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Cholestatic liver injury following extra- or intrahepatic bile duct obstruction causes nonparenchymal cell proliferation
and matrix deposition leading to end-stage liver disease and cirrhosis. In cholestatic conditions, nitric oxide (NO) is mainly
produced by a hepatocyte-inducible NO synthase (iNOS) as a result of enhanced inflow of endotoxins to the liver and also
by accumulation of bile salts in hepatocytes and subsequent hepatocellular injury. This study was aimed to investigate
the role of NO and S-nitrosothiol (SNO) homeostasis in the development of hepatocellular injury during cholestasis
induced by bile duct ligation (BDL) in rats. Male Wistar rats (200–250 g) were divided into four groups (n¼ 10 each),
including sham-operated (SO), bile duct-ligated (BDL), tauroursodeoxycholic acid (TUDCA, 50mg/kg) and S-methyli-
sothiourea (SMT, 25mg/kg) treated. After 7 days, BDL rats showed elevated serum levels of g-glutamiltranspeptidase,
aspartate aminotransferase, alanine aminotransferase, LDH, and bilirubin, bile duct proliferation and fibrosis, compared
with the SO group. TUDCA treatment did not significantly alter these parameters, but the iNOS inhibitor SMT ameliorated
hepatocellular injury, as shown by lower levels of circulating hepatic enzymes and bilirubin, and a decreased grade of
bile duct proliferation and fibrosis. Both TUDCA and SMT treatments reversed Mrp2 canalicular pump expression to
control levels. However, only SMT treatment significantly lowered the increased levels of plasma NO and S-nitrosation
(S-nitrosylation) of liver proteins in BDL rats. Moreover, BDL resulted in a reduction of the S-nitrosoglutathione reductase
(GSNOR/Adh5) enzymatic activity and a downregulation of the GSNOR/Adh5 mRNA expression that was reverted by
SMT, but not TUDCA, treatment. A total of 25 liver proteins, including S-adenosyl methionine synthetase, betaine-
homocysteine S-methyltransferase, Hsp90 and protein disulfide isomerase, were found to be S-nitrosated in BDL rats.
In conclusion, the inhibition of NO production during induced cholestasis ameliorates hepatocellular injury. This effect
is in part mediated by the improvement of cell proficiency in maintaining SNO homeostasis.
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Cholestasis, an impairment or cessation in the flow of bile,
occurs in many human diseases including sepsis, drug toxi-
city, viral hepatitis and cholangiopathies, although treatment
options are limited. Hepatocellular injury due to the build-
up of bile acids and other toxins in the liver is an invariant
feature of cholestasis, promoting further hepatic dysfunc-
tion culminating in liver fibrosis, cirrhosis, portal hyperten-
sion and chronic liver failure. Optimal therapy would address
the mechanisms causing cholestasis and reverse the process,
but unfortunately such therapies do not currently exist.

Therefore, better understanding of the mechanisms of cho-
lestatic hepatocellular injury could help to provide rational
alternative therapeutic strategies to reduce hepatocellular
damage.1 Several biochemical alterations, including toxic bile
salts accumulation and oxidative alterations in the mito-
chondria, participate in the generation and development of
cholestatic liver injury.2 Oxidative stress has an important
role in hepatocyte cell death and hepatocellular injury during
experimental induced cholestasis.3 Actually, bile acids have
been reported to stimulate the generation of reactive oxygen
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species in hepatocytes and liver mitochondria by their in-
terference with mitochondrial electron transport chain.4–6

Contrary to oxidative stress, the role of nitrosative stress in
cholestatic liver diseases has received much less attention.
High levels of circulating bile salts during cholestasis disrupt
intestinal mucosal barrier resulting in translocation of enteric
bacteria to the mesenteric lymph nodes and the liver,7 and
resulting endotoxemia is responsible for augmented nitric
oxide (NO) synthesis by inducible NO synthase (iNOS).8,9

This excessive generation of NO has been observed both in
experimental cholestasis8,10 and in primary biliary cirrhosis
patients.9,10 The increase in hepatic and plasmatic circulating
levels of NO and cytokines is determinant for the hepato-
cellular injury and the rapid progression of hepatic dys-
function in cholestatic settings.

