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BACKGROUND AND PURPOSE
PPAR-γ has been reported to be a protective regulator in ischaemia/reperfusion (I/R) injury. The receptor for advanced
glycation end-products (RAGE) plays a major role in the innate immune response, and its expression is associated with PPAR-γ
activation. Several angiotensin receptor blockers possess partial agonist activities towards PPAR-γ. Therefore, this study
investigated the action of losartan, particularly with regard to PPAR-γ activation and RAGE signalling pathways during hepatic
I/R.

EXPERIMENTAL APPROACH
Mice were subjected to 60 min of ischaemia followed by 6 h of reperfusion. Losartan (0.1, 1, 3 and 10 mg·kg−1) was
administered 1 h prior to ischaemia and immediately before reperfusion. GW9662, a PPAR-γ antagonist, was administered
30 min prior to first pretreatment with losartan.

KEY RESULTS
Losartan enhanced the DNA-binding activity of PPAR-γ in I/R. Losartan attenuated the increased serum alanine
aminotransferase activity, TNF-α and IL-6 levels, and nuclear concentrations of NF-κB in I/R. GW9662 reversed these beneficial
effects. Losartan caused a decrease in apoptosis as assessed by TUNEL assay, in release of cytochrome c and in cleavage of
caspase-3, and these effects were abolished by GW9662 administration. Losartan attenuated not only I/R-induced RAGE
overexpression, but also its downstream early growth response protein-1-dependent macrophage inflammatory protein 2
level; phosphorylation of p38, ERK and JNK; and subsequent c-Jun phosphorylation. GW9662 reversed these effects of losartan
administration.

CONCLUSIONS AND IMPLICATIONS
Our findings suggest that losartan ameliorates I/R-induced liver damage through PPAR-γ activation and down-regulation of the
RAGE signalling pathway.

Abbreviations
ALT, alanine aminotransferase; Ang II, angiotensin II; ARB, angiotensin receptor blocker; AT1R, angiotensin II type 1
receptor; Egr, early growth response protein; EMSA, electrophoretic mobility shift assay; H&E, haematoxylin and eosin;
I/R, ischaemia/reperfusion; ICAM, intercellular adhesion molecule; MIP-2, macrophage inflammatory protein 2; RAGE,
receptor for advanced glycation end product; RAS, renin–angiotensin system; TBS/T, tween-20 in 1 × tris-buffered saline
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Introduction
Ischaemia/reperfusion (I/R) injury develops in the absence of
exogenous antigen, and innate immunity has been recog-
nized as playing a dominant role in its pathology (Fondevila
et al., 2003). I/R causes inflammation, apoptosis and tissue
damage, leading to organ dysfunction. Hepatic I/R injury is
commonly encountered in a variety of clinical settings,
such as trauma, shock, liver transplantation and electric liver
resection.

PPAR belongs to the hormone nuclear receptor superfam-
ily. PPAR-γ plays a critical role in lipoprotein metabolism.
PPAR-γ agonists, such as pioglitazone, troglitazone and rosigli-
tazone, have been widely used as antidiabetic agents (Rosen
et al., 1999). In addition to antidiabetic activity, PPAR-γ has
been reported to be a protective regulator in tissue protection
and repair, particularly in ischaemic injury (Abdelrahman
et al., 2005). In the ischaemic liver, PPAR-γ rapidly decreases
and remains suppressed throughout the reperfusion period
(Kuboki et al., 2008). Treatment with a PPAR-γ agonist not
only protected against post-ischaemic injury, but also
improved survival in lethally I/R-injured mice (Akahori et al.,
2007). Increasing evidence indicates that several angiotensin
receptor blockers (ARBs) possess partial agonist activities
towards PPAR-γ (Schupp et al., 2004; Horiuchi and Mogi,
2011; Amano et al., 2012). ARBs inhibit LPS-induced pro-
inflammatory response through PPAR-γ activation in human
monocytes (Pang et al., 2012). In addition, ARBs reduce oxi-
dative stress and restore blood flow in ischaemic regions of the
heart, in part via the PPAR-γ pathway (Goyal et al., 2011).

