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A B S T R A C T

Fibroblast growth factor 20 (FGF20) is a member of the fibroblast growth factor family and
involved in embryonic development and cardiac repair. This study aimed to explore the role of
FGF20 in cardiac hypertrophy and the underlying molecular mechanisms. FGF20 improved
cardiac hypertrophy in vivo and in vitro. Furthermore, FGF20 increased expression of erythro-
blastic leukemia viral oncogene homolog 2 (ErbB2), which was negatively correlated with
expression of the cardiac hypertrophy markers atrial natriuretic peptide (ANP) and brain natri-
uretic peptide (BNP). In addition, FGF20 effectively protected cardiomyocytes against apoptosis
and oxidative stress. To further investigate whether protective effect of FGF20 is mediated by
ErbB2, neonatal rat cardiomyocytes (NRCMs) were treated with lapatinib, an inhibitor of ErbB2.
Lapatinib largely abrogated the anti-hypertrophic effect of FGF20, accompanied by increases in
cardiomyocyte apoptosis and oxidative stress. In summary, this study reveals that FGF20 prevents
cardiac hypertrophy by inhibiting apoptosis and oxidative stress via activating ErbB2 and may be
a promising therapeutic strategy for cardiac hypertrophy.

1. Introduction

Due to their limited proliferative capacity, adult mammalian cardiomyocytes undergo compensatory hypertrophic growth in
response to stress [1,2]. However, continued stress leads to pathological cardiac hypertrophy, characterized by cardiomyocyte hy-
pertrophy and cardiac remodeling and dysfunction, which eventually results in heart failure and even death [3]. Cardiac hypertrophy
is fundamental to the progression of many cardiovascular diseases, which are the major cause of mortality and morbidity worldwide
[4]. The pathogenesis and pathological process of cardiac hypertrophy are multifactorial and complicated, and there are no effective
therapeutic approaches [5]. Thus, it is urgent to deeply understand the mechanisms underlying cardiac hypertrophy and further
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explore effective strategies for clinical treatment.
The fibroblast growth factor (FGF) family, which consists of 23 members, functions in the development of the heart during the

embryonic stage as well as cardiac homeostasis after birth [6,7]. FGFs play crucial roles in cardiac hypertrophy. For instance, FGF18
and FGF21 protect against cardiac remodeling and dysfunction in a murine model of cardiac hypertrophy [8,9]. FGF20, which was
originally discovered in Xenopus laevis embryos, shares 62–73 % overall homology with FGF9 and FGF16, and was subsequently
regarded as a novel member of the FGF9 subfamily [10,11]. FGF20 has been reported to be highly expressed in the brain, therefore,
previous research mainly focused on its biological functions in dopaminergic neuronal injury and neurological disorders including
Parkinson’s disease [12,13]. In addition, growing evidence indicates that FGF20 is also involved in hair follicle formation, cochlear
hair cell differentiation, and inflammatory bowel disease [14–17]. FGF20 is detected in the endocardium at E10.5 and E12.5, and is
required for embryonic heart development [18]. Although our previous study revealed that FGF20 plays a crucial role in pressure
overload (PO)-induced pathological cardiac hypertrophy [19], its precise effect on cardiac hypertrophy and the underlying molecular
mechanism warrant further exploration.

ErbB2 (Her2/EGFR2), a crucial member of the epidermal growth factor receptor (EGFR) family, participates in various biological
processes including cellular differentiation, growth, proliferation, programmed cell death, and survival [20]. ErbB2 is widely
expressed in various tumor tissues and its overexpression or amplification is closely associated with the poor prognosis of cancer
patients [21]. Consequently, ErbB2 is an important target for clinical treatment of cancers such as breast cancer [22]. Interestingly, the
function of ErbB2 in heart tissue has garnered increasing scientific attention owing to cardiac dysfunction in cancer patients receiving
ErbB2-targeted antibody therapy [23]. It is worth noting that ErbB2 exhibits prominent expression in the embryonic heart, and mice
with conditional depletion of ErbB2 develop severe dilated cardiomyopathy and even heart failure after birth, suggesting that ErbB2 is
indispensable to prevent cardiac hypertrophy [24]. Geiger et al. also reported that ErbB2 is essential for cardiomyocytes, which have a
limited proliferative capacity, to counteract pathological stress [25]. Therefore, ErbB2 has been recognized as a promising therapeutic
target for cardiac hypertrophy.

Thus, this study aimed to evaluate the role of FGF20 in cardiac hypertrophy and the underlying molecular mechanisms.
Furthermore, it explored whether ErbB2 is involved in the cardioprotective effect of FGF20.

