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Abstract

Background: Cardiac hypertrophy is a major pathological feature of various cardiovascular diseases. Owing to the simple cardiac
structure, rapid development, and genetic tractability, zebrafish are an ideal model for studying cardiac pathology. Zebrafish lacking
Bone morphogenetic protein 10 (bmp10−/−) develop myocardial hypertrophy under normothermic conditions (28 °C). However, the
long-term effects of chronic cold exposure on cardiac function and survival in this model remain unclear. Therefore, this study utilized
the bmp10−/− zebrafish model to systematically evaluate the therapeutic potential of chronic hypothermia in attenuating myocardial
hypertrophy and to elucidate the underlying molecular mechanisms. Methods: This study was conducted in three sequential phases.
Phase I: bmp10−/− (homozygous mutant, HO) zebrafish at 6 weeks post-fertilization (wpf) were maintained under normothermic (28
°C) or hypothermic (15 °C) conditions for 2 weeks to evaluate the effects of cold exposure on myocardial hypertrophy. Phase II: Building
on the Phase I findings, bmp10−/− zebrafish were subjected to adaptive temperature-switching between normothermic and hypothermic
conditions until 10 wpf to assess the temporal effects of cold exposure on cardiac remodeling. Phase III: Pharmacological validation
experiments were performed to identify key regulatory genes mediating hypothermia-induced cardioprotection. Results: Long-term
cold exposure significantly attenuated myocardial hypertrophy induced by bmp10 deficiency. Given that hypoxia-inducible factor-1
(HIF-1) is a canonical transcriptional regulator of cellular hypoxic responses and that the stability of HIF-1 is tightly controlled by prolyl
hydroxylases such as Egl-9 family hypoxia-inducible factor 3 (EGLN3), the involvement of this pathway was further evaluated. These
findings indicate that inhibition of EGLN3 activity stabilizes and activates HIF-1 signaling, thereby mediating cardioprotective effects
under hypothermic conditions. Conclusions: This study elucidates the functional interplay between the EGLN3 and HIF-1 signaling
pathways. Under chronic hypothermia, EGLN3 modulates HIF-1 stability, contributing to the downregulation of BCL2-interacting
protein 3 (BNIP3) and facilitating cardiomyocyte injury repair.

Keywords: bone morphogenetic protein 10 (bmp10); hypothermia induced; egl-9 family hypoxia-inducible factor 3 (egln3); hypoxia-
inducible factor-1 (hif-1); cardiomegaly

1. Introduction
Cardiac hypertrophy represents an adaptive response

of the heart to various physiological and pathological
stimuli. Physiological hypertrophy typically occurs in
conditions of increased cardiac output demand and is
characterized by preserved contractile function and struc-
tural integrity. In contrast, pathological hypertrophy—
commonly observed in hypertension, myocardial ischemia,
and cardiomyopathies—is associated with maladaptive re-
modeling; including ventricular wall thickening, chamber
dilation, and progressive functional deterioration [1–3].

Bone morphogenetic protein 10 (bmp10) plays a cen-
tral role in cardiovascular development and homeostasis [4–
6]. It facilitates differentiation of human pluripotent stem
cells into cardiovascular progenitors and supports arteriove-
nous network formation [7–9]. Loss of bmp10 disrupts nor-
mal cardiac morphogenesis [10–12], induces anemia and
tissue hypoxia [13], and triggers compensatory enhance-

ment of cardiac contractility; thereby exacerbating myocar-
dial hypertrophy [14]. Moreover, bmp10 deficiency leads
to endothelial hyperproliferation and arteriovenous malfor-
mations, further impairing oxygen circulation [15,16]. Ze-
brafish share high conservation with humans in regulatory
mechanisms of cardiac development, hypertrophy-related
signaling pathways, and embryonic gene reactivation [17–
19]. Their genetic manipulability and in vivo imaging ad-
vantages render them a valuable model for studying car-
diac hypertrophy. Recent studies indicate that chronic cold
exposure activates multiple protective signaling pathways
[20,21], including the hypoxia-inducible factor-1 (hif-1)
and forkhead box O (foxo) pathways; which enhance vas-
cular compliance and reduce oxidative stress and inflam-
matory responses [22], ultimately decreasing cardiac work-
load.

Therapeutic hypothermia (TH) is a clinically estab-
lished intervention that confers protection against ischemia-
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reperfusion injury, myocardial infarction, and neurolog-
ical disorders [23,24]. TH exerts its protective effects
by modulating key cellular processes; including hypoxic
signaling regulation, apoptosis inhibition, and oxidative
stress attenuation [25–28]. Mild hypothermia has been
reported to suppress hypoxia-inducible factor-1α (hif-1α)
activation under ischemic conditions [29–31], thereby in-
fluencing downstream pathways involved in angiogene-
sis and metabolic adaptation. Additionally, TH inhibits
mitochondrial-dependent apoptosis by downregulating pro-
apoptotic factors such as BCL2 interacting pro- tein 3
(bnip3) and BCL2-like 10 (bcl2l10), preserving mitochon-
drial function and limiting reactive oxygen species accumu-
lation. Although previous studies have demonstrated strong
similarities between zebrafish and humans in hypertrophy-
related signaling and genetic cardiomyopathy phenotypes
[32,33], fundamental differences remain in terms of cardiac
structure, fibrotic responses, electrophysiological proper-
ties, and regenerative capacity; limiting direct translational
extrapolation. Against this background, whether cold ex-
posure can modulate hypertrophic phenotypes in geneti-
cally modified models such as bmp10 homozygous mu-
tant (bmp10−/−, HO) zebrafish has not been systematically
evaluated.

