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Abstract: Withaferin A (WA), a manifold studied, C28-steroidal lactone withanolide found in
Withania somnifera. Given its unique beneficial effects, it has gathered attention in the era of
modern science. Cancer, being considered a “hopeless case and the leading cause of death
worldwide, and the available conventional therapies have many lacunae in the form of side effects.
The poly pharmaceutical natural compound, WA treatment, displayed attenuation of various
cancer hallmarks by altering oxidative stress, promoting apoptosis, and autophagy, inhibiting cell
proliferation, reducing angiogenesis, and metastasis progression. The cellular proteins associated
with antitumor pathways were also discussed. WA structural modifications attack multiple signal
transduction pathways and enhance the therapeutic outcomes in various diseases. Moreover,
it has shown validated pharmacological effects against multiple neurodegenerative diseases by
inhibiting acetylcholesterinases and butyrylcholinesterases enzyme activity, antidiabetic activity by
upregulating adiponectin and preventing the phosphorylation of peroxisome proliferator-activated
receptors (PPARγ), cardioprotective activity by AMP-activated protein kinase (AMPK) activation
and suppressing mitochondrial apoptosis. The current review is an extensive survey of various
WA associated disease targets, its pharmacokinetics, synergistic combination, modifications, and
biological activities.
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1. Introduction

Phytotherapy is the frequent therapeutic approach in complementary as well as in traditional
medicine since time immemorial. It is utilized by 60% of the global population and has a vital role in the
health care system due to ease of availability and reduced cost compared with synthetic compounds.
The result of screening showed that many synthetic drugs are derived from natural origin, which is
now extensively used in pharmacological therapies [1]. Considering the importance and bringing
novel therapies into the market, the herbals have always been at the forefront of synthetic drugs with
complex molecular diversity and biological function variation.

Herbals are considered as natural chemical factories for manufacturing natural compounds
with structural diversity. The secondary metabolites from plant origin have gained renewed
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attention because they directly or indirectly interact with multiple cell components, mainly
lipids and proteins, thereby altering the functions of dysregulated cells [2]. The evaluation of
the phytopharmacological effect of potential herbal drugs is essential for drug discovery and
development [3–6]. Despite the considerable application of natural compounds in drug development,
it is assumed that plant-based sources are still unexplored and can be scrutinized for new therapeutic
approaches in the modern era. Artemisia annua can reveal the significance of this field (Quinhaosu)
derived artemisinin, the antimalarial drug known for its long history in Chinese traditional medicine
in the treatment of fevers. The anti-hypertensive agent reserpine is used to remedy snake bite in
Indian traditional medicine [7]. Today medicinal plants are evaluated and explored due to modern
technologies, including screening and functional assays [8]. There is an escalating demand for novel
therapies to treat diseases. There is a growing interest in naturally extracted herbal constituents as
targets for potential treatment.

In the Ayurvedic and Unani systems, over the last 3000 years, the genus Withania (family:
Solanaceae) has been used indigenously [9]. The distribution is seen widely in the dry regions of
the tropical and subtropical areas, extending from the Canary Islands to the Mediterranean region,
North Africa, and ending in Southeast/Southwest Asia. Its numerous therapeutic usages have gained
modern scientific attention and emerged in World Health Organization (WHO) monographs on
preferred medicinal plants. Withania Somnifera (Ashwagandha) belongs to the family Solanaceae.
It has local names like asgandh, punir (Hindi), Ghodakun, Ghoda (Gujrati), Ashwagandha (Bengali),
amukkura, amkulang (Tamil), Pulivendram (Telugu), etc. In Sanskrit, Ashwagandha means “horse’s
smell” probably arises from the smell of its root, bear a resemblance to that of a sweaty horse. WS is
also known commonly as Indian ginseng and Indian winter cherry. In Latin, somnifera is known
as “sleep making,” which means sedating properties, but it has adaptogenic properties or sexual
vitality strength [3]. Ashwagandha roots are constituted in numerous Ayurvedic, Siddha, and Unani
formulations [9].

This medicinal plant’s therapeutic applications include antidiabetic, anti-epileptic, anti-inflammatory,
anti-depressant, anti-arthritic, anticoagulant, antipyretic antioxidant, analgesic, regenerating,
rejuvenating, and promoting growth [10,11]. The primary chemical constituents include compounds
of varying chemical structures viz. flavonoids, withanolides, tannin, and alkaloids. Of these,
withanolides have steroidal lactone triterpenoids at C28 position assembled on a reorganized or
integral ergostane framework, of which C22 and C26 are in oxidized form resulting in the lactone ring
(six-membered) [11].

Reverse pharmacology approaches implicated WA as a bioactive compound having the maximum
pharmacological potential of Ashwagandha [12] (Figure 1). The analysis of the WA chemical structure
displayed 3 positions that may interact with target proteins. Alkylation reactions and nucleophilic site
binding reactions occurs through the A-ring at position C3 and the epoxide network in C24 (Figure 1).
These sites are most vulnerable for the nucleophilic attack and alkylation reaction; WA interacts
covalently with the target proteins [13].
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WA evidenced many pharmacological activities, including tumor preventive, antidiabetic,
anti-osteoporotic, anti-inflammatory, antiangiogenic effects, cell death inducing, radiosensitizing,
and Covid 19 infection. Although the research on molecular mechanisms by which WA
attains these pharmacological activities is still going on, various evidence has been indicated,
including macromolecules acylation or alkylation or covalent binding to the enzymatic site [13].

The current review is an extensive survey of various WA associated disease targets,
summarizing the pharmacokinetics, structural modifications, potential pharmacological activities,
and WA formulations, and evaluating also the available evidence to predict the potential targets.
More than 150 References, indexed in the most relevant data basis (MDPI, ESEVIER, PubMed, NCBI,
Springer, etc.) were found describing parts of our topic.

2. Pharmacokinetics and Bioavailability Studies of Withaferin A

Pharmacokinetic (PK) studies provide valuable information on bioactive compounds of
herbal drugs. PK analysis is based upon targeted or untargeted metabolites profiling following
the oral administration of a single chemical component of the crude drug. The estimation analysis on
mice plasma following oral administration of 1000 mg/kg W. somnifera root aqueous extract showed
0.4585 mg/kg of WA. The PK data displayed rapid oral absorption of WA with Cmax, Tmax, and T1/2

were 16.69 ± 4.02 ng/mL, 20 min, 59.92 ± 15.90 min, respectively. According to one of the studies
WA has one and half times more relative bioavailability than other withanolides in W. somnifera [14].
The permeability was measured and found that the probability (Peff) value of WA was 4.05 × 10−5,
indicating highly impermeable [15]. The oral bioavailability was found to be 32.4 ± 4.8% after
5 mg/kg intravenous and 10 mg/kg oral WA administration. The in vitro analysis indicated that WA
could transport across colorectal adenocarcinoma (Caco-2) cells, and it also shows the absence of a
P-glycoprotein substrate. The stability studies of WA in gastric fluid, liver microsomes, and intestinal
microflora solution showed similar results in male rats and humans with a half-life of 5.6 min.

Moreover, WA reduced quickly, and 27.1% left within 1 h [16]. PK and safety studies of WA
advanced stage of cancer were also seen. The phase I study on WA showed that formulation
at dose 4800 mg having equivalent to 216 mg of WA, was tolerated well without showing any
dose-limiting toxicity. The maximum dose received by cohort patients was four capsules of the WA
regimen (TID) [17]. Taken together, the data showed that the administration of WA in advanced
stage high grade osteosarcoma patients results in rapid oral absorption and has a good safety profile.
Moreover, Phase II clinical trials can be carried at the dose of 216 mg/day [17]. Thus, this natural
compound has enormous potential. So, novel targeted drug delivery strategies can be designed to
treat various human diseases.

3. Structural Modifications of Withaferin A

The pharmacological activity is enhanced by chemical modifications such as hydroxylation
or acetylation. Thus, the knowledge of the structure-function association may motivate new drug
development [18]. More significant bioactivity, chemoprotective potential, and stability are acquired by
alkylated (methyl or ethyl) secondary metabolites [19,20]. Mortalin is a chaperone that inactivates tumor
suppressor protein p53 and induces apoptosis deregulation by promoting carcinogenesis. Stimulation
of p53 through its complex abrogation with mortalin arrests cancer cell growth in various studies [21,22].
WA interferes with the interaction of mortalin with p53. The docking of 3β-methoxy-Withaferin-A
with the binding domain of the mortalin substrate was done. Methylation of WA exerts a crucial
influence on its protein binding efficacy, resulting in chemotherapeutic potency attenuation besides
developing drug potency [23].

Another study showed that two WA conjugates, namely cysteine (CR-591) and glutathione
(CR-777) conjugates indicated neuroprotective properties in various neurodegenerative disorders.
A nanomolar dose of WA CR-777conjugate reversed mesencephalic neuron injury caused by
(1-methyl-4-phenylpyridinium (MPP+), alpha-synuclein (α-Syn), 6-hydroxydopamine (6-OHDA).
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Moreover, WA CR-777 conjugate maintains neurite integrity, and the overexpression of α-Syn
caused by 6-OHDA was reduced. These compounds activate the PI3K/mTOR pathway, which
downregulates the oxidative stress, suppresses the TAU phosphorylation, caspase three expression,
and aggregation of α-Syn exhibiting neuroprotective properties [24]. An analogue of WA, 2,
3-dihydro-3β-methoxy (3βmWi-A) having β-methoxy group substitution showed no cell cytotoxicity
and at higher concentrations well tolerated. It has a protective action in normal cells against ultra-violet
(UV), oxidative and chemical stresses and through pro-survival signaling [25]. Another analogue,
2,3-dihydrowithaferin A-3β-O-sulphate, showed a 35-fold increase in vitro cytotoxicity compared to
WA against various human cancer cell lines [26]. The different analogues of WA are shown in Figure 2.
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4. Pharmacological Activities of Withaferin A

4.1. Anti-Cancer Activity

The anticancer activity on WA was commenced around the 1970s [27]. Since then, WA’s anticancer
activity was demonstrated in many cancer cells such as multiple myeloma, neuroblastoma, leukemia,
glioblastoma, ovarian, breast, colon head, and neck cancer [12]. The various molecular mechanisms
involved target cytoskeleton structure and proteasomal pathway by altering oxidative stress,
promoting apoptosis, and autophagy, inhibiting cell proliferation, reducing angiogenesis and metastasis
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progression. It regulates heat shock proteins, nuclear factor kappa B (NF-κB), and other oncogenic
events [28]. Here, we discuss the chemo-preventive effects of WA on multiple organs.

4.1.1. Breast Cancer

Breast cancer is a severe malignancy affecting thousands of women globally. More than
40,000 women in the United States alone are expected to have breast cancer in 2020 [29]. The onset
of breast cancer depends on the sex hormone estrogen, participating in tumor growth (by its
receptor nuclear estrogen receptor). The two types of estrogen receptor (ER) genes are involved
in tumor formation, namely ERα and ERβ. In breast cancer, the critical role is played by ERα.
Thereby it is targeted by many pharmacological therapies. Endocrine treatment may reduce the tumor
progression by decreasing the endogenous estrogen levels or interfere with ERα stimulation (e.g., by
inhibiting enzyme aromatase). This results in tumor disappearance [30,31]. A study on mice with
breast cancer revealed WA cytoplasmic action through compacting DNA molecule and splitting the
enzyme poly-(ADP-ribose)-polymerase [32]. Another study has demonstrated that WA regulates
the signal transducer pathway and activates transcription 3, attenuates IL-6 in inducible (MCF-7
and MDA-MB-231), and constitutive (MDA-MB-231) cell lines. In MDA-MB-231and MCF-7 cells
exposed, WA displayed downregulation of STAT3 transcriptional activity with/without stimulation
of interleukin 6 (IL-6) in both cells. The apoptosis was also triggered by WA and can impede cell
migration by regulating STAT 3, thus showing therapeutic effect [33]. Another study showed that
WA when investigated in mitochondrial dysfunction associated with reactive oxygen species (ROS)
generation, resulted in apoptosis of cells. The WA treatment decreases the oxidative phosphorylation
as well as also suppresses the activity of complex III. On treatment with WA, DNA impaired variant
mitochondrial Rho 0 cell line and 40 embryonic fibroblast-derived from Bax/Bak knockdown cells
displayed more resistance than wild-type cells [34]. WA suppresses human breast cells’ proliferation by
decreasing the proliferating cell nuclear antigen (PCNA) expression [35]. WA enhances the vimentin
phosphorylation at serine-56 residue, thereby inhibiting the proliferation in 4T mouse mammary tumor
cells [36]. WA in DNA double-strand break (DSB) inhibits the single-strand annealing sub-pathway
(SSA) through heat shock protein (HSP90) downregulation [37]. To block autophagy flux, WA inhibits
lysosomal activity and induces apoptosis of breast cancer cells [38]. WA action leads to the aggregation
of autophagosomes (protein expressions associated with autophagy). The inadequate fuel recycling
and tricarboxylic acid substrate results due to the autophagic flux inhibition inducing phosphorylation
impairment. WA treatment decreases the lactate dehydrogenase (LDH) expression, increases AMP
protein kinase activation, and reduces adenosine triphosphate [39].

