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Background: Norepinephrine may induce inflammatory changes and cellular injury in epicardial adipose-derived cells. This
study investigated the effects of norepinephrine on these cells and examined calcium-related responses and cellular injury in
H9c2 cells following exposure to media collected from differently treated epicardial adipose-derived cell cultures.
Methods: Adipogenically differentiated epicardial adipose-derived cells were treated with norepinephrine, atropine, or their
combination. Inflammatory responses, apoptosis, autophagy-related protein expression, and activation of the p38 MAPK and
NF-κB signaling pathways were evaluated using ELISA, flow cytometry, immunofluorescence, and Western blotting. H9c2 rat
cardiomyoblasts were exposed to the corresponding culture media, designated as epicardial adipose tissue (EAT)-CM, nore-
pinephrine (NE)-CM, atropine-CM, and NE + atropine-CM. Fluo-4 fluorescence intensity, calcium-handling protein expression,
Cx43 expression, and apoptosis were assessed. Pathway inhibitors were used to investigate the roles of p38 MAPK and NF-κB
signaling pathways in NE-induced inflammatory responses and cellular injury in epicardial adipose-derived cells.
Results: Compared with the control group, norepinephrine significantly increased Tumor necrosis factor-alpha (TNF-α),
Interleukin-6 (IL-6), and leptin levels, decreased adiponectin levels, and promoted apoptosis and altered autophagy-related
protein expression in epicardial adipose-derived cells (all p < 0.05). Norepinephrine also activated the p38 MAPK and NF-κB
signaling pathways (all p < 0.05). Compared with the EAT-CM group, the NE-CM group showed increased Fluo-4 fluorescence
intensity, reduced SERCA2a expression and PLB phosphorylation, enhanced RyR2 phosphorylation, decreased Cx43 expression,
and increased apoptosis. These alterations were most pronounced in the NE + atropine-CM group. Treatment with SB203580 or
Bay 11-7082 attenuated norepinephrine-induced inflammatory responses and cellular injury (all p < 0.05).
Conclusions: Norepinephrine activated the p38 MAPK and NF-κB signaling pathways and induced inflammatory changes and
cellular injury in epicardial adipose-derived cells. H9c2 cells in the NE-CM and NE + atropine-CM groups showed coordinated
changes in Fluo-4 fluorescence intensity, calcium-handling protein and Cx43 expression, and apoptosis. H9c2 cells exposed to
media collected from norepinephrine-treated epicardial adipose-derived cell cultures showed calcium-related alterations and
cellular injury.

Keywords: norepinephrine; epicardial adipose-derived cells; H9c2 cells; calcium-handling proteins; p38 MAPK; NF-κB

Introduction

Atrial fibrillation is highly prevalent in clinical prac-
tice and represents the most common type of sustained ar-
rhythmia. It not only predisposes patients to serious com-
plications such as stroke and heart failure, but also signifi-
cantly increases mortality [1]. Recent studies have gradu-
ally revealed that epicardial adipose tissue (EAT), located
on the surface of the myocardium, is not merely fat tissue
used for lipid storage. Instead, it exhibits high metabolic

activity and may participate in the entire process of atrial
fibrillation, from disease onset to disease progression [2,3].
In addition, there is no fascial barrier between EAT and the
myocardium. Therefore, various bioactive substances se-
creted by EAT can directly affect the myocardium through
paracrine and vasocrine pathways, thereby altering myocar-
dial structure and normal physiological function [4].

Under normal physiological conditions, EAT mainly
secretes anti-inflammatory substances, such as adiponectin,
to protect the heart [5]. However, under pathological condi-
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tions, EAT undergoes phenotypic transformation. Among
the overall changes in the indicators, the most promi-
nent was the substantial release of inflammatory factors.
The secretion of pro-inflammatory substances, such as Tu-
mor necrosis factor-alpha (TNF-α) and Interleukin-6 (IL-
6), is markedly increased, whereas adiponectin, which has
anti-inflammatory effects, continues to decrease, gradually
forming a chronic local inflammatory microenvironment
[6]. The inflammation-induced remodeling process can
lead to both structural and electrical remodeling of the atria,
thereby promoting the onset and persistence of atrial fibril-
lation [7].

Autonomic nervous system imbalance, particularly
enhanced sympathetic activity, is an important trigger for
atrial fibrillation [8,9]. Norepinephrine (NE), the primary
neurotransmitter of the sympathetic nervous system, regu-
lates adipose tissue metabolism, inflammatory responses,
and cell survival [10]. However, the underlying mech-
anisms by which sympathetic activation influences EAT
function and its indirect effects on cardiomyocytes remain
unclear.

At the molecular level, the p38 MAPK and NF-κB
signaling pathways are key regulators of inflammatory re-
sponses and cellular stress [11,12]. Activation of the NF-
κB pathway is typically characterized by p65 phosphoryla-
tion and nuclear translocation, accompanied by IκBα degra-
dation, thereby promoting the transcription of inflamma-
tory genes. Although these pathways play key roles in in-
flammation, their involvement in NE-induced inflamma-
tory changes and cellular injury in epicardial adipocytes re-
mains unclear.

Disruption of intracellular Ca2+ homeostasis is one of
the key mechanisms underlying cardiomyocyte dysfunc-
tion and arrhythmogenesis [13]. Abnormal expression
or phosphorylation of calcium-handling proteins, such as
SERCA2a, phospholamban (PLB), and ryanodine receptor
2 (RyR2), can impair calcium cycling, thereby increasing
the risk of arrhythmias [14]. A previous study has linked
adipocyte-derived mediators to calcium-related responses
in cardiac-derived cells [15]. However, the relationship be-
tween sympathetic stimulation of epicardial adipocytes and
calcium-related changes in H9c2 cells remains unclear.

