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INTRODUCTION

Ischemia-reperfusion injury (IRI) is one of the main mecha-
nisms of damage in native and transplanted kidneys [1]. IRI can 
cause variable cellular events that finally lead to necrosis and 
apoptosis of renal tubules [2]. Among several factors underly-
ing IRI, inflammation is considered to play a key role in the 
pathogenesis of renal injury. The inflammatory reaction results 
in the production of multiple pro-inflammatory cytokines and 
chemokines such as tumor necrosis factor (TNF)-�, interleukin 
(IL)-1, and IL-6 that activate and recruit leukocytes [3,4]. There is 

substantial evidence that anti-inflammatory agents are effective 
in reducing renal injury after IRI [5-7]. 

Elements of the renin-angiotensin system are involved in the 
inflammatory process and play an important role in causing 
renal IRI [8,9]. Angiotensin II (Ang II), as the main peptide of 
the renin-angiotensin system, causes intrarenal vasoconstriction 
through an Ang II type 1 receptor (AT1). At the same time, Ang 
II mediates non-hemodynamic actions such as oxidative stress, 
inflammation, and apoptosis of renal tissue [10,11]. Blockade of 
Ang II by using angiotensin converting enzyme inhibitors or AT1 
blockers (ARBs) has protective effects after renal IRI [12-14].
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ABSTRACT Fimasartan, a new angiotensin II receptor antagonist, reduces myocyte 
damage and stabilizes atherosclerotic plaque through its anti-inflammatory effect in 
animal studies. We investigated the protective effects of pretreatment with fimasar-
tan on ischemia-reperfusion injury (IRI) in a mouse model of ischemic renal damage. 
C57BL/6 mice were pretreated with or without 5 (IR-F5) or 10 (IR-F10) mg/kg/day 
fimasartan for 3 days. Renal ischemia was induced by clamping bilateral renal vascu-
lar pedicles for 30 min. Histology, pro-inflammatory cytokines, and apoptosis assays 
were evaluated 24 h after IRI. Compared to the untreated group, blood urea nitrogen 
and serum creatinine levels were significantly lower in the IR-F10 group. IR-F10 kid-
neys showed less tubular necrosis and interstitial fibrosis than untreated kidneys. 
The expression of F4/80, a macrophage infiltration marker, and tumor necrosis factor 
(TNF)-�, decreased in the IR-F10 group. High-dose fimasartan treatment attenuated 
the upregulation of TNF-�, interleukin (IL)-1�, and IL-6 in ischemic kidneys. Fewer 
TUNEL positive cells were observed in IR-F10 compared to control mice. Fimasartan 
caused a significant decrease in caspase-3 activity and the level of Bax, and increased 
the Bcl-2 level. Fimasartan preserved renal function and tubular architecture from IRI 
in a mouse ischemic renal injury model. Fimasartan also attenuated upregulation of 
inflammatory cytokines and decreased apoptosis of renal tubular cells. Our results 
suggest that fimasartan inhibited the process of tubular injury by preventing apop-
tosis induced by the inflammatory pathway. 
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A newly developed ARB, fimasartan, exhibits potent and selec-
tive AT1 blocking activity [15,16]. This drug is effective in lower-
ing blood pressure with fast and long-acting efficacy [17-20]. Fi-
masartan reduces myocardial injury and stabilizes atherosclerotic 
plaques through its anti-inflammatory effect in animal studies 
[21-23]. Here, we investigated the protective effects of pretreat-
ment with fimasartan on IRI in a mouse model of ischemic renal 
injury.

METHODS

Animals

Eight-week-old male C57BL/6 mice weighing 22-25 g (Samtako, 
Osan, Korea) were used. The animals were housed with free ac-
cess to standard chow and water, and were kept in a 12 h light/
dark cycle. Mice were divided randomly into six groups: normal 
control (NC, n=5), sham operation (Sham, n=6), sham operation 
after 10 mg/kg/day of fimasartan (Sham-F10, n=6), ischemia-
reperfusion (IR, n=8), ischemia-reperfusion after 5 mg/kg/day of 
fimasartan (IR-F5, n=8), and ischemia-reperfusion after 10 mg/
kg/day of fimasartan (IR-F10, n=8). The dosage of fimasartan was 
determined from the previous studies [22,23]. Fimasartan potas-
sium trihydrate (Boryung Pharmaceutical, Seoul, Korea) was 
dissolved in 0.9% normal saline. Animals were treated by oral ga-
vage with a single daily dose of fimasartan (5 or 10 mg/kg/day) or 
0.9% normal saline for 3 days before bilateral IRI (Fig. 1). All mice 
were sacrificed by cardiac puncture under anesthesia at 24 h after 
reperfusion. Blood and kidneys were harvested for the analyses. 
Animal experiments were performed in accordance with the 
guidelines approved by the Animal Care and Use Committee at 
the Kyungpook National University (KNU-2017-0013).

Induction of renal IRI

For the induction of ischemia, the renal pedicles were exposed 
through a minimal flank incision under anesthesia with tribro-
moethanol (240 mg/kg, 1.2%), and were occluded completely for 

30 min using a micro aneurysm clamp. After 30 min of ischemia, 
the artery clamp was removed to allow reperfusion and the skin 
was closed. Sham-operated animals underwent identical surgical 
treatment except for clamping of the renal pedicles. During the 
operation, animals were maintained at 36.5-37°C using a temper-
ature-controlled heating device (Harvard Bioscience, Holliston, 
MA, USA). 

