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ABSTRACT

Calcific aortic valve disease (CAVD) is an active
pathological process mediated by abnormal
activation and transdifferentiation of valvular
interstitial cells (VICs). The present study aims to
investigate the function and underlying mechanism
of the basic fibroblast growth factor (BFGF) on
osteogenic differentiation of VICs. Porcine VICs
cultured with osteogenic induction medium are
supplemented with or without BFGF. Morphology
of VICs is identified by fluorescein isothiocyanate-
labeled phalloidin, the cell viability is assessed by
the cell counting kit-8 method, and protein and
mRNA expression level of osteogenic differentiation
markers, including Runx2, osteopontin, and Sp7, are
verified by western blot analysis and quantitative
real-time PCR, respectively. RNA sequencing is used
to identify changes in gene profiles. Alizarin Red

S staining is used to measure calcium deposition.
The results demonstrate that the content of calcium
deposition and the expression level of osteogenic
markers are downregulated by supplementing
BFGF. Notch1 signaling pathway is extracted as a
candidate target after bioinformatics analysis by
RNA sequencing. The transfection of si-Notch'1
abolishes the calcification inhibitory effect of BFGF.
Taken together, our findings shed the light on the
mechanism and potential therapeutics of BFGF for
CAVD.

INTRODUCTION

Previous studies have confirmed that calcific
aortic valve disease (CAVD) is an active patho-
logical process mediated by valvular interstitial
cells (VICs) with the characteristics of aortic
valve leaflet fibrosis and calcification, leading to
hemodynamic disorders, and ultimately cardiac
failure. Aortic VICs are a cluster of dynamic
interstitial cells with different phenotypes.
Quiescent VICs are activated into myofibro-
blasts or transformed into osteoblastic pheno-
types in CAVD.' The abnormal activation and
transdifferentiation of VICs under pathological
conditions lead to the accumulation of an unbal-
anced extracellular matrix and the deposition of
calcified nodules in aortic valve leaflets. Patients
with symptomatic CAVD require surgical inter-
vention, and there is currently no effective
pharmaceutical treatment that can terminate or
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What is already known about this subject?

» Calcific aortic valve disease (CAVD) was
an active pathological process mediated
by valvular interstitial cells (VICs) with the
characteristics of aortic valve leaflet fibrosis
and calcification.

» Basic fibroblast growth factor (BFGF)
effectively blocked the activation of VICs to
myofibroblasts, thereby inhibiting fibrosis of
aortic valve.

» The abnormal activation and
transdifferentiation of VICs were implicated
in CAVD process.

What are the new findings?

» BFGF inhibits calcium deposition of VICs in
vitro.

» BFGF attenuates osteogenic differentiation
of VICs.

» BFGF inhibits osteogenic differentiation of
VICs by promoting Notch1 pathway.

How might these results change the focus

of research or clinical practice?

» BFGF might provide an alternative pathway
to treat CAVD.

reverse CAVD. Therefore, an in-depth under-
standing of pharmaceutical therapy and its
underlying mechanisms is of great significance
for the treatment of CAVD.

Basic fibroblast growth factor (BFGF or
FGF-2) could regulate a variety of biological
functions through binding fibroblast growth
factor receptor (FGFR), including cell prolifer-
ation, morphogenesis, and apoptosis.* > FGFR
belongs to the family of receptor tyrosine
kinases and its activation could induce a variety
of intracellular signaling pathways. Previous
studies have shown that the fibroblast growth
factor (FGF) family plays an important role in
maintaining circulation system homeostasis and
is involved in the progression of various cardio-
vascular diseases. BFGF is reported to promote
angiogenesis and prevent ischemia-reperfusion
injury after myocardial infarction in animal
model.*'" Previous studies have also verified
that BFGF effectively blocked the activation of
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VICs to myofibroblasts mediated by transforming growth
factor B1 (TGF-B1), thereby inhibiting fibrosis of aortic
valve."!

In view of the potential protective effect of BEGF on the
cardiovascular system, its effect on the phenotype and calci-
fication deposition of VICs is still unclear. In this study, we
aim to study the function of BFGF in VICs and explore its
possible mechanism.

