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ARTICLE INFO ABSTRACT

Keywords: Ferroptosis is a programmed iron-dependent cell death associated with peroxidation of lipids particularly,
Ferroptosis phospholipids. Several studies suggested a possible contribution of mitochondria to ferroptosis although the
H?art . mechanisms underlying mitochondria-mediated ferroptotic pathways remain elusive. Reduced glutathione
gﬁ?:&?g::a (GSH) is a central player in ferroptosis that is required for glutathione peroxidase 4 to eliminate oxidized

phospholipids. Mitochondria do not produce GSH, and although the transport of GSH to mitochondria is not fully
understood, two carrier proteins, the dicarboxylate carrier (DIC, SLC25A10) and the oxoglutarate carrier (OGC,
SLC25A11) have been suggested to participate in GSH transport. Here, we elucidated the role of DIC and OGC as
well as mitochondrial bioenergetics in ferroptosis in H9c2 cardioblasts. Results showed that mitochondria are
highly sensitive to ferroptotic stimuli displaying fragmentation, and lipid peroxidation shortly after the onset of
ferroptotic stimulus. Inhibition of electron transport chain complexes and oxidative phosphorylation worsened
RSL3-induced ferroptosis. LC-MS/MS analysis revealed a dramatic increase in the levels of pro-ferroptotic
oxygenated phosphatidylethanolamine species in mitochondria in response to RSL3 (ferroptosis inducer) and
cardiac ischemia-reperfusion. Inhibition of DIC and OGC aggravated ferroptosis and increased mitochondrial
ROS, membrane depolarization, and GSH depletion. Dihydrolipoic acid, an essential cofactor for several mito-
chondrial multienzyme complexes, attenuated ferroptosis and induced direct reduction of pro-ferroptotic per-
oxidized phospholipids to hydroxy-phospholipids in vitro. In conclusion, we suggest that ferroptotic stimuli
diminishes mitochondrial bioenergetics and stimulates GSH depletion and glutathione peroxidase 4 inactivation
leading to ferroptosis.

Oxidized phosphatidylethanolamine
Ischemia-reperfusion

molecular species of oxidizable phospholipids, only four phospholipids
(two of each), arachidonoyl- and adrenoyl-phosphatidylethanolamines
(PEs) have been shown to serve as substrates for 15LOX to produce

1. Introduction

Ferroptosis is a recently discovered iron-dependent programmed cell
death that occurs due to excessive oxygenation of polyunsaturated fatty
acid residues of phospholipids by non-heme iron-containing lip-
oxygenases (LOX), particularly 15-lipoxygenase (15LOX), and by the
insufficient capacity of a selenoprotein glutathione peroxidase 4 (GPX4)
to eliminate oxidized phospholipids [1,2]. Among thousands of
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pro-ferroptotic hydroperoxy-PE signals [3,4]. Normally, GPX4 reduces
peroxidized PEs to stable hydroxy-PEs at the expense of reduced gluta-
thione (GSH) oxidation. GSH, a GPX4 cofactor, is produced from
cysteine provided by the cystine/glutamate antiporter system x. in the
plasma membrane; inhibition of cystine import/GSH synthesis di-
minishes GPX4 function and leads to ferroptosis [1,5].
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Abbreviations

BMA butylmalonic acid

CD cysteine deprivation
DHLA  dihydrolipoic acid

DIC dicarboxylate carrier
Fer-1 ferrostatin-1

GPX4 glutathione peroxidase 4

GSH reduced glutathione

GSSG glutathione disulfide (oxidized glutathione)
IMM inner mitochondrial membrane

IR ischemia-reperfusion

KGDH  a-ketoglutarate dehydrogenase

LDH lactate dehydrogenase

15LOX  15-lipoxygenase
LVDP left ventricular developed pressure
mtROS  mitochondrial ROS

0OGC oxoglutarate carrier
OXPHOS oxidative phosphorylation
PDH pyruvate dehydrogenase
PSA phenylsuccinic acid

PE phosphatidylethanolamine
PEox oxidized PE
ROS reactive oxygen species

TCA tricarboxylic acid
TMRM tetramethylrhodamine, methyl ester
XJB XJB-5-131

Due to their central role in cell metabolism, redox status, and bio-
energetics, recent studies suggested a pivotal role of mitochondria in
ferroptosis, particularly, in high-energy consuming organs such as the
heart. Ferroptotic cells contain dense and compact mitochondria where
cristae are mostly lost or disorganized, and the outer mitochondrial
membrane is ruptured [2,6]. Human fibrosarcoma HT-1080 cells
depleted of mitochondria by Parkin-dependent mitophagy demon-
strated high resistance to ferroptosis induced by cystine deficiency [7].
Ferroptosis induced by cysteine deprivation (CD) has been shown to
require glutaminolysis (conversion of glutamine to glutamate), a major
source of anaplerosis, which fuels the tricarboxylic acid (TCA) cycle in
mitochondria through the ao-ketoglutarate dehydrogenase (KGDH)
complex [8]. KGDH participates not only in the regulation of glutamate
levels but also serves as a redox sensor to maintain mitochondrial redox
status [9,10]. It is a major source of mitochondrial ROS (mtROS) and can
produce eight times more ROS than complex I [11]. KGDH as well as
other mitochondrial 2-ketoacid dehydrogenases such as pyruvate de-
hydrogenase (PDH) and branched-chain ketoacid dehydrogenase
contain lipoic acid (LA), a cofactor covalently attached by an amide
bond to a terminal lysine residue of E2 subunit in these enzymes. Also,
LA and its reduced form dihydrolipoic acid (DHLA) are strong biological
antioxidants [12] that act as metal chelators and reducers of the
oxidized forms of other antioxidants such as thioredoxin, and vitamins C
and E.