2. Methods

2.1. Animals and procedures

All animal experiments conducted in the study followed the guidelines of the Ethics Committee for Laboratory Animals of Ningbo
University and Xiamen Medical College (Approval No.20230424002), and followed national and institutional guidelines (Approval
No.12645). C57BL/6 male mice aged 6–8 weeks old were obtained from Beijing Vitalstar Biotechnology Co. Ltd (Beijing, China) and
then kept in an environmentally controlled room for 1 week to adapt to the environment before experimentation. Mice were housed in
SPF barrier conditions, which included filtered-air enclosures, a stable ambient temperature of 21 ◦C ± 2 ◦C, relative humidity
maintained at 50 % ± 15 %, and a consistent light-dark cycle of 12 h, with water and food available albidum. To establish an animal
model of cardiac hypertrophy, mice were subjected to transverse aortic constriction (TAC) surgery, as previously described [8,19]. To
overexpress FGF20 in the myocardium, mice were injected with 1× 1012 vg AAV9 harboring FGF20 RNA under the control of the cTnT
promoter (AAV-FGF20) or a negative control vector (AAV-LacZ) via the tail vein, and subsequently underwent TAC or sham surgery 2
weeks later.

2.2. Histological analysis

At the end of the experiments, the body weight (BW) of mice was measured. After euthanasia, hearts were harvested and then heart
weight (HW) was immediately measured. Then, HW/BW, an index of cardiac hypertrophy, was calculated. Heart tissue samples was
fixed in 4 % paraformaldehyde for 24 h, and subjected to dehydration in ethanol gradient (70–100 %) and paraffin embedding. For
morphological assessments, heart sections (5 μm) were deparaffinized and then stained with hematoxylin and eosin (H&E) according
to the manufacturer’s instructions. Finally, a Nikon Eclipse Ti-S microscope was used to captured the images of the stained sections.

2.3. Isolation, culture, and treatment of NRCMs

NRCMs were isolated from the hearts of Sprague-Dawley (SD) rats aged 1–3-day-old, following previously established methods [8,
26]. Briefly, after surface sterilization of SD rats aged 1–3-day-old with a 75 % ethanol solution, the hearts were dissected and
immediately minced into 0.5–1 mm3 pieces under sterile conditions. Next, the heart pieces were digested in 0.08 % trypsin medium in
a 37 ◦C bath with magnetic agitation for 8 min each time until the pieces disappeared. Then, the digestion solution was collected,
filtered with 200 μm nylon, and centrifuged at 3000 rpm for 30 min. For removal of fibroblasts and endothelial cells, the cells were
resuspended and incubated in Dulbecco’s Modified Eagle’s Medium (DMEM)/F12 medium (Gibco, 11330032) supplemented with 10
% fetal bovine serum (FBS, Gibco, 10270-106) and 1 % penicillin/streptomycin (Solarbio, P1400) for 1–3 h in an incubator containing
95 % air and 5 % CO2 at 37 ◦C. After incubation, NRCMs were obtained from the non-adherent cell suspension and then seeded onto
collagen-coated 6-well plates in fresh DMEM/F12 medium supplemented with 0.1 mM 5-bromodeoxyuridine (BrdU) to suppress
fibroblast proliferation.

NRCMs were stimulated with 10 μM isoproterenol (ISO) (Sigma, I5627) for 48 h to establish an in vitro model of cardiac
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hypertrophy and then with 100 ng/mL recombinant human FGF20. To further investigate whether the protection of FGF20 against
cardiac hypertrophy is mediated by ErbB2, NRCMs were pretreated with 1 μМ lapatinib (Selleck, GW-572016), an inhibitor of ErbB2
[27], before ISO and FGF20 treatment, according to our previous study [28].

2.4. Western blot analysis

NRCMs were lysed in RIPA buffer (Solarbio, R0010) on ice for 30 min to extract total proteins. After quantification, equal amounts
of the protein lysate (30 μg) were separated by SDS-PAGE and transferred onto PVDF membranes (Millipore, IPVH00010), followed by
which were subsequently blocked with 5 % bovine serum albumin (BSA, Solarbio, A8020) prepared in TBST for 2 h at room tem-
perature (~25 ◦C). The PVDF membranes were incubated with corresponding primary antibodies overnight at 4 ◦C and then placed in
solution containing horseradish peroxidase (HRP)-goat anti-mouse (TransGen, HS201, 1:10000) or HRP-goat anti-rabbit secondary
antibodies (TransGen, HS101, 1:10000) for at least 1 h at room temperature. Finally, the chemical signals of protein bands were
detected by a ChemiDoc MP Imaging System using Western Bright ECL HRP Substrate (Advansta, K-12045-D20). The relative protein
levels were quantified using ImageJ software.

The primary antibodies were used in this study are listed as follow: anti-ErbB2 (Santa Cruz, sc-7301, 1:1000); anti-ANP (Santa Cruz,
sc-515701, 1:1000); anti-Catalase (Santa Cruz, sc-271358, 1:1000); anti-Bax (CST, #2772, 1:2000); anti-Cleaved Caspase-3 (C-CAS-3)
(CST, #9661, 1:2000); anti-HO-1 (CST, #43966, 1:2000), anti-Sod2 (Proteintech, 24127-1-AP, 1:1000), Bcl-2 (Proteintech, 68103-1-
Ig, 1:1000); anti-BNP (Affinity, DF6902, 1:800) and anti-Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (Abcam, ab9485,
1:2000). GAPDH was used as a loading control.