MATERIALS AND METHODS

Reagents

Dulbecco’s Modified Eagle Medium (DMEM), fetal bovine
serum, and penicillin-streptomycin were purchased from
Gibco. Type II collagenase and Western Blotting enhanced
chemiluminescence (ECL) kit were purchased from Thermo
Scientific. PrimeScript RT reagent Kit and TB Green PCR
kit were purchased from Takara. BCA kit and SDS lysis
buffer were purchased from Beyotime. Antibody against
a-smooth muscle actin (a-SMA) (BF9212, 1:1000) was
purchased from Affinity, OPN (ab69498, 1:1000) and Sp7
(ab227820, 1:1000) were from Abcam, Runx2 (#12556,
1:500) was from CST, GAPDH (60004-1-Ig, 1:5000) was
from Proteintech, Notch1 (GB111690, 1:500) and BMP-2
(GB11252, 1:1000) were from Servicebio, Wuhan.

VIC isolation and culture

Porcine aortic VICs were harvested and isolated from pigs
aged 4-5 months (Wufeng, Shanghai). The porcine hearts
were collected in an icebox after sacrifice and immediately
taken back to the laboratory. Aortic valve leaflets were cut
and immersed in precooled phosphate-buffered saline (PBS)
solution. The valve leaflets were digested in 2 mg/mL type II
collagenase for 15 min and the valve endothelial cells on the
surface were gently scraped off with a sterile cotton swab.
The valve leaflets were cut into pieces and then digested in
type II collagenase for another 2hours. Undigested tissue
was removed by a filtrating screen. The harvested VICs
were collected by centrifugation and then seeded on culture
dish in DMEM containing 10% fetal bovine serum, and the
medium was changed every 2-3 days. The VICs isolation
and immunophenotype identification were reported previ-
ously.”? The VICs at passages 3-5 were used for experi-
ment. The osteogenic induction model of VICs in vitro was
achieved by culturing with complete medium containing
2 mmol/L sodium dihydrogen phosphate, 50 pg/mL ascorbic
acid, and 10™"mol/L insulin.

Fluorescein isothiocyanate-labeled phalloidin staining
The VICs were fixed by 4% paraformaldehyde for
15min at room temperature. Then, the VICs were incu-
bated with fluorescein isothiocyanate-labeled phalloidin
(Servicebio) for 2hours after penetration with 0.1%
Triton X-100. At last, the nuclei were counterstained with
4'-6-diamidino-2-phenylindole (DAPI). The morphology of
VICs was observed under a fluorescence microscope.

Cell proliferation activity analysis

The VICs were preseeded on a 96-well plate 12 hours in
advance with a confluence of 50% before adding BFGF.
The cell proliferation activity was measured by cell counting
kit-8 (CCK-8) kit (Dojindo, Japan) under the guidance of

manufacturer. In brief, the VICs were incubated for 2 hours
by a combination of 90uL complete medium and 10puL
CCK-8 reagent to each well, and then the absorbance at 450
nm was measured by Multiscan Spectrum (Biotek, USA).

Alizarin Red S staining

The VICs were fixed by 75% ethanol for 15 min at room
temperature after 7 days of osteogenic induction, and then
the VICs were stained with Alizarin Red S Kit (Servicebio)
for S min after being rinsed 3 times with deionized water.
Subsequently, the non-specific staining was removed by 95%
ethanol. At last, the staining was captured by camera and
microscope. As for the semi-quantitative analysis of Alizarin
Red S staining, 500 puL of 10% acetic acid solution was used
to dissolve the calcium deposition each well. The absor-
bance at 450 nm was measured by Multiscan Spectrum.

mRNA sequencing

mRNA sequencing (RNA-seq) was used to quantitatively
analyze the changes in the cellular mRNA profile among
different treatments. In short, the RNA extracted from
different treatments was sent to BGI Gene (Shanghai,
China) for RNA sequencing. ‘R language’ (V.3.5.1) was
used to further analyze the sequencing results, including
differentially expressed genes (DEGs), Gene Ontology,
and Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathway enrichment analysis.

Polymerase chain reaction

The VICs were seeded in 6-well plate, and the total RNA
was extracted 48 hours after each treatment; 1mL Trizol
was added to each well to lyse the VICs after being washed
3 times with PBS. The extraction procedure was under the
guidance of manufacturer’s instruction. At last, the RNA
precipitation was dissolved in 20uL enzyme-free water.
Complementary DNA was synthesized by a PrimeScript RT
reagent Kit. Finally, PCR was performed by TB green PCR
kit. The primer sequences are shown in table 1. GAPDH
was set as reference, and the untreated VICs group mRNA
expression was normalized as 1. All results were calculated
by 2724 method.

