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GRAPHICAL ABSTRACT

ANKRD1 knockdown attenuates doxorubicin-induced dilated cardiomyopathy by regulating mitochondrial dysfunction and oxidative stress through
activation of the AMPK/AKT/mTOR pathway.
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ARTICLE INFO ABSTRACT

Article history: Background: Doxorubicin (DOX), a widely used chemotherapeutic agent, causes severe cardiotoxicity that
Received 14 May 2025 frequently progresses to dilated cardiomyopathy (DCM). While ankyrin repeat domain 1 protein
Accepted 11 August 2025 (ANKRD1) plays critical roles in cardiovascular pathophysiology, its specific involvement in
Available online 11 November 2025 doxorubicin-induced DCM remains unknown. This study investigates the functional significance of
ANKRD1 in DOX-induced DCM pathogenesis.

Results: DOX treatment significantly upregulated ANKRD1 expression in both rat models and H9c2 rat
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cardiomyocytes. In vivo, ANKRD1 knockdown ameliorated DOX-induced cardiac dysfunction, as demon-
strated by improved left ventricular ejection fraction and fractional shortening, along with reduced serum
levels of lactate dehydrogenase and creatine kinase-myocardial band. Conversely, ANKRD1 overexpres-
sion exacerbated cardiac impairment. Pathological examination revealed that ANKRD1 knockdown atten-
uated DOX-induced myocardial tissue damage and collagen deposition, while ANKRD1 overexpression
intensified these pathological changes. Furthermore, ANKRD1 knockdown mitigated mitochondrial dys-
function and oxidative stress in DCM models both in vivo and in vitro. Mechanistically, ANKRD1

* Audio abstract available in Supplementary material.

Peer review under responsibility of Pontificia Universidad Catélica de Valparaiso.
* Corresponding authors.
E-mail addresses: shlshl_in_jsph@hotmail.com (H. Sun), sjshenjian_jsph@outlook.com (J. Shen).
! These authors contributed equally to this work.

https://doi.org/10.1016/j.ejbt.2025.08.002
0717-3458/© 2025 The Author(s). Published by Elsevier Inc. on behalf of Pontificia Universidad Catélica de Valparaiso.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


http://crossmark.crossref.org/dialog/?doi=10.1016/j.ejbt.2025.08.002&domain=pdf
https://doi.org/10.1016/j.ejbt.2025.08.002
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:shlshl_in_jsph@hotmail.com
mailto:sjshenjian_jsph@outlook.com
https://doi.org/10.1016/j.ejbt.2025.08.002
http://www.sciencedirect.com/science/journal/07173458
http://www.elsevier.com/locate/ejbt

J. Yuan, Y. Zhou, G. Wei et al.

Doxorubicin
Mitochondrial damage
Oxidative stress

Electronic Journal of Biotechnology 79 (2026) 100696

knockdown activated the AMP-activated protein kinase (AMPK)/protein kinase B (AKT)/mammalian tar-
get of rapamycin (mTOR) signaling cascade, thereby attenuating DOX-induced cardiomyocyte toxicity,
mitochondrial dysfunction, and oxidative stress. Rescue experiments using the AMPK inhibitor dorso-
morphin confirmed this pathway’s involvement, as dorsomorphin treatment abolished the protective
effects of ANKRD1 knockdown against DOX-induced cardiomyocyte damage.

Conclusions: ANKRD1 knockdown prevents DOX-induced DCM by ameliorating mitochondrial dysfunc-
tion and oxidative stress through activation of the AMPK/AKT/mTOR pathway. These findings establish
ANKRD1 as a promising therapeutic target for preventing DOX-induced cardiotoxicity and DCM.
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1. Introduction

Dilated cardiomyopathy (DCM) usually refers to left ventricular
enlargement and myocardial contractile dysfunction in the
absence of abnormal load or severe coronary artery disease suffi-
cient to account for cardiac dysfunction [1,2]. DCM may result from
various causes, including genetic mutations, infections, inflamma-
tion, autoimmunity, toxins, and endocrine or neuromuscular disor-
ders [3,4]. Currently, different treatment strategies are used
clinically according to the etiology, clinical symptoms, and severity
of DCM, and the treatment as a whole focuses mainly on control-
ling symptoms, reducing the risk of sudden cardiac death, and
improving the structural and electrical complications of disease
progression. Since DCM patients often experience a gradual onset
with an unknown etiology, they are typically diagnosed when
heart failure is already advanced, leading to a poor prognosis and
a 10-year mortality rate of around 40% [5]. Therefore, new diagnos-
tic methods and therapeutic strategies for DCM still need to be fur-
ther explored.

As a member of the anthraquinone class, Doxorubicin (DOX) is
extensively utilized as a first-choice antitumor drug for managing
different malignant solid tumors and acute lymphomas. How-
ever, despite significantly improving long-term survival in cancer
patients, DOX’s clinical utility is limited by cumulative dose-
dependent cardiotoxicity that frequently progresses to DCM
[6,7]. Although the mechanism by which DOX induces DCM has
not been fully elucidated, mitochondrial dysfunction and oxida-
tive stress are thought to be involved [8]. The heart, as a constant
biological pump that requires a constant supply of energy, con-
sumes the most energy [9]. Energy is primarily produced in the
mitochondria, with adenosine triphosphate (ATP) being gener-
ated through the electron transport chain and oxidative phos-
phorylation (OXPHOS) systems to maintain normal myocardial
physiological function [10,11]. Mitochondrial dysfunction signif-
icantly contributes to DCM development and could be a key focus
for targeting DOX-induced DCM [12,13,14,15]. OXPHOS is a
major source of mitochondrial ATP and a major site of reactive
oxygen species (ROS) production. Cardiac ROS signaling under
physiological conditions regulates cardiomyocyte maturation,
cardiac calcium, excitation-contraction coupling, and vascular
tone. Pathological disturbances in ROS regulation can trigger
ROS overaccumulation, resulting in oxidative stress, a major con-
tributor to DCM pathogenesis [16,17]. Experimental evidence
demonstrates that DOX induces oxidative damage in cardiac
cells, characterized by elevated malondialdehyde (MDA) levels
and suppressed superoxide dismutase (SOD) activity in primary
cardiomyocytes. These findings are corroborated by in vivo stud-
ies where DOX-treated rats exhibited significantly decreased car-
diac SOD activity and increased MDA content compared to

