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Abstract
Background To investigate bilirubin-induced injury in rat myocardial cells at varying concentrations.

Methods The study utilized the rat cardiomyocyte cell line H9C2 and primary rat cardiomyocytes. Bilirubin-rich and
control sera were prepared, and cells were cultured for 48 h with or without vitamin C. Cell viability was assessed
using the CCK-8 assay, while superoxide dismutase (SOD), glutathione peroxidase (GPx), Na*/K*-ATPase, creatine
kinase-MB (CK-MB), and cardiac troponin I (cTn-I) levels were measured using their respective assay kits.

Results Bilirubin treatment markedly reduced the viability of HOC2 cells and primary rat cardiomyocytes compared
to the control group. Additionally, it elevated the levels of cardiac injury markers, including cTn-I and CK-MB in the
culture supernatant. Conversely, bilirubin exposure led to a decline in the release of GPx, Na*/K*-ATPase, and SOD

in the medium. Vitamin C supplementation demonstrated partial attenuation of bilirubin-induced effects: including
enhanced viability of primary rat cardiomyocytes, partially restored GPx, Na*/K*-ATPase, and SOD levels, and reduced
concentrations of CK-MB and cTn-I in bilirubin-treated cells.

Trial registration Not applicable.

Glutathione peroxidase

Conclusions Hyperbilirubinemia induces concentration-dependent cardiotoxicity in rat models, while vitamin C
supplementation partially mitigates bilirubin-induced myocardial damage.
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Background

Neonatal jaundice is a common clinical manifestation,
occurring in over 80% of newborns during the first post-
natal weeks [1-3]. The majority of neonatal jaundice
cases are physiological, resulting from developmental
immaturity in bilirubin conjugation/excretion pathways
and increased bilirubin production. Clinically signifi-
cant hyperbilirubinemia requiring phototherapy occurs
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in approximately 10% of term infants and 25% of near-
preterm infants [4, 5]. The major risk factors for severe
neonatal hyperbilirubinemia include: early-onset jaun-
dice (observed within the first 24 h of life), prematurity
or lower gestational age, hemolytic disease (confirmed
or suspected), significant birth trauma (e.g., cepha-
lohematoma or extensive bruising), requirement for
phototherapy during the initial hospitalization, family
history or genetic predisposition to erythrocyte disor-
ders, Down syndrome, maternal diabetes (gestational or
pre-existing) with resultant fetal macrosomia, and exclu-
sive breastfeeding with inadequate intake [6]. Pathologic
neonatal jaundice arises from three primary etiologies:
hemolytic disorders, enzymatic deficiencies (particularly
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of UDP-glucuronosyltransferase), and hepatobiliary
abnormalities [4, 5]. In term infants, total serum bilirubin
concentrations exceeding 428-513 umol/L (25-30 mg/
dL) carry significant risk for kernicterus development
[4, 5]. At these critical levels, unconjugated bilirubin
demonstrates neurotoxic potential through multiple
mechanisms: it readily crosses lipid membranes, dis-
rupts cellular metabolism, impairs membrane polariza-
tion, compromises energy production, and interferes
with neurotransmitter synthesis. These effects can lead to
multiorgan dysfunction affecting cardiac, hepatic, renal,
and neurological systems [7]. Notably, while the neuro-
toxic effects of hyperbilirubinemia are well-documented,
its specific impact on myocardial tissue remains poorly
characterized in current literature [8].

Cardiovascular disease remains a major global health
burden, ranking among the most significant public
health challenges worldwide [9, 10]. This clinical reality
stems primarily from the adult mammalian heart’s fun-
damental biological limitation - cardiomyocytes in post-
natal mammals exhibit a remarkably limited capacity for
intrinsic self-repair following injury due to their perma-
nent withdrawal from the cell cycle [11]. This inherent
deficiency in cellular proliferation mechanisms directly
underlies the myocardium’s compromised regenerative
potential and inadequate wound healing responses after
ischemic or traumatic damage. In stark contrast, neona-
tal cardiac tissue retains transient regenerative capac-
ity during early postnatal development [12], though this
reparative window closes rapidly and the underlying
mechanisms remain evolutionarily constrained in mam-
mals [10].

Bilirubin, a terminal metabolite of heme catabolism
mediated by heme oxygenase-1 (HO-1), serves as both a
biochemical marker of HO-1 enzymatic activity and an
endogenous antioxidant with complex biological implica-
tions [13]. Emerging clinical evidence demonstrates that
elevated systemic bilirubin concentrations correlate sig-
nificantly with heightened cardiac troponin release and
increased intracoronary thrombotic burden in acute cor-
onary syndrome (ACS) patients manifesting myocardial
injury [14-16]. Notably, recent multicenter studies have
identified serum bilirubin as an independent predictor of
COVID-19-associated myocarditis severity and adverse
cardiovascular outcomes [17]. While these findings pro-
vide compelling pathophysiological rationale for investi-
gating bilirubin’s cardiotoxic potential, critical knowledge
gaps persist regarding neonatal myocardial susceptibil-
ity particularly concerning the dose-dependent injury
thresholds, temporal progression of cellular damage, and
the potential for functional recovery in developing myo-
cardium exposed to hyperbilirubinemia.

