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Excessive Hypoxia-Inducible Factor-1a
Expression Induces Cardiac Rupture via
p53-Dependent Apoptosis After Myocardial
Infarction

Masataka lkeda “*/, MD, PhD; Tomomi Ide, MD, PhD; Tomonori Tadokoro “=, MD, PhD;

Hiroko Deguchi Miyamoto, MD; Soichiro Ikeda, MD, PhD; Kosuke Okabe, MD, PhD; Akihito Ishikita, MD;
Midori Sato, BSc; Ko Abe, MD; Shun Furusawa, MD; Kosei Ishimaru, MD; Shouji Matsushima “/, MD, PhD;
Hiroyuki Tsutsui, MD, PhD

BACKGROUND: Apoptosis plays a pivotal role in cardiac rupture after myocardial infarction (Ml), and p53 is a key molecule in apop-
tosis during cardiac rupture. Hif-1a (hypoxia-inducible factor-1a), upregulated under hypoxia, is a known p53 inducer. However,
the role of Hif-1a in the regulatory mechanisms underlying p53 upregulation, apoptosis, and cardiac rupture after Ml is unclear.

METHODS AND RESULTS: We induced Ml in mice by ligating the left anterior descending artery. Hif-1a and p53 expressions were
upregulated in the border zone at day 5 after MI, accompanied by apoptosis. In rat neonatal cardiomyocytes, treatment with
cobalt chloride (500 pmol/L), which mimics severe hypoxia by inhibiting PHD (prolyl hydroxylase domain-containing protein),
increased Hif-1a and p53, accompanied by myocyte death with caspase-3 cleavage. Silencing Hif-1a or p53 inhibited cas-
pase-3 cleavage, and completely prevented myocyte death under PHD inhibition. In cardiac-specific Hif-1a hetero-knockout
mice, expression of p53 and cleavage of caspase-3 and poly (ADP-ribose) polymerase were reduced, and apoptosis was
suppressed on day 5. Furthermore, the cleavage of caspase-8 and IL-103 (interleukin-1[3) was also suppressed in hetero knock-
out mice, accompanied by reduced macrophage infiltration and matrix metalloproteinase/tissue inhibitor of metalloproteinase
activation. Although there was no intergroup difference in infarct size, the cardiac rupture and survival rates were significantly
improved in the hetero knockout mice until day 10 after M.

CONCLUSIONS: Hif-1a plays a pivotal role in apoptosis, inflammation, and cardiac rupture after M, in which p53 is a critical
mediator, and may be a prospective therapeutic target for preventing cardiac rupture.
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cardial infarction (M), and is associated with
high hospital mortality, although early revas-
cularization via percutaneous coronary intervention
(PCI) reduces its occurrence.! Several potential mo-
lecular mechanisms, including inflammation and the
matrix metalloproteinase (MMP)/tissue inhibitor of

Cardiac rupture is a fatal complication after myo-

metalloproteinase (TIMP) system, have been demon-
strated to be the key pathophysiologic processes of
cardiac rupture.>® Apoptosis is also a key patho-
logical feature in cardiac rupture after MI.2"8 We
previously reported that targeted deletion of p53
suppressed apoptosis and prevented cardiac rupture
after MI, suggesting that p53 and p53-dependent
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CLINICAL PERSPECTIVE

What Is New?

e Hif-la (hypoxia-inducible factor-1a) protects
against ischemic injuries such as myocardial
infarction (MI) and ischemia reperfusion injury;
however, excessive and prolonged Hif-1a ex-
pression causes apoptosis through p53 induc-
tion and triggers cardiac rupture following Ml.

e |oss of cardiomyocytes due to apoptosis in the
MI border zone leads to heart-tissue vulnerabil-
ity, resulting in cardiac rupture.

e Hif-1a also activates caspase-8, an inflamma-
tory caspase, thereby exacerbating inflam-
mation accompanied by IL-1B (interleukin-1(3)
processing and enhanced extracellular matrix
reconstruction through the matrix metallopro-
teinase/tissue inhibitor of metalloproteinase
system. Apoptosis and inflammation, triggered
by Hif-1a and p53, are major pathophysiologies
of post-MlI cardiac rupture.

What Are the Clinical Implications?

e Mechanical complications, including cardiac
rupture following MI, have become less com-
mon because primary percutaneous coronary
intervention markedly reduces their onset fol-
lowing acute MI.

e The current COVID-19 pandemic has delayed
primary percutaneous coronary intervention in
acute MI, and thus mechanical complications
have reportedly increased worldwide.

e Excessive and sustained ischemia can trigger
cardiac rupture through the Hif-1a—p53 axis,
which causes apoptosis and inflammation via
caspase-3 and caspase-8, respectively. Our
findings support clinical evidence indicating
that late successful reperfusion therapy and use
of B-blockers following MI reduce mechanical
complications during acute MI, underscoring
their significance in delayed clinical cases.

Nonstandard Abbreviations and Acronyms

caHetKO cardiac-specific Hif-1a
hetero-knockout

Hif-1a hypoxia-inducible factor-1a

IL-1B interleukin-1p

MMP matrix metalloproteinase

PARP poly (ADP-ribose) polymerase

PHD prolyl hydroxylase domain-containing
protein

TIMP tissue inhibitor of metalloproteinase
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apoptosis play a key role in the pathogenesis of car-
diac rupture.” However, the molecular mechanism
underlying the regulation of p53 and apoptosis during
Ml is not fully understood.

p53 is a proapoptotic transcriptional factor reg-
ulated by several stressors, such as DNA damage,
nutrient depletion, reactive oxygen species, and
heat shock.® Particularly, Hif-1a (hypoxia-inducible
factor-1a), which is upregulated under hypoxic con-
ditions, also induces p53."° Under well-oxygenated
conditions, PHDs (prolyl hydroxylase domain-
containing proteins) hydroxylate Hif-1a, after which
von Hippel-Lindau binds to hydroxylated Hif-1a and
recruits ubiquitin ligase, resulting in ubiquitination
and proteasome degradation of Hif-1a.!" In contrast,
under hypoxic conditions, PHDs cannot hydroxylate
Hif-1a, interrupting the ubiquitination and degradation
of Hif-1a. Thus, Hif-1a accumulates intracellularly and
induces hypoxic responses as a transcriptional and
nontranscriptional factor.'-'® Because the myocar-
dium during Ml is exposed to sustained severe isch-
emia, we hypothesized that excessive Hif-1a under
PHD inhibition due to sustained ischemia upregulates
p53 in the Ml border zone, and thereby induces apop-
tosis and cardiac rupture during MI.