controls, driving substantial lipid peroxidation product accumu-
lation and severe oxidative stress [18,19]. Previous research con-
sistently highlights the pivotal role of oxidative stress in DOX-
induced DCM pathogenesis [20,21]. Consequently, targeted mod-
ulation of mitochondrial dysfunction and oxidative stress at
myocardial lesion sites represents a promising precision thera-
peutic strategy for DCM management.

Ankyrin repeat domain 1 protein (ANKRD1), known for its high
conservation and multifunctionality, is thought to play a part in
cardiogenesis, mechanoreception, gene expression regulation,
intracellular signaling, and the cardiac stress response. ANKRD1
mutations are directly associated with DCM due to disruption of
normal signaling in cardiac torsion [22]. As established in prior
research, ANKRD1 expression is significantly upregulated in
patients with DCM and ischemic cardiomyopathy [23]. Elevated
ANKRD1 levels in idiopathic DCM correlate with reduced cardiac
contractility and compliance, positioning this protein as a potential
biomarker for cardiac remodeling and disease progression [24].
Transcriptomic analyses further identify ANKRD1 as a core differ-
entially expressed gene distinguishing DCM from non-heart failure
states, with expression patterns predictive of DCM diagnosis and
inversely correlated with left ventricular ejection fraction (LVEF)
[25]. Complementary murine models reveal that cardiomyocyte-
specific ANKRD1 overexpression initially preserves ejection frac-
tion and muscle fiber force akin to hypertrophic cardiomyopathy
phenotypes, but ultimately progresses to myxomatous degenera-
tion characteristic of DCM [26,27]. Furthermore, ANKRD1 defi-
ciency blunts cardiac damage and remodeling in experimental
autoimmune myocarditis models, preserving cardiac function dur-
ing post-myocarditis DCM development [28].

Therefore, the present study mimicked DCM in vitro and in vivo
by treating rats and H9c2 cells with DOX, and then investigated the
effect of ANKRD1 on DOX-induced DCM and its potential mecha-
nism by gain-or-loss-of-function experiments.

2. Materials and methods
2.1. Animals and experimental protocol

Sprague-Dawley rats, aged 8 weeks and weighing between 220
and 260 g, were acquired from Beijing Vital River Laboratory Ani-
mal Technology Co., Ltd. (Beijing, China). They were kept in a speci-
fic pathogen-free setting with a temperature range of 21-25°C, a
12 h light/dark cycle, and unlimited access to food and water. To
minimize the potential impact of environmental factors on exper-
imental outcomes, the rats were acclimated for one week prior to
the initiation of the experiment. This experiment was approved
and reviewed by Jiangsu Province Hospital Animal Ethics Commit-
tee (No. 2021-SRFA-023).
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Rats were randomly allocated using a random number table
into two groups (n = 20 per group): vehicle control (Control) and
DOX-treated (DCM). The DCM model was established following
previously published protocols [29,30,31,32], with minor adjust-
ments based on our preliminary experiments. DOX (Solarbio, Bei-
jing, China) was dissolved in 0.9% saline and administered via
intraperitoneal injection at a dose of 2.5 mg/kg body weight every
five days for six cycles (on days 0, 6, 12, 18, 24, and 30), yielding a
cumulative dose of 15 mg/kg. Control rats received an equivalent
volume of 0.9% saline at the same timepoints.

To investigate ANKRD1's role in vivo, a separate cohort was ran-
domized into four groups (n = 20 per group): ANKRD1 overexpres-
sion (AAV9-ANKRD1 + DOX), ANKRD1 knockdown (AAV9-
shANKRD1 + DOX), overexpression control (AAV9-NC + DOX),
and knockdown control (AAV9-shNC + DOX). Cardiac-specific
modulation was achieved through intramyocardial injection of
adeno-associated virus (AAV) 9 vectors (2 x 10'" vector gen-
omes/rat, Hanbio Biotechnology, Shanghai) expressing ANKRD1
or shRNA under the cardiac troponin T promoter. Four weeks
post-AAV9 administration, DOX treatment commenced to induce
DCM.

The DCM model was successfully induced in 85% of the animals,
based on echocardiographic criteria, which defined DCM as
LVEF < 60% and left ventricular fractional shortening (LVFS) < 25%.
Throughout the experimental period, eighteen rats died prior to
the scheduled endpoint, distributed as follows: DOX-only (n = 3),
AAV9-NC + DOX (n = 3), AAV9-shNC + DOX (n = 4), AAV9-
ANKRD1 + DOX (n = 5), and AAV9-shANKRD1 + DOX (n = 3). Mor-
tality peaked during weeks 4-6 of DOX treatment, with necropsy-
confirmed causes of acute heart failure or sudden cardiac death
consistent with established model progression [29]. No mortality
occurred in vehicle controls. Two additional animals were
excluded pre-analysis for non-protocol reasons: one developed
severe pneumonia (day 18) and another succumbed to a procedu-
ral complication during injection (day 12). These exclusions fol-
lowed predefined DOX-independent criteria to preserve
analytical integrity. We confirm these attrition events were incor-
porated into statistical power calculations and did not affect the
validity of intergroup comparisons or final outcomes.

