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Resveratrol mitigates hepatic injury in rats by 
regulating oxidative stress, nuclear factor‑kappa B, 

and apoptosis

Abstract

Resveratrol is a naturally occurring polyphenol, possesses several pharmacological 
activities including anticancer, antioxidant, antidiabetic, antinociceptive, and 
antiasthmatic activity. Little is known about its hepatoprotective action mechanisms. 
This study was conceived to explore the possible protective mechanisms of resveratrol 
compared with the hepatoprotective silymarin in thioacetamide (TAA)‑induced hepatic 
injury in rats. Thirty‑two rats were equally divided into four groups; normal control 
(i), TAA (100 mg/kg) (ii), TAA + silymarin (50 mg/kg) (iii), and TAA + resveratrol 
(10 mg/kg) (iv). Liver function and histopathology, pro‑inflammatory cytokines, oxidative 
stress, and apoptotic markers were examined. Data were analyzed using ANOVA test 
followed by Tukey post hoc test. Compared to TAA‑intoxicated group, resveratrol 
mitigated liver damage, and inflammation as noted by less inflammatory infiltration, 
hydropic degeneration with decreased levels of tumor necrosis factor‑alpha, interleukin‑6, 
and interferon‑gamma by 78.83, 18.12, and 64.49%, respectively. Furthermore, it 
reduced (P < 0.05) alanine and aspartate aminotransferases by 36.64 and 48.09%, 
respectively, restored hepatic glutathione content and normalized superoxide dismutase 
and malondialdehyde levels. While it inhibited nuclear factor‑kappa B, cytochrome 
2E1, and enhanced apoptosis of necrotic hepatocytes via increasing caspase‑3 activity. 
Our findings indicated that the potential hepatoprotective mechanisms of resveratrol 
are associated with inhibition of inflammation, enhancing the apoptosis of necrotic 
hepatocytes, and suppression of oxidative stress.
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INTRODUCTION

Despite the prevalence of liver diseases worldwide with 
high morbidity and mortality rates, medical treatment is still 

inadequate. Corticosteroids and antiviral drugs are used to 
decrease liver diseases progression, yet they have known 
adverse effects.[1] A safe therapy to prevent this progression 
is still banging.

Thioacetamide (TAA)-induced hepatic injury is an 
important model; it perfectly mimics human chronic 
hepatic diseases.[2] Furthermore, the use of hepatocyte 
cultures are now well acceptable to examine the drug’s 
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safety and present a good alternative to whole animal 
experiments.[3] Upon liver injury, nuclear factor-kappa 
B (NF-κB) is induced, leading to production of various 
inflammatory factors including interleukin 6 (IL-6) 
and tumor necrosis factor-alpha (TNF-α).[4] NF-κB 
activation would contribute to massive hepatocytes death, 
inflammation, and activation of hepatic stellate cells (HSCs) 
leading to fibrosis.[5] However, when NF-κB activation is 
inhibited, HSCs will undergo enhanced apoptosis.[6]

Modulation of hepatic inflammation and oxidative damage 
play an important role in protecting against associated morbid 
changes, thus study of compounds that could be useful as 
antioxidants and anti-inflammatory agents such as phenolic 
compounds is gaining more interest. Resveratrol (3,4,5 
trihydroxystilbene) is a phytoalexin, naturally occurring 
polyphenol, possesses cardioprotective, neuroprotective, 
antidiabetic, and anti-asthmatic activities[7] and protects 
against acetaminophen-induced hepatotoxicity.[8] This 
study evaluates the safety of resveratrol in comparison to 
the classic hepatoprotective silymarin in vitro using primary 
isolated hepatocytes. Moreover, to shed light on the possible 
mechanisms by which resveratrol could protect rats against 
TAA-induced liver injury.

