampus is 
required for long-term memory formation. Moreover, the traditional techniques of 
genomics combined with next generation sequencing methods revealed that mem-
ory function involves dynamic expression pattern of a wide spectrum of genes 
(Cavallaro et al. 2002; Igaz et al. 2004). These include transcription factors, imme-
diate early genes, neurotrophic factors, cytoskeletal elements, synaptic proteins, 
membrane receptors and intracellular kinases. Interestingly, Ashwagandha extracts 
modulated the expression of almost all the categories in different model systems of 
memory loss.

In search of genes regulated by neuronal activity, a subset of immediate early 
genes (IEGs) was discovered that are crucial for synaptic plasticity and memory 
consolidation. Amongst these IEGs, Arc is acknowledged as the master regulator of 
protein synthesis dependent synaptic plasticity and declarative as well as procedural 
memory consolidation. Arc regulates actin cytoskeletal dynamics and AMPA recep-
tor endocytosis integrating neuronal activity with synaptic strength (Bramham et al. 
2009). Arc gene ablation significantly impaired late phase of LTP and long term 
memory (Guzowski et  al. 2000). Studies in our laboratory reported that in 
scopolamine- treated mice, Arc expression gets drastically reduced in the cerebral 
cortex and hippocampus, and was closely associated with impaired spatial memory. 
The oral administration of i-Extract recovered memory decline and simultaneously 
up regulated Arc expression in both the regions of brain. i-Extract also caused 
increase in Arc level in control animals. Most noticeably, changes in Arc expression 
in control and scopolamine-treated mice were more conspicuous in hippocampus 
than cortex (Gautam et al. 2013). These studies have demonstrated that ARC is a 
cellular target for scopolamine-induced loss of memory and its recovery by i-Extract 
(Gautam et  al. 2013). Arc protein translation in synapses is regulated by brain 
derived neurotrophic factor (BDNF), another activity evoked gene and a member of 
the nerve growth factor family that regulates proliferation and differentiation of 
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neurons and maintains their architecture (Yamada and Nabeshima 2003). BDNF is 
crucial for synaptogenesis, maturation and stabilization, thereby influencing both 
short- and long-term forms of synaptic plasticity and memory. A growing body of 
evidence suggests that BDNF is a molecular marker of memory decline resulting 
from aging, Alzheimer’s and psychiatric illness of major depressive disorder (Hubka 
2006; Waterhouse and Xu 2009; Bekinschtein et  al. 2013; Leal et  al. 2013). As 
anticipated, in our studies, BDNF showed a marked decrease in the brain of 
scopolamine- treated amnesic mice. i-Extract-treated control and amnesic mice 
showed up regulation in BDNF mRNA and protein expression.

Ashwagandha was also shown to regulate the expression of various synaptic and 
cytoskeletal proteins. In sleep-deprived model of memory impairment, significant 
up regulation of PSA-NCAM, NCAM, and pre-synaptic marker SNAP-25 was 
observed in hippocampus and frontal cortex of rat brain. These protein levels 
remained unaltered in ASH-WEX (water extract of Ashwagandha leaves) treated 
animals, indicating that it rescued stress-induced synaptic rearrangements, thereby 
maintaining synaptic plasticity. Cytoskeletal elements including GAP-43, NF-H 
and NeuN marker of neuronal proliferation also showed increase in the hippocam-
pus of 6h sleep-deprived rats. Pre-treatment with ASH-WEX restored gene expres-
sion. i-Extract also rescued scopolamine-induced damage to neuronal cells by 
up-regulation of the expression of neuroplasticity markers, NF-H, MAP2, PSD-95 
and GAP-43. An emerging aspect of memory biology is the role of glial cells, which 
are considered to support neurons. Accumulating experimental evidences have sug-
gested their involvement in modulating neuronal metabolic activity, plasticity and 
thus memory. In particular, astrocytes actively control synaptic transmission by par-
ticipating in the formation of neuronal processes, cytoskeletal framework and 
myelin sheath (Ben Achour and Pascual 2010). Glial fibrillary acid protein (GFAP) 
is an astrocytic protein, an established marker of astrogenesis and astrocyte activa-
tion. Decreased GFAP expression in hippocampus has often been linked to brain 
injury and chemically induced memory loss (Havekes et al. 2012; Silva et al. 2013). 
We observed that whereas amnesic drug scopolamine reduced GFAP expression in 
mouse brain and C6 glioma cell line, i-Extract attenuated the decrease both in vitro 
and in vivo (Konar et al. 2011).

15.5  Conclusion

The in vitro and animal models of memory disorders have demonstrated 
Ashwagandha as a promising recovery herb with high translational value. The tra-
ditional cellular, biochemical and molecular approaches combined with novel in- 
silico tools have deciphered its active principles and mechanisms substantiating the 
application in clinical trials. The standardized root and leaf extracts of Ashwagandha 
as well as their bioactives have exhibited preventive and therapeutic potential in 
diverse pharmacological, genetic and physiological models of memory loss. The 
wide spectrum of neuromodulatory effects of these extracts including antioxidant 

A. Konar and M.K. Thakur



315

defense, activation of neurotransmitter signalling, gene expression changes and 
regeneration of damaged neural network makes it an appropriate therapeutic candi-
date (Fig. 15.2). Ashwagandha upregulates the expression of a wide range of mem-
ory linked genes coding for neurotrophins, cytoskeletal elements, cell adhesion 
molecules and synaptic proteins. These observations also intrigues to search for a 
master regulatory mechanism probably any epigenetic switch attributing to such 
holistic action of the herb. Taken together, with such convincing evidences for noo-
tropic potential of Ashwagandha it’s high time for clinical trials in neurological 
disorders involving memory deficiencies.
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Chapter 16
Using Human Neural Stem Cells as a Model 
to Understand the “Science of Ashwagandha”

Manju Tewari, Hriday S. Pandey, and Pankaj Seth

Abstract Ashwagandha (Withania somnifera), a traditional Indian herb, has been 
widely employed in ayurvedic medicine. Various compounds isolated from leaf and 
root of this plant are used in treating human illness ranging from weakness, anxiety, 
rheumatic pain, diabetes, infertility, oxidative stress to cancer. In past two decades, 
scientific evidence for the neuroprotective effect of Ashwagandha further validates 
its use for treatment of Alzheimer’s, Parkinson’s, Huntington’s disease and spinal 
cord injury. This chapter discusses the neuroprotective effects of various compo-
nents of Ashwagandha in neurological disorders, majority of which have been stud-
ied using animal models or cell lines. Extensive explorations into mechanistic 
aspects of Ashwagandha are mandatory to validate the findings obtained from ani-
mal models and to confirm their therapeutic potential in human system. In order to 
explore the therapeutic potential of the drug for treating brain disorders, it is impor-
tant to investigate the effects of this herbal drug on primary human brain cells. This 
chapter emphasizes on the potential of using human neural stem cells (NSCs) as an 
in vitro model to study the neuroprotective effects of Ashwagandha and to gain 
novel insights into the underlying mechanism of action under physiological and 
pathological conditions. Different sources of neural stem cells have also been 
described in the chapter with a detailed insight on the method of deriving NSCs.
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16.1  Introduction

Brain disorders and age-associated neurological illness are largely limited to 
humans and rarely occur spontaneously in rodents. Animal models of diseases are 
crucial for understanding the fundamental mechanisms associated with the disease 
and to large extent, these models have improved understanding of the human dis-
eases. Animal studies are also a prerequisite for clinical toxicological assessment of 
a drug to minimize any adverse effects on humans. The xenograft studies and genet-
ically engineered mouse models (GEM) are currently the most widely used 
approaches for effectively identifying the sequence of pathological changes that 
culminate into a disease. Although quite successful in understanding pathological 
diseases, the animal models have limitations. Often, the cellular and behavioral 
changes and the resulting phenotypes observed in rodents are very different from 
that observed in humans under neurological conditions. Species-specific variations 
between rodents and humans are perhaps the basis for the observed discrepancies. 
In addition, from the evolutionary point of view, the brain structure of humans is 
much more complex than rodents and their cognitive abilities are much superior. 
Rodents are more vulnerable to transgenes or toxins as compared to humans and 
perhaps for these reasons therapeutic strategies designed using animal disease mod-
els often fail to translate to the treatments of human diseases.

Post-mortem brain tissue studies from patients provide highly relevant informa-
tion but the availability of the tissues is very limited. Moreover, the post-mortem 
samples represent the end stage of the disease, as samples are collected only when 
the patient succumbs to the disease. Anatomical studies, cellular and biochemical 
analysis of the post-mortem tissue identifies the protein alterations and toxins or the 
mutations associated with the disease. However, an understanding of the sequential 
cellular and molecular events underlying the progression of the disorder remains 
elusive in studies performed on autopsy samples. Despite the fact that use of human 
autopsy brain tissues acquired at various stages help to overcome some problems, 
however the genetic variability and the occurrence of the different opportunistic 
infection augment the limitations of its use even in age-matched control studies.

For an enhanced understanding of the pathogenesis of a disease, or to determine 
the efficacy of tested drugs at cellular and molecular levels, animal studies can be 
complemented with in-vitro human brain cultures before performing clinical trials. 
This will also help to account for deviations due to species variations to a great 
extent. In this regard, human stem cell cultures offer flexibility to explore the dis-
ease mechanisms in detail at cellular and molecular levels. Stable in vitro propaga-
tion and differentiation of neural stem cells can offer expanded opportunities to 
understand the fundamental molecular, cellular and developmental mechanisms and 
to model neurodegenerative disorders. In this chapter, we highlight recent advances 
in the field of human neural stem cells, their differentiation into different brain cell 
types that enhance our current understanding of the disease mechanisms and their 
potential for use for treating the most debilitating human diseases.

Ashwagandha (Withania somnifera; L.dunal) an Indian ginseng has been widely 
used in traditional ayurvedic medicines to treat an array of human diseases (Ven 
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Murthy et al. 2010; Singh et al. 2011). In the past two decades, Ashwagandha has 
been identified to play a protective role in neurodegenerative disorders like 
Alzheimer’s, Huntington’s, Parkinson’s disease and spinal cord injury (Kulkarni and 
Dhir, 2008; Kuboyama et al. 2014). This chapter discusses the recent advances in 
understanding the science of Ashwagandha, and their importance in neurodegenera-
tive disease, with special emphasis on the use of neural stem cell to explore the under-
lying regulatory mechanisms and potential neuroprotective functions of Ashwagandha.

16.2  Neural Stem Cell: An Introduction

Neural stem cells (NSCs) have been proposed as a powerful tool to dissect out the 
basic cellular, molecular and developmental processes and to model neurodegenera-
tive diseases (Harris et  al. 2016). NSCs are immature cells that are mitotically 
active, self-renewing and multipotent. Being mitotic in nature, these are a renewable 
source of cells and they do not require genetic transformation (Casarosa et al. 2014). 
NSCs can be derived from embryonic, fetal or adult tissues (De Filippis and Binda 
2012). Under in-vitro conditions, NPCs are capable of forming neurons, astrocytes 
and oligodendrocytes in presence of specific growth factors (De Filippis and Binda 
2012; Louis et al. 2013). In-vivo, they differentiate into cell type appropriate to the 
brain regions where they are grafted (Flax et al. 1998; McMahon et al. 2010; Gupta 
et al. 2012). Their differentiation properties can be utilized to understand the effect 
of different toxins, drugs or mutations in specific brain cell types.

Ideal neural stem cells exhibit three cardinal features, namely, (1) Capacity to 
self-renew for extended period of time, around 5–10 passages, (2) In parallel, the 
cells also exhibit a great proliferating potential, thus, generating progeny several 
order of magnitude than the starting population, and (3) Stem cells hold differentia-
tion characteristics or are tripotent, giving rise to neuron, astrocytes and oligoden-
drocytes, even after prolong passaging and should be transplantable (Gage 2000). 
Four different types of human neural stem cells (embryonic, adult, fetal and induced 
pluripotent stem cell derived) have been isolated and characterized till date 
(Fig. 16.1) and have proved to be quite successful although they have their own 
benefits and limitations, which will be discussed in the chapter.

16.2.1  Human Embryonic Stem Cells (hESCs)

Embryonic stem (ES) cells are pluripotent cells derived from pre-implantation 
embryos and have a proven ability to form embryoid bodies, which in turn can be 
induced to differentiate into all three embryonic germ layers namely, endoderm, 
mesoderm and ectoderm (Chen and Lai 2015). The three germ layers give rise to 
specific cells that generate tissues of the fetal and adult organism and are pluripo-
tent. ES cells are derived either from the inner cell mass of the blastocyst or from 
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primordial germ line (EG cells) (Matsui et al. 1992; Rohwedel et al. 1996; Gepstein 
2002). ES cells were first established in vitro in 1980s from mouse embryo-derived 
blastocyst. Later they were successfully derived from primates as well as human 
embryo (Thomson et al. 1998; Marshall et al. 2001).

Ectodermal layer derived from embryoid bodies, in the presence of specific mito-
gens can be differentiated into neurons and glia from the intermediate neural precur-
sor cells, which are yet to be characterized (Hoffman and Carpenter 2005; Trounson 
2005, 2006; Alsanie et al. 2013). The properties of the hESC-derived progenitors, 
neurons and glial cells are alike primary brain cells (Carpenter et al. 2001; Pollard 
et al. 2006).

Since ES cells easily self-renew in vitro, they are an apt choice for modeling 
early developmental studies like embryogenesis as well as developmental and 
genetic abnormalities which include generation of cell lines with targeted gene 
alterations and engineered chromosomes (Wobus and Boheler 2005). 
Pharmacological drug screening, gene delivery system and cell-based transplanta-
tion therapy (cell replacement therapies) can also be modelled using these cells 
(Zhang et al. 2001; Jensen et al. 2009; Zou et al. 2009). Ethical consideration related 
to procurement of embryonic tissue and the complexity because of tumor formation 
after transplantation of embryonic neural stem cell critically demands for an alter-
native approach to get neural stem cells (Wobus 2001; Nikol’skii et al. 2007).
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Fig. 16.1 Human neural stem cells (hNSCs) derived from embryonic, fetal and adult tissues and 
their characteristic properties
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16.2.1.1  Human Adult Neural Stem Cells

In 1965, the pioneering discovery by Altman and Das provided anatomical evidence 
for the formation of new neural precursor cell throughout life (Altman and Das 
1965). Further, the functional integration of new neurons in adult CNS was success-
fully shown in songbirds thus introducing the concept of adult neurogenesis 
(Alvarez-Buylla 1992). In the early 1990s, the successful isolation of adult neural 
stem cells from the mammalian brain revolutionized the field of neuroscience. Adult 
neural stem cells (aNSCs) reside in specialized neurogenic niches located in the 
sub-ventricular zone (SVZ) of lateral ventricles and dentate region of the hippocam-
pus that sustain the capacity of self-renewal and multipotency. In the hippocampus, 
the whole process of adult neurogenesis occurs in the dentate gyrus. However, in the 
SVZ region, the neuroblasts organize themselves in the chain, forming the rostral 
migratory stream (RMS) thus connecting the SVZ to the olfactory bulb. In olfactory 
bulb, the neuroblasts progressively mature into interneurons (GABA-ergic granule 
neuron) and integrate into the existing neural network (Whitman and Greer 2009; 
Lim and Alvarez-Buylla 2016). Neurons derived from adult neural stem cells con-
tribute to learning and memory and facilitate brain repair after injury (Sohur et al. 
2006; Yu et al. 2014; Horgusluoglu et al. 2016; Jin 2016; Lim and Alvarez-Buylla 
2016). Unlike, ES cells, adult neural stem cells (aNSCs) are only capable of expan-
sion and differentiation into neurons and glia up to a limited extent and their long- 
term effects remain elusive. Undoubtedly, the concept of neural stem cells and adult 
neurogenesis has tremendously transformed our understanding of the function and 
plasticity of the brain. Henceforth, there is an increasing excitement about exploit-
ing the intrinsic neurogenic property of postnatal neural stem cells to rescue proper 
neuronal function after injury or brain diseases.

In vitro, the adult NSCs were first isolated in 1990s from mouse striatum, expanded 
as large spheres and termed as neurospheres (Reynolds and Weiss 1992). An entire 
neurosphere can be generated from single neural stem cell and when dissociated can 
produce new neurospheres (Azari et al. 2010). When given appropriate conditions, 
aNSCs can further differentiate into neurons, astrocytes and oligodendrocytes. The 
cultured aNSCs have been used in drug screening and cell replacement therapies 
(Nam et al. 2015). However, the adult neural stem cells cannot expand indefinitely 
and undergo senescence after a certain passage in culture conditions. This restrains 
their uses in clinical practices as compared to embryonic or fetal neural stem cells; 
however, these cells prove to be an excellent source of cells for CNS repair.

16.2.1.2  Human Fetal Neural Stem Cells

Neural precursor cells can also be isolated from aborted fetal brain tissue of 8–20 
week gestation. The isolated fetal neural stem cells can be expanded in cultures in 
the presence of mitogens epidermal growth factor (EGF) and/or fibroblast growth 
factor 2 (FGF2). The cultured fetal NSCs are indistinguishable in all characteristic 
features from those derived from embryonic tissue (Li et al. 2005). Similar to the 
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NSCs derived from embryonic tissue, the human fetal NSCs in culture either form 
neurospheres or expand as primary monolayer neural precursor cells. These cells 
have huge proliferative potential and hence, are easy to expand. Upon removal of 
mitogens or by replacing EGF and FGF with specific lineage inducing mitogens, the 
precursor cells can be differentiated to a large number of neurons, astrocytes and 
oligodendrocytes (Messam et al. 2003; Li et al. 2008; Monaco et al. 2012). Moreover, 
when used in replacement therapies, they engraft very well and unlike ES cells they 
do not form teratomas following engraftment (Ishii and Eto 2014). In this chapter, 
we will briefly summarize the isolation and characterization of human fetal brain- 
derived NSCs in vitro. The application of fetal NSCs as an in vitro model to study 
neurodevelopment, brain diseases and their application in stem cell transplantation 
to cure neurological disorders will be subsequently discussed.

16.2.2  Induced Pluripotent Stem Cells (iPSCs)

iPSCs are adult pluripotent stem cells that have been genetically reprogrammed 
from different cell types such as skin fibroblast or blood cells to an intermediate ES 
cell-like state that has the capability to form every other cell types of the tissue/ 
organism (Wang et al. 2013; Wang et al. 2015). iPSC were first generated in 2006 
from mouse fibroblasts. Similar to ES cells, these cells show self-renewal, express 
all the stem cell markers, form teratomas and give rise to all three germ layers (Hu 
et al. 2010; Yamanaka 2012). In subsequent years, human iPSCs were successfully 
generated from various cell types such as blood cells, skin fibroblasts and renal epi-
thelial cells (Lowry et al. 2008; Loh et al. 2009; Yamanaka 2012; Zhou et al. 2012). 
iPSCs generated from cells of individuals suffering from genetic and other disorders 
provide powerful means to extensively study the patient-specific genetic alterations 
(Avior et al. 2016; Csobonyeiova et al. 2016). The next section of this chapter will 
emphasize on the method of deriving NSCs from human fetal brain tissue.

16.3  In vitro Culture Model System of Human Fetal Neural 
Stem Cells

Many laboratories have provided methods for isolation and characterization of 
human fetal neural stem cells (Vescovi et al. 1993; Messam et al. 2003). Here, we 
are discussing an in vitro model successfully developed in our laboratory at National 
Brain Research Centre, India. These cells exhibit the proliferation and multipotent 
characteristics of neural stem cells. These largely expandable NS cells retain neuro-
nal and glial differentiation potential after prolonged passaging and can be used as 
an in-vitro model to study HIV neuropathogenesis, neuro-glia interactions, neuro-
developmental diseases as well as for transplantation studies.
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According to the standardized protocol, the human fetus of 8–20 weeks gesta-
tion is obtained from the elective medical termination of first trimester pregnancies 
with the written consent of the mother. The brain samples are handled as per the 
protocols approved by the institutional ethical committee in compliance with the 
recommendations of the Indian Council of Medical Research (ICMR) and DBT- 
Stem cell ethics committee. Tissue encompassing the sub ventricular zone sur-
rounding the lateral wall of the forebrain ventricle is dissected and collected using 
19-gauge needle. The tissue is mechanically dissociated using a pipette by gentle 
pipetting. Cells are washed once in the neurobasal media and then plated into a 
75 cm2 flask (Nunc) in neurobasal media plus N2 supplement (Invitrogen), neural 
survival factor (NSF), and bFGF and EGF (25 ng/ml, 20 ng/ml respectively, Sigma- 
Aldrich or Peprotech). Cultures are maintained for 1–2 weeks, with a half volume 
of media changed every week. Small neurospheres formed within this period are 
collected by centrifugation at 700 rpm for 30 seconds. The pellet is resuspended in 
trypsin (0.025%) and cells are dissociated by repeated pipetting. At higher densities 
and at earlier passages NS cells can tend to aggregate and spontaneously form neu-
rospheres. This may be reduced substantially through plating the cells onto a tissue 
culture flask pre-coated with poly-D-lysine (PDL; 30 min treatment of 50 μg/ml 
PDL at RT) or PDL/laminin (30 min treatment with poly-D-lysine solution 50 μg/
ml; wash twice in PBS and then add a 10 μg/ml laminin solution for at least 3 hr at 
370C). Upon replating the newly formed spheres onto a fresh poly-D-lysine (PDL) 
coated 75 cm2 flasks, attachment and outgrowth occur within 2–5 days. These cells 
show typical morphology of neural stem cells. They are subsequently expanded as 
adherent cultures. Cells undergo rapid expansion and at 70% confluency can be pas-
saged every 3–4 days for more than 25 passages (Mishra et al. 2010). These cells 
can be cryopreserved at various passages and can be revived later as a renewable 
source of neural stem cells for experiments.

16.3.1  In vitro Neuronal and Astrocytic Differentiation 
from Human Fetal NSCs and Characterization 
of Derived Neurons and Astrocytes

NSCs can be differentiated to neuron either by removal of growth factors EGF and 
bFGF or by replacing these growth factors with BDNF and PDGF (10 ng/ml each; 
Sigma-Aldrich, MO, USA) (Vescovi et al. 1993). NSCs can also be induced to form 
astrocytes by changing the stem/progenitor media to minimum essential medium 
(MEM) supplemented with 10% heat inactivated fetal bovine serum (FBS; 
Invitrogen, CA, USA). Half of the medium was replaced with fresh culture media 
on alternate days. The differentiation protocol to achieve fully mature neurons or 
astrocytes takes around 21 days after which the differentiated cells are characterized 
using lineage-specific markers (Fig. 16.2) (Tewari et al. 2015). Fetal NSCs retain 
neuronal and glial differentiation potential even after prolonged passaging and are 
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Precursor Cells

Neurons Astrocytes Neuron-Astrocyte
co-culture

EGF (20ng/ml)
bFGF (25ng/ml)

Human Fetal NPCs
10%FBS

BDNF (10ng/ml)
PDGF (10ng/ml)

Astrocytes Neurons

Neuron-Astrocyte Co-culture

SOX-2 Nestin

DAPI GFAP DAPI

DAPI

b III tubulin

b III tubulin GFAP

A:N=2:1

Fig. 16.2 Schematic representation of human fetal brain-derived cell culture model. Primary 
human fetal brain-derived multipotent neural progenitor cells (NPCs) proliferate in vitro. The 
NPCs can differentiate into neurons, astrocytes as shown in bright field images in upper panel and 
by cell lineage specific markers in lower panel
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appropriate for experimental studies and transplantation experiments. Moreover, 
studying astrocytes and neurons at various stages of differentiation can provide the 
developmental insights of the underlying disease.

We have used human fetal brain derived neural stem cells in rat cortical injury 
model, mouse retinal degeneration model and rat spinal cord injury model. We 
found that these cells not only reach to the site of injury but also survive and dif-
ferentiate into glial and neuronal cells, after transplantation (Unpublished observa-
tions). Similar model systems can be expanded to study the modulation of such 
injuries in presence of Ashwagandha (Table 16.1).

Table 16.1 Transplantation studies of NPCs in animal models of CNS disorders

Disorder Model

Tested 
animal 
species

NSC properties after 
transplantation

References & 
Journal

Intracerebral 
hemorrhage (ICH) 
stroke

Immortalized 
cell lines of 
human NSCs 
from primary 
human fetal 
telencephalon 
cultures

Mouse NSCs differentiate 
into neurons, 
astrocytes, and 
oligodendrocytes, 
and maintained 
stable high levels of 
GDNF expression

(Lee et al. 2007) 
Stem cells

Spinal cord injury 
(SCI)

Human neural 
stem cells

Mouse NSCs differentiate 
into neurons, 
oligodendrocytes 
and promote 
locomotor recovery

(Cummings 
et al. 2005) 
PNAS

Human 
neurospheres 
derived from 
CNS stem cells

Rat Proliferate 
continuously and 
differentiate into 
cells of neuronal 
and glial lineage

(Kelly et al. 
2004) PNAS

C17.2 NSCs 
mouse

Rat NSCs secrete 
neurotrophic factors 
and promote axonal 
growth

(Lu et al. 2003) 
Exp Neurol

Hemi-section model 
of Spinal cord injury 
(SCI)

Murine NSCs 
(clone C17.2)

Rat NSCs secrete 
neurotrophic nerve 
growth factor, 
brain-derived 
neuro-trophic factor, 
and glial cell 
line-derived 
neurotrophic factor

(Teng et al. 
2002)  PNAS

Contusion lesion in 
spinal cord

Rat fetal NSC Rat NPCs differentiate 
into neurons, 
astrocytes and 
oligodendrocytes

(Fujiwara et al. 
2004) Neurosci 
Lett

(continued)
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Table 16.1 (continued)

Disorder Model

Tested 
animal 
species

NSC properties after 
transplantation

References & 
Journal

Multiple sclerosis 
(Experimental 
autoimmune 
encephalomyelitis, 
EAE)

Adult neural 
stem cell 
cultures

Mouse Donor NSCs do not 
appear to be 
immunopositive for 
NF, also not largely 
immunopositive for 
GFAP. Remain 
largely nestin 
positive

(Pluchino et al. 
2003) Nature

Elapsing-remitting 
experimental 
autoimmune 
encephalomyelitis 
(R-EAE)

Sub ventricular- 
zone- derived 
syngenic adult 
NPCs (aNPCs) 
from 6–8-week- 
old SJL and 
C57BL/6 mice

Mouse Oligodendrocyte 
progenitors 
markedly increased

(Pluchino et al. 
2005) Nature

Acute experimental 
allergic 
encephalomyelitis 
(EAE) rats

Rat neural 
precursor cells 
(NPCs)

(Einstein et al. 
2003) Mol and 
Cell Neurosci

X-irradiation and 
ethidium bromide 
injection (EB-X) 
model kill glial cells 
and  induce 
demyelination

NPCs derived 
from the adult 
human brain

Rat Neurospheres to 
glial cells such as 
astrocytes and 
oligodendrocytes

(Akiyama et al. 
2001) Exp 
Neurol

Traumatic brain injury Mouse neural 
stem cell (NSC) 
clone C17.2

C57BL/6 
mice

NSC into neuron 
and astrocytes but 
not oligodendrocytes

(Riess et al. 
2002) 
Neurosurgery

Traumatic brain injury 
induced using 
controlled cortical 
impact (CCI)

MHP (mouse 
embryonic 
hippocampus 
derived

C57BL/6 
mice

NSC to NG2 (an 
oligodendrocyte 
progenitor cell 
marker), but no 
neuron, astrocyte or 
microglia

(Shear et al. 
2004) Brain Res

Experimental 
intracerebral 
hemorrhage (ICH)

HB1.F3  
embryonic 
human brains of 
15 weeks 
gestation

Rat NSCs to neurons 
and glia

(Jeong et al. 
2003) Stroke

Ischemia (middle 
cerebral artery 
occlusion, MCAO)

Human NSCs 
hb1.f3

Rat NSCs to neurons 
and astrocytes

(Chu et al. 
2004) Brain Res

(continued)
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Table 16.1 (continued)

Disorder Model

Tested 
animal 
species

NSC properties after 
transplantation

References & 
Journal

1-methyl-4-phenyl-
1,2,3,6-tetra- 
hydropyridine 
(MPTP) induced 
Parkinson’s disease 
(PD)

Murine NSCs Mouse NSC to 
dopaminergic 
neurons

(Ourednik et al. 
2002) Nat 
Biotechnol

Human fetal 
NSCs

Monkey Prevent the 
MPTP-induced 
up-regulation of 
TH+ cells, long term 
survival of NSCs

(Bjugstad et al. 
2005) Cell 
Transplant

Human fetal 
NSCs

Mouse Long-term (up to 90 
days) survival of 
human stem cell 
xenograft

(Liker et al. 
2003) Brain Res

6-hydroxy-dopamine 
model of Parkinson’s 
disease (PD)

c17.2 mouse 
NSCs

Mouse Neurosphere 
differentiate to 
neurons and 
oligodendrocytes

(Akerud et al. 
2001) J 
Neurosci

Neonatal mouse 
SVZ NPCs

Chick 
embryo

Long-term survival 
of transplanted fetal 
neurons, secrete 
mitogen (Shh)

(Rafuse et al. 
2005) 
Neuroscience

Human fetal 
NPCs

Rat NSCs differentiate 
into both neurons 
and astrocytes

(Svendsen et al. 
1997) Exp 
Neurol

Embryonic rat 
striatum cells

Rat NSCs differentiate 
into astrocytes and 
TH+ neurons

(Tang et al. 
2002) Neurosci 
Lett

Embryonic NPC 
mesencephalic 
(MS) and 
cortical (CTx) 
stem 
(progenitor) 
cells

Rat Less proliferation 
and more 
differentiation of 
MS stem 
(progenitor) cells to 
differentiate into 
mature TH+ 
neurons.

(Nishino et al. 
2000) Exp 
Neurol

Adult rat SEZ 
NPC

Rat Maintaining a 
progenitor 
phenotype

(Richardson 
et al. 2005) 
Brain Res

Quinolinic acid (QA) 
induced Huntington’s 
disease (HD) model

Human fetal  
CORTEX NSC

Rat Differentiate into 
neurons and 
astrocytes.

(McBride et al. 
2004) J Comp 
Neurol

Human FETAL  
neural stem 
cells

Rat Secretion of BDNF (Ryu et al. 
2004) Neurobiol 
Dis
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16.4  Ashwagandha: A Traditional Ayurvedic Herb

Ashwagandha (Withania somnifera), an Indian ginseng has been used as a safe 
herbal drug to treat a wide variety of disorders ranging from stress, cancer, diabetes, 
inflammation to neurological and neurodevelopmental disease (Kuboyama et  al. 
2014). It also improves intellectual abilities and enhances the memory and life span 
of individuals. Different chapters of this book will provide detailed insights into the 
role of this wonder herb as a drug to cure a wide variety of human diseases. In this 
chapter, we will touch upon the role of Ashwagandha in different neurological dis-
orders that will be described in more details in subsequent chapters of the book. We 
will also discuss the experimental strategies for using human neural stem cells as an 
in vitro model to study the effect of this wonder drug and to gain insights into the 
underlying cellular and molecular mechanisms of action of Ashwagandha under 
physiological and pathological conditions. The various experimental observations 
signifying the protective effect of W. somnifera is summarized in Table 16.2 of this 
chapter.

16.4.1  Use of Stem Cell to Study the Potential Neuroprotective 
Effect of Ashwagandha Against Neurodegenerative 
Diseases

Table 16.2 demonstrates that most of the published studies on protective effects of 
Ashwagandha are limited to either using the animal models of disease or the in-vitro 
rodent primary cultures or cell lines. Till date, the effects of this herbal drug have 
not been studied in detail in human cell culture system. Undoubtedly, when tested 
on human brain cells, it will be invaluable validation of in vivo observations in ani-
mal systems and will provide promising acceptance of its protective effects. Because 
of the availability constraints and experimental challenges in the expansion and 
maintenance of human brain cells, NSCs offer to be a good alternative system. Their 
ability of self-renewal and multipotency can be used to study useful effects of 
Ashwagandha on neurodevelopment, neurogenesis, gliogenesis, memory enhance-
ment, disease pathology and for toxicological assessment.

16.4.1.1  Alzheimer’s Disease

Alzheimer’s disease (AD) is a chronic neurodegenerative disorder accounting for 60 
to 80% dementia cases worldwide, mainly in elderly. Neuropathological changes in 
AD includes abundant amyloid-β deposition, plaque formation and formation of 
neurofibrillary tangles consisting of hyper-phosphorylated tau protein (Ballatore 
et al. 2007; Loeffler et al. 2008; Ji et al. 2016). The neurodegenerative changes com-
monly observed in AD patients are early damage to synapse, which positively 
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correlate with cognitive impairments (Terry et al. 1991; Reddy and Beal 2008). The 
clinical profile of AD includes memory impairment, apraxia, deficits in visuo-spatial 
abilities and executive functions affecting day-to-day life in elderly (Molinuevo and 
Casado-Naranjo 2014; Tang et al. 2016). The effect of root extract of Ashwagandha 
has been investigated in Alzheimer’s disease using different human neuroblastoma 
cell lines such as SH-SY-5Y and S-K-N-MC. It was observed that Ashwagandha 
promotes neurite outgrowth, increases the synaptic density and improves memory 
(Tohda et al. 2000; Zhao et al. 2002; Kurapati et al. 2013). The root extracts have 
also been demonstrated to be neuroprotective after oral administration in mouse 
models of Alzheimer’s disease (Sehgal et al. 2012). In AD mouse model, predomi-
nantly, the astrocyte activation and atrophy affects the neuronal health and functions 
(Kuboyama et al. 2006). The studies on human neuroblastoma cell lines provide the 
protective effect of Ashwagandha in neuronal population. To study the effect of the 
Ashwagandha on astrocytes, glioblastoma cell line such as U373 can be used. 
Alternatively, studies can be performed using primary astrocyte culture from rodents 
as they can be isolated from every region of CNS, but cultures should be performed 
on 2–3 days postnatal as the astrogliogenesis predominantly occurs at this stage. 
However, with these cultures, there is a possibility of contamination of astrocytes 
with other cells like microglia, oligodendrocytes, neurons and endothelial cells. 
Hence, these should be cautiously cultured and tested for astrocyte specific markers 
such as GFAP, GLAST, S100β, glutamine synthase or ALDH1L1. Considering these 
limitations, NSCs and its differentiated cell types may provide a better in vitro model 
system to assess the effects of Ashwagandha on amyloid beta- induced disturbances 
in astrocyte physiology. NSCs derived neuron-glia co-culture system can be used as 
an alternative to study the protective properties of Ashwagandha, in the disturbed 
astrocyte-neuron interactions associated with the disease.

16.4.1.2  Parkinson’s Disease

Parkinson's disease (PD) is a slowly progressive nervous system disease caused by 
loss of dopaminergic neurons in substantia nigra (Beitz 2014). In addition to the 
dopaminergic cell loss, formation of Lewy bodies, mainly consisting aggregated 
alpha-synuclein (α-Syn) has been suggested to be important in the pathogenesis of 
the disease (Atik et al. 2016; Benskey et al. 2016; Saito et al. 2016). Clinically, the 
disease is characterized by motor dysfunction such as muscle rigidity, resting trem-
ors, bradykinesia and postural instability (Marras et al. 2002). Various cell culture 
systems have been utilized to study the disease process such as the human cell lines 
HEK293, SHSY-5Y, NT2 (derived from embryonic carcinomas), LUHMES (derived 
from human mesencephalic cells) and the embryonic primary midbrain dopaminer-
gic neurons (Ghosh et al. 1999; Chung et al. 2001; Lotharius et al. 2005; Xie et al. 
2010; Falkenburger et al. 2016). Use of human induced pluripotent stem cells have 
given another dimension to PD research, however, their use is still limited due to 
intense labor and high cost (Cooper et al. 2012; Sanchez-Danes et al. 2012; Badger 
et  al. 2014). Reactive astrogliosis is another feature found to exist in human 
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post- mortem tissues of PD patients. Oral administration of Ashwagandha leaf and 
root extract in mouse and rat model systems of PD have been shown to have antioxi-
dant and neuroprotective properties which ultimately leads to improved motor func-
tions (Ahmad et al. 2005; RajaSankar et al. 2009b; Rajasankar et al. 2009a). This 
indicates that Ashwagandha derivatives can be effective on the human brain as well. 
To prove this, NSC can be differentiated to dopaminergic neurons or glial cells from 
embryonic, fetal, adult NSCs or induced pluripotent stem cells (Kim et al. 2002; 
Park et al. 2005; Li et al. 2008) and can be used as an in-vitro model system where 
the effects of Ashwagandha extracts can be studied. To decipher the protective 
mechanism of Ashwagandha at various cellular and molecular levels, one can study 
the effect of acute and chronic exposure of cells to toxins like MPTP, 6-OHDA, 
paraquat and rotenone or after introducing the α-synuclein mutation.

16.4.1.3  Huntington’s Disease

Huntington’s disease (HD) is an autosomal dominant neurodegenerative disorder 
caused by mutation in the Huntingtin gene (Htt). The disease is characterized by the 
loss of neurons primarily in striatal and cortical regions resulting in abnormal motor 
and cognitive abilities (Roos 2010; Ross and Tabrizi 2011). The underlying cause of 
disease is an expansion in CAG repeat in the Huntingtin gene, resulting in a long 
polyglutamine chain in the encoded protein Huntingtin (Htt). Htt protein has been 
used as a major tool to study the HD pathogenesis in-vitro. Various in vitro cell 
culture systems such as SH-SY-5Y, PC-12, N2a, COS-7 and HN33 (rat hippocam-
pal neuronal cell line) have been exploited to study the pathological features of Htt 
protein (Wang et al. 1999; Wyttenbach et al. 2000; Sun et al. 2001; Banez-Coronel 
et al. 2012). The protective effects of Ashwagandha have been studied in the rodent 
model of HD using 3-Nitropropionic acid (3-NP), a potent neurotoxin which mim-
ics HD in humans. The study suggests that the root extracts of Ashwagandha reverse 
the 3-NP induced enzymatic, biochemical and behavioral changes, however, the 
molecular mechanisms still remain elusive and need further investigations. The 
unidentified molecular pathways of 3-NP toxicity can be assessed using human neu-
rons or astrocytes derived from human fetal NSCs (Kumar and Kumar 2009). In 
addition, as there are now compelling evidence that suggest HD is a neurodevelop-
mental disease and hence, using NSC may also provide meaningful insights into 
developmental aspects of the disease mechanism.

16.4.1.4  Spinal Cord Injury

Spinal Cord Injury (SCI) occurs due to damage to the spinal cord leading to the 
compromised flow of sensory, motor and reflex information between the body and 
the brain. The neuropathological changes associated with SCI may include axonal 
degeneration, loss of neurons and glial cells and invasion of peripheral immune 
cells (Branco et  al. 2007; Varma et  al. 2013; Silva et  al. 2014). Various in-vitro 
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model systems have been effectively established to study the spinal cord injury 
mechanisms, as reviewed by Morrison et al (Morrison et al. 1998). Oral administra-
tion of Withanoside IV (derivatives of ashwagandha extract) or denosomin (a syn-
thetic compound that is analogous to sominone, a metabolic product of withanoside 
IV), one hr after contusion injury at the L1 spinal cord, induced axonal growth in the 
spinal cord and helped in the recovery of hind limb motor functions (Tohda et al. 
2000; Nakayama and Tohda 2007; Teshigawara et al. 2013). One of the possible 
mechanisms suggested by this study is the increase in the number of vimentin- 
secreting astrocytes at the site of injury that helps in axonal regeneration and 
improved motor function.

16.4.1.5  HIV Dementia

HIV-associated dementia (HAD) is neurocognitive and motor deficits associated 
with HIV infection of the central nervous system. It includes a wide range of neuro-
logical complications including cognitive, behavioral and motor abnormalities 
(Kaul 2009; Pant et al. 2012a, b; Nath 2015). Being a human specific virus, animal 
models of HIV infection have not been quite successful in providing the mechanis-
tic insights into its neuropathology. Limited access to HIV-infected brain tissue at 
different stages of the disease confines the understanding of the exact mechanism 
underlying the progression of HAD. Therefore, the use of the human in vitro system 
is essential for a better understanding of the disease.

To study HIV pathogenesis in brain, several in vitro culture models have been 
developed by different laboratories such as human and rodent primary culture of 
fetal cortical cells, BBB model and human fetal progenitor cells derived neurons or 
astrocytes, as reviewed by Seth and Major (2005). These model systems have been 
extensively used to study the effect of HIV, various viral proteins, neurotoxins, cyto-
kines and chemokines. Further modifications in the existing in vitro models will 
facilitate improved understanding of the HIV neuropathogenesis.

Using human fetal brain-derived neural precursor cells, our laboratory has dem-
onstrated the effect of HIV-1 protein transactivator of transcription (Tat) on the pro-
liferative and neurogenic properties of these cells (Mishra et al. 2010; Fatima et al. 
2016). Tat exposure severely reduces both the properties which reduced further in 
co-morbid situations with drugs of abuse (Malik et al. 2014). The neurotoxic effects 
of Tat have also been assessed on mature neurons differentiated from these cells. 
Moreover, studies conducted using pure astrocyte and/or neuronal cultures differen-
tiated from these cells provide relevant cellular and molecular insights into astro-
cyte dysfunction and indirect neurotoxicity (Tewari et al. 2015).

We plan to explore the neuroprotective effects of Ashwagandha on modulation of 
HIV-1 Tat induced neuronal damage. In fact the in vitro human fetal brain derived 
NSC model can be utilized to assess the neurogenic role of Ashwagandha. Using 
cellular and molecular approaches, we are actively pursuing experiments with 
hNSCs to study if HIV-1 Tat induced damage to brain cells can be minimized with 
the use of Ashwagandha.
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16.4.2  Human Fetal Neural Stem Cell Model to Study 
Neurodevelopment and Synaptic Plasticity

In our experiments using human fetal neural stem cells, it has been observed that the 
proliferative and neurogenic abilities of these cells are enhanced upon treatment 
with Ashwagandha. We have gathered novel insights into mechanisms of 
Ashwagandha mediated augmentation of the self-renewal and differentiation capac-
ities of hNSCs (manuscript under preparation). These findings further substantiate 
the scientific basis of use of Ashwagandha in neonatal, fetal and adult brain as tra-
ditional medicine.

Alcoholic extract of ashwagandha leaves has been shown to rescue the 
scopolamine- induced impairments in neuronal and glial plasticity in rodents (Konar 
et  al. 2011). Synaptic plasticity is the fundamental phenomenon associated with 
learning and memory (Martin et al. 2000; Takeuchi et al. 2014). In addition to its 
role in synaptic plasticity, Ashwagandha has also been shown to improve memory 
deficits in AD mouse models. Hence, it would be interesting to investigate whether 
Ashwagandha has any possible roles in memory formation and retrieval.

