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ABSTRACT 

We examined whether Angiotensin II (Ang II) receptor antagonists could be considered as a 

therapeutic strategy in steatotic and non-steatotic livers in conditions of partial hepatectomy 

under ischemia-reperfusion (I/R)-which is commonly applied in clinical practice to reduce blood 

loss. We report that Ang II type I receptor (AT1R) antagonist, but not Ang II type II receptor 

(AT2R) antagonist, increased regeneration  in non-steatotic livers. In the presence of steatosis, 

both AT1R antagonist and AT2R antagonist increased liver regeneration. This effect was 

stronger when the two were combined. Neither of the Ang II receptor antagonists protected non-

steatotic livers against damage. Only AT1R antagonist, through NO inhibition, reduced damage 

in steatotic livers. The combination of AT1R antagonist and AT2R antagonist in steatotic livers 

conferred a similar degree of protection to AT1R antagonist alone. Herein we show that p38 was 

a key mechanism in the regeneration induced by the Ang II receptor antagonists in both liver 

types, since when this signalling pathway was inhibited, the beneficial effects of the Ang II 

receptor antagonists on liver regeneration disappeared, regardless of HGF or TGF-β hepatic 

levels. In conclusion, in conditions of partial hepatectomy under I/R, AT1R antagonist for non-

steatotic livers and AT1R antagonist and AT2R antagonist for steatotic livers improved 

regeneration in the remnant liver through p38 activation. In addition, the combination of AT1R 

antagonist and AT2R antagonist in steatotic livers lead to stronger liver regeneration than either 

antagonists used separately, and also provided the same protection against damage as that 

afforded by AT1R antagonist alone. 
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INTRODUCTION 

In clinical situations, partial hepatectomy under ischemia-reperfusion (I/R) is usually performed 

to control bleeding during parenchymal dissection (Dixon et al., 2005). Hepatic steatosis, a 

major risk factor for liver surgery, has been associated with increased complication index and 

postoperative mortality following major liver resection (McCormack et al., 2007). Steatotic 

livers show impaired regenerative response and reduced tolerance to hepatic injury compared 

with non-steatotic ones in conditions of partial hepatectomy under I/R (Behrns et al., 1998; 

Veteläinen et al., 2007). A further increase in the prevalence of steatosis in hepatic surgery is to 

be expected (Nocito et al., 2006). These observations highlight the need to develop protective 

strategies for steatotic livers in conditions of partial hepatectomy under I/R.  

A number of studies suggest that a local renin-angiotensin system (RAS) is present in the liver 

which exerts blood pressure-independent actions, including effects on hepatocellular 

proliferation and damage (Ramalho et al., 2002; Guo et al., 2004; Yayama et al., 2007; Casillas-

Ramirez et al., 2008). Two studies on partial hepatectomy without I/R gave opposite results on 

the effect of Angiotensin II (Ang II) receptor antagonists on liver regeneration (Ramalho et al., 

2002; Yayama et al., 2007). Other studies on I/R without partial hepatectomy reported beneficial 

effects of Ang II receptor antagonists on hepatic damage (Guo et al., 2004; Casillas-Ramirez et 

al., 2008). The effect of Ang II receptor antagonists on liver regeneration and damage in 

conditions of partial hepatectomy under I/R has not been examined. It should be borne in mind 

that the effectiveness of Ang II receptor antagonists on hepatic regeneration and damage could 

be different depending on the surgical conditions evaluated. Indeed, it has been reported that 

gadolinium chloride treatment protected against hepatic damage in conditions of I/R without 

hepatectomy and improved liver regeneration after partial hepatectomy without I/R (Rai et al., 

1996; Suzuki et al., 1997). However, the same drug had injurious effects on hepatic damage and 
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impaired liver regeneration in conditions of partial hepatectomy under I/R (Watanabe et al., 

2000).  

