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A B S T R A C T   

Chemotherapeutic agents, such as doxorubicin (DOX), may cause cardiomyopathy, even life-threatening ar
rhythmias in cancer patients. Ferroptosis-an iron-dependent oxidative form of programmed necrosis, plays a 
pivotal role in DOX-induced cardiomyopathy (DIC). Prostaglandins (PGs) are bioactive signaling molecules that 
profoundly modulate cardiac performance in both physiologic and pathologic conditions. Here, we found that 
PGE2 production and its E-prostanoid 1 receptor (EP1) expression were upregulated in erastin (a ferroptosis 
inducer) or DOX-treated cardiomyocytes. EP1 inhibition markedly aggravated erastin or DOX-induced car
diomyocyte ferroptosis, whereas EP1 activation exerted opposite effect. Genetic depletion of EP1 in car
diomyocytes worsens DOX-induced cardiac injury in mice, which was efficiently rescued by the ferroptosis 
inhibitor Ferrostatin-1 (Fer-1). Mechanistically, EP1 activation protected cardiomyocytes from DOX-induced 
ferroptosis by promoting nuclear factor erythroid 2-related factor 2 (Nrf2)-driven anti-oxidative gene expres
sion, such as glutathione peroxidase 4 (GPX4) and solute carrier family 7 member 11 (SLC7A11). EP1 was 
coupled with Gαq to elicit intracellular Ca2+ flux and activate the PKC/Nrf2 cascade in ferroptotic car
diomyocytes. EP1 activation also prevents DOX-induced ferroptosis in human cardiomyocytes. Thus, PGE2/EP1 
axis protects cardiomyocytes from DOX-induced ferroptosis by activating PKC/Nrf2 signaling and activation of 
EP1 may represent an attractive strategy for DIC prevention and treatment.   

1. Introduction 

Adverse cardiovascular events are major side effects of cancer 
treatment [1]. Several cardiotoxic outcomes in patients receiving 
oncologic treatment are asymptomatic left ventricular (LV) dysfunction, 
cardiomyopathy, and progressive heart failure (HF), which are report
edly responsible for approximately 60% of cardiovascular mortality in 
cancer patients [2]. Doxorubicin (DOX) is a very effective anti-cancer 
agent; however, its efficacy is limited by its persistent and cumulative 
cardiomyopathy [3]. The major causes of DOX-induced cardiomyopathy 
(DIC) are excessive reactive oxygen species (ROS) production and Top2β 

poisoning, which creates double-strand breaks and mitochondrial 
damage [4–6]. To date, dexrazoxane, an iron chelator that binds free 
iron and reduces oxidative stress, is the only cardiac protective drug 
approved by the US Food and Drug Administration for reducing the 
undesired side effects of DOX in advanced breast cancer [7,8]. Despite 
its efficacy in reducing the cardiotoxic effects of anthracyclines, dexra
zoxane increases the risk of developing secondary malignant neoplasms 
and its use in pediatric patients is banned [9,10]. Thus, understanding 
the biological mechanisms underlying DOX cardiotoxicity is crucial for 
the development of new agents to overcome the limitations of conven
tional chemotherapy. 
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Ferroptosis, characterized by iron-dependent ROS accumulation, is a 
new form of regulated cell death that differs from apoptosis, necrosis, 
and autophagy. Heart biopsy specimens from patients with heart failure 
due to DIC show iron overload in the mitochondria [5]. DOX affects iron 
homeostasis by inactivating iron regulatory proteins [11], reducing 
ferritin [12] and upregulating transferrin receptor [13]. Treatment with 
ferrostatin-1 (Fer-1), a ferroptosis inhibitor, improves the survival of 
mice with DOX. Ferroptosis is ultimately identified as the primary cause 
of cell death in DIC [14]. Nuclear factor erythroid 2-related factor 2 
(Nrf2) is a master transcription factor that regulates cellular oxidative 
defense by promoting anti-oxidant gene transcription including HO-1, 
solute carrier family 7 membrane 11 (SLC7A11), and GPX4 [15]. Era
stin, induces cell ferroptosis via modulating multiple molecules, such as 
the cystine-glutamate transport receptor and the voltage-dependent 
anion channel [16]. Nrf2 suppresses ferroptosis in various cell types 
by protecting from lethal ROS stress, including cardiovascular diseases 
[17,18]. However, in the case of protecting cardiomyocytes against the 
adverse effects of DOX, the induction of Nrf2 signaling is associated with 
DOX resistance in cancer cells [19]. 

Prostaglandins (PGs) are a class of bioactive metabolites derived 
from arachidonic acid, which is sequentially catalyzed by cyclo
oxygenase (COX)-1 and-2 and PG synthases to generate PGD2, PGE2, 
PGF2α, prostacyclin (PGI2), and thromboxane A2 (TxA2). PGs exert 
various physiological and pathophysiological functions by binding to 
their own G-protein-coupled receptors: DP1-2 for PGD2, EP1-4 for PGE2, 
FP for PGF2α, IP for PGI2, and TP for TxA2. PG signaling acts as a pivotal 
regulator in cardiac remodeling after myocardial injury by modulating 
the cardiac microenvironment, including macrophage-mediated angio
genesis, inflammation resolution, and stem cell regeneration [20–22]. 
Notably, we and others found that PG receptors such as DP2, IP, FP, EP1, 
and EP4 are also abundantly expressed in cardiomyocytes [6,23,24]. 
Activation of PGD2/DP2 signaling promotes ER stress–induced car
diomyocyte apoptosis after myocardial infarction [6] while activation of 
EP4 or FP receptor facilitates cardiomyocyte hypertrophy [23,24], 
suggesting that PG signaling is indispensable for the intrinsic adaptation 
of cardiomyocytes under cardiac stress. However, whether 
PGs-mediated signaling is involved in DOX-induced cardiomyocyte 
ferroptosis remains unclear. 