Cardiovascular disease remains a leading global health
burden, driven by the adult heart’s limited regenerative
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capacity. Postnatal cardiomyocytes lose proliferative
potential due to permanent cell cycle exit, impairing
injury recovery [9-11]. While neonatal hearts exhibit
transient regeneration via conserved mechanisms [12],
this capacity is restricted in duration and evolution-
ary scope [10]. Our study investigates bilirubin-induced
cardiotoxicity thresholds and vitamin C (a widely used
antioxidant) [18]’s protective effects on neonatal car-
diomyocytes, aiming to establish preventive strategies
against hyperbilirubinemia-related cardiac damage.

Methods

Animals

All rats were maintained and bred in the animal facility
of Hangzhou Hibio Technology Company. All experi-
mental procedures were approved by the Institutional
Animal Care and Use Committee of Hangzhou Hibio
Technology Company (Approval No. HB-20150608). The
animals were housed under controlled environmental
conditions, including a temperature range of 20-25 C,
relative humidity of 40-70%, and a 12 h light/dark cycle,
with ad libitum access to food and water. The Sprague-
Dawley rats were obtained from Shanghai SLAC Experi-
mental Animal Co., Ltd. [Animal Production License No.
SCXK (Shanghai) 2017-0005; Certificate of Conformity
No. 0351618; Animal Facility License No. SYXK (Zhe)
2015-0008].

Serum preparation

Since bilirubin is poorly soluble in water, a rat model was
established to prepare bilirubin-containing serum [19,
20]. Five 6-week-old Sprague-Dawley rats were adminis-
tered unconjugated bilirubin (Sigma-Aldrich, St. Louis,
MO, USA) at a dose of 20 mg/kg/day via oral gavage once
daily for 7 consecutive days. Anaesthesia was induced
with 1% sodium pentobarbital (0.2 ml/20 g body weight).
On day 7, blood samples were collected 1 h post-gavage
on a sterile surgical platform. Animals were euthanized
in compliance with institutional animal ethics protocols
through an approved anesthetic regimen involving grad-
ual induction. Prior to euthanasia, deep anesthesia was
confirmed by absence of pedal withdrawal reflex, cor-
neal response, and tail pinch reflex. Following verifica-
tion of the anesthetic state, blood was promptly collected
via cardiac puncture using aseptic techniques. Serum
was obtained after allowing blood to clot at room tem-
perature for 2 h, followed by centrifugation at 2000 rpm
for 20 min. Bilirubin-containing serum was adjusted to
a concentration of 200.0+£10.0 pmol/L, while control
serum was diluted to <10.0+2.0 pmol/L bilirubin using
saline. Bilirubin concentrations were quantified using a
commercial kit (Nanjing Jiancheng Bioengineering Insti-
tute, China) according to the manufacturer’s instruc-
tions. Samples underwent inactivation treatment in a 56
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‘C water bath for 30 min and were stored in aliquots at
-80 °C until further analysis.

Cell culture

The rat cardiomyocyte cell line H9C2, derived from
embryonic BD1X rat heart tissue, was obtained from the
Shanghai Cell Bank of the Chinese Academy of Sciences
(Shanghai, China). Cells were cultured in DMEM sup-
plemented with 10% fetal bovine serum (FBS) (Thermo
Fisher Scientific, GIBCO, Carlsbad, CA, USA) at 37 C in
a 5% CO, incubator.

Primary rat cardiomyocytes were isolated from neo-
natal Sprague-Dawley rats (1-3 days old) in compliance
with institutional animal ethics guidelines. Animals
were euthanized by cervical dislocation. Ten hearts were
transferred to a biosafety cabinet, rinsed three times in
ice-cold phosphate-buffered saline (PBS), and placed in
an ice bath for processing. Atria and ventricles were dis-
sected, minced into small fragments in ice-cold PBS, and
sequentially digested with 0.1% trypsin (Thermo Fisher
Scientific, GIBCO, Carlsbad, CA, USA) for 5 min per
cycle (5-7 cycles total). After each digestion, the super-
natant was collected in DMEM supplemented with 10%
EBS, with the first digestion fraction discarded to remove
non-myocyte contaminants. Cell suspensions were fil-
tered through a 100—-200 mesh cell strainer, centrifuged at
800 rpm for 10 min, and resuspended in culture medium.
The cells were incubated in a T75 culture flask for 2 h.
Following incubation, non-adherent cells were collected,
seeded into 96-well plates, and cultured for 48 h. Purity
and viability of myocardial cells were assessed via a-actin
immunohistochemical staining. Well-grown myocardial
cells were fixed with 4% paraformaldehyde for 15 min,
permeabilized with 0.1% Triton X-100, and endogenous
peroxidases quenched with 3% H,0O,. A rabbit poly-
clonal anti-a-actin primary antibody (Abcam, ab7817)
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Fig. 1 Identification of cardiomyocytes. The phase-contrast images of car-
diomyocytes in culture. Scale bar: 50 um
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was applied to the cells and incubated overnight at 4 ‘C
or for 1 h at 37 C. Subsequently, a goat anti-rabbit IgG
secondary antibody (Zhongshan Jinqgiao Biotechnology
Co., Ltd., China) was added and incubated at room tem-
perature for 30 min. The staining reaction was visualized
using 3,3’-diaminobenzidine (DAB), followed by micro-
scopic observation and analysis (Fig. 1).

Drug treatments

Primary rat cardiomyocytes were cultured in DMEM
supplemented with bilirubin-rich or control serum at
defined proportions and assigned to four experimental
groups based on serum composition: control group (10%
normal control serum), low bilirubin group (10% volume
fraction of bilirubin serum, 20 pmol/L), medium biliru-
bin group (20% volume fraction of bilirubin serum,40
pumol/L), high bilirubin group (30% volume fraction of
bilirubin serum, 60 pmol/L).

