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Impaired post-infarction cardiac remodeling in chronic
kidney disease is due to excessive renin release

Masahito Ogawa'*?, Jun-ichi Suzuki?, Kiyoshi Takayama®, Takaaki Senbonmatsu’, Yasunobu Hirata®®,
Ryozo Nagai® and Mitsuaki Isobe'

The complex pathophysiological interactions between heart and kidney diseases are collectively known as cardiorenal
syndrome. The renin-angiotensin system (RAS) may have a pivotal role in the development of cardiorenal syndrome.
The aim of this study was to elucidate the RAS activity responsible for adverse post-infarction remodeling and prognosis
in mice with renal failure. To establish the type IV cardiorenal syndrome model, 5/6 nephrectomy (NTX) was performed in
a surgical procedure, followed by the induction of myocardial ischemia (MI) by a coronary artery ligation 4 weeks later.
NTX and MI resulted in deteriorated left ventricular remodeling and RAS activation, which was improved by an aliskiren
that appeared to be independent of renal function and blood pressure (BP). Moreover, Ml induced in renin and
angiotensinogen double-transgenic (Tg) mice showed comparable effects to Ml plus NTX mice, including advanced
ventricular remodeling and enhancement of RAS, oxidative stress, and monocytes chemoattractant protein (MCP)-1.
Aliskiren suppressed these changes in the Ml-induced Tg mice. In in vitro study, Nox2 expression was elevated by the
stimulation of plasma from NTX mice in isolated neonatal cardiomyocytes. However, Nox2 upregulation was negated
when we administered plasma from aliskiren-treated-NTX mice or isolated cardiomyocytes from AT1-deficient mice.
Primary mononuclear cells also showed an upregulation in the expression of Nox2 and MCP-1 by stimulation with plasma
from NTX mice. Our data suggest that renal disorder results in ventricular dysfunction and deteriorates remodeling after
MI through excessive RAS activation. Moreover, renin inhibition improved the changes caused by cardiorenal syndrome.
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It is well known that there is a complex relationship between
cardiovascular and renal diseases. In fact, end-stage renal
disease or decreased estimated glomerular filtration rate
correlates with an increased risk of cardiovascular diseases.!
This clinical condition is known as cardiorenal syndrome. In
addition, the presence of chronic kidney disease (CKD) is a
relatively frequent complication in patients with advanced
heart failure and left ventricular (LV) dysfunction. Its pre-
sence is associated with a worse prognosis following cardio-
vascular diseases.” Although preventing this condition includes
identification and amelioration of the precipitating factors
and connections,’ the pathophysiological mechanisms of the
syndrome remain to be elucidated. It is also known that the
presence of CKD increases severity, worsens the response to

treatment, and is associated with poor cardiac and renal
outcomes in cardiorenal syndrome.*>

The renin—angiotensin system (RAS) has a critical role in
the development of cardiovascular and renal disease in a
clinical setting. It has been reported that the role of RAS in
congestive heart failure (CHF) and CKD is complex owing to
involvement of multiple peptides and receptors. Increased
RAS activity results in the development of CHF by stimulation
of cardiac hypertrophy, apoptosis, and LV dilatation. Although
RAS mediates the development of cardiorenal syndrome, clin-
ical studies indicate that angiotensin receptor blockers do not
reduce cardiovascular events in patients with nephropathy.®

Aliskiren, a new class of the first representative non-peptide
direct renin inhibitor,” is broadly used as an antihypertensive
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drug, as its effects directly suppress the plasma concentration
of Ang peptides.>® Recent papers reveal the benefit of
aliskiren following myocardial ischemia (MI) independent of
pressor effects in rodent and human studies.'®!! RAS activity
during sleep time, which is independent of systemic pressure,
has important role in the progression of cardiac remodeling.
The half-life of aliskiren is very long (24-48h) compared
with an ACE inhibitor (about 6 h). Aliskiren treatment would
inhibit the RAS activity independent of systemic pressure
because of its longevity. A clinical trial (ALTITUDE) in type 2
diabetes using cardiorenal endpoints is ongoing,'>!® but the
detailed pathophysiological roles of aliskiren have not yet
been elucidated in the experimental models of cardiorenal
syndrome.