There is a large body of evidence indicating that
S-nitrosation of cysteine thiols (also known as S-nitrosyla-
tion) constitutes a significant route through which NO
bioactivity is transduced. S-nitrosothiols (SNO), derived
from proteins, peptides and amino acids, supply cellular
compartments and extracellular fluids with NO bioactivity.
Therefore, S-nitrosation has emerged as the prototype redox-
based post-translational modification11–13 and it has been
proposed that disruption or deregulation of SNO signaling
leads to impairment of cellular function and disease.14 In this
regard, we have previously shown the importance of the
alteration of SNO homeostasis during hepatotoxin-induced
cell death in human hepatocytes15 and demonstrated a
definite control of SNO cellular content when high levels of
S-nitrosoproteins are present in human hepatocytes.16

To date, there are scarce studies exploring the participation
of S-nitrosation of proteins and SNO metabolism in hepa-
tocellular cholestatic liver injury. Changes in circulating and
hepatic levels of SNO have been recently reported in both bile
duct-ligated rats10,17 and primary biliary cirrhosis patients.10

Consequently, interventions directed to favorably support
NO metabolism in the early phase of cholestasis have been
suggested to allow protein redox status maintenance.10 This
study aimed to assess the role of NO synthesis, protein
S-nitrosation and the alteration of SNO homeostasis in the
triggering and development of hepatocellular injury during
cholestasis induced by bile duct ligation (BDL) in rats.
S-methylisothiourea (SMT) is a potent selective competitive
iNOS inhibitor with a demonstrated efficacy in models in
which this NOS isoform is involved, such as septic or
hemorrhagic shock.18,19 Taurine-conjugated ursodeoxycholic
acid (TUDCA) is known to protect hepatocytes in cholestasis
by stimulating the expression and membrane insertion of
transporter proteins.20,21 Therefore, we treated BDL rats with
SMT, and TUDCA was used as the clinical comparator in
these studies. Our results suggest that the inhibition of NO
synthesis during induced cholestasis ameliorates hepato-
cellular injury, and that this therapeutic effect is in part
mediated by the improvement of liver proficiency in main-
taining SNO homeostasis.

MATERIALS AND METHODS
Materials
S-methylisothiourea hemisulfate was obtained from Sigma-
Aldrich (St Louis, MO, USA) and TUDCA was from Cal-
biochem (San Diego, CA, USA). All other reagents were from
Sigma-Aldrich unless stated otherwise.

Animals and Surgical Procedures
Male Wistar rats (200–250 g) were kept in controlled con-
ditions of light (12-h light: 12-h dark cycle) and temperature
(221C), and provided with food (Purina, Barcelona, Spain)
and water ad libitum. The study was approved by the
Research Committee of the Reina Sofia University Hospital.
All animals received human care in compliance with the
Spanish regulations and law. Rats were anesthetized with 3%
sevofluorane and the surgical procedure was initiated by a
midline ventral incision with exposure of the common bile
duct. Double ligature with silk suture were done and the bile
duct was sectioned between them. Sham-operated (SO) rats
were submitted to laparotomy and abdominal closure with-
out bile duct intervention.

Experimental Design
Animals were randomly assigned to one of the four groups as
follows: (i) sham-operated control group (SO group, n¼ 10),
(ii) bile duct-ligated group with a daily intraperitoneal in-
jection of phosphate-buffered solution (PBS) (BDL group,
n¼ 10), (iii) BDL group with a daily intraperitoneal injection
of 50mg/kg TUDCA dissolved in PBS (TUDCA group,
n¼ 10) and (4) BDL group with a daily intraperitoneal
injection of 25mg/kg SMT dissolved in PBS (SMT group,
n¼ 10). In all, 10 animals in each group were killed 7 days
after surgery under sevofluorane anesthesia. Blood was col-
lected from the abdominal aorta, and the plasma and serum
obtained were frozen at �201C until the measurement of
biochemical parameters. After perfusion with cold saline
solution, the liver was rapidly removed for biochemical and
histological examination. Some liver specimens were frozen
at �801C for the determination of S-nitrosoprotein content,
S-nitrosoglutathione reductase (GSNOR) enzymatic activity,
and Nos2 and Adh5 mRNA levels. Liver lysates were obtained
by mechanical disruption of liver tissue (sample grinding kit,
Roche, Madrid Spain) in lysis solution (50mM Tris–HCl, pH
7.4, 300mM NaCl, 5mM EDTA, 0.1mM neocuproine, 1%
Triton X-100 and 1mM PMSF plus aprotinin and leupeptin),
incubating on ice for 15min and centrifugation at 10 000 g
for 15min at 41C. Supernatants were collected and protein
was quantified with Bradford reagent (Bio-Rad, Hercules,
CA, USA). Other liver specimens were fixed in formalin,
processed in graded alcohol, xylene, and embedded in par-
affin. Thin sections were obtained for evaluation of histolo-
gical damage and immunohistochemical analyses.
Hematoxylin–eosin and Masson’s trichrome stainings were
performed according to the standard procedure.
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Liver Biochemical Function Tests
Serum concentrations of aspartate aminotransferase (AST),
alanine aminotransferase (ALT), g-glutamiltranspeptidase
(GGT), total and direct bilirubin were measured as indicators
of hepatic injury using standard diagnostic kits.

