

  ijms-17-00290




ijms-17-00290







Int. J. Mol. Sci. 2016, 17(3), 290; doi:10.3390/ijms17030290




Review



Withaferin-A—A Natural Anticancer Agent with Pleitropic Mechanisms of Action



In-Chul Lee 1 and Bu Young Choi 2,*





1



Department of Cosmetic science, Seowon University, Cheongju, Chungbuk 361-742, Korea






2



Department of Pharmaceutical Science & Engineering, Seowon University, Cheongju, Chungbuk 361-742, Korea









*



Correspondence: Tel.: +82-43-299-8411







Academic Editor: Ge Zhang



Received: 18 January 2016 / Accepted: 17 February 2016 / Published: 4 March 2016



Abstract

:

Cancer, being the second leading cause of mortality, exists as a formidable health challenge. In spite of our enormous efforts, the emerging complexities in the molecular nature of disease progression limit the real success in finding an effective cancer cure. It is now conceivable that cancer is, in fact, a progressive illness, and the morbidity and mortality from cancer can be reduced by interfering with various oncogenic signaling pathways. A wide variety of structurally diverse classes of bioactive phytochemicals have been shown to exert anticancer effects in a large number of preclinical studies. Multiple lines of evidence suggest that withaferin-A can prevent the development of cancers of various histotypes. Accumulating data from different rodent models and cell culture experiments have revealed that withaferin-A suppresses experimentally induced carcinogenesis, largely by virtue of its potent anti-oxidative, anti-inflammatory, anti-proliferative and apoptosis-inducing properties. Moreover, withaferin-A sensitizes resistant cancer cells to existing chemotherapeutic agents. The purpose of this review is to highlight the mechanistic aspects underlying anticancer effects of withaferin-A.
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1. Introduction


Despite the development of a wide variety of anticancer drugs, the global incidence of various cancers, and the mortality thereof, is still on the rise. The number of cancer-related deaths is presumed to increase by two-fold in the next 50 years [1]. The increasing trend of chemotherapy resistance and frequent relapse of certain tumors make it more complicated to eradicate cancer by using conventional chemotherapeutic agents. Thus, there is always a need for developing new anticancer therapies to combat this dreadful disease. Plants have always been at the fore-front of new drug discovery. A large number of plant constituents, commonly known as phytochemicals, have gained the status of clinically used modern medicines, while many others have served as potential lead compounds for designing novel therapeutics [2]. In fact, plants are natural chemical factories for synthesizing chemicals with structural diversity, such as steroids, terpenoids, flavonoids, alkaloids, etc. Many of these plant secondary metabolites are biologically active, and can interact directly or indirectly with various cellular components, especially proteins and lipids, thereby reversing the altered functions of cancer cells [2,3]. Since the growth and development of tumors are triggered by oxidative stress and chronic inflammation, phytochemicals with antioxidative and anti-inflammatory properties are thought to play important roles in the prevention and/or treatment of cancer. Until now, numerous phytochemicals have been examined for their potential anticancer properties by using a diverse array of preclinical experimental models.



A large number of laboratory-based studies have demonstrated the anticancer effects of a medicinal plant, Withania somnifera (L.) Dual (Solanaceae), commonly known as Ashwagandha, Indian ginseng or Indian winter cherry [4]. Different parts of the plant have long been used in a wide variety of Ayurvedic formulations. However, systematic scientific research on the plant begun in the 1950s [5]. The anticancer property of W. sominefra was first addressed by Devi and colleagues [6], who showed that intraperitoneal (i.p.) administration of alcoholic root extract of the plant completely regressed the growth of sarcoma-180 cells inoculated in nude mice. Subsequent studies have demonstrated that the hydroalcoholic root extract of the plant attenuated 20-methylcholathrene (20MC)-induced development of fibrosarcoma in Balb/C mice when administered intraperitoneally [7] or by gavage [8]. Davis and Kuttan [9] have further reported the inhibitory effect of W. somnifera extract on chemically induced mouse skin tumor development. According to a recent study, daily administration of root extract of the plant markedly reduced methylnitrosourea-induced rat mammary tumorigenesis [10]. These anticancer properties of Ashwagandha are attributable to withanolides, a class of bioactive constituents isolated from W. sominifera. Withaferin-A (4β,5β,6β,22R)-4,27-Dihydroxy-5,6-22,26-diepoxyergosta-2,24-diene-1,26-di one, structure shown in Figure 1), is the first antitumor withanolide that was isolated from leaves of the plant back in 1967 [8].



Pretreatment of Syrian golden hamsters with withaferin-A significantly reduced 7,12-dimethylbenz(α)anthracene (DMBA)-induced frequency of micronucleated polychromatic erythrocytes and chromosomal aberrations, indicating the antigenotoxic effect of withaferin-A [11]. A great deal of research has been conducted to elucidate the molecular mechanisms underlying anticancer effects of withaferin-A. This mini-review addresses the biochemical basis of antitumor potential of withaferin-A.




2. Effects of Withaferin-A on Multiorgan Carcinogenesis—Evidence from Animal Model Studies


Systematic research on the evaluation of anticancer activities of withaferin-A was started around the 1970s [12]. Since then, a large number of studies have demonstrated the ability of withaferin-A to suppress the in vivo growth of various human cancer cells’ xenograft tumors as well as experimentally induced carcinogenesis in different rodent models [4]. Here, we discuss the chemopreventive effects of withaferin-A on organ-specific carcinogenesis in vivo.



2.1. Sarcoma and Ascites Tumor


In a pioneering study, Shohat and colleagues reported that i.p. administration of withaferin-A reduced the growth of Ehrlich ascites tumor with an LD50 value of 400 mg/kg in Swiss albino mice [12] and prolonged the survival of mouse sarcoma (S-180) and ascites tumor-bearing mice [13]. Electron microscopic analysis of implanted tumors revealed that treatment with withaferin-A altered the spindle microtubule organization, suggesting a probable mechanism of tumor growth inhibition by the compound. Subsequent studies have reported that withaferin-A exerted inhibitory effects on the growth of mouse ascites carcinoma [14], and fibrosarcoma [15] cells in mice. Likewise, the in vivo growth of soft tissue sarcoma cells implanted in female SCID (severely combined immunodeficient) mice was inhibited by i.p. administration of withaferin-A, which reduced cell proliferation and induced apoptosis via degradation of vimentin [16]. Contrary to these reports, oral administration of withaferin-A failed to inhibit the growth of HT1080 fibrosarcoma cells xenograft tumors in mice [17].




2.2. Prostate Cancer


Yang et al. first reported the mechanism-based anticancer activity of withaferin-A, which reduced the growth of human prostate cancer (PC3) cells tumor xenograft in nude mice by blocking the tumor angiogenesis and inducing intratumoral apoptosis [16]. According to this study, i.p. administration of withaferin-A caused regression of implanted tumor cells by decreasing the expression of angiogenesis marker CD31, inducing the expression of proapoptotic protein Bax, and activating caspase-3 via inhibition of nuclear factor-κB (NF-κB) signaling pathway [18]. In a separate study, intratumoral administration of withaferin-A arrested PC3 cells’ xenograft tumor growth in mice by inducing tumor cell death via upregulation of prostate apoptosis response-4 (Par-4).




2.3. Gynecological Cancer


The in vivo growth of various human gynecological cancer cells was also attenuated by withaferin-A. The compound inhibited the growth of human breast cancer (MDA-MB-231) cells injected subcutaneously to nude mice [19] and 4T mouse mammary tumor cells implanted orthotopically into Balb/c mice [20]. While the tumor growth suppression in the former study was associated with reduced expression of proliferating cell nuclear antigen (PCNA), the later study demonstrated that the tumor regression was linked to increased phosphorylation of vimentin at serine-56 residue. In a clinically relevant transgenic animal model of breast cancer in MMTV-neu mice, treatment with withaferin-A failed to alter the incidence and multiplicity of mammary tumors, but resulted in a 50% inhibition in the weight of palpable tumors and a 95.14% decrease in the mean area of microscopic invasive carcinoma as compared to the control group [21]. The inhibition of mammary tumor growth in this study was associated with increased apoptosis and deregulated tumor cell metabolism. Treatment with withaferin-A intervened with mitochondrial respiration via inhibition of complex III activity, and diminished the levels of intermediates in glucose metabolism pathway. However, tumor cell proliferation and angiogenesis remained unaffected upon treatment of withaferin-A [21]. According to Munagala et al. [22], the compound decreased the volume of human cervical cancer (Caski) cells xenograft tumor in athymic nude mice by 70%, which was associated with the inhibition of human papilloma virus E6/E7 oncogenes and the induction of p53 tumor suppressor gene expression. A more recent study demonstrated that administration of withaferin-A attenuated in vivo growth and metastasis of orthotopic ovarian tumors generated by injecting human ovarian cancer (A2780) cells in nude mice [23].




2.4. Melanoma


Withaferin-A has been reported to suppress mouse melanoma (B16F1) tumor growth in vivo [24]. In another skin cancer xenograft model using 92.1 uveal melanoma cells, about 29% of mice treated with withaferin-A exhibited a complete clinical response, while 43% of the animals showed cancer progression upon discontinuation of treatment [25]. Li and colleagues [26] have recently reported that withaferin-A reduced the tumor multiplicity, though not the incidence, of DMBA-initiated and 12-O-tetradecanoylphorbol-13-acetate (TPA) promoted mouse skin tumor formation partly by blocking the expression of acetyl CoA carboxylase-1 (ACC1) and the activation of activator protein-1 (AP-1).




2.5. Thyroid Cancer


Administration of withaferin-A to medullary thyroid cancer (DRO81-1) cells xenograft tumor-bearing nude mice showed significant inhibition of tumor growth and metastasis. This antitumor effect was associated with a marked decrease in total and phosphorylated RET and pro-caspase-3, suggesting the induction of apoptosis by withaferin-A in xenografted tumors [27]. Likewise, the increased expression of apoptotic markers, such as Bax, p27, cell cycle and apoptosis regulatory protein-1 (CARP1) was associated with the inhibition of mouse mesothelioma xenograft tumor growth in Balb/c mice upon i.p. administration of withaferin-A [28].




2.6. Gastrointestinal Cancer


Administration of withaferin-A (20 mg/kg body weight) by gavage suppressed DMBA-induced oral carcinogenesis in hamsters, at least in part, by conferring antioxidant defense through the inhibition of lipid peroxidation and induction of cytoprotective enzymes, and promoting tumor cell apoptosis [29,30,31]. Withaferin-A also inhibited the growth of pancreatic cancer (Panc-1) cells xenograft tumor by 30% and 58%, when given at 3 or 6 mg/kg body weight, respectively [32]. We have recently reported that intraperitoneal administration of withaferin-A (2 mg/kg body weight) for six weeks significantly inhibited the volume and weight of human colon cancer (HCT116) cells xenograft tumors in BALB/c mice [33]. The tumor growth suppression was associated with decreased cell proliferation as revealed by reduced expression of proliferating cell nuclear antigen (PCNA) in withaferin-A-treated xenograft tumor as compared with that of control animals [33].




2.7. Other Cancers


Several other studies have reported the inhibitory effects of withaferin-A on the growth of mouse mesothelioma [28] and human pancreatic cancer (Panc-1) cells xenograft tumor growth in mice [32], which involved the induction of intra-tumoral cell death. AshwaMAX (40 mg/kg/day), a formulation of concentrated withaferin-A, was given by gavage to female nude mice receiving orthotopically administered human parietal-cortical glioblastoma (GBM2) cells transduced with lentiviral vectors expressing Green Fluorescent Protein (GFP) or firefly luciferase fusion proteins, and the growth of intracranial glioblastoma xenografts tumor was monitored by bioluminescence imaging (BLI). AshwaMAX (40 mg/kg per day) significantly reduced BLI signals indicating decreased tumor growth but after 30 days of treatment the BLI signal was increasing, suggesting the onset of resistance. Moreover, AshwaMAX inhibited the neurosphere cultures (U87-MG, GBM2 and GBM39) at IC50 values of 1.4, 0.19 and 0.22 µM, respectively. Incubation with withaferin-A also attenuated neurosphere growth of U87-MG, GBM2 and GBM39 glioblastoma cells with IC50 values of 0.31, 0.28 and 0.25 µM, respectively [34].





