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Oxidative stress is caused by an imbalance between reactive
oxygen species (ROS) production and the ability of an organism
to eliminate these toxic intermediates. Mutations in PTEN-inducible
kinase 1 (PINK1) link mitochondrial dysfunction, increased sensitiv-
ity to ROS, and apoptosis in Parkinson’s disease. Whereas PINK1
has been linked to the regulation of oxidative stress, the exact
mechanism by which this occurs has remained elusive. Oxidative
stress with associated mitochondrial dysfunction leads to cardiac
dysfunction and heart failure (HF). We hypothesized that loss of
PINK1 in the heart would have deleterious consequences on mito-
chondrial function. Here, we observed that PINK1 protein levels are
markedly reduced in end-stage human HF. We also report that
PINK1 localizes exclusively to the mitochondria. PINK1−/− mice de-
velop left ventricular dysfunction and evidence of pathological car-
diac hypertrophy as early as 2 mo of age. Of note, PINK1−/− mice
have greater levels of oxidative stress and impaired mitochondrial
function. There were also higher degrees of fibrosis, cardiomyo-
cyte apoptosis, and a reciprocal reduction in capillary density asso-
ciated with this baseline cardiac phenotype. Collectively, our in
vivo data demonstrate that PINK1 activity is crucial for postnatal
myocardial development, through its role in maintaining mito-
chondrial function, and redox homeostasis in cardiomyocytes. In
conclusion, PINK1 possesses a distinct, nonredundant function in
the surveillance and maintenance of cardiac tissue homeostasis.
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Heart failure (HF) is the inability of the heart to adequately
pump blood to meet the demands of the body. It is the

leading cause of morbidity and mortality in North America (1).
The quality of life and the prognosis for this group of patients
remains poor with 1-y survival rates less than 40% (1). Con-
ventional pharmacological therapy, which only slows the pro-
gression of the disease by alleviating the workload of the heart,
does not directly target the disease process itself. Alternatives to
medical therapy are limited to transplantation or mechanical
assist devices; approaches that are themselves associated with
significant morbidity and mortality. As such, it is exceedingly
important to discover alternate strategies that will effectively
treat this disease entity.
Oxidative stress is created by the imbalance between pro-

duction of reactive oxygen species (ROS) and the elimination of
toxic intermediates by antioxidant systems. The heart with its
high metabolic state and limited capacity for regeneration is
particularly sensitive to oxidative stress. Upon exposure to ROS,
the heart undergoes hypertrophic growth, a process that involves
cell enlargement, myofibrillar disarray, and reexpression of fetal
genes (2). Although cardiac hypertrophy is considered an initial
adaptive response, prolonged hypertrophy is ultimately detri-
mental and leads to progressive HF.
The discovery of recessively inherited mutations in PTEN-

inducible kinase 1 (PINK1), a highly conserved Parkinson’s disease-
susceptibility gene (3), provides the link between mitochondrial
dysfunction and oxidative stress in Parkinson’s disease (4–7).
PINK1, a putative serine/threonine protein kinase, is ubiquitously

expressed and localized to the mitochondria. Although the role of
PINK1 in protecting against oxidative stress-induced cell death has
been intensively studied in neuronal systems, its biological function
in other tissues remains elusive (8).
Any alteration in mitochondrial homeostasis in the heart, the

organ which has the largest mitochondrial content by far, should
have deleterious consequences on cardiac function. This realization
prompted us to investigate the role of cardiac PINK1. We hy-
pothesized that if PINK1 is to regulate mitochondrial function in
the heart, the loss of PINK1 will ultimately result in pathologic
cardiac hypertrophy and left ventricular (LV) dysfunction. Here we
show that protein levels of PINK1 in end-stage human HF were
diminished, supporting a reciprocal relationship between PINK1
activity and HF. Although normal at birth, the PINK1−/− mice
develop cardiac hypertrophy and LV dysfunction by 2 mo of age.
This phenotype was accompanied by increased oxidative stress and
mitochondrial dysfunction. Thus, our work provides compelling
evidence in vivo that PINK1 is crucial in the maintenance of mi-
tochondrial function and redox homeostasis in cardiomyocytes.

