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Abstract: Although chronic kidney disease (CKD) is known to aggravate cardiovascular disease in the setting of
cardiorenal syndrome (CRS), the impact of impaired cardiac function on the progression of CKD has seldom been
reported. This study tested the impact of acute myocardial infarction on a rodent CKD model and the therapeutic ef-
fect of valsartan in this setting. Adult male Sprague-Dawley rats (n = 50) equally divided into group 1 (sham control),
group 2 (CKD induced by 5/6 nephrectomy), group 3 (AMI by ligation of left coronary artery), group 4 (CKD+AMI),
group 5 (CKD+AMlI+valsartan, orally 10 mg/kg/day). By day 60, kidney injury score, creatinine levels, and ratio of
urine to creatinine were highest in group 4 and lowest in group 1, significantly higher in group 4 than those in groups
2 and 5, and significantly higher in group 5 than those in group 2 (all p < 0.001). Protein expressions of inflammation
(IL-1B/MMP-9), oxidative stress (NOX-1/NOX-2/oxidized protein, angiotensin-ll receptor), apoptosis (Bax, cleaved
caspase-3/PARP), fibrosis (Smad3/TGF-B), and kidney injured (KIM-1/FSP-1) markers showed an identical pattern,
whereas anti-fibrosis (Smad5/BMP-2) indices exhibited an opposite pattern compared to that of creatinine level
among all groups (all p < 0.01). Cellular expressions of inflammation (CD14/CD68), DNA-damage (y-H2AX, CD90/
XRCC1) and proximal-renal tubule (KIM-1) biomarkers displayed an identical pattern, whereas podocyte-integrity
markers (podocin/Z0-1/p-cadherin/synaptopodin) showed a pattern opposite to that of creatinine level among all
groups (all p < 0.001). In a rodent CKD setting, renal function impairment and parenchymal damage further dete-
riorated after AMI but were suppressed following valsartan treatment.

Keywords: Chronic kidney disease, myocardial infarction, inflammation, oxidative stress, apoptosis, fibrosis


http://www.ajtr.org

Cardiac function affects CKD & modulated by valsartan

Introduction

Numerous studies have well established the
fact that cardiovascular disease (CVD) [1, 2]
and chronic kidney disease (CKD) [3-8] are two
important predictors of unfavorable long-term
outcome in different disease entities. A body of
evidence has shown that organs of the body
share information via a variety of biological
mediators and pathology of one organ can lead
to dysfunction of another [9]. Cardiorenal syn-
drome (CRS) is an important example of such
an organ crosstalk. In fact, abundant data have
demonstrated that CRS is a crucial factor in the
prediction of short- and long-term prognostic
outcomes in different disease settings [10-15].
In humans, the heart and the kidney are both
considered major organs vital for survival. From
the physiological standpoint, the heart acts as
a pump that continuously provides adequate
blood supply to the whole body. In situation
of heart failure regardless of its etiology, the
reduction in cardiac output decreases the
blood flow to each organ, including the kidney,
leading to a drop in glomerular filtration and
impairment of renal function. On the other
hand, the kidney is an important organ for
metabolism, detoxification, and excretion of
nitrogenous waste as well as the maintenance
of pH, electrolyte, and fluid balance in our body.
Accordingly, in situation of acute kidney injury
or CKD, fluid and electrolyte imbalances as
well as accumulation of uremic toxins contrib-
ute to impairment in endothelial and cardiac
functions, thereby worsening cardiovascular
disease. Therefore, it is rational to believe that
CRS is the result of pathological crosstalk
between the two organs. Surprisingly, while the
adverse impact of CKD on the propagation of
CVD in the setting of CRS has been keenly
investigated, the possible damaging effects of
heart dysfunction and CVD on renal function in
the CKD setting receive much less attention. In
view of the fact that CRS is one of the leading
causes of death in hospitalized patients in dif-
ferent disease settings, the impact of cardiac
dysfunction on renal function in the CKD set-
ting warrants further clarification to guide clini-
cal practice.

Accordingly, this study tested the hypothesis
that (1) renal function would progressively dete-
riorate after acute myocardial infarction (AMI)
in the setting of CKD, and (2) valsartan, which
is a well-known angiotensin Il type | receptor
blocker for the treatment of patients with
hypertension and CKD, would effectively pre-
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vent the deterioration of renal function and
molecular-cellular perturbations after AMI in a
rodent model.

Materials and methods
Ethics

All animal experimental procedures were ap-
proved by the Institute of Animal Care and Use
Committee at Kaohsiung Chang Gung Memo-
rial Hospital (Affidavit of Approval of Animal Use
Protocol No. 2013093004) and performed in
accordance with the Guide for the Care and
Use of Laboratory Animals [The Eighth Edition
of the Guide for the Care and Use of Laboratory
Animals (NRC 2011)].

Animals were housed in an Association for
Assessment and Accreditation of Laboratory
Animal Care International (AAALAC)-approved
animal facility in our hospital with controlled
temperature and light-dark cycle (24°C and
12/12 light-dark cycle).

