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Background: Chronic stress-related disorders, such as cardiovascular neurosis, are frequently associated with elevated cortisol
levels, which can impair mitochondrial function and contribute to cardiomyocyte injury. Fibroblast growth factor 19 (FGF19), a
metabolic regulator with known cytoprotective properties, has been implicated in the maintenance of mitochondrial homeostasis.
However, its role inmitigating cortisol-induced cardiac stress remains poorly understood. This study aimed to investigate whether
FGF19 confers protection to cardiomyocytes against cortisol-induced mitochondrial dysfunction and apoptosis, and to elucidate
the underlying molecular mechanisms.
Methods: Human AC16 cardiomyocytes were treated with cortisol and subjected to either FGF19 overexpression or
knockdown. Cell viability, apoptosis, and mitochondrial function were evaluated using the 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) assay, terminal deoxynucleotidyl transferase dUTP nick-end labeling (TUNEL), adenosine
triphosphate (ATP) quantification, mitochondrial DNA (mtDNA) copy number analysis, and mitochondrial membrane potential
assessment using JC-1 dye, and reactive oxygen species (ROS) measurement. Western blot analysis was performed to examine
the expression of proteins involved in mitochondrial biogenesis, including peroxisome proliferator-activated receptor gamma
coactivator 1-alpha (PGC-1α) and mitochondrial transcription factor A (TFAM), as well as proteins regulating mitochondrial
dynamics, such as Mitofusin 1 and 2 (Mfn1/2) and dynamin-related protein 1 (Drp1).
Results: Cortisol treatment significantly downregulated FGF19 expression, impaired mitochondrial function, and increased
apoptosis (p < 0.01). Overexpression of FGF19 enhanced mitochondrial biogenesis, preserved mitochondrial membrane po-
tential, and reduced oxidative stress, thereby mitigating mitochondrial dysfunction and apoptosis (p< 0.01). Conversely, FGF19
knockdown aggravated mitochondrial damage, elevated ROS levels, further reduced cell viability, and promoted apoptosis (p
< 0.01). The opposing phenotypes observed with FGF19 overexpression and silencing underscore its critical role in preserving
mitochondrial integrity and promoting cell survival under cortisol-induced stress.
Conclusion: This study demonstrates that FGF19 mitigates cortisol-induced cardiomyocyte injury by improving mitochondrial
function and reducing apoptosis. These findings provide experimental evidence supporting FGF19 as a potential therapeutic
target for the treatment of cardiovascular neurosis and related stress-induced cardiac disorders.
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Introduction
Cardiovascular neurosis, a common psychosomatic

disorder, is characterized by cardiovascular symptoms such
as palpitations, chest discomfort, and fatigue in the absence
of identifiable organic pathology [1,2]. This condition has
been increasingly associated with chronic psychological
stress, which leads to elevated circulating cortisol levels.
As a key component of the hypothalamic–pituitary–adrenal
(HPA) axis response, elevated cortisol contributes to car-
diomyocyte injury by promoting mitochondrial dysfunc-
tion and apoptosis [3,4]. However, despite its clinical sig-
nificance, the molecular mechanisms underlying cortisol-
induced mitochondrial impairment in cardiomyocytes re-
main incompletely understood.

Mitochondria are pivotal in energy metabolism, re-
active oxygen species (ROS) regulation, and programmed
cell death [5–7]. Disruption of mitochondrial homeosta-
sis is central to various cardiovascular disorders, includ-
ing ischemic heart disease, heart failure, and cardiomy-
opathy [8]. Mitochondrial dysfunction, characterized by
reduced adenosine triphosphate (ATP) synthesis, depolar-
ized membrane potential, increased ROS, and impaired
mitochondrial biogenesis and dynamics, is a hallmark of
stress-induced cardiac injury [9]. Critical regulators such
as peroxisome proliferator-activated receptor gamma coac-
tivator 1-alpha (PGC1α) and mitochondrial transcription
factor A (TFAM) govern mitochondrial biogenesis, while
mitofusins 1 and 2 (Mfn1/2) and dynamin-related protein 1
(Drp1) coordinate the fusion–fission processes essential for
mitochondrial integrity [10,11].
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Among the fibroblast growth factor family, both fi-
broblast growth factor 19 (FGF19) and FGF21 belong to
the FGF19 subfamily but exhibit distinct biological func-
tions and tissue specificities. FGF21 is primarily active in
adipose tissue and the liver, and is well recognized for its
potent antioxidative and anti-apoptotic effects in metabolic
and cardiovascular diseases [12–14]. In contrast, FGF19 is
mainly involved in the regulation of bile acid metabolism
and glucose homeostasis; however, emerging evidence sug-
gests that it may also confer cytoprotective effects un-
der conditions of cellular stress [15–17]. Despite their
structural similarities, FGF19 and FGF21 engage differ-
ent signaling pathways and exert different tissue-specific
effects. Preliminary studies have indicated that FGF19
can enhance mitochondrial function through activation of
the AMPK/SIRT1 signaling pathway [18,19]. Nonetheless,
its role in regulating cardiac mitochondrial function and
promoting cardiomyocyte survival under glucocorticoid-
induced stress remains largely unexplored.