Therefore, this study aimed to investigate
norepinephrine-induced inflammation, apoptosis, and
cellular injury in epicardial adipose-derived cells and to
elucidate the involvement of the p38 MAPK and NF-κB
signaling pathways. We further evaluated intracellular
Ca2+ levels, calcium-handling protein and Cx43 expres-
sion, and apoptosis in H9c2 cells following exposure to
media derived from differently treated epicardial adipose-
derived cell cultures. This study provides in vitro evidence
supporting a relationship between norepinephrine-induced
changes in epicardial adipose-derived cells and injury-
related alterations in H9c2 cells.

Materials and Methods

Specific Procedures for the Isolation and Culture of
Epicardial Adipose-Derived Cells

This animal experiment was approved by the Ethics
Committee of the People’s Hospital of Ningxia Hui Au-
tonomous Region (Approval No. 2026-LL-228). Six 7-
week-old male Sprague–Dawley (SD) rats weighing 180–
260 g were purchased from Beijing Vital River Labora-
tory Animal Technology Co., Ltd. Tissues from individual
rats were isolated and cultured separately without pooling,
and each rat therefore represented an independent biologi-
cal replicate. Before tissue collection, the rats were anes-
thetized with sodium pentobarbital (50 mg/kg, intraperi-
toneally). After deep anesthesia was confirmed by the ab-
sence of the pedal withdrawal reflex, the rats were eutha-
nized by an additional intraperitoneal injection of sodium
pentobarbital at an overdose of 150 mg/kg (20 mg/mL).
Death was confirmed by the absence of spontaneous res-
piration, heartbeat, and pedal withdrawal reflex. The tho-
racic cavity was then opened immediately, the heart was
removed, and epicardial adipose tissue from the dorsal
atrioventricular groove was dissected under sterile condi-
tions and transferred separately into ice-cold PBS for sub-
sequent processing. Freshly isolated adipose tissue was
repeatedly washed with phosphate-buffered saline (PBS;
T494526, Shanghai Aladdin Biochemical Technology Co.,
Ltd., Shanghai, China) to remove residual blood from the
tissue surface. The adipose tissue was then finely minced
into small pieces and placed in a prepared 0.1% type I
collagenase solution (COLA-10001, Cyagen Biosciences
Inc., Guangzhou, China). After the tissue had been fully
digested, the digestion reaction was terminated. The di-
gested mixture was passed through a 70-μm cell strainer
(352350, Corning Inc., Corning, NY, USA) to remove undi-
gested tissue debris. The upper liquid was discarded, and
the cells precipitated at the bottom of the tube were the stro-
mal vascular fraction (SVF) cells. The cells were gently
resuspended in culture medium, seeded into culture dishes,
and cultured in an incubator. The cells were cultured in
DMEM/F12 medium supplemented with 10% fetal bovine
serum. During the experiment, cell growth and morpho-
logical characteristics were observed under an Olympus
CKX53 inverted microscope (Tokyo, Japan). Representa-
tive fields were photographed to evaluate adipogenic differ-
entiation. In addition, all primary cells intended for subse-
quent experiments were screened for mycoplasma contam-
ination in advance, and no mycoplasma contamination was
detected in any sample.

Adipogenic Induction and Differentiation
When the cells in the culture dishes reached 80%–90%

confluence, the original culture medium was replaced with
adipogenic induction medium to initiate adipogenic differ-
entiation. After the cells had been cultured in the induction
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medium for 2–3 days, the medium was replaced with main-
tenance medium containing insulin only. Fresh medium
was then replaced every 2–3 days. The entire differen-
tiation induction process lasted approximately 7–10 days.
The cells were continuously observed under a microscope.
When abundant intracellular lipid droplets were observed,
the cells were considered to have undergone adipogenic dif-
ferentiation and were used for subsequent experiments.

Grouping and Drug Treatment of Adipogenically
Differentiated Cells
Dose-gradient Experiment

The cells were divided into three groups to evaluate
the effects of different concentrations: the control group
received no norepinephrine (NE, 0 μM), the low-dose NE
group received 1 μM NE, and the high-dose NE group re-
ceived 10 μMNE. All groups were treated continuously for
48 h.

Exploratory Norepinephrine and Atropine Treatment
Experiment

Atropine was included as an exploratory pharmaco-
logical treatment rather than as a model of parasympathetic
inhibition or autonomic imbalance. Four groups were es-
tablished for comparison: the blank control group, the NE
treatment group (10 μM; HY-13715, MedChemExpress,
NJ, USA), the atropine treatment group (1 μM; HY-B1205,
MedChemExpress, NJ, USA), and the NE + atropine com-
bined treatment group (10 μM NE and 1 μM atropine). The
treatment duration was 48 h for all four groups.

Signaling Pathway Inhibition Experiment
To verify the roles of the p38 mitogen-activated pro-

tein kinase (p38 MAPK) and nuclear factor kappa B (NF-
κB) signaling pathways, four groups were established:
the blank control group, the NE treatment group (10
μM), the NE + SB203580 group (SB203580, 5 μM; EY-
19875, Shanghai Yiyan Bio-technology Co., Ltd., Shang-
hai, China), and the NE + Bay 11-7082 group (Bay 11-
7082, 5 μM; LM1523, Shanghai Lianmai Bioengineering
Co., Ltd., Shanghai, China).

For the inhibitor-treated groups, cells were pretreated
with SB203580 or Bay 11-7082 for 1 h, followed by NE
stimulation for an additional 48 h.

