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Aim: Roles of fibroblast growth factor 23 (FGF23) in endothelial dysfunction remain controversial, and evidence
from population-based studies is lacking. The present study aimed to explore the effects of FGF23 on endothelial
dysfunction on the basis of both clinical data of patients with coronary artery disease (CAD) and the in vitro
research in human umbilical vein endothelial cells (HUVECs:).

Methods: A total of 321 CAD patients were enrolled after coronary angiography, brachial artery flow-mediated
dilation (FMD) was assessed using ultrasound equipment. Serum FGF23, nitric oxide (NO), and endothelin-1
(ET-1) were detected via enzyme-linked immunosorbent assay. Apoptosis was determined using the annexin
V-fluorescein isothiocyanate/propidium lodide apoptosis detection kit. Cell migration was evaluated by wound
healing and transwell migration assays. Reactive oxide species levels were determined using fluorescent probes,
and NF-«B p65 nuclear translocation was assessed via immunofluorescence.

Results: Serum FGF23 was significantly increased in CAD patients combined with severe endothelial
dysfunction (FMD <29%) compared to those with FMD 2 2% (P<0.001). Furthermore, the levels of FGF23
were negatively correlated with NO, whereas positively correlated with ET-1 both in unadjusted analysis and
multivariate-adjusted analysis. In HUVECs, FGF23 interfered with the bioavailability of NO via increased
oxidative stress. Moreover, FGF23 directly impaired the endothelium by promoting HUVECs apoptosis and
attenuating the migration of HUVECs. Additional experiments showed that FGF23 induced endothelial injury
through activation of the NF-«B signaling pathway.

Conclusions: Elevated FGF23 is clinically associated with endothelial dysfunction in CAD patients, and FGF23
impairs endothelial function through activation of the NF-«B signaling pathway.
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Introduction

Endothelial dysfunction is recognized as an early
event in the pathological process of atherosclerosis
(AS) and is also the basis for the occurrence and
deterioration of coronary artery disease (CAD)! 2.
Fibroblast growth factor 23 (FGF23) is secreted
mainly by osteocytes and osteoblasts and regulates the
homeostasis of calcium and phosphorus by interacting
with its coreceptor Klotho?. Recent studies have

shown that FGF23 is closely related to the occurrence
and development of CAD* . Evidence from
epidemiological studies suggested that high levels of
FGF23 can be used as a nontraditional risk factor for
CAD?, and functional studies also found that FGF23
may damage endothelial function in a direct or
indirect way”. Nevertheless, the roles of FGF23 have
recently been found to be more complex than
previously thought. A major question that remains
unresolved is whether FGF23 can directly act on
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endothelial cells to promote or inhibit endothelial
dysfunction. Silswal ez /¥ showed that FGF23
hindered nitric oxide (NO) bioavailability in the
endothelium by stimulating the synthesis of
superoxide anion; contrarily, Lindberg ez a/? failed to
observe an FGF23 effect on aorta reactivity.
Conversely, Richter ez /' reported that Klotho
modulated FGF23-mediated NO synthesis and
oxidative stress in human coronary artery endothelial
cells. Thus, to elucidate the specific mechanism of
FGF23 participation in endothelial dysfunction,
further research is still required.

In this study, we confirmed the correlation of
FGF23 with endothelial dysfunction on the basis of
clinical data of patients with CAD and from the i
vitro basic research in human umbilical vein

endothelial cells (HUVEC:).

Methods

Materials

Recombinant human FGF23 was purchased
from PeproTech.Inc (Rocky Hill, NJ, USA). NF-«B
inhibitor BAY11-7082 was obtained from Beyotime
(Shanghai, China). Fibroblast growth factor receptor
(FGFR) inhibitor BGJ398 was obtained from
Selleck Chemicals (Houston, TX, USA).
Methylamino-2",7" -difluorofluorescein diacetate
(DAF-FM) and dihydroethidium (DHE) were
obtained from Invitrogen (Carlsbad, CA, USA).
Monoclonal antibodies against eNOS, p-eNOS
(ser1177), p-eNOS(thr495), Cleaved-Caspase3,
Caspase3, Bax, p65, p-p65, IxBa, and p-I«xBa were
acquired from Cell Signaling Technology (Beverly,
MA, USA). Antibodies against Nox2, p47phox,
p67phox, f-actin, and goat anti-rabbit IgG antibodies
were from Wanleibio (Shenyang, China).

Study Subjects

A total of 321 patients with CAD were enrolled
from The Third Affiliated Hospital of Xinxiang
Medical University, including 189 males and 132
females, aged 40—78 years. All patients were confirmed
via coronary angiography with at least 70% stenosis in
a major epicardial artery or 50% stenosis in the left
main coronary artery. Subjects with valvular heart
disease, chronic kidney diseases, severe liver disease,
cardiomyopathy, familial hypercholesterolemia,
thyroid disease, malignant tumor, cognitive
dysfunction, dementia, severe mental illness, history
of trauma, and surgery within 3 months were
excluded.

