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Resveratrol effectively attenuates α-naphthyl-
isothiocyanate-induced acute cholestasis and liver 
injury through choleretic and anti-inflammatory 
mechanisms
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Aim: α-Naphthylisothiocyanate (ANIT) is a well-characterized cholestatic agent for rats.  The aim of this study was to examine whether 
resveratrol could attenuate ANIT-induced acute cholestasis and liver injury in rats.
Methods: SD rats were treated with resveratrol (15 or 30 mg/kg, ip) or a positive control drug ursodeoxycholic acid (100 mg/kg, po) for 
5 consecutive days followed by a single dose of ANIT (60 mg/kg, po).  Bile flow, and serum biochemical markers and bile constituents 
were measured 48 h after ANIT administration.  Hepatic levels of oxidative repair enzymes (glutathione peroxidase, catalase and 
MnSOD), myeloperoxidase activity, TNF-α, IL-6, and ATP content, as well as the expression of liver transporter genes and proteins were 
assayed.
Results: ANIT exposure resulted in serious cholestasis and liver injury, as shown by marked neutrophil infiltration in liver, dramatically 
increased serum levels of ALT, AST, GGT, ALP, TBA, TBIL, IBIL, and DBIL, and significantly decreased bile excretion and biliary output of 
GSH and HCO3

–.  ANIT significantly increased TNF-α and IL-6 release and myeloperoxidase activity, decreased mitochondrial biogenesis 
in liver, but had little effect on hepatic oxidative repair enzymes and ATP content.  Furthermore, ANIT significantly decreased the 
expression of Mrp2, FXR, and Cyp7a1, markedly increased Mrp3 expression in liver. Pretreatment with resveratrol attenuated ANIT-
induced acute cholestasis and liver injury, and other pathological changes.  Pretreatment with ursodeoxycholic acid was less effective.  
Conclusion: Resveratrol effectively attenuates ANIT-induced acute cholestasis and liver injury in rats, possibly through suppression of 
neutrophil infiltration, as well as upregulation of expression of hepatic transporters and enzymes, thus decreasing accumulation of bile 
acids.
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Introduction
Cholestasis results in a dramatic increase in liver and serum 
bile acid levels that eventually leads to acute liver toxicity, 
proliferation of bile ducts, and fibrosis that progresses to 
cirrhosis[1].  Cholestasis is often divided into two categories 
(intrahepatic or extrahepatic) based on its etiology.  Bile salts 

are crucial components of cholestasis and are potentially toxic 
to living cells.  Early studies on the mechanisms of cholestatic 
liver injury strongly implicated bile acid-induced apoptosis 
as the major cause of hepatocellular injury.  Recent work has 
focused on the role of both bile acids in cell signaling and ster-
ile inflammation in the pathophysiology of cholestasis.  Thus, 
reducing the intracellular content and cytotoxicity of bile acids 
(and other potentially toxic cholephilic compounds that accu-
mulate after secretory failure) is very important for the pre-
vention of cholestatic liver injury[2–4].

To decrease the accumulation of unconjugated bile acids 
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inside hepatocytes and alleviate acute cholestasis, the liver 
compensates through the adaptive downregulation of hepatic 
uptake transporters and upregulation of efflux transporters.  
These modifications can last for a few days or weeks before 
liver failure or other serious liver injuries occur[5–7].  To halt 
the process of liver fibrosis, early intervention for cholestasis 
is critical.  These compensatory processes provide a suitable 
window for the treatment of cholestasis.  A number of alterna-
tive drugs are currently being tested in pre-clinical studies as 
potential treatments for cholestatic disease, including selective 
modulators of nuclear receptors and signaling pathways that 
are thought to mediate cholestasis[8, 9].

Resveratrol (3,5,4’-trans-trihydroxystilbene), a polyphenol 
phytoalexin abundantly found in grape skins and wine, pos-
sesses diverse biochemical and physiological actions.  Resve-
ratrol has been shown to significantly increase Sirtuin (SIRT) 
activity, an NAD+ (oxidized form of nicotinamide adenine 
dinucleotide)-dependent histone deacetylase.  Peroxisome 
proliferators-activated receptor (PPAR) gamma co-activator-
1alpha (PGC-1α) is a member of a family of transcriptional 
coactivators that regulate mitochondrial biogenesis, anti-
oxidation, growth factor signaling, and angiogenic activity.  
Resveratrol has been shown to increase PGC-1α functions in 
vivo by increasing SIRT1 activity[10].  Current studies indicate 
that resveratrol exerts its pharmacological preconditioning 
and stress resistance by activating PGC-1α in tissues with high 
oxidative capacities, including brown fat, heart, kidney, skel-
etal muscle and brain[11].  

Recently, it was found that resveratrol improved cholestatic 
liver injury by decreasing fibrosis and promoting hepatocyte 
regeneration[12], decreasing oxidative damage[13], and modu-
lating apoptosis, mitochondrial biogenesis and autophagy[14].  
The current evidence for the protective effect of resveratrol 
on cholestasis was mainly obtained from studies using bile 
duct ligation (an extrahepatic model) in animals.  However, 
the effect of resveratrol on rats with intrahepatic cholestasis 
remains unclear.

