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Berberine ameliorates doxorubicin-induced cardiac toxicity via
regulation of the SNHG14/miR-9-5p/PDK4 axis
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Abstract: Background: Doxorubicin (Dox) has limited clinical application due to its cardiotoxicity. Berberine (Ber)
counteracts Dox-induced myocardial injury. Objectives: This study uncovers molecular mechanisms through which Ber
mitigates Dox-induced myocardial damage by modulating the long non-coding RNAs small nucleolar RNA host gene 14
(SNHG14). Methods: To construct Dox-induced cardiotoxicity models in vitro (AC16 cells) and in vivo (male adult rats)
for assessing the effects of Ber. Echocardiography was performed to assess the severity of cardiac injury in the rats. RT-
gqPCR analysis was performed to examine SNHG14 expression. CCK-8, flow cytometry, ELISA and other kits were used
to evaluate cell viability, apoptosis, inflammation, oxidative stress and myocardial damage markers. Results: Dox boosted
SNHG14 and PDK4 in rat myocardial tissues and cultured cardiomyocytes, while suppressing miR-9-5p. Ber reversed the
situation, lowering SNHG14 and PDK4 expression and raising miR-9-5p levels. Mechanistically, SNHG14 acts as a miR-
9-5p sponge, which leads to the attenuation of miR-9-5p-mediated inhibition of PDK4, ultimately promoting PDK4
expression. The Ber significantly attenuated Dox-induced diastolic dysfunction in rats. It also attenuated apoptosis,
inflammation and oxidative stress in AC16 cells; however, this attenuation was substantially reversed by SNHG 14, which
was partially abolished by miR-9-5p. Conclusion: Ber may alleviate Dox-induced cardiac toxicity by inhibiting the

SNHG14/miR-9-5p/PDK4 axis and reducing the apoptosis, inflammation and oxidative stress in cardiomyocytes.
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INTRODUCTION

As the incidence of cancer continues to increase,
projections suggest that by 2040, there’ll be 27 million new
cancer cases and nearly 10 million cancer-related deaths
each year (Zheng et al., 2025a). Anthracycline antibiotics,
particularly doxorubicin (Dox) and daunorubicin, are the
most frequently prescribed anticancer drugs. However,
they are closely associated with cardiotoxicity resulting
from cardiomyocyte apoptosis, inflammation and
oxidative stress-induced damage (Zou et al., 2023). This
often manifests as severe and irreversible heart disease,
ultimately culminating in left ventricular impairment and
heart failure, which significantly hinders the clinical
application of Dox (Fujii et al., 2024). Several studies have
reported berberine (Ber) as a promising agent in clinical
research on cardio protection.

Ber, a naturally occurring quinoline alkaloid obtained from
the traditional Chinese medical herb Coptis chinensis
(Huang Lian), has diverse pharmacological effects,
including antibacterial, anti-inflammatory, antidiabetic and
antitumor activities (Chen and Mao, 2024). Some studies
have validated the ability of Ber to counteract cardiac aging
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via antioxidant and anti-apoptotic actions (Li et al., 2022).
Recently, pretreatment with Ber was reported to ameliorate
diastolic dysfunction in heart failure rats (Mu ef al., 2025).
Moreover, Ber-loaded nano-preparations can ameliorate
Dox-induced inflammation in cardiomyocytes in vitro
(Rawal et al., 2022). A recent study revealed that Ber can
mitigate myocardial injury by limiting the apoptosis of
cardiomyocytes (Wang et al., 2023). However, the
molecular mechanisms by which Ber alleviates Dox-
induced myocardial injury need to be elucidated.

