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Heart disease is the leading cause of death worldwide. A key
pathogenic factor in the development of lethal heart failure is loss
of terminally differentiated cardiomyocytes. However, mecha-
nisms of cardiomyocyte death remain unclear. Here, we discovered
and demonstrated that ferroptosis, a programmed iron-dependent
cell death, as a mechanism in murine models of doxorubicin (DOX)-
and ischemia/reperfusion (I/R)-induced cardiomyopathy. In canon-
ical apoptosis and/or necroptosis-defective Ripk3~'~, MIkI~'~, or
Fadd™'~MIkI”"~ mice, DOX-treated cardiomyocytes showed fea-
tures of typical ferroptotic cell death. Consistently, compared with
dexrazoxane, the only FDA-approved drug for treating DOX-
induced cardiotoxicity, inhibition of ferroptosis by ferrostatin-
1 significantly reduced DOX cardiomyopathy. RNA-sequencing re-
sults revealed that heme oxygenase-1 (Hmox1) was significantly
up-regulated in DOX-treated murine hearts. Administering DOX to
mice induced cardiomyopathy with a rapid, systemic accumulation
of nonheme iron via heme degradation by Nrf2-mediated up-
regulation of Hmox1, which effect was abolished in Nrf2-deficent
mice. Conversely, zinc protoporphyrin IX, an Hmox1 antagonist, pro-
tected the DOX-treated mice, suggesting free iron released on heme
degradation is necessary and sufficient to induce cardiac injury. Given
that ferroptosis is driven by damage to lipid membranes, we further
investigated and found that excess free iron accumulated in mitochon-
dria and caused lipid peroxidation on its membrane. Mitochondria-
targeted antioxidant MitoTEMPO significantly rescued DOX cardiomy-
opathy, supporting oxidative damage of mitochondria as a major
mechanism in ferroptosis-induced heart damage. Importantly,
ferrostatin-1 and iron chelation also ameliorated heart failure in-
duced by both acute and chronic I/R in mice. These findings high-
light that targeting ferroptosis serves as a cardioprotective strategy
for cardiomyopathy prevention.

ferroptosis | iron | heart injury | cell death | mitochondria

ell death is a fundamental physiological process involved in

development, aging, and tissue homeostasis, and often dys-
regulated in various pathological conditions (1). As the first-
discovered form of regulated cell death, caspase-dependent ap-
optosis has been the focus of mechanism research and drug
target for decades; however, recent studies have discovered
regulatory mechanisms and signaling pathways for previously
unrecognized forms of regulated cell death (2). Ferroptosis is a
novel form of regulated cell death characterized by the iron-
dependent accumulation of lipid peroxides to lethal levels,
which is morphologically, biochemically, and genetically distinct
from apoptosis, necroptosis, and autophagy (3, 4). Ferroptosis
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has been implicated in the pathological process associated with
carcinogenesis, degenerative diseases, stroke, and kidney ische-
mia/reperfusion (I/R) injury (5, 6).

Anthracyclines, which comprise a class of drugs that includes
doxorubicin (DOX), daunorubicin, epirubicin, and idarubicin,
are commonly used to treat breast cancer, leukemia, and many
other types of malignancies (7). However, the clinical use of
anthracyclines is limited by its cardiotoxic effects, which can include
irreversible degenerative cardiomyopathy and congestive heart
failure (8). Based on an analysis of three separate phase III clinical
trials, an estimated 26% of cancer patients develop DOX-related
congestive heart failure following a cumulative dose of 550 mg/m>
(9); moreover, more than half of all elderly patients with lymphoma
and survivors of childhood cancer who were treated with DOX have
a high risk of developing cardiotoxicity (10).

Significance

Nonapoptotic cell death-induced tissue damage has been im-
plicated in a variety of diseases, including neurodegenerative
disorder, inflammation, and stroke. In this study, we demon-
strate that ferroptosis, a newly defined iron-dependent cell
death, mediates both chemotherapy- and ischemia/reperfusion-
induced cardiomyopathy. RNA-sequencing analysis revealed
up-regulation of heme oxygenase 1 by doxorubicin as a ma-
jor mechanism of ferroptotic cardiomyopathy. As a result,
heme oxygenase 1 degrades heme and releases free iron in
cardiomyocytes, which in turn leads to generation of oxidized
lipids in the mitochondria membrane. Most importantly, both
iron chelation therapy and pharmacologically blocking ferroptosis
could significantly alleviate cardiomyopathy in mice. These
findings suggest targeting ferroptosis as a strategy for treating
deadly heart disease.
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Death of terminally differentiated cardiomyocytes is a crucial
pathogenic factor in the development of heart injury. DOX has also
been reported to induce various forms of cell death, including ap-
optosis, autophagy, necroptosis, and pyroptosis (11-14). However,
inhibiting either apoptosis or necroptosis only partially improved
the survival of DOX-treated cardiac cells (13), suggesting that an-
other form of cell death likely contributes to DOX-induced car-
diotoxicity. On the other hand, a growing body of evidence indicates
that increased iron may play a key role in this condition (15), but the
fundamental mechanisms of iron accumulation and its toxicity are
poorly understood.

