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RESEARCH ARTICLE

Hepatoprotective effect of withanolide-rich fraction in acetaminophen-intoxicated
rat: decisive role of TNF-a, IL-1b, COX-II and iNOS

Santosh T. Devkara, Amit D. Kandhareb, Anand A. Zanwara, Suresh D. Jagtapc, Surendra S. Katyarea,
Subhash L. Bodhankarb and Mahabaleshwar V. Hegdea

aCenter for Innovation in Nutrition, Health and Disease, Interactive Research School for Health Affairs, Bharati Vidyapeeth Deemed University,
Pune, Maharashtra, India; bDepartment of Pharmacology, Bharati Vidyapeeth Deemed University, Pune, Maharashtra, India; cInteractive Research
School in Health Affairs, Bharati Vidyapeeth Deemed University, Pune, Maharashtra, India

ABSTRACT
Context: Overdose of acetaminophen (APAP) is common in humans and is often associated with hepatic
damage. Withania somnifera (L.) Dunal (Solanaceae) shows multiple pharmacological activities including
antioxidant and anti-inflammatory potential.
Objective: To evaluate the possible mechanism of hepatoprotective activity of withanolide-rich fraction
(WRF) isolated from a methanolic extract of Withania somnifera roots.
Materials and methods: Hepatotoxicity was induced by oral administration of APAP (750 mg/kg, p.o.) for
14 d. The control group received the vehicle. APAP-treated animals were given either silymarin (25 mg/kg)
or graded doses of WRF (50, 100 and 200mg/kg) 2 h prior to APAP administration. Animals were killed on
15th day and blood and liver tissue samples were collected for the further analysis.
Results: In WRF-treated group, there was significant and dose-dependent (p< 0.01 and p< 0.001) decrease
in serum bilirubin, ALP, AST and ALT levels with significant and dose-dependent (p< 0.01 and p< 0.001)
increase in hepatic SOD, GSH and total antioxidant capacity. The level of MDA and NO decreased signifi-
cantly (p< 0.01) by WRF treatment. Up-regulated mRNA expression of TNF-a, IL-1b, COX-II and iNOS was
significantly down-regulated (p< 0.001) by WRF. Histological alternations induced by APAP in liver were
restored to near normality by WRF pretreatment.
Conclusion: WRF may exert its hepatoprotective action by alleviating inflammatory and oxido-nitrosative
stress via inhibition of TNF-a, IL-1b, COX-II and iNOS.
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Introduction

Use of acetaminophen (APAP) for the therapeutic purpose was
approved by the U.S. Food and Drug Administration in 1955
(Ahmad et al. 2012). APAP, also commonly known as paraceta-
mol is a commonly used analgesic and an antipyretic drug which
is regarded as safe and efficacious compared to aspirin especially
for pediatric treatment (Anderson et al. 1999). However, an over-
dose of APAP causes severe hepatotoxicity and necrosis in both
humans and experimental animals (Katyare & Satav 1991; Larson
et al. 2005). The action of APAP as an analgesic drug is either
through inhibition of prostaglandin synthesis or active metabolite
p-aminophenol. p-Aminophenol is conjugated to arachidonic acid
by an amide linkage to form the active archidonic acid metabolite:
AM404; AM404 exerts therapeutic effect through cannabinoid
receptors (Ottani et al. 2006). APAP is primarily metabolized in
the liver by glucuronidation and sulfation. However, a small pro-
portion undergoes cytochrome P450 (CYP450)-mediated bioactiva-
tion to form highly toxic metabolite N-acetyl-p-benzoquinoimine
(NAPQI), which is rapidly quenched by glutathione (GSH)
(James et al. 2003). After an overdose of APAP, elevated levels of
NAPQI are generated which cause the depletion of GSH.
Subsequent to covalent adduct formation with of NAPQI, oxida-
tive stress, lipid peroxidation and inhibition of plasma membrane
Ca2þ-ATPase activity which disrupts Ca2þhomeostasis lead to
necrosis (Moore et al. 1985). Although the precise biochemical

mechanism of cell necrosis is not fully understood, it is believed
that there is simultaneous involvement of GSH depletion, lipid
peroxidation and oxidative stress (Randle et al. 2008; Honmore
et al. 2015). It has been reported that 48% of acetaminophen-
related cases were associated with overdose of APAP which leads
to hepatic damage and compromised antioxidant metabolism in
the kidneys (Ghosh & Sil 2007).

An overdose of APAP can cause acute liver failure in humans
as well as in experimental animals (Ghosh & Sil 2007). Animal
model played a vital role in the development of new chemical
entities for the treatment of hepatotoxicity (Kandhare et al.
2011b). Silymarin, a known hepatoprotective agent, is a flavonoid
obtained from the plant Silybum marianum (L.) Gaertn.
(Asteraceae), also known as milk thistle. Silymarin comprises
three isomers: silybinin, silydianin and silychristin, of which sily-
binin is quantitatively the most important (Kshirsagar et al. 2009).
Silybinin has been shown to inhibit the function of Kupffer cells
which are well recognized for their fibrogenic mediator activity
(Jeong et al. 2005). In addition, silymarin stabilizes the lipid struc-
tures in the hepatocellular membranes which may apply in gen-
eral to all cell membranes (Jeong et al. 2005).

