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restricted the clinical use [1]. Approximately a quarter of 
patients would result in heart failure when cumulatively 
receiving DOX at a dose over 550 mg/m2 [2]. Elucidation 
of the underlying mechanism and development of poten-
tial therapeutic strategies to avoid the adverse effect is 
badly needed.

It has been well established that oxidative stress, mito-
chondrial disruption, and autophagy are involved in the 
DOX-induced cardiomyopathy (DIC) [3]. Very recently, 
ferroptosis has been revealed to play an important role 
in DIC [4]. Ferroptosis, is a new form of cell death char-
acterized by the iron-dependent activation of lipoxygen-
ase and subsequent excessive lipid peroxidation [5]. It 
has been demonstrated that iron-dependent ferroptosis, 
rather than other known cell death, has a crucial role in 
DOX-induced cardiomyopathy [6]. Targeting ferroptosis 

Introduction
Doxorubicin (DOX), which belongs to the anthracycline 
family, is widely used for treatment of various types of 
cancers. However, DOX related cardiotoxicity, which is 
characterized by cardiomyocyte loss, progressive cardiac 
enlargement, and ultimately congestive heart failure, has 
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Abstract
Ferroptosis, triggered by iron overload and excessive lipid peroxidation, plays a pivotal role in the progression of 
DOX-induced cardiomyopathy (DIC), and thus limits the use of doxorubicin (DOX) in clinic. Here, we further showed 
that cardiac ferroptosis induced by DOX in mice was attributed to up-regulation of Hmox1, as knockdown of 
Hmox1 effectively inhibited cardiomyocyte ferroptosis. To targeted delivery of siRNA into cardiomyocytes, siRNA-
encapsulated exosomes were injected followed by ultrasound microbubble targeted destruction (UTMD) in the 
heart region. UTMD greatly facilitated exosome delivery into heart. Consistently, UTMD assisted exosomal delivery 
of siHomox1 nearly blocked the ferroptosis and the subsequent cardiotoxicity induced by doxorubicin. In summary, 
our findings reveal that the upregulation of HMOX1 induces ferroptosis in cardiomyocytes and UTMD-assisted 
exosomal delivery of siHmox1 can be used as a potential therapeutic strategy for DIC.
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holds as a promising therapeutic strategy for prevention 
of DIC [7]. Mechanistically, DOX-induced iron accu-
mulation and DOX-induced cardiomyopathy are at least 
partially mediated by upregulation of Hmox1 [7]. Further 
confirmation of the role of Hmox1 in DIC and therapeu-
tical downregulation of Hmox1 would be a promising 
strategy.

Exosomes emerge as a promising drug carrier for 
nucleic acids [8, 9]. Injection of therapeutics-loaded 
exosomes could significantly protect heart from the car-
diotoxicity [10]. However, the therapeutic efficacy was 
compromised by the low heart targeted delivery effi-
ciency. Ultrasound targeted microbubble destruction 
(UTMD) could improve the delivery efficiency via the 
cavitation effect within the microvasculature of target 
tissues. Recently, we have found that UTMD could assist 
exosomal delivery into the heart [10, 11].

In this study, we further showed that cardiac ferropto-
sis induced by DOX in mice was attributed to up-regu-
lation of Hmox1. UTMD assisted exosomal delivery of 
siHomox1 nearly blocked the ferroptosis and the subse-
quent cardiotoxicity induced by doxorubicin. Our find-
ings reveal that the upregulation of HMOX1 induces 
ferroptosis in cardiomyocytes and UTMD-assisted exo-
somal delivery of siHmox1 can be used as a potential 
therapeutic strategy for DIC.

Results
Dox induces cardiac ferroptosis in a time and dose 
dependent manner
It has been revealed that ferroptosis contributes to DOX 
induced cardiotoxicity [7]. To further confirm whether 
Dox induces cardiac ferroptosis in a time dependent 
manner, mice were treated with 10 mg/kg Dox and then 
ferroptosis was examined at different time points post 
treatment (Fig.  1A). qPCR analysis revealed that Ptgs2 