Measurement of NO Production
The NO stable end products nitrite plus nitrate (NOx) were
measured in the plasma using a commercial kit (Total Nitric
Oxide Assay Kit, Thermo Scientific, Rockford, IL, USA).

Western Blot Analysis for Mrp2 Expression
The expression of Mrp2 was determined by western blot
analysis using a mouse monoclonal antibody (Santa Cruz
Biotechnology). Immunoreactive bands obtained by auto-
radiography were quantified by densitometry (GS800 scan-
ner, Bio-Rad) and analyzed by Quantity One software v.4.4.0
(Bio-Rad).

GSNOR Activity
S-nitrosoglutathione reductase activity was measured as
described elsewhere.16 In brief, the liver lysates were

incubated with 500 mM GSNO and 200 mM NADH in reac-
tion buffer (20mM Tris–HCl, pH 8.0, 0.5mM EDTA) and
absorbance at 340 nm was used to measure GSNO-dependent
NADH consumption.

Detection of Protein S-Nitrosation by the Biotin-Switch
Method
The procedure was performed as previously described.22

Briefly, the liver lysates were incubated with 20mM methyl
methanethiosulfonate (Sigma) followed by acetone
precipitation. Precipitates were centrifuged and resuspended
in HENS buffer (250mM HEPES pH 7.7, 1mM EDTA,
0.1mM neocuproine and 1% SDS) and then incubated with
1mM ascorbic acid and 4mM N-[6-(biotinamido)hexyl]-
30-(20-pyridyldithio)propionamide (biotin-HPDP, Pierce,
Rockford, IL, USA) for 1 h. As biotin-HPDP is cleavable
under the reduced conditions, prepared samples were loaded
onto SDS-PAGE gels without dithiothreitol. All steps
preceding SDS-PAGE were carried out in the dark. Biotiny-
lated samples were then detected by western blot analy-
sis using a primary monoclonal anti-biotin antibody
(Sigma).

Figure 1 Serum markers of liver function in bile duct-ligated rats. Serum concentrations of aspartate aminotransferase (AST), alanine aminotransferase

(ALT), g-glutamiltranspeptidase (GGT), total (BiliT) and direct bilirubin (BiliD) were measured as indicators of hepatic injury in the different experimental

groups. SO, sham-operated animals; BDL, animals subjected to bile duct ligation for 7 days without treatment; TUDCA (50mg/kg) or SMT (25mg/kg),

animals subjected to bile duct ligation for 7 days and administered daily with the indicated treatment. Data are means±s.e.m., n¼ 10. For all the

represented parameters, significant differences (Po0.05) were observed comparing BDL, TUDCA or SMT with SO group, and no significant differences were

obtained comparing BDL with TUDCA groups.
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Analysis of Nos2 and Adh5 mRNA by Quantitative
Real-Time PCR
Total RNA from hepatocytes was extracted using Trizol
reagent according to the manufacturer’s recommenda-
tions (Life Technologies). The expression of mRNA for
Nos2 and Adh5 were examined by quantitative real-time
RT-PCR using the LightCycler thermal cycler system
(Roche Diagnostics, Indianapolis, IN, USA). RT-PCR was
carried out in one step, using the QuantiTect SYBR Green
RT-PCR kit (Qiagen GmbH, Hilden, Germany) following the
manufacturer’s protocol. The gene-specific primers used
were: Nos2: 50-AACCCAAGGTCTACGTTCAAG-30 (forward)
and 50-AAAGTGGTAGCCACATCCCG-30 (reverse); Adh5:

50-CCACAGGCTCATGAAGTTCG-30 (forward) and 50-GCC
AACACTCTCCACAATGC-30 (reverse); and b-actin, 50-TGA
GAGGGAAATCGTGCGT-30 (forward) and 50-TCATGGATG
CCACAGGATTCC-30 (reverse). Results were normalized to
that of b-actin. Quantification of relative expression was
determined by the 2�D(DCT) method.23

