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ABSTRACT
Vascular diseases such as atherosclerosis and aneurysms are associated with diet. Perivascular 
adipose tissue (PVAT) was reportedly involved in the regulation of vascular functions. It is 
suggested that imbalanced diets can cause PVAT inflammation and dysfunction as well as 
impaired vascular function. However, the association between diets and PVAT are not clearly 
understood. Here, we showed that a high-fat and a high-sucrose diet affected PVAT at different 
sites. A high-fat diet induced increased number of large-sized lipid droplets and increased CD 
(Cluster of differentiation) 68+ macrophage- and monocyte chemotactic protein (MCP)-1-positive 
areas in the abdominal aortic PVAT (aPVAT). In addition, a high-fat diet caused decreased collagen 
fibre-positive area and increased CD68+ macrophage- and MCP-1-positive areas in the abdominal 
aorta. In contrast, a high-sucrose diet induced increased number of large-sized lipid droplets, 
increased CD68+ macrophage- and MCP-1-positive areas, and decreased UCP-1 positive area in 
the thoracic aortic PVAT (tPVAT). A high-sucrose diet caused decreased collagen fibre-positive 
area and increased CD68+ macrophage- and MCP-1-positive areas in the thoracic aorta. These 
results could be attributed to the different adipocyte populations in the tPVAT and aPVAT. Our 
results provide pathological evidence to improve our understanding of the relationship between 
diet and vascular diseases.
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Introduction

Vascular diseases such as atherosclerosis and aneur
ysms have been reported to be associated with western 
diets [1]. Recent studies have also suggested a possible 
relationship between vascular diseases and perivascular 
adipose tissue (PVAT), the adipose tissue surrounding 
the aorta, with the exception of the cerebral vasculature. 
The major physiological role of PVAT was previously 
considered to be providing mechanical support to 
blood vessels; however, recent studies have recognized 
it as a physiologically and metabolically active endo
crine tissue that has important effects on vascular func
tion and diseases [2,3]. Similar to other adipose tissues, 
PVAT secretes both pro-inflammatory and anti- 
inflammatory adipocytokines [4]. The proximity of 
PVAT with the aorta has led to speculations that 
vasoactive adipocytokines produced from PVAT could 
affect the vascular function in a paracrine manner [5]. 
Adipocytokine production in PVAT is associated with 
adipocyte size [6,7].

Under normal conditions, PVAT exerts an anti- 
inflammatory effect and shows a relatively low secre
tion of pro-inflammatory cytokines [7]. However, 
excessive accumulation of triglycerides in PVAT causes 
the enlargement of adipocytes due to excess lipid dro
plets, resulting in inflammation of PVAT, accompanied 
by increased macrophage infiltration [8–11]. 
Inflammation in PVAT reduces its secretion of anti- 
inflammatory adiponectin [12], while increasing its 
secretion of pro-inflammatory cytokines such as inter
leukin (IL)-6, IL-8, and especially monocyte chemotac
tic protein (MCP)-1 [8–11]. In vascular diseases such as 
aortic aneurysm, atherosclerosis, and vasculitis syn
drome, PVAT inflammation has been shown to pro
mote pro-inflammatory cytokine production, leading to 
infiltration of inflammatory cells (macrophages, neu
trophils, and T cells) into blood vessels from the adven
titial side [13–17]. The consequent increase in the 
number of inflammatory cells in the vessel walls pro
mote matrix fragmentation of the aortic wall by 
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increasing matrix metalloproteinase (MMP) expression 
and activity [18–20]. These inflammatory processes can 
be attributed to functional changes in PVAT 
[2,3,21,22].

Since dietary fats and sucrose are converted to tri
glycerides, fat- or sucrose-rich diets can cause hyper
trophy of adipocytes, resulting in adipose tissue 
inflammation [23]. Excessive intake of fat and sucrose 
has been shown to have different effects on the pathol
ogy of vascular and metabolic diseases [24–27]. 
However, the effects of high-fat (HF) and high- 
sucrose (HS) diets on PVAT remain unclear. 
Investigating the effects of diet on PVAT function 
could help improve our understanding of the relation
ship between diet and vascular diseases. In this study, 
we investigated the effects of high-fat and high-sucrose 
diets on the aortic wall and PVAT of the thoracic aorta 
and abdominal aorta.

Results

Effects of high-fat and high-sucrose diets on body 
weight, food intake, and serum glucose, 
triglyceride, and total cholesterol levels

Body weight and food intake did not differ between the 
three groups (Figure 1(a,b)). Additionally, serum glucose 
levels were not different between the three groups (Figure 1 
(c)). In contrast, serum triglyceride (TG) levels were sig
nificantly higher in the HS group than in the control group 
(Figure 1(d)). Furthermore, serum total cholesterol 
(T-Cho) was significantly increased in the HS group, com
pared to the control and HF groups (Figure 1(e)). Serum 
leptin level was significantly increased in the HF group 
compared to the control and HS groups (Supplementary 
Figure 1 (a)). Serum insulin level was significantly 
increased in the HS group compared to the control and 
HF groups (Supplementary Figure 1 (b)).