The receptor for advanced glycation end-products
(RAGE), a member of the immunoglobulin superfamily, is
linked to amplification of the inflammatory response and
implicated in the pathogenesis of various devastating disor-
ders, such as diabetic vascular complications, cancer growth
and metastasis, and non-alcoholic fatty liver disease (Hyogo
and Yamagishi, 2008; Tontonoz and Spiegelman, 2008). Some
studies have found that damage-associated molecular pro-
teins (DAMPs), released during ischaemia or tissue injury,
interact with RAGE to result in propagation of stress signals
including MAPK and c-Jun, thereby leading to induction of
inflammatory cytokines and liver damage (Zeng et al., 2009).
Indeed, soluble RAGE, consisting of the extracellular ligand-
binding domain of RAGE, is highly protective against hepa-
tocellular death and necrosis in I/R (Zeng et al., 2004).
Attention has increasingly focused on the relation between
RAGE and PPAR-γ activation. Marx et al. (2004) reported that
a PPAR-γ agonist reduced RAGE expression levels in human
endothelial cells. Further, PPAR-γ agonists inhibit RAGE
expression at the site of injury, while down-regulation of
RAGE by PPAR-γ activation inhibits neointimal formation in
response to arterial injury (Wang et al., 2006).

Losartan (2-N-butyl-4-chloro-5-hydroxymethyl-1-[(2'-
(1H-tetrazol-5-yl)biphenyl-4-yl)methyl]imidazole) is a typical
angiotensin II (Ang II) type I receptor (AT1R) blocker that
has been used for regulation of blood pressure and fluid
homeostasis. As Ang II increases vascular permeability, stimu-
lates inflammatory cell recruitment and activates pro-
inflammatory chemokines and cytokines, several AT1R
blockers, including losartan, have been shown to be protec-
tive in various experimental I/R models (Suzuki et al., 2003;

Guo et al., 2004). Indeed, losartan abates hepatic I/R injury by
inhibition of hepatic necrosis and apoptosis, neutrophil infil-
tration, and intercellular adhesion molecule (ICAM)-1 expres-
sion (Ramalho et al., 2009). Telmisartan, another ARB,
inhibits advanced AGE-induced monocyte chemoattractant
protein-1 expression in mesangial cells through down-
regulation of RAGE via PPAR-γ activation (Matsui et al., 2007).
These considerations led us to hypothesize that the hepato-
protective properties of losartan in I/R may be associated with
PPAR-γ activation and RAGE down-regulation.

Therefore, the present study was undertaken to elucidate
the molecular mechanisms involved in the protective effects
of losartan in hepatic I/R, particularly focusing on PPAR-γ-
mediated RAGE signalling.

Methods

All drug/molecular target nomenclature conforms with BJP’s
Guide to Receptors and Channels (Alexander et al., 2011).

Hepatic I/R procedure
Male C57BL/6 mice (8–10 weeks) were kept in a temperature-
and humidity-controlled room (25 ± 1°C and 55 ± 5%, respec-
tively) under a 12 h light–dark cycle. All animal protocols
were approved by the Animal Care Committee of Sungkyunk-
wan University and performed in accordance with the guide-
lines of the National Institutes of Health. All studies
involving animals are reported in accordance with the
ARRIVE guidelines for reporting experiments involving
animals (Kilkenny et al., 2010; McGrath et al., 2010). Mice
were fasted for 18 h before the experiments but were pro-
vided with tap water ad libitum. Under ketamine (55 mg·kg−1,
i.p.) and xylazine (7 mg·kg−1, i.p.) anaesthesia, a midline inci-
sion was made to the abdomen, and the left branches of the
portal vein and hepatic artery were clamped to induce com-
plete ischaemia of the median and left hepatic lobes. The
right lobes remained perfused to prevent intestinal conges-
tion. After 60 min of ischaemia, the clip around the left
branches of the portal vein was removed to allow reperfusion.
Vehicle- and losartan-treated sham groups underwent
midline laparotomy as I/R groups; however, a clip was not
placed on the vasculature leading to the median and left
lobes. All animals received subcutaneous administration of
0.5 mL of normal saline immediately after the operation (i.e.
fluid resuscitation). After 6 h of reperfusion, the mice were
killed, and blood and ischaemic liver tissue were collected.
Liver tissue was analysed immediately by histological stain-
ing (aliquots from the left lobe), and the remaining major
portions of the liver tissues were frozen in liquid nitrogen and
kept at −75°C until biochemical analyses.

Experimental design
Losartan (Sigma-Aldrich, St. Louis, MO, USA) was dissolved in
PBS (vehicle) and administered intraperitoneally (0.1, 1, 3
and 10 mg·kg−1) 1 h prior to ischaemia and immediately
before reperfusion. The dosage and time point of losartan
administration were selected based on previously published
reports (Kuboki et al., 2008; Zhang et al., 2012) and
our preliminary study. GW9662 (2-chloro-5-nitro-N-
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phenylbenzamide; Sigma-Aldrich), a PPAR-γ antagonist, was
dissolved in 4% dimethyl sulfoxide (Calbiochem, La Jolla,
CA, USA) and administered intraperitoneally (4 mg·kg−1)
30 min prior to the first pretreatment with losartan. The
animals were randomly assigned to the following nine
groups: (a) vehicle-treated sham (sham; n = 5); (b) losartan-
treated sham (n = 5); (c) GW9662-treated sham (GW9662; n =
5); (d) vehicle-treated I/R (I/R; n = 10); (e–h) losartan-treated
I/R (0.1, 1, 3 and 10 mg·kg−1) (los + I/R; n = 10 for each group);
and (i) GW9662 plus losartan-treated I/R (GW9662 + los +
I/R; n = 10). As there were no differences found in any of the
parameters between vehicle- and losartan-treated mice in the
sham groups, the results of group (a) and (b) were pooled and
are hereafter referred to as ‘sham’.

