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ABSTRACT

LANCE JOHNSON: Apolipoprotein E in Diabetic Dyskij@mia and Atherosclerosis
(Under the direction of Nobuyo Maeda, PhD)

Each year, cardiovascular disease (CVD) kills moreeAeans than any other cause of
death. The majority of the diseases contributing to C&ile traced back to the pathological
process of atherosclerosis, in which fatty materiécts along the walls of arteries, limiting
flexibility and obstructing blood flow. Plasma lipidsrpcularly in the form of low-density
lipoprotein (LDL) cholesterol, contribute significinto the formation of atherosclerotic
plaques and are an important determinant of CVD riglus]it is critical to understand the
roles of the crucial components of normal lipoprotein mdisidhat regulate plasma lipids,
such as apolipoprotein (apo) B, apoE and the LDL receptaddition, patients with diabetes
are two to four times as likely to develop CVD as nabdtic patients. One important reason
for this discrepancy is the process of diabetic dyslipide- a cluster of harmful changes to
normal lipoprotein metabolism commonly seen in patienth diabetes. ApoE is the primary
ligand for several lipoprotein receptors, making it a @umdmponent in the clearance of lipid
from the circulation and a major determinant of plasmaest@lol and cardiovascular disease
risk. The APOE gene is polymorphic, resulting in produrctof three common isoforms:
ApoE2, E3, and E4. In addition to its role in lipoproteietabolism, recent findings have also
suggested a role for ApoE in glucose metabolism. In€hapl examine the role of apoE3

and apoE4 during the process of diabetic dyslipidemiatredosclerosis. Similarly, Chapter



3 focuses on the crucial interaction between apoE andhR lin the background of diabetes.
In Chapter 4, | explore the increased risk of CVVDatignts with diabetes in detail, focusing
on the various models of diabetic atherosclerosis al@aitalvesearchers and how they may
help understand the cause of this risk. Finally, in @mapl provide a supplemental
examination of the the role of apoB, and in particular theRbinding region of apoB100, in
the development of hyperlipidemia and atherosclerosisetiieg this work highlights the
importance and interconnectedness of glucose and lipabaletm, and sheds new light on the
critical role of apolipoprotein E in the development ofligydemia and atherosclerosis during

diabetes.
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Chapter 1

INTRODUCTION



1.1 Cardiovascular Disease

Each year, cardiovascular disease (CVD) kills moreeAgans than any other cause of death.
Diseases of the heart alone caused 30% of all deathsGn\&idO other diseases of the
cardiovascular system causing substantially more dedtdisability (1). Worldwide, deaths from
vascular disease are estimated to rise from 16libmih 2002 to 18.1 million in 2011 (1). In the
United States alone, over 81 million people suffer foara or more of the various forms of CVD,
including hypertension, coronary heart disease (myodanddaction and angina pectoris), stroke,
and heart failure (2).

The majority of these diseases can be traced backngla process: atherosclerosis.
Atherosclerosis is a condition in which fatty matec@allects along the walls of arteries, limiting
the flexibility of the arteries and obstructing bloocolil This material thickens, hardens (forming
cholesterol crystals and calcium deposits), and ocsltidevessels. The process is thought to be
initiated by an inflammatory injury response — in whichnocytes invade the intima of the vessel
and differentiate into macrophages (3). Once therandwophages begin to phagocytose fat and
cholesterol, in particular cholesterol-rich Low Denditgoprotein (LDL) particles, expanding in
size and eventually becoming ‘foam cells’, named due to‘tbamy’ lipid-filled appearance. At
late stages of disease, pieces of the atherosclptatjae can break off and move through the

affected artery to smaller blood vessels, blocking thentaunsing tissue damage or death (3).

1.2 Lipoprotein Metabolism
All lipoproteins consist of a triglyceride (TG) andotésterol ester core surrounded by an outer

shell composed of free cholesterol (un-esterifiedspholipids and various protein components.
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They are organized into various classes as defined bydesity. LDL, like other lipoproteins, is
a complex of lipid and protein that facilitates thesort of these crucial, but water insoluble,
lipids through the circulation. As alluded to above, plag. DL cholesterol level is an important
determinant of CVD risk (4).

Lipoprotein metabolism involves two pathways, exogeramasendogenous, which depend
primarily on the source of the circulating lipids; digtéexogenous) or hepatic (endogenous)
origin (5). Following a meal, dietary fat and choledtare absorbed and re-packaged by the
enterocytes of the small intestine, and secretedhettytmphatics as chylomicrons — large TG-rich
lipoprotein particles which eventually enter the bloagstn at the left subclavian vein (Figure 1.1).
As they travel through the circulation, fatty acids (F£ extracted from the chylomicron particles
by peripheral cells through the action of Lipoprotein Lipaga), leaving smaller, more dense
Chylomicron Remnants that are eventually internalizethéyiver (5).

The liver also synthesizes cholesterol and TG and gaskhem into Very Low Density
Lipoprotein (VLDL) particles, which are secreted itite circulation (6). Peripheral tissues can
take what they require, and VLDLs are remodeled intrinédiate Density Lipoproteins (IDL),
and finally the more dense, cholesterol-rich LDL p&ticFigure 1.1). The liver, as well as
peripheral tissues, can also internalize whole lipoprgarticles. Rhe apolipoprotein components
discussed later in this chapter are important mediafdlss internalization process. High Density
Lipoprotein (HDL) particles mediate a process known asree cholesterol transport, in which the
smaller, denser HDL particles acquire cholesterol fpempheral tissues as well as from VLDL
and LDL and transport it back to the liver (7). ImportgritiDL can mediate this same process in
atherosclerotic plaques, removing cholesterol and fat fhe vessel wall and returning it to the

liver (8).
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Figure 1.1.Normal Lipoprotein M etabolism. Normal lipoprotein metabolism involves uptake of
dietary lipid, the secretion of chylomicrons, and tlesientual uptake by the liver in the
postprandial state. Conversely, during times of fastivgliver secretes VLDL, which can be
converted to IDL and then LDL through lipolysis. Reveisgl@sterol transport involves the
exchange of cholesterol and apolipoproteins from VLDL ardgBrticles to HDL and their return
to the liver. Figure adapted from Lusis et al., Natueaddics 40, 129 - 130 (2008).



1.3 Apolipoprotein B

Apolipoprotein B (apoB) is a large (4536 amino acids)cstial component of all lipoproteins
with the exception of HDL. Each lipoprotein particle @ins one molecule of apoB. ApoB is an
essential component of chylomicrons, VLDL, IDL and LDL andhmalty exists in two forms,
apoB100 and apoB48 (6). ApoB100 is the full length protemle apoB48 is a product of
posttranslational MRNA editing by the apoB editing complepBEC). ApoBEC introduces a
stop codon at 2153, resulting in a truncated versiaheodpoB protein (6). ApoBEC is highly
expressed in the intestine of humans, but it is expresseth the intestine and liver in mice.
Consequently, as dietary lipid is absorbed in thelantektine, it is packaged into apoB48-
containing chylomicrons and enters the lymphatic systemventual secretion into the peripheral
circulation (5). In humans, apoB48 is present only gihochicrons and chylomicron remnants,
while all lipoproteins secreted from the liver contgnoBR100. However, due to hepatic apoBEC
expression in mice, both apoB100 and apoB48 are secreteth&diver (6, 9).

ApoB100 is a critical determinant of LDL cholesterol,tdsinctions as a ligand for the Low
density lipoprotein receptor (LDLR). Because the LOhiRding domain of apoB is in the C-
terminal half of the protein, apoB48 does not bind to beR. Instead, apoB48-containing
lipoproteins require other apolipoproteins to act agamti for receptor binding and hence
clearance from the circulation. In the mouse, apoB#&ipredominant apolipoprotein
responsible for the clearance of lipoproteins. In factjmalthepatic apoB48 secretion may be the
determining factor for distinguishing mice from human$waspect to lipoprotein metabolism (6,
9). In Supplemental Chapter 6, “Absence of hyperlipidan LDL receptor-deficient mice

having apolipoprotein B100 without the putative receptodioig sequences”, | discuss the role of



apoB, and in particular the LDLR binding region of apoB10@he development of

hyperlipidemia and atherosclerosis

1.4 Apolipoprotein E

Apolipoprotein E (apoE) is a small (34 kD) circulatingtein associated primarily with VLDL
and HDL, and is the primary ligand for several lipogroteceptors, making it a crucial
component in the clearance of lipid from the circulatitie.importance as a major determinant of
plasma cholesterol and cardiovascular disease risiderscored by the spontaneous
hyperlipidemia and atherosclerosis in mice lacking i@t Mice lacking apoE (apoE-/-)
accumulate cholesterol-rich remnant particles with fgtgma cholesterol levels exceeding 400
mg/dl (11). Although diets high in fat and cholesterakderate plaque development, apoE-/-
mice develop complex fully-formed atherosclerotic lesiorenevhen fed a low fat, low
cholesterol diet (12).

In humans th&POE gene is polymorphic, resulting in production of three comimsoforms:
apoE2, E3, and E4. The apoE isoforms differ from one anbyhenly one or two amino acids at
position 112 and 158, with E2 having cysteines at botltigas, E3 a cysteine at 112 and arginine
at 158, and E4 arginines at both positions (10). ApwiSists of two main structural domains that
are connected by a hinge region (Figure 1.2). The N-tekohomaain consists of a four alpha helix
bundle containing the receptor binding region (residueslb89. The C-terminal domain is
predicted as a series of alpha helices and contaimsajoe lipid/lipoprotein binding region
(residues 244-272). Despite independently folding, thediwoains can influence the properties

of one another. The cysteine /arginine amino aciduesidt positions 112 and 158 influence

6



interactions between the two domains. For instanbenvhe cysteine at 112 is experimentally
replaced by an arginine in an apoE3 moleculue, the poditarge effectively pushes the arginine
at position 61 into a position where it forms a salt l@idgth glutamate 255 (13). Consequently,
the N-terminal domain is pulled close together with tHer@inal domain (Figure 1.3, top). The
modified apoE3 molecule presents a lipid binding preferémcVVLDL similar to that of apoE4.

In the absence of this interaction the preference isifbr density lipoproteins, as with apoE3 (13).
The compact form of apoE4 also leads to a much lowetistdban apoE3. Likewise, apoE3 has
a lower stability than apoE2 (14). The interaction eflth and C-terminal domains in apoE2
resembles that of apoE3. The difference between thesambhecules instead arises from the
additional cysteine residue at position 158 in apoE2;hvaffects the LDL receptor binding
region by indirectly generating an additional salt bridgé arginine 150, thereby lowering the
overall positive charge and thus the receptor bindinghpat®f the region (14).

Upon binding to lipid, apoE undergoes a major conformaticimahge (13-15). The apoE
molecule is thought to form a molecular envelope (horgeshape) around the surface of the
phospholipid outer shell of a nascent lipoprotein plriiFigure 1.3, bottom). Interestingly, it has
been demonstrated that artificial lipid complexes coBatgitro with apoE4 bind to the LDLR
with a similar to slightly higher affinity than lipicomplexes made with apoE3. In contrast,
particles made with apoE2 demonstrate a dramaticallgriaDLR binding affinity (<5%
compared to apoE3 and apoE4) (13). When complexed willL. \Hiowever, there is a clear
isoform gradient in regards to cell surface receptattibg in the order of: VLDL-4/4 (100%) >
VLDL-3/4 (93%) > VLDL-3/3 (82%) > VLDL-4/2 (53%) > VLDL-R (36%) > VLDL-2/2 (30%)
(16). In addition, apoE4 has been shown to have a prefécebirel to triglyceride-rich VLDL,

while apoE3 prefers to bind smaller, denser HDL pagi¢L7).
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yellow). The LDL receptor binding domain is locatadairegion ofr helix 4. The C-terminal
domain of apoE is predicted as a series-bélices and contains the major lipid/lipoprotein-
binding region (14).
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Figure 1.3.Interaction of apoE N- and C-terminal domainsand bindingto lipid. Top: The
substitution of arginine for cysteine at position 112 gedustructural changes in apoE3 and apoE4.
Arg 112 in apoE4 pushes Arg 61 into a position to formtebsage with Glu 255. This Arg 61 —
Glu 255 salt bridge pulls the N- and C-terminal domsoggther in the apoE4 moleculBottom:

Upon binding to lipid, apoE undergoes a major conformaticimahge, forming a circular

molecular envelope around a phospholipid core and exposingciaator binding region (10).



Even with varying distributions among different ethnicugp®, E3 is overwhelmingly the most
common isoform, with approximately 93% of the world’s popakainheriting at least one copy
(Table 1.1). Isoform distribution varies with ethnicitig4 carrier frequency has been reported as
low as 5% in Sardinia and as high as 41% in the Biakageopcentral Africa (10). In the
United States, the E4 isoform occurs in 24% of the pdpualawhile the E2 allele is carried by less
than 14% (10). APOE genotype has been shown to affect the relative risk foralengortant
diseases (Figure 1.4). For example, patients with onecocdpies of APOE4 have 10-15 mg/dl
higher LDL cholesterol and increased rates of CVD. v@wsely, patients with a copy of APOE2
have lower LDL, higher HDL and a decreased rate of ceadmular events when compared to
individuals homozygous for APOE3 (10, 15).

APOE genotype is also strongly associated with risk and ageghosis for late-onset
Alzheimer’s disease in the order of E4>E3>E2 (14). Mecent findings have pointed towards an
involvement of apoE in glucose metabolism. For exameleral data suggest that in certain
populationsAPOE genotype is associated with plasma glucose and insuéiisI€18-19) and
postprandial glucose response (2BPOE genotype also appears to play a role in determihiag t
risk, progression and/or severity of Metabolic Syndromet@1(21-22). Studies have also
suggested a role for ApoE in various diabetic pathodogi®r instance, an isoform-specific
association of apoE in risk of diabetic nephropathy atmbggathy has been demonstrated in
several cases (23).

Most importantly in regards to CVD, diabetic apoE#iess have been shown to have
increased carotid atherosclerosis (24), and elderly dtedq@E4 carriers have an increased risk of
CVD-associated death (25). Human epidemiological studiege\ver, are difficult to conduct.

Because the frequency of APOE2 and APOE4 homozygotesrgrmtist studies have been

10



carried out on heterozygous carriers in comparison OEFhomozygotes. Consequently, the
phenotypic differences observed are small and easily irtiaby other concomitant factors, both

genetic and environmental.
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apoE2 apoE3 apoE4
Genotype: 2/2 2/3 3/3 3/4 4/4
Population (%) 1% 12% 60% 21% 2%
Position 112 cys cys arg
Position 158 cys arg arg
LDLr affinity < 5% 100% >100%
LDL Cholesterol decreased normal increased

Table 1.1.ApoE isoforms. The three apoE isoforms have varying population disioibs. The
isoforms differ by only one or two amino acids (positid2 &nd 158). However, these small
changes result in differing affinity for the LDLr and sefuently in plasma LDL cholesterol
concentration (10).
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Figure 1.4.ApoE isoforms, risk factorsfor disease. Many different diseases have been shown
to be affected bAPOE genotype. For most disease states, the E4 allele saitle(Right panel).
However, for some diseases, the E2 allele confersi@utlirisk (Left panel) (18-25).
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1.5 Mouse Models of Human ApoE

Given the strong apoE isoform effect on the reéigulaf lipoprotein metabolism and the
etiology of cardiovascular disease, it is essentialdeearchers to have access to translatable
mouse models in which to study these effects. To tiig,pur laboratory has generated mice
that express human apoE2, apoE3 and apoE4 using targegeegkacement techniques (26).
These mice have had the coding sequences for mouse apolycespfaced with coding
sequences for the various human apoE isoforms. The regjanedhic fragment contains the 3
part of intron 1, exons 2—4 of the hum&IPOE gene, and 1.5 kb of-Banking DNA, while the 5’
and 3’ portions of the mouse gene remain intact. Thadargeted replacement mice retain their
endogenous mougd’OE promoter and all cis elements that are known to be imgpddathe
regulation of theAPOE gene. Mice targeted in this manner express human apdBnma
similar tissue distribution and at a level indistingaisle from mouse apoE mRNA is expressed in
wild type mice (27).

Mice that express human apoE2 (E2) have severely elgtasea lipids closely resembling
the human lipoprotein disorder known as type Il hypetépiia. Type Il hyperlipidemia is
characterized by elevated levels of chylomicrons and Vabd.the most common causal factor is
the homozygosity for APOE2 (28). Yet less than 5% ofidwygous APOE?2 individuals develop
type Il hyperlipidemia. In addition, its onset is aboutyd@rs of age in men, but post-menopausal
in women (28). In contrast to humans, both young nraddemale E2 mice have plasma
cholesterol and triglyceride levels 2-3 times highantwild type mice and mice with human
apoE3 (Figure 1.5). Consequently, the E2 mice develgpasclerosis even on a low fat diet (26).

As expected, mice expressing E2 show a significant rextuictitheir clearance of circulating
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VLDL. Therefore, the severe hyperlipidemia observethénE2 mice correctly reflects the low
affinity of E2 for the LDLYr.

The replacement of mouse apoE with human apoBE3aarinapoE4 leads to total plasma
lipids and lipoprotein profiles similar to mice with ditype mouse apoE (Figure 1.5) (26-27). E3
and E4 mice do not differ significantly in total plasiipid or apolipoprotein levels. No
atherosclerosis develops in these mice, even when &iVégoe diet is administered. However,
when challenged with a high fat diet containing 15% fat, 1.2bétesterol and 0.5% sodium
cholate, both E3 and E4 mice had 3-4 times higher tlataia cholesterol and significantly larger
atherosclerotic plaques compared to wild type mice {@6-Blowever, E4 mice accumulated more
cholesterol-rich VLDL compared to mice with E3. In gidd, E4 expressing mice tended to have
larger atherosclerotic plagues on the atherogenic @e2{2 In both Chapter 2 and Chapter 3, |
have employed these useful humanized mouse madefder to examine the previously

uninvestigated role of apoE in the setting of diabetes.
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Figure 1.5.Lipoprotein profilesin human apoE mice. Mice homozygous for APOE2, E3, or E4
were fed a Western type diet containing 21% fat and Octi$esterol. Cholesterol (white
circles) and triglyceride (black circles) distributiamong various lipoprotein fractions in human
apoE mice. Lipoprotein fractions were separated byptsbrmance liquid chromatography
(FPLC). Fractions 12-17 correspond to VLDL, 19-25f | and 28-32 to HDL. E2 mice have
2-3 times higher total plasma cholesterol and trigiges due to a defect in the clearance of
VLDL and develop atherosclerosis even on a low fat diet.eMith E3 and E4 have very similar
lipid distribution patterns, with the majority of plagroholesterol residing in the HDL fractions.
(26-27, 29)
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1.6 Low Density Lipoprotein Receptor

The major receptor through which apoE mediatepiigiein clearance is the LDLR, and the
apoE isoforms exhibit differential LDLR binding affii@s (15). The LDLR is an 840 amino acid
transmembrane receptor belonging to the low density lip@ipreeceptor gene family. LDLR
protein synthesis is regulated by the level of free a@tel within the cell. High intracellular
cholesterol results in an inhibition of LDLR expresswhile depleted intracellular cholesterol
levels stimulate transcription (25). LDLR complexesfaund at the cell surface in clathrin-
coated pits. The LDLR recognizes both apoE and full kkagbB100, binding and then
internalizing the apoE and apoB100 containing lipoprotaitighes within a clathrin-coated
vesicle (30). The LDLR contains a series of seven sequepeats of negative charge at the N-
terminus known as the class A domain. Binding of apoBiregjalass A repeats 2-7 while
binding of apoE requires only repeat 5 (31). As mentieagler, the apoE isoforms demonstrate
a binding affinity to the LDLR in the order of E2 << EE4 (13). Lipoprotein size also
determines apoE binding epitope availability and even ththgbinding repeats of apoE are
exposed during its lipid-free state, high affinity bimglto the LDLR does not occur until apoE is
complexed with lipid (31-33). Following endocytosis, theisle fuses with a late endosome and
the acidic change in pH results in a conformational chemtjes receptor that releases the bound
lipoprotein particle. The LDLR, as well as apoE, istkéher degraded or recycled back to the
cell surface where the neutral pH results in a change bakive conformation (Figure 1.6) (23,
34-35).