A vitamin C intervention group was established by sup-
plementing the medium with vitamin C (China National
Institutes for Drug Control, China) at a final concentra-
tion of 0.5 mmol/L. Cells were initially cultured for 48 h.
Cardiomyocyte injury was observed under an inverted
microscope (Nikon, Tokyo, Japan). After discarding the
old medium, fresh medium was added according to the
assigned grouping, and cells were further cultured for
48 h with six replicates per group.

CCK8 assay

The cell viability of HIC2 cells was assessed using the
CCK-8 assay as previously described [21]. Cells were
seeded in 96-well plates at a density of 1x10* cells/100
ul/well. Following removal of the original medium, 10 pl
of CCK-8 solution (Dojindo Molecular Technologies,
Kumamoto, Japan) was added to each well, followed
by incubation at 37 C in the dark for 1 h. Absorbance
was measured at 450 nm using a microplate reader (MD
Spiro, Lewiston, ME, USA). Cell viability was quantified
using the formula: viability (%) = (OD value of bilirubin-
treated group/OD value of control group) x 100%.

Superoxide dismutase assay

The superoxide dismutase (SOD) detection kit (A001-
1) was obtained from Nanjing Jiancheng Bioengineering
Institute (Nanjing, China). Follow the kit instructions,
1 ml of Reagent 1 was added to reaction tubes followed
by sequential addition of 0.1 ml sample (0.1 ml distilled
water for control tubes), 0.1 ml Reagent 2, 0.1 ml Reagent
3, and 0.1 ml Reagent 4. The reaction mixture was thor-
oughly vortexed and incubated at 37 C for 40 min.
Colorimetric analysis was performed at 550 nm using a
spectrophotometer, with SOD activity calculated accord-
ing to the manufacturer’s instructions.
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Glutathione peroxidase assay

The glutathione peroxidase (GPx) detection kit was
obtained from Nanjing Jiancheng Bioengineering Insti-
tute (A005, Nanjing, China). For the assay, 200 ul of
sample, standard control, or distilled water (as the blank
control) were added to separate tubes, followed by the
addition of 100 pl reagent solution. The tubes were incu-
bated in a 37 “C water bath for 5 min, then Reagent 2 was
introduced. After centrifugation at 3500-4000 rpm for
10 min, the supernatant was collected for absorbance
measurement at 412 nm using a spectrophotometer. GPx
activity was calculated according to the manufacturer’s
protocol.

Na*/K*-ATPase detection

The Na'/K*-ATPase detection kit was obtained from
Nanjing Jiancheng Bioengineering Institute (A070-2,
Nanjing, China). For the assay, 100 pl of sample, standard
control, or double-distilled water (as blank control) were
added to separate tubes. After adding 420 pl matrix solu-
tion and 100 pl Reagent IV, the tubes were centrifuged
at 3500—-4000 rpm for 10 min. The supernatant was col-
lected and absorbance measured at 626 nm using a spec-
trophotometer. Na*/K*-ATPase activity was calculated
according to the manufacturer’s instructions.

Creatinine kinase MB and cardiac troponin |

The determination of creatine kinase-MB (CK-MB)
and cardiac troponin I (cTn-I) was performed using an
enzyme-linked immunosorbent assay (ELISA) kit from
Nanjing Jiancheng Bioengineering Institute (Nanjing,
China). 50 pl of diluted standard solutions and serum
samples were added to the wells of a 96-well ELISA plate
and incubated at 37 C for 30 min. After discarding the
liquid, the plate was washed five times with 300 pl of 1x
washing buffer (2 min per wash). Subsequently, 50 ul of
HRP-conjugated CK-MB or cTnl antibody was added to
each well, followed by incubation at 37 “C for 30 min. The
plate was then washed five times under identical condi-
tions. For color development, 50 pl of TMB Substrate A
and 50 pl of TMB Substrate B were added to each well.
After gentle mixing, the plate was incubated at 37 C in
the dark for 15 min. The reaction was terminated by add-
ing 50 ul of stop solution, and the optical density (OD)
was measured at 450 nm within 15 min using a micro-
plate reader. Protein concentrations were calculated
based on the standard curve generated by serial dilutions
of reference standards.

Statistical analysis

Statistical analysis was conducted using SPSS 17.0
software (SPSS Inc., Chicago, IL, USA). Normality of
continuous variables was assessed via the Shapiro-
Wilk test. Normally distributed data are presented as
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mean + standard deviation (SD), with intergroup com-
parisons performed using Student’s t - test for two-group
comparisons and one-way analysis of variance (ANOVA)
for multiple group comparisons. Graphical representa-
tions were generated with GraphPad Prism 8 (Graph-
Pad Software Inc., San Diego, CA, USA). For normally
distributed data, Pearson’s correlation analysis was
employed to evaluate associations between variables. Sta-
tistical significance was defined as P <0.05.

Results

Changes in the viability of HOC2 cardiomyocytes and
primary rat cardiomyocytes after treatment with different
concentrations of bilirubin

The CCK-8 assay was utilized to evaluate the effects
of bilirubin on the viability of both H9C2 cardiomyo-
cytes and primary rat cardiomyocytes. Our results
demonstrated a concentration-dependent cytotoxic
effect of bilirubin on H9C2 cells. Compared to controls
(100.44 +2.33%), cell viability progressively decreased
with increasing bilirubin concentrations (79.12+2.66%,
60.39 £7.50%, and 33.47+3.10% for low, medium, and
high concentrations, respectively; all P<0.01 vs. control).
Statistical analysis revealed significant viability reduc-
tions between consecutive concentration groups: low vs.
medium (P<0.05) and medium vs. high (P<0.01), con-
firming the dose-dependent nature of bilirubin’s cyto-
toxic effects.

