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Abstract

Although statins impart a number of cardiovascular benefits, whether statin therapy during the peri-infarct period improves
subsequent myocardial structure and function remains unclear. Thus, we evaluated the effects of atorvastatin on cardiac
function, remodeling, fibrosis, and apoptosis after myocardial infarction (MI). Two groups of rats were subjected to
permanent coronary occlusion. Group II (n = 14) received oral atorvastatin (10 mg/kg/d) daily for 3 wk before and 4 wk after
MI, while group I (n = 12) received equivalent doses of vehicle. Infarct size (Masson’s trichrome-stained sections) was similar
in both groups. Compared with group I, echocardiographic left ventricular ejection fraction (LVEF) and fractional area
change (FAC) were higher while LV end-diastolic volume (LVEDV) and LV end-systolic and end-diastolic diameters (LVESD
and LVEDD) were lower in treated rats. Hemodynamically, atorvastatin-treated rats exhibited significantly higher dP/dtmax,
end-systolic elastance (Ees), and preload recruitable stroke work (PRSW) and lower LV end-diastolic pressure (LVEDP).
Morphometrically, infarct wall thickness was greater in treated rats. The improvement of LV function by atorvastatin was
associated with a decrease in hydroxyproline content and in the number of apoptotic cardiomyocyte nuclei. We conclude
that atorvastatin therapy during the peri-infarct period significantly improves LV function and limits adverse LV remodeling
following MI independent of a reduction in infarct size. These salubrious effects may be due in part to a decrease in
myocardial fibrosis and apoptosis.
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Introduction

Myocardial infarction (MI) frequently causes left ventricular

(LV) dilatation associated with myocyte hypertrophy and intersti-

tial fibrosis of the noninfarcted myocardium. These changes in LV

geometry, referred to as remodeling, contribute to the develop-

ment of depressed cardiac performance [1]. Ventricular remod-

eling is further characterized by cardiac fibroblast proliferation

and apoptotic cell death [2]. These pathological processes can lead

to cardiac fibrosis as a result of disproportionate accumulation of

extracellular matrix components, which impedes both contraction

and relaxation and is arrhythmogenic [2,3,4]. Although available

therapies delay the progressive downward course of heart failure,

the prognosis of this syndrome remains bleak [5,6]. Therefore, it is

of critical importance to develop therapeutic strategies that will

effectively inhibit the development and progression of LV

remodeling and failure after MI.

The 3-hydroxy-3-methylglutaryl coenzyme A (HMGCoA)

reductase inhibitors, statins, lower plasma cholesterol levels and

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 atherosclerotic

plaques by lowering serum cholesterol levels [9]. However, the

beneficial effects of statins on coronary artery disease are not

limited to their ability to lower plasma cholesterol [7], but involve

various pleiotropic effects on atherosclerosis including reduction of

plaque thrombogenicity, inhibition of cellular proliferation and

migration, anti-inflammatory effects, and improvement of endo-

thelial function [10]. Despite the widespread clinical use of statins

for hypercholesterolemia and prevention of coronary artery

disease, 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-

mation in patients with cardiomyopathy [11,12], a recent

randomized placebo-controlled study of high-dose statin in

patients with systolic heart failure has shown no effect on

ventricular remodeling [13]. Thus, the role of statins in heart

failure due to MI remains controversial. Therefore, the purpose

of this study was to determine whether administration of a

statin during the peri-infarct period attenuates the progressive

LV chamber dilatation and contractile dysfunction in a rat model

of MI.
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Materials and Methods

Ethics Statement
All studies were performed in accordance with the guidelines of

the Animal Care and Use Committee of the University of

Louisville (Ky) School of Medicine and with the Guide for the Care

and Use of Laboratory Animals (Department of Health and Human

Services, Publication No. [NIH] 86-23). The animal experiments

were approved by the Institutional Animal Care and Use

Committee (IACUC) of the University of Louisville (# 08137).