The adaptive regulation of hepatobiliary transporter expres-
sion has been proposed to reduce liver injury during cho-
lestasis[15, 16].  Although the protective effects of resveratrol 
on cholestasis have been described, little is known about the 
role of resveratrol in modulating liver bile acid transporters 
and enzyme systems during cholestasis.  In the present study, 
intrahepatic cholestasis was modeled by the administration of 
α-naphthylisothiocyanate (ANIT), a well-characterized chole-
static agent, to rats[17].  We then sought to determine whether 
resveratrol reduced ANIT-induced acute cholestasis and liver 
injury in rats by altering the levels of liver bile acid transport-
ers.

 
Materials and methods
Materials
Resveratrol, ANIT, and ursodeoxycholic acid (UDCA) were 
obtained from Sigma Chemical Co (St Louis, MO, USA).  Corn 
oil, Tween-20 and other reagents were obtained from Wanq-
ing Chemical Industry Ltd (Nanjing, China) and used without 

further purification.  Sodium taurocholate cotransporting 
polypeptide (Ntcp) rabbit polyclonal antibody (sc-98485), mul-
tidrug-resistant-associated protein 3 (Mrp3) rabbit polyclonal 
antibody (sc-20767), multidrug-resistant-associated protein 2 
(Mrp2) mouse monoclonal antibody (sc-59611), bile salt export 
pump (Bsep) rabbit polyclonal antibody (sc-25571), farnesoid 
X receptor (FXR) rabbit polyclonal antibody (sc-13063), choles-
terol 7α-hydroxylase (Cyp7a1) rabbit polyclonal antibody (sc-
25536), β–actin mouse monoclonal antibody (sc-19879), and an 
ECL chemiluminescence kit were obtained from Santa Cruz 
Biotechnology Inc (Dallas, Texas, USA).  HRP-conjugated sec-
ondary antibodies were obtained from KPL Inc (CA, USA).

Animals and drug treatments 
All experiments were performed according to the regulations 
of the administration of affairs concerning experimental ani-
mals (Ministry of Science, China, 1998) and approved by the 
Ethics Committee of China Pharmaceutical University (Nan-
jing).  Forty 12-week old male Sprague-Dawley rats were pur-
chased from SIPPR-BK Experimental Animal Company (SPF 
Grade, Shanghai, China) and housed in a humidity- and tem-
perature-controlled environment with a 12-h light/12-h dark 
cycle.  The rats received a standard diet and water ad libitum.  
After 1 week of acclimation, the rats were randomly divided 
into 5 experimental groups.  Group I consisted of control 
rats that received intraperitoneal (ip) injections of the vehicle 
(saline) for five consecutive days followed by an intragastric 
(ig) administration of corn oil (vehicle of ANIT).  Group II 
consisted of ANIT-treated rats that received the vehicle and 
ig administration of ANIT (dissolved in corn oil) at a dose of 
60 mg/kg body weight, after the last vehicle injection.  Group 
III consisted of ANIT plus UDCA rats that were given an oral 
administration of UDCA at a dose of 100 mg/kg body weight 
for five consecutive days prior to administration of ANIT (60 
mg/kg, ig) 30 min after the last UDCA administration.  UDCA 
was suspended in 0.5% carboxymethylcellulose sodium solu-
tion.  Groups IV and V consisted of ANIT plus resveratrol rats 
that were intraperitoneally administered resveratrol at a dose 
of 15 or 30 mg/kg body weight for five consecutive days prior 
to the administration of ANIT (60 mg/kg, ig) 30 min after the 
last injection.

Experimental procedures
All animals were treated according to the schedule outlined 
above.  At 48 h after the initial ANIT or vehicle treatment, 
0.5 mL of blood was collected from each rat from the orbital 
venous plexus under ether anesthesia after an 8-h fast.  The 
animals were anesthetized with urethane (1 g/kg, ip) after the 
last blood collection, and a middle abdominal incision was 
made to cannulate the common bile duct (PE-10, Intramedic, 
Clay Adams Parsippany, NJ, USA).  To measure bile flow and 
analyze bile composition, bile samples were collected for 2 h.  
During this time, the body temperature of the animals was 
maintained with a heat pad to prevent hypothermic altera-
tions in the bile flow.  At the end of each experiment, the ani-
mals were euthanized by exsanguination, and the liver was 
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immediately removed and weighed.  The liver, serum, and 
bile samples obtained were stored at -80 °C until use.

Serum biochemistry
Serum alanine aminotransferase (ALT), aspartate aminotrans-
ferase (AST), γ-glutamyl transpeptidase (GGT), alkaline phos-
phatase (ALP), total bilirubin (TBIL), direct bilirubin (DBIL), 
indirect bilirubin (IBIL) and total bile acid (TBA) were assayed 
using a commercially available clinical test kit with a biochem-
istry analyzer system (Synchron Clinical System Lx 20; Beck-
man Coulter Inc, Fullerton, CA, USA).  

Collection of bile and determination of bile constituents 
Rats were anesthetized with urethane.  Next, cannulations 
of the common bile duct were performed[18].  After a 3-min 
equilibration, bile was collected for 2 h to determine the con-
tent of bile acid, phospholipids, bilirubin, glutathione (GSH) 
and HCO3

– secretion, as well as the bile output and flow rate.  
Bile density was calculated by accurately weighing 100 µL of 
the bile; bile flow was determined by gravimetry.  The output 
of biliary components was calculated as the product between 
bile flow and biliary concentration.  The contents of bile acids, 
phospholipids and bilirubin were determined using an Auto-
matic Clinical Analyzer (7080, HITACHI Ltd, Tokyo, Japan).  
The concentration of GSH in the bile was measured by colo-
rimetry (405 nm) after reaction with 5,5’-dithiobis-(2-nitroben-
zoic acid).  HCO3

– concentrations were calculated from pH and 
pCO2 using the Henderson-Hasselbach equilibrium equation.  
pH and pCO2 were measured immediately after bile collec-
tion in an automated blood gas analyzer (Radiometer ABL800, 
Radiometer Medical Ltd., Broenshoej, Denmark).  