Animal grouping and treatment strategy

Pathogen-free, adult male Sprague-Dawley
(SD) rats (n = 50) weighing 325-350 g (Charles
River Technology, BioLASCO Taiwan Co. Ltd.,
Taiwan) were randomly divided into five groups:
sham-operated control (SC) (Group 1), CKD only
(Group 2), AMI only (Group 3), CKD+AMI (CKD-
AMI) (Group 4), CKD+AMI+valsartan orally 10
mg/kg/day since day 15 after CKD induction
and up to end of the study period (i.e., at day
60 after CKD induction) (CKD-AMI-Val) (Group
5).

The dosage of valsartan use in the present
study was based on our previous report with
some modifications [16, 17].

Animal model of chronic kidney disease

The procedure and protocol of CKD was based
on our recent report [18]. In details, all animals
were anesthetized by inhalational 2.0% isoflu-
rane in a supine position on a warming pad at
37°C for midline laparotomies. Sham-operated
rats (SC) received laparotomy only, while CKD
was induced in all animals in the CKD, CKD-
AMI, and CKD-AMI-Va groups by right nephrec-
tomy plus arterial ligation of upper two-third
(i.e., upper and middle) blood supplies of the
left kidney, leaving only blood supply to the
lower third. Such a model allows preservation
of limited amount of functioning renal paren-
chyma to simulate the condition of CKD.
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Animal model of AMI

The procedure and protocol of AMI induction
were based on our recent reports [17, 19]. In
details, by day 14 after CKD induction, all ani-
mals were anesthetized by inhalational 2.0%
isoflurane and placed in a supine position on a
warming pad at 37°C. Under sterile conditions,
the heart was exposed via a left thoracotomy.
Shame-operated rats (SC) received thoracotomy
only, while AMI was induced in AMI, AMI-CKD
and AMI-CKD-Val animals by left coronary
artery ligation 3 mm distal to the margin of
left atrium with 7-O prolene suture. Regional
myocardial ischemia was verified by observing
a rapid color change from pinkish to dull red-
dish over the anterior surface of the LV and
rapid development of akinesia and dilatation
in the ischemic region. After the procedure, the
thoracotomy wound was closed and the ani-
mals were allowed to recover from anaesthe-
sia in a portable animal intensive care unit
(ThermoCare®) for 24 hours.

Functional assessment by echocardiography

All animals underwent transthoracic echocar-
diography under general anesthesia in supine
position at the beginning and end of the study.
The procedure was performed by an animal
cardiologist blinded to the experimental de-
sign using an ultrasound machine (Vevo 2100,
Visualsonics). Standard M-mode two-dimen-
sional (2D) left parasternal-long axis echocar-
diographic examination was conducted. Left
ventricular internal dimensions, including end-
systolic diameter (ESD) and end-diastolic diam-
eter (EDD), were measured according to the
American Society of Echocardiography leading-
edge method using at least three consecutive
cardiac cycles. Left ventricular ejection fraction
(LVEF) was calculated as follows: LVEF (%) =
[(LVEDD3-LVEDS?®)/LVEDD?] x 100%.

Abdominal ultrasonography for determining
renal blood flow

The procedure and protocol of abdominal ultra-
sonographic measurement was based on our
recent report [18]. Briefly, for abdominal ultra-
sound examination, the animals in each group
were anesthetized with inhalational 2.0% iso-
flurane on days 0, 14 and 60 prior to be sacri-
ficed. After shaving of the abdominal in all
animals, abdominal sonography (Vevo 2100,
Visual Sonics Inc., Toronto, Canada) was per-
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formed by an experienced technician blinded to
the treatment protocol. The renal blood flow/
velocity and color Doppler signals were care-
fully measured three times in each rat. The
parameters were averaged and entered into a
computer for further analysis.

Assessment of blood urea nitrogen (BUN) and
creatinine levels

The blood samples were collected before and
after the CKD procedure (i.e., prior to and at
day 60) before being sacrificed for assessment
of serum creatinine and BUN levels were per-
formed in the present study. The procedure
and protocol for measuring these parameters
have been reported in our recent study [18] in
details. In briefly, the concentrations of serum
creatinine and BUN were measured in dupli-
cate using standard laboratory equipment. The
mean intra-assay coefficient of variance for
BUN and creatinine was less than 4.0%.

Collection of 24-Hour urine for the ratio of
urine protein to creatinine at days 14 and 60
after CKD induction

For determining whether the CKD was success-
ful induction and the impact of valsartan on
protecting the renal function in CKD-AMI set-
ting, the urine in 24 hrs of all animals were col-
lected and the ratio of urine protein to creati-
nine was determined at days 14 and 60 after
CKD induction. For the collection of 24-hr urine
for individual study, each animal was put into
a metabolic cage [DXL-D, space: 190 x 290 x
550, Suzhou Fengshi Laboratory Animal Equi-
pment Co. Ltd., Mainland China] for 24 hrs with
free access to food and water.

