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Abstract: Objective: The purpose of this study was to investigate the effect of pravastatin on cardiac function with
myocardial infarction (Ml) and reveal the possible mechanism involved in it. Methods: In the patients assay, 30
consecutive patients with Ml (16 males and 14 females) were enrolled. Brain natriuretic peptide (BNP), atrial natri-
uretic peptide (ANP), and left ventricular ejection fraction (LVEF) function before and after pravastatin usage were
compared. In the animal assay, two groups of rats were subjected to permanent coronary occlusion. Group Il (n =
14) received oral pravastatin (10 mg/kg/d) daily at 3 wk before and 4 wk after MlI, while group | (n = 12) received
equivalent doses of vehicle. Results: The percentage of patients with high BNP level (BNP > 20 pg/mL) significantly
decreased, from 2 D to 24 W in the pravastatin group, but not in the control group. Similar results occurred with
respect to the ANP level (ANP > 40 pg/mL). LVEF in pravastatin group was significantly higher than that of the control
group at 3 W and 24 W. In the animal assay, compared with group |, echocardiographic LVEF and fractional area
change (FAC) were higher while left ventricular end-diastolic volume (LVEDV) and left ventricular end-systolic and
end-diastolic diameters (LVESD and LVEDD) were lower in treated rats. Conclusion: Both patients and animal assays
showed that pravastatin therapy during peri-infarct period significantly improved left ventricular (LV) function and
limited adverse LV remodeling following MI independent of a reduction in infarct size.
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Introduction have been associated with reduced morbidity
and mortality in patients with coronary artery
disease [7, 8]. It is presumed that statins may
cause regression or stabilization of atheroscle-
rotic plaques by lowering serum cholesterol lev-
els [9]. However, the beneficial effects of statins
on coronary artery disease are not limited to
their ability of lowering plasma cholesterol [7].
Statins have various pleiotropic effects on ath-
erosclerosis including reduction of plaque th-
rombogenicity, inhibition of cellular proliferation
and migration, anti-inflammatory, and endothe-
lial function improvement [10]. Despite the wi-
despread clinical use of statins for hypercholes-
terolemia and prevention of coronary artery dis-
ease, data are lacking on the effects of statins
on clinical outcome in heart failure secondary
to MI. Although some clinical trials suggest that
statins may attenuate remodeling and inflam-

Myocardial infarction (MI) frequently produces
left ventricular (LV) dilatation associated with
myocyte hypertrophy and interstitial fibrosis in
non-infarcted myocardium. These changes in
LV geometry, referred to as remodeling, contrib-
ute to the development of depressed cardiac
performance [1]. Statin treatment has been
suggested to exert beneficial effects on left
ventricular (LV) function and remodeling after
experimental myocardial infarction (MI) [2, 3],
raising the possibility that statins may aid in the
prevention and treatment of heart failure [4]. In
patients with heart failure, statin therapy is
associated with improved LV function [5] and
survival [6]. The underlying mechanisms, how-
ever, of how statins may exert these beneficial
effects remain to be determined.

Statins belong to 3-hydroxy-3-methylglutaryl
coenzyme A (HMGCoA) reductase inhibitors.
They can lower plasma cholesterol levels and

mation in patients with cardiomyopathy [11,
12], a recent randomized placebo-controlled
study of high-dose statin in patients with sys-
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tolic heart failureshows that statins have no
effect on ventricular remodeling [13]. Thus, the
role of statins in heart failure due to Ml remains
controversial. Therefore, the purpose of this
study was to determine whether administration
of a statin during the peri-infarct period could
attenuate M.

Materials and methods
Patients

This study included 30 male patients. All the
patients gave their written informed consent
prior to participation in the study. The Ins-
titutional Ethical Committee on Human Re-
search approved the study protocol. Patients
with prior myocardial infarction, liver (elevated
activities of aminotransferases), kidney (elevat-
ed level of creatinine or urea) or lung dysfunc-
tion (restrictive or obstructive pattern in spi-
rometry) were excluded from the study.