One week after the DOX injection, 1% pentobarbital sodium
(50 mg/kg) anesthetized rats were subjected to transthoracic
echocardiography to assess cardiac function. Blood samples were
collected before euthanasia, and myocardial tissue samples were
collected and stored at —80°C. To ensure experimental repro-
ducibility, a minimum of five biological replicates per group were
analyzed in subsequent in vivo experiments.

2.2. Measurement of cardiac function

Echocardiography was performed on anesthetized rats using a
transthoracic echocardiography system (VisualSonics, Canada).
LVEF and LVFS were calculated from three consecutive cardiac
cycles.

2.3. Enzyme-linked immunosorbent assay (ELISA)

Rat right common carotid artery blood (4 mL) was centrifuged
at 3000 r/min at 4°C for 10 min. The resulting serum was detected
using ELISA kits for creatine kinase-myocardial band (CK-MB) and
Lactate dehydrogenase (LDH) (MLBIO, Shanghai, China).

2.4. Histological examination
Rat cardiac tissues were fixed overnight in 4% paraformalde-

hyde, dehydrated with a series of alcohol concentrations, perme-
abilized using xylene, and embedded in paraffin to produce 5 pm
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thick slices. The sections of the specimens were evaluated under
a light microscope (Olympus, Tokyo, Japan) after being stained
with hematoxylin-eosin (HE), Masson’s trichrome, and were then
observed for morphological changes and fibrosis in the
myocardium.

For HE staining, slices were routinely dewaxed and successively
treated with hematoxylin and eosin for 10 min, 1% hydrochloric
acid for 10 s, 2% sodium bicarbonate for 10 s, and eosin staining
solution for 3 min. Following gradient alcohol dehydration and
xylene permeabilization, slices were sealed with neutral resin
and observed under a light microscope.

For Masson'’s trichrome staining, Masson’s Trichrome Stain Kit
(Solarbio) was used. Weigert’s iron hematoxylin staining solution
was prepared prior to use. Tissue sections were routinely dewaxed
and stained with Weigert’s iron hematoxylin staining solution for
10 min. Excess stain was removed by rinsing with distilled water.
Acid differentiation solution was then applied for 12 s, followed by
another 30 s distilled water rinse. Sections were blued by applying
Masson bluing solution for 3-5 min and rinsed again with distilled
water for 30 s. Ponceau-fuchsin was applied for 8 min. A weak acid
working solution was prepared by mixing distilled water with the
weak acid solution in a 2:1 ratio and applied for 30 s after the
ponceau-fuchsin staining step. After tipping off excess liquid, phos-
phomolybdic acid solution was applied for 1-2 min, followed by a
30-s rinse with the weak acid working solution. Excess liquid was
removed before applying aniline blue staining solution for 1 min,
concluding with a final 30 s rinse using the weak acid working
solution. Following gradient alcohol dehydration and xylene per-
meabilization, slices were sealed with neutral resin and observed
under a light microscope. The percentage of fibrosis was calculated
by using Image] software.

2.5. Detection of mitochondrial ROS

Mitochondrial ROS were detected in myocardial frozen sections
using the MitoSOX™ Green (M36005, Thermo Fisher Scientific,
Waltham, MA, USA) based on the manufacturers’ instructions.
Briefly, frozen sections were incubated with 5 pM MitoSOX at
37°C for 30 min protected from light and then washed with
phosphate-buffered saline (PBS). The intensity of green fluores-
cence was observed under a fluorescence microscope (Leica, Wet-
zlar, Germany).

2.6. Immunohistochemistry

Myocardial tissue paraffin sections were deparaffinized, placed
in citrate antigen repair buffer, incubated with 3% hydrogen perox-
ide solution for 25 min, blocked with 3% BSA for 30 min, and incu-
bated with primary antibody 4-hydroxynonenal (4-HNE; 1:200,
ab48506, Abcam, Cambridge, USA) at 4°C overnight and secondary
antibody (Abcam) at room temperature for 50 min. DAB color solu-
tion was dropped, followed by hematoxylin counterstaining. After
dehydration and sealing, photographs were taken under a light
microscope (Olympus).

2.7. Cell culture and experimental protocol

The H9c2 rat cardiomyocyte line (CRL-1446, ATCC, Manassas,
VA) was maintained in Dulbecco’s Modified Eagle Medium
(DMEM; Thermo Fisher Scientific) supplemented with 10% fetal
bovine serum, 100 U/mL penicillin, and 100 pg/mL streptomycin
at 37°C in a humidified 5% CO, atmosphere.

To establish the injury model, H9¢2 cells at 80% confluence
were exposed to 1 uM doxorubicin (DOX) for 24 h, while control
cells received equal volumes of phosphate-buffered saline.
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For in vitro investigation of ANKRD1's role, H9c2 cells were pla-
ted in 6-well plates for 24 h and then transfected with ANKRD1
overexpression lentivirus (0eANKRD1) or knockdown lentivirus
(shANKRD1) and their corresponding negative controls (0eNC or
shNC), constructed by Genechem (Shanghai, China), respectively.
After 12 h post-transfection, cells were cultured in complete med-
ium for 72 h. Stable transductants were selected using 2 pg/mL
puromycin-containing medium. Successful ANKRD1 modulation
was confirmed by Western blotting prior to subsequent 24-h treat-
ment with 0.5 uM DOX.

For pathway validation, lentivirus-transduced H9c2 cells were
pretreated with 10 pM AMP-activated protein kinase (AMPK) inhi-
bitor dorsomorphin (HY-13418A; MedChemExpress, USA) for
30 min before 24 h exposure to 1 uM DOX.