16.5  Conclusion

Animal models are extensively used to understand the pathogenesis of neurodegen-
erative disorders at the system level. They also prove to be essential for the assess-
ment of behavioral parameters and transplantation studies, but these models have 
their own limitations and drawbacks. Often, the disease mechanisms and the thera-
peutic strategies explored in animal models fail to translate into humans during the 
clinical trials, probably due to species differences. The limitations of the animal 
models mandated the development of human NSCs culture system, which can be a 
continuous source of different cell types of the brain and may be utilized to meet the 
demands of the neuroscience research and regenerative medicine. Human NSCs can 
be utilized to induce mutations of interest or can be exposed to various toxins and 
thereby can serve as a suitable model for neurodegenerative diseases. These cells 
also offer immense potential for their use as a tool for investigating the cellular and 
molecular mechanisms underlying the disease progression. Recent inventions of 
developing organoids from stem cells in 3-dimentional culture system using hydro-
gels have further opened new avenues for the use of stem cells in diagnosis and even 
prognosis of diseases as well as in drug testing and drug discovery. Human NSCs and 
organoids can be used for drug screening before progressing in to the clinical trials. 
Undoubtedly, NSCs cannot replace transgenic animal models, but it can certainly 
add immense value to the existing knowledge of the neurodegenerative disorders.

Because of the wide variety of experimental application, the cultures of primary 
human NSCs and their differentiated cell types could be a useful model to study the 
science of Ashwagandha. To date, most of the neuroscience studies performed using 
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Ashwagandha have been conducted in animal models and/or some in-vitro rodent or 
human cell lines, but not on primary human brain cells, as discussed in the chapter. 
Hence, human NSCs can be a valuable resource to meet the demands of the field 
especially for the validation of the studies before clinical trials. In addition, the 
identification of the role of Ashwagandha in inducing the differentiation cascade of 
neural progenitor towards specific cell lineage (neuron, astrocytes or oligodendro-
cytes) will have significant advantage in the area of neurodevelopment. This model 
system has robust potential to serve as an important tool for studying the role of 
Ashwagandha in neurodegenerative disorders at cellular and molecular level.
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Chapter 17
The Potential Utility of Ashwagandha 
for Improving Cognitive Dysfunction 
in Persons with Bipolar or Other 
Neurocognitive Disorders

K.N. Roy Chengappa, Jessica M. Gannon, Luna Acharya, and Abhishek Rai

Abstract Bipolar Disorder is a mood disorder that can be quite severe for sub-
groups of patients, and often such patients manifest deficits in attention, concentra-
tion, memory, and executive functions that persist even when they are relatively 
well. Cognitive concerns can impair daily life functioning and impact employment, 
education, and interpersonal relationships. Main line treatments for bipolar disorder 
typically do not address cognitive impairments, and some treatments may actually 
worsen cognitive deficits. Treatment development for cognitive impairments in 
bipolar disorder is truly in its infancy; extracts of Ashwagandha (Withania som-
nifera) may hold promise as a potential treatment option. The bioactive constituents 
of Ashwagandha, including withanolides, indosides, Withaferin A, and others, pos-
sess anti-inflammatory-immunomodulatory, anti-oxidant, cortisol lowering, anti- 
stress, pro-cholinergic, anti-glutamatergic and neuroprotective properties, the very 
processes that are thought to underlie cognitive impairments not only in in bipolar 
disorder but also in other psychiatric disorders like schizophrenia and major depres-
sion. This chapter reviews this in detail and highlights the preliminary randomized 
controlled study assessing an extract of Ashwagandha for improving cognition in 
bipolar disorder. The chapter also explores the potential role of Ashwagandha 
extracts in the treatment of other neurocognitive disorders, and it concludes by sum-
marizing additional future research needed to realize the potential of this ancient 
medicinal plant for the treatment of human ailments.
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17.1  Bipolar Disorder

Bipolar disorder is an episodic, often life-long mood disorder with episodes of 
mania classically and episodes of depression interspersed with illness free intervals 
(Gershon and Chengappa 2009). However, many people with this illness suffer from 
extended periods of low to moderate level depressive symptoms that do not fully 
clear up and consequently they are unable to function adequately in daily life. Rates 
of suicide in Bipolar Disorder are among the highest of those reported in any psy-
chiatric illness (Goodwin and Jamison 2007). Maladaptive behaviors that accom-
pany the illness course (examples: promiscuity, alcohol and illicit substance abuse, 
poor mental judgment, reckless spending and impulsivity) may lead to disastrous 
consequences for the person, his or her family, friends, employers and society. 
Although bipolar disorder has a relatively low prevalence in the general population 
i.e. – 1 to 2%, it ranks second among the top 19 medical conditions (physical and 
mental) in terms of days per year out of role (17.3 days of lost productivity annu-
ally) in a 24-country WHO study (Alonso et al. 2011).

The most recent edition of the American Psychiatric Association’s book on the 
classification of psychiatric disorders – DSM V (APA 2013) recognizes both Bipolar 
I and Bipolar II as subcategories of Bipolar Disorder. Depressive episodes are com-
mon to all categories of the illness, but Bipolar I disorder is characterized by full- 
fledged manic episodes, which may or may not have psychotic features. Bipolar II 
disorder is characterized by one or more hypomanic episodes. Cyclothymia is a 
milder form of Bipolar Disorder where the severity and duration criteria for depres-
sive or manic episodes are not met but such symptoms are noted on and off for at 
least 2 years. Other forms of Bipolar Disorder included in DSM 5 do not meet full 
criteria for one reason or another or are presumed to be induced by illicit substances, 
prescription drugs or by other medical conditions.

Medications for bipolar disorder include lithium and anti-convulsants such as 
valproate, lamotrigine, carbamazepine, and antipsychotic drugs like olanzapine, 
quetiapine, risperidone, ziprasidone, aripiprazole, asenapine, paliperidone and lur-
asidone (Grande et al. 2015). Some of these drugs are approved for both acute epi-
sodes of mania and/or depression and for prophylactic use to prevent future episodes. 
Others are approved only for acute episodes. Among the older antipsychotic drugs, 
chlorpromazine was approved as an anti-manic agent; however, haloperidol (in both 
oral and injectable formulations) was and is still used as an anti-manic agent. Even 
though anti-depressants are widely used in bipolar disorder they are not formally 
approved for bipolar depression. For severe depression and/or mania, electrocon-
vulsive treatment is also utilized.
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17.1.1  Cognitive Dysfunction in Bipolar Disorder

Up until fairly recently, the general clinical wisdom was that the severe cognitive 
dysfunction that often characterizes persons with schizophrenia both in the acute 
phase of illness and when they are relatively well did not impact people with bipolar 
disorder, and even if it did, it was time-limited to severe manic, mixed and depres-
sive episodes and essentially cleared when the episode remitted. However, that view 
has been seriously challenged and several recent meta-analyses indicate that cogni-
tive impairments in subgroups of patients with bipolar disorder persists well beyond 
major mood episodes and can impact general day to day functionally quite signifi-
cantly (Martinez-Arran et al. 2004a, b; Robinson et al. 2006; Torres et al. 2007; 
Wingo et al. 2010; Mann-Wrobel et al. 2011). It appears that bipolar patients who 
experience more episodes, especially psychotic manic episodes are more likely to 
have persistent cognitive impairments. There is also a question of how much the 
cognitive impairments are driven by the illness itself versus by the medications used 
to treat the illness.

Adverse cognitive effects of commonly used medications in bipolar disorder are 
summarized by Goldberg and Chengappa (2009). In studies of cognition in bipolar 
patients taking antipsychotics (especially the older but also some of the newer anti-
psychotics), these medications were linked to cognitive impairments including 
mental set-shifting difficulties, slowing down of psychomotor speed, and verbal 
memory deficits (Goldberg 2008). Executive dysfunction (set-shifting), verbal 
memory deficits (Frangou et al. 2005; Altshuler et al. 2004), and psychomotor slow-
ing (Morrens et  al. 2007) have also been demonstrated. Anti-cholinergic agents 
(benztropine, diphenhydramine, trihexiphenydyl) used to treat extrapyramidal side 
effects of antipsychotics are also known to impact attention and memory. Lithium, 
the main stay of treatment in acute mania and maintenance treatment of bipolar 
disorder has mixed data with reference to cognitive effects in bipolar disorder. Some 
data suggests subjective memory complaints by lithium treated patients, including 
verbal memory and motor speed, whereas objective tests do not fully support these 
patient-reported complaints (Goldberg 2008). Overall in long-term treatment, neu-
rocognitive impairment with lithium is uncommon, other than in cases of lithium 
toxicity (Goldberg 2008). The anti-convulsants are a broad class of agents often 
used as an alternative to, or in addition to, lithium and/or antipsychotic drugs in the 
acute or maintenance treatment of bipolar patients, and their cognitive effects vary. 
In the main, lamotrigine appears to have a neutral or favorable impact on cognition, 
divalproex has minimal to mild effects on attention and memory. Carbamazepine 
and oxcarbazepine are less well studied, though carbamazepine is associated with 
mild cognitive issues (Goldberg 2008). Topiramate is not approved for bipolar ill-
ness but is used more for its weight loss properties and potential benefits in manag-
ing alcoholism or preventing migraines, frequent co-morbidities in persons with 
bipolar disorder. Topiramate is associated with dosage escalation and daily dosage 
related cognitive concerns including word-finding difficulties, issues with verbal 
and non-verbal fluency, attention and concentration issues, span of memory and 
working memory among other side-effects (summarized in Goldberg 2008). Among 
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anti-depressants, SSRIs (selective serotonergic reuptake inhibitors) and SNRI (sero-
tonin and nor-epinephrine reuptake inhibitors) are rarely associated with cognitive 
issues, and some studies have in fact shown favorable effects for improving working 
memory. Tricyclic anti-depressants by virtue of their anti-cholinergic effects can 
exert a negative impact on learning memory. Unsurprisingly, benzodiazepines affect 
arousal, attention, memory and psychomotor speed.

17.1.2  Cognitive Domains That Are Impaired in People 
with Bipolar Disorder

Bipolar Disorder related cognitive deficits include attention, memory and executive 
function. For some patients the deficits are most pronounced during episodes of 
depression and mania but may persist when they recover (summarized by Goldberg 
and Burdick 2008). There is evidence that non-ill monozygotic twins or unaffected 
first-degree relatives of patients with bipolar illness show some of this cognitive 
dysfunction as well, suggesting heritability. Attention is a basic cognitive construct 
that involves the conscious processing of information achieved by being alert and 
focused, as well as concentrating on relevant information while filtering out irrele-
vant stimuli. Of concern is that over 26 percent of euthymic bipolar patients were at 
the 5th percentile or below on the Stroop Test (a measure of selective attention), as 
well as on a measure of vigilance (Thompson et al. 2005). Attentional concerns are 
compounded by mania; not surprisingly, widespread deficits on attentional and ver-
bal learning tests manifest during a manic episode (Clark et al. 2001). With regards 
to memory, as summarized by Elgamal et al. 2008, verbal memory (measures of 
which include immediate and delayed recall, cued recall, and verbal recognition) is 
impaired in symptomatic and euthymic phases of the illness. On the other hand, 
visual memory seems to be impacted mainly during the affective episodes, as is 
working memory (i.e., temporary storage, manipulation of data, and retrieval). 
Executive functioning is essential for planning, making decisions, detecting errors 
and correcting them, exercising proper judgement and overcoming risk taking 
behavior, overcoming a habitual response and responding to a novel situation when 
required and appropriate, and multi-tasking. Each of these tasks can be severely 
impacted in manic phases of bipolar illness, and deficits in executive function may 
persist in subsets of patients (but not necessarily all subjects) when they recover 
from acute episodes (summarized by Clark and Goodwin 2008). Impaired judge-
ment and risk taking behavior in particular may remit following manic episodes, but 
the capacity for sustained attention or the ability to shift attention (attentional set 
shifting) more often remain impaired in euthymic phases of the illness. Cognitive 
inflexibility and impaired problem solving may also characterize subsets of patients 
with bipolar depression.
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17.1.3  Functional Implications of Cognitive Impairments 
in Bipolar Disorder?

For the person with bipolar disorder, or her family, friends and co-workers, the key 
issues are not what scores or percentiles are obtained on various neuropsychological 
cognitive tests but how this cognitive dysfunction impacts the person in her daily 
life. Too often, these impairments seem to have a profound impact on our patients’ 
roles as a student, employee or employer, friend or family member. In persons with 
schizophrenia, another severe mental illness with broad cognitive impairments, 
basic life functions are seriously impacted by cognitive problems (Green 1996). 
Likewise, in bipolar disorder, a review concluded that in 6 out of 8 studies inferior 
life functioning was linked to cognitive dysfunction even after controlling for demo-
graphic, illness and mood variables (Wingo et al. 2009). In a small “n” study of 
acutely manic patients who had been employed prior to a manic episode, among 
those who experienced symptom remission, it was improvements in working mem-
ory/attention, episodic memory and executive function that robustly predicted return 
to work at 3 months (57% were working), and at 6 months – 71% were working. 
These percentages are higher than those reported in earlier studies, but an important 
feature of this study is that it was a prospective study and reported on the work sta-
tus of patients who were employed just prior to the manic episode (Bearden et al. 
2011). Torres et al. (2008) reviewed several studies that speak to the association of 
cognitive dysfunction and functional outcomes in persons with bipolar disorder. 
Using clinician rated global measures of functioning (Global Assessment of 
Functioning (GAF) or Global Assessment scales) wherein higher scores are associ-
ated with higher levels of psychosocial functioning, Atre-Vaidya et  al. (1998), 
Martinez-Aran et  al. (2002, 2004a, b), and Torrent et  al. (2006) noted backward 
digit span (auditory verbal memory), verbal fluency or verbal memory, and/or atten-
tional set shifting or trail making tests were closely associated with improved psy-
chosocial functioning. In addition to the Bearden study (2011) noted earlier, 
Dickerson et al. (2004), Martinez-Aran et al. (2004a, b) and Torrent et al. (2006) 
also studied employment status, or occupational functioning and occupational adap-
tation, and further demonstrated that executive cognitions, working and verbal 
memory, and attentional shifting predicted occupational recovery. These research 
findings support the clinical observations of patients and their supports – that cogni-
tive impairment plays a significant role in patient’s recoveries and return to full role 
functioning following mood episodes.
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17.1.4  Factors and Mechanisms That May Contribute 
to Cognitive Impairment in Bipolar Disorder

As noted in Fig.  17.1, inherited factors may contribute to cognitive problems in 
people with this illness. This is not that unexpected in that bipolar disorder is a 
highly heritable disorder and cognitive traits, both positive and negative, may be 
inherited (Glahn et al. 2008). For example, unaffected relatives of bipolar patients 
may share some of the executive and memory problems of their affected relative 
(Clark et al. 2005; Ferrier et al. 2004; McIntosh et al. 2005), though not all studies 
have demonstrated this finding.

As alluded to in previous sections, symptoms of mania, depression, psychoses or 
anxiety clearly impact cognition in people with bipolar disorder, as summarized by 
Malhi et  al. (2008). As reviewed, mania is characterized by disinhibition, poor 
decision- making and judgment, impaired attention, and deficits in memory and 
problem solving, whereas depression is accompanied by poor attention and concen-
tration, deficits in verbal memory and verbal fluency, and executive dysfunctions. 
Psychosis in manic episodes is associated with deficits in working memory and 
executive dysfunction. Subgroups of euthymic individuals may also be impacted by 
cognitive inflexibility and attentional difficulties. Moreover, even lingering sub- 
syndromal depressive symptoms may impact cognitive abilities and impact general 
life functioning in persons with bipolar disorder. Clinical characteristics that indi-
cate severity of illness, e.g. age of onset, duration of illness, numbers of mood epi-
sodes, episodes with psychotic features, ongoing sub-syndromal symptoms, 
frequent substance and alcohol abuse-dependence, etc. have been studied for their 

Fig. 17.1 Multiple state and trait factors, including genetics, treatment course, comorbidities, and 
neurobiological functioning, influence cognition in Bipolar Disorder
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impact on outcomes including cognitive outcomes. Results have been mixed or 
negative for some variables (e.g. duration of illness, age of illness onset, or length 
of time euthymic) – however, an association between poorer cognitive outcomes 
and number of manic and especially psychotic episodes, number of hospitalizations, 
depressive episodes, and substance dependence and alcohol abuse (summarized by 
Vieta et al. 2008) has been more consistently demonstrated.

Of the many neurobiological processes that may mediate cognitive impairment 
in bipolar disorder, inflammatory and immunological processes have been invoked 
as potentially causative (Rosenblat et  al. 2015). Inflammation, such as can be 
induced by stress or other causes can provoke a pro-inflammatory response, includ-
ing elevated cytokines or proteins such as IL-6, TNF-alpha and CRP, all of which 
have been reported as elevated in persons with bipolar disorder. Inflammatory cas-
cades also induce oxidative stress, which in turn can impair monoaminergic neuro-
transmission and impact cognition (See Fig. 17.1). There is also evidence for lower 
neurotrophin levels (brain derived neurotrophic factor, BDNF) in patients with 
bipolar disorder (Bauer et  al. 2014a, b), which is also associated with cognitive 
impairment. Glutamate, the excitatory neurotransmitter in the brain, is reportedly 
over active in manic subjects (Michael et al. 2003); unchecked glutamate excitotox-
icity may result in reduced neuronal viability. Post-mortem studies have shown 
reduced density (>40%) of glutamic acid decarboxlylase neurons in CA2/3 brain 
regions as well as in the dentate gyrus of the hippocampus of bipolar patients 
(Heckers et al. 2002). It is thus quite possible that glutamatergic excitotoxicity may 
contribute to cognitive dysfunction in subgroups of bipolar subjects. A highly repli-
cated finding in MRI brain scans of people with bipolar disorder is the occurrence 
of white matter hyper-intensities in the periventricular and deep white matter tracts 
(Dupont et  al. 1990, Moore et  al. 2001; Tighe et  al. 2012). These white matter 
hyper-intensities suggest neuronal insults and are associated with severe illness, 
cognitive dysfunction, and treatment resistance in bipolar disorder.

Stress mediated immune-inflammatory processes are detailed in Fig.  17.2. 
Hypercortisolemia characterizes subgroups of patients with unipolar and bipolar 
disorder, and may be related to stressors (Rush et al. 1996). Studies of patients with 
Cushing’s syndrome, a condition characterized by elevated cortisol levels, indicate 
that these patients experience cognitive impairments (Whelan et al. 1980; Starkman 
et al. 2001). Also demonstrated in Cushing’s syndrome patients is the finding that 
cortisol elevations are linked to hippocampal dysfunction, a brain structure closely 
associated with memory functions (Resmini et al. 2013). Furthermore, in healthy 
controls, hydrocortisone administration impairs working and verbal declarative 
memory (Lupien et al. 1999; Young et al. 1999). A review of studies of glucocorti-
coids and hippocampal function suggests that while studies were not consistent in 
demonstrating hippocampal volume loss or neuronal viability, they were more reli-
able with regards to loss of synaptic dendritic complexity or hippocampal dysfunc-
tion (Hibberd et al. 2000). Thus, treatments that correct elevated cortisol levels may 
improve neurocognitive and mood symptoms in bipolar patients (see Young et al. 
2004 below).

Another endocrine abnormality that is relatively common in bipolar and unipolar 
patients is the occurrence of sub-clinical or overt hypothyroidism (Bauer et  al. 
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2014a, b). This condition is often linked to lithium treatment, with up to an esti-
mated 20% of lithium-treated patients experiencing hypothyroidism, and with a 
higher incidence in women (Ozerdem et al. 2014; Bauer et al. 2014a, b). However, 
hypothyroidism can and does occur independently from lithium use in Bipolar 
Disorder. Cognitive difficulties, including slowed mentation and memory impair-
ments are clinical features associated with subclinical and overt hypothyroidism, 
especially in people younger than 75 years. These deficits appear to be correlated 
with higher levels of thyroid stimulating hormone (TSH) (Pasqualetti et al. 2015), 
though not all studies are in agreement with this finding (Akintola et  al. 2015). 
Limitations of large meta-analytic reviews of cognitive impairment and hypothy-
roidism are multifactorial. Most patients included in these studies were from other-
wise healthy, community dwelling populations, unlike the clinical help-seeking 
populations, such as those with bipolar or unipolar disorder. Most community stud-
ies were also cross-sectional in nature, and definitions of subclinical hypothyroid-
ism varied over time and often involved a single measurement of TSH. Finally, the 
choice of the cognitive scale (mini-mental state examination) was likely not sensi-
tive to subtle cognitive changes.

In bipolar patients, cognitive impairments due to lithium induced overt and sub- 
clinical hypothyroidism can be ameliorated with thyroxine treatment (Tremont and 
Stern 1997). Ashwagandha extracts with thyroid promoting actions may thus be 
beneficial for thyroid induced cognitive dysfunction among bipolar patients, as dis-
cussed in the following section.

Fig. 17.2 Stress mediated immune-inflammatory processes
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17.1.5  A General Approach to Assessing and Treating 
Cognitive Dysfunction in Bipolar Disorder

Patients, who describe cognitive problems, especially if these are relatively new, 
troublesome, and not commensurate with their age or premorbid functioning, should 
have their complaints taken seriously. Routine cognitive tests  – performed in an 
office or at a patient’s bedside, are good beginning to assessing such complaints. 
Such tests, as summarized by Goldberg and Chengappa (2009), could include: digit 
span forward and backward, serial seven subtraction from 100, word lists to repeat 
and recall later, and memory tests for recent, intermediate and remote events. If 
psychotropic medications have been introduced recently, and it is suspected that 
these agents may be responsible for cognitive issues, alternate medications thought 
to be more cognitively neutral may instead be prescribed. If there is suspicion of a 
co-occurring neurological condition (e.g. CNS lupus, multiple sclerosis, or tumors 
of the brain) then referral to a neurologist may be appropriate. If patients are still 
symptomatic, then optimization of treatment will need to occur first; that in and of 
itself may resolve the cognitive complaints. This may be especially true for a severe 
bipolar depression presenting in mid to later life, which may, like in unipolar depres-
sion, present as “pseudo-dementia”. It is important to not to overlook “hidden” alco-
hol and other substance use disorders, as these comorbid conditions may severely 
impact cognitive abilities. Occupational history is also important, as exposure to 
CNS toxins is a possibility in certain fields. Appropriate testing for specific toxins 
may then be required. Common medical conditions that complicate the lives of 
persons with bipolar illness, including poorly controlled diabetes mellitus, and 
untreated obstructive sleep apnea, as well as medications used for general medical 
conditions that impair cognition, may all need to be carefully assessed and evalu-
ated for impact on cognition. For some older bipolar patients, it is possible that 
dementia may be co-occurring and requires a more formal assessment to rule-out. If 
in spite of the considerations noted above, euthymic patients continue to be impacted 
by cognitive concerns, formal neuropsychological testing may be appropriate, if 
such services are readily available.

17.2  Pharmacological and Non-pharmacological Treatments 
for Cognitive Dysfunction

Multiple pharmacologic agents have been utilized in the treatment of impaired cog-
nition in bipolar disorder. Pro-cholinergic drugs (acetylcholine esterase inhibitors 
such as galantamine or donepezil) and anti-glutamatergic drugs (memantine) used 
in Alzheimer’s disease have been studied in schizophrenia and in bipolar disorder to 
enhance cognition (Goldberg and Chengappa 2009), but a recent review concluded 
the evidence is weak for their use in bipolar disorder (Veronese et al. 2016). Notably, 
extracts of Ashwagandha have pro-cholinergic properties, as described in the next 
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section of this chapter. Stimulants like methylphenidate and methamphetamine 
improve cognitive issues in attention deficit hyperactivity disorders (ADHD) and 
have been considered for bipolar disorder, but on account of substance abuse liabil-
ity and clinical concerns for precipitating mania or inducing rapid cycling, stimu-
lants have received little study. Dopaminergic drugs, such as those commonly 
prescribed in the treatment of Parkinson’s disease may be of benefit; pramiprexole 
was studied in an 8-week randomized controlled trial for improving cognition in 
bipolar disorder (Burdick et al. 2012). Even though the primary cognitive outcome 
was negative, when the analyses was limited to the euthymic group only (which was 
the original intent of the trial but due to poor recruitment, the inclusion criteria were 
relaxed to permit patients with sub-syndromal depressive symptoms to be enrolled), 
then positive results were obtained for digits backward (working memory) and 
Stroop Color test (processing speed), (Burdick et al. 2012). To potentially counter 
the clinical consequences of hypercortisolemia on mood and cognition symptoms, 
a glucocorticoid receptor antagonist – mifepristone, was studied in a small group of 
bipolar patients experiencing depression during a 6-week randomized cross-over 
double blind trial. Improvements in working and recognition memory and in verbal 
fluency, as well as in depressive symptom severity, were noted over placebo for the 
mifepristone treated group (Young et al. 2004). Recombinant erythropoietin infu-
sions given intravenously (vs. saline controls), weekly for 8 weeks demonstrated 
improvements in sustained attention, recognition of happy faces, and processing of 
complex information; no improvements in verbal memory were noted (Miskowiak 
et al. 2014). Erythropoietin has neurotrophic properties and therefore was expected 
to counter lower levels of neurotrophic factors in persons with bipolar disorder; 
however, levels of BDNF decreased rather than increased.

Psychotherapeutic and psychosocial interventions have also been tried in treat-
ing cognitive impairment in Bipolar Disorder. Notably, cognitive remediation was 
tested against standard treatment in a randomized controlled study of 12 weeks 
duration in a small study of euthymic bipolar subjects. This intervention did not 
improve primary cognitive outcomes (Demant et al. 2015) at either 12 weeks or at 
the 26-week follow-up.

A review of www.clinicaltrials.gov including the search term “cognition and 
bipolar disorder” (accessed on June 2, 2016) indicated that several other studies 
exploring potential treatments are either completed, with results not yet available 
(e.g. methylene blue), or are still recruiting (e.g. computer-based cognitive remedia-
tion vs. preselected computer games, completing e-neurocognitive modules, 
N-acetyl cysteine or minocycline (an antibiotic with anti-inflammatory and neuro-
protective properties), IV infusions of infliximab (a tumor necrosis factor inhibitor), 
etc.). Nonetheless, and at the time of writing, studies of pharmacological or non- 
pharmacological approaches to improve cognition in bipolar disorder remain in 
their infancy.

K.N. Roy Chengappa et al.
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17.3  Extracts of Ashwagandha as Proposed Treatment 
of Cognitive Impairments in Bipolar Disorder

As noted in Fig. 17.3, the rationale for why extracts of Ashwagandha may aid in 
improving cognitive dysfunction in people with bipolar disorder (and potentially in 
other psychiatric and neuropsychiatric disorders) is related to its multi-faceted 
actions on target mechanisms that may underlie cognitive impairments in bipolar 
disorder, see also Table 17.1. As noted earlier, a recent review summarized the stud-
ies of one of the main suspect pathologies associated with cognitive impairment in 
bipolar disorder i.e., low-grade neuro-immune-inflammatory processes (Rosenblat 
et al. 2015). These pro-inflammatory cytokines and proteins lead to dysfunctional 
monoaminergic neurotransmission (e.g. serotonin) and also induce oxidative stress, 
which can, in turn, be deleterious to both neuronal function and viability. The authors 
opined that this mechanistic pathway might lead to both mood episodes and cogni-
tive impairments in bipolar disorder (Rosenblat et  al. 2015). In a meta- analyses, 
Dargel and colleagues (2015) reported CRP (C-reactive protein) levels were elevated 
in 730 patients with bipolar disorder compared to 888 controls suggesting an ongo-
ing inflammatory state in the disorder; this elevation was especially marked in mania, 
was less so in euthymia, and was not significantly different from controls in the 
depressed phase. A genetic study of bipolar patients, which assessed 19 genes asso-
ciated with inflammation, revealed that 52% of BPD subjects showed an inflamma-
tory genetic signature compared to 18% of controls (Padmos et al. 2008). Moreover, 

Fig. 17.3 Ashwagandha may improve cognitive symptoms of Bipolar Disorder through its effect 
on multiple pathways of proposed neuro-immune-inflammatory processes
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convergent animal and human data indicate stress induced immune-inflammatory 
processes not only dysregulate the hypothalamo-pituitary- adrenal axis (HPA) result-
ing in hypercortisolemia but also disrupt normal autonomic nervous system func-
tioning resulting in an adrenergic overdrive, (Fig. 17.2) i.e., increased norepinephrine 

Table 17.1 Why might Ashwagandha extracts, metabolites, or synthetic analogues be useful for 
improving cognition in bipolar and other neurocognitive disorders?

Possible targets of action Animal data Human data

Immune – inflammatory processes Durg et al. (2015) 
(Review), Anbalagan and 
Sadique (1981, 1985), 
Begum and Sadique 
(1988), Aggarwal et al. 
(1999), Nashine et al. 
(1995), Jayaprakasam and 
Nair (2003), Khan et al. 
(2006), Subbaraju et al. 
(2006), Singh et al. (2007), 
Malik et al. (2007), Kour 
et al. (2009), and 
Mulabagal et al. (2009)

Kulkarni et al. (1991), 
Chopra et al. (2000, 
2004) and Mikolai et al. 
(2009)

Hypercortisolemia/anti-stress/thyroid 
promoting/anxiolytic/weight loss

Ghosal et al. (1988), Panda 
and Kar (1997, 1998), 
Bhattacharya and 
Muruganandam (2003) and 
Khan and Ghosh (2010)

Andrade et al. (2000), 
Auddy et al. (2008), 
Cooley et al. (2009), 
Chandrasekhar et al. 
(2012), Gannon et al. 
(2014), Gajarmal and 
Shende (2015), and 
Choudhary et al. (2017)

Antioxidant Potential Durg et al. (2015) 
(Review), Ghosal et al. 
(1988), Bhattacharya and 
Muruganandam (2003), 
Kumar and Kumar (2008) 
and Ahmed et al. (2013)

Pro-cholinergic actions Schliebs et al. (1997), 
Choudhary et al. (2004), 
Konar et al. (2011), and 
Grover et al. (2012)

Decreased glutamatergic toxicity/
neuroprotective effects/anti- 
dyskinestic potential

Jain et al. (2001), Naidu 
et al. (2006), Kumar and 
Kumar (2009), and Kataria 
et al. (2012)

Synaptic, dendritic and axonal 
reconstruction

Kuboyama et al. (2005, 
2006, 2014) (Review), 
Tohda and Joyashiki 
(2009), and Joyashiki et al. 
(2011)

Clearance of B-amyloid, decrease in 
B-amyloid neurotoxicity

Sehgal et al. (2012) and 
Kurupati et al. (2013)
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levels (Cannon 1932; Selye 1956; Szentivanyi 1989; Chrousos 1995; Sloan et al. 
2007). These biological effector molecules (cytokines, cortisol, CRP) in turn influ-
ence dopaminergic, glutamatergic, serotonergic, and adrenergic neurotransmission 
that are closely allied to the neurobiology and symptoms associated with mood dis-
orders (Besedovsky et al. 1983; Sapolsky et al. 1987; Miller et al. 2009; Zalcman 
et al. 1994; Kronfol and Remick 2000). For instance, in animals, inflammatory cyto-
kines induce anhedonia, social withdrawal, diminished appetite, sleep disturbances, 
cognitive impairments, etc. (Schiepers et al. 2005; Dantzer et al. 2008; Miller et al. 
2009; Miller 2010). Examples of behavioral responses to stress in humans include 
deregulated sleep-wake cycles, mood instability, interpersonal conflicts, altered 
thinking patterns, and cognitive impairments (Rosenthal et  al. 1984; Wehr et  al. 
1998; Frank et al. 2000; Wirz-Justice et al. 2009). In bipolar patients (BPD) experi-
encing stress, bi-directional behavioral and biologic responses can coalesce as circa-
dian rhythm disturbances (Coogan and Wyse 2008) and lead to episodes of mania or 
depression (Wehr et  al. 1987) or cognitive impairments (Rosenblat et  al. 2015). 
These deleterious effects of effector molecules seem to occur in brain regions (e.g. 
hippocampus and pre-frontal cortex) that are closely associated with normal or 
abnormal mood states and with various cognitive abilities.

The therapeutic implications of the above referenced pathogenic mechanisms are 
not surprising given the evidence of anti-inflammatory drugs in improving cogni-
tion and depression. Curiously, Omega-3 fatty acids (an anti-inflammatory) have 
been used for treating depression in bipolar disorder with mixed results (examples: 
Stoll et al. 1999; Keck et al. 2006); this agent however, has not been studied for the 
treatment of cognitive impairment in bipolar disorder. Similarly, N-acetyl cysteine 
(an anti-oxidant and anti-inflammatory agent) has been targeted toward the treat-
ment of depression in bipolar disorder rather than used as a procognitive agent 
(Berk et al. 2008). Non-steroidal anti-inflammatory drugs (NSAIDS) such as cele-
coxib have been assessed for improving bipolar depression; in a small (n = 28) pilot 
study of celecoxib, even though the time to improvement of depressive symptoms 
was faster (i.e. at week 1) in the celecoxib group, by the end of the study, both pla-
cebo and celecoxib group improved without significant differences between treat-
ments (Nery et  al. 2008). Again, cognition was not targeted. A search of www.
clinicaltrials.gov suggests that more trials are under way. Various other treatments 
targeting cognitive impairments in bipolar disorder have been summarized earlier in 
this chapter.

Animal studies using Ashwagandha extracts (reviewed in Durg et al. 2015) indi-
cate that bioactive constituents from Ashwagandha, including steroidal lactones 
such as glycowithanolides, sitoindosides, and Withaferin A, have potent brain anti-
oxidant, neuroprotective and memory enhancing properties (Kulkarni and Dhir 
2008; Ghosal et al. 1988; Panda and Kar 1997; Jain et al. 2001). A review of 8 mark-
ers of oxidative stress in bipolar disorder (superoxide dismutase, catalase, glutathi-
one peroxidase, protein carbonyl, 3-nitrotyrosine, lipid peroxidation, nitric oxide 
and RNA/DNA damage) involving 971 patients with bipolar disorder and 886 
 controls indicated that indices of DNA/RNA damage, nitric oxide, and especially 
lipid peroxidation, were significantly increased among patients compared to con-
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trols (Brown et  al. 2014). In a comprehensive review of rodent models of brain 
oxidative stress (including prolonged swimming, sleep deprivation, and chemical 
and physical restraint stress), pretreatment with extracts of Withania somnifera 
(WS) normalized levels of superoxide dismutase, catalase, glutathione peroxidase, 
and reduced glutathione (Durg et  al. 2015). Lipid peroxidation products like 
malonidialdehyde and thiobarbituric acid reactive substances, which can induce 
neuronal dysfunction and damage if unchecked, are reduced by WS treatment. Such 
benefits have been reported in studies that have evaluated specific mice and rat brain 
regions, including the hippocampus, striatum, and forebrain (Durg et al. 2015). In 
an animal model of restraint stress, where nitric oxide levels can increase markedly 
and cause neuronal dysfunction, Ashwagandha pretreatment significantly dimin-
ished this increase in nitric acid levels (Khan and Ghosh 2010). Furthermore, 
chronic administration (4 weeks) of WS extracts significantly reduced lipid peroxi-
dation, and restored glutathione, super oxide dismutase and catalase levels in a rat 
brain model of reserpine- induced orofacial dyskinesia and cognitive dysfunction 
(Naidu et al. 2006). In another rat model, poor retention of memory (in elevated plus 
maze task) was significantly ameliorated by a WS extract (Ghosal et al. 1988). In an 
immobilization stress rat model, a WS extract reduced damage to CA2 and CA3 
hippocampal neurons by nearly 80% (Jain et al. 2001). Finally, in a rat model of 
behavioral cognitive deficits (i.e. Morris Maze Test) induced by streptozotocin and 
thus mediated by increased oxidative stress and cholinergic dysfunction, i.e. 
decreased choline acetyl transferase activity in the hippocampus, Ahmed et  al. 
(2013) reported that pretreatment with WS extracts for 3 weeks attenuated cognitive 
deficits while restoring anti-oxidant status and improving cholinergic neurotrans-
mission. Schliebs et al. (1997) reported that systemic administration of WS extracts 
had pro-cholinergic effects in rat brain, and Konar et al. (2011) were able to reverse 
scopolamine- induced anti-cholinergic actions using WS extracts. As noted earlier, 
glutamate excitotoxicity has been reported when bipolar patients experience mania, 
and unchecked glutamate excitotoxicity can result in loss of neuronal functions 
(cognitive problems could result) and/or neuronal and glial viability (cell death). 
Kataria et al. (2012) reported that a water extract of WS not only attenuated gluta-
mate excitotoxicity in rat glioma and human neuroblastoma cell lines, but also sig-
nificantly diminished protein markers of neuronal viability including heat shock 
proteins (HSP70) while inducing protein expression (e.g. neural cell adhesion mol-
ecule, NCAM) that is known to improve neural plasticity, learning and memory.

In animal models of inflammation or arthritis, Ashwangandha extracts exhibited 
significant anti-inflammatory activity, notably decreased levels of acute phase reac-
tants and prostaglandin synthesis (Anbalagan and Sadique 1981, 1985; Begum and 
Sadique 1988; Aggarwal et al. 1999; Nashine et al. 1995), comparing favorably with 
a positive control, phenylbutazone. WS especially lowered α-2 macroglobulin lev-
els, an acute phase reactant that is considered to be a sensitive indicator of the effi-
cacy of anti-inflammatory agents (Anbalagan and Sadique 1985). A WS extract also 
inhibited NF-kB (an inflammatory signaling pathway) in mononuclear cells from 
healthy controls as well as in patients with rheumatoid arthritis, resulting in the sup-
pressed production of several pro-inflammatory cytokines (Singh et al. 2007). WS 
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withanolides also show potent Cox-2 enzyme inhibition activity (Jayaprakasam and 
Nair 2003; Subbaraju et al. 2006; Mulabagal et al. 2009), a mechanism closely asso-
ciated with the effectiveness of several anti-inflammatory medicines.

Recent human clinical trial data exist for the use of Ashwagandha extracts in 
anxiety disorders, arthritis, and stress. Two randomized clinical trials (RCT) (6 and 
12 weeks in duration) showed anxiolytic activity for Ashwagandha extracts in 
patients with anxiety disorders (Andrade et al. 2000; Cooley et al. 2009); side effects 
were minor and did not differ significantly from placebo. A RCT for stressed indi-
viduals in an Ayurvedic clinic used Ashwagandha extracts for 2 months and demon-
strated efficacy in relieving stress symptoms as well as decreasing elevated cortisol 
and CRP (Auddy et  al. 2008). In two RCTs for arthritis, Ashwagandha extracts 
combined with other herbal extracts showed efficacy in arthritic and other pain mea-
sures, with subjects’ complaining of only minor side effects (Kulkarni et al. 1991; 
Chopra et al. 2004). A recent 8 week RCT utilizing Ashwagandha for body weight 
management among stressed adults showed positive results including weight loss, 
improved stress scores, and decreased cortisol levels compared to the placebo 
assigned group (Choudhary et al. 2017). Vital signs and routine laboratory measures 
undertaken in these studies were in the normal reference range.

On account of the anti-stress, anti-anxiety, anti-inflammatory, cortisol lowering, 
and cytokine and monoamine modulating properties, demonstrated through animal 
and human studies, Ashwagandha extracts show promise as a potential adjunctive 
treatment for both cognitive impairments and mood exacerbations in people with 
bipolar disorder.

17.3.1  The Current Clinical Evidence for Using Extracts 
of Ashwagandha for Enhancing Cognition in Bipolar 
Disorder

Based on the results of the human and animal studies summarized above, we con-
ducted an 8-week randomized clinical trial in 60 bipolar patients who were euthy-
mic (mentally stable) during the period before the clinical trial (4 weeks or greater, 
and medications had been stable for 4 weeks or longer) comparing a standardized 
water based extract of Ashwagandha (Sensoril) to placebo (Chengappa et al. 2013). 
The dosage of Sensoril was initiated at 250  mg (minimum of 8% withanolides, 
maximum of 2% Withaferin A, 32% of oligosaccharides) once a day during the first 
week and increased to 250 mg twice a day for the balance of the study. A computer-
ized neuropsychological battery was used to assess cognition; details are available 
in Chengappa et al. 2013. Three cognitive tasks improved significantly in the WS 
treated group versus placebo; digit span backward, response time on the Flanker’s 
test, and a measure of social cognition. Among these tests, the size of the WS treat-
ment effect was in the moderate range for digit span backward, a measure of audi-
tory verbal working memory. There were no statistically significant differences in 
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any of the other cognitive tests or domains between treatments. In terms of safety, 
there were no serious adverse events for either placebo or WS treatments. Adverse 
events were relatively mild and transient, and did not lead to discontinuation from 
the study. Vital signs remained stable, as did EKG and laboratory findings. Weight 
gain was minimal (a mean of approximately 2 lbs. for the WS treated group vs. 0.6 
lbs. for the placebo). Importantly, as a group, there were no worsening subjects’ 
mood states. To our knowledge, this is the only reported study using WS in patients 
with bipolar disorder for cognition, and there has been no independent confirmation 
of the results. Limitations to the study include a small sample size, and statistical 
corrections for multiple comparisons were not applied. Also, the duration of the trial 
was relatively short (2 months) and it is not clear what the upper and lower limits of 
dosing might be for this standardized aqueous extract of WS (i.e. Sensoril). We 
reviewed thyroid indices done in this trial as a secondary paper (Gannon et al. 2014). 
The reason thyroid indices were assessed was that there had been a single case- 
report of thyrotoxicosis in an adult woman who had taken an Ashwagandha extract 
(van der Hooft et al. 2005), as well as two animal studies suggesting WS extracts 
could boost thyroid function (Panda and Kar 1998, 1999). As noted earlier, overt 
and subclinical hypothyroidism is associated with cognitive difficulties (especially 
working memory and slowing of processing time, etc.), and bipolar patients have 
relatively higher rates of hypothyroidism (Ozerdem et al. 2014; Bauer et al. 2014a, 
b). Our results hint that Ashwagandha extracts could in fact boost thyroid indices 
and correct sub-clinical hypothyroidism (Gannon et  al. 2014). So, if we were to 
prospectively pre-select bipolar patients in a clinical trial with both cognitive 
impairments and laboratory evidence of subtle hypothyroidism, more definitive 
answers may be obtained regarding the benefits of WS extracts for improving 
cognition.

In the main study, we had expected broader improvements in cognitive domains, 
given the multiple effects of WS on varied targets, but obtained narrower results. So 
while these data are promising, more work is required to confirm the utility of WS 
for improving cognition in patients with bipolar disorder.

