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Rapid Development of Atherosclerosis in the World’s Smallest
Microminipig Fed a High-Fat/High-Cholesterol Diet

A Useful Animal Model Due to its Size and Similarity to Human Pathophysiology

Hiroaki Kawaguchi', Tomonobu Yamada? 7, Naoki Miura®, Makoto Ayaori*, Harumi Uto-Kondo*,
Masaya lkegawa®, Michiko Noguchi®, Ke-Yong Wang?’, Hiroyuki Izumi® and Akihide Tanimoto®

Hiroaki Kawaguchi and Tomonobu Yamada contributed equally to this work.

!'Laboratory of Veterinary Histopathology, Joint Faculty of Veterinary Mcdlcmc, Kagoshima University, Kagoshima, Japan

2Shin Nippon Biomedical Laboratories, Ltd., Kagoshima, Japan

3Veterinary Teaching Hospital, Joint Faculty of Veterinary Medicine, Kagoshima University, Kagoshima, Japan

“Division of Anti-aging and Vascular Medicine, Department of Internal Medicine, National Defense Medical College, Tokorozawa, Japan

3Department of Genomic Medical Sciences, Kyoto Prefectural Univessity of Medicine, Graduate School of Medical Science, Kyoto, Japan

¢Laboratory of Domestic Animal Internal Medicine, Joint Faculty of Veterinary Medicine, Kagoshima University, Kagoshima, Japan

"Department of Pathology and Cell Biology, School of Medicine, University of Occupational and Environmental Health,
Kitakyushu, Japan

8Department of Molecular and Cellular Pathology, Kagoshima University Graduate School of Medical and Dental Sciences,
Kagoshima, Japan

Aim: Experimental studies of human atherogenesis require an appropriate animal model that mimics
human physiology and pathology. Because swine physiology is similar to human physiology, we
developed a hyperlipidemia-induced atherosclerosis model using the recently developed world’s
smallest Microminipig™.

" Methods: These animals weigh only 5 kg at 3 months of age, much smaller than any other miniature
pig. We found that the administration of a high-fat/high-cholesterol diet containing at least 0.2% -
cholesterol without cholic acid for as little as eight weeks mduces hypercholesterolemia and subse-
quent atherosclerosis in these animals.

Results: The serum levels of low-density lipoprotein cholesterol (LDL-C) and the percent distribu-
tion of cholesterol in the LDL fractions were markedly increased. The hepatic expression of LDL
receptor and hydroxymethylglutaryl-CoA reductase was coordinately decreased. The cholesteryl ester
transfer protein activity, which plays a role in reverse cholesterol transport, was detected in the serum
of the Microminipigs.. Niemann-Pick C1-like 1 protein was expressed in both the liver and small
intestine; however, hepatic apoB mRNA editing enzyme was not expressed. As in humans, and in
contrast to that observed in mice, most of the hepatic lipase activity was localized in the liver. These
results suggest that the hyperlipidemia-induced gene expression profile linked to cholesterol homeo-
stasis and atherogenesis is similar in Microminipigs and humans.

Conclusion: We conclude that the characteristics of the Microminipig, including its easy handling
size, make it an appropriate model for studies of atherosclerosis and related conditions.

J Atheroscler Thromb, 2014; 21:186-203.

Key words: Microminipig, Atherosclerosis, Cholesterol metabolism, CETP

. closely related to serious morbidity and mortality in
Introduction . o .

, developed nations. The recent westernization of life-

Atherosclerosis is a predominant risk factor for style in Japan, especially the increased caloric intake

cardiovascular and cerebrovascular events and is from a fatty diet, may account for the increasing inci-
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dence of cerebral and coronary artery disease. An
appropriate animal model that reproduces human
physiology and pathology would be ideal for investi-
gating atherosclerosis because the pathogenesis of this
disease includes both genetic and environmental fac-
tors.

Attempts to develop experimental animal models
of atherosclerosis have primarily involved mice and
rabbits. However, lipid metabolism in mice is quite
different from that observed in humans, as mice are
originally resistant to high-fat/high-cholesterol diet
(HcD)-induced atherosclerosis. As a result, mice that
exhibit hyperlipidemia and atherosclerosis due to a
lack of apolipoprotein-E (apoE) or low-density lipo-
protein cholesterol receptor (LDLr) genes are often
used in atherosclerosis studies®?. The introduction of
an additional transgene and/or the use of gene knock-
out in apoE- or LDLt-deficient mice are good tools
for investigating the effects of specific genes in athero-
sclerosis?. Rabbits, which have a similar lipid metabo-
lism to humans and are very sensitive to HeD with
respect to the induction of atherosclerosis, are the next
most often used animals. LDLr gene-mutated Wata-
nabe heritable hyperlipidemic rabbits ate good models
of human familial hypercholesterolemia®. The recent
development of transgenic rabbits has clarified the
effects of various specific genes on the development of
atherosclerosis> ©.