In the current study, we performed in vivo drug screening
and demonstrated that iron-dependent ferroptosis, rather than
other known forms of regulated cell death, has a crucial role in
DOX-induced cardiomyopathy. Mechanistically, up-regulation of
HmoxI via Nrf2 activation causes heme degradation in heart and
leads to release of free iron, which accumulates in mitochondria
and triggers lipid peroxidation. Moreover, targeting ferroptosis
also protects the heart from I/R-induced myocardial remodeling
and heart failure. Our results provide insight into the pathogenic
mechanisms that underlie iron overload-induced cardiomyopa-
thy and may provide therapeutic targets for the development of
improved treatment strategies.

Results

Ferroptosis Drives DOX-Induced Cardiomyopathy and Mortality in
Mice. First, to investigate the relative contributions of various
forms of cell death in DOX-induced cardiotoxicity, we measured
survival following a single dose of DOX in mice in the absence or
presence of various inhibitors of cell death (Fig. 14). Our anal-
ysis revealed that the ferroptosis inhibitor Fer-1 significantly
reduced DOX-induced mortality; in contrast, survival was not
significantly improved in mice that received emricasan (an in-
hibitor of apoptosis), necrostatin-1 (Nec-1, a specific inhibitor of
receptor interacting protein kinase 1-mediated necroptosis), or
3-methyladenine (3-MA, an inhibitor of autophagy).

DOX causes receptor interacting protein kinase 3 (Ripk3)-
induced myocardial necroptosis independent of Ripkl and mixed
lineage kinase domain-like protein (Mlkl) has been recently
reported g13). We found that DOX-induced mortality was reduced
in Ripk3™™ mice compared with wild-type (WT) littermates, and
treating mice with Fer-1 to block ferroptosis reduced DOX-induced
mortality in Ripk3™~ mice even further, suggesting that both fer-
roptosis and Ripk3-mediated necroptosis play an independent role
in DOX-induced cardiotoxicity (Fig. 1B). However, unlike the
previous finding (13), we observed that Ca™* calmodulin-dependent
protein kinase (CaMKII) inhibition using KN-93 showed little effect
on DOX-induced mortality either by single KN-93 treatment or
cotreatment with Fer-1 (Fig. 1C). As shown in Fig. 1D, DOX
treatment induced a robust increase in cardiac, hepatic, and renal
Prgs2 mRNA, a putative molecular marker of ferroptosis (16), with
the strongest increase (approximately threefold compared with
control-treated mice) in the heart and liver.

A powerful approach to definitively study the involvement of
various forms of cell death is to remove key components in specific
cell death pathways. Therefore, we further generated apoptosis- and
necroptosis-defective (MIkl~'~ and Fadd~'~Mikl~'~) mice (17).
Consistently, eliminating either Fadd-dependent apoptosis or MIkl-
dependent necroptosis had no effect on DOX-induced cardiomy-
opathy, as assessed by histology and by measuring serum LDH (Fig.
1 E and F).

Inhibition of Ferroptosis Prevents Against DOX-Induced Cardiac
Injury. Dexrazoxane (DXZ), an iron chelator, is currently the
only drug approved by the FDA for preventing DOX-induced
cardiotoxicity in cancer patients. Based on the levels of cardiac
Prgs2 mRNA (SI Appendix, Fig. S14), serum and cardiac lipid
peroxidation (SI Appendix, Fig. S1 B and C), it seems plausible
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Fig. 1. Myocardial ferroptosis dominates DOX-induced mortality. (A)

Kaplan—-Meier survival curves of mice pretreated with saline (control), Fer-1
(a ferroptosis inhibitor), 3-MA (an autophagy inhibitor), emricasan (a pan-
caspase inhibitor), or Nec-1 (a necroptosis inhibitor), followed by DOX
(20 mg/kg, i.p.) on day 0 (n = 10-15 mice per group). (B) Kaplan—Meier
survival curves of the indicated mice (control and Ripk3"‘) treated with or
without Fer-1 followed by DOX (20 mg/kg, i.p.) (n = 10-12 mice per group).
(C) Kaplan-Meier survival curves of the indicated mice treated with KN-
93 and/or Fer-1 followed by DOX (20 mg/kg, i.p.) (n = 10-12 mice per group).
(D) Relative levels of Ptgs2 mRNA were measured in the indicated organs
injected with DOX (10 mg/kg, i.p.) or saline (control) for 4 d. (n = 8 mice per
group). (E) Representative images and quantitative analyses of H&E and
Sirius red staining of heart sections in control, MIkI~~, and Fadd™~MIkI~"~
mice 4 d after control or DOX treatment (10 mg/kg, i.p.). (F) Serum LDH
levels were measured in control, MIkl~~, and Fadd~"~MIklI~"~ mice 4 d after
control or DOX treatment (n = 6-8 mice per group). Summary data are
presented as the mean + SEM. Significance in A—C was calculated using the
log-rank (Mantel-Cox) test. Significance in D was calculated using the
Student’s t test; **P < 0.01; ***P < 0.001. Significance in E and F was cal-
culated using a one-way ANOVA with Tukey’s post hoc test; groups labeled
with different letters differed significantly (P < 0.05). *P < 0.05; n.s., not
significant.

that Fer-1 and DXZ utilize a common mechanism in protecting
against DOX-induced ferroptosis. Compared to DXZ, Fer-1 had
similar effects in terms of both protecting against DOX-induced
cardiac damage, as primarily evidenced by histological observation
(Fig. 2 A and B). These pathological changes were accompanied by
an increase in Anp, Bnp, and Myh7 mRNA levels, three classic
biomarkers of cardiac hypertrophy (Fig. 2C). In addition, compared
with mice that were treated with DOX alone, mice that were pre-
treated with Fer-1 or DXZ had improved cardiac function, mea-
sured using echocardiography (Fig. 2D and SI Appendix, Fig. S2).