Informed consent was obtained from all subjects
before inclusion in the study. This study conformed to

the principles outlined in the Declaration of Helsinki
and was approved by the Ethics Committee of
Xinxiang Medical University.

Basic Investigation

General clinical information of all patients was
collected and recorded, including age, gender, body
mass index (BMI), smoking status, systolic blood
pressure (SBP), diastolic blood pressure (DBP),
history of smoking, history of medication, and family
history. The peripheral blood was collected from all
participants after fasting for 10 h and then centrifuged
at 2000 r/min for 15 min; the serum was separated
and stored at —80C. Fasting blood glucose (FBG),
total cholesterol (TC), triglyceride (TG), high-density
lipoprotein—cholesterol (HDL-C), and low-density
lipoprotein—cholesterol (LDL-C) were measured
using Beckman AU5800 auto biochemistry analyzer
(Beckman Coulter, CA, USA). Serum calcium and
phosphorus were determined using the enzyme
method.

Flow-Mediated Dilation Assessment

Flow-mediated dilation (FMD) of the brachial
artery was conducted according to the American
College of Cardiology guidelines'V. The subjects
rested in the supine position for 10-15 min before the
test. Brachial artery ultrasound scans were performed
using the Siemens ACUSON Sequoia 512 ultrasound
machine (Berlin, Germany) with an 8.0-MHz
transducer. A standard pediatric cuff was placed on
the upper left arm to record BP at baseline and the
end of the test. To create a flow stimulus, the cuff was
inflated to the right forearm at least 50 mmHg above
the baseline SBP (but did not exceed 200 mmHg) to
occlude artery inflow for 5 min. At the end of 5 min
of ischemia, brachial artery diameter was measured
above the cuff within 1 min after releasing occlusion.
FMD was calculated using the formula as follows:
(maximum diameter —baseline diameter)/baseline
diameter x 100%.

Patients were divided into tertiles according to
their baseline FMD values: tertile 1 (<2%, low
FMD), tertile 2 (2%-7.1%, medium FMD), and
tertile 3 (= 7.1%, high FMD). To classify the patients
according to the severity of the endothelial
dysfunction, we used the FMD cutoff value of the
first tertile (<2%, low values of FMD) to discriminate
between those with severe endothelial dysfunction
from the remaining patients with nonsevere
endothelial dysfunction (> 2%, tertiles 2 and 3).

Serum FGF23, NO, and Endothelin-1 Assessment
Enzyme-linked immunosorbent assay method
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was used to determine the levels of serum FGF23,
NO, and endothelin-1 (ET-1). The relevant kits were
purchased from Huamei Biological Engineering
(Wuhan, China). The absorbance value of each well
was measured at 450 nm using Thermo Scientific

Multiskan FC (Waltham, MA, USA).

Cell Isolation and Culture

HUVECs were isolated from the human
umbilical vein vascular wall by digestion with
collagenase. Then, the cells were cultured in an
endothelial cell culture medium with 10% fetal bovine
serum (FBS), 1% endothelial cell growth supplement,
100 U/mL penicillin, and 100 mg/mL streptomycin
sulfate at 37°C in a humidified incubator with 5%
COa. Cells from passages 3-8 were used for

experiments.

Measurement of Intracellular NO Production

NO production by HUVECs was assessed using
DAEF-FM DA, a specific NO probe. After overnight
serum starvation, HUVECs were incubated with
vehicle or FGF23 for 24 h. Subsequently, cells were
trypsinized and loaded with DAF-FM DA (10 uM) at
37C for 20 min in the dark, a population of 10,000
cells was gated and segregated on the basis of their
relative fluorescence intensity using flow cytometry
with the parameters of fluorescein isothiocyanate
(FITC).

The total nitrate was determined by the Griess
reagent. Absorbance was read at 540 nm after
incubation of the mixture at 37°C for 10 min, and the
concentrations (uM) of total nitrate were calculated
from a standard curve.

Measurement of Production of Reactive Oxygen
Species (ROS)

HUVECs were treated with vehicle and FGF23
for 24 h followed by incubation with DHE (5 mM)
solution at 37C for 30 min in the dark. Red
fluorescence intensity was recorded using a
fluorescence microscope with optimized excitation
and emission wavelengths (DHE, 518/603 nm) at
20 % magnification, the intensity of fluorescence was
analyzed using Image-J software.

