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Abstract
Background/Aims—Non-alcoholic fatty liver disease (NAFLD) is a common health problem and
includes a spectrum of hepatic steatosis, steatohepatitis and fibrosis. The renin–angiotensin system
(RAS) plays a vital role in blood pressure regulation and appears to promote hepatic fibrogenesis.
We hypothesized that increased RAS activity causes NAFLD due to increased hepatic oxidative
stress.

Methods—We employed the transgenic TG(mRen2)27(Ren2) hypertensive rat, harboring the
mouse renin gene with elevated tissue Angiotensin II (Ang II).

Results—Compared with normotensive Sprague–Dawley (SD) control rats, Ren2 developed
significant hepatic steatosis by 9 weeks of age that progressed to marked steatohepatitis and fibrosis
by 12 weeks. These changes were associated with increased levels of hepatic reactive oxygen species
(ROS) and lipid peroxidation. Accordingly, 9-week-old Ren2 rats were treated for 3 weeks with
valsartan, an angiotensin type 1 receptor blocker, or tempol, a superoxide dismutase/catalase
mimetic. Hepatic indices for oxidative stress, steatosis, inflammation and fibrosis were markedly
attenuated by both valsartan and tempol treatment.

Conclusions—This study suggests that Ang II causes development and progression of NAFLD in
the transgenic Ren2 rat model by increasing hepatic ROS. Our findings also support a potential role
of RAS in prevention and treatment of NAFLD.
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1. Introduction
Non-alcoholic fatty liver disease (NAFLD) has emerged as the most common liver disease in
Western societies and affects up to 20% of the general population [1–4]. NAFLD encompasses
a spectrum of liver disorders from simple hepatic steatosis to the more ominous non-alcoholic
steatohepatitis (NASH) to end-stage of cirrhosis [2–6], which underlie development of
hepatocellular carcinoma [7]. The overall survival of NAFLD patients is significantly lower
than that of the general cohort population [8] and is predicted to become the leading indication
for liver transplantation [9]. Clearly, an imbalance between the uptake, synthesis, oxidation
and export of fatty acids results in excessive fat accumulation in the liver [2,10]. To date, there
is no effective drug therapy for prevention and treatment of NAFLD.

The renin–angiotensin system (RAS) is integral in regulating blood pressure and cardiovascular
homeostasis, and increased activity of RAS plays a crucial role in the pathogenesis of
hypertension and cardiovascular disease [11]. RAS is widely expressed by various tissues/
organs including the liver. Increased activation of both systemic and local RAS has been noted
in the patients with cirrhosis [12] and chronic hepatitis C [13]. The blockage of the RAS
significantly ameliorates hepatic fibrogenesis in animal models induced by methionine choline
deficient diet, CCl4 or bile duct ligation [14–16], suggesting that RAS plays a role in hepatic
fibrogenesis in these models. However, to date, there is no published study using a genetic
model with excessive activity of RAS to directly evaluate its role on the development and
progression of hepatic steatosis, inflammation and fibrosis. The transgenic TG(mRen2)27
(Ren2) rat harbors the mouse Ren-2d renin gene and exhibits elevated renin and Ang II levels
[17–19] with subsequent fulminant hypertension [20]. Thus, the Ren2 rat provides a unique
animal model to directly explore the role of chronic endogenous elevations of tissue Ang II on
the development of NAFLD. We hypothesized that Ang II in this model promotes development
of NAFLD and that this effect is mediated by oxidative stress. We further hypothesized that
the effects of Ang II in this model could be attenuated by in vivo treatment with AT1R blocker
valsartan and the superoxide dismutase (SOD)/catalase mimetic tempol.