Swine fepresent another potentially useful animal”

model because, unlike mice and rabbits, their anat-
omy, physiology and habits of feeding and sleep are
very similar to those of humans”. In general, domestic
pigs are often used in medical training and education
regarding vascular surgery techniques, arterial inter-
vention, etc. However, their large size hampers han-
dling and maintenance; therefore, they are unsuitable
for experimental use in ordinary laboratories. Com-
mercially available experimental miniature pigs (mini-
pigs), such as Clawn, Géttingen, Chinese Bama and
Yucatan minipigs are smaller than domestic pigs.
Many studies have reported that HeD can induce ath-
erosclerosis in Géttingen, Chinese Bama and Yucatan
minipigs as well as domestic pigs®'?
which weigh less than 100 kg by definition, are still
too large to be widely used in life science research. The

Microminipig™ (MMPig, Fuji Micra Inc., Shizuoka,
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. These animals,-

Japan) has recently been established as an experimen-
tal animal'®. The MMPig is the world’s smallest pig,
with a body weight of only 5 kg at 3 months of age
that remains at less than 10 kg at 7 months of age.
Our preliminary study demonstrated that hyperlipid-
emia-induced atherosclerosis develops in MMPigs fed
HcD containing sodium cholate (SC)™. Dietary SC
is required to accelerate the progression of hyperlipid-
emia and atherosclerosis, presumably by inhibiting
cholesterol excretion into bile; however, it is also
known to cause hepatotoxicity .

Aim

The specific aims of the present study were to
further expand upon our previous research and detect
evidence of close similarities between MMPigs and
humans with respect to lipid metabolism and athero-
genesis. We specifically investigated whether HcD
alone (with no SC) induces atherosclerosis in the
MMPigs and determined the minimum cholesterol
content required to cause disease. We performed a his-
tological evaluation of hyperlipidemia-induced athero-
sclerosis and assessed the expression of genes regulat-
ing cholesterol metabolism, including LDLt, class B
scavenger receptor type I (SR-BI), hydroxymethylglu-
taryl-CoA reductase (HMGCR), apoB mRNA editing
enzyme catalytic polypeptide 1 (APOBEC-1) and
Niemann-Pick C1-like 1 protein (NPC1L1), which is
expressed in the mammalian small intestine and liver
and is critical for intestinal cholesterol absorption® 17,
The activity and localization of cholesteryl ester trans-
fer protein (CETP) and hepatic lipase (HL) in the
MMPigs were also evaluated and compared with those
observed in humans.

Methods

Animals and Diet

Male MMPigs 3 months of age were maintained
in a special room under environmental conditions
with a room temperature of 24+3C, a relative
humidity of 50%+20% and a 12-hour light/dark
cycle. Tap water was available a4 libitum, and the ani-
mals were provided a special diet on a daily basis. The
body weight was measured once a week. All protocols
were approved by the Ethics Committee of Animal
Care and Experimentation at Kagoshima University
and performed according to the laws (no. 105) and
notifications (no. 6) of the Japanese Government. This
study was also performed in accordance with the ani-
mal welfare bylaws of Shin Nippon Biomedical Labo-
ratories Ltd., a facility fully accredited by the Associa-
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tion for Assessment and Accreditation of Laboratory
Animal Care (AAALAC) International and approved
by the International Animal Care and Use Commit-
tee.

Twenty-two MMPigs were divided into four
groups: seven control animals fed a normal chow diet
(NcD) and three groups (five animals in each group)
fed HceD for eight weeks. The HeD was composed of
12% lard (Miyoshi Oil & Fat, Tokyo, Japan) and
0.2%, 0.5% or 1.5% cholesterol (Wako Pure Chemi-
cal Industries, Osaka, Japan) mixed with NcD (Koda-
kara 73; Marubeni Nisshin Feed, Tokyo, Japan). After
eight weeks, all MMPigs were anesthetized and sacri-
ficed via bilateral axillary artery exsanguination.