In the light of these considerations, we examined whether Ang II receptor antagonists could be 

considered as a therapeutic strategy in steatotic and non-steatotic livers in conditions of partial 

hepatectomy under I/R. In an attempt to explain the effects of Ang II receptor antagonists on 

regeneration and damage in both liver types under conditions of partial hepatectomy under I/R, 

we focused on p38 mitogen-activated protein kinase (p38) and nitric oxide (NO). This approach 

was based on: a) numerous studies indicating that changes in p38 activity and NO generation are 

one of the earliest events in the hepatic regenerative response (Hortelano et al., 1995; Spector et 

al., 1997; Carnovale et al., 2000; Hsu et al., 2006); b) the involvement of NO in hepatic damage 

in conditions of partial hepatectomy under I/R (Kukita et al., 2005); and c) studies in the heart 

indicating that Ang II blockers could modulate p38 and NO (Wei et al., 2000; Kajihara et al., 

2005).      
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METHODS 

Experimental animals. Homozygous (obese, Ob) and heterozygous (lean, Ln) Zucker rats 

(Iffa-Credo, France), aged 16-18 weeks, were used in the experiments. Ob Zucker rats showed 

severe macrovesicular and microvesicular fatty infiltration in hepatocytes (60%-70% steatosis). 

Ln Zucker rats showed no evidence of steatosis. This study complied with European Union 

regulations (Directive 86/609 EEC) on animal experiments. 

Surgical procedure. To achieve the aims of the present study we used a well characterized 

model of partial hepatectomy under vascular occlusion, as described below (Selzner et al., 

1999). Although I/R and partial hepatectomy are likely to affect one on another (Clavien et al., 

2003), examination of this issue was not the purpose of the present study. Therefore 

comparisons between experimental models of partial hepatectomy without vascular occlusion 

and experimental models of partial hepatectomy under vascular occlusion were not performed. 

In the present study, a rat model of partial (70%) hepatectomy (PH) under 60 minutes of 

ischemia was examined (Selzner et al., 1999). A vascular occlusion of 60 minutes is currently 

used in liver surgery (Huguet et al., 1992; Clavien et al., 2003). After anesthesia with 

isofluorane and resection of left hepatic lobe, a microvascular clamp was placed for 60 minutes 

across the portal triad supplying the median lobe (30%). Congestion of the bowel was avoided 

during the clamping period by preserving the portal flow through the right and caudate lobes. At 

the end of ischemia time, the right lobe and caudate lobes were resected, and reperfusion of the 

median lobe was achieved by releasing the clamp.   

Experimental design. The animals were divided at random into eleven experimental groups 

(Table 1). The experimental treatments and the measurements are listed in Table 1. The 

following drugs were administered: Ang II type I receptor (AT1R) antagonist losartan [2 butyl-

4-chloro-1-[p-(o-1H-tetrazol-5-ylphenyl) benzyl] imidazole-5-methanol monopotassium salt] 
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(Ramalho et al., 2002; Guo et al., 2004), Ang II type II receptor (AT2R) antagonist PD123319 

[S-(+)-1-([4-(dimethylamino)-3-methylphenyl]methyl)-5-(diphenylacetyl)-4,5,6,7-tetrahydro-

1H-imidazo(4,5-c)pyridine-6-carboxylic acid] (Gohlke et al., 1998; Casillas-Ramirez et al., 

2008), NO donor spermine NONOate [N-(2-aminoethyl)-N-(2-hydroxy-2-nitrosohydrazino)-

1,2-ethylenediamine] (Peralta et al., 2001; Serafín et al., 2002), p38 inhibitor SB203580 [4-(4-

fluorophenyl)-2-(4-methylsulfinylphenyl)-5-(4-pyridyl)-1H-imidazole] (Zhao et al., 2001; 

Massip-Salcedo et al., 2006). The dose and the pretreatment times of the different drugs used in 

the present study were selected on basis of previous dose-response studies (Gohlke et al., 1998; 

