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SUMMARY

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

schemic heart disease is the leading cause of
death worldwide." It culminates in acute myocar-
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Mechanism of Ferroptosis in Myocardial I/R Injury

Ischemia-reperfusion (I/R) injury is a promising therapeutic target to improve clinical outcomes after acute
myocardial infarction. Ferroptosis, triggered by iron overload and excessive lipid peroxides, is reportedly
involved in I/R injury. However, its significance and mechanistic basis remain unclear. Here, we show that
glutathione peroxidase 4 (GPx4), a key endogenous suppressor of ferroptosis, determines the susceptibility to
myocardial I/R injury. Importantly, ferroptosis is a major mode of cell death in I/R injury, distinct from mito-
chondrial permeability transition (MPT)-driven necrosis. This suggests that the use of therapeutics targeting
both modes is an effective strategy to further reduce the infarct size and thereby ameliorate cardiac remodeling
after I/R injury. Furthermore, we demonstrate that heme oxygenase 1 up-regulation in response to hypoxia and
hypoxia/reoxygenation degrades heme and thereby induces iron overload and ferroptosis in the endoplasmic
reticulum (ER) of cardiomyocytes. Collectively, ferroptosis triggered by GPx4 reduction and iron overload in the
ER is distinct from MPT-driven necrosis in both in vivo phenotype and in vitro mechanism for I/R injury. The use
of therapeutics targeting ferroptosis in conjunction with cyclosporine A can be a promising strategy for I/R
injury. (J Am Coll Cardiol Basic Trans Science 2022;7:800-819) © 2022 The Authors. Published by Elsevier on
behalf of the American College of Cardiology Foundation. This is an open access article under the CC BY-NC-ND
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AMI = acute myocardial
infarction

CsA = cyclosporine A

CypD = cyclophilin D

DXZ = dexrazoxane

ER = endoplasmic reticulum
Fer-1 = ferrostatin-1

GPx4 = glutathione peroxidase 4
HF = heart failure

HO-1 = heme oxygenase 1
H/R = hypoxia-reoxygenation
1/R = ischemia-reperfusion
LP = lipid peroxide

MPT = mitochondrial
permeability transition

RCD = regulated cell death

STEMI = ST-segment elevation
myocardial infarction

dial infarction (AMI), a fatal disease accompanied
by irreversible myocardial injury. Early reperfusion
strategies have been shown to limit the infarct size
and markedly improve the outcome of patients with
AMI.>® However, as reported by the Framingham
Heart Study,* the incidence of heart failure (HF) in-
creases after an MI. Therefore, further study is imper-
ative to improve the prognosis of patients after
reperfusion therapy in AMI.

Ischemia-reperfusion (I/R) injury has been a
promising therapeutic target for patients with AMI
since thrombolytic therapy and percutaneous coro-
nary intervention became feasible strategies.” Di Lisa
et al® reported that mitochondrial permeability tran-
sition pore (mPTP) opening is a major trigger of cell
death in reperfusion injury, and Hausenloy et al’
demonstrated that cyclosporine A (CsA), an inhibitor
of mPTP opening, limits the infarct size in a myocar-
dial I/R model. Mechanistically, cyclophilin D (CypD),
which is located in the mitochondria and activated in
response to oxidative stress, persistently opens
the mPTP, dissipating mitochondrial membrane

permeability transition (MPT)-driven necrosis in
reperfusion injury,®° whereas CsA inhibits CypD and
thus prevents MPT-driven necrosis.'® Indeed, in a
phase 2 study, CsA reduced the infarct size in patients
with ST-segment elevation myocardial infarction
(STEMI)."" However, a phase 3 trial failed to demon-
strate the clinical benefit of CsA administration per-
taining to clinical outcomes, death from any cause,
cardiovascular death, and HF incidence in patients
with STEMI."> Collectively, these trials suggest that
targeting MPT-driven necrosis with CsA therapy is not
enough to improve the long-term clinical outcomes.
Therefore, additional therapeutic targets for reperfu-
sion injury should be identified.

Ferroptosis is a novel concept of regulated cell
death (RCD). Dixon et al” first proposed that this
RCD mechanism is dependent on iron chelators, and
Yang et al'* showed that glutathione peroxidase 4
(GPx4), a scavenging enzyme for lipid peroxides
(LPs), is an endogenous regulator of ferroptosis.
Currently, ferroptosis is defined as an RCD initiated
by oxidative perturbations of the intracellular
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microenvironment, which is under constitutive con-
trol by GPx4 and can be inhibited by iron chelators
and lipophilic antioxidants.'® In this context, Angeli
et al'® reported ferroptosis to be involved in renal I/R
injury, and Fang et al'® demonstrated that treatment
with either dexrazoxane (DXZ), an iron chelator, or
ferrostatin-1 (Fer-1), a lipophilic antioxidant, reduces
the infarct size in myocardial I/R injury. However, it is
unclear whether therapeutics targeting ferroptosis in
conjunction with CsA can potentiate cardioprotection
against I/R injury. In addition, the molecular basis for
susceptibility to ferroptosis in myocardial I/R injury
remains to be fully elucidated.

Gpx4 is a unique gene that encodes 3 isoforms:
cytosolic, mitochondrial, and nucleolar GPx4."”
Cytosolic GPx4 is a scavenger of lipid peroxides in
the phospholipid bilayer of various intracellular or-
ganelles, whereas mitochondrial GPx4, with a mito-
chondrial signaling peptide, is located only in the
mitochondria. Using Gpx4 gene-manipulated mice
and adenoviruses harboring cytosolic and mitochon-
drial Gpx4 (Ad-cytoGPx4 and Ad-mitoGPx4, respec-
tively), we recently identified the mitochondria as a
pivotal organelle involved in doxorubicin-induced
ferroptosis in its cardiotoxicity.'® This suggested
that these mice and adenoviruses are effective mo-
dalities for investigating the role of ferroptosis in
myocardial I/R injury.

In the present study, we investigated the role of
GPx4 in ferroptosis-induced myocardial I/R injury
and analyzed whether ferroptosis can be a major
therapeutic target independently from MPT-driven
necrosis by the use of Gpx4 gene-manipulated mice.
Furthermore, we investigated the mechanisms un-
derlying the susceptibility of cardiomyocytes to fer-
roptosis induced by hypoxia-reoxygenation (H/R) by
the use of adenoviruses harboring cytosolic and
mitochondrial Gpx4 along with organelle-specific iron
chelators.

METHODS

ANIMAL STUDY. All procedures involving animals
and animal care protocols were approved by the
Committee on Ethics of Animal Experiments at the
Kyushu University Faculty of Medical and Pharma-
ceutical Sciences and performed in accordance with
the Guidelines for Animal Experiments of Kyushu
University (A20-320), as well as the Guideline for the
Care and Use of Laboratory Animals published by the
United States National Institutes of Health (NIH) (8th
edition, revised in 2011). C57BL/6J mice and Sprague-
Dawley rats (CLEA Japan) were housed in a temper-
ature- and humidity-controlled room, fed a
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commercial diet (CRF-1, Oriental Yeast), and given
free access to water. GPx4-transgenic (Tg) (Fy line)
and GPx4-knockout in C57BL/6J mice were induced

as described previously.'®2?

