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Abstract: Inflammation and oxidative stress are associated with atherosclerotic progression. Fibroblast growth fac-
tor 21 (FGF21), a regulator of energy metabolism, has been reported to suppress the pathogenesis of atheroscle-
rosis. However, the mechanism of anti-atherosclerotic effects of FGF21 remains unclear and needs to be further 
investigated. Transcription factor NF-E2-related 2 (Nrf2), a sensitive regulator of oxidative stress, is also associated 
with atherosclerotic progression. In this study, we investigated whether up-regulation of FGF21 affected inflamma-
tion and oxidative stress in atherosclerotic rats and whether the Nrf2-signaling pathway was involved in FGF21-
mediated effects. Pathological changes were detected in arterial tissues of rats, and the expression of inflammatory 
and oxidative stress indicators, vascular endothelial markers, and Nrf2-signaling related protein were measured in 
the serum or/and arterial tissues of rats. As a result, expression of FGF21 and Nrf2-ARE signaling related proteins 
were markedly suppressed in arterial tissues of model rats. Thickness of endarteria and infiltrating cells obviously 
increased in atherosclerotic rats, whereas the increase of FGF21 expression could decrease thickness of endarte-
ria. Moreover, the levels of ET-1, MDA, MCP-1, ICAM-1 and VCAM-1 were significantly higher in model rats than that 
in normal rats, whereas the levels of NO, GSH and T-AOC were significantly lower. Compared with model rats, up-reg-
ulation of FGF21 could increase the expression of Nrf2-ARE signaling related proteins and the level of anti-oxidative 
indicators, decrease the levels of endothelial dysfunction, and reduce inflammatory indicators. Down-regulation of 
FGF21 could reverse these actions. Therefore FGF21 reduces inflammation and oxidative stress in atherosclerotic 
rats via Nrf2-ARE signaling pathway.
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Introduction

Atherosclerosis is a common and imperceptible 
chronic cardiovascular disease, which is an 
essential cause of morbidity and mortality in 
coronary heart disease and stroke patients [1]. 
Atherosclerosis is characterized by lipid deposi-
tion and inflammatory cells in large and medi-
um-sized arteries [2, 3]. It is generally believed 
that vascular endothelial dysfunction caused 
by some factors, such as dyslipidemia, is the 
major reason for the beginning of atherosclero-
sis [4] and that subsequent oxidative stress 
and chronic inflammatory reactions aggravate 
this progression [5]. Therefore, it is still the 
focus for researchers to explore how to delay 
progression of atherosclerosis and seek better 

effective methods to treat this disease. At pres-
ent, strategies focusing on anti-oxidative and 
anti-inflammatory aspects are potential means 
in the treatment of atherosclerosis. 

Oxidative stress is one of the most important 
pathogenesis of atherosclerosis. Oxidative 
stress leads to the generation of reactive oxy-
gen species (ROS) and/or downregulation of 
body’s innate anti-oxidant defense systems [6]. 
Subsequently, inflammatory reaction, another 
pathogenesis, may be triggered by ROS and 
reactive nitrogen species (RNS). Nuclear factor 
erythroid 2-related factor 2 (Nrf2) is a transcrip-
tion factor which can activate cellular antioxi-
dant defense mechanism through regulating 
the transcriptional expression of downstream 
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antioxidant genes, such as genes containing 
antioxidant/electrophile response elements 
(ARE/EpRE) [7]. Under normal homeostatic 
conditions, Nrf2 is mainly present in cytoplasm 
and maintains at a basic level by proteasomal 
degradation. However, once faced with stress, 
it can be activated and translocate into the 
nucleus where it exerts transcriptional activity 
[8, 9]. Active-Nrf2 could inhibit activation of 
endothelial cells and expression of pro-inflam-
matory molecules, such as vascular cell adhe-
sion molecule-1 (VCAM-1) both of which con-
tribute to the occurrence of atherosclerosis. A 
growing body of evidence has proven that the 
antioxidant effect of Nrf2 signaling pathway is 
closely associated with development of athero-
sclerosis [10]. Therefore, induction of Nrf2 sig-
naling could be a new valuable therapeutic 
strategy for the treatment and prevention of 
atherosclerosis.

