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Angiotensin II receptor blocker irbesartan attenuates
cardiac dysfunction induced by myocardial infarction
in the presence of renal failure

Ryo Watanabe1, Jun-ichi Suzuki2, Kouji Wakayama2, Hidetoshi Kumagai2, Yuichi Ikeda3, Hiroshi Akazawa3,
Issei Komuro3 and Mitsuaki Isobe1

The activity of the renin–angiotensin system is known to be a key factor in the pathophysiology of heart failure and renal failure.

Irbesartan, an angiotensin II receptor blocker, has non-hemodynamic cardiovascular and renal protective effects. However, the

effect of irbesartan on heart failure complicated by renal failure has not yet been elucidated. Thus the purpose of this study was

to evaluate the effect of irbesartan on the pathophysiology of cardiorenal syndrome in a rat model. Subtotal nephrectomy (NTX)

was performed in rats was using a two-step surgical procedure. Twenty-eight days after NTX, myocardial infarction (MI) was

induced by ligation of the left anterior descending coronary artery. The animals were orally administered vehicle or irbesartan

(10mg kg−1 day−1) after NTX. The hearts were harvested 28 days after MI. MI with NTX model rats showed an impaired post-MI

survival rate and enhanced cardiac inflammation in comparison to MI without NTX rats. Although irbesartan treatment did not

improve the survival rate, it suppressed cardiac inflammation, left ventricular function decline, cardiac fibrosis, hypertrophy of

cardiomyocytes and renal fibrosis in MI with NTX rats. Moreover, increases in protein expression levels related to oxidative stress

and inflammation (NADPH oxidase 4, phospho-nuclear factor-κB and phospho-c-Jun) observed in the hearts of non-treated MI

with NTX rats were attenuated by irbesartan treatment. These effects of irbesartan treatment were independent of blood

pressure. We conclude that irbesartan has a cardioprotective effect after MI when renal dysfunction is present.
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INTRODUCTION

Cardiorenal syndrome is defined as the harmful interaction between
the heart and kidneys. In fact, chronic kidney disease increases the risk
of cardiovascular diseases.1–5 Therefore, treatment to regulate the
harmful interaction between the heart and kidneys is important. The
activity of the renin–angiotensin system (RAS) is known to be a key
factor in the development of heart failure and renal failure.6–10

Myocardial infarction (MI) is a common antecedent event that
predisposes a patient to congestive heart failure. Downstream oxidative
stress and inflammatory responses of angiotensin II (Ang II) type 1
receptor (AT1R) signaling cause myocardial damage, such as cardiac
hypertrophy and fibrosis.8,11–13 This event is known as ventricular
remodeling after MI, which leads to heart failure. Additionally, the
activation of the RAS is one of the characteristics of renal failure.
A previous study reported that renal injury deteriorates remodeling
after MI through excessive RAS activation.14 Ang II receptor blockers
(ARBs) have been widely used as antihypertensive drugs. Irbesartan,
an ARB, has non-hemodynamic cardiovascular and renal protective
effects of the blockade of AT1R.15,16 However, the effectiveness of

irbesartan on cardiac dysfunction complicated by renal dysfunction
has not yet been established. Many chronic kidney disease patients are
more likely to die of cardiovascular disease than end-stage renal
disease and dialysis.17 Furthermore, it has been reported that MI is
more likely to develop in end-stage renal disease patients within
2 years after initiating dialysis therapy, and the mortality in these
patients is high.4 Thus we investigated whether irbesartan has a
treatment effect on adverse myocardial remodeling after MI with renal
failure. In this study, we demonstrate that irbesartan treatment may be
promising as a new treatment approach to cardiorenal syndrome.
Irbesartan offers significant potential to attenuate myocardial damage
induced by ischemia when renal dysfunction is present.