Defects in the LDLR in humans result in famihgpercholesterolemia (FH), a genetic disorder
characterized by abnormally high plasma lipids (36)e iuthe LDLR’s important role in

clearing LDL from the circulation, these patients suffenfrchronic elevations in plasma
17



cholesterol and premature atherosclerosis. Miceidafiin the LDLR have lower total plasma
cholesterol levels (~200 mg/dl lower) than their apoE-nterparts (>400 mg/dl). However, the
majority of this cholesterol is in the form of the thiigatherogenic LDL (37). Despite the
differences in lipoprotein distribution between the twodels, the pathology of atherosclerosis in
both the apoE-/- and LdIr-/- mice is very similar to then in humans. Beginning as small foam
cell formations deposited along the vessel wall, therlegioogress to large mature plaques
containing a fibrous cap, necrotic core with cholesterobsiepand calcifications and thickening
of the medial and adventitial tissue (11-12). Thmabdity to model human-like atherosclerotic
plagues in these mice has provided scientists with amigg@al system in which to study
multiple facets of disease progression as well as ine¢stmptential therapies. In Chapter 2, |
used mice deficient in LDLR in order to examine the efdéthe human apoE isoforms on the

progression of diabetic atherosclerosis.
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Figure 1.6.Receptor-mediated uptake and processing of lipoproteinsin theliver. Left:
Lipoproteins (small black circles) enter the spaceis§®(SD) where they bind to cell surface
lipoprotein receptors such as the LDLR (Y shape). Thetereare then internalized with their
lipoprotein cargo in clathrin-coated pits, forming prignendosomes. The acidic pH of the sorting
endosome stimulates the receptors to release thgrdifeins and dissociate from the clathrin
coat. The lipoproteins are then transported to mgituéar bodies (MVB), or late endosomes,
and eventually make their way to the lysosome. Rewyeindosomes carry the receptors back to
the cell surfaceRight: Enlargement of a hepatic microvillus (H) and its aelja@ndothelial cells
(E). VLDL remnants pass through the endothelial cell feaesb the SD where they bind via
apoE to LDLR or other members of the receptor familyhsagcthe LDLR related protein (LRP)
and proteoglycans. Hepatic lipase bound to proteoglyoah®lyzes lipids from the remnant
particles (21).
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1.7 Overexpression of theLDLR

According to conventional wisdom, increasing exgoesof the LDLR is considered
beneficial for reducing plasma cholesterol and athenasite as the LDLR works to clear
atherogenic lipoprotein particles from the circulatidrne high affinity of apoE4 for the LDLR
has been proposed to lead to increased apoE-mediatedtehal uptake, higher intracellular
cholesterol and thus a subsequent down-regulation of Lé&pRession (38). Down-regulated
LDLR levels would then lead to a reduction in apoB1004ated LDL clearance and thus high
levels of circulating LDL cholesterol and an increaselie@sclerosis. This hypothesized
downregulation of the LDLR by apoE4 has been thought to iexjbla association between apoE4
and increased risk of CVD.

Contrary to this hypothesis, our laboratory trasipusly shown that increased Ldlr expression
caused severe atherosclerosis in mice with human apaEdot apoE3, when the animals were
fed a high fat diet (38). The mice used in these aetuglie heterozygous for targeted replacement
of the mouse LdIr gene with a human LDLR minigene (I§ithat produces stabilized mRNA
with a longer than normal half-life. As a result, casiof the stabilized human LDLR minigene
have steady state LDLR expression levels 2-3 timeshilan wild type mice (38). To examine
the interaction between the human apoE isoforms and |_.BufRRan apoE mice were crossed with
LdIr"* mice (E2h, E3h and E4h). Overexpression of the LDLR anatéis the hyperlipidemia
observed in the E2 mice and rendered them resistdmgttonduced atherosclerosis (Figure 1.7)
(39). Increasing LDLR expression in apoE3-expressing remdted in a reduction in HDL
cholesterol, but had no significant effect on non-Hibblesterol or the development of
atherosclerosis. However, increasing LDLR expressiapait4-expressing mice resulted in the

marked accumulation of cholesterol-rich, apoE-poor VuBinant particles and the development

20



of distinct atherosclerotic plaques when the mice wera tadh fat diet (Figure 1.7). Thus, the
human apoE mice expressing increased LDLR exhibit lgiepr distributions more similar to
those associated withPOE genotype in humans. We believe this is a result of &pagping”,
whereby the LDLR binds and traps apoE to the point evtiex supply available for lipoprotein
binding becomes inadequate (38). ApoE exchange onto lipomdgaiequired for efficient
internalization by the LDLR, and without adequate apoEddiate this process, these lipoproteins
can become stuck in the circulation. We propose th&4ptay be particularly sensitive to this
process of trapping due to its strong affinity for the EDUn Chapter 3, | use this same human
apoE, increased LDLR model to examine the effects ddiplo&-LDLR interaction in the

background of diabetes.
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Figure 1.7.Lipoprotein profiles of human apoE mice overexpressingtheLDLR. Cholesterol
(white circles) and triglyceride (black circles) distition among various lipoprotein fractions in
human apoE mice overexpressing the LDLR and challengecawithstern type diet. Human
apoE2 expressing mice with increased LDLr expression)@&ahhuman apoE3 expressing mice
with increased LDLr expression (E3h) mice carry the nitgjof their cholesterol within the HDL
fractions. However, overexpression of the LDLR in the@nee of E4 (E4h) results in a harmful
increase in VLDL and VLDL remnant cholesterol in additio reduced HDL cholesterol, leading
to the development of atherosclerosis (38).
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1.8 Diabetes

In addition to the heavy financial and health burden obCdter 7% of the United States
population has been diagnosed with diabetes (40-48bef2s mellitus is a disorder of glucose
metabolism, defined as fasting plasma glucose feved mmol/L (126 mg/dL) or plasma glucose
>11.1 mmol/L (200 mg/dL) two hours following an oral glueasallenge (75 gram load) during
a glucose tolerance test (44). Diabetes is traditionadiget! into two subsets, type 1 or type 2
diabetes. Type 1 diabetes, formerly referred to assatin-dependent diabetes mellitus (IDDM)
or juvenile diabetes, results from pancreatic failure ¢olppece insulin. Type 2 diabetes, formerly
referred to as non-insulin-dependent diabetes mel[RUDDM) or adult-onset diabetes, is a result
of insulin resistance, a condition in which cells faikfficiently respond to insulin, and can be
accompanied by insulin deficiency at late stages of seade (44). Several debilitating
complications are associated with the progression of tdisb& hese include hypertension,
retinopathy, neuropathy, nephropathy, and infection (45).

The damage done by diabetes extends far beyond the tygmcplications described above, as
diabetics are four to five times more likely to developDOi¥fan non-diabetic patients (40-43).
Cardiovascular disease caused by atherosclerosisigarnant complication of diabetes, and is
the leading cause of mortality among patients with deshetccounting for 65% of all deaths (40-
43). The epidemic of obesity and Metabolic Syndrome (M®t&Sans millions of additional
Americans will soon find themselves with a severely iaseel risk of developing CVD (42).
Chapter 4, “Macrovascualar complications of diabeteshierasclerosis-prone mice”, discusses
the increased risk of CVD in patients with diabetes taifjand explores the plethora of mouse

models of diabetic atherosclerosis available to rebees aiming to unravel the source of this risk.
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The increased risk of CVD in patients with diabetesbmaattributed to several factors,
including the following. Hyperglycemia can lead to ehétal dysfunction, as the chronic
elevation of blood glucose level can lead to angiopathy (Ai8¢. endothelial cells lining the blood
vessels take in more glucose than normal, as they rely msain-independent method of
glucose uptake. These cells then form more surfacegtgteins than normal, and cause the
basement membrane to grow thicker and weaker (46). tBgisealso commonly accompanied
by an increase in inflammation and a pro-thrombotiegtf). Elevated concentrations of C-
reactive protein (CRP), an acute phase reactant, hasigsarated with diabetes, and an increase
in fat mass, as often seen in MetS and type 2 diabatesad to release of adipose tissue specific
inflammatory molecules, or adipokines. Patients wislulin resistance also frequently manifest
several alterations in coagulation mechanisms. Thesgatadns include increased fibrinogen
levels, increased plasminogen activator inhibitor-1 (PARfd various platelet abnormalities (47).
Hypertension often occurs in obese, MetS and type 2tdmbatients, and has been shown to be
postively correlated with insulin resistance (48). Hypesiten nearly doubles the risk for CVD,
and compared to the other modifiable risk factors destabeve, high blood pressure has the

largest impact on CVD mortality (48-50).

1.9 Models of Diabetes

Numerous models of diabetes have been employeddarehsrs to date, including chemical,
diet-induced, and genetic models of both type 1 and typeb2tdm These models, as well as the
common models of atherosclerosis introduced earliedeseribed in detail in Chapter 4. Due to

their simplicity, mouse models of type 1 diabetes arenb& commonly used animal models of
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diabetes, despite representing only 10% of patients vatietks (51-52). The most commonly
used model of type 1 diabetes is chemically induced bgirthigestreptozotocin (STZ). STZis a
DNA alkylating agent that is particularly toxic to thengreas as its uptake is mediated through
glucose transporter 2 (Glut2) receptors, which are abuidpancreati@-cells (53). Repeated,
low dose injection of STZ results in insulin defiagrand hyperglycemica with minimal toxic side
effects to other cell types (54). In Chapter 2, | used t8TZduce diabetes in the well-established
LDLR deficient model of atherosclerosis.

Genetic models of type 1 diabetes are also availalesearchers, including non-obese
diabetic (NOD) mice. Mirroring the islet cell autoimnity thought to contribute to type 1
diabetes in humans, NOD mice begin to develop diabetesesrly age due to immune cell
infiltration of the pancreatic islets (55). The sagddescribed in Chapter 3 employ another genetic
model of type 1 diabetes, the “Akita” mutation. Akitacenspontaneously develop diabetes due to
a missense mutation (C96Y) in the insulin 2 (Ins2) geakdisrupts a disulfide bond between A
and B chains of insulin and leads to improper folding oflinsnd eventual pancreafecell loss
(56). The non-obese, insulin deficient Akita mice dgv@rogressive hyperglycemia, and are an
established model in which to study diabetic complicatgurch as retinopathy and nephropathy
(57-58), as well as diabetic atherosclerosis (59). khate heterozygous for the Ins2 Akita
mutation (Ins2+/-) develop diabetes as early as 2 monggspimaking them an attractive genetic
model of type 1 diabetes.

The metabolic syndrome (MetS) is a cluster effatmolic disturbances that include insulin
resistance, hypertension, obesity and dyslipidemia (A8¢se metabolic disturbances predispose
patients to the development of type 2 diabetes. Constygube vast majority of mouse models

of type 2 diabetes lean heavily on one or more of thistgrloiances as a model system. Frequently
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employed methods to induce type 2 diabetes in the mdysenrasulin resistance and/or obesity
brought about by genetic or dietary means (51). The moshon obesity-induced models of
type 2 diabetes are the leptin-deficient (ob/ob) and leptieptor-deficient (db/db) mice.
Deficiencies in the leptin signaling pathway in theseentead to hyperphagia, obesity and
consequent insulin resistance (60). Other genetic madels as the insulin receptor substrate
protein 2 (IRS2) deficient mice, introduce partial omptete deficiencies in insulin receptors to

mimic the pathophysiology of insulin resistance.

1.10 Diabetic Dydipidemia

An important potential explanation for the increased Gk associated with diabetes is
diabetic dyslipidemia, a common cluster of harmful cleang lipid metabolism frequently noted
in patients with diabetes (61). Both poorly managed typmabetes and type 2 diabetes lead to
harmful modifications of lipoprotein metabolism. Spieeily, there are four distinct changes
noted in patients with diabetes: 1) postprandial lipe) elevated very low density lipoprotein
(VLDL) triglycerides, 3) a reduction of high density lpotein (HDL) cholesterol, and 4) smaller
average LDL particle size (Figure 1.8, orange arrows).

The rate of clearance of chylomicrons from the bloodstres often slower in patients with
untreated type 1 or type 2 diabetes compared with normiaicssib The liver is the primary site of
remnant clearance, and alterations in various LDL recématly members such as LDLR and
LRP during diabetes may contribute to this slower pastpal lipid clearance (61).

There is an increase in the production and secretion DL\y the liver in patients with

diabetes, particularly in those with type 2 diabeté&sg#). Thus, patients with diabetes are often
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hypertriglyceridemic. Insulin down-regulates the gsscof VLDL secretion, and reduces plasma
fatty acid levels — a determinant of hepatic VLDL flux.eTihcrease in VLDL production in
patients with diabetes is alleviated by the admiaiisin of insulin (64).

HDL cholesterol is reduced during diabetes, possibly asuli oéshe increase in VLDL TG
described above. Lipids are frequently exchanged betwegmdipms in circulation, and an
increase in plasma concentrations of TG-rich VLDL ddehd to decreased HDL cholesterol as
VLDL TG is exchanged for HDL cholesterol esters (65).

Lastly, while total LDL is not usually increased duringletes, a decrease in the size and an
increase in density of LDL are often noted (61, 66).allan more dense LDL is more likely to
undergo detrimental modifications such as oxidation &whtion, making it preferentially taken

up by foam cells, leading to atherosclerosis (61).
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Figure 1.8.Diabetic Dydlipidemia. The orange arrows signify the three common changes that
occur in diabetic dyslipidemia: 1) an increase in VLDLIygrides, 2) an increase in small,
dense LDL, and 3) a decrease in HDL cholesterol. Inyroases, diabetic dyslipidemia is
associated with hepatic dysfunction, including increadddl\/secretion and an increase in
hepatic lipid content (orange circles) (71).
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1.11 ApoE in Diabetes

| hypothesize that ApoE, an essential mediator of hpgdabolism in normolipidemic patients,
plays a major role in diabetic dyslipidemia as well (FeglL9). Increases in VLDL triglycerides,
decreases in HDL, the accumulation of smaller/denBér;, Elower clearance of postprandial
chylomicrons, a decrease in lipoprotein lipase (LRitiyvay, and a decrease in LDLR expression,
are all commonly noted phenotypes associated with bothltyipsulin dependent) and type 2
(non-insulin dependent) diabetes (61). Interestinglpfahese components of dyslipidemia are
areas of lipid metabolism in which ApoE has previousigrbshown to play a direct role. In
Chapter 2, “Human apolipoprotein E4 exaggerates diathgsipidemia and atherosclerosis in
mice lacking the LDL receptor”, | examine the role of hinenan apoE isoforms in the regulation
of dyslipidemia and atherosclerosis during diabetes.

While the process of dyslipidemia is a critical deteamnt of cardiovascular disease during
diabetes, there are many other potential contributingr@cis described in Section 1.5 and in
detail in Chapter 3. Separating these lipid-independfadte of diabetes on cardiovascular
disease from the effects of diabetes-induced hyperlipabas long been a problem for
researchers. To date, all current mouse models in wirabletes exacerbates atherosclerosis suffer
from severe diabetes-induced hyperlipidemia, making iedibly difficult to separate the lipid

dependent and independent effects of diabetes (51-b2, 61
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Along these lines, there may be additional roles for apoilBgldrabetes outside its effects on
the regulation of dyslipidemia. For example, the apoE#isohas been shown to be a less
efficient inhibitor of glycation and oxidation comparedtie E3 and particularly the E2 isoform.
Modifications such as glycation and oxidation to thescllithe vessel wall, and especially to LDL
particles themselves, are highly atherogenic and occue fremjuently in the diabetic setting (67-
69). In addition, our laboratory previously demonstrétetlin macrophages, the apoE-LDLR
dynamic changes dramatically depending on apoE isoformtingsml significant alterations in
atherosclerotic plaque development without affectiagrpa lipids. For example, in mice
expressing E3, the introduction of LDLR-overexpressing npdages by bone marrow transplant
had no effect on atherogenesis. However, in mice expras4dirtge transplant of LDLR-
overexpressing macrophages led to a significant incneagberosclerotic plaque size (70).
Plasma lipid-independent mechanisms such as the ones hoteq m which apoE has been
shown to have a strong effect in normal settings, may &gap important role in the background
of diabetes. In Chapter 3, | explore these potentiattsftd apoE by describing a novel model of
diabetic atherosclerosis, one in which apoE4 lends atlerotic potential in the absence of

diabetes-induced hyperlipidemia.
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Chapter 2

APOLIPOPROTEIN E4 EXAGGERATES DIABETIC DYSLIPIDEMIAND

ATHEROSCLEROSIS IN MICE LACKING THE LDL RECEPTCOR

(This chapter consists of material from a manuscriptmigatiwith permission frorDiabetes,

2011; titled ‘Human Apolipoprotein E4 exagger ates diabetic dyslipidemia and atherosclerosisin

mice independently of the LDL receptor” by Lance A Johnson, Jose Arbones-Mainar, Raymond G
Fox, Hyung-Suk Kim, Avani Pendse, Michael K Altenburg, Hy@u Kim and Nobuyo Maeda)



2.1 Summary

Objective - We investigated the differential rolegpblipoprotein E (apoE) isoforms in
modulating diabetic dyslipidemia — a potential caus@®iricreased cardiovascular disease risk of
patients with diabetes. Research Design and Methodlsbetes was induced using streptozotocin
(STZ) in human apoE3 (E3) or human apoE4 (E4) mice defian the low density lipoprotein
receptor (LDLR-/-). Results - Diabetic E3LDLR-/- and BXR-/- mice have indistinguishable
levels of plasma glucose and insulin. Despite thikedés increased VLDL triglycerides and
LDL cholesterol in EALDLR-/- mice twice as much as BLELR-/- mice. Diabetic E4LDLR-/-
mice had similar lipoprotein fractional catabolic ratempared to diabetic E3LDLR-/- mice, but
had larger hepatic fat stores and increased VLDletiear Diabetic E4ALDLR-/- mice
demonstrated a decreased reliance on lipid as an energg $ased on indirect calorimetry.
Lower phosphorylated Acetyl-CoA Carboxylase contentragkder gene expression of fatty acid
synthase in the liver indicated reduced fatty acid oxidaind increased fatty acid synthesis.
E4LDLR-/- primary hepatocytes cultured in high glucossuawulated more intracellular lipid than
E3LDLR-/- hepatocytes concomitant with a 60% reductiomity facid oxidation. Finally, the
exaggerated dyslipidemia in diabetic E4LDLR-/- mice waompanied by a dramatic increase in
atherosclerosis. Conclusions — ApoE4 causes seveipidigsiia and atherosclerosis independent
of its interaction with LDLR in a model of STZ-inducedlbetes. ApoE4 expressing livers have

reduced fatty acid oxidation, which contributes to tteuaulation of tissue and plasma lipids.
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2.2 Introduction

Cardiovascular disease (CVD) caused by a worsening abatierosis is an important
complication of diabetes and is the leading cause diatitgramong patients with diabetes (1).
Patients with poorly managed type 1 diabetes or typaliztés commonly have elevated very low
density lipoprotein (VLDL) triglycerides, a reductiontogh density lipoprotein (HDL)
cholesterol, and smaller, dense LDL. This commort@tusg harmful changes in lipid metabolism
is referred to as diabetic dyslipidemia (2).

Apolipoprotein E (apoE) is a small circulatprgtein associated predominantly with VLDL
and HDL. Itis the primary ligand for several lipoproteseeptors, making it a crucial component
in the clearance of lipid from the circulation and a mdgterminant of plasma cholesterol and
CVD risk (3). In humans, the APOE gene is polymorpigisulting in production of three
common isoforms: apoE2, apoE3, and apoE4. The apoE4 issfearried by over a quarter
(28%) of the US population, and is associated withdni¢dL cholesterol and an increased risk of
CVD (3). In addition to its well-established role iNI3, recent findings have implicated a role for
apoE in glucose metabolism as well. Epidemiologicaliss have suggested that in certain
populations APOE genotype may influence plasma glucaseaulin levels (4, 5), postprandial
glucose response (6), the development of MetabolicrSymel (7, 8), and a myriad of diabetic
complications (9). In addition, apoE4 carriers with diabbateve been shown to have increased
carotid atherosclerosis (10), and elderly apoE4 carrighsdrabetes have an increased risk of
CVD-associated death (11).

Increases in VLDL triglyceride, decreases in Hibke accumulation of smaller more dense

LDL, slower clearance of post-prandial chylomicrons andcaedse in LDL receptor (LDLR)
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expression are all noted phenotypes associated with Ipath tsgnd type 2 diabetes (2). All of
these components of diabetic dyslipidemia are areasrofat lipid metabolism in which apoE has
previously been shown to play a direct role. The magept®r through which apoE mediates
lipoprotein clearance is the LDLR, and the apoE isosoexthibit differential LDLR binding
affinities (12). Therefore, we sought whether apoE isofogtasn differential roles in diabetic
dyslipidemia and atherosclerosis in the absence dffili&R by employing a mouse model of
diabetes induced by streptozotocin (STZ).

In this study, we show that dyslipidemia ahemtsclerosis are greatly exaggerated in
diabetic LDLR-/- mice expressing human apoE4 (E4ALDLR-/Agared to those with human
apoE3 (E3LDLR-/-), despite a similar degree of hypemgiy@. This E4-specific aggravation of
diabetic dyslipidemia is central to the liver, andgsaxiated with a reduction in hepatic lipid

oxidation, an accumulation of liver triglycerides, ancreased rates of VLDL secretion.

2.3 Methods

Mice and induction of diabetes

Mice homozygous for replacement of the endogedmos gene with the humafPOE* 3
(E3) orAPOE*4 (E4) allele (13,14yvere crossed with mice deficient in the LDLR (15). Aiten
were on C57BL/6 backgrounds. Male mice were fed norhmbhdietad libitum (5.3% fat and
0.02% cholesterol) (Prolab IsoPro RMH 3000; Agway In@dbBtes was induced at 2 months of
age by peritoneal injections of streptozotocin (STZbfoonsecutive days (0.05 mg/g body weight

in 0.05 M citrate buffer, pH 4.5). Mice maintainingigbse levels >300 mg/dl throughout the
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course of the study are considered “Diabetic”. “Non-diabetntrol mice were injected with
vehicle citrate buffer. Biochemical analyses were edrout at 1 month post-STZ unless
otherwise stated. Animals were handled under protoppieaed by the Institutional Animal Care

and Use Committees of the University of North Carolina

Biochemical assays

After a 4 hour fast, animals were anesthetized witl22rhromoethanol and blood was
collected. Plasma glucose, cholesterol, phospholifyeks fatty acids and ketone bodies were
measured using commercial kits (Wako). Triglyceridesiasulin were determined using
commercial kits from Stanbio and Crystal Chem Inc., rasbg. Liver triglycerides were
extracted as described (16). Lipoprotein distribution andposition was determined with pooled
(n=6-8) plasma samples (100ul) fractionated by fageprdiquid chromatography (FPLC) using a
Superose 6 HR10/30 column (GE Healthcare). Pooled plé&D0 pl) was separated by
sequential density ultracentrifugation into densitgticms from <1.006 g/ml (VLDL) to >1.21
g/ml (HDL) and subjected to electrophoresis in a 4-2@%aturing SDS-polyacrylamide gel (17).
Carboxylmethyl lysine (CML) advanced glycation end prdasl(8GES) were measured using an
ELISA with antibodies specific for CML-AGEs (CycLex, Nauga Japan). Apolipoprotein E and
apolipoprotein ClIl were measured using an ELISA with aaliks specific for apoE
(Calbiochem) and apoClll (Abcam). Protein expression &stevn blot was determined using
antibodies against AMPK phosphorylated (Thr172) AMRKACC, phosphorylated (Ser79)
ACC, andp-actin (Cell Signaling). Lipid tolerance test was perfairbg gavaging 10ml/kg
olive oil following an overnight fast. For VLDL secretigsiasma TG was measured following

injection of Tyloxapol (Triton WR-1339; Sigma ) via tadia (0.7 mg/g BW) after a 4 hour fast
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(18). VLDL lipolysis was estimated by incubating VLDL5(Rg TG in 60 pl PBS) at 37° C
with15U of bovine lipoprotein lipase (Sigma). The reattivas stopped by adding 3 pul of 5M

NaCl, and fatty acid release (FAtimepoint - FAO) wassuead as above.