4.1.2. Ovarian Cancer

In human ovarian cancer cell lines (SKOV3 andCaOV3), WA arrest the G2/M phase cell cycle [40].
It downregulated the Notch-3/Akt/Bcl-2 signaling mediated cell survival, thereby causing caspase-3
stimulation, which induces apoptosis. Withaferin-A, combined with doxorubicin, and cisplatin at
suboptimal dose generates ROS and causes cell death [41–43]. In another study using the A2780 cell line,
Xenografting resulted in mortality decreased by WA. It reduces the cytosolic and nuclear levels of
NF-κB-related phospho-p65 cytokines in xenografted tumors [44]. Another study showed that ovarian
cancer xenografting induced cardiac cachexia, causing loss of the heart’s normal functioning, systolic,
and diastolic dysfunction. WA treatment improved heart weight and preserved systolic function,
but the partial improvement was seen in diastolic dysfunction. Tumor cells induce AT1R pathway
mediated pro-inflammatory markers and formation of MHCβ isoform, which was ameliorated by
WA [45]. In nude mice, securin overexpression leads to cellular transformation and tumor development.
Knockout securin mice show no tumor development and reverse the cancer phenotype. WA alone or
with Cisplatin decreases the expression of securin and showing antitumor effects [46].
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4.1.3. Prostate Cancer

Initially, the pathogenesis linked with prostate tumors is an androgen; however, numerous
patients also progresses to androgen-independent (metastatic castration-resistant) [47]. The stem-like
characteristics are shown by androgen-independent PCa cells (mCRPC) DU-145 and PC-3),
whereas exhibited by androgen-dependent PCa cells (e.g., LNCaP) [48–50]. The side populating
cells of xenograft tissues and human PCa cell lines exhibited more epithelial-mesenchymal transition
(EMT) and comparably more violent than homologous bulk population cells [51]. Thereby, EMT is
very closely linked with the mCRPC formation. In prostate tumor cells, WA binds vimentin and
induces cell death, but no cell death was seen in normal fibroblasts. It raises the level of c-Fos
and ROS generation and decreases the FLIP level, probably resulting in cytoskeletal architecture
degradation. Thus, WA can be used as a pharmaceutical agent that effectively kills cancer stem
cells (CSCs). These CSCs are different from other cancer cells, as their presence within the tumor mass
mediates chemoresistance by regenerating tumors [52]. WA interacts directly with vimentin by causing
an alteration in cysteine residue (Cys328), forming an aggregation of vimentin filaments and together
with F-actin, causing disruption of vimentin cytoskeleton [53,54]. This is followed by alteration in cell
shape, reduced motility, and upregulated phosphorylation of vimentin at Ser38 [55].

The observations evidenced that WA can efficiently target metastatic tumor cells [36]. In cell
lines of pancreatic cancer, Panc-1, BxPc3, and MiaPaCa2, WA inhibit Hsp90 chaperone activity,
disrupting Hsp90 client proteins, thus showing antiproliferative effects [56]. Another study has shown
the efficacy of WA against the CaP iPten-KO model. The role of the metastatic process Akt pathway,
Pten deletion, mutation, EMT was seen commonly in metastatic prostate tumors. WA abrogated
HG-PIN formation and ameliorated the progression of the Pten-deficient tumor to adenocarcinoma.
WA inhibited PI3K/AKT pathway. The AKT-mediated Par-4 and FOXO3A proapoptotic proteins
were increased in Pten-KO mice supplemented with WA. Immunohistochemical analysis displayed
decreased pAKT expression and the β-catenin and N-cadherin epithelial-to-mesenchymal transition
markers in WA-treated tumors control [57]. DNA damage response is initiated by Telomere shortening,
which results in senescence and apoptosis [58,59]. The cancer cells run away from the shortening
of telomere by enzyme telomerase [60,61]. In ALT cells, WA caused severe damage to telomere by
downregulation of shelterin proteins (TRF2 and POT1). It was observed that WA caused cytotoxicity
to ALT cells with no effect on telomere and telomerase activity length. By telomerase-independent
mechanisms, it kills TEP cells, as reported previously [62]. Another study showed that WA significantly
inhibited pAKT expression and facilitated FOXO3a/Par-4 mediated tumor inhibition in TRAMP
mice [63]. One of the critical sources of Cancer is mutations in the Wnt pathway that control cancer
hallmarks like metastasis and immune evasion [64–67]. Wnt signaling pathway hyperactivation
triggers the transformation of normal cells to malignant [68,69].

Interestingly, WA analog 3-azido WA can suppress the Wnt pathway indirectly and thus
prevent the transformation of Cancer [70]. WA and its metabolite 3-azido-WA also increase protein,
namely proapoptotic prostate cancer response-4 (PAR-4) in androgen-refractory prostate cancer
cells [71]. It modulates the β-catenin phosphorylation in the Wnt pathway. In particular, an increased
amount of PAR-4 downregulates the Akt kinase activity induces the glycogen synthase kinase 3 beta
(GSKβ) activation. This phosphorylates βcatenin is known to obstruct the Wnt signaling pathway [70].
Another study showed WA intraperitoneal administration (0.1 mg) resulted in significant suppression
of circulatory free fatty acid and fatty acid synthase expression, ATP citrate lyase, and carnitine
palmitoyl transferase 1A proteins in vivo prostate studies [72].

4.1.4. Colorectal Cancer

Another common cancer is colorectal cancer (CRC), the fourth leading cause of mortality
worldwide [73]. Despite the incredible progress of efficient chemotherapeutic agents, the drug
resistance occurred, determining the non-success of chemotherapy, with escalated toxicity to the
gastrointestinal tract, skin, and bone marrow [74,75]. In human colorectal cancer cells, WA generates
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ROS followed by the activation of Nrf2, HO-1, NQO1 pathways, and upregulating the expression of
the c-Jun-N-terminal kinase (JNK), the upstream regulator of Nrf2. This resulted in cell death induction
by blocking the disruption of tumor suppressor geneTAp73. WA induces in G2/M phase cell cycle
arrest in HCT116 and SW480 cells of colorectal cancer [76]. It delayed mitosis by interfering with the
proteasomal disruption of Mad2 and Cdc20, necessary constituents of the spindle complex [76].

Moreover, it decreased expression and proliferation of Notch-1 in human colon cancer cells [77].
In colorectal cancer, EMT causes AKT and Notch1 activation. As EMT leads to this type of cancer,
therapies that target AKT/Notch1 pathways and prevent metastasis are at the top of the current research
paradigm. The WA effect was studied on colitis regulated colon mouse model and other mouse
models of spontaneous intestinal carcinogenesis. WA effectively inhibits the development of intestinal
polyp and colon carcinogenesis; it showed also the downregulation of pro-survival signaling markers
(NFκB, Notch1, and pAKT) and reduced the proliferative markers [78]. The chemoprotective action
on spontaneous and inflammatory colon carcinogenesis patterns was performed on transgenic mice
models; WA treatment demonstrated declined tissue inflammation and adenomas. In the molecular
analysis, WA down-regulates the expression of Notch1, pAKT, and NF-κB and other markers of
inflammation (interleukin-6 (IL-6), tumor necrosis factor alpha (TNFα), and cyclooxygenase-2) [79],
highlighting that this therapeutic agent has a vital role in colon carcinogenesis prevention. Thus, it can
be further explored for clinical utility.

4.1.5. Lung Cancer

In lung cancer cells (A549 and H1299), WA pre-treatment showed suppressed cell adhesion,
migration, and invasion. Using immunofluorescence, qRT-PCR, and western blot analysis, it was proved
that WA downregulated EMT induced by tumor growth factor beta 1 (TGFβ1) and TNFα expression in
both cells. WA also suppresses Smad2/3 and NF-κB phosphorylation and nuclear translocation [80]. In
another study on A549 cells, WA causes dose-dependent apoptosis. JC-1 staining of cells treated with
WA showed declined MMP and was accompanied by caspase-9 and caspase-3 activation, the apoptosis
leading players [81]. WA arrested the G0/G1 phase of lung cancer (A549) cells, which further
suppresses phosphatidyl inositol-3 kinase (PI3K)/Akt pathway and decrease the Bcl-2expression. WA
also displayed a dose-dependent decrease of metastatic lung nodules. WA is an effective anti-lung
cancer agent as well as also controls the growth of CSC. It also inhibits the spheroid formation in lung
cancer by suppressing the mTOR/STAT3 pathway [81].

4.2. WA-Responsive Proteins in Cancer

Carcinogenesis is a process with multiple stages that involve the deregulation of various
physiological and biochemical cascades that control cells’ growth and survival and their apoptosis.
In this context targeting various signaling mediators that lead to tumor growth is advantageous
to be discussed. The electrophilic nature and its interaction with the nucleophilic group results in
inducing electrophilic stress, thereby it shows WA as a Michael addition electron acceptor. These
free radicals will cause damage to the mitochondria leading to its apoptosis. There is an increase
in the exogenous ROS levels dramatically during drug uptake or environmental stress, such as UV
radiation [82]. WA treatment forms ROS in various models of Cancer. WA interaction to Keap1 causes
increased NRF2 protein levels, which mediate the antioxidant protein expression protecting the cell
against the effect of oxidative damage [83].

Meanwhile, various proteins are targeted by WA from the anti-stress pathway and increasing
the ROS level. This augmented ROS level further activates antioxidant pathways and causing
ROS/cyto-protection imbalance. This finally decides the fate of cancer cells. WA treatment enhances
four oxidative stress response proteins that decrease the oxidative damage following WA treatment and
re-establish homeostasis. The upregulated proteins in oxidative stress response upon WA treatment
include heme oxygenase, one iron-sulfur, aldose reductase, and sepiapterin reductase. Various proteins
are downregulated glutathione peroxidase 1, phospholipid hydroperoxide [84,85].
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Following oxidative stress and activation of the ubiquitin-proteasome system (UPS) is activated
by the Nrf2 transcription factor to remove oxidized proteins and restore homeostasis. Targeting UPS
induces more proteotoxic stress in cancer cells. WA treatment upregulates five proteins related
to ubiquitin-proteasome includes beta type-1 (PSB1 human), Proteasome subunit alpha type-2
(PSA2 human), 26S proteasome regulatory subunit 10B, Ubiquitin carboxyl-terminal hydrolase
(UBP24 human), and Proteasome activator complex subunit-4 (PSME4 human). The WA-target proteins
that degrade include Proteasome subunit beta type-10 and type-5, AAA+ chaperone p97, USP24 human
isozyme L5 [86,87].

UPS is responsible for cellular removal of proteins, although cells also have an extra protein removal
system known as autophagy that disrupts cellular components and the deposited aggregates of protein
during UPS attenuation [88]. Autophagy is an adaptive cellular stress response. The treatment with
WA disrupts and block autophagy functions [38]. Therefore, autophagy markers that upregulate during
WA treatment include mitochondrial import receptor subunit TOM22 homolog, SNARE-associated
protein Snapin, ras-related protein Rab-24, tubulin beta chain, histone deacetylase 6, Annexin A4,
Tubulin Beta [89,90].

Another transcription factor known as heat shock factor-1 (HSF-1) regulates protein folding
and repair [91]. This factor induces stress and also binds with DNA and causes the stimulation
of heat shock response elements. WA has a potential antitumor activity, indicating very powerful
ER-stress causing properties, assumed from HSF1 reporter assay [92]. HSF1 is marked as a promising
WA binding target, further leading to the suppression of genes controlled by HSF-1, such as FKBP4
HSP13 and DJC10. The proteins exaggerated treatment with WA includes chaperone, ER-associated
degradation, and protein folding enzymes (isomerase and reductase). Proteins associated with
chaperone related protein unc-45 homolog A, heat shock 70 kDa protein 1A; 1B; 13, DnaJ homolog
subfamily A member 2, BAG family molecular chaperone regulator 2. The protein targeted by WA
and linked with the enzymatic activity of isomerase and reductase include Peptidyl-prolyl cis-trans
isomerase, Peptidyl-prolyl isomerase domain, NIMA-interacting 1, and WD repeat-containing protein 1.
Proteins that target ER-associated degradation include alpha-mannosidase protein 3, Homocysteine
inducible ER, AAA+ chaperone p97, transport and golgi organization protein 1 homolog [84]

At the time of weak cellular stress response initiated by WA, Protein translation must be restrained
to avoid new misfolded proteins’ aggregation. WA has a role in protein translation machinery,
which increases eukaryotic translation initiation factor (IF) 2A, which inhibits cancer cells’ proliferation.
However, subsequent interaction of WA with IF5A1 (the eIF5A regulon) and IF4B triggers cell death [93].

Moreover, WA also targets the cytoskeleton properties, which include Vimentin, annexin A2,
and β-tubulin. Vimentin (VIM) plays the leading role in holding and anchoring organelles by
making connections of the nucleus, mitochondria, and endoplasmic reticulum in the cytosol. Various
kinases have shown binding with vimentin such as ROKa, Raf-1, phosphorylated ERKs, PKCe [94–96].
Alternatively, vimentin interacts with 14-3-3 proteins that might obstruct signaling cascades that mediate
cell cycle progression, signal transduction, and apoptosis; it also binds with HSP90. Furthermore, there is
an enhanced vimentin expression in cancerous cells, and it is correlated with EMT, metastasis with poor
prognosis thereby resulting in reduced patient survival [54,97]. When binds with vimentin, it inhibits the
assembly and intermediate filament network and leads to eventual viability [98]. Annexin A2 (ANXA2)
is a calcium-dependent protein, supporting endocytosis, adhesion, and metastasis. It is present
abundantly in a broad range of cancers. WA, when binds to annexin A2 core domain, causes suppression
of actin polymerization and subsequent limit the migration of the cancer cells [99,100]. Literature also
reports that WA arrests the G2/M and G1/S transition cell cycle phase [32].