Immunohistochemical Analysis
Paraffin sections (4 mm) on poly-L-lysine-coated slides
were used after drying overnight at 371C. The sections were
dewaxed in xylene, rehydrated in ethanol and incubated
at 1001C in ChemMate Target Retrieval Solution pH 6.0
(Dako, Barcelona, Spain) for 20min. After washing in PBS,

Figure 2 Histological analysis of liver damage. Evaluation of histological damage was carried out using hematoxylin–eosin stain in the liver tissue of

animals from the different experimental groups. SO, sham-operated animals; BDL, animals subjected to bile duct ligation for 7 days without

treatment; TUDCA (50mg/kg) or SMT (25mg/kg), animals subjected to bile duct ligation for 7 days and administered daily with the indicated

treatment. Magnification: � 100.
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the sections were immunostained using an autostainer
(Cytomation, Dako, Barcelona, Spain). Slides were incuba-
ted for 10min in 3% hydrogen peroxide to block endo-
genous peroxidase, and then incubated 30min with anti-
cytokeratin 19 antibody (R&D Systems, Madrid, Spain).
After washing 5min in PBS, the slides were incubated
for 30min with an HRP-labelled polymer (DAKO Envision
System) and developed for 15min using diaminobenzidine.
Finally, the slides were counterstained with hematoxylin
and mounted in Eukitt mounting medium.

Quantitative and Semiquantitative Histological Analysis
Bile duct proliferation was scored in 12 randomly selected
portal areas as absent, (0); mild (less than three bile ducts per
portal space, 1); moderate (three to five bile ducts per portal
space, 2); and severe (more than five bile ducts per portal
space, 3). Cytokeratin 19-positive cells were counted in 12
randomly selected portal areas. The median was determined
for portal space. Fibrosis was semiquantitatively scored on
Massson’s trichromic sections as absent (0), mild (1), mod-
erate (2) or severe (3). Sections were independently scored by
two observers. All histological studies were carried out by two
observers unaware of the treatments.

Purification of S-Nitrosoproteins
Liver lysates (3–4mg protein) were biotinylated as descri-
bed above. Biotin-HPDP was removed by acetone pre-
cipitation and centrifugation, and the pellet was resuspen-
ded in HENS buffer as above. Two volumes of neutraliza-
tion buffer (20mM HEPES pH 7.7, 100mM NaCl, 1mM
EDTA and 0.5% Triton X-100) was added, and EZviewt Red
streptavidin–agarose (Sigma) was added to purify bio-
tinylated proteins. Biotinylated proteins were incubated
with the resin for 1 h at room temperature, washed five times
with neutralization buffer adjusted to 600mM NaCl, and
then incubated with elution buffer (20mM HEPES pH 7.7,
100mM NaCl, 1mM EDTA and 100mM 2-mercaptoetha-
nol) for 20min at 371C with gentle agitation to recover
the bound protein. Supernatants were collected, and after
separation in SDS-PAGE the protein bands were excised and
trypsin digested.

Protein Identification
For the ESI-MS/MS analysis, microcapillary reversed-phase
LC was performed with a CapLCt (Waters, Milford, MA,
USA) capillary system. Reversed-phase separation of tryptic
digests were performed with an Atlantis, C18, 3 mm,
75 mm� 10 cm Nano Easet fused silica capillary column
(Waters) equilibrated in 5% acetonitrile and 0.2% formic
acid. After injection of sample (18 ml), the column was wa-
shed during 5min with the same buffer and the peptides were
eluted using a linear gradient of 5–50% acetonitrile in 30min
at a constant flow rate of 0.2 ml/min. The column was coupled
online to a Q-TOF Micro (Waters) using a PicoTip nanos-
pray ionization source (Waters). The heated capillary

temperature was 801C and the spray voltage was 1.8–2.2 kV.
MS/MS data were collected in an automated data-dependent
mode. The three most intense ions in each survey scan were
sequentially fragmented by collision-induced dissociation
using an isolation width of 2.5 and a relative collision energy
of 35%. Data processing was performed with MassLynx 4 and
ProteinLynx Global Server 2 (Waters).

Statistical Analysis
Results are expressed as means with their corresponding
standard errors. Comparisons were made using ANOVA with
least significant difference test. Statistical significance was set
at Pr0.05.

RESULTS
S-methylisothiourea treatment resulted in substantial, sta-
tistically significant reductions in serum levels of GGT, AST,
ALT, and total and direct bilirubin in the obstructed animals
(Figure 1). This striking profile demonstrates that SMT
afforded marked hepatoprotection in this established model
of extrahepatic cholestasis. It can be noted that SMT was
much more effective in decreasing these markers of liver
damage than TUDCA, which reduced them to some extent,
but without statistical significance.

