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ARTICLE INFO ABSTRACT

Keywords: Aims: Population-based studies have shown that exercise has anti-atherosclerotic effects, but the mechanisms
Neuropeptide Y underlying this cardiac protection are poorly understood. The aim of this study was to investigate if the anti-
Atherosclerosis atherosclerotic effects of exercise are associated with changes in neuropeptide Y (NPY) expression in apolipo-
Exercise ) protein E-deficient (ApoE /") mice.

E?;;ﬁgg:ﬁ ¥ receptor Main methods: Thirty-one male ApoE /" mice were randomly divided into regular exercise (5 days/week), oc-

casional exercise (1-2 days/week), and sedentary groups. After 8 weeks, atherosclerotic burden and plaque
stability were measured by histological and morphological analysis. Quantitative real-time PCR and im-
munohistochemistry were used to measure the expression of NPY and its receptors in the aorta.

Key findings: Eight weeks of occasional exercise was equally effective as regular exercise at preventing athero-
sclerotic plaque formation and enhancing atherosclerotic plaque stability. This was shown by increased plaque
collagen and smooth muscle cell content and decreased plaque lipid and macrophage content. The expression of
NPY and its receptors in the vasculature was decreased in the regular exercise and occasional exercise groups,
and this expression was significantly correlated with the progress of atherosclerosis. Moreover, exercise may
reduce the activity of macrophages by down-regulating the expression of NPY Y1 receptors, thereby reducing the
release of inflammatory cytokines.

Significance: These results suggest that exercise training can attenuate plaque burden and enhance athero-
sclerotic plaque stability. The anti-atherosclerotic effect of exercise appears to be, at least in part, dependent on
down-regulation of the expression of NPY and its receptors (especially Y1 receptors) in the aorta.

1. Introduction

Existing laboratory and clinical evidence shows that regular phy-
sical exercise can reduce the incidence of coronary heart disease [1].
Exercise can reduce obesity, lower blood pressure, increase insulin
sensitivity, and reduce inflammation, and is thus able to modify various
risk factors of atherosclerotic cardiovascular disease [2]. However, the
mechanism by which exercise exerts these cardioprotective effects re-
mains unclear.

Neuropeptide Y (NPY) is a 36-amino-acid residue peptide often re-
leased from sympathetic nerve endings together with norepinephrine.
NPY is the most abundant neuropeptide in the central and peripheral
nervous systems [3]. In addition, NPY has been shown to be synthesized
and released in endothelial cells (ECs), immune cells, and

megakaryocytes/platelets [4]. To date, five NPY receptors (Y1-Y5)
have been identified in mammals, all of which are G protein-coupled
receptors [5]. NPY receptors are widely distributed in central and
peripheral tissues, playing an indispensable role in appetite regulation
and vasoconstriction [6].

In the cardiovascular system, many studies have identified that NPY
and its receptors (especially Y1R, Y2R, and Y5R) are involved in the
formation of atherosclerotic plaques [4,7,8]. In the periphery, NPY
induces long-lasting vasoconstriction via the Y1R [9]. NPY can also
stimulate vascular smooth muscle cell (VSMC) proliferation and hy-
pertrophy via the Y1R [10]. In addition, NPY is also an important an-
giogenic factor, and can stimulate EC migration, proliferation, and
differentiation into capillary-like tubes via the Y2R [11]. Furthermore,
the Y5R is also involved in EC and VSMC proliferation [12]. Previous
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studies have identified that SMC hyperplasia and angiogenesis were
associated with a greater risk of plaque development [4,13]. In addi-
tion, NPY can mediate immunity and inflammatory responses via the
Y1/Y2R. The binding of NPY to these receptors influences the migration
and adhesion of macrophages, and induces macrophages to release
various inflammatory cytokines such as interleukin (IL)-4, IL-12, tumor
necrosis factor-alpha (TNF-a), and nitric oxide [14]. Furthermore, Li
et al. identified that NPY and its receptors were highly up-regulated in
human and murine atherosclerotic plaques compared to normal vas-
cular tissue [4].

