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A B S T R A C T

Objective: Doxorubicin (DOX)-induced cardiotoxicity limits the application of DOX in cancer patients. Currently,
there is no effective prevention or treatment for DOX-induced cardiotoxicity. The cellular repressor of E1A-
stimulated genes (CREG1) is a cardioprotective factor that plays an important role in the maintenance of car-
diomyocytes differentiation and homeostasis. However, the role and mechanism of CREG1 in DOX-induced
cardiotoxicity has not yet been elucidated.
Methods: In vivo, C57BL/6J mice, CREG1 transgenic and cardiac-specific CREG1 knockout mice were used to
establish a DOX-induced cardiotoxicity model. H&E staining, Masson’s trichrome, WGA staining, real-time PCR,
and western blotting were performed to examine fibrosis and ferroptosis in the myocardium. In vitro, neonatal
mouse cardiomyocytes (NMCMs) were cultured and stimulated with DOX, CREG1-overexpressed adenovirus, and
small interfering RNA was used to establish CREG1 overexpression or knockdown cardiomyocytes. Tran-
scriptomics, real-time PCR, western blotting, and immunoprecipitation were used to examine the roles and
mechanisms of CREG1 in cardiomyocytes ferroptosis.
Results: The mRNA and protein levels of CREG1 were reduced in the hearts and NMCMs after DOX treatment.
CREG1 overexpression alleviated myocardial damage and inhibited DOX-induced ferroptosis in the myocardium.
CREG1 deficiency in the heart aggravated DOX-induced cardiotoxicity and ferroptosis. In vitro, CREG1 over-
expression inhibited cardiomyocytes ferroptosis induced by DOX, and CREG1 knockdown aggravated DOX-
induced cardiotoxicity. Mechanistically, CREG1 inhibited the mRNA and protein expression of pyruvate dehy-
drogenase kinase 4 (PDK4) by regulating the F-box and WD repeat domain containing 7 (FBXW7)-forkhead box
O1 (FOXO1) pathway. PDK4 deficiency reversed the effects of CREG1 knockdown on cardiomyocytes ferroptosis
following DOX treatment.
Conclusion: CREG1 alleviated DOX-induced cardiotoxicity by inhibiting ferroptosis in cardiomyocytes. Our
findings may help clarify the new roles of CREG1 in the development of DOX-induced cardiotoxicity.

1. Introduction

Cardiovascular disease and cancer are two important diseases that
affect human health worldwide [1–3]. Doxorubicin (DOX), an anthra-
cycline chemotherapeutic drug, is one of the most effective anticancer
drugs for the treatment of various cancers including breast cancer,

lymphoma, and sarcoma. However, the clinical application of DOX is
limited in cancer patients because of its side effects, especially
DOX-induced cardiotoxicity [4]. DOX-induced cardiotoxicity can be
acute, subacute, or chronic. DOX-induced cardiotoxicity could lead to
diastolic and systolic dysfunction and cardiomyopathy, eventually result
in heart failure and death [5,6]. The primary mechanisms underlying
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DOX-induced cardiotoxicity include cardiomyocytes apoptosis, auto-
phagy dysfunction, oxidative stress, and mitochondrial dysfunction
[7–10]. Although studies on the mechanism of DOX-induced car-
diotoxicity have proceeded for many years, the critical underlying
mechanisms responsible for DOX-induced cardiotoxicity are still not
clarified, and related strategies have failed to prove the protective effect
in DOX-induced cardiotoxicity clinically.
Ferroptosis is a novel form of programmed cell death characterized

by the accumulation of iron-dependent lipid peroxides [11,12]. The
features of ferroptosis include mitochondrial atrophy, membrane den-
sity, reduction or disappearance of mitochondrial cristae, and rupture of
outer mitochondrial membranes. Several recent studies have shown that
ferroptosis plays an essential role in DOX-induced cardiotoxicity
[13–16]. The authors found that the ferroptosis inhibitor ferrostatin-1
(Fer-1) significantly reduced DOX-induced mortality; however, the in-
hibitors of apoptosis, necrosis, and autophagy had no protective effect
on the survival of mice with DOX-induced cardiotoxicity [15]. These
results suggested that ferroptosis might be the main factor causing
DOX-induced cardiotoxicity and could be a target for protection against
DOX-induced cardiotoxicity. Therefore, identifying the key molecules
that regulate cardiomyocytes ferroptosis may provide new strategies for
preventing and treating DOX-induced cardiotoxicity.
The cellular repressor of E1A-stimulated gene 1 (CREG1) is widely

expressed in various cells and tissues and plays an important role in
maintaining tissue and cell homeostasis [17–20]. CREG1 is highly
expressed in the heart and plays a protective role against myocardial
injury. CREG1 recombinant protein ameliorated myocardial fibrosis
after myocardial infarction by inhibiting the phenotypic switching of
cardiac fibroblasts [21]. CREG1 overexpression alleviated diabetic car-
diomyopathy by promoting autophagy in cardiomyocytes [22]. CREG1
recombinant protein alleviated myocardial injury caused by
ischemia-reperfusion by promoting myocardial autophagy [23]. How-
ever, whether CREG1 ameliorates DOX-induced cardiotoxicity remains
unclear.
In the present study, we aimed to investigate the roles of CREG1 in

the development of DOX-induced cardiotoxicity and clarify the under-
lying molecular mechanisms.

2. Material and methods

2.1. DOX-induced cardiotoxicity in vivo

Eight-week-old male C57BL/6J mice, Creg1 cardiac knockout mice
(Creg1-CKO), Creg1 whole-body transgenic mice (Creg1-TG), and their
littermate controls, including Creg1-floxed mice (Creg1fl/fl) and wild-
type mice (WT) were used [22]. All mice had a C57BL/6J background
and were housed in a pathogen-free animal facility with an ambient
temperature of 23 ◦C ± 2 ◦C and a dark-light cycle of 12-12 h.
C57BL/6J, Creg1-CKO, and Creg1-TG mice were divided into control

and DOX groups. The mice in the DOX group were intraperitoneally
injected with DOX (Sigma Aldrich, D1515), at a cumulative dose of DOX
was 18 mg/kg. Briefly, two doses of DOX were administered by intra-
peritoneal injection, 9 mg/kg on days 1 and 9mg/kg on days 4. Themice
in the control group were administered equal amounts of saline. For
rescue experiments in vivo, an adeno-associated virus with cardiac-
specific pyruvate dehydrogenase kinase 4 (PDK4) knockdown and its
control virus (AAV-shPdk4, AAV-shcon; OBIO Technology, China, 4 ×

1011 vector genomes) were administered to Creg1-CKO and Creg1fl/fl

mice for 21 days by tail vein injection, followed by intraperitoneal in-
jection of DOX. All mice were euthanized at 15 days after DOX first
injection. The hearts were collected and stored at -80 ◦C for further
experiments or fixed with 4 % paraformaldehyde for histological anal-
ysis. The animal care protocol was approved by the Ethics Committee on
the Care and Use of Laboratory Animals of the General Hospital of the
Northern Theater Command.

2.2. Ultrasound assessment of cardiac function

A small animal ultrasound system was used to assess cardiac func-
tion. Briefly, mice were sedated by inhalation of 2 % isoflurane. Cardiac
dimension and function were evaluated using M-mode echocardiogra-
phy system (Vevo 2100, Canada). Left ventricular end-diastolic and end-
systolic diameters were measured in the parasternal left ventricular
long-axis view. Ejection fraction (EF%) and fractional shortening (FS%)
were calculated using computer algorithms. All measurements were
performed in a blinded manner.

