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Abstract: In this study, we investigated molecular mechanism underlying the regulation of endothelial nitric oxide 
synthase (eNOS) expression by fibroblast growth factor 21 (FGF21). We analyzed FGF21 and eNOS expression in 
hypertensive and healthy (control) subjects (n=30/group). To evaluate the effects of FGF21 on endothelial cells, we 
transfected FGF21 mimics or FGF21 inhibitor into human umbilical vein endothelial cells (HUVECs). Cell prolifera-
tion was analyzed using the methyl thiazolyl tetrazolium assay, and cell migration and invasion were assessed using 
Transwell assays. In addition, eNOS, PI3K, and AKT mRNA in the HUVECs were evaluated by quantitative reverse 
transcription PCR, and p-eNOS, PI3K, and p-AKT were evaluated by Western blotting. Our results showed increased 
levels of FGF21 mRNA and eNOS mRNA/protein in the blood of hypertensive patients compared with healthy con-
trols. The FGF21 inhibitor inhibited HUVEC growth, migration, and invasion and significantly decreased eNOS, PI3K, 
and AKT mRNA levels and p-eNOS, PI3K, and p-AKT protein levels in HUVECs. Treatment with VEGF and/or over-
expression of eNOS partially restored cell proliferation and p-AKT levels. Taken together, our results indicate that 
FGF21 regulates eNOS through the PI3K/AKT pathway.
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Introduction

Fibroblast growth factor 21 (FGF21) is a mem-
ber of the FGF family of proteins, which carries 
out diverse biological functions through various 
modes of action [1]. FGFs exert mitogenic and 
cell survival activities and are involved in em- 
bryonic development, cell growth, morphogen-
esis, tissue repair, tumor growth, and invasion 
[2, 3]. FGF21 is a secreted factor that is con-
trolled by metabolic pathways such as the per-
oxisome proliferator-activated receptor (PPAR) 
γ [4] and PPARα [5] pathways. The role of FG- 
F21 in cardiovascular disease, diabetes, meta-
bolic disorders, and cancer has been extensive-
ly studied [6-8]. For example, FGF21 has been 
found to inhibit key processes in the pathogen-
esis of atherosclerosis, directly and indirect- 
ly protects against cardiovascular disease [9], 
and appears to act on endothelial cells to pro-

tect against atherosclerosis, improve lipid pro-
files, and decrease systemic inflammation [10]. 

There is increasing evidence that FGF21 regu-
lates the expression of genes involved in cell 
differentiation, such as those in the Ets-like 
protein-1 pathway, thereby promoting the dif- 
ferentiation of cells into a contractile pheno-
type [11]. Tissue-specific metabolic actions of 
FGF21 have been described, including effects 
on insulin sensitivity and lipid metabolism [12]. 
In addition, FGF21 protects the liver against D- 
galactose-induced oxidative stress and apopto-
sis by activating the Nrf2 and phosphoinosit-
ide-3-kinase (PI3K)/AKT pathways [13]. PI3K-
AKT signaling, which plays a crucial role in cell 
growth [14], is activated by many types of stim-
uli and promotes cell survival through the Bcl- 
2 family of proteins [15]. However, most studies 
of FGF21 have been conducted in rodent mod-
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els; therefore, it is important to investigate its 
potential role in human diseases. 

Although much is known about the effects of 
FGF21, the intracellular signaling pathways 
underlying these effects are unclear. A better 
understanding of biological pathways that lead 
to the development of cardiovascular disease 
may help identify new therapeutic targets. Our 
previous work showed that the gene encoding 
endothelial nitric oxide synthase (eNOS), which 
consists of 26 exons and 25 introns (7q35-36), 
is expressed primarily in endothelial cells [16], 
and previous studies have described the func-
tion of eNOS in human umbilical vein endothe-
lial cells (HUVECs) [17, 18]. 