2. Methods
2.1. Animals and treatment

Male transgenic heterozygous (+/−) Ren2 and Sprague–Dawley (SD) rats were received from
Wake Forest University (Winston-Salem, NC). All rats were maintained on Formulab Diet
(5008, PMI® Nutrition International, LLC; Brentwood, MO) with free access to drinking water.
At age of 9 weeks, Ren2 and SD rats were randomly assigned to untreated Ren2 control (RC)
and SD control (SD) or Ren2-treated with valsartan (RV) supplied by Novartis (East Hanover,
NJ) at 30 mg/kg/day or Ren2 with tempol (RT) purchased from Sigma–Aldrich Co. (St. Louis,
MO) at 1 mM in their drinking water for 3 weeks. All animal procedures followed the
University of Missouri animal care and use committees and NIH guidelines.

2.2. Systolic blood pressure (SBP) and total body weight (TBW) measurement
SBP was measured in triplicate using the tail-cuff method (Student Oscillometric Recorder,
Harvard Systems) and TBW was obtained prior to and after treatment.

2.3. Histology analysis
Routine Hematoxylin–Eosin (H&E) and Sirius Red staining for collagen were performed in
paraffin liver sections for histological analysis. Inflammatory cell infiltration was assessed by
H&E staining for neutrophils and by immunostaining for T lymphocytes using anti-CD3
antibody. Oil Red O staining was performed in frozen liver sections for detecting the presence
of fat. Hepatic steatosis was graded as reported [3,21] as follows: absent (score 0); or present
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in <33% of hepatocytes (score 1); in ≥33% but <66% of hepatocytes (score 2); or in ≥66% of
hepatocytes (score 3).

2.4. Triglycerides (TG) content assay
Liver (30 mg) was homogenized in 1 ml of a solution (2:1 Chloroform: Methanol) and mixed
up using a running wheel overnight at 4 °C. One millilier of 4 mM MgCl was added and mixed
and centrifuged for 1 h at 1000g at 4 °C. Organic phase (500 μl, bottom phase) was removed
into a fresh tube. After drying overnight, lipids were reconstituted in Butanol:Triton X-114
mix (3:2 vol:vol) and assayed for TG using spectrometer at 540 nm.

2.5. Serum alanine aminotransaminases (ALT) assay
The serum ALT levels were measured using analyzers from Olympus American Inc. (Center
Valley, PA) and AU400e Chemistry Immuno Analyzer (Dallas, TX), following the
manufacturer’s instructions.

2.6. ROS detection
Liver ROS generation was determined using lucigenin assay. Briefly, fresh liver tissue was
homogenized in a buffer (250 mM sucrose, 0.5 mM EDTA, 50 mM HEPES, protease inhibitor
tablet, pH 7.5) using glass/glass homogenizer and centrifuged at 1500g for 10 min at 4 °C. The
supernatants (whole homogenate) were removed and 20 μL of whole homogenate was added
to 0.68 mL of lucigenin working solution (50 mM KH2PO4, 150 mM sucrose, 1 mM EGTA,
5 μM lucigenin, 100 μM NADPH, pH 7.0). The samples were counted every 20 s for 10 counts
on LB953 luminometer (lucigenin working solution dark adaptation for at least 1 h prior to
use). Blanks were counted without whole homogenate. The counts of sample subtracted blanks
and normalized to total protein.

2.7. Measurement of NADPH oxidase activity
NADPH oxidase activity was determined in plasma membrane fractions (PMF). Briefly, fresh
liver tissues were homogenized on ice in homogenization buffer (50 mM phosphate buffer,
0.01 mM EDTA, 1 mM phenylmethylsulfonyl fluoride, 2 μM leupeptin, 2 μM pepstatin A, pH
7.4) using a Duall homogenizer. The homogenate was centrifuged at 1000g for 30 min at 4 °
C and the supernatant further centrifuged at 13,000g for 20 min at 4 °C. The supernatant was
centrifuged at 37,500g for 1 h at 4 °C. The resulting pellet was resuspended and centrifuged
at 100,000g for 1 h at 4 °C. The final pellet (PMF) was resuspended in the buffer. Protein (50
μg) of PMF was incubated with NADPH (100 μM) at 37 °C. The NADPH oxidase activity
was then determined by measuring the conversion of radical detector (Cayman Chemical, Ann
Arbor, MI) using a spectrophotometer (Bio-Tek EL808) at 450 nm every 10 min for 1 h.

