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Abstract— Withania somnifera (L.) is a native Asian plant that contains a large amount of Withaferin A, sometimes known as WA for short. WA
is a potential steroidal lactone with anticancer properties. Ayurvedic medicine still uses the root/leaf extract and formulations of Withania
somnifera for the practice of alternative medicine, a member of the Solanaceae family. Withania somnifera's root/leaf extract contains a wide
range of compounds, including sitoindosides, alkaloids, and withanolides (WA, withanone, withanolide A, etc.), however WA is primarily
responsible for the plant's anticancer properties. Early in the 1970s, the Ehrlich ascites tumor cell model was used to show the anticancer action
of WA in vitro. Since then, a great deal of preclinical research has been done to ascertain the cancer therapeutic and chemopreventive effects of
WA utilizing cellular and animal models of various malignancies, including breast cancer. The term "chemoprevention" coined by Dr. Michael
B. Sporn, refers to the use of pharmaceutical medicines to stop, halt, or reverse carcinogenesis in its early stages. This review provides a concise
overview of the published research on the anticancer pharmacology of WA in breast cancer, with particular attention to its pharmacokinetic
behavior, in vivo efficacy data in preclinical models in therapeutic and chemoprevention settings, and its known effects on molecular targets and
cancer-relevant cellular processes, including growth arrest, autophagy, apoptosis induction, metabolic adaptation, immune function, and growth
arrest. There was also discussion of potential information gaps and future research areas that are crucial for the clinical development of WA for

breast cancer treatment or chemoprevention.
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I.  INTRODUCTION

hroughout the world, breast cancer is a severe health
I issue that affects hundreds of thousands of women.
In 2020, it is anticipated that over 40,000 women
would succumb to breast cancer in the United States alone
(Siegel & Miller, 2020). There remains a need for innovative
therapeutic and preventative approaches to reduce the disease's
deaths and sorrow. Research on the use of medicinal plant
extracts or the small molecules they contain as novel
approaches to treatment and/or chemoprevention of breast
cancer is still ongoing. Withania somnifera, a member of the
Solanaceae family of plants and popularly known as
Ashwagandha or Indian winter cherry, is a fascinating
medicinal herb that is the subject of extensive research due to
its potential to treat cancer and other illnesses. In India and the
surrounding nations, formulations of Ayurvedic, Siddha, and
Unani medicine still contain Withania somnifera root/leaf
extract (Palliyaguru et al., 2017) (Nasimi et al., 2018) (Sarris,
2018) (Srivastav et al., 2017) (Tandon & Yadav, 2020)
(Saggam et al., 2020). On ClinicalTrials.gov, there are over 15
clinical trials utilizing Withania somnifera extract for various
medical diseases. The control of male reproductive systems,
neuroprotective potential, relief from stress and anxiety,
enhancement of memory and cognitive functions, muscle
strength and recovery, and other clinical effects of Withania
somnifera extract have all been researched (Prospective et al.,
2012) (Committee et al., 2013) (Wankhede et al., 2015)
(Choudhary et al., 2017). In the US, Withania somnifera extract
is sold as a nutritional supplement over-the-counter.
The presence of withanolides, alkaloids, and sitoindosides
in Withania somnifera extract demonstrates its rich diversity of

phytochemical makeup. While the anticancer potency of each
identified chemical component of the Withania somnifera
extract is still unknown, the withanolide family member
withaferin A has been the subject of the most research for its
potential to treat various cancers, including breast cancer
(Shohat B, Gitter S, Abraham A, n.d.) (H. Yang et al., 2007)
(Srinivasan S, Ranga RS, Burikhanov R, Han SS, n.d.) (Stan et
al., 2008) (Vyas & Singh, 2014) (Cai et al., 2014)
(Thaiparambil et al., 2011). The extensive literature on the
anticancer effects of WA and its pharmacology is compiled in
this review, with particular attention to the substance's
pharmacokinetic behavior, in vivo efficacy data in preclinical
rodent models of breast cancer, and its known effects on
molecular targets and cancer-relevant cellular processes, such
as the suppression of estrogen receptor-a, signal transducer and
activator of transcription 3, cell cycle arrest, and induction of
apoptosis and autophagy, metabolic adaptation, and immune
function. Knowledge gaps and potential avenues for future
study are also covered in order to support the clinical
development of WA for breast cancer treatment or
chemoprevention.

