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Abstract. Uric acid (UA) is the final oxidation product of 
purine metabolism. Hyperuricemia has been previously 
reported to contribute to vascular endothelial dysfunction 
and the development of cardiovascular diseases, metabolic 
syndrome and chronic kidney diseases. In addition, it has 
been reported that fibroblast growth factor 21 (FGF21) can 
exert regulatory effects on UA‑induced lipid accumula‑
tion. Therefore, the present study aimed to investigate the 
possible role of FGF21 in HUVEC cell injury induced by 
UA. The study used UA to induce HUVEC cell injury, 
inhibited sirtuin 1 (Sirt1) expression using EX527 and 
overexpressed FGF21 by transfection. Subsequently, reverse 
transcription‑quantitative PCR was performed to measure the 
mRNA expression levels of FGF21, Sirt1 and inflammatory 
cytokines TNF‑α, IL‑1β and IL‑6, whereas western blotting 
was performed to measure their corresponding protein expres‑
sion levels including FGF21, Sirt1, NLR family pyrin domain 
containing 3, pro‑caspase1, apoptosis‑associated speck‑like 
protein containing a CARD, activating transcription factor 4, 
C/EBP homologous protein and eukaryotic initiation factor 2. 
Furthermore, dichloro‑dihydro‑fluorescein diacetate staining 
was performed to measure intracellular reactive oxygen 
species (ROS) generation in HUVECs. The levels of ROS 
and nitric oxide were also quantified using commercial assay 
kits. The results demonstrated that overexpression of FGF21 
significantly inhibited UA treatment‑induced endoplasmic 
reticulum (ER) stress, inflammation and oxidative stress in 
HUVECs. Furthermore, overexpression of FGF21 signifi‑
cantly activated Sirt1. The sirt1 inhibitor, EX527, significantly 
abrogated the suppressive effects of FGF21 overexpression on 

ER stress, inflammation and oxidative stress in UA‑stimulated 
HUVECs. To conclude, results of the present study suggested 
that FGF21 may attenuate UA‑induced ER stress, inflamma‑
tion and vascular endothelial cell dysfunction by activating 
Sirt1. Therefore, FGF21 may be a potential effective target for 
the future treatment of vascular endothelial cell dysfunction.

Introduction

Uric acid (UA) is the final oxidation product of purine 
metabolism (1). It has been reported that high levels of UA 
in the serum are closely associated with the development 
of gout and kidney stones (2). UA crystallization triggers 
robust inflammation and immune activation, which serves 
an important role in the development of numerous diseases, 
including hypertension, atherosclerosis and diabetes (3,4). 
Increasing epidemiological evidence suggests that hyperuri‑
cemia is an independent risk factor for the development of 
cardiovascular diseases, metabolic syndrome and chronic 
kidney diseases (5,6). Furthermore, hyperuricemia contributes 
to vascular endothelial dysfunction and the development of 
hypertension (7). High serum UA levels have been observed in 
hypertensive adolescents, where UA reduction can be used to 
treat hypertension (8). Therefore, it is important to determine 
the role of UA in vascular endothelial cells.

Fibroblast growth factor (FGF) 21 (FGF21) is a hormone‑like 
member of the FGF family that can regulate energy homeo‑
stasis, systemic glucose and lipid metabolism (9,10). FGF21 
has been reported to alleviate HUVEC apoptosis by inhibiting 
the Fas signaling pathway, which ameliorates atherosclerosis 
in apoE‑/‑mice (11). Furthermore, FGF21 has been found to 
alleviate oxidized low‑density lipoprotein (ox‑LDL)‑induced 
HUVEC pyroptosis through the tet methylcytosine dioxy‑
genase (TET2)/ubiquinol cytochrome c reductase core 
protein I (UQCRC1)/reactive oxygen species (ROS) signaling 
pathway (12). Another previous study also demonstrated FGF21 
to protect HUVECs against high glucose‑induced oxidative 
stress and apoptosis by activating the PI3K/AKT/FOXO3a 
signaling pathway (13). However, the role of FGF21 in vascular 
endothelial cell injury induced by UA remains unclear. It has 
previously been reported that FGF21 knockdown can reverse 
the inhibitory effects of the microRNA‑149‑5p inhibitor on 

