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Angiotensin-Converting Enzyme Inhibitor
Suppresses Activation of Calcineurin in
Renovascular Hypertensive Rats

Hongzhuan SHENG"Y, Jianhua ZHU"Y, Xiaohui WU", Di YANG?, and Jinan ZHANG?

Accumulating evidence suggests an important role of the calcineurin signaling pathway in mediating the
development of cardiac hypertrophy. It has also been reported that angiotensin-converting enzyme inhibi-
tors (ACEls) regressed cardiac hypertrophy in some animal and human models. In this study, we investi-
gated the possible role of calcineurin in the regression of cardiac hypertrophy induced by the ACEI
perindopril in rats with renovascular hypertension. The effect of the calcineurin inhibitor cyclosporine A
(CsA) was also studied. Starting from 2 months after a two-kidney one-clip (2K1C) procedure, the rats that
had developed progressive left ventricular (LV) hypertrophy were daily administered perindopril (1 mg/kg
per day) or CsA (20 mg/kg per day) until 3 months. At the end of either treatment, the LV gravimetric, mor-
phometric and histological measurements revealed the regression of LV hypertrophy; and the enzymatic
assay, Western blotting and reverse transcription—polymerase chain reaction (RT-PCR) showed that both
calcineurin activity and the calcineurin protein and mRNA expression levels were significantly decreased
compared with untreated 2K1C rats, but that LV systolic performance was unchanged by either treatment.
These data suggest that the cardiac hypertrophy regression induced by the ACEI perindopril is likely medi-
ated, at least in part, through inhibition of the calcineurin signaling pathway. (Hypertens Res 2007; 30: 1247—-
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Introduction

Cardiac hypertrophy is not only an adaptive response of the
heart to volume and pressure overload but also a leading pre-
dictor of progressive heart disease and morbidity. Epidemio-
logical studies have shown that cardiac hypertrophy causes
ischemic heart disease, arrhythmia and sudden death (7). It is
thus of paramount importance to elucidate the mechanism of
the development of cardiac hypertrophy. Since cardiac myo-
cytes lose their proliferative ability after birth, the develop-
ment of cardiomyocyte hypertrophy is the only available
means of responding to external stresses. Cardiac hypertro-
phy is induced by a variety of stimuli, including hemody-

namic overload, ischemic disease, neurohumoral factors, or
intrinsic defects in cardiac structural protein genes (2). The
intracellular Ca?* level is elevated by various hypertrophic
stimuli (3), and Ca®" has been reported to play a critical role in
the development of cardiac hypertrophy (4). Calcineurin is a
calcium/calmodulin-activated cytoplasmic protein phos-
phatase that transduces hypertrophic stimuli to regulate tran-
scriptional control of myocyte transformation. Studies have
established that the calcium-calcineurin signaling pathway
plays a critical role in the development of cardiac hypertrophy
(5-9).

Evidence suggests that angiotensin II (Ang II) is a potent
stimulator of cardiac hypertrophy. Angiotensin-converting
enzyme inhibitors (ACEIs) or angiotensin II type 1 (AT1)
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Table 1. Sequence of Oligonucleotide Primers (Forward and Reverse) Used for RT-PCR

Target Sequence (5 to 3')

Location Length (bp)

Calcineurin
Forward
Reverse

GAPDH
Forward
Reverse

AGCTTGACTTGGACAACTCT
ATATCTAGGCCACCTACAAC

GGAGGCCATGTAGGCCATGAGGTC
AATGCATCCTGCACCACCAACTGC

151-170 400
531-550

522-545 555
1053-1076

RT-PCR, reverse transcription—polymerase chain reaction.

receptor blockers prevent the development of left ventricular
(LV) hypertrophy both in animal models and in hypertensive
patients (9—117). However, there has been little research into
the effects of ACEIs on calcineurin signaling in vivo, and the
issue of whether suppression of calcineurin induces the
regression of cardiac hypertrophy in renovascular hyperten-
sive rats once cardiac hypertrophy develops remains to be
explored. Recent evidence suggests that hypertrophy is not
required for the maintenance of systolic performance under
all conditions of homodynamic stress. Mice subjected to sur-
gical banding of the thoracic aorta maintain normal systolic
performance despite elimination of hypertrophy by cal-
cineurin inhibition (/2). We considered that it would be of
interest to examine whether LV systolic performance is pre-
served when cardiac hypertrophy is reversed.

