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Abstract

Atherosclerosis is a chronic disease affecting large- and medium-sized
arteries and it is the main underlying cause of cardiovascular diseases. Animal
models, particularly mouse models, represent powerful tools to uncover
disease mechanisms. Through a combination of genetic and diet manipulation,
several mouse models for atherosclerosis research have been developed,
with the apolipoprotein E and low-density lipoprotein receptor models being
the most widely used. However, these mouse models remain relatively
resistant to atherosclerosis development in coronary arteries and development
of atherosclerosis related myocardial infarction, key features of human
atherosclerotic disease. The discovery that the scavenger receptor class B type
1 acted as a high affinity high-density lipoprotein receptor and the inactivation
of its gene in mice allowed for the generation of new models exhibiting either
spontaneous or diet-induced occlusive coronary artery atherosclerosis and
myocardial infarction. This review will discuss mouse models of coronary heart
disease, highlighting their characteristics and focusing on those dependent on
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scavenger receptor class B type 1 deficiency.
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Abbreviations

APO: Apolipoprotein; APOBEC-1: apoB mRNA Editing Catalytic
Polypeptide-1; CA: Coronary Artery; CAD: Coronary Artery Disease;
CVD: Cardiovascular Disease; DKO: Double Knockout; eNOS:
Endothelial Nitric Oxide Synthase; HDL: High-Density Lipoprotein;
HDL-C: HDL Cholesterol; HL: Hepatic Lipase; ICAM: Intercellular
Adhesion Molecule; IDL: Intermediate-Density Lipoprotein; KO:
Knockout; LDL: Low-Density Lipoprotein; LDLR: LDL Receptor;
LRP: LDLR-Related Protein; PDZ: Postsynaptic Density Protein-95,
Drosophila disc-large protein, Zonula occludens protein 1; PDZK1,
PDZ Containing 1; Plg: Plasminogen; SMC: Smooth Muscle Cells;
SR-B1: Scavenger Receptor Class B Type 1; Tg: Transgenic; tKO:
triple Knockout; TNF: Tumor Necrosis Factor; uPA: urokinase
Plasminogen Activator; VCAM: Vascular Adhesion Molecule; VLDL:
Very Low-Density Lipoprotein

Introduction

Despite the great advances in cardiovascular research in the past
decades, Cardiovascular Disease (CVD) remains the main cause of
death in western societies [1,2]. In the year 0o£ 2012, about 15.5 million
US adults had CVD, among which 7.6 million were diagnosed with
myocardial infarction [3]. It has been estimated that in the US only,
40.5 % of the population will present some form of CVD by 2030
[4]. Alongside the increase in the prevalence of CVD worldwide, the
cost associated with the treatment of these conditions also increases
dramatically. The medical cost associated with the treatment of
Coronary Artery Disease (CAD) in the US is projected to increase
by approximately 200 % in a span of 20 years [5]. Hence, efforts are
concentrated on understanding and characterizing the several factors
that govern the initiation and progression of CAD. Atherosclerosis,
the main underlying pathology in CAD, is a chronic inflammatory
disease of the artery wall that affects large- and medium-sized arteries
[1]. The presence of early-stage atherosclerotic lesions (intima-media

thickening) can be detected in young adults (adolescence), and the
bulk of the disease develops during adulthood [6,7].

Atherosclerosis is characterized by the accumulation of modified
lipoproteins in the intimal layer of the vessel wall, which triggers the
expression of adhesion molecules on the surface of the endothelium
(Figure 1) [8]. In addition to the expression of adhesion molecules,
the endothelial cells can also release chemokines triggering the
recruitment, from circulation, of immune cells, mainly monocytes
that will differentiate into macrophages [9]. These mononuclear
phagocytes can now ingest the aggregated modified lipoproteins
becoming foam cells. Lipid-laden macrophage foam cells may further
contribute to the pro-inflammatory environment in the vessel wall
by releasing cytokines like interleukin-1p and Tumor Necrosis
Factor (TNF)-a [2,10]. The formation of the atherosclerotic plaque
also involves the recruitment and activation of Smooth Muscle
Cells (SMC) from the tunica media into the intima. Recruited SMC
secrete extracellular matrix proteins, like collagen and elastin, and
accumulate on top of the lesion generating the fibrous cap [11].
Foam cells, cell debris and extracellular lipid accumulate underneath
the fibrous cap generating the pro-thrombotic necrotic core. The
rupture of the fibrous cap, and exposure of the contents of the lipid-
rich necrotic core to blood, trigger thrombus formation leading to
myocardial infarction/stroke [12].

Intense research hasbeen dedicated to elucidating the mechanisms
behind atherosclerotic plaque formation in hopes of finding new
targets for disease treatment and prevention. Early studies in the
atherosclerosis field employed rabbits as the main animal model
system, with some studies using swine and non-human primates
[13-15]. The mouse has come to dominate the research field as the
animal model of choice for atherosclerosis studies, mainly due to the
ease of genetic manipulation, facilitating analysis of mechanisms of
atherosclerotic disease development. This review will discuss the main
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Figure 1: Atherosclerotic plaque initiation and progression.
At early stages, vessel wall inflammation and accumulation of modified lipoproteins trigger the recruitment of monocytes into the intima and their differentiation into
macrophages. Macrophages will engulf the modified lipoproteins becoming foam cells. Foam cells can release cytokines and chemokines further amplifying the
response. At late stages, accumulation of foam cells, apoptotic cells, cell debris and extracellular lipid creates the necrotic lipid core. Plaques with larger necrotic
cores are unstable and contain thinner fibrous caps, which facilitates plaque rupture and exposure of plaque contents to circulation, triggering blood coagulation
and thrombus formation.