Exercise training can reduce sympathetic activation of the cardio-
vascular system, which is known to be the major source of circulating
NPY [11,15]. In addition, many studies have shown that exercise can
alter the expression of NPY in peripheral regions. However, there cur-
rently exists no consensus on the effects of exercise on the expression of
NPY in peripheral regions [16,17]. Therefore, there exists a possible
clinical association between NPY and the anti-atherosclerotic effect of
physical exercise.

In the present study, we hypothesized that the effects of exercise on
atherosclerosis are at least partially due to alterations in the expression
of NPY and its receptors in the aorta. In addition, we explored the
different effects of regular exercise and occasional exercise on athero-
sclerosis development.

2. Materials and methods
2.1. Experimental animals

A total of 31 male ApoE~/" mice on a C57BL/6 background (10
weeks old, 20-22 g) were purchased from the Animal Center of Beijing
University (Beijing, China). Animals were fed a normal chow diet in the
first week to facilitate adaptation to the environment, and were then fed
a high fat chow diet (1.25% cholesterol and 20% fat) for the next 11
weeks. Mice were kept in standard cages at 22 °C with a 12 h light-dark
cycle and were allowed unlimited access to food and water. All animal
experimental protocols were approved by the Third Military Medical
University (Army Medical University) Animal Care Committee and
were in accordance with the National Institutes of Health's Guide for
the Care and Use of Laboratory Animals (NIH publication number
8023).

2.2. Exercise protocol

After 3 weeks on a high fat diet, 31 male ApoE /" mice were ran-
domly divided into regular exercise (n = 11), occasional exercise
(n = 10), and sedentary groups (n = 10). Mice assigned to the regular
exercise group were run on a motorized rodent treadmill (ZH-PT,
Anhui, China) 5 days a week. The mice were progressively familiarized
with running during the first week, beginning with a 30-min training
period at a speed of 10 m/min on day 1 and ending with a 50-min
training period at a speed of 14 m/min on day 5. Each day, the duration
and speed of the exercise were increased by 5min and 1 m/min, re-
spectively [18]. During weeks 2-8, 5 days a week, the regular exercise
group were subjected to a 60-min training period at a speed of 15m/
min with 2-min rest intervals every 15min. The exercise speed and
duration of the occasional exercise group were the same as the regular
exercise group, but these animals were only exercised 1-2 days a week
(the number of days was determined by a random number table). Mice
assigned to the sedentary group were confined to their cages
throughout the study.

2.3. Tissue preparation and collection
At the end of the exercise protocol, the mice were weighed. They

were then anesthetized with 1% sodium pentobarbital and blood from
the left ventricle of the heart was collected. Plasma was obtained by
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centrifugation at 3000 rpm for 20 min, and was divided into two por-
tions. One portion was used to measure lipid concentrations (plasma
total cholesterol (TC), triglycerides (TG), low-density lipoprotein cho-
lesterol (LDL-C), and high-density lipoprotein cholesterol (HDL-C) were
measured by enzymatic assays), and the other was stored at —80 °C for
enzyme-linked immunosorbent assay (ELISA) analysis of NPY. The
aorta (n = 5 per group) and heart (n = 8 per group) were dissected and
fixed in 4% paraformaldehyde overnight. The whole aorta was stained
with Oil Red O (Solarbio, China), and the aortic root was subsequently
embedded in optimum cutting temperature compound for cryo-
sectioning. Following this, 10 um-thick frozen sections of the aortic
sinus were collected and stored at —80 °C. The other whole aorta were
stored in RNAlater™ Stabilization Solution (Invitrogen, USA) for mRNA
measurement.