Peralta et al., 2001; Zhao et al., 2001; Ramalho et al., 2002; Serafín et al., 2002; Guo et al., 

2004; Massip-Salcedo et al., 2006; Casillas-Ramirez et al., 2008) and preliminary studies from 

our group. Control experiments were performed with the vehicles used for the different drugs: 

saline for losartan and PD123319, phosphate-buffered saline for spermine NONOate and 

dimethylsulfoxide for SB203580. Under our conditions, the vehicles used did not modify the 

postsurgical outcomes. These drugs did not significantly affect systolic blood pressure, which 

was measured by a non-invasive tail-cuff method (Pressure Meter LE5001, Panlab, Spain). 

Plasma and liver samples corresponding to all experimental groups were collected at 24 hours of 

reperfusion.  

Reverse transcription and real time PCR. Quantitative real-time PCR analysis was performed 

using the Assays-on-Demand TaqMan probes [Rn00593114_m1 for angiotensinogen, 

Rn00561094_m1 for angiotensin-converting enzyme (ACE), Rn00578456_m1 for AT1R, 

Rn00560677_s1 for AT2R, and Rn00667869_m1 for β-Actin] (Applied Biosystems, USA). The 

TaqMan gene expression assay was performed according to the manufacturer's protocol 

(Applied Biosystems).  
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Western blotting of NOS and p38-MAPK. This was done as described elsewhere (Carrasco-

Chaumel et al., 2005; Massip-Salcedo et al., 2006), using the following antibodies: constitutive 

and inducible nitric oxide synthase (cNOS, iNOS) (Transduction Laboratories, Lexington. KY), 

total p38 and phosphorylated p38 (Cell Signalling Technology Inc., Beverly, MA) and β-Actin 

(Sigma Chemical, St. Louis, MO). The bands were visualized using an enhanced 

chemiluminescence kit (Bio-Rad Laboratories, Hercules, CA). The values were obtained by 

densitometric scanning and the Quantity One software program. The scanning values for cNOS 

and iNOS were divided by the scanning values for β-Actin, and those for phosphorylated p38 by 

the total p38. 

Biochemical Determinations. Alanine aminotransferase (ALT), hepatocyte growth factor 

(HGF), total and active transforming growth factor beta (TGF-β), Ang II, malondialdehyde 

(MDA), nitrite and nitrate and nitrotyrosine levels (as an index of peroxynitrite) were measured 

as described elsewhere (Carrasco-Chaumel et al., 2005; Franco-Gou et al., 2006; Casillas-

Ramirez et al., 2008). 

Assessment of hepatocyte proliferation. Hepatic proliferation was assessed in liver biopsies by 

measurement of mitotic index in H&E-stained sections and S phase cell percentage in sections 

stained for proliferating cell nuclear antigen (PCNA) (Selzner et al., 1999; Franco-Gou et al., 

2006). Data are expressed as the percentage of mitotic hepatocytes and PCNA-stained 

hepatocytes per total number of hepatocytes in 30 high-power fields. 

Histology and Red-Oil Staining. H&E-stained sections were evaluated by a point-counting 

method using an ordinal scale (Serafín et al., 2002). Steatosis in liver was evaluated by red-oil 

staining on frozen specimens, according to standard procedures. 

Statistics. Data are expressed as means ± SE and were compared statistically by variance 

analysis, followed by the Student-Newman-Keuls test. P < 0.05 was considered significant. 
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RESULTS  

Ang II levels were higher in steatotic and non-steatotic livers of the PH+I/R group than in the 

Sham group (Fig. 1A). Ang II levels were markedly higher in steatotic livers. This is consistent 

with the finding that the expression of angiotensinogen (Ang II precursor) and ACE (Ang II 

generating enzyme) was higher in steatotic than in non-steatotic livers (Fig. 1B). The expression 

of AT1R increased in both liver types from the PH+I/R group with respect to the Sham group 

(Fig. 1B). AT1R expression was higher in steatotic livers. The expression of AT2R increased 

only in steatotic livers from the PH+I/R group, compared to the results of the Sham group.   