Western blot analysis
The VICs were seeded in a 6-well plate, and the total protein
was lysed 72 hours after each treatment; 150 uL SDS lysis

Table 1  Primer sequence

Gene Primer sequence
Sus-Runx2-F CAGACCAGCAGCACTCCATA
Sus-Runx2-R AACGCCATCGTTCTGGTTAG
Sus-OPN-F CTTGGACAGCCAAGAGAAGG
Sus-OPN-R TGGCTGACTTTGGGATTTTC
Sus-Sp7-F ACCAATGGGCTCCTGTCAC
Sus-Sp7-R CACTGGGCAGACAGTCAGAA
Sus-a-SMA-F GCCCTGGACTTTGAAAATGA
Sus-a-SMA-R CCCCAGAGAGGACGTTGTTA
Sus-GAPDH-F GTCGGTTGTGGATCTGACCT
Sus-GAPDH-R AGCTTGACGAAGTGGTCGTT

o-SMA, a-smooth muscle actin.
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Cell viability and calcium deposition of VICs with treatment of BFGF. (A) Cell morphology of VICs cultured in OIM with or

without supplement of 50 ng/mL BFGF, VICs cultured with DMEM were set as control. Scale bar=100 pym. (B) Cell morphology observed by
fluorescein isothiocyanate-labeled phalloidin. Scale bar=100 pm. (C) Cell viability of VICs with different conditioned culturing identified by
Cell Counting Kit-8: control (DMEM), OIM, and OIM+BFGF. *P<0.05 compared with control group. #P<0.05 compared with OIM group.
(D) Alizarin Red S staining of VICs with different conditioned culturing. (E) Semi-quantitative analysis of calcium deposition of VICs with
different conditioned culturing. **P<0.01, ***p<0.001. BFGF, basic fibroblast growth factor; DMEM, Dulbecco's Modified Eagle Medium;

OIM, osteogenic induction medium; VICs, valvular interstitial cells.

buffer supplemented with 1:100 protease and phosphory-
lase inhibitors was added to each well. The protein concen-
tration was measured and standardized by the BCA kit. The
target protein was separated by 10% PAGE and then trans-
ferred to the polyvinylidene fluoride (PVDF) membrane.
The primary antibody was incubated at 4° overnight at a
recommended concentration after the block procedure with
skimmed milk. Subsequently, corresponding secondary anti-
body was incubated for 1 hour at room temperature. Finally,
the membrane was exposed to film by ECL kit.

Statistical analysis

All data were expressed as mean=SD. The two groups were
compared using Student’s t-test, and the analysis of variance
(ANOVA) was used to test the differences between groups.
Bonferroni’s test was performed for multiple comparative
analyses between two independent groups after ANOVA.
All experiments were repeated at least 3 times, and p<0.05
indicated that the difference was statistically significant.

RESULTS

BFGF inhibits calcium deposition of VICs in vitro

At first, in order to investigate the effect of BEGF on VICs,
50ng/mL BFGF was supplemented into osteogenic induc-
tion medium (OIM). The morphology of VICs gradually
transformed into a long spindle shape after the introduction
of BFGF (figure 1A,B). Then, the cell proliferation activity
of VICs was tested by CCK-8 kit. The proliferation activity
of the BFGF group was significantly higher than that of the
control after 3 days of continuous culture (figure 1C). At
last, Alizarin Red S staining was used to detect calcium depo-
sition after 7 days of continuous culture of VICs. Of note,

compared with the control group, Alizarin Red S staining
was positive in the OIM and BFGF groups (figure 1D).
The semi-quantitative analysis results of calcium deposition
showed that the addition of BFGF significantly inhibited
the calcium deposition of VICs (figure 1E).

BFGF attenuates osteogenic differentiation of VICs in
vitro

We first detected the expression of osteogenic differentia-
tion markers of VICs, including osteopontin, runt-related
transcription factor 2 (Runx2), and Sp7, by western blot
analysis. The results showed that osteogenic differentia-
tion proteins were significantly upregulated after 72 hours
of continuous culture of VICs. In contrast, their expres-
sion levels were decreased when supplemented with BFGF
(figure 2A-D). Meanwhile, VICs predominantly exhibit a
fibroblast phenotype under quiescent conditions. It was
reported that the process of osteogenic differentiation
of VICs was accompanied by the activation of VICs into
myofibroblasts. The expression of 0-SMA was significantly
upregulated after the addition of OIM, and its upregulation
was abolished after supplementation with BFGF (figure 2E).
In addition, we further confirmed that the mRNA expres-
sion of osteogenic differentiation markers was significantly
downregulated after adding BFGF (figure 2F-I). The above
results suggest that BFGF may prevent the osteogenic
differentiation of VICs.