Histopathology scoring of kidney injury

The histopathology scoring of kidney injury was
determined in a blinded fashion as we previ-
ously reported [19-21]. Briefly, the left kidney
specimens from all animals were fixed in 10%
buffered formalin, embedded in paraffin, sec-
tioned at 4 ym and stained (hematoxylin and
eosin; H&E) for light microscopy. The score
reflected the grading of tubular necrosis, loss
of brush border, cast formation, tubular dilata-
tion, and Bowman’s capsule enlargement in
10 randomly chosen, non-overlapping fields
(200x) for each animal as follows: O (none), 1 (£
10%), 2 (11-25%), 3 (26-45%), 4 (46-75%), and
5 (= 76%).
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Determined the distribution of small vessels in
kidney parenchyma

The detailed procedure and protocol for deter-
mining the number of small vessel have been
described in our previous reports [22, 23].
Briefly, immunohistochemical (IHC) staining of
a-smooth muscle actin using the appropriate
antibodies (Sigma) was performed to identify
renal arterioles according to manufacturer’s
instructions. Three kidney sections from each
rat were analyzed and three randomly select-
ed HPFs (100x) were analyzed in each section.
The mean number per HPF for each animal was
then determined by summation of all numbers
divided by 9.

Measurement of arterial muscularization in
kidney parenchyma

The detailed procedure and protocol for deter-
mining muscularization (i.e., an index of vascu-
lar remodeling) of renal arterioles was based
on our previous report [23]. Briefly, three mea-
surements were taken for the thickness of
renal arterioles. Muscularization of the arterial
medial layer in renal parenchyma was defined
as a mean thickness of vessel wall greater than
50% of the lumen diameter in a vessel of diam-
eter > 30 ym. Measurement of arteriolar diam-
eter and wall thickness was achieved using the
Image-J software (NIH, Maryland, USA).

Western blot analysis of right kidney
specimens

The methods were previously described in
details in our recent reports [16-21]. Primary
antibodies against angiotensin Il receptor
(1:1000, Abcam), fibroblast specific protein 1
(FSP-1) (1:1000, Abcam), Wilm’s tumor sup-
pressor gene 1 (WT-1) (1:1000, Abcam), kidney
injury molecule (KIM)-1 (1:500, Abcam), matrix
metalloproteinase (MMP)-9 (1:1000, Millipore),
interleukin (IL)-1B (1:2000, Abcam), NADPH oxi-
dase (NOX)-1, 2 (1:1500, Sigma), caspase 3
(1:1000, Cell Signaling), poly (ADP-ribose) poly-
merase (PARP) (1:1000, Cell Signaling), Smad3
(1:1000, Cell Signaling), Smadl/5 (1:1000,
Cell Signaling), transforming growth factor
(TGF)-B (1:500, Abcam), bone morphogenetic
protein (BMP)-2 (1:500, Abcam), Bcl-2 (1:200,
Abcam), phospho-Akt (1:2000, Cell Signaling)
were used. Signals were detected with horse-
radish peroxidase (HRP)-conjugated goat anti-
mouse, goat anti-rat, or goat anti-rabbit 1gG.
Immunoreactive bands were visualized by
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enhanced chemiluminescence (ECL; Amer-
sham Biosciences), which was then exposed
to Biomax L film (Kodak). For quantification,
ECL signals were digitized using Labwork soft-
ware (UVP).

Immunohistochemical and immunofluorescent
studies

The procedures and protocols for immunohisto-
chemical (IHC) and immunofluorescent (IF) ex-
aminations were based on our recent studies
[16-21]. For IHC and IF staining, rehydrated par-
affin sections were first treated with 3% H,0,
for 30 minutes and incubated with Immuno-
Block reagent (BioSB) for 30 minutes at room
temperature. Sections were then incubated
with primary antibodies specifically against
CD68 (1:100, Abcam), CD14 (1:200, BioSS),
y-H2AX (1:500, Abcam), CD90/XRCC1 (1:100,
Abcam/1:200, Abcam), zonula occludens-1
(Z0-1) (1:300, Abcam), kidney injury molecule
(KIM)-1 (1:200, R&D system), p-cadherin (1:
100, Novus), podocin (1:100, Sigma), and syn-
aptopodin (1:100, Santa Cruz) while sections
incubated with the use of irrelevant antibodies
served as controls. Three sections of kidney
specimens were analyzed in each rat. For quan-
tification, three randomly selected HPFs (x200
for IHC and IF studies) were analyzed in each
section. The mean number per HPF for each
animal was then determined by summation of
all numbers divided by 9. An IHC-based scoring
system was adopted for semi-quantitative anal-
yses of Z0-1 p-cadherin, podocin, KIM-1, and
synaptopodin in the kidneys as a percentage
of positive cells in a blinded fashion (score of
positively-stained cell for these biomarkers:
0 = negative staining; 1 < 15%; 2 = 15-25%; 3
= 25-50%; 4 = 50-75%; 5 > 75%-100% per
HPF).