The biological activity of FGF19 is primarily medi-
ated through its canonical receptor fibroblast growth fac-
tor receptor 4 (FGFR4) and the co-receptor β-Klotho [12–
14]. Notably, recent transcriptomic and proteomic anal-
yses have confirmed the expression of FGFR4 in human
cardiomyocytes, providing a mechanistic basis for FGF19
to exert direct effects on cardiac cells [20]. In this study,
we employed the human AC16 cardiomyocyte cell line,
which was established by the fusion of primary human ven-
tricular cardiomyocytes with SV40-transformed fibroblasts
[21]. AC16 cells retain key cardiac-specific markers and
functional mitochondria, making them a widely accepted
in vitromodel for investigating cardiomyocyte biology and
stress-related responses.

In this study, we investigate for the first time the
role of FGF19 in protecting cardiomyocytes from cortisol-
inducedmitochondrial dysfunction and apoptosis. Utilizing
both gain- and loss-of-function approaches, we aim to eluci-
date the mechanistic involvement of FGF19 in maintaining
mitochondrial homeostasis and promoting cell survival un-
der glucocorticoid stress. These findings may reveal novel
molecular targets for therapeutic intervention in cardiovas-
cular neurosis and other stress-related cardiomyopathies.

Materials and Methods
Cell Culture and Grouping

Human-derived AC16 cardiomyocyte cells used in
this study were purchased from the cell repository of the
Chinese Academy of Sciences (#SCSP-555). Cells were
cultured in DMEM/F12 (#11330032, Gibco, USA) supple-
mented with 10% fetal bovine serum (FBS, #10099141C,
Gibco, USA) and 1% penicillin-streptomycin (#15140122,
Gibco, USA), and maintained at 37 °C in a humidified in-
cubator with 5% CO2. Cell line authentication by short tan-
dem repeat (STR) profiling and routine mycoplasma testing
were performed to ensure cell identity and contamination-
free status before experimentation.

To evaluate the functional role of FGF19 in cortisol-
induced cardiomyocyte injury, AC16 human cardiomy-
ocytes were seeded in 6-well plates at a density of 2 × 105
cells per well and transfected at 70–80% confluence. Ex-
perimental groups were established as follows: (1) Control
group: untreated cells; (2) CORT group: Cells treated with
10 µM cortisol (#H0888, Sigma-Aldrich, USA) for 24
hours [22]; (3) CORT + vector group: Cells transfected
with empty pcDNA3.1 vector (#20240516, constructed in-
house, Supplementary Table 1) for 6 hours, followed by
cortisol treatment for 24 hours; (4) CORT + FGF19 group:
Cells transfected with a pcDNA3.1-FGF19 overexpression
plasmid (#20250526, constructed in-house, Supplemen-
tary Table 1) using Lipofectamine 3000 (#L3000008,
Thermo Fisher Scientific, USA) for 6 hours, followed
by cortisol exposure for 24 hours; (5) CORT + si-NC
group: Cells transfected with non-targeting siRNA (Sense:
5′-GCACCUCCAAUAAAGAUACACAUCA-3′; Anti-
sense: 5′-UGAUGUGUAUCUUUAUUGGAGGUGC-
3′) for 6 hours, followed by cortisol treatment for
24 hours; (6) CORT + si-FGF19 group: Cells
transfected with FGF19-specific siRNA (Sense: 5′-
TCCATACGTGGACCACCACAC-3′; Antisense: 5′-
GTGGTGGTGGTCACACGTATGGATC-3′) under
identical conditions, followed by cortisol treatment.

qRT-PCR
Total RNA from AC16 cells in each experimental

group was extracted using TRIzol reagent (#15596026, In-
vitrogen, USA) and reverse transcribed into cDNA using
the PrimeScript RT reagent kit (#RR047A, Takara, Japan).
Quantitative real-time PCR (qRT-PCR) was performed fol-
lowing the instructions providedwith the SYBRGreen PCR
kit (#RR820A, Takara, Japan).