Results
Down-Regulation of PINK1 Protein Expression in End-Stage Human
HF. In the heart, mitochondria are not only the major source of
ROS, they are also exquisitely sensitive to the damaging effects
of oxidative stress, resulting in cell death (9). Increased oxi-
dative stress has been well documented in patients with HF
(10–13). Thus, we reasoned that PINK1 protein expression
would be reduced in this patient population. LV tissue obtained
from patients with end-stage HF and normal healthy controls
were analyzed by Western blotting (Fig. 1A and Table 1) and
quantitative real-time PCR (qRT-PCR) (Fig. 1B). There was
a substantial decrease in PINK1 protein levels in LV samples
from patients with end-stage HF compared with normal con-
trols, irrespective of the etiology of their HF condition. In
contrast, the variability in PINK1 mRNA levels was not sig-
nificantly different, implying that PINK1 is regulated at the
posttranscriptional level. These findings are compatible with
our view that when exposed to chronic aberrant oxidative stress,
the human heart undergoes maladaptive changes including
impaired PINK1 protein expression.
To elucidate its function in cardiomyocytes, we examined the

localization of PINK1 by Western blot analysis of biochemically
fractionated cellular extracts of murine adult ventricles. The mi-
tochondrial localization of PINK1 was also investigated by con-
focal immunofluorescencemicroscopy in isolatedmouse neonatal
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ventricular cardiomyocytes. We observed that the subcellular
localization of PINK1 in cardiomyocytes was restricted exclu-
sively to the mitochondrial compartment (Fig. 1 C and D). In
murine models of HF, PINK1 protein levels were decreased
within 24 h (Fig. 1E) and appreciable levels of cytoplasmic or
nuclear PINK1 protein were never observed (Fig. 1F).

PINK1 Deficiency Disturbs the Normal Regulation of Mitochondrial
Transmembrane Potential (ΔΨm) in Cardiomyocytes. To demon-
strate the impact of PINK1 on hypertrophic growth, we treated
isolated neonatal rat ventricular cardiomyocytes with angiotensin
II (Ang II; 100 nM) for 24 h. To determine whether PINK1 could
prevent the development of hypertrophy in response to Ang II,
isolated cardiomyocytes were transduced with wild-type (WT)
and catalytically inactive, kinase-dead (KD) PINK1 lentiviruses.
Although ectopic WT PINK1 alone did not induce hypertrophy,
an increase in cell surface area and expression of fetal hyper-

trophic genes was seen when combined with Ang II. This re-
sponse was unaffected by KD PINK1 (Fig. 2 A and B and Fig.
S1A). We could not confirm the importance of kinase activity in
this process due to lack of antibodies capable of immnoprecipi-
tating endogenous PINK1 (Fig. S1B).
TodeterminewhetherPINK1plays aprotective roleagainstROS-

induced apoptosis, murine neonatal ventricular cardiomyocytes
were treated with antimycin (50 μM). PINK1−/− cells showed a 30%
increase in TUNEL-positive nuclei compared with vehicle-treated
controls (Fig. 2C and Fig. S1C). We failed to observe statistically
significant differences in cardiomyocytes transduced with either
WT PINK1 or KD PINK1 lentiviruses.
To evaluate the consequences of PINK1 loss on mitochondrial

function, we examined the integrity of mitochondrial transmem-
brane potential (ΔΨm) after acute oxidative stress in isolated
primary mouse cardiomyocytes from PINK1−/−,+/+ animals. Cells
were labeled with the fluorochrome JC-1 (2 μM) to monitor the
ΔΨm and then exposed to antimycin (50 μM), which inhibits re-
spiratory complex III, resulting in enhanced ROS production. We
observed a ROS-dependent impairment of ΔΨm in PINK1−/−