Histological analysis of liver sections using hematoxylin–
eosin showed a loss of normal hepatic architecture with
marked bile duct proliferation in portal areas in BDL ani-
mals. As shown in Figure 2, and according to the semiquan-
titative histological parameters described in the Materials and
methods section, ductular proliferation was significantly
reduced in SMT- (mild), but not TUDCA- (severe), treated
animals. Immunohistochemical analysis to detect cytokeratin
19, a specific marker of mature cholangiocytes, confirmed
that SMT treatment significantly reduced bile duct proli-
feration in obstructed rats. As shown in Figure 3, a significant
lower number of CK19-positive cells was observed when
compared with the BDL group (57±10.8 vs 10.6±1.4). The
presence of fibrosis was evaluated in the Masson’s trichrome-
stained sections (Figure 4). The reduction of hepatic fibrosis
was significantly more efficient after SMT (mild) than after
TUDCA treatment (moderate), compared with the BDL
group (severe).

The function of the canalicular conjugate export pump
Mrp2 is impaired in various experimental models of cho-
lestasis. To determine whether the expression of Mrp2 was
altered at the protein level in our experimental model and by
the TUDCA or SMT treatments, immunoblotting was per-
formed on liver lysates. As shown in Figure 5, Mrp2 protein
level was significantly downregulated in animals after 7 days
of biliary obstruction compared with the SO group. Sig-
nificantly, both TUDCA and SMT treatments returned the
expression of this canalicular export pump to basal levels
(Figure 5).
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Next, we investigated NO production by examining the
levels of its stable end products, NOx in the plasma and
hepatic Nos2 mRNA expression levels. Circulating NOx levels
were significantly higher the in BDL and TUDCA groups
compared with control SO group. However, SMT treatment
reduced NO production 7 days after BDL, as indicated by
significantly reduced circulating NOx levels in the SMT group
compared with the BDL group (Figure 6a). Quantitative
RT-PCR analysis of Nos2 mRNA levels was carried out to
explore the role of iNOS induction in augmented NO pro-
duction in BDL rats. As shown in Figure 6b, obstructed an-
imals showed significantly higher hepatic Nos2 mRNA levels
than SO animals, but neither TUDCA nor SMT treatments
significantly altered Nos2 induction after BDL.

To better define the mechanisms of the hepatoprotec-
tive effect of SMT in this model, we explored whether
enhanced NO production in BDL rats altered the levels
of hepatic S-nitrosoproteins. To this end, liver proteins were
subjected to the biotin-switch assay that specifically bioti-
nylates S-nitrosated proteins, which can then be detected by
western blot. BDL increased the level of S-nitrosated proteins
in the liver, and SMT was more effective in decreasing the
enhanced S-nitrosation of hepatic proteins than TUDCA
(Figure 7).

S-nitrosoglutathione reductase is an important meta-
bolizing enzyme involved in SNO homeostasis. Therefore,
we next explored whether BDL in rats may alter hepatic
GSNOR activity. As shown in Figure 8a, GSNOR activity was

Figure 3 Immunohistochemical analyses of cytokeratin 19 expression. Immunodetection of cytokeratin 19 in the liver tissue of animals from the

different experimental groups. SO, sham-operated animals; BDL, animals subjected to bile duct ligation for 7 days without treatment; TUDCA

(50mg/kg) or SMT (25mg/kg), animals subjected to bile duct ligation for 7 days and administered daily with the indicated treatment.

Magnification: � 100.
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significantly downregulated in BDL rats. However, SMT, but
not TUDCA, treatment returned the hepatic levels of this
enzymatic activity to basal levels. Moreover, BDL induced a
severe impairment in the liver expression of Adh5, the gene
encoding for rat GSNOR. TUDCA treatment was totally in-
effective in the recuperation of Adh5 expression levels. On the
contrary, a remarkable recovery in Adh5 mRNA levels was
observed in SMT-treated rats (Figure 8b).