The amplification program consisted of an initial
denaturation step at 95 °C for 30 s, followed by 40
cycles of 95 °C for 5 s and 60 °C for 30 s. The
primer sequences for FGF19 were as follows: for-
ward, 5′-TTGCCCTTCCCAAATCCCTC-3′; reverse, 5′-
TTCTCAAGTTGTCCCAGGGC-3′. β-actin (forward:
5′-GGTCATCACTATTGGCAACGAGC-3′; reverse: 5′-
CCAGACAGCACTGTGTTGGCATA-3′) was used as the
internal reference gene, and relative gene expression levels
were calculated using the 2−∆∆Ct method. All experiments
were performed in triplicate.

Cell Viability Assay
Cell viability was assessed using the MTT assay.

AC16 cells were first seeded into 96-well plates at a den-
sity of 5 × 103 cells per well and cultured for 24 hours to
allow cell attachment. Following experimental treatments
in the same wells, 100 µL of serum-free DMEM contain-
ing 5 mg/mL MTT (#M5655, Sigma-Aldrich, USA) was
added to each well, and the cells were incubated at 37 °C
in a 5% CO2 humidified atmosphere for 4 hours. Follow-
ing incubation, the culture medium was carefully removed,
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and 150 µL of dimethyl sulfoxide (DMSO; #D8418, Sigma-
Aldrich, USA) was added to each well to dissolve the for-
mazan crystals. The plates were gently agitated to ensure
complete dissolution. Optical density (OD) was measured
at 450 nm using a microplate reader (Thermo Fisher Sci-
entific, USA). The OD values were used as a quantitative
indicator of cell viability.

TUNEL Assay
Apoptotic cells were detected using a TUNEL assay

kit (#C1086, Beyotime, China) according to the manufac-
turer’s instructions. Following experimental treatments,
cells were fixed in 4% paraformaldehyde (#P0099, Bey-
otime, China) at room temperature for 30 minutes and then
washed three times with PBS (5 minutes each). Permeabi-
lization was performed using 0.3% Triton X-100 (#T8787,
Sigma-Aldrich, USA) for 5 minutes at room temperature,
followed by three additional PBS washes.

The TUNEL reaction mixture was prepared and ap-
plied to the cells, which were then incubated at 37
°C in the dark for 1 hour. Subsequently, nuclei were
counterstained with 4′,6-diamidino-2-phenylindole (DAPI;
1 µg/mL; #C1002, Beyotime, China) for 5 minutes, and
coverslips were mounted for imaging. TUNEL-positive
cells were visualized using a fluorescence microscope
(Olympus, Japan), and images were captured. For quantifi-
cation, five random fields per group were selected, and the
number of TUNEL-positive cells was counted to calculate
the apoptosis rate.

Biochemical Assay
Commercial assay kits were used to assess lactate de-

hydrogenase (LDH, #C0017, Beyotime, China) and crea-
tine kinase-MB (CK-MB, #E006-1-1, Nanjing Jiancheng
Bioengineering Institute, China) levels in the culture su-
pernatant, as well as intracellular ATP levels (#S0026, Be-
yotime, China), mitochondrial DNA (mtDNA, #DP304,
Tiangen Biotech, China), and mitochondrial membrane po-
tential (JC-1, #C2006, Beyotime, China) in AC16 car-
diomyocytes across different treatment groups.

Cell culture supernatants were first collected from
each group for LDH and CK-MB analysis. According to
the manufacturers’ protocols, supernatants were incubated
with the respective assay reagents at 37 °C for 30 minutes.
Absorbance was then measured using a microplate reader at
450 nm for LDH and 340 nm for CK-MB. Standard curves
were generated to calculate the concentrations of LDH and
CK-MB.

For intracellular ATP quantification, cells were lysed
using the lysis buffer provided in the ATP assay kit. The
lysates were centrifuged, and the resulting supernatants
were mixed with ATP detection reagents and incubated at
37 °C for 10 minutes. ATP levels were measured based on
fluorescence intensity using a microplate reader.