Fibroblast growth factor 21 (FGF21) belongs to 
the fibroblast growth factor (FGF) superfamily 
and acts as an essential regulator of energy 
metabolism. But recent studies showed that 
the function of FGF21 is not limited to the regu-
lation of metabolism but also involved in multi-
ple physiological processes, such as anti-aging, 
anti-atherosclerosis, antioxidant, anti-inflam-
matory progresses [11]. Although it has been 
well characterized the metabolic functions of 
FGF21, the pathophysiological actions in ath-
erosclerosis are still unclear. There is evidence 
to show that exogenous supplementation of 
FGF21 improves dyslipidemia through reducing 
the level of low density lipoprotein and enhanc-
ing the level of high density lipoprotein choles-
terol in mammals with diabetes mellitus [12]. 
FGF21 also decreases ROS accumulation and 
endothelial cell damage induced by H2O2 [11]. 
So whether the FGF21 exhibits anti-oxidant and 
anti-inflammatory effects through the Nrf2 sig-
naling pathway remains unknown. Here, we 
investigated the anti-oxidant and anti-inflam-
matory effects of FGF21 and molecular mecha-
nisms using a rat model of atheroscl- 
erosis.

Materials and methods

Animals 

Thirty-two adult male Wistar rats (Rattus nor-
vegicus), eight weeks of age and weighing from 
180 g to 200 g, were purchased from Hubei 

provincial center for disease control and pre-
vention (Wuhan, China). All animals were 
housed in a pathogen-free environment and 
under controlled conditions (temperature, 22 ± 
2°C and relative humidity 50 ± 2%), with free 
access to water and food, and regular conver-
sion from dark to light for each 12 h. The ani-
mal experimental procedures were performed 
in accordance the requirements of the Ethics of 
Animal Experiments. 

Experimental design and model establishment 
of atherosclerosis

The rats were adaptively fed for one week and 
then randomly divided into four groups (eight 
for each group): normal control group, model 
group, model group with Lv-GFP-overexpression 
FGF21 (Lv-expFGF21 group) and model group 
with Lv-GFP-shFGF21 (Lv-shFGF21 group). 
Except for the rats in normal control group, the 
rest rats in other groups were intraperitoneally 
injected with 600,000 IU/kg of vitamin D3 (VD3) 
(Shanghai general pharmaceutical CO.,LTD., 
China) on the first day and fed daily with high-
lipid diet (formulation: 3% cholesterol, 0.3% 
sodium cholate, 5% egg yolk powder, 0.2% pro-
pylthiourcil, 5% sugar, 10% lard, 15% whole 
milk powder and 61.5% basal diet) for 14 
weeks. During this time, the rats in Lv-expFGF21 
group or Lv-shFGF21 group were infected with 
3×108 transforming unit (TU) of lentivirus parti-
cles with FGF21 overexpression plasmid or 
shRNA interfering plasmid of FGF21 (shFGF21) 
(Han Heng Biotechnology Co., Ltd., Shanghai, 
China) by tail vein injection, respectively. The 
rats in the normal control group were fed with a 
normal basic diet and injected with an equal 
volume of normal saline. After 14 weeks, the 
rats were anesthetized with intraperitoneal 
injection of chloral hydrate and all animals were 
euthanized at the same time of day to avoid cir-
cadian fluctuations.

Preparation of serum and tissue samples

Serum samples were collected to evaluate the 
biochemical indicators. The blood samples 
were placed at 4°C for 1 hour and centrifuged 
at 4000×g for 10 min. Supernatant was then 
collected and stored at -20°C before the detec-
tion. The aorta tissues of rats in the four groups 
were stripped after animals were euthanized. A 
portion of the tissues were frozen at -80°C 
after elimination of residual blood whereas 
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another part of tissues used for mRNA extrac-
tion were placed in 1.5 mL sterile and RNAse-
free centrifuge tubes and stored at -80°C.