2.3. Histological staining

The heart sections were dehydrated, embedded in paraffin, cut into
3-μm-thick sections using a microtome, and mounted on slides. Hema-
toxylin and eosin (H&E) and Masson’s trichrome staining were used to
assess heart morphology and myocardial fibrosis. The stained sections
were scanned using a fluorescent upright microscope at 1 × and 40 ×

magnifications (Zeiss, Axio Imager A2, Germany). The collagen volume
fraction (CVF), which is the ratio of the collagen-positive blue area to the
total tissue area, is usually analyzed using Masson trichrome staining.
CVF was measured using Image J software. CVF (%) = collagen area/
tissue total area × 100 %. Three visual fields were randomly selected
from each pathological section. The average of the three fields was
considered as the fibrosis ratio of the section. In addition, heart sections
were stained for CREG1 (Abcam, ab191909, Britian) and prostaglandin-
endoperoxide synthase 2 (PTGS2, Cell Signaling Technology, 12282S,
Danvers, MA, USA) using an immunohistochemistry kit. The stained
sections were scanned using a fluorescent upright microscope at 1× and
40 × magnifications (Zeiss).

2.4. Wheat germ agglutinin staining (WGA)

To analyze the cross-sectional area of cardiomyocytes, heart tissues
were stained with WGA (Sigma Aldrich, L4895, USA) according to the
manufacturer’s instructions. Briefly, heart sections were dehydrated,
embedded in paraffin, cut into 3-μm-thick sections using a microtome,
and mounted on slides. Paraffin sections were subjected to antigen
repair solution (Gene Tech, China) at 100 ◦C for 40 min and room
temperature for 2 h, the sections were permeabilized with 0.2 % Triton
X-100 in PBS for 15 min, sealed with 5 % bovine serum albumin for 1 h.
The sections were stained with WGA working solution for 30 min at
37 ◦C and washed with PBS. Nuclei were stained with DAPI. Stained
sections were scanned under an upright fluorescence microscope at 40
×magnification (Zeiss). ImageJ software was used to estimate the cross-
sectional area of the cardiomyocytes.

2.5. Serum malondialdehyde (MDA) analysis

Serum MDA levels were determined with thiobarbituric acid (TBA)
according to the manufacturer’s instructions (Nanjing Jiancheng
Bioengineering Institute, China) [24].

2.6. Transmission electron microscopy

The myocardium was excised and fixed in 2 % glutaraldehyde. The
samples underwent various processing steps, such as fixation, gradient
alcohol dehydration, and displacement, and were scanned using a
transmission electron microscope (Hitachi, HT7800/HT7700, Service-
bio, China). The abnormal number of mitochondria were analyzed by
morphological measurements using iTEM software and ImageJ soft-
ware. The number of mitochondria was analyzed with the same
magnification in a 100 μm square field.
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2.7. Cell culture and transfection

Neonatal mouse cardiomyocytes (NMCMs) were isolated from 1- to
3-day-old C57BL/6J mice, as previously reported [25]. NMCMs were
cultured in Dulbecco’s modified Eagle’s medium (DMEM) supplemented
with 20 % fetal bovine serum (FBS). The cells were cultured at 37 ◦C in a
5 % CO2 incubator. NMCMs were stimulated with DOX at a final con-
centration of 5 μM.
To establish CREG1 knockdown cells, Creg1 small interfering RNA

and its control (si-Creg1, si-control, RIBOBIO, China) were transfected
into NMCMs using Lipofectamine™ RNAiMAX transfection reagent
(Thermo Fisher Scientific) [22]. To establish CREG1-overexpressed
cells, Creg1 adenovirus and its control adenovirus (adCREG1 and
adcon, the adenovirus titer for adCREG1 was 5.53 × 1010 PFU/ml, and
the adenovirus titer for adcon was 1.58 × 1011 PFU/ml, OBIO Tech-
nology, China) were added to NMCMs for 24 h. To examine the effect of
CREG1 on cardiomyocytes ferroptosis after DOX stimulation, si-Creg1 or
adCREG1 was administered to cells for 24 h and followed with DOX
stimulation for an additional 24 h. Besides, CREG1-knockdown and
overexpressed cells were pretreated with ferroptosis inhibitor Fer-1 (10
μM; Selleck, USA) or ferroptosis inducer erastin (10 μM; Selleck) for 24 h
and followed by DOX treatment.
For rescue experiments, PDK4-overexpressed adenovirus and its

control (adPDK4 and adcon; the adenovirus titer for adPDK4 was 5.53×
1010 PFU/ml, and the adenovirus titer for adcon was 4.74 × 1010 PFU/
ml, OBIO Technology) were added to CREG1-overexpressed cells, fol-
lowed by DOX stimulation for an additional 24 h. Three independent
experiments were conducted.
In addition, HL-1 cells were purchased from TONGPAI (SHANGHAI)

BIOTECHNOLOGY CO., LTD (China) and MDA-MB-231 cells were pur-
chased by FuHeng BioLogy (China). HL-1 cells and MDA-MB-231 cells
were cultured in DMEM supplemented with 10 % FBS. To clarify the
effect of CREG1 and DOX on the ferroptosis and proliferation of MDA-
MB-231 cells, adCREG1, Fer-1 (10 μM) was added into the culture me-
dium for 24 h, and followed by DOX stimulation for additional 24 h.

2.8. Plasmid construction

To establish a forkhead box O1 (FOXO1)-overexpressed plasmid,
Foxo1 cDNA sequences were inserted into the pcDNA3.1-P2A-GFP
plasmid, and the stop codon was replaced with a 6 × His tag (WZ Bio-
sciences Inc., China). To establish the F-box and WD repeat domain-
containing 7 (FBXW7)-overexpressed plasmid, Fbxw7 cDNA sequences
were inserted into the pcDNA3.1-P2A-RFP plasmid, and the stop codon
was replaced with a 3 × Flag tag (WZ Biosciences Inc.). To establish the
mutated FBXW7 plasmid, Fbxw7 cDNA sequences with a deletion of 841-
981bp were inserted into the pcDNA3.1-P2A-RFP plasmid and the stop
codon was replaced with a 3× Flag tag (WZ Biosciences Inc.). FOXO1 or
FBXW7-overexpressed plasmids were transfected into NMCMs or
HEK293T cells using Lipofectamine 2000 (Thermo Fisher Scientific).

2.9. Cell counting kit-8 (CCK8) assay

To examine the effect of different cell death inhibitors on car-
diomyocytes viability induced by DOX, HL-1 cells were seeded in 96-
well plates and pretreated with necrostatin-1 (Nec-1, necroptosis in-
hibitor, 30 μM, MedChemExpress, USA), Z-VAD-FMK (apoptosis inhib-
itor, 40 μM, MedChem Express), chloroquine (CQ, autophagy inhibitor,
10 μM, MedChemExpress) or Fer-1 (ferroptosis inhibitor, 10 μM, Sell-
eck) for 24 h, and followed by DOX treatment for additional 24 h. Be-
sides, MDA-MB-231 cells were seeded in 96-well plates and treated with
different concentrations of DOX for 24 h. 10 μL CCK8 solution (Beyo-
time, China) and 90 μL serum-free medium was added to each well, and
the cultures were incubated at 37 ◦C for 2 h. Absorbance at 450 nm was
measured.