Serum aminotransferase activities
The levels of serum alanine aminotransferase (ALT) and aspar-
tate aminotransferase (AST) were determined by standard
spectrophotometric procedures using the ChemiLab ALT and
AST assay kits (IVDLab Co., Ltd, Uiwang, Korea) respectively.

Histological analysis
Liver tissues were removed from a portion of the left lobe,
fixed immediately in 10% neutral buffered formalin, embed-
ded in paraffin and cut serially into 5 μm sections. Haema-
toxylin and eosin (H&E)-stained sections were evaluated
using an optical microscope (Olympus Optical Co., Tokyo,
Japan). The histological changes were evaluated at ×200 mag-
nification by a point-counting method for severity of hepatic
injury, using an ordinal scale according to the method
described by Camargo et al. (1997). The stained sections were
graded as follows: grade 0, minimal or no evidence of injury;
grade 1, mild injury with cytoplasmic vacuolation and focal
nuclear pycnosis; grade 2, moderate to severe injury with
extensive nuclear pycnosis, cytoplasmic hypereosinophilia
and loss of intercellular borders; grade 3, severe necrosis with
disintegration of hepatic cords, haemorrhage and neutrophil
infiltration. Apoptotic cells were detected by TUNEL staining
with a commercially available kit (In Situ Apoptosis Detection
Kit; Takara Bio Inc., Shiga, Japan). Under microscopy, the
number of TUNEL-positive cells in ×200 histological fields
was counted per liver section.

Isolation of total, cytosolic and
nuclear proteins
PRO-PREP® (iNtRON Biotechnology, Seongnam, Korea) and
NE-PER® (Pierce Biotechnology, Rockford, IL, USA) were used
for extraction of total, nuclear and cytosolic fractions accord-
ing to the manufacturer’s instructions. Protein concentra-
tions were determined using the BCA Protein Assay kit (Pierce
Biotechnology).

Western blot analysis
Protein samples were loaded on 7.5–18% polyacrylamide gels
and were then separated by SDS-PAGE and transferred to
polyvinylidene fluoride membranes using the Semi-Dry
Trans-Blot Cell (Bio-Rad Laboratories, Hercules, CA, USA).
After transfer, the membranes were washed with 0.1%
Tween-20 in 1 × Tris-buffered saline (TBS/T) and blocked for
1 h at room temperature with 5% skim milk powder in TBS/T.

Blots were then incubated overnight at 4°C with primary
antibodies. After being washed three times for 5 min each in
TBS/T, the membranes were incubated with appropriate sec-
ondary antibodies for 1 h at room temperature, followed by
detection using an enhanced chemiluminescence detection
system (iNtRON Biotechnology), according to the manufac-
turer’s instructions. Intensity of the immune-reactive bands
was determined using TotalLab TL120 software (Nonlinear
Dynamics Ltd, Newcastle, UK). Primary antibodies against
mouse RAGE, early growth response protein 1 (Egr-1), mac-
rophage inflammatory protein 2 (MIP-2), c-Jun p39 phospho-
rylated (p-) on serine 63, NF-κB/p65, PPAR-γ (SantaCruz
Biotechnology, Santa Cruz, CA, USA), cytochrome c (Abcam,
Cambridge, MA, USA), caspase-3, cleaved caspase-3, p-p38,
p-JNK, p-ERK, total p38, total JNK, and total ERK (Cell Sign-
aling Technology, Beverly, MA, USA) were used, and the
signals were standardized to β-actin (Sigma-Aldrich) or lamin
B1 (Abcam).