Fig. 1. EP1 expression is upregulated in cardiomyocyte in response to erastin or DOX treatment 
A, B. Effect of Fer-1 (2 μM, ferroptosis inhibitor), DFO (100 μM, iron chelator), Z-VAD (10 μM, apoptosis inhibitor), Nec-1S (10 μM, necroptosis inhibitor), Trolox 
(100 μM, antioxidant) or Baf-A1 (1 nM, autophagy inhibitor) on living H9C2 cells treated with DOX (2 μM) (A) or erastin (3 μM) (B). *P < 0.05 vs vehicle; A, n = 5; B, 
n = 8. 
C. The PG profiles of H9C2 cells challenged by erastin or DOX. H9C2 cells were treated with erastin or DOX; and arachidonic acid (30 μM) was added into culture 
after washing for additional 30 min, culture supernatants were collected for PG measurement. *P < 0.05 vs control; n = 6. 
D. Relative mRNA levels of various prostaglandin receptors in H9C2 cells in response to erastin. *P < 0.05 vs control; n = 6. 
E. Effect of various prostaglandin receptors agonist (BW245C (10 μM), DP1 agonist; DK-PGD2 (1 μM), DP2 agonist; 17-PT-PGE2 (2.5 μM), EP1 agonist; Butaprost (5 
μM), EP2 agonist; Sulprostone (1 μM), EP3 agonist; CAY10684 (1 μM), EP4 agonist; Latanoprost (2 μM), FP agonist; Cicaprost (1 μM), IP agonist; U46619 (1 μM), TP 
agonist) on living H9C2 cells treated with erastin. *P < 0.05 vs vehicle; n = 8. 
F. Time-dependent EP1 expression in H9C2 cells in response to erastin. *P < 0.05 vs 0 h; n = 6. 
G. Dose-dependent EP1 expression in H9C2 cells in response to DOX. *P < 0.05 vs 0 nM; n = 4. 
H. Western blot analysis of HA-EP1 expression in heart tissue from EP1-N-HA mice treated with DOX. 
I. Quantification of the HA-EP1 expression in H. *P < 0.05 vs vehicle; n = 4. 
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Here we found that the PGE2/EP1 axis was markedly upregulated in 
cardiomyocytes exposed to DOX and erastin. The EP1 inhibitor 
augmented whereas the EP1 agonist reduced DOX-induced car
diomyocyte ferroptosis. EP1 cardiac-specific knockout mice exhibited 
deteriorated myocardial function after DOX treatment. Loss of EP1 

impaired Nrf2 activity in cardiomyocytes by suppressing Ca2+/protein 
kinase C (PKC) signaling. Furthermore, EP1 activation also conferred 
protection against DOX-induced ferroptosis in human cardiomyocytes. 
Thus, the PGE2/EP1 axis plays a crucial role in cardioprotection against 
DOX-induced cardiotoxicity. 

Fig. 2. Activation of EP1 inhibits DOX-induced ferroptosis in H9C2 cells 
A. Representative H&E images of H9C2 cells treated with 17-PT-PGE2 or SC-51322 in the presence of erastin. Scale bars: 20 μm 
B. Effect of 17-PT-PGE2 or SC-51322 on living H9C2 cells treated with different concentrations of erastin. *P < 0.05 vs DMSO; n = 4–6. 
C. Representative flow cytometric plots showing intracellular ROS levels of H9C2 cells treated with 17-PT-PGE2 or SC-51322 in the presence of erastin. 
D. Quantification of ROS production in (C). *P < 0.05 vs indicated; n = 5. 
E. MDA levels in H9C2 cells treated with 17-PT-PGE2 or SC-51322 in the presence of erastin. *P < 0.05 vs indicated; n = 4. 
F. Western blot analysis of GPX4 expression in H9C2 cells treated with 17-PT-PGE2 or SC-51322 in the presence of erastin. 
G. Quantification of relative protein expression levels of GPX4 in (F). *P < 0.05 as indicated; n = 4. 
H. Effect of 17-PT-PGE2 or SC-51322 of living H9C2 cells in the presence of DOX. *P < 0.05 vs DMSO; n = 8. 
I. MDA levels in H9C2 cells treated with 17-PT-PGE2 and SC-51322 in the presence of DOX. *P < 0.05 vs indicated; n = 4–5. 
J. Western blot analysis of GPX4 expression in H9C2 cells treated with 17-PT-PGE2 or SC-51322 in the presence of DOX. 
K. Quantification of relative protein expression levels of GPX4 in (J) *P < 0.05 as indicated; n = 4. 
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2. Materials and methods 

2.1. Reagents 

Doxorubicin (#T1020) was purchased from TargetMol (Wellesley 
Hills, MA, USA). 17-PT-PGE2 (#14810) and SC-51322 (#10010744) 
were obtained from Cayman Chemical Company (Ann Arbor, MI, USA). 
U73122 (#U6756), and staurosporine (#539648) was obtained from 
Sigma Company (Sigma-Aldrich, St. Louis, MO, USA). Erastin (#S7242), 
RSL3 (#S8155), Fer-1 (#S7243), Nec-1s (#S8641), Bafilomycin A1 
(#S1413), Z-VAD-FMK (#S7023), Trolox (#S3665), Deferoxamine 
mesylate (#S5742) and ML-385 (#S8790) were purchased from Selleck 
Chemicals (Houston, TX, USA). Wortmannin (#HY-10197), SP600125 
(#HY-12041), and Ravoxertinib (#HY-15947) were purchased from 
MedChemExpress (MCE) Company (Shanghai, China). 