2.8. Superoxide dismutase (SOD) activity
SOD activity was determined by SOD detection kit (OxisResearch, Foster City, CA) according
to the manufacturer’s instructions using a spectrophotometer at 525 nm. The enzyme activity
was calculated from the ratio of the autoxidation rates in the presence (Vs) and in the absence
(Vc) of SOD using a formula: SOD = 0.93 * (Vs/Vc−1)/1.073–0.073 * (Vs/Vc) and normalized
to protein concentration.

2.9. Immunohistochemistry
Liver sections were incubated with primary antibody for CD3, 4-HNE, NADPH oxidase
subunits (gp91, p47, Rac1), or TNF-α (1:200) (Alpha Diagnostic International Inc., San
Antonio, TX; Santa Cruz Biotechnology, Santa Cruz, CA). After washing, a second antibody
conjugated with alex-586 was applied and mounted with DAPI (Vector) or biotin conjugated
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second antibody, follow by 0.3% H2O2, ABC (Vector), NovaRed (Vector), and counterstained
with hematoxylin. Images were obtained with a light and fluorescence microscope (Nikon).

2.10. RT-PCR amplification
Collagen α1 mRNA expression was measured by RT-PCR using primers, forward:
GTGCTAAAGGTGCCAATGGT, reversed: ACCAGGTTCACCGCTGTTAC. TNF-α:
forward, TGGCCCAG ACCCTCACACTC, reversed, CTCCTGGTATGAAATGGCAAA
TC. To determine the relative initial amounts of collagen α1 cDNA, the cDNA sample was
serially diluted 1:5 and 1:25. GAPDH was used as a housekeeping gene to verify that the same
amount of RNA was amplified. The intensities of PCR products were analyzed using a digital
imaging system (Kodak).

2.11. Western blot
Twenty micrograms of protein from liver tissue was loaded in SDS–PAGE gel and probed
with primary antibodies (1:1000) against CRP (R&D Systems, Minneapolis, MN), 4-HNE,
and NADPH oxidase subunit p67 (Santa Cruz Biotechnology, Santa Cruz, CA). After washing,
the membrane was incubated with HRP-conjugated secondary antibodies (1:10,000). The
intensities of the immunoblot bands were quantified using Quantity One software (Bio-Rad).

2.12. Terminal desoxynucleotide transferase-mediated dUTP nick end labeling (TUNEL)
To evaluate apoptotic cell death, TUNEL was performed in liver sections using In Situ
Apoptosis Detection Kit (Roche Applied Science, Indianapolis, IN) as per the manufacturer’s
instructions. TUNEL- positive and -negative nuclei were counted at five random fields. Results
are expressed as number of TUNEL-positive cell/total cells ×100%.

2.13. Statistical analysis
All data are reported as means ± SEM. Student’s t-test or One-way ANOVA test was used to
determine the significance among groups. A value of p < 0.05 was considered to be statistically
significant.

3. Results
3.1. Characteristics of animals studied

Consistent with previous reports [20,22], Ren2 rats developed significant hypertension
compared with age matched SD rats (p < 0.01, Table 1). Treatment with valsartan, but not
tempol, significantly reduced SBP in the Ren2 (Table 2). There were no statistical differences
of body weight between Ren2 and SD rats in all age groups (p > 0.05, Tables 1 and 2).