The pharmacokinetic characteristics of WA

An agent's pharmacokinetic behaviour must be understood
in order for it to be developed clinically. This information is
essential for preclinical and clinical studies' dosing schedules
based on tissue availability and clearance, half-lives, and other
factors, as well as for in vitro mechanistic studies (e.g., dose
selection based on maximum plasma/serum achievable level to
avoid use of supra-pharmacological concentrations). A single
intraperitoneal injection of 4 mg/kg body weight of WA
produced a maximum plasma concentration (Cmax) of
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approximately 1.8 umol/L with a half-life of approximately 1.3
hours in female Balb/c mice (Thaiparambil et al., 2011). This
investigation yielded an estimated exposure area under the
curve value of 1.09 umol/L / hour (Thaiparambil et al., 2011).
Reverse phase liquid chromatography-tandem  mass
spectrometry (LC/MS/MS) was used to get these results
(Thaiparambil et al., 2011). After giving female Swiss albino
mice an oral dose of 1000 mg/kg of an aqueous extract of
Withania somnifera root, pharmacokinetic characteristics for
WA were ascertained in a different investigation employing
LC/MS/MS (Patil D, Gautam M, Mishra S, Karupothula S,
Gairola S, Jadhav S, 2013). After an intraperitoneal injection,
the Cmax of WA was found to be higher (18.7 = 4 ng/mL) with
an observed Tmax (time to reach Cmax) of 20 minutes (Patil D,
Gautam M, Mishra S, Karupothula S, Gairola S, Jadhav S,
2013). Given that water is not the ideal solvent for extracting
WA because it is a hydrophobic molecule, the lower plasma
level of WA following oral administration of the aqueous
Withania somnifera extract makes sense. In more recent times,
two distinct teams of researchers have assessed the
pharmacokinetics and oral bioavailability of WA in rats,
yielding remarkably diverse results (Dai T et. al., 2019) (Wang
et al., 2019). The WA levels were measured in both of these
trials using the LC/MS/MS technique (Dai T et. al., 2019)
(Wang et al., 2019). After oral and intravenous injections of 10
mg/kg and 5 mg/kg, respectively, male Sprague-Dawley rats'
plasma had an oral bioavailability of roughly 20%, according to
Dai et al (Dai T et. al., 2019). After oral and intravenous doses,
the Cmax for WA was approximately 1.3 and 6.5 pumol/L,
respectively (Dai T et. al., 2019). In the other trial, Sprague-
Dawley rats (sex not stated) were used to assess the
pharmacokinetic characteristics of WA following a single
intravenous infusion of 4.5 mg/kg or a single oral treatment of
0.5 mg/kg, 1.5 mg/kg, and 4.5 mg/kg (Wang et al., 2019). Oral
bioavailability was determined to be approximately 74%,
however Cmax values were significantly lower than those
reported by Dai et al (Dai T et. al., 2019) (Wang et al., 2019)
Cmax of 0.062 umol/L and 0.046 umol/L, respectively
following intravenous and oral administrations of 4.5 mg/kg.
The spleen had a half-life of 0.61 hours, while the intestine had
a half-life of 3.21 hours (Wang et al., 2019). More research is
necessary to determine the causes of the inconsistent oral
bioavailability and Cmax values between the two rat
experiments' results. Lastly, using liquid chromatography, the
safety and pharmacokinetics of WA were ascertained in
patients with advanced stage high-grade osteosarcoma in a
phase I clinical dose escalation research (traditional 3 + 3
design in 10 male and 3 female patients). The root extract of
Withania somnifera, which was standardized to contain 4.5%
of WA (w/w), was employed in this study (Pires et al., 2020).
The daily WA intake of 72 mg, 108 mg, 144 mg, and 216 mg
was included in the dosage schedule (Pires et al., 2020).
Although WA was not found in any patient's plasma, the
investigators judged that it was well tolerated (Pires et al.,
2020). Nevertheless, future pharmacokinetic research using
pure WA administration, the application of more exacting
analytical methods (LC/MS/MS), and the assessment of levels
in relevant tissue may provide insight into whether or not
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human’s oral bioavailability of WA is actually significantly
lower than that of rats.

Research on WA in vivo using preclinical models of breast
cancer

(4) WA's inhibitory effects in a therapeutic context

Dr. Michael B. Sporn coined the term "chemoprevention,"
which means "using pharmaceutical agents to impede, arrest,
or reverse carcinogenesis at its earliest stages" (Sporn, 1991).
This term has been modified to include biologics (vaccines) for
cancer chemoprevention, nutritional or medicinal plant
extracts, and artificial or natural small molecules. Female
athymic nude mice were used in a xenograft study.
Subcutaneous or orthotopically implanted MDA-MB-231 cells
were given to the mice, and for 2.5 weeks, they received
intraperitoneal injections of either vehicle (10% dimethyl
sulfoxide, 40% cremophor-EL, and 50% phosphate-buffered
saline) or the same vehicle containing 4 mg WA/kg body
weight (Stan et al., 2008). Compared to mice treated with WA,
the average tumor volume in control mice was approximately
1.8 times greater (P < 0.05) (Manuscript & Apoptosis, 2009).
Tumor weight indicated that in vivo development of MDA-
MB-231 cells administered subcutaneously was suppressed by
approximately 65% in a different study (Nagalingam A,
Kuppusamy P, Singh SV, Sharma D, 2015). It has also been
shown that WA inhibits the proliferation of genetically altered
MDA-MB-231 cells with a stable Notch2 protein knockdown
in vivo (Hahm et al., 2021). (Thaiparambil et al., 2011)
demonstrated the anticancer efficacy of WA at 2 mg/kg and 4
mg/kg dosages provided by intraperitoneal injection every
other day for 30 days using an orthotopic 4T1 mouse mammary
cancer model. Liu et al. also showed the in vivo effectiveness
of WA in the MDA-MB-231 xenograft model (Liu X et.
al.,2019). Breast cancer is a diverse condition that can be
roughly classified into four main subtypes: basal-like, luminal-
type, HER2-enriched, and normal-like (Serlie et al., 2001).
Determining whether oral administration of WA inhibits the
growth of breast cancer cells and whether the in vivo growth
inhibitory effect of WA extends beyond basal-like MDA-MB-
231 and 4T1 cells are thus the obvious gaps in our
understanding regarding the in vivo cancer therapeutic effects
of WA. In order to thoroughly answer these significant
problems, more study is required.
(B) WA's inhibitory actions in a chemoprevention context