17.3.2  Ashwagandha in the Treatment of Other 
Neurocognitive Disorders

The immune inflammatory hypothesis has been put forward as a potential explana-
tion for symptom exacerbations or inducing new episodes, as well as cognitive 
impairments, in schizophrenia (Ganguli et  al. 1994, 1995; Muller and Schwarz 
2006, 2010) and in major depressive disorders (Dantzer et al. 2008; Miller et al. 
2009). WS extracts can potentially be evaluated for improving cognitive impair-
ments in these two psychiatric disorders, as well as in other neuropsychiatric disor-
ders. Please see Table 17.2. In a mouse model of Alzheimer’s disease, WS extracts 
cleared beta-amyloid likely via hepatic mechanisms, and reversed impairments in 
spatial learning and working memory (Sehgal et  al. 2012). In vitro and in  vivo 
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experiments in human neuroblastoma cell lines utilizing intracerebral injections of 
A beta amyloid fragments lead to dendritic and axonal degeneration in mouse brain 
models, which was mitigated or reversed by methanolic WS extracts (Kuboyama 
et al. 2005, 2006, 2014). The axonal regeneration and synaptic reconstruction was 
attributed to a specific WS metabolite, sominone. Sominone has been shown to 
improve spatial memory and axonal regeneration in another Alzheimer’s mouse 
model (Tohda and Joyashiki 2009; Joyashiki et al. 2011). Moreover, WS extracts 
have cholinesterase inhibiting properties (Choudhary et  al. 2004; Grover et  al. 
2012); drugs with such properties (e.g. donepezil, rivastigmine, and galantamine) 
have been approved for improving memory and behavior, but do not seem to arrest 
the progression of Alzheimer’s disease. Therefore it follows that extracts of WS, 
including specific metabolites of WS like sominone, or synthetic derivatives of som-
inone such as denosomin may have a place in the treatment of cognitive and other 
behavioral disturbances in Alzheimer’s disease (Kuboyama et al. 2014). HIV infec-
tion and AIDS can be complicated by neurocognitive difficulties, and Kurupati and 
colleagues (2013) were able to significantly mitigate beta-amyloid and HIV infec-
tion induced neurotoxicity in a human neuronal cell line using a methanol/chloro-
form extract of WS.  Parkinson’s and Huntington’s diseases are characterized by 
significant oxidative stress, dopaminergic cell loss (Parkinson’s), GABAergic 
abnormalities (Huntington’s) at a cellular level, and by movement disorders and 
other neuropsychiatric symptoms and signs. In rodent models of Parkinson’s (6-OH 
Dopa, MPTP, Maneb-paraquat) and Huntington’s diseases (3-NP), WS extracts sig-
nificantly reduced oxidative stress, rescued surviving dopaminergic neurons, and 
improved cognitive impairments and other symptoms (studies summarized in Dar 
et al. 2015, and Kumar and Kumar, 2008, 2009). In one Ayurvedic treatment trial of 
18 patients with Parkinson’s disease, 13 patients were administered cleansing plus 
a concoction of 4 herbal extracts (including Ashwagandha) in milk, and 5 patients 
were given the concoction only. Interestingly, both groups experienced improve-
ments in motor functions and rating scale scores, and both groups experienced 
hyper salivation (Nagashayana et al. 2000). However, it was hard to know if the 
improvements were due only to Ashwagandha root extracts or another herb in the 
concoction, i.e. M. pruriens, which includes a significant percentage of L-dopa, an 
approved medication for the treatment of Parkinson’s disease. It is possible that the 
increased rate of hyper salivation in both groups was due to the pro-cholinergic 

Table 17.2 Potential utility of Ashwagandha for neurocognitive disorders

1. Bipolar disorder

2. Schizophrenia
3. Major depressive disorder
4. Attention deficit hyperactivity disorder
5. Parkinson’s disease
6. Huntington’s disease
7. Cognitive disorders secondary to insecticides, pesticides, acaricides, etc.
8. Cognitive disorders secondary to poorly controlled blood glucose (Diabetes Mellitus)
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effects of Ashwagandha. Nevertheless, WS extracts may be reasonable adjunctive 
treatments to assess for improving cognition and other symptoms in patients with 
Parkinson’s or Huntington’s diseases. Another therapeutic area where WS extracts 
may be worth considering is in countering the chronic cognitive effects of anti- 
cholinergic pesticides, insecticides, acaricides, herbicides, and nerve gas agents 
(examples: organophosphorus compounds, carbamates, and others). Occupations 
that may be particularly exposed and vulnerable to such anti-cholinergic agents for 
prolonged periods (examples: farmers, gardeners, public health agency workers, 
employees of pest control companies, veterinarians, health care providers, others) 
may experience cognitive and other symptoms that may benefit from WS extracts. 
It is possible that WS extracts may be useful for chronic cognitive symptoms that 
persist following exposure to such anti-cholinergic agents rather than for acute poi-
soning or toxicity. In a scopolamine mouse model of central anti-cholinergic mem-
ory impairments, alcoholic extracts of WS and its purified constituent, withanone, 
attenuated oxidative stress and enhanced recovery of neuronal and glial cells as 
measured by brain-derived neurotrophic growth factor (BDNF) and other markers 
of cellular integrity (Konar et al. 2011). In a rat model where propoxur (a carbamate 
acaricide) was used to inhibit acetyl cholinesterase (AChE) and induce cognitive 
impairments and oxidative stress, WS extracts attenuated AChE inhibition and 
improved memory deficits (Yadav et al. 2010). An additional but relatively common 
medical ailment, type II diabetes mellitus is increasingly associated with dementia 
and cognitive impairment, often in the context of poorly controlled blood glucose. 
This cognitive impairment is often under recognized and thus neglected by patients, 
families, and even physicians (Cheng et al. 2012). WS extracts improve cognitive 
impairments in streptozotocin-induced diabetic cognitive decline in rats (Ahmed 
et al. 2013), and WS extracts are known to improve glucose control in skeletal myo-
tubes and adipocytes (Gorelick et  al. 2015), alloxan-induced diabetic rats, 
(Udayakumar et al. 2010) and in humans (Andallu and Radhika 2000). The broad 
anti-oxidative properties of WS may also be helpful in the treatment of diabetes. All 
told, WS extracts may play a role in helping control blood glucose and attenuate 
cognitive impairments in patients with poorly controlled diabetes.

17.4  Concluding Remarks

Modern in vivo and in vitro laboratory data and human clinical trials have begun to 
reveal the benefits of Ashwagandha for several cognitive disorders. Human data are 
still preliminary. More work is required to delineate the upper and lower dosages of 
Ashwagandha extracts that may be efficacious or effective for various neurocogni-
tive disorders, whether it is safe to combine WS extracts with the main treatments 
used for various medical conditions, and to determine and adequate duration of 
treatment WS. Also, less is known as to whether or not specific extraction methods 
(examples: water, methanol, methanol/chloroform or others) that extrude certain 
constituents more than others (examples: withanolides, sitoindosides, Withaferin A, 

K.N. Roy Chengappa et al.



363

others) in specific concentrations are important for the therapeutic benefits or 
whether these may add to risks for human use in specific medical conditions (exam-
ple: CNS disorders vs. Cancers)? Similarly, whether or not specific cultivation tech-
niques for the Ashwagandha plant, over specific geographic regions and in certain 
seasons, contribute to its therapeutic potential versus risk is also less well known. 
For example, even though the cultivated and wild type Withania somnifera plants 
may look morphologically and anatomically indistinguishable, it is possible that 
one set of plant genes contributes to a dominant set of metabolites or secondary 
metabolites (sometimes referred to as a “chemotype” or “chemovar”), and this may 
be important for therapeutic benefits vs. risks of various WS extracts. The basic 
pharmacology (examples: absorption, metabolism, distribution, elimination, half-
lives, toxicology and drug interactions) of various WS extracts, as well as that of 
specific natural metabolites and constituents (examples: withanone or sominone) or 
synthetic analogues of sominone (example: denosomin), needs more study. Even 
though emerging safety data from the long and ancient usage of Ashwagandha plant 
extracts (in indigenous medical systems such as Ayurveda or Unani, or in food, or 
in teas etc.) as well as that emerging from the limited number of human clinical tri-
als has been reassuring, shorter and longer term efficacy and safety data in humans 
from modern regulatory grade randomized or pragmatic clinical trials conducted for 
specific medical indications is needed. Standardization of WS extracts and Good 
Manufacturing Practices will increase the confidence in results obtained from ani-
mal and human studies and clinical trials (Brar and Chengappa 2011). Small mole-
cules or new chemical entities (NCEs) from WS metabolites or synthetic analogues 
of these metabolites (examples: withanone, sominone, denosomin) may provide 
standardization that is hard to come by in WS plant extracts, but whether the more 
benign side effect profile from the crude plant extracts is traded for greater safety 
concerns of these small molecules or NCEs is largely unknown at this time (Brar 
and Chengappa 2011). Nevertheless, plant derived treatments have contributed sig-
nificantly to modern medicine (examples: aspirin, digitalis, various chemotherapeu-
tic agents), and we optimistically predict that extracts as well as natural and synthetic 
constituents from the Ashwagandha plant will likely contribute significantly to the 
prevention and treatment of neurocognitive and other human ailments in the future.
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Chapter 18
Neuroprotective Potential of Withania 
somnifera (Ashwagandha) in Neurological 
Conditions

Rajat Sandhir and Abhilasha Sood

Abstract Withania somnifera, commonly known as Ashwagandha, is a herb used 
in the Indian Ayurvedic medical system for centuries for its health benefits in wide 
range of conditions. It has been documented to enhance the functions of the nervous 
system and improves  cognition. Medicinal properties of Withania somnifera are 
primarily attributed to the presence of active constituents known as withanolides. 
The multimodal beneficial effects of WS and its constituents stem from its property 
to act as an anti-oxidant, anti-inflammatory, anti-cancer, hemopoietic and rejuvenat-
ing agent. WS has been shown to have beneficial role in many neurological condi-
tions that include Alzheimer’s disease, Parkinson’s disease, Huntington’s disease, 
anxiety disorders, cerebral ischemia. However, the mechanisms involved in the ben-
eficial effects of WS have not been well understood. The article provides informa-
tion on the mechanisms involved in neuroprotective ability of WS in preventing 
various neurodegenerative conditions.

Keywords Ashwagandha • Cognition • Neurodegeneration • Withania somnifera • 
Withanolides

18.1  Introduction

Natural extracts from herbal plants have shown to offer protection in several neuro-
degenerative conditions, as they possess biologically active compounds of pharma-
cological importance. Withania somnifera (WS) also known as Ashwagandha, is a 
valuable herb that has been used in the Indian traditional system of medicine for 
more than 2500 years (Luxmini et al. 2015). Almost all parts of WS plant have been 
used for centuries in ayurvedic system of medicines; however dried mature roots are 
most commonly used to treat a variety of ailments (Durg et al. 2015). The roots of 

R. Sandhir (*) • A. Sood 
Department of Biochemistry, Panjab University, Chandigarh 160014, India
e-mail: sandhir@pu.ac.in

mailto:sandhir@pu.ac.in


374

WS have been used as a nerve tonic and adaptogen since decades (Singh et al. 2011). 
WS belongs to the family solanaceae, which is commonly known as the nightshade 
family (Babu et  al. 2007). WS is a green woody shrub, which is 200-800 cm in 
height and is found all over the drier parts of South East Asia that includes  India, 
Bangladesh, Sri-Lanka, Nepal and Pakistan, as well as parts of Australia, Africa and 
America (Kumar et al. 2015). WS and its active components have been reported to 
have multiple beneficial effects such as, anti-inflammatory (Gupta and Singh 2014), 
anticancer (Rai et al. 2016), anti-stress, immunomodulatory (Tiwari et al. 2014) and 
adaptogenic effects (Uddin et al. 2012) on the nervous, endocrine, and cardiovascu-
lar system (Panossian and Wikman 2010; Kumar et al. 2014).

18.2  Phytochemical Composition of Withania somnifera

The major constituents of the WS roots and leaves are steroidal alkaloids and steroi-
dal lactones known as withanolides (Senthil et al. 2015). Therapeutic potential of 
WS is attributed to antioxidant properties of its active constituents known as witha-
nolides (Kurapati et al. 2013). Withanolides are a group of naturally occurring C-28 
steroidal lactones built on an intact ergostane structure (Fig. 18.1), in which C-22 
and C-26 are oxidized to form a six-membered lactone ring (Mirjalili et al. 2009).

The basic structure of withanolides is composed of 22-hydroxy-ergostan-26-oic 
acid-26, 22-lactone and is designated as the “withanolide skeleton” (Mirjalili et al. 
2009). According to a recent report, the concentration of withanolides has been 
found to be in the range of 0.001% to 1.5% (dry weight basis) in the roots and leaves 
of WS (Dhar et al. 2015). Due to the structural resemblance of withanolides to the 
ginsenosides present in Panax ginseng, WS is also known as the Indian Ginseng 
(Singh et  al. 2010). Among all the withanolides present in WS root extract, 
Withaferin-A was the first member of withanolides family to be isolated from WS 
(Palliyaguru et al. 2016). Till date, 12 alkaloids, 35 withanolides and some sitoindo-
sides have been isolated from WS, which have been tested for their therapeutic 
effects in neurological disorders (Singh et al. 2011). In addition to withanolides, the 
other alkaloid constituents of WS root extract includes: somniferine, somnine, som-
niferinine, withananine, pseudo-withanine, tropine, pseudotropine, 
3-a- gloyloxytropane, choline, cuscohygrine, isopelletierine and anaferine andana-
hydrine (Singh et al. 2010). Withaferin-A, withanolide-A, withanoside-IV and some 
sitoindosides are amongst the major constituents of WS, which are being used for 
their effects on nervous system disorders (Raghavan and Shah 2015; Tiwari et al. 
2014).
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18.3  Neuroprotective Activity of Withania somnifera

Many studies have documented the propensity of WS supplementation as a thera-
peutic strategy in treating several neurological disorders (Table 18.1). WS supple-
mentation has shown to attenuate symptoms and pathology in 
6-hydroxydopamine-induced model of Parkinson’s disease, by its antioxidant action 
as evident by the attenuation of lipid peroxide formation and improved thiol levels 
(such as GSH and GSSG) (Ahmad et  al. 2005). In an experimental model of 
Alzheimer’s disease, WS root extract supplementation to the animals was shown to 
ameliorate behavioral deficits with enhanced amyloid beta clearance, thus protect-
ing the neuronal cells from amyloid beta toxicity (Sehgal et al. 2012). WS supple-
mentation attenuated lead-induced toxicity in glial cells by balancing the expression 
of glial fibrillary acidic protein (GFAP), heat shock protein (HSP70), mortalin and 
neural cell adhesion molecules (Kumar et al. 2014). WS root extract was shown to 
markedly salvage the degenerating cells in the hippocampus of rats subjected to 
immobilization stress (John 2014). Active constituents of WS root extract mainly 
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Fig. 18.1 Major Withanolides present in Withania somnifera root extract are Withaferin-A (a), 
Withanolide-A (b), Withanolide-D (c), Withanoside-IV (d), Sominone (e), Withanone (f)
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withanolide-A, withanolides-IV and VI were shown to promote neurite outgrowth 
promoting synaptic restoration and rejuvenation, in human neuroblastoma cell lines 
and in rat cortical neurons damaged by amyloid-β toxicity (Kuboyama et al. 2006a).

18.3.1  Withania somnifera: Mechanism of Action 
in Neuroprotection

Withanolides are the active components of the root extract of WS, which are primar-
ily  responsible for its wide range of biological activities (Kumar et  al. 2015). 
Although the exact mechanism of action of WS is not known, the important role 
played by withanolides in enhancing the overall energy levels by optimizing cellular 
antioxidant status is well reported (Pingali et al. 2014). Withanolides are amphiphi-
lic compounds that are reported to have antiproliferative, antimetastatic, 

Table 18.1 Mechanisms involved in neuroprotective potential of Withania somnifera in various 
neurological disorders

Neurological condition Proposed mechanism of action

Alzheimer’s disease Antioxidant action
Neurite regeneration
Inhibition of acetylcholinesterase activity
Prevents amyloid fibril formation
Down-regulates BACE1 and up-regulates ADAM10
Increased amyloid clearance
Neuritogenic properties

Parkinson’s disease Suppression of oxidative stress
Anti-apoptotic action
Increased tyrosine hydroxylase expression
Preventing mitochondrial dysfunctions

Huntington’s disease Antioxidant action
Preventing mitochondrial dysfunctions

Tardive dysknesia Antioxidant action
Increasing GABA levels in brain

Epilepsy Antioxidant action
Modulation of GABAnergic system
Restoration of AMPA receptor function
Modulation of NMDA receptor

Cerebral ischemia Antioxidant action
Anti-apoptotic action
Upregulation of Nrf2 pathway
Induction of Neuronal plasticity
Increased angiogenesis
Prevents gluatamate-induced toxicity
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antiangiogenic, anti-invasive and proapoptotic activities, associated with the sup-
pression of NF-kB and NF-kB regulated gene products (Khodaei et  al. 2012). 
Structurally, withanolides are steroidal lactones with an ergostane skeleton and the 
lactone ring attached to the D ring of the steroid (Mirjalili et al. 2009).

Withanolides have been shown to efficiently reconstruct neuronal networks in 
in-vitro and in-vivo conditions (More et al. 2012; Kataria et al. 2013). WS extract 
containing Withanolide-A, Withanoside-IV and Withanoside-VI has been shown to 
cause effective axonal regeneration and synaptic reconstruction (Singh et al. 2010). 
Recent research has shown speculated involvement of Sominone (an active metabo-
lite of withanolides) formed as a result of its de-glycosylation by intestinal bacteria 
in this neuronal regeneration (Kuboyama et al. 2006b). Sominone has been reported 
to induce axonal regeneration and synaptic reconstruction in brain and enhance 
object location memory (Tohda and Joyashiki 2009). In a clinical study, WS supple-
mentation was shown to increase levels of monoamine oxidase and gamma amino 
butyric acid (GABA), while levels of 5-hydroxytryptophan (serotonin) and glutamic 
acid were decreased, pointing out to its anti-excitotoxic effect (Upadhaya et  al. 
1990). WS has been reported to possess GABA agonist properties, thereby making 
it an anxiolytic drug involved in relieving stress and anxiety (Singh et al. 2011). WS 
supplementation has shown to improve locomotor functions and movement patterns 
in Parkinson’s disease, which is suggested to be due to induction of catecholamine 
neurotransmitters (Rajasankar et al. 2009a, b). In another study, pre- supplementation 
with WS leaf extract inhibited glutamate-induced cell death and stress response, by 
up-regulation of HSP-70 expression (Parihar  and  Hemnani 2003). WS has been 
shown to possess anticonvulsant properties in acute and chronic models of epilepsy 
(Kulkarni and Verma 1993). WS supplementation has also been reported to improve 
neurotransmitter levels, antioxidant status and lower oxidative stress in animal 
model of Parkinson’s disease (Rajasankar et al. 2009b). Active constituents of WS 
have been able to reverse cognitive deficits and cause reduction in cholinergic mark-
ers in Alzheimer’s disease (Bhattacharya et al. 1995).

18.3.2  Role of Withania somnifera in Various 
Neurodegenerative Disorders

WS supplementation has been shown to confer beneficial effects in various neurode-
generative disease conditions as discussed below:

18.3.2.1  Parkinson’s Disease (PD)

PD is a neurodegenerative condition, which is characterized by muscle rigidity, 
tremor and bradykinesia (Rascol 2009). Reduction in dopamine levels in brain 
regions involved in control motor functions is responsible in development of PD 
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(Hinterberger 1971; Piggott et al. 1999). Oxidative stress is the major contributing 
factor in neurodegeneration in PD brain (Jenner 2003; Olanow 2007). WS has been 
reported to confer beneficial effects in various experimental models of PD (Ahmad 
et al. 2005; Manjunath and Muralithara 2015; Rajasarkar et al. 2009; Prakash et al. 
2014). WS extract has been reported to reverse neurobehavioral deficits, increased 
lipid peroxidation, reduced glutathione content, activities of glutathione-S- 
transferase, glutathione reductase, glutathione peroxidase, superoxide dismutase 
and catalase, catecholamine content, dopaminergic D2 receptor binding and tyro-
sine hydroxylase expression in 6-Hydroxydopamine-induced model of PD in a 
dose- dependent manner (Ahmad et al. 2005). Rajasarkar et al. (2009a) have reported 
oral administration of PD mouse with WS root extract (100 mg/kg) for 7 days or 28 
days resulted in increased dopamine (DA), 3,4-dihydroxy-phenylacetic acid 
(DOPAC) and homovanillic acid (HVA) levels, along with normalization of thiobar-
bituric reactive substances levels (marker of oxidative stress) in the corpus striatum. 
The reduction in oxidative was accompanied by increase in glutathione levels and 
glutathione peroxidase activity in brain regions of PD animals. Prakash et al. (2014) 
further demonstrated anti-apoptotic and anti-inflammatory properties of WS could 
be significantly involved in beneficial effect in PD.  Further, it was reported that 
supplementation with ethanolic root extract of WS (100 mg/kg bodyweight, i.p) for 
9 weeks, inhibited the enhanced expression of inducible nitric oxide synthase 
(iNOS) and astroglial activation marker glial fibrillary acidic protein (GFAP) in 
Maneb (MB) and paraquat (PQ) induced model of PD. MB and PQ are environmen-
tal toxins that have been experimentally used to induce selective damage of dopami-
nergic neurons leading to the development of PD. WS supplementation was shown 
to inhibit apoptotic cell death in PD by reducing the level of the pro-apoptotic (Bax) 
proteins and increase in the level of anti-apoptotic (Bcl-2) proteins in the MB–PQ 
model. Manjunath and Muralithara (2015) have shown that neuromodulatory effect 
of WS against rotenone-induced PD model in Drosophila melanogaster is mediated 
via suppression of oxidative stress and its potential to attenuate mitochondrial dys-
functions. Supplementation of WS to leucine-rich-repeat-kinase-2 mutants (LRRK2) 
loss-of-function model of PD in drosphila resulted in increasing their lifespan, 
improved motor function and mitochondrial morphology (De Rose et  al. 2016). 
These studies suggest therapeutic potential of WS in patients with PD.

18.3.2.2  Alzheimer’s Disease

Alzheimer’s disease (AD) is a progressive, neurodegenerative disease histochemi-
cally characterized by extracellular deposits of amyloid beta (Abeta) protein and 
intracellular neurofibrillary tangles throughout the cortical and limbic regions and is 
the single most common cause of dementia in the elderly (Serrano-Pozo et al. 2011). 
WS extract have been shown to reverse the behavioral deficits and pathological clues 
involved in experimental models of AD (Kurapati et al. 2013; Sehgal et al. 2012). In 
an in vitro study using neuronal cell lines, Kurapati et al. (2013) demonstrated WS 
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mediated reversal of β-amyloid induced toxicity in SK-N-MC neuronal cells and 
also prevented amyloid-induced reduction in spine density, spine area, spine length 
and number of spines suggesting protective effect of WS in AD. Further, β-amyloid 
treated neuronal cultures had increased acetylcholinesterase activity and increased 
internalization of amyloid beta, which was countered on WS supplementation 
(Kurapati et al. 2013). Molecular docking studies have revealed that withanolide A 
has high binding affinity with human acetylcholinesterase involving Thr78, Trp81, 
Ser120 and His442 residues all of which fall under one or other active sites/subsites 
of the enzyme which may be critical to its inhibitory action on acetylcholinesterase 
and suggesting the likely mechanism involved in its potential therapeutic effect 
against AD (Grover et al. 2012).

Active constituents of WS (withanamides) have been reported to prevent the 
fibril formation and protect cells from amyloid beta toxicity by unique binding of 
withanamides-A and -C to the active motif of amyloid beta (25–35) (Jayaprakasam 
et al. 2010). Withanolide A has been shown to modulate multiple targets associated 
with amyloid-beta precursor protein processing and amyloid-beta protein clearance 
by specifically down regulating beta-secretase 1 (BACE1) and upregulating a disin-
tegrin and metalloprotease 10 (ADAM10) (Patil et  al. 2010). BACE1 is a rate- 
limiting enzyme in the production of Abeta from amyloid-beta precursor protein 
(AbetaPP), while ADAM10 is involved in non-amyloidogenic processing of 
AbetaPP. Shinde et al. (2015) have suggested increased efflux of amyloid peptide 
through activation of P-glycoprotein. In another study, active metabolite of 
Withanoside-IV, sominone had been reported to attenuate amyloid beta 
(25–35)-induced neurodegeneration by regeneration of axons, dendrites and syn-
apses (Kuboyama et al. 2006a). In another study, oral administration with semipuri-
fied extract of the roots of WS (containing withanolides and withanosides) was 
shown to reverse behavioral deficits, plaque pathology, accumulation of β-amyloid 
peptides and oligomers in the brains of middle-aged and old APP/PS1 transgenic 
AD mice (Sehgal et al. 2012). This effect of WS supplementation in rapidly clearing 
β-amyloid peptides was shown to be related to the ability of WS to increase the lev-
els of liver low-density lipoprotein receptor-related protein (LRP) in brain microves-
sels and the β-amyloid-degrading protease neprilysin (NEP) in liver. Liver LRP 
mediates endocytosis of β-amyloid peptides present in the plasma, which are then 
cleared through NEP and other proteases present in the liver. This ability of WS to 
induce liver LRP could be a useful tool, since the cell surface LRP in liver is required 
for the rapid systemic clearance of the toxic β-amyloid peptide and subsequent deg-
radation of this peptide by proteases in the liver. Moreover, high resolution Q-TOF/
MS study have been shown to demonstrate that the withanamide peaks in WS fruit 
extract crossed the blood brain barrier in the mouse after intraperitoneal administra-
tion, suggesting that an oral administration of the extract could give similar results, 
since the extract has lipophilic and hydrophilic functionalities and easily crosses 
membranes (Vareed et al. 2014). Jana et al. (2011) have shown that withanolide A 
promotes neuritogenic and inhibits secretase activity which may contribute towards 
its beneficial role in AD.
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18.3.2.3  Huntington Disease

Huntington’s disease (HD) is a fatal neurodegenerative disease with CAG expan-
sion mutation in HTT, encoding a polyglutamine tract in the huntingtin protein 
resulting in selective vulnerability of striatal spiny projection neurons. The patients 
with HD have cognitive, motor and psychiatric disturbances. WS root extract has 
been shown to significantly improve cognitive function (assesed using morris water 
maze and elevated plus maze tests) and motor functions (impairment of muscle 
activity as assesed by rotarod and limb withdrawal tests) in 3-NP induced model of 
HD, which has been attributed to inhibition of oxidative stress, restoration of anti-
oxidant status and enhancement of acetylcholinesterase enzyme activity on WS 
supplementation (Kumar and Kumar 2009).

18.3.2.4  Tardive Dyskinesia

Tardive dyskinesia is a syndrome characterized by repetitive involuntary move-
ments, usually involving the mouth, face, tongue, limb, trunk musculature, and is 
one of the major side effects of long-term antipsychotic drug treatment (Mathews 
et al. 2005). WS (glycowithanolides) have been reported to have beneficial effects 
against neuroleptic drug, haloperidol-induced animal model of tardive dyskinesia 
(Bhattacharya et al. 2002). Involuntary orofacial movements (chewing movements, 
tongue protrusion and buccal tremors) were assessed as tardive dyskinesia parame-
ters. WS (100 and 200 mg PO), administered concomitantly with haloperidol for 28 
days, inhibited the induction of the neuroleptic tardive dyskinesia. The results indi-
cated that the antioxidant effect of glycowithanolides, rather than its GABA-mimetic 
action, was found to be responsible for the prevention of haloperidol-induced tar-
dive dyskinesia. In another study, chronic treatment with WS root extract for a 
period of 4 weeks to reserpine treated animals significantly and dose dependently 
(50 and 100 mg/kg) reduced the reserpine-induced vacuous chewing movements 
and tongue protrusions (Kulkarni et al. 2008).

18.3.2.5  Epilepsy

Epilepsy is a chronic disease with a heterogeneous set of symptoms that is charac-
terized by recurrent seizures (Fisher et al. 2005). It is mainly caused due to dis-
turbed balance of stimulatory and inhibitory neurotransmitters wherein; glutamate 
and GABA are known to play an important role (Fritschy 2008). Parihar and 
Hemnani (2003) showed that phenolic antioxidants present in WS mitigate the 
effects of kainite-induced excitotoxicity and oxidative damage in hippocampus and 
this might be accomplished by their antioxidative properties. WS has been shown to 
possess anticonvulsant properties in pentylenetetrazol (PTZ)-induced epilepsy 
through modulation of GABAnergic system (Kulkarini et al. 2008). WS root extract 
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has been reported to inhibit the reuptake and increase the release of GABA in syn-
aptosomes isolated from rat brain cortex (Homayoun et  al. 2002; Dhuley 1998). 
Another, study suggested that the anticonvulsant mechanism of WS root extract is 
due to its binding and stimulation of benzodiazepine receptors, thereby boosting the 
GABAergic system in the brain (Roshanaei and Neda 2015). WS interferes with the 
GABA receptor and regulates its function by opening chloride channels that lead to 
increase in the seizure threshold. Thus, it can be concluded that the main mecha-
nism of increasing the threshold of PTZ-induced seizure by WS root extract, is prob-
ably through GABAergic neurotransmitter system. It has also been suggested that 
WS root extract contains withanozoid and somniferin A, which possess potent anti-
convulsant activity in humans and experimental animals (Isoherranen et al. 2003). 
WS has been shown to have differential activation of GABA receptor subtypes that 
appears to be the potential mechanism by which WS accomplishes its anti- 
epileptogenic properties. Soman et al. (2012) observed that treatment with WS and 
Withanolide A ameliorated spatial memory deficits by enhancing antioxidant sys-
tem and restoring altered NMDA receptor density in temporal lobe epilepsy. In 
addition, Soman et al. (2013) observed that WS and withanolide A restored AMPA 
receptor function in rodent model of temporal lobe epilepsy.

18.3.2.6  Cerebral Ischemia

Stroke is a leading cause of brain injury in millions of people worldwide. In a rat 
model of bilateral common carotid artery occlusion, WS pre-supplementation (50 
mg/kg) attenuated the reperfusion injury induced biochemical and histopathological 
alterations (Trigunayat et al. 2007). In another study, WS pre-supplementation was 
shown to attenuate oxidative stress, reduce lesion volume and restore neurological 
deficits in middle cerebral artery occlusion (MCAO) model of stroke (Chaudhary 
et  al. 2003). Sood et  al. (2016) observed that WS restored acetylcholinesterase 
activity, lipid peroxidation, thiols and attenuated MCAO induced behavioural defi-
cits. Further, WS significantly reduced the cerebral infarct volume and ameliorated 
histopathological alterations in MCAO animals. WS treatment was observed to 
upregulate the expression of hemeoxygenase 1 (HO1) and attenuated the expression 
of the pro-apoptotic protein poly (ADP-ribose) polymerase-1 (PARP1) via the 
PARP1-AIF pathway, thus preventing the nuclear translocation of apoptosis- 
inducing factor (AIF) suggesting involvement of anti-apoptotic pathways and 
angiogenesis (Raghavan and Shah 2015). Exposure to glutamate has been impli-
cated in loss of neural network and cell death in stroke (Kataria et al. 2012; Cimarosti 
and Henley 2008). Water extract from the leaves of WS has been reported to inhibit 
glutamate-induced neurotoxicity in retinoic acid differentiated rat glioma (C6) and 
human neuroblastoma (IMR-32) cells (Kataria et al. 2012). It was further demon-
strated that pre-treatment with the WS extract exhibited therapeutic potential through 
induction of neuronal plasticity markers HSP-70, Neural cell adhesion molecule 
(NCAM) and its polysialylated form, PSA-NCAM that plays an important role in 
neuronal regeneration and repair. Baitharu et al. (2014) have shown that withanolide 
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A reduces neurodegeneration by restoring hypoxia induced glutathione depletion in 
hippocampus. Further, withanolide A increased glutathione biosynthesis in neuro-
nal cells by upregulating glutamate-cysteine ligase (GCLC) levels through Nrf2 
pathway in a corticosterone dependent manner.

18.3.2.7  Other Neurological Conditions

Gautam et al. (2013) have shown that beneficial effect of WS in scopolamine demen-
tia involves upregulation of activity-regulated cytoskeletal-associated protein (Arc), 
a member of the immediate-early gene (IEG) family protein that plays critical role 
in learning and memory. An in silico study by Kumar and Patnaik (2016) has shown 
that anaferine, beta-sitosterol, withaferin A, withanolide A, withanolide B and with-
anolide D inhibit GluN2B containing NMDARs through allosteric mode suggesting 
beneficial effect of WS in treating multi-neurodegenerative diseases mediated 
through glutamate excitoxicity. Bhattarai et al. (2013) suggested that there are com-
pounds in WS with possible glycine mimetic activities, which may be potential tar-
gets for inducing memory consolidation in hippocampal CA1 neurons. Manchanda 
et al. (2016) have shown that WS is a potential agent to suppress the acute effects of 
sleep loss on learning and memory impairments and may emerge as a novel supple-
ment to control sleep deprivation-induced cognitive impairments through restora-
tion of expression of proteins involved in synaptic plasticity, cell survival, and 
apoptosis in the hippocampus. Kataria et al. (2016) showed that WS reduced the 
intracranial tumor volumes in vivo and suppressed the tumor-promoting proteins 
p-nuclear factor kappa B (NF-κB), p-Akt, vascular endothelial growth factor 
(VEGF), heat shock protein 70 (HSP70), PSA-NCAM, and cyclin D1  in the rat 
model of orthotopic glioma allograft. Further, reduction in glial fibrillary acidic 
protein (GFAP) and upregulation of mortalin and neural cell adhesion molecule 
(NCAM) expression specifically in tumor-bearing tissue further indicated the anti- 
glioma efficacy of WS in vivo. Candelario et al. (2015) observed that key constitu-
ents in WS have an important role in the development of pharmacological treatments 
for neurological disorders associated with altered GABAergic signalling that 
include anxiety disorders, sleep disturbances, muscle spasms, and seizures. It was 
suggested that differential activation of GABA receptor subtypes elucidates a poten-
tial mechanism by which WS accomplishes its reported adaptogenic properties. 
Parihar et al. (2016) reported oral administration of WS root extract stabilized mito-
chondrial functions and prevented oxidative damage in the hypothalamus of dia-
betic rats. Baitharu et  al. (2014) found that withanolide A increased glutathione 
biosynthesis in neuronal cells by upregulating γ-glutamylcysteinyl ligase (GCLC) 
levels through Nrf2 pathway in a corticosterone dependent manner. Kumar et al. 
(2014) observed WS to attenuate lipid peroxidation and accentuate antioxidant 
enzymes; catalase and superoxide dismutase in brain as well as liver and kidney, 
suggesting its ability to act as a free radical scavenger protecting cells against lead 
induced toxic insult. Yin et al. (2013) found GABA-mimetic actions of WS on sub-
stantia gelatinosa neurons of the trigeminal subnucleus caudalis in mice suggesting 
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WS may be effecting in modulating orofacial pain processing. Konar et al. (2011) 
observed that WS prevented downregulation of neuronal cell markers NF-H, MAP2, 
PSD-95, GAP-43, BDNF and glial cell marker GFAP and upregulation of DNA 
damage and oxidative stress following scopolamine induced effect on brain or brain 
derived cells. Sominone, an aglycone of withanoside IV, identified as an active 
metabolite after oral administration of withanoside IV was observed to increase 
phosphorylation of RET (a receptor for the glial cell line-derived neurotrophic fac-
tor, GDNF) in hippocampal neurons without affecting the synthesis and secretion of 
GDNF. The densities of axons and dendrites were increased in the hippocampus by 
sominone administration. WS has been shown to be effective in reversing haloperi-
dol induced catalepsy, which is believed to be due its antioxidant properties (Nair 
et al. 2008). Kuboyama et al. (2002) found withanolide A-treated cells, had increased 
length of NF-H-positive processes compared with vehicle-treated cells, whereas, 
the length of MAP2-positive processes was increased by withanosides IV and VI 
suggesting that axons are predominantly extended by withanolide A, and dendrites 
by withanosides IV and VI.

Based on the reported literature it appears that neuroprotective potential of 
Withania somnifera primarily involves anti-oxidant, anti-inflammatory, anti- 
apoptotic and anti-amyloidogenic mechanisms. In addition, it promotes neurogen-
esis, angiogenesis and restored neurotransmitter levels thereby preventing 
neurodegneration. In addition it has been shown to mediate its effects through mod-
ulation of Nrf2 pathway. However, further studies would be required for translation 
of pre-clinical studies on Withania somnifera to therapeutics against neurological 
conditions.

References

Ahmad M, Saleem S, Ahmad AS, Ansari MA, Yousuf S, Hoda MN, Islam F (2005) Neuroprotective 
effects of Withania somnifera on 6-hydroxydopamine induced Parkinsonism in rats. Hum Exp 
Toxicol 2:137–147

Babu PV, Gokulakrishnan A, Dhandayuthabani R, Ameethkhan D, Kumar CV, Ahamed MI (2007) 
Protective effect of Withania somnifera (solanaceae) on collagen glycation and cross-linking. 
Comp Biochem Physiol B Biochem Mol Biol 14:308–313

Baitharu I, Jain V, Deep SN, Shroff S, Sahu JK, Naik PK, Ilavazhagan G (2014) Withanolide A pre-
vents neurodegeneration by modulating hippocampal glutathione biosynthesis during hypoxia. 
PLoS One 9:e105311

Bhattacharya SK, Bhattacharya D, Sairam K, Ghosal S (2002) Effect of Withania somnifera gly-
cowithanolides on a rat model of tardive dyskinesia. Phytomedicine 9:167–170

Bhattacharya SK, Kumar A, Ghosal S (1995) Effects of glycowithanolides from Withania som-
nifera on an animal model of Alzheimer’s disease and perturbed central cholinergic markers of 
cognition in rats. Phytother Res 9:110–113

Bhattarai JP, Park SJ, Han SK (2013) Potentiation of NMDA receptors by Withania somnifera on 
hippocampal CA1 pyramidal neurons. Am J Chin Med 41:503–513

Candelario M, Cuellar E, Reyes-Ruiz JM, Darabedian N, Feimeng Z, Miledi R, Russo-Neustadt A, 
Limon A (2015) Direct evidence for GABAergic activity of Withania somnifera on mammalian 
ionotropic GABAA and GABAρ receptors. J Ethnopharmacol 171:264–272

18 Neuroprotective Potential of Withania somnifera (Ashwagandha)…



384

Chaudhary G, Sharma U, Jagannathan NR, Gupta YK (2003) Evaluation of Withania somnifera 
in a middle cerebral artery occlusion model of stroke in rats. Clin Exp Pharmacol Physiol 
30:399–404

Cimarosti H, Henley JM (2008) Investigating the mechanisms underlying neuronal Death in isch-
emia using in vitro oxygen-glucose deprivation: potential involvement of protein SUMOylation. 
Neuroscientist 14:626–636

De Rose F, Marotta R, Poddighe S, Talani G, Catelani T, Setzu MD, Solla P, Marrosu F, Sanna 
E, Kasture S, Acquas E, Liscia A (2016) Functional and Morphological Correlates in the 
Drosophila LRRK2 loss-of-function Model of Parkinson’s Disease: Drug Effects of Withania 
somnifera (Dunal) Administration. PLoS One 11:e0146140

Dhar N, Razdan S, Rana S, Bhat WW, Vishwakarma R, Lattoo SK (2015) A decade of molecular 
understanding of withanolide biosynthesis and in vitro studies in Withania somnifera dunal: 
prospects and perspectives for pathway engineering. Front Plant Sci 6:1–20

Dhuley JN (1998) Effect of ashwagandha on lipid peroxidation in stress-induced animals. 
J Ethnopharmacol 60:173–178

Durg S, Dhadde SB, Vandal R, Shivakumar BS, Charan CS (2015) Withania somnifera 
(Ashwagandha) in neurobehavioural disorders induced by brain oxidative stress in rodents: a 
systematic review and meta-analysis. J Pharm Pharmacol 67:879–899

Fisher RS, Boas WVE, Blume W, Elger C, Genton P, Lee P, Engel J (2005) Epileptic Seizures and 
Epilepsy: Definitions Proposed by the International League Against Epilepsy (ILAE) and the 
International Bureau for Epilepsy (IBE). Epilepsia 46:470–472

Fritschy JM (2008) Epilepsy, E/I Balance and GABAA Receptor Plasticity. Front Mol Neurosci 1:5
Gautam A, Wadhwa R, Thakur MK (2013) Involvement of hippocampal Arc in amnesia and its 

recovery by alcoholic extract of Ashwagandha leaves. Neurobiol Learn Mem 106:177–184
Grover A, Shandilya A, Agrawal V, Bisaria VS, Sundar D (2012) Computational evidence to inhi-

bition of human acetyl cholinesterase by withanolide a for Alzheimer treatment. J  Biomol 
Struct Dyn 29:651–662

Gupta A, Singh S (2014) Evaluation of anti-inflammatory effect of Withania somnifera root on 
collagen-induced arthritis in rats. Pharm Biol 52:308–320

Hinterberger H (1971) The biochemistry of catecholamines in relation to Parkinson’s disease. Aust 
N Z J Med 1(Suppl 1):14–18

Homayoun H, Khavandgar S, Dehpour A (2002) The role of α2-adrenoceptors in the modulatory 
effects of morphine on seizure susceptibility in mice. Epilepsia 43:797–804

Isoherranen N, Yagen B, Bialer M (2003) New CNS-active drugs which are second-generation val-
proic acid: can they lead to the development of a magic bullet? Curr Opin Neurol 16:203–211

Jayaprakasam B, Padmanabhan K, Nair MG (2010) Withanamides in Withania somnifera fruit 
protect PC-12 cells from β-amyloid responsible for Alzheimer’s disease. Phytother Res 
24:859–863

Jana CK, Hoecker J, Woods TM, Jessen HJ, Neuburger M, Gademann K (2011) Synthesis of 
withanolide A, biological evaluation of its neuritogenic properties, and studies on secretase 
inhibition. Angew Chem Int Ed Engl 50:8407–8411

Jenner P (2003) Oxidative stress in Parkinson’s disease. Ann Neurol 53:26–38
John J  (2014) Therapeutic potential of withania somnifera: A report on phytopharmacological 

properties. IJPSR 5:2131–2148
Kataria H, Wadhwa R, Kaul SC, Kaur G (2012) Water extract from the leaves of Withania som-

nifera protect RA differentiated C6 and IMR-32 cells against glutamate-induced excitotoxicity. 
PLoS One 7:1–13

Kataria H, Wadhwa R, Kaul SC, Kaur G (2013) Withania somnifera water extract as a potential 
candidate for differentiation based therapy of human neuroblastomas. PLoS One 8:1–12

Kataria H, Kumar S, Chaudhary H, Kaur G (2016) Withania somnifera Suppresses Tumor Growth 
of Intracranial Allograft of Glioma Cells. Mol Neurobiol 53:4143–4158

Khodaei M, Jafari M, Noor M (2012) Remedial use of withanolides from Withania coagulans 
(Stocks) dunal. Adv Lif Sci 2:6–19

R. Sandhir and A. Sood



385

Konar A, Shah N, Singh R, Saxena N, Kaul SC, Wadhwa R, Thakur MK (2011) Protective role of 
Ashwagandha leaf extract and its component withanone on scopolamine-induced changes in 
the brain and brain-derived cells. PLoS One 6:e27265

Kuboyama T, Tohda C, Zhao J, Nakamura N, Hattori M, Komatsu K (2002) Axon- or dendrite- 
predominant outgrowth induced by constituents from Ashwagandha. Neuroreport 13:1715–1720

Kuboyama T, Tohda C, Komatsu K (2006a) Withanoside IV and its active metabolite, sominone, 
attenuate Abeta(25-35)-induced neurodegeneration. Eur J Neurosci 23:1417–1426

Kuboyama T, Hirata K, Aoki-Kinoshita KF, Kashima H, Yasuda H (2006b) A gram distribution 
kernel applied to glycan classification and motif extraction. Genome Inform 17:25–34