3.2. Ren2 rats develop progressive NAFLD associated with oxidative stress
3.2.1. Hepatic steatosis in Ren2 rat—Hepatic steatosis was evaluated in 9 and 12 weeks
Ren2 and SD rats (5 rats/group) using H&E staining after overnight fasting. Ren2 livers
exhibited an increased fat accumulation within hepatocytes compared to SD rats at age 9 weeks
that was more severe at 12 weeks, with mixed macro- and micro-vesicular patterns (Fig. 1A–
D). Oil red O staining confirmed fat accumulation in Ren2 livers compared to SD (Fig. 1E–
H). The Ren2 rats had higher hepatic steatosis score (0.6 ± 0.27 vs. 0, p < 0.05) at age 9 weeks
and that was more marked at age 12 weeks (1.26 ± 0.23 vs. 0.2 ± 0.23, p < 0.01) compared to
age matched SD rats, respectively (Table 1). This observation was further confirmed by a
significant increase of hepatic TG content in Ren2 livers compared with SD controls at 9 weeks
(0.94 ± 0.18 vs. 0.57 ± 0.03 mmol/g, p < 0.05) and 12 weeks of age (1.41 ± 0.07 vs. 0.58 ±
0.05 mmol/g, p < 0.01) (Table 1).
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3.2.2. Hepatic inflammation in Ren2 rat—There were local foci of inflammatory cells
in Ren2 livers at age 9 weeks (Fig. 2A) with more inflammatory cells infiltrate at age 12 weeks
(Fig. 2B) including neutrophils (Fig. 2C) and CD3+ T lymphocytes (Fig. 2D), whereas no or
minimal inflammatory cells were noted in SD livers (data not shown). Hepatic inflammation
in 12 weeks Ren2 rats was further evaluated by assessment of TNF-α and C-reactive protein
(CRP) expression in liver tissue utilizing immunostaining, RT-PCR and Western blot analyses.
TNF-α triggers the production of other cytokines that together recruit inflammatory cells,
induce hepatocyte death, and initiate fibrogenesis [23]. CRP is an independent predictor of
inflammation state, which has been used as a biomarker for the screening of NASH. Both TNF-
α (protein and mRNA levels, Fig. 2F and G, respectively) and CRP expression (Fig. 2H) were
upregulated in Ren2 livers compared with SD controls (Fig. 2E,G,H). Serum levels of ALT
were significantly increased in Ren2 rats compared with SD controls (Table 1).

3.2.3. Hepatic fibrosis in Ren2 rat—Liver fibrosis was assessed by detecting collagen
deposition by Sirius Red staining (Fig. 3A–D) and measuring collagen mRNA expression by
RT-PCR (Fig. 3E). Compared with SD, Ren2 liver showed early fibrosis at 9 weeks (Fig. 3B)
that became marked at 12 weeks of age (Fig. 3D). Collagen deposition in Ren2 liver was mainly
observed in zone 3 and the periportal area. Pericellular fibrosis (Fig. 3D) and zone 3 bridging
fibrosis (data not shown) were also noted in the Ren2 liver. Collagen α1 mRNA expression
was significantly increased in Ren2 liver compared with SD rats at age 12 weeks (Fig. 3E).

3.2.4. Hepatic apoptosis in Ren2 rat—Liver cell apoptosis is an important mechanism
for hepatocyte elimination and is a useful biomarker to monitor disease severity in NAFLD
[24]. Increased TNF-α and ROS formation could induce cell apoptosis contributing to liver
injury in Ren2 rats. There were more apoptotic cells (percentage TUNEL-positive nuclei) in
Ren2 livers compared with SD livers at age 12 weeks (Fig. 4A and B). Apoptotic cell deaths
in Ren2 livers were mainly located in zone 3.

3.2.5. Hepatic oxidative stress in Ren2 rat—Compared with SD rats, Ren2 livers
exhibited significantly increased ROS production at ages of 9 and 12 weeks (p < 0.01, Fig. 4C)
by lucigenin assay, suggesting a contribution of Ang II to liver ROS formation. 4- HNE is
considered to be a reliable index of the deleterious effects of ROS on various cellular
components including membranes, proteins and DNA. There was a significant increase of 4-
HNE in Ren2 livers compared with SD by immunoblot (p < 0.05, Fig. 4D) and
immunofluorescent (Fig. 4E) analyses.

