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Abstract

At least seven cell death programs are activated during myocardial infarction (MI), but which

are most important in causing heart damage is not understood. Two of these programs are
mitochondrial-dependent necrosis and apoptosis. The canonical function of the pro-cell death
BCL-2 family proteins BAX and BAK is to mediate permeabilization of the outer mitochondrial
membrane during apoptosis allowing apoptogen release. BAX has also been shown to sensitize
cells to mitochondrial-dependent necrosis, although the underlying mechanisms remain ill-
defined. Genetic deletion of Baxor both Baxand Bak in mice reduces infarct size following
reperfused myocardial infarction (MI/R), but the contribution of BAK itself to cardiomyocyte
apoptosis and necrosis and infarction has not been investigated. In this study, we use Bak-deficient
mice and isolated adult cardiomyocytes to delineate the role of BAK in the pathogenesis of
infarct generation and post-infarct remodeling during MI/R and non-reperfused MI. Generalized
homozygous deletion of Bak reduced infarct size ~50% in MI/R /n vivo, which was attributable
primarily to decreases in necrosis. Protection from necrosis was also observed in BAK-deficient
isolated cardiomyocytes suggesting that the cardioprotection from BAK loss /n vivoiis at least
partially cardiomyocyte-autonomous. Interestingly, heterozygous Bak deletion, in which the heart
still retains ~28% of wild type BAK levels, reduced infarct size to a similar extent as complete
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BAK absence. In contrast to MI/R, homozygous Bak deletion did not attenuate acute infarct
size or long-term scar size, post-infarct remodeling, cardiac dysfunction, or mortality in non-
reperfused MI. We conclude that BAK contributes significantly to cardiomyocyte necrosis and
infarct generation during MI/R, while its absence does not appear to impact the pathogenesis of
non-reperfused MI. These observations suggest BAK may be a therapeutic target for MI/R and
that even partial pharmacological antagonism may provide benefit.

Graphical Abstract

1.

cardiomyocyte
death

Introduction

Ischemic heart disease is the major cause of death worldwide with most deaths attributable
to heart failure months to years following myocardial infarction (MI) [1]. Importantly,

the major determinant of post-MI heart failure is the amount of damage sustained by

the heart in the first 24 hours of infarction (infarct size) [2, 3]. Reperfusion has been

firmly established to limit infarct size in humans [4], but its full benefit is undercut by
reperfusion injury, reflecting oxidative stress, Ca2* overload, and cardiomyocyte death [5].
Multiple cell death programs are activated during reperfused MI (MI/R), but which are
most critical in causing myocardial damage is unclear [6, 7]. While early studies focused
on apoptosis, it is now recognized that various regulated necrosis programs are important.
These include mitochondrial permeability transition-dependent necrosis (discussed below)
[6, 8-10]; necroptosis (a form of necrosis mediated by a receptor interacting protein kinase
3 (RIPK3) — mixed lineage kinase-like (MLKL) core pathway) [11-16]; ferroptosis (an
iron-dependent form of necrosis involving hydroperoxidation of lipids in multiple cell
membranes) [17-21]; pyroptosis (a gasdermin-dependent form of necrosis thought to occur
mainly in inflammatory cells but which has also been reported in cardiomyocytes [22-24]);
and autosis (an autophagy-dependent form of cell death involving the plasma membrane
Nat/K* ATPase) [25-27]. Mechanistic connections among these cell death programs and
their functional importance remain poorly understood.

The key regulatory events in mitochondrial-dependent apoptosis and mitochondrial
permeability transition-dependent necrosis take place at the outer and inner mitochondrial
membranes, respectively. The defining event in apoptosis is mitochondrial outer membrane

J Mol Cell Cardiol. Author manuscript; available in PMC 2024 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Qinetal.

2.

Page 3

permeabilization (MOMP), allowing the release of cytochrome c and other apoptogens to the
cytoplasm where they promote caspase activation [28, 29]. In contrast, the triggering event
in mitochondrial permeability transition-dependent necrosis is Ca2*-induced opening of a
channel in the inner mitochondrial membrane, the mitochondrial permeability transition pore
(mPTP), whose identity remains unclear [6, 30-32]. The canonical regulators of MOMP are
the BCL-2 family of proteins, which has 3 subclasses [28]: The first is comprised of pro-cell
death BAX and BAK, highly homologous proteins that homo-and hetero-oligomerize in the
outer mitochondrial membrane to promote MOMP. BAX translocates from cytosol to insert
into outer mitochondrial membrane during apoptosis, while BAK resides constitutively

at this membrane. The second subclass is the BH3-only proteins, which transduce death
signals to BAX and BAK by directly interacting with and conformationally activating these
proteins. The third subclass is made up of anti-cell death BCL-2 proteins, which both
interact with and neutralize BAX and BAK and sequester BH3-only activators. In addition to
its canonical role in mitochondrial-dependent apoptosis, BAX has also been demonstrated to
sensitize mPTP opening and necrosis, although the precise mechanisms remain unclear [33,
34].

Germ line deletion of Bax has been shown to decrease infarct size during MI/R in isolated
perfused hearts [35] and, to a lesser extent, following non-reperfused Ml /n vivo [36].
Additionally, mice with cardiomyocyte-specific deletion of Bax combined with germ line
deletion of Bak manifest smaller infarcts following MI/R /n vivo [33, 34]. However, the
contribution of BAK itself to acute infarction has not been investigated in any of these
models, nor has its possible involvement in post-infarct remodeling. In addition, it remains
unknown in any cell type whether, in addition to its canonical role in apoptosis, BAK also
regulates necrosis, similar to BAX. To address these questions, this study employed Bak-/-
mice and isolated adult cardiomyocytes in models of MI/R and non-reperfused M.

Methods

2.1. Animal use

All animal experiments were performed according to the animal experimental guidelines

of the Animal Care and Use Committee of the Albert Einstein College of Medicine and
conform with the Guide for the Care and Use of Laboratory Animals of the National
Institutes of Health. Anesthesia: For MI/R and non-reperfused MI procedures, a combination
of ketamine (100mg/kg IP) and xylazine (10mg/kg IP) was used. For echocardiography,
inhaled isoflurane (1-2%) was used. Euthanasia was performed at the conclusion of each
experiment using inhaled isoflurane (2%) followed by cervical dislocation. Our protocol also
included early euthanasia for any animal in pain or distress, although no animals required
this in the studies reported herein.