Long non-coding RNA (LncRNA), a subclass of non-
coding RNAs (ncRNAs), increases mRNA levels by
sponging miRNAs (Wei et al., 2025) and plays a pivotal
role in cardiac development, function and conditions such
as Dox-induced cardiotoxicity. For example, IncRNAs
GHET1 (Zhai et al., 2024), NOARD (Guan et al., 2023)
and OXCT1-AS1 (Chen et al., 2024) participate in the
regulation of Dox-induced cardiotoxicity. The IncRNA
small nucleolar RNA host gene 14 (SNHG14), which is
located on human chromosome 15q11.2, is an emerging
player in myocardial injury. In cellular models of hypoxia-
induced congenital heart disease, SNHG14 levels are
elevated, which is associated with apoptosis and oxidative
stress in cardiomyocytes (Lu ef al., 2021). Pentoxifylline
alleviates ischemic cardiomyopathy by inhibiting SNHG14
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(Abd El-Aziz et al., 2021). In contrast, a deficiency in
SNHG14 mitigates the Ang II-induced reduction in the size
and hypertrophy biomarkers of cardiomyocytes (Long et
al., 2020). Using the Gene Expression Omnibus (GEO)
database, in another study, we identified SNHGI14 as a
differentially expressed IncRNA in mouse hearts treated
with Dox. However, the specific role of SNHG14 in the
protective effects of Ber against Dox-induced myocardial
injury remains unclear. Based on previous research
findings, we hypothesized that Ber might exert
cardioprotective effects by modulating SNHGI14 to
ameliorate Dox-induced myocardial injury. To test this
hypothesis, we conducted functional assays for SNHG14
in rat models and in-vitro in cell models. We further
investigated its downstream molecular mechanisms. Our
study offers novel insights into how Ber can alleviate Dox-
induced myocardial injury.

MATERIALS AND METHODS

Origin of data and detection of genes with differentially
expressed IncRNAs (DEIncRNAs)

DEIncRNAs were identified from the normalized
GSE207737 dataset (included in this dataset are heart
tissues from C57BL/6J mice injected intraperitoneally with
Dox or saline) using the limma package in R. The log2 fold
change (log2FC) for each IncRNA was computed directly
from the averaged normalized expression values across
sample groups. Statistical significance was assessed
independently using an empirical Bayes moderated t-test
within Limma, with p-values adjusted for multiple testing
using the Benjamini-Hochberg false discovery rate (FDR)
method. LncRNAs with an [log2FC| > 1 and P value < 0.01
were considered statistically significant DEIncRNAs.

Cell culture and transfection

Human AC16 cardiomyocytes were maintained in DMEM
enriched with 10% FBS and 1% Pen/Strep at 5% CO» and
a temperature of 37°C. The SNHGI14 overexpressing
plasmid (0oe-SNHG14) and oe-NC were purchased from
GenePharma. The plasmids (50 ng) or miR-9-5p mimic
oligonucleotides (100 nM) were subsequently mixed with
the transfection reagent Lipofectamine 3000 and added to
the cells for transfection.

Cell treatment and cell viability

Initially, AC16 cells (1 x 103 cells/well) were treated with
different concentrations of Dox, ranging from 0 to 100 uM,
for 24 h. To establish a robust model of Dox-induced
cardiotoxicity, AC16 cells were treated with 1 uM Dox for
24 h. This concentration was selected as it is approximately
1.6-fold higher than the calculated IC50 value (0.6104 puM,
Fig. S1) and reliably induced significant cytotoxicity
according to previous research (Chen and Zhang, 2022,
Wang et al., 2023), thereby providing a clear and consistent
injury phenotype for evaluating the protective efficacy of
berberine.
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Alternatively, these cells were pre-treated with Ber at
concentrations ranging from 0 to 8 uM for 24 h, followed
by exposure to 1 uM Dox for 24 h according to previous
study (Wang et al., 2023). The cells were subsequently
incubated with DMEM supplemented with the CCK-8
reagent (9:1 ratio) in 37°C incubators. The OD450 nm
changes were measured under Automated multimode
microplate reader (catalog no. 1912001805, TECAN
Spark).

RT-qPCR assay

After obtaining total RNA from cellular samples or tissues
with TRIzol. RNA concentrations were subsequently
assessed using the Nanodrop 2000c spectrophotometer
(catalog no. ND-2000, Thermo Fisher Scientific). Next,
500 ng of cDNA was reverse transcribed into cDNA using
the Fastking gDNA Dispelling RT SuperMix kit (for
IncRNAs or genes; catalog no. KRI118-02, Tiangen
Biotechnology Co.) and the miRCute Plus miRNA First-
Stand cDNA Synthesis Kit (for miRNA; catalog no.
KR211-02, Tiangen Biotechnology Co.). SuperReal
PreMix Plus (SYBR Green, for mRNA; catalog no. FP205-
02, Tiangen Biotechnology Co.) for mRNA and a miRcute
plus miRNA qPCR kit (for miRNAs; catalog no. FP401,
Tiangen Biotechnology Co.), employing specific primers
and cDNA templates, were used for RT-qPCR in the
CFX96 Touch Real-Time PCR Detection System (catalog
n0.4367659, Thermo Fisher Scientific). U6 served as the
internal control for miRNA, while GAPDH was used for
IncRNA. Relative expression was calculated using the 2°44
€T analytical approach based on three independent
biological replicates.