Apoptosis Assay

Cells were collected and detected using propyl
iodide (PI)/annexin V-FITC apoptosis detection kit
(BD Biosciences, USA). Annexin V-FITC and PI were
added to the collected cells, then incubated in an
incubator for 20 min in darkness. Cell apoptosis was
assessed via flow cytometry and apoptosis rate was
defined as the percentage of cells in the upper right
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quadrant and lower right quadrant.

Scratch Wound Healing Assay

HUVECs were laid on a six-well plate at 1.0 x
10° cells/well and grown to confluence; then, the cells
were scratched by a straight line using sterile pipette
tips. Afterward, the cells were cultured in a serum-free
medium with vehicle or FGF23. Wound images at 24
h were obtained using an inverted microscope. The
scratch area was measured by wound area and wound
healing percentage using the Image-J software.

Transwell Cell Migration Assay

Before the experiment, the cells were starved in a
serum-free medium for 6 h, then 1.0 x 10> HUVEC:s,
in serum-free medium, were seeded into the upper
chamber of a transwell insert (8-mm pore size,
Corning Inc.), and a medium with 20% FBS was
added in the lower chamber as a chemoattractant.
After 24 h culture in 37C at the incubator, the
medium and cells that did not migrate from the top of
the membrane were removed. Then, after crystal violet
staining, the upper chamber was observed under an
electron microscope and counted the number of cells
in different fields of view to get an average sum of cells
that have migrated through the membrane toward the
medium and attached to the underside of the
membrane.

RNA Isolation and Quantitative Reverse Transcription-
Polymerase Chain Reaction (QRT-PCR) Analysis
Total RNA was isolated from HUVECs using
TRIzol reagent according to the manufacturer’s
protocol, and cDNA was obtained using the
Transcriptor First Strand cDNA Synthesis Kit (Roche,
Switzerland). Real-time PCR analysis was performed
using Applied Biosystems SYBR Green Master Mix
(Foster, CA, USA) in ABI Step One Plus Real-Time
PCR system, GAPDH was used for normalization.
Supplementary Table 1 lists the PCR primer sequences.

Western Blot Analysis

Total protein was extracted using cell lysis buffer
for Beyotime Western and Immunoprecipitation
(Shanghai, China) following the manufacturer’s
instructions. Protein samples were separated by 10%
sodium dodecyl sulfate—polyacrylamide gel
electrophoresis and electroblotted to polyvinylidene
difluoride membranes. The blots were blocked with
5% nonfat dry milk in Tris-buffered saline containing
0.1% Tween-20 (TBST), and then incubated
overnight at 4C with appropriate primary antibodies.
After TBST washing, membranes were incubated with
a horseradish peroxidase-conjugated secondary
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antibody diluted 1:5000 for 1 h at 18-25C, and the
blots were scanned and the intensity of the protein
bands was quantified using Image-Pro Plus 6.0
software.

NF-kB Translocation

HUVECs were seeded onto glass coverslips at 1.0
x10° cells/well and grown to confluence. Coverslips
were washed twice with PBS, fixed with 4%
paraformaldehyde for 15 min at room temperature,
and permeabilized with 0.4% Triton X-100 in PBS
three times (10 min each). After incubation in
blocking buffer (5% BSA in PBS) for 1 h, the
permeabilized cells were incubated with 1:200 anti-
NF-xB-p65 antibody overnight at 4C. The coverslips
were then washed with PBS and stained with Alexa
Fluor 488 Anti-rabbit IgG (1:300) for 1 h at room
temperature in the dark. Again, the coverslips were
washed with PBS three times (10 min each), and cell
nuclei were stained with 4’,6-diamidino-2-
phenylindole for 5 min. Finally, coverslips were
washed and fluorescent images were observed with a
fluorescence microscope.

Statistical Analysis

Statistical analysis was conducted in SPSS 26.0
(IBM, USA). Continuous variables were expressed as
mean + SEM and categorical variables were expressed
as the number and frequency of cases. Comparisons
between the two groups were analyzed via unpaired
Student’s #-test for normally distributed variables or
the chi-square test for categorical variables.
Correlations between two continuous variables were
expressed as Pearson’s correlation coefficients.
Multivariate analysis using a multiple linear regression
model was performed to analyze the determinants of
FGF23, and independent variables included age,
gender, serum creatinine, serum calcium, and serum
phosphorus. All P-values were two sided, and
statistical significance was defined as 2<0.05.

Results

Serum FGF23 was Associated with FMD Value in
CAD Patients

FMD is a sensitive approach for endothelial and
vascular function assessment. First, we used the FMD
cutoff value of 2% to discriminate between the
patients with severe endothelial dysfunction (FMD <
2%) from the remaining patients with nonsevere
endothelial dysfunction (FMD = 2%). Table 1
presents the demographic, clinical, and laboratory
features of the study population.

