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Abstract

Fibroblast growth factor 21 (FGF21), a known risk factor for atherosclerosis, is readily regu-
lated by exercise, and it can inhibit NOD-like receptor protein 3 (NLRP3)-mediated pyropto-
sis. However, it is not clear whether aerobic exercise inhibits atherosclerosis via these
pathways. Eight-week-old apolipoprotein E-deficient (ApoE~) mice on a high-fat diet were
randomly divided into 1-h post-exercise (EX-1h), 24-h post-exercise (EX-24h), and seden-
tary (SED) groups. C57BL/6J wild-type mice fed normal chow served as controls (WT
group). Mice in the EX-1h and EX-24h groups were subjected to treadmill exercise training
for 12 weeks. Aerobic exercise reduced body weight; blood glucose, lipid, and inflammation
levels; and aortic plaque area proportion. Aerobic exercise increased the sensitivity of
FGF21 by upregulating the expression of the downstream receptor adiponectin (ApN); the
serum FGF21 level after exercise increased initially, and then decreased. Aerobic exercise
downregulated the expression of NLRP3 inflammasome-mediated pyroptosis-related mark-
ers in the aorta, and FGF21 may participate in the above process. Meanwhile, the liver may
be the tissue source of serum FGF21 during aerobic exercise. In conclusion, aerobic exer-
cise may inhibit atherogenesis by regulating FGF21 and NLRP3 inflammasome-mediated
pyroptosis. Our study provides new information on the atherosclerosis-preventing mecha-
nism of aerobic exercise.

Introduction

Atherosclerosis, a chronic inflammatory disease associated with high morbidity and mortality
rates [1], is characterized by increased cell death and inflammatory factor release [2, 3]. Lipid
metabolism disorders and inflammation promote the formation of atherosclerotic plaques in
arterial walls. Aerobic exercise has been shown to reduce body weight; normalize blood
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glucose, lipid, and inflammatory levels; and enhance antioxidant capacity. This is an important
strategy to prevent atherosclerosis [4-6]. However, the mechanisms by which aerobic exercise
prevents atherosclerosis have not been fully elucidated.

Pyroptosis is a programmed inflammatory cell death process. The development of athero-
sclerosis involves the pyroptosis of endothelial cells, macrophages, and smooth muscle cells
[7]. The occurrence of pyroptosis depends on the activation of inflammasomes and cysteinyl
aspartate-specific proteinases (caspases). NOD-like receptor protein 3 (NLRP3) inflamma-
some is the most representative and easily recognized inflammasome [8]. The classical pyrop-
tosis pathway mediated by the NLRP3 inflammasome is involved in the occurrence and
development of atherosclerosis [9]. In this pathway, NLRP3 recruits the apoptosis-associated
speck-like protein containing a caspase recruitment domain (ASC) through homotypic inter-
actions, and the ASC recruits pro-caspase-1 to form the inflammasome. Pro-caspase-1 cleaves
itself and forms mature, activated caspase-1 [10]. Activated caspase-1 cleaves and activates
Gasdermin D (GSDMD), which can lead to membrane pore formation. Caspase-1 also cleaves
pro-IL-1P and pro-IL-18 into mature IL-1f and IL-18 [11, 12], which are released from the cell
through membrane pores, leading to inflammation and cell death [13]. Pyroptosis is easily reg-
ulated. Negative regulation of the NLRP3 inflammasome to inhibit pyroptosis is an important
research direction for the prevention and treatment of atherosclerosis [14, 15].

Fibroblast growth factor 21 (FGF21), a multifunctional protein, is a member of the FGF19
subfamily. FGF21 is mainly secreted by the liver, adipose tissues, pancreas, and muscle, and is
also expressed in the aorta, and serum FGF21 is mainly secreted by the liver [16-18]. FGF21
has the functions of reducing blood glucose and lipid levels, restoring mitochondrial function,
and weakening oxidation stress injury [19-21]. FGF21 can also inhibit endothelial cell pyrop-
tosis mediated by NLRP3 inflammasome and reduce aortic pyroptosis mediated by the NLRP3
inflammasome to prevent atherosclerosis [22-24]. Deficiency of FGF21 aggravates the devel-
opment of atherosclerosis [25]. Paradoxically, the serum FGF21 level is elevated in patients
with atherosclerosis [26] and is one of the most sensitive predictors of atherosclerosis [27].
Studies have shown that the downstream signal passage of FGF21 in patients with atheroscle-
rosis is damaged, resulting in FGF21 resistance [28, 29]. This indicates that more FGF21 is
needed than physiological doses to meet the physiological needs [30]. Therefore, reducing
FGF21 resistance and improving its sensitivity may be an approach to prevent atherosclerosis.

Exercise is known to regulate the level of serum FGF21 [31], but its increase or decrease is
controversial. Serum FGF21 level significantly increases after 2 weeks of exercise [32], but
drops after 36 weeks of exercise in patients with obesity and after 12 weeks in obese rats [33,
34]. It has been shown that the effects of exercise on the serum FGF21 level are time depen-
dent, and the serum FGF21 level peaks at 1 h after exercise, and then starts to decrease [17, 35].
Therefore, the contradictory results of previous studies may be related to different blood col-
lection times. Further studies have revealed that the serum FGF21 level decreased after 36 or
12 weeks of aerobic exercise, but triglyceride (TG) level and body mass index (BMI) decreased,
and the arterial stiffness is reduced in the study subjects [33, 34]. The above findings suggest
that the sensitivity of FGF21 may be increased after aerobic exercise, but further research is
needed in this regard. However, there are limited data on whether aerobic exercise modulates
FGF21 to inhibit pyroptosis mediated by NLRP3 inflammasome and then prevent atheroscle-
rosis. In this study, we established an atherosclerosis mouse model by feeding a high-fat diet.
We observed the effects of aerobic exercise on FGF21 and NLRP3 inflammasome-mediated
pyroptosis, and serum FGF21 level change trend after aerobic exercise. In addition, the tissue
origin of serum FGF21 during aerobic exercise was explored. Our study might provide new
information on the atherosclerosis-preventing mechanism of aerobic exercise.
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Materials and methods
Experimental animals

Specific pathogen-free C57BL/6] ApoE'/ " (n = 60) and wild-type C57BL/6] (n = 20) male mice,
all 8 weeks old, were purchased from Beijing Vital River Laboratory Animal Technology Co.,
Ltd. (animal quality qualified license number: SCXK (Beijing) 2016-0006). C57BL/6] mice
were fed a regular mouse diet whereas ApoE”" mice were provided a high-fat diet containing
20% lipid and 1.5% cholesterol [36]. All mice were maintained under a 12-h light-dark cycle
(lights on at 8:00 am, lights off at 8:00 pm) at 22°-24°C and 50%-55% humidity, with free
access to food and water. After a week of adaptation to the environment, ApoE”~ mice were
randomly divided into the following three groups of 20 mice each: 1-h post-exercise training
(EX-1h), 24-h post-exercise training (EX-24h), and sedentary (SED) groups. Wild-type
C57BL/6] mice served as healthy controls (WT; n = 20). Food intake and body weight of mice
were monitored on a weekly basis. Mice in the SED and WT groups were restricted from freely
moving in the cage. The study was conducted according to the Guidelines for the Care and
Use of Laboratory Animals of the National Institutes of Health (NIH) and approved by the
Animal Care and Welfare Committee of Guangxi Medical University (202010021; October 10,
2020).

Exercise protocol

Mice in the WT and SED groups were restricted to move freely in their cages throughout the
experiment. Mice in the EX-1h and EX-24h groups ran on a treadmill at a constant pace for 12
weeks starting at 9:00 AM (5 days of exercise and 2 days of rest per week), and the rest of the
time was restricted to move freely in the cages same as the mice in the WT and SED groups.
The exercise programs of EX-1h and EX-24h groups were the same and were determined
according to previous studies [37-39]. Speeds and durations were as follows: week 1: 10 m/
min, 30 min/day; week 2: 12 m/min, 60 min/day; weeks 3-12: 15 m/min, 60 min/day. This
level of exercise is equivalent to 60%-80% of the maximum oxygen consumption [37].

Tissue samples

Sampling was performed 24 h after the last exercise period, with 12 h of fasting. All mice were
euthanized by sodium pentobarbital (50 ug/g/BW) and sacrificed for the further study. Blood
was collected from the ocular venous plexus; the needle of the infusion set was inserted from
the apex of the heart into the left ventricle and phosphate-buffered saline was injected at a con-
stant rate to flush the aorta. The aorta and right lobe of the liver were excised. Mice in the EX-
1h group were made to exercise again 22 h after the last exercise (unchanged at 15 m/min for
60 min). Samples were collected one hour after exercise.