cardiomyocytes compared with littermate control cells at baseline
in the absence of antimycin. This was denoted by a decrease in the
intensity of JC-1 fluorescence. Antimycin induced a significant
decrease in JC-1 emission in PINK1−/−,+/+ cardiomyocytes, al-
though the degree of ΔΨm was more dramatic in the PINK1−/−

cells (Fig. 2D). To further prove the requirement of PINK1 in this
process, we reintroducedWTPINK1 and KDPINK1 in PINK1−/−

cardiomyocytes. We observed that lentiviral transduction of WT
PINK1 rescued the detrimental impact of antimycin on ΔΨm in
PINK1-deficient cells. In contrast, KD PINK1 did not show such
an effect. Whereas our results thus far exclude a role for kinase
activity in cardiac hypertrophy, these data are supportive of our
view that PINK1 kinase activity is important in themaintenance of

Fig. 1. Down-regulation of PINK1 protein expression in human end-stage HF. (A) Representative Western blot of PINK1 in total human LV extracts (Lower)
with densitometric quantification (Upper). Lane 1 was set at 100%. MW, relative molecular weight. kDa, kilodalton. One result of two independent
experiments. (B) Quantitative real-time PCR (qRT-PCR) analysis of PINK1 mRNA levels in LV tissues from human patients described in A. Lane 1 was set at
onefold. Mean ± SEM. (C) Subcellular localization of PINK1 protein in adult mouse LV tissue. M, mitochondria; C, cytoplasm; N, nucleus; CoxIV, cytochrome c
oxidase subunit IV; Npm1, nucleophosmin1. (D) Isolated neonatal mouse LV cardiomyocytes were fixed and costained with specific antibodies to PINK1 and
mitochondrial CoxIV for indirect immunofluorescence confocal microscopic analysis. (E) PINK1 protein levels are susceptible to acute pressure overload (TAB)
and ischemia (MI) for 24 h. (F) PINK1 is not redistributed to the cytoplasm or nucleus in response to increased hemodynamic load and hypoxic stress. Mice (10–
12 wk) were subjected to TAB (Left) or MI (Right).

Table 1. Patient characteristics of human LV samples

Lane Age (yr) Sex Etiology of HF syndrome

1 38 Female Control
2 38 Female Control
3 36 Male Adriamycin
4 62 Male Idiopathic
5 25 Male Valvular
6 60 Male Idiopathic
7 65 Male Idiopathic
8 51 Male Ischemic
9 61 Male Ischemic
10 49 Female Familial

As in Fig. 1 A and B.
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normal mitochondrial function. Ideally the ability to demonstrate
kinase activity of endogenous PINK1 is required as definitive
experimental proof for its role in this process (Fig. S1B). The
additional observation of baseline perturbations in mitochondrial
membrane potential is of particular importance, reflecting the
presence of enhanced ROS production and a probable state of
oxidative stress in the PINK1−/− hearts.

PINK1 Knockout Mice Develop Autonomous Age-Dependent Cardiac
Hypertrophy. At 1 wk after birth, PINK1−/− mice do not exhibit
significant differences in the heart/body weight (HBW) ratios,

cardiomyocyte cross-sectional area, or expression of hypertrophic
marker genes (Fig. S2 A–C). By 2 mo of age, we found normal
cardiac function and no evidence of cardiac hypertrophy in the
PINK1+/+ and PINK1+/− mice (Fig. 3 A–C). However, signifi-
cantly increased HBW ratios and dramatic reductions in frac-
tional shortening (FS) were observed in PINK1−/− mice. In par-
ticular, PINK1−/− animals developed cardiac hypertrophy with
an average increase of 18% (P < 0.001) in HBW ratios compared
with age-matched PINK1+/+, +/− controls. Morphometric anal-
ysis of cardiomyocyte cross-sectional areas revealed that genetic