Assessment of oxidative stress

The Oxyblot Oxidized Protein Detection Kit was
purchased from Chemicon, Billerica, MA, USA
(§7150). DNPH derivatization was carried out
on 6 pg of protein for 15 minutes according to
the manufacturer’s instructions. One-dimen-
sional electrophoresis was carried out on 12%
SDS/polyacrylamide gel after DNPH derivatiza-
tion. Proteins were transferred to nitrocellulose
membranes which were then incubated in the
primary antibody solution (anti-DNP 1:150) for
2 hours, followed by incubation in secondary
antibody solution (1:300) for 1 hour at room
temperature. The washing procedure was re-
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Figure 1. Measurement of serum levels of creatinine and blood urea nitrogen (BUN), the ratio of urine protein to creatinine, renal blood flow and kidney size. A. Se-
rum level of creatinine by day O prior to CKD induction, * vs. other groups, p > 0.5. B. Serum level of creatinine by day 60 after CKD, * vs. other groups with different
symbols (1, 1, §, 9), p < 0.0001. C. Serum level of BUN by day O prior to CKD induction, * vs. other groups, p > 0.5. D. Serum level of BUN by day 60 after CKD, *
vs. other groups with different symbols (1, ¥, §, 9), p < 0.0001. E. Ratio of urine protein to creatinine by day O prior to CKD induction, * vs. other groups, p > 0.5. F.
Ratio of urine protein to creatinine by day 16 after CKD induction prior to AMI induction, * vs. tp < 0.001. G. Ratio of urine protein to creatinine by day 60 after CKD,
* vs. other groups with different symbols (t, %, §), p < 0.0001. H. Renal blood flow velocity by day 60 after CKD induction, * vs. other groups with different symbols
(1, £, 8, 9), p < 0.0001. I. Long axis of kidney by day 60 after CKD induction, * vs. Tp < 0.0001. J. Short axis of kidney by day 60 after CKD induction, * vs. other
groups with different symbols (T, 1, §), p < 0.0001. All statistical analyses were performed by one-way ANOVA, followed by Bonferroni multiple comparison post hoc
test (n = 10). Symbols (*, 1, 1, §, ) indicate significance (at 0.05 level). Scale bars in right lower corner represent 50 um. SC = sham control; AMI = acute myocardial
infarction; CKD = chronic kidney disease; Val = valsartan.
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Figure 2. Histopathological findings of kidney injury by day 60 after CKD induction. A-E. H.&E. stain (400x) demon-
strating significantly higher degree of loss of brush border in renal tubules (yellow arrows), cast formation (green
asterisk), tubular dilatation (blue asterisk) tubular necrosis (green arrows), and dilatation of Bowman’s capsule
(blue arrows) in CKD and CKD+AMI groups than in other groups. F. * vs. other groups with different symbols (t, ¥,
8, ), * vs. Tp < 0.0001. All statistical analyses were performed by one-way ANOVA, followed by Bonferroni multiple
comparison post hoc test (n = 10). Symbols (*, 1, , §, q9) indicate significance (at 0.05 level). Scale bars in right
lower corner represent 50 um. SC = sham control; AMI = acute myocardial infarction; CKD = chronic kidney disease;
Val = valsartan.

peated eight times within 40 minutes. Immuno- ces, Amersham, UK) which was then exposed
reactive bands were visualized by enhanced to Biomax L film (Kodak, Rochester, NY, USA).
chemiluminescence (ECL; Amersham Bioscien- For quantification, ECL signals were digitized
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Figure 3. Numbers of small vessels and arterial muscularization in kidney parenchyma by day 60 after CKD induc-
tion. A-E. lllustration of the microscopic findings (100x) of immunohistochemical staining (i.e., a-smooth muscle
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actin) for identification of numbers of small vessels (red arrows) and the arterial muscularization (yellow arrows). F.
Statistical analysis of the number of small vessels, * vs. other groups with different symbols (1, %, §, ), p < 0.0001.
G. Statistical analysis of the number of muscularization, * vs. other groups with different symbols (1, 1, §, 9), p <
0.0001. All statistical analyses were performed by one-way ANOVA, followed by Bonferroni multiple comparison post
hoc test (n = 10). Symbols (*, 1, 1, §, ) indicate significance (at 0.05 level). Scale bars in right lower corner repre-
sent 100 ym. SC = sham control; AMI = acute myocardial infarction; CKD = chronic kidney disease; Val = valsartan.

using Labwork software (UVP, Waltham, MA,
USA). For oxyblot protein analysis, a standard
control was loaded on each gel.

Statistical analysis

Quantitative data are expressed as means +*
SD. Statistical analyses were performed using
SAS statistical software for Windows version
8.2 (SAS institute, Cary, NC) to conduct ANOVA,
followed by Bonferroni multiple-comparison
post hoc test. A probability value < 0.05 was
considered statistically significant.

Results

Blood urea nitrogen (BUN) and creatinine
levels prior to and after CKD induction, and
ultrasound findings of the kidneys by day 60
after CKD induction (Figure 1)

By day O prior to CKD induction, the serum lev-
els BUN and creatinine, and the ratio of urine
protein to creatinine did not differ among the
five groups. However, by day 60 after CKD in-
duction, these three parameters were highest
in CKD-AMI and lowest in SC, significantly high-
er in CKD than those in AMI and CKD-AMI-Val,
and significantly higher in CKD-AMI-Val than
those in the AMI group. Additionally, by day 14
after CKD induction and prior to AMI induction,
the ratio of urine protein to creatinine were sig-
nificantly higher in CKD, CKD-AMI and CKD-
AMI-Val groups than in SC and AMI groups, but
this parameter did not differ among the former
three groups or between the later two groups.
Furthermore, by day 60 after CKD induction,
the ratio of urine protein to creatinine were
highest in CKD-AMI and lowest in SC and AMI,
and significantly higher in CKD than in CKD-
AMI-Val, but it showed no difference between
SC and AMI.

