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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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