We also investigated the ability of Fer-1 to protect against
DOX-induced cardiotoxicity in 7Tg(cmlc2:GFP) zebrafish em-
bryos, an animal model in which the cardiomyocytes’ nuclei and
plasma membranes are labeled with GFP (18). We found that
treating these animals with DOX decreased the heart rate and
caused the heart to become distorted into an elongated shape
with a compact ventricle and thin atrial wall; these effects were
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Fig. 2. Fer-1 and DXZ prevent DOX-induced cardiomyopathy. (A) The heart/
body weight ratio was measured in control mice and mice treated with DOX
with or without Fer-1 or DXZ (n = 6 mice per group). (B) Cardiac sections
were prepared from control mice and mice treated with DOX with or
without Fer-1 or DXZ, and then stained with hematoxylin and eosin (H&E,
Top) or Sirius red (Bottom). (C) Relative mRNA levels of the cardiac hyper-
trophy biomarkers Anp, Bnp, and Myh7 in control mice and mice treated
with DOX with or without Fer-1 or DXZ (n = 6 mice per group). (D) Echo-
cardiographic analyses of cardiac function in control mice and mice treated
with DOX with or without Fer-1 or DXZ (n = 6 mice per group). EF, ejection
fraction; FS, fractional shortening. (E) Representative fluorescence micros-
copy images of Tg(cmlc2: GFP) zebrafish embryos with green fluorescent
protein (GFP) specifically expressed in the myocardial cells. Zebrafish [2 d
postfertilization (dpf)] were exposed to 65 pM DOX in combination with Fer-
1 (1 pM) and DXZ (200 uM) for 2 d. (F) Heart rate levels were measured in
zebrafish (2 dpf) treated with DOX together with or without Fer-1 or DXZ
for 2 d (n = 6-8 per group). Summary data are presented as the mean + SEM.
Significance was calculated using a one-way ANOVA with Tukey’s post hoc
test; groups labeled with different letters differed significantly (P < 0.05).

rescued by treating the embryos with Fer-1 and DXZ treatment
(Fig. 2 E and F).

Up-Regulation of Hmox1 in DOX-Induced Ferroptosis in Murine Heart
Tissues. To identify the molecular mechanism involved in
DOX-induced ferroptosis, we used RNA-sequencing (RNA-seq)
analysis to determine which genes are differentially expressed in
the heart between DOX-treated mice and control mice (Fig. 34).
One day after DOX treatment, 105 genes were significantly up-
regulated, while 51 genes were down-regulated. An expanded list
of differentially expressed genes is provided in SI Appendix,
Table S1. Among these genes, we found that HmoxI was one of
the most significantly up-regulated genes (Fig. 3B). Real-time
PCR confirmed that DOX treatment led to a significant in-
crease in mRNA levels of HmoxI, but not Hmox2, specifically in
the heart, liver, and spleen, as well as a slight but significant
increase in the kidney (Fig. 3C and SI Appendix, Fig. S3), con-
sistent with a large increase in Pfgs2 mRNA. Consistent with
increased cardiac Hmoxl mRNA levels, we also measured in-
creased cardiac Hmox1 protein levels in the DOX-treated mice
(SI Appendix, Fig. S4), predominantly in the cardiomyocytes
(Fig. 3D). Finally, we also found increased cardiac heme oxy-
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genase activity in DOX-treated mice compared with control-
treated mice (Fig. 3E).

To characterize the functional role of Hmox1 in the patho-
genesis of DOX ferroptosis and cardiomyopathy, we treated
mice with competitive Hmox1 inhibitor zinc protoporphyrin IX
(ZnPP) and heme analog hemin (a Hmox1 activator). The DOX-
induced increase in cardiac Ptgs2 mRNA was blocked by ZnPP
and increased by hemin (Fig. 3F). Similar results were observed
with respect to DOX-induced changes in both serum (Fig. 3G)
and cardiac (Fig. 3H) levels of malondialdehyde (MDA), the
most prevalent byproduct of lipid peroxidation (19). Increased
cardiac injury with oxidative stress—in the form of lipid perox-
idation—was also observed by heart-to-body weight ratio, heart
failure biomarkers, Sirius red staining, and immunostaining for
4-hydroxynonenal (4-HNE); and these DOX-induced changes
were blocked and increased by ZnPP and hemin, respectively
(Fig. 3 I-K). Thus, in vivo data in both inhibiting and activating
Hmox1 indicate its essential role in DOX-induced ferroptosis
and cardiomyopathy.