Fig. 2. (A and B) PINK1 overexpression does not affect hy-
pertrophic growth in response to Ang II. (A) Isolated neonatal
rat LV cardiomyocytes were transduced with the indicated
lentiviruses and incubated with Ang II (100 nM) for 48 h. Fixed
cells were stained with antibodies to α-actinin. Mean ± SEM
*P < 0.01 versus vehicle. (B) Analysis of hypertrophic marker
gene expression (ANF, atrial natriuretic factor; Sk-actin, skel-
etal α-actin) by qRT-PCR. Mean ± SEM. *P < 0.01 versus mock
vehicle. (C) Isolated neonatal mouse LV cardiomyocytes
transduced with WT or KD PINK1 lentiviruses and incubated
with antimycin (50 μM) for 6 h. Analysis of apoptosis of fixed
cells by TUNEL immunofluorescence. Mean ± SEM. *P < 0.01
versus vehicle. (D) The mitochondrial membrane potential
(ΔΨm) of PINK1−/− cardiomyocytes is susceptible to ROS-
induced depolarization. Ectopic WT PINK1 rescues antimycin-
induced decreases of ΔΨm in PINK1−/− cardiomyocytes. Cells,
incubated with JC-1 (5 μg/mL), were treated with antimycin
(50 μM). JC-1 emission at 535/595 nm was recorded at 1 read-
ing/min for 30 min using a fluorescence spectrophotometer.
The rate between two time points (Δemission at 595 nm/min)
was calculated in the most linear range of decline for JC-1
fluorescence intensity. Mean ± SEM. *P < 0.01 versus vehicle.

Fig. 3. PINK1−/− mice develop age-dependent cardiac hypertrophy and LV dysfunction. (A) Heart/body-weight ratio (Left) and Masson stain (Right) of
myocardial longitudinal sections. (Scale bar, 2 mm.) Mean ± SEM. *P < 0.05. Sample size is indicated inside respective bar. (B) Fractional shortening (FS)
determined by echocardiography. Mean ± SEM. *P < 0.05. **P < 0.05 versus PINK1−/− 2 mo. (C) Cardiomyocyte size (Left) and representative immunoflu-
orescence micrographs of wheat germ agglutinin–Alexa Fluor 488 conjugate (WGA) stained myocardial cross-sections (Right). Mean ± SEM. #P < 0.05. *P <
0.05 versus PINK1+/+ 2 mo. (D) Quantitative RT-PCR analysis of mRNA levels of hypertrophic marker genes normalized to GAPDH mRNA. The ratio of hy-
pertrophic markers to GAPDH in PINK1+/+ hearts at 2 mo was arbitrarily set to 1. *P < 0.05 versus PINK1+/+ 2 mo. Mean ± SEM. #P < 0.05 versus PINK1+/+ 6 mo.
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deletion of PINK1 resulted in a 148% (P < 0.01) increase in cell
area indicating that PINK1 deficiency does not increase car-
diomyocyte number. We noticed that LV function was compro-
mised in 2-mo-old PINK1−/− mice as evidenced by a significant
reduction in fractional shortening (33% compared with 43% in
controls, P < 0.05; Fig. 3B). We also observed increased mRNA
transcript levels of atrial natriuretic factor (ANF), brain natri-
uretic peptide (BNP) and β-myosin heavy chain (β-MHC), with-
out altered expression of α-myosin heavy chain (α-MHC) (Fig.
3D). This change in fetal gene expression is reflective of patho-
logical cardiac hypertrophy. At 6 mo of age, PINK1−/− mice
exhibited a further increase in cardiac mass (P < 0.001 versus age-
matched controls) and cardiomyocyte cross-sectional area with
an incremental worsening in LV function (FS 22% compared
with 44% in WT, P < 0.05; Fig. 3 A–C). Prototypical biochemical
markers of cardiac hypertrophy were also elevated, indicating
that these mice suffer from a classic HF phenotype (Fig. 3D).
These results exclude a transient and possible developmental
effect of PINK1 deficiency on cardiomyocyte size. We also com-
pared the responses of PINK1 animals subjected to pressure
overload, as a result of transaortic banding (TAB). After 4 wk of
TAB, PINK1−/−, +/− mice exhibited exaggerated cardiac hyper-
trophy compared with WT controls (Fig. S3A–E), which is con-
sistent with our concept that loss of PINK1 promotes pathological
hypertrophic growth.
Although PINK1+/− mice were initially normal, by 6 mo of age