Preparation of Culture Supernatants From
Epicardial Adipose-Derived Cells and H9c2 Cell
Treatment

Adipogenically differentiated epicardial adipose-
derived cells were treated according to the predefined
groups for 48 h. After treatment, the culture medium
was removed, and the cells were washed three times with
PBS and incubated in serum-free DMEM/F12 for an
additional 24 h to collect the conditioned medium. The
collected supernatants were centrifuged at low temperature

to remove cells and cellular debris and then concentrated
using a 3-kDa molecular-weight-cutoff ultrafiltration
device (UFC900396, Merck Millipore, Burlington, MA,
USA). The concentrated samples were adjusted to the same
total protein concentration with serum-free medium before
subsequent H9c2 cell treatment. It should be noted that the
samples in this experiment were not normalized according
to the number of viable donor cells.

H9c2(2-1) rat cardiomyoblasts (CL-0089, Procell Life
Science & Technology Co., Ltd., Wuhan, China) were rou-
tinely cultured and passaged. The cell line was authenti-
cated by short tandem repeat (STR) profiling by the sup-
plier, and the cells were confirmed to be free ofmycoplasma
contamination before use. Five treatment groups were es-
tablished. The basal group was maintained in standard
growth medium and was included only as a reference for
the basal state of H9c2 cells. The EAT-CM group received
conditioned medium collected from untreated epicardial
adipose-derived cell cultures and served as the primary
control for comparisons among the conditioned-medium
groups. The NE-CM, atropine-CM, and NE + atropine-CM
groups received conditioned media collected from epicar-
dial adipose-derived cell cultures treated with 10 μM NE, 1
μM atropine, or their combination, respectively. H9c2 cells
were exposed to the corresponding media for 48 h before
subsequent assessments.

Oil Red O Staining
Before staining, the old culture medium was com-

pletely removed from the culture wells. The adherent cells
were then gently washed twice with PBS to thoroughly re-
move the remaining medium and avoid interference with
subsequent staining. After washing, 4% paraformaldehyde
fixative (KGIHC016, Jiangsu KeyGEN BioTECH Corp.,
Ltd., Nanjing, China) was added to preserve cell morphol-
ogy and stabilize cellular structures, thereby preventing cell
damage or detachment during staining. After fixation, the
fixative was removed, and the cells were briefly washed
once with PBS. Freshly prepared Oil Red O working so-
lution (O0625, Sigma-Aldrich, St. Louis, MO, USA) was
then added, and the cells were stained at room temperature
to visualize intracellular lipid droplets. After staining, the
excess staining solution was removed, and the cells were re-
peatedly and gently washed with distilled water to remove
unbound free dye until the background appeared clear and
no excess red staining remained. Finally, intracellular lipid
droplet stainingwas observed under an invertedmicroscope
at 200× magnification, and multiple representative fields
were randomly selected for imaging. To ensure compa-
rability among groups and reduce experimental error, the
illumination intensity, white balance, and camera settings
were kept consistent across all groups during image acqui-
sition. Oil Red O-stained images were quantitatively ana-
lyzed using ImageJ software (version 1.54t, National Insti-
tutes of Health, Bethesda, MD, USA). Five randomly se-
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lected, non-overlapping fields were analyzed for each sam-
ple. The mean staining intensity was measured using uni-
form analysis settings for all images within the same exper-
imental batch. The mean value of the control group was
set to 1, and the results were expressed as relative staining
intensity.

Immunofluorescence
Sterilized coverslips were placed in 24-well plates in

advance, and the cells were then seeded. Subsequent drug
treatments were performed when the cells reached an ap-
propriate growth state. After all drug treatments were com-
pleted, the culture medium was removed, and the cells
were washed three times with PBS. The cells were then
fixed with 4% paraformaldehyde to preserve cellular mor-
phology and prevent damage to cellular structures dur-
ing subsequent procedures. After fixation, the solution
was removed, and the cells were treated with 0.1% Tri-
ton X-100 (XY-0096, XY-Bioscience, Shanghai, China)
to permeabilize the cell membrane, allowing antibodies
to enter the cells and bind to the target proteins. After
treatment, the cells were incubated at room temperature
to block nonspecific binding sites and reduce nonspecific
background fluorescence in subsequent images. Primary
antibodies against PPARγ and Perilipin were used. The
PPARγ primary antibody was diluted to 1:100 (sc-271392,
Santa Cruz Biotechnology, Inc., Dallas, TX, USA), and
the Perilipin primary antibody was diluted to 1:500 (PA1-
1051, Thermo Fisher Scientific, Waltham, MA, USA). Af-
ter addition of the primary antibodies, the cells were incu-
bated overnight to ensure sufficient antigen–antibody bind-
ing. For pathway-related detection, a p65 primary antibody
(6956, dilution 1:400, Cell Signaling Technology, Danvers,
MA, USA) was used to observe the translocation of p65
into the nucleus. On the following day, the culture plates
were removed from the refrigerator, and the primary anti-
body solutions were aspirated. The cells were thoroughly
washed with PBS to remove unbound primary antibod-
ies. For double-immunofluorescence staining, the corre-
sponding fluorescent secondary antibodies were added as
required. PPARγ was detected using an Alexa Fluor 488-
conjugated goat anti-mouse IgG (H+L) secondary antibody
(A-11029, dilution 1:1000, Invitrogen, Thermo Fisher Sci-
entific, Waltham, MA, USA). Perilipin was detected us-
ing an Alexa Fluor 594-conjugated goat anti-rabbit IgG
(H+L) secondary antibody (A-11037, dilution 1:1000, In-
vitrogen, Thermo Fisher Scientific, Waltham, MA, USA).
The p65 staining group also received the Alexa Fluor 488-
conjugated goat anti-mouse IgG (H+L) secondary antibody.
All secondary antibodies were incubated for 1 h at room
temperature in the dark. After incubation with secondary
antibody, DAPI staining solution (D609734, Shanghai Al-
addin Biochemical Technology Co., Ltd., Shanghai, China)
was added to label the nuclei.