Assays of hepatic components and enzymes
Livers were homogenized in nine volumes of ice-cold normal 
saline.  The homogenate was centrifuged at 4 °C (4000 r/min, 
20 min), and the resultant supernatant was used for assays of 
hepatic components and enzymes.

The activity of glutathione peroxidase (GPx), catalase and 
manganese superoxide dismutase (MnSOD) was determined 
to evaluate the oxidative status in the liver tissue.  The hepatic 
catalase, MnSOD and GPx activities were determined using 
their respective activity assay kits (Nanjing Jiancheng Bioengi-
neering Institute, Nanjing, China).  

Myeloperoxidase (MPO) activity and the levels of tumor 
necrosis factor alpha (TNF-α) and interleukin-6 (IL-6) were 
determined to assess neutrophil activation and inflammatory 
reactions, respectively.  The hepatic MPO activity was deter-
mined using a commercial assay kit (Nanjing Jiancheng Bio-
engineering Institute, Nanjing, China).  The TNF-α and IL-6 
levels from homogenates were determined using an ELISA kit 
(UNIV-bio, Shanghai, China).

As mitochondria are a primary source of ATP, ATP content 
was determined using the Kinase-Glo® Max Luminescent 
Kinase Assay kit (Promega, USA) as a basis for mitochondrial 
function.  

Determination of hepatic mtDNA copy number
DNA samples were extracted from liver tissue.  The mitochon-
drial DNA (mtDNA) copy number was then measured by 
real-time PCR and corrected by simultaneous measurement of 
the nuclear DNA.  The forward and reverse primers comple-
mentary to the nuclear β-actin gene were: 5’-GAAATCGTGC-
GTGACATTAAAG-3’ and 5’-ATCGGAACCGCTCATTG-3’, 
respectively.  The forward and reverse primers for mtDNA, 
which are complementary to the sequence of the mitochon-
drial COX1 gene, were 5’-GGAGCAGTATTCGCCATCAT-3’ 
and 5’-CGGCCGTAAGTGAGATGAAT-3’, respectively.  The 
PCR was performed in an IQ5 Real-Time PCR System (Bio-
Rad Co, USA) as previously described[14].  The threshold cycle 
number (Ct) values of the β-actin gene and the mitochondrial 
ND1 gene were determined for each individual quantitative 
PCR run.  The Ct values were used as a measure of the input 
copy number, and differences in the Ct values were used to 
quantify mtDNA copy number relative to the β-actin gene 
with the following equation: Relative copy number (Rc)=2ΔCT, 
where ΔCT was the Ctβ-actin–CtmtDNA.  Each measurement was 
carried out at least three times and normalized within each 
experiment against a serial dilution of a control DNA sample.

Liver transporter gene expression using real-time PCR
TRIzol reagent (Invitrogen Life Technologies, Carlsbad, CA) 
was used to prepare RNA.  An aliquot of 1 µg of total RNA 
from each sample was reverse-transcribed (RT) to cDNA using 
PrimeScriptTM Reverse Transcriptase (Takara, Osaka, Japan).  
Quantification of gene expression was performed using a real-
time polymerase chain reaction (PCR) kit (Takara, Osaka, 
Japan), and reports were generated using the iQTM5 Optical 
System Software (version 2.1, BioRad).  GAPDH was used for 
internal normalization.  Primers for the genes Ntcp, Mrp2, 
Mrp3, Bsep, Cyp7a1, FXR, and GAPDH were synthesized 
(Sunshine Biotechnology, Nanjing, China) using the sequences 
listed in Table 1.  The fidelity of the PCR reaction was deter-
mined by melting temperature analysis.

Western blot analysis
Liver protein extraction for the analysis of Ntcp, Mrp2, Mrp3, 
Bsep, FXR, and Cyp7a1 levels (n=8 in each group) was per-
formed using a total protein extraction kit (keyGEN Biotech, 
Nanjing, China).  The protein concentrations of the extracts 
were determined using a BCA Protein Assay reagent kit 
(Beyotime Biotech, Nanjing, China).  An equal amount of 
total protein (10 µL) per lane was fractionated on an 8% SDS-
polyacrylamide gel.  After electrophoresis, the gels were trans-
ferred onto polyvinylidene difluoride membranes, which were 
then blocked with Tris-buffered saline containing 5% nonfat 
dry milk at 4 °C.  Next, the membranes were incubated over-
night at 4 °C in a solution containing 0.1% Tween 20, 5% non-
fat dry milk, and a dilution of the antibody of interest: anti-
Ntcp (1:300), anti-Bsep (1:300), anti-Mrp2 (1:100), anti-Mrp3 
(1:500), anti-FXR (1:300), anti-Cyp7a1 (1:500), or anti-β-actin 
(1:500).  After three washes in TBS-T, the membranes were 
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incubated with HRP-conjugated secondary antibodies at room 
temperature for 1 h and subsequently processed for enhanced 
chemiluminescence (ECL) detection using a Super Signal Sub-
strate kit (Pierce Chemical, Rockford, IL, USA).  Signals were 
detected using a chemiluminescence system (Bio-Rad, Cali-
fornia, USA).  Samples were assessed for β-actin content as an 
internal control.  The relative expression of target proteins was 
calculated as the grayscale ratio of the target protein to that of 
β-actin[19].  Each experimental group was tested three times.