Lipoproten clearance

VLDL and LDL were labeled with 1,1' - Dioctade€$,3,3',3" -
tetramethylindocarbocyanine iodide (Dil) d*las previously described and injected to recipient
mice via the tail vein (100 pg Dil-VLDL or 5 x 1@ounts 1*°lipoproteins, diluted in 200 pl of
PBS) (18). Plasma fluorescence was measured usinly@p@ FV500 (Texas Red filter) with a
SPOT 2 digital camera. Radioactivity was counted on Be/2470 Wizard Gamma Counter

(EG&G Wallac).

Lipid and glucose uptake, DNL and oxidation

Primary hepatocytes were isolated from Btmold mice as described (19)ield ranged
from 3 to 6 x 1B cells/g liver, and viability (assessed by Trypan blasmstg was >90%.
Following overnight culture in hepatocyte media (Xeabjgecells (100,000/well, 24-well plate)
were washed and cultured 72 hours in DMEM supplemented witteta4ovine serum (v/v)
with 5 mM (Low) or 25 mM (High) glucose. Prior to dilutio{1-*“C]-Palmitic Acid was re-
suspended in 1% BSA solution. For oxidation measuremesits were incubated for 2 hours
with 1 uCi/ml D-[1-**C]-Glucose or 1.Ci/ml [1-**C]-Palmitic Acid (Perkin Elmer) while CQvas
trapped using a customized 48-well NaOH trap (20). Hoe@xyglucose uptake, hepatocytes
were starved in serum-free medium containing 135 miNaldl, 5.4 mmol/l KCI, 1.4

mmol/ICaCl2, 1.4 mmol/l MgSO4, and 10 mM Na4P207 fondn and then incubated for 10
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min with 1 pCi/ml 2-Deoxy-D[2*H]glucose (Perkin-Elmer). For fatty acid uptake and 2-
Deoxyglucose uptake, cells were washed 3x with ice-col8${Bysed in 1 ml of 1% SDS and
radiation counted. To estimate novo lipogenesis, cells were incubated with@i/ml D-[1-*C]-
Glucose for 24 hours, washed 3x with PBS, scraped ihaf methanol:PBS (2:3) and freeze
thawed in liquid nitrogen. The lipid layer was then astied using a chloroform:methanol (2:1)
extraction. Radiation was counted in 5 ml SX18-4 ScimggvBD scintillation fluid (Fisher) using

a LKB Wallac 1214 RackBeta liquid scintillation counf®pectrofuge)

Indirect Calorimetry
Mice were placed in a calorimetry system (LabMaster; $$&ems) for 48 hours and
monitored for Q@ consumption, C@production, and RQ (RQ = VGO VO,, where V is volume).

Activity was determined by counting the number of breaks Irt barriers on the X, Y, and Z axis.

Atherosclerosis

After 3 months of diabetes, mice were euthanized wigthal dose of 2,2,2-
tribromoethanol and perfused at physiological pressuted® phosphate buffered
paraformaldehyde (pH 7.4). Morphometric analysis of plagesat the aortic root was performed
as described (19)Apoptotic cells were detected in 8 um frozen sestmmfrthe aortic root with a
kit that detect DNA fragmentation (Chemicon). Macrophage® detected with a 1:500 dilution
of MOMA-2 (Abcam) and a 1:2000 dilution of Goat polycloSacondary Antibody to Rat IgG -

H&L Cy5 (Abcam).
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2.4 Results

Induction of diabetes

E3LDLR-/- and E4LDLR-/- mice had indistinguishable plasghucose levels at the
beginning and at the end of the study (Figure 2.1A, Talile Zhey showed a similar response
rate to STZ, with 86.4 and 84.6% of injected E3LDLR-Hd &4LDLR-/- mice becoming diabetic.
One month after STZ injection, average plasma gluensd of E3LDLR-/- and E4LDLR-/- mice
reached 424 + 30 and 407 + 44 mg/dl, respectively, andinech >400 mg/d| for the 3 month
study period (Figure 2.1A, Table 2.1). Plasma indelels in both genotypes dropped severely
(Figure 2.1B). The severity of diabetes was also com|gabathween the two diabetic groups as

estimated by plasma levels of ketone bodies, daily ifttate and urine excretion (Table 4.1).

Diabetic dydipidemia
Non-diabetic E3LDLR-/- and E4LDLR-/- mice had similar tqgglasma cholesterol and

triglycerides (Figure 2.2A-B) as well as similar lipoggia distribution profiles (Figure 2.2C-D).
While the induction of diabetes led to increases in titalesterol and total triglycerides in both
E3LDLR-/- and E4LDLR-/- mice as early as 1 month after #€Atment, the increase in plasma
cholesterol was significant only in EALDLR-/- micéa@n compared to their non-diabetic
counterparts. Most importantly, plasma cholesterdltaglycerides in the diabetic E4ALDLR-/-
mice were significantly higher than those in diabeBtBLR-/- mice at 1 and 3 months of
diabetes (Figure 2.2A-B).

VLDL and LDL cholesterol, as well as VLDL triglyceridescreased in both genotypes after

STZ treatment (Figure 2.2E-F). However, VLDL triglycerides LDL cholesterol were both
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two-fold higher in E4ALDLR-/- mice than in E3LDLR-/- ne¢Figure 2.2E-F). Consequently, the
LDL to HDL ratio, an established risk factor for athetesusis, was 2.2-fold higher in diabetic
E4LDLR-/- mice than in diabetic E3LDLR-/- mice. Givtrat the diet provided was low in fat
and cholesterol, and food consumption did not diffewben the two diabetic groups (Table 2.1),
the enhanced hyperlipidemia in E4LDLR-/- is independéuietary lipid intake.

VLDL fractionated from plasma by sequentialadéentrifugation had a similar composition
of cholesterol, triglycerides, and phospholipids (Feg2u3A). Diabetes induced a 5 and 26%
increase in apoB100 and a 10 and 57% increase in apoB48 in.R2k@nd E4LDLR-/- mice,
respectively. Although total amounts of apoB100 and apoB:8@proximately 30% more in the
diabetic EALDLR-/- mice compared to diabetic E3LDLRwice, their distributions among
different classes of lipoproteins were not significaattered (Figure 2.3B-E). Similarly, the
amount of total plasma ApoALl did not differ by apoE gepetfFigure 2.3F-G). Diabetic
E3LDLR-/- and diabetic E4LDLR-/- mice had similar lipopiatdistributions of apoE (Figure
2.4A-B) and apolipoprotein Clll to apoE ratios, an imanttmarker of lipolysis and uptake
(Figure 2.4C). Rates of lipolysis were also similatween VLDL isolated from diabetic
E3LDLR-/- or diabetic E4ALDLR-/- mice (Figure 2.4D), sugtyeg similar rates of VLDL
conversion between the two diabetic groups. In additrengdegree of glycation in the VLDL-
LDL lipoprotein fractions was similar in all groups fl@ 2.1). In summary, diabetic EALDLR-/-
mice develop a far more deleterious plasma lipid angigdein distribution profile than diabetic
E3LDLR-/- mice, characterized by a substantial incr@asiee total amount of circulating

lipoproteins, although not in the composition of thefliptein particles themselves.
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Figure2.1. Induction of diabetesA: Fasting plasma glucose of ndiabetic E3LDLF-/- (white
squares) and notiabetic E4ALDLF-/- (black squares) mice, and following injection ofZSih
diabetic E3LDLR-/{white triangles) and diabetic E4LDI/- (black triangles) mic n= 8-12 per
group. B: Fasting plasma insulin, as determined by ELIS/P < 0.05, **P < 0.01)
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E3LDLR-/- E4LDLR-/-  Diabetic E3LDLR-/-  Diabetic E4DLR-/-

Body Weight (g) 295+0.9 30.2+1.3 23.9+£09 7 246+1.01
Total Cholesterol (mg/dl) 338.5+14.4 372.4+42.7 449.7 £46.7 7959 +56.4 *
Total Triglycerides (mg/dl) 296.9+24.7 311.2+26.5 431.8 +56.3 624.8+48.1* 1
Free Fatty Acids (mmol) 0.92 £0.09 0.91+0.10 61+10.08 1.47+0.05* 7
Glucose (mg/dl) 146.3+6.1 151.3+4.9 470.8+16.3 T 479.3+£21.4 t
Insulin (ng/ml) 0.42 £0.07 0.48£0.12 0.01+0.01t 0.031+0.01 ¢t
Ketone Bodiesy(mol/L) 87.8+27.4 1225+ 16.7 231.0+£439 7 2445+49.7 1
Lipoprotein AGEs (ug/ml) 2.02 1.95 2.30 2.38

Food Consumed (g/day) # 48+0.7 57+1.1 119+13¢ 126+19¢
Urine Excretion (ml/day) # 20+0.2 1.7+0.2 13.8+057 13.6+0.3 1

Table2.1. Metabolic parameters of LDLR-/- mice expressing hua@sE3 or apoE4. For the
“Diabetic” groups, measurements were taken 3 months&ifié treatment. Data are means = SD.
* P > 0.05, genotype effect. P> 0.05 treatment effech = 8-18 per group. #= 4-5 per group.
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Figure2.2. Plasma lipids anlipoprotein profilesA-B: Total plasma cholesterol (A) a
triglycerides (B) following a 4 hour fasn = 8-18.C-D: Pooled § = 6-8) plasma samples we
separated into lipoprotein fractions by FPLC. Limgpin cholesterol (C) and triglyceride (
profiles of nondiabetic E3LDLF-/- (white squares) and non-diabetic E4ALDLRnice (black
squares).E-F: Lipoprotein cholesterol () and triglyceride (F) profiles of diabetic E3LD-/-
(white triangles) and diabetic E4LDI-/- mice (black triangles). (P < 0.05, **P < 0.01)
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Lipoprotein clearance and post-prandial fat tolerance

As the employed model lacks the LDLR, we measured thegsipn of several other
genes involved in lipoprotein uptake. The expressiapoE, LRP1 (LDLR related protein 1), SR-
B1 (scavenger receptor B type 1) and NDST1 (N-deacetylasgitNransferase 1) did not differ
significantly between the two diabetic groups, nor byatidn of diabetes (Figure 2.5A). Gene
expression of VLDLR was increased approximately 8-fol&by treatment, but the difference
between diabetic E3LDLR-&nd E4LDLR-/1mice was not significant.

We next measured the efficiency of VLDL clearance in dialie8LDLR-/- and diabetic
E4LDLR-/- mice by injecting VLDL isolated from ApoE defnt mice and labeled with Dil.
There was no difference in the fractional catabolisMLddL between the two diabetic groups
(Figure 2.5B). Similarly, there was no difference ia thearance of LDL particles isolated from
non-diabetic LDLR-/- mice (Figure 2.5C). We also exadi whether or not the lipoprotein
particles from diabetic mice with apoE3 or apoE4 areetkdifferently by injecting non-diabetic
LDLR-/- recipients of*¥-labeled VLDL or LDL isolated from diabetic E3LDLR-/- diabetic
E4LDLR-/- mice. There was no difference in their cleagaffidigure 2.6A and B). These data
demonstrate that the clearance of VLDL remnants and LBbhairthe major cause of the
enhanced diabetic dislipidemia observed in E4ALDLRite compared to E3LDLR-/- mice.

Plasma triglyceride levels in the diabetic EALDLR-/eendropped to similar levels in
E3LDLR-/- mice after an overnight fast. Following adisiration of an oral gavage of olive oil to
the diabetic mice, however, plasma triglyceride lewélthe E4ALDLR-/- mice quickly re-
established a level two-fold higher than E3LDLR-/- macel remained high at all points post-
gavage (Figure 2.5D). Except for the initial increassareince appeared to be equally impaired in

the two groups suggesting that diabetes is affecting podtptéipid clearance equally. Intestinal
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absorption assessed by olive oil gavage after Tyloxajeadtion did not differ by apoE genotype

(Figure 2.7).

VLDL secretion

Altered hepatic VLDL secretion is a possible contribufargor to the elevated plasma
lipids in the diabetic EALDLR-/- mice. Thus, we measiplasma accumulation of triglycerides
as a marker of VLDL secretion. Following inhibition\@EDL uptake and lipolysis by injection of
the detergent Tyloxapol, the triglyceride secretioa mainon-diabetic E3LDLR-/- and E4LDLR-/-
mice was similar, averaging 3.2 £ 0.5 and 4.0 = 0.4 mg/dlinglycerides, respectively (Figure
2.5E). The secretion rate in the diabetic E3LDLR-/- ndidenot differ significantly from those of
non-diabetic animals, averaging 3.5 + 0.6 mg/diAmghycerides. In contrast, the secretion rate in
the diabetic E4LDLR-/- mice was significantly elevataderaging 7.0 £ 0.5 mg/dl/min, reaching a
mean plasma triglyceride level of 1431.3 + 49.3 mg/dlors after Tyloxapol injection (Figure

2.5E).

52



—#— VLDL inbo Diabec E3LDLR--
ApoE - —i— VLDL ko Disbefc E4LDLR--
E
f=
LRP £
o
VLDLR =
b
-}
SR-B1 9
[ Diabefc E3LDLR-- E
Ndst1 N Digheic E4LDLR--
0
100 200 500 1000 1500 0 10 20 30
Gene expression (% of Non-diabetic) Time (minutes)

o
o

100 —u— L DL ino Diabefic ESLDLR-- 1250 —— Diabefc E3LDLR--
—— LDL inb Diabeic E4LDLR-- S AN
10004

750

265 5004

Triglycerides (mg/dl)

2504

% 1'® LDL remaining in plasma

L)
0 1 2 3

A
3

Tlme hours) Time (hours)
2000~ -0~ E3LDLR-
- - E4DIR-
= —/v— Diabefic E3LOLR-- .
2 15009 —a— Diabeiic E4LDLR--
E
3
© 1000+
@ ==
[$]
= -
N e S

J
0 30 60 90 120
Time (minutes)

Figure2.5. Lipoprotein clearance and secretiA: Liver mRNA levels of ApoE, LRP, VLDLR
SRB1, and NDSTL1. Data are expressed relative t-diabetic micen = 6-7. B-C: Lipoprotein
clearance.B: VLDL andC: LDL clearance. VLDL and LDL were isolated from ghaa of
APOE-/- mice and LDLR-/mice, respectively, label with Dil and injected into diabet
E3LDLR-/- (white triangles) and diabetic E4LDI-/- (black triangles) mice after a 4 hour faD:
Postprandial lipid tolerance. Plasma TG was measurelibinetic E3LDLF-/- (white triangles
and diabetic E4ALDLR-/- mi (black traingles) following an oral gavage of/eloil after overnigh
fast.n = 6-8. E: VLDL secretion. Plasma triglycerides of r-diabetic E3LDLR/- (white
squares), non-diabetic EALDLR{black squares), diabetic E3LDLR{hite triangles) an
diabetic E4ALDLR-/4mice (black traingles) following injection of Tylapol.n = 4-6 per group. (*
P <0.05, *P <0.01)
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Energy usage, hepatic lipid stores and fatty acid metabolism

To assess global energy metabolism indiabetic E3LDLR-/- and E4LDLR-/- mice,
indirect calorimetry analysis was performed. Diabe#it[Bl R-/- mice had significantly higher
daily Respiratory Exchange Ratios (V&@0O,), particularly during the light cycle, than E3LDLR-
/- mice (Figure 2.8A-B). This difference in RER was dio¢ to altered activity (data not shown).
A higher average RER in the diabetic LDLR-/- mice with(B.915 + 0.003) compared to those
with E3 (0.896 + 0.004, p<0.01) during the light cycle indisahat the presence of apoE4 results
in a lower fractional reliance on lipid as an energy source

Non-diabetic E3LDLR-/- and E4LDLR-/- mice had similaglyceride stores in the liver.
Interestingly, diabetes induced a significant accumulatfdrepatic triglycerides only in
E4LDLR-/- mice, as they store twice as much as dialB&IdDLR-/- mice (Figure 2.8C). This
increase was not sufficient to cause overt steatodishere were no notable histological
abnormalities in the livers of the diabetic mice (dadaishown). The increase in hepatic TG
storage in E4ALDLR-/- mice during diabetes was also assatwith an increase in plasma free
fatty acids (FFA) (Table 2.1).

Diabetes increased hepatic gene expression of SREBP1c @il gulators of
lipogenesis and VLDL secretion, respectively. Both tenddxsk higher in diabetic E4ALDLR-/-
mice compared to diabetic E3LDLR-/- mice, but the inaehs not reach significance (Figure
2.8D). Expression of genes for SREBP2, ChREBP, RP&R CPT1 did not alter significantly
between the two genotypes. Importantly, expressiorttgfdaid synthase (FASN) decreased
significantly in E3LDLR-/- livers following STZ treatemt, while remaining elevated in diabetic
E4LDLR-/- livers (Figure 2.8D). Although protein levelsAdfIP-activated protein kinase

(AMPK) and phosphorylated AMPK (pAMPK) were similar,igrsficantly lower phosphorylated
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Acetyl-CoA Carboxylase (pACC) / ACC ratio was notedivers isolated from diabetic E4LDLR-
/- mice compared to E3LDLR-/- livers (Figure 2.8E-H)ptal ACC also tended to be lower, but
did not reach significance. A lower pACC/ACC ratiandicative of decreased fatty acid

oxidation and increased fatty acid synthesis. Togetihese data suggest that increased fatty acid
synthesis and reduced fatty acid oxidation underlie amadation of lipid stores in the livers of

diabetic E4LDLR-/- mice.
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Figure2.8. Calorimetry, lepatic TG storage and regulation of FA metaboliA-B: Respiratory
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E4LDLR-/- mice using indirect calorimetrn = 4. C: Hepatic TG content. Liver TG wi
measured following homogenization and lipid exicacin = 6-8. D: Gene expression
SREBP1c, SREBP2, FOXO1, ChREBP, Pla, CPT1 and FASN in the livers of diabe
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14. E: Livers from diabetic E3LDLH/- and diabetic E4ALDLR-/mice were homogenized a
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Glucose and lipid metabolism in primary hepatocytes

To verify a decrease in fatty acid oxidation in the livafrdiabetic E4ALDLR-/- mice,
primary hepatocytes were isolated and cultured foror@2shin high (25 mM) glucose medium to
mimic the hyperglycemic environment of diabetes. Cowetells were incubated in low glucose (5
mM) for the same period. Similar to the triglyceridelwaalation noted in the liven vivo,
primary hepatocytes harvested from E4LDLR-/- mice and adtur high glucose accumulated
more lipid than E3LDLR-/- cells (Figure 2.9A-B). Ttwtal area of lipid per cell was 2-fold
higher in cells expressing E4 than E3 (16.6 + 1.9 and 7.8 piéf / cell, respectively) (Figure
2.9B).

FFA uptake, measured usii§-Palmitic acid, increased in hepatocytes cultureden th
high glucose medium, but was not affected by ApoE isoféigure 2.9C). Similarly, there was
no ApoE isoform effect on the cellular uptake of glud@sgure 2.9D). The rate of novo
lipogenesis (DNL), defined here € incorporation into the lipid layer in cells culturedhe
presence of'C-Glucose, was higher in hepatocytes cultured in higtogkimedium than those
cultured in low glucose medium. However, hepatocyteatisolfrom E3LDLR-/-and E4LDLR-/-
mice did not differ in their rate of DNL in either the lmwvhigh glucose environment (Figure
2.9E).