Electrophoretic mobility shift assay (EMSA)
Two micrograms of nuclear protein were pre-incubated with
EMSA binding buffer (Panomics, Redwood City, CA, USA) and
1 μg poly (deoxyinosinic-deoxycytidylic) acid for 5 min at
room temperature. Ten nanograms of biotinylated PPAR-γ
element probe (Panomics, 5'-TGAAACTAGGGTAAAGTTC-3'),
with or without an excess of unlabelled competitor DNA,
were added and incubated at 15°C for 30 min. Specific
binding of the PPAR-γ to labelled PPAR-γ was assessed by
introducing unlabelled PPAR-γ at a 66-fold molar excess. After
incubation, reaction products were separated on a 6% non-
denaturing polyacrylamide gel in 1 × Tris-borate EDTA buffer.
The gel was run in an ice-water bath for 55 min at 120 V and
transferred to a Biodyne B nylon membrane (Pierce Biotech-
nology) for 30 min at 300 mA. Chemiluminescent detection
of biotinylated DNA was performed using the Panomics
EMSA kit according to the manufacturer’s directions.

Serum cytokine levels
Commercial TNF-α and IL-6 ELISA kits (BD Biosciences Co.,
CA, USA) were used for quantification of the serum levels of
TNF-α and IL-6, respectively.

siRNA gene silencing of RAGE
The siRNAs for RAGE and non-specific control were pur-
chased from Bioneer (AccuTarget™ predesigned siRNA;
Daejeon, Korea). RAGE siRNA (90 μg) was diluted in 50 μL of
a 10% glucose solution, and the volume was adjusted to
100 μL using RNase/DNase-free water. In a separate tube,
14.4 μL of in vivo-jetPEI® (Polyplus Transfection, Illkirch,
France) was diluted in 50 μL of 10% glucose solution, and the
volume was adjusted to 100 uL. The solutions were mixed
and incubated for 15 min to allow the complexes to form.
RAGE or non-specific control siRNAs were injected via the tail
twice in 3 days. Mice were subjected to I/R 2 days after the last
siRNA injection.

Reverse transcription PCR (RT-PCR)
Tissues were homogenized in RNAiso (Takara Bio Inc.), and
total RNA was prepared according to the manufacturer’s pro-
tocol. Reverse transcription of total RNA was performed for
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Figure 1
Effects of losartan (10 mg·kg−1) on PPAR-γ DNA binding activity and protein expression. (A) PPAR-γ DNA binding activity was measured by EMSA.
(B) Protein expression of PPAR-γ was determined by Western blot. Mice were intraperitoneally administered GW9662 (4 mg·kg−1) 30 min prior to
pretreatment with losartan. Losartan was administered intraperitoneally 1 h prior to ischaemia and immediately before reperfusion. The values are
represented as mean ± SEM.

Figure 2
Effects of losartan on serum (A) ALT and (B) AST activities and serum (C) TNF-α and (D) IL-6 levels. The values are represented as mean ± SEM.
*P < 0.05, **P < 0.01 versus sham group; †P < 0.05, ††P < 0.01 versus I/R group.
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Figure 3
Effects of losartan (10 mg·kg−1) and PPAR-γ on serum (A) ALT and (B) AST activities, serum (C) TNF-α and (D) IL-6 levels, (E) histological changes
and (F) grading of histopathological damage 6 h after reperfusion. Histological features of liver sections stained with H&E at 6 h after reperfusion.
Typical images were chosen from each experimental group (original magnification ×200). (i) Sham; (ii) I/R; (iii) Los (10 mg·kg−1) + I/R; and (iv)
GW9662 + Los + I/R. The values are represented as mean ± SEM. **P < 0.01 versus sham group; ††P < 0.01 versus I/R group; #P < 0.05, ##P < 0.01
versus Los + I/R group.
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synthesis of the first strand of cDNA using a Takara RNA PCR
Kit (AMV) Ver. 3.0 (Takara Bio Inc.). PCR was carried out at a
20 μL reaction volume with a diluted cDNA sample. The final
reaction concentrations and volume were as follows: primers,
0.5 μM; dNTP mix, 0.25 mM; 10× Ex Taq buffer, 1 μL; Ex Taq
HS DNA polymerase, 0.25 U/reaction. Gene-specific primers
used were RAGE (NM_007425, sense CTTGCTCTATGGGG
AGCTGTA, antisense CATCGACAATTCCAGTGGCTG) and
β-actin (NM_007393, sense TGGAATCCTGTGGCATCCATG
AAA, antisense TAAAACGCAGCTCAGTAACAGTCCG).

Statistical analysis
All results are reported as the mean ± SEM. The overall sig-
nificance of the data was examined by one- or two-way ANOVA.
The differences among the groups were considered significant
at P < 0.05, with the appropriate Bonferroni correction made
for multiple comparisons. All statistical analyses were per-
formed with the Statistical Package for the Social Sciences
(SPSS) 12.0 for Windows (SPSS Inc., Chicago, IL, USA).