2.2. Experimental animals 

Eight-to ten-week-old male C57BL/6 mice were used in all experi
ments. EP1flox/flox mice (#020150) were obtained from Jackson Labo
ratories (Bar Harbor, ME, USA) [25]. HA-EP1 mice were generated by 
CRISPR/Cas9-mediated gene editing, where the HA tag was fused into 
N terminal of endogenous EP1 protein [26]. EP1flox/flox were crossed 
with MHC-Cre mice (Cre driven by α-myosin heavy chain [MHC] pro
moter) to generate cardiac-specific EP1 knockout mice (EP1f/fMHCCre). 
The detailed primer sequences for genotyping are listed in Supplemental 
Table 1. All mice were maintained in the SPF animal laboratory of 
Tianjin Medical University in an environment with controlled temper
ature (22 ± 1 ◦C) and relative humidity (50 ± 5%) on a 12:12 h 
light/dark cycle, with free access to sterile food and water. All animal 
experiments were approved by the Institutional Animal Care and Use 
Committee of the Tianjin Medical University (Approval No: TMUaMEC 
2020020) and performed according to the guidelines from the National 
Institutes of Health (NIH) Guide for the Care and Use of Laboratory 
Animals. 

Mice were anesthetized with isoflurane inhalation. Specifically, mice 
were put into the induction chamber and 3–5% isoflurane was admin
istrated until the animals were deeply anesthetized. During the con
struction of model, mice were given continuous inhalation of 1–2% 
isoflurane on the operating table to maintain surgical anesthesia. The 
DIC model was established as described previously [14]. Briefly, mice 
were subcutaneously injected with a single dose of DOX (10 mg/kg, 
dissolved in sterile saline) or saline at the indicated times. After DOX 
treatment for 7 days, mice were weighed and their cardiac functions 
were measured by echocardiography. The mice were deep anesthetized 
with 3% isoflurane and blood samples were collected, then euthanized 
under deep anesthesia by perfusing phosphate buffered saline into the 
hearts and heart samples were collected for further analysis. Fer-1 (1 
mg/kg, dissolved in sterile saline) or vehicle was injected 

subcutaneously daily one day before DOX treatment. 
Cardiac function was evaluated as previously described [6]. Echo

cardiographic data were obtained using a Vevo 2100 ultrasonography 
system (Visual Sonics Inc., Toronto, Canada) equipped with an MS400 
linear array transducer. 

2.3. Histological analysis 

Mouse heart tissue samples were fixed in 4% paraformaldehyde and 
embedded in paraffin. Tissue sections of 5 μm thickness, hematoxylin 
and eosin (H&E), and Sirius Red staining were performed as previous 
described [14]. Cross-sectional area percentage of collagen was calcu
lated using Image Pro Plus Software 6.0 (Media Cybernetics, CA, USA). 

2.4. Cell line culture 

H9C2 rat cardiomyocytes and AC16 human cardiomyocytes were 
maintained in Dulbecco’s modified Eagle’s medium (C11995500BT, 
DMEM; Gibco) supplemented with 10% (vol/vol) fetal bovine serum 
(1600044, FBS; Gibco) and 50 μg/mL penicillin-streptomycin 
(15240062; Gibco). Cells were incubated at 37 ◦C in a humidified at
mosphere containing 5% CO2. Cells were treated with erastin or DOX for 
16–24 h for further analysis. 

2.5. Primary cell isolation and culture 

Primary cardiomyocytes and cardiac fibroblasts from rodents were 
isolated and cultured as our previously described [6]. Briefly, neonatal 
hearts (P1-3) were harvested and primary cardiomyocytes were isolated 
by Neonatal Rat/Mouse Cardiomyocyte Isolation Kit (Cellutron Life 
Technologies, MD, USA). Neonatal hearts were cut into small piecesand 
were plated on 0.1% gelatin-coated dishes in fibroblast medium. 7 days 
later, migrated fibroblasts were harvested by filtering through 40 μm 
cell strainers (Thermo Scientific). 

Macrophages were collected by intraperitoneally injected with 2 mL 
3% Brewer’s thioglycolate as our described previously [21]. Macro
phages were allowed to adhere in RPMI 1640 supplemented with 10% 
fetal bovine serum and non-adherent cells were removed. 

2.6. PG extraction and analysis 

H9C2 cells were treated with erastin or DOX, then incubated with 
arachidonic acid (30 μM) for 30 min, and culture supernatants (500 μL) 
were collected for PG extraction after protein quantification as previ
ously described [6]. Briefly, after adding an internal standard, citric 
acid, and butylated hydroxytoluene, the samples were vigorously vor
texed with 1 mL of solvent (normal hexane: ethyl acetate, 1:1) for 1 min 
and then centrifuged at 6000×g for 10 min. The supernatant (organic 
phase) was collected, dried under a gentle stream of nitrogen, and 

Fig. 3. EP1 activation reduces DOX-induced ferroptosis in cardiomyocytes through evoking Nrf2 activity 
A. Effect of GPX4 inhibitor RSL3 on erastin-induced ferroptosis of H9C2 cells after17-PT-PGE2 treatment. *P < 0.05 vs indicated; n = 8. 
B. Western blot analysis of p-Nrf2 and Nrf2 expression in H9C2 cells treated with 17-PT-PGE2 or SC-51322 in the presence of erastin. 
C. Quantification of relative protein expression levels in (B). *P < 0.05 as indicated; n = 4. 
D. Western blot analysis of p-Nrf2 and Nrf2 expression in H9C2 cells treated with 17-PT-PGE2 or SC-51322 in the presence of DOX. 
E. Quantification of relative protein expression levels in (D). *P < 0.05 as indicated; n = 4. 
F. Western blot analysis of nuclear p-Nrf2 and Nrf2 expression in H9C2 cells treated with17-PT-PGE2 or SC-51322 in the presence of erastin. 
G. Quantification of relative protein expression levels in (F). *P < 0.05 as indicated; n = 4. 
H. Western blot analysis of nuclear p-Nrf2 and Nrf2 expression in H9C2 cells treated with 17-PT-PGE2 or SC-51322 in the presence of DOX. 
I. Quantification of relative protein expression levels in (H). *P < 0.05 as indicated; n = 4. 
J, K. Effect of ML-385 (5 μM) on cell viability (J) and intracellular ROS production (K) in H9C2 cells treated with 17-PT-PGE2 in the presence of erastin. *P < 0.05 as 
indicated; (J), n = 8; (K), n = 6. 
L. Western blot analysis of effect of ML-385 on the expression of GPX4 and SLC7A11 in H9C2 cells treated with 17-PT-PGE2 in the presence of erastin. 
M. Quantification of relative protein expression levels in (L). *P < 0.05 as indicated; n = 4. 
N. Western blot analysis of effect of ML-385 on the expression of GPX4 and SLC7A11 in H9C2 cells treated with 17-PT-PGE2 in the presence of DOX. 
O. Quantification of relative protein expression levels in (N). *P < 0.05 as indicated; n = 4. 
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dissolved in 100 μL 10% acetonitrile in water. Prostanoid metabolites 
were quantified using liquid chromatography–tandem mass spectrom
etry. PG levels were normalized to the total protein concentration. 