2.10. Immunoprecipitation (IP)

HEK293T cells were co-transfected with FOXO1-His, FBXW7-Flag, or
ubiquitin-HA plasmids for 24 h. The cells were collected and lysed in IP
lysis buffer for 30 min. The lysate was centrifuged at 13000 g for 15 min.
The protein was incubated with Flag antibody (Sigma Aldrich, F1804),
His antibody (Proteintech, China, 66005-1-lg), FOXO1 antibody (Pro-
teintech, 18592-1-AP), FBXW7 antibody (Proteintech, 55290-1-AP), or
ubiquitin-conjugated beads (MBL, Japan, D058-8) and rotated overnight
at 4 ◦C. The beads were washed 3 times with IP lysis buffer. Western
blotting was performed as previously described [21].

2.11. RNA extraction and real-time PCR

Total RNA was extracted using the TRIzol method (Thermo Fisher
Scientific). Total RNA was subjected to reverse transcription reactions
using the Takara reverse transcription kit, followed by real-time quan-
titative PCR reactions using a CFX96 Real-Time System (Bio-Rad, USA).
The mRNA expression levels of Creg1, Pdk4, Foxo1, and Fbxw7 in the
myocardium and cardiomyocytes were measured. 18s was used as the
loading control. The primers used were listed in Table S1 (Sangong
Biotech). Amplification and calculations were performed as described
previously [21].

2.12. Western blotting

Total proteins were isolated from hearts or cells with RIPA lysis
buffer. Proteins were separated using SDS-PAGE and transferred to
PVDF membranes, blocked with 5 % skim milk. The membranes were
incubated at 4 ◦C overnight with the corresponding primary antibodies
and HRP-conjugated secondary antibodies. The primary antibodies were
as follows: CREG1 (Abcam, ab191909), PTGS2 (Cell Signaling Tech-
nology, 12282S), glutathione peroxidase 4 (GPX4, Proteintech, 67763-
1-lg), 4-Hydroxynonenal (4-HNE, Abcam, ab46545), transferrin recep-
tor (TFR, Proteintech, 66180-1-lg), PDK4 (Abcam, ab214938), FOXO1
(Proteintech, 18592-1-AP), FBXW7 (Proteintech, 55290-1-AP), Flag
(Sigma Aldrich, F1804), His (Proteintech, 66005-1-lg), HA (Santa Cruz
Biotechnology, sc-7392), S-phase kinase associated protein 2 (SKP2,
Abclonal, China, A7728), STIP1 homology and U-box containing protein
1 (STUB1, Abclonal, A11751), itchy E3 ubiquitin protein ligase (ITCH,
HUABIO, China, ER1901-94), homeobox A5 (HOXA5, Santa Cruz
Biotechnology, sc-515309), signal transducer and activator of tran-
scription 3 (STAT3, Cell Signaling Technology, 9139S), proliferating cell
nuclear antigen (PCNA, Abclonal, A0264). GAPDH (Cell Signaling
Technology, 2118S) was used as the internal reference.

2.13. Transcriptomics

The hearts in the Creg1-TG-DOX and WT-DOX groups were collected
and treated with TRIzol reagent. The samples were subjected to tran-
scriptomic analysis (BioMiao Biological Technology Co., Ltd., China) to
screen for differentially genes.

2.14. JASPAR database and luciferase assay

The JASPAR database (https://jaspar.genereg.net/) was used to
screen the transcription factor binding sites of mouse Pdk4. The mouse
promoter region (-2000 bp) of Pdk4 was inserted into the pGL3-basic
vector (pGL3-Pdk4). The binding position between the Foxo1 and Pdk4
promoter was GTAACAA. HEK293T cells were transfected with the
pcDNA3.1-FOXO1 plasmid, Renilla luciferase reporter vector (luciferase
control vector), or pGL3-Pdk4 vector. At 24 h after transfection, the
luciferase activity wasmeasured using the Dual-Luciferase Reporter Assay
System (Promega, Madison, WI, USA) on a SpectraMax i3X Multimode
Microplate Reader (Molecular Devices). Luciferase activity was defined as
the ratio of firefly luciferase activity to Renilla luciferase activity.
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2.15. Measurement of mitochondrial reactive oxygen (ROS)

NMCMs or HL-1 cardiomyocytes were transfected with adCREG1, si-
Creg1, adPDK4, or corresponding controls for 24 h and stimulated with
DOX for an additional 24 h. Mitochondrial ROS levels in cardiomyocytes
were quantified by measuring MitoSOX Red fluorescence (Thermo
Fisher Scientific). The cells were incubated with MitoSOX for 30 min at
37 ◦C in the dark and washed three times with PBS. Relative levels of
cellular fluorescence were quantified using a confocal microscope
(Zeiss). Besides, the fluorescence intensity of MitoSOX was quantified
using a full-wavelength enzyme-linked immunosorbent assay (ELISA)
reader (TECAN). Briefly, HL-1 cardiomyocytes were seeded in 6-well
plates and were treated with adCREG1 or si-Creg1, followed by DOX
stimulation. The cells were stained with MitoSOX dye (5 μM) for 20 min,
digested with trypsin, and counted. Cells (5 × 106) were added to 96-
well plates, and the fluorescence intensity was examined using a 510
nm excitation wavelength and a 580 nm emission wavelength.

2.16. Measurement of mitochondrial membrane potential

The mitochondrial membrane potential of NMCMs was quantified
using JC-1 staining (Beyotime). Briefly, NMCMs were transfected with
adCREG1, si-Creg1, adPDK4, or the corresponding controls for 24 h and
then stimulated with DOX for 24 h. The cells were incubated with JC-1
dye according to the manufacturer’s protocol. The fluorescence in-
tensities of JC-1 aggregates (red) and JC-1 monomer (green) were
quantified using a confocal microscope (Zeiss).

2.17. Statistical analysis

Data analysis was performed using SPSS v22.0 (IBM Inc., Armonk,
NY, USA). Data were shown as mean ± standard error of the mean
(SEM). Differences between the experimental and control groups were
calculated using an unpaired Student’s t-test. Differences among three or
more groups were compared using one-way analysis of variance
(ANOVA). Statistical significance was set at p < 0.05.

3. Results

3.1. DOX reduced CREG1 expression in cardiomyocytes

CCK8 assay revealed that DOX induced cardiomyocytes death in a
dose-dependent manner (Fig. S1A). Various inhibitors were used to
determine the exact mechanism of DOX-mediated cell death. CQ (an
autophagy inhibitor) and Nec-1 (a necroptosis inhibitor) did not inhibit
DOX-induced cell death. However, Fer-1 (a ferroptosis inhibitor) and Z-
VAD-FMK (an apoptosis inhibitor) blocked the DOX-induced decrease in
cell viability, and the effect of Fer-1 was stronger than that of Z-VAD-
FMK (Fig. S1B). These results indicated that ferroptosis might be the
main cell death mechanism under DOX stimulation, which was consis-
tent with previous studies [15].
Compared with the control group, the mRNA level of ferroptosis

marker Ptgs2 was increased in DOX-treated cardiomyocytes (Fig. S1C).
Compared to the control group, the protein levels of PTGS2, TFR, and 4-
HNE were increased in the DOX group, whereas the protein level of
GPX4 was reduced in the DOX group (Figs. S1D–E). In addition, the
mRNA and protein levels of CREG1 were significantly reduced in the
DOX-treated cardiomyocytes (Figs. S1C–E). These results revealed that
DOX induced cardiomyocytes ferroptosis and reduced CREG1 expres-
sion in cardiomyocytes.