mRNA (a marker of ferroptosis [12]) expression peaked 
on day 2, and gradually declined since then (Fig.  1B). 
The increase lasted to day 5. Similarly, lipid peroxida-
tion marker MDA, ROS indicator DHE, and cell death 
(Fig.  1C-G) showed similar trends. Consistently, serum 
LDH and CKMB increased with time, indicating obvi-
ous cardiac toxicity of Dox (Fig. 1H, I). Next, we explored 
whether Dox induces cardiac ferroptosis in a dose 
dependent manner. Mice were treated with 0, 2, 4, 6, 8 
or 10 mg/kg Dox, and ferroptosis was examined on day 
2. As expected, Dox dose dependently increased the fer-
roptosis markers (Figure S1). To further confirm whether 
cardiomyocyte was the main affected cell type, we per-
formed dual immunofluorescence assay using TUNEL 
and cardiomyocyte marker TNNT2 in the heart. As 
expected, there were significant TUNEL signal colocal-
ized with cardiomyocyte marker TNNT2 (Figure S2), 
suggesting that there was obvious cell death occurred in 
cardiomyocytes. Together, the above data suggest that 
doxorubicin could induce ferroptosis in the heart in a 
time and dose dependent manner.

Repeated treatments with ferrostatin-1 have systemic 
toxicity
Ferrostatin-1 (Fer-1) was identified as a potent inhibi-
tor of ferroptosis [13]. Mouse cardiomyocyte HL-1 
were treated with Dox with or without Fer-1 (Figure 
S3A). As expected, Dox significantly up-regulated Ptgs2 
mRNA level and lipid peroxidation, while Fer-1 blocked 
the increase (Figure S3B, C). Consistently, in vivo treat-
ment of Fer-1 nearly blocked the increase of Ptgs2 
expression(Figure S4A, B), lipid peroxidation marker 
MDA(Figure S3C), ROS (Figure S3D, E), and cell death 
(Figure S4F, G) in the heart induced by Dox in mouse 
model. With the inhibition of ferroptosis, cardiac struc-
ture and function were also restored. HE staining and 
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Fig. 1  Dox induces ferroptosis in a time dependent manner. A, Schematic representation of the experimental procedure. B, qPCR analysis of Ptgs2 mRNA 
expression in the hearts at indicate time points from mice receiving Dox treatment. C, MDA level in the hearts at indicate time points from mice treated 
same as above. D, Representative DHE staining in the heart tissues from mice treated same as above. E, Representative TUNEL staining in the heart tissues 
from mice treated same as above. F, Quantification data of Panel D. G, Quantification data of Panel E. H, Serum LDH level at indicate time points from 
mice treated same as above. I, Serum CKMB level at indicate time points from mice treated same as above. Scale bar: 50 μm. Data are presented as the 
mean ± SEM. *, p< 0.05 by one-way ANOVA
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Sirius red staining revealed that Fer-1 treatment reduced 
the fibrosis (collagen content) in the heart (Figure S5A-
D). Moreover, the heart weight was also increased and the 
serum LDH (lactate dehydrogenase [14]) was decreased 
to nearly the normal level (Figure S5E, F). Consistently, 
echocardiography examination revealed that Fer-1 treat-
ment significantly blocked the impairment of cardiac 
systolic and diastolic function induced by Dox (Figure 
S5G-L). However, repeated treatments of Fer-1 reduced 
the body weight and survival of mice (Fig.  2A-C), sug-
gesting the systemic toxic effects of Fer-1. The apparent 
discrepancy might be explained by that one dose of Fer-1 
treatment could attenuate cellular signal and ferroptosis, 
while multiple dosing could also cause systemic side-
effects. Notably, Ferroptosis lasted during Dox treatment 
and other strategies to inhibit ferroptosis persistently and 
safely are thus needed.

DOX-induced ferroptosis is mainly attributed to 
up-regulation of Hmox1
Further identification of the molecular mechanism 
involved in DOX-induced ferroptosis would provide 
novel specific target for cardiotoxicity therapy. We thus 
probed the expression of genes associated with Ferrop-
tosis. Among the gene candidates, Hmox1 was found 
significantly upregulated in the heart both at mRNA 
and protein levels from mice treated with Dox (Fig. 3A-
D). Consistently, Dox also increased Hmox1 expres-
sion in Dox treated HL-1 cells (Fig.  3E). With Hmox1 

knockdown by siRNA (Figure S6A, B, Fig.  3F), Dox 
induced ferroptosis was also inhibited significantly 
(Fig. 3G).