Treatment and surgical protocols
Female Fischer 344 rats (age 10–12 wk; body wt, 175–200 g,

Harlan Sprague-Dawley, Inc.) received oral atorvastatin (10 mg/

kg/d by gavage, group II, n = 20) or an equivalent volume of

vehicle (water, group I, n = 20) daily for 7 weeks starting 3 weeks

before and continuing for 4 weeks after MI. To adjust the daily

dose of the drug, the body weight was measured twice a week. The

dose of atorvastatin used in this study is considered safe [14] and is

similar to previously used doses shown to have cardioprotective

effects in terms of limiting infarct size in rats [15],[16]. As statin

use has been reported to have cardioprotective effects in patients

when initiated prior to the onset of MI [17] and in the first few

weeks after MI [18], we chose to treat the animals 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 into the treatment, rats were

anesthetized with ketamine (37 mg/kg) and xylazine (5 mg/kg),

intubated, and ventilated with a rodent respirator (Harvard

Apparatus). Under sterile conditions, a left thoracotomy was

performed in the fourth intercostal space, and a 5-0 Prolene suture

tied around the left anterior descending coronary artery at 2–3

millimeters from its origin. The chest was closed with a 3-0 silk

suture. The animals continued to receive the assigned treatment

and were euthanized at 4 weeks after coronary artery ligation.

Echocardiography
Serial echocardiographic studies were performed 4 days before

surgery (baseline, BSL) and at 48 h and 4 wk after infarction

under light anesthesia (pentobarbital, 25 mg/kg, i.p.) [19]. The

anterior chest was shaved and rats were placed in the left lateral

decubitus position. Body temperature was maintained between

36.9uC and 37.3uC. Echocardiographic images 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-sternal short axis view at the level of the papillary

muscles to obtain LV wall thickness and ejection fraction (EF), and

in the para-sternal long axis view to measure LV end-systolic and

end-diastolic volumes (LVESV and LVEDV). All measurements

were averaged in three consecutive cardiac cycles and analyzed

off-line by a single blinded observer using the ProSolv image

analysis 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 according to modified

American Society for Echocardiography standards (posterior wall

leading-edge to leading-edge and anterior wall trailing-edge to

trailing-edge) [20].

Hemodynamics
Hemodynamic studies were performed at 4 wk after MI,

just before euthanasia. Rats were anesthetized with ketamine

(37 mg/kg) and xylazine (5 mg/kg), intubated, and mechanically

ventilated. Anesthesia was maintained with 1% isoflurane and the

core temperature kept at 37.0uC with a heating pad throughout

the study. A 2F microtip pressure-volume (PV) catheter (SPR-869,

Millar Instruments) was inserted 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 recorded continuously with an ARIA PV

conductance system (Millar Instruments) coupled with a Power-

lab/4SP A/D converter (AD Instruments), stored, and displayed

on a personal computer. PV relations were assessed by transiently

compressing 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 recruitable stroke work (PRSW) were

calculated using the PVAN software program (Millar) [21].

Morphometry and histology
After the hemodynamic measurements, a polyethylene catheter

filled with phosphate buffer (0.2 M, pH 7.4) and heparin (100 IU/

ml) was advanced to the ascending aorta via the right carotid

artery. In rapid succession, the heart was arrested in diastole by

injecting 1.0 ml of a mixture of cadmium chloride (100 mM)/

potassium chloride (3 M) 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,

followed by perfusion with 10% neutral buffered formalin solution

for 15 min. Perfusion pressure was maintained between 60 and

80 mmHg while end-diastolic pressure was kept at 8 mmHg. After

perfusion-fixation, the atria and right ventricle were dissected from

the left ventricle. 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 digitally and

analyzed using NIH ImageJ (1.37v). From the Masson’s

trichrome-stained images, morphometric parameters including

LV chamber diameter and infarct wall thickness were measured in

each section. All anatomical parameters were corrected according

to a uniform sarcomere length [22].

Myocardial hydroxyproline content assay
Hydroxyproline was assayed using a procedure described

previously [23]. The apex of the left ventricle was lysed. The

sample was centrifuged at 4,000 rpm for 10 min. The supernatant

was mixed with fresh chloramine T for 10 min and then with

Ehrlich’s reagent at 75uC for 20 min. After samples were cooled,

optical density was read at 560 nm with a spectrophotometer that

was adjusted by a blank. The blank was prepared by the same

procedure but without cardiac tissues in the reaction mixture.

Hydroxyproline concentration, expressed as mg/mg of wet heart

weight, was then calculated as previously described [23].

