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Reduces Survival following Myocardial Infarction™*
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Background: The functional importance of Parkin in the heart is unknown.
Results: Parkin deficiency results in increased susceptibility to myocardial infarction.

Conclusion: Parkin is important in adapting to stress.

Significance: Our studies will advance our knowledge of Parkin in cardiovascular disease.

It is known that loss-of-function mutations in the gene
encoding Parkin lead to development of Parkinson disease.
Recently, Parkin was found to play an important role in the
removal of dysfunctional mitochondria via autophagy in neu-
rons. Although Parkin is expressed in the heart, its functional
role in this tissue is largely unexplored. In this study, we have
investigated the role of Parkin in the myocardium under nor-
mal physiological conditions and in response to myocardial
infarction. We found that Parkin-deficient (Parkin~’'~) mice
had normal cardiac function for up to 12 months of age as
determined by echocardiographic analysis. Although ultra-
structural analysis revealed that Parkin-deficient hearts had
disorganized mitochondrial networks and significantly
smaller mitochondria, mitochondrial function was unaf-
fected. However, Parkin ™/~ mice were much more sensitive
to myocardial infarction when compared with wild type mice.
Parkin~/~ mice had reduced survival and developed larger
infarcts when compared with wild type mice after the infarc-
tion. Interestingly, Parkin protein levels and mitochondrial
autophagy (mitophagy) were rapidly increased in the border
zone of the infarct in wild type mice. In contrast, Parkin™/~
myocytes had reduced mitophagy and accumulated swollen,
dysfunctional mitochondria after the infarction. Overexpres-
sion of Parkin in isolated cardiac myocytes also protected
against hypoxia-mediated cell death, whereas nonfunctional
Parkinson disease-associated mutants ParkinR42P and
ParkinG430D had no effect. Our results suggest that Parkin
plays a critical role in adapting to stress in the myocardium
by promoting removal of damaged mitochondria.

Autophagy is important in degrading long-lived proteins and
organelles in cells. It occurs constitutively in most cells but can
be rapidly increased in response to changes in the intracellular
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environment (1). Autophagy is very important in the heart, and
impaired autophagy is associated with a wide variety of cardio-
vascular pathologies. For instance, Danon disease is caused
by a deficiency in lysosome-associated membrane protein 2
(LAMP2) that results in a fatal cardiomyopathy (2). The
LAMP2 deficiency leads to an accumulation of autophago-
somes in the heart due to defective fusion between autophago-
somes and lysosomes (3). In addition, disruption of autophagy
by conditional deletion of Atg5 in the adult heart leads to accu-
mulation of dysfunctional mitochondria and development of
cardiac dysfunction (4). Increased autophagy is also commonly
observed in acute and chronic myocardial ischemia, heart fail-
ure, and dilated cardiomyopathy (5-7). Although the func-
tional role of autophagy is still controversial, most studies sug-
gest that autophagy is a protective response activated by cells in
the heart (5, 6, 8, 9).

When mitochondria become dysfunctional, they produce
reactive oxygen species that can cause further damage to
nearby mitochondria and result in the release of pro-apop-
totic proteins. Thus, damaged mitochondria must quickly be
removed by autophagy to prevent further damage from
occurring in the cell. Exactly how these mitochondria are
targeted for removal by autophagosomes in myocytes is still
unclear. The E3 ubiquitin ligase Parkin was recently discov-
ered to play an important role in targeting damaged mito-
chondria for removal via autophagy in neurons (10). Loss-of-
function mutations in the gene encoding Parkin were
initially identified to be involved in the development of Par-
kinson disease (11), and recent studies have established a
link between mitochondrial dysfunction and Parkinson dis-
ease (12). To date, the majority of studies on Parkin have
been limited to investigating its role in the brain (10, 13).
Although Parkin is highly expressed in the heart (11), its
functional importance in this tissue is largely unexplored.

In the present study, we have investigated the functional
role of Parkin in the myocardium. We report that Parkin
deficiency has no effect on mitochondria or cardiac function
in mice under normal conditions, suggesting that Parkin is
not required for the base-line turnover of mitochondria.
Instead, our studies demonstrate that Parkin plays a critical
role in the adaptive response after a myocardial infarction
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(MI)? by promoting clearance of damaged mitochondria via
autophagy.

EXPERIMENTAL PROCEDURES

Animals—All animal protocols were in accordance with
institutional guidelines and approved by the Institutional Ani-
mal Care and Use Committee of the University of California
San Diego. Adult cardiac myocytes were isolated from 250—
300-g male Sprague-Dawley rats or 8 —10-week-old male WT
or park2 knock-out mice as described previously (14). Park2
knock-out mice were obtained from The Jackson Laboratory
(B6.129S4-Park215" |1 stock number 006582) and have been
described previously (15).