Similarly, in the primary rat cardiomyocyte culture
experiments, bilirubin treatment significantly reduced
cell viability in a concentration-dependent manner com-
pared to the control group. The high-concentration bili-
rubin group exhibited the most pronounced decrease
in viability (control vs. low, medium, or high bilirubin:
99.3+2.2% vs. 57.7£6.4%, 43.8+9.0%, and 20.2+11.0%,
respectively; all P<0.01). However, co-treatment with
vitamin C markedly attenuated this effect. Notably,
all bilirubin-treated groups supplemented with vita-
min C demonstrated significantly higher cell viabil-
ity compared to their bilirubin-only counterparts (low
bilirubin: 57.7+6.4% vs. 93.9 £4.2%; medium bilirubin:
43.8+9.0% vs. 87.8 £ 6.8%; high bilirubin: 20.2+11.0% vs.
73.9+14.2%; all P<0.01) (Fig. 2). These findings indicate
that bilirubin exerts a concentration-dependent cytotoxic
effect on cardiomyocytes, while vitamin C effectively
counteracts this detrimental impact.

Changes in biomarkers of primary rat cardiomyocyte injury
after treatment with different concentrations of bilirubin
Primary rat cardiomyocytes were exposed to varying
concentrations of bilirubin in cell culture medium. Bio-
chemical parameters, including SOD, GPx, CK-MB,
cTn-I, and Na*/K*-ATPase activity, were measured in the
culture supernatant.
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Fig. 2 Vitamin C attenuates bilirubin-induced viability reduction in primary rat cardiomyocytes. CCK-8 assay showing concentration-dependent viability
reduction following 48-hour bilirubin exposure (0, 20, 40, 60 pmol/L; **P<0.01 vs. control), co-treatment with 0.5 mmol/L vitamin C significantly restores

cellular viability (##P<0.01 vs. corresponding bilirubin groups)

Compared to the control group, the concentrations of
CK-MB and cTn-I in the culture medium increased sig-
nificantly in a concentration-dependent manner [con-
trol vs. low, medium, or high bilirubin: (1) CK-MB:
1.68+0.11 vs. 2.26 £0.10, 2.48 £ 0.01, and 3.73+0.13 U/L;
(2) cTn-I: 139.13+8.01 vs. 223.70+14.12, 315.00 + 33.73,
and 378.67 £39.93 pg/ml; All P<0.01]. Specifically, the
increase in CK-MB levels from the low to medium bili-
rubin group was significant (P<0.05), and from the
medium to high bilirubin group also reached significance
(P<0.01). A similar concentration-dependent eleva-
tion was observed for cTn-I. Notably, the addition of 0.5
mmol/L vitamin C significantly attenuated the elevation
of CK-MB levels in the low and high bilirubin groups (low
bilirubin: 2.26+0.10 vs. 1.92+0.07 U/L; high bilirubin:
3.73+0.13 vs. 2.24+0.50 U/L; all P<0.01) and reduced
cTn-I levels in the medium and high bilirubin groups
(medium bilirubin: 315.00+33.73 vs. 243.73+19.98 pg/

ml; high bilirubin: 378.67 +39.93 vs. 278.43 + 16.30 pg/ml;
all P<0.01) (Fig. 3A, B). However, no significant differ-
ences were detected in CK-MB levels within the medium
bilirubin group or in cTn-I levels within the low bilirubin
group compared to controls. These findings collectively
suggest that vitamin C exerts a partial concentration-
dependent protective effect against bilirubin-induced
cardiomyocyte injury by suppressing the release of car-
diac injury biomarkers.

GPx levels in cardiomyocytes exposed to low, medium,
or high bilirubin concentrations exhibited a significant
decrease compared to the control group (control vs. low,
medium, or high bilirubin: 44.02+4.32 vs. 29.32+5.02,
27.71+6.80 and 22.98 +6.78 U/L; all P<0.01). The reduc-
tion in GPx levels followed a concentration-dependent
trend, with progressively greater suppression observed
at higher bilirubin concentration. However, supplemen-
tation with 0.5 mmol/L vitamin C significantly elevated
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Fig. 3 Concentration-dependent bilirubin toxicity versus vitamin C intervention: cardiac biomarker release and antioxidant defense in primary rat car-
diomyocyte models. (A) Creatine kinase-MB (CK-MB), (B) cardiac troponin-I (cTn-I), (C) glutathione peroxidase (GPx), (D) Na+/K+-ATPase activity, and (E)
superoxide dismutase (SOD) levels following 48-hour bilirubin exposure(0, 20, 40, 60 umol/L), and 0.5 mmol/L vitamin C co-treatment partially mitigates
bilirubin-induced biochemical alterations (**P<0.01 vs. control group; ##P<0.01 for intergroup comparisons)

GPx levels in the low bilirubin group (29.32+5.02 vs.
45.82+3.49 U/L, P<0.01) (Fig. 3C), highlighting its pro-
tective effect in preserving antioxidant enzyme function.