Blood Pressure

The arterial systolic and diastolic blood pressures
were measured at the foreleg with an apparatus meant
for human pediatric use according to the Manchette

method.

Hematology and Biochemical Analysis.

Blood samples were collected once every two
weeks for general hematology, biochemistry and lipo-
protein profiling. The biochemical parameters mea-
sured in the blood samples included the levels of
aspartate aminotransferase, alanine aminotransferase,
alkaline phosphatase, lactate dehydrogenase, y-gluta-
myl transpeptidase, glucose and total bilirubin. The
levels of total cholesterol (TC), chylomicrons (CM),
very low-density lipoprotein cholesterol (VLDL-C),
low-density lipoprotein cholesterol (LDL-C), high-
density lipoprotein cholesterol (HDL-C) and triglyc-
erides (TG) were analyzed using an automated agarose
gel electrophoresis apparatus (Epalyzer 2, Helena Lab-
oratories, Saitama, Japan).

For measurement of the HL activity, blood was
collected from the NcD-fed MMPigs before and 10
minutes after the intravenous injection of sodium
heparin (50 unit/kg BW) at 5 and 25 months of age.
Serum samples of the pre- and post-heparin fractions
were then analyzed using an HL activity assay kit
(Progen Biotechnik GmBH, Heidelberg, Germany).
The serum CETP expression and activity in the HDL
fractions were assayed in the NcD-fed control
MMPigs (See Supplemental text).

Serum ApoB Profiles in the CM and VLDL Fractions

The similarity between the human and MMPig
plasma proteomes was investigated using a method for
cross-species detection of lipoproteins (Supplemental
text). In brief, the CM and VLDL fractions were sepa-
" rated via ultracentrifugation. The samples were then

alkylated, digested with trypsin and analyzed on a
nano HPLC system coupled with a triple quadrupole
mass spectrometer.

Evaluation of Visceral and Subcutaneous Fat

The weight of visceral tissue fat was measured at
necropsy. The accumulation of subcutaneous fatty tis-
sue (back fat thickness) was evaluated on computed
tomography (CT) performed at the beginning and
end of the study. The back fat thickness was measured
at the midportion of the level between the lower
angles of both scapulae, and the percentage increase in

thickness after the eight-week dietary treatment was
calculated.

Pathological Examination

At necropsy, the aorta, arteries, heart, liver, kid-
neys, spleen and small intestine were removed from
each animal. The heart, liver, kidneys, spleen and vis-
ceral (omental and mesenteric) adipose tissue were
weighed. All organs were fixed in 10% phosphate-
buffered formalin and routinely processed as paraffin-
embedded, 5-pm-thick tissue sections stained with
hematoxylin and eosin (H&E) and Elastica-Masson
stains. The aortas were longitudinally incised and fixed
with 10% buffered formalin for 24 hours, followed by
staining with Oil-red O stain for an en face analysis.
The Oil-red O-stained atea relative to the entire sur-
face was calculated using the Image J software pro-
gram. Immunostaining for atherosclerotic lesions was
petformed (Envision kit, Dako Cytomation, Kyoto,
Japan) on the paraffin-embedded sections using anti-
bodies against smooth muscle actin (anti-a-SMA
clone 1A4, x100; Dako Cytomation) and macro-
phages (anti-lysozyme rabbit polyclonal antibody, x
2,000; Dako Cytomation).

Quantitative Reverse Transcription Polymerase Chain
Reaction (QRT-PCR)

The liver and small intestine were stored in
RNAlater immediately following sample collection,
and total RNA was extracted using the mirVana
miRNA isolation kit (Invitrogen, Catlsbad, CA). The
mRNA expression was quantified using qRT-PCR
with a TagMan quantitative PCR analysis (Applied
Biosystems, Oyster Bay, NY). Supplemental Table 1
lists the genes investigated and the primers/probes
used for PCR. The primers and probes were either
obtained from predesigned gene expression assays or
designed based on the sequence information of
domestic swine (Applied Biosystems). The expression
level of GAPDH mRNA was used as an internal con-
trol.
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Fig.1. Growth curves of the MMPigs
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(A) Profile of a 5-month-old NcD-fed MMPig (body weight, 7 kg; body length, 60 cm). (B)
Growth curves of the NcD-fed control and HeD-fed animals over eight weeks. All animals
experienced an increase in body weight; however, no significant differences were observed
among the experimental groups. Note that the body weights of HcD-fed animals remained <
10 kg following the administration of the HeD for eight weeks (7 months of age). Open circle,
NcD control; closed circle, HeD with 0.2% cholesterol; open rectangle, HeD with 0.5% cho-
lesterol; closed rectangle, HeD with 1.5% cholesterol.