Western Blotting Analysis—Lysates were prepared as
described previously (14) in buffer containing 50 mm Tris-HCI
(pH 7.4), 150 mMm NaCl, 1 mm EGTA, 1 mm EDTA, 1% Triton
X-100, and Complete protease inhibitor mixture (Roche
Applied Bioscience). Protein concentration was determined by
Bradford assay using BSA standards. Proteins were separated
by SDS-PAGE, transferred to nitrocellulose, and immuno-
blotted with antibodies against Parkin (Cell Signaling), LC3
(Cell Signaling), GAPDH (Cell Signaling), COXIII (Invitrogen),
actin (GeneTex), ubiquitin (Santa Cruz Biotechnology),
TOM20 (Santa Cruz Biotechnology), mitofusin 1 (Mfn1) (Santa
Cruz Biotechnology), mitofusin 2 (Mfn2) (Sigma-Aldrich),
optic atrophy 1 (Opal) (BD Biosciences), dynamin-like protein
1 (Drpl) (BD Biosciences), or mitochondrial fission 1 (Fisl)
(Enzo Life Sciences).

Echocardiography—Echocardiography was performed using
a VisualSonics Vevo 770 equipped with an RMV707B 15-45-
MHz imaging transducer. Recordings of the parasternal long-
axis (B-mode), parasternal short-axis (M-mode), apical four-
chamber (pulsed wave Doppler), and aortic arch (pulsed wave
Doppler) views were taken. All measurements were collected
and analyzed using VisualSonics software. Only data with heart
rates >450 beats per minute were accepted.

Mitochondrial Respiration Measurements—The procedures
used for mitochondrial isolation and respiration have been
described previously (16). Complex I-dependent respiration
was measured using 2 mm pyruvate and 2 mM malate as sub-
strates. Complex II-dependent oxygen consumption was meas-
ured using 5 uM rotenone with 5 mum succinate as substrate. For
measurements of mitochondrial respiration in intact adult
mouse cardiomyocytes, cells were resuspended in plating
medium (containing 5.56 mMm glucose) supplemented with 10
mM pyruvate, and cells were transferred directly into the 37 °C
Oxytherm apparatus (Hansatech Instruments) for oxygen con-
sumption measurements. Sequential additions were made of 10
pg/ml oligomycin to inhibit ATP synthase followed by titration
with either 200 nm or 400 nm carbonyl cyanide p-(trifluorome-
thoxy)phenylhydrazone to measure maximal rates of uncou-
pled mitochondria.

2 The abbreviations used are: used: Ml, myocardial infarction; Bnip3, Bcl-2/
adenovirus E1B 19-kDa interacting protein 3; LC3, microtubule-associated
protein 1 light chain 3; Drp1, dynamin-related protein 1; Fis1, mitochon-
drial fission 1; Mfn1/2, mitofusin-1/2; Opal, optic atrophy 1; DMSO,
dimethyl sulfoxide; PINK1, PTEN-induced putative kinase 1; PTEN, phos-
phatase and tensin homolog; LV, left ventricular.
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Oxygen consumption of mitochondria isolated from border
and remote zones were measured using the Seahorse XF96 ana-
lyzer (17). Mitochondria were resuspended in mitochondrial
assay solution (1X) composed of 70 mMm sucrose, 220 mM man-
nitol, 10 mm KH,PO,, 5 mm MgCl,, 2 mm HEPES, 1 mM EGTA,
and 0.2% (w/v) fatty acid-free BSA, pH 7.2, at 4 °C. Next, 1.5 ug
of mitochondria was added to each well while the plate was on
ice. The plate was transferred to a centrifuge equipped with a
swinging bucket microplate adaptor and was spun at 2000 X g
for 20 min at 4 °C. After centrifugation, 10 mm pyruvate plus 1
mM malate or 10 mM succinate plus 2 uM rotenone along with 4
mM ADP were added to the wells. The plate was transferred to
the XF96 instrument and allowed to temperature equilibrate
for 3 min prior to measuring state 3 respiration.

Mitochondrial Swelling Assay—Sixty micrograms of mito-
chondria in a volume of 200 ul was added per well in a 96-well
plate. Ca®>" was added to a final concentration of 150 um. Mito-
chondrial swelling was monitored by measuring absorbance in
a plate reader at 520 nm. The amplitude of each curve was
obtained by subtracting the end point absorbance from the
maximal absorbance obtained from the swelling assay. Maxi-
mum rate of change in amplitude (V,,,,) was obtained by cal-
culating the slope of the linear segment of the swelling curve.

Mpyocardial Infarction—Mice were subjected to myocardial
infarction by permanently ligating the left anterior descending
coronary artery as described previously (18). Briefly, 10—12-
week-old WT and Parkin ™/~ mice were anesthetized with iso-
flurane, intubated, and ventilated. Pressure-controlled ventila-
tion (Harvard Apparatus) was maintained at 9 cm of H,O. An
8-0 silk suture was placed around the left anterior descending
coronary artery and then tightened. The suture was left in place,
and the animal was immediately closed up.