2.4. Histology and immunohistochemistry

The en face aorta was stained with Oil Red O and the percentage
lesion area was measured using Image J software. The atherosclerotic
areas, lipid deposition, and collagen content of the aortic root cross-
section were identified by hematoxylin and eosin staining (Solarbio,
China), Oil Red O staining, and Masson's trichome staining (Solarbio,
China), respectively. The mean atherosclerotic area of the aortic root
was calculated from eight different mice, using ten serial cryosections
from each mouse. The lipid deposition and collagen content were ex-
pressed as the ratio of the positively-stained area to the total plaque
area of the aortic sinus.

To measure the SMC, macrophage, NPY, and YIR content of
atherosclerotic plaques, sections were respectively incubated with
rabbit anti-a smooth muscle actin (1:200, a-SMA, Abcam, UK), rat anti-
monocyte + macrophage (1:150, MOMA-2, Abcam, UK), rabbit anti-
NPY (1:1500, Abcam, UK), and rabbit anti-NPY1R (1:300, Bioss, China)
primary antibodies. The sections were then incubated with appropriate
secondary antibodies. The macrophage, SMC, NPY, and Y1R contents of
each lesion were evaluated by expressing the positively-stained area as
a percentage of the total area of the lesion.

2.5. Quantitative real-time PCR

In order to measure the mRNA expression of NPY, NPY receptors,
and inflammatory cytokines in the aorta, total RNA was extracted from
the whole aorta using TRNzol Reagent (Tiangen, China). RNA purity
and concentration were measured using a spectrophotometer. Reverse
transcription and cDNA synthesis were performed using FastKing gDNA
Dispelling RT SuperMix (Tiangen, China) according to the manufac-
turer's instructions. The mRNA expression of NPY, NPY1R, NPY2R,
NPY5R, dipeptidyl peptidase IV (DPPIV), and various cytokines was
quantified by quantitative real-time PCR (qRT-PCR) with SuperReal
PreMix Plus (SYBR Green) (Tiangen, China), and [3-actin was employed
as a housekeeping gene. The sequences of the forward and reverse
primers are shown in Table 1. The relative gene expression was cal-
culated using the 22ACT method.

3. Statistical analysis

Data are expressed as mean =+ standard error of the mean and
statistical analysis was conducted using SPSS 23.0 (SPSS, Inc., Chicago,
IL, USA). For normally distributed data with equal variances, one-way
ANOVA and Tukey's post-hoc test were used to analyze differences
between groups. If data were not normally distributed or the group
variances were unequal, the Kruskal-Wallis test was used to assess
differences between groups. For all statistical analyses, a P value <
0.05 was considered statistically significant.
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Table 1
qRT-PCR Forward/Reverse(F/R) primers sequences.

Primers Sequences 5’-3’
NPY F: 5”- GTGGACTGACCCTCGCTCTA -3’
R: 5- TCAGTGTCTCAGGGCTGGAT-3’
NPY1R F: 5’- CAGTAAGTACAGGTCCAGTGAG -3’
R: 5”- GTCGAACACAGTGTTGAAGATG -3’
NPY2R F: 5- CGGTACAAGTGTCCACAATAAC-3’
R: 5- CAATGATCAGGAAGCTGATTCG-3’
NPY5R F: 5’- TTTCCAGTCTGGGAGGACTATA-3’
R: 5- GATTGCGCTTTTTCATAACAGC -3”
DPPIV F: 5’- CCAATTCCAGAAGACAACCTTG-3’
R: 5- CATCTGCCGTTCCATGAATAAG -3’
ICAM-1 F: 5"-CTGAAAGATGAGCTCGAGAGTG-3’
R: 5-AAACGAATACACGGTGATGGTA-3"
VCAM-1 F: 5"-GACATTTACCCAGTTTACAGGC-3’
R: 5-TGACGGGAGTAAAGGTTACTTC-3’
TNF-a F: 5-ATGTCTCAGCCTCTTCTCATTC-3’
R: 5’-GCTTGTCACTCGAATTTTGAGA-3’
1L-4 F: 5”- TACCAGGAGCCATATCCACGGATG-3’
R: 5”- TGTGGTGTTCTTCGTTGCTGTGAG -3’
IL-12 F: 5’- TGAGAAGTATTCAGTGTCCTGC -3’
R: 5- CTGTGAGTTCTTCAAAGGCTTC -3’
IFN-y F: 5”- CTTGAAAGACAATCAGGCCATC-3’
R: 5- CTTGGCAATACTCATGAATGCA-3’
B-Actin F: 5”- GTGCTATGTTGCTCTAGACTTCG -3’
R: 5- ATGCCACAGGATTCCATACC -3’