Table 1: Mouse Models of Coronary Artery Atherosclerosis.

High fat or Time
Model Characteristics cholesterol diet Reference
; frame
required
apoE/LDLR dKO Significant hypercholesterolemia CA atherosclerosis after long term high fat diet Yes 21% fat, 0.15 % | 20-24 weeks [52]
P feeding. Myocardial infarction induced by stress in an endothelin-dependent fashion. cholesterol feeding
Mice are hypercholesterolemic and spontaneously develop lesions in the aortic sinus
and CA's. Mice develop myocardial infarction, cardiac dysfunction. No CA plaques are
SR-Bl/apoE dKO | observed at 3 weeks of age. CA plaques and myocardial infarction are observed by 5 No 25 weeks [70,71,79,81]
weeks of age. Mice do not survive beyond 8-9 weeks of age.
SR-B1 KO /apoE- Mice develpp dlet-lnd_uced hypercholesterolemla and aor_tlc roo_t and CA _ _ 3.5 weeks
. atherosclerosis. Occlusive CA disease leads to myocardial infarction, cardiac Yes Paigen diet : [84]
hypomorphic ; feeding
dysfunction and premature death.
Yes 3.5 weeks
Lesions develop on the aortic root in high fat diet-fed mice. The severity of the disease . . feeding
is dependent on the cholesterol and cholate content of the diet. Mice rapidly develo Paigen diet 6 weeks
SR-BLLDLRdKO = '° %P \ _ : pidly develop Cholate-free . [90,92]
high levels of CA atherosclerosis and reduced survival due to myocardial infarction. paigen diet feeding
Lesions also presented diet-dependent platelet accumulation. 9 9 weeks
2 % cholesterol feeding
Mice present significant reduction on SR-B1 levels in liver and intestine. Lesions
develop in a diet-dependent fashion. Mice fed a Paigen diet presented significant ) i 12 weeks
PDZK1/apoE dKO atherosclerosis in both the aortic sinus and CA’s. No effect on cardiomegaly or Yes Paigen diet feeding [102,106]
lifespan.
Mice develop high fat diet induced CA atherosclerosis, aortic aneurysm and Yes 21% fat, 0.15% 16 weeks [110]
eNOS/apoE dKO myocardial ischemia with no effect on survival. cholesterol feeding
Atherosclerosis develops in aortic sinus, aorta and CA after high cholesterol diet
feeding. Development of the disease is attributed to an increase in apoptosis and Yes 1.25 % 14 weeks [113]
AKT1/apoE dKO | macrophage infiltration. Myocardial infarction and reduced survival are also features of cholesterol feeding
the model.
Mice exh|b_|t d.let |nguced CA gtheroscleroms, mchardlal fibrosis and‘reduced survival. Yes 21% fat, 0.15% 10 weeks
Myocardial fibrosis may be independent of CA disease. Phenotype is dependent on i [117,119]
uPA-Tg/apoE KO ; cholesterol feeding
the presence of plasminogen.

features of the most commonly used mouse models for the study of
atherosclerosis with a special emphasis in models of CAD (Table 1).

Mouse models of atherosclerosis

Despite the attractive characteristics of the mouse as a model of
atherosclerosis, no inbred strain is known to develop atherosclerotic
plaques spontaneously. Mice carry most of their plasma cholesterol
in High-Density Lipoproteins (HDL), while in humans the main
cholesterol carrier is the Low-Density Lipoprotein (LDL) class
[16]. This difference between species might contribute to the
protection seen in the mouse against atherosclerosis, since HDL is

considered to be protective against CVD, while high LDL cholesterol
is considered as a risk factor [17]. In 1985, Paigen and colleagues
reported the results of feeding different inbred strains of mice a
high fat, high cholesterol diet, containing cholate, in an effort to
identify atherosclerosis susceptibility differences between strains
[18]. The results of the study established that C57BL/6 mice were
the most sensitive, whereas C3H mice were the most resistant to
diet-induced atherosclerosis development. A gender difference has
also been detected under similar conditions, with female mice being
more susceptible to plaque development [19]. Yet, the atherosclerotic
lesions in C57BL/6 mice on the “Paigen diet” arose only in the aortic
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root and the most proximal aorta and displayed features of early
stages of plaque development [20,21]. Studies by Liao et al. suggested
that the genetic differences in atherosclerosis susceptibility seen in the
inbred strains of mice might be a consequence of differences in their
inflammatory responses, suggesting the importance of inflammation
in atherosclerosis development [22]. The advent of gene targeting
approaches in mice led to the generation of two widely used mouse
models for the study of atherosclerosis: the apolipoprotein (apo) E
Knockout (KO) and LDL receptor (LDLR) KO mouse models.