Apoptosis assay

After treatment with Dox, Ber, or transfection with
different plasmids, AC16 cells were digested with
ethylenediaminetetraacetic acid (EDTA)-free trypsin. After
being rinsed with pre-chilled phosphate-buffered saline
(PBS), the cells were resuspended in an appropriate
binding buffer and then harvested via centrifugation. Next,
the cells were stained with a mixture containing 3 pL. each
of propidium iodide (PI) and Annexin V-fluorescein
isothiocyanate (FITC) reagent for a duration of 5 min.
Subsequently, the proportion of apoptotic cells was
quantified by conducting flow cytometry analysis under
flow cytometry (catalog no. 338960, BD FACS Canto II).

Enzyme-linked immunosorbent assay (ELISA)

The concentrations of tumor necrosis factor- a (TNF-a),
interleukin-6 (IL-6) and Interleukin-1 B (IL-1p), as well as
those of myocardial injury markers including cardiac
troponin T (cTnl), creatine kinase MB isoenzyme (CK-MB)
and lactate dehydrogenase (LDH), were assessed using a
commercially available ELISA kit. Cell supernatants, rat
serum, or myocardial tissue lysates were collected. Then,
100 pL of each dilution was added to the antibody-coated
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plates and incubated. Freshly diluted 0.1 mL of secondary
antibody was then added to the well and incubated for 1 h.
The wells were washed and the OD450 nm was measured
after adding the termination solution under Automated
multimode microplate reader (catalog no. 1912001805,
TECAN Spark).

Siperoxide dismutase (SOD) and malondialdehyde (MDA)
assay

We determined the levels of MDA and the activity of SOD
in the cells. For assessing SOD activity, the reagents
provided in the kit were prepared and then combined with
the harvested cells. The mixture was vortexed and
incubated at 37°C for 40 min. Subsequently, 2 mL of the
chromogenic reagent was added to the mixture, which was
then allowed to equilibrate at room temperature for 10 min
and the OD550 was recorded.

To determine MDA levels, the reagents were meticulously
prepared and then added to the cell samples. These samples
were subsequently incubated in a water bath maintained at
95°C for 40 min. After incubation, the samples were
rapidly cooled under a stream of running water and then
centrifuged at 3500 rpm for 10 min. The resulting
supernatant was used for measuring the OD532 under
Automated multimode microplate reader (catalog no.
1912001805, TECAN Spark).

Extraction of subcellular fraction

After harvesting AC16 cells, RNA was isolated with a
PARIS kit (AM1921, Life Technologies). Next, the levels
of SNHG14 in the cytoplasmic and nuclear compartments
were quantified by conducting RT-qPCR analysis. U6
served as the internal reference gene for the nuclear
fraction, whereas GAPDH was used as the internal
reference for the cytoplasmic fraction.

Bioinformatics analysis

The target miRNAs of SNHG14 were identified through
predictive analysis by accessing the ENCORI, DIANA and
miRDB databases. The overlapping target miRNAs were
subsequently mapped by the bioinformatics online
platform. The targets of miR-9-5p were identified by
conducting a comprehensive predictive analysis by
accessing multiple bioinformatics databases, including the
TargetScan, miRDB, ENCORI, miRPathDB and microT-
CDS databases. The targets of Dox and Ber were
downloaded from the CDT databases.

Dual luciferase reporter (DLR) assay

The 3’-UTR segments of SNHGI4 and pyruvate
dehydrogenase kinase 4 (PDK4), each encompassing a
binding site for miR-9-5p, along with their corresponding
mutant forms, were chemically synthesized and
subsequently cloned and inserted into the Iluciferase
reporter vector pmirGLO. This process led to the
generation of four recombinant luciferase reporter
constructs, including SNGH-WT (wild-type), PDK4-WT,

SNHG14-MT (mutant) and PDK4-MT. Next, AC16 cells
were seeded, and the plasmids were separately co-
transfected with the miR-9-5p mimic/inhibitor and their
respective negative controls using a transfection reagent.
After incubation for 48 h, both firefly and Renilla
luciferase activities were examined.

RNA immunoprecipitation (RIP) assay

A Magna RIP RNA-binding protein immunoprecipitation
kit was used. Next, the Argonaute 2 (Ago2) antibody or
negative control immunoglobulin G (IgG) antibody was
mixed with magnetic beads, supplemented with the cell
lysate and incubated overnight at 4°C. After treatment with
proteinase K, RNA was extracted by RT-qPCR.