Renal ultrasonography showed that, prior to the
procedure (i.e., day 0), the kidney size was simi-
lar among the five groups. However, by day 60
after the CKD induction, the short axis of kidney
was shortest in AMI-CKD and longest in SC and
AMI, and significantly shorter in CKD than that
in CKD-AMI-Va, but it showed no difference bet-
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ween SC and AMI animals. On the other hand,
the pattern of changes in the long axis of kidney
was significantly shorter in AMI-CKD than in
other groups, significantly shorter in CKD and
AMI-CKD-Va than in SC and AMI, but it showed
no difference between the former two groups
or between the later two groups.

On the other hand, renal blood flow was highest
in SC and lowest in AKD-AMI, significantly re-
duced in CKD compared to that in AMI and
CKD-AMI-Va, and significantly lower in AMI-
CKD-Va than that in the AMI group.

Histological damage in kidney parenchyma by
day 60 after CKD induction (Figure 2)

H&E staining of left kidney sections revealed
that the kidney injury score was highest in CKD-
AMI and lowest in SC, significantly higher in
CKD than that in AMI and CKD-AMI-Val, and sig-
nificantly higher in CKD-AMI-Val than that in the
AMI animals. Accordingly, the findings suggest
that AMI worsened renal function that was pre-
served by valsartan therapy in the experimental
setting of CKD.

Distribution of small vessels and histological
finding of arterial muscularization in kidney
parenchyma by day 60 after CKD induction
(Figure 3)

IHC staining of a-smooth muscle actin demon-
strated that the number of small vessels in
renal parenchyma was lowest in CKD-AMI and
highest in SC, significantly lower in CKD than
that in AMI and CKD-AMI-Val, and significantly
lower in CKD-AMI-Val than that in animals with
AMI only. On the other hand, the number of
arterial muscularization in kidney parenchyma
exhibited an opposite pattern compared to that
of the number of small vessels among the five
groups.

Immunohistochemical and immunofluorescent
analyses of podocytes in glomeruli by day 60
after CKD induction (Figures 4 and 5)

IF analysis showed that the expression of ZO-1
(Figure 4), a tight junction-associated protein