Thus, the aim of this study was to elucidate the RAS ac-
tivity responsible for adverse myocardial remodeling with
renal failure and to clarify the effect of aliskiren on this
condition. In this study, we demonstrated that renal disorder
results in ventricular dysfunction and deteriorates remodel-
ing after MI through excessive RAS activation in this car-
diorenal model. Aliskiren treatment suppressed cardiac
dysfunction, LV remodeling, and inflammatory or oxidative
factors compared with the vehicle-treated group. These
results may be a new methodological approach against
prognosis in patients with renal failure suffering acute-ML

MATERIALS AND METHODS

Animals

Male C57BL/6 mice were obtained from Crea, Japan.
Transgenic (Tg) mice were generated using heterozygotes
carrying either the 15-kb human renin gene with the 3-kb
native promoter or the 14-kb human angiotensinogen gene
with the 1.3-kb promoter. Double-Tg mice were created by
cross-mating between human renin-Tg and human angio-
tensinogen-Tg mice. Both mice were backcrossed to the
C57Bl/6 background. Human renin in renin-Tg mice is found
at ~34-fold higher concentration than that obtained from
normal human plasma. Plasma Ang II concentration and
plasma renin activity (PRA) are ~3.5-fold and 6-9-fold
higher in double-Tg mice than in wild-type (WT) mice.'*
Human renin-Tg mice and human angiotensinogen-Tg mice
were provided by RIKEN BRC (Tsukuba, Japan). ATl /=
mice were also used as described previously.!®

Experimental Protocols

All mice were 6-8 weeks of age when the experiment started.
A murine model of 5/6 nephrectomy (NTX) was generated
by a two-step surgical procedure as described previously.'®
Two to three arterial branches of the left kidney were ligated
leaving an intact kidney segment. The right kidney was
removed, and the mice received 0.9% NaCl in their drinking
water. Four weeks after NTX, MI was induced by ligation of
the left anterior descending (LAD) coronary artery, and this
was continued for 28 days!” (Supplementary Figure 1).
Double-Tg and WT-mice were induced MI without NTX.
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We killed the mice on day 7 (n=8-10 per each group) and
day 28 (n=17-22 per each group). In total, 4—6 mice in each
assay, and 7—11 mice in pathological analysis were randomly
picked from each group (Supplementary Figure 1).

These experiments conform to the Guide for the Care and
Use of Laboratory Animals in the Tokyo Medical and Dental
University, University of Tokyo.

Treatment Protocols

Animals were assigned randomly into treatment groups and
were administered a subcutaneous injection of aliskiren
(25 mg/kg; Novartis Pharma), hydralazine (in drinking water,
30 mg/kg), apocynin (in drinking water, 150 mg/kg; Sigma-
Aldrich), or a vehicle (PBS; Supplementary Figure 1). These
drugs were administered daily for 8 weeks after NTX. The
aliskiren and apocynin dosage were decided based on pre-
viously papers.®!8 The dose of hydralazine was determined to
show the equal effect of decreasing BP comparable with the
aliskiren-treated group.

Physiological Examinations

Heart rate and BP (systolic pressure) were measured in
conscious mice by using a tail-cuff system (BP-98A, Softron,
Tokyo, Japan). Transthoracic echocardiography was per-
formed with ultrasound equipment (Nemio, Toshiba, Tokyo,
Japan) using a 14-MHz annular array transducer. Hearts were
imaged in the two-dimensional mode in short-axis views at
the level of papillary muscle. EF were calculated as EF =SV/
EDV x 100; SV=EDV-ESV; EDV = (7 x LVDd’/1000)/
{2.4+ (LIVDA/10)}; ESV = (7 x LVDs*/1000)/{2.4 + (LVDs/10)}.

Histological Analysis

Harvested hearts were quickly dipped into 4% paraf-
ormaldehyde. The hearts were embedded in paraffin. Sample
sections (1 um) of the tissue were stained by Mallory and
viewed using a light microscope with a computer-assisted
analyzer (Image Pro Express software).!” To demonstrate
remodeling analysis, infarct size, infarct thickness, infarct
length, LV circumference, and septal thickness were measured
with the computer-assisted analyzer. Collagen production
was identified by the Sirius Red, and the area of collagen was
determined in the LV border area. To avoid bias, the
histologist was single blinded to the treatment groups of
mice.

