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Abstract

Small molecules of plant origin offer presumptively safe opportunities to prevent carcinogenesis, 

mutagenesis and other forms of toxicity in humans. However, the mechanisms of action of such 

plant-based agents remain largely unknown. In recent years the stress responsive transcription 

factor Nrf2 has been validated as a target for disease chemoprevention. Withania somnifera (WS) 

is a herb used in Ayurveda (an ancient form of medicine in South Asia). In the recent past, 

withanolides isolated from WS, such as Withaferin A (WA) have been demonstrated to be 

preventive and therapeutic against multiple diseases in experimental models. The goals of this 

study are to evaluate withanolides such as WA as well as Withania somnifera root extract as 

inducers of Nrf2 signaling, to probe the underlying signaling mechanism of WA and to determine 

whether prevention of acetaminophen (APAP)-induced hepatic toxicity in mice by WA occurs in 

an Nrf2-dependent manner. We observed that WA profoundly protects wild-type mice but not 

Nrf2-disrupted mice against APAP hepatotoxicity. WA is a potent inducer of Nrf2-dependent 

cytoprotective enzyme expression both in vivo and in vitro. Unexpectedly, WA induces Nrf2 

signaling at least in part, in a Keap1-independent, Pten/Pi3k/Akt-dependent manner in comparison 

to prototypical Nrf2 inducers, sulforaphane and CDDO-Im. The identification of WA as an Nrf2 

inducer that can signal through a non-canonical, Keap1-independent pathway provides an 

opportunity to evaluate the role of other regulatory partners of Nrf2 in the dietary and 

pharmacological induction of Nrf2-mediated cytoprotection.
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1. Introduction

Withania somnifera (WS) is a plant that has been used in traditional South Asian medicine 

for centuries against various ailments [1] [2]. Recent studies performed on WS plant extracts 

(roots and leaves) have revealed that medicinal properties of the plant arise from the 

presence of withanolides (a type of steroidal lactone). Out of the dozens of withanolides 

isolated from the WS plant, Withaferin A (WA) has been shown to be the most potent and 

the most abundant withanolide in WS roots. WA is effective as a cancer preventive [3] [4] 

[5] and therapeutic [6] [7] [8] agent in in vivo experimental models suggesting a potential to 

be developed as an anti-cancer compound in humans. While several molecular targets of WA 

have been identified, the mechanism underlying its cytoprotective responses remain 

unknown.

Nrf2 is a redox-responsive transcription factor that is a master regulator of cellular 

homeostasis. Enhanced Nrf2 signaling is associated with prevention of hepatotoxicity [9] 

[10] and protection against a wide array of diseases such as cancer [11], diabetes [12], sickle 

cell disease [13] and neurodegenerative disease [14] in animal models. Under basal 

conditions, Nrf2 is primarily regulated by the Keap1-Cul3 E3 ubiquitin ligase complex 

which mediates the proteasomal degradation of Nrf2. Under stress conditions, degradation 

of Nrf2 is disrupted allowing for enhanced nuclear translocation and accumulation, and 

subsequent transcriptional activation of antioxidant response element (ARE) genes. Small 

electrophilic molecules have been shown to specifically target reactive cysteine residues of 

Keap1 leading to a conformational change in the Nrf2-Keap1-Cul3 complex resulting in 

dampened marking of Nrf2 for proteolysis and thus enhanced Nrf2 signaling. This 

mechanism appears to account for the primary mode of action for many small molecules that 

induce this cytoprotective response.

Alternative mechanisms of Nrf2 regulation that are independent of Keap1 have also garnered 

interest recently. While Keap1 is thought to be the dominant repressor of Nrf2 under basal 

conditions, stress or disease conditions may allow for other proteins such as β-TrCP [15] 

[16] and Hrd1 [17] to participate significantly in the regulation of Nrf2. Furthermore, cross-

talk between Nrf2 and other pathways such as Notch [18, 19] and more recently, Pten [20] 

[21] suggest the complexity of the Nrf2 signaling network. Although many reports to date 

have shown that small electrophilic molecules specifically target cysteine residues of Keap1 

(canonical Nrf2 induction), some small molecules that target alternative elements of the 

signaling pathway (non-canonical Nrf2 induction) have been presented [22] [23] suggesting 
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that both Keap1-dependent and independent mechanisms of Nrf2 regulation are targets to be 

considered when characterizing novel pharmacologic inducers of Nrf2 signaling.

We have examined the roles of both canonical and non-canonical Nrf2 induction pathways 

by WA. To assess the physiological significance of WA-mediated Nrf2 induction, we utilized 

an acetaminophen (APAP) hepatotoxicity model in genetically-engineered mice that exhibit 

different Nrf2 expression profiles. Our results demonstrate that WA is a potent inducer of 

Nrf2 signaling that protects against hepatotoxicity in an Nrf2-dependent manner and 

preferentially induces Nrf2 through a Keap1-independent, non-canonical mechanism that is 

modulated by the Pten/Pi3k/Akt axis.

2. Methods and materials

2.1. Animals and husbandry

Wild-type, 8–10 week old, male albino C57BL/6J mice (25–33 g) were purchased from 

Jackson Laboratories (Bar Harbor, ME). Systemic Nrf2-knockout mice (referred to as Nrf2-

disrupted hereafter) [24] and Nrf2flox/flox mice [25] were maintained in the C57BL/6J 

background. Nrf2-disrupted mice also possess a knocked in LacZ reporter in the Nrf2 locus 

that allows for partial expression of Nrf2 and β-galactosidase fusion protein (Nrf2-β gal) 

[24] [26] [27]. Thus, Nrf2-disrupted mice will be referred to as Nrf2-reporter mice in the 

Nrf2-β gal immunostaining assay. Hepatocyte specific Nrf2-disrupted mice (referred to as 

Nrf2flox/flox::AlbCre hereafter) mice were genotyped as described previously [19]. Animals 

were fed a standard chow diet (Prolab Isopro RMH 3000, LabDiet, St Louis, MO) with 

access to ad libitum water except as noted under transient conditions of starvation. 

Experiments were performed in accordance with the guidelines of the Institutional Animal 

Care and Use Committee at University of Pittsburgh.