Am J Transl Res 2017;9(5):2548-2566
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Figure 4. Immunofluorescent (IF) stain for identification of zonula occludens-1 (ZO-1) and Immunohistochemical (IHC) stain for assessment of podocin by day 60
after CKD induction. A-E. lllustrating the microscopic finding (400x) of IF staining for identification of zonula occludens-1 (Z0O-1) in renal glomerulus (green color).
F. Analytical results of ZO-1 expression, * vs. other groups with different symbols (T, f, §, 9), p < 0.0001. Scale bars in right lower corner represent 20 um. G-K.
lllustrating the microscopic finding (200x) of IHC staining for assessment of podocin in renal glomerulus (gray color). L. * vs. other groups with different symbols (t,
1, §, 9), p < 0.0001. Scale bars in right lower corner represent 20 uym. All statistical analyses were performed by one-way ANOVA, followed by Bonferroni multiple
comparison post hoc test (n = 10). Symbols (*, 1, %, §, ]) indicate significance (at 0.05 level). SC = sham control; AMI = acute myocardial infarction; CKD = chronic
kidney disease; Val = valsartan.
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Figure 5. Immunohistochemical (IHC) stain for assessment of P-cadherin and Immunofluorescent (IF) stain for identification of synaptopodin by day 60 after CKD
induction. A-E. lllustrating the microscopic finding (400x) of IHC staining for identification of P-cadherin in renal glomerulus (gray color). F. Analytical results of P-cad-
herin expression, * vs. other groups with different symbols (t, ¥, §, 9), p < 0.0001. Scale bars in right lower corner represent 20 pym. G-K. lllustrating the microscopic
finding (400x) of IF staining for assessment of synaptopodin in renal glomerulus (green color). L. * vs. other groups with different symbols (T, %, §, 9), p < 0.0001.
Scale bars in right lower corner represent 20 ym. All statistical analyses were performed by one-way ANOVA, followed by Bonferroni multiple comparison post hoc
test (n = 10). Symbols (*, 1, %, §, 9) indicate significance (at 0.05 level). SC = sham control; AMI = acute myocardial infarction; CKD = chronic kidney disease; Val
= valsartan.
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Figure 6. Expressions of y-H2AX+ cells and XRCC1+/CD cells in Kidney Parenchyma by Day 60 after CKD Induction. A-E. IF microscopic finding (400x) illustrated the
y-H2AX+ cells (pink color). F. Analytical results of y-H2AX+ cell expression in kidney parenchyma, * vs. other groups with different symbols (f, f, §, q), p < 0.0001.
G-K. IF microscopic finding (400x) illustrated the CD90/XRCC1+ cells. Pink color indicated positively stained XRCC1, green color indicated positively stained CD9O,
positively double stain (i.e., pink and green colors) indicated CD90+/XRCC1+ cells. L. Analytical result of XRCC1+ cells, * vs. other groups with different symbols (1,
1, 8§, 9), p < 0.0001. Scale bars in right lower corner represent 20 um. All statistical analyses were performed by one-way ANOVA, followed by Bonferroni multiple
comparison post hoc test (n = 10). Symbols (*, 1, ¥, §, 9) indicate significance (at 0.05 level). SC = sham control; AMI = acute myocardial infarction; CKD = chronic
kidney disease; Val = valsartan.
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Figure 7. Inflammatory cell infiltration in Kidney Parenchyma by Day 60 after CKD Induction. A-E. IF microscopic finding (400x) of CD68+ cells (green color). F. Ana-
lytical results of CD68+ cell expression in kidney parenchyma, * vs. other groups with different symbols (t, 1, §, 9), p < 0.0001. G-K. IF microscopic finding (400x)
of CD14+ cells (green color). L. Analytical results of CD14+ cell expression in kidney parenchyma, * vs. other groups with different symbols (1, %, §, 9), p < 0.0001.
Scale bars in right lower corner represent 20 pm. All statistical analyses were performed by one-way ANOVA, followed by Bonferroni multiple comparison post hoc
test (n = 10). Symbols (*, 1, 1, §, ) indicate significance (at 0.05 level). SC = sham control; AMI = acute myocardial infarction; CKD = chronic kidney disease; Val
= valsartan.
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Figure 8. Protein expressions of kidney injury and Inflammation biomarkers in kidney parenchyma by day 60 after CKD induction. A-E. Microscopic finding (400x) of
immunofluorescent (IF) stain illustrated kidney injury molecule 1 (KIM-1)+ cells (green color). F. Analytical results of KIM+ cell expression in kidney parenchyma, *
vs. other groups with different symbols (T, ¥, §, 9), p < 0.0001. G. Protein expression of kidney injury molecule 1 (KIM-1), * vs. other groups with different symbols (t,
1, 8, 9), p < 0.0001. H. Protein expression of fibroblast specific protein 1 (FSP-1), * vs. other groups with different symbols (, 1, §, 9), p < 0.0001. I. Protein expres-
sion of Wilm’s tumor suppressor gene 1 (WT-1), * vs. other groups with different symbols (1, ¥, §, 9), p < 0.0001. J. Protein expression of matrix metalloproteinase
9 (MMP-9), * vs. other groups with different symbols (T, ¥, §, ), p < 0.0001. K. Protein expression of interleukin 13 (IL-10), * vs. other groups with different symbols
(1, %, 8, 9), p < 0.0001. All statistical analyses were performed by one-way ANOVA, followed by Bonferroni multiple comparison post hoc test (n = 10). Symbols (*,
1, 1, §, 9) indicate significance (at 0.05 level). SC = sham control; AMI = acute myocardial infarction; CKD = chronic kidney disease; Val = valsartan.
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that provides a link between the integral mem-
brane proteins and the filamentous cytoskele-
ton in podocytes, was highest in SC and lowest
in CKD-AMI, significantly higher in CKD than
that in AMI and CKD-AMI-Val, and significantly
higher in CKD-AMI-Val than in AMI. Besides, the
IHC staining showed that the expression of
podocin (Figure 4), one component of podocyte
foot process, showed a pattern identical to that
of Z0-1 among the five groups.

Moreover, IHC analysis also demonstrated that
change in the expression P-cadherin (Figure 5)
which was predominantly located in renal glom-
erulus exhibited an identical pattern of Z0O-1
among all groups. Besides, IF staining demon-
strated that synaptopodin (Figure 5), one com-
ponent of podocyte foot process, displayed an
identical pattern of expression compared to
that of ZO-1 among the five groups.

Cellular expressions of DNA damage biomark-
ers in kidney parenchyma by day 60 after CKD
induction (Figure 6)

IF microscopy of renal parenchyma showed
that the numbers of cells positive for y-H2AX
and XRCC1/CD90, two indicators of DNA dam-
age, were highest in CKD-AMI and lowest in SC,
significantly higher in CKD than those in the
AMI and CKD-AMI-Val groups, and significantly
higher in CKD-AMI-Val than those in the AMI
group.

Cellular expressions of inflammation markers
in kidney parenchyma by day 60 after CKD in-
duction (Figure 7)

If staining of kidney parenchyma revealed that
the numbers of cells positively stained for
CD68 and CD14, two indices of inflammation,
were highest in CKD-AMI and lowest in SC, sig-
nificantly higher in CKD than those in AMI and
CKD-AM-Val, and significantly higher in CKD-
AM-Val than those in the AMI group.