2.5. RT-qPCR analysis

In brief [29], total RNA was isolated from heart tissue and NRCMs using RNA-easy Isolation Reagent (Vazyme, R701-01) and
quantified using Nanodrop 3100. Subsequently, 1 μg RNA was reverse-transcribed into cDNA using a Hiscript® III Reverse Tran-
scriptase Kit (Vazyme, R302-01). Quantitative PCR was performed on an ABI7500 Real-Time PCR System using ChamQ Universal
SYBR qPCR Master Mix (Vazyme, Q711-02). Relative expression of target genes was quantified using the 2− ΔΔCq comparative
threshold cycle method, with GAPDH as the endogenous normalization control. The primer sequences used for amplification are
presented in Table 1.

2.6. Transcriptomic analysis

After isolation and quantification, RNA integrity was assessed using a Bioanalyzer 2100 analyzer and verified by agarose gel
electrophoresis. After establishing sequencing libraries, each sample was subjected to 2× 150 bp paired-end sequencing (PE150) using
an Illumina Novaseq 6000 instrument in accordance with manufacturer’s instructions. Reads were aligned to Rat genome using Hisat2,
and calculated with feature Counts. Next, differential gene expression (DEG) was analyzed using the DESeq2 R-package. KEGG
pathway and gene ontology (GO) term enrichment analyses of DEGs were conducted using an online tool (https://www.omicstudio.
cn/). If the P-value was <0.05, the KEGG pathways and GO terms were considered statistically significant.

2.7. Lactate dehydrogenase (LDH) assay

Cardiomyocytes releases LDH into the culture medium upon hypertrophic stimulation [30], therefore, LDH release from NRCMs
was detected in this study. NRCMs were cultured in 96-well plates and then underwent the treatment as described above. After
treatment, the culture supernatant of NRCMs was gathered, and the amount of LDH released was measured using a LDH assay kit
(Beyotime, P0028) and measuring absorbance at 490 nm using a microplate reader, as described by the manufacturer’s instructions.

2.8. Immunofluorescence

Briefly, NRCMs were fixed in a 4 % paraformaldehyde solution for 15 min and permeabilized with 0.5 % Triton X-100 (Solarbio,
P1080) in PBS for 30 min at room temperature. After blocking with 5 % BSA for 1 h at room temperature, NRCMs were incubated with

Table 1
Details of the primers used in RT-qPCR.

Primer Forward Reverse

ANP (Rat) 5′- ATCTGATGGATTTCAACAACC -3′ 5′- CTCTGAGACGGGTTGACTTC -3′
BNP (Rat) 5′- GGGCTGTAACGCACTGAAGTT -3′ 5′- GTGGATTGTTCTGGAGACTG -3′
ErbB2 (Rat) 5′- GCTGGCTCCGATGTGTTTGATGG-3 5-GTTCTCTGCAGTGGGGGTCCCTTC-3
GAPDH(Rat) 5′- ATCAAGAAGGTGGTGAAGCA -3′ 5′- AAGGTGGAAGAATGGGAGTTG -3′
ANP(Mouse) 5′- TGCTTCCTCAGTCTGCTC -3′ 5′- CAACACAGATCTGATGGATTTCA -3′
BNP(Mouse) 5′- GGGCTGTAACGCACTGAAGTT -3′ 5′- AGTTTGTGCTCCAAGATAAGA -3′
ErbB2(Mouse) 5′-GAGACAGAGCTAAGGAAGCTGA-3′ 5′- ACGGGGATTTTCACGTTCTCC -3′
GAPDH(Mouse) 5′- AGGTCGGTGTGAACGGATTTG -3′ 5′- TGTAGACCATGTAGTTGAGGTCA -3′
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rabbit anti-cardiac troponin I (cTnT, the cardiomyocytes marker) (Abcam, ab196384, 1:200) at 4 ◦C overnight and then incubated with
an Alexa Fluor 647-conjugated anti-rabbit IgG secondary antibody (Abcam, ab150075) for 1 h at room temperature. Finally, nuclei of
NRCMs were labeled with DAPI. Images were obtained using a confocal laser scanning microscope, and cardiomyocyte size was
measured with ImageJ software.

2.9. Intracellular reactive oxygen species (ROS) measurement

ROS production in NRCMs was detected by Dihydroethidium (DHE) staining. NRCMs were plated on 6-well plates and then un-
derwent the treatment as described above. After removal of the culture medium, 5 μMDHE (Beyotime, S0063) was added to the culture
plates and reacted in the dark for 30 min at 37 ◦C. The intensity of DHE fluorescence was visualized using a fluorescence microscope.