FGF21 attenuates high uric acid‑induced endoplasmic 
reticulum stress, inflammation and vascular 

endothelial cell dysfunction by activating Sirt1
RONG OUYANG1,  XIAOQIN ZHAO1,  RONGPING ZHANG1,  JING YANG2,  SIYIN LI2  and  DAIHUA DENG2

1Department of Endocrinology, Affiliated Hospital of Nantong University, Nantong, Jiangsu 226001; 
2Department of Rheumatology, Mianyang Central Hospital, Mianyang, Sichuan 621000, P.R. China

Received July 29, 2021;  Accepted October 22, 2021

DOI: 10.3892/mmr.2021.12551

Correspondence to: Dr Daihua Deng, Department of 
Rheumatology, Mianyang Central Hospital, 12 Changjia Lane, 
Mianyang, Sichuan 621000, P.R. China
E‑mail: dengdaihua06@163.com

Key words: uric acid, hyperuricemia, fibroblast growth factor 21, 
sirtuin 1



OUYANG et al:  ROLE OF FGF21 IN VASCULAR ENDOTHELIAL CELL DYSFUNCTION2

lipid accumulation induced by high UA levels (14). Therefore, 
the present study aimed to investigate the role of FGF21 in 
vascular endothelial cell injury induced by UA.

In the present study, HUVECs were induced using 
different concentrations of UA to establish a vascular endo‑
thelial cell injury model in vitro, which was then applied to 
investigate the role of FGF21 in vascular endothelial cell 
injury induced by UA.

Materials and methods

Cell culture and treatment. The human umbilical vein endo‑
thelial HUVEC‑C cell line (CRL‑1730) was purchased from 
the American Type Culture Collection and maintained in 
DMEM (Gibco; Thermo Fisher Scientific, Inc.) supplemented 
with 10% fetal bovine serum (Gibco; Thermo Fisher Scientific, 
Inc.) and 1% penicillin/streptomycin (Invitrogen; Thermo 
Fisher Scientific, Inc.). Cells were maintained at 37˚C in a 
humidified atmosphere containing 5% CO2. HUVECs were 
stimulated with 6, 9 and 12 mg/dl concentrations of UA (cat. 
no. U2625; Sigma‑Aldrich; Merck KGaA) for 24 h at room 
temperature. Sirtuin 1 (sirt1) expression was inhibited by 
EX527 (10 µM; Beyotime Institute of Biotechnology) (15). 
Untreated cells were used as the control group.

Cell transfection. For transfection, the FGF21 overexpression 
plasmid (Ov‑FGF21; 10 nM) and the control empty vector 
(Ov‑ NC; 10 nM) were purchased from Shanghai GenePharma 
Co., Ltd. Subsequently, Ov‑FGF21 or Ov‑NC, were trans‑
fected into cells (2x106 cells/well) for 48 h at 37˚C using 
Lipofectamine® 2000 reagent (Invitrogen; Thermo Fisher 
Scientific, Inc.) according to the manufacturer's instructions. 
HUVECs were used for subsequent experimentation 48 h 
post‑transfection and reverse transcription (RT)‑quantitative 
(q)PCR analysis was performed to confirm transfection effi‑
ciency. In addition, cells were co‑treated with EX527. After 
transfection for 48 h, cells were then exposed to UA for 24 h.

RT‑qPCR. Total RNA was extracted from HUVECs using 
TRIzol® (Thermo Fisher Scientific, Inc.) following the manu‑
facturer's instructions. RT was performed using the PrimeScript 
RT reagent kit (Takara Bio, Inc.) according to the manufac‑
turer's instructions. For RT the following temperature protocol 
was used; 15 min at 42˚C; followed by 5 min at 98˚C. The 
reaction volume was 20 µl. qPCR was performed using the 
SYBR® Green Quantitative RT‑qPCR Kit (cat. no. QR0100; 
Sigma‑Aldrich; Merck KGaA). The following thermocycling 
conditions were used for the qPCR: Initial denaturation at 
95˚C for 30 sec; followed by 40 cycles at 95˚C for 5 sec and 
60˚C for 30 sec. The reaction volume was 25 µl. The mRNA 
expression levels of FGF21, sirt1, tumor necrosis factor α 
(TNF‑α), interleukin‑1β (IL‑1β) and interleukin‑6 (IL‑6) 
were quantified using the 2‑ΔΔCq method (16) and normalized 
to the internal reference gene, GAPDH. Primer sequences 
were synthesized by Shanghai GenePharma Co., Ltd. and are 
displayed in Table I.

