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A B S T R A C T

Background and aims: Atherosclerosis is a prominent vascular lesion, and potentially causing ischemic altera-
tions in the brain and heart. Recent studies have reported that physiological and pathological alterations in
atherosclerosis and extracellular vesicles (EV) are related. This study aimed to investigate the association be-
tween the extent of atherosclerotic lesions and the number of serum EVs in a mouse model of atherosclerosis
(wild-type).
Methods: Eighteen 3-week-old C57BL/6 N male mice(wild-type) were purchased. Twelve mice were fed a 45%
high-fat diet (HFD) for six months. Six mice were provided standard laboratory chow for six months. The entire
aorta, from the aortic sinus to the division of the iliac artery, was dissected out from each mouse. Furthermore,
the degree of atherosclerosis was microscopically determined. Serum EVs were quantified by size via nano-
particle tracking analysis.
Results: The number of EVs in the high-atherosclerotic score group (1.43×109) was higher than that in the low-
atherosclerotic score group (0.7× 109) in the range of 211.5–222.5 nm (p=0.033).
Conclusions: Enumeration of EVs is a potential method of detecting atherosclerosis.

1. Introduction

Atherosclerosis is a prominent vascular lesion, causing fatal dis-
eases, and it can cause ischemic alterations in the brain and heart [6].
Recent studies have reported associations between physiological and
pathological changes in atherosclerosis and extracellular vesicles (EV)
[2,4,5,8,12]. EVs were analysed as two aspects, those are quantitative
analysis and qualitative analysis. The qualification means the biomo-
lecular contents in EVs which can work as material with cell to cell
communication. The quantification of EVs is also important to use as
biomarker with concept of liquid biopsy. Perrotta et al. reported that
increased number of microvesicular bodies which is the precursors of
exosomes is observed in electron microscopic study of atherosclerotic
lesions [5]. In this study, we investigated the association between the
extent of atherosclerotic lesions and the number of serum EVs in a
mouse model of atherosclerosis (wild-type).

2. Materials and methods

2.1. Animal model

Eighteen 3-week-old C57BL/6N male mice(wild-type) were pur-
chased from Koatech(Pyeongtaek, South Korea, http://www.koatech.
co.kr/). The mice were randomly divided into two groups. Twelve mice
were fed a 45% high-fat diet (HFD) for six months, and six mice were
fed standard laboratory chow for six months. The mice were housed in a
sanitized animal laboratory and weighed every week. The date of eu-
thanasia was decided on the basis of differences in body weight (Fig. 1).
All protocols were approved by the Gyeongsang National University
Institutional Animal Care and Use Committee (GNU-170905-M0042).

2.2. Obtainment of aortic specimens

After six months of feeding, mice were euthanized. Thereafter,
whole blood samples were maximally collected via cardiac puncture.
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The aorta was cleaned via perfusion with PBS and fixed with 10%
glutaraldehyde. Thereafter, the entire aorta, from the aortic sinus to the
division of the iliac artery, was dissected out from each mouse. Fully
progressed fatty liver which is almost 100% of proportion could be
observed at all high fat diet mice in gross observation.

2.3. Oil red O staining of frozen sections

Aortic specimens were grossly examined and divided into three
parts, each from aortic sinus (AS), aortic arch (AR), and aorta con-
taining the descending thoracic aorta and abdominal aorta (AT). Each
part was serially dissected at 0.5 cm intervals. All specimens were
frozen for Oil red O staining. Frozen tissue, embedded in Surgipath FSC
2 clear frozen section compound (Richmond, IL, USA, Leica
Biosystems), was cut into 8-μm samples and placed on the glass slide.

To minimize sample loss, the glass slide was dried on a 52 °C heat block
and then carefully washed in distilled water for one minute to eliminate
the frozen section compound material. At room temperature (27℃), Oil
red O staining was performed for 5min with a mixture of 0.7 g Oil red O
(Saint Louis, USA, Sigma-Aldrich, cat.O0625) and 100ml propylene
glycol, and heated up to 100℃ and filtered. After cleaning with distilled
water, it was gently immersed in 70% ethyl alcohol (EtOH) thrice and
then in 90% EtOH once. Further washing was carried out micro-
scopically to prevent overstaining. After staining with hematoxylin for
1min, the specimens were washed with distilled water. After micro-
scopic observation, additional cleaning was performed with80% EtOH
and distilled water. Specimens were mounted in glycerin. To exclude
false-positive signals, the aortic endovascular lumen was considered the
negative control. Positive signals in the aortic vascular wall, accom-
panied by histologic changes including wall thickening or cleft forma-
tion in the vascular wall were considered true signals (Fig. 2). All tests
were repeatedly conducted more than three times to prevent tissue loss.