METHODS

Experimental protocols and animal model
Figure 1 shows the experimental protocol of this study.
Male Sprague-Dawley rats (6–8-weeks old; body weight approximately

200–250 g) were purchased from CLEA Japan (Tokyo, Japan). The rats were
anesthetized with 50mg kg− 1 of sodium pentobarbital i.p. immediately before
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the operation. The rat model of 5/6 nephrectomy (NTX) was made using a
two-step surgical procedure as described previously.18,19 A Gemini Cautery Kit
(Braintee Scientific, Braintree, MA, USA) was used to cauterize the left kidney
(2/3 of the kidney mass) after laparotomy, and then the kidney stump was
returned to the abdominal cavity on Day 0. A week later, the right kidney was
removed by cutting the right renal vessels and ureter after it was ligated by a silk
suture (Day 7). In total, 5/6 of the kidney mass was removed. Four weeks after
NTX, MI was induced by ligation of the left anterior descending coronary
artery as described previously20 (Day 35). The hearts were harvested on Day 63.
All animal experiments were approved by the Institutional Animal Care and
Use Committee of Tokyo Medical and Dental University. These experiments
were conducted according to the National Research Council’s guidelines.

Treatment
Irbesartan was provided by Shionogi (Japan). The drug was dissolved in 0.5%
carboxymethylcellulose (CMC) solution immediately before use. The dose of
irbesartan was selected according to previous studies reporting the pharmaco-
logical property and organ-protective effect of irbesartan.16,21,22 The rats were
assigned to five groups as follows: (i) Sham (oral administration of 0.5% CMC
solution daily in sham operation), (ii) NTX-MI (oral administration of 0.5%
CMC daily in the MI with 5/6 nephrectomy (NTX-MI) model), (iii) NTX-MI
+irbesartan (oral administration of irbesartan (10mg kg− 1) daily in the
NTX-MI model), (iv) MI (oral administration of 0.5% CMC daily in the MI
model (sham NTX operation)), and (v) MI+irbesartan (oral administration of
irbesartan (10mg kg− 1) daily in the MI model (sham NTX operation)). The
detailed procedure is shown in Figure 1.

Hemodynamic measurement
The blood pressure of all rats was evaluated on Days 0, 35 and 63.
Hemodynamic measurement on Days 0 and 35 was performed before the
operation. The blood pressure (systolic, diastolic and mean pressure) was
measured in conscious rats using a tail-cuff system (BP-98A, Softron, Tokyo,
Japan). Before the study was initiated, the rats were adapted to the apparatus for
at least 5 days.

Echocardiogram
Transthoracic echocardiography was performed on animals anesthetized by i.p.
administration of pentobarbital sodium (25mg kg− 1) on Days 0, 35 and 63.
An echocardiography machine with a 7.5-MHz transducer (Nemio, Toshiba,
Tokyo, Japan) was used for left ventricular M-mode echocardiographic

recording. A 2D targeted M-mode echocardiogram was obtained along the

short-axis view of the left ventricular (LV) papillary muscles.23 The percentage

of LV ejection fraction (LVEF), end-diastolic LV diameter (LVDd) and

end-systolic LV diameter (LVDs) were calculated from the M-mode recordings.

Blood examination
Blood samples were collected in heparinized microtubes and subjected to

centrifugation on Days 0, 35, 36 and 63. The supernatant was stored at –80 °C

until use. The creatinine (index of renal dysfunction) and cardiac troponin T

(index of myocardial injury) levels in the serum were measured by SRL (Tokyo,

Japan). Measurement of the serum creatinine level on Days 0 and 35 was

performed before the operation.

Histopathological examination
Hearts and kidneys were harvested immediately after all rats were killed by

cutting of the abdominal aorta under anesthesia after an echocardiographic

examination on Day 63. The hearts were divided into the apex-,

midventricular- and basal-level slices. Formalin-fixed midventricular-level slices

were used for histopathological examinations and immunohistochemistry.