Results

Effect of losartan on PPAR-γ activation
and expression
To examine whether losartan affects the DNA binding of
PPAR-γ, we used an EMSA assay. PPAR-γ was constitutively
activated in normal liver, and DNA binding of PPAR-γ mark-
edly decreased after I/R. The decrease in the DNA binding of
PPAR-γ was attenuated by losartan, and GW9662, a PPAR-γ
antagonist, reversed this effect (Figure 1A). However, there
were no significant differences in PPAR-γ protein levels in any
of the experimental groups (Figure 1B).

Effects of losartan and PPAR-γ antagonist on
hepatic injury
We studied the impact of losartan on release of enzymes such
as ALT and AST, which are serum markers of hepatocyte
necrosis, to evaluate hepatic injury during I/R. The levels of
serum ALT and AST activities in the sham group were 29.6 ±
1.6 U·L−1 and 139.6 ± 7.7 U·L−1 respectively. In the ischaemic
group, the levels of serum ALT and AST activities showed a
significant increase to 8914.6 ± 426.6 U·L−1 and 14656.2 ±
1152.7 U·L−1, respectively at 6 h after reperfusion. These
increases were attenuated by losartan at doses of 1, 3 and
10 mg·kg−1 (Figure 2A,B). Moreover, the increases of serum
TNF-α and IL-6 levels induced by I/R were attenuated by
losartan at 1, 3 and 10 mg·kg−1 in a dose-dependent manner
(Figure 2C,D). Therefore, losartan at 10 mg·kg−1 was selected as
the optimal effective dose for evaluating the molecular mecha-
nisms of losartan against I/R-induced hepatocellular damage
in our study. We next examined whether this protection is
related to PPAR-γ activation. After a 6 h reperfusion, the levels
of serum ALT and AST activities increased to 266-fold and
108-fold of those in the sham group, respectively, and losartan
attenuated these increases. GW9662 reduced the effect of
losartan treatment (Figure 3A,B). The histological features
shown in Figure 3E indicate normal lobular architecture and
cell structure in the livers of the sham groups. However, livers
exposed to I/R showed apparent broad haemorrhagic necrosis,

extensive areas of portal inflammation and moderate increase
in inflammatory cell infiltration at 6 h after reperfusion. This
histological damage was ameliorated by losartan. GW9662
blocked this beneficial effect of losartan (Figure 3F).

Effects of losartan and PPAR-γ antagonist on
serum TNF-α and IL-6 levels
The levels of serum TNF-α and IL-6 in the sham group were
46.7 ± 2.0 pg·mL−1 and 13.9 ± 3.5 pg·mL−1, respectively. After
6 h of reperfusion, serum levels of TNF-α and IL-6 showed
significant increases, to 194.6 ± 4.9 pg·mL−1 and 509.9 ±
39.2 pg·mL−1 respectively. Losartan attenuated this increased
serum TNF-α level, and GW9662 reversed the effect of losar-
tan. The increased IL-6 level was attenuated by losartan,
and GW9662 reduced the effect of losartan (Figure 3C,D).
However, GW9662 alone did not affect any of the parameters
used in this study.

Effects of losartan and PPAR-γ antagonist on
NF-κB translocation
After 6 h of reperfusion, the level of nuclear NF-κB/p65
protein content markedly increased, to twofold compared
with that of the sham group. Losartan attenuated this
increased nuclear NF-κB/p65 translocation, and GW 9662
blocked the effect of losartan (Figure 4).

Effects of losartan and PPAR-γ antagonist
on apoptosis
We assessed apoptosis (by TUNEL assay), release of cyto-
chrome c and cleavage of caspase-3 to examine the effects of
losartan and PPAR-γ on apoptosis in liver remnant after I/R.
In the ischaemic group, a large number of TUNEL-positive

Figure 4
Effects of losartan (10 mg·kg−1) and PPAR-γ on nuclear NF-κB/p65
content. Western blot analysis for NF-κB was performed on nuclear
extracts from the liver. The values are represented as mean ± SEM. *P
< 0.05, **P < 0.01 versus sham group; ††P < 0.01 versus I/R group; ##P
< 0.01 versus Los + I/R group.
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hepatocytes were observed. However, few TUNEL-positive
hepatocytes were observed in livers treated with losartan.
GW9662 reduced the beneficial effect of losartan
(Figure 5A,B). Furthermore, I/R significantly increased the
levels of cytochrome c and cleaved caspase-3 protein content,
to 1.56 times and 3.85 times those of the sham group respec-
tively (Figure 5C). The increases in release of cytochrome
c and cleavage of caspase-3 were attenuated by losartan.
GW9662 reversed the beneficial effect of losartan (Figure 5D).