2.2. In vivo experiments

Wild-type, Nrf2flox/flox, Nrf2flox/flox::AlbCre and Nrf2-disrupted mice were orally gavaged 

with 100 μl of either DMSO or 7 mg/kg WA. Animals were euthanized and tissues were 

harvested 20 hours later. RNA was isolated from livers and other organs. APAP (Sigma 

Aldrich, St. Louis, MO) was dissolved in warm saline prior to administration. For the APAP 

dosing regimen, mice were pre-treated with 7 mg/kg WA followed by a 22 hour starvation 

period. Starvation has been shown to result in lowered glutathione levels in the liver [28] and 

therefore can provide more uniformity in hepatotoxicity data. APAP (250 mg/kg, i.p., in 500 

μl saline) was administered and animals were sacrificed 6 hours later. For serum alanine 

aminotransferase (ALT) measurements, blood was drawn by cardiac puncture and for 

histological analyses, livers were fixed in formalin.

2.3. Cell lines and reagents

Mouse embryonic fibroblasts (MEFs) from wild-type, Nrf2-disrupted, Keap1-disrupted and 

Keap1 & Nrf2 double-disrupted mice were generated as described previously [29]. MCF7 

cells stably transfected with pTA-Nrf2-Luciferase reporter gene containing 4 tandem repeats 

of Nrf2 binding sites was obtained from Signosis (SL-0010-NP, Santa Clara, CA). 

Luciferase activity in MCF7 cells was calculated by normalizing the Firefly luciferase 
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activity readout to the number of cells in each sample. WA (Enzo Lifesciences, Farmingdale 

NY) was dissolved in DMSO at 20 mg/ml. Withania somnifera root extract (WRE) was 

provided by Dr. Adam Marcus (Emory University, Atlanta, GA). Yang et al. characterized 

the withanolides composition of this extract preparation to be 5.88 mg/ml WA (79.03%), 

0.14 mg/ml WLA (1.83%), 0.013 mg/ml WN (0.18%), 1.06 mg/ml 12-

Deoxywithastramonolide (14.25%) and 0.36 mg/ml Withanoside V (4.78%) [30]. 

Withanolide A (WLA) and Withanone (WN) were obtained from ChromaDex (Irvine, CA). 

CDDO-Im was a generous gift from Dr. Michael Sporn (Dartmouth Medical School, 

Hanover, NH). Sulforaphane was obtained from LKT laboratories (St Paul, MN). LY294002 

(Cell Signaling, Danvers, MA) and SF1670 (Sigma Aldrich, St. Louis, MO) were also 

dissolved in DMSO as per manufacturer recommendations. Control and shPten stably 

transfected MEFs were provided by Dr. Carola Neumann (University of Pittsburgh, 

Pittsburgh PA) [31]. PTEN plasmid constructs were kindly provided by Dr. Miho Iijima 

(Johns Hopkins University, Baltimore MD) [32].

2.4. In vitro experimental design

MEFs were cultured in Iscove’s Modified Dulbecco Medium with 10% fetal bovine serum 

(FBS). MCF7 reporter cells were cultured in Dulbecco’s Modified Eagle Medium with 10% 

FBS. All cells were seeded at 5 × 105 cells/well in a 6-well dish on the day prior to the 

experiment unless otherwise noted. For WA dose-response experiments, cells were treated 

with either 0.02% DMSO control or final concentrations of 0.1, 0.3, 0.7 or 1 μM WA in 

DMSO. RNA was isolated 20 hours later. CDDO-Im and sulforaphane (at noted 

concentrations) were utilized as positive control Nrf2 inducing agents. In pharmacologic 

inhibition experiments, cells were pre-treated with DMSO control/inhibitor (25 μM 

LY294002) for 1 hour followed by co-treatment with DMSO control/inhibitor and DMSO 

control/1 μM WA for a further 8 hours. RNA isolation or luciferase assays were performed 

20 hours later.

2.5. Transfection studies and luciferase assays

Keap1 & Nrf2 double-disrupted MEF were seeded at 5 × 105 cells/well in 6-well plates on 

day 0. Plasmid DNA (5 ng pCMV Nrf2, 10 ng pRLTK- ΔARE, 100 ng pCMV NQO1-ARE-

Luc, 2.5 ng pCMV WT Keap1) was transfected with Lipofectamine 2000 (Invitrogen, 

Carlsbad, CA) on day 1. pCMV mock vector was utilized to maintain total DNA transfected 

at 400 ng. Cells were treated with inducers (3 μM WA, 10 μM sulforaphane, 25 nM CDDO-

Im) 24 hours after transfection (day 2). For Pten silencing or overexpression experiments, 

scrambled/siPTEN (SC-36326, Santa Cruz, Dallas, TX) or wild-type PTEN (500 ng) 

constructs were transfected 24 hours prior to transfection with Nrf2 expression plasmid. 

Dual Luciferase Assay (Promega, Madison, WI) was carried out 24 hours later (day 3). 

Luminescence was measured using a Glomax Multi Jr Detection system (Promega, 

Madison, WI).

2.6. RNA isolation and Real time PCR (RT-PCR)

RNA from mouse organ homogenates and cell cultures was extracted and purified using an 

RNA extraction kit (5-PRIME, Gaithersburg, MD). For organs that had high lipid content, 

TRIzol (Invitrogen, Carlsbad, CA) was used. RNA integrity was confirmed by gel 
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electrophoresis. Quantification of RNA concentration was performed using UV 

spectrophotometry at 260 nm. Absorbance ratio of 260/280 was utilized to determine the 

purity of RNA. RNA (1 μg) was used to synthesize cDNA with the qScript system (Quanta 

Biociences, Beverly, MA). Primer sequences were obtained from Primer Bank or previous 

publications (supplementary data, Table S1). Primer annealing temperatures were 

determined by semi-quantitative PCR with gradient temperature. Real time PCR was 

performed on a Bio-Rad My-IQ with SYBR green (Bio-Rad, Hercules, CA). PCR efficiency 

was determined using a standard curve and the Pfaffl method [33] was used for 

quantifications of fold changes.

2.7. Immunoblotting

MEFs were seeded at 1.0×106 cells/plate in 100 mm dishes and serum-starved overnight for 

16 hours with fresh medium containing 0.02% FBS. Cells were treated with DMSO, 1 μM 

WA or 25 nM CDDO-Im for either 1 or 3 hours in the low-serum medium. Cells were lysed 

using ice cold RIPA buffer. Nuclear and cytosolic fractions were separated using a Nuclear 

Extraction Kit (Abcam, Cambridge, MA). For Pi3k signaling experiments, cells were pre-

treated with WA for varying time points. 500 nM SF1670 and 1 μM insulin (Sigma Aldrich, 

St Louis, MO) were used as positive controls. Protein concentrations were determined by 

Bradford Assay (Bio-Rad, Hercules CA). Protein lysate (20 μg) was loaded into each well. 