2.2. Mouse breeding and Bak genotyping

Germline Bak-/- mice were the gift of Drs. Tullia Lindsten and Craig B. Thompson
(Memorial Sloan Kettering Cancer Center) [37]. These mice were propagated primarily
as homozygotes but periodically bred back to heterozygosity to minimize genetic

drift. Wild type mice obtained from heterozygote crosses were bred as homozygotes
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in parallel to provide controls. PCR of genomic DNA from tail was used for Bak
genotyping as follows: primer 1: 5’-GGCTCTTCACCCCTTACATCAG-3’; primer 2: 5’-
GTTTAGCGGGCCTGGCAACG-3’; and primer 3: 5’-GCAGCGCATCGCCTTCTATC-3".
PCR conditions are as described (https://www.jax.org/strain/004183). Primers 1 and 2
identify the wild type allele (540 nucleotides); primers 1 and 3 identify the mutant allele
(400 nucleotides).

2.3. MI/R and non-reperfused MI models

Male and female, 12-14-week-old, wild type, Bak+/-, and Bak-/-, C57BL/6J mice were
studied using previously described models of: (a) MI/R, consisting of 45 min myocardial
ischemia followed by 4 h, 24 h, 7 d, 14 d, 21 d, and 28 d reperfusion [38]; and (b)
non-reperfused MI, consisting of continuous myocardial ischemia for 24 h, 7 d, 14 d, 21 d,
and 28 d [39]. In each case, Ischemia was induced by ligation of the left coronary artery
(LCA). Rigor and reproducibility. The surgeon was blinded to genotype in all experiments
involving assessment of infarct size. In the MI/R model, our predetermined criteria for
inclusion of data from a given mouse in this analysis were: (a) evidence that reperfusion was
successful by appearance of a red color in the blanched ischemic zone when the LCA suture
was released; and (b) AAR/LV 45-65%. By these criteria, 97% of mice who underwent
MI/R were included. In the infarct size experiments reported in Fig. 1C, D, mortality in

the MI/R group was 5% (2/40 died) and was equal in wild type (1/20) and Bak-/- (1/20)
groups. In the infarct size experiments reported in Fig. 2C, D, mortality in the MI/R group
was 10% (3/30 died) and was equal in wild type (1/10), Bak+/- (1/10), and Bak-/- (1/10)
groups. In the non-reperfused MI experiments reported in Fig. 5, the mortality was high in
the MI group, as expected (see Fig. 4F), but equal in both genotypes. The humber of mice
studied is specified for each experiment.

2.4. Quantification of infarct size by tetrazolium chloride/Evans blue dye staining

Area at risk (AAR) and infarct size (INF) were quantified using Evans blue dye and
2,3,5-triphenyltetrazolium chloride (TTC) staining, respectively, as previously described
[38]. Briefly, mice were re-anesthetized, the LCA was reoccluded, and Evans blue dye (5%
(w/v) in PBS; 500 pL) infused retrograde into the right carotid artery, thereby staining the
non-ischemic myocardium blue. The heart was then rapidly excised and cut into 5 short-axis
slices, which were incubated in TTC (1% (w/v)) for 10 min at 37 °C, following which
staining was stopped by incubation in ice-cold saline. TTC is reduced by dehydrogenases
from a white to red color in viable and metabolically active cells. Both sides of each slice
were photographed, and each slice weighed. The percent of total left ventricular (LV) cross-
sectional area on each side of the slice that was not blue (AAR) or was white (INF) was
quantified using Image J. The values on the two sides were averaged and then a weighted
average of all slices calculated based on the mass of each slice to provide AAR/LV, INF/LV,
and INF/AAR. The number of mice is specified for each experiment.

2.5. Quantification of infarct size and cardiomyocyte necrosis using serum cardiac
troponin | concentration

As a second approach, infarct size was quantified using the serum concentration of cardiac
troponin I (cTnl), as is used clinically. The release of cTnl from cardiomyocytes reflects
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primarily necrosis rather than secretion [40]; thus, serum c¢Tnl concentration provides
measures of both infarct size and cardiomyocyte necrosis. Blood was collected from the
thoracic cavity after heart excision, centrifuged at 3,000 x g, and serum collected and
assayed for cTnl using the High Sensitivity Mouse Cardiac Troponin | ELISA kit (Life
Diagnostics) according to the manufacturer’s recommendations. The number of mice studied
is specified for each experiment.

2.6. Quantification of myocardial necrosis with Evans blue dye administered pre-mortem

To complement the release of cTnl from cardiomyocytes to blood as a readout of necrosis
(above), we also assessed myocardial necrosis by quantifying the staining of heart tissue

by Evans blue dye (5 % (w/v), 500 uL) administered intraperitoneally immediately after
reperfusion. Evans blue dye is bound by albumin, and tissue staining has been shown to
correlate with the entry of dye into necrotic cells [41, 42]. The percentage of LV area stained
by Evans blue dye administered pre-mortem was quantified using an approach analogous

to that described above for post-mortem quantification using TTC staining. The number of
mice studied is specified for each experiment.

2.7. TUNEL

Hearts were fixed in 3.7% formaldehyde in ionized zinc buffer (Z-fix; Anatech), embedded
in paraffin, and 5 pM short-axis sections cut. Using sections from the apical third of the
heart, apoptotic cells were identified with terminal deoxynucleotidyl transferase dUTP nick
end labeling using the DeadEnd Fluorometric TUNEL System [43] (Promega) according
to the manufacturer’s recommendations. Cardiomyocytes were identified by morphology
and immunostaining for troponin T (Proteintech; 1:200). Nuclei were counterstained with
DAPI. For the TUNEL signal to be scored as positive, it needed to co-localize with the
DAPI signal. TUNEL-positive nuclei were quantified by manual counting as described
below. Total nuclei were quantified using the default algorithms of the Intellesis Trainable
Segmentation module of Zen 2.6 Pro software (Carl Zeiss Microscopy), an artificial
intelligence-based system trained on different regions of the myocardium to recognize and
count DAPI-stained round objects. The number of TUNEL-positive cardiomyocyte and
non-cardiomyocyte nuclei/total nuclei was reported. The number of mice studied is specified
for each experiment. For each heart, 10 randomly selected fields in the left ventricular free
wall (corresponding to the AAR) were evaluated.

