
Abstract. Background/Aim: An appropriate animal model
is essential to investigate the relationship between
inflammation, atherosclerosis, and thrombogenesis, and the
development of preventive measures and therapies for
atherosclerosis. Materials and Methods: Atherosclerosis was
induced in Microminipigs (MMPs) using a high-fat diet. We
assessed high mobility group box 1 (HMGB1) expression
levels and measured thrombus formation using a Total
Thrombus Formation Analysis System (T-TAS). MMPs were
divided into a normal diet (control) group and four high-fat
diet groups, with differing amounts of cholesterol. After 8
weeks, blood was collected for analysis. Results: HMGB1
levels increased with increasing dietary cholesterol, and a

negative correlation was found between HMGB1 levels and
thrombus formation time. Conclusion: T-TAS is useful in the
assessment of thrombogenesis in MMPs and HMGB1 is
associated with thrombus formation.

Atherosclerosis is a progressive disease characterized by
thickening of the arterial walls due to an increase in
substances such as fat and cholesterol. Macrophages and
downstream signalling pathways play an important role in
plaque formation. Atherosclerosis is a multifactorial genetic
disease associated with a number of environmental factors.
Common risk factors include dyslipidaemias such as
hypercholesterolaemia (1). It has also been suggested that
atherosclerosis can be triggered by local angiitis caused by, for
example, bacterial or viral infections (2). Therefore, research
often focusses on atherosclerosis as a chronic inflammatory
disease. One of the inflammatory factors associated with
atherosclerosis is high mobility group box 1 (HMGB1), a
protein secreted from activated macrophages following
damage and infection. HMGB1 acts as a damage-associated
molecular pattern (DAMP), activating the inflammasome to
produce and release inflammatory cytokines such as IL-1β and
TNFα, thereby promoting inflammation (3). HMGB1 has also
attracted attention for its effects on coagulation, promoting
atherosclerosis by inducing tissue factors and haemostatic
reactions (4). Thus, progression of atherosclerosis can restrict
or block arterial blood flow leading to cardiovascular or
cerebrovascular disease. However, the association between

1871

This article is freely accessible online.

*These Authors contributed equally to this study.

Correspondence to: Naoki Miura, Veterinary Teaching Hospital,
Joint faculty of Veterinary Medicine, Kagoshima University,
Kagoshima, 890-0065, Japan. Tel: +81 992853527, Fax: +81
992858751, e-mail: k9236024@kadai.jp; Akihide Tanimoto,
Department of Molecular and Cellular Pathology, Kagoshima
University Graduate School of Medical and Dental Sciences, 8-35-
1, Sakuragaoka, Kagoshima 890-8544, Japan. Tel: +81 992755263,
Fax: +81 9922646348, e-mail: akit09@m3.kufm.kagoshima-u.ac.jp 

Key Words: HMGB1, thrombus formation, Microminipig.

in vivo 34: 1871-1874 (2020)
doi:10.21873/invivo.11982

Association Between HMGB1 and Thrombogenesis in a
Hyperlipaemia-induced Microminipig Model of Atherosclerosis 

SATORU KAKE1,2*, HIROAKI KAWAGUCHI3*, TOMOKA NAGASATO4,5, TOMONOBU YAMADA6, 
TAKASHI ITO4, IKURO MARUYAMA4, NAOKI MIURA7 and AKIHIDE TANIMOTO8

1Laboratory of Veterinary Pharmacology, Joint Faculty of Veterinary Medicine, 
Yamaguchi University, Yamaguchi, Japan; 

2Department of Comparative Animal Science, College of Life Science, 
Kurashiki University of Science and The Arts, Okayama, Japan; 

3Hygiene and Health Promotion Medicine, Graduate School of Medical and Dental Sciences,
Kagoshima University, Kagoshima, Japan;

4Systems Biology in Thromboregulation, Graduate School of Medical and Dental Sciences, 
Kagoshima University, Kagoshima, Japan;

5Research Institute, Fujimori Kogyo Co., Ltd., Kanagawa, Japan;
6Drug Safety Research Laboratories, Shin Nippon Biomedical Laboratories, Ltd., Kagoshima, Japan; 

7Veterinary Teaching Hospital, Joint faculty of Veterinary Medicine, Kagoshima University, Kagoshima, Japan;
8Department of Molecular and Cellular Pathology, 

Graduate School of Medical and Dental Sciences, Kagoshima University, Kagoshima, Japan



inflammation and thrombosis in atherosclerosis has not been
fully elucidated. Identification of the underlying causes of
atherosclerosis is important to establish prevention measures
and therapies for the disease.