Similarly, Na*/K*-ATPase activity in cardiomyocytes
exposed to low, medium, and high bilirubin concentra-
tions exhibited a dose-dependent decline compared to
the control group (control vs. low, medium, or high bili-
rubin: 0.463+0.041 vs. 0.264+0.070, 0.145+0.045 and
0.115+0.032 U/mgprot; all P<0.01 or P<0.05). Specifi-
cally, the reduction in enzyme activity was statistically
significant from the low to medium bilirubin group
(P<0.05). Notably, supplementation with 0.5 mmol/L
vitamin C significantly restored Na*/K*-ATPase activity
in the high bilirubin group (0.115+0.032 vs. 0.200+ 0.014
U/mgprot, P<0.01) (Fig. 3D), demonstrating its capacity
to mitigate bilirubin-induced impairment of this critical
membrane enzyme.

SOD activity assays demonstrated that exposure of
cardiomyocytes to low, medium, and high bilirubin
concentrations significantly suppressed SOD activ-
ity in a concentration-dependent manner compared
to the control group (control vs. low, medium, or high
bilirubin: 84.87+6.44 vs. 52.65+17.22, 45.68+16.79
and 37.51+5.04 U/ml, all P<0.01). The degree of SOD
activity reduction correlated positively with increasing
bilirubin levels. Notably, vitamin C supplementation at

Table 1 Correlational analysis between serum bilirubin
concentrations and cardiomyocyte pathophysiological
indices: cardiac injury biomarkers (CK-MB, cTn-I), antioxidant
enzymes (GPx, SOD), and Na*/K*-ATPase activity in primary rat
cardiomyocytes

Bilirubin CK-MB  CTn-I GPx SOD Na*/K*-ATPase
rvalue 0.948 0969 -0.787 -0.804 -0913
Pvalue <0.01 <0.01 <0.01 <0.01 <0.01

0.5 mmol/L significantly elevated SOD activity in both
the medium and high bilirubin groups (medium biliru-
bin: 52.65+17.22 vs. 78.64+15.52 U/ml; High bilirubin:
37.51+£5.04 vs. 47.05+21.21 U/ml; all P<0.01) (Fig. 3E),
demonstrating its capacity to counteract bilirubin-
induced suppression of this key antioxidant enzyme.

Correlation analysis

Pearson’s correlation analysis revealed significant asso-
ciations between bilirubin concentrations and key myo-
cardial injury biomarkers in primary rat cardiomyocytes.
Specifically, CK-MB and cTn-I exhibited positive cor-
relations with bilirubin levels (r=0.948-0.969, P<0.01),
whereas GPx, Na*/K*-ATPase, and SOD demonstrated
negative correlations (r =— 0.787 to— 0.913, P<0.01)
(Table 1), indicating a clear inverse relationship between
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antioxidant enzyme activity and bilirubin-induced car-
diac damage.

Discussion

Elevated bilirubin levels are known to cause neonatal
cellular damage [4, 5]. This study investigated bilirubin-
induced injury in neonatal rat cardiomyocytes exposed to
varying bilirubin concentrations. Results demonstrated
that hyperbilirubinemia causes dose-dependent cardio-
myocyte injury, with bilirubin levels correlating with cel-
lular damage markers. These findings highlight potential
clinical implications for preventing permanent myocar-
dial damage in infants with neonatal jaundice.

Neonatal hyperbilirubinemia with jaundice represents
a common clinical phenomenon, observed in up to 80%
of newborns during the initial postnatal weeks [1-3].
This transient condition typically arises from a physi-
ological imbalance between bilirubin production and
elimination, with levels generally normalizing as hepatic
maturation progresses and metabolic homeostasis is
established [22]. However, excessive bilirubin accumula-
tion poses significant biological risks by disrupting criti-
cal cellular processes (including membrane potential
regulation, energy metabolism, and neurotransmitter
synthesis), potentially leading to multi-organ dysfunction
and kernicterus in severe cases [4, 5, 7]. Notably, while
bilirubin’s neurotoxic effects are well-characterized, its
cardiotoxic potential in neonates remains insufficiently
understood [8]. Current diagnostic paradigms for myo-
cardial injury, particularly myocardial enzyme assays and
electrocardiographic monitoring developed for adults,
demonstrate limited sensitivity in neonatal populations
[1]. This diagnostic gap becomes clinically consequential
given evidence suggesting that transient bilirubin eleva-
tion may induce irreversible cardiomyocyte damage, even
after serum bilirubin normalization. Such subclinical
myocardial injury could manifest progressively as cardiac
functional impairment, cellular necrosis, or catastrophic
cardiovascular events [23].

While developing preventive strategies requires clarify-
ing bilirubin’s dose-cardiotoxicity relationship, our study
exposed H9C2 and primary rat cardiomyocytes to graded
bilirubin concentrations. Results demonstrated dose-
dependent cardiomyocyte viability loss, likely via oxida-
tive stress-mediated disruption of mitochondrial energy
metabolism [24, 25]. Contrary to bilirubin’s known anti-
oxidant effects at physiological levels, these findings
reveal its cytotoxicity at supra-physiological concentra-
tions, emphasizing the need for precise bilirubin moni-
toring in neonatal hyperbilirubinemia management.

cIn-1 and CK-MB serve as gold-standard biomark-
ers for myocardial injury, exhibiting diagnostically rel-
evant sensitivity and specificity that correlate with injury
severity [26]. As a cardiomyocyte-specific structural
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protein, cTn-I is exclusively expressed in cardiac tissues
and undergoes sustained release during cardiomyocyte
necrosis. CK-MB is a tissue-specific enzyme predomi-
nantly found in cardiomyocytes; when the myocardium
is damaged, CK-MB is rapidly released into the extra-
cellular space through the compromised cell membrane
[27]. In this study, elevated bilirubin levels were found to
cause significant injury to primary rat cardiomyocytes
compared with the control group (P<0.01). Moreover,
the degree of cardiomyocyte damage was positively cor-
related with increasing bilirubin concentrations. These
findings suggest that excessive bilirubin may disrupt the
metabolic function of cardiomyocytes by altering cellular
structure or membrane potential, thereby impairing nor-
mal metabolism, inhibiting glycolysis and protein synthe-
sis, and ultimately leading to myocardial injury [28].

