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Cardioprotective strategies are needed to prevent
perioperative myocardial dysfunction in high-risk pa-
tients undergoing cardiac surgery. Despite accumulat-
ing evidence that statins exert lipid-independent car-
dioprotective effects, these have been ascribed
primarily to improvements in endothelial function
and neutrophil–endothelial interaction. The direct ef-
fects of statins on cardiomyocytes (independent of en-
dothelial cells) remain unknown. Using a well-
characterized model of low-volume hypoxia and
reoxygenation, we studied the effects of pravastatin
on human ventricular cardiomyocytes. Cardiomyo-
cytes were subjected to 90 min of low-volume hypoxia
and 30 min of reoxygenation in the presence and ab-
sence of pravastatin (1, 10, and 100 �M) (n � 10 per
group). In some experiments, the effects of endothelin
(ET) receptor blockade (with bosentan) and nitric ox-
ide synthase (NOS) inhibition (with L-NAME) on
pravastatin-mediated cardioprotection were evalu-
ated. Cell survival, NO, and ET-1 production and pro-
tein kinase Akt activation were determined. Pravasta-
tin treatment prevented cardiomyocyte cell death
following simulated hypoxia and reoxygenation (P <
0.01). This effect was mediated via an increase in NO
release, decrease in myocyte ET-1 production/action,
and an increase in protein kinase Akt activation. We
demonstrate, for the first time, novel protective effects
of pravastatin in human ventricular cardiomyocytes

independent of endothelial cells or other cell
types. Statin therapy may restore ischemic hearts
to full functional integrity during cardioplegic
arrest through a direct effect on cardiomyocyte
survival. © 2004 Elsevier Inc. All rights reserved.
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INTRODUCTION

One of the most common and predictable forms of
hypoxia and reoxygenation injury occurs during car-
diac surgery when the heart is arrested for surgical
intervention and subsequently reperfused by removal
of the aortic cross-clamp. Cardioplegic arrest provides
a unique clinical situation in which myocardial low-
volume hypoxia and reoxygenation can be anticipated
and pharmacological strategies can be instituted to
restore functional integrity.

Accumulating evidence suggests that statins may ex-
ert a variety of cardiovascular effects independent of
their ability to lower cholesterol [1]. Statins have been
demonstrated to improve endothelial function and vascu-
lar health and reduce smooth muscle cell proliferation
and neointimal formation [1–3]. Statins exert physiolog-
ically relevant effects on nitric oxide (NO) production;
this effect is mediated in part through activation of the
multifunctional cytoprotective regulator, protein kinase
Akt [4]. In addition, statins have been demonstrated to
facilitate postnatal neovascularization by augmenting
the differentiation and mobilization of endothelial pro-
genitor cells [5, 6]. Despite accumulating evidence sup-
porting the role of statins as key modulators of endothe-
lial function, the direct effects of statins on human
cardiomyocytes (independent of endothelial cells or other
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cell types) have not been previously described. Although
recent studies support the notion that statins may im-
prove left ventricular remodeling (following a myocardial
infarction and in heart failure) and preserve the
ischemic-reperfused myocardium, these studies were
conducted in whole animal models and hence the relative
contribution of endothelial cells versus cardiomyocytes
remains unclear [7–9].

We have developed a unique model of low-volume
hypoxia and reoxygenation in human ventricular car-
diomyocytes. The quiescent nature of these myocytes
exposed to low-volume hypoxia simulates the low flow
and noncontractile conditions encountered during car-
dioplegic arrest. Furthermore, the biochemical and
metabolic changes observed in this model are analo-
gous to those observed during perioperative ischemia
and reperfusion [10–12].

Interventions that augment NO production, attenu-
ate endothelin-1 (ET-1) action, and promote Akt acti-
vation have been demonstrated to promote functional
recovery following ischemia and reperfusion [13–15].
Since statins have been implicated in the regulation of
these pathways, we hypothesized that pravastatin
would exert direct cardiomyocyte protection in a car-
diac surgical model of low-volume hypoxia and reoxy-
genation. We herein demonstrate that in the absence of
endothelial cells, pravastatin protects human ventric-
ular cardiomyocytes through a coordinated regulation
of NO, ET-1, and Akt.