3.2. CREG1 expression was reduced in the myocardium after DOX
treatment

To further investigate whether DOX induced myocardial ferroptosis
in vivo, an intraperitoneal injection of DOX was used to establish DOX-

induced cardiotoxicity in C57BL/6J mice. Compared with the control
group, the DOX group exhibited systolic dysfunction with decreased EF
% and FS% (p < 0.01; Fig. S2A). The ratio of heart weight (HW) to tibial
length (TL) was decreased in the DOX group of C57BL/6J mice
(Fig. S2B). The mRNA levels of atrial natriuretic peptide (Anp) and
natriuretic peptide B (Bnp) were significantly higher in the DOX group
than those in the control group (Fig. S2C). Furthermore, cardiac fibrosis
occurred in the DOX-treated myocardium (Figs. S2D–E). WGA staining
indicated that DOX caused cardiomyocytes atrophy (Figs. S2D–E). The
serum MDA levels in the DOX group were higher than those in the
control group (Fig. S3A). Electron microscopy revealed that the number
of abnormal mitochondria in the myocardium of the DOX group was
significantly higher than that in the control group (Figs. S3B–C).
Compared to the control group, Ptgs2 mRNA was increased in the

myocardium of the DOX group; however, Creg1mRNA was significantly
decreased in the DOX group (Fig. S3D). Compared to the control group,
the protein levels of PTGS2, TFR, and 4-HNE were increased in the
myocardium of the DOX group, whereas the protein levels of CREG1 and
GPX4 were reduced in the myocardium of the DOX group (Figs. S3E–F).
Immunohistochemical staining indicated that PTGS2 expression was
increased and CREG1 expression was inhibited in the myocardium of the
DOX group (Fig. S3G). These results indicated that DOX caused
myocardial ferroptosis and reduced CREG1 expression in vivo.

3.3. CREG1 deficiency exacerbated cardiac dysfunction induced by DOX

To clarify the role of CREG1 in DOX-induced cardiotoxicity, Creg1-
CKO mice and Creg1fl/fl mice were used. Compared to the control group,
the DOX groups of Creg1-CKO and Creg1fl/fl mice showed decreased EF%
and FS%. Interestingly, the EF% and FS% in the DOX group of Creg1-
CKO mice were significantly lower than those in the DOX group of
Creg1fl/fl mice (p < 0.01; Fig. 1A-B). The HW/TL ratio was significantly
lower in the DOX group of Creg1fl/fl mice than in the control group of
Creg1fl/fl mice. The HW/TL ratio in the DOX group of Creg1-CKO mice
was lower than that in the DOX group of Creg1fl/fl mice (p < 0.05;
Fig. S4A). Compared to control group, body weight in the DOX group of
Creg1-CKO mice and Creg1fl/fl mice was significantly decreased. How-
ever, no obvious difference of body weight existed between the DOX
group of Creg1-CKO mice and the DOX group of Creg1fl/fl mice
(Fig. S4A).
Compared with the control group of Creg1fl/fl mice, cardiac fibrosis

occurred in the DOX group of Creg1-CKO and Creg1fl/fl mice. Cardiac
fibrosis in the DOX group of Creg1-CKO mice was more severe than that
in the DOX group of Creg1fl/fl mice (p< 0.05, Fig. 1C-D). Meanwhile, the
effects of CREG1 knockout on the surface area of cardiomyocytes under
DOX stimulation were evaluated using WGA staining. DOX reduced the
cell surface area of cardiomyocytes in Creg1-CKO and Creg1fl/fl mice,
which was more pronounced in Creg1-CKO mice (p < 0.05, Fig. 1C-D).
Furthermore, the mRNA levels of Anp and Bnp in the DOX group of
Creg1-CKO mice were higher than those in the DOX group of Creg1fl/fl

mice (p < 0.05; Fig. S4B).

3.4. CREG1 deficiency exacerbated myocardial ferroptosis induced by
DOX

Electron microscopy revealed abnormal mitochondria existed in the
DOX group of Creg1-CKO and Creg1fl/fl mice compared to the corre-
sponding control group, and the number of abnormal mitochondria in
the DOX group of Creg1-CKO mice was higher than that in the DOX
group of Creg1fl/fl mice (Fig. 1E-F). The protein expression of PTGS2,
TFR, and 4-HNE in Creg1-CKO mice was higher than that in Creg1fl/fl

mice, whereas GPX4 protein expression was lower in Creg1-CKO mice (p
< 0.01, Fig. 1G- H). Compared to the corresponding control group, GPX4
protein expression was decreased in the DOX group of Creg1-CKO and
Creg1fl/fl mice, the protein levels of PTGS2, TFR, and 4-HNE were
increased in the DOX group of Creg1-CKO and Creg1fl/fl mice (p < 0.01,

D. Liu et al.
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Fig. 1. CREG1 deficiency aggravated DOX-induced cardiotoxicity by increasing myocardial ferroptosis
A-B. EF% and FS% in the Creg1-CKO mice and Creg1fl/fl mice after DOX treatment (n = 6 for the control group, n = 8 for the DOX group). C-D. HE staining, Masson’s
trichrome staining, and WGA staining in the Creg1-CKO mice and Creg1fl/fl mice after DOX treatment (n = 3). E-F. Transmission electron microscope for mitochondria
in the myocardium of Creg1-CKO mice and Creg1fl/fl mice after DOX treatment (n = 3). G-H. Western blotting of CREG1 and ferroptosis-related proteins in the Creg1-
CKO mice and Creg1fl/fl mice after DOX treatment (n = 4). DOX: doxorubicin, Creg1-CKO: Creg1 cardiac-specific knockout mice; Creg1fl/fl mice: littermate control
mice. *p < 0.05, **p < 0.01 vs. Creg1fl/fl mice. #p < 0.05, ##p < 0.01 vs. Creg1-CKO mice; &p < 0.05, &&p < 0.01 vs. Creg1fl/fl-DOX mice.

D. Liu et al.
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Fig. 1G-H). Interestingly, compared to the DOX group of Creg1fl/fl mice,
the protein levels of PTGS2, TFR, and 4-HNE were significantly
increased, whereas the expression of GPX4 was significantly decreased
in the DOX group of Creg1-CKO mice (p < 0.05, Fig. 1G-H). In addition,
serum MDA level in the DOX group of Creg1-CKO mice was higher than
that in the DOX group of Creg1fl/fl mice (p < 0.01, Fig. S4C).

3.5. CREG1 overexpression improved cardiac function induced by DOX

To further clarify the role of CREG1 overexpression in DOX-induced
cardiotoxicity, we used Creg1-TG and WT mice. The EF% and FS% was
decreased in the DOX group of Creg1-TG andWTmice compared to those
in the corresponding control group. Interestingly, the EF% and FS% in
the DOX group of Creg1-TGmice was improved compared to those in the
DOX group of WT mice (p < 0.05, Fig. 2A-B). The HW/TL ratio in the
DOX group of Creg1-TG mice was higher than that in the DOX group of
WT mice (p < 0.05, Fig. S4D). Compared to control group, body weight
in the DOX group of Creg1-TG mice and WT mice was significantly
decreased. However, there was no obvious difference of body weight
between the DOX group of Creg1-TG mice and the DOX group of WT
mice (Fig.S4D).
Cardiac fibrosis was observed in the DOX group of Creg1-TG and WT

mice (p < 0.01, Fig. 2C-D), and cardiac fibrosis was alleviated in the
DOX group of Creg1-TG mice compared to that in the DOX group of WT
mice (p < 0.05, Fig. 2C-D). Additionally, DOX reduced the cell surface
area of cardiomyocytes in Creg1-TG and WTmice. Compared to the DOX
group of WT mice, the cell surface area of cardiomyocytes in the DOX
group of Creg1-TG mice were increased (p < 0.05, Fig. 2C-D). In addi-
tion, the mRNA levels of Anp and Bnp in the DOX group of Creg1-TGmice
were significantly lower than those in the DOX group of WT mice (p <

0.05, Fig. S4E).

