. biomolecules

Article

Cardiomyocyte FGFR1 Signaling Attenuates Adverse
Ventricular Remodeling and Preserves Cardiac Function

Nasser H. Alatawi 1, Sanskruti R. Gare !, Min Fang !, Yihua Han !, Oveena Fonseka !, Jiayan Zhang ', Xinyi Chen 1,
Riham R. E. Abouleisa 2, Tao Wang !, Sabu Abraham !, Bernard D. Keavney 13, Elizabeth J. Cartwright 1,
Tamer M. A. Mohamed 134, Wei Liu 1**

Academic Editor: Mohsin Saleet Jafri

Received: 21 September 2026
Revised: 22 October 2026
Accepted: 2 November 2026
Published: 7 November 2026

Copyright: © 2026 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons

Attribution (CC BY) license.

1 Faculty of Biology, Medicine and Health, The University of Manchester, Manchester M13 9PL, UK;
xinyi.chen-2@manchester.ac.uk (X.C.); tao.wang@manchester.ac.uk (T.W.)

2 Surgery Department, Baylor College of Medicine, 1 Baylor Plaza, MS390, Houston, TX 77030, USA;
riham.abouleisa@bcm.edu

3 Manchester Heart Centre, Manchester University NHS Foundation Trust, Manchester Academic Health
Science Centre, M13 9WL, Manchester, UK

4 Institute of Molecular Cardiology, University of Louisville, 550 S. Jackson St., Louisville, KY 40202, USA

Correspondence: wei.liu@manchester.ac.uk

t Core Technology Facility, Faculty of Biology, Medicine and Health, University of Manchester, Manchester
M13 9WU, UK.

Abstract

Background: Heart failure (HF) is characterized by progressive adverse remodeling.
However, the underlying molecular mechanisms governing the progression of patholog-
ical remodeling and ventricular dysfunction remain incompletely defined. Fibroblast
growth factor receptor 1 (FGFR1) regulates growth factor signaling in the heart, yet its role
in HF is limited. Methods: Proteomic and transcriptomic analyses were performed on left
ventricular tissue from patients with HF to identify dysregulated remodeling pathways.
FGFR1 expression and protein kinase B (AKT) signaling were examined in human hearts,
in mice subjected to chronic isoprenaline infusion, and in cardiomyocyte-specific FGFR1
knockout (FGFR1%0) mice. In vitro studies were conducted in neonatal rat cardiomyo-
cytes (NRCMs) and rat myoblasts (H9C2) using siRNA-mediated FGFR1 knockdown and
stimulating AKT phosphorylation by the specific activator SC-79 under isoprenaline-in-
duced p-adrenergic stress. Genetic restoration of FGFR1 was achieved using adeno-asso-
ciated viral subtype 9 (AAV9) delivery of FGFR1 after the onset of remodeling, followed
by echocardiographic, histological, and molecular analyses. Results: Human HF hearts
exhibited broad dysregulation of remodeling pathways. Notably, AKT signaling was
markedly suppressed. Reduced FGFR1 expression was accompanied by decreased AKT
phosphorylation in human HF hearts. Consistently, chronic isoprenaline stress reduced
cardiac FGFR1 expression in vivo and in vitro. Cardiomyocyte-specific FGFR1 deletion
exacerbated systolic dysfunction and promoted ventricular dilation. Mechanistically,
FGFR1 deficiency suppressed AKT activation, which contributed to cardiac pathological
remodeling upon isoprenaline stress. In cardiomyocytes with FGFR1 knockdown, cardi-
omyocyte injury and maladaptive transcriptional responses were amplified under (3-ad-
renergic stress. Of note, these detrimental effects were rescued by pharmacological acti-
vation of AKT using its activator, SC-79. Therapeutically, genetic FGFR1 re-establishment
attenuated cardiac pathological remodeling and restored systolic function under longer-
term isoprenaline stress, at least partially through maintenance of AKT activation. Con-
clusions: The current study has demonstrated that cardiac FGFR1 signaling exhibits car-
dioprotective potential that mitigates adverse ventricular remodeling and rescues cardiac
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function under pathological stress. Therefore, targeting FGFR1 signaling represents a po-
tential strategy to prevent pathological remodeling and HF.

Keywords: FGFR1; HF; AKT; cardiac remodeling; isoprenaline

1. Introduction

Heart failure (HF) remains a leading cause of morbidity and mortality worldwide
despite substantial advances in pharmacological and device-based therapies [1,2]. Pro-
gressive deterioration of cardiac function in HF is driven largely by maladaptive ventric-
ular remodeling, a complex process characterized by cardiomyocyte hypertrophy, cham-
ber dilation, fibrotic tissue formation, cell death, and impaired contractile performance
[3]. Although neurohormonal blockade and guideline-directed therapies can slow the rate
of disease progression, many patients continue to experience development of adverse re-
modeling and vulnerable transition to HF [4], underscoring the need to advance under-
standing of the molecular pathogenic pathways that participate in the onset and progres-
sion of cardiac remodeling and HF.

Among the intracellular signaling networks regulating myocardial growth and sur-
vival, the protein kinase B (AKT) pathway has emerged as a central cardioprotective axis
under both physiological and pathological conditions [5,6]. Early studies in cardiac cells
demonstrated that AKT activation promotes cardiomyocyte survival by inhibiting apop-
totic signaling and preserving mitochondrial integrity, as shown in neonatal and adult
cardiomyocytes exposed to hypoxia or oxidative stress in vitro [5,7-9]. Consistent with
these findings, activation of AKT has been shown to protect cardiomyocytes from oxygen-
glucose deprivation and reoxygenation-induced cell death [10]. In vivo evidence from ge-
netic overexpression models similarly demonstrates that enhanced AKT signaling limits
myocardial injury, reduces cardiomyocyte apoptosis, and decreases infarct size following
ischemia-reperfusion injury or myocardial infarction, resulting in improved cardiac func-
tion [6,8]. While AKT activation is widely recognized as cardioprotective in acute stress
settings, the treatment potential of targeting it and its regulators remains incompletely
understood.

Fibroblast growth factor receptor 1 (FGFR1) is a transmembrane receptor tyrosine
kinase that regulates cell survival, proliferation, and stress adaptation through activation
of multiple downstream signaling cascades. In the heart, FGFR1 contributes to the devel-
opment and differentiation of cardiomyocytes, highlighting its importance in cardiac
growth and maturation [11]. Under diabetic stress conditions, FGFR1 activation has been
shown to enhance wound-healing responses and suppress the secretion of inflammatory
cytokines in cardiomyocytes in vitro, suggesting a role in protecting cardiac cells from
metabolic stress [12]. In addition, endothelial FGFR1 plays an important role in maintain-
ing vascular homeostasis, and its loss promotes TGF-B-induced fibroblast activation, lead-
ing to increased fibrosis and extracellular matrix deposition in the diabetic heart [13]. Fur-
thermore, FGF21-mediated FGFR1 signaling has been shown to protect against patholog-
ical cardiac hypertrophy by promoting mitophagy and maintaining mitochondrial quality
control in pressure overload models such as transverse aortic constriction (TAC) [14].
Conversely, deficiency of both FGFR1 and FGFR?2 in cardiomyocytes exacerbates apopto-
sis, fibrosis, and ventricular dysfunction during the acute phase following ischemia—
reperfusion injury, partly through suppression of pro-survival signaling pathways [15].
Despite these findings, the functional role of FGFR1 signaling in HF remains poorly de-
fined.
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In the present study, we have demonstrated the role of FGFR1 signaling as a regula-
tor of cardiac remodeling and ventricular function under (3-adrenergic stress. Integrated
analyses of human failing myocardium revealed coordinated dysregulation of remodel-
ing-associated pathways characterized by suppression of AKT signaling alongside re-
duced FGFR1 expression, suggesting a potential upstream regulatory relationship. Func-
tional studies demonstrate that loss of FGFR1 exacerbates systolic dysfunction and pro-
motes adverse pathological remodeling, including increased fibrosis and cardiomyocyte
apoptosis, during isoprenaline-induced stress, identifying FGFR1 as a critical mediator of
cardioprotective signaling. Mechanistically, FGFR1 maintains myocardial homeostasis, at
least in part, through regulation of AKT activity, and restoration of FGFR1 signaling mit-
igates maladaptive remodeling and preserves cardiac function.

Collectively, these findings establish FGFR1 as a potential upstream regulator of
AKT-dependent cardioprotection and highlight the FGFR1-AKT signaling axis as a ther-
apeutic target for mitigating maladaptive remodeling and HF progression.

2. Materials and Methods
2.1. Data and Materials Availability

The data presented in this study are available upon request from the corresponding
author because the data are not publicly available under the study’s data-sharing arrange-
ments.