To investigate the source of ROS in liver, we measured NADPH oxidase activity in livers of
Ren2 (n = 6) and control SD (n = 6) rats at 12 weeks of age. NADPH oxidase is a highly
regulated membrane-bound enzyme complex that catalyzes the one-electron reduction of
oxygen to superoxide anion. NADPH oxidase is composed of membrane-bound subunits (p22
and gp91) and the cytosolic subunits p47, p67, p40 and Rac1 [25]. Ren2 livers had markedly
increased levels of NADPH oxidase activity (Fig. 5A, p = 0.01). Further, expression of gp91,
p47 and Rac1 in Ren2 livers was significantly increased by immunofluorescent staining (Fig.
5B) compared with SD rats. In addition, Western blot analysis showed that p67 protein levels
were markedly increased (>2-fold) in Ren2 livers compared with SD rats (p < 0.01, data not
shown). Measurement of the antioxidant enzyme SOD activity revealed a reduced level in Ren2
livers compared with SD rats (1.6 ± 0.7 vs. 3.9 ± 1.8 U/mg) that was not statistically significant
(p = 0.26). These results suggest that NADPH oxidase is a critical source for Ang II-induced
oxidative stress in Ren2 livers.

3.3. AT1R blocker valsartan attenuates the development of NAFLD in Ren2 rats
—To further determine the causative relationship between Ang II and the development of
NAFLD, 9-week Ren2 rats were treated with AT1R blocker valsartan for 3 weeks as described
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under Section 2. Treatment with valsartan markedly reduced both NADPH oxidase activity
(Fig. 5A, p < 0.05) and expression of NADPH subunits gp91, p47, Rac1 (Fig. 5B) and p67
(data not shown), and significantly ameliorated oxidative stress in Ren2 livers assessed by
immunoblot (Fig. 6A) and immunofluorescent staining (Fig. 6C) for 4-HNE. Valsartan
treatment substantially attenuated liver steatosis in 12-week-old Ren2 rats, as shown in Fig.
6C (H&E panel) and Table 2. The steatosis score (0.42 ± 0.26 vs. 1.36 ± 0.38, p < 0.01) and
liver TG (0.70 ± 0.06 vs. 1.41 ± 0.07, p < 0.05) at age 12 weeks were significantly reduced in
the valsartan-treated Ren2 group compared with the untreated Ren2 littermates, respectively
(Table 2). Valsartan treatment also decreased hepatic collagen α1 mRNA expression in Ren2
livers (Fig. 6B) and collagen deposition (Fig. 6C). In addition, liver apoptotic cell deaths and
TNF-α mRNA expression were markedly attenuated (Fig. 7A and B) and serum ALT was
dramatically decreased by valsartan treatment (Table 2). There were significant reduction of
systolic blood pressure and no significant differences of body weight between the valsartan-
treated and -untreated Ren2 groups (Table 2). These results suggest that elevated expression
of Ang II caused NAFLD in Ren2 rats.

3.4. ROS scavenger tempol attenuates the development of NAFLD in Ren2 rat
—To investigate whether ROS mediate Ang II-induced NAFLD in Ren2 rats, we treated 9-
week-old Ren2 rats with superoxide dismutase/catalase mimetic tempol as described under
Section 2. Tempol treatment, which had no significant effect on blood pressure (Table 2),
dramatically reduced tissue levels of ROS (4-HNE immunoblot, Fig. 6A and C) and prevented
development of NAFLD in 12-week-old Ren2 rats compared with untreated Ren2 littermates
(Fig. 6C and Table 2). The hepatic steatosis score (0.38 ± 0.26 vs. 1.36 ± 0.38, p < 0.01) and
liver TG levels (0.54 ± 0.18 vs. 1.41 ± 0.07, p < 0.01) at age 12 weeks were significantly
reduced in the tempol-treated Ren2 group compared with the untreated Ren2 littermates,
respectively (Table 2). Tempol treatment also inhibited hepatic collagen deposition in Ren2
rats (Fig. 6B and C). Liver apoptotic cell deaths and TNF-α mRNA expression and serum ALT
in Ren2 were also significantly attenuated by tempol treatment (Fig. 7A and B and Table 2).
There were no significant differences in body weight between the tempol-treated and -untreated
groups (Table 2). These data document that ROS is an important mediator of Ang II-induced
NAFLD in this transgenic Ren2 rat model.