Effects of Ang II receptor antagonists on hepatic regeneration and damage   

AT1R antagonist, but not AT2R antagonist, increased the number of PCNA-positive 

hepatocytes and the mitotic index in non-steatotic livers compared with the PH+I/R group (Fig. 

2A), indicating that Ang II impaired liver regeneration through AT1R in this type of liver. In the 

presence of steatosis, both AT1R antagonist and AT2R antagonist increased liver regeneration 

compared with the PH+I/R group, indicating that Ang II impaired steatotic liver regeneration 

through both Ang II receptors (Figs. 2A). Given these results, we evaluated the effect of the 

combination of both Ang II receptor antagonists on regeneration in steatotic liver. The increase 

in the parameters of hepatic proliferation was stronger in AT1R antagonist+AT2R antagonist 

group than that caused by either antagonist separately (Fig. 2A). Photomicrographs of PCNA 

from the main groups in both liver types are shown in Fig. 3. Neither of the Ang II receptor 

antagonists protected non-steatotic livers against damage, since ALT levels and grade 3 necrosis 

in AT1R antagonist and AT2R antagonist groups were similar to those of the PH+I/R group 

(Fig. 2B). Thus, in our conditions Ang II is not the mechanism responsible of inducing damage 

in non-steatotic livers. Only AT1R antagonist reduced damage in steatotic livers when 

compared with the PH+I/R group, indicating that Ang II through AT1R damaged the remnant 
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steatotic liver. Thus, AT1R antagonist+AT2R antagonist conferred a similar degree of 

protection to AT1R antagonist alone (Fig. 2B). The histological study of non-steatotic livers 

from the PH+I/R group showed extensive and multifocal areas of coagulative necrosis and 

neutrophil infiltration, randomly distributed throughout the parenchyma (Fig. 4). AT1R 

antagonist led to histological lesions in non-steatotic livers that were similar to those of the 

PH+I/R group. The histological study of steatotic livers from the PH+I/R group showed severe, 

very extensive and confluent areas of coagulative necrosis with neutrophil infiltration (Fig. 4). 

AT1R antagonist+AT2R antagonist reduced the extent and number of necrotic areas in steatotic 

livers.  

Preliminary studies from our group demonstrated that the dose and the pre-treatment times of 

Ang II receptor antagonists used in the present study were the most effective for protecting 

against damage and for enhancing liver regeneration in both liver types in conditions of partial 

hepatectomy under I/R.  

Protective mechanisms of Ang II receptor antagonist on hepatic regeneration and damage    

Given that NO and p38 are involved in the hepatic regenerative response (Hortelano et al., 1995; 

Spector et al., 1997; Carnovale et al., 2000; Hsu et al., 2006), we evaluated whether the 

beneficial effects of Ang II receptor antagonists on liver regeneration (AT1R antagonist for non-

steatotic livers and both Ang II receptor antagonists for steatotic ones) could be explained by 

changes in NO and p38.  

Our results indicated that NO was not responsible for the beneficial effects of Ang II receptor 

antagonists on regeneration in either type of liver. In fact, AT1R antagonist for non-steatotic 

livers resulted in NO generation (cNOS, iNOS and nitrate and nitrite levels) similar to the 

PH+I/R group (Fig. 5A). In the presence of steatosis, AT1R antagonist reduced NO generation 

(cNOS, iNOS and nitrate and nitrite levels) when compared with the PH+I/R group (Fig. 5A) 
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but this did not affect liver regeneration. In fact, as shown in Fig. 5B, AT1R antagonist and 