2.2. Human Samples

Human hearts were either purchased from Asterand (BiolVT, Bioivt.com, sale ID
224622; Asterand obtained ethical approval and consent following the United Kingdom
Human Tissue Authority regulations) or obtained from the transplantation network in the
USA (UNOS) from de-identified donors and we have obtained approval from the Institu-
tional Review Board of Baylor College of Medicine for non-human subject research (pro-
tocol number H-53940 (30/06/2023). All experimental procedures performed on human
samples were approved by the University of Manchester Ethics Committees and in agree-
ment with the Declaration of Helsinki (12172, the Human Tissue Authority, 18 September
2020).

2.3. Animal Studies

All animal experiments were conducted in accordance with the United Kingdom An-
imals (Scientific Procedures) Act 1986 and were approved by the University of Manchester
Ethics Committee under the PPL license PP0172073 (23/09/2025) and PASE7CAA4E (29 Sep-
tember 2020). Cardiomyocyte-specific FGFR1 knockout mice (FGFR10) were generated
for functional studies. Floxed littermates (FGFR1Flx) served as controls. On the other hand,
after 2 weeks of isoprenaline infusion, wild-type (WT) mice were randomly allocated to
receive either AAV9-cTnT-Fgfrl or AAV9-cInT-Gfp by a computer-generated random se-
quence.

2.4. Induction of B-Adrenergic Stress

Cardiac (-adrenergic stress was induced via mini-osmotic pump implantation
(Alzet) delivering isoprenaline at 10 mg/kg/day for 2-4 weeks, as described previously
[16].
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2.5. In Vitro Models

Neonatal rat cardiomyocytes (NRCMs) were isolated and cultured as previously de-
scribed [17]. HIC2 cells were maintained in DMEM supplemented with 10% (v/v) heat-
inactivated fetal bovine serum (FBS), 100 pg/mL streptomycin, and 100 U/mL penicillin at
37 °C in 5% COz. B-adrenergic stress was mimicked in vitro using isoprenaline (10 uM)
for 8-16 h as stipulated in the Results.

2.6. Statistics

Data are shown as bar or dot plots representing mean + SEM. Normality was assessed
using the Shapiro-Wilk test. Normally distributed data were analyzed by one- or two-
way ANOVA with post hoc tests, while two-group comparisons utilized two-tailed Stu-
dent’s unpaired ¢-tests. Non-parametric tests were applied for skewed data or n <5, unless
otherwise stated. If the data were not normally distributed, non-parametric tests (equiva-
lent to one-way ANOVA and Student’s t-test), such as the Kruskal-Wallis test or the
Mann-Whitney U test, were used. Analyses were performed in GraphPad Prism 10, with
p <0.05 considered statistically significant.

3. Results
3.1. FGFR1 and AKT Signaling Is Dysregulated in Human and Experimental HF

To identify molecular pathways dysregulated in human HF, we performed gene on-
tology (GO) pathway enrichment analysis of proteomic data generated by liquid chroma-
tography—-tandem mass spectrometry from failing and non-failing human left ventricular
tissue (Appendix A.2). Among 496 altered proteins (p < 0.05), GO analysis revealed en-
richment (p < 0.05 Reactome) of multiple cardiac remodeling-associated pathways, includ-
ing apoptotic processes, oxidative stress responses, and hypertrophic and angiogenic sig-
naling pathways (Figure 1A). These findings indicate that HF is characterized by coordi-
nated disruption of pathways regulating myocardial structure and adaptive signaling. To
further define transcriptional changes associated with these proteomic alterations, we an-
alyzed RNA sequencing data from the same cohort (from overlapping donors). GO anal-
ysis (Padi. < 0.05 Reactome) of the 2025 altered genes (p < 0.05) identified the protein kinase
B (AKT) signaling pathway as one of the most prominently dysregulated pathways, along
with growth factor-mediated survival and hypertrophic signaling, in failing hearts (Fig-
ure 1B). Consistent with this, levels of phosphorylated AKT (pAKT) at Ser473 were signif-
icantly reduced in failing human hearts compared with non-failing controls, whereas total
AKT expression remained largely unchanged (Figure 1C,D), indicating reduced AKT ac-
tivation in HF.

Given the prominent disruption of AKT signaling in failing hearts, we next sought to
identify upstream regulators responsible for AKT activation. Fibroblast growth factor re-
ceptors (FGFRs) have been implicated as key regulators of AKT signaling in development
and cancer [18]. Considering the abundant expression of FGFR1 in cardiomyocytes [14],
we therefore examined cardiac FGFR1 expression. Immunoblot analysis demonstrated a
significant reduction in FGFR1 expression in left ventricular tissue from HF patients com-
pared with non-failing controls (Figure 1E,F). To determine whether FGFR1 downregula-
tion is recapitulated in experimental models of HF, we assessed its expression in mice
subjected to isoprenaline administration, a well-established model of (-adrenergic-in-
duced cardiac remodeling in HF [19]. Consistent with the human data, FGFR1 expression
was significantly reduced in hearts from isoprenaline-treated mice compared with con-
trols after 2 weeks of minipump infusion (Figure 1G,H). Similarly, in vitro exposure of
NRCMs to isoprenaline resulted in a marked decrease in FGFR1 expression after 16 h
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(Figure 11]), indicating that B-adrenergic stress directly suppresses FGFR1 expression at
the cellular level.
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Figure 1. Cardiac remodeling pathways and FGFR1 and AKT signaling are dysregulated in human
HF and experimental stress models. (A) Gene Ontology (GO) pathway enrichment analyses (p <0.05
Reactome pathways) of the altered proteins (p < 0.05) identified via liquid chromatography-tandem
mass spectrometry of human heart failure (HF) versus non-failing control left ventricular tissue (1
= 8 for control and n =7 for HF). (B) GO pathway enrichment analyses (Padj. < 0.05 Reactome) of the
altered genes (p < 0.05) identified via RNA sequencing in human failing hearts compared to non-
failing human hearts (n = 4 for control group and n = 6 for HF group). (C,D) Representative im-
munoblots and quantification showing phosphorylated AKT (pAKT Ser473) and total AKT expres-
sion in failing human hearts vs. non-failing (1 = 4 hearts/group). GAPDH was used as the loading
control. pAKT/AKT ratios normalized to GAPDH are shown. (EF) Representative immunoblots
and quantification showing FGFR1 expression in failing human hearts (n = 4 hearts/group). (G,H)
Representative immunoblots and quantification showing FGFR1 expression in mice after 2 weeks
of isoprenaline infusion (n = 4 hearts/group). (I,]) Representative immunoblots and quantification
showing FGFR1 expression in neonatal rat cardiomyocytes (NRCMs) after 16 h of isoprenaline treat-

ment (n = 4 cells/group). Beta actin (B-actin) was used as the loading control for (E,G,I). Data are
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presented as mean + SEM. Statistical significance (p values shown in the panel) was assessed using
the Mann-Whitney U test (D,H,FJ).

Collectively, these data demonstrate that cardiac remodeling pathways are markedly
dysregulated in HF. Reduced FGFR1 expression and impaired AKT signaling are concom-
itant with cardiac pathological remodeling in both human disease and experimental
mouse models.

3.2. Cardiomyocyte FGFR1 Deletion Exacerbates Cardiac Dysfunction Under Isoprenaline Stress

To determine whether the loss of cardiomyocyte FGFR1 during pathological (-ad-
renergic stress causatively relates to the onset and progression of cardiac dysfunction, we
subjected cardiomyocyte-specific Fgfr1 knockout mice (FGFR10) and floxed control lit-
termates (FGFR1Flx, Figure S1) to isoprenaline infusion using osmotic minipumps for 2
weeks, followed by echocardiographic assessment (Figure 2A). The 2-week time point was
selected based on our observation that endogenous FGFR1 expression is reduced after 2
weeks of isoprenaline treatment (Figure 1G,H), thereby allowing evaluation of the effects
of FGFR1 loss on cardiac remodeling using the FGFR1° model.

Gross examination of cardiac morphology revealed cardiac enlargement in iso-
prenaline-treated mice compared with saline-treated controls in both genotypes (Figure
2B). Quantitative analyses showed that heart weight (HW) and the heart weight-to-tibia
length (HW/TL) ratio were significantly increased following isoprenaline infusion in both
FGFR1Fox controls and FGFR1K0 mice (Figure 2C,D; Table S1). However, no significant
differences in HW or HW/TL were observed between genotypes under isoprenaline stress
(Figure 2C,D; Table S1), indicating that cardiomyocyte FGFR1 deletion does not further
augment heart gross weight.