Formaldehyde-fixed paraffin-embedded sections from the midventricular-

level heart slices of each group of rats were stained with the Mallory method

and the silver impregnation method. The degree of cardiac hypertrophy in the

non-infarct area after MI was estimated using silver impregnation staining.24

We randomly selected 100 myocytes per sample section and measured the

average cross-sectional size of the myocytes.12,25 The myocardial infarct area

(consisting of myocardial fibrosis) was estimated using Mallory staining. The

stained area was defined as the infarcted area.12 We measured the infarct

thickness and infarct length in the Mallory-stained sections.26 Histopathological

analyses were performed using a computer-assisted analyzer (Scion Image Beta

4.0.2, Scion corporation, Frederick, MD, USA). Moreover, the content of

collagen in the cardiac and renal tissue sections was measured using a Sirius

Red/Fast Green Collagen Staining Kit (Chondrex, Redmond, WA, USA)

according to the manufacturer’s instruction. In this assay, collagen proteins

were stained with Sirius Red, and non-collagenous proteins were stained with

Fast Green. Subsequently, the dye was eluted from the tissue sections with dye

extraction solution. The absorbance of the solution was measured at 540 and

605 nm, respectively, and the contents of collagen and non-collagenous proteins

were determined. The content of collagen per tissue section was calculated as

the ratio of collagen to total protein.27,28
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or sham operation

Induction of MI 
or sham operation
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and kidneys
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Day 8 Day 62

0.5% CMC

MI

MI + Irbesartan

Sham

NTX-MI + Irbesartan

NTX-MI

Irbesartan (10mg/kg/day p.o.)

0.5% CMC

▲ : Hemodynamic measurement 

▲ : Blood collection

▲ ▲▲ ▲ ▲ ▲ ▲

Figure 1 Experimental protocol. A full color version of this figure is available at the Hypertension Research journal online.

Cardioprotective and renoprotective effects of irbesartan
R Watanabe et al

238

Hypertension Research



Immunohistochemistry
Immunohistochemistry was performed to examine the degree of macrophage
infiltration in the hearts on Day 63. Paraffin sections were incubated with
primary antibodies against CD68 (as a marker of macrophages) (ED1, AbD
Serotec, Oxford, UK) for 8 h at 4 °C, washed in phosphate-buffered saline,
followed by biotinylated secondary antibodies (Nichirei, Tokyo, Japan) at
5mgml− 1 for 30min at room temperature. Finally, each section was reacted
with AEC (aminoethyl carbazole complex) solution (Nichirei) for 5–30min.
We counted the number of CD68-positive cells in three randomly selected
fields (original magnification, × 100) from the border zone between the infarct
and non-infarct areas per sample section and used the average count.

Extraction of proteins
To extract cardiac protein, frozen peri-infarct zone tissues from apex-level heart
slices harvested on Day 63 were homogenized in lysis buffer (50mM Tris–HCl
(pH 7.5), 150mM NaCl, 1% Triton X-100, 1% sodium deoxycholate, 1%
sodium dodecyl sulfate (SDS)) containing a protease inhibitor cocktail tablet
(Roche Diagnostic, Basel, Switzerland) and a phosphatase inhibitor tablet
(Roche Diagnostic). The lysate was centrifuged at 14 000 g for 15min. Protein
concentrations of the supernatant were measured by a BCA protein assay
(Bio-Rad, Milan, Italy) to equalize the protein concentrations of all samples.
These protein samples were stored at − 80 °C and subsequently used as the
samples for a western blotting analysis.

Western blotting
Protein samples were mixed with an equal volume of 2× SDS sample buffer
(0.5M Tris–HCl (pH 6.8), 20% glycerol, 4% SDS, 0.05% bromophenol blue)

and incubated for 5 min at 95 °C. The samples were separated by

SDS–polyacrylamide gel electrophoresis with 10% acrylamide gel at 150 V

and then transferred to a nitrocellulose membrane. The membranes were

incubated overnight at 4 °C with four primary antibodies: NADPH oxidase 4

(NOX4), phospho-c-Jun, phospho-nuclear factor-κB p65 subunit (NF-κB p65),

and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) (all from Cell

Signaling Technology, Danvers, MA, USA). Later, the membranes were

incubated with a secondary antibody (Amersham Biosciences, Piscataway, NJ,

USA) for 1 h and developed using an ECL reagent (Thermo Fisher Scientific,

Waltham, MA, USA). Enhanced chemiluminescence was detected with the

LAS-1000 system (Fujifilm, Tokyo, Japan). The protein expression level was

normalized to the GAPDH expression level and calculated as a fold change to

the Sham group. This analysis was performed using the ImageJ software

program (National Institutes of Health (NIH), Bethesda, MD, USA).