Table 1. Visceral and subcutaneous adiposity in the MMPigs

% cho in diet 0 0.2 0.5 1.5
Relative weight (g/kg)
Omentum 0.80%0.25 1.78+0.30* 1.96%0.19** 1.78+0.36*
Mesenterium 3.05%0.47 4.30%0.64 4.40%0.35 4.22+0.88
% increase of BFT 147.7+38.8 214.0+18.8 211.2%26.4 234.8+21.8*

The data are presented as the mean = SE. cho, cholesterol; BFT, back fat thickness *p<0.05 and **»<0.01 vs. the

control (0 % cho diet)

Statistical Analysis

All results are expressed as the mean=SE. The
statistical analysis of the differences between groups
was petformed using Student’s rtest, and the results
were considered to be significant at p<0.05.

Results

Body Weight, Adiposity and Blood Pressure

A 5-month-old male NcD-fed MMPig, 7 kg in
body weight, is shown in Fig.1A. The body weight
values increased in all groups during the eight-week
experimental period. Compared with the NcD-fed
MMPigs, the HeD-fed MMPigs showed a more rapid
increase in body weight. In contrast, no significant
differences in body weight were observed between the
NcD- and HeD-fed groups (Fig. 1B). The omental fat
weight was higher in the HcD-fed animals than in the
NcD-fed animals; however, no significant differences

in mesenteric adipose tissues were observed. The back
fat thickness was significantly increased after eight
weeks in the 1.5% cholesterol-fed MMPigs, as com-
pared with that observed in the control MMPigs
(Table 1). The blood pressure levels, both systolic and
diastolic, were similar in the HcD-fed and NcD-fed
control MMPigs.

Hematology and Blood Biochemistry

Considering the normal reference data for
MMPigs'® ', no animals exhibited leukopenia, leu-
kocytosis or anemia after being fed NcD or HeD for
eight weeks. No increases in the levels of AST, ALT or
LDH occurred in either the NcD- or HeD-fed ani-
mals. The levels of ALP, y-GTP and total bilirabin
were moderately increased at scattered time points in
the animals fed 0.5% or 1.5% cholesterol. No differ-
ences in blood glucose were noted between the HeD-

fed and NcD-fed MMPigs.
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(A) Total cholesterol (TC). (B) VLDL-C. (C) LDL-C. (D) HDL-C. TC and each cholesterol
fraction in the HeD-fed MMPigs exhibited dose-dependent increases during the eight-week
experimental period. The percentages of the cholesterol fractions increased in LDL-C (E) and
decreased in HDL-C (F) in the MMPigs fed HcD with 0.5% and 1.5% cholesterol during the
eight-week experimental period. Open circle, NcD control; closed circle, HeD with 0.2% cho-
lesterol; open rectangle, HeD with 0.5% cholesterol; closed rectangle, HeD with 1.5% choles-
terol. The data are presented as the mean +SE. *p<0.05, **»p<0.01 vs. the control

Serum Lipoprotein Profile

The MMPigs became hypercholesterolemic after
two weeks of the HcD art all cholesterol concentra-
tions (0.2%, 0.5% and 1.5% cholesterol) compared
with that observed in the NcD-fed controls (Fig. 2A).
The TC levels plateaued after two weeks. The VLDL-
C and LDL-C levels were increased in the groups fed
higher concentrations of cholesterol (0.5% and 1.5%
cholesterol;Fig. 2B and 2C), whereas the HDL-C lev-
els increased in all HeD-fed groups during the eight-

week experimental period (Fig. 2D). The percent dis-
tribution of cholesterol with 0.5% and 1.5% choles-
terol loading was increased in the LDL fractions and
decreased in the HDL fractions at every time point
during the experiment (Fig.2E and 2F). The serum
TG levels were similar in all groups.