Blood analysis

Commerecial kits were used to measure triglyceride (TG), total cholesterol (TC), low-density
lipoprotein-cholesterol (LDL-C), high-density lipoprotein-cholesterol (HDL-C), free fatty
acids (FFAs), and glucose levels in serum (Servicebio, Wuhan, China). We measured blood
levels of FGF21 (R&D Systems, Minneapolis, MN, USA), IL-1f (R&D Systems), IL-18 (R&D
Systems), and adiponectin (Cusabio, Wuhan, China) using commercially available enzyme-
linked immunosorbent assay (ELISA) kits. All assays were performed according to the manu-
facturers’ instructions.
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Aortic lesion assessment

Oil red O staining and hematoxylin and eosin (H&E) staining were performed to evaluate the for-
mation of aortic plaque. From each experimental group, five entire aortas were cut longitudinally
and stained with Oil Red O. A high-resolution camera was used to capture images of the aorta;
the images were analyzed using Image] software to evaluate the percentage of plaque area. Five
aortic roots from each group were embedded in paraffin and cut transversely into 5-um thick sec-
tions, which were stained with H&E. We observed and collected images using a microscope to
analyze the morphology of the blood vessels. All samples were analyzed using a blinded method.

Real-time polymerase chain reaction (RT-PCR)

Glass homogenizers were used to homogenize the aortas and livers. The TRIzol Total RNA
Extraction Kit (Takara, Tokyo, Japan) was used to extract RNA from the homogenates. A spec-
trophotometer was used to determine RNA purity and concentration. The RNA was used as a
template to synthesize cDNA by reverse transcription. The cDNA was used as a PCR template
and GAPDH as the internal reference. SYBR®™ Premix Ex Taq™ was used for PCRs, performed
in an ABI StepOne Plus cycler (Applied Biosystems, California, USA). All reactions were car-
ried out in triplicate, with three independent experiments. The 2744<T
quantify mRNA. Primers (Table 1) were based on gene sequences from the GenBank database
and were synthesized by Bao Biomedical Technology Co., Ltd. (Beijing, China).

method was used to

Western blotting

The aorta samples were homogenized in lysis buffer and total protein was extracted. A bicinch-
oninic acid kit was used to quantify proteins (Bio-Rad, Rockford, IL, USA). After dissolving
100 pg protein sample/well, proteins were separated using 9% SDS-PAGE and transferred
onto polyvinylidene fluoride membranes. The membranes were blocked with skim milk (5%,
dissolved in phosphate-buffered saline) for 2 h. Primary antibodies against the following anti-
gens were added: FGF21 (1:1000; Abcam, Cambridge, UK), NLRP3 (1:1000; Abcam), caspase-
1 (1:1000; CST, Boston, MA, USA), GSDMD (1:1000; Abcam), IL-1f (1:1000; Abcam), and
GAPDH (1:10000; Abcam); the blots were incubated overnight at 4°C. The blots were incu-
bated with horseradish peroxidase-labeled goat anti-rabbit IgG as the secondary antibody
(1:5000; Calbiochem, San Diego, CA, USA) for 1 h at 20°C-25°C, washed thrice with TBS-T,
developed using an ECL luminescence kit, and imaged. Image] software was used to analyze
the protein bands. GADPH was used as an internal reference.

Table 1. Forward/reverse (F/R) primer sequences.

Primer
FGF21-F
FGF21-R
NLRP3-F
NLRP3-R
Caspase-1-F
Caspase-1-R
GSDMD-F
GSDMD-R
IL-1B-F
IL-1B-R
IL-18-F
IL-18-R
https://doi.org/10.1371/journal.pone.0273527.t001

Sequence (5'-3')
ACACTGAAGCCCACCTGGAGA
CTGCAGGCCTCAGGATCAAAG
ACTGAAGCACCTGCTCTGCAAC
AACCAATGCGAGATCCTGACAAC
ACTCGTACACGTCTTGCCCTCA
CTGGGCAGGCAGCAAATTC
CGTTATTCATGTGTCAACCTGTCAA
TCCCATCGACGACATCAGAGA
TCCAGGATGAGGACATGAGCAC
GAACGTCACACACCAGCAGGTTA
CCCTTTGAGGCATCCAGGAC
TGGGAACAGCCAGTGTTCAG
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Immunofluorescence

The aortic root and liver samples were subjected to immunofluorescence staining to observe
aortic NLRP3 and FGF21 expression and liver FGF21 expression. Paraffin-embedded tissue
blocks were cut into sections of thickness 5 pm. The sections were treated with EDTA antigen-
retrieval solution for 5 min, blocked with 3% serum for 30 min, and then incubated overnight
in a humidity chamber at 4°C with a primary antibody against FGF21 (1:200; Servicebio).
Next, the sections were incubated at 20°C-25°C in the dark with fluorescent secondary anti-
body (CY3 goat anti-rabbit) for 50 min. TSA working solution was added (50 pL) on the sec-
tions, which were then incubated for 10 min and subjected to EDTA microwave treatment.
Subsequently, the primary antibody against NLRP3 (1:200; Wanleibio, Liaoning, China) was
added on the sections, which were then incubated overnight in a humidified box at 4°C. Fluo-
rescent F488 goat anti-rabbit secondary antibody was added, and the sections were incubated
for 50 min in the dark at 20°C-25°C. DAPI was used to counterstain the nuclei. The sections
were subjected to quenching of tissue autofluorescence, mounting, and observation using a
fluorescence microscope.

Statistical analysis

Data are presented as mean * SD. SPSS 22.0 was used for statistical analysis. A one-way
ANOVA and Student-Newman-Keel post hoc multiple comparison tests were used to exam-
ine the experimental data. At p < 0.05, differences were considered statistically significant.

Results
Aerobic exercise training reduces body weight

Body weight and average weekly dietary intake of the mice were compared before and at the
end of the experiment. At baseline (8 weeks of age), there were no significant differences in
weight. At the end of the experiment, mice in the SED group were significantly heavier than
those in the WT group (p < 0.01; 34.7 + 1.5 g vs. 32.4 £ 1.2 g), whereas mice in the EX-1h and
EX-24h groups were lighter than those in the SED group (p < 0.01; 33.5 £ 0.8 gand 33.3 £ 0.8
gvs.34.7 £ 1.5 g; Fig 1A). There were no significant differences in the average daily dietary
intake between the groups (Fig 1B).
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Fig 1. Aerobic exercise reduces body weight without changing dietary intake. (A) Body weight at the end of the
experiment. (B) Average daily dietary intake. Data are presented as mean % SD (n = 20). **p < 0.01 vs. WT group; **
p < 0.01 vs. SED group.

https://doi.org/10.1371/journal.pone.0273527.9001
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Aerobic exercise inhibits atherosclerosis

We performed Oil Red O staining of the entire aorta to compare the formation of aortic pla-
ques in mice of each group (Fig 2A and 2B) and performed H&E staining on the cross-sections
of the aortic root to observe the morphological changes (Fig 2C).

The aortas of the mice in the WT group exhibited almost no visible plaques. Those of the
mice in the SED, EX-1h, and EX-24h groups displayed varying degrees of plaque formation
(Fig 2A). The proportion of aortic plaque areas in the EX-1h and EX-24h groups was signifi-
cantly smaller than that of the SED group (p < 0.01; 16.6% + 2.3% and 16.1% + 2.2% vs. 32.4%
+ 4.8%; Fig 2B).

The vascular structure and morphology of the aortic root in the WT group were normal
and intimal continuity was intact. In the SED group, there was obvious foam-cell aggregation
and cholesterol crystal deposition under the intima, with large numbers of plaques almost

40
g I
g 30
£
2 20
3
]
£ 10
=
-
0 T T
WT SED EX-1h EX-24h WT SED EX-1h EX-24h

EX-24h

Fig 2. Aerobic exercise inhibits atherosclerosis. (A) Representative images of the whole aortic with oil red O staining. Scale bar = 10 mm; (B)
Comparison of the proportion of aortic plaque area. Data are presented as mean + SD (n = 5). **p <0.01 vs. WT group; ** p <0.01 vs. SED group. (C)
Representative images of hematoxylin and eosin (H&E) staining of cross-section of aortic root. Scale bar = 50 pm.

https://doi.org/10.1371/journal.pone.0273527.9002
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Table 2. Effects of aerobic exercise on blood glucose, lipids and inflammation levels.

WT

TG (mmol/L) 0.5+0.1
TC (mmol/L) 2.8+0.3
HDL-C (mmol/L) 1.9+0.3
LDL-C (mmol/L) 0.4+0.1
Glu (mmol/L) 8.1£1.0
IL-1B(pg/mL) 118.6+22.2
IL-18(pg/mL) 47.2412.5

** p <0.01vs. WT group
** p < 0.01 vs. SED group
&& p < 0.01 vs. EX-1h group.

https://doi.org/10.1371/journal.pone.0273527.t1002

SED EX-1h EX-24h F P

2.7+0.2** 1.0+0.1% 1.4+0.27% && 205.768 <0.001
17.3+2.5* 7.7+1.1% 14.7+1.8%% && 112.858 <0.001
1.6+0.2 2.0+0.2%* 2.140.2 6.968 <0.001
13.142.0** 7.6+1.1"" 11.0+1.5" && 121.611 <0.001
15.7+1.3** 4.2+0.7" 6.5+0.6"" &% 188.908 <0.001
316.7+30.1%* 238.3+42.0%* 215.5+27.2%* 54,507 <0.001
85.9+7.0"* 57.1+6.2"* 55.545.2% 33.855 <0.001

filling the entire blood vessel lumen. In contrast, the extent of intra-aortic plaque lesions in the
EX-1h and EX-24h groups were significantly reduced compared with the SED group (Fig 2C).