3. Biochemical Basis of Anticancer Effects of Withaferin-A


Since the neoplastic transformation of cells involves oxidative and/or inflammatory stress-induced modifications of cellular macromolecules, such as DNA, RNA and proteins, and subsequent dysfunction of cellular biochemical pathways, the tumorigenesis process can be prevented by relieving cells from oxidative stress load and inflammatory insults.



Tumor cells acquire biochemical features, marked as a hallmark of cancer, that include loss of density-dependent inhibition of growth and autonomous ability of cell proliferation, altered cellular metabolism, deregulated cell cycle, evasion from apoptosis, increased tumor angiogenesis, acquiring invasion and metastasis potential, and the development of immune escape mechanisms [35]. In fact, tumors grow as an aggregate and collaboration of diverse host-derived cells, such as inflammatory immune cells and stromal cells, thereby creating a microenvironment within the growing tumor mass. Intra-tumoral inflammation acts as the trigger for attaining many of the hallmarks of cancer [36]. Thus, intervention with tumor-specific biochemical processes is the mechanistic basis of the anticancer effects of withaferin-A (Figure 2). These include: (1) reinforcement of cellular antioxidant and/or detoxification system [29,30,31]; (2) suppression of inflammatory pathways [37,38,39]; (3) selective inhibition of tumor cell proliferation and induction of apoptosis; (4) suppression of tumor angiogenesis; (5) blockade of epithelial-to-mesenchymal transition (EMT), tumor invasion, and metastasis; (6) alteration of tumor cell metabolism; (7) immunomodulation; and (8) eradication of cancer stem cells.



3.1. Effects of Withaferin-A on Cytoprotective Enzymes


A battery of cytoprotective enzymes with antioxidative and detoxification potential are endogenously induced in response to mild oxidative stress to protect cellular macromolecules from oxidative and/or covalent modifications, thereby regulating cellular homeostasis. Major cytoprotective enzymes include, but are not limited to, NAD(P)H-quinone oxidoreductase-1 (NQO1), superoxide dismutase (SOD), catalase (CAT), glutathione peroxidase (GPX), and heme oxygenase-1 (HO-1). Transcriptional activation of genes encoding these cytoprotective enzymes involve the activation of a redox-sensitive transcription factor NF-E2-related factor-1 (Nrf2), which normally resides in cytoplasm by forming an inactive complex with its inhibitory protein Kelch-like ECH associated protein-1 (Keap1). Genetic ablation of several of these cytoprotective enzymes or that Nrf2 have been reported to increase the susceptibility of animals to carcinogens in various mouse model of carcinogenesis [40]. Thus, the induction of cytoprotective enzymes via activation of Nrf2 by phytochemicals would protect against oxidative damage of cellular components, thereby preventing tumor development. In fact, numerous Nrf2 activators have been shown to inhibit experimental carcinogenesis in a diverse in vitro and in vivo model of studies [40].



The antioxidant activity of withaferin-A was first reported by Bhattacharya et al. [41], who showed that treatment with withaferin-A increased SOD, CAT and GPX activity in rat brain frontal cortex and striatal concentrations. Treatment of mice with withaferin-A restored acetaminophen-induced depletion of hepatic glutathione (GSH), and increased the hepatic up-regulation of Nrf2, glutamyl cysteine ligase-catalytic subunit (GCLc) and NQO1, and down-regulated the production of inflammatory cytokines, interleukin (IL)-6 and IL-1β, thereby protecting liver from injury [42]. However, detailed mechanisms underlying Nrf2 activation and cytoprotective enzyme induction by withaferin-A is still unclear. Although the activation of Nrf2 and its target genes is considered as a pragmatic approach for cancer prevention, the induction of Nrf2-mediated signaling provides survival benefit to cancer cells, and hence selective inhibition of Nrf2 and suppression of antioxidant enzyme expression in tumors are thought to enhance tumor cell death [43]. Thus, the complete inhibition of oral squamous cell carcinoma formation by withaferin-A in a model of DMBA-induced hamster oral carcinogenesis is associated with the ability of the compound to return the level/activity of antioxidants, such as GSH or glutathione-S-transferase (GST), which is elevated upon DMBA-treatment, to near normal levels [29,44]. However, these studies lack the effect of withaferin-A on Nrf2 status. A recent study demonstrated that withaferin-A induced the expression of Nrf2, and its target gene products, such as HO-1 and NQO1, in human colorectal cancer cells by generating ROS and activating c-Jun-N-terminal kinase (JNK) as a regulatory kinase upstream of Nrf2. However, the Nrf2 activation and NQO1 expression by withaferin-A in colorectal cells resulted in the induction of cell death, rather than cell survival, via blockade of proteasomal degradation of TAp73 tumor suppressor gene. Since withaferin-A harbors α,β-unsaturated carbonyl moieties in its structure, it is likely that the compound can act as a Michael acceptor and a thiol modifier. In fact, several studies have already shown that withaferin-A can modify cysteine thiols of several key cell signaling molecules [45,46], which will be discussed in subsequent sections. Thus, it would interesting to further investigate if withaferin-A can modify Keap1-cysteine residues, and thereby regulate Nrf2 activation in normal and cancerous cells, and their implication in tumorigenesis.




3.2. Anti-Inflammatory Effects of Withaferin-A


Inflammation is the seventh hallmark of cancer. Elevation of various pro-inflammatory mediators, such as prostaglandins (PGs), nitric oxide (NO), and cytokines in the tumor microenvironment or in persistently inflamed tissues contribute to carcinogenesis [47,48]. PGs are the products of arachidonic acid metabolism by the enzyme cyclooxygenase (COX), whereas NO is generated as a result of increased expression and activity of inducible nitric oxide synthase (iNOS). Cytokines are produced by the inflammatory immune cells within a tumor microenvironment. Elevated expression and/or activity of COX-2 and iNOS, and the resultant generation of pro-inflammatory mediators have been implicated in carcinogenesis. Thus, inhibition of aberrant expression of COX-2 and iNOS may prevent the promotion and progression of cancer [49]. Withaferin-A inhibited the expression of iNOS at both protein and mRNA levels in lipopolysaccharide (LPS)-stimulated murine macrophage RAW264.7 cells by blocking the phosphorylation of Akt and extracellular signal-regulated kinases (ERKs) via inhibition of IκB phosphorylation and subsequent nuclear factor-κB (NF-κB) activation [50]. This group further demonstrated that withaferin-A inhibited LPS-induced COX-2 mRNA and protein expression and PGE2 production in BV2 murine microglial cells, partly by blocking the phosphorylation of p38 mitogen-activated protein (MAP) kinase and JNK via blockade of nuclear translocation and DNA binding of signal transducer and activator of transcription (STAT)-1 and -3 [51]. Martorana et al. also reported that both pre- and post-treatment of astrocytes with withaferin-A attenuated LPS-induced production of tumor necrosis factor-α (TNFα), and the expression of COX-2 and iNOS by blocking the NF-κB activity [52]. In another study, withaferin-A diminished Helicobacter pylori-mediated production of IL-8 and the activation of NF-κB in human gastric epithelial AGS cells [53]. Since Helicobacter pylori-induced gastritis is a predisposing factor for the development of stomach tumors, withaferin-A may be useful in preventing gastric carcinogenesis.



WFA inhibited lipopolysaccharide (LPS)-induced HMGB1 release and HMGB1-mediated barrier disruption, expression of cell adhesion molecules (CAMs) and adhesion/transendothelial migration of leukocytes to human endothelial cells. WFA also suppressed acetic acid-induced hyperpermeability and carboxymethylcellulose-induced leukocytes migration in vivo. Further studies revealed that WFA suppressed the production of interleukin 6, tumor necrosis factor-α (TNF-α) and activation of nuclear factor-κB (NF-κB) by HMGB1. Collectively, these results suggest that WFA protects vascular barrier integrity by inhibiting hyperpermeability, expression of CAMs, adhesion and migration of leukocytes, thereby endorsing its usefulness as a therapy for vascular inflammatory diseases.



Treatment of human umbilical vein endothelial cells (HUVECs) with withaferin-A resulted in a marked decrease in LPS-induced release of high mobility group box 1 protein (HMGB1) and subsequent blockade of barrier disruption and cell adhesion molecules (CAMs) expression. Withaferin-A also attenuated acetic acid-induced hyperpermeability and carboxymethylcellulose-induced leukocytes migration in mice. In addition, withaferin-A attenuated the production of IL-6, TNF-α, and the activation of NF-κB in HMGB1-stimulated HUVECs [37]. The compound reduced the shedding of endothelial cell protein C receptor (EPCR), a mediator of vascular inflammation, in TPA-stimulated HUVECs by blocking the phosphorylation of MAP kinases [54].




3.3. Antiproliferative Effects of Withaferin-A


The inhibition of cell proliferation and induction of apoptosis are the prime mechanisms underlying anticancer effects of withaferin-A. Table 1 summarizes the molecular targets of withaferin-A in relation to its antiproliferative and apoptosis inducing activity. Withaferin-A inhibited proliferation of various cancer cells mainly by inducing G2/M phase cell cycle arrest [22,55,56,57,58,59]. The compound induced G2/M phase arrest in human prostate cancer (PC-3 and DU-145) cells via increased phosphorylation of Wee-1, histone H3, p21, and Aurora kinase-B, and downregulation of cyclins (A2, B1 and E2) and a decrease in Cdc2 (Tyr15) phosphorylation. This study also demonstrated that withaferin-A decreased the levels of phosphorylated Chk1 (Ser345) and Chk2 (Thr68), suggesting that the activation of Cdc2 leads to cell cycle arrest in the M phase and initiation of mitotic catastrophe [58]. Incubation of temozolomide-resistant glioblastoma multiforme (U251TMZ and U87TMZ) cells with withaferin-A also resulted in G2/M phase cell cycle arrest as revealed by increased expression of cyclin B1, which was accompanied by the depletion of tyrosine kinase cell surface receptors c-Met, epidermal growth factor receptor (EGFR), and Her-2, and reduced phosphorylation of cell survival kinases, such as Akt, mTOR and p70 S6K [56]. Likewise, withaferin-A induced cell cycle arrest in human osteosarcoma (MG63 and U20S) cells at the G2/M phase, which was associated with the inhibition of cyclin-B1 and -A, Cdk2 and p-Cdc2 (Tyr15) expression and an increase in the levels of p-Chk1 (Ser345) and p-Chk2 (Thr68) [57].



The induction of G2/M phase cell cycle arrest by withaferin-A was also noted in human ovarian cancer (CaOV3 and SKOV3) [60] and colorectal cancer (HCT116 and SW480) cells [55]. The former study reported that the compound downregulated the cell survival mediated through Notch-3/Akt/Bcl-2 signaling, thereby causing caspase-3 activation leading to the induction of apoptosis [60]. The latter study, on the other hand, demonstrated that withaferin-A delayed mitosis by blocking the function of spindle assembly checkpoint through proteasomal degradation of Mad2 and Cdc20, which are important constituents of spindle checkpoint complex [55]. Moreover, the proliferation of human colon cancer cells by withaferin-A was attenuated due to the decreased Notch-1 expression [61].