Statistical analysis
All data are expressed as the mean± s.e.m. Statistical analyses were performed

using the Stat View software program (SAS Institute, Cary, NC, USA). Student’s

t-test was used to compare data between two groups. A comparison between

three groups was conducted using analysis of vairance followed by Fisher's Least

Significant Difference test. The Tukey–Kramer method was performed to

compare more than four groups. A survival analysis was performed using the

Kaplan–Meier method with log-rank test. In the statistical analysis of the post-

MI survival rate among multiple groups (Figure 2c), the P-value was corrected

by Bonferroni’s correction as follows: P-value× 3 tests of NTX-MI vs. MI,
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NTX-MI vs. NTX-MI +irbesartan, and MI vs. MI+irbesartan. Differences were
considered to be statistically significant at a value of Po0.05.

RESULTS

Time course of the survival rate and blood pressure
Many rats died after the NTX procedure. The number of surviving
animals and the survival rate at each time point are shown in Table 1.
Irbesartan administration did not significantly improve the
survival rates compared with vehicle administration (Figure 2a,
NTX-MI= 13.2% vs. NTX-MI+irbesartan= 28%, P= 0.16). We next
determined the post-MI survival curve, which started on the onset of
MI (Day 35) including the MI and MI+irbesartan groups, to
demonstrate the effect of NTX on the prognosis after MI
(Figure 2b). In the post-MI survival curve, the post-MI survival rate
of the MI and MI+irbesartan groups were both 100%. Conversely, the
post-MI survival rate of the NTX-MI group was 41.2%. This value was
significantly lower than the MI group (Figure 2b, MI= 100% vs.
NTX-MI= 41.2%, Po0.05). Although the post-MI survival rate of the
NTX-MI+irbesartan group was 77.8%, there was no significant
difference in the post-MI survival rate between the NTX-MI and
NTX-MI+irbesartan groups (Figure 2b, NTX-MI= 41.2% vs. NTX-MI
+irbesartan= 77.8%, P= 0.27). The mean blood pressure was con-
stantly elevated after NTX (on or after Day 35) compared with the
sample taken before NTX on Day 0 (Po0.05, Figure 2c). On the other
hand, MI operation had no effect on the blood pressure compared
with the sample taken before MI on Day 35 (Figure 2c). Additionally,
irbesartan treatment had no effect on the blood pressure (Figure 2c).

Effect of irbesartan treatment on cardiac damage and dysfunction
A previous study reported that the serum troponin T level, reflecting
the extent of cardiac damage in a rat MI model, was rapidly elevated
within 24 h after MI.26 Therefore, we compared the serum troponin T
levels on the day after MI operation (Day 36). Although the serum
troponin T levels increased in the NTX-MI group compared with the
Sham group (Po0.05), there was no significant difference between the
NTX-MI and NTX-MI+irbesartan groups (Figure 3a). Furthermore,
we measured the collagen level in heart slices from each group to
examine the severity of cardiac fibrosis. Although hearts from the
NTX-MI group had elevated collagen levels compared with those of
the Sham group (Po0.05), the NTX-MI+irbesartan group showed
that the increase of the cardiac collagen level was suppressed (Po0.05,
Figure 3b). The cardiac function was measured by echocardiography
on Day 63. An M-mode echocardiogram after MI showed LVEF
decline that was characterized by impaired anterolateral (infarct area)
wall motion in the NTX-MI group (Figures 3c and d). Although
irbesartan treatment did not affect the anterolateral wall motion, as
shown by the elevation of the LVEF value, the regional wall motion of
the non-infarct area was improved in the NTX-MI+irbesartan group

compared with that of the NTX-MI group (Po0.05, Figures 3c and d).
Moreover, LV cavity expansion (LVDd and LVDs) was observed in
the NTX-MI group compared with the Sham group (Po0.05,
Figures 3e and f). Although the difference in LVDd was not significant,
ischemia-induced expansion of LVDs was significantly suppressed in
the NTX-MI+irbesartan group compared with the NTX-MI group
(Po0.05, Figures 3e and f). Similarly, LVEF decline and LV cavity
expansion were significantly suppressed in the MI+irbesartan group
compared with the MI group (Po0.05, Figures 3d–f). There were no
significant differences in these echocardiographic parameters between
the NTX-MI and MI groups (Figures 3d–f).