Kulkarni SK, Akula KK, Dhir A (2008) Effect of Withania somnifera dunal root extract against 
pentylenetetrazol seizure threshold in mice: possible involvement of GABAergic system. 
Indian J Exp Biol 46:465–469

Kulkarni SK, Verma A (1993) Protective effect of BR-16A (Mentat), a herbal preparation on alco-
hol abstinence-induced anxiety and convulsions. Indian J Exp Biol 31:435–439

Kumar A, Kumar R, Rahman MS, Iqubal MA, Anand G, Niraj PK, Ali M (2015) Phytoremedial 
effect of Withania somnifera against arsenic-induced testicular toxicity in charles foster rats. 
Avicenna J Phytomed 5:355–364

Kumar P, Kumar A (2009) Possible neuroprotective effect of Withania somnifera root extract 
against 3-nitropropionic acid-induced behavioral, biochemical, and mitochondrial dysfunction 
in an animal model of Huntington’s disease. J Med Food 12:591–600

Kumar P, Singh R, Nazmi A, Lakhanpal D, Kataria H, Kaur G (2014) Glioprotective effects of 
Ashwagandha leaf extract against lead induced toxicity. Biomed Res Int 2014:1–15

Kumar G, Patnaik R (2016) Exploring neuroprotective potential of Withania somnifera phyto-
chemicals by inhibition of GluN2B-containing NMDA receptors: An in silico study. Med 
Hypotheses 92:35–43

Kurapati KR, Atluri VS, Samikkannu T, Nair MP (2013) Ashwagandha (Withania somnifera) 
reverses beta-amyloid1-42 induced toxicity in human neuronal cells: implications in HIV- 
associated neurocognitive disorders (HAND). PLoS One 8:1–15

Luxmini KPAMK, Dharmadasa RM, Samarasinghe K, Muthukumarana PRM (2015) Comparative 
pharmacognostic study of different parts of Withania somnifera and its substitute ruellia 
tuberosa. World J Agric Res 3:28–33

Manchanda S, Mishra R, Singh R, Kaur T, Kaur G (2016) Aqueous leaf extract of Withania som-
nifera as a potential neuroprotective agent in sleep-deprived rats: a mechanistic study. Mol 
Neurobiol. [Epub ahead of print]

Manjunath MJ, Muralidhara (2015) Standardized extract of Withania somnifera (Ashwagandha) 
markedly offsets rotenone-induced locomotor deficits, oxidative impairments and neurotoxic-
ity in Drosophila melanogaster. J Food Sci Technol 52:1971–1981

Mathews M, Gratz S, Adetunji B, George V, Mathews M, Basil B (2005) Antipsychotic-induced 
movement disorders: evaluation and treatment. Psychiatry (Edgmont) 2:36–41

Mirjalili MH, Moyano E, Bonfill M, Cusido RM, Palazon J  (2009) Steroidal lactones from 
Withania somnifera, an ancient plant for novel medicine. Molecules 14:2373–2393

More SV, Koppula S, Kim IS, Kumar H, Kim BW, Choi DK (2012) The role of bioactive com-
pounds on the promotion of neurite outgrowth. Molecules 17:6728–6753

Nair V, Arjuman A, Gopalakrishna HN, Nandini M (2008) Effect of Withania somnifera root 
extract on haloperidol-induced catalepsy in albino mice. Phytother Res 22:243–246

Olanow CW (2007) The pathogenesis of cell death in Parkinson’s disease – 2007. Mov Disord 
22:335–342

Palliyaguru DL, Singh SV, Kensler TW (2016) Withania somnifera: from prevention to treatment 
of cancer. Mol Nutr Food Res 1:1–12

Panossian A, Wikman G (2010) Effects of adaptogens on the central nervous system and the 
molecular mechanisms associated with their stress—protective activity. Pharmaceuticals 
(Basel) 3:188–224

18 Neuroprotective Potential of Withania somnifera (Ashwagandha)…



386

Parihar MS, Hemnani T (2003) Phenolic antioxidants attenuate hippocampal neuronal cell damage 
against kainic acid induced excitotoxicity. J Biosci 28:121–128

Parihar P, Shetty R, Ghafourifar P, Parihar MS (2016) Increase in oxidative stress and mitochon-
drial impairment in hypothalamus of streptozotocin treated diabetic rat: antioxidative effect of 
Withania somnifera. Cell Mol Biol (Noisy-le-grand) 62:73–83

Patil SP, Maki S, Khedkar SA, Rigby AC, Chan C (2010) Withanolide A and asiatic acid modulate 
multiple targets associated with amyloid-beta precursor protein processing and amyloid-beta 
protein clearance. J Nat Prod 73:1196–1202

Piggott MA, Marshall EF, Thomas N, Lloyd S, Court JA, Jaros E, Perry EK (1999) Striatal dopa-
minergic markers in dementia with Lewy bodies, Alzheimer’s and Parkinson’s diseases: rostro-
caudal distribution. Brain 122:1449–1468

Pingali U, Pilli R, Fatima N (2014) Effect of standardized aqueous extract of Withania som-
nifera on tests of cognitive and psychomotor performance in healthy human participants. 
Pharmacognosy Res 6:12–18

Prakash J, Chouhan S, Yadav SK, Westfall S, Rai SN, Singh SP (2014) Withania somnifera alle-
viates parkinsonian phenotypes by inhibiting apoptotic pathways in dopaminergic neurons. 
Neurochem Res 39:2527–2536

Raghavan A, Shah ZA (2015) Withania somnifera: a pre-clinical study on neuroregenerative ther-
apy for stroke. Neural Regen Res 10:183–185

Rai M, Jogee PS, Agarkar G, dos Santos CA (2016) Anticancer activities of Withania somnifera: 
Current research, formulations, and future perspectives. Pharm Biol 54:189–197

Rajasankar S, Manivasagam T, Sankar V, Prakash S, Muthusamy R, Krishnamurti A, Surendran 
S (2009a) Withania somnifera root extract improves catecholamines and physiological abnor-
malities seen in a Parkinson’s disease model mouse. J Ethnopharmacol 125:369–373

Rajasankar S, Manivasagam T, Surendran S (2009b) Ashwagandha leaf extract: a potential agent 
in treating oxidative damage and physiological abnormalities seen in a mouse model of 
Parkinson’s disease. Neurosci Lett 454:11–15

Rascol O (2009) “Disease-modification” trials in Parkinson disease: target populations, endpoints 
and study design. Neurology 72:S51–S58

Roshanaei K, Neda NN (2015) Effect of withania somnifera root extract on PTZ-induced seizure 
threshold in mice. RJFH 10:719–723

Sehgal N, Gupta A, Valli RK, Joshi SD, Mills JT, Hamel E, Khanna P, Jain SC, Thakur SS, 
Ravindranath V (2012) Withania somnifera reverses Alzheimer’s disease pathology by 
enhancing low-density lipoprotein receptor-related protein in liver. Proc Natl Acad Sci U S A 
109:3510–3515

Senthil K, Thirugnanasambantham P, Oh TJ, Kim SH, Choi HK (2015) Free radical scavenging 
activity and comparative metabolic profiling of in  vitro cultured and field grown Withania 
somnifera roots. PLoS One 10:1–14

Serrano-Pozo A, Frosch MP, Masliah E, Hyman BT (2011) Neuropathological alterations in 
Alzheimer disease. Cold Spring Harb Perspect Med 1:a006189

Shinde P, Vidyasagar N, Dhulap S, Dhulap A, Hirwani R (2015) Natural Products based 
P-glycoprotein Activators for Improved β-amyloid Clearance in Alzheimer’s Disease: An in 
silico Approach. Cent Nerv Syst Agents Med Chem 16:50–59

Singh G, Sharma PK, Dudhe R, Singh S (2010) Biological activities of Withania somnifera. Ann 
Biol Res 1:56–63

Singh N, Bhalla M, de Jager P, Gilca M (2011) An overview on ashwagandha: a Rasayana (rejuve-
nator) of Ayurveda. Afr J Tradit Complement Altern Med 8(5 Suppl):208–213

Soman S, Korah PK, Jayanarayanan S, Mathew J, Paulose CS (2012) Oxidative stress induced 
NMDA receptor alteration leads to spatial memory deficits in temporal lobe epilepsy: amelio-
rative effects of Withania somnifera and Withanolide A. Neurochem Res 37:1915–1927

Soman S, Anju TR, Jayanarayanan S, Antony S, Paulose CS (2013) Impaired motor learning attrib-
uted to altered AMPA receptor function in the cerebellum of rats with temporal lobe epilepsy: 
ameliorating effects of Withania somnifera and withanolide A. Epilepsy Behav 27(3):484–491

R. Sandhir and A. Sood



387

Sood A, Kumar A, Dhawan DK, Sandhir R (2016) Propensity of Withania somnifera to attenuate 
behavioural, biochemical, and histological alterations in experimental model of stroke. Cell 
Mol Neurobiol 36:1123–1138

Tiwari R, Chakraborty S, Saminathan S, Dhama K, Singh SV (2014) Ashwagandha (Withania 
somnifera): Role in safeguarding health, immunomodulatory effects, combating infections and 
therapeutic applications: A review. J Biol Sci 14:77–94

Tohda C, Joyashiki E (2009) Sominone enhances neurite outgrowth and spatial memory mediated 
by the neurotrophic factor receptor, RET. Br J Pharmacol 157:1427–1440

Trigunayat A, Raghavendra M, Singh RK, Bhattacharya AK, Acharya SB (2007) Neuroprotective 
effect of Withania somnifera (WS) in cerebral ischemia-reperfusion and long-term hypoperfu-
sion induced alterations in rats. J Nat Remedies 7:234–246

Uddin Q, Samiulla L, Singh VK, Jamil SS (2012) Phytochemical and pharmacological profile of 
Withania somnifera dunal: A review. J App Pharmaceu Sci 2:170–175

Upadhyaya L, Tiwari AK, Agrawal A, Dubey GP (1990) Role of an indigenous drug geriforte on 
blood levels of biogenic amines and its significance in the treatment of anxiety neurosis. Act 
Nerv Super 32:1–5

Vareed SK, Bauer AK, Nair KM, Liu Y, Jayaprakasam B, Nair MG (2014) Blood–brain barrier 
permeability of bioactive withanamides present in Withania somnifera fruit extract. Phytother 
Res 28:1260–1264

Yin H, Cho DH, Park SJ, Han SK (2013) GABA-mimetic actions of Withania somnifera on sub-
stantia gelatinosa neurons of the trigeminal subnucleus caudalis in mice. Am J  Chin Med 
41:1043–1051

18 Neuroprotective Potential of Withania somnifera (Ashwagandha)…



389© Springer International Publishing AG 2017 
S.C. Kaul, R. Wadhwa (eds.), Science of Ashwagandha: Preventive and 
Therapeutic Potentials, DOI 10.1007/978-3-319-59192-6_19

Chapter 19
Potential Therapeutic Use of Withania 
somnifera for Treatment of Amyotrophic 
Lateral Sclerosis

Kallol Dutta, Vivek Swarup, and Jean-Pierre Julien

Abstract Despite continued effort for last few decades, there are no effective thera-
pies available to treat amyotrophic lateral sclerosis (ALS). This is, in part, due to the 
multi-factorial nature of the disease, which makes it difficult to treat with a single 
drug targeted at a specific factor, pathway or mechanism. In the ensuing chapter, we 
discuss the potential therapeutic action of Withania somnifera extracts in ALS 
pathogenesis. Withania somnifera, which is commonly known as Ashwagandha, 
has been used in traditional medical systems in India, China and some middle- 
eastern countries for the past 3000 years. The most common use of the plant extract 
is as a rejuvenator, but it also possesses potent anti-inflammatory, anti-oxidant, anti- 
neoplastic, and immunomodulatory properties. Based on these, the plant extract has 
been used in numerous diseases, including neurodegenerative diseases, with various 
degrees of efficacy. In this chapter, we shall present the rationale for considering 
Withania somnifera and its constituents as therapeutic possibility in ALS.

Keywords Withania somnifera • Extracts • Withanolides • Amyotrophic lateral 
sclerosis • Therapy

19.1  An Introduction to Amyotrophic Lateral Sclerosis

ALS is a “relentlessly progressive” neurodegenerative disorder primarily affecting 
motor neurons, which supply to voluntary muscles, including lower motor neurons 
(LMN) in the medulla and anterior horn of the spinal cord as well as upper motor 
neurons (UMN) in the cerebral cortex (de Carvalho and Swash 2016). The progno-
sis is bleak as majority of the people diagnosed with ALS die within 3–5 years of 
initial symptoms due to respiratory failure and in less than 10% of the cases the 
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patients survive for 10 years or more. With active and aggressive management sur-
vival could be slightly enhanced, particularly among ALS patients with bulbar dys-
function (Traynor et al. 2003).

The initial clinical features of the disease are dependent on the site of onset, 
which in turn is highly variable. Limb involvement (weakness of legs and arms) is 
the most common feature of initial disease process manifesting in about 75–80% of 
patients. Bulbar symptoms manifesting as dysarthria (problem with speech) or dys-
phagia (difficulty in swallowing) are the most common ALS presentation next to 
limb involvement, affecting 20–25% of patients (Mitchell and Borasio 2007). 
However, the age of onset of the disease symptoms is thought also to influence the 
rate of disease progression and survival (Yokoi et al. 2016). In LMN involvement, 
fasciculations (brief, spontaneous twitching of muscles) may occur early on in the 
disease, particularly in the tongue and limbs. UMN involvements generally are 
hyper-reflexic and stiff whereas, reflexes may be diminished due to LMN 
involvement.

In North America the median incidence rate of ALS is 1.8/100000 population. 
Effect of gender on incidence of ALS has been extensively evaluated but the data 
has been variable. It was believed that men outnumber women in the ratio of 2:1 
(Kahana et al. 1976, Guidetti et al. 1996) but later studies have put forward more 
moderate figures such as 1.7:1 (Chen et al. 2015), and even approaching unity in 
some studies (O’Toole et al. 2008, Roman 1996); it is now believed to be variable 
based on the age group to which the patients belong (Manjaly et al. 2010). ALS can 
either be familial (fALS) or sporadic (sALS) in nature. A meta-analysis of 38 pub-
lished reports has shown that 5.1% of total cases (confidence interval 4.1 to 6.1%) 
can be familial (Byrne et al. 2011) thereby leaving approximately 95% of cases to 
be categorized as sporadic. FALS is generally defined as “the presence of ALS in 
either a first or second degree relative of the index case” (Leblond et  al. 2014), 
whereas in sALS, there are no known family history. However, lack of detailed fam-
ily history may lead to an overestimation of the data for sALS. Also in twin studies 
where at least 1 twin had ALS, it was estimated that there was 61% heritability, 
thereby suggesting a major genetic role even in sALS (Al-Chalabi et al. 2010). In 
Table 19.1 we have provided a concise list of genes that are currently known to be 
associated (both with high and low risk factor) with ALS along with the proteins 
encoded by them and their known functions.

Studies have reported that some viral infections are correlated with ALS or ALS- 
like symptoms. The most studied of these has been retroviral infections. Over the 
last decade there have been quite a few reports of patients infected with HIV dem-
onstrating ALS-like symptoms, even though the causal relation remain uncertain 
(Verma and Berger 2006; Rowland 2011; Anand et al. 2014). Probably, the strongest 
evidence of retroviral involvement in ALS comes from a recent study involving 
Human endogenous retrovirus-K (HERV-K). Integration of the HERV-K genome 
into mammalian germ line cells, which possibly took place millions of years ago, 
constitute roughly 8% of the human genome. In a sub-population of ALS cases it 
has been reported that the HERV-K genome can reactivate and transcribe for viral 
proteins in brain, which were shown to be neurotoxic in nature (Li et al. 2015).
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Table 19.1 Genes associated with ALS

High risk—causative genesa Low risk—susceptibility risk factor
Gene ID Protein/function Gene ID Protein/function

SOD1 Cu/Zn superoxide 
dismutase 1, soluble/
Oxidative stress

ANG Angiogenin/
ribonuclease

ALS2 Alsin/Rho guanine 
nucleotide exchange 
factors

FIG. 4 SAC1 lipid 
phosphatase domain 
containing (S. 
cerevisiae)/
polyphosphoinositide 
phosphatase

SETX Senataxin/RNA/DNA 
helicase

ATXN2 Ataxin 2/unknown

SPG11 Spatacsin/
transmembrane 
protein

DCTN1 Dynactin/axonal 
transport

FUS Fused in sarcoma/
RNA-binding 
protein, DNA repair, 
exon splicing

CHMP2B Chromatin modifying 
protein 2B/ recycling 
or degradation of cell 
surface receptors

VAPB Vesicle-associated 
membrane protein- 
associated protein B/
vesicular trafficking

DPP6 Dipeptidyl-peptidase 6/ 
bind specific voltage- 
gated potassium 
channels and alters 
their expression and 
biophysical properties

TARDBP TAR DNA binding 
protein 43/
transcriptional 
repressor, splicing 
regulation

VEGF Vascular endothelial 
growth Factor/
angiogenic, vascular, 
growth, migration and 
apoptosis factor

OPTN Optineurin/ocular 
tension, membrane 
and vesicle 
trafficking

UNC13A Unc-13 homolog A/ 
play important roles in 
neurotransmitter 
release at synapses.

VCP Valosin-containing 
protein/ATP-binding 
protein, vesicle 
transport and fusion

NEFH Neurofilament, heavy 
polypeptide/
intracellular transport 
to axons and dendrites

UBQLN2 Ubiquilin 2/
ubiquitination, 
degradation

PRPH Peripherin/cytoskeletal 
protein

SIGMAR1 Sigma non-opioid 
intracellular receptor 
1/endoplasmic 
reticulum chaperone

SQSTM1 Sequestosome 1/
scaffold protein, NFκB 
signaling pathway

(continued)
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Table 19.1 (continued)

High risk—causative genesa Low risk—susceptibility risk factor
Gene ID Protein/function Gene ID Protein/function

DAO D-amino-acid 
oxidase/oxidative 
deamination of of 
D-amino acids.

TAF15 TATA box binding 
protein (TBP)-
associated factor/RNA 
polymerase II gene 
transcription

PFN1 Profilin 1/actin 
binding protein, actin 
polymerization

ELP3 Elongator 
acetyltransferase 
complex subunit 3/
transcript elongation

hnRNPA2B1/A1 Heterogenous 
nuclear 
ribonucleoprotein/
mRNA processing, 
metabolism and 
transport

SMN1 Survival of motor 
neuron 1/ required for 
efficient assembly of 
small nuclear 
ribonucleoprotein 
complexes

C9ORF72 Chromosome 9 open 
reading frame 72/ 
regulation of 
endosomal trafficking

PON1,2,3 Paraoxonase/
organophosphate 
hydrolysis

HFE Hemochromatosis/iron 
absorption

KIFAP3 Kinesin-associated 
protein 3/small G 
protein

APEX1 APEX nuclease 1/
apurinic/apyrimidinic 
endonuclease

PGRN Progranulin/cell 
growth regulator

ITPR2 INOSITOL 
1,4,5-trisphosphate 
receptor type 2/ second 
messenger intracellular 
calcium release 
channel

PLCD1 Phospholipase C delta 
1/ intracellular signal 
transduction

ARHGEF28 Rho guanine 
nucleotide exchange 
factor 28/unknown

(continued)
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Dementia resulting from frontotemporal lobar degeneration (FTD) and alterations 
in cognition is also associated with ALS (Wilson et al. 2001). An estimated 50% of 
ALS cases show some degree of cognitive decline and about 15% also manifest 
symptoms of FTD (Ringholz et al. 2005). Pathological changes observed in FTD are 
gross morphological atrophy in the frontal and anterior temporal lobes, and micro-
scopic changes, including gliosis, inclusion bodies, swollen neurons, and microvacu-
olation. The inclusion bodies, in approximately 40% of cases, are composed of 
insoluble form of the protein Tau but almost an equal number of cases were found to 
be Tau negative. The pathological overlap between ALS and FTD was proposed 
when TDP-43 was reported to be the major ubiquitinated protein found in neuronal 
cell bodies of both sporadic ALS patients and the most frequent pathological form of 
FTD negative for Tau inclusions (Arai et al. 2006; Neumann et al. 2006). Later on, 
the FUS protein was also detected from ubiquinated inclusion bodies in a significant 
number of TDP-43-negative FTD cases (Neumann et al. 2009) thereby providing yet 
another link between the two diseases. As both TDP-43 and FUS are involved in 
RNA processing /metabolism in cells, it could be hypothesized that errors in RNA 
processing may be central to ALS and FTD pathogenesis. Based on this, a proposed 
reclassification of FTD based on the main protein component  accumulated is pre-
sented as a) FTLD-tau (45%), b) FTLD-TDP (45%), c) FTLD-FUS (9%),  
and d) FTLD-UPS (ubiquitin-proteasome system) (1%) (Sieben et  al. 2012).  

Table 19.1 (continued)

High risk—causative genesa Low risk—susceptibility risk factor
Gene ID Protein/function Gene ID Protein/function

CHCHD10 Coiled-coil-helix- 
coiled-coil-helix 
domain-containing 
protein 10/ involved in 
mitochondrial function 
(Bannwarth et al. 
2014)

TBK1 Serine/threonine- 
protein kinase TBK1/
regulation of 
inflammation against 
pathogens (Tsai et al. 
2016)

MATR3 Martin 3/RNA- and 
DNA-binding protein 
(Johnson et al. 2014)

CCNF cyclin F/a component 
of an E3 ubiquitin- 
protein ligase complex 
(Williams et al. 2016)

Adapted, modified and updated from (Leblond et al. 2014)
aIncludes 2 unknown genes located in chromosomes 20p13 and 9q21–q22 with unknown protein/
function
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More recently, hexanucleotide expansion in the C9ORF72 gene, which is a signifi-
cant contributor to fALS, has also been reported to be involved in FTD (Renton et al. 
2011). Apart from these, ALS-causing mutations in various other genes such as 
UBQLN2, VCP, VAPB, SQSTM1, OPTN, CHMP2B and TBK1 have also been 
reported in some cases of FTD (Ling et al. 2013; Gijselinck et al. 2015).

The pathogenic processes involved in ALS are multifactorial and much still 
remains to know. A hallmark of ALS is the presence of various inclusion bodies in 
degenerating lower motor neurons of the brainstem, the spinal cord and in cortico-
spinal UMN (Sasaki and Maruyama 1994) and occasionally in surrounding reactive 
glial cells (Miller et al. 2004). These inclusions are classified as ‘Lewy body-like’ 
or ‘Skein-like’ or Bunina bodies, which are cystatin C-containing eosinophilic 
intraneuronal inclusions, and are found in the cell bodies of motor neurons in ALS 
(Kawashima et al. 1998; He and Hays, 2004; Okamoto et al. 2008). These inclu-
sions mostly comprises of mis-folded and/or ubiquinated, hyperphosphorylated or 
SUMOylated aggregates of different proteins such as SOD1, TDP-43 or FUS, 
OPTN, UBQLN2 and the translational product of intronic repeats in the gene 
C9ORF72 (Neumann et al. 2006; Deng et al. 2010; Dangoumau et al. 2013; Blokhuis 
et al. 2013). Recent studies have raised the concern that these mis-folded and aggre-
gated proteins may be propagated in a cell-to-cell manner reminiscent of prion pro-
teins (Grad et al. 2015a). The two most studied proteins displaying such mechanism 
of spread, in relation to ALS, are SOD1 and TDP-43. Mis-folded SOD1 has been 
shown to propagate from cell to cell both via exosome-dependent as well as inde-
pendent pathways (Urushitani et  al. 2006; Silverman et  al. 2016) and this mis- 
folding could be induced by other ALS-associated proteins such as FUS or TDP-43 
(Pokrishevsky et al. 2016). This prion-like propagation of SOD1 could also be rep-
licated in vivo using minute quantity of mis-folded and aggregated SOD1 as seed, 
thereby hastening disease progression (Grad et al. 2014, 2015b; Zeineddine et al. 
2015). Likewise, aggregated TDP-43 (Nonaka et al. 2013) or FUS (Nomura et al. 
2014) may also propagate from cell to cell based on seeded aggregation whereby 
mis-folded proteins recruit and initiate template-directed mis-folding of the native 
protein to form new aggregates and this could, in part, be by an exosome-dependent 
pathway.

Chaperones that are resident within the endoplasmic reticulum (ER) are involved 
in the sensing of intracellular mis-folded proteins and as a part of ER stress response 
they attempt to correct the protein folding. In ALS, presence of mis-folded proteins 
does understandably elicit an ER stress response. In mutant SOD1 mouse model of 
fALS, an ER chaperon named Protein disulphide isomerase (PDI) has been reported 
to be activated and colocalize with the mis-folded SOD1 (Atkin et al. 2006). The ER 
stress response is also present in sALS cases as post mortem spinal cord extracts 
showed elevated levels of ER stress sensor kinases, chaperones and apoptotic medi-
ators. Furthermore, elevated level of PDI could be detected from the CSF of these 
patients and it was widely distributed in spinal motor neurons (Atkin et al. 2008). 
Although ER stress response is thought to be beneficial at least at the earliest stages 
of the disease, surprisingly mutant SOD1 mice deficient in a key ER stress response 
transcription factor X-box binding protein 1 (XBP-1) significantly increased the 
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survival time of the animals. This was found to be due to enhanced clearance of 
mutant SOD1 aggregates by autophagy, a cellular pathway involved in lysosome- 
mediated protein degradation (Hetz et al. 2009).

Post-mortem analysis of brain and spinal cord from both sALS and SOD1-related 
fALS cases has shown elevated levels of oxidative damage to DNA, proteins and 
lipids (Fitzmaurice et al. 1996; Shibata et al. 2001; Shaw et al. 1995b). Further cor-
roboration of the involvement of oxidative stress in ALS comes from the observa-
tion that nuclear erythroid 2-related factor 2 (NRF2) – antioxidant response element 
(ARE) signaling is dysregulated in spinal cord of both ALS patients and animal 
models (Sarlette et al. 2008). The NRF2-ARE signaling pathway is a major regula-
tor of anti-oxidant response following oxidative stress. Oxidative stress, directly or 
indirectly, exacerbates other pathological processes in ALS. Mitochondrial vacuola-
tion has been reported in some SOD1 mouse models of the disease at the presymp-
tomatic stage, indicating an early role of dysfunction in disease progression (Jaarsma 
et al. 2000, Higgins et al. 2003). Abnormal respiratory chain function along with 
oxidative damage to mitochondrial lipids and proteins has been observed from ALS 
patient spinal cords (Wiedemann et al. 2002). This could be linked to the caspase- 
mediated apoptotic death of motor neurons observed in some models of ALS 
(Sathasivam et al. 2005).

A number of studies have reported that excitotoxicity is a major contributing fac-
tor for motor neuron injury in ALS (Van Damme et al. 2005; Foran and Trotti 2009). 
In some ALS patients high level of glutamate has been reported from the CSF along 
with a decrease in expression of its transporters (Shaw et al. 1995a; Rothstein et al. 
1992). The significance of excitotoxicity in the pathogenesis of ALS can be further 
appreciated by the fact that currently the only therapeutic intervention, a drug named 
riluzole, imparts its protective effects mainly by way of inhibiting glutamate release 
even if that only results in prolonging the survival of patients by a few months 
(Cheah et al. 2010).

Insight into the pathogenic role of glia in neuroinflammation and ALS disease 
progression has been reported in several studies and is now thought to constitute 
crucial therapeutic targets (Radford et al. 2015). Microglia and astrocytes become 
increasingly activated as the disease progresses in both animal models and patients 
and this leads to the development of neuroinflammation, which could result in both 
positive as well as negative effects in the surrounding milieu. Recent studies dem-
onstrating that mutant TDP-43 or truncated variety of TDP-43 could activate 
microglia (Zhao et al. 2015) and experiments with C9orf72 null mice that put for-
ward the notion that C9orf72 may be necessary for proper microglial functioning 
(O’Rourke et al. 2016), further corroborates the importance of microglial involve-
ment. A complex signaling cross talk between motor neurons and microglia also 
contribute to severity of disease or neuroprotection (Appel et al. 2011). There has 
also been an over whelming number of studies that have indicated the toxic role of 
reactive astrocytes on motor neuron survival in ALS (Pehar et  al. 2005, Haidet- 
Phillips et al. 2011; Almad et al. 2016; Song et al. 2016). Together, the microglia 
and astrocytes are believed to be involved in the non-cell autonomous death of 
motor neurons (Clement et al. 2003; Urushtani et al. 2006; Zhao et al. 2010).
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19.2  Withania somnifera in Medicine

Extracts of the plant Withania somnifera (WS) has been used extensively in tradi-
tional medicines for centuries as a nervine tonic, aphrodisiac, and ‘adaptogen’ 
which helps the body to rejuvenate (Mishra et  al. 2000). Known by many other 
names such as Ashwagandha, Indian Ginseng, Winter cherry, Samm Al Ferakh and 
Shui Qie, this plant is a perennial shrub belonging to the family Solanaceae (night-
shade). Usually the roots of the plant are used for therapeutic purposes; however, 
extracts from the leaves, berries and seeds have also been known to be effective. WS 
extracts typically contains steroidal compounds such as the ergostane-type steroidal 
lactones, phytosterols, as well as various alkaloids, a variety of amino acids, and 
high amounts of iron (see Table 19.2). However, it must be noted that the actual 
composition and concentration may vary from plant to plant grown under different 
geological or environmental conditions such as seasonal temperature, duration of 
light-dark period, depth of tillage, time of harvesting and concentration of fertilizers 
(Upton et  al. 2000). The seeds of plants are reported to contain another class of 
compounds called withanamides, which also have potent anti-oxidant properties 
(Nair and Jayaprakasam 2007).

Traditionally, for therapeutic purposes, WS extracts has been administered as 
aqueous suspensions or as suspensions in milk or honey or clarified butter (Suresh 
Gupta et  al. 2006) and unlike other adaptogens, which tend to be stimulating, 

Table 19.2 Major constituents of the Withania somnifera plant extracts

Withanolides (Steroidal 
lactones) Alkaloids (0.13 4.3%) Other constituents

Withaferin A Ashwagandhine Sitoindosides VII, VIII (acylsteryl 
glucosides) IX and X 
(C-27-Glyco-withanolides)

Withanolide A-Y Ashwagandhinine Saccharose
5-dehydroxywithanolide-R Somniferiene β-sitosterol
Withasomniferin-A Somniferinine Hentriacontane
Withasomniferols A-C Withanine Scopoletin
Withasomidienone Withaninine Dulcitol

Pseudowithanine Chlorogenic acid
Withasomnine Glycosides
Isopelletierine Essential oils
Cuscohygrine Choline
Isopelletierine Amino acids (aspartic acid, glycine, 

tyrosine, alanine, proline, tryptophan, 
glutamic acid, cystine, arginine)

Anapherine Iron
Anahygrine
Visamine
Nicotine (debated)
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Ashwagandha has a calming effect (Singh et al. 2011). Extracts or purified compo-
nents of WS have been reported to possess a myriad of beneficial properties such as:

 (a) Anti-stress – in animals exposed to chronic stress WS root extracts or purified 
components has been reported to alleviate pathological changes (Bhattacharya 
et al. 1987; Bhattacharya and Muruganandam 2003) and act as a potent anti- 
oxidant substance (Bhattacharya et al. 2001; Khan et al. 2015)

 (b) Anti-neoplastic  – in vitro, WS extract or its purified components have been 
reported to arrest the growth of and induce apoptosis is several cancerous/tumor 
cell lines (Jayaprakasam et  al. 2003). In vivo, also there have been multiple 
studies to demonstrate the chemopreventive activity in carcinogen-induced or 
cancer xenograft models (Palliyaguru et al. 2016)

 (c) Immunomodulatory  – WS extracts acts as potent immunomodulators. They 
have been shown to selectively up-regulate Th1 response in mice (Bani et al. 
2006) and in myelo-suppressed mice restore haematopoiesis (Ziauddin et  al. 
1996). In experimental models of leucopenia WS extract has been shown to 
restore leukocyte counts (Davis and Kuttan 1998) and increase phagocytic 
capacity of macrophages (Davis and Kuttan, 2000)

 (d) Anti-inflammatory– WS acts mainly by inhibiting NF-κB pathway (Singh et al. 
2007; Grover et al. 2010; Dey et al. 2014); beneficial results observed post treat-
ment in inflammatory diseases such as rheumatoid arthritis (Kumar et al. 2015)

WS extracts generally have a good safety profile. There is no single systematic 
study available which compares acute, sub-acute, sub-chronic or chronic dosage of 
WS root powder, whole plant extract, or different extracts of the plant (e.g., water, 
alcohol, petroleum ether), or purified alkaloids, and glycosides. However, data from 
different studies using differing components and doses have led us to believe that 
WS extracts and to a certain extent its individual components, are well tolerated by 
experimental animals at quite high dosages without any prominent adverse side 
effects. In a study comparing acute toxicity of total alkaloids from the roots of WS, 
suspended 10% propylene glycol, reported the LD50 to be 465 mg/kgBW and 432 
mg/kgBW in rats and mice, respectively (Malhotra et al. 1965). In a chronic study 
involving administration of aqueous extracts of WS to rats at a dose of 100 mg/
kgBW/day for 8 months did not have any significant adverse effect (Mishra et al. 
2000). In an acute toxicity study involving alcoholic extracts of WS roots, a single 
intraperitoneal injection at a dose of 1100 mg/kgBW did not significantly affect 
survival time in mice. The LD50 value was reported to be 1260 mg/kgBW. The same 
study also reported that sub-acute intraperitoneal administration of the alcoholic 
extract at a dose of 100 mg/kgBW for 30 days in rats also did not result in any 
lethality (Sharada et al. 1993). In a separate study the same group had also shown 
that Withaferin A when administered i.p. has a LD50 of 80 mg/kgBW (Sharada et al. 
1996). We have used pure Withaferin A solution in DMSO-Saline (1:9) at dosages 
of 3 and 4 mg/kgBW administered twice weekly, in a 3 different transgenic mice 
model of ALS with C57BL6/J background without noticing any adverse drug- 
dependent side effects (Swarup et al. 2011b; Patel et al. 2015).
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In a dose-related tolerability, safety and activity study of WS extract (aqueous 
extract, 8:1) in normal humans, a small population consisting of either sexes were 
treated daily in two divided doses with increase in daily dosage every 10 days for 30 
days (750, 1000 and 1250 mg/day for 10 days). Most of the subjects tolerated WS 
without any adverse event and the formulation appeared safe for human trials (Raut 
et al. 2012). There have been quite a few clinical trials conducted or being con-
ducted with WS extracts for a variety of disorders. Table 19.3 summarizes these 
trials and gives an idea about the range of dosages that can be considered to be 
within the safe zone for use as therapeutic tool.

From the above-mentioned studies and clinical trial protocols, it is fair to con-
clude that WS extracts are well tolerated and high dosages of 1.2–2 g on a daily 
basis do not result in any prominent adverse side effects in humans.

Table 19.3 Summary of clinical trials with WS extracts depicting dosage and duration

Trial Identifier Condition
Drug 
used Dosage Duration

NCT01793935a Schizophrenia WS 
extract; 
Sensoril®

250 mg 
twice daily 
for 1st week 
followed by 
500 mg 
twice daily

12 weeks

NCT00817752a Stress WS 
extract

3 mL/day 
(conc. Not 
defined)

5 days

NCT00761761a, c Bipolar disorder WS 
extract; 
Sensoril®

250 mg/day 
for 1st week; 
increased to 
500 mg/day 
till 
completion 
of study

8 weeks

NCT01311180a Generalized Anxiety 
Disorder

WS 
extract; 
Sensoril®

250 mg 
every 
morning for 
7 days and 
then 250 mg 
twice a day 
for 7 weeks

8 weeks

CTRI/2011/091/000222b Stress and anxiety WS 
extract 
KSM-66

250 mg 
twice a day

8 weeks

CTRI/2011/12/002278b Chronic stress WS 
extract

125 or 250 
or 500 mg/
day

8 weeks

CTRI/2012/05/002670b Cardiorespiratory 
endurance

WS 
extract 
KSM-66

300 mg 
twice daily

90 days

(continued)
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19.3  Withania somnifera as Potential Therapeutic Option 
in Neurodegenerative Diseases

In this section we shall lay out the current state of knowledge regarding the use of 
WS extracts in various neurological disorders followed by a discussion on how they 
can potentially be beneficial in ALS.

19.3.1  Withania somnifera Extracts or Constituents 
for Treatment of Neurodegenerative Diseases

So far, most of the studies regarding neuroprotective effects of WS extracts have 
mainly been reported from the Alzheimer’s disease (AD) perspective. AD and ALS, 
though two distinct diseases, do share some common features such as (a) in both of 
the diseases protein mis-folding and altered protein recycling is involved that may 
lead to aggregate formation and associated pathologies in neurons, (b) the mis- 
folded or aggregated proteins may spread to neighboring cells in a prion-like man-
ner and (c) neuroinflammation is involved in disease mechanisms. Albeit any 
therapeutic role of WS extracts in AD models does not necessarily imply that it 
could be replicated in ALS, it would be interesting to compare its effect on the path-
ways or pathologies that are common to both.

AD is characterized by deposition of amyloid plaques composed of fragment 
clusters of beta amyloid protein and neurofibrillary tangles composed of Tau protein 

Table 19.3 (continued)

Trial Identifier Condition
Drug 
used Dosage Duration

CTRI/2013/05/003688b Stage IV cancer WS 
extract

500 mg four 
times a day

6 months

CTRI/2013/04/003537b Cognitive and 
psychomotor 
performance

WS 
extract

250 mg 
twice daily

14 days

CTRI/2015/07/006045b Female Sexual 
Dysfunction

WS 
extract 
KSM-66

300 mg 
twice daily

8 weeks

CTRI/2016/04/006791b Oxidative stress in 
athletes

WS 
extract 
KSM-66

300 mg 
twice daily

8 weeks

CTRI/2016/05/006903b Subclinical 
Hypothyroidism

WS 
extract 
KSM-66

300 mg 
twice daily

8 weeks

aRetrieved from https://clinicaltrials.gov/ with search keyword “WITHANIA”
bRetrieved from http://ctri.nic.in/ with search keyword “WITHANIA”
cAvailable Results showed no drug-associated adverse effects on subjects
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in the brain that leads to neuronal death. The earliest manifestations are memory 
deficits and other cognitive impairments that become progressively severe with 
aging. Neuropathological studies on post-mortem brain samples from AD patients 
have revealed neuritic atrophy and synaptic loss as major causes for the cognitive 
impairment (Dickson and Vickers 2001) and drugs/compounds that promote neurite 
outgrowth could be in turn beneficial for AD (An et al. 2014; Chang et al. 2015). 
Withanamides, extracted from the seeds of WS, have been reported to prevent neu-
ronal death triggered by amyloid plaques in vitro and molecular modeling studies 
showed that withanamides A and C uniquely bind to the active motif of beta- amyloid 
(Aβ 25–35) to prevent fibril formation (Jayaprakasam et  al. 2010; Kumar et  al. 
2012). Since these withanamides are known to be permeable across the blood-brain 
barrier (Vareed et al. 2014), these compounds are predicted to be promising thera-
peutic option. Another study involving beta-amyloid induced toxicity in human 
neuronal cell lines reported that a methanol-chloroform extract of WS had protec-
tive effects and neuronal spine density, spine area and spine length were maintained 
post treatment with the extract (Kurapati et  al. 2013). Similar observations were 
also made from primary cortical neurons of rat and human neuroblastoma cell line 
using withanolide A and withanoside IV (another type of withanolide). However, it 
was observed that withanolide A predominantly affected axonal extensions whereas 
withanoside IV affected dendrite growth (Kuboyama et  al. 2002, 2005). In vivo 
studies involving withanoside IV treatment (at a dosage of 10 μmol/kg/day) in Aβ 
(25–35)-induced AD mice model showed significantly improved memory functions 
and overall neuroprotection. This protective effect was attributed to a metabolite of 
withanoside IV called sominone (Kuboyama et  al. 2006). Sominone imparts its 
effect via interaction with a glial cell line-derived neurotrophic factor (GDNF) 
receptor called RET (Tohda and Joyashiki 2009) and when directly administered to 
5XFAD mouse model of AD, it resulted in significant improvement in object recog-
nition memory and enhanced axonal densities in the frontal and parietal cortex. 
However, sominone administration had no effect on plaque number or glial activa-
tion in that model (Joyashiki et al. 2011).

The cholinergic hypothesis in AD, whereby it is proposed that reduced synthesis 
of acetylcholine (a neurotransmitter) and/or loss of cholinergic neurons play a criti-
cal role in AD, is the basis of first line of pharmacotherapy for mild to moderate AD 
(Birks 2006). Cholinesterase inhibitors are drugs or compounds that prevent the 
action of the enzyme acetylcholine esterase that are present on postsynaptic mem-
branes of cholinergic neurons. Following release from the pre synaptic terminal and 
signal transduction resulting from binding to its receptor on postsynaptic mem-
brane, acetylcholine undergoes hydrolysis catalyzed by the enzyme acetylcholine 
esterase to form esters and choline. However, in AD, owing to decreased availability 
of acetylcholine, activities of cholinergic nervous systems are impaired which has 
been shown to be a contributing factor for AD-associated dementia (Perry et  al. 
1978). Two particular types of withanolides have been reported to be potent liner- 
mixed type or non-competitive inhibitors of cholinesterase, and having significant 
calcium antagonistic activity. These compounds were also shown to be safe by 
human neutrophil viability assay and thus could be potential therapeutic agents in 
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AD-associated dementia (Choudhary et  al. 2005). Withanolides are predicted to 
bind with multiple amino acid residues of choline esterase, all falling under one or 
other active sites/subsites of the enzyme, thereby confirming its inhibitory property 
(Grover et al. 2012). Further justification of the role of WS on declining cognitive 
function in AD could be extrapolated from a study carried out on healthy human 
participants. After 14 days of treatment with WS, a significantly improved reaction 
time was observed psychomotor performance tests, with no sedative effects, when 
compared to placebo and to baseline testing (Pingali et al. 2014). Thus it is possible 
that WS could be beneficial to check or improve cognitive functions in people 
affected with AD.

Besides the direct neuroprotective effects, WS has been shown to have a periph-
eral effect by dint of which its credentials as a therapeutic tool for AD has been 
further strengthened. On treating two different mice models of AD (B6C3-Tg 
(APPswe, PSEN1)85Dbo/J and APPSwInd mice (J20 line)) with a methanol- 
chloroform extract of WS roots, accumulation of β-amyloid peptides (Aβ) and 
oligomers in the brains of the transgenic mice were found to be significantly cleared 
off along with marked improvement in behavioral deficits. This observation was 
shown to be related to the early-enhanced expression of low-density lipoprotein 
receptor-related protein (LRP) and the Aβ-degrading protease neprilysin (NEP) in 
the liver and sLRP, a peripheral sink for brain Aβ, in the plasma. This was followed 
by an increase of LRP and NEP in brain microvasculature thereby promoting plaque 
clearance in the brain (Sehgal et al. 2012).