3.6. CREG1 overexpression alleviated myocardial ferroptosis induced by
DOX

Electron microscopy revealed that the number of abnormal mito-
chondria was reduced in the DOX group of Creg1-TG mice compared to
the DOX group of WT mice (p < 0.05, Fig. 2E-F). The protein expression
of PTGS2, TFR, and 4-HNE in Creg1-TG mice were lower than those in
WT mice, whereas GPX4 protein expression was increased in Creg1-TG
mice (p < 0.05, Fig. 2G-H). Interestingly, compared with the DOX group
of WT mice, the protein levels of PTGS2, TFR, and 4-HNE were signifi-
cantly reduced, whereas the expression of GPX4 was significantly
increased in the DOX group of Creg1-TG mice (p < 0.05, Fig. 2G-H). In
addition, serum MDA level in the DOX group of Creg1-TG mice was
lower than that in the DOX group of WT mice (p < 0.05, Fig. S4F).

3.7. CREG1 knockdown exacerbated cardiomyocytes ferroptosis induced
by DOX in vitro

To determine whether CREG1 knockdown enhanced DOX-induced
cardiomyocytes ferroptosis, NMCMs were transfected with si-Creg1
and stimulated with DOX. Compared with the si-control group, an in-
crease in the expression of PTGS2, TFR, and 4-HNE and a decrease in the
expression of GPX4 were observed in the si-Creg1 group (p < 0.05,
Fig. 3A-B). DOX increased the expression of PTGS2, TFR, and 4-HNE and
decreased the expression of GPX4 (p < 0.01, Fig. 3A-B). Interestingly,
the expression levels of PTGS2, TFR, and 4-HNE were increased,
whereas GPX4 expression was decreased in the si-Creg1+DOX group
compared to those in the si-control+DOX group (p < 0.05, Fig. 3A–C).
Since ferroptosis is driven by lipid membrane damage, we investi-

gated the mitochondrial ROS and membrane potential. Normal NMCMs
exhibited low mitochondrial ROS levels. Compared to the si-control
group, the content of mitochondrial ROS was increased in the si-Creg1

group (p < 0.05, Fig. 3D–E, Fig. S5A). After DOX stimulation, mito-
chondrial ROS content significantly increased (p < 0.01, Fig. 3D–E,
Fig. S5A). Furthermore, the mitochondrial ROS content in the si-
Creg1+DOX group was higher than that in the si-control+DOX group (p
< 0.01, Fig. 3D–E, Fig. S5A). In addition, the fluorescence intensity of
JC-1 aggregates was reduced, whereas the fluorescence intensity of the
JC-1 monomer was increased in DOX-treated NMCMs (p< 0.01, Fig. 3F-
G), indicating that DOX decreased the mitochondrial membrane po-
tential in cardiomyocytes. The mitochondrial membrane potential was
significantly reduced in the si-Creg1+DOX group compared to that in the
si-control+DOX group (p < 0.05, Fig. 3F-G).
Fer-1 (a ferroptosis inhibitor) was added to CREG1 knockdown-

NMCMs and followed by DOX treatment. Following DOX stimulation,
Fer-1 inhibited the expression of PTGS2, TFR, and 4-HNE and increased
the expression of GPX4 in CREG1-knockdown cardiomyocytes (p< 0.05,
Figs. S5B–C). Meanwhile, under DOX stimulation, the mitochondrial
ROS content was reduced in the si-Creg1+Fer-1 group compared to that
in the si-Creg1 group (p < 0.01, Figs. S5D–E).

3.8. CREG1 overexpression inhibited cardiomyocytes ferroptosis induced
by DOX in vitro

To further determine whether CREG1 overexpression inhibited DOX-
induced cardiomyocytes ferroptosis, we infected NMCMs with adCREG1
and stimulated them with DOX. Compared to the adcon group, the
expression of PTGS2, TFR, and 4-HNE was decreased, whereas that of
GPX4 was increased in the adCREG1 group (p < 0.05, Fig. 4A-B).
Moreover, CREG1 overexpression inhibited the expression of PTGS2,
TFR, and 4-HNE, but increased the expression of GPX4 in response to
DOX stimulation (p < 0.05, Fig. 4A–C).
Compared to the adcon+DOX group, the mitochondrial ROS content

was reduced in the adCREG1+DOX group (p < 0.01, Fig. 4D–E,
Fig. S6A). Furthermore, compared to the adcon+DOX group, the fluo-
rescence intensity of JC-1 aggregates was increased, whereas the fluo-
rescence intensity of JC-1 monomers was reduced in the adCREG1+DOX
group (p < 0.05, Fig. 4F-G), indicating that CREG1 overexpression
increased the mitochondrial membrane potential in cardiomyocytes.
Erastin (a ferroptosis inducer) was added to CREG1-overexpressed

NMCMs and followed by DOX treatment. Upon DOX stimulation, era-
stin increased the expression of PTGS2, TFR, and 4-HNE and inhibited
the expression of GPX4 in CREG1-overexpressed cardiomyocytes (p <

0.05, Figs. S6B–C). In addition, under DOX stimulation, the mitochon-
drial ROS content was higher in the adCREG1+erastin group than in the
adCREG1 group (p < 0.01, Figs. S6D–E).

3.9. CREG1 overexpression inhibited the proliferation of breast cancer
cell

DOX is reported to inhibit the proliferation of breast cancer cell [26].
Whether CREG1 overexpression affected the anti-proliferative effect of
DOX in breast cancer remained unclear. Different doses of DOX were
used to stimulate breast cancer cell MDA-MB-231, and a CCK8 assay was
used to examine cell proliferation. DOX inhibited the proliferation of
MDA-MB-231 cells in a dose-dependent manner (Fig. S7A). DOX
increased the protein levels of CREG1 and PTGS2, and inhibited the
expressions of GPX4 and PCNA in MDA-MB-231 cells (Figs. S7B–C).
Interestingly, CREG1 overexpression and DOX promoted the ferroptosis
and inhibited the proliferation of MDA-MB-231 cells (Figs. S7D–F). To
clarify whether CREG1 or DOX inhibited the proliferation of
MDA-MB-231 cells by increasing the ferroptosis, Fer-1 was added in
adCREG1 or DOX-treated cells. Fer-1 significantly increased the PCNA
expression and reversed the effects of CREG1 overexpression and DOX
on the ferroptosis and proliferation of MDA-MB-231 cells (Figs. S7G–H).
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Fig. 2. CREG1 overexpression alleviated DOX-induced cardiotoxicity by inhibiting the myocardial ferroptosis
A-B. EF% and FS% in the Creg1-TG mice and WT mice after DOX treatment (n = 6 for the control group, n = 8 for the DOX group). C-D. HE staining, Masson’s
trichrome staining, and WGA staining in the Creg1-TG mice and WT mice after DOX treatment (n = 3). E-F. Transmission electron microscope for mitochondria in the
myocardium of Creg1-TG mice and WT mice after DOX treatment (n = 3). G-H. Western blotting of CREG1 and ferroptosis-related proteins in the Creg1-TG mice and
WT mice after DOX treatment (n = 4). DOX: doxorubicin, Creg1-TG: Creg1 transgenic mice; WT mice: wild type mice. *p < 0.05, **p < 0.01 vs. WT mice; #p < 0.05,
##p < 0.01 vs. Creg1-TG mice; &p < 0.05, &&p < 0.01 vs. WT-DOX mice.
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3.10. CREG1 overexpression inhibited the mRNA and protein expression
of PDK4 in cardiomyocytes