To further explore the alteration of SNO homeostasis
during cholestasis, the liver proteins that were S-nitrosated
after bile duct ligation were purified and identified. To
this end, following the biotin-switch method formerly

S-nitrosated liver proteins were purified using streptavi-
din–agarose, separated using SDS-PAGE and identified
using ESI-MS/MS. In all, 25 proteins, including cytoskeleton
proteins, metabolic and detoxification enzymes, and mole-
cular chaperones were identified as S-nitrosoproteins in the
liver of BDL rats, as revealed by this proteomics approach
(Table 1). Among the identified proteins were the enzymes
S-adenosyl methionine (AdoMet) synthetase, betaine-
homocysteine S-methyltransferase (BHMT), ATP-synthase,
3-ketoacyl-CoA thiolase, hydroxymethylglutaryl-CoA-syn-
thase, and the molecular chaperones Hsp90 and protein
disulfide isomerase.

Figure 4 Histological analyses of liver fibrosis. Assessment of liver fibrosis was performed using Masson’s trichrome stain in the liver sections from

animals in the different experimental groups. SO, sham-operated animals; BDL, animals subjected to bile duct ligation for 7 days without treatment;

TUDCA (50mg/kg) or SMT (25mg/kg), animals subjected to bile duct ligation for 7 days and administered daily with the indicated treatment.

Magnification: � 100.
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DISCUSSION
Cholangiocytes are considered biologically important epi-
thelia because of the diverse array of cellular processes in

which they participate, including transport of water, ions
and solutes.24 The cholangiocytes have been proposed to
be the principal target cell for bile acids in the liver, signi-
ficantly altering cholangiocyte secretion, proliferation and
survival. In this regard, it has been shown that bile acids can
induce phosphorylation of EGF receptor promoting cell
growth.25 Liver fibrosis during acute and chronic cholest-
asis involves the stepwise process of ductular reaction,
which refers to an increasing number of ductules (that is,
cholangiocyte proliferation) and an increase in matrix,
leading to periportal fibrosis and eventually biliary cir-
rhosis.26 There is evidence that proliferating cholangio-
cytes have a role in the induction of fibrosis, either directly
through epithelial–mesenchymal transition,27 or indirectly
through the activation of hepatic stellate cells.28 In fact,
targeting proliferating biliary epithelia might provide a novel
antifibrotic therapy in the liver.29 Several studies have shown
that the induction of iNOS and NO synthesis are also im-
plicated in the promotion of cell growth in cholangio-
cytes.30,31 NO production is also one of the factors involved
in the activation of hepatic stellate cells, the primary cell type
responsible for the production of collagen I, the key protein
involved in the development of liver fibrosis.32 Furthermore,
the nitrosative stress caused by the NO has been implicated
in the fibrotic changes of ethanol-induced hepatic liver
fibrosis.33 Our study shows that the inhibition of NO
synthesis caused a significant reduction of cholangiocyte
proliferation after BDL in rats. Furthermore, the reduced
grade of ductular reaction was accompanied by a reduced
periportal fibrosis. Therefore, our results suggest that the
chronic inhibition of NO synthesis may be considered as a
useful therapy that may target cholangiocyte proliferation,
reducing biliary fibrosis.

Figure 5 Hepatic Mrp2 protein expression in rats subjected to bile duct

ligation. (a) Western blot analyses were carried out to analyze the Mrp2

pump protein expression in the livers of animals from the different

experimental groups. The expression of b-actin was used as a control. SO,

sham-operated animals; BDL, animals subjected to bile duct ligation for 7

days without treatment; TUDCA (50mg/kg) or SMT (25mg/kg), animals

subjected to bile duct ligation for 7 days and administered daily with the

indicated treatment. The image is representative of three different

experiments. (b) Corresponding densitometric analysis showing the ratio of

Mrp2 to b-actin expression. Data are means±s.e.m. of three independent

experiments. Significant diminished Mrp2 protein expression (Po0.05) was

observed comparing BDL with SO group, and no significant differences

were obtained comparing TUDCA or SMT with SO group.

Figure 6 Nitric oxide (NO) production and hepatic Nos2 mRNA expression in bile duct-ligated rats. (a) The NO production was estimated by measuring in

plasma its stable end products, nitrite plus nitrate (NOx). Data are means±s.e.m., n¼ 10. Significant differences in NOx levels (Po0.05) were observed

comparing BDL or TUDCA with SO group, and no significant differences were obtained comparing TUDCA with BDL group or SMT with SO group. (b) The

relative expression of liver mRNA for Nos2 was examined by quantitative real-time RT-PCR. SO, sham-operated animals; BDL, animals subjected to bile duct

ligation for 7 days without treatment; TUDCA (50mg/kg) or SMT (25mg/kg), animals subjected to bile duct ligation for 7 days and administered daily with

the indicated treatment. Data are means±s.e.m., n¼ 10. Significant augmented Nos2 mRNA levels (Po0.05) were observed comparing BDL, TUDCA or SMT

with SO group.
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The downregulation of Mrp2 expression has been obser-
ved in models of intrahepatic and obstructive cholestasis.34