4. Discussion
NAFLD is considered the most common liver disease in Western societies. The histological
spectrum of NAFLD includes hepatic steatosis, steatohepatitis, fibrosis, and cirrhosis. NAFLD
increases the risk for hepatocellular carcinoma and cardiovascular disease [7]. To date, there
is no effective and well-tolerated drug therapy established to treat NAFLD, largely because of
an incomplete understanding of the mechanisms underlying the disease. Therefore, it is of
critical importance to expand our current understanding of the pathophysiology of NAFLD
and explore new therapeutic pathways.

The RAS is integral in maintaining blood pressure and cardiovascular homeostasis. However,
increased activation of RAS and Ang II causes hypertension and cardiovascular disease [11].
Recent studies indicate that plasma Ang II levels and local liver RAS significantly increased
in patients with cirrhosis [26,27]. Blocking RAS attenuates the progression of hepatic fibrosis
in several experimental hepatic fibrosis models induced by pig serum [28], methionine choline
deficient diet [14], bile duct ligation [29,30] or CCl4 infusion [15]. These results suggest that
RAS has a fibrogenic effect on the liver. Yet, little is known about the direct effects of Ang II
on the development of hepatic steatosis and progression of NAFLD. To date, there are no
published studies that directly evaluate the role of chronic increased endogenous Ang II on the
development of hepatic steatosis, inflammation and fibrosis. Therefore, further studies using
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genetic models with excessive activity of RAS are necessary to address the effect of Ang II on
the liver and explore the relationship between RAS and NAFLD.

In this study, we utilized the transgenic Ren2 rat that harbors the mouse Ren-2d renin gene and
exhibits elevated serum renin and tissue Ang II levels [17–19] to explore the relationship
between the RAS and the development of NAFLD. Our investigation reveals novel findings:

1. The Ren2 rat develops progressive NAFLD; treatment with the AT1R blocker
valsartan attenuates steatosis and prevents progression of NAFLD in this model.

2. Increased RAS activity in the Ren2 model causes hepatic oxidative stress that is
attenuated by the ROS scavenger tempol; treatment with tempol also attenuates
steatosis and prevents progression of NAFLD. Furthermore, valsartan treatment, but
not tempol, significantly reduced systolic blood pressure. This study provides strong
evidence that Ang II-induced NAFLD is mediated by increased hepatic oxidative
stress. These results also suggest that RAS is potentially a novel therapeutic target for
treatment of NAFLD.

Our study supports that Ang II has pro-oxidant, pro-inflammatory and pro-fibrotic activity in
liver. Increased ROS generation has been shown to induce cell membrane lipid peroxidation,
inflammation, fibrogenesis, and cell apoptosis [31,32] by upregulating inflammatory
molecules such as TNF-α and CRP [33,34]. Excessive apoptosis is linked to the development
of hepatic fibrosis [35]. Our results show that the Ren2 livers had dramatically increased
apoptotic cell deaths compared with SD controls and that apoptosis was reduced by in vivo
treatment with valsartan or tempol. Apoptosis can be triggered by several factors including
TNF-α. Hepatic TNF-α expression is also increased in the Ren2 compared with SD rats (Fig.
2), and treatment with valsartan or tempol attenuates TNF-α expression (Fig. 7). Thus, the Ang
II-induced TNF-α expression in Ren2 livers is mediated by hepatic oxidative stress. Taken
together, we have demonstrated that Ang II induces significant hepatic ROS generation, lipid
peroxidation, inflammatory cell infiltration, apoptosis, and fibrosis in Ren2 liver compared
with SD controls (Fig. 4), and that these effects were markedly attenuated by in vivo treatment
with AT1R blocker valsartan or the SOD/catalase mimetic tempol (Figs. 6 and 7). These results
provide strong evidence that ROS mediate Ang II-induced NAFLD in the Ren2 model.