2.8. Cleaved caspase-3 immunostaining

Cleaved (active) caspase-3 immunostaining (Cell Signaling; 1:200 dilution) was performed
on sections from same hearts used for TUNEL. Cardiomyocytes were identified by staining
with wheat germ agglutinin (WGA: Thermofisher). Immunostaining of MEFs that were not
treated or treated with staurosporine 2 uM for 2 h and fixed in paraformaldehyde (4% v/v)
were used as controls.

2.9. Caspase-3/7 activity in cardiac lysates

Caspase-3/7 activity in homogenates of the left ventricular free (which includes infarct
and peri-infarct ones) was assessed using the Caspase-Glo assay kit (Promega). This kit
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contains a substrate specific for caspases-3/7, carbobenzoxy-VAD, covalently linked with
aminoluciferin. When cleaved by caspases-3/7, the aminoluciferin provides a substrate for
luciferase resulting in luminescence. Heart homogenates were incubated with kit reagent for
30 min at room temperature according to the manufacturer’s instructions and luminescence
measured in a plate-reading luminometer (Thermo Labsystems). The number of mice
studied is specified for each experiment. Lysates of mouse embryonic fibroblast (MEFs)
that were not treated or treated with staurosporine 2 uM for 4 h (50 ug) were used as
controls.

2.10. RNA isolation and qRT-PCR

2.11.

Following excision of the atria and great vessels, total RNA was extracted from mouse
hearts using Trizol Reagent (ThermoFisher) according to manufacturer’s protocol. For
baseline characterizations in mice not subjected to surgery, whole hearts homogenates
were used. For mice subjected to sham opeartion or MI/R, left ventricular free wall
homogenates were used. RNA was reverse transcribed to cDNA using SuperScript 111
First-Strand Synthesis System (ThermoFisher). The following primer pairs were used for
amplification of cDNAs using qPCR: BAK forward 5’- GGGCCACTAATTCCCAGAAA-
3’, reverse 5’- TCCAAAGTAGCAGGAGTGTTG-3’; BAX forward 5’-
GGAGATGAACTGGACAGCAATA-3’, reverse 5’- CAAAGTAGAAGAGGGCAACCA-3’;
BCL-2 forward 5’-TTGGCCCTTCGGAGTTTAAT-3’, reverse
5’-GTCCTGTGATTCTCCCTTCTTC-3’; BCL-xL forward 5’-
TGGACAATGGACTGGTTGAG-3’, reverse 5°- CCCTCTCTGCTTCAGTTTCTT-3;
MCL-1 forward 5’-CTGACTTCCCAGCTCACAAA-3’, reverse 5’-
ACTCAGACCACATGCTTCTTC-3’; and GAPDH (internal control) forward 5’-
CGACTTCAACAGCAACTC-3’, reverse 5’-GTAGCCGTATTCATTGTCAT-3’. gRT-PCR
was performed in triplicate for each sample. Gene expression levels were calculated using
the AACT method. The number of mice studied is specified for each experiment.

Protein isolation and immunoblotting

Following excision of the atria and great vessels, protein was extracted from heart using
RIPA buffer (Thermo Fisher Scientific) supplemented with 10% protease inhibitor cocktail.
For baseline characterizations in mice not subjected to surgery, whole hearts homogenates
were used. For mice subjected to sham opeartion or MI/R, left ventricular free wall
homogenates were used. Following homogenization, samples were centrifuged at 14,000xg
for 10 min at 4°C, supernatant collected, and protein concentration measured following

a standard BCA method. For isolation of mitochondrial protein, hearts were incubated in
sucrose buffer (250 mM sucrose, 50 mM Tris-HCI, pH 7.4, 5 mM MgCl,, ImM EGTA)
and homogenized and then centrifuged at 1000 x g to pellet unlysed cells and nuclei. The
resulting supernatant was centrifuged at 10,000 x g, and the pellet containing mitochondria
recovered. Protein (50ug) was then fractionated using SDS-PAGE (4-20%) followed

by Western blotting. Western blotting was performed using antibodies to BAK (Cell
Signaling Technology; dilution 1:500); BAX (Cell Signaling Technology; dilution 1:500);
BCL-2 (Cell Signaling Technology; 1:500); BCL-xL (Cell Signaling Technology; dilution
1:1000); MCL-1 (Rockland; dilution 1:1000); cleaved caspase-3 (Cell Signaling; 1:500);
COX IV (Thermofisher; dilution 1:5000); a-tubulin (ThermoFisher; dilution 1:1000); and
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GAPDH (Sigma; dilution 1:5000). Bands were identified using an infrared fluorescence
secondary antibody and gels imaged on the Odyssey CLx Infrared Imaging System (LI-COR
Biosciences) and quantified with Image J software. The number of mice studied is specified
for each experiment.

Histological staining of hearts and determination of scar size

Hearts were fixed, paraffin-embedded, and sectioned as described above for TUNEL.
Hematoxylin & eosin (H & E) staining and Picrosirius red staining were performed on

5 sections per heart spanning from the apex to the base. For each stain, the cross-sectional
area of the infarct and the cross-sectional area of the entire LV (excluding cavity) were
quantified in each section using Image J. Scar size, using each stain, was then calculated as:
[(sum of the 5 infarct areas)/(sum of the 5 LV areas)] X 100 and expressed as a percentage of
LV area. The number of mice studied is specified for each experiment.

2.13. Echocardiography

2.14.

Echocardiography was performed under isoflurane (1-2%) anesthesia on a 37°C heated
platform using a Vevo 2100 ultra-high frequency imaging system with a MS550D mouse
transducer system (VisualSonics) as previously described [44]. Left ventricular internal
dimensions and thicknesses of the interventricular septum and posterior wall were measured
at end-diastole and end-systole in the short-axis and long-axis views for three continuous
cardiac cycles. Data shown are averages of those in the long-axis view. The number of mice
studied is specified for each experiment.