Bioinformatics analysis

In order to investigate the underlying mechanism of
osteogenic differentiation inhibited by BFGF, RNA-
sequencing was performed. The gene expression profiles of
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Figure 2  Effect of BFGF on osteogenic marker expression of VICs. (A) Representative western blot analysis photo of osteogenic protein
expression. (B—E) Semi-quantitative analysis of osteogenic protein expression level, including OPN, Runx2, Sp7, and a-SMA. *P<0.05
compared with control group. #P<0.05 compared with OIM group. (F-I) The mRNA expression level analysis of aforementioned osteogenic
marker. *P<0.05 compared with control group. #P<0.05 compared with OIM group. o-SMA, o-smooth muscle actin; BFGF, basic fibroblast
growth factor; OIM, osteogenic induction medium; Runx2, runt-related transcription factor 2; VICs, valvular interstitial cells.

BFGF+OIMand OIM groups were significantly different,
including an increase of 1260 and a decrease of 1266
(figure 3A). There were 159 differential gene expressions
between OIM and control group, including 63 increased
and 96 decreased (figure 3B). Seventy-four DEGs were list
for further analysis by using the Venn diagram (figure 3C).
According to the gene expression profile, the OIM and
the control groups were similar and were classified as the
same cluster (figure 3D). Enrichment analysis of KEGG
pathway(figure 3E, online supplemental file 1) showed that
DEGs have highly enriched Jak-STAT and Notch signaling
pathways.

BFGF inhibits osteogenic differentiation of VICs by
promoting Notch1 pathway

Among all potential pathways, Notchl attracted our
attention and was further studied. First, the expression of
Notch1 was increased after the addition of BFGF, which
was identified by western blot analysis. On the contrary,
the expression of BMP-2, a downstream gene of Notchl,
was decreased significantly (figure 4A-C). Alizarin Red S
staining showed that transfection of si-Notch1 abolished
the calcification inhibitory effect of BFGF (figure 4D,E).
The expression of Notchl was downregulated and the
expression of BMP-2 was upregulated after transfection of
si-Notch1 (figure 4F). Taken together, the results suggested
that the inhibitory effect of BFGF on the osteogenic
differentiation of VICs was partly dependent on Notchl
pathway.

DISCUSSION

Previous studies have shown that CAVD was a patholog-
ical process of ectopic calcification deposition. In this
study, we, for the first time, found that exogenous BFGF
could significantly inhibit the osteogenic differentiation
of VICs, suggesting that BEFEGF may act as a potential
candidate of the drug treatment for CAVD. Meanwhile,
we verified that its inhibitory effect was achieved by inhib-
iting Notchl signaling pathway through bioinformatics
analysis, which was further validated by VICs osteogenic
differentiation model in vitro. Interestingly, the expres-
sion level of BFGF was also significantly increased in
atherosclerotic plaques. The introduction of exogenous
BFGF inhibited TGF-f signaling and significantly inhib-
ited vascular smooth muscle cell calcification.'> BFGF was
also proved to promote VICs repair.!* Taken together,
we supposed that BEGF might own potential protective
effect on the cardiovascular system.

In this study, we reported that the phenotypic transfor-
mation of VICs induced by BFGF may be mediated by its
accelerative effect on Notchl signaling pathway. Notch
was reported to act as an important role in heart develop-
ment and disease. Notch was involved in almost all stages
of heart development, including fate determination of
the heart, the formation of the primitive heart tube, and
the morphology of left ventricular outflow tract. It was
reported that Notch signaling pathway was involved in
early myocardial differentiation, trabecular myocardium
formation, and valves and cardiac conduction system
formation.”™” There are four transmembrane Notch
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Figure 3  Gene expression profile with RNA-sequencing of VICs with treatment of BFGF. (A and B) Volcano map of DEGs in OIM+BFGF
versus OIM and OIM versus control. (C) Venn interaction of DEGs of OIM+BFGF versus OIM and OIM versus control. (D) Heatmap for
common DEGs with group clusters. (E) KEGG pathway enrichment, bubble size indicates gene counts matched the pathway enrichment.
BFGF, basic fibroblast growth factor; DEG, differentially expressed gene; KEGG, Kyoto Encyclopedia of Genes and Genomes; OIM,

osteogenic induction medium; VICs, valvular interstitial cells.

receptors in mammals, namely Notch 1-4. Notchl was
reported to participate in endocardial-mesenchymal tran-
sition, which was essential for the formation of aortic and
pulmonary valves. In addition, Notch1 was demonstrated
to inhibit valve calcification by regulating the expres-
sion of BMP-2 and inhibiting the expression of pro-
inflammatory and osteogenic genes.'® '’