Effect of losartan and PPAR-γ antagonist on
RAGE protein content
The level of RAGE protein content in sham animals was very
low. After 6 h of reperfusion, the level of RAGE protein
showed a significant increase, to 4.85 times that of sham
animals. Losartan attenuated this increased RAGE protein
level. However, GW 9662 blocked the effect of losartan
(Figure 6).

Figure 5
Effects of losartan (10 mg·kg−1) and PPARγ on apoptosis. (A) TUNEL-stained histology (original magnification ×200). (i) Sham; (ii) I/R; (iii) Los
(10 mg·kg−1) + I/R; and (iv) GW9662 + Los (10 mg·kg−1) + I/R. (B) TUNEL-positive cell numbers were determined in randomly chosen ×200
histological fields. (C) Western blot analysis for cleaved-caspase 3 was performed in the whole liver lysate, and that for (D) cytochrome c was
performed on the cytosolic extracts from liver. The values are represented as mean ± SEM. *P < 0.05, **P < 0.01 versus sham group; ††P < 0.01
versus I/R group; #P < 0.05, ##P < 0.01 versus Los + I/R group.
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Effects of losartan and PPAR-γ antagonist on
MAPKs and c-Jun activation
The levels of p38, ERK and JNK phosphorylation in the sham
animals were low. After 6 h of reperfusion, phosphorylation
of p38, ERK and JNK showed a significant increase, to 6.08
times, 1.59 times and 3.03 times those of the sham group
respectively. These increases were attenuated by losartan, and
GW9662 abolished the effect of losartan (Figure 7A). Nuclear
levels of phosphorylated c-Jun showed marked increase, 1.55
times that of the sham group. This increase was attenuated by
losartan; the effect was reversed by GW9662 (Figure 7B).

Effects of losartan and PPAR-γ antagonist on
Egr-1 and MIP-2
At 6 h after reperfusion, the nuclear Egr-1 and MIP-2 protein
levels increased to 2.28 times and 3.45 times those of the
sham animals respectively. These increases were attenuated
by losartan, and GW9662 reversed the effect of losartan
(Figure 8).

Effect of losartan on hepatocellular damage
and MAPK and Egr-1 activation in RAGE
knockdown mice
Involvement of RAGE in the protective effects of losartan on
hepatic I/R was further confirmed by the transfection studies.
Efficacy of transfection of siRNA is shown in Figure 9A,B.
Non-specific control siRNA transfection did not affect any
parameters with regard to the effect of losartan on I/R-
induced hepatic injury. As shown in Figure 9C,D, RAGE
siRNA blunted I/R-induced increases of serum ALT and AST
activities compared with those of the group treated with
non-specific control siRNA. Losartan did not affect serum
aminotransferase activities in the group treated with RAGE

siRNA. The increased serum TNF-α and IL-6 levels were
blocked by RAGE siRNA, and losartan did not affect serum
TNF-α and IL-6 levels in the group treated with RAGE siRNA
(Figure 9E,F). As expected, knockdown of RAGE with siRNA
modulated MAPK and Egr-1 signals. Figure 9G–K showed that
transfection with RAGE siRNA reversed I/R-stimulated MAPK
activation and MIP-2 and Egr-1 levels, and losartan did not
affect MAPK, MIP-2 and Egr-1 levels in the group treated with
RAGE siRNA.

Discussion and conclusions

In addition to being a physiological mediator restoring
circulatory integrity, Ang II is involved in key events of the
inflammatory process. Previous studies suggest that the
renin–angiotensin system (RAS) is involved in the acute
inflammatory response in liver I/R, including expression of
inflammatory mediators and subsequent hepatic damage
(Guo et al., 2004; Padrissa-Altes et al., 2009). Based on these
studies, we examined the protective effect of losartan, an
ARB, against hepatic I/R and sought molecular evidence for a
role for losartan in hepatoprotection.