Histology—Hearts were arrested in diastole with 200 mm
KClI, fixed in 10% formalin for 24 h, and then transferred to 70%
ethanol for an additional 20 h before embedding in paraffin.
10-um-thick heart cross-sections were cut at 300-um intervals
through the left ventricle and stained with Masson’s trichrome
(Sigma-Aldrich). The percentage of remodeling was deter-
mined by dividing the total midline length of all fibrotic remod-
eled regions by the total midline length of all left ventricle sec-
tions (19). The remodeled region was defined as the region in
which =50% of the total wall thickness had increased collagen
deposition. Measurements were performed using Image]
software.

Transmission Electron Microscopy and Morphometric
Analysis—Adult mouse hearts were fixed in 2.5% glutaralde-
hyde in 0.1 M cacodylate buffer, post-fixed in 1% osmium
tetroxide, and then treated with 0.5% tannic acid, 1% sodium
sulfate, cleared in 2-hydroxypropyl methacrylate, and embed-
ded in LX112 (Ladd Research, Williston, VT). Sections were
mounted on copper slot grids coated with Parlodion and
stained with uranyl acetate and lead citrate for examination on
a Philips CM100 electron microscope (FEI Co., Hillsboro, OR).
Mitochondrial morphometric measurements were performed
using Adobe Photoshop CS5 software. A total of 298 mitochon-
dria from WT mice and 272 mitochondria from Parkin™/~
mice were analyzed from five electron micrographs taken at
7900X magnification.
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Preparation of Parkin Mutants and Adenoviral Constructs—
mCherry-Parkin was obtained from Dr. Richard Youle (NINDS,
National Institutes of Health) (10). mCherry-ParkinR42P and
mCherry-ParkinG430D were generated by site-directed
mutagenesis as described previously (20), using mCherry-Par-
kin as a template. Parkin adenoviruses were generated using the
pENTR directional TOPO cloning kit (Invitrogen) followed by
recombination into the pAd/CMV/V5-DEST Gateway vector
(Invitrogen).

Fluorescence Microscopy—For visualizing Parkin transloca-
tion to mitochondria, adult rat cardiomyocytes infected with
mCherry-Parkin were fixed with 4% paraformaldehyde (Ted
Pella Inc.) in PBS, pH 7.4, permeabilized with 0.2% Triton
X-100 in PBS, and blocked in 5% normal goat serum before
incubation with anti-COXIV (Invitrogen). Cells were then
rinsed and incubated with goat anti-mouse Alexa Fluor 488
secondary antibody (Invitrogen). For induction of autophagy by
rotenone, isolated cardiac myocytes from Parkin ™/~ mice were
infected with GFP-LC3 for 24 h before treatment with 40 um
rotenone in DMSO. After 1 h, cells were fixed and stained with
anti-COXIV and analyzed by fluorescence microscopy. Fluo-
rescence micrographs were captured using a Carl Zeiss Axio
Observer Z1 fitted with a motorized Z-stage and an ApoTome
for optical sectioning. Z-stacks were acquired in ApoTome
mode using a high-resolution AxioCam MRm digital camera, a
63X Plan-Apochromat (oil immersion) objective, and Zeiss
AxioVision 4.8 software (Carl Zeiss). Pseudo-line scans were
performed using Image] software.

Hypoxia and Cell Death Assay—After isolation, adult rat or
mouse cardiomyocytes were allowed to plate on laminin-
coated dishes for 2 h before infection with adenoviruses encod-
ing mCherry, mCherry-Parkin, mCherry-Parkin-R42P, and
mCherry-Parkin-G430D at a multiplicity of infection of 25 (for
mouse) or 50 (for rat) in plating medium plus 2% heat-inacti-
vated serum. Eighteen hours later, myocytes were subjected to
hypoxia by incubation in DMEM without glucose (Invitrogen)
in hypoxic pouches (GasPak EZ, BD Biosciences) at 37 °C. Cell
death was assessed by measuring increased plasma membrane
permeability to YoPro-1 (Invitrogen) as described previously
(9). Cells were examined by fluorescence microscopy using a
Carl Zeiss Axio Observer Z1 at 10X magnification.

Statistical Analyses—All values are expressed as means *
S.E. Statistical analyses were performed using Student’s ¢ test or
analysis of variance followed by Student-Newman-Keuls mul-
tiple comparison test. Survival was assessed using the Kaplan-
Meier method and log rank test. p < 0.05 was considered
significant.

RESULTS

Parkin-deficient Mice Have Normal Cardiac Function—
First, we examined the expression of Parkin in the heart by
Western blotting. We found that Parkin is highly expressed in
both heart and brain (Fig. 14). To investigate the functional
importance of Parkin in the heart, we characterized the cardiac
phenotype in mice deficient for Parkin. Although Parkin ™/~
mice were smaller than WT mice as reported previously (13),
there were no significant differences in heart weight/body
weight or lung weight/body weight ratios between WT and Par-
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FIGURE 1. Characterization of Parkin~/~ mice. A, Western blot for Parkin in
heart and brain tissue (asterisk indicates nonspecific band detected by the
Parkin antibody). B-E, WT and Parkin ~~ mouse body weight (B), heart weight
(O), heart weight/body weight (HW/BW) ratio (D), and lung weight/body
weight (LW/BW) ratio (E). Mean = S.E.(n = 7-11,%,p < 0.05, **, p < 0.01 versus
WT).

kin~/~ mice (Fig. 1, B-E). To assess the effect of Parkin defi-
ciency on cardiac function, the mice were analyzed by echocar-
diography. We found that at 3 months of age, WT and
Parkin~/~ mice had similar fractional shortenings, ejection
fractions, and left ventricular internal end diastolic and systolic
dimensions (Table 1). To investigate whether Parkin deficiency
affected cardiac function in aging mice, we also evaluated car-
diac function and structure in 6- and 12-month-old mice. How-
ever, no significant differences were observed in cardiac func-
tion or in diastolic or systolic dimensions between aged WT
and Parkin~/~ mice.

