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Abstract

The pharmacological inhibition or genetic ablation of cyclophilin-D (CypD), a critical regulator of the mitochondrial permeability transi-
tion pore (mPTP), confers myocardial resistance to acute ischemia-reperfusion injury, but its role in post-myocardial infarction (MI)
heart failure is unknown. The aim of this study was to determine whether mitochondrial CypD is also a therapeutic target for the treat-
ment of post-MI heart failure. Wild-type (WT) and CypD–/– mice were subjected to either sham surgery or permanent ligation of the left
main coronary artery to induce MI, and were assessed at either 2 or 28 days to determine the long-term effects of CypD ablation. After
2 days, myocardial infarct size was smaller and left ventricular (LV) function was better preserved in CypD–/– mice compared to WT mice.
After 28 days, when compared to WT mice, in the CypD–/– mice, mortality was halved, myocardial infarct size was reduced, LV systolic
function was better preserved, LV dilatation was attenuated and in the remote non-infarcted myocardium, there was less cardiomyocyte
hypertrophy and interstitial fibrosis. Finally, ex vivo fibroblast proliferation was found to be reduced in CypD–/– cardiac fibroblasts, and
in WT cardiac fibroblasts treated with the known CypD inhibitors, cyclosporin-A and sanglifehrin-A. Following an MI, mice lacking CypD
have less mortality, smaller infarct size, better preserved LV systolic function and undergo less adverse LV remodelling. These findings
suggest that the inhibition of mitochondrial CypD may be a novel therapeutic treatment strategy for post-MI heart failure.
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Introduction

Despite recent advances in medical and device therapy, ischemic
heart failure remains one of the leading causes of morbidity and
mortality worldwide. In the United States alone, it has been esti-
mated that 5.7 million people are currently suffering with heart
failure, resulting in healthcare costs of $37.2 billion [1]. Ischemic
heart failure is a complex chronic syndrome which is character-
ized by both structural and functional changes in both the
infarcted and the non-infarcted remote myocardium. In response
to a myocardial infarction (MI), the heart undergoes a complex

intrinsic reparative process of ventricle remodelling which results
in collagen scar tissue formation in the infarcted myocardium, and
hypertrophy and fibrosis of the non-infarcted myocardium, result-
ing in ventricular dilatation, contractile dysfunction and subse-
quent heart failure [2, 3]. Therefore, novel treatment strategies
that are capable of limiting myocardial infarct size, preventing
adverse left ventricular (LV) remodelling and preserving LV sys-
tolic function are required to improve clinical outcome in this
patient group.

In this respect, the mitochondrial permeability transition pore
(mPTP), a critical mediator of cell death, has emerged as an impor-
tant therapeutic target for limiting acute ischemia-reperfusion
injury. The genetic ablation [4, 5] and pharmacological inhibition
[6–8] of mitochondrial cyclophilin-D (CypD), a key regulatory com-
ponent of the mPTP, has been reported to reduce myocardial infarct
size in animal studies. However, it must be appreciated that CypD-
deficient hearts are still susceptible to mPTP opening induced
through mechanisms which are independent of CypD. More
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recently, cyclosporin-A (CsA), a pharmacological inhibitor of CypD
has been reported to limit myocardial infarct size and improve LV
function in ST-elevation MI patients undergoing primary percuta-
neous coronary intervention when given at reperfusion [9, 10].
Whether targeted inhibition of mitochondrial CypD is also beneficial
in non-reperfused post-MI heart failure is currently unknown.

Materials and methods

A detailed Methods section is available in the online data supplement.

Animals

Experiments using animals were carried out in accordance with the United
Kingdom Home Office Guide on the Operation of Animal (Scientific
Procedures) Act of 1986 and the Guide for the Care and Use of Laboratory
Animals published by the US National Institutes of Health (NIH Publication
No. 85–23, revised 1996). B6Sv129 mice were obtained from Harlan
(Derby, UK) and mice deficient in mitochondrial  CypD–/– were generated
as previously described [4].