Previous studies have shown that Ang II plays a role in liver fibrogenesis in patients [12,13]
and animal models [14–16]. However, it should be noted that Ang II infusion studies in normal
rats revealed conflicting results such that some studies failed to demonstrate liver fibrosis in
the infused rats [36,37]. The likely explanation for these conflicting results is the variation in
the concentration and duration of Ang II treatment between different studies [36,37]. Our Ren2
rats develop significant fibrosis at early age likely due to the marked activation of the RAS in
this transgenic model. In addition, Ren2 rats exhibit increased liver 4-HNE levels (Fig. 4) which
is known to activate hepatic stellate cells and enhance procollagen expression [38]. These
factors may have contributed to the development of rapid and more severe liver fibrosis in the
Ren2 rat model (Fig. 3).

Previous studies have documented an important role of NADPH oxidase in mediating Ang II-
induced hepatic stellate cells (HSC) activation and liver fibrosis [25]. Our data demonstrate
that Ren2 livers exhibit significant increases of activity and expression of NADPH oxidase
compared with SD control rats. Furthermore, our study documents that Ang II promotes
NADPH oxidase activation in Ren2 livers and that treatment with valsartan significantly
reduces hepatic NADPH oxidase activity and expression in the Ren2 rats.

In conclusion, our study demonstrates that RAS activation plays a critical role in the
development and progression of NAFLD through ROS generation. These findings expand our
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current understanding of the pathogenesis of NAFLD and suggest that RAS is a potential target
for drug therapy for NAFLD.
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Abbreviations
NAFLD  