The compound arrested the proliferation of human non-small cell lung cancer (A549) cells at G0/G1 phase, which was associated with the inhibition of phosphatidyl inositol-3 kinase (PI3K)/Akt signaling and reduced the expression of Bcl-2 [62]. Withaferin-A elicited potent antiproliferative activity against pancreatic cancer (Panc-1, MiaPaCa2 and BxPc3) cells by blocking heat shock protein (Hsp)-90 chaperone activity through interaction with the C-terminus of Hsp90, thereby inducing degradation of Hsp90 client proteins, such as Akt, Cdk4 and glucocorticoid receptor [32]. Withaferin-A inhibited the survival of human and murine B cell lymphomas in culture, and attenuated the growth of syngeneic-graft lymphoma cells xenograft tumor in vivo without affecting other proliferative tissues by blocking NF-κB nuclear translocation in diffuse large B cell lymphomas. As a result, the compound negated B cell receptor signaling and cell cycle progression, at least in part, by inhibiting the activity of heat shock protein (Hsp)-90, which is a regulator of many critical kinases and cell cycle regulators [63].



Withaferin-A-mediated G2/M phase cell cycle arrest in cervical cancer (Caski) cells was associated with decreased expression of cyclin B1, p34 (Cdc2) and proliferating cell nuclear antigen (PCNA), and diminished phosphorylation of STAT3 at tyrosine 705 and serine 727 residues [22]. Antony et al. demonstrated that withaferin-A selectively induced G2 phase and mitotic arrest, as evident by disruption of spindle assembly, in MCF-7, SUM159, and SK-BR-3 cells, but not in normal human mammary epithelial (MCF-10A) cells by markedly reducing the protein levels of β-tubulin. However, the C6,C7-epoxy analogs (withanone and withanolide-A) failed to exhibit such effects. According to this study, nuclear magnetic resonance analysis showed that the A-ring enone of withaferin-A, but not of withanone or withanolide A, formed irreversible nucleophilic addition due to its high reactivity with cysteamine. Direct covalent binding of withaferin-A to cysteine-303 residue of β-tubulin in MCF-7 cells was detected by Mass spectroscopy. In addition, molecular docking studies revealed that withaferin-A interacted with the binding site, exemplified by the organization of hydrophobic floor and wall having a hydrophilic entrance, on the surface of β-tubulin [64]. Treatment of triple negative breast cancer (MDA-MB-231 and BT20) cells with withaferin-A reduced cell proliferation through denaturation and proteasomal degradation of pro-survival factors heat shock factor 1 (HSF1) and breast cancer susceptibility gene 1 (BRCA1) [59].




3.4. Induction of Tumor Cell Apoptosis by Withaferin-A


3.4.1. Involvement of ROS in Withaferin-A-Induced Apoptosis


Although several studies have previously reported that generation of ROS contributes to withaferin-A-induced cell death [4], the first concrete proof of the involvement of ROS in apoptosis induction by the compound in human breast cancer (MDA-MB-231 and MCF-7) cells was provided by Hahm et al. [75]. According to their study, withaferin-A caused ROS production and apoptosis induction in cancer cells, but not in a normal human mammary epithelial (HME) cells. Withaferin-A-mediated ROS production and DNA fragmentation was attenuated by ectopic expression of Cu,Zn-superoxide dismutase in both MDA-MB-231 and MCF-7 cells. This study also showed that withaferin-A-induced ROS generation was accompanied by the blockade of oxidative phosphorylation and inhibition of complex III activity, resulting in the decrease of mitochondrial membrane potential. Moreover, withaferin-A-mediated cell death was associated with activation of Bax and Bak in MDA-MB-231 and MCF-7 cells [75].




3.4.2. Intrinsic and Extrinsic Mechanisms of Apoptosis Induction by Withaferin-A


Withaferin-A induced apoptotic cell death with various IC50 values ranging from 1.8 to 6.1 μM in four different melanoma cells. The susceptibility of cells toward withaferin-A-induced apoptosis was correlated with low Bcl-2/Bax and Bcl-2/Bim ratios. Withaferin-A activated the mitochondrial apoptosis pathway that was associated with Bcl-2 down regulation, Bax up regulation, caspase 9 and caspase-3 activation through cytochrome c release into the cytosol resulting in the cleavage of DNA. All these intrinsic pathways of apoptosis induction required ROS production by withaferin-A [70]. Likewise, withaferin-A-induced decrease in cell viability in leukemia cells was mediated through the externalization of phosphatidylserine, a time-dependent increase in Bax/Bcl-2 ratio, the loss of mitochondrial transmembrane potential, cytochrome c release, activation of caspases-9 and -3 activation, and arresting of cells in sub-G0 phase [77]. A recent study demonstrated that withaferin-A enhanced hyperthermia-induced tumor cell death in cervical cancer (HeLa) cells in a mitochondria-mediated pathway. As compared to the treatment with withaferin-A or hyperthermia alone, exposure of hyperthermia-stimulated HeLa cells to withaferin-A resulted in decreased intracellular GSH/GSSG ratio and caspase-3 activation, which was significantly inhibited by a cell permeable glutathione precursor. This combination treatment led to a decrease in mitochondrial transmembrane potential, increase in expression of pro-apoptotic Bcl-2-family proteins (e.g., tBid and Noxa), and the downregulation of anti-apoptotic proteins (e.g., Bcl-2 and Mcl-1 [71]).



Treatment of human renal cancer (Caki) cells with sub-toxic concentrations of withaferin-A potentiated tumor necrosis factor-related apoptosis-inducing ligand (TRAIL)-induced apoptosis, without affecting the viability of human normal mesangial cells. Withaferin-A generated ROS and up-regulated the expression of death receptor-5 (DR5) in a CCAAT-enhancer binding protein (C/EBP)-homologous protein (CHOP)-dependent manner. Pretreatment with N-acetyl cysteine (NAC) or catalase abrogated withaferin-A-induced up-regulation of both CHOP and DR5 [68]. The induction of apoptosis in human head and neck carcinoma (MC3 and HN22) cells by withaferin-A was accompanied by upregulation of Bim, truncated Bid (t-Bid), cleavage of caspase-8, -3 and poly ADP ribose polymerase (PARP), and the elevated expression of DR5, suggesting an extrinsic pathway of apoptosis induction by this compound [67]. Mechanistically, the transcriptional activation of DR5 was mediated through withaferin-A-induced phosphorylation of ERK1/2 and ribosomal S6 kinase, and the induction of ETS-like transcription factor 1 (Elk1) and CHOP [78].



Withaferin-A-induced apoptosis in human leukemia (HL-60) cells was associated with ROS-mediated activation of both intrinsic and extrinsic pathways as shown by the induction of Bax, decreased mitochondrial membrane potential and release of cytochrome-c, activation of caspase-9, -3 and -8, and the cleavage of PARP. These effects of withaferin-A were mediated through activation of TNFα receptor-1 (TNFR1) and inactivation of NF-κB transcription factor [69]. Similarly, the induction of apoptosis of U251TMZ and U87TMZ cells by withaferin-A was mediated through the activation of both extrinsic and intrinsic pathways through ROS-dependent manner [56].




3.4.3. Withaferin-A Alters the Expression of pro- and Anti-Apoptotic Proteins


Exposure of human breast cancer (MDA-MB-231 and MCF-7) cells with varying concentrations of withaferin-A resulted in the apoptosis induction characterized by the cleavage of poly-(ADP-ribose)-polymerase, and the condensation and fragmentation of DNA without inducing similar effects in MCF-10A cells [19]. The apoptosis induction in these cells was associated with decreased expression of Bcl-2 and increased expression of Bim-S and Bim-EL that was negated upon silencing with forkhead box O3a (FOXO3a), a transcriptional regulator of Bim [79]. Moreover, incubation of MDA-MB-231 and MCF-7 cells in presence of withaferin-A resulted in the suppression of X-linked inhibitor of apoptosis (XIAP), cIAP-2, and survivin protein levels. Ectopic overexpression of XIAP, survivin, and cIAP-2 in both cells abrogated withaferin-induced apoptosis [72].




3.4.4. Withaferin-A-Induces Apoptosis through Activation of p53 Family Members


The inactivation of p53, a tumor suppressor protein, is a key event in the pathogenesis of many cancers. Numerous studies have shown that restoration of p53 function leads to the cell cycle arrest and apoptosis in cancer cells. Results of several in vivo and in vitro studies have shown that withaferin-A not only increases the expression of p53 protein but also induces the phosphorylation of p53 at serine 315 residue, thereby enhancing p53-mediated transcription of cell cycle inhibitor p21 protein in MCF-7 cells [73,74]. Human papilloma virus (HPV) oncoproteins, E6 and E7, is known to inactivate p53 protein. Withaferin-A diminished the expression of E6 and E7, thereby resulting in p53 accumulation and increased expression of p53-target genes, such as p21 and Bax in human cervical cancer (Caski) cells. The induction of Bax and concomitant suppression of Bcl-2 by withaferin-A led to the cleavage of caspase-3 and PARP, and induction of apoptosis in Caski cells [22]. Knockdown of p53 attenuated withaferin-A-induced apoptosis in MCF-7 [73] and Caski [22] cells. Moreover, withaferin-A induced p53 activation in vivo in DMBA-induced hamsters oral squamous cell carcinomas [31] and cervical cancer xenograft tumors [22]. Bioinformatics-based molecular docking analyses also demonstrated that withaferin-A strongly binds p53 and its target gene product p21, thereby accounting for tumor cell apoptosis [80]. However, it is yet to be investigated how withaferin-A interacts with p53 and hence stabilize the expression of this tumor suppressor protein.




3.4.5. Endoplasmic (ER) Stress-Mediated Induction of Apoptosis by Withaferin-A


The induction of endoplasmic reticulum (ER) stress has been shown to be involved in withaferin-A-induced apoptosis in human renal cell carcinoma (Caki) [51] and androgen-insensitive prostate cancer (PC-3 and DU-145) cells [65]. The ER stress induction by withaferin-A in Caki cells was associated with increased phosphorylation of eukaryotic initiation factor-2α (eIF-2α), splicing of ER stress-specific XBP1, elevated expression of glucose-regulated protein-78, and the activation of CHOP [51]. The abrogation of withaferin-A-induced apoptosis by RNA silencing of CHOP or the blocking of caspase-4 activity suggests that ER stress is an alternative mechanism of apoptosis induction by this compound. Similarly, Nishikawa et al. demonstrated that withaferin-A induced ER stress-mediated apoptosis in PC3 and DU-145 cells as revealed by increased expression of PERK, phosphorylation of eIF-2α, activation of activated transcription factor-4 and induction of CHOP [65].




3.4.6. Withaferin-A-Induced Apoptosis Is Mediated through Activation of Par-4


The activation of Par-4, a tumor suppressor protein, induces apoptosis selectively in cancer cells in a p53- or PTEN-independent manner [81,82]. Par-4 is constitutively expressed in normal rat and human cholangiocytes, but its expression declines in human cholangiocarcinoma. Whether intrahepatic or extrahepatic origin, Par-4 expression in cholangiocarcinoma was negatively correlated with cell proliferation markers but positively linked with apoptotic markers. Silencing of Par-4 by small interfering RNAs increased the proliferation of cholangiocarcinoma cells in culture. Treatment with withaferin-A induced Par-4 expression in human cholangiocarcinoma cells and inhibited cell proliferation and induced apoptosis [83]. Likewise, withaferin-A induced Par-4-dependent apoptosis in androgen-refractory, but not androgen-responsive, prostate cancer cells and the regression of PC-3 cells xenograft tumors in nude mice. However, when combined with anti-androgens, withaferin-A showed synergistic effect on Par-4-mediated apoptosis induction in androgen-responsive prostate cancer cells [66]. According to this study, withaferin-A-induced Par-4 protein caused inactivation of the NF-κB activity and the attenuation of Bcl-2 protein expression. In contrast, a recent study reported that withaferin-A treatment did not alter the mRNA and protein level of Par-4 in PC3 cells [65]. A molecular resolution of this discrepancy in Par-4 regulation by withaferin-A, and its impact on cell survival merits further investigation in different cancer histotypes.