The liver is a vital organ which regulates several important
metabolic functions and is also responsible for maintaining homeo-
stasis of the body (Kandhare et al. 2015a). A number of chemical
agents and drugs which are used routinely produce cellular as well
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as metabolic liver damage (Gosavi et al. 2012a; Adil et al. 2014).
The traditional system of medicine has a major role in the treat-
ment of liver ailments (Mohan 2002). In the recent years, import-
ance is being given to Ayurvedic polyherbal formulations due to
their effective therapeutic action and minimal side effects.
Withania somnifera (L.) Dunal (Solanaceae), commonly known as
Ashwagandha, winter cherry and Indian ginseng, is considered to
be one of the most important medicinal plant of the medicinal sys-
tem in Indian Ayurveda for over 3000 years (Mishra et al. 2000;
Kulkarni et al. 2008). W. somnifera has several pharmacological
activities, viz., antioxidant, antimicrobial, antifungal, adaptogenic,
cardioprotective, anticancer, neuroprotective, anticonvulsant,
immunomodulatory, apoptic, diuretic, hepatoprotective and anti-
inflammatory. These medicinal properties are mainly attributed to
withanolides present in the roots of W. somnifera (Kulkarni et al.
2008). Withanolides are steroidal lactones and about 35 withano-
lides have been isolated from the roots of W. somnifera and quanti-
fied (Mishra et al. 2000; Kulkarni et al. 2008; Devkar et al. 2012,
2013). The multi-component extracts show better medicinal effi-
cacy than purified components, i.e., the strength of herbal medicine
increased with the mixture of secondary metabolites instead of a
single component (Patwardhan & Mashelkar 2009).

Therefore, the aim of present investigation was to evaluate the
hepatoprotective potential of withanolide-rich fraction (WRF)
extracted from roots of W. somnifera against APAP-induced tox-
icity in laboratory animals by using various biochemical, molecu-
lar and histological parameters.

Materials and methods

Chemicals

1,10,3,30-Tetraethoxypropane, crystalline beef liver catalase,
reduced glutathione, 5,50-dithiobis 2-nitrobenzoic acid (DTNB),
Folin-phenol reagent and silymarin were purchased from S.D.
Fine Chemicals, Mumbai, India. Sulfanilamide, naphthylamine
diamine and other analytical grade reagents and solvents were
obtained from Loba Chemi Pvt. Ltd, Mumbai, India. RT-PCR was
performed according to instructions provided by the manufacturer
(Biotools B and M Labs, Spain).

Preparation of drug

Isolation and characterization of WRF was carried out according
to the method described earlier (Devkar et al. 2012, 2013). Briefly,
dried and pulverized roots of W. somnifera were subjected to
Soxhlet extraction using methanol as the solvent. The solvent was
evaporated, and the residue was hydrolyzed with 50% (v/v)
methanol containing 1.2 M HCl. The hydrolysate was filtered
using Whatman filter paper No. 1. The filtrate was extracted by
vigorously shaking with freshly prepared chloroform-methanol
(3:1 v/v) mixture. The mixture was allowed to settle down;
chloroform layer is completely separated and evaporates to dry-
ness to obtain the WRF. WRF is subjected to HPTLC using
dichloromethane:toluene:methanol:acetone:diethyl ether
(6.5:7:4:1.5:1 v/v) solvent system. Quantification of major witha-
nolides was carried out by comparing with authentic samples.
Antioxidant characterization of individual components was
derived using TLC-DPPH based assay (Devkar et al. 2013).

Animals

Adult male albino rats of Wistar strain (8–10 week old) were
obtained from the National Institute of Biosciences, Pune (India).

The animals were maintained at 24 6 1 �C with relative humidity
of 45–55% and 12:12 h dark/light cycle. The animals had free
access to standard pellet chow (Pranav Agro Industries Ltd.,
Sangli, India) and water throughout the experimental period. The
experimental protocol was approved by the Institutional Animal
Ethics Committee (IAEC) of Poona College of Pharmacy, Bharati
Vidyapeeth Deemed University, Pune and performed in accord-
ance with the guidelines of Committee for Control and
Supervision of Experimentation on Animals (CPCSEA/103/12).

Acute oral toxicity tests for WRF

Acute oral toxicity test was performed for the WRF in male Swiss
albino mice according to the OECD guidelines using AOT 425
software.

Experimental design

The animals were randomly divided into six groups of six rats
each as given below:

Group I: Normal: The animals were administered a single
daily dose of 10 mg/kg of 1% aqueous solution of gum acacia p.o.
for 14d.

Group II: APAP-treated: The animals were administered a
single daily dose of 10 mg/kg of 1% aqueous solution of gum aca-
cia p.o. for 14 d 2 h before oral administration of APAP suspen-
sion (750 mg/kg) for 14 d.