Nrf2/Hmox1 Pathway Mediates Heme Degradation and Releases Free
Iron in Heart After DOX Administration. To explore the mechanism
of Hmox1-dependent ferroptosis, we further performed KEGG
enrichment analysis based on RNA-seq data. Interestingly, as
one of the pathways that are affected most by DOX, the por-
phyrin and chlorophyll metabolic pathway was suggested to play
a significant role (Fig. 44). The heme oxygenase enzymes
Hmox1 and Hmox2 catalyze the region-specific hydroxylation of
heme to carbon monoxide, ferrous iron, and biliverdin (20).
Given that Hmox!I expression is inducible, whereas Hmox2 is
expressed constitutively (21), we hypothesized that DOX may
induce localized heme degradation, in turn leading to the release
of free iron.

To test this hypothesis, we first measured heme levels and
found that DOX-treated mice had significantly lower levels of
heme in the heart, liver, spleen, and serum compared with
control-treated mice (Fig. 4 B and C). We then measured a va-
riety of hematological parameters in control-treated and DOX-
treated mice and found no difference in the number of red blood
cells, but significantly lower hemoglobin levels (SI Appendix,
Table S2) in the DOX-treated mice.

We then measured nonheme iron levels in the blood and
primary organs of DOX-treated mice and found that the mice
had significant accumulation of nonheme iron in the heart, liver,
spleen, and blood 4 d after administration of DOX (10 mg/kg,
i.p.) (Fig. 4 D and E and SI Appendix, Fig. S5A). We also found
corresponding changes in the expression of iron-related genes in
these organs, including TfRI, FtH, FtL, and Fpn, which encode
transferrin receptor 1, ferritin H, ferritin L, and ferroportin,
respectively (SI Appendix, Fig. S5 B and C). Hepcidin is a hepatic
peptide hormone encoded by the Hampl (hepcidin antimicrobial
peptide 1) gene; this hormone regulates systemic iron by binding
to the iron transporter ferroportin, the only known mammalian
nonheme iron export protein (22). DOX-treated mice, with he-
patic nonheme iron accumulation, had increased levels of he-
patic Hampl mRNA (SI Appendix, Fig. S5D) and a progressive
loss of Fpn in the duodenum (SI Appendix, Fig. SSE), suggesting
that the rapid increase in nonheme iron is independent of in-
testinal iron absorption. In addition, the increased expression of
cardiac Hampl mRNA (SI Appendix, Fig. SS5F) also indicated
local iron overload according to previous research (23). In con-
trast, total elemental iron levels in the heart, liver, and spleen
were similar between control-treated and DOX-treated mice
(Fig. 4F), supporting the notion that heme degradation is the
principal mechanism underlying the effects of DOX treatment.

Consistently, Hmox1 inhibitor ZnPP mitigated multiorgan
iron accumulation in DOX-treated mice, while loading hemin
further exacerbated the situation, strongly suggesting the important
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Fig. 3. Hmox1 is essential for DOX-induced ferroptosis and cardiotoxicity. (A)

Heat map showing differentially expressed genes in cardiac tissue between

control and DOX-treated mice. Low expression is depicted in blue, and high expression is depicted in yellow. (B) Volcano plot showing the up-regulated and
down-regulated genes in response to DOX treatment measured using RNA-seq analysis. Solid symbols indicate genes in which the differential expression was
statistically significant. (C) HmoxT mRNA was measured in the indicated organs of control and DOX-treated mice and is expressed relative to the respective
control group (n = 8 mice per group). (D) Representative images of Hmox1-stained heart sections from control mice and DOX-treated mice. (E) Heme
oxygenase activity was measured in heart homogenates obtained from control and DOX-treated mice (n = 6 mice per group). (F-H) Cardiac Ptgs2 mRNA (F),
serum MDA (G), and cardiac MDA (H) levels were measured in control mice and mice treated with DOX with or without ZnPP or hemin (n = 6-7 mice per
group). (/) Heart/body weight ratio was measured in control mice and mice treated with DOX with or without ZnPP or hemin (n = 6-7 mice per group). (J)
Representative images (Left) and quantitative analyses (Right) of cardiac sections stained with Sirius red (to stain collagen; Top) and anti-4-HNE (Bottom) in
control mice and mice treated with DOX with or without ZnPP or hemin. (K) Cardiac levels of Anp, Bnp, and Myh7 mRNA were measured in control mice and

mice treated with DOX with or without ZnPP or hemin (n = 6-7 mice per group).

Summary data are presented as the mean + SEM. Significance in C and E was

calculated using the Student'’s t test; *P < 0.05; **P < 0.01; ***P < 0.001. Significance in F-K was calculated using a one-way ANOVA with Tukey'’s post hoc test;

groups labeled with different letters differed significantly (P < 0.05).

effect of Hmox1 in DOX-induced iron overload (SI Appendix,
Fig. S6 A-E). In addition, we measured serum levels of bilirubin,
a heme degradation product. Similar to the changes of iron,
bilirubin accumulation in blood was observed after DOX ad-
ministration, and ZnPP significantly suppressed serum bilirubin
levels (SI Appendix, Fig. S6F). Interestingly, ferroptosis inhibitor
Fer-1 did not reduce the DOX-induced increase in cardiac
nonheme iron content; in contrast, DXZ reduced the DOX-
induced increase in cardiac nonheme iron and also increased
DOX-induced hepatic iron accumulation (SI Appendix, Fig. S7
A-C). Neither DXZ nor Fer-1 affected the levels of bilirubin in
DOX-treated animals (SI Appendix, Fig. S7D). In other words,
although Fer-1 and DXZ have similar antiferroptosis effect, they
work on the heart through different mechanisms.