GSH is synthesized from its constituent amino acids exclusively in
the cytosol however it is also localized in the endoplasmic reticulum,
nucleus, and mitochondria to maintain the redox status [13,14]. Mito-
chondria contain 10-15% of total cellular GSH although the concen-
tration of mitochondrial GSH is similar to the cytosol. Inner
mitochondrial membrane (IMM) is impermeable to GSH and therefore, a
specific transport mechanism(s) is required for the transport of GSH
across the membrane [15,16]. Studies in isolated kidney mitochondria
revealed that over 80% of GSH is transported to the matrix by the
dicarboxylate carrier (DIC) and the oxoglutarate carrier (OGC) [17,18].
However, other studies questioned the role of these carrier proteins in
mitochondrial GSH transport [19]. DIC (Slc25a10) and OGC (Slc25a11)
are two of eight known anion carriers that transport dicarboxylates
(malonate, malate, and succinate) across the IMM in exchange for
phosphate, sulfate, and thiosulfate (DIC) or 2-oxoglutarate for dicar-
boxylates (OGC). These transporters are important for the maintenance
of mitochondrial bioenergetics, particularly, TCA cycle, as well as other
metabolic processes such as fatty acid synthesis [20]. The role of the DIC
and OGC in ferroptotic cell death remains unknown.

In the present study, we elucidated the role of mitochondria,
particularly, mitochondrial GSH, in response to ferroptotic stimuli in
cardiomyocytes and pharmacological inhibition of DIC and OGC on
mitochondrial function and cell survival. We suggested that mitochon-
drial GSH and redox status are involved in the regulation of ferroptotic

signaling, and DHLA can exert anti-ferroptotic effects. Our results
demonstrate that mitochondrial bioenergetics and GSH play a major role
in ferroptotic cell death.

2. Materials and methods
2.1. Cell culture

H9c2 embryonic rat cardioblastic cells were cultured according to
the manufacturer’s recommendations (ATCC, Manassas, VA). Briefly,
the cells were cultured in DMEM based modified media containing 4 mM
L-glutamine, 4.5 g/L glucose, 1 mM sodium pyruvate, and 1.5 g/L so-
dium bicarbonate supplemented with 10% fetal bovine serum and 1%
antibiotic solution (HyClone) and maintained in 95% air and 5% CO,, at
37 °C. Cells maintained within 80-90% confluence from passages 3-10
were used for experiments. All chemicals were purchased from Sigma-
Aldrich (St. Louis, MO).

2.2. Cell death assay

H9c2 cells were seeded to 70-80% confluence a day before the assay.
After treatment with inhibitors, the cells were maintained in 95% air
and 5% CO3 at 37 °C. To measure cell death, the Alamarblue® assay was
used as per the manufacturer’s recommendations (Thermo Fisher Sci-
entific). In addition, lactate dehydrogenase (LDH) activity in the incu-
bation medium was measured to estimate cell death [21]. Ferrostatin-1
(Fer-1, an inhibitor of ferroptosis), carbonyl cyanide m-chlor-
ophenylhydrazone (CCCP), an oxidative phosphorylation (OXPHOS)
uncoupler, and inhibitors for ETC complexes, OXPHOS, and adenine
nucleotide translocase were added at the same time as the pro--
ferroptotic compound RSL3 whereas DHLA was added to the culture
medium 1 h before stimulation of ferroptosis. To inhibit DIC and OGC,
the cells were incubated for 24 h in a serum-free medium containing 5
mM butylmalonic acid (BMA, a DIC inhibitor) and/or 5 mM phenyl-
succinic acid (PSA, an OGC inhibitor).

2.3. Cardiac ischemia-reperfusion

Male adult Sprague Dawley rats (275-325 g) were purchased from
Taconic (Hillside, NJ). All experiments were performed according to
protocols approved by the UPR Medical Sciences Campus Institutional
Animal Care and Use Committee and conformed to the National
Research Council Guide for the Care and Use of Laboratory Animals
published by the US National Institutes of Health (2011, 8th edition). All
chemicals were handled with the appropriate personal protective
equipment under the regulations established by the Biosafety and Bio-
security Committee of the UPR Medical Sciences Campus. Hearts were
isolated from the rats and perfused according to the Langendorff-mode
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technique as described previously [22].

To induce ex-vivo cardiac ischemia-reperfusion (IR), the hearts were
initially perfused for 20 min to stabilize cardiac function (equilibration
period), and then, were subjected to global ischemia for 25 min followed
by 60-min reperfusion in the presence or absence of Fer-1 and XJB-5-131
(XJB, a mitochondria-targeted ROS and electron scavenger). Animals
were randomly assigned to the following 4 groups: i) control (no IR, n =
6), ii) IR (n = 8), iii) IR + Fer-1 (n = 8), and iv) IR + XJB (n = 7). Fer-1 (1
pM) and XJB (0.2 pM) dissolved in DMSO were present in the perfusion
buffer 10 min before ischemia and throughout the entire reperfusion
period. A water-filled balloon inserted into the left ventricle (LV) and
connected to a pressure transducer was used to measure cardiac func-
tion. Functional parameters including heart rate (HR), the rate of
contraction and relaxation (+dP/dt), aortic pressure, LV systolic pres-
sure (LVSP), and end-diastolic pressure (LVEDP) were continuously
monitored using the Labscribe2 Data Acquisition Software (iWorx 308T,
Dover, NH, USA). LV developed pressure (LVDP) was calculated as the
difference between LVSP and LVEDP (LVDP = LVSP-LVEDP). To esti-
mate cell death, LDH activity was measured in the coronary effluent
during the reperfusion period. XJB was provided by Dr. Peter Wipf
(University of Pittsburgh, PA).

2.4. LC-MS/MS analysis of phospholipids

Lipids were extracted using the Folch procedure, and phosphorus
was determined by a micro-method as described previously [3]. Phos-
pholipids were analyzed by LC/MS using a Dionex Ultimate 3000 HPLC
system coupled on-line to the Orbitrap Fusion Lumos mass spectrometer
(Thermo Fisher Scientific) using a normal phase column (Luna 3 pm
Silica (2) 100 13;, 150 x 2.0 mm, (Phenomenex)) as described previously
[3].