NPY, neuropeptide Y; NPY1R, neuropeptide Y1 receptor; NPY2R, neuropep-
tide Y2 receptor; NPY5R, neuropeptide Y5 receptor; DPPIV, dipeptidyl pep-
tidase IV; ICAM-1, intercellular adhesion molecule 1; VCAM-1, vascular cell
adhesion molecule 1; TNF-a, tumor necrosis factor alpha; IL-4, interleukin 4;
IL-12, interleukin 12; IFN-y, interferon gamma; -Actin, beta-actin.

4. Result

4.1. Exercise had no effect on the body weight or serum lipid profiles of
ApoE ™" mice

As shown in Table 2, after 8 weeks of exercise, the serum lipid
profiles (TC, TG, HDL-C, and LDL-C) of the three groups were similar. In
addition, no significant differences were noted between the exercise
and sedentary groups with respect to body weight or serum glucose
concentration.

4.2. Exercise attenuated atherosclerotic plaque growth in ApoE ~/~ mice

As shown in Fig. 1, the cross-sectional plaque area of the aortic sinus
was significantly reduced in the two exercise groups compared to the
sedentary group (Fig. 1A and B). Moreover, the Oil Red O-stained en
face aorta showed a significant decrease in plaque burden in the regular
and occasional exercise groups compared to the sedentary group
(Fig. 1C and D). However, there was no significant difference in plaque
burden between the regular exercise group and the occasional exercise
group.

4.3. Exercise enhanced atherosclerotic plaque stability in ApoE™/" mice
The intraplaque lipid content was significantly lower in the two

Table 2
Body weight, serum lipid profiles and glucose concentration.
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exercise groups than in the sedentary group (Fig. 2A). Furthermore, the
plaque collagen content was significantly increased in the mice that
received regular exercise compared to the sedentary mice (Fig. 2B).
Immunohistochemical analysis showed that the plaque SMC content (a-
SMA-positive area) was significantly higher in the two exercise groups
than in the sedentary group. In contrast, the plaque macrophage con-
tent (MOMA-2-positive area) was significantly lower in the regular and
occasional exercise groups (Fig. 2C and D). These data suggest that
exercise increases plaque SMC and collagen content and decreases
plaque lipid and macrophage content, enhancing the stability of
atherosclerotic plaques.

4.4. NPY was involved in the anti-atherosclerotic effect of exercise

In order to determine if atherosclerosis is associated with elevated
circulating levels of NPY, plasma NPY level was measured by ELISA.
The regular exercise and occasional exercise groups exhibited similar
plasma NPY levels. Furthermore, the sedentary group exhibited a sig-
nificantly higher plasma NPY level (Fig. 3C). Interestingly, we also
found that plasma NPY level was significantly correlated with the
percentage en face lesion area of the entire aorta (Fig. 3D). Similarly,
immunohistochemical and qRT-PCR results showed that the regular
exercise and occasional exercise groups exhibited significantly de-
creased NPY expression in atherosclerotic plaques, which was con-
sistent with the attenuation of atherosclerotic plaque growth by ex-
ercise in ApoE —/— mice (Fig. 3).