Effect of irbesartan treatment on post-MI remodeling and
remodeling-associated signaling in the heart
Left anterior descending ligation induced morphological changes
associated with post-MI remodeling in the myocardium. We analyzed
the infarct size, compensatory hypertrophy of the non-infarct area and
cardiac inflammation to examine the effect of irbesartan treatment on
the progression of post-MI remodeling. Mallory staining showed that
the anterior wall (infarct area) was completely fibrotic in the NTX-MI
and NTX-MI+irbesartan groups (Figure 4a), whereas it was virtually
absent in the Sham group (data not shown). There was no significant
difference regarding the infarct length and infarct thickness among all
groups (Figures 4b and c). The NTX-MI and MI groups each showed
an increase in the cardiomyocyte cross-sectional size compared with
the Sham group (Po0.05, Figures 4d and e). However, there was no
significant difference in the cardiomyocyte cross-sectional size between
the NTX-MI and MI groups (Figures 4d and e). Irbesartan treatment
in both the NTX-MI and MI models suppressed the increase in
cardiomyocyte cross-sectional size induced by ischemia (Po0.05,
Figures 4d and e). Severe macrophage infiltration was observed in
the border zone between the infarct and non-infarct areas of the heart
from the NTX-MI group, whereas it was absent in the Sham group
(Figure 4f). Moreover, the number of infiltrating macrophages was
significantly increased in the NTX-MI group compared with the MI
group (Po0.05, Figures 4f and g). This increased macrophage
infiltration was significantly attenuated in the NTX-MI+irbesartan
group (Po0.05, Figures 4f and g). On the other hand, the MI and MI
+irbesartan groups showed less macrophage infiltration. There was no
significant difference in macrophage infiltration between the MI and
MI+irbesartan groups (Figures 4f and g). Ang II signaling via
AT1R activates the factors associated with oxidative stress and
inflammation.29,30 Therefore, we measured the protein expression of
NOX4, c-Jun (the component of activator protein-1 (AP-1)) and
NF-κB p65 to examine the mechanisms of the treatment effect of
irbesartan. The expression levels of phospho-c-Jun and phospho-
NF-κB p65 were used as indices of AP-1 and NF-κB activation,
respectively. The expression of NOX-4, phospho-NF-κB p65 and

Table 1 The number of surviving animals and the survival rate at each time point

Number of surviving animals

Day 0 Day 35 Day 63 Survival rate from Day 0 (Figure 2a) (%) Post-MI survival rate (Figure 2b) (%)

Sham 4 4 4 100 100

NTX-MI 53 17 7 13.2 41.2

NTX-MI+irbesartan 25 9 7 28 77.8

MI 9 9 9 100 100

MI+irbesartan 9 9 9 100 100

Abbreviations: MI, myocardial infarction; NTX, nephrectomy.
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phospho-c-Jun were significantly increased in the hearts from the
NTX-MI group compared with the Sham group (Po0.05, Figures 4h
and k). The increased expression of these factors was significantly
suppressed in the NTX-MI+irbesartan group (Po0.05, Figures 4h
and k).

Effect of irbesartan treatment on renal dysfunction
We measured the serum creatinine and renal collagen levels as
markers of renal damage to examine the effect of irbesartan treatment
on renal dysfunction in cardiorenal syndrome. The serum creatinine
levels increased after NTX (on or after Day 35) compared with the
sample taken before NTX on Day 0 (Po0.05, Figure 5a). On the other
hand, MI operation did not affect the serum creatinine level on Day 63
compared with the sample taken before MI on Day 35 (Figure 5a).
Irbesartan administration did not alter the level of serum creatinine
(Figure 5a). The renal collagen level was significantly increased in the
NTX-MI group compared with the Sham group on Day 63 (Po0.05,
Figure 5b). This increase in the renal collagen level was significantly
suppressed in the NTX-MI+irbesartan group (Po0.05, Figure 5b).