Detection of cardiomyocyte apoptosis
Apoptosis was determined in heart sections with in situ hairpin-

1 ligation (hairpin-1-biotin probe: 59-GCGCTAGACCT*GGTC-

TAGCGCA-39; T* represents biotinylated deoxythymidine [dT])

[24]. Briefly, fixed sections (4-mm) were first digested with

Proteinase K (25 mg/ml) for 15 min, then incubated with 50 ml

of T4 ligation buffer (T4 DNA ligase, 1 mM EDTA, 15%

polyethylene glycol) and a biotin labeled hairpin-1 probe for 16 h,

and then incubated with streptavidin-conjugated Texas-Red. A

total of 2,000 cardiomyocyte nuclei were counted in each section

after co-staining with hairpin-1.

Statins and Ventricular Remodeling
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Statistical analysis
Data are reported as mean6SEM. Measurements were

analyzed by ANOVA followed by 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 (version 8, SPSS, Inc., Chicago, IL).

Results

A total of 40 rats (20 in each group) were initially enrolled in the

study. Eight rats in the vehicle-treated group (group I) and 6 in the

atorvastatin-treated group (group II) died within the first 24 h after

coronary ligation due to ventricular fibrillation. An additional 5

rats died after the initial 24 h during the 4-wk follow-up period (3

in the vehicle-treated and 2 in the atorvastatin-treated group), so

that a total of 9 and 12 rats completed the protocol in groups I and

II, respectively. There were no significant differences in mortality,

body weight, heart weight, and heart/body weight ratio between

the two groups of rats.

Myocardial infarct size
The infarct area fraction (which measures the average area of

scarred tissue, expressed as a percent of the LV area in three LV

Figure 1. Myocardial infarct size. Myocardial infarct area fraction
assessed from Masson’s trichrome-stained hearts in vehicle-treated, and
atorvastatin-treated rats 4 wk after coronary occlusion. #, Individual
rats; N, mean6SEM.
doi:10.1371/journal.pone.0025320.g001

Figure 2. Echocardiographic assessment of LV function. Representative two-dimensional (A, C) and M-mode (B, D) images from vehicle-
treated (A, B), and atorvastatin-treated (C, D) rats 4 wk after coronary occlusion. The infarct wall is delineated by arrowheads. Compared with the
vehicle-treated heart, the atorvastatin-treated heart exhibited a smaller LV cavity, a thicker infarct wall, and improved motion of the infarct wall.
Contractile activity in the infarct area is present in the atorvastatin-treated heart and virtually absent in the vehicle-treated heart. Panels (E–J)
demonstrate that treatment with atorvastatin improved echocardiographic measurements of LV systolic function at 4 wk after myocardial infarction.
Data are mean 6 SEM. n = 8–12 rats per group. *, P,0.05 versus vehicle-treated rats at 4 wk. BSL, baseline.
doi:10.1371/journal.pone.0025320.g002
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sections 0.5–1.0 mm apart) was similar in atorvastatin- and

vehicle-treated rats (20.562.7% vs. 21.763.2%, respectively),

indicating that the extent of myocardial cell death produced by the

coronary ligation was comparable in both groups (Fig. 1).

Atorvastatin attenuates LV dysfunction
At baseline (4 days before surgery), all parameters of LV

function, measured by echocardiography, were similar in groups I

and II (Fig. 2). At 48 h after surgery, the degree of LV systolic

functional impairment did not differ among the groups (Figs. 2E–

2J), indicating that the extent of injury sustained during MI was

comparable. As expected, in vehicle-treated rats the infarct wall

thickness decreased (Figs. 2A, 2B and 2G) and the LVESD

increased at 4 wk of follow-up compared with baseline (Figs. 2A,

2B and 2H). In rats treated with atorvastatin, however, infarct wall

thickness was greater (Figs. 2C, 2D and 2G) and the LVESD

smaller (Figs. 2C, 2D and 2H) compared with vehicle-treated rats.

Vehicle-treated rats exhibited a progressive deterioration in LVEF

between 48 h and 4 wk after surgery; this worsening in LVEF was

attenuated in rats treated with atorvastatin, resulting in a markedly

greater LVEF at 4 wk compared with vehicle-treated rats

(34.1661.64% vs. 24.3063.39%; P,0.05; Fig. 2E). Furthermore,

LV systolic area was smaller and fractional area change was larger

in atorvastatin-treated rats compared with vehicle-treated rats

(Figs. 2I and 2J).

