Comparison of Apolipoprotein E Knockout Mice and Spontaneously
Hyperlipidemic Mice in Porphyromonas gingivalis-Induced

Atherosclerosis
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Abstract

Porphyromonas gingivalis was shown to accelerate atheroma formation in a murine
model such as apolipoprotein E knockout (ApoE-KO) mice and BALB/c.

apoE-deficient spontaneously hyperlipidemic (C. KOR-ApoeShl

) mice. The purpose of
this study is to characterize mouse gender and strain differences in P. gingivalis-induced
atherosclerosis. Male and female ApoE-KO mice (10 weeks old) and age- and
sex-matched C. KOR-ApoeShl mice were intravenously injected with P. gingivalis three
times a week for 3 weeks. Mice were then killed at 14 weeks. Atherosclerotic plaques in
the proximal aorta were determined by Oil Red O staining. Serum lipid parameters
(total cholesterol, TC; high density lipoprotein, HDL; and low density lipoprotein,
LDL) and body weights were evaluated. P. gingivalis injection significantly enhanced
the formation of atherosclerotic plaque in both ApoE-KO and ApoeShl mice. Moreover,
atherosclerotic lesion area was slightly larger in ApoE-KO mice than in ApoeShl mice,
while both model mice displayed similar body weight gain regardless of bacterial
infection. The weight gain of male was larger than that of female in the period, and the
TC of ApoeShl mice was higher than that of ApoE-KO mice. Furthermore, P. gingivalis
injection had elevated serum TC and LDL levels compared to the non-injected ApoeShl
mice group. These results suggest that P. gingivalis induces atherosclerosis in both

ApoE-KO and ApoeShl mice subsequently increasing TC and LDL levels. Thus, the

ApoeShl mice may sereve as a substitute for ApoE-KO mice at the point of it being more



natural and superior in examination of temporal change of morbidity, if we take account

the import cost and the complication of maintenance of genetically modified mice.



Introduction

Atherosclerosis is a multifactorial cardiovascular disease (CVD), which is a leading
cause of mortality and morbidity in western countries. Atherosclerosis is related to
physiological and behavioral risk factors such as age, gender, hypertension,
hypercholesterolemia, obesity, diabetes, smoking, and a sedentary lifestyle (1).
Periodontitis also increases the risk of atherosclerosis, and previous studies have
suggested that chronic infection with a periodontal pathogen, such as Porphyromonas
gingivalis, 1s associated with an increased risk of atherosclerosis (2). Indeed, P.
gingivalis was detected more frequently than other periodontal bacteria in
atherosclerotic plaques (3).

P gingivalis promotes platelet aggregation, increases systemic inflammatory
markers, invades endothelium and vascular smooth muscle cells, and alters endothelial
function (2). Furthermore, P. gingivalis accelerates the progression of atherosclerosis in
homo- and heterozygous apolipoprotein E (ApoE)-deficient mice, rabbits, and pigs (2).
Since ApoE knockout (KO) mice form remarkable atheromatous plaques under normal
chow diet feeding, they are famous as model of arteriosclerosis (4, 5). ApoE is a main
component of plasma lipoproteins synthesized by liver and has a very high affinity for
the Low-Density Lipoprotein (LDL) receptor in accordance with ApoB-100. ApoE is
mainly promoting the clearance to liver out of the blood of an ApoB-100 content
lipoproteins such as Very Low Density Lipoprotein (VLDL) and Intermediate Density

Lipoproteins (IDL). Many arteriosclerosis researches are done using the ApoE-KO mice



(6).

On the other hand, ApoE-deficient, spontaneously hyperlipidemic (KOR-ApoeShl)
mice, which is an inbred strain created from Japanese wild mice, are also deficient in
the expression of ApoE because of a gross disruption in the Apoe gene (7). These mice
are hypercholestrolemic and accumulate large amounts of remnant-like particles in the
bloodstream, as has been observed in ApoE-KO mice. Several congenic ApoE-deficient
mice with the genetic background of laboratory mice were developed by transferring the
Apoe gene mutation from a KOR genetic background (8). An alternative ApoE-deficient
murine model may be useful given the complexities involved in importing and
maintaining genetically modified animals. However, in two groups of mice whose Apoe
gene was disrupted by homologous recombination or by naturally occurring mutation,
their weight change, lipid composition and atherosclerosis formation are not compared
until now. Therefore, we compared KOR-ApoeShl mice having a BALB/c background

(c.KOR-ApoeShl) with ApoE-KO mice about weight change, the lipid composition of a

lipoprotein, and the degree of P. gingivalis-induced atherosclerosis.