AT1R antagonist+NO had similar effects on liver regeneration in steatotic livers. As AT2R 

antagonist did not modify NO generation in steatotic livers when compared with the PH+I/R 

group (Fig. 5A), the reduction in NO generation induced by AT1R antagonist+AT2R antagonist 

was due to AT1R antagonist alone. Next, we examined the relevance of NO inhibition induced 

by AT1R antagonist in steatotic livers. Given the injurious effects of NO in the remnant liver in 

conditions of partial hepatectomy under I/R previously reported (Kukita et al., 2005), we 

hypothesized that in our conditions NO inhibition induced by AT1R antagonist could explain 

the beneficial effects of this strategy on damage in steatotic livers. Herein we showed that the 

reduction in NO generation induced by AT1R antagonist in steatotic livers (Fig. 5A) was 

associated with lower MDA and nitrotyrosine levels (Fig. 6A), which was consistent with the 

reduction in peroxynitrite levels in steatotic livers. Conversely, AT1R antagonist+NO abolished 

the beneficial effects of AT1R antagonist on oxidative stress (Fig. 6A) and hepatic injury (Fig. 

6B).  

Our results indicated the key role of p38 in the beneficial effects of Ang II receptor antagonists 

on regeneration in both liver types. All treatments that improved liver regeneration in either type 

of liver (AT1R antagonist for non-steatotic livers and both Ang II receptor antagonists for 

steatotic ones) raised phosphorylated p38 levels compared with the PH+I/R group (Fig. 7A). 

Similarly to the parameters of liver regeneration, the increase in phosphorylated p38 activity in 

steatotic livers was stronger in AT1R antagonist+AT2R antagonist group than that obtained by 

either antagonist separately (Fig. 7A). Total p38 was unchanged in all groups (Fig. 7A). In non-

steatotic livers, AT1R antagonist+p38 inhibitor resulted in parameters of liver regeneration 

similar to those of the PH+I/R group (Fig. 7B). Thus, the benefits of AT1R antagonist on liver 

regeneration in non-steatotic livers were abolished when p38 was inhibited. The key role of p38 
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in the beneficial effects of Ang II receptor antagonists on regeneration was also evidenced in 

steatotic livers. For instance, AT1R antagonist+AT2R antagonist+p38 inhibitor resulted in 

parameters of liver regeneration in steatotic livers similar to those of the PH+I/R group (Fig. 

7B).  

In addition to p38, liver regeneration may be controlled by growth factors. HGF is a potent 

mitogen, whereas TGFβ has been considered as the main inhibitor of hepatocyte proliferation 

(Fausto et al., 1995). Our results indicated that in non-steatotic livers AT1R antagonist (which 

improved liver regeneration) resulted in HGF and active TGFβ levels that were similar to those 

of PH+I/R group (Fig. 8). In the presence of steatosis, both Ang II receptor antagonists, 

separately or in combination (which improved liver regeneration) increased HGF and reduced 

active TGF-β levels with respect to the PH+I/R group (Fig. 8). Total hepatic TGF-β levels were 

similar in all groups (data not shown). Our results indicated that, when p38 was inhibited, the 

beneficial effects of AT1R antagonist and AT2R antagonist on liver regeneration in steatotic 

livers disappeared despite the presence of high HGF levels and reduced TGF-β. Thus, AT1R 

antagonist+AT2R antagonist+p38 inhibitor resulted in parameters of liver regeneration in 

steatotic livers that were similar to those of the PH+I/R group (Fig. 7B), and higher HGF and 

lower TGF-β levels compared with the PH+I/R group (Fig. 8). In summary, p38 is a key 

mechanism in the liver regeneration induced by the Ang II receptor antagonists in both liver 

types, since when this signalling pathway was inhibited, the beneficial effects of the Ang II 

receptor antagonists on liver regeneration disappeared, regardless of HGF or TGF-β hepatic 

levels.   
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DISCUSSION 

Herein we show that in conditions of partial hepatectomy under I/R, AT1R antagonist for non-

steatotic livers and AT1R antagonist and AT2R antagonist for steatotic-ones improved 

regeneration in the remnant liver. The combination of AT1R antagonist and AT2R antagonist in 

steatotic livers showed stronger liver regeneration than either antagonist used separately, and 

also provided the same protection against damage as that afforded by AT1R antagonist alone. 