Renal function and histopathological studies

Blood urea nitrogen (BUN) and creatinine (Cr) levels were 
evaluated in mouse serum by a Hitachi 7600 automated biochem-
istry analyzer (Hitachi, Tokyo, Japan). Kidney tissues from each 
experimental group were immersion-fixed with 4% paraformal-
dehyde (pH 7.4) and embedded in paraffin. Two-micrometer tis-
sue sections were prepared and stained with periodic acid-Schiff 
(PAS) and Masson’s trichrome using standard protocols to deter-
mine histological changes and collagen deposition, respectively.

Immunohistochemistry

Kidney tissues from each experimental group were prepared 
with the same method used for histologic studies. Immunohis-
tochemical staining was performed using anti-TNF-� (1:100; 
Abcam, Cambridge, UK) and anti-F4/80 (1:200; Serotec, Oxford, 
UK) antibodies, and then detected by the EnVision-HRP kit 
(Dako, Carpinteria, CA, USA). All sections were counterstained 
with Mayer’s hematoxylin and were examined under a Leica DM 
IRB inverted microscope (Leica Microsystems, Wetzlar, Germa-
ny) equipped with a CoolSNAP HQ camera (Photometrics, Tuc-
son, AZ, USA). Quantitation of the TNF-� staining intensity was 
measured as a percentage of the total area using Image J software 
(National Institutes of Health, Bethesda, MD, USA). For quanti-
fication of F4/80-positve cells, five non-overlapping per slide at 
×400 magnifications were counted and normalized per mm2 of 
tissue.

Quantification of serum IL-6 

Serum IL-6 concentrations were measured using a commer-
cially available enzyme-linked immunosorbent assay kit (R&D 
Systems, Minneapolis, MN, USA) according to the manufactur-
er’s instructions. Values were calculated using a standard curve.

Quantitative real-time polymerase chain reaction 
(qRT-PCR)

Total RNA was extracted from kidney tissues using TRIzol 
reagent (Life Technologies, Carlsbad, CA, USA) according to 
the manufacturer’s instructions. One microgram of total RNA 
was reverse transcribed to cDNA using the PrimeScript cDNA 
synthesis kit (TaKaRa, Otsu, Japan). qRT-PCR was performed 

Fig. 1. Experimental protocol and grouping of mice. After a minimal 
flank incision, renal pedicles were occluded completely for 30 min us-
ing a micro aneurysm clamp. Sham operation was performed with an 
identical surgical method except for clamping of the renal pedicles.
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on the ABI PRISM 7700 Sequence Detection System (Applied 
Biosystems, Foster City, CA, USA) using the SYBR Green PCR 
master mix (Life Technologies). The results were analyzed using 
the comparative Ct method for relative quantification of gene 
expression. All primers used in the qRT-PCR were designed using 
Primer Express V1.5 software (Applied Biosystems) and were as 
follows: Neutrophil gelatinase-associated lipocalin (NGAL) (for-
ward 5’-GCC ACT CCA TCT TTC CTG TTG-3’ and reverse 5’-
GGG AGT GCT GGC CAA ATA AG -3’); IL-1� (forward 5’-TCG 
TGC TGT CGG ACC CAT AT-3’ and reverse 5’-GGT TCTC CTT 
GTA CAA AGC TCA TG-3’); IL-6 (forward 5’-CCC ACC AAG 
AAC GAT AGT CAA TT-3’ and reverse 5’-CAC CAG CAT CAG 
TCC CAA GA-3’); transforming growth factor (TGF)-��(forward 
5’-GGC TGT GGC CAT CAA GAA TT-3’ and reverse 5’-GCA 
GAG GGA AGA GTC AAA CAT GT-3’); TNF-α (forward 5’- 
GAC TAG CCA GGA GGG AGA ACA G-3’ and reverse 5’-CAG 
TGA GTG AAA GGG ACA GAA CCT-3’); and �-actin (forward 
5’-ACC ACC ATG TAC CCA GGC ATT-3’ and reverse 5’-CCA 
CAC AGA GTA CTT GCG CTC A-3’).

Terminal deoxynucleotidyl transferase-mediated 
dUTP nick end labeling (TUNEL) assay 

The TUNEL assay was performed using the In situ Cell Death 
Detection Fluorescein Kit (Roche, Mannheim, Germany) for 
fluorescence and the Click-iTTM TUNEL colorimetric IHC Detec-
tion Kit (Life Technologies, Carlsbad, CA, USA) for immunohis-
tochemistry  according to the manufacturer’s protocol. Briefly, 

2-�m kidney sections were deparaffinized, rehydrated, and 
permeabilized with proteinase K. For fluorescence staining of 
TUNEL assay, the sections were then incubated with the TUNEL 
reagent for 30 min at room temperature and washed with phos-
phate-buffered saline three times for 5 min. Sections were coun-
terstained with 4’,6-diamidino-2-phenylindole (Sigma-Aldrich, 
St. Louis, MO, USA) for 1 min to detect the nucleus. Finally, the 
sections were mounted with Prolong Gold anti-fade reagent (In-
vitrogen, Carlsbad, CA, USA) and observed under a confocal mi-
croscope (Carl Zeiss, Göttingen, Germany). Images were collected 
and merged using Zeiss LSM Image Examiner software. For im-
munohistochemistry of TUNEL assay, after treatment with TdT 
(terminal deoxynucleotidyl transferase) reaction buffer for 10 min 
at 37°C, the TdT reaction mixture was added for 60 min at 37°C. 
Streptavidin-peroxidase conjugate solution was incubated for 30 
min at room temperature. Then, the sections were washed and 
developed with 3, 3’-diaminobenzidine (DAB) reaction mixture 
to produce a brown color, and counterstained with Mayer’s hema-
toxylin. 

