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ARTICLE INFO ABSTRACT

Keywords: Objective: Despite the widespread use of doxorubicin (DOX) in chemotherapy, it can cause car-
Cardiotoxicity diotoxicity, which severely limits its potential clinical use. CYP2J2-derived epoxyeicosatrienoic
Doxorubicin acids (EETs) exert cardioprotective effects by maintaining cardiac homeostasis. The roles and
if;z;tosis latent mechanisms of EETs in DOX cardiotoxicity remain uncertain. We investigated these aspects

Oxidative stress using mouse tissue and cell culture models.

AMPK Methods: C57BL/6J mice were injected with rAAV9-CYP2J2 or a control vector via the caudal
vein. A five-week intraperitoneal course of DOX (5 mg/kg per week) was administered. After
pretreatment with 14,15-EET, HOC2 cells were treated for 24-h with DOX, to use as a cell model
to verify the role of EETs in cardiotoxicity in vitro.

Results: CYP2J2 overexpression mitigated DOX-induced cardiotoxicity, as shown by the dimin-
ished cardiac injury marker levels, improved heart function, reduced oxidative stress, and inhi-
bition of myocardial apoptosis in vivo. These protective roles are associated with the enhancement
of antioxidant and anti-apoptotic abilities and the activation of the AMPK pathway. 14,15-EET
suppresses DOX-induced oxidative stress, mitochondrial dysfunction, and apoptosis in H9C2
cells. AMPK knockdown partially abolished the cardioprotective effects of 14,15-EET against
oxidative damage and apoptosis in DOX-treated cells, suggesting that AMPK is responsible for
EET-mediated protection against cardiotoxicity.

Conclusion: CYP2J2-derived EETs confer myocardial protection against DOX-induced toxicity by
activating the AMPK pathway, which reduces oxidative stress, mitochondrial dysfunction, and
apoptosis.
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1. Introduction

The chemotherapeutic agent doxorubicin (DOX), an anthracycline, is commonly used to treat a variety of malignant tumors such as
sarcomas, carcinomas, and hematological malignancies [1]. Due to its progressive cardiovascular side effects during chemotherapy,
DOX is restricted in clinical use as it may lead to heart failure [2,3].

DOX cardiotoxicity is mediated by oxidative stress, autophagy disorder, mitochondrial dysfunction, and apoptosis [3,4]. Reactive
oxygen species (ROS) and cardiomyocyte apoptosis are considered as the major contributors to DOX-induced myocardial damage and
dysfunction [2]. ROS not only causes oxidative damage to biomolecules but also disrupts cell membrane integrity and function, and
excess free radicals trigger intrinsic mitochondrial-dependent apoptotic pathways, leading to cardiomyocyte death [5,6].
DOX-induced injury, myocardial apoptosis, and caspase activation play key roles in the progression of congestive heart failure. Excess
free radicals trigger the intrinsic mitochondria-dependent apoptotic pathway, that causes cardiomyocyte death [7]. Therefore, the
inhibition of oxidative stress and apoptosis are beneficial for the improvement of DOX-related cardiac damage and dysfunction, as
confirmed by many recent studies [8,9].

One of the main arachidonic acid cycde-synthases, CYP2J2 is abundantly expressed in coronary artery endothelial cells, car-
diomyocytes, and smooth muscle cells. Accumulating evidence indicates that CYP2J2 and its epoxyeicosatrienoic acid (EET) products
have multiple cardioprotective effects, including amelioration of inflammatory reactions, inhibition of apoptosis, and reduction of
cardiac remodeling and hypertrophy [10]. Previous studies have demonstrated that overexpression of cardiomyocyte-specific CYP2J2
can reduce oxidative stress-mediated endoplasmic reticulum stress and NF-kB p65 nuclear translocation to inhibit angiotensin
[I-mediated cardiac remodeling, dysfunction, and heart failure [11]. Few studies have explored the cardioprotective effects of CYP2J2
or the potential impact of arachidonic acid products on DOX-mediated toxicity.