Therefore, this study focuses on the molecular mecha-
nisms underlying hypothermia-induced reversal of cardiac
hypertrophy in bmp10-deficient zebrafish, aiming to pro-
vide experimental evidence for environmental modulation
of myocardial hypertrophy and to expand the investigative
scope of the zebrafish model in this field.

2. Materials and Methods
2.1 Generation of bmp10-Deficient Zebrafish

The bmp10 gene was knocked out in zebrafish us-
ing CRISPR–Cas9 technology, generating bmp10+/− and
bmp10−/− mutants. kdrl:EGFP transgenic zebrafish, in-
cluding bmp10 wild type (bmp10+/+, WT) and bmp10−/−

variants, were derived from the AB wild-type strain (Danio
rerio), obtained from the National Zebrafish Resource Cen-
ter (Wuhan, China). These gene-edited zebrafish served
as parental fish for generating the bmp10−/− offspring.
For convenience in selected figure legends, bmp10−/− ze-
brafish are termed HO, and bmp10+/+ zebrafish as WT.
In this study, 15 °C is defined as hypothermic conditions,
whereas 28 °C represents normothermic conditions.

The bmp10 gene is located on chromosome 5. Gene
knockout was achieved using the CRISPR–Cas9 system tar-
geting the sequence GGGTTGGATGATGGACATGG, re-
sulting in a 72-bp deletion. gRNA was synthesized using
the MAXIscript™ T7 in vitro transcription kit (AM1314,
Ambion [Invitrogen], Waltham, MA, USA), and Cas9 pro-
tein (C120010, Sigma-Aldrich, St. Louis, MO, USA) (800
pg) with gRNA (100 pg) was co-injected into one-cell stage
embryos. Genotyping of bmp10 was performed by PCR
using the following primers: forward, ATTTTCATCT-

GCCACGTCTGC; reverse: TAGAGTTCCAGCATAT-
ACTCAG. PCR amplification was conducted using Takara
rTaq DNA polymerase (RR901A, Takara Bio Inc., Kusatsu,
Shiga, Japan). bmp10−/− mutants were identified by
agarose gel electrophoresis using molecular biology-grade
agarose (75510-019, Invitrogen, Carlsbad, CA, USA).

2.2 Chronic Hypothermic Exposure of Zebrafish
Offspring from bmp10+/− self-crosses were raised

under normothermic conditions (28 °C) until 6 weeks
post fertilization (wpf). Juvenile zebrafish (bmp10+/+,
bmp10−/−, and bmp10+/−) were then assigned to either a
hypothermic group 15 °C or a normothermic control group
28 °C.

The hypothermic exposure protocol consisted of three
stages:

Stage 1: Two-week hypothermic exposure
At 6 wpf, zebrafish were exposed to hypothermic or

normothermic conditions for 2 weeks (until 8 wpf; followed
by analyses of body weight, cardiac morphology, gene ex-
pression, apoptosis, histology, and blood cell counts.

Stage 2: Temperature-switching experiments
(1) Zebrafish exposed to hypothermia from 6–8 wpf

were transferred to normothermic conditions until 10 wpf.
(2) Zebrafish maintained under normothermic condi-

tions from 6–8 wpf were transferred to hypothermic condi-
tions until 10 wpf.

Stage 3: Long-term hypothermic exposure
Beginning at 6 wpf, zebrafish were continuously

maintained under hypothermic conditions for 8 weeks (until
14 wpf).

2.3 Benazepril Hydrochloride Treatment of bmp10−/−

Zebrafish
Angiotensin-converting enzyme inhibitors (ACEIs),

such as benazepril hydrochloride (HY-B0093A,MedChem-
Express, Monmouth Junction, NJ, USA), reduce blood
pressure and alleviate cardiac load by inhibiting the renin–
angiotensin–aldosterone system. The experiment utilized
bmp10+/− zebrafish offspring, which were raised at 28 °C
until they reached 6 wpf. At the start of the experiment,
equal numbers of juveniles (bmp10+/+; bmp10−/−) were
assigned to either the benazepril hydrochloride treatment
group or the control group (which received only the sol-
vent without the drug) for a 2-week treatment period (until
8 wpf). Before the experiment, juveniles in both groups
were allocated in equal numbers, with each tank containing
no more than 15 juveniles (ensuring a sample size of n ≥5
for each group). Benazepril hydrochloride treatment was
administered once daily for 1 hour, at a concentration of 50
µM. The working solution was prepared by adding 100 µL
of a 25.0 mg/mL dimethyl sulfoxide (DMSO) (HY-Y0320,
MedChemExpress, Monmouth Junction, NJ, USA) stock
solution to 400 µL of polyethylene glycol 300 (PEG300)
(HY-Y0873, MedChemExpress, Monmouth Junction, NJ,
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USA), thoroughly mixing. Then, 50 µL of tween-80 (HY-
Y1891, MedChemExpress, Monmouth Junction, NJ, USA)
was added, followed by mixing, and 450 µL of physiolog-
ical saline was added to bring the total volume to 1 mL.
During the experiment, water quality parameters (includ-
ing oxygen levels), feeding frequency, and timing were kept
consistent between the two groups. Juvenile survival was
monitored daily, and a simulated day–night cycle wasmain-
tained. At the end of the 2-week treatment (at 8 wpf), the
zebrafish from both groups were sampled, and body mor-
phology and cardiac changes in the bmp10mutant zebrafish
were recorded.