The antibodies used were: Nrf2 (Santa Cruz, SC-722), Lamin B (Santa Cruz, SC-6216), p-

Akt (phosphorylated Akt at Ser473) (Cell Signaling, 9271S), Akt (Cell Signaling, 9272S), 

Pten (D4.3) (Cell Signaling, 9188S), Gapdh (Novus Biologicals, NB-300-221). Imaging and 

quantification of blots was performed by Chemi Doc XRS imaging system (BioRad, 

Hercules, CA).

2.8. Immunostaining

Nrf2-reporter mice were orally administered DMSO vehicle, WA (7 mg/kg) or CDDO-Im 

(30 μmol/kg in 10% DMSO, 10% Cremophor-EL and PBS). Three hours later livers were 

removed and fixed in 4% paraformaldehyde. For fluorescence staining, liver sections were 

stained with rabbit anti-β-galactosidase antibody (Millipore, Billerica MA; AB986) at a 

1:150 dilution. Fluorescence-conjugated secondary antibody (Life Technologies, Carlsbad 

CA; Alexa Fluor 546; A11035) was used at a 1:200 dilution. Sections were counterstained 

with DAPI (Molecular Probes, Eugene OR; D1306) and imaged with an Olympus Fluoview 

1000 confocal microscope.

2.9. Statistical analysis

Values are expressed as mean ± SEM. Unpaired Student’s t-test was utilized for statistical 

comparisons between 2 groups and one-way analysis of variance (ANOVA) with Tukey’s 

post-test was utilized for multiple comparisons. Significance was determined according to 

p<0.05 criteria.
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3. Results

3.1. Withania somnifera root extract and select withanolides are potent inducers of Nrf2 
signaling

In order to determine whether the ethanolic root extract of this medicinal plant activated 

Nrf2 signaling, we evaluated induction of Nqo1 transcripts after treating wild-type MEF 

with graded doses of WA in WRE. A dose-dependent increase in Nqo1 transcripts was 

observed with WRE treatment which peaked (9.7-fold) at 0.3 μM WA concentration in WRE 

(Figure 1A). A gradual decline of Nqo1 transcripts was seen at concentrations >0.3 μM, 

possibly related to cytotoxicity elicited by the treatment. An in vitro cell viability assay 

revealed that WRE elicits cytotoxicity to WT MEF at high concentrations (supplementary 

data, Figure S1). The doubling concentration (CD value) of ~60 nM (based on WA content) 

suggested high potency of this WRE preparation (containing 79% WA of total withanolide 

concentration) in inducing Nqo1 transcripts. Given that WRE is comprised of multiple 

different bioactive components, including several types of withanolides we evaluated 

whether select withanolides induced Nqo1 expression in MEF in an Nrf2-dependent manner. 

WA, WLA and WN (structures shown in Figure 1B) were considered. WA treatment resulted 

in ~8-fold induction of Nqo1 transcripts in wild-type MEF which was almost completely 

absent in Nrf2-disrupted MEF (Figure 1C). WLA treatment did not show a significant 

induction in wild-type MEF but WN showed a ~2-fold induction of Nqo1 transcripts in 

wild-type MEF which appeared to be Nrf2-dependent. These data collectively suggested that 

withanolides found in WRE, particularly WA, are compounds that can induce cytoprotective 

enzyme expression in murine cells in an Nrf2-dependent manner.

3.2. WA profoundly protects mice against APAP hepatotoxicity in an Nrf2-dependent 
manner

The in vivo study design is presented in Figure 2A. Pre-treating wild-type mice with 7 

mg/kg WA (p.o.) substantially protected them against liver damage as observed with 

significantly lowered serum ALT levels (Figure 2B). WA treatment also protected against 

hepatocyte necrosis in the pericentral regions of the liver in these mice (Figure 2C). This 

protection was not observed in Nrf2-disrupted mice suggesting that the absence of Nrf2 

abrogates a key mechanism by which WA provides hepatoprotection against APAP. To 

determine whether hepatocyte-specific Nrf2 disruption affects WA-mediated prevention of 

hepatotoxicity, Nrf2flox/flox and Nrf2flox/flox::AlbCre mice were subjected to the same dosing 

protocols. Nrf2flox/flox mice were protected, much like the wild-type mice but the 

Nrf2flox/flox::AlbCre mice were not (Figure 2D & 2E). WA treatment reduced the spike in 

serum ALT levels by 60% in wild-type mice and to a similar degree (70%) in Nrf2flox/flox 

mice. The seemingly higher sensitivity of DMSO treated Nrf2flox/flox mice (ALT level of ~ 

15000 U/L) compared to DMSO treated wild-type mice (ALT level of ~2000 U/L) is likely 

related to inter-experimental variations in APAP solubility in warmed saline. Control 

experiments demonstrated that in wild-type, Nrf2-disrupted, Nrf2flox/flox and 

Nrf2flox/flox::AlbCre mice, WA alone did not affect serum ALT levels (data not shown). 

Overall, these data collectively suggested that WA provides profound protection that is 

directly mediated by Nrf2, largely in a hepatocyte-specific manner, against liver damage 

caused by APAP.
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3.3. Induction of cytoprotective enzymes by WA is Nrf2-dependent

To further investigate the involvement of Nrf2 in WA-mediated cytoprotection, induction of 

transcripts of enzymes important in APAP metabolism that are largely regulated by Nrf2 

(Nqo1, Gclc, Sult1a1, Gstp1, Ugt1a1, Gsta1, Gsta4, Gsr1) as well as transcripts of Nrf2 in 

the mouse liver post-WA treatment were evaluated by RT-PCR (Table 1). Data revealed that 

under basal conditions, wild-type and Nrf2flox/flox mice showed comparable Nrf2 target gene 

expression with the exception of Gsta4 which showed a 2.3-fold induction in Nrf2flox/flox 

mice. In comparison, Nrf2flox/flox::AlbCre and Nrf2-disrupted mice showed low basal 

expression of the tested transcripts indicating that Nrf2 plays an indispensable role in 

regulating the basal expression of these genes. Wild-type and Nrf2flox/flox mice exhibited 

enhanced mRNA expression of Nqo1, Gclc, Gstp1, Ugt1a1, Gsta1, Gsr1 and Nrf2 with WA 

treatment. In comparison, the Nrf2-disrupted mice did not show significant induction of 

these cytoprotective enzymes after WA treatment indicating that WA-mediated upregulation 

of these genes is Nrf2-dependent. Interestingly, Nrf2flox/flox::AlbCre mice showed 

statistically significant induction of Nqo1, Gclc, Sult1a1, Gstp1, Ugt1a1, Gsta4 and Gsr1 
after WA treatment, likely due to the induction of Nrf2 through liver cells other than 

hepatocytes such as Kupffer cells, sinusoidal endothelial cells and stellate cells. However, 

the sensitivity of Nrf2flox/flox::AlbCre to APAP treatment and the absence of 

hepatoprotection by WA against APAP in these mice suggests that upregulation of select 

target genes in non-parenchymal cells by WA is insufficient to protect these animals against 

hepatotoxicity. Moreover, it was observed that WA treatment resulted in significant 

induction of Nqo1 and Gclc in the mouse brain, small intestinal epithelium, lung and whole 

colon in addition to the liver in wild-type mice (supplementary data, Table S2) suggesting 

that WA can potentially be utilized to prevent and/or treat conditions that affect a large 

spectrum of organs.