We next examined the rates of glucose and lipid oxidatitimee E3LDLR-/- and E4LDLR-
/- hepatocytes. Three days in high glucose medium dexteates of'C-glucose oxidation in
both E3LDLR-/- and E4LDLR-/- hepatocytes. However, ¢h&as no significant difference in
glucose utilization between them (Figure 2.9F). Finallymeasured lipid oxidation in primary
hepatocytes cultured in high or low glucose usf@Palmitic acid. E3LDLR-/- and E4LDLR-/-

hepatocytes cultured in the low glucose media denadadtsimilar rates of lipid oxidation. When

58



cultured in the high glucose environment, however, thasa striking down-regulation of lipid
oxidation only in E4ALDLR-/- hepatocytes (Figure 2.9@jter 72 hours in the high glucose
condition, the E4LDLR-/- hepatocytes had lipid oxidaticlesaapproximately 40% of those in the

E3LDLR-/- hepatocytes.
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Figure2.9. Metabolic Analyses of PrimaHepatocytesA: Primary hepatocytes from E3LDI-
/- or EALDLR-/-mice were cultured for 72 hours in high glucose (B&mM) media and staine
with Oil Red O to highlight lipid droplet<B: Total lipid droplet area per cell was quantified
measuring 5@andomly chosen cells from 4 separate culturegmemp. C: Fatty acid uptake we
estimated by counting intracellular radiation afteubating hepatocytes for 1 min with 2 puCi,
%C-Palmitate.D: Glucose uptake was measured following a 10 minbation with 1 pCi/m°H-
2-deoxyglucose after starving cells for 2 hotE: de novo lipogenesis was measured by coun
radiation in the lipid layer after 24 hour inculoatiwith **C-Glucose.F-G: Oxidation of*“C-
Glucose (G) an§'C-Palmitate (H) we measured by trappirtgCO, during a 3 hour incubatic
using a customized setbntained Ct, trap.n = 4-12 wells per trial, 3 trials per group. P <
0.05, * P <0.01)
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Diabetic atherosclerosis

Reflecting their severe dyslipidemia, diabetic LDLR-ieencarrying the E4 allele had
aortic plaques on average 3-fold greater in area thae thith E3 (Figure 2.10). The size of the
atherosclerotic plaques in diabetic EALDLR-/- mice (0@Q,+ 19,000 pf) was significantly
greater when compared to diabetic E3LDLR-/- mice (48,09M&0 prf) as well as to both non-
diabetic E3LDLR-/- and non-diabetic E4LDLR-/- mice () + 8,000 and 40,000 + 12,000 )m
(Figure 2.10). While diabetic E4ALDLR-/- mice had larged more complex atherosclerotic
lesions than diabetic E3LDLR-/- mice, the number of nmaltages (Figure 2.11A-B) and

apoptotic cells (Figure 2.11C-D) per lesion area wenédas between the two groups.
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Figure 2.11. Apoptosis and macrophage infiltration in the atkelerotic plaqu« A-B:
Macrophages were detected using MC-2 antibodies followed by a secondary conjugate
Cy5. Plaques from diabetic E3LD-/- (A) and diabetic E4ALDLR-/B) mice are shown i
Brightfield (upper image) and Cy5 (blue, lower irragMagnifications a 20X. C-D: DNA
fragmentation was detected in 8 um frozen sectbtise aortic root using ApopTag Fluoresc
in situ staining. Pictured are plaques borderiggdortic valves (-shaped structures at the cet
of the image) of diabetic E3LDL-/- (C) and diabetic E4ALDLR-(D) mice. A 1% meth-green
solution was used to delineate ultrastructure. Meagitions are 30
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2.5 Discussion

In the present work, we explored the isoform specific obkgpoE in diabetic
dyslipidemia utilizing diabetic LDLR-/- mice with humapoE4 or apoE3. We found that: 1)
Non-diabetic E3LDLR-/- and E4LDLR-/- mice are indistirghable in all parameters of glucose
and lipid metabolism measured in this study. 2) Aftduction of diabetes, E4LDLR-/- mice, but
not E3LDLR-/-, develop enhanced dyslipidemia, charadrby elevated VLDL TG and LDL
cholesterol, delayed clearance of post-prandial tegiges, and an increased rate of VLDL
secretion. 3) The severe dyslipidemia in diabetic E4LDLRice is associated with a larger
hepatic lipid stores and a calorimetric profile suggesifiewer lipid utilization. 4) Primary
hepatocytes isolated from E4LDLR-/- mice and cultuneaigh glucose accumulated more
intracellular lipid concomitant with a reduction iritfaacid oxidation. 5) Finally, these metabolic
disturbances during diabetes culminated in exaggeratedstherosis only in E4ALDLR-/- mice.

Diabetic dyslipidemia in poorly treated tylpdiabetes and type 2 diabetes share many
features (2). In many patients with diabetes, the l@falsculating lipoproteins during fasting are
relatively normal (21). Instead, the major impairmentgoprotein metabolism occur with their
ability to clear post-prandial lipoproteins (2). The pragled elevation of plasma triglycerides
following a fatty meal has been demonstrated in ind&fisl carrying the E4 allele (6), and our
previous work demonstrated post-prandial lipemia in L2ivEr-expressing mice with human
apoE4 (22). Higher post-prandial triglycerides in tiadetic EALDLR-/- mice suggest an
interaction between apoE4 and hyperglycemia that ediaitslay in the clearance of chylomicron
remnants through non-LDLR mediated pathways. PrevioGaligberg et al showed that STZ-
induced diabetic LDLR-/- mice accumulated a “subclasgpoproteins” that normally are quickly

removed from the circulation (23). Our experiments cor@drinat postprandial lipid clearance is
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impaired in diabetic LDLR-/- mice. However, except foe tnitial increase in plasma triglyceride
in E4ALDLR-/- mice, the postprandial clearance rate waglifferent between the two groups. In
addition, we found no APOE genotype effect on the fraatioatabolism of either VLDL or LDL.

VLDL production is increased in type 2 diabetad in uncontrolled type 1 diabetes (2). In
insulin-resistant patients, this increased VLDL producisooftentimes part of a dyslipidemic
cycle, in which larger adipose tissue stores are assdaiath increased FFA release (24). In turn,
an increased flux of FFA to the liver stimulates VLDLrsgion (25). The FFA-stimulated VLDL
production is compounded in an insulin-resistant orimsieficient state (2). Along these lines,
the increased plasma VLDL in the diabetic E4ALDLR-fearis accompanied by a 2-fold increase
in TG secretion. In comparison, TG secretion in tladelic E3LDLR-/- mice was not different
from that in the non-diabetic controls. Similarly, LDLRafice expressing murine apoE do not
have increased rates of TG production following STZ-iedudiabetes (23). We note that
increased hepatic secretion of TG-rich particles is ti@dy responsible for the majority of LDL-
sized particles in EALDLR-/- mice, since absence of LDaR been shown to result in
overproduction of TG-rich particles smaller than normiabD\. (26,27). Thus, the dyslipidemic
cycle commonly seen in patients with insulin-resistais reflected by the insulin-deficient
E4LDLR-/- mice employed in this study, which have higtiezulating FFA, larger hepatic TG
stores and higher rates of TG secretion than diabetic E3LBPife.

Indirect calorimetry analysis revealed a clear apoE genotige eh energy usage during
diabetes at the whole body level. Diabetic EALDLR-/- mickdignificantly higher RER,
demonstrating a lower ratio of lipid to carbohydrate att@h compared to diabetic E3LDLR-/-
mice during the light cycle. This reduced reliance pid loxidation appears to be central to the

liver and directed by ACC signaling. When active, AC@lgaes the production of malonyl-

65



CoA, thereby stimulating lipogenesis and inhibiting thiedmxidation of fatty acids (28). A
significant reduction in the pACC/ACC ratio in the liverdiabetic E4ALDLR-/- mice indicates an
increase in lipogenesis and decrease in fatty acid oxidatoaddition, STZ treatment decreased
FASN gene expression in the E3LDLR-/- mice, as previouglgrted in wild type mice (29).
However, this diabetes-induced reduction did not occiAirtDLR-/- mice, suggesting a higher
rate of fatty acid synthesis in these mice. Higheresgion of FASN was not due to stimulation
by ChREBP. Expression of SREBP1c, an important reguddteASN-directed lipogenesis, on
the other hand, tended to be higher in the diabetic E4LBLiRefs but did not reach significance.
Regardless, these data point toward two distinct smgaatabolically linked by ACC signaling) by
which lipid accumulates in the E4ALDLR-/- livers duridgbetes — an increase in fatty acid
synthesis and a reduction in fatty acid oxidation. Caerdistith this data, apoE4 expressing
LDLR-/- hepatocytes cultured in high glucose reduced th&rof lipid oxidation to levels
approximately 40% of that in E3LDLR-/- hepatocytes amassed more than twice as much lipid.

LDLR-/- mice are an established model for a high fatid#uced obesity and insulin
resistance, and we have previously shown that mice expregmig are more susceptible to diet-
induced glucose intolerance than those expressing apoE3T(38 propensity of apoE4
expressing mice to develop glucose intolerance likely ibanés to the impaired lipid metabolism
in the insulin deficient state. In this context, veeenthat VLDLR mRNA was significantly
increased after the STZ treatment and the mRNA legatded to be higher in the diabetic
E4LDLR-/- livers than in the diabetic E3LDLR-/- liver§Vhile the contribution of VLDLR in
hepatic remnant clearance during diabetes is not cle@mngfaypertriglyceridemia in VLDLR-/-
mice has been previously noted (31) and when over-expresthedliver, VLDLR appears to

function similarly to LDLR and LRP (32). The VLDLR pisan important role in adipocyte TG
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accumulation (33), and could be a potential playenérprocess of hepatic lipid accumulation
during diabetes.

Our results support the possibility that apoE functiors metabolic signaling molecule
outside its established role in lipoprotein cleararféer example, a role for apoE as a signaling
molecule has been shown previously in the context ofeiaér’'s disease (34), where it has been
shown to affect activation of extracellular signal-regdatinase 1/2 (ERK1/2) and c-Jun N-
terminal kinase (JNK) in an apoE isoform specific mannex. (Stmilar apoE4-specific signaling
could account for some of the metabolic abnormalitiemdutiabetes highlighted in this study.
Alternatively, apoE has been shown to enhance VLDL senr@i), as well as play a role in the
accumulation of lipid in early and intermediary secrettmmpartments of hepatocytes (37). Thus,
inefficient recycling and re-secretion of apoE4 (38) |a@otentially affect the availability,
packaging, and/or transport of TG from the hepatic lipml.pbrrespective of the precise mode of
action, our results demonstrate a possible chain of ewvetitzbetic E4LDLR-/- livers: a down-
regulation of lipid oxidation and up-regulation of fatticasynthesis lead to larger hepatic
triglyceride stores which in turn drive an increase irbLsecretion. Combined with marked
diabetic effects which impair VLDL and post-prandial €i@arance, these processes are ultimately
responsible for the severe dyslipidemia observed idiiieetic E4LDLR-/- mice.

Importantly, the diabetes-induced acceleration ofrafieéerosis occurs only in LDLR-/- mice
expressing apoE4. Previous studies of the STZ-inducbkdtdmin LDLR-/- mice have produced
variable results, with some groups showing an increaatharosclerosis (39, 40), while others
show no change (41, 42). Although the reasons for these neigglts are unknown, varying
experimental conditions, such as diet, could contriBtBe (The E4-specific acceleration of

atherosclerosis is likely a direct result of the sevesiiglemia brought about by STZ-induced
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diabetes in these mice, although contributions of oietofs, such as apoE4 specific effects on
macrophages, cannot be excluded (44). Regardless,tawlely demonstrates the presence of
E4 effects that are independent of the LDLR. Moreoverexaggerated dyslipidemia and
atherosclerosis observed in the diabetic EALDLR-tenaixtends beyond the scope of type 1
diabetes and has implications for the growing number of apag#ers with insulin resistance and
type 2 diabetes. In conclusion, the apoE4-specific atHerosis and diabetic dyslipidemia
illustrated in this study may also play an importahe in patients with diabetes who carry the

apoE4 isoform.
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Chapter 3

A NOVEL, NORMOLIPODEMIC MOUSE MODEL OF DIABETIC ATHEROSCLEROSIS:
DIABETIC ‘AKITA’ MICE EXPRESSING HUMAN APOE4 AND INCREASED LDLR

DEVELOP ATHEROSCLEROSIS WITHOUT SEVERE HYPERCHOLESROLEMIA



3.1 Introduction

The leading cause of mortality among patients dvithetes is cardiovascular disease (CVD),
including enhanced atherosclerosis (1-4). Cardiovasal&ed mortality in patients with
diabetes is two to four times higher than normoglyceratents and consequently, diabetes is
regarded as a coronary heart disease (CHD) risk equiyaléht Current estimates by the Center
for Disease Control indicate that approximately 11%mefiS adult population has diabetes (6).

Diabetic dyslipidemia, a common cluster of hatroifianges to lipoprotein metabolism, is an
important contributor to the progression of atherosdlef@$ and lowering cholesterol levels in
patients with diabetes reduces CHD risk (5). However, @itbna reduction in CHD risk
achieved with robust cholesterol-lowering, the absolute C#€s of patients with diabetes is still
significantly higher than low-risk populations (5). iFBuggests that cholesterol-independent
effects of diabetes, such as inflammation and endadtigbfunction are equally important.

However, past research has failed to adequatelsasefize effects of diabetes-induced
dyslipidemia from the lipid-independent effects alludedliove, particularly in regards to animal
models of disease (8-10). This is because currentemoadels of diabetic atherosclerosis all
employ severely hyperlipidemic models, most in whichdripidemia becomes more severe upon
induction of diabetes. For instance, in human patietdbgerum cholesterol values <200 mg/dl
are considered “Desirable” and >240 mg/dl are consideétigth” under current clinical guidelines
(5). Even the 95percentile of patients aged 20 or older have average tdoldsvels of 318
mg/dl for men and 273 mg/dl for women. In contrast, mousdels of atherosclerosis such as
apolipoprotein E (apoE) deficient mice, typically havelekterol values ranging from 400-1000

mg/dl (11-21), and can go as high as 1715 mg/dI durirgetia (22). In these diabetic models,
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the consequent hyperlipidemia, rather than the dialiséds is likely the major cause of increased
atherosclerosis (7-10).

Apolipoprotein E (apoE) is a small circulating pmtassociated predominantly with VLDL
and HDL, and is the primary ligand for the LDLR, makihg crucial component in the clearance
of lipid from the circulation and a major determinahplasma cholesterol and CVD risk (23).

The APOE gene is polymorphic, producing three commonrise. apoE2, apoE3, and apoE4.
The apoE4 isoform is associated with higher LDL cholekterd an increased risk of CVD (23).

In this study, we employ “E4h” mice that are homomggor replacement of the endogenous
mouse APOE gene with the human APOE*4 (E4) allele aretdmtgous for an allele that
overexpresses the human LDL receptor (h). When fed aduiingh cholesterol diet, E4h mice
accumulate cholesterol-rich VLDL remnants, have reduceld, ldbd develop atherosclerosis (24).
Here, we describe the generation of distinct atherosclgiatizies when E4h mice are made
diabetic by the Ins? “Akita” mutation, a genetic model of type 1 diabetes (23jabetic E4h
mice develop atherosclerosis despite plasma cholesti#ghot a normal range (<175 mg/dl).

To our knowledge, E4h Akita mice represent itisé ihouse model in which: 1) diabetes is
required for atherosclerosis development, 2) atherostdevocurs spontaneously on normal chow
diet low in cholesterol, 3) no important componentkpafprotein metabolism such as apoE or
LDLr are missing, and most importantly 4) atheroscieqgtiques develop in the absence of
severe hyperlipidemia. This unique model highlightaniy@ortance of distinct lipoprotein profiles
rather than only total plasma lipids, and will enablereiresearch to more accurately address the

patient-research model discrepancies in the backgmiuthdbetes.
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3.2 Methods

Mice and induction of diabetes. Mice homozygous for replacement of the endogenous Apoe
gene with the human APOE*3 (E3) or human APOE*4 (E4)eal(26-27) were crossed with mice
heterozygous for the In§2“Akita” mutation (25) and/or with mice heterozygous fotargeted
replacement of the mouse Ldir gene with the stabilizedan LdIr minigene (Ldlf") (24, 28).

All mice were on C57BL/6 backgrounds. Male mice wiertenormal chow diet ad libitum (5.3%
fat and 0.02% cholesterol) (Prolab IsoPro RMH 3000; &gwnc). Biochemical analyses were
carried out at 6 months of age unless otherwise stat#chals were handled under protocols
approved by the Institutional Animal Care and Use Comedsitté the University of North

Carolina.

Biochemical assays. After a 4 hour fast, animals were anesthetized witl2 2syromoethanol

and blood was collected. Plasma glucose, cholesphashholipids and ketone bodies were
measured using commercial kits (Wako). Triglyceridesiasulin were determined using
commercial kits from Stanbio and Crystal Chem Inc., rda#y¢. Lipoprotein distribution and
composition was determined with pooled (n=5-6) plasmpkes (100 ul) fractionated by fast
protein liquid chromatography (FPLC) using a Superose 60FRIcolumn (GE Healthcare).
Pooled plasma (250 pl) was separated by sequentialydeitracentrifugation (UC) into density
fractions ranging from <1.006 g/ml (VLDL) to >1.21 g/ml (Hpdnd subjected to electrophoresis
in a 4-20% denaturing SDS-polyacrylamide gel (29). FddVIsecretion, plasma TG was
measured following injection of Tyloxapol (Triton WR-13¥gma ) via tail vein (0.7 mg/g BW)

after a 4 hour fast (8). ApoB content was determinedatedgn = 6) plasma samples following
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UC at <1.006 g/ml by western blot using 1:2000 dilution-apoB primary antibody (Abcam) and

1:10,000 dilution ofi-Rb HRP-conjugated secondary antibody (Cell Signaling).

Peritoneal macrophageisolation. Macrophages were isolated from the peritoneal cavitgy$
after intraperitoneal injection of 0.5 ml of 4% (withjoglycolate (BD Biosciences). Cells used for
gene expression analysis were collected directly anedsear-20° C until measurement.
Macrophages employed for in vitro analyses were washdHaim’s nutrient mixture F-10
medium, spun at 1000g<for 5 minutes, plated in 12-well plates at a dendity 0 1F cells/well,

and cultured in 5 mM (Low) or 25 mM (High) glucose mesligplemented with 5% fetal bovine
serum, 100 units/ml penicillin, 100 pg/ml streptomy@nd 2 mM L-glutamine. Cells were

washed 2 hours later to remove non-adherent cells.

Atherosclerosis. After 3 months of diabetes, mice were euthanized wekhal dose of 2,2,2-
tribromoethanol and perfused at physiological pressuredfttiphosphate buffered
paraformaldehyde (pH 7.4). Morphometric analysis of plagesat the aortic root was performed

as described (32).

3.3 Reaults

Plasma glucose and lipids
While there was n&POE genotype effect on fasting plasma glucose in the nonitiabe

groups, there was a significant reduction in fastinghpdaglucose in mice overexpressing LDLR
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(Figure 3.1A, left side). All four diabetic groups, redjass of LDLR expression or APOE
genotype, had fasting plasma glucose exceeding 400 mg/di€R3dLA, right side). Diabetic

mice expressing E4 have higher fasting plasma glucose thagtidimice with E3, and glucose
was higher in diabetic E4h mice compared to diabetimie4, but neither trend reached statistical
significance. Conversely, fasting plasma glucose wasisegntly higher in diabetic E4h mice
compared to diabetic E3h mice (Figure 3.1A, far right).

There were no significant differences in fasplagma triglycerides between any of the
diabetic or non-diabetic groups. There was also neoteffeAPOE genotype, diabetes or LDLR
expression on fasting plasma free fatty acids in any empstal group (Table 3.1).

Increased expression of the LDLR led to deexkptasma total cholesterol in the non-diabetic
mice regardless of APOE genotype (Figure 3.1B, left sittegontrast, the effect of increased
LDLR expression was not present when mice were diablketiaddition, there was no significant
change in total plasma cholesterol upon induction of tkaba mice expressing E3 (Figure 3.1B,
white bars). However, when mice expressing E4 were mabetdi there was a significant
increase in total plasma choleseterol regardles®bR_expression (Figure 3.1B, black bars).
Taken together, these data demonstrate that diabegcexpressing human apoE4 have higher
plasma glucose and total cholesterol than non-diabéte a&s well as diabetic mice expressing

human apoE3.
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Figure 3.1.Plasma glucose and cholesterol. Plasma glucose (A) and total cholesterol (B) was
measured in 4 month old non-diabetic and diabetic mimniog a 4 hour fast. * p<0.05,
**p<0.001. n = 5-10.
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Non-diabetic Diabetic

E3 E4 E3h E4h E3 E4 E3h E4h
Triglycerides | 64.6 + 67.6 £ 67.6 * 55.6 * 70.8 * 75.2 * 65.6 * 58.2 *
(mg/dI) 3.7 3.1 9.8 6.4 5.3 4.9 7.4 75
Free Fatty 071+ 0.74 + 0.66 + 0.70 + 0.69 + 0.84+ 0.74 + 0.70 +
Acids (mmol) 0.05 0.08 0.05 0.14 0.05 0.11 0.06 0.12
Insulin 960.0 £ 974.8 £ 128.2 + 1236 +

n.d. n.d. n.d. n.d.
(pg/ml) 93.2 27.3 90.8 46.3
Non-HDL /
HDL ratio 0.71 0.45 1.35 0.78 1.10 0.71 1.82 3.05
(cholesterol)

Table 3.1.Metabolic paramaters of E3, E4, E3h and E4h mice. Fasting plasma triglycerides,
free fatty acids, insulin, and non-HDL to HDL cholesteatio.
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Lipoprotein distribution

We next examined the distribution of cholestemong various lipoprotein fractions.
Separating lipoprotein classes by size-exclusion Usasg Performance Lilquid Chromatography
(FPLC) revealed that non-diabetic E3 and E4 mice caerynidyority of their cholesterol in the
form of HDL and that increasing LDLR levels resulted inighglreduction in HDL cholesterol
(Figure 3.2A-B).

With the exception of a small decrease in dialiimice compared to their non-diabetic
counterparts, diabetes did not change the levels of HDL ¢balesHowever, VLDL and VLDL
remnants were increased in all groups. Interestinglyjribrease was magnified in the diabetic
E4h mice. Thus, although plasma total cholesteraldsn diabetic E4 and E4h mice was
indistinguishable, there is a dramatic shift in thepnatein profile. Cholesterol in diabetic E4
mice was primarily in HDL fractions while cholestenoldiabetic E4h mice is primarily in VLDL
and VLDL remnant fractions (Figure 3.2D).