In vitro, treating H9c2 cells, a rat cardiomyocyte line, with
DOX significantly up-regulated Pigs2 mRNA levels (ST Appen-
dix, Fig. S84). Among a panel of anthracyclines, DOX had the
strongest effect on Psgs2 expression in cardiomyocytes, causing a

Fang et al.

fivefold increase in Ptgs2 mRNA compared with control-treated
cells (SI Appendix, Fig. S8B). Importantly, this increase in Prgs2
expression was prevented by treating cells with either Fer-1 or
DXZ, whereas the apoptosis inhibitor zZVAD had no effect (S/
Appendix, Fig. S8C). DOX-induced cell death was increased by
cotreating cells with ferric citrate (FAC), and this effect was
reduced by Fer-1, but not zVAD (SI Appendix, Fig. S8D).
However, consistent with previous results (3, 24), we found that
DOX-induced cell death could not be rescued in vitro using ei-
ther iron/metal chelators or Fer-1 (SI Appendix, Fig. S8D). This
apparent discrepancy between our in vivo and in vitro results
might be due to absence of the heme-Hmox1 iron cascade in
cultured cardiomyocytes—and thus limited lipid peroxidation
under in vitro conditions (SI Appendix, Fig. S8E). Consistent with
the apoptosis inhibitor zZVAD having no effect on DOX-induced
cell death, we found that although DOX treatment increased
caspase-3/7 activity in H9¢2 cells, FAC cotreatment had no
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Fig. 4. Free iron released from heme degradation by Nrf2/Hmox1 pathway
triggers cardiac injury. (A) KEGG pathway analysis of RNA-seq data. (B and C)
Heme levels in the heart, liver, and spleen (B), and serum heme levels (C)
were measured in mice injected with DOX (10 mg/kg, i.p.) or saline (control)
for 4 d (n = 8 mice per group). (D and E) Nonheme iron levels in the heart,
liver, spleen, lung, kidney, pancreas, and brain (D), and serum nonheme iron
levels (E) were measured in mice injected with DOX (10 mg/kg, i.p.) or saline
(control) for 4 d (n = 8 mice per group). (F) Total tissue iron levels were
measured 4 d after DOX or control treatment (n = 8 mice per group). (G and
H) Relative Hmox1 mRNA (G) and nonheme iron (H) levels in the hearts were
measured in WT mice, DOX-treated Nrf2~~ and Nrf2*"* mice, n = 4-6 mice
per group. (/) Kaplan-Meier survival curves of mice fed a low-iron diet,
normal diet, or high-iron diet, then injected with DOX (20 mg/kg, i.p.) (n =
13-16 mice per group). (J) Cardiac tissue sections were prepared from the
mice in D and stained with H&E (Top) or Sirius red (Bottom). Control mice
were fed a normal diet and were not treated with DOX. Summary data are
presented as the mean + SEM. Significance in B-F was calculated using the
Student’s t test; *P < 0.05; **P < 0.01; ***P < 0.001. Significance in G, H, and
J was calculated using a one-way ANOVA with Tukey’s post hoc test; groups
labeled with different letters differed significantly (P < 0.05). Significance in /
was calculated using the log-rank (Mantel-Cox) test.

further effect, and zZVAD treatment reduced caspase-3/7 activity
to control levels (ST Appendix, Fig. S8F).

Hmoxl1 expression is induced by activation of the redox-sensitive
transcription factor Nrf2 (nuclear factor erythroid 2-related factor
2) (25). Upon translocating to the nucleus, Nrf2 binds to the anti-
oxidant response element (ARE) in the upstream promoter region
of several antioxidative genes—including HmoxI—thereby initiating
their transcription (26). Consistent with previous reports (27), DOX
treatment led to an increase in nuclear Nrf2 protein levels (SI
Appendix, Fig. S94) and increased myocardial Nif2 mRNA levels
(SI Appendix, Fig. S9B). Furthermore, DOX-treated Nrf2 knockout
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mice (N1f27, see SI Appendix, Fig. S9C) have reduced cardiac
HmoxI mRNA levels compared with DOX-treated wild-type mice
(Fig. 4G), consistent with Nrf2 activation playing an essential role in
mediating the effects of DOX on Hmox! expression. In addition,
cardiac nonheme iron differed significantly between DOX-treated
wild-type mice and DOX-treated Nif2”~ mice (Fig. 4H). Thus,
DOX augments the nuclear accumulation of Nrf2 and enables
Nrf2 to promote Hmox1 expression, which leads to degradation of
heme and release of free iron in heart.

We next determined whether iron overload is essential to
trigger cardiac ferroptosis. We fed male C57BL/6 mice a diet
containing various nutritional iron levels and then injected these
mice with DOX. Consistent with previous reports (28), mice that
were fed a high-iron diet (HID) developed more severe DOX-
induced cardiotoxicity, reflected by increased mortality and more
severe heart damage compared with mice that were fed a
normal-iron diet; in contrast, mice that were fed a low-iron diet
(LID) had significantly lower DOX-induced mortality and less
severe heart damage (Fig. 4 I and J).

