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ABSTRACT

Nonalcoholic steatohepatitis (NASH) is the progressive stage
of nonalcoholic fatty liver disease that highly increases the
risk of cirrhosis and liver cancer, and there are few therapeu-
tic options available in the clinic. Withaferin A (WA), extracted
from the ayurvedic medicine Withania somnifera, has a wide
range of pharmacological activities; however, little is known
about its effects on NASH. To explore the role of WA in
treating NASH, two well defined NASH models were used, the
methionine-choline-deficient diet and the 40 kcal% high-fat
diet (HFD). In both NASH models, WA treatment or control
vehicle was administered to evaluate its hepatoprotective
effects. As assessed by biochemical and histologic analyses,
WA prevented and therapeutically improved liver injury in both

models, as revealed by lower serum aminotransaminases,
hepatic steatosis, liver inflammation, and fibrosis. In the
HFD-induced NASH model, both elevated serum ceramides
and increased hepatic oxidative stress were decreased in the
WA-treated group compared with the control vehicle-treated
group. To further explore whether WA has an anti-NASH effect
independent of its known action in leptin signaling associated
with obesity, leptin signaling—deficient ob/ob mice maintained on
an HFD were used to induce NASH. WA therapeutically reduced
NASH in HFD-treated leptin-deficient ob/ob mice, thus dem-
onstrating a leptin-independent hepatoprotective effect. This
study revealed that WA treatment could be an option for NASH
treatment.

Introduction

Nonalcoholic steatohepatitis (NASH) is the progressive
stage of nonalcoholic fatty liver disease (NAFLD) that results
in a high risk of the end-stage liver diseases, cirrhosis and
hepatocellular cancer (Farrell and Larter, 2006; Michelotti
et al., 2013). While virus-induced hepatitis has been sharply
reduced with vaccine application and curative drugs (Scott
et al., 2015; Flemming et al., 2017), there continues to be an
increase in NAFLD incidence due to the rapid rise of obesity
and diabetes (Wong et al., 2014; Estes et al., 2018). NASH is
currently listed as the second leading cause of liver disease
among adults awaiting liver transplantation in the United
States (Wong et al., 2015) and is estimated to overtake
hepatitis C virus infection as the leading cause of liver
transplantation in the United States in the coming decades
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(Oseini and Sanyal, 2017). Although some conventional
therapies, such as vitamin E and pioglitazone, could improve
steatosis and inflammation, few treatments that could sig-
nificantly decrease fibrosis, one of the strongest indicators of
liver damage caused by NASH, have been found (Cassidy and
Syed, 2016; Oseini and Sanyal, 2017), indicating that while
market-available drugs are mostly effective in treating hepatic
steatosis, they have minimal effects on fibrosis associated with
NASH. There are no current Food and Drug Administration—
approved therapies for treating NASH, and the development of
novel medical treatments is urgently needed.

Withaferin A (WA) is a steroidal lactone derived from
the plant Withania somnifera used in traditional ayurvedic
medicine (Vanden Berghe et al., 2012). WA was originally
used as an antitumor agent (Lee and Choi, 2016) and has other
pharmacological properties, including cardioprotective, anti-
inflammation, and antioxidant activities (Vanden Berghe
et al., 2012). Recently, WA was demonstrated in mice to be
a leptin sensitizer with strong antidiabetic properties that
could decrease obesity-associated metabolic abnormalities,
including hepatic steatosis (Lee et al., 2016). Several other
studies demonstrated that WA has hepatoprotective activity
as revealed by its ability to mitigate acetaminophen-induced

ABBREVIATIONS: Acer, alkaline ceramidase; ALT, alanine aminotransferase; AST, aspartate aminotransferase; AUC, area under the plasma drug
concentration-time curve; Cers, ceramide synthase; ER, endoplasmic reticulum; HFD, high-fat-diet; IL, interleukin; LFD, low-fat-diet; MCD,
methionine-choline-deficient; MCS, methionine-choline-sufficient; NAFLD, nonalcoholic fatty liver disease; NASH, nonalcoholic steatohepatitis;
NEFA, nonesterified fatty acid; NLRP3, NLR family pyrin domain containing 3; NRF2, nuclear factor erythroid 2-related factor 2; Sgms,
sphingomyelin synthase; Smpd, sphingomyelin phosphodiesterase; Sptic, serine palmitoyltransferase, long-chain base subunit; Srebp7c, sterol
regulatory element-binding protein 1c; TC, total cholesterol; TG, triglyceride; WA, withaferin A.
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Fig. 1. Effect of WA on body weight, liver weight,
liver index, and liver histology in MCS diet—fed

_ mice. (A) Experiment scheme for testing the
40 2.0 g 0.06 preventive effects of WA in the MCD-induced
—_ —_ EE *ok liver injury model. (B) Effect of WA on body

- e x 0 weight. ect o on liver weight.
= 30 =15 > ht. (C) Effect of WA 1 ht. (D)
5 PR = 8 0.04 e Effect of WA on liver index. (E) Effect of WA on
S 20 o %1 0 * £= H&E staining of MCS diet—fed mouse livers. Scale
3 - = > bar, 100 um. Data were presented as means * S.D.
> 5 it 2 8 0.02 MCS, mice fed the MCS diet and treated with vehicle;
2 10 2os “a™ MCS+WAS, mice fed the MCS diet and treated with
o - g 5 mg/kg of WA only; MCD, mice fed the MCD diet and
0 0.0 =0.00 treated with vehicle; MCD+WA1, mice fed the MCD
% N G 6 ’ % N B B = ) R diet and treated with 1 mg/kg of WA; MCD+WA2.5,
\g@?‘\v“&?‘\?‘vﬂ;‘\?‘ ‘x\c’?‘\v‘g\oo\‘\v'v};s\?' @\oq\v‘\t\c’%\v’v.m;x\?‘ mice fed the MCD diet and treated with 2.5 mg/kg
G N & or N & S of WA; MCD +WA5, mice fed the MCD diet and
A\ \&000 \g‘c’ & \!\000 \‘\G + B\ 00 \x\c' treated with 5 mg/kg of WA. n = 5 mice per
A\ o A group. Statistical differences were determined
by the two-tailed ¢ test between two groups or by
E one-way ANOVA among multiple MCD diet—fed
H&E groups. P < 0.005 when compared with MCS
MCS MCS+ WAS group; *P < 0.05; **P < 0.01 when compared with

+ the MCD group.

acute liver injury (Jadeja et al., 2015; Palliyaguru et al., 2016)
and alleviate bromobenzene-induced liver injury (Vedi and
Sabina, 2016). Since obesity is usually associated with insulin
resistance and fatty liver, the pharmacological potential of WA
in treating NASH needs to be evaluated.