Mitochondrial DNA content was determined by
extracting total DNA and performing quantitative PCR

(qPCR) using specific primers for mitochondrial DNA
(ND1 forward: 5′-TTAGCTCTCACCATCGCTC-3′;
reverse: 5′-AGGTTAAAGGAGCCACTTATTAGTAAT-
3′) and nuclear DNA (GAPDH forward: 5′-
GAAGGTGAAGGTCGGAGT-3′; reverse: 5′-
GAAGATGGTGATGGGATTTC-3′). The mtDNA/nDNA
ratio was calculated to assess mitochondrial content.

Mitochondrial membrane potential was evaluated us-
ing the JC-1 fluorescent dye. Cells were incubated with
JC-1 working solution at 37 °C in the dark for 20 min-
utes. Fluorescence was observed under a fluorescence mi-
croscope, with red and green emissions detected at excita-
tion/emission wavelengths of 525/590 nm and 490/530 nm,
respectively. The red-to-green fluorescence intensity ratio,
indicative of mitochondrial membrane potential, was quan-
tified using ImageJ software (version 1.53, NIH, Bethesda,
MD, USA).

Mitochondrial ROS Detection
Mitochondrial ROS levels were detected using

MitoSOX™ Red (#M36008, Invitrogen, USA), a
mitochondrial-targeted fluorogenic dye specific for
superoxide. After treatment, AC16 cells were washed
twice with warm Hank’s Balanced Salt Solution (HBSS),
then incubated with 5 µM MitoSOX Red diluted in HBSS
at 37 °C for 10 minutes in the dark. Following incubation,
cells were washed three times with PBS to remove excess
dye. Red fluorescence was observed using a fluorescence
microscope (Olympus, Japan) with excitation/emission
wavelengths of 510/580 nm. The mean fluorescence
intensity of each group was quantified using ImageJ
software (NIH, USA) and normalized to the control group.
All experiments were performed in triplicate.

Western Blot
Western blot was performed to detect the expression

levels of relevant proteins. Total protein was extracted from
cells using RIPA lysis buffer (#P0013C, Beyotime, China)
supplemented with protease inhibitor (PMSF, #ST506, Be-
yotime, China) and phosphatase inhibitors to preserve pro-
tein integrity. Protein concentration was quantified us-
ing a BCA protein assay kit (#P0012, Beyotime, China).
Equal amounts of protein (30 µg) were separated by
10% SDS-PAGE and transferred onto PVDF membranes
(#IPVH00010, Millipore, USA) at 100 V for 90 minutes
using a wet transfer system (#1703930, Bio-Rad, USA).

Membranes were blocked in 5% non-fat milk at room
temperature for 2 h, followed by overnight incubation at 4
°C with the following primary antibodies: FGF19 (1:1000,
Abcam, ab225942), Bax (1:1000, Abcam, ab182733), Bcl-
2 (1:1000, Abcam, ab182858), cleaved-caspase 3 (1:1000,
Abcam, ab2302), PGC-1α (1:1000, Abcam, ab191838),
TFAM (1:1000, Abcam, ab176558), Drp1 (1:1000, Ab-
cam, ab184247), Mfn1 (1:1000, Abcam, ab191853), Mfn2
(1:1000, Abcam, ab124773), and β-actin (1:1000, Abcam,
ab8226) as the native control.
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Fig. 1. Cortisol suppresses FGF19 expression in AC16 cardiomyocytes. (A,B) qRT-PCR (A) and Western blot (B) analyses showing
time-dependent downregulation of FGF19mRNAand protein levels inAC16 cells treatedwith 10 µMcortisol for 0, 6, 12, or 24 hours. (C)
qRT-PCR analysis of FGF19 mRNA levels in cells transfected with either FGF19 overexpression plasmid or FGF19-targeting siRNA (si-
FGF19), compared to respective controls. (D,E) FGF19 mRNA (D) and protein (E) expression levels in cortisol-treated cells transfected
with either vector or FGF19 overexpression plasmid. (F,G) FGF19 mRNA (F) and protein (G) expression levels in cortisol-treated cells
transfected with si-NC or si-FGF19. Data are presented as mean ± SD (n = 3). *p < 0.05, **p < 0.01 vs. 0 h, Vector, or Control; #p
< 0.05, ##p < 0.01 vs. si-NC, CORT + vector, or CORT + si-NC. FGF19, fibroblast growth factor 19; qRT-PCR, Quantitative real-time
PCR; SD, standard deviation.