Cellular and protein expressions of kidney
injury and inflammation biomarkers in kidney
parenchyma by day 60 after CKD induction
(Figure 8)

The cellular and protein expressions of KIM-1,
a Kkidney injury biomarker predominantly ex-
pressed in renal tubules, and fibroblast specific
protein 1 (FSP-1), predominantly situated in kid-
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ney interstitials, were highest in CKD-AMI and
lowest in SC, significantly higher in CKD than
those in AMI and CKD-AMI-Val, and significant-
ly higher in CKD-AMI-Val than those in AMI.
Additionally, the protein expression of Wilm’s
tumor suppressor gene 1 (WT-1), predominant-
ly located in podocytes, exhibited an identical
pattern compared to that of KIM-1 among the
five groups. Furthermore, the protein expres-
sions of MMP-9 and IL-13, two indicators of
inflammation, displayed an identical pattern
compared to that of KIM-1 among all groups.

Protein expressions of oxidative stress in kid-
ney parenchyma by day 60 after CKD induc-
tion (Figure 9)

The protein expressions of NOX-1 and NOX-2,
two indicators of reactive oxygen species (ROS),
were highest in CKD-AMI and lowest in SC, sig-
nificantly higher in CKD than those in AMI and
CKD-AMI-Val groups, and significantly higher in
CKD-AMI-Val than those in the AMI animals.
Additionally, Ang Il R-1, an indirect indicator
of ROS, displayed a pattern identical to that
of NOX-1 among all groups. Furthermore, the
expression of oxidized protein, an index of
oxidative stress, also showed an identical pat-
tern compared to that of NOX-1 among the five
groups.

Protein expressions of apoptotic, fibrotic and
anti-fibrotic markers in kidney parenchyma by
day 60 after CKD induction (Figure 10)

The protein expressions of cleaved caspase 3
and cleaved PARP, two indicators of apoptosis,
were highest in CKD-AMI and lowest in SC, sig-
nificantly higher in CKD than in those in AMI
and CKD-AMI-Val groups, and significantly high-
er in CKD-AMI-Val than those in AMI animals.
Besides, the protein expressions of Smad3
and TGF-B, two indicators of fibrosis, showed
an identical pattern compared to that of cas-
pase 3 among the five groups. On the other
hand, the protein expressions of Smad1/5 and
BMP-2, displayed a pattern opposite to that of
caspase 3 among all groups.

Discussion

This study, which investigated the adverse
impact of heart dysfunction after AMI on renal
function and the therapeutic potential of val-
sartan therapy against deterioration in renal
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Figure 9. Protein expressions of oxidative stress in kidney parenchyma by day 60 after CKD induction. A. Protein ex-
pression of NOX-1, * vs. other groups with different symbols (t, £, §, 9), p < 0.0001. B. Protein expression of NOX-2,
* vs. other groups with different symbols (1, %, §, 9), p < 0.0001. C. Protein expression of angiotensin Il receptor 1
(Ang Il R-1), * vs. other groups with different symbols (1, 1, §, ), p < 0.0001. D. Expression of oxidized protein, * vs.
other groups with different symbols (1, 1, §, 9), p < 0.0001. (Note: the right and left lanes shown on the upper panel
represent protein molecular weight marker and control oxidized molecular protein standard, respectively). M\W =
molecular weight; DNP = 1-3 dinitrophenylhydrazone. All statistical analyses were performed by one-way ANOVA,
followed by Bonferroni multiple comparison post hoc test (n = 10). Symbols (*, 1, %, §, q) indicate significance (at
0.05 level). SC = sham control; AMI = acute myocardial infarction; CKD = chronic kidney disease; Val = valsartan.

function in an experimental setting of CKD,
yielded several striking implications. First, this
study successfully created an animal model
for the elucidation of the detrimental renal
influence of AMI-induced cardiac dysfunction
in the setting of CKD. Second, the results of
the present study showed that not only the
renal function but also the kidney parenchyma
was further impaired when AMI was superim-
posed on the preexisting CKD. Third, the result
of this study proved the concept of organ cross-
talk, suggesting that functional impairment
of one organ can lead to dysfunction of anoth-
er. Fourth, valsartan treatment significantly
reversed the molecular-cellular perturbations
of kidney parenchyma and preserved renal
function in the present rodent setting of CKD.

An association between CRS and poor short-
term and long-term prognostic outcomes in car-
diovascular disease have been fully investigat-
ed [10-15]. Intriguingly, while the impact of
impaired renal function on the unfavorable
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clinical outcome in patients with CVD has been
extensively investigated, the influence of im-
paired heart function on renal function in the
CKD setting has infrequently been reported
[9-15, 24]. The most important finding in the
present study is that, as compared with the
CKD animals, the levels of creatinine and BUN
as well as the ratio of urine protein to creatinine
were remarkably elevated in CKD-AMI animals.
Additionally, histopathological analysis demon-
strated that the kidney injury score, short axis
of kidney that reflected its size, muscularization
and thickening renal arterioles were remark-
ably increased in CKD-AMI animals compared
with those in the CKD only animals. On the
other hand, the renal blood flow was significant-
ly reduced in CKD-AMI animals compared to
that in the AMI only animals. Moreover, this
study found that, as compared with SC ani-
mals, even in the setting of AMI without preex-
isting CKD, the renal function and the kidney
injury score were still notably impaired in ani-
mals with AMI compared with that in the SC
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with different symbols (1, ¥, §, 9), p < 0.0001. E. Protein expression of Smad1/5, * vs. other groups with different
symbols (1, 1, §, 9), p < 0.0001. F. Protein expression of bone morphogenetic protein (BMP)-2, * vs. other groups
with different symbols (1, 1, §, ), p < 0.0001. All statistical analyses were performed by one-way ANOVA, followed
by Bonferroni multiple comparison post hoc test (n = 10). Symbols (*, 1, 1, §, 9) indicate significance (at 0.05 level).
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SC = sham control; AMI = acute myocardial infarction; CKD = chronic kidney disease; Val = valsartan.