Despite similar increases in heart mass, echocardiographic analysis revealed pro-
nounced differences in ventricular remodeling and function between genotypes. Iso-
prenaline treatment induced a significant increase in posterior wall thickness during di-
astole (dPW) and systole (sPW) in FGFR1"ex mice, consistent with an adaptive hyper-
trophic response to 3-adrenergic stress (Figure 2E; Table S1). In contrast, this compensa-
tory wall thickening was blunted in FGFR1¥0 mice, resulting in significantly reduced
dPW and sPW compared with FGFR1"x controls under isoprenaline stress for 2 weeks
(Figure 2E; Table S1). Left ventricular internal diameter in diastole (dD) and systole (sD)
were not significantly altered by isoprenaline treatment in control mice compared with
the saline treatment group; however, loss of FGFR1 exhibited a significant increase in dD
and sD following isoprenaline infusion, indicating ventricular dilation and adverse cham-
ber remodeling (Figure 2F; Table S1). Corresponding to these structural changes, iso-
prenaline-treated FGFR1€© mice exhibited significantly reduced ejection fraction (Figure
2G; Table S1) and fractional shortening (Figure 2H; Table S1) compared with floxed con-
trols, indicating impaired systolic performance. Assessment of left ventricular outflow
tract hemodynamics also revealed differential effects of isoprenaline stress on aortic flow.
In floxed mice, aortic maximal velocity (Vmax) was preserved despite 2 weeks of iso-
prenaline stimulation, whereas FGFR10 mice exhibited a significant reduction in Vmax,
suggesting impaired systolic ejection. Furthermore, aortic flow gradient was decreased in
floxed mice following isoprenaline infusion, which was further exacerbated in FGFR10
mice (Figure 2LJ; Table S1), consistent with compromised forward flow and severe func-
tional deterioration in the absence of FGFR1.
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Figure 2. Cardiomyocyte FGFR1 deletion exacerbates ventricular dysfunction under isoprenaline
stress. (A) Schematic of the experimental design illustrating a 2-week isoprenaline infusion followed
by echocardiographic assessment in 10-week-old cardiomyocyte-specific FGFR1 knockout
(FGFR1%9) and floxed (FGFR1*x) control male mice. (B) Representative images of excised hearts
from saline- and isoprenaline-treated floxed and FGFR1 knockout mice (ruler shown, 1 cm). (C,D)
Quantification of (C) heart weight (HW) and (D) HW/tibia length (HW/TL) ratios in FGFR1°x and
FGFR1KO hearts receiving saline or isoprenaline administration (1 = 3-4 mouse hearts/group). (E-])
Functional echocardiographic parameters in male FGFR1Flx and FGFR1<K© littermates following sa-
line or isoprenaline administration. (E) Posterior wall thickness in diastole (APW), (F) left ventricular
internal diameter in diastole (dD), (G) percentage of left ventricular ejection fraction, (H) percentage
of left ventricular fractional shortening, (I) aortic maximal velocity (Vmax), and (J) aortic flow gradi-
ent. (n =3-4 mice/group). Data are presented as mean + SEM. Statistical significance (p values shown
in the panel) was assessed using ordinary two-way ANOVA followed by Sidik multiple compari-
sons (C-J).
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Together, these data demonstrate that loss of cardiomyocyte FGFR1 leads to detri-
mental effects on ventricular geometry and cardiac performance during chronic $-adren-
ergic stress.

3.3. FGFR1 Deficiency in Cardiomyocytes Worsens Maladaptive Remodeling Under
Isoprenaline Stress

To investigate the molecular and histological changes underlying the functional de-
terioration observed in failing hearts under [3-adrenergic stress due to FGFR1 deficiency,
we first assessed AKT signaling. Immunoblot analysis revealed that pAKT levels at Ser473
were significantly reduced in FGFR1 knockout hearts following isoprenaline infusion
(Figure 3A,B), indicating that loss of cardiomyocyte FGFR1 impairs AKT activation under
stress, although total expression of AKT was comparable in the presence and absence of
FGFR1 in the heart (Figure 3A,B). These findings were consistent with the results observed
in human failing heart tissues (Figure 1C,D).
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Figure 3. FGFR1 deficiency promotes pathological remodeling through suppression of AKT. (A,B)
Representative immunoblots and quantification of phosphorylated AKT (pAKT Ser473) and total
AKT expression in FGFR1Px and FGFR1O hearts following saline or isoprenaline treatment (n = 4
hearts/group). Beta actin ([3-actin) was used as the loading control. pAKT/AKT ratios normalized to
B-actin were quantified. (C-H) Histological assessments of left ventricular tissue in FGFR1"ox and
FGFR1KO hearts following saline or isoprenaline treatment. (C,D) Representative H&E-stained car-
diac cross-sections and corresponding quantification of cardiomyocyte cross-sectional area (CSA;
scale =20 pm), (E,F) representative Masson’s Trichrome-stained heart sections showing perivascular
and interstitial fibrosis along with quantification (scale = 50 pm), and (G,H) TUNEL-stained heart
sections showing TUNEL-positive nuclei (red; white arrows) along with quantification graph. DAPI
is shown in blue, and green represents cardiac troponin T (¢TnT). (n = 4 hearts/group, scale=10 um).
(I) Quantitative PCR analysis of Nppb, Col3al, and Tgfbl transcripts in mouse hearts (n = 4
hearts/group). Data are presented as mean + SEM. Statistical comparisons (indicated in each panel)
were performed versus corresponding controls using ordinary two-way ANOVA followed by Sid4k

multiple comparisons (B,D,I) or Mann-Whitney test (F,H).

Hematoxylin and eosin (H&E) staining demonstrated a significant increase in cardi-
omyocyte cross-sectional area (CSA) in floxed mice following isoprenaline treatment (Fig-
ure 3C,D), consistent with the increase in HW (Figure 2C) and HW/TL (Figure 2D) meas-
urements. However, no significant difference in CSA was observed between floxed and
FGFR1 knockout hearts despite marked functional deterioration in the knockout mice,
indicating that the exacerbated systolic dysfunction is not driven by alterations in indi-
vidual cardiomyocyte size. Analysis of extracellular matrix remodeling using Masson’s
trichrome staining showed significantly increased interstitial as well as perivascular fibro-
sis in FGFR1 knockout mice following isoprenaline treatment compared with floxed con-
trols (Figure 3E,F). In parallel, TUNEL staining indicated profound cardiomyocyte apop-
tosis in FGFR1KO hearts under isoprenaline stress, highlighting increased cellular injury
and maladaptive remodeling (Figure 3G,H). Concomitant with these structural changes,
gPCR analysis demonstrated elevated expression of genes associated with cardiac patho-
logical remodeling. Transcript levels of Nppb, Col3al, and Tgfb1 were significantly higher
in FGFR1KO hearts after isoprenaline infusion compared with floxed controls (Figure 3I).
In addition to the above morphological changes, these data indicate enhanced pathologi-
cal remodeling and profibrotic signaling in the absence of cardiomyocyte FGFR1, support-
ing its role in protecting the heart against decompensated remodeling under [3-adrenergic
stress.

Together, these findings indicate that FGFR1 disruption in cardiomyocytes is associ-
ated with cardiac adverse remodeling under 3-adrenergic stress, likely through modula-
tion of the AKT pathway.

3.4. FGFR1 Loss Promotes Pathological Remodeling Through Suppression of AKT In Vitro

Next, we examined the effects of FGFR1 loss in vitro. To do so, NRCMs and H9C2 rat
myoblast cells were transfected with siRNA targeting FGFR1 (siFgfr1) to knock down
FGFR1 (Figure S2) or siNegative as the control, followed by 8 h of isoprenaline treatment
(Figure 4A). The 8 h time point was chosen because endogenous FGFR1 levels remained
unchanged at this stage (Figure S3), allowing evaluation of the effects of FGFR1 deficiency
independent of stress-induced downregulation.
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Figure 4. FGFR1 knockdown suppresses AKT signaling and exacerbates cardiomyocyte injury un-
der isoprenaline stress. (A) Schematic of an in vitro experimental design. Neonatal rat cardiomyo-
cytes (NRCMs) or rat myoblasts (H9C2s) were transfected with siRNA targeting FGFRI1 (siFgfr1)
and exposed to 8 h of isoprenaline (10 uM) treatment. (B,C) Representative immunoblots and quan-
tification of total AKT and phosphorylated AKT (Ser473) in FGFR1 knockdown under isoprenaline
stress in NRCMs (n = 4 experiments/group). Beta actin (-actin) was used as the loading control.
(D,E) Immunofluorescent staining from siFgfr1-treated NRCMs under saline or isoprenaline treat-
ment showing a-actinin (green) with DAPI (blue) (scale = 20 um). Cardiomyocyte area is quantified
(n = 20 samples/group). (F,G) Quantification of (F) viability and (G) toxicity assays of NRCMs
treated under similar conditions (n = 8 samples/group). (H) Quantitative PCR analysis of Nppb, Bax,
and Tgfb1 transcripts in NRCMs treated under similar conditions (1 = 6 experiments/group). Data
are presented as mean + SEM. Statistical significance (p values shown in the panel) was assessed

using ordinary two-way ANOVA followed by Sidak multiple comparisons (C,E-H).
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Consistent with data obtained from humans and mice showing simultaneous reduc-
tion in FGFR1 expression and AKT activation under stress (Figures 1 and 3), immunoblot
analyses revealed that FGFR1 knockdown significantly decreased phosphorylation of
AKT under isoprenaline stress (Figure 4B,C), demonstrating that FGFR1, as a kinase, is
likely required for AKT activation in cardiomyocytes upon the stress, albeit unaffected
AKT protein expression. Furthermore, immunofluorescent staining of cardiac a-actinin
on NRCMs showed that isoprenaline stimulation increased cell size in both control and
FGFR1-deficient cells (Figure 4D,E), reflecting an acute hypertrophic response. However,
there was no significant difference in cell size between control and FGFR1 knockdown
cells under either basal or stress conditions, indicating that the exacerbated maladaptive
effects of FGFR1 deficiency are not due to impaired hypertrophy at the cell level. How-
ever, FGFR1 knockdown markedly exacerbated cellular injury under isoprenaline stress.
For instance, FGFR1-deficient cells exhibited significantly reduced viability and increased
cytotoxicity compared with control cells following isoprenaline exposure (Figure 4F,G),
indicating higher susceptibility to (3-adrenergic-induced injury in the absence of FGFR1.
Consistent with in vivo findings described above, qPCR analyses revealed that expression
of the marker genes of pathological remodeling, including Nppb, Bax and Tgfb1, was sig-
nificantly increased in FGFR1-deficient cells upon stimulation (Figure 4H). These findings
indicate that FGFR1 deficiency amplifies cardiac stress transcriptional responses to 3-ad-
renergic stimulation. Together, these in vitro findings indicate that loss of FGFR1 sup-
presses AKT activation and exacerbates cardiomyocyte injury and maladaptive gene ex-
pression under isoprenaline stress.