Figure 1. Effects of high-fat and high-sucrose diets on body weight, food intake, serum glucose, serum triglyceride and serum total 
cholesterol levels. (a) Body weight, (b) food intake, (c) serum glucose, (d) serum TG and (e) serum T-Cho in the three experimental 
groups. Data are presented as the mean ± standard error of mean (S.E.M). Values with different letters are significantly different 
(p < 0.05).
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Effects of high-fat and high-sucrose diets on lipid 
droplets in PVAT

Levels of lipid accumulation were investigated in the 
thoracic aortic PVAT (tPVAT) and abdominal aortic 
PVAT (aPVAT) (Figure 2). The area of lipid droplets in 
the tPVAT was significantly increased in the HS group, 
compared to the control group (Figure 2(a-c,g)). In the 
aPVAT, the area of lipid droplets was significantly 
increased in the HF group, compared to the control 
and HS groups (Figure 2(d-f,i)).

We then measured the size of each lipid droplet 
and compared the number of lipid droplets between 
the groups. In tPVAT, the number of lipid droplets 
with areas ranging from 40–80 μm2, 80–120 μm2, and 
120–160 μm2 was significantly higher in the HF and 
HS groups than in the control group (Figure 2(a-c, 
h)). The number of lipid droplets with an area ran
ging from 160–200 μm2 was significantly higher in 
the HS group than in the control group (Figure 2(a-c, 
h)). Finally, the number of lipid droplets with an area 
larger than 200 μm2 was significantly higher in the 

HS group than in the control and HF groups 
(Figure 2(a-c,h)). In aPVAT, the number of lipid 
droplets with an area ranging from 40–200 μm2 was 
significantly lower in the HF group than in the con
trol and HS groups, while the number of such lipid 
droplets was significantly higher in the HS group 
than in the control and HF groups (Figure 2(d-f,j)). 
The number of lipid droplets with an area ranging 
from 200–800 μm2 was significantly lower in the HF 
and HS groups than in the control group (Figure 2 
(d-f,j)). The number of lipid droplets with an area 
ranging from to 800–1400 μm2 was significantly 
higher in the HF group than in the control and HS 
groups (Figure 2(d-f,j)). The number of lipid droplets 
with an area ranging from 1400–2000 μm2 was sig
nificantly higher in the HF groups than in the con
trol and HS groups; the number of such lipid 
droplets was significantly higher in the HS group 
than in the control group (Figure 2(d-f,j)). Finally, 
the number of lipid droplets with an area larger than 
2000 μm2 was significantly higher in the HF group 
than in the control and HS groups (Figure 2(d-f,j)).

Figure 2. Effects of high-fat and high-sucrose diets on lipid droplets in PVAT. (a-c) Represented haematoxylin-eosin (H&E) staining of 
the tPVAT and (d-f) represented (H&E) staining of the aPVAT in the three experimental groups. (g) Lipid droplets ratio of the tPVAT, 
(h) lipid droplets number per 1 field (200,000μm2) of the tPVAT, (i) lipid droplets rate of the aPVAT and (j) lipid droplets number per 
1 field (200,000μm2) of the aPVAT in the three experimental groups. Scale bar = 200 μm. Data are presented as the mean ± standard 
error of mean (S.E.M). Values with different letters are significantly different (p < 0.05).
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Effects of high-fat and high-sucrose diets on UCP-1 
in PVAT

Areas that stained positive for uncoupling protein 
(UCP)-1 in tPVAT and aPVAT were compared 
among the three groups. In tPVAT, UCP-1 was ubi
quitously stained in all groups (Figure 3(a-c)). 
However, UCP-1-positive areas were significantly 
decreased in the HS group, compared to the control 
group (Figure 3(a-c,g)). In aPVAT, UCP-1 was par
tially stained in all groups (Figure 3(d-f)), with no 
significant difference among the three groups 
(Figure 3(d-f,h)).

Effects of high-fat and high-sucrose diets on 
inflammatory markers in PVAT

Areas that stained positive for CD (Cluster of differen
tiation) 68+ macrophages and MCP-1 in tPVAT and 

aPVAT were compared among the three groups. In 
tPVAT, CD68-positive areas were significantly higher 
in the HS group than in the control and HF groups 
(Figure 4(a-c,m)). In aPVAT, CD68-positive areas were 
significantly higher in the HF group than in the control 
and HS groups (Figure 4(d-f,o)). In tPVAT, MCP- 
1-positive areas were significantly higher in the HS 
group than in the control and HF groups (Figure 4 
(g-i,n)). In aPVAT, MCP-1-positive areas in the HF 
group were significantly higher than those in the con
trol and HS groups (Figure 4(j-l,p)).

Areas that stained positive for MMPs in tPVAT and 
aPVAT were compared among the three groups. In 
tPVAT, positive areas for MMP-2 and MMP-12 were 
not significantly different between three groups 
(Figure 5(a-c,m-o,s,u)). In tPVAT, positive areas for 
MMP-9 were significantly higher in the HS group 
than in the control and HF groups (Figure 5(g-i,t)). In 
aPVAT, positive areas for MMP-2 and MMP-9 were 

Figure 3. Effects of high-fat and high-sucrose diets on UCP-1 in PVAT. (a-c) Represented UCP-1 immunostaining of the tPVAT and 
(d-f) represented UCP-1 immunostaining of the aPVAT in the three experimental groups. (g) Quantification of UCP-1 positive areas of 
the tPVAT and (h) quantification of UCP-1 positive areas of the aPVAT, in the three experimental groups. Scale bar = 200 μm. Data 
are presented as the mean ± standard error of mean (S.E.M). Values with different letters are significantly different (p < 0.05).
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significantly higher in the HF group than in the control 
and HS groups (Figure 5(d-f,j-l,v,w)). In aPVAT posi
tive areas for MMP-12 were not significantly different 
between the three groups (Figure 5(p-r,x)).