Aerobic exercise reduces blood glucose, lipid, and inflammatory levels

We measured TC, TG, HDL-C, LDL-C, glucose, IL-1p, and IL-18 levels in all four groups
(Table 2). Compared with the WT controls, the SED group had high blood glucose, lipid, and
inflammatory levels (p < 0.05). Both EX-1h and EX-24h groups presented lower blood glucose,
lipid, and inflammatory levels than the SED group (p < 0.05).

Effects of aerobic exercise on serum FGF21 level, and possible tissue
sources of serum FGF21

We collected blood samples at 1 h and 24 h after exercise to determine the effect of aerobic
exercise on serum FGF21 level and to observe the fluctuations in serum FGF21 level after exer-
cise. The SED group had higher serum FGF21 level than the WT controls (approximately
6-fold, p < 0.01, 184.3 + 18.0 pg/mL vs. 29.6 + 5.3 pg/mL). The serum FGF21 level was higher
in the EX-1h group than in the SED group (approximately 5-fold, p < 0.01, 813.4 + 111.8 pg/
mL vs. 184.3 + 18.0 pg/mL). The serum FGF21 level in the EX-24h group was significantly
lower than that in the EX-1h and SED groups (p < 0.01, 121.4 + 18.2 pg/mL vs. 813.4 + 111.8
pg/mL and 184.3 + 18.0 pg/mL; Fig 3A).
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Fig 3. The effect of aerobic exercise on serum FGF21, FFAs, ApN levels. (A) Aerobic exercise affects serum FGF21
levels. (B) Aerobic exercise affects serum FFAs levels. (C) Aerobic exercise affects serum ApN levels (n = 8). Data are
expressed as mean + SD. * p < 0.05,** p < 0.01 vs. WT group; ** p < 0.01 vs. SED group; ** p < 0.01 vs. EX-1h group.

https://doi.org/10.1371/journal.pone.0273527.9003
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Fig 4. The effect of aerobic exercise on the expression of liver and aorta FGF21 mRNA. (A) Aerobic exercise affects
FGF21 mRNA expression in liver; (B) Aerobic exercise did not alter the expression of FGF21 mRNA in the aorta

(n = 7). Data are expressed as mean + SD of three experiments. * p < 0.05,** p < 0.01 vs. WT group; ** p < 0.01 vs.
SED group; ¥ p < 0.01 vs. EX-1h group.

https://doi.org/10.1371/journal.pone.0273527.9004
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WT SED EX-1h EX-24h

The serum FFA and adiponectin (ApN) levels were examined to explore the possible mech-
anisms by which aerobic exercise modulates serum FGF21 level. The results showed that the
serum FFA levels in the SED group were higher than those in the WT group (p < 0.01); the
level of serum FFAs in the EX-1h group was higher than that in the SED group (p < 0.01). The
EX-24h group presented lower serum FFA levels than the EX-1h group (p < 0.01), but there
was no significant difference from those of the SED group (p > 0.05; Fig 3B). The serum ApN
level in the SED group was lower than that in the WT group (p < 0.01), and the serum adipo-
nectin level in the EX-1h and EX-24h groups was higher than that in the SED group
(p < 0.01). There was no significant difference between the EX-1h and EX-24h groups
(p > 0.05; Fig 3C).

RT-PCR, western blotting, and immunofluorescence assays were used to detect FGF21
expression in the liver and aorta to verify the tissue origin of FGF21 during aerobic exercise.
The FGF21 mRNA and protein levels in the liver of the SED group were significantly higher
than those of the WT group (p < 0.05); the FGF21 mRNA and protein levels of the EX-1h
group were higher than those of the SED group (p < 0.01). The FGF21 mRNA and protein lev-
els of the EX-24h group were lower than those of the SED and EX-1h groups (p < 0.01; Fig 4A,
and Fig 5A and 5B). FGF21 mRNA and protein expression in the aortas did not differ among
the four groups (Fig 4B, and Fig 6A-6C). These findings indicate that, during aerobic exercise,
serum FGF21 may be produced by the liver rather than the aorta.

Aerobic exercise inhibits aortic NLRP3 inflammasome-mediated
pyroptosis

We used RT-PCR to measure mRNA levels of genes encoding the pyroptosis-related markers
NLRP3, caspase-1, GSDMD, IL-18, and IL-18 in the aorta; we measured protein expression
levels using western blotting. Meanwhile, we used immunofluorescence to detect aortic
NLRP3. We found that both mRNA and protein expression levels of all five pyroptosis markers
in the SED group were significantly higher than those in the WT group (p < 0.01). The mRNA
and protein expression of the above markers in the EX-1h and EX-24h groups were signifi-
cantly lower than those in the SED group (p < 0.01). No significant differences were observed
between the EX-1h and EX-24h groups (Fig 7A-7E, Fig 8 A-8F, and Fig 9A and 9B).

PLOS ONE | https://doi.org/10.1371/journal.pone.0273527  August 25, 2022 8/19


https://doi.org/10.1371/journal.pone.0273527.g004
https://doi.org/10.1371/journal.pone.0273527

PLOS ONE

Aerobic exercise inhibits atherosclerosis in mice

A DAPI FGF21 MERGE

‘VT - - -

EX’lh - - -

i - - -
B

6

&&

Mean fluorescence intensity
of FGF21

WT SED EX-1h EX-24h

Fig 5. Aerobic exercise activates liver FGF21 protein expression. (A) Immunofluorescence detects liver FGF21
protein expression level. Scale bar = 100 um. (B) Mean fluorescence intensity analysis of FGF21 in liver. The data are
expressed as mean + SD (n = 5, three slices taken from each mouse for staining), ** p < 0.01 vs. WT group; ** p < 0.01
vs. SED group; && p < 0.01 vs. EX-1h group.

https://doi.org/10.1371/journal.pone.0273527.9005

Discussion

Our study revealed the following. First, aerobic exercise increased the sensitivity of FGF21 by
upregulating the expression of the downstream receptor ApN; the serum FGF21 level after
exercise increased initially, and then decreased. Second, aerobic exercise downregulated the
expression of NLRP3 inflammasome-mediated pyroptosis-related markers in the aorta, and
FGF21 may participate in the above process. Third, the liver may be the tissue source of serum
FGF21 during aerobic exercise. These findings provide new information on the molecular
mechanisms by which aerobic exercise inhibits atherosclerosis.

Aerobic exercise can reduce body weight and blood glucose and lipid levels, and inhibit the
formation of atherosclerosis, which has been confirmed by previous studies [37, 38, 40]. Our
results are consistent with those of previous studies. That is, the body weight, blood glucose
and lipid levels, and proportion of plaque area of mice in the EX-1h and EX-24h groups were
lower than those of mice in the SED group. Notably, some studies have reported that aerobic
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exercise does not alter body weight, and blood glucose and lipid levels [39, 41, 42]. This may
be related to the different patterns, frequencies, intensities, and durations of exercise in differ-
ent studies. Therefore, researchers should take these into account when formulating exercise
programs.

During recent years, multiple studies have shown that pyroptosis is an important pathogen-
esis of atherosclerosis [7, 11]. We established a mouse model of atherosclerosis by feeding
ApoE™" mice a high-fat diet. The expression of pyroptosis-related markers was upregulated in
the aorta of sedentary atherosclerotic mice (SED group), and this is consistent with the finding
of previous studies [7, 11]. The NLRP3 inflammasome is an important driver of atherosclerosis
[43]. Risk factors, such as oxidative stress, hyperglycemia, dyslipidemia, inflammation, mito-
chondrial dysfunction, and endoplasmic reticulum stress can activate the NLRP3 inflamma-
some [44-46]. Inhibition or reversal of these risk factors should eliminate the overactivated
NLRP3 inflammasome and ultimately inhibit pyroptosis. Studies have shown that exercise can
reduce cardiac oxidative stress and NLRP3 inflammasome expression in ApoE”" mice [37]. Lee
et al. [47] found that exercise training could reduce the upregulated expression of NLRP3 and
its downstream cascade factors in an obese mouse model. In a diabetic mouse model, exercise
restored endothelial nitric oxide synthase (eNOS) expression and nitric oxide (NO) produc-
tion by reducing NLRP3 expression, thereby eliminating downstream products of NLRP3 acti-
vation [48]. However, it is not clear whether aerobic exercise can inhibit NLRP3
inflammasome-mediated pyroptosis in the aorta. Our results showed that 12 weeks of aerobic
exercise downregulated the mRNA and protein levels of NLRP3, caspase-1, GSDMD, IL-18,
and IL-18 in the aorta, indicating that aerobic exercise can inhibit NLRP3 inflammasome-
mediated pyroptosis in the aorta.

FGF21 was first discovered in mouse embryos in 2000 [49]. It has various metabolic bene-
fits [22, 50]. Paradoxically, patients with atherosclerosis have high serum FGF21 levels [16, 26].
FGF21 is an independent predictor of and risk marker for atherosclerosis [51]. We found that
high fat consumption elevated serum FGF21 level in ApoE”~ mice compared with that in nor-
mal diet-fed C57BL/6] controls. Previous studies have shown that mice fed a high-fat diet, and
patients and animals with obesity or diabetes have higher levels of endogenous FGF21, but its
physiological function is considerably lower than that of exogenous recombinant FGF21 [52,
53]. In other words, a high concentration does not indicate optimal function. ApN is produced
by fat cells and is an effector of FGF21 [29, 54]. ApN deficiency disrupts glucose and lipid regu-
lation by FGF21 [54]. Moreover, ApN levels in patients with atherosclerosis are considerably
reduced [29]. FGF21 requires FGF receptor-1 (FGFR1) and the co-receptor B-Klotho (KLB)
on the cell surface to initiate the intracellular signaling cascade that produces its physiological
effects. However, high levels of TNFo. and IL-1f in patients with atherosclerosis have been
shown to decrease the expression of KLB [25, 28]. This shows that in metabolic diseases such
as atherosclerosis, the downstream signaling pathway of FGF21 is disrupted and a state of
FGF21 resistance appears, leading to an increase in the concentration of FGF21 to
compensate.