2.5. Lipid peroxidation imaging

To visualize lipid peroxidation, cells were seeded in glass-bottom
tissue culture dishes (35-mm, MatTek Corp) and prestained with Mito-
Tracker® Deep Red FM (50 nM) and Liperfluo (10 pM, Dojindo Molec-
ular Technologies Inc.,) for 30 min and then, RSL3 (0.5 pM), and/or Fer-
1 (2 uM) were added, and the cells were incubated for an additional 1 h.
The cells were washed twice with PBS, and then the dish was inserted
into a closed, thermo-controlled (37 °C) stage top incubator (Tokai Hit
Co.) above the motorized stage of an inverted Nikon TiE fluorescent
microscope equipped with a 60x optic (Nikon, CFI Plan Fluor, NA 1.4).
Liperfluo was excited using a diode-pumped light engine (SPECTRA X,
Lumencor) and detected using an ORCA-Flash 4.0 sCMOS camera
(Hamamatsu) and excitation and emission filters from Chroma. Data
were collected on approximately 10-20 cells per stage position, with
10-15 stage positions per condition. Data was collected and analyzed
using NIS Elements (Nikon Inc. Melville, NY).

2.6. Mitochondrial fragmentation assay

The cells were live stained with 50 nM MitoTracker® Deep Red FM
for 1 h, and then, RSL3 (0.5 pM), and/or Fer-1 (2 pM) were added, and
the cells were incubated in a humidified incubator containing 95% air
and 5% CO5 at 37 °C for an additional 1 h. Images of live cells were
captured using a Nikon Ti inverted microscope (Nikon Inc.). After out-
of-focus signals were excluded, images were thresholded and under-
went object-based particle analysis using ImageJ [23]. Whole images
were used to calculate the percent of fragmented mitochondria. Circu-
larity greater than 0.9 was considered fragmented.

2.7. Western blotting

To analyze expression levels, proteins were separated by SDS-PAGE
and identified by Western blotting [24]. The membranes were
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immunoblotted with antibodies against DIC (Millipore MABN457), OGC
(Santa Cruz Biotech sc-515593), ATP5A (Mitochondrial ATP synthase
subunit alpha, Abcam ab14748), prelamin-A/C (LMNA, Abcam,
ab108595), alpha-tubulin (TUBA, Abcam ab7291), beta-actin (ACTB,
Abcam, ab6276) and GPX4 (Abcam, ab125066) followed by IRDye®
secondary antibodies (LI-COR Biosciences, Lincoln, NE, USA) per the
manufacturer’s recommendations. Membranes were scanned using
ODYSSEY® CLx imager (LI-COR). The resulting images were analyzed
with Image Studio Lite (LI-COR) and ImageJ [23].

2.8. Mitochondrial membrane potential (A¥,) and mtROS

Live cells were stained with tetramethylrhodamine, methyl ester
(TMRYM, Sigma), MitoSOX Red, MitoTracker™ Green FM (Thermo), and
Hoechst 33342 (Sigma) for visualization of AWy, mtROS, mitochondria,
and nucleus, respectively, as described previously [25]. Images were
captured using Olympus IX73 microscope with DP73 camera controlled
by Cellsense Dimension (Olympus) software in quantification mode. For
quantification of fluorescence intensity, integrated pixel densities from
red channels (TMRM or MitoSOX) were normalized to cell numbers
calculated from the object-based count of the nucleus. ImageJ [23] was
used for image analysis and compositions.

2.9. Assessment of the capacity of DHLA to reduce PEox in vitro

To assess the capability of DHLA to reduce hydroperoxy-
eicasotetraenoyl-PE  (HpETE-PE) to hydroxyeicasotetraenoyl-PE
(HETE-PE) in vitro, 25 pM HpETE-PE was incubated in 50 pL of 20
mM HEPES buffer (pH 7.4) containing 100 pM diethylenetriamine
pentaacetate (DTPA, a Fe®" chelator) in the presence and absence of
different concentration of DHLA (at ratio 0-20 of DHLA/HpETE) for 20
min at room temperature. Lipids were extracted by Folch procedure and
LC-ESI-MS/MS analysis was performed using a Dionex Ultimate 3000
HPLC system coupled online to a linear ion-trap mass spectrometer
(LXQ, ThermoFisher Scientific) or Q-Exactive hybrid quadrupole-
orbitrap mass spectrometer (ThermoFisher Scientific) using a C30 col-
umn (Thermo Acclaim 2.1 mm x 150 mm) in the gradient of solvents A
(acetonitrile/water, 45:5) and B (2-propanol/water, 45:5v/v), contain-
ing 5 mM ammonium acetate at a flow rate of 150 pL/min. Spectra were
acquired in negative-ion mode using a spray voltage of 5.0 kV and a
capillary temperature of 150 °C for detection of HpETE-PE (m/2798) and
HETE-PE (m/2782).

2.10. GSH imaging and quantitative analysis of GSH levels

For imaging, live cells were stained with Thiol Fluorescent Probe IV
(Calbiochem) and MitoTracker Green FM (Thermo-Fisher) per the
manufacturer’s recommendations. Live images were acquired by
Olympus IX73 microscope. ImageJ was used for image compositions.
GSH levels were measured in harvested cells or mitochondria. Mito-
chondria were isolated from H9c2 cells as described previously [25]. To
measure GSH, harvested cells or isolated mitochondria were homoge-
nized with 20% (w/v) glass beads (710-1180 pm size) in PBS for 20 min
at 4 °C. After the homogenization, the samples were centrifuged at 20,
000xg for 20 min at 4 °C, and the supernatant was collected and used for
the analysis of GSH. 1-10 uM GSH were used as standards. The con-
centrations of GSH were normalized to protein quantified by Bradford
protein assay (Bio-Rad). CLARIOstar microplate reader (BMG Labtech)
was used for measurements.

