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A large number of withanolides are isolated from solanaceous plants. Around 360 naturally occurring withanolides have
been identified till date. These compounds are found to have useful pharmacological activities, out of which, anticancer
activities of withanolides have drawn considerable interest from researchers. As plants being their sole source, in which
they are synthesized in considerably low amounts, biotechnological interventions have been explored in order to increase
the yield of these secondary metabolites. Their molecular mechanisms of action also remained largely unexplored for a long
time. This review covers recent attempts which have ben made to enhance the production of withanolides and discusses the
studies that elucidated their prospective action mechanisms.
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Introduction
Withanolides are naturally occuring plant secondary
metabolites. Phytochemical studies have been mainly
conducted on 19 genera of Solanaceae. These genera
are predominantly found in temperate and tropical
zones around the world. A number of withanolides
have been characterized over the past few years. A
total of 360 naturally occurring withanolides have been
identified till date (Chen et al., 2011).
Withanolides possess different pharmacological
properties such as antimicrobial, anti-inflammatory,
anti-stress, anti-oxidant, immunoregulatory,
antifeedant, insecticidal, trypanocidal and
leishmanicidal (Mishra et al., 2000; Grover et al.,
2013). Additionally, it also manifests antitumor,
cardioprotective and neuroprotective activities.
Besides withanolides, there are a number of
phytocompounds listed in Table 1, which exhibit similar
properties. Biological activity of withanolides is due

to C28 side chain in which C-22 and C-26 are oxidized
and are rearranged in a ergostane framework to form
a six-membered lactone ring (Mirjalili et al., 2009).
Structure-activity corelation of withanolides has been
studied which has revealed that unsaturation at α, β
position of ketone ring in ring A and epoxy group at
position 5β, 6β in ring B are necessary for withanolides
to remain biologically active (Chen et al., 2011).
During their work in 2004, Kinghorn and co-workers
have identified a compound which possesses C27
skeleton, and shows cancer chemopreventive activity.
They named it as norwithanolide which was found to
be different from other withanolides because they
contain a typical C28 backbone (Kinghorn et al.,
2004).
Studies carried out by Chaurasiya and coworkers in 2012 have revealed that precursor
molecules for biosynthesis of withanolides are
isoprenoids. Classical cytosolic mevalonate (MVA)
pathway and 2-C-methyl-D-erythritol-4-phosphate
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Table 1: List of various pharmacologically active compounds
from plant sources

development of commercially viable alternatives for
producing high amounts of withanolides (Grover et
al., 2013). As traditional cultivation of these plants is
time consuming and laborious, various strategies have
been employed to enhance the production of
withanolides and these have been discussed in the
following text.

Anticancer metabolite

Plant source

Argimonolide

Argimonia pilosa

Bruceantin

Brucea antidysenterica

Caesalpins

Bruguiera paviflora

Camptothecin

Camptotheca acuminita

Strategies for Enhanced Production

Etoposide

Podophyllum pelatum

Molecular Approach

Flavopiridol

Dysoxylum binectariferum

Geranin

Geranium robertianum

Hydrocyanic acid

Cassia absus

Norwithanolides

Depreasubtri flora

Paclitaxel

Taxus brevifolia

Polyphenols

Camellia sinensis

Quercetin

Cajanus cajan

Selenium, ayanin

Physalis angulate

Taxol

Taxodium distichum

Vinblastine, vincristine

Catharanthus roseus

Withanolides

Withania somnifera

The biosynthetic pathway of withanolides is not fully
characterized but isoprenoids are known to serve as
precursors which later split into triterpene and sterol
biosynthesis. The role of enzyme squalene synthase
(SS) is well characterized for biosynthesis of sterol
(Tozawa et al., 1999). Metabolic engineering based
approaches were utilized to overexpress SS. Since
SS has captivated considerable interest as a probable
diverging point from isoprenoid pathway to sterol
biosynthesis (Lee et al., 2002), it has been utilized as
a central regulatory enzyme to enhance the
withanolide content. Transformed cell lines of
Withania somnifera were established in which the
SS was overexpressed (Grover et al., 2013). They
further measured the SS activity in transformed cells
by quantifying the amount of NADPH consumed in
transformation of Farnesyl Pyrophosphate (FPP) to
squalene using fluorescence spectroscopy. This group
obtained 4-fold increase in the activity of SS and 2.5fold increase in withanolide content (Grover et al.,
2013).