The targets identified are Dual specificity protein kinase TTK, Nucleoporin Nup43,
Protein phosphatase 1B SRRT human, WAPL human, NIPA human, MCMBP human [84]. WA also
disrupts of NFκB signaling pathways. It is an important pathway that is dysregulated in various
types of Cancer [101]. This suppresses the gene transcription of many downstream genes involved
in inflammation includes MCP1, Interleukin-1 (IL6), and IL8, etc. The proteins participated in
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NFκB signaling and downregulated by WA include nuclear factor NFκB p105 subunit, Transcription
factor p65, signal co-integrator one complex subunit 2, Coiled-coil domain-containing protein 22,
COMD3 human. NF-kB participates in the activation of proteins involved in cell growth, cell survival,
angiogenesis, and decrease vulnerability to apoptosis [84,102]. NF-kB driven proteins expression
stimulation is controlled tightly. Under quiescent conditions, it is an inactive form in the cytoplasm
with its inhibitor IkB, masking the nuclear localization process. Inflammatory mediators, and microbial
pathogens trigger specific cognate receptors and stimulate NF-kB. This event induces the stimulation
of the IkB-kinase (IKK) complex leading to its proteasomal degradation [102]. WA inhibited NF-kB
signaling, which includes chronic lymphocytic leukemia (CLL), acute myeloid leukemia (AML), and
multiple myeloma (MM) [13].

Cancer stem cells (CSC) are the self-renewal and tumor-initiating cells. The rising trend in the
failure of chemotherapeutic drugs and the reappearance of cancer has contributed to cancer stem
cells’ growth in growing tumors. The main priority is the eradication of these cancer stem cells in
modern endeavors of anticancer drug discovery. In the cells of pancreatic ductal adenocarcinoma
nestin overexpression, a stem cell marker rises cell motility and results in phenotypic changes,
whereas endogenous nestin knockdown decreases cell migration well as cells also retain its epithelial
phenotype. WA possesses anti-nestin activity, which suggests its potential in targeting pancreatic
CSC [103]. Another study reported [104] the suppression of mammosphere activity, the aldehyde
dehydrogenase 1 (ALDH1) activity, elevated CD44, and reduced CD24 levels in breast cancer cells
(MCF-7 and SUM159). This poly-pharmaceutical response rationalizes its anticancer mechanism.
Chemo proteomic approach shows WA binds and interacts with numerous proteins targeting various
protein signaling cascades of cancer. The various anticancer targets are shown in Figure 3.

Biomedicines 2020, 8, x FOR PEER REVIEW 9 of 23 

stimulation is controlled tightly. Under quiescent conditions, it is an inactive form in the cytoplasm 
with its inhibitor IkB, masking the nuclear localization process. Inflammatory mediators, and 
microbial pathogens trigger specific cognate receptors and stimulate NF-kB. This event induces the 
stimulation of the IkB-kinase (IKK) complex leading to its proteasomal degradation [102]. WA 
inhibited NF-kB signaling, which includes chronic lymphocytic leukemia (CLL), acute myeloid 
leukemia (AML), and multiple myeloma (MM) [13]. 

Cancer stem cells (CSC) are the self-renewal and tumor-initiating cells. The rising trend in the 
failure of chemotherapeutic drugs and the reappearance of cancer has contributed to cancer stem 
cells’ growth in growing tumors. The main priority is the eradication of these cancer stem cells in 
modern endeavors of anticancer drug discovery. In the cells of pancreatic ductal adenocarcinoma 
nestin overexpression, a stem cell marker rises cell motility and results in phenotypic changes, 
whereas endogenous nestin knockdown decreases cell migration well as cells also retain its epithelial 
phenotype. WA possesses anti-nestin activity, which suggests its potential in targeting pancreatic 
CSC [103]. Another study reported [104] the suppression of mammosphere activity, the aldehyde 
dehydrogenase 1 (ALDH1) activity, elevated CD44, and reduced CD24 levels in breast cancer cells 
(MCF-7 and SUM159). This poly-pharmaceutical response rationalizes its anticancer mechanism. 
Chemo proteomic approach shows WA binds and interacts with numerous proteins targeting various 
protein signaling cascades of cancer. The various anticancer targets are shown in Figure 3. 

 
Figure 3. Withaferin A associated anticancer protein targets. 

Oxidative Stress Response and Red Cell Proteins 

WA was reported to induce ROS production causing oral and colon cancer cells apoptosis 
[105,106]. In cancer cells, WA induces G2/M cell cycle arrest, antiproliferation, apoptosis, 
mitochondrial membrane depolarization, caspase activation, migration inhibition and 
phosphorylated histone H2A.X based damage to DNA [107]. WA inhibits the activities of MMP-2, 
MMP-9, causing antioxidant gene expression and activation of MAPK. In oral cancer cells N N-
acetylcysteine (NAC) pre-treatment suppressed the inhibitory migration alteration and various 
pathways activated following the WA treatment proving that ROS plays a crucial role in inhibitory 
migration induced by WA [108]. 

Figure 3. Withaferin A associated anticancer protein targets.

Oxidative Stress Response and Red Cell Proteins

WA was reported to induce ROS production causing oral and colon cancer cells apoptosis [105,106].
In cancer cells, WA induces G2/M cell cycle arrest, antiproliferation, apoptosis, mitochondrial membrane
depolarization, caspase activation, migration inhibition and phosphorylated histone H2A.X based
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damage to DNA [107]. WA inhibits the activities of MMP-2, MMP-9, causing antioxidant gene
expression and activation of MAPK. In oral cancer cells N N-acetylcysteine (NAC) pre-treatment
suppressed the inhibitory migration alteration and various pathways activated following the WA
treatment proving that ROS plays a crucial role in inhibitory migration induced by WA [108].

Moreover, in tumor cells, the cell surface glycoproteins and glycolipids have changed composition
of carbohydrates causing aberrant cell-cell recognition, antigenicity, cell adhesion, and malignant cells
invasiveness [109]. Glycosyl residues present on the cell surface controls epithelial growth and cell
proliferation [110]. During carcinogenesis, the levels of plasma glycocongugates are elevated at the
expense of erythrocyte membranes with the depletion in epithelial cell surface carbohydrates [109].
The loss of erythrocyte membrane glycoproteins was due to increased degradation or due to increased
shedding into circulation or reduced synthesis. Neoplastic transformation causes increased levels
of plasma sialic acid through the secretion or shedding from the tumor cell [111,112]. As the tumor
mass grows, it may contribute to elevated fucose concentrations as a result of glycoproteins release
or due to host treatment causing cell damage. WA treatment protected the red blood cell membrane
integrity by maintaining glycocongugates level during carcinogenesis. Oxidative stress alters the
membrane bound enzymes, which is important for cell lysis [113]. It has been showed that any changes
in red cell fragility induces change in Na+/K+-ATPase activity [114]. Tumor bearing hamster’s red
blood cells were more fragile when compared with control hamsters. This increased fragility may be
due to their lipid content alteration and increased oxidative stress. WA significantly restored membrane
TBARS levels, Na+/K+-ATPase activity and osmotic fragility in red cell [115]. Human umbilical vein
endothelial cells (HUVECs) as well as endothelial cell line (EA.hy926) when treated with WA showed
increased heme oxygenase (HO-1) expression, an antioxidant gene. This gene is transcriptionally
regulated by NF-E2-related factor 2 (Nrf2) transcription factor which senses chemical alteration in the
cell and regulates transcriptional responses thus maintaining chemical homeostasis via antioxidant
gene expression. WA upregulates and increase the nuclear translocation of Nrf2, inducing HO-1
expression in endothelial cells thereby re-establish cell homeostasis [116].

4.3. Anti Diabetic Activity

Diabetes is a metabolic, endocrine disease where the glucose supply and utilization are
mismatched. The pathogenesis includes elevated oxidative stress, which disrupts the pancreas
histology and causes beta-cells destruction. Insulin-dependent or type I diabetes mellitus depends
totally on insulin replacement therapy as the therapeutic strategy. There are various parts and
parcel complications of diabetes, such as obesity, organ sepsis, and microvascular and macro-vascular
diabetic complications [117,118]. Another evidence reported that WA leads to potential alteration in
glucose metabolism and lipid profiles. In diabetic mice, it suppresses inflammation and stimulates
weight loss, contributing to elevated insulin sensitivity [119]. WA attenuated mouse hepatic steatosis,
although antidiabetic drug rosiglitazone has a beneficial effect on insulin sensitivity but does not show
improved liver and weight loss effects. Inflammatory mediators (TNF-α, IL6, and resistin) play a
significant role in obesity. They promote insulin receptor substrates 1 (IRS-1) phosphorylation that
negatively controls the signaling of insulin. They were significantly decreased by WA treatment.
Previous literature has shown the downregulation of insulin signaling gene expression (insr, pi3k irs1,
slc2a4, and irs2) in diabetes. WA treatment upregulated the mRNA expression of insr, insr, pi3k, and irs1
while treatment with rosiglitazone increased insr, irs1, and slc2a4 expression. WA insulin-sensitizing
potential seems to have occurred due to its anti-inflammatory action that indirectly affects insulin
signaling events, upregulating adiponectin, preventing the phosphorylation of PPARγ [119]. The studies
reported attenuation of streptozotocin-induced type 1 diabetes by WA. Oxidative stress stimulates the
NF-κB axis, following inflammatory mediators’ production that induces pancreatic islet cell destruction.
STZ induces alkylation of DNA that ultimately leads to theβ-cell dysfunction. Apoptotic morphological
changes occur by Caspase 3 upregulation, including DNA fragmentation, membrane blebbing, apoptotic
body formation, and cytoplasmic and nuclear condensation [120]. This results in the disruption of
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pancreatic insulin-secreting β-cells, resulting in hyperglycemia [121,122]. WA intervention abrogates
nitrosative stress by lowering tissue nitrile levels. WA was considered as a potential molecule
to ameliorate T1DM by caspase three expression, reduction in fragmented DNA, decrease in the
concentration of TNF-α, and IL-6 [122]. In acute liver injury induced by acetaminophen, WA activates
the Keap1/Nrf2 pathway and mediates the hepatoprotective effect. The Nrf-2/NFκB signaling imbalance
leads to a cascade of oxidative stress causing liver damage [123]. Moreover, in another study, also
WA proved to be anti-inflammatory and antioxidant. It restores the impaired insulin resistance and
corrects the endothelial function [124]. Taken together, these results implicated that TNF-α, IL6, and
Nrf-2/NFκB are an essential target of WA.

4.4. Neuroprotective Activity

In the central nervous system (CNS), Aβ accumulation contributes to neurodegeneration. WA 0.5–2
µM decreases the amyloid beta (Aβ) aggregation induced by Tat and cocaine with no cytotoxicity in
the cell cultures. WA treatment decreases cytoplasmic vacuoles and dendritic beading. Moreover, this
Aβ accumulation in an HIV patient’s brain contributes to cascades of neurological disorders that drive
aging or related dementias [125]. Moreover, WA is reported to block the acetylcholesterinases and
butyrylcholinesterases enzyme activity in in vitro assay.

The hydrolytic activity acetylcholinesterase disrupts neurotransmitter acetylcholine, thereby
forming choline and acetate. The role of butyrylcholinesterase still to be explored. As acetylcholine has
a significant role in cognitive diseases, acetylcholine’s upregulation ameliorates the cognitive deficits
in Alzheimer’s disease (AD) [126]. The neuroprotective ability of WA (50 mg/kg b.w) demonstrated a
resurge of dopamine (DA) and homo vanillic acid (HVA) in substantia nigra and striatum. The reduced
level of these catecholamines leads to motor deficits. The increased level of DA and HVA suggest
the neuroprotective potential of WA [127]. Traumatic brain injury (TBI) has increased morbidity and
mortality rates worldwide, making it a significant public health concern. WA significantly enhanced
neurobehavioral function and reduced histological alteration in tissues after injury; it reduces the
disruption in the blood-brain barrier and edema in the brain via decreasing apoptosis in endothelial cells.
WA attenuate the levels of neuroinflammatory mediators (TNF-α, IL-1β, and IL-6). This regulation
regulating microglial activation can be used as a therapeutic regimen for recovery after traumatic brain
injury [128].

In AD, activation of microglia is achieved by interaction with Aβ oligomers and Aβ fibrils, which
causes an inflammatory reaction by stimulating NLRP3 and nuclear factor NF-κB pathway inducing
the release of pro-inflammatory cytokines and chemokines [129,130]. By phagocytosis, Aβ fibrils are
engulfed by microglia, and these fibrils are degraded by neprilysin and insulin-degrading enzyme.
In patients of AD, stimulation of NLRP3 and NF-κB pathway block the Aβ phagocytosis
causing increased Aβ fibrils accumulation, thereby forming a self-perpetuating loop, resulting in
neuroinflammation [130]. NF-κB expression was inhibited with WA’s treatment, which plays a vital
role in the cascade of inflammatory cytokines. The downregulation of JAK and STAT and upregulation
of IKBKB and IKBKG was seen [131].

Leucine-rich repeat kinase 2 is a massive protein mutated in neurological patients with Alzheimer’s
disease and Parkinson’s disease (PD). This protein is stabilized by chaperone HSF90 and also with
co-chaperone Cdc37. When treated with WA, the N9 microglial cell line decreases the LRRK2 and
disrupts the HSP90, Cdc37, which results in destabilization and reduced concentration of LRRK2 [86].
A more beneficial anti-inflammatory role of WA was seen in transgenic mice with TAR–DNA binding
protein (TDP43). These mice have a neurodegenerative disease similar to amyotrophic lateral sclerosis
and indicate activated microglia with neurotoxic and pro-inflammatory phenotypes. TDP43 expression,
NF-kB subunit p65 expression, was found to be increased in the spinal cord. WA treatment improved
motor neuron deficits and decreased NF-kB dependent inflammation and thereby decreasing the
disease phenotype. WA (10 to 40 mg/kg ip) also displayed anxiolytic efficacy, as measured by increased
exploratory time in the open arm in the elevated plus-maze [132]. Altogether this data confirms that
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WA has enormous potential as a natural neurotherapeutic agent in ameliorating cognitive deficits
associated with AD, PD, ALS; thus, its application in other models of neurodegenerative diseases
deserves to be investigated.

