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ROS-Mediated PARP Activity Undermines Mitochondrial Function
After Permeability Transition Pore Opening During Myocardial

Ischemia—Reperfusion
Jacqueline M. Schriewer, PhD; Clara Bien Peek, PhD; Joseph Bass, MD, PhD; Paul T. Schumacker, PhD

Background—Ilschemia—reperfusion (I/R) studies have implicated oxidant stress, the mitochondrial permeability transition pore
(mPTP), and poly(ADP-ribose) polymerase (PARP) as contributing factors in myocardial cell death. However, the interdependence of
these factors in the intact, blood-perfused heart is not known. We therefore wanted to determine whether oxidant stress, mPTP
opening, and PARP activity contribute to the same death pathway after myocardial 1/R.

Methods and Results—A murine left anterior descending coronary artery (LAD) occlusion (30 minutes) and release (1 to 4 hours)
model was employed. Experimental groups included controls and antioxidant-treated, mPTP-inhibited, or PARP-inhibited hearts.
Antioxidant treatment prevented oxidative damage, mPTP opening, ATP depletion, and PARP activity, placing oxidant stress as the
proximal death trigger. Genetic deletion of cyclophilin D (CypD /") prevented loss of total NAD* and PARP activity, and mPTP-
mediated loss of mitochondrial function. Control hearts showed progressive mitochondrial depolarization and loss of ATP from 1.5
to 4 hours of reperfusion, but not outer mitochondrial membrane rupture. Neither genetic deletion of PARP-1 nor its
pharmacological inhibition prevented the initial mPTP-mediated depolarization or loss of ATP, but PARP ablation did allow
mitochondrial recovery by 4 hours of reperfusion.

Conclusions—These results indicate that oxidant stress, the mPTP, and PARP activity contribute to a single death pathway after I/R
in the heart. PARP activation undermines cell survival by preventing mitochondrial recovery after mPTP opening early in reperfusion.
This suggests that PARP-mediated prolongation of mitochondrial depolarization contributes significantly to cell death via an
energetic crisis rather than by mitochondrial outer membrane rupture. (/ Am Heart Assoc. 2013;2:e000159 doi: 10.1161/JAHA.
113.000159)
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M yocardial ischemia is a leading cause of death in the
Western world." Despite intensive study, the molec-
ular mechanisms contributing to cell death in ischemia—
reperfusion (I/R) injury are not fully understood.”* Cell death
after 1/R is characterized by loss of mitochondrial function,
bioenergetic failure, and eventual loss of plasma membrane
integrity. Studies have identified oxidant stress,*® opening of
the mitochondrial permeability transition pore (mPTP),® and
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excessive activation of the DNA repair enzyme poly(ADP-
ribose) polymerase (PARP)” as contributing factors in 1/R
injury. Although each of these elements has been linked to
loss of mitochondrial function and eventual cell death, no
single study has determined the relationships and inter-
dependence among these factors during myocardial 1/R.
Previous work has revealed that mitochondrial oxidant
stress is an important early mediator of I/R injury.?® Reactive
oxygen species (ROS) are generated during ischemia and
increase significantly within minutes after reperfusion, con-
tributing to membrane lipid peroxidation, oxidative changes in
protein structure /function, and oxidative damage to DNA.?~'?
Accordingly, significant protection from I/R injury is conferred
in numerous models by overexpression of antioxidant enzymes
targeted to the mitochondria or by broad-spectrum antioxi-
dants administered at or before reperfusion.”'*'® Although
exogenous administration of oxidants can certainly trigger cell
death, it is not known whether |/R-induced oxidants trigger
lethal nonspecific membrane rupture or whether they act by
initiating downstream pathways that lead to cell death.
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In addition to creating oxidant stress, reperfusion induces
opening of the mitochondrial permeability transition pore
(mPTP), a small yet undefined channel within the inner
mitochondrial membrane.'* Opening of the mPTP depolarizes
the mitochondria and allows the redistribution of solutes
smaller than 1.5 kDa, such as NAD(H) and calcium, between
the matrix and the cytosol.'®'® Although transient opening of
the mPTP may occur in normal cells, sustained opening of the
mPTP appears to induce cell death by increasing oxidant
stress, causing ATP depletion, and/or by triggering matrix
swelling and subsequent rupture of the outer mitochondrial
membrane.'” However, the precise mechanism and timing of
cell death induced by mPTP opening in the intact, blood-
perfused heart has not been established.

Strong evidence indicates that mPTP opening is enhanced
by oxidative stress,'® 2" although other findings suggest that
mPTP opening can itself induce oxidant generation.?? Mice
carrying homozygous deletion of the gene encoding cyclophi-
lin D, a regulator of the mPTP, are protected from I/R injury
and are more resistant to exogenous oxidant stress, suggest-
ing that the mPTP can mediate cell death caused by an
oxidant challenge.®'*?%2* However, other studies suggest
that mPTP opening may enhance oxidant stress by increasing
superoxide generation from futile cycling of the mitochondrial
electron transport system.?>?® Hence, the interdependence
between mPTP opening and oxidative stress in the reperfused
myocardium is not fully understood.

A third mediator of cell death after I/R injury is poly
(ADP-ribose) polymerase-1 (PARP).?® Under conditions of
increased DNA damage, activated PARP consumes NAD" as
it facilitates nuclear DNA repair,?”?® but its hyperactivation
has been linked to mitochondria-mediated necrosis.?’ As
with the mPTP, the proposed mechanisms of cell death
mediated by excessive PARP activity include the enhance-
ment of oxidant generation, bioenergetic crisis arising from
the depletion of NAD™ and ATP, and disruption of the outer
mitochondrial membrane allowing release of prodeath
proteins such as apoptosis-inducing factor (AIF).%°"3% Chem-
ical inhibitors of PARP, or the genetic deletion of PARP-1,
confer protection against I/R injury in the myocardium as
well as against exogenous oxidant challenge.”** Although
PARP activation can be caused by oxidative stress,®* its
activation may also trigger the generation of oxidants.?%3°
Increases in oxidant stress have been linked to poly(ADP-
ribosylation) of mitochondrial proteins after 1/R,*® which
could contribute to mitochondrial ROS generation. This
suggests that PARP activity could mediate cell death caused
by oxidative damage after I/R, and it could also promote
cell death by amplifying oxidant stress. As with mPTP
studies, it is unclear whether significant oxidative damage is
required for, or the product of, PARP activity in the
reperfused myocardium.