2.11. Statistical analysis

Data were analyzed using ANOVA with normality test (Shapiro-
Wilk) and pairwise multiple comparison procedures (Holm-Sidak
method), in addition to Student’s t-test. Results are presented as mean +
SE. p < 0.05 was considered statistically significant.
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3. Results
3.1. Responses of mitochondria to ferroptotic stimuli in cardiomyocytes

First, we evaluated the effects of RSL3 on cell survival 18 h after
treatment with the ferroptosis inducers. As shown in Fig. 1, increases in
the concentration of RSL3 enhanced cell death which reached the
maximum (97%) at 0.5 pM RSL3-induced cell death was completely
prevented in the presence of 2 uM Fer-1.

We assessed the effects of RSL3 on mitochondrial morphology, lipid
peroxidation, and ferroptotic PEox levels at 1 h after treatment. RSL3
induced lipid peroxidation in mitochondria as evidenced by increased
intensity of Liperfluo, a fluorescence dye used for specific detection of
lipid peroxides (Fig. 2A). Peroxidation of lipids was markedly reduced in
cells treated with RSL3 in the presence of Fer-1. Enhanced lipid perox-
idation was associated with mitochondrial fragmentation; RSL3 induced
a 1.9-fold increase in the number of fragmented mitochondria that was
attenuated in the presence of Fer-1 (Fig. 2B). Next, we analyzed PEox
species and their non-oxidized precursors in cell lysates, cytosol, and
mitochondria isolated from control, Fer-1, RSL3 and RSL3+Fer-1 treated
HO9c2 cells by LC-MS/MS (Fig. 2C and D). Results demonstrated that
RSL3 significantly increased the levels of major species of hydroperoxy-
PE (PE-OOH) containing arachidonoyl- and adrenoyl acyls such as PE
(36:4)-O0H, PE(38:4)-O0H, and PE(40:4)-OOH in cardiomyocytes as
early as 1 h after treatment. Importantly, accumulation of the PEox
species was observed in mitochondria indicating an early response of
these organelles to ferroptotic stimuli. Accumulation of the PEox signals
was prevented by Fer-1 (Fig. 2D). Thus, ferroptotic death in car-
diomyocytes is characterized by accumulation of peroxidized PEs spe-
cies and fragmentation of mitochondria.

3.2. ETC and OXPHOS are involved in ferroptosis

In the next set of experiments, we sought to investigate whether
mitochondrial bioenergetics, particularly, ETC and OXPHOS are
involved in ferroptosis. Treatment of the cells with inhibitors for indi-
vidual ETC complexes and OXPHOS for 18 h affected cell death differ-
ently in RSL3 (30 nM) treated cardiomyocytes (Fig. 3). Particularly,
inhibition of complexes I and III in the presence of RSL3 induced a 6-fold
increase in cell death compared to the control (RSL3 only treated) cells.
Among RSL3-treated groups, maximum cell death was observed in the
presence of oligomycin, which induced a 15.6-fold increase in cell death.
Moreover, inhibition of adenine nucleotide translocase, an exchanger
responsible for the transport of ATP from the matrix to the intermem-
brane space, also significantly (~6-fold) aggravated cell death induced
by RSL3. Likewise, RSL3-induced cell death was further worsened by

100 1
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Fig. 1. Ferroptosis in H9c2 cardioblasts induced by RSL3. The cells were
incubated with RSL3 for 18 h in the presence or absence of 2 pM ferrostatin-1
(Fer-1). Cell death was calculated from the measurements by the AlamarBlue
Cell Viability Assay. *p < 0.01 vs. control. n = 3 per group.
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2.7-fold (p < 0.05) by CCCP, an OXPHOS uncoupler, compared to con-
trol. Inhibition of complexes II and IV had no significant effects on RSL3-
induced cell death (Fig. 3). Altogether, the results of these experiments
demonstrate that mitochondrial bioenergetics is involved in ferroptosis.

3.3. DIC and OGC inhibitors aggravate whereas DHLA attenuates
ferroptosis

Next, we examined the effects of inhibition of DIC and OGC on fer-
roptotic cell death. Western blot analysis of DIC and OGC expression
demonstrated that the mitochondria isolated from H9c2 cardioblasts
contain a high amount of both transporters (Fig. 4A). PSA (DIC inhibitor,
5 mM) and/or BMA (OGC inhibitor, 5 mM) enhanced the sensitivity of
the cells to RSL3 (Fig. 4B and C). Particularly, BMA increased RSL3-
induced cell death by 34% and 37% (p < 0.05 for both) whereas PSA
induced a 55% and 22% increase in cell death following 6 h and 9 h,
respectively. The combination of PSA and BMA did not exert any addi-
tive/synergistic effects at both time points. Additional cell death
induced by the inhibitors in RSL3-treated cells was attributed to fer-
roptosis as the cell death was inhibited by Fer-1 up to 86% under all
treatment conditions (Fig. 4B and C).

These data suggest that inhibition of DIC and OGC might affect
mitochondrial bioenergetics and redox status to aggravate ferroptosis in
H9c2 cardioblasts. Hence, we next investigated whether DHLA, a
reduced form of LA containing two thiol groups, could prevent ferrop-
totic cell death induced by RSL3. Our concentration-dependent studies
showed that DHLA does not exert anti-ferroptotic effects in car-
diomyocytes at concentrations lower than 25 pM (results not shown).
However, pretreatment with 25 pM and 100 pM DHLA markedly
attenuated RSL3-induced cell death, and the extent of the anti-
ferroptotic effects was comparable with that induced by Fer-1
(Fig. 5A). We also investigated the capability of DHLA to reduce the
pro-ferroptotic HpETE-PE to HETE-PE in vitro. Results LC-MS analysis of
HpETE-PE (m/z 798) and HETE-PE (m/z 782) in control (Fig. 5B) or
DHLA-treated (Fig. 5C) samples demonstrated that DHLA significantly
decreased HpETE-PE levels concurrent with increased HETE-PE. Con-
centration-dependence analysis of the HpETE-PE reduction and HETE-
PE revealed a close relationship between HpETE-PE and HETE-PE in
the presence of DHLA where reduced levels of HpETE-PE were associ-
ated with a concurrent increase of HETE-PE levels and vice versa
(Fig. 5D). These data provide direct evidence of the capability of DHLA
to reduce pro-ferroptotic PEox species to hydroxy-PEs.