In this study we evaluated the expression of 
FGF21 and eNOS in patients with hypertension. 
In addition, we assessed the effect of FGF21 
on HUVEC proliferation, migration, and invasion 
and eNOS expression and phosphorylation. We 
hypothesized that the effects of FGF21 were 
mediated through the PI3K/AKT signaling pa- 
thway.

Materials and methods

Patients and blood samples

All procedures performed in studies involving 
human participants were in accordance with 
the ethical standards of the institutional and 
national research committees and with the 
1964 Helsinki Declaration and its later ame- 
ndments or comparable ethical standards. In- 
formed consent was obtained from all study 
participants. We recruited 30 hypertensive pa- 
tients from October 2015 and August 2016 at 
the First Affiliated Hospital of Guangxi Medi- 

cal University (Nanning, China). In addition, we 
recruited 30 healthy (control) participants. We 
collected two blood samples for the analysis  
of FGF21 and eNOS mRNA levels. Finally, we 
predicted the target gene. 

ELISA 

We evaluated eNOS protein levels in the blood 
samples by enzyme-linked immunosorbent as- 
say (ELISA). ELISA plates were coated with the 
antigen and washed three times with 200 µl 
wash buffer. After adding 200 µl blocking buf-
fer to the wells, the plates were incubated at 
37°C for 1 h to block nonspecific binding sites. 
The plates were then washed three times with 
200 µl wash buffer. Primary antibodies were 
added to each well, and the plates were incu-
bated at 37°C for 1 h. After washing the plates  
five times with wash buffer, horseradish peroxi-
dase-conjugated secondary antibodies were 
added, and the plates were incubated at 37°C 
for 35 minutes. The plates were then washed 
five times with wash buffer, and absorbance  
at 450 nm was detected.

Cell culture and transfection

HUVEC line was purchased from the Cell Bank 
of Shanghai (Shanghai, China) and cultured in 
Dulbecco’s Modified Eagle’s Medium (DMEM) 
with 10% fetal bovine serum (FBS) and 1% pen-
icillin/streptomycin (all from Thermo Fisher 
Scientific, Waltham, MA, USA). The cells were 
maintained at 37°C in an atmosphere of 5% 
CO2. When the cells reached 80% confluence, 
they were transfected with FGF21 mimics (100 
nM, Sigma-Aldrich, Milan, Italy), FGF21 inhibitor 
(100 nM, Sigma-Aldrich, Milan, Italy), or control 
plasmid (100 nM, Sigma-Aldrich, Milan, Italy) 
using Lipofectamine 3000 (Thermo Fisher 
Scientific) according to the manufacturer’s 
instructions. The cells were incubated in Opti-
MEM (Thermo Fisher Scientific) for 6 h after 
transfection and then maintained in DM- 
EM for 48 to 72 h. Fluorescent images were 
used to monitor transfection efficiency.

Cell proliferation assay

Cell proliferation was evaluated as previously 
described [19]. Briefly, cells stably expressing 
FGF21 mimics, FGF21 inhibitor, or control plas-
mid were seeded in 96-well plates (2×104 cells/
well) in DMEM containing FBS. After a 24-h 

Table 1. Clinicopathologic characteristics of 
the study population

Healthy 
subjects 
(n=30)

Hypertensive 
subjects 
(n=30)

P

Age, years 64.50±6.48 65.23±6.42 >0.05
Male, n (%) 17 (56.7%) 18 (60.0%) >0.05
Smoker, n (%) 8 (26.7%) 10 (33.3%) >0.05
FPG, mmol/L 5.35±1.92 5.18±2.21 >0.05
BMI, kg/m2 24.38±2.15 25.15±3.21 >0.05
Abbreviations: BMI, body mass index; FPG, fasting 
plasma glucose. Results are expressed as n (%) or mean 
± SD.
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incubation, the culture medium was replaced 
with serum-free DMEM, and cell proliferation 
was assessed every 24 h for 7 days by adding 
100 μl 3-(4,5-dimethylthiazol-2-yl)-2,5-diphen-
yltetrazolium bromide (MTT) (5 mg/ml, Sigma-
Aldrich, USA) to each well and incubating at 
37°C for 4 h. The medium was carefully re- 
moved to avoid disrupting the formazan crys-
tals, and 150 μl DMSO was added to solubilize 
the crystals. Absorbance was measured at 570 
nm using a microplate reader (Cell Application, 
San Diego, CA, USA).