Histological examination
Rat liver samples were taken from the central part of the right 
large lobe from both the control and ANIT-exposed groups 
at 48 h post-intoxication.  The liver samples were fixed with 
10% formalin in phosphate-buffered saline for 24 h and then 
washed with tap water, dehydrated in alcohol, and embed-
ded in paraffin.  Sections (5 μm thick) were mounted on glass 
slides.  Histological changes were investigated after staining 
with hematoxylin and eosin (H&E) by a senior pathologist in a 
blinded manner.  Histological lesions were graded by analyz-
ing the portal or lobular inflammation and necrosis as follows: 
grade 0, no change; grade 1, minimal portal inflammation with 

minimal or patchy lobular inflammation and necrosis; grade 
2, mild portal inflammation with mild lobular inflammation 
and little hepatocellular change; grade 3, moderate portal 
inflammation, moderate lobular inflammation and necrosis 
with noticeable hepatocellular damage; and grade 4, severe 
portal and lobular inflammation, necrosis with prominent dif-
fuse hepatocellular damage.

Statistical analysis
Data were analyzed using the PASW statistics package ver-
sion 18 (SPSS Inc, Chicago, IL, USA) and represented as the 
mean±SD.  The significance of differences between groups was 
evaluated using Student’s t-test.  Differences were considered 
significant at P<0.05.  

Results 
Effect of resveratrol on serum biochemical markers
When compared with the vehicle group, ANIT intoxication 
significantly increased the levels of serum ALT, AST, GGT, 
ALP, TBA, TBIL, IBIL, and DBIL, thus resulting in serious liver 
injury and cholestasis.  Resveratrol at dosages of either 15 or 
30 mg/kg body weight significantly reversed the majority of 
ANIT-induced increases in the above parameters.  The lower 
dose of resveratrol slightly improved TBA and IBIL levels.  
UDCA significantly decreased ALT, AST, and ALP but had 
little effect on the other markers (Table 2).

Effect of resveratrol on bile flow and biliary secretions
ANIT decreased bile flow at 48 h after administration; fur-
thermore, resveratrol and UDCA significantly attenuated 
this change (Figure 1).  Biliary output of TBA, phospholipids, 
TBIL, DBIL, GSH, and HCO3

– were significantly decreased 
after ANIT exposure.  Resveratrol and UDCA significantly 
increased their output (Table 3).

Effect of resveratrol on antioxidant enzymes
The hepatic activities of catalase, GPx and MnSOD were 
mildly decreased at 48 h after ANIT administration in rats.  
These changes were not statistically significant compared 
with the control group.  Antioxidant enzyme activity was 
unchanged after treatment with resveratrol or UDCA (data 
not shown).

Table 2.  Effects of pretreatment with resveratrol or UDCA on the serum biomarkers 48 h after ANIT administration in rats.  Control: vehicle only; Model: 
ANIT 60 mg/kg, ig; UDCA: UDCA (100 mg/kg, ig)+ANIT (60 mg/kg, ig); Resv-H: resveratrol (30 mg/kg, ip)+ANIT (60 mg/kg, ig); Resv-L: resveratrol (15 
mg/kg, ip)+ANIT (60 mg/kg, ig).  Mean±SEM.  n=8.  cP<0.01 vs control group.  eP<0.05, fP<0.01 vs model group. 

Group        ALT (IU/L)    AST (IU/L)               ALP (IU/L)            GGT (IU/L)   TBA (μmol/L)       TBIL (μmol/L)       DBIL (μmol/L)      IBIL (μmol/L)
 
Control      64.4±5.6   173.2±48.8   270.5±71.9   0.20±0.12   41.0±4.6   1.22±0.40   0.40±0.38   0.82±0.18
Model 1663.7±424.9c 2274.5±528.0c 1032.3±75.6c 10.56±2.76c 221.3±48.4c 60.22±10.59c 46.40±7.48c 13.82±3.60c

UDCA   869.4±204.4e 1246.0±236.1e   625.0±147.4f   8.00±0.91 208.9±68.1 59.87±14.09 42.32±12.54 17.55±3.04
Resv-H   569.1±76.6f   903.3±238.9f   638.3±182.0f   5.88±1.73f 104.2±49.0f 15.80±6.74f 10.34±4.16f   5.46±2.41f

Resv-L   605.8±248.2f    987.8±122.4f   653.3±132.2f   6.20±1.65e 178.3±79.9 19.97±6.46f 10.45±4.76f 11.07±4.13

Table 1.  Primer sequences of six genes selected for real-time RT-PCR with 
GAPDH as an internal control. 