Western blotting. Total protein was extracted from HUVECs 
using the RIPA lysis buffer (cat. no. P0013C; Beyotime Institute 
of Biotechnology) and protein concentration was determined 

using a BCA Protein Assay Kit (cat. no. P0012A; Beyotime 
Institute of Biotechnology). Total protein (30 µg/lane) was 
separated via SDS‑PAGE on a 10% gel (Beyotime Institute of 
Biotechnology) and transferred onto PVDF membranes (EMD 
Millipore). The membranes were blocked with 5% skimmed 
milk for 2 h at room temperature, followed by overnight incuba‑
tion at 4˚C with primary antibodies. Following incubation with 
the primary antibody and washing with TBST (0.1% Tween‑20; 
10 min at room temperature), the membranes were incubated 
with a goat HRP‑conjugated anti‑rabbit secondary antibody 
(1:5,000; cat. no. S0001; Affinity Biosciences) for 2 h at room 
temperature. Protein bands were visualized using an ECL 
Kit (Beyotime Institute of Biotechnology). Protein expression 
levels were semi‑quantified using Image‑Pro Plus software 
version 6.0 (Media Cybernetics, Inc.; Roper Technologies, 
Inc.). The primary antibodies used were as follows: FGF21 
(1:1,000; cat no. ab64857; Abcam), sirt1 (1:2,000; cat. 
no. ab12193; Abcam), activating transcription factor 4 (ATF4; 
1:500; cat. no. ab216839; Abcam), NLR family pyrin domain 
containing 3 (NLRP3; 1:500; cat. no. ab214185; Abcam), 
pro‑caspase 1 (1:1,000; cat. no. ab179515; Abcam), apop‑
tosis‑associated speck‑like protein containing a CARD (ASC; 
1:1,000; cat. no. ab70627; Abcam), phosphorylated (p)‑AKT 
(1:500; cat. no. ab38449; Abcam), AKT (1:500; cat. no. ab8805; 
Abcam), p‑endothelial nitric oxide synthase (p‑eNOS; 1:500; 
cat. no. ab184154; Abcam), eNOS (1:1,000; cat. no. ab5589; 
Abcam), GAPDH (1:2,500; cat. no. ab9485; Abcam), C/EBP 
homologous protein (CHOP; 1:1,000; cat. no. DF6025; Affinity 
Biosciences), p‑eukaryotic initiation factor 2 (p‑eIF2A; 1:500; 
cat. no. AF7188; Affinity Biosciences) and eIF2A (1:1,000; cat. 
no. AF6087; Affinity Biosciences).

Assessment of ROS and nitric oxide (NO) levels. Intracellular 
ROS generation was quantified as previously described (17). 
HUVECs were inoculated in six‑well plates (5x105 cells/well) 
and incubated with 10 µM dichloro‑dihydro‑fluorescein 
diacetate (DCFH‑DA; Sigma‑Aldrich; Merck KGaA) at 37˚C 

Table I. Sequences of primers used for reverse transcrip‑
tion‑quantitative PCR.

Gene Sequence (5'→3')

FGF21 F: CTGTGGGTTTCTGTGCTGG
 R: CCGGCTTCAAGGCTTTCAG
SIRT1 F: AAGTTGACTGTGAAGCTGTACG
 R: TGCTACTGGTCTTACTTTGAGGG
TNF‑α F: TCTCGAACCCCGAGTGACAA
 R: TATCTCTCAGCTCCACACCCA
IL‑1β F: GGCCCTAAACAGATGAAGTG
 R: GTAGTGGTGGTCGGAGATTC
IL‑6 F: CCTTCTCCACAAGCGCCTTC
 R: GGCAAGTCTCCTCATTGAATC
GAPDH F: GGAGCGAGATCCCTCCAAAAT
 R: GGCTGTTGTCATACTTCTCATGG

FGF21, fibroblast growth factor 21; SIRT1, sirtuin 1; F, forward; 
R, reverse.
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for 30 min in the dark. In the presence of ROS, DCFH‑DA 
is oxidized and produces fluorescence (18). Cells were 
washed three times with pre‑cooled PBS and ROS levels 
were determined using a fluorescence microscope (magni‑
fication, x200), with excitation and emission wavelengths of 
485 and 520 nm, respectively. ROS levels were also quantified 
using a Fluorometric Intracellular ROS Kit (cat. no. MAK143; 
Sigma‑Aldrich; Merck KGaA), according to the manufacturer's 
protocols.