The observation that inhibition of either PARP or the mPTP
is protective in I/R injury suggests that they may be
connected mechanistically. For example, PARP could trigger
mPTP activation by poly(ADP-ribosylation) of a mitochondrial
target or by enhancing oxidant generation. Conversely, mPTP
opening could activate PARP by increasing oxidant stress, or it
could facilitate PARP activity by releasing NAD" from the
mitochondria to the cytosol. Importantly, it is not known
whether opening of the mPTP is required for PARP activity,
whether PARP activity opens the mPTP, or whether opening of
the mPTP is a terminal event in a separate pathway from
PARP-induced myocardial cell death.

Previous studies have partially examined the relationships
among oxidative stress, mPTP function, and PARP activity
using simulated stress conditions, buffer-perfused models, or
cell-based models of simulated |/R."%?%3%37:38 However, no
study has examined the interdependence of these factors
using an in vivo model of left anterior descending coronary
artery (LAD) occlusion and reperfusion coupled with a
biochemical analysis. The present study therefore sought to
dissect interactions among oxidative stress, the mPTP, and
PARP activity in a single in vivo model of myocardial I/R in the
same genetic background.

Methods

Animals

All aspects of animal care and experimentation were
performed in accordance with the Institutional Animal Care
and Use Committee. C57BL/6N mice were purchased from
Charles River (Wilmington, MA). Mice lacking the cyclophilin D
gene (Ppif~/7)** were back-bred by 9 generations into a
C57BL/6 background. Mice lacking the gene PARP-1 were
purchased from Jackson Labs (Bar Harbor, ME) and were
back-bred into the C57BL/6 lineage by at least 4 generations.
Heterozygous breedings yielded PARP-1-null animals and wild-
type littermate controls. Mice were fed rodent chow ad
libitum and housed in a facility with a 12-hour light/dark
cycle.

LAD Occlusion

LAD occlusion experiments were carried out on adult (8 to
11 weeks) male mice. Anesthesia was induced by an
intraperitoneal injection of tri-bromoethanol (Avertin,
200 mg/kg) and maintained with supplementary doses
(25 mg/kg) as needed to prevent the hind limb withdrawal
reflex. Rectal temperature was maintained at 37.24-0.5°C.
Mice were intubated with a 20-gauge x 1 inch cannula (BD) by
direct visualization and ventilated with 100% O, using a
pressure-controlled rodent ventilator (Kent Scientific) at 140
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breaths per minute with a maximal inspiration pressure of
16 cm H,0 and a positive-end expiratory pressure of 4 cm
H,0. Mice were taped to a heated surgical table in the supine
position. Hair was removed from the left thorax with
depilatory cream. The chest was then opened using an
intercostal incision at the third intercostal space, and blood
vessels were cauterized to minimize blood loss. The pericar-
dium was bluntly dissected away and draped over the left
lung. The LAD was visualized as a bright red vessel coursing
along the left ventricular epicardium, stemming from the
aortic root just under the left atria. A 6-0 silk suture was
passed under the LAD =1 to 2 mm from the tip of the left
atrium. Tension was gently applied to the suture to occlude
the LAD, and the occlusion was maintained with a small
bulldog clamp. Ischemia was maintained for 30 minutes, and
reperfusion was achieved by removal of the bulldog clamp and
confirmed by visual inspection. A 22-gaugex 1 inch cannula
was threaded through the skin and fourth intercostal space
and was placed between the heart and left lung. The thorax
was then closed with 4-0 silk suture; the skin was securely
closed with a running stitch. Trapped air was released by
putting gentle pressure on the rib cage; a negative pleural
pressure was restored by applying gentle suction through the
22-gauge cannula. Mice were disconnected from the ventila-
tor, extubated, and allowed to recover under mild anesthesia
while rectal temperature was maintained at 37°C. Mice were
then placed in a cage with an ambient temperature of 32°C.
Reperfusion was allowed to progress for 4 or 16 hours before
histological analysis. In some studies mice were maintained
on mechanical ventilation during reperfusion for 15-minute, 1-
hour, or 1.5-hour periods, at which times the hearts were
harvested for biochemical analysis.

Injectable Drugs

Drugs were dissolved in sterile saline. EUK134 (EUK, 10 mg/kg;
Cayman Chemicals), a SODIl and catalase mimetic, was injected
retro-orbitally during anesthesia prior to the start of surgery.
The PARP inhibitor 3-aminobenzamide (3AB, 20 mg/kg;
Sigma-Aldrich) was injected retro-orbitally prior to the start
of surgery and supplemented (10 mg/kg IP) 1 hour after
reperfusion.

Infarct Analysis

At the end of the designated reperfusion period, the LAD was
reoccluded, and 0.5% MTT dye (Sigma-Aldrich) was injected
into the abdominal aorta, retroperfusing nonischemic tissue
and staining it dark purple. Hearts were then excised and cut
into 1-mm sections using a heart matrix (Zivic Instruments)
and placed into 1% TTC (Sigma-Aldrich) until the sections
stained brick red (=10 minutes). Sections were then fixed

overnight in 3.7% formaldehyde. Both sides of each slice were
then photographed, the right ventricle was trimmed away, and
the slices were weighed. The area of each region of interest
was determined by planimetry using Image) software (NIH).
For each slice, the areas of interest were measured on each
side and averaged. The volume of affected tissue was then
calculated by multiplying the fractional area of interest by the
weight of the slice. These volumes were then summed across
slices to yield total volumes of affected tissue. The area at risk
(AAR) was defined as the volume of tissue that stained red or
white relative to the entire volume of the LV and septum. The
degree of necrosis was defined as the volume of tissue
stained white divided by the volume of the area at risk as
previously described.®’

Mitochondrial Polarization Analysis

Tetramethylrodamine ethyl ester (TMRE) was injected retro-
orbitally (4 mg/kg) 15 minutes before analysis. Following
reperfusion, the LAD was reoccluded, and Hoechst 33342 dye
was retroperfused from the aorta into the nonischemic tissue.
Hearts were then excised, cut into 1-mm sections, and
immediately imaged on a dissecting microscope with fluores-
cence visualization capability. For calcein control studies,
Hoechst was perfused, and hearts were excised, sliced, and
placed into calcein-AM (20 umol/L) for 15 minutes prior to
imaging. Fluorescence images were captured with a Nikon AZ-
100 using the 451-nm (Hoescht), 512-nm (Calcein), and 570-
nm (TMRE) emission filters. Average fluorescence of the AAR
relative to the LV was analyzed using Metamorph software
(Invitrogen) by tracing regions of interest in the Hoechst
channel and measuring the average fluorescence of those
regions in the TMRE or calcein channel. Fluorescence ratios
were compared to a sham control.