4.5. Cardioprotective Activity

Myocardial infarction (MI) is a significant health problem globally and the leading cause of
death. WA 1mg/kg decreased the apoptotic cell death, upregulation of protein Bcl-2, and thereby
stimulating the mitochondrial antiapoptotic pathway. The in vivo study evidenced WA low dose
1 mg/kg, in mice has a beneficial effect against MI injury, but a higher dose of 5 mg/kg, in mice was
not at all protective and deteriorated cardiac cells. WA may affect the Bcl-2/Bax ratio, induced AMPK
activation suppressing mitochondrial apoptosis, and thus showed protective cardiac function. Thus,
WA has therapeutic usage in patients having cancer enduring cardiovascular system disorders [133].

Fibroproliferative disorders are a type of tissue injury linked with stimulation of collagen
synthesizing cells, inducing type I collagen synthesis and deposition [134]. This result due to collagen
I gene expression transcription and the escalated collagen I mRNAs half-life [135]. WA disrupts the
vimentin filament network in endothelial cells and astrocytes. Vimentin filaments interact and stabilize
the type I collagen. WA participates in the regulation of transcriptional and posttranscriptional type I
collagen and inhibits the stimulation of TGF, block activation of NF-kB.

Myocardial fibrosis is linked with the accumulation of collagen fibers in the cardiac
interstitium, seen in various cardiac disorders: myocardial infarction, hypertensive heart disease,
idiopathic interstitial cardiac fibrosis, hypertrophic cardiomyopathy, and decompensated congestive
heart failure. The fibrosis disrupts cardiac function resulting in heart failure [136–139]. The studies
also showed the antiplatelet, profibrinolytic, and anticoagulant WA (0.09 ug to 4.71 ug/mouse).
In TNF-α stimulated human umbilical vein endothelial cells, WA’s effect was evidenced on the
plasminogen activator inhibitor type 1 (PAI-1/t) expressions and tissue-type plasminogen activator
(t-PA). WA blocked thrombin-catalyzed fibrin polymerization and also the platelet aggregation induced
by ferric chloride. WA increased bleeding time and also suppressed TNF-α induced PAI-1 synthesis
in vivo and ex vivo studies. Moreover, the PAI-1/t-PA ratio was reduced by WA [140]. Altogether,
these results evidenced that WA has cardioprotective potential; considering its safety and efficacy,
there is a need for clinical trials to support its therapeutic role in heart diseases.

4.6. COVID 19

The proper treatment of cancer patients with the potentially compromised immune system and
SARS-CoV2 infection is a serious issue faced by oncologists [141]. Data from four hot spots regions,
namely China, United States, Italy, and Spain, showed that patients are admitted to the intensive care
unit (ICU) and need mechanical ventilation for life support [142–145]. Covid 19 infection is associated
with life-threatening immune reaction, and there is a release of pro-inflammatory cytokines termed
as cytokine storm [146]. In a metastatic ovarian cancer model, WA decreases the pro-inflammatory
cytokines (IL-6, TNFα, IL-8, IL-18) [44]. The realm of possibility showed that WA reduces the cytokine
storm intensity due to its anti-inflammatory properties reported. Two research groups demonstrated
that withanolides (such as WA) can bind with the S protein receptor-binding domain of virus, thereby
inhibiting the viral binding with the host’s ACE2 receptor [147,148]. Another group indicated that WA
and withanone bind with coronavirus’s main protease, but WA has low a binding affinity compared
to an established inhibitor of N3 protease in docking scores [149]. WA treatment decreases the
angiotensin II receptor type 1 mRNA expression compared to control groups. Based on these findings
and previously reported studies, WA treatment was observed to alter lungs’ ACE2 expression under
tumor-free and bearing states. No significant results in lungs ACE2 mRNA expression were there.
TMPRSS2 is involved in S protein priming, which causes the cleavage of S protein and thereby allowing
viral and cellular membranes fusion. SARS-COVID enters via interacting with angiotensin-converting
enzyme 2 (ACE2) WA bind at the catalytic site of TMPRSS2 and able to alter its allosteric site. Therefore,
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WA can be a potential therapeutic compound to prevent the COVID-19 spread by blocking ACE 2
expression and reducing pro-inflammatory cytokines [150].

4.7. Anti Hepatitis Activity

Nonalcoholic steatohepatitis (NASH) is known as the advanced form of nonalcoholic fatty liver
disorders that collectively results in the risk of liver cirrhosis and carcinoma [151,152]. Over intake of
fatty acids leads to the formation of toxic lipids inducing inflammation, ER stress, hepatic oxidative stress,
and hepatic cell death [153]. Out of all the lipids, ceramides get accumulated in the blood and tissues.
WA decreases oxidative stress, displayed by its nuclear factor erythroid related factor 2 pathway and
heme oxygenase (HO-1) expression, thereby also ameliorating acetaminophen-induced liver injury.
WA 5 mg/kg improved pathologies associated with NASH, such as hepatic steatosis, fibrosis, and
inflammation. Various pathways involve kelch like ECH associated protein 1, glycogen synthase
kinase 3 [154]. These findings suggest that WA effectively protects cells from NASH, although further
studies are still required to know the exact mechanism. This could help in the repurposing of this WA
with its potential role in treating NASH.

4.8. Osteoporosis

Osteoporosis is a skeletal bone disorder characterized by an imbalance in bone resorption and
formation [155]. WA (5 and 10 mg/kg) upregulates the osteoblast-specific transcription factor expression,
promoting osteoblast proliferation and differentiation. WA down-regulates the inflammatory cytokines.
In osteoclast, also known as bone-resorbing cells, WA suppresses osteoclast number by downregulating
the expression of tartrate-resistant acid phosphatase (TRAP) and receptor activator of nuclear factor
kappa-B ligand (RANKL) and osteoprotegerin (OPG). Furthermore, WA also inhibits NF-kB signaling,
activated nuclear p65-subunit of NF-kB, and stabilizes RunX2. Thus, promoting the activity of
osteoblastic bone-forming cells [156]. These findings indicated that WA prevents osteoporosis by
downregulating TRAP and RANKL, thereby inhibiting osteoclast differentiation.

5. Formulations Prepared from Withaferin A

Dexamethasone and WA gold nanoparticles were able to inhibit the epithelial-mesenchymal
transition in tumor cells, preventing metastasis by inhibiting mouse melanoma tumors, thereby
reducing mice’s mortality rate Glucocorticoids receptor-dependent selective cytotoxicity occurs using
this metallic nanoparticle formulation [157]. In one study, mannosylated liposomes (ML) were used
for encapsulation of WA (adjuvant-induced) for targeting synovial macrophages in a rat model of
arthritis. With the help of confocal microscopy, ML-WA showed robust internalization of synovial
macrophages. Moreover, osteoprotegerin production was upregulated after the treatment, and there
was no degradation of cartilage and bone erosion. The study suggested, ML-WA has enormous
potential for reducing bone resorption and inflammation [158].

A new liposomal efficient drug delivery system was developed to target angiogenic endothelial
cells and CD13 positive cancer epithelial cells using homing peptide (NGR). NGRKC16-lipopeptide
liposomes are encapsulated with WA, which leads to the apoptosis of CD13-positive pancreatic cancer
cells and angiogenic endothelial cells. Therefore, reported WA-encapsulated liposomal formulation
could be used as a therapeutic strategy to treat aggressive pancreatic Cancer [159]. WA nano
vesicular system noisome formulation showed higher anticancer activity against HeLa cells in the
SRB assay followed by flow cytometry and comet assays. So, this study provides an opportunity to
use natural materials as cancer treatment agents [160]. Polycaprolactone implants embedded with
WA was prepared for controlled systemic release to overcome the problems associated with oral
bioavailability and decreasing the dose requirement. WA implant inhibits nearly 60% of lung cancer
in A549 cell xenografts, but no suppression of Cancer was there when the same dose was given
intraperitoneally [161]. WA formulation has proved beneficial in arthritis and Cancer, although this
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formulation still requires more process optimization for efficient clinical translation. This could also be
beneficial for pharmaceutical and translational researchers.

6. Synergistic Combination of Withaferin A

The radiosensitizing combination effect of WA and hyperthermia (HT) or radiotherapy (RT) was
studied (acute and fractionated) on B16F1 mouse tumors propagated in C57BL mice and Swiss albino
mice [42]. Fractionated radiotherapy with WA increased the complete response (CR) of both the tumors
synergistically compared to hyperthermia, further enhancing these effects. Therefore, when used with
radiotherapy, WA suggested being a promising radiosensitizer. WA and myricetin (MY) combination
act against the growth of pancreatic cancer. It decreased IC50 of WA (2.19, 2.65, 3.93 folds) compared
to alone WA in PC cells (Panc-1, MiaPaca-2, BxPc-3). 1 µM of WA and 5 µM of MY, when combined,
induced an increase in caspase-3 activity by 4-fold as compared to alone treatment of WA (1 µM)
(2.3-fold) or MY (5 µM) (1.4-fold), which had shown less effect on the activity of caspase-3. As a whole,
WA and MY’s synergism caused apoptosis in pancreatic cells [162].

The in vitro co-treatment efficacy of sorafenib (SO) and withaferin A was synergistically evaluated
against papillary and anaplastic thyroid cancers. Cell viability reduced significantly from 50% (alone
with each drug) to 19% (in combination). G2/M cell-cycle arrest caused by SO+WA combination in
anaplastic cells and induces apoptosis (PARP cleavage and inactivation of caspase-3), down-regulating
the client proteins like BRAF, Raf-1, and ERK when combined drugs were given. This research
provided an approach for maintaining anticancer efficacy with a combination of SO and WA [163].
Antiproliferative and apoptotic effects were evoked by co-treatment of WA and doxorubicin in many cell
lines of ovarian cancer (A2780, A2780/CP70, and CaOV3). This resulted in a reduced chemotherapeutic
dose of doxorubicin, and even the doxorubicin-induced side effects were also minimized. A significant
increment in the production of ROS by co-treatment resulted in damage to DNA and autophagy
induced (by increased expression of autophagy marker LC3B), also through caspase-3 cleavage cell
death induced. 70–80% reduction was examined in ovarian tumor cells growth xenograft of nude
mice generated by synergistic WA. There was a rise in autophagy as seen by LC3B autophagy marker
expression and via cleavage of caspase-3 inducing cell death. The combination regimen of WA and
cisplatin at suboptimal dose generates ROS and causes cell death [41]. The actions of this combination
is attributed by eradicating cells, revealing markers of cancer stem cells like CD34, CD44, Oct4, CD24,
and CD117 and downregulation of Hes, Hey, and Notch genes [42].

The synergistic effect of WA and oxaliplatin combination in vitro and in vivo studies on
human pancreatic cells was studied. This combination results in inhibition of proliferation and
caspase-regulated apoptosis. The dysfunction of mitochondria and PI3K/AKT inhibition generates
intracellular ROS through which the proapoptotic effect occurred synergistically. While in vivo
methodology evaluated high synergistic antitumor activity in PC xenografts [81]. Hence, a novel
pharmaceutical approach for pancreatic cancer treatment could be a cocktail of oxaliplatin and WA.

Effects of both DOXIL (liposomal preparation of doxorubicin) and WA, alone and in combination
form was investigated on cell lines of ovarian cancer (A2780) and tumor growth in SCID mice. In vitro
spheroids formation assay was used for studying the combinatorial effect of DOXIL and WA on the
tumorigenic function of ALDH1 cells (A2780 isolated). Alone treatment of WA (dose-dependent)
inhibited both ALDH1 and Notch 1 gene expression, and DOXIL (200 nM) remained ineffective.
When treated in a combination of WA+DOXIL, ovarian cancer cell proliferation and ALDH1 protein
expression were inhibited with a significant synergistic effect. A robust significant reduction (60% to
70%) in the growth of the tumor, as well as complete metastasis inhibition, was seen in SCID mice
(with the ovarian tumor) when co-treated with DOXIL (2 mg/kg) and WA (2 mg/kg). Altogether, it was
determined that WA+DOXIL (co-treatment) could be a potable factor for ovarian cancer treatment [164].

Recently, researchers investigated the WA (alone) and the combination of Paclitaxel (PAC) and
WA on non-small cell lung cancer (NSCLC) cells growth, proliferation, migration, and invasion.
They deceived in vitro probable effects of PAC, Cis-Pt, and WA synergistically in H1299 and A549 cells.
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1:40, 1:100 and 10:1 were the combinations of ratios of PAC: WA, PAC: Cis-Pt, and Cis-Pt: WA
respectively for examining synergism and further found highly synergistic, showing greater sensitivity
of H1299 and A549 cells with co-treatment (PAC and WA). Colony formation, migration, the inversion
was inhibited with co-treatment of PAC+WA synergistically and cause apoptosis in H1299 and
A549 cells. It was demonstrated that WA targeted both drug-resistant and drug-sensitive NSCLC
cells along with PAC’s synergistic effects. Hence, the anticancer role of WA alone or with PAC
opposing human NSCLC cell lines was investigated, and PAC+WA combination on NSCLC provided
a therapeutic strategy [165].

A study found the antitumor effect of WA with 5-fluorouracil (5-FU) by modulating endoplasmic
reticulum (ER) stress feasible for cell death and inducing a significant effect antiproliferation. Autophagy
and apoptosis were induced by ER stress. Co-treatment of WA and 5-FU arrested G2M phase cell cycle
triggered due to phosphorylation of β-catenin/Wnt signaling (essential proteins). The combination
treatment decreased the cell viability in colon cancer cells resulting in more robust efficacy and safe
toxicity profile [166]. In the recent outbreak of SARS-CoV-2 disease, an in-silico study reported the
antiviral role of within one-N combined with caffeic acid phenethyl ester and WA inhibits SARS-CoV-2
protease Mpro functional activity [149]. This study can lead to drug discovery for the treatment of the
COVID-19 pandemic. These synergistic combinations of WA reduce toxicity associated with synthetic
drugs and help design clinical chemotherapeutic strategy for human carcinoma.