Murine model of myocardial infarction

Wild-type (WT) and CypD–/– mice (male, 9–11 weeks old) were anaes-
thetized and subjected to MI by permanent ligation of the left descending
coronary artery. Sham-operated animals underwent a similar surgical pro-
cedure but without coronary artery ligation. Experimental analyses were
performed at either 2 or 28 days after surgery.

Echocardiographic assessment

Transthoracic two-dimensional echocardiography was performed under
light anaesthesia with spontaneous respiration using isoflurane to evaluate
changes in heart function following the sham procedure or MI at day 2 or
28 using a VingMed Vivid 7 Dimension™ ultrasound imaging machine (GE
Healthcare, Bedford, UK). Internal dimensions of the LV cavity were meas-
ured from a parasternal short axis view by M-mode scan of the LV at the
mid-papillary muscle level. All cardiac measurements were averaged over
four to five consecutive cardiac cycles.

Magnetic resonance imaging (MRI)

Myocardial infarct size at 2 days after MI was determined by cardiac MRI
using late gadolinium enhancement because the infarcted tissue could not
be clearly defined by Masson-trichrome histological staining. Mice were
anaesthetized with isoflurane and placed in a 9.4T MRI scanner (VNMRS,
Varian, Inc., Santa Clara, CA, USA). For late gadolinium contrast enhance-
ment, 0.6 mmol/kg of Gadolinium (III)-diethyltriaminepentaacetic acid
(Magnevist, Schering AG, Germany) was injected intraperitoneally. Infarct
and LV volumes were analysed by two observers blinded to the treatment
allocation (S.Y.L. and A.N.P.) using Segment software (http://segment.

heiberg.se/) and infarct size was presented as a percentage of the left ven-
tricle myocardial volume.

Histomorphometric analysis

At 28 days and following echocardiographic assessment, mice were killed.
Heart weight was measured and normalized to body weight. The hearts
were divided into four equal short-axis transverse ventricular slices and
subjected to routine histological procedure. To determine the infarct size,
Masson-trichrome stained histology images were captured with Epson per-
fection V100 photo scanner (Epson Ltd., Herts, UK). Myocardial interstitial
fibrosis was assessed in the post-eroseptal non-infarcted myocardium
where five random histological fields from each heart were captured with a
SPOT RT camera and software v3.2 (Diagnostic Instruments, Inc., Sterling
Heights, MI, USA) at 400 times magnification. Mean cardiomyocyte cross-
sectional area was determined in a LV mid-section stained with Alexa Fluor®

488 conjugated wheat germ agglutinin (Invitrogen, Paisley, UK) and approx-
imately 200 cardiomyocytes at 630 times magnification were sampled from
each heart. An investigator (S.Y.L.), blinded to the treatment protocols per-
formed the above analyses using NIH Image J 1.63 software.

Western blot analysis of myocardial apoptosis

The expression of cleaved caspase-3 and uncleaved caspase-3 (Cell
Signaling Technology, Danvers, MA, USA) was analysed in infarcted LV
myocardium by Western blotting at 2 days after surgery. Band intensity
was determined by computerized densitometry using NIH Image J 1.63
software and expressed as arbitrary units after normalized with �-tubulin
(Abcam Plc, Cambridge, UK).

Cardiac fibroblast isolation 
and proliferation assay

Cardiac fibroblasts were isolated from WT and CypD–/– mice using a mod-
ification of a previously published method [11] to determine the effect of
CypD inhibition on cardiac fibroblast proliferation. Discoidin domain recep-
tor 2 (DDR2, 4 �g/ml, Santa Cruz Biotechnology, Santa Cruz, CA, USA)
was used to stain the cardiac fibroblasts and confirm the purity of the iso-
lation [12]. Cardiac fibroblasts from 1–3 passages were seeded at 2.5 �
104 cells/12-well plate and synchronized by serum deprivation in 0.1%
serum overnight. Cells were then incubated in 10% serum-containing
fibroblast growth medium for 48 hours in the presence of either ethanol
(0.1%), CsA (0.4 �M) or sanglifehrin-A (SfA, 1 �M). Changes in cell
number were calculated using a haemocytometer and expressed as a
percentage change over the starting cell number (2.5 � 104 cells).