Subcellular Fractionation

Subcellular fractionation of the area at risk was performed
using a Mitochondria Isolation Kit for Tissue (Thermo Scien-
tific). The AAR was labeled by reoccluding the LAD and
infusing 300 ulL of 0.5% MTT dye into the heart through a left
ventricular puncture. The AAR, as defined by tissue that did
not stain purple, was then excised and placed into ice-cold
PBS. Tissue was minced in PBS containing 1 mg/mL trypsin
and allowed to incubate on ice for 5 minutes. Heart pieces
were pelleted, and trypsin solution was replaced with 800 ulL
of Buffer A containing 4 mg/mL fatty acid—free BSA, and
protease inhibitors. Heart pieces were homogenized with a
2-mL Dounce homogenizer for 10 strokes with pestle A and
15 strokes with pestle B. Homogenates were then added to
800 uL of Buffer C with protease inhibitors. Nuclei and small
amounts of unhomogenized tissue were pelleted at 700g for
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10 minutes. Supernatants were placed into a new tube, and
cytosolic and mitochondrial fractions were separated by
differential centrifugation at 6000g for 15 minutes. Cytosolic
fractions were used for Western analysis. Mitochondrial
pellets were immediately deproteinated in 0.5 mol/L per-
chloric acid.

Adenine Nucleotide Determination

Quantification of NAD" and ATP levels from flash-frozen tissue
and mitochondrial fractions was performed on neutralized
0.5 mol/L perchloric acid extracts. Total adenine nucleotide
concentration was measured in tissue that had been freeze-
clamped in vivo with liquid nitrogen—cooled tongs, perchloric
acid precipitated, and compared with total protein. After
removing precipitated proteins by centrifugation, superna-
tants were neutralized with potassium hydroxide (3 mol/L),
and NAD® was measured using a cycling reaction as
previously described.*® NAD* concentrations were deter-
mined by comparison to a standard curve and normalized to
protein concentration as determined by a BCA Protein Kit
(Pierce Scientific). ATP, ADP, and AMP levels were assessed
by high-performance liquid chromatography with Waters 515
pumps and a 2487 detector with a Supelco LC-18-T column
(15x4.6 cm). ATP, ADP, and AMP eluted as sharp peaks and
were quantified by comparison with a standard curve and
normalized to the protein content of extracted tissue.

Western Blot

Proteins were denatured in SDS loading buffer, boiled,
subjected to SDS-PAGE, and Western-blotted. Proteins were
visualized by enhanced chemiluminescence according to the
manufacturer’s instructions (Amersham Biosciences).

Mitochondrial and Nuclear DNA Damage

Mitochondrial or nuclear DNA damage was measured as
described previously.*"*? Genomic DNA was prepared from
the AAR of reperfused tissue using Qiagen Genomic Tip and
Buffer Kits. Long PCR products from the mitochondrial DNA
(10 kb) and nuclear DNA (6.5 kb) were produced from equal
quantities of genomic sample and stopped in their linear
phase of amplification. A short fragment of mitochondrial DNA
(117 bp) was used as a control for mitochondria copy
number. PCR products were quantified using PicoGreen and
visualized by ethidium bromide staining on an agarose gel.

Total Protein Oxidation

Protein carbonylation was determined using a OxyBlot Protein
Oxidation Detection Kit according to the manufacturer’s

instructions (Millipore). Briefly, 10 ug of total protein carbo-
nyls was derivitized with dinitrophenylhydrazine (DNP) or
control solution for 10 minutes. Reactions were stopped with
neutralization solution, and proteins were dot-blotted onto
polyvinylidene fluoride membranes. Equal loading was con-
firmed by Ponceau stain. Proteins were then blotted with an
anti-DNP antibody and quantified by densitometry.

Data Analysis

Data are expressed as means-=standard errors of the mean.
One-way analysis of variance (ANOVA) was performed using
GraphPad InStat software on data sets that passed normality
tests followed by Student—Newman—Keuls post hoc tests to
evaluate significant differences between groups. For analysis
of data with multiple interventions, 2-way ANOVA was
performed using GraphPad Prism software to analyze
potential interactions among groups, followed by Student—
Newman—Keuls post hoc tests to evaluate significant differ-
ences. Additional analysis of data sets that failed normality
testing was carried out using the Kruskal-Wallis test followed
by the Dunn post hoc test to evaluate significance.

Results

Oxidant Stress, mPTP, and PARP All Contribute
to Cell Death in Ischemia—Reperfusion Injury

Although previous studies have examined the contributions of
oxidant stress, mPTP opening, and PARP to I/R injury, no
single study has compared their relative contributions to cell
death in an in vivo model of myocardial ischemia—reperfusion
(I/R) injury.*®” We therefore tested whether single interven-
tions with an antioxidant (EUK), genetic knockout of the mPTP
modulator cyclophilin D (CypD KO), PARP inhibition with an
inhibitor (3-aminobenzamide [3AB]), or genetic knockout of
PARP-1 (PARP-1 KO) conferred protection against |/R injury
and whether double interventions with 3AB and EUK in
CypD-KO or WT hearts provided additive protection. An LAD
occlusion model was used to induce ischemia for 30 minutes
followed by 4 hours of reperfusion. Analysis confirmed that
the area at risk (AAR) in the left ventricle did not differ among
groups (Figure 1A). Animals treated with the antioxidant EUK
or the PARP inhibitor 3AB exhibited significantly less necrotic
staining compared with WT hearts. Similarly, mice with
genetic deletion of CypD or PARP-1 were also protected
compared with isogenic WT control hearts (Figure 1B).
Furthermore, WT or CypD-KO mice treated with 3AB and/or
EUK prior to I/R did not exhibit significant additive protection
against I/R injury (Figure 1B). These results confirmed that
ROS, opening of the mPTP, and PARP activity each contribute
significantly to cell death in a single model of in vivo I/R. The
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Figure 1. Identification of the area at risk (AAR) and the area of necrosis after I/R. A, AAR in wild-type (WT) and experimental groups subjected
to ischemia (30 minutes) followed by 4 hours of reperfusion: WT, n=8; EUK, n=6; CypD, n=6; 3AB, n=6; WT/3AB/EUK, n=6; CypD/3AB, n=7;
CypD/EUK, n=8; PARP WT, n=6; PARP KO, n=6. No significant differences were detected. B, Area of necrosis in WT and experimental groups after
ischemia (30 minutes) followed by 4 hours reperfusion. Representative slices from each group showing the LV not at risk (purple), the AAR
(red+white), and the area of necrosis (white). *P<0.05 compared with WT. Values are means+SEMs. |/R indicates ischemia—reperfusion; EUK,
EUK134, SODII, and catalase mimetic; CypD, cyclophilin D; 3AB, 3-aminobenzamide; PARP, poly(ADP-ribose) polymerase; KO, knockout; LV, left

ventricle.