NAFLD/NASH is known to be caused by a hepatic overload
of fatty acids, leading to the production of toxic lipids that
could cause hepatic oxidative stress, inflammation, endoplas-
mic reticulum (ER) stress, and cell death (Friedman et al.,
2018). Among the toxic lipids, ceramides are signaling mole-
cules that accumulate in the blood and tissues in animal
models of metabolic diseases. High cellular levels of ceramides
are correlated with inflammation, cell death, oxidative stress,
ER stress, and insulin resistance (Pagadala et al., 2012; Chaurasia
and Summers, 2015). Thus, strategies that decrease ceramides
could efficiently improve NAFLD and NASH (Kurek et al., 2014;
Jiang et al., 2015; Xie et al., 2017). On the other hand, WA is
known to suppress oxidative stress, evidenced by its nuclear
factor erythroid 2-related factor 2 (NRF2)-dependent effect in
alleviating acetaminophen-induced liver injury and its effect
in inducing heme oxygenase expression in endothelial cells via
activating the NRF2 pathway (Vanden Berghe et al., 2012;
Jadeja et al., 2015; Heyninck et al., 2016; Palliyaguru et al.,
2016). In addition, WA is a known leptin sensitizer that could
both leptin signaling—dependently and leptin signaling—
independently reduce diet-induced obesity as reported pre-
viously (Lee et al.,, 2016). Although there is no conclusive
evidence that leptin is of value for the treatment of NAFLD
patients, leptin was suggested to have a potential role in NASH
treatment, as revealed by the fact that recombinant leptin

administration showed a beneficial effect in hepatic steatosis in
NAFLD patients with hyperleptinemia (Polyzos et al., 2015) or
lipodystrophy patients (Javor et al., 2005). However, whether
WA modulates ceramide homeostasis and alleviates oxidative
stress when treating NASH and whether WA affects NASH
dependent on its effect on leptin signaling are still not known.

In the present study, two widely-used NASH models, the
methionine-choline-deficient (MCD) diet and the high-fat
diet (HFD), were first used to evaluate the efficacy of WA
in treating NASH. WA had both preventive and therapeutic
effects in improving NASH, as revealed by significant decreases
of serum aminotransferases, hepatic steatosis, inflammation,
ER stress, and fibrosis. In the HFD-induced NASH model, WA
alleviated NASH-associated oxidative stress and lowered se-
rum ceramide levels. Using leptin-deficient ob/ob mice main-
tained on a NASH-promoting HFD, WA had a therapeutic effect
in improving HFD-induced NASH in ob/ob mice, suggesting
a leptin-independent anti-NASH effect of WA. The present
results indicate that WA could be repurposed as a novel
therapy for treating NASH patients.

Materials and Methods

Chemicals and Reagents. WA was purchased from ChromaDex
(Irvine, CA). PeroxiDetect kit, superoxide dismutase kit, glutathione
assay kit, and dimethylsulfoxide were purchased from Sigma-Aldrich
(St. Louis, MO). Alanine aminotransferase (ALT) and aspartate
aminotransferase (AST) kits were purchased from Catachem (Oxford,
CT). Total cholesterol (TC), triglyceride (TG), and nonesterified fatty
acid (NEFAs) kits were purchased from Wako Pure Chemical Industries
(Osaka, Japan). Ceramide standards C16, C18, C20, C22, C24, C18:1,
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Fig. 2. WA dose-dependently alleviated MCD diet—induced liver injury. (A and B) Analysis of serum ALT (A) and AST (B) levels. (C and D) Analysis
of liver TC (C) and TG (D) levels. (E and F) Analysis of serum TC (E) and TG (F) levels. (G) Analysis of hepatic proinflammatory cytokine mRNA levels.
(H) H&E staining of livers from MCD diet—fed mice treated with vehicle or 5 mg/kg WA. (I) Oil Red O staining of livers from MCD diet—fed mice treated
with vehicle or 5 mg/kg WA. Scale bar, 100 um. Data were presented as means = S.D. Group descriptions for the MCS, MCS+WAS5, MCD, MCD+WAL1,
MCD+WA2.5, and MCD+WADS groups were the same as described in the legend to Fig. 1. n = 5 mice per group. *P < 0.05; #P < 0.01; #*P < 0.005 when
compared with the MCS group; *P < 0.05; **P < 0.01; ***P < 0.005 when compared with the MCD group. Statistical differences were determined by the

two-tailed ¢ test or one-way ANOVA. Tnfa, tumor necrosis factor a.

and C24:1 were purchased from Avanti Polar Lipids (Alabaster, AL).
Rodent diets with 40 kcal% high fat, 20 kcal% fructose, and 2% choles-
terol (HFD, catalog number D09100301 for C57BL/6N mice and catalog
number D09100310 for ob/ob mice) and 10 keal% fat control diet [low-fat
diet (LFD), catalog number D09100304] were purchased from Research
Diets (New Brunswick, NJ). Methionine-choline-sufficient (MCS) diet
and MCD diet were purchased from Dyets Inc. (Bethlehem, PA).

Drug Preparation and Dosing. The WA stock solution was
dissolved in dimethylsulfoxide and frozen, and before use, it was diluted
with saline to generate the treatment doses (the final dimethylsulfoxide
percentage was the same for all final injection solutions). WA was
injected intraperitoneally (0.1 ml/20-g mouse) at the doses indicated
once per day before the dark cycle of the day.

Animal Studies. Age-matched 6- to 8-week-old C57BL/6N males
were housed in a specific pathogen-free environment controlled for
temperature and light (25°C, 12-hour light/dark cycle) and humidity

(45%—65%). The National Cancer Institute Animal Care and Use
Committee approved all animal experiments conducted in this study.
The mice were administered WA at doses of 1, 2.5, and 5 mg/kg for the
MCD model and at a dose of 5 mg/kg for the HFD models. To test the
preventative effect of WA in treating MCD-induced NASH, the mice
were randomly divided into six groups: 1) MCS: mice fed the MCS diet
and treated with control vehicle; 2) MCS+WAS5: mice fed the MCS diet
and treated with 5 mg/kg WA; 3) MCD: mice fed the MCD diet and
treated with control vehicle; 4) MCD+WA1: mice fed the MCD diet
and treated with 1 mg/kg WA; 5) MCD+WAZ2.5: mice fed the MCD diet
and treated with 2.5 mg/kg WA; and 6) MCD+WAS5: mice fed the MCD
diet and treated with 5 mg/kg WA. All mice were fed the MCS or MCD
diets for 4 weeks, and WA or control vehicle was injected once per day
from the first day of diet feeding. To test the therapeutic effect of WA in
treating MCD diet—induced NASH, the mice were fed the MCD diet for
6 weeks and then injected with WA once a day at the dose of 5 mg/kg
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during the last 2 weeks of MCD feeding. To test the preventive and
therapeutic effect of WA in the HFD-induced NASH model, mice were
fed an HFD or LFD for 20 weeks. Mice were fed an HFD or LFD for
8 weeks and then divided into four groups: 1) mice treated with vehicle
for 12 weeks; 2) mice treated with WA for 12 consecutive weeks; 3)
mice treated with vehicle for 4 weeks from week 9 to week 12, and then
treated with WA for the last 8 weeks; and 4) mice treated with vehicle
for 8 weeks from week 9 to week 16, and then treated with WA for
4 weeks. To test the therapeutic effect of WA in leptin-deficient NASH,
the leptin-deficient ob/ob NASH mouse model was used. Eight-week-
old age-matched ob/ob mice, obtained from Jackson Laboratories,
were fed an HFD for 8 weeks and then divided into two groups: 1) mice
maintained on an HFD and treated with WA or control vehicle for
4 weeks, and 2) mice maintained on an HFD and treated with WA for
4 weeks. The mice were injected with vehicle or WA before the dark
cycle of the day and not fasted during the study. One hour after the last
injection of WA or control vehicle, the mice were killed with CO,, and
serum and tissues were collected for further analysis.