Materials and methods

Bacterial strain

P. gingivalis strain 381 was cultured on anaerobic blood agar plates (Becton
Dickinson, Sunnyvale, CA) in a model 1024 anaerobic system (Forma Scientific,
Marietta, OH) with 10% H,, 80% N, and 10% CO, for 3—5 days. Cultures were then
inoculated into brain heart infusion broth (Difco, Detroit, MI), supplemented with 5 ug
of hemin/ml and 0.4 pg of menadione/ml, and grown for 2 days, reaching an optical
density at 660 nm (ODsg0) of 0.8, corresponding to 10° CFU/ml (9). The cultured cells
were then centrifuged at 8000 % g for 20 min at 4°C and diluted with

phosphate-buffered saline (PBS) for intravenous (i.v.) infection.

Mice and treatments

Ten-week-old male and female ApoE-KO mice obtained from Jackson Laboratories
(Bar Harbor, ME) or age- and sex-matched c.KOR-ApoeShl mice obtained from Japan
SLC. Inc, were divided randomly into two groups (n = 6 for each group). The
institutional Animal Care and Use Committee of Nihon University approved all animal
protocols (Approval number AP12MD022). The mice were given regular mouse chow
and water ad libitum. The mice were inoculated intravenously three times a week for 3
weeks with 0.1 ml of live P. gingivalis (10° CFU /mouse) or 0.1 ml of PBS. All mice
were monitored daily until death. At the age of 14 weeks, the mice from each group

were killed, and tissue and blood samples were collected.



Quantification of the atherosclerotic lesion area

Blood was collected into heparinized syringes from the orbital veins of mice
anesthetized with Isozol (Nichi Iko, Toyama, Japan). The heart and aortic tree were then
perfused through the left ventricle with ice-cold 0.9% PBS for 10 min. The heart was
then carefully dissected and removed. The upper half of the heart containing the aortic
origin was separated and embedded in Tissue-Tek OCT compound (Fisher Scientific,
Newark, DE) in cryomolds, and cryostat sections were prepared (10). Using a modified
version of the method of Paigen et al. (10), cryosections of the aortic arch for
atherosclerotic plaque accumulation by Oil Red O staining were examined. The lesion
area was then quantified under a microscope (BX51; Olympus, Tokyo, Japan),
interfaced with a CCD camera and an image analysis system (Lumina Vision; Mitani
Co., Fukui, Japan). Briefly, cross-sectional areas from three images were summed to
obtain the total lesion area per slide, and the percentage of the aortic lumen occupied by
lesions per section was calculated. Slides were analyzed in a blinded manner, and the
percentage of the aortic lumen occupied by lesions was averaged over 15 sections per
animal, expressed as the percentage of the lumen of the proximal aorta occupied by

lesions per section, per animal.

Measurement of serum lipids
Serum was isolated from the blood by centrifugation at 2500 x g for 20 min after

clotting at room temperature. The serum level of total cholesterol (TC), LDL, or



high-density lipoprotein (HDL) was determined using a quantitative kit (Wako Pure

Chemicals, Tokyo, Japan).

Statistical analysis
Results are expressed as the mean + the standard errors (SE). Data were analyzed
using the 2-tailed Student’s test or one-way ANOVA, followed by Tukey—Kramer

multiple tests. P < 0.05 was considered statistically significant.



Results

Body weight

We compared the body weights of ApoeShl mice and ApoE-KO mice at 10 to
14-weeks of age (Fig. 1, n = 6). Both groups of mice had a similar weight gain at 14
weeks (Fig. 1A and B, 29.9 + 1.4 g for ApoeShl male mice vs. 29.0 = 1.0 g for ApoE-KO

male mice; 25.7 £ 0.8 g for ApoeShl

female mice vs. 26.7 = 1.2 g for ApoE-KO female
mice). In any of the mouse strains, the weight gain of male in the period was larger than
that of female (Fig. 1A and B, 29.9 + 1.4 g for ApoeShl male mice vs. 25.7 = 0.8 for
ApoeShl female mice, P < 0.05 ; 29.0 + 1.0 g for ApoE-KO male mice vs. 26.7+ 0.8 g
for ApoE- KO female mice, P < 0.05). Furthermore, P.gingivalis challenge slightly

increased body weight of the ApoeShl

female mice and the ApoE-KO male mice (Fig.
1A and B, 25.7 + 1.8 g for ApoeShl female mice vs. 26.7 £ 1.3 for ApoeShl female mice
challenged with P. gingivalis; 29.0 £ 1.6 g for ApoE-KO male mice vs. 30.1 + 1.9 g for

ApoE-KO male mice challenged with P. gingivalis).