Chemoprevention is a reasonable approach to reducing the
death and suffering from cancer, particularly breast cancer. This
is especially true when employing non-toxic phytochemicals
from nutritional or medicinal plants like WA. One of the few
cancers for which there are clinically effective
chemoprevention interventions is breast cancer. These include
aromatase inhibitors, such as exemestane (Aromasin®), for the
luminal-type subtype of the disease, and selective estrogen
receptor modulators, such as tamoxifen (Nolvadex®) and
raloxifene (Evista®) (Fisher B. et. al., 1998) (Cauley et al.,
2001) (Goss et al., 2011). A chemopreventive strategy is still
lacking in clinical practice for non-luminal breast tumors,
nevertheless. The chemopreventive effectiveness of WA has
been proven in rodent models that represent two distinct
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subtypes: luminal-type breast cancer produced by MNU, a
chemical carcinogen, and HER2-driven breast cancer in a
mouse model (MMTV-neu transgenic mice) (Samanta et al.,
2017) (Hahm et al., 2013). WA was injected intraperitoneally
into both of these models (Samanta et al., 2017) (Hahm et al.,
2013). However, in both models, WA treatment markedly
reduced the burden and/or incidence of breast cancer (Hahm et
al., 2013) (Samanta et al., 2017). In the MMTV-neu model,
after 28 weeks of therapy with 100 pg WA/mouse (about 4
mg/kg body weight for a 25g mouse), three times/week, or
vehicle, the incidence and burden (microscopic tumor weight or
microscopic tumor area) were assessed in female mice (Hahm
et al., 2013). In MMTV-neu mice, treatment of WA had no
effect on the overall incidence of breast cancer (Hahm et al.,
2013). Nonetheless, a two-sided Student t test revealed that the
mean tumor weight in the WA treatment group was 50% lower
than in the control group, with a P value of 0.03 (Hahm et al.,
2013). When comparing the WA group to the control group,
microscopic analysis of the mammary gland sections stained
with hematoxylin and eosin revealed a noteworthy reduction in
the area (burden) of ductal carcinoma in situ, papillary tumor
lesions, and invasive carcinoma (Hahm et al.,, 2013). For
instance, the WA treatment group's mean area of invasive
carcinoma was 95.14% less than the control group's (Hahm et
al., 2013).

Rats with MNU-induced breast cancer are a commonly used
model in studies on cancer chemoprevention. In female rats, a
single MNU injection results in a high rate of very repeatable
breast tumor formation (Thompson et al., 1991). The
histological characteristics of the breast tumors in this model
are comparable to those of human disease (Russo et al., 1990).
Furthermore, there is a notable molecular overlap between
breast tumors from the MNU-rat model and human mammary
malignancies of the luminal type, according to the gene
expression profile of these tumors (Chan et.al., 2005). For the
clinical development of tamoxifen and aromatase inhibitors like
vorozole, preclinical efficacy results utilizing the MNU-rat
model were essential (Gottardis et al., 1987) (Lubet et al.,1998).
We assessed the chemopreventive effectiveness of WA using
this model (Samanta et al., 2017). One week following the
MNU injection, WA (4 mg/kg or 8 mg/kg body weight by
intraperitoneal method) was given five times a week for ten
weeks (Samanta et al., 2017). At both doses, the injection of
WA significantly reduced the incidence of breast tumors
(Samanta et al., 2017). In addition, the WA treatment group's
tumor weight and multiplicity (average number of tumors/rat)
were lower than those of the vehicle-treated control rats
(Samanta et al., 2017). For instance, compared to control rats,
the wet tumor weight in the 8 mg/kg group was approximately
68% smaller (Samanta et al., 2017). When taken as a whole,
these investigations offered preclinical support for the use of
WA as chemoprevention against two distinct subtypes of breast
cancer (Samanta et al., 2017) (Hahm et al., 2013). It is
unknown, though, how effective WA is as a chemopreventive
treatment for breast cancers that resemble basal-like tumors.
(C) WA's in vivo inhibitory effects on breast cancer stem-like

cells (bCSC)
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First discovered by Al-Hajj and associates, the bCSCs are
thought to be in charge of treatment failure as well as the onset
and advancement of breast cancer (Al-hajj et al., 2003) (Marco
et al., 2012) (Brien et al., 2011). To obtain the greatest
chemopreventive and therapeutic response, it makes sense to
create techniques for the eradication of both bCSC and therapy-
sensitive tumor cells, which make up the majority of the tumor
mass. The capacity to generate mammospheres and exhibit high
levels of aldehyde dehydrogenase 1 (ALDH1) activity are two
characteristics of bCSCs. A further method for quantifying the
percentage of bCSCs is flow cytometric measurement of the
CD44high/CD24'°%/epithelial-specific antigen-positive (ESA+)
population. In the MNU-rat tumors, the WA-mediated
reduction in ALDHI activity was also observed in contrast to
the control (Samanta et al., 2017). Nevertheless, whether or
whether oral WA treatment can lower the bCSC fraction is still
uncertain. Additionally, more research is required to ascertain
whether the bCSC fraction in HER2-enriched cells, such as SK-
BR-3, is susceptible to WA inhibition.