3.4.7. Other Mechanisms of Apoptosis Induction by Withaferin-A


Withaferin-A reduced the viability of soft tissue sarcoma cells, such as that of fibrosarcoma (HT1080), leiomyosarcoma (SKLMS1), STLS26T, and high grade pleomorphic sarcoma/liposarcoma through caspase-mediated degradation of vimentin, downregulation of Akt phosphorylation and the NF-κB (p65) activation [16]. Although transfection of STS cells with vimentin siRNA abrogated the inhibitory effect of withaferin-A on Akt phosphorylation and p65 activation, it remains elusive how proteasomal degradation of vimentin leads to inhibition of Akt/NF-κB signaling in these cells.



The induction of apoptosis in MCF-7 cells by withaferin-A resulted from the downregulation of estrogen receptor-α (ERα)-mediated signaling through proteasomal degradation of ERα. Withaferin-A attenuated nuclear localization and the transcriptional activity of ERα, thereby decreasing the expression of ER-α-regulated gene product pS2. This inhibitory effect of withaferin-A on ERα signaling was markedly reversed in the presence of esteradiol [73]. Withaferin-A-induced apoptosis and attenuation of ERα in these cells were associated with down-regulation of RE arranged during Transfection (RET) tyrosine kinase and heat shock factor-1 (HSF1), and up-regulation of p53 and p21 protein expression [74].





3.5. Autophagy Induction by Withaferin-A and Its Implication in Cancer


Autophagy, a physiological process of destroying cellular macromolecules and organelles, is basically a cell survival mechanism. However, the induction of autophagy can also lead to cell death [84,85]. Although, the precise mechanism of autophagy outcomes in terms of survival or apoptosis is still unclear, a large pool of data indicates that many anticancer agents induce autophagy as their mechanisms of action [85]. Withaferin-A has been reported to induce autophagy in human breast cancer (MDA-MB- 231 and MCF-7) as well as immortalized and non-tumorigenic MCF-10A cells [86]. Treatment with withaferin-A also induced the expression of autophagy markers in MDA-MB-231 cells xenograft tumors in vivo. Withaferin-A-induced apoptosis remained unaffected even after pharmacological inhibition or genetic repression of autophagy, suggesting that autophagy induction by the compound is not associated with its apoptosis-inducing ability [86]. However, Fong et al. [87] reported that withaferin-A treatment sensitized ovarian cancer cells to doxorubicin by inducing ROS-dependent autophagy in vitro and in vivo. Likewise, the DNA microarray of PC3 cells revealed that withaferin-A upregulated the mRNA level of Bcl-2-associated athanogene 3 (BAG3) [65], which is a member of the BAG co-chaperone family and has been implicated in autophagy [76]. Moreover, withaferin-A induced the expression of LC3, a marker of autophagy. Although withaferin-A-induced LC3 expression remained unaffected upon treatment of cells with pharmacological inhibitors of canonical autophagy, silencing of BAG3 led to suppression of withaferin-A-induced LC3 expression and cell death, suggesting that the compound induced BAG3-mediated autophagy that protects PC3 cells against withaferin-A-induced apoptosis. It would, thus, be interesting to further delineate the role of withaferin-A-induced autophagy in cancer.




3.6. Withaferin-A as an Inhibitor of Tumor Angiogenesis


The development of anticancer therapies by targeting the tumor angiogenesis process is a well-established drug discovery approach. The decrease in vascular endothelial growth factor (VEGF)-induced tube formation by HUVECs and attenuation of blood vessel formation in chick chorioallantoic membrane (CAM) assay by withaferin-A suggest the ability of the compound to suppress tumor angiogenesis. Treatment of Ehrlich ascites tumor-bearing mice with withaferin-A resulted in decreased peritoneal angiogenesis, microvessel density, and reduced volume of ascites tumor, partly through downregulation of VEGF production [88]. Withaferin-A inhibited the binding of Sp1 transcription factor to VEGF-gene promoter, thereby exhibiting antiangiogenic activity [88,89]. According to an in silico docking study, withaferin-A was found to interact with VEGF at relatively low binding energy compared to Bevacizumab [90]. Incubation of human vascular endothelial cells cultured in soft tissue sarcoma conditioned medium with withaferin-A induced apoptosis and inhibited the migration of endothelial cells. Moreover, the growth of leiomyosarcoma (SKLMS1) and fibrosarcoma (HT-1080) xenograft tumors in SCID mice was suppressed by treatment with withaferin-A, which significantly decreased tumor-associated blood vessels as revealed by the presence of small collapsed CD31-positive vessels in treated tumors [16]. A recent study also demonstrated that withaferin-A markedly reduced the expression and release of VEGF in cultured HUVECs and inhibited VEGF-induced tube formation [91], suggesting that the compound can suppress tumor angiogenesis.




3.7. Anti-Migratory, Anti-Invasive and Anti-Metastatic Effects of Withaferin-A


The activation of epithelial-to-mesenchymal transition (EMT) helps tumor cells in acquiring migratory and invasive properties, thereby enhancing tumor metastasis. Several studies have demonstrated the inhibitory effects of withaferin-A on the migration, invasion and metastasis of various cancers. Withaferin-A showed partial inhibition of TNFα- or transforming growth factor-β1 (TGF-β)-induced EMT and the migration of MCF-10A cells [92]. Knockdown of E-cadherin in these cells modestly abrogated the inhibitory effects of withaferin-A on TNF-α and TGF-β-induced cell migration. Whereas treatment of MCF-7 and MDA-MB-231 cells with withaferin-A elevated the level of E-cadherin protein, the expression of vimentin was decreased in the MDA-MB-231 cells xenografts as well as in MMTV-neu tumors from withaferin-A-treated mice. These findings suggest that withaferin-A inhibited experimental EMT in MCF-10A cells and mammary cancer growth inhibition partly through inhibition of vimentin protein expression in vivo [92]. Thaiparambil et al. reported that withaferin-A retained potent anti-invasive activity at sub-cytotoxic doses that induced perinuclear vimentin accumulation followed by rapid vimentin depolymerization. Moreover, a concomitant phosphorylation of vimentin at serine-56 residue and subsequent disassembly of vimentin upon treatment with withaferin-A was also noted. Withaferin-A also showed dose-dependent inhibition of metastatic lung nodules and increased vimentin phosphorylation at serine-56 in a mouse model of breast cancer in vivo [20].



Treatment with withaferin-A resulted in marked inhibition of the TGF‑β‑induced migration and invasion of human cervical cancer (Caski) cells by blocking the expression and the activity of matrix metalloproteinase (MMP)-9 through inhibition of Akt phosphorylation [93]. Withaferin-A alone or in combination with withanone, another withanolide present in W. somnifera, attenuated migration, invasion and in vivo lung metastasis of fibrosacoma (HT1080) cells by disrupting the interaction between a multifunctional RNA binding protein, heterogeneous nuclear ribonucleoprotein-K (hnRNP-K) and single stranded DNA (ssDNA). Withaferin-A directly interacted with residues Gly26, Ser27, Gly30, Lys31, Gln34, Gln83 and Ser85 of KH3 domain of hnRNP-K via hydrogen bonds and hydrophobic interactions, thereby masking the ability of hnRNP-K to bind with ssDNA. The inhibition of hnRNP-K binding with ssDNA by withaferin-A resulted in decreased expression of hnRNP-K downstream effectors, such as MMP2, pERK and VEGF, which partly accounts for the anti-migratory and anti-metastatic effect of the compound [91]. Withaferin-A strongly decreased the invasion of MDA-MB-231 cells in association with decreased expression of extracellular matrix-degrading proteases, cell adhesion molecules, pro-inflammatory mediators of the metastasis-promoting tumor microenvironment, and concomitant increased expression of breast cancer metastasis suppressor gene (BRMS1) [94]. Treatment of mice bearing orthotopic ovarian tumors generated by injecting human ovarian epithelial cancer cell line (A2780) with withaferin-A attenuated tumor growth and completely inhibited metastasis of these tumors [23].



The modulation of Notch signaling pathway is another molecular target of withaferin-A. While the compound attenuated the activation of Notch-1 in colon cancer and human breast cancer cells, it activates the cleavage of Notch-2 and Notch-4 in human breast cancer (MDA-MB-231) cells. Withaferin-A-mediated inhibition of MDA-MB-231 cell migration was significantly augmented by knockdown of Notch-2 and Notch-4 protein, suggesting that the Notch-2 and Notch-4 activation by withaferin-A impairs its inhibitory effect on breast cancer cell migration [95]. Further studies would clarify the exact role of withaferin-A in modulating various Notch isoforms and their impact on tumor progression.




3.8. Chemosensitizing and/or Synergistic Effect of Withaferin-A with Chemotherapeutic Agents


Cancer cells often acquire resistance to chemotherapy and radiotherapy. Many chemopreventive phytochemicals act as adjunctive therapy to alleviate chemoresistance and radioresistance, thereby suppressing tumor growth. One of the mechanisms underlying chemoresistance is the overexpression of P-glycoprotein (P-gp), a drug efflux protein that is induced via transcriptional activation of NF-κB, AP1 and Nrf-2 transcription factors, and pumps the chemotherapeutic drugs out of the cells. Besides its drug efflux property, P-gp also plays a specific role in blocking caspase-dependent apoptosis. Treatment of doxorubicin-resistant human leukemia cells (K562/Adr) with withaferin-A resulted in caspase-mediated apoptosis induction, which was associated with decreased expression of Bcl-2, Bim and p-Bad. Interestingly, withaferin-A in these cells reduced the expression of tubulin via a direct thiol oxidation mechanism [96]. Treatment of various ovarian cancer cell lines (A2780, A2780/CP70 and CaOV3) with a combination of withaferin-A and doxorubicin elicited synergistic antiproliferative and apoptosis-inducing effects, thus reducing the requirement of lower chemotherapeutic dose of doxorubicin and minimizing doxorubicin-induced adverse drug reactions [87]. This combination approach resulted in a significant increase in ROS production resulting in DNA damage, induction of autophagy as reveled by increased expression of autophagy marker LC3B, and induced cell death via caspase-3 cleavage. Moreover, withaferin-A synergistically caused a 70%–80% reduction in the growth of ovarian tumor cells xenograft in nude mice [87]. Kakar et al. also demonstrated that withaferin-A sensitizes ovarian cancer (A2780) cells to cisplatin-induced cytotoxicity. According to their study, a regimen comprising withaferin-A and a suboptimal dose of cisplatin induced cell death through the generation of ROS [97]. In a subsequent study, these authors further reported that withaferin-A alleviated cisplatin resistance largely by eliminating cells expressing various cancer stem cell markers [23].