The levels of Na*/K*-ATPase in the low, medium, and
high bilirubin groups were significantly reduced com-
pared to those in the control group (P<0.05 or P<0.01).
Na*/K*-ATPase, predominantly located in the inner cell
membrane, plays a key role in catalyzing ATP hydro-
lysis to generate energy required for ion transport [29].
Elevated bilirubin levels have been shown to impair
mitochondrial structure in cardiomyocytes, which may
ultimately lead to heart failure in severe cases [30]. Na*/
K*-ATPase functions by actively transporting three
sodium ions out of the cell and two potassium ions into
the cell per ATP molecule cleaved, thereby maintaining
the resting membrane potential, ensuring cellular excit-
ability and electrical conduction, and influencing myo-
cardial contractility [31, 32]. Therefore, the observed
decrease in Na*/K*-ATPase activity following bilirubin
exposure suggests impaired cardiomyocyte function and
a potential disruption of normal cardiac physiology.

SOD, GPx, and other antioxidant enzymes play a cru-
cial role in maintaining the balance between oxidative
and antioxidative factors within cardiomyocytes. Exces-
sive oxidase activity or reduced antioxidant enzyme func-
tion can lead to oxidative stress [33], which may cause
irreversible oxidation of intracellular DNA, proteins, and
lipids, resulting in mitochondrial dysfunction, increased
accumulation of reactive oxygen species (ROS), and ulti-
mately, cellular damage [34, 35]. In the present study,
SOD levels in all bilirubin-treated groups were signifi-
cantly lower than those in the control group. Similarly,
GPx levels were markedly decreased in the bilirubin-
exposed groups compared to the control group. These
findings are not entirely consistent with those reported
by Fiorelli et al. [36]. This discrepancy may be attributed
to a compensatory decrease in SOD levels in response to
altered oxidative stress conditions. Alternatively, differ-
ences in the establishment of the oxidative-antioxidative
imbalance model in cardiomyocytes between studies
might account for the variation. As a well-established
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antioxidant, vitamin C has long been recognized for its
therapeutic potential in clinical antioxidant interven-
tions. Zhang et al. [37]. suggested that incorporating vita-
min C into the treatment regimen for myocardial injury
could offer protective benefits. In the present study, vita-
min C was added to cell cultures to evaluate its potential
protective effects against bilirubin-induced myocardial
injury. The results suggested limited protective efficacy of
vitamin C, with partially improved outcomes observed in
specific biomarker-group combinations: Na*/K*-ATPase
activity(high bilirubin group), GPx activity (low biliru-
bin group), CK-MB & SOD levels (low and high bilirubin
groups), cInl levels ( medium and high bilirubin groups).

This study revealed significant correlations between
bilirubin levels and myocardial injury markers, including
SOD, GPx, CK-MB, cTnl, and Na*/K*-ATPase, suggesting
a potential association between bilirubin and myocardial
injury. However, further investigations, particularly in
vivo studies, are warranted to elucidate the direct effects
of bilirubin on cardiomyocyte damage. Additionally, clin-
ical correlation studies involving human blood biomark-
ers could provide valuable insights into the relationship
between bilirubin and cardiac injury in patients.

This study underscores the importance of early screen-
ing for myocardial injury in neonates with hyperbiliru-
binemia, particularly in those presenting with severe
jaundice. Incorporation of cardiac biomarkers (CK-MB
and cTn-I) into standardized neonatal screening pro-
tocols could improve early identification of subclinical
myocardial injury, enabling prompt therapeutic strategies
including phototherapy intensification or exchange trans-
fusion to mitigate progression toward irreversible cardiac
compromise. Clinicians should also consider implement-
ing individualized bilirubin management strategies, care-
fully balancing the neuroprotective benefits of bilirubin
reduction with potential cardiac risks, especially in vul-
nerable populations such as preterm infants or those with
comorbid conditions affecting bilirubin metabolism [38].

Further in vivo studies utilizing neonatal animal mod-
els are crucial for validating the dose-dependent mecha-
nisms of bilirubin-induced cardiac injury and assessing
long-term functional outcomes. Human cohort studies
should aim to correlate bilirubin levels, cardiac biomark-
ers (such as CK-MB and cTn-I), and echocardiographic
findings in jaundiced neonates to establish risk thresh-
olds. Comparative trials investigating the outcomes of
early biomarker-guided therapy versus standard care
could help optimize clinical protocols. Additionally,
research focusing on the mechanisms underlying biliru-
bin-induced mitochondrial dysfunction or antioxidant
depletion may uncover potential therapeutic targets,
such as mitochondrial protectants or targeted antioxi-
dants [39].
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Conclusions

In conclusion, by examining changes in the activity of
myocardial injury markers in rat cardiomyocytes, this
study demonstrated that elevated bilirubin levels can
induce varying degrees of injury in primary rat cardio-
myocytes. These findings may offer new insights for the
clinical management of patients with hyperbilirubine-
mia, particularly neonates with jaundice. Early detection
and intervention strategies such as monitoring cardiac
biomarkers and administering antioxidants like vitamin
C could potentially help prevent or mitigate cardiomyo-
cyte damage. However, further in vivo studies and human
clinical trials are necessary to confirm these results and
to explore more effective preventive and therapeutic
approaches.