In the present study, we analyzed MI mice and
cultured cardiomyocytes under PHD inhibition to in-
vestigate the role of Hif-1a in p53 upregulation and
apoptosis, and the significance of p53 in Hif-1a—
induced apoptosis. We also analyzed the myocardium
in the MI border zone and the prognosis after Ml in
cardiomyocyte-specific Hif-1a hetero-knockout (caH-
etkKO) mice to examine the role of Hif-1a in cardiac
rupture.

METHODS

The authors declare that all supporting data are availa-
ble within the article and its online supplementary files.

Murine M|l Model

All procedures involving animals and animal care pro-
tocols were approved by the Committee on Ethics
of Animal Experiments of the Kyushu University
Faculty of Medical and Pharmaceutical Sciences
(A27-327, A29-150, and A19-028), and were per-
formed in accordance with the Guideline for Animal
Experiments of Kyushu University and Guideline for
the Care and Use of Laboratory Animals published
by the US National Institutes of Health (revised in
2011). To retain homogeneity in the Ml model, male
C57BL/6J mice (Kyudo, Saga, Japan) were used in
this study. The animals were housed in a tempera-
ture- and humidity-controlled room, fed a commercial
diet (CRF-1; Oriental Yeast, Tokyo, Japan), and given
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free access to water. Hif-1a-floxed mice and Myh6-
Cre mice (stock no. 007561 and 011038, respec-
tively; Jackson Laboratory, Bar Harbor, ME)'*'® were
crossed to generate cardiomyocyte-specific Hif-1a
caHetKO mice. Mice that did not possess sequences
of Hif-1a-flox and Myh6-Cre were used as control;
10- to 14-week-old mice were anesthetized with a
mixture of medetomidine (0.3 mg/kg), midazolam
(4 mg/kg), and butorphanol tartrate (5 mg/kg) (Wako
Chemicals, Osaka, Japan) via intraperitoneal admin-
istration according to institutional recommendations.
Under mechanical ventilation, the intercostal space
was opened, and MI was induced by ligating the left
coronary artery as described previously.'® Sham mice
underwent operation without arterial ligation. Mice
that showed myocardial pallor during ligation and
survived 24 hours after ligation were enrolled in the
survival protocol (n=40 and n=45 in control and ca-
HetKO groups, respectively). Mice with no histological
evidence of transmural infarction based on Masson’s
trichrome staining (the base, mid, and apex regions)
were excluded (n=2 and n=1 in control and caHetKO
groups, respectively). Sample size was determined
based on previous studies on cardiac rupture after
MI.818 Cardiac rupture was diagnosed by intrathoracic
hematoma and/or fissure of the heart during autopsy.
Rupture rates and survival were considered as pri-
mary and secondary end points, respectively. These
end points were assessed objectively without blinding
because their definitions were clear and rigorous.

Echocardiography

Echocardiographic parameters were measured in
2-dimensional targeted M-mode images obtained from
the short-axis view at the papillary muscle level using
a Vevo2100 ultrasonography system (Visual Sonics,
Toronto, Canada) under light anesthesia (1%-2%
isoflurane).”

Histopathology

After in vivo studies, such as survival evaluation and
echocardiography, were conducted, pentobarbital
overdoses were administered for euthanasia, and the
mouse hearts were excised. Hearts were stored in
10% formalin for at least 4 days for histological analy-
sis, cut at 3 levels (base, mid, apex), and embedded in
paraffin. The 3-mm sectioned samples were stained
with Masson'’s trichrome reagent as described previ-
ously.'® Infarct lengths were measured along the endo-
cardial and epicardial surfaces in each of the Masson’s
trichrome-stained cardiac sections, and values from
all specimens were summed. Infarct sizes (in percent-
ages) were calculated as the total infarct circumference
divided by the total cardiac circumference.
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Terminal Deoxynucleotidyl Transferase-
Mediated dUTP Nick End-Labeling
Staining

Left ventricular tissue sections were stained by ter-
minal deoxynucleotidyl transferase-mediated dUTP
nick end-labeling (TUNEL) (Takara, Shiga, Japan), as
described previously.'® Border lines were drawn ac-
cording to inflammatory cell invasion. Border zones
were defined as points 100 pm from the border line
on both sides. TUNEL-positive nuclei were counted
in the border zone, and the border zone was meas-
ured using Imaged software (National Institutes of
Health, Bethesda, MD). The data were normalized in
counts per square millimeter.

Cultured Neonatal Rat Ventricular
Cardiomyocytes

Primary cultures of isolated neonatal rat ventricular car-
diomyocytes were prepared from the ventricles of ne-
onatal Sprague-Dawley rats as described previously,
with some modifications.'®?° Neonatal rats were eutha-
nized by isoflurane overdose, and the hearts were rap-
idly excised. After digesting the myocardial tissue with
trypsin (Wako) and collagenase type 2 (Worthington
Biochemical, Freehold, NJ), the cells were suspended
in DMEM (Sigma-Aldrich, St. Louis, MO; D6046) con-
taining 10% FBS (Hyclone, Logan, UT, SH30396, lot
no. ABB213138) and penicillin/streptomycin (Nacalai
Tesque, Kyoto, Japan; 26253-84). Cells were plated
twice in 100-mm culture dishes (Cellstar; Greiner Bio-
One, KremsmdUnster, Austria) for 70 minutes each to
reduce the number of nonmyocytes. Nonadherent
cells were plated in culture dishes (Primaria; Corning,
Corning, NY) at a density of 2.5x10° cells/mL for each
experiment. Isolated cardiomyocytes were maintained
at 37°C in humidified air with 5% CO, for 24 to 36 hours
after plating on the culture dishes. Images of cultured
cardiomyocytes were obtained using an Olympus IX71
microscope (Olympus, Tokyo, Japan).