ApoE KO mouse model

ApoE is a protein present on the surface of Very Low-Density
Lipoproteins (VLDL), HDL and chylomicrons. A major role of apoE
is to mediate binding of apoE-containing lipoproteins to the LDLR,
serving as a ligand for clearance of these lipoproteins by the liver [23].
In 1992, two groups independently reported the generation of and
the characteristics of atherosclerosis development in apoE KO mice
[24-26]. Since then, several studies have contributed to evidence of its
pleiotropic role on atherosclerosis development.

The absence of apoE in mice results in a phenotype
resembling human type III hyperlipoproteinemia, with severe
hypercholesterolemia due to accumulation of lipoprotein remnants,
even on a normal chow diet [27]. Reports have shown that on a
normal chow diet, apoE KO mice spontaneously develop lesions in
the aortic sinus and aortic branches with foam cells appearing as
early as 8 weeks of age [28]. High-fat diet feeding accelerated lesion
development and led to more advanced lesions similar in complexity
to plaques found in humans [29,30]. Consistent with the role of apoE
in lipoprotein clearance, transgenic mice expressing human apoE2 -
an isoform of apoE defective in receptor binding - are characterized
by the presence of B-VLDL (chylomicron and VLDL remnants) and
spontaneous atherosclerotic lesions rich in foam cells and displaying
small fibrous caps [31].

Besides the obvious role of apoE on cholesterol distribution
among lipoproteins, there are several other effects of apoE that
might contribute to its anti-atherogenic properties. It has been
demonstrated that apoE expression in macrophages is crucial
for atherosclerosis protection. Bone marrow transplantation
experiments demonstrated that mice receiving macrophages lacking
apoE developed significantly more atherosclerosis without affecting
total plasma cholesterol [32,33]. ApoE has also been demonstrated
to prevent expression of adhesion molecules in human endothelial
cells [34] and to inhibit platelet aggregation through the L-arginine-
nitric oxide pathway [35]. Effects on modulation of vascular smooth
muscle cell migration and proliferation have been reported as well
[36]. Finally, apoE has also been shown to exert a wide variety of
immunoregulatory effects: regulation of T cell proliferation and
activation [37,38], innate immunity [39], sepsis [40] and more
recently macrophage polarization [41].

LDLR KO mouse model

LDLR is a cell surface receptor that recognizes both apoB on
LDL and apoE on different lipoproteins. Once lipoproteins bind
the LDLR, the complex is internalized removing cholesterol from
circulation [42]. Deficiency of LDLR function in humans is basis of
familial hypercholesterolemia [43]. Individuals lacking both copies of
the LDLR gene present high levels of LDL cholesterol in circulation

and suffer myocardial infarction as early as the first decade of life.
In 1993, Ishibashi and colleagues reported the generation of LDLR
deficient mice [44]. Contrary to the phenotype observed in apoE KO
mice, LDLR KO mice do not develop significant atherosclerosis while
fed a normal chow diet. This might be explained by the ability of the
LDLR-Related Protein (LRP) pathway to clear apoB 48 containing
lipoproteins from circulation, such that deletion of LDLR leads only
to mild hypercholesterolemia in mice [44,45]. Nevertheless LDLR
KO mice are very sensitive to diet modifications. When fed high-
fat and/or high-cholesterol diets, LDLR KO mice develop severe
hypercholesterolemia and atherosclerotic lesions along much of the
aortic tree [20,46]. As mentioned previously, humans mostly carry
cholesterol on apoB100-containing LDL. To generate animal models
with plasma lipoproteins more closely resembling those in humans,
Davidson and colleagues generated LDLR KO mice also lacking the
apoB mRNA editing catalytic polypeptide-1 (APOBEC-1) gene,
rendering them able to synthesize only apoB100 [47], while Hobbs
and colleagues generated LDLR KO mice over expressing a human
apoB100 transgene [48]. Each of these mice secretes predominantly
apoB100, exhibit elevated levels of circulating cholesterol and develop
spontaneous atherosclerosis when fed a normal chow diet [47,48].

Advantages of ApoE KO and LDLR KO mouse models of
atherosclerosis

The analysis of these two mouse models since their development
in the early 1990’s has had a profound impact on our understanding
of the molecular pathways involved in atherosclerosis development.
Advantages of the apoE and the LDLR KO mouse models of
atherosclerosis include the development of complex atherosclerotic
plaques in a number of arteries, such as the aortic sinus, aorta,
brachiocephalic and carotid arteries [28,49-51]. These complex
plaques resemble many features of human atherosclerotic plaques. For
example, complex plaques developing in the brachiocephalic artery
exhibit some features of plaque rupture; although atherothrombosis is
rarely detected [50]. On the other hand, atherosclerosis develops only
rarely in coronary arteries of apoE KO or LDLR KO mice, and when
it does, generally under extreme conditions. For example, Ishibashi
and colleagues detected atherosclerosis in the coronary ostia in LDLR
KO mice fed Paigen diet for 7 months [49]. Similarly, atherosclerotic
plaques have been detected in coronary arteries of 40 week old
apoE KO mice fed a diet containing 21 % fat and 0.15 % cholesterol
for 35 weeks [28]. However, myocardial infarction secondary to
atherosclerosis, a common feature of human atherosclerotic coronary
artery disease, is rarely seen in these mice.