Statistical analysis

Data are presented as mean � S.E.M. The mean values were
analysed using unpaired t-test or one-way ANOVA followed by a
Tukey’s multiple comparison post hoc test where appropriate. A 
P � 0.05 was considered to be statistically significant. Mortality
was analysed by the Kaplan–Meier method and comparison of
survival curves was performed with log-rank test.

© 2011 The Authors
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Results

Mortality following myocardial infarction

Cumulative survival of WT and CypD–/– mice was recorded for 
28 days following the induction of MI or sham surgery. No deaths
were observed in sham-operated animals. In the animals
subjected to MI, the survival rate at 28 days after MI was
significantly higher in CypD–/– than WT mice (83% [10/12] 
versus 44%, [10/23], respectively: P � 0.01) (Fig. 1).
Interestingly, the deaths only occurred within a time window of
days 3–5 after MI, and autopsy performed on the deceased ani-
mals revealed hemothorax, the presence of blood clot around the
heart and in the chest cavity, indicating acute infarct rupture as
the probable cause of death.

Myocardial infarct size

All the mice that were subjected to MI showed a discrete trans-
mural infarct at the LV free wall and apex on late gadolinium
enhancement cardiac MRI at 2 days after MI (Fig. 2A). At 2 days

after MI, the myocardial infarct size (as measured by the volume
of late gadolinium enhancement and expressed as a percentage

© 2011 The Authors
Journal of Cellular and Molecular Medicine © 2011 Foundation for Cellular and Molecular Medicine/Blackwell Publishing Ltd

Fig. 1 Kaplan–Meier survival curve analysis for WT (n � 23) and CypD–/–

(n � 12) mice after MI. CypD–/– mice experienced significantly better sur-
vival after MI when compared to WT mice. Note that all deaths occur
between 3 and 5 days after MI. Sham-operated WT and CypD–/– mice have
100% survival rate (not shown in figure).

Fig. 2 (A) Representative two-chamber and short-axis MRI late gadolinium enhancement images of the WT and CypD–/– mice at 2 days after MI. (B) Graph
showing a smaller myocardial infarct size expressed as a percentage of LV volume at 2 days after MI in CypD–/– mice (n � 6) when compared to WT 
(n � 5). Infarct size was expressed as (C) percentage of scar area and (D) percentage of scar circumference in WT (n � 10) and CypD–/– (n � 10) mice
28 days after MI. *P � 0.05 versus WT.
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of the LV volume) was significantly smaller in CypD–/– mice
compared to WT mice (27.6 � 4.7% versus 40.4 � 1.5%,
respectively: P � 0.05) (Fig. 2B). At 28 days after MI, the
myocardial infarct size (as measured by histology) was signifi-
cantly smaller in CypD–/– mice compared to WT mice, when
expressed as a percentage of either the LV area (21.3 � 1.3%
versus 33.9 � 4.3%, respectively: P � 0.05) (Fig. 2C) or the LV
internal circumference (37.8 � 3.5% versus 50.7 � 4.8%,
respectively: P � 0.05) (Fig. 2D).

Myocardial apoptosis

To evaluate the effect of CypD ablation on myocardial apoptosis 2
days after MI, myocardial cleaved and uncleaved caspase-3 pro-
tein expression was determined by Western blot analysis. In the
WT mice there was a significant increase in both cleaved (2.7 �
0.5 MI versus 0.7 � 0.3 sham: P � 0.05) and uncleaved (1.8 �
0.2 MI versus 1.0 � 0.3 sham: P � 0.05) caspase-3 protein
expression following MI (Fig. 3). However, in the CypD–/– mice the
increase in both cleaved (1.2 � 0.2 MI versus 0.7 � 0.3 sham: 
P 	 0.05) and uncleaved (1.0 � 0.1 MI versus 0.7 � 0.1 sham:
P 	 0.05) caspase-3 protein expression following MI was not 
significant (Fig. 3). Therefore, the increase in both cleaved (2.7 �

0.5 WT versus 1.2 � 0.2 CypD–/–: P � 0.05) and uncleaved 
caspase-3 protein expression (1.8 � 0.2 WT versus 1.0 �

0.1 CypD–/–: P � 0.05) induced by MI was significantly attenuated
in CypD–/– mice (Fig. 3).

Left ventricular volumes and function

LV volumes and function were assessed by echocardiography
in both WT and CypD–/– mice following either sham surgery
or MI (Table 1). At 2 days, there was a significant reduction in
LV function in the WT mice following MI as demonstrated by
reductions in LV fractional shortening, LV ejection fraction
and cardiac output. Interestingly, this impairment in LV func-
tion at 2 days after MI was significantly attenuated in CypD–/–

mice. At 28 days, there was a significant increase in LV cham-
ber dimensions in the WT mice following MI as demonstrated
by the LV end diastolic diameter and LV end systolic diameter.
In addition, there was a significant reduction in LV function in
the WT mice following MI as demonstrated by reductions in
LV fractional shortening and LV ejection fraction.
Interestingly, both the LV dilatation and impairment in LV
function at 28 days after MI was significantly attenuated in
CypD–/– mice.

© 2011 The Authors
Journal of Cellular and Molecular Medicine © 2011 Foundation for Cellular and Molecular Medicine/Blackwell Publishing Ltd

Fig. 3 Myocardial apoptosis in CypD–/– and WT animals after MI. Western blot analysis of (A) cleaved caspase-3 (19 kD) and (B) uncleaved caspase-3
(35 kD) in the infarcted myocardium of WT and CypD–/– mice (n � 3–6) collected at 2 days after MI. (C) Representative Western blots of the myocardial
caspase-3 proteins expression in WT and CypD–/– mice. *P � 0.05 versus respective sham; †P � 0.05 versus WT MI.



J. Cell. Mol. Med. Vol 15, No 11, 2011

2447

Reactive ventricular hypertrophy 
and myocardial interstitial fibrosis 
in remote myocardium

At 28 days after MI, although there was a significant increase
in heart weight/body weight following MI indicating post-MI LV
hypertrophy, there were no significant differences between
CypD–/– and WT mice (Table 1). In the remote remodelled 
LV myocardium of WT animals, there was a significant increase
in both cardiomyocyte cross-sectional area (196.6 � 4.1 �m2

sham, n � 7 versus 328.6 � 15.9 �m2 MI, n � 10: P � 0.05)
(Fig. 4A, B) and myocardial interstitial fibrosis (1.1 � 0.19%
sham, n � 7 versus 4.9 � 0.58% MI, n � 10: P � 0.05) 
(Fig. 5A, B). Interestingly, both the increase in cardiomyocyte
cross-sectional area (328.6 � 15.9 �m2 WT versus 244.0 �
6.7 �m2 CypD–/–, n � 10: P � 0.05) and myocardial interstitial
fibrosis (4.9 � 0.57% WT versus 1.5 � 0.19% CypD–/–, 
n � 10: P � 0.05) in the remote myocardium were significantly
attenuated in CypD–/– mice after MI. In addition, CypD ablation
also significantly reduced the interstitial fibrosis-to-infarct 
area ratio (0.17 � 0.03 WT versus 0.07 � 0.01 CypD–/–: P
� 0.05) (Fig. 5C).

Ex vivo cardiac fibroblast proliferation

Cardiac fibroblasts isolated from WT and CypD–/– mice were iden-
tified by DDR2 immunostaining, and demonstrated to co-localize
with wheat germ agglutinin (Fig. 6A). The degree of fibroblast pro-
liferation, when cultured in 10% serum, was significantly lower in
cardiac fibroblasts isolated from CypD–/– mice compared to WT
mice (111.0 � 8.0% WT versus 43.5 � 5.2% CypD–/–: P � 0.05)
(Fig. 6B). Importantly, this effect of CypD ablation on fibroblast
proliferation in the WT cardiac fibroblasts was reproduced by the
known pharmacological mPTP inhibitors, CsA and SfA (11.0 �

8.0% control versus 42.5 � 5.4% CsA and 39.0 � 4.4% SfA: P 	

0.05) (Fig. 6B).