Abbreviations

SOD Superoxide dismutase
GPx Glutathione peroxidase

CK-MB  Creatine kinase MB
cTn-I Cardiac troponin |
HO-1 Heme oxygenase-1

Acknowledgements
Not applicable.

Author contributions

HY and JJZ carried out the studies, participated in collecting data, and

drafted the manuscript. XJW and DYW performed the statistical analysis and
participated in its design. YXK and WJF participated in acquisition, analysis, or
interpretation of data and draft the manuscript. All authors read and approved
the final manuscript.

Funding
None.

Data availability
All data generated or analysed during this study are included in this published
article.

Declarations

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Ethics approval

Al methods were carried out in accordance with relevant guidelines and
regulations. The animal experiment was executed with the agreement from
the Institutional Animal Care and Use Ethics Committee of Hangzhou Hibio
Technology Company (approval No. HB-20150608),all methods are reported in
accordance with ARRIVE guidelines.

Received: 12 July 2023 / Accepted: 13 May 2025
Published online: 27 May 2025

References

1. Cho SJ,Kim GE. A practical approach to the pathology of neonatal cholestatic
liver disease. Semin Diagn Pathol. 2019,36:375-88.

2. Maisels MJ, Watchko JF, Bhutani VK, Stevenson DK. An approach to the
management of hyperbilirubinemia in the preterm infant less than 35 weeks
of gestation. J Perinatol. 2012,32:660-4.



Zhao et al. BMC Cardiovascular Disorders

22.

23.

(2025) 25:408

Dijk PH, Hulzebos CV. An evidence-based view on hyperbilirubinaemia. Acta
Paediatr. 2012;101:3-10.

Schwartz HP, Haberman BE, Ruddy RM. Hyperbilirubinemia: current guide-
lines and emerging therapies. Pediatr Emerg Care. 2011;27:884-9.

Lauer BJ, Spector ND. Hyperbilirubinemia in the newborn. Pediatr Rev.
2011;32:341-9.

Kemper AR, Newman TB, Slaughter JL, Maisels MJ, Watchko JF, Downs SM et
al. Clinical practice guideline revision: management of hyperbilirubinemia in
the newborn infant 35 or more weeks of gestation. Pediatrics. 2022;150.

Ben Salem A, Mazhoud |, Chioukh FZ, Salem R, Ben Ameur K, Khalfalli A, et al.
[Heart and brain in a newborn]. Arch Pediatr. 2017,24:1275-7.

Hu Q, Luo W, Huang L, Huang R, Chen R, Gao Y. Multiorgan protection of
remote ischemic perconditioning in valve replacement surgery. J Surg Res.
2016;200:13-20.

Virani SS, Alonso A, Benjamin EJ, Bittencourt MS, Callaway CW, Carson AP, et
al. Heart disease and stroke Statistics-2020 update: A report from the Ameri-
can heart association. Circulation. 2020;141:2139-596.

Wang Y, Li'Y, Feng J, Liu W, LiY, Liu J, et al. Mydgf promotes cardiomyocyte

proliferation and neonatal heart regeneration. Theranostics. 2020;10:9100-12.

LiY, Li H, Pei J, Hu S, Nie Y. Transplantation of murine neonatal cardiac macro-
phage improves adult cardiac repair. Cell Mol Immunol. 2021;18:492-4.

Lam NT, Sadek HA. Neonatal heart regeneration: comprehensive literature
review. Circulation. 2018;138:412-23.

Siow RC, Sato H, Mann GE. Heme oxygenase-carbon monoxide signalling
pathway in atherosclerosis: anti-atherogenic actions of bilirubin and carbon
monoxide? Cardiovasc Res. 1999:41:385-94.

Ozturk M, Askin L, Ipek E, Demirelli S, Turan OE, Yildirim E, et al. The role of
serum bilirubin levels in predicting troponin positivity in Non-ST-Segment
elevation acute coronary syndrome. Angiology. 2017;68:414-8.

Hamur H, Duman H, Bakirci EM, Kucuksu Z, Demirelli S, Kalkan K, et al.
Bilirubin levels and Thrombus burden in patients with ST-Segment elevation
myocardial infarction. Angiology. 2016,67:565-70.

Yang Y, Wang J, Wai Si Ding A, Xu'Y, Jiang H, Ma K, et al. Serum total bilirubin
and long-term prognosis of patients with new-onset non-ST elevation myo-
cardial infarction: a cohort study. BMC Cardiovasc Disord. 2022,22:165.
Cosgun MS. Bilirubin levels as an independent predictor of myocarditis in
patients with COVID-19. Egypt Heart J. 2021;73:108.

Morelli MB, Gambardella J, Castellanos V, Trimarco V, Santulli G. Vitamin C and
cardiovascular disease: an update. Antioxid (Basel). 2020;9.

GaoY, Ling Y, Li J, XuY, Ge J, Xia Q. Neuropathological implication of high
blood bilirubin in patients and model rats with depression. Brain Res Bull.
2024;215:111028.

Gazzin S, Jayanti S, Tiribelli C. Models of bilirubin neurological damage: les-
sons learned and new challenges. Pediatr Res. 2023;93:1838-45.