Transfection of Cultured Cardiomyocytes
With Small Interfering RNA

Cultured cardiomyocytes were transfected with small
interfering RNA (siRNA) targeting each gene using
Lipofectamine RNAIMAX (Thermo Fisher Scientific,
Waltham, MA) as described previously.?® siRNAs tar-
geting Hif-1a (RS0035615 and RS0035615; Takara)
and p53 (s128541; Thermo Fisher Scientific) were
used in this study. Briefly, after changing the penicillin/
streptomycin-free DMEM containing 10% FBS, Opti-
MEM (Gibco, Grand Island, NY; 31985-070) containing
each siRNA and Lipofectamine RNA iIMAX was added
to each well to achieve a final concentration of 1 nmol/L
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siRNA. The medium was changed to one containing
10% FBS and penicillin/streptomycin at 24 hours, and
then CoCl, was added to inhibit PHDs and mimic se-
vere hypoxia in vitro starting at 48 hours after siRNA
transfection.

Quantitative Reverse Transcription
Polymerase Chain Reaction

Total RNA extraction, reverse transcription, and
quantitative reverse transcription- polymerase chain
reaction were performed as described previously,
with some modifications.?"?? Briefly, total RNA was
extracted using an RNeasy Mini Kit (Qiagen, Hilden,
Germany), and was converted to cDNA using a
Reverfra Ace quantitative reverse transcription-
polymerase chain reaction kit (Toyobo, Osaka,
Japan). The reactions were performed in an Applied
Biosystems QuantStudio3 with THUNDERBIRD
SYBR gPCR Mix (Toyobo) in accordance with the
manufacturer’s instructions (denaturation, 95°C for
15 seconds; annealing and elongation, 60°C for
45 seconds). The forward and reverse primer se-
quences are presented in Table S1.

Western Blotting

Western blotting was performed as previously de-
scribed.?®?! Briefly, frozen myocardial tissue samples
were homogenized in radioimmunoprecipitation assay
buffer (Thermo Fisher Scientific) containing a protease
inhibitor cocktail (Roche Diagnostics, Indianapolis,
IN), T mmol/L NaF, and 0.1 mmol/L NayVO,. Equal
amounts of protein (20 ug per lane) were separated
by sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis, and then electrophoretically transferred
onto a nitrocellulose membrane using a Trans-Blot ap-
paratus (Bio-Rad). After blocking for 1 hour with skim
milk in Tris-buffered saline containing 1% Tween 20,
the membrane was incubated with primary antibody
at 4 °C overnight, followed by incubation with the ap-
propriate secondary antibody at room temperature
for 1 hour. Primary antibodies against the follow-
ing proteins were used: Hif-1a (36169; Cell Signaling
Technology [CST], Danvers, MA), p53 (32532; CST),
cleaved caspase-3 (9579; CST), cleaved poly (ADP-
ribose) polymerase (PARP) (9548; CST), cleaved cas-
pase-1 (67314; CST), caspase-8 (9429; CST), cleaved
caspase-8 (4790; CST), CD107b (Mac-3; 550292; BD
Biosciences, Franklin Lakes, NJ), MMP-2 (87809; CST),
MMP-9 (ab228402; Abcam, Cambridge, UK), TIMP-1
(@b179580; Abcam), and TIMP-2 (5738; CST). An an-
tibody against GAPDH (glyceraldehyde-3-phosphate
dehydrogenase; sc-32233; Santa Cruz Biotechnology,
Dallas, TX) was used as a control. Anti-rabbit, anti-
mouse, and anti-rat immunoglobulin G antibodies
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(7074, 7076, and 7077, respectively; CST) were used
as secondary antibodies. We acquired images with a
Western Lighting ECL Pro (Perkin Elmer, Waltham, MA)
or Chemi-Lumi One Ultra (11644-40; Nacalai Tesque,
Kyoto, Japan) using Fusion (Vilber Lourmat, Marne-la-
Vallée, France).

Cell Viability Assay

Cell viability assays were performed using CellTiter-
Blue (G808A; Promega, Madison, WI) in accordance
with the manufacturer’s instructions. After 48 hours
of treatment with CoCl, (500 pmol/L), the medium
(100 pL/well) was changed to FBS-free DMEM, and
20 pL of CellTiter-Blue was added to each well of a 96-
well plate. After 1 hour incubation at 37°C, the fluores-
cence intensity (excitation 560 nm, emission 590 nm)
was measured with a Varioskan LUX (VLBOOODO;
Thermo Fisher Scientific). Data are shown as a per-
centage of the control.

Statistical Analysis

All data are shown as the meanz+standard error of the
mean. To compare groups, we used the Student t
test, Pearson 2 test, or 1-way ANOVA, followed by the
Tukey or Dunnett post hoc test. Survival analysis was
performed using the Kaplan-Meier method, and differ-
ences in survival between groups were evaluated with
the log-rank test. Results with P<0.05 were considered
statistically significant. The JMP15 Pro software (SAS
Institute, Cary, NC) was used for statistical analysis.

RESULTS

Hif-1a, p53, and Apoptosis Were Induced
in the Border Zone of Mi

The myocardium in the Ml border zone, which is the
most frequent site at which cardiac rupture occurs
after Ml induction, was analyzed biochemically on
day 5, as previously described.'®?3 Both Hif-1a and
p53 were significantly increased in the border zone
of Ml at day 5 after Ml (Figure 1A and 1B). Cleaved
PARP and caspase-3, representing apoptosis, were
also induced, and TUNEL-positive cells were signifi-
cantly increased in the border zone of Ml (Figure 1C
and 1D).