3.5. AKT Activation Rescues Maladaptive Responses in FGFR1-Deficient Cardiomyocytes
Under Isoprenaline Stress

To further determine whether FGFR1 loss-induced detrimental effects on pathologi-
cal remodeling are at least partially through loss of AKT activation, we attempted to re-
store AKT signaling in the absence of FGFR1 and assess whether this could rescue the
maladaptive phenotype induced by FGFR1 deficiency. To do so, cells with FGFR1 knock-
down were treated with the selective AKT activator SC-79 under stimulation with iso-
prenaline (Figure 5A).

In FGFR1-deficient cells exposed to isoprenaline, pAKT levels were markedly re-
duced. However, co-treatment with SC-79 significantly increased AKT phosphorylation,
while total AKT protein levels remained unchanged (Figure 5B,C), consistent with the
reported mechanism of SC-79 as a selective AKT activator that promotes AKT phosphor-
ylation [20]. Immunofluorescence staining of a-actinin on cardiomyocytes and the quan-
tification demonstrated that isoprenaline increased cell size across all groups as expected
(Figure 5D,E). In addition, as observed in Figure 4D,E, no significant differences in cell
size were detected between control and FGFR1-deficient cells. Interestingly, SC-79 treat-
ment did not further modify hypertrophic growth, indicating that AKT activation primar-
ily affects stress responses rather than hypertrophy in individual cardiomyocytes. On the
other hand, AKT activation markedly improved cell survival in FGFR1-deficient cardio-
myocytes. Moreover, SC-79 significantly increased both cell viability and reduced cyto-
toxicity in siFgfr1-treated cells under isoprenaline stress compared with untreated FGFR1-
knockdown cells (Figure 5F,G). Consistent with these protective effects, qPCR analyses
further demonstrated that the elevated pathological remodeling markers observed in
FGFR1-deficient cells, including Nppb, Bax, and Tgfv1, were significantly reduced by SC-
79 treatment under isoprenaline stress (Figure 5H), indicating that activation of AKT sig-
naling attenuates FGFR1 loss-induced injury in cardiomyocytes.

Moreover, mechanistic target of rapamycin complex 2 (mTORC2) is likely upstream
of AKT and can phosphorylate AKT at Ser473 [21]. SIN1 (stress-activated protein kinase-
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associated protein 1, also known as MAPKAP1, mitogen-activated protein kinase associ-
ated protein 1) is a vital scaffold subunit for mTORC2, facilitating phosphorylation of AKT
[22]. To investigate whether FGFR1 modulates AKT through mTORC2, we examined
phosphorylation of AKT in SIN1-deficient HIC2 cells. FGFR1-increased phosphorylation
of AKT was blocked by SIN1 knockdown, although the cell size was comparable in the
presence and absence of SIN1 under 8 h of isoprenaline stress (Figure 5L]), indicating that
FGFR1 activation of AKT is at least partially through mTORC2.

Together, these results demonstrate that impaired AKT signaling mediates the mal-
adaptive effects of FGFR1 loss in cardiomyocytes. Pharmacological activation of AKT res-
cues cellular survival and attenuates pathological gene expression under isoprenaline
stress, confirming AKT as a likely downstream mediator of FGFR1 signaling.
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Figure 5. FGFR1 knockdown-induced maladaptive responses are reversed by AKT activation. (A)
Experimental schematics. Neonatal rat cardiomyocytes (NRCMs) or cardiac myoblasts (H9C2s)
were transfected with siRNA targeting FGFR1 (siFgfr1) and exposed to isoprenaline (10 uM) for 8 h
in the presence or absence of AKT activator, SC-79 (10 uM for 8 h). (B,C) Representative immunob-
lots and quantification of total AKT and phosphorylated AKT (Ser473) in FGFR1 knockdown
NRCMs using siFgfr]l under isoprenaline stress (n = 3 samples/group). GAPDH was used as the
loading control. pAKT/AKT ratios normalized to GAPDH are shown. (D,E) Immunofluorescent
staining from siFgfr1-treated NRCMs under isoprenaline stress with or without SC-79 treatment,
showing a-actinin (green) with DAPI (blue) (scale = 20 um). Cardiomyocyte area is quantified (n =
20 samples/group). (F,G) Quantification of (F) viability and (G) toxicity assays of NRCMs treated
under similar conditions (n = 8 samples/group). (H) Quantitative PCR analysis of Nppb, Bax, and
Tgfb1 transcripts in NRCMs treated under similar conditions (1 = 6 samples/group). (I) Representa-
tive immunoblots and quantification of SIN1, total AKT and phosphorylated AKT in FGFR1-over-
expressing cells with or without SIN1. (J) Immunofluorescent staining of a-actinin (green) with
DAPI (blue) (scale =20 um) and quantification of cell size. Data are presented as mean + SEM. Sta-
tistical significance (p values shown in the panel) was assessed using ordinary one-way ANOVA
followed by Holm-Sidak multiple comparisons (C,F-H,I), or Kruskal-Wallis with Dunn’s multiple
comparison test (E,J).
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3.6. FGFR1 Restoration Ameliorates Isoprenaline Stress-Induced Cardiac Dysfunction

To evaluate the effects of FGFR1 re-expression on isoprenaline-induced cardiac dys-
function, mice received cardiac-specific FGFR1 overexpression after 2 weeks of iso-
prenaline stimulation, followed by assessment after 2 additional weeks (Figure 6A; Table
S2A,B). FGFR1 overexpression was achieved using an adeno-associated virus serotype 9
(AAV9) vector driven by the cardiomyocyte-specific cInT promoter (AAV9-Fgfr1). Con-
trol mice received AAV9-Green fluorescent protein (AAV9-Gfp) treatment. Similar cardiac
morphology was observed between AAV9-Fgfrl-treated and control groups under iso-
prenaline stress (Figure 6B). In addition, HW and HW/TL ratios remained unaltered by
FGFR1 overexpression (Figure 6C,D; Table S2B). Wall thickness (dPW and sPW) and LV
internal diameter (dD and sD) were reduced following FGFR1 overexpression in compar-
ison to the control group (Figure 6E,F; Table S2B), indicating attenuation of cardiac hyper-
trophy and ventricular dilation.
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Figure 6. AAV9-mediated FGFR1 re-expression improves ventricular geometry and systolic func-
tion under chronic isoprenaline stress. (A) Schematic of the experimental design illustrating a 4-
week isoprenaline infusion in wild-type (WT) mice followed by a single tail vein injection of AAV9-
Fgfrl (1 x 10 viral particles) after 2 weeks of isoprenaline stress. AAV9-Gfp (1 x 10" viral particles)
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were injected as controls. Echocardiographic assessment was done after 4 weeks of isoprenaline
infusion (2 weeks after AAV9 injection). (B) Representative images of excised hearts from iso-
prenaline-treated WT mice with or without AAV9-Fgfr1 treatment (ruler shown, 1 cm). (C,D) Quan-
tification of (C) heart weight (HW) and (D) HW/tibia length (HW/TL) ratios in hearts receiving
FGFR1 overexpression under isoprenaline administration (1 = 4-5 hearts/group). (E-J) Functional
echocardiographic parameters in male WT littermates following AAV9-Fgfr] treatment under iso-
prenaline administration. (E) Posterior wall thickness in diastole (dPW), (F) left ventricular internal
diameter in diastole (dD), (G) percentage of left ventricular ejection fraction, (H) percentage of left
ventricular fractional shortening, (I) aortic maximal velocity (Vmax), and (J) aortic flow gradient. (n
=4-5 mice/group). Data are presented as mean + SEM. Statistical significance (p values shown in the
panel) was assessed using the Mann—-Whitney U test (C-J).