Fluorescence images were acquired using a BZ-X710
fluorescencemicroscope (Keyence Corporation) with a 40×
objective. The imaging parameters for each fluorescence
channel, including illumination intensity, exposure time,
and gain, were first adjusted using the control group. Once
established, the same settings were applied to all experi-
mental groups. Areas with fluorescence overexposure were
deliberately avoided during field selection to prevent data
distortion. For analysis of the positive rates of adipogenic
markers, five randomly selected, non-overlapping fields
were examined for each sample. ImageJ software was used
to count PPARγ-positive cells, Perilipin-positive cells, and
all DAPI-stained nuclei. The positive rate of each marker
was calculated by dividing the number of positive cells by
the total number of nuclei and multiplying by 100%. A
uniform fluorescence threshold was applied to all images
from the same experimental batch. p65 nuclear translo-
cation was quantitatively analyzed using ImageJ software.
Five randomly selected, non-overlapping fields were ana-
lyzed for each sample. Nuclear regions were defined based
on DAPI staining, and the mean fluorescence intensity of
p65 within the nuclear region was measured. The same
image-acquisition parameters and analysis thresholds were
applied to all groups, and nuclear p65 fluorescence intensity
was used to evaluate the extent of p65 nuclear translocation.

CCK-8 Assay
Cell viability in each group was assessed using a Cell

Counting Kit-8 (CCK-8; C266180, Shanghai Aladdin Bio-
chemical Technology Co., Ltd., Shanghai, China), and all
procedures were performed strictly according to the manu-
facturer’s instructions. After all drug treatments were com-
pleted, 10 μL of CCK-8 solution was added to each well.
The plate was gently shaken to ensure thorough mixing of
the reagent with the culture medium and was then incubated
at 37 °C. After the reaction, the OD value of each well was
measured at 450 nm using a microplate reader, and the re-
sulting data were used to assess cell viability in each group.

ELISA
ELISA was used to assess the levels of inflammatory

factors and adipokines in cell culture supernatants, and all
procedures were performed strictly according to the instruc-
tions provided with the kits. Detection kits from differ-
ent manufacturers were used. TNF-α levels were evaluated
using an imported kit (RTA00, R&D Systems, Minneapo-
lis, MN, USA). IL-6 (E-HSEL-R0004), adiponectin (E-EL-
R3012), and leptin (E-EL-R0582) levels were measured us-
ing rat-specific ELISA kits from Elabscience Biotechnol-
ogy Co., Ltd. (Wuhan, China). After drug treatment, the
culture supernatants from each group were collected, trans-
ferred into centrifuge tubes, and centrifuged. The clear up-
per supernatants were collected for subsequent detection.
After incubation, biotin-labeled detection antibodies were
added, followed by further incubation. Horseradish perox-
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idase (HRP)-labeled streptavidin was then added, and the
samples were incubated again. After the plates were thor-
oughly washed, 3,3′,5,5′-tetramethylbenzidine (TMB) sub-
strate was added for color development in the dark. When a
uniform color gradient was observed in the standard wells,
stop solution was immediately added to terminate the reac-
tion. Finally, the absorbance of each well was measured at
450 nm using a microplate reader, and the values were used
to calculate the concentrations of the factors in the samples
and for subsequent data analysis.

Flow Cytometry
Cell apoptosis was assessed using an Annexin V-

FITC/PI double-staining apoptosis detection kit (HY-
K1073, MedChemExpress, Monmouth Junction, NJ,
USA), and all procedures were performed strictly according
to the manufacturer’s instructions. Cellular fluorescence
signals were acquired using a BD FACSAria III flow cy-
tometer, and the resulting data were analyzed using FlowJo
software, version 10.8.1 (BD Life Sciences, Ashland, OR,
USA). During data analysis, the valid cell population was
first gated on the forward scatter area (FSC-A)/side scatter
area (SSC-A) scatter plot to exclude cellular debris, impu-
rity particles, and other invalid signals. Single cells were
then selected based on FSC-H and FSC-A parameters to
exclude cell aggregates and ensure detection accuracy. The
total apoptosis rate was calculated as the sum of the percent-
ages of early and late apoptotic cells. To ensure consistency
and comparability among groups, identical flow cytometric
gating parameters were applied to all samples without indi-
vidual adjustment of thresholds or gating ranges.

Western Blotting
Total cellular proteins were extracted using RIPA ly-

sis buffer (U10001, Suzhou Yuyou Biotechnology Co.,
Ltd., Suzhou, China) supplemented with protease in-
hibitor (P665818, Shanghai Aladdin Biochemical Technol-
ogy Co., Ltd., Shanghai, China) and phosphatase inhibitor
(P777310, Shanghai Aladdin Biochemical Technology Co.,
Ltd., Shanghai, China) to prevent protein degradation and
loss of phosphorylation signals. After lysis, the samples
were centrifuged, and the clear upper protein supernatants
were collected for subsequent experiments.

The proteins examined in this study and the corre-
sponding primary antibodies were classified according to
their functions as follows:

Autophagy-related proteins: microtubule-
associated protein 1 light chain 3A/B (LC3A/B; 4108,
dilution 1:1000, Cell Signaling Technology, Danvers,
MA, USA) and p62/sequestosome 1 (p62/SQSTM1; 5114,
dilution 1:1000, Cell Signaling Technology).