2.7. Cell counting and viability assay 

A Cell Counting Kit 8 (CCK-8) (C0038; Beyotime, Shanghai, China) 

was used. Briefly, cells were seeded into 96-well plates at a density of 5 
× 103 cells/well and cultured for 24 h. After treatment with the indi
cated reagents for 24 h, CCK-8 solutions (10 μL) were added to each well 
and incubated for 2–3 h at 37 ◦C. Absorbance at a wavelength of 450 nm 
was measured using EnSpire Multimode Plate Reader (PerkinElmer, 
USA). 

Fig. 4. Blockage of PKC abolishes EP1-mediated anti-ferroptosis effect on DOX-treated cardiomyocytes through suppressing Nrf2 
A. Western blot analysis of effect of staurosporine (20 nM) on the expression of p-Nrf2 and Nrf2 in H9C2 cells treated with 17-PT-PGE2 in the presence of erastin. 
B. Quantification of relative protein expression levels in (A). *P < 0.05 as indicated; n = 4. 
C, D. Effect of staurosporine on the cell viability (C) and intracellular ROS production (D) in H9C2 cells treated with 17-PT-PGE2 in the presence of erastin. *P < 0.05 
as indicated; (C), n = 8; (D), n = 7. 
E. Western blot analysis of effect of staurosporine on the expression of p-Nrf2, Nrf2, GPX4 and SLC7A11 in H9C2 cells treated with17-PT-PGE2 in the presence of 
erastin. 
F. Quantification of relative protein expression levels in (E). *P < 0.05 as indicated; n = 4. 
G. Western blot analysis of effect of staurosporine on the expression of p-Nrf2, Nrf2, GPX4 and SLC7A11 in H9C2 cells treated with 17-PT-PGE2 in the presence of 
DOX. 
H. Quantification of relative protein expression levels in (G). *P < 0.05 as indicated; n = 4. 
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2.8. Quantitative real-time polymerase chain reaction 

Total ribonucleic acid (RNA) was isolated from tissues or H9C2 cells 
by using TRIzol reagent (15596018; Invitrogen Life Technologies, 
Carlsbad, CA, USA) according to the manufacturer’s instructions. Next, 
cDNA was synthesized from 1 μg of total RNA using a Hifair® III 1st 
Strand cDNA Synthesis Kit (11141ES60; Yeasen, Shanghai, China). 
Quantitative real-time PCR (qRT-PCR) was performed using SYBR Green 
(11201ES08; Yeasen, Shanghai, China) as previously described [27]. 
GAPDH was used as an endogenous control. The primer sequences used 
are listed in Supplemental Table 2. 

2.9. Western blot analysis 

Tissue protein was prepared in lysis buffer with a protease and 
phosphatase inhibitors cocktail (TargetMol, Wellesley Hills, MA, USA). 
The total protein content was determined using the Pierce™ BCA Pro
tein Assay Kit (Thermo Fisher Scientific, Waltham, MA, USA) following 
the manufacturer’s protocol. The proteins were denatured and resolved 
using 10% sodium dodecyl sulfate–polyacrylamide gel electrophoresis 
and transferred to a nitrocellulose membrane. The membranes were 
then blocked with 5% non-fat milk for 2 h at room temperature and 
incubated with specific primary antibodies at 4 ◦C overnight. Following 
incubation with horseradish peroxidase–conjugated secondary anti
bodies (1:2000; Cell Signaling Technology) for 2 h at room temperature, 
and the bands were detected using an enhanced chemiluminescence 
assay (Thermo Fisher Scientific). The primary antibodies used for 
western blotting were anti-HA（#3724, 1:1000; Cell Signaling Tech
nology), anti-Nrf2 (A1244, 1:1000; Abclonal Technology), anti-p-Nrf2 
(AP1133, 1:1000; Abclonal Technology), anti-SLC7A11 (A13685, 
1:1000; Abclonal Technology), anti-MLKL (A21894, 1:1000; Abclonal 
Technology), anti-p-MLKL (AP1173, 1:1000; Abclonal Technology), 
anti-GPX4 (A11243, 1:1000; Abclonal Technology), anti-GAPDH 
(10494-1-AP, 1:10000; Proteintech), and histone H3 (4499, 1:1000; 
Cell Signaling Technology). 

2.10. C11-BODIPY assay 

Cells in 6-well plates were treated with different compounds for 16 h, 
and then cells washed with PBS and stained with C11-BODIPY (Abclo
nal, RM02821) at 37 ◦C for 1 h. Then, cells were dissociated by trypsi
nization after wash, and the fluorescent density of cells was detected 
using flow cytometer (BD Biosciences, USA) for C11-BODIPY 581/591 
detection. The data were analyzed using FlowJo software (Tree Star Inc., 
Ashland, OR, USA). 

2.11. Malondialdehyde (MDA) measurements 

The concentration of MDA in cells, serum and mouse hearts was 
detected using the corresponding kits (S0131 M; Beyotime) according to 
the manufacturer’s instructions. MDA concentrations were normalized 
to the corresponding protein concentrations, which were detected by the 
bicinchoninic acid assay method using a Pierce™ BCA Protein Assay kit. 