they developed cardiac hypertrophy with an average increase of
11% in HBW ratios (P < 0.05 versus WT) and worsening of
cardiac function (Fig. 3 A–C), demonstrating that PINK1 function
is haploinsufficient in suppressing a signaling mechanism that con-
veys pathological hypertrophy. We infer from our data that loss of
PINK1 induces spontaneous hypertrophy in the adult heart.
During pathological hypertrophy, a mismatch between the

number of capillaries and the size of cardiomyocytes develops,
contributing to the development of LV dysfunction (14, 15). At 2
and 6 mo of age, the number of microvessels were significantly
smaller in PINK1−/− hearts than in PINK1+/+, +/− controls (Fig.
S4A). Thus, inhibition of PINK1 exerted detrimental effects on
cardiac performance, and these effects may be attributable in
part to PINK1-dependent decreases in neovascularization.
Another hallmark of decompensated hypertrophy is a pro-

liferative response of cardiac fibroblast, leading to the develop-
ment of cardiac fibrosis (16). At 2 and 6 mo of age, morphometric
quantification revealed significantly increased interstitial cardiac
fibrosis in PINK1−/− mice (Fig. S4B), compared with WT animals
at both time points examined. These results indicate that PINK1

regulates several key aspects of cardiac remodeling, including
the protection and activation of disparate cell types involved in
the production of extracellular matrix and angiogenesis, all of
which contribute to the development and pathogenesis of HF.

Enhanced Oxidative Stress in PINK1 Knockout Mice. With the dem-
onstration that PINK1 deficiency is accompanied by abnormal
mitochondrial function and the development of HF, we expected
that loss of PINK1 correlated with increased amounts of ROS
being produced and an inability of the heart to eliminate these
toxic intermediates. In keeping with this paradigm, we observed
higher levels of cytotoxic 4-hydroxyalkenals (4-HAE), an in-
dicator of ROS-dependent lipid peroxidation in PINK1−/− mice
compared with WT (Fig. 4A,Upper). Similarly, levels of 8-hydroxy-
2′-deoxyguanosine (8-OHdG), a principal oxidative lesion that
can cause base mispairing and mutations (17), were signif-
icantly greater (2.3-fold; P < 0.01) in PINK1−/− mice than their
PINK1+/+, +/− counterparts (Fig. 4A, Lower). These data in-
dicate that, whereas PINK1 is located within the mitochondria, it
has far-reaching consequences in that its loss will ultimately have
profound effects on cellular responses to oxidative stress.
To further substantiate our notion that PINK1 loss results in

enhanced oxidative stress, we next measured the reduced glu-
tathione/oxidized glutathione (GSH/GSSG) ratios and activity of
superoxide dismutase (SOD), essential cardiac antioxidants (18).
We observed that GSH/GSSG ratios and cytosolic and mito-
chondrial SOD activities were significantly lower in PINK1−/−

mice compared with WT siblings (Fig. 4 B and C). In addition,
both mitochondrial and cytoplasmic aconitase activities, alter-
nate markers of oxidative stress (19, 20), were significantly de-
creased in PINK1−/− mice compared with WT animals (Fig. 4D).
The noted statistically significant difference in oxidative stress
observed between PINK1+/− and PINK1+/+ animals implies that
PINK1 heterozygosity confers susceptibility to changes in the
cardiac phenotype. We infer from this data that PINK1 loss
results in enhanced ROS production, inhibiting the activity of
several cellular detoxification networks residing in the cytosolic
and mitochondrial compartments. In addition, the lack of PINK1
with abnormal increases in ROS levels may act synergistically to
enhance the development of cardiac hypertrophy.