lack of statistical interaction, either additive or negative,
among groups with multiple interventions suggests that they
may all function in a single pathway.

Antioxidants Inhibit |/R-Induced DNA Damage,
But CypD KO, PARP-1 KO, or 3AB Does Not

Oxidative stress has been shown to be both a cause and a
consequence of mPTP opening and PARP activation. '?-2%3%:34

To test whether mPTP opening or PARP activity is required
for significant oxidative damage after |/R, we assessed total
protein oxidation and DNA damage as markers of oxidative
stress in the nucleus and mitochondria.*® Total cellular
protein was harvested from the AAR of hearts after
60 minutes of reperfusion and subjected to dot blots for
total protein carbonylation. Protein oxidation was evident in
WT, CypD-KO, 3AB-treated, and PARP-1 KO samples, but not
in EUK-treated samples (Figure 2A). In addition, total cellular
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Figure 2. Protein oxidation and DNA damage after I/R. A, Analysis of dot blots of total cell protein from the AAR after derivatization of protein
carbonyls. Representative dots from a panel blot are shown: sham, n=9; WT, n=8; EUK, n=7; CypD, n=9; 3AB, n=7; PARP WT, n=7; PARP KO, n=5.
B, Nuclear and mitochondrial DNA amplification in sham, WT, and experimental groups after ischemia (30 minutes) followed by reperfusion for
90 minutes: sham, n=8; WT, n=6; EUK, n=5; CypD, n=5; 3AB, n=5; PARP WT, n=7; PARP KO, n=7. Values expressed relative to sham.
Representative ethidium bromide—stained gels of the long and short mitochondrial products are shown. *P<0.05 compared with sham, # different
compared with WT. Values are means£SEMs. |/R indicates ischemia—reperfusion; AAR, area at risk; WT, wild type; EUK, EUK134, SODII, and
catalase mimetic; CypD, cyclophilin D; 3AB, 3-aminobenzamide; PARP, poly(ADP-ribose) polymerase; KO, knockout.

DNA was harvested 90 minutes into reperfusion from hearts
treated with EUK or 3AB or lacking CypD or PARP-1.
Mitochondrial and nuclear DNA damage was analyzed by
quantitative PCR. The presence of DNA damage led to a
significant decrease in the PCR product of a long DNA
segment compared with a short DNA segment, as previously
shown.*” DNA from hearts harvested 90 minutes into
reperfusion demonstrated less relative PCR amplification

compared with sham samples for both nuclear and mito-
chondrial DNA amplification reactions, indicating the pres-
ence of DNA damage in the mitochondria and the nucleus.
EUK treatment significantly attenuated this injury, confirming
that this damage is the result of oxidant stress. DNA from
hearts lacking CypD or PARP-1 or inhibited with 3AB showed
decreased amplification, indicating damage (Figure 2B).
Taken together these results demonstrate that significant
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ROS-mediated damage is evident even in the absence of
mPTP opening and PARP activity after I/R.

Oxidant Stress, mPTP Opening, and PARP Activity
All Contribute to Protein Poly(ADP-Ribosylation)
in I/R

In vitro experiments suggest that PARP activity may be a
cause and/or a consequence of ROS or mPTP open-
ing.3>37444> Conceivably, PARP activation during I/R could
lead to poly(ADP-ribosylation) of proteins involved in ROS
production or mPTP opening, thereby contributing to cell
death. If so, then poly(ADP-ribosylation) of proteins should be
evident before the reperfusion burst of ROS and mPTP
opening, as these events occur within 15 minutes of
reperfusion.’®'”*® We observed that poly(ADP-ribosylated)
proteins could only be detected in the AAR of wild-type
hearts at 90 minutes of reperfusion (Figure 3A), which is
later than reperfusion ROS or mPTP opening occurs. '+ 1946
We then tested whether oxidant stress or mPTP opening is
required for PARP activity by blotting for poly(ADP-ribosylat-
ed) proteins in hearts treated with PARP inhibitors or
antioxidants or lacking CypD or PARP-1 at 90 minutes of
reperfusion. EUK, CypD KO, 3AB, and PARP-1 KO all
prevented the accumulation of total poly(ADP-ribosylated)
proteins (Figure 3B). This indicates that oxidant stress and
mPTP opening are both required for PARP-mediated modifi-
cation of proteins after I/R.

Depletion of Cellular NAD(H) in I/R Requires
Oxidant Stress, mPTP Opening, and PARP Activity