Consistent with the echocardiographic data, invasive assessment

of cardiac function using the conductance catheter showed

improved LV function in atorvastatin-treated animals. Fig. 3

shows representative P-V loops, dP/dtmax, LVEDP, end-systolic

elastance (Ees), and preload recruitable stroke work (PRSW)

obtained during IVC occlusion. Both load-dependent (LV dP/

dtmax, LVEDP) and load-independent (Ees, PRSW) parameters

of LV performance were improved in the atorvastatin-treated

group.

Figure 3. Hemodynamic assessment of LV function at 4 wk after atorvastatin treatment. Representative pressure-volume loops from a
vehicle-treated (A) and an atorvastatin-treated (B) rat recorded during preload manipulation by a brief period of inferior vena cava occlusion. Panels
C–F illustrate the quantitative analysis of hemodynamic variables including dP/dt (C), LV end-diastolic pressure (D), end-systolic elastance (E), and
preload recruitable stroke work (F). Data are mean 6 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 pressure; PRSW, preload recruitable stroke work.
doi:10.1371/journal.pone.0025320.g003
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Atorvastatin halts LV remodeling
At 4 wk after MI, echocardiographic assessment showed an

increase in LVEDD, LV end-diastolic area, and LVEDV in

vehicle-treated rats, consistent with postinfarction LV remodeling

(Figs. 2A, 2B and 4B–4D). However, in atorvastatin-treated rats,

these variables were significantly smaller compared with vehicle-

treated rats, indicating improvement in LV remodeling (Figs. 2C,

2D and 4B–4D).

Morphometric analysis confirmed the echocardiographic find-

ings. 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 atorvastatin-

treated group (Fig. 5).

Atorvastatin reduces hydroxyproline content and
apoptotic cardiomyocytes

Because myocardial fibrosis contributes to the pathology of

ventricular remodeling [25,26], we examined whether atorvastatin

attenuated myocardial collagen content. As shown in Fig. 6, the

myocardial hydroxyproline content in the ischemic and nonisch-

emic zones was significantly higher in the vehicle-treated group

compared with the atorvastatin-treated group (0.1360.01 vs.

0.0960.02 and 0.1160.01 vs. 0.0560.01 mg/mg wet weight,

P,0.05, respectively). In addition, myocardial apoptotic nuclear

density (i.e., the percentage of nuclei that were apoptotic) was

significantly higher in vehicle-treated compared with atorvastatin-

treated hearts (ischemic zone: 2.3560.25% vs. 1.0660.24%;

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. The administration of atorvastatin improved adverse LV remodeling at 4 wk after myocardial infarction. Data are mean 6
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.
doi:10.1371/journal.pone.0025320.g004
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border zone: 2.0960.18% vs. 0.8960.13%, P,0.05) (Figs. 7A and

7B). Thus, atorvastatin treatment was associated with a lower

percentage of apoptotic nuclei in both the ischemic and the border

zones.

Discussion

The major finding of this study is that administration of

atorvastatin during the peri-infarct period improves LV function

and attenuates adverse LV remodeling after MI independent of a

reduction in infarct size. This salubrious effect was associated with

a decrease in myocardial fibrosis and in cardiomyocyte apoptosis.

Our observations of preserved LV function and mitigated LV

remodeling are consistent with previous studies of statins in acute

MI. In animal models of MI, cerivastatin (started on the 7th day

after MI) [27] and fluvastatin (administered for 4 weeks after MI)

[28] have been reported to increase survival and improve cardiac

function along with an attenuation of LV remodeling. Further-

more, results from clinical studies in patients with idiopathic

dilated cardiomyopathy [29] and nonischemic forms of heart

failure [11,30] 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 [31], microembolization and microinfarction [32] when

started before percutaneous coronary intervention.