3.4. Inhibition of DIC and OGC increases ROS and reduces GSH in
mitochondria

Next, we investigated whether inhibition of DIC or OGC affects A¥y,
and mtROS production and modulates the redox status of the cells. BMA
(5 mM) or PSA (5 mM) applied individually had no significant effects on
the A¥;, which was reduced only 9% compared to untreated cells
(Fig. 6A). However, the cells treated with BMA in combination with PSA
displayed 14% less (p < 0.05 vs. control) A¥y, than control cells.
Analysis of mtROS by mitoSOX in cells revealed, respectively, a 45% and
54% (p < 0.01 vs. control for both) increase in the presence of BMA and
PSA (Fig. 6B). Simultaneous incubation of the cells with both inhibitors
further increased mtROS production that was 98% (p < 0.05) more
compared to the control group.

In the next set of experiments, we determined cellular and mito-
chondrial GSH levels in RSL3-treated H9c2 cells in the presence or
absence of PSA, BMA, and their combination. To visualize GSH in
mitochondria, the cells were incubated Thiol Fluorescent Probe IV and
Mitotracker™ (Fig. 7A). Quantification of GSH in cell lysates showed
that incubation of the cells with 0.5 pM RSL3 for 1 h induced a 13% (p <
0.01) decrease of cellular GSH (Fig. 7B and C). Analysis of isolated
mitochondria revealed high sensitivity of GSH to RSL3; GSH levels in
mitochondria were decreased by 33% (p < 0.01) after 1-h treatment.
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Fig. 2. The effects of RSL3 on mitochondrial lipid peroxidation, fragmentation, and peroxidized PE species in H9c2 cardiomyocytes. A, To visualize peroxidized
lipids, the cells were seeded in glass-bottom tissue culture dishes (35-mm, MatTek Corp) and prestained with MitoTracker® Deep Red FM (50 nM) and Liperfluo (10
pM, Dojindo Molecular Technologies Inc.,) for 30 min and then, RSL3 (0.5 pM), and/or Fer-1 (2 pM) were added, and the cells were incubated for an additional 1 h.
The cells were washed twice with PBS, and then the dish was inserted into a closed, thermo-controlled (37 °C) stage top incubator (Tokai Hit Co.) above the
motorized stage of an inverted Nikon TiE fluorescent microscope equipped with a 60x optic (Nikon, CFI Plan Fluor, NA 1.4). Liperfluo was excited using a diode-
pumped light engine (SPECTRA X, Lumencor) and detected using an ORCA-Flash 4.0 sCMOS camera (Hamamatsu) and excitation and emission filters from Chroma.
Data were collected on approximately 10-20 cells per stage position, with 10-15 stage positions per condition. Data was collected and analyzed using NIS Elements
(Nikon Inc. Melville, NY). Zoomed and enhanced images are shown beside each image. Bar = 50 pm. B, To analyze fragmentation of mitochondria, the cells were
stained using 50 nM MitoTracker® Deep Red FM for 1 h, then incubated for an additional 1 h with 0.5 pM RSL3 with or without 2 pM Fer-1. Control cells were stained
in the culture medium containing 0.01% DMSO. Images of live cells were captured using a Nikon Ti inverted microscope (Nikon Inc.). After out-of-focus signals were
excluded, individual mitochondria were analyzed in thresholded images using ImageJ. A total of 71191 objects were analyzed to calculate the percent of fragmented
mitochondria. Circularity greater than 0.9 was considered fragmented. *p < 0.05 vs. control, Tp < 0.01 vs. RSL3. n = 3 per group. C, D, Heat maps of peroxidized PE
species analyzed by LC-MS in cell lysates, mitochondria, and cytosol isolated from control cells and the cells treated with 0.5 pM RSL3 for 1 h in the presence or
absence of 2 pM Fer-1. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

These data are consistent with our previous studies wherein GSH levels

16 1 measured with high accuracy by the gas cluster ion beam secondary ion

mass spectrometry imaging technique were significantly decreased in

3 12 1 HO9c2 cells after treatment with 0.5 pM RSL3 for 2.5 h [26]. Fer-1 had no

% £ significant effects on both cellular and mitochondrial GSH. Inhibition of
3 § 8 * & * DIC and OGC in the absence of RSL3 reduced the GSH level in mito-
T _g chondria by 20% (p < 0.01) and 26% (p < 0.01), respectively. However,
o O 4 * RSL3 had no significant effects on the GSH reductions induced by the
= inhibitors. We have previously shown that 1 pM RSL3 markedly reduces
the GPX4 protein level in HT-1080 cancer cells after 10-h treatment

[27]. In the present study, incubation of the H9¢2 cardiomyocytes with
0.5 pM RSL3 for 1 h did not affect cellular GPX4 levels but reduced it
17% (p > 0.05) in mitochondria (Fig. 7D). This can be explained by a
low RSL3 concentration and shorter incubation time. Thus, the results
Fig. 3. The effects of inhibitors of individual ETC complexes and OXPHOS on demonstrate that inhibition of DIC and OGC decreases mitochondrial
ferroptosis. The cells were treated with 30 nM RSL3 in the presence or absence GSH levels associated with increased mtROS in control cells.

of mitochondrial inhibitors for 18 h. The inhibitors were added simultaneously

with RSL3. Data are presented as fold changes of control (RSL3 alone). *p <

0.05 vs. control. n = 4 per group.
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Fig. 4. The effects of DIG and OGC inhibition on RSL3-induced cell death. A,
Protein levels of DIG and OGC. DIC and OGC immunoblots are shown in cell
homogenate and isolated mitochondria. ATP synthase subunit alpha (ATP5A),
prelamin A/C (LMNA), and tubulin alpha chain (TUBA) were used as the
markers for the mitochondria, nucleus, and cytoplasm, respectively. p-Actin
(ACTB) was used as a loading control. B, C, The cells were exposed to 0.5 pM
RSL3 for 6 h (B) or 9 h (C) in the presence or absence of the DIC inhibitor
butylmalonic acid (BMA, 5 mM) and/or OGC inhibitor phenylsuccinic acid
(PSA, 5 mM). Grey bars represent the cells exposed to RSL3 that were treated
with 2 uM Fer-1 in the presence of BMA and/or PSA. Cell death was measured
as LDH release normalized by cell number and presented as a fold change of
control. *p < 0.05 vs. control.