The main purpose of the present study was to investigate
whether blockade of the RAS with perindopril, an ACEI,
induces the regression of cardiac hypertrophy in rats with
renovascular hypertension, and if so, whether this drug also
inhibits calcineurin activation in vivo and whether cardiac
systolic function is preserved. To explore the mechanism by
which ACEIs suppress calcineurin activation, we also studied
the effects of cyclosporin A (CsA), a calcineurin inhibitor, on
the regression of cardiac hypertrophy and calcineurin activa-
tion.

Methods

Animals

Male Sprague-Dawley (SD) rats weighing 210125 g were
obtained from the animal center of Nanjing Medical Univer-
sity (China). Two kidney-one clip (2K1C) renovascular
hypertension was induced by placing a silver clip (internal
diameter 0.25 mm) around the left renal artery through a flank
incision. The right kidney was left undisturbed. Sham-oper-
ated rats underwent the same experimental procedure but no
clip was placed. Systolic blood pressure (SBP) was measured
weekly by the indirect tail-cuff method using an MRB-IITA
indirect tail-cuff sphygmomanometer (Shanghai Hyperten-
sion Institute, Shanghai, China). Rats were maintained on
sterile tap water and a regular rodent diet ad libitum. Two
months after the clipping, when cardiac hypertrophy had
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Fig. 1. Systolic blood pressure measured in aorta. The
blood pressure of 2- or 3-month 2K1C rats was higher than
that of age-matched sham rats. Perindopril treatment
decreased the blood pressure, and there was no significant
difference in blood pressure between 3-month 2K1C rats and
CsA-treated 2KI1C rats. Data are shown as mean+SEM.
*»<0.05 vs. 2-month sham rats, "p<0.05 vs. 3-month sham
rats; *p<0.05 vs. 3-month 2KI1C rats. n.s. means no signifi-
cance.

already developed, the rats were randomly divided into three
groups: one group was given placebo (0.9% saline) as a con-
trol, one group was administered perindopril (1 mg/kg body
weight daily; Servier, Neuilly, France), and one group was
administered CsA (20 mg/kg body weight daily; Novartis,
Basel, Switzerland). All treatments were started at 2 months
after clipping, and continued until 3 months.

Echocardiographic Analysis

Transthoracic echocardiography was performed utilizing a
Hewlett Packard 5500 instrument with a 12 MHz microprobe.
The short-axis dimension was recorded at the level of the tip
of the papillary muscle, and the thickness of the interventric-
ular septum (IVS) and left ventricular posterior wall (LVPW)
were measured at end-diastole. The LV fractional shortening
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Table 2. Perindopril or CsA Administration Induced the Regression of Cardiac Hypertrophy

2 months after clipping

3 months after clipping

Parameter

Sham 2K1C Sham 2K1C Perindopril CsA
n 11 15 11 13 8 11
Body weight (g) 392+6 42618 431+11 492+9 459+6 378+8
Tibial length (mm) 39.811.1 39.7£1.5 39.9+1.3 40.3%+1.3 40.1£1.7 41.0+1.2
LV weight (mg) 800£8 1,120+ 11* 90019 1,250£16"  1,040+1275  960+13%*
LV weight/tibial length (mg/mm) 20.2+1.4 28.2+1.8% 22.8+14 30.94£2.3% 2354217 24.1£2.0"
IVS thickness (mm) 2.13£0.04  2.5940.03* 2.25+£0.04 2.94+0.04* 2.25+0.04™ 2.28+0.04%
LVPW thickness (mm) 2.13+£0.04 2.584+0.03* 2.25+£0.04 2.91+0.04* 2.24+0.04™ 2.2240.03%
Cross-sectional area of cardiomyocyte (um?) ~ 240+9 704+38% 303+13 903+£42% 372+99% 33042378

Data are presented as meantSEM. *p<0.05 vs. 2-month sham rats; »<0.05 vs. 3-month sham rats; 7p<0.05 vs. 3-month 2K1C rats;
$p<0.05 vs. 2-month 2K1C rats. CsA, cyclosporine A; LV, left ventricular; IVS, interventricular septem; LVPW, left ventricular poste-

rior wall.