Hydroxyproline Assay

Collagen concentrations of whole hearts were measured using
the hydroxyproline assay 1 week after MI operation. The
homogenated samples in acetic buffer were hydrolyzed.
Chloramine T buffer were added to sample and incubated for
20 min. Erhlich’s solution was then added to each sample,
and incubated for 20 min. Absorbance 550 nm was read on a
microplate reader.?’
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Real-Time (RT) PCR

mRNA of whole hearts were collected using the TRIzol
method 1 week after MI or 4 weeks after NTX. RT-PCR
was performed to determine the mRNA expression of ANP
(assay ID: Mm01255747_g1), monocytes chemoattractant
protein (MCP)-1 (Mm00441242_m1l), collagen-type I
(MmO0130243_¢g1), ATla (Mm00558224_s1), NADPH oxidase
(Nox)2 (Mm1287742_ml), and Nox4 (Mm00479246_ml).
The mRNA expression of the target gene was normalized to
18s ribosomal RNA (4308329). Quantitative data were calcu-
lated to normalize the control group as baseline using the
comparative CT (AACT) method.?!

Immunohistochemistry

Immunohistochemistry (IHC) was performed using a pri-
mary antibody against renin (no. 593), followed by the
Nichirei Simple stain kit (Nichirei).!” Immunological
changes were scored on a 0 to 5 basis (no detected to large
quantity detected) by single-blinded histologists.

Plasma Biochemistry

Blood was collected in heparinized microtubes and subjected
to centrifugation. Plasma creatinine levels were measured
using the enzymatic method by SRL.

PRA Analysis

Plasma was collected from mice and diluted in an Ang I
generation buffer containing 0.1 M phosphate buffer, 5mM
EDTA, and 1mM PMSE The mixtures were incubated
for 30 min. Ang I expression was measured using the Ang
I EIA kit (Peninsula Laboratories). Quantitative data
were obtained to determine endogenous Ang I in each group
by the following equation: quantitative data=Ang I value—
endogenous Ang I value.

Cell Preparation and Culture

The hearts were isolated from neonatal mice (1-2-day-old),
and minced with PBS. The hearts were then denatured by
collagenase (Roche diagnosis). Isolated cells were plated for
40 min. Fibroblasts adhered to the plate, while cardiomyo-
cytes did not. Cardiomyocytes were cultured in MEM med-
ium containing 5% FBS on 3.5-mm plane plastic dishes.
Fibroblasts were cultured in DMEM (containing 10% FBS)
until confluent. Mononuclear cells were collected from the
spleens using cell strainers and were plated in RPMI1640
medium.! Tsolated cardiomyocytes or mononuclear cells
were serum staved, and stimulated by murine plasma (5% in
the medium) isolated from NTX, aliskiren-treated NTX on
week 4, or non-NTX mice as a control. Aliskiren or vehicle
(PBS) was administrated to the medium for 30 min before
plasma stimulation.

Statistical Analysis

All data are expressed as mean +s.e.m. A survival analysis
was performed using the Kaplan—Meier method with the
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log-rank test. Data were compared and differences between
the two groups were analyzed by the t-test. Differences in
data between multiple groups were subjected to one-way or
two-way ANOVA and Bonferroni post-test. A statistical test
was performed using the Prism. Differences with values of
P<0.05 were considered significant.

RESULTS

Aliskiren Suppressed NTX-Induced Hypertension

NTX resulted in hypertension compared with the non-NTX
mice 2 weeks after the operation. Although aliskiren reduced
systolic BP, hydralazine administration resulted in a decline
in BP comparable to aliskiren administration (Figure 1a).
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Figure 1 Aliskiren suppressed 5/6 nephrectomy (NTX)-induced
hypertension. (a) Representative data of blood pressure in NTX mice.
Mice were administrated vehicle (dilute blue line; n=10), aliskiren (red
line; n=28), or hydralazine (blue line; n=10). *P<0.05 vs aliskiren,
**P<0.05 vs hydralazine. (b) Representative data of serum creatinine
levels in NTX. Plasma creatinine levels are shown 4 weeks after NTX

in NTX and non-NTX groups (P<0.05). *P<0.05 vs each group.

(c) Representative data of survival rate in NTX. Vehicle: n = 26; aliskiren:
n=24; hydralazine: n=13, *P<0.05.
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Plasma creatinine levels were elevated 4 weeks after NTX
compared with the non-NTX group. Neither aliskiren nor
hydralazine administration changed the plasma creatinine
levels (Figure 1b).