           Gene name                              Primers (5′–3′)    
 
 Ntcp F: GCATGATGCCACTCCTCTTATAC
  R: TACATAGTGTGGCCTTTTGGACT
 Mrp2 F: CAGTCACGGCTTCCTTTCTG
  R: AGGTTTCCGCTGGGACTTCT
 Mrp3 F: ACACCGAGCCAGCCATATAC
  R: TCAGCTTCACATTGCCTGTC
 Bsep F: TGGAAAGGAATGGTGATGGG
  R: CAGAAGGCCAGTGCATAACACA
 FXR F: AGGCCATGTTCCTTCGTTA
  R: TTCAGCTCCCCGACACTTTT
 Cyp7a1 F: TGGATCAAGTGCAACTGAATGAC
  R: GCACTGGAAAGCCTCAGAGC
 GAPDH F: ATGGAGAAGGCTGGGGCTCACCT
  R: AGCCCTTCCACGATGCCAAAGTTGT

F, forward primer; R, reverse primer.
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Effect of resveratrol on hepatic MPO activity and inflammatory 
cytokines
It is well known that inflammation is involved in cholestasis.  
Our results showed that hepatic MPO activity and the levels of 
TNF-α and IL-6 were significantly increased at 48 h after ANIT 
intoxication.  Both doses of resveratrol significantly attenu-
ated the ANIT-induced increases in hepatic MPO activity and 
TNF-α and IL-6 levels, indicating that resveratrol exerts potent 
anti-inflammatory effects.  UDCA produced mild decreases in 
both hepatic MPO activity and levels of TNF-α and IL-6 (Fig-
ure 2).

Effect of resveratrol on hepatic ATP content and mtDNA copy 
number 
Previous reports have shown that exposure to high levels of 
hydrophobic bile acids can eventually lead to mitochondrial 
dysfunction, ATP depletion and cell death in cholestasis.  
Unexpectedly, we observed that the hepatic ATP content was 
slightly increased at 48 h after ANIT intoxication compared 
with the control group.  Both doses of resveratrol mildly 
decreased hepatic ATP content, but the results did not reach 
statistically significant differences versus the control group.  
Additionally, UDCA had no effect on hepatic ATP content 
(Figure 3).  The mtDNA copy number was measured to verify 
the activation of mitochondrial biogenesis.  The mtDNA copy 

number was significantly decreased at 48 h after ANIT intoxi-
cation; however, this change was not reversed by either resve-
ratrol or UDCA treatment (Figure 3).

Table 3.  Effects of pretreatment with resveratrol or UDCA on biliary components secretion 48 h after ANIT administration in rats.  Control: vehicle only; 
Model: ANIT 60 mg/kg, ig; UDCA: UDCA (100 mg/kg, ig)+ANIT (60 mg/kg, ig); Resv-H: resveratrol (30 mg/kg, ip)+ANIT (60 mg/kg, ig); Resv-L: resveratrol 
(15 mg/kg, ip)+ANIT (60 mg/kg, ig).  Mean±SEM.  n=8.  bP<0.05, cP<0.01 vs control group.  eP<0.05, fP<0.01 vs model group.

Group
                 TBA output           Phospholipids output           TBIL output                    DBIL output                   GSH output                  HCO3

– output
                        (μmol·min-1·g-1 liver wt)  (nmol·min-1·g-1 liver wt)  (nmol·min-1·g-1 liver wt)  (nmol·min-1·g-1 liver wt)  (nmol·min-1·g-1 liver wt)  (nmol·min-1·g-1 liver wt)
 
Control 7.4±1.3 7.3±1.2 15.2±2.8 10.7±3.5 1.21±0.11 26.4±1.8
Model 0.6±0.2c 4.3±0.8b 13.0±4.7   8.8±2.1 0.85±0.09b 10.4±2.3c

UDCA 2.1±0.4f 6.2±1.6e 54.8±16.9f 50.1±20.4f 1.29±0.11e 16.9±2.2e

Resv-H 2.7±1.3f 7.8±1.8f 53.2±12.7f 49.7±39.2f 1.37±0.16f 22.3±2.5f

Resv-L 1.9±0.4f 5.7±1.4 41.8±7.3f 39.9±17.1f 1.17±0.17e 11.5±0.4

Figure 1.  Effects of pretreatment with resveratrol or UDCA on basal bile 
flow 48 h after ANIT administration in rats. Bile specimens were collected 
2 h at 48 h after treatment with ANIT.  Control: vehicle only; Model: ANIT 
60 mg/kg, ig; UDCA: UDCA (100 mg/kg, ig)+ANIT (60 mg/kg ig); Resv-H: 
resveratrol (30 mg/kg, ip)+ANIT (60 mg/kg, ig); Resv-L: resveratrol (15 
mg/kg, ip)+ANIT (60 mg/kg, ig).  Mean±SEM.  n=8.  bP<0.05, cP<0.01 vs 
control group.  eP<0.05, fP<0.01 vs model group.

Figure 2.  Effects of pretreatment with resveratrol or UDCA on hepatic 
myeloperoxidase (MPO) activity and TNF-α and IL-6 levels at 48 h after 
ANIT administration in rats.  Control: vehicle only; Model: ANIT 60 mg/kg, 
ig; UDCA: UDCA (100 mg/kg, ig)+ANIT (60 mg/kg, ig); Resv-H: resveratrol 
(30 mg/kg, ip)+ANIT (60 mg/kg, ig); Resv-L: resveratrol (15 mg/kg, 
ip)+ANIT (60 mg/kg, ig).  Mean±SEM.  n=8.  bP<0.05, cP<0.01 vs control 
group.  eP<0.05, fP<0.01 vs model group.



