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ABSTRACT

We examined whether angiotensin (Ang) Il receptor antagonists
could be considered a therapeutic strategy in steatotic and non-
steatotic livers in conditions of partial hepatectomy under isch-
emia-reperfusion (I/R), which is commonly applied in clinical prac-
tice to reduce blood loss. We report that Ang Il type | receptor
(AT1R) antagonist, but not Ang Il type Il receptor (AT2R) antago-
nist, increased regeneration in nonsteatotic livers. In the presence
of steatosis, both AT1R and AT2R antagonists increased liver
regeneration. This effect was stronger when the two were com-
bined. Neither of the Ang Il receptor antagonists protected non-
steatotic livers against damage. Only the AT1R antagonist,
through nitric oxide inhibition, reduced damage in steatotic livers.
The combination of the AT1R and AT2R antagonists in steatotic
livers conferred a similar degree of protection to AT1R antagonist

alone. Herein, we show that p38 mitogen-activated protein kinase
(p38) was a key mechanism in the regeneration induced by the
Ang Il receptor antagonists in both liver types because when this
signaling pathway was inhibited, the beneficial effects of the Ang
Il receptor antagonists on liver regeneration disappeared, regard-
less of hepatocyte growth factor or transforming growth factor
B-hepatic levels. In conclusion, in conditions of partial hepatec-
tomy under I/R, the AT1R antagonist for nonsteatotic livers and
the AT1R and AT2R antagonists for steatotic livers improved
regeneration in the remnant liver through p38 activation. In addi-
tion, the combination of the AT1R and AT2R antagonists in stea-
totic livers led to stronger liver regeneration than either antagonists
used separately and also provided the same protection against
damage as that afforded by AT1R antagonist alone.

In clinical situations, partial hepatectomy under ischemia-
reperfusion (I/R) is usually performed to control bleeding
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during parenchymal dissection (Dixon et al., 2005). Hepatic
steatosis, a major risk factor for liver surgery, has been
associated with increased complication index and postopera-
tive mortality after 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; Veteldinen et al., 2007). A further in-
crease in the prevalence of steatosis in hepatic surgery is to

ABBREVIATIONS: I/R, ischemia-reperfusion; Ang, angiotensin; p38, p38 mitogen-activated protein kinase; NO, nitric oxide; Ob, obese; Ln, lean; PH,
partial hepatectomy; AT1R, Ang Il type | receptor; losartan, 2 butyl-4-chloro-1-[p-(0-1H-tetrazol-5-ylphenyl) benzyl] imidazole-5-methanol monopotas-
sium salt; AT2R, Ang Il type Il receptor; PD123319, S-(+)-1-([4-(dimethylamino)-3-methylphenyllmethyl)-5-(diphenylacetyl)-4,5,6,7-tetrahydro-1H-imi-
dazo(4,5-c)pyridine-6-carboxylic acid; spermine NONOate, N-(2-aminoethyl)-N-(2-hydroxy-2-nitrosohydrazino)-1,2-ethylenediamine; SB203580, 4-(4-
fluorophenyl)-2-(4-methylsulfinylphenyl)-5-(4-pyridyl)-1H-imidazole; PCR, polymerase chain reaction; ACE, angiotensin-converting enzyme; cNOS,
constitutive nitric oxide synthase; INOS, inducible nitric oxide synthase; ALT, alanine aminotransferase; HGF, hepatocyte growth factor; TGF, trans-
forming growth factor; MDA, malondialdehyde; H&E, hematoxylin and eosin; PCNA, proliferating cell nuclear antigen.
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TABLE 1
Experimental design of the current study

Ang Il Blockers in Partial Hepatectomy under I/R 131

The table shows the experimental groups, treatments, and measurements of the current study. Measurement: liver, Ang II levels; gene expression of angiotensinogen, ACE,
AT1R, and AT2R; histology, PCNA, and mitotic index; protein expression of ¢cNOS, iNOS, and B-actin and nitrite/nitrate levels; MDA and nitrotyrosine levels; protein
expression of total and phosphorylated p38; HGF and TGF- levels. Plasma: transaminase levels.

Groups

Interventions

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

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

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

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

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

QU WO DN

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.