MURINE MYOCARDIAL I/R MODEL. The murine
myocardial I/R model was produced as described
previously.”>?* Briefly, 9-12-week-old male mice
were anesthetized with 1%-2% isoflurane with the use
of an inhalation anesthesia apparatus (MK-AT210D,
Muromachi Kikai), the intercostal space was opened
under mechanical ventilation, and myocardial
ischemia was induced by ligation of the left anterior
descending coronary artery (LAD) for 30 minutes
followed by reperfusion. The LAD of animals in the
sham group was sutured without ligation. CsA
(2.5 mg/kg diluted with saline solution to 7.5 mg/mL,
3999406A1032, Novartis International) was injected
via the femoral vein 10 minutes before reperfusion.
When the mice demonstrated decreased activity after
the operation, they were administered carprofen
(4.4 mg/kg subcutaneously). After death by intra-
peritoneal administration of an overdose of a mixture
comprising medetomidine (1.5 mg/kg), midazolam
(20 mg/kg), and butorphanol tartrate (25 mg/kg)
(Wako Chemicals), hearts were excised for either
measurement of infarct size 24 hours after reperfu-
sion or Western blot and real-time polymerase chain
reaction (PCR) analysis 6, 15, 24, 48, and 72 hours
after reperfusion.

ECHOCARDIOGRAPHY. Echocardiographic data were
measured through 2-dimensional targeted M-mode
images in the short-axis view at the papillary muscle
level with the use of a Vevo1100 ultrasonography sys-
tem (Fujifilm Visual Sonics), as described previously.'®

ACROLEIN STAINING OF THE MYOCARDIUM
EX VIVO. The acrolein was fluor-stained in the
myocardium with the use of AcroleinRED (FDV-0022,
Funakoshi).” Briefly, the heart was rapidly excised 24
hours after reperfusion and cut at the middle and
apex levels. The pieces were incubated in a solution
containing AcroleinRED (20 pmol/L) and Hoechst
33342 (5 pg/mL, H3570, Thermo Fisher Scientific) for
15 minutes at room temperature. After washing with
phosphate-buffered saline solution (PBS), the sec-
tions on slide glass were observed with the use of a
fluorescence microscope (BZ-X800, Keyence).

ASSESSMENT OF MYOCARDIAL INFARCT SIZE. The
Evans Blue-triphenyltetrazolium chloride (TTC)
double-staining method was used to determine
myocardial infarct size as described previously.”**4
The LAD was reoccluded and 0.3 mL 2% Evans Blue
dye was injected into the right jugular vein to identify
the area at risk (AAR) 24 hours after reperfusion. Once
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the peripheral limbs turned blue, the heart was
rapidly excised and rinsed in normal saline solution,
and the left ventricle (LV) was frozen in liquid nitro-
gen. The LV was then cut into 5 1-mm-thick slices,
which were incubated in 1% 2,3,5-TTC (T0520, Tokyo
Chemical Industry) for 15 minutes at 37 °C. The infarct
area (IFA) (white) and the AAR (red and white) for
each segment were measured with the use of Image]J
v1.44 (NIH). Thereafter, the AAR/LV, IFA/AAR, and
IFA/LV ratios were calculated.

PLASMA TROPONIN | MEASUREMENT. Whole blood
was collected 24 hours after reperfusion, and plasma
was isolated by centrifugation at 13,200 rpm for
10 minutes. Plasma troponin I levels were measured
with the use of an enzyme-linked immunosorbent
assay kit (CTNI-1-HSP, Life Diagnostics).

TERMINAL DEOXYNUCLEOTIDYL TRANSFERASE-MEDIATED
dUTP NICK-END LABELING. Terminal deoxynucleotide
transferase-mediated dUTP nick-end labeling
(TUNEL) staining was performed to detect in situ
DNA fragmentation with the use of an apoptosis
detection kit (MK500, Takara) as described previ-
ously.?®?7 Briefly, hearts were retrieved 24 hours af-
ter reperfusion and stored in 10% formalin. Then,
they were cut on the short axis into 3 sections: base,
middle, and apex. Each section was embedded in
paraffin, cut into 3-mm slices, and stained according
to the manufacturer’s instructions. Briefly, the sliced
samples were deparaffinized and washed with PBS.
The deparaffinized samples were processed with
proteinase K (20 pg/mL, 161-28701, Fujifilm Wako
Pure Chemical Corp) for 15 minutes and washed with
PBS 3 times. The samples were then labeled with
antibody against cardiac troponin T (ab209813,
Abcam) and placed in an incubator at 37 °C for
60 minutes. After the samples were washed with PBS,
fragmented DNA was labeled in Labeling Safe Buffer
with terminal deoxynucleotide transferase, and the
samples were treated with the secondary antibody
(DI-1594, Vector Laboratories) at 37 °C in an incubator
for 90 minutes. The samples were washed with PBS
and sealed with mounting agent (Vectashield H1800,
Vector Laboratories). The samples were observed
under a fluorescence microscope (BZ-X800,
Keyence), and TUNEL-positive and cardiac troponin
T-positive cells were counted as TUNEL-
positive cardiomyocytes.

REAGENTS. Fer-1 (SML0583) was purchased from
Sigma-Aldrich. DXZ (ab141109) was purchased from
Abcam. FerroOrange (F374) and Mito-FerroGreen
(MFG, M489) were purchased from Dojindo. Ferro-
FarRed (FFR, GC903-01) was purchased from Goryo
Chemical. CsA (C2408) was purchased from Tokyo
Chemical Industry.
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CELL CULTURE. Primary cultures of the isolated
neonatal rat ventricular cardiomyocytes were pre-
pared from the ventricles of neonatal Sprague-Dawley
rats as described previously.'®?3 Neonatal rats were
killed by administering an overdose of isoflurane
(5%), and the hearts were then rapidly excised. After
digesting the myocardial tissues with trypsin (25300-
062, Thermo Fisher Scientific) and collagenase type 2
(LS004176, Worthington Biochemical), the isolated
cardiomyocytes were suspended in DMEM (D5796,
Sigma-Aldrich) containing 10% fetal bovine serum
(SH30910.03, HyClone Laboratories) and 1% peni-
cillin/streptomycin (26253-84, Nacalai Tesque). Cells
were plated twice in 100-mm culture dishes for
70 minutes each to reduce the number of non-
myocytes. Nonadherent cells were plated in culture
dishes (Primaria, Corning) at ~2.5 x 10°/mL for each
experiment as cultured cardiomyocytes and main-
tained at 37 °C in humidified air with 5% CO,.

H/R IN CULTURED CARDIOMYOCYTES. Cultured
cardiomyocytes were perturbated by H/R as described
previously with some modifications.”® Briefly, hypoxia
(Hx) was induced by replacing the standard medium
with a conditioned medium that was kept in a hypoxic
chamber (APM-50D, Astec) overnight (5%~ CO,,
94.5% N,, 0.5% O, at 37 °C), and then the cultured
cardiomyocytes were incubated in the hypoxic cham-
ber for 24 hours. Reoxygenation was induced by rein-
cubating them under standard conditions. Fer-1
(50 pmol/L), DXZ (1 mmol/L), CsA (2 uM— umol/L),
MFG (10 pmol/L), and FFR (10 pmol/L) were added 1
hour before inducing H/R.