DISCUSSION

Cardiac disease is the main cause of death in chronic kidney disease
patients.4 A growing body of evidence suggests that renal injury
enhances cardiac function decline and fibrosis after MI.31,32 Our
previous study revealed that excessive circulating RAS activation
induced by renal dysfunction promotes oxidative stress and inflam-
mation in the heart. This causes further deterioration of ventricular

dysfunction after MI.14 In a model of combined renal and cardiac
dysfunction, further activation of the RAS is present. Some ARBs are
known to protect both the heart and kidney.33,34 However, although
ARBs can decrease the mortality and morbidity in patients with
cardiovascular or renal dysfunction, they are not always prescribed to
patients with combined cardiac and renal dysfunction in the clinical
setting. Therefore, it is of the utmost importance to examine the
effects of ARBs in combined cardiac and renal dysfunction. Irbesartan
has a potent and highly selective AT1R-blocking effect with an
elimination half-life from 11 to 15 h.35 The long-lasting effect of
irbesartan has been confirmed by its strong binding to AT1R and slow
dissociating from AT1R compared with other ARBs, such as losartan
and olmesartan.22,36 Irbesartan demonstrates a renoprotective effect
that is partly independent of its blood pressure-lowering effect in both
the early and later stages of diabetic nephropathy.37,38 Moreover,
irbesartan has superior cardioprotective and renoprotective effects
compared with losartan.39 However, its cardioprotective effects in MI
combined with renal failure have not been established. The present
study shows that irbesartan administration could prevent cardiac
damage when renal dysfunction and heart failure merge. We included
the MI and MI+irbesartan groups (both sham NTX) to demonstrate
the effect of NTX on the prognosis after MI. There was no significant
difference in the echocardiographic parameters between the NTX-MI
and MI groups in surviving animals. However, the post-MI survival
rate of the NTX-MI group was 41.2%, whereas the post-MI survival
rate of the MI and MI+irbesartan groups were both 100%. This result
suggests that NTX aggravated the cardiac damage by MI and/or
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Figure 4 Effect of irbesartan treatment on post-MI remodeling and remodeling-associated signaling in the heart. (a) Representative photomicrographs of
Mallory-stained cross-sections from the NTX-MI and NTX-MI+irbesartan groups (magnification ×10; scale bars: 1mm) on Day 63. Quantitative data of the
(b) infarct length and (c) thickness. NTX-MI, n=6; NTX-MI+irbesartan, n=6; MI, n=7; MI+irbesartan, n=7. (d) A representative photomicrograph of silver
impregnation staining of the non-infarct area (magnification ×400; scale bars: 50 μm) and (e) quantitative comparison of the cardiomyocyte cross-sectional
size in each group on Day 63. Sham, n=4; NTX-MI, n=7; NTX-MI+irbesartan, n=7; MI, n=9; MI+irbesartan, n=9. *Po0.05. (f) A representative
photomicrograph of CD68 immunostaining (magnification ×100; scale bars: 100 μm) and (g) the number of infiltrating macrophages (CD68-positive cells) in
the border zone between the infarct area and non-infarct area on Day 63. Sham, n=4; NTX-MI, n=7; NTX-MI+irbesartan, n=7; MI, n=9; MI+irbesartan,
n=9. *Po0.05. (h) Representative western blottings of NADPH oxidase 4 (NOX4), phospho-c-Jun, phospho-nuclear factor-κB p65 subunit (NF-κB p65) and
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) in the peri-infarct tissues on Day 63. The relative expression of (i) NOX4, (j) phospho-c-Jun and
(k) phospho-NF-κB p65. Sham, n=4; NTX-MI, n=5; NTX-MI+irbesartan, n=5. *Po0.05. A full color version of this figure is available at the Hypertension
Research journal online.
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MI aggravated the renal damage. Hence, the high death rate of the
NTX-MI group may be due to the progression of heart failure and/or
renal dysfunction in the acute phase of post-MI remodeling. Similarly,
in the post-MI survival rate, cardiac inflammation shown by macro-
phage infiltration was significantly enhanced in the NTX-MI group
compared with the MI group. In contrast, the degree of cardiac
inflammation shown by macrophage infiltration was relatively mild in
the MI and MI+irbesartan groups. We speculate that these results in
the MI and MI+irbesartan groups are attributed to the time course of