Although many control mice died within the first 4 weeks
after NTX (73.91%, n=24), aliskiren administration sig-
nificantly improved the survival rates of mice with NTX
(percent survival =92.31%, n=26; P<0.05 vs vehicle).
However, mice treated with hydralazine showed survival rates
comparable to those of vehicle-treated mice (76.92%, n=13;
Figure 1c).

NTX Augmented Renin Expression and Activity

To investigate whether NTX activated renin expression and
activity, we performed IHC and plasma biochemistry analy-
sis. Four weeks post NTX, the remaining kidneys showed
increased renin expression (4.5 0.3, P<0.05) at the juxta-
glomerular area compared with the non-NTX kidneys
(1.0 £ 0.4; Figures 2a and b). Although NTX elevated PRA
compared with the control mice, aliskiren treatment negated
this effect (Figure 2¢). Hydralazine treatment did not alter the
PRA value. Although cardiac AT transcription was elevated
by nephrectomy compared with the control hearts (Figure 2d),
aliskiren treatment did not change the level.
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Aliskiren Suppressed MI plus NTX-induced Myocardial
Remodeling
To clarify the relationship between renal disorder and cardiac
dysfunction, we induced MI by LAD ligation in mice that had
undergone NTX. Cardiac function was analyzed by echo-
cardiogram and performed 1 and 4 weeks post LAD ligation
(Table 1). MI-induced hearts showed myocardial infarction
in large anterior region of LV. NTX had no effect on the
LV ejection fraction (LVEF) of non-infarcted hearts
(86.0% £ 2.7%) compared with those that had not under-
gone NTX (86.0% +1.0%). MI hearts with NTX showed
increased impairment of LVEF (at 1 week: 51.6% *4.7%,
4 weeks: 36.4% +2.2%; n=38) compared with MI hearts
without NTX (at 1 week: 70.7% % 5.9%, 4 weeks: 53.8% +
2.6%; n=10). However, aliskiren significantly improved
LVEF of MI hearts with NTX (1 week: 67.5% % 3.0%,
4 weeks: 65.4% £ 2.4%; n=11) compared with the vehicle.
Hydralazine did not improve LVEF of MI hearts with NTX
(1 week: 52.1% *+3.0%, 4 weeks: 36.4% +2.2%; n=7;
Figures 3a and b). Aliskiren treatment also significantly
suppressed ratio of lung/body weight compared with the
vehicle-treated group (Table 2).

LAD ligation resulted in significant pathological remodel-
ing of the LV anterior wall 4 weeks after ischemia induction
(Table 3). Infarction length and septal wall thickness were not
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Figure 2 NTX (5/6 nephrectomy) augmented renin expression and activity. (a) Representative immunohistochemistry (IHC) of kidneys from NTX mice.
Dot-line circle indicates glomerular area. Bar shows 50 um. (b) Quantitative data of the IHC. *P<0.05. (c) Representative plasma renin activity in NTX
mice. *P<0.05 (d) Representative Real-TimePCR of hearts from NTX mice. *P<0.05.
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Table 1 Echocardiography and heart rate
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NTX-MI with Aliskiren NTX-MI with Hydralazine MI alone

NTX-MI with Vehicle

(Weeks)

0.80 £ 0.06

1.00+0.09

0.8110.04 0.93£0.09 0.73£0.05 0.88+£0.07 078£0.04 1.1510.04 0.89£0.07 0.90 £0.02 0.78 £0.04 0.86%0.11 0.74 £0.05 0.83£0.07

0.80 £0.04

Atrial wall

thickness (mm)
LVDd (mm)

3.89+£0.22

3.31£0.09

3.68%0.15 3.71£0.09 4191025 343£0.18 340%009 3.23%0.17 3.50%£0.10%  335+033 3.75%0.11 3.51£0.14 3.90%0.22 3.07%0.11

332£0.15

3121021

2.15+0.18

1.83%0.12 271%£017 3421029 1.80£020 1.84+0.13 223%0.19 248+0.11*  1.70+0.27 1.87£0.03 274£0.16 324+£0.19 1.50%0.04

1.65£0.12

LVSd (mm)

53.80 £2.62*

70.67 £5.90%

5214+298 4029%299 86.00+1.00

87.10%0.73

85501256 84.50+3.05 6755+472% 6536+238% 87.00%3.18

36.38+2.20

51.57£4.66

87.17%£122 8775122

EF (%)