Treatment and surgical protocols

A total of 344 female Fischer rats (age 10-12
wk; body wt, 175-200 g, Harlan Sprague-Da-
wley, Inc.) received oral pravastatin (10 mg/
kg/d by gavage, group Il, n = 20) or an equiva-
lent volume of vehicle (water, group |, n = 20)
daily for 7 weeks starting at 3 wk before and
continuing for 4 wk after MI. To adjust the daily
dose of the drug, body weight was measured
twice a week. The dose of pravastatin used in
this study was considered safe and was similar
to previously used doses shown to have cardio-
protective effects in terms of limiting infarct
size in rats. It has been reported that statins
have cardio-protective effects in patients when
initiated prior to the onset of Ml and in the first
few weeks after MI. The animals were treated
before and after the onset of MI to mimic the
common clinical situation in which patients are
treated with statins chronically, i.e., during the
entire peri-infarct period. Three weeks after the
treatment started, the rats were anesthetized
with ketamine (37 mg/kg) and xylazine (5 mg/
kg), intubated, and ventilated with a rodent res-
pirator (Harvard Apparatus). Under sterile con-
ditions, a left thoracotomy was performed in
the fourth intercostal space, and a 5-O Prolene
suture tied around the left anterior descending
coronary artery at 2-3 millimeters from its ori-
gin. The chest was closed with a 3-0 silk suture.
The animals continued to receive the assigned
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treatment and were euthanized at 4 wk after
coronary artery ligation.

Echocardiography

Serial echocardiographic studies were per-
formed 4 days before surgery (baseline, BSL)
and at 48 h and 4 wk after infarction under
light anesthesia (pentobarbital, 25 mg/kg, i.p.).
The anterior chest was shaved and rats were
placed in the left lateral decubitus position.
Body temperature was maintained between
36.9 uC and 37.3 uC. Echocardiographic imag-
es were obtained using a Philips HDI 5000
SonoCT ultrasound system equipped with a
12-5 MHz phased-array probe fitted with a 0.3
cm standoff and a 15-7 MHz broadband linear
probe. The heart was imaged in the para-ster-
nal short axis view at the level of the papillary
muscles to obtain LV wall thickness and ejec-
tion fraction (EF), and in the para-sternal long
axis view to measure LV end-systolic and end-
diastolic volumes (LVESV and LVEDV). All mea-
surements were averaged in three consecutive
cardiac cycles and analyzed off-line by a single
blinded observer using the ProSolv image an-
alysis software. All calculations were derived
using standard formulas. LV end-systolic and
end-diastolic diameters (LVESD and LVEDD)
were measured from M-mode tracings obtained
at the mid-papillary level and analyzed accord-
ing to modified American Society for Echocar-
diography standards (posterior wall leading-
edge to leading-edge and anterior wall trailing-
edge to trailing-edge).

Hemodynamics

Hemodynamic studies were performed at 4 wk
after MI, just before euthanasia. Rats were an-
esthetized with ketamine (37 mg/kg) and xyla-
zine (5 mg/kg), intubated, and mechanically
ventilated. Anesthesia was maintained with 1%
isoflurane and the core temperature was kept
at 37.0 uC with a heating pad throughout the
study. A 2F microtip pressure-volume (PV) cath-
eter (SPR-869, Millar Instruments) was insert-
ed into the right carotid artery and advanced
into the LV cavity. The right jugular vein was
cannulated for fluid administration. After 20
min of stabilization, the PV signals were record-
ed continuously with an ARIA PV conductance
system (Millar Instruments) coupled with a Po-
werlab/4SP A/D converter (AD Instruments), st-
ored, and displayed on a personal computer. PV
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Figure 1. Effects of pravastatin on cardiac function (A) and plasma BNP level. (A) Comparison of mean * SD values
between the control and pravastatin groups at each sampling point. (B) The percentage of patients with an elevated
BNP level (> 20 pg/mL) at various time points in the control group. (C) The percentage of patients with an elevated

BNP level in the pravastatin group. *P < 0.05 vs. 2D.

relations were assessed by transiently com-
pressing the inferior vena cava with a cotton
swab. Parallel conductance from surrounding
structures was calculated by injecting a small
bolus of 15% NaCl through the jugular vein. LV
end-diastolic pressure (LVEDP), dP/dtmax, end-
systolic elastance (Ees), and preload recruit-
able stroke work (PRSW) were calculated using
the PVAN software program (Millar).