(FS) and ejection fraction (EF) were calculated. The tracings
were analyzed by one observer who had no knowledge of
the study groups.

Histological Analysis

At 2 or 3 months after clipping, the rats were anesthetized by
intraperitoneal injection of ketamine hydrochloride (50 mg/
kg). A “home-made” catheter was inserted through the right
carotid artery into the aorta, and SBP was recorded by a com-
puter data acquisition workstation (BL410 biopsy laboratory
system; Chengdu, Sichuan Province, China). Following the
homodynamic study, LV weight (LVW) and tibial length
(TL) were measured, and LVW was corrected for TL for
quantitative analysis. A part of the LV was fixed with 10%
formalin for 16 to 24 h and embedded in paraffin. Transverse
sections (3 wm thickness) were prepared and stained with
hematoxylin-eosin for routine histological examination. The
myocyte cross-sectional areas were measured from myocytes
that were cut transversely and exhibited both a nucleus and an
intact cell membrane. At least 100 cells were assessed per LV
with the software package QWin (Leica, Bensheim, Ger-
many), and the average value was used for analysis.

Calcineurin Activity Assay

The activity of calcineurin in lysates of LV samples was
determined as described previously (/3) with a small modifi-
cation. Tissue was homogenized in a buffer containing 50
mmol/L Tris-HCI (pH 7.5), 0.5 mmol/L dithiothreitol, and
protease inhibitors, and cell debris was removed by centrifu-
gation. The reaction solutions A (50 mmol/L Tris-HCI [pH
7.4], 0.5 mmol/L dithiothreitol, 0.2 g/ BSA, 10 mmol/L p-
nitrophenyl phosphate [PNPP], 2 mmol/L CaCl,, 0.3 umol/L
calmodulin) and B (identical to A but with 3 mmol/L EGTA
instead of CaCl, and calmodulin) were dispensed into sepa-
rate wells of a 96-well plate, and a test solution prepared as
described above was then added into the wells containing

solution A or B. After incubating for 30 min at 30°C, the
absorbance at 405 nm was read. Calcineurin activity was cal-
culated as phosphate released in the presence of calmodulin
and Ca*" (sample with solution A) minus phosphate released
in the presence of EGTA instead of calmodulin and Ca*
(sample with solution B), and the activity was normalized for
the protein concentration.

Western Blot Analysis

The protein expression of calcineurin in lysates of LV sam-
ples was analyzed by Western blotting using an anti-cal-
cineurin (catalytic subunit) antibody (sc 9070; Santa Cruz
Biotechnology Inc., Santa Cruz, USA), the resulting images
were densitometrically quantified, and the calcineurin protein
levels were expressed as the values relative to the control (2-
month sham-operated rats)

Semi-Quantitative Reverse Transcription—Poly-
merase Chain Reaction

Total RNA was extracted from LV samples using the
modified single-step method of RNA isolation by acid guani-
dinium thiocyanate—phenol—chlorlform extraction. Comple-
mentary DNA was then synthesized from 2 g of total RNA
with an oligo(dT)12—-18 primer and reverse transcriptase.
Polymerase chain reaction (PCR) was performed with prim-
ers specific for calcineurin and GAPDH mRNAs (Table 1),
using GAPDH mRNA as an internal standard. The PCR prod-
ucts of each target gene were verified by sequencing.