The next day, membranes were washed with TBST
and incubated with HRP-conjugated secondary antibodies
(1:5000, Abcam; goat anti-rabbit IgG-HRP: ab6721; goat
anti-mouse IgG-HRP: ab6789) at room temperature for 1
hour. After washing, protein bands were visualized us-
ing enhanced chemiluminescence (ECL, #32106, Thermo
Fisher, USA) and imaged with a Tanon 5200 Multi Imag-
ing System (Tanon, China). Band intensities were quanti-
fied using ImageJ software (NIH, USA).

Statistical Analysis
Statistical analyses were conducted using SPSS ver-

sion 25.0 (IBM Corp., USA). The normality of data distri-
bution was assessed using the Shapiro–Wilk test, and ho-
mogeneity of variances was evaluated using Levene’s test.
Data that met the assumptions of normality and homogene-
ity were expressed as mean ± standard deviation (SD).
Comparisons among multiple groups were performed us-
ing one-way analysis of variance (ANOVA), followed by
Tukey’s post hoc test. A p-value < 0.05 was considered
statistically significant. All experiments were conducted in
at least three independent replicates unless otherwise spec-
ified.

Results

Cortisol Suppresses FGF19 Expression in AC16
Cells

To determine whether FGF19 expression is regulated
under cortisol-induced stress, AC16 cardiomyocytes were
treated with 10 µM cortisol for varying durations. As
shown in Fig. 1A, quantitative real-time PCR (qRT-PCR)
revealed a significant time-dependent decrease in FGF19
mRNA expression. Compared to baseline (0 h), FGF19
transcript levels were markedly downregulated at 24 hours
(p < 0.05), while no significant changes were observed
at 6 or 12 hours. Consistent with the transcriptional data,
Western blot analysis confirmed a significant reduction in
FGF19 protein levels from 6 to 24 hours post-cortisol ex-
posure (p< 0.01; Fig. 1B), supporting the presence of tran-
scriptional repression.

To evaluate the efficiency of genetic modulation,
FGF19was either overexpressed via plasmid transfection or
silenced using siRNA. As shown in Fig. 1C, FGF19 mRNA
expression was significantly upregulated in the overexpres-
sion group andmarkedly suppressed in the si-FGF19 group,
compared to their respective controls (vector and si-NC; p
< 0.05), confirming the effectiveness of the transfection
protocols.
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Fig. 2. FGF19 overexpression attenuates cortisol-induced cellular injury and apoptosis in AC16 cells. (A,B) Quantification of LDH
(A) and CK-MB (B) levels in culture supernatants following treatment with cortisol and/or FGF19 overexpression. (C) Cell viability
assessed by MTT assay. (D) Representative images of TUNEL/DAPI staining and quantification of apoptotic rate. Scale bar = 50 µm.
(E) Western blot analysis of apoptosis-related proteins, including Bax, Bcl-2, and cleaved caspase-3. Data are presented as mean ± SD
(n = 3). **p < 0.01 vs. Control; ##p < 0.01 vs. CORT + vector. LDH, lactate dehydrogenase; CK-MB, creatine kinase-MB; MTT,
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; TUNEL, terminal deoxynucleotidyl transferase dUTP nick-end labeling;
DAPI, 6-diamidino-2-phenylindole.

Fig. 3. FGF19 knockdown exacerbates cortisol-induced cell injury and promotes apoptosis in AC16 cells. (A,B) Quantification of
LDH (A) and CK-MB (B) levels in the culture supernatants of cells transfected with siRNA targeting FGF19 under cortisol treatment. (C)
Cell viability assessed by MTT assay. (D) Representative images of TUNEL/DAPI staining and quantification of apoptotic rate. Scale
bar = 50 µm. (E) Western blot analysis of apoptosis-related proteins, including Bax, Bcl-2, and cleaved caspase-3. Data are presented as
mean ± SD (n = 3). **p < 0.01 vs. Control; ##p < 0.01 vs. CORT + vector.

Next, we assessed whether FGF19 expression could
be effectively modulated under cortisol stimulation. As
shown in Fig. 1D,E, FGF19 overexpression significantly
increased both mRNA (p < 0.05) and protein levels (p <

0.01) in cortisol-treated cells compared to vector controls.