Morphometry and histology

After hemodynamic measurements, a polyeth-
ylene catheter filled with phosphate buffer (0.2
M, pH 7.4) and heparin (100 IU/ml) was applied
to the ascending aorta via the right carotid
artery. In rapid succession, the heart was ar-
rested in diastole by injecting 1.0 ml cadmium
chloride (100 mM)/potassium chloride (3 M)
mixture through the aortic catheter. The heart
was then excised and perfused retrogradely
with phosphate buffer for 3 min to flush out
residual blood in the coronary circulation, fol-
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lowed by perfusion with 10% neutral buffered
formalin solution for 15 min. Perfusion pres-
sure was maintained between 60 and 80 mm-
Hg while end-diastolic pressure was kept at 8
mmHg. After perfusion-fixation, the atria and
right ventricle were dissected from the left ven-
tricle. The LV weight was measured. The heart
was cut into four transverse slices (2-mm thick),
which were processed, embedded in paraffin,
sectioned at 4-mm intervals, and stained with
Masson’s trichrome. Images were acquired dig-
itally and analyzed using NIH Image]) (1.37v).
From the Masson’s trichrome-stained images,
morphometric parameters including LV cham-
ber diameter and infarct wall thickness were
measured in each section. All anatomical pa-
rameters were corrected according to a uni-
form sarcomere length.

Statistical analysis

Data are reported as mean + SEM. Measu-
rements were analyzed by ANOVA followed by
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Figure 2. Echocardiographic assessment of LV function. Representative two-dimensional (A, C) and M-mode (B,
D) images from vehicletreated (A, B), and pravastatin-treated (C, D) rats 4 wk after coronary occlusion. The infarct
wall is delineated by arrowheads. Compared with the vehicle-treated heart, the pravastatin-treated heart exhibited
a smaller LV cavity, a thicker infarct wall, and improved motion of the infarct wall. Panels (E-G) demonstrate that
treatment with pravastatin improved echocardiographic measurements of LV systolic function at 4 wk after myocar-
dial infarction. Data are mean + SEM. N = 8-12 rats per group. *P < 0.05 versus vehicle-treated rats at 4 wk. BSL,

baseline.

unpaired Student t-tests with the Bonferroni
correction. A value of P < 0.05 was considered
statistically significant. All statistical analyses
were performed using the SPSS software (ver-
sion 8, SPSS, Inc., Chicago, IL).

Results

Effects of pravastatin treatment on plasma
BNP and ANP levels

Figure 1Aa shows the mean = SD values of
BNP level in the control and pravastatin groups
at each sampling point. There were no signifi-
cant differences between the two groups. To
reduce the possible influence of variance of val-
ues, the subjects were classified into two gro-
ups by cut-off line (20 pg/mL). In the control
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group, the percentage of patients with a high
BNP level was higher throughout the follow-up
period and still 80% at 24 W (Figure 1A, 1B).
The percentage of patients with a high BNP
level decreased gradually and was significantly
lower at 24 W compared with that at 2 D in the
pravastatin group (100 to 57%, P < 0.05) (Fi-
gure 1A-C). Similar results were also observed
with respect to ANP levels. There were no sig-
nificant differences between the two groups in
ANP values at each sampling point (Figure
1Ba). The percentage of the patients with a
high ANP level (> 40 pg/mL) significantly de-
creased at 12 W and 24 W compared to that at
2 D in the pravastatin group (62% at 2D vs.
23% at 12 W and 21% at 24 W, P < 0.05 for
each) (Figure 1Bc), although no significant dif-
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Figure 3. Hemodynamic assessment of LV function at 4 wk after pravastatin treatment. Panels (A-D) illustrate the
quantitative analysis of hemodynamic variables including dP/dt (A), LV end-diastolic pressure (B), end-systolic elas-
tance (C), and preload recruitable stroke work (D). Data are mean + SEM. n = 8-12 rats per group. *P, 0.05 versus
vehicle-treated rats at 4 wk. Abbreviations: Ees, end-systolic elastance; LVEDP, left ventricular end-diastolic pres-

sure; PRSW, preload recruitable stroke work.

ference existed in the control group (Figure
1Bb).

Effects of pravastatin therapy on left ventricu-
lar ejection fraction

In Figure 1C, each line represents the change
of left ventricular ejection fraction (LVEF) in
each patient. Pravastatin significantly improved
LVEF from 58.2 + 10.5% t0 67.5 + 9.2% at 24 W
(P < 0.05), while no difference was noted in the
control group (Figure 1Ca). Figure 1Cb sho-
ws the comparison of LVEF between the two
groups at each sampling point during follow-up.
LVEF in the pravastatin group was significantly
higher than that in the control group at 3 W
(66.0 £ 7.8% vs. 56.5 + 11.8%; P < 0.05) and
24 W (67.5 + 9.2% vs. 59.7 + 9.8%; P < 0.05).