Histology Analysis. Formalin-fixed liver tissues were embedded
in paraffin. A portion of fresh livers were embedded in Tissue-Tek
Optimal Cutting Temperature compound (Sakura Finetek, Torrance,
CA) and then flash frozen for Oil Red O (VitroVivo, Biotech, Rockville,
MD) staining. Five-micrometer-thick sections were cut for both H&E
and picrosirius red staining. Further sample processing, analysis for
haematoxylin and eosin (H&E) staining, and Oil Red O staining were
performed at Histoserv Inc. (Germantown, MD) or VitroVivo Biotech.
For picrosirius red staining in Fig. 8, paraffin-embedded livers were
sectioned at Histoserv Inc. and stained with picrosirius , whereas the
picrosirius staining in Fig. 12 was performed at VitroVivo Biotech.
Digital images from ppicrosirius red—stained liver sections were analyzed
with Image-Pro Plus software (Media Cybernetics, Inc., Rockville, MD),
and the collagen-positive area was assessed. Large blood vessels and
corner sections were excluded from analysis, and at least five different
fields of each slide were measured to allow a realistic picture of
the entire organ’s fibrotic state. Results were expressed as collagen
percentage of all images related to the total area of the tissue.

Biochemical Analysis of Liver and Serum. Biochemical
parameters including levels of ALT, AST, TC, TG, and NEFAs, as
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well as levels of superoxide dismutase, hydroxide peroxide, and
glutathione in serum or liver were tested with commercial kits
based on the manuals. Serum ceramides were quantified as described
previously (Xie et al., 2017).

Quantitative Polymerase Chain Reaction. The livers were
flash frozen in liquid nitrogen and stored at —80°C. Total RNA from
frozen livers was extracted with TRIzol reagent (Invitrogen, Carlsbad,
CA). ¢cDNA was synthesized from 1 ug of total RNA using qScript
c¢DNA SuperMix (Quantabio, Beverly, MA). Analysis was performed
by using the ABI PRISM 7900 Sequence Detection System (Applied
Biosystems, Bedford, MA). Values were normalized to Actb or
glyceraldehyde3-phosphate dehydrogenase mRNAs and the results
expressed as fold change relative to the control group. Primer sequences
are listed in Supplemental Table 1.

Pharmacokinetic Analysis. Age-matched and body weight-matched
8-week-old C57BL/6N mice were randomly grouped and dosed with
5 mg/kg WA via intraperitoneal administration. Blood was collected
at 0 minutes (predose), 10 minutes, 20 minutes, 40 minutes, 1 hour,
2 hours, 4 hours, 8 hours, 24 hours, and 48 hours for isolation of
plasma. Samples were diluted with acetonitrile, and protein was
removed by centrifugation and then analyzed using ultraperform-
ance liquid chromatography—-tandem mass spectrometry under
reverse-phase chromatography after optimizing chromatographic
conditions for WA. MassLynx software version 4.1 (Waters Corp,
Milford MA) was used to analyze the drug concentration data. The
pharmacokinetic parameters of WA were calculated by the non-
compartmental model using WinNonlin software version 5.2.1
(Pharsight Corporation, Sunnyvale, CA). The C,.x values and the
time to reach maximum plasma concentration (T,,,,) were calcu-
lated directly from the observed plasma concentration versus time
data. The area under the plasma drug concentration—time curve
from time 0 to 48 hours (AUC(_451,) was calculated using the linear
trapezoidal rule. The AUC(_jnfinity Was calculated as follows:
AUCq_infinity = AUCg_48 n + C¢/Ke1, where C; is the last plasma
concentration measured, and K, is the elimination rate constant;
K, was determined using linear regression analysis of the logarithm
linear part of the plasma concentration—time curve. The t,,, of WA
was calculated as tq/5 = In2/K,,.
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Fig. 4. WA therapeutically improved MCD diet—induced NASH. (A) Experiment scheme for testing the therapeutic effect of WA in the MCD-induced
NASH model. (B) Effect of 5 mg/kg WA on body weight. (C) Effect of 5 mg/kg WA on liver weight. (D) Effect of 5 mg/kg WA on liver indexes. (E and F)
Analysis of serum ALT (E) and AST (F) levels in LFD-fed mice and HFD-fed mice treated with control vehicle or WA. (G and H) Histology analysis of
hepatic steatosis by Oil Red O staining (G) and H&E staining (H). Scale bar, 100 um. Data were presented as means = S.D. Descriptions for the MCS,
MCS+WA5, MCD, and MCD+WAS5 groups were the same as described in the legend to Fig. 1. n = 5 mice per group. *P < 0.05; *#*P < 0.01; **P < 0.005
when compared with the MCS group; *P < 0.05 when compared with the MCD group. Statistical differences were determined by the two-tailed ¢ test or

one-way ANOVA.

Statistical Analysis. Experimental values were presented as the
mean * S.D. Statistical analyses were determined by two-tail ¢ test
between two groups or by one-way ANOVA followed by Dunnett’s
multiple comparisons test among multiple groups using Prism version
7.0 (GraphPad Software, San Diego, CA). P values less than 0.05 were
considered statistically significant.

Results

WA Dose-Dependently Attenuates MCD Diet-Induced
Liver Injury. To explore the effective dose of WA in the MCD
diet—induced liver injury model, WA at 1, 2.5, and 5 mg/kg was
administered. From the first day of MCD diet feeding, WA was
injected once a day for four consecutive weeks (Fig. 1A). The
MCD diet induced a significant loss of body weight , which was
significantly attenuated by 5 mg/kg WA (Fig. 1B). WA dose-
dependently increased the liver weight and liver index in mice
on the MCD diet (Fig. 1, C and D). WA treatment alone caused
no significant histologic changes suggestive of liver damage
(Fig. 1E) and did not significantly affect serum ALT and AST
levels (Fig. 2, A and B) in the control MCS diet group,

indicating that WA at 5 mg/kg was not hepatotoxic. Further
biochemical assays showed that WA dose-dependently inhibited
the MCD diet—induced increase of serum ALT and AST levels
(Fig. 2, A and B) as well as hepatic levels of TC and TG (Fig. 2,
C and D). The MCD diet induced a marked decrease of serum
TC and TG, which was significantly attenuated by 5 mg/kg WA
(Fig. 2, E and F). Given that WA at 5 mg/kg, among the tested
doses, showed a consistent effect in reversing body weight
changes, serum ALT and AST levels, and TC and TG levels in
livers and serum, the effect of WA on hepatic inflammation
and histology was measured at this dose. WA alleviated MCD
diet—induced liver inflammation (Fig. 2G), and histologic
analyses by H&E and Oil Red O staining showed that
5 mg/kg WA improved MCD diet-induced hepatic steatosis
(Fig. 2, H and I). These data demonstrate that WA dose-
dependently prevents MCD diet—induced fatty liver, and that
the 5-mg/kg dose of WA ameliorates NASH.