Induction and quantification of necrosis in isolated adult cardiomyocytes

Adult mouse cardiomyocytes were isolated from wild type and Bak-/- mice as described
[45]. Cardiomyocytes were re-suspended in culture medium, seeded onto laminin (5 ug/
mL)-coated tissue culture plates, and maintained in a humidified incubator with 5% CO, at
37°C. Media was replaced with fresh, prewarmed media 1 h later. Four hours after that, cells
were treated with HoO5 (25 or 50 uM) or ionomycin (2 uM) for 30 min. Cells were then
incubated in calcein-AM (2 pM) and ethidium homodimer (2 pM) and visualized using an
Axio Observer.Z1 microscope (Carl Zeiss) at x100 magnification. Cell death was scored by
the ability of ethidium homodimer, a cell-impermeable dye, to enter cells and stain nuclei.
Total number of cells were quantified using the cell-permeable dye calcein-AM, which

is cleaved by cellular esterases removing the acetomethoxy (AM) moiety and leaving the
fluorescent calcein trapped in the cell. The percentage of ethidium homodimer-positive cells
was reported. Three independent experiments were performed, each in duplicate. For each
replicate, 2—-3 randomly selected fields (~20-30 cells per field) were scored.

2.15. Calcium retention capacity assay

Cardiac mitochondria isolated from whole hearts of wild type and Bak—/— mice were placed
in a buffer containing 125 mM KCI, 20 mM HEPES, 1 mM EGTA-Tris, 2 mM KHyPQOy,
5 mM MgCl,, 15 mM NaCl, 1 mM K,EDTA, 0.1 mM malate, pH 7.1 for 5 min on ice to
deplete Ca2*. Following centrifugation at 10,000 X g for 5 min at 4°C, the mitochondria
pellet was resuspended in a buffer containing 120 mM KCI, 10 mM Tris-HCI, 5 mM MOPS,
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5 mM KH,PQOy4, 0.01 mM EGTA-Tris, 10 mM glutamate, 5 mM malate, 1 pM Calcium
Green-5N, pH 7.4) (ThermoFisher) and pipetted into black clear bottom 96-well plate.
Mitochondria were then untreated or treated with 2 pM cyclosporine A (CSA; Sigma) or
with 20 or 40 uM ABT-737 for 20 min protected from light. After the incubation period,
fluorescence readouts (485 nm/535 nm, Ex/Em) were performed kinetically, at baseline and
following addition of 10 mM CaCl, boluses (2 pl of 1 M CaCl2 into 200 pL in well). This
weas done simultaneously with a multichannel pipette and quantification performed using
an Infinite M1000 multiwell plate reader (TECAN). This step was repeated until all groups
showed a marked increase in Relative Fluorescence Units (RFU) not returning to baseline
values, which is indicative of the loss of mitochondrial calcium retention capacity. In each of
the two independent experiments reported herein, mitochondria from 3 mice were studied in
each condition with > 3 technical replicates for each measurement.

2.16. Statistics

Numbers of mice were chosen based on prior experience with MI/R and unreperfused Ml
models to be sufficient to identify statistically significant differences in infarct sizes and
cell death parameters. Data are expressed as mean £ SEM. Two groups were compared
using Student’s t-test. Three or more groups were compared using ANOVA with a Tukey
post-test. Kaplan Meier mortality curves were compared using log-rank (Mantel -Cox) test.
Differences were considered significant if P < 0.05.

2.17. Data availability

The datasets generated and analyzed in this study are available from the corresponding
author upon reasonable request.

3. Results

3.1. Baseline characterization of Bak—/— mice

Homozygous germline inactivation of Baxalone and both Baxand Bakin mice result

in mild and severe developmental abnormalities respectively. In contrast, mice with
homozygous germline deletion of Bak alone are developmentally normal and fertile [37,
46]. However, before employing Bak-/- mice in our studies, we confirmed that baseline
body and organ weights (Table 1) and cardiac dimensions and function by echocardiography
(Table 2) were normal. In addition, we confirmed that homozygous deletion of Bak resulted
in the absence of detectable BAK mRNA and protein in the heart. In addition, baseline
MRNA and protein levels of other pro-cell death (BAX) and anti-cell death (BCL-2, BCL-
XL, MCL-1) BCL-2 family members were not changed except minimal decreases in BCL-2
protein in Bak-/- hearts (Fig S1).

3.2. BAKI s critical for infarct generation during MI/R

To assess the role of BAK in infarct generation during MI/R, we subjected male and female
wild type and Bak—/- mice to 45 min of myocardial ischemia induced by left coronary
artery occlusion followed by 4 h, 24 h, 7 d, 14 d, 21 d, and 28 d of reperfusion (Fig 1A).
We first investigated the effect of MI/R on levels of BAK and other BCL-2 proteins in
isolated cardiac mitochondria because BAK resides primarily at mitochondria and the other
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BCL-2 proteins exert their cell death actions primarily at this organelle (Fig. 1B). Compared
with sham operation, 45 min of ischemia followed by 4 h or 24 h reperfusion did not
significantly affect levels of BAK, BAX, BCL-2, BCL-xL, or MCL-1, although there were
modest increases in mitochondrial BAX levels in both genotypes comparing 24h versus 4
h reperfusion. We next assessed the effect of homozygous Bak deletion on infarct size at
24 h reperfusion, a time point when acute damage is complete (Fig. C, D). While the area
at risk was similar between groups, infarct size was reduced 39% by tetrazolium staining
(Fig 1C) and 51% by serum concentrationd of cTnl (Fig 1D) in Bak-/- mice as compared
with wild type mice. No significant differences were noted between sexes. To determine
the effects of reduction in infarct size resulting from BAK absence on cardiac function, we
performed a longitudinal study in a separate cohort of mice subjected to sham operation or
45 min ischemia followed by 7d, 14 d, 21 d, and 28 d of reperfusion (Figs 1E and S2).
Decreases in ejection fraction were evident in wild type mice as early as 7 d reperfusion
and were accompanied by increases in left ventricular end-diastolic volume starting at 14
d reperfusion. Bak deletion resulted in marked improvement in both parameters. Taken
together, these data demonstrate that BAK plays an important role in the pathogenesis of
MI/R.

3.3. Effect of partial depletion of BAK protein on cardioprotection

To determine if there is a threshold or dose response effect of BAK levels in mediating
cardiac damage during MI/R, we compared infarct sizes among wild type, Bak+/-, and
Bak-I-. Levels of Bak mMRNA and protein in the hearts of Bak+/— mice were 75% and 28%,
respectively, of those of wild type mice; and, as previously noted, Bak mRNA and protein
were undetectable in hearts of Bak-/- mice (Fig 2A, B). Compared to wild type mice,
infarct size, as assessed by tetrazolium staining or serum cTnl concentrations, were reduced
to the same extent in Bak+/- and Bak-/- mice (Fig 2C, D). These results demonstrate that
72% loss of BAK protein cardioprotects to the same extent as its complete absence.