Group III: Silymarin-treated: The animals were administered
a single daily dose of 25 mg/kg of 1% aqueous solution of sily-
marin in distilled water p.o. 2 h before oral administration of
APAP suspension (750 mg/kg) for 14 d.

Group IV: WRF (50mg/kg): The animals were administered a
single daily dose of 50 mg/kg of 1% aqueous solution of WRF in
distilled water p.o. 2 h before oral administration of APAP sus-
pension (750 mg/kg) for 14d.

Group V: WRF (100 mg/kg): The animals were administered
a single daily dose of 100 mg/kg of 1% aqueous solution of WRF
in distilled water p.o. 2 h before oral administration of APAP sus-
pension (750 mg/kg) for 14d.

Group VI: WRF (200 mg/kg): The animals were administered
a single daily dose of 200 mg/kg of 1% aqueous solution of WRF
in distilled water p.o. 2 h before oral administration of APAP sus-
pension (750 mg/kg) for 14 d.

The selection of the dose regimen of APAP was according to
the previously reported method (Ahmad et al. 2012). At the end
of the experimental period, i.e. on the 15th day the animals were
anesthetized using anesthetic ether and blood was withdrawn by
retroorbital puncture and collected in EDTA tubes. After collect-
ing the blood the animals were sacrificed by cervical dislocation,
the liver was excised and divided into two portions which were
stored at �80 �C. These portions were then used for biochemical
estimations, RT-PCR studies and histopathological examination.

Serum analysis

The EDTA tubes were subjected to centrifugation at 7000 rpm
using Eppendorf cryocentrifuge (model No. 5810, Germany), at
4 �C to obtain clear serum samples. The levels of albumin, direct
bilirubin, total bilirubin, alkaline phosphatase (ALP), aspartate
transaminase (AST), alanine transaminase (ALT), lactate dehydro-
genase (LDH), triglyceride (TG), cholesterol, low-density lipopro-
tein (LDL) and high-density lipoprotein (HDL) were measured by
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using commercially available reagent kits according to the proce-
dures provided by the manufacturer (Accurex Biomedical Pvt.
Ltd., Mumbai, India).

Estimation of oxidative stress

20% w/v liver homogenates were prepared in 0.1 M Tris-HCl buf-
fer (pH 7.4) and used for determination of malondialdehyde
(MDA), nitric oxide (NO), content of reduced GSH, superoxide
dismutase activity (SOD) and total protein according to methods
reported previously (Gosavi et al. 2012a, 2012b; Kandhare et al.
2012a, 2012b, 2013b).

Estimation of total antioxidant capacity (TAC)

Liver homogenates (20% w/v) were prepared using phosphate
buffered saline (pH 7.4), and the total antioxidant capacity was
determined by using Autolab, PGSTA 101 cyclic voltammeter
(Metrohm, Switzerland). A three-electrode system was used for
the study. The working electrode: glassy carbon (Autolab GC)
8 mm in diameter was polished before each measurement; plat-
inum wire served as an auxiliary electrode and saturated calomel
electrode as the reference electrode. The cell contained 2 mL of
phosphate buffered liver homogenate. All cyclic voltammogram
measurements were performed in the range �0.2–1.3 V at a scan
rate of 400 mV/s. Each sample was analyzed thrice (Momen-
Beitollahi et al. 2010; Kandhare et al. 2015b).

Reverse transcriptase-polymerase chain reaction (RT-PCR)
analysis

Total RNA was extracted from liver tissues according to earlier
reported methods (Kandhare et al. 2012e; Visnagri et al. 2014).
The polymerase chain reaction mixture was amplified in a DNA
thermal cycler (Eppendorf India Ltd, Chennai) by using gene spe-
cific primers. The primer sequences for TNF-a, IL-1b, iNOs and
COX-II were selected according to the previously reported
method (Supplementary file) (Kandhare et al. 2014a, 2015d;
Visnagri et al. 2015). PCR products were run on 1% agarose gels,
stained with ethidium bromide. The expression of all the genes
was assessed by generating densitometry data for band intensities
in different sets of experiments and was generated by analyzing
the gel images in the Image J program Version 1.33 (Wayne
Rasband, National Institutes of Health (NIH), Bethesda, MD).
The band intensities were compared with constitutively expressed
b-actin which served as a control for sample loading and integ-
rity. The intensity of mRNAs was standardized against that of the
b-actin mRNA from each sample and the results are expressed as
PCR-product/b-actin mRNA ratio.

Histological examination

The liver tissue was kept in 10% formalin for 24 h at room tem-
perature and dehydrated by passing through grades of ethyl alco-
hol (70, 90 and 100%). Following this, the samples were placed in
xylene for 1 h with the solvent being replaced three times. The tis-
sue was then fixed in paraffin wax, and sections of 3–5 lm thick-
ness were using a microtone. The samples were stained with
hematoxylin and eosin. The specimens were mounted on slides
using Distrene Phthalate Xylene (DPX) as mounting medium.
Sections were examined under a light microscope for inspection
of the histopathological features and infiltration of cells. The

changes in histological features were graded according to the pre-
viously reported method (Honmore et al. 2015) as Grade 0 (not
present or very slight); Grade 1 (mild); Grade 2 (moderate); and
Grade 3 (severe).