Compared with FMD = 2% group, the smoker

rate, levels of TG, DBP, LDL-C, ET-1, and
phosphorus were higher, whereas the levels of HDL-
C and NO level were lower in FMD <2% group (P
<0.05). There were no statistical differences in age,
gender, BMI, TC, FBG, SBP, creatinine, and calcium
between the two groups (P>0.05).

It is noteworthy that compared with FMD > 2%
group, the levels of FGF23 were significantly increased
in patients with FMD <2% [(786.43 £48.92) pg/mL
vs. (469.45+31.23) pg/ml] (P<0.01), which
strongly indicated the role of FGF23 in endothelial
dysfunction.

Serum FGF23 was Associated with Serum NO and
ET-1 Levels in CAD Patients

Endothelial dysfunction is mainly caused by the
change of these endothelium-derived relaxing and
contracting mediators. To investigate the association
of FGF23 with endothelial function, we further
analyzed the correlation between FGF23 and
endothelial function indicators, including NO and
ET-1. In unadjusted analysis, FGF23 was positively
correlated with serum Pi (r=0.472, P<0.001), serum
creatinine (r=0.521, P=0.006), and ET-1 (r=0.369,
P=0.011) and was negatively correlated with age
(r=-0.256, P=0.037) and NO (r=-0.451, P<0.001).
In multivariate-adjusted analysis, we further adjusted
for age, gender, serum creatinine, serum calcium, and
serum phosphorus; results showed that FGF23 was
still associated with NO (f=0.413, P=0.008) and
ET-1 (8=-0.360, P=0.017) (Table 2).

These data suggested that high FGF23 serum
levels were associated with endothelial dysfunction in

CAD patients.

FGF23 Decreased NO Bioavailability and Induced
ROS Production in HUVECs

To further determine if FGF23 interfered with
the bioavailability of NO in vitro, we explored the
effects of FGF23 on NO levels in HUVECs. For our
experiments, we chose an exogenous FGF23
concentration of 10 ng/mL, which was based on the
results of treatment with FGF23 in HUVECs at
different concentrations and for different times
(Supplementary Fig. 1).

HUVECs were incubated with vehicle and
FGF23 for 24 h; then, the cells were loaded with
DAF-FM. Results showed that the fluorescence
intensity of the FGF23 treated cells (Fig. 1A-B) was
lower compared to the vehicle (£<0.05). Also, the
concentration of nitrate was significantly reduced (P
<0.05, Fig.1C) in FGF23-stimulated HUVECs.
However, western blotting demonstrated that FGF23
did not alter the phosphorylation Ser1177 and Thr495
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Table 1. Characteristics of study population

Parameters FMD 2 2% (n =136) FMD <2% (n=185) P-value
Age (years) 55.64+11.33 52.06+8.12 0.657
Male (%) 109 (58.91) 83 (61.02) 0.535
BMI (kg/m?) 24.28+2.76 20.39+3.11 0.677
SBP (mmHg) 133.56+15.76 126.32£11.20 0.068
DBP (mmHg) 88.06+15.37 96.45+9.78 0.021

Coronary risk factors 7 (%)

Hypertension 72 (52.94) 126 (68.10) 0.065
Dyslipidemia 98 (72.06) 142 (76.76) 0.716
Diabetes mellitus 45 (33.09) 65 (35.14) 0.625
Smoking 70 (37.84) 77 (56.62) 0.006
Family history of CAD 24 (17.64) 28 (15.14) 0.832

Medication use, 7 (%)

Antihypertensive drugs 46 (33.82) 67 (36.22) 0.166
Lipid-lowering drugs 57 (41.91) 85 (45.95) 0.478
Antidiabetic drugs 15 (11.03) 22 (11.89) 0.751

Laboratory data
FBG (mmol/L) 6.75+0.86 7.18+0.98 0.191
TC (mmol/L) 4.17+0.83 4.56%1.05 0.502
TG (mmol/L) 1.64+0.54 1.95+0.44 <0.001
HDL-C (mmol/L) 1.14+0.14 0.87+0.15 0.016
LDL-C (mmol/L) 2.28%0.12 2.91+0.15 <0.001
Scr (pmol/L) 84.24+23.16 83.15+28.54 0.558
Ca (mmol/L) 2.25 (2.16-2.38) 2.33 (2.25-2.37) 0.771
Pi (mmol/L) 1.55+0.76 1.84+0.49 0.011
NO (pumol/L) 41.84+8.53 38.54+7.66 0.023
ET-1 (pg/mL) 58.59+5.63 67.35+7.02 0.007
FGF23 (pg/mL) 469.45+31.23 786.43 +48.92 <0.001

Data are mean+SD unless indicated. BMI: body mass index; SBP: systolic blood pressure; DBP: diastolic blood pressure;
FBG: fasting blood glucose; TC: total cholesterol; TG: triglyceride; HDL-C: high density lipoprotein cholesterol; LDL-C:
low density lipoprotein cholesterol. Scr: Serum creatinine. Ca: Calcium. Pi: Phosphorus.