Adenosine monophosphate-activated protein kinase (AMPK), is a pivotal central regulator and sensor in maintaining homeostasis
in the energy system. Previous studies indicated that DOX treatment suppresses AMPK protein and phosphorylation levels [12].
Further studies have confirmed that AMPK activation alleviates acute DOX cardiotoxicity by reducing cardiac injury, oxidative stress,
mitochondrial dysfunction, and myocardial apoptosis [13]. Therefore, targeting AMPK may have notable therapeutic implications in
DOX-mediated cardiotoxicity. In this context, 14,15-EET is reported to activate the AMPK signaling pathway [14]. Based on this view,
targeting AMPK may have significant therapeutic implications for DOX-mediated cardiotoxicity. Currently, the roles and underlying
mechanisms of EETs in DOX cardiotoxicity remain largely unknown. We hypothesized that the overexpression of CYP2J2 may protect
heart from DOX exposure. Thus, our study aimed to explore the mechanisms underlying the cardioprotective effects of CYP2J2 and to
investigate whether AMPK plays a pivotal role in this process.

2. Materials and methods
2.1. Animal experiment

Eight-week-old male C57BL/6J mice were purchased from GemPharmatech (Nanjing, China). The protocols for animal experi-
ments were approved by the Institutional Animal Research Committee ( NO:TJH-20201006 ) of Tongji Hospital, Tongji Medical
College (Wuhan, China) and conducted in accordance with the ARRIVE and NIH guidelines. Recombinant adeno-associated viruses
(rAAV) expressing green fluorescent protein (GFP) or CYP2J2 were generated via triple plasmid co-transfection into HEK293 cells [15,
16]. The mice were kept in a pathogen-free environment at normal atmospheric temperature (22 °C + 2 °C) with an adequate diet and
fresh water, free of charge. After acclimatization for 7 d, four groups of mice were selected and randomly divided as follows: 1)
rAAV9-GFP, 2) rAAV9-CYP2J2, 3) DOX + rAAV9-GFP, and 4) DOX + rAAV9-CYP2J2 (n = 10 per group). Purified vectors of
rAAV9-CYP2J2 (1 x 10! pfu) or rAAV9-GFP (1 x 10! pfu) were administered via the caudal vein [17]. Two weeks after rAAV9
injection, the mice were intraperitoneally injected with DOX (5 mg/kg/week) or the same volume of saline solution for five weeks
[18]. All mice were weighed weekly and euthanized on seven days after the final dose of DOX. After echocardiographic assessment,
blood samples were obtained and serum was collected for further experiments. After harvesting, the heart tissue was cut in half, and
parts of the heart were stored in 10 % neutral-buffered formalin. The remaining heart tissue was frozen at —80 °C for further
biochemical analysis.

2.2. Echocardiographic and hemodynamic measurements

In accordance with previous studies, echocardiographic measurements were performed using a high-frequency (30 MHz) ultra-
sound probe designed for small animals (Vevo 1100, Visual Sonics, Toronto, Canada) [19]. We measured the hemodynamics of the left
ventricle using a Millar catheter system [20].
2.3. Histological assays

Slices (4 mm) were cut from the formalin-fixed hearts embedded in paraffin. The sections were subjected to hematoxylin and eosin

(HE) and Masson’s trichrome staining. To assess ROS production, fresh frozen heart tissues were embedded in optimal cutting tem-
perature compound (Tissue-Tek, Sakura Finetech, Torrance, CA, USA) and sliced to 5 pm.
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2.4. Enzyme-linked immunosorbent assay

According to the manufacturer’s instructions, ELISA kits (Jiancheng, Nanjing, China) were used to analyze serum cardiac injury
markers, including ¢TnT, CK-MB, and LDH.

2.5. Cell culture and treatment

The HI9C2 cell line was purchased from the American Type Culture Collection (ATCC, Manassas, VA, USA). HI9C2 cells were
cultured in Dulbecco’s modified Eagle’s medium containing 10 % fetal bovine serum, 4 mL glutamine, and 100 U/mL pen-
icillin—streptomycin in 75 cm? tissue culture flasks. Cells were grown in 95 % relative humidity under 37 °C humidity and 5 % CO2. To
explore the roles of 14,15-EET in DOX-induced myocardial injury, H9C2 cells (1 x 10* cells/ml) were cultured with 1 uM DOX for 24 h
after pretreatment with 1 pM 14,15-EET or 14,15-EEZE for 60 min (Supplementary Table S3).