We further investigated whether NPY receptors were involved in the
exercise-induced regulation of atherosclerotic plaques. PCR results
showed that the mRNA expression of NPY1R, NPY2R, NPY5R, and
DPPIV in the aorta was significantly down-regulated in the two exercise
groups compared to the sedentary group (Fig. 3E and F). The regular
exercise group exhibited significantly lower aortic NPY and NPY5R
mRNA expression compared to the occasional exercise group. The
mRNA expression of NPY1R, NPY2R, and DPPIV was also lower in the
regular exercise group than in the occasional exercise group, although
these differences were not statistically significant (Fig. 3E and F).

4.5. Exercise reduced Y1R expression, inhibiting macrophage activation and
inflammatory cytokine expression in atherosclerotic plaques

Macrophages play a key role in atherosclerosis by accumulating
cholesterol and producing inflammatory mediators and cytokines [19].
Y1R-deficient mice exhibited a reduced inflammatory response, sug-
gesting the involvement of Y1Rs in inflammation [20]. Im-
munohistochemistry confirmed that the expression of Y1Rs in the ex-
ercise group was significantly lower than that in the sedentary group,
especially in plaque areas with high macrophage expression, suggesting
that Y1Rs may be involved in regulating the activity of macrophages in
atherosclerotic plaques (Fig. 4A and B). Y1Rs have been shown to be
involved in the release of inflammatory cytokines by macrophages [14].
Therefore, we investigated whether the expression of inflammatory
cytokines in the aorta was affected by 8 weeks of exercise. As expected,
the expression of inflammatory cytokines (intercellular adhesion mo-
lecule 1, TNF-a, IL-4, and IL-12) was significantly lower in the regular
exercise group and occasional exercise group than in the sedentary

Groups BW (g) TC (mmol/L) TG (mmol/L) HDL-C (mmol/L) LDL-C (mmol/L) Glucose (mmol/L)
Regular 27.76 = 0.59 5.94 = 0.50 0.21 = 0.02 0.62 = 0.03 4.96 = 0.42 3.77 £ 0.20
Occasional 28.50 + 0.65 6.00 = 0.64 0.26 = 0.04 0.54 = 0.04 4.94 + 0.48 3.06 = 0.31
Sedentary 29.10 * 0.15 7.14 = 0.29 0.24 = 0.02 0.56 = 0.02 5.80 = 0.18 3.72 = 0.17

P ns ns ns ns ns ns

BW: body weight; TC: total cholesterol; TG: triglyceride; HDL-C: high-density lipoprotein cholesterol; LDL-C: low-density lipoprotein cholesterol; ns: not significant.
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Sedentary

Occasional Sedentary

Regular

Fig. 1. Exercise attenuated atherosclerotic plaque growth in ApoE —/— mice. (A) Representative cross-sectional images of the aortic root plaques by H&E
staining. (B) Quantitative of cross-sectional plaque area in aortic roots. (C) Representative images of Oil Red O staining of en face aorta. (D) Quantitative analysis of
en face aorta lesions area of the entire aorta. *P < 0.05 vs. Sedentary group. (For interpretation of the references to colour in this figure legend, the reader is referred

to the Web version of this article.)

group (Fig. 4C-E). These data suggest that exercise reduces the ex-
pression of Y1Rs, thus inhibiting the activation of macrophages and the
expression of inflammatory cytokines in plaques.

5. Discussion

To the best of our knowledge, this is the first study to directly
compare the anti-atherosclerotic effects of regular and occasional ex-
ercise in ApoE ™/ mice. Our results also show for the first time that the
beneficial effects of physical exercise may be mediated, at least in part,
by alterations in the NPY-related pathway in this mouse model.
Exercise reduces the activity of macrophages through the NPY Y1R
pathway, which could potentially underlie the anti-atherosclerotic ef-
fects of exercise.