Expression of LDLr, SR-BI, HMGCR, SREBP-2
and NPC1L1 .
The hepatic expression of LDLr and HMGCR
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Fig. 3. Hepatic expression of LDLr, HMGCR and SREBP-2

The hepatic expression of LDLr, HMG-CoA reductase and SREBP-2 was analyzed

using real-time RT-PCR at the end of the eight-week experiment. The expression of (B)

was significantly decreased by HcD containing 0.5% and 1.5% cholesterol. (C) (D)

The expression level of the SREBP-2 gene was highly correlated with the LDLr and

HMGCR expression. The gene expression levels were calculated as the percentage
expression over the level observed in the control NcD-fed group. The data are pre-

sented as the mean = SE. *]J< 0.05, * * »<0.01 vs. the control

was downregulated in the MMPigs fed HeD for eight
weeks at higher dietary cholesterol concentrations
(0.5% and 1.5% cholesterol; Fig.3A and 3B). The
expression levels of these two genes were highly corre-
lated with that of SREBP-2, irrespective of diet
(Fig. 3C and 3D). The expression levels of SR-BI in
the liver were unchanged during HcD consumption
(Fig.4A). The expression of NPCIL1 in the small
intestine was not decreased in the jejunum or ileum in
the animals fed the HcD compared with that observed
in the controls (data not shown); however, the hepatic
expression was markedly reduced in the HcD-fed
MMPigs (Fig.4B). '

HL and CETP Activity

The HL activity was much higher in the post-
heparin fractions vs. the pre-heparin fractions in the
NcD-fed MMPigs, thus demonstrating an activity of
more than 90% in the circulation following the
administration of sodium heparin (Table 2). For
CETP, the protein expression, detected using. Western

blotting with antibodies against human CETP and
activity were detected in the HDL fraction in the
serum of the NcD-fed MMPigs (Supplemental Fig. 1).

Expression of apoB mRNA Editing Enzyme and
Serum apoB Profile

Hepatic APOBEC-1 is expressed in mice but not
in humans or rabbits, and the editing enzymatic
action generates apoB48 to form VLDL, including
both apoB48 and apoB100?". Under our experimen-
tal conditions, the APOBEC-1 expression was
detected using qQRT-PCR in the small intestine alone
and not in the liver in the MMPigs (Fig.4C). We
detected apoAl and apoB48/100 peptides in both the
human and swine VLDL and CM fractions (Supple-
mental Fig.2). ’

Hyperlipidemia-Induced Atherosclerosis

The en face analysis demonstrated that aortic ath-
erosclerotic lesions were significantly increased in the
HcD-fed MMPigs at all dietary cholesterol concentra-
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Fig.4. Hepatic expression of SR-BI, NPC1L1 and APOBEC-1 and quantitative analysis of hyperlipidemia-induced atherosclerosis

(A) The hepatic expression of SR-BI in the HeD-fed groups was si
expression was markedly reduced by HcD feeding. (C) The APO

milar to that observed in the NcD-fed controls. (B) The hepatic NPC1L1
BEC-1 expression was detected in the jejunum and ileum but not in the

liver. The gene expression levels were calculated as the percentage expression over the level observed in the control NeD-fed group. (D) Oil-
red O-stained atherosclerotic lesions in the NcD-fed and HcD-fed MMPigs after eight weeks. (E) The number of atherosclerotic areas
stained with Oil-red-O stain was increased in the HcD-fed MMPigs. The values are presented as the mean = SE. *»<0.05, ** < 0.01 vs.

the control. # < 0.05, ## p< 0.01 between each group.

Table 2. Plasma hepatic lipase activity in the NcD-fed MMPi

gs
age (month) 25 5
animal No. ' 1 2 3 4 mean=SE 5 6 7 mean*SE
B.W. (kg) 24.0 24.0 28.0 25.0 25.3%1.6 5.7 5.8 5.7 5.73%0.05
" HL activity (pmol/ml/min)
pre-heparin ’ 0.07 0.24 0.08 0.09 0.12+0.07 0.11 0.15 0.14 0.13%0.02
post-heparin 2.47 2.37 2.66 3.42 2.73%0.41 2.89 1.98 2.93 2.60£0.44
liver-bound 2.40 2.13 2.58 3.33 2.61£0.46 2.78 1.83 2.79 2.47 £0.45
% in liver 97.2 - 899 97.0 97.4 95.4%2.8 96.2 92.4 95.2 94.6%£1.6