ISOLATION OF ADULT MOUSE CARDIOMYOCYTES.
Adult mouse cardiomyocytes were isolated as
described previously,?® with some modifications.
Briefly, 5-6-week-old male mice were anesthetized
with 1%-4% isoflurane under mechanical ventilation
using an inhalation anesthesia apparatus with oxygen
(flow rate; 0.5 L/min). The heart of the mice was
exposed at the thoracic diaphragm, and 7 mL of EDTA
buffer was injected at the mid portion of right
ventricle within 1 min. After clamping the ascending
aorta, the heart was excised onto a 60-mm Petri dish
filled with EDTA buffer. Subsequently, 10 mL of EDTA
buffer was injected at the apex at the rate of 1 mL per
2-3 min. The heart samples were then transferred to a
Petri dish filled with perfusion buffer, and 3 mL of
perfusion buffer was subsequently injected via the
same needle hole at the apex. Thereafter, the heart
was transferred to a Petri dish filled with collagenase
buffer, and approximately 25 mL of collagenase
buffer was injected until characteristics of degrada-
tion were observed. Subsequently, clamping was

803



804

Miyamoto et al
Mechanism of Ferroptosis in Myocardial I/R Injury

removed, and the left ventricle was isolated. The left
ventricle was cut into 1-mm? pieces in 3 mL collage-
nase buffer, and the tissue was loosened by pipetting
for 2 minutes. Stop buffer (5 mL) was added to the
suspended solution in collagenase buffer, and the
mixture was pipetted for 2 minutes. Undegraded tis-
sues were removed by passing the suspension
through a filter (pore size 100 um, 352360, Corning).
Adult cardiomyocytes were allowed to settle by
keeping the suspension still. To neutralize the adult
cardiomyocytes to M199-based culture medium, the
pellet was subsequently suspended in mixed buffers
(calcium reintroduction buffers) of perfusion buffer
and culture medium at, respectively, 2:1, 1:1, and 1:2.
The pellet was finally suspended in plating medium,
and adult cardiomyocytes were plated at 1,500 cells
per well in a 96-well plate for a cell survival assay and
the 1,000 cells per well in a 35-mm dish for iron
measurement using FFR (the plates were coated with
5 pug/mL laminin [23017015, Thermo Fisher Scientific]
solution). The plating medium was changed to cul-
ture medium with 5% fetal bovine serum (Hyclone) 1
hour after incubation. The compositions of EDTA
buffer, perfusion buffer, collagenase buffer, stop
buffer, plating medium, and culture medium were the
same as those described previously.?® Hx and H/R
were induced as described in neonatal culture car-
diomyocytes, although the durations of Hx and
reoxygenation were 12 and 6 hours, respectively.
Fer-1 and CsA were used at 50 pmol/L and
2 umol/L, respectively.

ADENOVIRUS CONSTRUCTION. Ad-cytoGPx4 and
Ad-mitoGPx4 were produced as described previ-
ously.'® Cultured cardiomyocytes were infected with
these adenoviruses for 1 hour, followed by incubation
for 48 hours in standard medium, and then used in
subsequent experiments.

TRANSFECTION OF SMALL INTERFERING RNA.

Silencing of heme oxygenase 1 (Hmox1) (5 nmol/L,
s127884, Thermo Fisher Scientific), transferrin re-
ceptor (Tfrc) (10 nmol/L, s134442, Thermo Fisher
Scientific), and ferroportin (Slc40ai1) (10 nmol/L,
s139390, Thermo Fisher Scientific) was performed by
small interfering RNA (siRNA) transfection with Lip-
ofectamine RNAIMAX (Thermo Fisher Scientific) ac-
cording to the manufacturer’s instructions. Briefly,
24 hours after seeding, the cardiomyocytes were
transfected with siRNA and incubated for 48 hours.

WESTERN BLOTTING. Western blotting was per-

formed as previously described.??-3°

Primary anti-
bodies against the following proteins were used:
GPx4 (ab125066, Abcam), acrolein (MAR-020n, JaIlCA;

Shizuoka), and heme oxygenase-1 (HO-1) (43966,
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CST). Coomassie blue staining (11642-31, Nacalai
Tesque) was used to standardize the signal intensity
detected by Western blotting.

QUANTITATIVE REVERSE-TRANSCRIPTION PCR.
Total RNA extraction and quantitative reverse-
transcription PCR were performed as described pre-
viously,**? with some modifications. Briefly, total
RNA was extracted with the use of an RNeasy Mini
Kit (74104, Qiagen) and converted to cDNA with the
use of ReverTra Ace qPCR RT Kit (FSQ-201, Toyobo),
and the reactions were run in an Applied Biosystems
QuantStudio3 (Thermo Fisher Scientific) for the
Thunderbird SYBR qPCR Mix (Toyobo). Relative gene
expression was normalized by the expression of an
internal control gene (Rpsi8). The forward (F) and
reverse (R) primer sequences, respectively, were as
follows: Rpsi8 (mouse): F 5-TTCTGGCCAACGGTC-
TAGACAAC-3, R 5-CCAGTGGTCTTGGTGTGCTGA-3';
total Gpx4 (mouse): F 5'-CGCGATGATTGGCGCT-3', R
5'-CACACGAAACCCCTGTACTTATCC-3'; mitochon-
drial Gpx4 (mouse): F 5-AGCTGGGGCCGTCT-
GAGCCG-3, R 5-ATGTCCTTGGCTGAGAATTCGT-3';
nucleolar Gpx4 (mouse): F 5-CTGAACCTTT-
CAACCCGGG-3’, R 5-AGAATTCGTGCATGGAGCG-3';
Rps18 (rat): F 5-AAGTTTCAGCACATCCTGCGAGTA-3/,
R 5-TTGGTGAGGTCAATGTCTGCTTTC-3; total
Gpx4 (rat): F 5-TCAATGTCTGCTTTC-3'; mitochon-
drial Gpx4 (rat): F 5'-CGCTTATTGAAGCCAGCACT-3/,
R 5-TTATCCAGGCAAACCATGTG-3’; nucleolar Gpx4
(rat): F 5-TCTGCTGCAGGACCTTCC-3/, R 5'-CGCAAC-
CCCTGTACTTATCC-3'; Hmox1 (rat): F 5-AGGTGCA-
CATCCGTGCAGAG-3/, R 5'-CTTCCAGGGCCGTATAGA-
TATGGTA-3'; Tfrc (rat): F 5-GGATCAAGCCAG-
ATCAGCAT-3, R 5-CTCATCTGCAGCCAGTTTCA-3';
Slc40a1 (rat): F 5-ACAGCTGTCTACGGGTTGGT-3/, R
5'-ATGATCCCGCAGAGAATGAC-3'.

COMPLEX | ACTIVITY. Complex I activity was
measured with the use of a Complex I Enzyme Ac-
tivity Assay Kit (ab109721, Abcam). Briefly, ~10 mg
of myocardium was homogenized in PBS, and sam-
ple A (5.5 mg/mL) was prepared by adding PBS to
each extract. Detergent solution (10 pL) was added
to sample A, and the mixture kept on ice for 30 mi-
nutes. Subsequently, the mixture was centrifuged at
16,000g for 20 minutes at 4 °C and the supernate
collected as sample B. Sample B was diluted with
incubation solution (1:20 ratio of sample B to incu-
bation solution). Diluted sample B (200 pL) was
added onto a 96-well plate and kept at room tem-
perature for 3 hours. Thereafter, the diluted solution
was fully removed from the 96-well plate, and each
well was washed with 1x wash buffer 3 times.
Finally, assay solution was added to each well and
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the absorbance was repeatedly measured at 450 nm
at 30-second intervals for 30 minutes at 30 °C.
Complex I activity was defined by the rate of change
in optical density (OD) per minute ([absorbance2 —
absorbance1]/time).