. AT1R antagonist + NO (n = 6 Ob)

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

. AT1R antagonist + AT2R antagonist + p38
inhibitor (n = 6 Ob)

[ BEN o]

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.

be expected (Nocito et al., 2006). These observations high-
light 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 is present in the liver that exerts blood pressure-
independent actions, including effects on hepatocellular pro-
liferation 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 (Ang) II receptor antago-
nists 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 hepatec-
tomy under I/R has not been examined. It should be consid-
ered that the effectiveness of Ang II receptor antagonists on
hepatic regeneration and damage could be different depend-
ing on the surgical conditions evaluated. It has been reported
that gadolinium chloride treatment protected against hepatic
damage in conditions of I/R without hepatectomy and im-
proved 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 impaired
liver regeneration in conditions of partial hepatectomy under
I/R (Watanabe et al., 2000).

In light of these considerations, we examined whether
Ang II receptor antagonists could be considered as a ther-
apeutic strategy in steatotic and nonsteatotic 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 condi-
tions of partial hepatectomy under I/R, we focused on p38
mitogen-activated protein kinase (p38) and nitric oxide
(NO). This approach was based on: 1) numerous studies

TABLE 2

Experimental design of the current study
This table shows the drug administration protocol of the current study.

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; Car-
novale et al., 2000; Hsu et al., 2006), 2) the involvement of
NO in hepatic damage in conditions of partial hepatectomy
under I/R (Kukita et al., 2005), and 3) studies in the heart
indicating that Ang II blockers could modulate p38 and NO
(Wei et al., 2000; Kajihara et al., 2005).

Materials and Methods

Experimental Animals. Homozygous [obese (Ob)] and heterozy-
gous [lean (Ln)] Zucker rats (Iffa Credo, L’Arbresele, France), 16 to
18 weeks old, were used in the experiments. Ob Zucker rats showed
severe macrovesicular and microvesicular fatty infiltration in hepa-
tocytes (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). Al-
though I/R and partial hepatectomy are likely to affect one on an-
other (Clavien et al., 2003), examination of this issue was not the
purpose of the present study. Therefore, comparisons between exper-
imental 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 min of ischemia was ex-
amined (Selzner et al., 1999). A vascular occlusion of 60 min is
currently used in liver surgery (Huguet et al., 1992; Clavien et al.,
2003). After anesthesia with isoflurane and resection of left hepatic
lobe, a microvascular clamp was placed for 60 min 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 12
experimental groups (Tables 1 and 2). The experimental treatments

Drug Administration Protocol

Drug

Dose and Pretreatment Times

ATI1R antagonist Losartan

AT2R antagonist PD123319

NO Spermine NONOate
p38 inhibitor SB203580

5 mg/kg orally, 24 and 1.5 h before the surgical procedure
30 mg/kg i.v., 5 min before the surgical procedure

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

1 mg/kg i.p., 24 h before the surgical procedure
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and the measurements are listed in Table 1. The following drugs were
administered: the Ang II type I receptor (AT1R) antagonist losartan
(Ramalho et al., 2002; Guo et al., 2004), the Ang II type II receptor
(AT2R) antagonist PD123319 (Gohlke et al., 1998; Casillas-Ramirez et
al., 2008), the NO donor spermine NONOate (Peralta et al., 2001;
Serafin et al., 2002), and the p38 inhibitor SB203580 (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 the basis
of previous dose-response studies (Gohlke et al., 1998; Peralta et al.,
2001; Zhao et al., 2001; Ramalho et al., 2002; Serafin et al., 2002; Guo
et al., 2004; Massip-Salcedo et al., 2006; Casillas-Ramirez et al., 2008)
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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 noninvasive tail-cuff method (Pressure Meter LE5001; Panlab,
S.L., Barcelona, Spain). Plasma and liver samples corresponding to all
experimental groups were collected at 24 h of reperfusion.

Reverse Transcription and Real-Time PCR. Quantitative real-
time PCR analysis was performed using the Assays-on-Demand Tag-

Fig. 1. The renin-angiotensin system in par-
tial hepatectomy under I/R. Angiotensin II
levels (A) and angiotensinogen, ACE, AT1R,
and AT2R mRNA expression (B) were mea-
sured in both liver types. PCR fluorescent
signals for angiotensinogen, ACE, AT1R, and