Parkin-deficient Mitochondria Are Smaller but Have Normal
Respiratory Capacity—Parkin has been reported to play an
important role in the removal of dysfunctional mitochondria
via autophagy (10). Therefore, we investigated whether Parkin
deficiency resulted in accumulation of damaged mitochondria.
Using mitochondria isolated from WT and Parkin™/~ hearts,
we assessed mitochondrial respiration by measuring the rate of
oxygen consumption. State 3 respiration rates were determined
from the maximum rate of ADP-dependent oxygen consump-
tion, whereas state 4 respiration rates were determined after the
ADP had been consumed. We found that Parkin /"~ mitochon-
dria had similar state 3 and state 4 respiration rates to those of
WT mitochondria with substrates for either respiratory com-
plex I (pyruvate/malate) or respiratory complex II (succinate/
rotenone) (Fig. 2, A and B). Furthermore, there was no differ-
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TABLE 1

Echocardiographic analysis of WT and Parkin ™~

~ mice

HR, heart rate; BPM, beats per minute; FS, fractional shortening; EF, ejection fraction; IVSd, interventricular septal thickness at diastole; IVSs, interventricular septal
thickness at systole; LVIDd, left ventricular internal dimension at diastole; LVIDs, left ventricular internal dimension at systole; LVPW(d, left ventricular posterior wall
thickness at diastole; LVPWs, left ventricular posterior wall thickness at systole. p > 0.05 for all parameters measured.

Mean value * S.E. for

3 months of age

6 months of age 12 months of age

Parameter WT (n=17) Parkin™'~ (n = 16) WT (n=38) Parkin™'~ (= 9) WT (n=6) Parkin™'~ (n = 6)
HR (BPM) 582 £ 21 603 £ 25 524+ 13 521 £ 26 567 £ 26 574 = 10
FS (%) 499 £2.7 49.3 £ 3.6 336 *1.3 33.0*21 48.0 £ 6.0 415 %70
EF (%) 80.5 + 2.3 78.7 £ 3.6 63.0* 1.9 61.7 = 3.1 779 £ 5.6 69.7 £ 9.1
IVSd (mm) 0.99 + 0.06 0.96 = 0.05 0.87 = 0.04 0.90 = 0.04 0.95 = 0.06 0.87 = 0.06
IVSs (mm) 1.49 = 0.06 1.61 = 0.10 1.24 £ 0.07 1.18 = 0.04 1.64 = 0.16 1.44 = 0.17
LVPWd (mm) 1.06 = 0.09 1.04 = 0.08 0.89 = 0.06 0.82 = 0.06 1.12 £ 0.07 0.94 = 0.14
LVPWs (mm) 1.61 = 0.11 1.60 = 0.11 1.27 £ 0.07 1.21 £ 0.07 1.63 = 0.05 1.32 £0.23
LVIDd (mm) 3.33+0.13 3.31 £0.13 3.83 £0.14 3.93 £0.17 347 £0.17 3.89 £0.24
LVIDs (mm) 1.69 = 0.14 1.66 = 0.17 2.56 £ 0.13 2.66 = 0.18 1.84 £ 0.26 2.33 £ 0.40
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FIGURE 2. Mitochondrial respiration is normal in Parkin™/

isolated from WT or Parkin ™/

~ mouse hearts at 3 months of age. A and B, state 3 and state 4 respiration rates of mitochondria
~ mouse hearts with substrates for complex | (pyruvate/malate) (A) or complex Il (succinate/rotenone) (B). C, respiratory control

(RCR) ratios for complex | and complex Il substrates (n = 4). Pyr/Mal, pyruvate/malate; Succ/Rot, rotenone/succinate. D, maximal mitochondrial respiration rates
in isolated intact WT and Parkin~/~ adult mouse myocytes (n = 3). Mean = S.E. No significant differences were observed. E, swelling of isolated mitochondria
in the presence of 150 um calcium (n = 3). F, the degree and rate of swelling (amplitude and V,,,.,, respectively) were not significantly different between WT and

Parkin~/~ mitochondria. Base-line absorbance values for Parkin ~/

ence in the respiratory control ratio between WT and
Parkin~/~ mitochondria (Fig. 2C). To ensure that we did not
select for functional mitochondria in our isolation procedure,
we confirmed our findings in intact cardiac myocytes. Studies
measuring maximal mitochondrial respiration in intact iso-
lated adult myocytes confirmed that there was no difference in
mitochondrial function between WT and Parkin '~ cells (Fig.
2D). These data suggest that Parkin-deficient cardiac mito-
chondria are well coupled and capable of efficiently producing
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~ mitochondria were significantly higher than WT. Mean = S.E. (n = 3, %, p < 0.05 versus WT).