UTMD assisted exosomal delivery of siHmox1 reduces 
ferroptosis and cardiotoxicity
In view of the above data, we assumed that in vivo deliv-
ery of siHmox1 would reduce ferroptosis and cardiotox-
icity. Exosomes are emerging as a novel siRNA carrier 
and promising in clinical translation. Exosomes from 
HEK293 cells were isolated and characterized (Figure 
S7A). TEM, Western blot and size distribution analy-
sis confirmed the identity of the exosomes (Figure S7B-
D). Accordingly, exosomes were efficiently loaded with 
siRNA via electroporation (Figure S8A-B), which in turn 
reduced the expression of Hmox1 in HL1 cells when cells 
receiving the exosome treatment (Figure S8C, D).

Next, we aimed to deliver exosomes into the heart. 
Exosomes were labeled with fluorescent dye, followed by 
injection in vivo (Figure S9A). As expected, both ex vivo 
fluorescent imaging and confocal microscope analysis 
showed that the liver, spleen, and lung were the domi-
nant targets of exosomes, while there were few exosomes 
delivered into the heart (Figure S9B-C). Our previous 
study revealed that UTMD could enhance the local deliv-
ery of exosomes via the cavitation effects. Consistent 
with previous findings, prior UTMD treatment in the 
heart region facilitated the exosome delivery in the heart 
region (Fig. 4A-C). The promoting effects last at least for 

Fig. 2  Repeated treatment of Fer-1 causes severe side-effects. A, Schematic representation of the experimental procedure. Mice were treated with Dox 
and Fer-1 at indicated time and body weight and survival were monitored. B, Body weight change in mice treated as indicated. Data are presented as the 
mean ± SEM. *, p< 0.05 by one-way ANOVA. C, Kaplan-Meier survival curves of mice treated as indicated
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Fig. 3  Upregulation of Hmox1 contributes to Dox induced ferroptosis. A, Schematic illustration of the gene network regulating ferroptosis. B, Schematic 
representation of the experimental procedure. Mice were treated with Dox and the gene expression were analyzed on day 2. C, qPCR analysis of gene 
candidates in control and Dox-treated mice. Data are presented as the mean ± SEM. *, p< 0.05 by t test. D, Western blot analyses of cardiac Hmox1 
protein in the heart from control and Dox-treated mice. Gapdh was included as a loading control. E, Western blot analyses of cardiac Hmox1 protein in 
the HL-1 cells treated with or without Dox. F, Knockdown efficiency of siHmox1 as determined by western blot. G, Lipid peroxidation as analyzed by flow 
cytometry. Cells of indicated treatments were stained with the fluorescent probe C11-BODIPY before flow cytometry analysis
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Fig. 4  UTMD promotes the delivery of exosomes into the heart. A, Schematic representation of the experiment procedure. Mice were injected with 
or without DiO or DiR labelled exosomes, followed by UTMD radiation in the heart region in the UTMD group. B, Ex vivo fluorescence images showing 
the distribution of exosomes in the hearts from control or UTMD treated mice. C, Representative images of localization of the exosomes in the TNNT-2 
positive cardiomyocytes. D, Ex vivo fluorescence images showing the distribution of exosomes in the hearts from mice with indicated treatments. For 
UTMD treatment groups, mice were additionally injected with exosomes at indicate time post UTMD. E, Quantification data of panel D. F, Schematic 
representation of the experiment procedure. G, qPCR analysis of the in vivo knockdown efficiency of siHmox1 in hearts from mice treated as indicated. 
Data are presented as the mean ± SEM. *, p< 0.05 by one-way ANOVA. H, In vivo knockdown efficiency of siHmox1 in mice with different treatments, as 
determined by qPCR
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6 min, as exosome delivery could be similarly enhanced 
for exosomes injected even 6  min after UTMD. To fur-
ther confirm whether cardiomyocyte was the main target 
of the delivery strategy, we have examined the distribu-
tion of FAM-labeled siRNA in the heart. As expected, 
there are significant FAM signal colocalized with cardio-
myocyte marker TNNT2, suggesting that these siRNAs 
were at least partially distributed in these cardiomyocytes 
(Figure S10). Notably, there are also FAM in TNNT2 
negative cells, suggesting that these siRNA could be also 
delivered into other cells like endothelial cells and or 
fibroblasts. The optimized frequency of UTMD to facili-
tate exosome uptake by heart was further explored by 
monitoring the knockdown efficiency of Gapdh. siGapdh 
encapsulated by exosomes were delivered, followed 
by indicated UTMD treatment as depicted in Figure 
S11A. Notably, repeated UTMD with 2 h intervals could 
increase the delivery and knockdown efficiency slightly 
(Figure S11A, B). However, repeated UTMD with inter-
vals also caused the cell damage and inflammation, as 
manifested by increased expression of VCAM-1 (Figure 
S11C). Thus, we chose to use UTMD only once in the fol-
lowing study.