With a dose of 5 mg/kg WA chosen for further study, a
pharmacokinetic analysis was performed to investigate the
exposure and clearance behavior of WA in blood after intra-
peritoneal injection. The chemical structure of WA and drug
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Fig. 5. WA improved HFD-induced liver injury. (A) Experiment scheme of the time-course dosing regimen. (B and C) Body weights of HFD-fed mice (B)
and LFD-fed mice (C) treated with vehicle or WA. (D and E) Liver weights (D) and liver indexes calculated by liver weight/body weight ratio (E). (F and G)
Analysis of serum ALT (F) and AST (G) levels. Data were presented as means + S.D. LV, mice fed the LFD and treated with vehicle (V); L+4W WA, mice
fed LFD and treated with WA for the last 4 weeks; L+8W WA, mice fed the LFD and treated with WA for the last 8 weeks; L+12W WA, mice fed the LFD
and treated with WA for the last 12 weeks; NV, mice fed the HFD-induced NASH diet (N) and treated with vehicle; N+4W WA, mice fed the HFD-
induced NASH diet and treated with WA for the last 4 weeks; N+8W WA, mice fed the HFD-induced NASH diet and treated with WA for the last
8 weeks; N+12W WA, mice fed the HFD-induced NASH diet and treated with WA for the last 12 weeks. n = 5 mice for the LFD-fed groups and n = 7-10
for HFD-fed mice. *#*P < 0.01; *#P < 0.005 compared with the LFD group; *P < 0.05; ***P < 0.005 compared with the HFD group. Statistical differences

were determined by the two-tailed ¢ test or one-way ANOVA.

concentration—time curve of WA are shown (Supplemental
Fig. 1, A and B). The pharmacokinetic parameters, including
Cmax, t1/2, AUCq_4g 1, AUCy_.., and elimination rates (K.j;, 1/h),
were calculated (Supplemental Fig. 1C). Following a single
intraperitoneal injection dose of 5 mg/kg WA, a C,,.. level of
14.3 = 1.8 nM was observed at 20 minutes. The plasma ty/,
value of WA was 2.0 = 0.6 hours. These data and a previous
study (Thaiparambil et al., 2011) that found intraperitoneally
injected WA had a half-life of 1.36 hours, suggest that WA is
rapidly clearance from blood after intraperitoneal dosing.
However, WA was readily detected across the time course of
48 hours and was maintained at 2—4 nM (14%—29% of WA
peak concentrations) at the later phase after a single dose of
5 mg/kg WA (Supplemental Fig. 1B). These data suggest that
WA could be maintained at a relatively low level for 48 hours
while having a short half-life of 2 hours in mice.

WA Prevents MCD Diet-Induced Liver Injury Indepen-
dent of Body Weight Change. To examine whether WA
could prevent MCD diet—-induced NASH independent of
its effect in changing MCD diet—induced body weight loss,

a short-term MCD diet—feeding study was performed. Mice
were fed an MCD diet for 10 days, during which 5 mg/kg WA or
control vehicle was injected once a day for 10 consecutive days
(Fig. 3A). In this short-term study, 5 mg/kg WA did not change
the body mass of MCD diet—fed mice (Fig. 3B). However, WA
markedly increased the liver weight and the liver index when
compared with control vehicle-treated controls (Fig. 3, C and
D). WA significantly decreased the MCD diet—induced serum
ALT and AST levels (Fig. 3, E and F). These data demonstrate
that 5 mg/kg WA is sufficient to alleviate MCD diet-induced
liver injury at the early stages of NASH in the absence of
significant body weight changes.

WA Therapeutically Improves MCD Diet-Induced
Liver Injury. To further explore whether WA could thera-
peutically treat MCD diet—induced NASH, 5 mg/kg WA was
administered for 2 weeks after the onset of liver damage
induced by 6 weeks of MCD diet feeding (Fig. 4A). WA did not
affect the body weight, liver weight, or liver index (Fig. 4, B-D),
whereas it significantly decreased the MCD diet—induced
increases of serum ALT and AST levels (Fig. 4, E and F).
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Fig. 6. WA improved serum and liver biochemical parameters in a time-dependent manner. (A and B) Analysis of liver TG levels (A) and TC levels (B).
(C and D) Analysis of serum TG (C) and TC (D) levels. (E and F) Analysis of liver NEFA levels (E) and serum NEFA levels (F). Data were presented as
means *+ S.D. Groups for the LV, NV, N+4W WA, N+8W WA, and N+12W WA groups were the same as described in the legend to Fig. 5. n = 5 mice for
the LFD group and n = 7-10 for the other three HFD-fed groups. #P < 0.01; *#P < 0.005 compared with LFD group; **P < 0.01; ***P < 0.005 compared
with the HFD group. Statistical differences were determined by the two-tailed ¢ test or one-way ANOVA.

WA also improved hepatic steatosis as revealed by histologic
analyses (Fig. 4, G and H). These data suggest that 5 mg/kg
WA therapeutically improves MCD diet—induced liver injury.

WA Improves HFD-Induced Liver Injury. In contrast
to the MCD diet-induced NASH model that results in body
weight loss and does not cause insulin resistance coincident
with inducing steatohepatitis, the 40 kcal% HFD-induced
obese NASH model is thought to better mimic the typical
human NASH pathologies of insulin resistance, high serum
lipid accumulation, and obesity (Hebbard and George, 2011,
Griffett et al., 2015; Honda et al., 2016; Ding et al., 2018). To
further confirm the effect of WA in treating NASH, the HFD
regimen and its matched LFD were used to test the effect of
WA both in preventing and therapeutically improving NASH.
Mice were fed an HFD for 20 weeks and injected with 5 mg/kg
WA or control vehicle for the last 12, 8, or 4 weeks before
killing (Fig. 5A). WA significantly decreased body weights in
both the HFD-fed and LFD-fed mice (Fig. 5, B and C). WA also
decreased liver weights and liver indexes (Fig. 5, D and E) and
attenuated the HFD-induced increase of serum ALT and AST
(Fig. 5, F and G) in a time-dependent manner. Similarly, WA
treatment decreased the HFD-induced accumulation of he-
patic TG and TC levels (Fig. 6, A and B), and serum TG and TC
levels (Fig. 6, C and D). WA treatment time-dependently
decreased the HFD-induced accumulation of NEFAs in both
livers and serum (Fig. 6, E and F). Further histologic analyses

showed that WA treatment time-dependently improved NASH-
associated hepatic steatosis as revealed by histologic analyses
(Fig. 7, A and B). WA treatment also significantly reduced the
levels of the HFD-induced Tnfa, interleukin 1b (I116), and 116
mRNAs involved in hepatic inflammation (Fig. 7, C-E), and
heat shock protein family A member 5 (Hspa5) and DNA
damage-inducible transcript 3 (Ddit3) mRNA levels involved
in ER stress (Fig. 7, F and G). WA treatment decreased the
HFD-induced increase of sterol regulatory element-binding
protein 1c (Srebplc) mRNA encoding the transcription factor
SREBP1C and its downstream target gene mRNAs, Scd1 and
Fas, involved in the control of lipogenesis (Fig. 7, H-J). These
data demonstrate that WA treatments both prevent and
therapeutically improve HFD-induced hepatic steatosis, in-
flammation, and ER stress accompanied by dampening of the
hepatic lipogenesis signaling.