Statistical Analysis

All data are expressed as the means:=SEM. Two-way
ANOVA and post hoc ¢ test were carried out for multiple
comparisons among groups. A value of p<0.05 was consid-
ered statistically significant.
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Fig. 2. Histological analysis. A: Representative high magnification views of LV wall stained by H&E. a and c: cross-sectional
area of cardiac myocytes in the hearts of 2- or 3-month sham rats; b and d: increase in cardiomyocyte area in 2- or 3-month
2KI1C rats; e: treatment with perindopril; f: treatment with CsA. B: Cross-sectional area of cardiomyocytes. Data are shown as
mean+SEM. *p<0.05 vs. age-matched sham rats, *p<0.05 vs. 3-month 2KI1C rats; "p<0.05 vs. 2-month 2KIC rats.

Results

Effect of Perindopril on the Reversal of Cardiac
Hypertrophy

Two months after 2K1C, SBP monitored in the aorta of the
rats was increased, and this elevation of blood pressure was
also observed in untreated rats at 3 months after operation
(untreated 3-month 2K1C rats). Treatment with perindopril
significantly reduced blood pressure, and there was no signif-
icant difference in blood pressure between the perindopril-
treated 2K1C rats and the untreated sham-operated rats. In
contrast, blood pressure was not affected by the treatment
with CsA (Fig. 1).

The LVW of untreated 2K 1C rats at 3 months after opera-
tion (untreated 3-month 2K1C rats) was increased by 39%
compared with that of age-matched sham-operated rats,
and this increase was attenuated by 60% by treatment with
perindopril and prevented by CsA treatment (Table 2). The
LVW/TL was 35.5% greater in untreated 3-month 2K1C
rats than in age-matched sham-operated rats, and treatment
with perindopril or CsA significantly reduced the increase in
the LVW/TL. Moreover, the LVW and LVW/TL of perin-
dopril- or CsA-treated 3-month 2K 1C rats was significantly
less than that of 2-month 2K 1C rats, suggesting that perin-
dopril or CsA treatment induced regression of cardiac hyper-
trophy (Table 2).

To further quantify the reversal of hypertrophy in 2K1C
rats, we analyzed individual myocyte size. Microscopic anal-
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Fig. 3. Cardiac systolic function detected by echocardiography at 3 months after operation. There was no significant difference
in EF or FS among sham, 2K1C, perindopril- and CsA-treated rats.

ysis of hematoxylin and eosin (H&E)—stained cardiac histo-
logical sections revealed a noticeable increase in the cross-
sectional area of cardiac myocytes in either 2- or 3-month
2K 1C rats, compared with that in age-matched sham-operated
rats. However, 1 month of perindopril or CsA treatment
resulted in the reversal of myofibre hypertrophy (Table 2).
The cross-sectional area of perindopril- or CsA-treated 3-
month 2K 1C rats was smaller than that of 2-month 2K 1C rats
(Fig. 2).

Echocardiography revealed that the thicknesses of IVS and
LVPW were greater in 2-month 2K1C rats than in age-
matched sham rats, and in 3-month 2K1C rats, there was a
further increase in the thickness of both IVS and LVPW
(Table 2). The thickness of IVS and LVPW was found to
decrease in perindopril-treated 3-month 2K1C rats as com-
pared with that of untreated 2-month 2K1C rats, suggesting
that perindopril treatment not only attenuated the develop-
ment but also induced the regression of cardiac hypertrophy.
These data were also consistent with the gravimetric measure-
ments of LVW and LVW/TL. CsA treatment showed a simi-
lar ability to regress cardiac hypertrophy (Table 2).

Effect of Perindopril on Cardiac Systolic Func-
tion In Vivo

Three months after clipping, the LV systolic function, mea-
sured as EF and FS, of sham-operated rats was similar to that
of 2K1C rats. Echocardiograms revealed that the EF and FS
of both perindopril- and CsA-treated 2K1C rats were similar
to those of untreated 2K 1C rats, suggesting that LV systolic
function is preserved after the treatment with perindopril or
CsA despite the reversal of cardiac hypertrophy (Fig. 3).

Inhibition of Calcineurin by Perindopril

In order to examine whether perindopril treatment inhibits the
activation of calcineurin in the hearts of 2K1C rats, we
detected calcineurin activity and the calcineurin protein and
mRNA expression levels.