3.4. WA induces Nrf2 signaling in vivo and in vitro

Nrf2 reporter mice gavaged with 7 mg/kg WA showed nuclear accumulation of Nrf2 in the 

liver after 3 hours as assessed by Nrf2-β-gal staining (Figure 3A). DMSO and CDDO-Im 

were used as negative and positive controls, respectively. Treatment of wild-type MEF with 

graded doses of WA for 20 hours showed a dose-dependent induction of Nqo1 and Ho-1 
transcripts (Figure 3B & 3C). WA induced Nqo1 transcripts in wild-type MEF with a CD 

value of 200 nM indicative of relatively high potency. This induction was not observed in 

Nrf2-disrupted MEF suggesting that WA enhanced expression of cytoprotective enzymes in 

an Nrf2-dependent manner. Ho-1 induction by 1 μM WA in wild-type MEF was >40-fold 

compared to DMSO control, where 8-fold induction was observed in Nrf2-disrupted MEF as 

well. Nuclear translocation of Nrf2 was triggered by 1 μM WA compared to DMSO (Figure 

3D & 3E) as measured by blotting for Nrf2 expression in the nuclear fraction of wild-type 

MEF. The positive control, CDDO-Im showed a more persistent nuclear accumulation, 

similar to what has been reported previously [34].

Complete characterization of an agent includes the comparison of its activity to other known 

agents that elicit a similar biological response. Thus, to further compare the Nrf2 induction 

capacity of WA to well-characterized Nrf2 inducers, wild-type MEF and MCF7 ARE-

luciferase reporter cells were treated with 1 μM WA, 25 nM CDDO-Im and 7 μM 
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sulforaphane for 20 hours. These optimal concentrations of the agents were determined 

based on previous publications [35]. Comparable induction levels of Nqo1 transcripts were 

observed with all 3 inducers; wild-type MEF; WA (6.5-fold), sulforaphane (7.4-fold), 

CDDO-Im (8.4-fold) (Figure 3F). A similar trend was observed in luciferase activity for all 

3 inducers in MCF7 ARE Luciferase reporter cells; WA (11.4-fold), sulforaphane (8.1-fold), 

CDDO-Im (9.7-fold) (Figure 3G). Overall, these results indicate that WA is an inducer of the 

Nrf2-mediated stress response pathway in vitro and in vivo and that its efficacy is 

comparable to the highly characterized Nrf2 inducers, sulforaphane and CDDO-Im.

3.5. WA induces Nrf2 signaling in a Keap1-independent, Pi3k-dependent manner

Given that multiple pharmacologic agents induce Nrf2 signaling via directly targeting 

reactive cysteines of Keap1, it was important to evaluate whether WA-mediated Nrf2 

induction was Keap1-dependent or independent. Induction of Nqo1 transcripts by WA was 

compared in wild-type MEF, Nrf2-disrupted MEF, Keap1-disrupted MEF and Keap1 & Nrf2 
double-disrupted MEF. Induction of Nqo1 transcripts was observed in both wild-type MEF 

and Keap1-disrupted MEF (Figure 4A). In Keap1-disrupted MEF, basal Nqo1 transcripts 

were higher than in wild-type, similar to what has been observed by others in 

Keap1flox/flox::AlbCre mice [36] and Keap1-disrupted MEF [37]. Consequently, WA (1 μM) 

induced Nqo1 mRNA expression by approximately 1.5-fold in Keap1-disrupted MEF (14-

fold to 22-fold relative to wild-type) as compared to 6.5-fold in wild-type MEF (compared 

to DMSO). Corroborating the notions that Nqo1 induction by WA was Nrf2-dependent but 

Keap1-independent, induction was not observed in either Nrf2-disrupted MEF or in Keap1 
& Nrf2 double-disrupted MEF. To determine how prototypical Nrf2 inducers such as 

sulforaphane compare to WA in a reconstituted system, transfection studies were conducted 

in Keap1 & Nrf2 double-disrupted MEF. Transfecting 5 ng of Nrf2 expression vector alone 

elevated NQO1-ARE-Luciferase activity in the absence of Keap1 (Figure 4B). Interestingly, 

both WA (1.5-fold) and sulforaphane (1.8-fold) resulted in induction of NQO1-luciferase 

activity in the absence of Keap1, suggesting that under Keap1-disrupted conditions, Keap1-

independent pathways of Nrf2 regulation play important roles. Induction imparted by Nrf2 

expression vector transfection was reduced by 80% when 2.5 ng Keap1 expression vector 

was introduced, suggesting the prominent role for Keap1 in inhibiting Nrf2 signaling in this 

reconstitution system. In the presence of Keap1, sulforaphane was able to reverse the 

suppressive effect of Keap1 as seen by elevated luciferase activity compared to the vehicle 

control. However, the induction by sulforaphane was largely lost when mutant Keap1 

(C151S) expression vector was transfected, in accordance with the well-established role of 

C151 as the primary cysteine sensor for sulforaphane [38] [39] [40]. Conversely, WA did not 

abrogate the repression by Keap1. These data further suggested that WA, unlike 

sulforaphane, was working independent of Keap1 to induce ARE activity. Given the Keap1-

independent induction mechanism of Nrf2 by WA, other pathways of Nrf2 regulation were 

considered in order to understand the mode of action of WA. The involvement of Pi3k 

signaling in Nrf2 induction by small molecules has been evaluated by others [41] [42]. 