2.8. Cell Counting Kit-8 (CCK-8) assay

Cell viability was measured using the CCK-8 kit (Solarbio)
according to the manufacturer’s instructions. After indicated treat-
ments, cells were seeded at 2 x 10 cells/well in 96-well plates and
incubated overnight, followed by the addition of 10 pL CCK-8 solu-
tion to 100 pL DMEM for 2 h. Absorbance was measured at 450 nm
using a fully automated microplate reader (Bio-Rad, USA).

2.9. LDH assay

LDH release into culture supernatants served as a cytotoxicity
indicator. Following specified treatments, supernatants were col-
lected and LDH levels quantified using an LDH Release Assay Kit
(C0019S, Beyotime, Shanghai, China) per manufacturer’s protocol.
Absorbance measurements were obtained at 490 nm using a Bio-
Rad microplate reader.

2.10. Mitochondrial membrane potential (MMP) assay

Prepare the JC-1 staining working solution following the manu-
facturer’s instructions (C2003S, Beyotime). Harvest 3 x 10° cells
and resuspend in 0.5 mL culture medium. Add 0.5 mL freshly pre-
pared JC-1 working solution, mixing thoroughly by inverting the
tube several times. Incubate cells at 37°C for 20 min in a culture
incubator. After incubation, centrifuge at 600 g for 3-4 min at
4°C to pellet cells. Discard the supernatant and perform two wash-
ing cycles: First, resuspend the pellet in 1 mL JC-1 staining buffer
and centrifuge at 600 g (4°C, 3-4 min). Discard supernatant, then
repeat this wash procedure once more. Finally, resuspend cells in
an appropriate volume of JC-1 staining buffer. MMP analysis was
conducted using a BD FACSCanto II flow cytometer (Becton Dickin-
son, NY, USA), with fluorescence data (red/green ratio) processed
through Flow]o software.

2.11. Detection of intracellular and mitochondrial ROS

As instructed by the manufacturer, cells were incubated with
10 uM 2, 7-dichlorodihydrofluorescein diacetate (DCFH-DA,
S0033M, Beyotime) at 37°C for 20 min or 5 pM MitoSOX
(M36005, Thermo Fisher Scientific) at 37°C for 10 min and detected
on a flow cytometer (Becton Dickinson). Fluorescence data were
processed with Flow]Jo software.

2.12. ATP Measurement

ATP levels in cells and tissues were quantified using a commer-
cial ATP assay kit (S0027, Beyotime). Supernatants from rat
myocardial lysates and cellular preparations were collected and
processed with the ATP-detection lysis buffer provided in the kit.
An appropriate volume of ATP detection working solution was
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freshly prepared at a ratio of 100 pL per sample or standard. This
working solution was then transferred to all cellular and tissue
samples. Relative light units were measured using a luminometer,
with ATP concentrations subsequently determined from the stan-
dard calibration curve according to the manufacturer’s
instructions.

2.13. Measurement of MDA, SOD and glutathione (GSH)

MDA content, SOD activity, and GSH levels were quantified in
rat myocardial tissue homogenates and cellular supernatants using
standardized commercial assays. MDA was measured via thiobar-
bituric acid reaction, SOD activity determined by xanthine oxidase
method, and GSH content assessed colorimetrically, employing
corresponding detection kits (A003-1-2 for MDA, A001-1-2 for
SOD, A005-1-2 for GSH; Nanjing Jiancheng Bioengineering Insti-
tute, Jiangsu, China) strictly according to the manufacturer’s
protocols.

2.14. Western blot

Total protein was extracted from myocardial tissue homoge-
nates and cells using Radio-immunoprecipitation assay buffer
(Beyotime), followed by quantification by BCA kit (Beyotime).
Then, 20 pg protein was separated by SDS-PAGE (Beyotime),
transferred to PVDF membranes (Millipore, USA), blocked with
50 g/L skimmed milk powder-TBST solution for 1 h, and com-
bined with primary antibodies including ANKRD1 (1:1000,
#A6192, Abclonal, Wuhan, China), AMPK (1:1000, #5832, CST,
MA, USA), phosphorylated AMPK (p-AMPK; 1:1000, #50081,
CST), protein kinase B(AKT; 1:1000, #4691T, CST), phosphory-
lated AKT (p-AKT; 1:1000, #4060T, CST), mammalian target of
rapamycin (mTOR; 1:1000, #2983, CST), phosphorylated mTOR
(p-mTOR; 1:1000, #5536, CST), and B-actin (1:5000, 81115-1-
RR, Proteintech). Horseradish peroxidase-labeled corresponding
secondary antibody (1:5000, CST) was allowed to incubate for
1 h. Color development was facilitated using ECL (Pierce, CA,
USA) in the ChemiDoc™ MP system (Bio-Rad). Quantification
was analyzed by Image] software.

2.15. Reverse transcription-quantitative polymerase chain reaction
(RT-qPCR)

Total RNA was extracted by TRIzol reagent (Invitrogen), and
the concentration and purity of RNA were detected by UV spec-
trophotometer (Thermo Fisher Scientific). mRNA cDNA was syn-
thesized using PrimeScript™ RT reagent kit (TAKARA, Shiga,
Japan) and detected using SYBR Green Master Mix (Thermo
Fisher Scientific) on the Applied Biosystems 7500 Fast Real-
Time PCR system (Applied Biosystems, CA, USA). The samples
were pre-denatured by heating at 95°C for 30 s, followed by 40
cycles of amplification (5 s at 95°C and 34 s at 60°C) and finally
dissociation (15 s at 95°C, 1 min at 60°C, and 15 s at 95°C). Gene
calculation was done with the 2-22% method using B-actin as an
internal reference. Designed PCR primers (Sangong, Shanghai,
China) are found in Table 1.