Excessive Hif-1a Induced p53
Upregulation and Apoptosis in Isolated
Cardiomyocytes

To clarify the role of Hif-1a in p53 upregulation and ap-
optosis in cardiomyocytes, the expression of Hif-1a,
p53, and cleaved caspase-3 at 24 hours, as well as
cell survival at 48 hours, after CoCl, treatment were
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Figure 1. Characterization of the myocardium in the myocardial infarction (MI) border zone at day 5 after MI.

A, Western blots of Hif-1a (hypoxia-inducible factor-1a), p53, cPARP (cleaved poly [ADP-ribose] polymerase), and CC-3 (cleaved
caspase-3) in the Ml border zone. GAPDH (glyceraldehyde 3-phosphate dehydrogenase) was used as a loading control. B,
Quantification of Western blots shown in (A); n=6 in each group. **P<0.01, analyzed by Dunnett test vs sham. Data are shown as the
ratio to sham group average or border group average. C, Representative images of terminal deoxynucleotidyl transferase-mediated
dUTP nick end-labeling (TUNEL) staining in the MI border zone on day 5. The arrow indicates TUNEL-positive nuclei. Bar = 50 pm in
200x images, and 20 pm in 400x images. D, Quantification of TUNEL-positive cells in the Ml border zone per square millimeter. Sham:
n=6; M| border: n=5. **P<0.01 vs Sham, analyzed by Student t test. N/A indicates not applicable.

examined using siRNA targeting Hif-1a in cultured car-
diomyocytes. Inhibition of PHDs by CoCl,, mimicking
severe hypoxia during ischemia via PHD inhibition,
increased Hif-1a in a CoCl, concentration-dependent
manner, whereas p53 was steadily increased at
500 pmol/L in our preliminary experiments (Figure S1A
and S1B). Therefore, we used 500 umol/L of CoCl, in
this study. CoCl, treatment did not affect the expres-
sion of Tp53 at the transcriptional level (Figure 2A),

J Am Heart Assoc. 2021;10:e020895. DOI: 10.1161/JAHA.121.020895

whereas it excessively increased Hif-1a and p53 at
the protein level, and induced caspase-3 cleavage in
cardiomyocytes (Figure 2B and 2C), indicating that
excessive Hif-1a increased pb53 protein by stabilizing
P53, as reported previously by An et al.'® In contrast,
silencing of Hif-1a significantly inhibited the increase in
P53 induced by CoCl, treatment and fully inhibited the
cleavage of caspase-3 (Figure 2B and 2C). Although
prolonged inhibition of PHDs (48 hours) led to myocyte
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Figure 2. Role of Hif-1a (hypoxia-inducible factor 1-a) in upregulating p53 expression and apoptosis induced by PHD (prolyl
hydroxylase domain) inhibition using CoCl, in cultured rat cardiomyocytes.

A, Tp53 expression in cultured cardiomyocytes treated with vehicle (Veh) and CoCl, (500 pmol/L) for 24 hours, or transfected with
small interfering RNA (siRNA) for control (CTL) (scramble siRNA, CTL) and Hif-1a, was quantified by quantitative reverse transcription-
polymerase chain reaction; n=6 in each group. B, Western blots of Hif-1a, p53, and CC-3 (cleaved caspase-3) in cardiomyocytes
treated with Veh and CoCl, (500 pmol/L) for 24 hours, or transfected with siRNA for CTL (scramble siRNA, CTL) and Hif-1a. GAPDH
(glyceraldehyde-3-phosphate dehydrogenase) was used as a loading CTL. C, Quantification of Western blots shown in (B); n=6 in each
group. Data are shown as a ratio to the average of Veh+CTL. D, Representative images of cardiomyocytes treated with Veh and CoCl,
(500 umol/L), or transfected with siRNA for CTL (scramble siRNA, CTL) and Hif-1a. E, Cellular viability using cultured cardiomyocytes
treated with Veh and CoCl, (500 umol/L), or transfected with siRNA for CTL (scramble siRNA, CTL) and Hif-1a by CellTiterBlue Assay;

n=5-6 in each group. **P<0.01, analyzed by 1-way ANOVA, followed by Tukey post hoc test. KD indicates knockdown; and N/A, not
applicable.
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death in vitro in cultured cardiomyocytes, silencing of
Hif-1a completely prevented myocyte death induced
by CoCl, treatment (Figure 2D and 2E).

p53 Was a Major Mediator of Hif-1a-
Induced Apoptosis

To investigate the role of p53 in Hif-1a-induced ap-
optosis, the expression of Hif-1a, p53, and cleaved
caspase-3 at 24 hours and cell survival at 48 hours
after CoCl, treatment were examined after treatment
with siRNA targeting p53 in cultured cardiomyocytes
(Figure 3A). Silencing of p53 inhibited the cleavage
of caspase-3, even in the presence of excess Hif-1a
(Figure 3B and 3C), and fully prevented Hif-1a—induced
cell death in cardiomyocytes (Figure 3D and 3E). These
results suggest that p53 is a major mediator of Hif-1a—
induced apoptosis in cardiomyocytes.

Cardiomyocyte-Specific Hetero Deletion
of Hif-1a Reduced p53 and Apoptosis in
the Border Zone of MI

To investigate the role of Hif-1a as an inducer of p53 and
apoptosis in the border zone after Ml, cardiac-specific
Hif-1a (+/-)/Myh6Cre (+/-) mice (caHetKO) were pre-
pared by crossing Hif-1a-floxed mice and Myh6-Cre
mice. Echocardiography showed no differences in the
left ventricular ejection fraction and left ventricular end-
diastolic diameter between control mice and caHetKO
at day 5 after MI, whereas left ventricular ejection frac-
tion was reduced and left ventricular end-diastolic di-
ameter was increased in Ml of both wild type (WT) and
caHetKO mice (Figure S2A). In addition, heart and lung
weights were comparable between the 2 groups in Ml
(Figure S2B). In contrast, Hif-1a was decreased, and
p53, cleaved PARP, and caspase-3 were significantly
reduced in the MI border zone in caHetKO mice on
day 5 (Figure 4A and 4B). Furthermore, TUNEL-positive
cells after Ml were significantly suppressed in caHetKO
mice (Figure 4C and 4D).