2.12. Calcium imaging 

Ca2+ imaging in cardiomyocytes was performed using Fluo-3-AM 
(121714-22-5, DojinDo Laboratories, Kumamoto, Japan). Cultured 
neonatal rat cardiomyocytes were preincubated in Hank’s balanced salt 
solution (Invitrogen, Carlsbad, CA, USA) containing 3 μg/mL Fluo-3-AM 
as previously described [6]. After EP1 agonist stimulation, a series of 
images was captured every 50 ms using a laser-scanning confocal mi
croscope (Carl Zeiss, Oberkochen, Germany). The recorded images were 
analyzed and quantified using ImageJ software (National Institutes of 
Health). 

2.13. Cell death and membrane permeability assays 

Cell death was analyzed by Trypan blue dye (ST798; Beyotime, 
Shanghai, China) according to the manufacture protocol. Briefly, cells 
were treated with indicated drugs for 24 h, then harvested using trypsin 
and stained with 0.4% Trypan blue dye for 3 min. The staining images 
was captured by light microscope (Leica DM IL LED, Germany) on a cell 
counting chamber. 

Cell membrane permeability was examined by the cell-impermeable 
dye Sytox Green dye (S7020, Thermo Fisher) according to manufac
turer’s instructions. In brief, cells in 6-well plates were treated with 
indicated drugs for 24 h, then trypsinized, and stained with Sytox Green 
dye for 10 min after wash. The cells were fixed and analyzed by a flow 
cytometer (BD Biosciences, USA). 

2.14. Statistical analyses 

All data are shown as mean ± standard error of the mean (SEM). All 
data were tested using the Shapiro–Wilk normality test and were nor
mally distributed. Comparisons between the two groups were analyzed 
using Mann–Whitney U test. Single-factor multiple group comparisons 
were performed using one-way analysis of variance (ANOVA) test fol
lowed by Tukey’s test for normally distributed data or Welch ANOVA 
followed by Tamhane’s T2 test for non-normally distributed data. Two- 
factor multiple group comparisons were performed using two-way 
ANOVA followed by Tukey’s test. Data were analyzed using GraphPad 
Prism 8 (GraphPad Software Inc., San Diego, CA, USA). Statistical sig
nificance was set at p < 0.05. 

3. Results 

3.1. PGE2/EP1 axis was activated in DOX-induced cardiomyocyte 
ferroptosis 

To determine the role of PG signaling in DOX-induced cardiomyocyte 
ferroptosis, we first verified whether ferroptosis was involved in DOX- 
induced cardiomyocyte death. CCK-8 assays showed that ferroptosis 
inhibitors, such as Fer-1, deferoxamine mesylate (DFO; an iron 
chelator), and Trolox (a cell-permeable water-soluble derivative of 
vitamin E with potent antioxidant properties) reduced DOX-induced cell 
death by approximately 50% in the cardiomyocyte cell line H9C2 

Fig. 5. EP1 activation protects cardiomyocytes from DOX-induced ferroptosis by mobilizing Ca2+ to activate PKC/Nrf2 signaling 
A. Effect of FR900359 (1 μM) or PTX (10 μM) on the cell viability of H9C2 cells treated with 17-PT-PGE2 in the presence of erastin. *P < 0.05 as indicated; n = 8. 
B. Representative fluorescence images showing the intracellular Ca2+ spark in neonatal rat cardiomyocytes treated with 17-PT-PGE2. Scale bars: 10 μm 
C. The intracellular Ca2+ flux in neonatal rat cardiomyocytes treated with 17-PT-PGE2. The arrow indicates the injection of 17-PT-PGE2. 
D. PKC kinase activity in H9C2 cells after 17-PT-PGE2 treatment. *P < 0.05 as indicated; n = 5–6. 
E, F. The effect of U73122 (5 μM) on the cell viability (E) and intracellular ROS production (F) in H9C2 cells treated with 17-PT-PGE2 in the presence of erastin. *P <
0.05 as indicated; E, n = 8; F, n = 5–6. 
G. Western blot analysis of effect of U73122 on the expression of p-Nrf2, Nrf2, GPX4 and SLC7A11 in H9C2 cells treated with 17-PT-PGE2 in the presence of erastin. 
H. Quantification of relative protein expression levels in (G). *P < 0.05 as indicated; n = 4. 
I. Western blot analysis of effect of U73122 on the expression of p-Nrf2, Nrf2, GPX4 and SLC7A11 in H9C2 cells treated with 17-PT-PGE2 in the presence of DOX. 
J. Quantification of relative protein expression levels in (I). *P < 0.05 as indicated; n = 4. 
K. Schematic illustration of EP1-mediated myocardial protection in DOX-induced cardiomyocytes ferroptosis through Ca2+/PKC/Nrf2 signaling pathway. 
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(Fig. 1A), whereas necrostatin-1 (Nec-1s), a necroptosis inhibitor, and 
bafilomycin A1 (Baf-A1), an autophagy inhibitor, had no obvious effect 
on DOX-induced cell death, suggesting that ferroptosis was a major form 
of DOX-induced cell death. As expected, ferroptosis inducer erastin- 
induced cell death could be fully rescued by Fer-1, DFO, and Trolox 
(Fig. 1B and Supplemental Fig. 1), indicating that erastin induced fer
roptosis rather than apoptosis, necrosis, or autophagy in H9C2 cells. 
Furthermore, we observed that PGE2 and PGD2 were the major PGs in 
cultured H9C2 cells and that stimulation with erastin and DOX 
dramatically enhanced PGE2 and PGD2 synthesis (Fig. 1C), and erastin 
treatment significantly upregulated the expression of their receptor 
subtypes, EP1 and DP2 in H9C2 cells, respectively (Fig. 1D). Interest
ingly, among all PG receptor agonists, only the EP1 agonist 17-phenyl- 
trinor-(pt)-PGE2 (17-PT-PGE2) markedly rescued erastin-induced fer
roptotic cell death in H9C2 cells (Fig. 1E). Moreover, erastin gradually 
upregulated EP1 expression in H9C2 cells over time (Fig. 1F), and DOX 
promoted EP1 gene expression in a dose-dependent manner (Fig. 1G). 
Consistently, EP1 was also significantly elevated in erastin- or DOX- 
challenged neonatal rat cardiomyocytes (Supplemental Figs. 2A–B). To 
further elucidate EP1 expression during cardiac stress in vivo, we con
structed mice with a hemagglutinin (HA) tag fused at the N-terminus of 
EP1 (EP1-HA) (Supplemental Fig. 3) and found that EP1 protein 
expression was significantly increased in the heart tissues of DOX- 
treated EP1-HA mice (Fig. 1H and I). These results indicate that PGE2/ 
EP1 signaling may be implicated in DOX-induced cardiomyocyte 
ferroptosis. 