Statistical analysis

The data were analyzed by one-way analysis of variance test
(ANOVA) using GraphPad Prism 5.0 software (GraphPad, San
Diego, CA). Dunnett’s test was applied for post hoc analysis. The
results are given as mean 6 SEM. Values of p< 0.05 were consid-
ered to be statistically significant.

Results

Characterization of WRF

WRF was prepared essentially by following our previously
described method and subjected an analysis by HPTLC and TLC-
DPPH methods. The analysis was consistent with our previously
reported values (Devkar et al. 2013). The contents of withanoside
V, withaferin A, 1, 2 deoxywithastramonolide, withanone, witha-
nolide A and withanolide B were 0.86, 12.9, 1.92, 1.52, 5.24 and
4.52 mg/g, respectively. TLC-DPPH analysis showed that witha-
ferin A, withanolide A, withanoside V, withanone and 1, 2 deoxy-
withastramonolide had antioxidant activity. Additionally
unidentified peak 17 showed highest antioxidant activity while
peak 16 showed lowest antioxidant activity. Peaks nine and 13 did
not possess antioxidant activity (Devkar et al. 2013).

Acute toxicity studies

Acute toxicity studies showed no toxic signs and symptoms such
as restlessness, respiratory distress, diarrhea, convulsions and
coma; WRF was safe up to 2000 mg/kg.

Effects of WRF on serum parameters

APAP treatment resulted in significant decrease (p< 0.01) in
serum albumin level with a significant increase (p< 0.001) in the
direct bilirubin, total bilirubin, ALP, AST, ALT, and LDH.
Treatment with WRF (50, 100 and 200 mg/kg) did not show any
significant change in the serum albumin level. However, direct
bilirubin and total bilirubin levels decreased significantly
(p< 0.01) in the WRF (200 mg/kg)-treated the group as compared
to APAP-treated rats. There was significant and dose-dependent
(p< 0.01 and p< 0.001) decrease in the ALP, AST, ALT and
LDH in the WRF (100 and 200 mg/kg)-treated rats as compared
to the APAP-treated group. Treatment with silymarin significantly
lowered (p< 0.001) the elevated levels of direct bilirubin, total
bilirubin, ALP, AST, ALT and LDH as compared to the APAP-
treated rats (Table 1).

Effects of WRF on plasma lipid parameters

In APAP-treated rats, TG, cholesterol and LDL levels were signifi-
cantly elevated (p< 0.001) whereas HDL level decreased signifi-
cantly (p< 0.001) as compared to normal rats. WRF treatment
(100 and 200 mg/kg) significantly and dose-dependently restored
(p< 0.01 and p< 0.001) the altered levels of TG, cholesterol, LDL
and HDL in a dose-dependent manner. Silymarin-treated rats also
showed a significant reduction (p< 0.001) in elevated levels of
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TG, cholesterol, LDL and restored the altered levels of HDL
(Table 2).

Effect of WRF on antioxidant parameters

The MDA and NO levels increased significantly (p< 0.01 and
p< 0.001) in the APAP-treated rats; the elevated level of MDA
and NO decreased significantly (p< 0.05 and (p< 0.01) and dose-
dependently following WRF (100 and 200 mg/kg) treatment.
Silymarin-treated rats also showed significant (p< 0.05 and
p< 0.01) decreased the level of MDA and NO (Table 3). There
was significant decrease (p< 0.001) in the TAC in APAP-treated
rats as compared to normal controls. The decreased levels of TAC
showed dose-dependent (p< 0.05 and p< 0.01) increase by WRF
treatment (Table 3) (Figure 1).

There was significant decrease (p< 0.001) in the GSH and
SOD levels in the APAP-treated rats as compared to normal con-
trols. The APAP-induced decreased levels of GSH and SOD was
significantly (p< 0.01 and p< 0.001) and dose-dependently
increased by WRF (100 and 200 mg/kg) treatment. Silymarin-
treated rats also showed significantly (p< 0.001) elevated GSH
and SOD levels (Table 3).

Effect of WRF on TNF-a, IL-1b, iNOS and COX-II mRNA
expression

There was significant (p< 0.001) up-regulation in the TNF-a, IL-
1b, iNOS and COX-II mRNA expression in APAP-treated rats as
compared to normal controls. WRF (100 and 200 mg/kg)

treatment significantly and dose-dependently (p< 0.01 and
p< 0.001) down-regulated TNF-a and IL-1b mRNA expression in
a dose-dependent manner. Up-regulated iNOS and COX-II
mRNA expression was significantly (p< 0.001) reduced only after
treatment WRS (200 mg/kg). Silymarin treatment showed signifi-
cantly (p< 0.001) down-regulation in TNF-a, iNOS and COX-II
mRNA expression but failed to produce any significant alteration
in IL-1b mRNA expression (Figure 2).