2.6. Cell transfection and treatment

Transfection of small interfering RNAs (siRNA) was performed on the cells (1 x 10* cells/ml), including si-con or si-AMPKa
(Guangzhou Ruibo Biotechnology, Guangzhou, China). After 24 h of transfection, the cells were cultured with DOX (1 pM) for 24 h in
the presence or absence of 14,15-EET (1 uM). siRNA knockdown efficiency was evaluated by western blotting 48 h after transfection.
Only silent effects greater than 70 % were considered in the experiments. All procedures were performed according to manufacturer’s
instructions.

2.7. Flow cytometry analysis

Apoptosis of H9C2 cells in each group was detected using an Annexin V/PI Apoptosis Detection Kit (KTA0004; Abbkine, Wuhan,
China). The manufacturer’s instructions were followed for all operations. Quantitative analyses were performed using the CytoFLEX
flow cytometer (Beckman Coulter, Brea, California, USA).

2.8. Oxidative stress level and mitochondrial function detection

ROS generation in the cardiac tissue and H9C2 cells were detected using dihydroethidium (DHE) and 2',7-dichloro-dihydro-
fluorescein diacetate (DCFH-DA) staining respectively through commercially available kits (Keygen Biotech; Abbkine). A saturated
phosphate buffer saline solution was used to wash the sections after incubation with DHE or DCFH-DA for 30 min at 37 °C in the dark.
The fluorescence was detected using a fluorescence microscope (IX53; Olympus). The mean fluorescence intensity was calculated using
ImageJ software (NIH, Bethesda, MA, USA). To further assess oxidative stress levels: MDA and GSH contents and SOD activity in
cardiac tissues and cells were detected using commercially available kits (Jiancheng, Nanjing, China). Follow the instructions of
mitochondrial membrane potential assay kit with JC-1 (Beyotime), fluorescence microscope to detect the fluorescence of JC-1 ag-
gregates (red) and monomers (green) in cells.

2.9. RNA extraction and quantitative reverse transcription-polymerase chain reaction (qQRT-PCR)

RNA was extracted from the heart tissue or cardiomyocytes using TRIzol reagent (Invitrogen, Waltham, MA, USA). Further, the
enriched mRNA was reverse transcribed to complementary DNA (cDNA) using random primers and the HiScript® 1st Strand cDNA
Synthesis Kit (Vazyme Biotech, Nanjing, China). qRT-PCR analysis was performed using a SYBR Rapid Quantitative PCR Kit (Vazyme
Biotech, Nanjing, China) following the manufacturer’s protocol. Primers used are listed in Supplementary Table S1.

2.10. Western blot

Cardiac tissues and cell samples were harvested and lysed using the RIPA solution. SDS-PAGE gels containing 12 % SDS were used
to separate equal amounts of protein. The resolved proteins were transferred onto PVDF membranes by gel electrophoresis in transfer
buffer consisting of 192 mM glycine, 20 % (v/v) methanol, and 0.02 % SDS. After blocking with 5 % non-fat milk in TBST at 25 °C for 1
h, the membranes were immunoblotted with the primary antibody overnight at 4 °C. Table S2 lists all primary antibodies. Membranes
were then incubated with secondary antibodies at room temperature for 2 h. We quantified the intensity of the bands on the im-
munoblots detected by enhanced chemiluminescence using the ImageJ software.

2.11. Statistics

All data are presented as mean + standard error of mean. Data were analyzed using a paired two-tailed t-test or one-way ANOVA,
followed by Tukey’s post-hoc test. GraphPad Prism 5 software (GraphPad Software, San Diego, CA, United States) was used for all
analyses. Statistical significance was set at p < 0.05.
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3. Results
3.1. Overexpression of CYP2J2 protected against cardiac dysfunction in mice treated with doxorubicin

CYP2J2 overexpression reduced the mortality rate of DOX-induced cardiotoxicity in mice (Fig. S1A). Western blotting demon-
strated that there was no CYP2J2 protein expression in the hearts of WT or GFP treatment mice, however, abundant CYP2J2 protein
expression was identified in mouse hearts after CYP2J2 treatment (Fig. S1B). There were no differences in body weights between the
groups before DOX treatment. Two weeks after the first DOX injection, body weight was observed to be significantly reduced in the
DOX group, whereas CYP2J2 overexpression attenuated the DOX-induced body weight loss (Fig. 1A). In the DOX group, the HW/TL
ratio decreased significantly compared with that in the control group, which was prevented by CYP2J2 treatment (Fig. 1B).