Conversely, Fig. 1F,G demonstrated that siRNA-mediated
knockdown of FGF19 further reduced its mRNA (p< 0.05)
and protein expression (p < 0.01) relative to the CORT +
si-NC group.
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Fig. 4. FGF19 overexpression ameliorates cortisol-induced mitochondrial dysfunction in AC16 cells. (A) Intracellular adenosine
triphosphate (ATP) levels. (B) Relative mitochondrial DNA (mtDNA) copy number. (C) Mitochondrial reactive oxygen species (ROS)
levels quantified by fluorescence intensity. (D) Representative JC-1 staining images assessing mitochondrial membrane potential; red
fluorescence (JC-1 aggregates) indicates polarized mitochondria, green fluorescence (JC-1 monomers) indicates depolarized mitochon-
dria. Scale bar = 50 µm. Data are presented as mean ± SD (n = 3). **p < 0.01 vs. Control; #p < 0.05, ##p < 0.01 vs. CORT +
vector.

Collectively, these results confirm that FGF19 expres-
sion is downregulated by cortisol in a time-dependent man-
ner and can be reliably manipulated at both the mRNA and
protein levels, establishing a robust model for subsequent
functional analyses.

FGF19 Modulates Cortisol-Induced Injury and
Apoptosis in AC16 Cells

To evaluate the functional role of FGF19 in cortisol-
induced cardiomyocyte injury, both overexpression and
knockdown approaches were employed in AC16 cells.

FGF19 overexpression significantly alleviated cellu-
lar damage triggered by cortisol. As shown in Fig. 2A,B,
treatment with cortisol increased the release of LDH and
CK-MB, markers of membrane integrity loss and myocar-
dial injury (p < 0.01). These elevations were significantly
suppressed in the CORT + FGF19 group compared to the
CORT + vector group (p< 0.01). Additionally, MTT assay
revealed that cortisol significantly impaired cell viability,
which was restored by FGF19 overexpression (p < 0.01;
Fig. 2C). TUNEL staining further showed a significant re-
duction in the apoptotic rate in the FGF19-overexpressing
group (p< 0.01; Fig. 2D). Western blot analysis confirmed

that FGF19 decreased the expression of pro-apoptotic pro-
teins Bax and cleaved caspase-3, while upregulating anti-
apoptotic Bcl-2 levels (p < 0.01; Fig. 2E).

Conversely, FGF19 knockdown exacerbated cortisol-
induced cellular injury. As shown in Fig. 3A,B, siRNA-
mediated silencing of FGF19 significantly increased LDH
and CK-MB levels compared to the CORT + si-NC group
(p < 0.01), indicating aggravated cell membrane damage.
Consistently, the MTT assay revealed a further reduction
in cell viability in the CORT + si-FGF19 group (Fig. 3C).
TUNEL staining demonstrated a marked increase in apop-
tosis in FGF19-deficient cells under cortisol treatment (p<
0.01; Fig. 3D). Western blot analysis further confirmed the
pro-apoptotic shift, with increased expression of Bax and
cleaved caspase-3, and decreased Bcl-2 levels in the CORT
+ si-FGF19 group (p < 0.05 or p < 0.01; Fig. 3E), indicat-
ing enhanced mitochondrial-mediated apoptosis.

Collectively, these findings suggest that FGF19 con-
fers a protective effect against cortisol-induced cytotoxicity
by maintaining membrane integrity and inhibiting apopto-
sis, whereas its depletion increases cellular susceptibility to
stress-induced injury.
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Fig. 5. FGF19 knockdown aggravates cortisol-induced mitochondrial dysfunction in AC16 cells. (A) Intracellular ATP levels. (B)
Relative mitochondrial DNA (mtDNA) copy number. (C)Mitochondrial reactive oxygen species (ROS) levels quantified by fluorescence
intensity. (D) Representative JC-1 staining images assessing mitochondrial membrane potential; red fluorescence (JC-1 aggregates)
indicates polarized mitochondria, green fluorescence (JC-1 monomers) indicates depolarized mitochondria. Scale bar = 50 µm. Data are
presented as mean ± SD (n = 3). **p < 0.01 vs. Control; #p < 0.05, ##p < 0.01 vs. CORT + si-NC.

FGF19 Preserves Mitochondrial Function Under
Cortisol Stress in AC16 Cells

To further elucidate the mitochondrial regulatory role
of FGF19 under glucocorticoid stress, key indicators of mi-
tochondrial function were assessed in AC16 cells. Cor-
tisol exposure significantly impaired mitochondrial func-
tion, as demonstrated by decreased intracellular ATP lev-
els, reduced mitochondrial DNA (mtDNA) copy number,
and increased mitochondrial ROS production (p < 0.01;
Fig. 4A–C). Additionally, JC-1 staining revealed a marked
loss of mitochondrial membrane potential in the CORT
group, evidenced by a decreased red-to-green fluorescence
ratio (p < 0.01; Fig. 4D). Notably, FGF19 overexpression
significantly reversed these effects, restoring ATP content,
mtDNA copy number, and membrane potential, while sup-
pressing ROS accumulation compared to the CORT + vec-
tor group (p < 0.05 or p < 0.01).