Signaling pathway-related proteins: phos-
phorylated p38 mitogen-activated protein kinase
(Thr180/Tyr182, p-p38 MAPK; 4631, dilution 1:1000,
Cell Signaling Technology), p38 mitogen-activated protein

kinase (p38 MAPK; 8690, dilution 1:1000, Cell Signaling
Technology), phosphorylated nuclear factor kappa B
p65 (Ser536, p-NF-κB p65; 3033, dilution 1:1000, Cell
Signaling Technology), nuclear factor kappa B p65 (NF-κB
p65; 6956, dilution 1:1000, Cell Signaling Technology),
and inhibitor of nuclear factor kappa B alpha (IκBα; 9242,
dilution 1:1000, Cell Signaling Technology).

Calcium-handling proteins: sarcoplas-
mic/endoplasmic reticulum Ca2+-ATPase 2a (SERCA2a;
A010-20, dilution 1:5000, Badrilla Ltd., Leeds, UK),
phosphorylated phospholamban (Ser16, p-phospholamban,
p-PLB; A010-12AP, dilution 1:1000, Badrilla Ltd.),
phospholamban (PLB; A010-14, dilution 1:5000, Badrilla
Ltd.), phosphorylated ryanodine receptor 2 (Ser2808,
p-ryanodine receptor 2, p-RyR2; A010-30AP, dilution
1:1000, Badrilla Ltd.), and ryanodine receptor 2 (RyR2;
ab302716, dilution 1:1000, Abcam, Cambridge, UK).

Other protein and loading control: Connexin43
(3512, dilution 1:1000, Cell Signaling Technology) and
glyceraldehyde-3-phosphate dehydrogenase (GAPDH;
5174, dilution 1:1000, Cell Signaling Technology).

After primary antibody incubation, the membranes
were repeatedly washed with Tris-buffered saline contain-
ing Tween 20 (TBST; ZN2925, Beijing Baiaolaibo Tech-
nology Co., Ltd., Beijing, China) to remove unbound pri-
mary antibodies. According to the host species of the
primary antibodies, the membranes were incubated with
HRP-conjugated goat anti-rabbit IgG (SA00001-2, Pro-
teintech, Wuhan, China; 1:5000) or HRP-conjugated goat
anti-mouse IgG (SA00001-1, Proteintech, Wuhan, China;
1:5000) for 1 h at room temperature. After another thor-
oughwash, protein signals were detected using an enhanced
chemiluminescence (ECL) system, and images of the pro-
tein bands were captured (32209, Thermo Fisher Scientific,
Waltham, MA, USA). Band intensities were measured us-
ing ImageJ software (version 1.54t, National Institutes of
Health, Bethesda, MD, USA) for semi-quantitative analy-
sis. The ratios of LC3-II to LC3-I, phosphorylated p38 to
total p38, phosphorylated p65 to total p65, phosphorylated
PLB to total PLB, and phosphorylated RyR2 to total RyR2
were calculated. The expression levels of all target proteins
were normalized to GAPDH.

Fluo-4 AM Fluorescence Measurement
Intracellular calcium fluorescence was detected us-

ing the Fluo-4 AM calcium-sensitive fluorescent probe
(HY-101896, MedChemExpress, Monmouth Junction, NJ,
USA). The cells were washed twice with serum-free culture
medium. The prepared Fluo-4 AM working solution was
then added for incubation to allow sufficient intracellular
loading of the probe. After all procedures were completed,
fluorescence images were acquired using a 20× objective
to measure the intensity of the calcium fluorescence signal
in each group. Within the same experiment, the excitation
intensity, exposure time, gain, and other imaging parame-
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ters were kept identical across all groups and remained un-
changed throughout image acquisition. Five randomly se-
lected, non-overlapping fields were analyzed for each sam-
ple. After background fluorescence was subtracted, the
mean fluorescence intensity per cell was quantified using
ImageJ software. The results were then compared with the
mean value of the basal control group, which was set to 1,
to calculate the relative fluorescence level of each group.

LDH Release Assay
Cellular injury was assessed using an LDH Cytotox-

icity Assay Kit (C0016, Beyotime Biotech Inc., Shanghai,
China). After drug treatment, the samples were centrifuged,
and the clear supernatants were retained for subsequent de-
tection. An equal volume of LDHworking reaction solution
was added to each supernatant sample, followed by incuba-
tion. To accurately determine the maximum level of cellu-
lar injury, maximum-release control wells were separately
established. All cells in these wells were completely lysed
using the lysis solution supplied with the kit to release all
intracellular LDH. This value was used as the reference for
maximum LDH release and subsequent cytotoxicity calcu-
lation.

Statistical Analysis
All statistical analyses were performed using Graph-

Pad Prism software (version 9.0, GraphPad Software, Inc.,
San Diego, CA, USA). The Shapiro–Wilk test was used to
assess whether the data in each group followed a normal dis-
tribution. All variables were normally distributed and are
therefore presented as the mean ± standard deviation (SD).
Differences between two groups were analyzed using an
unpaired Student’s t-test. For comparisons involving three
or more groups, one-way analysis of variance (one-way
ANOVA) was performed, followed by Tukey’s multiple-
comparison test for pairwise comparisons. All statistical
tests were two-sided, and a p value < 0.05 was considered
statistically significant.