As early-stage atherosclerosis is asymptomatic, it is
difficult to assess and study therapeutic effects in patients
before the disease has progressed. Animal models are
therefore essential to assess efficacy of therapies in early
stages of the disease (5). However, besides the ethical and
welfare issues in relation to animal experiments,
characteristics of conventional atherosclerosis models are
different from those of humans, e.g. low-density lipoprotein
(LDL) cholesterol distribution (6-8). In an aim to improve
animal models of atherosclerosis, attention has been directed
towards the Microminipig (MMP) (9, 10).

In MMPs, white thrombus formation time measured by
Total Thrombosis Formation Analysis System (T-TAS) was
found to be shorter than in humans, suggesting MMPs have
a strong thrombotic tendency (11). As for lipid metabolism,
by examination of their cholesterol fractionation, MMPs were
shown to have high LDL cholesterol levels, as observed in
humans and domesticated pigs (12). Hypercholesterolaemia
and atherosclerotic lesions have been shown to be induced in
MMPs fed with high-fat and high-cholesterol diet (12% fat,
5% cholesterol, 0.7% sodium cholate) for 12 weeks (13, 14).

The present study examined the association between
thrombogenesis and HMGB1, by inducing atherosclerosis in
MMPs using different amounts of dietary cholesterol.

Materials and Methods

Four-month-old male MMPs (Fuji Micra Inc., Shizuoka, Japan)
were fed in an air-conditioned room at Kagoshima University. The
room was constantly kept at 24±3˚C, 50±20% relative humidity
with a 12 h light/dark cycle. Water was freely available. Twenty-
five pigs were randomly divided into five groups with five pigs in
each group. The control group was fed a normal diet (ND, Kodakara

73; Marubeni Nisshin Feed Inc., Tokyo, Japan), comprising less
than 9.0% w/w carbohydrate, greater than 15.0% w/w protein,
greater than 2.0% w/w fat, and less than 9.0% fibre. Experimental
groups were fed a high-fat diet (refined lard, 12% w/w; Miyoshi Oil
& Fat Co., Ltd., Tokyo, Japan) and each group received different
amounts of cholesterol (Wako Pure Chemical Industries, Ltd.,
Osaka, Japan): Low (0.2% w/w), Mid (0.5% w/w), High (1.5%
w/w), and High Dose dissolved in sodium cholate (SC, 0.7% w/w;
Wako Pure Chemical Industries, Ltd). All groups were fed quantities
equivalent to 1.6-3% of their weight, once, every morning for 8
weeks. The use of animals in this research complied with all
relevant guidelines set by Kagoshima University.

After 8 weeks, blood was collected from the MMPs via the
cranial vena cava.

Serum concentrations of HMGB1 were assessed using a HMGB1
ELISA Kit II (Shino-test, Tokyo, Japan), according to the
manufacturer's instructions.

White thrombus formation assays were performed using a T-TAS
(Fujimori Kogyo Co., Ltd., Tokyo, Japan). Blood was collected into a
tube containing 3.2% sodium citrate, and mixed with 20 μl 0.3 M
CaCl2 containing 1.25 mg/ml corn trypsin inhibitor immediately
before application to the microchip. The solution was perfused over a
microchip capillary coated with collagen and tissue thromboplastin at
a flow rate of 10 μl/min. The white thrombus formation process was
monitored by flow pressure changes in the capillary with a pressure
sensor. As white thrombus formation spread on the coated surface, the
capillary was gradually occluded, increasing the flow pressure. We
calculated the lag time for the flow pressure to increase by 80 kPa
(T80), representing almost complete occlusion of the capillary.