COMPLEX IV ACTIVITY. Complex IV activity was
measured with the use of a Complex IV
Rodent Enzyme Activity Microplate Assay Kit
(ab109911, Abcam). Briefly, ~10 mg of myocardium
was homogenized in solution 1, and sample A (5.5 mg/
mL) was prepared by adding solution 1 to each
extract. Detergent solution (10 pL) was added to
sample A, and the mixture were kept on ice for
30 minutes. Subsequently, the mixture was centri-
fuged at 16,000g for 20 minutes at 4 °C and the
supernate collected as sample B. Sample B was
diluted with solution 1 (1:20 ratio of sample B to so-
lution 1). Diluted sample B (200 pL) was added into a
96-well plate and kept at room temperature for 3
hours. Thereafter, the diluted solution was fully
removed from the 96-well plate, and each well was
washed with solution 1 three times. Finally, assay
solution (200 pL, reagent C plus solution 1) was added
into each well, and the absorbance was repeatedly
measured at 550 nm at 1-minute intervals for 120 mi-
nutes at 30 °C. Complex IV activity was defined by the
rate of change in OD per minutes ([absorbance2 —
absorbance1]/time).

CELL SURVIVAL ASSAY USING CALCEIN ACETOXYMETHYL
(AM). To assess cell viability, the calcein assay was
performed with neonatal rat cardiomyocytes and
adult mouse cardiomyocytes that were seeded in 96-
well (1 x 8 Stripwell; 9102, Life Sciences) after H/R
(24 h Hx and 24 h reoxygenation in neonatal rat car-
diomyocytes and 12 h Hx and 6 h reoxygenation in
adult mouse cardiomyocytes), with the use of Cell
Counting Kit F (CK-06, Dojindo) as described previ-
ously.’®?3 Briefly, after being washed with PBS,
cultured cells were incubated in calcein AM solution
diluted in PBS (1:500 ratio of calcein AM to PBS) for
15 minutes at 37 °C. Thereafter, cell viability was flu-
orometrically measured (excitation wavelength of
490 nm and emission wavelength of 520 nm) with the
use of a Varioskan LUX Multimode Microplate Reader
(Thermo Fisher Scientific).

EXTRACTION OF ENDOPLASMIC RETICULUM FROM
MYOCARDIUM. Endoplasmic reticulum (ER) was
extracted from the myocardium with the use of an
Endoplasmic Reticulum Enrichment Extraction Kit
(NBP2-29482, Novus Biologicals). Briefly, frozen
myocardium (~50 mg) was first washed in 1 mL PBS.
Subsequently, myocardium was homogenized in
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isosmotic homogenization buffer (4 pL/mg) contain-
ing 100 x protease inhibitor cocktail (0.04 pL/mg). The
homogenates were transferred to a centrifuge tube
and centrifuged at 1,000g for 10 minutes at 4 °C. The
supernates were transferred to clean tubes and
centrifuged at 12,000g for 15 minutes at 4 °C. There-
after, the supernates were transferred to new tubes
and centrifuged at 90,000g for 60 minutes at 4°C.
Pellets were suspended with isosmotic homogeniza-
tion buffer (7 uL/mg), and the suspensions were used
for iron measurement.

IRON MEASUREMENT USING THE FERROZINE
METHOD. Iron contents in cell lysate and ER extract
lysate were measured with the use of a Metallo Assay
Kit (FE31M, Metallogenics) based on the ferrozine
method as described previously.'® Briefly, 6 mol/L
HCl was added to 55 pL lysate, and the mixture was
placed for 30 minutes at room temperature. After-
ward, the mixtures were spun down to obtain the
supernate. The supernates (40 pL) were mixed with
R-A buffer (200 pL) on a 96-well plate. After 5 minutes
of reactions, the base line absorbance of the samples
was measured at 560 nm (OD1) with the use of a
Varioskan LUX Multimode Microplate Reader
(Thermo Fisher Scientific). Subsequently, R-R
Chelator-Color (8 pL) was added to the samples, and
the absorbance was measured again at 560 nm (OD2).
The increase in absorbance, ie, OD2 — OD1, was
calculated, and iron content was determined based
on a standard curve.

MEASUREMENTS OF LIPID PEROXIDATION WITH
THE USE OF C11-BODIPY 581/591. LPs were
measured with the use of C11-BODIPY 581/591
(Thermo Fisher Scientific) in cultured cardiomyocytes
after 24 hours Hx and 1 hour reoxygenation. The cells
were harvested by trypsinization and resuspended
with PBS. Then, the cells were incubated with PBS
containing C11-BODIPY 581/591 (2 pmol/L) for 15 mi-
nutes at 37 °C. They were strained through a 40-pm
cell strainer (pluriSelect 43-10040, Life Science), and
analyzed with the use of a flow cytometer (BD FAC-
SLyric, BD Biosciences) equipped with a 488 nm laser
for excitation. At least 10,000 cells were analyzed per
condition. The data were presented with the use of
FlowJo vi1o0.

FLUORESCENCE IMAGING FOR FERROUS IRON. Fer-
roOrange and FFR were used to detect ferrous iron
(Fe®") in whole cells and ER, respectively. Cultured
cardiomyocytes were seeded on a 35-mm glass-
bottomed dish (AGC Techno Glass) and washed
3 times with PBS, and the medium was replaced with
fresh DMEM without serum containing 1 pmol/L
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FerroOrange or 5 umol/L FFR and 0.1 pmol/L ERsee-
ing (FDV-0038; Funakoshi), in the presence or
absence of 1 mmol/L DXZ. Hx was induced using
conditioned media from the hypoxic chamber, fol-
lowed by incubating the cells in the hypoxic chamber
for 4 h. Afterwards, the cells were washed thrice with
PBS and fixed with 4% paraformaldehyde for 10 mi-
nutes at 4 °C. After being washed 3 times with PBS,
they were mounted on a microscopic slide with the
use of a mounting medium with 4',6-diamidino-2-
phenylindole (DAPI) (Vectashield H1200, Vector Lab-
oratories) and observed under a fluorescence
microscope (BZ-X800, Keyence). Image analysis was
performed with the use of ImageJ v1.44.

MEMBRANE POTENTIAL IN CARDIOMYOCYTES.
Membrane potential was assessed with the use of the
MitoProbe JC-1 assay (M34152, Thermo Fisher Scien-
tific) in accordance with the manufacturer’s in-
structions. Briefly, the isolated cardiomyocytes were
washed with PBS and treated with 2 umol/L JC-1 at
37 °C for 15 minutes. After the cardiomyocytes were
washed with PBS, they were collected on ice with the
use of a scraper in cold PBS and centrifuged at
1,000 rpm for 5 minutes at 4 °C. The pellet was
resuspended by tapping in 250 pL PBS, and aggre-
gates were removed by passing the suspension
through a filter (pluriSelect 43-10040, Life Science).
The cardiomyocytes were analyzed with the use of a
flow cytometer (BD FACSLyric). The fluorescence in-
tensity of PE was assessed as membrane potential.
Positive control was prepared by treating the car-
diomyocytes with 200 upmol/L protonophore m-
chlorophenylhydrazone at 37 °C for 60 minutes.