Measurement of caspase-3 activity

Caspase-3 activity in the kidney homogenates was measured 
using a colorimetric assay kit (Sigma-Aldrich) according to the 
manufacturer’s protocol. In brief, kidney homogenates were incu-
bated with the fluorometric caspase-3 substrate, Ac-DEVD-pNA, 
in assay buffer. To account for non-specific hydrolysis of the sub-
strate, a control reaction mixture containing the caspase-3 inhibi-

Fig. 2. Serum blood urea nitrogen 

(BUN), creatinine (Cr), and Neutro-

phil gelatinase-associated lipocalin 

(NGAL) levels in mice. Ischemia-reper-
fusion injury (IRI)-induces increases of 
(A) BUN, (B) Cr and (C) NGAL compared 
to control groups. Pretreatment with 
10 mg/kg/day fimasartan attenuates 
the increase of BUN and Cr levels after 
IRI. The increased level of NGAL after IRI 
also significantly decreased after fima-
sartan treatment. Data are expressed as 
means±SEM (normal control, NC, n=5; 
sham operation, Sham, n=6; sham op-
eration with 10 mg/kg/day fimasartan, 
Sham-F10, n=6; IR, n=8; IR with 5 mg/
kg/day fimasartan, IR-F5, n=8; IR with 10 
mg/kg/day fimasartan, IR-F10, n=8).
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tor, acetyl-DEVD-CHO, in assay buffer was used. Both mixtures 
were incubated for 90 min at 37°C, and the absorbance was read 
at 405 nm.

Immunoblotting of Bcl-2 and Bax

Homogenized kidney tissue proteins were resolved by sodium 
dodecyl sulfate-polyacrylamide gel electrophoresis and trans-
ferred to a nitrocellulose membrane. The membrane was blocked 
for 1 h and incubated overnight at 4°C with primary antibod-
ies against Bcl-2 (1:1000; Cell Signaling Technology, Danvers, 
MA, USA), Bax (1:1000; Cell Signaling Technology), and �-actin 
(1:5000, Sigma-Aldrich). After washing, the membrane was in-
cubated with horseradish peroxidase-conjugated secondary an-

tibodies (1:2000; Dako, Glostup, Denmark) for 1 h and detected 
using ECL Advanced Detection (GE Healthcare, Little Chalfont, 
UK). The intensity of the bands was quantified using Scion Image 
software (Scion, Frederick, MD, USA).

Statistical analysis

Data are presented as means±standard error of the mean. Ex-
periments were repeated at least three independent times. All sta-
tistical analyses were performed by one-way analysis of variance 
with Tukey’s post hoc test using GraphPad prism 5.01 software 
(GraphPad Software, La Jolla, CA, USA). p<0.05 was considered 
statistically significant.

Fig. 3. Periodic acid-Schiff (PAS) and 

Masson’s trichrome staining after 

ischemia-reperfusion injury (IRI). (A 
and G) Normal control (NC). (B and H) 
Sham operation (Sham). (C and I) Sham 
operation with 10 mg/kg/day fimasartan 
(Sham-F10). (D and J) IRI (IR). (E and K) IRI 
with 5 mg/kg/day fimasartan (IR-F5). (F 
and L) IRI with 10 mg/kg/day fimasartan 
(IR-F10). (M) Semi-quantitative assess-
ment of the renal fibrosis area. Data are 
expressed as means±SEM. Tubular dam-
age, loss of the brush border, and cast 
formation was significantly increased in 
the IR compared to the NC, Sham, and 
Sham-F10 groups, whereas the dam-
ages were decreased in the fimasartan-
treated groups. Arrows indicate injured 
tubules and loss of brush border, and 
asterisks point to cast formation (NC, 
n=5; Sham, n=6; Sham-F10, n=6; IR, n=8; 
IR-F5, n=8; IR-F10, n=8).
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RESULTS

Fimasartan attenuated the IRI-stimulated increase in 
serum BUN and Cr levels

To assess renal function after IRI, serum BUN and Cr levels 
were determined. The IR group showed significantly increased 
BUN and Cr levels compared to the control groups (NC, Sham, 
and Sham-F10). However, the IR-F10 group exhibited signifi-
cantly attenuated levels of both BUN and Cr compared to the IR 
group. The increased level of NGAL, known as tubular injury 
marker, after IRI also significantly decreased in the IR-F10 group. 
The IR-F5 group showed a tendency to attenuate the increase of 
BUN, Cr, and NGAL after IRI (Fig. 2).