Table 2. Analysis of factors associated with FGF23

Univariate analysis

Multiple linear regression analysis

Pearson’s r P-value B(SE) B P-value
Age (years) -0.256 0.037 -0.219 (0.122) —0.274 0.088
Pi (mg/dL) 0.472 <0.001 0.351 (0.204) 0.309 0.099
Scr (mg/dL) 0.521 0.006 0.142 (0.366) 0.078 0.701
NO(pmol/L) -0.451 <0.001 0.663 (0.230) 0.413 0.008
ET-1(pg/mL) 0.378 0.011 -0.287 (0.112) -0.360 0.017

Pi: Serum phosphorus; Scr: Serum creatinine; B: regression coefficient; SE: standard deviation; B:standardized regression

coefficient

site of eNOS (2>0.05, Fig. 1D-E).

Because the release of NO depends in part on
the level of superoxide, we next explored the effects of
FGF23 on ROS levels in HUVECs using DHE
staining, cells treated with FGF23 had increased ROS
levels (P<0.05, Fig.1F-G) when compared with
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vehicle. Then, to confirm the ROS formation in
HUVEC:s, we next detected the protein level of Nox2,
p67phox, and p47phox in FGF23-treated cells.
Results showed that FGF23 treatment significantly
increased the expression of Nox2 (Fig. 1H-I). Also,
Nox2 cytosolic subunits p67phox and p47phox
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Fig.1. Elevated FGF23 decreased NO bioavailability and induced ROS production in HUVECs

(A) HUVECs were incubated with vehicle and FGF23 for 24 h; then, the cells were loaded with DAF-FM, and the fluorescence intensity of
the treated cells was detected by flow cytometry with the parameters of FITC. (B) Quantitative analysis of the relative DAF-FM fluorescence
intensity. (C) The total nitrate was determined by the Griess reagent. (D and E) Protein levels of p-eNOS(ser1177) and p-eNOS(thr495) were
determined via western blot analysis. D, Representative western blots. E, Relatively, results were quantified from the pixel values in grayscales
(n=3). (F) HUVECs were incubated with vehicle and FGF23 for 24 h; then, the cells were loaded with DHE. Red fluorescence intensity was
recorded using a fluorescence microscope. (G) Intensity of fluorescence was analyzed by Image-J software. (H and I) Protein levels of Nox2,
p67phox, and p47phox were determined via western blot analysis. H, Representative western blots. I, Relatively, results were quantified from
the pixel values in grayscales (z=3). (J) mRNA levels of IL-1, TNF-a;, ICAM-1, MMP-2, and MCP-1 were detected via qRT-PCR. All values

are shown as mean = SEM; *P<0.05, **P<0.01 vs. vehicle.

necessary for Nox2 activation were stimulated by
FGF23 treatment (Fig.1H-I). These data indicate
that FGF23 stimulated ROS production via activation
of Nox2.

Subsequently, qRT-PCR results showed the
mRNA levels of inflammatory cytokines IL-1 and
TNF-a, intercellular adhesion molecule-1 (ICAM-1),
matrix metalloproteinase-2 (MMP-2), and monocyte
chemoattractant protein-1 (MCP-1) were significantly
increased with FGF23 stimulation (Fig. 1]).

These data suggested that the bioavailability of
NO was decreased in HUVECs potentially via the
increased ROS production induced by FGF23.

FGF23 Promoted Cell Apoptosis and Attenuated
Migration Ability in HUVECs

Then, to confirm the role of FGF23 in
endothelial function, we further explored the effects of
FGF23 on the cell activities of HUVECs. Western
blot results showed that expression of apoptosis
proteins, including Cleaved-Caspase3 and Bax, were
significantly increased with FGF23 stimulation (P<
0.05, Fig.2A-B). Meanwhile, the ratio of apoptosis
was greatly increased 1.6 times in HUVECs
stimulated with FGF23 compared to the vehicle group
(P<0.05, Fig.2C-D). These data demonstrated the
proapoptotic effect of FGF23 on HUVEC:.

In addition, cell scratch assay and transwell cell
migration assay were performed to evaluate the effects
of FGF23 on migration characteristics of HUVECs.
First, cell scratch test confirmed that the scratch
wound healing rate of the FGF23 treatment was
weaker than that of the vehicle group (1.86+0.02 vs
8.98+0.87, P<0.01, Fig.2E-F), whereas transwell
assay also reported that FGF23 treatment impaired
the cell migratory ability, which was evidenced by a
decreased number of transmembrane migrating cells
by 62.86% (96.33+10.20 vs 37.67+9.13, P<0.05,
Fig.2G-H).