Measurement of the levels of oxidant indica-
tors and total antioxidant capacity indicator in 
serum and aorta tissues

The assay kits for the analyses of malondialde-
hyde (MDA), glutathione (GSH) and total antioxi-
dant capacity (T-AOC) were purchased from 
Nanjing Jiancheng Bioengineering Institute 
(Nanjing, China). Both the experimental opera-
tion and analyses were conducted according to 
the manufacturer’s instructions, using a micro-
plate reader (Multiskan MK3, Finnpipette, Fin- 
land). The serum samples were directly used 
for the detection experiments. For tissue sam-
ples, tissue homogenate solution was prepared 
before detection and then supernatant, which 
could be used for directly detection, was col-
lected after high velocity centrifugation. In 
addition, serum nitric oxide (NO) was also eval-
uated according to the manufacturer’s instruc- 
tions.

Determination of inflammatory indicators in 
arterial tissues by ELISA assay kits

Rat intercellular adhesion molecule 1 (ICAM-1), 
monocyte chemotactic protein 1 (MCP-1) and 
vascular cell adhesion molecule (VCAM-1) 
ELISA kits were obtained from Bioswamp 
(Wuhan, China). All tissue samples were pre-
treated to get tissue lysates before the detec-
tion. The concentrations of ICAM-1, MCP-1, and 
VCAM-1 were evaluated using ELISA kits 
according to the manufacturers’ instructions. 
The optical density (OD) value was measured by 
microplate reader at 450 nm and the concen-
tration of each indicator in the samples was 
then determined by comparing the OD value of 
the samples to the standard curve respectively. 
The contents of endothelin 1 (ET-1) in arterial 
tissues were measured using the ELISA kit from 
Bioswamp.

Quantitative real-time PCR (RT-PCR)

Total RNA was extracted from aorta tissue 
using the Trizol reagent (Invitrogen, California, 
USA). Quality testing of the total RNA was then 
performed using agarose gel electrophoresis. 
First-strand cDNA was synthesis according to 
the protocol for the super script II first-strand 

synthesis system (Invitrogen, California, USA) 
and diluted before the use for quantitative 
RT-PCR. Subsequently, quantitative RT-PCR 
was conducted according to the protocol of the 
QuantiFast SYBR Green PCR Kit (Qiagen, 
California, USA). The primer sequences were 
used as follows: Nrf2: F: 5’-ATTCAAGCCG- 
ATTAGAGG-3’, R: 5’-ATTGCTCCTTGGACATCA-3’; 
HO-1: F: 5’-ATGTCCCAGGATTTGTC-3’, R: 5’-CT- 
GCTTGTTTCGCTCT-3’; NQ1: F: 5’-ATGGCGGT- 
GAGAAGAGC-3’, R: 5’-TCCCCTGTGATGTCGTT-3’; 
γGCS: F: 5’-CAAGTGGGGTGACGAGG-3’, R: 5’- 
TTGGGTGGTTGGGGTTT-3’; SOD: F: 5’-GGCT- 
TGGTCCTCTTCC-3’, R: 5’-CCCAGCGGGTTGTA- 
GT-3’; GAPDH: F: 5’-CAAGTTCAACGGCACAG-3’, 
R: 5’-CCAGTAGACTCCACGACAT-3’. Gene expres-
sion was normalized through comparison with 
expression of GAPDH.