Therefore, we tested WA against a pharmacologic inhibition model of Pi3k signaling with 

LY294002. In wild-type MEF, pre-treatment with 25 μM LY294002 for 1 hour prior to co-

treatment of 25 μM LY294002 and 1 μM WA resulted in approximately 50% lower induction 

of Nqo1 transcripts compared to pre-treatment with DMSO control and co-treatment with 
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DMSO control and WA (Figure 4C). In Keap1-disrupted MEF, a similar trend was observed, 

although not statistically significant (Figure 4D). This is likely due to the already high levels 

of Nqo1 present at basal state in these cells. Fold change of Ho-1 transcripts in both wild-

type and Keap1-disrupted MEF were about 50% lower with pre-treatment of LY294002 

(Figure 4E & F). No significant induction or inhibition of Nqo1 or Ho-1 resulted from the 

treatment of LY294002 alone in either cell type. Pharmacological inhibition of Pi3k with 

LY294002 in both wild-type and Keap1-disrupted MEF resulted in dampening of p-Akt 

expression indicating that LY294002 was in fact targeting the Pi3k-Akt pathway at the tested 

concentration (supplementary data, Figure S2). Further bolstering the notion that WA 

modulates the Pi3k/Akt/Gsk3 axis to enhance Nrf2 signaling, immunoblotting data revealed 

that phospho-GSK3β expression increased after 15 minutes of WA treatment in WT MEF 

(supplementary data, Figure S3). Collectively, these results implied that WA modulated Pi3k 

signaling in order to induce the Nrf2 response. However, the fact that LY294002 treatment 

did not completely abrogate Nrf2 target gene induction by WA argued for the possibility that 

Pi3k signaling was only partially responsible for regulating WA-mediated Nrf2 induction.

3.6. Pten plays an important role in WA-mediated Nrf2 signaling induction

WA treatment enhanced p-Akt expression (by about 2-fold) 15 minutes post-treatment 

suggesting that activation of Akt, presumably via inactivation of Pten was an early event of 

the signaling cascade in both wild-type and Keap1-disrupted MEF (Figure 5A, B, C & D). 

SF1670 (pharmacologic inhibitor of Pten) and insulin were used as positive controls for p-

Akt expression. Protein expression of Akt and Pten were observed to be unchanged by WA 

treatment. Interestingly, Pten transcripts were observed to be modestly higher (~1.5-fold) in 

Keap1-disrupted MEF compared to WT MEF, likely due to compensatory effects of 

alternative Nrf2 regulators (such as Pten) under conditions of Keap1 absence (supplementary 

data, Figure S4A). Given the important regulatory role of Pten in the Pi3k-Akt signaling 

cascade, the effects of Pten silencing and overexpression on WA-mediated Nrf2 induction 

were explored. In MEFs that were stably transfected with a shRNA construct against Pten 

(PTEN KD), the inducibility of Nqo1 and Ho-1 transcripts by WA was dampened compared 

to MEFs transfected with mock vector (Figure 5E & F). Nqo1 transcripts were induced by 

8.1-fold by WA in control MEF while in Pten KD cells, Nqo1 transcripts were only induced 

by 3.1-fold by WA. Ho-1 transcripts were induced by 75.8-fold by WA in control MEF while 

in Pten KD cells, Ho-1 transcripts were only induced by 10-fold by WA. Interestingly, Pten 

suppression alone resulted in induction of Nqo1 transcripts but not Ho-1 transcripts. 

Approximately 45% lower expression of Pten was detected in shPten MEF compared to 

control MEFs (supplementary data, Figure S4B). A similar trend was observed in MCF7 

ARE-Luc reporter cells transiently transfected with siPTEN, where the fold induction by 

WA under conditions of PTEN silencing (2.4-fold) was much lower compared to control 

(15.8-fold) (Figure 5G). PTEN transcripts were significantly lower in siPTEN transfected 

cells (supplementary data, Figure S4C). To determine the effect of PTEN overexpression on 

Nrf2 activation by WA, reporter cells were transfected with a wild-type PTEN expression 

plasmid prior to WA treatment. Treatment of PTEN overexpressing cells with WA resulted 

in the loss of induction of the ARE-luciferase reporter by WA (Figure 5H) suggesting that 

PTEN status of the cell is an important determinant of the Nrf2 inducer function of WA. 
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Pten expression was enhanced by transfection of PTEN expression vector as expected 

(supplementary data, Figure S4D).

4. Discussion

Given the important place Withania somnifera holds in traditional South Asian medicine as 

an herb that can be used safely and effectively for various ailments, studies conducted on its 

constituents, particularly withanolides such as WA can provide insight into its mode of 

action and potentially broaden its use in preventive medicine. The safety of WS plant 

extracts have been established in pre-clinical models and has been reviewed elsewhere [1] 

[43]. Cysteine reactivity of WA has been identified in the past via direct binding events with 

multiple key proteins [44] [45] [46]. Furthermore, the α,β-unsaturated carbonyl group of 

WA has been described to be thiol-reactive [47] suggestive of the possible structural moiety 

responsible for the interaction between WA and reactive cysteines of target proteins. A large 

array of biological pathways have been shown to be altered by WA including autophagy [48] 

[49], inflammation [50] [51] as well as the heat shock response [52] [47] [53]. While peak 

plasma concentration of WA after dietary exposure has not been assessed, Thaiparambil et 

al. showed that peak plasma concentration of WA following 4 mg/kg (i.p) was 2 μM [54]. In 

addition to the well-established therapeutic and preventive role of WA in cancer, it has also 

been shown to have therapeutic effects against hepatotoxicity [55] [56], diabetes [57] and 

cardiac fibrosis [58]. Results from our hepatotoxicity experiments are in line with the 

protective and therapeutic phenotypes exhibited by WA in other models. Importantly, it 

provides direct and detailed evidence, by use of knockout mouse models, for the role of Nrf2 

signaling in the hepatoprotection elicited by WA.

Non-canonical mechanisms of Nrf2 activation have been suggested for multiple electrophilic 

molecules including nordihydroguaiaretic acid [22] (Keap1-independent); nitro-fatty acids 

[59] and arsenic [23] (Keap1 C151-independent). In a recent report, Saito et al. categorized 

several pharmacologic agents according to their dependence on modification of C151, C273 

and C288 amino acids of Keap1 [60]. Interestingly, some compounds were found to be 

independent of all 3 of the noted cysteines suggesting that either other cysteines of Keap1 

may be involved or they work independent of Keap1, much like WA, to induce Nrf2 

signaling. Alternative pathways have been shown to be modulated by several compounds 

that ultimately activate Nrf2 signaling [42] [61]. Pleiotropic actions of well-known Nrf2 

inducers have also been reported. While Keap1 is thought to be the major target of 

sulforaphane, it has also been shown to modulate Pi3k/Akt and Mek/Erk [62], Egfr [63] as 

well as p38 Mapk [64]. An effective anticarcinogen and well-established inducer of Nrf2 

signaling, 1,2-dithione-3-thione, has been shown to also target Erk1/2 [65]. CDDO-Im has 

been shown to target Pten at higher concentrations than required for the activation of the 