NO levels were quantified using a NO Assay Kit (cat. 
no. A012‑1‑2; Nanjing Jiancheng Bioengineering Institute.). 
According to the manufacturer's protocols, the mixed reagents 
were added sequentially to the samples. After standing at 

room temperature for 40 min, the samples were centrifuged at 
1,000 x g at 4˚C for 10 min. The supernatant was removed and 
color developer was added. After 10 min at room temperature, 
the absorbance was detected at 550 nm using a microplate 
reader (Bio‑Rad Laboratories, Inc.).

Statistical analysis. Statistical analysis was performed using 
GraphPad Prism 8.0 software (GraphPad Software, Inc.). Data 
are presented as the mean ± standard deviation of ≥ three inde‑
pendent experiments. One‑way ANOVA was used to compare 
differences between three or more groups followed by Tukey's 
post hoc test. P<0.05 was considered to indicate a statistically 
significant difference.

Figure 1. High UA levels inhibits FGF21 and Sirt1 expression levels and promotes endoplasmic reticulum stress in HUVECs. (A) mRNA expression levels 
of FGF21 and Sirt1 were determined using reverse transcription‑quantitative PCR. (B) Protein expression levels of FGF21 and Sirt1 were determined using 
western blotting. (C) Protein levels of ATF4, CHOP and p‑eIF2A/eIF2A were determined using western blotting. *P<0.05, **P<0.01 and ***P<0.001 vs. 0 mg/dl 
UA control group. FGF21, fibroblast growth factor 21; UA, uric acid; Sirt1, sirtuin 1; CHOP, eIF2A, eukaryotic initiation factor 2; ATF4, activating transcription 
factor 4; p‑, phosphorylated.
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Results

High UA inhibits FGF21 and Sirt1 expression levels and 
promotes endoplasmic reticulum (ER) stress in HUVECs. The 
mRNA and protein expression levels of FGF21 and sirt1 in 
UA‑stimulated HUVECs were determined via RT‑qPCR and 
western blotting, respectively. As presented in Fig. 1A and B, 
the mRNA and protein expression levels of FGF21 and sirt1 
were significantly decreased following UA stimulation in a 
dose‑dependent manner compared with those in the 0 mg/dl 
UA group (control group). Furthermore, the protein expres‑
sion levels of ER stress‑associated proteins ATF4, CHOP 
and the p‑eIF2A/eIF2A ratio were also semi‑quantified using 
western blotting. As shown in Fig. 1C, the protein expression 
levels of ATF4, CHOP and eIF2A phosphorylation were all 
significantly increased in UA‑stimulated HUVECs, in a 
dose‑dependent manner compared with those in the 0 mg/dl 
UA group. Furthermore, when the concentration of UA was 
12 mg/dl, the highest difference was observed compared with 

that in the 0 mg/dl UA group. Therefore, 12 mg/dl UA was 
selected for subsequent experimentation. These results suggest 
that the expression levels of FGF21 and sirt1 may be closely 
associated with the progression of UA‑induced vascular 
endothelial cell injury.

Overexpression of FGF21 activates sirt1 and suppresses ER 
stress in HUVECs. FGF21 was overexpressed via transfection 
of HUVEC with the Ov‑FGF21 plasmid. RT‑qPCR analysis 
demonstrated that the Ov‑FGF21 plasmid was successfully 
transfected into HUVECs, since the Ov‑FGF21 plasmid trans‑
fection significantly increased FGF21 expression compared 
with that in HUVECs transfected with Ov‑NC (Fig. 2A). 
FGF21 was significantly upregulated in the UA + Ov‑FGF21 
group compared with that in the UA + Ov‑NC group, indicating 
that the Ov‑FGF21 plasmid was also successfully transfected 
into UA‑induced HUVECs (Fig. 2B and C). Subsequently, 
Sirt1 mRNA and protein expression levels in the transfected 
cells were measured (Fig. 2D and E). Compared with those 