PPAR-γ plays important roles in the regulation of prolif-
eration and differentiation of several cell types, including
adipose cells, and has anti-inflammatory properties. In
hamster liver, LPS induces a marked decrease in the expres-
sion of PPAR-γ (Beigneux et al., 2000). Previous studies have
shown that endogenous PPAR-γ mediates anti-inflammatory
activity in I/R injury by inhibition of the NF-κB pathway and
that activation of PPAR-γ inhibits the release of TNF, IL-1 and
IL-6 by macrophages (Nakajima et al., 2001). Ischaemia
causes a rapid decrease in PPAR-γ DNA binding, and admin-
istration of a PPAR-γ agonist inhibits I/R injury (Kuboki et al.,
2008). Losartan markedly stimulates PPAR-γ activity and
attenuates LPS-induced expression of pro-inflammatory
genes via PPAR-γ activation in macrophages (An et al., 2010).
In the present study, I/R caused a decrease in PPAR-γ DNA
binding activity; however, the reduction was not a result of
decreased protein expression. These results were inconsistent
with previous reports indicating increased PPAR-γ protein
expression at 4 and 8 h of reperfusion after 90 min of hepatic
ischaemia (Kuboki et al., 2008). These different results for
PPAR-γ protein expression could be explained, at least in part,
by the different ischaemia experimental models elucidated
and the degree of hepatic injury. Losartan enhanced the DNA
binding activity of PPAR-γ, and GW9662 blocked these
effects. Although there is some disputation concerning the
change in PPAR-γ protein expression in hepatic I/R injury
(Kuboki et al., 2008; Shin et al., 2008), the deleterious role of
decreased PPAR-γ activation is apparent (Akahori et al., 2007).
The reduction of PPAR-γ DNA binding could result from
either decreased endogenous PPAR-γ ligands or reduced inter-
action with a co-activator, such as p300 (Kuboki et al., 2008).
Further studies will be required to clarify the precise mecha-
nism by which stimulation of PPAR-γ protects the liver during
I/R.

In our study, I/R markedly increased serum ALT, AST,
TNF-α and IL-6 levels and hepatic nuclear translocation of
NF-κB. These alterations were attenuated by losartan, and
GW9662 reversed the effects of losartan. However, treatment

Figure 6
Role of PPAR-γ in effect of losartan (10 mg·kg−1) on RAGE content.
RAGE protein level in the liver was measured by Western blot. The
values are represented as mean ± SEM. **P < 0.01 versus sham group;
††P < 0.01 versus I/R group; ##P < 0.01 versus Los + I/R group.
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of PPAR-γ antagonist did not completely prevent the hepato-
protective effect of losartan. Thus, we may infer that mecha-
nisms other than PPAR-γ, such as RAS inhibition or
bradykinin B2 receptor agonism, might be involved in the
protection afforded by losartan (Bonde et al., 2011). The his-
tological observations of the liver samples strongly support
the release of aminotransferases and pro-inflammatory
cytokines by the damaged hepatic cells as well as the protec-
tive effect of losartan. Furthermore, livers obtained from mice
undergoing I/R showed multiple and extensive areas of
hepatocyte necrosis randomly distributed throughout the
parenchyma, while only mild centrizonal necrosis and
Kupffer cell hyperplasia were observed in the losartan-treated
groups. GW9662 reversed the beneficial effect of losartan.
Overall, our results suggest that suppression of inflammatory
responses associated with PPAR-γ activation is responsible for
the hepatoprotective effect of losartan.

Apoptosis is a prominent factor contributing to cell death
during hepatic I/R injury. PPAR-γ agonists induce apoptosis in

a wide variety of cells including hepatocytes, as shown in
several in vitro studies (Guo et al., 2006). In in vivo I/R,
however, pretreatment with PPAR-γ ligands reduces apopto-
sis. Rosiglitazone reduces apoptotic caspases in cerebral
ischaemia in a PPAR-γ-dependent manner, and trioglitazone
reduces apoptosis in renal I/R injury (Doi et al., 2007; Wu
et al., 2009). In our study, I/R increased release of cytochrome
c and cleavage of caspase-3, and these increases were attenu-
ated by losartan. However, the PPAR-γ antagonist blocked the
effects of losartan. Our observations of the biochemical
parameters for apoptotic cell death were supported by the
morphological changes observed with TUNEL staining. As
TUNEL staining may reflect necrotic or autolytic cells as well
as apoptotic cells, the TUNEL data for the GW9662 group
were weaker than those for changes in caspase-3 cleavage and
cytochrome c release. This observation indicates that losartan
could prevent apoptosis via PPAR-γ activation.

RAGE is a family of pattern recognition receptors that
are activated by specific components of microbes, referred