Nrf2 pathway [66]. Whether these signaling cascades are modulated independent of Keap1 

or whether they ultimately feed into the Keap1-Nrf2 signaling pathway was not assessed in 

the studies. It is also important to decipher whether the dosage of the pharmacologic agent 

defines its actions wherein low concentrations of some agents typically target Keap1 while 

at higher concentrations the targets become more promiscuous. However, our data suggests 

that at relatively low concentrations, Keap1 independent mechanisms play an important role 

in WA-mediated Nrf2 signaling induction unlike other Nrf2 inducers such as sulforaphane.
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Throughout our studies, we attempted to determine the specific role of Keap1-dependent and 

independent pathways of Nrf2 activation by WA. A recent study by Heyninck et al. 

suggested that WA interacts with Keap1 in endothelial cells [67]. While a direct biochemical 

interaction is possible, our results suggest that this WA-Keap1 interaction is not a 

determinant of Nrf2 induction in a functional context. According to our data, treating Nrf2 

and Keap1 reconstituted Keap1 & Nrf2 double-disrupted MEFs with sulforaphane resulted 

in an enhanced or “rescued” ARE response which was not observed with WA treatment, 

suggesting that WA-mediated ARE induction was not dependent on Keap1 status of the cell. 

In addition, WA treatment resulted in significant induction of Nrf2 target genes suggesting 

that under Keap1-disrupted conditions, WA still retained its capacity to increase Nrf2 

signaling. Furthermore, it is certainly possible that inducers of Nrf2 act through preferential 

pathways depending on the cell type. It is likely that endothelial cells, given their intrinsic 

properties of pro-angiogenic character and nitric oxide production, may respond 

differentially to pharmacologic inducers of Nrf2. Such questions warrant further 

investigations.

Pten is an essential molecule with phosphatase activity that blocks Pi3k signaling by 

inhibiting Pip3-dependent processes such as Akt activation and thereby inhibiting cell 

survival, growth and proliferation. From the standpoint of cancer and tumorigenesis, Pten 

silencing plays a detrimental role as seen with prenatal death of Pten-knockout mice and the 

observation that more than 2700 PTEN mutations have been seen in 28 types of human 

tumors [68]. However, under normal conditions, Pten seems to be playing an important role 

in regulating cellular homeostasis by acting as a redox sensing switch that either activates or 

deactivates Pi3k signaling. This finding directly supports the notion that short-term 

suppression of Pten could potentially be valuable in certain conditions, such as nerve injury 

[69]. Oxidants such as H2O2 inactivate Pten to in turn activate downstream signaling 

cascades driven by Pi3k [70]. The mechanism is likely related to H2O2 reversibly 

inactivating Pten via the formation of disulfide bonds between Cys71 and Cys124 [71]. 

Furthermore, overexpression of antioxidant enzymes such as SOD and catalase have been 

associated with production of H2O2 and activated Akt signaling mediated by oxidized Pten 

[72]. The redox-sensitive interplay between Pten and Pi3k signaling is also involved in the 

pathogenesis of conditions such as hypertension [73]. Age-dependent down regulation of 

Pi3k signaling is associated with increased susceptibility to oxidative stress [74]. 

Collectively, data by others supports the concept that Pten plays an important role as a stress 

sensory molecule allowing for the activation of pro-survival pathways under conditions of 

acute stress or injury. Given the indispensible function of Nrf2 as a pro-survival factor, it is 

valuable to understand the cross-talk between Pten and Nrf2 and whether electrophilic 

tuning of Pten can be utilized to modulate downstream Nrf2 signaling to enhance cellular 

survival potential under conditions of acute stress (Figure 6). Of course, longer term effects 

of Pten inhibition may render a survival disadvantage given the tumor suppressor activity of 

the molecule. Thus, studies need to be conducted to determine the effects of chronic 

administration of pharmacologic agents such as WA. Furthermore, these are studies that 

have to be conducted for all Nrf2 inducers that move forward into clinical trials, regardless 

of their mechanisms of action, especially given the recent reports of Nrf2’s dual role in 

cancer [75] [76] [77].
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The important role of Pten in regulation of Nrf2 signaling has recently received attention. An 

approach to determining the role played by negative regulators of Nrf2 (such as Pten and 

even Keap1) is to determine if the silencing or inhibition of these regulators lead to intrinsic 

activation of the Nrf2 signaling pathway. Pten inhibitor bpV(HOpic) at 3 μM was shown to 

significantly induce Nrf2 target genes in both wild-type and Keap1-disrupted MEFs [21]. In 

the same report, it was shown that overexpression of Pten reduced Nrf2 induction by tert-
butylhydroquinone, suggesting that pharmacologic agents may rely on Pten to activate the 

Nrf2 pathway. Our data suggests that silencing of Pten selectively induces only some 

cytoprotective enzymes. In shPten MEF cells, Nqo1 transcripts were induced by 3.9-fold 

where as Ho-1 did not show any statistically significant induction (1.2-fold) compared to 

control MEF (Figure 5E & F). This is likely linked to biological relationships between these 

enzymes and Pten activity. Ho-1 expression has been shown to be negatively correlated with 

Pten activity in a certain subset of human prostate cancer cases [78]. Furthermore, Ho-1 has 

been shown to be regulated by multiple transcription factors including NFkB and AP-2 [79]. 

To determine the exact role of Nrf2 in this phenomenon, a larger array of target genes need 

to be analyzed under conditions of disrupted Pten signaling. Another mechanism by which 

PTEN modulates NRF2 and the ARE response was described by Sakamoto et al. [80]. Here, 

the authors showed that tert-butylhydroquinone induced FERRITIN H and NQO1 
expression in PTEN silenced K562 cells compared to control cells, a response that was 

associated with histone modifications. Whether WA exerts a similar effect on the ARE is 

currently unknown.