Mouse models of coronary artery disease

ApoE/LDLR double KO (dKO) mice: Mice lacking both
apoE and the LDLR develop significant hypercholesterolemia and
atherosclerosis in both the aorta and in CA’s in response to long term
high fat diet feeding [52]. These mice also developed myocardial
infarction in response to hypoxia or mental stress, reportedly
mediated by the release of endothelin and consequent vasospasm
of partially occluded CA’s, since it was reduced by treatment with
an endothelin receptor A blocker [52]. In a separate study, Li and
colleagues showed that high-fat diet fed apoE/LDLR dKO mice
preconditioned by exposure to either ischemia/reperfusion or
hyperoxia presented improved post-ischemic ventricular function
and reduced myocardial infarct size [53].
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SR-B1/apoE dKO mice: The HDL receptor, scavenger receptor
class B type 1 (SR-B1), is a cell surface receptor expressed in several
cell types, including hepatocytes, macrophages and endothelial cells,
critically involved in atherosclerosis pathogenesis [54]. Transient
over expression of SR-B1 in the liver of wild type mice by adenovirus
delivery significantly reduced HDL plasma concentrations and
increased biliary cholesterol [55]. On the other hand, complete
ablation of SR-B1 expression in wild type mice resulted in enlarged
HDL particles rich in cholesterol and a decrease in biliary cholesterol
[56]. These findings confirmed the importance of this receptor in
modulating HDL cholesterol levels in vivo. The process where HDL
delivers cholesterol to the liver through SR-B1 is known as reverse
cholesterol transport and it is considered a major mechanism
through which HDL protects against atherosclerosis development
[57]. SR-BI is a multifunctional protein. It mediates not only the
selective transfer of cholesterol esters from HDL into cells, but also
the removal of un-esterified cholesterol from cells [58,59]. Moreover,
it is also required for HDL signaling in a variety of cells [60,61], best
characterized by activation of endothelial Nitric Oxide Synthase
(eNOS) in endothelial cells [62]. This process requires apoA1l binding
[62]. Activation of eNOS by HDL involved Src-mediated activation
of both Akt and mitogen activated protein kinase signaling pathways
in an SR-B1 dependent manner [63]. Expression of SR-BI is required
for HDL-mediated inhibition of TNF-a dependent upregulation
of expression of the adhesion molecules, Vascular Cell Adhesion
Molecule (VCAM)-1 and Intercellular Adhesion Molecule (ICAM)-
1, in endothelial cells, in vitro [54]. VCAM-1 and ICAM-1 play an
important role in the accumulation of monocytes in atherosclerotic
artery wall. The absence of SR-BI also affects the anti-oxidant
properties of HDL. SR-B1 KO mice were reported to have increased
levels of oxidative stress due to a reduction in the circulating
levels of HDL-associated antioxidant enzyme paraoxonase-1 [64].
Furthermore, SR-B1 deficiency alters erythrocyte maturation and
platelet structure and clearance resulting in the development of
anemia and thrombocytopenia [65,66].

The impact of SR-B1 on atherosclerosis development has also been
studied in both KO and transgenic models. Hepatic over expression
of SR-B1 in heterozygous LDLR KO mice fed a high fat/cholesterol
diet, containing the bile salt sodium cholate, decreased lesion area
in the aortic root and cholesterol content in VLDL, LDL and HDL
[67]. However, protection was not seen in transgenic homozygous
LDLR KO fed a high fat/cholesterol diet [67]. On the other hand,
transient hepatic over expression of SR-B1 in LDLR KO mice with
early and advanced lesions reduced atherosclerosis [68]. Reduction
in lesion size was correlated with HDL cholesterol levels [68]. Over
expression of SR-B1 in a human apoB transgenic mouse was shown
to be protective against diet-induced fatty streak formation in the
aorta as well [69]. Krieger and colleagues first reported the effects
of complete inactivation of SR-B1 on atherosclerosis [70]. SR-B1
KO mice were crossed with apoE KO mice to generate SR-B1/apoE
dKO mice, which were reported to exhibit substantially increased
cholesterol associated with VLDL sized particles and abnormally
large HDL like particles [70]. When fed normal chow diets, these mice
developed accelerated aortic sinus atherosclerosis at 5 weeks of age, at
which no atherosclerosis was detected in littermate apoE KO control
mice. In a subsequent publication Krieger and colleagues reported
that SR-B1l/apoE dKO mice fed a normal chow diet developed

substantial, occlusive atherosclerosis in CA’s as well, and that this was
associated with extensive myocardial fibrosis, cardiomegaly, cardiac
conductance abnormalities, reduced cardiac function, and mortality
of the dKO mice between 5 and 8 weeks of age (50% mortality by 6
weeks of age) [71].