WA Attenuates Hepatic Fibrosis. Fibrosis is a major
hallmark of NAFLD progression to NASH. Twenty-week
HFD feeding markedly induced picrosirius red staining
in the NASH group, which was rescued by WA treatment
in a time-dependent manner (Fig. 8A). Further statistical
analysis showed that WA treatment decreased NASH-associated
hepatic collagen accumulation (Fig. 8B). In addition, WA treat-
ment decreased Timp2, Collal, Mmp2, and Acta2 mRNAs
encoding enzymes and structural proteins involved in liver
fibrogenesis (Fig. 8, C—F). These data demonstrate that WA

20z ‘g |dy uo seuinor 134SV e Bio'sfeulnofiedse ied | wouy pepeojumoq


http://jpet.aspetjournals.org/

A NV NV+ 4W WA
B
C D
15 Tnfa 5 111b
= o Saf e
[ [
g 10 * Ej
[ (]
= dekdk =P
E 5 © sk Kkk
& *k% Dy *kk
0 : 4
RO IR IR\
h\“ 's‘\ q\j‘ x&gx‘sx‘\q"“
et DR
G Ddit3 H
6 8 Srebpftc
< <
z Z g it
%4 €
: g4
5 & dedde ek
ﬁz S 2 Hedek
0 0
PR LR R\
Wt
Nt

Withaferin A Therapeutically Improves NASH 367

NV+8W WA NV+ 12W WA

E F Hspab
8 s 16 10
< <
Zs g8
E E 6
24 >
@ 2 € 2
0 0
Q\ ‘\“ Q\?‘ \x\V' \‘\?’
N o
IRy ‘\"'\
| J
Fas Scd1
15 5 s
g 10 E 3
o o
g 5 e E L i 90
& *xk @4 Fedede
0 0
\j‘ ‘\*\Q\?“\“?‘\‘g‘? é@"«\?’@\"@?’
S g W o g
Xy ‘\x ‘\x" ‘\x ‘\x ‘\x’\

Fig. 7. WA improved HFD-induced hepatic steatosis and inflammation. (A and B) Representative histology pictures of H&E staining (A) and Oil Red O
staining (B). Scale bar, 100 um. (C-E) Effect of WA on HFD-induced liver Trfa, Il1b, and Il6 mRNA levels. (F and G) Effect of WA on HFD-induced
hepatic ER stress signaling marker (Hspa5 and Didt3) mRNA levels. (H-J) Effect of WA on HFD-induced SrebpIc, Fas, and ScdI mRNA levels. Data
were presented as means * S.D. Descriptions for the LV, NV, N+4W WA, N+8W WA, and N+12W WA were the same as described in the legend to
Fig. 5. n = 5 mice for the LFD group and n = 7-10 for the other three HFD-fed groups. **#P < 0.005 compared with LFD group; *P < 0.05; **P < 0.01;
*¥#¥*P < 0.005 compared with the HFD group. Statistical differences were determined by the two-tailed ¢ test or one-way ANOVA.

improves NASH-associated fibrosis induced by HFD in a time-
dependent manner.

WA Rescues NASH-Associated Ceramide Accumulation,
ER Stress, and Oxidative Stress. Previous studies dem-
onstrated that HFD-induced hepatic steatosis was correlated
with increased ceramide levels (Longato et al., 2012; Chaura-
sia and Summers, 2015; Kasumov et al., 2015). Genetically or
biochemically decreasing ceramides improved NAFLD
and NASH (Kurek et al., 2014; Xie et al., 2017). Oxidative
stress that occurs in NASH could induce ceramide accu-
mulation (Bikman and Summers, 2011), and WA has
exhibited antioxidant activity in earlier experimental
models (Vanden Berghe et al., 2012). Thus, the antioxidant
effects of WA could potentially influence ceramide levels
and oxidative stress when treating NASH. To examine this

hypothesis, levels of serum ceramides were first measured
using authentic standards. HFD significantly induced the
accumulation of ceramides, such as C16 (m/z 582.5098),
C18 (m/z 610.5411), C20 (m/z 638.5724), C22 (m/z 666.6037),
C24 (m/z 694.6350),C18:1 (m/z 608.5254), and C24:1 (m/z
692.6193), all of which were reduced by WA treatment
(Fig. 9, A-G).

Next, the possibility that WA attenuated HFD-induced
oxidative stress was examined. WA treatment time-dependently
rescued the NASH-induced decrease of hepatic superoxide
dismutase and glutathione levels, and significantly attenu-
ated the NASH-induced increase of hepatic peroxide levels
(Fig. 9, H-J). These data suggest that WA treatment reduces
HFD-induced ceramide accumulation in serum and oxidative
stress in liver.
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Fig. 8. WA improved HFD-induced hepatic fibrosis. (A) Representative hepatic picrosirius red staining for both LFD-fed livers and HFD-fed livers.
Scale bar, 100 um. (B) Statistical quantitation analysis of picrosirius red staining for liver collagen. (C-F) Analysis of Timp2, Collal, Mmp2, and Acta2
mRNAs. Data were presented as means * S.D. Descriptions for the LV, NV, N+4W WA, N+8W WA, and N+12W WA groups were the same as described
in the legend to Fig. 5. n = 5 mice for LFD group and n = 7-10 for the other three HFD-fed groups. **#P < 0.005 when compared with the LFD group; *P < 0.05;
*#*P < 0.01, whereas ***P < 0.005 when compared with the HFD group. Statistical differences were determined by the two-tailed ¢ test or one-way ANOVA.

To further examine why WA alleviated serum ceramide
accumulation and hepatic oxidative stress, mRNA levels
of ceramide signaling and NRF2 signaling were analyzed.
WA treatment markedly decreased mRNAs of genes involved
in ceramide biosynthesis pathways, such as serine palmitoyl-
transferase, long-chain base subunit 1 (Sptic1) and Sptic2;
sphingomyelin phosphodiesterase 1 (Smpd1), Smpd2, Smpd3,
and Smpd4; alkaline ceramidase 2 (Acer2) and Acer3; sphingo-
myelin synthase (SgmsI) and Sgms2; and ceramide synthase 2
(Cers2), Cers4, and Cers6, in a time-dependent manner (Fig. 10).
These data demonstrate that WA attenuates HFD-induced
accumulation of serum ceramides and oxidative stress. Fur-
ther analysis of NRF2 signaling revealed that WA decreased
mRNA levels of genes involved in the NRF2 pathway in both
20-week HFD-treated mice (Supplemental Fig. 2) and 4-week
MCD diet—treated mice (Supplemental Fig. 3A). Given that

earlier reports revealed that WA could activate NRF2 (Jadeja
et al., 2015; Heyninck et al., 2016; Palliyaguru et al., 2016), the
possibility exists that the decreases in NASH diet—induced
NRF2 signaling by WA in the current study are due to the
secondary results of its hepatoprotective effects. The marked
hepatoprotective effect may decrease NASH diet—promoted
NRF2 signaling, which could overcome the effect of WA on
NRF2 activation under the pathologic conditions of NASH.
To answer this question, the effect of WA on the hepatic
NRF2 signaling pathway at an early stage of the NASH model
induced by the MCD diet or HFD was examined. Mice were fed
an MCD diet for 10 days or an HFD for 1 week, during which
mice were cotreated with control vehicle or 5 m/kg WA once
a day via intraperitoneal injection, and all mice were killed
1 hour after the last WA injection to collect livers for further
mRNAs analysis. In 10-day MCD diet—fed mice, WA was found
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Fig. 9. WA rescued HFD-induced ceramide accumulation and oxidative stress. (A—G) Quantitation of serum ceramide concentrations for C16 (A), C18
(B), C20 (C), C22 (D), C24 (E), C18:1 (F), and C24:1 (G). (H-J) Analysis of hepatic superoxide dismutase (SOD) levels (H), glutathione (GSH) levels (I),
and peroxide levels (J). Data were presented as means = S.D. Descriptions for the LV, NV, N+4W WA, N+8W WA, and N+12W WA groups were the
same as described in the legend to Fig. 5. n = 5 mice for the LFD-fed groups and n = 7-10 for the HFD-fed groups. ##P < 0.005 compared with the LFD group;
*P < 0.05; ¥* P < 0.01; ** P < 0.005 compared with HFD group. Statistical differences were determined by the two-tailed ¢ test or one-way ANOVA.

to induce hepatic mRNAs of NRF2 target genes, including
Gcle, Nqol, Keapl, Cat, and Nrf2 (Supplemental Fig. 3B),
whereas in 1-week HFD-treated mice, this NRF2-activating
effect of WA was not found. These data suggest that WA may
affect the mRNA expression of NRF2 target genes in a context-
dependent manner.