23.00%£1.61*

34.83+£4.22%

4811%£1.22

15.86 £1.55

60

21.71 £ 1.
585%29.54 59240%0.10 576.50+72.5 607.63+13.27 6385+27.76 587.29+18.81 619.50 £ 42.41 653.86 £25.93 74740+£4.76 669.14+4.74 512.75+9.56

48.00%3.17 4963%122 3200%3.12* 3027+ 1.62* 49.00£394  495+091

13.88+0.81

4967%148 5075148 21.86%267

FS (%)

522.10+6.17 526.33+15.89

57216 +£40.67 6559+ 18.52

Heart rate

(per min)

Abbreviations: EF, ejection fraction; FS, fractional shortening; LVDd, left ventricular end-diastolic diameter; LVSd, left ventricular end-systolic diameter; MI, myocardial ischemia; NTX, 5/6 nephrectomy.

*P<0.05 vs NTX-MI with vehicle.

significantly different between the vehicle- and aliskiren-
treated group. Although vehicle-treated LAD ligation
resulted in LV thinning, aliskiren administration sig-
nificantly reduced this pathological change. Enlarged LV
circumference was also reduced by aliskiren. Collagen
expression was significantly enhanced along the border
by MI with NTX (19.3% *2.4%; n=38), but this was re-
duced by aliskiren administration (6.8% +2.0%; n=11;
P<0.05; Figure 3c and Table 3). mRNA and collagen were
collected from the cardiac ventricle on week 1 post ML
Although MI hearts elevated collagen-type I mRNA levels
and collagen concentration compared with the hearts of
control mice, MI with NTX hearts showed enhanced col-
lagen levels compared with MI hearts without NTX (Figures
3d and e). Aliskiren suppressed the levels of collagen in MI
hearts with NTX.

NTX Enhanced ANP, Oxidative Stress, and MCP-1 in

MI Mice

RAS is known to have a key role in myocardial hypertrophy
and fibrosis via increased oxidative stress and the expression
of inflammatory chemokines. Thus, we examined the levels
of ANP, Nox2, Nox4, and MCP-1 mRNA in MI or non-MI
hearts treated by NTX. mRNA was collected from the cardiac
ventricle 1 week after MI. ANP levels were elevated in the MI
hearts compared with the non-MI hearts. Moreover, hearts
with MI treated by NTX showed enhanced ANP mRNA levels
compared with the MI hearts without NTX. The mRNA
levels of Nox2 and Nox4 were elevated in MI hearts com-
pared with non-MI hearts. Nox2 and Nox4 are isoforms of
Nox, a major enzyme that produces reactive oxygen species
(ROS). In addition, MI-induced hearts treated with NTX
showed further elevation of Nox2, Nox4, and MCP-1
mRNA levels as compared with the MI hearts that were not
treated with NTX (Figures 4a—d). Aliskiren treatment
significantly suppressed these levels compared with the
NTX plus MI group.

It is known that Nox enzymes can be activated by RAS. To
reveal the role of Nox enzymes in MI-induced myocardial
remodeling in renal dysfunction, we administrated apocynin
as a Nox inhibitor to the NTX plus MI mice. Although
apocynin did not alter BP, attenuation of Nox improved
LVEF and myocardial fibrosis in the 28 days after LAD
ligation mice as compared with the vehicle-treated group
(Figures 4e and f).

Double-Tg Mice Deteriorated After Ml

Although we demonstrated that NTX deteriorated LV dys-
function through RAS activation, we did not clarify the
relationship between upregulated circulating RAS and the
progression of LV remodeling. To clarify the pathophysiolo-
gical mechanism, we used human renin and angiotensinogen
Tg mice. Systolic BP was consistently elevated in the double-
Tg mice compared with the WT mice (Supplementary
Figure 2A). The high BP resulted in mild cardiac

Laboratory Investigation | Volume 92 December 2012 | www.laboratoryinvestigation.org


http://www.laboratoryinvestigation.org

NTX-MI with Vehicle
s NTX-MI with Aliskiren
=+ NTX-MI with Hydralazine

+~ Ml alone
a 100
3 = * b
o 804 . *
= \\\\ ;‘:.,v_”
g . A e —mn
g 604 . S
IJ- I“*h‘ .
§ 407 3
8 2]
0 T L T
Day0 Day7 Day 28
b 100 e 4
£ wft N o
c <]
o
E = I
£ °
c 404 '
5 )
2
i 209 P
0 L] 0l L] L] L]
O (\e’ & @
(§¢§\© Q‘P& £ r&p‘\ r}oﬁ\
& W OF &N
& SRS
N &
\5*- N &
& 8
<
d
5
3 -
:
E§
E —
Sg 10
=
g
3 0~
o

c Mallory ( x 20)