group. Importantly, valsartan treatment mark-
edly preserved the above-mentioned para-
meters. Therefore, our findings, in addition to
strengthening the those of previous studies
[9-15, 24], highlighted the crucial role of normal
cardiac function in the maintenance of renal
function in the setting of preexisting CKD.

Abundant data have shown that acute kidney
injury and CKD cause a reduction in podocyte
number, density and function, resulting in an
impaired glomerular filtration and proteinuria
[25-28] which, therefore, can serve as early
indicators of renal dysfunction. An essential
finding in the present study is that, as com-
pared with SC, protein and cellular expres-
sions of podocyte components were notably
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reduced in animals with AMI only, further nota-
bly reduced in CKD and even more significantly
reduced in CKD-AMI animals. On the other
hand, the proteinuria was remarkably increased
in those of animals with losing the integrity of
podocytes. Our findings, therefore, in addition
to reinforcing those of previous studies [25-28],
once again demonstrated that heart dysfunc-
tion after AMI contributes to the deterioration
of renal function in the CKD setting. In fact, not
only were the podocyte components substan-
tially reduced in CKD, but the protein and cel-
lular expressions of kidney injury biomarkers
(i.e., KIM-1, WT-1, FSP-1) were also increased in
a manner opposite to that of podocyte compo-
nents among all groups of animals. Of particu-
lar importance is that the perturbations of
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these biomarkers were abrogated after valsar-
tan treatment, suggesting that ARB therapy
effectively preserves renal function in CKD
setting.

When the pathological findings of diseased
renal arterioles were reviewed, the number of
muscularized arterioles (i.e., indices of prolifer-
ation of smooth muscle layer and reduction in
renal perfusion) along with thickness of renal
arterioles was significantly increased in the
CKD-AMI group than those in the CKD and AMI
only animals. On the other hand, the number
of small vessels (i.e., an indicator of the integ-
rity of blood perfusion in kidney parenchyma)
displayed a reversed pattern of expression
compared to that of arteriolar muscularization
in kidney parenchyma. Accordingly, these find-
ings, in addition to explaining the markedly
reduced blood flow in AMI only animals, further
reduction in CKD only animals, and an even
more significant decrease in the CKD-AMI
group. The results may also explain significant
stepwise aggravation of kidney dysfunction and
kidney injury score from AMI to CKD-AMI ani-
mals. Valsartan treatment, on the other hand,
suppressed the progressions of these patho-
logical changes.

Our previous findings have shown that the
expressions of inflammation, apoptosis, fibro-
sis and DNA damage biomarkers were signifi-
cantly enhanced in rodent models of acute kid-
ney ischemia-reperfusion injury and CKD [18,
20, 21, 28]. A principal finding in the present
study is that, as compared with the SC, the cel-
lular and protein expressions of DNA damage,
inflammation, fibrosis and apoptosis biomark-
ers as well as the expression of angiotensin
receptor were notably higher in animals with
AMI only, further increased in the CKD only
group and still further elevated in the CKD-
AMI animals. The increases, again, were sup-
pressed after valsartan treatment. Therefore,
our findings, in addition to corroborating those
of our previous studies [18, 20, 21, 28], under-
score the important detrimental influence of
heart dysfunction on renal function and the
crucial role of valsartan in pharmacomodula-
tion that preserved renal function in an experi-
mental CKD setting.

Study limitation

This study has limitations. First, valsartan was
the only IRB drug to be utilized in the present
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study. Therefore, this study did not provide the
information regarding the impact of the ARBs
other than valsartan on protecting the renal
function in setting of CKD-AMI. Second, the
administration of valsartan was just at day 14
after CKD induction, a timing for early treat-
ment of CKD. Therefore, this study did not pro-
vide the answer for whether valsartan treat-
ment was still effective in late stage of CKD
for protecting the deterioration of the renal
function.

In conclusion, the results of the present study
showed that cardiac dysfunction after AMI
would aggravate pre-existing kidney dysfunc-
tion and impair renal parenchymal integrity in
a rodent model of CKD through a series of
insults at cellular and molecular levels. On the
other hand, the findings of this study demon-
strated that valsartan treatment effectively
prevented the deterioration in renal function in
the present experimental setting, thereby fur-
ther supporting the current extensive clinical
use of angiotensin receptor blockers in CKD
patients.
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