Western blot analysis

The total protein in tissue samples were pre-
pared using appropriate amount of RIPA buffer 
(Solarbio Life Sciences, Beijing, China) contain-
ing 1 μM PMSF after grinding and sonication in 
ice. The content of total protein solution was 
then quantified using BCA protein assay kit 
(Beyotime Institute of Biotechnology, Shanghai, 
China) after high speed centrifugation. 30 μg of 
total proteins were separated by SDS-PAGE and 
then the separated proteins were transferred 
and immobilized on the PVDF membranes 
(Millipore, Massachusetts, USA). The membra- 
nes were incubated with dilution of the primary 
antibody anti-Nrf2, anti-HO-1, anti-NQO-1, anti-
γGCS, anti-SOD (Abcam, Cambridge, England) 
and anti-GAPDH (Cell Signaling Technology, 
Danvers, USA) at 4°C overnight after blocked 
with 5% skim milk. The membranes were then 
incubated with HRP-conjugated secondary anti-
body goat anti-rabbit IgG (Bioswamp, Wuhan, 
China) after which they were washed with TBST 
buffer three times. Protein bands were detect-
ed using chemiluminescent substrate reagents 
(Millipore, Massachusetts, USA) and imaged 
using automatic chemiluminescence analyzer 
(Tanon, Shanghai, China).

Hematoxylin-eosin (H&E) staining

The separated aorta tissues were fixed in 4% 
paraformaldehyde for 30 min and then embed-
ded into paraffin blocks by conventional dehy-
dration, transparency, dipping and embedding. 
Sections were sliced for 5 μm from paraffin 
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blocks. These sections were then stained 
according to routine hematoxylin and eosin 

staining protocols. The results were observed 
under optical microscope and photographed.

Figure 1. Expression of FGF21, serum levels of ET-1 and NO, and pathological changes in atherosclerotic rats. The 
expression of FGF21 in arterial tissue of rats in different groups was detected by RT-PCR (A) and Western blot (B). 
Histopathological observation in arterial tissues were performed by H&E staining analysis (C) (at a 200× magnifica-
tion) and quantitatively analyzed for the thickness of the endarterium (D). The serum levels of ET-1 (E) and NO (F) 
were measured using the assay kits according to the manufacturer’s instructions. Data are expressed in the form of 
mean ± SD for three independent experiments. Compared with the control group, **P<0.01, ***P<0.001; compared 
with the model group, ##P<0.01, ###P<0.001.
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Statistical analysis

Statistical analysis was performed with SPSS 
22.0 statistical software. The measurement 
data are expressed in the form of the mean ± 
standard deviation. The data between groups 
were compared by One-way ANOVA with LSD 
multiple comparison test. In all cases, values of 
P<0.05 meant that the differences were statis-
tically significant. 

Results

Overexpression of FGF21 improves endothelial 
dysfunction by affecting the levels of ET-1 and 
NO in atherosclerotic rats

In order to explore how FGF21 exerts anti-ath-
erosclerotic effects, we first verified pathologi-
cal changes and FGF21 expression in arterial 
tissues of normal and model rats and then tried 
to change the expression of FGF21 in arterial 
tissue of model rats via using the lentiviral vec-
tor with FGF21 overexpression plasmid or 
shFGF21 plasmid. The results showed that 
both transcriptional and protein levels of FGF21 
were decreased by more than 50% in athero-
sclerosis rats compared to the normal control 
rats. Compared to the model group, mRNA and 
protein levels of FGF21 were significantly 
increased in the Lv-expFGF21 group and clearly 
decreased in the Lv-shFGF21 group. (Figure 1A 

in Figure 1E, serum level of ET-1 was 1.82 folds 
markedly higher in the model group than that in 
the control group, and overexpression of FGF21 
in the Lv-expFGF21 group could inhibit up-regu-
lation of ET-1 in atherosclerotic rats, whereas 
suppression of FGF21 in the Lv-shFGF21 group 
aggravated accumulation of serum ET-1 (P< 
0.001). Moreover, the serum NO levels were 
opposite with the serum ET-1 levels. The con-
tent of NO in the model rats significantly re- 
duced in model rats. But serum NO levels were 
enhanced when FGF21 expression was up-reg-
ulated and reduced again when the expression 
of FGF21 was suppressed (P<0.001) (Figure 
1F). These results indicate that FGF21 has an 
improvement effect on endothelial dysfunction 
by regulating serum ET-1 and NO levels.