Excessive activation of PARP can lead to NAD(H) depletion,
thereby inducing a bioenergetic crisis.®' In wild-type hearts
subjected to |/R, a progressive loss of NAD(H) during
reperfusion was detected, which became significant by
90 minutes (Figure 4A). This paralleled the increase in
protein poly(ADP-ribosylation) as a measure of PARP
activity. To assess the contributions of oxidant stress,
mPTP, and PARP activity to NAD(H) depletion, we measured
the loss of total cellular NAD(H) at 90 minutes of
reperfusion. EUK, CypD KO, 3AB, and PARP-1 KO all
maintained higher levels of cellular NAD(H) than did wild-
type controls at 90 minutes of reperfusion (Figure 4B). This
indicates that PARP-mediated consumption of NAD" is
attenuated in EUK and CypD-KO samples, as well as in
PARP-inhibited animals. These findings provide evidence
that both oxidant stress and mPTP opening are required for
PARP-mediated NAD"® depletion. These results are also
consistent with previous work showing that cyclosporin A
prevents depletion of total NAD™ in response to I/R or
excessive DNA damage.'®**
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Figure 3. Poly(ADP-ribosylation) (PAR) after I/R. Immunoblotting of
total cell protein from AAR of hearts. A, Wild-type (WT) hearts
subjected to sham occlusion, ischemia (30 minutes) without reper-
fusion, or ischemia (30 minutes) followed by 15, 60, or 90 minutes
of reperfusion, n=5 all groups. B, WT, EUK, CypD-KO, 3AB, and PARP-
KO hearts after ischemia (30 minutes) and 90 minutes of reperfu-
sion: sham, n=12; WT, n=11; EUK, n=9; CypD, n=10; 3AB, n=10;
PARP WT, n=6; PARP KO, n=6. Gel bands were analyzed by
densitometry and normalized to tubulin as a loading control. Total
PAR protein levels are expressed relative to sham levels. *P<0.05
compared with sham and # compared with WT controls. Values are
means+SEMs. | /R indicates ischemia—reperfusion; AAR, area at risk;
EUK, EUK134, SODIl, and catalase mimetic; CypD, cyclophilin
D; 3AB, 3-aminobenzamide; PARP, poly(ADP-ribose) polymerase;
KO, knockout.

Redistribution of Mitochondrial NAD(H) in I/R
Requires Oxidant Stress and mPTP Opening,
But Does Not Require PARP Activity

In the heart, most of the cellular NAD(H) is localized to the
mitochondria.*” Opening of the mPTP causes depletion of
mitochondrial NAD(H).'® We next asked whether oxidant
stress or PARP activity is required for mPTP opening by
assaying for loss of mitochondrial NAD(H) after |/R. Mito-
chondrial NAD(H) content in wild-type hearts decreased to
37% of sham hearts by 60 minutes of reperfusion. EUK or
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Figure 4. NAD(H) depletion after I/R. NAD(H) levels in the AAR. A,
Wild-type (WT) hearts subjected to sham occlusion, ischemia
(30 minutes) without reperfusion, or ischemia (30 minutes) followed
by 15, 60, or 90 minutes of reperfusion, n=>5 all groups. B, WT, EUK,
CypD-KO, 3AB, and PARP-KO hearts after 30 minutes of ischemia
and 90 minutes of reperfusion: sham, n=6; WT, n=9; EUK, n=7;
CypD, n=7; 3AB, n=8; PARP WT, n=6; PARP KO, n=6. NADH levels
were normalized to total protein concentration and then normalized
to sham levels. *P<0.05 compared with sham and # compared with
WT controls. Values are means+tSEMs. |/R indicates ischemia—
reperfusion; AAR, area at risk; EUK, EUK134, SODII, and catalase
mimetic; CypD, cyclophilin D; 3AB, 3-aminobenzamide; PARP, poly
(ADP-ribose) polymerase; KO, knockout.

CypD KO largely prevented this loss, indicating that mPTP
opening requires oxidant stress and CypD. By contrast, 3AB
and PARP-1 KO hearts still exhibited significant decreases in
mitochondrial NAD(H), suggesting that the mPTP had opened
in these hearts (Figure 5A). These findings indicate that ROS
is required to induce mPTP opening, whereas PARP activity is
not. These results place oxidant stress upstream and PARP
activity downstream of mPTP-mediated loss of mitochondrial
NAD(H).

PARP Activity Contributes to Further
Mitochondrial NAD(H) Loss During Reperfusion

If PARP activity is downstream of mPTP opening, then PARP
inhibition could protect by either allowing mitochondria to
recover from initial mPTP opening or by preventing further
mitochondrial dysfunction. To test this, we assayed for
recovery of mitochondrial NAD(H) levels during reperfusion.
One hour into reperfusion, mitochondrial NAD(H) levels were
similar in wild-type and 3AB-treated hearts, but by 4 hours of
reperfusion NAD(H) levels were significantly greater in 3AB
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Figure 5. Mitochondrial NAD(H) after 1/R. A, NAD(H) in mitochon-
drial isolates following ischemia (30 minutes) followed by 60 min-
utes of reperfusion: sham, n=7; WT, n=6; EUK, n=6; CypD, n=7; 3AB,
n=8; PARP WT, n=10; PARP KO, n=10. Values are expressed relative
to sham group. B, NAD(H) in mitochondrial fractions assayed after 1
and 4 hours of reperfusion, n=6 all groups. Values are expressed
relative to sham group. *P<0.05 compared with sham and #
compared with WT controls. Values are means+SEMs. I/R indicates
ischemia—reperfusion; AAR, area at risk; EUK, EUK134, SODII, and
catalase mimetic; CypD, cyclophilin D; 3AB, 3-aminobenzamide;
PARP, poly(ADP-ribose) polymerase; KO, knockout.

hearts than in WT hearts (Figure 5B). These findings suggest
that PARP inhibition prevents further loss of mitochondrial
NAD(H) after the initial mPTP-mediated loss occurs.

Loss of Cellular ATP at 1.5 Hours of Reperfusion
Does Not Require PARP Activity, Whereas
Sustained Depletion of ATP by 4 Hours