Fimasartan protected against IRI-induced renal injury

To investigate the histological changes in kidneys following 
pretreatment with fimasartan in the IRI model, PAS and Mas-
son’s trichrome staining were performed. PAS staining showed 
that NC and Sham mice, with or without fimasartan, did not 
exhibit tubular injury. Tubular damage, loss of the brush border, 
and cast formation was significantly increased in the IR com-
pared to the NC, Sham, and Sham-F10 groups, whereas the dam-
ages were decreased in the fimasartan-treated groups (Figs. 3A-
F). Decreased interstitial fibrosis following fimasartan treatment 
was confirmed by Masson trichrome staining. Specifically, the IR 
group exhibited an increased quantity of collagen deposition in 
the renal interstitium compared to the NC, Sham, and Sham-F10 

Fig. 4. Immunohistochemistry stain-

ing after ischemia-reperfusion injury 

(IRI). (A and G) Normal control (NC). (B 
and H) Sham operation (Sham). (C and 
I) Sham operation with 10 mg/kg/day fi-
masartan (Sham-F10). (D and J) IRI (IR). (E 
and K) IRI with 5 mg/kg/day fimasartan 
(IR-F5). (F and L) IRI with 10 mg/kg/day 
fimasartan (IR-F10). Immunohistochem-
istry shows increased labeling intensity 
of F4/80 and tumor necrosis factor 
(TNF)-� at the interstitial area after IRI (D 
and J) compared to NC (A and G), Sham 
(B and H), and Sham-F10 (C and I). Fima-
sartan treatment reverses the changes in 
labeling intensities of F4/80 and TNF-α 
in the IRI groups (F and L). (M and N) 
Semi-quantitative assessment of F4/80-
positive cells and TNF-�-positive areas. 
Arrows indicate F4/80 positive cells. Data 
are expressed as means±SEM. (NC, n=5; 
Sham, n=6; Sham-F10, n=6; IR, n=8; IR 
with 5 mg/kg/day fimasartan, IR-F5, n=8; 
IR with 5 mg/kg/day fimasartan, IR-F10, 
n=8).
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groups (Figs. 3G-M). 

Fimasartan attenuated the increased expression of 
pro-inflammatory cytokines following renal IRI 

To investigate the inflammatory response after renal IRI, we 
evaluated the expression of F4/80 and TNF-� in kidney tissues 
using immunohistochemistry. F4/80, a macrophage infiltration 
marker (Figs. 4A-F), and TNF-� expression (Figs. 4G-L), were 
increased in the IR compared to the Sham and Sham-F10 groups. 
Treatment with fimasartan before IRI decreased the changes in 
labeling intensities of F4/80 and TNF-� (Figs. 4M and N).

We assessed serum IL-6 levels using an enzyme-linked im-
munosorbent assay. The results showed that serum IL-6 was sig-
nificantly increased after IRI compared to control groups, while 
pretreatment with fimasartan attenuated the IRI-induced change 
in IL-6 (Fig. 5). Investigating mRNA levels of the inflamma-

tory cytokines TNF-�, IL-1�, IL-6, and TGF-� using qRT-PCR 
showed that they were dramatically increased by IR compared to 
the control groups. Treatment with fimasartan before IRI dimin-
ished these increases (Fig. 6). 

Fimasartan attenuated apoptosis in renal IRI

To confirm the effect of fimasartan on apoptosis, we investi-
gated the level of apoptotic cell death in the Sham and IR groups, 
with and without fimasartan pretreatment, using the TUNEL 
assay (Figs. 7 and 8). The IR group exhibited more TUNEL-
positive renal tubular epithelial cells than the Sham group. Fima-
sartan pretreatment (IR-F5 and IR-F10 groups) attenuated the IR-
induced increase of apoptosis in tubule cells.

The activity of caspase-3 in renal homogenates was measured 
(Fig. 9A). Caspase-3 activity was dramatically increased in the IR 
compared to control groups, while fimasartan-treatment dimin-

Fig. 6. mRNA levels of tumor necrosis 

factor (TNF)-�, interleukin (IL)-1�, 

IL-6, and transforming growth fac-

tor (TGF)-� in mouse kidney tissue. 

Quantitative real-time polymerase chain 
reaction analyses revealed significant 
increases in the expression of (A) TNF-�, 
(B) IL-1�, (C) IL-6, and (D) TGF-� mRNA in 
the ischemia-reperfusion (IR) compared 
to control groups. Fimasartan treatment 
(5 mg/kg/day, IR-F5; 10 mg/kg/day, IR-
F10) significantly inhibits the upregu-
lation of TNF-�, IL-1�, IL-6, and TGF-� 
levels compared to the IR group. Data 
are expressed as means±SEM (normal 
control, NC, n=5; sham operation, Sham, 
n=6; sham operation with 10 mg/kg/day 
fimasartan, Sham-F10, n=6; IR, n=8; IR-
F5, n=8; IR-F10, n=8).

Fig. 5. Enzyme-linked immunosorbent 

assay results of serum interleukin (IL)-

6 levels. IL-6 is significantly increased 
after renal ischemia-reperfusion injury 
(IRI) compared to the control groups. 
Pretreatment with fimasartan (5 mg/kg/
day, IR-F5; 10 mg/kg/day, IR-F10) before 
IRI attenuates the change in IL-6. Data 
are expressed as means±SEM (normal 
control. NC, n=5; sham operation, Sham, 
n=6; sham operation with 10 mg/kg/day 
fimasartan, Sham-F10, n=6; IR, n=8; IR-
F5, n=8; IR-F10, n=8).
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ished the increase of caspase-3 activity.
Two important proteins associated with apoptosis, Bcl-2 and 

Bax, were analyzed by western blotting. In the IR group, Bcl-2 
expression was decreased while Bax expression was increased, 
compared to the control groups. These results were attenuated by 
pretreatment with fimasartan (Figs. 9B-D).