The nature of the phenotype observed in SR-B1/apoE dKO mice
has been further explored. Lymphocyte-dependent inflammation is
known to influence atherosclerosis development, thus Karackattu et
al. explored arole for T'and B cells on CAD development [72]. To do so,
RAG-2/SR-B1/apoE triple KO (tKO) mice were generated, where the
absence of RAG-2 gene expression prevents lymphocyte maturation
[73]. No differences in CA atherosclerosis, myocardial infarction or
cardiac dysfunction were found between triple and control SR-B1/
apoE dKO mice, indicating that the absence of circulating B and T
lymphocytes does not affect the development of CA atherosclerosis or
myocardial infarction, or improve cardiac function in these mice [72].
Hepatic lipase (HL) hydrolyzes triglycerides and phospholipids and it
has been suggested that it can influence atherosclerosis, although the
mechanism is not clear [74]. Deletion of HL in SR-B1/apoE dKO mice
significantly delayed the development of atherosclerosis in both the
aortic root and CA’s despite the increase in total cholesterol [75]. This
study also confirmed that in these mice the extent of atherosclerosis
in CA’s rather than in the aortic root is more closely correlated with
cardiac dysfunction and lifespan [75]. Bone marrow transplantation
of either wild type or SR-B1/apoE dKO bone marrow into SR-B1/apoE
dKO mice significantly reduced serum cholesterol. Transplantation
of wild type bone marrow also reduced aortic atherosclerosis and
prolonged survival on SR-Bl/apoE dKO indicating that restoration
of macrophage SR-B1 and/or apoE can reduce atherosclerosis in
these dKO mice [76]. In a separate study, microarray mRNA profiling
of hearts from SR-B1/apoE dKO mice at different stages of cardiac
disease progression revealed a significant increase (80-fold) of apoD
in hearts with extensive myocardial infarction [77]. Using a model
of ischemia/reperfusion-induced myocardial infarction, Krieger and
colleagues showed that apoD could reduce myocardial infarction
potentially through its antioxidant activity [77]. This, therefore, led to
the identification of apoD as a cardioprotective factor that is induced
in hearts upon myocardial infarction.

Pharmacological studies have also been performed in the SR-
Bl/apoE dKO mice to test the effect of drugs of interest on CAD.
Probucol is a potent antioxidant and anti-inflammatory drug
reported to prevent atherosclerosis development [78]. Treatment
with probucol significantly extended the lifespan of SR-Bl/apoE
dKO mice (from a mean of 6 to a mean of 36 weeks) and almost
completely reversed the cardiac pathology [79]. From this study it
was also possible to conclude that most of the pathological features
leading towards premature death arise between 3-5 weeks of age,
providing a window where the drug could be administered to alter
disease progression [79]. In a similar study, SR-B1/apoE dKO mice
were treated with either ezetimibe (inhibition of intestinal cholesterol
absorption) or SC-435 (inhibition of intestinal bile acid absorption)
for three weeks [80]. Both drugs were capable of significantly reducing
cholesterol in the IDL/LDL fraction and extending survival of the
dKO mice. Treatment with ezetimibe significantly delayed onset or
progression of atherosclerosis in the aortic root and CA; myocardial
fibrosis and cardiomegaly were reduced as well [80]. Finally, the
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effect of pomegranate extract, rich in polyphenolic antioxidants, on
CAD development was tested [81]. Treatment of SR-B1/apoE dKO
mice with pomegranate extract reduced levels of oxidative stress and
inflammation in the plaque. CAD and myocardial fibrosis were also
reduced, even though treatment increased cholesterol in the VLDL
fraction [81]. Despite the reduction in atherosclerosis in the aortic
root and CA, survival was not extended in SR-B1/apoE dKO mice
receiving pomegranate extract.

SR-B1KO/apoE-hypomorphic mice: ApoE-hypomorphic mice
are characterized by a reduced expression- around 5% of normal- of
a mutant form of apoE (Arg-61 allelic variant, resembling human
apoE4) [82]. The hypomorphic expression of the mutant form of apoE
was caused by the insertion of a neomycin cassette flanked by loxP
sites into the third intron of the apoE gene [82]. Reduced expression
of apoE, however, does not affect lipoprotein cholesterol profiles,
with most cholesterol present in the HDL fraction, when mice were
fed a normal chow diet [83]. When challenged with a high fat diet,
apoE-hypomorphic mice rapidly develop hypercholesterolemia
characterized by increased cholesterol associated with VLDL and
IDL/LDL sized lipoproteins and reduced cholesterol associated with
HDL. The hypercholesterolemia could be fully reverted by normal
chow diet feeding [83]. Crossing apoE-hypomorphic mice with SR-B1
KO mice generated the SR-B1KO/apoE-hypomorphic mouse model
[84]. When fed a normal chow diet, SR-B1KO/apoE-hypomorphic
mice are healthy with no signs of CAD or hypercholesterolemia [84].
However, when SR-B1KO/apoE-hypomorphic mice are challenged
with a Paigen diet, they develop severe hypercholesterolemia, aortic
root atherosclerosis and CAD, displaying a phenotype similar to
that of SR-B1/apoE dKO mice [84]. Further studies by Krieger and
colleagues also revealed that the rate of disease progression could be
altered by changing the severity of the atherogenic diet and accelerated
by social isolation [85]. Hence, the SR-B1KO/apoE-hypomorphic
mouse model has the advantage of diet-induced atherosclerosis
allowing for the study of other conditions that may affect disease
development besides diet.