MATERIALS AND METHODS

Chemicals and reagents
S i l y m a r i n ,  L e g a l o n ®  ( C h e m i c a l  I n d u s t r i e s 
Development,  Egypt) .  Resveratrol ,  Resveratrol 
Extra® (Pure Encapsulations Inc., Sudbury, MA, 
USA). Collagenase-IV, dimethyl sulfoxide (DMSO), 
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 
bromide (MTT), and TAA (Sigma-Aldrich Chemical 
Co., USA). Hank’s Balanced Salt Solution with and 
without Ca2+/Mg2+ and Dulbecco’s modified Eagle’s 
medium (DMEM) (Lonza, Bioproducts, Belgium). Fetal 
bovine serum (FBS) (Gibco, South America), alanine 
aminotransferase (ALT), and aspartate aminotransferase 
(AST) kits (Spectrum, MDSS, Hannover, Germany). TNF-α, 
IL-6, and interferon-gamma (INF-γ) ELISA complete tests 
(Koma Biotech, Korea). Superoxide dismutase (SOD) and 
glutathione (GSH) kits (Biodiagnostic, Egypt).

Animals
Male albino rats weighing 150 g were provided by the 
Schistosome Biological Supply Center of Theodor Bilharz 
Research Institute (TBRI), housed under standard conditions 
of temperature and humidity, with free access to food and 
water ad libitum. All experiments conducted after approved 
by the Institutional Review Board of TBRI.

Isolation and culture of primary hepatocytes
Hepatocytes were isolated using collagenase perfusion of 
liver[9] and were cultured in DMEM supplemented with 
10% inactivated FBS, 100 IU/ml penicillin, 100 mg/ml 

streptomycin maintained at 37°C/5% CO2. The cells viability 
was determined by fraction of cells excluding “trypan 
blue.” Hepatocytes (>85% viability) were seeded on 96-well 
collagen coated plates in 200 µl medium at a density of 
5 × 103/well.

3‑(4,5‑dimethylthiazol‑2‑yl)‑2,5‑diphenyltetrazolium 
bromide cytotoxicity assay
After 24 h incubation, the medium was replaced with 
200 µl fresh medium and cells were treated with various 
concentrations (5, 10, 25, 50, 100, 300, and 500 µg/ml) of 
silymarin or resveratrol dissolved in 0.1% DMSO for 24 or 
48 h. Hepatocytes with 0.1% DMSO were used as control. 
After each incubation period, 20 µl of 5 mg/ml MTT solution 
was added to each well and incubated for 4 h at 37°C/5% 
CO2. The culture medium was aspirated and formazin 
crystals were dissolved in 200 µl DMSO. The absorbance 
was measured at 560 nm and the background subtracted at 
620 nm.[10] Two independent experiments using separately 
prepared hepatocytes were carried out.

Experimental design
Thirty-two rats were divided equally into four groups. 
Normal control (i) received the drug vehicle (cremophor-El). 
Rats injected intraperitonealy with TAA in a dose of 
100 mg/kg once/week for four successive weeks (ii). Rats 
received either silymarin (iii) or resveratrol (iv) in a daily 
oral dose of 50 or 10 mg/kg, respectively, along with 
TAA for 1 month. Animals were sacrificed 24 h after 
the last dose of treatment by decapitation under light 
ether anesthesia. Blood samples were immediately 
collected and livers were dissected and divided into two 
parts, the first part was used for histopathological and 
immunohistochemical examinations and the second part 
(1 g) was homogenized (1:5 w/v) in ice-cold 0.1 M potassium 
phosphate buffer (pH 7.4). The homogenate was centrifuged 
at 7700 rpm and the supernatant was used for assay of 
oxidative stress markers.

Biochemical assays
Serum pro-inflammatory cytokines TNF-α, IL-6, and INF-γ 
were assayed according to protocols provided by ELISA 
kits. Serum AST, ALT and hepatic GSH content, and SOD 
activity were estimated using kits as per the manufacturer 
instructions as well as malondialdehyde (MDA) level.[11]