DISCUSSION

The present study demonstrated that fimasartan attenuated 
renal IRI injury in a mouse model. Treatment with fimasartan 
improved serum BUN and Cr levels compared to the untreated 
group. Kidneys from IR mice treated with fimasartan showed 
less tubular necrosis and interstitial fibrosis than untreated mice. 
High-dose fimasartan also attenuated the IR-induced upregu-
lation of inflammatory cytokines and decreased apoptosis of 
tubular cells. These results suggest that the renoprotective effects 
of fimasartan are mediated by modulating inflammation-related 

apoptosis. This is the first study to investigate the protective ef-
fect of fimasartan on kidneys with IRI, making it a candidate for 
treating patients with acute renal ischemic injury.

Kim et al showed that nuclear factor erythroid 2–related factor 
2 (Nrf2), antioxidant genes known to regulate cellular oxidative 
stress, was related with fimasartan-mediated antioxidant effects 
in unilateral ureteral obstruction mouse model [24]. However, 
whether fimasartan could modulate tubular injury, especially 
after IR, was not known. Our results indicate that a renal isch-
emic insult contributes to upregulation of TNF-�, IL-1�, and 
IL-6 mRNA. An increased level of TNF-� is associated with 
deterioration of renal blood flow and the glomerular filtration 
rate by enhancing various vasoactive mediators [25]. TNF-� is 
also a major cytokine that recruits macrophages, thereby initiat-
ing tissue inflammation [26,27]. IL-1� and IL-6 also contribute to 
inflammation and tissue injury, which leads to cellular dysfunc-
tion and apoptosis [28,29]. Because Ang II increases the genera-
tion of reactive oxygen species and pro-inflammatory mediators, 
particularly TNF-� [30,31], and blocking Ang II downregulates 

Fig. 7. Apoptosis of renal tubular epi-

thelial cells. The TUNEL assay reveals 
that apoptosis induced in the ischemia-
reperfusion (IR) group is significantly in-
creased compared to that in the control 
groups. Apoptosis of renal tubule cells is 
decreased in the fimasartan-pretreated 
groups (5 mg/kg/day, IR-F5; 10 mg/kg/
day, IR-F10) compared to the IR group.

Fig. 8. Immunohistochemistry reveals 

fimasartan pretreatment suppresses 

ischemia-reperfusion injury (IRI)-

induced apoptosis in tubular epithe-

lial cells. (A) Normal control. (B) Sham 
operation. (C) Sham operation with 10 
mg/kg/day fimasartan. (D) IRI. (E) IRI with 
5 mg/kg/day fimasartan. (F) IRI with 10 
mg/kg/day fimasartan. IR significantly 
increased the number of apoptotic cells 
compared with that in the sham group, 
which was significantly reduced by fima-
sartan. Arrows indicate TUNEL-positive 
cells in renal tubule.
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many pro-inflammatory cytokines [13], we investigated the ef-
fect of fimasartan on the pro-inflammatory pathway in IRI. The 
protective effects of fimasartan were seen by its ability to inhibit 
the upregulation of pro-inflammatory cytokines and decrease 
tubular cell apoptosis. This suggests that fimasartan could be 
responsible for the improvement in tissue damage by modulating 
inflammation-related IRI injury. 

Pro-inflammatory cytokines such as TNF-� and oxygen-
derived free radicals are well-known inducers of apoptosis by 
activating the caspase family of proteases [32]. The sequential 
cleavage of procaspases activates caspase-3, which degrades other 
intracellular proteins, leading to cell death [33]. Therefore, cas-
pase inhibition has remarkable effects on renal injury by prevent-
ing apoptosis after renal ischemia [34,35]. We investigated the 
effect of fimasartan on apoptosis by determining caspase-3 activ-
ity and using the TUNEL assay in a mouse model of kidney IRI. 
Caspase-3 activity was significantly increased in the IRI group 
compared with control, whereas fimasartan treatment before IRI 
significantly decreased caspase-3 activity compared with the IRI 
group. Increased caspase-3 activity was associated with TUNEL-
positive renal tubular epithelial cells, suggesting renal tubular 
cell apoptosis after IR. This is in agreement with a previous study 
with caspase-inhibiting drugs where fimasartan prevented the 

activation of renal caspase-3 and thus inhibited subsequent renal 
tubular cell apoptosis [36-38].

We also investigated the possible mechanisms by which fima-
sartan prevented apoptosis. Among several apoptosis-regulating 
genes, BCL-2 family genes play a pivotal role in preserving mi-
tochondrial integrity, suppressing tubular cell apoptosis, and 
ameliorating renal dysfunction [33]. Expression of Bcl-2 and Bax 
proteins, that interact as anti- and pro-apoptotic BCL-2 members, 
has a direct effect on renal tubular cells at the mitochondrial level 
[37,39]. Our results suggest that the cytoprotective effects of fima-
sartan are mediated via the downregulation of caspase-3 activity 
and Bax expression, and the upregulation of Bcl-2.