Bone marrow transplantation experiments allow for evaluation
of the impact of different macrophage genes on plaque development.
Using this approach, Pei and colleagues set out to explore the role of
macrophage SR-Blinatherosclerosis, takingadvantage of theinducible
nature of plaque formation in SR-B1KO/apoE-hypomorphic mice
[86]. Transplantation of SR-BIKO/apoE-hypomorphic mice with
SR-B1+/+ bone marrow restored SR-B1 expression in macrophages
and reduced the development of diet-induced atherosclerosis in both
the aortic sinus and coronary arteries with a consequent reduction in
cardiac fibrosis. The reduction was attributed mainly to a reduction
in monocyte recruitment into plaques in mice with SR-BI expression
restored in bone marrow derived cells [86].

The SR-B1KO/apoE-hypomorphic mouse model has also
been used to explore the potential of drugs to treat CVD. Raffai
and colleagues evaluated the effect of FTY720 administration on
ischemia/reperfusion injury in hearts ex vivo and on diet-induced
coronary heart disease in SR-B1KO/apoE-hypomorphic mice [87].
FTY720 is an analogue of sphingosine-1-phosphate, able to enhance
cardiomyocyte survival in hypoxia, to prevent arrhythmias as a
consequence of ischemia/reperfusion injury and to protect against
atherosclerosis development in both apoE and LDLR KO mice [88].

Moreover, FTY720 is also well-known immune modulator, causing
lymphopenia due to impaired lymphocyte trafficking from lymph
nodes into circulation [88]. Long-term treatment of wild type mice
with FTY720 significantly protected the heart from damage induced
by ex vivo ischemia/reperfusion, and treatment of high fat/high
cholesterol diet-fed SR-BIKO/apoE-hypomorphic mice with FTY720
improved their survival and protected against cardiac dysfunction
[87]. The cardioprotection seen was not accompanied by protection
against atherosclerosis development; rather it was attributed to
immunosuppression leading to reduced cardiac remodeling [87]. It
is noteworthy that the effect of FT'Y720 treatment of SR-B1KO/apoE-
hypomorphic mice differs from the phenotype seen in RAG2/SR-
B1/apoE tKO where no differences were detected in atherosclerosis
and cardiac function [72]. Although the models are different, this
discordance suggests that FTY720 might exert protective effects
through other mechanisms in addition to induction of lymphopenia.
In a more recent publication [89], Raffai and colleagues made
use of the diet inducible nature of atherosclerosis and myocardial
infarction in the SR-B1IKO/apoE-hypomorphic mice to examine the
effects of FTY720 specifically on cardiac failure subsequent to CA
atherosclerosis and myocardial infarction. To do this, they first fed
SR-B1KO/apoE-hypomorphic mice a high fat, high cholesterol diet
for 3.5 weeks to induce CA atherosclerosis and myocardial infarction.
For those mice that survived the feeding, they then switched them to
a normal chow diet and corrected the apoE-hypomorphic mutation
by Cre-mediated excision of the inserted neomycin gene cassette
from the apoE locus, to reduce hypercholesterolemia, and began
treatment with FTY720. Reduction of hypercholesterolemia alone,
post infarction, did not improve cardiac function. On the other
hand, FTY720 treatment post infarction was able to reverse cardiac
dysfunction. This was associated with a reduction in the number
of B cells and the expression of matrix metalloproteinase-2 and
inflammatory genes in the heart. This study demonstrates that this
and other diet inducible models of coronary artery atherosclerosis
and myocardial infarction (see below) may be useful model systems
to study the post-infarction development of heart failure.

SR-B1/LDLR dKO mice: SR-B1/LDLR dKO mice challenged
with a high fat, but relatively low (0.15%) cholesterol atherogenic diet
for two months exhibit increased atherosclerosis in the aortic root
when compared with LDLR KO mice [90]. They also present most
cholesterol associated with large HDL particles and reduced apoB
levels in the IDL/LDL fraction but no CA atherosclerosis. Previous
studies in LDLR KO mice with attenuated expression of SR-B1 also
showed an increase in atherosclerosis development when mice were
challenged with a high fat diet, however in these mice increased
cholesterol was mostly associated with LDL-sized particles [91].
The cholesterol distribution seen in dKO mice likely suggests that
impaired HDL cholesterol clearance contributes to atherosclerosis
development [90].

Further characterization of the SR-BI/LDLR dKO mice revealed
that the occurrence of CA atherosclerosis is dependent on the
cholesterol and cholate content of the diets [92]. SR-B1/LDLR dKO
mice fed diets rich in cholesterol with or without cholate developed
high levels of occlusive CA atherosclerosis along with myocardial
infarctions and reduced survival [92]. SR-B1/LDLR dKO mice
fed a Western type (high fat, relatively low, 0.15 % cholesterol)
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diet developed less occlusive CA disease, and this did not result in
significant myocardial fibrosis or reduction of survival. High fat/
cholesterol diet-dependent platelet accumulation in the CA was
also observed, with the highest levels associated with the presence of
cholate in the diet [92], suggesting the contribution of thrombosis
on top of atherosclerosis to occlusive coronary artery disease. The
SR-B1/LDLR dKO mice also exhibited higher levels of circulating
cytokines, monocytosis than control LDLR single KO mice. Finally,
CA’s from atherogenic diet fed SR-B1/LDLR dKO mice also expressed
substantially higher levels of ICAM-1 and VCAM-1 than similarly
fed control LDLR single KO mice, which might explain the increased
susceptibility of CA’s from SR-B1 deficient mice to atherosclerosis
development, compared to CA’s from SR-B1 expressing mice [92].