Calcineurin activity in the LV samples of 2- or 3-month
2K 1C rats was increased by 39% or 24%, respectively, com-
pared with age-matched sham-operated rats, and the increase
was suppressed significantly by treatment with perindopril or
CsA (Fig. 4).

The calcineurin protein expression level was increased in
the LV sample of 2- or 3-month 2K1C rats compared with
age-matched sham-operated rats. In 2-month 2K1C rats, the
calcineurin protein level was increased to 209%15%
(»<0.01), ranging from 151% to 267% (the calcineurin pro-
tein level in 2-month sham-operated rats was set as 100%). In
3-month 2KI1C rats, the calcineurin protein level was
increased to 250+£14% (»p<0.01). The calcineurin protein
level was decreased to 83% or 127% in the perindopril- or
CsA-treated groups, respectively (Fig. 4).

The calcineurin mRNA expression level in the LV of 2- or
3-month 2K1C rats was significantly higher than that of the
age-matched sham-operated rats, and this elevation of cal-
cineurin mRNA expression was suppressed completely by the
treatment with perindopril or CsA (Fig. 4).

Discussion

In the present study, we showed that the ACEI perindopril
induced the regression of cardiac hypertrophy, and prevented
the increase in calcineurin activity and in the calcineurin pro-
tein and mRNA expression levels in rats with renovascular
hypertension. These results suggest that calcineurin may con-
tribute to Ang II signaling in vivo, and inhibition of endoge-
nous Ang [I-induced activation of calcineurin is important for
the attenuation and regression of cardiac hypertrophy by
ACETI in renovascular hypertensive rats.

The renin-angiotensin system is crucial for the maintenance
of blood pressure, fluid, and sodium homeostasis and also
plays a role in the pathogenesis of hypertension. In the 2K1C
model of renovascular hypertension, one renal artery is con-
stricted to reduce renal perfusion, and the other kidney
remains untouched. In response to low renal arterial pressure,
the plasma renin concentration is rapidly increased and then
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Fig. 4. The changes of calcineurin activity and its protein
and mRNA expression levels in different groups. Two- or 3-
months after clipping, calcineurin activity and its protein and
mRNA expression levels were increased in 2KI1C rats com-
pared with age-matched sham rats. The activation of cal-
cineurin signaling pathway in 2K1C rats was inhibited by the
treatment with perindopril or CsA. All data are expressed as
mean+SEM. *p < (.05 vs. 2-month sham rats, 'p<0.05 vs. 3-
month sham rats; "p<0.05 vs. 3-month 2K1C rats.

the renin-angiotensin-aldosterone system is activated, result-
ing in chronic elevation of blood pressure and subsequent car-
diac hypertrophy.

Calcineurin is a calcium/calmodulin-activated protein
phosphatase, and an elevation in the intracellular calcium
concentration leads to calmodulin saturation, which results in
displacement of the autoinhibitory domain from the catalytic
subunit of calcineurin, thus activating the enzyme (/4). Cal-
cineurin has been reported to play a key role in the develop-
ment of cardiac hypertrophy (5—8). In this study, to determine
whether calcineurin is activated in cardiac hypertrophy
caused by renovascular hypertension, we used three distinct
assays: a calcineurin enzymatic assay, a Western blot assay,
and reverse transcription-PCR (RT-PCR). The results showed
that calcineurin activity was increased in the hearts of 2K1C
rats, accompanied by the development of cardiac hypertro-
phy, suggesting that activation of the calcineurin signaling
pathway is associated with cardiac hypertrophy in renovascu-
lar hypertensive rats. Moreover, the levels of calcineurin
mRNA and protein expression were also increased in 2K1C
rats compared with age-matched sham-operated rats. These
data suggest that cardiac calcineurin activity, in addition to
being regulated by calcium/calmodulin, might also be regu-
lated at the level of gene or protein expression. The study of
Ritter et al. (15) in patients with myocardial hypertrophy
caused by hypertrophic obstructive cardiomyopathy or aortic
stenosis found that, in addition to the increment of calcineurin
activity in myocardial hypertrophy, there is a proteolysis of
the calcineurin A C-terminus containing the autoinhibitory
domain. Recently it was also found that Ang II stimulation of
cardiomyocytes leads to proteolysis of the autoinhibitory
domain of calcineurin (/6). Moreover, it was recently demon-
strated that the phosphatase calcineurin is translocated to the
nucleus, and targeted inhibition of the nuclear import of cal-
cineurin could prevent myocardial hypertrophy (/7). These
results suggest that calcineurin activity is regulated on several
levels.