non-alcoholic fatty liver disease

RAS  
renin–angiotensin system

Ang II  
Angiotensin II

Ren2  
transgenic TG(mRen2) 27(Ren2) rat

SD  
Sprague–Dawley rat

NASH  
non-alcoholic steatohepatitis

ROS  
reactive oxygen species

ACE  
angiotensin-converting enzyme

AT1R  
angiotensin type 1 receptor

TG  
triglycerides

ALT  
alanine aminotransferase

4-HNE  
4-hydroxy-2-nonenal

SOD  
superoxide dismutase

NADPH  
nicotinamide adenine dinucleotide phosphate

TUNEL  
terminal desoxynucleotide transferase-mediated dUTP nick end labeling

CRP  
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Fig. 1.
Hepatic histopathological analyses. Representative liver sections obtained from SD and Ren2
rats at age 9 and 12 weeks and stained with H&E (A–D) and oil red O (E–H). SD liver sections
showed minimal lipid droplets when stained with H&E (A and C) and confirmed by Oil Red
O staining (E and G, red). Ren2 liver sections stained with H&E showed prominent hepatic
steatosis (B and D) which was confirmed by Oil Red O staining (F and H, red). Magnification
400×.
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Fig. 2.
Assessment of hepatic inflammation. (A and B) Representative liver sections obtained from
Ren2 rats stained with H&E and showed progressive increase in clusters of inflammatory cell
infiltrates in Ren2 rats (A, 9 weeks; B, 12 weeks; arrows). (C and D) Representative liver
sections obtained from Ren2 rats at 12 weeks of age demonstrating neutrophils (C, arrow) and
CD3+ T lymphocytes (D, green). (E and F) Representative immunostaining microphotographs
showed increased TNF-α expression in 12-week Ren2 liver (D, purple, arrows) compared with
the SD control (C). (G) The Bar graph showed hepatic TNF-α mRNA expression standardized
to internal control (GAPDH) expression in 12-week-old Ren2 and SD rats. (H) Representative
immunoblot analyses for C-reactive protein (CRP) with bars representing band densitometry
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in livers obtained from 9- and 12-week-old Ren2 and SD rats. Magnification: A and B, 400×;
C, 1000×; D, 600×; E and F, 100×. The results are means ± SEM for 4–5 rats for each
group, *p < 0.05, Ren2 vs. SD controls.
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Fig. 3.
Assessment of hepatic fibrosis. (A–D) Representative Sirius Red staining showed progressive
hepatic fibrosis in Ren2 livers at age 9 and 12 weeks (red, arrow). Ren2 liver sections (B and
D, red) showed a marked increase of collagen accumulation compared with SD livers (A and
C). (E) RT-PCR showed increased collagen type 1 (α1) mRNA expression in Ren2 livers
compared with SD controls at 12 weeks of age. Magnification 100×. The results are means ±
SEM for 4–5 rats for each group, *p < 0.05, Ren2 vs. SD controls.
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Fig. 4.
Assessment of hepatic apoptosis and hepatic oxidative stress. (A) Representative TUNEL
staining showed increased apoptotic cells in Ren2 liver sections compared with SD controls at
age 12 weeks (red for apoptotic nuclei; blue for nuclear stained with DAPI). (B) The bars
represented the ratio of TUNEL-positive/negative as counted at five random fields in liver
sections obtained from 12-week-old Ren2 and SD rats. (C) ROS were detected by the lucigenin
assay as described in 2; there was significant increase in the ROS formation in the Ren2 livers
compared with SD controls at ages of 9 and 12 weeks. (D) Oxidative stress marker 4-HNE
detected by Western blot, the bar graphs represented band densitometries at ages of 9 and 12
weeks. (E) Representative immunofluorescent photomicrographs for oxidative stress marker
4-HNE (red) showed increased staining intensity in Ren2 livers compared with SD controls at
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age 12 weeks. The results are means ± SEM for 4–5 rats for each group, *p < 0.01, Ren2 vs.
SD controls. Magnification: 400×.
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Fig. 5.
Measurement of NADPH oxidase activity and expression. (A) NADPH oxidase activity was
significantly increased in Ren2 livers compared with SD, treatment with valsartan attenuated
the enzyme activity. (B) Representative immunofluorescent photomicrographs for NADPH
oxidase subunit gp91, p47 and Rac1 expression (red) showed increased staining intensity in
Ren2 livers compared with SD controls; treatment with valsartan deceased the expression of
gp91, p47 and Rac1. The results are means ± SEM for 6 rats for each group at 12 weeks of
age, *p < 0.05 Ren2 control (RC) (untreated) vs. SD, **p < 0.05 Ren2 valsartan (RV) vs. RC.
Magnification: 400×.
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Fig. 6.
Assessment of hepatic steatosis, fibrosis, and oxidative stress in valsartan-treated, tempol-
treated, and -untreated 12-week-old Ren2 rats: (A) Oxidative stress marker 4-HNE detected
by Western blot, the bars represented band densitometries of hepatic 4-HNE expression. Ren2
values expressed as percentage of the values obtained from control untreated SD rats. (B) RT-
PCR of collagen α1 gene expression standardized to internal GAPDH control in Ren2 livers
compared with SD controls at age 12 weeks. (C) Representative immunofluorescent
photomicrographs for 4-HNE (Red) showed reduced staining intensity in valsartan and tempol-
treated Ren2 rats compared with untreated Ren2 livers (4-HNE panel, red); representative H&E
liver sections showed reduced hepatic steatosis in both valsartan and tempol treatments
compared with untreated Ren2 littermates (H&E panel); representative Sirius Red staining
sections showed reduced hepatic fibrosis in the treated groups for valsartan and tempol
compared with untreated Ren2 littermates (Sirius Red staining panel, red, arrow). The results
are means ± SEM for 4–5 rats for each group, *p < 0.05 Ren2 valsartan or Ren2 tempol vs.
Ren2-untreated. Magnification: 4-HNE and H&E, 400×; Sirius Red, 100×.
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Fig. 7.
Hepatic apoptosis and TNF-α mRNA expression in 12-week-old Ren2 rats treated with
valsartan or tempol. (A) Bars represent the ratio of TUNEL-positive/negative as counted at
five random fields. (B) Bars represent TNF-α mRNA expression by RT-PCR standardized to
internal GAPDH control expression at age 12 weeks. The results are means ± SEM for 4–5
rats for each group, *p < 0.05 Ren2 valsartan or Ren2 tempol vs. Ren2-untreated.
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