Colony formation assay

HUVECs stably expressing FGF21 mimics or 
FGF21 inhibitor were seeded in 6-cm cell cul-

ture plates (1×103 cells/plate). After incubation 
for 15 days, the cells were fixed with methanol 
and stained with 0.1% crystal violet. Visible 
colonies were counted. 

Transwell migration and invasion assays

HUVECs were transfected with 50 nM FGF21 
mimics, FGF21 inhibitor, or control plasmid. To 
evaluate cells migration 24 h after transfection, 
2×105 cells were seeded in the top chamber of 
the Transwell insert containing the non-coated 
membrane. To evaluate cells invasion 24 h 
after transfection, 5×104 cells were seeded in 
the top chamber of the Transwell insert contain- 
ing a membrane coated with Matrigel. In both 
assays, the top chamber contained serum-free 
DMEM, and the bottom chamber contained 
DMEM supplemented with 10% FBS as a che-
moattractant. The plates were incubated for 24 
to 36 h, and cells remaining on the top of the 
membrane were removed by a cotton swab. 
Migration and invasion were assessed using 
the QCMTM 24-Well Colorimetric Cell Migration 
Assay Kit according to the manufacturer’s in- 
structions [20]. Cells on the underside of the 
membrane were counted at ×100 magnifica-
tion in at least three randomly selected fields.

Quantitative reverse transcription-polymerase 
chain reaction 

Total RNA was extracted from cells using TRIzol 
reagent (Invitrogen, USA). Reverse transcrip- 
tion (RT) was performed using the Hairpin-itTM 

Figure 1. Blood levels of FGF21 mRNA and eNOS mRNA 
and protein in hypertensive and healthy subjects. A. Cir-
culating levels of FGF21 mRNA in hypertensive subjects 
(n=30) compared with normal healthy subjects (n=30). 
B. Circulating levels of eNOS mRNA in hypertensive sub-
jects (n=30) compared with normal healthy subjects 
(n=30). C. Circulating levels of eNOS protein in hyperten-
sive subjects (n=30) compared with normal healthy sub-
jects (n=30). H, hypertensive subjects; N, normal con-
trols. Results are expressed as mean ± SD; **P<0.01.

Figure 2. Effect of FGF21 on HUVEC proliferation. 
Proliferation of cells stably transfected with FGF21 
mimics, FGF21 inhibitor, or control vector. Results 
are expressed as mean ± SD; **P<0.01 compared 
with control.
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miRNA qPCR quantification kit (GenePharma, 
China). Quantitative PCR (qPCR) was perform- 

All experiments were performed in triplicate, 
and results are expressed as mean ± standard 

Figure 3. Effect of FGF21 on HUVEC migration and invasion. A, B. Migration 
and invasion of HUVECs transfected with FGF21 mimics, FGF21 inhibitor, or 
control vector, as assessed by Transwell assays. Results are expressed as 
mean ± SD; **P<0.01 compared with control.

Figure 4. Effect of FGF21 on eNOS mRNA level and protein phosphorylation 
in HUVECs. A. Levels of eNOS mRNA in HUVECs transfected with FGF21 mim-
ics, FGF21 inhibitor, or control vector were determined by qRT-PCR. B, C. Lev-
els of p-eNOS were determined by Western blotting. Results are expressed as 
mean ± SD; **P<0.01 compared with control.

ed in triplicate using SY- 
BR Premix Ex Taq (TaKaRa, 
Japan) according to the ma- 
nufacturer’s instructions. The 
relative mRNA levels of FG- 
F21, eNOS, PI3K, and AKT 
were determined using the 
2-ΔΔCT analysis method [21], 
using U6 snRNA as the inter-
nal control.