It is well known that physical exercise can prevent and treat human
atherosclerotic cardiovascular disease [21]. Compelling evidence has
identified that physical exercise improves lipid metabolism, insulin
resistance, and glucose intolerance, and reduces inflammation, ulti-
mately preventing and reducing many established atherosclerotic risk
factors [21,22]. In addition, Pascal et al. also demonstrated that long-
term exercise stabilized atherosclerotic plaques in ApoE ™/~ mice [23].
However, this anti-atherosclerotic effect was observed only in response
to regular exercise [23,24]. Our data provide the first evidence that 8
weeks of occasional exercise was equally effective as regular exercise at
preventing atherosclerotic plaque formation and enhancing athero-
sclerotic plaque stability. This was shown by increased plaque collagen

and SMC content and decreased plaque lipid and macrophage content.
This may indicate that there is no significant dose-response curve be-
tween medium-term exercise and atherosclerosis under high-fat diet
conditions. Atherosclerosis is a complex multifactorial chronic disease,
and diet and exercise have a close relationship in the prevention of
atherosclerosis. Previous studies have found that a high fat diet sig-
nificantly increased serum TC, TG, LDL, and very low-density lipopro-
tein, major risk factors of atherosclerosis [25,26]. These effects contrast
with the anti-atherosclerotic effects of exercise. Cesar et al. reported
that exercise did not reduce plaque accumulation in ApoE ™" mice fed a
high fat diet compared to sedentary mice [25]. The anti-atherosclerotic
effects of regular exercise may therefore be significantly decreased by a
high fat diet which elevates the levels of atherogenic lipids. Clearly,
further studies are needed to address this point.

The precise molecular mechanisms underlying the anti-athero-
sclerotic effect of exercise are largely unknown. Previous studies have
suggested that NPY may play a critical role in the effects of exercise on
energy balance and myocardial ischemia [27,28]. In the present study,
we investigated if NPY is involved in the mechanism underlying the
anti-atherosclerotic effect of exercise. Exercise can reduce sympathetic
modulation of the cardiovascular system [15]. Additionally, the major
source of circulating NPY in vivo is the sympathetic nerves [11]. Fur-
thermore, many animal and human studies have suggested that NPY
and its receptors are involved in mechanisms related to the develop-
ment of atherosclerosis [4,7]. Shah et al. identified that NPY gene
polymorphisms increased the risk of early-onset atherosclerosis due to
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Fig. 2. Exercise enhanced atherosclerotic plaque stability in ApoE —/— mice. Representative image and quantification of the plaque composition of lipid (A),
collagen (B), macrophages (C), smooth muscle cells (D). *P < 0.05 vs. sedentary group.

elevated plasma NPY levels [8]. Li et al. found that NPY and its re-
ceptors were highly up-regulated in human and murine atherosclerotic
plaques compared to normal vascular tissue, especially in the SMCs,
ECs, and macrophages/foam cells within these plaques [4]. In addition,
Lagraauw et al. identified that NPY expression was increased up to 2-
fold in unstable human plaques compared to stable plaques. In ApoE ™"~
mice, overexpression of NPY in the carotid artery significantly in-
creased atherosclerotic plaque size compared to controls [7]. Previous
work from our group has demonstrated that NPY can mediate VSMC
proliferation via the Y1R [29]. The Y1R also mediates NPY-induced
vasoconstriction which contributes to vascular tone by enhancing the
action of norepinephrine and epinephrine [30]. Moreover, Han et al.
identified that NPY was responsible for approximately 30% of

sympathetic nerve-mediated vasoconstriction in the mesenteric vas-
cular bed [31]. NPY also substantially stimulates neointima formation
via the Y1R [32]. In addition, NPY is a potent angiogenic factor, and
activates multiple steps of angiogenesis via the Y2R [6]. Zukowska-
Grojec et al. reported the first evidence that NPY promotes vessel
sprouting and adhesion, migration, and capillary tube formation by ECs
[11]. Additionally, recent studies have demonstrated that Y2R
knockout mice exhibit significantly diminished NPY-induced angio-
genesis compared to wild type mice [33,34]. Furthermore, the Y5R
plays an additional, though lesser, role in promoting neointimal hy-
perplasia and angiogenesis [4]. DPPIV is an enzyme which converts
NPY1-36 to NPY3-36. As a result, NPY is unable to bind to the Y1R but
retains affinity for the Y2R and Y5R, further promoting the angiogenic
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were measured by qRT-PCR. *P < 0.05 vs Sedentary group; #P < 0.05 vs occasional exercise group.