Fer-1 and DXZ Protect Against DOX-Induced Cardiomyopathy by
Maintaining Mitochondrial Function. Emerging evidence suggests
that ferroptosis represents a vulnerability caused by the in-
corporation of polyunsaturated fatty acids into cellular mem-
branes (4). However, there are still several key questions in the
lipid peroxidation process that drives ferroptosis, one of which is
the location in which lipid peroxidation takes place during fer-
roptosis (29). Does this event occur in the plasma membrane,
nuclear membrane, mitochondria, endoplasmic reticulum, lyso-
some, or other lipid membranes in the cell? To address this
question, we observed hearts of DOX-treated mice using trans-
mission electron microscopy.

As a result, our analysis revealed that the myocardial mito-
chondria in DOX-treated mice were severely distorted and en-
larged, and these DOX-induced effects were rescued by both
Fer-1 and DXZ treatment (Fig. 54). Mitochondria serve as the
powerhouse of cardiomyocytes, where their primary function is
to synthesize ATP via oxidative phosphorylation. However, this
process of generating ATP through the respiratory chain results
in the production of reactive oxygen species as a metabolic
byproduct (30). Fer-1 also reversed the DOX-induced decrease
in the expression of the mitochondrial genes m#-Cytb and mit-
Atp6 (Fig. 5B), as well as the DOX-induced decrease in ATP
production (Fig. 5C), suggesting that inhibiting ferroptosis can
protect mitochondrial function. In addition, Western blot anal-
yses of the proteins in the respiratory chain complex in cardiac
tissue revealed that both complex I and complex II were de-
creased following DOX treatment, and these changes were reversed
by both Fer-1 and DXZ treatment (SI Appendix, Fig. S104).

Mitochondrial membrane potential (A¥m) is commonly used
to measure mitochondrial function, with a loss of AYm in-
dicating mitochondrial dysfunction (31). The presence of an
electrochemical potential gradient in healthy mitochondria
drives accumulation of the dye JC-1 in the mitochondrial matrix,
forming red fluorescent aggregates in healthy cells; a loss of
AW¥m prevents this accumulation in the mitochondria, leading to
a shift in fluorescence from red (JC-1 aggregates) to green (JC-
1 monomers). Based on this analysis, we found that car-
diomyocytes in DOX-treated mice have significantly more JC-
1 monomers compared with control-treated mice, consistent with
reduced mitochondrial A¥Ym (Fig. 5D); moreover, both Fer-
1 and DXZ reduced this DOX-induced effect, presumably by
maintaining mitochondrial A¥m. To further examine the role
that mitochondria play in DOX-induced ferroptosis, we isolated
subcellular fractions of cardiomyocytes and found that DOX
treatment significantly increased lipid peroxidation (Fig. 5E) and
nonheme iron (Fig. 5F) specifically in the mitochondria, but not
in the cytoplasm.
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Fig. 5. Mitochondrial iron overload and lipid peroxidation play a key role in DOX-induced myocardial ferroptosis. (A) Representative transmission electron

microscopy images and corresponding relative Flameng scores (Bottom) for cardiac tissue obtained from control and mice treated with DOX with or without
Fer-1 or DXZ. (B and C) Cardiac mt-Cytb and mt-Atp6 mRNA levels (B) and cardiac ATP (C) were measured in control mice and mice treated with DOX with or
without Fer-1 or DXZ (n = 6-7 mice per group). (D) Representative images of cardiac JC-1 fluorescence in control mice and mice treated with DOX with or
without Fer-1 or DXZ. (E and F) Cardiac mitochondrial and cytosolic MDA levels (E) and mitochondrial and cytosolic nonheme iron (F) were measured in
control mice and mice treated with DOX with or without Fer-1 or DXZ (n = 6-7 mice per group). (G and H) Cardiac PEox and PCox (G) and dioxide and trioxide
PEox species (H) were measured in control mice and DOX mice treated with or without Fer-1 or DXZ. (/-L) Cardiac Ptgs2 mRNA (/), the heart/body weight ratio
(J), serum CK-MB levels (K), and cardiac Myh7 mRNA (L) were measured in control mice and mice treated with DOX with or without TEMPO or MitoTEMPO
(n = 6 mice per group). Summary data are presented as the mean + SEM. Significance was calculated using a one-way ANOVA with Tukey’s post hoc test;

groups labeled with different letters differed significantly (P < 0.05).

Previous studies showed that phosphatidylethanolamines
(PEs) are key phospholipids (PLs) that undergo oxidation,
driving ferroptosis (32, 33). To investigate whether DOX induces
the oxidation of mitochondrial PEs, we performed global redox
phospholipidomics LC-MS/MS analyses in isolated cardiac mi-
tochondria. Our analysis revealed that oxygenated PE (PEox),
including both dioxide and trioxide PEox species, were more
abundant in cardiac mitochondria than oxygenated phosphati-
dylcholine (PCox), and DOX treatment significantly increased
the levels of PEox (Fig. 5 G and H). Moreover, treating the mice
with either Fer-1 or DXZ significantly blocked the DOX-
induced increase in PEox (Fig. 5 G and H).