7. Conclusions and Future Perspectives

This review has thrown light on WA pharmacokinetics, its structural modifications, and potential
pharmacological activities and formulations. The pharmacokinetics studies revealed that WA’s oral
absorption is rapid and can be used to design drug delivery systems targeting various diseases.
The molecule is attaining global attention as it is a promising anticancer compound with many other
therapeutic benefits, including AD, cardioprotective, neuroprotective, osteoporotic, and antiviral effects.
In the present review, WA regulates multiple antitumor pathways, including oxidative stress, promoting
apoptosis, autophagy, inhibiting cell proliferation, reducing angiogenesis progression, and metastasis
progression. Identifying new proteins with significant effects on tumor progression can target future
drug discovery of chemotherapeutic agents. The molecular roadmap of WA can also help us select
other anticancer compounds, and their synergistic combination can boost clinical efficacy.

The combined activities of WA with radiotherapy and other chemotherapeutic drugs and the
analogs of WA have shown beneficial therapeutic outcomes, thereby exploring disease-altering therapies.
Moreover, an additional novel target can be designed based on the target cascade of WA; this could
further have the potential for novel antitumor therapies. A single target drug develops escape
pathways and has more chances to develop resistance and disease relapse. WA acts on multi targets,
improves therapeutic outcomes, and overcome drug resistance.

Moreover, in-depth research on pharmacokinetics and bioavailability is needed to establish the
active dose of this compound. An extensive toxicological evaluation is needed to determine the safety
profile of WA. The tissue exposure of WA by pharmacodynamics biomarkers and even in vivo and
in vitro studies could be performed at the same time for significant outcomes. The review evidenced
that WA is a potential therapeutic approach that should be considered a potential therapeutic medicine.
Validated, planned, and comprehensively designed clinical trials are imperatively needed on various
cancers studies before conversion into the clinical realm.
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Sharma, D. Withaferin A inhibits lysosomal activity to block autophagic flux and induces apoptosis via
energetic impairment in breast cancer cells. Carcinogenesis 2019, 40, 1110–1120. [CrossRef]

http://dx.doi.org/10.1016/j.bmc.2012.11.035
http://dx.doi.org/10.3390/ijms10115002
http://dx.doi.org/10.2174/138161213804143680
http://dx.doi.org/10.1038/cddis.2014.100
http://www.ncbi.nlm.nih.gov/pubmed/24625977
http://dx.doi.org/10.3390/molecules24244599
http://www.ncbi.nlm.nih.gov/pubmed/31888204
http://dx.doi.org/10.1038/s41598-019-53568-6
http://dx.doi.org/10.1016/j.steroids.2011.05.012
http://dx.doi.org/10.1073/pnas.1611831114
http://dx.doi.org/10.1016/S1470-2045(02)00711-8
http://dx.doi.org/10.1210/rp.57.1.317
http://dx.doi.org/10.1158/0008-5472.CAN-08-1510
http://www.ncbi.nlm.nih.gov/pubmed/18794155
http://dx.doi.org/10.1093/carcin/bgq175
http://www.ncbi.nlm.nih.gov/pubmed/20724373
http://dx.doi.org/10.1371/journal.pone.0023354
http://www.ncbi.nlm.nih.gov/pubmed/21853114
http://dx.doi.org/10.1080/01635580802381477
http://www.ncbi.nlm.nih.gov/pubmed/19003581
http://dx.doi.org/10.1002/ijc.25938
http://www.ncbi.nlm.nih.gov/pubmed/21538350
http://dx.doi.org/10.1016/j.dnarep.2019.02.010
http://dx.doi.org/10.1093/carcin/bgz015


Biomedicines 2020, 8, 571 18 of 24

39. Sivasankarapillai, V.S.; Nair, R.; Rahdar, A.; Bungau, S.; Zaha, D.C.; Aleya, L.; Tit, D.M. Overview of the
anticancer activity of withaferin A, an active constituent of the Indian ginseng Withania somnifera. Environ.
Sci. Pollut. Res. 2020, 27, 26025–26035. [CrossRef]

40. Fong, Y.; Jin, S.; Rane, M.; Singh, R.K.; Gupta, R.; Kakar, S.S. Withaferin A Synergizes the Therapeutic Effect
of Doxorubicin through ROS-Mediated Autophagy in Ovarian Cancer. PLoS ONE 2012, 7, e42265. [CrossRef]

41. Kakar, S.S.; Jala, V.R.; Fong, M.Y. Synergistic cytotoxic action of cisplatin and Withaferin-A on ovarian cancer
cell lines. Biochem. Biophys. Res. Commun. 2012, 423, 819–825. [CrossRef]

42. Devi, P.U.; Kamath, R.; Rao, B.S. Radiosensitization of a mouse melanoma by withaferin A: In vivo studies.
Indian J. Exp. Biol. 2000, 38, 432–437. [PubMed]

43. Zhang, X.; Samadi, A.K.; Roby, K.F.; Timmermann, B.; Cohen, M.S. Inhibition of cell growth and induction
of apoptosis in ovarian carcinoma cell lines CaOV3 and SKOV3 by natural withanolide Withaferin-A.
Gynecol. Oncol. 2012, 124, 606–612. [CrossRef] [PubMed]

44. Straughn, A.R.; Kakar, S.S. Withaferin A ameliorates ovarian cancer-induced cachexia and proinflammatory
signaling. J. Ovarian Res. 2019, 12, 1–14. [CrossRef]

45. Kelm, N.Q.; Straughn, A.R.; Kakar, S.S. Withaferin A attenuates ovarian cancer-induced cardiac cachexia.
PLoS ONE 2020, 15, e0236680. [CrossRef] [PubMed]

46. Kakar, S.S.; Parte, S.; Carter, K.; Joshua, I.G.; Worth, C.; Rameshwar, P.; Ratajczak, M.Z. Withaferin A (WFA)
inhibits tumor growth and metastasis by targeting ovarian cancer stem cells. Oncotarget 2017, 26, 74494–74505.
[CrossRef]

47. Cereda, V.; Formica, V.; Massimiani, G.; Tosetto, L.; Roselli, M. Targeting metastatic castration-resistant
prostate cancer: Mechanisms of progression and novel early therapeutic approaches. Expert Opin. Investig.
Drugs 2014, 223, 469–487. [CrossRef]

48. Fan, X.; Liu, S.; Su, F.; Pan, Q.; Lin, T. Effective enrichment of prostate cancer stem cells from spheres in a
suspension culture system. Urol. Oncol. 2012, 30, 314–318. [CrossRef]

49. Sheng, X.; Li, Z.; Wang, D.L.; Li, W.B.; Luo, Z.; Chen, K.H.; Cao, J.J.; Yu, C.; Liu, W.J. Isolation and enrichment
of PC-3 prostate cancer stem-like cells using MACS and serum-free medium. Oncol. Lett. 2013, 5, 787–792.
[CrossRef]

50. Wang, L.; Huang, X.; Zheng, X.; Wang, X.; Li, S.; Zhang, L.; Yang, Z.; Xia, Z. Enrichment of prostate cancer
stem like cells from human prostate cancer cell lines by culture in serum-free medium and chemoradiotherapy.
Int. J. Biol. Sci. 2013, 9, 472–479. [CrossRef]

51. Luo, Y.; Cui, X.; Zhao, J.; Han, Y.; Li, M.; Lin, Y.; Jiang, Y.; Lan, L. Cells susceptible to epithelial-mesenchymal
transition are enriched in stem-like side population cells from prostate cancer. Oncol. Rep. 2014, 31, 874–884.
[CrossRef]

52. Kreso, A.; Dick, J.E. Evolution of the Cancer Stem Cell Model. Cell Stem Cell 2014, 14, 275–291. [CrossRef]
[PubMed]

53. Bargagna-Mohan, P.; Deokule, S.P.; Thompson, K.; Wizeman, J.; Srinivasan, C.; Vooturi, S.; Wendschlag, N.;
Liu, J.; Evans, R.M.; Markovitz, D.M.; et al. Withaferin A effectively targets soluble vimentin in the glaucoma
filtration surgical model of fibrosis. PLoS ONE 2013, 8, e63881. [CrossRef] [PubMed]

54. Bargagna-Mohan, P.; Hamza, A.; Kim, Y.E.; Khuan Abby Ho, Y.; Mor-Vaknin, N.; Wendschlag, N.; Liu, J.;
Evans, R.M.; Markovitz, D.M.; Zhan, C.G.; et al. The tumor inhibitor and antiangiogenic agent withaferin A
targets the intermediate filament protein vimentin. Chem. Biol. 2007, 14, 623–634. [CrossRef]

55. Grin, B.; Mahammad, S.; Wedig, T.; Cleland, M.M.; Tsai, L.; Herrmann, H.; Goldman, R.D. Withaferin alters
intermediate filament organization, cell shape and behavior. PLoS ONE 2012, 7, e39065. [CrossRef] [PubMed]

56. Yu, Y.; Hamza, A.; Zhang, T.; Gu, M.; Zou, P.; Newman, B.; Li, Y.; Leslie Gunatilaka, A.A.; Whitesell, L.;
Zhan, C.G.; et al. Withaferin A targets heat shock protein 90 in pancreatic cancer cells. Biochem. Pharmacol.
2010, 79, 542–551. [CrossRef]

57. Moselhy, J.; Suman, S.; Alghamdi, M.; Chandarasekharan, B.; Das, T.P.; Houda, A.; Murali Ankem, M.;
Damodaran, C. Withaferin A inhibits prostate carcinogenesis in a PTEN-deficient Mouse Model of Prostate
Cancer. Neoplasia 2017, 19, 451–459. [CrossRef]

58. Deng, Y.; Chan, S.S.; Chang, S. Telomere dysfunction and tumour suppression: The senescence connection.
Nat. Rev. Cancer 2008, 8, 450–458. [CrossRef]

http://dx.doi.org/10.1007/s11356-020-09028-0
http://dx.doi.org/10.1371/journal.pone.0042265
http://dx.doi.org/10.1016/j.bbrc.2012.06.047
http://www.ncbi.nlm.nih.gov/pubmed/11272405
http://dx.doi.org/10.1016/j.ygyno.2011.11.044
http://www.ncbi.nlm.nih.gov/pubmed/22188785
http://dx.doi.org/10.1186/s13048-019-0586-1
http://dx.doi.org/10.1371/journal.pone.0236680
http://www.ncbi.nlm.nih.gov/pubmed/32722688
http://dx.doi.org/10.18632/oncotarget.20170
http://dx.doi.org/10.1517/13543784.2014.885950
http://dx.doi.org/10.1016/j.urolonc.2010.03.019
http://dx.doi.org/10.3892/ol.2012.1090
http://dx.doi.org/10.7150/ijbs.5855
http://dx.doi.org/10.3892/or.2013.2905
http://dx.doi.org/10.1016/j.stem.2014.02.006
http://www.ncbi.nlm.nih.gov/pubmed/24607403
http://dx.doi.org/10.1371/journal.pone.0063881
http://www.ncbi.nlm.nih.gov/pubmed/23667686
http://dx.doi.org/10.1016/j.chembiol.2007.04.010
http://dx.doi.org/10.1371/journal.pone.0039065
http://www.ncbi.nlm.nih.gov/pubmed/22720028
http://dx.doi.org/10.1016/j.bcp.2009.09.017
http://dx.doi.org/10.1016/j.neo.2017.04.005
http://dx.doi.org/10.1038/nrc2393


Biomedicines 2020, 8, 571 19 of 24

59. Bartkova, J.; Horejsi, Z.; Koed, K.; Kramer, A.; Tort, F.; Zieger, K.; Guldberg, P.; Sehested, M.; Nesland, J.M.;
Lukas, C.; et al. DNA damage response as a candidate anti-cancer barrier in early human tumorigenesis.
Nature. 2005, 434, 864–870. [CrossRef]

60. Bryan, T.M.; Englezou, A.; Gupta, J.; Bacchetti, S.; Reddel, R.R. Telomere elongation in immortal human cells
without detectable telomerase activity. EMBO J. 1995, 14, 4240–4248. [CrossRef]

61. Greider, C.W.; Blackburn, E.H. Identification of a specific telomere terminal transferase activity in Tetrahymena
extracts. Cell 1985, 43, 405–413. [CrossRef]

62. Yu, Y.; Katiyar, S.P.; Sundar, D.; Kaul, Z.; Miyako, E.; Zhang, Z.; Kaul, S.C.; Reddel, R.R.; Wadhwa, R.
Withaferin-A kills cancer cells with and without telomerase: Chemical, computational and experimental
evidences. Cell Death Disease 2017, 8, 1–12. [CrossRef] [PubMed]

63. Suman, S.; Das, T.P.; Moseley, J.; Pal, D.; Kolluru, V.; Alatassi, H.; Ankem, M.K.; Damodaran, C. Oral
administration of withaferin A inhibits carcinogenesis of prostate in TRAMP model. Oncotarget 2016,
7, 53751–53761. [CrossRef] [PubMed]

64. Cai, J.; Guan, H.; Fang, L.; Yang, Y.; Zhu, X.; Yuan, J.; Wu, J. MicroRNA-374a activates Wnt/beta-catenin
signaling to promote breast cancer metastasis. J. Clin. Invest. 2013, 123, 566–579.