FGF21 is an exercise reactive factor in both rodents and humans [16]. It has been shown
that serum FGF21 level was significantly increased in 14 healthy subjects who cycled for 45
min [35]. Campderros et al. [55] measured serum FGF21 in 18 male runners before and after a
marathon and found that at the end of the race, the FGF21 level was 20 times higher than that
before the race. However, the serum FGF21 level reduced after 36 and 12 weeks of exercise in
humans and animals with obesity [33, 34]. Therefore, the regulation of FGF21 by exercise is
still controversial. Kim et al. [17] studied the trend of serum FGF21 level after 30 min of aero-
bic exercise in healthy adults, and found that its level peaked 1 h after exercise and returned to
the pre-exercise level 2-3 h later. He et al. [35] observed that the serum FGF21 level peaked 1 h
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Fig 6. Aerobic exercise does not change the expression of FGF21 protein in the aorta. (A) The expression level of
FGF21 protein in the aorta was detected by immunofluorescence. Scale bar = 100 pm. (B) Analysis of the average
fluorescence intensity of FGF21 in the aorta (n = 5, three slices taken from each mouse for staining). (C) The protein
levels of FGF21 in the aorta were detected by western blotting (n = 7). Data are presented as mean * SD of three

experiments.

https://doi.org/10.1371/journal.pone.0273527.9006

after exercise in 14 healthy individuals after cycling for 45 min. Our results show that the
serum FGF21 level of EX-1h group is significantly higher than that of SED group. We further
examined serum FFAs levels to explore the reasons for the rapid increase in the FGF21 level 1
h after exercise. The results showed that the level of serum FFAs in the EX-1h group was signif-
icantly higher than that in the SED group. Peroxisome proliferator-activated receptor-o
(PPARG@) is an upstream regulatory factor for FGF21, whose activity is stimulated by FFAs.
During exercise, energy expenditure and lipolysis increase substantially in a short time, leading
to a considerable increase in the serum FFA levels, which rapidly activates PPARo and upregu-
lates FGF21 expression [56]. After exercise stimulation, PPARa expression returned to pre-
exercise levels, and the serum FGF21 level was no longer elevated. Therefore, the serum
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the aorta. (A-E) The mRNA expression of NLRP3, caspase-1, GSDMD, IL-1p, and IL-18 in the aorta were detected by
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Fig 8. Aerobic exercise inhibits NLRP3 inflammasome-mediated pyroptosis-related factor protein expression in
the aorta. (A) The protein expression of NLRP3, caspase-1, GSDMD, IL-1B, and IL-18 in the aorta were detected by
western blotting. (B-F) Comparison of protein expression in each group (n = 7). Data are presented as mean + SD of
three experiments, ** p < 0.01 vs. WT group; ™ p < 0.01 vs. SED group.

https://doi.org/10.1371/journal.pone.0273527.9008
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Fig 9. Aerobic exercise inhibits the expression of NLRP3 protein in the aorta. (A) The expression of NLRP3 protein
in the aorta was detected by the immunofluorescence method. Scale bar = 100 pm. (B) Analysis of the average
fluorescence intensity of NLRP3 in the aorta (n = 5, three slices taken from each mouse for staining). The data are
expressed as mean + SD. ** p < 0.01 vs. WT group; ** p < 0.01 vs. SED group.

https://doi.org/10.1371/journal.pone.0273527.9009

FGF21 level after aerobic exercise may be affected by upstream regulatory factors, showing an
increasing trend initially, and then decreasing.

Our study showed that the level of serum FGF21 at 24 h after exercise (the EX-24h group)
was lower than that of the EX-1h and SED groups. Studies have shown that the serum FGF21
level in individuals or animals with obesity decreases after aerobic exercise [33, 34], consistent
with the findings of our study. The expression of peroxisome proliferators activated receptor y
(PPARY) was upregulated in adipocytes after aerobic exercise [57]. High expression of PPARy
can increase the secretion of ApN, a receptor downstream of FGF21, thereby increasing the
activity of the FGF21- ApN axis [58]. Yang et al. [59] also found that 12 weeks of aerobic exer-
cise could increase the serum ApN level in mice, thereby reducing the damage of the FGF21-
ApN axis in diabetic mice. In this study, we observed the effect of aerobic exercise on the
serum ApN level, and the results showed that the serum ApN level in the EX-1h and EX-24h
groups was higher than that in the SED group. Thus, our results support that aerobic exercise
increases the level of the downstream receptors of FGF21 (ApN), thereby enhancing FGF21
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sensitivity. Studies have shown that FGF21 downstream receptors FGFR1, FGFR2, and KLB
are also significantly upregulated after aerobic exercise, enhancing the physiological function
of FGF21 [33, 56]. In conclusion, aerobic exercise upregulated the expression of downstream
receptors of FGF21 and increased the sensitivity of FGF21. The increased sensitivity of FGF21
may regulate upstream target organs through a negative feedback, thereby reducing the secre-
tion of FGF21. Therefore, the serum FGF21 level in the EX-24h group was lower than that in
the SED group.

Studies have shown that there is a time effect of exercise on the regulation of FGF21 [17,
35]. Therefore, different blood collection times may lead to different serum FGF21 levels after
exercise. The advantage of our study is that two time points, 1 and 24 h after exercise, were
selected to detect changes in the FGF21 level. We also avoided bias in the results caused by
diet, exercise style, and exercise intensity. We found that the serum FGF21 level rapidly
increased 1 h after exercise, decreased 24 h after exercise, to levels even lower than that in the
SED group, which explains the inconsistent effects of exercise on serum FGF21 observed in
previous studies. Based on the above findings, we consider that each movement in a regular
exercise is equivalent to supplementing a high dose of FGF21 to the body. However, the exer-
cise increases the expression of the downstream receptor of FGF21, thereby increasing the sen-
sitivity of FGF21, which is more meaningful in preventing atherosclerosis.

FGF21 has been shown to negatively regulate risk factors that activate the NLRP3 inflam-
masome [60-62]. Risk factors such as oxidative stress, hyperglycemia, dyslipidemia, inflamma-
tion, mitochondrial dysfunction, and endoplasmic reticulum stress can activate the NLRP3
inflammasome [51-53]. Mitochondrial dysfunction results in the excessive production of reac-
tive oxygen species (ROS), which commonly activate the NLRP3 inflammasomes [63]. Endo-
plasmic reticulum stress induces mitochondrial Ca>* overload and fragmentation, and
increases permeability, triggering NLRP3 inflammasome-associated pyroptosis [64]. FGF21
has been shown to ameliorate ox-LDL-induced abnormal mitochondrial membrane potential,
improving mitochondrial function and inhibit ox-LDL-induced endoplasmic reticulum stress,
thereby reducing ROS production [24]. PGC-1a can enhance mitochondrial biosynthesis and
function, and it is a downstream factor of FGF21. Exogenous FGF21 upregulated PGC-1a
mRNA expression in mouse liver [65]. It also promoted cholesterol efflux and reduced choles-
terol accumulation in foam cells [61, 62]. In previous studies, the advantages of FGF21 in
reducing blood glucose, lipid levels, and energy balance have attracted considerable attention.
However, research on its ability to restore mitochondrial function, ameliorate endoplasmic
reticulum stress, and reduce cholesterol levels to prevent NLRP3 inflammasome activation has
been limited. Our results showed that after 12 weeks of aerobic exercise, the levels of TG, TC,
LDL-C, glucose, and inflammation in mice were decreased. The expression of pyroptosis-
related markers (NLRP3, caspase-1, GSDMD, IL-1B, and IL-18) was also downregulated.
These results are similar to the effect of exogenous use of FGF21 [24]. Our findings also
revealed that the level of downstream receptors of FGF21 increased after aerobic exercise,
thereby increasing the FGF21 sensitivity. Therefore, we speculate that activated FGF21 may be
involved in aerobic exercise inhibiting NLRP3 inflammasome-mediated pyroptosis in the
aorta, but further research is required.

The liver is the primary organ producing serum FGF21 [17]. FGF21 is also expressed in the
aorta [18]; however, it is not clear whether aerobic exercise has effects on the liver, aorta, or
other tissues to activate FGF21. In this study, the serum FGF21 level rapidly increased after
acute exercise, and liver FGF21 expression increased significantly. However, there was no sig-
nificant difference in aortic FGF21 expression among the four groups of mice. This indicates
that the liver, but not the aorta, maybe a tissue source of FGF21 during aerobic exercise. The
expression of hepatic FGF21 in the EX-24h group was lower than that in the SED group.
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Fletcher [33] also found that liver FGF21 mRNA and protein levels are decreased in obese
mice after 36 weeks of exercise. This shows that FGF21 may also be subject to negative feed-
back after long-term exercise. When exercise intervention increases FGF21 sensitivity in circu-
lation, a negative feedback may reduce hepatic production of FGF21. However, this is
inconsistent with the results of some studies showing that the FGF21 level does not change
after exercise [39, 66], indicating that the activation of FGF21 may also be affected by factors
such as exercise intensity, exercise mode, and diet.