104
AT2R were standardized to PCR fluorescent
signals obtained from an endogenous refer-
ence (B-actin). Comparative and relative
5 quantifications of angiotensinogen, ACE,
ATI1R, and AT2R gene products normalized
* to B-actin and control Sham group were cal-
culated by the 2 22Ct method. *, P < 0.05
0- 0 versus Sham; +, P < 0.05 versus PH + I/R.
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Fig. 2. Effect of Ang II receptor antagonists on hepatic regeneration and damage. A, percentage PCNA-positive hepatocytes and percentage mitotic
hepatocytes were analyzed in both liver types. B, ALT levels and grade 3 necrosis were analyzed in plasma and both liver types, respectively. #, P <

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

Man probes [Rn00593114_m1 for angiotensinogen, Rn00561094_m1 for
angiotensin-converting enzyme (ACE), Rn00578456_m1 for ATIR,
Rn00560677_s1 for AT2R, and Rn00667869_m1 for B-actin] (Applied
Biosystems, Foster City, CA). The TagMan gene expression assay
was performed according to the manufacturer’s protocol (Applied
Biosystems).

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 nitric oxide
synthase (cNOS) and inducible nitric oxide synthase (iNOS) (Trans-
duction Laboratories, Lexington. KY), total p38 and phosphorylated
p38 (Cell Signaling Technology Inc., Danvers, MA), and B-actin
(Sigma-Aldrich, St. Louis, MO). The bands were visualized using an
enhanced chemiluminescence kit (Bio-Rad, Hercules, CA). The val-
ues 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 B-actin and those for phosphory-
lated p38 by the total p38.

Biochemical Determinations. Alanine aminotransferase
(ALT), hepatocyte growth factor (HGF), total and active trans-
forming growth factor (TGF) B, Ang II, malondialdehyde (MDA),
nitrite and nitrate, and nitrotyrosine levels (as an index of per-
oxynitrite) 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 prolifera-
tion 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 num-
ber of hepatocytes in 30 high-power fields.
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Histology and Red-Oil Staining. H&E-stained sections were
evaluated by a point-counting method using an ordinal scale (Serafin
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 + S.E. and were com-
pared statistically by variance analysis, followed by the Student-
Newman-Keuls test. P < 0.05 was considered significant.

Results

Ang II levels were higher in steatotic and nonsteatotic
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 was higher in
steatotic than in nonsteatotic livers (Fig. 1B). The expression
of ATIR increased in both liver types from the PH + I/R
group with respect to the Sham group (Fig. 1B). AT1R ex-
pression was higher in steatotic livers. The expression of
AT2R increased only in steatotic livers from the PH + I/R
group, compared with the results of the Sham group.

Effects of Ang II Receptor Antagonists on Hepatic
Regeneration and Damage. The AT1R antagonist, but not
the AT2R antagonist, increased the number of PCNA-posi-
tive hepatocytes and the mitotic index in nonsteatotic livers

Non-steatotic liver

Steatotic liver

compared with the PH + I/R group (Fig. 2A), indicating that
Ang Il impaired liver regeneration through AT1R in this type
of liver. In the presence of steatosis, both the AT1R and AT2R
antagonists increased liver regeneration compared with the
PH + I/R group, indicating that Ang II impaired steatotic
liver regeneration through both Ang II receptors (Fig. 2A).
Given these results, we evaluated the effect of the combina-
tion of both Ang II receptor antagonists on regeneration in
steatotic liver. The increase in the parameters of hepatic
proliferation was stronger in the AT1R antagonist + AT2R
antagonist group than that caused by either antagonist sep-
arately (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 nonsteatotic livers
against damage because ALT levels and grade 3 necrosis in
the AT1R antagonist and AT2R antagonist groups were sim-
ilar to those of the PH + I/R group (Fig. 2B). Thus, in our
conditions, Ang II is not the mechanism responsible for in-
ducing damage in nonsteatotic livers. Only the AT1R antag-
onist reduced damage in steatotic livers compared with the
PH + I/R group, indicating that Ang II, through AT1R, dam-
aged the remnant steatotic liver. Thus, the AT1R antagonist
+ AT2R antagonist conferred a similar degree of protection
to the AT1R antagonist alone (Fig. 2B). The histological

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 num-
bers than AT1R antagonist. In stea-
totic livers, Sham showed no PCNA-
positive hepatocytes, and PH + I/R
showed lower positive cell numbers
than AT1R antagonist + AT2R antag-
onist (bar, 200 pm).
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study of nonsteatotic 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). The AT1R antagonist led to histological
lesions in nonsteatotic 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 infil-
tration (Fig. 4). The 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 pretreatment times of Ang II receptor
antagonists used in the present study were the most effective
for protecting against damage and for enhancing liver regen-
eration in both liver types in conditions of partial hepatec-
tomy under I/R.

