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Protective effects of statin on cardiac fibrosis and
apoptosis in adrenomedullin-knockout mice treated
with angiotensin Il and high salt loading

Chii Yamamoto!, Noboru Fukuda!2, Medet Iumabay3, Kosuke Saito!, Taro Matsumoto?>, Takahiro Ueno?,

Masayoshi Soma?, Koichi Matsumoto? and Tatsuo Shimosawa

4

Statins exert pleiotropic effects, including antioxidative and cellular protective effects. Endogenous adrenomedullin (AM)
induces anti-inflammatory, anti-fibrotic and proangiogenic effects. We examined the effects of simvastatin on cardiac fibrosis
and apoptosis in AM heterozygous knockout (AM*~) mice treated with angiotensin (Ang) Il and high salt loading. Seven-week-
old AM*~ mice were infused with Ang Il while on a high-salt diet with or without simvastatin for 2 weeks. Hearts were stained
by hematoxylin-eosin or Masson’s trichrome, and were immunostained with isolectin B4 and a-smooth muscle actin antibodies.
Expression of c-Kit and Sca-1 messenger RNA (mRNA) was evaluated by real-time PCR analysis. Apoptotic cells in hearts were
identified by terminal deoxynucleotidyl transferase-mediated UTP end labeling (TUNEL) staining. Hearts from Ang ll/salt loading
AM*~ mice showed marked perivascular fibrosis around coronary arteries. Treatment with simvastatin significantly inhibited
the fibrosis around coronary arteries in Ang Il/salt-loading AM*~ mice. Expression of c-Kit and Sca-1 mRNAs in hearts from
Ang Il/salt-loading AM*~ mice was significantly lower than in hearts from wild-type mice. Treatment with simvastatin
significantly increased the suppressed expression of c-Kit and Sca-1 mRNAs. In addition, treatment with simvastatin
significantly increased the number of isolectin B,-positive capillary arteries in hearts from Ang ll/salt-loading AM*~ mice.

Ang ll/high salt significantly increased apoptotic cells in hearts from AM*~ mice; this trend was reversed by treatment with
simvastatin. Thus, statins have potent cardioprotective effects that may be associated with anti-fibrotic, proangiogenic and

anti-apoptotic effects in Ang ll/salt-loading AM*~ mice.
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INTRODUCTION
Adrenomedullin (AM) is a ubiquitously expressed multifunctional
peptide that exerts vasodilatory, hypotensive! and neuromodulatory
effects;? positive inotropic effects on cardiomyocytes;® natriuretic,*
anti-apoptotic® and antioxidative stress effects;® and proangiogenic
effects.” As AM is a pivotal intrinsic antioxidative substrate in tissues,
AM insufficiency is associated with the pathogenesis of cardiovascular
disease, hypertension, diabetes and renal disease. It has been reported
that angiotensin II (Ang II) plus high salt (Ang II/salt) loading induce
cardiac fibrosis in AM heterozygous knockout (AM*/~) mice and that
AM inhibits cardiac fibrosis in Ang II-induced hypertensive rats.®’
Thus, Ang II/salt loading in the AM*/~ mouse is a useful model for
cardiovascular damage, including cardiac fibrosis.

Statins have pleiotropic effects independent of their cholesterol-
lowering effects.!%!! Statins induce potent anti-oxidative effects, such

as increases in the antioxidative molecule, hemoxidase-1 (HO-1).!2
Statins have also been reported to exert potent cardioprotective effects
independent of their cholesterol-lowering effects.!® Statins effectively
improve cardiac function and increase the survival rate in patients
with severe cardiac failure due to dilated cardiomyopathy without
coronary arterial insufficiency.!>!* In addition, statins upregulate and
activate endothelial nitric oxide synthase (eNOS) and increase NO
production through the PI3K-Akt-eNOS pathway.!>!° Statins inhibit
the formation of mevalonate and exhibit powerful anti-inflammatory
effects, mediated by the inhibition of critical proteins such as Ras, Rho
and NF-xB.!7 Thus, the anti-inflammatory effects of statins induce
potent cardioprotective effects through the inhibition of Rho kinase. !
To further investigate the mechanisms underlying the cardioprotective
effects of statin, we examined the effects of simvastatin on cardiac fibrosis
and apoptosis in AM*/~ mice treated with Ang II and high-salt diet.
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METHODS

Our investigation conformed to the standards of the Guide for the Care and
Use of Laboratory Animals published by the US National Institutes of Health
(NIH Publication No. 85-23, revised 1996). The ethics committee of Nihon
University School of Medicine examined every research protocol involving the
use of living animals.

Animals

Adrenomedullin heterozygous knockout C57BL/6 male (AM*/~) mice and
C57BL/6 male (wild-type) mice were purchased from a laboratory at Tokyo
University and used in this study.