In summary, our study confirmed that aerobic exercise increased the sensitivity of FGF21.
The serum FGF21 level after exercise increased initially, and then decreased. Aerobic exercise
downregulated the expression of NLRP3 inflammasome-mediated pyroptosis-related markers
in the aorta, and FGF21 may participate in the above process. Meanwhile, the liver may be the
tissue source of serum FGF21 during aerobic exercise. However, there are some limitations to
the study. First, there are different sources of FGF21 in the body. We only detected the expres-
sion of FGF21 in the liver and aorta, but the expression level of FGF21 in the adipose tissues,
pancreas, muscle, and other tissues was not detected. Furthermore, we only analyzed the level
of ApN; besides the FGF21-ApN signal axis, FGF21 may also combine with the FGFRs, KLB,
and other downstream receptors to exert its physiological function. Finally, we did not inhibit
the FGF21/NLRP3/pyroptosis pathway and thus could not elucidate the causal relationship
between FGF21 and NLRP3 inflammasome-mediated pyroptosis during aerobic exercise.
Researchers should consider the above limitations when referencing our research results. We
will focus on resolving these limitations in our future studies.

Supporting information

S1 Raw images.
(PDF)

Author Contributions

Conceptualization: Pin-Yue Tao, Hui-Qiao Huang.

Data curation: Xiao-Hong Li, Lin Chen, Qi-Ni Pan, Su-Yu Lu.
Methodology: Xiao-Hong Li, Liang-Zhong Liu.

Validation: Lin Chen, Zi-Yao Ouyang, De-Jing Fan, Xiao Pan, Qiu-Hu Luo.
Writing - original draft: Xiao-Hong Li, Liang-Zhong Liu.

Writing - review & editing: Pin-Yue Tao, Hui-Qiao Huang.

References

1. Welsh P, Grassia G, Botha S, Sattar N, Maffia P. Targeting inflammation to reduce cardiovascular dis-
ease risk: a realistic clinical prospect? British journal of pharmacology. 2017; 174(22):3898-913. Epub
2017/04/15. https://doi.org/10.1111/bph.13818 PMID: 28409825; PubMed Central PMCID:
PMC5660005.

2. Glass CK, Witztum JL. Atherosclerosis. the road ahead. Cell. 2001; 104(4):503-16. Epub 2001/03/10.
https://doi.org/10.1016/s0092-8674(01)00238-0 PMID: 11239408.

3. RamliJ, CalderonArtero P, Block RC, Mousa SA. Novel therapeutic targets for preserving a healthy
endothelium: strategies for reducing the risk of vascular and cardiovascular disease. Cardiology journal.
2011; 18(4):352—63. Epub 2011/07/20. PMID: 21769815; PubMed Central PMCID: PMC3342824.

4. LiW, JeongJH, Park HG, Lee YR, Li M, Lee SK. Endurance exercise training inhibits neointimal forma-
tion via enhancement of FOXOs expression in balloon-induced atherosclerosis rat model. Journal of
exercise nutrition & biochemistry. 2014; 18(1):105—-10. Epub 2015/01/08. https://doi.org/10.5717/jenb.
2014.18.1.105 PMID: 25566445; PubMed Central PMCID: PMC4241940.

PLOS ONE | https://doi.org/10.1371/journal.pone.0273527  August 25, 2022 15/19


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0273527.s001
https://doi.org/10.1111/bph.13818
http://www.ncbi.nlm.nih.gov/pubmed/28409825
https://doi.org/10.1016/s0092-8674%2801%2900238-0
http://www.ncbi.nlm.nih.gov/pubmed/11239408
http://www.ncbi.nlm.nih.gov/pubmed/21769815
https://doi.org/10.5717/jenb.2014.18.1.105
https://doi.org/10.5717/jenb.2014.18.1.105
http://www.ncbi.nlm.nih.gov/pubmed/25566445
https://doi.org/10.1371/journal.pone.0273527

PLOS ONE

Aerobic exercise inhibits atherosclerosis in mice

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21,

Li W, Park H, Guo E, Jo W, Sim KM, Lee SK. Aerobic Exercise Training Inhibits Neointimal Formation
via Reduction of PCSK9 and LOX-1 in Atherosclerosis. Biomedicines. 2020; 8(4). Epub 2020/04/25.
https://doi.org/10.3390/biomedicines8040092 PMID: 32325897; PubMed Central PMCID:
PMC7235716.

Shimada K, Kishimoto C, Okabe TA, Hattori M, Murayama T, Yokode M, et al. Exercise training reduces
severity of atherosclerosis in apolipoprotein E knockout mice via nitric oxide. Circulation journal: official
journal of the Japanese Circulation Society. 2007; 71(7):1147-51. Epub 2007/06/26. https://doi.org/10.
1253/circ|.71.1147 PMID: 17587726.

Indolfi C, Torella D, Coppola C, Curcio A, Rodriguez F, Bilancio A, et al. Physical training increases
eNOS vascular expression and activity and reduces restenosis after balloon angioplasty or arterial
stenting in rats. Circulation research. 2002; 91(12):1190-7. Epub 2002/12/14. https://doi.org/10.1161/
01.res.0000046233.94299.d6 PMID: 12480821.

Sharma BR, Kanneganti TD. NLRP3 inflammasome in cancer and metabolic diseases. Nature immu-
nology. 2021; 22(5):550-9. Epub 2021/03/13. https://doi.org/10.1038/s41590-021-00886-5 PMID:
33707781; PubMed Central PMCID: PMC8132572.

Ogura Y, Sutterwala FS, Flavell RA. The inflammasome: first line of the immune response to cell stress.
Cell. 2006; 126(4):659-62. Epub 2006/08/23. https://doi.org/10.1016/j.cell.2006.08.002 PMID:
16923387.

Liu X, Zhang Z, Ruan J, Pan Y, Magupalli VG, Wu H, et al. Inflammasome-activated gasdermin D
causes pyroptosis by forming membrane pores. Nature. 2016; 535(7610):153-8. Epub 2016/07/08.
https://doi.org/10.1038/nature 18629 PMID: 27383986; PubMed Central PMCID: PMC5539988.

Zhaolin Z, Guohua L, Shiyuan W, Zuo W. Role of pyroptosis in cardiovascular disease. Cell prolifera-
tion. 2019; 52(2): e12563. Epub 2018/12/14. https://doi.org/10.1111/cpr.12563 PMID: 30525268;
PubMed Central PMCID: PMC6496801.

Ding J, Wang K, Liu W, She Y, Sun Q, Shi J, et al. Pore-forming activity and structural autoinhibition of
the gasdermin family. Nature. 2016; 535(7610):111-6. Epub 2016/06/10. https://doi.org/10.1038/
nature18590 PMID: 27281216.

Qian Z, Zhao Y, Wan C, Deng Y, Zhuang Y, Xu Y, et al. Pyroptosis in the Initiation and Progression of
Atherosclerosis. Frontiers in pharmacology. 2021; 12:652963. Epub 2021/06/15. https://doi.org/10.
3389/fphar.2021.652963 PMID: 34122076; PubMed Central PMCID: PMC8187899.

Parsamanesh N, Moossavi M, Bahrami A, Fereidouni M, Barreto G, Sahebkar A. NLRP3 inflamma-
some as a treatment target in atherosclerosis: A focus on statin therapy. International immunopharma-
cology. 2019; 73:146-55. Epub 2019/05/18. https://doi.org/10.1016/}.intimp.2019.05.006 PMID:
31100709.

Zhang'Y, Liu X, Bai X, Lin Y, Li Z, Fu J, et al. Melatonin prevents endothelial cell pyroptosis via regula-
tion of long noncoding RNA MEG3/miR-223/NLRP3 axis. Journal of pineal research. 2018; 64(2). Epub
2017/10/13. https://doi.org/10.1111/jpi.12449 PMID: 29024030.

Geng L, Liao B, Jin L, Huang Z, Triggle CR, Ding H, et al. Exercise Alleviates Obesity-Induced Meta-
bolic Dysfunction via Enhancing FGF21 Sensitivity in Adipose Tissues. Cell reports. 2019; 26
(10):2738-52.e4. Epub 2019/03/07. https://doi.org/10.1016/j.celrep.2019.02.014 PMID: 30840894.

Kim KH, Kim SH, Min YK, Yang HM, Lee JB, Lee MS. Acute exercise induces FGF21 expression in
mice and in healthy humans. PloS one. 2013; 8(5): €63517. Epub 2013/05/15. https://doi.org/10.1371/
journal.pone.0063517 PMID: 23667629; PubMed Central PMCID: PMC3646740.

Fon Tacer K, Bookout AL, Ding X, Kurosu H, John GB, Wang L, et al. Research resource: Comprehen-
sive expression atlas of the fibroblast growth factor system in adult mouse. Molecular endocrinology
(Baltimore, Md). 2010; 24(10):2050—64. Epub 2010/07/30. https://doi.org/10.1210/me.2010-0142
PMID: 20667984; PubMed Central PMCID: PMC2954642.