Areas that stained positive for resistin, TNF-α, adi
ponectin and angiotensinogen in tPVAT and aPVAT 
were compared among the three groups. In tPVAT, 
positive areas for resistin were significantly higher in 
the HS group than in the control group (Supplementary 
Figure 2 (a-c, m)). In tPVAT, positive areas for TNF-α 
and adiponectin were not significantly different 
between the three groups (Supplementary Figure 2 
(g-i, n) and Supplementary Figure 3 (a-c, m)). In 
tPVAT, positive areas for angiotensinogen were signif
icantly higher in the HF group than in the control 
group (Supplementary Figure 3 (g-i, n)). In aPVAT, 
positive areas for resistin and TNF-α were significantly 
higher in the HF group than in the control and HS 
groups (Supplementary Figure 2 (d-f, j-l, o, p)). In 
aPVAT, positive areas for adiponectin were signifi
cantly lower in the HS group than in the control and 
HF groups (Supplementary Figure 3 (d-f, o)). In 
aPVAT, positive areas for angiotensinogen were 

significantly higher in the HF group than in the control 
group (Supplementary Figure 3 (j-l, p)).

Effects of high-fat and high-sucrose diets on the 
thoracic and abdominal aortae

The collagen fibre-positive areas of the thoracic and 
abdominal aortae were compared among the three 
groups. In the thoracic aorta, the collagen fibre-positive 
areas were significantly smaller in the HS group than in 
the control and HF groups (Figure 5(a-c,s)). In contrast, 
in the abdominal aorta, the collagen fibre-positive areas 
were significantly smaller in the HF group than in the 
control and HS groups (Figure 5(d-f,v)).

Additionally, we compared the CD68+-positive 
macrophages and MCP-1-positive areas in the thoracic 
and abdominal aorta among the three groups. In the 
thoracic aorta, CD68-positive areas were significantly 
larger in the HS group than in the control group 
(Figure 6(g-i,t)). In the abdominal aorta, CD68-positive 
areas were significantly larger in the HF group than in the 
control and HS groups (Figure 6(j-l,w)). Similarly, in the 

Figure 4. Effects of high-fat and high-sucrose diets on macrophage and MCP-1 in PVAT. (a-c) Represented CD68 immunostaining of 
the tPVAT, (d-f) represented CD68 immunostaining of the aPVAT, (g-i) represented MCP-1 immunostaining of the tPVAT and (j-l) 
represented MCP-1 immunostaining of the aPVAT in the three experimental groups. (m) Quantification of CD68 positive areas of the 
tPVAT, (n) quantification of MCP-1 positive areas of the tPVAT, (o) Quantification of CD68 positive areas of the aPVAT and (p) 
quantification of MCP-1 positive areas of the aPVAT in the three experimental groups. Scale bar = 100 μm. Data are presented as the 
mean ± standard error of mean (S.E.M). Values with different letters are significantly different (p < 0.05).
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thoracic aorta, MCP-1-positive areas were significantly 
larger in the HS group than in the control and HF groups 
(Figure 6(m-o,u)). In the abdominal aorta, MCP-1-posi
tive areas were significantly larger in the HF group than 
in the control and HS groups (Figure 6(p-r,x)).

We compared the MMPs in the thoracic and abdom
inal aortae among the three groups. In the thoracic aorta, 
positive areas for MMP-2 and MMP-9 were significantly 
higher in the HS group than in the control and HF groups 
(Figure 7(a-c,g-i,s,t)). In the thoracic aorta, positive areas 
for MMP-12 were not significantly different between the 
three groups (Figure 7(m-o,u)). In the abdominal aorta, 
positive areas for MMP-2 and MMP-9 were significantly 
higher in the HF groups than in the control and HS 
groups (Figure 7(d-f,j-l,v,w)). In the abdominal aorta, 
positive areas for MMP-12 were not significantly different 
between the three groups (Figure 7(p-r,x)).

We compared the resistin, TNF-α, adiponectin and 
angiotensinogen positive areas in the thoracic and 
abdominal aortae among the three groups. In the 
thoracic aorta, positive areas for resistin, TNF-α and 

angiotensinogen were not significantly different 
between three groups (Supplementary Figure 4 (a-c, 
g-i, m, n) and Supplementary Figure 5 (g-i, n)). In 
the thoracic aorta, positive areas for adiponectin were 
significantly lower in the HF and HS groups than in 
the control group (Supplementary Figure 5 (a-c, m)). 
In the abdominal aorta, positive areas for resistin and 
adiponectin were not significantly different between 
the three groups (Supplementary Figure 4 (d-f, o) 
and Supplementary Figure 5 (d-f, o)). In the abdom
inal aorta, positive areas for TNF-α were significantly 
higher in the HF group than in the control group 
(Supplementary Figure 4 (j-l, p)). In abdominal aorta, 
positive areas for angiotensinogen were significantly 
higher in the HF and HS groups than in the control 
group (Supplementary Figure 5 (j-l, p)).