2.4 Cardiac Histological and Histochemical Staining
Zebrafish were anesthetized, and hearts were rapidly

dissected and fixed in 4% paraformaldehyde (E672002-
0500, BBI Life Sciences, Shanghai, China) at 4 °C for 24
h. Following fixation, samples were subjected to graded
ethanol (A500737-0500, BBI Life Sciences, Shanghai,
China) dehydration, xylene (X103350, Sinopharm Chem-
ical Reagent Co., Ltd., Beijing, China) clearing, and paraf-
fin embedding. Paraffin-embedded heart tissues were sec-
tioned into 4 µm-thick serial sections using Leica low-
profile disposable blades 819 (14035838925, Leica Biosys-
tems, Wetzlar, Germany) for subsequent histological analy-
ses. Heart sectionswere stainedwith hematoxylin and eosin
staining kit (E607318-0200, BBI Life Sciences, Shanghai,
China) and masson’s trichrome staining kit (G1340, Solar-
bio, Beijing, China) in accordance with the manufacturers’
instructions to assess overall cardiac morphology and histo-
logical features. Images were acquired using a stemi 2000
stereomicroscope (Zeiss, Oberkochen, Germany).

2.5 Confocal Analysis of Myocardial Cell Apoptosis
Myocardial cell apoptosis in cardiac sections (4 µm)

was examined using the TUNELBrightGreen apoptosis de-
tection kit (A112-02, Vazyme Biotech Co, Nanjing, China).
The specimens were mounted with anti-fade mounting
medium (C02-04003, Bioss Antibodies, Beijing, China)
medium for fluorescence and sealed. Apoptotic signals
were captured using a LSM710 confocal laser scanning
microscope (Carl Zeiss AG, Oberkochen, Germany), and
quantitative analysis of the apoptotic signals was performed
using ImageJ software (version 1.53, National Institutes of
Health, Bethesda, MD, USA).

2.6 Zebrafish Blood Smear Preparation and Staining
Zebrafish were anesthetized with 0.02% tricaine (MS-

222) (A5040, Sigma-Aldrich, St. Louis, MO, USA). Ap-
proximately 0.5 µL of peripheral blood was collected via
tail vein transection and immediately diluted with 2 µL of
ultrapure water. The diluted blood was dropped onto one
end of a glass slide, and blood smears were prepared us-
ing the push–slide method. After air-drying, smears were
fixedwith absolutemethanol (A601617, BBI Life Sciences,

Shanghai, China) for 5 min. Blood smears were stained us-
ing a Wright–Giemsa staining kit (E607314, BBI Life Sci-
ences, Shanghai, China), and blood cell morphology was
analyzed under a light microscope.

2.7 Cardiomyocyte Membrane Staining
Paraffin-embedded zebrafish heart sections were de-

paraffinized prior to staining. Cell membranes were stained
with wheat germ agglutinin, alexa fluor 488 conjugate
(G1730, Invitrogen, Carlsbad, CA, USA) for 15 min at
room temperature in the dark, followed by three washes
with phosphate-buffered saline (PBS) (E607008-0500, BBI
Life Sciences, Shanghai, China). Nuclei were counter-
stained with Hoechst 33258 dye (33258, Solarbio Life Sci-
ences, Beijing, China) for 5 min at room temperature in
the dark, followed by PBS washes. After staining, sections
were mounted using an anti-fade mounting medium (C02-
04003, Bioss Antibodies, Beijing, China) and imaged using
a confocal microscope.

2.8 Gene Expression Analysis
Gene sequences for bmp10, bone morphogenetic

protein 10-like (bmp10l), and Hypoxia-inducible factor 3
(egln3) were downloaded from the Ensembl website, and
primers were designed based on the CDSs of these genes.
The primer sequences for bmp10 were F: ATTTTCATCT-
GCCACGTCTGC and R: TAGAGTTCCAGCATAT-
ACTCAG. The primer sequences for bmp10l were F:
AGCGGAGATGTACGTGGATT and R: CTGGAC-
GATGGCGTGTTTAG. The primer sequences for egln3
were F: GCTTTGTTGGATCAGGGCTT and R: GAT-
GTTCCTCCGGCAAACTC. First, RNA extraction was
performed using the RNeasy Mini Kit (74104, Qiagen N.V,
Hilden, Germany), followed by cDNA synthesis using
TransScript Uni All-in-One First-Strand cDNA Synthesis
SuperMix for qPCR (AU341-02-V2, TransGen Biotech
Co, Beijing, China) with the extracted RNA. Finally,
quantitative fluorescence analysis was performed using
TB Green Premix Ex Taq II (Tli RNaseH Plus) (RR420A,
Takara Bio Inc, Kusatsu, Shiga, Japan) on a CFX Opus
96 Real-Time PCR System (Bio-Rad Laboratories, Inc.,
Hercules, CA, USA) instrument.