As a molecule of plant origin that has strong roots in traditional South Asian medicine, WA 

– and perhaps WRE itself - has strong potential to move forward into human disease 

prevention clinical trials. Our in vivo data directly suggests that Nrf2 plays an indispensible 

role in WA-mediated cytoprotection and hepatoprotection. Such action has been implied by 

others [56] but to our knowledge, this is the first report to clearly document the involvement 

of Nrf2 in WA-mediated cytoprotection using knockout mouse models coupled with 

characterization of the underlying mechanism of action. The recognition that WA induces 

Nrf2 signaling via a Keap1-independent, Pten/Pi3k/Akt-dependent mechanism indicates that 

additional signal sensors may serve as useful clinical targets for Nrf2-directed disease 

prevention and therapy.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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APAP acetaminophen

ALT alanine aminotransferase

ARE antioxidant response element

β-Trcp beta-transducin repeat containing protein

CDDO-Im 1[2-cyano-3,12-dioxooleana-1,9(11)-dien-28-oyl]imidazole

Cul3 cullin-3

DMSO dimethyl sulfoxide

Gapdh glyceraldehyde 3-phosphate dehydrogenase

Gclc glutamate-cysteine ligase catalytic subunit

Gst glutathione s transferase

Gsr1 glutathione reductase 1

Ho-1 heme oxygenase 1

Hrd1 HMG-CoA Reductase Degradation 1

H2O2 hydrogen peroxide

Keap1 Kelch-like ECH-associated protein 1

MEF mouse embryonic fibroblast

Nrf2 nuclear factor erythroid 2 [NF-E2]-related factor 2

Nqo1 NAD(P)H quinone oxidoreductase 1

Pi3k phosphatidylinositol-4,5-bisphosphate 3-kinase

Pten phosphatase and tensin homolog

SFN sulforaphane

Sult1a1 sulfotransferase family 1A member 1

Ugt1a1 UDP glucuronosyltransferase family 1 member A1

WA Withaferin A

WLA Withanolide A

WN Withanone

WRE Withania somnifera root extract

WS Withania somnifera
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Highlights

• Withaferin A is an inducer of Nrf2 signaling both in vitro and in vivo

• Withaferin A protects mice against acetaminophen hepatotoxicity in an 

Nrf2-dependent manner

• The mechanism of Nrf2 induction by WA is at least in part Keap1-

independent and is mediated by the Pten/Pi3k/Akt signaling axis
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Figure 1. 
A) Nqo1 transcript induction in WT MEF by Withania somnifera root extract (WRE) 

standardized to WA. B) Structures and names of select withanolides (Withaferin A; WA, 

Withanolide A; WLA, Withanone; WN) present in Withania somnifera plant parts. C) Nqo1 
transcript induction in WT and Nrf2-disrupted MEF by 1 μM WA, 1 μM WLA and 1 μM 

WN. Values are mean ± SEM (n=3). *p<0.05.
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Figure 2. 
A) Schematic of APAP dosing protocol. Mice were treated with either DMSO or 7 mg/kg 

WA (p.o.), followed by 22 hours of starvation before administration of 250 mg/kg APAP 

(i.p.) in saline. B) Serum ALT levels in WT (n=6) and Nrf2-disrupted (−/−) (n=15) mice 

sacrificed 6 hours after APAP treatment. Values are mean ± SEM. C) Representative H&E 

staining of livers of mice in B. D) Serum ALT levels in Nrf2flox/flox and Nrf2flox/flox::AlbCre 
mice. All values are mean ± SEM (n=5–10). E) Representative H&E staining of livers of 

mice in D. Statistical significance (*) of all ALT values was determined by p<0.05 (one-way 

Anova and Tukey’s multiple comparison test) * compared to DMSO control; n.s. not 

significant compared to DMSO control. Histology images are 10X magnification and are 

representative of all animals within each group. Scale bar = 50 μm.
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Figure 3. 
A) Immunofluorescent analyses of liver sections of Nrf2-reporter mice orally treated with 

either DMSO, 30 μmol/kg CDDO-Im or 7 mg/kg WA for 3 hours by anti-β-galactosidase 

antibody. Nrf2-LacZ fusion protein expression and nuclei were stained by Alexa Fluor 546 

and DAPI, respectively. Scale bars=10 μm. Transcript induction of B) Nqo1 C) Ho-1 in WT 

and Nrf2-disrupted MEF treated with graded doses of WA (0–1 μM) for 20 hours. D) 
Immunoblot of Nrf2 protein in the nuclear fraction of WT MEF treated with pharmacologic 

agents; DMSO, 25 nM CDDO-Im after 1 hour, 1 μM WA after 1 hour, 25 nM CDDO-Im 

after 3 hours, 1 μM WA after 3 hours. Lamin B was used as the loading control. E) 
Quantification of densitometry of 3 replicate western blots representing C. F) Nqo1 
transcript induction by 1 μM WA, 25 nM CDDO-Im or 10 μM sulforaphane in WT MEF 20 
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hours post treatment. G) Relative luciferase activity in MCF7 ARE-luciferase reporter cells 

treated with 1 μM WA, 25 nM CDDO-Im or 10 μM sulforaphane for 20 hours. Gapdh was 

used as the normalization control for RT-PCR. All values are mean ± SEM (n=3). *p<0.05.
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Figure 4. 
Mechanisms of Nrf2 induction by WA. A) Nqo1 transcript induction in Keap1-disrupted 

(K0), WT, Nrf2-disrupted (N0) and Keap1 & Nrf2 double-disrupted (K0N0) MEF with 

graded doses of WA (0–3 μM), 20 hours post-treatment. B) Relative luciferase activity in 

Keap1 & Nrf2 double-disrupted MEF transfected with Nqo1-ARE luciferase reporter vector 

and either 5 ng pCMV Nrf2 alone or with 5 ng pCMV Nrf2 and 2.5 ng pCMV WT Keap1/

pCMV C151S Keap1. The reconstituted cells were then treated with DMSO (Veh), 3 μM 

WA or 10 μM sulforaphane (SFN) for 20 hours. Transfection efficiencies were quantified by 

normalization to Renilla luciferase plasmid vector. Statistical comparisons: [*compared to 

mock control. **compared to + Nrf2 + Veh control. #compared to + Nrf2 + WT Keap1 + 

Veh control. ##compared to + Nrf2 + WT Keap1 + SFN. $compared to + Nrf2 + C151S 
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Keap1 + Veh control]. Effects of LY294002 pre-treatment on WA-mediated Nqo1 induction 

in C) WT and D) Keap1-disrupted MEF. Effects of LY294002 pre-treatment on WA-

mediated Ho-1 induction in E) WT and F) Keap1-disrupted MEF. Gapdh was used as the 

normalization control for RT-PCR. All values are mean ± SEM (n=3). *p<0.05.
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Figure 5. 
Protein expression of p-Akt, Akt and Pten after 1 μM WA treatment of A) WT and B) 
Keap1-disrupted MEF. Quantification of p-Akt expression during WA time course in C) WT 

and D) Keap1-disrupted MEF. SF1670 (500 nM) and insulin (1 μM) were used as positive 

controls. Transcript induction of E) Nqo1 F) Ho-1 in MEFs stably transfected either control 

vector or shRNA against Pten (Pten KD) after a 20 hour 1 μM WA treatment. [*compared to 

control MEF treated with DMSO, **compared to Pten KD cells treated with 

DMSO, n.s.compared to control MEF treated with DMSO]. Fold change compared to DMSO 

control within each group is denoted as a multiple. G) Relative luciferase activity in MCF7 

ARE-Luc cells treated with WA after transient transfection of either scrambled or siRNA 

against PTEN. H) Relative luciferase activity induction by WA in MCF7 reporter cells after 

cells were transfected with either mock vector or PTEN overexpression plasmid vector. 