Notch cross-talks reiteratively with Wnt, BMP-2, and
TGEF-B during valve development and valve disease.?’ 2!
Hyun et al found that BFGF eliminated the osteogenic
effect of BMP-2 on bone formation of human peri-
odontal ligament stem cells, indicating that the function
of BFGF was BMP-2 pathway-dependent.** Inhibition of
Notch1 was also demonstrated to promote the osteogen-
esis of VICs by targeting BMP-2 pathway.”> Nigam and
Srivastava have demonstrated that heterozygous Notch1
knockout mice were prone to CAVD when compared with
wild-type mice. Knockdown of Notch1 expression in goat
aortic VICs enhanced the expression of the phenotype of
osteoblasts, including BMP-2 and osteopontin. Addition-
ally, the expression of BMP-2 was essential for the regu-
lation of osteogenic differentiation of VICs by Notch1,
which was identified by rescue experiment.”® The activity
of alkaline phosphatase was reduced after the addition of

10 ng/mL BFGF in osteogenic differentiation model of
mesenchymal stem cells isolated from human exfoliated
deciduous teeth, and the inhibitory effect of BFGF on
calcification was inhibited by FGFR antagonists.”*

The imbalance of classic Notch-Wnt pathway has been
confirmed to participate in CAVD process. The expression
disorder of Notch1 may also be involved in the patholog-
ical process of bicuspid aortic valve, which was confirmed
to be a high-risk factor of CAVD.” Functional mutation
of Notch1 increased the tendency of valve calcification
through upregulating the expression of Runx2.2° %" Runx2
was a key regulatory factor of osteoblast differentiation,
which regulated the expression of osteopontin, osteonectin,
and other osteogenic targets. The mechanism involved in
Notch1 has not yet been elucidated, but the cell fate and
osteogenic transformation of VICs were controlled by the
Notch1 pathway to some extent.

BFGF was reported to inhibit calcium deposition of
VICs by inhibiting the activation of VICs in addition to
preventing osteogenic differentiation of VICs by targeting
Notch1 pathway. Previous studies have confirmed that a
fraction of VICs in normal aortic valve owns the pheno-
type of myofibroblasts with positive expression of
0-SMA.? Abnormal activation of VICs to myofibroblasts
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Figure 4 BFGF inhibits calcification of VICs via Notch1 signaling pathway. (A) Representative western blot analysis photo of Notch1
and BMP-2. (B and C) Semi-quantitative analysis of protein expression level of Notch1 and BMP-2. (D) Alizarin Red S staining of VICs after
transfection of si-Notch1. (E) Semi-quantitative analysis of calcium deposition of VICs.*(F) Protein expression level of Notch1 and BMP-

2 after transfection of si-Notch1. *P<0.05 compared to control group. #P<0.05 compared to OIM group. BMP-2, bone morphogenetic
protein-2; BFGF, basic fibroblast growth factor; OIM, osteogenic induction medium VICs, valvular interstitial cells.

mediated by TGF-p signaling pathway may lead to valve
calcification. Previous studies have suggested that BFGF
prevents VICs from calcification by maintaining VICs in
a quiescent condition.'' 2 BEGF was reported to reduce
activation of the myofibroblast phenotype, including
reduce a-SMA expression, collagen deposition, fibrotic
contraction, and calcific nodule formation in aortic
VICs.” " #3% One possible mechanism of inhibitory effect
of myofibroblasts activation was that BFGF repressed the
nuclear translocation of Smad transcription signals.” On
the other hand, we found that the addition of BFGF accel-
erated the proliferation of VICs, which was identified to
the results of dental pulp stem cells.’’ ** And the activa-
tion of the ERK pathway promoted the proliferation of
dental pulp stem cells.

At last, the FGF superfamily has been proven to be
widely involved in the pathological process of cardiovas-
cular diseases. For example, FGF23 was proved to partic-
ipate in calcium and phosphorus metabolism in patients
with chronic kidney disease. A high level of FGF23 in
patients with chronic kidney disease inhibited the classic
osteogenic pathway Wnt-B-catenin and led to osteopo-
rosis. An elevated level of FGF23 was positively correlated
with cardiovascular mortality in patients with chronic
kidney disease.” FGF21 was proved to inhibit vascular
calcification by regulating apoptosis and endoplasmic
reticulum stress of vascular smooth muscle cells.** ** In
the study, we confirmed that BEGF suspended osteogenic
differentiation of VICs in vitro, suggesting that BFGF

might have the potential to treat CAVD. However, the
challenge of metabolic disorders in bone tissue or other
organs induced by BFGF requires further exploration.