Treatments for AM*/~ mice

Seven-week-old AM ™/~ mice were infused with Ang IT (640 ng kg™! min~!, Peptide
Institute, Osaka, Japan) using osmotic mini-pumps (Alza, Cupertino, CA USA)
while on a high-salt diet (8% NaCl) with or without oral simvastatin treatment
(Banyu Pharmaceuticals, Tokyo, Japan) (40 mgkg™! per day) for 2 weeks.

Histological examination

At 2 weeks after the start of simvastatin treatment, hearts were removed
from mice and embedded in paraffin. Paraffin-embedded sections obtained
from each segment were stained with hematoxylin-eosin stain and Masson’s
trichrome. The fibrous area was determined on the basis of the representative
Masson’s trichrome-stained area using Photoshop CS3 extended (Adobe,
Tokyo, Japan). Vessel formation was immunostained with a-smooth muscle
actin (a-SMA) (DAKO, Tokyo, Japan) and isolectin B, antibodies. Biotinylated
isolectin B, (Vector Laboratories, Burlingame, CA, USA) and streptavidin-FITC
(Vector Laboratories) were used for microvessel immunostaining. Nuclei were
stained with Hoechst 33342 (Sigma-Aldrich, St Louis, MO, USA). Myocyte
number was determined counting the nuclei of isolectin B4~ and o-SMA-
negative cells. Apoptotic cells were determined by terminal deoxynucleotidyl
transferase-mediated UTP end labeling (TUNEL) staining using an apoptosis
detection kit (Takara, Shiga, Japan).

RNA extraction and PCR

Total RNA was extracted from mouse hearts using a Trizol reagent (Invitrogen,
CA, USA). Total RNA (1pg) was reverse transcribed into complementary
DNA with random 9-mers using a Takara RNA PCR Kit (AMV) Ver. 3.0
(Takara Bio, Ohtsu, Japan). Assay-on-demand primers and probes (c-Kit:
Mmo00445212_m1l, Sca-1: Mm00726565_s1 and TagMan Rodent GAPDH
control reagents) were purchased from Applied Biosystems. Messenger RNA
(mRNA) was quantified with an ABI Prism 7300 (Applied Biosystems,
Carlsbad, CA, USA). Each sample (each reaction, 5pl complementary DNA;
total volume, 25 pl) was run in triplicate. Cycling parameters were 95 °C for
10 min, followed by 40 cycles of 95°C for 15s and 60 °C for 1 min. After
confirming that the efficiencies of the target and the endogenous control
amplifications were approximately equal, relative gene expression was analyzed
using the comparative AACt method with GAPDH as the endogenous control.

Measurement of 8-iso-prostaglandin F,, (8-iso-PGF,,)

Mice were placed in metabolic cages to collect urine for 24 h after the infusion
of Ang II with high-salt diet and oral treatment of simvastatin for 2 weeks.
Urinary 8-iso-PGF,, was measured by enzyme-linked immunoassay (Oxford
Biomedical Research, Oxford, UK).

Statistical analysis

Statistical analysis was performed using the unpaired Student’s t-test and
Welch’s #-test. Data were expressed as the mean + standard error of the mean
(s.e.m.). Differences were considered significant at the level of P<0.05.

RESULTS

Effects of simvastatin on cardiac fibrosis

Ang Il/high salt loading induced marked cardiac fibrosis in the left
ventricle (Figure 1) and around coronary arteries (Figure 2a) in AM*/~
mice but not in wild-type mice. Cardiac fibrosis was quantitatively
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Figure 1 Cardiac fibrosis in hearts from adrenomedullin heterozygous
knockout (AM*~) mice infused with angiotensin Il (Ang 1) and submitted to
salt loading. Seven-week-old wild-type or AM*~ mice were infused with Ang
Il (640ngkg~Imin~1) on an 8% high-salt diet. Hearts were removed from
mice and embedded in paraffin and were stained with hematoxylin-eosin and
Mason’s trichrome stains.

analyzed by measuring the extent of perivascular fibrosis around
coronary arteries. The area of perivascular fibrosis was significantly
higher (P<0.05) in hearts from AM™~ mice. This effect was
significantly (P<0.05) inhibited by simvastatin treatment (Figure 2b).

Effects of simvastatin on expression of c-Kit and Sca-1 mRNA

Figures 3a and b show effects of simvastatin on mRNA expression of
c-Kit and Sca-1 in hearts from wild or AM*/~ mice treated with or
without Ang II/high salt. The abundance of ¢-Kit and Sca-1 mRNAs in
hearts from Ang Il/salt-loading AM*~ mice was significantly
(P<0.05) lower than in hearts from wild-type mice. Treatment with
simvastatin significantly (P <0.05) increased the abundance of c-Kit as
well as Sca-1 mRNA in hearts from Ang I/salt-loading AM™~ mice.