Discussion

Unbalanced diets can cause accumulation of excessive 
triglycerides in adipose tissue, leading to inflammation 

Figure 5. Effects of high-fat and high-sucrose diets on MMP-2, MMP-9 and MMP-12 in PVAT. (a-c) Represented MMP-2 immunos
taining of the tPVAT, (d-f) represented MMP-2 immunostaining of the aPVAT, (g-i) represented MMP-9 immunostaining of the tPVAT 
and (j-l) represented MMP-9 immunostaining of the aPVAT, (m-o) represented MMP-12 immunostaining of the tPVAT and (p-r) 
represented MMP-12 immunostaining of the aPVAT in the three experimental groups. (s) Quantification of MMP-2 positive areas of 
the tPVAT, (t) quantification of MMP-9 positive areas of the tPVAT, (u) quantification of MMP-12 positive areas of the tPVAT, (v) 
quantification of MMP-2 positive areas of the aPVAT, (w) quantification of MMP-9 positive areas of the aPVAT and (x) quantification 
of MMP-12 positive areas of the aPVAT in the three experimental groups. Scale bar = 100 μm. Data are presented as the mean ± 
standard error of mean (S.E.M). Values with different letters are significantly different (p < 0.05).
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and dysfunction of vascular functions [1–3]. In this 
study, we found characteristic differences in the effects 
of high-fat and high-sucrose diets on PVAT and 
aortae.

The composition of adipocyte species in PVAT is 
known to differ depending on the site [28]. The major 
components of PVAT in the surroundings of the cor
onary artery and thoracic aorta are brown adipocytes 
[29,30]. In contrast, PVAT surrounding the mesenteric 
artery and abdominal aorta mainly comprises white 
adipocytes [30]. Here, we found that UCP-1, a marker 
of brown adipocytes, was ubiquitously stained in 
tPVAT but was only partially stained in aPVAT. 
These findings are consistent with previous 
reports [30].

In tPVAT, increased levels of lipid droplets were 
observed in both the HF and HS diet groups. 
However, the number of larger lipid droplets (with 
area larger than 200 μm2) were significantly increased 

only in the HS group. In addition, decreased levels of 
UCP-1 were observed in the HS group, suggesting that 
HS diets may decrease the thermogenic function of 
brown adipocytes. Moreover, increased levels of macro
phages and MCP-1 were observed in the tPVAT of the 
HS group. Brown adipocytes are less likely to cause 
inflammation and increase in macrophage infiltration 
than white adipocytes, due to less lipid accumulation 
[14,30]. However, it has also been reported that 
‘whitening’ brown adipocytes can cause a decrease in 
heat production and an increase in inflammation [31– 
33]. In tPVAT, HS diet induced increased level of 
MMP-9 which degrade extracellular matrix such as 
elastin and collagen fibres. In tPVAT, macrophages 
and hypertrophic adipocytes may induce MMPs secre
tion and promote PVAT dysfunction in the HS group. 
In tPVAT, resistin levels were also increased in HS fed 
rats. Dysfunctional PVAT reportedly induces vascular 
dysfunction by increased secretion of pro-inflammatory 

Figure 6. Effects of high-fat and high-sucrose diets on the thoracic and abdominal aorta. (a-c) represented picrosirius red (PSR) 
staining of the thoracic aorta, (d-f) represented (PSR) staining of the abdominal aorta, (g-h) represented CD68 immunostaining of the 
thoracic aorta, (j-l) Represented CD68 immunostaining of the abdominal aorta, (m-o) represented MCP-1 immunostaining of the 
thoracic aorta and (p-r) represented MCP-1 immunostaining of the abdominal aorta in the three experimental groups. (s) Collagen 
positive areas quantification of the thoracic aorta, (t)quantification of CD68 positive areas of the thoracic aorta, (u) quantification of 
MCP-1 positive areas of the thoracic aorta, (v) collagen positive areas quantification of the abdominal aorta, (w) quantification of 
CD68 positive areas of abdominal aorta and (x) quantification of MCP-1 positive areas of abdominal aorta in the three experimental 
groups. Scale bar = 200 μm. Data are presented as the mean ± standard error of mean (S.E.M). Values with different letters are 
significantly different (p < 0.05).
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adipokines such as TNF-α and resistin [34]. Our results 
suggest that the HS diet may causes ‘whitening’ of 
tPVAT, leading to dysfunction and inflammation in 
the tPVAT and aortic wall. Brown adipocytes activate 
heat-producing functions and improve hypertriglycer
idaemia and hypercholesterolemia [35–37]. The quali
tative changes of brown adipocytes in tPVAT in the HS 
group might therefore be associated with hyperlipidae
mia and hypercholesterolemia.

In contrast, aPVAT was sensitive to the HF diet but 
not to the HS diet. The HF diet induced an increase in 
the number of larger lipid droplets in aPVAT. 
Hypertrophy of lipid droplets in white adipocytes has 
been reported to increase the production of macro
phages and inflammatory adipocytokines [8]. Here, we 
observed increased macrophage infiltration, MCP-1 
and MMPs levels in aPVAT in the HF group, suggest
ing that HF diets could cause adipocyte hypertrophy in 
aPVAT. In addition, our results suggest that aPVAT 
dysfunction can be associated with the increased levels 

of resistin, TNF-α, and angiotensinogen. 
Angiotensinogen is involved in hypertension as 
a precursor of angiotensin II [38,39]. HF diets might 
increase blood pressure and cause vascular injury by 
increasing these factors in aPVAT. In the HF group, we 
found an increase in the area that stained positive for 
malondialdehyde (MDA), an oxidative stress maker, 
indicating that HF diets could cause inflammatory 
changes in the aPVAT (Supplementary Figure 6).