Results

Isolation of Epicardial Adipose-derived Cells and
Evaluation of Adipogenic Differentiation

Epicardial adipose tissue was obtained from adult
male Sprague–Dawley (SD) rats, and epicardial adipose-
derived cells were subsequently isolated and subjected to
adipogenic differentiation. Before induction, the cells
mainly exhibited a spindle-shaped morphology. After 7–
10 days of adipogenic induction, intracellular lipid droplet
accumulation became evident, although some cells re-
tained an elongated morphology (Fig. 1A,B). Immunoflu-
orescence staining showed stronger PPARγ and Perilipin
signals after differentiation. Quantitative analysis fur-
ther showed that the percentages of PPARγ-positive and
Perilipin-positive cells among DAPI-positive cells were

significantly higher in the differentiated group than in the
undifferentiated group (both p < 0.001) (Fig. 1C–F). These
findings support successful adipogenic differentiation of
the isolated epicardial adipose-derived cells.

Norepinephrine Induces Inflammation- and
Injury-Related Changes in Epicardial
Adipose-Derived Cells

Oil RedO staining revealed a reduction in intracellular
lipid accumulation following NE exposure. Lipid content
was lower than that in the control group even at 1 μMNE (p
< 0.05). When the concentration was increased to 10 μM,
the lipid droplets became more fragmented, accompanied
by a further decrease in total lipid accumulation (p < 0.05),
as shown in Fig. 2A,B. After 48 h of treatment, the CCK-8
assay revealed only a slight decline in cell viability in the 1
μM group, whereas a more pronounced reduction occurred
in the 10 μM group (p < 0.05), as shown in Fig. 2C.

NE exposure was also associated with changes in
the extracellular levels of inflammatory mediators and
adipokines. TNF-α and IL-6 concentrations increased at
both tested doses, and the changes were greater after treat-
ment with 10 μM NE. By contrast, adiponectin concentra-
tions declined, whereas leptin concentrations increased (p <
0.05), as shown in Fig. 2D–G. These findings indicate that
NE treatment was associated with changes in inflammatory
mediator and adipokine levels in epicardial adipose-derived
cell cultures.

Flow cytometric analysis identified a higher propor-
tion of apoptotic cells followingNE treatment. The increase
was moderate at 1 μM but became more evident at 10 μM
(p < 0.05). Both early and late apoptotic populations con-
tributed to this change, as shown in Fig. 2H,I.

NE treatment also affected autophagy-related pro-
teins. The LC3-II/LC3-I ratio increased, whereas p62 ex-
pression declined, with the largest changes observed in
the 10 μM group (p < 0.05), as shown in Fig. 2J–L.
These results indicate that NE treatment was associated
with changes in autophagy-related protein expression in
epicardial adipose-derived cells. However, autophagic flux
was not directly assessed.

Effects of Norepinephrine and Atropine on
Inflammatory Responses and p38 MAPK and NF-κB
Pathway Activation in Epicardial Adipose-Derived
Cells

To clarify the effects of combined NE and atropine
treatment on epicardial adipose-derived cells, cells were
treated with NE, atropine, or their combination for 48 h. As
shown in Fig. 3A–D, ELISA results showed that NE treat-
ment increased TNF-α, IL-6, and leptin levels, while de-
creasing adiponectin levels (p < 0.05). In contrast, atropine
alone produced only mild changes in these inflammation-
related indicators. Among the four groups, the combined
NE and atropine treatment group showed the most pro-
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Fig. 1. Morphological and phenotypic characterization of epicardial adipose-derived cells before and after adipogenic differ-
entiation. (A,B) Representative morphological images of epicardial adipose-derived cells before and after adipogenic differentiation,
respectively. (C,D) Representative immunofluorescence images of PPARγ expression and the percentage of PPARγ-positive cells among
DAPI-positive cells. (E,F) Representative immunofluorescence images of Perilipin expression and the percentage of Perilipin-positive
cells among 4′,6-diamidino-2-phenylindole (DAPI)-positive cells. n = 6. ***p < 0.001.
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Fig. 2. Norepinephrine induces inflammation- and injury-related changes, apoptosis, and autophagy-related protein changes in
epicardial adipose-derived cells. (A,B) Oil Red O staining was used to assess lipid accumulation in epicardial adipose-derived cells.
(C) CCK-8 assay was used to evaluate changes in cell viability. (D–G) ELISAwas used to measure Tumor necrosis factor-alpha (TNF-α),
Interleukin-6 (IL-6), adiponectin, and leptin levels. (H,I) Cell apoptosis was assessed byAnnexin V-fluorescein isothiocyanate/propidium
iodide (Annexin V-FITC/PI) double-staining flow cytometry. (J–L) Western blot analysis and quantification of LC3-II/LC3-I and p62
expression. n = 6. *p < 0.05, **p < 0.01, and ***p < 0.001.

nounced changes (p < 0.05). Western blot analysis showed
that NE activated the p38MAPKandNF-κB signaling path-
ways. This was reflected by increases in the p-p38/p38 and
p-p65/p65 ratios, together with enhanced IκBα degradation.

The greatest changes were observed in the combined treat-
ment group (p < 0.05), as shown in Fig. 3E–H. Immunoflu-
orescence analysis further confirmed this trend. NE treat-
ment increased the nuclear translocation of p65, and the

https://www.discovmed.com/


3010

Fig. 3. Effects of norepinephrine and atropine on inflammatory responses and p38 MAPK and NF-κB pathway activation in
epicardial adipose-derived cells. (A–D) ELISA showing TNF-α, IL-6, adiponectin, and leptin levels after NE, atropine, and combined
treatments. (E–H) Western blot analysis of p38 MAPK and NF-κB pathway activation (p-p38/p38, p-p65/p65, and IκBα degradation).
(I,J) Immunofluorescence showing nuclear translocation of p65. n = 6. *p < 0.05, **p < 0.01, and ***p < 0.001.

strongest nuclear p65 fluorescence signal was observed in
the combined treatment group (p < 0.05), as shown in Fig.
3I,J.