Discussion

The major finding of the present study is that the heart deficient in
mitochondrial CypD is more resistant to the detrimental effects of
heart failure following an MI. Following MI, CypD–/– mice were
demonstrated to have less mortality, smaller myocardial infarct size,

© 2011 The Authors
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Table 1 Cardiac measurements in WT and CypD–/– mice assessed at 2 and 28 days following sham surgery or MI

2 days Sham MI

WT CypD–/– WT CypD–/–

n number 3 4 11 10

Heart rate (bpm) 564.1 � 26.8 565.6 � 9.1 552.5 � 20.1 554.3 � 16.7

LVEDD (cm) 0.37 � 0.03 0.35 � 0.01 0.40 � 0.01 0.41 � 0.02

LVESD (cm) 0.24 � 0.02 0.23 � 0.01 0.30 � 0.01 0.28 � 0.02

FS (%) 35.8 � 1.4 33.7 � 1.4 24.8 � 1.0* 31.8 � 1.9†

EF (%) 71.6 � 1.4 70.2 � 1.4 55.8 � 1.6* 66.4 � 2.5†

28 days Sham MI

WT CypD–/– WT CypD–/–

n number 7 7 10 10

Body weight, BW (g) 28.2 � 0.5 28.4 � 0.3 29.6 � 0.6 27.3 � 0.7†

Heart weight, HW (mg) 153.2 � 4.9 163.2 � 4.9 250.5 � 16.4* 223.4 � 10.1*

HW/BW (mg/g) 5.44 � 0.2 5.7 � 0.2 8.4 � 0.4* 8.2 � 0.4*

Heart rate (bpm) 550.7 � 24.3 485.4 � 26.6 501.7 � 21.4 497.1 � 21.0

LVEDD (cm) 0.38 � 0.02 0.38 � 0.02 0.47 � 0.02* 0.40 � 0.02

LVESD (cm) 0.25 � 0.02 0.24 � 0.01 0.39 � 0.02* 0.30 � 0.02†

FS (%) 34.3 � 3.1 36.0 � 2.0 17.8 � 1.3* 26.8 � 1.8*†

EF (%) 69.1 � 4.1 72.4 � 2.3 41.0 � 2.8* 58.0 � 2.8*†

LVEDD: left ventricular end-diastolic diameter; LVESD: left ventricular end-systolic diameter; FS: fractioning shortening; EF: ejection fraction.
*P � 0.05 versus respective sham, †P �0.05 versus MI WT.
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less myocardial apoptosis, better preserved LV systolic function,
reduced LV dilatation and in the remote non-infarcted myocardium
less cardiomyocyte hypertrophy and interstitial fibrosis.

The CypD-regulated mPTP has been previously investigated
in the context of heart failure using a known pharmacological
inhibitor of CypD, CsA. The probability of mPTP opening in
viable cardiomyocytes was reported to be increased in viable
cardiomyocytes isolated from dogs with chronic heart failure
[13, 14] and in phenylephrine-induced neonatal cardiomyocyte
hypertrophy [15]. Furthermore, CsA has been reported to
preserve mitochondrial morphology in the heart following
ischemia [16]. However, as well as inhibiting CypD, CsA also
inhibits other cyclophilins and calcineurin. The inhibition of cal-
cineurin-mediated dephosphorylation of the apoptogenic protein
Bcl-2-associated death promoter (BAD) can, in itself, result in
cardioprotection [17]. In addition, calcineurin inhibition has

been recently demonstrated to inhibit mitochondrial fragmenta-
tion which may also have cytoprotective effects [18]. Deletion of
the CypD gene has been shown to prevent heart failure caused
by doxorubicin-induced cardiotoxicity, or as a result of calcium
dysregulation by the overexpression of the 
2a subunit of L-type
calcium channels [19]. However, the role of CypD in the setting
of post-MI heart failure has not been previously investigated.