Maeda M, Yamamoto |, Fujio Y, Azuma J. Homocysteine induces vascular endothelial growth factor
expression in differentiated THP-1 macrophages. Biochimica et biophysica acta. 2003; 1623(1):41-6.
Epub 2003/09/06. https://doi.org/10.1016/s0304-4165(03)00161-2 PMID: 12957716.

Higashi Y, Noma K, Yoshizumi M, Kihara Y. Endothelial function and oxidative stress in cardiovascular
diseases. Circulation journal: official journal of the Japanese Circulation Society. 2009; 73(3):411-8.
Epub 2009/02/06. https://doi.org/10.1253/circj.cj-08-1102 PMID: 19194043.

Antoniades C, Shirodaria C, Leeson P, Antonopoulos A, Warrick N, Van-Assche T, et al. Association of
plasma asymmetrical dimethylarginine (ADMA) with elevated vascular superoxide production and
endothelial nitric oxide synthase uncoupling: implications for endothelial function in human atheroscle-
rosis. European heart journal. 2009; 30(9):1142-50. Epub 2009/03/20. https://doi.org/10.1093/
eurheartj/ehp061 PMID: 19297385.

PLOS ONE | https://doi.org/10.1371/journal.pone.0273527  August 25, 2022 16/19


https://doi.org/10.3390/biomedicines8040092
http://www.ncbi.nlm.nih.gov/pubmed/32325897
https://doi.org/10.1253/circj.71.1147
https://doi.org/10.1253/circj.71.1147
http://www.ncbi.nlm.nih.gov/pubmed/17587726
https://doi.org/10.1161/01.res.0000046233.94299.d6
https://doi.org/10.1161/01.res.0000046233.94299.d6
http://www.ncbi.nlm.nih.gov/pubmed/12480821
https://doi.org/10.1038/s41590-021-00886-5
http://www.ncbi.nlm.nih.gov/pubmed/33707781
https://doi.org/10.1016/j.cell.2006.08.002
http://www.ncbi.nlm.nih.gov/pubmed/16923387
https://doi.org/10.1038/nature18629
http://www.ncbi.nlm.nih.gov/pubmed/27383986
https://doi.org/10.1111/cpr.12563
http://www.ncbi.nlm.nih.gov/pubmed/30525268
https://doi.org/10.1038/nature18590
https://doi.org/10.1038/nature18590
http://www.ncbi.nlm.nih.gov/pubmed/27281216
https://doi.org/10.3389/fphar.2021.652963
https://doi.org/10.3389/fphar.2021.652963
http://www.ncbi.nlm.nih.gov/pubmed/34122076
https://doi.org/10.1016/j.intimp.2019.05.006
http://www.ncbi.nlm.nih.gov/pubmed/31100709
https://doi.org/10.1111/jpi.12449
http://www.ncbi.nlm.nih.gov/pubmed/29024030
https://doi.org/10.1016/j.celrep.2019.02.014
http://www.ncbi.nlm.nih.gov/pubmed/30840894
https://doi.org/10.1371/journal.pone.0063517
https://doi.org/10.1371/journal.pone.0063517
http://www.ncbi.nlm.nih.gov/pubmed/23667629
https://doi.org/10.1210/me.2010-0142
http://www.ncbi.nlm.nih.gov/pubmed/20667984
https://doi.org/10.1016/s0304-4165%2803%2900161-2
http://www.ncbi.nlm.nih.gov/pubmed/12957716
https://doi.org/10.1253/circj.cj-08-1102
http://www.ncbi.nlm.nih.gov/pubmed/19194043
https://doi.org/10.1093/eurheartj/ehp061
https://doi.org/10.1093/eurheartj/ehp061
http://www.ncbi.nlm.nih.gov/pubmed/19297385
https://doi.org/10.1371/journal.pone.0273527

PLOS ONE

Aerobic exercise inhibits atherosclerosis in mice

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Tabari FS, Karimian A, Parsian H, Rameshknia V, Mahmoodpour A, Majidinia M, et al. The roles of
FGF21 in atherosclerosis pathogenesis. Reviews in endocrine & metabolic disorders. 2019; 20(1):103—
14. Epub 2019/03/18. https://doi.org/10.1007/s11154-019-09488-x PMID: 30879171.

Xiaolong L, Dongmin G, Liu M, Zuo W, Huijun H, Qiufen T, et al. FGF21 induces autophagy-mediated
cholesterol efflux to inhibit atherogenesis via RACK1 up-regulation. Journal of cellular and molecular
medicine. 2020; 24(9):4992-5006. Epub 2020/04/01. https://doi.org/10.1111/jcmm.15118 PMID:
32227589; PubMed Central PMCID: PMC7205825.

Zeng Z, Zheng Q, Chen J, Tan X, Li Q, Ding L, et al. FGF21 mitigates atherosclerosis via inhibition of
NLRP3 inflammasome-mediated vascular endothelial cells pyroptosis. Experimental cell research.
2020; 393(2):112108. Epub 2020/05/24. https://doi.org/10.1016/j.yexcr.2020.112108 PMID: 32445748.

Fisher FM, Maratos-Flier E. Understanding the Physiology of FGF21. Annual review of physiology.
2016; 78:223—41. Epub 2015/12/15. https://doi.org/10.1146/annurev-physiol-021115-105339 PMID:
26654352.

Zhang X, Yeung DC, Karpisek M, Stejskal D, Zhou ZG, Liu F, et al. Serum FGF21 levels are increased
in obesity and are independently associated with the metabolic syndrome in humans. Diabetes. 2008;
57(5):1246-53. Epub 2008/02/07. https://doi.org/10.2337/db07-1476 PMID: 18252893.

Davis RL, Liang C, Edema-Hildebrand F, Riley C, Needham M, Sue CM. Fibroblast growth factor 21 is
a sensitive biomarker of mitochondrial disease. Neurology. 2013; 81(21):1819-26. Epub 2013/10/22.
https://doi.org/10.1212/01.wnl.0000436068.43384.ef PMID: 24142477

Zhao'Y, Meng C, Wang Y, Huang H, Liu W, Zhang JF, et al. IL-1p inhibits B-Klotho expression and
FGF19 signaling in hepatocytes. American journal of physiology Endocrinology and metabolism. 2016;
310(4): E289-300. Epub 2015/12/17. https://doi.org/10.1152/ajpendo.00356.2015 PMID: 26670488.

Omelchenko E, Gavish D, Shargorodsky M. Adiponectin is better predictor of subclinical atherosclerosis
than liver function tests in patients with nonalcoholic fatty liver disease. Journal of the American Society
of Hypertension: JASH. 2014; 8(6):376—80. Epub 2014/05/06. https://doi.org/10.1016/j.jash.2014.03.
002 PMID: 24794207

Diaz-Delfin J, Hondares E, Iglesias R, Giralt M, Caelles C, Villarroya F. TNF-a represses 3-Klotho
expression and impairs FGF21 action in adipose cells: involvement of JNK1 in the FGF21 pathway.
Endocrinology. 2012; 153(9):4238-45. Epub 2012/07/11. https://doi.org/10.1210/en.2012-1193 PMID:
22778214,

Catoire M, Kersten S. The search for exercise factors in humans. FASEB journal: official publication of
the Federation of American Societies for Experimental Biology. 2015; 29(5):1615-28. Epub 2015/01/
17. https://doi.org/10.1096/fj.14-263699 PMID: 25593123.

Cuevas-Ramos D, Almeda-Valdés P, Meza-Arana CE, Brito-Cordova G, Gémez-Pérez FJ, Mehta R,
et al. Exercise increases serum fibroblast growth factor 21 (FGF21) levels. PloS one. 2012; 7(5):
€38022. Epub 2012/06/16. https://doi.org/10.1371/journal.pone.0038022 PMID: 22701542; PubMed
Central PMCID: PMC3365112.

Fletcher JA, Meers GM, Laughlin MH, Ibdah JA, Thyfault JP, Rector RS. Modulating fibroblast growth
factor 21 in hyperphagic OLETF rats with daily exercise and caloric restriction. Applied physiology, nutri-
tion, and metabolism = Physiologie appliquee, nutrition et metabolisme. 2012; 37(6):1054-62. Epub
2012/08/16. https://doi.org/10.1139/h2012-091 PMID: 22891896; PubMed Central PMCID:
PMC5572191.

Yang SJ, Hong HC, Choi HY, Yoo HJ, Cho GJ, Hwang TG, et al. Effects of a three-month combined
exercise programme on fibroblast growth factor 21 and fetuin-A levels and arterial stiffness in obese
women. Clinical endocrinology. 2011; 75(4):464—9. Epub 2011/04/28. https://doi.org/10.1111/j.1365-
2265.2011.04078.x PMID: 21521346.

He Z, Tian Y, Valenzuela PL, Huang C, Zhao J, Hong P, et al. Myokine/Adipokine Response to "Aero-
bic" Exercise: Is It Just a Matter of Exercise Load? Frontiers in physiology. 2019; 10:691. Epub 2019/
06/14. https://doi.org/10.3389/fphys.2019.00691 PMID: 31191366; PubMed Central PMCID:
PMC6549222.