Genomic DNA was extracted from cardiac tissues and H9C2 car-
diomyocytes using a DNA extraction kit (Tiangen, Beijing, China).
To detect mitochondrial DNA (mtDNA) copy numbers, DNA was
analyzed using RT-qPCR with primers specific to mtDNA. (Table 1).

2.16. Statistical analysis
Data were statistically analyzed using GraphPad Prism (version

10.0), and presented as mean + standard deviation. Two groups
were compared using a t-test, and multiple groups were evaluated
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Table 1
Primers.
Sequences (5’ - 3')
mtDNA Forward: GCCTATCGAGCTTGGTGATA
Reverse: TATCCTACCTTTGCACGGTC
nDNA Forward: CAAGGCCAAGTCCACAAGTC
Reverse: ACAAAGCGCAGGAAGAAGTG
ANKRD1 Forward: GTTCCTTCCTGGCGAGTTCA
Reverse: TTCCGTTGTTCTTCCCCCAG
B-actin Forward: TGCTATGTTGCCCTAGACTTCG

Reverse: GTTGGCATAGAGGTCTTTACGG

Note: mtDNA, mitochondrial DNA; nDNA, nuclear DNA;
ANKRD1, ankyrin repeat domain 1.

with one-way or two-way ANOVA, followed by Tukey’s post hoc
test. Statistical significance was determined at p < 0.05 (*p < 0.05,
*p < 0.01, ***p < 0.001; ns, not significant).

3. Results
3.1. DOX induces upregulation of ANKRD1

Successful establishment of the DOX-induced DCM model
(Fig. 1A) was confirmed through multimodal validation. Echocar-
diography revealed significant impairment of cardiac function in
DOX-treated rats, evidenced by reduced LVEF (40.79 + 4.14% vs
61.7 £4.52% in controls; p < 0.001) and fractional shortening (LVFS:
16.59 + 3.57% vs 34.32 + 4.43%; p < 0.001) (Fig. 1B; t-test). Serum
biomarkers confirmed myocardial injury, with elevated CK-MB
and LDH levels (both p < 0.001, Fig. 1C; t-test). Histopathological
examination demonstrated characteristic DCM alterations: HE
staining showed interstitial edema, nuclear deformation, and
structural disorganization in myocardial tissue (Fig. 1D), while
Masson trichrome staining confirmed substantial collagen deposi-
tion (16.96 + 2.03% vs 4.91 + 1.19% in controls; p < 0.001) (Fig. 1E;
t-test). These findings collectively validated the DCM model. Paral-
lel in vitro experiments using H9c2 cardiomyocytes exposed to
1 uM DOX for 24 h recapitulated key injury phenotypes: Cell via-
bility decreased to approximately 57.0% of the Control group
(p < 0.01, Fig. 1F; t-test), accompanied by increased LDH release
(p < 0.001, Fig. 1G; t-test).

Next, we examined ANKRD1 in the DCM model. ANKRD1 expres-
sion was significantly upregulated at both transcriptional (approxi-
mately 3.2-fold increase; p < 0.001) and translational levels
(approximately 5-fold increase; p < 0.001) following DOX administra-
tion (Fig. 2A, B; t-test). Consistent with in vivo findings, DOX exposure
elevated ANKRD1 expression in H9c2 cells (mRNA: 2.86-fold,
p < 0.001, t-test; protein: 1.59-fold, p < 0.001) (Fig. 2C, D; t-test).

3.2. ANKRD1 knockdown attenuates DOX-induced cardiac dysfunction
and myocardial tissue injury in rats

Cardiac-specific modulation of ANKRD1 expression was achieved
through pre-DOX AAV9 administration, as confirmed by Western blot
(all groups p < 0.05 vs. respective controls) (Fig. 3A; t-test). Function-
ally, ANKRD1 knockdown significantly improved cardiac parameters,
elevating both LVEF and LVFS (p < 0.001 vs. AAV9-shNC + DOX group),
while ANKRD1 overexpression exacerbated cardiac dysfunction
(LVEF: p < 0.05; LVFS: p < 0.01 vs. AAV9-NC + DOX group) (Fig. 3B;
one-way ANOVA with Tukey’s post hoc test). Biochemically, ANKRD1
knockdown attenuated DOX-induced elevations in serum CK-MB and
LDH (p < 0.001), whereas ANKRD1 overexpression further increased
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these biomarkers (CK-MB: p < 0.05; LDH: p < 0.001) (Fig. 3C; one-
way ANOVA with Tukey’s post hoc test). Histopathological analysis
demonstrated that ANKRD1 knockdown mitigated DOX-induced
myocardial tissue injury and collagen deposition, while ANKRD1
overexpression potentiated these pathological changes (Fig. 3D, E).

3.3. ANKRD1 knockdown alleviates DOX-induced mitochondrial
dysfunction and oxidative stress in rats

DOX treatment significantly reduced myocardial mtDNA copy num-
ber (55% decrease, p < 0.001) and ATP content (49% decrease, p < 0.001).
ANKRD1 knockdown reversed these deficits (both p < 0.001 vs. AAV9-
shNC + DOX), whereas ANKRD1 overexpression exacerbated mitochon-
drial impairment (mtDNA: p < 0.01; ATP: p < 0.05 vs. AAV9-NC + DOX)
(Fig. 4A-B; one-way ANOVA with Tukey’s post hoc test).

Further, DOX treatment significantly elevated MDA levels while
suppressing SOD activity and GSH content (all p < 0.001 vs. Con-
trol). ANKRD1 knockdown attenuated these oxidative perturba-
tions, reducing MDA (p < 0.001) and restoring GSH (p < 0.05)
versus AAV9-shNC + DOX group. Conversely, ANKRD1 overexpres-
sion exacerbated DOX-induced oxidative damage, further elevating
MDA (p < 0.001) and suppressing antioxidant activities (p < 0.05)
(Fig. 4C; one-way ANOVA with Tukey’s post hoc test). Mitochon-
drial ROS assessment revealed parallel effects: DOX elevated ROS,
which was normalized by ANKRD1 knockdown but amplified by
ANKRD1 overexpression (Fig. 4D). The analysis of 4-HNE, a perox-
idation product, in myocardial tissue through immunohistochem-
istry revealed (Fig. 4E) that DOX treatment elevated myocardial
4-HNE levels. This elevation was reduced by knocking down
ANKRD1, but increased with its overexpression.