ATP. To further confirm that there is not an accumulation of
dysfunctional mitochondria resulting in elevated reactive oxy-
gen species production, we examined malonaldehyde content
and protein carbonylation as indices of oxidative stress. How-
ever, malonaldehyde content and levels of protein carbonyls did
not differ between WT and Parkin~/~ mice (data not shown).
Although cardiac mitochondria from Parkin™/~ mice
appeared normal under base-line conditions, we sought to
investigate whether they were more susceptible to mitochon-
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FIGURE 3. Parkin-deficient hearts have disorganized and smaller mito-
chondria. A, representative transmission electron micrographs of heart sec-
tions from 3-month-old mice. Arrows signify smaller mitochondria. B, quanti-
tation of mean mitochondrial area = S.E.in WT and Parkin ™/~ hearts (*, p <
0.05 versus WT). C, Western blot of mitochondrial fusion proteins Mfn1, Mfn2,
and Opal. D, Western blot of mitochondrial fission proteins Drp1 and Fis1.

drial permeability transition. To investigate the susceptibility of
Parkin-deficient mitochondria to undergo mitochondrial per-
meability transition, isolated mitochondria were incubated
with 150 uM calcium, and swelling was measured as a change in
absorbance. We found that there were no differences in the rate
or amplitude of swelling between WT and Parkin™/~ mito-
chondria (Fig. 2, E and F). However, we observed that Par-
kin~/~ mitochondria consistently had a higher base-line
absorbance value than WT mitochondria (0.712 *= 0.011 for
Parkin ™/~ versus 0.629 = 0.017 for WT). This suggests that
mitochondria from Parkin ™/~ mice might be smaller than WT
mitochondria. To confirm this finding, we examined the mito-
chondrial ultrastructure of WT and Parkin '~ mouse hearts by
transmission electron microscopy and morphometric analysis.
As shown in Fig. 34, mitochondria from WT mice at 12 weeks
of age were found to be of homogeneous size and shape and
organized into rows perpendicular to the myocardial Z-lines. In
contrast, mitochondria in Parkin /" heart preparations were
more disorganized and often found in large clusters with many
small, round mitochondria. Morphometric analysis showed
that overall, Parkin ™/~ mitochondria were significantly smaller
than WT mitochondria (Fig. 3B). However, there was no evi-
dence of mitochondrial degeneration or damage at this age. The
smaller morphology of the Parkin-deficient mitochondria
prompted us to investigate the levels of proteins involved in
mitochondrial fusion and fission. We hypothesized that
changes in these proteins may alter mitochondrial dynamics.
However, no changes in the levels of the mitochondrial fusion
proteins Mfnl and Mfn2 or Opal were detected (Fig. 3C).
There was an increase in Fis1 protein levels, whereas the fission
protein Drp1 levels were reduced (Fig. 3D).

Increased Sensitivity of Parkin™’~ Mice to Mpyocardial
Infarction—Parkin has been reported to be important in
removing compromised mitochondria to prevent activation of
cell death pathways (10). To investigate whether Parkin '~
mice were more sensitive to cardiac stress, WT and Parkin ™/~
mice were subjected to MI by permanent ligation of the left
anterior descending coronary artery. Interestingly, we discov-
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ered that Parkin ~/~ mice were much more sensitive to MI with
~60% mortality within the first week when compared with
~20% for WT mice (Fig. 44). Histological analysis revealed
severe thinning of left ventricular (LV) wall, enlarged LV inte-
rior dimensions, and increased remodeling in Parkin™/~ hearts
when compared with WT (Fig. 4, B-D). In addition, we found
that levels of Parkin protein rapidly increased in the border
zone after the MI in WT mouse hearts (Fig. 4E). In contrast,
Parkin protein levels remained unchanged in the area remote
from the infarct (remote zone) (Fig. 4F). We also assessed car-
diac function by echocardiography on surviving mice 7 days
after MIL. Parkin™/~ mice had significantly lower fractional
shortening and ejection fractions, as well as significantly
increased LV end diastolic and systolic dimensions and LV vol-
ume when compared with WT (Fig. 5, A-F). These results indi-
cate that Parkin plays an important role in the adaptive
response after an MI and that Parkin deficiency results in
impaired recovery.