(MEP) pathway localized in plastids, form 24methylene cholesterol which finally leads to the
formation of isoprenoids (Chaurasiya et al., 2012).
This key molecule, after various biochemical
modifications including hydroxylation and glycosylation
leads to the formation of different withanolides. A
variety of withanolides are shown to be present in
different plant parts. However, very few of them show
tissue specific biosynthesis (Chaurasiya et al., 2009).
Biosynthesis of this group of secondary
metabolites occurs in roots from where they get
transported for accumulation in leaves (Sangwan et
al., 2008). The concentration of these active
phytocompounds is generally low in plants. It ranges
from 0.001 to 0.5% of dry weight in roots and leaves
of the plant. On the other hand, it is not economically
feasible to chemically or synthetically produce
withanolides because the process is highly expensive.
Therefore, there is an indispensable need for

Hairy Root Cultures for the Production of
Withanolides
Withanolides are synthesized in tissue specific manner.
Their concentration varies from one organ to another
but largely these phytocompounds are present in roots
and leaves. Kaiser et al. (2006) reported that this
group of secondary metabolites is biosynthesized in
roots from where it gets transported to leaves for
accumulation. Studies on the biosynthesis of secondary
metabolites in plants can be performed easily by
Agrobacterium rhizogenes-mediated hairy root
production (Murthy et al., 2008). Hairy roots are
characterized by their extensive branching and rapid
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growth in the medium. They have the capability of
being genetically stable, and have been used for the
production of secondary compounds in cultures (Zhao
et al., 2004; Santos et al., 2005). Various explants
from seedling roots, stems, hypocotyls, cotyledons,
cotyledonary nodes and leaf segments have been used
to initiate the cultures. However, only cotyledons and
leaf segments responded best by developing
transformed roots. A 2.7 fold increase in withanolide
content was observed in the transformed roots
(Murthy et al., 2008).
Elicitor Treatment for Increased Production of
Withanolides
Traditionally, cell and organ cultures have been used
for production of secondary metabolites, but the yield
of withanolides have been low. Attempts have been
made to increase concentration of metabolites in
shorter period of time. Exogenous addition of elicitors
of biotic and abiotic origin is considered to be the most
fruitful strategy for enhanced production of secondary
metabolites (Radman et al., 2003). Another study
proposed a hypothesis that these elicitor molecules
act as extracellular or intracellular signals which, when
perceived by the receptor present on plasma
membrane, initiate a signalling cascade that is required
for the activation or de novo biosynthesis of
transcription factors (Zhao et al., 2005). These in turn
regulate the expression of genes involved in plant
secondary metabolism (Kim et al., 2009).
Sivanandhan et al. (2013) used methyl jasmonate
and salicylic acid (SA) as elicitors for Withania
somnifera hairy root cultures (Sivanandhan et al.,
2013). Withaferin A content was 34-fold higher than
control with the elicitation of methyl jasmonate and
its production was 42-fold higher with SA elicitation.
Withanolide A production was 50-fold higher with MeJ
treatment whereas it was 58-fold higher with SA
treatment. However, 38-fold higher production of
withanone was obtained with MeJ whereas 46-fold
increase was obtained with SA.
Pharmacological Mode of Action of Withanolides
Herbal medicines contain withanolides as a major
component and have a wide range of applications.
These phytocompounds get accumulated in the roots