These results could be of clinical interest in liver surgery.  

The loss of protection of Ang II receptor antagonists against damage in our conditions (only 

AT1R antagonist protected steatotic liver against damage) when compared with the study of I/R 

without hepatectomy (in which both Ang II receptor antagonists reduced damage in both liver 

types) (Casillas-Ramirez et al., 2008) could not be explained by differences in the dose or 

frequency of drug administration, but rather, by the different surgical conditions. In the model of 

I/R without hepatectomy (Casillas-Ramirez et al., 2008) the blood supply to the left and median 

liver lobes (70% of hepatic mass) was interrupted and the other hepatic lobes remained intact. 

However, in the conditions evaluated herein only blood supply to the remnant liver (30% of 

hepatic mass) was interrupted and the other hepatic lobes were excised. Compared with the 

study of I/R without hepatectomy (Casillas-Ramirez et al., 2008), in our conditions there are two 

main differences, the percentage of hepatic mass that is deprived of blood supply, and hepatic 

resection. It is well known that the mechanisms of hepatic damage are different depending on 

the percentage of hepatic mass that is deprived of blood supply (Chaudry et al., 1982; Hayashi et 

al., 1986; Massip-Salcedo et al., 2007). Additionally, the inherent mechanisms of hepatic 

damage derived from the massive removal of hepatic mass should be considered (Kamiyana et 

al., 1976; Kurokawa et al., 1991; Watanabe et al., 2000). This may explain, at least partially, 
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why the same drug, such as an Ang II receptor antagonist may show differential effect on 

hepatic injury depending on surgical conditions.    

In our conditions, the NO generation after partial hepatectomy was associated with a marked 

increase in iNOS and cNOS protein levels. The upregulation of cNOS expression is surprising, 

given the fact that this protein is considered relatively constitutive and mostly regulated at the 

level of cofactor supply (Förstermann et al., 1998). Nevertheless, it has been reported that cNOS 

is not only regulated at the level of its enzymatic activity but also at the level of the protein 

expression, and that different factors (including shear stress) induce a marked increase in cNOS 

expression (Nadaud et al., 1996; Tazi et al., 2002). This could occur in our conditions, since it is 

well known that alteration in the hepatic blood flow in the remnant liver caused by I/R injury 

and the massive removal of hepatic mass lead to shear stress (Pannen,  2002; Schoen and Lautt, 

2002). Clinical and experimental studies revealed the injurious effects of NO on damage in the 

remnant liver in conditions of partial hepatectomy under I/R, whereas the role of NO in liver 

regeneration was not assessed (Kukita et al., 2005). Our results indicated that NO is not 

responsible for the beneficial effects on liver regeneration induced by either Ang II receptor 

antagonists in either liver type. In non steatotic livers, AT1R antagonist improved liver 

regeneration but did not modify NO generation. In the presence of steatosis, only AT1R 

antagonist reduced NO generation, but NO donor administration did not modify the beneficial 

effects of AT1R antagonist on regeneration in this type of liver. On the other hand, AT1R 

antagonist, through NO inhibition, protected steatotic livers against oxidative stress and damage. 

This indicated the key role of NO in the beneficial effects of AT1R antagonist on damage in 

steatotic livers. 