(D) WA's inhibitory actions on metastasis

In mouse models, the anti-metastatic action of WA has been
documented. In one such study, intraperitoneal injection of WA
every other day for 30 days effectively prevented lung
metastasis in female Balb/C mice induced by orthotopic
injection of 4T1 mouse mammary cancer cells (Thaiparambil et
al., 2011). When compared to vehicle-treated control mice, the
number of lung metastatic nodules was approximately 30%
lower in the case of WA, demonstrating an anti-metastatic
efficacy at a dose as low as 0.1 mg/kg body weight
(Thaiparambil et al., 2011). At 4 mg WA/kg body weight, there
was a reduction in lung metastatic nodules of more than 70%
(Thaiparambil et al., 2011). The same researchers showed in a
different trial that oral treatment of ethanol extract of Withania
somnifera standardized for WA (1, 4, and 8 mg/kg body weight,
three times a week for four weeks) inhibited lung metastases
caused by breast fat pad injection of 4T1 (Yang et al., 2013). In
order to ascertain if this little molecule is in charge of Withania
somnifera's anti-metastatic action, mice were also given
intraperitoneal treatments three times a week at doses of 1, 4,
and 8 mg/kg of WA (Yang et al., 2013). WA and Withania
somnifera's ethanol extract both reduced the multiplicity of lung
metastases(Yang et al., 2013). Only at the 8 mg/kg dose did the
Withania somnifera ethanol extract show a marginally greater
effectiveness than WA (Yang et al., 2013). Additionally,
spontaneous lung metastases occur in the MMTV-neu animals.
When 0.1 mg WA/mouse was administered intraperitoneally
three times a week, the incidence of pulmonary metastasis was
reduced by approximately 73% (Hahm et al., 2013). All of these
investigations showed that WA has the ability to prevent lung
metastases. The main reason for morbidity and death in breast
cancer patients is metastasis, or the spread of the disease to
other organs. In comparison to other sites (8—47%), the skeleton
is the most frequently colonized location in each breast cancer
subtype (ranging from 43 to 71%), while the brain, liver, lungs,
and bones may also be affected (Hahm et al., 2013). It would
be valuable to investigate whether WA has anti-metastatic
properties beyond pulmonary metastases in the future.
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Treatment with WA affects cellular processes that are relevant
to cancer (cancer hallmarks)

Self-sufficiency in growth signals, insensitivity to anti-
growth signals, tissue invasion and metastasis, infinite
replicative potential, prolonged angiogenesis, and evasion of
apoptosis were the initial six hallmarks of cancer (Stan et al.,
2008). New characteristics such as avoiding immune
destruction, tumor promoting inflammation, deregulating
cellular energetics, and genome instability and mutation have
now been added to this list (Hanahan & Weinberg, 2011).
Research has shown that WA has an inhibitory effect on a
number of cancer hallmarks in breast cancer, are briefly
covered here.

(A) WA therapy inhibits the growth of breast cancer cells and
stops their cycle.

WA inhibits cell viability in cellular models of breast cancer
utilizing MCF-7 and MDA-MB-231 cells with an IC50 ranging
from 1.5 to 2.0 pmol/L after a 24-hour treatment period (Stan
et al., 2008). In addition, WA strongly decreased the
proliferation of MCF-7 cells driven by estrogen. The anti-
cancer action of WA was linked to the inhibition of PCNA or
Ki-67 expression in the MDA-MB-231 xenograft model, but
not in the MMTV-neu or MNU-rat models (Stan et. al.,
2008)(Samanta et al., 2017) (Nagalingam et al., 2015) (Hahm
etal., 2013). In MCF-7 and MDA-MB-231 cells, WA treatment
caused an irreversible G2/M cell cycle arrest. This was
accompanied by a reduction in the levels of important cell cycle
regulators, such as cyclin-dependent kinase 1 (Cdkl), cell
division cycle 25C (Cdc25C), and/or Cdc25B proteins. This
accumulation of phosphorylated (inactive) tyrosine 15 Cdkl
(Stan et al., 2008). In MDA-MB-231 cells, overexpression of
the Cdc25C protein prevented WA-mediated G2/M phase cell
cycle arrest partially but statistically significantly (Stan et al.,
2008). Other scientists verified the G2/M arrest from WA
therapy (Zhang et al., 2011). In MCF-7, SUM159, and SK-BR-
3 cells, another investigation demonstrated mitotic arrest after
WA treatment, which was connected to a drop in B-tubulin
protein levels (Antony et al., 2014). Withanone and withanolide
A, the naturally occurring C6, C7-epoxy analogs of WA, were
unable to induce mitotic arrest in these cells (Antony et al.,
2014). When compared to breast cancer cells exhibiting cancer
cell-specific mitotic arrest by WA, the non-tumorigenic normal
mammary epithelial cell line MCF-10A exhibited greater
resistance to this drug (Antony et al., 2014). Spindle
morphology was similarly disrupted by WA treatment (Antony
et al., 2014). The mechanism by which WA causes G2/M arrest
appears intricate and might involve other regulators, as
peptidyl-prolyl cis/trans isomerase 1 (Pinl) has been shown to
do (Samanta et al., 2019). In MCF-7 and SK-BR-3 cells, it was
demonstrated that WA downregulates Pinl, and that its ectopic
expression decreased G2 and/or mitotic arrest caused by WA
(Samanta et al.,, 2019). Pinl overexpression boosted WA-
induced apoptosis in MCF-7 cells but not in the SK-BR-3 cell
line. Moreover, enhanced Ser10 phosphorylation of histone H3
in vivo indicated that WA-mediated chemoprevention of breast
cancer in MMTV-neu and MNU-rat models was linked to the
build-up of mitotic cells (Samanta et al., 2017). All of these
results point to the possibility that the G2/M phase cell cycle
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arrest may play a significant role in the WA's ability to inhibit

the proliferation of human breast cancer cells (Samanta et al.,

2017) (Hahm et al., 2013) (Stan & Zeng, 2008) (Zhang et al.,

2011) (Antony et al., 2014) (Suman et al., 2018).

(B) WA treatment of breast cancer cells inhibits angiogenesis,
cell migration and invasion, and the epithelial to
mesenchymal transition (EMT).

In tumor metastasis, angiogenesis, cell migration and
invasion, and EMT are essential processes (Harris et al., 1995)
(Kumar & Golani, 2020) . WA has an inhibitory effect on each
of these pro-metastatic pathways, according to published data.
Thaiparambil et al. were the first to show that in vitro wound
healing and Matrigel invasion experiments may decrease
MDA-MB-231 cell invasion (Thaiparambil et al., 2011).