response [35,36]. It has been shown that a hypervascularized plaque is
more likely to develop an intraplaque hemorrhage, which promotes
further plaque growth and aggravates plaque instability [13]. Our re-
sults showed that exercise could significantly reduce plasma NPY level.
We also demonstrated that the expression of NPY, NPY1R, NPY2R,
NPY5R, and DPPIV in atherosclerotic plaques was lower in trained mice
than in sedentary mice, which was consistent with the decrease in
plasma NPY. Furthermore, we identified a significant positive correla-
tion between plasma NPY level and the percentage en face lesion area
of the entire aorta. Taken together, these results strongly suggest a
potential role of NPY in the anti-atherosclerotic effect of exercise.
With respect to the pathophysiology of atherosclerosis, inflamma-
tion plays a key role in plaque development and destabilization [37].
NPY is a potent pro-inflammatory peptide with the ability to directly
modulate the activity of macrophages and induce the release of various
inflammatory cytokines [14]. NPY itself has been shown to modulate

the recruitment of monocytes by acting as a chemoattractant at a
physiological concentration of 108 to 10~ '°M [38]. In addition, NPY
has also been shown to increase the adherence capacity of peripheral
blood monocytes in pathological conditions [39]. In the present study,
we found that the exercise-induced decreases in plasma NPY level and
atherosclerotic plaque formation were accompanied by a decrease in
the macrophage content of atherosclerotic plaques. This suggests that
the exercise-induced reduction of plaque macrophage content may be
related to a decrease in NPY expression. Of the five receptors, the YIR
plays the greatest role in inflammation [14]. Hassani et al. demon-
strated significantly reduced inflammatory responses in Y1R-deficient
mice and mice administered a Y1 antagonist [20]. In addition, macro-
phages from Y1R-deficient mice produced less TNF-a and IL-12 [40].
Zhou et al. also found that NPY promoted TGF-B1 production in
Raw264.7 cells via the Y1R [41]. In the present study, we found that
exercise reduced the expression of Y1Rs in plaque areas with high
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macrophage expression. Furthermore, the expression of inflammatory
cytokines in plaques was also significantly reduced after exercise. Taken
together, these results suggest that exercise may reduce macrophage
migration, adhesion, and activity by down-regulating the expression of
NPY and Y1Rs, thereby reducing the release of inflammatory cytokines
and retarding the progress of atherosclerosis.

In the present study, we examined the anti-atherosclerotic effect of
only medium-term exercise (8 weeks) under high fat diet conditions, so
the dose-response curve between exercise and atherosclerosis could not
be ascertained. Furthermore, the forced running mouse model entails
stress and is considered a non-physiological model. Further studies
combining diet and voluntary exercise protocols should be conducted to
examine the anti-atherosclerotic effect of physical exercise. Finally, it
should be noted that experimental models of atherosclerosis, including
ApoE /" mice, cannot exactly reproduce the pathophysiology of human
atherosclerosis, especially plaque instability. As a result, human studies
may be required to further confirm our results.

6. Conclusions

In conclusion, we here demonstrate that occasional exercise and
regular exercise were equally effective at preventing atherosclerotic
plaque formation and enhancing atherosclerotic plaque stability under
high fat diet conditions. Exercise training decreased the expression of
NPY and its receptors in atherosclerotic plaques, and this was sig-
nificantly correlated with the progress of atherosclerosis. In addition,
exercise may reduce the activity of macrophages through the Y1R,
thereby inhibiting the release of pro-inflammatory mediators. The
above results identify NPY as an important factor in the regulation of
atherosclerosis by exercise.
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