Up-regulation of FGF21 affects inflammatory 
molecular levels in serum and the contents of 
oxidative indicators both in serum and tissue

Inflammatory reaction and oxidative stress are 
two of the key causes during the development 
of atherosclerosis. In atherosclerotic rats the 
serum levels of inflammatory molecules, such 
as MCP-1, ICAM-1, and VCAM-1, are significant-
ly up-regulated compared to that in the control 
group (P<0.001) (Figure 2). Overexpression of 
FGF21 remarkably attenuated the increases of 
serum levels of these inflammatory molecules, 
whereas inhibition of FGF21 reversed these 

Figure 2. Serum levels of pro-inflam-
matory molecules MCP-1, ICAM-1, and 
VCAM-1 in atherosclerotic rats. The lev-
els of MCP-1 (A), ICAM-1 (B) and VCAM-1 
(C) were measured in the serum of rats 
in different groups using assay kit ac-
cording to the manufacturer’s instruc-
tions. Data are expressed in the form 
of mean ± SD (n=8) for three indepen-
dent experiments. Compared with the 
control group, ***P<0.001; compared 
with the model group, ###P<0.001.

and 1B) Furthermore, H&E 
staining analysis showed 
that the thickness of end-
arteria was noticeably in- 
creased and that infiltrat-
ing cells obviously existed 
in arterial tissue of model 
rats, whereas these patho-
logical phenomena weak-
ened after up-regulation of 
FGF21 expression (Figure 
1C and 1D). In contrast, 
down-regulation of FGF21 
expression significantly 
aggravated these patho-
logical changes. Vasocon- 
strictor ET-1 and its syn-
thesis inhibitor NO, also 
known as a vasodilator, 
play important roles in 
endothelial dysfunction in 
atherosclerosis. As shown 
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These results reveal that 
FGF21 enhances anti-oxi-
dative capacity by enhanc-
ing expression of anti-oxi-
dative indicators.

FGF21 promotes expres-
sion of Nrf2-ARE signaling 
pathway-related proteins 
in atherosclerotic rats

Nrf2-ARE signaling path-
way is one of the critical 
antioxidant defense path-
ways. To investigate wheth-
er the Nrf2-ARE signaling 
pathway is involved in the 
FGF21-mediated anti-oxi-
dative effect, we evaluated 
expression of proteins in- 
volved in this pathway. As 
shown in Figure 4, com-
pared to the control group, 
both transcriptional and 
protein expressions of Nrf2 
and its downstream genes, 
such as HO-1, NQO-1, 
γGCS, and SOD, were sig-
nificantly suppressed in 
arterial tissues of athero-
sclerotic rats in the model 
group (P<0.05 for all). Co- 
mpared to the model gro- 
up, up-regulation of FGF21 
could markedly increase 
mRNA and protein expres-
sion of Nrf2 and down-
stream genes (P<0.05 for 

Figure 3. The levels of oxidative and anti-oxidative indicators in serum and ar-
terial tissues of atherosclerotic rats. The levels of MDA (A and B), GSH (C and 
D) and T-AOC (E and F) were measured in serum and arterial tissues of rats in 
different groups using ELISA assay kit according to the manufacturer’s instruc-
tions. Data are expressed in the form of mean ± SD (n=8) for three independent 
experiments. Compared with the control group, ***P<0.001; compared with the 
model group, ###P<0.001.

all), whereas opposite effects occurred when 
the expression of FGF21 was inhibited. Thus, 
these findings demonstrate that FGF21 can 
induce activation of the Nrf2-ARE signaling 
pathway in atherosclerotic rats.

Discussion 

Fibroblast growth factor 21 (FGF21), a member 
of the endocrine FGF subfamily, is predomi-
nantly secreted by the liver but also other tis-
sues [13]. During starvation and longtime fast-
ing, FGF21 is induced mainly by the liver to 
enhance fatty acid oxidation, ketogenesis, and 
gluconeogenesis. Additionally, serum FGF21 
levels are remarkably increased in patients 
with metabolic disorders [14]. FGF21 partici-

effects. These findings imply that FGF21 exerts 
anti-inflammatory effects by decreasing the 
serum inflammatory molecular levels.