1532

www.nature.com/aps
Wang T et al

Acta Pharmacologica Sinica

npg

\Effect of resveratrol on hepatic bile acid transporter expression
Because adaptive regulation has been proposed as a mecha-
nism to limit hepatotoxicity, we quantified the mRNA and 
protein levels of uptake and efflux transporters in rats after 
ANIT exposure.  Forty-eight hours after ANIT administration, 
the mRNA levels of Ntcp, Mrp2, and Bsep were decreased by 
34%, 62%, and 36%, respectively; in contrast, Mrp3 mRNA 

showed a 3-fold increase.  The mRNA levels of FXR and 
Cyp7a1 were decreased by 77% and 44%, respectively.  Both 
doses of resveratrol enhanced Mrp2, FXR, and Cyp7a1 mRNA 
expression and significantly inhibited Mrp3 mRNA expres-
sion.  Resveratrol did not, however, affect Ntcp and Bsep 
mRNA expression.  Meanwhile, UDCA significantly enhanced 
Mrp2 mRNA expression but had little effect on the other 
markers (Figure 4A).

In accordance with mRNA levels, the protein levels of Ntcp, 
Mrp2, Bsep, FXR, and Cyp7a1 were decreased and Mrp3 
was increased 48 h after ANIT administration.  Both doses of 
resveratrol increased Mrp2, FXR, and Cyp7a1 protein levels, 
decreased Mrp3 protein expression but had little effect on the 
protein expression of either Ntcp or Bsep (Figure 4B).

Histological examination
Liver sections were stained with H&E and examined for 
necrosis and inflammation at 48 h after intoxication.  The con-
trol group showed few histological changes, but the ANIT-
intoxicated group showed multifocal periportal coagulative 
necrosis and degenerative changes with an accumulation 
of neutrophils and monocytes.  Resveratrol (30 mg/kg) 
co-administration clearly attenuated neutrophil and monocyte 
infiltration as well as ANIT-induced necrotic and degenerative 
changes.  The effects of resveratrol at 15 mg/kg were similar 
but slightly weaker compared with the 30 mg/kg dose (Figure 
5).  Histologic grading indicated significant amelioration in 
those animals treated with resveratrol (Table 4).  These histo-
logical improvements were also found after UDCA treatment 
(100 mg/kg).

Discussion 
There are certainly additional beneficial properties of resve-
ratrol that have yet to be discovered; in addition, the mecha-
nisms behind some of the best-established therapeutic proper-
ties of resveratrol require further examination.  The present 

Figure 3.  Effects of pretreatment with resveratrol or UDCA on hepatic 
mitochondrial DNA (mtDNA) copy number and ATP concentration at 48 h 
after ANIT administration in rats.  mtDNA was corrected by the amount 
of nuclear DNA.  Control: vehicle only; Model: ANIT 60 mg/kg, ig; UDCA: 
UDCA (100 mg/kg, ig)+ANIT (60 mg/kg, ig); Resv-H: resveratrol (30 
mg/kg, ip)+ANIT (60 mg/kg, ig); Resv-L: resveratrol (15 mg/kg, ip)+ANIT 
(60 mg/kg, ig).  Mean±SEM.  n=8.  bP<0.05, cP<0.01 vs control group. 
eP<0.05, fP<0.01 vs model group.

Figure 4.  Effects of pretreatment with resveratrol or UDCA on hepatic mRNA expression of uptake and efflux transporters 48 h after ANIT administration 
in rats.  Control: vehicle only; Model: ANIT 60 mg/kg, ig; UDCA: UDCA (100 mg/kg, ig)+ANIT (60 mg/kg, ig); Resv-H: resveratrol (30 mg/kg, ip)+ANIT (60 
mg/kg, ig); Resv-L: resveratrol (15 mg/kg, ip)+ANIT (60 mg/kg, ig). Mean±SEM.  n=8.  bP<0.05, cP<0.01 vs control group.  eP<0.05, fP<0.01 vs model 
group.
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scientific efforts have focused on taking advantage of the 
specific molecular events that occur in different disease states 
to design more ‘personalized’ therapeutic strategies.  Thus, 
we used ANIT in rats to model intrahepatic cholestasis and 
then sought to determine whether resveratrol plays a pro-
tective and/or adaptive role in this type of liver injury[20, 21].  
Markers for liver injury and cholestasis, such as serum ALT, 
AST, ALP, GGT, bile acids and bilirubin, were increased 24 h 
(data not shown) after ANIT administration and peaked at 
48 h (Table 2).  These data are in agreement with a previous 
report[22].  Therefore, we assessed the effects of ANIT exposure 
48 h after administration for our present study.  An ANIT dos-
ing regimen was adopted as described previously[23].  Because 
of variable resveratrol dosage schemes and its reported poor 
oral bioavailability, we administered resveratrol at doses of 15 
and 30 mg·kg-1·d-1 via intraperitoneal injections, which were 
reported to alleviate rat extrahepatic cholestasis and oxidative 
damage[12, 14].

Resveratrol dose-dependently altered biochemical serum 
markers of liver damage and cholestasis, such as ALT, AST, 
ALP, GGT, bile acids and bilirubin, as well as bile flow and 
bile salt output.  Histological examination also indicated obvi-
ous improvements in necrosis and inflammation at 48 h after 
ANIT intoxication following resveratrol treatment (30 and 
15 mg/kg).  Taken together, resveratrol displayed significant 
hepatoprotective effects due to a reduction in the intracel-
lular content/cytotoxicity of bile acids and other potentially 
toxic cholephilic compounds that accumulated after secretory 
obstruction.  