3.4. Effect of BAK deletion on apoptosis

The canonical function of BAK and BAX is to homo- and hetero-oligomerize in the

outer mitochondrial membrane to bring about MOMP, the defining event in mitochondrial-
dependent apoptosis[28]. However, prior studies have demonstrated that BAX also functions
to promote necrosis during MI/R as well as in other cell types [33, 34], although the
underlying mechanisms remain unclear. Accordingly, we investigated the role of BAK in
cardiomyocyte apoptosis and necrosis during MI/R using multiple orthogonal assays.

To assess apoptosis, we began with terminal deoxynucleotidyl transferase dUTP nick

end labeling (TUNEL), which assesses the concentration of free 3’-hydroxyl groups

in the sugar backbone of DNA [43] using tissues or cells. Increases in TUNEL can

reflect internucleosomal DNA cleavage mediated by caspase-activated DNase during
apoptosis [47]. Cardiomyocytes were identified by morphology and by co-staining for the
cardiomyocyte marker troponin T, the specificity of which was demonstrated in control
experiments substituting IgG for the primary antibody (Fig S3). The percentage of TUNEL-
positive nuclei was minimal in hearts of wild type and Bak—/— mice subjected to sham
operation (Figs 3 and S4). Marked increases in TUNEL-positive nuclei were observed in
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both cardiomyocytes and non-cardiomyocytes in both the infarct and peri-infarct zones in
wild type mice subjected to 45 min ischemia followed by both 4h and 24 h reperfusion. The
infarct and peri-infarct zones were differentiated in this analysis by the severe disruption

of cardiomyocyte structure and dimming of the troponin T signal in the infarct. Compared
to wild type mice, Bak-/- mice subjected MI/R exhibited substantial reductions in the
percentage of TUNEL-positive nuclei in both cardiomyocytes and non-myocytes in both
infarct and peri-infarct zones (5 mice at each time point).

These above data could be interpreted as showing that cardiomyocyte and non-myocyte
apoptosis during MI/R is BAK-dependent. However, TUNEL is not completely specific for
apoptosis [48-51]. Moreover, evolution of concepts in the cell death field and new data
pertaining to the heart have led to questions as to whether apoptosis contributes significantly
to cardiac cell death and infarct generation during MI/R. Regarding the former, apoptosis
was initially thought to occur through both caspase-dependent and independent mechanisms.
However, following the recognition of regulated necrosis programs, the current definition

of apoptosis requires dependence on effector caspases (caspases-3, —6, and —7) [52].
Additionally, simultaneous deletion of caspases-3 and =7 in mice (Nkx2.5-Cre mediated
caspase-3 deletion combined with germ line caspase-7 deletion) has been demonstrated

to have no effect on or the percentage of TUNEL-positive cardiomyocytes or infarct size

as determined by TTC/Evans blue staining during MI/R [53]. Accordingly, we decided to
investigate further before concluding that the decreases in TUNEL during MI/R resulting
from Bak deletion prove reduction in BAK-dependent cardiac cell apoptosis.

Since caspase-6 has a limited repertoire of substrates [54], almost all instances of apoptosis
involve activation of caspases-3 and/or -7, which have overlapping substrate specificities
and cleave multiple cellular proteins [52, 55]. Accordingly, we began by immunoblotting
homogenates of the left ventricular free wall, which encompasses the infarct zone, with

an antibody that recognizes neoepitopes revealed by caspase-3 cleavage. Cleaved caspase-3
could not be detected in wild type or Bak—/— mice subjected to sham operation or 45 min
ischemia followed by 4 h or 24 h reperfusion (Fig. 3B). As a control, we employed MEFs
not treated or treated with staurosporine, a small molecule used widely to induce apoptosis.
Lysates from MEFs treated with staurosporine exhibited abundant cleaved caspase-3.

We next assessed caspase-3/7 enzymatic activity on the same homogenates. Similar to the
immunoblotting results, the enzymatic activity of caspases-3/7 was quite low in wild type
and Bak-/- left ventricular free wall homogenates from mice subjected sham operation or to
45 min ischemia followed by 4 h reperfusion (Fig. 3C). While there was a small increase in
enzymatic activity at the 24 h reperfusion time point, this was small compared with that in
staurosporine-treated MEFs.

Because the immunoblotting and enzymatic activity assays above employ cardiac
homogenates, we considered the possibility that these assays might not be sensitive enough
to detect signal coming from the more limited population of cells dying within the infarct.
Accordingly, we next immunostained heart sections containing the infarct zone for cleaved
caspase-3 co-staining with wheat germ agglutinin (WGA) to identify cardiomyocytes.
While the WGA staining outlined intact cardiomyocyte sarcolemma in sham operated
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hearts, plasma membrane structure became progressively more disrupted during ischemia
followed by reperfusion of increasing duration (Fig. 3D). Importantly, no cleaved caspase-3
immunostaining was detected in the infarct zone at either reperfusion time point. In contrast,
cleaved caspase-3 immunostaining was easily detectable in staurosporine-treated MEFs.

Taken together, these data do not demonstrate caspase-3/7 activation during MI/R in either
wild type or Bak-/- mice. While triple knockouts of caspase-3/6/7 will be needed to
definitively settle the issue of whether apoptosis plays a role in MI/R, our current data set
suggests that the TUNEL signal in cardiomyocytes and non-myocytes during MI/R may not
reflect apoptosis. Accordingly, the decreases in TUNEL resulting from Bak deletion cannot
be interpreted to indicate that BAK is mediating apoptosis in this model.

3.5. Effect of BAK deletion on necrosis

Serum concentrations of cTnl reflect the release of this contractile protein from
cardiomyocytes into the blood. Although some literature suggests that troponin can be
secreted, most troponin release during MI/R is thought to reflect loss of cardiomyocyte
plasma membrane integrity [40], the defining feature of necrosis, and is the reason that
serum cTnl concentrations are used clinically to diagnose MI. The fact that we observed
that Bak deletion reduces serum cTnl concentrations during Ml (Figs.1D and 2D) suggest
that BAK is impacting necrosis. To test this more directly, we injected Evans blue dye
intraperitoneally at the time of reperfusion. This dye binds serum proteins, and its uptake
by cardiac cells provides a proxy for loss of plasma membrane integrity [41, 42] indicative
of necrosis. While no Evans blue staining was observed in the hearts of sham operated
mice, we observed Evans blue staining of cardiac sections, which overlapped precisely with
absence of tetrazolium staining, in hearts of mice subjected to 45 min ischemia and 4 h or
24 h reperfusion, (Fig. 4A). Deletion of Bak decreased Evans blue staining of these areas by
37% at both time points. These data demonstrate that a significant portion of the necrosis
during MI/R is BAK-dependent.