2.9 Statistical Analysis
All statistical analyses were performed using Graph-

Pad Prism software (version 8.0.1, GraphPad Software Inc.,
San Diego, CA, USA). Data are presented as mean ± stan-
dard error of the mean (SEM). Differences between two
groups were analyzed using a two-tailed Student’s t-test.
Statistical significance to be defined as p < 0.05 (*), p <

0.01 (**), p< 0.001 (***), and p< 0.0001 (****); ns indi-
cates no statistically significant difference.

3

https://www.imrpress.com


2.10 Anesthesia and Euthanasia

Zebrafish larvae were immersed in 200 mg/L tricaine
(MS-222; Sigma–Aldrich) for approximately 5 minutes un-
til all movement and responses completely ceased. For eu-
thanasia, zebrafish were exposed to an overdose of 400
mg/L tricaine for 15 minutes until they were completely
unresponsive and cardiac activity had stopped. To ensure
complete death, the fish were subsequently subjected to an
ice-water bath at approximately 0 °C for 5 minutes fol-
lowing anesthesia. This procedure was conducted in ac-
cordance with the AVMA Guidelines for the Euthanasia of
Animals (2020 edition). The tricaine stock was prepared in
deionized water and diluted with system water to working
concentrations of 200 or 400 mg/L. The pH of the working
solutions was adjusted to 7.0–7.5 using sodium bicarbonate
(NaHCO3) (A100865-0500, BBI Life Sciences, Shanghai,
China).

3. Results
3.1 Chronic Hypothermic Exposure Alleviates
Cardiomyocyte Hypertrophy

Chronic hypothermic exposure markedly reversed
cardiac hypertrophy in bmp10−/− zebrafish (Fig. 1A,B).
Under normothermic conditions (28 °C), bmp10−/− ze-
brafish exhibited pronounced cardiac hypertrophy by 8
wpf (Fig. 1A,B). Following chronic hypothermic expo-
sure (15 °C), heart size was reduced in both wild-type and
bmp10−/− zebrafish, and the difference between the two
groups was no longer detectable. These results indicate
that hypothermic exposure attenuates myocardial hypertro-
phy induced by bmp10 deficiency, rather than producing
a mutant-specific effect. Consistently, under normother-
mic conditions, body weight in 8-week-old bmp10−/− ze-
brafish differed significantly from that of control fish, and
this difference was more pronounced than that observed at
the early stage (6 weeks of age) (Fig. 1C). Notably, follow-
ing hypothermic exposure, this difference was markedly
abolished (Fig. 1D). Based on these findings, bmp10−/−

zebrafish were selected as an appropriate experimental
model for subsequent mechanistic investigations under hy-
pothermic conditions. Downregulation of egln3 (Fig. 1G–
I) was accompanied by activation of the hif-1 signaling
pathway involved in cardiomyocyte hypoxic responses, to-
gether with significant downregulation of the pro-apoptotic
genes bnip3 and bcl2l10 (Fig. 2F). This molecular profile
is consistent with reduced cardiomyocyte size (Fig. 1B)
and attenuation of myocardial injury. Although bmp10l
exhibits partial functional redundancy with bmp10 during
cardiac development, its expression did not fully compen-
sate for the structural defects caused by bmp10 deficiency
(Fig. 1E,F). In addition, hypothermic exposure significantly
increased the expression of Kruppel-like factor 1 (klf1) in
bmp10−/− zebrafish hearts (Fig. 2F), a gene implicated in
myocardial injury repair and cardiomyocyte proliferation.

3.2 Chronic Hypothermic Exposure Attenuates Myocardial
Hypertrophy in bmp10−/− Zebrafish by Suppressing
Cardiomyocyte Apoptosis

To ameliorate cardiac hypertrophy that had already by
8 wpf, bmp10−/− zebrafish were subjected to hypother-
mic exposure for 2 weeks starting at 6 wpf (Fig. 3Aa).
Following hypothermic intervention (15 °C), bmp10−/−

zebrafish exhibited substantial alterations in overall car-
diac morphology (Fig. 2A). Moreover, erythrocyte density
within the cardiac chambers showed substantial differences
compared with those maintained under normothermic con-
ditions (28 °C) (Fig. 2B). Hypothermic exposure signifi-
cantly reduced cardiomyocyte apoptosis, as demonstrated
by TUNEL staining and quantitative analysis (Fig. 2C,D).
Gene expression analysis indicates that egln3 expression
was significantly lower under hypothermic conditions than
under normothermic conditions (Fig. 1G–I). These data in-
dicate that egln3 downregulation may contribute to reduced
cardiomyocyte apoptosis in bmp10−/− zebrafish.