MATERIALS AND METHODS

Human ventricular cardiomyocyte model. Our method of cultur-
ing heart cells from human ventricular biopsies has been previously
described in detail [10–12]. Institutional ethics committee approval was
obtained for the procurement of surgical specimens for the purposes of
tissue culture. Briefly, 5–20 mg biopsies were obtained from the right
ventricular outflow tract of children undergoing elective surgery for
tetralogy of Fallot. Following digestion with 0.2% trypsin (Difco Labo-
ratories, Detroit, MI) and 0.1% collagenase (Worthington Biomedical
Corp., Freehold, NJ), separated cells were seeded onto cell-culture
dishes and cultured at 37°C and 5% CO2 in Iscove’s modified Dulbecco’s
medium (GIBCO Laboratories, Grand Island, NY) with 10% fetal bo-
vine serum, 100 U/ml penicillin, 100 �g/ml streptomycin, and 0.1 mM

�-mercaptoethanol. Purification was achieved using a dilution cloning
technique. Enzymatically isolated cells were seeded at a low density to
enable morphological identification of individual cardiomyocytes and
separation from contaminating cell types. Culture purity of greater
than 95% cardiomyocytes has been previously validated using fluores-
cent monoclonal antibody staining for human ventricular myosin heavy
chain (Rougier Bio-Tech Ltd., Montreal, QC) [10]. In addition, we have
previously demonstrated that endothelial cells grow poorly in this cul-
ture media and that fibroblasts are easily recognized by their rapid
proliferation and distinct morphology [11, 12]. Cells passaged two to
seven times with a time from primary culture of less than 60 days were
used for these studies.

The use of cardiomyocytes facilitates examining the effects of isch-
emia and reperfusion independent of other cell types such as endothe-
lial cells. Following 30 min of stabilization in 10 ml of normoxic PBS,
ischemia was simulated by exposing the cells to a low volume (1.6 ml) of
hypoxic PBS (pO2 � 5) at 37°C for 90 min. During this period, the cells
were placed in an airtight Plexiglas chamber, which was continuously

flushed with 100% nitrogen to maintain hypoxic conditions. Ischemia
was followed by a reperfusion period in which the cells were exposed to
10 ml of normoxic PBS at 37°C for 30 min. The volume of hypoxic
perfusate used (1.6 ml) was the minimum volume required to coat the
cellular monolayer for the prevention of cellular dehydration during the
ischemic period. To verify the presence of hypoxia, 2 ml of anoxic PBS
was placed in a center dish within the sealed chamber and tested at the
termination of each ischemic period to ensure a pO2 of 0 mm Hg.
Hypoxic PBS was prepared by bubbling with 5% CO2 and 95% N2 that
had first been passed through an oxygen trap (1% w/v NaHSO3 in
deionized water). The solution (monitored using a blood gas analyzer)
was degassed until a measured pO2 of 0 mm Hg was achieved. The pH
was adjusted to 7.4 � 0.05 using 1 M HCl or 1 M NaOH as required and
the osmolality was adjusted to 290 � 20 mOsm/L using NaCl or dis-
tilled H2O as required.

For the assessment of cellular injury, nonconfluent plates of cells
(approximately 337,000 cells per 9-cm-diameter culture dish) were
stained with trypan blue at the end of the reperfusion period (after
150 min of incubation for the nonischemic groups). Injured cells were
unable to exclude the large molecular weight dye and stained blue. A
single blinded observer performed cell counts.

The above protocol was conducted in the following groups (n � 10
per group): nonhypoxic control, hypoxia, and reoxygenation group,
and hypoxia and reoxygenation � pravastatin (1, 10, and 100 �M)
group. Since pravastatin treatment reduced ET-1 production and
augmented NO release (see Results), we examined the effects of
pravastatin (10 �M) on cardiomyocyte cell survival in the presence
and absence of bosentan (ETA/B antagonist, 100 �M) and the NOS
inhibitor, L-NAME (100 �M). Cells were exposed to the drug(s) of
interest during the 30 min, preischemic stabilization period.

Measurement of NO and ET-1. NO production was detected spec-
trophotometrically by measuring its final stable equimolar degrada-
tion products, nitrite and nitrate. Total nitrite was quantified follow-
ing the reduction of all nitrates with nitrate reductase (Boehringer
Mannheim). After the conversion of nitrate to nitrite, total nitrite
was determined spectrophotometrically at 540 �m by employing the
Griess reaction. For ET-1 determination, cardiomyocytes were lysed
with NP-40, following which a commercial enzyme immunoassay kit
was used to assess ET-1 production (American Research Products,
Inc., Belmont, MA).

Phosphorylated-Akt (Ser-473). Confluent human ventricular car-
diomyocytes (approximately 600,000 cells per 9-cm-diameter culture
dish) were treated with or without pravastatin (10 �M, 24 h). Levels
of Akt phosphorylated at Ser-473 were measured by Western Immu-
noblot using anti-phospho-Akt (Ser-473) antibody (New England Bio-
Labs Inc., Beverly, MA).