Although many ARBs show renoprotective effects to IRI, and 
the suppression of apoptosis by fimasartan may be achieved by 
blocking the AT1 receptor, the underlying mechanisms whereby 
they reduce IRI differ and are controversial because of the pleio-
tropic effects of individual ARBs. Previous studies with ARBs 
suggested that mitochondrial dysfunction was prevented by 
reducing myeloperoxidase activity, homocysteine accumulation, 
or oxygen consumption [13,14,40]. Our study demonstrated that 
pretreatment with fimasartan modulated the Bax/Bcl-2 bal-
ance during IRI. This might stabilize mitochondrial membrane 
permeability and mitigate cell death [41], and can be considered 

Fig. 9. Activity of caspase-3, and expres-

sion of Bcl-2 and Bax in renal tubular 

cells following ischemia-reperfusion in-

jury (IRI). (A) Caspase-3 activity is signifi-
cantly increased in the IR compared to 
the normal control (NC), sham operation 
(Sham), and sham operation with 10 mg/
kg/day fimasartan (Sham-F10) groups. 
Fimasartan-treatment after IR (5 mg/kg/
day fimasartan, IR-F5, and 10 mg/kg/
day fimasartan, IR-F10) diminishes the 
increases of caspase-3. (B) Immunoblot-
ting shows significantly decreased Bcl-2 
and increased Bax levels in IR compared 
to NC, Sham, and Sham-F10. Quanti-
tation of (C) Bcl-2 and (D) Bax levels. 
Pretreatment with fimasartan reverses 
the changes in Bcl-2 and Bax expression. 
Data are expressed as means±SEM.
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as another possible mechanism for the protective effect of ARB 
classes against renal tubular apoptosis.

It is difficult to ascertain whether modulation of the TNF-�-
related inflammatory pathway is the sole mechanism underlying 
the ability of fimasartan to reduce renal injury. Fibrosis following 
an ischemic insult is a common pathologic feature of IRI and is 
related to various fibrosis-mediating cytokines including TGF-�1 
[42,43]. We showed that fimasartan attenuated the progression 
of renal fibrosis after IRI. In addition, TGF-�1 mRNA was up-
regulated after IRI and downregulated by fimasartan treatment. 
Although we did not evaluate other fibrogenic mediators such as 
�-smooth muscle actin or collagen in the present study, it is es-
sential to investigate the cross talk between the anti-inflammato-
ry and anti-fibrotic effects of fimasartan.

The renoprotective effect of AT1 blockade is strongly dose-
dependent and independent of its effect on systemic arterial pres-
sure [44,45]. Although a lower dose of fimasartan decreased ex-
pression of some pro-inflammatory cytokines such as IL-1� and 
IL-6, the low dose fimasartan group did not show functional or 
histological differences compared to the non-treated group. This 
discrepancy in our study might be explained by a dose-dependent 
response to intrarenal acute inflammation, or availability of the 
drug in the kidney that would be necessary to counteract IRI 
more effectively.

In conclusion, fimasartan treatment preserved renal function 
and tubular architecture following reperfusion in a mouse model 
of ischemic renal injury. Renoprotection at the high dose of fima-
sartan was mainly mediated by its anti-inflammatory effects. Our 
results indicate that fimasartan inhibited the process of tubular 
injury through the prevention of apoptosis induced by the in-
flammatory pathway. 

ACKNOWLEDGEMENTS

This research was supported by a grant from the Korea Health 
Technology R&D Project through the Korea Health Industry De-
velopment Institute, funded by the Ministry of Health & Welfare, 
Republic of Korea (HI15C0001 and HC15C1129) and supported 
by Medi-Start Up Program funded by the Daegu Metropolitan 
City [Project Name: Development of the candidate agents for 
acute kidney injury through the reduction of oxidative stress].

CONFLICTS OF INTEREST

The authors declare no conflicts of interest.

REFERENCES

1. Weight SC, Bell PR, Nicholson ML. Renal ischaemia-reperfusion 
injury. Br J Surg. 1996;83:162-170.

2. Edelstein CL, Ling H, Schrier RW. The nature of renal cell inju-
ry. Kidney Int. 1997;51:1341-1351.

3. Bonventre JV, Weinberg JM. Recent advances in the pathophysiol-
ogy of ischemic acute renal failure. J Am Soc Nephrol. 2003;14:2199-
2210.

4. Bonventre JV, Zuk A. Ischemic acute renal failure: an inflammatory 
disease? Kidney Int. 2004;66:480-485.

5. Rah DK, Han DW, Baek HS, Hyon SH, Park BY, Park JC. Protec-
tion of rabbit kidney from ischemia/reperfusion injury by green tea 
polyphenol pretreatment. Arch Pharm Res. 2007;30:1447-1454.

6. Cau J, Favreau F, Zhang K, Febrer G, de la Motte GR, Ricco JB, Gou-
jon JM, Hauet T. FR167653 improves renal recovery and decreases 
inflammation and fibrosis after renal ischemia reperfusion injury. J 
Vasc Surg. 2009;49:728-740.

7. Korkmaz A, Kolankaya D. The protective effects of ascorbic acid 
against renal ischemia-reperfusion injury in male rats. Ren Fail. 
2009;31:36-43.