Mitophagy Is Impaired in Parkin~’~ Hearts—Studies have
shown that changes in the extra- and intracellular environ-
ments lead to rapid up-regulation of autophagy in cells (21). To
investigate whether autophagy was up-regulated in WT and
Parkin~/~ hearts following the MI, we assessed the levels of
LC3II/LC3I in the border zone of the infarct by Western blot-
ting. The conversion of LC3I to LC3II is indicative of
autophagic activity, and the amount of LC3II correlates well
with the number of autophagosomes (22). Western blot analy-
sis of endogenous LC3 levels confirmed a significant increase in
the LC3II/LC3I ratio in the border zone of the infarct in WT
mice following 4 h of MI (Fig. 6A). Although autophagy was also
induced in Parkin~/~ border zone samples, the magnitude of
induction was significantly lower than that of WT at this time
point. Interestingly, autophagy was induced to the same extent
in both WT and Parkin /" remote zones (Fig. 6B).

Parkin translocates to damaged mitochondria, where it ubiq-
uitinates a number of substrates (10, 23, 24). The ubiquitination
is known to serve as a signal for mitophagy. Analysis of the
mitochondria fractions prepared from border zones of WT
mice confirmed increased levels of Parkin at the mitochondria
after MI (Fig. 6C). Concomitantly, there was an increase in
ubiquitination of mitochondrial proteins and binding of LC3II
to mitochondria in the border zone of WT mice (Fig. 6, C and
D). These are markers of mitophagy. The increase in mitochon-
drial ubiquitination and LC3II binding was reduced in Par-
kin~’~ border zone mitochondria after MI. Interestingly, there
was also an increase in ubiquitination of cytosolic proteins in
WT border zone samples, but not in Parkin~/~ border zone
(Fig. 6D), indicating that Parkin has substrates in the cytosol
that are ubiquitinated in response to stress. In contrast, we
found a very small increase in mitochondrial Parkin in WT
remote zone samples (Fig. 6E). There were no increases in ubiq-
uitination of cytosolic and mitochondrial ubiquitination in
either WT or Parkin /" remote zones after the MI (Fig. 6F).
Unexpectedly, there was an increase in mitochondria-associ-
ated LC3II levels in both WT and Parkin "/~ samples (Fig. 6F).
This is indicative of LC3II directly binding to mitochondrial
autophagy receptors such as Bnip3 (25) and Nix (26, 27) in the
remote zone.
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Further examination using transmission electron micros-
copy confirmed the induction of autophagy and mitophagy in
WT myocytes in the border zone after MI (Fig. 7A). In contrast,
we did not detect any autophagosomes containing mitochon-
dria in Parkin~/~ myocytes. Interestingly, mitochondria in Par-
kin~/~ myocytes in the border zone were swollen and displayed
severe cristae remodeling. The accumulation of swollen mito-
chondria also appeared to contribute to disruption of the con-
tractile elements in the Parkin '~ myocytes (Fig. 7A, white
arrows). Additionally, mitochondria isolated from the border
zones of Parkin ~/~ mice subjected to 4 h of MI had significantly
lower oxygen consumption rates when compared with mito-
chondria in the remote zone (Fig. 7, B and C). Although mito-
chondria from WT border zone had reduced oxygen consump-
tion rates, the decrease was not significant (Fig. 7, B and C).

To further confirm that Parkin~/~ myocytes have impaired
mitophagy in response to mitochondrial damage, isolated WT
and Parkin /'~ myocytes were treated with rotenone. Rotenone
is a mitochondrial complex I inhibitor and induces transloca-
tion of Parkin to mitochondria (28). In WT cells, rotenone
treatment caused an increase in mitophagy, as determined by
increased co-localization between mitochondria and LC3-
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GFP-positive autophagosomes (Fig. 8, A and B). In contrast,
rotenone did not increase mitophagy in Parkin-deficient myo-
cytes. Consistent with the in vivo data, we found that induction
of autophagy was reduced in Parkin-deficient myocytes as rote-
none treatment induced fewer LC3-GFP-positive autophago-
somes in Parkin~/~ cells when compared with WT (Fig. 8C). In
addition, isolated Parkin "/~ myocytes were more susceptible
to hypoxia-induced cell death than WT mouse myocytes (Fig.
8D). The increased sensitivity of Parkin /"~ cardiac myocytes to
hypoxia was abrogated when Parkin expression was restored in
the knock-out cells (Fig. 8D). These data suggest that Parkin
deficiency results in defective mitochondrial clearance and sub-
sequent increased susceptibility to stress.

Parkin Protects Against Hypoxia-mediated Cell Death—Our
in vivo data suggest that Parkin deficiency results in increased
susceptibility to tissue damage following stress. Therefore, we
investigated whether Parkin overexpression could confer a
resistance to stress conditions in vitro. Isolated adult rat cardiac
myocytes were infected with adenoviruses encoding empty vec-
tor or Parkin prior to hypoxia. We found that by 4 h of hypoxia,
there was a significant increase in translocation of Parkin to
mitochondria in cardiac myocytes (Fig. 9, A and B). A pseudo-
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line scan analysis confirmed that mCherry-Parkin co-localized
with COXIV-labeled mitochondria in hypoxic cardiac myo-
cytes (Fig. 9C). Moreover, 8 h of hypoxia induced significant cell
death in control-infected cardiac myocytes. In contrast, myo-
cytes overexpressing Parkin had significantly reduced cell death
(51% = 6%) when compared with control-infected cells (69% *
7%) (Fig. 9D). Nonfunctional Parkinson disease-associated
mutants of Parkin, ParkinR42P and ParkinG430D, were used as
controls. ParkinR42P fails to translocate to mitochondria,
whereas ParkinG430D is deficient in ubiquitin ligase activity
(29, 30). Overexpression of these mutants in myocytes did not
reduce hypoxia-mediated cell death (Fig. 9D), confirming that
the protective effect of Parkin is dependent both on the ubiqui-
tin ligase activity of Parkin and on its mitochondrial localiza-
tion. To investigate whether the protective effect of Parkin was
associated with its up-regulation, we analyzed endogenous pro-
tein levels of Parkin after exposure to 4 or 8 h of hypoxia. How-
ever, we found that hypoxia did not affect endogenous Parkin
protein levels in cardiac myocytes (Fig. 9E).