Histopathological observations

The presence of the normal central vein with portal triads without
any evidence of necrosis (grade 0) and inflammatory infiltration
(grade 0) reflected the normal architecture of liver tissue (Figure
3A). There was no evidence of vesicular or fatty changes (grade
0). However, the presence of a mild degree of congestion (grade
1) was noted. Histopathological studies of the liver tissue from
APAP-treated rats showed the presence of centrilobular necrosis
(grade 3) with inflammatory infiltration (grade 3) around the cen-
trilobular veins with periportal degeneration. It showed the focal
hyaline degeneration of hepatocytes along with macrovesicular
fatty changes (grade 4) (Figure 3B). Liver from silymarin-treated
rats showed mild necrosis (grade 2) and a scant number of
inflammatory cells mainly microphages (grade 1) were seen
around centrilobular veins. There was no evidence of periportal
degeneration. However; it showed vacuolization (grade 1) with
macrovesicular fatty changes (grade 1) (Figure 3C). Liver from
WRF (50 and 100 mg/kg)-treated rats showed necrosis (grade 3
and grade 2, respectively) and congestion around central vein
(grade 2). Inflammatory cells mainly macrophages and plasma
cells (grade 3) were seen along with macrovesicular fatty changes
(grade 3 and grade 1, respectively). It also showed focal hepatic
hyaline degeneration (Figure 3D and E). Histology of liver tissue
from WRF (200 mg/kg)-treated rats showed normal architecture.
Hepatocytes were unremarkable; central veins and portal triads
were normal. However, it showed mild necrosis (grade 1) without
any infiltration of inflammatory cells. There was no evidence of
macrovesicular fatty changes or congestion (Figure 3F) (Table 4).

Discussion

There are more than 28 billion doses of products containing acet-
aminophen that were purchased consumers over the last decade
(Kaufman et al. 2002). It has been reported that 48% of acet-
aminophen-related cases were associated with overdose of APAP
which leads to hepatic damage (Katyare & Satav 1991; Larson
et al. 2005). An array of pharmacological activities of W.

Table 1. Effect of treatment with withanolide-rich fraction (WRF) on APAP-induced alteration of serum levels of albumin, direct bilirubin, total bilirubin, ALP, AST and
ALT in rats.

Treatment Albumin (mg %) Direct bilirubin (mg %) Total bilirubin (mg %) ALP (IU/l) AST (IU/l) ALT (IU/l) LDH (mg %)

Normal 3.0 6 0.4 0.1 6 0.04 0.1 6 0.02 39.2 6 3.0 125.8 6 7.8 21.8 6 1.8 203.5 6 48.62
APAP-treated 1.6 6 0.1e 0.5 6 0.08f 0.2 6 0.02f 217.9 6 15.8f 293.5 6 29.1f 142.0 6 10.2f 2989 6 362.2f

Silymarin (25) 1.6 6 0.2 0.3 6 0.02a 0.1 6 0.02b 126.2 6 8.9c 146.4 6 19.8c 33.4 6 7.7c 2470 6 192.1a

WRF (50) 1.5 6 0.2 0.4 6 0.04 0.2 6 0.03 199.9 6 23.4 249.3 6 11.3 127.2 6 21.6 2626 6 383.7
WRF (100) 1.7 6 0.2 0.3 6 0.06 0.2 6 0.03 159.1 6 18.4a 200.6 6 26.8a 75.1 6 7.9b 1588 6 305.6b

WRF (200) 2.4 6 0.0 0.2 6 0.01c 0.1 6 0.03a 129.2 6 8.1b 132.3 6 26.3c 50.0 6 7.7c 1155 6 295.9c

Data are expressed as mean 6 SEM (n¼ 6) and analyzed by one-way ANOVA followed by Dunnett’s test for each parameter separately.
ap< 0.05,
bp< 0.01 and
cp< 0.001 as compared to control group and
dp< 0.05,
ep< 0.01,
fp< 0.001 as compared to normal group.
WRF: Withanolide-rich fraction; ALP: Alkaline phosphatase; AST: Aspartate transaminase; ALT: Alanine transaminase.

Table 2. Effect of treatment with withanolide-rich fraction (WRF) on APAP-
induced alteration in serum cholesterol, LDH, HDL, LDL and TG in rats.

Treatment Cholesterol (mg %) HDL (mg %) LDL (mg %) TG (mg %)

Normal 14.3 6 1.3 65.3 6 4.7 1.1 6 0.3 63.1 6 4.0
APAP-treated 48.8 6 5.4f 21.5 6 2.8f 5.6 6 0.7f 159.5 6 4.4f

Silymarin (25) 27.2 6 2.9c 40.6 6 5.4a 1.6 6 0.6c 106.5 6 7.1c

WRF (50) 45.5 6 2.1 28.8 6 5.7 5.6 6 0.7 141.8 6 9.3
WRF (100) 33.7 6 2.7b 43.7 6 6.0a 3.4 6 0.5 116.2 6 11.8b