The precise mechanism(s) whereby atorvastatin improved LV

function is unclear. The drug did not reduce infarct size (Fig. 1). In

contrast, previous studies of statins in animal models of ischemia-

reperfusion injury have shown reduction of infarct size and

limitation of infarct expansion due to salvage of jeopardized

myocardium [33,34,35]. The lack of early reperfusion in our

experimental model is likely to account for the lack of effect of

atorvastatin on infarct size, since salvage of ischemic myocardium

is not possible when the coronary occlusion is permanent [36]. It is

Figure 5. Morphometric assessment of LV remodeling. Repre-
sentative Masson’s trichrome-stained myocardial sections from vehicle-
treated (A) and atorvastatin-treated (B) hearts. Scar tissue and viable
myocardium are identified in white and red, respectively. Note that the
LV cavity is smaller and the infarct wall thicker in the atorvastatin-
treated heart. Panels (C, D) illustrate morphometric measurements of LV
structural parameters. Data are mean 6 SEM. n = 8–12 rats per group.
*, P,0.05 versus vehicle-treated rats at 4 wk.
doi:10.1371/journal.pone.0025320.g005

Figure 6. Myocardial collagen content. Panels A–B shows the
quantitative assessment of collagen content in the ischemic zone (A)
and non-ischemic zone (B) at 4 wk after myocardial infarction. The
administration of atorvastatin decreased the collagen content at 4 wk
after myocardial infarction. Data are mean 6 SEM. n = 8–12 rats per
group. *, P,0.05 versus vehicle-treated rats at 4 wk.
doi:10.1371/journal.pone.0025320.g006

Figure 7. Quantitative assessment of apoptotic cardiomyocyte
nuclei following in-situ ligation of hairpin oligonucleotides at
4 wk after myocardial infarction. Panels A and B show the
quantitative assessment of apoptotic cardiomyocyte nuclei in the
ischemic zone (A) and border zone (B). The administration of
atorvastatin decreased the number of apoptotic nuclei at 4 wk after
myocardial infarction. Hp+, hairpin positive. Data are mean 6 SEM.
n = 8–12 rats per group. *, P,0.05 versus vehicle-treated rats at 4 wk.
The number of apoptotic cardiomyocytes was expressed as percent of
total number of cardiomyocytes.
doi:10.1371/journal.pone.0025320.g007

Statins and Ventricular Remodeling

PLoS ONE | www.plosone.org 6 September 2011 | Volume 6 | Issue 9 | e25320



conceivable that the reduction in collagen deposition (Fig. 6) and

apoptosis (Fig. 7) in the surviving myocardium resulted in less

fibrosis and greater preservation of contractile elements, thereby

contributing to the alleviation of LV dysfunction. It is unlikely that

changes in loading conditions could account for the salubrious

effects of atorvastatin because this drug has been reported to have

negligible effects on arterial pressure and heart rate [14]. Among

the many actions of statins that could contribute to the

improvement of LV function and structure after MI are enhanced

nitric oxide formation [37], inhibition of inflammation [38], and

normalization of augmented sympathetic outflow [39]. In

addition, by maintaining intracellular calcium homeostasis,

atorvastatin might modulate the expression of sarcoplasmic

reticulum calcium handling proteins and improve myocardial

function [40].

The finding that atorvastatin therapy led to a substantial

reduction of myocardial collagen content is novel. Although

reduction in collagen content by atorvastatin has been demon-

strated in animal models of diabetic cardiomyopathy [41] and in

spontaneously hypertensive rats [42], such an effect of the drug has

not been previously reported in the setting of MI. The end-

diastolic pressure-volume relationship, which indicates diastolic

stiffness, was improved by atorvastatin treatment. Unlike LVEDP,

which is load dependent, diastolic stiffness is independent of load.

Passive stiffness is a passive viscoelastic property that returns the

myocardium to its resting state [43]. An increase in passive stiffness

can be caused by abnormalities in cardiomyocytes, extracellular

matrix, or both [44]. Our finding that LV fibrosis was decreased in

the atorvastatin-treated group offers a plausible explanation for the

decreased diastolic stiffness in these animals. Myocardial fibrosis (a

major feature of LV remodeling after MI) is driven by angiotensin

II [45,46]. Since statins have been shown to prevent angiotensin

II-induced hypertrophy in cultured neonatal rat cardiac myocytes

(probably by attenuating angiotensin II-stimulated p21 ras activity

[47]), it is conceivable that angiotensin II antagonism was an

important mechanism whereby atorvastatin improved diastolic

stiffness.