It's interesting to note that WA was able to prevent MDA -
MB-231 cell migration at non-cytotoxic, non-apoptotic
concentrations as low as 27 nM (Thaiparambil et al., 2011).
After treatment with WA, imaging studies showed that
vimentin was phosphorylated on Ser56 and that there was a
promotion of perinuclear vimentin accumulation followed by
fast vimentin depolymerization in breast cancer cells
(Thaiparambil et al., 2011). One of the essential proteins in
EMT is the vitellin protein (Kumar & Golani 2020). In a
different investigation, it was discovered that treating patients
with WA reduced the amounts of both the transmembrane and
cleaved forms of Notchl, while activating the transcription
factors Notch2 and Notch4 (Lee et al., 2013). In MDA-MB-231
and MDA-MB-468 cells, knockdown of both Notch2 and
Notch4 increased WA-mediated inhibition of cell migration
(Lee et al., 2013). This work revealed an undesirable result in
which the inhibitory effect of WA on the migration of breast
cancer cells was hindered by the activation of Notch2 and
Notch4 (Lee et al., 2013). The inhibitory effect of WA on
MDA-MB-231 cell invasion capacity was further demonstrated
using a single-cell collagen invasion experiment (Szarc et al.,
2014). A decrease in the expression of numerous extracellular
matrix-degrading proteases (uPA, PLAT, ADAMS), cell
adhesion molecules (integrins, laminins), and several pro-
inflammatory mediators (TNFSF12, IL6, ANGPTL2, CSFIR)
was found by gene expression profiling in this work (Szarc et
al., 2014). The applicability of these WA-induced changes in
gene expression to cell lines other than MDA-MB-231 is still
uncertain.

The inhibitory impact of WA was demonstrated using an
experimental model of EMT when non-tumorigenic MCF-10A
cells were treated with tumor necrosis factor-o (TNF-a) and
transforming growth factor-p1 (TGF-B) (Lee et al., 2016).
Combining TNF-a and TGF-B treatments partially overrode
WA treatment's inhibition of experimental EMT and cell
migration (Lee et al., 2016). One of the characteristics of the
EMT phenotype is the downregulation of E-cadherin, and
breast cancer cells treated to WA showed either a transient
(MDA-MB-231) or sustained (MCF-7) increase of E-cadherin
protein expression (Kumar & Golani, 2020) ( Lee et al., 2016).
Additionally, as compared to matched controls, the vimentin
protein level was significantly lower in the MMTV-neu tumors
and MDA-MB-231 xenografts from WA-treated mice (Lee et
al.,, 2016) . Lastly, the anti-angiogenic impact of WA was
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assessed using human umbilical vein endothelial cells (Mohan
et al., 2004). Nevertheless, in MMTV-neu or MNU-rat models,
WA treatment did not significantly change the number of
CD31-positive blood vessels, a hallmark of neo-angiogenesis
(Samanta et al., 2017) (Hahm et al., 2013).
(C) WA modifies the response to DNA damage in breast
cancer cells

The DNA damage response mechanism for maintaining
genomic integrity is influenced by ataxia telangiectasia and
Rad3-related (ATR)-checkpoint kinase 1 (CHKI1) signaling
(Awasthi et al., 2015) (Fokas et al., 2014). Replication stress
during cell division or a genotoxic insult activates the ATR
kinase, which is involved in the S and G2 phases of the cell
cycle (Awasthi et al., 2015) (Fokas et al., 2014). When human
breast cancer cells (MCF-7, MDA-MB-231, and SUM159)
were exposed to WA, both transcriptional and post-
transcriptional processes resulted in the decrease of protein
levels and the phosphorylation of ATR and CHK1 (Hahm et al.,
2020). The WA-mediated G2/M arrest was eliminated by
forced expression of CHKI, while histone H3 Serl0
phosphorylation was elevated (Hahm et al., 2020). In the breast
tumors of WA-treated MMTV-neu mice, there was a tendency
toward a decrease in the protein level of ATR, although the
difference was not statistically significant (Hahm et al., 2020).
Although our study has identified therapeutically important
sensitization of MDA-MB-231 and SUM159 cells to cisplatin-
induced growth inhibition, the in vivo effects of this potential
combination treatment have not yet been determined (Hahm et
al., 2020). To find out if WA therapy impacts additional DNA
damage response mechanisms, more research is required.
(D) WA treatment induces apoptosis in breast cancer cells

The pro-apoptotic impact of WA is the most researched
(Thaiparambil et al., 2011) (Nagalingam et al., 2015) (Liu et al.,
2019) (Zhang et al., 2011) (Zhang et al., 2012) (Eun-Ryeong
Hahm et al., 2014) (Royston et al., 2017) (Sehrawat et al.,
2020). By using western blotting to measure the release of DNA
fragments into the cytoplasm and detect poly (ADP-ribose)
polymerase breakage, we were the first to show that WA
induced apoptosis in MCF-7 and MDA-MB-231 cells (Cai et
al., 2014). The apoptotic induction that coincided with the in
vivo growth suppression of the MDA-MB-231 xenograft was
demonstrated by the terminal deoxynucleotidyl transferase
dUTP nick end labeling (TUNEL) test (Stan et al., 2008). An
increase in TUNEL-positive apoptotic cells was also linked to
WA-mediated chemoprevention of breast cancer in MMTV-
neu and MNU-rat models (Samanta et al., 2017) (Hahm et al.,
2013). Since then, numerous researchers have verified WA's
proapoptotic impact in cell lines other than MCF-7 and MDA-
MB-231 (Thaiparambil et al, 2011) (Nagalingam A,
Kuppusamy P, Singh SV, Sharma D, 2015) 27, (Zhang et al.,
2011) (Zhang et al., 2012). Reactive oxygen species (ROS)
production is mechanistically linked to WA's proapoptotic
action (Liu et al., 2019) (Eun-Ryeong Hahm et al., 2014). At
complex III of the mitochondrial electron transport chain, WA-
mediated suppression of oxidative phosphorylation (OXPHOS)
resulted in the production of ROS (Eun-Ryeong Hahm et al.,
2014). According to MDA-MB-231 and MCF-7 cells, but not
HMEC, a normal human mammary epithelial cell line, WA