To confirm the endogenous protective role of FGF19,
siRNA-mediated knockdown experiments were conducted.
As shown in Fig. 5A,B, silencing of FGF19 exacerbated
cortisol-induced mitochondrial dysfunction, causing fur-
ther reductions in ATP production and mtDNA levels (p
< 0.05 or p < 0.01). Moreover, mitochondrial ROS lev-
els were significantly elevated, and JC-1 red/green fluores-
cence ratio was further decreased, indicating severe mito-
chondrial depolarization (p < 0.01; Fig. 5C,D).

Collectively, these results demonstrate that FGF19
is critical for maintaining mitochondrial homeostasis and
function in cardiomyocytes under cortisol-induced stress.

FGF19 Modulates Mitochondrial Biogenesis and
Fusion/Fission Dynamics in Cortisol-Treated AC16
Cells

To investigate the regulatory role of FGF19 on mi-
tochondrial homeostasis under cortisol-induced stress, the
expression levels of key proteins involved in mitochon-
drial biogenesis and dynamics were evaluated. As shown
in Fig. 6A, cortisol treatment significantly downregulated
the expression of mitochondrial biogenesis markers PGC-
1α and TFAM, as well as mitochondrial fusion proteins
Mfn1 and Mfn2 (p < 0.01), while markedly upregulating
the mitochondrial fission protein Drp1. Overexpression of
FGF19 effectively reversed these changes, with the CORT
+ FGF19 group exhibiting significantly increased levels
of PGC-1α, TFAM, Mfn1, and Mfn2, along with reduced
Drp1 expression compared to the CORT + vector group (p
< 0.01).

Conversely, siRNA-mediated knockdown of FGF19
exacerbated cortisol-induced dysregulation of these mi-
tochondrial regulatory proteins. As shown in Fig. 6B,
FGF19 silencing further decreased the expression of PGC-
1α, TFAM,Mfn1, andMfn2, and increased Drp1 levels rel-
ative to the CORT + si-NC group (p < 0.05 or p < 0.01).
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Fig. 6. FGF19 regulates the expression of mitochondrial biogenesis and fusion/fission-related proteins in cortisol-treated AC16
cells. (A)Western blot analysis of PGC-1α, TFAM, Drp1, Mfn1, andMfn2 protein levels in cortisol-treated cells transfected with FGF19
overexpression or vector. (B) Western blot analysis of the same mitochondrial regulatory proteins in cortisol-treated cells transfected
with si-FGF19 or si-NC. Data are presented as mean ± SD (n = 3). ∗∗p < 0.01 vs. Control; #p < 0.05, ##p < 0.01 vs. CORT + vector
or CORT + si-NC. PGC-1α, peroxisome proliferator-activated receptor gamma coactivator 1-alpha; TFAM, mitochondrial transcription
factor A; Drp1, dynamin-related protein 1; Mfn, mitofusins.

These results demonstrate that FGF19 is crucial for
maintaining mitochondrial integrity under glucocorticoid
stress by promoting mitochondrial biogenesis and fusion,
while suppressing excessive mitochondrial fission.

Discussion

This study demonstrates for the first time that FGF19
protects human AC16 cardiomyocytes from cortisol-
inducedmitochondrial dysfunction and apoptosis. Cortisol-
mediated downregulation of FGF19 was associated with
impaired mitochondrial biogenesis, disrupted fusion–
fission dynamics, increased oxidative stress, and activation
of pro-apoptotic pathways. These findings reveal a previ-
ously unrecognized role for FGF19 as a critical regulator of
mitochondrial integrity and cellular survival under gluco-
corticoid stress.

As a key effector of the hypothalamic–pituitary–
adrenal axis, cortisol has been widely implicated in stress-

related cardiovascular pathology through its capacity to dis-
rupt mitochondrial function, elevate ROS production, and
promote apoptotic cell death [23–25]. Our results suggest
that FGF19 acts as an intrinsic modulator that counteracts
cortisol-induced mitochondrial dysfunction, underscoring
its potential therapeutic value in cardiac stress responses.