Protective Mechanisms of Ang II Receptor Antago-
nist on Hepatic Regeneration and Damage. Given that
NO and p38 are involved in the hepatic regenerative re-
sponse (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 re-
generation (AT1R antagonist for nonsteatotic livers and both

Non-steatotic liver

Steatotic liver

Ang Il Blockers in Partial Hepatectomy under I/R 135

Ang II receptor antagonists for steatotic ones) could be ex-
plained 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, the AT1R antagonist for nonsteatotic livers resulted
in NO generation (cNOS, iNOS, and nitrate and nitrite lev-
els) 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) compared with the PH
+ I/R group (Fig. 5A), but this did not affect liver regenera-
tion. In fact, as shown in Fig. 5B, AT1R antagonist and AT1R
antagonist + NO had similar effects on liver regeneration in
steatotic livers. Because AT2R antagonist did not modify NO
generation in steatotic livers compared with the PH + I/R
group (Fig. 5A), the reduction in NO generation induced by
the 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 re-
ported (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

Fig. 4. Histological lesions. In nonstea-
totic livers, Sham showed no hepatic le-
sions, PH + I/R showed extensive areas of
coagulative hepatic necrosis with neutro-
phil 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 coagula-
tive necrosis with neutrophil infiltration,
and AT1R antagonist + AT2R antagonist
showed extensive areas of coagulative he-
patic necrosis with neutrophil infiltration
(H&E; bar, 200 pm).

6002 ‘¥T 1oqwaidas uo 4snep seaaloljqig ap opelbiajul ewsalsis 1e Blo sjeuinofiadse-jadl wolj papeojumoq


http://jpet.aspetjournals.org

Ramalho et al.

136

1siuoBejue ¥z 1+
1siuobejue Hi 1y

1siwobejue yz1y

1siuobejue yi 1y

steatotic liver

Hil+Hd
weys

1siuoBejue Y1y

d/l+Hd

non-steatotic liver

weys

INDS —+ s s s . — - —

BActin —»

1suobejue Yz1v+
1siuoBejue M1y

1siuobejue Hz 1y

1swobejue ¥y 1y

steatotic liver

Yil+Hd
weus
1suoBelue Yy v

dfl+Hd

non-steatotic liver

weyg

tor
5 ¢

EEE SOILNAdVETHL TVINIWTIIdXT ANV ADOTOOVWIVHI @hedsp

Downloaded from jpet.aspetjournals.org at Sistema Integrado de Bibliotecas daUSP on September 14, 2009

IsiuoBejue Yz | v+
Jsiuobejue y| 1y

JsiuoBejue yz 1V
IsiucBeje Y11y
Y/l+Hd

weys

1siuoBejue | |y

H/l+Hd

3 non-steatotic liver

= steatotic liver

weys

25000+
5000+
0000+
5000+

o
8
8 2 2
(syun fieniqae)

SON!

Jsuobejue Mz 1 v+
isiuoBejue H1 1y

1siuobejue Yz 1v
1siuobejue ¥ 1y

d/l+Hd

weys

isiuoBejue ¥ | v

d/l+Hd

=3 non-steatotic liver
== steatotic liver

weys

o
e

= [a¥]
(syun Asenyique)
SON?2

6000+
000+

= non-steatofic liver

= steatotic liver

3

T T
™ —

(u1sjoud Bwyjjowu)
sajeJ}iu pue sajliIIN

o

1siuoBejue ¥z 1+
1siuoBejue ¥ 1Y

Isiuobejue ¥z 1 v
1siuoBejue Y| 1y
Hl+Hd

weys

JsiuoBejue Y| | v
dll+Hd
weys

*+

Bl steatotic liver
*+

4-
34
24
1+
0-

sajAoojedaH J3ONIW %

Il steatotic liver

T T 1
(=3 (=} [==]
™ —

sa)foojeda sod ¥YNOId %

30

ON+iswubejue ¥ 1v
IsiucBejue Y| 1V
H/lI+Hd

weys

ON-+isiucBejue Y| 1v
JsiuoBejue ¥ 1V
d/l+Hd

weys

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 B-actin as

loading control are shown. B, percentage PCNA-positive hepatocytes and percentage mitotic hepatocytes were analyzed in steatotic livers. *, P < 0.05