3.5. Cardiac IR induces accumulation of ferroptotic PE species in
mitochondria

To examine whether mitochondria are directly involved in ferrop-
tosis in response to cardiac IR, isolated rat hearts were subjected to ex-
vivo IR in the presence or absence of Fer-1 or the mitochondria-targeting
ROS scavenger, XJB. We have previously shown the cardioprotective
effects of XJB against IR injury in adult [21] and aged rat hearts [28].
Furthermore, XJB exhibited anti-ferroptotic effects by preventing era-
stin- or RSL3-induced cell death in HT-1080 fibrosarcoma cells [29].
Cardiac IR significantly diminished post-ischemic recovery of untreated
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Fig. 5. Anti-ferroptotic effects of DHLA. A, Ferroptosis was induced in H9¢2
cardiomyocytes by 125 nM RSL3 in the presence or absence of Fer-1 (2 pM) or
DHLA (75 and 300 pM). *p < 0.01 vs. control,+p < 0.05, *" p < 0.01 vs. RSL3.
n = 3-4 per group. B,C,D, LC-MS/MS analysis of the reduction of the pro-
ferroptotic hydroperoxy-eicasotetraenoyl-PE (HpETE-PE) to
hydroxyeicasotetraenoyl-PE (HETE-PE) by DHLA in vitro. Incubation of HpETE-
PE with/without DHLA (HpETE-PE to DHLA ratio is 1:5) was performed in 20
mM HEPES buffer (pH 7.4) with 100 pM diethylenetriamine pentaacetate (a
Fe®t chelator). HpETE-PE (m/2798) and HETE-PE (m/2782) levels were
analyzed by LC-MS in control (B) and DHLA-treated (C) samples, and
concentration-dependence of the HpETE-PE reduction to HETE-PE by DHLA
was calculated (D).

hearts (Fig. 8A) that showed only a 26% recovery of LVDP concurrent
with the reduced cardiac work at 60-min of reperfusion. Fer-1 and XJB
improved recovery of cardiac function after ischemia as evidenced by a
66% and 56% (p < 0.05 vs. IR for both) recovery of LVDP by the end of
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reperfusion, respectively. In addition, Fer-1 and XJB decreased
IR-induced cell death in the heart; the activity of LDH released from the
Fer-1- and XJB-treated hearts was, respectively, 3.2 and 3.3 folds less (P
< 0.05 vs. IR for both) in comparison with untreated hearts (Fig. 8B).
Analysis of the ferroptotic PEox species, PE(38:4)-O0OH and PE
(40:4)-O0OH by LC-MS/MS in mitochondria isolated from control and
IR hearts revealed a 60% (P < 0.05) and 107% (P < 0.05) increase of PE
(38:4)-O0OH and PE(40:4)-O0H, respectively, compared to control
hearts (Fig. 8C). However, treatment with Fer-1 and XJB decreased the
accumulation of the PEox species in mitochondria. These data demon-
strate that ferroptotic cell death is involved in IR-induced cardiac
dysfunction and mitochondria participate in ferroptotic death signaling
and produce ferroptotic PEox species in IR hearts.

4. Discussion

In the present study, we examined the contribution of mitochondrial
GSH to ferroptotic cell death. First, we confirmed the specificity of fer-
roptotic cell death in H9c2 cardioblastic cells when RSL3-induced cell
death was prevented by Fer-1. Second, we revealed an early response of
cardiac mitochondria to ferroptosis that were found mostly fragmented
1 h after RSL3 treatment. Notably, RSL3 induced accumulation of fer-
roptotic PEox species in cardiomyocytes, particularly, in mitochondria.
Likewise, accumulation of PEox species was observed in mitochondria of
hearts exposed to ex-vivo IR. Third, inhibition of DIC and OGC, the
carrier proteins that transfer dicarboxylates and are known as potential
GSH transporters, decreased GSH levels in mitochondria, increased
mtROS and AYy, loss, and aggravated RSL3-induced cell death. Fourth,
DHLA significantly reduced ferroptotic cell death.

By applying the gas cluster ion beam secondary ion mass spectrom-
etry imaging technique with 1.2 pm spatial resolution to map PE and
PEox, we have recently demonstrated accumulation of major ferroptotic
PEox in H9c2 cardiomyocytes [26]. Significant increases in the level of
major ferroptotic PEox species in mitochondria as early as 1 h following
incubation with RSL3 provide strong evidence on the early response of
mitochondria to ferroptotic signaling. We have previously detected
these species in subcellular compartments including endoplasmic re-
ticulum, mitochondria, and mitochondria-associated membranes, where
they may exist as individual molecules, clusters, or protein adducts and
compromise the integrity of the plasma membrane [3,30]. Obtained
results demonstrated, that free DHLA prevented RSL3-induced ferrop-
tosis in H9C2 cells (Fig. 5A). The anti-ferroptotic effect of free DHLA can
be explained by its antioxidant properties and normalizing effect on
GSH. DHLA can maintain the GSH level by direct reduction of GSSG and
promotion of cysteine uptake that would decrease the ratio of cystine to
cysteine and improve GSH synthesis [31]. Results of our model
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Fig. 6. Mitochondrial membrane potential
(AY,,) and mtROS cells treated with DIG and
* OGC inhibitors. H9c2 cells were live stained with
fluorescence dyes for visualization of AY,, (50
nM TMRM for 1 h, A) or mtROS (2 pM MitoSOX
i for 15 min, B) in the presence of 50 nM Hoechst
% 33342 (for nuclear staining) for 1 h. The cells
were incubated with 5 mM BMA and/or 5 mM
PSA for 24 h. Integrated pixel intensities from
TMRM or MitoSOX signals were normalized by
cell number which was calculated from Hoechst
33342 staining. *p < 0.05 vs. control; n = 3 per
group.