Consequently, the ratio of non-HDL cholesterdfi2l_ cholesterol, an atherogenic risk factor,
was much higher in diabetic E4h mice than in the othargg (Table 3.1). The shift towards an
atherogenic pattern of cholesterol distribution in dialde¢h mice was mirrored in density
fractions separated by ultracentrifugation (Figuré&33. The majority of cholesterol in the non-
diabetic and diabetic E4 mice was concentrated in HDL gefinactions of 1.10 and >1.21 mg/dl
(Figure 3.4A-B, white bars). In contrast, the majooityplasma cholesterol in diabetic E4h mice

was found in the VLDL and IDL fractions of <1.006 and In@gdl (Figure 3.3B, black bars).
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Figure 3.3.Cholesterol and apolipoprotein distribution. Pooled plasma (800 pl, n = 6) was
separated into density fractions ranging from <1.006LtA>mg/dl by ultracentrifugatiori:
Cholesterol distribution among the various densitytivas in plasma from E4 (white bars) and
E4h (black bars)B: Cholesterol distribution in diabetic E4 (white bars)l diabetic E4h (black
bars) mice.C-D: ApoB48 and apoE in the VLDL and IDL fractions of <1.006 an@ m@/dl (C)
and apoAl in the HDL fractions of 1.10 and >1.21 mg/diM@3 determined by SDS PAGE
analysis. WM= weight marker.
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Apolipoprotein distribution

In order to determine the apolipoprotein composiidhe diabetic E4 and diabetic E4h mice,
ultracentrifugation density fractions were submitte@ 5 PAGE analysis. Fasting plasma
protein levels of apoB100 were undetectable in all grounukliie to no apoB48 was observed in
the VLDL/IDL fractions of <1.006 and 1.02 mg/dl in the rdiabetic E4 and E4h mice. There
was a similar amount of apoB48 between the diabetic &4iiabetic E4h mice, indicating that the
number of VLDL remnants in these mice is similar (FggB13C). However, there was a clear
reduction in apoE in these same fractions (Figure 3.36is result indicates that the VLDL
remnants in diabetic E4h mice are not only cholesterol ewkithe are also apoE poor. In
addition, in the density fractions of 1.10 and >1.21 itjiére was a dramatic decrease in the

HDL associated protein apoAl in the diabetic E4h mice (EigBD).

VLDL Secretion

Reduced insulin is associated with increadddl\secretion (33). The rate of hepatic VLDL
secretion was estimated by injecting diabetic E4 and titalbéh mice with the detergent
Tyloxapol which inhibits particle uptake and lipolysiBhe rate of TG accumulation in the plasma
following Tyloxapol injection was similar between tiwe groups for the first 30 minutes post-
injection, but slowed significantly in diabetic E4h mammpared to diabetic E4 mice at 1 and 2
hours (Figure 3.4A). However, the accumulation of plashadesterol following injection was
identical in both groups (Figure 3.4B).

To estimate the number of lipoprotein particles bsgugeted, we measured the amount of
apoB in pooled samples (>1.006 mg/dl fraction) at 2, 6Ql@06dminutes post-tyloxapol injection.

The secretion of total apoB protein was similar betweginetic E4 and diabetic E4h mice, and the
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amount of apoB48 secreted relative to apoB100 was higliee diabetic E4h mice compared to
the diabetic E4 mice (Figure 3.4C-E). Together, thase sliggest that during times of fasting, the

diabetic E4h mice secrete primarily B48-containingJesterol-rich VLDL.

Inflammation and macrophage LDL uptake

To determine the contribution of an inflammatstgte on atherosclerosis development,
several plasma markers of inflammation were measurdidlietic E4 and diabetic E4h mice.
Measurable Interleukin 6 (IL-6) protein concentrationthie plasma of 6 month old was severely
elevated in 3/11 diabetic E4h mice but was only moddstigctable in 1/8 diabetic E4 mice
(Figure 5A, left side). Similarly, measurable morteashemotaxic protein 1 (MCP-1)
concentrations was detected in 5/11 diabetic E4h roarepared to only 1/7 mice in the diabetic
E4 mice (Figure 3.5B, right side). Concentrations @iutating TNFe. were below the detectable
range (<9 pg/ml) for all samples measured (data not shown).

We next examined whether apoE4 and the LDLR ictteéranacrophages to effect LDL
uptake, and thus foam cell and atherosclerotic plaqueaton. Dil-labeled LDL uptake was
measuredn vitro using peritoneal macrophages isolated from non-diabétand E4h mice.
When cultured in low glucose, E4h macrophages took up madized LDL compared to E4
macrophages, but the increase did not reach signigcadowever, when cultured in high glucose
media for 48 hours, E4h macrophages took up significambie oxidized LDL compared to E4
macrophages (Figure 3.5C). Together, these data sudgestsaddition to diabetes-induced
lipoprotein disturbances, increased inflammation ancropdage activity may contribute to the

atherogenesis noted in the diabetic E4h mice.
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Diabetes-Induced Atherosclerosisin E4h mice

No vessel damage or atherosclerosis was no&ther of the non-diabetic experimental
groups at 6 months of age. Likewise, none of the d@aB8t diabetic E3h or diabetic E4 mice
analyzed showed any visible signs of atherosclerosisaar @®ll formation. In marked contrast,
of the eight experimental groups analyzed in this stodly, the diabetic E4h mice developed
atherosclerotic pathology. In spite of very low totakpia cholesterol (<175 mg/dl) and despite
similar total plasma cholesterol as diabetic E4 nalleseven diabetic E4h mice that were analyzed
at 6 months of age showed clear fatty depositions wéthinendothelial areas (Figure 3.6). Foam
cells were not only present on the luminal surface but aiso present in medial smooth muscle
layers in two of the seven mice (Figure 3.6C,E). Thexe no correlation between total plasma
cholesterol or glucose and atherosclerotic plaque sieemdividual diabetic E4h mice were

compared (data not shown).
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Figure 3.6.Athersoclerosis. Atherosclerotic lesions at the aortic ro8tF: At 6 months of age,
diabetic E4h mice were sacrificed, perfused with 4% BRA&8 um sections of the aortic root
were sectioned. Sections were stained with H & E an&é&lil O to highlight lipid. Fatty intimal
depositions, foam cell formations and atherosclerotiques from individual diabetic E4h mice
(A-F). Magnification is listed in the bottom rightrichcorner of each image.
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Discussion

Diabetes is a major, independent risk factordeemal forms of CVD (5). The increased
CVD risk for patients with diabetes is a result of sehatarconnected factors, including
inflammation, endothelial dysfunction, hypertension, amio-thrombotic state (34).
Unfortunately, past research has often failed to adequassliyciate the atherogenic potential of
these factors from the common process of diabetic dysipad€). Diabetic dyslipidemia is a
cluster of harmful changes to lipoprotein metabolisiwluding an increase in VLDL and a
decrease in HDL cholesterol, which is commonly sequatients with diabetes (7).

Many studies employing mouse models have bedeittademonstrate a diabetes-induced
increase in atherosclerosis, including those using-ap@s), Ldlr-/- (12), LdIr +/- with high
cholesterol (13), apoB transgenic (15), CETP transd86i; and apoAl-deficient mice (14).
Although some mouse models have shown a diabetes-indumdration of atherosclerosis, it
has been difficult to distinguish between effects duextmggeration of plasma lipids from those of
diabetes itself (9). Furthermore, the vast majorityunfent mouse models of atherosclerosis have
plasma cholesterol levels far higher than even the mosihexthuman patients. For example, men
deemed at risk for CVD have cholesterol levels >240 mgfulle those in the highest 5% of the
population have and average cholesterol of 318 mg/dl f5yorhparison, common mouse models
have normal cholesterol levels between 500-1000 mgddhave been shown to reach as high as
1715 mg/dl when diabetic (22). In addition, clinicahtsihave clearly shown that while aggressive
cholesterol lowering therapies result in a reduction\dDCisk, even when plasma cholesterol is
lowered to an equivalent “non-diabetic level”, a patigitih diabetes still has a significantly higher

CVDrisk (5). This strongly suggests that other factarsh @s the ones mentioned above, must be
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considered. Thus, generating a mouse model of atherosgleragiich the atherogenic effect of
diabetes is not clouded by severe hyperlipidemia hasdeeg a goal for researchers.

Here, we describe a novel model of diabetic athlerosis — the diabetic E4h mouse — that
develops spontaneous atherosclerotic plaques despiteholiasterol levels <175 mg/dl. The
major advantages of this model include: 1) No geneticideties; the important components of
lipoprotein metabolism that are deficient in common et®df atherosclerosis are present, and
moreover in human form (apoE and LDLR), 2) Genetic, grathabdirusive model of type 1
diabetes (‘Akita’ mutation); no toxic effects of diatseteducers such as STZ or alloxan, 3) No
high cholesterol, high fat, or cholate diet is necessairyduce atherosclerosis, and 4) Most
importantly, atherosclerosis occurs in the absence ofesyperlipidemia. To our knowledge,
the diabetic 4h mice represent the first normolipidemouse model in which diabetes is required
for atherosclerosis development.

To induce diabetes, we employed the Akita mutatigenatic model of type 1 diabetes. The
spontaneous Akita mutation, in the Ins2 gene, leads tmpapfolding of proinsulin and eventual
B-cell death (25). As a consequence, male Akita mice olevslpoinsulinemia and severe
hyperglycemia beginning around one month of age (25helmyperlipidemic apoE-/- model of
atherosclerosis, introduction of the Akita mutatiorutes! in a twofold increase in non-HDL
cholesterol and a threefold increase in atheroscg(8%). In this study, we aimed to examine the
APOE isoform effect on diabetic atherosclerosis in ttiengeof a more physiologically relevant
range of plasma lipids.

Total plasma cholesterol levels remain quiteitotihe diabetic E4h mice compared to other
models of diabetic atherosclerosis, where it usuallgeds 500 mg/dl (11-22). Thus, the fact that

the diabetic E4h mice still develop distinct atherastie plaques is a testament to the importance
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of APOE isoform and its strong effect on the types afdipteins contributing to the total plasma
cholesterol levels. HDL cholesterol has been dematestto have the strongest effect on CvVD
risk in humans, and even in the presence of high LDL, caifisantly decrease the risk of CHD
(38). Despite similar total cholesterol, the low HBxd high VLDL cholesterol in the diabetic
E4h mice likely contributes to their atherogenesis, vihigecomparatively high HDL and low
VLDL in the diabetic E4 mice is atheroprotective.

The LDLR has been shown to regulate hepatic VLDL mibaiy with overexpression of
LDLR leading to a decrease in apoB100 secretion (3&ewlise, insulin has a well-established
role as an inhibitor of hepatic VLDL secretion (33, 40)ouin study, the combination of
hypoinsulinemia and overexpression of the LDLR in diabeticrgitle led to a decrease in
apoB100 secretion and the release of cholesterol-riticlpar The similarity of the composition
of lipoproteins that accumulate in the plasma with tileaewere characterized following
tyloxapol injection, suggests that hepatic secretiormolesterol-rich VLDL directly contributes to
the atherogenic lipoprotein profile observed in theseemirhe accumulation of this cholesterol-
rich VLDL under normal conditions may be a direct restithe decrease in available apoE in the
diabetic E4h mice.

Additionally, an inflammatory role for apoE has bpesviously suggested, with data
demonstrating an increase in inflammation or a decreasdirinflammatory protection in the
presence of apoE4 (41). We have also shown that increaslig &kpression in macrophages
results in higher LDL uptake in the presence of ap@B4 (In addition, macrophages expressing
apoE4 are less able to promote cholesterol efflux coedpa those with apoE2 or apoE3 (30). In
our model of global LDLR overexpression, we noted a sirpltenomenon in macrophages

cultured in a high glucose environment, however onlyanuhtake of oxidized LDL. Interestingly,
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this suggests a potential role for the LDLR in modulatieguptake of modified particles
previously thought to be limited to scavenger receptak as CD-36 (42).

In summary, the diabetic E4h model demonsteatesitiation of atherosclerosis in the
absence of severe diabetes-induced hyperlipidemia (chr@Esvels <125 mg/dl). With total
cholesterol remaining <175 mg/dl, the diabetic E4h rhigalight the importance of lipoprotein
cholesterol distribution, inflammation and macrophagfgvity on the development of
atherosclerosis. Plasma lipids in this model arkiwa physiological range that current mouse
models fall far outside of, and imperatively, are reflecti’the many diabetic patients who have
relatively low plasma cholesterol, but still developdaavascular disease. Thus, these mice may
provide researchers with a model of diabetic atherosctarosrhich we can begin to separate and
objectively examine many of the lipid-independent effectdiaifetes on cardiovascular health.
Further research employing this model of diabetic adwerosis will greatly aid in the dissection

of cholesterol-independent mechanisms by which diabetdsrs its atherogenic effects.

93



REFERENCES

. Kannel WB, McGee DL. Diabetes and glucose tolerance asaggir$ for cardiovascular
disease: the Framingham Study. Diabetes Care 1979;2:123-6. 1

. Pyorala K, Laakso M, Uusitupa M. Diabetes and atheramsiter an epidemiologic view.
Diabetes Metab Rev 1987;3:463-524.

. Kannel WB, McGee DL. Diabetes and cardiovascular disé@asé&ramingham Study.
JAMA 1979;241:2035-8.

. Grundy SM, Benjamin 1J, Burke GL, et al. Diabetes andicaagcular disease: a
statement for healthcare professionals from the Ametitggart Association. Circulation.
1999;100:1134-1146.Howard BV, Magee MF. Diabetes andaasitular disease. Curr
Atheroscler Rep. 2:476-81, 2000.

. Third Report of the National Cholesterol Education Pang(NCEP) Expert Panel on
Detection, Evaluation, and Treatment of High Blood Chetesin Adults (Adult
Treatment Panel Ill) final report. National Cholesterai&dion Program (NCEP) Expert
Panel on Detection, Evaluation, and Treatment of HiglodBCholesterol in Adults (Adult
Treatment Panel Ill). Circulation. 2002 Dec 17;106(2Z5)3421

. Centers for Disease Control and Prevention: Natioabledes fact sheet [online article].
Available from http://www.cdc.gov/diabetes/pubs/pdf/n@fl1.pdf

. Goldberg 1J. Clinical review 124: Diabetic dyslipidamcauses and consequences. J Clin
Endocrinol Metab. 2001 Mar;86(3):965-71.

. Johnson LA, Maeda N. Macrovascular complications dietes in atherosclerosis prone
mice. Expert Rev of Endocrin & Metab, 2010 Jan;5(1)989-

. Hsueh W, Abel ED, Breslow JL, Maeda N, Davis RC, FisherBaxsky H, McClain DA,
Mcindoe R, Wassef MK, Rabadan-Diehl C, Goldberg 1J. fi&ecfor creating animal
models of diabetic cardiovascular disease. Circ B#/ May 25;100(10):1415-27.

10.Wu KK, Huan Y. Diabetic atherosclerosis mouse modelsesgtlerosis. 2007

Apr;191(2):241-9.

11.Park L, Raman KG, Lee KJ, Lu Y, Ferran LJ Jr, Chow WSn3Ide Schmidt AM.

Suppression of accelerated diabetic atherosclerosi®lspthble receptor for advanced
glycation endproducts. Nat Med. 1998 Sep;4(9):1025-31.

94



12.Reaven P, Merat S, Casanada F, Sutphin M, Palinskfi&tct of streptozotocin-induced
hyperglycemia on lipid profiles, formation of advanced gigraendproducts in lesions,
and extent of atherosclerosis in LDL receptor-deficient niceerioscler Thromb Vasc
Biol. 1997; 17: 2250-2256.

13.Berti JA, Salerno AG, Bighetti EJ, Casquero AC, BoscieZoOliveira HC. Effects of
diabetes and CETP expression on diet-induced athermsislér LDL receptor-deficient
mice. APMIS. 2005 Jan;113(1):37-44.

14. Goldberg 13, Isaacs A, Sehayek E, Breslow JL, Huang tf&ctg of streptozotocin-
induced diabetes in apolipoprotein Al deficient mistherosclerosis. 2004; 172: 47-53.

15.Kako Y, Huang LS, Yang J, Katopodis T, Ramakrishnan R, GajdBe Streptozotocin-
induced diabetes in human apolipoprotein B transgeite.r&ffects On lipoproteins and
atherosclerosis. J Lipid Res. 1999; 40: 2185-2194.

16. Calkin AC, Forbes JM, Smith CM, Lassila M, Cooper ME d&eit-Dahm KA, Allen TJ.
Rosiglitazone attenuates atherosclerosis in a modes$alin insufficiency independent of
its metabolic effects. Arterioscler Thromb Vasc Biol02&ep;25(9):1903-9.

17.Zuccollo A, Shi C, Mastroianni R, Maitland-Toolan K®/eisbrod RM, Zang M, Xu S,
Jiang B, Oliver-Krasinski JM, Cayatte AJ, Corda S, EleiG, Verbeuren TJ, Cohen RA.
The thromboxane A2 receptor antagonist S18886 prevents exhatherogenesis caused
by diabetes mellitus. Circulation. 2005 Nov 8;112(19)i380

18. Nestel P, Fujii A, Allen T. The cis-9,trans-11 isomécanjugated linoleic acid (CLA)
lowers plasma triglyceride and raises HDL cholestepsacentrations but does not suppress
aortic atherosclerosis in diabetic apoE-deficient mid¢berosclerosis. 2006
Dec;189(2):282-7.

19.Wu KK, Wu TJ, Chin J, Mitnaul LJ, Hernandez M, Cai TRgn N, Waters MG, Wright
SD, Cheng K. Increased hypercholesterolemia and athenasslan mice lacking both
ApoE and leptin receptor. Atherosclerosis. 2005 Aug2)B82%1-9.

20.Keren P, George J, Shaish A, Levkovitz H, Janakovic Zk AfeGoldberg I, Kopolovic J,
Keren G, Harats D. Effect of hyperglycemia and hypewigich on atherosclerosis in LDL
receptor-deficient mice: establishment of a combinedethand association with heat
shock protein 65 immunity. Diabetes. 2000 Jun;49(6):8064-

21.Renard CB, Kramer F, Johansson F, Lamharzi N, Tanno¢ckdriRHerrath MG, Chait A,
Bornfeldt KE. Diabetes and diabetes-associated lipidmbalities have distinct effects on
initiation and progression of atherosclerotic lesiah€lin Invest. 2004 Sep;114(5):659-
68.

95



22.Hasty AH, Shimano H, Osuga J, Namatame |, TakahastiaAagi N, Perrey S, lizuka Y,
Tamura Y, Amemiya-Kudo M, Yoshikawa T, Okazaki H, OhashHarada K, Matsuzaka
T, Sone H, Gotoda T, Nagai R, Ishibashi S, Yamada N.r&&ypercholesterolemia,
hypertriglyceridemia, and atherosclerosis in mice lagkioth leptin and the low density
lipoprotein receptor. J Biol Chem. 2001 Oct 5;276(4Q)0&278.

23.Mahley RW, Rall SC. Apolipoprotein E: far more thangaditransport protein, Annu Rev
Genomics Hum Genet 1 (2000), pp. 507-537.

24. Malloy SI, Altenburg MK, Knouff C, Lanningham-FosterRarks JS, Maeda N. Harmful
effects of increased LDLR expression in mice with harAROE*4 but not APOE*3.
Arterioscler Thromb Vasc Biol. 2004 Jan;24(1):91-7.

25.Wang J, Takeuchi T, Tanaka S, Kubo SK, Kayo T, Lu D, Takatéoikzumi A, Izumi T.
A mutation in the insulin 2 gene induces diabetes witkreepancreatic beta-cell
dysfunction in the Mody mouse. J Clin Invest. 1999 Jar{1)a37-37.

26. Sullivan PM, Mezdour H, Aratani Y, Knouff C, Najib Je®&lick RL, Quarfordt SH,
Maeda N. Targeted replacement of the mouse apolipapibigene with the common
human APOES3 allele enhances diet-induced hypercholestaeohnd atherosclerosis. J
Biol Chem. 1997 Jul 18;272(29):17972-80.

27.Knouff C, Hinsdale ME, Mezdour H, Altenburg MK, WatanddeQuarfordt SH, Sullivan
PM, Maeda N. Apo E structure determines VLDL cleararaatherosclerosis risk in
mice. J Clin Invest. 1999 Jun;103(11):1579-86.

28.Knouff C, Malloy S, Wilder J, Altenburg MK, Maeda NoDbling expression of the low
density lipoprotein receptor by truncation of the 3ramglated region sequence
ameliorates type iii hyperlipoproteinemia in mice exgirggthe human apoe2 isoform. J
Biol Chem. 2001 Feb 9;276(6):3856-62.

29.de Silva HV, Mas-Oliva J, Taylor JM and Mahley RW. Ideaéfion of apolipoprotein B-
100 low density lipoproteins, apolipoprotein B-48 rentaaand apolipoprotein E-rich high
density lipoproteins in the mouse. J Lipid Res. 19841297-1310.

30. Altenburg M, Arbones-Mainar J, Johnson L, Wilder J, ¥&adl. Human LDL receptor
enhances sequestration of ApoE4 and VLDL remnants csutfece of hepatocytes but
not their internalization in mice. Arterioscler Thromhsé Biol. 2008 Jun;28(6):1104-10.

31.Mabile L, Lefebvre C, Lavigne J, Boulet L, Davignon J,dies-Cacan S, Bernier L.

Secreted apolipoprotein E reduces macrophage-mediateaxiDation in an isoform-
dependent way. J Cell Biochem. 2003 Nov 1;90(4):766-76

96



32.Johnson LA, Altenburg MK, Walzem RL, Scanga LT, Maeda MseXhce of
hyperlipidemia in LDL receptor-deficient mice having apagtipmein B100 without the
putative receptor-binding sequences. Arterioscler Thrdasz Biol. 2008
Oct;28(10):1745-52.