Oxidative injury likely plays a large role in ANIT-induced 
biliary epithelial injury, possibly as a result of one or more 
sulfhydryl-reactive intermediates created by repeated rounds 
of secretion and reuptake of the glutathione conjugate[20, 24].  
Mitochondria are an important source of reactive oxygen 
species, particularly after cholestasis, when their antioxidant 
properties are exhausted[25].  Indeed, reactive oxygen species 
can attack mitochondrial membrane phospholipids, DNA and 
proteins, uncoupling oxidative phosphorylation and altering 
the capacity for ATP synthesis[26].  In this study, liver oxida-
tive repair enzymes (including GPx, catalase and MnSOD) 
and ATP synthesis remained largely unchanged; however, the 
liver mtDNA copy number was significantly decreased at 48 h 
after ANIT intoxication.  Taken together, our results indicate 
that the impairment of mitochondrial biogenesis, rather than 
oxidative injury and mitochondrial oxidative phosphoryla-
tion, is a critical event at this stage of ANIT-induced cholesta-
sis.  The activity of antioxidant enzymes, ATP synthesis and 
mtDNA copy number remained unchanged after resveratrol 
treatment in ANIT-intoxicated rats, implying that the antioxi-
dant properties and mitochondrial protection of resveratrol 

Table 4.  Effects of pretreatment with resveratrol or UDCA on histologic 
grade of liver lesions at 48 h after ANIT administration in rats.  Control: 
vehicle only; Model: ANIT 60 mg/kg, ig; UDCA: UDCA (100 mg/kg, ig)+ANIT 
(60 mg/kg, ig) ; Resv-H: resveratrol (30 mg/kg, ip)+ANIT (60 mg/kg, ig); 
Resv-L: resveratrol (15 mg/kg, ip)+ANIT (60 mg/kg, ig).  Mean±SEM.  n=8.  
bP<0.05, cP<0.01 vs control group.  eP<0.05, fP<0.01 vs model group.

                      Group                         Histologic grade (0–4)
 

Control 0.0±0.0
Model 2.5±0.5c

UDCA 1.6±0.7e

Resv-H 1.1±0.4f

Resv-L 1.5±0.5f

Grading is based on microscopic evaluation of liver sections by analysis 
of portal or lobular inflammation and necrosis: grade 0, no change; 
grade 1, minimal portal inflammation with minimal or patchy lobular 
inflammation and necrosis; grade 2, mild portal inflammation with mild 
lobular inflammation and little hepatocellular change; grade 3, moderate 
portal inflammation, moderate lobular inflammation and necrosis with 
noticeable hepatocellular damage; and grade 4, severe portal and lobular 
inflammation, necrosis with prominent diffuse hepatocellular damage.

Figure 5.  Histological figures of liver cells from control rats and 
α-naphthyl isothiocyanate (ANIT)-intoxicated rats with or without pretreat-
ment (×100). Control: vehicle only, little histological change was observed; 
Model: ANIT 60 mg/kg, ig, necrotic and degenerative changes with severe 
inflammatory cell infiltration were observed; UDCA: UDCA (100 mg/kg, 
ig)+ANIT (60 mg/kg, ig), necrotic and degenerative changes with moderate 
inflammatory cell infiltration were observed; Resv-H: resveratrol (30 
mg/kg, ip)+ANIT (60 mg/kg, ig), little necrotic and degenerative changes 
and mild to moderate inflammatory cell infiltration were observed; 
Resv-L: resveratrol (15 mg/kg, ip)+ANIT (60 mg/kg, ig), little necrotic and 
degenerative changes and mild to moderate inflammatory cell infiltration 
were observed.  n=8.  Solid arrow, necrosis; dashed arrow, inflammation.
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did not significantly contribute to the observed improvement 
of acute cholestasis.

The release of cytotoxic and inflammatory mediators, 
including those that attract neutrophils, has been suggested to 
contribute to the hepatic injury induced by ANIT; however, 
the exact mechanisms are not well understood[27–29].  In the 
present study, an enhancement in the hepatic activity of MPO, 
an index of tissue neutrophil infiltration, occurred after ANIT-
induced liver injury.  These data confirm previously reported 
results[30, 31].  Resveratrol administered intraperitoneally to 
ANIT-treated rats after the appearance of liver injury signifi-
cantly reduced the increase in hepatic MPO activity.  These 
results suggest that intraperitoneally administered resveratrol 
exerts a preventive effect on ANIT-induced liver injury in 
rats by inhibiting neutrophil infiltration into the liver tissue.  
Moreover, resveratrol is known to protect against ischemia/
reperfusion-induced liver injury in rats by inhibiting neutro-
phil infiltration and release of cytokines such as TNF-α, IL-1β, 
and IL-6[32].  We observed a suppression of liver TNF-α and 
IL-6 levels in the present study, suggesting that resveratrol 
decreases the early release of cytokines and neutrophil recruit-
ment, leading to a reduction in late inflammatory processes 
and an improvement in liver injury after ANIT intoxication.