Taken together, these data confirmed that FGF23
led to endothelial dysfunction by promoting
HUVECs apoptosis and attenuating the migration of
HUVECs.

FGF23 activated the NF-«B signaling pathway in
HUVECs

To shed light on the signaling pathway induced
by FGF23, we next detected the protein levels of the
key members of NF-«B signaling pathways by western
blot analysis. Western blots showed increased protein
level of cytosolic p-p65/p65, p-IkBa, and decreased
protein level of IxkBa with FGF23 stimulation (P<
0.05, Fig. 3A-B). Furthermore, we detected the NF-«
B activation using immunofluorescent analysis.
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Fig.2. Elevated FGF23 promoted cell apoptosis and attenuated cell migration ability in HUVECs

(A and B) Protein levels of Caspase3, Cleaved-Caspase3, and Bax were detected via western blot analysis. A, Representative western blots. B,
Relatively, results were quantified from the pixel values in grayscales (z=3). (C and D) Apoptosis of HUVECs was measured via annexin-V-
conjugated Flow Cytometry analysis. The apoptosis rate of HUVECs treated with vehicle and FGF23 was quantitatively analyzed (z=3). (E)
Representative results of scratches on HUVEC: cells treated with vehicle and FGF23. (F) Quantitative analysis of healing rate of scratch area
(n=5). (G) Representative results of transwell cell migration in HUVEC:s after treatment with vehicle and FGF23. (H) Quantitative analysis
of mean cell count per field on the transwell compartment membrane after treatment with vehicle and FGF23. All data are represented as the
mean *+ SEM of at least three independent experiments. *P<0.05, **P<0.01 vs. vehicle.

Results showed that p65 NF-«B translocation was
significantly activated with FGF23 treatment in
HUVEC: (Fig.3C).

Furthermore, we found in our previous
experiments that FGFR expression was elevated in
aortas of AS mice and FGF23-stimulated HUVECs
(Supplementary Fig.2), and the previous report
confirmed the direct effect of FGF23 in endothelium
by activating FGF receptor”. Thus, for the further
experiment, HUVECs were incubated with the NF-x
B inhibitor BAY11-7082 (10 pM) or FGFR antagonist
BGJ398 (2 uM) for 30 min before treatment with
FGF23, we found that preincubation with BAY11-
7082 or BGJ398 could effectively prevent the
endothelium injury caused by FGF23, expression of
Cleaved-Caspase3 and Bax was significantly decreased
compared with FGF23 stimulation alone (£<0.05,
Fig.3D-E). The apoptosis of HUVECs by FGF23 is
inhibited by the BAY11-7082 (Supplementary
Fig. 3A-B); otherwise, the decreased healing rate of
scratch area and decreased transwell cell migration by
FGF23 was improved by BAY11-7082 (Supplementary
Fig.3).

Based on these results, we concluded that FGF23
contributed to endothelial dysfunction through the
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activation of the NF-«B signaling pathway.

Discussion

Numerous reports have identified an association
between elevated FGF23 levels and cardiovascular
events'> 9. Nevertheless, the results of the existing
studies remain controversial. For example, the
Prospective Investigation of the Vasculature in Uppsala
Seniors (PIVUS) study revealed that FGF23 was
associated with vascular dysfunction in the
community ¥, but a 10 year follow-up study did not
find a relationship between FGF23 level and the
development of incident CAD in men without
chronic kidney disease!”, more research is still needed
to reveal the role and mechanism of FGF23 in CAD.
In the present study, we demonstrated for the first
time the correlation between FGF23 and endothelial
dysfunction on the basis of the clinical data of patients
with CAD and functional research in HUVECs. Our
data suggest that in states of Klotho deficiency, e.g.
CAD, elevated FGF23 triggers the generation of ROS
by activating NADPH oxidase. Increased ROS
induces NF-«B p65 phosphorylation, subsequently
triggering nuclear translocation of NF-«B p65 to
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Fig.3. Elevated FGF23 activated the NF-«B signaling pathway in HUVECs