Statistical analysis. All data are presented as mean � SEM.
Differences between group means were determined by a one-way
ANOVA followed by a Newman–Keul’s test for post-hoc comparisons.
The SAS program for Windows (Version 8.1, SAS Institute, Cary,
NC) was used for all analyses.

RESULTS

Pravastatin Protects Human Cardiomyocytes

Figure 1 depicts the effects of pravastatin on cardio-
myocyte cell survival following simulated low-volume
hypoxia and reoxygenation. Hypoxia and reoxygen-
ation resulted in a marked increase in cardiomyocyte
injury. Notably, this effect was attenuated by prava-
statin treatment at a level of 10 and 100 �M (P � 0.01).

Pravastatin Cardioprotection Is Mediated via NO and ET-1

Figure 2 depicts the effects of pravastatin on car-
diomyocyte cell survival in the presence or absence of
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bosentan (ETA/B receptor antagonist, 100 �M) and
L-NAME (NOS inhibitor, 100 �M).

Bosentan alone protected cardiomyocytes from
hypoxia-reoxygenation injury (P � 0.01, Fig. 2). When
pravastatin was added to cells in the presence of bosen-
tan, the percent cell survival was similar to that ob-
served with bosentan alone.

The NOS inhibitor, L-NAME, resulted in a signifi-

cant increase in cell death following hypoxia and reoxy-
genation (P � 0.01, Fig. 2). When pravastatin was
added to cells in conjunction with L-NAME, cell death
was significantly attenuated (P � 0.05).

Figures 3 and 4 depict the effects of pravastatin on NO
and ET-1 production. NO production was significantly
attenuated following simulated hypoxia and reoxygen-
ation. Importantly, cardiomyocytes subjected to hyp-

FIG. 2. Effects of endothelin antagonism (with bosentan) and NOS inhibition (with L-NAME) on pravastatin cardioprotection. Prava-
statin prevents L-NAME induced increases in myocyte death. In cell preincubated with bosentan, pravastatin does not exhibit added
cardioprotection. *P � 0.01, different from all groups, **P � 0.01, different from all groups.

FIG. 1. Percent cell injury (assessed by trypan blue uptake) in human ventricular cardiomyocytes subjected to low-volume hypoxia and
reperfusion in the presence and absence of pravastatin (1, 10, and 100 �M). Pravastatin attenuates cardiomyocyte injury following
reperfusion at 10 and 100 �M. *P � 0.01, different from control (C) and hypoxia-reoxygenation (H/R) � pravastatin.
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oxia and reoxygenation in the presence of pravastatin
exhibited a marked increase in NO production (Fig. 3).
On the other hand, hypoxia and reoxygenation re-
sulted in a marked increase in cardiomyocyte ET-1
production (Fig. 4). This effect was completely pre-
vented by pravastatin treatment (P � 0.01).

Pravastatin Activates Akt

In the absence of hypoxia and reoxygenation, prava-
chol exposure did not influence Akt activation (data not
shown). Hypoxia and reoxygenation resulted in activa-
tion of phosphorylated Akt. Importantly, pravastatin
treatment augmented protein kinase Akt activity over
and above that observed following hypoxia and reoxy-
genation (P � 0.05, Fig. 5).

DISCUSSION

Key Observations

The following novel observations have been made in
this study. First, pravastatin exerts direct cardiopro-
tective effects in a human ventricular cardiomyocyte
model of low-volume hypoxia and reoxygenation. Im-
portantly, this effect is independent of endothelial cells
and other cell types. Second, pravastatin cardioprotec-
tion appears to be mechanistically linked to increased
NO release and a concomitant reduction in ET-1 pro-
duction. This conclusion is based on observations indi-
cating that (i) pravastatin increases NO production
following ischemia and reperfusion, (ii) pravastatin
prevents reperfusion-induced increases in ET-1 pro-
duction, (iii) pravastatin attenuates cell injury induced

FIG. 4. Pravastatin treatment prevents H/R induced increases in myocyte endothelin-1 production. *P � 0.01, different from control and
pravastatin, respectively.

FIG. 3. Hypoxia and reoxygenation results in a marked decrease in NO production in cardiomyocytes. Pravastatin treatment augments
NO production.
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by inhibition of NOS (with L-NAME), and (iv) in the
presence of ET receptor blockade (with bosentan),
pravastatin does not evoke additional cardioprotection.
Last, we demonstrate that hypoxia and reoxygenation
activate Akt in human ventricular cardiomyocytes. Im-
portantly, pravastatin treatment is associated with a
further increase in protein kinase Akt activation. To
the best of our knowledge, this is the first report of a
direct effect of statins on human ventricular cardiomy-
ocytes subjected to simulated hypoxia and reoxygen-
ation. Bastiaanse and colleagues demonstrated that
simvastatin delayed cell death in neonatal rat cardio-
myocytes by inhibition of the sodium/calcium ex-
changer [16]. However, these investigators did not
evaluate the role of nitric oxide or ET-1 in their cells
and the mechanism of benefit may be different in hu-
man tissue. Based upon the results of these studies,
statin therapy in patients undergoing cardiac surgery
may represent an important pharmacological strategy
to prevent myocardial dysfunction.