Cardiac function parameters were measured using echocardiography and the Millar catheter system. Both LVEF and LVFS
significantly reduced after DOX treatment. However, when accompanied by CYP2J2 overexpression, the decline in these parameters
was less significant than that in the DOX group (Fig. 1C and D). Compared to the control group, the maximal rates of increase in left
ventricular pressure (+dP/dt) and reduction in left ventricular pressure (-dP/dt) were significantly reversed in the DOX group
(Fig. 1E-G). CYP2J2 treatment did not significantly affect cardiac function under basic conditions. CYP2J2 overexpression consid-
erably reduced ANP and BNP mRNA levels in DOX-treated hearts (Fig. 1H and I). These data demonstrated that CYP2J2 overexpression
protects against DOX-induced cardiac damage and dysfunction.

3.2. Overexpression of CYP2J2 alleviated cardiac atrophy and activated the AMPK pathway in DOX-treated mice

We performed HE and Masson’s trichrome staining to evaluate myocyte size and fibrosis. Contrary to the control group, increased
cardiac atrophy characterized by reduced cell size and increased fibrosis, was observed in the DOX group. CYP2J2 overexpression

A B C D

-~ GFP
- 2J2
~#+~ DOX+GFP
DOX+2J2

60

©
@
-3

o
*
-3
-3
3%
&
S

LVFS (%)

LVEF (%)
s

Body weight (g)
HW/TL (mg/mm)
a

N
=
—
*
N

DOX DOX

DOX DOX DOX DOX
+GFP +2J2

+GFP +2J2 +GFP +2J2

SENE A S e~ i

DOX+GFP

3.0

10

10000 0

@
8
8
1
I
b

-2000+

°

6000
-4000+

= = N
Y

1

4000

+dP/dt(mmHg/s)
*
-dP/dt(mmHg/s)
ANP mRNA level
(fold change)
BNP mRNA level
(fold change)

-6000-1 m

N
-3
=3
-3
o
@

F4
°

T T T T 0
GFP 202 DOX  DOX GFP 202 DOX DOX GFP 202 DOX  DOX DOX  DOX
+GFP +2J2 +GFP +2J2 +GFP +2J2 aer box +GFP +2J2

°

Fig. 1. Overexpression of CYP2J2 protected against cardiac dysfunction in DOX-treated mice. (A, B) Body weight and HW/TL ratio of mice in
each group. (C-G) Representative echocardiographic and hemodynamic analyses in mice. (H, I) Relative cardiac mRNA levels of ANP and BNP in
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significantly alleviated cardiac atrophy, as evidenced by larger cell sizes and smaller fibrotic areas compared to those in the DOX group
(Fig. 2A, B, S1C, S1D). Moreover, a significant increase in ¢cTnT, CK-MB, and LDH levels in the circulation was also observed following
DOX exposure. CYP2J2 overexpression reduced these elevated levels (Fig. 2C-E).

To test whether the AMPK and PGC-1a signaling pathways were involved in CYP2J2-mediated cardiac protection in vivo, p-AMPKa,
AMPKa, PGC-1a, and UCP2 levels were assessed by Western blot. A significant increase in p-AMPKa, PGCla, and UCP2 levels was
obtained in the CYP2J2 overexpression-treated mice exposed to DOX (Fig. 2F). These results suggest that CYP2J2 exerts car-
dioprotective effects against DOX-induced cardiac atrophy by activating AMPK.