STATISTICAL ANALYSIS. Data are presented as mean
+ SEM. Data were evaluated for departures from the
normal distribution. Two groups were compared with
the use of Student’s t-test, and 3 or more groups were
compared with the use of 1-way analysis of variance
with Tukey’s honest significance difference test for
multiple pairwise comparisons. Dunnett’s test was
used to control type I error when comparing multiple
groups with the control (e.g., sham). A P value
of <0.05 was considered to be statistically significant,
with *P < 0.05, **P < 0.01, and ***P < 0.001 indicating
significance within the figures. JMP v15 (SAS Insti-
tute) was used for all statistical analyses.

RESULTS

MYOCARDIAL I/R INJURY REDUCED GPx4 AND
INCREASED LP LEVELS. The I/R model in the present
study showed ~40% infarct area (IFA) per area-at
risk (IFA/AAR) at 24 hours (Supplemental Figures 1A
and 1B) and impairment of left ventricular ejection
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fraction (LVEF) and cardiac dilation on day 14 after I/R
(Supplemental Figures 1C and 1D). The expression of
all isoforms of Gpx4 was significantly down-regulated
(Figure 1A), and the acrolein level, representing LPs,
was elevated in the I/R-injured myocardium 24 hours
after reperfusion (Figure 1B). The Western blot analysis
showed that the GPx4 level was reduced and the
acrolein level was increased in the I/R-injured
myocardium (Figure 1C). GPx4 levels continued to
decrease until 48 hours, and then recovered to those of
the sham mice 72 hours after reperfusion (Figure 1C). In
contrast, acrolein levels were increased in the I/R-
injured myocardium 24 hours after reperfusion, with
further gradual increase until 72 hours after reperfu-
sion (Figure 1C), although the activities of complex I
and IV, representing mitochondrial function, were not
suppressed in the I/R injured myocardium
(Supplemental Figure 2). The number of TUNEL-
positive cells, which have previously been observed
during ferroptosis,'®33 increased in the I/R-injured
myocardium (Figure 1D). These results suggest that a
reduction in GPx4 levels enhances the susceptibility of
the I/R-injured myocardium to ferroptosis, as well as
indicate the involvement of ferroptosis in myocardial
I/R injury.

OVEREXPRESSION OF GPx4 ATTENUATED MYOCARDIAL
I/R INJURY. To investigate the roles of GPx4 and fer-
roptosis in myocardial I/R injury, we used GPx4 Tg
mice, in which the DNA sequence of Gpx4 with
endogenous promoter was inserted, and all Gpx4 iso-
forms were globally overexpressed.’®”' The over-
expression of GPx4 significantly reduced the IFA/AAR
ratio 24 hours after reperfusion compared with that of
wild-type (WT) mice (Figure 2A). Consistently, plasma
troponin I levels were significantly lower in GPx4 Tg
mice than in WT mice (Figure 2B). GPx4 over-
expression attenuated the increase in acrolein levels
in the I/R-injured myocardium (Figure 2C). The num-
ber of TUNEL-positive cells was reduced in GPx4 Tg
mice (Figure 2D). Given that GPx4 is a specific endog-
enous regulator of ferroptosis, the reduced number of
TUNEL-positive cells by the overexpression of GPx4
indicates that cells died due to ferroptosis.

HETERO-DELETION OF GPx4 AGGRAVATED
MYOCARDIAL I/R INJURY. GPx4 hetero-knockout
(hetKO) mice had a higher IFA/AAR ratio 24 hours
after reperfusion than WT mice (Figure 3A). Plasma
troponin I levels were higher in hetKO mice than in
WT mice (Figure 3B). GPx4 levels were significantly
lower in hetKO mice than in WT mice, and acrolein
levels were significantly enhanced in hetKO mice
(Figure 3C). The number of TUNEL-positive cells was
higher in the I/R-injured myocardium of hetKO mice
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FIGURE 1 Myocardial I/R Injury Decreased GPx4 and Increased Lipid Peroxide Levels
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(A) Expression of total, mitochondrial (Mito), and nucleolar (Nuc) Gpx4 in the I/R-injured myocardium 24 hours after reperfusion was
quantified by quantitative real-time polymerase chain reaction (n = 5). (B) Acrolein staining with the use of AcroleinRED (red) and Hoechst
33342 (blue) in the myocardium injured by I/R. Scale bar = 1 mm. (C) (left) Western blot of GPx4 and acrolein levels in the area at risk of
respective hearts 6, 24, 48, and 72 hours after reperfusion; (right) quantification of Western blot results (n = 4-5). Each band intensity was
standardized to Coomassie Brilliant Blue (CBB) staining (50 kDa). (D) (left) Representative images of TUNEL staining (green) and co-
staining with DAPI (blue) and troponin T (red), and (right) the number of TUNEL and DAPI double-positive nuclei in troponin T-positive
myocardium 24 hours after —reperfusion (n = 5). Scale bar = 25 um; arrowheads indicate TUNEL-positive nuclei. Data are shown as mean +
SEM. Statistical significance was determined by means of (A and D) Student's t-test and (C) Dunnett's test (vs sham). *P < 0.05, **P < 0.01,
***P < 0.001. DAPI = 4',6-diamidino-2-phenylindole; Gpx4 = glutathione peroxidase 4; I/R = ischemia-reperfusion; TUNEL = terminal
deoxynucleotidyl transferase-mediated dUTP nick-end labeling

than in WT mice (Figure 3D). Collectively, these re-
sults suggest that GPx4-regulated ferroptosis is
responsible for myocardial I/R injury, and that GPx4
determines the susceptibility to ferroptosis in
myocardial I/R injury.

FERROPTOSIS WAS DISTINCT FROM MPT-DRIVEN
NECROSIS IN MYOCARDIAL I/R INJURY. In myocar-
dial I/R injury, MPT-driven necrosis is a major mode
of cell death.®” Oxidative stress triggers the opening
of mPTP, thereby disrupting the mitochondrial
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FIGURE 2 GPx4 Overexpression Ameliorated Myocardial I/R Injury
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(A) (left) Representative images of I/R myocardium in WT and GPx4 Tg mice, double-stained by TTC and Evans Blue. Scale bar = 1 mm. (right)
The percentages of area at risk (AAR) per left ventricle (LV), infarct area (IFA) per AAR, and IFA per LV in WT and GPx4 Tg mice 24 hours after
reperfusion (n = 7). (B) Plasma troponin | (Tnl) levels (n = 9-10) 24 hours after reperfusion. (C) (left) Western blot of GPx4 and acrolein levels
in the heart tissue lysates of I/R-injured myocardium from WT and GPx4 Tg mice; (right) quantification of Western blot results (n = 6). Each
band intensity was standardized to Coomassie Brilliant Blue (CBB) staining (50 kDa). (D) (left) Representative images of TUNEL staining
(green) and co-staining with DAPI (blue) and troponin T (red), and (right) the number of TUNEL and DAPI double-positive nuclei in troponin
T-positive myocardium 24 hours after reperfusion (n = 5-7). Scale bar = 25 um; arrowheads indicate TUNEL-positive nuclei. Data are shown as
mean + SEM. Statistical significance was determined by means of Student's t-test. *P < 0.05; **P < 0.01; ***P < 0.001. Tg = transgenic;
TTC = triphenyltetrazolium chloride; WT = wild-type; other abbreviations as in Figure 1.