Importantly, FGFR1 restoration improved cardiac performance. Both ejection frac-
tion and fractional shortening were significantly improved with FGFR1 overexpression
(Figure 6G,H; Table S2B). Moreover, both aortic maximal velocity and aortic flow gradient
were significantly increased in AAV9-Fgfrl-treated mice under isoprenaline stress (Figure
6L]; Table S2B), suggesting improved systolic ejection. Together, these data support that
restoration of FGFR1 in cardiomyocytes improves cardiac performance during chronic {3-
adrenergic stress.

3.7. FGFR1 Restoration Alleviates Pathological Remodeling Under Chronic Isoprenaline Stress

To further characterize the functional improvement induced by FGFR1, molecular
and histological analyses were performed in WT hearts receiving FGFR1 overexpression
under prolonged isoprenaline stress. Immunoblot analyses confirmed a significant in-
crease in AKT phosphorylation under isoprenaline stress against AAV9-¢fp (Figure 7A,B),
demonstrating reactivation of FGFR1-dependent cardioprotective AKT signaling. Anal-
yses of cardiomyocyte CSA revealed no significant difference between AAV9-Fgfrl and
control groups (Figure 7C,D), reinforcing that FGFR1-mediated rescue occurs inde-
pendently of changes in single-cell hypertrophy. On the other hand, interstitial and peri-
vascular fibrotic remodeling were markedly attenuated by FGFR1 re-establishment (Fig-
ure 7E,F). Additionally, TUNEL staining revealed fewer apoptotic cardiomyocytes follow-
ing FGFR1 overexpression under chronic isoprenaline infusion (Figure 7G,H). Further-
more, the levels of pathological remodeling marker transcripts, including Nppb, Col3al,
and Tgfbl, were significantly lower in the hearts under isoprenaline stress due to FGFR1
restoration (Figure 7I). Together, these findings demonstrate that FGFR1 overexpression
restores AKT signaling and attenuates maladaptive remodeling under persistent iso-
prenaline-induced (3-adrenergic stress.
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Figure 7. FGFR1 re-expression activates AKT signaling and attenuates maladaptive remodeling.
(A,B) Representative immunoblots and quantification of phosphorylated AKT (pAKT Ser473) and
total AKT expression in wild-type (WT) hearts following AAV9-Fgfr1 treatment under isoprenaline
stress (n = 4 hearts/group). Beta actin (3-actin) was used as the loading control. pAKT/AKT ratios
normalized to -actin are shown. (C-H) Histological assessments of left ventricular tissue in WT
hearts following FGFR1 overexpression under isoprenaline stress. (C,D) Representative H&E-
stained cardiac cross-sections and corresponding quantification of cross-sectional area (scale = 20
um), (E,F) Representative Masson’s Trichrome-stained heart sections showing perivascular and in-
terstitial fibrosis along with quantification (scale = 50 um), and (G,H) TUNEL-stained heart sections
showing TUNEL-positive nuclei (red; white arrows) along with quantification graph. DAPI is
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shown in blue, and green represents cardiac troponin T (¢TnT). (n = 4-5 hearts/group, scale = 10
pum). (I) Quantitative PCR analysis of Nppb, Col3al, and Tgfb1 transcripts in mouse hearts (1 = 4-5
hearts/group). Data are presented as mean + SEM. Statistical comparisons (indicated in each panel)

were performed versus corresponding controls using the Mann-Whitney U test (B,D,F,HI).

4. Discussion

The present study identifies FGFR1 as a cardioprotective regulator that facilitates car-
diac stress adaptation at least partly through AKT signaling under isoprenaline-induced
stress. Cardiomyocyte-specific deletion of FGFR1 exacerbated adverse cardiac remodeling
during adrenergic stimulation. In contrast, therapeutic restoration of FGFR1 signaling via
AAV9-mediated cardiomyocyte-targeted gene delivery attenuated pathological remodel-
ing and improved cardiac performance even under chronic adrenergic stress, supporting
a causal and therapeutically relevant role for FGFR1 in HF progression. Mechanistically,
we demonstrated that FGFR1 positively regulates AKT activation, and pharmacological
activation of AKT rescued cellular dysfunction induced by FGFR1 deficiency, confirming
AKT as a likely key downstream effector of FGFR1-mediated cardioprotection (Figure 8).
Collectively, these findings establish FGFR1 as a previously underappreciated regulator
of cardiac stress adaptation and identify the FGFR1-AKT signaling axis as a promising
therapeutic target for limiting adverse remodeling in HF.

HF remains a major clinical challenge, characterized by progressive ventricular re-
modeling, chamber dilation, impaired contractile function, and a gradual loss of cardio-
myocyte viability. These pathological changes continue to persist despite advances in neu-
rohormonal blockade and device-based therapies, leaving many patients at high risk of
morbidity and mortality [3,4]. Consequently, the identification of novel molecular mech-
anisms and therapeutic strategies capable of counteracting maladaptive remodeling re-
mains a critical unmet need.

In the present study, we utilized human myocardial tissue to identify dysregulated
signaling pathways directly relevant to clinical disease. Integrated proteomic and tran-
scriptomic analyses revealed broad disruption of remodeling-associated pathways in HF,
with prominent suppression of AKT signaling. Prior analyses of failing human myocar-
dium have reported reduced AKT phosphorylation in the skeletal muscle compared with
healthy controls [23]. Furthermore, other studies have reported reduced phosphorylation
of AKT1 during congestive cardiomyopathy [24]. Although our dataset did not assess in-
dividual AKT isoforms, the observed suppression of AKT signaling is consistent with
prior reports, supporting the concept that loss of cardioprotective AKT activity represents
a feature of advanced HF.

AKT plays a complex, context-dependent role in the heart, acting as a central regula-
tor of cardiomyocyte survival, metabolism, and adaptive growth. Under physiological
conditions, growth factors such as insulin and insulin growth factor-1 (IGF-1), as well as
exercise, activate AKT signaling through the phosphoinositide 3-kinase (PI3K) pathway
[25]. Activation of receptor tyrosine kinases, including FGFR1, leads to recruitment of
adaptor proteins such as fibroblast growth factor receptor substrate 2 (FRS2) and growth
factor receptor-bound protein 2 (GRB2), which stimulate PI3K activity to recruit AKT to
the plasma membrane [26], where it undergoes phosphorylation at Thr308 by 3-phospho-
inositide-dependent kinase-1 (PDK1) and at Ser473 by mechanistic target of mMTORC2 [25].
However, the reaction is likely blocked by loss of SIN1, which is the core structural regu-
latory subunit for mTORC?2 and can facilitate the phosphorylation of AKT at Ser437 [22].
In contrast, reduced growth factor signaling or physical inactivity is associated with di-
minished phosphorylation at these regulatory residues and consequent attenuation of
AKT activity [25]. This mechanism may explain the reduction in AKT phosphorylation
observed in FGFR1-deficient hearts. However, the specific downstream signaling events
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linking FGFR1 activation to AKT regulation in cardiomyocytes under (3-adrenergic stress
were not directly investigated in the present study and warrant further mechanistic in-
vestigation in the future.
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Figure 8. Schematic illustrating FGFR1-AKT signaling regulating cardiac remodeling under iso-
prenaline stress. Isoprenaline stress suppresses FGFR1 expression, leading to reduced AKT phos-
phorylation and activation. This results in enhanced fibrosis and apoptosis, leading to progressive
deterioration of cardiac systolic function. In contrast, genetic restoration of FGFR1 expression by
AAV9-Fgfr1 treatment or pharmacological activation of AKT with SC-79 re-establishes AKT signal-
ing, limits maladaptive remodeling, and preserves cardiac function under isoprenaline stimulation.

Red arrows indicate upregulation. Green arrows indicate downregulation.

Functionally, phosphorylation at Thr308 is required for catalytic activation of AKT
kinase activity, whereas phosphorylation at Ser473 stabilizes the active conformation of
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the kinase and enhances signaling efficiency [27]. Accumulating evidence suggests that
Ser473 phosphorylation may play a particularly important role in regulating stress-re-
sponsive AKT signaling in the heart, including pathways governing cardiomyocyte sur-
vival and metabolic adaptation during cardiac injury and HF [25,28-31]. Therefore, in the
present study, we evaluated AKT activation primarily through phosphorylation at Ser473,
which is widely used as a marker of AKT pathway activity in cardiac stress models
[10,30,32]. Although Thr308 phosphorylation was not assessed, future studies examining
both regulatory sites will be necessary to determine whether differential regulation of
AKT phosphorylation contributes to signaling alterations during (-adrenergic stress-in-
duced HF.

