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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-κB p65 nuclear translocation was assessed via immunofluorescence.

Results: Serum FGF23 was significantly increased in CAD patients combined with severe endothelial 
dysfunction (FMD ＜2%) compared to those with FMD ≥ 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-κB signaling pathway.

Conclusions: Elevated FGF23 is clinically associated with endothelial dysfunction in CAD patients, and FGF23 
impairs endothelial function through activation of the NF-κB 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)1, 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 Klotho3). Recent studies have 

shown that FGF23 is closely related to the occurrence 
and development of CAD 4, 5). Evidence from 
epidemiological studies suggested that high levels of 
FGF23 can be used as a nontraditional risk factor for 
CAD6), and functional studies also found that FGF23 
may damage endothelial function in a direct or 
indirect way7). 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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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 －80℃. 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 guidelines11). 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×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 

endothelial cells to promote or inhibit endothelial 
dysfunction. Silswal et al 8) showed that FGF23 
hindered nitric oxide (NO) bioavailability in the 
endothelium by stimulating the synthesis of 
superoxide anion; contrarily, Lindberg et al 9) failed to 
observe an FGF23 effect on aorta reactivity. 
Conversely, Richter et al 10) 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 in 
vitro basic research in human umbilical vein 
endothelial cells (HUVECs).

Methods

Materials
Recombinant human FGF23 was purchased 

from PeproTech.Inc (Rocky Hill, NJ, USA). NF-κB 
inhibitor BAY11-7082 was obtained from Beyotime 
(Shanghai, China). Fibroblast growth factor receptor
（FGFR）inhibitor BGJ398 was obtained from 

Se l l eck  Chemica l s  (Houston,  T X,  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, IκBα, and p-IκBα were 
acquired from Cell Signaling Technology (Beverly, 
MA, USA). Antibodies against Nox2, p47phox, 
p67phox, β-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 
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quadrant and lower right quadrant.

Scratch Wound Healing Assay
HUVECs were laid on a six-well plate at 1.0×

106 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 1.0×105 HUVECs, 
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 37℃ 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 4℃ with appropriate primary antibodies. 
After TBST washing, membranes were incubated with 
a horseradish peroxidase-conjugated secondary 

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℃ in a humidified incubator with 5% 
CO2. Cells from passages 3–8 were used for 
experiments.

Measurement of Intracellular NO Production
NO production by HUVECs was assessed using 

DAF-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 μM) at 
37℃ 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℃ for 10 min, and the 
concentrations (μM) 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 37℃ 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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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 en dothelium-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 (β=0.413, P=0.008) and 
ET-1 (β=−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 (P＜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 

antibody diluted 1:5000 for 1 h at 18-25℃, 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 

×105 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-κB-p65 antibody overnight at 4℃. 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 t-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 P＜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 
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vehicle. Then, to confirm the ROS formation in 
HUVECs, 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 

site of eNOS (P＞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 

Table 1. Characteristics of study population 

Parameters FMD ≥ 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/m2) 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 n (%)
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, n (%)
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 (μmol/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 (μmol/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) β 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(μmol/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; β:standardized regression 
coefficient
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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-κB 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-κB signaling pathways by western 
blot analysis. Western blots showed increased protein 
level of cytosolic p-p65/p65, p-IκBα, and decreased 
protein level of IκBα with FGF23 stimulation (P＜
0.05, Fig. 3A-B). Furthermore, we detected the NF-κ
B activation using immunofluorescent analysis. 

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-α, 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. 1J).

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 HUVECs.

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 (n=3). (J) mRNA levels of IL-1, TNF-α, 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.
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activation of the NF-κB signaling pathway.

Discussion

Numerous reports have identified an association 
between elevated FGF23 levels and cardiovascular 
events12, 13). 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 
community14), 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 disease15), 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-κB p65 phosphorylation, subsequently 
triggering nuclear translocation of NF-κB p65 to 

Results showed that p65 NF-κB translocation was 
significantly activated with FGF23 treatment in 
HUVECs (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 receptor7). Thus, for the further 
experiment, HUVECs were incubated with the NF-κ
B inhibitor BAY11-7082 (10 μM) or FGFR antagonist 
BGJ398 (2 μM) 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 (P＜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 

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 (n=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 (n=3). (E) 
Representative results of scratches on HUVECs 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 HUVECs 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.
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FMD is currently the most widely used 
noninvasive method to detect vascular endothelial 
function16). FMD of the damaged humeral artery is an 
indicator of endothelial function injury and is 

express proinflammatory mediators and apoptotic 
factors, thus reducing NO bioavailability, increasing 
the apoptosis of HUVECs, and consequently leading 
to endothelial dysfunction (Fig. 4).