Qualitative changes in PVAT, such as hypertrophy 
of adipocytes and macrophage infiltration, can cause 
macrophage infiltration in the adjacent adventitial 
region of the aorta as well, through the secretion of 
inflammatory cytokines such as IL-6, IL-8 and MCP-1 
[13–17]. We observed increased levels of macrophages, 
MCP-1 and MMPs in the tPVAT of the HS diet group 
and in the aPVAT of the HF diet group. In addition, 
decreased levels of collagen fibres were observed in the 
thoracic aorta of the HS diet group and in the abdom
inal aorta of the HF diet group. Collagen fibres play 

Figure 7. Effects of high-fat and high-sucrose diets on MMPs in the thoracic and abdominal aorta. (a-c) represented MMP-2 
immunostaining of the thoracic aorta, (d-f) represented MMP-2 immunostaining of the abdominal aorta, (g-h) represented MMP-9 
immunostaining of the thoracic aorta, (j-l) Represented MMP-9 immunostaining of the abdominal aorta, (m-o) represented MMP-12 
immunostaining of the thoracic aorta and (p-r) represented MMP-12 immunostaining of the abdominal aorta in the three 
experimental groups. (s) Quantification of MMP-2 positive areas of the thoracic aorta, (t) quantification of MMP-9 positive areas 
of the thoracic aorta, (u) quantification of MMP-12 positive areas of the thoracic aorta, (v) quantification of MMP-2 positive areas of 
the abdominal aorta, (w) quantification of MMP-9 positive areas of abdominal aorta and (x) quantification of MMP-12 positive areas 
of abdominal aorta in the three experimental groups. Scale bar = 100 μm. Data are presented as the mean ± standard error of mean 
(S.E.M). Values with different letters are significantly different (p < 0.05).
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a central role in the maintenance of the aortic structure 
[40]. Degeneration of collagen fibres is associated with 
vascular diseases, especially aneurysms [41]. HF diets 
have been reported to increase the risk of abdominal 
aortic aneurysm (AAA) development [14,25,42,43]. In 
contrast, the HS diet does not affect the risk of devel
opment and rupture of AAA [26]. Previous studies 
have suggested a relationship between the dysfunction 
of PVAT and AAA [44–47]. HF diet-induced inflam
matory changes in aPVAT might affect the develop
ment and rupture of AAA. It would be of great interest 
to investigate the relationship between HS diets and 
thoracic aortic aneurysms. However, there is a lack of 
scientific data in this field due to the absence of animal 
models for thoracic aortic aneurysms.

Effects of HF and HS diets on PVAT and the aortic 
wall are summarized in Table 1. Variation of inflam
matory makers were mainly observed in the tPVAT 
and thoracic aorta of the HS group and in the aPVAT 
and abdominal aorta of the HF group. However, there 
were some factors that did not follow the trend to this 
variation. For example, angiotensinogen levels were 
increased in both tPVAT and aPVAT of the HF 
group. Further studies are needed to elucidate the 
mechanisms underlying the difference between HF 
and HS diets.

In this study, we showed the different physiological 
effects of diets on PVAT and aortic walls. The potential 
mechanisms underlying these effects may be related to 
the different adipocyte species that comprise tPVAT 
and aPVAT. In future studies, we plan to further our 
understanding of the underlying mechanism of the 
differential effects of HS and HF diets on adipocytes. 
Limitation of this study is the lack of data to compare 
several HF or HS conditions. In this study, we did not 
estimate the effect of essential fatty acid on PVATs. In 
addition, complementary quantitative data such as wes
tern blotting or real-time PCR are needed to support 
our histological data. Further studies are needed to 
clarify the relationship between diets and PVAT.

Materials and methods

Animals

Prior to start the experiment, all animal experiments were 
approved by the Kindai University Animal Care and Use 
Committee and were carried out according to the Kindai 
University Animal Experimentation Regulations 
(Approval number; KAAG-31-006). Male Sprague- 
Dawley rats aged 6 weeks (SHIMIZU Laboratory 
Supplies Co., Ltd, Kyoto, Japan) were maintained on 
a 12 h light/dark cycle with control the temperature 
about 25 ± 1°C. Twenty rats were divided into three 
groups, a control group(n = 6), a high-fat group (n = 7), 
and a high-sucrose group (n = 7), and each group of rats 
were fed control diet, high-fat diet, and high sucrose diet 
until the end of the experiment. The diet composition is 
shown in Table 2. After five weeks of experiment, all the 
animals were euthanized under anaesthesia.

Serum glucose, cholesterol and triglyceride level

At the 5 weeks of the experiment, blood (100 μL) was 
taken from teil vein under anaesthesia (50 mg/kg pento
barbital, i.p.) to determine serum glucose, triglyceride and 
total cholesterol level. For serum preparation, the blood 
was centrifuged at 3000 × g for 10 minutes. Then, serum 
glucose, triglycerides and total cholesterol were measured 
using commercial kits (Wako Pure Chemical industries, 
Osaka, Japan) and using the methodology according to 
the manufacturer instruction. Serum glucose was mea
sured immediately after the sampling. Serums were stored 
in −80°C until triglycerides and total cholesterol were 
measured. Serum leptin and insulin were quantified 
using commercial ELISA Kit (Morinaga Institute of 
Biological Science, Kanagawa, Japan).