NcD, normal chow diet; B.W., body weight; HL, hepatic lipase

tions but unchanged in the NcD-fed controls (Fig. 4D
and 4E). The atherosclerotic lesions developed first at
the aortic arch and the entry of the spinal arteries and
abdominal aorta and progressed to involve the entire

aorta as the cholesterol content in the HcD increased.
The aortic atherosclerotic lesions were located in the
intima (Fig.5A) and primarily composed of infiltra-
tion of foam cells (Fig.5B). Elastica-Masson Tri-
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Fig.5. Atherosclerotic lesions in the aorta and coronary arteries

Aortic atherosclerotic lesions of an MMPig fed HcD for eight weeks. (A) (B) Athero-
matous plaque in the abdominal aorta with intimal infiltration of foam cells (H&E
‘ stain). (C) The internal elastic laminae are duplicated (arrowheads) and the plaque is
covered with a fibrous cap (arrows; Elastica-Masson Trichrome stain). (D) An advanced
lesion exhibits disruption of the internal elastic lamina and stratification of newly
formed laminae (arrowhead; Elastica-Masson Trichrome stain). (E) Atherosclerotic
lesions in the coronary artery of an MMPig fed HcD for eight weeks. (F) Light micros-
copy of an atherosclerotic lesion in the left main trunk at low and high power (H&E
stain). (G) The plaque lesion consists of the accumulation of foam cells positive for the
macrophage marker lysozyme. (H) A small number of intimal cells are positive for
-SMA. Medial smooth muscle cells positive for a-SMA were used as an internal control.

chrome staining showed duplication and disruption of
the internal elastic lamina (Fig.5C and 5D). The
advanced lesions exhibited fibrous cap formation cov-
ering the atheromatous plaques (Fig.5C). The stages
of atherosclerosis were varied in the sections exam-

ined; however, in general, the abdominal aortas
showed a large amount of advanced lesions. The ath-
erosclerotic lesions in the carotid, coronary and femo-
ral arteries were identical to those observed in the
aorta (Fig.SE and 5F). In the coronary arteries, the
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proximal portions, located immediately after branch-
ing from the aorta, were severely involved in the ath-
erosclerosis; however, a few lesions in the distal and
intramuscular arteries were also observed, especially in
the higher cholesterol diet-fed groups. The infiltrating
foam cells were positive for the macrophage marker
(lysozyme) (Fig.5G). The atheromatous lesions also
demonstrated small numbers of a-SMA-positive
smooth muscle cells (Fig. 5H).

Histopathology of other Organs

No significant histological changes were observed
in the heart, lungs, spleen or kidneys. Mild fatty
degeneration was detected in the liver in the HecD-fed
MMPigs at 0.5% and 1.5% cholesterol concentrations
(data not shown). Despite the presence of atheroscle-
rotic lesions, no HcD-fed MMPigs experienced
thrombosis or spontaneous myocardial or cerebral
infarction during the eight-week experiment.

Discussion

Diet-Induced Hypercholesterolemia and Athero-
sclerosis

‘This study demonstrated the presence of eight-
week HcD-induced hypercholesterolemia and athero-
sclerosis accompanied by moderate visceral and subcu-
taneous adiposity in MMPigs. After eight weeks of the
administration of HcD containing 1.5% cholesterol,
the serum levels of TC reached approximately 600
mg/dL and atherosclerotic areas were seen in approxi-
mately 50% of the aortas. The relatively low 0.2%
~ dietary cholesterol concentration was sufficient to
induce the formation of aortic atherosclerotic areas in

7.5% of the animals, with TC levels of approximately

200 mg/dL. The consumption of dietary SC, which is
often administered to mice in order to induce athero-
sclerosis®”, was not necessary to enhance the develop-
ment of hyperlipidemia-induced atherosclerosis in the
MMPigs. It is noteworthy that a period of only eight
weeks was sufficient to induce atherosclerosis in
MMPigs, whereas other miniature pigs require more
than three months to develop this condition®'2.

Serum Lipid Profiles

Both the serum LDL-C and HDL-C levels mark-
edly increased after the administration of the HcD,
with a greater increase observed in the LDL-C levels.
The percentage distribution of cholesterol into
HDL-C was therefore significantly reduced, indicat-
ing a proatherogenic lipid profile. This paradoxical
increase in HDL-C induced by dietary fat has been
reported in both humans and rabbits*" . Human

metabolic studies have shown that the administration
of HeD decreases the catabolic rate while increasing
the transport rate of apoA-I, resulting in increased
HDL-C levels®®. Similar observations have been made
in human apoA-I transgenic mice, in which the
administration of HcD increases the HDL-C levels,
whereas metabolic turnover studies indicate a
decreased catabolic rate and increased transport rate of
HDL-cholesteryl ester (CE) and apoA-12%. The diet-
induced increase in the HDL-C levels may represent
an adaptation for enhancing reverse cholesterol trans-
port mediated via the HDL pathway, although the
exact mechanism is unclear. The detection of the enzy-
matic activity of CETE, which regulates a portion of
RCT, in the HDL fraction in the MMPigs supports
the presence of this possible adaptive mechanism(s).