The fact that perindopril or CsA induced the regression of
cardiac hypertrophy in our model was verified by three inde-
pendent methods: gross pathology, in vivo echocardiography,
and examination of the cardiac myocyte area. Cardiac hyper-
trophy is a fundamental, adaptive response of the heart to
multiple stimuli. The activation of the calcineurin signaling
pathway in the 2K 1C rats observed in the present study was
inhibited by the treatment with ACEI perindopril or cal-
cineurin inhibitor CsA. The activation of calcineurin as well
as the development of cardiac hypertrophy was inhibited in
the hearts of renovascular hypertensive rats treated with per-
indopril, suggesting that inhibition of the calcineurin activa-
tion may be a cause of the perindopril-induced regression of
cardiac hypertrophy. Calcineurin represents a potential “sens-
ing” molecule that links alterations in ventricular load
(through calcium) with molecular signaling and changes in
gene expression. Indeed, inhibition of calcineurin signaling
may be beneficial for decoupling an increase in inotropy from



maladaptive decompensation and heart failure. However, the
molecular mechanism whereby inhibition of calcineurin leads
to regression of hypertrophy is not understood. Presumably,
calcineurin activity is necessary to maintain coordinated sig-
naling with other intracellular signaling pathways, resulting
in a balanced hypertrophic response. Attenuation of cal-
cineurin activity may simply lead to a profile of unbalanced
signaling, which results in diminished efficiency to promote
the hypertrophic state (/8). This interpretation is consistent
with a large body of literature that has shown attenuation of
cardiac hypertrophy by inhibition of other intracellular path-
ways, suggesting coordinated intracellular signaling net-
works. In addition to the calcineurin pathway, there are other
signaling cascades involved in the development and mainte-
nance of myocardial hypertrophy, such as mitogen-activated
protein kinases (including extracellular signal-regulated
kinase [ERK], c-Jun N-terminal kinase [JNK], and p38), pro-
tein kinase C (PKC) and protein kinase A as well. There is an
integrated model of signal transduction in the heart such that
multiple pathways are necessary for timely and effective
hypertrophy. Specific inhibition of central regulatory path-
ways likely diminishes the activation of other interdependent
signal transduction pathways (79). Calcineurin not only leads
to the nuclear factor of activated T cell (NFAT) dephosphory-
lation and its nuclear translocation, but also promotes the acti-
vation of JNK and certain PKC isoforms. When CsA inhibits
the calcineurin signaling pathway, the activity of JNK and
PKC is also decreased (20). It has been reported that the cal-
cineurin and MEK-ERK1/2 pathways constitute a codepen-
dent signaling module in cardiomyocytes that coordinately
regulates the growth response (27), and that carabin is a neg-
ative feedback inhibitor of the calcineurin signaling pathway
that also mediates crosstalk between calcineurin and Ras (22).
In our laboratory, we also found that INK mRNA expression
was upregulated in renovascular hypertensive rats, and that
perindopril treatment induced the down-regulation of JNK
mRNA expression (data not shown). Inhibition of multiple
intracellular signaling pathways may be the basis of the rever-
sal of cardiac hypertrophy by perindopril or CsA.