of Reperfusion Requires PARP Activity

Opening of the mPTP causes mitochondrial depolarization,
which abolishes ATP generation by oxidative phosphorylation
and may further enhance ATP depletion via reverse operation
of the FoF1 ATP synthase.?® To investigate the role of PARP
activity in ATP depletion after I/R, we measured ATP levels in
the AAR of reperfused hearts. The 3AB-treated and PARP-1-
KO hearts showed similar losses of ATP at 1.5 hours of
reperfusion compared with their wild-type controls. However,
EUK-treated and CypD-KO hearts had significantly greater ATP
levels (Figure 6A). These results indicate that early mPTP-
mediated depletion of total ATP does not require PARP
activity, which strengthens the argument that PARP-mediated
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Figure 6. ATP and total adenine nucleotide levels after | /R. Total ATP levels in the AAR of hearts following ischemia (30 minutes) followed by (A)
1.5 hours or (B) 4 hours of reperfusion. C, Total adenine nucleotide levels in the AAR of hearts following ischemia (30 minutes) followed by
4 hours of reperfusion. At 1.5 hours, sham, n=6; WT, n=5; EUK, n=6; CypD, n=6; 3AB, n=6; PARP WT, n=6; PARP KO, n=6. At 4 hours, sham, n=5;
WT, n=7; EUK, n=6; CypD, n=6; 3AB, n=6; PARP WT, n=6; PARP KO, n=6. Total adenine nucleotide levels, sham, n=8; WT, n=8; 3AB, n=8. Values
are expressed relative to sham group. *P<0.05 compared with sham and # compared with WT controls. Values are means+SEMs. |/R indicates
ischemia—reperfusion; AAR, area at risk; WT, wild type; EUK, EUK134, SODII, and catalase mimetic; CypD, cyclophilin D; 3AB, 3-aminobenzamide;
PARP, poly(ADP-ribose) polymerase; KO, knockout.
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damage occurs downstream of mPTP opening. By 4 hours of
reperfusion, however, PARP-inhibited samples as well as EUK-
treated and CypD-KO hearts all exhibited significantly greater
ATP levels compared with WT hearts (Figure 6B). To assess
whether PARP enhances adenine nucleotide loss or prevents
ATP recovery, beating hearts were rapidly freeze-clamped in
situ to obtain accurate assessments of total adenine nucle-
otide levels in the area at risk. After 1.5 hours of reperfusion,
total adenine nucleotide levels were significantly suppressed
in both wild-type and PARP-inhibited hearts compared with
shams. After 4 hours of reperfusion the adenine nucleotides
in 3AB-treated hearts were not decreased from the 1.5-hour
levels, whereas WT hearts showed a further decrease
(Figure 6C). This indicates that PARP activity during reperfu-
sion is responsible for further ATP depletion after the initial
mPTP-mediated ATP depletion has occurred.

Mitochondria Progressively Depolarize
Throughout Reperfusion Before Plasma
Membrane Rupture

To assess the effects of PARP activity on reperfusion-induced
depolarization, we developed an in vivo assay of mitochon-
drial potential using the potentiometric dye tetramethylrhod-
amine ethyl ester (TMRE). This probe distributes across
membranes in accordance with the Nernst potential and has
been used extensively to study mitochondrial potential, even
in the intact heart.*®**’ To test whether TMRE fluorescence
intensity in tissue is exclusively mitochondrial, hearts consti-
tutively expressing mitochondrial-targeted green fluorescent
protein (GFP) were loaded with TMRE and imaged. TMRE
localizes exclusively in the mitochondria (Figure 7A). To test
whether hearts loaded with TMRE are responsive to a
mitochondrial uncoupler, hearts were loaded with TMRE in
vivo, excised, sliced, and treated with the uncoupler
carbonyl cyanide m-chlorophenyl hydrazone (CCCP; 50 and
250 umol/L). Significant loss of fluorescence was observed
in CCCP-treated samples after 15 minutes of incubation
compared with the first 5 minutes of perfusion with PBS,
indicating that TMRE fluorescence decreases when mito-
chondria are depolarized (Figure 7B). To assess the stability
of TMRE fluorescence in ex vivo heart slices, hearts were
loaded, excised and sliced, and maintained in ice-cold PBS on
a fluorescence imaging system. Slices maintained in cold PBS
showed no decrease in fluorescence over 30 minutes,
indicating that TMRE fluorescence is stable over time
(Figure 7C). Using this approach we then assessed mito-
chondrial polarization after I/R. TMRE was administered to
mice immediately after reperfusion and allowed to equilibrate
for 15 minutes. Hearts were then removed, sliced, and
evaluated. Hearts loaded with TMRE and studied 15 minutes
after reperfusion show significantly less fluorescence in the

area at risk than sham hearts. However, the cells were still
able to accumulate calcein-AM dye, indicating that the plasma
membrane was then still intact.’® Hence, the lack of TMRE
fluorescence in the AAR at 15 minutes of reperfusion was not
a consequence of tissue necrosis. By contrast, after 4 hours
of reperfusion, both TMRE and calcein-AM staining in the AAR
was significantly lower than in sham hearts (Figure 8). These
studies show that TMRE accumulates in polarized mitochon-
dria in the intact heart, that loss of mitochondrial potential
caused by I/R decreases TMRE staining, and that absence of
TMRE staining can be seen in depolarized mitochondria
before cells have died.

PARP Activity Causes Further Loss
of Mitochondrial Potential During 4 Hours
of Reperfusion

We then sought to determine whether PARP activity
contributes to a decline in mitochondrial potential over time
during reperfusion. First, we assayed for mitochondrial
potential at 1.5 hours of reperfusion. Fluorescence loss
was evident in PARP-1-KO, PARP-inhibited, and WT hearts,
suggesting that mPTP-mediated depolarization had occurred.
By contrast, CypD-KO hearts showed less decline at
1.5 hours, consistent with inhibition of mPTP opening
(Figure 9A). We then assayed for mitochondrial potential at
4 hours of reperfusion. By 4 hours, fluorescence was
significantly greater in PARP-1-KO, PARP-inhibited, and CypD
hearts compared with WT hearts. Importantly, fluorescence
levels in PARP-1-KO and PARP-inhibited hearts were no
longer statistically different from sham hearts (Figure 9B).
These findings indicate that CypD contributes to the
transient loss of mitochondrial potential early in reperfusion
and that subsequent activation of PARP contributes to
further loss of mitochondrial bioenergetic function during the
later stages of reperfusion.

Although Plasma Membrane Rupture Is Evident at
4 Hours of Reperfusion, PARP-Mediated Decline
in Mitochondrial Function During 4 Hours of
Reperfusion Is Not Caused by Release of
Proapoptotic Proteins to the Cytosol

The interdependence of outer mitochondrial membrane
rupture and plasma membrane rupture after I/R has not
been explored. As TTC staining heavily relies on mitochondrial
function to indicate necrosis, cardiac troponin release, a more
direct measure of plasma membrane rupture, was measured.
Cardiac troponin progressively accumulates in the blood-
stream after reperfusion, indicating loss of sarcolemmal
integrity (Figure 10A). Antioxidants, CypD KO, and PARP
inhibition all significantly blunt cardiac troponin release at
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Figure 7. TMRE localization, stability, and responses to CCCP ex vivo. A, Mitochondrial-targeted GFP-expressing hearts were loaded with TMRE
in vivo, excised, and sliced. Colocalization of GFP and TMRE fluorescence was confirmed by 2-photon microscopy. B, Hearts were loaded with
TMRE, excised, sliced, and imaged during CCCP (50 or 250 umol/L) treatment for 15 minutes. C, Hearts were loaded with TMRE, excised, sliced,
and imaged while being maintained in ice-cold PBS for 30 minutes followed by 15 minutes of treatment with 250 umol/L CCCP, n=>5 all groups.
TMRE indicates tetramethylrodamine ethyl ester; CCCP, carbonyl cyanide m-chlorophenyl hydrazone; GFP, green fluorescent protein; PBS,

phosphate-buffered saline.