Qian Z, Yang H, LiH, Liu C, Yang L, Qu Z, et al. The Cholinergic Anti-Inflammatory Pathway Attenuates
the Development of Atherosclerosis in Apoe(-/-) Mice through Modulating Macrophage Functions. Bio-
medicines. 2021; 9(9). Epub 2021/09/29. https://doi.org/10.3390/biomedicines9091150 PMID:
34572339; PubMed Central PMCID: PMC8464862.

Hong J, Park E, Lee J, Lee Y, Rooney BV, Park Y. Exercise training mitigates ER stress and UCP2 defi-
ciency-associated coronary vascular dysfunction in atherosclerosis. Scientific reports. 2021; 11
(1):15449. Epub 2021/07/31. https://doi.org/10.1038/s41598-021-94944-5 PMID: 34326395; PubMed
Central PMCID: PMC8322067.

PLOS ONE | https://doi.org/10.1371/journal.pone.0273527  August 25, 2022 17/19


https://doi.org/10.1007/s11154-019-09488-x
http://www.ncbi.nlm.nih.gov/pubmed/30879171
https://doi.org/10.1111/jcmm.15118
http://www.ncbi.nlm.nih.gov/pubmed/32227589
https://doi.org/10.1016/j.yexcr.2020.112108
http://www.ncbi.nlm.nih.gov/pubmed/32445748
https://doi.org/10.1146/annurev-physiol-021115-105339
http://www.ncbi.nlm.nih.gov/pubmed/26654352
https://doi.org/10.2337/db07-1476
http://www.ncbi.nlm.nih.gov/pubmed/18252893
https://doi.org/10.1212/01.wnl.0000436068.43384.ef
http://www.ncbi.nlm.nih.gov/pubmed/24142477
https://doi.org/10.1152/ajpendo.00356.2015
http://www.ncbi.nlm.nih.gov/pubmed/26670488
https://doi.org/10.1016/j.jash.2014.03.002
https://doi.org/10.1016/j.jash.2014.03.002
http://www.ncbi.nlm.nih.gov/pubmed/24794207
https://doi.org/10.1210/en.2012-1193
http://www.ncbi.nlm.nih.gov/pubmed/22778214
https://doi.org/10.1096/fj.14-263699
http://www.ncbi.nlm.nih.gov/pubmed/25593123
https://doi.org/10.1371/journal.pone.0038022
http://www.ncbi.nlm.nih.gov/pubmed/22701542
https://doi.org/10.1139/h2012-091
http://www.ncbi.nlm.nih.gov/pubmed/22891896
https://doi.org/10.1111/j.1365-2265.2011.04078.x
https://doi.org/10.1111/j.1365-2265.2011.04078.x
http://www.ncbi.nlm.nih.gov/pubmed/21521346
https://doi.org/10.3389/fphys.2019.00691
http://www.ncbi.nlm.nih.gov/pubmed/31191366
https://doi.org/10.3390/biomedicines9091150
http://www.ncbi.nlm.nih.gov/pubmed/34572339
https://doi.org/10.1038/s41598-021-94944-5
http://www.ncbi.nlm.nih.gov/pubmed/34326395
https://doi.org/10.1371/journal.pone.0273527

PLOS ONE

Aerobic exercise inhibits atherosclerosis in mice

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

SunY, Wu ', Jiang Y, Liu H. Aerobic exercise inhibits inflammatory response in atherosclerosis via
Sestrin1 protein. Experimental gerontology. 2021; 155:111581. Epub 2021/10/12. https://doi.org/10.
1016/j.exger.2021.111581 PMID: 34634412.

Wu W, Wang H, Jiao G, Yue J, Wang G. Aerobic Exercise Suppresses Atherosclerosis Through Adipo-
nectin-Nuclear Transcription Factor kB Pathway in Apolipoprotein E-deficient Mice. The American jour-
nal of the medical sciences. 2017; 353(3):275-81. Epub 2017/03/07. https://doi.org/10.1016/j.amjms.
2016.11.002 PMID: 28262215.

Wu XD, Zeng K, Liu WL, Gao YG, Gong CS, Zhang CX, et al. Effect of aerobic exercise on miRNA-
TLR4 signaling in atherosclerosis. International journal of sports medicine. 2014; 35(4):344-50. Epub
2013/09/12. https://doi.org/10.1055/s-0033-1349075 PMID: 24022569.

Company JM, Booth FW, Laughlin MH, Arce-Esquivel AA, Sacks HS, Bahouth SW, et al. Epicardial fat
gene expression after aerobic exercise training in pigs with coronary atherosclerosis: relationship to vis-
ceral and subcutaneous fat. Journal of applied physiology (Bethesda, Md: 1985). 2010; 109(6):1904—
12. Epub 2010/10/16. https://doi.org/10.1152/japplphysiol.00621.2010 PMID: 20947714; PubMed Cen-
tral PMCID: PMC3006413.

Wu WD. APN/TNF-a signaling pathway APOE-/—mouse atherosclerosis process. Chinese Journal of
Gerontology. 2018; 38(16):3987-9.

Qiao L, Wang HF, Xiang L, Ma J, Zhu Q, Xu D, et al. Deficient Chaperone-Mediated Autophagy Pro-
motes Lipid Accumulation in Macrophage. Journal of cardiovascular translational research. 2021; 14
(4):661-9. Epub 2020/04/15. https://doi.org/10.1007/s12265-020-09986-3 PMID: 32285315; PubMed
Central PMCID: PMC8397667.

Poznyak AV, Melnichenko AA, Wetzker R, Gerasimova EV, Orekhov AN. NLPR3 Inflammasomes and
Their Significance for Atherosclerosis. Biomedicines. 2020; 8(7). Epub 2020/07/16. https://doi.org/10.
3390/biomedicines8070205 PMID: 32664349; PubMed Central PMCID: PMC7399980.

Rathinam VA, Fitzgerald KA. Inflammasome Complexes: Emerging Mechanisms and Effector Func-
tions. Cell. 2016; 165(4):792—-800. Epub 2016/05/08. https://doi.org/10.1016/j.cell.2016.03.046 PMID:
27153493; PubMed Central PMCID: PMC5503689.

Grebe A, Hoss F, Latz E. NLRP3 Inflammasome and the IL-1 Pathway in Atherosclerosis. Circulation
research. 2018; 122(12):1722-40. Epub 2018/06/09. https://doi.org/10.1161/CIRCRESAHA.118.
311362 PMID: 29880500.

Lee J, Lee Y, LaVoy EC, Umetani M, Hong J, Park Y. Physical activity protects NLRP3 inflammasome-
associated coronary vascular dysfunction in obese mice. Physiological reports. 2018; 6(12): e13738.
Epub 2018/06/23. https://doi.org/10.14814/phy2.13738 PMID: 29932503; PubMed Central PMCID:
PMC6014451.

Xing JH, Li R, Gao YQ, Wang MY, Liu YZ, Hong J, et al. NLRP3 inflammasome mediate palmitate-
induced endothelial dysfunction. Life sciences. 2019; 239:116882. Epub 2019/11/11. https://doi.org/10.
1016/}.1fs.2019.116882 PMID: 31705915.

Nishimura T, Nakatake Y, Konishi M, Itoh N. Identification of a novel FGF, FGF-21, preferentially
expressed in the liver. Biochimica et biophysica acta. 2000; 1492(1):203—-6. Epub 2000/06/20. https://
doi.org/10.1016/s0167-4781(00)00067-1 PMID: 10858549.

Kokkinos J, Tang S, Rye KA, Ong KL. The role of fibroblast growth factor 21 in atherosclerosis. Athero-
sclerosis. 2017; 257:259-65. Epub 2016/12/26. https://doi.org/10.1016/j.atherosclerosis.2016.11.033
PMID: 28012645.

Domouzoglou EM, Naka KK, Vlahos AP, Papafaklis MI, Michalis LK, Tsatsoulis A, et al. Fibroblast
growth factors in cardiovascular disease: The emerging role of FGF21. American journal of physiology
Heart and circulatory physiology. 2015; 309(6): H1029-38. Epub 2015/08/02. https://doi.org/10.1152/
ajpheart.00527.2015 PMID: 26232236; PubMed Central PMCID: PMC4747916.

Hale C, Chen MM, Stanislaus S, Chinookoswong N, Hager T, Wang M, et al. Lack of overt FGF21 resis-
tance in two mouse models of obesity and insulin resistance. Endocrinology. 2012; 153(1):69-80. Epub
2011/11/10. https://doi.org/10.1210/en.2010-1262 PMID: 22067317.

Taniguchi H, Tanisawa K, Sun X, Kubo T, Higuchi M. Endurance Exercise Reduces Hepatic Fat Con-
tent and Serum Fibroblast Growth Factor 21 Levels in Elderly Men. The Journal of clinical endocrinology
and metabolism. 2016; 101(1):191-8. Epub 2015/11/13. https://doi.org/10.1210/jc.2015-3308 PMID:
26562755.

Lin Z, Tian H, Lam KS, Lin S, Hoo RC, Konishi M, et al. Adiponectin mediates the metabolic effects of
FGF21 on glucose homeostasis and insulin sensitivity in mice. Cell metabolism. 2013; 17(5):779-89.
Epub 2013/05/15. https://doi.org/10.1016/j.cmet.2013.04.005 PMID: 23663741.