Advantages of SR-B1 Deficient Mouse Models of Coronary
Artery Atherosclerosis

Together, these SR-B1 deficient mice (on the various atherogenic
backgrounds detailed above) have a number of advantages. Like
the apoE KO and LDLR KO mice, they appear to develop large and
complex atherosclerotic plaques, at least in the aortic sinus [92].
Furthermore, the rapid development of atherosclerosis in CA’s,
characterized by the accumulation of platelets and accompanied
by myocardial fibrosis suggests that these compound mutant mice
recapitulate many features of human atherosclerotic coronary heart
disease. The rapid development of coronary artery atherosclerosis and
myocardial fibrosis, which is spontaneous in the SR-B1/apoE dKO
mice, and rapidly induced (3.5 weeks) by high fat, high cholesterol
diets containing cholate in the SR-B1 KO/apoE-hypomorphic and
SR-B1/LDLR dKO mice, may be an asset for rapid pre-clinical testing
of novel therapeutics.

Other Gene Targeted Micethat Develop CA Atherosclerosis

PDZK1/apoE dKO mice: PDZK1 (PDZ containing 1) was
identified as a cytoplasmic adaptor that interacts with a number of
membrane-associated proteins, including cell surface receptors and
ion channels, via its four PDZ (Postsynaptic density protein-95,
Drosophila disc-large protein, Zonula occludens proteinl) protein-
protein interaction domains [93-96]. In 2000, Ikemoto and
colleagues first showed that PDZK1 binds to the C-terminus of SR-
B1, via its first PDZ domain, in the sinusoidal membranes of rat
liver [97]. Kocher, Krieger and colleagues further characterized this
interaction both in vitro and in vivo and explored the lower affinity
binding of the C terminus of SR-B1 to the third PDZ domain [98,
99]. The inactivation of PDZK1 expression in mice caused a 95%
decrease in SR-B1 protein abundance in liver and 50% decrease in
intestine; in contrast, SR-B1 protein levels were unaffected in other
tissues including adrenal tissue, endothelial cells and macrophages
[100-103]. Hepatic overexpression of transgenes encoding all four
domains of PDZKI could restore SR-B1 expression and function in
the liver [104, 105]. As expected, PDZK1 KO mice showed increased
plasma total cholesterol, HDL-C and HDL particle size, similar to the
phenotypes observed in SR-B1 KO mice [101]. Global knockout of
PDZK1 in apoE KO mice (PDZK1/apoE dKO) resulted in increased
high fat diet-induced aortic atherosclerosis, but no occlusive CA
atherosclerosis, myocardial infarction or early death [102]. However
when these mice were fed a more atherogenic, Paigen diet, containing
higher cholesterol as well as sodium cholate, they developed 26%
increased atherosclerosis in aortic sinus as well as lipid-rich plaques

in CA’s among which about 40% were completely occluded [106]. In
addition, trichrome staining showed that these PDZK1/apoE dKO
mice fed the Paigen diet developed extensive cardiac fibrosis [106],
resembling the CA atherosclerosis and myocardial fibrosis of SR-B1/
apoE dKO mice (which, as indicated above, occurred spontaneously).
On the other hand, unlike the case for SR-B1/apoE dKO mice, the
Paigen diet fed PDZK1/apoE dKO mice did not develop cardiomegaly
or reduced lifespan over the feeding time course analyzed [106].
Thus, PDZK1/apoE dKO mice exhibit less severe atherosclerotic
disease compared to SR-Bl/apoE dKO mice, possibly reflecting
partial protection due to SR-B1 expressed outside of the liver. On the
other hand the resemblance of the coronary artery atherosclerosis
phenotypes in SR-Bl/apoE dKO and PDZK/apoE dKO mice may
reflect a role for PDZK1 in SR-B1’s function outside of the liver.
Even though deficiency of PDZK1 did not affect SR-B1 expression
in vascular cells, such as macrophages and endothelial cells which
play vital roles in the development of atherosclerosis, PDZK1 has
been shown to play an important role in SR-B1 dependent signaling
in response to HDL in these cells [100,103,107]. On the other hand,
it has recently been shown that inactivation of PDZKI results in
increased vascular smooth muscle cell proliferation and migration
in vitro and neointima formation in vivo in mice, via an apparently
SR-B1 independent pathway [108]. Immunohistochemical staining
revealed little evidence of smooth muscle contribution to the lipid
rich aortic sinus atherosclerotic plaques in Paigen diet fed PDZK1/
apoE dKO mice, however the contribution of smooth muscle cells to
occlusive coronary artery atherosclerotic plaques was not described
[106]. The coronary artery atherosclerotic phenotypes of PDZK1 KO
mice are likely to be influenced by both the altered lipid profile due
to the knockdown of hepatic SR-B1, as well as the impaired SR-B1-
mediated signaling pathway in vascular cells. The contribution of
PDZK1 in smooth muscle cells to protection against coronary artery
atherosclerosis is currently unclear.