post-MI remodeling.40–42 On the other hand, irbesartan treatment did
not significantly improve the post-NTX and -MI survival rates.
However, enhanced inflammation in the NTX-MI model was sig-
nificantly attenuated by irbesartan treatment. Inflammation is a critical
response that induces cardiac remodeling in the acute phase after
MI.43,44 Additionally, this study revealed that irbesartan treatment
suppressed the activation of oxidative stress-, inflammation- and
cardiac remodeling-related proteins (NOX4, NF-κB and c-Jun of the
AP-1 component) in the heart. Ang II induces the activation of NF-κB
and AP-1 via AT1R and NOX4.29 These Ang II-induced responses
become the factor for inflammation and fibrosis in the end-organ
damage.29,45–48 Moreover, the enhancement of oxidative stress and
inflammation, including the activation of NOXs and NF-κB, is
induced by RAS activation in cardiorenal syndrome.14,46 Enhanced
inflammation mediates the harmful interaction between the heart and
the kidney.4,49,50 Therefore, we speculate that the antifibrotic and anti-
inflammatory effects of irbesartan result from the inhibition of the
activation of NF-κB, AP-1 and NOX4. Although the treatment effect
of irbesartan did not improve the survival rate, our results suggest the
possibility that the anti-inflammatory effect of irbesartan in the early
phase of post-MI remodeling improves the prognosis after MI in the
presence of renal dysfunction. Meanwhile, there was no difference in
the serum troponin T levels between the NTX-MI and NTX-MI
+irbesartan groups. Troponin T is an indicator of myocardium
damage. The troponin T levels in a rat MI model peak within 24 h
after ischemia.26 This result suggests that the degree of cardiac damage
by ischemia was comparable. Nevertheless, cardiac function decline
after MI was significantly attenuated with irbesartan treatment in the
surviving NTX-MI model animals. Moreover, irbesartan treatment
suppressed macrophage infiltration, collagen deposition and cardio-
myocyte hypertrophy during post-MI remodeling in the NTX-MI
model. Fibrosis progresses to the non-infarct area from the infarct area
in the heart, and compensatory hypertrophy is induced in the non-
infarct area. The NTX-MI+irbesartan group showed less collagen
deposition and a smaller cardiomyocyte cross-sectional size, although
there was no difference in the infarct size compared with the NTX-MI
group. These results suggest that irbesartan treatment prevented the
progression of cardiac remodeling and improved the pathophysiology
after MI in the presence of renal dysfunction. As expected, NTX
promoted systemic arterial hypertension. In this study, irbesartan
treatment showed cardioprotective effects without lowering the blood
pressure. Hypotension is a major problem during ARB treatment. This
result may demonstrate the clinical usefulness of irbesartan. Irbesartan
treatment did not decrease the serum creatinine level elevated by NTX.
An increase in the serum creatinine was shown as a side effect of RAS
inhibition, including ARB treatment, in previous reports.3,51 However,
it was reported that an increase in the serum creatinine level was
associated with improvement of long-term kidney function in
ARB-treated patients.3 Our data revealed that irbesartan treatment
increased the serum creatinine level by approximately 11%, although
this increase was not significant. Therefore, the serum creatinine level
alone may be insufficient as a measure of the effect of irbesartan on

renal function. Similarly, we measured the renal collagen level to
examine the effect of irbesartan treatment on renal dysfunction in
cardiorenal syndrome. The renal collagen level reflects the degree of
renal fibrosis.52 An increase in the renal collagen level in the NTX-MI
model was significantly suppressed by irbesartan treatment. These
results suggest that irbesartan has a partial treatment effect on renal
dysfunction. Although a sufficient treatment effect in the kidney was
not observed, our data showed that low-dose irbesartan, which did not
affect the blood pressure, suppressed cardiac remodeling after MI in
the presence of renal dysfunction. We conclude that irbesartan
treatment may be beneficial as a new approach for treating cardiorenal
syndrome because heart failure is the main cause of death in patients
with renal failure.
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