8. Kontogiannis J, Burns KD. Role of AT1 angiotensin II receptors in 
renal ischemic injury. Am J Physiol. 1998;274:F79-90.

9. Hammad FT, Wheatley AM, Davis G. Role of endothelin ET(A) 
receptor antagonism in the post-transplant renal response to angio-
tensin II in the rat. Exp Physiol. 2001;86:365-372.

10. Harrison-Bernard LM, Navar LG, Ho MM, Vinson GP, el-Dahr 
SS. Immunohistochemical localization of ANG II AT1 receptor 
in adult rat kidney using a monoclonal antibody. Am J Physiol. 
1997;273:F170-177.

11. Ruiz-Ortega M, Rupérez M, Esteban V, Rodríguez-Vita J, Sánchez-
López E, Carvajal G, Egido J. Angiotensin II: a key factor in the in-
flammatory and fibrotic response in kidney diseases. Nephrol Dial 
Transplant. 2006;21:16-20.

12. Habibey R, Ajami M, Hesami A, Pazoki-Toroudi H. The mechanism 
of preventive effect of captopril on renal ischemia reperfusion injury 
is independent of ATP dependent potassium channels. Iran Biomed 
J. 2008;12:241-245.

13. Molinas SM, Cortés-González C, González-Bobadilla Y, Monas-
terolo LA, Cruz C, Elías MM, Bobadilla NA, Trumper L. Effects of 
losartan pretreatment in an experimental model of ischemic acute 
kidney injury. Nephron Exp Nephrol. 2009;112:e10-19.

14. Fouad AA, Qureshi HA, Al-Sultan AI, Yacoubi MT, Al-Melhim 
WN. Nephroprotective effect of telmisartan in rats with ischemia/
reperfusion renal injury. Pharmacology. 2010;85:158-167.

15. Fimasartan. Am J Cardiovasc Drugs. 2011;11:249-252.
16. Kim TW, Yoo BW, Lee JK, Kim JH, Lee KT, Chi YH, Lee JY. Synthe-

sis and antihypertensive activity of pyrimidin-4(3H)-one derivatives 
as losartan analogue for new angiotensin II receptor type 1 (AT1) 
antagonists. Bioorg Med Chem Lett. 2012;22:1649-1654.

17. Shin BS, Kim TH, Paik SH, Chi YH, Lee JH, Tan HK, Choi Y, Kim 
M, Yoo SD. Simultaneous determination of fimasartan, a novel anti-
hypertensive agent, and its active metabolite in rat plasma by liquid 
chromatography-tandem mass spectrometry. Biomed Chromatogr. 
2011;25:1208-1214.

18. Shin KH, Kim TE, Kim SE, Lee MG, Song IS, Yoon SH, Cho JY, 
Jang IJ, Shin SG, Yu KS. The effect of the newly developed angio-
tensin receptor II antagonist fimasartan on the pharmacokinetics 
of atorvastatin in relation to OATP1B1 in healthy male volunteers. J 
Cardiovasc Pharmacol. 2011;58:492-499.

19. Yi S, Kim JW, Kim TE, Kim J, Jun YK, Choi J, Yoon SH, Cho JY, 



670

https://doi.org/10.4196/kjpp.2018.22.6.661Korean J Physiol Pharmacol 2018;22(6):661-670

Cho JH et al

Song SH, Shin SG, Jang IJ, Yu KS. Effect of multiple doses of fima-
sartan, an angiotensin II receptor antagonist, on the steady-state 
pharmacokinetics of digoxin in healthy volunteers. Int J Clin Phar-
macol Ther. 2011;49:321-327.

20. Yi S, Kim TE, Yoon SH, Cho JY, Shin SG, Jang IJ, Yu KS. Pharma-
cokinetic interaction of fimasartan, a new angiotensin II receptor 
antagonist, with amlodipine in healthy volunteers. J Cardiovasc 
Pharmacol. 2011;57:682-689.

21. Han J, Park SJ, Thu VT, Lee SR, Long le T, Kim HK, Kim N, Park 
SW, Jeon ES, Kim EJ, Yoon CH, Cho GY, Choi DJ. Effects of the 
novel angiotensin II receptor type I antagonist, fimasartan on myo-
cardial ischemia/reperfusion injury. Int J Cardiol. 2013;168:2851-
2859.

22. Lee JY, Lee CW, Kim WJ, Ahn JM, Park DW, Kang SJ, Lee SW, Kim 
YH, Son WC, Jung S, Park SW, Park SJ. Antiatherosclerotic effects 
of the novel angiotensin receptor antagonist Fimasartan on plaque 
progression and stability in a rabbit model: a double-blind placebo-
controlled trial. J Cardiovasc Pharmacol. 2013;62:229-236.

23. Chang SA, Lim BK, Lee YJ, Hong MK, Choi JO, Jeon ES. A novel 
angiotensin type I receptor antagonist, fimasartan, prevents doxoru-
bicin-induced cardiotoxicity in rats. J Korean Med Sci. 2015;30:559-
568.

24. Kim S, Kim SJ, Yoon HE, Chung S, Choi BS, Park CW, Shin SJ. 
Fimasartan, a novel angiotensin-receptor blocker, protects against 
renal inflammation and fibrosis in mice with unilateral ureteral ob-
struction: the possible role of Nrf2. Int J Med Sci. 2015;12:891-904.