Li S, Jiang J, Fang J, Li X, Huang C, Liang W et al. Naringin protects H9C2
cardiomyocytes from chemical hypoxia-induced injury by promoting the
autophagic flux via the activation of the HIF-1a/BNIP3 signaling pathway. Int
J Mol Med. 2021,47.

Dhanwadkar SS, Rasalam CS, Masood Z. Effectiveness of early clinical assess-
ment and bilirubin Estimation for prediction of neonatal hyperbilirubinemia.
Intl J Contrmp Ped. 2016;3.

Stevenson DK, Bhutani VK. Neonatal hyperbilirubinemia in preterm neonates.

Clin Perinatol. 2016;43.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Page 9 of 9

Gupta N, Singh T, Chaudhary R, Garg SK, Sandhu GS, Mittal V, et al. Bilirubin in
coronary artery disease: cytotoxic or protective? World J Gastrointest Pharma-
col Ther. 2016;7:469-76.

Bulmer AC, Bakrania B, Du Toit EF, Boon AC, Clark PJ, Powell LW, et al. Bilirubin
acts as a multipotent guardian of cardiovascular integrity: more than just a
radical Idea. Am J Physiol Heart Circ Physiol. 2018;315:H429-47.

Babuin L, Jaffe AS. Troponin: the biomarker of choice for the detection of
cardiac injury. CMAJ. 2005;173:1191-202.

Gotoh K, Nishimura N, Ohshima Y, Arakawa Y, Hosono H, Yamamoto Y, et

al. Detection of Mycoplasma pneumoniae by loop-mediated isothermal
amplification (LAMP) assay and serology in pediatric community-acquired
pneumonia. J Infect Chemother. 2012;18:662-7.

Ziberna L, Martelanc M, Franko M, Passamonti S. Bilirubin is an endogenous
antioxidant in human vascular endothelial cells. Sci Rep. 2016;6:29240.
Pecoraro M, Sorrentino R, Franceschelli S, Del Pizzo M, Pinto A, Popolo A.
Doxorubicin-Mediated cardiotoxicity: role of mitochondrial connexin 43.
Cardiovasc Toxicol. 2015;15:366-76.

Antoons G, Johnson DM, Dries E, Santiago DJ, Ozdemir S, Lenaerts |, et al. Cal-
cium release near L-type calcium channels promotes beat-to-beat variability
in ventricular myocytes from the chronic AV block dog. J Mol Cell Cardiol.
2015;89:326-34.

Schmidt TA, Kjeldsen K. Human myocardial Na,K-ATPase—quantification,
regulation and relation to Ca. Cardiovasc Res. 1998,37:335-45.

Shattock MJ, Ottolia M, Bers DM, Blaustein MP, Boguslavskyi A, Bossuyt

J, etal. Na+/Ca2 +exchange and Na+/K+-ATPase in the heart. J Physiol.
2015;593:1361-82.

D'Oria R, Schipani R, Leonardini A, Natalicchio A, Perrini S, Cignarelli A, et al.
The role of oxidative stress in cardiac disease: from physiological response to
injury factor. Oxid Med Cell Longev. 2020;2020:5732956.

Potthast AB, Heuer T, Warneke SJ, Das AM. Alterations of sirtuins in mitochon-
drial cytochrome c-oxidase deficiency. PLoS ONE. 2017;12:e0186517.
Andreadou |, Schulz R, Papapetropoulos A, Turan B, Ytrehus K, Ferdinandy

P et al. The role of mitochondrial reactive oxygen species, NO and H(2)

S inischaemia/reperfusion injury and cardioprotection. J Cell Mol Med.
2020;24:6510-22.

Fiorelli S, Porro B, Cosentino N, Di Minno A, Manega CM, Fabbiocchi F et

al. Activation of Nrf2/HO-1 pathway and human atherosclerotic plaque
vulnerability:an in vitro and in vivo study. Cells. 2019;8.

Zhang X, Dong S, Qin'Y, Bian X. Protective effect of erythropoietin against
myocardial injury in rats with sepsis and its underlying mechanisms. Mol Med
Rep.2015;11:3317-29.

Chen M, Beuchée A, Levine E, Storme L, Gascoin G, Hernandez Al. Model-
based characterization of total serum bilirubin dynamics in preterm infants.
Pediatr Res. 2024.

Spiroski AM, Niu Y, Nicholas LM, Austin-Williams S, Camm EJ, Sutherland MR,
et al. Mitochondria antioxidant protection against cardiovascular dysfunction
programmed by early-onset gestational hypoxia. Faseb J. 2021;35:21446.

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.



	﻿Impact of hyperbilirubinemia on rat cardiomyocyte injury
	﻿Abstract
	﻿Background
	﻿Methods
	﻿Animals
	﻿Serum preparation
	﻿Cell culture
	﻿Drug treatments
	﻿CCK8 assay
	﻿Superoxide dismutase assay
	﻿Glutathione peroxidase assay
	﻿Na﻿+﻿/K﻿+﻿-ATPase detection
	﻿Creatinine kinase MB and cardiac troponin I
	﻿Statistical analysis

	﻿Results
	﻿Changes in the viability of H9C2 cardiomyocytes and primary rat cardiomyocytes after treatment with different concentrations of bilirubin
	﻿Changes in biomarkers of primary rat cardiomyocyte injury after treatment with different concentrations of bilirubin
	﻿Correlation analysis

	﻿Discussion
	﻿Conclusions
	﻿References