(A) Western blot analysis revealed representative results of p-p65, p65,p-I«Ba, and IxBa protein expression after FGF23 treatment. (B)
Quantitative analysis of the ratio of p-p65 to p65, p-IxBa, and IxBa to f-actin after FGF23 treatment (z=3). (C) Immunofluorescence detection
of P65 NF-kB translocation in HUVEC:s after treatment with FGF23 (magnified, %100, scale=100 pm). (D) HUVECs were incubated
with the NF-«B inhibitor BAY11-7082 (10 uM) or FGFR antagonist BGJ398 (2 uM) for 30 min before treatment with FGF23, protein
levels of p-p65 to p65, Cleaved-Caspase3, and Bax were determined via western blot analysis. (E) Results were quantified from the pixel values
in grayscales (n=3). All experiments were repeated three times. *P<0.05, **P<0.01 vs. vehicle. #2<0.05, #P<0.01 vs. FGF23 treatment.
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Fig.4. Schematic representation of the mechanisms underlying the association between FGF23 and endothelial function

express proinflammatory mediators and apoptotic FMD is currently the most widely used
factors, thus reducing NO bioavailability, increasing noninvasive method to detect vascular endothelial
the apoptosis of HUVECs, and consequently leading function'®. FMD of the damaged humeral artery is an
to endothelial dysfunction (Fig.4). indicator of endothelial function injury and is
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associated with future cardiovascular events in patients
with CAD ). In this study, subjects were first divided
into two groups according to the FMD values; we
used the FMD cutoff value of 2% to discriminate
patients with severe endothelial dysfunction from the
remaining patients with nonsevere endothelial
dysfunction. Results showed that serum FGF23 levels
were significantly increased in patients with severe
endothelial dysfunction, which strongly suggested the
role and impact of FGF23 in endothelial dysfunction.

Additionally, endothelial dysfunction is mainly
caused by reduced production or action of the relaxing
mediators, the best characterized endothelium-derived
relaxing factor is NO, and the release of ET-1
contributes to endothelial dysfunction'®. Results in
the present study showed that FGF23 was negatively
correlated with NO level but was positively correlated
with ET-1 level, independent of confounders such as
age, gender, serum creatinine, serum calcium, and
serum phosphorus. These data further revealed the
correlation between FGF23 and endothelial function.
Furthermore, we confirmed the association of FGF23
with endothelial dysfunction through further in vitro
research in HUVECs. FGF23 interfered with the
bioavailability of NO in HUVEC:s, thereby mediating
endothelial injury, as characterized by promoting
HUVECs apoptosis and attenuating the migration of
HUVEC:. All these findings from in vitro studies were
fundamentally consistent with the view of the clinical
data in CAD patients.

Some reports previously revealed the direct or
indirect effect of FGF23 on endothelium”. In our
previous experiments, we constructed the AS model of
ApoE-knockout mouse fed on a high-fat diet, serum
FGF23 was elevated in the AS mice, and the protein
level of Fgfrl was significantly increased in the aortas
of the AS mice (Supplementary Fig.2). Moreover,
recently, an association of high FGF23 serum levels
with impaired endothelium-dependent vasodilatation
was proved in Co/4a3'- mice. The Col/4a3”- mouse is
an animal model of human autosomal-recessive Alport
syndrome, showing Chronic kidney disease (CKD)
and high FGF23 serum levels compared with wild-
type litctermates. Results in the Co/4237- mice model
suggested that high FGF23 serum levels cause
endothelial dysfunction by decreasing NO
bioavailability and increasing superoxide®. Moreover,
another report provided evidence that FGF23 was a
cause of peripheral endothelial dysfunction in a model
of early CKD and that endothelial dysfunction in
CKD can be prevented by blocking FGF23'. In line
with these findings, the present study showed a
positive association between high FGF23 serum
concentrations and vascular dysfunction. Data in the
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present study showed that FGF23 did not alter the
phosphorylation Ser1177 and Thr495 site of eNOS.
Contrary to our findings, a recent study investigated
that FGF23 could activate eNOS phosphorylation in
HCAEC!9. Conflicting observations may result from
the type of vessel and endothelial cells and different
states of Klotho; they stimulated cells with FGF23 for
15 and 30 min and focused on the acute effects of
FGF23. Moreover, existing evidence® !9 has shown
that in states of Klotho deficiency, FGF23-mediated
NO synthesis was blunted and ROS formation
overruled ROS degradation. Objects of the present
study were patients with CAD, these patients are in a
state of Klotho deficiency?”. Furthermore, in
HUVECs, we chose an FGF23 concentration of 10
ng/mL for 24 h, which resembled those found in
moderate stages of CKD, for example, -300-fold
increase of FGF23 compared with healthy subjects??,
so the results of this study represented the correlation
of FGF23 and endothelial function in a state of
Klotho deficiency.

Finally, it is worth noting in the present study
that NF-«B signaling in HUVECs is activated by
FGF23. NF-«B is a protein formed by a dimeric
transcription factor family, which regulates the
expression of inflammatory factors and apoptosis or
survival of cells?”. We supported a novel hypothesis
that activation of the NF-«B pathway may be one of
the key mechanisms underlying the effect of FGF23
in endothelial injuries.