Pravastatin attenuates LV dysfunction

At baseline (4 days before surgery), all parame-
ters of LV function, measured by echocardiog-
raphy, were similar in groups | and Il (Figure 2).
At 48 h after surgery, the degree of LV systolic
functional impairment did not differ among the
groups (Figure 2B-G), indicating that the extent
of injury sustained during MI was comparable.
As expected, in vehicle-treated rats the infarct
wall thickness decreased (Figure 2Aa, 2Ab and
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2D) and the LVESD increased at 4 wk of follow-
up compared with baseline (Figure 2Aa, 2Ab
and 2D). In rats treated with pravastatin, how-
ever, infarct wall thickness was greater (Figure
2Ac, 2Ad and 2D) and the LVESD was smal-
ler (Figure 2Ac, 2Ad and 2E) while compared
with vehicle-treated rats. Vehicle-treated rats
exhibited a progressive deterioration in LVEF
between 48 h and 4 wk after surgery; this wo-
rsening in LVEF was attenuated in rats trea-
ted with pravastatin, resulting in a markedly
greater LVEF at 4 wk compared with vehicle-
treated rats (34.1661.64% vs. 24.3063.39%; P
< 0.05; Figure 2B). Furthermore, LV systolic
area was smaller and fractional area chan-
ge was larger in pravastatin-treated rats com-
pared with vehicle-treated rats (Figure 2F and
2G). Consistent with the echocardiographic
data, invasive assessment of cardiac function
using the conductance catheter showed imp-
roved LV function in pravastatin-treated ani-
mals. Figure 3 shows representative P-V loops,
dP/dt max, LVEDP, end-systolic elastance (Ees),
and preload recruitable stroke work (PRSW)
obtained during IVC occlusion. Both load-de-
pendent (LV dP/dt max, LVEDP) and load-inde-
pendent (Ees, PRSW) parameters of LV perfor-
mance were improved in pravastatin-treated
group.

Int J Clin Exp Med 2016;9(2):1549-1557
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Figure 4. Quantitative assessment of LV remodeling. Panels (A-D) illustrates echocardiographic measurement of LV
AW thickness in diastole (A), LV end-diastolic diameter (B), LV end-diastolic area (C) and LV end-diastolic volume (D)
at baseline, 48 hr and 4 wk after myocardial infarction. Data are mean + SEM. N = 8-12 rats per group. *P < 0.05
versus vehicle-treated rats at 4 wk. Abbreviations: AW, anterior wall; BSL, baseline; hr, hours; LV, left ventricular.

Pravastatin halts LV remodeling

At 4 wk after MI, echocardiographic assess-
ment showed an increase in LVEDD, LV end-
diastolic area, and LVEDV in vehicle-treated
rats, consistent with postinfarction LV remodel-
ing (Figures 2Aa, 2Ab and 4B-D). However, in
pravastatin-treated rats, these variables we-
re significantly smaller compared with vehicle
treated rats, indicating improvement in LV re-
modeling (Figures 2Ac, 2Ad and 4B-D). Mor-
phometric analysis confirmed the echocardio-
graphic findings. Compared with the vehicle-
treated group, the LV chamber diameter was
smaller and the infarct wall thickness and
infarct wall thickness/chamber diameter ratio
were greater in the pravastatin treated group
(Figure 5).

Discussion

Left ventricular (LV) remodeling after acute
myocardial infarction (MI) is a process of pro-
gressive changes in LV chamber size, shape,
composition and resulting function. Highly del-
eterious LV dilation, significantly related to poor
outcome, is its most characteristic feature [14,
15]. The intensity of ventricular remodeling
depends mainly on ventricular wall stress and
neurohumoral factors, such as the renin-angio-
tensin system (RAS) and the sympathetic ner-
vous system [16].
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In the present study, we first showed that initi-
ating pravastatin therapy early after the onset
of acute MI decreased plasma ANP and BNP
levels and improved LVEF by reducing LVDs.
Because of the variance of values among each
patient, we classified the subjects into two
groups by cut-off line (20 pg/mL for BNP and
40 pg/mL for ANP). In the pravastatin group,
the percentage of patients with an elevated
ANP level tended to decrease at 3 W and signifi-
cantly decreased at 12 W and 24 W. These
short-term effects of pravastatin agree with the
improved results of LVEF at 3 W. The effects on
BNP were slower than ANP, and the percentage
of patients with an elevated BNP level tended
to decrease at 12 W and significantly decreased
at 24 W after pravastatin treatment. We have
no reasonable explanation for the delayed BNP
response because generally, BNP is considered
a more sensitive indicator of myocardial injury.
The study population, a large part of whom had
relatively mild cases of acute MI, may have
influenced the present results. We found im-
provement in LVEF during the follow-up period
in the pravastatin group. Besides, decreased
LVDs predominantly contributed to an increase
in LVEF. These results are consistent with previ-
ous reports that statin therapy for 3 months
decreased left ventricular end-systolic volume
in patients with idiopathic dilated cardiomyopa-
thy [17] and that pitavastatin treatment for 6
months reduced LVDs in ischemic and nonisch-