Figure 2. Overexpression of FGF21 induces Sirt1 activation and suppresses endoplasmic reticulum stress in HUVECs. (A) FGF21 mRNA expression levels 
were determined using RT‑qPCR. (B) Western blotting was performed to measure FGF21 protein expression levels. (C) RT‑qPCR was performed to detect 
FGF21 mRNA expression levels. (D) Western blotting was performed to detect Sirt1 protein expression levels. (E) RT‑qPCR was performed to detect Sirt1 
mRNA expression levels. (F) Western blotting analysis was performed to detect the protein levels of ATF4, CHOP, p‑eIF2A and eIF2A. ***P<0.001 vs. control; 
##P<0.01 and ###P<0.001 vs. UA + Ov‑NC. UA, uric acid; FGF21, fibroblast growth factor 21; Sirt1, sirtuin 1; RT‑qPCR, reverse transcription‑quantitative PCR; 
ATF4, activating transcription factor 4; eIF2A, eukaryotic initiation factor 2; p‑, phosphorylated; NC, negative control; Ov, overexpressed.
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in the UA + Ov‑NC group, overexpression of FGF21 was 
demonstrated to significantly increase sirt1 mRNA and 
protein expression levels. The protein expression levels of 
ATF4, CHOP and eIF2A phosphorylation were significantly 
decreased in the UA + Ov‑FGF21 group compared with those 
in the UA + Ov‑NC group (Fig. 2F). Collectively, these results 
suggest that FGF21 may activate sirt1 and inhibit ER stress.

Overexpression of FGF21 attenuates ER stress and the 
inflammatory response in high UA‑induced HUVECs by 
activating sirt1. EX527 was used as a sirt1 inhibitor for subse‑
quent experiments. As presented in Fig. 3, the protein expression 
levels of ATF4, CHOP and eIF2A phosphorylation in HUVECs 
were significantly higher in the UA + Ov‑FGF21 + EX527 
group compared with those in the UA + Ov‑FGF21 group. 
These results suggest that EX527 may reverse the suppressive 
effects of FGF21 overexpression on ER stress in HUVECs.

The mRNA expression levels of TNFα, IL‑1β and IL‑6 
were next detected by RT‑qPCR analysis. As presented in 
Fig. 4A, UA stimulation significantly promoted the expression 
of inflammatory cytokines TNFα, IL‑1β and IL‑6, compared 
with that in the control group. Following FGF21 overexpres‑
sion, the mRNA expression levels of these inflammatory 
cytokines were significantly suppressed compared with those 
in the UA + Ov‑NC group. However, after EX527 was added, 
this suppression of inflammatory cytokine mRNA expression 
levels by FGF21 was significantly reversed compared with that 
in the UA + Ov‑FGF21 group. The protein expression levels 
of NLRP3, pro‑caspase 1 and ASC, which are inflamma‑
some proteins, were measured using western blotting (19). As 
presented in Fig. 4B, the protein expression levels of NLRP3, 
pro‑caspase 1 and ASC were significantly increased following 
UA stimulation compared with those in the control group. By 
contrast, compared with those in the UA + Ov‑NC group their 

Figure 3. Overexpression of FGF21 attenuates endoplasmic reticulum stress in high UA‑induced HUVECs by activating Sirtuin 1. Western blotting was 
performed to detect the protein levels of ATF4, CHOP, p‑eIF2A and eIF2A. ***P<0.001 vs. control. ###P<0.001 vs. UA + Ov‑NC; $$$P<0.001 vs. UA + 
Ov‑FGF21. FGF21, fibroblast growth factor 21; UA, uric acid; ATF4, activating transcription factor 4; eIF2A, eukaryotic initiation factor 2; Ov, overexpressed; 
p‑, phosphorylated; NC, negative control.
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protein expression levels were significantly inhibited following 
the overexpression of FGF21. Furthermore, EX527 signifi‑
cantly reversed the inhibitory effects of FGF21 on the protein 
expression levels of NLRP3, pro‑caspase 1 and ASC compared 
with those in the UA + Ov‑FGF21 group. These results suggest 
that the overexpression of FGF21 may attenuate ER stress 
and inflammatory injury in high UA‑induced HUVECs by 
activating Sirt1.