In the following experiments, we aimed to explore the 
efficacy of UTMD assisted exosomal delivery of siH-
mox1 on ferroptosis and cardiotoxicity. Hereafter, the 
exosomes with Hmox1 siRNA loaded was thus termed 
as ExosiHmox1. Followed injection via tail vein, ExosiHmox1 
alone had no effects on the expression of Hmox1 in the 
heart. In contrast, prior treatment of UTMD significantly 
enhance the siRNA delivery and thus reduced the expres-
sion of Hmox1 (Fig. 4F-H). Collectively, these data indi-
cate that the current strategy could functionally deliver 
siRNA into the heart.

We next investigated whether this strategy can prevent 
the ferroptosis induced by Doxorubicin in vivo (Fig. 5A). 
qPCR analysis revealed that UTMD + ExosiHmox1 treat-
ment reduced Ptgs2 mRNA expression significantly 
(Fig.  5B). Similarly, lipid peroxidation marker MDA 
(Fig.  5C), ROS indicator DHE (Fig.  5D-E), and cell 
death (Fig.  5F-G) were all significantly inhibited in the 
UTMD + ExosiHmox1 treatment group. Together, the above 
data suggest that UTMD + ExosiHmox1 treatment could 
inhibit the ferroptosis induced by Dox.

Consistent with the inhibition of ferroptosis, cardiac 
structure and function were also restored. Mice were 
treated as indicated in Fig. 6A, and at the end of experi-
ment mice were subjected to echocardiography and 
histology analysis. HE staining and Sirius red staining 
revealed that UTMD + ExosiHmox1 treatment reduced the 
fibrosis (collagen content) in the hearts challenged with 
Dox, in comparison to other groups (Fig.  6B-D). More-
over, the heart weight in the UTMD + ExosiHmox1 treat-
ment group was nearly same as the basic level (Fig. 6E). 

Heart weight is determined by both cell loss due to car-
diotoxicity and subsequent fibrogenic repair. In other 
words, the heart weight change in our study was domi-
nant by the Dox treatment induced cell loss, rather than 
the subsequent fibrosis.

Consistently, echocardiography examination revealed 
that UTMD + ExosiHmox1 significantly blocked the impair-
ment of cardiac systolic and diastolic function induced by 
Dox (Fig.  7A-C). No death and significant body weight 
decrease were observed among the groups, suggesting 
that the strategy should be safe.

Methods
Mice husbandry
The male C57Bl6 mice were obtained from the experi-
mental animal center of the Fourth Military Medical 
University (Xi’an, China). C57Bl/6 mice were housed at 
22 ± 2 °C with a 12-h light/dark cycle. All animal experi-
ments complied with the ARRIVE guidelines and were 
carried out in accordance with National Institutes of 
Health guide for the care and use of laboratory animals 
(NIH Publications No. 8023, revised 1978).

Doxorubicin treatment in mice
To construct the doxorubicin induced cardiotoxicity 
mouse model, mice were injected intraperitoneally with 
doxorubicin (Yuanye biotechnology, China) diluted in 
PBS at 10  mg/kg, together with other indicated treat-
ments. At the end of the experiment, the mice were sub-
jected to echocardiography examination and/or histology 
analysis.

Histology
Hearts from treated mice were fixed with 4% paraformal-
dehyde (pH 7.4), embedded in paraffin, and then sliced 
into 5-µm thickness section. The sections were stained 
with Hematoxylin and Eosin (H&E) for routine histo-
logical examination. To measure collagen deposits, sec-
tions were stained with Sirius red. Quantification was 
performed using ImageJ software (National Institutes of 
Health).

Flow cytometry analysis of lipid peroxidation
Cells with indicated treatments were incubated in 2 µM 
C11-BODIPY581/591 (Invitrogen) for 20  min at 37  °C. 
The whole process was kept in the dark. Fluorescent sig-
nal was analyzed by flow cytometry.