Figure 7
Effects of losartan (10 mg·kg−1) and PPAR-γ on MAPK and c-Jun activation. (A) P38, ERK and JNK activation in the whole liver were measured by
Western blot. (B) Western blot analysis for p-c-Jun was performed on nuclear extracts from the liver. The values are represented as mean ± SEM.
*P < 0.05, **P < 0.01 versus sham group; †P < 0.05, ††P < 0.01 versus I/R group; #P < 0.05, ##P < 0.01 versus Los + I/R group.
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to as pathogen-associated molecular patterns, and certain
other molecules, such as DAMPs. High mobility group box
1, released in the early phase of I/R injury, is known to
stimulate RAGE signalling and amplify the inflammatory
response (Schmidt et al., 2001). Pharmacological blockage of
RAGE or genetic deletion or modulation of RAGE-mediated
signalling reduces apoptosis in myocardial and liver I/R
injuries (Bucciarelli et al., 2008; Zeng et al., 2009). Interest-
ingly, the hepatoprotective effect of losartan was blocked by
siRNA for RAGE in our study. PPAR-γ agonists down-regulate
RAGE expression through NF-κB inhibition in human
endothelial cells and suppress renal RAGE expression in
proximal tubular cell injury (Marx et al., 2004; Tang et al.,
2006). Losartan suppresses RAGE and NF-κB activation and
improved endothelial function in spontaneous hyperten-
sion rats (Zhu et al., 2007). In the present study, RAGE
expression showed a marked increase after reperfusion.
Losartan attenuated the increased level of RAGE expression,
and GW9662 reversed this effect. Our results indicate that
losartan down-regulates RAGE expression through PPAR-γ
activation.

RAGE activation by myriad ligands is linked to an array of
signalling pathways. MAPK signal transduction pathways
represent one of the most widespread mechanisms of cell
regulation in response to oxidative and other environmental
stress, leading to up-regulation of pro-inflammatory media-
tors such as cytokines and chemokines and to cell death
(Bradham et al., 1997). In hepatic I/R, RAGE ligation causes
cellular activation via signalling cascades, including MAPK
and c-Jun, leading to induction of inflammatory cytokines
and liver damage (Zeng et al., 2004). Activation of p38 and
JNK MAPK is related to apoptotic cell death from reactive

oxygen species (Cross et al., 2000). Although the classical ERK
pathway is generally involved in cell growth, proliferation
and survival, the involvement of ERK activation in the
mechanism underlying ischaemia-induced cell death has
been reported (Irving and Bamford, 2002). PPAR-γ agonists
show anti-inflammatory effects through inhibition of p38
and p42/44 MAPK phosphorylation in cerebral I/R (Collino
et al., 2006). In our study, I/R significantly increased activa-
tion of p38, ERK, and JNK MAPKs and c-Jun. These changes
were attenuated by pretreatment with losartan, which was
reversed by GW9662.

Egr-1, a zinc-finger transcription factor, functions as a
master switch, activated by ischaemia to trigger expression of
pivotal regulators of inflammation. Among the immediate
response genes, Egr-1 induces various chemokines, as well as
the cytokines TNF-α, IL-1β, ICAM-1 and MIP-2 (Yan et al.,
2000). Regulation of Egr-1 in hypoxia is mediated by RAGE-
dependent MAPK activation (Chang et al., 2008). Recently,
Zeng et al. (2009) reported that Egr-1 is a downstream target
of RAGE in hepatic I/R injury. In our study, the levels of Egr-1
and MIP-2 expression were increased after I/R, and losartan
attenuated these increases, which was reversed by GW9662.
Furthermore, I/R-induced MAPK and Egr-1 activation was
blocked by siRNA for RAGE. Losartan did not affect MAPK
and Egr-1 activation in animals treated with RAGE siRNA.
Taken together, our results may imply that losartan inhibits
the RAGE-mediated MAPK and Egr-1-pathways through
PPAR-γ activation.

In conclusion, these observations suggest that losartan
protects the liver against I/R injury through PPAR-γ activa-
tion, which in turn inhibits the RAGE-mediated signalling
pathway.

Figure 8
Effects of losartan (10 mg·kg−1) and PPAR-γ on MIP-2 and Egr-1. (A) Western blot analysis for MIP-2 was performed on the whole liver lysate, and
that for (B) Egr-1 was performed on nuclear extracts from the liver. The values are represented as mean ± SEM. **P < 0.01 versus sham group;
††P < 0.01 versus I/R group; ##P < 0.01 versus Los + I/R group.
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Figure 9
Effect of losartan (10 mg·kg−1) on hepatocellular damage, MAPK and Egr-1 activation in RAGE knockdown mice. (A) RAGE protein level and (B)
mRNA level were measured by Western blot and RT-PCR respectively. The serum (C) ALT and (D) AST activities were determined by spectropho-
tometric procedures. The serum concentrations of (E) TNF-α and (F) IL-6 were determined using elisa. (G) P38, (H) ERK, (I) JNK activations in the
whole liver were measured by Western blot. (J) Western blot analysis for Egr-1 was performed on the nuclear extracts from the liver, and that for
(K) MIP2 was performed in the whole liver lysate. The values are represented as mean ± SEM. *P < 0.05, **P < 0.01 versus control siRNA-treated
sham group; ††P < 0.01 versus control siRNA-treated I/R group; #P < 0.05, ##P < 0.01 versus RAGE siRNA-treated sham group.
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