In the present study, WT mice had a post-MI mortality of
~56%, and this was found to occur within the time window of 3 to
5 days after MI and appeared due to infarct rupture. Our findings
concur with previous studies implicating infarct rupture occurring
in response to reduced tensile strength of the infarcted
myocardium as a major cause of mortality [20–22]. Interestingly,
in mice lacking CypD–/–, mortality was almost one third of that in
WT mice, a finding which may in part be attributable to the smaller
myocardial infarct size observed at 2 days after MI resulting in
reduced risk of infarct rupture. In the present study, myocardial
interstitial fibrosis was increased following MI.

The increase in myocardial interstitial fibrosis in this region of
the heart results in an increase in stiffness of the heart and
reduced LV distensibility, resulting in further LV dysfunction
[23–25]. Compared to WT mice, those lacking CypD had better
LV systolic function after MI in terms of increased fractional
shortening and ejection fraction. These findings may be attributed
to a smaller myocardial infarct size, less cardiomyocyte hypertro-
phy and reduced interstitial fibrosis in the remote myocardium of
CypD–/– hearts after MI. This finding was also supported by an
observation in cardiac-specific transgenic mice overexpressing
CypD showing cardiac hypertrophy and worsening of cardiac
function, such as fractional shortening, heart rate and LV dimen-
sions, over time [4]. Interestingly, there was no difference in the
ratio between heart/body weight despite the fact that WT mice
exhibited a larger cardiomyocyte cross-sectional area than
CypD–/– mice after MI, although there was a difference in the
increase in heart size after MI between WT and CypD–/– mice.
This discrepancy may have been due to the smaller body weight
after MI in CypD–/– mice which may have masked the differences,
but this is only speculation. Therefore, cardiac hypertrophy may
have been more accurately quantified if normalized with tibial
length, which remains constant after maturity [26].

Apoptosis is known to contribute to the progression of heart
failure following an MI [24, 27–29], but the role of the mPTP as a
mediator of apoptotic cell death is controversial [4, 5, 16, 30–32].
In the current study, the extent of apoptosis, as determined by the
myocardial expression of cleaved caspase-3 was significantly
reduced in the CypD–/– mice compared to WT mice at 2 days after
MI. It would have been preferable, if these findings had been con-
firmed using an additional method for detecting apoptotic cell
death such as terminal deoxynucleotidyl transferase dUTP nick
end labelling (TUNEL) staining. Whether this attenuation in
myocardial apoptotic activity was the result of a smaller myocar-
dial infarct size or actually related to the absence of a CypD-
regulated mPTP is unclear. In fact, cardiac-specific transgenic
mice overexpressing CypD have been shown to have increase
TUNEL staining, increased cytochrome C release and increased

© 2011 The Authors
Journal of Cellular and Molecular Medicine © 2011 Foundation for Cellular and Molecular Medicine/Blackwell Publishing Ltd

Fig. 4 Cardiomyocyte cross-sectional area in remote myocardium of
CypD–/– and WT mice 28 days after MI. (A) In WT mice but not CypD–/–

mice, cardiomyocyte cross-sectional area increased significantly following
MI, such that post-MI cross-sectional area was significantly greater in WT
mice when compared to CypD–/– ones. (B) Representative high power pho-
tomicrographs of wheat germ agglutinin-stained LV cross-sections of non-
infarcted myocardium. Bar � 10 �m. n � 7–10. *P � 0.05 versus respec-
tive WT sham. †P � 0.05 versus WT MI.
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caspase 9 cleavage in the heart [4]. In addition, several studies
have suggested that mitochondrial CypD may actually have an
anti-apoptotic effect, interacting with Bcl-2 to prevent mitochondr-
ial cytochrome c release independent of the mPTP [30]. In this
regards, further studies evaluating the release of various apoptotic
effectors from the mitochondria after MI may provide more insight
as to the anti-apoptotic effect of CypD inhibition, in particular the
involvement of caspase-dependent (cytochrome c, Apaf-1,
Smac/Diablo and HtrA2/Omi) and caspase-independent [apopto-
sis-inducing factor (AIF), endonuclease G] cell death.