Culture Supernatants Collected From Drug-Treated
Epicardial Adipose-Derived Cell Cultures Were
Associated With Changes in Intracellular Ca2+
Levels, Calcium-Handling Protein Expression, and
Apoptosis in H9c2 Cells

Fluo-4 fluorescence intensity was markedly increased
in the NE-CM and atropine-CM groups compared with the

EAT-CM group, with the highest fluorescence intensity ob-
served in the NE + atropine-CM group. All differences
were statistically significant (all p < 0.05), as shown in Fig.
4A,B. Western blot analysis showed that SERCA2a expres-
sion and PLB phosphorylation were decreased, whereas
RyR2 phosphorylation was increased, in the NE-CM and
atropine-CM groups compared with the EAT-CM group.
All differences were statistically significant (all p < 0.05),
as shown in Fig. 4C–G. The greatest changes were ob-
served in the NE + atropine-CMgroup (p < 0.05), indicating
marked alterations in both the expression and phosphory-
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Fig. 4. Culture supernatants collected from drug-treated epicardial adipose-derived cell cultures were associated with changes
in intracellular Ca2+ levels, calcium-handling protein expression, and apoptosis in H9c2 cells. (A,B) Fluo-4 fluorescence intensity
in H9c2 cells. (C–G) Western blot analysis of calcium-handling proteins, including SERCA2a, PLB and its phosphorylation, RyR2 and
its phosphorylation, and Cx43 expression. (H,I) Flow cytometry analysis of H9c2 cell apoptosis. n = 6. ***p < 0.001.

lation of calcium-handling proteins in H9c2 cells. Cx43
expression was also lower in the NE-CM group than in
the EAT-CM group (p < 0.05). Flow cytometric analysis
showed that the apoptosis rates were higher in the NE-CM
and atropine-CM groups than in the EAT-CM group (p <
0.05), with the highest apoptosis rate observed in the NE +
atropine-CM group (p < 0.05), as shown in Fig. 4H,I. Over-
all, intracellular Ca2+ levels, calcium-handling proteins,
Cx43 expression, and apoptosis in H9c2 cells changed con-
currently, showing a coordinated pattern of alterations.

p38 MAPK and NF-κB Are Involved in NE-Induced
Inflammatory Responses and Cellular Injury in
Epicardial Adipose-Derived Cells

To clarify the roles of the p38 MAPK and NF-κB
pathways in NE-induced inflammation and injury in epicar-
dial adipose-derived cells, pathway-blocking experiments
were performed using SB203580 and Bay 11-7082, respec-
tively. As shown in Fig. 5A–D, compared with the con-
trol group, NE treatment markedly increased the phospho-
rylation levels of p38 and p65 and enhanced IκBα degra-

dation (p < 0.05). Compared with the NE group, the NE +
SB203580 group showed lower p-p38/p38 and p-p65/p65
ratios (p < 0.05). Bay 11-7082 also suppressed p65 phos-
phorylation and reduced IκBα degradation. It additionally
decreased p38 phosphorylation, although this effect was
weaker than that observed with SB203580. All differences
were statistically significant (all p < 0.05). As shown in Fig.
5E–H, NE treatment increased TNF-α and IL-6 levels, de-
creased adiponectin levels, and increased leptin levels com-
pared with the control group (p < 0.05). SB203580 par-
tially reversed these changes, although its effect was lim-
ited. Bay 11-7082 produced a more pronounced inhibitory
effect, suggesting that NF-κB plays a major role in the NE-
induced inflammatory response (p < 0.05). As shown in
Fig. 5I,J, the CCK-8 and LDH assay results showed that NE
treatment significantly reduced cell viability and increased
LDH release (p < 0.05). Both SB203580 and Bay 11-7082
partially restored cell viability and reduced LDH release (p
< 0.05). Among them, the NF-κB inhibitor Bay 11-7082
showed a more pronounced protective effect.
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Fig. 5. The p38MAPK andNF-κB pathways are involved in NE-induced inflammatory responses and cellular injury in epicardial
adipose-derived cells. (A–D) Western blot analysis of p38 and NF-κB pathway activation after treatment with SB203580 and Bay 11-
7082. (E–H) ELISA measurement of TNF-α, IL-6, adiponectin, and leptin levels. (I) CCK-8 assay to assess cell viability. (J) LDH
release assay to evaluate cellular injury. n = 6. *p < 0.05, **p < 0.01, and ***p < 0.001.

Discussion

This study showed that NE induced inflammatory,
apoptotic, and cell-injury-related changes in epicardial
adipose-derived cells. H9c2 cells exposed to culture su-
pernatants collected from drug-treated epicardial adipose-
derived cell cultures showed changes in Fluo-4 fluores-

cence intensity, calcium-handling protein and Cx43 expres-
sion, and apoptosis. Because these supernatants may have
contained intracellular components released from injured
cells in addition to actively released factors, the specific
components responsible for the H9c2 cell responses could
not be determined.
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Previous studies have shown that, due to its unique
anatomical location, epicardial adipose tissue (EAT) can
directly influence the myocardium through paracrine ef-
fects and exhibits enhanced inflammation and dysregulated
adipokine secretion in patients with atrial fibrillation [7,16].
NE treatment was associated with higher TNF-α, IL-6, and
leptin levels and lower adiponectin levels in culture super-
natants from epicardial adipose-derived cells. However,
because NE also reduced cell viability and increased cellu-
lar injury, these extracellular changes may reflect the com-
bined effects of inflammation-related responses, changes in
the number of viable cells, and the release of intracellular
components from injured cells, and therefore cannot be in-
terpreted solely as alterations in active cellular secretion.
NE also reduced lipid droplet accumulation and promoted
apoptosis and autophagy-related changes. These results
suggest that NE treatment exerts multiple effects on epicar-
dial adipose-derived cells, including alterations in lipid ac-
cumulation, cell viability, apoptosis, and autophagy-related
protein expression. Because autophagic flux was not as-
sessed, the observed changes in LC3-II/LC3-I and p62
should not be interpreted as direct evidence of increased au-
tophagic activity.