2.10. Statistical analysis

Data were expressed as mean ± standard deviation (SD) from at least 3 independent experiments. The statistical significance of
each sample was analyzed with one-way analysis of variance (ANOVA) for multiple groups. If the P-value was <0.05, the result was
considered statistically significant.

3. Results

3.1. FGF20 protects against cardiac hypertrophy in vivo and in vitro

To investigated the role of FGF20 in cardiac hypertrophy in vivo, mice were injected with AAV-FGF20 via the tail vein to over-
express FGF20 in the myocardium and then subjected to TAC surgery to establish an animal model of cardiac hypertrophy. The results
demonstrated that TAC significantly induced increases in heart size and the HW/BW ratio, which were significantly inhibited by FGF20
overexpression (Fig. 1A and B). In addition, the mRNA levels of ANP and BNP, the markers of cardiac hypertrophy, were obviously
increased in TAC-operated mice, but these increases were reversed by FGF20 overexpression (Fig. 1C). Consistently, FGF20 also
inhibited the TAC-induced increases in ANP and BNP protein levels (Fig. 1D and E). These results suggested that FGF20 improves TAC-
induced cardiac hypertrophy in vivo.

To further evaluate the effect of FGF20 on cardiac hypertrophy in vitro, NRCMs were stimulated with ISO to establish an in vitro
model of cardiac hypertrophy. As expected, immunofluorescence staining of cTnT showed that ISO significantly induced car-
diomyocyte hypertrophy, evidenced by increased surface area of NRCMs, which was inhibited by co-treatment with FGF20 (Fig. 2A
and B). Consistent with our in vivo results, FGF20 treatment also effectively mitigated the ISO-induced upregulation of ANP and BNP at
both the mRNA and protein levels (Fig. 2C and D). Moreover, co-treatment with FGF20 substantially decreased the robust LDH release
induced by ISO in NRCMs (Fig. 2F). Overall, these results suggested that FGF20 improves ISO-induced cardiac hypertrophy in vitro.

Fig. 1. FGF20 protects against TAC-induced cardiac hypertrophy in vivo. Mice were transfected with AAV-Fgf20 or AAV-LacZ and then subject with
TAC or sham surgery. (A) HE staining was performed to detect heart size of mice, scale bars = 400 μm. (B) Quantitative analysis of HW/BW of mice.
(C) RT-qPCR analysis was performed to measure the mRNA levels of ANP and BNP in the hearts. (D–E) Western blot was performed and quanti-
tatively analyzed to determine the protein levels ANP, BNP and ErbB2 in the hearts. #P＜0.05 versus Sham group, *P＜0.05 versus TAC + AAV-
LacZ group.
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3.2. FGF20 upregulates ErbB2 expression in vitro and in vivo

To explore the mechanism by which FGF20 protects against cardiac hypertrophy, RNA-sequencing was performed following
treatment with FGF20 plus ISO and ISO alone. KEGG enrichment analysis showed there were significant changes in the ErbB signaling
pathway after FGF20 treatment under the hypertrophic state (Fig. 3A). More importantly, FGF20 upregulated expression of ErbB2,
which was negatively correlated with ANP and BNP expression (Fig. 3B and C). Subsequently, we validated that FGF20 regulated
ErbB2 expression in vitro and in vivo. As depicted in Fig. 3D and E, the protein and mRNA levels of ErbB2 were both decreased in
response to ISO stimulation in NRCMs, while FGF20 treatment markedly increased ErbB2 expression. Similarly, FGF20 overexpression
significantly increased expression of ErbB2 in TAC-operated mice (Fig. 3F and G). These findings indicated that ErbB2 is involved in
the protective effect of FGF20 against cardiac hypertrophy.

3.3. FGF20 ameliorates apoptosis and oxidative stress in hypertrophic NRCMs

Biological progression analysis of GO enrichment demonstrated that DEGs (ISO+ FGF20 group vs. ISO group) were associated with
apoptosis and oxidative stress (Fig. 4A). Cardiomyocyte apoptosis and oxidative stress are crucial events in the pathological process of
cardiomyocyte hypertrophy [3]. Consequently, the regulatory effects of FGF20 on apoptosis and oxidative stress were verified in
hypertrophic NRCMs.

ISO significantly induced cardiomyocyte apoptosis, as evidenced by increases in cleaved caspase-3 (C-CAS-3) protein level and the
ratio of Bax/Bcl-2, which were repressed by FGF20 treatment (Fig. 4B and C). In addition, DHE staining revealed that ISO markedly
induced ROS overproduction in NRCMs, which was significantly decreased by FGF20 treatment (Fig. 5A and B). Catalase, superoxide
dismutase 2 (Sod2), and heme oxygenase-1 (HO-1) are intracellular anti-oxidant defense enzymes and play crucial roles in maintaining
cellular redox balance [31]. Therefore, the protein levels of these enzymes were also detected. The protein levels of catalase, Sod2, and
HO-1 were dramatically reduced by ISO, but significantly increased by FGF20 (Fig. 5C–E). These data confirmed that FGF20 prevents
cardiac hypertrophy by inhibiting apoptosis and oxidative stress in vitro.