eNOS/apoE dKO mice: Nitric oxide is a potent vasodilator
whose availability is dramatically decreased in hypercholesterolemia-
induced vascular disease [109]. ApoE KO mice deficient in eNOS
develop increased atherosclerosis compared to controls when
fed a Western diet for 4-6 months [110]. eNOS/apoE dKO mice
also developed CA atherosclerosis, aortic aneurysm and showed
evidence of myocardial ischemia and left ventricle dysfunction [110].
No effects on survival were reported. eNOS/apoE dKO mice also
showed a significant increase in blood pressure, however treatment
of mice with hydralazine (a blood pressure lowering drug) did not
affect atherosclerosis or aortic aneurysm formation, indicating that
hypertension is not required for atherosclerosis development in these
animals [111]. SR-B1 has been shown to mediate HDL signaling in
endothelial cells, leading to activation of eNOS reviewed in [107]. As
for PDZK1/apoE KO mice, the similarities in the CA atherosclerosis
phenotypes between the SR-B1/apoE dKO and the eNOS/apoE dKO
mice may suggest a common pathway involved in protection against
CA atherosclerosis.

AKT1/apoE dKO mice: The AKT family of kinases is involved
in several cell functions including regulation of proliferation,
metabolism and cell survival in several cells types including those in
the cardiovascular system [112]. Genetic deletion of AKT isoform
1 (AKT1) led to increased atherosclerosis in apoE KO mice fed a
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high cholesterol diet for 14 weeks [113]. Lesions were found in the
aortic sinus, aorta and in CA’s. This was accompanied by increased
apoptosis in both endothelial cells and macrophages and decrease
phosphorylation of eNOS. The absence of AKT1 was also characterized
by increased macrophage abundance and proinflammatory markers
in the vessel wall, which may contribute to lesion formation [113].
More in depth analysis of plaque composition showed presence
of increased necrotic core sizes and reduction in fibrous cap and
collagen content in dKO animals [114]. Loss of AKT1 also led to
myocardial infarction, cardiac dysfunction and significant increase
in mortality [113,114]. Surprisingly, the inactivation of AKT1 on
an SR-B1/apoE dKO background led to alleviation of several of the
pathological features of these mice including aortic root and coronary
artery atherosclerosis, cardiac dysfunction, myocardial fibrosis and
improved survival [115]. Protection in AKT1/SR-B1/apoE tKO mice
seems to be associated to an overall reduction in oxidative stress,
with reductions in lipid oxidation and foam cell formation [115].
These results are surprising given that inactivation of either SR-B1 or
AKT]1 individually on an apoE KO background lead to spontaneous
or diet induced (respectively) CA atherosclerosis and myocardial
infarction and reduced lifespan. Further studies are needed to clarify
this apparently dual role of AKT1 on atherosclerotic coronary heart
disease development.

uPA-Tg/apoE KO mice: Urokinase type Plasminogen Activator
(uPA) is a serine protease involved in plasmin generation [116].
uPA is expressed by macrophages in the wall of human arteries and
the level of expression correlates with the severity of the disease in
CA’s [116]. Transgenic mice overexpressing uPA in macrophages
(uPA-Tg), when crossed to ApoE KO mice developed larger high
fat diet induced plaques in the aorta when fed for 10 weeks but
exhibited no differences in plaque structure [117]. ApoE KO mice
overexpressing uPA in macrophages also developed high fat diet
induced CA atherosclerosis and myocardial infarction and exhibited
early mortality. The phenotype seen in the uPA-Tg/ApoE KO mice is
dependent on the presence of plasminogen (Plg) since macrophage
overexpression of uPA had no effect on atherosclerosis development
in Plg/ApoE dKO mice [118]. Interestingly, overexpression of
macrophage uPA in otherwise wild type mice increased macrophage
accumulation and cardiac fibrosis in the absence of atherosclerosis
[119]. The mechanism behind cardiac fibrosis seems to be dependent
on plasminogen and plasmin activation, but the identity of the
plasmin substrate(s) that may contribute to the phenotype remains
unclear [120].

Conclusion

In this review, we aimed to summarize the main features of the
current mouse models of CAD with particular emphasis on those
involving inactivation of SR-B1. The use of the mouse to understand
the pathology and progression of atherosclerosis has been expanded
as a result of the advances in genetic engineering techniques. Easy
manipulation and the low cost of maintenance have placed the
mouse on top of other animal models like rabbits and non-human
primates. Since the development of the ApoE and LDLR KO mouse
models, the impact of several genes and signaling pathways on
atherosclerosis has been explored increasing our understanding of
disease pathophysiology. The introduction of mouse models that
can now emulate features of human atherosclerosis -including CA

atherosclerosis and myocardial infarction, with special emphasis
in those deficient on SR-BI, represent an opportunity to further
explore disease mechanisms. The phenotype of compound mutant
mice lacking SR-B1 together with other atherosclerosis predisposing
mutations strongly resembles certain characteristics of human CAD
and seems to be multifactorial involving multiple cell types. Further
clarification on the role of SR-B1 on these cell types can potentially
generate new targets for the development of treatments to prevent or
treat atherosclerosis.
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