In addition to the inhibition of calcineurin, however, we
cannot ignore the blood pressure—lowering effect of perin-
dopril on the regression of cardiac hypertrophy. The antihy-
pertrophic effect of an AT1 receptor blocker has been shown
to be greater than that of hydralazine, despite the greater anti-
hypertensive effect of hypralazine, in spontaneously hyper-
tensive rats (23). It has also been demonstrated that a non-
antihypertensive dose of AT1 receptor blocker attenuates the
development of cardiac hypertrophy and fibrosis as well as
the activation of calcineurin in rats with salt-sensitive hyper-
tension (24). Matsumoto et al. found that the ACEI imidapril
reduced LV mass in hemodialysis patients by a mechanism
that was independent of changes in blood pressure (25). It is
also reported that blockade of Ang II receptors may attenuate
the structural changes in the heart and blood vessels of hyper-
tensive animals independent of a reduction in blood pressure
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(26). In our laboratory, we also found that there was a trend of
attenuation of cardiac hypertrophy by a non-antihypertensive
dose of perindopril in 2K1C rats (data not shown). These
observations suggest that blood pressure reduction alone is
not sufficient to prevent cardiac hypertrophy. Accordingly,
perindopril reverses the cardiac hypertrophy in renovascular
hypertensive rats mainly through the inhibition of calcineurin
signaling pathways induced by Ang II, rather than mainly
through lowering the blood pressure.

Finally, our study demonstrates that LV systolic perfor-
mance is preserved despite the reversal of cardiac hypertro-
phy in renovascular hypertensive rats. This result is consistent
with that reported by Hill e al. (12) in a model of aortic-
banded mice. The underlying mechanism may involve a sus-
tained Anrep effect.

In conclusion, this study demonstrated that ACEI perin-
dopril induced a regression of cardiac hypertrophy in rats
with renovascular hypertension, possibly through inhibition
of the calcineurin signaling pathway. Given the multifactorial
nature of hypertrophic signaling, it is likely that many regula-
tory pathways coordinately participate in the overall hyper-
trophic response (2/). Further studies are necessary to
elucidate the connections between calcineurin and other intra-
cellular signaling molecules and thereby provide a better
understanding of the regulation of cardiac hypertrophy. In
addition, further investigations will be needed to elucidate
whether a non-antihypertensive dose of perindopril induces
regression of cardiac hypertrophy and inhibits calcineurin
activity in the heart to the same extent as in this study.

References

1. Brown DW, Giles WR, Croft JB: Left ventricular hypertro-
phy as a predictor of coronary heart disease mortality and
the effect of hypertension. Am Heart J 2000; 140: 848—856.

2. Devereux RB, Roman MJ: Left ventricular hypertrophy in
hypertension: stumuli, patterns, and consequences. Hyper-
tens Res 1999; 22: 1-9.

3. Berridge MJ, Bootman MD, Lipp P: Calcium—a life and
death signal. Nature 1998; 395: 645-648.

4.  Molkentin JD, Lu JR, Antos CL, et al: A calcineurin-depen-
dent transcriptional pathway for cardiac hypertrophy. Cell
1998; 23: 215-228.

5. Koulmann N, Novel-Chate V, Peinnequin A, et al:
Cyclosporin A inhibits hypoxia-induced pulmonary hyper-
tension and right ventricle hypertrophy. Am J Respir Crit
Care Med 2006; 174: 699-705.

6. ZouY, Yamazaki Y, Nakagawa K, ef al: Continuous block-
ade of L-type Ca’" channels suppresses activation of cal-
cineurin and development of cardiac hypertrophy in
spontaneously hypertensive rats. Hypertens Res 2002; 25:
117-124.

7. Zobel C, Rana OR, Saygili E, et al: Mechanisms of Ca?'-
dependent calcineurin activation in mechanical stretch-
induced hypertrophy. Cardiology 2007; 107: 281-290.

8. Obata K, Nagata K, Iwase M, et al: Overexpression of cal-
modulin induced cardiac hypertrophy by a calcineurin-



1254

10.

11.

12.

13.

14.

15.

16.

17.

18.

Hypertens Res Vol. 30, No. 12 (2007)

dependent pathway. Biochem Biophys Res Commun 2005;
338: 1299-1305.

Shikata C, Takeda A, Takeda N: Effect of an ACE inhibitor
and an ATI receptor antagonist on cardiac hypertrophy.
Mol Cell Biochem 2003; 248: 197-202.