25. Donnahoo KK, Meng X, Ayala A, Cain MP, Harken AH, Meldrum 
DR. Early kidney TNF-alpha expression mediates neutrophil infil-
tration and injury after renal ischemia-reperfusion. Am J Physiol. 
1999;277:R922-929.

26. Donnahoo KK, Shames BD, Harken AH, Meldrum DR. Review ar-
ticle: the role of tumor necrosis factor in renal ischemia-reperfusion 
injury. J Urol. 1999;162:196-203.

27. Rabb H, O’Meara YM, Maderna P, Coleman P, Brady HR. Leuko-
cytes, cell adhesion molecules and ischemic acute renal failure. Kid-
ney Int. 1997;51:1463-1468.

28. Glynne PA, Picot J, Evans TJ. Coexpressed nitric oxide synthase 
and apical beta(1) integrins influence tubule cell adhesion after 
cytokine-induced injury. J Am Soc Nephrol. 2001;12:2370-2383.

29. Patel NS, Chatterjee PK, Di Paola R, Mazzon E, Britti D, De Sarro A, 
Cuzzocrea S, Thiemermann C. Endogenous interleukin-6 enhances 
the renal injury, dysfunction, and inflammation caused by isch-
emia/reperfusion. J Pharmacol Exp Ther. 2005;312:1170-1178.

30. Seujange Y, Eiam-Ong S, Tirawatnapong T, Eiam-Ong S. Role of an-
giotensin II on dihydrofolate reductase, GTP-cyclohydrolase 1 and 
nitric oxide synthase expressions in renal ischemia-reperfusion. Am 
J Nephrol. 2008;28:692-700.

31. Park JK, Mervaala EM, Muller DN, Menne J, Fiebeler A, Luft FC, 

Haller H. Rosuvastatin protects against angiotensin II-induced renal 
injury in a dose-dependent fashion. J Hypertens. 2009;27:599-605.

32. Basnakian AG, Kaushal GP, Shah SV. Apoptotic pathways of oxida-
tive damage to renal tubular epithelial cells. Antioxid Redox Signal. 
2002;4:915-924.

33. Havasi A, Borkan SC. Apoptosis and acute kidney injury. Kidney 
Int. 2011;80:29-40.

34. Saikumar P, Venkatachalam MA. Role of apoptosis in hypoxic/isch-
emic damage in the kidney. Semin Nephrol. 2003;23:511-521.

35. Kaushal GP, Basnakian AG, Shah SV. Apoptotic pathways in isch-
emic acute renal failure. Kidney Int. 2004;66:500-506.

36. Faubel S, Ljubanovic D, Reznikov L, Somerset H, Dinarello CA, 
Edelstein CL. Caspase-1-deficient mice are protected against 
cisplatin-induced apoptosis and acute tubular necrosis. Kidney Int. 
2004;66:2202-2213.

37. Chien CT, Chang TC, Tsai CY, Shyue SK, Lai MK. Adenovirus-
mediated bcl-2 gene transfer inhibits renal ischemia/reperfusion 
induced tubular oxidative stress and apoptosis. Am J Transplant. 
2005;5:1194-1203.

38. Xue F, Isaka Y, Takahara T, Imamura R, Suzuki C, Ichimaru N, 
Michieli P, Takahara S. HGF-MSP chimera protects kidneys from 
ischemia-reperfusion injury. Biochem Biophys Res Commun. 
2007;363:451-456.

39. Havasi A, Li Z, Wang Z, Martin JL, Botla V, Ruchalski K, Schwartz 
JH, Borkan SC. Hsp27 inhibits Bax activation and apoptosis via a 
phosphatidylinositol 3-kinase-dependent mechanism. J Biol Chem. 
2008;283:12305-12313.

40. Deng A, Miracle CM, Suarez JM, Lortie M, Satriano J, Thomson SC, 
Munger KA, Blantz RC. Oxygen consumption in the kidney: effects 
of nitric oxide synthase isoforms and angiotensin II. Kidney Int. 
2005;68:723-730.

41. Youle RJ, Strasser A. The BCL-2 protein family: opposing activities 
that mediate cell death. Nat Rev Mol Cell Biol. 2008;9:47-59.

42. Nowak G, Schnellmann RG. Autocrine production and TGF-beta 
1-mediated effects on metabolism and viability in renal cells. Am J 
Physiol. 1996;271:F689-697.

43. Sanderson N, Factor V, Nagy P, Kopp J, Kondaiah P, Wakefield L, 
Roberts AB, Sporn MB, Thorgeirsson SS. Hepatic expression of 
mature transforming growth factor beta 1 in transgenic mice results 
in multiple tissue lesions. Proc Natl Acad Sci U S A. 1995;92:2572-
2576.

44. Fujihara CK, Velho M, Malheiros DM, Zatz R. An extremely high 
dose of losartan affords superior renoprotection in the remnant 
model. Kidney Int. 2005;67:1913-1924.

45. Horita S, Nakamura M, Suzuki M, Satoh N, Suzuki A, Homma 
Y, Nangaku M. The role of renal proximal tubule transport in the 
regulation of blood pressure. Kidney Res Clin Pract. 2017;36:12-21.