To reveal the mechanism of CREG1 in cardiomyocytes ferroptosis,
the hearts in the group of Creg1-TG-DOX andWT-DOX were subjected to
transcriptomic analyses. We found that the mRNA and protein levels of
PDK4 were reduced in the hearts of Creg1-TG-DOX group compared to

those in the hearts of WT-DOX group (Fig. 5A–D), indicating that PDK4
might be a downstream of CREG1. To further examine the relationship
between CREG1 and PDK4, CREG1 or PDK4-overexpressed adenovirus
or siRNA was administered to NMCMs. CREG1 overexpression inhibited
the mRNA and protein levels of PDK4 in NMCMs (Fig. 5E–G), whereas
CREG1 knockdown increased the mRNA and protein levels of PDK4 in
NMCMs (Figs. S8A–C). However, PDK4 overexpression or knockdown

Fig. 3. CREG1 knockdown aggravated the cardiomyocytes ferroptosis induced by DOX
A-B. Effects of CREG1 knockdown on the expressions of ferroptosis-related proteins in NMCMs with DOX treatment (n = 3). C. The mRNA of Creg1, Ptgs2 and Gpx4 in
CREG1-knockdown NMCMs with DOX treatment (n = 3). D-E. Effects of CREG1 knockdown on mitochondrial oxidation in NMCMs using MitoSOX staining (n = 5). F-
G. Effects of CREG1 knockdown on mitochondrial membrane potential in NMCMs using JC-1 staining (n = 3). DOX: doxorubicin, NMCMs: neonatal mouse car-
diomyocytes. *p < 0.05, **p < 0.01 vs. si-control group; #p < 0.05, ##p < 0.01 vs. si-Creg1 group; &p < 0.05, &&p < 0.01 vs. si-control+DOX group.
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Fig. 4. CREG1 overexpression inhibited the cardiomyocytes ferroptosis induced by DOX
A-B. Effects of CREG1 overexpression on the expressions of ferroptosis-related proteins in NMCMs with DOX treatment (n = 4). C. The mRNA of Creg1, Ptgs2 and
Gpx4 in CREG1-overexpressed NMCMs with DOX treatment (n = 3). D-E. Effects of CREG1 overexpression on mitochondrial oxidation in NMCMs using MitoSOX
staining (n = 5). F-G. Effects of CREG1 overexpression on mitochondrial membrane potential in NMCMs using JC-1 staining (n = 3). DOX: doxorubicin, NMCMs:
neonatal mouse cardiomyocytes. *p < 0.05, **p < 0.01 vs. adcon group; #p < 0.05, ##p < 0.01 vs. adCREG1 group; &p < 0.05, &&p < 0.01 vs. adcon+DOX group.
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Fig. 5. CREG1 overexpression attenuated cardiomyocytes ferroptosis by inhibiting PDK4 expression
A. Heatmap of differential genes in the myocardium of Creg1-TG-DOX and WT-DOX mice. B-D. Real-time PCR and western blotting of PDK4 in the myocardium of
Creg1-TG-DOX and WT-DOX mice (n = 3). E-G. Real-time PCR and western blotting of PDK4 expression in CREG1-overexpressed NMCMs (n = 3). H–I. Effects of
CREG1 overexpression and PDK4 overexpression on the expression of ferroptosis-related proteins in NMCMs, as determined by western blotting (n = 3). J-K. Effects
of PDK4 overexpression on mitochondrial oxidation in the CREG1-overexpressed NMCMs using by MitoSOX staining (n = 5). L-M. Effects of CREG1 overexpression
and PDK4 overexpression on mitochondrial membrane potential in NMCMs using JC-1 staining (n = 3). DOX: doxorubicin, NMCMs: neonatal mouse cardiomyocytes.
**p < 0.01 vs. adcon group or WT-DOX group or adcon+DOX group; ##p < 0.01 vs. adCREG1+DOX group; &p < 0.05, &&p < 0.01 vs. adPDK4+DOX group.
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did not affect the mRNA and protein expression of CREG1 in NMCMs
(Figs. S8D–I).

3.11. CREG1 overexpression attenuated cardiomyocytes ferroptosis by
inhibiting PDK4 expression

To assess the role of PDK4 in mediating the effects of CREG1 on
cardiomyocytes ferroptosis, the effects of PDK4 on cardiomyocytes fer-
roptosis were firstly examined. The results indicated that PDK4

overexpression increased the expression of PTGS2, TFR, and 4-HNE and
inhibited the expression of GPX4 in cardiomyocytes with or without
DOX treatment (Figs. S8J–K). Moreover, PDK4 knockdown inhibited
cardiomyocytes ferroptosis, with or without DOX treatment
(Figs. S8L–M).
Interestingly, the expression of PTGS2, TFR, and 4-HNE was signif-

icantly inhibited, whereas the expression of GPX4 was increased in the
adCREG1+adPDK4+DOX group compared to the adPDK4+DOX group
(p < 0.05, Fig. 5H-I). In addition, CREG1 overexpression inhibited

Fig. 6. CREG1 inhibited the mRNA and protein expression of PDK4 in cardiomyocytes by regulating FOXO1
A. Transcription factor prediction of Pdk4 gene by JASPAR website. B–C. Western blotting of FOXO1, HOXA5 and STAT3 protein expression in CREG1-overexpressed
NMCMs (n = 3). D-F. Effects of FOXO1 overexpression on the mRNA and protein of CREG1 and PDK4 in NMCMs (n = 3). G-I. Effects of FOXO1 knockdown on the
mRNA and protein of CREG1 and PDK4 in NMCMs (n = 3). J. Double luciferase reporter gene array in HEK293T cells (n = 6). K. Effects of CREG1 overexpression on
the Foxo1 mRNA level in NMCMs (n = 3). L-O. Effects of CREG1 overexpression on FOXO1 protein level under CQ or MG132 treatment. NMCMs: neonatal mouse
cardiomyocytes. CQ: chloroquine (10 μM). **p < 0.01 vs. adcon or si-control or Pdk4 pro (WT) or pc-control group; ##p < 0.01 vs. adCREG1 group.
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mitochondrial ROS production and increased mitochondrial membrane
potential in PDK4-overexpressed NMCMs (p < 0.01, Fig. 5J–M).

3.12. CREG1 inhibited the mRNA expression of PDK4 by regulating
FOXO1 in cardiomyocytes

We used the JASPARwebsite to predict the transcription factor of the
Pdk4 promoter (Fig. 6A) and found that CREG1 overexpression reduced
FOXO1 protein expression, however, CREG1 overexpression did not
affect the expression of STAT3 and HOXA5 (Fig. 6B-C). In addition,
FOXO1 overexpression increased the mRNA and protein levels of PDK4
in NMCMs (Fig. 6D–F), whereas FOXO1 knockdown decreased the
mRNA and protein levels of PDK4 in NMCMs (Fig. 6G–I). Luciferase
analysis revealed that FOXO1 overexpression increased the promoter
activation of the Pdk4 gene in HEK293T cells (Fig. 6J), consistent with a
previous study [27].
Interestingly, CREG1 overexpression decreased the protein levels of

FOXO1 in cardiomyocytes without affecting its mRNA levels (Fig. 6K).
CQ, a lysosomal inhibitor, did not affect FOXO1 protein expression.
However, MG132, a proteasome inhibitor, significantly increased
FOXO1 protein expression (Fig. 6L-M). CREG1 overexpression reduced
the protein expression of FOXO1, which was elevated by MG132 treat-
ment (Fig. 6N-O). These results revealed that CREG1 affected the protein
degradation of FOXO1 via the proteasome pathway.