A previous study has reported that the pharmacological inhibi-
tion of CypD using Debio-025 at the time of myocardial reperfu-
sion did preserve LV systolic function and reduce mortality in
mice, beneficial effects which may be attributable to the infarct
size reduction mediated by CypD inhibition [33]. In addition,
recent clinical studies have showed that CsA, administered at the
time of reperfusion, significantly reduced infarct size and
improved LV function in patients undergoing primary percuta-

neous coronary intervention for an acute MI [9, 10]. A major lim-
itation of our study, which was a model of permanent coronary
artery occlusion, is whether the beneficial effects on post-MI
remodelling observed in CypD-deficient mice was simply the
result of an acute reduction in myocardial infarct size. We do not
believe that this is the case for three reasons: (1) the reduction in
myocardial interstitial fibrosis was more than expected for the
reduction in infarct size (i.e. the smaller interstitial fibrosis-to-
infarct area ratio in CypD–/– mice); (2) CypD ablation would be
expected to limit myocardial infarct size in a reperfused infarct and
(3) the proliferative potential of CypD-deficient fibroblasts is
reduced in our cell culture experiment. These findings suggest
that CypD ablation may be having a direct effect on post-MI
remodelling but of course this needs to be investigated in further
studies. In this respect, a previous study also reported less
myocardial interstitial fibrosis in CypD–/– mice subjected to heart
failure induced by doxorubicin, or by calcium overload [19].
Interestingly, in some previous non-cardiac studies [34, 35] but

© 2011 The Authors
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Fig. 5 Myocardial interstitial fibrosis in remote myocardium of CypD–/– and WT mice 28 days after MI. (A) In WT mice but not CypD–/– mice, myocardial
interstitial fibrosis increased significantly following MI, such that the extent of post-MI myocardial interstitial fibrosis was significantly greater in WT mice
when compared to CypD–/– mice. (B) Representative high power photomicrographs of Masson trichrome-stained LV cross-sections of non-infarcted
myocardium. Bar � 10 �m. (C) Interstitial fibrosis expressed as a ratio to percentage of scar area. n � 7–10. *P � 0.05 versus respective WT sham. 
†P � 0.05 versus WT MI.
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not all [36], CsA has been reported to inhibit fibroblast prolifera-
tion in a calcineurin-independent manner [35]. Whether the
impaired cardiac fibroblast proliferation in the CypD–/– mice can
be used to explain the reduction in interstitial fibrosis observed in
the remote myocardium remains to be determined.

In conclusion, the current study has demonstrated that follow-
ing a non-reperfused MI CypD–/– mice have improved survival,
smaller myocardial infarct size, better preserved LV systolic func-
tion and less adverse LV remodelling. These findings suggest that
the mitochondrial CypD may be a novel therapeutic target for the
treatment of post-MI heart failure. As such, new safe and specific
pharmacological inhibitors of mitochondrial CypD need to be iden-
tified and developed as novel pharmaceutical agents for post-MI
heart failure.
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Fig. 6 Proliferation of cardiac fibroblasts 
isolated from WT and CypD–/– hearts. (A)
Representative confocal micrographs of DDR2-
stained (red) cardiac fibroblasts isolated from
WT mice. Cells were counterstained with
Hoechst-33258 (blue) for nuclei or wheat germ
agglutinin (green) for cell membranes. (B) The
proliferation of cardiac fibroblasts isolated
from WT mice was significantly increased in
response to 10% serum when compared to
those isolated from CypD–/– mice. This
increased in proliferation observed in the WT
cardiac fibroblasts was prevented by CsA 
(0.4 �M) or SfA (1.0 �M). n � 4. *P � 0.05
versus WT control.
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