3.4. Inhibition of ErbB2 reverses the protective effect of FGF20 against cardiac hypertrophy in vitro

Next, we further explored whether ErbB2 is responsible for FGF20-mediated protection against cardiac hypertrophy. NRCMs were
pretreated with lapatinib (an ErbB2 inhibitor) and subsequently the anti-apoptotic and anti-oxidant capacities of FGF20 was inves-
tigated. In line with the results shown in Fig. 3, FGF20 attenuated the ISO-induced increases of the level of C-CAS-3 and the Bax/Bcl-2
ratio. Conversely, pretreatment with lapatinib markedly increased C-CAS-3 protein level and the Bax/Bcl-2 ratio (Fig. 6A and B),
indicating that ErbB2 mediates the anti-apoptotic effect of FGF20 upon cardiac hypertrophy. In addition, lapatinib effectively abol-
ished the FGF20-mediated upregulation of catalase, Sod2, and HO-1 (Fig. 6C–E). DHE staining also showed that ISO-induced ROS
accumulation was decreased by FGF20 treatment but elevated by lapatinib treatment (Fig. 6F and G), further indicating that the anti-
oxidant effect of FGF20 upon cardiac hypertrophy is mediated by ErbB2.

Fig. 2. FGF20 protects against ISO-induced cardiomyocyte hypertrophy in vitro. NRCMs were treated with or without ISO for 48 h in the presence or
absence of FGF20. (A–B) Surface area of NRCMs was detected by cTnT immunofluorescence (red for cTnT protein, blue for the nuclei) and then
quantitatively analyzed, scale bars = 60 mm. (C) RT-qPCR analysis was performed to measure the mRNA levels of ANP and BNP in NRCMs. (D–E)
Western blot was performed and quantitatively analyzed to determine the protein levels of ANP, BNP and ErbB2 in NRCMs. (F) LDH assay was
performed to measure the LDH release from NRCMs. #P＜0.05 versus CON group, *P＜0.05 versus ISO group.
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The anti-hypertrophic effect of FGF20 was also investigated. FGF20 significantly inhibited ISO-induced cardiomyocyte hyper-
trophy, which was dramatically reversed by lapatinib, as evidenced by immunofluorescence staining of cTnT (Fig. 7A and B).
Moreover, lapatinib significantly abrogated FGF20-mediated downregulation of ANP and BNP at both the mRNA and protein levels,
accompanied by an increase of LDH release (Fig. 7C–F), suggesting that the anti-hypertrophic effect of FGF20 is greatly dependent on
ErbB2. Taken together, these findings supported the notion that FGF20 mitigates cardiac hypertrophy by suppressing oxidative stress
and apoptosis via activating ErbB2.

Fig. 3. FGF20 activated ErbB2 in hypertrophic NRCMs and heart. (A) RNA sequence was carried out in NRCMs between FGF20+ISO group and ISO
group (n = 3 each group), top twenty enriched items of KEGG analysis for differentially gene expression (DEGs). (B) Heat map of DEGs in NRCMs
between FGF20+ISO group and ISO group. (C) Correlation analysis of ErbB2 with ANP and BNP. (D) Western blot was performed and quantitatively
analyzed to determine the protein levels of ErbB2 in NRCMs treated with or without ISO for in the presence or absence of FGF20. (E) RT-qPCR was
performed to measure the mRNA levels of ErbB2 in NRCMs treated with or without ISO in the presence or absence of FGF20, #P＜0.05 versus CON
group, *P＜0.05 versus ISO group. (F) Western blot was performed and quantitatively analyzed to determine the protein levels of ErbB2 in the heart
of mice transfected with AAV-Fgf20 or AAV-LacZ and underwent TAC or sham surgery, (G) RT-qPCR was performed to measure the mRNA levels of
ErbB2 in the heart of mice transfected with AAV-Fgf20 or AAV-LacZ and underwent TAC or sham surgery, #P＜0.05 versus Sham group, *P＜0.05
versus TAC + AAV-LacZ group.

Y. Chen et al.
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4. Discussion

There is emerging evidence that FGF20 and ErbB2 play crucial roles in maintaining cardiac homeostasis after injury [19,32].
Nevertheless, no study has focused on the relationship between FGF20 and ErbB2 in cardiomyocyte hypertrophy. In this study, we
provide evidence that: (i) FGF20 improves cardiac hypertrophy in vitro and in vivo; (ii) FGF20 increases expression of ErbB2, which is
negatively correlated with expression of the cardiac hypertrophy markers ANP and BNP; (iii) ErbB2 inhibition reverses the protective

Fig. 4. FGF20 alleviated ISO-induced apoptosis in NRCMs. (A) The enriched biological processes in GO analysis for DEGs in NRCMs between
FGF20+ISO group and ISO group. (B–C) Western blots was performed and quantitatively analyzed to determine the apoptotic protein levels of bax,
bcl-2 and cleaved caspase 3 (C-CAS-3) in NRCMs treated with or without FGF20 in the presence or absence of ISO.