Forkhead box O (foxo) family members (including
foxo3b, foxo1a, and foxo1b) can modulate the stability and
activity of hif-1α by regulating the expression or activ-
ity of egln genes, thereby influencing cellular responses
to hypoxic conditions. The present findings reveal that
foxo3b increases hif-1α activity by suppressing egln3 ex-
pression (Fig. 2F), thereby attenuating the hydroxylation
of hif-1α. Downregulation of egln3 through activation
of the hif-1 signaling pathway inhibited excessive apop-
tosis in bmp10−/− cardiac cells, alleviating damage to
bmp10−/− cardiomyocytes and ultimately protecting car-
diac structure and function (Fig. 2E,F). Specifically, re-
duced egln3 expression facilitated activation of the anti-
apoptotic hif-1α signaling pathway, resulting in increased
expression of hif-1α and its downstream target gene BCL2-
like 11 (bcl2l11) (Fig. 2F). In parallel, the expression levels
of pro-apoptotic genes bnip3 and bcl2l10 were correspond-
ingly reduced (Fig. 2F), thereby suppressing mitochondrial
outer membrane–mediated apoptotic signaling and attenu-
ating apoptotic signal transmission. Furthermore, exposure
to hypothermic conditions increased the expression of un-
coupling proteins, including uncoupling protein 1 (ucp1)
and ucp3, in the heart (Fig. 2F); leading to reduced reac-
tive oxygen species production and attenuation of oxidative
stress.

3.3 Vascular Development Under Hypothermic Conditions

Fertilized embryos transferred to 15 °C within 3 hours
post-fertilization (hpf) resulted in embryonic lethality by 48
hpf. Comparative analysis of cardiac vascular morphology
in bmp10−/− zebrafish maintained at 28 °C demonstrated
substantial differences at 48 and 72 hpf relative to control
embryos (Fig. 2G), indicating that bmp10 plays an essen-
tial role in vascular development. Differential gene expres-
sion analysis demonstrated significant upregulation of unc-
5 netrin receptor b (unc5b) and unc-5 netrin receptor da
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Fig. 1. Comparison of zebrafish lacking bone morphogenetic protein 10 (bmp10−/−) treated at different temperatures. (A)
Calculation of cardiac area based on heart chambers (ventricle, atrium, and bulbus arteriosus). Scale bar = 200 µm. (B) The cardiac area
of bmp10−/− zebrafish maintained under normothermic conditions (28 °C) was significantly larger than that of bmp10−/− zebrafish
subjected to chronic cold exposure under hypothermic conditions (15 °C). (C) Body weight of bmp10−/− zebrafish at 6 weeks of age
(4 weeks of age followed by 2 weeks of hypothermic treatment) under normothermic and hypothermic conditions. (D) Body weight
of bmp10−/− zebrafish at 8 weeks of age (6 weeks of age followed by 2 weeks of hypothermic treatment) under normothermic and
hypothermic conditions. (E) Heart rate measurements of bmp10−/− zebrafish at 72–84 hours post-fertilization (hpf) under normothermic
conditions (28 °C). (F) Heart rate measurements of bmp10−/− zebrafish at 96–108 hpf under normothermic conditions (28 °C). (G) Gene
expression comparisons under different temperature conditions: 28 °C–15 °C HO (gene expression differences in bmp10−/− zebrafish
between 28 °C and 15 °C), 28 °C–15 °CWT (gene expression differences in bmp10+/+ zebrafish between 28 °C and 15 °C), 15 °CHO–15
°CWT (gene expression differences between bmp10−/− and bmp10+/+ zebrafish at 15 °C), and 28 °C HO–28 °CWT (gene expression
differences between bmp10−/− and bmp10+/+ zebrafish at 28 °C). (H) Analysis of Hypoxia-inducible factor-1 (hif-1) pathway factor
Egl-9 family hypoxia-inducible factor 3 (egln3) expression in bmp10+/+ zebrafish under hypothermic (15 °C) and normothermic (28 °C)
conditions. (I) Analysis of hif-1 pathway factor egln3 expression in bmp10−/− zebrafish under hypothermic (15 °C) and normothermic
(28 °C) conditions. Data are presented as mean ± SEM. p < 0.05 (*), p < 0.01 (**); ns indicates no statistically significant difference.
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Fig. 2. Chronic cold exposure alleviates cardiomyocyte hypertrophy. (A) Morphological and fibrotic staining analysis of bmp10−/−