DISCUSSION

Although Parkin was observed to be highly expressed in the
heart over a decade ago (11), its functional role has remained
unexplored. Our study reports several new and important find-
ings regarding the role of Parkin in the myocardium. First, Par-
kin is not essential for the normal turnover of mitochondria via
autophagy in the heart. Although loss of Parkin resulted in
smaller and more disorganized mitochondria, it did not affect

JANUARY 11,2013 +VOLUME 288-NUMBER 2

mitochondrial function. Another key finding of this study is
that mice lacking Parkin suffer from impaired recovery after
ML Parkin~/~ myocytes also have impaired mitophagy and
accumulate dysfunctional mitochondria after an infarction.
Thus, our data suggest that Parkin plays a critical role in adapt-
ing to stress in the myocardium by enhancing mitophagy.
Removal of mitochondria via autophagy is increasingly rec-
ognized as an important process to maintain a healthy popula-
tion of mitochondria in cells. Reduced autophagy results in
accumulation of dysfunctional mitochondria and has been
linked to aging and development of heart failure (8). For
instance, ablation of autophagy in the heart by cardiac specific
deletion of Atg5 leads to rapid buildup of dysfunctional mito-
chondria and development of cardiac dysfunction (4). Similarly,
specific deletion of Atg7 in skeletal muscle results in accumu-
lation of impaired mitochondria and increased intracellular
reactive oxygen species levels (31). These studies suggest that
mitochondria in cardiac and skeletal muscle are frequently
removed by autophagy, and a disruption in this process leads to
rapid accumulation of dysfunctional mitochondria. Parkin has
been identified as an important regulator of mitochondrial
autophagy (10), but our studies suggest that Parkin is not criti-
cal for the turnover of mitochondria under normal conditions.
Because the survival of a cell depends on its ability to clear
dysfunctional mitochondria, it is very likely that multiple pro-
teins and pathways can promote mitochondrial removal via
autophagy. This redundancy ensures that there is no disruption
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Parkin ™/~ mice 4 h after MI. E, Western blots for Parkin and LC3 in the mitochondrial fractions of the remote zones of WT and Parkin ™'~ mice 4 h after MI.
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in the clearance of dysfunctional mitochondria under base-line
conditions. Our findings are also consistent with existing
patient data. Loss-of-function mutations in the PARK2 gene are
associated with early-onset familial Parkinson disease (11), but
there are currently no reports that these patients have abnor-
mal heart function. Instead, our findings suggest that these
patients might be at increased risk of developing heart failure in
response to stress such as myocardial ischemia. Interestingly,
studies that were conducted over a decade ago found an
increase in mortality of Parkinson disease patients with ische-
mic heart disease (32, 33). Additional studies are needed to
determine whether Parkinson disease patients with cardiovas-
cular disease have increased mortality.

Studies in Drosophila melanogaster initially suggested that
Parkin plays a role in regulating mitochondrial function
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because Parkin gene mutations cause striking changes in both
mitochondrial structure and performance (34). However, it is
now clear that Parkin has a different role in mammalian cells.
Parkin null mice do not suffer from major neurological pheno-
types or motor impairments and do not lose dopaminergic neu-
rons of the substantia nigra until they are exposed to stress
conditions such as chronic systemic inflammation induced by
lipopolysaccharide administration (35). Similarly, our most
striking finding in this study was the increased sensitivity of
Parkin~/~ mice to MI when compared with WT mice. Thus, in
mammalian cells, Parkin does not play a critical role in main-
taining normal mitochondrial function. Rather, Parkin appears
to play an important role in the adaptation to stress. Another
striking finding in our study was the ubiquitous deterioration of
mitochondria in Parkin ™/~ myocytes in the border zone after
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the infarction. In WT myocytes, we detected the presence of
some dysfunctional mitochondria after the MI, whereas nearly
all mitochondria in Parkin ™/~ myocytes were swollen and dis-
played cristae remodeling. Parkin-deficient cardiac mitochon-
dria were normal under base-line conditions but rapidly dete-
riorated after the MI, suggesting that Parkin might also be
involved in maintaining mitochondrial function in response to
stress.