65. Du, Y.; Wang, Y.; Zhang, F.; Wu, W.; Wang, W.; Li, H.; Xia, S.; Liu, H. Regulation of metastasis of bladder
cancer cells through the WNT signaling pathway. Tumour. Biol. 2015, 36, 8839–8844. [CrossRef]

66. Ormanns, S.; Neumann, J.; Horst, D.; Kirchner, T.; Jung, A. WNT signaling and distant metastasis in colon
cancer through transcriptional activity of nuclear beta-Catenin depend on active PI3K signaling. Oncotarget
2014, 5, 2999–3011. [CrossRef]

67. Weeraratna, A.T.; Jiang, Y.; Hostetter, G.; Rosenblatt, K.; Duray, P.; Bittner, M.; Trent, J.M. Wnt5a signaling
directly affects cell motility and invasion of metastatic melanoma. Cancer Cell 2002, 1, 279–288. [CrossRef]

68. Fu, C.; Liang, X.; Cui, W.; Ober-Blobaum, J.L.; Vazzana, J.; Shrikant, P.A.; Lee, K.P.; Clausen, B.E.; Mellman, I.;
Jiang, A. Beta-Catenin in dendritic cells exerts opposite functions in cross-priming and maintenance of CD8+

T cells through regulation of IL-10. Proc. Natl. Acad. Sci. USA 2015, 112, 2823–2828. [CrossRef]
69. Spranger, S.; Gajewski, T.F. A new paradigm for tumor immune escape: Beta-catenin-driven immune

exclusion. J. Immunother. Cancer 2015, 3, 43. [CrossRef]
70. Amin, H.; Nayak, D.; Ur Rasool, R.; Chakraborty, S.; Kumar, A.; Yousuf, K.; Sharma, P.R.; Ahmed, Z.;

Sharma, N.; Magotra, A.; et al. Par-4 dependent modulation of cellular beta-catenin by medicinal plant
natural product derivative 3-azido Withaferin A. Mol. Carcinog. 2016, 55, 864–881. [CrossRef]

71. Srinivasan, S.; Ranga, R.S.; Burikhanov, R.; Han, S.S.; Chendil, D. Par-4-dependent apoptosis by the dietary
compound Withaferin A in prostate cancer cells. Cancer Res. 2007, 67, 246–253. [CrossRef]

72. Kim, S.H.; Hahm, E.R.; Singh, K.B.; Shiva, S.; Ornstein, J.S. Singh SV RNA-seq reveals novel mechanistic
targets of withaferin A in prostate cancer cells. Carcinogenesis 2020, 41, 778–789. [CrossRef] [PubMed]

73. Ferlay, J.; Shin, H.R.; Bray, F.; Forman, D.; Mathers, C.; Parkin, D.M. Estimates of worldwide burden of cancer
in 2008: GLOBOCAN 2008. Int. J. Cancer 2010, 127, 2893–2917. [CrossRef] [PubMed]

74. Gusella, M.; Frigo, A.C.; Bolzonella, C.; Marinelli, R.; Barile, C.; Bononi, A.; Crepaldi, G.; Menon, D.;
Stievano, L.; Toso, S.; et al. Predictors of survival and toxicity in patients on adjuvant therapy with
5-fluorouracil for colorectal cancer. Br. J. Cancer 2009, 100, 1549–1557. [CrossRef] [PubMed]

75. Pallag, A.; Rosca, E.; Tit, D.M.; Mutiu, G.; Bungau, S.G.; Pop, O.L. Monitoring the effects of treatment in
colon cancer cells using immunohistochemical and histoenzymatic techniques. Rom. J. Morph. Embriol. 2015,
56, 1103–1109.

76. Das, T.; Roy, K.S.; Chakrabarti, T.; Mukhopadhyay, S.; Roychoudhury, S. Withaferin-A modulates the Spindle
assembly checkpoint by degradation of Mad2-Cdc20 complex in colorectal cancer cell lines. Biochem. Pharmacol.
2014, 91, 31–39. [CrossRef]

77. Koduru, S.; Kumar, R.; Srinivasan, S.; Evers, M.B.; Damodaran, C. Notch-1 inhibition by Withaferin-A: A
therapeutic target against colon carcinogenesis. Mol. Cancer Ther. 2010, 9, 202–210. [CrossRef]

78. Pal, D.; Tyagi, A.; Chandrasekaran, B.; Alattasi, H.; Murali, K.; Sharma, A.K.; Damodaran, C. Suppression of
Notch1 and AKT mediated epithelial to mesenchymal transition by Verrucarin J in metastatic colon cancer.
Cell Death Disease 2018, 9, 1–11. [CrossRef]

79. Chandrasekaran, B.; Pal, D.; Kolluru, V.; Tyagi, A.; Baby, B.; Dahiya, N.R.; Youssef, K.; Alatassi, H.;
Ankem, M.K.; Sharma, A.K.; et al. The chemopreventive effect of withaferin a on spontaneous and
inflammation-associated colon carcinogenesis models. Carcinogenesis 2018, 39, 1537–1547. [CrossRef]

http://dx.doi.org/10.1038/nature03482
http://dx.doi.org/10.1002/j.1460-2075.1995.tb00098.x
http://dx.doi.org/10.1016/0092-8674(85)90170-9
http://dx.doi.org/10.1038/cddis.2017.33
http://www.ncbi.nlm.nih.gov/pubmed/28425984
http://dx.doi.org/10.18632/oncotarget.10733
http://www.ncbi.nlm.nih.gov/pubmed/27447565
http://dx.doi.org/10.1007/s13277-015-3563-3
http://dx.doi.org/10.18632/oncotarget.1626
http://dx.doi.org/10.1016/S1535-6108(02)00045-4
http://dx.doi.org/10.1073/pnas.1414167112
http://dx.doi.org/10.1186/s40425-015-0089-6
http://dx.doi.org/10.1002/mc.22328
http://dx.doi.org/10.1158/0008-5472.CAN-06-2430
http://dx.doi.org/10.1093/carcin/bgaa009
http://www.ncbi.nlm.nih.gov/pubmed/32002539
http://dx.doi.org/10.1002/ijc.25516
http://www.ncbi.nlm.nih.gov/pubmed/21351269
http://dx.doi.org/10.1038/sj.bjc.6605052
http://www.ncbi.nlm.nih.gov/pubmed/19384296
http://dx.doi.org/10.1016/j.bcp.2014.06.022
http://dx.doi.org/10.1158/1535-7163.MCT-09-0771
http://dx.doi.org/10.1038/s41419-018-0810-8
http://dx.doi.org/10.1093/carcin/bgy109


Biomedicines 2020, 8, 571 20 of 24

80. Kyakulaga, A.H.; Aqil, F.; Munagala, R.C.; Gupta, R. Withaferin A inhibits Epithelial to Mesenchymal
Transition in Non-Small Cell Lung Cancer Cells. Sci. Rep. 2018, 15737, 1–13. [CrossRef]

81. Li, X.; Zhu, F.; Jiang, J.; Sun, C.; Wang, X.; Shen, M.; Tian, R.; Shi, C.; Xu, M.; Peng, F.; et al. 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. 2014, 357, 219–230.
[CrossRef]

82. Moloney, J.N.; Cotter, T.G. ROS signalling in the biology of cancer. Semin. Cell. Dev. Biol. 2018, 80, 50–64.
[CrossRef] [PubMed]

83. Huang, Y.; Li, W.; Su, Z. AN Kong T The complexity of the Nrf2 pathway: Beyond the antioxidant response.
J. Nutr. Biochem. 2015, 26, 1401–1413. [CrossRef] [PubMed]

84. Dom, M.; Offner, F.; Vanden Berghe, W.; Van Ostade, X. Proteomic characterization of Withaferin A-targeted
protein networks for the treatment of monoclonal myeloma gammopathies. J. Proteom. 2018, 179, 17–29.
[CrossRef] [PubMed]

85. Narayan, M.; Seeley, K.W.; Jinwal, U.K. Identification and quantitative analysis of cellular proteins affected
by treatment with withaferin a using a SILAC-based proteomics approach. J. Ethnopharmacol. 2015, 175,
86–92. [CrossRef] [PubMed]

86. Narayan, M.; Zhang, J.; Braswell, K.; Gibson, C.; Zitnyar, A.; Lee, D.C.; Gupta, S.V.; Jinwal, U.K. Withaferin A
Regulates LRRK2 Levels by Interfering with the Hsp90- Cdc37 chaperone complex. Curr. Aging Sci. 2015, 8,
259–265. [CrossRef]

87. Zhang, L.; Nemzow, L.; Chen, H.; Lubin, A.; Rong, X.; Sun, Z.; Harris, T.K.; Gong, F. The Deubiquitinating
Enzyme. USP24 Is a Regulator of the UV Damage Response. Cell. Rep. 2015, 10, 140–147. [CrossRef]

88. Mizushima, N.; Komatsu, M. Autophagy: Renovation of cells and tissues. Cell 2011, 147, 728–741. [CrossRef]
89. Glick, D.; Barth, S.; Macleod, K.F. Autophagy: Cellular and molecular mechanisms. J. Pathol. 2010, 221, 3–12.

[CrossRef]
90. Monastyrska, I.; Rieter, E.; Klionsky, D.J.; Reggiori, F. Multiple roles of the cytoskeleton in autophagy. Biol. Rev.

Camb. Philos Soc. 2009, 84, 431–448. [CrossRef]
91. Dokladny, K.; Myers, O.B.; Moseley, P.L. Heat shock response and autophagy cooperation and control.

Autophagy 2015, 11, 200–213. [CrossRef]
92. Santagata, S.; Xu, Y.; Wijeratne, E.M.K.; Kontnik, R.; Rooney, C.; Perley, C.C.; Kwon, H.; Clardy, J.; Kesari, S.;

Whitesell, L.; et al. Using the Heat-Shock response to discover anticancer compounds that target protein
homeostasis. ACS Chem. Biol. 2012, 7, 340–349. [CrossRef] [PubMed]

93. Kwon, O.S.; An, S.; Kim, E.; Yu, J.; Hong, K.Y.; Lee, J.S.; Jang, S.K. An mRNA-specific tRNAi carrier eIF2A
plays a pivotal role in cell proliferation under stress conditions: Stress-resistant translation of c-Src mRNA is
mediated by eIF2A. Nucleic Acids Res. 2017, 45, 296–310. [CrossRef] [PubMed]

94. Ivaska, J.; Vuoriluoto, K.; Huovinen, T.; Izawa, I.; Inagaki, M.; Parker, P.J. PKC epsilon mediated
phosphorylation of vimentin controls integrin recycling and motility. EMBO J. 2005, 24, 3834–3845.
[CrossRef] [PubMed]

95. Janosch, P.; Kieser, A.; Eulitz, M.; Lovric, J.; Sauer, G.; Reichert, M.; Gounari, F.; Büscher, D.; Baccarini, M.;
Mischak, H.; et al. The Raf-1 kinase associates with vimentin kinases and regulates the structure of vimentin
filaments. FASEB J. 2000, 14, 2008–2021. [CrossRef] [PubMed]

96. Perlson, E.; Michaelevski, I.; Kowalsman, N.; Ben-Yaakov, K.; Shaked, M.; Seger, R.; Eisenstein, M.;
Fainzilber, M. Vimentin binding to phosphorylated Erk sterically hinders enzymatic dephosphorylation of
the kinase. J. Mol. Biol. 2006, 364, 938–944. [CrossRef] [PubMed]

97. Kidd, M.E.; Shumaker, D.K.; Ridge, K.M. The Role of Vimentin Intermediate Filaments in the Progression of
Lung Cancer. Am. J. Respir. Cell Mol. Biol. 2014, 50, 1–6. [CrossRef] [PubMed]

98. Zhao, J.; Zhang, L.; Dong, X.; Liu, L.; Huo, L.; Chen, H. High Expression of Vimentin is Associated with
Progression and a Poor Outcome in Glioblastoma. Appl. Immunohistochem. Mol. Morphol. 2018, 26, 337–344.
[CrossRef] [PubMed]

99. Falsey, R.R.; Marron, M.T.; Gunaherath, G.K.B.; Shirahatti, N.; Mahadevan, D.; Gunatilaka, A.A.L.; Whitesell, L.
Actin microfilament aggregation induced by withaferin A is mediated by annexin II. Nat. Chem. Biol. 2006,
2, 33–38. [CrossRef] [PubMed]

100. Ozorowski, G.; Ryan, C.M.; Whitelegge, J.P.; Luecke, H. Withaferin A binds covalently to the N-terminal
domain of annexin A2. Biol. Chem. 2012, 393, 1151–1163. [CrossRef]

http://dx.doi.org/10.1038/s41598-018-34018-1
http://dx.doi.org/10.1016/j.canlet.2014.11.026
http://dx.doi.org/10.1016/j.semcdb.2017.05.023
http://www.ncbi.nlm.nih.gov/pubmed/28587975
http://dx.doi.org/10.1016/j.jnutbio.2015.08.001
http://www.ncbi.nlm.nih.gov/pubmed/26419687
http://dx.doi.org/10.1016/j.jprot.2018.02.013
http://www.ncbi.nlm.nih.gov/pubmed/29448055
http://dx.doi.org/10.1016/j.jep.2015.09.024
http://www.ncbi.nlm.nih.gov/pubmed/26392330
http://dx.doi.org/10.2174/1874609808666150520111109
http://dx.doi.org/10.1016/j.celrep.2014.12.024
http://dx.doi.org/10.1016/j.cell.2011.10.026
http://dx.doi.org/10.1002/path.2697
http://dx.doi.org/10.1111/j.1469-185X.2009.00082.x
http://dx.doi.org/10.1080/15548627.2015.1009776
http://dx.doi.org/10.1021/cb200353m
http://www.ncbi.nlm.nih.gov/pubmed/22050377
http://dx.doi.org/10.1093/nar/gkw1117
http://www.ncbi.nlm.nih.gov/pubmed/27899592
http://dx.doi.org/10.1038/sj.emboj.7600847
http://www.ncbi.nlm.nih.gov/pubmed/16270034
http://dx.doi.org/10.1096/fj.99-0883com
http://www.ncbi.nlm.nih.gov/pubmed/11023985
http://dx.doi.org/10.1016/j.jmb.2006.09.056
http://www.ncbi.nlm.nih.gov/pubmed/17046786
http://dx.doi.org/10.1165/rcmb.2013-0314TR
http://www.ncbi.nlm.nih.gov/pubmed/23980547
http://dx.doi.org/10.1097/PAI.0000000000000420
http://www.ncbi.nlm.nih.gov/pubmed/27556820
http://dx.doi.org/10.1038/nchembio755
http://www.ncbi.nlm.nih.gov/pubmed/16408090
http://dx.doi.org/10.1515/hsz-2012-0184