To further investigate whether BAK impacts cardiomyocyte-intrinsic necrosis signaling, we
next studied primary adult cardiomyocytes isolated from wild type and Bak-/- mice. These
cells were treated with varying concentrations of hydrogen peroxide or the Ca2* ionophore
ionomycin. Cell viability was assessed using loss of plasma membrane integrity at the very
early time point of 30 min following treatments, a readout indicative of necrosis . BAK
absence reduced both hydrogen peroxide-induced and ionomycin-induced cardiomyocyte
necrosis by ~53% (Fig. 4B, C). These data demonstrate that BAK mediates cardiomyocyte
necrosis and suggest that at least a portion of the cardioprotection provided by Bak deletion
during MI/R Jn vivo involves cardiomyocyte-intrinsic signaling.

Multiple necrosis programs have been reported to be activated in cardiomyocytes

during MI/R including mitochondrial permeability transition-dependent necrosis [6, 8—

10], necroptosis [11-16], ferroptosis [17-21], pyroptosis [22—24], and autosis [25-27].
Although mitochondria play potential roles in several, they are most central to mitochondrial
permeability transition-dependent necrosis. Because BAK resides primarily at mitochondria,
we next investigated the effect of Bak deletion on mitochondrial permeability transition

with the calcium retention capacity (CRC) assay performed on isolated cardiac mitochondria
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from wild type and Bak-/- mice. In the first experiment involving mitochondria from

3 mice per genotype, we observed no difference in the Ca* load needed to trigger
mitochondrial Ca2* release. In addition, the same degree of de-sensitization was observed
following pretreatment with cyclosporine A, a small molecule that inhibits mitochondrial
permeability transition (Fig. 4D). In the second experiment, which also involved 3 mice

per genotype, we observed that one extra 10 mM Ca2* pulse was needed to precipitate
permeability transition in the Bak-/-, compared with wild type, mitochondria (Fig. 4E).
Although this was statistically significant, we point out that this is a minimal difference in
this assay. In an attempt to unmask a more marked difference between wild type and Bak-/-
mitochondria, we also included in the second experiment groups pre-treated with ABT-737,
a small molecule inhibitor of the anti-cell death proteins BCL-2 and BCL-xL. However,
ABT-737 did not sensitize Ca?*-induced permeability transition in mitochondria of either
genotype. Taken together, these data indicate that Bak deletion has little to no effect on
mitochondrial permeability transition. The interpretation of this finding relative to the ability
of BAK absence to limit necrotic cell death is discussed below.

3.6. BAK absence does not reduce infarct size or post-infarct remodeling in non-
reperfused Mi

We next investigateed whether BAK is critical for infarction generation or post-infarct
remodeling in non-reperfused MI. To model the latter, we subjected wild type and Bak-/-
mice to permanent LCA occlusion followed by sacrifice at various time points (Fig. 5A).
Despite comparable AARs, 24 h of ischemia without reperfusion resulted in much larger
infarcts, as expected, than did 45 min ischemia followed by 24 h reperfusion (compare Figs.
5B with 1C). Deletion of Bak did not attenuate infarct size at the 24 h time point as assessed
by tetrazolium staining or serum cTnl concentrations (Fig. 5B, C). We also assessed scar
size after 28 d of ischemia using hematoxylin and eosin and picrosirius red staining (Fig.
5D). At this time point, scar size reflects both the acute ischemic damage sustained in the
first 24 h and the effects of subsequent cardiac remodeling. Scar sizes were similar in wild
type and Bak—/— mice. Since cell death has been shown to contribute to cardiac remodeling
[56, 57], we also investigated the effect of Bak deletion on cardiac dimensions and function
7d,14d, 21 d and 28 d of ischemia, mouse mortality, and post-mortem heart and lung
weights. No differences were observed between wild type and Bak—/— mice (Fig. 5E-1).
We conclude that BAK absence does not affect infarct size or post-infarct remodeling and
dysfunction in non-reperfused MI.

4. Discussion

This study provides the first evidence that BAK contributes critically to infarct generation
during MI/R. Generalized deletion of Bak reduced infarct following 45 min ischemia/24

h reperfusion size by 39% and 51%, as assessed by TTC/Evans blue staining and serum
cTnl concentrations, respectively. By comparison, a prior study showed that generalized
Bax deletion reduced infarct size by 49% in isolated perfused hearts subjected to 30 min
global ischemia/2 h reperfusion [35]. While BAK and BAX exhibit redundancy with respect
MOMP in simple cell systems [58], the fact that loss of e/ther BAK or BAX reduces

infarct size demonstrate the opposite of redundancy in MI/R. These data suggest that both
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proteins are needed for a shared function and/or each protein possesses additional distinct

— yet to be determined — functions that contribute importantly to MI/R. In a previous

study, we observed that combined cardiomyocyte-specific deletion of Bax with generalized
deletion of Bakreduced infarct size ~44% [34]. The similar magnitudes of reductions in
infarct size with combined Bax/ Bak deletion (~44%), individual deletion of Bax (49%), and
individual deletion of Bak (~39-51%) favors the hypothesis that both proteins are needed
for a shared function rather than each possessing distinct functions important for infarction.
However, given the inherent experiment to experiment variability in the MI/R model, direct
comparisons of single and double knockouts will be needed to dissect these possibilities
precisely.

It was unexpected that Bak+/— mice, whose cardiac levels of BAK are 28% of wild type,
would be cardioprotected to the same extent as Bak—/— mice whose hearts lack BAK.

This finding suggests a threshold effect in which higher levels of BAK are needed for

its full cardiac-damaging effects during MI/R. This finding also has potential therapeutic
implications as it suggests that less than complete pharmacological inhibition of BAK may
suffice to reduce infarct size.