3.9. Targeting Cancer Stem Cells with Withaferin-A


Cancer stem cells are a small population of tumor-initiating cells with self-renewal capacity. The increasing trend of chemotherapy failure and recurrence of cancer has been attributed to the existence of cancer stem cells in growing tumor. Thus, eradication of cancer stem cells has been a priority in recent endeavors of anti-cancer drug development. Su et al. reported that the overexpression of nestin, a stem cell marker, in pancreatic ductal adenocarcinoma cells increased cell motility and induced phenotypic changes associated with the EMT, whereas knockdown of endogenous nestin expression reduced cell migration and helped cells to retain epithelial phenotype. The inhibitory effect of withaferin-A on the anti-nestin activity in these cells suggests that the compound holds the potential to target pancreatic cancer stem cells [98]. In another study [99], withaferin-A dose-dependently inhibited in vitro mammosphere formation, the aldehyde dehydrogenase 1 (ALDH1) activity, and CD44high-CD24low-epithelial-specific antigen-positive (ESA+) fraction in cultures of MCF-7 and SUM159 human breast cancer cells. In addition, administration of withaferin-A to MMTV-neu mice resulted in the inhibition of mammosphere number and the ALDH1 activity in vivo. Withaferin-A resulted in a cell line-specific alteration in the mRNA expression of cancer stem cell markers, such as Oct4, SOX-2, and Nanog. Overexpression of urokinase plasminogen activator (uPA), a factor involved in attaining the stemness [100], increased the number of MCF-7 cells mammosphere, which was partially inhibited by treatment with withaferin-A. Moreover, withaferin-A treatment reduced the level of Bmi (B-cell-specific Moloney murine leukemia virus insertion region-1) protein, which has been implicated in the self-renewal of breast cancer stem cells [101], and reduced the ALDH1 activity in Bmi-overexpressing MCF-7 cells. This study also revealed that the inhibitory effect of withaferin-A on breast cancer stem cells proliferation was partly mediated through cleavage of Notch-4 [99]. The antitumor effects of withaferin-A alone or in combination with cisplatin in mice bearing ovarian tumors were attributed to the elimination of cells expressing cancer stem cells markers, such as CD44, CD24, CD34, CD117 and Oct4, and the downregulation of Notch-1, Hes1 and Hey1 genes [23].




3.10. Withaferin-A as a Cancer Immunotherapy


In vitro treatment with withaferin-A decreased the production of IL-10 by myeloid-derived suppressor cells (MDSC), a class of regulatory T cells that inhibit activation and tumor infiltration of cytotoxic T cells. The compound also reduced the secretion of IL-6 and TNFα, which increases MDSC accumulation and function, from tumor-associated macrophages (TAM). The T-cell suppressive activity of MDSC is due to the production of ROS, which was significantly inhibited by withaferin-A in a STAT3-dependent mechanism. Moreover, in vivo treatment of tumor-bearing mice with withaferin-A decreased tumor weight, reduced the number of granulocytic MDSC, and blocked MDSC-mediated suppression CD4+ and CD8+ T cells activation. These findings suggest that withaferin-A may be used as adjunctive cancer immunotherapy to facilitate the anti-tumor immunity [102]. It is interesting to note that a wide variety of cancer immunotherapies are emerging, but many of them suffer from unwanted side effects from overactivation of CD8+ T cells-mediated adaptive immune response. A recent study demonstrated that withaferin-A inhibited mitogen-induced T-cell and B-cell proliferation in vitro and reduced the secretion of Th1 and Th2 cytokines. This immunosuppressive effects of withaferin-A was mediated through its binding with cysteine-62 residue of p50 and subsequent inactivation of the NF-κB pathway in T lymphocytes [103]. While the MDSC suppressive effect of withaferin-A can enhance tumor specific T cell activation, this peripheral immunosuppression by the compound indicates that it may be selected as an ideal candidate for further development as a cancer immunotherapy.





4. Withaferin-A as a Cysteine Thiol Modifier


A great deal of research has been done to explore the molecular details of antitumor effects of withaferin-A. Several studies have shown that withaferin-A can directly bind with a number of intracellular signaling molecules and alter cell fate, such as proliferation, migration and invasion. The inappropriate activation of NF-κB drives the oncogenic signaling and contributes to attaining different hallmarks of cancer. Withaferin-A inhibited NF-κB activation by preventing TNFα-induced activation of IκB kinase-β (IKKβ) via a thioalkylation-sensitive redox mechanism, thereby blocking phosphorylation and subsequent degradation of IκB, and suppressing nuclear translocation and DNA binding of NF-κB [104]. Grover et al. reported that withaferin-A formed strong intermolecular interactions with the NEMO (NF-κB Essential Modulator) chains and imposed steric as well as thermodynamic hindrance to the incoming IKKβ subunits, thereby suppressing NF-κB activation [45]. Heyninck et al. recently demonstrated that withaferin-A inhibited catalytic activity of IKKβ, a kinase which is indispensable for the nuclear translocation of NF-κB, by directly interacting with cysteine-179 residue IKKβ. Docking of withaferin-A to a IKKβ homology structure model showed that the compound fit nicely into the groove of IKKβ where it can form hydrogen bond to stabilize its interaction with cysteine-179. Mutation of cysteine-179 abrogated the NF-κB suppressing effect of withaferin-A [46]. However, a recent study reported that withaferin-A did not disrupt RIP1 polyubiquitination or NEMO-IKKβ interaction, and was a poor direct IKKβ inhibitor in the canonical pathway induced by TNF-α. According this study, withaferin-A blocked the formation of TNF-induced NEMO foci which colocalized with TNF ligand. The compound inhibited IKK function by disrupting NEMO reorganization into ubiquitin-based signaling structures [105]. As has been mentioned earlier, withaferin-A abolished NF-κB activation in T lymphocytes by covalent modification of cysteine-62 of p50 subunit of NF-κB [103].



Alteration of microtubule and microfilament function occurs during aberrant cell proliferation and migration of cancer cells. Withaferin-A caused direct covalent binding with cysreine-302 residue of β-tubulin, thereby inducing cell cycle arrest in MCF-7 cells [64]. Since annexin-A2 is a critical regulator of migration, invasion and angiogenesis processes [106], the thiol modification of this protein appears as a novel mechanism of anticancer activity of withaferin-A. Falsey et al. [107] first demonstrated that withaferin-A covalently interacted with cysteine-133 residue of annexin-A2, a Ca2+ binding protein integrated into a network of cellular processes including actin bundling, thereby stimulating F-actin cross-linking. In contrast, withaferin-A has been shown to bind with the cysteine-9, but not the cysteine-133, residue located on the N-terminal domain of annexin-A2 [108]. This study has suggested that the increase of F-actin bundling activity and the decrease in actin polymerization are possible mechanisms by which withaferin-A binding may play roles in Anxnexin A2-mediated cellular actin dynamics [108]. Further studies are necessary to delineate the role of withaferin-A in modulating actin polymerization. Withaferin-A treatment of human fibroblasts rapidly reorganizes vimentin intermediate filaments into a perinuclear aggregate. Although the cysteine-328 of vimentin has been proposed as a putative binding site for withaferin-A, its cellular consequences are unclear [109]. Based on these reports, it can be concluded that withaferin-A is a potent thiol modifier and can interfere with diverse signaling pathways implicated in oncogenic processes.




5. Conclusions


A wide variety of plant secondary metabolites have gained the reputation of anticancer agents. Over the years, these phytochemicals are being used either as part of our regular diet or in the form of Ayurvedic medicine and have proven their safety. Interestingly, many of these anticancer phytochemicals are multi-targeted in modulating abnormal intracellular signaling generally driving the carcinogenic processes. Since cancer is a systemic multifactorial disease, multi-targeted agents rather than a single gene-targeting therapy would be an appropriate choice in eradicating cancer. Systematic research on Ashwagandha and its major bioactive metabolite, withaferin-A, has revealed the potential of this withanolide to elicit multi-targeting effects on various cancer hallmarks. Despite substantial progress made in understanding the mechanisms underlying the anticancer effects of withaferin-A, there is a dearth of knowledge about the effect of the compound on restructuring the tumor microenvironment to disrupt the pro-tumorigenic niche existing between stromal, immunoinflammatory and tumor cells. Moreover, detailed pharmacokinetic studies to ascertain the biologically active dose of the compound and its disposition pattern need further work. Nonetheless, evidence from current preclinical studies suggests withaferin-A to be a promising candidate for further development as an anticancer drug.







Acknowledgments


We wish to thank Joydeb Kumar Kundu for helpful comments on the manuscript.




Author Contributions


In-Chul Lee collected the data and co-wrote the manuscript; Bu Young Choi designed this work, analyzed the data, wrote, revised and edited the manuscript.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Mann, J.R.; Backlund, M.G.; DuBois, R.N. Mechanisms of disease: Inflammatory mediators and cancer prevention. Nat. Clin. Pract. Oncol. 2005, 2, 202–210. [Google Scholar] [CrossRef] [PubMed]

	



Ji, S.; Orlikova, B.; Diederich, M. Non-edible plants as an attractive source of compounds with chemopreventive potential. J. Cancer Prev. 2014, 19, 1–6. [Google Scholar] [CrossRef] [PubMed]

	



Surh, Y.J. Cancer chemoprevention with dietary phytochemicals. Nat. Rev. Cancer 2003, 3, 768–780. [Google Scholar] [CrossRef] [PubMed]

	



Vyas, A.R.; Singh, S.V. Molecular targets and mechanisms of cancer prevention and treatment by withaferin-A, a naturally occurring steroidal lactone. AAPS J. 2014, 16, 1–10. [Google Scholar] [CrossRef] [PubMed]

	



Kurup, P.A. The antibacterial principle of Withania somnifera. I. Isoation and antibacterial activity. Antibiot. Chemother. 1958, 8, 511–515. [Google Scholar]

	



Devi, P.U.; Sharada, A.C.; Solomon, F.E.; Kamath, M.S. In vivo growth inhibitory effect of Withania somnifera (Ashwagandha) on a transplantable mouse tumor, Sarcoma 180. Indian J. Exp. Biol. 1992, 30, 169–172. [Google Scholar] [PubMed]

	



Davis, L.; Kuttan, G. Effect of Withania somnifera on 20-methylcholanthrene induced fibrosarcoma. J. Exp. Clin. Cancer Res. 2000, 19, 165–167. [Google Scholar] [PubMed]

	



Prakash, J.; Gupta, S.K.; Kochupillai, V.; Singh, N.; Gupta, Y.K.; Joshi, S. Chemopreventive activity of Withania somnifera in experimentally induced fibrosarcoma tumours in Swiss albino mice. Phytother. Res. 2001, 15, 240–244. [Google Scholar] [CrossRef] [PubMed]

	



Davis, L.; Kuttan, G. Effect of Withania somnifera on DMBA induced carcinogenesis. J. Ethnopharmacol. 2001, 75, 165–168. [Google Scholar] [CrossRef]

	



Khazal, K.F.; Samuel, T.; Hill, D.L.; Grubbs, C.J. Effect of an extract of Withania somnifera root on estrogen receptor-positive mammary carcinomas. Anticancer Res. 2013, 33, 1519–1523. [Google Scholar] [PubMed]

	



Panjamurthy, K.; Manoharan, S.; Menon, V.P.; Nirmal, M.R.; Senthil, N. Protective role of withaferin-A on 7,12-dimethylbenz(a)anthracene-induced genotoxicity in bone marrow of Syrian golden hamsters. J. Biochem. Mol. Toxicol. 2008, 22, 251–258. [Google Scholar] [CrossRef] [PubMed]

	



Shohat, B.; Gitter, S.; Abraham, A.; Lavie, D. Antitumor activity of withaferin-A (NSC-101088). Cancer Chemother. Rep. 1967, 51, 271–276. [Google Scholar] [PubMed]

	



Shohat, B.; Shaltiel, A.; Ben-Bassat, M.; Joshua, H. The effect of withaferin-A, a natural steroidal lactone, on the fine structure of S-180 tumor cells. Cancer Lett. 1976, 2, 71–77. [Google Scholar] [CrossRef]

	



Devi, P.U.; Sharada, A.C.; Solomon, F.E. In vivo growth inhibitory and radiosensitizing effects of withaferin-A on mouse Ehrlich ascites carcinoma. Cancer Lett. 1995, 95, 189–193. [Google Scholar] [CrossRef]

	



Uma Devi, P.; Kamath, R. Radiosensitizing effect of withaferin-A combined with hyperthermia on mouse fibrosarcoma and melanoma. J. Radiat. Res. 2003, 44, 1–6. [Google Scholar] [CrossRef] [PubMed]

	