Biomedicines 2020, 8, 571 21 of 24

101. Baud, V.; Karin, M. Is NF-[kappa] B a good target for cancer therapy? Hopes and pitfalls. Nat. Rev.
Drug Discov. 2009, 8, 33–40. [CrossRef]

102. Labbozzetta, M.; Notarbartolo, M.; Poma, P. Can NF-κB be considered a valid drug target in Neoplastic
Diseases? Our Point of View. Int. J. Mol. Sci. 2020, 21, 3070. [CrossRef] [PubMed]

103. Su, H.T.; Weng, C.C.; Hsiao, P.J.; Chen, L.H.; Kuo, T.L.; Chen, Y.W.; Kuo, K.K.; Cheng, K.H. Stem cell marker
nestin is critical for TGF-β1-mediated tumor progression in pancreatic cancer. Mol. Cancer Res. 2013, 11,
768–779. [CrossRef] [PubMed]

104. Kim, S.H.; Singh, S.V. Mammary cancer chemoprevention by withaferin-A is accompanied by in vivo
suppression of self-renewal of cancer stem cells. Cancer Prev. Res. 2014, 7, 738–747. [CrossRef] [PubMed]

105. Chang, H.W.; Li, R.N.; Wang, H.R.; Liu, J.R.; Tang, J.Y.; Huang, H.W.; Chan, Y.H.; Yen, C.Y. Withaferin A
induces oxidative stress-mediated apoptosis and DNA damage in oral cancer cells. Front. Physiol. 2017,
8, 634. [CrossRef] [PubMed]

106. Xia, S.; Miao, Y.; Liu, S. Withaferin A induces apoptosis by ROS-dependent mitochondrial dysfunction in
human colorectal cancer cells. Biochem. Biophys. Res. Commun. 2018, 503, 2363–2369. [CrossRef]

107. Kim, G.; Kim, T.H.; Hwang, E.H.; Chang, K.T.; Hong, J.J.; Park, J.H. Withaferin A inhibits the proliferation
of gastric cancer cells by inducing G2/M cell cycle arrest and apoptosis. Oncol. Lett. 2017, 14, 416–422.
[CrossRef]

108. Yu, T.J.; Tang, J.Y.; Yang, F.O.; Wang, Y.Y.; Yuan, S.S.F.; Tseng, K.; Lin, L.C.; Chang, H.W. Low Concentration
of Withaferin a Inhibits Oxidative Stress-Mediated Migration and Invasion in Oral Cancer Cells. Biomolecules
2020, 10, 777. [CrossRef]

109. Dabelsteen, E. Cell surface carbohydrates as prognostic markers in human carcinomas. J. Pathol. 1996, 179,
358–369. [CrossRef]

110. Aranganathan, S.; Senthil, K.; Nalini, N. A case control study of glycoprotein status in ovarian carcinoma.
Clin. Biochem. 2005, 38, 535–539. [CrossRef]

111. Senthil, N.; Manoharan, S.; Balakrishnan, S.; Ramachandran, C.R.; Muralinaidu, R.; Rajalingam, K. Modifying
effects of Piper longum on cell surface abnormalities in 7,12-dimethylbenz[a]anthracene induced hamster
buccal pouch carcinogenesis. Int. J. Pharmacol. 2007, 3, 290–294.

112. Suresh, K.; Manoharan, S.; Panjamurthy, K.; Senthil, N. Modifying effects of Annona squamosa on
glycoconjugates levels in 7,12-dimethylbenz(a)anthracene induced hamster buccal pouch carcinogenesis.
J. Med. Sci. 2007, 7, 100–105.

113. Thirunavukarasu, C.; Sakthisekaran, D. Influence of sodium selenite on glycoprotein contents in normal
and N-nitrosodiethylamine initiated and phenobarbital promoted rat liver tumors. Pharmacol Res. 2003, 48,
167–171. [CrossRef]

114. Selvendiran, K.; Sakthisekaran, D. Chemopreventive effect of piperine on modulating lipid peroxidation and
membrane bound enzymes in benzo(a)pyrene induced lung carcinogenesis. Biomed. Pharmacother. 2004, 58,
264–267. [CrossRef] [PubMed]

115. Manoharan, S.; Panjamurthy, K.; Pugalendi, P.; Balakrishnan, S.; Rajalingam, K.; Vellaichamy, L.; Alias, L.M.
Protective Role of Withaferin-A on Red Blood Cell Integrity during 7,12-Dimethylbenz[a]anthracene Induced
Oral Carcinogenesis. Afr. J. Tradit Complement. Altern Med. 2009, 6, 94–102. [CrossRef] [PubMed]

116. Heyninck, K.; Sabbe, L.; Chirumamilla, C.S.; Szic, K.S.V.; Veken, P.V.; Lemmens, K.J.A.; Kakkonen, M.L.;
Naulaerts, S.; Beeck, K.O.; Laukens, K.; et al. Withaferin A induces heme oxygenase (HO-1) expression in
endothelial cells via activation of the Keap1/Nrf2 pathway. Biochem. Pharmacol. 2016, 1, 48–61. [CrossRef]
[PubMed]

117. Rathmann, W.; Giani, G. Global prevalence of diabetes: Estimates for the year 2000 and projections for 2030.
Diabetes Care 2004, 27, 2568–2569. [CrossRef]

118. Vesa, C.M.; Popa, L.; Popa, A.R.; Rus, M.; Zaha, A.A.; Bungau, S.; Tit, D.M.; Aron, R.A.C.; Zaha, D.C.
Current Data Regarding the Relationship between Type 2 Diabetes Mellitus and Cardiovascular Risk Factors.
Diagnostics 2020, 10, 314. [CrossRef]

119. Khalilpourfarshbafi, M.; Devi, M.D.; Abdul Sattar, M.Z.; Sucedaram, Y.; Abdullah, N.A. Withaferin A inhibits
adipogenesis in 3T3- F442A cell line, improves insulin sensitivity and promotes weight loss in high fat
diet-induced obese mice. PLoS ONE 2019, 14, e0218792. [CrossRef]

http://dx.doi.org/10.1038/nrd2781
http://dx.doi.org/10.3390/ijms21093070
http://www.ncbi.nlm.nih.gov/pubmed/32349210
http://dx.doi.org/10.1158/1541-7786.MCR-12-0511
http://www.ncbi.nlm.nih.gov/pubmed/23552743
http://dx.doi.org/10.1158/1940-6207.CAPR-13-0445
http://www.ncbi.nlm.nih.gov/pubmed/24824039
http://dx.doi.org/10.3389/fphys.2017.00634
http://www.ncbi.nlm.nih.gov/pubmed/28936177
http://dx.doi.org/10.1016/j.bbrc.2018.06.162
http://dx.doi.org/10.3892/ol.2017.6169
http://dx.doi.org/10.3390/biom10050777
http://dx.doi.org/10.1002/(SICI)1096-9896(199608)179:4&lt;358::AID-PATH564&gt;3.0.CO;2-T
http://dx.doi.org/10.1016/j.clinbiochem.2005.01.004
http://dx.doi.org/10.1016/S1043-6618(03)00104-X
http://dx.doi.org/10.1016/j.biopha.2003.08.027
http://www.ncbi.nlm.nih.gov/pubmed/15183854
http://dx.doi.org/10.4314/ajtcam.v6i1.57079
http://www.ncbi.nlm.nih.gov/pubmed/20162047
http://dx.doi.org/10.1016/j.bcp.2016.03.026
http://www.ncbi.nlm.nih.gov/pubmed/27045103
http://dx.doi.org/10.2337/diacare.27.10.2568
http://dx.doi.org/10.3390/diagnostics10050314
http://dx.doi.org/10.1371/journal.pone.0218792


Biomedicines 2020, 8, 571 22 of 24

120. Riboulet-Chavey, A.; Diraison, F.D.R.; Siew, L.K.; Wong, F.S.; Rutter, G.A. Inhibition of AMP-activated protein
kinase protects pancreatic Î2-cells from cytokine-mediated apoptosis and CD8+ T-Cells induced cytotoxicity.
Diabetes 2008, 57, 415–423. [CrossRef]

121. Vesa, C.M.; Popa, A.R.; Bungau, S.; Daina, L.G.; Buhas, C.; Judea-Pusta, C.T.; Pasca, B.; Dimulescu (Nica), I.;
Zaha, D.C. Exploration of insulin sensitivity, insulin resistance, early insulin secretion and β-cell function,
and their relationship with glycated hemoglobin level in normal weight patients with newly diagnosed type
2 diabetes mellitus. Rev. Chim. 2019, 70, 4217–4223.

122. Tekula, S.; Khurana, A.; Anchi, P.; Godugu, C. Withaferin-A attenuates multiple low doses of Streptozotocin
(MLD-STZ) induced type 1 diabetes. Biomed. Pharmacother. 2018, 106, 1428–1440. [CrossRef] [PubMed]

123. Palliyaguru, D.L.; Chartoumpekis, D.V.; Wakabayashi, N.; Skoko, J.J.; Yagishita, Y.; Singh, S.V.; Kensler, T.W.
Withaferin A induces Nrf2-dependent protection against liver injury: Role of Keap1-independent mechanisms.
Free Radic. Biol. Med. 2016, 101, 116–128. [CrossRef] [PubMed]

124. Batumalaie, K.; Arif Amin, M.; Murugan, D.D.; Zubaid Abdul Sattar, M.; Abdullah, N.A. Withaferin A
protects against palmitic acid-induced endothelial insulin resistance and dysfunction through suppression of
oxidative stress and inflammation. Sci. Rep. 2016, 6, 27236. [CrossRef] [PubMed]

125. Tiwari, S.; Atluri, V.S.R.; Yndart Arias, A.; Jayant, R.D.; Kaushik, A.; Geiger, J.; Nair, M.N. Withaferin A
Suppresses Beta Amyloid in APP Expressing Cells: Studies for Tat and Cocaine Associated Neurological
Dysfunctions. Front. Aging Neurosci. 2018, 10, 1–12. [CrossRef]

126. Choudhary, M.I.; Yousuf, S.; Nawaz, S.A.; Ahmed, S.; Rahman, A.U. Cholinesterase inhibiting withanolides
from Withania somnifera. Chem. Pharm. Bull. (Tokyo) 2004, 52, 1358–1361. [CrossRef]

127. Banu, M.R.; Ibrahim, M.; Prabhu, K.; Rajasankar, S. Withaferin-A Protects the Nigral Dopamine Neuron and
Recovers Motor Activity in Aged Rats. Cells Tissues Organs 2019, 208, 59–65.

128. Zhou, Z.; Xiang, W.; Jiang, Y.; Tian, N.; Wei, Z.; Wen, X.; Wang, W.; Liao, W.; Xia, X.; Li, Q.; et al. Withaferin A
alleviates traumatic brain injury induced secondary brain injury via suppressing apoptosis in endothelia
cells and modulating activation in the microglia. Eur. J. Pharmaco 2020, 5, 1–13. [CrossRef]

129. Mandrekar-Colucci, S.; Landreth, G.E. Microglia and inflammation in Alzheimer’s disease. CNS Neurol.
Disord. Drug Targets 2010, 9, 156–167. [CrossRef]

130. Heneka, M.T.; Kummer, M.P.; Stutz, A.; Delekate, A.; Schwartz, S.; Saecker, A.; Griep, A.; Axt, D.; Remus, A.;
Tzeng, T.C.; et al. NLRP3 is activated in Alzheimer’s disease and contributes to pathology in APP/PS1 mice.
Nature 2013, 493, 674–678. [CrossRef]

131. Rao Atluri, V.S.; Tiwari, S.; Rodriguez, M.; Kaushik, A.; Yndart, A.; Nagesh Kolishetti, N.; Yatham, M.;
Nair, M. Inhibition of Amyloid-Beta production, associated neuroinflammation, and Histone Deacetylase
2-mediated epigenetic modifications prevent neuropathology in Alzheimer’s disease in vitro Model. Front.
Aging Neurosci. 2019, 11, 1–11. [CrossRef]

132. Khan, Z.H.; Ghosh, A.R. Withaferin-A displays enhanced anxiolytic efficacy without tolerance in rats
following sub chronic administration. Afr. J. Biotechnol. 2011, 10, 12973–12978.

133. Guo, R.; Gan, L.; Lau, W.B.; Yan, Z.; Xie, D.; Gao, E.; Christopher, T.A.; Lopez, B.L.; Ma, X.; Wang, Y.
Withaferin A prevents myocardial ischemia/reperfusion injury by upregulating AMP-activated protein
kinase dependent B-Cell Lymphoma2 signaling. Circ. J. 2019, 83, 1726–1736. [CrossRef] [PubMed]

134. Brenner, D.A.; Waterboer, T.; Choi, S.K.; Lindquist, J.N.; Stefanovic, B.; Burchardt, E.; Yamauchi, M.; Gillan, A.;
Rinne, R.A. New aspects of hepatic fibrosis. J. Hepatol. 2000, 32, 32–38. [CrossRef]

135. Rona, G. Catecholamine cardiotoxicity. J. Mol. Cell. Cardiol. 1985, 17, 291–306. [CrossRef]
136. Diez, J. Mechanisms of cardiac fibrosis in hypertension. J. Clin. Hypertens. (Greenwich) 2007, 9, 546–550.