601

and leaves of plants. Pharmacological investigations
of these compounds have provided scientific support
for traditional uses of many withanolide- producing
plants. We provide a concise summary of the biological
and pharmacological activities of naturally occurring
withanolides and their possible mode of action.
Activation of p53
There are several mechanisms that elucidate the mode
of actions of withanolides for their anticancer
activities. p53 activation by withanolides makes them
a potent tumour suppressor. p53 regulates cell cycle
by holding it at G1/S phase and finally leads to apoptosis
of cancer cells by forming nuclear Bax/p53 complexes
and their interaction with other nuclear chaperons
(Raffo et al., 2000). Most cancer cells exhibit high
levels of Hsp70 proteins which help in tumour
progression. Mortalin, a multifunctional protein, is an
Hsp70 protein family member which interacts with
p53. It has been reported that mortalin–p53 interaction
is synchronized under stress conditions and occurs
mainly in cancer cells in which p53 is heavily
phosphorylated (Lu et al., 2011) as observed in Fig.
1. Withanone causes selective killing of cancer cells
by energizing tumour suppressor p53 pathway. It
impedes the mortalin-p53 complex origination resulting
in the nuclear translocation and activation of p53
function. It is already reported that mutant mortalin
lacking either carboxyl-terminal region or aminoterminal region could bind to MKT-077 but amino acid
residues 252-310 are primarily required for attaching
mortalin to MKT-077 (a cationic inhibitor of mortalin).
Withanone can bind to mortalin in the region where
p53 and MKT-077 binding sites are present and hence
could release p53 from mortalin-p53 complex. After
release p53 gets activated and starts functioning
which subsequently leads to growth arrest or apoptosis
(Grover et al., 2012).
Activation – Suppression of NF-κB
NF-κB is present principally in cytoplasm in the form
of an inactive complex with IκB inhibitor proteins.
Signalling pathway leads to the activation of IKK (IκB
kinase) a multisubunit complex, containing two kinase
subunits, IKKα and IKKβ, and a regulatory subunit
NEMO (NF-κB essential modulator) which then
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Fig. 1: A schematic model showing translocation of p53 in
nucleus of a cell under different stress levels. (A) In
normal and non-malignant cells with low p53
phosphorylation level, mortalin-p53 interaction does
not occur, and hence free p53 gets shifted from
cytoplasm to nucleus. However, unphosphorylated p53
is incapable of inducing apoptosis. (B) Exposure of
cells to exogenous stress induces mortalin–p53
collaboration by p53 phosphorylation and amassing.
If mortalin–p53 interaction is blocked by silencing
mortalin with shRNA, then the nuclear transfer of
the phosphorylated p53 is steady and operative,
resulting in apoptotic death of cells. (C) In malignant
cancer cells with high level of endogenous stress,
p53 is phosphorylated and stable. Under such
situations mortalin captures p53 in cytoplasm and
inhibits its transcriptional activation, growth arrest
and apoptotic functions. According to the proposed
model, targetting the mortalin–p53 interaction could
serve as a safe target for cancer therapeutics

phosphorylates IκB proteins leading to their abasement
and ensuing release of NF-κB (Fig. 2). This whole
mechanism is classified under two broad pathways
of NF-κB activation known as canonical pathway and
non-canonical pathway. In the canonical pathway,
which is prevalent in the cells stimulated with tumour
necrosis factor α (TNFα) or interleukin- 1 β (IL-1β),
initiates IKKβ which in turn phosphorylates IκB
proteins at two N-terminal serine residues. This
phosphorylation targets IκB for polyubiquitination and
successive proteasomal degradation, thus releasing
NF-κB. The non-canonical pathway of NF-κB
activation employs stimulation of receptors by BAFF,
CD40 and lymphotoxin β (LTβ) ligand. Stimulation of
these receptors activates the protein kinase NIK,
which in turn activates IKKα. IKKα on activation

A

B

κ B signaling pathways: In the canonical
Fig. 2: The NF-κ
pathway (A), different receptors like TNF receptors
(TNFR), IL-1 receptors (IL-1R) or Toll-like receptors
(TLR) on receiving their corresponding ligands
activate the TRAF proteins and finally TAK1 kinase.
TAK1 subsequently phosphorylates and activates
β. IKKβ
β after activation phosphorylates Iκ
κB, which
IKKβ
β TrCP
finally leads to its polyubiquitination by SCF-β
ubiquitin ligase complex and ultimately gets
κ B is a dimer,
degraded by the proteasome. NF-κ
consisting of p50 (derived from p105) and RelA
(commonly known as p65) sub-units. It enters the
nucleus, binds to DNA through Rel-homology domain
(RHD) and regulates the expression of target genes
involved in inflammation, immunity and cell survival.
In the non-canonical pathway (B), receptors that
belong to TNFR superfamily, like B cell receptor for
BAFF (BAFFR), activates NIK (kinase). NIK in turn
α, which then leads to the
phosphorylates IKKα
κ B precursor, p100. After
phosphorylation of the NF-κ
phosphorylation p100 is targeted to proteasomal
degradation by polyubiquitination and ultimately
forms the mature subunit p52. p52 along with Rel-B
gets translocated to the nucleus to turn on target
genes