Pleotropic Effects of Statins: Potential for Cardioprotection

Statins have been credited with numerous cardio-
vascular effects unrelated to their ability to lower se-
rum cholesterol [1, 3]. Statins are powerful regulators
of endothelial function and NO production and serve to
inhibit leukocyte-endothelial cell activation [17]. In ad-
dition, statins exert powerful anti-inflammatory, anti-
oxidant, anti-thrombotic, and angiogenic actions in
both endothelial and vascular smooth muscle cells [1].
Statins have recently been demonstrated to stimulate
protein kinase Akt in endothelial cells [4] and promote
the differentiation and mobilization of endothelial pro-
genitor cells for postnatal neovascularization [5, 6].
Additional effects of statins include their ability to

lower endothelial cell ET-1 production, attenuate en-
dothelial cell apoptosis, and alter sarcolemmal Na�/K�

pump function [1].
Statins have recently been demonstrated to improve

ischemia reperfusion injury in both normocholester-
olemic and diabetic rat hearts [8, 18]. In addition,
statins have been demonstrated to improve experimen-
tal left ventricular remodeling following a myocardial
infarction with congestive heart failure [7]. These stud-
ies were performed ex vivo in isolated heart prepara-
tions and the beneficial effects of statins were ascribed
to their ability to improve endothelial function, de-
crease neutrophil–endothelial activation, and reduce
oxidative stress. The ability of statins to directly influ-
ence human ventricular cardiomyocyte survival follow-
ing hypoxia and reoxygenation has not been previously
studied. In the present study, we used a well-
characterized model of low-volume hypoxia and reoxy-
genation which closely mimics the biochemical and
metabolic changes observed during perioperative isch-
emia and reperfusion [10–12]. Using this model of
human ventricular cardiomyocytes, we have demon-
strated that pravastatin improves cell survival
through augmenting NO release, reducing ET-1 pro-
duction and/or action, and facilitating the activation of
the survival factor Akt. Importantly, these effects were
observed independent of either endothelial cell or neu-
trophil interaction.

NO, ET-1, and Akt are key modulators of myocar-
dial injury. We have previously demonstrated that
NO/cGMP-mediated opening of KATP channels may
represent a key effector of cardiomyocyte protection
in this model [19]. Interventions, such as L-arginine,
that augment cardiomyocyte NO production exhibit
concentration-dependent cardioprotective effects. On

FIG. 5. Levels of Akt phosphorylated at Ser-473 were measured by Western immunoblotting using anti-phospho-Akt (Ser-473) antibody.
H/R resulted in an increase in activated Akt. This effect was augmented with pravastatin. *P � 0.05.
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the other hand, elegant studies from Spinale’s group
have demonstrated that myocyte ET-1 exposure during
cardioplegic arrest exacerbates contractile dysfunction
after reperfusion by alterations in intracellular cal-
cium homeostasis and a reduction in �-adrenoceptor
responsiveness, a phenomenon which frequently oc-
curs following cardiac surgery [13, 14]. The protein
kinase Akt mediates a host of important effects on
cardiomyocyte survival. A plethora of signaling path-
ways (including NOS) that mediate cell survival and
growth factor signaling converge on Akt, making it one
of the most important targets for cardiomyocyte sur-
vival [15].

Another possible mechanism of benefit of statin ther-
apy may be the relative effects on high-density (HDL)
versus low-density (LDL) lipoproteins. Calabresi and
colleagues have demonstrated in crystalloid perfused
rat hearts that a 10-min preischemic treatment with a
HDL infusion improved postischemic functional recov-
ery [20]. These investigators correlated the recovery of
function with a reduction in tumor necrosis factor-�
(TNF-�) expression and content. TNF-� production has
been demonstrated by many investigators to correlate
with a depression in myocardial function [21]. There-
fore, statin-induced changes in TNF-� expression may
also result in myocardial protection.

In summary, we demonstrate novel effects of prav-
astatin in human ventricular cardiomyocytes sub-
jected to low-volume hypoxia and reoxygenation.
This effect is mediated through an effect of statins
to promote NO release, attenuate ET-1 production/
action, and stimulate Akt activation. Statin therapy
may restore ischemic hearts to full functional integ-
rity during cardioplegic arrest through a direct effect
on cardiomyocyte survival.
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