Serum ApoB Profiles

In this study, the MMPigs, similar to humans
and rabbits, did not express hepatic APOBEC-1. The
VLDL-C fraction therefore included only apoB100
and not apoB48. In contrast, mice express hepatic
APOBEC-1 to generate apoB48-containing VLDL-C
and subsequently lower the LDL-C levels?®. The
transfer of the APOBEC-1 gene in the liver in New
Zealand White rabbits and Watanabe heritable hyper-
lipidemic rabbits results in the production of apoB48-
containing VLDL-C and a reduction in LDL-C for-
mation?®. Serum VLDL-C cannot be converted to
LDL-C in humans with hypobetalipoproteinemia
because it contains truncated apoB50 due to a prema-
ture stop codon in the apoB gene?”. Therefore, the
regulation of the size of apoB by hepatic apoB mRNA
editing represents a fundamental mechanism for limit-

"ing the generation of atherogenic apoB100-containing

lipoproteins. The hepatic expression of APOBEC-1
corresponds closely with a low ratio of [VLDL-C+
LDL-C] to HDL-C (<0.5) in dogs (0.26), rats (0.41),
mice (0.25) and horses (0.44). Mammals that do not
express hepatic APOBEC-1 exhibit higher ratios,
including humans (1.92), monkeys (0.91) and pigs
(1.4). Rabbits (0.32) are an exception to this rule®.
In this study, the ratio in the NcD-fed MMPigs was
1.31, indicating a proatherogenic lipid profile in this

group.

Expression of LDLr, HMGCR and NPC1L1

The blood cholesterol levels are largely deter-
mined by LDL-C removal mediated by LDLr and
cholesterol synthesis via the HMGCR activity in the
liver?® 2. The hepatic expression of LDLr and
HMGCR is coordinately regulated by the sterol regu-
latory element-binding protein (SREBP)-2 signaling
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pathway; the transcriptional activity of SREBP-2 is
usually inhibited when cellular cholesterol is abun-
dant®*®?_ In the present study, the hepatic expression
of LDLr, HMGCR and SREBP-2 was correlated and
markedly downregulated following the consumption
of HeD. The regulation of these genes and the LDL-
C-rich lipid profile in MMPigs is therefore very simi-
lar to that observed in humans and is in contrast with
that observed in mice, in which downregulation gene
responses are minimal®®.

Intestinal absorption and biliary excretion are
additional closely regulated mechanisms of cholesterol
homeostasis* *¥. A recently identified NPC1L1 pro-
tein that regulates intestinal cholesterol absorption is
highly expressed ini the small intestine in various spe-
cies, including humans, rabbits and mice'® 3. The
* NPCI1L1 protein is also expressed in the human liver,
where it partially regulates biliary cholesterol excre-
tion; however, it is not expressed in the murine liver®.
In the present study, the NPC1L1 gene was expressed
in both the small intestine and liver in the MMPigs.
The regulatory gene mechanisms of the NPCILI
expression in both organs include the SREBP-2 path-
way, suggesting that a high level of cholesterol sup-
presses SREBP-2-regulatory genes, such as LDLyg
HMGCR and NPC1L1% 37, Although the NPC1L1
expression was not clearly reduced following the
administration of the HcD, the detection of the
expression of NPCI1L1 in both the liver and intestine
supports the conclusion that the gene expression pro-
_ file linked to cholesterol homeostasis is very similar
between MMPigs and humans.