Prompted by the protective roles of FGFR1 in endothelial cells [32] and in models of
diabetes [12], and acute ischemia-reperfusion injury (I/R) [15], we sought to examine its
function under chronic $-adrenergic stress using a cardiomyocyte-specific conditional
knockout model subjected to isoprenaline. Previous studies provide evidence supporting
a functional connection between FGF-FGEFR signaling and AKT-mediated cardio-protec-
tion in other models. For example, studies in zebrafish have demonstrated that FGFR1
signaling activates AKT to support cardiomyocyte survival and cardiac regeneration fol-
lowing injury [33]. In mammalian models of ischemia-reperfusion injury, cardiomyocyte-
specific deletion of both FGFR1 and FGFR2 exacerbates pathological remodeling and
worsens cardiac function after reperfusion [15], highlighting the importance of FGFR sig-
naling in myocardial repair and stress adaptation.

Our findings extend previous studies, demonstrating that cardiomyocyte FGFR1 reg-
ulates AKT activation during chronic [3-adrenergic stress. Loss of FGFR1 resulted in re-
duced AKT signaling accompanied by impaired cardiac function, increased apoptosis,
and enhanced fibrosis. Importantly, pharmacological activation of AKT using SC-79 res-
cued the cellular dysfunction induced by FGFR1 deficiency, suggesting that the detri-
mental effects of FGFR1 loss are mediated through suppression of AKT signaling. To-
gether, these findings support a model in which FGFR1 maintains cardiomyocyte home-
ostasis, at least partly, by promoting AKT-dependent survival signaling during [3-adren-
ergic stress.

Previous studies have shown that the inactivation of FGFR1 and FGFR2 in cardiomy-
ocytes in mice exhibits exacerbated ventricular remodeling seven days post ischemia—
reperfusion injury, characterized by increased pathological remodeling despite no signif-
icant change in cardiomyocyte size in the remote myocardium [15]. Similarly, in our
model, FGFR1-deficient hearts displayed cardiomyocyte growth comparable to controls
under isoprenaline-induced adrenergic stress, yet showed markedly increased fibrosis
and apoptosis, indicating a dissociation between hypertrophic growth and maladaptive
remodeling. Consistent with this observation, the worsened phenotype in FGFR1-defi-
cient hearts occurred despite preserved cardiomyocyte cross-sectional area, suggesting
that impaired systolic performance was not driven by alterations in single-cell hypertro-
phy. This finding aligns with previous studies demonstrating that cardiac dysfunction can
develop independently of cardiomyocyte size, instead reflecting changes in myocardial
architecture, cardiomyocyte survival, and extracellular matrix remodeling [34-36]. Col-
lectively, these findings suggest that cardiomyocyte FGFR1 plays a critical role in coordi-
nating adaptive stress responses in the heart, particularly by limiting fibrosis and cardio-
myocyte loss. Disruption of FGFR1 signaling therefore promotes maladaptive remodeling
and accelerates the transition toward decompensated HF.

Consistent with the proposed FGFR1-AKT signaling axis, cardiomyocyte-specific
loss of FGFR1 resulted in reduced AKT activation, without affecting cardiomyocyte hy-
pertrophy. Importantly, activation of AKT signaling through cardiomyocyte-specific
overexpression of FGFRI1 attenuated cardiac dysfunction and maladaptive remodeling
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without further increasing cardiomyocyte size. These findings indicate that enhancement
of AKT upstream signaling during chronic [3-adrenergic stress can restore cardioprotec-
tive pathways without promoting excessive hypertrophic growth.

Previous studies have demonstrated that moderate or transient activation of AKT
enhances cardiomyocyte survival and improves cardiac function under pressure overload
[37] or ischemic stress [28], whereas sustained or constitutive AKT activation in transgenic
mice can drive pathological hypertrophy [6,38,39]. In contrast to direct AKT overexpres-
sion, FGFR1 overexpression in our model appears to restore AKT signaling toward phys-
iological levels rather than amplifying it beyond normal thresholds. Supporting this in-
terpretation, pharmacological activation of AKT using SC-79 also improved FGFR1-loss-
induced cellular dysfunction without further inducing hypertrophic changes. We next
asked whether an intact FGFR1 activates AKT through mTORC2 in cardiomyocytes. We
found that FGFR1 overexpression-enhanced AKT phosphorylation was blocked by SIN1
deficiency, supporting that FGFR1 likely depends on AKT through mTORC2 to alleviate
isoprenaline complications. However, whether and how FGFR1 activates mTORC2 was
not studied in the present work. Together, these findings suggest that FGFR1-mediated
physiological AKT signaling could preserve cardiac function and attenuate pathological
remodeling without promoting unnecessary maladaptive hypertrophy associated with
excessive AKT overactivation, highlighting the FGFR1-AKT axis as a potentially attractive
therapeutic target from a translational perspective.

This study has several limitations. First, the evidence linking FGFR1 to AKT signaling
is based on in vitro experiments and does not establish that FGFR1 mediates AKT signal-
ing in vivo. Animal studies and further functional validation are needed to clarify the
mechanisms and clinical translational implications. Second, the human sample size was
limited, and although the samples were from patients with HEF, their underlying diseases
and comorbidities varied. The observed changes in FGFR1/AKT signaling should there-
fore be interpreted as associations with HF, rather than evidence that this pathway is a
specific or sole cause. Finally, the present results support AKT as one pathway regulated
by FGFR1, but do not exclude contributions from other FGFR1-mediated signaling path-
ways in cardiomyocytes.

5. Conclusions

In summary, FGFR1 functions as a likely positive regulator of AKT-dependent car-
dioprotective signaling in HF. Its loss is a causative factor in inducing cardiac maladaptive
remodeling and functional decline, whereas genetic restoration of FGFR1 maintains phys-
iological activation of AKT, eliciting therapeutic effects on HF under pathological stress.
These results highlight FGFR1 as a potential target for the treatment of HF.

Supplementary Materials: The following supporting information can be downloaded at
https://www.mdpi.com/article/10.3390/biom16111621/s1, Figure S1: Validation of FGFR1 cardiac
knockout; Figure S2: Validation of FGFR1 knockdown in H9C2 cells; Figure S3: FGFR1 levels are
reduced after prolonged isoprenaline stress in neonatal rat cardiomyocytes (NRCMs); Table S1:
Morphometric and Echocardiographic assessment of male FGFR1Flox and FGFR1cKO mice after 2
weeks of isoprenaline stress; Table S2: Morphometric and Echocardiographic assessment of male
wild-type under isoprenaline stress, followed by AAV9-Gfp or AAV9-Fgfrl treatment. File S1: Orig-
inal Western blot images for Figures 1, 3-5, 7 and S1-53.
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Appendix A. Supplemental Methods
Appendix A.1. Animal Studies

All animal studies were performed in accordance with the United Kingdom Animals
(Scientific Procedures) Act 1986 and were approved by the University of Manchester Eth-
ics Committee under the PPL license PP0172073 (23/09/2025) and PASE7CAA4E
(29/09/2020). All mice and rats were housed in conventional conditions in an animal facil-
ity at the University of Manchester with food and water provided ad libitum in a 12 h
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light/dark cycle. The animals were euthanized in accordance with directive 2010/63/EU of
the European Parliament and in compliance with the ethical standards of the University
of Manchester and the UK Home Office Animals (Scientific Procedures) Act 1986. This
study utilized FGFR1 cardiomyocyte-specific knockout mice (FGFR1<). Fibroblast
growth factor 1 (Fgfr1) floxed mice (FGFR1%+) were purchased from Jackson laboratory
(B6.12954-Fgfr1tm5.1Sor/], RRID: IMSR_JAX:007671) and mated with transgenic mice ex-
pressing Cre under a myosin heavy chain (aMHC) promoter to generate cardiomyocyte-
specific Fgfr1 knockout mice (FGFR10). Floxed littermates (FGFR1"ox) were used as con-
trols. Once weaned, 10-week-old male mice were used for experiments. Cohort sizes were
estimated based on a preliminary study using >80% power, a = 0.05. Aside from strain,
age and sex, no exclusion/inclusion criteria were set, and all animals are presented in the
data. Animals were randomly allocated into groups using an online random group gen-
erator, and investigators were blinded to experimental groups for data analysis.

Appendix A.2. Human Samples

Human hearts were either purchased from Asterand (BioIVT, Bioivt.com, sale ID
224622, 19/04/2021; Asterand obtained ethical approval and consent following the United
Kingdom Human Tissue Authority regulations) or obtained from the transplantation net-
work in the USA (UNOS) from de-identified donors and we have obtained approval from
the Institutional Review Board of Baylor College of Medicine for non-human subject re-
search (protocol number H-53940 (30/06/2023). Heart tissue samples were collected from
patients with heart failure (HF) and from non-failing control donors. Tissue samples were
used for RNA sequencing and Mass spectrometry followed by pathway enrichment anal-
ysis. All experimental procedures performed on human samples were approved by the
University of Manchester Research Ethics Committees and in agreement with the Decla-
ration of Helsinki (12172, the Human Tissue Authority, 18/09/2020). The following inclu-
sion and exclusion criteria were applied.

Non-failing control donors:

¢ Inclusion criteria included: left ventricular ejection fraction (LVEF) > 55%.

e  Exclusion criteria included: (1) history of myocardial infarction, (2) pregnancy, (3)
decompensated heart failure, (4) severe kidney disease, (5) asthma or severe chronic
lung disease, (6) presence of a cardiac pacemaker or implantable defibrillator, (7) cer-
ebral aneurysm clip, (8) neural stimulator, and (9) history of diabetes.