In agreement with previous studies, we found that ANIT 
affected the bile salt–independent fraction (BSIF) of the bile 
flow[22].  This was due, in part, to impairments in the biliary 
output of both GSH and HCO3

−, the two major determinants 
of the BSIF.  Our results showed that resveratrol markedly 
counteracted the effect of ANIT on BSIF, based on the normal-
ization of GSH output and a partial restoration of HCO3

− out-
put.  The effects of ANIT on biliary secretion of GSH have not 
been completely elucidated.  ANIT is conjugated with GSH 
in hepatocytes and transported into the bile by multidrug 
resistance-associated protein (Mrp) 2 (Abcc2), the canalicular 
efflux transporter.  The ANIT-GSH conjugate dissociates upon 
crossing the canalicular membrane, yielding free GSH and 
ANIT in the bile[20, 33].  In this study, the biliary secretions of 
GSH were extensively increased by resveratrol, which may 
contribute to the secretion of ANIT.  A lack of HCO3

−-rich bile 
secreted at the ductular level may concentrate potentially toxic 
biliary constituents, thus contributing to cholangiocyte dam-
age in many chronic cholestatic diseases.  ANIT treatment also 
decreased HCO3

− biliary output; however, resveratrol only 
partially counteracted this effect.  This beneficial effect likely 
accelerates the elimination of ANIT by promoting bile flow 
and attenuating ANIT-induced cholestasis.

At the basolateral membrane of hepatocytes, Ntcp trans-
ports bile acids and other substrates from the portal blood 
supply into hepatocytes.  Mrp3-mediated efflux allows for 
the conjugation of bile acids and xenobiotics in the blood.  At 
the canalicular membrane of hepatocytes, Bsep and Mrp2 
transport bile acids into the bile.  Mrp2 also transports GSH 
and conjugated bilirubin.  The expression of uptake and efflux 
transporters is altered during various forms of liver injury.  
In general, the expression of uptake transporters is reduced, 
and the levels of efflux transporters are increased in damaged 

livers[34, 35].  This adaptive response is thought to reduce the 
intracellular concentration of bile acids and other toxicants in 
an attempt to protect against further injury while promoting 
cellular recovery.  Based on existing reports, ANIT has wide-
ranging effects on liver basolateral and canalicular transport-
ers[23].  Recently, a report demonstrated that ANIT could 
directly induce the retention of bile acids in hepatocytes by 
inhibiting the function of bile acid transporters, which might 
contribute to its cholestatic effect[36].  Our results showed that 
ANIT significantly decreased the Ntcp, Bsep and Mrp2 levels 
and increased the Mrp3 levels in the liver 48 h after adminis-
tration.  Both doses of resveratrol attenuated the changes in 
Mrp2 and Mrp3 but did not alter the protein levels of Ntcp 
and Bsep.  The improvement in Mrp2 levels is of particular 
interest because this protein transports GSH.  As previously 
mentioned, the biliary secretions of GSH were extensively 
increased by resveratrol.  Accordingly, resveratrol may 
enhance the biliary secretions of GSH by an Mrp2-mediated 
acceleration in ANIT elimination.  Another substrate of the 
Mrp2 transporter is conjugated bilirubin.  The output of TBIL 
and DBIL were significantly increased after resveratrol pre-
treatment (Table 3).  These results may be due to the upregula-
tion of Mrp2 by resveratrol.  The reduced expression of Mrp3 
by resveratrol may also contribute to a decrease in the counter-
transport of bile acids into the blood, thus reducing bile acids 
in systemic circulation.

Recent research suggests that the transcriptional regulation 
of both hepatic bile acids transporters and enzymatic systems 
involve the nuclear receptors PXR (pregnane X receptor) and 
FXR (farnesoid X receptor).  These nuclear receptors have 
complementary roles in the regulation of genes involved in 
lipid and lipoprotein metabolism, including bile acid syn-
thesis and transport.  In addition, these proteins are actively 
involved in the spontaneous adaptive response to cholestasis 
triggered by the accumulation of bile acids.  The receptors aim 
to reduce the synthesis of these bile acids by increasing the 
extrahepatic disposal of these potentially toxic compounds[5, 37].  
In our present study, the decreased expression of transport-
ers was accompanied by the decreased expression of FXR 
and Cyp7a1 after ANIT intoxication; furthermore, resveratrol 
enhanced the expression of FXR and Cyp7a1.  Regulation of 
the hepatobiliary transporter by resveratrol is poorly defined 
during cholestasis.  It has been reported that the FXR agonist 
GW4064 can upregulate BESP and Ntcp mRNA expression in 
the ANIT model of cholestasis[23].  We speculate that resvera-
trol may affect the bile acid transporters in a unique way that 
differs from the FXR agonists, as no effects on Bsep and Ntcp 
expression were observed. Previous studies reported that the 
activation of SIRT1 by resveratrol substantially decreased the 
acetylated FXR levels in the livers of ob/ob mice.  In addition, 
treatment with resveratrol significantly decreased the Shp 
mRNA levels and elevated the bile acid pool sizes in mice[38].  
Our results confirmed that resveratrol enhanced the expres-
sion of transporters and enzymes correlated with elevated 
FXR levels in vivo.  These data further support the model that 
resveratrol exerts additional choleretic effects independent of 
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cytoprotection during ANIT-induced acute cholestasis in rats.
In conclusion, the results of this study indicate that resve-

ratrol exerts a preventive effect on ANIT-induced acute liver 
injury with cholestasis in rats.  This effect may be mediated by 
an attenuation in the levels of bile acids that commonly accu-
mulate following disruptions to transporters and enzymes in 
the liver tissue or by choleretic and anti-inflammatory actions, 
leading to an inhibition of neutrophil infiltration.
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