WRF (200) 19.5 6 1.5c 61.1 6 2.2c 2.6 6 0.4b 91.46 6 6.0c

Data are expressed as mean 6 SEM (n¼ 6) and analyzed by one-way ANOVA fol-
lowed by Dunnett’s test for each parameter separately.
ap< 0.05,
bp< 0.01 and
cp< 0.001 as compared to control group and
dp< 0.05,
ep< 0.01,
fp< 0.001 as compared to normal group.
LDH: Lactate dehydrogenase; HDL: High-density lipoprotein; LDL: Low-density
lipoprotein; TG: Triglyceride.
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somnifera have been reported by researcher including hepatopro-
tective activity (Malik et al. 2013). However, they failed to reveal
its exact mechanism of action. Therefore, present investigations
were undertaken to evaluate the possible mechanism of action
behind hepatoprotective properties of WRF in APAP-induced
hepatotoxicity in a rat model. In WRF, concentration of WF, A is
higher than other withanolides which are followed by WN A
while WN B (Devkar et al. 2015). It also reported that WF A pos-
sesses highest antioxidant activity followed by WN B, WN A,
WS-V, 1, 2 DWM and WNN respectively (Devkar et al. 2013).

The estimation of enzymes in the serum is a useful quantita-
tive marker of the extent and type of hepatocellular damage. ALT
and AST are important endogenous diagnostic biomarkers for
hepatic toxicity. The increase in the serum AST and ALT levels
has been attributed to the damaged structural integrity of the liver
(Ahmad et al. 2012). Whereas, LDH is present in the cell cyto-
plasm and insult to cell caused significant leakage of LDH from
cell cytoplasm into the serum (Visnagri et al. 2012; Kumar et al.
2014; Badole et al. 2015). Moreover, cholestasis with increased bil-
iary pressure resulted in the release of ALP into bile canaliculi cell
lining. In this study, a significant elevation in the marker enzymes
viz. AST, ALT, ALP and LDH, and levels of total bilirubin and
direct bilirubin in serum were noted following APAP administra-
tion. The increased levels of these serum biomarkers in APAP-
intoxicated rats indicate a deterioration of the hepatic structure/
function due to liver membrane damage (Jaeschke et al. 2003). It

has been reported that aqueous extract of roots of W. somnifera
(500 mg/kg) attenuated the increased activities of liver markers
enzymes (Malik et al. 2013). It has been suggested that the pre-
vention of the leakage of intracellular enzymes in serum of
APAP-intoxicated rats might be due to the membrane stabilizing
activity of WRF of W. somnifera (Ganguly et al. 2009).

Reduced serum albumin is a hallmark of liver diseases. It has
been well reported that decreased serum albumin is associated
with elevated level of b- and c-globulins via production of IgG
and IgM. Furthermore, increased levels of serum bilirubin indicate
impaired capacity of the liver to store bilirubin (Jaeschke et al.
2003; Ganguly et al. 2009). Bilirubin transported by liver paren-
chyma cells to form conjugates with glucoronic acid in the pres-
ence of enzyme glucuronyl-transferase which further excreted into
bile via the process of glucuronidation. Hepatic parenchymal cells
damage leads to elevated serum bilirubin (total as well as direct)
level in APAP-induced toxicity. In these studies administration of
WRF significantly inhibited APAP-induced alterations in serum
albumin and bilirubin levels.

It has been well documented that significant alterations
occurred in lipoprotein and cholesterol metabolism after APAP
intoxication (Kaushal et al. 1999; Malik et al. 2013). With increased
availability of free fatty acids, the triglycerides levels were signifi-
cantly increased in APAP-induced toxicity which leads to
decreased hepatic release of lipoprotein and increased esterification
of free fatty acids (Malik et al. 2013). Histological examination of

Table 3. Effect of withanolide-rich fraction (WRF) treatment on APAP-induced alteration on antioxidant parameters in rat liver.

Treatment SOD (U/mg of protein) GSH (lg/mg of protein) MDA (nM/mg of protein) NO (lg/mL) Total antioxidant capacity, i.e. Ip (A)

Normal 1.2 6 0.07 0.42 6 0.03 0.4 6 0.1 128.4 6 9.2 1.25E-05 6 0.1
APAP-treated 0.2 6 0.04f 0.10 6 0.01f 1.7 6 0.2e 304.9 6 16.1f 3.27E-06 6 0.5f

Silymarin (25) 0.9 6 0.06c 0.37 6 0.06c 0.8 6 0.2a 207.9 6 7.1b 6.62E-06 6 0.5c

WRF (50) 0.3 6 0.05 0.17 6 0.01 1.5 6 0.1 282.5 6 18.3 4.12E-06 6 0.5
WRF (100) 0.6 6 0.07b 0.29 6 0.04a 1.1 6 0.2a 228.6 6 19.8a 5.52E-06 6 0.4a

WRF (200) 1.0 6 0.04c 0.32 6 0.05b 0.63 6 0.2b 204 6 31.4b 6.18E-06 6 0.4b

Data are expressed as mean 6 SEM (n¼ 6) and analyzed by one-way ANOVA followed by Dunnett’s test for each parameter separately.
ap< 0.05,
bp< 0.01 and
cp< 0.001 as compared to control group and
dp< 0.05,
ep< 0.01,
fp< 0.001 as compared to normal group.
SOD: Superoxide dismutase; GSH: Glutathione peroxidase; MDA: Malondialdehyde; NO: Nitric Oxide.