zebrafish hearts after 2 weeks of exposure to hypothermic (15 °C) or normothermic (28 °C) conditions (from 6–8 wpf). Scale bar = 250
µm. (B) Red blood cell density analysis of bmp10−/− zebrafish hearts after 2 weeks of exposure to hypothermic (15 °C) or normothermic
(28 °C) conditions (from 6–8 wpf). Scale bar = 500 µm (estimated). (C) Cardiomyocyte apoptosis comparison between bmp10−/− and
bmp10+/+ zebrafish under different temperature conditions. Scale bar = 10 µm. (D) Quantitative analysis of cardiomyocyte apoptosis
in panel C. (E) Relative mRNA expression levels of egln3, bone morphogenetic protein 10-like (bmp10l), and hepcidin antimicrobial
peptide (hamp) in bmp10−/− zebrafish hearts after 2 weeks of exposure to hypothermic (15 °C) or normothermic (28 °C) conditions (by
8 wpf). (F) Relative mRNA expression levels of egln3, Bone morphogenetic protein 10-like (bmp10l), Kruppel-like factor 1 (klf1), BCL2
interacting protein 3 (bnip3), BCL2-like 10 (bcl2l10), BCL2-like 11 (bcl2l11), forkhead box O (foxo3b), Uncoupling protein 1 (ucp1),
Uncoupling protein 3 (ucp3), Unc-5 netrin receptor b (unc5b), and Unc-5 netrin receptor da (unc5da) in bmp10−/− zebrafish cardiomy-
ocytes under hypothermic (15 °C) and normothermic (28 °C) conditions. For individual gene expression levels, refer to Supplementary
Fig. 1. (G) Imaging of major arteries in bmp10−/− and bmp10+/+ zebrafish at 48 and 72 hpf under normothermic conditions (28 °C).
Scale bar = 200 µm (estimated). Data are presented as mean ± SEM. p < 0.05 (*), p < 0.001 (***), and p < 0.0001 (****).
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Fig. 3. Cardiac and overall health status of bmp10−/− zebrafish following temperature transitions. (A) Low temperature: Normoth-
ermic group (Control group)—bmp10−/− zebrafish were maintained under normothermic conditions (28 °C) until 8 wpf. Hypothermic
group (Experimental group)—bmp10−/− zebrafish were maintained under normothermic conditions until 6 wpf and then transferred to
hypothermic conditions (15 °C) for 2 weeks (until 8 wpf, green box). Temperature adaptation protocol: (i) bmp10−/− zebrafish were
maintained under normothermic conditions (28 °C) until 6 wpf, followed by an additional 2 weeks at 28 °C (until 8 wpf; yellow box), and
subsequently transferred to hypothermic conditions (15 °C) for 2 weeks (until 10 wpf); (ii) bmp10−/− zebrafish were maintained at 28
°C until 6 wpf, then exposed to 15 °C for 2 weeks (green box), and finally returned to 28 °C for an additional 2 weeks (until 10 wpf). (B)
Cardiac area comparison between bmp10−/− and bmp10+/+ zebrafish following 8 weeks of chronic cold exposure (until 14 wpf). (C)
Cardiac area comparison between bmp10−/− and bmp10+/+ zebrafish after transitioning from hypothermic (15 °C) back to normoth-
ermic (28 °C) conditions (until 10 wpf). (D) Cardiac area comparison between bmp10−/− and bmp10+/+ zebrafish after transitioning
from normothermic (28 °C) to hypothermic (15 °C) conditions (until 10 wpf). (E) Body weight comparison between bmp10−/− and
bmp10+/+ zebrafish following temperature transition from normothermic to hypothermic conditions (until 10 wpf). (F) Body weight
comparison between bmp10−/− and bmp10+/+ zebrafish after transitioning from hypothermic back to normothermic conditions (until
10 wpf). (G) Body weight comparison between bmp10−/− and bmp10+/+ zebrafish following 8 weeks of chronic cold exposure (until
14 wpf). (H) Survival rates of bmp10−/− zebrafish maintained under normothermic conditions (28 °C) or exposed to three different
hypothermic treatment (until 10 wpf). For individual survival curves at each stage, refer to Supplementary Fig. 2. Data are presented
as mean ± SEM. p < 0.01 (**); ns indicates no statistically significant difference.
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(unc5da) in bmp10−/− zebrafish hearts under hypothermic
conditions (Fig. 2F). These genes are involved in endothe-
lial cell migration and proliferation and may influence vas-
cular network formation and cardiac contractile function.

3.4 Cardiac Responses to Temperature Transitions
3.4.1 Adaptation to Hypothermic Conditions

bmp10−/− zebrafish exposed to hypothermic con-
ditions (15 °C) for 2 weeks starting at 6 wpf exhibited
significant improvement in cardiac hypertrophy (Fig. 1B;
Fig. 3Aa). In zebrafish transitioned from normothermic to
hypothermic conditions at 8wpf, morphological abnormali-
ties associated with bmp10 deficiency were significantly al-
leviated after 2 weeks of hypothermic exposure (Fig. 3Ab–
D; Fig. 3E; Fig. 3F; Fig. 4G,I,J). Survival was also signifi-
cantly improved compared with zebrafish maintained under
normothermic conditions (Fig. 3H).

3.4.2 Hypothermic Preconditioning Followed by Return to
Normothermic Conditions

To assess whether the cardioprotective effects of hy-
pothermic exposure were transient, bmp10−/− zebrafish
were maintained under hypothermic conditions until 8
wpf and then transferred back to normothermic conditions
(Fig. 3Ab). The cardioprotective effects persisted follow-
ing rewarming, with sustained improvements in cardiac
morphology and survival (Fig. 3H; Fig. 4H,I,J). Growth
delay induced by early-stage hypothermic exposure grad-
ually normalized after return to normothermic conditions
(Fig. 3F).

3.5 Hypothermic Exposure Improves Survival of
bmp10−/− Zebrafish

Under normothermic conditions, bmp10 deficiency
significantly reduced survival after 6 wpf compared with
wild-type controls (Fig. 3H). Continuous hypothermic ex-
posure from 6–14 wpf significantly increased survival,
reaching 72.7% compared with 45% under normothermic
conditions (Fig. 3H). These data demonstrate that chronic
hypothermic exposure improves both survival and cardio-
vascular health in bmp10−/− zebrafish (Fig. 4A–F; Fig. 3).