3.2. EP1 activation attenuates DOX-induced cardiomyocyte ferroptosis 

To further investigate the role of EP1 in cardiomyocyte ferroptosis, 
we evaluated cytological changes in ferroptotic cardiomyocytes after 
pharmacological manipulation of EP1. The EP1 agonist 17-PT-PGE2 
prevented erastin-triggered cell shrinkage, whereas the EP1 antagonist 
SC-51322 accelerated erastin-induced cell shrinkage in H9C2 cells 
(Fig. 2A). Accordingly, EP1 activation markedly reduced, whereas EP1 
inhibition increased erastin-induced H9C2 cell death (Fig. 2B). The EP1 
agonist 17-PT-PGE2 also markedly suppressed erastin-evoked ROS 
accumulation (Fig. 2C and D) and lipid peroxidation-derived malon
dialdehyde (MDA) generation (Fig. 2E) by upregulation of GPX4 protein 
expression in erastin-treated H9C2 cells (Fig. 2F and G), whereas the EP1 
antagonist SC-51322 had the opposite effects (Fig. 2C–G). Similarly, EP1 
activation mitigated DOX-induced cell death (Fig. 2H) by reducing MDA 
(Fig. 2I) and preventing GPX4 decrease (Fig. 2J and K), whereas EP1 
inhibition accelerated DOX-induced cell death by increasing MDA levels 
and suppressing GPX4 expression in H9C2 cells (Fig. 2H–K). Similarly, 
the impacts of EP1 activation or inhibition on DOX- or erastin-induced 
cell death were also observed in neonatal rat cardiomyocytes (Supple
mental Fig. 4). Thus, the activation of EP1 protects cardiomyocytes 
against DOX-induced cardiotoxicity by suppressing cardiomyocyte 
ferroptosis. 

3.3. EP1 suppresses DOX-induced cardiomyocyte ferroptosis by 
enhancing Nrf2 activity 

Next, we explored the mechanisms underlying EP1-mediated fer
roptosis in cardiomyocytes. We observed that 17-PT-PGE2 treatment 
reduced H9C2 cell death induced by erastin, not by GPX4 inhibitor RSL3 
(Fig. 3A), suggesting a crucial role of GPX4 in EP1-mediated protection 
against cardiomyocyte ferroptosis. Both the mRNA and protein expres
sion of GPX4 were markedly upregulated in erastin-treated H9C2 cells 
by the EP1 agonist 17-PT-PGE2 and suppressed by the EP1 inhibitor SC- 
51322 (Fig. 2F and Supplemental Fig. 5), indicating that EP1 may 
modulate GPX4 expression at the transcriptional level. We then exam
ined changes in Nrf2, a classical transcription factor that drives GPX4 
gene expression and suppresses ferroptosis [28,29]. As expected, Nrf2 
was activated by EP1 agonist and repressed by EP1 inhibitor in 
erastin-treated H9C2 cells, as determined by the levels of phosphory
lated Nrf2 (Fig. 3B and C). Similar results for Nrf2 were also observed in 
DOX-treated H9C2 cells (Fig. 3D and E). Moreover, the activation of EP1 
promoted the nuclear translocation of Nrf2 in erastin- or DOX-treated 
H9C2 cells, whereas EP1 inhibitor had the opposite effect (Fig. 3F–I). 
Nrf2 inhibition abolished 17-PT-PGE2-conferred protection against 
erastin-induced cell death in H9C2 cells (Fig. 3J) as evidenced by 
increased ROS accumulation (Fig. 3K) and reduced GPX4 and SLC7A11 
expression in erastin-exposed H9C2 cells (Fig. 3L and M). Likewise, in
hibition of Nrf2 also abrogated the 17-PT-PGE2-induced increase in 
GPX4 and SLC7A11 levels in DOX-treated H9C2 cells (Fig. 3N and O). 
Thus, activation of EP1 protects cardiomyocytes from DOX-induced 
ferroptosis through activation of Nrf2. 

3.4. EP1 protects cardiomyocytes from DOX-induced ferroptosis by 
activating PKC/Nrf2 signaling 

Nrf2 can be activated by various protein kinases, including protein 
kinase C (PKC), phosphatidylinositol 3-kinase (PI3K), c-Jun NH2- 
terminal kinase (JNK), and extracellular signal-regulated protein ki
nase (ERK) [30]. We found that the PKC inhibitor staurosporine, but not 
inhibitors of PI3K, JNK, and ERK, markedly suppressed the increased 
phosphorylation of Nrf2 induced by the EP1 agonist in erastin-treated 
H9C2 cells (Fig. 4A and B and Supplemental Fig. 6). Importantly, PKC 
inhibition abrogated 17-PT-PGE2-conferred protection against 
erastin-induced cell death by increasing ROS generation in H9C2 cells 
(Fig. 4C and D) and abolished 17-PT-PGE2-induced increase of Nrf2 
activity as well as GPX4 and SLC7A11 expression in both erastin- and 
DOX-treated H9C2 cells (Fig. 4E–H). These results indicate that EP1 
activates the PKC/Nrf2 signaling pathway to reduce DOX-induced fer
roptosis in cardiomyocytes. 