Figure 1. Cyclic voltammograms analysis of rat liver homogenate in phosphate buffer saline. (A) The background (phosphate buffer alone) has been subtracted to esti-
mate the peak anodic current (ip) i.e. total antioxidant potential. (B) Rat liver tissue, the superimposed voltammograms of (1) normal, (2) Silymarin (25 mg/kg)-treated, (3)
WRF (200 mg/kg)-treated, (4) WRF (10 mg/kg)-treated, (5) WRF (50 mg/kg)-treated, (6) APAP-treated and (7) blank (phosphate buffer alone).
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the liver tissue from APAP-treated rats showed macro-vesicular
fatty changes (grade 4) (Figure 3B) this also supports the above
findings. Treatment with WRF significantly reduced cholesterol
and triglyceride levels which correlated with histopathological find-
ings in which liver tissue from WRF-treated rats showed a reduc-
tion in macro-vesicular fatty changes (Figure 3F).

It has been reported that the highly reactive intermediate of
APAP metabolism NAPQI has a great affinity for GSH which
causes depletion of cellular GSH leading to damage to the liver
cells due increased of reactive oxygen species (ROS) (Mitchell
et al. 1973). SOD plays an important role in eliminating the
superoxide radicals (Ghule et al. 2015; Kandhare et al. 2012b,
2012c, 2016). GSH is a non-enzymatic biological antioxidant
which plays an important role in quenching of free radical species
such as hydrogen peroxide, superoxide and alkoxy radicals
(Kandhare et al. 2014b; Visnagri et al. 2014; Ketkar et al. 2015).
Decreased levels of GSH and SOD correlates with the toxic effects
of ROS produced by APAP, which is consistent with previously
reported observations, treatment with WRF caused elevation of
GSH and SOD level indicating protection from APAP-induced
liver damage (Olaleye & Rocha 2008).

Membrane lipid peroxidation (in terms of MDA) reflects the
damage to the cellular membranes structure via destruction of the
double bonds in the unsaturated fatty acids and is considered to
be a reliable marker of oxidative stress (Kandhare et al. 2012d
Raygude et al. 2012; Patil et al. 2015; Sarkar et al. 2015). It is evi-
dent from the reduction of antioxidant status of APAP intoxicated
rats (Malik et al. 2013). In this investigation increase in the MDA
level was noted in the APAP-treated rats. Administration of WRF
significantly lowered the elevated level of MDA, which corrobo-
rates the results of earlier reports for W. somnifera root powder
and aqueous extracts suggesting its protective role in APAP-medi-
ated liver injury (Malik et al. 2013).

Elevated oxidative stress caused the release of pro-inflamma-
tory mediators such as NO via inducible nitric oxide synthase
in APAP intoxicated liver which results in cellular dysfunction
(Ahmad et al. 2012). Results of the present investigations are
consistent with the finding of the previous study where admin-
istration of APAP significantly increased NO level in liver
(Ahmad et al. 2012). An effort has been made to improve
hemodynamic properties of the liver by inhibiting the hepatic
microvascular constriction by administration of compounds

Figure 2. Effect of WRF treatment on APAP-induced alteration in reverse transcriptase analysis of mRNA expression of TNF-a (A), IL-1b (B), iNOs (C) and COX-II (D).Data
are expressed as mean 6 SEM and analyzed by one-way ANOVA followed by Dunnett’s test. *p< 0.05, **p< 0.01 and ***p< 0.001 as compared to control group and
#p< 0.05, ##p< 0.01, ###p< 0.001 as compared to normal group.
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with NO scavenging or nitric oxide synthase (NOS) inhibitors
(Malik et al. 2013). Treatment with WRF significantly reduced
the elevated level of NO suggesting its protective role in
APAP-induced hepatotoxicity.

The anodic peak potential (Ep) of the anodic peak current
wave (ip) characterizes the reducing power of antioxidants and
provides information on the ability of antioxidants to donate elec-
trons ip corresponds to the concentration of antioxidants in terms
of total antioxidant capacity (TAC). Cyclic voltammeter (CV) use
to determine the TAC in plasma or other biological fluids or tis-
sue homogenates (Momen-Beitollahi et al. 2010). In this investiga-
tion, we used CV for the first time to measure the TAC of liver
in APAP-treated and WRF-treated rats. The potential at the max-
imum of anodic wave reflects the reducing ability of antioxidants
present in the liver tissue. We noted a decrease in antioxidant lev-
els in APAP-intoxicated rats as compared to treated rats; the CV
analysis also showed that APAP caused a significant decrease in
liver TAC. The elevated level of oxidative stress in APAP-treated
rats correlates well with the results of CV where TAC of liver tis-
sue decreased significantly.