3.6 Angiotensin-converting enzyme inhibitor (ACEI)
Mimics the Cardioprotective Effects of Hypothermia

Continuous treatment of bmp10−/− zebrafish with be-
nazepril hydrochloride (50 µM, 1 hour daily for twoweeks),
an ACEI, significantly amelioratedmyocardial hypertrophy
and reduced cardiomyocyte apoptosis (Fig. 5A–C). Con-
comitantly, erythrocyte density increased and ventricular
wall thickness approached normal levels (Fig. 5D,E). These
phenotypic improvements were accompanied by downreg-
ulation of egln3 expression. The molecular and pheno-
typic alterations induced by ACEI treatment closely resem-
bled those observed under chronic hypothermic exposure
(Fig. 5F).

4. Discussion
In this study, the effects of chronic cold exposure on

pathological myocardial hypertrophy were systematically
evaluated by using the bmp10−/− zebrafish model. Sus-
tained hypothermia significantly improved cardiac struc-
tural remodeling, reduced cardiomyocyte apoptosis, and
enhanced survival. At the molecular level, cold exposure
was associated with downregulation of egln3, activation of
the hif-1 signaling pathway, and reprogramming of anti-
apoptotic gene expression profiles. Together, these changes
suggest the establishment of a coordinated adaptive net-
work that mitigates bmp10 deficiency–induced pathologi-
cal remodeling.

bmp10 deficiency resulted in progressive ventricular
wall thickening and chamber dilation, whereas chronic hy-
pothermia markedly attenuated these structural abnormali-
ties. Morphological and quantitative assessments indicate
that cold intervention delayed or partially reversed hyper-
trophic progression, providing a phenotypic foundation for
mechanistic studies. Reduced egln3 expression under hy-
pothermic conditions coincided with enhanced hif-1 path-
way activity. Given that egln family members suppress hif-
1α stability under normoxic conditions [34–36], hypother-
mia may alter the hypoxic signaling threshold via modula-
tion of egln3 expression, thereby facilitating cardiomyocyte
adaptive responses. This regulatory process likely repre-
sents network-level rebalancing rather than a linear signal-
ing cascade.

In the present model, egln3 downregulation was ac-
companied by increased hif-1 pathway activity, suggesting
a functional link between temperature-dependent signaling
and hypoxic adaptation in the bmp10-deficient heart. Foxo
family members (including foxo3b, foxo1a, and foxo1b)
are participants in hypoxia and stress-responsive signal-
ing networks. The present findings suggest a potential
association between foxo signaling and egln3 expression
[37–49], possibly contributing to autophagy-related path-
ways and structural remodeling [50,51]. However, the
precise regulatory relationship between foxo factors and
egln3 requires further mechanistic investigation. Upregu-
lation of hif-1α and its downstream targets was accompa-
nied by downregulation of the pro-apoptotic genes bnip3
and bcl2l10 [52,53]. TUNEL and related apoptosis as-
says confirmed reduced cardiomyocyte apoptosis [54,55].
These results indicate that hypothermia promotes an anti-
apoptotic microenvironment and attenuates mitochondrial
outer membrane–mediated apoptotic signaling [56]. Fur-
thermore, increased expression of ucp1 and ucp3 suggests
reduced reactive oxygen species production and alleviation
of oxidative stress [57]. Given that oxidative stress is a key
driver of hypertrophic progression, hypothermia-induced
mitochondrial adaptation may be an important mechanism
for preserving cardiac function [58].

Transition from hypothermic to normothermic condi-
tions partially preserved cardioprotective effects. Long-
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Fig. 4. Sustained improvement in cardiac health following temperature transitions. (A) Cardiomyocyte apoptosis in bmp10−/−

and bmp10+/+ zebrafish following 8 weeks of chronic cold exposure (until 14 wpf). Scale bar = 10 µm. (B) Cardiomyocyte apoptosis
in bmp10−/− and bmp10+/+ zebrafish after transitioning from hypothermic (15 °C) back to normothermic (28 °C) conditions (until 10
wpf). Scale bar = 10 µm. (C) Cardiomyocyte apoptosis in bmp10−/− and bmp10+/+ zebrafish after transitioning from normothermic
(28 °C) to hypothermic (15 °C) conditions (until 10 wpf). Scale bar = 10 µm. (D) Quantitative analysis of cardiomyocyte apoptosis in
panel A. (E) Quantitative analysis of cardiomyocyte apoptosis in panel B. (F) Quantitative analysis of cardiomyocyte apoptosis in panel
C. (G) Relative expression levels of egln3 and bmp10l after transitioning from normothermic to hypothermic conditions (until 10 wpf).
(H) Relative expression levels of egln3 and bmp10l after transitioning from hypothermic back to normothermic conditions (until 10 wpf).
(I) Relative expression levels of egln3, bmp10l, klf1, bnip3, bcl2l10, bcl2l11, foxo3b, ucp1, ucp3, unc5b, and unc5da following three
distinct chronic cold exposure paradigms. For individual gene expression data, refer to Supplementary Figs. 1,3,4. (J) Morphological
analysis of zebrafish cardiomyocytes under different temperature transition paradigms: (i) 2 weeks of cold exposure at 15 °C starting at
6 wpf (until 8 wpf); (ii) 2 weeks at 28 °C followed by 2 weeks at 15 °C (until 10 wpf); (iii) 2 weeks at 15 °C followed by return to 28 °C
for 2 weeks (until 10 wpf); and (iv) 8 weeks of chronic cold exposure at 15 °C (until 14 wpf). Scale bar = 200 µm. The area at the edge
of the tissue indicated by the white arrow is the ventricular wall of a zebrafish. Data are presented as mean ± SEM. p < 0.05 (*), p <