Expression of the CETP and HL Activity

CETP catalyzes the transfer of CE from HDL to
apoB-containing lipoproteins and is considered to be
a key protein for reverse cholesterol transport®® 39,
Humans and animals, including rabbits and chickens,
with documented atherosclerosis susceptibility have a
higher level of CETP activity than atherosclerosis-
resistant animals, such as cats, dogs, rats and mice®?.
The development of atherosclerosis is accelerated by
an atherogenic diet when CETP is genetically intro-
duced in mice, which are naturally deficient in
CETP# %2, CETP and apoB100 double transgenic
mice also show increased levels of atherosclerosis®?.
However, the overexpression of CETP in apoC-II or
lecithin cholesterol acyltransferase transgenic mice
inhibits atherosclerosis #. Assessments of the effects
of CETP on atherogenesis in mice are limited because
the lipoprotein metabolism in mice differs markedly
from that observed in humans. The relationship
between the CETP activity and the development of

human atherosclerosis is also controversial at present.
Patients with coronary heart disease have lower levels
of large HDL particles and higher levels of small,
dense (sd) LDL particles***®. CETP inhibitors, which
significantly increase the level of large HDL particles
and decrease the level of sdLDL particles, are thought
to be effective for reducing the development of athero-
sclerotic cardiovascular disease®”. In humans, a defi-
ciency of the CETP activity results in increased plasma
HDL-C levels with the generation of large CE-rich
HDL particles, supporting this hypothesis®®. Cases of
CETP polymorphism or genetic variation, character-
ized by a diminished CETP activity, are associated

“with increased levels of HDL-C, a reduced incidence

of coronary heart disease and greater longevity®" *2.
However, other studies have reported an increased
incidence of atherosclerotic cardiovascular and cere-
brovascular diseases in CETP-deficient human sub-
jects®*>?). Furthermore, a recent clinical study showed
that the administration of a CETP inhibitor (dalcetra-
pib) did not reduce the risk of recurrent cardiovascular
events even though it increased the HDL cholesterol
levels in patients with a recent history of acute coro-
nary syndrome’®®. Whether CETP inhibitors are effec-
tive in preventing cardiovascular disease remains a
matter of controversy.

Swine express no or very low levels of CETP
activity, although they are susceptible to developing
atherosclerosis®?). In the present study, the CETP gene
expression was not detected in the MMPigs using RT-
PCR with primers designed from human and rabbit
CETP cDNA sequences (data not shown). However,
the MMPigs expressed CETP-like proteins and the
CE transfer activity. Although the presence of a simi-
lar CETP gene remains a matter of debate, MMPigs
appear to be a useful model for evaluating the rela-
tionship between the CETP activity and atherogenesis.

HL hydrolyzes TG in HDL to convert HDL: to
HDL3 and is involved in the conversion of IDL to
LDL. In this study, the HL activity in the MMPigs
was mostly detected in the post-heparin plasma, simi-
lar to findings observed in humans and rabbits. This
suggests that most HL activity is localized on the sur-
face of hepatic sinusoidal endothelial cells, in contrast
to that observed in mice, in which most of the activity
is detected in the circulation®”. HL- and apoE-defi-
cient mice exhibit a lesser degree of atherosclerosis
than apoE-deficient mice, indicating the proathero-
genic role of murine HL°®. In LDLr and murine
endogenous HI-deficient mice with the transgenic
overexpression of human HL, which can bind to the
surface of hepatic sinusoidal endothelial cells, the lev-
els of VLDL, IDL and LDL are decreased, subse-
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‘Table 3. Comparison of lipoprotein metabolism in mice, humans, rabbits and MMPigs

mice rabbits humans MMPigs
Lipoprotein HDL-rich LDL-rich LDL-rich LDL-rich
CETP no yes yes yes
HL 70% in circulation liver-bound liver-bound liver-bound
Hepatic apoB editing yes no no ' no
Hepatic LDLr high down-regulated down-regulated down-regulated
Hepatic NPC1L1 no yes yes yes
Diet-induced atherosclerosis resistant sensitive sensitive sensitive

CETR cholesteryl ester transfer protein; HL, hepatic lipase; LDLr, LDL receptor; NPC1L1, Niemann-Pick Cl-like 1 protein

This table was modified from ref. no. 5 by Fan J. and Watanabe T.

quently reducing atherosclerosis*”. The overexpression
of human HL results in the reduction of HDL and
IDL in rabbits®®. The function of HL appears to be
affected by the location in which it is primarily local-
ized (the liver or the circulation).

Conclusion

We herein established a novel swine model of
hyperlipidemia-induced atherosclerosis in the world’s
smallest MMPig, an animal with a cholesterol metab-
olism very similar to that observed in humans (Table
3). We believe that MMPigs represent a potential
alternative animal model suitable for studies of meta-
bolic syndrome because the alteration of lipid metabo-
lism is one of the key events in this condition.
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