International Research Journal of Pharmacy and Medical Sciences

ISSN (Online): 2581-3277

only produces ROS in cancer cells (Eun-Ryeong Hahm et al.,
2014). Additionally, resistant to WA's pro-apoptotic effects
were the HMEC cells (Eun-Ryeong Hahm et al., 2014).
Depletion of mitochondrial DNA (Rho-0 cells) or
overexpression of Cu, Zn-superoxide dismutase (SOD1) in
MDA-MB-231 or MCF-7 cells similarly resulted in resistance
to WA-induced ROS generation, collapse of mitochondrial
membrane potential, and death (Eun-Ryeong Hahm et al.,
2014). It has also been proposed that one of the key roles for
ROS-dependent activation of Bak and/or Bax in WA-induced
apoptosis (Eun-Ryeong Hahm et al., 2014). Though we have
observed a decrease in complex III assembly in MCF-7 and
SUM159 cells but not in MDA-MB-231 following treatment
with WA, as assessed by native blue gel electrophoresis, the
exact mechanism by which WA suppresses complex III activity
is still unclear (Sehrawat et al., 2020). Additionally, chemically
induced mitochondrial fusion in breast cancer cells was
prevented by WA therapy, which was linked to the
downregulation of proteins (full length optic atrophy protein 1;
OPAL1, mitofusinl, and mitofusin2). Exposure to WA reduced
the amount of the mitochondrial fission-regulating protein
dynamin-related protein 1 (DRP1), and its lack as well as OPA1
knockdown lessened the apoptotic effect of WA (Sehrawat et
al., 2020). According to one study, treating WA with WA may
cause paraptosis, a type of cell death that differs
morphologically from apoptosis or autophagy (Ghosh et al.,
2016). However, it is unknown what mechanism causes this
reaction or whether it has any practical significance in vivo.
(E) WA therapy inhibits aerobic glycolysis in breast cancer
cells

In year 2011 observed the addition of metabolic
reprogramming, which includes increased glycolysis in tumor
cells, to the list of cancer hallmarks, despite the fact that Dr.
Otto Warburg first described this phenomenon in the 1950s
(Hanahan & Weinberg, 2011) (Maurer, 2012). While normal
cells obtain their ATP from OXPHOS, cancer cells develop an
addiction to aerobic glycolysis in order to meet their energy
demands (Maurer, 2012) (Dias et al., 2019). Using unbiassed
global metabolomics, we were able to report a decrease in the
levels of several glycolysis and tricarboxylic acid cycle
intermediates in the plasma and/or mammary tumor tissue of
WA treated MMTV-neu mice, in comparison to control mice
(Hahm et al., 2013). Numerous enzyme proteins associated with
the tricarboxylic acid cycle and glycolysis were also less
expressed in the tumors of WA-treated MMTV-neu animals
than in control mice. The MMTV-neu model is not the only one
to exhibit WA-mediated regulation of glycolysis; the MNU-rat
model also showed a reduction in plasma lactate levels
(Samanta et al., 2017) (Hahm et al., 2013). Moreover, the
administration of WA led to acetyl-CoA and glutamine levels
being suppressed (Samanta et al., 2017) (Hahm et al., 2013).
The foundation of fatty acid production is acetyl CoA. In
HER?2-enriched or triple-negative breast tumors, there has been
evidence of increased fatty acid production or increased
cholesterol uptake. Therefore, it is plausible that treatment with
WA prevents breast cancer cells from synthesizing fatty acids;
however, further investigation is required to verify this theory.
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Furthermore, it 1is still unclear what the molecular
underpinnings of WA's metabolic inhibition are.

Interestingly, WA treatment prevents MCF-7 and MDA-
MB-231 cells from undergoing OXPHOS (Eun-Ryeong Hahm
et al., 2014). Basal oxygen consumption rate (OCR), a gauge of
OXPHOS, was found by seahorse flux analysis to be
comparatively greater in the MCF-7 cell line than in MDA-MB-
231 (Eun-Ryeong Hahm et al., 2014). However, after being
exposed to 2.5 and 5 pmol/L WA for 4 hours, both cells showed
a statistically significant drop in baseline OCR (Eun-Ryeong
Hahm et al., 2014). The MDA-MB-231 cell line exhibited a
comparatively stronger inhibitory effect of WA on basal
OXPHOS in contrast to MCF-7 (Eun-Ryeong Hahm et al.,
2014). In MDA-MB-231 and MCF-7 cells, WA administration
led to a statistically significant decrease in reserve OXPHOS,
particularly at the 5 pmol/L dose (Eun-Ryeong Hahm et al.,
2014). It is unknown, nevertheless, if administering WA
therapy suppresses OXPHOS in HER2-enriched breast cancer
cell lines or in vivo in breast cancer cells of various subtypes.
Furthermore, we are aware that WA interferes with electron
flow in complex III of the electron transport chain, which could
account for the phytochemical's ability to produce ROS.