HF donors:

e Inclusion criteria were (1) LVEF < 40%, (2) presence of at least one of the following
comorbidities: myocardial infarction, congestive heart failure, hypertension, coro-
nary artery disease, or diabetes.

e Exclusion criteria included: (1) pregnancy, (2) asthma or severe chronic lung disease,
(3) cerebral aneurysm clip, and (4) neural stimulator.

Detailed demographic characteristics of the donors are provided in Table Al below.

Table A1. Detailed demographic characteristics of human sample donors.

Heart Age  Gender Ethnicity Comorbidities
Control (For Mass spectrometry)
1 51 Male Hispanic/Latino None
2 61 Male Caucasian None
3 61 Female Caucasian None
4 56 Female Caucasian None
5 51 Female Caucasian None
6 61 Male African American None
7 61 Female Caucasian None
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Caucasian

Heart failure (HF) (For Mass spectrometry)

None

Caucasian Myocardial infarction
Hispanic/Latino Myocardial infarction, Hypertension
Not reported Congestive heart failure, Myocardial infarction
Caucasian Congestive heart failure, Hypertension
Caucasian Coronary artery disease, Chest trauma, Hypertension

. Coronary artery disease, Chest trauma, Hypertension,
Caucasian . 1 .

Aortic graft, Stent placed for myocardial infarction

Not reported Coronary artery disease

Black or African American Hypothyroidism
Native American or Alaskan Na-
. None
tive
Caucasian None
Caucasian None

Heart failure (HF) (For RNA sequencing)

Caucasian Myocardial infarction

Hispanic/Latino Hypertension, Myocardial infarction

Not reported Congestive heart failure, Myocardial infarction
Caucasian Congestive heart failure, Hypertension

African American

8 68 Male
1 48 Female
2 39 Male
3 62 Male
4 65 Male
5 63 Male
6 64 Male
7 74 Male
Control (For RNA sequencing)
1 46 Female
2 58 Female
3 44 Male
4 44 Male
1 48 Female
2 39 Male
3 62 Male
4 65 Male
5 57 Male
6 57 Female

African American

Restrictive cardiomyopathy, Hypertension
Hypertension, Type II diabetes, Neuropathy

Appendix A.3. Isoprenaline-Induced Stress

Cardiac (3-adrenergic stress was induced by administration of isoprenaline (16504,
Sigma-Aldrich) for 2-4 weeks at 10 mg/kg/day via osmotic mini-pumps (Charles River,
2004) implantation, as described previously [16]. Briefly, the subcutaneous Alzet mini-
pump was implanted in the lower dorsal area for continuous delivery of isoprenaline in
10-week-old FGFR1Fx or FGFR1© male mice. Control mice received an Alzet minipump
containing 0.9% saline solution. Mice were anesthetized with 2.5% isoflurane inhalation.
Analgesia was provided by a subcutaneous injection of 0.1 mg/kg buprenorphine. The
study continued for 2—4 weeks as highlighted in the results.

Appendix A.4. Adeno-Associated Virus 9 (AAV9) FGFR1 Treatment

Cardiac-specific FGFR1 overexpression was achieved using an adeno-associated vi-
rus serotype 9 (AAV9) vector carrying mouse Fgfr1 cDNA (VectorBuilder) under the con-
trol of the cardiac troponin T (cTnT) promoter. Viral packaging of AAV9-cTnT-mFgfr1-
Myc was performed by Boston Children’s Hospital. FGFR1 overexpression was induced
by tail vein injection of AAV9-Fgfr]l at a dose of 1 x 10" viral particles per mouse in 10-
week-old FGFR1Fex mice, following two weeks of isoprenaline delivery via osmotic mini-
pump implantation. Mice injected with an AAV9 vector encoding enhanced GFP under
the ¢cTnT promoter (AAV9-cTnT-eGfp) served as controls and were administered the same
number of viral particles.

Appendix A.5. Echocardiography

Transthoracic echocardiography was performed using the Acuson Sequoia C256 (Sie-
mens) system. Two-dimensional (2D), M-mode, and pulse-wave Doppler images were ac-
quired in anesthetized mice. Animals were sedated with 2% isoflurane delivered in 100%
oxygen at a flow rate of 1.5 L/min throughout the procedure. Left ventricular (LV) cham-
ber dimensions and wall thicknesses were obtained from M-mode images, including
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diastolic posterior wall thickness (dPW). Systolic function was assessed by calculating
fractional shortening and ejection fraction. Pulse-wave Doppler recordings were used to
evaluate LV outflow parameters, including maximum aortic velocity (aortic Vmax) and the
corresponding aortic flow pressure gradient. Additional echocardiographic parameters
and group comparisons are summarized in the Supplemental Tables.

Appendix A.6. Embedding and Sectioning of Heart Tissue

Freshly excised hearts were weighed to determine heart weight (HW). Cardiac hy-
pertrophy was assessed by normalizing heart weight to tibia length (HW/TL). Hearts were
then transversely sectioned, fixed overnight in 4% paraformaldehyde (PFA), and embed-
ded in paraffin wax for histological analysis. Serial sections (5 um thick) were cut using
Leica RM2135 microtome.

Appendix A.7. Hematoxylin and Eosin (H&E) Staining

Hematoxylin and eosin (H&E) staining was performed on myocardial paraffin sec-
tions to assess cardiomyocyte cross-sectional areas in response to isoprenaline stress. Sec-
tions were deparaffinized and rehydrated, then stained with Harris” hematoxylin (Sigma-
Aldrich, HHS32) for 5 min and differentiated in acid alcohol [1% (v/v) hydrochloric acid
in 70% ethanol] for 10 s. Sections were subsequently counterstained with eosin (Ther-
moFisher Scientific, 6766007) for 1 min. Slides were dehydrated through three changes of
100% industrial methylated spirits (IMS), cleared in xylene, and mounted using a xylene-
based mounting medium (Eukitt, Sigma-Aldrich).

Appendix A.8. Masson’s Trichrome Staining

Masson’s trichrome staining was performed on myocardial paraffin sections to assess
interstitial and perivascular fibrosis in response to isoprenaline stress. Sections were de-
paraffinized and rehydrated, then immersed in Bouin’s solution (Sigma-Aldrich,
HT10132) for 2 h. Nuclei were stained with Harris” hematoxylin for 5 min and differenti-
ated in acid alcohol for 10 s. Cardiomyocytes were subsequently stained with Biebrich
scarlet-acid fuchsin (Sigma-Aldrich, HT151), followed by collagen staining with aniline
blue (Sigma-Aldrich, B8563). Sections were then dehydrated by IMS, cleared in xylene,
and mounted using a xylene-based mounting medium (Eukitt, Sigma-Aldrich).

Appendix A.9. TdT-Mediated AUTP Nick-End Labelling (TUNEL) Assay

Apoptotic cells in myocardial tissue sections were detected using a terminal deox-
ynucleotidyl transferase-mediated dUTP nick-end labeling (TUNEL) assay (Roche,
11684795910), performed according to the manufacturer’s instructions. Co-staining with
anti-cardiac troponin T antibody (ProteinTech, 15513-1-AP) was performed to detect car-
diomyocytes. Following staining, sections were mounted with ProLong™ Gold Antifade
Mountant containing DAPI (ThermoFisher Scientific, P36935).

Appendix A.10. Real-Time Quantitative Polymerase Chain Reaction (RT-gPCR)

Total RNA was extracted utilizing Trizol and treated with DNAse (Invitrogen,
AM1906) to eliminate genomic DNA contamination. Total RNA was converted into com-
plementary DNA (cDNA) using LunaScript (New England Biolabs, E3010) as described
by the manufacturer. The qPCR reaction was achieved via 30 ng cDNA using SYBR Select
PCR master mix (Applied Biosystems, 4472908), followed by running on the Applied Bi-
osystems QuantStudio™ Flex System. The fold change was measured using the compar-
ative threshold (Ct) method (CT method) [40]. Target gene expression was normalized to
18S ribosomal RNA for mouse and rat samples.
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Appendix A.11. RNA Sequencing

Total RNA from control and failing hearts were extracted using Trizol and treated
with DNAse as mentioned above. RNA quality and integrity were evaluated using an
Agilent 2100 Bioanalyzer. mRNA libraries were generated using the TruSeq Stranded
mRNA assay (Illumina), employing poly(A)-based enrichment of mRNA with concurrent
removal of rRNA, as previously described [41]. The altered genes (p < 0.05 in HF samples
versus control non-failing samples) were selected for pathway analyses using Enrichr
(https://maayanlab.cloud/Enrichr/, 22 October 2026) or ShinyGo v0.82 (https://bioinfor-
matics.sdstate.edu/go82, 22 October 2026). The p values are calculated using the Wald test,
while multiple testing correction of adjusted p (Padj.) values was performed by Benjamini—
Hochberg method. Significantly altered pathways (Padj. < 0.05 Reactome) were used to
generate the pathway enrichment dot plots using SRPlot [42], focusing on Gene Ontology
(GO) pathways and associated biological processes.