WA Improves NASH in HFD-Induced Liver Injury in
Leptin Signaling-Defective (ob/ob) Mice. To determine
the effect of WA in a leptin-deficient NASH model, ob/ob mice
were fed an HFD for 12 weeks and injected with 5 mg/kg WA or
control vehicle for the last 4 weeks before killing (Fig. 11A).
WA significantly decreased body weight, liver weight, and
liver index (Fig. 11, B-D), and attenuated the HFD-induced
increase of serum ALT and AST (Fig. 11, E and F). Histologic
analyses revealed that WA treatment improved NASH-associated
hepatic steatosis (Fig. 11, G and H). Consistent with this finding,
WA treatment reduced the mRNA levels of proinflammatory
cytokines, including 1116, 116, and Tnfa mRNAs, as well as the
mRNA levels of lipogenesis genes, including Srebplc, Scdl,
and Fas (Fig. 11I). WA treatment decreased the HFD-induced
accumulation of TG, TC, and NEFAs in liver and serum
(Fig. 12, A—F). Furthermore, WA also significantly reduced the

mRNA levels of the fibrogenesis genes Timp2, Collal, Mmp2,
and Acta2 (Fig. 12G) and attenuated HFD-induced hepatic
fibrosis as revealed by picrosirius red staining data (Fig. 12H).
Similar to its effect in HFD-treated C57BL/6N mice, WA also
significantly decreased HFD-induced ER stress marker Hspab
and Ddit3 mRNAs, as well as all of the tested mRNAs involved
in ceramide synthesis, including Sptlc1, Sptlc2, Smpd2, Smpd3,
Acer2, Sgmsl1, Sgms2, Cers2, Cers4, and Cers6 (Fig. 12,1 and J).
These results demonstrate that WA treatment decreases
HFD-induced NASH in ob/ob mice, and this was accompanied
by decreased hepatic ceramide synthesis.

Discussion

The hepatoprotective roles of WA in treating liver diseases,
especially the effects on NASH, are largely unknown. The
current study revealed that WA could both prevent and
therapeutically improve NASH in two widely-used and
well-defined mouse NASH models, the MCD-induced NASH
model and the HFD-induced NASH model in C57BL/6N mice,
and could therapeutically alleviate an ob/ob mouse leptin-deficient
HFD-induced NASH modeli. WA restored NASH-induced
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Fig. 10. WA treatment reduced ceramide biosynthesis and catabolism in WA-treated HFD-fed C57BL/6N mice and ER stress markers in a time-
dependent manner. Ceramide biosynthesis and catabolism marker analysis of SptlcI (A), Sptlc2 (B), Smpd1 (C), Smpd2 (D), Smpd3 (E), Smpd4 (F),
Acer2 (G), Acer3 (H), Sgms1 (I), Sgms2 (J), Cers2 (K), Cers4 (L), and Cers6 (M) mRNA levels. Descriptions for the LV, NV, N+4W WA, N+8W WA, and
N+12W WA were the same as described in the legend to Fig. 5. n = 5 mice for the LFD group and n = 7-10 for the other three HFD-fed groups. **P <
0.005 compared with the LFD group; *P < 0.05; **P < 0.01; ***P < 0.005 compared with the HFD group. Statistical differences were determined by the
two-tailed ¢ test or one-way ANOVA.
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dysregulation of oxidative stress and lowered ceramides
that may be involved in the mechanism of NASH (Fig. 13).
However, detailed mechanistic analysis required further
studies.

The MCD diet—-induced NASH model has been widely used
for evaluating the pharmacological effects of drugs on NASH
(Hebbard and George, 2011), and provides convenience due to
its short-term experimental duration. By using this rapid
short-term model, the effective dose of WA for NASH was
found to be 5 mg/kg, which both preventing and therapeuti-
cally reduced MCD diet—-induced NASH. Compared with the
MCD diet-induced lean NASH model, the HFD-induced
NASH model more accurately reflects the human clinical
NASH pathologies, including obesity, insulin resistance, and
high serum triglycerides, in addition to the typical hepatic
steatosis, inflammation, and fibrosis (Hebbard and George,
2011); thus, this model was chosen for further determining the
effects of WA on NASH. In the obese NASH model, WA
treatment improved NASH-associated pathologies, including
hepatic steatosis, inflammation, and fibrosis, in a time-
dependent manner. Since HFD diet feeding causes hepatic
steatosis and minor fibrosis after a 2-month diet feeding that
gradually progress to advanced NASH (Ding et al., 2018), the
effect of WA treatments for 12 weeks during the full course of
HFD feeding would be mainly regarded as a preventive effect,
whereas WA treatment for 8 and 4 weeks after the onset of

e
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Fig. 11. WA improved HFD-induced liver injury
in ob/ob mice and liver histology. (A) Experimental
scheme for testing the therapeutic effect of WA in the
HFD-induced NASH model. (B) Body weights. (C and
D) liver weights (C) and liver indexes calculated by
liver weight/body weight ratios (D). (E and F) Analysis
of serum ALT (E) and AST (F) levels. (G and H)
Representative histology pictures of H&E staining
(G) and Oil Red O staining (H) for HFD and WA-treated
HFD livers. Scale bar, 100 um. (I) Effect of WA on
HFD-induced liver 1115, 1l6, Tnfa, Srebpic, Fas, and
Scd1 mRNA levels. Data were presented as means *
S.D. NV, mice fed the HFD-induced NASH diet (N)
and treated with vehicle (V) for 12 weeks; N+WAS5,
mice fed the HFD-induced NASH diet and treated
with 5 mg/kg WA for the last 4 weeks. n = 5 mice for
the HFD-fed vehicle groups and n = 8 for WA treated
HFD-fed ob/ob mice. *P < 0.05; **P < 0.01; ***P <
0.005 compared with HFD group. Statistical differ-
ences were determined by the two-tailed ¢ test.
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NASH would evaluate the therapeutic effects. In addition to
WA'’s effect in improving NASH, WA also decreased HFD-
induced body weight gain, in agreement with its known
antiobesity activity (Lee et al., 2016). Whether the effect of
WA is the result of its antiobesity effect or a direct effect on
NASH in the present HFD-induced NASH model still requires
further study. By using the NASH-promoting HFD, the
current study extends the known pharmacological effects of
WA to improving NASH, beyond its previously identifed roled
in ameliorating obesity-accompanied hepatic steatosis associ-
ated with its antiobesity effect (Lee et al., 2016). However,
weight loss caused by WA treatment could potentially de-
crease the HFD-induced NASH. Given that the body weight
was sharply decreased upon WA treatment in the current
HFD-induced fat NASH model as well as in the previous study
(Lee et al., 2016), it would be difficult to separate the
antiobesity effect as the cause of decreased NASH as opposed
to a direct pharmacological effect of WA on NASH. However,
the MCD-induced NASH mice show lean body weight instead
of obesity, and the inhibitory effect of WA on MCD die-
t—induced NASH suggests that WA has a direct hepatopro-
tective effect in treating NASH independent of obesity, at least
in this nonobese NASH model. As noted earlier, the present
study provides evidence that WA potently improves MCD
diet-induced NASH, a lean NASH mouse model, in which
some hepatoprotective effects, such as the therapeutic effect of
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WA at the dose of 5 mg/kg on MCD-induced NASH and the
preventive effect on MCD-induced NASH at doses of 1 and
2.5 mg/kg, are independent of body weight change. Further-
more, WA could also markedly decrease MCD diet—induced
increase of serum ALT and AST and increased liver weights
prior to body weight changes after MCD diet feeding for
10 days. Similar to the present finding, it was reported that
the hepatoprotective component glycyrrhizin also reduced
MCD diet-induced NASH without significantly affecting the
MCD diet-induced body weight loss (Yan et al., 2018). On the
other hand, WA was reported to therapeutically improve
acetaminophen-induced acute liver injury even when injected
1 hour after acetaminophen dosing (Jadeja et al., 2015),
indicating that WA has a direct hepatoprotective effect.
The current work, together with previous studies, suggests
that WA could improve NASH, at least potentially due
to its direct hepatoprotective activity, independent of its
antiobesity effect.