In conditions of partial hepatectomy under I/R, p38 was a key mechanism for the liver 

regeneration induced by Ang II receptor antagonists in both liver types. Thus, strategies that 
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increased p38 (AT1R antagonist for non-steatotic livers and both Ang II receptor antagonists for 

steatotic ones) improved liver regeneration. In addition, when p38 was inhibited, the beneficial 

effects of Ang II antagonists on liver regeneration disappeared. In addition to p38, liver 

regeneration may be controlled by growth factors that promote or inhibit liver regeneration 

(Fausto et al., 1995). Our results suggest a minor role of HGF and TGF-β in the beneficial 

effects of Ang II receptor antagonists on liver regeneration in non-steatotic livers in conditions 

of partial hepatectomy under I/R. In the presence of steatosis, when p38 was inhibited, the 

beneficial effects of Ang II receptor antagonists on liver regeneration disappeared despite the 

presence of high HGF levels and reduced TGF-β. Consequently, HGF and TGF-β may not play 

a role in the benefits of these Ang II receptor antagonists on liver regeneration in steatotic livers. 

An alternative hypothesis is that these growth factors are upstream of p38, and that they are 

unmodified when p38 is inhibited or activated. Further studies will be required to clarify this.  

In summary, in conditions of hepatectomy under I/R, AT1R antagonist for non-steatotic livers 

and AT1R antagonists and AT2R antagonists for steatotic-ones trigger p38 activation in the 

remnant liver intended to favour cell growth. In addition, the combination of AT1R antagonist 

and AT2R antagonist in steatotic livers lead to stronger liver regeneration than either antagonist 

used separately, and also provided the same protection against damage as that afforded by AT1R 

antagonist alone.   
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LEGENDS FOR FIGURES 

Fig. 1. RAS in partial hepatectomy under I/R. A) Angiotensin II levels and B) angiotensinogen, 

ACE, AT1R and AT2R mRNA expression were measured in both liver types. PCR fluorescent 

signals for angiotensinogen, ACE, AT1R and AT2R were standardized to PCR fluorescent 

signals obtained from an endogenous reference (β-Actin). Comparative and relative 

quantifications of angiotensinogen, ACE, AT1R and AT2R gene products normalized to β-Actin 

and control Sham group were calculated by the 2-ΔΔCT method. *P < 0.05 versus Sham; +P < 0.05 

versus PH+I/R.  

Fig. 2. Effect of Ang II receptor antagonists on hepatic regeneration and damage. A) % PCNA 

positive hepatocytes and % mitotic hepatocytes were analysed in both liver types. B) ALT levels 

and grade 3 necrosis were analysed in plasma and both liver types respectively. *P < 0.05 versus 

Sham; +P < 0.05 versus PH+I/R.  

Fig. 3. Immunohistochemical staining of PCNA-positive hepatocytes. In non-steatotic livers: 

Sham showed no PCNA-positive hepatocytes and PH+I/R showed lower positive cell numbers 

than AT1R antagonist. In steatotic livers: Sham showed no PCNA-positive hepatocytes and 

PH+I/R showed lower positive cell numbers than AT1R antagonist+AT2R antagonist (bar = 200 

μm).  

Fig. 4. Histological lesions. In non-steatotic livers: Sham showed no hepatic lesions, PH+I/R 

showed extensive areas of coagulative hepatic necrosis with neutrophil infiltration, and AT1R 

antagonist showed hepatic lesions similar to PH+I/R. In steatotic livers, Sham showed no 

hepatic lesions, PH+I/R showed  very extensive and confluent areas of coagulative necrosis with 

neutrophil infiltration, and AT1R antagonist+AT2R antagonist showed extensive areas of 

coagulative hepatic necrosis with neutrophil infiltration (H&E, bar=200 μm). 
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Fig. 5. Role of NO in the beneficial effects of Ang II receptor antagonists on liver regeneration. 

A) Protein levels of cNOS and iNOS and nitrite and nitrate levels were measured in both liver 

types. At the top of densitometric analysis, representative Western blot of cNOS and iNOS with 

β-actin as loading control are shown. B) % PCNA positive hepatocytes and % mitotic 

hepatocytes were analysed in steatotic livers. *P < 0.05 versus Sham; +P < 0.05 versus PH+I/R.  