Onodera T, Okazaki F, Miyazaki H, et al: Perindopril
reverses myocyte remodeling in the hypertensive heart.
Hypertens Res 2002; 25: 85-90.

Wake R, Kim-Mitsuyama S, Izumi Y, et al: Beneficial
effect of candesartan on rat diastolic heart failure. J Phar-
macol Sci 2005; 98: 372-379.

Hill JA, Karimi M, Kutschke W, et al: Cardiac hypertrophy
is not a required compensatory response to short-term pres-
sure overload. Circulation 2000; 101: 2863-2869.
Diedrichs H, Mei C, Frank KF, et al: Calcineurin indepen-
dent development of myocardial hypertrophy in transgenic
rats overexpressing the mouse rennin gene, TGR (mREN2)
27.J Mol Med 2004; 82: 688—695.

Crabtree OF, Olson EN: NFAT signaling: choreographing
the social lives of cells. Cel/ 2002; 109 (Suppl): S67-S79.
Ritter O, Hack S, Schuh K, et al: Calcineurin in human
heart hypertrophy. Circulation 2002; 105: 2265-2269.
Burkard N, Becher J, Heindl C, et al: Targeted proteolysis
sustains calcineurin activation. Circulation 2005; 111:
1045-1053.

Hallhuber M, Burkard N, Wu R, ef al: Inhibition of nuclear
import of calcineurin prevents myocardial hypertrophy.
Circ Res 2006; 99: 626-635.

Lim HW, Windt L], Mante J, et al: Reversal of cardiac

20.

21.

22.

23.

24.

25.

26.

hypertrophy in transgenic disease models by calcineurin
inhibition. J Mol Cell Cardiol 2000; 32: 697-7009.
Molkentin JD, Heineke J: Regulation of cardiac hypertro-
phy by intracellular signaling pathways. Nat Rev Mol Cell
Biol 2006; 7: 589-600.

De Windt LJ, Lim HW, Haq S, et al: Calcineurin promotes
protein kinase C and c-Jun NH,-terminal kinase activation
in the heart. J Biol Chem 2000; 275: 13571-13579.

Sanna B, Bueno OF, Dai YS, et al: Direct and indirect inter-
action between calcineruin-NFAT and MEK I -extracellular
signal-regulated kinase 1/2 signaling pathways regulate
cardiac gene expression and cellular growth. Mol Cell Biol
2005; 25: 865-878.

Pan F, Sun L, Kardian DB, ef al: Feedback inhibition of cal-
cineurin and Ras by a dual inhibitory protein Carabin.
Nature 2007; 445: 433-436.

Izumi Y, Kim S, Zhan Y, et al: Important role of angio-
tensin [I-mediated c-Jun NH,-terminal kinase activation in
cardiac hypertrophy in hypertensive rats. Hypertension
2000; 36: 511-516.

Nagata K, Somura F, Obata K, et al: AT1 receptor blockade
reduces cardiac calcineurin activity in hypertensive rat.
Hypertension 2002; 40: 168—174.

Matsumoto N, Ishimitsu T, Okamura A, et al: Effects of
imidapril on left ventricular mass in chronic hemodialysis
patients. Hypertens Res 2006; 29: 253-260.

Yokoyama H, Averill DB, Brosnihan KB, et al: Role of
blood pressure reduction in prevention of cardiac and vas-
cular hypertrophy. Am J Hypertens 2005; 18: 922-929.



	Angiotensin-Converting Enzyme Inhibitor Suppresses Activation of Calcineurin in Renovascular Hypertensive Rats
	Introduction
	Methods
	Animals
	Echocardiographic Analysis
	Histological Analysis
	Calcineurin Activity Assay
	Western Blot Analysis
	Semi-Quantitative Reverse Transcription–Polymerase Chain Reaction
	Statistical Analysis

	Results
	Effect of Perindopril on the Reversal of Cardiac Hypertrophy
	Effect of Perindopril on Cardiac Systolic Function
	Inhibition of Calcineurin by Perindopril

	Discussion
	References