Control

Ml alone

NTX+MI
with Vehicle

NTX-MI
with Aliskiren

1]

Collagen concentration

Post-infarction cardiac remodeling in CKD
M Ogawa et al

Figure 3 Aliskiren suppressed myocardial ischemia (MI) plus 5/6 nephrectomy (NTX)-induced myocardial remodeling. (a) Representative chronological
observation of left ventricular ejection fraction (LVEF) in MI hearts with NTX (vehicle: n=8; aliskiren: n=11; and hydralazine: n=7). *P<0.05 vs vehicle
and hydralazine. (b) Representative LVEF data 28 days after MI. (c) Representative light micrograph of MI heart with NTX. Black bar shows 2 mm and
white bar shows 50 um. (d) Representative collagen-type | analysis in hearts in Ml with NTX mice using real-time PCR (NTX: n=4; MI: n=4; NTX-MI:
n=6; NTX-Ml-aliskiren: n=6; and NTX-MI-hydralazine: n =4). (e) Representative collagen concentration analysis in Ml hearts with NTX (NTX: n=4;

MI: n=4; NTX-MI: n = 6; NTX-Ml-aliskiren: n =6; NTX-MI-hydralazine: n =6). *P <0.05.

www.laboratoryinvestigation.org | Laboratory Investigation | Volume 92 December 2012

1771


http://www.laboratoryinvestigation.org

Post-infarction cardiac remodeling in CKD
M Ogawa et al

Table 2 Necropsy data

Control NTX-MI with vehicle NTX-MI with aliskiren NTX-MI with hydralazine Ml alone
Body weight (g) 2496 +0.62 23341045 23.601+0.65 23951034 26.23 £0.50*
Heart weight (mg) 116.6 £327%* 137.38£5.35 136.5+2.88 13517 £ 4.45 125.75+£5.93
H/B ratio (mg/g) 467 +0.08*" 5921031 580+£0.15 5.66+0.21 470+0.17%*
Lung weight (mg) 135.8+4.71 146 £4.16 13583£1.76 14326 +£3.13 127.44 £ 4.50
L/B ratio (mg/qg) 544+ +0.10% 6.45+0.12 5.69%0.15* 6.07£0.16 494 +0.07%"
LV weight (mg) 29.17 £3.57* 13.87+£2.19 27 £2.57*% 2492 +223 2290+ 0.99
RV weight (mg) 3477 £1.19 32.33+£202 40.88+1.75 34.26+2.20 3498 +2.73
*P<0.05 vs vehicle, ¥P<0.05 vs aliskiren, and *P<0.05 vs hydralazine.
Table 3 Pathological analysis

Control NTX-MI with vehicle NTX-MI with aliskiren NTX-MI with hydralazine Ml alone

Infarcted area (%) 0.00 +0.00" 21.55+2.14 16.77 £1.52 20.28+2.79 16.19£1.66
LV thickness (mm) 136 +0.06" 043 £0.09* 0.75£0.10** 045 £0.05 0.73£0.07
Infarction length (mm) 0.00+0.00" 6.3 £0.65* 5.58%0.66 6.82+0.97 3261031
Septal wall thickness (mm) 1.25+0.07 1.39+0.14 1.17+£0.09 1.22+0.12 1.48+0.08
LV circumference (mm) 7.3240.34* 12.11£0.9*% 8.89 £ 0.56** 1147 +0.84 7.95+043
Fibrosis in border zone (%) 0.00£0.00 19.26 £2.41* 6.81 £2.00%* 1543 +3.04 4.74%0.77

*P<0.05 vs control MI, **P<0.05 vs NTX-MI with vehicle, ¥P<0.05 vs each group, and tP<0.05 vs vehicle and hydralazine.