(F) WA's immune-modulating action

Through their suppression of T cell function and interaction
with  tumor-associated  macrophages, myeloid-derived
suppressor cells (MDSC) are crucial in the development of
tumors (Nagaraj & Gabrilovich, 2010). The outcome of
MDSC's interaction with tumor-associated macrophages to
enhance IL-10 production is one of their strategies for evading
tumor immunity (Dias et al., 2019). It has been established that
WA therapy inhibits the production of IL-10 and MDSC (Sinha
& Ostrand, 2013). Macrophages release TNFa and IL-6, which
promote MDSC accumulation and function (Nagaraj &
Gabrilovich, 2010). Treatment with WA also prevented
macrophages from secreting TNFo and IL-6 (Sinha & Ostrand,
2013). Granulocytic MDSC were suppressed when 4T1 mouse
mammary tumor-bearing mice were given oral WA (1-8 mg/kg
body weight, three times/week) (Sinha & Ostrand, 2013). In a
different investigation, treating CD8+ and CD4+ T cells with
WA reduced their production of IL-2, IL-4, IL-6, and IFN-y in
response to mitogens (Gambhir et al., 2015). There have also
been reports of Withania somnifera extract's immune-
modulatory properties, which may be related to WA (Malik et
al., 2009) (L, Davis G, 2002). It is yet unknown, though, how
WA would affect the in vivo immune modulatory processes in
preclinical models of various breast cancer subtypes.

Targets of WA molecules in breast cancer cells

In order to trigger its anticancer effects, such as inducing
apoptosis and inhibiting cell proliferation, migration/invasion,
and bCSC self-renewal, WA targets a variety of transcription
factors, receptors, and kinases.

(4) FOXO3a

The forkhead box transcription factor FOXO3a was the first
molecular target of WA in breast cancer cells to be discovered
(Stan et al., 2008). FOXO3a has been extensively linked to
several solid tumors, such as breast cancer, and current data
suggests that this transcription factor has a tumor-suppressive
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role. In MCEF-7 cells, FOXO3a knockdown produced a
significant but incomplete defense against WA-mediated
apoptosis that involved its downstream pro-apoptotic target,
Bim (Stan et al., 2008).

(B) STAT3

Breast cancer development, proliferation, metastasis, and
chemoresistance have all been linked to STAT3 overexpression
and constitutive activation (Ma et al., 2020). In breast cancer
cells, WA treatment also inhibits the activity of STAT3, another
transcription factor (Lee et al., 2010). In MCF-7 and MDA-
MB-231 cells, WA administration has been demonstrated to
prevent the constitutive and/or IL-6-induced activation of
STAT3, as well as the phosphorylation of its upstream
regulator, Janus-activated kinase 2 (Lee et al., 2010). When WA
was applied to MDA-MB-231 or MCF-7 cells, it also
suppressed (a) STAT3 transcriptional activity, whether or not
IL-6 stimulation was present; (b) STAT3 dimerization, at least
in MDA-MB-231 cells; and (c) phosphorylated STAT3 nuclear
translocation in both cells (Lee et al., 2010). WA-inhibited cell
invasion was partially prevented in this instance by the IL-6-
mediated activation of STAT3.

(C) ERa

The pro-tumorigenic activity of ERa in breast cancer has
been extensively researched (Lamb et al., 2019). The effects of
WA treatment on MCF-7 cells' growth inhibition and induction
of apoptosis were considerably reduced by the ERa ligand 1703-
estradiol (E2) (Eun-Ryeong Hahm et al., 2011). E2 significantly
reduced the effect of WA on MCF-7 cells, which showed
reduced protein levels of ERa (but not ERP) and the ERa
controlled gene product pS2 (Eun-Ryeong Hahm et al., 2011).
In the MDA- MB-231 cell line, overexpression of ERa
prevented WA-mediated apoptosis somewhat but statistically
significantly, but not the G2/M phase cell cycle arrest (Eun-
Ryeong Hahm et al, 2011). Another group of researchers
validated the downregulation of ERa protein expression in
MCEF-7 cells after treatment with WA (Zhang et al., 2011).

(E) p53

Tumor suppressor p53 is well known for its ability to
control cell cycle and apoptosis in response to various stimuli
(Slee et al., 2004). In MCF-7 cells, WA treatment resulted in
both induction and enhanced Serl5 phosphorylation of p53
(activation); nevertheless, RNA interference of this tumor
suppressor, at least in this cell line, only slightly protected
against WA-induced apoptosis (Eun-Ryeong Hahm et al.,
2011).

(F) Receptors and transcription factors linked to bCSC
maintenance

The stemness-related genes Oct4, SOX-2, and Nanog
showed downregulated expression at the 72-hour mark in
SUM159 cells, whereas only SOX-2 mRNA was suppressed
following a 24-hour WA treatment in MCF-7 cells, according
to expression profiling (Kim and Singh, 2015). Nevertheless, it
is still unknown how exactly these stemness-related genes
contribute to WA-mediated suppression of bCSC.

In MCF-7 cells, stemness is solely induced by
overexpressing the urokinase-type plasminogen activator
receptor (UPAR) (jo et al., 2010). Partial but significant
protection against bCSC inhibition by WA was provided by
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overexpressing uPAR. It's interesting to note that Kriippel-like
factor 4 (KLF4) was induced by WA therapy. Expression in
MCF-7 and SUM159 cells, which has been demonstrated to be
necessary for the maintenance of bCSC and breast cancer cell
motility and invasion (Yu et al., 2011). Its knockdown by
KLF4-targeted siRNA  transfection enhanced bCSC
suppression by WA (Kim and Singh, 2015). Triple negative and
hormone receptor positive breast tumors are linked to the
Hedgehog pathway (Bhateja et al., 2019). WA was found to be
an inhibitor of the Hedgehog pathway in one investigation,
however no tests were done to ascertain the functional
significance of this discovery (Yoneyama et al., 2015).