[*compared to scrambled siRNA or mock vector transfected cells treated with DMSO, 

**compared to siPTEN or PTEN expression vector transfected cells treated with 

DMSO, #compared to mock vector transfected cells treated with WA, n.s.compared to mock 
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vector transfected cells treated with DMSO]. Fold change compared to DMSO control 

within each group is denoted as a multiple. All values are mean ± SEM (n=3). *p<0.05.
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Figure 6. 
Proposed scheme for Nrf2 induction by WA. While prototypical target genes are largely 

thought to be working via Keap1-dependent pathways, it is plausible that other mechanisms 

can be manipulated by select compounds such as WA to induce Nrf2-mediated 

cytoprotective responses.

Palliyaguru et al. Page 28

Free Radic Biol Med. Author manuscript; available in PMC 2017 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Palliyaguru et al. Page 29

Ta
b

le
 1

R
el

at
iv

e 
m

R
N

A
 e

xp
re

ss
io

n 
of

 r
ep

re
se

nt
at

iv
e 

N
rf

2 
ta

rg
et

 g
en

es
 in

 W
T,

 N
rf

2fl
ox

/f
lo

x ,
 N

rf
2fl

ox
/f

lo
x :

:A
lb

C
re

 a
nd

 s
ys

te
m

ic
 N

rf
2-

di
sr

up
te

d 
m

ou
se

 li
ve

rs
 u

nd
er

 

ba
sa

l (
D

M
SO

) 
an

d 
in

du
ce

d 
(7

 m
g/

kg
 W

A
) 

co
nd

iti
on

s.

G
en

e
W

ild
-t

yp
e

N
rf

2fl
ox

/f
lo

x
N

rf
2fl

ox
/f

lo
x :

:A
lb

C
re

N
rf

2-
di

sr
up

te
d

D
M

SO
W

A
D

M
SO

W
A

D
M

SO
W

A
D

M
SO

W
A

N
qo

1
1.

0±
0.

2
2.

9±
0.

2*
1.

6±
0.

6
3.

1±
0.

3*
,a

0.
7±

0.
1

1.
4±

0.
1b

0.
1±

0.
02

0.
2±

0.
02

G
cl

c
1.

0±
0.

1
3.

4±
0.

9*
1.

3±
0.

3
7.

7±
2.

1*
,a

0.
9±

0.
3

3.
1±

0.
3*

,b
1.

7±
0.

4
0.

6±
0.

2c

Su
lt1

a1
1.

0±
0.

2
2.

4±
0.

8
0.

9±
0.

2
2.

7±
0.

8
0.

8±
0.

3
3.

5±
0.

7*
,b

2.
2±

0.
5

2.
5±

1.
3

G
st

p1
1.

0±
0.

1
2.

8±
0.

5*
0.

9±
0.

2
4.

9±
1.

2*
,a

0.
4±

0.
1

3.
1±

0.
2*

,b
1.

7±
0.

5
1.

3±
0.

6

U
gt

1a
1

1.
0±

0.
3

2.
2±

0.
3*

0.
8±

0.
2

2.
0±

0.
5a

0.
7±

0.
2

1.
5±

0.
3b

0.
9±

0.
2

1.
3±

0.
7

G
st

a1
1.

0±
0.

2
3.

2±
1.

2*
0.

8±
0.

2
7.

3±
2.

1*
,a

0.
2±

0.
1

0.
8±

0.
2

0.
8±

0.
2

0.
6±

0.
2

G
st

a4
1.

0±
0.

1
3.

8±
1.

4*
2.

3±
0.

7*
5.

4±
1.

4*
0.

6±
0.

1
1.

9±
0.

3b
1.

6±
0.

3
0.

8±
0.

2

G
sr

1
1.

0±
0.

1
3.

4±
0.

9*
0.

8±
0.

1
4.

9±
1.

6*
,a

0.
9±

0.
3

4.
7±

0.
7*

,b
1.

1±
0.

5
0.

9±
0.

5

N
rf

2
1.

0±
0.

3
4.

8±
2.

8*
1.

4±
0.

7
5.

2±
1.

7*
,a

0.
1±

0.
02

0.
5±

0.
1

N
D

N
D

V
al

ue
s 

ar
e 

m
ea

n 
±

 S
E

M
 (

n=
3)

. p
<

0.
05

.

* co
m

pa
re

d 
to

 W
T

 D
M

SO
,

a co
m

pa
re

d 
to

 N
rf

2f
lo

x/
fl

ox
 D

M
SO

 g
ro

up
,

b co
m

pa
re

d 
to

 N
rf

2f
lo

x/
fl

ox
::A

lb
C

re
 D

M
SO

 g
ro

up
,

c co
m

pa
re

d 
to

 N
rf

2-
di

sr
up

te
d 

D
M

SO
 g

ro
up

.

N
D

: N
ot

 d
et

ec
te

d.

Free Radic Biol Med. Author manuscript; available in PMC 2017 December 01.


	Abstract
	Graphical abstract
	1. Introduction
	2. Methods and materials
	2.1. Animals and husbandry
	2.2. In vivo experiments
	2.3. Cell lines and reagents
	2.4. In vitro experimental design
	2.5. Transfection studies and luciferase assays
	2.6. RNA isolation and Real time PCR (RT-PCR)
	2.7. Immunoblotting
	2.8. Immunostaining
	2.9. Statistical analysis

	3. Results
	3.1. Withania somnifera root extract and select withanolides are potent inducers of Nrf2 signaling
	3.2. WA profoundly protects mice against APAP hepatotoxicity in an Nrf2-dependent manner
	3.3. Induction of cytoprotective enzymes by WA is Nrf2-dependent
	3.4. WA induces Nrf2 signaling in vivo and in vitro
	3.5. WA induces Nrf2 signaling in a Keap1-independent, Pi3k-dependent manner
	3.6. Pten plays an important role in WA-mediated Nrf2 signaling induction

	4. Discussion
	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Table 1