3.3. Overexpression of CYP2J2 decreased cardiac oxidative stress, mitochondrial dysfunction and apoptosis in DOX-treated mice

Dihydroethidium (DHE) staining was performed to determine whether CYP2J2 overexpression inhibited DOX-induced oxidative
damage. It was used to detect ROS levels, which showed inconspicuous red fluorescence in normal hearts. ROS levels significantly
increased after DOX treatment, although not as significantly as in DOX-treated mice overexpressing CYP2J2 (Fig. 3A, S4A). The
antioxidant capacity of CYP2J2 was further characterized using key enzymes such as GSH and SOD, which scavenge oxygen free
radicals, as well as the oxidative stress index MDA. CYP2J2 overexpression significantly reduced the MDA content and enhanced the
GSH levels and SOD activity in DOX-treated hearts (Fig. 3B). NOX2 and NOX4 are important subtypes of NADPH oxidases that are
major sources of ROS in cardiomyocytes. Western blotting revealed that NOX2 and NOX4 levels were increased, whereas SOD1 and
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SOD2 levels were significantly reduced in DOX-treated mice compared to control mice. CYP2J2 treatment dramatically reversed these
changes (Fig. 3C), indicating that CYP2J2 overexpression alleviated excessive oxidative stress by increasing antioxidant enzyme levels
and diminishing the oxidation products in DOX-treated mouse hearts.

Increased expression of DRP1, a key protein that controls mitochondrial fission in mammalian cells, promotes mitochondrial
fission. Western blotting revealed that CYP2J2 overexpression prevented the upregulation of DRP1, which is a mitochondrial fission
marker (Fig. S2A). Cytochrome C is one of the mitochondrial proteins that is released into the cytosol when the cell is activated by an
apoptotic stimulus. To address this issue, we performed Western blot analysis of cytosol Cyt C levels. Interestingly, we found that DOX
significantly increased Cyt C protein releasing into the cytosol of myocardial tissue, which was rescued by CYP2J2 treatment
(Fig. S2B). These results suggested CYP2J2 overexpression mitigated mitochondrial dysfunction in DOX-treated mice.

To determine the effects of CYP2J2 treatment on myocardial apoptosis, Bcl-2, Bax, cleaved caspase-3, and caspase-3 protein
expression levels in heart tissues were determined by western blotting. CYP2J2 overexpression significantly countered the reduction in
Bcl-2 levels and the increase in Bax levels in the cardiac tissues of DOX-treated mice. Compared to control mice, a significant increase
in the level of cleaved caspase-3 protein was observed in mice treated with DOX, whereas a significant decrease was observed in mice
treated with CYP2J2 (Fig. 3D). These results indicate that CYP2J2 protects heart cells against oxidative damage, mitochondrial
dysfunction, and apoptosis caused by DOX.
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3.4. 14,15-EET suppressed oxidative stress, mitochondrial dysfunction and apoptosis in DOX-exposed H9C2 cells

To investigate the antioxidant effects of 14,15-EET in vitro, DHE fluorescence was used to detect ROS levels in HOC2 cells. In H9C2
cells cultured with DOX for 24 h, ROS generation was increased compared to that in control cells, whereas treatment with 14,15-EET
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Fig. 4. 14,15-EET suppressed oxidative stress, mitochondrial dysfunction, and apoptosis in DOX-exposed H9C2 cells. (A) DHE staining of
H9C2 cells. (B) Representative immunoblots and quantitative analysis of SOD1, SOD2, NOX2, and NOX4 levels in H9c2 cells. (C) H9C2 cells
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Fig. 4. (continued).

significantly reduced DOX-triggered elevations in intracellular ROS levels. Conversely, treatment with the putative EET receptor
antagonist 14,15-EEZE abrogated the effect of 14,15-EET on ROS production (Fig. 4A, S4B). Further detection with DCFH-DA staining
revealed that 14,15-EEZE reversed the protective effect of 14,15-EET on DOX-induced oxidative stress (Figs. S5A and B). Furthermore,
the DOX +14,15-EET group showed significant upregulation of the antioxidative indicators SOD1 and SOD2 and downregulation of the
oxidative indicators NOX2 and NOX4 compared to the DOX group (Fig. 4B). The DOX +14,15-EET +14,15-EEZE group showed no
significant improvement. The higher the JC-1 monomers (green), the lower the mitochondrial membrane potential. DOX treatment
significantly increased the green fluorescence intensity of JC-1 monomers, However, 14,15-EET treatment decreased the intensity of
green fluorescence intensity of JC-1 monomers (Figs. S6A and B).