Cleavage of Caspase-8 Was Suppressed
in caHetKO Mice

MMP-2 and MMP-9, secreted from inflammatory
cells such as Mac-3—positive macrophages, regu-
late extracellular matrix reconstruction and are pre-
dominantly responsible for the induction of cardiac
rupture after MI.>® Caspase-8 is an inflammatory
caspase that can drive apoptosis as well as inflam-
mation through IL-1B processing,?* and p53 regulates
caspase-8 activation.?® Cleavage of caspase-8 and
IL-1B was increased in the Ml border zone, whereas it
was suppressed in caHetKO mice (Figure 5A and 5B).
Consistent with these findings, Mac-3 representing
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macrophage invasion in the Ml border zone was re-
duced, and the upregulation of MMP-2 and MMP-9,
as well as TIMP-1 and TIMP-2, was suppressed in the
border zone (Figure 5A and 5B). In cultured cardiomy-
ocytes, CoCl, treatment also enhanced the cleavage
of caspase-8, which was inhibited by silencing Hif-1a
and p53 (Figure S3). In contrast, CoCl, treatment did
not upregulate the gene expression of either MMPs
or TIMPs. Although Hif-1a or p53 downregulated ex-
pression of the Mmp9 or Timp4 genes, respectively,
silencing Hif-1a and p53 did not directly affect expres-
sion of other genes (Figure S4A and S4B). Collectively,
these results indicate that inflammation, which is regu-
lated by Hif-1a and p53-dependent caspase-8 activa-
tion and IL-1B processing, contributes to exacerbating
extracellular matrix reconstruction through MMPF/
TIMP activation.

Cardiomyocyte-Specific Hetero Deletion
of Hif-1a Prevented Cardiac Rupture and
Improved the Prognosis After Ml

To investigate the effect of Hif-1a deletion on cardiac
rupture, we observed Ml mice until day 10 and analyzed
the surviving mice. Echocardiographic images of the
left ventricular end-diastolic diameter and left ventricu-
lar ejection fraction, and the weights of organs such as
the heart and lung, did not differ between the groups
of surviving mice at day 10 after Ml (Figure S5A and
S5B). In addition, infarct size was comparable between
control and caHetKO mice (Figure 6A). Nevertheless,
cardiac rupture was significantly prevented, and sur-
vival was improved in caHetKO mice (survival rate, 47%
in control and 75% in caHetKO mice; Figure 6B, Table).
These results suggest that excessive Hif-1a is a major
inducer of p53, inflammation, and apoptosis in the Ml
border zone during sustained cardiac ischemia, which
can be suppressed by reduction in Hif-1a expression in
the MI border zone, allowing the prevention of cardiac
rupture. Collectively, excessive Hif-1a is a major patho-
logical feature of cardiac rupture after Ml, as summa-
rized in Figure 7.

DISCUSSION

Our primary findings were as follows: (1) Hif-1a is a major
inducer of p53 and apoptosis in cultured cardiomyo-
cytes and the myocardium in the Ml border zone in vivo.
(2) p53 is a critical mediator of Hif-1a—induced apoptosis.
(3) A reduction in Hif-1a leads to prevention of cardiac
rupture after MI, accompanied by suppression of p53,
inflammation, and apoptosis. We previously reported
that deletion of p53 suppressed apoptosis in the Ml bor-
der zone and prevented cardiac rupture, indicating that
P53 plays a major role in apoptosis and cardiac rupture
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Figure 3. Role of p53 in apoptosis induced by PHD (prolyl hydroxylase domain) inhibition using CoCl, in cultured rat
cardiomyocytes.

A, Tp53 expression in cultured cardiomyocytes, treated with vehicle (Veh) and CoCl, (500 pmol/L) for 24 hours, or transfected with
small interfering RNA (siRNA) for control (CTL) (scramble siRNA, CTL) and p53, was quantified by quantitative reverse transcription-
polymerase chain reaction; n=6 in each group. B, Expression of Hif-1a, p53, and CC-3 (cleaved caspase 3) in cardiomyocytes
treated with Veh and CoCl, (500 pmol/L) for 24 hours, or transfected with siRNA for CTL (scramble siRNA, CTL) and p53. GAPDH
(glyceraldehyde 3-phosphate dehydrogenase) was used as a loading CTL. C, Quantification of Western blots shown in (B); n=6 in each
group. Data are shown as a ratio to the average of Veh+CTL. D, Images of cardiomyocytes treated with Veh and CoCl, (500 pmol/L),
or transfected with siRNA for CTL (scramble siRNA, CTL) and p53. E, Cellular viability using cultured cardiomyocytes treated with Veh
and CoCl, (500 pmol/L), or transfected with siRNA for CTL (scramble siRNA, CTL) and p53 by CellTiterBlue Assay; n=6 in each group.
**P<0.01, analyzed by 1-way ANOVA, followed by Tukey post hoc test. KD indicates knockdown; and N/A, not applicable.

J Am Heart Assoc. 2021;10:e020895. DOI: 10.1161/JAHA.121.020895 8



Ikeda et al Role of Hif-1a in Cardiac Rupture

A Sham MI Border Zone
CTL caHetKO CTL caHetKO
Hif-1a
p53 ———— —
cPARP 85 oo ob B ot
CC'3 | — e e
B
1.5 55 61 ** 8 *% 1.5 o*
T |7 _%f : -
T = ° < T & *% =
o= T £ Qc 6 L=
a5 1.0 o ¢_{_) 4 o (_? a4 1.0-
< I~ o g - < -
0o N/A < E 2 4 oo
S o — Qo a0 S o N/A
= © 0.5- . 02 24 . <2 O o 0.5- .
T® 2 S 2 2 = ©
0- 0- 0- 0-
caHetKO -+ -+ caHetKO -+ -+ caHetKO -+ -+ caHetKO -+ -+
Sham MI Sham Mi Sham Mi Sham Mi
CTL+MI caHetKO+MI £ ® k%
= 80—
E
x200 ~‘_:; c 60— -
3 (]
W 2>
e =5 40
= _ o
N -9
. _.l\ < ‘( g 20_
x400 N
R~ 2 TR 2 -
X S SNA CTL caHetKO
i MI

Figure 4. Hif-1a (hypoxia-inducible factor 1-a), p53, and apoptosis in the myocardial infarction (Ml) border zone of
cardiomyocyte-specific Hif-1a hetero-knockout (caHetKO) mice on day 5.