Animals and groups

This study complied with the “Guide for the Care and Use
of Laboratory Animals” and conformed to the ARRIVE
Guidelines. All  animal-related  procedures and
experimental protocols were performed strictly following
regulations implemented by the Research Ethics
Committee of Chengdu University of Traditional Chinese
Medicine (No.2018-01-0213). A sample size of 80 rats (n
= 8/group) was found to provide 80% power with a 95%
confidence interval and 5% significance level using the
G*Power program. To prevent rat deaths during the
experiment from affecting the results, we used n = 10 rats
per group.

Male Sprague-Dawley rats weighing 180 g-220 g (n=100)
were obtained from Beijing Viton Lihua Laboratory
Animal Technology Co., Ltd., Shanghai branch (SCXK
2022-0007). All rats were housed at standard conditions of
24°C and 50-70% humidity. Rats were group-housed at 5
rats per cage. The assays commenced after seven days of
adaptation.

The rats were allocated into two separate cohorts. The
initial cohort comprised 50 rats, which were randomly
assigned to five distinct groups (n = 10, using a
randomization tool from the website): the control (0.9%
saline), Dox (20 mg/kg Dox), Dox+Ber (20 mg/kg Dox
combined with Ber), Dox+Ber+LV-SNHG14 and
Dox+Ber+LV-NC groups. A lentiviral control vector LV-
NC was purchased from Shanghai GenePharma. These
vectors were administered via tail vein injection at a dosage
of 5 x107 UT/50 pL one day before Dox and Ber treatment
was initiated. The remaining groups concomitantly
received an equivalent volume of saline through the tail
vein. Dox and Ber were purchased from Lingnan
Pharmaceuticals Co. and Acros Organics, respectively;
they were dissolved in 0.9% saline before usage. Following
established protocols, the control and Dox groups received
0.9% sailing via gavage daily for 10 days, whereas the
other groups received 20 mg/kg Ber via gavage daily for
the same period. Additionally, all rats except those in the
control group were administered 20 mgkg Dox
intraperitoneally (IP) on days 2, 4 and 6, with the controls
receiving Dox via the IP route according to a previous
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study (Wu et al., 2019). The second batch of rats was
specifically used to probe the functions of miR-9-5p. A
total of 50 rats were randomly distributed into five groups:
Dox+Ber, Dox+Ber+LV-SNHG14, Dox+Ber+LV-NC,
Dox+Ber+LV-SNHG14+miR-9-5p agomir and
Dox+Ber+LV-SNHG 14+agomir NC. On the first day, each
rat in the treatment group was injected with 10 nM
ribonucleotide (0.2 mL saline), whereas the other rats
received only saline.

No deaths occurred during the experiment, and the
condition of the rats was monitored. On the tenth day of the
experiment, following ultrasound assessment and 30
minutes after the last administration, all rats were
euthanized through an intraperitoneal injection of 80
mg/kg pentobarbital sodium. Next, abdominal aorta blood
samples were collected from each rat following laparotomy.
Serum was obtained via centrifugation at 500xg and 4°C.
The hearts were promptly exercised, rinsed in chilled saline
and preserved in liquid nitrogen.

Echocardiography analysis

Unidentified groups of experimenters scanned rats using a
high-resolution VisualSonics Vevo770 in-vivo
microimaging system (catalog no. 770, VisualSonics Inc.
Fujifilm Visual Sonics) with a center frequency of 17.5
MHz on the RMV 707 transducer in a blinded fashion. The
rats were placed in the supine position for imaging and
cardiac function and the success of the model were
assessed by monitoring the left ventricular ejection fraction
(LVEF) and left ventricular fractional shortening (LVFS)
in M-model echocardiography. Moreover, left ventricular
end-diastolic diameter (LVEDD) and left ventricular end-
systolic diameter (LVESD) were also measured to further
evaluate cardiac structure and function. Additionally,
cardiac output (CO) was calculated using the Vevo770
imaging system software, which uses data derived from at
least three successive cardiac cycles.

Statistical analysis

All values are presented as the mean +SD of at least three
replicates.  Statistical evaluation involved ANOVA,
followed by Tukey’s post-hoc multiple comparison tests.
All statistical computations and data visualization were
conducted using GraphPad Prism version 9.0 (Graphapd
Software, La Jolla). All results were considered to be
statistically significant at P < 0.05.