Flow cytometry analysis confirmed a significant reduction in DOX-induced cardiomyocyte apoptosis after 14,15-EET treatment
compared with DOX-only treatment, which was abolished by 14,15-EEZE (Fig. 4C). We evaluated the effects of 14,15-EET on the
expression of apoptosis-related genes in H9C2 cells. After DOX treatment, western blotting showed a significant increase in Bcl-2 levels
following the administration of 14,15-EET, along with a decrease in Bax and cleaved caspase-3 expression. However, the EET receptor
antagonist, 14, 15-EEZE, counteracted these effects (Fig. 4D). In line with in vivo findings, 14,15-EET treatment significantly increased
p-AMPK, PGC-la, and UCP2 protein levels in DOX-treated H9C2 cells, which were partly abolished by 14,15-EEZE application
(Fig. 4E). In summary, these results demonstrate that 14,15-EET mitigates DOX-induced oxidative damage, mitochondrial dysfunction,
and apoptosis in H9C2 cells.

3.5. AMPK was responsible for EETs-mediated protective roles on DOX-induced cardiotoxicity

To confirm whether AMPK mediates the protective effect of 14,15-EET against DOX-induced cardiomyocyte damage, AMPKa was
knocked down by specific siRNA in HIC2 cells. AMPKa protein levels were significantly reduced after transfection AMPKa siRNA
(Fig. S3). Subsequently, we explored the roles of AMPKa siRNA in DOX-induced oxidative damage, mitochondrial dysfunction, and
apoptosis. As shown in Fig. 5A, S4C, 14,15-EET treatment decreased DOX-induced ROS production. However, these effects were
attenuated in the AMPKa siRNA-treated cardiomyocytes. DCFH-DA staining was further demonstrated AMPKa siRNA counteracted the
protective effects of 14,15-EET (Figs. S5C and D). Western blotting indicated that AMPKa siRNA partly blocked the 14,15-EET-induced
upregulation of SOD1, SOD2 and downregulation of NOX2, NOX4 at the protein level (Fig. 5B). JC-1 staining also suggests that 14,15-
EET is required to protect DOX-induced mitochondrial dysfunction through AMPKa (Figs. S6C and D). Flow cytometry results showed
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Fig. 5. 14,15-EET decreases oxidative stress, mitochondrial dysfunction and apoptosis in DOX-incubated HI9C2 cells through the AMPK pathway.
(A) DHE staining of H9C2 cells. (B) Representative immunoblots and quantitative analysis of SOD1, SOD2, NOX2, NOX4 levels in H9C2 cells. (C)
HO9C2 cell apoptosis was detected via flow cytometry by use of Annexin V/PI staining. (D) Representative immunoblots and quantitative analysis of
Bcl-2, Bax, C-caspase-3, and Caspase-3 levels in H9C2 cells. (E) Representative immunoblots and quantitative analysis of PGC-1a, UCP2 expression
levels in H9C2 cells. Data are presented as mean + SEM (n = 3 per group). *P < 0.05 vs. si-con; #P < 0.05 vs. DOX + si-con; ¥P < 0.05 vs.
DOX+14,15-EET + si-con.

that AMPKa siRNA prevented the ameliorative effects of 14,15-EET on apoptosis-positive cardiomyocytes (Fig. 5C). In addition, the
protective effects of 14,15-EET was partly abolished in AMPKa siRNA-transfected cardiomyocytes, resulting in increased cleaved
caspase-3 and Bax protein levels, and reduced Bcl-2 protein levels (Fig. 5D). Similarly, AMPKa siRNA pretreatment inhibited 14,15-
EET-mediated upregulation in PGC-1a and UCP2 levels (Fig. 5E). These findings suggest that AMPK is responsible for the protective
roles in DOX cardiotoxicity.

4. Discussion

However, the specific mechanism by which anthracyclines cause cardiotoxicity remains unclear. Based on our findings, we
conclude that CYP2J2 overexpression counteracts the development of DOX-related toxicity in a mouse model by improving cardiac
dysfunction and remodeling, which is linked to diminished oxidative damage and cardiomyocyte apoptosis. Furthermore, exogenous
14,15-EET diminished reactive oxygen species (ROS) production, mitochondrial dysfunction, and apoptosis via the AMPK pathway in
H9c2 cells exposed to doxorubicin exposure. Based on these findings, EETs represent a potential approach to reduce chemotherapy-
induced cardiotoxicity.