phosphorylates p100 at two C-terminal serine residues
leading to IκB degradation by proteasome, thus
releasing NF-κB. (Various effects leading to
constitutive activation of NF-κB in tumor cells have
been mentioned in Table 2). Thus, hampering of
NEMO/IKKβ complex assembly offers a mode of
inhibition of NF-κB activation. Withaferin A is capable
of inhibiting the genesis of active NEMO/IKK
complex by either not allowing the formation of the
complex or by disrupting the firmness of attachment
of NEMO to IKKβ chains (Grover et al., 2010).
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However recently withaferin A was shown to
potentiate apoptosis of tumour cells by suppression
of NF-κB activation (Ichikawa et al., 2006).
Inhibition of Proteasomal Activity
Proteasomal activity of cells is required for tumour
cell proliferation and to make cells resistant against
drug. Therefore, inhibitors of proteasome mediated
degradation pathway are required for cancer therapy
and prevention. Ubiquitin is a 76-amino acid long
protein covalently attached to the target protein during
post- translational modifications. UPP (ubiquitin
proteasome pathway) limits the activation of the
transcription factor NF-kB, which is a regulatory
protein playing central role in a variety of cellular
processes. Since the predominant interaction of
proteasomes occurs with endogenous proteins, the
signal transduction pathway of transcription factor
NF-kB can be obstructed by retarding proteasomes,
which in turn inhibit the accomplishment of the cell
cycle and mitotic multiplication of cancerous cells
ultimately leading to cell death. Withaferin A acts as
a proteasome inhibitor by suppressing its proteolytic
activity which is due to N-terminal threonine (Thr1)
residue hydroxyl group. This group is responsible for
invoking the cleavage of peptides through nucleophilic
attack, which is an irreversible covalent modification
(Grover et al., 2010).
Inhibition of HSP90/Cdc37 Complex
Molecular chaperons are required for appropriate
folding of many proteins, to remain biologically active.
Heat Shock Protein (Hsp90) is one of the most
abundant protein in eukaryotic systems. It manages
proper folding and control in the cell environment.
Hsp90 is essential for providing stability and activity
to more than 200 client protein molecules including
transmembrane tyrosine kinase proteins (Akt, Raf-1
and IKK), mutated signalling proteins (p53, Kit,
FIt3and v-src), chimeric signalling proteins, steroid
receptors and cell cycle regulators (cdk4, cdk6).
Hsp90 maintains oncogenesis by preserving mutated
or over expressed proteins and allowing their
tumorigenic effect to become apparent. Hsp90 requires
a number of co-chaperone assemblies for its activity.
Cdc37 (cell division cycle protein 37) is one of the
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vital co-chaperones of Hsp90. Cdc37 acts as an
adaptor and makes possible the maturation of kinase
clients (Gray et al., 2008). Silencing of Cdc37 exhausts
kinase clients and potentiates cell cycle arrest and
apoptosis. Association of Hsp90 and its co-chaperone
Cdc37 is interrupted by withaferin A by loosening
the attachment of Hsp90 to Cdc37 (Grover et al.,
2011). Also, withaferin A inhibits the function of Hsp90
and depletes other client proteins which take part in
cancer disease state including Akt, CDK4, cyclin D
and mutant p53. Furthermore, the inhibition of Hsp90
leads to deterioration of IKKs with diminished
phosphorylation and degradation of IκB subsequently
blocking NF-κB translocation, NF-κB DNA binding
and gene transcription (Hertlein et al., 2010).
Induction of Quinone Reductase
Quinone reductase (QR) is a cytosolic protein that
assists the two-electron reduction of quinones and its
derivatives, hence protects cells against oxidative
stress. QR is induced by a wide range of antioxidants
(Gordon et al., 1991) and some chemopreventive
agents (Iqbal et al., 2003). The actual mechanism
leading to the induction of cytosolic QR is unknown.
However, the quinone reductase gene expression in
turn is subjected to certain antioxidant inducers. The
ARE element containing binding site for AP-1
(activator protein-1) and AP-2 (activator protein-2)
is required for basal level expression of QR gene
(Jaiswal, 2000; Begleiter and Fourie, 2004). It has
been well established that the upregulation of QRhas
been known to be a biomarker for cancer (Cuendet
et al., 2006). QR functions majorly by diminishing the
formation of ROS and it also works as a phase II
detoxifying enzyme. Increased ROS level in cells leads
to tumor initiation and promotion and may eventually
lead to carcinogenesis. Additionally, QR regulates the
stability of p53 by initiating some anticancer drugs,
which eventually lead to apoptosis (Asher et al.,
2001). Balance between carcinogen-activating phase
I enzymes and phase II detoxifying enzymes is
maintained by phytochemicals. It has been reported
that 2,3-dihydro-3-methoxywithaphysacarpin,
withaphysacarpin and 24,25-dihydrowithanolide D
isolated from Physalis philadelphica, at the stage
of DNA damage can prevent carcinogenesis
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Table 2: List of effects leading to constitutive activation of NF-κ
κB in tumor cells
Effects