In addition, it was recently reported that Parkin-mediated
removal of mitochondria plays an important role in cardiac
ischemic preconditioning (36). This study found that ischemic
preconditioning induces translocation of Parkin to mitochon-
dria and that Parkin-deficient mice are resistant to ischemic
preconditioning-induced cardioprotection. Parkin has been
reported to ubiquitinate proteins on damaged mitochondria
upon translocation (23, 24), and ubiquitination serves as a sig-
nal for autophagic degradation of the mitochondria (37). The
p62 protein has been reported to first bind ubiquitinated pro-
teins via its ubiquitin-associated domain and then to interact
with LC3, leading to autophagosome formation around the
mitochondrion (37). Consistent with this, we found that there
was an increase in the ubiquitination of mitochondrial proteins
and association of LC3 with mitochondria in the border zone of
WT hearts after MI. In contrast, the mitochondrial ubiquitina-
tion and LC3 binding were reduced in Parkin /" hearts. This
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supports the hypothesis that Parkin is important for ubiquiti-
nating proteins on damaged mitochondria. Recent studies sug-
gest a much broader functional role for Parkin than just
mitophagy. For instance, Parkin has been reported to regulate
fatty acid uptake (38) and mitochondrial biogenesis (39). Our
data showing a failure of Parkin —/~ hearts to increase cytosolic
ubiquitination after MI support the notion that Parkin has a
broad range of stress response functions.

The PTEN-induced putative kinase 1 (PINK1) is a serine-
threonine kinase that has been reported to be upstream of Par-
kin. Studies have found that upon collapse of the Ayym, PINK1
accumulates on the outer mitochondrial membrane, which
promotes recruitment and activation of Parkin (40). Interest-
ingly, PINK1- and Parkin-deficient mice have very different
cardiac phenotypes. PINK1 deficiency results in increased oxi-
dative stress and mitochondrial dysfunction in the myocar-
dium, and these mice develop cardiac dysfunction and hyper-
trophy by 2 months of age (41). In contrast, we found that
Parkin-deficient mice have normal mitochondria and cardiac
function in the absence of stress. Thus, although PINK1 and
Parkin might function in an overlapping pathway in cells, they
clearly have additional and separate functions in the myocar-
dium. PINK1 appears to be important in maintaining normal
mitochondrial function in the heart under base-line conditions,
whereas Parkin plays an important role in the adaptation to

S
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stress by promoting mitophagy. The study by Billia et al. (41)
did not investigate whether PINK1 deficiency impaired mito-
chondrial autophagy in the heart. Thus, additional studies are
required to further investigate the role of PINK1 in mitochon-
drial clearance in the heart.

Our data show that autophagy is rapidly increased in the
border zone of the infarct after permanent ligation of the left
anterior descending coronary artery and in isolated myocytes
treated with rotenone. Unexpectedly, the Parkin '~ myocytes
showed reduced formation of autophagosomes in response to
MI or rotenone treatment. We recently reported that Bnip3-
mediated mitochondrial autophagy in cardiac myocytes
involves translocation of Parkin to mitochondria (14). Similar
to our findings in the present study, we discovered that induc-
tion of autophagy by Bnip3 is reduced in Parkin~/~ myocytes.
Thus, our data suggest that Parkin is not only responsible for
targeting dysfunctional mitochondria for autophagy, but may
also participate in initiating the autophagy response. Our data
also demonstrate that initiation of autophagy is only impaired
in the border zone, where the mitochondrial damage is occur-
ring. Induction of autophagy in the remote zone was not
affected in Parkin™/~ mice. Interestingly, mitochondria pro-
vide an assembly site and lipid source for the nascent autopha-
gosome (42), and it was recently reported that Parkin interacts
with the autophagy-promoting protein Ambral at mitochon-
dria (43). Ambral activates the PI3K complex (Beclin1-Vps34-
Vps15) that is required for the formation of new autophago-
somes (44). Thus, it is possible that Parkin has much more
influence on the regulation of autophagy than previously
thought and that perturbation of Parkin function can affect
induction of autophagy in response to certain stimuli. Further
studies are needed to investigate whether Parkin initiates
autophagy at mitochondria via Ambral in the heart.

Our data demonstrate clearly that Parkin plays a critical role
in the adaptation to stress such as a myocardial infarction.
Thus, the prospect of utilizing Parkin as a therapeutic target is
very intriguing. Up-regulation of Parkin following MI appears
to be a beneficial event that confers resistance to cell death by
enhancing mitochondrial autophagy, yet hypoxia alone is not
sufficient to up-regulate Parkin protein levels in cardiac myo-
cytes. However, as other studies have discovered, excessive or
prolonged activation of autophagy may be detrimental and lead
to loss of myocytes (5). It is not surprising that removal of too
many mitochondria via autophagy in a contracting myocyte is
detrimental because it results in an energy deficiency. Although
Parkin represents a great potential therapeutic target to pro-
mote clearance of damaged mitochondria and reduce cell
death, further studies are necessary to enhance our understand-
ing of mitochondrial autophagy in the myocardium.
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