versus Sham; +, P < 0.05 versus PH + I/R.
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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 an-
tagonist + NO abolished the beneficial effects of AT1R an-
tagonist 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 nonsteatotic
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 nonsteatotic 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
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ATI1R antagonist on liver regeneration in nonsteatotic livers
were abolished when p38 was inhibited. The key role of p38
in the beneficial effects of Ang II receptor antagonists on
regeneration was also evidenced in steatotic livers. For in-
stance, AT1R antagonist + AT2R antagonist + p38 inhibitor
resulted in parameters of liver regeneration in steatotic liv-
ers 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 TGFp has
been considered as the main inhibitor of hepatocyte prolifer-
ation (Fausto et al., 1995). Our results indicated that, in
nonsteatotic livers, the AT1R antagonist (which improved
liver regeneration) resulted in HGF and active TGFp levels
that were similar to those of PH + I/R group (Fig. 8). In the
presence of steatosis, both Ang II receptor antagonists, sep-
arately or in combination (which improved liver regenera-
tion), increased HGF and reduced active TGFp levels with
respect to the PH + I/R group (Fig. 8). Total hepatic TGFB
levels were similar in all groups (data not shown). Our re-
sults indicated that, when p38 was inhibited, the beneficial
effects of AT1R and AT2R antagonists on liver regeneration
in steatotic livers disappeared despite the presence of high
HGF levels and reduced TGFB. 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 TGFp levels compared with the PH + I/R group (Fig.
8). In summary, p38 is a key mechanism in the liver regen-
eration induced by the Ang II receptor antagonists in both
liver types because when this signaling pathway was inhib-
ited, the beneficial effects of the Ang II receptor antagonists
on liver regeneration disappeared, regardless of HGF or
TGFB hepatic levels.

Discussion

Herein, we show that in conditions of partial hepatectomy
under I/R, the AT1R antagonist for nonsteatotic livers and
the AT1R and AT2R antagonists for steatotic ones improved
regeneration in the remnant liver. The combination of AT1R
and AT2R antagonists 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) 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%
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% hepatic
mass) was interrupted and the other hepatic lobes were ex-
cised. 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
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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). In addition, the inherent mech-
anisms of hepatic damage derived from the massive removal
of hepatic mass should be considered (Kamiyama et al., 1976;
Kurokawa et al., 1991; Watanabe et al., 2000). This may
explain, at least partially, 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 hepatec-
tomy was associated with a marked increase in iNOS and
c¢NOS protein levels. The up-regulation of cNOS expression is
surprising, given the fact that this protein is considered
relatively constitutive and mostly regulated at the level of
cofactor supply (Forstermann 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 because 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 exper-
imental studies revealed the injurious effects of NO on dam-
age 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 regen-
eration induced by either Ang II receptor antagonists in
either liver type. In nonsteatotic livers, the AT1R antagonist
improved liver regeneration but did not modify NO genera-
tion. In the presence of steatosis, only the AT1R antagonist
reduced NO generation, but NO donor administration did not
modify the beneficial effects of AT1R antagonist on regener-
ation in this type of liver. On the other hand, the AT1R
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Fig. 8. Involvement of growth factors in the beneficial effects of Ang II
receptor antagonists on liver regeneration. HGF and active TGFB levels
were measured in both liver types. #, P < 0.05 versus Sham; +, P < 0.05
versus PH + I/R.

antagonist, through NO inhibition, protected steatotic livers
against oxidative stress and damage. This indicated the key
role of NO in the beneficial effects of the 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
increased p38 (AT1R antagonist for nonsteatotic livers and
both Ang II receptor antagonists for steatotic ones) improved
liver regeneration. In addition, when p38 was inhibited, the
beneficial effects of Ang IT antagonists on liver regeneration
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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 TGFB in the beneficial effects of Ang
II receptor antagonists on liver regeneration in nonsteatotic
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 TGFB. As a consequence, HGF and TGFB may not
play a role in the benefits of these Ang II receptor antagonists
on liver regeneration in steatotic livers. An alternative hy-
pothesis 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, the
AT1R antagonist for nonsteatotic livers and AT1R and AT2R
antagonists for steatotic ones trigger p38 activation in the
remnant liver intended to favor cell growth. In addition, the
combination of AT1R and AT2R antagonists in steatotic liv-
ers lead to stronger liver regeneration than either antagonist
used separately and also provided the same protection
against damage as that afforded by the AT1R antagonist
alone.
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