Appendix A.12. Liquid Chromatography—Tandem Mass Spectrometry (LC-MS/MS)

To determine changes in protein expression in human failing hearts, protein profiling
was performed via LC-MS/MS as previously described [12] . The proteins were annotated
according to the SwissProt protein database with false discovery rates set to 1%. The dif-
ferential expression results were analyzed using Spectronaut (Biognosys), using Bonfer-
roni correction. Differentially expressed proteins (p < 0.05 in HF hearts compared to con-
trol hearts) were selected and analyzed using Enrichr (https://maayanlab.cloud/Enrichr/,
22 October 2026) or ShinyGo v0.82 (https://bioinformatics.sdstate.edu/go82, 22 October
2026). Altered pathways (p < 0.05 Reactome) were used to generate the pathway enrich-
ment dot plots using SRPlot, focusing on Gene Ontology (GO) pathways and associated
biological processes. [42].

Appendix A.13. Neonatal Rat Cardiomyocytes (NRCMs)

Neonatal rat cardiomyocytes were isolated from 2/3-day-old male and female Spra-
gue-Dawley rats, as described previously [41]. Briefly, extracted hearts were dissected
into small pieces and subjected to consecutive cycles of enzymatic digestion, for 7 min/cy-
cle, in 7 mL of buffer [116 mM NaCl, 20 mM, 1 mM NaH:POs, 6 mM glucose, 5 mM KCl,
0.8 mM MgSOs, pH 7.4] containing 0.33 U/mL Collagenase A (Roche, 10103586001) and
100 mg/mL pancreatin (Sigma-Aldrich, P3292). Cardiomyocytes were then cultured in
maintenance medium [80% DMEM, 20% M199, 1% FBS, penicillin-streptomycin, fungi-
zone, and 1 M bromodeoxyuridine] prior to treatments.

Appendix A.14. H9C2 Cell Culture

H9C2 rat myoblasts (Sigma-Aldrich, 88092904) were maintained in DMEM (Gibco,
11966) supplemented with 10% (v/v) heat-inactivated fetal bovine serum (FBS), 100 ug/mL
streptomycin, and 100 U/mL penicillin.

Appendix A.15. Isoprenaline Stimulation In Vitro

To mimic isoprenaline-induced myocardial injury in vivo, an in vitro model was es-
tablished using NRCMs and H9C2 cells. Briefly, when cells reached approximately 80%
confluence, the culture medium was removed, and the cells were treated with isopro-
terenol (10 uM; Sigma-Aldrich, 16504) for 8 h in DMEM containing 10% (v/v) heat inacti-
vated FBS, 100 ug/mL streptomycin, and 100 U/mL penicillin. This dose was chosen based
on prior experiments [43].
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Appendix A.16. siRNA Knockdown of FGFR1 and SIN1

FGFR1 knockdown in vitro was accomplished utilizing Lipofectamine LTX & Plus
Reagent (ThermoFisher Scientific, 15338-100) mediated transfection of Silencer Select Pre-
Designed rat siFgfr1 (5135014, ThermoFisher Scientific) and Silencer Select PreDesigned
rat siSIN1/siMAPKAP1 (5150327, ThermoFisher Scientific), following the instructions of
the manufacturer. The control cells were transfected with a negative control siRNA (siNeg-
ative). Cells transfected with 50 nM of siRNA were incubated for 48 h at 37 °C before fur-
ther treatment.

Appendix A.17. FGFR1 Overexpression

FGFR1 were overexpressed in cells by infection with Adv-Fgfr1 (VectorBuilder, ade-
novirus overexpressing FGFR1), at a multiplicity of infection (MOI) of 50.

Appendix A.18. SC-79 Treatment

10 uM of SC-79 (MedChemExpress, HY-18749) was utilized to activate AKT path-
way. NRCMs and H9C2 cells were treated with SC-79 for 8 h together with isoprenaline
stimulation. This dose was selected based on the previous literature [10].

Appendix A.19. Immunocytofluorescence Staining

Immunofluorescence staining was executed on NRCMs and H9C2 cells following
treatment as stipulated in the results. Cells were fixed and permeabilized with cold meth-
anol at 4 °C for 20 min. Subsequently, coverslips were blocked with 1% (w/v) BSA in PBS,
followed by incubation with a-actinin antibody conjugated with AlexaFluor 488 fluores-
cent-conjugated (1:100; Proteintech, CL488-11313) diluted in 0.5% (w/v) BSA in PBS over-
night. Finally, the coverslips were washed with 0.5% (w/v) BSA in PBS, to reduce non-
specific binding and background signal, then mounted with ProLong™ Gold Antifade
Mountant containing DAPI (ThermoFisher Scientific, P36935).

Appendix A.20. Cell Viability Assay

CellTiter-Glo® Luminescent Cell Viability Assay (Promega, G9241) was performed
according to the manufacturer’s protocol. Briefly, 25,000 cells/well were plated overnight
in an opaque-walled 96-well plate (Corning costar, 3596). NRCMs were treated as de-
scribed in the results for the indicated period. To measure activity, 100 uL of CellTiter-
Glo® 2.0 Reagent was added to each well for 10 min with constant shaking at room tem-
perature. Luminescence was measured using Promega GloMax® Explorer plate reader.

Appendix A.21. Cytotoxicity Assay

Cytotoxicity was measured by CellTox™ Green Cytotoxicity Assay (Promega,
G182B). Briefly, 10,000 cells/well were plated overnight in a black-walled 96-well plate
(Corning costar, 3603). NRCMs were treated as described in the results for the indicated
period. CellTox™ Green reagent was diluted 1:1000 and applied to cells followed by a 15
min dark incubation. Fluorescence was measured at Ex/Em: 475/500-550 nm using a
Promega GloMax® Explorer plate reader.

Appendix A.22. Protein Lysates Extraction and Immunoblotting

Cell and tissue total protein lysates were obtained utilizing Triton lysis buffer [20 mM
Tris, 137 mM NaCl, 2 mM EDTA, 0.1% (w/v) SDS, 10% (v/v) glycerol, 1% (v/v) Triton-X, 25
mM glycerophosphate, protease and phosphatase inhibitor cocktail, pH 7.4]. Protein con-
centration was calculated using the Bradford assay (Bio-Rad, 500-0006) and immunoblot-
ting was conducted using 30 pg protein lysate. Primary antibodies [FGFR1 (1:1000; Santa
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Cruz Biotechnology, sc-57132), SIN1/MAPKAP1 (1:1000; Proteintech, 15463-1-AP), AKT
(1:1000; Proteintech, 60203-2-Ig), pAKT (1:1000; Cell Signaling, 4060S), GAPDH (1:1000;
Abcam, 9484), and Beta-actin (3-Actin; 1:1000: Proteintech, 66009-1-IG] along with HRP
conjugated secondary antibodies (HRP-linked anti-mouse; 1:2000; Proteintech, RGAMO001
and HRP-linked anti-rabbit; 1:1000; Cell Signalling Technology, 7074S) were diluted in 5%
(w/v) fat free milk in TBS-T. Amersham ECL Prime (RPN2232) or Select (RPN2235) detec-
tion solutions were used to observe protein bands via chemiluminescent imaging by the
ChemiDoc MP system (Bio-Rad).

Appendix A.23. Imaging Histology

H&E- and Masson’s-stained heart sections were imaged on a 3D-Histech Pan-
noramic-250 microscope slidescanner using a Zeiss 20x/0.80 Plan Apochromat objective.
Snapshots of the scanned slides were taken using the Case Viewer software (3D-Histech)
with individual magnification. Fluorescent-labelled slides for TUNEL and a-actinin stain-
ing were imaged using a Zeiss Axioimager D2 upright microscope with Zeiss LD Plan-
Neofluar objectives (x20) and captured using a Coolsnap HQ2 camera (Photometrics)
through Micromanager software v1.4.23. Specific band pass filter sets for DAPI, FITC, and
Texas Red were used to prevent bleeding from one channel to the next. Images were then
further processed and analyzed using Image J software (v1.54g).

Appendix A.24. Statistical Analyses

Data are exhibited as bar/dot plots showing mean + SEM. Shapiro-Wilk test was con-
ducted to evaluate whether data was normally distributed. Normally distributed data sets
were analyzed using ordinary One-way or Two-way ANOVA followed by appropriate
post hoc tests, whereas assessments between only two groups utilized two-tailed Stu-
dent’s unpaired t-test. If the data were not normally distributed, non-parametric tests
(equivalent to one-way ANOVA and Student’s t-test), such as the Kruskal-Wallis test or
the Mann-Whitney U test, were used. Statistical analysis was conducted utilizing the
GraphPad Prism 10 (v10.2.2) software and p values < 0.05 were considered statistically
significant. The sample size corresponds to biological replicates and is specified for each
experiment within the figure legend.
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