Next, we tested whether mitochondrial lipid peroxidation plays
a pathogenic role in DOX-induced ferroptosis and cardiotoxicity
by measuring the effects of MitoTEMPO, a mitochondria-
targeted antioxidant. We found that MitoTEMPO abolished
DOX-induced lipid peroxidation (SI Appendix, Fig. S10B) and
cardiac ferroptosis (Fig. 5/); in contrast, the nonmitochondria-
targeted version (TEMPO) only mildly rescued the DOX-
induced effects. Moreover, MitoTEMPO, but not TEMPO, sig-
nificantly reduced DOX-induced cardiomyopathy assessed by
measuring the heart/body weight ratio, serum levels of myocar-
dial enzymes, and cardiac hypertrophy biomarkers (Fig. 5 J-L
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and SI Appendix, Fig. S10 C-E). In contrast, neither Mito-
TEMPO nor TEMPO affected the DOX-induced increase in
cardiac and systemic nonheme iron levels (SI Appendix, Fig. S10
F and G).

Blocking Ferroptosis Reduces the Severity of Cardiac Ischemia/
Reperfusion Injury. Cardiac I/R injury is also associated with a
loss of cardiomyocytes and subsequent heart failure. Compared
with sham-operated mice, mice that were subjected to 30 min of
myocardial ischemia followed by 24 h of reperfusion had sig-
nificantly higher levels of cardiac nonheme iron (Fig. 64) and
Prgs2 mRNA (Fig. 6B). In addition, both cardiac FtH and cardiac
FtI.. mRNA levels were higher in the I/R group compared with
the sham group (SI Appendix, Fig. S11 A and B); in contrast, I/R
had no effect on either serum nonheme iron or transferrin sat-
uration (SI Appendix, Fig. S11 C and D). Given the clinical
similarities between DOX treatment and I/R, we tested whether
inhibiting ferroptosis can also protect against the effects of I/R.

Mice were pretreated with either the ferroptosis inhibitor Fer-
1 or the iron chelator DXZ, and then subjected to I/R (SI Ap-
pendix, Fig. S11E). Our analysis revealed that both Fer-1 and
DXZ pretreatment significantly reduced myocardial infarct
size, although the groups had comparable areas at risk (Fig. 6C).
In addition, both Fer-1 and DXZ pretreatment prevented the
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Fig. 6. Blocking ferroptosis protects the heart against I/R injury. (A and B) Cardiac nonheme iron levels (A) and cardiac Ptgs2 mRNA levels (B) were measured
in mice subjected to sham surgery or 30-min cardiac ischemia followed by 24 h of reperfusion (I/R) (n = 6-8 mice per group). (C) Representative images (Left)
and quantitative data (Right) for infarct size (IF) and relative area at risk (AAR) in heart sections obtained from mice subjected to 30 min/24 h I/R injury and
treated with saline (control), Fer-1, or DXZ. (D-G) Serum LDH levels (D), AST levels (E), CK-MB levels (F), and cardiac Anp, Bnp, and Myh7 mRNA (G) measured
in mice subjected to sham surgery or 30 min/24 h I/R injury and treated with saline, Fer-1, or DXZ (n = 6-8 mice per group). (H) Representative images of
Masson'’s trichrome staining of heart sections obtained from mice subjected to sham surgery or 30 min/4 wk I/R injury and treated with saline, Fer-1, or DXZ. (/)
Cardiac mt-Cytb and mt-Atp6 mRNA levels were measured in mice subjected to sham surgery or 30 min/24 h I/R injury and treated with saline, Fer-1, or DXZ
(n = 6-8 mice per group). Summary data are presented as the mean + SEM. Significance in A and B was calculated using the Student’s t test; *P < 0.05; ***P <
0.001. Significance in (-G and / was calculated using a one-way ANOVA with Tukey'’s post hoc test; groups labeled with different letters differed significantly

(P < 0.05).

I/R-induced increase in myocardial enzymes measured in the
serum, including lactate dehydrogenase (LDH), aspartate trans-
aminase (AST), and creatine kinase-MB isoenzyme (CK-MB)
(Fig. 6 D-F). Moreover, both Fer-1 and DXZ pretreatment
prevented the I/R-induced increase in Anp, Bnp, and Myh7
mRNA levels (Fig. 6G). Taken together, these results suggest
that blocking ferroptosis can protect the heart from the effects
of ischemia/reperfusion.

Finally, we examined whether blocking ferroptosis and iron
chelation therapy can provide long-term protection from I/R
injury. Mice were pretreated with Fer-1 or DXZ, and then
subjected to 30 min of myocardial ischemia followed by 4 wk of
reperfusion, during which the mice received an injection of Fer-
1 or DXZ every 2 d (SI Appendix, Fig. S11F). We found that both
I/R-induced cardiac remodeling and fibrosis (Fig. 6H and SI
Appendix, Fig. S11G) were significantly reduced in the treated
groups. Moreover, the I/R-induced decrease in cardiac mt-Cytb
and mit-Atp6 mRNA levels was prevented in both the Fer-1 and
DXZ groups (Fig. 61), suggesting that inhibiting ferroptosis can
provide significant protection against the effects of myocardial
I/R, presumably by maintaining mitochondrial function.