RESULTS

Ber protects against Dox-induced cardiomyocyte injury
in-vitro

To elucidate the role of Ber in Dox-induced myocardial
injury, we developed an AC16 cell model exposed to
different concentrations of Dox. Cell viability decreased
progressively as the Dox doses increased (P < 0.05, Fig.
1A). Pretreatment with 0.5, 1, 2, or 4 uM concentrations
markedly attenuated the detrimental impact of 1 uM Dox

Qianyun Xu et al.

on the cell (P < 0.05, Fig. 1B). As shown in Fig. 1B, Ber
exhibits optimal and stable protective efficacy within the
0.5-1 pM range. At concentrations > 2 uM, the protective
efficacy tends to plateau or even diminish. In summary, this
study employed 1 uM Ber for experimentation.

Additionally, Dox promoted apoptosis, but Ber
significantly reversed this effect (P < 0.05, Fig. 1C). Ber
decreased MDA levels and increased SOD expression (P <
0.05, Fig. 1D) and partially negated the overproduction of
IL-1B, IL-6 and TNF-a in AC16 induced by Dox (Fig. 1E).
Dox significantly increased the levels of CK-MB, cTnl and
LDH; however, this increase was significantly attenuated
by Ber (P < 0.05, Figs. 1F-H). The GEO database analysis
revealed that SNHGI14 was significantly upregulated
during Dox-induced myocardial injury, with a 9.32-fold
increase in expression (Fig. 11). Dox-stimulated AC16 cells
presented high SNHG14 levels, which were noticeably
suppressed by Ber (P < 0.05, Fig. 1J).

SNHG 14 overexpression counteracts Ber’s mitigation of
dox-induced myocardial injury

To elucidate the functional contribution of SNHG14 to
Ber-modulated cardiomyocyte injury, we overexpressed
SNHG14 in AC16 cells in-vitro via transfection with oe-
SNHG14 plasmids. We found that Ber weakened the
increase in SNHGI14 levels induced by Dox, but
transfection with oe-SNHG14 significantly restored the
expression of SNHGI14 (Fig. 2A). Moreover, the
restoration of the viability of AC16 cells by Ber was
notably diminished by the increase in SNHG14 levels (P <
0.05, Fig. 2B). The ability of Ber to suppress apoptosis was
markedly reduced as SNHG14 levels increased (P < 0.05,
Fig. 2C). Moreover, the increases in SNHG14 mitigated the
suppressive effect of Ber on MDA, IL-1, TNF-a and IL-6
levels and reduced the promotion of SOD in Dox-induced
ACI16 cells (Figs. 2D-E). The increase in SNHG14 levels
increased CK-MB, c¢Tnl and LDH and limited the
cardioprotective role of Ber against cardiomyocyte injury
(P <0.05, Figs. 2F-H).

MiR-9-5p is a molecular sponge for IncRNA SNHG14
To further elucidate the mechanism of SNHG14 in Ber
resistance to Dox-induced myocardial injury, we assessed
the subcellular localization of SNHG14. We found that
SNHG14 was located primarily in the cytoplasm (Fig. 3A).
Bioinformatics prediction identified miR-9-5p as an
overlapping target miRNA of SNHG14 (Fig. 3B). The
binding sequences between them are shown in Fig. 3C.
Moreover, the overexpression of miR-9-5p considerably
inhibited the luciferase activity of SNHG14-WT than the
mimic NC, whereas no notable change was observed in
SNHG14-MT (Fig. 3D). SNHG14 and miR-9-5p are
enriched mainly in Ago2 (P < 0.05, Fig. 3E). Moreover,
Ber decreased the repression of miR-9-5p levels by Dox,
but this decrease was noticeably reversed by the
overexpression of SNHG14 (P < 0.05, Fig. 3F).
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Fig. 1: Ber can alleviate Dox-induced cardiomyocyte stress, oxidative stress, and inflammation in-vitro. (A) CCK-8 assay
was conducted to assess changes in the viability of AC16 cells after stimulation with different concentrations of Dox or;
(B) with different concentrations of Ber; (C) The percentage of apoptotic cells was detected by flow cytometry; (D) The
levels of oxidative stress indices SOD and MDA were determined using commercial kits; (E) Secretion of inflammatory
factors in the supernatant of AC16 cells was detected by ELISA; (F) Commercial test kits were used to analyze the levels
of the myocardial injury markers CK-MB; (G) ¢Tnl and; (H) LDH; (I) Volcano plot of the GEO database identifying
differentially expressed IncRNAs associated with Dox-induced myocardial injury; (J) The effects of Ber and Dox on
SNHG14 in AC16 cells were detected by RT-qPCR. The data were shown as mean + SD, n= 135 in each group, *P < 0.05,

*#*P <0.01, #**P <0.001, ****P < 0.0001.