Lahat, G.; Zhu, Q.S.; Huang, K.L.; Wang, S.; Bolshakov, S.; Liu, J.; Torres, K.; Langley, R.R.; Lazar, A.J.; Hung, M.C.; et al. Vimentin is a novel anti-cancer therapeutic target; insights from in vitro and in vivo mice xenograft studies. PLoS ONE 2010, 5, e10105. [Google Scholar] [CrossRef] [PubMed]

	



Widodo, N.; Kaur, K.; Shrestha, B.G.; Takagi, Y.; Ishii, T.; Wadhwa, R.; Kaul, S.C. Selective killing of cancer cells by leaf extract of Ashwagandha: Identification of a tumor-inhibitory factor and the first molecular insights to its effect. Clin. Cancer Res. 2007, 13, 2298–2306. [Google Scholar] [CrossRef] [PubMed]

	



Yang, H.; Shi, G.; Dou, Q.P. The tumor proteasome is a primary target for the natural anticancer compound Withaferin-A isolated from “Indian winter cherry”. Mol. Pharmacol. 2007, 71, 426–437. [Google Scholar] [CrossRef] [PubMed]

	



Stan, S.D.; Hahm, E.R.; Warin, R.; Singh, S.V. Withaferin-A causes FOXO3a- and Bim-dependent apoptosis and inhibits growth of human breast cancer cells in vivo. Cancer Res. 2008, 68, 7661–7669. [Google Scholar] [CrossRef] [PubMed]

	



Thaiparambil, J.T.; Bender, L.; Ganesh, T.; Kline, E.; Patel, P.; Liu, Y.; Tighiouart, M.; Vertino, P.M.; Harvey, R.D.; Garcia, A.; et al. Withaferin-A inhibits breast cancer invasion and metastasis at sub-cytotoxic doses by inducing vimentin disassembly and serine 56 phosphorylation. Int. J. Cancer 2011, 129, 2744–2755. [Google Scholar] [CrossRef] [PubMed]

	



Hahm, E.R.; Lee, J.; Kim, S.H.; Sehrawat, A.; Arlotti, J.A.; Shiva, S.S.; Bhargava, R.; Singh, S.V. Metabolic alterations in mammary cancer prevention by withaferin-A in a clinically relevant mouse model. J. Natl. Cancer Inst. 2013, 105, 1111–1122. [Google Scholar] [CrossRef] [PubMed]

	



Munagala, R.; Kausar, H.; Munjal, C.; Gupta, R.C. Withaferin-A induces p53-dependent apoptosis by repression of HPV oncogenes and upregulation of tumor suppressor proteins in human cervical cancer cells. Carcinogenesis 2011, 32, 1697–1705. [Google Scholar] [CrossRef] [PubMed]

	



Kakar, S.S.; Ratajczak, M.Z.; Powell, K.S.; Moghadamfalahi, M.; Miller, D.M.; Batra, S.K.; Singh, S.K. Withaferin-A alone and in combination with cisplatin suppresses growth and metastasis of ovarian cancer by targeting putative cancer stem cells. PLoS ONE 2014, 9, e107596. [Google Scholar] [CrossRef] [PubMed]

	



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. [Google Scholar] [PubMed]

	



Samadi, A.K.; Cohen, S.M.; Mukerji, R.; Chaguturu, V.; Zhang, X.; Timmermann, B.N.; Cohen, M.S.; Person, E.A. Natural withanolide withaferin-A induces apoptosis in uveal melanoma cells by suppression of Akt and c-MET activation. Tumour Biol. 2012, 33, 1179–1189. [Google Scholar] [CrossRef] [PubMed]

	



Li, W.; Zhang, C.; Du, H.; Huang, V.; Sun, B.; Harris, J.P.; Richardson, Q.; Shen, X.; Jin, R.; Li, G.; et al. Withaferin-A suppresses the up-regulation of acetyl-coA carboxylase 1 and skin tumor formation in a skin carcinogenesis mouse model. Mol. Carcinog. 2015. [Google Scholar] [CrossRef] [PubMed]

	



Samadi, A.K.; Mukerji, R.; Shah, A.; Timmermann, B.N.; Cohen, M.S. A novel RET inhibitor with potent efficacy against medullary thyroid cancer in vivo. Surgery 2010, 148, 1228–1236. [Google Scholar] [CrossRef] [PubMed]

	



Yang, H.; Wang, Y.; Cheryan, V.T.; Wu, W.; Cui, C.Q.; Polin, L.A.; Pass, H.I.; Dou, Q.P.; Rishi, A.K.; Wali, A. Withaferin-A inhibits the proteasome activity in mesothelioma in vitro and in vivo. PLoS ONE 2012, 7, e41214. [Google Scholar] [CrossRef] [PubMed]

	



Manoharan, S.; Panjamurthy, K.; Balakrishnan, S.; Vasudevan, K.; Vellaichamy, L. Circadian time-dependent chemopreventive potential of withaferin-A in 7,12-dimethylbenz[a]anthracene-induced oral carcinogenesis. Pharmacol. Rep. 2009, 61, 719–726. [Google Scholar] [CrossRef]

	



Manoharan, S.; Panjamurthy, K.; Menon, V.P.; Balakrishnan, S.; Alias, L.M. Protective effect of Withaferin-A on tumour formation in 7,12-dimethylbenz[a]anthracene induced oral carcinogenesis in hamsters. Indian J. Exp. Biol. 2009, 47, 16–23. [Google Scholar] [PubMed]

	



Panjamurthy, K.; Manoharan, S.; Nirmal, M.R.; Vellaichamy, L. Protective role of Withaferin-A on immunoexpression of p53 and bcl-2 in 7,12-dimethylbenz(a)anthracene -in duced experimental oral carcinogenesis. Investig. New Drugs 2009, 27, 447–452. [Google Scholar] [CrossRef] [PubMed]

	



Yu, Y.; Hamza, A.; Zhang, T.; Gu, M.; Zou, P.; Newman, B.; Li, Y.; Gunatilaka, A.A.; Zhan, C.G.; Sun, D. Withaferin-A targets heat shock protein 90 in pancreatic cancer cells. Biochem. Pharmacol. 2010, 79, 542–551. [Google Scholar] [CrossRef] [PubMed]

	



Choi, B.Y.; Kim, B.W. Withaferin-A inhibits colon cancer cell growth by blocking STAT3 transcriptional activity. J. Cancer Prev. 2015, 20, 185–192. [Google Scholar] [CrossRef] [PubMed]

	



Chang, E.; Pohling, C.; Natarajan, A.; Witney, T.H.; Kaur, J.; Xu, L.; Gowrishankar, G.; L D’Souza, A.; Murty, S.; Schick, S.; et al. AshwaMAX and Withaferin-A inhibits gliomas in cellular and murine orthotopic models. J. Neurooncol. 2015, 126, 253–264. [Google Scholar] [CrossRef] [PubMed]

	



Hanahan, D.; Weinberg, R.A. Hallmarks of cancer: The next generation. Cell 2011, 144, 646–674. [Google Scholar] [CrossRef] [PubMed]

	



Kundu, J.K.; Surh, Y.J. Emerging avenues linking inflammation and cancer. Free Radic. Biol. Med. 2012, 52, 2013–2037. [Google Scholar] [CrossRef] [PubMed]

	



Lee, W.; Kim, T.H.; Ku, S.K.; Min, K.J.; Lee, H.S.; Kwon, T.K.; Bae, J.S. Barrier protective effects of withaferin-A in HMGB1-induced inflammatory responses in both cellular and animal models. Toxicol. Appl. Pharmacol. 2012, 262, 91–98. [Google Scholar] [CrossRef] [PubMed]

	



Min, K.J.; Choi, K.; Kwon, T.K. Withaferin-A down-regulates lipopolysaccharide-induced cyclooxygenase-2 expression and PGE2 production through the inhibition of STAT1/3 activation in microglial cells. Int. Immunopharmacol. 2011, 11, 1137–1142. [Google Scholar] [CrossRef] [PubMed]

	



SoRelle, J.A.; Itoh, T.; Peng, H.; Kanak, M.A.; Sugimoto, K.; Matsumoto, S.; Levy, M.F.; Lawrence, M.C.; Naziruddin, B. Withaferin-A inhibits pro-inflammatory cytokine-induced damage to islets in culture and following transplantation. Diabetologia 2013, 56, 814–824. [Google Scholar] [CrossRef] [PubMed]

	



Surh, Y.J.; Kundu, J.K.; Na, H.K. Nrf2 as a master redox switch in turning on the cellular signaling involved in the induction of cytoprotective genes by some chemopreventive phytochemicals. Planta Med. 2008, 74, 1526–1539. [Google Scholar] [CrossRef] [PubMed]

	



Bhattacharya, S.K.; Satyan, K.S.; Ghosal, S. Antioxidant activity of glycowithanolides from Withania somnifera. Indian J. Exp. Biol. 1997, 35, 236–239. [Google Scholar] [PubMed]

	



Jadeja, R.N.; Urrunaga, N.H.; Dash, S.; Khurana, S.; Saxena, N.K. Withaferin-A reduces acetaminophen-induced liver injury in mice. Biochem. Pharmacol. 2015, 97, 122–132. [Google Scholar] [CrossRef] [PubMed]

	



Na, H.K.; Surh, Y.J. Oncogenic potential of Nrf2 and its principal target protein heme oxygenase-1. Free Radic. Biol. Med. 2014, 67, 353–365. [Google Scholar] [CrossRef] [PubMed]

	



Panjamurthy, K.; Manoharan, S.; Balakrishnan, S.; Suresh, K.; Nirmal, M.R.; Senthil, N.; Alias, L.M. Protective effect of Withaferin-A on micronucleus frequency and detoxication agents during experimental oral carcinogenesis. Afr. J. Tradit. Complement. Altern. Med. 2008, 6, 1–8. [Google Scholar] [CrossRef] [PubMed]

	



Grover, A.; Shandilya, A.; Punetha, A.; Bisaria, V.S.; Sundar, D. Inhibition of the NEMO/IKKβ association complex formation, a novel mechanism associated with the NF-κB activation suppression by Withania somnifera's key metabolite withaferin A. BMC Genom. 2010, 11, S25. [Google Scholar] [CrossRef] [PubMed]

	



Heyninck, K.; Lahtela-Kakkonen, M.; Van der Veken, P.; Haegeman, G.; Vanden Berghe, W. Withaferin-A inhibits NF-κB activation by targeting cysteine 179 in IKKβ. Biochem. Pharmacol. 2014, 91, 501–509. [Google Scholar] [CrossRef] [PubMed]

	



Hussain, S.P.; Harris, C.C. Inflammation and cancer: An ancient link with novel potentials. Int. J. Cancer 2007, 121, 2373–2380. [Google Scholar] [CrossRef] [PubMed]

	



Kundu, J.K.; Surh, Y.J. Breaking the relay in deregulated cellular signal transduction as a rationale for chemoprevention with anti-inflammatory phytochemicals. Mutat. Res. 2005, 591, 123–146. [Google Scholar] [CrossRef] [PubMed]

	



Kundu, J.K.; Surh, Y.J. Inflammation: Gearing the journey to cancer. Mutat. Res. 2008, 659, 15–30. [Google Scholar] [CrossRef] [PubMed]

	



Oh, J.H.; Lee, T.J.; Park, J.W.; Kwon, T.K. Withaferin-A inhibits iNOS expression and nitric oxide production by Akt inactivation and down-regulating LPS-induced activity of NF-κB in RAW 264.7 cells. Eur. J. Pharmacol. 2008, 599, 11–17. [Google Scholar] [CrossRef] [PubMed]

	



Choi, M.J.; Park, E.J.; Min, K.J.; Park, J.W.; Kwon, T.K. Endoplasmic reticulum stress mediates withaferin-A-induced apoptosis in human renal carcinoma cells. Toxicol. In Vitro 2011, 25, 692–698. [Google Scholar] [CrossRef] [PubMed]