A, Expression of Hif-1a, p53, cPARP (cleaved poly [ADP-ribose] polymerase), and CC-3 (cleaved caspase 3) in the Ml border zone
at day 5 after Ml. GAPDH (glyceraldehyde 3-phosphate dehydrogenase) was used as a loading control (CTL). B, Quantification of
Western blots shown in (A); n=4 in each group. Data are shown as a ratio to CTL+sham or CTL+MI mice. C, Representative images
of terminal deoxynucleotidyl transferase-mediated dUTP nick end-labeling (TUNEL)-positive cells in CTL and caHetKO mice at day
5 after MI. D, Quantification of TUNEL-positive cell count per square millimeter in CTL and caHetKO mice; n=5-6 in each group.
The arrow indicates TUNEL-positive nuclei. Bar = 50 pm in 200x images and 20 pm in 400x images. Data are shown as a ratio to
the average of CTL+MI group. *P<0.05, **P<0.01 vs CTL, analyzed by 1-way ANOVA, followed by Tukey post hoc test or Student t
test (for Hif-1a and CC-3 in B and D). N/A indicates not applicable.
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during MI” However, the regulatory mechanisms of p53
and apoptosis during Ml are not clear. We demonstrated
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Figure 5. Role of Hif-1a (hypoxia-inducible factor 1-a) in CC-8 (cleaved caspase-8), inflammation,
and matrix metalloproteinase (MMP)/tissue inhibitor of metalloproteinase (TIMP) in the myocardial
infarction (MI) border zone on day 5.

A, Expression of CC-8, cleaved interleukin-13 (cIL-13), Mac-3, MMP-2, MMP-9, TIMP-1, and TIMP-2 in
the MI border zone at day 5 after MI. GAPDH (glyceraldehyde 3-phosphate dehydrogenase) was used
as a loading control (CTL). B, Quantification of Western blots shown in (A); n=4 in each group. Data are
shown as a ratio to CTL+MI. *P<0.05, **P<0.01 vs CTL+MI, analyzed by Student t test. caHetKO indicates
cardiac-specific Hif-1a hetero-knockout; and N/A indicates not applicable.

that an excessive level of Hif-1a was a major inducer of role of Hif-1a in cardiac rupture after Ml.
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P53 expression, apoptosis, inflammation, and cardiac
rupture during MI. This is the first report describing the
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Figure 6. Infarct size and survival after myocardial

infarction (MI) in cardiomyocyte-specific Hif-1a hetero-
knockout mice (caHetKO mice) until day 10.

A, Representative images demonstrating infarct size, and
quantification of infarct size in control (CTL) and caHetKO mice
after MI. CTL mice: n=9; caHetKO mice: n=14. Bar = 1 mm. B,
Survival of CTL and caHetKO mice after MI. CTL mice: n=38;
caHetKO mice: n=44. Survival analysis was performed using the
Kaplan-Meier method. Between-group differences in survival
were evaluated by the log-rank test. *P<0.05 vs CTL+MI mice.
Hif-1a indicates hypoxia-inducible factor 1-a.

Hif-1a primarily regulates metabolism, cell prolif-
eration, and cell growth in response to hypoxia as
an adaptive mechanism.?® Studies by our group and
others demonstrated that Hif-1a induces ischemic
tolerance, and protects against ischemia/reperfu-
sion injury and Ml induced by permanent ligation of a
coronary artery.'®27-32 Notably, our findings indicate
that excessive and prolonged activation of Hif-1a
leads to myocyte death through p53 upregulation
and apoptosis in the MI border zone after MI. These
phenomena may appear contradictory, but apoptosis
might be a reasonable choice for myocytes exposed
to severe and sustained ischemia. When myocytes
are exposed to hypoxia, Hif-1a initially lowers oxygen
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consumption through metabolic reprogramming,
which is the switch from aerobic to anaerobic me-
tabolism, to ensure myocyte survival even under hy-
poxia as an adaptation.'®32 However, Hif-1a may also
drive some myocytes to cell death through p53 up-
regulation and apoptosis to rescue other myocytes
by ultimately reducing oxygen consumption when
myocytes are exposed to severe or sustained hy-
poxia. These aspects of Hif-1a may enable regula-
tion of cell survival and death, because apoptosis is
a programmed cell death pathway for ensuring organ
survival and saving the whole organism through
self-sacrifice.®* However, silencing p53 failed to
completely abolish the cleavage of caspase-3 and
caspase-8 induced by CoCl, treatment in cultured
cardiomyocytes (Figure 3, Figure S3), indicating that
the other mechanism excluding p53 partly mediated
Hif-1a—induced apoptosis. Thus, further investigation
is needed to fully reveal the molecular mechanism of
Hif-1a—induced apoptosis in cardiomyocytes.