Sample collection

The thoracic and abdominal aortas were collected with 
their respective PVAT and fixed with 4% 

Table 1. Effects of high-fat and high-sucrose diets.
(a) Effects of high-fat and high-sucrose diets on PVAT

Collagen CD68 MCP-1 MMP-9 MMP-2 TNF-α Resistin Angiotensinogen Adiponectin MMP-12

tPVAT HF N.D. → → → → → → ↑ → →
HS N.D. ↑ ↑ ↑ → → ↑ → → →

aPVAT HF N.D. ↑ ↑ ↑ ↑ ↑ ↑ ↑ → →
HS N.D. → → → → → → → ↓ →

‘↑’ or ‘↓’ indicates P < 0.05 versus the control group. N.D.: Not determined.
(b) Effects of high-fat and high-sucrose diets on the aortic wall

Collagen CD68 MCP-1 MMP-9 MMP-2 TNF-α Resistin Angiotensinogen Adiponectin MMP-12
Thoracic aorta HF → → → → → → → → ↓ →

HS ↓ ↑ ↑ ↑ ↑ → → → ↓ →
Abdominal aorta HF ↓ ↑ ↑ ↑ ↑ ↑ → ↑ → →

HS → → → → → → → ↑ → →
‘↑’ or ‘↓’ indicates P < 0.05 versus the control group.
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paraformaldehyde. All samples were then dehydrated 
and embedded in paraffin.

Histological analysis

The isolated aorta and PVAT was serially sectioned for 
10 µm thickness using a microtome (ERM-230 L, Erma, 
Japan) and stained with haematoxylin and eosin 
(H&E), picrosirius red (PSR) staining and immunohis
tochemical stains. ImageJ software (National Institutes 
of Health, Bethesda, Maryland, USA) was used for 
quantitative analysis of the stained sections. The area 
of positive staining in immunohistochemistry was cal
culated by binarizing the image into black and white 
using ImageJ. In the semi-quantitative analysis of 
immunohistochemistry, the area of the adipose tissue 
section excluding the lipid droplets was defined as the 
total area, the positive areas were quantified as 
a percentage.

Immunohistochemical staining

The deparaffinized tissue sections were permeabilized 
with 1% Triton X-100 in phosphate-buffered saline 
(PBS). Then, the sections were blocked for endogenous 
peroxidase by soaking sections in 3% hydrogen perox
ide in methanol for 8 min. The sections were blocked 
for non-specific binding in blocking solution (Nacalai 
Tesque, INC, Kyoto, Japan) for 30 min at room tem
perature. After blockings, the anti-UCP-1 (1:100), anti- 
CD68 (1:50), anti-MCP-1 (1:100) and MDA (1:100) 
were applied to the tissue sections for overnight. 
Then, the sections were washed with PBS and incu
bated with the horseradish peroxidase (HRP)- 
conjugated goat anti-rabbit Immunoglobulin G (IgG) 

diluted at 1:500 or 1000 in blocking solution for 
30 min. The DAB kit (Vector Laboratories, 
Burlingame, CA, USA) was then added on the sections 
until the desired colour was developed. The stained 
sections were observed and captured under CX21 
LED Olympus microscope (Olympus, Tokyo, Japan) 
fitted with a digital camera. ImageJ software (National 
Institutes of Health, Bethesda, Maryland, USA) was 
quantified the intensity of immunohistochemical 
stained.

Statistical analyses

The experimental data was expressed as the mean ± 
standard error of mean (S.E.M). Statistical differences 
were evaluated by the Tukey-Kramer test, and a p-value 
<0.05 was considered statistically significant.

Disclosure statement

No potential conflict of interest was reported by the authors.

Data availability statement

The authors confirm that the data supporting the findings of 
this study are available within the article and its supplemen
tary materials.

Funding

This work was supported by JSPS KAKENHI Grant Number 
[21H02147 and 17H03822], and 2020 Kindai University 
Research Enchancement Grant [KD2004].

Table 2. Diet composition.
(a) Diet composition (g or kcal) of the control, High-Fat (HF), and High-Sucrose (HS) diets.

Ingredient control (g) HF (g) HS (g) control (kcal) HF (kcal) HS (kcal)

Casein 200 200 200 800 800 800
Maltodextrin 125 125 0 500 500 0
Sucrose 68.8 68.8 700 275 275 2800
Cellulose 50 50 50 0 0 0
AIN-93 G mineral 32 32 32 0 0 0
Dibasic calcium phosphate 16.4 16.4 16.4 0 0 0
AIN-93 vitamin mix 10 10 10 40 40 40
Cystine 3 3 3 12 12 12
Choline chloride 2 2 2 0 0 0
Cornstarch 506.2 0 0 2025 0 0
Lard 20 245 20 180 2205 180
soybean oil 25 25 25 225 225 225
Total 1058.4 777.2 1058.4 4057 4057 4057

(b) Energy composition (kcal%) of the control, High-Fat (HF), and High-Sucrose (HS) diets.

control (kcal%) HF (kcal%) HS (kcal%)

Protein 20 20 20
Carbohydrate 70 20 70
Fat 10 60 10
Total (%) 100 100 100

ADIPOCYTE 421



ORCID

Nobuhiro Zaima http://orcid.org/0000-0002-8242-0628

References

[1] Rychter AM, Ratajczak AE, Zawada A, et al. Non- 
systematic review of diet and nutritional risk factors 
of cardiovascular disease in obesity. Nutrients. 2020;12 
(3):814.

[2] Horimatsu T, Kim HW, Weintraub NL. The role of 
perivascular adipose tissue in non-atherosclerotic vas
cular disease. Front Physiol. 2017;8:969.

[3] Kim HW, Chantemèle EJ, Weintraub NL. Perivascular 
adipocytes in vascular disease. Arterioscler Thromb 
Vasc Biol. 2019;39(11):2220–2227.