Contributors HL and LX conceived the ideas. GY and LN designed the
experiments. GY performed the experiments. LN analyzed the data. XQ and
FX provided critical materials. LN and GY wrote the manuscript. HL and

LX supervised the study. All the authors have read and approved the final
version for publication. HL was responsible for the overall content as the
guarantor.

Funding This work was supported by National Natural Science Foundation
of China (grant no. 82100383, 81770383); National Key Research and
Development Program of China (grant no. 2016YFC1100900).

Competing interests None declared.

Patient consent for publication Not applicable.

Ethics approval This study does not involve human participants.
Provenance and peer review Not commissioned; externally peer reviewed.
Data availability statement Data are available on reasonable request.

Supplemental material This content has been supplied by the author(s).

It has not been vetted by BMJ Publishing Group Limited (BMJ) and may not
have been peer-reviewed. Any opinions or recommendations discussed are
solely those of the author(s) and are not endorsed by BMJ. BMJ disclaims all
liability and responsibility arising from any reliance placed on the content.
Where the content includes any translated material, BMJ does not warrant the
accuracy and reliability of the translations (including but not limited to local
regulations, clinical guidelines, terminology, drug names and drug dosages),
and is not responsible for any error and/or omissions arising from translation
and adaptation or otherwise.

ORCID iD
Lin Han http://orcid.org/0000-0002-1772-9901

912

Gao Y, et al. J Investig Med 2022;70:907-913. doi:10.1136/jim-2021-002132

yBuAdos Aq pajoaloid 1sanb Aq 20g ‘2z 1udy Uo /:3]} WOy papeojumoq ‘Zg0g Arenuer ¢z uo ZeTZ00-TZ0Z-WIl/9ETT 0T Se paysiiand 1s1y :paiN Bsanu| ¢


http://orcid.org/0000-0002-1772-9901

Original research

REFERENCES

1

Grim JC, Aguado BA, Vogt BJ, et al. Secreted factors from proinflammatory
macrophages promote an osteoblast-like phenotype in valvular interstitial cells.
Arterioscler Thromb Vasc Biol 2020;40:€296-308.

Porras AM, van Engeland NCA, Marchbanks E, et al. Robust generation

of quiescent porcine valvular interstitial cell cultures. J Am Heart Assoc
2017;6:005041.

Xu K, Xie S, Huang Y, et al. Cell-Type transcriptome atlas of human aortic valves
reveal cell heterogeneity and endothelial to mesenchymal transition involved in
calcific aortic valve disease. Arterioscler Thromb Vasc Biol 2020;40:2910-21.
Wang Z,Wang Y, Ye J, et al. bFGF attenuates endoplasmic reticulum stress and
mitochondrial injury on myocardial ischaemia/reperfusion via activation of
PI3K/Akt/ERK1/2 pathway. J Cell Mol Med 2015;19:595-607.

Cushing MC, Mariner PD, Liao J-T, et al. Fibroblast growth factor represses
Smad-mediated myofibroblast activation in aortic valvular interstitial cells.
Faseb J 2008;22:1769-77.

Wang H, Zhang X, Li Y, et al. Improved myocardial performance in infarcted

rat heart by co-injection of basic fibroblast growth factor with temperature-
responsive chitosan hydrogel. J Heart Lung Transplant 2010;29:881-7.

Shi J, Fan C, Zhuang Y, et al. Heparan sulfate proteoglycan promotes

fibroblast growth factor-2 function for ischemic heart repair. Biomater Sci
2019;7:5438-50.

Esser JS, Rahner S, Deckler M, et al. Fibroblast growth factor signaling
pathway in endothelial cells is activated by BMPER to promote angiogenesis.
Arterioscler Thromb Vasc Biol 2015;35:358-67.

Fan Z, Xu Z, Niu H, et al. Spatiotemporal delivery of basic fibroblast growth
factor to directly and simultaneously attenuate cardiac fibrosis and promote
cardiac tissue vascularization following myocardial infarction. J Control Release
2019;311-312:233-44.

Munarin F, Kant RJ, Rupert CE, et al. Engineered human myocardium with local
release of angiogenic proteins improves vascularization and cardiac function in
injured rat hearts. Biomaterials 2020;251:120033.