DHE and TUNEL staining
Fresh heart tissues were sectioned to 10 μm thicknesses 
and incubated with superoxide anion fluorescent probe 
dihydroethidium (Cat HY-D0079, MCE) or TUNEL as 
instructed. The slices were counterstained with Hoechst 
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Fig. 5  Efficient siHmox1 delivery reduces ferroptosis induced by Dox. A, Schematic representation of the experimental procedure. B, qPCR analysis of 
Ptgs2 mRNA expression in the hearts at indicate time points from mice receiving indicated treatments. C, MDA level in the hearts at indicate time points 
from mice treated same as above. D, Representative DHE staining in the heart tissues from mice treated same as above. E, Quantification data of Panel 
D. F, Representative TUNEL staining in the heart tissues from mice treated same as above. G, Quantification data of Panel F. Data are presented as the 
mean ± SEM. *, p< 0.05 by one-way ANOVA
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and then washed three times with PBST for 5 min before 
examination under fluorescence microscope.

Cell culture and treatment
Mouse cardiomyocyte HL-1 was cultured in DMEM sup-
plemented with 10% FBS, 1% penicillin and streptomy-
cin, and incubated at 37  °C in a humidified atmosphere 
of 5% CO2 and 95% air. Cells were incubated with 0.5 µM 
doxorubicin for 48  h. For Hmox1 knockdown, negative 
control or siRNA (20 nM) was transfected into HL-1 cells 
using Lipofectamine 2000, followed by doxorubicin treat-
ment one day later.

qPCR analysis
Total RNA was isolated using Trizol (Invitrogen) and 
reverse-transcription was conducted using PrimeScript 

First-Strand cDNA Synthesis Kit (Takara, China). Gene 
expression was analyzed using PrimeScript RT Master 
Mix (Roche, Switzerland) as instructed. PCR was per-
formed at least in triplicate and relative expression was 
calculated by normalizing to the control samples using 
2-ddCt method. The primer sequences are listed in Table 
S1.

Western blot
Protein samples were prepared using RIPA lysis buf-
fer and separated in 12% SDS-PAGE gel (120  V for 
stacking gel and 160  V for separation gel). After trans-
ferred to nitrocellulose membrane, the membrane was 
blocked with 5% bovine serum albumin for 1 h, followed 
by incubation overnight with primary antibodies anti-
GM130 (66662-1-Ig, Proteintech), anti-CD9 (60232-1-Ig, 

Fig. 6  Efficient siHmox1 delivery alleviates cardiac injury in Dox treated mice. A, Schematic representation of the experimental procedure. B, Representa-
tive images of myocardial H&E staining from the mice of indicated groups. C, Representative images of myocardial Sirius red staining from the mice of 
indicated treatments. D, Quantification of the collagen content. E, The heart/body weight ratio measured in mice same as above
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Proteintech), HMOX1 (66743-1-Ig, Proteintech) or anti-
GAPDH (60004-1-Ig, Proteintech) at 4  °C. Then, the 
membrane was washed and incubated with correspond-
ing secondary antibodies at room temperature for 1  h, 
and visualized by the ECL Prime Western Blotting Detec-
tion Reagent.

Measurement of MDA content
Malondialdehyde (MDA) levels were measured using 
Lipid Peroxidation MDA Assay Kit (Cat#S0131, Beyo-
time) as instructed.

Exosome isolation, loading, labeling and tracking
Cell culture supernatant was collected and centrifuged at 
13,200 g and 4 °C for 30 min to remove large microves-
icles. The supernatant was then filtered twice through 
0.22  μm filters and then exosomes were pelleted with 
ultracentrifugation at 120,000  g for 4  h. Pellets were 
washed once with PBS and centrifuged at 120,000 g, 4 °C 
for 1  h again. The exosome morphology was confirmed 
by electron microscopy. Briefly, the exosomes were added 
onto the grid and stained with 2% uranyl acetate, fol-
lowed by imaging with the transmission electron micro-
scope (JEM-2000EX TEM, JEOL Ltd., Tokyo, Japan). Size 

distribution of the isolated exosomes was also analyzed 
by nanoparticle tracking assay.