hypertrophy, however, cardiac function was comparable
between the Tg and WT mice. (Table 2 and Supplementary
Table 1). The creatinine level was not affected in the double-
Tg mice compared with the age-matched WT mice (creati-
nine: WT 0.13+0.01 mg/dl and double-Tg 0.18 + 0.04 mg/
dl). We induced MI in double-Tg and WT mice to analyze the
effect of increasing RAS activation including renin in this
model. We showed basal data of double-Tg mice in
Supplementary Table 1. LAD ligation expanded remodeling
at the LV anterior wall in the double-Tg mice compared with
the WT mice. No Tg mice died after MI operation. MI hearts
in the double-Tg mice showed impaired LVEF compared
with the WT mice (Figure 5b). Collagen concentration from
the cardiac ventricle was analyzed using hydroxyproline assay.
MI hearts in double-Tg mice elevated collagen concentration
compared with the WT+MI mice. Aliskiren treatment
suppressed the concentration of collagen in double-Tg mice
(Supplementary Figures 2C and D). The double-Tg mice
showed increased deterioration of pathological myocardial
remodeling after MI compared with WT + MI mice. We then
examined levels of ANP, collagen-type I, Nox2, Nox4, and
MCP-1. MI hearts in the double-Tg mice showed additionally
elevated levels of ANDP collagen-type I, Nox2, Nox4, and
MCP-1 mRNA compared with the WT + MI mice. Aliskiren
treatment suppressed BP increasing, cardiac dysfunction, LV

remodeling, and inflammatory or oxidative factors in dou-
ble-Tg mice compared with the non-treated double-Tg mice
(Supplementary Figures 2E-I).

RAS Enhanced Oxidative Stress and MCP-1 in In Vitro
Isolated cardiomyocytes were stimulated by murine plasma,
and mRNA was collected 24 h after stimulation. Significantly,
enhanced expression of Nox2 mRNA levels was observed by
NTX murine plasma stimulation compared with plasma
from non-NTX mice. Plasma stimulation from aliskiren-
treated NTX mice decreased expression of Nox2 levels,
whereas aliskiren-pretreated cardiomyocytes did not show
altered mRNA levels. The AT1-deficient cardiomyocytes with
stimulation of NTX mice plasma did not show increased
Nox2 levels (Figures 5a and b).

Plasma from NTX mice elevated expression of Nox2 and
MCP-1 in primary mononuclear cells. Although plasma from
aliskiren-treated mice did not alter these levels, aliskiren pre-
treated mononuclear cells showed significantly suppressed
Nox2 and MCP-1 levels (Figures 5c and e). ATI-deficient
mononuclear cells did not have suppressed Nox2 and MCP-1
expression, but aliskiren-treated mononuclear cells showed
markedly suppressed expression of these factors compared
with the NTX plasma-treated group (Figures 5d and f).
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Figure 4 NTX (5/6 nephrectomy) enhanced ANP, oxidative stress, and monocytes chemoattractant protein (MCP)-1 in myocardial ischemia (MI). Real-
time (RT) PCR. We performed RT-PCR to analyze the expression of ANP (a), oxidative stresses (b and ¢) and MCP-T1 (d) in hearts from MI with NTX mice.
*P<0.05. (e) Representative left ventricular ejection fraction analysis of MI hearts with NTX. Mice were administrated apocynin (red line; n=6) or
vehicle (blue line; n=8). (f) Representative light micrograph of apocynin-treated hearts from MI with NTX mice. *P<0.05 vs vehicle.

DISCUSSION

In this study, we investigated the pathophysiology of
ventricular remodeling after MI associated with renal fail-
ure. RAS activation by renal failure augmented myocardial
remodeling, expression of inflammatory factors, and

www.laboratoryinvestigation.org | Laboratory Investigation | Volume 92 December 2012

oxidative stress. Double-Tg mice showed myocardial
remodeling and Nox2 and Nox4 elevation comparable
to those of WT MI mice with NTX. In addition, a Nox
inhibitor attenuated LV remodeling in MI plus NTX
mice. We revealed that upregulated Nox induced by RAS
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Figure 5 Renin-angiotensin system enhanced oxidative stress and monocytes chemoattractant protein (MCP)-1 in in vitro. Cardiomyocytes were
isolated from wild type (WT) (a) or AT7 KO (b) and stimulated by murine plasma. (a) Representative real-time PCR data detecting the expression of
Nox2. (b) Nox2 levels in AT7-deficient cardiomyocytes with stimulation of 5/6 nephrectomy (NTX) plasma. Mononuclear cells were isolated from WT
(c and e) or ATT KO (d and f) and stimulated by the specified plasma. *P<0.05; NS, not significant.

stimulation has a pivotal role in the development of myo-
cardial remodeling associated with renal dysfunction in this
type IV cardiorenal syndrome (or chronic renocardiac
symdrome) model.