Hairpin positivity reflects DNA break points, characteristic of

apoptosis [48]. The number of hairpin positive myocytes was

lower in atorvastatin-treated compared with vehicle-treated hearts

(Fig. 7). Whether this antiapoptotic effect of statins was due to

direct protective actions or was secondary to improved LV

function cannot be resolved from the present data.

Our data have obvious translational implications. They suggest

that the use of atorvastatin during the peri-infarct period might be

useful for limiting adverse LV remodeling and improving LV

function after MI. This approach might have a potential use in

clinical settings such as cardioprotection before surgical proce-

dures, including cardiac and major non-cardiac vascular surgery,

and patients with acute coronary syndromes. The exact mecha-

nism(s) of this protective effect, the minimal effective dose, and the

minimal duration of treatment required to achieve a beneficial

effect need further elucidation.

Author Contributions

Conceived and designed the experiments: X-LT SKS BD RB. Performed

the experiments: SKS HS QB GH RJV YP GS. Analyzed the data: X-LT

SKS HS QB GH RJV YP GS. Contributed reagents/materials/analysis

tools: X-LT BD RB. Wrote the paper: X-LT SKS RB.

References

1. Pfeffer MA, Braunwald E (1990) Ventricular remodeling after myocardial

infarction. Experimental observations and clinical implications. Circulation 81:

1161–1172.

2. Swynghedauw B (1999) Molecular mechanisms of myocardial remodeling.

Physiological reviews 79: 215–262.

3. Covell JW (1990) Factors influencing diastolic function. Possible role of the

extracellular matrix. Circulation 81: III155–158.

4. Wu Y, Tobias AH, Bell K, Barry W, Helmes M, et al. (2004) Cellular and

molecular mechanisms of systolic and diastolic dysfunction in an avian model of

dilated cardiomyopathy. Journal of molecular and cellular cardiology 37:

111–119.

5. Pfeffer MA, Braunwald E, Moye LA, Basta L, Brown EJ, Jr., et al. (1992) Effect

of captopril on mortality and morbidity in patients with left ventricular

dysfunction after myocardial infarction. Results of the survival and ventricular
enlargement trial. The SAVE Investigators. The New England journal of

medicine 327: 669–677.

6. (1991) Effect of enalapril on survival in patients with reduced left ventricular

ejection fractions and congestive heart failure. The SOLVD Investigators. The

New England journal of medicine 325: 293–302.

7. (1994) Randomised trial of cholesterol lowering in 4444 patients with coronary

heart disease: the Scandinavian Simvastatin Survival Study (4S). Lancet 344:

1383–1389.

8. Sacks FM, Pfeffer MA, Moye LA, Rouleau JL, Rutherford JD, et al. (1996) The

effect of pravastatin on coronary events after myocardial infarction in patients

with average cholesterol levels. Cholesterol and Recurrent Events Trial
investigators. The New England journal of medicine 335: 1001–1009.

9. Libby P (1995) Molecular bases of the acute coronary syndromes. Circulation

91: 2844–2850.

10. Vaughan CJ, Gotto AM, Jr., Basson CT (2000) The evolving role of statins in
the management of atherosclerosis. Journal of the American College of

Cardiology 35: 1–10.

11. Sola S, Mir MQ, Lerakis S, Tandon N, Khan BV (2006) Atorvastatin improves

left ventricular systolic function and serum markers of inflammation in

nonischemic heart failure. Journal of the American College of Cardiology 47:

332–337.

12. Laufs U, Wassmann S, Schackmann S, Heeschen C, Bohm M, et al. (2004)

Beneficial effects of statins in patients with non-ischemic heart failure. Zeitschrift

fur Kardiologie 93: 103–108.

13. Krum H, Ashton E, Reid C, Kalff V, Rogers J, et al. (2007) Double-blind,

randomized, placebo-controlled study of high-dose HMG CoA reductase
inhibitor therapy on ventricular remodeling, pro-inflammatory cytokines and

neurohormonal parameters in patients with chronic systolic heart failure.

Journal of cardiac failure 13: 1–7.

14. Schmechel A, Grimm M, El-Armouche A, Hoppner G, Schwoerer AP, et al.
(2009) Treatment with atorvastatin partially protects the rat heart from harmful

catecholamine effects. Cardiovascular research 82: 100–106.