In addition, the levels of oxidative product, 
MDA, in serum and arterial tissues was raised 
in the model rats (P<0.001) (Figure 3A and 3B). 
In contrast, the contents of antioxidative indi-
cators, such as GSH and T-AOC, were lower in 
serum and arterial tissues in the model group 
than that in the control group (P<0.001) (Figure 
3C-F). Moreover, the levels of MDA reduced 
and the levels of GSH and T-AOC increased in 
the Lv-expFGF21 group both in serum and tis-
sues, whereas the levels of MDA continued to 
increase and the levels of GSH and T-AOC con-
tinued to minimize in the Lv-shFGF21 group. 
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pates in metabolic regulation and has been 
proven to play important roles in mediating glu-
cose and lipid metabolism through binding to 
the complex receptor between the β-klotho and 
FGF receptors [15]. The mechanisms that 
FGF21 acts as a metabolic regulator include 
interaction between FGF21 and peroxisome 
proliferator-activated receptor gamma coacti-
vator 1 alpha (PGC-1alpha) [16], a key tran-
scriptional regulator of energy homeostasis, 
and activation of PPAR alpha and AKT/GSK-3 
signaling pathways [15, 17]. 

Increasing evidence indicates that FGF21 has 
multiple protective effects. For instance, 
endogenous FGF21 is obviously elevated in 

neurons after treatment with mood stabilizers 
and exogenous FGF21 protein exerts neuropro-
tective effects through activation of the AKT/
GSK-3 signaling pathway [15]. Some evidence 
also suggests that FGF21 plays a key role in the 
prevention of atherosclerosis. The findings 
from Lin ZF and Pan XB [18] revealed that 
FGF21 deficiency exacerbated the formation of 
atherosclerotic plaques and increased mortali-
ty in apolipoprotein E-/- mice. Furthermore, they 
demonstrate that FGF21-mediated protection 
against atherosclerosis is associated with a 
decrease of cholesterol synthesis and abduc-
tion of adiponectin which improved the hyper-
cholesterolemia in apolipoprotein E-/- mice. In 
this study we also show that mRNA and protein 

Figure 4. Expression of Nrf-ARE signaling pathway related proteins in arterial tissues of atherosclerotic rats. The 
transcriptional expression of Nrf2 (A), HO-1 (B), NQO-1 (C), γGCS (D) and SOD (E) in arterial tissues of rats in dif-
ferent groups were detected by RT-PCR. Protein expression of these proteins (F) in arterial tissues was detected by 
Western blot. Data are expressed in the form of mean ± SD (n=8) for three independent experiments. Compared 
with the control group, **P<0.01, ***P<0.001; compared with the model group, ##P<0.01, ###P<0.001.
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levels of FGF21 in arterial tissues of athero-
sclerotic rats are significantly reduced com-
pared to the normal rats. Moreover, there was 
obvious pathological alteration, such as the 
incrassation of the thickness of the endarteri-
um and infiltration of inflammatory cells, in 
arterial tissues of atherosclerotic rats. These 
demonstrate down-regulation of FGF21 can be 
associated with the atherosclerosis. Another 
study also revealed that FGF21 could promote 
the activation of ABCA1 and ABCG1 in macro-
phages and enhance cholesterol efflux in mac-
rophages [19], which indicate that FGF21 plays 
a role in shrinking atherosclerotic plaques. 

Endothelial dysfunction is a major initiator of 
atherosclerotic progression. ET-1 and NO, act 
as important vasoconstrictors and vasodila-
tors, and are responsible for the regulation of 
the arterial pressure. The turbulence of synthe-
sis of ET-1 and NO is one of the essential initia-
tors of endothelial dysfunction [20]. In our 
study the level of serum vasoconstrictor ET-1 
was 1.82-fold greater in atherosclerotic rats 
than that in normal rats, meanwhile the  
levels of serum NO were 1.58-fold lower. Up- 
regulation of FGF21 could reverse these chang-
es, including reducing the serum ET-1 level and 
raising serum NO level, while down-regulation 
of FGF21 induced opposite results. These find-
ings suggest that FGF21 could improve endo-
thelial dysfunction via affecting expression of 
vasoconstrictors and vasodilators. Either in- 
creasing vasoconstriction expression or reduc-
ing vasodilation expression in coronary arteries 
leads to reduction of blood flow and inadequate 
oxygen supply, which is harmful for patients 
with cardiovascular diseases, especially acute 
coronary syndrome [21].