transmembrane potential and causing cytochrome c
release and MPT-driven necrosis.>**>> Because both
ferroptosis and MPT-driven necrosis are triggered by
oxidative stress, the role of ferroptosis in myocardial

I/R injury was examined in comparison with MPT-
driven necrosis. Treatment with CsA or GPx4 over-
expression equally reduced the infarct size compared
with that in I/R-injured mice without intervention
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FIGURE 3 Heterodeletion of GPx4 Aggravated Myocardial I/R Injury
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(A) (left) Representative images of I/R myocardium in WT and hetKO mice, double-stained by TTC and Evans Blue. Scale bar = 1 mm
(left panel). (right) The percentages of area at risk (AAR) per left ventricle (LV), infarct area (IFA) per AAR, and IFA per LV in WT and hetKO
mice 24 hours after reperfusion (n = 7). (B) Plasma troponin | (Tnl) levels 24 hours after reperfusion (n = 18-19). (C) (left) Western blot of
GPx4 and acrolein levels in the heart tissue lysates of I/R-injured myocardium from WT and hetKO mice 15 hours after reperfusion; (right)
quantification of Western blot results (n = 10-11). Each band intensity was standardized to Coomassie Brilliant Blue (CBB) staining (50 kDa).
(D) (left) Representative images of TUNEL staining (green) and co-staining with DAPI (blue) and troponin T (red), and (right) the number of
TUNEL and DAPI double-positive nuclei in troponin T-positive myocardium 24 hours after reperfusion (n = 5-6). Scale bar = 25 um;
arrowheads indicate TUNEL-positive nuclei. Data are shown as mean + SEM. Statistical significance was determined by means of Student's
t-test. *P < 0.05; **P < 0.07; ***P < 0.001. hetKO = GPx4 hetero-knockout; other abbreviations as in Figures 1 and 2.

(Figures 4A and 4B). Of note, CsA additionally reduced
the infarct size in GPx4 Tg mice, and the sum of the
percentage reductions by GPx4 Tg and CsA treatment
was equal to that of concomitant inhibition of

ferroptosis and MPT-driven necrosis (Figure 4C),
suggesting that ferroptosis is a distinct cell death
mode from MPT-driven necrosis in myocardial I/R
injury, and that there is no overlap between
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FIGURE 4 Ferroptosis Was a Cell Death Mode Distinct From MPT-Driven Necrosis in Myocardial I/R Injury
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(A) Representative images of double-staining by TTC and Evans Blue. (B) The percentages of area at risk (AAR) per left ventricle (LV), infarct
area (IFA) per AAR, and IFA per LV in either WT with vehicle, WT with CsA, GPx4 Tg with vehicle, and GPx4 Tg with CsA mice 24 hours after
reperfusion (n = 8-10). (C) Reduction of infarct size in CsA, GPx4 Tg, and GPx4 Tg with CsA mice. (D) Ratio of ferroptosis, MPT-driven necrosis,
and other cell death in myocardial I/R injury. (E) Representative images of M-mode echocardiography on day 14 after I/R. (F) Left ventricular
ejection fraction (LVEF) and left ventricular diameter in diastole (LVDd) (n = 4-6). Data are shown as mean + SEM. Statistical significance
was determined by means of (B) 1-way analysis of variance with post hoc Tukey's honest significance difference test and (F) Dunnett's test
(vs WT with vehicle). **P < 0.01; ***P < 0.001. CsA = cyclosporine A; MPT = mitochondrial permeability transition; other abbreviations as in
Figures 1 and 2.
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ferroptosis and MPT-driven necrosis. The relative
in vivo contributions of ferroptosis and MPT-driven
necrosis in myocardial I/R injury are summarized in
Figure 4D based on the above findings. Moreover, the
combination of GPx4 overexpression and CsA treat-
ment significantly improved the LVEF on day 14 after
I/R, whereas GPx4 overexpression or CsA treatment
did not (Figures 4D and 4E). In contrast, hetero-
deletion of GPx4 aggravated the impairment of
LVEF and cardiac dilation on day 14 after I/R
(Supplemental Figures 3A and 3B). These results
confirmed the major role of ferroptosis in infarct size
and cardiac function during the early and late phases
after I/R, respectively.

FERROPTOSIS WAS INDUCED BY H/R IN CULTURED
CARDIOMYOCYTES. To further investigate the mo-
lecular basis of ferroptosis in myocardial I/R injury,
cultured cardiomyocytes stimulated by H/R were
examined. Consistent with the in vivo myocardial I/R
injury findings, both GPx4 transcription and protein
levels were significantly decreased in response to
either Hx or H/R (Figures 5A and 5B). H/R increased
the levels of LPs probed with C11-BODIPY and
induced cell death in cultured cardiomyocytes
(Figures 5C to 5E). Treatment with Fer-1 (a competent
inhibitor of ferroptosis) or DXZ (an iron chelator)
significantly suppressed the levels of LPs and pre-
vented cell death induced by H/R (Figures 5C to 5E).
This was also confirmed in adult cardiomyocytes
(Figure 5F). Collectively, ferroptosis was a major
mode of  RCDs induced by H/R in
cultured cardiomyocytes.

FERROPTOSIS FOLLOWING H/R WAS PREVENTED
BY CYTOSOLIC, NOT MITOCHONDRIAL, GPx4. To
investigate the role of GPx4 and identify the pivotal
organelle in ferroptosis after H/R, we used Ad-
cytoGPx4 and Ad-mitoGPx4 with a mitochondrial
targeting signal as described previously.'® Indeed,
these GPx4 adenoviruses increased the GPx4 level
in a multiplicity of infection-dependent manner
(Figures 6A and 6B, Supplemental Figures 4A and
4B). The overexpression of cytosolic Gpx4 sup-
pressed the levels of LPs, and effectively prevented
ferroptosis after H/R, whereas mitochondrial Gpx4
expression had no significant protection against
ferroptosis induced by H/R (Figures 6C to 6E).
These results suggest that ferroptosis in response to
H/R is triggered in organelles, excluding
the mitochondria.

IRON OVERLOAD IN ER TRIGGERED FERROPTOSIS
IN H/R. Total cellular iron was not changed at 4 hours
after Hx according to the 2 methods, ferrozine
method with whole cell lysates (Figure 7A) and

Miyamoto et al
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fluorescent imaging with the use of FerroOrange
(Supplemental Figure 5A). We then examined the
Fe?" level in the ER of cultured cardiomyocytes with
the use of FFR, a specific fluorescence probe for Fe?"
in the ER, as Cui et al*° recently demonstrated that Hx
elevates the Fe?* level in the ER with the use of this
probe®”:3® and Kagan et al®*® reported that the ER is
associated with ferroptosis in GPx4-deficient Pfa1
cells. This examination revealed that the fluorescence
detected by FFR was merged with that of ERseeing, a
specific indicator for the ER, and Fe®" levels were
markedly enhanced in the ER under Hx, compared
with normoxia (Nx) (Figure 7B). Furthermore, this
enhancement was significantly suppressed by DXZ
treatment (Figure 7B). Consistently, iron was signifi-
cantly increased in the ER-enriched fraction of I/R-
injured myocardium compared with that of the
sham-operated myocardium (Figure 7C). Further-
more, Fe>" overload in ER induced by Hx was also
observed in adult cardiomyocytes (Figure 7D). Pre-
treatment using FFR as a chelator for iron in ER, but
not MFG (a specific chelator for Fe*" in mitochon-
dria), significantly suppressed the LP levels and pre-
vented H/R-induced ferroptosis (Figures 7E and 7F,
Supplemental Figure 5B).