experiments demonstrated that DHLA reduced the pro-ferroptotic
HpETE-PE to HETE-PE, providing direct evidence for the role of DHLA
in the elimination of ferroptotic phospholipid signals. Dihydrolipoyl
residues localized on KGDH and PDH can also participate in the regu-
lation of ferroptosis through ROS production by these enzymes. During
the catalytic cycle of a-keto acid dehydrogenase, dihydrolipoamide
localized on E2 subunits serves as a shuttle reducing the E3-bound FAD*
and, FADH, formed in this reaction further generates NADH through
coupled oxidation-reduction reactions with NAD". When the availabil-
ity of NAD" is diminished, FADH, can be readily oxidized by O,
generating a semiquinone and superoxide. As a result, the enzyme loses
its activity, generates superoxide, and enhances mtROS levels leading to
ferroptosis [32]. Genetic inhibition of dihydrolipoyl dehydrogenase
(DLD), an E3 component of the KGDH complex that accepts electrons
from the E2 bound dihydrolipoyl residue, inhibited ferroptosis in head
and neck cancer cells induced by sulfasalazine-dependent inhibition of
system x. . Upregulation of the E3 in these cells markedly increased lipid
peroxidation and mitochondrial iron accumulation suggesting that
dihydrolipoyl residue of KGDH can be involved in mitochondrial fer-
roptotic signaling [33].

Recent studies also demonstrated the role of dihydrolipoyl residue of
PDH in ROS generation and ferroptosis. In contrast to KGDH, silencing of
the E3 subunit of PDH increased the pro-ferroptotic effect of either
glucose or its metabolite pyruvate, while downregulation of the E1
subunit, which catalyzes the first step of the overall process, has an anti-
ferroptotic effect [34]. This study suggested non-enzymatic oxidation
(autoxidation) of DHLA that is known to produce superoxide [11,35].
Thus, high ROS production and DHLA oxidation in response to ferrop-
totic stimuli could enhance GSH depletion leading to cell death and
conversely, the addition of free DHLA could prevent KGDH-induced ROS
generation [36] and thus, inhibit ferroptosis. In addition to its effects on
GSH metabolism, DHLA was shown to inhibit 15LOX, an enzyme that
oxidizes generation of ferroptotic PEox species when complexed with
PEBP1 through reduction of Fe>" to Fe?" at the catalytic site of the
enzyme [37]. In line with this, our data show that DHLA can directly
eliminate ferroptotic PEox species in vitro (Fig. 5B-D).

GSH, a highly important ubiquitous tripeptide produced by most
mammalian cells, is one of the main mechanisms of the antioxidant
defense system against ROS and electrophiles. Lack of enzymes for GSH
synthesis, in addition to a net negative charge of GSH at physiological
pH and a high concentration in mitochondria, implies a facilitated
transport mechanism for the GSH transport into the mitochondria [13,
16]. In mammalian cells, the mitochondrial carrier proteins represent a
large SLC25 family of nuclear-encoded transporters in the IMM that
account for over 60 proteins, and only about half of them have been
functionally characterized [38]. Among the carrier proteins, only eight
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are anion carriers and can potentially participate in GSH transport
across the IMM [39]. Initial studies identified the capability of two
carriers, DIC and OGC to transport GSH in isolated human kidney
mitochondria and mitoplasts wherein pharmacological inhibition of DIC
and OGC hampered GSH transport [17,18]. The contribution of DIC to
GSH transport was confirmed in cancer cells, where artificially increased
GSH levels in mitochondria by a mitochondria-permeable gluta-
thione-ethyl ester was prevented by DIC inhibition thereby, implicating
that DIC participates in GSH uptake [40]. High vulnerability of neurons
to oxidative and nitrosative stressors was prevented by incubation with
a cell-permeable derivative of GSH monoethyl ester but not malate, and
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Fig. 7. The effects of ferroptosis on GSH
and GPX4 levels. A, H9c2 cells exposed
to 0.5 pM RSL3 in the presence or
absence of Fer-1 (2 pM) for 1 h were
stained with 50 nM Mitotracker (for
staining of mitochondria) for 1 h and 10
puM  Thiol Fluorescent Probe IV (for
staining of GSH) for 10 min. Bar = 100
pm. B,C, Cellular and mitochondrial GSH
levels. Cells were treated with 0.5 uM
RSL3 in the presence or absence of Fer-1
(2 pM), BMA (5 mM), and PSA (5 mM)
for 18 h *p < 0.01 vs. control; n = 3 per
group. D, GPX4 protein levels in cell ly-
sates and mitochondria isolated from
control and RSL3 (0.5 pM) challenged
cells that were incubated in the presence
or absence of Fer-1 (2 uM) for 1 h.
Representative immunoblots are shown
at the top of each graph. An equal
amount of protein (20 pg) was loaded
into each well. Proteins were separated
by SDS-PAGE and identified by Western
blotting using specific antibodies. GPX4
levels were normalized to p-actin (ACTB,
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genetic knockdown of DIC enhanced the vulnerability of neurons to
oxidative stress [41]. On the other hand, elucidation of GSH transport by
using fused membrane vesicles of Lactococcus lactis overexpressing the
DIC and OGC found that these mitochondrial carriers could not transport
GSH measured directly [19]. Thus, the identity of the mitochondrial
GSH transporter(s) remains elusive and the role of DIC and OGC in GSH
transport is still controversial; multiple low-affinity IMM carriers that
typically transport alternative substrates may participate in GSH trans-
port in mammalian mitochondria.