	



Martorana, F.; Guidotti, G.; Brambilla, L.; Rossi, D. Withaferin-A inhibits nuclear factor-κB-dependent pro-inflammatory and stress response pathways in the astrocytes. Neural Plast. 2015, 2015, 381964. [Google Scholar] [CrossRef] [PubMed]

	



Kim, G.; Kim, T.H.; Kang, M.J.; Choi, J.A.; Pack, D.Y.; Lee, I.R.; Kim, M.G.; Han, S.S.; Kim, B.Y.; Oh, S.M.; et al. Inhibitory effect of withaferin-A on Helicobacter pyloriinduced IL8 production and NFκB activation in gastric epithelial cells. Mol. Med. Rep. 2016, 13, 967–972. [Google Scholar] [PubMed]

	



Ku, S.K.; Han, M.S.; Bae, J.S. Withaferin-A is an inhibitor of endothelial protein C receptor shedding in vitro and in vivo. Food Chem. Toxicol. 2014, 68, 23–29. [Google Scholar] [CrossRef] [PubMed]

	



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. [Google Scholar] [CrossRef] [PubMed]

	



Grogan, P.T.; Sarkaria, J.N.; Timmermann, B.N.; Cohen, M.S. Oxidative cytotoxic agent withaferin-A resensitizes temozolomide-resistant glioblastomas via MGMT depletion and induces apoptosis through Akt/mTOR pathway inhibitory modulation. Investig. New Drugs 2014, 32, 604–617. [Google Scholar] [CrossRef] [PubMed]

	



Lv, T.Z.; Wang, G.S. Antiproliferation potential of withaferin A on human osteosarcoma cells via the inhibition of G2/M checkpoint proteins. Exp. Ther. Med. 2015, 10, 323–329. [Google Scholar] [PubMed]

	



Roy, R.V.; Suman, S.; Das, T.P.; Luevano, J.E.; Damodaran, C. Withaferin-A, a steroidal lactone from Withania somnifera, induces mitotic catastrophe and growth arrest in prostate cancer cells. J. Nat. Prod. 2013, 76, 1909–1915. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, X.; Timmermann, B.; Samadi, A.K.; Cohen, M.S. Withaferin-A induces proteasome-dependent degradation of breast cancer susceptibility gene 1 and heat shock factor 1 proteins in breast cancer cells. ISRN Biochem. 2012, 2012, 707586. [Google Scholar] [CrossRef] [PubMed]

	



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. [Google Scholar] [CrossRef] [PubMed]

	



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. [Google Scholar] [CrossRef] [PubMed]

	



Cai, Y.; Sheng, Z.Y.; Chen, Y.; Bai, C. Effect of Withaferin-A on A549 cellular proliferation and apoptosis in non-small cell lung cancer. Asian Pac. J. Cancer Prev. 2014, 15, 1711–1714. [Google Scholar] [CrossRef] [PubMed]

	



McKenna, M.K.; Gachuki, B.W.; Alhakeem, S.S.; Oben, K.N.; Rangnekar, V.M.; Gupta, R.C.; Bondada, S. Anti-cancer activity of withaferin-A in B-cell lymphoma. Cancer Biol. Ther. 2015, 16, 1088–1098. [Google Scholar] [CrossRef] [PubMed]

	



Antony, M.L.; Lee, J.; Hahm, E.R.; Kim, S.H.; Marcus, A.I.; Kumari, V.; Ji, X.; Yang, Z.; Vowell, C.L.; Wipf, P.; et al. Growth arrest by the antitumor steroidal lactone withaferin-A in human breast cancer cells is associated with down-regulation and covalent binding at cysteine 303 of β-tubulin. J. Biol. Chem. 2014, 289, 1852–1865. [Google Scholar] [CrossRef] [PubMed]

	



Nishikawa, Y.; Okuzaki, D.; Fukushima, K.; Mukai, S.; Ohno, S.; Ozaki, Y.; Yabuta, N.; Nojima, H. Withaferin A induces cell death selectively in androgen-independent prostate cancer cells but not in normal fibroblast cells. PLoS ONE 2015, 10, e0134137. [Google Scholar] [CrossRef] [PubMed]

	



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, 246–53. [Google Scholar] [CrossRef] [PubMed]

	



Lee, H.E.; Shin, J.A.; Jeong, J.H.; Jeon, J.G.; Lee, M.H.; Cho, S.D. Anticancer activity of Ashwagandha against human head and neck cancer cell lines. J. Oral Pathol. Med. 2015. [Google Scholar] [CrossRef] [PubMed]

	



Lee, T.J.; Um, H.J.; Min do, S.; Park, J.W.; Choi, K.S.; Kwon, T.K. Withaferin-A sensitizes TRAIL-induced apoptosis through reactive oxygen species-mediated up-regulation of death receptor 5 and down-regulation of c-FLIP. Free Radic. Biol. Med. 2009, 46, 1639–1649. [Google Scholar] [CrossRef] [PubMed]

	



Malik, F.; Kumar, A.; Bhushan, S.; Khan, S.; Bhatia, A.; Suri, K.A.; Qazi, G.N.; Singh, J. Reactive oxygen species generation and mitochondrial dysfunction in the apoptotic cell death of human myeloid leukemia HL-60 cells by a dietary compound withaferin-A with concomitant protection by N-acetyl cysteine. Apoptosis 2007, 12, 2115–2133. [Google Scholar] [CrossRef] [PubMed]

	



Mayola, E.; Gallerne, C.; Esposti, D.D.; Martel, C.; Pervaiz, S.; Larue, L.; Debuire, B.; Lemoine, A.; Brenner, C.; Lemaire, C. Withaferin A induces apoptosis in human melanoma cells through generation of reactive oxygen species and down-regulation of Bcl-2. Apoptosis 2011, 16, 1014–1027. [Google Scholar] [CrossRef] [PubMed]

	



Cui, Z.G.; Piao, J.L.; Rehman, M.U.; Ogawa, R.; Li, P.; Zhao, Q.L.; Kondo, T.; Inadera, H. Molecular mechanisms of hyperthermia-induced apoptosis enhanced by withaferin A. Eur. J. Pharmacol. 2014, 723, 99–107. [Google Scholar] [CrossRef] [PubMed]

	



Hahm, E.R.; Singh, S.V. Withaferin-A-induced apoptosis in human breast cancer cells is associated with suppression of inhibitor of apoptosis family protein expression. Cancer Lett. 2013, 334, 101–108. [Google Scholar] [CrossRef] [PubMed]

	



Hahm, E.R.; Lee, J.; Huang, Y.; Singh, S.V. Withaferin-A suppresses estrogen receptor-α expression in human breast cancer cells. Mol. Carcinog. 2011, 50, 614–624. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, X.; Mukerji, R.; Samadi, A.K.; Cohen, M.S. Down-regulation of estrogen receptor-α and rearranged during transfection tyrosine kinase is associated with withaferin a-induced apoptosis in MCF-7 breast cancer cells. BMC Complement. Altern. Med. 2011, 11, 84. [Google Scholar] [CrossRef] [PubMed]

	



Hahm, E.R.; Moura, M.B.; Kelley, E.E.; Van Houten, B.; Shiva, S.; Singh, S.V. Withaferin A-induced apoptosis in human breast cancer cells is mediated by reactive oxygen species. PLoS ONE 2011, 6, e23354. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Gamerdinger, M.; Kaya, A.M.; Wolfrum, U.; Clement, A.M.; Behl, C. BAG3 mediates chaperone-based aggresome-targeting and selective autophagy of misfolded proteins. EMBO Rep. 2011, 12, 149–156. [Google Scholar] [CrossRef] [PubMed]

	



Mandal, C.; Dutta, A.; Mallick, A.; Chandra, S.; Misra, L.; Sangwan, R.S. Withaferin A induces apoptosis by activating p38 mitogen-activated protein kinase signaling cascade in leukemic cells of lymphoid and myeloid origin through mitochondrial death cascade. Apoptosis 2008, 13, 1450–1464. [Google Scholar] [CrossRef] [PubMed]

	



Nagalingam, A.; Kuppusamy, P.; Singh, S.V.; Sharma, D.; Saxena, N.K. Mechanistic elucidation of the antitumor properties of withaferin a in breast cancer. Cancer Res. 2014, 74, 2617–2629. [Google Scholar] [CrossRef] [PubMed]

	



Dijkers, P.F.; Medema, R.H.; Lammers, J.W.; Koenderman, L.; Coffer, P.J. Expression of the pro-apoptotic Bcl-2 family member Bim is regulated by the forkhead transcription factor FKHR-L1. Curr. Biol. 2000, 10, 1201–1204. [Google Scholar] [CrossRef]

	



Vaishnavi, K.; Saxena, N.; Shah, N.; Singh, R.; Manjunath, K.; Uthayakumar, M.; Kanaujia, S.P.; Kaul, S.C.; Sekar, K.; Wadhwa, R. Differential activities of the two closely related withanolides, Withaferin-A and Withanone: Bioinformatics and experimental evidences. PLoS ONE 2012, 7, e44419. [Google Scholar] [CrossRef] [PubMed]

	



Chakraborty, M.; Qiu, S.G.; Vasudevan, K.M.; Rangnekar, V.M. Par-4 drives trafficking and activation of Fas and Fasl to induce prostate cancer cell apoptosis and tumor regression. Cancer Res. 2001, 61, 7255–7263. [Google Scholar] [PubMed]

	



Sells, S.F.; Han, S.S.; Muthukkumar, S.; Maddiwar, N.; Johnstone, R.; Boghaert, E.; Gillis, D.; Liu, G.; Nair, P.; Monnig, S.; et al. Expression and function of the leucine zipper protein Par-4 in apoptosis. Mol. Cell. Biol. 1997, 17, 3823–3832. [Google Scholar] [CrossRef] [PubMed]

	



Franchitto, A.; Torrice, A.; Semeraro, R.; Napoli, C.; Nuzzo, G.; Giuliante, F.; Alpini, G.; Carpino, G.; Berloco, P.B.; Izzo, L.; et al. Prostate apoptosis response-4 is expressed in normal cholangiocytes, is down-regulated in human cholangiocarcinoma, and promotes apoptosis of neoplastic cholangiocytes when induced pharmacologically. Am. J. Pathol. 2010, 177, 1779–1790. [Google Scholar] [CrossRef] [PubMed]

	



Lindqvist, L.M.; Simon, A.K.; Baehrecke, E.H. Current questions and possible controversies in autophagy. Cell Death Discov. 2015, 1, 15036. [Google Scholar] [CrossRef] [PubMed]

	



Su, M.; Mei, Y.; Sinha, S. Role of the crosstalk between autophagy and apoptosis in cancer. J. Oncol. 2013, 2013, 102735. [Google Scholar] [CrossRef] [PubMed]

	



Hahm, E.R.; Singh, S.V. Autophagy fails to alter withaferin-A-mediated lethality in human breast cancer cells. Curr. Cancer Drug Targets 2013, 13, 640–50. [Google Scholar] [CrossRef] [PubMed]

	



Fong, M.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. [Google Scholar] [CrossRef] [PubMed]

	



Prasanna, K.S.; Shilpa, P.; BP, S. Withaferin A suppresses the expression of vascular endothelial growth factor in Ehrlich ascites tumor cells via Sp1 transcription factor. Curr. Trends Biotechnol. Pharm. 2009, 3, 138–148. [Google Scholar]

	



Kumar, S.P.; Thippeswamy, G.; Salimath, B.P. WITHDRAWN: Anti-tumor and proapoptotic effect of withaferin-A is mediated by up-regulation of Bax and inhibition NF-κB in Ehrlich ascites tumor cells. Biochim. Biophys. Acta 2008. [Google Scholar] [CrossRef]