SNHG14 eliminates the cardioprotective effect of ber
against dox-induced cardiomyocyte injury by targeting
miR-9-5p

To verify the protective role of SNHG14/miR-9-5p in cells
against Dox-triggered myocardial injury, we introduced
miR-9-5p mimics into SNHG14-expressing cells following
Ber pretreatment and Dox exposure. The results revealed a
significant rebound in miR-9-5p levels (P < 0.05, Fig. 4A).
Moreover, SNHG14 reduced Ber-induced cell viability and
increased apoptosis, but these effects were significantly
reversed by the overexpression of miR-9-5p (Figs. 4B-C).
Additionally, the increase in SNHGI14 decreased the
antioxidant stress and anti-inflammatory effects mediated
by Ber, both of which were significantly restored by the
overexpression of miR-9-5p (Figs. 4D-E). The

upregulation of miR-9-5p effectively counterbalanced the
stimulatory effects of SNHG14 on the levels of CK-MB,
c¢Tnl and LDH in AC16 cardiomyocytes subjected to Ber
treatment (P < 0.05, Figs. 4F-H).

SNHG 14 over-expression weakens Ber’s in vivo
protection against dox-triggered cardiac diastolic
dysfunction, oxidative stress and inflammation

To comprehensively elucidate the functional role of
SNHG14, we conducted a series of experiments in which
we deliberately modulated its expression within a rat model
of myocardial injury induced by Dox and subsequently
treated with Ber as illustrated in Fig. SA. Dox treatment led
to a significant upregulation of SNHG14 expression in the
myocardial tissues of rats.
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Fig. 2: Overexpression of SNHG14 abolished the cardioprotective, anti-oxidative damage, and anti-inflammatory effects
of Ber in-vitro. (A) RT-qPCR was performed to detect the expression level of SNHG14 in AC16 cells after the
overexpression of SNHG14; (B) Changes in cell viability after overexpression of SNHG14 were determined by a CCK-
8 assay; (C) The effect of SNHG14 on apoptosis was analyzed by flow cytometry; (D) Commercial test kits were used to
examine the levels of SOD and MDA; (E) The expression levels of inflammatory factors were evaluated by ELISA; (F-
H) Commercial test kits were used to detect CK-MB, LDH and ¢Tnl in the cells. The data were shown as mean + SD, n
=5 in each group, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < (0.0001.

Interestingly, this Dox-induced elevation in SNHG14
levels was effectively mitigated by Ber administration.
However, when SNHGI14 was overexpressed, the
mitigating effect of Ber was completely reversed, with
statistical significance (P < 0.05, Fig. 5B). Dox also
impaired cardiac function, as indicated by suppressed CO,
LVEF and LVFS, along with increased LVEDD, LVESD
and serum CK-MB levels. Ber treatment reversed these
changes, but this protective effect was abolished by
SNHG14 overexpression (P < 0.05, Figs. 5C-F and Fig.
S2). Furthermore, Dox induced oxidative stress and
inflammation, as indicated by MDA levels and the
secretion of IL-1p, IL-6 and TNF-o, along with suppressed
SOD levels in rat myocardial tissues. However, Ber
significantly alleviated these effects. In contrast, the

upregulation of SNHG14 exacerbated these effects (P <
0.05, Figs. 5G-I).

MiR-9-5p partially reversed the abolishment of ber-
mediated cardioprotection by SNHG 14 overexpression
As depicted in Fig. 6A, in the myocardial tissue of Ber-
treated rats with Dox-induced myocardial injury, SNHG14
overexpression lowered miR-9-5p levels. Yet, agomir miR-
9-5p notably counteracted this decline. Moreover, miR-9-
S5p counteracted the inhibitory impact of SNHGI14
overexpression on rat CO, LVEF and LVFS, while also
reversing its promoting effects on LVEDD and LVESD
(Figs. 6B-D and Fig. S3). Finally, upregulation of miR-9-
S5p partially attenuated the increase in CK-MB levels,
oxidative stress and pro-inflammatory factors that were
induced by SNHG14 (P < 0.05, Figs. 6E-H).
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PDK4 was a target of miR-9-5p