In addition to its effects on overall infarct size, a second important result in this study is
that BAK absence decreases necrotic cell death during MI/R. This was illustrated /in vivo by
reductions in cTnl released from cardiomyocytes into blood and, conversely, by decreased
uptake into cardiac cells of Evans blue dye infused at the time of reperfusion — both assays
reflecting plasma membrane dysfunction, the defining feature of necrosis. Additionally, we
observed reductions in necrosis in isolated Bak—/- adult cardiomyocytes also using loss of
plasma membrane integrity at a very early time point (30 min) as the readout. This is the
first demonstration that, similar to BAX [33, 34], BAK mediates necrosis. These isolated
cardiomyocyte studies demonstrate cell autonomous effects of BAK loss on cardiomyocyte
necrosis suggesting that the cardioprotection resulting from BAK loss during MI/R in vivois
at least partially cardiomyocyte autonomous.

The molecular mechanisms by which BAK and other BCL-2 proteins mediate necrosis are
poorly understood and remain an area of active study. Two mechanisms have been advanced
for BAX-mediated necrosis including BAX functioning as an outer mitochondrial membrane
component of the mitochondrial permeability transition pore [33] and BAX sensitizing
necrosis through promoting mitochondrial fusion [34], the latter a known non-cell death
function of BAX [59]. Unlike BAX, which resides in an inactive conformation in cytosol
and achieves full activation upon translocating to mitochondria, BAK is constitutively
localized primarily at mitochondria. Accordingly, we hypothesized that BAK-mediated
necrosis may involve the specific cell death program termed mitochondrial permeability
transition-dependent necrosis. However, in contrast to the effects of Bax deletion on
cardiomyocyte necrosis and infarction during MI/R, our CRC results show that loss of
BAK has minimal to no effect on mitochondrial permeability transition. These results

are in agreement with a previous study [33]. This observation does not mean that BAK

does not contribute to mitochondrial permeability transition because combined loss of

BAK and BAX markedly inhibits mitochondrial permeability [33]. Further work will be
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needed to understand why BAK and BAX are redundant with respect to this mitochondrial
permeability transition but not redundant with respect to cell death.

While regulated cell death accounts for a substantial portion of cardiomyocyte loss during
MI/R, a role for regulated death programs in non-reperfused MI, while reported [36, 60, 61],
remains controversial. Nevertheless, since not all instances of MI in humans are eligible for,
or able to be treated with, reperfusion therapy, we also studied homozygous Bak deletion

in a non-reperfused context. In contrast to MI/R, we observed that absence of BAK did not
reduce infarct size in non-reperfused MI, measured acutely at 24 hours using tetrazolium/
Evan blue staining or at 28 d by scar size. Moreover, although regulated cell death has been
implicated in the transition to heart failure [56, 57, 61], we observed no effect of BAK
absence on post-MI cardiac remodeling or dysfunction.

In summary, we have demonstrated that BAK contributes significantly to cardiomyocyte
necrosis and infarct generation during MI/R but is not required for infarct generation or
postinfarct remodeling in non-reperfused M.
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Refer to Web version on PubMed Central for supplementary material.
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Highlights
. BAK contributes critically to infarct generation during reperfused M.
. BAK mediates necrosis in reperfused M.
. Partial reduction in BAK levels provides substantial cardioprotection in

reperfused MI suggesting that even less than complete BAK antagonism may
be therapeutically beneficial.

. BAK absence does not impact acute cardiac damage or post-infarct
remodeling in non-reperfused myocardial infarction.
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Fig. 1. Effect of Bak deletion on infarct size in MI/R.
A. Schematic depicting MI/R protocol. B. Western blot analysis and quantification of the

indicated proteins in cardiac mitochondria isolated from the left ventricular free wall of

wild type and Bak-/— mice subjected to sham operation (harvested 24 h later) (black) or 45
min ischemia followed by 4 h (blue) or 24 h (red) reperfusion (N=3 male mice/group). C.
Representative images and quantification of Evans blue dye and tetrazolium chloride-stained
hearts from wild type (black; N=18 (9 male and 9 female)) and Bak-/- (red; N=19 (10

male and 9 female)) mice subjected to 45 min ischemia/24 h reperfusion. AAR/LV — area at
risk/left ventricle. INF/LV — infarct size/ left ventricle. INF/AAR — infarct/area at risk. Males
and females demarcated by filled and open circles, respectively. D. Serum concentrations

of cardiac troponin | (cTnl) in wild type (black; N=15 (7 male and 8 female) and Bak-/-
(red; N=18 (9 male and 9 female) mice subjected to 45 min ischemia/24 h reperfusion.

E. Echocardiographically-determined left ventricular end-diastolic volume (LVEDV), left
ventricular end-systolic volume (LVESV), and ejection fraction (EF) in wild type and Bak-/
- mice at baseline and following sham operation or MI/R at the indicated time points (N=4
sham for each genotype, 7 wild type MI/R, 10 Bak-/- MI/R male mice). Wall thicknesses
are shown in Fig. S2. Data — mean + SEM. Statistic: Student’s t-test comparing 2 groups;
ANOVA with Tukey’s post-test for = 3 groups. * P < 0.05, ** P < 0.01, *** P < 0.001, ****
P < 0.0001.
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A. Quantification of BAK mRNA using gRT-PCR in hearts of wild type (black), Bak+/-
(blue), and Bak-/- (red) mice (N = 5 males/group). B. Quantification of BAK protein
levels by Western blot in hearts of wild type (black), Bak+/- (blue), and Bak-/- (red) mice
(N =3 males/group). C. Representative images and quantification of Evans blue dye and
tetrazolium chloride-stained hearts from wild type (black; N = 9 males), Bak+/- (blue; N=9
males), and Bak-/- (red; N=9 males) mice subjected to 45 min ischemia/24 h reperfusion.
D. Serum concentrations of cTnl in wild type (black; N = 7 males), Bak+/- (blue; N=9
males), and Bak—/- (red; N=8 males) mice following 45 min ischemia/24 h reperfusion.
Data — mean = SEM. Statistic: ANOVA with Tukey’s post-test. * P < 0.05, ** P < 0.01, ***

P <0.001, **** P < 0.0001.
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Fig. 3. Assessment of BAK-mediated apoptosis during MI/R
A. Micrographs and quantification of TUNEL in the left ventricular free wall of wild type

(black) and Bak-/- (red) mice subjected to sham operation (harvested 24 h later) or 45 min
ischemia and 4 h or 24 h reperfusion. Image shown is representative of hearts of N=5 males/
group. B. Immunoblot analysis and quantification of cleaved caspase-3 in the left ventricular
free wall homogenates of wild type and Bak—/— mice subjected to sham operation (harvest
24 h later) or 45 min ischemia and 4 h or 24 h reperfusion (N=2 males/group) and in

MEFs untreated or treated with staurosporine (2 uM) for 4 h. C. Caspase-3/7 enzymatic
activity in left ventricular free wall homogenates of wild type (black) and Bak-/- (red) mice
(N=3 males/group) and in MEFs untreated or treated with staurosporine (2 uM) for 4 h.