Histomorphometric analysis of the aortic sinus

We examined cryosection of the aortic sinus for atherosclerotic plaque accumulation
by Oil Red O staining. Histomorphological analysis revealed an increase in
atherosclerotic plaque accumulation in P, gingivalis-challenged Apoe™ mice compared
to sham-treated Apoe™ mice, with the percentage of the total lumen of the proximal

aorta occupied by lesions showing the same pattern (Fig. 2A and B, 1.7 £ 0.3 % vs.0.3 £



0.1% for male, P <0.05; 1.4 + 0.3% vs. 0.2 + 0.1% for female, P < 0.05). Although P.
gingivalis—challenged male mice formed the slightly larger arteriosclerosis focus than
female mice, the statistical significant difference was not accepted among both groups.
Similar results were also obtained in ApoE-KO mice. P. gingivalis challenge resulted in
significant increase from 0.1 & 0.04 to 2.8 + 0.2 for male (Fig. 3A and B, P <0.05) and
from 0.5 £ 0.3 to 2.4 + 0.5 for female (Fig. 3A and B, P <0.05) in ApoE-KO mice.
These also showed the same tendency that P. gingivalis—challenged male mice formed
the slightly larger arteriosclerosis lesions than female mice, however the statistical

significant difference was not accepted among both groups.

Serum cholestrol level

TC and LDL levels in ApoeShl and ApoE-KO male mice were higher than those of
female mice regardless of the existence of infection (Fig. 4A and B). TC and LDL
levels in ApoeShl male mice were increased in P. gingivalis-challenged mice when
compared to sham-treated mice (Fig. 4A; TC, 807 £ 14 vs. 701 = 11 mg/dL, P<0.05;
LDL, 310 + 7 vs. 210 + 8 mg/dL, P<0.05). TC and LDL levels in Apoe®™ female mice
were also increased in P. gingivalis-challenged mice when compared to sham-treated
mice (Fig. 4A; TC, 700 £ 7 vs. 578 = 7 mg/dL, P<0.05; LDL, 196 £ 5 vs. 166 + 4
mg/dL). On the other hand, HDL levels in ApoeShl male and female mice were decreased
in P. gingivalis-challenged mice when compared to sham-treated mice (Fig. 4A; HDL,
35 £2 vs. 40 = 2 mg/dL for male; 32 = 1 vs. 42 = 1 mg/dL for female). Furthermore,

even in ApoE-KO mice, the similar tendency was observed (Fig. 4B). TC and LDL



levels in ApoE-KO male mice were increased in P. gingivalis-challenged mice when
compared to sham-treated mice (Fig. 4B; TC, 636 = 26 vs. 600 + 13 mg/dL; LDL, 229 +
21 vs. 200 £ 17 mg/dL). TC and LDL levels in ApoE- KO female mice were also
increased in P. gingivalis-challenged mice when compared to sham-treated mice (Fig.
4B; TC, 512 £ 21 vs. 455 = 32 mg/dL; LDL, 193 + 17 vs. 175 = 10 mg/dL). On the
other hand, HDL levels in ApoE-KO male and female mice were decreased in P.
gingivalis-challenged mice when compared to sham-treated mice (Fig. 4A; HDL, 58 £ 4

vs. 62 = 4 mg/dL for male; 32 + 2 vs. 49 + 3 mg/dL for female).
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Discussion

A growing body of evidence indicates a clear relationship between
hypercholesterolemia and atherosclerosis in humans (11-13). However, similar levels of
hyperlipidemia in different individuals are not necessary result in similar levels of
atherosclerosis in these individuals. This individuality is probably due to many factors
including associated diseases (e.g. diabetes mellitus), life style, age and genetic
background. Since family histories often exist in person with atherosclerosis, genetic
backgrounds would certainly be a risk factor. Therefore, in this study, we examined the
distinction in severity of atherosclerosis between two lines of ApoE-deficient mice, i.¢.,
KOR-ApoeShl and ApoE-KO mice, challenged with periodontopathic bacteria.