Tumor

References

Inhibition of COX-2

Colorectal cancer

(Brown and DuBois, 2005)

Overexpression of NIK

Melanoma

(Dhawan et al., 2008)

Overexpression of Akt

Breast cancer

(Pianetti et al., 2001)

Overexpression of Raf

Multiple myeloma

(Keats et al., 2007)

Overexpression of LT-βR

Melanoma

(Dhawan et al., 2008)

Overexpression of BAFFR

Kidney cancer

(Kohno et al., 2008)

TNF production

Breast cancer

(Braunstein et al., 2008)

IL-1β production

Acute myeloid leukemia

(Estrov et al., 2003)

IβBα degradation

Gastric carcinoma

(Wu et al., 2008)

TRAF1 production

Cervical cancer

(Kato et al., 2008)

p53 mutations

Lung tumors

(Weisz et al., 2007)

(Kennelly et al., 1997). However, Singh and coworkers in 2011, reported that withaferin A isolated
from Withania somnifera induces early generation
of ROS leading to mitochondrial dysfunction in cancer
cells (Singh et al., 2011).
COX-2 Inhibitory Activity
Cyclo-oxygenase-2 (COX-2) gene is thought to be
involved in inflammation, mitogenesis and various
signalling mechanisms. Several copies of Shawkamen’s sequences are present in 3’- untranslated
region (3’UTR) of COX-2 which is responsible for
enhanced Cox-2 mRNA degradation. Cox-2
transcripts are stabilized by proinflammatory
cytokines. In contrast, corticosteroids destabilize Cox2 mRNA. Hence, in this way Cox-2 protein levels
are regulated at transcriptional and translational level
in normal cells. Whereas, it is reported that Cox-2
levels are high in case of tumorigenic cells, which is
due to 5’ region upstream of the COX-2 gene. Cox2 protein is expressed on receiving a stimulus which
could be oncogenes, growth factors, cytokines,
chemotherapeutics and tumour promoters. Many trans
factor binding motifs such as NF-κb, IL-6, cAMP,
CRE and HIF-I are present within promoter region

of COX-2 gene, which are involved in COX-2
upregulation (Schmedtje et al., 1997). High levels of
Cox-2 increase the risk of tumorigenesis. Cox-2
overexpression in cancerous cells could be through
APC (member of Wnt signaling pathway). Wild type
APC binds to β-catenin which is either membrane
bound or free in cytosol. Cytosolic β-catenin is chopped
by wild type APC under normal conditions, in
conjunction of axin and glycogen synthase kinase-3β
(GSK-3β), whereas mutated APC cannot degrade
cytosolic β-catenin. Free β-catenin gets translocated
to nucleus and operates as a transcription factor in
combination with T-cell factor-4 (TCF-4) complex.
β-catenin in conjuction with TCF-4 binds to TCF-4
consensus site in target genes including c-myc, cyclinD, PPARδ and COX-2 along with the retinoid X
receptor and a bound ligand, this in turn activates the
target genes. COX-2 inhibitors target and reduce both
the possibility of ligand interaction (cyclo-oxygenasedependent) and the DNA binding of the complex
(cyclo-oxygenase-independent) (Araki et al. 2003).
TCF-4 binding sites are present within the COX-2
promoter region. So, Cox-2 levels can be maintained
by modulation between wild type APC activation or
mutant APC induction.
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Conclusion
Withanolides are naturally occurring plant secondary
metabolites with a δ-lactone side chain made up of 28
carbons. These phytochemicals have great
pharmacological value due to their special structural
features. Out of the many potent properties, their
anticancerous activity has drawn the interest of several
researchers. Attempts have been made to enhance
their production by in vitro culture techniques.
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