Few other studies have also reported beneficial role of WS extracts in other neu-
rodegenerative disease models that seems to be primarily based on its anti-oxidant 
properties. Administration of WS extracts to 1-methyl 4-phenyl 1,2,3,6- tetrahydropy
ridine- induced Parkinson’s disease (PD) model in mice revealed significant improve-
ment in the behavioral outcomes and antioxidant status that correlated with reduced 
oxidative stress (Sankar et  al. 2007) and restored catecholamine levels that are 
reduced in diseased state (RajaSankar et  al. 2009). In rotenone-induced PD-like 
Drosophila and mice models, WS extracts were also shown to alleviate disease 
symptoms by decreasing oxidative stress (Manjunath and Muralidhara 2013, 2015). 
The role of alleviation of oxidative stress for amelioration of disease symptoms in PD 
by WS extracts was further demonstrated in Maneb and paraquat (environmental 
toxins) intoxicated mouse. These two toxins selectively affect dopanimergic neurons 
in the CNS thereby resulting in PD-like pathology. Apart from reducing oxidative 
stress markers, administration of ethanolic extract of WS in this model was also 
found to prevent neuronal apoptosis and decrease astrocyte activation, and thereby 
modulated neuroinflammation (Prakash et al. 2014). In 6-Hydroxydopamine- induced 
model of PD, pre-treatment of animals with varying doses of WS extracts for 21 days 
prior to disease induction showed a dose dependent reduction of oxidative stress 
markers and increase of catecholamines, thereby indicating at possible long-term 
effects of the drug (Ahmad et al. 2005). Apart from PD, oxidative stress also plays a 
critical role in Huntington’s disease pathology and thus anti-oxidant drugs could 
constitute a possible therapeutic option (Stack et  al. 2008; Jang et  al. 2013;  
Gil-Mohapel et  al. 2014). In a 3-nitropropionic acid-induced Huntington’s- like  
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mouse model, administration of two different doses of WS extracts increased the 
level of anti-oxidant enzymes and restored ATP synthesis in a dose-dependent man-
ner (Kumar and Kumar 2009).

Apart from neurodegenerative disease models, effect on WS on several other in 
vivo and in vitro models have thrown light on other possible mechanisms that could 
ultimately be transcribed to neurodegenerative diseases. In adult mice that were 
subjected to restraint stress for 30 days, administration of WS extracts inhibited 
neuronal nitric oxide synthase, thereby attenuating the stress-induced production of 
nitric oxide that normal neuronal functions. WS treatment was also found to sup-
press corticosterone release and activate choline acetyltransferase enzyme, which in 
turn increase serotonin levels in hippocampus (Bhatnagar et al. 2009). When added 
onto brain slice preparations, WS extract reportedly binds to synaptic/extrasynaptic 
GABAA receptors in hippocampal CA1 pyramidal neurons and induced remarkable 
inward currents, thereby maintaining the neurons in a depolarized state that may 
contribute to neuroprotection (Bhattarai and Han 2014). The neuroprotective effect 
of WS extracts on hippocampal neurons has also been reported in sleep-deprived rat 
models (Manchanda et al. 2016). In in vitro studies involving human neuroblastoma 
and rat glioblastoma cell lines, treatment with WS extracts or specific WS compo-
nents reportedly alleviated hydrogen-peroxide mediated oxidative stress, promoted 
survival, maintained functional state of the cells and resulted in an up regulation of 
differentiation markers (Shah et al. 2015).

19.3.2  Withania somnifera Extracts or Constituents to Target 
ALS Pathogenesis

ALS primarily differs from AD, PD or Huntington’s disease by predominantly 
being a motor neuron disease with pathologies occurring in the spinal cord and the 
brain. As a result, many of the beneficial features of WS extracts or its components 
observed in AD and PD may not be sufficient to explain their neuroprotective fea-
tures in ALS. Promoting neurite and/or dendrite outgrowth may be beneficial to 
some extent in alleviating ALS-associated FTD and their anti-cholinesterase prop-
erty may be beneficial at presymptomatic state of fALS (Casas et al. 2013). However, 
the effect of WS in relation to ALS is something specific to this disease. As described 
earlier, TDP-43 inclusions in spinal motor neurons are hallmarks of ALS and/or 
FTD. Few years back, we had established that TDP-43 binds to and acts as a co- 
activator of the p65 subunit of nuclear factor kappa B (NF-κB) in ALS patient sam-
ples as well as in transgenic mouse model generated by using genomic fragments 
that encode wild-type human TDP-43 (Swarup et al. 2011b). The involvement of 
NF-κB in ALS pathogenesis has been increasingly gaining attention as FUS/TLS 
have also been reported to act as co-activator of NF-κB (Uranishi et al. 2001) and 
recently loss of function mutations in TANK Binding Kinase 1 (TBK1) has been 
reported from ALS cases (Tsai et al. 2016; Borghero et al. 2016). TBK-1 lies at the 
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interface between autophagy and inflammation. On one hand it regulates the activa-
tion of NF-κB by virtue of its IKB kinase-like activity while on the other hand it 
associates with and phosphorylates both optineurin and p62, which can, in turn, 
enhance inflammation.

In spinal cords of sporadic ALS cases we observed a four-fold increase in the p65 
mRNA level and p65 was found to predominantly localize in neuronal nucleus. The 
interaction between TDP-43 and p65 was not observed either in non-ALS control 
spinal cords or non-transgenic animals, leading us to propose that the interaction 
between these two proteins are involved in pathogenic process of the disease 
(Swarup et  al. 2011b). To validate the above-mentioned findings, Withaferin A 
(WA) was used as an NF-κB inhibitor and interestingly when administered to trans-
genic mice overexpressing WT human TDP-43, the disease pathology found to be 
alleviated (Swarup et al. 2011b). A marked reduction was observed in glial activa-
tion pattern in the spinal cord of the WA-treated animals as visualized by reduced 
expressions of Mac-2 and GFAP and reduction of microglial Cox-2 levels (Swarup 
et al. 2011b). Moreover, WA treatment improved motor performance of transgenic 
mice expressing human WT TDP-43 and it enhanced the innervation of neuromus-
cular junctions (NMJs) (Swarup et al. 2011b). Similarly, we have found that WA 
treatment for 10 weeks (i.p. at 4 mg/kg/twice a week) of transgenic mice expressing 
human mutant TDP-43G348C ameliorated motor deficits on rotarod test when com-
pared to TDP-43G348C mice injected i.p. with 0.9% saline (Fig. 19.1).

In cultured primary neurons overexpressing WT or mutant TDP-43 species, 
NF-κB inhibition by WA reduced their vulnerability to glutamate-toxicity (Swarup 
et al. 2011b). Taken together, targeting the p65 pathway seemed to be a potential 
therapeutic approach to ALS. To further investigate the role of WA in ALS we next 
administered the drug i.p. to two other mice models of fALS- SOD1G93A and 
SOD1G37R (Patel et al. 2015). The SOD1G93A is an aggressive model of the disease 
but WA treatment resulted in a modest prolongation of median survival time by 8–9 
days. In the SOD1G37R model, which is comparatively less acute, the survival was 
increased by about 18 days (Patel et al. 2015). Along with delay in the disease pro-
gression rate, this prolongation of survival could be attributed to a significant reduc-
tion of mis-folded SOD1 species in spinal cord of the WA-treated animals. This 
reduction in SOD1 mis-folding by WA treatment could be related in part to increased 
levels of heat shock proteins (HSPs). WA is a known proteasome inhibitor and this 
could in turn induce ER stress response (Khan et al. 2012) and also induce autoph-
agy (Hahm and Singh 2013). A major role of the ER stress response is recruitment 
of chaperons to correct protein mis-folding. In WA-treated mice, HSP70 and HSP25 
(equivalent to human HSP27) were found to be significantly increased, which could 
explain normal protein function and overall neuroprotection. However, the protec-
tive effect of WA was only observed when administered at early disease stage and 
not when drug treatment was initiated at late stage (Patel et al. 2015). Recently, we 
tested whole root extract of WS administered orally to pre-symptomatic SODG93A 
mice starting at 50 days of age. Albeit the WS extract did not significantly alter 
survival of SODG93A mice, it did confer neuroprotection and amelioration of motor 
performance (our unpublished observations).
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Recently, we also tested the effect of oral administration of WS extract in trans-
genic mice expressing human mutant TDP43A315T, a mouse model exhibiting motor 
and cognitive dysfunction with abnormal cytoplasmic TDP-43 accumulations 
(Swarup et al. 2011a). Our results demonstrated that 8 weeks of treatment with WS 
was able to ameliorate motor performance on rotarod test and cognitive function by 
the passive avoidance test of TDP43A315T transgenic mice (Fig. 19.1). Remarkably, 
microscopy examination of CNS samples revealed that treatment of hTDP43A315T 
mice with WS extract led to relocation of mis-localized cytoplasmic TDP-43 into 
nucleus of spinal motor neurons (Fig. 19.2) (Dutta et al. 2017).

WS and WA may confer protective or therapeutic effects through their anti- 
oxidant and anti-inflammatory properties. WA has been shown to induce the 
 activation of the Keap1/Nrf2 pathway in some cells (Heyninck et al. 2016). As dis-
cussed earlier the Nrf2 pathway is an important regulator of anti-oxidant state in the 
body and has been found to be dysregulated in ALS and, hence it is possible that 
anti- oxidative role of WA in ALS could be mediated via activation of this pathway. 
The anti-inflammatory property WS has been attributed to multiple components but 
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Fig. 19.1 Withaferin A ameliorated motor defects in TDP-43G348C mice. Performance of TDP- 
43G348C mice was monitored on an accelerating rotarod (4 rpm speed and 0.2 rpm/s acceleration) 
from 8 weeks of age onwards and compared with that of non-transgenic mice of same age. At 30 
weeks, intraperitoneal Withaferin A (4 mg/kg/twice a week) or vehicle (0.9% saline) treatment was 
started in TDP-43G348C mice that lasted for 10 weeks. Withaferin A-treated TDP-43G348C mice were 
found to perform better on the rotarod than only vehicle-treated mice, from 6 weeks post initiation 
of treatment. Even after cessation of treatment at 40 weeks of age, the Withaferin A treated animals 
continued to perform better till 44 weeks of age. Error bars represent mean ± SEM (n = 10 each 
group)
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the most studied of them is WA. The NF-κB regulating role of WA has been studied 
in details, which could throw light on its possible inhibition of interaction with 
TDP- 43 or suppression of inflammation in general. In silico studies have reported 
that WA interferes with the dimerization of p65 subunits of NF-κB so as to prevent 
their DNA-binding and thereby transcriptional activity. There is evidence that WA 
can interfere to dimerization of p65 by binding to residues glutamic acid and gluta-
mine at positions 285 and 287, even though neither of these residues lay exactly in 
the dimerization interface (Ashkenazi et al. 2016). Another in silico study reported 
that there could be a possibility of strong intermolecular interactions of WA with 
IKKγ (also known as NEMO), the regulatory subunit of the IKK-kinase complex 
(Grover et al. 2010). The IKK-kinase complex is composed of the adapter protein 
IKKγ and two catalytic kinase subunits- IKKα and IKKβ. When activated IKKβ 
mediate the phosphorylation of the inhibitory IκB (which remains bound to inactive 
NF-κB, masking its nuclear localization signal) and thereby frees NF-κB. However, 
binding of WA with IKKγ results in hindrance to binding of IKKβ with the IKK-
kinase complex and thus inhibits NF-κB activity. In addition, WA can also directly 
inhibit IKKβ activity by binding with a cysteine residue at position 179 (Heyninck 
et al. 2014). Apart from IKK-kinase complex, WA has been reported to directly alter 
the function of other kinases. It inhibits protein kinase C (PKC), a serine/threonine 
kinase (Sen et  al. 2007), a kinase that can phosphorylate NF-κB at serine 311 
position.

Fig. 19.2 Rescue of TDP-43 by WS extract treatment in TDP-43A315T mice. TDPA315T mice were 
treated either with Withania somnifera (WS) root extract (5 mg/mouse/alternate days) as a suspen-
sion in buffered saline or equal volumes of the vehicle, for 8 weeks. Post treatment, immunofluo-
rescent staining of lumber spinal cord sections revealed that in WS-treated mice hTDP-43 was 
localized into the nucleus of motor neurons (white arrows), whereas in age-matched vehicle treated 
mice, hTDP-43 staining was present diffusedly in the cytoplasm. NeuN was used to mark neurons. 
Aberrant cytoplasmic presence of hTDP-43 in spinal motor neurons of our mice model is a well- 
characterized hallmark of the disease pathology, which is prominently observed from 8 months of 
age. We began our treatment when the mice were more than 14 months old and thus had mis- 
localized hTDP-43 in the motor neuronal cytoplasm. However, 8 weeks of WS treatment resulted 
in a rescue of the mis-localized hTDP-43 back into the nucleus. Image 40x; scale = 100 μ. Age of 
animals post 8 weeks of WS/vehicle treatment was more than 500 days
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Another novel mechanism of anti-inflammation by WA could be by its inhibitory 
effect on High mobility group box 1 (HMGB1) protein, which is a small DNA bind-
ing protein involved in transcriptional regulation (Lee et al. 2012). In spinal cord of 
ALS patients high levels of HMGB1 has been reported and in transgenic mouse 
models of ALS, HMGB1 was found to be present in the nucleus of reactive glial 
cells, but not in the cytosol, thereby probably contributing to the proliferation and/
or hypertrophy of these cells. However, its level in ventral motor neurons decreased 
with disease progression, indicating an extracellular release (Lo Coco et al. 2007). 
Interestingly, elevated serum autoantibody against HMGB1has been suggested to 
be a potent surrogate biomarker for ALS (Hwang et al. 2013). HMGB1 imparts its 
action by binding with the Receptor for Advanced Glycation End Products (RAGE) 
and concomitant to increased levels of its ligand (HMGB1) RAGE was expressed at 
a high level in ALS patients spinal cords (Juranek et al. 2015) and is now thought to 
play an important role in mediating neuroinflammation in ALS (Ray et al. 2016). 
WA reportedly also binds with intermediate filament proteins vimentin and glial 
acidic fibrillary protein (GFAP) of astrocytes. Both of these proteins are known to 
be elevated in ALS (Yamada et al. 1992; Swarup et al. 2011b, Patel et al. 2015). In 
cultured astrocytes, WA binding with these 2 intermediate filament proteins, down- 
regulates soluble vimentin and GFAP expression to cause cell cycle G0/G1 arrest 
(Bargagna-Mohan et  al. 2010) that may cause a reduction in gliosis-dependent 
inflammation. WA can also bind with peripherin, another intermediate filament pro-
tein (Grin et al. 2012) whose role in ALS has been discussed above.

19.4  Conclusion

Considering the involvement of multitude of different convergent or autonomous 
mechanisms involved in the pathogenesis of ALS, developing therapeutic approaches 
is a challenging prospect for this neurodegenerative disease. From the data available 
on the efficacy of WS extracts on various mechanisms in different models and based 
on our observations specifically on ALS models, we suggest that WS extracts might 
be considered as an experimental therapy in future human ALS clinical studies. 
Nonetheless, there are some drawbacks to such therapeutic approach. As with other 
plant extracts, it is still not clear which components of WS are responsible for what 
specific beneficial effects. As we have explained in this chapter, withaferin A, witha-
nolide A, withanoside IV and withanamides seem to be the biologically active 
ingredients primarily responsible for the reported neuroprotective activities. 
However, we do not know whether the observed effects of these compounds are due 
to them acting alone or synergistically with other compounds present in whole 
extracts. Also, depending upon the huge variations in composition of WS extracts 
resulting from the variations in sourcing of the raw material or mechanism of extrac-
tion, a dosage with standardized composition needs to be fixed prior to administra-
tion to patients.
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Thus, it can be concluded that either WS extracts or its purified components 
could have potential therapeutic benefits in ALS either on its own or may be as part 
of combination therapy with other drugs. To test this hypothesis a Phase II clinical 
trial has been planned using a special WS root extract and it is to be conducted by 
the Canadian ALS Research Network. The trial is scheduled to begin recruiting this 
year (2017) and will likely be executed in 10 ALS centers across Canada. Promising 
results obtained from this could pave the path for further trials and possibly one-day 
lead to the development of an effective therapeutic regime to counter ALS.
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Chapter 20   
Neuromodulatory Role of Withania somnifera            

Gurcharan Kaur, Taranjeet Kaur, Muskan Gupta, and Shaffi Manchanda

Abstract Withania somnifera, commonly known as Ashwagandha, is one of the 
important herbs being used in Ayurveda since times immemorial. It has been classi-
fied as a ‘rasayana’ herb owing to its adaptogenic and rejuvenating properties. Both 
root and leaf extracts of the plant have been used for the treatment of various disor-
ders such as cancer, anxiety, inflammation and various neurological disorders due to 
its wide array of properties. This chapter focuses on the effects of W. somnifera in 
various CNS disorders. Various pre-clinical studies investigating the use of W. som-
nifera in modulation of neuroplasticity, anxiety, neuroinflammation and neuropro-
tection have been discussed in detail. A plethora of studies confirm the use of 
W. somnifera and its active phytochemicals (Withaferin-A, Withanone, Withanoside 
IV, Withanolide A, sitoindosides VII-X) alone or in combination as potential thera-
peutic agents. W. somnifera can be incorporated as an important dietary supplement 
for management of anxiety and associated cognitive and functional impairments.

Keywords Withania somnifera • Active phytochemicals • Combinatorial effect • 
Dietary supplement • Anxiety management

20.1  Ashwagandha – The Ayurvedic Boon

Ayurveda is the most ancient and the traditional medicinal system with historical 
roots in the Indian subcontinent (Leslie 1998). Ayurvedic therapies have been inte-
grated in complementary and alternative medicine as preventive measures to treat 
wide range of chronic diseases and due to their least side effects compared to con-
ventional drugs (Humber 2002; Patwardhan et al. 2005; Jafari et al. 2014). Moreover, 
ayurvedic formulations can be used in combination with other drugs without any 
adverse drug-drug interactions (Hopkins 2008). Modernized practices derived from 
traditional ayurvedic medicinal system are a type of complementary or alternative 
medicine (Jafari et al. 2014). High costs and increased side effects of new drugs, 
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lack of curative treatment for several chronic diseases, and microbial resistance are 
some of the reasons that have contributed in directing the public interest towards 
complementary and alternative medicine (Humber 2002; Patwardhan et al. 2005). 
Herbal products are being actively used as alternative medicine because of their 
multi-component approach to target multiple sites for their mode of action (Bent 
and Ko 2004; Tachjian et al. 2010). Moreover, their formulation in single delivery 
system and their least side effects make them promising candidates to treat several 
central nervous system ailments (Borisy et al. 2003; Keith et al. 2005). 

A large number of FDA approved drugs such as morphine, atropine, eugenol, 
reserpine etc. are derived from the plants (Prakash and Gupta 2005; reviewed by 
Rajendrana and Balachandarb 2013; Godara et al. 2014; Baliga et al. 2016). Several 
bioactive compounds have been identified till now which are being used to treat 
various types of abnormalities. Among these compounds, Ginkgo biloba for cure of 
dementia and cognitive impairment, withanolides and other glycolides isolated 
from Withania somnifera (WS) as anti-inflammatory, anticancer and memory 
enhancing compounds, curcumin isolated from Curcuma longa for its anti- 
inflammatory properties, Lycium barbarum for age-associated diseases are some of 
the compounds that have been identified to treat various ailments (Chainani-Wu 
2003; Yu et  al. 2005; Shah et  al. 2009; Pawar et  al. 2011; Gautam et  al. 2013; 
Hashiguchi et al. 2015; Gupta and Kaur 2016; Manchanda et al. 2017).

Ashwagandha -’Queen of Ayurveda’ is being used in traditional medicinal sys-
tem. The herbal plant is widely distributed across southeast Asia and from the 
Mediterranean region to South Africa. In India, it is widely grown in Punjab, 
Rajasthan, Haryana, Mandsaur district of Madhya Pradesh, Uttar Pradesh and 
Gujarat (Bhatia et al. 1987; Kulkarni and Dhir 2008). The traditional use of WS is 
focused on its rejuvenating and life prolonging properties for various muscular, car-
diac and neuronal conditions, wherein WS vitalizes and invigorates several body 
organs to promote general health and longevity (Singh et al. 2011). Different parts 
of the plant such as leaves, roots, stems, bark and even whole plant extract are being 
used as therapeutic interventions for the treatment of a wide array of nervous, car-
diac, gastric and psychiatric conditions (Dar et al. 2015, 2016). Preclinical research 
and clinical studies have supported the therapeutic use of this plant for cognitive and 
memory-related ailments (Minhas et al. 2011; Pawar et al. 2011; Ahmed et al. 2013; 
Pingali et al. 2014).

20.2  Potential Benefits of Leaves of Ashwagandha

Majority of studies on Ashwagandha have explored potential beneficial effects of 
root-based extract or their active components rather than the leaf-based formula-
tions. Several recent studies have explored the potential of leaves of this plant for 
their therapeutic value as it offers several advantages over root such as their eco- 
friendly and bio-friendly base. There is no need to sacrifice the plant to prepare the 
extract, unlike root-based preparations. Additionally, recent reports have used 
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water-based crude formulations of leaves as compared to root based alcoholic 
extracts with an aim to scientifically validate the traditional use of Ashwagandha as 
an ayurvedic supplement. Moreover, the use of powder or water based extract is 
convenient, safe and easy to prepare with no need to use organic solvents for extrac-
tion procedure.

20.3  Some Pre-clinical Studies on Ashwagandha

Neuroplasticty is the ability of brain to synthesize and reorganize synaptic and 
neuronal connections in response to any environmental stimulus or injury. 
Neuroprotection is the event that leads to regeneration of damaged neurons or con-
nections resulting in recovery of the neuronal function. Any compound that has the 
ability to confer neuroprotection can be classified as a neuroprotective agent. The 
neuroprotective and neuroplasticty inducing potential of Ashwagandha has been 
explored in numerous in vitro and in vivo studies. In human neuroblastoma cell line, 
root extract of Ashwagandha increased the percentage of the neuronal population 
with significant neurite outgrowth in a dose-dependent manner. The study demon-
strated upregulation in the expression of synaptic and neuronal growth markers 
MAP2 (Microtubule-associated protein) and PSD95 (post synaptic density protein) 
(Tohda et al. 2000) with the Ashwagandha treatment. Further, standardized dose of 
withanoside IV (steroidal saponin isolated from WS root extract) improved memory 
in Amyloid β (25–35) injected mice model of Alzheimer’s disease. Sominone was 
identified as one of the main metabolites of withanoside IV with significant regen-
erative potential. The compound was proposed to reinforce reconstruction of neuronal 
connections by activation of RET (receptor tyrosine kinase of glial cell line-derived 
neurotrophic factor) signaling and thus enhanced memory in mice (Tohda and 
Joyashiki 2009). Similar effects of withanoside IV were observed with injured 
neurons wherein it enhanced synaptogenesis and neurite outgrowth in the brain 
(Kuboyama et al. 2006).

Tohda and Kuboyama group (2000) investigated the effects of methanol extracts 
of Ashwagandha on neurite outgrowth using an in vitro culture system and found 
the neurite outgrowth-promoting activity of Ashwagandha methanolic extract in 
human neuroblastoma SK-N-SH cells and rat cortical neurons. Withanolide A, 
withanoside IV, and withanoside VI were identified as active constituents behind the 
neurite outgrowth promoting activity of the methanol extract (Zhao et  al. 2002; 
Kuboyama et al. 2002). They also studied the effect of these phytochemicals on an 
in vitro axonal atrophy and synaptic degeneration model established using an active 
partial fragment of Aβ such as Aβ 25–35. Each of these 3 compounds induced axo-
nal growth and synaptic densities even in the presence of Aβ 25-35 in both in vitro 
and in vivo model of Alzheimer’s disease (Kuboyama et al. 2005, 2006). This group 
also investigated the effects of withanoside IV on spinal cord injured mice and 
found that oral administration of withanoside IV for 21 d induced axonal growth in 
the spinal cord and recovered hind limb motor function after 1 hr of contusion injury 
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at the L1 spinal cord. They also found that withanoside IV gets metabolized into 
sominone in the intestine and is thought as an active principle for axonal growth 
activity (Nakayama and Tohda 2007; Tohda and Joyashiki 2009; Joyashiki et  al. 
2011).

A novel compound “denosomin” an analogous derivative of sominone was syn-
thesized by Matsuya et al. (2009) and showed axonal growth activity comparable to 
sominone in cultured cortical neurons. Recently this group also investigated the 
effects of denosomin on spinal cord-injured mice and found that consecutive oral 
administration of denosomin for 14 d one hour after contusion injury at the L1 spi-
nal cord facilitated axonal growth in the injured center and recovered hind limb 
motor function. Additionally, it was found that Vimentin-secreting GFAP-positive 
reactive astrocytes also increased in the injured center that helps in axonal growth 
and motor function recovery in spinal cord-injured mice (Teshigawara et al. 2013).

20.3.1  Ashwagandha in Neuroplasticity and Neuroprotection

A study by Konar et al. (2011) explored the potential neuroprotective role of WS in 
scopolamine-induced amnesia and reported that WS protects brain-derived cells 
against amnesia. The study revealed that WS prevented the scopolamine-induced 
down-regulation of expression of BDNF and GFAP (glial fibrillary acidic protein) 
in a dose-dependent manner. Furthermore, leaf extract of WS has been reported to 
effectively protect brain-derived cells against amnesia and glutamate stress by 
upregulating activity-regulated cytoskeletal-associated protein (Arc) (Gautam et al. 
2013). Numerous neurological conditions are known to be associated with elevated 
levels of glutamate (excitatory neurotransmitter). In line with this, studies by Kataria 
et al. (2011, 2012) reported that leaf extract of Ashwagandha protects retinoic acid 
(RA) differentiated glioma and neuroblastoma cells against glutamate-induced 
excitotoxicity in a dose-dependent manner. The study demonstrated that RA dif-
ferentiated cells, when exposed to glutamate, undergo loss of neural network and 
cell death that was accompanied by increase in the stress protein HSP70. ASH- 
WEX  (water extract of Ashwagandha) was preventive in glutamate-induced cell 
death and was able to revert glutamate-induced changes in HSP70 to a large extent. 
Furthermore, the analyses on the neuronal plasticity marker polysialylated neural 
cell adhesion molecule (PSA-NCAM) and neural cell adhesion molecule (NCAM) 
revealed the therapeutic potential of ASH-WEX for prevention of neurodegenera-
tion associated with glutamate-induced excitotoxicty (Kataria et  al. 2012). Shah 
et al. (2009) investigated the anti-proliferative and differentiation potential of the 
alcoholic extract of Ashwagandha leaves (i-Extract), its constituents (Withaferin-A, 
Withanone, Withanolide A) and their combinations on glioma (C6 and YKG1) cell 
lines. Both extract and its active phytochemicals inhibited the proliferation and 
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migration of glioma cells by enhancing the expression of GFAP, NCAM and 
Mortalin along with induction of senescence-like growth arrest and differentiation 
of glioma cells. Water Extract of W. somnifera leaves also inhibited the proliferation 
of human IMR-32 neuroblastoma cells by causing cell cycle arrest at G0/G1 phase 
and apoptosis via modulating the expression of cell cycle marker Cyclin D1, anti- 
apoptotic marker Bcl-xL and pAKt. It also induced the differentiation of the IMR- 
32 cells as indicated by morphological changes and NF200 expression. It was also 
accompanied by upregulated neural cell adhesion molecule expression and reduc-
tion in its polysialylation along with downregulation of MMP3 and MMP9 levels, 
thus elucidating its anti-metastatic activity (Kataria et al. 2013). Bioactivity-based 
size fractionation and NMR analysis of water extract of Ashwagandha leaves 
revealed the presence of triethylene glycol (TEG), Withanone as the active antican-
cer component (Wadhwa et al. 2013). This extract and its components also caused 
the selective killing of cancer cells by induction of ROS signaling (Widodo et al. 
2010). These studies reported that Ashwagandha has the potential to reduce the 
invasiveness of brain cancer type by differentiation-based therapy.

A recent study by Kataria et al. (2016) gave the first pre-clinical evidence for 
tumor suppressing role of Ashwagandha in intracranial allograft of glioma cells. 
The study demonstrated that ASH-WEX induced the blockade of G2/M phase of 
cell cycle and caused the activation of multiple pro-apoptotic pathways. Oral feed-
ing of ASH-WEX reduced the volume of intracranial tumor in vivo and suppressed 
the tumor-promoting proteins nuclear factor kappa B (NF-κB), p-Akt, vascular 
endothelial growth factor (VEGF), heat shock protein 70 (HSP70), PSA-NCAM, 
and cyclin D1  in rats. Furthermore, ASH-WEX has also been shown to prevent 
neurodegenerative conditions against glutamate and lead induced excitotoxicity 
(Kumar et al. 2014; Kataria et al. 2012).

Ashwagandha-mediated neuroprotection has been explored in various other in 
vivo model system studies. The neuroprotective role of root extract of Ashwagandha 
using animal model of restrain stress demonstrated the inactivation of nicotinamide 
adenine dinucleotide phosphate (NADPH)-d activity that was induced by stress 
(Bhatnagar et  al. 2009). The study proposed that Ashwagandha extract mediated 
inhibition was not a direct effect on NADPH-d activity but by suppression of corti-
costerone release, and activation of choline acetyltransferase followed by a subse-
quent increase in serotonin levels in the hippocampus region of the brain. Therefore 
the mechanism of Ashwagandha mediated neuroprotection is attributed to its role in 
alteration of stress responsive neurotransmitters and downregulation of oxidative 
stress. Furthermore, Ashwagandha is known to suppress the release of glucocorti-
coids under chronic stress, which can be explored to treat several neurodegenerative 
and oxidative stress conditions. Altogether, different active components of 
Ashwagandha such as withanone, withanolide A, withanoside IV, VI and sominone 
are important therapeutic candidates for the treatment of numerous nervous system 
structural and behavioral abnormalities.

20 Neuromodulatory Role of Withania somnifera



422

20.3.2  Ashwagandha: Modulator of Behavioral Plasticity

Both basic and clinical studies have explored the potential of this plant in improve-
ment of physiological and cognitive functions of the body in wide range of neuro-
logical conditions. Ashwagandha is known for sleep inducing and memory 
enhancing potential among its diverse range of other biological roles. Somnifera as 
the species name of the plant means sleep inducing. A recent study by Manchanda 
et  al. (2017) reported the beneficial role of Ashwagandha in preventing memory 
dysfunction in acute sleep deprived (SD) Wistar rats. Sleep is vital for maintenance 
of energy homeostasis and memory consolidation (storage of short term memory 
into long term memory). The study used gentle method for total sleep deprivation of 
rats carried out for duration of 12 hours between 6:00 AM to 6:00 PM. The study 
demonstrated that oral feeding of aqueous extract of Ashwagandha (ASH-WEX) for 
15 consecutive days prior to SD regimen prevented memory dysfunction in rats. 
ASH-WEX mediates its protective role by modulation of synaptic plasticity, activa-
tion of anti-apoptosis and anti-stress pathways. Likewise, some recent reports on 
Parkinson’s disease models have suggested that Ashwagandha root and leaf extract 
reverses locomotor deficits by reducing the rotenone induced oxidative and mito-
chondrial impairments (Prakash et al. 2013; Rajasankar et al. 2009; Manjunath and 
Muralidhara 2015). Oral administration of semi-purified root extract of Ashwagandha 
predominant in withanolides and withanosides to transgenic mice model of 
Alzheimer’s disease has been shown to reverse behavioral deficits, and Aβ plaque 
pathology (Sehgal et al. 2012). The study proposed that Ashwagandha mediates its 
neuroprotective role by upregulation of liver LRP (lipoprotein receptor related pro-
tein) and targeted the periphery for clearance of Aβ. Enhanced expression of LRP in 
brain micro-vessels and the Aβ-degrading protease neprilysin (NEP) may be the 
attributing factors for the decreased Aβ levels in brain. The study offers a unique 
mechanism for the clearance of Aβ by enhancing the Aβ transport and its sequestra-
tion by plasma sLRP to reduce the AD pathology.

Methanolic extract of Ashwagandha applied in CA1 neurons of hippocampus 
region of brain was observed to exert a neuroprotective role in mice and may be 
important in process of memory (Bhattarai and Han 2014). The study reported that 
Ashwagandha causes activation of synaptic/extrasynaptic GABA (gamma- 
Aminobutyric acid) receptors type A, suggesting a link between WS mediated neu-
roprotection and GABA signaling. Ashwagandha has been known to promote 
overall health and vitality by exhibiting a pleiotropic action. A randomized study 
reported the use of root extract of Ashwagandha as a precognitive agent used as an 
adjunct with the medication in bipolar patients (Chengappa et al. 2013). The study 
tested patients’ cognitive ability for different domains such as reaction time, social 
cognition and working memory and Ashwagandha extract appears to improve cog-
nitive capacity in all three domains in bipolar patients. In addition, a clinical study 
by Choudhary et al. (2015) has reported the efficacy of root extract of Ashwagandha 
in improving cardiac endurance and physical performance in a mixed population of 
athletic adults, thereby improving their quality of life. Another recent clinical study 
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has reported the efficacy of Ashwagandha root extract in improving muscle strength 
by exercise based evaluation of muscle strength. The study proposed that extract 
supplementation reduces exercise-induced muscle injury by downregulating serum 
creatine kinase levels (Wankhede et al. 2015).

Among the various roles of Ashwagandha, a recent clinical study has evaluated 
the potential of this ayurvedic plant for weight management (Choudhary et  al. 
2017). The study reported that root extract of Ashwagandha managed body weight 
in adults under chronic stress conditions by regulating their eating behavior. The 
study also demonstrated that weight-managing role of the root extract may be attrib-
uted to the reduced serum cortisol levels and physiological and psychological stress 
manifested by the Ashwagandha extract (Choudhary et al. 2017). In our study using 
obesity model of Wistar rats, we have reported beneficial role of leaf powder of 
Ashwagandha in preventing brain function impairments that were mediated by 
modulation of hippocampal plasticity (Manchanda and Kaur 2017). The study fur-
ther demonstrated the impairment in recognition memory and locomotor coordina-
tion in obese rats, which was prevented by supplementation of the Ashwagandha 
leaf powder. The study also explored the molecular mechanism of these alterations 
and proposed that leaf powder of the plant caused upregulation of brain-derived 
neurotropic factor and its receptor, which were down regulated in diet-induced obe-
sity (Manchanda and Kaur 2017). Furthermore, the activation of PI3K/Akt pathway 
of cell survival and plasticity was observed along with activation of immediate early 
genes (c-Jun and c-fos) in the obesity model that is attributable to the neuroprotec-
tive role of the leaf powder of Ashwagandha (Fig. 20.1).

20.3.3  Role of W. somnifera in Anxiety

Many recent studies have investigated anxiolytic properties of W. somnifera in labo-
ratory settings. The plant has been reported to curb anxious behavior in both rats 
(Baitharu et al. 2013) and humans (Chandrasekhar et al. 2012; Khyati and Anup 
2013; Pratte et al. 2014). Aqueous concentrate of roots of W. somnifera (commer-
cially available from Dabur), after extraction with chloroform and spray drying, has 
shown anxiolytic properties in a dose-dependent manner (Bhattacharya et al. 2000). 
The anxiolytic property of W. somnifera was similar to lorazepam, a drug belonging 
to benzodiazepines family of drugs that have been used for the treatment of anxiety 
disorders. The anxiolytic effect of this extract has been attributed to the GABA- 
mimetic effect of glycowithanolides of the plant, which have been identified as 
withaferin and sitoindosides VII-X by HPTLC.

Recently, pre-supplementation of hydro-alcoholic root extract of W. somnifera 
for 30 days (300 mg/kg body weight) in rats has shown improvement in behavioral 
deficits caused due to middle cerebral artery occlusion (MCAO) in model of isch-
emic stroke (Sood et al. 2016). Ischemic stroke is a cerebrovascular event that is 
coupled with damage of the brain tissue due to significant deficiency of glucose and 
oxygen. It is caused due to reduction or complete obstruction in artery that supplies 
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blood to the brain (Rink and Khanna 2011). MCAO by intraluminal suture tech-
nique has been considered as one of the best pre-clinical models to mimic ischemic 
stroke in humans (Carmichael 2005). Pre-supplementation with W. somnifera has 
been shown to be instrumental in ameliorating MCAO induced anxiety-like behav-
ior, which was correlated to the restoration of acetylcholinesterase levels after 
MCAO. The anxiolytic activity of W. somnifera has again been attributed to the 
presence of sitoindosides and Withaferin A in root extract of the plant, which have 
been reported to modulate cholinergic neurotransmission (Pingali et al. 2014). The 
leaf and fruit extracts of W. somnifera consisting of mixture of Withaferin A and 
sitoindosides VII-X have shown increase in cortical muscarinic acetylcholine capac-
ity (Pingali et al. 2014).

Fig. 20.1 The graphical abstract depicting pleiotropic roles of Ashwagandha in neuroplasticity 
mediated by modulation of multiple pathways such as synaptic plasticity, cell survival, senescence/
apoptotic cell death. → indicates activation and —| indicates inhibition
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In a recent study by Dey et al. (2016), a commercially available root extract of 
the plant with 2.7% (w/w) withanolides (Natural Remedies Pvt. Ltd., Bengaluru, 
India) has been shown to be instrumental in suppressing marble burying behavior in 
electric foot shock induced stress in mice. This activity has been attributed to phy-
tochemicals other than withanolides that have been characterized in W. somnifera 
such as Withalongolide-A, an analogue of Withaferin-A (Kumar et al. 2015) and 
Withanamides (Mirjalili et al. 2009).

In another model of chronic stress, rats were given mild, unpredictable foot-
shock, administered once daily for 21 days (Bhattacharya and Muruganandam 
2003). Aqueous: ethanol (1:1) extract of two-year old thin roots of W. somnifera was 
further extracted with chloroform and was spray dried. The dry powder mixed in 
0.3% carboxymethyl cellulose was used for the study. W. somnifera was adminis-
tered one hour before footshock daily for 21 days. W. somnifera administered rats 
showed reduced levels of behavioral depression as evident from Porsolt’s swim 
stress-induced behavioral despair test. Chronic stress led to significant increase in 
the immobility period and number of escape failures with decrease in number of 
avoidance response in the swin stress-induced behavioral despair test, but W. som-
nifera significantly reversed these effects in a dose-dependent manner owing to its 
adaptogenic properties.

Alcoholism is a major public health problem causes enormous damage to health 
and overall quality of life. The withdrawal of alcohol from an addict tends to cause 
anxiety and depression. The effect of ethanolic root extract of W. somnifera sus-
pended in 0.5% (w/v) carboxy methyl cellulose has been studied in rat model of 
ethanol withdrawal (Gupta and Rana 2008), wherein the animals were initially provided 
a free access to ethanol for 15 days through liquid diet (4.5% v/v first day, 7.5% v/v 
second day and 9% v/v third day onwards for 15 days). From 16th day, animals were 
fed with ethanol-free liquid diet. Three days post-withdrawal, administration of 
W. somnifera ethanolic root reduced anxiety in the animals. The anxiolytic effect of 
the extract has been attributed to GABA mimetic and adaptogenic properties of the 
plant, which helps to downregulate GABAA receptor.

One of the anxiety related mental disorders is obsessive-compulsive disorder 
(OCD), which is characterized by persistent and distress causing thoughts (Eisen 
et al. 2004) occurring due to disturbances in serotonergic system (van Dijk et al. 
2008). Chemically, treatment for OCD is the use of anti-depressants that cause inhi-
bition of serotonin (5-hydroxytryptamine or 5-HT) reuptake (Frazier and Hensler 
1994). Kaurav et  al. (2012) have studied the effect of methanolic and aqueous 
extracts of roots of W. somnifera on marble burying behavior of mice that is a well- 
established model for OCD. The effects of both the extracts have been shown to be 
comparable to fluoxetine, a standard anti-OCD drug, which inhibits the uptake of 
5-HT. The mode of action of both, methanolic and aqueous extracts have been 
proposed to be similar to that of fluoxetine. Both the extracts have been shown to 
facilitate serotonergic transmission at the level of post-synaptic 5-HT receptors.

Further, the anxiolytic effect of W. somnifera has also been documented in 
aquatic environment, which serves as a dump for most of the environmental pollut-
ants. This leads to oxidative stress in aquatic animals by alteration of  neurobehavioral 
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responses. Benzo[a]pyrene (B[a]P), a prototype of polycyclic aromatic hydrocar-
bon, is known for causing neurotoxicity and behavioral alterations (Saunders et al. 
2006). In a zebrafish model of B[a]P induced behavioral alterations, aqueous leaf 
extract of W. somnifera has shown anxiolytic effect (Mohanty et al. 2016). Zebrafish 
naturally display scototaxis behavior, i.e. preference for darkness (Maximino et al. 
2010) and it is usually employed for the analysis of anxiety-like behavior in zebraf-
ish. The supplementation of aqueous leaf extract of W. somnifera along with B[a]P 
for 72 hours ameliorated the anxiety-like behavior, otherwise observed in fish with 
B[a]P water (Mohanty et al. 2016).

Recently, we also reported the anxiolytic effect of water extract from leaves of W. 
somnifera (ASH-WEX) in acute sleep deprived female Wistar rats (Kaur et  al. 
2017). In the present day society, sleep deprivation due to suboptimal work sched-
ules and unhealthy lifestyle contributes to sleep pathology, which is responsible for 
various neuro-psychiatric disorders. Sleep deprivation often leads to anxiety disor-
ders and depression. Our study evaluated the effect of pre-administration of ASH- 
WEX on anxiety-like behavior in acute sleep deprived rats. The animals were 
divided into three groups – vehicle-undisturbed sleep (VUD), vehicle-sleep deprived 
(VSD) and ASH-WEX fed sleep deprived (WSD). VUD and VSD rats were fed with 
water as a vehicle and WSD rats were fed with ASH-WEX orally for 15 days and 
then VSD and WSD animals were sleep deprived for 12 h on 15th day. VSD rats 
showed anxiety-like behavior in elevated plus maze test, which has been linked to 
reactive gliosis and dysregulation in cytokine signalling. WSD animals showed 
reduction in anxiety-like behavior along with reduction in expression of pro- 
inflammatory cytokines TNFα, IL-1β and IL-6. ASH-WEX was also instrumental in 
enhancing cell survival and reducing apoptosis as witnessed from down regulation 
of NFκB, AP-1, cytochrome c and up regulation of Bcl-xL in WSD group.

In another independent in vivo study, we reported that the administration of leaf 
powder of W. somnifera was instrumental in ameliorating anxiety in high-fat diet 
induced obesity model. Rats were divided into four groups: Low fat diet (LFD) on 
regular chow, High fat diet (HFD) group on feed containing 30% fat by weight, Low 
fat diet plus extract (LFDE) group on regular chow supplemented with dry leaf 
powder of Ashwagandha – 1 mg/g body weight (ASH) and high fat diet plus extract 
(HFDE) group on diet containing high fat diet supplemented with ASH. The animals 
were kept on respective dietary regimen for 12 weeks. HFD animals showed high 
level of anxiety in the elevated plus maze test, which was linked to the occurrence 
of reactive gliosis and inflammation as marked by increase in the expression of 
GFAP, JNK, AP-1, Iba1, IL-1β and IL-6 as compared to LFD animals. HFDE animals 
showed reduction in anxiety-like behavior in elevated plus maze test along with 
reduced expression of GFAP, JNK, AP-1, Iba1, IL-1β and IL-6. ASH administration 
also led to reduction of apoptosis as witnessed from the expression of Bcl-xL.