WA was previously reported to act as a leptin sensitizer
during obesity and was also shown to exert an antiobesity
effect independent of leptin signaling, as WA still had an
antiobesity effect in leptin-deficient mice (Lee et al., 2016).
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Fig. 12. WA treatment improved serum and liver
biochemical parameters and reduced HFD-induced
hepatic fibrosis and mRNAs associated with ER
stress and ceramide biosynthesis and catabolism in
WA-treated HFD-fed ob/ob mice. (A-F) Analysis of
liver TG levels (A), TC levels (B), NEFA levels (C),
serum TG (D), serum TC (E), and serum NEFA
levels (F). (G) Hepatic fibrosis marker analysis of
Timp2, Collal, Mmp2, and Acta2 mRNA levels. (H)
Representative hepatic picrosirius red staining for
HFD and WA-treated HFD livers. Scale bar, 100 um.
(I) Hepatic endoplasmic reticulum stress signaling
marker analysis of Hspab and Didt3 mRNA levels.
(J) Spticl, Sptic2, Smpd2, Smpd3, Acerl, Acer2,
Sgmsl, Sgms2, Cers2, Cers4, and Cers6 mRNA levels.
Data were presented as means * S.D. NV, mice fed
the HFD-induced NASH diet (N) and treated with
vehicle (V) for 12 weeks. N+WA5, mice fed the
HFD-induced NASH diet and treated with 5 mg/kg
WA for the last 4 weeks n = 5 mice for the HFD-fed
vehicle groups and n = 8 for WA treated HFD-fed
ob/ob mice. ¥*P < 0.05; **P < 0.01; ***P < 0.005
compared with HFD group. Statlstlcal differences
were determined by the two-tailed ¢ test.

H NVl N+WAS5

B NV
B N+WAS5

Thus, the question arose whether the anti-NASH effect
of WA was dependent on leptin signaling. Consistent with
this previous study, WA still elicited a potent therapeutic
effect in HFD-induced NASH in leptin-deficient ob/ob mice.
Thus, WA has leptin-independent pharmacological activity
in obesity and obesity-associated NASH.

In the present study, WA was found to reduce the accumu-
lation of ceramides in serum accompanied by attenuation of
HFD-induced upregulation of ceramides. WA also decreased
hepatic oxidative stress and hepatic ER stress, which were
correlated with its anti-NASH effects. Although all of these
analyses provide potential hints for further mechanism explo-
ration, the current study does not determine how WA directly
affects oxidative stress signaling, ER stress signaling, ceramide
signaling, or stress-treated ceramide signaling. In vitro
studies are warranted to answer this question. Previous
studies demonstrate that WA has antioxidant activity via
activating NRF2 (Cassidy and Syed, 2016; Palliyaguru et al.,
2016) and anti-inflammatory potential via directly inhibit-
ing NLR family pyrin domain containing 3 (NLRP3) inflam-
masome activation (Kim et al., 2015; Dubey et al., 2018).
Although WA attenuated NASH-induced NRF2 signaling at
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Fig. 13. Summary of major findings and proposed mechanism. In the
current study, WA was found to have both preventive and therapeutic
effects in treating NASH as assessed by using two NASH models. MCD
diet feeding induced weight loss and thus was called the “lean NASH”
model, whereas HFD-induced obesity was referred to as the “obese NASH”
model. HFD feeding induced oxidative stress, and oxidative stress could
contribute to the increase in serum ceramide accumulation that was
known to promote the progression of NASH. In the HFD-induced obese
NASH model, WA alleviated HFD-induced oxidative stress as revealed by
the decreased HyO and increased glutathione (GSH) and superoxide
dismutase (SOD) levels. WA also significantly alleviated HFD-induced
ceramide accumulation in serum. However, other factors could also contribute
to ceramide accumulation in the HFD-induced NASH model, and how WA
affects them still requires further study.

the terminal stages of the NASH model in the present study,
which may be a result of its hepatoprotective effects, WA could
activate NRF2 signaling in the early stages of NASH within
10 days of commencing MCD diet treatment, although WA did
not activate hepatic NRF2 signaling after 1 week of commenc-
ing HFD feeding. Thus, in the current study, WA was able to
modulate NRF2 signaling in a context-dependent manner.
NRF2 activation could improve glucose tolerance, suppress
NASH and liver fibrosis, and attenuate liver cirrhosis (Wu
et al., 2014; Sharma et al., 2017). This suggests that NRF2
could be an efficient target for anti-NASH therapy, consistent
with the report that pharmacological activation of NRF2
by the potent NRF2 activator TBE-31 is able to ameliorate
experimental NASH (Sharma et al., 2017). Multiple mech-
anisms are involved in the modulation of NRF2 signaling
via interference with kelch-like ECH-associated protein
1-NRF2 interaction or other post-transcriptionally and/or
post-translationally modulated mechanisms, such as endo-
plasmic reticulum acssociated protein degradation-associated
E3 ubiquitin-protein ligase HRD1, glycogen synthase kinase 3,
and B-transducin repeat-containing protein (Chowdhry et al.,
2013; Wu et al., 2014; Hayes et al., 2015). Among these known
NRF2-modulating mechanisms, WA was demonstrated to
be an inducer of NRF2 signaling both in vitro and in vivo,
and this effect is partially kelch-like ECH-associated pro-
tein 1-independent and in part dependent on the glycogen
synthase kinase 3-associated modulation pathway, as in
the acetaminophen-induced acute liver injury model in mice
(Palliyaguru et al., 2016). Definitive determination of the
mechanisms by which WA attenuates NASH, and whether
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they are dependent on NRF2 signaling or other pathways,
such as NLRP3,requires further experimentation using NRF2
and NLRP3 knockout mice; these studies are beyond the scope
of the current work.