Discussion

Cardiovascular disease remains one of the leading causes of
death worldwide. Here, we systematically studied the role of
ferroptosis, a recently discovered iron-dependent form of cell
death, in cardiac injury induced by either the anticancer drug
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doxorubicin or cardiac ischemia/reperfusion. We found that the
inducible heme oxygenase Hmox1 is up-regulated by the nuclear
translocation of Nrf2 in DOX-induced cardiac injury, catalyzing
heme degradation and facilitating the release of free iron, lead-
ing to ferroptosis and ultimately heart failure. Notably, inhibiting
either ferroptosis or Hmox1 significantly reduced DOX-induced
cardiac injury and heart failure, similar to the protective effects
of iron chelation with DXZ. Moreover, inhibiting ferroptosis
significantly reduced I/R-related cardiac injury, suggesting a po-
tential therapeutic approach for treating and/or preventing is-
chemic heart damage.

Preventing cardiac cell death has been suggested to be an ef-
fective cardioprotective strategy (34). During cardiac injury,
caspase-dependent apoptosis has long been accepted as the
major form of regulated cell death in cardiomyocytes. In-
terestingly, however, several other regulatory mechanisms and
signaling pathways that govern necrotic cell death have also been
implicated in cardiac injury (2). For example, Zhang et al. (13)
recently reported that Ripk3-dependent necroptosis plays a role
in both ischemia/reperfusion and DOX-induced cardiac injury,
indicating that several forms of cardiac cell death—and their
underlying mechanisms—likely play a role in this process. No-
tably, unlike the previous report, we found that pharmacologic
inhibition of CaMKII, a key RIPK3 substrate mediating myo-
cardial necroptosis, had no effect on DOX-induced mortality in
our study. It is postulated that genetic CaMKII deletion holds the
promise for better understanding the role of CaMKII in cardiomyopathy.
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https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1821022116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1821022116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1821022116/-/DCSupplemental
https://www.pnas.org/cgi/doi/10.1073/pnas.1821022116

L T

/

1\

=y

ess 3

Downloaded from https://www.pnas.org by 37.185.228.1 on December 13, 2022 from |P addr

Here, we report that ferroptosis plays an important role in
DOX-induced cardiotoxicity. Ferroptosis is a recently identified
iron-dependent, nonapoptotic form of cell death that can be
prevented or even reversed using iron chelation (3, 35, 36).
Importantly, ferroptosis is morphologically, biochemically, and
genetically distinct from both apoptosis and necroptosis. We
found that DOX triggers the accumulation of mitochondrial iron
in cardiomyocytes, which in turn damages lipid membranes,
particularly the mitochondrial membranes.

In both animal models and patients, iron overload plays a path-
ogenic role in cardiotoxicity in several cardiopathic conditions (37).
In this study, we found that feeding mice a low-iron diet reduced
DOX-induced cardiotoxicity and increased survival, suggesting that
targeting cardiac iron metabolic pathways may be clinically relevant.
In addition, we found that the accumulation of iron in both serum
and cardiac tissue is driven by the rapid conversion of heme to free
iron via up-regulation of Hmox1 in a process independent of the
canonical hepcidin—ferroportin iron regulatory axis.

Paradoxically, Hmox1 is widely considered to be a robust
cardioprotective protein, as overexpressing Hmox1 in mice can
protect against both cardiac ischemia/reperfusion injury and
permanent coronary ligation-induced heart failure (38, 39). On
the other hand, transgenic mice that overexpress Hmox1—but not
wild-type littermates—develop spontaneous heart failure at 1y of
age (40). Moreover, altered Hmox1 activity has been reported to
play a protective role in both hyperoxia-induced and bleomycin-
induced lung injury (41, 42) and in brain injury following in-
tracerebral hemorrhage (43). These findings underscore the path-
ogenic role that Hmox1 plays in a variety of tissues and processes.

Our results support the notion that DOX-induced iron accu-
mulation and DOX-induced cardiomyopathy are mediated by
Hmox1. Hmox1 expression is regulated by several transcription
factors, including Nif2, AP-1, YY1, and Hifla (21), and we found
that Nrf2-deficient mice are resistant to DOX-induced Hmox1 up-
regulation and iron accumulation. However, these mice develop
cardiac dysfunction (27), suggesting that the local effect of deleting
Nrf2 in the heart may differ from the global effect of deleting Nrf2.

Interestingly, although the potent iron chelator deferoxamine
is used to treat iron overload diseases such as thalassemia and
sickle cell disease, its protective effect with respect to cardiac
injury is unclear (44). One possible explanation for this dis-
crepancy is that DXZ—but not deferoxamine—may decrease
mitochondrial iron content in response to DOX, thereby pro-
tecting against DOX-induced cardiotoxicity (15).

MitoTEMPO, a superoxide scavenger designed to target the
mitochondria, can readily pass through lipid bilayers and accu-
mulates selectively in mitochondria (45). Here, we found that
MitoTEMPO—but not TEMPO, which does not specifically
target any subcellular structures—potently suppressed DOX-
induced ferroptosis in cardiac cells by scavenging lipid peroxidation
specifically in the mitochondria, providing cardioprotective benefits
similar to the effects of Fer-1. This finding supports the notion that
mitochondrial lipid peroxidation due to mitochondrial iron accu-
mulation plays a key role in cardiac ferroptosis.
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Notably, we found that cardiac ischemia/reperfusion in mice
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