33. Sparks JD, Sparks CE. Insulin regulation of triacyghpl-rich lipoprotein synthesis and
secretion. Biochim Biophys Acta. 1994 Nov 17;1215(1-2p9-3

34.Fonseca V, Desouza C, Asnani S, Jialal I. Nontraditidsk factors for cardiovascular
disease in diabetes. Endocr Rev. 2004 Feb;25(1):153-75.

35.Lyngdorf LG, Gregersen S, Daugherty A, Falk E. Paradoxidaiateon of atherosclerosis
in apoE-deficient mice with obesity-related type 2 diab. Cardiovasc Res. 2003; 59:
854-862.

36.Kako Y, Masse M, Huang LS, Tall AR, Goldberg 1J. Lipopnotgase deficiency and
CETP in streptozotocin-treated apoB-expressing micgid Res. 2002; 43: 872-877.

37.Jun JY, Ma Z, Segar L. Spontaneously diabetic Ins2tafdpoE-deficient mice exhibit
exaggerated hypercholesterolemia and atherosclerosid.Amsiol Endocrinol Metab.
2011 Jul;301(1):E145-54.

38.Cannon CP. High-density lipoprotein cholesterol asidual cardiometabolic risk in
metabolic syndrome. Clin Cornerstone. 2007;8 Suppl 62314

39. Twisk J, Gillian-Daniel DL, Tebon A, Wang L, BarrettiPAttie AD. The role of the LDL
receptor in apolipoprotein B secretion. J Clin Invest(020€b;105(4):521-32.

40. Kamagate A, Dong HH. FoxO1 integrates insulin signalingltbL production. Cell
Cycle. 2008 Oct;7(20):3162-70.

41. Jofre-Monseny L, Minihane AM, Rimbach G. Impact of apeBajype on oxidative
stress, inflammation and disease risk. Mol Nutr Food B@68 Jan;52(1):131-45.

42.Gautam S, Banerjee M. The macrophage Ox-LDL receptaB6GIDd its association with
type Il diabetes mellitus. Mol Genet Metab. 2011 Apr;102(4):38.

97



Chapter 4

MACROVASCUALAR COMPLICATIONS OF DIABETES

IN ATHEROSCLEROSIS-PRONE MICE

(This chapter consists of material from a manuscriptmegatiwith permission fror&xpert
Reviews in Endocrinology and Metabolism; 2010 5(1), 89-98 (2010); titledvacrovascular
complications of diabetes in atherosclerosis-prone mice” by Lance A Johnson and Nobuyo
Maeda)



4.1 Summary

The well-established relationship between dgsbend cardiovascular complications,
combined with the rapidly increasing prevalence of diabbtescreated a pressing need for better
understanding of the mechanisms of diabetic atherasderMultiple metabolic and diabetes-
specific factors have been associated with acceleratexsatterosis, including dyslipidemia,
oxidative stress, inflammation, vascular cell dysfungtand coagulopathy. This discussion
highlights selected studies in which researchers eay@oyed mouse models of diabetic
atherosclerosis in an attempt to examine these mechsuaind to test potential therapeutic and

preventative measures.

4.2 Introduction

Each year, cardiovascular disease kitleerAmericans than any other cause of death (1).
Diseases of the heart alone caused 30% of all deathythwthdiseases of the cardiovascular
system causing substantially more death and disaldilityncreasing this severe health burden is
the rapidly increasing prevalence of diabetes. The dad@ugeby diabetes extends far beyond the
typical microvascular complications of the diseasehsas retinopathy and neuropathy. Diabetics
are 2 to 8 times more likely to develop CVD than nonlialpatients, with up to 80% of patients
with type 2 diabetes developing macrovascular disea8¢ @ardiovascular disease caused by
atherosclerosis is the most significant complicatibdiabetes, as it is the leading cause of
mortality among diabetic patients (6).

Several complex and interdependent metalmiditions affect the pathogenesis of

atherosclerosis in diabetes, including hyperglycehyperinsulinemia and dyslipidemia. These
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metabolic disturbances are associated with increasesdative stress and glycation, endothelial
dysfunction, inflammation, and a prothrombotic state thaimffuence all stages of atherogenesis
(1, 8). Despite the extensive clinical data linking diabetet@ardiovascular disease, many
guestions remain concerning the exact molecular mechahismbkich hyperglycemia and
defective insulin signaling actions lead to macrovasaysafunction.

Animal models have been invaluable in digsgthe various factors involved in the
pathogenesis of diabetic macrovascular disease. IntigEans, more attention has been focused
on mouse models to examine the factors that modulatetidiabigerosclerosis (9-10). The mouse
model is cost effective because of the small size ddrntimaals and short generation time, and
allows for well-controlled manipulations of diet, drugad other treatments. Above all, the mouse
is currently the only species in which specific gengtutations can be introduced into the genome
with relative ease. Admittedly, mouse models are nottaltempletely mimic human diseases.
Nevertheless, development of human-like atheroscleratipips in the aorta of hyperlipidemic
mice, such as apolipoprotein E deficient (apoE-/-) mnckthe low-density lipoprotein receptor
deficient (LdlIr-/-) mice, has facilitated the investign of macrovascular complications of
diabetes using these models. In this discussion, iewraome of the recent studies of diabetic
cardiovascular disease by highlighting the contribut@nsarious atherosclerosis prone mouse

models of diabetes.

4.3 STZ- Induced Diabetes and Exacerbation of Atherosclerosis
Despite representing less than 10% of hudradoetics, mouse models of typel diabetes are
used more often, in part due to their simplicity and eas@betes induction. Chemicals such as

alloxan and streptozotocin (STZ) have long been used teédiabetes in rodents (11). STZ is
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an alkylating agent that causes DNA damage. Sinceawllptake of STZ is mediated through
glucose transporter 2 (Glut2), STZ is particularly ¢dei thep-cells of the pancreas where Glut 2
is highly expressed (12, 13). A repeated administratf(STZ at a low dose renders mice
hyperglycemic with minimal toxic effects to other celslthough only males develop significant
diabetes, thus limiting the scope of most studies, 8atrhent is rapid and effective.

Multiple studies have used STZ to induceadesbin atherosclerosis-prone mice and
confirmed that diabetes enhances atherosclerotic playatopment (Figure 4.1). The extent of
enhancement as measured by the size of plaques iroisesection of aortic sinus, and/or by the
plaque areas covering the aortic tressféce), differ from experiment to experiment. In general,
plaque sizes in diabetic ApoE-/- mice average from: 2.%old larger at the aortic sinus and 4 fold
larger in aortic surface area compared to those seen-diaoetic animals (Figure 4.1A). The
degree of atherosclerotic enhancement appears to strefaly to the age of the animal at the
time of onset, the duration of diabetes, and the typebbd which the diabetic mice are
maintained. Thus, larger plaque enhancements are gersetiywhen apoE-/- mice are treated
with STZ at younger ages when compared to the more mefflests of diabetes on the
development of pre-existing plaques found in older mRimilarly, plaque-covered areas in the
entire aorta appear to increase more during diabetéisedlathe plaques in the aortic sinus alone,
where plaques begins to develop at earlier age than otit®opaortic tree. These phenomena
suggest that diabetes accelerates initiation and grawitmgcthe early stages of plaque
development, possibly through pathways of the inflammatsponse. Also important to note is
that although lesions in diabetic animals are conglgtiemger than non-diabetic controls and
therefore more advanced, plaques in diabetic mice doddgially no more complex than those

of similar size seen in non-diabetic mice.
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Two to three fold increases in atheroscletusve also been observed in LDLR-/- mice
made diabetic by STZ treatment (Figure 4.1B). In soodiest, however, no increase in
atherosclerosis was observed (14,16). For example, Retaéreported that atherosclerosis in
the LDLR-/- mice made diabetic with a single high dos8 B and maintained on high fat diet for
6 months did not differ from those in the control, 1tebetic, LDLR-/- mice (14). The reason for
this is not clear, but the plasma glucose levels iretbegbetic mice were not as high as in other
experiments because they were maintained on a lowirdsagi infusion. In addition, the plasma
cholesterol levels were not significantly different bedweliabetic and non-diabetic mice.

In general, STZ-induced diabetes enhancqagdevelopment in atherosclerosis prone
mouse models, providing a suitable model system to eegbaaturbation or acceleration of the

disease process through the manipulation of relevaitréac
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I * N.S. aortic lesion. Athero Diet (0.075% chol) 6 mo. [Reaven etal. 1997 ATVE]

I N.S. aortic lesion. High Chel Diet (D 5%) 3 mo. [Goldberg 2004, Athero]
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I N.S. Aortic lesion. Athero Dieti1.25% chol, 0.5% cholic acid) 1 mo. (Berti 2005, APMIS)

* Insulin intervention I duration of Diabetes

Figure 4.1.Effect of STZ-induced diabetes on ather osclerotic plaquesize. Change in
atherosclerotic plaque area in STZ treated (A) Apold-ia (B) LDLR-/- mice compared to non-
diabetic controls (selected studies). The durationaifetes prior to atherosclerosis evaluation is
represented by the horizontal length of the black bae @gnset of diabetes is marked by the
vertical portion of the black bar.
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4.4 Genetic Models of Typel Diabetesand Atherosclerosis

Genetic models of typel diabetes are also bleilkita (Ins2°”"*) mice develop type 1
diabetes due to a cysteine to tyrosine substitutiorearttino acid position 97 in the insulin 2 gene
(Ins2). This mutation results in misfolding of prepmailin, and triggers subsequent ER stigss,
cell apoptosis, and insulin deficiency (17). Simitachemically induced models, diabetic
phenotypes of Akita mice are also more severe in madesin females (18). Studies of
atherosclerosis prone mice in Akita background haveoyst reported.

The major cause of typel diabetes in hunsamstia direct loss @ cells as occurs in the
mouse models discussed above, but instead appeavsliceiautoimmune responses and
inflammatory processes which are triggered by injuryandfection (19, 20). Non-obese-
diabetic (NOD) mice spontaneously develop diabetes biegjrat around five weeks of age due to
lymphocytic infiltration of the pancreatic islets. Sianito humans, their diabetes involves
autoimmunity to islet cells as well as insulitis, e genetics behind diabetes in NOD mice
appears to be complex. NOD mice are highly resistediet induced atherosclerosis development
and neither diabetic nor non-diabetic NOD mice develdgig streaks in their aortas when fed
high fat, high cholesterol diets (21). Introduction afgtherogenic mutations onto NOD
background would be a worthwhile task.

An attractive diabetic model also involvingpgaumune response was recently developed
by Renard et al who created transgenic mice expres&rgniphocytic choriomeningitis virus
glycoprotein (LCMV-GP) under control of the rat insyiromoter. The GP mice express viral
glycoprotein specifically in pancreafiecells and, after infection with LCMV, an immune
response specifically destroys fheells, resulting in rapid development of typel diabe2s. (

When this GP transgene is placed onto LDLR-/- backgradiabetic female mice developed 2.2
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and 2.5 fold larger plaques compared to non-diabetic wien they were fed 0.12% and 0.5%
cholesterol diets, respectively (23). Most strikinglynen mice with lesions of the same cross
sectional area were compared, 60% of the plaques in diatiet fed high cholesterol diet
(1.25%) compared to 12% of those in non-diabetic miogagwed intralesional hemorrhage.
Thus, diabetes in combination with a high cholestdiedl severely decreased plague stability in
GP-LDLR-/- mice.

These genetic models of type 1 diabetes &me wdt as simple as chemically induced
diabetic models. However, they do avoid the potential itgxéaused by chemical treatments,
which can alter the pathogenesis of diabetic compticati Together, both chemical and genetic
models of typel diabetes provide researchers with seyacple and viable options for the

induction of an insulin deficient state.

4.5 Atherosclerosisin Models of Type2 Diabetes

An alarming health issue in recent yemathe increase of metabolic syndrome, a cluster of
metabolic-related abnormalities that predispose indalglio development of type 2 diabetes (24,
25). The characteristics present in metabolic syndrantede insulin resistance, hypertension,
obesity and dyslipidemia: traditional risk factors ftregiosclerosis (24)The etiology of both the
metabolic syndrome and type 2 diabetes are highly camfleus, many studies employing
models of type 2 diabetes have focused on investigatinmathephysiological links between
specific aspects of the disease and atherosclerosis.

LDLR and ApoE deficient mice have been comdtbiwith leptin-deficient (ob/ob) and
leptin receptor-deficient (db/db) mice to produce aipesduced diabetic models of

atherosclerosis (26-29Both backgrounds markedly increase plasma cholesteatdligtyceride
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levels when compared to non-diabetic littermates. Heweccelerated atherosclerosis is
observed in some, but not all, experiments (26, ZWE reasons for these discrepancies are not
clear but may be due to the differences in conditionis asdliets used in each experiment.
Because atherosclerosis-prone mice such as ApoE-/- aidd-I-Dnice have disturbed lipoprotein
metabolism, dietary fat intake has profound effects om tiveirall energy metabolism. Therefore,
it is important to consider fundamental differenceth@se two models in terms of metabolic
consequences. For example, careful observations byy8cleteal have shown that apoE-/- and
LDLR-/- mice respond differently to diets high irt &nd sucrose (30). LDLR-/- mice exhibited
increased susceptibility to diet-induced obesity, hylggytreridemia, leptin resistance, and
impaired glucose metabolism. In contrast, apoE-/- mige vesistant to diet-induced
hypertriglideridemia or hyperglycemia despite of significaaight gain (30).The absence of
apoE in mice is also reported to reduce some of the oliet@bmplications associated with
obesity (31).

Impaired insulin signaling also affects atlkelerosis in mice, and several studies have
used partial or complete deficiencies in insulin reaspitmre-create the effects of insulin
resistance. For example, apoE-/- mice completely lacksdin receptor substrate protein 2
(IRS2) are hyperinsulinemic and develop significanttyaased atherosclerosis despite having
comparable glucose and cholesterol levels to apokeé with wild type IRS2 (32). Notably, a
partial loss of IRS2 (IRS2+/-) also results in an acaétar of atherosclerosis in apoE-/- mice,
despite indistinguishable levels of plasma lipids camgb#o control apoE-/- mice with full
expression of IRS2 (33). The authors suggest increasedphagmstimulation as a possible
explanation for the plasma lipid-independent accelerati@therosclerosis due to disrupted IRS2

signaling. Similarly, Biddinger et al showed that liveedfic ablation of insulin receptor (IR)
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made mice susceptible to diet-induced plaque develaipfd4). However, Ldir-/- mice lacking
insulin receptor in peripheral tissues, but expressindduals (less than 10 %) in the liver, had
improved plasma lipid profiles and reduced atherosa&e(85).  This study stresses the
importance of hepatic insulin resistance on the reguat lipoprotein metabolism and
subsequently on the development of atherosclerosis Efgcts on atherosclerosis due to specific
insulin defects in macrophages are controversial. iHah ghowed that high fat fed LdIr-/- mice
transplanted with insulin receptor deficient bone mameweloped larger, more complex
atherosclerotic plaques than those mice receivingtylel bone marrow (36). In contrast,
myeloid lineage cell-restricted ablation of IRS2 proteetedE-/- mice against atherosclerosis
(37). These different outcomes may be explained ingyatie varied metabolisms of the two
models, and in part by the intricate and multifacetias of insulin signaling.

Comparisons of the above studies highlightrtatabolic differences often noted between
insulin-deficient models of type 1 diabetes versus tpesiuced or insulin-signaling deficient
models of type 2 diabetes. Due to the complexity of mostels of type 2 diabetes, caution is
necessary when interpreting experimental outcomes.ekgywwhen taken together, the studies
employing various mouse models of type 2 diabetes deratmitiat both obesity and insulin
resistance result in adverse metabolic conditiongrihegase atherogenesis in hyperlipidemic

animals.

4.6 Diabetic Dydipidemia and Ather osclerosis
Type 2 diabetes, as well as poorly managed tlipbétes, often leads to a cluster of
harmful modifications to lipoproteins known as diabetyslipidemia (38, 39%pecifically,

diabetic patients have elevated very low density lipegngd/LDL) triglycerides, a reduction of
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high density lipoprotein (HDL) cholesterol, and smatlenser LDL particles (40)Since this
lipoprotein profile is a risk factor for atherosclessi has long been debated whether the
enhanced atherosclerosis in diabetic mice may lalgelyconsequence of diabetes-induced
hyperlipidemia (41, 42).

In our own experiment, we monitored the p&abpid levels of diabetic apoE-/- mice fed a
diet high in fat but low in cholesterol for 5 monthsaffTZ treatment (43). ApoE-/- mice have a
large accumulation of cholesterol-rich VLDL particlagpiasma. We found that STZ-induced
hyperglycemia did not significantly alter the plasmalebterol and triglyceride levels of the mice
during the first four months following the onset of diabetémvever, plasma cholesterol levels in
some of the animals began to rise after four moatis these animals became severely
hyperlipidemic. Plasma cholesterol levels in these alsiare correlated with the extent of liver
damage characteristic of diabetes-associated steatitibepgdore importantly, the atherosclerotic
lesion size in the individual diabetic apoE-/- micegwlevaluated at five months after the onset of
diabetes, was not correlated with total plasma chotésieglucose levels (43).

Differing from the apoE-/- mice, LDLR-/- mi@ccumulate LDL-sized particles rather than
VLDL patrticles in the plasma. The plasma total chelesgtievels in the chow-fed LDLR-/- mice
are about 200mg/dl, approximately half of those in apahide, and they develop atherosclerosis
much slower than apoE-/- mice. Consequently, reBeesc have fed diets containing high fat and
modestly increased in cholesterol to LDLR-/- mice in otdeaccelerate the plague development.
(For example, a diet containing 21% fat and 0.15% cholési@mpared to 4.5% fat and 0.022%
cholesterol in normal mouse chow). With this type et,doldberg et al. showed that plasma
cholesterol levels in the LDLR-/- mice doubled comparenon-diabetic controls immediately

after they were treated with STZ (44). The livers obdiec LDLR-/- animals demonstrated a
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reduced capacity to clear LDL and VLDL particles compéaodtie livers of non-diabetic animals,
demonstrating the impairment of non-LDL receptor mediaiearance of apoB-containing
lipoproteins during diabetes. The authors suggesthitbatdcumulation of a subclass of
lipoproteins during diabetes, a group that is normallyretkafficiently, may explain the marked
elevation of plasma cholesterol noted in STZ-inducedeti@bhDLR-/- mice (44).
The differential effects of hyperglycemia and hypédigonia on atherosclerosis were examined by
Renard et al., in typel diabetic GP, LDLR-/- mice (ZBhey observed that when mice were on
regular chow diet, although plasma cholesterol lewstsained similar to non-diabetic mice,
diabetes accelerated arterial macrophage accumudatethe initiation of atherosclerosis. When
fed diets containing increased amounts of cholested® ghd 0.5% cholesterol), however, mice
with similar plasma cholesterol levels, whether diabetinot, developed similar degrees of
atherosclerosis (23). The authors suggest that the denatbpf large, advanced atherosclerotic
lesions was dependent on dyslipidemia, which diabetic méce far more susceptible to develop
than non-diabetic mice. Similarly, Reaven et al showatShZ-induced diabetic LDLR-/- mice
maintained with low dose insulin had similar plasma esteirol levels with non-diabetic mice and
had similar lesion sizes. These mice were fed a laighhigh cholesterol diet, and all had severe
hyperlipidemia (14). Unlike in the type 1 diabetic medidscribed above, lesion size in a model
of type 2 diabetic atherosclerosis (ob/ob;LDLR-/-) wid correlate with plasma total cholesterol
or triglyceride levels (29).

Mouse models of type 2 diabetes generally deustogased plasma triglycerides and non-
esterified fatty acids (NEFA) as discussed above. Iftiaddo its glucose regulatory effects,
insulin normally acts to suppress hepatic VLDL séongirom the liver. Hepatic insulin resistance

is sufficient to cause dyslipidemia and enhanced atheragehesugh increased and/or
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unregulated VLDL secretion, as well as decreased cleawarapoB-containing lipoproteins (34,
35). Thus, mice lacking insulin receptor (IR) in liver show reduced HDL and increased VLDL
and LDL (without affecting plasma total cholesterbl)t reduced triglycerides, as a consequence
of an increaseBgclp expression and decreased expressiduiof S ebplc andSbp2 genes

(34). After 3 months on an atherogenic diet (15% fag%.cholesterol and 0.5% sodium
cholate) the mice with hepatic insulin resistancesthtbeir plasma total cholesterol levels to about
750mg/dl, and induced substantial plaques in their aodsdescribed earlier, Han et al. observed
that LdIr-/- mice expressing low levels of insulineptor in the liver, but lacking it in peripheral
tissues, had reduced VLDL and LDL levels, and reducedastierosis. The authors suggest that
a 50% reduction in VLDL and LDL is sufficient to limatherogenesis, overcoming the pro-
atherogenic effects of peripheral insulin resistance sowlar cells (35).

The research highlighted above demonstiaésyperlipidemia is an essential component
of diabetes-induced atherosclerosis. However, exaggdrgpedipidemia following the induction
of diabetes may mask effects specific to hyperglyaeand/or insulin resistance, as well as
overwhelm potential therapeutics or preventative measuiess, researchers must be cautious
when choosing the specific type of diet to be administeredabetic mice in any given
experiment. While it is clear that diabetes-inducegaehipidemia is a principal contributor to the
development of cardiovascular disease, it is not theamitributor. There are also many

significant lipid-independent effects on diabetes-g&tlplaque development, as discussed below.