3.4. ANKRD1 knockdown attenuates DOX-induced cardiomyocyte
injury, mitochondrial dysfunction, and oxidative stress

To further validate the protective role of ANKRD1 in DOX-
induced cardiomyocyte injury, H9c2 cells were treated with len-
tiviruses knocking down or overexpressing ANKRD1, respectively,
prior to DOX intervention. Western blot verified the alteration of
ANKRD1 expression in the cells (all groups p < 0.01 vs. respective
controls) (Fig. 5A; t-test). Silencing ANKRD1 reversed the reduction
in cell viability (p < 0.01 vs. shNC + DOX) and the rise in LDH
release (p < 0.05 vs. shNC + DOX) due to DOX, whereas overex-
pressing ANKRD1 intensified the myocardial cytotoxicity caused
by DOX (cell viability: p < 0.05; LDH release: p < 0.01 vs.
0eNC + DOX) (Fig. 5B, C; one-way ANOVA with Tukey’s post hoc
test). ANKRD1 knockdown significantly attenuated DOX-induced
mitochondrial dysfunction in cardiomyocytes, which was mainly
manifested as increased mtDNA copy number (p < 0.01), enhanced
ATP synthesis (p < 0.01), and reduced MMP depolarization
(p < 0.001). ANKRD1 overexpression further aggravated DOX-
induced mitochondrial dysfunction in cardiomyocytes (mtDNA:
p < 0.05; MMP: p < 0.05 vs. oeNC + DOX) (Fig. 5D-F; one-way
ANOVA with Tukey’s post hoc test). Flow cytometry assay revealed
that ANKRD1 knockdown reversed the upregulation of mitochon-
drial ROS (p < 0.05 vs. shNC + DOX) and intracellular ROS
(p <0.001 vs. shNC + DOX) levels by DOX, and ANKRD1 overexpres-
sion had the opposite effect (mitochondrial ROS: p < 0.05; intracel-
lular ROS: P < 0.01 vs. 0eNC + DOX) (Fig. 5G, H; one-way ANOVA
with Tukey’s post hoc test). A significant increase in cellular MDA
(p < 0.01) and a decrease in SOD (p < 0.001) and GSH (p < 0.001)
were induced by DOX; however, knocking down ANKRD1 reduced
MDA (p < 0.05) and enhanced SOD (p < 0.05) and GSH (p < 0.01)
activities, whereas overexpressing ANKRD1 produced the opposite
results, further elevating MDA (p < 0.01) and suppressing GSH
(p < 0.01) (Fig. 5I; one-way ANOVA with Tukey’s post hoc test).
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3.5. AMPK/AKT/mTOR pathway is involved in DCM and affected by
ANKRD1

The process by which DOX injures cardiomyocytes is associ-
ated with the accumulation of ROS and an imbalance in energy
metabolism, with mTOR molecules involved in regulating this
process. As central mediators in protein interactions, mTOR-
associated proteins play a pivotal role in connecting autophagy
with oxidative stress signaling driven by energy metabolism
[33]. Western blot detection found that in the myocardial tis-

sues of DCM rats, p-AMPK levels decreased (p < 0.001) while
p-AKT (p < 0.05) and p-mTOR (p < 0.01) levels increased; how-
ever, knocking down ANKRD1 reversed these protein expres-
sion trends (all p < 0.001 vs. AAV9-shNC + DOX group),
whereas overexpressing ANKRD1 had the opposite impact (p-
AMPK/AMPK: p < 0.05; p-AKT/AKT: p < 0.01; p-mTOR/mTOR:
p < 0.01 vs. AAV9-NC + DOX group) (Fig. 6A; one-way ANOVA
with Tukey’s post hoc test). These findings suggest that
ANKRD1 knockdown activates the AMPK/AKT/mTOR signaling
cascade in myocardial tissues of DCM rats. In vitro experiments
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further validated
these findings (Fig. 6B; one-way ANOVA with Tukey’s post hoc
test).

3.6. Dorsomorphin reverses the protection of ANKRD1 knockdown
against DOX-induced cardiomyocyte damage

In vitro experiments using the AMPK inhibitor dorsomorphin
were performed. Western blot results showed that AMPK/AKT/
mTOR in cells stably knocking down ANKRD1 was inhibited upon
dorsomorphin treatment (p-AMPK/AMPK: p < 0.001; p-AKT/AKT:
p < 0.001; p-mTOR/mTOR: p < 0.05 vs. shANKRD1 + DOX group)
(Fig. 7A; one-way ANOVA with Tukey’s post hoc test). Dorsomor-
phin reversed the promotion of cell viability (p < 0.01) and inhibi-
tion of LDH release (p < 0.05) by ANKRD1 knockdown (Fig. 7B, C;
one-way ANOVA with Tukey’s post hoc test). Furthermore, dorso-
morphin counteracted the increase in mtDNA copy number
(p < 0.001) and ATP production (p < 0.05) by knocking down
ANKRD1 (Fig. 7D, E; one-way ANOVA with Tukey’s post hoc test),
and prevented MMP depolarization (p < 0.05, Fig. 7F; one-way
ANOVA with Tukey’s post hoc test). Additionally, the inhibition

of mitochondrial ROS (p < 0.05) and intracellular ROS (p < 0.01)
levels by ANKRD1 knockdown could be partially counteracted by
dorsomorphin (Fig. 7G, H; one-way ANOVA with Tukey’s post
hoc test). Dorsomorphin intervened to reverse the inhibition of cel-
lular oxidative stress by ANKRD1 knockdown (all p < 0.05 vs.
shANKRD1 + DOX, Fig. 7I; one-way ANOVA with Tukey’s post hoc
test).