3.13. FBXW7 increased FOXO1 protein degradation via ubiquitination

We used the UbiBrowser website to predict the E3 ubiquitin ligase of
FOXO1 (Fig. 7A). We found that CREG1 overexpression did not affect
the expression of STUB1, SKP2, and ITCH1 in NMCMs; however, CREG1
overexpression increased FBXW7 expression (Fig. 7B-C) without
affecting its mRNA level (Fig. S9A). CREG1 knockdown inhibited
FBXW7 protein expression (Figs. S9B–D). In addition, FBXW7 over-
expression reduced the protein level of FOXO1 and PDK4 in NMCMs
(Fig. 7D–F), whereas FBXW7 knockdown increased the protein level of
FOXO1 and PDK4 in NMCMs (Figs. S9E–G). In addition, we also exam-
ined the PDK4 protein level in NMCMs with FBXW7 knockdown and
FOXO1 knockdown. Compared with si-Fbxw7 group, PDK4 protein was
decreased in si-Fbxw7+si-Foxo1 group (Figs. S9H–I), indicating that
PDK4 was regulated by FBXW7-FOXO1 pathway.
Direct binding was observed between FOXO1 and FBXW7 (Fig. 7G,

Fig. S9J), mainly because of the binding of the FBXW7 F-box domain
with FOXO1 (Fig. 7H). FBXW7 is an E3 ubiquitin ligase [28,27]. Its
overexpression increased the ubiquitination of FOXO1, whereas its
knockdown decreased the ubiquitination of FOXO1 (Fig. 7I); mean-
while, when the deletion of FBXW7-F-box domain, the ubiquitination of
FOXO1 was weaker than that of wild-type FBXW7 (Fig. 7J).

3.14. PDK4 knockdown rescued the effect of CREG1 deficiency in DOX-
induced cardiotoxicity

We firstly examined the expressions of FBXW7, FOXO1 and PDK4 in
the myocardium of Creg1-TG or Creg1-CKO mice. Compared with the
DOX group of Creg1fl/fl mice, FBXW7 expression was reduced and the
expressions of FOXO1 and PDK4 were increased in the DOX group of
Creg1-CKO mice (Figs. S10A–B). However, compared with the DOX
group of WTmice, FBXW7 expression was increased and the expressions
of FOXO1 and PDK4 were decreased in the DOX group of Creg1-TG mice
(Figs. S10C–D). To further validate the role of PDK4 in CREG1-
mediating DOX-induced cardiotoxicity in vivo, AAV-shPdk4 and AAV-
shcon were administered to Creg1-CKO and Creg1fl/fl mice, respec-
tively (Fig. S10E). Compared to the AAV-shcon group, the mRNA and
protein levels of PDK4 were significantly decreased in the myocardium
of the AAV-shPdk4 group (Figs. S10F–H). Under DOX treatment, PDK4
knockdown improved cardiac function (Fig. 8A-B), inhibited myocardial
fibrosis and atrophy (Fig. 8C–E) and inhibited ferroptosis (Fig. 8F-G) in

Creg1-CKO mice and Creg1fl/fl mice. PDK4 knockdown reversed the
detrimental effects of the CREG1 deficiency on DOX-induced car-
diotoxicity (Fig. 8A–G).

4. Discussion

DOX-induced cardiotoxicity limits the use of DOX in cancer patients.
Therefore, it is imperative to identify therapeutic targets to prevent
DOX-induced cardiotoxicity. Our study reveals a previously unreported
mechanism by which CREG1 overexpression protects against DOX-
induced cardiotoxicity via the FBXW7-FOXO1-PDK4 pathway
(Fig. S11). These findings suggest that CREG1 is a new and critical po-
tential target for the prevention of DOX-induced cardiotoxicity.
The mechanism of DOX-induced cardiotoxicity is complex and in-

volves multiple factors, including cardiomyocytes apoptosis, oxidative
stress, and mitochondrial dysfunction [29–32]. Accumulating evidence
has shown that ferroptosis is involved in DOX-induced cardiotoxicity.
DOX-treated cardiomyocytes exhibited ferroptotic cell death. Compared
with dexrazoxane, the only FDA-approved drug for treating
DOX-induced cardiotoxicity, ferroptosis inhibition by Fer-1 significantly
reduced DOX-induced cardiotoxicity. Targeting ferroptosis serves as a
cardioprotective strategy to prevent DOX-induced cardiotoxicity [15].
Liu et al. reported that ferroptosis was induced in DOX-treated hearts
and the inhibition of ferroptosis using Fer-1 effectively prevented car-
diac injury. Acyl-CoA thioesterase 1 (Acot1) may be a potential target
for the prevention of DOX-induced cardiotoxicity via anti-ferroptosis
[33]. Zhang et al. reported that dexrazoxane had protective effects
against DOX-induced cardiotoxicity, which was related to the regulation
of ferroptosis [34]. Therefore, improving our functional and molecular
understanding of ferroptosis during DOX-induced cardiotoxicity is
necessary. In our study, the expression of PTGS2, TFR, and 4-HNE was
increased, whereas that of GPX4 was inhibited during DOX-induced
cardiotoxicity in vivo and in vitro. In addition, abnormal mitochon-
dria, mitochondrial ROS, mitochondrial membrane potential, and serum
MDA levels were increased in DOX-treated myocardium and car-
diomyocytes. These results indicated that ferroptosis occurred during
DOX-induced cardiotoxicity.
CREG1 is a small glycoprotein that regulates the homeostasis of tis-

sues and cells [35–37]. CREG1 is a protective factor against myocardial
damage such as myocardial infarction and ischemia-reperfusion injury
[21,23]. However, it remains unclear whether CREG1 protects against
DOX-induced cardiotoxicity. The mRNA and protein levels of CREG1
were downregulated in DOX-treated myocardium along with cardiac
ferroptosis, indicating that CREG1 might participate in the development
of DOX-induced cardiotoxicity by regulating ferroptosis. Loss- and
gain-of-function experiments were conducted to elucidate the role of
CREG1 in DOX-induced cardiotoxicity. In vivo, CREG1 deficiency
impaired cardiac function and induced severe cardiac ferroptosis
following DOX treatment. Conversely, CREG1 overexpression signifi-
cantly improved cardiac function and inhibited cardiac ferroptosis. In
vitro, CREG1 overexpression inhibited DOX-induced cardiomyocytes
ferroptosis, and CREG1 knockdown increased DOX-induced car-
diomyocytes ferroptosis. These results revealed that CREG1 was pro-
tective against DOX-induced cardiotoxicity.
PDK4 is an essential mitochondrial matrix enzyme involved in

cellular energy regulation and has broad biological effects. PDK4 played
a crucial role in vascular calcification through inhibition and metabolic
reprogramming [38]. Tan et al. reported that PDK4 was highly
expressed in the myocardial tissues of diabetic rats. Silencing PDK4
improved cardiac function and reduced cardiomyocytes apoptosis in
diabetes rats [39]. PDK4 inhibition reduced mitochondria-associated
endoplasmic reticulum membrane (MAM) formation and enhanced in-
sulin signaling by preventing MAM-induced mitochondrial Ca2+ accu-
mulation, mitochondrial dysfunction, and ER stress [40]. These results
indicated that PDK4 was important in mitochondrial function and car-
diovascular disease.
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In our present study, transcriptomic analysis was performed to
clarify the mechanism of CREG1 in cardiomyocytes ferroptosis. We
found that CREG1 overexpression inhibited the mRNA and protein levels
of PDK4, and CREG1 knockdown increased the mRNA and protein levels
of PDK4 in DOX-induced myocardium and cardiomyocytes. In addition,