[CrossRef]
137. Cuspidi, C.; Ciulla, M.; Zanchetti, A. Hypertensive myocardial fibrosis. Nephrol. Dial. Transplant. 2006,

21, 20–23. [CrossRef]
138. Heling, A.; Zimmermann, R.; Kostin, S.; Maeno, Y.; Hein, S.; Devaux, B.; Bauer, E.; Klövekorn, W.P.;

Schlepper, M.; Schaper, W.; et al. Increased expression of cytoskeletal, linkage, and extracellular proteins in
failing human myocardium. Circ. Res. 2000, 86, 846–853. [CrossRef]

139. Lombardi, R.; Betocchi, S.; Losi, M.A.; Tocchetti, C.G.; Aversa, M.; Miranda, M.; Alessandro, G.D.; Cacace, A.;
Ciampi, Q.; Chiariello, M. Myocardial collagen turnover in hypertrophic cardiomyopathy. Circulation 2003,
108, 1455–1460. [CrossRef]

http://dx.doi.org/10.2337/db07-0993
http://dx.doi.org/10.1016/j.biopha.2018.07.090
http://www.ncbi.nlm.nih.gov/pubmed/30119216
http://dx.doi.org/10.1016/j.freeradbiomed.2016.10.003
http://www.ncbi.nlm.nih.gov/pubmed/27717869
http://dx.doi.org/10.1038/srep27236
http://www.ncbi.nlm.nih.gov/pubmed/27250532
http://dx.doi.org/10.3389/fnagi.2018.00291
http://dx.doi.org/10.1248/cpb.52.1358
http://dx.doi.org/10.1016/j.ejphar.2020.172988
http://dx.doi.org/10.2174/187152710791012071
http://dx.doi.org/10.1038/nature11729
http://dx.doi.org/10.3389/fnagi.2019.00342
http://dx.doi.org/10.1253/circj.CJ-18-1391
http://www.ncbi.nlm.nih.gov/pubmed/31217391
http://dx.doi.org/10.1016/S0168-8278(00)80413-4
http://dx.doi.org/10.1016/S0022-2828(85)80130-9
http://dx.doi.org/10.1111/j.1524-6175.2007.06626.x
http://dx.doi.org/10.1093/ndt/gfi237
http://dx.doi.org/10.1161/01.RES.86.8.846
http://dx.doi.org/10.1161/01.CIR.0000090687.97972.10


Biomedicines 2020, 8, 571 23 of 24

140. Ku, S.K.; Bae, J.S. Antiplatelet, anticoagulant, and profibrinolytic activities of withaferin A. Vasc. Pharmacol.
2014, 60, 120–126. [CrossRef]

141. Brunetti, O.; Derakhshani, A.; Baradaran, B.; Galvano, A.; Russo, A.; Silvestris, N. COVID-19 infection in
Cancer patients: How can oncologists Deal with these patients? Front. Oncol. 2020, 734, 1–3. [CrossRef]

142. Fratino, L.; Procopio, G.; Di Maio, M.; Cinieri, S.; Leo, S.; Beretta, G. Coronavirus: Older persons with Cancer
in Italy in the COVID-19 pandemic. Front. Oncol. 2020, 10, 1–5. [CrossRef] [PubMed]

143. Dai, M.; Liu, D.; Liu, M.; Zhou, F.; Li, G.; Chen, Z.; Zhang, Z.; You, H.; Wu, M.; Zheng, Q.; et al. Patients
with Cancer appear more vulnerable to SARS-COV-2: A multicenter study during the COVID-19 outbreak.
Cancer Discov. 2020, 10, 783–791.

144. Liang, W.; Guan, W.; Chen, R.; Wang, W.; Li, J.; Xu, K.; Li, C.; Ai, Q.; Lu, W.; Liang, H.; et al. Cancer patients
in SARS-CoV-2 infection: A nationwide analysis in China. Lancet Oncol. 2020, 21, 335–337. [CrossRef]

145. Mehta, V.; Goel, S.; Kabarriti, R.; Cole, D.; Goldfinger, M.; Acuna-Villaorduna, A.; Pradhan, K.; Thota, R.;
Reissman, S.; Sparano, J.A.; et al. A Case fatality rate of Cancer patients with COVID-19 in a New York
hospital system. Cancer Discov. 2020, 10, 935–941. [CrossRef]

146. Ye, Q.; Wang, B.; Mao, J. The pathogenesis and treatment of the ‘cytokine Storm’ in COVID-19. J. Inf. Secur.
2020, 80, 607–613. [CrossRef]

147. Behl, T.; Kaur, I.; Bungau, S.; Kumar, A.; Uddin, M.S.; Kumar, C.; Pal, G.; Shrivastava, K.; Zengin, G.;
Arora, S. The dual impact of ACE2 in COVID-19 and ironical actions in geriatrics and pediatrics with possible
therapeutic solutions. Life Sci. 2020, 257, 118075.

148. Maurya, D.K.; Sharma, D. Evaluation of Traditional Ayurvedic Preparation for Prevention and Management of the
Novel Coronavirus (Sars-Cov-2) Using Molecular Docking Approach; Anushaktinagar: Mumbai, India, 2020.

149. Kumar, V.; Dhanjal, J.K.; Kaul, S.C.; Wadhwa, R.; Sundar, D. Withanone and caffeic acid phenethyl ester are
predicted to interact with main protease (Mpro) of SARS-CoV-2 and inhibit its activity. J. Biomol. Struct. Dyn.
2020, 1–13. [CrossRef]

150. Straughn, A.R.; Kakar, S.S. Withaferin A: A potential therapeutic agent against COVID-19 infection. J. Ovarian
Res. 2020, 13, 1–5. [CrossRef]

151. Farrell, G.C.; Larter, C.Z. Nonalcoholic fatty liver disease: From steatosis to cirrhosis. Hepatology 2006, 43,
S99–S112. [CrossRef]

152. Michelotti, G.A.; Machado, M.V.; Diehl, A.M. NAFLD, NASH and liver cancer. Nat. Rev. Gastroenterol.
Hepatol. 2013, 10, 656–665. [CrossRef]

153. Friedman, S.L.; Neuschwander-Tetri, B.A.; Rinella, M.; Sanyal, A.J. Mechanisms of NAFLD development
and therapeutic strategies. Nat. Med. 2018, 24, 908–922. [CrossRef] [PubMed]

154. Patel, D.P.; Yan, T.; Kim, D.; Dias, H.B.; Krausz, K.W.; Kimura, S.; Gonzalez, F.J. Withaferin A improves
non-alcoholic steatohepatitis in mice. J. Pharmacol. Exp. Ther. 2020, 2020, 256792.

155. Tit, D.M.; Bungau, S.; Iovan, C.; Nistor Cseppento, D.C.; Endres, L.; Sava, C.; Sabau, A.M.; Furau, G.; Furau, C.
Effects of the hormone replacement therapy and of soy isoflavones on bone resorption in postmenopause.
J. Clin. Med. 2018, 7, 297. [CrossRef]

156. Khedgikar, V.; Kushwaha, P.; Gautam, J.; Verma, A.; Changkija, B.; Kumar, A.; Sharma, S.; Nagar, G.K.;
Singh, D.; Trivedi, P.K.; et al. Withaferin A: A proteasomal inhibitor promotes healing after injury and exerts
anabolic effect on osteoporotic bone. Cell Death Dis. 2013, 4, 1–17. [CrossRef] [PubMed]

157. Agarwalla, P.; Mukherjee, S.; Sreedhar, B.; Banerjee, R. Glucocorticoid receptor-mediated delivery of nano
gold–withaferin conjugates for reversal of epithelial-to-mesenchymal transition and tumor regression.
Nanomedicine 2016, 11, 2529–2546. [CrossRef]

158. Sultana, F.; Neog, M.K.; Rasool, M.K. Withaferin-A, a steroidal lactone encapsulated mannose decorated
liposomes ameliorates rheumatoid arthritis by intriguing the macrophage repolarization in adjuvant-induced
arthritic rats. Colloids Surfaces B Biointerfaces 2017, 155, 349–365. [CrossRef] [PubMed]

159. Jaggarapua, M.M.C.S.; Rachamall, H.K.; Nimmuc, N.V.; Banerjeea, R. NGRKC16-lipopeptide assisted
liposomal-withaferin delivery for efficient killing of CD13 receptor-expressing pancreatic cancer and
angiogenic endothelial cells. J. Drug Deliv. Sci. Technol. 2020, 58, 1–12.

160. Shaha, H.S.; Usman, F.; Ashfaq–Khanc, M.; Khalild, R.; Ul-Haqd, Z.; Mushtaqe, A.; Qaiserf, R.; Iqbalg, J.
Preparation and characterization of anticancer niosomal withaferin–A formulation for improved delivery to
cancer cells: An in vitro and in vivo evaluation. J. Drug Deliv. Sci. Technol. 2020, 59, 101863. [CrossRef]

http://dx.doi.org/10.1016/j.vph.2014.01.009
http://dx.doi.org/10.3389/fonc.2020.00734
http://dx.doi.org/10.3389/fonc.2020.00648
http://www.ncbi.nlm.nih.gov/pubmed/32426285
http://dx.doi.org/10.1016/S1470-2045(20)30096-6
http://dx.doi.org/10.1158/2159-8290.CD-20-0516
http://dx.doi.org/10.1016/j.jinf.2020.03.037
http://dx.doi.org/10.1080/07391102.2020.1772108
http://dx.doi.org/10.1186/s13048-020-00684-x
http://dx.doi.org/10.1002/hep.20973
http://dx.doi.org/10.1038/nrgastro.2013.183
http://dx.doi.org/10.1038/s41591-018-0104-9
http://www.ncbi.nlm.nih.gov/pubmed/29967350
http://dx.doi.org/10.3390/jcm7100297
http://dx.doi.org/10.1038/cddis.2013.294
http://www.ncbi.nlm.nih.gov/pubmed/23969857
http://dx.doi.org/10.2217/nnm-2016-0224
http://dx.doi.org/10.1016/j.colsurfb.2017.04.046
http://www.ncbi.nlm.nih.gov/pubmed/28454064
http://dx.doi.org/10.1016/j.jddst.2020.101863


Biomedicines 2020, 8, 571 24 of 24

161. Gupta, R.C.; Bansal, S.S.; Aqil, F.; Jeyabalan, J.; Cao, P.; Kausar, H.; Russell, G.K.; Munagala, R.;
Ravoori, S.; Vadhanam, M.V. Controlled-release systemic delivery—A new concept in cancer chemoprevention.
Carcinogenesis 2012, 33, 1608–1615. [CrossRef]

162. Yu, Y. Withaferin A Targets Hsp90 in Pancreatic Cancer Cells. Ph.D. Thesis, University of Michigan, Ann
Arbor, MI, USA, 2011. Available online: https://deepblue.lib.umich.edu/bitstream/handle/2027.42/89629/

yorkyu_1.pdf?sequence=1&isAllowed=y (accessed on 20 October 2020).
163. Cohen, S.M.; Mukerji, R.; Timmermann, B.N.; Samadi, A.K.; Cohen, M.S. A novel combination of withaferin

A and sorafenib shows synergistic efficacy against both papillary and anaplastic thyroid cancers. Am. J. Surg.
2012, 204, 895–901. [CrossRef]

164. Kakar, S.S.; Worth, C.A.; Wang, Z.; Carter, K.; Ratajczak, M.; Gunjal, P. DOXIL when combined with Withaferin
A (WFA) targets ALDH1 positive cancer stem cells in ovarian cancer. J. Cancer Stem Cell. Res. 2016, 4, 1–22.
[CrossRef] [PubMed]

165. Kyakulaga, A.H.; Aqil, F.; Munagala, R.; Gupta, R.C. Synergistic combinations of paclitaxel and withaferin A
against human non-small cell lung cancer cells. Oncotarget 2020, 11, 1399–1416. [CrossRef] [PubMed]

166. Alnuqaydan, A.M.; Rah, B.; Almutary, A.G.; Chauhan, S.S. Synergistic antitumor effect of 5-fluorouracil
and withaferin-A induces endoplasmic reticulum stress-mediated autophagy and apoptosis in colorectal
cancer cells. Am. J. Cancer Res. 2020, 10, 799–815. [PubMed]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1093/carcin/bgs209
https://deepblue.lib.umich.edu/bitstream/handle/2027.42/89629/yorkyu_1.pdf?sequence=1&isAllowed=y
https://deepblue.lib.umich.edu/bitstream/handle/2027.42/89629/yorkyu_1.pdf?sequence=1&isAllowed=y
http://dx.doi.org/10.1016/j.amjsurg.2012.07.027
http://dx.doi.org/10.14343/JCSCR.2016.4e1002
http://www.ncbi.nlm.nih.gov/pubmed/27668267
http://dx.doi.org/10.18632/oncotarget.27519
http://www.ncbi.nlm.nih.gov/pubmed/32362998
http://www.ncbi.nlm.nih.gov/pubmed/32266092
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Pharmacokinetics and Bioavailability Studies of Withaferin A 
	Structural Modifications of Withaferin A 
	Pharmacological Activities of Withaferin A 
	Anti-Cancer Activity 
	Breast Cancer 
	Ovarian Cancer 
	Prostate Cancer 
	Colorectal Cancer 
	Lung Cancer 

	WA-Responsive Proteins in Cancer 
	Anti Diabetic Activity 
	Neuroprotective Activity 
	Cardioprotective Activity 
	COVID 19 
	Anti Hepatitis Activity 
	Osteoporosis 

	Formulations Prepared from Withaferin A 
	Synergistic Combination of Withaferin A 
	Conclusions and Future Perspectives 
	References