The present study resulted that P. gingivalis challenge significantly increased
atherosclerosis plaque accumulation in both of ApoE-KO and ApoeShl mice, although
atherosclerotic lesion area was slightly larger in ApoE-KO mice than ApoeShl mice.
About gender difference, any ApoE-deficient male mice formed the bigger
atherosclerosis focus compared with the age matched females. Indeed, men are more
likely to die of CVD than women. Population studies demonstrate a male to female ratio
in coronary artery disease (CAD) mortality ranging from 2.5 to 1 to 4.5 to 1 in countries
with different rates of CAD (14). As a reason for that, our results indicated that male
mice had a greater propensity of gaining body weight than female mice in any of
ApoeShl and ApoE-KO mice. These results suggest that male mice are more likely to

become obese than female mice. Obesity is also a risk factor for adult coronary heart
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disease and is increasing in prevalence among youths as well as adults (15).
Longitudinal data supports obesity is associated with increased mortality due to CVD
(16). Hypercholesterolemia is frequently found in patients with obesity, so that the
average serum cholesterol level is significantly higher in overweight subjects than in
lean ones, and usually a significant correlation exists between serum cholesterol and
obesity (17, 18). Indeed, male mice had higher serum cholesterol and LDL cholesterol
concentrations compared to female mice in any of ApoeShl mice and ApoE-KO mice.

In this study, P. gingivalis challenge promoted arteriosclerosis with weight gain and
the increase in TC and LDL. An increased level of LDL is a very well established risk
factor of CAD. Previous study had also shown that the systemic inflammation induced
by oral infection with P. gingivalis is associated with a shift to a proatherogenic serum
lipid profile that leads to elevated LDL and decreased HDL levels (19). Plasma
cholesterol level is regulated by the LDL receptor and the expression of the LDL
receptor is regulated at transcriptional and post transcriptional levels.

Recently, stimulation with lipopolysaccharide of P. gingivalis induced the change of
cholesterol transport via targeting the expression of LDL receptor-related genes and
resulted in the disturbance of regulatory mechanisms of the cholesterol level in
macrophages (20). Therefore, P. gingivalis challenge may accelerates atherosclerosis
lesion formation by altering the lipid profile. In patients with periodontitis, total
cholesterol and LDL cholesterol levels were also increased and HDL cholesterol levels

were decreased compared to those in healthy subjects (21-23).

12



In conclusion, our findings suggest that differences between males and females in
their response to P. gingivalis challenge should be explored in representative murine
models in atherosclerosis. Although the different associations between body weights
and serum lipid profile such as TC, LDL, or HDL, were observed in two lines
ApoE-deficient male and female mice, P. gingivalis challenge accelerated atheroma
lesion formation in both of mice strains regardless of gender. Therefore, ApoeShl mice
may be more natural and more useful in the understanding of change over time of
morbidity, if we take into account the import cost and the complication of maintenance

of genetically modified mice.
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Fig. 1. Body weight of male and female in Apoe™ (A) and ApoE-KO (B) mice. Mice were
divided into four groups for each strain. Each mouse was weighted twice weekly until

sacrificed.
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Fig. 2. Atherosclerotic plaque formation in the aortic sinuses of Apoe™ mice intravenously
injected with P. gingivalis. The result of a histomorphometric analysis of the percentage of
the aortic sinus occupied by lesions (A), is shown at 15 weeks. The data represent the mean
+ SE (n = 6). *P < 0.05 compared to the PBS-inoculated group. (B) Oil Red O-stained
cryosections of the proximal aorta. Arrows indicate typical lipid-rich atherosclerosis areas

stained with Oil Red O. Scale bars = 50 um.
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Fig. 3. Atherosclerotic plaque formation in the aortic sinuses of ApoE-KO mice
intravenously injected with P. gingivalis. The result of a histomorphometric analysis of the
percentage of the aortic sinus occupied by lesions (A), is shown at 15 weeks. The data
represent the mean + SE (n = 6). *P < 0.05 compared to the PBS-inoculated group. (B) Oil
Red O-stained cryosections of the proximal aorta. Arrows indicate typical lipid-rich

atherosclerosis areas stained with Oil Red O. Scale bars = 50 um.
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Fig. 4. TC, LDL, and HDL levels in Apoe™ (A) and ApoE-KO (B) mice. Black, white, and

grey bars represent TC, LDL, and HDL, respectively. The data represent the mean

+ SE (n = 6). *P < 0.05 compared to the PBS-inoculated group.
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