	



Saha, S.; Islam, M.K.; Shilpi, J.A.; Hasan, S. Inhibition of VEGF: A novel mechanism to control angiogenesis by Withania somnifera's key metabolite Withaferin A. In Silico Pharmacol. 2013, 1, 11. [Google Scholar] [CrossRef] [PubMed]

	



Gao, R.; Shah, N.; Lee, J.S.; Katiyar, S.P.; Li, L.; Oh, E.; Sundar, D.; Yun, C.O.; Wadhwa, R.; Kaul, S.C. Withanone-rich combination of Ashwagandha withanolides restricts metastasis and angiogenesis through hnRNP-K. Mol. Cancer Ther. 2014, 13, 2930–2940. [Google Scholar] [CrossRef] [PubMed]

	



Lee, J.; Hahm, E.R.; Marcus, A.I.; Singh, S.V. Withaferin-A inhibits experimental epithelial-mesenchymal transition in MCF-10A cells and suppresses vimentin protein level in vivo in breast tumors. Mol. Carcinog. 2015, 54, 417–429. [Google Scholar] [CrossRef] [PubMed]

	



Lee, D.H.; Lim, I.H.; Sung, E.G.; Kim, J.Y.; Song, I.H.; Park, Y.K.; Lee, T.J. Withaferin-A inhibits matrix metalloproteinase-9 activity by suppressing the Akt signaling pathway. Oncol. Rep. 2013, 30, 933–938. [Google Scholar] [CrossRef] [PubMed]

	



Szarc vel Szic, K.; Op de Beeck, K.; Ratman, D.; Wouters, A.; Beck, I.M.; Declerck, K.; Heyninck, K.; Fransen, E.; Bracke, M.; De Bosscher, K.; et al. Pharmacological levels of Withaferin-A (Withania somnifera) trigger clinically relevant anticancer effects specific to triple negative breast cancer cells. PLoS ONE 2014, 9, e87850. [Google Scholar]

	



Lee, J.; Sehrawat, A.; Singh, S.V. Withaferin-A causes activation of Notch2 and Notch4 in human breast cancer cells. Breast Cancer Res. Treat. 2012, 136, 45–56. [Google Scholar] [CrossRef] [PubMed]

	



Suttana, W.; Mankhetkorn, S.; Poompimon, W.; Palagani, A.; Zhokhov, S.; Gerlo, S.; Haegeman, G.; Berghe, W.V. Differential chemosensitization of P-glycoprotein overexpressing K562/Adr cells by withaferin-A and Siamois polyphenols. Mol. Cancer 2010, 9, 99. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



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. [Google Scholar] [CrossRef] [PubMed]

	



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. [Google Scholar] [CrossRef] [PubMed]

	



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. [Google Scholar] [CrossRef] [PubMed]

	



Jo, M.; Eastman, B.M.; Webb, D.L.; Stoletov, K.; Klemke, R.; Gonias, S.L. Cell signaling by urokinase-type plasminogen activator receptor induces stem cell-like properties in breast cancer cells. Cancer Res. 2010, 70, 8948–8958. [Google Scholar] [CrossRef] [PubMed]

	



Liu, S.; Dontu, G.; Mantle, I.D.; Patel, S.; Ahn, N.S.; Jackson, K.W.; Suri, P.; Wicha, M.S. Hedgehog signaling and Bmi-1 regulate self-renewal of normal and malignant human mammary stem cells. Cancer Res. 2006, 66, 6063–6071. [Google Scholar] [CrossRef] [PubMed]

	



Sinha, P.; Ostrand-Rosenberg, S. Myeloid-derived suppressor cell function is reduced by Withaferin-A, a potent and abundant component of Withania somnifera root extract. Cancer Immunol. Immunother. 2013, 62, 1663–1673. [Google Scholar] [CrossRef] [PubMed]

	



Gambhir, L.; Checker, R.; Sharma, D.; Thoh, M.; Patil, A.; Degani, M.; Gota, V.; Sandur, S.K. Thiol dependent NF-κB suppression and inhibition of T-cell mediated adaptive immune responses by a naturally occurring steroidal lactone Withaferin A. Toxicol. Appl. Pharmacol. 2015, 289, 297–312. [Google Scholar] [CrossRef] [PubMed]

	



Kaileh, M.; Vanden Berghe, W.; Heyerick, A.; Horion, J.; Piette, J.; Libert, C.; De Keukeleire, D.; Essawi, T.; Haegeman, G. Withaferin-A strongly elicits IκB kinase β hyperphosphorylation concomitant with potent inhibition of its kinase activity. J. Biol. Chem. 2007, 282, 4253–4264. [Google Scholar] [CrossRef] [PubMed]

	



Jackson, S.S.; Oberley, C.; Hooper, C.P.; Grindle, K.; Wuerzberger-Davis, S.; Wolff, J.; McCool, K.; Rui, L.; Miyamoto, S. Withaferin-A disrupts ubiquitin-based NEMO reorganization induced by canonical NF-κB signaling. Exp. Cell Res. 2015, 331, 58–72. [Google Scholar] [CrossRef] [PubMed]

	



Xu, X.H.; Pan, W.; Kang, L.H.; Feng, H.; Song, Y.Q. Association of annexin A2 with cancer development. Oncol. Rep. 2015, 33, 2121–2128. [Google Scholar] [PubMed]

	



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

	



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. [Google Scholar] [CrossRef] [PubMed]

	



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








[image: Ijms 17 00290 g001 1024] 





Figure 1. Structure of withaferin-A. 
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Figure 2. Potential targets of the beneficial effects of withaferin-A in Cancer development. Withaferin-A exhibits therapeutic potential for cancer chemoprevention and may aid in the prevention of age-related disorders, such as anti-oxidant and inflammation disease. Antioxidant: SOD (superoxide dismutase), HO-1 (heme oxygenase-1), GST (glutathione s-transferase), NQO1 (NAD (P)H dehydrogenase, quinone 1), Nrf2 (nuclear factor E2-related factor 2), Anti-inflammatory : COX-2(Cyclooxygenase 2), iNOS (Nitric oxide synthases), PGE2(prostaglandin E2), IL-6(Interleukin 6), IL-1β(Interleukin 1β), NFκB (nuclear factor κ light chain enhancer of activated B cells), Anti-proliferative : CDKs (Cyclin-dependent kinases), STAT3 (Signal transducer and activator of transcription 3), Bcl2 (B-cell lymphoma 2), Notch-1 (Notch homolog 1, translocation-associated), AKT(serine/threonine-specific protein kinase), Hsp90(heat shock protein 90), EGFR(epidermal growth factor receptor), HER2 (human epidermal growth factor receptor 2), IKKb (inhibitor of nuclear factor κB kinase subunit β), PCNA (Proliferating cell nuclear antigen), Apoptosis markers: ROS (reactive oxygen species), Bax (BCL2-associated X protein), Bak (Bcl-2 homologous antagonist/killer), DR5 (Death receptor 5), MAPK(Mitogen-activated protein kinases), PAR-4 (Protease-activated receptor 4)., CSC marker : ALDH1 (Aldehyde dehydrogenase 1), Oct4 (octamer-binding transcription factor 4 ), SOX2 (SRY (sex determining region Y) -box 2), Notch1 (Notch homolog 1, translocation-associated), HES1 (Transcription factor HES1), Anti-migration, anti-invasion: VEGF (Vascular endothelial growth factor), CD31 (cluster of differentiation 31), MMP (Matrix metalloproteinases), ERK (extracellular-signal-regulated kinases), Sp-1 (specificity protein 1). 
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Table 1. Molecular mechanisms underlying anti-proliferative and apoptosis inducing activity of withaferin-A.
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Experimental Models

	
Molecular Targets

	
Ref.






	
Prostate cancer cells

	
Induced G2/M phase arrest.

↑ phosphorylation of Wee-1, p21, Aurora B and histone H3

↓ expression of cyclin-A2, -B1 and -E2

↓ phosphorylation of Cdc2, (tyrosine-15), Chk1 (serine-345) and Chk2 (threonine-68)

	
[58]




	
↑ generation of ROS

↑ mRNA and protein expression of c-Fos

↓ expression of c-FLIP; Disruption of vimentin subcellular localization

	
[65]




	
↑ Par-4 expression

↓ NF-κB activity

↓ Bcl-2 expression

	
[66]




	
Osteosarcoma cells (MG63 and U20S)

	
Induced G2/M phase arrest.

↑ phosphorylation of Chk1 (ser345) and Chk2 (Thr68)

↓ phosphorylation of Cdc2 (tyrosine-15)

↓ expression of cyclin-A and -B1, and Cdk2

	
[57]




	
Ovarian cancer cells (CaOV3 and SKOV3)

	
Induced G2/M phase arrest.

↓ expression of Notch-3 and Bcl-2

↓ phosphorylation of Akt

↑ activation of caspase-3 and cleavage of PARP

	
[60]




	
Colorectal cells (HCT116 and SW480)

	
Induced G2/M phase arrest.

↑ proteasomal degradation of Mad2 and Cdc20; interference with spindle assembly and delayed mitosis

	
[55]




	
Lung cancer cells (A549)

	
Induced G0/G1 phase arrest.

↓ expression of Bcl-2

↓ phosphorylation of Akt

↑ activation of caspase-3 and cleavage of PARP

	
[62]




	
Head and neck carcinoma cells (MC3 and HN22)

	
↑ expression of Bim, t-Bid, c-caspase-8, DR-5, c-PARP

	
[67]




	
Human renal carcinoma cells (Caki)

	
↑ ROS generation

↑ expression of CHOP and DR-5

↓ activation of NF-κB and expression of c-FLIP

	
[68]




	
Glioblastoma multiforme cells

	
↑ expression of cyclin B1 and induction of G2/M phase arrest

↓ phosphorylation of Akt, mTOR, p70 S6K

↓ expression of c-Met, EGFR and Her2

↑ activation of caspase-8,-9, -7 and -3

↑expression of HSP70 and HSP32

↓ expression of HSF-1

	
[56]




	
Human leukemia cells (HL60)

	
↑ generation of ROS

↑ activation of caspase-9 and -3

↑ mitochondrial localization of Bax and release of cytochrome c

↑ cleavage of PARP

↑ caspase-8 cleavage

↓ expression of Bid

↓ activation of NF-κB

	
[69]




	
Melanoma cells

	
↑ generation of ROS

↑ activation of caspase-9 and -3

↓ Bcl-2/Bax and Bcl-2/Bim ratios

	
[70]




	
Cervical cancer cells (Caski)

	
Induces G2/M phase arrest.

↓ expression of E6/E7

↑ accumulation of p53,and expression of p21 and Bax

↓ expression of cyclin B1, Cdc2, Bcl-2 and PCNA

↓ phosphorylation of STAT3

	
[22]




	
↓ GSH/GSSG ratio

↑ caspase-3 activation

↑ tBid and Noxa expression

↓ Bcl-2 and Mcl-1 expression

	
[71]




	
Breast cancer cells

	
↑ expression of Bim-S and Bim-EL

↑ cleavage of PARP

↓ expression of Bcl-2

	
[19]




	
↓ expression of XIAP; cIAP2 and survivin

	
[72]




	
↓ expression of ERα and pS2

↑ expression of p53 and p21

↑ phosphorylation of serine-315 of p53

	
[73,74]




	
Binding to cysteine-303 of β-tubulin and

↓ Hsp90 activity

	
[64]




	
↑ generation of ROS

↑ activation of Bax and Bak

	
[75]




	
↑ autophagy

↑ expression of LC3 and BAG3

	
[76]




	
Pancreatic cancer cells

	
↓ Hsp90 activity

↓ expression of Akt, Cdk4 and glucocorticoid receptor

	
[32]
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