TUDCA is known to stimulate the expression of trans-
porter proteins and their targeting and insertion into the
canalicular membrane for biliary secretion in the liver.20,21

In our study, treatment with TUDCA reverted Mrp2 pro-
tein expression to basal levels in obstructed animals.
Remarkably, the inhibition of NO synthesis by treating the
rats with SMT also caused a recovery in liver Mrp2

protein levels. It has been described that LPS-induced expre-
ssion of iNOS is accompanied by a significant decrease
of Mrp2 mRNA levels in rat liver slices.35 Accordingly,
endotoxin-induced cholestasis in rat is mainly caused by
an impaired canalicular secretion, with strong down-
regulation of Mrp2 and subsequent reduced bile salt
secretion.36 Our results suggest that the therapeutic effi-
cacy of SMT in obstructed animals can partially be explai-
ned by its effect on Mrp2 expression. The comparison of
TUDCA treatment, which did not exert marked effect on
NO production, with SMT treatment, which also increa-
sed Mrp2 expression, permitted us to explore additional
molecular mechanisms in the hepatoprotection exerted
by SMT.

S-substituted isothioureas inhibit the enzymatic activity of
iNOS rather than its induction37 and others authors have
shown that SMT inhibits NO production in the liver but not
hepatic iNOS induction.38 Accordingly, our results show that
in BDL rats the treatment with SMT, but not with TUDCA,
significantly inhibited NO production and none of the two
treatments significantly affected the induction of iNOS
observed in ligated animals. These data support the
hypothesis that the diminished synthesis of NO may explain
the reduced nitrosative stress and the improved SNO
metabolism observed in SMT-treated rats. It has been
recently shown that chronic oral administration of UDCA
decreases portal pressure, NO production and iNOS
expression in BDL cirrhotic rats.39 In our model, the
administration of TUDCA reduced NO production to
some extent, although no effect was observed on Nos2 mRNA
levels. Conceivably, the full effect of TUDCA on NO pro-
duction and iNOS expression may only be observed when
cirrhosis develops. Some of the protective effects of TUDCA
that were observed in this study may also be related to the
capability of TUDCA to moderately decrease NO production.
Therefore, a combination of UDCA, or TUDCA, and SMT
may have a notable effect on SNO homeostasis and hepatic
function in BDL rats. However, this hypothesis needs to be
explored in future studies.

Some studies have shown changes in circulating and
hepatic levels of SNO in cholestatic conditions.10,17 We have
previously shown that treatment of human hepatocytes
with L-nitrosocysteine (CSNO) caused a rapid increase in
S-nitrosoprotein content,15 returning later to basal levels due
to an increase in GSNOR activity.16 This increased GSNOR
activity in CSNO-treated hepatocytes seemed to be related to
higher mRNA levels of Adh5, the gene encoding for human
GSNOR, in these cells.16 Several studies have underlined the
important role of GSNOR in the cellular defence against
nitrosative stress.40,41 In this study, we have shown that BDL
increased the hepatic S-nitrosoprotein content. Moreover,
this augmented S-nitrosation of liver proteins in BDL rats
was related to diminished GSNOR activity due to an
impairment in the transcription of the rat gene encoding for
this enzyme. The treatment of obstructed animals with SMT

Figure 7 Detection of S-nitrosated proteins in the livers of bile duct-

ligated rats. (a) Liver lysates of animals from the different experimental

groups were subjected to the biotin-switch assay to detect

S-nitrosoproteins. Asterisk indicates a positive control obtained

by preincubating a liver lysate (SO group) with 200 mM S-nitrosoglutathione

(GSNO). SO, sham-operated animals; BDL, animals subjected to bile

duct ligation for 7 days without treatment; TUDCA (50mg/kg) or SMT

(25mg/kg), animals subjected to bile duct ligation for 7 days and

administered daily with the indicated treatment. The image is

representative of three different experiments that included three

animals of each experimental group. (b) Corresponding densitometric

analysis of the total protein bands detected in the biotin-switch assay.