4.7 Antioxidant Defense in Diabetic Atherosclerosis
Diabetes is usually accompanied by increasmtiiction of reactive oxygen species
(ROS), free radicals and/or by impaired antioxidant defen Thus, increased oxidative stress is
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widely accepted as an important player in the developared progression of diabetes and its
complications (45). A decrease in intracellular attiants such as nitric oxide (NO) and various
antioxidant enzymes may also affect direct trappinges fadicals, with a consequent increase in
ROS and oxidative stress. Strong evidence also existsxidation of lipids, in particular LDL, is
one of the most important factors for the initiation dkeabdsclerosis (46). Furthermore, systemic
oxidative stress can lead to acute phase responseadimgchypercoagulability and plaque rupture.
These considerations have provided the rationaldaéounse of antioxidants to prevent lipid
peroxidation and the early onset of atherosclerosis, ath@i@pies for coronary artery disease
(47). However, evidence linking antioxidant vitaminsiet@tic complications in humans is still
largely circumstantial. For example, although treatmatht a high-dose of vitamin E (1800 U /
day) appeared to be effective in normalizing retinal hemaxhyc abnormalities and improving
renal function in type 1 diabetes in a small randomigati(48), vitamin C at a dose of 4001U/day
had no effect on cardiovascular outcomes or nephrppatiigh-risk patients with diabetes in the
HOPE study and MICRO-HOPE sub-study (49).

Dietary supplementation of vitamin E, a radtanti-oxidant, decreased the amount of
macrophages and vascular fatty streaks, as well &ddvthe mortality rate, in STZ-induced
diabetic Balb/c mice fed an atherogenic diet (50). Hawne®alb/c mice are resistant to diet-
induced atherosclerosis (51), and protective effectgahin on diabetes-induced fully developed
have not been examined. However, Hasty et al. showethihatotective effect was absent when
observing the obese, hyperlipidemic LDLR-/-;0b/ob mousdet) as dietary supplementation of
Vitamin E failed to reduce oxidative stress or atheswetl lesion area (26).

Reduced plasma vitamin C levels have beeniatsbuwith diabetes in humans (52-54).

However, mice, unlike humans, synthesize ascorbitaal hence are not dependent on dietary
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vitamin C. To examine the effects of sub-optimalmitaC intake, our lab created apoE-/- mice
that are deficient of L-glonolactone synthase, the keyrae for ascorbic acid synthesis, and
tested the effect of reduced plasma vitamin C (ascocii} levels on plaque development (55).
Mice were made diabetic and maintained on low (66mgh)jgir (660mg/l) levels of ascorbic acid
supplemented in their drinking water. We found thamiiteC levels in both plasma and liver of
mice supplemented with low vitamin C were less than 20%ose in diabetic mice given high
vitamin C supplementation (as well wild type miceowéver, the atherosclerotic plaque size did
not differ between the two groupghus, it appears that the level of Vitamin C reductioas not
have any effects on diabetes-induced atherosclerosis.

In contrast, a dietary supplementatioa-tipoic acid (LA), another natural antioxidant,
completely prevented the diabetes-associated increase of the athetiodelgion size in
diabetic apoE-/- mice fed a high fat — low cholesterol diet (43). LA markedhgased
systemic oxidative stress, suggesting that a protection of lipoprotein fromiwxineodification
by LA probably is an important factor for reduced atherosclerotic lesionapeaeht. However,
LA treated diabetic mice also had lesser diabetes-induced body weightaegdonilder
dehydration, protection from hepatitis, and an accelerated recovery of partiests which
lead to a small, but significant, reduction of hyperglycemia over time cothfraren-treated
diabetic mice. Thus, an improvement in general health likely contributes to thetiprofesm
atherosclerosis enhancement in LA-treated diabetic mice. Of note, wé as wtbers,
observed that dietary-lipoic acid also decreases atherosclerotic lesions in non-diabetic apoE
mice without affecting their plasma cholesterol levels (56). The redudiaq%o) is small, but
suggests that-lipoic acid may have additional athero-protective roles beyond the reduction of

hyperglycemia-induced ROS.
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The role played by genetically determined iiffees in the endogenous antioxidant
enzymes in affecting oxidative stress and the developaieomplications in diabetes was also
addressed by de Haan and his colleagues. The authomscsti@aiva deficiency of glutathione
peroxidase-1 (GPx-1) caused a 2 fold increase in aoriintem diabetic apoE-/- mice (57). This
atherosclerotic effect occurred despite the fact thiatdaGpx-1 did not affect plasma lipid
profiles. The study demonstrates that an intracelR@$-removing antioxidant enzyme GPx1
plays important roles in regulating atherogenic procegtieis a diabetic milieu. Recently, the
group also showed that oral administration of ebsel&k>d-mimetic and antioxidant,
significantly reduced aortic lesions in diabetic apofgite (58). The reduction was site-specific,
and the plaque size in the aortic root was not changegerithents using cultured endothelial
cells suggest that one of the key mechanisms wherebeelzsgifers its antiatherogenic effect is
through modulation of inflammatory factors by inhibgfithe activation of nuclear factor kappa B
(NFB).

Aldose reductase (AR) catalyzes the reolicif glucose to sorbitol, one of several
pathways thought to accelerate diabetic complicationgraduction of excess ROS. This enzyme
is expressed at much lower levels in mice comparedrt@hs. To test the hypothesis that greater
expression of a gene involved in the toxic metabolism obgkievould enhance diabetic induced
atherosclerosis, Vikramadithyan et al made diabetic LiDLRice that over-express human AR
(hAR) (59). They found that the over-expression of ARaased aortic lesion size in diabetic
LDLR-/- mice without affecting the plasma cholestdesels. Accumulation of modified
lipoproteins was increased in macrophages of the hAResginig mice, and expression of

enzymes that regulate regeneration of glutathione wiasee in the aortas. The authors have

113



suggested that the inhibitors of AR could, thereforeydagul in the treatment of diabetic
atherosclerosis.

These studies demonstrate that reducing thessR€&S production caused by diabetes has
a significant protective effect on the progression leéisclerosis. However, effects of individual
antioxidants vary greatly, and suggest that targetingfgpeellular oxidative pathways may be

more effective than a global supplement-based reductioridative stress.

4.8 Other Modulations of Diabetic Atherosclerosis

Important by-products of hyperglycemia aheaaced glycation end products (AGES),
which result from the nonezymatic glycation of circulagomgteins. Binding of AGEs to their
receptor (RAGE) induces several inflammatory markersaandlerates vascular lesion
development (60).Park et al. showed the therapeutic potential of SORBIBE (SRAGE) to
inhibit the activation of RAGE pathway in diabetic apelice, where SRAGE administration
completely prevented diabetes-associated increasedroaclerosis independent of both plasma
glucose and lipids (61). In addition to preventing théyesiage acceleration of atherosclerosis as
a result of diabetes, RAGE suppression also workei@biize existing plagues by lowering
inflammatory markers and decreasing macrophage andlsmuscle cell (SMC) activation in
existing atherosclerotic lesions (6)hese reductions in diabetes-associated atherosclerosis
highlight the beneficial effects of attenuating AGEI&RAGE accumulation, and subsequent
inflammatory response, in the atherosclerotic plaqueldpmnent.

In addition to its vasoconstrictive effe@nhanced activity of the renin-angiontensin
system (RAS) may be a detrimental link between seaéinakosclerotic risk factors, contributing

to an increased production of ROS, insulin resistance,uatiebf endothelial dysfunction.
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Blockade of the RAS by angiotensin-converting enzyme (AGfbitors and angiotensin receptor
blockers (ARBS) has been tested in mouse models daftiisdiherosclerosis. For example,
Candido et al. showed that the induction of diabetggdrs an increase in the expression of
angiotensin-converting enzyme (ACE) in the aorta of STateceapoE-/- mice. The treatment
with an ACE inhibitor, perindopril, inhibited this dietes-induced increase of aortic ACE
expression and completely inhibited atherosclerotic ledémelopment, despite only modestly
decreasing systolic blood pressure (SBP) (7-8 mm Hg) (68)similar result was noted when
diabetic mice were treated with the angiotensin Il typ&TiLf receptor blocker, Irbesartan, which
decreased collagen content, cellular proliferatioagnmphage infiltration, lowered expression of
several markers of inflammation, and attenuated attierosic plaque development. Despite
lowering the SBP of diabetic mice to a similar degreelsestan (7 and 8 mm Hg, respectively), a
calcium channel blocker, amlopidine, did not halt the &cagbn of atherosclerosis as did
Irbesartan (64). Thus, the attenuation of atherosclerasspecific to the inhibiton of AT1 and
not solely a result of lowering SBP.

Finally, links between hyperglycemia, inflaation, and vascular thrombotic
complications in diabetic atherosclerosis have been ee@iniZuccollo et al demonstrated the
atherosclerosis inhibiting effects of S18886, a thrombex&2 receptor (TP) antagonist. S18886
significantly protected from diabetic lesion progressio8TZ-treated apoE-/- mice. It also
prevented the decrease in endothelial nitric oxide agetleNOS) expression and the increases in
several markers of inflammation that normally occugrafie induction of diabetes (65)n
addition, the role of platelet-derived growth factor ia tievelopment of diabetes-induced

atherosclerosis was examined by Lassila et al. Thayeshthat tyrosine kinase inhibition by
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imatinib lowered the expression of inflammatory cytokimethe aorta and slowed the progression
of atherosclerosis in diabetic ApoE-/- mice.

Jointly, these experiments suggest that rabdalof vascular function in diabetic animals
has generally beneficial effects, and is protectivenftioe acceleration of diabetes-induced

atherosclerosis.
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Figure 4.2.Commonly used mouse models of diabetic atherosclerosis. Each circle represents a
distinct mouse model of Atherosclerosis (Blue), Type 1 Dexb@Red), or Type 2 diabetes
(Orange). Size of each circle is a general reference tothber of studies employing each model.
Areas of overlap represent combinations/crosses of thasesarodels (selected studies) and
include reference number. Apolipoprotein E (ApoE), Agaprotein B (ApoB), Balb/c (B/c),
Insulin Receptor (IR), Insulin Receptor SubstrateR5@), Low density lipoprotein receptor
(LDLR), streptozotocin (STZ).
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4.9 Expert Commentary

The global epidemic of obesity and metabolic ®yndmeans millions of additional
patients will soon find themselves with a severelyaased risk of developing cardiovascular
disease (66).This rapidly expanding health burden has created a pressaagfor further
exploration of the biological mechanisms of diabetic agwenosis, and has placed a tremendous
value on the discovery of new therapies. Because thegtatsiology of metabolic syndrome and
type 2 diabetes is far more complex than that of tygi@ldetes, there are limitations in the use of
atherosclerosis prone mouse models to dissect the yinderiechanisms of how the diabetic
condition enhances cardiovascular complications.

To study the pathogenesis of diabetic athemsis, and to correctly translate the findings
to human disease, further development of models thatadeturecapitulate the human diabetic
condition are needed. They include models of type 2 @ialieat account for important
differences in human versus mouse physiology, as well delmthat demonstrate reduced plaque
stability, increased thrombosis, and common humatwasevents such as myocardial infarction
and stroke.

In this regard, the ApoE triple knockout (Ep6;ApoB100/100; ob/ob) and the LDLR
triple knockout (LDLR-/-;ApoB100/100;0b/ob) models of nieihc syndrome are worth
mentioning since both strains, on normal mouse chow]agwbesity, hyperinsulinemia,
hyperlipidemia, hypertension, and accelerated atherosderthe components of the metabolic
syndrome (67). The Apob100/100 homozygous mutation gethece results in a plasma
accumulation of atherogenic lipoprotein particles coimtgi apolipoprotein B-100, which is more

similar to human lipoprotein profiles. Despite the ctamipy of these models, both recapitulate
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the cluster of disorders central to the metabolimsyme, and might prove to be useful tools in the
search for potential therapies for this uniquely husaardition.

One of the inherent limitations of the comimaised models of atherosclerosis is that both
the apoE and LdIr proteins, integral components in the plistwlogic process of atherosclerosis,
are lacking. Models in which these proteins, and other gasictors, are present but functioning
sub-optimally may provide more accurate insights attgibiganslate to the human condition. For
example, our laboratory has begun to explore the progneskaiherosclerosis in mice that carry
two copies of the human apolipoprotein E isoforms asagetixpress human LdIr (68). These
mice develop significant atherosclerotic plaques and dstraie diabetes-induced increases in
aortic lesions when made diabetic by acquiring the Akiigation. Most importantly, these mice
retain all the critical proteins - mainly apoE, LDL&d insulin receptor - involved in lipoprotein

metabolism, in contrast to other athero-prone modeldatiabne or more of these components.

410 Five Year View

Further studies focusing on diabetic atlodeossis will not only help to determine the
underlying factors that are important in the pathogemésiardiovascular disease in the setting of
diabetes, but may also reveal therapeutic avenues and fatexeemeasures. Creative use of
existing mouse models and the generation of new models utartifahose that sufficiently
address the human condition, will provide an invalupldgorm to examine the specific
mechanisms by which diabetes exerts its effect on tlueihadisre and to test the potential of new

therapies and treatments.
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Table4.1 Key Issues. Macrovascular complications of diabetes.

e Diabetes accelerates atherosclerosis and its cardidaasomplications. Atherosclerosis
prone mice (ApoE-/- and LDLR-/-) have been used extensigadyxamine the mechanisms
by which hyperglycemia and/or defective insulin actionsasade macrovascular disease.

e The most commonly used mouse models of diabetic athammsslare STZ-treated ApoE-
/- and LDLR-/- mice.

¢ Diabetes generally increases atherosclerotic plaquénsikero-prone mice. The
atherosclerosis model employed, age of onset and duddtthabetes, as well as diet,

affect lesion progression.

e Diabetes induces hyperlipidemia, which is exaggerateddbyfat/cholesterol diets, is
required for the development of advanced atherosclgratities in mice. Other important
lipid-independent atherogenic effects could be masked gdivere dyslipidemia.

¢ Lipid-independent effects of diabetes demonstratedounses models of diabetic
atherosclerosis include oxidative stress, glucose tgxinftammation, endothelial

dysfunction, coagulopathy, and dysfunction of the renin-anggotesystem.

e Targeted intervention of these processes in mice hadeiped promising approaches

towards the amelioration and prevention of diabetic atblenasis.
¢ More “human-like” mouse models are needed that accynaelicate human lipoprotein

and glucose metabolism, as well as those that demient$teaclinical complications of

atherosclerosis (decreased plague stability and e)ptur
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Chapter 5

CONCLUSIONS AND SIGNIFICANCE



5.1 ApoE in Diabetic Dydipidemia: Hyperlipidemia

In Chapter 2, | described the differential roliespmlipoprotein E (apoE) isoforms in
modulating diabetic dyslipidemia — a potential causé®iricreased cardiovascular disease risk of
patients with diabetes. Using LDLR deficient micessed with the human apoE mouse models
described earlier and employing a chemically induced mddgbe 1 diabetes, | observed several
important phenomena.

First, non-diabetic E3LDLR-/- and E4LDLR-/- mibad similar plasma glucose and lipids,
lipoprotein distribution profiles and indistinguishablegrees of atherosclerosis. However, after
the induction of diabetes, E4LDLR-/- mice, but not E3LDERdevelop enhanced dyslipidemia,
characterized by elevated VLDL TG and LDL cholesterolayksl clearance of post-prandial
triglycerides, and an increased rate of VLDL secretioguffiéi 5.1). The increase in plasma VLDL
and LDL cholesterol was not a result of a differencevben E3 and E4 lipoprotein composition,
hepatic receptor expression, or VLDL/LDL clearance ratestead, the primary difference noted
between the E3 and E4 expressing mice was E4-specifgasein hepatic VLDL secretion.
Usingin vivo techniques as well as cultured primary E3 and E4 hepatoay aimn vitro model
system, | determined that the increase in VLDL secretias a result of larger hepatic fat stores in

the E4 mice.
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Figure 5.1.Severe dydipidemia and atheroscler osisin diabetic EAL DL R-/- mice. Induction of
diabetes leads to an increase in hepatic VLDL Searéted arrow) in E4ALDLR-/- mice. The
increase in VLDL secretion leads to an accumulatigniagma VLDL (large red circles). As
circulating VLDL is lipolyzed it becomes the densémwlesterol-rich LDL particles (small red
circles). LDL contributes to the development of the mtbaerosis. Thus, the diabetes-induced
increase in LDL in the diabetic E4LDLR-/- mice lsad larger atherosclerotic plaques.
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The severe dyslipidemia in the diabetic E4ALDLRvEe is associated with a calorimetric
profile indicative of lower lipid utilization, suggesg that the accumulation of hepatic fat stores in
these mice could be a result of a decrease in lipidimurnWhen primary hepatocytes isolated
from E4LDLR-/- mice were cultured in high glucose, theguanulated more intracellular lipid.
This accumulation was not a result of a differencetiy t&cid uptake, glucose uptakie,novo
lipogenesis, or glucose oxidation between the E3 and E4ssipgehepatocytes. However, there
was a striking reduction in fatty acid oxidation in Exehepatocytes only when exposed to the
hyperglycemic conditions (Figure 5.2). The reductiofatty acid oxidation in the E4 expressing
livers was associated with a significant shift in oxi@asignaling pathways. Diabetic E4ALDLR-/-
mice had a reduced phospho-Acetyl CoA Carboxylase (pA€Bgetyl CoA Carboxylase (ACC)
ratio, which is indicative of increased lipogenesis axtehsed fatty acid oxidation. E3LDLR-/-
mice showed a diabetes-induced decrease in Fatty Aniti&e (FASN) gene expression as
expected. However, diabetic E4ALDLR-/- mice maintainigth levels of FASN expression before
and after the induction of diabetes. Thus, lipid accutesiia the E4ALDLR-/- livers during
diabetes via two metabolic pathways: high, unrespernevels of fatty acid synthesis and a

significant reduction in fatty acid oxidation.
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Figure 5.2.Mechanism of hepatic lipid accumulation in diabetic E4L DL R-/- mice. Reduced
fatty acid oxidation in E4LDLR-/- hepatocytes contributethie accumulation of hepatic lipid.
LdIr-/- hepatocytes expressing apoE4 accumulated twiceuah lipid as those expressing E3
when cultured in a high glucose environment. Metabalidiss involving ¢* labeled glucose and
fatty acids demonstrated that this accumulation wadum®to an increase in fatty acid uptake,
glucose uptake and de novo lipogenesis, nor a decregease oxidation. Instead, the E4
hepatocytes accumulated lipid due to a 40% reducticat@s of fatty acid oxidation.
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In summary, | showed that dyslipidemia and athexossik were greatly exaggerated in
diabetic LDLR-/- mice expressing human apoE4 (E4LDLR-/Apared to those with human
apoE3 (E3LDLR-/-), despite a similar degree of hypemgiy@. Diabetes increased VLDL
triglycerides and LDL cholesterol in E4ALDLR-/- mice twige much as in E3LDLR-/- mice, and
diabetic E4ALDLR-/- mice had delayed clearance of poatgtial triglycerides, larger hepatic fat
stores, and increased VLDL secretion. Diabetic EALDBLRice demonstrated a decreased
reliance on lipid as an energy source based on indirecinoatry and had a hepatic metabolic
profile indicative of reduced fatty acid oxidation and @aged fatty acid synthesis.

Strikingly, the presence of the E4 allele resliih severe dyslipidemia and atherosclerosis
independent of its interaction with LDLR. This E4-gifie aggravation of diabetic dyslipidemia is
central to the liver and appears to be the result of d naeeof apoE in the regulation of hepatic
lipid metabolism. That is, ApoE4 expressing livers reatliced fatty acid oxidation, which

contributed to the accumulation of tissue and plasnaslgnd subsequent atherosclerosis.

133



5.2 ApoE in Diabetic Dydlipidemia: Normolipidemia

In Chapter 3, | investigated a similar issue&hapter 2, this time taking a very different
approach. Instead of using a hyperlipidemic mouse hikdehe LDLR-/-, | employed mice that
overexpressed the human LDLR gene, resulting in a modelraithlow plasma cholesterol.
Previous work in our laboratory has shown the importanteeciipoE-LDLR interaction in terms
of regulating lipoprotein metabolism and the developmeatladrosclerosis. By crossing human
apoE mice that overexpress the LDLR to strains cariyiedype 1 diabetes ‘Akita’ mutation, |
was able to examine the role of apoE in diabetic dyslipid in a more physiologically relevant
setting.

Additional factors contribute to the increas&DCisk for patients with diabetes beyond the
diabetic dyslipidemia described in earlier chaptenses€ include factors such as inflammation,
endothelial dysfunction, hypertension, and a pro-thromistdie (1). However, due to the
limitations of currently used disease models, pastarekénas often failed to adequately separate
the effects of these important factors from the ovetming dyslipidemic response that occurs in
response to diabetes in these models (2). The main sitwdiesearchers studying vascular
pathologies during diabetes have been an inability to stensly demonstrate a diabetes-induced
increase in atherosclerosis, and in the cases wherath able, difficulties distinguishing between
lipid-dependent and lipid-independent effects of diedben atherosclerosis (2-3). Moreover, the
mouse models of atherosclerosis currently available & piasma cholesterol levels that far
exceed the physiological range in human patients. Therefo important goal has long been the
generation of a model of diabetic atherosclerosis ichvtiie CVD inducing effects of diabetes are

not obscured by severe hyperlipidemia.
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In Chapter 3, | introduced a new mouse model of ahlerosis that clears these hurdles,
allowing researchers for the first time to study thetgenic etiology of diabetes in a metabolic
setting that accurately reflects the human condition. diddeetic E4h mouse develops
spontaneous atherosclerotic plaques in spite of lalpEsma cholesterol levels (<175 mg/dl).
The main advantages of this new model are outlindalote 5.1 and include: 1) consistent
development of atherosclerotic plagues induced by diab2} no toxic side effects of chemical
induction of diabetes, 3) all the components of lipopnateetabolism are present (and
“humanized”), 4) no additional high fat or high chodeet diet is necessary to induce

atherosclerosis, and 5) atherosclerosis occurs in teaabsf hyperlipidemia (Table 5.1).
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Athero Diabetes ApoE LDLR Does diabetes  Cholesterol
Model induced by:  preent? present? increase athero (mg/dl)

ApoE-/- STZ no yes yes 500 - 1,300 #20-22
ApoE-/- leptin def. no yes yes 580 #23
Ldlr-/- STz yes no no 950 - 1000 #24
Ldlr-/- leptin def. yes no yes 1,700 #25

E4h Akita yes, human | yes, human yes <125 unpub.