Histopathological and immunohistochemical 
examinations
Five µm thick sections of paraffinized liver stained with 
hematoxylin and eosin were examined histopathologically 
under Zeiss microscope (Carl Zeiss Microscopy GmbH 
07745 Jena, Germany) with × 200 magnification power. 
For immunohistochemistry, liver paraffin sections were 
deparaffinized and rehydrated on positive charged glass 
slides. Endogenous peroxidase was inactivated by incubation 
in 0.3% hydrogen peroxide in absolute methanol for 30 min. 
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and AST by 113.74 and 105.98%, respectively, and in TNF-α, 
IL-6, and INF-γ by 550.3, 34.82, and 252.42%, respectively, 
was observed in TAA-intoxicated rats compared to normal 
control. Furthermore, MDA was significantly higher (95.1%) 
concomitant with depletion in GSH content and SOD 
activity by 62.01% and 60.76, respectively. Treatment with 
either silymarin or resveratrol significantly (P < 0.05) 
reduced ALT and AST compared to TAA group. Meanwhile, 
TNF-α, IL-6, and INF-γ were markedly reduced by the use 
of resveratrol or silymarin with the advantage of resveratrol 
in restoring INF-γ level to the normal rather than silymarin. 
The oxidative stress parameters were normalized in 
resveratrol-treated group, except GSH content.

Effect of resveratrol on liver histopathology
Liver sections of normal rats showed normal cellular 
architecture [Figure 2a]. In contrast, TAA-intoxicated 
rats’ liver showed severe degenerative changes, hydropic 
degeneration, necrosis, and infiltration of inflammatory 
cells [Figure 2b]. Meanwhile, liver sections of silymarin 
or resveratrol-treated groups showed an almost normal 
pattern of liver tissue, decreased hydropic degeneration 
with lymphocyte infiltration and recovery from necrosis 
[Figure 2c and d].

Effect of resveratrol on caspase‑3, cytochrome 2E1, and 
nuclear factor‑kappa B
TAA injection did not produce significant change in 
caspase-3, with a significant increase in NF-кB and 
CYP2E1 positive cells (15.34, 10.34 fold, respectively) when 
compared to normal rats [Figures 3 and 4]. Treatment with 
resveratrol or silymarin significantly reduced both NF-кB 

Sections were incubated in 5% skimmed milk for 30 min 
at room temperature. Antigen retrieval was performed by 
microwave (700W) treatment in 10 mM citrate buffer (pH 7.4) 
for 15 min. Sections were then incubated overnight at 4ºC 
with anti-rat caspase-3, cytochrome 2E1 (CYP2E1), and 
NF-кB primary antibodies (Abcam, Cambridge, USA) 
at dilutions of 1:100 1:150 and 1:150, respectively. After 
washing with PBS, sections were incubated at room 
temperature for 30 min in secondary antibodies. A brown 
color develops after addition of 3-diaminobenzidine for 
2–4 min, washed in distilled water and counter stained 
with Mayer’s hematoxylin for 1 min at room temperature. 
The percent of positively stained brown nuclei (NF-кB) or 
brown cytoplasm (caspase-3 and CYP2E1) in 10 successive 
fields at magnification of ×200 was calculated.

Statistical analysis
Cell viability percentages were calculated using GraphPad 
Prism 5.0 (San Diego, CA, USA), and data were statistically 
analyzed using paired Student’s t-test. For in vivo study, 
data were expressed as mean ± standard error of the mean 
and analyzed using ANOVA test followed by Tukey post 
hoc test (SPSS version 16.0, Chicago, IL, USA). P <0.05 was 
considered statistically significant.

RESULTS

In vitro cytotoxicity
Results expressed as means of percentages of living cells 
compared to control indicated that silymarin and resveratrol 
did not reveal any toxic effect after 24 and 48 h [Figure 1].

Effect of resveratrol on liver function, pro‑inflammatory 
cytokines, and oxidative stress markers
The effects of resveratrol on all the biochemical parameters 
were shown in Table 1. A significant increase in serum ALT 
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Figure 1:	Effect	of	various	concentrations	of	silymarin	or	resveratrol	
on	primary	isolated	hepatocytes	viability	after	24	and	48	h.	Results	
are	expressed	as	mean	of	percentages	of	 living	cells	compared	 to	
control	±	standard	error	of	the	mean.	aP	<	0.05	compared	to	100%	
control	cell	viability