The present study does have some limitations.
This was an observational study with a relatively small
population size, and further prospective studies are
warranted to confirm the relationship between FGF23
and endothelial dysfunction in a larger population.
Additionally, future functional iz wive studies in
different mouse models of FGF23 excess will be
needed to pursue the interaction between FGF23 and
endothelial dysfunction.

Conclusion

In summary, this study confirmed that elevated
FGF23 led to endothelial dysfunction through the
activation of the NF-«B signaling pathway. Hence,
this study lays a solid foundation for further studies
aimed at identifying a potential therapeutic target for
endothelial dysfunction based on FGF23 and its
related receptors.
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Supplemental Table 1. DNA sequence of all real-time PCR primers

Primer Name Sequence (5’-3) Products(bp)
IL1B-F GCCAGTGAAATGATGGCTTATT 85
IL1B-R AGGAGCACTTCATCTGTTTAGG
TNFA-F AAGGACACCATGAGCACTGAAAGC 125
TNFA-R AGGAAGGAGAAGAGGCTGAGGAAC
ICAM1-F TGCAAGAAGATAGCCAACCAAT 80
ICAM1-R GTACACGGTGAGGAAGGTTTTA
MMP2-F ATTGTATTTGATGGCATCGCTC 202
MMP2-R ATTCATTCCCTGCAAAGAACAC
MCP1-F AGAATCACCAGCAGCAAGTGTCC 98
MCP1-R TCCTGAACCCACTTCTGCTTGG
GAPDH-F AGCCACATCGCTCAGACAC 135
GAPDH-R GCCCAATACGACCAAATCC
E, forward; R, reverse.
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Supplementary Fig. 1. Treatment with FGF23 in HUVEC: at different concentrations and for different times

(A) Relative numbers of HUVEC: after FGF23 treatment at different concentrations were calculated by CCK-8 assay (2=5). (B
to D) Western blotting assay detected representative results of Caspase3 and cleaved-caspase3 protein expression in HUVECs
after FGF23 treatment at 0,5,10 and 15ng/mL. (E) Relative numbers of HUVECs after FGF23 treatment for different times
were calculated by CCK-8 assay (z=5) (F to H) Western blotting assay detected representative results of Caspase3 and cleaved-
caspase3 protein expression in HUVECs at 0, 0.5, 4, 8, 12, and 24 h after 10ng/mL FGF23 treatment. (D) Quantitative
analysis of the ratio of Cleaved-Caspase to Caspase3 at 0, 0.5, 4, 8, 12, and 24 h after 10ng/mL FGF23 treatment. All values
are shown as mean = SEM; *P<0.05, **P<0.01, ***P<0.001 vs. vehicle.
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Serum Klotho 16.15+1.53 11.12+1.76 <0.05
B C s
control AS *
£
FGFR1 " s 0 e e v 5 10
@
B-aCHN “_—C— W — -
& 05
w
D E 0.0 . -
ais control mice AS mice
£ z *
S 10 =
=y
| &
5
05
'S

0
vehicle Sng 10ng 15ng
FGF23

Supplementary Fig.2. Serum FGF23 in AS mice and Expression of FGFR in aortas of AS mice and in FGF23-stimulated
HUVECs

(A) Levels of serum FGF23 and klotho were detected by the ELISA method. Control mice, 7=10; AS mice, »=10; (B and C) Protein levels
of FGFRI in aortas of AS mice were determined by Western blot analysis. B, representative Western blots. C, results were quantified from the
pixel values in grayscales. Control mice, #=10; AS mice, z=10; (D and E) Protein levels of FGFR1 in FGF23-stimulated HUVECs were
determined by Western blot analysis. D, representative Western blots. E, results were quantified from the pixel values in grayscales (z=3). *P
<0.05, ¥**P<0.01 vs. control mice or vehicle.
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Supplementary Fig.3. Preincubation with BAY11-7082 prevents the endothelium injury caused by FGF23

(A) HUVECs were incubated with the NF-«B inhibitor BAY11-7082 (10 uM) for 30 min before treatment with FGF23. Apoptosis of
HUVECs was measured via Annexin-V conjugated FACS analysis. (B)The apoptosis rate of HUVECs pretreated with or without BAY11-
7082 was quantitatively analyzed (7z=3). (C) Representative results of scratches on HUVEC:s cells pretreated with or without BAY11-7082.
(D)Quantitative analysis of healing rate of scratch area (z=5). (E) Representative results of Transwell cell migration in HUVECs after
pretreatment with or without BAY11-7082. (F)Quantitative analysis of mean cell count per field on the Transwell compartment membrane
after pretreatment with or without BAY11-7082. All data are represented as the mean+SEM of at least three independent experiments. *P<
0.05, **P<0.01 vs. vehicle. *2<0.05, #*P<0.01 vs. DMSO.
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