Fig. 5. FGF20 attenuates oxidative stress in ISO-treated NRCMs. NRCMs were treated with or without ISO for 48 h in the presence or absence of
FGF20. (A) DHE staining was performed to measure intracellular ROS (red) in NRCMs, scale bars = 1 mm. (B) Quantitative analysis of intensity of
DHE fluorescence. (C) Western blot was performed to determine the protein levels of catalase, HO-1 and sod2 in NRCMs. (D–E) Quantitative analysis
of the protein level of catalase, HO-1 and sod2. #P＜0.05 versus CON, *P＜0.05 versus ISO.
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effect of FGF20 against cardiomyocyte apoptosis and oxidative stress. Therefore, our study reveals that FGF20 alleviates cardiac
hypertrophy by activating ErbB2.

Due to discoveries about its biological structure and function, the role of FGF20 in heart tissue has garnered substantial attention.
For example, Morrisey et al. reported that FGF20 promotes cardiomyocyte proliferation and repair of the heart [33], which may be
beneficial for adult cardiomyocytes encountering pathological stress. Surprisingly, few studies have focused on the effect of FGF20 on
cardiac hypertrophy and the underlying molecular mechanism. In the present study, we demonstrated that FGF20 improves
TAC-induced cardiac hypertrophy in mice and NRCMs, which is consistent with our previous research [19]. Thus, our results suggest
that FGF20 protects against cardiac hypertrophy.

In recent years, the function of ErbB2 in cardiac homeostasis has been extensively studied. Expression of ErbB2 is decreased in
pathological cardiac tissue [34,35]. Furthermore, activation of ErbB2 protects against myocardial infraction, cardiac hypertrophy, and
heart failure [25,36,37]. Data from a phase II clinical trial showed that recombinant human neuregulin-1 (NRG1), an activator of
ErbB2, improved the cardiac function of patients with chronic heart failure [38]. Therefore, ErbB2 may be a promising therapeutic
target for heart diseases. In this study, we employed transcriptomics to investigate the mechanism by which FGF20 protects against
cardiomyocyte hypertrophy. DEGs after FGF20 treatment were enriched in the ErbB signaling pathway. Expression of ErbB2 was
increased by FGF20 and was negatively related to expression of ANP and BNP, indicating that ErbB2 is a downstream target of FGF20
upon cardiac hypertrophy. Consistently, western blotting and RT-qPCR analyses detected significant decreases in the protein and
mRNA levels of ErbB2 in response to hypertrophic stimulation in vivo and in vitro, which were conversely increased by FGF20
administration. Hence, our data suggest that FGF20 protects against cardiac hypertrophy by activating ErbB2.

Cardiomyocyte apoptosis and oxidative stress are considered major causes of cardiac hypertrophy [9,39]. Therefore, anti-oxidant
and anti-apoptosis therapies are effective approaches to treat cardiac hypertrophy [40]. Moreover, FGF20 is a regulatory factor with
anti-oxidant and anti-apoptotic activities. Alvarez et al. reported that FGF20 promotes expression of anti-oxidant enzymes such as Sod2
and thereby facilitates scavenging of excess ROS following acute ionizing irradiation, which ultimately increases the overall survival of

Fig. 6. ErbB2 inhibitor weakens the anti-oxidative and anti-apoptotic effects of FGF20 in ISO-treated NRCMs. NRCMs were pretreated with or
without Lapatinib for 2 h and then incubated with or without FGF20 for 48 h in the presence of ISO. (A) Western blot was performed to detect the
protein levels of bax, bcl-2, cleaved caspase 3 (C-CAS-3) catalase, HO-1 and sod2. (B) Quantitative analysis of bax/bcl-2 ratio and the protein levels
of C-CAS-3. (C–E) Quantitative analysis of the protein levels of catalase, HO-1 and sod2. (F) DHE staining was performed to measure intracellular
ROS (red) in NRCMs, scale bars = 1 mm. (G) Quantitative analysis of intensity of DHE fluorescence. #P＜0.001 versus ISO group, *P＜0.05versus
ISO + FGF20 group.
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mice [41]. In addition, FGF20 elicits a protective effect in Alzheimer’s disease by inhibiting apoptosis [42]. By analyzing GO
enrichment, we found that the protective effect of FGF20 was associated with apoptosis and oxidative stress. We further demonstrated
that FGF20 treatment suppressed apoptosis and oxidative stress in hypertrophic cardiomyocytes. Taken together, these findings
indicate that FGF20 alleviates cardiac hypertrophy by inhibiting apoptosis and oxidative stress.