4. Discussion

This study detailed the expression pattern and significant role of
ANKRD1 in DOX-induced DCM and clarified its main pathological
mechanisms. First, an increase in ANKRD1 expression was identified
in the myocardial tissues of rats with DOX-induced DCM and DOX-
treated rat cardiomyocytes. This is consistent with the experimental
results of Shen et al. [34]. As a nuclear transcriptional cofactor that
negatively regulates cardiac gene expression, ANKRD1 overexpres-
sion in cardiac tissues by recombinant adenoviruses deteriorates con-
tractile function [35]. ANKRD1 overexpression in transverse aortic
constriction mice significantly aggravates cardiac hypertrophy,
whereas ANKRD1 downregulation inhibits this condition [36]. How-


move_f0035

J. Yuan, Y. Zhou, G. Wei et al.

s o
&
¥y & 5 O shNC+DOX o°+ & g [ 0eNC+DOX
°,<>° s{.? 2 @ shANKRD1+DOX & é;l- 2 O 0eANKRD1+DOX
H
& & g 15 2 25 -
s & g= = & < é" 2.0
8 sg*
ANKRD1 W e 35k0a  £E ' ANKRD1 W @) 36 kDa 5E1s
825 8210
- e o 5 B-actin . . 44KkDa 5905
B-actin a 2 3
g 00 3§ 00
F & &
Control DOX shNC+DOX
3 FLI-H, FL2-H sudset, - FLI-H, FL2-H subset
FLI-H, FL2H subs a8 e,
2 LR T ——
= 933
TFLIH, FL2H subset-t T FLIM, FL2H subser1 FLI-H, FL2H subset-1 LI e
e 4 JERC— x 592
@ Control @ Control @ Control B Control
O DOX O DOX O DOX O DOX
O shNC+DOX O shNC+DOX O shNC+DOX O shNC+DOX
[ ShANKRD1+DOX [ shANKRD1+DOX O shANKRD1+DOX [ shANKRD1+DOX
O 0eNC+DOX O 0eNC+DOX O 0eNC+DOX I 0eNC+DOX

[0 0eANKRD1+DOX

i

[0 0eANKRD1+DOX

o

[ 0eANKRD1+DOX

80
E]

Eso
o

Intracellular ROS
(fold change)

© 2N wa G
SOD (Uimg)

shANKRD1+DOX

[ 0eANKRD1+DOX

Electronic Journal of Biotechnology 79 (2026) 100696

B C D E

@ Control

@ pox

[ shNC+DOX

@ shANKRD1+DOX

@ Control
@ pox
O shNC+DOX
@ shANKRD1+DOX

[0 shNC+DOX
@ shANKRD1+DOX

[ shNC+DOX
@ shANKRD1+DOX

© 0eNC+DOX I 0eNC+DOX @ 0eNC+DOX @ 0eNC+DOX
[ 0eANKRD14DOX [ 0eANKRD1+DOX [ 0eANKRD14DOX [ 0eANKRD14DOX

g 20, = : §_15

£ 8T S5

] H

e B g -

3810 25 85

o0 =

2805 530 830s

5 = [

g oo S oo

@ Control

@ pox

[ shNC+DOX

@ shANKRD1+DOX
@ oeNC+DOX

O 0eANKRD1+DOX

82
£ 20

2

S15

z

310

FLI-H, FL2H su
22

@ Control
O pox
O shNC+DOX

@ shANKRD1+DOX
@ 0eNC+DOX
[ 0eANKRD1+DOX

mEROS (fold change)
o N » @

Fig. 5. ANKRD1 knockdown attenuates DOX-induced cardiomyocyte injury, mitochondrial dysfunction and oxidative stress in vitro. (A) Western blot detection of
protein expression level of cellular ANKRD1; (B) CCK8 assay to detect cell viability; (C) Kit to detect cellular LDH release; (D) RT-qPCR to detect tDNA copy number in cells; (E)
Kit to detect ATP content in cells; (F) JC-1 and flow cytometry to detect cellular MMP; (G) MitoSOX and flow cytometry to detect cellular mitochondrial ROS level; (H) DCFH-
DA and flow cytometry to detect intracellular ROS level; (I) Kits to detect cellular MDA, SOD, and GSH level. n = 3 biological replicates per group, * p < 0.05, ** p < 0.01, ***
p <0.001, NS: not significant. One-way ANOVA followed by Tukey’s post hoc test was used in (B-I), t test was used in (A).