Western blotting analysis

Western blotting analysis was 
performed as previously de- 
scribed [22]. Total protein was 
extracted from cells using 
lysis buffer and quantified 
using the Bradford method 
(Bio-Rad, USA). Protein was 
quantified using a bicincho-
ninic acid kit, separated by 
12% sodium dodecyl sulfate 
polyacrylamide gel electro-
phoresis, and then transfer- 
red to polyvinylidene difluo-
ride membranes (Invitrogen, 
USA). The membranes were 
incubated with primary anti-
bodies against p-eNOS (1: 
2000), PI3K (1:3000), and 
anti-p-AKT (1:3000) (Cell Sig- 
naling Technology) in 5% non-
fat milk dissolved in Tris buff-
ered saline with Tween 20  
at room temperature for 1 h. 
The membranes were wash- 
ed three times and incub- 
ated with secondary antibod-
ies at room temperature for  
1 h. The membranes were 
developed using enhanced 
chemiluminescence plus re- 
agent and visualized using  
an electrochemiluminescen- 
ce detection system (Invi- 
trogen, USA). Glyceraldehyde 
3-phosphate dehydrogenase 
(GAPDH) was used as a load-
ing control.

Statistical analysis
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deviation (SD). Statistical analyses were per-
formed using SPSS 17.0 software (Chicago, 
USA). Groups were compared by two-tailed 
Student’s t-test, followed by the Bonferroni  
correction for multiple comparisons; P<0.05 
was considered significant.

Results

Blood FGF21 mRNA and eNOS mRNA/protein 
levels are upregulated in hypertensive patients

The demographic characteristics of the 30 hy- 
pertensive patients and 30 healthy subjects in 
this study did not differ significantly (Table 1). 
We evaluated the expression of FGF21 and 
eNOS in the study participants by analyzing 
blood levels of mRNA and protein. Compared to 
healthy subjects, hypertensive patients show- 
ed significantly higher levels of FGF21 mRNA 
(0.35±0.02 vs. 0.05±0.04; P<0.01) and eNOS 
mRNA (1.32±0.067 vs. 0.324±0.095; P<0.01) 
(Figure 1A and 1B). Similarly, eNOS protein lev-
els were significantly higher in hypertensive pa- 
tients than in healthy subjects (1.23±0.13 vs. 
0.365±0.032; P<0.01) (Figure 1C).

FGF21 decreases cell proliferation in vitro

To determine the effects of FGF21 on cell pro- 
liferation, HUVECs stably expressing FGF21 
mimics or inhibitor were cultured in serum- 
free medium and counted daily. From day 1 to 
day 3, cell numbers did not differ significantly 
between treatment groups; however, from day 
4 to day 7, cell proliferation was significantly 
higher in the FGF21 mimics group than in the 
control and FGF21 inhibitor groups (P<0.01; 
Figure 2). In addition, cell proliferation was sig-
nificantly lower in the FGF21 inhibitor group 
than in the control group during that period 
(P<0.01). These results suggest that FGF21 
stimulates the proliferation of HUVECs.

FGF21 inhibitor decreases HUVEC migration 
and invasion in vitro

We then assessed the effects of FGF21 on  
cell migration and invasion using cells stably 
expressing FGF21 mimics or inhibitor. The re- 
sults of Transwell assay showed that migration 
and invasion were significant decreased in cells 
expressing FGF21 inhibitor compared with con-
trols (Figure 3) and significantly higher in cells 
expressing FGF21 mimics compared with con-

trols. These results suggest that FGF21 plays a 
role in cell migration and invasion.