The question arose of whether FGF20-mediated prevention of cardiomyocyte apoptosis and oxidative stress is associated with
FGF20-mediated activation of ErbB2. ErbB2 functions as a cardioprotective factor by inhibiting apoptosis and oxidative stress. For
example, NRG1 improves myocardial infraction by relieving cardiomyocyte apoptosis [43]. Furthermore, Gabrielson et al. demon-
strated that overexpression of ErbB2 ameliorates doxorubicin-induced cardiomyopathy and that this effect is mediated by inhibition of
oxidative stress [44]. Importantly, our previous research showed that ErbB2 deletion results in cardiomyocyte apoptosis and oxidative
stress [28]. Thus, based on the anti-oxidant and anti-apoptotic capacities of ErbB2 in cardiomyocytes and our results described above,
we speculated that FGF20-mediated prevention of cardiomyocyte apoptosis and oxidative stress in cardiac hypertrophy is attributable
to activation of ErbB2. To investigate this hypothesis, ErbB2 was inhibited in cardiomyocytes using lapatinib. As expected, lapatinib
abrogated the protective effect of FGF20 against cardiomyocyte apoptosis and oxidative stress. In addition, lapatinib effectively
eliminated the anti-hypertrophic effect of FGF20. Thus, our results confirm that FGF20 improves cardiac hypertrophy by suppressing
apoptosis and oxidative stress in an ErbB2-dependent manner.

However, this study has limitations. First, although it demonstrated the protective effect of FGF20 against cardiac hypertrophy and
the underlying ErbB2-dependent mechanism, this mechanismmust be further validated in vivo. Second, the effects of ErbB2 on cellular
biological processes are largely mediated by its phosphorylation. Therefore, it is important to clarify whether ErbB2 phosphorylation is
involved in FGF20-mediated ErbB2 activation in future studies. Finally, further research is expected to reveal the mechanism un-
derlying FGF20-mediated ErbB2 activation.

In conclusion, this study provides the first evidence that FGF20 inhibits apoptosis and oxidative stress by activating ErbB2, thereby
alleviating cardiac hypertrophy.

Funding

This work was supported by Zhejiang Provincial Natural Science Foundation (LQ24H020001), the National Nature Science
Foundation of China (82170365), Medical Science and Technology project of Zhejiang Province (2024KY327), Traditional Chinese
Medicine Science and Technology project of Zhejiang Province (2023ZR049), Natural Science Fund of Ningbo (2022J223, 2022J225，
202003N4070), Project of Wenzhou Association for Science and Technology (kjfw0246), and Science Foundation of Xiamen Medical
College（K2023-36).

Data availability statement

All data supporting the findings of this study are available from the corresponding author on reasonable request.

Fig. 7. ErbB2 inhibitor abrogated the anti-hypertrophic effect of FGF20 in ISO-treated NRCMs. NRCMs were pretreated with or without Lapatinib
for 2 h and then incubated with or without FGF20 for 48 h in the presence of ISO. (A–B) Surface area of NRCMs was detected by cTnT immu-
nofluorescence (red for cTnT protein, blue for the nuclei) and then quantitatively analyzed, scale bars = 60 μm. (C) RT-qPCR analysis was performed
to measure the mRNA levels of ANP and BNP. (D–E) Western blot was performed and quantitatively analyzed to determine the protein levels of
ErbB2. (F) LDH assay was performed to measure the LDH release from NRCMs. #P＜0.001 versus ISO group, *P＜0.05versus ISO + FGF20 group.

Y. Chen et al.



Heliyon 10 (2024) e37085

10

CRediT authorship contribution statement

Yunjie Chen: Writing – review & editing, Writing – original draft, Methodology, Funding acquisition, Data curation, Conceptu-
alization. Xuan Zhou: Writing – review & editing, Writing – original draft, Methodology, Investigation, Funding acquisition,
Conceptualization. Xu Wang: Writing – original draft, Investigation, Funding acquisition, Conceptualization. Yuanbin Zhang:
Methodology, Investigation. Jiayi Song: Methodology, Investigation, Funding acquisition, Conceptualization. Yan Cai: Writing –
original draft, Investigation, Conceptualization. Yizhuo Zhao: Methodology, Investigation, Funding acquisition, Conceptualization.
Lin Mei: Writing – review & editing, Investigation, Funding acquisition. Suyan Zhu: Writing – review & editing, Writing – original
draft, Investigation, Funding acquisition, Formal analysis, Conceptualization. Xueqin Chen: Writing – review & editing, Writing –
original draft, Investigation, Data curation, Conceptualization.

Declaration of competing interest

The authors declare that they have no known competing financial interests or personal relationships that could have appeared to
influence the work reported in this paper.

Acknowledgements

We acknowledge and appreciate our colleagues for their valuable suggestions and technical assistance for this study. We thank for
Central Laboratory of the Medical Research Center, The First Affiliated Hospital of Ningbo University.