Overexpression of FGF21 attenuates oxidative stress and 
vascular endothelial cell dysfunction in high UA‑induced 
HUVECs by activating Sirt1. The levels of ROS and NO in 
HUVECs were measured. Results from DCFH‑DA staining 
and commercial assay kits demonstrated that UA stimulation 
significantly promoted ROS generation compared with that 

in the control group. Furthermore, overexpression of FGF21 
significantly inhibited ROS generation in UA‑stimulated 
HUVECs compared with that in the UA + Ov‑NC group, 
whereas the sirt1 inhibitor EX527 significantly reversed this 
effect compared with that in the UA + Ov‑FGF21 group 
(Fig. 5A and B). Collectively, these results suggest that FGF21 
can potentially inhibit ROS production by activating Sirt1.

As shown in Fig. 6A, NO levels were significantly decreased 
following UA stimulation compared with those in the control 
group. However, NO levels were significantly increased following 
the overexpression of FGF21 compared with those in the UA + 
Ov‑NC group. Furthermore, treatment with the Sirt1 inhibitor 
EX527 significantly attenuated NO levels following the overex‑
pression of FGF21 compared with those in the UA + Ov‑FGF21 
group. In addition, UA stimulation significantly decreased the 

Figure 4. Overexpression of FGF21 attenuates the inflammatory response in high UA‑induced HUVECs by activating Sirtuin 1. (A) Reverse transcription‑
quantitative PCR analysis was performed to detect the mRNA expression levels of TNF‑α, IL‑1β and IL‑6. (B) Western blotting was performed to detect the 
protein expression levels of NLRP3, pro‑caspase 1 and ASC. ***P<0.001 vs. control; ###P<0.001 vs. UA + Ov‑NC; $$P<0.01 and $$$P<0.001 vs. UA + Ov‑FGF21. 
FGF21, fibroblast growth factor 21; UA, uric acid; NLPR3, NLR family pyrin domain containing 3; ASC, apoptosis‑associated speck‑like protein containing 
a CARD; Ov, overexpressed; NC, negative control.
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Figure 5. Overexpression of FGF21 attenuates oxidative stress in high UA‑induced HUVECs by activating sirtuin 1. (A) ROS production was assessed via 
dichloro‑dihydro‑fluorescein diacetate staining (magnification, x200). (B) ROS levels were quantified using a ROS assay kit. ***P<0.001 vs. control; ###P<0.001 
vs. UA + Ov‑NC; $$$P<0.001 vs. UA + Ov‑FGF21. FGF21, fibroblast growth factor 21; UA, uric acid; ROS, reactive oxygen species; Ov, overexpressed; 
NC, negative control.

Figure 6. Overexpression of FGF21 attenuates vascular endothelial cell dysfunction in high UA‑induced HUVECs by activating Sirtuin 1. (A) NO levels were 
quantified using a NO assay kit. (B) Western blotting was performed to detect the protein levels of p‑AKT, AKT, p‑eNOS and eNOS. (C) Semi‑quantification 
of p‑AKT/AKT and p‑eNOS/eNOS ratios. ***P<0.001 vs. control; ###P<0.001 vs. UA + Ov‑NC; $P<0.05, $$P<0.01 and $$$P<0.001 vs. UA + Ov‑FGF21. FGF21, 
fibroblast growth factor 21; UA, uric acid; NO, nitric oxide; eNOS, endothelial NO synthase; Ov, overexpressed; NC, negative control; p‑, phosphorylated.



OUYANG et al:  ROLE OF FGF21 IN VASCULAR ENDOTHELIAL CELL DYSFUNCTION8

ratios of p‑AKT/AKT and p‑eNOS/eNOS compared with those 
in the control group. These effects were significantly reversed 
following overexpression of FGF21 compared with those in 
the UA + Ov‑NC group, which were partially but significantly 
reversed by the Sirt1 inhibitor EX527 compared with those in the 
UA + Ov‑FGF21 group (Fig. 6B and C). These results suggest 
that EX527 may reverse the suppressive effects of FGF21 over‑
expression on vascular endothelial cell dysfunction. Therefore, 
overexpression of FGF21 may attenuate oxidative stress and 
vascular endothelial cell dysfunction in high UA‑induced 
HUVECs by activating Sirt1.