(G) Kinases

Studies on the impact of WA have been conducted using
breast cancer cells to examine extracellular signal-regulated
kinases (ERK), p38 mitogen-activated kinase, and c-Jun N-
terminal kinases (JNK). In both cells, treatment with WA
activated all three kinases (Eun-Ryeong Hahm et al., 2015).
Manganese-superoxide dismutase overexpression provided
some protection against WA-mediated ERK
hyperphosphorylation (activation), but not against JNK or p38
MAPK (Eun-Ryeong Hahm et al., 2015).

ERK and p38 MAPK pharmacological inhibition greatly
increased the amount of apoptosis induced by WA treatment in
MCEF-7 cells (Eun-Ryeong Hahm et al., 2015). On the other
hand, JNK inhibition somewhat reduced WA-mediated
apoptosis in MCF-7 cells (Eun-Ryeong Hahm et al.,, 2015).
There was no significant effect of ERK or JNK inhibition on
WA-induced apoptosis in the SUM159 cell line. It is unknown,
therefore, how WA affects these pathways in normal mammary
cells or HER2-enriched breast cancer cells. In a different
investigation, downregulation of ERBB2 was demonstrated
using a relatively high dosage of WA (10 umol/L) (Liu et al.,
2016). Breast cancer cells were become more sensitive to WA
by overexpression of ERBB2 (Liu et al., 2016). One of the
downstream effects of WA therapy was the inhibition of AKT
(Liu et al., 2016). Following treatment with WA, there was also
a report of increased phosphorylation of ribosomal S6 kinase
(RSK) in breast cancer cells (Nagalingam et al., 2015). When
WA activated RSK, ETS-like transcription factor 1 and C-EBP
homologous protein kinase pathways were triggered. This
increased expression of death receptor 5 resulted in apoptotic
cell death (Nagalingam et al., 2015).

(H) Members of the Inhibitor of Apoptosis (IAP) family

Members of the IAP family of proteins block caspases to
control apoptosis. In MCF-7 and MDA-MB-231 cells,
treatment with WA led to the downregulation of XIAP, cIAP-
2, and survivin protein levels (Eun-Ryeong Hahm et al., 2014).
In both cell lines, overexpression of XIAP, survivin, and cIAP-
2 reduced the induction of apoptosis induced by WA (Eun-
Ryeong Hahm et al., 2014). It's interesting to note that WA
treatment inhibited the growth of MDA-MB-231 xenografts
and was linked to a statistically significant downregulation of
only survivin protein expression (Eun-Ryeong Hahm et al.,
2014). It is unknown what part the IAP family members play in
vivo in WA's protection of breast cancer.

(I) Proteins that regulate autophagy
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An evolutionary conserved mechanism for recycling
cellular macromolecules and organelles like mitochondria is
autophagy (Romero et al., 2019). Members of the autophagy-
related gene (ATG) family (Romero et al., 2019). strictly
regulate this process. The induction of autophagy in MCF-7 and
MDA-MB-231 cells after treatment with WA was originally
shown in our lab (Hahm et al., 2013). Nevertheless, this
mechanism is not exclusive to cancer, since WA was also found
to induce autophagy in the MCF-10A cell line (Hahm et al.,
2013). WA treatment-induced inhibition of MDA-MB-231 and
MCEF-7 cell survival was unaffected by either genetic repression
of ATGS5 or pharmacological suppression with 3-methyl
adenine (Hahm et al., 2013). Other researchers later
demonstrated that WA induced autophagy in breast cancer cells
(Liu et al., 2019) (Muniraj et al., 2019).

(J) Proteins modified covalently

Upon being an electrophile (Michael acceptor), WA can
react directly with one or more cysteine residues found in many
proteins. Using endothelial cells, Bargagna-Mohan et al.
(Bargagna et al., 2010) were the first to show how WA
treatment (5 pmol/L) modified the cysteine-328 of the vimentin
protein. After treating MCF-7 cells with 2 umol/L WA, further
work from our own laboratory demonstrated covalent alteration
of cysteine-303 of B-tubulin (Antony et al., 2014). In this work,
we employed NMR to show that the A-ring enone in WA was
extremely reactive to the nucleophile cysteamine and quickly
gave way to irreversible nucleophilic addition (Antony et al.,
2014). Based on molecular docking, the WA-binding pocket
was identified as being on the B-tubulin surface, with three
distinct features: a hydrophobic floor, a hydrophobic wall, and
a charge-balanced hydrophilic entry. These findings provide
fresh perspectives on the process by which WA causes growth
arrest in breast cancer cells (Antony et al., 2014). Another
mechanism of NF-kB suppression described was covalent
alteration of cysteine-179 of IKKp following treatment of
human embryonic kidney HEK293T cells with 5 pmol/L WA
(Heyninck et al., 2014). Gambhir et al. reported covalent
alteration of the cysteine-62 residue using a synthetic NF-kB-
p50 peptide (Gambhir et al., 2015). In a recent study, Grossman
et al. (Grossman et al., 2017) mapped the proteome-wide
cysteine modification by WA wusing chemo-proteomic
platforms. However, other previously known modifications
(e.g., vimentin, B-tubulin or IKKf) could not be validated in the
study by Grossman et al (Grossman et al., 2017), which also did
not rule out the possibility of covalent modification of
previously published targets under different experimental
conditions. Pinl protein has two cysteine residues at positions
57 and 113. Molecular docking suggested interaction of WA
with cysteine-113 of Pinl that was confirmed by mass
spectrometry (Suman et al., 2018).

II. CONCLUSIONS, DIRECTIONS FOR THE FUTURE, AND
INFORMATION GAPS

The ideal attributes for a clinically developed
chemopreventive intervention are safety, efficacy, target tissue
bioavailability, oral bioavailability, and selectivity towards
cancer cells. Based on the preclinical research covered in this
article, WA satisfies each of these requirements. Before WA is
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