In summary, by evaluating various NASH pathologic param-
eters in serum and livers in two well-defined NASH mouse
models (MCD-induced NASH model and HFD-induced NASH
model in wide-type mice), WA exhibits both preventive and
therapeutic effects in improving NASH. WA also therapeuti-
cally decreases HFD-induced NASH in leptin-deficient ob/ob
mice. The anti-NASH effect of WA is accompanied by lower
hepatic oxidative stress, ER stress, and ceramide accumulation
in serum. These data suggest that WA has potent anti-NASH
effects independent of its antiobesity effect, as revealed in the
nonobese MCD-induced NASH model, and is independent of its
leptin-sensitizing effect, as found in an HFD-fed leptin-deficient
ob/ob mouse NASH model. Although further studies to deter-
mine the exact mechanisms by which WA decreases NASH are
still needed, these findings suggest that the herbal medici-
ne—derived compound WA may be a therapeutic option for
treating NASH, particularly that featuring ceramide accumu-
lation, and would help repurpose the ancient drug WA with its
novel application in treating NASH.
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Supplemental figure 1: Pharmacokinetic profile for WA in plasma. (A) Chemical structure for
WA; (B) Drug concentration-time curve after intraperitoneal administration of WA at the dose of
5 mg/kg. (C) Pharmacokinetic parameters of WA including Cmax, T1/2, AUCo-48n, AUCo-infinity and
Kei (1/h) after intraperitoneal administration at the dose of 5 mg/kg.
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Supplemental figure 2. WA treatment decreased mRNAs from genes involved in NRF2
signaling (A-F). Effect of WA on HFD-induced Gcle, Cat, Gstal, Ngol, Keapl and Nrf2 mRNAs.
Description for the LV, NV, N+4W WA, N+8W WA, and N+12W WA are as described in the
legend to Figure 5. n=5 mice for the LFD group and n=7-10 for the other three HFD-fed groups.
Data were presented as means + SD.
P<0.01 and *** P<0.005 compared with the HFD group. Statistical differences were determined
by the two-tailed t test or one-way ANOVA. Gcle, glutamate-cysteine ligase catalytic; Cat,
catalase; Gstal, glutathione S-transferase alpha 1; Ngol, NAD(P)H quinone dehydrogenase 1;
Keapl, Kelch like ECH associated protein 1; Nrf2, nuclear factor erythroid 2-related factor 2.

###P<0.005 compared with the LFD group; * P<0.05, **
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Supplemental figure 3. Effect of WA on hepatic mRNAs expression of genes involved in
NRF?2 signaling in MCD diet-treated mice and short-term NASH-promoting HFD-fed mice.
(A). Effect of WA on hepatic Gstal, Gcle, Ngol, Keapl, Cat and Nrf2 mRNAs after WA/MCD
diet cotreatment for 4 weeks. (B). Effect of WA on hepatic Gstal, Gcle, Ngol, Keapl, Cat and
Nrf2 mRNAs after WA/MCD diet cotreatment for 10 days. (C). Effect of WA on hepatic Gstal,
Gcle, Ngol, Keapl, Cat and Nrf2 mRNAs after WA/HFD cotreatment for one week. MCS, mice
treated with MCS diet; MCD, mice treated with MCD diet and control vehicle; MCD+WAS, mice
treated with MCD diet and 5 mg/kg of WA. NV, mice treated with NASH-promoting HFD (N)
and control vehicle (V); N+WAS, mice treated with NASH-promoting HFD (N) and 5 mg/kg of
WA. Data were presented as means + SD. #*P<0.05 and *#P<0.005 compared with the MCS group;
*P<0.05 and *** P<0.005 when compared with the MCD group. Statistical differences were
determined by the two-tailed t test or one-way ANOVA. Gcle, glutamate-cysteine ligase
catalytic; Cat, catalase; Gstal, glutathione S-transferase alpha 1; Ngol, NAD(P)H quinone
dehydrogenase 1; Keapl, Kelch like ECH associated protein 1; Nrf2, nuclear factor erythroid 2-
related factor 2.



Supplementary table 1. Mouse primer list

Primers
Gapdh
Actb
116
111b
Tnfa
Timp2
Collal
Mmp2
Srebpic
Fas
Scdl
Acta?
Sptlcl
Sptlc2
Smpd1
Smpd?2

Smpd3
Smpd4

Acerl

Acer2
Acer3
Sgms 1
Sgms2
Cers2
Cers4
Cers6
Hspas

Ddit3

Gele
Cat

Forward 3°-5’
GTGAAGGTCGGTGTGAACGGATTT
AAGTGCTTCTAGGCGGACTGTT
ACCAGAGGAAATTTTCAATAGGC
GGTCAAAGGTTTGGAAGCAG
AGGGTCTGGGCCATAGAACT

ATG GTT CTT GCG CGT GGT A

TAGGCCATTGTGTATGCAGC
TTTGCTCGGGCCTTAAAAGTAT
GGAGCCATGGATTGCACATT

AAGTTGCCCGAGTCAGAGAACC
TTCTTGCGATACACTCTGGTGC
GCACCCAGCATGAAGATCAAG

CGAGGGTTCTATGGCACATT
TCACCTCCATGAAGTGCATC
GTTACCAGCTGATGCCCTTC
CTCCAGCCATGAAGCTCAAC
CCTGACCAGTGCCATTCTTT
GGTTTTTGTGGAAATGTGGC

TATCAGCACCTTCTTGACGTTC

GTGTGGCATATTCTCATCTG

GGTGACCTTGTTCGTCGCT
GAACACGCGGAGAAGCTAGT

CTGTGCGGAGACTTCCTCTT

AAGTGGGAAACGGAGTAGCG
GGATTAGCTGATCTCCGCAC
AAGCCAATGGACCACAAACT
TGGCATAAACCCCGATGAGG

GGAGCTGGAAGCCTGGTATG

TCAAGTGGGGTGACGAGGTG
TCCGCTCTCTGTCAAAGTGTG

Reverse 5°-3°
TGGCAACAATCTCCACTTTGCCAC
TTTTCTGCGCAAGTTAGGTTTTG
TGATGCACTTGCAGAAAACA
TGTGAAATGCCACCTTTTGA

CCACCACGCTCTTCTGTCTAC
GCT TTT CAATTG GCC ACA GG

ACATGTTCAGCTTTGTGGACC
CCATCAAACGGGTATCCATCTC
GCTTCCAGAGAGGAGGCCAG

ATCCATAGAGCCCAGCCTTCCATC
CGGGATTGAATGTTCTTGTCGT
TCTGCTGGAAGGTAGACAGCGAAG

GGTGGAGAAGCCATACGAGT
CAGGCGTCTCCTGAAATACC
AGCAGGATCTGTGGAGTTG
TTCAGAAAGTCTCCCAAGCG
AGAAACCCGGTCCTCGTACT
GCTGGAGACAGTGAGTCGGT

GCCGAAGATCATCATCCCTAATC

TAAGGGACACCAATAAAAGC

TGAATTGCACCAAAAATTGGAGG
AACATTCGTTCGCCTCATTT

CACCAGAAGTGACGAGGTGA

ACAGGCAGCCATAGTCGTTC
CCAGTATGTCTCCTGCCACA
TGCTTGGAGAGCCCTTCTAAT
CAAGCAGTACCAGATCACCTGT

ATTCTTCCTCTTCGTTTCCTGG

GGTCGGATGGTTGGGGTTTG
AGCGACCAGATGAAGCAGTG



Gstal CCCCTTTCCCTCTGCTGAAG TGCAGCTTCACTGAATCTTGAAAG
Nqol CATCACAGGTGAGCTGAAGGA ACAATATCTGGGCTCAGGCG
Keapl GCGTGGAGAGATATGAGCCA CATACAGCAAGCGGTTGAGC
Nrf2 GGTTGCCCACATTCCCAAAC GCAAGCGACTCATGGTCATC