The improvement in systolic function due to an increased ejection fraction and fractional shortening represents an unexpectedly
favorable cardiovascular outcome of CYP2J2 overexpression in animals with DOX-induced cardiotoxicity. Cardiac fibrosis is char-
acterized by an aberrant extracellular matrix remodeling and accumulation of collagen fibers in heart, resulting in cardiac dysfunction
and congestive heart failure [21,22]. Our results suggested that CYP2J2 can be used as a targeted drug to inhibit cardiac fibrosis. The
enzymes LDH, CK-MB, and cTnl, which are located in the cytoplasm of cardiomyocytes, are sensitive indicators of cardiac tissue
dysfunction owing to their leakage into serum after cardiomyocyte damage. ANP and BNP, released from the ventricles during
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Fig. 5. (continued).

stretching are critical markers of cardiomyocyte damage. In other animal models of cardiac damage, overexpression of CYP2J2 has
been found to exert similar cardioprotective effects [14]. Here, we measured the levels of these cardiac injury markers and found that
the overexpression of CYP2J2 protected against cardiac injury and dysfunction, which may be a potential target for new drugs.
Previous studies have shown that oxidative stress, with excessive ROS production, is the primary cause of DOX-induced car-
diotoxicity. After DOX treatment, an imbalance between antioxidants and ROS promotes oxidative stress followed by lipid membrane
peroxidation, mitochondrial damage, and apoptosis [23]. The stable end product of lipid peroxidation, MDA, directly indicates the
severity of oxidative damage [24]. NOX2 and NOX4 are the two major isoforms of NOXs in the heart and are among the most important
sources of cardiac ROS. Depletion of GSH indicates its overutilization in the cellular microenvironment with a redox imbalance, which
further promotes oxidative stress and apoptosis [25]. SOD is an antioxidant enzyme that catalyzes the dismutation of superoxide and
converts harmful superoxide radicals into hydrogen peroxide [26]. Our results demonstrated that the decreased GSH content and SOD
activity, and increased MDA, NOX2, and NOX4 levels after DOX treatment were markedly reversed by CYP2J2 or 14,15-EET, indi-
cating that EETs play cardioprotective roles against oxidative damage and mitochondrial dysfunction during DOX cardiotoxicity.
Substantial evidence has shown that cardiomyocyte apoptosis and subsequent cell loss in DOX-related cardiotoxicity results in
cardiac dysfunction and heart failure. DRP1 expression levels are associated with mitochondrial fission-associated GTPase and clas-
sical proteins that affect mitochondrial morphological changes, and increased DRP1 expression can promote mitochondrial fission
[27]. During doxorubicin metabolism, ROS accumulation in the heart results in cytochrome C release, which leads to caspase-3
activation and initiation of cardiomyocyte apoptosis [28]. Among apoptotic regulatory genes, the caspase and Bcl-2 families play
key roles. Bax and Bcl-2 are antagonistic regulatory genes. Specifically, Bax stimulates cytochrome C release from the mitochondria,
forming an apoptosome complex in the cytosol. This complex triggers a caspase cascade causing cardiomyocyte apoptosis [29].
Conversely, Bcl-2 can prevent cytochrome C release from the mitochondria and maintain mitochondrial structure and function to
inhibit apoptosis [29,30]. In viable cells, caspase-3 is an inactive procaspase and its activation is initiated after a certain subunit is
proteolytically cleaved. Subsequently, downstream substrates are cleaved, leading to apoptosis [31]. In the present study, DOX
treatment significantly elevated c-caspase-3, Bax, DRP1, and cytosol cytochrome C levels, decreased Bcl-2 expression, and increased
the number of apoptotic cells in the heart. However, these effects were ameliorated upon treatment with either CYP2J2 or 14, 15-EET.
Consistent with our results, the anti-apoptotic effects of CYP2J2 and EETs were observed in other heart failure models. These findings
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Fig. 5. (continued).

indicate that CYP2J2-derived EETs differentially modulate Bcl-2 family expression levels and, in turn, reduce DOX-induced cardiac
apoptosis caused by doxorubicin.