Mechanistically, FGF19 upregulation was associated
with activation of mitochondrial biogenesis regulators
PGC-1α and TFAM, alongside restoration of fusion–fission
dynamics through increased expression of Mfn1/2 and re-
duced Drp1 levels [26]. Maintaining this balance is essen-
tial for preserving mitochondrial integrity and preventing
fragmentation, a process closely linked to cardiomyocyte
apoptosis and contractile dysfunction [27,28]. These find-
ings are consistent with previous reports on FGF21, a close
homolog of FGF19, which activates antioxidant pathways
and suppresses apoptosis in cardiomyocytes [13,14]. Build-
ing on this, our study shows that depletion of FGF19 exacer-
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bates cortisol-induced injury, indicating a vital role for en-
dogenous FGF19 in preserving mitochondrial quality con-
trol during glucocorticoid stress.

While the precise downstream signaling pathways
remain to be fully elucidated, FGF19 is known to act
through FGFR4/β-Klotho receptor complexes and may en-
gage AMPK and SIRT1, key regulators of mitochondrial
metabolism and oxidative stress responses [19]. How-
ever, since direct evidence was not obtained in this study,
these mechanistic connections remain speculative and war-
rant further investigation employing pathway-specific in-
hibitors, activators, or genetic modulation approaches.

Beyond its role in mitochondrial regulation, FGF19
may also exert direct anti-apoptotic effects in cardiomy-
ocytes. The observed modulation of apoptosis-related
proteins—namely Bax, Bcl-2, and cleaved caspase-3—
indicates that FGF19 helps maintain the balance between
cell survival and death pathways under glucocorticoid
stress. This aligns with prior studies reporting anti-
apoptotic effects of FGF family members across various
cellular contexts [29,30]. Furthermore, the reduction in
LDH and CK-MB release supports the cytoprotective role
of FGF19, as these biomarkers are well-established indica-
tors of cellular injury and myocardial damage [31,32].

A notable strength of this study is the bidirectional
gene manipulation approach. Previous research on FGF19
and its homologs largely relied on overexpression models
[14,33], which, while valuable, did not fully address the
impact of FGF19 loss. Our use of both gain- and loss-of-
function strategies provides complementary evidence for
the critical role of FGF19 in cardiomyocyte stress adap-
tation. Nevertheless, future studies involving additional
stressors and in vivo validation will be essential to estab-
lish the broader applicability and translational relevance of
these findings.

While this study provides novel insights into the pro-
tective role of FGF19 in cortisol-induced cardiomyocyte in-
jury, several limitations should be noted. First, all experi-
ments were conducted using AC16 cardiomyocytes, an im-
mortalized human cell line that may not fully replicate the
physiological properties of primary cardiomyocytes, high-
lighting the need for validation in primary cells and ani-
mal models. Second, the cortisol concentration applied was
based on prior studies to induce mitochondrial stress; fu-
ture dose-response analyses using clinically relevant con-
centrations are warranted. Third, although FGF19 overex-
pression and knockdown efficiencies were confirmed, the
overexpression systemmay have produced supraphysiolog-
ical FGF19 levels, potentially leading to non-specific ef-
fects. Fourth, the effects of FGF19 manipulation under
basal (non-stressed) conditions were not examined, which
would help clarify its role in maintaining homeostasis.

Additionally, this study utilized a single in vitromodel
and did not assess whether FGF19 exerts similar protective
effects under other stressors such as norepinephrine, oxida-
tive agents, or alternative glucocorticoids. Functional end-

points including contractility, calcium handling, and car-
diac biomarkers (e.g., cTnI, BNP) were also not evaluated.
Finally, although the AMPK/SIRT1 pathway was proposed
as a potential mediator, direct evidence was lacking, and
the duration and reversibility of FGF19’s protective effects
remain unknown. Future studies employing functional as-
says, pathway-specific interventions, and in vivo models
will be essential to determine the therapeutic potential of
FGF19 in stress-related cardiac disorders.

Conclusion

This study demonstrates that FGF19 protects car-
diomyocytes from cortisol-induced mitochondrial dysfunc-
tion and apoptosis by enhancing mitochondrial biogenesis,
restoring mitochondrial dynamics, and mitigating oxidative
stress. These findings highlight FGF19 as a promising ther-
apeutic target for stress-related cardiac injury, although fur-
ther investigations are necessary to validate its clinical po-
tential.
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