The densitometry of the band corresponding to an endogenously

biotinylated protein (arrow) detected in the assay was used as a loading

control. The GSNO positive control is also included for comparison. Data

are means±s.e.m. of three independent experiments. Significant

augmented protein S-nitrosation (Po0.05) was observed comparing

BDL and TUDCA with SO group, and no significant differences were

obtained comparing SMT with SO group.
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normalized hepatic GSNOR activity levels and reduced
hepatic protein S-nitrosation. This normalization of SNO
homeostasis was related to a remarkable recovery of Adh5
mRNA levels in obstructed rats treated with SMT. An
adequate level of GSNOR activity is required to effectively
metabolize GSNO, maintaining a proper equilibrium
between GSNO and S-nitrosoproteins. Therefore, a dimin-
ished hepatic GSNOR activity in the context of elevated NO
production may displace this equilibrium towards enhan-
ced hepatic protein S-nitrosation, as observed in BDL- and
TUDCA-treated rats. On the contrary, the beneficial effects
of the iNOS inhibitor may be explained by the capability
of SMT to reduce NO production and also to increase Adh5
expression and GSNOR activity, thus improving SNO
homeostasis. SMT must be considered a relatively selec-
tive inhibitor of iNOS activity as, at least in vitro, it has
shown its efficacy inhibiting the activity of purified human
both iNOS and eNOS.42 Although the increased NO pro-
duction in obstructed animals is mainly the result of iNOS
induction, future studies with iNOS (�/�) mice will un-
doubtedly help to clarify the precise role of both NOS iso-
forms in the alteration of SNO homeostasis during
cholestasis.

Our proteomic analysis of S-nitrosated proteins in the
liver of obstructed animals revealed important enzymes
responsible for energy production, metabolism, as well as
molecular chaperones and proteins involved in the structural
integrity of the cells. The S-nitrosation of critical mi-
tochondrial enzymes participating in ATP synthesis and fatty
acid metabolism may explain the mitochondrial dysfunc-
tion and the disturbed fatty acid metabolism associated

with cholestasis.43,44 It can be noted that two of the other
identified proteins are important enzymes involved in the
methionine cycle, namely, BHMT and AdoMet synthetase,
also known as methionine adenosyltransferase (MAT). The
inhibition of hepatic BHMT causes hyperhomocysteinemia,45

a condition that has been recently shown to be involved in
hepatic fibrosis46 and is observed in primary billiary cir-
rhosis47 and obstructive cholestasis.48 The impairment of
MAT function has been related to several liver conditions,
such as cirrhosis, nonalcoholic steatohepatitis and hepa-
tocellular carcinoma, and may contribute to liver disease
pathogenesis.49 States of increased NO production, such as
septic shock or hypoxia, induce MAT inactivation without
affecting MAT gene expression.50 In fact, the S-nitrosation
of hepatic MAT has been shown in vitro and in vivo, with
the modification of Cys121 residue resulting in enzyme
inactivation.50 The therapeutic benefit of AdoMet has been
shown in the treatment of patients with intrahepatic cho-
lestasis.49 Our results agree with the above-mentioned studies
and suggest that BHMT and MAT may constitute hitherto
unrecognized targets of nitrosative stress in cholestatic liver
injury.

In summary, we have shown that the inhibition of NO
production during induced cholestasis ameliorates hepato-
cellular injury, and that this effect is in part mediated by the
improvement of cell proficiency in maintaining SNO
homeostasis. Therefore, our results support the therapeutic
benefit of inhibiting NO synthesis in a cholestatic setting and
provide S-nitrosation targets that should facilitate future
research in the development of new therapies in cholestatic
liver diseases.

Figure 8 Hepatic S-nitrosoglutathione reductase (GSNOR) activity and Adh5 mRNA expression in bile duct-ligated rats. (a) GSNOR activity in the liver

lysates was measured as the enzymatic GSNO-dependent NADH consumption. Data are means±s.e.m., n¼ 10. Significant diminished GSNOR activity

(Po0.05) was observed comparing BDL or TUDCA with SO group, and no significant differences were obtained comparing TUDCA with BDL group

or SMT with SO group. (b) The relative expression of the liver mRNA for Adh5, the gene encoding for GSNOR, was examined by quantitative real-time

RT-PCR. SO, sham-operated animals; BDL, animals subjected to bile duct ligation for 7 days without treatment; TUDCA (50mg/kg) or SMT (25mg/kg),

animals subjected to bile duct ligation for 7 days and administered daily with the indicated treatment. Data are means±s.e.m., n¼ 10. Significant

reduced Adh5 expression (Po0.05) was observed comparing BDL, TUDCA, or SMT with SO group, and no significant differences were obtained

comparing TUDCA with BDL group.
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