FGF21 inhibitor decreases eNOS expression 
and phosphorylation in HUVECs

The effects of FGF21 on eNOS expression and 
phosphorylation were evaluated by qRT-PCR 
and Western blotting in cells stably expressing 
FGF21 mimics or inhibitor. Compared with the 
controls, eNOS mRNA levels were significantly 
decreased in cells expressing FGF21 inhibitor 
and significantly increased in cells expressing 
FGF21 mimics (P<0.01; Figure 4A). Similar 
results were observed for p-eNOS levels (P< 
0.01; Figure 4B and 4C). These results suggest 
that FGF21 increases eNOS mRNA levels and 
phosphorylated protein levels in HUVECs.

FGF21 inhibitor decreases PI3K/AKT mRNA 
levels and PI3K/p-AKT protein levels in 
HUVECs

Recent evidence suggests the involvement of 
the PI3K/AKT pathway in various malignancies 
[23-25]. To investigate whether PI3K/AKT sig-
naling is involved in the effects of FGF21 in 
endothelial cells, we evaluated PI3K and AKT in 
HUVECs stably expressing FGF21 mimics or 
inhibitor. Our results showed that PI3K mRNA 
and protein levels were significantly decreased 
in cells expressing FGF21 inhibitor and incre- 
ased in cells expressing FGF21 mimics com-
pared with controls (P<0.01; Figure 5). Similarly, 
AKT mRNA levels were significantly lower in 
cells expressing FGF21 inhibitor than in con-
trols and increased in cells expressing FGF21 
mimics (P<0.01; Figure 6A). In addition, levels 
of p-AKT (Ser473) were significantly decreased 
in cells expressing FGF21 inhibitor and incre- 
ased in cells expressing FGF21 mimics com-
pared with controls (P<0.01; Figure 6B and  
6C). These results suggest that FGF21 inhibi- 
tor attenuates PI3K/AKT signaling in HUVECs.

VEGF and eNOS partially rescue the effects of 
FGF21 inhibition on HUVEC proliferation 

We previously reported that vascular endothe-
lial growth factor (VEGF) plays an important 
role in regulating eNOS expression and HUVEC 
proliferation [17, 18]. To investigate whether 
eNOS is involved in the effects of FGF21 on 
HUVEC proliferation, we transfected HUVECs 
with FGF21 inhibitor with or without eNOS and 
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then treated the cells with VEGF. Results of  
the MTT assay showed that VEGF significantly 
increased proliferation in cells stably express-
ing FGF21 inhibitor (P<0.01; Figure 7). Proli- 
feration of cells transfected with both FGF21 
inhibitor and eNOS was higher than that of  
cells transfected with FGF21 inhibitor alone 
(P<0.01), and VEGF treatment further increa- 
sed proliferation in cells cotransfected with 
FGF21 inhibitor and eNOS (P<0.01). These re- 
sults support the involvement of eNOS in the 

in the liver [4, 26]. A recent study reported that 
FGF21 is associated with type 2 diabetes and 
cardiovascular disease [27, 28]. However, no 
published studies have evaluated circulating 
levels of FGF21 in patients with hypertension. 
In this study, we showed that FGF21 mRNA 
level was significantly elevated in the blood of 
hypertensive patients. Previous studies have 
reported eNOS overexpression in cardiovascu-
lar disease, which may be associated with dis-
ease progression and prognosis [29, 30]. In 

Figure 5. Effect of FGF21 on PI3K expression in HUVECs. A. PI3K mRNA lev-
els in HUVECs transfected with FGF21 mimics, FGF21 inhibitor, or control 
vector were determined by qRT-PCR. B, C. PI3K protein levels were deter-
mined by Western blotting. Results are expressed as mean ± SD; *P<0.01 
compared with control.

Figure 6. Effect of FGF21 on AKT ex-
pression and phosphorylation in HU-
VECs. A. Levels of AKT mRNA in HU-
VECs transfected with FGF21 mimics, 
FGF21 inhibitor, or control vector were 
analyzed by qRT-PCR. B, C. Levels of p-
AKT were determined by Western blot-
ting. Results are expressed as mean ± 
SD; **P<0.01 compared with control.

effects of FGF21 on HUVEC 
proliferation.