Fig. 6. EP1 deletion in cardiomyocytes exacerbates DOX-induced cardiac injury in mice through promoting cardiac ferroptosis 
A. Schematic diagram of the treatment of Fer-1 in DOX-challenged mice. 
B, C. Quantitative analysis of cardiac EF (B) and FS (C) in EP1f/f and EP1f/fMHCCre mice treated with DOX in the presence or absence of Fer-1. *P < 0.05 vs indicated; 
n = 8. 
D. The heart/body weight ratio of EP1f/f and EP1f/fMHCCre mice treated with DOX in the presence or absence of Fer-1. *P < 0.05 vs indicated; n = 8. 
E. Representative images of H&E and Sirius red staining of heart form EP1f/f and EP1f/fMHCCre mice treated with DOX in the presence or absence of Fer-1. H&E Scale 
bars: 1 mm; Sirius red Scale bars: 50 μm 
F. Quantification of collagen content in (E). *P < 0.05 vs indicated; n = 8. 
G, I. The gene expressions of Anp (G), Bnp (H), Myh7 (I) in the cardiac tissue from EP1f/f and EP1f/fMHCCre mice treated with DOX in the presence or absence of Fer-1. 
*P < 0.05 vs indicated; (G), n = 8; (H), n = 5–8; (I), n = 5–8. 
J, K. MDA levels in the serum (J) and cardiac tissue (K) from EP1f/f and EP1f/fMHCCre mice treated with DOX in the presence or absence of Fer-1. *P < 0.05 vs 
indicated; (J), n = 6; (K), n = 5–8. 
L. Western blot analysis of p-Nrf2, Nrf2, GPX4 and SLC7A11 expression in cardiac tissues from DOX-treated EP1f/f and EP1f/fMHCCre mice. 
M-P. Quantification of protein expression of p-Nrf2 (M), Nrf2 (N), GPX4 (O), SLC7A11 (P) in (L). *P < 0.05 as indicated; n = 6. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the Web version of this article.) 
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Fig. 7. EP1 activation prevents DOX-induced ferroptosis in human cardiomyocytes 
A. Cell viability of AC16 cells treated with 17-PT-PGE2 (2.5 μM) or SC-51322 (10 μM) in the presence of erastin (5 μM). *P < 0.05 vs indicated; n = 8. 
B. Representative flow cytometric plots showing the intracellular ROS levels in AC16 cells treated with 17-PT-PGE2 or SC-51322 in the presence of erastin. 
C. Quantification of ROS production in (B). *P < 0.05 vs indicated; n = 5–8. 
D. Western blot analysis of p-Nrf2 and total Nrf2 expression in AC16 cells treated with 17-PT-PGE2 or SC-51322in the presence of erastin. 
E. Quantification of relative protein expression levels in (D). *P < 0.05 as indicated; n = 4. 
F. Cell viability of AC16 cells treated with 17-PT-PGE2 or SC-51322 in the presence of DOX. *P < 0.05 vs indicated; n = 8. 
G. Representative flow cytometric plots showing the intracellular ROS levels in AC16 cells treated with 17-PT-PGE2 or SC-51322 in the presence of DOX. 
H. Quantification of ROS production in (G). *P < 0.05 vs indicated; n = 6. 
I. Western blot analysis of p-Nrf2 and total Nrf2 expression in AC16 cells treated with 17-PT-PGE2 or SC-51322 in the presence of DOX. 
J. Quantification of relative protein expression levels in (I). *P < 0.05 as indicated; n = 4. 
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3.5. EP1 alleviates DOX-induced cardiomyocyte ferroptosis by triggering 
Ca2+/PKC-mediated Nrf2 activity 

As a G protein-coupled receptor, EP1 couples with Gαq/Ca2+ or Gαi/ 
cAMP to activate various downstream signalings [31,32]. Notably, the 
EP1 agonist-conferred cardiomyocyte protection against ferroptosis was 
selectively abolished by the Gαq inhibitor FR900359 in H9C2 cells 
(Fig. 5A). A dramatic increase in Ca2+ flux was observed in the 
17-PT-PGE2-treated neonatal rat cardiomyocytes (Fig. 5B and C). Since 
intracellular Ca2+ collaborates with diacylglycerol (DAG) to trigger PKC 
stimulation, we examined whether the activation of EP1 could elicit 
changes in PKC activity in cardiomyocytes and found that treatment 
with 17-PT-PGE2 significantly upregulated PKC activity in H9C2 cells 
(Fig. 5D). Blockage of Ca2+ flux with the PLC inhibitor U73122 abro
gated the 17-PT-PGE2-conferred cardiomyocyte protection against fer
roptosis by increasing ROS accumulation in erastin-treated H9C2 cells 
(Fig. 5E and F). Consistently, inhibition of Ca2+ also abolished EP1 
agonist-induced increase of Nrf2 activity and GPX4 and SLC7A11 
expression in both erastin- and DOX-treated H9C2 cells (Fig. 5G–J). 
Collectively, activation of EP1 reduced erastin-or DOX-induced ferrop
tosis in cardiomyocytes through the Ca2+/PKC/Nrf2 signaling pathway 
(Fig. 5K). 

3.6. Depletion of EP1 in cardiomyocytes aggravates DOX-induced 
cardiomyopathy in mice 

PGE2 production is markedly increased in heart tissues in response to 
DOX treatment [33]. To verify EP1-mediated anti-ferroptosis in car
diomyocytes in vivo, we generated cardiac-specific EP1 knockout mice 
(EP1f/fMHCCre) (Supplemental Figs. 7A and B) and evaluated their car
diac functions after DOX treatment (Fig. 6A). We found that 
EP1f/fMHCCre mice exhibited deteriorated left ventricular function 
(Fig. 6B and C), lower heart/body weight ratios (Fig. 6D), excessive 
cardiac collagen deposition (Fig. 6E and F), and higher expression of 
cardiac stress genes such as atrial natriuretic peptide (Anp), brain 
natriuretic peptide (Bnp), and myosin heavy chain 7 (Myh7) (Fig. 6G–I), 
and higher MDA levels in serum and cardiac tissues (Fig. 6J and K), and 
decreased Nrf2, GPX4 and SLC7A11 expression in heart tissues 
(Fig. 6L-P) after DOX insult when compared to their littermate controls. 
EP1 deletion had no markedly influence on MLKL phosphorylation (the 
key marker of necrosis) in cardiac tissues, although DOX treatment 
increased cardiac necrosis in mice (Supplemental Fig. 7C). Treatment 
with the ferroptosis inhibitor Fer-1 significantly rescued DOX-induced 
cardiac dysfunction, fibrosis, and oxidative stress in EP1f/fMHCCre 

mice (Fig. 6B–K). Thus, loss of EP1 deteriorated DOX-induced car
diotoxicity by promoting cardiomyocyte ferroptosis in mice. 