In this study, we also showed that the hetero dele-
tion of Hif-1a suppressed the inflammation and sub-
sequent extracellular matrix reconstruction through
the MMP/TIMP system in the MI border zone. Based
on the evidence that the activation of the MMP/TIMP
system was suppressed in caHetKO mice, we first
hypothesized that Hif-1a or p53 transcriptionally reg-
ulated the gene expression of MMP/TIMP. However,
CoCl, treatment with Hif-1a and p53 silencing in cul-
tured cardiomyocytes could not elucidate the mecha-
nism by which the MMP/TIMP system was suppressed
in caHetKO mice (Figure S4A and S4B). Although
apoptosis is classically recognized as regulated cell
death unaccompanied by inflammation, inflamma-
tory caspases, such as caspase-1 and caspase-8,
have been reported to induce inflammation through
the processing and secretion of IL-13.24 In particular,
caspase-1, which causes pyroptosis, is a representa-
tive caspase that can cleave IL-1(3; however, cleaved
caspase-1 was not increased in the M| border zone
(Figure S6). Caspase-8 is another caspase responsi-
ble for the cleavage of IL-13 and is known to be reg-
ulated by p53.%° Cleaved caspase-8 was markedly
increased in the MI border zone, and this increase was
suppressed in caHetKO of Hif-1a (Figure 5). Moreover,
CoCl,-induced cleavage of caspase-8 was prevented
by silencing Hif-1a and p53 (Figure S3). These results
suggested that the Hif-1a—-p53 axis also activated
caspase-8 and IL-1[3 processing, and thereby induced
inflammation with extracellular matrix reconstruction
through the activation of the MMP/TIMP system, which
critically contributed to the induction of cardiac rupture
after MI. Furthermore, Hif-1a might directly regulate the
inflammation, independent of p53, because Hif-1a is
also well known to regulate inflammation.® Although
we were not able to separate the roles of Hif-1a and
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Table 1. Rupture and Nonrupture Death Rates in Control and Cardiomyocyte-Specific Hif-1a Hetero-Knockout Mice
Variables CTL-MI caHetKO-MI P value
Summary of survival

No. 38 44

Rupture rate, % 45 (17/38) 23 (10/44) 0.03
Rupture site, border/infarct/undetermined 13/1/3 10/0/0 0.25
Nonrupture death rate, % 8 (3/38) 2 (1/43) 0.23

The rupture site was determined by locating the hole or fissure during autopsy. The rupture sites in 3 mice could not be determined due to tearing after adhesion
of the heart to the chest wall during autopsy. Rupture and nonrupture death rates were analyzed by Pearson x? test. caHetKO-MI indicates cardiomyocyte-
specific Hif-1a hetero-knockout-myocardial infarction; CTL-MI, control-myocardial infarction; and Hif-1a, hypoxia-inducible factor-1a.

p53 in inflammation in the MI border zone, we deduced
that excessive Hif-1a in the Ml border zone would also
induce inflammation through caspase-8 and IL-13 di-
rectly or via p53 induction.

Nevertheless, there was no reduction in infarct
size in caHetKO mice, although apoptosis was sig-
nificantly suppressed in the Ml border zone. This may
be because Hif-1a has a protective effect on infarct
size after MI, as previously described,?® and thus,
deletion of Hif-1a abolishes its protective effect. As
mentioned above, Hif-1a exerts opposing effects by
protecting against or promoting cell death. The detri-
mental effect of Hif-1a deletion may mask its protec-
tive effect against apoptosis in the Ml border zone,
resulting in comparable infarct sizes between the 2
groups.

In addition to cardiac rupture, Hif-1a—induced apop-
tosis may play a critical role in the progression of cardio-
myopathy in heart failure (HF). Hif-1a is upregulated in
the myocardium in the end stage of HF, as demonstrated
in previous studies,3%3” whereas prolonged activation
of Hif-1a, by the transgene of Hif-1a or PHD inhibition
in cardiomyocytes, induces susceptibility to mechani-
cal stress-related impairment, resulting in cardiac dys-
function, and excessively overexpressed Hif-1a induces
cardiomyopathy.3-4° Taken together, these reports
indicate that excessive or prolonged Hif-1a expression
contributes to the progression of cardiomyopathy in HF.
Although the molecular mechanism by which excessive
or prolonged Hif-1a activation induces cardiac dysfunc-
tion requires further analysis,*° p53-dependent apop-
tosis triggered by Hif-1a expression may contribute to
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Figure 7. Schematic showing the mechanistic role of the Hif-1a-p53 axis in cardiac rupture after myocardial infarction (MI).
Hif-1a indicates hypoxia-inducible factor 1-a; Hif-13, hypoxia-inducible factor 1-f3; IL-13, interleukin-13; MMP/TIMP, matrix
metalloproteinase/tissue inhibitor of metalloproteinase; OH, hydroxy group; and PHD, prolyl hydroxylase domain-containing protein.
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aggravation of cardiomyopathy in the end stage of HF
because p53 is the key molecule determining the failed
phenotype of cardiomyocytes in HF.#!

Early primary PCl reduces cardiac rupture, and me-
chanical complications including cardiac rupture have
clinically become rare."*? Nevertheless, the COVID-19
pandemic has delayed primary PCI for acute Ml
worldwide,**=4% and thus, an increase in mechanical
complications is currently creating concerns.*=48 QOur
findings may provide the rationale of potential strate-
gies for preventing mechanical complications in the
delayed presentation of MI. Primary PClI maximally
lessens myocardial damage within 90 minutes after
the onset of MI.49-5" However, delayed PCl may also
be effective for preventing mechanical complications
by releasing sustained ischemia in the Ml border zone
and potentially suppressing apoptosis and inflamma-
tion induced by excessive Hif-1a. This strategy is sup-
ported by clinical evidence showing that successful
late reperfusion by primary PCI is associated with a
reduced risk of mechanical complications in patients
with AMI.52 Moreover, reducing oxygen consumption
with B-blockers may also be effective for the pre-
vention of mechanical complications. Clinical stud-
ies showed that B-blockers clinically prevent cardiac
rupture after MI1.5354 Recently, we demonstrated that
heart rate reduction with ivabradine markedly reduced
apoptosis in the MI border zone and prevented car-
diac rupture, improving the survival after Ml in mice.®
Given that heart rate reduction with ivabradine can
reduce oxygen consumption in the myocardium and
prolong the perfusion time,%:% apoptosis suppressed
by ivabradine may be achieved partly by attenuating
excessive hypoxic responses. Because delayed PCI
does not frequently result in sufficient perfusion in the
myocardium due to coronary microvascular occlu-
sion,®” a pharmacological approach as well as reper-
fusion may be important for preventing mechanical
complications.