2.4. Quantification of atherosclerotic lesions

All sections of AS, AR, and AT were carefully evaluated for the
number of aortic tissue sections (section N),the number of aortic tissue
sections with atherosclerosis(section score), the proportion of athero-
sclerotic lesions at each section(proportion score), and the calculated
score of atherosclerosis in each part(total score). The atherosclerosis
score(Ats) of each mouse was measured by adding up the total scores of
AS, AR, and AT (Table 1).

2.5. Quantification of serum EVs

Mouse blood samples were collected and centrifuged (3000 rpm,
10min, 4℃) to collect serum. Supernatant serum fraction was cen-
trifuged (2000×g, 10min, 4℃) to remove any cell and cellular debris.
The supernatants were filtered through a 0.22-μm filter(Acrodisc
25mm syringe filter, PALL Life sciences, Ann Arbor, MI, USA) and

Fig. 1. Differentiation of body weight between the NCD group and HFD group.
NCD, normal chewing diet; HFD, high fat diet.
***P < 0.001.

Fig. 2. Atheroslcerotic lesion in aorta of the
mice.
A) The aortic sample was grossly examined and
devided into three parts, each from aortic sinus
(AS, red), aortic arch (AR, green) and aorta
contains descending thoracic aorta and ab-
dominal aorta (AT, yellow). B) There is an area
of positive signals (right lower) in vascular
wall. The internal lumen shows negative signal
(negative control) and perivascular fatty tissue
exhibits positive signal (positive control)[ori-
ginal magnification x40, oil red O stain]. C)
The atherosclerotic lesion in aortic sinus ex-
hibits positive signal with thickening of wall
[original magnification x100, oil red O stain].
D) Red droplets (positive signal) detects lipid
components of atherosclerotic lesion of vas-
cular wall with cleft [original magnification
x100, oil red O stain].
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ultracentrifuged at 120,000 ×g for 90min(4℃). The pellet was washed
with PBS and ultracentrifuged at 120,000 ×g for 90min (4℃). After
eliminating the supernatant, the pellet was resuspended 100 μl particle-
free PBS and prepared for subsequent analysis [10,11].

The EV size distribution and concentration were determined using a
NanoSight LM10 nanoparticle tracking analysis(NTA) system(Malvern
Ins., Malvern, UK) as described previously [3]. The eluate was used for
NTA with 100 μl of filtered Dulbecco's Phosphate-Buffered Saline
(DPBS), followed by evaluation using the NTA software(version 2.1)

3. Results

3.1. Identification of atherosclerotic lesions in aortic tissue

After the six-month experiment, the average weight of the HFD
group was 46.22 g and that of the control group was 33.93 g, displaying
a significant difference in weight (p < 0.001) (Fig. 1). An average of
one tissue section was obtained in AS, and 4 of 12 HFD group contained
atherosclerotic lesions, with the proportion of the total vascular wall
being approximately 10%. In the normal chewing diet(NCD) group, no
atherosclerotic lesions were observed in the AS specimens (Table 1). In
almost every mouse in the NCD and HFD group, more than one piece of
AR tissue was observed, and tissue fragments displayed up to 90% le-
sions in the HFD. The section score for AT was higher than that of other
parts but not the proportion score (Table 1). Weight was not sig-
nificantly associated with the Ats(p=0.054). All high-Ats(more than
0.5) mice belonged to the HFD group (Table 1).