Campderros L, Sanchez-Infantes D, Villarroya J, Nescolarde L, Bayés-Genis A, Cereijo R, et al. Altered
GDF15 and FGF21 Levels in Response to Strenuous Exercise: A Study in Marathon Runners. Frontiers

PLOS ONE | https://doi.org/10.1371/journal.pone.0273527  August 25, 2022 18/19


https://doi.org/10.1016/j.exger.2021.111581
https://doi.org/10.1016/j.exger.2021.111581
http://www.ncbi.nlm.nih.gov/pubmed/34634412
https://doi.org/10.1016/j.amjms.2016.11.002
https://doi.org/10.1016/j.amjms.2016.11.002
http://www.ncbi.nlm.nih.gov/pubmed/28262215
https://doi.org/10.1055/s-0033-1349075
http://www.ncbi.nlm.nih.gov/pubmed/24022569
https://doi.org/10.1152/japplphysiol.00621.2010
http://www.ncbi.nlm.nih.gov/pubmed/20947714
https://doi.org/10.1007/s12265-020-09986-3
http://www.ncbi.nlm.nih.gov/pubmed/32285315
https://doi.org/10.3390/biomedicines8070205
https://doi.org/10.3390/biomedicines8070205
http://www.ncbi.nlm.nih.gov/pubmed/32664349
https://doi.org/10.1016/j.cell.2016.03.046
http://www.ncbi.nlm.nih.gov/pubmed/27153493
https://doi.org/10.1161/CIRCRESAHA.118.311362
https://doi.org/10.1161/CIRCRESAHA.118.311362
http://www.ncbi.nlm.nih.gov/pubmed/29880500
https://doi.org/10.14814/phy2.13738
http://www.ncbi.nlm.nih.gov/pubmed/29932503
https://doi.org/10.1016/j.lfs.2019.116882
https://doi.org/10.1016/j.lfs.2019.116882
http://www.ncbi.nlm.nih.gov/pubmed/31705915
https://doi.org/10.1016/s0167-4781%2800%2900067-1
https://doi.org/10.1016/s0167-4781%2800%2900067-1
http://www.ncbi.nlm.nih.gov/pubmed/10858549
https://doi.org/10.1016/j.atherosclerosis.2016.11.033
http://www.ncbi.nlm.nih.gov/pubmed/28012645
https://doi.org/10.1152/ajpheart.00527.2015
https://doi.org/10.1152/ajpheart.00527.2015
http://www.ncbi.nlm.nih.gov/pubmed/26232236
https://doi.org/10.1210/en.2010-1262
http://www.ncbi.nlm.nih.gov/pubmed/22067317
https://doi.org/10.1210/jc.2015-3308
http://www.ncbi.nlm.nih.gov/pubmed/26562755
https://doi.org/10.1016/j.cmet.2013.04.005
http://www.ncbi.nlm.nih.gov/pubmed/23663741
https://doi.org/10.1371/journal.pone.0273527

PLOS ONE

Aerobic exercise inhibits atherosclerosis in mice

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

in physiology. 2020; 11:550102. Epub 2020/12/18. https://doi.org/10.3389/fphys.2020.550102 PMID:
33329017; PubMed Central PMCID: PMC7711067.

LiL, Xu JF, Feng SL, Fang YH, Wang XJ. Effects of Aerobic Exercise and Resistance Exercise on
Hepatic FGF21 Signaling Pathway of Obese Rats. Chinese Journal of Sports Medicine. 2018; 37
(10):847-56. https://doi.org/10.16038/j.1000-6710.2018.10.009

Petridou A, Tsalouhidou S, Tsalis G, Schulz T, Michna H, Mougios V. Long-term exercise increases the
DNA binding activity of peroxisome proliferator-activated receptor gamma in rat adipose tissue. Metabo-
lism: clinical and experimental. 2007; 56(8):1029-36. Epub 2007/07/10. https://doi.org/10.1016/j.
metabol.2007.03.011 PMID: 17618946.

Nawrocki AR, Rajala MW, Tomas E, Pajvani UB, Saha AK, Trumbauer ME, et al. Mice lacking adipo-
nectin show decreased hepatic insulin sensitivity and reduced responsiveness to peroxisome prolifera-
tor-activated receptor gamma agonists. The Journal of biological chemistry. 2006; 281(5):2654—60.
Epub 2005/12/06. https://doi.org/10.1074/jbc.M505311200 PMID: 16326714.

Yang W, Liu L, Wei Y, Fang C, Zhou F, Chen J, et al. Exercise ameliorates the FGF21-adiponectin axis
impairment in diet-induced obese mice. Endocrine connections. 2019; 8(5):596—-604. Epub 2019/04/13.
https://doi.org/10.1530/EC-19-0034 PMID: 30978696; PubMed Central PMCID: PMC6510890.

Yafei S, Elsewy F, Youssef E, Ayman M, El-Shafei M. Fibroblast growth factor 21 association with sub-
clinical atherosclerosis and arterial stiffness in type 2 diabetes. Diabetes & metabolic syndrome. 2019;
13(1):882-8. Epub 2019/01/16. https://doi.org/10.1016/j.dsx.2018.12.007 PMID: 30641825.

Wang N, LiJY, Li S, Guo XC, Wu T, Wang WF, et al. Fibroblast growth factor 21 regulates foam cells
formation and inflammatory response in Ox-LDL-induced THP-1 macrophages. Biomedicine & pharma-
cotherapy = Biomedecine & pharmacotherapie. 2018; 108:1825-34. Epub 2018/10/31. https://doi.org/
10.1016/j.biopha.2018.09.143 PMID: 30372888.

Wolfrum C, Stoffel M. Coactivation of Foxa2 through Pgc-1beta promotes liver fatty acid oxidation and
triglyceride/VLDL secretion. Cell metabolism. 2006; 3(2):99—110. Epub 2006/02/07. https://doi.org/10.
1016/j.cmet.2006.01.001 PMID: 16459311.

Schroder K, Tschopp J. The inflammasomes. Cell. 2010; 140(6):821-32. Epub 2010/03/23. https://doi.
org/10.1016/j.cell.2010.01.040 PMID: 20303873.

Gurung P, Lukens JR, Kanneganti TD. Mitochondria: diversity in the regulation of the NLRP3 inflamma-
some. Trends in molecular medicine. 2015; 21(3):193-201. Epub 2014/12/17. https://doi.org/10.1016/j.
molmed.2014.11.008 PMID: 25500014; PubMed Central PMCID: PMC4352396.

Potthoff MJ, Inagaki T, Satapati S, Ding X, He T, Goetz R, et al. FGF21 induces PGC-1alpha and regu-
lates carbohydrate and fatty acid metabolism during the adaptive starvation response. Proceedings of
the National Academy of Sciences of the United States of America. 2009; 106(26):10853—8. Epub
2009/06/23. https://doi.org/10.1073/pnas.0904187106 PMID: 19541642; PubMed Central PMCID:
PMC2705613.

Kadoglou NP, Moustardas P, Kapelouzou A, Katsimpoulas M, Giagini A, Dede E, et al. The anti-inflam-
matory effects of exercise training promote atherosclerotic plaque stabilization in apolipoprotein E
knockout mice with diabetic atherosclerosis. European journal of histochemistry: EJH. 2013; 57(1): e3.
Epub 2013/04/04. https://doi.org/10.4081/ejh.2013.e3 PMID: 23549462; PubMed Central PMCID:
PMC3683610.

PLOS ONE | https://doi.org/10.1371/journal.pone.0273527  August 25, 2022 19/19


https://doi.org/10.3389/fphys.2020.550102
http://www.ncbi.nlm.nih.gov/pubmed/33329017
https://doi.org/10.16038/j.1000-6710.2018.10.009
https://doi.org/10.1016/j.metabol.2007.03.011
https://doi.org/10.1016/j.metabol.2007.03.011
http://www.ncbi.nlm.nih.gov/pubmed/17618946
https://doi.org/10.1074/jbc.M505311200
http://www.ncbi.nlm.nih.gov/pubmed/16326714
https://doi.org/10.1530/EC-19-0034
http://www.ncbi.nlm.nih.gov/pubmed/30978696
https://doi.org/10.1016/j.dsx.2018.12.007
http://www.ncbi.nlm.nih.gov/pubmed/30641825
https://doi.org/10.1016/j.biopha.2018.09.143
https://doi.org/10.1016/j.biopha.2018.09.143
http://www.ncbi.nlm.nih.gov/pubmed/30372888
https://doi.org/10.1016/j.cmet.2006.01.001
https://doi.org/10.1016/j.cmet.2006.01.001
http://www.ncbi.nlm.nih.gov/pubmed/16459311
https://doi.org/10.1016/j.cell.2010.01.040
https://doi.org/10.1016/j.cell.2010.01.040
http://www.ncbi.nlm.nih.gov/pubmed/20303873
https://doi.org/10.1016/j.molmed.2014.11.008
https://doi.org/10.1016/j.molmed.2014.11.008
http://www.ncbi.nlm.nih.gov/pubmed/25500014
https://doi.org/10.1073/pnas.0904187106
http://www.ncbi.nlm.nih.gov/pubmed/19541642
https://doi.org/10.4081/ejh.2013.e3
http://www.ncbi.nlm.nih.gov/pubmed/23549462
https://doi.org/10.1371/journal.pone.0273527