Discussion

Hyperuricemia occurs when UA levels are elevated in the 
blood, increasing the risk of gout and nephrolithiasis (20). 
Hyperuricemia is considered a risk factor for a number of 
disorders, including diabetes mellitus, cardiovascular diseases 
and metabolic syndrome (21). Accumulating evidence suggests 
that UA can cause endothelial injury and dysfunction, though 
the mechanism remain unclear (22,23). Apoptosis induced by 
ox‑LDL in vascular endothelial cells is an important process 
in the progression of atherosclerosis (11). FGF21 has been 
reported to be closely associated with metabolic dysfunction, 
including the development of vascular calcification and athero‑
sclerotic disease (24‑26). In the present study, UA stimulation 
was found to significantly decrease FGF21 mRNA and protein 
expression, suggesting a potential association between FGF21 
and UA‑induced vascular endothelial cell injury. Therefore, 
the present study aimed to investigate the role of FGF21 in a 
vascular endothelial cell injury model induced by UA.

Activation of ER stress, which frequently occurs using 
diabetes and metabolic syndrome, can cause endothelial 
dysfunction (27). The eIF2A/ATF4/CHOP signaling pathway 
serves an important role in regulating ER stress (28). The 
results of the present study demonstrated that UA stimulation 
significantly activated ER stress. Notably, overexpression of 
FGF21 suppressed the activation of ER stress in UA‑stimulated 
HUVECs, which suggested that FGF21 may exert protec‑
tive effects on HUVECs against ER stress. To investigate 
the detailed mechanism underlying the role of FGF21 in 
UA‑stimulated cells, a series of in vitro experiments were 
performed.

A previous study reported that FGF21 can protect against 
angiotensin II‑induced cardiac hypertrophy and dysfunction 
in a Sirt1‑dependent manner (29). Furthermore, FGF21 has 
been found to promote the formation of aerobic myofibers 
through the Sirt1‑mediated signaling pathway (30). Results of 
the present study demonstrated that Sirt1 mRNA and protein 
expression were significantly decreased following UA stimula‑
tion. However, overexpression of FGF21 significantly increased 
Sirt1 expression. Therefore, the Sirt1 inhibitor, EX527, was 
used to determine whether Sirt1 was a downstream molecule 
of FGF21. The results of the present study demonstrated that 
EX527 significantly reversed the suppressive effects of FGF21 
overexpression on ER stress in UA‑stimulated HUVECs. 
ER stress can activate the NLRP3 inflammasome to induce 
inflammatory responses and oxidative stress (31). However, 
FGF21 can ameliorate atherosclerosis by inhibiting NLRP3 
inflammasome‑related cell pyroptosis and ER stress in 

vascular endothelial cells (32). In the present study, overexpres‑
sion of FGF21 significantly decreased the expression levels 
of inflammatory cytokines and components of the NLRP3 
inflammasome, which were partially reversed by the Sirt1 
inhibitor. Taken together, these results suggested that FGF21 
may exert a suppressive effect on ER stress and inflammation 
by activating Sirt1.

Generation of ROS, reduction in eNOS activity and 
therefore decreased NO release are considered to be a promi‑
nent mechanism underlying endothelial injury (22). It has 
been previously reported that NO production is reduced in 
a the high UA‑induced hyperuricemia model (22), which is 
consistent with the results of the present study. The results 
demonstrated that UA stimulation induced oxidative stress 
and vascular endothelial cell dysfunction, as demonstrated 
by the significantly increased ROS production, significant 
decline in NO release and the significant decrease in eNOS 
activity in UA‑stimulated HUVECs in the present study. 
However, these effects were significantly reversed following 
overexpression of FGF21. EX527 significantly abrogated the 
suppressive effects of FGF21 overexpression on oxidative 
stress and vascular endothelial cell dysfunction. These results 
suggest that FGF21 may attenuate UA‑induced ER stress, 
inflammation and vascular endothelial cell dysfunction by 
activating sirt1.

In conclusion, results of the present study suggest that 
FGF21 can attenuate ER stress, inflammatory injury and 
endothelial cell dysfunction caused by high UA by Sirt1 
activation. However, the experimental sirt1 inhibitor, EX527, 
only partially reversed the effects of FGF21, suggesting that 
FGF21 may also act through other signaling pathways, which 
warrants further exploratory studies.
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