Latif N, Quillon A, Sarathchandra P, et a/. Modulation of human valve interstitial
cell phenotype and function using a fibroblast growth factor 2 formulation.
PLoS One 2015;10:e0127844.

Li N, Bai Y, Zhou G, et al. miR-214 attenuates aortic valve calcification by
regulating osteogenic differentiation of valvular interstitial cells. Mol Ther
Nucleic Acids 2020;22:971-80.

Borland SJ, Morris TG, Borland SC, et a/. Regulation of vascular smooth muscle
cell calcification by syndecan-4/FGF-2/PKCao signalling and cross-talk with
TGFP. Cardiovasc Res 2017;113:1639-52.

Han L, Gotlieb Al. Fibroblast growth factor-2 promotes in vitro mitral valve
interstitial cell repair through transforming growth factor-B/SMAD signaling.
Am J Pathol 2011;178:119-27.

Del Monte-Nieto G, Ramialison M, Adam AAS, et a/. Control of cardiac jelly
dynamics by NOTCH1 and NRG1 defines the building plan for trabeculation.
Nature 2018;557:439-45.

Wang Y, Lu P, Jiang L, et al. Control of sinus venous valve and sinoatrial node
development by endocardial NOTCH1[J]. Cardiovasc Res 2020;116:1473-86.
Aquila G, Kostina A, Vieceli Dalla Sega F, et al. The Notch pathway: a novel
therapeutic target for cardiovascular diseases?. Expert Opin Ther Targets
2019;23:695-710.

18

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

MacGrogan D, Miinch J, de la Pompa JL. Notch and interacting signalling
pathways in cardiac development, disease, and regeneration. Nat Rev Cardiol
2018;15:685-704.

Luxan G, D'Amato G, MacGrogan D, et a/. Endocardial Notch signaling in
cardiac development and disease. Circ Res 2016;118:e1-18.

Garside VC, Chang AC, Karsan A, et al. Co-ordinating Notch, BMP, and

TGF-B signaling during heart valve development. Cell Mol Life Sci
2013;70:2899-917.

MacGrogan D, Luxan G, de la Pompa JL. Genetic and functional genomics
approaches targeting the Notch pathway in cardiac development and
congenital heart disease. Brief Funct Genomics 2014;13:15-27.

Hyun S-Y, Lee J-H, Kang K-J, et al. Effect of FGF-2, TGF-B-1, and BMPs on Teno/
Ligamentogenesis and Osteo/Cementogenesis of human periodontal ligament
stem cells. Mol Cells 2017;40:550-7.

Nigam V, Srivastava D. Notch1 represses osteogenic pathways in aortic valve
cells. J Mol Cell Cardiol 2009;47:828-34.

Nowwarote N, Sukarawan W, Pavasant P, et a/. Basic fibroblast growth factor
regulates phosphate/pyrophosphate regulatory genes in stem cells isolated
from human exfoliated deciduous teeth. Stem Cell Res Ther 2018;9:345.
Harrison OJ, Torrens C, Salhiyyah K, et al. Defective NOTCH signalling

drives smooth muscle cell death and differentiation in bicuspid aortic valve
aortopathy. Eur J Cardiothorac Surg 2019;56:117-25.

Lindman BR, Clavel M-A, Mathieu P, et a/. Calcific aortic stenosis. Nat Rev Dis
Primers 2016;2:16006.

Hadji F, Boulanger M-C, Guay S-P, et al. Altered DNA methylation of long
noncoding RNA H19 in calcific aortic valve disease promotes mineralization by
silencing NOTCH1(J]. Circulation 2016;134:1848-62.

Lam NT, Tandon |, Balachandran K. The role of fibroblast growth factor 1 and
2 on the pathological behavior of valve interstitial cells in a three-dimensional
mechanically-conditioned model. J Biol Eng 2019;13:45.

Gonzalez Rodriguez A, Schroeder ME, Walker CJ, et al. FGF-2 inhibits
contractile properties of valvular interstitial cell myofibroblasts encapsulated in
3D MMP-degradable hydrogels. APL Bioeng 2018;2:046104.

Ma H, Killaars AR, DelRio FW, et al. Myofibroblastic activation of valvular
interstitial cells is modulated by spatial variations in matrix elasticity and its
organization. Biomaterials 2017;131:131-44.

Luo L, Zhang Y, Chen H, et al. Effects and mechanisms of basic fibroblast
growth factor on the proliferation and regenerative profiles of cryopreserved
dental pulp stem cells. Cell Prolif 2021;54:¢12969.