The targets of SNHG14/miR-9-5p in the anti-Dox-induced
myocardial injury effects of Ber were further investigated.
Multiple databases were used to predict 247 overlapping
miR-9-5p target genes (Fig. 7A). By conducting further
analyses, we identified four overlapping mRNAs that are
also targets of the actions of Ber and Dox, including PDK4
(Fig. 7B). The binding sequence between them is shown in
Fig. 7C. The miR-9-5p mimic markedly suppressed the
luciferase activity of PDK4-WT (Fig. 7D). SNHG14, miR-
9-5p and PDK4 were enriched in association with Ago2
immunoprecipitated (Fig. 7E). Moreover, compared with
the control group, Dox elevated PDK4 expression in AC16
cells. Notably, Ber substantially mitigated this effect.
Overexpressing SNHG 14 reinstated PDK4 levels, yet miR-
9-5p attenuated this reinstatement (P < 0.05, Fig. 7F).

DISCUSSION

Doxorubicin (Dox) is considered a potent anti-tumor
antibiotic; however, clinical evidence indicates a 9%
incidence of late-onset congestive heart failure (CHF)
among cancer survivors (Linders et al., 2024). Hence, new
strategies need to be developed to reduce or prevent
cardiotoxicity. Several studies have indicated that Ber can

decrease the oxidative stress, apoptotic and inflammatory
responses induced by Dox, protecting the heart, liver and
kidneys, although its exact mechanism of action is
unknown (Wang et al., 2023, Ahmedy et al., 2025). Our
study revealed that SNHG14 blocks the protective effects
of Ber against Dox-induced cardiac issues, including
dysfunction, apoptosis, inflammation and oxidative stress
in rats (in-vivo) and cells (in-vitro). This may be due to the
miR-9-5p/PDK4 axis. Our study revealed a new
mechanism concerning how Ber alleviates Dox-induced
cardiotoxicity.

Dox-induced cardiotoxicity is characterized by excessive
inflammation, which is indicated by an increase in the
release of pro-inflammatory factors. Ber has anti-
inflammatory effects, improving dry eye conditions (Han
et al., 2023) and alleviating senescence-associated
secretory phenotypes related to inflammation in
atherosclerosis (Zheng et al., 2025b). In our study, Ber
decreased the secretion of pro-inflammatory factors in
AC16 cells and rat serum. Oxidative stress is another
important aspect of Dox-triggered cardiotoxicity. Ber
inhibits oxidative stress, thereby reducing atherosclerosis
(Zhang et al., 2021b), spinal cord injury (Ma et al., 2024)
and acute hyperlipidemia (Alruhaimi et al., 2024).
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Ber has cardioprotective effects, such as relieving
myocardial ischemia by dampening inflammatory
responses and oxidative stress (Jia et al., 2022) and
preventing myocardial damage caused by the
overactivation of adrenaline (Yang ef al., 2024). It has been
demonstrated that Ber mitigated Dox-induced myocardial
injury by eliminating oxidative stress (Wang ef al., 2023).
Consistent with these previous findings, our findings
revealed that Ber alleviates Dox-trigged myocardial injury.
The IncRNA SNHG14 is associated with inflammation,
apoptosis and oxidative stress. It exerts neuroprotective

effects on Parkinson’s disease through dual modulation of
NLRP3 inflammasome-mediated neuroinflammation and
oxidative stress (Xu et al., 2024); however, it contributes
to ischemic brain injury (Zhang et al., 2021a). High levels
of SNHG14 exacerbate tubular injury in diabetic
nephropathy (Huang et al., 2025) and promote
inflammation and apoptosis in PC-12 cells (Jiang et al.,
2021). In contrast, knocking down SNHG14 reduces
inflammation and apoptosis in lung epithelial cells by
restoring the expression of miR-124-3p (Zhu et al., 2021).
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SNHG14 is also involved in myocardial injury. In a mouse
model of sepsis-induced myocardial injury, its expression
levels increase (Bi et al., 2024). Pentoxifylline exerts a
cardioprotective effect against myocardial ischemia-
reperfusion injury through the suppression of the
expression of SNHG14 (Abd El-Aziz et al., 2021).
Additionally, =~ SNHG14  exacerbates = LPS-induced
cardiomyocyte injury (Bi et al., 2024) and hypoxia-
induced H9c2 cardiomyocyte injury by promoting
apoptosis and oxidative stress, but silencing SNHG14
attenuates these effects (Lu et al., 2021). In our study, we
revealed that SNHG14 levels were elevated in Dox-
induced myocardial injury. Both in-vitro and in-vivo, Ber
reduced Dox’s elevation of SNHGI14 and alleviated
oxidative stress, apoptosis, inflammation and myocardial
dysfunction. Moreover, the overexpression of SNHG14