Figure 2:	 Histopathological	 examination	 of	 liver	 sections	
from	 (a)	 normal	 rats	 showing	 normal	 hepatic	 architecture,	
(b)	 thioacetamide‑intoxicated	 rats	 showing	 severe	 disturbances	
in	 hepatic	 architecture	 and	 portal	 tract	 inflammation	with	 severe	
lymphocyte	 infiltration	 and	 focal	 spotty	 necrosis	 (black	 arrow),	
(c)	silymarin‑treated	rats	showing	almost	normal	hepatic	architecture	
with	mild	 dilation	 of	 sinusoids	 and	 lymphocyte	 infiltration,	 and	
(d)	resveratrol‑treated	rats	showing	normal	hepatic	architecture	and	
mild	number	of	chronic	inflammatory	cells	infiltration	(H	and	E,	×200)
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(77.33%, 74.22%, respectively) and CYP2E1 (87.57%, 70.44%, 
respectively) compared to TAA-intoxicated rats, whereas 
increased the percent of caspase-3 positive stained cells 
significantly (165.31%, 93.87%, respectively).

DISCUSSION

On primary isolated hepatocytes cultures, silymarin 
and resveratrol showed no toxicity after 24 and 48 h 

incubations. Meanwhile, resveratrol increased significantly 
cell viability relative to control cells. This finding might 
be related to the powerful antioxidant effect of resveratrol 
resulting in less death of primary hepatocytes because 
of normal turnover with release of reactive oxygen 
species (ROS). This is in accordance with those authors,[12] 
who reported resveratrol-related induction of phase-II and 
antioxidant enzymes in cardiomyocytes. Furthermore, 
resveratrol significantly reduced ceramide content in plasma 

Table 1: Effect of  resveratrol  (10 mg/kg) or  silymarin  (50 mg/kg), on biochemical markers  in  rats with 
thioacetamide‑induced hepatic  injury

Normal 
control

TAA Silymarin Resveratrol

ALT (U/L) 65.79±2.01 140.62±7.71a 82.11±2.61b  (−41.61) 89.09±6.02ab  (−36.64)
AST (U/L) 116.59±2.16 240.15±15.92a 128.41±4.52b  (−46.53) 124.66±0.84b  (−48.09)
TNF‑α (pg/ml) 261.70±14.13 1701.84±106.81a 282.91±15.03b  (−83.38) 360.25±26.01b  (−78.83)
IL‑6 (pg/ml) 281.39±2.84 379.38±5.30a 284.06±3.89b  (−25.12) 298.13±7.00b  (−21.41)
INF‑γ (pg/ml) 23.88±1.01 84.16±3.37a 39.79±2.94ab  (−52.72) 29.88±1.58bc  (−64.49)
GSH (mmol/g liver) 2.79±0.20 1.06±0.13a 2.61±0.14b (+146.22) 2.09±0.09abc (+97.17)
SOD (U/g liver) 324.35±10.21 127.25±3.04a 256.24±14.43ab (+101.36) 294.29±17.82b (+131.27)
MDA (nmol/g liver) 6.54±0.23 12.76±0.12a 8.78±0.28ab  (−31.19) 7.34±0.27bc  (−42.48)
Values presented as mean±SEM. Numbers between parentheses represent percentage change from TAA group. a, b, cP<0.05 compared to normal control, TAA and 
silymarin groups. SEM: Standard error of mean, TAA: Thioacetamide, ALT: Alanine aminotransferase, AST: Aspartate aminotransferase; TNF‑α: Tumor necrosis factor‑alpha, 
IL‑6: Interleukin‑6, INF‑γ: Interferon‑gamma, GSH: Glutathione, MDA: Malondialdehyde, SOD: Superoxide dismutase