References

[1] F. Weinberger, T. Eschenhagen, Cardiac regeneration: new hope for an old dream, Annu. Rev. Physiol. 83 (2021) 59–81, https://doi.org/10.1146/annurev-
physiol-031120-103629.

[2] L. Jin, X. Shi, J. Yang, Y. Zhao, L. Xue, L. Xu, J. Cai, Gut microbes in cardiovascular diseases and their potential therapeutic applications, Protein Cell 12 (2021)
346–359, https://doi.org/10.1007/s13238-020-00785-9.

[3] M. Nakamura, J. Sadoshima, Mechanisms of physiological and pathological cardiac hypertrophy, Nat. Rev. Cardiol. 15 (2018) 387–407, https://doi.org/
10.1038/s41569-018-0007-y.

[4] T.G. Martin, M.A. Juarros, L.A. Leinwand, Regression of cardiac hypertrophy in health and disease: mechanisms and therapeutic potential, Nat. Rev. Cardiol. 20
(2023) 347–363, https://doi.org/10.1038/s41569-022-00806-6.

[5] J. Liu, W. Li, K.Q. Deng, S. Tian, H. Liu, H. Shi, Q. Fang, Z. Liu, Z. Chen, T. Tian, S. Gan, F. Hu, M. Hu, X. Cheng, Y.X. Ji, P. Zhang, Z.G. She, X.J. Zhang, S. Chen,
J. Cai, H. Li, The E3 ligase TRIM16 is a key suppressor of pathological cardiac hypertrophy, Circ. Res. 130 (2022) 1586–1600, https://doi.org/10.1161/
circresaha.121.318866.

[6] L. Chen, L. Fu, J. Sun, Z. Huang, M. Fang, A. Zinkle, X. Liu, J. Lu, Z. Pan, Y. Wang, G. Liang, X. Li, G. Chen, M. Mohammadi, Structural basis for FGF hormone
signalling, Nature 618 (2023) 862–870, https://doi.org/10.1038/s41586-023-06155-9.

[7] F. Khosravi, N. Ahmadvand, S. Bellusci, H. Sauer, The multifunctional contribution of FGF signaling to cardiac development, homeostasis, disease and repair,
Front. Cell Dev. Biol. 9 (2021) 672935, https://doi.org/10.3389/fcell.2021.672935.

[8] G. Chen, N. An, J. Shen, H. Chen, Y. Chen, J. Sun, Z. Hu, J. Qiu, C. Jin, S. He, L. Mei, Y. Sui, W. Li, P. Chen, X. Guan, M. Chu, Y. Wang, L. Jin, K. Kim, X. Li,
W. Cong, X. Wang, Fibroblast growth factor 18 alleviates stress-induced pathological cardiac hypertrophy in male mice, Nat. Commun. 14 (2023) 1235, https://
doi.org/10.1038/s41467-023-36895-1.

[9] S. Li, Z. Zhu, M. Xue, X. Yi, J. Liang, C. Niu, G. Chen, Y. Shen, H. Zhang, J. Zheng, C. Zhao, Y. Liang, W. Cong, Y. Wang, L. Jin, Fibroblast growth factor 21
protects the heart from angiotensin II-induced cardiac hypertrophy and dysfunction via SIRT1, Biochim. Biophys. Acta, Mol. Basis Dis. 1865 (2019) 1241–1252,
https://doi.org/10.1016/j.bbadis.2019.01.019.

[10] C. Koga, N. Adati, K. Nakata, K. Mikoshiba, Y. Furuhata, S. Sato, H. Tei, Y. Sakaki, T. Kurokawa, K. Shiokawa, K.K. Yokoyama, Characterization of a novel
member of the FGF family, XFGF-20, in Xenopus laevis, Biochem. Biophys. Res. Commun. 261 (1999) 756–765, https://doi.org/10.1006/bbrc.1999.1039.

[11] S. Wang, Y. Li, C. Jiang, H. Tian, Fibroblast growth factor 9 subfamily and the heart, Appl. Microbiol. Biotechnol. 102 (2018) 605–613, https://doi.org/
10.1007/s00253-017-8652-3.

[12] J. Chen, X. Wang, J. Hu, J. Du, C. Dordoe, Q. Zhou, W. Huang, R. Guo, F. Han, K. Guo, S. Ye, L. Lin, X. Li, FGF20 protected against BBB disruption after traumatic
brain injury by upregulating junction protein expression and inhibiting the inflammatory response, Front. Pharmacol. 11 (2020) 590669, https://doi.org/
10.3389/fphar.2020.590669.

[13] U. Rudakou, E. Yu, L. Krohn, J.A. Ruskey, F. Asayesh, Y. Dauvilliers, D. Spiegelman, L. Greenbaum, S. Fahn, C.H. Waters, N. Dupré, G.A. Rouleau, S. Hassin-
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