15. Filusch A, Buss S, Hardt S, Katus HA, Kuecherer HF, et al. (2008) Evaluation

cardioprotective effects of atorvastatin in rats by real time myocardial contrast

echocardiography. Echocardiography 25: 974–981.

16. Birnbaum Y, Ashitkov T, Uretsky BF, Ballinger S, Motamedi M (2003)

Reduction of infarct size by short-term pretreatment with atorvastatin.

Cardiovascular drugs and therapy/sponsored by the International Society of

Cardiovascular Pharmacotherapy 17: 25–30.

17. Aronow HD, Lincoff AM, Quinn MJ, McRae AT, Gurm HS, et al. (2008)

Relation between previous lipid-lowering therapy and infarct size (creatine
kinase-MB level) in patients presenting with acute myocardial infarction. The

American journal of cardiology 102: 1119–1124.

18. Stefanadi E, Tousoulis D, Antoniades C, Katsi V, Bosinakou E, et al. (2009)

Early initiation of low-dose atorvastatin treatment after an acute ST-elevated

myocardial infarction, decreases inflammatory process and prevents endo-

thelial injury and activation. International journal of cardiology 133:

266–268.

19. Stein AB, Tiwari S, Thomas P, Hunt G, Levent C, et al. (2007) Effects of

anesthesia on echocardiographic assessment of left ventricular structure and

function in rats. Basic research in cardiology 102: 28–41.

20. Litwin SE, Katz SE, Morgan JP, Douglas PS (1994) Serial echocardiographic
assessment of left ventricular geometry and function after large myocardial

infarction in the rat. Circulation 89: 345–354.

21. Tang XL, Rokosh G, Sanganalmath SK, Yuan F, Sato H, et al. (2010)

Intracoronary administration of cardiac progenitor cells alleviates left ventricular

dysfunction in rats with a 30-day-old infarction. Circulation 121: 293–305.

22. Anversa P, Loud AV, Levicky V, Guideri G (1985) Left ventricular failure

induced by myocardial infarction. II. Tissue morphometry. The American

journal of physiology 248: H883–889.

23. Switzer BR, Summer GK (1971) Improved method for hydroxyproline analysis

in tissue hydrolyzates. Analytical biochemistry 39: 487–491.

24. Didenko VV, Boudreaux DJ, Baskin DS (1999) Substantial background

reduction in ligase-based apoptosis detection using newly designed hairpin

oligonucleotide probes. BioTechniques 27: 1130–1132.

25. Assayag P, Carre F, Chevalier B, Delcayre C, Mansier P, et al. (1997)

Compensated cardiac hypertrophy: arrhythmogenicity and the new myocardial
phenotype. I. Fibrosis. Cardiovascular research 34: 439–444.

Statins and Ventricular Remodeling

PLoS ONE | www.plosone.org 7 September 2011 | Volume 6 | Issue 9 | e25320



26. Rossi MA (1998) Pathologic fibrosis and connective tissue matrix in left

ventricular hypertrophy due to chronic arterial hypertension in humans. Journal
of hypertension 16: 1031–1041.

27. Bauersachs J, Galuppo P, Fraccarollo D, Christ M, Ertl G (2001) Improvement

of left ventricular remodeling and function by hydroxymethylglutaryl coenzyme
a reductase inhibition with cerivastatin in rats with heart failure after myocardial

infarction. Circulation 104: 982–985.
28. Hayashidani S, Tsutsui H, Shiomi T, Suematsu N, Kinugawa S, et al. (2002)

Fluvastatin, a 3-hydroxy-3-methylglutaryl coenzyme a reductase inhibitor,

attenuates left ventricular remodeling and failure after experimental myocardial
infarction. Circulation 105: 868–873.

29. Node K, Fujita M, Kitakaze M, Hori M, Liao JK (2003) Short-term statin
therapy improves cardiac function and symptoms in patients with idiopathic

dilated cardiomyopathy. Circulation 108: 839–843.
30. Wojnicz R, Wilczek K, Nowalany-Kozielska E, Szygula-Jurkiewicz B, Nowak J,

et al. (2006) Usefulness of atorvastatin in patients with heart failure due to

inflammatory dilated cardiomyopathy and elevated cholesterol levels. The
American journal of cardiology 97: 899–904.