Effects of simvastatin on oxidative stress in AM*/~ mice

Figure 3c shows the effects of simvastatin on expression of the
oxidative stress marker 8-iso-PGF,, in urine from wild or AM*/~
mice treated with or without Ang II/high salt. The excretion of 8-iso-
PGF,, in urine from Ang Il/salt-loading AM™~ mice was higher
(but not significantly) than in urine from Ang II/salt-loading wild-
type mice. Treatment with simvastatin decreased urinary excretion of
8-i50-PGF,,, in Ang Il/salt-loading AM*/~ mice.

Angiogenic effects of simvastatin

Figure 4 shows immunohistochemical staining for isolectin B, and
a-SMA in the left ventricles of hearts from wild-type and AM*/~ mice
treated with Ang Il/high salt and simvastatin. The capillary density
of the ventricle was significantly (P<0.05) lower in hearts from Ang
II/salt-loading AM*/~ mice than in Ang Il/salt-loading wild-type
mice. Treatment with simvastatin significantly increased the number
of isolectin By-positive (P<0.05) and a-SMA-positive (P<0.01)
capillaries in the ventricles of hearts from Ang II/salt-loading
AM*'~ mice.

Anti-apoptotic effects of simvastatin
Figure 5 shows TUNEL staining in the left ventricles of hearts
from wild-type and AM*™/~ mice treated with Ang Il/high salt and
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Figure 2 (a) Cardiac fibrosis around coronary arteries in left ventricles from adrenomedullin heterozygous knockout (AM*/~) mice treated with angiotensin 1|
(Ang 11) and salt loading. Seven-week-old wild-type or AM*~ mice were infused with Ang Il (640ngkg'min~!) on an 8% high-salt diet with oral
simvastatin treatment (40mgkg~1 per day). (b) The fibrous area was identified as the Masson’s trichrome-stained area on each NIH image. Data are the

mean £ s.e.m. (n=4). *P<0.05 between indicated columns.

simvastatin. The percentage of apoptotic cells in the ventricle was
significantly (P<0.05) higher in hearts from AM'~ mice as
compared with wild-type mice. Treatment with simvastatin signifi-
cantly (P<0.05) decreased the percentage of apoptotic cells in
the ventricles of hearts from Ang II/salt-loading AM*/~ mice. Treat-
ment with simvastatin did not appreciably affect the number
of myocytes in the ventricles of hearts from AM*/~ mice treated
with Ang II/high salt.

DISCUSSION
To investigate mechanisms of the cardioprotective effects of statin, we
examined effects of simvastatin on fibrosis, apoptosis and angiogenesis
in hearts from AM*™/~ mice treated with Ang II and high salt. AM*/~
mice showed marked cardiac fibrosis in heart muscle with Ang II/salt-
induced oxidative stress. Treatment with simvastatin significantly
repaired the cardiac fibrosis and decreased levels of 8-iso-PGF,, in
hearts from Ang I/salt-loading AM*/~ mice, suggesting that simvas-
tatin inhibited cardiac fibrosis through its antioxidative actions.
Moreover, treatment with simvastatin significantly increased
capillary density, as determined by immunostaining with isolectin
By and 9-SMA in hearts from Ang Il/salt-loading AM*~ mice,
suggesting that simvastatin strongly increased mature capillary arteries
comprising endothelium and vascular smooth muscle. We recently
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demonstrated that atorvastatin induces proangiogenic effects, with
increase in the expression of angiogenic factors, including vascular
endothelial growth factor, interluekin-8, angiopoietins and eNOS, in
the ischemic hindlimbs of rats.!® Statins have been reported to
increase HO-1 production and, thus, inhibit oxidation in vivo.12
Hsu et al.?® demonstrated that oral administration of statins increases
HO-1 production in the mouse liver, lung, brain and heart, and
suggested that the antioxidative effects of statins in cardiovascular
tissues are strongly induced by HO-1. Moreover, we demonstrated
that a statin strongly potentiates colony formation among endothelial
progenitor cells during angiogenesis and repairs the endothelium in
oxidative hypertensive rats with increases in HO-1 in vivo.!? It is
possible that the proangiogenic effects of simvastatin also protected
against cardiac fibrosis. Suzuki et al?! recently demonstrated that
pravastatin mobilizes bone marrow progenitor cells in hibernating
hearts and increases the number of myocytes that reenter the growth
and mitotic phases of the cell cycle. In this experiments, simvas-
tatin did not increase the number of myocytes; however, simvastatin
decreased the number of apoptotic cells in hearts from Ang
II/salt-loading AM*/~ mice, indicating that the cardioprotective effects
of simvastatin are associated with anti-apoptotic effects.