Int J Clin Exp Med 2016;9(2):1549-1557
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Figure 5. Morphometric as-
sessment of LV remodeling.
Representative Masson'’s tri-
chrome-stained myocardial
sections from vehicletreat-
ed (A) and atorvastatin-tre-
ated (B) hearts. Scar tissue
and viable myocardium are
identified in white and red,
respectively. Panels (C, D) ill-
ustrate morphometric mea-
surements of LV structural
parameters. Data are mean
+ SEM. N = 8-12 rats per
group. P < 0.05 versus vehi-
cle-treated rats at 4 wk.

0.6 v

Control Pravastatin—treated

Infarct wall thickness

emic heart failure [18]. On the other hand,
reports showed that both LVDd and LVDs were
decreased by pravastatin treatment for 12
months [19]. Taking these results into account,
statin treatment may initially decrease LVDs
and subsequently decrease LVDd after 6 mo-
nths to improve LVEF. Furthermore, we found
that the effect of pravastatin treatment on LVEF
appeared within 3 weeks and LVDs tended to
decrease. This is the first report that shows a
short duration of statin treatment (3 weeks)
could improve left ventricular systolic function.

The mechanisms of cardio-protective effects by
statins have not been fully established. In the
present study, changes in total cholesterol and
LDL cholesterol levels had no correlation with
changes in LVEF and LVDs. This result indicates
that the cardio-protective effect of pravastatin
is independent of lipid-lowering and may be
mediated by commonly called pleiotropic ef-
fects. It is reported [20] that pravastatin sup-
pressed pro-inflammatory effects of vascular
endothelial growth factor (VEGF) and placental
growth factor (P1GF) by increasing soluble Fms-
like tyrosine kinase 1 (sFIt-1), and improved
LVEF at 6 months after AMI. In the present
study, LVEF was significantly improved 3 weeks
after acute MI onset. It is hard to explain the
discrepancy of timing when pravastatin treat-
ment showed improvement in LVEF. Other me-
chanisms of anti-inflammatory effects or incre-
ased coronary flow or reduced peripheral resis-
tance by improvement of endothelial function
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Control Pravastatin—treated

Infarct wall thickness/Chamber radius ratio

[21] may be associated with the early effects of
pravastatin observed in the present study.

Our observations of preserved LV function and
mitigated LV remodeling are consistent with
previous studies of statins in acute M. In ani-
mal models of MI, cerivastatin (started on the
7th day after Ml) [22] and fluvastatin (adminis-
tered for 4 weeks after MI) [23] have been
reported to increase survival and improve car-
diac function along with an attenuation of LV
remodeling. Furthermore, results from clinical
studies in patients with idiopathic dilated car-
diomyopathy [24] and nonischemic forms of
heart failure [11, 25] also suggest that statins
may improve the clinical status of patients by
improving LV function and attenuating adverse
remodeling in heart failure. Similarly, statin
therapy has been shown to reduce the extent of
periprocedural non-Q-wave MI [26], microem-
bolization and microinfarction [27] when start-
ed before percutaneous coronary intervention.

The finding that pravastatin therapy led to a
substantial reduction of myocardial collagen
content is novel. Although reduction in collagen
content by pravastatin has been demonstrated
in animal models of diabetic cardiomyopathy
[28] and in spontaneously hypertensive rats
[29], such an effect of the drug has not been
previously reported in the setting of MI. The
end diastolic pressure-volume relationship, wh-
ich indicates diastolic stiffness, was improved
by pravastatin treatment. Unlike LVEDP, which

Int J Clin Exp Med 2016;9(2):1549-1557
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is load dependent, diastolic stiffness is inde-
pendent of load.

In summary, our data have obvious translation-
al implications. They suggest that the use of
pravastatin during the peri-infarct period might
be useful for limiting adverse LV remodeling
and improving LV function after MI. This ap-
proach might have a potential use in clinical
settings such as cardio-protection before surgi-
cal procedures (including cardiac and major
non-cardiac vascular surgery) and patients with
acute coronary syndromes. The exact mech-
anism(s) of this protective effect, the minimal
effective dose, and the minimal duration of
treatment required to achieve a beneficial
effect need further elucidation.
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