PINK1 Protects Cardiomyocytes from Apoptosis. At low concen-
trations, ROS function as second messengers promoting cardiac
hypertrophy, but at high concentrations, ROS are cytotoxic. Thus,
we analyzed whether cardiac myocytes in 2-mo-old PINK1−/−

were susceptible to cell death at baseline, as would be predicted
if mitochondrial PINK1 is a negative regulator of mitochondrial

Fig. 4. Enhanced cardiac oxidative stress in PINK1−/− mice. (A) 4-hydroxyalkenals (4-HAE; Upper) and 8-hydroxy-2′-deoxyguanosine (8-OhdG; Lower), (B)
oxidized glutathione (GSSG; Upper) and reduced glutathione (GSH; Lower) levels, (C) superoxide dismutase (SOD), and (D) aconitase activities, in total LV
extracts from 2-mo-old PINK1 littermates. Mean ± SEM. *P < 0.05. n = 4.
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ROS. We observed an induction of caspase-3 proteolytic activity
and significantly increased numbers of TUNEL-positive cardio-
myocyte nuclei in PINK1−/− hearts compared with PINK1+/+, +/−

hearts (Fig. S4 C and D). We also detected significantly increased
rates of cell death in TAB-treated PINK1−/− hearts (Fig. S5 A–C).
These results support our view that PINK1 triggers cardiomyocytes
apoptosis by oxidative stress.

PINK1 Knockout Mice Develop Mitochondrial Dysfunction. From our
observations that (i) PINK1 is localized to the mitochondrial
compartment, and (ii) PINK1−/− mice exhibit enhanced oxida-
tive stress, we surmised that the baseline number and capacity of
mitochondria are also decreased in PINK1−/− mice. Impaired
mitochondrial (mt) biogenesis is a key marker of physiologic
stress or genetic mutations. Mitochondria have multiple circular
genomes (mtDNA) that are replicated independently from the
nuclear genome (nDNA). To assess mitochondrial biogenesis,
the mtDNA copy number was determined by qPCR of the mt-
gene cytochrome b (Cytb) normalized to levels of a nuclear-
encoded single-copy gene, β-actin. The ratio of mtDNA to nDNA
in PINK1+/+ hearts was arbitrarily set to 1. At 2 mo of age, we
noticed a marked reduction (39%; P < 0.05) in mitochondrial
copy number in PINK1−/− hearts, compared with littermate con-
trols (Fig. 5A, Lower). We also used mitochondrial gene tran-
scription as a surrogate for mitochondrial capacity. The mtDNA
encodes 13 core polypeptides involved in oxidative phosphory-
lation in addition to 22 tRNA and 12S and 16S rRNA genes
for mitochondrial protein synthesis. The mRNA expression
levels of the mitochondrial Cytb gene were measured by qRT-
PCR and corrected for the transcript expression of nuclear
β-actin. The ratio of transcript levels of mtCytb to N-actin in
PINK1+/+ mice was arbitrarily set to 1. We found that the
mRNA levels of Cytb were also reduced in the PINK1−/− hearts,
compared with littermate controls (Fig. 5B Upper). In addition,
at 6 mo of age, a progressive deterioration of mtDNA replication
and mt gene expression were evident in both PINK1−/− and
PINK1+/− mice (Fig. 5A).
Having shown that there is a reduction in mitochondrial DNA