4 hours of reperfusion, indicating that they preserve cellular
integrity. PARP activity has been reported to induce translo-
cation of proapoptotic proteins to the cytosol after an acute
necrotic stimulus.®' The mechanism of PARP-mediated loss of
mitochondrial function we observed could conceivably result
from mitochondrial outer membrane rupture subsequent to
mPTP opening but before plasma membrane rupture. To test
this, we assessed mitochondrial and cytosolic levels of
cytochrome ¢ and AIF by immunoblotting. After 1 and 4 hours

of reperfusion, mitochondrial and cytosolic levels of cyto-
chrome ¢ and AIF were unchanged in wild-type |/R samples,
whereas redistribution was evident by 16 hours into reperfu-
sion or in ex vivo hearts maintained at 37°C for 1 hour
(Figure 10B). This indicates that although plasma membrane
rupture is evident at 4 hours of reperfusion, outer mitochon-
drial membrane rupture has not yet occurred. Therefore,
PARP-mediated mitochondrial dysfunction is not caused by
rupture of the outer mitochondrial membrane, but rather
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Figure 8. Mitochondrial polarization in relation to plasma mem-
brane rupture after I/R. TMRE fluorescence and calcein-AM staining
at different times after reperfusion. TMRE was loaded into beating
hearts for 15 minutes. TMRE and calcein fluorescence change in
hearts subjected to ischemia (30 minutes) followed by reperfusion
for 15 minutes or 4 hours, n=5 all groups. *P<0.05 compared with
sham and # compared with 15-minute time. Values are means=+
SEMs. I/R indicates ischemia—reperfusion; TMRE, tetramethylrod-
amine ethyl ester; AAR, area at risk; LV, left ventricle.

appears to arise from a bioenergetic crisis arising from
sustained mitochondrial depolarization.

Discussion

This study links 3 known yet distinct death-inducing events
into an integrated cell death pathway induced by I/R in the
intact, blood-perfused heart (Figure 11). First, oxidant stress
has long been linked to reperfusion-induced cell death in the
heart, although the question of whether oxidant stress is
directly lethal or instead represents a death signal is not fully
known.®? Previous studies have also suggested that oxidant
stress is linked to activation of the mPTP, which has primarily
represented an irreversible and lethal event arising from
mitochondrial matrix swelling followed by rupture of the outer
membrane.?"*3 Accordingly, inhibition of the mPTP—by
genetic deletion of the gene encoding CypD or by treatment
with cyclosporin A—confers protection against reperfusion-
induced cell death.®'® However, other studies have shown
that PARP inactivation confers protection to a similar
extent.”° If these observations are correct, then either (1)

PARP activation contributes to cell death by modifying mPTP
opening, either directly or through differential oxidant gener-
ation, or (2) PARP and mPTP opening trigger death in parallel
independent pathways, possibly by affecting different cell
populations. Therefore, the present study sought to clarify the
relationship between oxidant stress, PARP, and mPTP-medi-
ated mechanisms of death in the blood-perfused, LAD I/R
model.

One way in which PARP and the mPTP could interact is
through differential generation of oxidant stress. For example,
mPTP opening could generate oxidant stress that causes DNA
damage and activates PARP, or PARP activity could interfere
with mitochondrial function, causing oxidant generation that
could open the mPTP. Our data show that significant oxidative
damage to reperfused tissue is required to induce mPTP
opening and PARP activation and that oxidative stress and
mPTP opening precede PARP activation. These findings place
oxidant stress as the proximal trigger of both events,
suggesting that the potential interaction between the mPTP
and PARP is downstream of reperfusion-induced oxidant
generation.

A second potential mechanism of interaction could involve
PARP directly causing mPTP opening at reperfusion. However,
our data show that neither the decrease in mitochondrial
potential nor the decrease in mitochondrial NAD(H) after 1 to
1.5 hours of reperfusion was prevented by PARP deletion or
inhibition; thus, PARP activity is not required for mPTP
activation. Moreover, PARP inhibition did not prevent oxida-
tive damage or early mPTP-mediated loss of mitochondrial
function, indicating that ROS generation and mPTP activation
are PARP-independent events in early reperfusion.

A third mechanism of cell death could involve PARP and
the mPTP acting in separate pathways, possibly in distinct cell
populations. However, hearts lacking CypD or PARP-1 exhib-
ited similar levels of cell death after 4 hours of reperfusion, as
seen by TTC staining and cardiac troponin release, and
inhibition of PARP in CypD-KO hearts did not confer signif-
icant additional protection. These observations suggest that
the mPTP and PARP systems may act in the same linear cell
death pathway.

If PARP activity regulates cell death subsequent to mPTP
opening, this would imply that mPTP activation is not
immediately lethal to the cell. So how does PARP activity
contribute to cell death after the mPTP has opened? On
reperfusion, the mitochondria undergo an initial mPTP-
dependent depolarization. After between 1.5 and 4 hours
we observed a further decline in mitochondrial membrane
potential, NAD(H) concentration, and ATP levels in wild-type
animals. By contrast, PARP-inhibited animals showed no
further decline in mitochondrial NAD(H), ATP concentration, or
mitochondrial potential after the 1.5-hour point. These
findings indicate that PARP activity undermines mitochondrial
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Figure 9. Mitochondrial polarization after I/R. Hearts were loaded with TMRE at different points after reperfusion. Hearts were then
retroperfused with Hoechst to delineate the AAR, sliced, and imaged. Total fluorescence of the AAR was compared with the area not at risk and
normalized to sham hearts. Fluorescence changes from genetically matched WT, 3AB, PARP-1-KO, and CypD-KO hearts were compared after (A)
1.5 hours or (B) 4 hours of reperfusion. Included are representative heart slices showing TMRE voids in the AAR, n=5 all groups. *P<0.05
compared with sham and # compared with WT controls. Values are means£+SEMs. I/R indicates ischemia—reperfusion; TMRE, tetramethyl-
rodamine ethyl ester; AAR, area at risk; WT, wild type; CypD, cyclophilin D; 3AB, 3-aminobenzamide; PARP, poly(ADP-ribose) polymerase;

KO, knockout.

function and/or recovery during this intermediate period of
reperfusion. One possible mechanism is that PARP activation
inhibits the restoration of ATP, ADP, and AMP by inhibiting the
adenine nucleotide salvage pathway. However, this mecha-
nism does not explain why mitochondrial potential was better
preserved in the PARP-KO and PARP-inhibited hearts between
the 1.5-and 4-hour points, as mitochondrial polarization is not
dependent on ATP levels once tissue oxygen levels are
restored.