Atropine treatment alone produced modest changes in
inflammatory mediators, whereas the combined treatment
group showed the most pronounced changes in inflamma-
tory indicators and pathway activation. Because no cholin-
ergic agonist treatment or muscarinic receptor expression
analysis was performed, the atropine experiment should be
regarded as an exploratory pharmacological intervention
rather than a model of parasympathetic inhibition or auto-
nomic imbalance [17,18]. In addition, although the cells
were washed before conditioned-medium collection, a di-
rect contribution of residual atropine to the H9c2 cell re-
sponses cannot be completely excluded. Therefore, the ef-
fects observed in the NE + atropine-CM group cannot be at-
tributed entirely to changes mediated by epicardial adipose-
derived cells.

At the molecular level, this study confirmed that NE
significantly activates the p38 MAPK and NF-κB path-
ways, as evidenced by increased phosphorylation of p38
and p65, IκBα degradation, and nuclear translocation of
p65. Treatment with SB203580 partially attenuated the in-
flammatory response, whereas Bay 11-7082 exerted a more
pronounced effect. However, because downstream p38
substrates were not examined, inhibition of p38 kinase ac-
tivity could not be directly verified. These findings are con-
sistent with previous studies indicating crosstalk between
the MAPK and NF-κB signaling pathways [19,20,21].

A key finding of this study was that H9c2 cells ex-
posed to culture supernatants from NE-treated epicardial
adipose-derived cell cultures showed changes in calcium-
related indicators. Specifically, these cells exhibited higher
Fluo-4 fluorescence intensity, lower SERCA2a expression
and PLB phosphorylation, higher RyR2 phosphorylation,

and lower Cx43 expression. These findings indicate in-
creased Fluo-4 fluorescence intensity and altered calcium-
handling protein expression in H9c2 cells. However, cal-
cium transient kinetics, sarcoplasmic reticulumCa2+ uptake
and leakage, action potentials, and intercellular electrical
conduction were not directly measured. Therefore, the ob-
served changes should not be interpreted as direct evidence
of impaired calcium cycling, electrical coupling, or arrhyth-
mogenic activity.

H9c2 cells exposed to culture supernatants from dif-
ferently treated epicardial adipose-derived cell cultures also
showed increased apoptosis, with the highest apoptosis rate
observed in the NE + atropine-CM group. Together, these
results support an in vitro association between changes
observed in epicardial adipose-derived cell cultures and
calcium-related alterations and cellular injury in H9c2 cells.

This study has several limitations. First, the findings
were based on in vitro models and require further valida-
tion in animal and clinical studies. In addition, H9c2 cells
are rat cardiomyoblasts rather than mature atrial cardiomy-
ocytes, and electrophysiological function was not directly
assessed. Second, although inhibition of the p38 MAPK
and NF-κB pathways attenuated NE-induced inflammatory
responses and cellular injury in epicardial adipose-derived
cells, conditioned media from inhibitor-treated cells were
not subsequently applied to H9c2 cells. Thus, the proposed
mechanistic cascade linking p38 MAPK/NF-κB-mediated
changes in epicardial adipose-derived cells to H9c2 cell in-
jury was not directly validated. Third, cells obtained from
the same rat were subjected to different treatment condi-
tions, and observations across treatment groups may there-
fore have been correlated within the same donor. The cur-
rent statistical analyses did not explicitly account for this
within-donor correlation, which represents a statistical lim-
itation of the study. Fourth, the conditioned-media experi-
ments also have several limitations. Although the cells were
washed after drug treatment and conditioned medium was
collected during a subsequent 24-h serum-free period, the
samples were not normalized to the number of viable donor
cells, and LDH release was not measured in the same super-
natant samples used for H9c2 cell treatment. Equalizing to-
tal protein concentrations could not distinguish actively re-
leased factors from intracellular components released by in-
jured or dying cells. Moreover, the inflammatory cytokines
and adipokines measured by ELISA were not specifically
quantified in the same conditioned-medium samples used
for H9c2 cell treatment. Accordingly, changes in individ-
ual factors, including TNF-α, IL-6, adiponectin, and lep-
tin, cannot be directly linked to the observed H9c2 cellular
phenotype. The marked cytotoxicity observed after 10 μM
NE treatment may further affect the interpretation of ex-
tracellular inflammatory mediators and adipokines because
their measured levels may also be influenced by reduced
cell viability and the release of intracellular components.
Therefore, the specific components responsible for the ob-
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served H9c2 cell responses remain uncertain. Other poten-
tial mechanisms, including oxidative stress and mitochon-
drial dysfunction, also warrant further investigation.

Conclusions

In conclusion, norepinephrine activated the p38
MAPK and NF-κB signaling pathways, inducing inflam-
matory changes and cellular injury in epicardial adipose-
derived cells. H9c2 cells exposed to culture supernatants
from drug-treated epicardial adipose-derived cell cultures
showed increased Fluo-4 fluorescence intensity, altered
calcium-handling protein and Cx43 expression, and in-
creased apoptosis. H9c2 cells exposed to media collected
from drug-treated epicardial adipose-derived cell cultures
showed calcium-related alterations and cellular injury, al-
though the specific factors responsible for these changes
remain unclear.
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