replication and mitochondrial gene expression, we reasoned that
mitochondrial protein expression would also be affected with the
loss of PINK1. Western blot analysis of mitochondrial extracts
demonstrates the down-regulation of several factors involved in
diverse processes such as oxidative phosphorylation (ATP syn-

thases: Atp5g2, Atp5b; cytochrome oxidases: Cytb5; CoxIV),
mitochondrial fission (Drp1), and mitochondrial fusion (mito-
fusin 2, Opa1) in PINK1−/− hearts compared with PINK1+/+

hearts (Fig. 5B). These data support the notion that PINK1
deficiency globally affects protein levels of factors important in
the maintenance of mt-biogenesis and bioenergetics.
To determine whether ultrastructural changes in mitochondria

within the PINK1−/− cardiomyocytes were present, we used trans-
mission electron microscopy. Gross abnormalities in the mitochon-
drial structure were not observed in PINK1−/− cardiomyocytes;
rather, a significant increase in cross-sectional area was noted
in the PINK1−/− cells, compared with PINK1+/+ cardiomyocytes
(93 ± 13 μm2 and 82 ± 6 μm2 in PINK1−/− and PINK1+/+ car-
diomyocytes, respectively, n= 150–200; P < 0.01). Therefore, the
mitochondria are larger in size, a finding typical of mitochon-
drial swelling.
The healthy adult heart has an extensive capacity to generate

ATP in an effort to match the energy demand to the variability
in cardiac workload. Oxidative stress-induced impairment of
respiratory activity and decline in ATP metabolism is detrimental
for the contractile function and viability of cardiomyocytes
(21, 22). Consistent with these data, we observed a significant
decrease (48%; P < 0.01) in ATP levels in total LV samples
derived from PINK1−/− mice compared with PINK1+/+, +/−

animals (Fig. 5C, Upper). Next, we measured the activity of the
mtDNA-encoded oxidative phosphorylation complex I by an
immunocomplex in vitro assay. The biochemical measurement of
respiratory chain function revealed reduced complex I activity
(60%; P < 0.01) in PINK1−/− mice compared with PINK1+/+, +/−

controls (Fig. 5C, Lower). Therefore, decreases in mt-bioenergetics
do occur concomitantly with decreases in mt-biogenesis.

Discussion
We present several noteworthy observations from our genetic
deletion studies supporting the importance of PINK1 in the mu-
rine heart during postnatal development. In particular, PINK1−/−

mice develop LV dysfunction with a reduced fractional shorten-
ing and evidence of pathological cardiac hypertrophy as early as
2 mo of age. Associated with this baseline cardiac phenotype
we have shown that the PINK1−/− mice have higher degrees of
cardiomyocyte apoptosis with fibrosis and reciprocal reduction
in capillary density. In addition, the PINK1−/− mice have greater
levels of oxidative stress as reflected by higher levels of lipid

Fig. 5. Impaired cardiac mitochondrial biogenesis and bioenergetics in PINK1−/− mice. (A) Impaired mitochondrial (mt) biogenesis in 2-mo-old PINK1−/− mice
(Lower). mtDNA copy number of mt-gene cytochrome b (Cytb) normalized to levels of nuclear encoded single-copy gene β-actin. We used mt-gene tran-
scription as a surrogate for mt-capacity (Upper). mRNA expression levels of the mtCytb gene were measured by qRT-PCR and corrected for transcript ex-
pression of nuclear β-actin. Mean ± SEM. *P < 0.05. (B) PINK1 deficiency induces global down-regulation of mitochondrial protein expression in cardiac
ventricles of 2-mo-old mice. (C) Impaired ATP production (Upper) and reduced complex I (NADH dehydrogenase) activity in total LV extracts from 2-mo-old
PINK1−/− mice (Lower). Mean ± SEM. *P < 0.05.
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peroxidation, DNA damage, and decreased aconitase activity in
conjunction with reduced activity of several cytoplasmic and mi-
tochondrial antioxidative systems. In response to biomechanical
stress, the PINK1−/−mice developed a further exaggeration in the
degree of cardiac hypertrophy compared with their littermate
controls. Of clinical relevance is the finding that protein levels of
PINK1 in end-stage human HF were also diminished, supporting
a reciprocal relationship between PINK1 activity and HF. These
findings all support our view that PINK1 is indispensable for
normal heart function. However, it is important to remember that
the generation of the PINK1−/− mice is not done as a conditional
heart-specific knockout and that the influence of PINK1 loss on
the vascular bed and other organs, which may contribute to the
phenotypic changes in the heart, has not been studied.
Conceivably, the mitochondrial localization of PINK1 is of