HO-1 INDUCED IRON OVERLOAD IN THE ER AND
TRIGGERED FERROPTOSIS FOLLOWING H/R. HO-1,
up-regulated in response to various stresses and
localized at the ER, causes heme degradation and
produces Fe®" accompanied by biliverdin and carbon
monoxide.*° Indeed, the HO-1 levels were increased
in the I/R-injured myocardium at 6 hours and 24
hours after reperfusion (Figure 8A) and in cultured
cardiomyocytes after Hx and H/R (Figure 8B). There-
fore, we finally examined the effect of HO-1 silencing
on iron overload, LPs, and ferroptosis induced by H/
R. Interestingly, silencing HO-1 abolished the iron
overload in the ER (Figures 8C and 8D), suppressed an
increase in the levels of LPs (Figure 8E), and pre-
vented ferroptosis induced by H/R (Figure 8F).
Collectively, HO-1 up-regulation in response to Hx
and H/R degraded heme and thereby induced Fe*"
accumulation in the ER, triggering ferroptosis after
H/R.

DISCUSSION

I/R injury remains a critical concern, and therapeutics
for reperfusion injury have yet to be established.
Analyzing genetically engineered mice and using
adenoviruses harboring Gpx4 and specific pharma-
cologic interventions, we obtained 3 major findings in
this study: 1) GPx4 is a key regulator of ferroptosis in
myocardial I/R injury; 2) ferroptosis operates
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FIGURE 5 Ferroptosis Was Induced by H/R in Cultured Cardiomyocytes
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(A) Gene expression of total, mitochondrial, and nucleolar Gpx4 following either hypoxia (Hx) or H/R (24 h hypoxia and 6 h reoxygenation) in
cultured cardiomyocytes (n = 6). (B) (top) Western blot of GPx4 levels in the cultured cardiomyocytes after 24 hours of Hx or H/R (24 h
hypoxia and 6 h reoxygenation). (bottom) Quantification of Western blot results (n = 6). Each band intensity was standardized to Coomassie
Brilliant Blue (CBB) staining (50 kDa). (C) (left) Histogram of flow-cytometric analysis for lipid peroxides, probed with the use of C11-BODIPY
in cultured cardiomyocytes after H/R, treated with either vehicle or Fer-1 (50 umol/L); (right) ratio of C11-BODIPY-positive cells in flow-
cytometric (for overall consistency) analysis (n = 4). (D) (left) Histogram of flow-cytometric analysis for lipid peroxides, probed with the use
of C11-BODIPY in cultured cardiomyocytes after H/R, treated with either vehicle or DXZ (1 mmol/L); (right) ratio of C11-BODIPY-positive cells
in flow-cytometric analysis (n = 4). (E) Cell survival after Nx and H/R in cultured cardiomyocytes treated with either vehicle, CsA (2 pmol/L),
DXZ (1 mmol/L), or Fer-1 (50 pumol/L) (n = 6). (F) Cell survival after Nx and H/R in adult cardiomyocytes treated with either CsA (2 pmol/L)
or Fer-1 (50 pmol/L) (n = 6). Data are shown as mean + SEM. Statistical significance was determined by means of (C to F) 1-way analysis of
variance with post hoc Tukey's honest significance difference test and (A and B) Dunnett's test (vs Nx). **P < 0.01, ***P < 0.001.

DXZ = dexrazoxane; Fer-1 = ferrostatin=1; H/R = hypoxia-reoxygenation; Hx = hypoxia; Nx = normoxia; other abbreviations as in Figures 1
and 4.
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FIGURE 6 Ferroptosis After H/R Was Prevented by Cytosolic GPx4 but Not Mitochondrial GPx4
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of hypoxia. (B) Quantification of Western blot results shown in A (n = 4). Each band intensity was standardized to Coomassie Brilliant Blue
(CBB) staining (50 kDa). (€) Histograms of flow-cytometric analysis for lipid peroxides, probed — with the use of C11-BODIPY in cultured
cardiomyocytes following H/R, infected with (left) Ad-cytoGPx4 and (right) Ad-mitoGPx4. (D) Ratio of C11-BODIPY-positive cells in flow-
cytometric analysis as shown in € (n = 4-8). (E) Cell survival after H/R in cultured cardiomyocytes infected with Ad-cytoGPx4 and Ad-
mitoGPx4 (n = 10). Data are shown as mean + SEM. Statistical significance was determined by means of 1-way analysis of variance with post
hoc Tukey's honest significance difference test. *P < 0.05; **P < 0.01; ***P < 0.001. Ad-cytoGPx4 = adenovirus harboring cytosolic Gpx4;
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Figures 1, 4, and 5.

independently from MPT-driven necrosis, and thera-
peutics targeting both ferroptosis and MPT-driven
necrosis could achieve additional cardioprotection
in I/R injury; and 3) iron overload in the ER through
heme degradation by HO-1 causes H/R-induced fer-
roptosis in cardiomyocytes. Our findings suggest that
hypoxic response causes GPx4 reduction and HO-1

up-regulation, thereby triggering ferroptosis in I/R-
injured myocardium through iron overload in the ER.

Ferroptosis is defined as an RCD that is under
constitutive control by GPx4.'° GPx4 determines the
susceptibility to ferroptosis, with its reduction
resulting in ferroptosis even if iron homeostasis is
physiologically maintained.' In the present study,
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FIGURE 7 Hypoxia Induced Iron Overload in ER
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AUGUST 2022:800-819




JACC: BASIC TO TRANSLATIONAL SCIENCE VOL. 7, NO. 8, 2022

AUGUST 2022:800-819

Miyamoto et al 815

Mechanism of Ferroptosis in Myocardial I/R Injury

FIGURE 8 HO-1 Up-regulation Induced Iron Overload in ER and Triggered Ferroptosis in H/R
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we showed that GPx4 levels were reduced in both I/R-
injured myocardium and cultured cardiomyocytes
under H/R. We also demonstrated that the over-
expression of GPx4 reduced the infarct size in
myocardial I/R injury, whereas the hetero-deletion of
GPx4 aggravated it. In addition, we showed that the
overexpression of cytosolic GPx4 suppressed cell
death induced by H/R. Taken together, these results
suggest that ferroptosis is a major mode of RCD, and
GPx4 is implicated as a critical regulator of ferroptosis
in myocardial I/R injury.