Furthermore, oxidative stress plays a key role 
in atherogenesis and lipid oxidation products 
accelerate disease progression via triggering 
vascular inflammation [22, 23]. Oxidation prod-
ucts can activate endothelial cells to specifi-
cally bind to monocytes and other pro-inflam-
matory mediators such as TNF-α and IL-1 also 
promote the activation of endothelial cells and 
adhesion of monocytes and neutrophils th- 
rough activating the NF-κB signaling pathway 
which can mediate the increasing expression 
of adhesion molecules such as ICAM-1 and 
VCAM-1. These lead to the occurrence of an 
acute or chronic inflammatory response [23]. 
Thus, oxidative stress plays a key role in the ini-

tiation of acute or chronic inflammation. The 
results in our study show that expression of the 
oxidation product MDA also increased both in 
serum and arterial tissues of model rats. In 
addition, expression of the antioxidative indica-
tor GSH and total antioxidative capacity (T-AOC) 
sharp reduced, suggesting the existence of 
high levels of oxidative stress in atherosclerotic 
rats. Likewise, serum levels of inflammatory 
response mediators markedly increased in ath-
erosclerosis, characterized by the elevation of 
the expression of MCP-1, VCAM-1, and ICAM-1. 

Transcription factor NF-E2-related 2 (Nrf2) 
exerted its anti-oxidative effects by promoting 
the expression of key anti-oxidative enzymes. 
Nrf2-ARE signaling pathway could be activated 
to protect vascular cells from injury of oxidative 
stress and shear stress. Some studies has 
proven that Nrf2-ARE signaling pathway plays a 
protective effect against atherosclerosis by 
activating cellular antioxidant defense mecha-
nism [10]. Interestingly, a recent study has 
reported that the overall effect of Nrf2-signaling 
also contributed to the development of athero-
sclerosis in mice [24], while the mechanism 
remained unknown. Even so, the results of our 
study showed the mRNA and protein expres-
sion of Nrf2 and downstream genes are inhib-
ited in arterial tissue in atherosclerotic rats, 
indicating downregulation of Nrf2-signaling is 
positively related to atherogenesis. In addition, 
FGF21 was considered as a key regulator of 
inflammation and oxidative stress cell response 
via enhancing the capacity of Nrf2-mediated 
anti-oxidative response [25, 26]. So FGF21-
mediated anti-atherosclerotic effect might be 
associated with Nrf2 signaling pathway. Our 
study demonstrates that up-regulation of 
FGF21 could promote expression of the Nrf2-
ARE signaling pathway-related proteins in 
model rats, simultaneously accompanied by 
reduction of the levels of inflammatory mole-
cules and an increase of anti-oxidative capaci-
ty. Downregulation of FGF21 reversed these 
actions. These data indicate the FGF21 could 
promote the expression of Nrf2-signaling path-
way-related protein in atherosclerotic rats.

In conclusion, our study demonstrates that up-
regulation of FGF21 improves endothelial dys-
function, attenuates expression of pro-inflam-
matory molecules and enhances anti-oxidative 
capacity during atherogenesis in rats. Further- 
more, expression of Nrf2-signal pathway relat-
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ed protein was up-regulated after expression of 
FGF21 was increased in atherosclerotic rats 
and these effects disappeared in FGF21-
knockdown atherosclerotic rats. These results 
indicate that FGF21 is an essential factor in the 
protection against atherogenesis via enhancing 
Nrf2-ARE signaling pathway and is expected to 
lay the foundation for providing a new target in 
the treatment of atherosclerosis.
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