Novais A, Lesieur J, Sadoine J, et al. Priming dental pulp stem cells from
human exfoliated deciduous teeth with fibroblast growth factor-2 enhances
mineralization within tissue-engineered constructs implanted in craniofacial
bone defects. Stem Cells Trans! Med 2019;8:844-57.

Carrillo-Lopez N, Panizo S, Alonso-Montes C, et a/. Direct inhibition of
osteoblastic Wnt pathway by fibroblast growth factor 23 contributes

to bone loss in chronic kidney disease. Kidney Int 2016,90:77-89.

Shi'Y, LuW, Hou Y, et al. Fibroblast growth factor 21 ameliorates vascular
calcification by inhibiting osteogenic transition in vitamin D3 plus nicotine-
treated rats. Biochem Biophys Res Commun 2018;495:2448-55.

ShiY, Wang S, Peng H, et al. Fibroblast growth factor 21 attenuates vascular
calcification by alleviating endoplasmic reticulum stress mediated apoptosis in
rats. Int J Biol Sci 2019;15:138-47.

Gao Y, et al. J Investig Med 2022;70:907-913. doi:10.1136/jim-2021-002132

913

ybuAdoo Ag paroslold 1sanb Ag 2oz ‘22 1udy uo /8]l woly papeojumoqd "gz0g Arenuer 2 uo ZETZ00-T20Z-Wil/9eTT 0T Se paysiignd 1say :pajN Busanu| ¢


http://dx.doi.org/10.1161/ATVBAHA.120.315261
http://dx.doi.org/10.1161/JAHA.116.005041
http://dx.doi.org/10.1161/ATVBAHA.120.314789
http://dx.doi.org/10.1111/jcmm.12346
http://dx.doi.org/10.1096/fj.07-087627
http://dx.doi.org/10.1016/j.healun.2010.03.016
http://dx.doi.org/10.1039/C9BM01336A
http://dx.doi.org/10.1161/ATVBAHA.114.304345
http://dx.doi.org/10.1016/j.jconrel.2019.09.005
http://dx.doi.org/10.1016/j.biomaterials.2020.120033
http://dx.doi.org/10.1371/journal.pone.0127844
http://dx.doi.org/10.1016/j.omtn.2020.10.016
http://dx.doi.org/10.1016/j.omtn.2020.10.016
http://dx.doi.org/10.1093/cvr/cvx178
http://dx.doi.org/10.1016/j.ajpath.2010.11.038
http://dx.doi.org/10.1038/s41586-018-0110-6
http://dx.doi.org/10.1093/cvr/cvz249
http://dx.doi.org/10.1080/14728222.2019.1641198
http://dx.doi.org/10.1038/s41569-018-0100-2
http://dx.doi.org/10.1161/CIRCRESAHA.115.305350
http://dx.doi.org/10.1007/s00018-012-1197-9
http://dx.doi.org/10.1093/bfgp/elt036
http://dx.doi.org/10.14348/molcells.2017.0019
http://dx.doi.org/10.1016/j.yjmcc.2009.08.008
http://dx.doi.org/10.1186/s13287-018-1093-9
http://dx.doi.org/10.1093/ejcts/ezy464
http://dx.doi.org/10.1038/nrdp.2016.6
http://dx.doi.org/10.1038/nrdp.2016.6
http://dx.doi.org/10.1161/CIRCULATIONAHA.116.023116
http://dx.doi.org/10.1186/s13036-019-0168-1
http://dx.doi.org/10.1063/1.5042430
http://dx.doi.org/10.1016/j.biomaterials.2017.03.040
http://dx.doi.org/10.1111/cpr.12969
http://dx.doi.org/10.1002/sctm.18-0182
http://dx.doi.org/10.1016/j.kint.2016.01.024
http://dx.doi.org/10.1016/j.bbrc.2017.10.115
http://dx.doi.org/10.7150/ijbs.28873

	Basic fibroblast growth factor inhibits aortic valvular interstitial cells calcification via Notch1 pathway
	Abstract
	Introduction﻿﻿
	Materials and methods
	Reagents
	VIC isolation and culture
	﻿Fluorescein isothiocyanate﻿-labeled phalloidin staining
	Cell proliferation activity analysis
	Alizarin Red S staining
	mRNA sequencing
	Polymerase chain reaction
	Western blot analysis
	Statistical analysis

	Results
	BFGF inhibits calcium deposition of VICs in vitro
	BFGF attenuates osteogenic differentiation of VICs in vitro
	Bioinformatics analysis
	BFGF inhibits osteogenic differentiation of VICs by promoting Notch1 pathway

	Discussion
	References