VEGF and eNOS partially res-
cue the effects of FGF21 inhi-
bition on AKT expression and 
phosphorylation in HUVECs

To evaluate whether eNOS is 
involved in the effects of 
FGF21 via PI3K/AKT signal-
ing, we transfected HUVECs 
with FGF21 inhibitor with or 
without eNOS and then treat-
ed the cells with VEGF. Our 
results showed that VEGF in- 
creased AKT mRNA levels in 
cells stably expressing the 
FGF21 inhibitor (P<0.05; Fig- 
ure 8), and cotransfection 
with eNOS also increased AKT 
mRNA levels compared with 
FGF21 inhibitor alone. The 
combination of VEGF and 
eNOS further increased AKT 
mRNA levels in cells express-
ing FGF21 inhibitor (P<0.01). 
Similar results were obser- 
ved for p-AKT levels. These 
results suggest that inhibi- 
tion of inhibition of FGF21 
decreases PI3K/AKT signal-
ing, which involves eNOS.

Discussion

Previous studies have des- 
cribed the role of FGF21 in 
metabolic diseases. For ex- 
ample, FGF21 is induced by 
fasting and consumption of a 
ketogenic diet; it also plays a 
key role in fatty acid oxidation 
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this study, we showed that eNOS mRNA and 
protein levels were elevated in the blood of 
hypertensive patients. We previously showed 
that eNOS mRNA levels in endothelial cells 
were decreased by overexpression of a 27-nt 
microRNA, and this effect was reversed by 
VEGF [17, 26]. The main findings of this study 
this study were that (1) inhibition of FGF21 
decreases HUVEC proliferation, migration, and 
invasion; (2) inhibition of FGF21 significantly 
decreases eNOS, PI3K, and AKT mRNA levels 
and p-eNOS, PI3K, and p-AKT protein levels; 
and (3) eNOS overexpression partially restores 
cell proliferation and AKT expression/phos-
phorylation in HUVECs stably expressing an 

at least in part, through the PI3K/AKT 
pathway.
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Figure 7. Effect of FGF21 and eNOS on HUVEC proliferation. Proliferation was 
evaluated in HUVECs stably transfected FGF21 inhibitor alone or in the pres-
ence of VEGF and/or eNOS. Results are expressed mean ± SD; *P<0.05, 
**P<0.01 compared with control.

Figure 8. Effect of FGF21 and eNOS on AKT expression and phosphorylation. 
HUVECs were transfected with FGF21 inhibitor alone or in the presence of 
VEGF and/or eNOS. A. Levels of AKT mRNA were determined by qRT-PCR. 
B, C. Levels of p-AKT were determined by Western blotting. Results are ex-
pressed as mean ± SD; *P<0.05, *P<0.01 compared with control.

FGF21 inhibitor. Taken togeth-
er, our results suggest that 
the effects of FGF21 on eNOS 
expression are mediated by 
the PI3K/AKT pathway. 

This mechanism of gene re- 
gulation by FGF21 has been 
supported by several recent 
studies [31, 32]. In the pres-
ent study, we hypothesized 
that FGF21 regulates eNOS 
through the PI3K/AKT path-
way. Our results showed that 
FGF21 inhibitor substantial- 
ly suppressed eNOS expres-
sion, which was associated 
with decreased levels of PI3K 
and p-AKT. Overexpression of 
eNOS partially restored p-AKT 
level and cell proliferation in 
HUVECs stably expressing an 
FGF21 inhibitor. These find-
ings support the idea that 
eNOS expression is regulated 
by FGF21 via PI3K/AKT sig- 
naling.

The role of eNOS dysfunction 
in hypertension is well under-
stood [33]. Downregulation of 
eNOS expression decreases 
the synthesis and the relea- 
se of nitric oxide, which pro-
motes vasorelaxation. Here 
we showed that FGF21 plays 
an important role in the re- 
gulation of eNOS at both  
the transcriptional and post-
translational levels and acts, 
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