ever, the functional characterization of ANKRD1 in DOX-induced
DCM has not been fully elucidated. Our data suggested that ANKRD1
knockdown ameliorated cardiac dysfunction and myocardial injury in
DOX-induced DCM rats, while increasing ANKRD1 levels worsened
these conditions. Nonetheless, previous research on ANKRD1 in car-
diac diseases has produced conflicting findings. For example, increas-
ing ANKRD1 expression might reduce myocardial hypertrophy in
mice by influencing the extracellular signal-regulated kinase and
transforming growth factor-beta pathways [37]. Xie et al. [38] sug-
gested that the conflicting findings on the functional characterization
of ANKRD1 in cardiac disorders may be due to the dual function of
cytoplasmic and cytosolic ANKRD1, where cytoplasmic ANKRD1 can
protect against pressure overload-induced cardiac remodeling,
whereas cytosolic ANKRD1 worsens this cardiac remodeling by
inducing pathological myosin heavy chain gene 7 activation. There-
fore, continued research is essential to further improve our under-
standing of the link between ANKRD1 and DCM pathophysiology.
Mitochondrial dysfunction and oxidative stress are closely asso-
ciated with DOX cardiotoxicity [39,40,41]. Mitochondrial dysfunc-
tion and OXPHOS abnormalities can lead to an overproduction of
ROS, an increase in mitochondrial oxidative stress, and a loss of
MMP, which affects the electron transport chain process, hinders
ATP synthesis, induces cell death, and ultimately leads to cardiac
injury [42]. ANKRD1 overexpression in angiotensin II-stimulated
neonatal rat cardiomyocytes enhances mitochondrial permeability
and apoptosis, reducing cell viability, whereas ANKRD1 knock-
down has the reverse impact [34]. The research similarly indicated
that knocking down ANKRD1 mitigated mitochondrial dysfunction
and oxidative stress caused by DOX in the myocardial tissues of
DCM rats, whereas overexpressing ANKRD1 had the contrary
effect. Also, in vitro, ANKRD1 knockdown attenuated DOX-
induced cardiomyocyte injury, mitochondrial dysfunction and
oxidative stress. These findings suggest that the protective effect

of targeted ANKRD1 knockdown against DOX cardiotoxicity may
be related to the inhibition of mitochondrial dysfunction and
oxidative stress.

In eukaryotic cells, AMPK is a major sensor of cellular energy
and a key responder to energy homeostasis, trophic homeostasis,
and stress responses. AMPK abnormalities are involved in myocar-
dial hypertrophy, inflammatory responses, and myocardial fibrosis
by affecting cellular metabolism in cardiac disease pathogenesis.
Mitochondrial ROS are physiological activators of AMPK, which
mitigates impaired redox homeostasis by enhancing oxidant
bioavailability [43,44]. Through the phosphorylation of target pro-
teins, AKT manages cell growth and survival, exerting antiapop-
totic effects across several downstream pathways. As a
downstream effector of AKT, mTOR is involved in cellular nutrient
metabolism and senescence. Activation of AMPK signaling inhibits
the AKT/mTOR pathway [45]. It has been recorded that targeting
the AMPK/AKT/mTOR pathway alleviates H202-induced oxidative
damage in cardiomyocytes [46]. Inhibition of AMPK activity by
DOX induces DCM by downregulating autophagy to accomplish
apoptosis. AMPK activators attenuate DOX-induced DCM, and
in vitro DOX causes intracellular ROS accumulation in cardiomy-
ocytes, induces mitochondrial damage, leads to an imbalance in
intracellular energy metabolism, and triggers apoptosis [33]. Our
study further supported the involvement of the AMPK/AKT/mTOR
pathway in DOX-induced DCM pathogenesis. As suggested, DOX
inhibited p-AMPK, whereas it promoted p-AKT and p-mTOR levels.
More interestingly, ANKRD1 knockdown reversed the inhibition of
AMPK/AKT/mTOR pathway by DOX, whereas ANKRD1 overexpres-
sion showed the opposite effect. Moreover, AMPK inhibitors
reversed the protection of ANKRD1 knockdown against DOX-
induced cardiomyocyte injury, suggesting that ANKRD1 knock-
down activates the AMPK/AKT/mTOR cascade, which attenuates
DOX-induced cardiomyocyte cytotoxicity, mitochondrial dysfunc-
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tion, and oxidative stress. These results provide the first mechanis-
tic evidence positioning ANKRD1 as a central mediator of mito-
chondrial dysfunction and oxidative stress in DOX-induced
cardiomyopathy via the AMPK/AKT/mTOR axis.

This study has several limitations. First, while findings from ani-
mal and cellular experiments suggest ANKRD1’s potential as an
early cardiotoxicity biomarker, clinical translation requires valida-
tion in human specimens or patient cohorts. Second, although
results demonstrate therapeutic promise, optimal AAV9 dosing
parameters and treatment timelines for ANKRD1 modulation in
DCM remain unestablished. Future investigations should explore
ANKRD1-targeted strategies spanning gene therapies to small-
molecule inhibitors. Third, while our DOX-induced models effec-
tively recapitulate key DCM features, they may not fully capture
disease complexity. The absence of time-course analyses limits
observation of transitional pathophysiology and dose-response
dynamics; subsequent studies should incorporate longitudinal
assessments to delineate disease progression mechanisms. Finally,
due to resource constraints, rescue experiments validating the
AMPK/AKT/mTOR pathway were conducted only in vitro. In vivo
verification in the future would strengthen our mechanistic
conclusions.

10

5. Conclusions

Collectively, our study establishes ANKRD1 as a critical regula-
tor of DOX-induced cardiotoxicity. It modulates mitochondrial dys-
function and oxidative stress via the AMPK/AKT/mTOR signaling
pathway, as validated by integrated molecular and functional anal-
yses that underscore its therapeutic potential. These findings posi-
tion ANKRD1 as a promising target for clinical intervention, with
translational implications extending from cardiac-specific AAV9-
based gene therapies to the development of novel small-
molecule inhibitors tailored for precise cardiomyocyte targeting.
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mtDNA: (E) Kit to detect cellular ATP content; (F) JC-1 and flow cytometry detection of cellular MMP; (G) MitoSOX and flow cytometry to detect cellular mitochondrial ROS
levels; (H) DCFH-DA and flow cytometry to detect intracellular ROS levels; (I) Kits to detect cellular MDA, SOD, and GSH levels. n = 3 biological replicates per group, * p < 0.05,
**p<0.01, ™* p <0.001, NS: not significant. One-way ANOVA followed by Tukey’s post hoc test was used in (B-I), two-way ANOVA followed by Tukey’s post hoc test was used

in (A).
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