3.7. EP1 activation inhibits DOX-induced ferroptosis in human 
cardiomyocytes 

To explore whether EP1 mediates anti-ferroptotic effect in human 
cardiomyocytes, we examined the effects of pharmacological manipu
lation of EP1 on erastin- or DOX-induced cell death in AC16 human 
cardiomyocytes. Again, the EP1 agonist markedly reduced, whereas the 
EP1 antagonist increased erastin-induced AC16 cell death (Fig. 7A). EP1 
activation also reduced ROS accumulation (Fig. 7B and C) by promoting 
Nrf2 activation in erastin-treated AC16 cells (Fig. 7D and E), whereas 
inhibition of EP1 had the opposite effect (Fig. 7A–E). Consistently, EP1 
activation attenuated DOX-induced AC16 cell death (Fig. 7F) by 
reducing ROS levels (Fig. 7G and H) and enhancing Nrf2 activity (Fig. 7I 
and J) in DOX-exposed AC16 cells, whereas inhibition of EP1 recapitu
lated the pro-ferroptotic phenotype in DOX-treated AC16 cells 
(Fig. 7F–J). 

4. Discussion 

The clinical application of DOX is restricted by its cardiotoxicity, and 
pharmacological interventions for reducing its cardiac side effects are 
still lacking. Here, we found that the PGE2/EP1 axis is markedly upre
gulated during DOX-induced cardiomyocyte ferroptosis. EP1 activation 
protected cardiomyocytes from DOX-induced ferroptosis by upregulat
ing anti-oxidative gene expression in a Ca2+/PKC/Nrf2 signaling 
dependent manner. EP1 deficiency in cardiomyocytes promoted fer
roptosis and aggravated DOX-induced myocardial injury in mice. Thus, 
targeting EP1 activation may represent a novel strategy for DIC 
treatment. 

Ferroptosis has been implicated in the development of various car
diocerebral vascular diseases including DIC, cardiac ischemia/reperfu
sion injury, heart failure, atherosclerosis, and stroke [34,35]. The 
severity of myocardial infarction, atherosclerosis, and DIC is positively 
associated with the expression of COX-2 and oxidative insult [36–38]. 
Indeed, COX-2 has an initial adaptive role in attenuating injury, and its 
inhibition aggravates DOX-mediated cardiac ferroptosis [37] and in
creases the risk of myocardial infarction and heart failure [39,40]. The 
inhibition of COX with non-selective COX inhibitors, such as aspirin and 
ibuprofen, induces ferroptosis in cancer cells [41,42] and enhances the 
anti-tumor activity of DOX [43], indicating that COX-derived PGs may 
exert an anti-ferroptotic effect against oxidative damage. We found that 
PGE2, one of the most abundant COX-2 derived PGs in cardiomyocytes, 
was dramatically increased in DOX-induced cardiac ferroptosis and 
conferred cardioprotective effects against DIC through the EP1 receptor. 
Myocardial specific knockout of EP1 significantly aggravated DIC in 
mice. In line with our results, PGE2 attenuated cerebral I/R by sup
pressing ferroptosis through the reduction of lipid peroxidation [44] and 
improved outcomes following hemorrhagic stroke in mice [45]. Thus, 
the PGE2/EP1 axis alleviates DIC by suppressing cardiac ferroptosis. 
Interestingly, meloxicam, a COX-2 inhibitor, protects heart against 
doxorubicin toxicity in tumor-bearing mice, probably through sup
pression of cardiac lipid peroxidation and inflammatory reaction [33]. 

Transcription factor Nrf2 plays a pivotal role in the control of redox 
balance and counteracts ferroptosis by promoting antioxidant gene 
transcription [18,46]. Activation of the Nrf2 signaling pathway protects 
against oxidative stress–induced cardiac injuries, including DIC, pres
sure overload–induced heart failure, and ischemia–reperfusion injury 
[5,47–50]. Under normal conditions, Kelch-like ECH-associated protein 
1 (Keap1) interacts with Nrf2 and mediates its ubiquitination and 
degradation [51]. During oxidative stress, oxidized cysteine residues 
disrupt Keap1-Nrf2 interaction, leading to Nrf2 stabilization, nuclear 
translocation, and ultimately activation of cytoprotective antioxidant 
genes [52]. In HepG2 cells, oxidative stress drives PKC to phosphorylate 
Nrf2 at Ser 40, leading to Nrf2 dissociation from Keap1, thus promoting 
Nrf2 transcriptional activity [53,54]. In skeletal muscle cells, the inhi
bition of JNK decreases Nrf2 content and disrupts redox balance [55]. In 
cardiomyocytes, PI3K/Akt signaling evokes Nrf2 activity and protects 
against ROS-mediated apoptosis [56]. However, the upstream regulator 
of Nrf2 in DIC remains unclear. We observed that EP1 activation pro
moted nuclear Nrf2 activity and reduced DOX-induced ferroptosis in 
cardiomyocytes through PKC-mediated phosphorylation at Ser40. 
Indeed, PKC/Nrf2 signaling activated by ischemic postconditioning also 
provides cardioprotective effects against IR injury by maintaining the 
antioxidant defense system [57,58]. 

In summary, we found that the PGE2/EP1 axis protected the heart 
from DIC by suppressing cardiomyocyte ferroptosis via the PKC/Nrf2 
signaling pathway, and targeting EP1 may represent a promising strat
egy for prevention and treatment of chemotherapy-associated 
cardiomyopathy. 
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