It is known that oxidative stress, which results in cell
damage, is increased in various cardiovascular diseases.
The Nox protein family consists of well-known factors that
characterize ROS-generating systems. Nox2 and Nox4 can
also be activated by a number of stimuli, such as RAS,
inflammatory cytokines, sheer stress, or hypoxia. Recent
studies indicate that similar Nox systems are present in a
wide variety of cells. Nox2 and Nox4 are known to be
expressed in cardiomyocytes and fibroblasts and may
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potentially contribute to adverse remodeling. Previous
studies showed that Nox2”~ reduced LV remodeling after
aortic constriction or MI, suggesting that Nox2 exerted
specific effects on the extracellular matrix.’> Nox4 is
known to be a key contributor in converting fibroblasts to
myofibroblasts, which are a main contributor to cardiac
fibrosis.?> Nox4 overexpression in cardiomyocytes induces
apoptosis resulting in expanded myocardial remodeling.?*
Therefore, elevated myocardial levels of Nox in NTX mice
deteriorated MI-induced cardiac collagen synthesis and
ventricular remodeling. We demonstrated that the MI plus
NTX hearts showed upregulation of Nox2 and Nox4
compared with the MI plus non-NTX hearts. Moreover,
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in vitro studies revealed that stimulation of plasma from
NTX mice enhanced Nox2 expression from WT
cardiomyocytes, but not ATI-deficient cells. These results
suggest that Nox expression was increased through the AT1
pathway and resulted in deteriorated myocardial remodel-
ing through collagen synthesis.

MCP-1 is well known to be contributor to the develop-
ment of LV remodeling following MI. The reduction against
MCP-1 and the receptor suppress LV remodeling in MI
models.”>?¢ Our data, therefore, suggest that MCP-1 may
have contributed to the development of LV remodeling in this
model. Nox2 and MCP-1 were upregulated in mononuclear
cells stimulated with NTX plasma or with NTX plus aliskiren
plasma. However, cells stimulated with NTX that were
pretreated with aliskiren did not show upregulation of these
factors. Pre-treatment of aliskiren inhibits renin activation
and Ang II expression, but does not have an inhibitory
effect on already-produced Ang II. These results indicate
that MCP-1 expression was not increased through the
AT1 pathway. A previous study showed that renin deficiency
of macrophage or aliskiren-reduced macrophage adhesion
to endothelial cells resulted in suppression of atherosclerosis
in mice.® Our data may indicate that aliskiren has a direct
role on the anti-inflammatory effect through inactivation
of macrophages. However, the underlying mechanism is
unknown, and further investigation is needed to
determine the effect of aliskiren on LV remodeling in
AT1~/~ mice and the mechanism of aliskiren action on
monocytes.

This study demonstrated that NTX deteriorated MI-
induced LV remodeling through RAS activation. Oxidative
stresses such as increased Nox2, Nox4, and MCP-1 induced
the activation of RAS. These proteins are known as key fac-
tors contributing to the development of LV remodeling
through enhanced interstitial fibrosis and inflammation.
These results suggested that the increase of inflammatory
response affected development following MI. Aliskiren sup-
pressed these factors and improved LV function and re-
modeling. Therefore, further investigation is needed to
determine the clinical usefulness of RAS inhibition on car-
diorenal syndrome. Interestingly, upregulation of cardiac
AT1a receptor was evident after NTX in mice, and in vitro
study showed a lack of ATla receptor benefit on oxidative
stress. This data suggest that AT1 blockers may also benefit
the cardiac remodeling caused by MI plus CKD.

Our data showed that aliskiren treatment improved cardiac
remodeling and dysfunction in NTX-MI mice without al-
teration of renal function. However, creatinine is imperfect in
mice as a measure of renal function. We need further in-
vestigation using more solid methods to analyze the renal
function.

In conclusion, RAS activation has a pivotal role in adverse
MI-induced myocardial remodeling associated with renal
failure, and aliskiren treatment improved the myocardial
remodeling and suppressed the expression of oxidative
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stress and inflammatory factors in this cardiorenal models.
Aliskiren treatment may be a new methodological approach
about patients with cardiorenal syndrome.

Supplementary Information accompanies the paper on the Laboratory
Investigation website (http://www.laboratoryinvestigation.org)
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