Fig. 6. Role of NO in the beneficial effects of Ang II receptor antagonists on hepatic damage.  

A) MDA and nitrotyrosine levels were measured in steatotic livers. B) ALT and grade 3 

necrosis were analysed in plasma and steatotic livers respectively. *P < 0.05 versus Sham, +P < 

0.05 versus PH+I/R. 

Fig. 7. Role of p38 in the beneficial effects of Ang II receptor antagonists on liver regeneration. 

A) Phosphorylated p38 protein levels were measured in both liver types. At the top of the 

densitometric analysis of phosphorylated p38, representative Western blot of phosphorylated 

p38 and total p38 as loading control are shown. B) % PCNA positive hepatocytes and % mitotic 

hepatocytes were analysed in both liver types. *P < 0.05 versus Sham, +P < 0.05 versus PH+I/R. 

Fig. 8. Involvement of growth factors in the beneficial effects of Ang II receptor antagonists on 

liver regeneration. HGF and active TGF-β levels were measured in both liver types. *P < 0.05 

versus Sham, +P < 0.05 versus PH+I/R. 

 

 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on December 30, 2008 as DOI: 10.1124/jpet.108.147835

 at A
SPE

T
 Journals on M

ay 23, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #147835 

 27

TABLE 1. Experimental design of the current study.  

The table shows the experimental groups, treatments, measurements and drug administration protocol 

of the current study. Ln, Lean rats; Ob, Obese rats; PH+I/R, partial hepatectomy under ischemia-

reperfusion; AT1R, angiotensin II type-I receptor; AT2R, angiotensin II type-II receptor; NO, nitric 

oxide; p38 mitogen-activated protein kinase, p38. 

 
Groups Interventions 

 

1. Sham (n=12, 6 Ln and 6 Ob)  

2. PH+I/R (n=12, 6 Ln and 6 Ob) 

3. AT1R antagonist (n=12, 6 Ln and 6 Ob)  

4. AT2R antagonist (n=12, 6 Ln and 6 Ob)  

5. AT1R antagonist+AT2R antagonist (n=6 Ob) 

6. AT1R antagonist+NO (n=6 Ob)  

7. AT1R antagonist+p38 inhibitor (n=6 Ln )  

8. AT1R antagonist+AT2R antagonist+p38 

inhibitor (n= 6 Ob)                           

 

 

Hepatic helium vessels of Ln and Ob animals were dissected. 

Ln and Ob animals were subjected to partial hepatectomy under I/R. 

As in group 2, but treated with an AT1R antagonist.   

As in group 2, but treated with an AT2R antagonist. 

As in group 2, but treated with an AT1R antagonist and an AT2R antagonist. 

As in group 2, but treated with an AT1R antagonist and a NO donor. 

As in group 2, but treated with an AT1R antagonist and a p38 inhibitor. 

As in group 2, but treated with an AT1R antagonist, an AT2R and a p38 

inhibitor. 

Drug Administration Protocol 

Drug Dose and pre-treatment times 

 

AT1R antagonist 

AT2R antagonist 

NO 

p38 inhibitor 

 

Losartan 

PD123319 

Spermine NONOate 

SB203580 

 

5 mg/kg, orally 24 and 1.5 hours before the surgical procedure 

30 mg/kg, i.v. 5 minutes before the surgical procedure 

10 mg/kg, i.v. 5 minutes before the surgical procedure 

1 mg/kg, i.p. 24 hours before the surgical procedure 

Measurements 

 

Liver:  Ang II levels; gene expression of angiotensinogen, ACE, AT1R and AT2R; histology, PCNA and mitotic index; protein 

expression of cNOS, iNOS and β-Actin, and nitrites/nitrates levels; MDA and nitrotyrosine levels; protein expression of total and 

phosphorylated p38; HGF and TGF-β levels. Plasma: Transaminase levels.  
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