3.2. Quantification of serum EVs in mice with atherosclerosis

Sixteen samples, excluding NCD1 and NCD6, which were not mea-
surable owing to lack of serum, were assessed for the number of EVs
sized 30–1000 nm in 100 μl PBS. This range includes exosomes and
microvesicles, which have recently gained increasing attention. We
serially determined the number of EVs at every 1-nm interval and
averaged the number of EVs of each size in the control and HFD groups
to elucidate the size distribution of EVs (Fig. 3). First, the NCD group
displayed several peaks; however, the HFD group displayed a single

peak pattern. The averagenumber of EVs was greater in the control
group than in the HFD group in most areas (Fig. 3); however, the
averagenumber of EVs sized 34.5–64.5 nm, 146.5–162.5 nm,
509.5–523.5 nm, 592.5–613.5 nm, and 941.5–999.5 nm was greater in
the HFD group than in the control group (Fig. 3). The largest differ-
entiation of average number of EVs was detected at 148.5 ˜ 157.5 nm in
5 areas (34.5–64.5 nm, 146.5–162.5 nm, 509.5–523.5 nm,
592.5–613.5 nm, and 941.5–999.5 nm). However, it was not significant,
statistically (p > 0.05). The average number of EVs in the control
group and HFD group were 43.77 x 109 and 20.85×109, respectively.
The control group exhibited more number of EVs (p < 0.001). The
average number of EVs in the range of 30˜100 nm was 1.29 x 109and
0.11×109 for the control and HFD group, respectively. The control
group exhibited a higher number of EVs than HFD group(p=0.062).
The averagenumber EVs in the range of 100.5˜999.5 nm was 42.50 x
109and 20.73×109 for the control and HFD group, respectively. The
control group exhibited a higher number of EVs than HFD group
(p < 0.001).

Among the HFD groups, the Ats was under the 0.5 score for HFD1,
HFD3, HFD6, HFD8, HFD9, HFD10, and HFD12, thus constituting the
low Ats group, while HFD2, HFD4, HFD5, HFD7, and HFD11 con-
stituted the high Ats group. Furthermore, the distribution of EVs was
compared. The averaged number of EVs sized 34.5–47.5 nm,
65.5–76.5 nm, 136.5–152.5 nm, 202.5–256.5 nm, 312.5–568.5 nm,
596.5–620.5 nm, and 640.5–730.5 nm was greater in the high Ats group
than in the low Ats group (Fig. 4). The number of EVs in the high Ats
group(1.43× 109) was higher than that in the low Ats group
(0.7× 109), in the range of 211.5–222.5 nm (p=0.033) (Table 1).

4. Discussion

EVs are ultramicroscopic cystic structures with a bilayered mem-
brane and are secreted from numerous cell types [1]. EVs are cate-
gorized by size, and although standards vary slightly among different
studies, they are usually categorized as exosomes between 30 nm and
100 nm, microvesicles between 100 nm and 1000 nm, and apoptotic
bodies over 1000 nm [4,7]. Apoptotic bodies have been extensively
studied in the past, and studies on exosomes and microvesicles have

Table 1
Athersclerotic scores of 18 mice.

Group Wt. (g) AS AR AT Ats EVs (211.5˜222.5 nm) EVs of Low Ats (less than 0.5) vs. EVs of High Ats (not
less than 0.5)

N SS PS TS N SS PS TS N SS PS TS

NCD1 34.69 0 0 0 0 0 0 0 0 1 0 0 0 0 IA P=0.033
NCD2 34.96 1 0 0 0 1 0 0 0 5 1 0.05 0.01 0.01 2452477000
NCD3 31.81 1 0 0 0 1 0 0 0 5 0 0 0 0 2018549750
NCD4 33.92 1 0 0 0 1 0 0 0 5 0 0 0 0 3472352750
NCD5 36.02 0 0 0 0 1 1 0.2 0.2 6 0 0 0 0.2 598794000
NCD6 32.21 1 0 0 0 1 1 0.2 0.2 3 0 0 0 0.2 IA
HFD1 49.98 1 0 0 0 1 1 0.2 0.2 4 0 0 0 0.2 1356317360 Low Ats
HFD2 44.76 1 0 0 0 1 1 0.75 0.75 3 0 0 0 0.75 986023960 High Ats
HFD3 41.13 1 0 0 0 1 1 0.3 0.3 5 0 0 0 0.3 321922440 Low Ats
HFD4 44.59 1 0 0 0 1 1 0.9 0.9 4 0 0 0 0.9 231704960 High Ats
HFD5 42.14 1 1 0.15 0.15 2 1 0.8 0.4 2 0 0 0 0.55 2011182200 High Ats
HFD6 46.46 1 1 0.1 0.1 2 1 0.5 0.25 3 2 0.1/0.15 0.08 0.43 196474600 Low Ats
HFD7 50.59 1 0 0 0 1 1 0.7 0.7 3 0 0 0 0.7 2185315480 High Ats
HFD8 47.67 1 0 0 0 2 2 0.5/0.3 0.4 2 0 0 0 0.4 797915920 Low Ats
HFD9 47.1 1 1 0.1 0.1 2 0 0 0 4 0 0 0 0.1 585717360 Low Ats
HFD10 48.76 0 0 0 0 1 1 0.1 0.1 1 0 0 0 0.1 672145400 Low Ats
HFD11 42.37 1 1 0.05 0.05 1 1 0.75 0.75 3 0 0 0 0.8 1749625960 High Ats
HFD12 49.07 1 0 0 0 2 2 0.5/0.15 0.33 3 0 0 0 0.33 1036733000 Low Ats