The presence of cardiac stem cells in the heart has recently been
reported. Beltrami et al.?? first reported the discovery of a distinct
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Figure 3 Effects of simvastatin on mRNA expression of the oxidative stress
marker 8-iso-PGF,,, and CSC markers c-Kit and Sca-1 in the hearts of wild or
adrenomedullin heterozygous knockout (AM*~) mice treated with angiotensin
(Ang) Il and high salt loading. Seven-week-old wild-type or AM*~ mice were
infused with Ang 1l (640 ngkg=!min~!) on an 8% high-salt diet and oral
treatment with simvastatin (40mgkg=! per day). Total RNA was extracted
from mouse hearts. Expression of c-Kit (a) and Sca-1 (b) mRNA was
evaluated by real-time PCR analysis. Relative gene expression was analyzed
by the comparative AACt method with GAPDH. (c) Levels of the oxidative
stress marker, 8-iso-PGF»,, in mouse urine were measured by ELISA. Data are
the mean +s.e.m. (n=4). *P<0.05 between indicated columns.
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resident population of cardiac stem cells that express c-Kit, the
receptor for stem cell factor. C-Kit, the transmembrane tyrosine
kinase receptor for stem cell factor, is required for melanocyte and
mast cell development, hematopoiesis and the differentiation of
spermatogonial stem cells.?* c-Kit is also transiently expressed in
cardiomyocyte precursors during development and in a rare cell
population in the normal adult heart. Li et al.>* demonstrated that
in the heart, c-Kit is expressed not only by cardiac stem cells but
also by cardiomyocytes. Expression is observed immediately after
birth and terminates a few days later and, thus, coincides with the
onset of cardiomyocyte terminal differentiation. c-Kit expression
in the heart has also been implicated in mediating repair and re-
modeling after myocardial infarction as well as in the maintenance
of cardiac function.?’> Thus, c-Kit is a marker of stem and pro-
genitor cells as well as the regeneration of damaged heart tissue. We
previously examined the effects of an Ang II-receptor blocker on
the expression of c-Kit in hearts from hypertensive rats. Expression
of ¢-Kit mRNA was significantly lower than in normotensive rats.
The Ang II-receptor blocker significantly increased expression of
c-Kit through antioxidative mechanisms.2® In this experiments, the
abundance of c-Kit and Sca-1 mRNA in hearts from AM*/~ mice
treated with Ang II/high salt was significantly lower than in
heart tissue from wild-type mice. Treatment with simvastatin
significantly increased the abundance of c¢-Kit and Sca-1 mRNA
in hearts from AM"/~ mice treated with Ang Il/high salt. These
findings suggest that simvastatin inhibited cardiac fibrosis through
the regeneration of damaged heart and/or activation of cardiac
stem cells through antioxidative actions in Ang II/salt-loading
AM*/~ mice.

In conclusion, statins have potent cardioprotective effects that may
be associated with anti-fibrotic, proangiogenic and anti-apoptotic
effects in Ang II/salt-loading AM*/~ mice.
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Figure 4 Angiogenic effects of simvastatin on hearts from wild or adrenomedullin heterozygous knockout (AM*~) mice treated with or without angiotensin
(Ang) 11 and high salt loading. Seven-week-old wild-type or AM*~ mice were infused with or without Ang Il (640 ngkg=! min—!) on an 8% high-salt diet with
or without oral treatment with simvastatin (40mgkg~! per day). After 2 weeks, hearts were removed from mice and embedded in paraffin. (a) Vessels were
immunostained with a-smooth muscle actin (x-SMA) and isolectin B4 antibodies. High magnification insets in each image. (b) Number of capillaries in each
field (x200). Scale bar indicates 100 um. Data are expressed as mean £s.e.m. (n=4). Data are the mean £s.e.m. (n=4). *P<0.05, **P<0.01 between

indicated columns.
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Figure 5 Anti-apoptotic effects of simvastatin on hearts from wild or adrenomedullin heterozygous knockout (AM*~) mice treated with or without angiotensin
(Ang) 11 and high salt loading. Seven-week-old wild type or AM*'~ mice were infused with or without Ang Il (640 ngkg—1min~1) on an 8% high-salt diet with
or without oral treatment with simvastatin (40 mgkg~! per day). After 2 weeks, hearts were removed from mice and embedded in paraffin. (a) Apoptotic cells
were identified by terminal deoxynucleotidyl transferase-mediated UTP end labeling (TUNEL) staining (brown). (b) Apoptotic cell percentage was calculated
as the number of TUNEL-positive cells divided by the total number of nuclei (x200). Data are the meants.e.m. (n=8). *P<0.05 between indicated

columns.
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