[4] Hildebrand S, Stümer J, Pfeifer A. PVAT and its rela
tion to brown, beige, and white adipose tissue in devel
opment and function. Front Physiol. 2018;9:70.

[5] Gollasch M. Vasodilator signals from perivascular adi
pose tissue. Br J Pharmacol. 2012;165(3):633–642.

[6] Costa RM, Neves KB, Tostes RC, et al. Perivascular 
adipose tissue as a relevant fat depot for cardiovascular 
risk in obesity. Front Physiol. 2018;9:253.

[7] Gruzdeva O, Uchasova E, Dyleva Y, et al. Relationship 
between epicardial and perivascular fatty tissue and 
adipokine-cytokine level in coronary artery disease 
patients. PLoS One. 2019;14(6):e0208156.

[8] Skurk T, Alberti-Huber C, Herder C, et al. Relationship 
between adipocyte size and adipokine expression and 
secretion. J Clin Endocrinol Metab. 2007;92(3):1023–1033.

[9] Greenstein AS, Khavandi K, Withers SB, et al. Local 
inflammation and hypoxia abolish the protective antic
ontractile properties of perivascular fat in obese 
patients. Circulation. 2009;119(12):1661–1670.

[10] Costa RM, Fais RS, Dechandt CR, et al. Increased 
mitochondrial ROS generation mediates the loss of 
the anti-contractile effects of perivascular adipose tis
sue in high-fat diet obese mice. Br J Pharmacol. 
2017;174(20):3527–3541.

[11] Chatterjee TK, Stoll LL, Denning GM, et al. Pro- 
inflammatory phenotype of perivascular adipocytes: 
influence of high fat feeding. Circ Res. 2009;104 
(4):541–549.

[12] Almabrouk TA, White AD, Ugusman AB, et al. High 
fat diet attenuates the anticontractile activity of aortic 
PVAT via a mechanism involving AMPK and reduced 
adiponectin secretion. Front Physiol. 2018;9:51.

[13] Folkesson M, Vorkapic E, Gulbins E, et al. 
Inflammatory cells, ceramides, and expression of pro
teases in perivascular adipose tissue adjacent to human 
abdominal aortic aneurysms. J Vasc Surg. 2017;65 
(4):1171–1179.e1.

[14] Police SB, Thatcher SE, Charnigo R, et al. Obesity 
promotes inflammation in periaortic adipose tissue 
and angiotensin II-induced abdominal aortic aneurysm 
formation. Arterioscler Thromb Vasc Biol. 2009;29 
(10):1458–1464.

[15] Farias-Itao DS, Pasqualucci CA, Nishizawa A, et al. 
B lymphocytes and macrophages in the perivascular 
adipose tissue are associated with coronary 

atherosclerosis: an autopsy study. J Am Heart Assoc. 
2019;8(24):e013793.

[16] Du B, Ouyang A, Eng JS, et al. Aortic perivascular 
adipose-derived interleukin-6 contributes to arterial 
stiffness in low-density lipoprotein receptor deficient 
mice. Am J Physiol Heart Circ Physiol. 2015;308(11): 
H1382–H1390.

[17] Horimatsu T, Patel AS, Prasad R, et al. Remote effects 
of transplanted perivascular adipose tissue on endothe
lial function and atherosclerosis. Cardiovasc Drugs 
Ther. 2018;32(5):503–510.

[18] Niimi M, Nishijima K, Kitajima S, et al. Macrophage- 
derived matrix metalloproteinase-1 enhances aortic 
aneurysm formation in transgenic rabbits. J Biomed 
Res. 2019;33(4):271–279.

[19] Sakalihasan N, Delvenne P, Nusgens BV, et al. 
Activated forms of MMP2 and MMP9 in abdominal 
aortic aneurysms. J Vasc Surg. 1996;24(1):127–133.

[20] Chen Y, Waqar AB, Nishijima K, et al. Macrophage- 
derived MMP-9 enhances the progression of athero
sclerotic lesions and vascular calcification in trans
genic rabbits. J Cell Mol Med. 2020;24(7):4261–4274.

[21] Nosalski R, Guzik TJ. Perivascular adipose tissue 
inflammation in vascular disease. Br J Pharmacol. 
2017;174(20):3496–3513.

[22] Villacorta L, Chang DL. The role of perivascular adi
pose tissue in vasoconstriction, arterial stiffness, and 
aneurysm. Horm Mol Biol Clin Investig. 2015;21 
(2):137–147.

[23] Choe SS, Huh JY, Hwang IJ, et al. Adipose tissue remodel
ing: its role in energy metabolism and metabolic disorders. 
Front Endocrinol (Lausanne). 2016;7:30.

[24] Sweazea KL, Lekic M, Walker BR. Comparison of 
mechanisms involved in impaired vascular reactivity 
between high sucrose and high fat diets in rats. Nutr 
Metab (Lond). 2010;7:48.

[25] Hashimoto K, Kugo H, Tanaka H, et al. The effect of a 
high-fat diet on the development of abdominal aortic 
aneurysm in a vascular hypoperfusion-induced animal 
model. J Vasc Res. 2018;55(2):63–74.

[26] Miyamoto C, Kugo H, Hashimoto K, et al. The effect of 
high sucrose diet on development of abdominal aortic 
aneurysm in hypoperfusion-induced animal model. 
J Oleo Sci. 2018;67(5):589–597.