counteracted the cardioprotective effect of Ber in both
Dox-challenged rats and cardiomyocytes. Consequently,
our findings suggest that Ber confers protection against
Dox-induced myocardial damage by attenuating SNHG14
expression.

LncRNAs generally play a role in disease progression as
molecular sponges for miRNAs (Tian and Zhang, 2025).
Through comprehensive database analysis, we found that
miR-9-5p can act as a target miRNA for IncRNAs. Some
researchers found that in an in-vitro model of myocardial
infarction involving hypoxia-treated H9c2 cells, the levels
of miR-9-5p were reduced (Cai et al., 2021). In a rat model
of acute myocardial infarction, modulation of miR-9-5p
using a specific agomir in-vivo effectively preserved
cardiac function post-myocardial infarction while reducing
fibrotic and inflammatory responses (Xiao et al., 2019).
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A recent study indicated that exosomes derived from
pluripotent stem cells, which are derived from
mesenchymal stem cells, effectively transported miR-9-5p
into cardiomyocytes subjected to Dox treatment, thereby
ameliorating myocardial damage (Zheng et al., 2024).
Owing to the importance of miR-9-5p in myocardial injury,
we focused our efforts on this miRNA. Our findings
revealed that miR-9-5p directly interacts with SNHG14.
The cardioprotective effect of SNHG14 against myocardial
injury was significantly decreased by high levels of miR-
9-5p. The main finding was that Ber may alleviate Dox-
induced cardiotoxicity by inhibiting SNHG14/miR-9-5p.

By phosphorylating pyruvate dehydrogenase, PDK4 plays
arole in metabolic regulation, contributing to the shift from
mitochondrial respiration to cytoplasmic glycolysis,
although it is not the primary driver of the Warburg effect.

PDK4 plays a role in various types of cancer and several
studies have focused on its role in resistance to
chemotherapy. For example, miR-449 overexpression
heightens the susceptibility of Dox-resistant triple-negative
breast cancer cells to Dox (Torres-Ruiz et al., 2024).

Treatment with 0.5 uM Dox resulted in a notable increase
in PDK4 mRNA levels, suggesting that PDK4 may be
involved in the pathogenesis of Dox-triggered cardiac
damage (Cunha-Oliveira et al., 2018). As shown in
previous studies, our findings revealed that Dox induces
the upregulation of PDK4 expression. We also made a
novel discovery: Ber significantly impedes the increase in
PDK4 levels caused by Dox, whereas the overexpression
of SNHG14 significantly promotes PDK4 levels, but this
promotion was significantly attenuated by miR-9-5p.
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Some studies have indicated that elevated expression of
PDK can effectively reduce metabolic adaptability and
aggravate cardiomyopathy; therefore, we suspected that
Ber may further regulate metabolic levels through
modulation of the SNHGI14/miR-9-5p/PDK4 axis,
affecting inflammation, oxidative stress and apoptosis,
thereby mitigating Dox-induced cardiotoxicity, but this
requires further validation. Limitations of this study restrict
clinical applications, such as accumulation of 60 mg/kg
over 10 days, which is a high dose for rats, with a risk of
non-cardiac death. Although there were no extracardiac
deaths in this study, the clinical long-term cumulative
toxicity may be underestimated; dependence on
functional/biochemical indices (e.g., CO, CK-MB) lacks
pathological confirmation of myocardial injury. Moreover,
the healthy male rat model does not fully replicate clinical
patients with comorbidities, and the high-dose acute
regimen may not reflect chronic low-dose cardiotoxicity.
Future optimization of DOX dose (e.g., cumulative 15
mg/kg), longer observation period and inclusion of
pathological analyses are necessary.

CONCLUSION

To summarize, a series of studies demonstrates that Ber
alleviates Dox-induced cardiotoxicity by downregulating
SNHG14 and disrupting the SNHG14/miR-9-5p/PDK4
axis, providing new therapeutic strategies for patients
receiving Dox treatment.
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