31. Herrmann J, Lerman A, Baumgart D, Volbracht L, Schulz R, et al. (2002)
Preprocedural statin medication reduces the extent of periprocedural non-Q-

wave myocardial infarction. Circulation 106: 2180–2183.

32. Heusch G, Kleinbongard P, Bose D, Levkau B, Haude M, et al. (2009) Coronary
microembolization: from bedside to bench and back to bedside. Circulation 120:

1822–1836.
33. Weinberg EO, Scherrer-Crosbie M, Picard MH, Nasseri BA, MacGillivray C,

et al. (2005) Rosuvastatin reduces experimental left ventricular infarct size
after ischemia-reperfusion injury but not total coronary occlusion. Am J Physiol

Heart Circ Physiol 288: H1802–1809.

34. Ye Y, Martinez JD, Perez-Polo RJ, Lin Y, Uretsky BF, et al. (2008) The role of
eNOS, iNOS, and NF-kappaB in upregulation and activation of cyclooxygen-

ase-2 and infarct size reduction by atorvastatin. Am J Physiol Heart Circ Physiol
295: H343–351.

35. Iliodromitis EK, Andreadou I, Prokovas E, Zoga A, Farmakis D, et al. (2010)

Simvastatin in contrast to postconditioning reduces infarct size in hyperlipidemic
rabbits: possible role of oxidative/nitrosative stress attenuation. Basic research in

cardiology 105: 193–203.

36. Bolli R, Becker L, Gross G, Mentzer R, Jr., Balshaw D, et al. (2004) Myocardial

protection at a crossroads: the need for translation into clinical therapy.
Circulation research 95: 125–134.

37. Trochu JN, Mital S, Zhang X, Xu X, Ochoa M, et al. (2003) Preservation of NO

production by statins in the treatment of heart failure. Cardiovascular research
60: 250–258.

38. Plenge JK, Hernandez TL, Weil KM, Poirier P, Grunwald GK, et al. (2002)
Simvastatin lowers C-reactive protein within 14 days: an effect independent of

low-density lipoprotein cholesterol reduction. Circulation 106: 1447–1452.

39. Pliquett RU, Cornish KG, Peuler JD, Zucker IH (2003) Simvastatin normalizes
autonomic neural control in experimental heart failure. Circulation 107:

2493–2498.
40. Yao L, Chen GP, Lu X, Zheng LR, Mou Y, et al. (2009) Effects of atorvastatin

on calcium-regulating proteins: a possible mechanism to repair cardiac
dysfunction in spontaneously hypertensive rats. Basic research in cardiology

104: 258–268.

41. Van Linthout S, Riad A, Dhayat N, Spillmann F, Du J, et al. (2007) Anti-
inflammatory effects of atorvastatin improve left ventricular function in

experimental diabetic cardiomyopathy. Diabetologia 50: 1977–1986.
42. Kang L, Ge CJ, Hu SJ (2007) Beneficial effect of atorvastatin on left ventricular

remodeling in spontaneously hypertensive rats. Pharmacology 80: 120–126.

43. Alpert NR, Hamrell BB, Mulieri LA (1979) Heart muscle mechanics. Annual
review of physiology 41: 521–537.

44. Zile MR, Brutsaert DL (2002) New concepts in diastolic dysfunction and
diastolic heart failure: Part I: diagnosis, prognosis, and measurements of diastolic

function. Circulation 105: 1387–1393.
45. Sutton MG, Sharpe N (2000) Left ventricular remodeling after myocardial

infarction: pathophysiology and therapy. Circulation 101: 2981–2988.

46. Weber KT (1997) Extracellular matrix remodeling in heart failure: a role for de
novo angiotensin II generation. Circulation 96: 4065–4082.

47. Oi S, Haneda T, Osaki J, Kashiwagi Y, Nakamura Y, et al. (1999) Lovastatin
prevents angiotensin II-induced cardiac hypertrophy in cultured neonatal rat

heart cells. European journal of pharmacology 376: 139–148.

48. Didenko VV, Tunstead JR, Hornsby PJ (1998) Biotin-labeled hairpin
oligonucleotides: probes to detect double-strand breaks in DNA in apoptotic

cells. The American journal of pathology 152: 897–902.

Statins and Ventricular Remodeling

PLoS ONE | www.plosone.org 8 September 2011 | Volume 6 | Issue 9 | e25320