Hence, all the above-mentioned studies scientifically validate the anxiolytic 
properties of W. somnifera, which are summarized in the graphical abstract below. 
The effects of W. somnifera have been found to be equivalent to those of the 
chemical drugs already being used in clinical setting. So, this plant may serve as an 
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 effective dietary supplement for management of stress and associated functional 
impairments (Fig. 20.2).

20.3.4  Role of W. somnifera in Inflammation

Different pharmacological experiments both in vitro and in vivo models have dem-
onstrated the ability of Withania somnifera to exhibit anti-inflammatory, anti- 
oxidative, anti-microbial, anti-anxiety, immunomodulatory activities lending 
support to the rationale behind its traditional uses. Most of the therapeutic proper-
ties of W. somnifera are attributed to bioactive steroidal lactones called withano-
lides – a group of naturally occurring C28 steroidal lactones. Both leaves and roots 
are found to contain these steroidal lactones or withanolides in varied proportion.

Ashwagandha has been regarded as an adaptogen in Ayurveda for its ability to 
normalize physiological functions through modulating the endocrine and immune 
system. Many clinical and animal studies conducted to-date evident the beneficial 
effect of Ashwagandha and its bioactive components on immune modulation, offer-
ing promising antioxidant and anti-inflammatory responses against the neurodegen-
erative diseases. Anbalagan and Sadique (1981) reported that W. somnifera is an 
effective anti-inflammatory agent with higher activity as compared with hydrocorti-
sone, a commonly prescribed anti-inflammatory drug. In another study by Anbalagan 

Fig. 20.2 Root and leaf extracts of W. somnifera possess anxiolytic properties, which has been 
validated under different paradigms
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and Sadique (1984), W. somnifera was found to inhibit the α2- macroglobulin, an 
indicator of anti-inflammatory activity in dose dependent manner in serum of rats.

Begum and Sadique (1988) reported the effect of oral administration of Withania 
somnifera root extract before the injection of inflammatory agent. Paw swelling and 
bony degenerative changes were seen in Freund’s adjuvant induced arthritis. It was 
reported that this plant cause the significant reduction in both paw swelling and 
degenerative changes better than the reference drug, hydrocortisone. A1-hindawi 
et al. (1992) also found that W. somnifera inhibited the granuloma formation in cot-
ton pellet implantation in rats comparable to hydrocortisone sodium succinate treat-
ment. Sumantran et al. (2008) evaluated the effects of W. somnifera roots aqueous 
extract and glucosamine sulphate (GlcS) on the levels of nitric oxide (NO) and 
GAGs secreted by the knee cartilage of chronic osteoarthritis patients using vali-
dated explants model of in vitro cartilage damage.

Neuroinflammation is the root cause of various neurodegenerative diseases 
accompanied by the release of the various toxic products, free radicals, inflamma-
tory mediators like cytokines, MMPs etc., membrane physiological disturbances, 
mitochondrial homeostasis dysfunctions, denaturation of proteins ultimately leading 
to neuronal damage. Many studies have shown that Ashwagandha exhibits multi 
target action against the various consequences of the neuroinflammation. It inhib-
ited the stainless steel implant induced inflammation in adult zebrafish by reducing 
the inflammatory cytokine TNFα mRNA levels (Sivamani et al. 2014). The aqueous 
extract of W. somnifera roots was found to be protective against H2O2 and Aβ (1-42) 
aggregated fibril cytotoxicity in differentiated PC 12 cells (Kumar et al. 2010). It 
also strongly inhibited Aβ fibrils formation which is responsible for amyloid plaque 
formation in Alzehmier’s disease in a dose dependent manner as revealed by 
inhibition of fibrillogenesis measured by transmission electron microscopy and 
thioflavin fluorescent assay (Kumar et  al. 2012). Liquid chromatography- serial 
mass spectroscopy data revealed the presence of various withanolides including 
withaferin-A as the possible phytochemicals responsible for W. somnifera neuro-
protective role (Kumar et al. 2010).

Withaferin-A from W. somnifera also inhibited the LPS induced expression of 
iNOS both at mRNA and protein levels by blocking Akt and subsequently down-
regulating NFκB activity in RAW 264.7 cells (Oh et al. 2008). Kaileh et al. (2007) 
found that withaferin-A as well as leaf extract of Withania inhibits NFκB activation 
by preventing the tumor necrosis factor induced activation of IκB Kinase β via thio-
alkylation – sensitive redox mechanism along with MEK1/ERK dependent Ser-181 
hyperphosphorylation indicating that pure Withaferin-A and Withaferin-A enriched 
WS extracts can be used as novel class of NFκB inhibitors and act as promising 
anti-inflammatory agents for treatment of various inflammatory disorders. It also 
inhibited the TNFα induced intercellular adhesion molecule (ICAM)-1 and vascular 
cell adhesion molecule (VCAM)-1 by reducing Akt and NFκB activation in human 
epithelial cells (Oh and Kwon 2009). Anti-neuroinflammatory potential of witha-
ferin- A was further supported by inhibition of LPS induced PGE2 production and 
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COX-2 expression in BV-2 cells and primary microglia by reducing phosphoryla-
tion and nuclear translocation of STAT1.

Grover et al. (2010) demonstrated WA docking into active NEMO/IKKβ com-
plex required for the formation of active IκB kinase complex, one of the essential 
steps for NFκB signaling pathway using semi flexible docking analysis. Results 
from the molecular dynamics simulations in water showed that the trajectories of 
the native protein and protein complexed with WA are stable for long time period 
of 26 ns. Withaferin-A also blocks the PAF-induced activation of NFκB as deter-
mined using reporter assays, IL8 measurements and fluorescent imaging of NFκB 
subunit p65 translocation in the cellular model of cystic fibrosis inflammation 
(Maitra et al. 2009).

Withaferin-A treatment ameliorated disease symptoms like reduction of dener-
vated neuromuscular junctions and attenuation of neuroinflammation in TDP 43 
transgenic mouse model of Amyotrophic lateral sclerosis (Swarup et al. 2011). This 
group further reported that early stage treatment at time of onset of the initial motor 
functions deficits extended the life span of ALS mice expressing either SOD1G93A or 
SOD1G37R mutants by reducing neuronal stress, inflammation, up regulation of 
Hsp25 (mouse ortholog of Hsp27) and HSP70 and decreasing misfolded SOD1 
levels (Patel et  al. 2015). As amplified migration and proliferation of microglial 
cells is the major cellular event responsible for neuroinflammation and subsequent 
neuron degeneration, water soluble extract of the Ashwagandha also prevents the 
LPS and TNFα induced increase in CCL5 (a chemoattractant for monocytes), while 
attenuating the increase in CCL2 expression and NFκB activation in NRK-52E cells 
(Grunz-Borgmann et al. 2015).

Parkinson’s disease (PD) is a neurodegenerative disorder associated with impair-
ment of balance and coordination. The midbrain and corpus striatum of PD mouse 
show increased levels of superoxide dismutase (Saggu et al. 1989), catalase (Chen 
and Fang 2005) and malondialdehyde (Sharma et al. 2008); and reduced levels of 
glutathione (Aoyoma et al. 2008) and glutathione peroxidase (Genc et al. 2002). 
Rajasankar et al. (2009) reported the effect of Ashwagandha leaf extract on the 
levels of these enzymes mouse model of PD.  It was found that treatment with 
Ashwagandha leaf Extract 100 mg/kg for 7 days significantly improved these 
enzyme levels compared to untreated PD mouse brain. In the PD mouse, grooming, 
stride length, movement, rearing were found to be decreased compared to the con-
trol. In addition, narrow beam walk and foot slippery errors were increased. 
Treatment with Ashwagandha leaf extract improved all these physiological abnor-
malities. These findings suggest that Withania somnifera can act as potential drug in 
treating oxidative damage and physiological abnormalities seen in the Parkinson’s 
disease.

Neuroprotective potential of Withania somnifera (WS) and its possible mecha-
nism in MB-PQ induced mouse model of Parkinson disease has been recently 
reported (Prakash et al. 2013). In this study, an ethanolic root extract of Withania 
was co-treated with the MB-PQ induced mouse model of PD which was shown to 
significantly rescue canonical indicators of PD including compromised locomotor 
activity, reduced dopamine in the substantia nigra and various aspects of oxidative 
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damage. This extract also significantly improved the MB–PQ mediated induction of 
a pro-apoptotic state by reducing Bax and inducing Bcl-2 protein expression, 
respectively. Finally, WS was found to reduce GFAP expression, pro-inflammatory 
marker of astrocyte activation. Altogether, this study provided evidence that WS 
treatment provides nigrostriatal dopaminergic neuroprotection against MB–PQ 
induced Parkinsonism by the modulation of oxidative stress and apoptotic machin-
ery possibly accounting for the behavioral effects.

Further, Anti-inflammatory and anti-oxidative properties of Ashwagandha and 
its two withanolide constituents, namely, Withaferin-A and Withanolide A, was 
investigated using the murine immortalized BV-2 microglial cells (Sun et al. 2016). 
It was found that Ashwagandha extracts not only effectively inhibited lipopolysac-
charide (LPS)-induced nitric oxide (NO) and reactive oxygen species (ROS) pro-
duction in BV-2 cells, but also stimulated the nuclear factor (erythroid- derived 
2)-like 2 (Nrf2) pathway, leading to induction of heme oxygenase-1 (HO-1), both in 
the presence and absence of LPS. Withaferin-A was found to be tenfold more effec-
tive than Withanolide A. In serum-free culture, Ashwagandha and both withanolides 
also suppressed LPS induced production of long thin processes (filopodia) in BV-2 
microglial cells. Taken together, these results suggest an immunomodulatory role 
for Ashwagandha and its withanolides, and their ability to suppress oxidative and 
inflammatory responses in microglial cells by simultaneously down-regulating the 
NFκB and upregulating the Nrf2 pathways.

Our lab also investigated the anti-neuroinflammatory potential of Withania som-
nifera leaf aqueous extract (ASH-WEX) and one of its active chloroform fraction 
(fraction IV) in both LPS and Aβ activated murine BV-2 cell line and primary 
microglial cells. It was observed that ASH-WEX and FIV suppressed the morpho-
logical changes like the amoeboid morphology, expression of MHCII and microg-
lial activation protein Iba-1 induced by LPS and β-amyloid treatment. Both the 
extracts were also found to control the proliferation rate of microglia as revealed by 
G2/M phase arrest in cell cycle analysis along with the downregulated expression of 
PCNA and cyclin D1. At the molecular level, ASH-WEX and FIV also inhibited the 
production of various pro-inflammatory cytokines TNF-α, IL-6, IL-1β, MMPs, 
reactive oxygen and nitrogen species etc via downregulating the expression of 
NFκB, AP-1 inflammatory signaling molecules as demonstrated by Sandwich 
ELISA based assays, immunofluorescence staining, and western blotting. Both the 
extracts also prevented the oxidative damage and mitochondrial dysfunction induced 
by LPS in both BV-2 cell line and primary microglial cells. Further, wound scratch 
assay showed that ASH-WEX and FIV also attenuated the migration of the microg-
lial cells towards the site of injury. Induction of apoptosis of the activated microglia 
was found to be another possible mechanism behind the anti-inflammatory potential 
of ASH-WEX and FIV. High performance liquid chromatography data revealed the 
presence of Withaferin-A and Withanone in ASH-WEX and FIV as the potential 
phytochemicals responsible for anti-neuroinflammatory activity of Ashwagandha 
(Gupta and Kaur 2016) (Fig. 20.3).
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20.4  Conclusion

This chapter discusses the effects of W. somnifera in various CNS disorders. Various 
pre-clinical studies revealed that W. somnifera is a promising candidate for modulat-
ing plasticity, anxiety and neuroinflammation in various CNS afflictions that poses 
overall neuroprotective effects. The available scientific data supports that W. som-
nifera is a real potent rejuvenating agent due to its multiple pharmacological actions 
like anti-tumor, anti-stress, neuroprotective and anti-inflammatory. Therefore, it is 
predicted to be a useful natural drug or dietary supplement for interventions of brain 
pathologies including Parkinson’s disease, memory loss, stress-induced disorders, 
tumors and others.
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Chapter 21
Therapeutic Effects of Ashwagandha in Brain 
Aging and Clock Dysfunction

Anita Jagota and K. Kowshik

Abstract The master pacemaker, the suprachiasmatic nucleus (SCN), containing 
light-entrained circadian clock orchestring mammalian circadian rhythms in physi-
ology and behavior is located in hypothalamus. SCN possessing core circadian 
machinery genes regulates the synthesis and release of melatonin (messanger of 
darkness) from the pineal gland via multisynaptic pathway. The decline in endoge-
nous levels of this multitasking molecule with aging is associated with circadian 
dysfunction, neurodegeneration and brain aging as well as alterations in the endog-
enous defense and survival mechanisms. The age-related neurodegenerative disor-
ders in the elderly have increased dramatically parallel to increase in longevity 
limiting quality of life. This is linked to need for development of effective therapeu-
tic agents for healthy aging. Herbal extracts or formulations have been in use since 
ancient cultures involving herbal medicines which are of greater scientific interest 
as have been demonstrated to be capable of treating disease and improving health 
often without any significant side effects. Ashwagandha, Withania somnifera (WS), 
has been reported to have biologically active constituents such as alkaloids, steroi-
dal compounds, glycowithanolides etc. having anti-oxidative, anti-aging and anti- 
inflammatory properties. The studies in our laboratory have revealed the therapeutic 
and adaptogenic potential of hydroalcoholic leaf extract of WS on age induced 
alterations in various clock gene expression and its modulators. This chapter is 
aimed to summarize the current knowledge on the changes of the circadian system 
in advanced age and the therapeutic effects of WS on brain aging and clock 
dysfunctions.
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21.1  Biological Clocks: Time Keeping System

The organisms possess endogenous physiological timing mechanisms termed bio-
logical clocks that rhythmically modulate the functioning of cells, tissues and 
organs. The clocks are autonomous and provide the organism an intrinsic temporal 
organization, a timed pattern of change (rhythm) in physiology or behavior that is 
brought in phase by the process called as entrainment through environmental cues 
(zeitgebers); photic i.e. light-dark cycle and nonphotic such as cycles of tempera-
ture, sound, humidity, food availability, social interaction etc. (Quintero et al. 2003; 
Jagota 2012).

In mammals, ‘master circadian pacemaker’ or ‘master clocks’ are localized in 
discrete sites in central nervous system (CNS) to the bilaterally paired suprachias-
matic nucleus (SCN) in hypothalamus (Jagota et al. 2000; Reiter et al. 2010; Welsh 
et al. 2010). This system controls a wide variety of physiological functions includ-
ing sleep-wake cycles, body temperature rhythms, secretion of hormones, locomo-
tor activities and feeding behavior (Jagota et al. 2000; Partch et al. 2014).

The time keeping system has a tripartite organization. The afferent pathway 
involves the transmission of external cues to the central clock through the melanop-
sin containing ganglion cells of the retinohypothalamic tract (RHT) to the SCN with 
glutamate and pituitary adenylate cyclase – activating polypeptide (PACAP) as the 
major neurotransmitters in this pathway (Albrecht, 2012). The geniculohypotha-
lamic tract (GHT) and the retino-raphe pathway also provide photic and nonphotic 
inputs, respectively to the SCN. The neurotransmitters involved in GHT are gamma 
amino butyric acid (GABA) and neuropeptide Y whereas the serotonin is present in 
the retino raphe tract (Jagota 2006, 2012). The SCN regulates the rhythmic synthe-
sis and release of melatonin (N-acetyl-5-methoxytryptamine; an indole hormone 
(message of darkness)) with high levels at night and low during day. With the onset 
of darkness, tryptophan is converted into serotonin via 5-hydroxytryptophan in 
pinealocytes. Then N-acetylation of serotonin by arylalkylamine N-acetyltransferase 
(AANAT) followed by methylation of the 5-hydroxy moiety by hydroxyindole-O- 
methyl-transferase (HIOMT) results in melatonin synthesis. (Reiter et  al. 2010; 
Yonei et al. 2010). Additionally we have reported recently from our laboratory daily 
rhythms in the various components of serotonin metabolism (Reddy and Jagota 
2015). Melatonin synthesis at night is under regulation of post-transcriptional and 
post-translational mechanisms triggered by termination of norepinephrine release 
from superior cervical ganglion (SCG) terminals (Lee et al. 2009). It is then trans-
ported into the blood and cerebrospinal fluid (CSF) of the third ventricle and has 
been reported to act through MT1, MT2 and MT3 receptors (Dubocovich 2007), 
found in various parts of brain including SCN and peripheral organs such as vascu-
lature, reproductive organs, adrenal cortex etc. Melatonin has been identified as a 
multitasking molecule, acting as an antioxidant and a free radical scavenger, elimi-
nating hydroxy radicals, peroxyl radicals and peroxynitrite (Konturek et al. 2007), 
as well as activating several antioxidative enzymes such as superoxide dismutase or 
glutathione peroxidase etc. (Yonei et al. 2010; Manikonda and Jagota 2012). Both 

A. Jagota and K. Kowshik



439

blood and CSF melatonin acts on SCN via feedback mechanisms involving MT1 
and MT2 receptors for resetting the circadian pacemaker and regulating circadian 
processes such as sleep (Reiter et al. 2010, Yonei et al. 2010).

The involvement of positive and negative feedback loops regulate rhythmic 
oscillations when they move away from regular manner. This is achieved by several 
clock genes, Clock, Per1, Per2, Per3, Bmal1, Cry1 and Cry2 etc. which are expressed 
abundantly in the SCN (Dibner et al. 2010; Welsh et al. 2010). The positive regula-
tors include Clock, Bmal1 and Rorα, whereas the negative elements comprise of 
Per, Cry and Rev-erbα. All genes are expressed rhythmically except Clock that is 
constitutively expressed. The circadian timing machinery involves the highly inter-
dependent transcriptional and translational feedback loops (TTFL), whose interplay 
results in vigorous ~24 h rhythm of gene expression. The core TTFL is coordinated 
by four dedicated clock proteins viz. BMAL1, CLOCK, PER and CRY as well as 
their post translational modifications involving kinases and phosphatases that regu-
late the localization and stability of these integral clock proteins. During the subjec-
tive day, dimers of clock proteins BMAL1-CLOCK bind to the E-box elements in 
the promoters of repressors Per, Cry as well as Rorα, Rev-erbα and several other 
Clock controlled genes (Ccg), initiating their transcription. During the subjective 
night, PER and CRY proteins reach critical levels in the cytoplasm and dimerizes. 
The protein dimer translocate back to the nucleus and disrupts the BMAL1- CLOCK 
heterodimer repressing their own transcription along with the transcription of Ccg. 
Repression on CLOCK-BMAL1 gets relieved as PER and CRY proteins are 
degraded through ubiquitin dependent pathways and the 24 h periodicity sustains. 
In addition to the core TTFL, there exists an auxiliary TTFL to endure the former. It 
consists of activator: retinoid- related orphan receptors (RORs) and repressor: REV- 
ERBs (Partch et al. 2014). The expression of clock gene Bmal1 has been reported to 
be dependent on the expression of Rev-erbα where the presence of REV-ERBα 
inhibits Bmal1 expression (Sato et al. 2006; Li and Zhang 2015). Further, the kinet-
ics and phase characteristics of individual clock components are dependent upon 
specific promoter elements as the morning time- E/E’ box and the day time D box 
elements mediating the expression of Rev-erbα, Per1, Per2 and Per3. The REV- 
ERB/ROR response element dictates the night time expression of Bmal1 (Ueda 
et al. 2005) whereas ‘combinatorial regulation’ involving E/E’, D box as well as the 
intronic RREs confer phase delay in Cry1 expression (CT12) which is critical in 
keeping the biological clock on time (Ukai-Tadenuma et al. 2011). The existence of 
these interdependent feedback loops maintain accurate circadian timing by provid-
ing robustness against noise and environmental disturbances, and helps to generate 
phase alterations in circadian transcriptional output that optimally modulate gene 
expression influencing the physiology (Jagota 2012; Partch et al. 2014).

The post-translational modifications of clock proteins are important for ensuring 
the maintenance of circadian rhythms, as they can modulate the activity and turn-
over of major clock components (Bellet and Sassone Corsi 2010). Interestingly, the 
NAD+ salvage pathway as well as direct deacetylation activity link through Silent 
information regulator 1 (sirtuin 1 (Sirt1) to the circadian rhythm machinery (Jung- 
Hynes et al. 2010).
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21.2  Brain Aging and Clock Dysfunction

Aging has been linked to progressive physiological changes in an organism that lead 
to senescence, or a decline of biological functions and of the organism’s ability to 
adapt to metabolic stress. The inflammatory cascade is exaggerated during aging 
due to increased expression of proinflammatory genes leading to the oxidative dam-
age of biomolecules due to an imbalance between prooxidants (ROS) and antioxi-
dants (Sohal and Orr 2012). The antioxidant status of an individual could be an 
important factor in determining age-associated pathologies, including cancer, car-
diovascular disease, arthritis, and several neurodegenerative diseases. When the bio-
logical clock begins to fail, rhythms that regulate cell function and health get 
disrupted and this predisposes the brain to neurodegeneration. Molecular clock 
oscillations decline during aging and neurological diseases such as, Alzheimer’s 
disease (AD), Parkinson’s disease (PD), Huntington’s disease, sleep wake and cir-
cadian rhythm pathologies such as advanced sleep wake syndrome (ASPS), delayed 
sleep wake syndrome (DSPS), free running syndrome (FRD) and sleep fragmenta-
tion (SF) etc. (Jagota 2012). Many researchers have reported loss of phase relation-
ships of clock genes between the different brain regions (Cermakian et al. 2011) and 
significant loss of neurons in SCN of AD patients (Zhou et al. 1995). A weakened 
circadian output and disrupted melatonin regulation and levels were reported in PD 
patients by some workers (Kudo et al. 2011; Videnovic et al. 2014). In addition, 
Bmal1 transcript levels were also reported to decline in leukocytes of PD patients 
(Cai et al. 2010). We have recently reported alterations in various clock gene expres-
sion such as Per1, Per2, Cry1, Cry2 and Bmal1 in aging rats (Mattam and Jagota 
2014) and rotenone induced PD (RIPD) rat model (Mattam and Jagota 2015). Few 
studies have also revealed that SIRT1 governs the central circadian function by 
activating transcription of Bmal1 and Clock via PPARγ coactivator 1α (PGC-1α) 
(Asher et al. 2008; Nakahata et al. 2009). Chang and Guarente in 2011 reported a 
model explaining how the SIRT1 mediated circadian control in SCN decays with 
aging. Interestingly nuclear factor erythroid 2-like factor 2 (NRF2) had been directly 
involved in cellular defense against oxidative stress and SIRT1  in transcriptional 
activation of clock genes (Zhang et al. 2015).

In mammals, it has been observed that there are major alterations in output 
rhythms of the circadian clock as a result of aging. These changes are marked by a 
shift in the phase and decrease in amplitude (Hofman and Swaab 2006; Gibson et al. 
2009). In rodents, age-related changes in circadian rhythms have been reported for 
body temperature, activity-wakefulness, locomotor activity patterns, drinking 
behavior etc. (Weinert 2000). We have reported age-induced abolition of daily 
rhythm of leptin (Reddy and Jagota 2014), serotonin (Jagota and Kalyani 2008, 
2010) and serotonin metabolism (Reddy and Jagota 2015) in rat SCN. Additionally, 
we have reported the alterations in some of the core clock genes in SCN with aging 
(Mattam and Jagota 2014). Earlier we had reported from our laboratory age induced 
alterations in lipid peroxidation and antioxidant enzymes in rat liver (Manikonda 
and Jagota 2012).
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Recently we also reported age-induced alterations in NO rhythms in various 
peripheral clock (Vinod and Jagota 2016). In humans, aging is associated with a 
phase advance in melatonin secretion and body temperature rhythms. It has been 
well known that, unlike young human subjects, older individuals show earlier habit-
ual time of sleeping and waking along with disturbed sleep and impaired cognitive 
performance (Miyata et al. 2013). These results may indicate that the circadian sys-
tems are less able to adjust to environmental time cues with age, and as a result are 
more susceptible to desynchronization (Arellanes-Licea et al. 2014). The mecha-
nisms leading to the aging-related alterations are largely unknown, but they are 
paralleled by changes in the neurochemical and electrophysiological output of the 
SCN with no change in cell number or size (Madeira et al. 1995).

There are various therapeutic approaches being developed to address aging and 
related disorders. Melatonin, an endogenous synchronizer of rhythms that is also a 
potent antioxidant possesses therapeutic effects against the age-induced alterations 
in circadian clock (reviewed Hardeland et al. 2012; Jagota 2012). Additionally we 
had also reported differential restoration of daily rhythms of lipid peroxidation and 
antioxidant enzymes in aging rat liver with melatonin administration (Manikonda 
and Jagota 2012). We had reported recently that melatonin could differentially 
restore the age induced alterations in the daily rhythms of some of the core clock 
genes, serotonin and various components of serotonin metabolism in SCN (Jagota 
and Kalyani 2010; Mattam and Jagota 2014; Reddy and Jagota 2015) as well as 
daily nitric oxide (NO) rhythms (Vinod and Jagota 2016. Additionally it proved use-
ful when administered on RIPD rat model as reported recently from our laboratory 
(Mattam and Jagota 2015).

Herbal extracts or formulations have been in use since ancient cultures involving 
medicinal use of plants. The herbal medicines are of greater scientific interest as 
many international studies have demonstrated that these are capable of treating dis-
ease and improving health often without any significant side effects. A pharmaceuti-
cal drug typically uses a synthesised version of a plant’s active ingredient but 
practitioners of herbal medicine maintain that an active ingredient can lose its 
impact or become less safe, if used in isolation from the rest of the plant. Various 
herbal formulations like curcumin, resveratrol, wolfberry extracts, ginseng, ashwa-
gandha etc. have been extensively investigated for their anti-oxidative, anti-aging 
and anti-inflammatory properties (Jagota and Reddy 2007; Ho et al. 2015; Lee and 
Oh 2015; Wadhwa et al. 2016; Farooqui 2016; Gocmez et al. 2016).

21.3  Withania somnifera (Ashwagandha)

Withania somnifera (WS), known as ashwagandha or Indian winter cherry or Indian 
Ginseng has been used in Indian traditional medicines since documented history, 
classified as a rasayana herb that promotes health, enhance longevity and create a 
sense of well-being. It is widely distributed in the dry regions of India, Middle East, 
North Africa and the Mediterranean regions (Dar et al. 2015). Table 21.1 shows the 
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Table 21.1 Effects of various active components of Withania somnifera (WS) extracts on various 
neuropathological and physiological disorders

Extract/component Effects References

WS extract Improved cognitive capacity in bipolar 
disorder patients

Chengappa et al. 
(2013)

WS Root extracts (RE)
RE Decrease of mean immobility time in a 

mice model of depression
Shah et al. (2006)

Effects on circadian rhythms of lipid 
peroxidation products and antioxidants in 
Gentamicin induced nephrotoxicity

Jeyanthi et al. (2010)

Physiological and behavioral alterations in 
sleep deprived mice

Kumar and Kalonia 
(2007)

GABAergic mechanism in improving 
electrophysiological parameters and sleep 
promoting effects in sleep disturbed rats

Kumar and Kalonia 
(2008)

Enhanced life span in C. elegance Kumar et al. (2013)
Neuroprotective effects in 6-OHDA 
induced PD rats

Ahmad et al. (2005)

Improves catecholamine levels, 
physiological and motor function in MPTP 
model of PD mice

Rajasankar et al. 
(2009)

Ethanolic RE Downregulation of apoptosis of 
dopaminergic neurons in MB-PQ induced 
PD mice

Prakash et al. (2014)

Aqueous RE Regulation of lipid peroxidation, alteration 
in glutathione content, glutathione-S- 
transferase activity in arthritic rats

Khan et al. (2015)

GBAergic activity of WS on GABAA and 
GABAρ, the main inhibitory receptors of 
mammalian CNS

Candelario et al. 
(2015)

Countering effects on temporal lobe 
epilepsy associated neurodegeneration

Soman et al. (2012)

Chloroform-methanol RE Alzheimer’s disease Sehgal et al. (2012)
WS Leaf extract (LE)
Aqueous LE In vitro free radical scavenging activity Panchawat (2011)
Ethanolic LE
Aqueous LE Neuroprotective effects in sleep deprived 

rats
Manchanda et al. 
(2016)

Therapeutic effects on neuroblastoma Kataria et al. (2013) 
and  Shah et al. 
(2015)

Alcoholic LE Therapeutic effects on glioblastoma Shah et al. (2009, 
2015)

Alcoholic (i-extract) Protection against Scopolamine induced 
amnesia

Konar et al. (2011) 
and  Gautam et al. 
(2016)

(continued)
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compilation of various effects of active components of WS on miscellaneous func-
tions and pathologies.

The WS extracts have been reported to display neuroprotective, neuroregenera-
tive and anticancer potentials (Kataria et al. 2013). The root extract of WS has been 
reported to possess revitalizing, life prolonging, aphrodisiac and sedative proper-
ties. In Ayurveda, it is extensively used for the treatment of disorders such as, rheu-
matoid arthritis, dehydration and chronic fatigue. The fruits and leaves have been 
related to treating ulcers and tumors. Clinical trials corroborate the benefits of WS 
in case of anxiety, inflammation and rheumatism (Berghe et al. 2012). The biologi-
cally active constituents found in WS were reported as alkaloids (ashwagandhin, 
cuscohygrine, anahygrine, topine, etc.), steroidal compounds, including ergostane 
type steroidallactones, withaferin A, withanolides A–Y, withasomniferin A, witha-
somnidienone, withasomnierose A-C, withanone, glycowithanolides etc. (Dar et al. 
2015). The alcoholic extract had higher concentrations of most of these components 
but only trace quantities of glycowithanolides were found to be soluble in water 
whereas the aqueous extract had higher concentration of glycowithanolides but only 
trace quantities of alcohol soluble components. The nootropic potential and thera-
peutic effects of ashwagandha leaf extracts on various brain pathologies such as 
AD, PD, Neuroblastoma and Glioma had been reviewed by Wadhwa et al. 2016. It 
has been reported as key adaptogen due to its action on Hypothalamic-Pituitary- 
Adrenal (HPA) axis modulating the imbalance between neuroendocrine and immune 
system thus regulating the body physiology under stressful conditions (Verma and 
Kumar 2011). Earlier studies have reported the antioxidant properties of WS such 
as free radical scavenging activity (Panchawat 2011), regulation of lipid  peroxidation, 

Table 21.1 (continued)

Extract/component Effects References

Component
Withaferin A Inhibitory effects on cholinesterase in 

treating cognitive deficits and in AD and 
related dementias

Schliebs et al. (1997)

Regulation of NF-kB marking its 
anti-inflammatory property

Grover et al. (2010)

Anxiety, inflammation and rheumatism Berghe et al. (2012)
Regeneration of both axons and dendrites 
in memory deficit mice with neuronal 
atrophy and synaptic loss

Kulkarni and Dhir 
(2008)

Neuroprotection, stress resistance and 
prolonged life expectancy in C. elegance

Akhoon et al. (2016)

Prevention of neurodegeneration during 
hypoxia

Baitharu et al. (2014)

Withanone Downregulation of senescence in human 
fibroblasts

Widodo et al. (2009)

Withanoside IV and its 
metabolite somnione

Improved memory and prevention of 
neurodegeneration induced by amyloid 
beta (25-35) in mice

Kuboyama et al. 
(2006)

21 Therapeutic Effects of Ashwagandha in Brain Aging and Clock Dysfunction



444

alteration in glutathione content, glutathione-S-transferase activity, catalase activity 
and decrease in nitrites levels (Khan et al. 2015). Grover et al. (2010) showed the 
regulation of NF-kB by Withaferin A marking its anti-inflammatory property. 
Clinical trials and animal research supported the use of WS for treatment of anxiety, 
stress, depression, insomnia, cancer, cognitive and age-associated neurodegenera-
tive disorders (Konar et al. 2011; Sehgal et al. 2012). WS root extract treatment has 
been linked with improving the body weight, behavioral alterations such as reduced 
locomotion and anxiety in sleep deprived mice by some workers. Further, the pos-
sible involvement of GABAergic mechanism in improving electrophysiological 
parameters and sleep-promoting effects of WS in sleep disturbed rats has been 
reported. A recent study in sleep deprived rats has explored the neuroprotective 
effects of aqueous leaf extract of WS (Manchanda et al. 2016).

Some workers have reported the inhibitory effects of Withaferin A on cholines-
terase which is of interest in treating cognitive deficits and in AD and related demen-
tias (Schliebs et al. 1997). Withanoside IV and its metabolite somnione had been 
related with improving memory and preventing neurodegeneration induced by amy-
loid beta (25-35) in mice. In addition, in cultured rat cortical neurons damaged by 
amyloid beta (25-35), somnione treatment has been linked with synaptic recon-
struction, axonal and dendritic regeneration potential (Kuboyama et  al. 2006). 
Similarly, studies have investigated the potential of WS in improving the catechol-
amines and antioxidant enzyme activities, motor function in rodent models of PD 
(Ahmad et al. 2005; Rajasankar et al. 2009). In Maneb or Manganese ethylene-bis-
dithiocarbamate and Paraquat (MB-PQ) induced PD mice, root extract of WS 
enhanced Bcl2 levels and declined Bax levels thus affecting the apoptosis of dopa-
minergic neurons (Prakash et al. 2014). Clinical studies have demonstrated the ben-
eficial precognitive effects of WS on bipolar disorder (Chengappa et  al. 2013). 
Withanolide A induces significant regeneration of both axons and dendrites in mem-
ory deficit mice with neuronal atrophy and synaptic loss (Kulkarni and Dhir 2008). 
Candelario et  al. 2015 reported the GABAergic activity of WS on GABAA and 
GABAρ, the main inhibitory receptors of mammalian CNS, adding on to the mech-
anism of its adaptogenic properties. In addition to this, WS leaf extract downregu-
lated senescence in human fibroblasts and the root extract could extend the life span 
in C. elegance (Widodo et al. 2009; Kumar et al. 2013). Several researchers have 
shown the free radical scavenging activities of various antioxidants (Table 21.2).

The 50% maximal inhibitory concentration (IC50) is determined as the concen-
tration of the tested sample resulting in a 50% reduction of the initial diphenyl-
1-picryl hydrazyl (DPPH) concentration, measured from the linear regression 
concentration curve of the test extract (μg/ml) against the percentage of the free 
radical scavenging activity. Though the anti-inflammatory, anti-oxidant and neuro-
protective roles of WS using aqueous or alcoholic extracts of roots and leaves have 
been extensively studied, we in our laboratory compared the antioxidant potential of 
the hydro-alcoholic extract of WS leaves and roots using DPPH free radical scav-
enging assay (Brand-Williams et  al. 1995). The hydro-alcoholic extract of WS 
leaves and roots showed a scavenging activity of 75.9 and 34.8 % with DPPH IC50 – 
659.9 and 1449.2 μg/ml respectively (Fig. 21.1). On comparison of DPPH IC50 val-
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Table 21.2 Comparison of various antioxidants by DPPH free radical scavenging assay

Antioxidant
Activity DPPH 
IC50 (μg/ml) References

Ascorbic acid 9.84 Kano et al. (2005)
Melatonin (Semi-aqueous) 238.08 Mishra et al. (2012)
Curcumin (Pure) 16 Jagota and Reddy (2007)
Resveratrol (Pure) 17.8 Gulcin (2010)
Licium barbarum (Wolfberry) fruit extract 267.6 Li et al. (2007)
Panax ginseng (Chinese ginseng) aqueous 
extract

833.3 Kim et al. (2002)

Panax quinquefolius (North American 
ginseng) extract

2000 Kitts et al. (2000)

WS Leaf extract (Methanolic) 101.73 Alam et al. (2012)
WS Root Extract (Methanolic) 801.93
WS Leaf extract (Aqueous) 1455 Panchawat (2011)
WS Leaf extract (Ethanolic) 1663
WS Leaf extract (Hydro-alcoholic) 659.9 Jagota and Kowshik (present 

study)WS Root Extract (Hydro-alcoholic) 1449.2

Fig. 21.1 Comparision of free radical scavenging activity of the hydro-alcoholic Withania som-
nifera root and leaf extracts with the standard antioxidant ascorbic acid using DPPH assay. Each 
value is mean ± SEM (n=4) (*significant difference between leaf and root extract (p ≤ 0.005))
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ues hydro-alcoholic extract of WS leaves showed significantly high antioxidant 
activity than aqueous and ethanolic leaf extracts and also methanolic root extract 
Table 21.2. Based on these results we preferred to use hydro-alcoholic extract of 
WS leaves due to presence of both alcohol soluble components (alkaloids (ashwa-
gandhin, cuscohygrine, anahygrine, topine etc.), steroidal compounds, including 
ergostane type steroidallactones, withaferin A, withanolides A-Y, withasomniferin 
A, withasomnidienone, withasomnierose A-C, withanone and water soluble such as 
glycowithanolides etc. We have recently reported age-induced circadian disruption 
in clock gene expression (rPer1, rPer2, rCry1, rCry2 and rBmal1) (Mattam and 
Jagota 2014) and we extended to study the therapeutic and adaptogenic potential of 
hydroalcoholic extract of WS on such age induced alterations in mRNA expression 
of these clock genes.

The effects of hydro-alcoholic leaf extract of WS suspended in 0.5% carboxy 
methyl cellulose (CMC) were studied by WS treatment (WST) at ZT-11 orally 100 
mg/kg body weight in three age groups of male Wistar rats: 3, 12 and 24 months (m) 
for 15 days. Similarly age matched control animals (Vehicle treated (VT)) were 
administered with 0.5% CMC (1 ml/kg body weight). The time of WS leaf extract 
administration was 1 hour before the reported time of maximum lipid peroxidation 
(Manikonda and Jagota 2012). On 16th day animals of all the three age groups were 
decapitated and the brains were dissected out carefully at ZT-0, 6, 12 and 18. The 
SCN was carefully punched out from brain slices made with rat brain slicer (Zivic 
Instruments; Pittsburg USA) (Jagota and Reddy 2007). The expression of rPer1, 
rPer2, rCry1, rCry2 and rBmal1 transcripts were measured by relative qRT-PCR by 
the SYBR Green (Applied Biosystems, Foster, USA) detection method (Kamphuis 
et al. 2005; Mattam and Jagota 2014). There were no significant differences in age- 
matched controls and vehicle treated (VT) animals in clock gene expression levels 
and daily rhythms. We report here that hydro-alcoholic WS leaf extract showed dif-
ferential restoratory effects on age induced alterations in clock gene expression lev-
els and daily rhythms (Figs. 21.2 and 21.3). The peak expression of positive limb 
component rBmal1 showed peak at ZT-18 (mid-subjective night) whereas peak 
expression of negative limb components rPer1 and rPer2 were at ZT-6 (mid-subjec-
tive day) however rCry1, rCry2 were at ZT-12 (Onset of night) respectively. These 
peak expression time points of studied clock mRNAs are in agreement with earlier 
researchers in 3 m vehicle treated animals (Park and Kang 2004) as well as our 
previous reports (Mattam and Jagota 2014).

The administration of hydro-alcoholic leaf extract of WS resulted in restoration 
of the phases of rPer1 in 12 and 24m animals in comparison to 3m VT animals with 
a phase advance of 12h and a phase delay of 6h respectively in comparison to the 
respective age matched VT group (Fig. 21.2). Further, in 24m animals WS treatment 
decreased the daily pulse of rPer1 by 1.6 fold compared to the 24m VT group, 
restoring the pulse in comparison to 3m VT group (Fig. 21.3). In case of rPer2, WS 
treatment increased the mean 24h levels by 3.3 folds in 24m animals and decreased 
the daily pulse by 4.2 fold in 12m animals thus resulting in their restoration with 
respect to 3m VT (Fig. 21.3). In 12m animals, rCry1 mRNA expression peaked at 
ZT-12 with WS administration, showing a phase advance of 6h in comparison to 
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12m VT group, restoring the phase in comparison to 3m VT group. In addition, the 
daily pulse of rCry1 and rCry2 in 24m showed a partial restoration even though 
these declined by 68.5 and 115.6 folds respectively in comparison to 3m VT 
(Figs. 21.2 and 21.3). There was a phase restoration in 12m rBmal1 compared to 3m 
VT upon WS treatment, where a phase delay of 6h was observed in comparison to 
age matched VT (Fig. 21.2). WS treatment in 24m animals increased rBmal1 mean 
24h levels by 2.8 folds in comparison to age matched vehicle group, thus restoring 
the levels when compared to 3m VT group. However, rBmal1 daily pulse showed a 
partial restoration when compared to the respective age matched vehicle groups and 
was decreased by 115.6 and 945.8 folds respectively compared to 3m VT group 
(Fig. 21.3). WS administration in middle-aged animals (12m VT) restored the phase 
of rPer1, rCry1 and rBmal1 compared to the young adults (3m VT). The melatonin 
treatment to the 12m age group had restored the phase of clock genes except rPer1 
(Mattam and Jagota 2014). The daily pulse of rPer2 was restored in 12m WST 
group compared to 3 m VT group. However, we have reported previously melatonin 
had restored rPer1 daily pulse in 12m (Mattam and Jagota 2014). In 24m animals, 
aging caused severe alterations in the phase and daily pulse of all the clock genes 
studied, whereas the WST restored the phase and daily pulse of rPer1. However, 
WST decreased the daily pulse of rCry1, rCry2 and rBmal1 in 24 m compared to 
3 m VT. The restoration in the mRNA expression rCry1, rCry2 and rBmal1 is simi-
lar to melatonin treatment (Mattam and Jagota 2014).

Withanolide, one of the active components of WS with its steroidal structure 
(Das et  al. 2002) might act similar to estradiol in activating signaling cascades 
(Konar et al. 2011). Further, Konar et al. (2011) discussed a possible mechanism of 
CREB phosphorylation by i-Extract resulting in attenuation of scopolamine-induced 
alterations in the expression of BDNF and GFAP. Thus WS leaf extract may be 
mediating its effects through activation of cAMP and MAPK pathway contributing 
to CREB phosphorylation. CREB binding to the CREs in the promoters of Per1 and 
Per2 then lead to transcriptional activation (Travnickova-Bendova et al. 2002). The 
decreased mean 24h levels of rBmal1 and rPer2 in 24m VT animals are consistent 
with earlier reports (Duncan et al. 2013). The decreased levels of Bmal1, Per and 
Cry could be correlated with increase in oxidative stress, reduced life span (Rakshit 
and Giebultowicz 2013) and neurodegeneration (Krishnan et  al. 2012; Musiek 
2015). Ashwagandha being an antioxidant and a neurogenesis inducer (Kuboyama 
et  al. 2005; Soman et  al. 2012) appeared to have upregulated the expression of 
Bmal1, Per 2 and Cry1,2 transcript levels proving its role as an anti-aging 
component.