Fig. 3. Elevated FGF23 activated the NF-κB signaling pathway in HUVECs
(A) Western blot analysis revealed representative results of p-p65, p65,p-IκBα, and IκBα protein expression after FGF23 treatment. (B) 
Quantitative analysis of the ratio of p-p65 to p65, p-IκBα, and IκBα to β-actin after FGF23 treatment (n=3). (C) Immunofluorescence detection 
of P65 NF-κB translocation in HUVECs after treatment with FGF23 (magnified, ×100, scale=100 μm). (D) HUVECs were incubated 
with the NF-κB inhibitor BAY11-7082 (10 μM) or FGFR antagonist BGJ398 (2 μM) 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. #P＜0.05, ##P＜0.01 vs. FGF23 treatment.

Fig. 4. Schematic representation of the mechanisms underlying the association between FGF23 and endothelial function
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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 
HCAEC10). 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 evidence8, 10) 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 20). 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 subjects21), 
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-κB signaling in HUVECs is activated by 
FGF23. NF-κB is a protein formed by a dimeric 
transcription factor family, which regulates the 
expression of inflammatory factors and apoptosis or 
survival of cells22). We supported a novel hypothesis 
that activation of the NF-κB 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 in vivo 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-κB 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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associated with future cardiovascular events in patients 
with CAD17). 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 dysfunction18). 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 HUVECs, thereby mediating 
endothelial injury, as characterized by promoting 
HUVECs apoptosis and attenuating the migration of 
HUVECs. 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 endothelium7). 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 Fgfr1 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 Col4a3−/− mice. The Col4a3−/− 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 littermates. Results in the Col4a3−/− mice model 
suggested that high FGF23 serum levels cause 
endothelial dysfunction by decreasing NO 
bioavailability and increasing superoxide8). 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 FGF2319). 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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Supplementary Fig. 1.  Treatment with FGF23 in HUVECs at different concentrations and for different times
(A) Relative numbers of HUVECs after FGF23 treatment at different concentrations were calculated by CCK-8 assay (n=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 (n=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.

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

F, forward; R, reverse.
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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-κB 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 (n=3). (C) Representative results of scratches on HUVECs cells pretreated with or without BAY11-7082. 
(D)Quantitative analysis of healing rate of scratch area (n=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. #P＜0.05, ##P＜0.01 vs. DMSO.

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, n=10; AS mice, n=10; (B and C) Protein levels 
of FGFR1 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, n=10; AS mice, n=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 (n=3). ＊P
＜0.05, ＊＊P＜0.01 vs. control mice or vehicle.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (Japan Color 2001 Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (None)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 350
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 350
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck true
  /PDFX3Check false
  /PDFXCompliantPDFOnly true
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <>
    /CHT <>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF che devono essere conformi o verificati in base a PDF/X-1a:2001, uno standard ISO per lo scambio di contenuto grafico. Per ulteriori informazioni sulla creazione di documenti PDF compatibili con PDF/X-1a, consultare la Guida dell'utente di Acrobat. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 4.0 e versioni successive.)
    /KOR <>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die moeten worden gecontroleerd of moeten voldoen aan PDF/X-1a:2001, een ISO-standaard voor het uitwisselen van grafische gegevens. Raadpleeg de gebruikershandleiding van Acrobat voor meer informatie over het maken van PDF-documenten die compatibel zijn met PDF/X-1a. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 4.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents that are to be checked or must conform to PDF/X-1a:2001, an ISO standard for graphic content exchange.  For more information on creating PDF/X-1a compliant PDF documents, please refer to the Acrobat User Guide.  Created PDF documents can be opened with Acrobat and Adobe Reader 4.0 and later.)
    /JPN <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /HighResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.000 842.000]
>> setpagedevice