To load siRNA (negative control, siHmox1, or siGapdh) 
into exosomes, about 10^10 exosomes in 400  µl were 
electroporated with 1 OD siRNAs of interest (GenePh-
arma, Shanghai) at 700  V/150 mF in 0.4  cm wide elec-
troporation cuvettes. Free nucleic acids outside the 
exosomes were removed by RNase, followed by addi-
tional exosome isolation with ultracentrifugation as 
described above. The exosome suspension was dissoci-
ated to avoid possible aggregates before use.

For in vivo tracking, purified exosomes were first incu-
bated with fluorescent dye DiR/DiO/DiI (at the final con-
centration of 10 mM, Invitrogen, Carlsbad, CA) and then 
free dye was removed by another round of centrifuga-
tion. Mice were injected with labelled exosomes (100 µg 
at protein concentration in 100 µL PBS) with or without 
the aid of ultrasound targeted microbubble destruction. 
Different organs were harvested and processed for ex 
vivo image or microscope analysis. Cardiomyocytes were 
stained with anti-TNNT-2 to visualize the cellular loca-
tion of exosomes/FAM-labeled siRNA.

Fig. 7  Echocardiography analysis of cardiac function in siHmox1 treated mice. A, Representative images of echocardiography. B, Quantification of systol-
ic function as determined by EF value. C, Diastolic function as determined by E/A value. Data are presented as the mean ± SEM. n = 6 per group. *P < 0.05. 
EF, ejection fraction; FS, fractional shortening; MV, mitral valve
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Ultrasound targeted microbubble destruction and 
exosome delivery into the heart
UTMD and UTMD aided exosome in vivo delivery were 
conducted similar as describe before. Briefly, mice were 
prepared with the irradiated region hair shaved, and then 
anaesthetized with 2% isoflurane. The mixture composed 
of 100 µL SonoVue™ microbubble (Bracco imaging, SA) 
and 100 µL exosomes (100 µg at protein concentration in 
100 µL PBS) was injected slowly via tail vein. Two min-
utes after injection, ultrasound irradiation was performed 
in the heart region through the thorax. Ultrasound pulses 
were applied to the targeted region for 1 min in total at 
a duty cycle of 50% by a 0.66 MHz US instrument (Gift 
from Chongqing Medical University) armed with the 
probe area of 4.5 cm2. For therapeutic intervention, the 
mice were treated with exosomes encapsulated with con-
trol or Hmox1 siRNA (100 mg at protein concentration 
in 100 µL PBS) with or without the aid of UTMD one day 
before doxorubicin treatment. Groups treated with doxo-
rubicin, UTMD, or exosome alone served as controls.

Echocardiography
Mice were anaesthetized with inhaled isoflurane via a 
circuit anesthesia apparatus. Visual Sonics Vevo 2100 
ultrasound instrument (Visual Sonics Inc., Toronto, 
ON, Canada) armed with 40 MHz linear transducer was 
employed for cardiac function analysis. Left ventricular 
ejection fraction (LVEF) and left ventricular fractional 
shortening (LVFS) were obtained from M-mode, and E/A 
value was obtained by pulsed-wave Doppler echocar-
diography. The heart rate was monitored continuously 
during the whole process [15]. The identities of animals 
were kept blinded to the echocardiography investigators.

Statistics
The data were expressed as mean ± SEM or otherwise 
indicated. One-way ANOVA analysis was used for mul-
tiple group comparison or t-test for comparison between 
two groups by GraphPad Prism8. Significant differences 
were considered at p < 0.05.

Discussion
In the present study, we have revealed that cardiac fer-
roptosis induced by DOX in mice was attributed to 
up-regulation of Hmox1. UTMD greatly facilitated exo-
some delivery into heart. Consistently, UTMD assisted 
exosomal delivery of siHomox1 nearly blocked the fer-
roptosis and the subsequent cardiotoxicity induced by 
doxorubicin.These findings reveal that the upregulation 
of HMOX1 induces ferroptosis in cardiomyocytes and 
UTMD-assisted exosomal delivery of siHmox1 can be 
used as a potential therapeutic strategy for DIC.