D. Cleaved caspase-3 immunostaining in left ventricular free wall of wild type and Bak-/-
mice (image shown is representative of hearts of N=5 males/group) and in MEFs untreated
or treated with staurosporine (2 uM) for 4 h. Data — mean £ SEM. Statistic: Student’s t-test
comparing 2 groups; ANOVA with Tukey’s post-test for = 3 groups. * P < 0.05, ** P < 0.01,
*** P <(0.001, **** P < 0.0001.
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Fig. 4. Assessment of BAK-mediated necrosis during MI/R
B. Representative images and quantification of necrosis assessed by staining with Evans

blue dye administered pre-mortem at the time of reperfusion by itself (top) or combined
with post-mortem TTC staining (bottom) in hearts of wild type (black) and Bak-/- (red)
mice subjected to sham operation (harvested 24 h later) or 45 min ischemiaand 4 h or 24 h
reperfusion (N= 3 sham per genotype, 6 MI/R 4 h per genotype, 5 MI/R 24 h per genotype
male mice). B. Isolated adult mouse cardiomyocytes from wild type (black) and Bak-/-
(red) mice treated with the indicated concentrations of H,O, and cell death scored 30 min
later by ethidium homodimer staining of nucleus. C. Isolated adult mouse cardiomyocytes
from wild type (black) and Bak-/- (red) mice treated with the indicated concentration of
ionomycin and cell death scored 30 min later with ethidium homodimer. For B. and C, N

= 3 independent experiments, each in duplicate with 2-3 fields scored per replicate. D, E.
Two independent calcium retention assay experiments using cardiac mitochondria isolated
from wild type or Bak—/- mice (N=3 mice of each genotype in each experiment). CsA and
ABT-737 denote pretreatment of mitochondria with cyclosporine A (2 u) or ABT-737 (at the
indicated concentration) for 20 min. Data — mean + SEM. Statistic: ANOVA with Tukey’s
post-test. * P < 0.05, ** P < 0.01, **** P < 0.0001.
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Fig 5. BAK absence does not affect infarct size or post-infarct remodeling in non-reperfused Ml
A. Schematic depicting non-reperfused M1 protocol. B. Representative images and

quantification of Evans blue dye and tetrazolium chloride-stained hearts from wild type
(black) and Bak-/- (red) mice subjected to 24 h ischemia without reperfusion (N=7 males/
group). C. Serum concentrations of cTnl in wild type (black) and Bak—/- (red) mice

following 24 h ischemia without reperfusion (N=7 males/group). D. Cardiac sections stained

with H & E and Picrosirius red 28 d post-non-reperfused MI and quantification of scar
size in wild type (black; N=6 males) and Bak-/- (red; N=7 males). E. Echocardiographic
assessment at baseline, 7 d, 14 d, 21 d, and 28 d post-non-reperfused Ml in wild type and
Bak-/- mice. (Baseline: wild type (black) N = 20 males, Bak-/- (red) N=22 males; 7 d:
wild type N=12 males; Bak-/- 13 males; 14 d, 21 d, and 28 d: wild type N=11 males;
Bak-/- N=13 males. Wall thicknesses are shown in Fig. S5. F. Kaplan-Meier survival curve
of wild type and Bak=/- mice subjected to non-reperfused MI. At start: wild type (black)
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N=20 males; Bak-/- (red) N=22 males. G. LV hypertrophy 28 d following sham operation
(wild type (black) N=6 males; Bak-/- (red) N=6 males) or non-reperfused MI (wild type
(black) N=11 males; Bak-/- (red) N=13 males). H. Lung weights 28 d following sham
operation or non-reperfused Ml in wild type (black) and Bak=/- (red) mice (numbers of
mice same as in G). Data — mean + SEM. Statistic: Student’s t-test comparing 2 groups;
ANOVA with Tukey’s post-test for = 3 groups. ** P < 0.01, **** P < 0.0001.
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Table 1.
Baseline body parameters
Parameter Wild type (N=20) | Bak—-/- (N=22) | P value
Body weight (g) 245+1.1 24.620.9 0.8165
Tibial length (mm) 19.3+0.7 19.7+0.5 0.5039
Heart weight (mg) 102+3.7 106+5.1 0.7137
Lung weight (mg) 132+4.7 13746.3 0.5692
Liver weight (mg) 902+26.7 877+31.3 0.7774
Spleen weight (mg) | 73+3.5 7742.6 0.6932
Kidney weight (mg) | 283+9.1 271+7.6 0.5637
Brain weight (mg) 433+17.3 426+22.9 0.8639

Data — mean + SEM. Statistic: Student’s t-test.
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Baseline echocardiographic parameters

Table 2.

Parameter Wild type (N=20) | Bak—-/- (N=22) | P value
LVEDV (ul) 65.7£1.8 63.2+1.6 0.2901
LVESV () | 20.3+1.0 19.740.9 0.6253
EF (%) 66.7+1.8 67.5£1.5 0.7284
IVS(d) (mm) | 1.01+0.047 0.94+0.019 0.2119
IVS(s) (mm) | 1.40+0.095 1.40+0.046 0.9872
PW(d) (mm) | 0.86+0.072 0.86+0.043 0.9703
PW(s) (mm) | 1.24+0.082 1.23+0.079 0.9763

LVEDV - left ventricular end diastolic volume; LVESD - left ventricular end systolic volume; EF — ejection fraction; 1VS(d) — thickness

Page 27

interventricular septum in diastole; 1VS(s) — thickness interventricular septum in systole; PW(d)- thickness posterior wall in diastole; PW(s)—
thickness posterior wall in systole. Data — mean + SEM. Statistics — Student’s t-test. Note: Baseline echocardiographic data in this table is the same
data listed under baseline in Figs. 7E and S5.
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