In conclusion, excessive Hif-1a is a major inducer
of p53 upregulation, inflammation, apoptosis, and car-
diac rupture after MI. Thus, the Hif-1a-p53 axis may be
a critical therapeutic target for cardiac rupture.
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SUPPLEMENTAL MATERIAL



Table S1. Primer sequences used in this study.

Rattus norvegicus F/R  |primer sequence

F AAGTTTCAGCACATCCTGCGAGTA

Rps18 R TTGGTGAGGTCAATGTCTGCTTTC
Tp53 F TCCAGTTCATTGGGACTTATCCTTG

R GCTCATATCCGACTGTGAATCCTC
Munp? F TCCCGAGATCTGCAAGCAAG

R AGAATGTGGCCACCAGCAAG
Mump9 F AGCCGGGAACGTATCTGGA

R TGGAAACTCACACGCCAGAAG
Timp1 F CATCTCTGGCCTCTGGCATC

R CATAACGCTGGTATAAGGTGGTCTC
Timp?2 F GACACGCTTAGCATCACCCAGA

R CTGTGACCCAGTCCATCCAGAG
Timp3 F AGGGCTGTGCAACTTTGTGG

R TCTTGGAGGTCACAAAGCAAGG

. F GCCTGAATCATCACTACCACCAGA

Timpd R GAGATGGTACACGGCACTGCATA
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				Rattus norvegicus		F/R		primer sequence

				Rps18		F		AAGTTTCAGCACATCCTGCGAGTA

						R		TTGGTGAGGTCAATGTCTGCTTTC

				Tp53		F		TCCAGTTCATTGGGACTTATCCTTG

						R		GCTCATATCCGACTGTGAATCCTC

				Mmp2		F		TCCCGAGATCTGCAAGCAAG

						R		AGAATGTGGCCACCAGCAAG

				Mmp9		F		AGCCGGGAACGTATCTGGA

						R		TGGAAACTCACACGCCAGAAG

				Timp1		F		CATCTCTGGCCTCTGGCATC

						R		CATAACGCTGGTATAAGGTGGTCTC

				Timp2		F		GACACGCTTAGCATCACCCAGA

						R		CTGTGACCCAGTCCATCCAGAG

				Timp3		F		AGGGCTGTGCAACTTTGTGG

						R		TCTTGGAGGTCACAAAGCAAGG

				Timp4		F		GCCTGAATCATCACTACCACCAGA

						R		GAGATGGTACACGGCACTGCATA


















Figure S1. Dose-dependency of cobalt chloride (CoCl,) for Hif-1a,
p53, and cleaved caspase (CC)-3 expression in isolated
cardiomyocytes under PHD inhibition.
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A, Expression of Hif-1a, p53, and CC-3 in cultured cardiomyocytes under CoCl, treatment.
GAPDH was used as a loading control. B, Quantification of western blots shown in Figure
S1A; n =3 in each group. Data are shown as the mean £ SEM. *P < 0.05, **P <0.01 vs.

Control, analyzed using Dunnett’s test.



Figure S2. Physiological parameters in CTL and caHetKO mice at

day 5 after Mi.
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A, Echocardiographic measurements (left ventricular diameter in diastole [LVDd] and left
ventricular ejection fraction [LVEF]) in CTL and caHetKO mice at day 5 after MI. B, Heart
and lung weights in CTL and caHetKO mice at day 5 after MI. Data are shown as the mean
+ SEM. **P < 0.01 vs. Control, analyzed using one-way ANOVA, followed by Tukey’s

post-hoc test.



Figure S3. Cleavage of caspase-8 induced by cobalt chloride (CoCl,)
treatment in cultured cardiomyocytes, transfected with siRNA
targeting Hif-1a and p53.
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A, Expression of cleaved caspase-8 in cultured cardiomyocytes under CoCl, treatment,
transfected with siRNA targeting Hif-1a. GAPDH was used as a loading control. B,
Quantification of western blots shown in Figure S3A; n = 3 in each group. C, Expression of
cleaved caspase-8 in cultured cardiomyocytes under CoCl, treatment, transfected with
siRNA targeting p53. GAPDH was used as a loading control. D, Quantification of western
blots shown in Figure S3C; n = 3 in each group. Data are shown as the mean = SEM. **P <
0.01 vs. Control, analyzed using one-way ANOVA, followed by Student’s #-test.



Figure S4. Transcriptional expression of matrix-metalloproteinases
(MMPs) and tissue inhibitors of metalloproteinases (TIMPs) under
cobalt chloride (CoCl,) treatment in cultured cardiomyocytes,
transfected with siRNA targeting Hif-1a and p53.
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A, Mmp2, Mmp9, Timp1, Timp2, Timp3, and Timp4 expression in cultured cardiomyocytes
treated with vehicle (Veh) and cobalt chloride (CoCl,, 500 uM) for 24 h, or transfected with
siRNA for control (scramble siRNA) and Hif-1a, was quantified by real-time PCR; n = 6 in
each group. B, Mmp2, Mmp9, Timp1, Timp2, Timp3, and Timp4 expression in cultured
cardiomyocytes treated with Veh and CoCl, (500 uM) for 24 h, or transfected with siRNA for
control (scramble siRNA) and p53, was quantified by real-time PCR; n = 6 in each group.
Data are shown as the mean = SEM. *P <0.05, **P < (.01, analyzed using one-way
ANOVA, followed by Tukey’s post-hoc test.



Figure S5. Physiological parameters in CTL and caHetKO mice at the
time of sacrifice in survival study.
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A, Echocardiographic measurements (left ventricular diameter in diastole [LVDd] and left ventricular
ejection fraction [LVEF]) in CTL and caHetKO. B, Heart and lung weights in CTL and caHetKO mice. Data
are shown as the mean = SEM.



Figure S6. Cleavage of caspase-1 in the border zone of myocardial
infarction (MI).
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A, Western blots of cleaved caspase (CC)-1 in the MI border zone. Glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) was used as a loading control. B, Quantification of western blots shown in Figure
S6A; n =3 in each group. *P < 0.05, analyzed by Dunnett’s test vs. Sham. Data are shown as a ratio to the
Sham group.
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