AMPK consists of a catalytic a-subunit and two regulatory (f and y) subunits [12]. Phosphorylation at the THR172 site of the a
subunit which serves as the catalytic unit of AMPK, is key to AMPK activation [32], and the f subunit uses its c-terminal domain to bind
the o and y subunits together; the y subunit is responsible for the allosteric activation of AMPK by AMP [33]. AMPK regulates the
ROS/redox equilibrium, endoplasmic reticulum stress, apoptosis, cell proliferation and mitochondrial function to preserve cellular
homeostasis. Animals deficient in AMPK exhibit increased cardiac hypertrophy, oxidative stress and energy stress, thereby promoting
mitochondrial dysfunction, apoptosis, increased infarct size, and accelerated heart failure [34]. PGC-1a, a critical downstream effector
of AMPK, is largely associated with the maintenance and repair of hypoxic and ischemic cardiomyocytes [35]. The AMPK pathway has
been shown to exert beneficial effects in the context of DOX cardiotoxicity [13,36]. Lack of AMPK activity leads to mitochondrial ROS
perception and decomposition, which resists stress and maintains cellular metabolic balance [37]. Studies have also shown that
myocardial AMPK and PGC-1a activation is significantly inhibited in the cardiomyocytes exposure to doxorubicin. As shown in mouse
cardiac tissues and H9C2 cells, AMPK activation by overexpression of CYP2J2 or 14,15-EET treatment upregulated PGCla and UCP2
expression levels after DOX exposure. Conversely, knockdown of AMPK by siRNA inhibited the 14,15-EET-induced PGCla and UCP2
upregulation and its downstream effects, including antioxidant activities, along with anti-apoptotic activities in DOX-treated H9C2
cells. These results indicate that CYP2J2-derived EETs confer myocardial protection via the AMPK pathway by suppressing oxidative
damage, mitochondrial dysfunction, and apoptosis in cardiomyocytes exposed to doxorubicin. Currently, we mainly focused on the
fact that CYP2J2 overexpression prevents DOX cardiotoxicity. The lack of results from CYP2J2 knock-out mice is one of the limitations
of the present study.

5. Conclusion
Concludingly, we demonstrated that CYP2J2-derived EETs protected against cardiac dysfunction and decreased the oxidative
stress, mitochondrial dysfunction, and apoptosis observed in DOX-induced cardiotoxicity. In vitro investigations showed that this

occurred through the upregulation of the AMPK signaling pathway. These results highlight a novel protective role of EETs against
oxidative stress, mitochondrial dysfunction, and apoptosis resulting from chemotherapy-related cardiotoxicity. Thus, EETs may serve
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as drug targets to protect against cancer treatment-related cardiotoxicity in clinical settings. The development of EET analogs is
evolving as an important research direction for reducing DOX-related cardiotoxicity.
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AMPK  Adenosine monophosphate-activated protein kinase
Bax Bcl-2-associated X protein

Bcl-2 B-cell lymphoma-2

CK-MB creatine kinase MB isoenzyme

cleaved caspase-3 C-caspase-3

cTnT cardiac troponin T

CYP2J2 cytochrome P450 epoxygenase 2J2

DHE Dihydroethidium

DOX doxorubicin

EETs epoxyeicosatrienoic acids

EEZE epoxyeicosa-5(Z)-enoic acid

heart weight/tibial length HW/TL;

LDH lactate dehydrogenase

MDA malondialdehyde

NOX2  nicotinamide adenine dinucleotide phosphate oxidase 2
NOX4  nicotinamide adenine dinucleotide phosphate oxidase 4
PGC-la peroxisome proliferator-activated receptor gamma coactivator 1-alpha
rAAV-GFP recombinant adeno-associated virus expressing green fluorescent protein
ROS reactive oxygen species

SDS sodium dodecyl sulfate-polyacrylamide;

SOD1 superoxide dismutase 1

SOD2 superoxide dismutase 2

UCP2 uncoupling protein 2
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