[27] Long Z, Zhang X, Sun Q, et al. Evolution of metabolic 
disorder in rats fed high sucrose or high fat diet: focus 
on redox state and mitochondrial function. Gen Comp 
Endocrinol. 2017;242:92–100.

[28] Brown NK, Zhou Z, Zhang J, et al. Perivascular adipose 
tissue in vascular function and disease: a review of 
current research and animal models. Arterioscler 
Thromb Vasc Biol. 2014;34(8):1621–1630.

[29] Fitzgibbons TP, Kogan S, Aouadi M, et al. Similarity of 
mouse perivascular and brown adipose tissues and 
their resistance to diet-induced inflammation. Am 
J Physiol Heart Circ Physiol. 2011;301(4):H1425–1437.

[30] Padilla J, Jenkins NT, Vieira-Potter VJ, et al. Divergent 
phenotype of rat thoracic and abdominal perivascular 
adipose tissues. Am J Physiol Regul Integr Comp 
Physiol. 2013;304(7):R543–552.

[31] Kotzbeck P, Giordano A, Mondini E, et al. Brown 
adipose tissue whitening leads to brown adipocyte 

422 T. SASOH ET AL.



death and adipose tissue inflammation. J Lipid Res. 
2018;59(5):784–794.

[32] Shimizu I, Aprahamian T, Kikuchi R, et al. Vascular 
rarefaction mediates whitening of brown fat in obesity. 
J Clin Invest. 2014;124(5):2099–2112.

[33] Aldiss P, Lewis JE, Boocock DJ, et al. Interscapular and 
perivascular brown adipose tissue respond differently to a 
short-term high-fat diet. Nutrients. 2019;11(5):1065.

[34] Guzik TJ, Skiba DS, Touyz RM, et al. The role of 
infiltrating immune cells in dysfunctional adipose 
tissue. Cardiovasc Res. 2017;113(9):1009–1023.

[35] Bartelt A, Bruns OT, Reimer R, et al. Brown adipose 
tissue activity controls triglyceride clearance. Nat Med. 
2011;17(2):200–205.

[36] Berbée JF, Boon MR, Khedoe PP, et al. Brown fat 
activation reduces hypercholesterolaemia and protects 
from atherosclerosis development. Nat Commun. 
2015;6:6356.

[37] Khedoe PP, Hoeke G, Kooijman S, et al. Brown adipose 
tissue takes up plasma triglycerides mostly after 
lipolysis. J Lipid Res. 2015;56(1):51–59.

[38] Kobori H, Harrison-Bernard LM, Navar LG. 
Expression of angiotensinogen mRNA and protein in 
angiotensin II-dependent hypertension. J Am Soc 
Nephrol. 2001;12:431–439.

[39] Yiannikouris F, Karounos M, Charnigo R, et al. 
Adipocyte-specific deficiency of angiotensinogen 
decreases plasma angiotensinogen concentration and 
systolic blood pressure in mice. Am J Physiol Regul 
Integr Comp Physiol. 2012;302(2):R244–251.

[40] Roach MR, Burton AC. The reason for the shape of the 
distensibility curves of arteries. Can J Biochem Physiol. 
1957;35(8):681–690.

[41] Thompson RW, Geraghty PJ, Lee JK. Abdominal aortic 
aneurysms: basic mechanisms and clinical implications. 
Curr Probl Surg. 2002;39:110–230.

[42] Gopal K, Nagarajan P, Shankar EM, et al. High-fat 
diet- and angiotensin II-induced aneurysm concur
rently elicits splenic hypertrophy. Eur J Clin Invest. 
2014;44(12):1169–1176.

[43] Gopal K, Kumar K, Nandini R, et al. High fat diet 
containing cholesterol induce aortic aneurysm through 
recruitment and proliferation of circulating agranulo
cytes in apoE knock out mice model. J Thromb 
Thrombolysis. 2010;30(2):154–163.

[44] Kugo H, Moriyama T, Zaima N. The role of perivas
cular adipose tissue in the appearance of ectopic adi
pocytes in the abdominal aortic aneurysmal wall. 
Adipocyte. 2019;8(1):229–239.

[45] Dias-Neto M, Meekel JP, Schaik TG, et al. High density 
of periaortic adipose tissue in abdominal aortic 
aneurysm. Eur J Vasc Endovasc Surg. 2018;56 
(5):663–671.

[46] Zhang Z, Ruan C, Lin J, et al. Perivascular adipose 
tissue-derived PDGF-D contributes to aortic aneurysm 
formation during obesity. Diabetes. 2018;67 
(8):1549–1560.

[47] Kugo H, Tanaka H, Moriyama T, et al. pathological 
implication of adipocytes in AAA development and the 
rupture. Ann Vasc Dis. 2018;11(2):159–168.

ADIPOCYTE 423


	Abstract
	Introduction
	Results
	Effects of high-fat and high-sucrose diets on body weight, food intake, and serum glucose, triglyceride, and total cholesterol levels
	Effects of high-fat and high-sucrose diets on lipid droplets in PVAT
	Effects of high-fat and high-sucrose diets on UCP-1 in PVAT
	Effects of high-fat and high-sucrose diets on inflammatory markers in PVAT
	Effects of high-fat and high-sucrose diets on the thoracic and abdominal aortae

	Discussion
	Materials and methods
	Animals
	Serum glucose, cholesterol and triglyceride level
	Sample collection
	Histological analysis
	Immunohistochemical staining
	Statistical analyses

	Disclosure statement
	Data availability statement
	Funding
	References