DOX, a widely used chemotherapeutic drug, has dos-
age-dependent cardiac toxicity, which often decreases 

the quality of life and even causes life-threatening dis-
orders. Various mechanisms how DOX exerts its toxic 
effects on cardiomyocytes have been identified. The most 
accepted notion was that excessive DOX accumulated 
in the mitochondria results in excessive ROS genera-
tion and oxidative stress-induced cell death subsequently 
[16]. Death of cardiomyocytes is crucial in the develop-
ment of cardiotoxicity. DOX has also been reported to 
induce various forms of cell death, including apoptosis, 
autophagy, necroptosis, ferroptosis and pyroptosis [17]. 
Different from the caspase-dependent apoptosis, ferrop-
tosis is a novel form of regulated cell death characterized 
by the iron-dependent accumulation of lipid peroxida-
tion. Ferroptosis is morphologically, biochemically, and 
genetically different from apoptosis, and other forms of 
death, such as necroptosis, and autophagy. Inhibition of 
either apoptosis or necroptosis only partially improved 
the survival of DOX-treated cardiac cells [18], suggesting 
that other forms of cell death are likely involved in DOX-
induced cardiotoxicity. A recent publication found that 
both apoptosis and ferroptosis were involved in the DIC 
model and combined usage of zVAD (apoptosis inhibitor) 
and Fer-1 (ferroptosis inhibitor) almost completely abol-
ished DOX-induced cardiomyocytes death [19]. Consis-
tent with previous studies, we here further confirmed 
that ferroptosis is a big player in DIC. Notably, a recent 
study showed that ferroptosis inhibition rather than 
apoptosis inhibition prolongs the survival rate in DIC 
model, suggesting that ferroptosis accounts for a higher 
ratio than apoptosis in the DIC model [4]. Notably, apop-
tosis and ferroptosis might accounts for the major cell 
death in a time dependent manner, with apoptosis mainly 
peaked in the early phase (10 h), while ferroptosis domi-
nant beyond 30 h following DOX treatment [4, 7, 20].

Up to now, the exact molecular network involved in 
DOX-induced ferroptosis remains elusive. Previous 
studies presented that DOX treatment led to conceiv-
able changes in ferroptosis-related markers, including 
NCOA4, GPX4, HMOX1, GSH, and MDA levels [4, 7, 
20]. Consistent with previous study, we found that up-
regulation of Hmox1 accounts for the obvious ferrop-
tosis, which might be explained by the fact that Hmox1 
causes heme degradation and leads to release of free iron, 
which accumulates in mitochondria and triggers lipid 
peroxidation in heart. The ferroptosis promoting effects 
of Hmox1 is paradoxical to its widely considered cardio-
protective role in cardiac ischemia/reperfusion injury 
and permanent coronary ligation-induced heart failure 
[21, 22]. One explanation is that Hmox1 functions in a 
context dependent manner. Further studies to reveal the 
underlying mechanisms would be helpful in developing 
Hmox1-based therapy.

Preventing cardiac cell death is essential to develop 
an effective cardioprotective strategy. Ferroptosis can be 
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prevented or even reversed using iron chelation and ROS 
scavenger [23]. Interestingly, although the potent iron 
chelator, such as deferoxamine, is used to treat iron over-
load diseases such as thalassemia and sickle cell disease 
[24], its protective effect with respect to DIC is unclear 
and worth to be explored. We here revealed that repeated 
injection of Ferrostatin itself is toxic and had no persis-
tent protective effects.

Cardiovascular diseases remain one of the leading 
causes of death worldwide. Although we only studied the 
role of ferroptosis, a recently discovered iron-dependent 
form of cell death, in cardiac injury induced by doxo-
rubicin. Upregulation of heme oxygenase Hmox1 and 
subsequent ferroptosis should be also involved in other 
cardiovascular diseases [25–27]. Knockdown of Hmox1 
and inhibiting ferroptosis via UTMD assisted exosomal 
delivery strategy significantly reduced DIC, suggest-
ing a potential therapeutic approach for treating and/
or preventing various heart diseases associated with 
ferroptosis.

Conclusion
In summary, we here have further confirmed that ferrop-
tosis mediates the pathogenesis of DOX-induced cardio-
toxicity via upregulation of Hmox1. Our findings suggest 
that selectively knockdown of Hmox1 in cardiomyocytes 
via UTMD-assisted exosome delivery may represent a 
practical therapeutic approach for management of DOX-
induced cardiotoxicity without compromising the drug’s 
anticancer properties. Future studies are needed to test 
the potential clinical implications of this proposed thera-
peutic strategy.
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