0.0001 (****); ns indicates no statistically significant difference.

term hypothermia (6–14 wpf) significantly improved sur-
vival [59], with early intervention yielding superior out-
comes, underscoring the importance of the therapeutic time
window. Pharmacological ACEI treatment partially reca-
pitulated the molecular and phenotypic effects of hypother-
mia, supporting the involvement of egln3-associated sig-
naling networks, although causality remains to be defini-
tively established. Consistent with previous reports, bmp10
deficiency induces progressive cardiac hypertrophy during

early-stage development [60]. As remodeling advances,
hypoxia-related signaling, oxidative stress, and cellular
stress responses become increasingly pronounced. The
present findings suggest that chronic hypothermia mod-
ulates these interconnected processes, promoting a more
adaptive cardiac phenotype. Whether bmp10 deficiency re-
sults in chamber-specific hypertrophy or regional vulnera-
bility requires further investigation.
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Fig. 5. Treatment of bmp10−/− zebrafish with ACEIs. (A) Cardiomyocyte apoptosis in bmp10−/− and bmp10+/+ zebrafish after
2 weeks of ACEI treatment under normothermic conditions (28 °C) (until 10 wpf). Scale bar = 10 µm. (B) Relative expression levels
of egln3 and bmp10l following 2 weeks of ACEI treatment (until 10 wpf). (C) Quantitative analysis of body weight, heart area, and
cardiomyocyte apoptosis in bmp10−/− zebrafish following 2 weeks of ACEI treatment (until 10 wpf). (D) Erythrocyte density in
bmp10−/− zebrafish following 2 weeks of ACEI treatment (until 10 wpf). Scale bar = 500 µm (estimated). (E) Morphological analysis
of myocardial structure in bmp10−/− zebrafish following 2 weeks of ACEI treatment (until 10 wpf). Scale bar = 200 µm. The area at
the edge of the tissue indicated by the white arrow is the ventricular wall of a zebrafish. (F) Expression levels of egln3, bmp10l, klf1,
bnip3, bcl2l10, bcl2l11, foxo3b, ucp1, ucp3, unc5b, and unc5da following 2 weeks of ACEI treatment. For individual gene expression
data, refer to Supplementary Fig. 5. Data are presented as mean ± SEM. p < 0.05 (*), p < 0.01 (**), p < 0.001 (***); ns indicates no
statistically significant difference.

Collectively, this study identifies hypothermic modu-
lation as a significant environmental determinant of patho-
logical cardiac remodeling. Unlike conventional pharma-
cological approaches, temperature modulation may exert

cardioprotective effects through systemic network repro-
gramming, offering new insights into adaptive mechanisms
under cardiac stress.
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5. Limitations
Although the present study demonstrates that chronic

hypothermic exposure attenuates myocardial hypertrophy
in bmp10⁻/⁻ zebrafish through suppression of cardiomy-
ocyte apoptosis and modulation of the egln3–hif-1α sig-
naling axis, several limitations should be acknowledged.
First, functional validation of key regulatory components
is lacking. Gene-specific loss- or gain-of-function ex-
periments, such as morpholino-mediated knockdown or
CRISPR/Cas9-based genetic manipulation of egln3, were
not performed. Therefore, the necessity and causal contri-
bution of this signaling axis to hypothermia-mediated car-
dioprotection remain to be definitively established. Sec-
ond, the current study primarily focuses on transcriptional
changes and does not directly assess HIF-1α protein stabil-
ity or prolyl hydroxylation status under hypothermic condi-
tions. Consequently, the precise post-translational mecha-
nisms through which hypothermia modulates HIF-1 signal-
ing activity require further investigation.

6. Conclusions
In conclusion, using a bmp10−/− zebrafish model,

this study demonstrates that chronic cold exposure is associ-
ated with attenuation of pathological cardiac hypertrophy,
reduced cardiomyocyte apoptosis, and improved survival.
These beneficial effects coincide with coordinated mod-
ulation of hypoxia-related signaling, apoptotic pathways
(including bnip3 and bcl2l10), oxidative stress responses
(ucp1 and ucp3), and cardiac remodeling markers such as
klf1. The present findings support the potential relevance
of hypothermic modulation in influencing cardiac stress
adaptation and pathological remodeling. Rather than es-
tablishing a definitive mechanistic pathway, this work pro-
vides a data-supported framework suggesting that egln3-
associated signaling and downstream hypoxia-responsive
networks may play important roles in mediating cardiopro-
tective effects under low-temperature conditions. Taken to-
gether, this study offers a rationale for further investiga-
tion of hypothermia-associated signaling pathways in car-
diac disease models. Future studies using mammalian sys-
tems and targeted mechanistic approaches will be required
to validate these associations and to evaluate the transla-
tional potential of hypothermic strategies for chronic car-
diac conditions, including hypertrophic cardiomyopathy.
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