In our studies, inhibition of DIC and OGC reduced GSH levels in
mitochondria (Fig. 7C) suggesting the role of these carriers in GSH
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Fig. 8. Cardiac IR-induced accumula-
tion of ferroptotic PE species in mito-

-® Control IR =& IR+Fer-1 ¥ |R+XJB chondria. Langendorff-perfused rat
hearts were subjected to global ischemia
© 100 o 800+ for 25 min followed by 60-min reper-
'qE) 80 <D( fusion in the presence or absence of Fer-
S * = 600+ 1 and XJB-5-131 (XJB, a mitochondria-
2 60- g = "é‘ targeted ROS and electron scavenger).
“g_ g = B 400- Fer-1 (1 pM) and XJB (0.2 M) dissolved
S 404 -S g T in DMSO were present in the perfusion
x £ 9 buffer 10 min before ischemia and
o 20 200+ throughout the entire reperfusion
g period. A, Left ventricular (LV) devel-
-0 ] - . . . r . 04 oped pressure (LVDP) calculated as the
iscl;;er;ﬂa 0 10 20 30 40 50 60 ® )Xev\ o4 difference between LV systolic and end-
Reperfusion time, min N\ \3 diastolic pressures and presented as a
percentage of pre-ischemic values. B,
C LDH activity was measured in the cor-
PE(38:4)'00H PE(40:4)'OOH onary efﬂuenﬁuring the reperfusion
T p<0.03 151 o period and preser}Fed as the area under
o p<0.05 0<0.07 . p<0. p<0.04 the curve (AUC). *p < 0.05 vs IR grot}p.
S ‘——‘ S n = 7-8. C, Levels of the PEox species
3 801 S p<0.10 PE(38:4)-O0H (left panel) and PE(40:4)-
@ L ° © 1.0 ® ® ° OOH (right panel) in cardiac mitochon-
3 60 @ PY e ® .E‘ b ® dria. Precursors for PE(38:4)-OOH and
3 . Ok 3 PE(40:4)-O0H are PE(38:4) and PE
g 404 wow s g PS o (40:4), respectively. Data are presented
% %0'5_ —-—o— PR as pmol of oxidized PE per pmol of

g 201 ‘S L precursor PE. n = 4 per each group.

O { ?I\ T T O { I@ T T
O J © o A ©
& A \?3(?6‘ &P < A \?\x?e‘ \qu

transport. However, DIC and OGC inhibition could reduce mitochon-
drial GSH levels through other mechanisms independently of its trans-
port. The carriers are involved in mitochondrial metabolism; they
transport dicarboxylates (2-oxoglutarate, malate, and succinate), the
intermediates for the TCA cycle. Also, the transport of the dicarboxylates
is important for the maintenance of homeostasis and metabolism of
other metabolites in mitochondria such as glutamate, isocitrate, pyru-
vate, and oxaloacetate, among others. Hence, inhibition of DIC and OGC
could diminish the activity of TCA cycle enzymes and PDH leading to
increased mtROS production [35,42]. Estimated levels of superoxide
anion in mitochondria are 5-10-fold higher than in the cytosol [43], and
a powerful antioxidant system in mitochondria including, among others,
superoxide dismutase, catalase, GPX, thioredoxin system, and GSH,
prevents mtROS accumulation under physiological conditions. Accord-
ingly, inhibition of ETC complexes, particularly, complexes I and III
significantly increased cell death in response to RSL3 (Fig. 3). This can
be explained by mitochondrial GSH depletion due to high mtROS pro-
duction at these complexes [25]. Low GSH levels in mitochondria could
also affect the S-glutathionylation of mitochondrial proteins particularly
ETC complexes and TCA cycle enzymes [10,44], and diminish their
activity. This feedback loop could further enhance ROS production and
GSH depletion in mitochondria. Notably, loss of GSH has been shown to
provoke the opening of the mitochondrial permeability transition pores,
non-selective pathological channels in the IMM [45,46]. Opening of the
pores is accompanied by the loss of A, and a dramatic increase of
mtROS production resulting in mitochondrial swelling and initiation of
mitochondria-mediated cell death. Thus, high mtROS due to inhibition
of DIC and OGC could enhance GSH depletion and alter mitochondrial
redox homeostasis even in the absence of the capability of these carriers
to transport GSH.

Cell death induced by RSL3 was aggravated in the presence of in-
hibitors for ETC complexes I and III, and mostly for OXPHOS (Fig. 3).
Previous studies demonstrated protective effects of ETC inhibition on

erastin- or cysteine deprivation (CD)-induced ferroptosis in mouse em-
bryonic fibroblasts that were associated with accumulation of lipid
peroxides [7]. Interestingly, no significant effects of antimycin A and
FCCP on erastin-induced ferroptosis were found in HT-1080 cells [34].
The opposite effects of ETC and OXPHOS inhibition on cell death
induced by RSL3 and erastin/CD can be explained by the differences in
the mechanisms of action of these ferroptotic factors as well as in cell
types (cancer vs. non-cancer cells). RSL3 blocks the final step in the
production of PEox; it binds to and inactivates GPX4, and thus, results in
the accumulation of peroxidized PE species whereas erastin/CD
compromise GSH synthesis required for the GPX4 activity. Erastin and
CD have been shown to induce hyperpolarization of the IMM associated
with high mtROS production that, in turn, can deplete GSH levels and
compromise mitochondrial function leading to cell death.

5. Conclusion

Coronary heart diseases such as myocardial infarction/IR injury
trigger multiple forms of programmed cell death [47], and hence, it is
important to identify the specific cell death program(s) preferably occur
in the myocardium with the progression of post-infarction remodeling to
design optimized mechanism-based cardioprotective strategies [48].
The present study revealed an early response of cardiac mitochondria to
ferroptotic stimulus associated with accumulation of ferroptotic phos-
pholipid signals, particularly PEox, in mitochondria during cardiac IR
injury or after treatment of H9c2 cardiomyoblasts with RSL3. Mainte-
nance of the mitochondrial GSH pool is important for the prevention of
ferroptosis in cardiomyocytes.
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