Figure 3:	 Immunohistochemical	 staining	 for	 caspase‑3,	 cytochrome	2E1,	 and	nuclear	 factor‑kappa	B	 in	 rat	 liver	 sections.	Normal	 rats	
(a,	b	and	c,	respectively)	showing	few	number	of	positive	hepatocytes	for	caspase‑3	and	cytochrome	2E1	as	brownish	cytoplasmic	stain	and	
nuclear	factor‑kappa	B	as	brownish	nuclear	stain	(black	arrows),	thioacetamide‑intoxicated	rats	(d,	e,	and	f,	respectively)	showing	few	positive	
hepatocytes	(centrilobular	and	periportal	areas)	with	mild	density	for	caspase‑3,	and	many	positive	hepatocytes	(centrilobular	and	periportal	
areas)	with	severe	density	cytochrome	2E1	and	nuclear	factor‑kappa	B	(black	arrows),	meanwhile,	silymarin	(g,	h,	and	i,	respectively)	and	
resveratrol	(j,	k,	and	l,	respectively)‑treated	rats	showing	many	positive	hepatocytes	(periportal	areas)	with	moderate	density	for	caspase‑3	and	
few	positive	hepatocytes	(periportal	areas)	with	mild	density	cytochrome	2E1	and	nuclear	factor‑kappa	B	(black	arrows),	(IHC,	DAB,	×200)
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membranes of senescent hepatocytes, known to accumulate 
with the onset of aging-associated inflammation.[13]

It is known that high levels of ROS induce cell damage and 
are involved in several human pathologies including liver 
cirrhosis and fibrosis.[14] Moreover, GSH plays a key role in 
detoxifying the reactive toxic metabolites of many toxins, 
whereas MDA is the end product of lipid peroxidation.[15] 
Consequently, the use of compounds having antioxidant 
properties may protect or mitigate many diseases 
associated with ROS. In this study, resveratrol showed 
almost normalized levels of SOD and MDA, with silymarin 
normalized GSH content.

Concerning hepatic inflammation herein, resveratrol 
normalized pro-inflammatory cytokines levels, whereas 
silymarin normalized only TNF-α and IL-6. This was evident 
by the less numbers of chronic inflammatory cells and 
diminished hepatic necrosis as shown histopathologically. 
It is worthy noted that levels of TNF-α and IL-6 are elevated 
in both infiltrating inflammatory cells and hepatocytes 
in chronic liver injuries including viral or alcoholic liver 
diseases, hepatitis, ischemia, and biliary obstruction.[16] In 
this context, Rivera et al.[17] reported that resveratrol may 
help in stabilization of hepatocytes membrane accelerating 
regeneration of parenchymal cells, thus protecting against 
membrane fragility and decreasing leakage of liver markers 
into the circulation of CCl4-intoxicated rats.

Resveratrol showed a powerful hepatoprotective activity 
than silymarin as evidenced by the enhanced decrease 
in CYP2E1 positive cells, which play a vital role in the 
suppression of conversion of TAA to its reactive toxic 
metabolite TASO2 that initiates necrosis by covalently 
binding to liver macromolecules.[18]

Inflammation and apoptosis are always associated with 
hepatic injuries that can induce an immune response, 
activate HSCs, and inhibit extracellular matrix (ECM) 

degradation.[19] Moreover, when hepatocytes undergo 
apoptosis and fail to regenerate, the apoptotic hepatocytes 
are replaced by abundant ECM.[20] Our study, therefore, 
stressed measuring NF-κB and caspase-3 as important 
factors in hepatic injury. Importantly, results of this 
investigation indicated that resveratrol decreased 
significantly NF-κB, which in turn, further downregulated 
activation of HSCs, hence forced activated HSCs to undergo 
apoptosis. Meanwhile, TAA-induced hepatic injury did 
not show significant difference in the regulatory level of 
apoptosis when compared to normal control. Fortunately, 
resveratrol enhanced apoptosis as expressed by higher 
percent of caspase-3 activity. This upregulation may be to 
remove necrotic damaged hepatocytes or/and activated 
HCSs leading to decrease in all signs of liver damage and 
inflammation.

CONCLUSION

Resveratrol and silymarin showed anti-inflammatory 
and antioxidant activity, yet resveratrol revealed a more 
pronounced potential effects. Our findings indicated 
that resveratrol regulate liver injury through caspase-3 
activation and inhibition of NF-κB and CYP2E1, which play 
an important role in suppression of TAA biotransformation 
to its toxic metabolite. Therefore, resveratrol could be a 
good safe candidate drug in the suppression of liver injury.
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