The pairwise correlation analysis (Fig. 21.4) showed a significant positive cor-
relation between rPer1 and rPer2; rPer1 and rCry2 in the light phase of 12m WS 
treatment, which was negative in light phase of 12m VT. Similarly, a significant 
negative correlation could be seen between rCry1 and rBmal1 in both light and dark 
phases. WS treatment in 24m rat SCN resulted in a positive correlation between 
rPer1 and rPer2 in both light and dark phases, which was negative in 24m VT. A 
significant positive correlation was found in the dark phase between rPer2 and 
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rCry1, which was similar to that of 3m VT, however a negative correlation between 
rPer1 and rBmal1 was established in both the phases of 24m (Fig. 21.4).

In old aged animals (24m VT), a negative correlation between rPer1 and rPer2 
in both the phases indicated the robustness of age-induced alterations. The WS 
treatment abolished the negative correlation thus restoring the positive correlation 
between rPer1 and rPer2. The anti-phasic expression of Per and Bmal1 genes had 
been demonstrated by many researchers (Yan et al. 1999). The WS treatment rees-
tablished a significant negative correlation between rPer1 and rBmal1 in the dark 
phase of 24m animals. WST restored the correlations between Per and Cry genes as 
restored by melatonin reported earlier (Mattam and Jagota 2014) proving WS as one 
of the potent anti-aging agent. Interestingly, with melatonin administration this neg-
ative correlation was in the light phase (Mattam and Jagota 2014). Aging drastically 
affected the correlation between the clock genes in the dark phase by diminishing 
the transcript levels.

As NRF2 daily rhythms in aging rat SCN is directly involved in cellular defense 
against oxidative stress and SIRT1 in transcriptional activation of clock genes, their 
role could be pivotal in reversing age associated circadian dysfunction. It was previ-
ously reported that Rev-erbα regulates the expression of PGC-1α (Gerhart-Hines 
et al. 2013), which is a crucial mediator of SIRT1 through which Bmal1 transcripts 
are regulated. Additionally, wide range of genes controlling cell survival and metab-
olism are targeted by Rev-erbα in addition to its critical role in transcriptional 

Fig. 21.4 Effect of hydro-alcoholic Withania somnifera leaf extracts administration on pair wise 
correlation between mean light (ZT-0, 6, 12) and mean dark (ZT-12, 18, 24/0) phase values of 
rPer1, rPer2, rCry1, rCry2 and rBmal1 in SCN of 3, 12 and 24m (m) aged rats. Every colored 
square represents correlation coefficient values between the parameters. Where, a positive correla-
tion is indicated by shades of blue, negative correlation by shades of red and white indicates no 
correlation. Grey squares indicate that the values were not considered for correlation analysis
*statistically significant value between parameters (p ≤ 0.05)
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repression and regulation of clock. Studies have demonstrated that REV-ERBα is 
the key protein by which oxidative stress and inflammation affects the biological 
clock (Yang et  al. 2014) and also its pivotal role in enabling the organism to 
 withstand oxidative stress maintaining the cellular homeostasis (Sengupta et  al. 
2016). We therefore have further studied effects of WS extract on mRNA expression 
of Nrf2, Sirt1 and Rev-erbα, one of the key negative limb components of the molec-
ular clock. The summary of preliminary results obtained in this study has been 
presented in Fig. 21.5. There was a decrease in daily pulse of mRNA expression of 
Sirt1 levels with a phase advance, which was restored upon WST. In 12m animals, 
Nrf2 expression however showed a phase delay, which was restored upon 
WST. Interestingly, aging did not alter the phase of Rev-erbα and WS treatment also 
did not bring any change to the phase of this transcript. Even the mean 24h levels 
and the daily pulse did not show any significant change upon aging and WS 
treatment.

21.4  Conclusion

Brain aging has been associated with chronodisruption. Age associated complica-
tions in clock function could be addressed through various strategies including light 
therapy, dietary paradigms, pharmacological interventions as well as herbal formu-
lations. Ashwagandha being one of the extensively researched medicinal herbs is a 
potent antioxidant and demonstrated to be highly persuasive in its action against 
various age related brain pathologies. Currently there is very limited information on 
its therapeutic role in age-induced alterations of clock function. However, our data 
reveals the potential of hydroalcoholic leaf extract of WS in ameliorating such alter-
ations in some of the core clock transcript expression levels and daily rhythms. 

Fig. 21.5 Schematic representation of neuroprotection and longevity and restoration of clock 
function with hydro-alcoholic leaf extracts of Withania somnifera.  Rhythmic;  Abolished 
rhythm;  Phase advance (Red line indicates the advance in phase);  Phase delay (Blue 
line indicates the delay in phase);  Phase restoration
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Further, it is essential to investigate the role of this potent herb in influencing the 
clock components at the translational level. In addition, an extensive study of the 
cellular targets of the active constituents of WS and the mechanisms involved would 
be crucial to develop novel therapeutic strategies for improving age related clock 
dysfunction.
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Chapter 22
Biotechnological Approaches in Propagation 
and Improvement of Withania somnifera (L.) 
Dunal

Kulwinder Kaur, Pritika Singh, Rupam Guleri, Baldev Singh, Kuldeep Kaur, 
Varinder Singh, and Pratap Kumar Pati

Abstract Withania somnifera is a high value medicinal plant of the family 
Solanaceae. It is known for its anti-tumour, anti-stress, anti-aging, cardio- protective, 
neuro-protective and anti-inflammatory properties. Its pharmaceutical properties 
are attributed to a wide range of secondary metabolites, such as steroidal lactones, 
alkaloids, glycowithanolides, flavanol glycosides, phenolics and sterols. The tradi-
tional cultivation of W. somnifera is limited mainly by poor seed viability and ger-
mination, low yield and inconsistency in production of secondary metabolites. The 
infestation with various pests and pathogens also throw a major challenge in its 
cultivation. Biotechnological approaches involving organ, tissue and cell culture 
offer potential solution to the existing problems. In vitro propagation helps in rapid 
multiplication of elite cultivars and facilitate in raising quality planting materials. 
Genetic manipulation and secondary metabolite engineering hold great promise for 
enhancement of secondary metabolites and for overall crop improvement. The pres-
ent chapter briefly discuss the challenges in W. somnifera and present a quick over-
view of biotechnological advances to address these challenges. It also highlights the 
futuristic approaches that would lay a foundation in the conglomeration of W. som-
nifera as an ideal model medicinal plant.

Keywords Withania somnifera • In vitro propagation • Secondary metabolites • 
Stress • Cell suspensions • Genetic transformation
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22.1  Introduction

Withania somnifera (L.) Dunal is a high value medicinal plant and is extensively 
used in Indian, African and Unani traditional system of medicine. It belongs to the 
family Solanaceae and is commonly referred to as Ashwagandha, Asgandh, Winter 
cherry or Indian ginseng. W. somnifera enjoys a position in the monographs on 
selected medicinal plants prepared by World Health Organization (WHO) (Mirjalili 
et al. 2009) and is among top 32 important medicinal plants chosen by National 
Medicinal Plant Board of India (www.nmpb.nic.in) due to its immense demand in 
the domestic and international markets (Prajapati et al. 2006). The genus Withania 
includes more than 23 species which are widely distributed in tropical and subtropi-
cal areas such as dry regions of Africa, South Asia and Central Asia, particularly in 
Bangladesh, Pakistan, Afghanistan, Sri Lanka, Egypt, Morocco, South Africa, 
India, Congo and Jordon (Kumar et al. 2007, 2011).

The plant is dicotyledonous, erect, woody evergreen, branched shrub that grows 
about 30–75 cm in height. The leaves are simple, petiolate, ovate, entire and arranged 
in alternate fashion (Mirjalili et al. 2009). Axil contains a cymose cluster of 5–25 
inconspicuous pale green flowers. The roots are cylindrical and fleshy with light 
brown epidermis and white medulla. Flowers are 4–6 mm in diameter having short 
pedicel, gamosepalous, 5 sepals persistent and having acute linear lobes. Its corolla 
is gamopetalous, having 5-lobes that are recurved or spreading, acute pubescent and 
greenish yellow while stamens arise from the base of petals and are slender fila-
ments. Fruit is enclosed in the green persistent calyx. It is green when unripe and 
turns orange-red when mature enclosing numerous small seeds (Singh and Kumar 
1998). However, considerable morphogenetic variability exists in different acces-
sions of W. somnifera (Kumar et al. 2007).

22.2  Economic Importance

W. somnifera is used in various forms (ointments, decoctions, powder, infusions and 
syrup) as herbal medicine (Kumar et al. 2007; Davis and Kuttan 2000). The extracts 
and different bioactive constituents are known to possess anticancer, anti- convulsant, 
anti-oxidative, anti-aging, anti-spasmodic, anti-inflammatory, cardio-protective, 
immunomodulatory, adaptogenic and neuroprotective properties (Singh et  al. 
2015b). The pharmacological traits of W. somnifera are due to the existence of a 
wide range of structurally diverse set of secondary metabolites in leaves and roots. 
Several bioactive alkaloids and phytochemicals such as tropine, psudotropine, 
hygrine, ashwagandhine, choline, cuscohygrine, flavanol glycosides, isopelletierine, 
anaferine, tropine, sitoindosides (saponins), anhygrine,withanolides, withanoso-
mine, glycowithanolides, withanamides, sterols and phenolics are present in differ-
ent parts of the plant (Misra et al. 2005, 2008; Matsuda et al. 2001; Chatterjee et al. 
2010; Chaurasiya et al. 2012).
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Conventionally, leaves and roots of W. somnifera are principally used in prepara-
tion of herbal medicines (Jayaprakasam et al. 2003; Kumar et al. 2011). Recently 
NMR and chromatographic techniques have been employed for metabolic profiling 
of leaf and root extract of W. somnifera. A total of 48 primary and secondary metab-
olites from roots and 62 from leaves have been reported. Among these, 29 metabo-
lites are common to both the tissues. However, a noteworthy difference in the profile 
of withanolides has been reported in leaf and root tissues (Chatterjee et al. 2010). 
Withaferin A and Withanone are mainly found in leaves, whereas root is the major 
site of withanolide A (Singh et al. 2015b). Along with spatial variations, the distri-
bution of secondary metabolites also shows temporal as well as quantitative and 
qualitative variations with respect to different chemotypes and growth conditions 
(Chatterjee et al. 2010; Dhar et al. 2013). Further, W. somnifera from different ori-
gins can be discriminated by the ratio of two groups of withanolides viz.4-OH and 
5,6-epoxy withanolides and 5-OH and 6,7-epoxy withanolides in their leaves 
(Namdeo et al. 2011). Age of the plant has a significant bearing on the metabolic 
contents of the plant. The content of Withaferin A increases in leaves and roots with 
the growth of the plant from young (6 weeks old) to mature (12–18 weeks old) stage 
(Pal et al. 2011). However, accumulation of most of the withanolides declined at 
over-maturation stage (Dhar et al. 2013).

22.3  Major Challenges and Strategies for Crop 
Improvement in W. somnifera

Though W. somnifera is an important medicinal plant, it encounters several chal-
lenges in its mass propagation, improvement/production of secondary metabolites 
and protection from various biotic and abiotic stresses. The present chapter high-
lights some of the challenges and research endeavour to address these emerging 
issues.

22.3.1  Mass Propagation

W. somnifera is conventionally propagated via seeds. However, its traditional culti-
vation is restricted due to poor seed germination, low percentage of seed viability 
and seedling survival (Vakeswaran and Krishnasamy 2003), long gestation period 
between planting and harvesting (Rani et al. 2003) and susceptibility towards patho-
gens (Pati et al. 2008) and pests (Sharma and Pati 2011b). Further, effect of geo-
graphical and seasonal variations on the yield and composition of secondary 
metabolites in plants, low yield of withanolides under in vivo conditions, a narrow 
genetic base and presence of intraspecific chemotypic variations impose a challenge 
in its cultivation and improvement.
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Biotechnological approach such as micropropagation provides a suitable option 
for rapid multiplication and raising uniform quality clones (Fig. 22.1). In W. som-
nifera, micropropagation has been performed using different explants viz. seeds 
(Supe et al. 2006; Sen and Sharma 1991), shoot tips (Furmanowa et al. 2001; Ray 
and Jha 2001; Sivanesan 2007; Ahmad Baba et al. 2013; Sen and Sharma 1991) and 
nodal segments (Sabir et al. 2008; Soni et al. 2011; Fatima et al. 2011; Sivanandhan 
et  al. 2011). Most of these studies have documented the use of Murashige and 
Skoog’s (Murashige and Skoog 1962) medium for seed germination and micro-
propagation. Seed germination relies largely on the type of plant growth regulators 
(PGR), light and temperature. Maximum seed germination has been reported with 
GA at 25 °C (Khanna et al. 2013). Among different carbon sources, sucrose (2–3%) 
is mainly used for the proliferation of shoots and rooting (Sivanesan and Murugesan 
2008).The growth and proliferation of microshoots and their rooting is significantly 
affected by the exogenous supply of PGRs. BAP is most effective for the formation 
of multiple shoots and its proliferation (Soni et al. 2011; Ray and Jha 2001; Nayak 
et al. 2013). However, BAP in combination with IAA (Sivanesan 2007; Sivanesan 
and Murugesan 2008) or IBA (Furmanowa et al. 2001; Sen and Sharma 1991) or 
KN (Sabir et al. 2008) have also been frequently used for multiple shoot formation 

Fig. 22.1  
Micropropagation in W. 
somnifera. (a) Initiation of 
aseptic cultures from nodal 
explant in MS medium. 
(b) Shoot proliferation in 
MS medium supplemented 
with BAP (5.0 μM). 
(c) Rooting of in vitro 
shoots in MS medium 
supplemented with IBA 
(10.0 μM). (d) Hardening 
of microshoots
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and its proliferation. Plant growth medium supplemented with inorganic nutrients 
viz. ZnSO4, CuSO4 and polyamines showed enhanced shoot proliferation (Fatima 
et al. 2011; Sivanandhan et al. 2011). BAP was also found to be most suitable in 
liquid culture of W. somnifera (Sivanandhan et al. 2012). However, hyperhydricity 
of shoots limit the use of liquid culture system in W. somnifera. Microshoots have 
also been successfully rooted in both MS and half-strength MS medium. Among 
various auxins, IBA is most effective for in vitro rooting (Udayakumar et al. 2013; 
Ghimire et al. 2010). The rooted microshoots are hardened in a mixture of sand and 
soil (1:1) and the plantlets are established under field conditions (Kulkarni et al. 
2000; Supe et al. 2006).

22.3.2  Withanolide Biosynthesis and Their Modulation in W. 
sominifera

W. somnifera has been extensively studied due to possession of a wide range of 
pharmaceutically important secondary metabolites. Among these, the major metab-
olites are withanolides that are a group of steroidal lactones (C-28) based on 
ergostane skeleton and constitute the prime metabolites of W. somnifera. 
Withanolides are synthesized from 24-methylene cholesterol, which itself originate 
from isoprenoid pathway (Sangwan et al. 2008). In plants, the biosynthesis of iso-
prenoid occurs via two independent pathways, Mevalonate (MVA) pathway and 
2-C-methyl-d-erythritol-4-phosphate (MEP) pathway (Fig. 22.2). The predominant 
MVA pathway operates in cytosol and accounts for 75% of carbon contribution for 
the synthesis of withanolides, whereas, non-MVA/MEP pathway operates in the 
plastids and contributes to 25% of carbon for the synthesis of withanolides 
(Chaurasiya et al. 2012). During MVA pathway, acetyl-CoA undergoes activation to 
form acetoacetyl-CoA. Acetoacetyl-CoA molecule condenses with acetyl-CoA to 
form 3-hydroxy-3-methylglutaryl-CoA (HMG-CoA) in the presence of enzyme 
HMG-CoA synthase (HMGS). In an irreversible reaction catalysed by 3-hydroxy- 3-
methylglutaryl-CoA reductase (HMGR), 3-hydroxy-3-methylglutaryl-CoA is con-
verted into mevalonic acid. Next two steps are phosphorylation reactions that are 
catalysed by mevalonate kinase and phosphomevalonate kinase that results in the 
formation of 5-phosphomevalonate and 5-pyrophosphomevalonate, respectively. 
5-pyrophosphomevalonate leads to the formation of 3-isopentenyl pyrophosphate 
(IPP) with the help of enzyme mevalonate-5-pyrophosphate decarboxylase. IPP 
condenses with its isomer 3,3-dimethyl allyl pyrophosphate (DMAPP) to yield 
geranyl pyrophosphate (GPP) in a reaction catalysed by farnesyl diphosphate syn-
thase (FPPS). Further, trans-geranyl pyrophosphate condenses with another mole-
cule of IPP to form farnesyl pyrophosphate (FPP). In the subsequent step, two 
molecules of farnesyl diphosphate condense by the enzyme squalene synthase 
(SQS) to yield squalene, a liner 30-carbon compound. Squalene epoxidase (SE) 
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Fig. 22.2 Withanolide biosynthesis pathway and site of action of selected inhibitors. HMG-CoA 
3-hydroxy-3-methylglutaryl-CoA, HMGS HMG-CoA synthase, HMGR 3-hydroxy-3- 
methylglutaryl-CoA reductase, IPP 3-isopentenyl pyrophosphate, DMAPP 3,3-dimethyl allyl 
pyrophosphate, IPPI isopentenyl pyrophosphate isomerase, GPP geranyl pyrophosphate, FPPS 
farnesyl diphosphate synthase, SQS squalene synthase, SE squalene epoxidase, CAS cycloartenol 
synthase, SMTI sterol methyltransferaseI, SMOI sterol-4ɑ-methyl oxidase 1, CECI cycloeucalenol 
cycloisomerase, OBT obtusifoliol 14-demethylase, FK delta 14-sterol reductase, HYDI C-7,8 ste-
rol isomerase, DWFI delta-24 sterol reductase, SMO2 sterol-4a-methyl oxidase 2, STEI C-5 sterol 
desaturase, DWF5 sterol delta-7 reductase, BR6OX2 brassinosteroid-6-oxidase 2, GA-3P d- 
glyceraldehyde- 3-phosphate, DXP 1-deoxy-d-xylulose-5-phosphate, DXS DXP synthase, DXR 
DXP reductoisomerase, MEP 2-methyl d-erythritol 4-phosphate, CMS 4-(cytidine-5-diphospho)-
2-C-tmethyl-d-erythritol synthase, CDP-ME 4-diphospho-cytidyl-2-methyl-d-erythritol, CMK 
4-(cytidine-5-diphospho)-2-C-methyl-d-erythritol kinase, CDP-MEP 2-C-methyl-d-erythritol-2-
phosphate, MCS 2-C-methyl-d-erythritol-2,4-cyclodiphosphate synthase, ME-cPP – 2-C-methyl- 
D-erythritol-2,4-cyclodiphosphate, HDS hydroxyl methyl butenyl 4-diphosphate synthase, 
HMBPP hydroxyl methyl butenyl 4-diphosphate, HDR hydroxy methyl butenyl 4-diphosphate 
reductase, GPP geranyl diphosphate, GPS GPP synthase, GGPP geranylgeranyl diphosphate, 
GGPS geranylgeranyl diphosphate synthase, ABA abscisic acid
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then convert squalene into 2,3-oxidosqualene, which after ring closure, yield vari-
ous steroidal triterpenoidal skeletons (Singh et al. 2015b; Mirjalili et al. 2009).

MEP pathway starts with the condensation of pyruvate with d-glyceraldehyde- 3-
phosphate (GA-3P) to yield 1-deoxy-d-xylulose-5-phosphate (DXP) and this reac-
tion is catalysed by DXP synthase (DXS). DXP is further converted into 2-methyl 
d-erythritol 4-phosphate (MEP) by the enzyme DXP reductoisomerase (DXR). 
4-(cytidine-5-diphospho)-2-C-tmethyl-d-erythritol synthase (CMS) in a CTP-
dependent reaction catalyse the conversion of MEP into 4-diphospho-cytidyl- 2-
methyl- d-erythritol (CDP-ME). The later then undergoes phosphorylation to form 
2-C-methyl-d-erythritol-2-phosphate (CDP-MEP) by 4-(cytidine-5-diphospho)-2-
C- methyl-d-erythritol kinase (CMK). Further, in a reaction catalysed by 2-C-methyl-
d-erythritol-2,4-cyclodiphosphate synthase (MCS), CDP-MEP leads to the 
formation of 2-C-methyl-d-erythritol-2,4-cyclodiphosphate (ME-cPP). In the sub-
sequent steps, ME-cPP yield hydroxyl methyl butenyl 4-diphosphate (HMBPP) in a 
reaction catalysed by hydroxyl methyl butenyl 4-diphosphate synthase (HDS). The 
enzyme hydroxy methyl butenyl 4-diphosphate reductase (HDR), converts HMBPP 
into a mixture of IPP and DMAPP (Hunter 2007; Rodriguez- Concepcion and 
Boronat 2002).

There has been a huge interest in enhancement of withanolide production in W. 
somnifera. However, the major bottlenecks in this direction is the existence of che-
motypic variations (Bhatia et al. 2013), unavailability of information for genome 
sequence and the cumbersome process of chemical synthesis of withanolides 
(Grover et al. 2013). In recent years various strategies have been adapted to modu-
late the withanolide production in W. somnifera.

22.3.3  In Vitro Culture System and Their Potential 
in Modulation of Withanolide Production

In vitro strategies viz. organ, tissue and cell culture and genetic manipulations can 
potentially overcome the challenges faced to increase the production of pharmaceu-
tically important secondary metabolites under in vivo conditions. In W. somnifera, 
in vitro culture system is used as an alternative system for production of secondary 
metabolites. It has high metabolic rate and active growth in a short time period, 
leading to increased secondary metabolite production and its accumulation. A sig-
nificant increase in withanolides production has been shown in in vitro shoot culture 
system as compared to field grown plants (Sharada et al. 2007; Sabir et al. 2008).

In in vitro culture system, the secondary metabolite production is governed by 
media formulations, type and concentration of carbon source and PGR. Half strength 
MS medium is most efficient for both the production of withanolide A and biomass 
accumulation in adventitious root culture (Praveen and Murthy 2012 & Praveen and 
Murthy 2013). In in vitro shoot culture, the concentration of sucrose is directly pro-
portional to withaferin A and withanolide D production (Sivanandhan et al. 2015b). 
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In most of the reports, BAP has been documented to be most suitable for withano-
lide production (Ray and Jha 2001; Mir et al. 2014). However, MS medium supple-
mented with a combination of BAP and KN resulted in higher accumulation of 
withanolide A (Sangwan et al. 2007). Differential accumulation of withanolides has 
been recorded in in vitro flowers and fruits. In vitro fruits have been shown to accu-
mulate enhanced level of withanolide A and withanolide B, whereas, the level of 
withaferin A was more in in vitro flowers as compared to fruits. However, witha-
nones did not show significant difference in in vitro fruits and flowers (Sivanandhan 
et al. 2015b). Further, exogenous application of elicitors such as MeJ and SA, and 
polyamines in the shoot culture medium led to marked improvement in secondary 
metabolite production (Sivanandhan et al. 2011, 2012).

Cell suspension culture holds the potential for enhancing secondary metabolites 
production (Mulabagal and Tsay 2004) and is also used to study cellular and molec-
ular processes of secondary metabolite production and accumulation. The potential 
of cell suspension culture is affected by various factors, such as media composition, 
source of carbon and PGRs. MS medium is most effective for both the production 
of withanolide A and biomass accumulation (Nagella and Murthy 2010, 2011). As 
compared to glucose, fructose and maltose, sucrose was reported to be the best 
source of carbon for production of withanolide A (Sivanandhan et al. 2013b; Nagella 
and Murthy 2011). Manipulation of medium salt concentrations has important bear-
ing in enhancing the production of withanolides. It has been observed that concen-
tration of nitrogen and ammonia/nitrate ratio has great influence on the production 
of secondary metabolites. A high NO3 and low NH4 concentration supports both cell 
growth and production of withanolide (Nagella and Murthy 2011). PGRs also influ-
ence the potential of cell suspension culture for secondary metabolite production. 
MS medium having KN and 2,4-D led to higher accumulation of withanolide A 
(Nagella and Murthy 2011). In addition, elicitation acts as a promising strategy to 
raise the production of pharmaceutically important secondary metabolites in cell 
suspension cultures. Inorganic compounds viz. MeJ, SA and arachidonic acid, and 
biotic factors viz. components of plant cell wall and culture filtrates of Fusarium 
solani, Alternaria alternata and Verticilium dahilae act as potential elicitors 
(Sivanandhan et al. 2013b).

22.3.4  Enhancing Secondary Metabolite Production 
by Genetic Manipulation

Agrobacterium - mediated genetic transformation provides an excellent opportunity 
to study the function of various genes, understand their regulation and for increasing 
the productivity of novel secondary metabolites (Cucu et al. 2002). Several factors 
such as Agrobacterium strain, time of infection, method of co-cultivation, concen-
tration of phytohormones, selection conditions, type and age of explant and germ-
plasm of the plant have significant bearing on transformation efficiency 
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(Herrera-Estrella et al. 2004). The earliest attempt to transform W. somnifera was 
made by infecting its leaves with wild type octopine and nopaline strains of A. tume-
faciens, resulted to shooty teratomas only (Ray and Jha 1999). The fertile transgenic 
plants of W. somnifera were developed with very low transformation efficiency 
(1.67%) by infecting the leaf segments with A. tumefaciens (LBA4404) harbouring 
pIG121Hm vector (Pandey et al. 2010). The leaf segments were co-cultivated with 
A. tumefaciens in MS medium fortified with 8.9 μM BAP and 8.0 μM IAA. The 
growth of A. tumefaciens was suppressed by using augmentin and transformants 
were selected on 50 mg/l kanamycin. The transformation efficiency was improved 
up to 10% by employing the techniques of vacuum infiltration and sonication. 
Addition of thiol compounds, sodium thiosulphate (125 mg/l), L-cysteine (100 
mg/l) and dithiothreitol (75 mg/l) in co-cultivation medium were also found to be 
beneficial in improving the transformation efficiency of W. somnifera (Sivanandhan 
et al. 2015a).

The development of genetic transformation system offers the advantage of 
exploring systematic metabolic engineering by modulating the expression of the 
key genes of withanolide biosynthetic pathway. Overexpression of squalene syn-
thase, a rate limiting enzyme in the biosynthesis of withanolide, resulted in signifi-
cant enhancement in Withanolide A content (2.5- folds) and squalene synthase 
activity (4-folds) in recombinant cell lines as compared to control. Withaferin A was 
additionally produced in transformed cell lines which was not produced in non- 
transformed cells (Grover et al. 2013). Transgenic plants overexpressing squalene 
synthase gene showed increase in the expression of squalene synthase and total 
withanolide content upto 2–5 folds and 1.5–2 folds, respectively (Patel et al. 2015). 
Due to significant enhancement in the production of withanolides in transformants, 
this strategy can be explored for effective metabolic engineering.

Transgenic hairy root cultures have revolutionized the secondary metabolites 
production due to their capacity to synthesis the metabolites at a much faster rate. 
Hairy roots results from integration of T-DNA of pRi plasmid (root inducing plas-
mid) from Agrobacterium rhizogenes to the susceptible explant and their induction 
frequency can be enhanced by subjecting the explants to sonication (15 s) followed 
by heat treatment for 5 min at 41 °C (Thilip et al. 2015). Hairy root cultures are 
genetically stable, produce biomass in large scale and are easily maintained. Various 
parameters viz. type and age of explant, culture medium, Agrobacterium stain, con-
centration of acetosyringone, and co-cultivation period are critical in determining 
transformation efficiency (Sivanandhan et al. 2014; Pawar and Maheshwari 2004). 
In W. somnifera, leaves and cotyledons show higher transformation potential com-
pared to other explants (Murthy et  al. 2008; Pawar and Maheshwari 2004). MS 
(Murashige and Skoog) medium is best suited for hairy roots growth and biomass 
accumulation (Murthy et al. 2008; Saravanakumar et al. 2012). Manipulation with 
source of carbon and its concentration results in differential accumulation of witha-
nolides in hairy root cultures of W. somnifera. Low concentration of sucrose (3%) is 
effective for the growth of transformed hairy roots and production of withaferin A 
and withanolide A (Praveen and Murthy 2012). Whereas, high concentration of 
sucrose (4%) results in increased production of Withaferin A in hairy roots. 
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Supplementing the medium with glucose (5%) leads to enhanced production of 
withanolide A as well as withaferin A (Doma et al. 2012). Withanolide production 
can also be increased in hairy root cultures by manipulating the concentration of 
macroelements and nitrogen source. Growth medium containing moderate concen-
tration of NH4 (14.38 mM) with higher concentration of NO3 (37.60 mM) favours 
higher withanolide A production and biomass accumulation (Praveen and Murthy 
2013).

The transformed hairy root cultures of W. somnifera were found to be distinct in 
their ability to produce a wide array of chemical compounds (Kim et al. 2002; Giri 
and Narasu 2000; Bandyopadhyay et  al. 2007). Transformed root cultures were 
shown to accumulate enhanced amount of withanolide A, Withanolide D and 
Withaferin A (Ray et  al. 1996; Ray and Jha 1999; Bandyopadhyay et  al. 2007; 
Murthy et al. 2008). Hairy roots grown in liquid medium also showed significant 
enhancement in the antioxidant activity (Kumar et al. 2005). A positive correlation 
between elicitor treatment and withanolide production could be established in W. 
somnifera hairy roots. The optimum concentrations of MeJ and SA which leads to 
increased withanolide A, withaferin A and withanone production were reported to 
be 15 μM and 150 μM, respectively (Sivanandhan et al. 2013a). Constitutive expres-
sion of β-cryptogein (a fungal elicitor protein) in hairy root cultures of W. somnifera 
resulted in metabolic shift from withanolide biosynthesis to phenypropanoid bio-
synthetic pathway (Sil et al. 2015) resulting in higher amount of ferulic acid along 
with increase in activity of enzyme phenylalanine ammonia lyase (PAL) in 
cryptogein- cotransformed hairy roots.

22.3.5  Characterization of Withanolide Biosynthetic Pathway 
Genes

The major bottle neck in enhancement of pharamaceutically important secondary 
metabolites in W. somnifera has been the lack of proper information on their biosyn-
thetic pathways. Recently, withanolide biosynthetic pathway genes such as HMGR 
(Akhtar et al. 2013), FPPS (Gupta et al. 2011), SQS (Bhat et al. 2012), SE (Razdan 
et al. 2013), DXS and DXR (Gupta et al. 2013), Cyt P450 (Rana et al. 2013), sterol 
glycosyltransferase (Sharma et al. 2007) and genes of oxido squalene cyclase (OSC) 
super-family: cycloartenol synthase (OSC/CAS), β-amyrin synthase (OSC/BS) and 
lupeol synthase (OSC/LS) (Dhar et al. 2014) have been identified, cloned and char-
acterized. The expression analysis of HMGR, FPPS, SQS, DXS and DXR showed 
the differential expression of these genes in different chemotypes, tissue, mechani-
cal injury and in response to elicitors (Gupta et al. 2011, 2013; Bhat et al. 2012; 
Akhtar et al. 2013). Also, the expression of HMGR, FPPS, SQS, DXS and DXR 
was enhanced in young leaves in comparison to mature leaves and roots. The high 
expression in leaves may attribute to higher rate of biosynthesis of withanolides in 
young leaves (Chaurasiya et  al. 2007; Gupta et  al. 2012 & Gupta et  al. 2013). 
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Further, low expression of DXS and DXR in roots suggests that these enzymes are 
localized in plastids. These studies indicate that although leaves are the major site 
for biosynthesis of withanolides, an independent system for the biosynthesis of 
withanolide may exist in roots also (Sangwan et al. 2008).

Comparative expression analysis of the genes combined with the overexpression 
and knockout studies have facilitated the characterization of withanolide biosyn-
thetic pathway genes and also provide clue for enhancing the accumulation of with-
anolides. One of the most important aspects in the study of gene expression by 
quantitative real-time PCR (qRT-PCR) is the selection of suitable reference genes 
for data normalization. Author’s laboratory studied 11 candidate references genes 
viz. Actin (ACT), cyclophylin (CYP), 26S ribosomal RNA (26S), 18S ribosomal 
RNA (18S–rRNA), glyceral-dehyde-3-phosphate dehydrogenase (GAPDH), ubiqui-
tin (UBQ), elongation factor-1 (EF-1), alpha-tubulin (TUA), beta-tubulin (TUB), 
Sand family protein (SAND) and ribosomal protein L2 (RPL2) to test the stability of 
their transcripts under various conditions. 26S, UBQ and TUB were found to be best 
reference genes for drought, cold and biotic stress respectively. T-SAND was most 
stably expressed gene in tissues treated with salt and salicylic acid (SA), whereas, 
18S–rRNA was most stable in abscisic acid (ABA) treated samples (Singh et  al. 
2015c). This work has made significant contribution in improving the quality of 
q-PCR mediated gene expression data in W. somnifera.

Recently virus induced gene silencing (VIGS) approach has been exploited to 
analyse the function of the genes involved in withanolide biosynthetic pathway. 
VIGS of squalene synthase gene resulted in significant reduction in the level of 
sitosterol (15%), campesterol (16%), stigmasterol (26%) and total withanolides 
(54%) implicating a major role of squalene synthase in withanolide biosynthesis. 
Further, WsSQS-vigs causing down regulation of pathogenesis related (PR) proteins 
such as PR1 (46%), PR3 (50%), PR5 (76%) and nonexpressor of PR, NPR 1 (45%) 
and NPR3 (81%) resulted in reduced tolerance to biotic stress (Singh et al. 2015a). 
In another study, overexpression of WsHMGR2 in tobacco led to increase in the 
level of sitosterol (160%), stigmasterol (123%) and campesterol (546%). However, 
the increase in the level of these sterols was comparative low in WsDXR2 overex-
pressing tobacco, sitosterol (25%), stigmasterol (28%) and campesterol (66%). The 
enhanacement in cholesterol content was marginally higher in WsDXR2 (41%) than 
WsHMGR2 (38%). Further, RNAi mediated transient gene silencing approach was 
followed by using pART27:WsHMGR2i and pART27:WsDXR2i. A higher reduc-
tion in the level of sitosterol, stigmasterol and campesterol was observed in 
pART27:WsHMGR2i as compared to pART27:WsDXR2i. The reduction in the level 
of cholesterol was comparatively higher in pART27:WsDXR2i. The RNAi suppres-
sion data was further validated by using specific inhibitors such as mevinolin 
(HMGR inhibitor) and fosmidomycin (DXR inhibitor) and a similar trend of sterol 
reduction has been reported (Singh et al. 2014). These studies indicated that MVA 
pathway is predominant in contributing carbon flux for withanolide biosynthesis 
and thereby metabolic engineering involving manipulation of MVA pathway genes 
may prove to be more beneficial to enhance secondary metabolites production. A 
recent study has highlighted the importance of nitrogen in enhancing the content of 
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sterols and withaferin A (Pal et al. 2016). Treatment with ammonium sulfate resulted 
in higher expression of key genes of withanolide biosynthetic pathway viz. FPPS, 
SMT1, SMT2, ODM, SMO1 and SMO2, leading to significant increase in the content 
of sterols. The improvement in the yield of secondary metabolites is probably linked 
to the expression of WRKY transcription factors. This study suggests that identifi-
cation of transcription factors involved in withanolide biosynthetic pathway would 
be a promising approach for modulation of withanolide biosynthetic pathway.

22.4  Biotic and Abiotic Stress

For enhancing the commercial value of W. somnifera, studies are being conducted 
for the production of biotic and abiotic stress tolerant cultivar. W. somnifera is 
exposed to a plethora of various biotic (Sharma and Pati 2011a, b, 2012a, b) and 
abiotic (Rout and Sahoo 2012, 2013) stresses. At present, its agroecosystem is char-
acterized by 26 major and minor insect pests (Chaudhary 2013) and various fungal 
pathogens (Pati et al. 2008; Maiti et al. 2007). In field conditions, this plant is fre-
quently attacked by various pests viz. Henosepilachna vigintioctopunctata (Sharma 
and Pati 2011b), Oxyrachis tarandus (Sharma and Pati 2011a), Phenacoccus sole-
nopsis (Sharma and Pati 2012a), Tetranychus utricae (Sharma and Pati 2012b), 
Meloidogyne incognita (Sharma and Pandey 2009), Helicoverpa armigera and 
Epilachna vigintioctopunctata (Kumar et al. 2009) and pathogens viz. Alternaria 
alternata (Pati et al. 2008), A. dianthicola (Maiti et al. 2007), Pithomyces charta-
rum (Verma et al. 2008) and phytoplasma (Khan et al. 2006). Among various dis-
eases, leaf spot disease caused by A.alternata is one of the most prevalent diseases 
of W. somnifera (Sharma et al. 2014). This disease is characterized by brownish to 
black spots on the leaves (Fig. 22.3). During severe infection, 80–90% of leaves of 
a single plant may get infested with A. alternata, causing significant biodeteriora-
tion of pharmaceutical important secondary metabolites. A respective reduction of 
15.4% and 76.3% in the content of withaferin A and total withanolides has been 
recorded in W. somnifera after infestation with A. alternata (Pati et al. 2008). Beside 
these, various post-infectional changes at morphological, biochemical and physio-
logical level due to leaf spot disease have also been reported (Sharma et al. 2011; 
Sharma et al. 2014). Further, maintaining the quality of herbal products has been a 
critical issue for pharmaceutical industries. As leaf spot disease in W. somnifera is 
caused by A. alternata, the fungal infected herbal products might lead to serious 
health implications. Hence, consistent efforts in the development of sensitive detec-
tion system for fungal contamination in the leaves of W. somnifera are worth pursu-
ing (Sharma 2013).

The research on stress tolerance in W. somnifera is at its nascent stage mainly due 
to limited information about different cultivars and their potential of resistance to 
pests and pathogens. A comprehensive study involving traditional and advanced 
biotechnological approaches need to be initiated. The traditional method of devel-
oping biotic resistance in plants involves conventional screening of plants resistant 
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to major pests and pathogens for identification of resistant germplasms followed by 
breeding to inculcate resistant trait into sensitive cultivars. However, pests and 
pathogens frequently overcome single gene resistance in the host, marker-assisted 
breeding (MAS) would facilitate pyramiding of resistant genes providing broad 
spectrum resistant (Singh et  al. 2001). Advanced biotechnological approaches 
involve overexpression of plant’s defence genes to confer biotic stress resistance in 
plants. Plants show a rapid change in its gene expression in response to attack of 
pathogen or abiotic stress, resulting in synthesis of specific proteins that help to 
combat stress. Many of these inducible proteins are pathogenesis-related (PR) pro-
teins (Sarowar et  al. 2005). To date, 17 distinct families of PR proteins (PR1 to 
PR17) are found in plants (Sels et al. 2008). Overexpression of some of these PR 
proteins in different plants has conferred resistance to a large number of pathogens 
(Liu et  al. 1994; Datta et  al. 1999; Fagoaga et  al. 2001; Alexander et  al. 1993; 
Niderman et al. 1995). Author’s laboratory is actively engaged in research on PR 
proteins, particularly PR1 and PR5. We are characterising WsPR1 and WsPR5 and 
also trying to elucidate their mechanism of action. One another approach that has 
gained considerable interest in recent years is to strengthen the plant resistance to 
stresses by enhancing the cell wall components such as lignin. Hence, modulation 
of phenylpropanoid pathway leading to the production of lignin holds great promise 
to combat biotic stress.

Global climate changes and unethical agricultural practices create stress condi-
tions for plants and affect their growth and development. In this context, some pre-
liminary studies on the influence of heavy metal stress on W. somnifera have been 
conducted. Copper toxicity induced reduction in fresh weight, chlorophyll and 
carotenoid content and the length of root and shoot has been observed. Further, 
increase in lipid peroxidation and level of O2

-· and H2O2 and a significant decline in 

Fig. 22.3 Leaf spot disease of W. somnifera. (a) Leaf spot disease infected Plant, (b) severely 
infected leaf, (c) isolation of fungus, (d) identification of causal organism, A. alternata
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the activity of antioxidant enzymes viz. catalase (CAT), glutathione reductase (GR), 
glutathione peroxidase (GPx), and superoxide dismutase (SOD) reflected the inabil-
ity of W. somnifera to eliminate the reactive oxygen species (ROS) resulted from 
copper induced oxidative stress (Khatun et al. 2008). However, Copper treatment 
led to induction of new genes as revealed by the appearance of new proteins in 
sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE).These 
induced proteins are considered to be involved in the defence of Copper toxicity 
(Rout and Sahoo 2013). Similar morphological and physiological changes have also 
been reported in high concentrations of iron (Rout and Sahoo 2012).Various studies 
need to be conducted for producing salinity, drought, elevated temperature and 
heavy metal stress tolerant plants.

22.5  Conclusion

W. somnifera has generated considerable interest among researchers due to its pos-
session of pharmaceutically important secondary metabolites. Efforts are being car-
ried out to overcome the bottleneck in its cultivation and improvement. Various 
biotechnological approaches viz.in vitro propagation, organ and cell suspension cul-
ture and genetic manipulations are being explored to solve the challenges of W. 
somnifera. Overall a comprehensive approach involving genomics, transcriptomics, 
proteomics, interactomics and metabolomics along with metabolic engineering and 
identification of new transcription factors will pave the path to the development of 
an ideal model plant of W. somnifera, having high commercial value.
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Chapter 23   
Plant Tissue Culture Based Strategies 
for Production of Withanolides       

Deepika Soni, Preeti Rana, Sukriti Goyal, Aditi Singh, Salma Jamal, 
and Abhinav Grover

Abstract Withania somnifera, an “Indian Ginseng”, is a medicinal plant of high 
value having rejuvenating and health promoting effects. It possesses biologically 
active metabolites called withanolides that are present in the leaves and roots of the 
plant. Withanolide A and withaferin A are the major secondary metabolites demon-
strated to possess specific therapeutic properties and pharmacological activities. 
Commercial withanolide production largely depends on the field plants, but there is 
quality concern due to different biotic and abiotic factors. In vitro cell culture tech-
nology can be an evident approach to an increased production of these plant second-
ary metabolites. Withanolides, the naturally occurring and abundant plant secondary 
metabolites isolated from solanaceous plants are well known to be one of the most 
powerful herbs in Ayurv edic medicine. Withanolides have been reported to possess 
diverse pharmacological functions such as being anti-tumor, anti-inflammatory, 
anti-oxidant, anti-microbial, cardio-protective and neuro-protective, immune- 
modulatory, insecticidal and more. With the plant being predominantly spread and 
thriving in temperate and tropical regions around the world, increasing varieties of 
withanolides are being characterized over the years recently and probing into their 
mechanism of actions and functions continues.
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23.1  Structures of Withanolides

Structurally, these compounds are composed of a steroid backbone which is attached 
to a lactone or its derivatives (Fig. 23.1). They are generally produced by the oxida-
tion of steroids.

23.2  Biosynthesis of Withanolides

The withanolide biosynthesis in case of Withania somnifera occurs through two 
distinct pathways, i.e., mevalonate and the non-mevalonate pathway (Fig.  23.2). 
Squalene, mevalonic acid and cholesterol act as immediate precursors in the meta-
bolic pathway of withanolides.