PDK4 overexpression increased ferroptosis, aggravated cardiac
dysfunction and cardiac fibrosis induced by DOX; while PDK4 knock-
down improved cardiac function, inhibited myocardial fibrosis, and
inhibited ferroptosis under DOX treatment. Furthermore, PDK4 knock-
down reversed the detrimental effects of the CREG1 deficiency on DOX-

Fig. 7. FBXW7 increased FOXO1 protein degradation via ubiquitination
A. Predicted E3 ubiquitin ligase of FOXO1. B–C. Representative western blotting of E3 ubiquitin ligase in CREG1-overexpressed NMCMs (n = 3). D. Effects of FBXW7
overexpression on the FOXO1 mRNA level in NMCMs (n = 3). E-F. Effects of FBXW7 overexpression on the protein level of FOXO1 and PDK4 in NMCMs (n = 6). G. IP
assays of the interaction between FBXW7 and FOXO1 in HEK293T cells transfected with the indicated plasmids (n = 3). H. Schematic diagram showing the FBXW7
domains and its truncated mutants (top). IP assays of the binding regions of FBXW7 and FOXO1 (bottom) (n = 3). I. Results of ubiquitination assays confirming
FOXO1 ubiquitination after FBXW7 overexpression or knockdown in HEK293T cells (n = 3). J. Results of ubiquitination assays confirming FOXO1 ubiquitination
after FBXW7 mutation in HEK293T cells (n = 3). NMCMs: neonatal mouse cardiomyocytes. **p < 0.01 vs. adcon or pc-control.
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Fig. 8. PDK4 knockdown inhibited DOX-induced cardiotoxicity in CREG1 cardiac-specific knockout mice
A-B. EF% and FS% in the Creg1-CKO mice after PDK4 knockdown under DOX treatment (n = 5–6 for each group). C-E. HE staining, Masson’s trichrome staining, and
WGA staining in the Creg1-CKO mice after PDK4 knockdown under DOX treatment (n = 3). F-G. Western blotting of ferroptosis-related proteins in the Creg1-CKO
mice after PDK4 deficiency under DOX treatment (n = 3). DOX: doxorubicin, Creg1-CKO: Creg1 cardiac-specific knockout mice; Creg1fl/fl mice: littermate control
mice. *p < 0.05, **p < 0.01 vs. Creg1fl/fl-AAV-shcon+DOX; #p < 0.05, ##p < 0.01 vs. Creg1-CKO-AAV-shcon + DOX; &p < 0.05, &&p < 0.01 vs. Creg1fl/fl-
AAV-shPdk4+DOX.
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induced cardiotoxicity. In vitro, CREG1 overexpression decreased PDK4
mRNA levels by inhibiting its transcription factor FOXO1. These results
revealed that CREG1 protected against DOX-induced cardiotoxicity by
inhibiting the FOXO1-PDK4 pathway.
Ferroptosis is a novel form of programmed cell death characterized

by the accumulation of iron-dependent lipid peroxides and is involved in
physical conditions and various diseases, including cancers and car-
diovascular disease [41–43]. Research on ferroptosis in cancer has
boosted the perspective for its use in cancer therapeutics, promoting
ferroptosis in cancer cells and inhibiting the proliferation and invasion
of cancer cells, thereby inhibiting the development of cancer. Besides,
ferroptosis is an important mechanism of DOX-induced cardiotoxicity.
Epigallocatechin-3-gallate pretreatment alleviates DOX-induced car-
diotoxicity by inhibiting ferroptosis in cardiomyocytes [9]. PRMT4
promotes ferroptosis to aggravate DOX-induced cardiomyopathy via
inhibition of the Nrf2/GPX4 pathway. Targeting PRMT4 may be a po-
tential preventive strategy against DOX-induced cardiotoxicity [13].
These results revealed that ferroptosis plays different roles in cancer and
DOX-induced cardiotoxicity. PDK4 is an essential mitochondrial matrix
enzyme that is involved in cellular energy regulation and has broad
biological effects. Song et al. reported that PDK4 inhibits ferroptosis by
blocking pyruvate dehydrogenase-dependent pyruvate oxidation in
pancreatic ductal adenocarcinoma, revealing that inhibiting PDK4
expression may delay the development of pancreatic ductal adenocar-
cinoma by promoting ferroptosis in pancreatic cancer cells [44]. In our
study, we found that PDK4 overexpression aggravated DOX-induced
cardiotoxicity by promoting the ferroptosis of cardiomyocytes and
PDK4 knockdown alleviated DOX-induced cardiotoxicity by inhibiting
the ferroptosis of cardiomyocytes. Inhibiting PDK4 expression may be a
therapeutic target of DOX-induced cardiotoxicity. These results indi-
cated that PDK4 played detrimental roles in the development of
pancreatic ductal adenocarcinoma and DOX-induced cardiotoxicity, by
regulating the ferroptosis of cancer cells and cardiomyocytes, respec-
tively. The different mechanisms between PDK4 in the ferroptosis of
pancreatic ductal adenocarcinoma and DOX-induced cardiotoxicity
need to be studied in the future.
FBXW7, a member of the F-box protein family, is an E3 ubiquitin

ligase that plays an indispensable role in orchestrating cellular processes
through the ubiquitination and degradation of its substrates, including
Myc proto-oncogene (c-Myc), Notch, cyclin E, and KLF transcription
factor 5 (KLF5) [28,27]. FBXW7 promoted the repair of DNA
double-strand break damage, an initiating factor for PARP hyper-
activation and diabetic vascular complications [45]. FBXW7 was veri-
fied as a specific E3 ligase of voltage dependent anion channel 3
(VDAC3). FBXW7 knockdown attenuated VDAC3 degradation by sup-
pressing its ubiquitination, thereby increasing the sensitivity of acute
lymphoblastic leukemia cells to erastin [46]. MiR-195-5p promoted
cardiac hypertrophy by targeting mitofusin 2 (MFN2) and FBXW7 and
may provide promising therapeutic strategies for interfering with car-
diac hypertrophy [47]. Wang et al. reported that miR-25 promoted
cardiomyocytes proliferation by targeting FBXW7 [48]. In our study,
bioinformatics prediction revealed that FBXW7 may be an E3 ubiquitin
ligase of FOXO1. We found that CREG1 overexpression increased
FBXW7 expression, and CREG1 knockdown inhibited FBXW7 expression
in cardiomyocytes. FBXW7 overexpression inhibited FOXO1 protein
level by its ubiquitination. These results revealed that CREG1 increased
FOXO1 protein degradation by elevating the expression of FBXW7, a
new E3 ubiquitin ligase of FOXO1.
There were several limitations in our study. First, CREG1 cardiac

specific transgenic mice should be used to clarify the role of CREG1 in
DOX-induced cardiotoxicity. Second, previous study reported that DOX
could cause ferroptosis and cardiotoxicity by intercalating into mito-
chondrial DNA and disrupting heme synthesis [49]. They found that
DOX accumulated in mitochondria by intercalating into mitochondrial
DNA (mtDNA), inducing ferroptosis in a mtDNA content-dependent
manner. DOX also disrupted heme synthesis, resulting in iron overload

and ferroptosis in mitochondria in cultured cardiomyocytes. Whether
CREG1 played important roles in cardiomyocytes ferroptosis under DOX
treatment was dependent on the mtDNA content and heme synthesis was
unclear, which needed to be further studied.
In conclusion, our study revealed that CREG1 could protect against

DOX-induced cardiotoxicity by inhibiting cardiomyocytes ferroptosis.
These findings provide a new theoretical basis and new ideas for pre-
venting and treating DOX-induced cardiotoxicity.
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