An alternative explanation is that some mitochondria can
reclose the mPTP and repolarize during reperfusion if PARP
activity is prevented. In this scenario, the initial ROS
generation and mPTP opening at reperfusion trigger PARP
activity, which then contributes to a further decline in
mitochondrial function after between 1.5 and 4 hours of
reperfusion. Consistent with this model, hearts lacking PARP
activity tended to recover mitochondrial membrane potential
and ATP levels during this period, whereas the control hearts
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Figure 10. Cardiac troponin release in relation to cytochrome c or AIF translocation after I/R. A, Cardiac troponin in circulating plasma as a
measure of plasma membrane rupture after 1.5 and 4 hours of reperfusion and in EUK, CypD-KO, 3AB, and PARP-KO hearts at 4 hours of
reperfusion. B, Mitochondrial AlF, mitochondrial cytochrome c, and cytosolic AIF and cytochrome c in cellular fractions in sham hearts or after
ischemia (30 minutes) followed by reperfusion for 1 hour (IR1h), 4 hours (IR4h), 16 hours (IR16h), or ex vivo hearts allowed to autolyse for 1 hour
(AL): sham, n=6; IR1.5h, n=5; IR4h, n=6; IR16h, n=6; AL, n=5. Mitochondrial values are normalized to cytochrome oxidase subunit 4 (Cox IV), and
cytosolic values are normalized to GAPDH. *P<0.05 compared with sham. Values are means=£SEMs. AlF indicates apoptosis-inducing factor; I/R,
ischemia—reperfusion; AAR, area at risk; WT, wild type; EUK, EUK134, SODII, and catalase mimetic; CypD, cyclophilin D; 3AB, 3-aminobenzamide;
PARP, poly(ADP-ribose) polymerase; KO, knockout; Cox IV, cytochrome c oxidase subunit 4.

exhibited further decline. These observations suggest that
PARP contributes to cell death by inhibiting the recovery of
mitochondria that have undergone permeability transition at
the start of reperfusion. This provocative interpretation
contradicts the canonical model in which mPTP opening
commits a cell to death via rapid and irreversible matrix
swelling and release of prodeath proteins from the mitochon-
drial intermembrane space.

The idea that mPTP activation irreversibly commits a cell
to a death pathway is based on the in vitro observation that

mPTP opening causes sustained depolarization followed by
mitochondrial matrix swelling and outer membrane rupture.’?
However, nonlethal mPTP-mediated depolarization has been
reported,'”°*°® and sublethal ischemia results in mPTP-
mediated depolarization followed by repolarization at reperfu-
sion.>* Other work suggested that the mPTP can close after
reperfusion and that this is augmented by high-energy
substrates such as pyruvate.®® Previous studies of reperfused
myocardium reported that apoptotic pathways peak 24 to
72 hours after reperfusion and that AIF and cytochrome c are
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Figure 11. Model of myocardial |/R-induced cell death. I/R
indicates ischemia—reperfusion; ROS, reactive oxygen species; mPTP,
mitochondrial permeability transition pore; PARP, poly(ADP-ribose)
polymerase.

released from the mitochondria in a PARP-dependent manner
after 6 to 12 hours of reperfusion.’®*” In addition, a careful
study of mitochondrial outer membrane rupture as the result
of mPTP opening showed that in vitro swelling assays promote
massive mitochondrial membrane rupture, whereas in vivo
|/R-mediated outer mitochondrial membrane rupture is much
less severe.’® In our study, no evidence of AIF or cytochrome ¢
release was detected in the AAR by 4 hours of reperfusion
despite release of cardiac troponin and loss of TTC staining,
whereas AlF and cytochrome c release were seen at 16 hours.
These findings suggest that activation of the mPTP in this
model of /R is not associated with immediate swelling and
rupture. Rather, |/R-mediated cell death occurs as a conse-
quence of prolonged mitochondrial depolarization caused by
PARP-mediated energy failure. Thus, PARP activity undermines
the recovery of mitochondrial potential throughout reperfu-
sion, permitting later release of mitochondrial prodeath factors
as a secondary consequence of the failure to recover
mitochondrial polarization after mPTP opening.

PARP activity has been suggested to undermine mitochon-
drial function by causing a bioenergetic crisis; however, the
precise mechanism is unknown.*” In the present study we
have described a new model by which PARP can affect
mitochondrial function by inhibiting ATP synthesis down-
stream of mPTP opening. During reperfusion, closure of the
mPTP and rescue of the cell might be facilitated by
mitochondrial repolarization achieved using glycolytic ATP to
drive ATP synthase in reverse, thus reestablishing a proton
gradient. PARP activity could undermine this recovery by
depleting cytosolic NAD®, thereby limiting the ability to
generate ATP by glycolysis. NAD" depletion could also
undermine the recovery of ATP generation, as the de novo
synthesis of NAD*—which is required for glycolysis—requires
ATP availability. Finally, PARP activity could directly inhibit
transport of adenine nucleotides into the mitochondria,®®
thereby preventing cytosolic ATP from reaching the matrix,

where it could facilitate repolarization. This cycle of ATP
depletion would cause sustained depolarization, leading to
mitochondrial failure and plasma membrane rupture without
affecting outer mitochondrial membrane integrity.

In accordance with this model, PARP inhibitors have been
shown to protect the myocardium and the brain even when
administered up to 4 hours after reperfusion when infarct size
was assessed at 24 hours.®®®" Our data therefore explain
how PARP inhibition provides protection downstream of mPTP
opening by revealing that mPTP-mediated depolarization is
not terminal in a significant fraction of the cells in the area at
risk. From a therapeutic standpoint, these findings suggest
that attenuation of myocardial I /R injury could be achieved by
limiting PARP activity even though the initial mPTP opening
may have already occurred.
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