23.3  Hairy Root Cultures for Production of Withanolides

Praveen and Murthy (2010) carried out work on Withania somnifera hairy root cul-
tures for the production of biomass and withanolide A by optimizing the growth 
parameters. They investigated the effects of different carbon sources with varying 
concentrations for higher growth and production of withanolide. The maximum 
accumulation of biomass and production of withanolide A was observed in case of 
sucrose as a carbon source (11.92 g/l DW and 11.96 mg/g DW of withanolide A). 
Additionally, biomass accumulation was maximized (11.92 g/l DW) at 3% sucrose 
concentration, whereas, withanolide A production (13.28 mg/g DW) was favored at 
4% sucrose concentration. Further, the effect of pH was checked for biomass accu-
mulation and withanolide production. Initial pH of 5.8 gave optimal biomass of 
hairy roots (12.1 g/l DW), while withanolide A production was highest at pH 6.0 
(13.84 mg/g DW) (Table 23.1).

It has been observed that altering the concentration of the growth medium with 
macro nutrients and nitrogen source can enhance the production of withanolides in 
the hairy root cultures of Withania somnifera (Fig. 23.3). Maximum production of 

H H

H

H
H

H

H HH
H H

O
O O

O

O
O O

O
O

O
OH OH

OHOH
a b c

Fig. 23.1 Structure of some important withanolides: (a) Withanolide skeleton; (b) Withanolide A; 
(c) Withanolide D
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withanolide A was observed in case of 2.0X concentration of potassium nitrate 
(KNO3) (15.27 mg/g DW). The growth of withanolide A was increased with ammo-
nia nitrate (NH4

+/NO3
−) ratio having NO3

− concentration higher than NH4
+ 

(0.00/18.80 mM). At 14.38/37.60 mM (NH4
+/NO3

− ratio) the maximum biomass 
(i.e., 148.17 g/L FW and 14.79 g/L DW) growth was attained (Table 23.1) (Praveen 
and Murthy 2012).

Further, withanolide production has been enhanced by the elicitor treatment in 
hairy root cultures. Methyl jasmonate (MeJ) and salicylic acid (SA) were used as 
elicitors for increased biomass and withanolide production (Fig. 23.3). Methyl jas-
monate at 15 μM resulted in increased withanolide A (114.38 mg/g DW; 50 fold) 
production with decreased biomass. In contrast, maximum withanolide A (132.44 
mg/g DW; 58-fold) production has been reported with 150 μM SA with respect to 
control after 40 days of culture. Similarly, withaferin A (57.46 mg/g DW, 34-fold; 
70.72 mg/g DW, 42-fold) and withanone (69.89 mg/g DW, 38-fold; 84.35 mg/g DW, 
46-fold) production has also been increased with MeJ and SA treatment (Table 23.1). 
Thus, salicylic acid is an efficient elicitor for the enhanced biosysnthesis of witha-
nolides from W. somnifera hairy root cultures (Sivanandhan et al. 2013a, b).

Fig. 23.2 Withanolide(s) production pathway

23 Plant Tissue Culture Based Strategies for Production of Withanolides
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Improved withanolide production has been reported through large scale cultiva-
tion of the hairy root cultures in bioreactors using elicitors like salicylic acid and 
methyl jasmonate (Sivanandhan et al. 2016). Enhanced production of withanolides 
mediated through the elicitor treatment is the result of programmed signaling 
involved in activation of secondary metabolite biosynthesis. The plant cell receives 
an intra- or extra- cellular signal of the elicitor and intitates signal transduction that 
results in transcription factors required for biosynthesis of secondary metabolites 
(Kim et al. 2009).

23.4  Production of Withanolides Using Adventitious Roots

In vitro production of withanolides has been reported in case of indirect induction 
of adventitious roots from the three explants namely: leaf, internode and cotyledon. 
Complexity of root organogenesis can be minimized using callus cultures, which 
can produce large quantities of metabolites (Fig. 23.3). The treatment of plant cells/
organs with elicitor is a well-established strategy for an increased production of 
withanolides (Smetanska 2008).

Higher biomass accumulation (108.48 g/L FW and 10.76 g/L DW) along with 
enhanced withanolide-A content (8.8 ± 0.20 mg/g DW) has been reported within 5 
weeks of adventitious root culturing of W. somnifera from leaf explants. Adventitious 
root biomass production increased to 11-fold in suspension cultures and an increase 
of 21-fold in withanolide A content in contrast to leaves of the natural plant. Results 
indicated that the half strength MS (Murashige and Skoog) medium at 10 g/L inocu-
lum density, supplemented with 3% sucrose is most appropriate for accumulation of 
biomass and production of withanolides as compared to B5 (Gamborg et al. 1968), 

Fig. 23.3 Withanolide production by different methods in natural and artificial conditions

23 Plant Tissue Culture Based Strategies for Production of Withanolides
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NN (Nitsch and Nitsch 1969) and N6 (Chu 1978). 8.27–8.65 mg/g production of 
withanolide has been reported in medium with above composition (Table  23.1) 
(Praveen and Murthy 2010). Also use of sucrose at 2% concentration as carbon 
source and a medium with pH range of 5.5–5.8 has been found to be important for 
maximum accumulation of biomass (11.33 g/L DW) and withanolide A (9.09 mg/g 
DW) production (Table 23.1) (Murthy and Praveen 2013).

Chitosan and aluminium chloride were used as elicitors for the increased witha-
nolide production from callus-derived adventitious root culture. Biotic elicitor chi-
tosan (β-1, 4-linked glucosamine), is a deacylated derivative of chitin which induces 
plant resistance against pathogens and thus, had been used for increased biosynthe-
sis of secondary metabolites in different plant cell/organ cultures (El Ghaouth A 
et al. 1994).

Similar study with chitosan (0–200 mg/L) and aluminium chloride (0–40 mg/L) 
as elicitors has been reported with secondary adventitious root cultures at different 
exposure times (0–8 h). 10 mg/L aluminium chloride resulted in enhanced produc-
tion of withanolides after 4 h exposure time on 6th week with an increase of 14-fold- 
withanolide A (266.42 mg/g DW), ninefold-withanolide B (0.225 mg/g DW), 
sevenfold- withaferin A (3.381 mg/g DW), eightfold-withanoside V (0.360 mg/g 
DW) and sixfold-withanoside IV (0.396 mg/g DW) compared to control. In con-
trast, in similar conditions, chitosan exposure at 100 mg/L resulted in higher pro-
duction of withanolides with 17- fold-withanolide A (323.85 mg/g DW), 
11-fold-withanolide B (0.275 mg/g DW), ninefold-withaferin A (4.347 mg/g DW), 
tenfold-withanoside V (0.450 mg/g DW), eightfold-withanoside IV (0.528 mg/g 
DW) as compared to control (Table 23.1). Maximum levels of withanolide A, witha-
nolide B, withaferin A, withanoside V and withanoside IV (1.21, 1.22, 1.28, 1.25 
and 1.33) were produced with chitosan compared to aluminium chloride elicitation. 
The results revealed that the elicitor concentration required for the better production 
of secondary metabolites is dependent on the genotype along with culture condi-
tions including inoculum mass, age of the culture, time of exposure to the elicitor 
and its concentration (Sivanandhan et al. 2012a, b).

Increased withanolides production has also been reported with the adventitious 
root cultures using salicylic acid (SA) and methyl jasmonate (MeJ) as an elicitor in 
Cumbum and Kolli hills varieties of W. somnifera of Tamilnadu, India. Salicylic 
acid is more potent elicitor than methyl jasmonate for enhanced withanolide pro-
duction. Salicylic acid at a concentration of 150 μM in adventitious root cultures 
resulted in 48-fold withanolides A (64.65 mg/g dry weight (DW), 29-fold withano-
lide B (33.74 mg/g DW), 20-fold withaferin A (17.47 mg/g DW), 37-fold withanone 
(42.88 mg/g DW) and other minor withanolides after 10 days of elicitation 
(Table 23.1) (Sivanandhan et al. 2012a, b).

D. Soni et al.
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23.5  Withanolide Production from Withania somnifera Shoot 
Cultures

Withanolide D and Withaferin A production has been reported from the shoot tip 
cultures (Fig. 23.3) in MS and MSSM (Murashige and Skoog basal medium + BA 
1 mg/L) medium. MS medium showed an accumulation of withanolide D (0.06%) 
and withaferin A (0.04%). MSSM medium with 4% sucrose resulted in increased 
accumulation of withanolides (Withanolide D-0.08% and Withaferin A-0.16%) 
(Table 23.1) (Ray and Jha 2001).

Sangwan et al. used nodal segments as explants to establish multiple shoot cul-
tures using experimental cell lines of Withania somnifera plants (RS-Selection-1 
and RS-Selection-2). Benzyl adenine and kinetin were the two hormones whose 
combinations influenced the morphogenetic response and changed the levels of 
withanolide A biogeneration. There was a considerable escalation of Withanolide-A 
in the in vitro shoot cultures as compared to the aerial parts of field grown plants. A 
significant variation in the levels of withanolide A was observed (tenfold, 0.014–
0.14 mg/g FW) upon changing the hormone composition. Highest withanolide A 
(0.238 g/100 g DW tissue) production was obtained in RS selection-1 with 1 ppm 
benzyl adenine and 0.5 ppm kinetin (Table 23.1) (Sangwan et al. 2007).

23.6  Withanolide Sysnthesis Using Agrobacterium Mediated 
Transformed Cultures of Withania somnifera

Studies have been reported on the high production of secondary metabolites using 
transformation experiment with Agrobacterium tumefaciens. Infection with the 
wild type octopine and nopaline strains of Agrobacterium tumefaciens has been 
demonstrated for transformation of Withania somnifera organ cultures. Principal 
withanolides found in shooty teratoma cultures were withanolide D and withaferin 
A and only withanolide D was found in rooty teratoma. Shooty teratomas resulted 
in highest production of withanolide D (0.085–0.025%) and withaferin A (0.07–
0.10%). Thus, withanolide synthesis is dependent on the differentiation of trans-
formed shoot cultures and proved to be a useful system for in vitro synthesis of 
withanolides (Ray and Jha 1999) (Fig. 23.3). Similarly, induction of withanolide A 
synthesis has been reported to increase upto 2.5 fold by over expression of squalene 
synthase in W. somnifera using A. tumefaciens resulting in 2.05 mg/g DW of witha-
nolide A synthesis in transformed cells (Table 23.1) (Grover et al. 2013).

Withanolide D production in transformed root cultures has been reported to be 
higher than the untransformed cultures. The increase in withanolide was observed 
to 0.181 mg/L/day in transformed root cultures as compared to 0.026 mg/L/day in 
untransformed cultures (Table 23.1) (Ray et al. 1996).

In vitro production of the secondary metabolites of W. somnifera by Agrobacterium 
rhizogenes mediated hairy root production has also been reported. R1000, MTCC 
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2364 and MTCC 532 strains of A. rhizogenes were used for the hairy root induction. 
50.6% transformation efficiency was observed for R 1000 strain in hairy root induc-
tion in Withania somnifera leaf explants using 15 s sonication and heat treatment for 
5 min at 41 °C, whereas only 29.3% and 18.6% transformation efficiency was reported 
for MTCC 2364 and MTCC 532. Successful transfer of Ri T-DNA inside the host 
cells resulted in infection which was found higher for R1000 strain in comparison to 
other strains (Wang and Fang 1998). These studies indicated that genetic and epigen-
etic discrepancies seen in field-grown plants can be minimized using in vitro transfor-
mation of secondary metabolites (Banerjee et al. 1994; Thilip et al. 2015).

The influence of Agrobacterium strains, explant types and acetosyringone has 
been shown in the hairy root induction of W. somnifera. Induction of hairy roots was 
influenced by the petiole explants at a greater rate (64%) as compared to the inter-
modal segment and leaf. This could be due to the greater number of wounds border-
ing competent cells for transformation and regeneration by petiole explants 
compared to others. Further the strain of A. rhizogenes also influences the hairy root 
induction in explants as observed in R 1000 strain which influenced 64% in petiole, 
42.5% in leaf and 37.7% in internodes. Addition of Acetosyringone (AS) in various 
steps of hairy root induction also enhanced the production of withanolides 
(Table 23.1). Therefore, the production of withanolides could be increased by hairy 
root induction in petiole explants transformed by A. rhizogenes (R1000) in MS half 
strength medium with increased transformation frequency using Acetosyringone 
(Saravanakumar and Aslam 2012).

Murthy et al. (2008) established hairy root cultures of Withania somnifera which 
were transformed with A. rhizogenes. They inoculated A. rhizogenes strain R1601 
into explants from seedling roots, cotyledonary nodal segments, stems, young 
leaves, hypocotyls and cotyledons. The leaf plants and cotyledons induced forma-
tion of transformed hairy roots. Four clones of the same were established differing 
in their morphology. There was a fivefold increase in the biomass of cultured, trans-
formed seedling roots in comparison to the non-transformed ones. MS-based liquid 
medium supplemented with sucrose (40 g/l) was optimum for the growth of trans-
formed roots. Concentration of withanolide A in the non-transformed, cultured 
roots was 57.9 μg/g DW, which increased 2.7-fold more to 157.4 μg/g DW in the 
transformed roots (Table 23.1).

23.7  Production of Withanolides Using Cell Suspension 
Cultures

In order to overcome the limitations associated with the regular supply of withano-
lides from plant organs, cell suspension cultures have been evaluated for their ability 
to yield considerable amounts of the product. Withaferin A production in suspen-
sion cell cultures has been reported by (Ciddi 2006). The addition of salacin at 750 
μM concentration resulted in enhanced production of withaferin A, i.e., 25 ± 2.9 
mg/L in comparison to 0.47 ± 0.03 mg/L seen in controls (Table 23.1) (Ciddi 2006).
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Nagella and Murthy (2010a, b) established the cell suspension cultures of 
Withania somnifera in shake flasks. They studied the effects of different media and 
its strength, various growth regulators (auxins, the combination of cytokinin and 
auxin), carbon sources and their strengths, inoculum density and pH for withanolide 
A production. The optimal conditions for accumulation of biomass and withanolide 
A production (2.95 mg/g DW), were found to be the full strength of Murashige 
Skoog medium, 10 g/l (FW) of inoculum, 3% w/v sucrose and an initial pH of 
medium was 5.8 along with culture period of 4 weeks (Table 23.1). These optimized 
results could be further used for scale-up process.

Withanolide A production could also be increased by changing the medium con-
ditions and amount of macronutrients in cell suspension culture as reported by 
Nagella and Murthy (2010a, b). Highest accumulation of biomass (147.81 g/L FW 
and 14.02 g/L DW) has been reported for medium containing 0.59 concentration of 
ammonium nitrate (NH4NO3) and peak production levels of withanolide A (4.36 
mg/g DW) has been reported with 2.09 X KNO3 (Table 23.1). Also, ammonia nitrate 
ratio of 7.19/18.80 resulted in maximum growth (110.45 g/L FW and 9.29 gL DW) 
and 14.38/37.60 ratio resulted in 3.96 mg/g DW withanolide A production (Nagella 
and Murthy 2010a, b).

Various chemical parameters including concentrations of cytokinins or auxins 
along with their combinations, organic additives, carbon sources, seaweed extracts 
and physical parameter like agitation speed have been optimized in cell suspension 
culture of W. somnifera for maximum biomass accumulation along with sustainable 
production of withanolides. Sivanandhan et  al. reported the maximum biomass 
accumulation (4.18 g DW and 16.2 g FW) and production of withnolides (withano-
lide A- 7.21 mg/g DW, withanolide B-4.23 mg/g DW, withaferin A-3.88 mg/g DW 
and withanone-6.72 mg/g DW) were attained upon treating the culture with sea-
weed extract of Gracilaria edulis at 40% level to stimulate plant cell growth and 
secondary metabolite production in cell suspension of W. somnifera (Table 23.1). 
Growth characteristics and withanolide production (withanolide A-5.04 mg/g DW, 
withanolide B-2.59 mg/g DW, withaferin A-2.36 mg/g DW and withanone-4.32 
mg/g DW) has been increased with organic additive L-glutamine at 200 mg/L in 
combination with picrolam (1 mg/L) and KN (0.5 mg/L). Highest yield of withano-
lides (withanolide A 2.88 mg/g DW, withanolide B 1.48 mg/g DW) were obtained 
with 5% sucrose as carbon source (Sivanandhan et al. 2013a, b).

Biotransformation of withanolides is possible in W. somnifera cell suspension 
cultures. Bio conversion of withanolide A and withaferin has been reported both in 
the cells and the media. The 5, 6 epoxy group of withanolide A is replaced by 6, 7 
epoxy group; whereas in withaferin A; 27 hydroxyl group is replaced by the 20 
hydroxyl group (Table 23.1). Thus, it could be an important technique to transform 
more abundant withanone to valuable withanolide A (Sabir et al. 2011). In a similar 
study with transformed callus in cell suspension culture resulted in 4.98 and 0.16 
mg/g DW of withanolide A and withaferin (Table 23.1) (Grover et al. 2013).

The biosynthesis of withaferin A can also be elicited by an endophytic fungus 
Piriformospora indica. (Ahlawat et al. 2015) have worked to show the elicitation 
capacity of the fungus (Fig. 23.3). Callus and cell suspension cultures of Withania 
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somnifera were inoculated with variable concentrations of cell homogenate, culture 
filtrate and individual discs of P. indica at different time intervals and cultures were 
observed for effect on cell biomass and withaferin A production was observed using 
variable concentrations of culture. Elicitation potential of P. indica for withaferin A 
production was increased to 2.04 times followed by 1.78 times and 1.46 times with 
an addition of 3% (v/v) cell homogenate, 3% (v/v) culture filtrate and culture disc, 
respectively, when compared with the controls. Withaferin A production was 4.9 ± 
0.23 mg/L upon addition of P. indica cell homogenate with an exposure time of 7 
days. Under the same conditions, 4.1 ± 0.12 mg/L withaferin A was accomplished 
upon adding culture filtrate of the fungus (Table 23.1). The study has also proved an 
enhancement in the expression of genes which code for enzymes involved in witha-
nolide biosynthetic pathway by the application of fungal cultures.

Enhanced production of withanolides had been obtained by using shake flask 
culture and bioreactor. The use of different elicitors and precursors further enhances 
the production of withanolides (Fig. 23.3). In presence of elicitors namely, alumin-
ium chloride, cadmium chloride and chitosan after 4 h exposure to suspension cul-
ture, the biomass growth declined with chitosan and cadmium chloride whereas it 
remained stable with aluminum chloride. At 100 mg/L of chitosan concentration 
maximum amount of wtihanolides were produced on day 28 of culture with 
141.39 mg total withanolides. Aluminium chloride elicitation (10 mg/L) showed 
increased production of withanolides with no change in total biomass. In case of 
precursors, squalene was found to increase the production of withanolides whereas 
mevalonic acid and cholesterol showed a slight increase in their production. In bio-
reactor, a combination of chitosan (100 mg/L) and squalene (6 mM) resulted in 
increased production of biomass and withanolides, than in the shake flask cultures. 
The maximum amount of withanolides achieved in bioreactor were withanolide A 
(7606.75 mg), withanolide B (4823.05 mg), withaferin A (3732.81 mg), withanone 
(6538.65 mg), 12 deoxy withanstramonolide (3176.63 mg), withanosides IV 
(2623.21 mg) and V (2861.18 mg) (Table 23.1) (Sivanandhan et al. 2014).

Higher production of withanolides has been reported by the addition of poly-
amines like spermidine, spermine and putrescine in nodal cultures of Withania som-
nifera. A significant increase in the amount of withanolides has been reported in 
in vitro regenerated plant leaves, stem and root compared to field grown plants. An 
increase of around 1.14 and 1.20 fold in the content of withaferine A and withanone 
respectively has been reported in the leaves of in vitro derived plants (Table 23.1). 
The roots showed a 1.10 times enhancement in withanolide A production than field 
grown plant roots. Withanolide B content was enhanced in the leaves (6.5 times) 
and roots (3.3 times) of in vitro plants (Table 23.1). There has been no significant 
change in withanolide production from the stems of both in vitro and field grown 
plants (Sivanandhan et al. 2011).

In a study with differentiated callus with multiple shoots, epicotyls and leaf 
resulted in the increased production amounts of withanolides and alkaloids 
(Fig. 23.3). Two mediums, namely ‘Poshita’ and ‘Jawahar 22’ with compositions of 
MS (Murashige & Skoog) medium with phytohormones like BA (6-benzyladenine), 
Kin (Kinetin) and IAA (Indole acetic acid) were used in different concentrations for 
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callus culture and production of withanolides. The maximum amount of 2.32% and 
2.10% withanolides and 1.60 mg/g and 1.40 mg/g withaferin A were obtained from 
leaf explants of Poshita and Jawahar 22 (Poshita’ medium: MS + BA 3.0 mg/L + 
kinetin 1.0 mg/L + IAA 2.0 mg/L; ‘Jawahar22’ medium: MS + BA 1.0 mg/L + 
kinetin 3.0 mg/L + IAA 2.0 mg/L). Highest amount of withanolides A (2.42 mg/g 
and 2.19 mg/g) was obtained from the epicotyls explants (Poshita’, medium: MS + 
BA 2.5 mg/L; ‘Jawahar22, medium: MS + BA 1.0 mg/L + kinetin 0.5 mg/L) 
(Table 23.1) (Das et al. 2010).

Micropropagation of W. somnifera roots and stem in cultures with MS medium 
along with cytokinins resulted in increased productivity of the plant (Fig.  23.3). 
However, the micropropagated plants contain lesser amount of withanolides (Sabir 
et al. 2008).

23.8  Conclusion

Higher production of withanolides can be mediated through different in vitro cul-
tures. The cultures include hairy root, adventitious root, multiple shoot, cell suspen-
sion and nodal from leaf, root, petiole and stem. Different factors like medium 
composition, carbon source, pH, amount of macronutrients, use of different elicitors 
at different concentrations and other inorganic and organic compounds have resulted 
in increased production of withanlides. MS medium with 4–5% sucrose as carbon 
source at pH 5.8 was found to be optimum for the different cultures. Salicylic acid 
(150 μM), chitosan (100 mg/L) and aluminium chloride (10 mg/L) have been used 
to increase the withanolide production.
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Chapter 24
Establishment of Hydroponic Cultivation 
of Ashwagandha for Active Ingredient 
Enriched Leaves

Sunil C. Kaul, Sukant Garg, Kazuya Tamura, Teruo Wada, Zeenia Kaul, 
and Renu Wadhwa

Abstract Hydroponics, growing plants in water with appropriate nutrients and 
other cultivation conditions including temperature and CO2, is a convenient way to 
(i) avoid the unpredictable extreme weather conditions that affect the cultivation of 
plants in soil, (ii) safe guard against environmental stresses including industrial pol-
lutants and pesticides and (iii) ensure stable content of active components that are 
important for value of plants as either functional food or medicine. Considerable 
advances have been made in establishment of hydroponics cultivation conditions for 
a variety of leafy vegetables. However, their use has not expanded to medicinal 
herbs. In this chapter, we review the very first hydroponic cultivation of Ashwagandha, 
a medicinal herb.
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24.1  Hydroponic Cultivation

Hydroponics are the techniques of growing plants in water. It takes advantage of the 
fact that the plants can synthesize all required nutrients from inorganic ions, water, 
carbon dioxide and sunlight or artificial light. Upon supplementation of the essen-
tial elements in inorganic and/or organic, liquid and/or solid form in an appropriate 
medium, plants can grow in unnatural conditions (Nyugen et al. 2016; McDowell 
et al. 2013). Such capacity of plants is an extremely beneficial and valuable aspect 
to cope with environmental disasters, and expand their production for extensive use 
by human population. This is particularly important in case of seasonal plants and 
functional food to ensure their continued resource and active constituents. 
Hydroponic technology was initiated in 1970s and hydroponics are classified on the 
basis of nutrient and oxygen supply to the roots (Zobel et al. 1976). In the classical 
model of hydroponics, the roots are completely submerged into the water, saturated 
with nutrients and oxygen gas. If the roots are either completely or partially aerial, 
the system is called aeroponic. Variations such as, root growth on rockwool and clay 
pellets have also been reported in various types of hydroponics systems. We first 
provide here a basic and brief outline of these systems as follows (Fig. 24.1).

24.1.1  Flood and Drain System

In this system, the pump placed in reservoir feeds water, enriched with nutrients, to 
the plants placed in a tray and anchored to the stones from roots. Excessive water is 
drained back to the reservoir by gravitational forces through a negative loop siphon. 
Here, the nutrient balance and supply can be checked and adjusted according to the 
requirements. The system is bulky and fragile, as the plant tray has to be placed 
exactly above the reservoir. This system is limited because of relatively less number 
of plants could be grown (Fig. 24.1a).

24.1.2  Ebb and Grow System

This system is similar to the ‘Flood and Drain System’ except that there is a separate 
secondary reservoir and pump to maintain water level and pressure. Although the 
reservoir can be placed elsewhere to make the system less fragile, it requires exces-
sive amount of space (Fig. 24.1b).
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24.1.3  Drip System

Nutrient water is supplied slowly drop by drop via small spaghetti lines and emitters 
from the main channel. The principle of water drainage is though similar to the 
‘Flood and Drain’ as well as ‘Ebb and Grow Systems’ space (Fig. 24.1c).

24.1.4  Deep Water Culture

This is the most frequently used hydroponics system. Here water is constant in the 
system and the plant is anchored either with the stones or some artificial fixer such 
as rubber fixers. Nutrient supply, cleaning and maintenance are manual. Air is sup-
plied through an air pump that opens below the root of the plant space (Fig. 24.1d).

Fig. 24.1 Schematic illustration of different hydroponic cultivation systems
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24.1.5  Nutrient Film Technique

In this technique, the plants are placed on an inclined tray and anchored to stones or 
fixers. The system uses drip system principle. It is less bulky and requires relatively 
less amount of water space (Fig. 24.1e).

24.1.6  Aeroponics

In this system, plants are held suspended in the air and mildly anchored to the box 
via the shoot-root junction. Water rich in nutrients, which is supplied through the 
pump in feed line, is sprayed over the root that uses oxygen from the surrounding 
air. Excess water is drained back to the reservoir through the drain line space 
(Fig. 24.1f).

While selecting a hydroponics method for cultivating a plant, it is important to 
choose the correct system. Regular observation and documentation is important. 
The choice of method, however, depends on various factors including (i) size and 
shape of the space available, (ii) size and number of plants to grow, (iii) mainte-
nance and observation time allocated for cultivation and (iv) safety measures, such 
as power and water supply and their failures, pump specifications and failure, leaks, 
air pressure and humidity, emitter clogs etc.

24.2  Advantage of Hydroponics

Hydroponics has numerous advantages. The nutrient demand in the medium through 
the roots and supply can be monitored and controlled (Nyugen et al. 2016). It is 
fairly easier to document and synthesize the conditions for the growth of the plant. 
In the plants grown in soil, nutrients in soil bind to the soil particles and fine roots 
of the plant, creating an independent microenvironment. This heterogeneity adds 
complexity, especially when it comes to understand the process and implementation 
of controlled growth supplementation. Furthermore, these roots can also suffer 
mechanical shear and tissue damage on removal. In hydroponics, on the other hand, 
the root is suspended loose and suffers minimum damage while extracting the root 
or transfer of the plant. Nutrient bioavailability remains homogenous throughout the 
surface area. Conventionally when grown in soil, only the shoot of the plant is avail-
able for visualization and assessment, while in the hydroponics, the whole plant is 
visible and notable. Inderjit (2001) have discussed that certain agents (including 
biotic-the microbial, and abiotic-physical and chemical factors) present in soil have 
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the potential to cause transformation in the components, chemicals and other nutri-
ents essential for plant growth and characteristics in an enormous way. They may 
increase or decrease the content of useful ingredients in the plant or even raise the 
level of toxic substances. Therefore, the monitoring of soil, plant growth character-
istics and their functional constituents should be a regular task requiring special 
expertise and resources. Hydroponics that provides stable and monitored resource 
of nutrients may provide an alternative choice. Furthermore, it can be a good alter-
native as assisted plantation where fertile land is either not sufficiently available or 
a good way of building up public green spaces in highly dense greenery-deficient 
cities (NyukHien et al. 2007). Chloramines, frequently present in the soil, interfere 
with metabolism and may cause severe harm to plant. Chlorine, on the other hand, 
not as common, has high anti-oxidant and anti-microbial action and may be more 
useful to the plant. Soil structure is difficult to manage or modify, but such intensive 
alterations are easily achievable in hydroponics structure (Mavrogianopoulos 2016). 
Installation of hydroponics on the walls has also been suggested (Katsoulas et al. 
2017; Mazzali et al. 2013). Katsoulas et al. (2017) discussed that the hydroponics 
installed on the walls and roofs of buildings in hot and arid Riyadh reduced the 
maximum and mean air temperature inside the building from an average 36–26 
°C. Benefits of hydroponics planted in the building walls were described as air cool-
ing and thermal comfort. Lowering the inner temperature of the building may also 
lead to the decrease in the demand of electricity and other resources, thus reducing 
the overall energy cost and resources. Touliatos et al. (2016) compared the conven-
tional hydroponics to the vertical farming to check the effect of sunlight in lettuce, 
and reported that the vertical farming yielded more crops per unit area. Lettuce is 
rapidly growing leafy vegetable, which in the reproductive process has the advan-
tage of avoiding complexities of changes in crop biomass allocation (Morris et al. 
1957; Heller et al. 2014). Its large leaves benefit it to vitally engage in metabolism, 
qualifying it as a fine candidate to consider sunlight-effectual plant activities. The 
authors here concluded with the comment that the spatial orientation of the plant 
also causes significant variation in the yield of crops and byproducts. We propose 
that the spatial orientation in accordance with direct sunlight, in addition to the 
hydroponics cultivation, could yield more productive germination and development 
of the plant. Most recently, Syu et al. (2017) have provided evidence of controlling 
the growth index of rice plants (Oryzasative L.) through hydroponically modifying 
the gallium concentration supply to the roots at 25/20 °C (day/night) temperature 
and 70–95% relative humidity under sunlight. They reported higher growth index 
directly in proportion to gallium concentration up to a certain limit, where further 
increment resulted in stunted growth. At the same time, supplementation of indium 
as an element to the roots in the same hydroponic system resulted in limited nutrient 
uptake by the plant and impeded growth suggesting that the careful formulation of 
the nutrient medium is an extremely important aspect of developing hydroponic 
plants.
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24.3  Hydroponics for Functional Food and Medicinal Plants

Plants are not only the essential-most resource for human life, large number of 
drugs have been developed from plants. More recently, functional food for human 
health care and welfare has attracted much research, applications and marketing 
interests. Large number of plants have been experimentally tested and confirmed to 
possess antibacterial and antifungal properties (Pokorny 1966; Ingratta 1979; Bajaj 
1998; Liu et al. 2001; Bernath 2002; Vines 2004; Canter et al. 2005; Hayden 2006; 
Drake et al. 2009; Rajeh et al. 2010). Roots are generally the most sensitive organs 
of the plant to the phytotoxic environmental stresses (Habermann et  al. 2016). 
Although the roots enjoy the ownership of many polysaccharides, mucilages, ste-
rols, triterpenoids and alkaloids, leaves are considered to be enriched with fresh and 
a larger variety of these compounds. Moreover, leaf extracts give an opportunity to 
not to sacrifice or damage the plant hence making the process ecological and eco-
nomical. Utilizing leaves for superior medicinal activity and letting the plant grow 
to produce more certainly is a better choice than killing the entire plant to acquire 
the root with less amount of active ingredients.

It has been firmly established that plants have great capacity to tolerate the stress-
ful conditions and match up nutrient supply-demand into equilibrium. Brazilian 
savanna for instance, undergoes severe stress due to the imbalance in aluminum 
concentration, pH, and forest fires and modeled competition for essential elements 
(Habermann et al. 2016). These plants develop adaptation such as coriaceous leaves, 
thorns and trichomes, and high intensity assembly of direct derived metabolites in 
the progeny (Habermann et al. 2016). Furthermore, due to the phenomenon of alle-
lopathy wherein a plant species chemically interfere with the germination, growth 
and development of the other plant species (Fathima et al. 2015), the stress induced 
transformation have large-spread effects. Allelo-chemicals exert their mode of 
action via various metabolic processes viz., photosysthesis, respiration, hormonal 
balance, membrane permeability and reaction oxygen species production 
(Habermann et al. 2016). Hydroponics may offer an alternative of choice in such 
circumstances. Fathima et al. (2015) showed that the leaf, stem and bark extracts of 
the Azadirachta indica have the potential to allelochemically alter the uptake and 
metabolism of constituent chemicals in and growth of Phaseolus vulgaris (bean) 
seedlings and plant. Upon treatment in the extract range of 5% to 25%, the authors 
looked into stimulatory and inhibitory effect on the overall resultant content of chlo-
rophyll, phenols, proteins and carbohydrates. Chlorophyll (a and b) and carotenoid 
contents increased with all the extracts, with resultant shift in position from the 
root-shoot axis of the carbohydrates to the cotyledon and proteins and phenols to the 
endosperm. To sum up, such modifications (positive and negative) are feasible; 
whose ease plays the key role in hydroponic system. Further to advocate the particu-
lars, another study reported the inhibition of growth of sesame seedlings shoots due 
to the treatment of 1.25 mg/ml ethyl acetate that was extracted from Blapharocalyx 
salicifolius sp. (Habermann et al. 2016). Extracts of Sapindus saponaria delayed 
the germination process in lettuce and onion diaspores (Grisi et al. 2012). Sapindus 
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saponaria (soapberry) is rich in saponins and has been documented to have solid 
allelopathic effects. Aqueous extracts from it caused a concentration dependent 
inhibition in the germination process and growth of seedlings, and caused morpho-
logical abnormalities.

Variations in chemotypes of Ashwagandha have been reported and have raised 
concerns for its use and value as a medicinal herb (Bharti et al. 2011; Namdeo et al. 
2011). In view of this, we envisioned that the hydroponic cultivation might be useful 
to obtain a uniform resource of bioactive Ashwagandha and hence established, for 
the first time, its hydroponic cultivation system.

24.4  Establishment of Hydroponic Cultivation 
of Ashwagandha

Ashwagandha (Withania somnifera) is a renowned Ayurvedic herb commonly used 
in Indian home medicine system and is known for a variety of therapeutic and health 
promoting potentials attributed to bioactive components, steroidal alkaloids and lac-
tones. In contrast to the traditional use of roots, we have been exploring bioactivities 
in leaves of Ashwgandha. We have reported that the leaves, as compared to the roots, 
contain high proportion of active Withanolides, Withaferin-A (Wi-A) and Withanone 
(Wi-N). The detailed description of their effects and mechanism(s) of their action 
have been described earlier (Shah et al. 2009; Wadhwa et al. 2013; Widodo et al. 
2007, 2008, 2010). In this chapter, we illustrate the very first establishment of 
hydroponic cultivation of Ashwagandha in a plant factory in Saitama, Japan (Kaul 
et  al. 2016). As illustrated in Fig.  24.2a, b , hydroponic culture chambers were 
designed to supply temperature-controlled air into the culture chambers (Kaul et al. 
2016) and made of (i) temperature-control-able heat-insulated panels, (ii) high pre-
cision air conditioner and air duct system for air-flow, and (iii) automated ultrasonic 
humidifier for moisture control. CO2 concentration was monitored with the help of 
sensors and regulated by supplying liquid CO2 in the chambers. Nutrient solution 
was placed in the container on the lowest rack and circulated with a pump, which 
adjusted the concentration of the nutrients in an automated manner. Nutrients were 
prepared by mixing Fertilizer A and B (standard nutrients for hydroponics; 1 (ca 2.4 
dS/m EC. to 1/4 unit of standard concentration were used). In order not to disturb 
the environment, the culture fluid supplied to culture beds (ten or more pots) was 
recycled (Fig. 24.2b). Levels of the nutrient cocktails in tanks was monitored by 
electrodes, and automatically topped up if level went below the set mark.

The pretreated seeds were sown in rockwool granule for four weeks. The seed-
lings were transplanted to hydroponic system (maintained at ~25 °C in light/dark 
cycle (16/8 h) and were grown for 6 weeks. A variety of stress treatments (as 
described in Table 24.1) (Kaul et al. 2016) were tested for their impact on the growth 
of plants. We also used Hybrid Electrode Fluorescent Lamp (HEFL) illumination 
(Nippon Advanced Agri Co. Ltd.) to expose the plants to four different light wave-
lengths (i) fluorescent, (ii) red, (ii) red:blue −1:1 and (iv) red:blue:green-1:1:1 
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(Fig. 24.2c) (Kaul et al. 2016). In order to keep the illumination close to plants, 
HEFL (often used for large liquid crystal screen TV, has low energy consumption 
and heat generation) was used. It was also suitable for growing plants in a multiple 
layers and offered large cultivation area (Akihisa and Fang-Sik 2009). Culture 
experiments were performed as shown in the schematic diagram (Fig. 24.2d). Seeds 
were cleaned with water and pre-treated with gibberellin at low temperature. One 
week later, when the seeds showed germination they were incubated with nutrient 
fluid and were then transplanted on the nutrient (one unit of standard concentration) 

Fig. 24.2 Schematic diagram of plant factory for hydroponic cultivation of Ashwagandha (a). 
Diagrams of cultivation racks, pots and medium circulating system (b) and Hybrid Electrode 
Fluorescent Lamp (HEFL) illumination are shown (c). Schematic diagram showing the flow of 
culture conditions (d). (Kaul et al. 2016)
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filled culture rack in the culture chamber. The plants were harvested after two to 3 
weeks and analyzed for the content of Withaferin-A and Withanone. Temperature of 
the culture chamber was adjusted to 25 °C both for light (16 h) and dark (8 h) peri-
ods. CO2 concentration in the lighted period was controlled to ca. 1000 ppm.

As shown in Fig.  24.3, Ashwagandha leaves were successfully obtained by 
hydroponic cultivation. Furthermore, studies on the effect of a variety of environ-
mental conditions including, exposure to UV, temperature, pH and nutrients 
(Table 24.1) on various characteristics of plants including, plant height, number of 
leaves, weight of shoots and roots in another experiments using deep water culture 
revealed no dramatic changes in these attributes suggesting that Ashwagandha is 
generally tolerant to a variety of environmental stresses. Some environmental 
stresses that caused noticeable changes either in root and leave aspects are listed 
here.

Table 24.1 Hydroponic culture conditions (Kaul et al. 2016)

Normal

Experimental 
condition

Default Remarks

Fertilizer 1 U A-type from OAT Agrio co., ltd. (EC dS/m - 2.4 and 
pH - 6.15)

Temperature (light/
dark)

25/25 °C

Light source HEFL lamp HEFL lamp from Nippon Advanced Agri co., ltd.
Light intensity 256 u mol/m2s Distance from light source ~5 cm
Light/dark cycle 16/8 h
Relative humidity Not controlled
Stress
Fertilizer Control Enshi standard culture fluid 

(EC-2.4dS/m; N-16, P-4, K-8, ca-8 
and mg-4 me/L)

EC 
dS/m

pH

2.47 6.37
Modified Modified IV standard culture fluid 2.68 6.4
2 U 2 U culture fluid 4.62 5.97
4 U 4 U culture fluid 8.52 5.58
NaCl_2 U Standard nutrient solution + NaCl 

1400 ppm
5.08 6.34

NaCl_4 U Standard nutrient solution + NaCl 
4200 ppm

9.98 6.29

CaCl2_4 U Standard nutrient solution + CaCl2 
4000 ppm

9.42 6.06

MgSO4_4 U Standard nutrient solution + 
MgSO4/7H2O 8860 ppm

6.35 6.06

Temperature (light/
dark)

27/22 °C

Light source Fluorescent 
lamp

Light intensity 150 μ mol/m2s Distance from light source ~42 cm
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 (i) Hypertrophic roots were seen in cultivation in four units of nutrient solution
 (ii) Cultivation in nutrient solution containing 4 units of NaCl caused decrease in 

root mass.
 (iii) Exposure to UV and high temperature showed some visible alteration in 

growth. For example, UV-B exposure for over 30 min/day caused remarkable 
leaf damage and death of plants. Based on this observation, UV-B exposure 

Fig. 24.3 Hydroponic 
cultivation of 
Ashwagandha. Time-lapse 
photographs of hydroponic 
growth of Ashwagandha at 
0, 4, 6, 8 and 10 weeks. 
(Kaul et al. 2016)
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was restricted to 10 min. Plants exposed to UV-B during night caused curling 
of leaves. On the other hand, UV-A (16 h, during light period) exposure was 
well tolerated by the plants.

 (iv) Biological activity investigations of the leaf extracts from UV- stressed plants 
showed high level of anticancer activity suggesting that in spite of the above- 
described phenotypic changes observed, there was no major impact on the 
level of anticancer bioactives.

 (v) High temperature stress, light/dark (42/22 °C) was lethal.
 (vi) Light/dark (37/22 °C) cycle yielded shorter plants with more lateral shoot 

branching that borne thick and dense green leaves. Similar to the UV-stressed, 
these plants also showed no difference in their cytotoxic activity in the 
extracts as compared to the control plants.

 (vii) Hydroponically grown leaves, under a variety of conditions showed higher 
content of Wi-N than Wi-A. This accounted for higher anticancer activity of 
the extracts to cancer than to normal cells (Widodo et al. 2007; Kaul et al. 
2016).

 (viii) Plants cultivated in variable light conditions showed different content of 
Wi-A and Wi-N. Roots of the plants exposed continuously to HEFL with no 
dark cycle showed lowest content of Wi-A and Wi-N.  Leaves from these 
plants showed Wi-N level similar to that of the ones cultivated under HEFL 
(16 h) + UV (8 h). Whereas the amount of Wi-A was significantly high in 
leaves from plants grown under HEFL + UV, leaves of plants cultivated under 
red light showed highest content of Wi-N (Wi-N:Wi-A/10:1) (Fig.  24.4). 
These data suggested that the

 (a) Withanolide content of Ashwagandha leaves can be manipulated by their 
cultivation under different light conditions

 (b) plants cultivated under red light possess leaves with 10-fold higher level 
of Wi-N as compared to Wi-A.

 (c) plants cultivated under UV light possess leaves with high level of Wi-A.
 (d) mixture of red and blue light may yield plants with high content of 

Withanone as well as Withaferin-A. In line with this prediction, the plants 
cultivated under Red + Blue + Green light (1:1:1 ratio) indeed showed 
high level of Wi-N and Wi-A (Fig. 24.4). Similar to the plants raised on 
land, the root extracts of hydroponically raised plants possessed less 
withanolides than the leaves (Fig. 24.4), and showed low cytotoxicity to 
cancer cells (Fig. 24.4).

Hydroponic cultivation of Ashwagandha was established. Analyses of bioactives 
in hydroponically raised leaves showed the high content of withanolides. 
Furthermore, whereas cultivation under red light yielded leaves with high content of 
Wi-N, UV light resulted in high level of Wi-A. These findings have predicted that 
the hydroponics is useful for cultivation of Ashwagandha and manipulation of its 
bioactive withanolides content by altering the conditions.
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Fig. 24.4 HPLC analysis of roots (A1) and leaves (A2) from Ashwagandha plants cultivated 
under different light conditions (a). Quantitation of Withanone and Withaferin-A in root and leaves 
of Ashwagandha cultivated under different light conditions (b). Cytotoxicity of Ashwagandha root 
and leaf extracts to human cancer (U2OS) cells showing higher cytotoxicity of the latter (c). (Kaul 
et al. 2016)
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