It has been reported that NF-jB (nuclear transcription factor-
jB) plays a decisive role in the regulation of various gene expres-
sions such as IL-1b, TNF-a, and COX-II (Sarkate et al. 2015;
Kandhare et al. 2015c; Honmore et al. 2016). These genes play a

critical role in tumorigenesis, various autoimmune diseases, and
inflammation (Visnagri et al. 2013). In vitro studies carried out in
murine J774.2 monocytes and macrophages showed that APAP
caused significant activation of NF-jB, caused the release of pro-
inflammatory mediators TNF-a and IL-1b and thus elevated oxi-
dative stress (Al-Belooshi et al. 2010). It has been reported that
APAP-induced hepatotoxicity is associated with elevated levels of
pro-inflammatory cytokines such as TNF-a and IL-1b (Tilg et al.
1992). Cytokines are associated with mediation of various
inflammatory conditions. In an array of diseases, TNF-a is pro-
inflammatory cytokine which in turn triggers a cascade of inter-
leukins like IL-1 b, IL-6 and IL-8 (Kandhare et al. 2011a, 2013a;
Aswar et al. 2015). IL-1 b which is synthesized as 31 kDa precur-
sor peptides and converted into mature cytokine of 17 kDa trig-
gers inflammatory response resulting in tissue necrosis (Ahmad
et al. 2012). Results of this investigations are in accordance with
the findings of previous investigators (Ahmad et al. 2012).
Treatment with WRF significantly lowered the elevated oxidative
stress and thus, in turn, down-regulated expression of pro-inflam-
matory cytokines (TNF-a and IL-1b). The results of these studies
are in agreement with findings of previous investigators where
administration of an alcoholic extract of W. somnifera showed
inhibition of the cytokines activity in mice via down-regulation of
NF-jB (Grover et al. 2010).

Figure 3. Effect of WRF treatment on APAP-induced pathological alteration in rat liver. Photomicrograph of sections of liver of normal (A), APAP-treated (B), Silymarin
(25 mg/kg)-treated (C), WRF (50 mg/kg)-treated (D), WRF (100 mg/kg)-treated (E) and WRF (200 mg/kg)-treated (E) rats. Inflammatory infiltration (red arrow), congestion
(yellow arrow), pyknosis (green arrow) and necrosis (black arrow). H&E staining at 40 X and 100 X (inset).

Table 4. Effect of withanolide-rich fraction (WRF) on APAP-induced histology alterations in rat liver.

Treatment Necrosis Congestion Vesicular fat Inflammatory cells Pyknosis Vacuolization Plasma cells

Normal – þ – – – þ –
APAP-treated þþþ þþþ þþþþ þþþ þþ þþþ þþþþ
Silymarin (25) þþ þþ þ þ – þ þ
WRF (50) þþþ þþ þþþ þþþ þþ þþþ þþþ
WRF (100) þþ þþ þ – þ þ –
WRF (200) þ – – – – – –

Note:
–: No abnormality detected.
þ: damage/active changes up to less than 25%.
þþ: damage/active changes up to less than 50%.
þþþ: damage/active changes up to less than 75%.
þþþþ: damage/active changes up to more than 75%.
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NF-kB has been reported to regulate the gene expression and
subsequent mRNA translation of iNOS. Various studies have
demonstrated that APAP intoxication leads to up-regulation of
iNOS protein and nitric oxide production in hepatocytes (Ahmad
et al. 2012). In this investigation, we noted upregulation of NF-
kB, iNOS and nitric oxide production in the APAP-treated group.
WRF administration inhibited iNOS expression and nitric oxide
production, thereby alleviating hepatic inflammation and damage.
Inflammatory insult by the APAP caused overproduction of pros-
taglandins controlled by the release of rate-limiting enzyme, cyclo-
oxygenase-2 (COX-II) (Ahmad et al. 2012). Our data show over
expression of COX-II synthesis, which is up-regulated by inflam-
matory stimuli or lipid hyperoxidation induced synthesis of PG,
which causes liver injury. Treatment with WRF significantly
down-regulated COX-II expression and thus reduced the inflam-
mation, confirming the anti-inflammatory activity of WRF. Earlier
reports state that leaf extract W. somnifera and withaferine A
inhibited the expression of inflammation markers TNF- a, NF-
jB, COX-II and IKKb (Grover et al. 2010). We observed similar
results in our present studies. Based on the results of our present

studies we suggest that WRF down-regulates NF-jB-regulated
gene products such as COX-II and iNOS induced by TNF-a and
IL-1b activation.

Conclusion

These studies we conclude that the WRF exercises its hepatoprotec-
tive effect in APAP-treated rats through its antioxidant potential.
The results also suggest that cyclic voltammeter may be an alterna-
tive rapid method for determining loss of antioxidant as a measure
of toxicity. The findings of these studies also suggest that the anti-
inflammatory and anti-oxidant activities of WRF of W. somnifera
are possibly mediated through suppression of the TNF-a, IL-1b,
COX-II and iNOS to exert its hepatoprotective effect (Figure 4).
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