Ferroptosis is an RCD triggered by LPs, which are
one of the final products initiated by oxidative stress.
Given that MPT-driven necrosis is also triggered by
oxidative stress, we initially hypothesized that fer-
roptosis and MPT-driven necrosis partially share a
common signaling pathway in myocardial I/R injury.
However, in the present study, GPx4 overexpression
showed an additional benefit against myocardial I/R
injury in conjunction with CsA treatment. Further-
more, cell death induced by H/R could not be pre-
vented by CsA treatment in cultured cardiomyocytes,
whereas this cell death was fully prevented by both
cytosolic Gpx4 overexpression and Fer-1 treatment
(Figures 5 and 6), implicating ferroptosis as the major
mode of cell death after H/R. To investigate the
potentially overlapping mechanism of ferroptosis and
MPT-driven necrosis, we examined the membrane
potential in GPx4-deficient cardiomyocytes with the
use of siRNA. We found that the membrane potential
was also reduced in GPx4-deficient ferroptosis, as
observed in cardiomyocytes treated with the proto-
nophore m-chlorophenylhydrazone, an MPT-driven
necrosis inducer (Supplemental Figures 6A and 6B).
However, CsA treatment did not prevent ferroptosis
induced by silencing GPx4 (Supplemental Figure 6C).
Collectively, ferroptosis is distinct from MPT-driven
necrosis, and the loss of membrane potential is not
a cause of ferroptosis and is simply observed in fer-
roptosis as a common feature of cell death. This is
consistent with the findings that Fer-1, but not CsA,
prevents H/R-induced ferroptosis in neonatal and
adult cardiomyocytes (Figures 5E and 5F). Our find-
ings suggest that ferroptosis is the predominant mode
of cell death in myocardial I/R injury as well as MPT-
driven necrosis, indicating that ferroptosis is a
promising therapeutic target in conjunction with CsA
treatment.

The organelle responsible for ferroptosis initiation
remains unclear. We first examined the role of the
mitochondria with the use of Ad-mitoGPx4 because
we initially hypothesized that ferroptosis uses the
common machinery of MPT-driven necrosis.
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However, the present study demonstrated that H/R-
induced ferroptosis was not inhibited by mitochon-
drial Gpx4 and mitochondria-targeting iron chelation
(Figure 6E, Supplemental Figure 5B), whereas it could
be fully prevented by cytosolic Gpx4 overexpression,
suggesting that ferroptosis is triggered in organelles,
excluding the mitochondria. To identify the pivotal
organelle responsible for H/R-induced ferroptosis, we
examined the iron levels in the ER, and found an in-
crease in Fe?" levels in the ER with the use of FFR,
which specifically targets the ER. Consistent with this
finding, the iron overload in ER was also confirmed in
I/R-injured myocardium and adult cardiomyocytes
under Hx. Furthermore, FFR treatment for chelating
Fe?" in the ER prevented H/R-induced ferroptosis.
These results suggest that Hx and H/R increase iron
levels in the ER and implicate the ER as a pivotal
organelle in H/R-induced ferroptosis.

HO-1 is an enzyme that catalyzes the degradation
of heme to produce Fe®>" as well as biliverdin and
carbon monoxide. It is localized mainly at the ER and
regulated by various stresses, including Hx. In the
present study, we demonstrated that silencing HO-1
abolished both the iron overload and increase in LP
levels, while preventing ferroptosis induced by H/R.
This suggests that heme degradation through HO-1
up-regulation causes iron overload in the ER and in-
duces ferroptosis. To identify the molecule respon-
sible for iron overload in ER, we also investigated the
other potential mechanism underlying iron overload
in Hx. Indeed, the expression of transferrin receptor 1
(Tfrc), an importer of cellular iron, was upregulated in
cultured cardiomyocytes after 4 hours of Hx
(Supplemental Figure 7A). However, silencing Tfrc is
not effective for abolishing iron overload in ER under
Hx (Supplemental Figures 7B and 7C). In addition, the
expression of ferroportin (Slc40a1), an exporter of
cellular iron, was downregulated in cultured car-
diomyocytes after 4 hours of Hx (Supplemental
Figure 8A). Moreover, silencing Slc40a1 reduced its
transcription 4 hours after siRNA transfection as well
as after 4 hours of Hx, but did not reproduce the iron
overload in ER (Supplemental Figures 8B and 8C).
Thus, we could not find evidence that transferrin and
ferroportin are involved in iron overload in ER in our
preparations. Nevertheless, they might be directly or
indirectly responsible, in part, for iron overload un-
der Hx in other preparations.

HO-1 has an established role in cardioprotection
during I/R injury.*' Indeed, a detailed analysis of
HO-11in an I/R injury model by Yet et al** showed that
cardiac-specific overexpression of HO-1 reduces
infarct size, suggesting that the overall outcome of
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HO-1 is protective against I/R injury. In this context,
the newly uncovered role of HO-1 in ferroptosis in I/R
injury was intriguing for therapeutic strategy against
I/R injury. Considering that several studies have
confirmed the cardioprotective role of HO-1 against
I/R injury by reducing oxidative stress through bili-
verdin and carbon monoxide,**** our results do not
overturn its cardioprotective role in I/R injury. How-
ever, the present findings do uncover the detrimental
aspect of HO-1 in I/R injury, masked by favorable
consequence through HO-1 up-regulation. Under-
standing the negative role of HO-1 in ferroptosis
would be beneficial for the development of thera-
peutics by gain of function in HO-1 in I/R injury,*
because HO-1 overexpression can potentially pro-
mote ferroptosis, thereby minimizing its car-
dioprotection in I/R injury. Therefore, concomitant
therapy targeting ferroptosis can maximize the car-
dioprotection induced by gain of function in HO-1.

STUDY LIMITATIONS. We acknowledge 2 major limi-
tations of this study. First, we used genetically engi-
neered mice in which Gpx4 was globally deleted or
inserted in the mouse genome. Therefore, the fer-
roptosis in some cells, excluding cardiomyocytes, or
tissues in the I/R model may be partly responsible for
the cardiac phenotypes in these mice. Second, we did
not find a significant cardioprotective effect against
H/R-induced cell death by CsA in cardiomyocytes
in vitro (Figures 5E and 5F), although ferroptosis and
MPT-driven necrosis are equally responsible for
myocardial I/R injury in mice in vivo (Figure 4D). To
examine ferroptosis in comparison with MPT-driven
necrosis in vitro, hydrogen peroxide (H,0,)
was also used to mimic the I/R injury in cultured
cardiomyocytes, as  previously  described.®°
However, ferroptosis was the dominant form of
cell death on H,0, treatment, and the car-
dioprotective effect of CsA for cell survival was slight
and nonsignificant against H,0,-induced cell death
(Supplemental Figure 9). Thus, we could not accu-
rately reproduce MPT-driven necrosis in vitro and
evaluate ferroptosis compared with MPT-driven ne-
crosis in cardiomyocytes.

CONCLUSIONS

Hx and H/R result in GPx4 down-regulation and HO-1
up-regulation, both of which work cooperatively to
trigger ferroptosis in I/R injury through iron overload
in the ER. Furthermore, ferroptosis in I/R injury is
distinct from MPT-driven necrosis at both phenotypic
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and molecular levels, and therapeutics targeting fer-
roptosis in conjunction with CsA can be a promising
strategy for myocardial I/R injury.
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PERSPECTIVES

in vivo phenotype and in vitro mechanism in myocardial I/R
injury. Ferroptosis is triggered by iron overload in the ER via
heme degradation by HO-1 up-regulation.

COMPETENCY IN MEDICAL KNOWLEDGE: Ferroptosis is a
mode of cell death distinct from MPT-driven necrosis in both

TRANSLATIONAL OUTLOOK: Inhibition of ferroptosis offers
marked cardioprotection even under CsA treatment in I/R injury,
suggesting that therapeutics targeting ferroptosis in conjunction
with CsA can be a promising strategy for I/R injury.
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