Wt., body weight; AS, aortic sinus; AR, aortic arch; AT, descending thoracic aorta to abdominal aorta; Ats, atherosclerotic score; N, number of the aortic section
(section N); SS, section score; PS, proportion score; TS, total score; NCD, normal chewing diet; HFD, high fat diet; EVs, The number of extracellular vesicles at 100 ul

of serum; IA, inadequate specimen; =Total score
n
1 section score*proportion score

section N , = + +Ats score TS of AS TS of AR TS of AT.
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recently received increasing attention. EVs are particularly popular in
studies on diseases as they are involved in intercellular communication,
and studies are currently attempting to identify the potential for target-
specific treatment of diseases or early diagnosis of diseases, as EVs are.

EVs have been actively assessed in atherosclerosis. Perrotta et al.
reported that microvesicular bodies, which are exosomal precursors,
are more in number in atherosclerotic tissues than in control tissues [5].
Niu et al. reported that EVs of macrophage origin display enhanced
adhesion and migration among vascular smooth cells [4]. Several other
studies have also reported the association between atherosclerosis and
EVs [8].

This study focused on quantitative analysis of EVs. Using NTA, we
enumerated EVs sized 30–1000 nm, including the recently reported
exosomes and microvesicles in each 1 nm sized of EVs [9]. All samples
were cleared of debris and assessed in 100 μl serum units. Interestingly,
in most areas, average measurements of the control group were greater
in number than those of the HFD group. And the number of EVs in the
high Ats group (1.43×109) was higher than that in the low Ats group
(0.7×109), in the range of 211.5–222.5 nm (p=0.033). Our result
suggests that these EVs sized 211.5–222.5 nm are associated with the
Ats.

Atherosclerosis causes critical diseases, and it can induce fatal organ
failure. Prevention therapy is required before the onset of cardiac
rupture, wherein, the evaluation of atherosclerosis is necessary.
Although this study has several limitations (as discussed below), it
provides essential information for treating atherosclerosis patients.
Further evaluation is essential on a larger scale or with human samples.

There are several limitations of this study. The aorta of mice are thin
(almost 1˜2mm in diameter) and contains large amounts of perivas-
cular fatty tissue, which presents challenges during freezing of tissue
specimens and Oil red O staining. We attempted to minimize tissue loss.
However, this analysis warrants biological triplicates.

In conclusion, this study describes the distribution of atherosclerotic
lesions in the aorta of mice (wild-type) fed with an HFD. As revealed
using NTA, EVs sized 211.5–222.5 nm are positively associated with the
Ats.
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Fig. 3. Distribution of EVs by size at NCD group and HFD group by NTA. The number of EVs was measured at each 1 nm intervals between 30 nm–1000 nm. EVs,
extraceullar vesicles; NTA, nanoparticle tracking analysis; NCD, normal chewing diet; HFD, high fat diet.

Fig. 4. Distribution of EVs by size at high Ats group and low Ats group by NTA. The number of EVs was measured at each 1 nm intervals between 30 nm–1000 nm.
The area between 211.5 ˜ 222.5 nm shows higher number of EVs in high Ats group than low Ats group (p=0.033).
EVs, extraceullar vesicles; NTA, nanoparticle tracking analysis; Ats, atherosclerotic score
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