For statistical analysis, one-way analysis of variance (one-way
ANOVA) was performed to test differences between three or more
groups. Correlation analysis was performed using Spearman’s
correlation coefficient. Prism 7.0 and JMP13.0 were used to perform
the statistical tests and p<0.05 was determined as significant.

Results
Serum HMGB1 levels of the control group and cholesterol-
fed groups are shown in Figure 1. There were individual
MMPs with increased HMGB1 levels in Low, Mid, High,
and High+SC groups, and the levels increased with
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Figure 1. Serum HMGB1 in the control and cholesterol-fed groups. Figure 2. White thrombosis formation assessed by T-TAS. White
thrombosis formation was assessed by the occlusion time (OT). Shorter
time indicates more thrombosis tendency.



increasing cholesterol in the diet. None of the MMPs in the
control group showed an increase in HMGB1 levels. In
contrast, an extreme increase in HMGB1 was observed in
two MMPs in the High+SC group.

Figure 2 shows the changes in white thrombus formation
as assessed by T-TAS. Although there were no significant
differences when compared to control, there were individual
MMPs exhibiting a shorter white thrombus formation time
in the Mid and High+SC groups.

The correlation between white thrombus formation and
HMGB1 levels was also investigated. Figure 3 shows white
thrombus formation in the blood of individual MMPs that
exhibited an increase in HMGB1 levels under cholesterol
loading. A concentration-dependent obstruction of blood
flow was observed with a significant negative correlation
between HMGB1 concentration and white thrombus
formation time (r=0.835, p<0.0001).

Discussion

To the best of our knowledge, this is the first report to show
the association between HMGB1 and thrombogenesis using
an animal model of atherosclerosis. MMPs are a useful
model to study the pathogenesis of atherosclerosis, as MMP
atherosclerotic lesions are pathologically and pathophysio-
logically similar to those of humans, and lesions can be
induced in a short period of time. 

HMGB1 is a nuclear non-histone DNA-binding protein,
which stabilizes nucleosome formation. HMGB1 plays an
essential role in the expression of transcription factors such
as p53 and NF-ĸB (15, 16). It also serves as a cytokine when
released by activated mononuclear phagocytes and necrotic
cells, triggering inflammatory reactions and immune
responses (3, 17-19). Locally, chronic HMGB1 can cause
atherosclerosis. HMGB1 released from cells can trigger
release of inflammatory cytokines such as IL-1β and TNFα,

promoting inflammation (3). HMGB1 is also thought to play
a role in atherosclerosis through thrombus formation, and has
been shown to induce tissue factors and promote haemostatic
reactions involved in coagulation (4). Given a recent study
that identified overexpression of HMGB1 in atherosclerosis
lesions in humans (20), our observation of an association
between HMGB1 and increased thrombosis in
atherosclerotic MMPs could be relevant to patients.

While atherosclerosis is known to promote hypertension,
hyperglycaemia, and hyperlipidaemia, identification of early
signs such as increased serum LDL cholesterol and HMGB1
levels are useful to prevent progression of atherosclerosis in
asymptomatic patients. A previous study has reported that
foam cells (monocytes in the vascular intima which have
englobed LDL cholesterol) and free cholesterol form an
atheromatous plaque, and monocytes aggregated in the
plaque overexpress HMGB1 (21). In line with this, we
observed that serum HMGB1 levels increased with
cholesterol loading in MMPs, suggesting a link between
cholesterol and HMGB1 and highlighting the possibility of
detecting early-stage atherosclerosis by measuring HMGB1
levels. Furthermore, from the T-TAS data, blood with
increased HMGB1 levels from cholesterol loading had a
shorter time to occlusion of the capillary, meaning increased
thrombogenesis. This also suggests that HMGB1 is
associated with one of the thrombus-inducing factors in
atherosclerotic plaque formation. Limitations of the study
include that the increase in HMGB1 was only observed in a
number of the cholesterol fed MMPs. This may be because
of the short time period of observation. We were also unable
to assess existing thrombi in the MMPs, because we
observed the living animal model in this study. Further study
is necessary to alleviate these issues and confirm the
findings.
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Figure 3. Correlation between HMGB1 concentration and white
thrombosis formation time. Thrombosis formation and HMGB1 levels
were significantly correlated.
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