great importance for normal cardiac function. This is reflected in
the degree of severity of the mitochondrial defect observed in the
PINK1−/− mice. More specifically, we observed that loss of
PINK1 resulted in (i) increased sensitivity to ROS-dependent
depolarization of the mitochondrial membrane potential, (ii)
decreased oxidative phosphorylation, (iii) reduced mitochondrial
replication, (iv) mitochondrial swelling, and (v) global alterations
in expression of mitochondrial proteins. However, we cannot
specifically identify the mechanism that confers an increased
susceptibility of the PINK1−/− mice in developing their baseline
cardiac phenotype. Our analysis of the neonatal litters excludes
the possibility of mitochondrial dysfunction resulting from an
abnormal redox state in PINK1−/− mice. Rather, we favor the
scenario in which inactivation of PINK1 is a primary event in HF
progression. PINK1 loss constitutes a mitochondrial defect that
establishes a pathological imbalance in ROS production, leading
to derangements in mitochondrial bioenergetics. With the gen-
eration of abnormal ROS levels within the mitochondria, a cas-
cade of events is initiated, including a decrease in ΔΨm,
activation of the mitochondrial permeability transition pore
(mPTP), and efflux of protons causing a decline in mitochondrial
bioenergetics. The resulting mitochondrial damage may also
further translate to the activation of signaling pathways involved

in the development of cardiac hypertrophy and subsequent re-
duced contractility.
Indeed, this premise is supported by observations made by

others, in that a role for PINK1 has been linked to the mainte-
nance of mitochondrial function (6, 7, 23, 24). However, if we are
to understand exactly how PINK1 affects mitochondria, the
identity of potential substrates and/or interacting partners within
the mitochondrion would be important to define if a kinase ac-
tivity is indeed required for PINK1 function. Recently, the mi-
tochondrial chaperone proteins TRAP1 and Omi/HrtA2 have
been proposed as possible substrates (25, 26). In this model, Omi
is phosphorylated in a PINK1-dependent manner, although
whether Omi functions as a direct PINK1 substrate in vivo
remains elusive. Previous work from our group has shown that
FOXO3a regulates the transcription of PINK1 (27) in trans-
formed cells and the activation of FOXO3a protects against
ROS-induced apoptosis by up-regulating the expression of SOD
and catalase (28, 29). This antioxidative function of FOXO3a
may explain how PINK1 is regulated during cardiac oxidative
stress. In conclusion, our work provides genetic proof in vivo for
the importance of PINK1 as a mitochondrial protein functioning
to regulate the complex interplay between mitochondrial func-
tion, ROS production, and hypertrophic signaling in the heart.

Materials and Methods
The generation of the PINK1 gene-deficient mice was previously described
(30). Age-matched syngenic male PINK1+/+, +/−, −/− mice (10–12 wk, 22–26 g)
were used in this study. All experiments used littermate controls of matched
age and sex and in accordance with approved institutional animal care
guidelines of the University Health Network (AUP 1772; Canadian Council in
Animal Care). Functional analysis was done at various time points after birth
and included 2D echocardiograhic, biochemical, histological, and immuno-
fluorescent assessment. Details are provided in SI Materials and Methods.
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