Table 5.1. Alvantages and disadvantages of common models of diabetic atherosclerosis.
Four of the most commonly used models of diabetic atblerosis and the E4h model are
compared in regards to several important factors. eMuions: apolipoprotein E deficiency
(apoE-/-), Ins?" Akita mutation (Akita), high fat diet (HFD), low dengiipoprotein receptor

deficiency (LdIr-/-), leptin deficiency (db/db and ob/models) (leptin def.), streptozotocin (STZ),

unpub (unpublished data).
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In addition to providing a new model of diabetlwesiosclerosis, this study was able to address
the importance of the apoE-LDLR interaction during diabewhile increasing LDLR expression
in the presence of apoE3 during diabetes had no detriméetasedoing so in the presence of
apoE4 resulted in a significant increase in VLDL anctelgse in HDL cholesterol — two harmful
changes to lipoprotein metabolism that are commonly assdaiath diabetes in human patients.
In essence, the effects of diabetes on dyslipidemia wepkfiachin mice expressing apoE4
(Figure 5.4).

Diabetes had no effect on total plasma cholesteEs and E3h mice, but induced a 20 and
50% increase in the plasma cholesterol of E4 and E4é meispectively. Still, average total
plasma cholesterol in all the diabetic groups remairi@ mg/dl, compared to average total
cholesterols ranging from 300-1700 mg/dl in other commodels of diabetic atherosclerosis.
The cause of atherogenesis in the diabetic E4h mice iretesel from the specific types of
lipoproteins that accumulated in these mice and iiticpéar the cholesterol distribution among
them. The accumulation of cholesterol-rich VLDL andDILremnant particles in the diabetic
E4h appears to be a result of an increase in hepatic Ve&reton. Previous work has implicated
both apoE and LDLR in the process of apoB lipidation anBlkecretion (4). However, the
impact of overexpressing the LDLR on VLDL secretion duriradpeites had not been examined.
Interestingly, overexpressing the LDLR in E4 mice resultethe secretion of primarily apoB48-
containing, triglyceride-poor, cholesterol-rich VLDL ddre 5.5).

In summary, this study highlights the importaoicadequately regulating VLDL secretion
during diabetes and the significance of the quality (VLM versus HDL, protein and lipid
composition of various lipoprotein fractions and theridigtion of cholesterol among the various

fractions) versus solely quantity of lipoproteins.
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Figure 5.3.Summary of plasma lipidsin non-diabetic and diabetic E3 and E4 models.

Arrows moving from left to right indicate an increas&.IDLR expression as a result of the h/+
genetic manipulation. Arrows moving from top to bottowii¢ate the induction of diabetes as a
result of the Ins? “Akita” mutation. Diabetes induces an increase irD¥Lcholesterol in the
presence of E3 and E4. Likewise, an increase in LDLR reddbé. cholesterol in both E3 and
E4 expressing mice. However, atherosclerosis occurs otilg iporesence of both severely
elevated VLDL cholesterol and reduced HDL cholesterdk #w case in the diabetic E4 h/+
mice.
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Figure 5.4.Proposed mechanism of cholesterol accumulation in diabetic E4h mice. Diabetic
E4h secrete more cholesterol-rich VLDL compared tbetia E3h mice. Combined with their low
HDL cholesterol levels, and thus likely impaired reeatlolesterol transport, the diabetic E4h
mice develop atherosclerosis.
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5.3 Tyingit all together: Diabetic Atherosclerosisand the Role of ApoE

In order to effectively study the process of diatatherosclerosis and more importantly in
order to appropriately translate the implications tohiln@an condition, models that consistently
and accurately reflect diabetes and atherosclerosis iarhpatients are needed. In order to
address this issue while examining the role of apokaivetic dyslipidemia and atherosclerosis, |
employed the ‘humanized’ E3LDLR-/- and E4LDLR-/- micesciébed in Chapter 2. Using these
models, | demonstrated a dramatic exacerbation of diainehesed hyperlipidemia in the
presence of the E4 allele.

However, as described in Chapter 4, one of the inajdtes for researchers has been the
confounding issue of diabetes-induced hyperlipidemial@ddansequent difficulty in separating
its effects on the progression of atherosclerosis frivar dipid-independent factors. Thus, while
the LDLR deficient mice employed in the study descrilme@hapter 2 provided an important new
look at the role of apoE in diabetic dyslipidemia, difficult to completely reconcile the data with
the human condition due to the hyperlipidemia associsitbcthe LDLR-/- model. In Chapter 3, |
introduced a new mouse model of diabetic atheroscldaragisonsistently develops
atherosclerosis despite low plasma cholesterol, theietaymventing this difficult issue. To our
knowledge, this is the first mouse model of diabetiem@tbclerosis with physiologically relevant
plasma lipids (cholesterol <125 mg/dl), providingeashers with an important new tool to begin
to discriminate between diabetes-induced hyperlipideand lipid-independent effects of diabetes.
In addition, this new model may allow for studies of ott@mplications of diabetes such as
diabetic nephropathy or diabetic retinopathy. Interelstingbserved a diabetes-induced

development of atherosclerosis in the presence offmiE not apoE3. As noted above, this was
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due to a distinct, apoE4-specific shift in the type amdpmosition of lipoproteins circulating during
diabetes. Importantly, | demonstrated that the pressfrag@oE4 led to more severe diabetic
dyslipidemia at both ends of the LDLR spectrum; LDLR deficy in Chapter 2 and increased
LDLR expression in Chapter 3. Of interest in regéodse high end of the spectrum (increased
LDLR expression; Chapter 3), are the potential implicetifor patients taking Statins, a popular
cholesterol lowering class of drugs. Interstingly, miniama maximal effects of Statin therapy
have been shown in E4 and E2 patients, respectively¢&kious work in our laboratory, in
addition to the data | have presented in Chapter 3, dtetvoverexpression of the LDLR is
detrimental in the presence of apoE4. However, iniaddid reducing cholesterol synthesis, one
of the beneficial effects of the statin class of druge iacrease in LDLR expression. Our work
shows that in a mouse model, there are harmful efbéets increase in LDLR in the presence of
E4, such as higher levels of apoE-poor VLDL, an incibasee of hepatic cholesterol secretion,
and more atherosclerosis. Whether these data tradskttly to human patients and whether this
stain-induced increase in LDLR expression is indeed logalgh E4 carriers is an important
guestion that requires further research. Regardlgbe @ihswer to this question, when taken
together, this work not only highlights the dramatic @fef even subtle changes in lipoprotein
distributions during diabetes, but also underscomgsiential role of apoE, and the importance of
APOE genotype, on the pathogenesis of diabetic dyslipadand atherosclerosis.

As mentioned in the introduction, apoE isoform distrons vary widely with ethnicity. E4
carrier frequency ranges from as low as 5% in groups @fdean ancestry, such as in Sardinia,
and reach as high as 41% in groups with direct hunter-gathiegins, such as the Biaka people of
central Africa (6). The high frequency of E3 in populatiaiith a long history of agriculture and

the high frequency of the “ancestral” E4 allele in Nafiveerican and Aboriginal populations has

141



led people to suggest that APOE is a thrifty gene (6-7).twey is that apoE4 helped extended
LDL circulation time and kept cholesterol levels at heal@vels when meals were few and far
between (6). | believe that now, in a American cultureooisistent meals and caloric excess,
apoE4 instead leads to chronically elevated choledtarels and is thus a risk factor for CVD.

Due to the sheer number of E4 carriers (~25% of theedi@itates population), the predisposition
to elevated cholesterol among these patients isalmegjth burden. Given the important interplay
between glucose and lipid metabolism, the crucial epmlegical studies that demonstrate a clear
association betweeNPOE genotype and glucose metabolism (8-15), further complicate

burden.

The studies described here raise additionairiamt questions about the role of insulin in
regulating these apoE4-specific effects. Are the eftledsribed in these studies a result of insulin
deficiency,insulin resistance and defects in insugnaing, or hyperglycemia alone? Previous
studies in our lab also strongly suggest that apoE4dac@ted with obesity and insulin resistance
(16-17). Therefore, future studies aimed at further disggthe specific metabolic pathways by
which apoE4 exerts its detrimental effects will be of gigbrtance. Some investigations are
already underway in our laboratory. For instance, | lsavauthored two papers in which our
laboratory demonstrated that apoE4 mice fed a Wettgendiet are more prone to become insulin
resistant because they have a reduced ability to stoireddipose tissue depots compared to
apoE3 mice (16-17). Reduced functionality of adipose tidatiag a metabolic disturbance such
as a high fat diet is rooted in an impaired activatiothefadipogenic genetic program. The
insulin-sensitizing drugs known as Thiazolidodiones ($¢&re a commonly prescribed treatment
for type 2 diabetes. However, we have shown that Rogigiita(or Avandia), a commonly

prescribed TZD before it was pulled from the market duatdi@vascular risk, had unintended
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and potentially harmful effects in mice with E4, bot in those with E3. We showed that
stimulation of PPAR gamma by rosiglitazone — the modetidn of TZDs — resulted in
pathological accumulation of fat in the liver, insteati@fmal functional accumulation in adipose
tissue, in mice with E4. This raises another imgrdrtjuestion for E4+ patients: Do other drugs in
this class (TZDs) have a similar interaction with apa&though the mechanism underlying these
phenomena has yet to be fully determined, reducednnsettisitivity in the presence of apoE4
could have a significant impact on adipocyte functiowel as lipid metabolism. This is
particularly of interest when considering hypoinsulineoonditions such as the genetic (Akita)
and chemical (STZ) models of type 1 diabetes employ&thapters 2 and 3.

The work described here raises several impagtaegtions concerning the dyslipidemic and
pro-atherosclerotic effects of apoE during diabetes.ekample, could apoE act as a metabolic
signaling molecule? The experiments involving the &g of Acetyl-CoA Carboxylase (ACC)
in the latter part of Chapter 2 suggest that this issaipldity. If it is true that in addition to its role
in the clearance of lipoproteins, apoE also functionssagnaling molecule for various metabolic
pathways, then the concentrations and availability oEapahe plasma and extracellular spaces
as well as its binding preference to various recetmuil be critical regulators of the signaling
process. An important potential modifier of apoE avigyjlits the LDLR. Which raises another
important question: Is the E4 effect dependent on BieR? Increasing LDLR expression using
the models described in Chapter 3 suggested that thetasthis question is “yes”. There |
showed that, within the experimental range, raising LkRression had detrimental effects
specific to apoE4, but not apoE3. However, the dasenmted in Chapter 2 suggests the opposite

— that the apoE4 effect can indeed occur in the absétive bDLR. Taken together, this implies

143



that the dyslipidemic E4 effect is either a completelgpsar independent effect or is a recepotor-
mediated effect that can be governed by other membére XLR family (LRP, VLDLR, etc.).
As diabetes reaches epidemic proportions aitresgorld, millions of people will face
dramatically increased risk of developing cardiovascutsage (18-19). Diabetic dyslipidemia
stands out as a potential cause of this increasedfribetic patients. | have shown here that
ApoE, an important mediator of normal lipoprotein metainoland atherosclerosis, plays a role in
modulating diabetic dyslipidemia and diabetic atherosckeassivell. Already at an increased risk
of developing CVD, approximately 60 million Americans garg the E4 allele may experience
more severe diabetic dyslipidemia due to an E4 speshfft in metabolic homeostasis. Taken
together, the studies described here suggest a mechanignichyApoE modulates both glucose
and lipid metabolism during diabetes, thereby effedtiegprogression of atherosclerosis. In the
metabolic processes of glucose and lipoprotein regulamhspecifically in diabetic dyslipidemia
where the two substantially overlap, the role of Apak hroad and significant implications for a

wide spectrum of disease states.
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Chapter 6
(Supplemental)

ABSENCE OF HYPERLIPIDEMIA IN LDL RECEPTOR-DEFICIENMICE HAVING
APOLIPOPROTEIN B100 WITHOUT THE PUTATIVE RECEPTORMNDING

SEQUENCES®

(This chapter consists of material from a manuscriptmgatiwith permission from
Artierosclerosis Thrombosis and Vascular Biology; 2008 Oct;28(10):1745-52; titledi\bsence of
hyperlipidemia in LDL receptor-deficient mice having apolipoprotein B100 without the putative
receptor-binding sequences’ by Lance A Johnson, Michael K Altenburg, Rosemary L Walzem,
Lori T Scanga and Nobuyo Maeda)



6.1 Summary

The objective of this study is to examine the effects of apoB100 struspefically a
mutation in the LDLr binding region, on the productadi.DL and development of
atherosclerosis in vivd_dlr ""Apobec1™ mice lacking the LDLR and apoB editing enzyme
accumulated LDIlin plasma and developed severe atherosclerosis when theyldiégpe
apoB100. In marked contrast, linlr"“Apobecl” mice carrying the Apob10p-mutation, in the
2 putativeLDLR-binding domains of apoB prevented both LDL accumuladiach
atherosclerosis. Intestinal absorption of lipids and triglycesedeetion from the liver were not
affected. However, the VLDparticles with apoB10@-were larger in volume by abor®%,
and carried approximately four times as much apoE per pa/Amd&100 synthesis rate in the
primary hepatocytes wasrmal, but its intracellular degradation was enhanced. Additionally,
mutant apoB100 VLDL cleared from the circulation more quigkljivo through apoE-LRP-
mediated mechanism than VLDL with wild-tyapoB100. In contrast, uptake of the 2 VLDL by
macrophages wermt different.

While conformational change to apoB100 duogversion of VLDL to LDL exposes
LDLR binding domains and facilitaté®LR-mediated lipoprotein clearance, it may also inhibit
LRP-mediate&/LDL uptake and contribute to LDL accumulation in familial
hypercholesterolemiavice that lack the LDLR and ApoB editing enzyme (Cdlapobec1™)
accumulate LDL and develop severe atherosclet®sisversely | dlr ™~ Apobecl” mice
carrying Apob10Q3 with altered sequences in the putatiid_R-binding domains of apoB
neither accumulate LDL nor develafherosclerosis. This finding highlights a potential

therapeutitarget for patients with familial hypercholesterolemia.
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6.2 Introduction

Apolipoprotein (apo) B is an essential component of VLDL, L&1id chylomicrons. ApoB
normally exists in 2 forms, apoB100 aqubB48; both are the products of the same gene.
ApoB100 comprise4536 amino acids, synthesized in the liver, and secretethatarculation
as a structural component of VLDL. ApoB48&% of full-length apoB, and is formed as a
result of posttranslationatliting ofApoB mRNA by the apoB editing complex (apoBEC), which
changes GIn at codon 2153 to a stop codon (1). ApoB48 is synthesizedmall intestine
and is required for the packagindipfds into chylomicrons. Whereas human liver makes
exclusivelyapoB100, a large proportion of message in the mouse ligdités] and consequently
mice produce both apoB48 and apoBftoén the liver (2).

In addition to maintaining the structural integrity of lipoproteamticles, apoB100 also
functions as a ligand for the LDLR aisctherefore a primary determinant of circulating LDL
cholesterolevels. The LDLR-binding domain of apoB100 has not been deffyned; however,
biochemical, immunochemical, and genetic evidesuggests that it is a region of net positive
change locateith the carboxyl-terminal portion of apoB100. Two sequenesgjues 3147 to
3157 and 3359 to 3367, are enriched in basimo acid residues and have been proposed as
putative LDLR-bindinglomains in both species (3). The sequence at 3359 to 3367 is highly
conserved among mammalian species and is also similarlt® e binding site of apoE.

Also, Boren et al showed that tteanoval of positive charges from residues 3359 to 3367 by
site-directeanutagenesis renders the LDL containing the modified apoB defetiiv® R

binding (3).
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To define the regions of apoB that bind the LDLR, we previousbgluced mutations
into the mousépob gene (4). The apoBl(Dprotein is the same length as apoB100 but
contains 2 peptideequences for humdgiglobin in place of the residues 31473157 and 3359
to 3367. The modification also drasticakgluced the net positive charges and amphipathic
helicies otthe 2 domains. We expected that the mice producing apoBd0did model
defective apolipoprotein B100 in humans by accumuldtinding-defective LDL in plasma (5).

However, we found that trapo®® /21203

mice have slightly, but not significantiywer than
normal, total plasma cholesterol and HDL cholestarad, the amount of plasma LDL was not
different from that irwild-type mice (4). One explanation is that these 2 regionsca@ssential
for apoB100 binding to the LDLR in vivo. The interpretatioowever, is complicated because
mice normally have very littlepoB100-containing LDL particles in circulation. In additithe,
production of apoB48 from the liver and the efficient clearaheg@oB48-containing remnants
mediated by apoE make the metabolafrapoB100 difficult to study in vivo in mice.

The present study examined the effect of apoBd@Mhtaining_DL by introducing the
mutation onto a background bélr "“Apobec1 ™ double mutants; a model of human familial
hypercholesterolemiaith severe atherosclerosipobecl™ mice thatack the mRNA editing
enzyme produce only apoB100 (7), whetedis "~ mice that lack LDLR accumulate LDL
cholesteroin plasma (6, 7). Surprisingly, when these mice also carry the apdBhQ€ation,

they are completely protected from hypercholesterolamigatherosclerosis that normally

occurs inLdlrApobecl " mice.
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6.3 Methods

Animals and Diets

TheapoB100-4 allele codes for "VHLTPVEKSAVT" and "KEFTPPVQAAY Qristead
of "LSVKAQYKKNSD" and "GTSRLMRKRGLK" of the wild-typeypoB100 allele at residues
3143 to 3154 and 3356 to 3366, respectivelglr "~ mice (B6;129S7-LdIM""y were obtained
from the Jackson Laboratorpobecl™ mice wereobtained from Dr Eddy Rubin at the
Lawrence Berkeley Nationhhboratory (7). Three strains of mutants were crossed to generate
mice that are heterozygous for #yasob locus and doubly homozygoiws the Apobecl and the
Ldir loci. These mice were then crossbaeatjLdir"~Apobecl™~ mice withApob genotypes of
100/100 (wild type), 100/10B«heterozygouspgnd100p/1008 (homozygous) were generated
for experimentsTheir genetic backgrounds were complex mixes between C57BR2@EVEvV,
and129/Ola. Animals were maintained on normal c@; 4.5% fat, 0.022% cholesterol,
Prolab Isopro 3000; Agwdmc), or were fed a high-fat Western-type diet (HFW; 21%0t286
cholesterol; TD 88137; Harlan Teklad). Mice in all experimesmtee age-matched within 3
weeks. All procedures for the handlioigmice were approved by the Institutional Animal Care

and Use&Committee of the University of North Carolina at Chapel Hill.

Biochemical Analysesand Atherosclerosis Evaluation

Mice were fasted 4 hours before analysis. Liver and fecalwpigsextracted with
chloroform/methandl. Plasma lipids, lipoproteitistribution, and triglyceride secretion rate,
were determineds described (9). Lipoprotein particle diameters were determyngghamic

light scattering analysis using a Microtrac 250 (1®gritoneal macrophages and hepatocytes
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were isolated as described (11, 12he VLDL (d <1.006 g/mL) and LDL (d=1.06 to 1.10 g/mL)
fractionwas isolated from pooled plasma by ultracentrifugation and lab&tled.,1'-
dioctadecyl-3,3,3',3'- tetramethylindocarbocyamaechlorate (Dil C18; Molecular Probes Inc)
(13), or with**3 (lodine-125Radionuclide, Perkin Elmef)4), for clearance assays. Fibroblasts
were kindly provided by Dr J. Herz at the University of TeZasthwestern Medical Center.
Cellular lipids were extractesith isopropanol and measured with a microscope fluoromete r
(13). Gene expression in the liver was analyzed by real-time polynarasereaction (PCR),

and quantification of atherosclerosias carried out as described (11).

Data Analysis
Values are reported as mean+SEM unless otherwise Biatiedvere analyzed by

ANOVA using JMP software (SAS Inc).

6.4 Results

ApoB100-B causes marked reduction of LDL in Ldir"Apobecl” mice.

Ldir”-Apobecl”™ mice with wild type apoB100 had high levels of plasma cherlesand
triglycerides on NC, and further increased plasma lipida HFW diet (Table 6.1). In contrast,
both plasma cholesterol levels in thdir’Apobecl” mice that are heterozygous and homozygous
for the apoB10@ mutation were reduced in an allele dose-dependent maihe protective
effect of the apoB10@-mutation compared to controls was retained when mice fegr@ HFW

diet, although plasma cholesterol levels increased &oold in all mice. Plasma levels of
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triglyceride, free cholesterol and phospholipids in mide apoB1008 were also significantly
lower than those with apoB100 mice.

When plasma lipoproteins from male mice on normal cti@ivwere analyzed by fast
protein liquid chromatography (FPLC), over 60% of the pkasholesterol was in the LDL
fraction inLdlr”Apobec1” mice with wild type apoB100. In contrast, a strikingeice of LDL-
cholesterol was noted in the plasma.di"Apobecl’ mice homozygous for apoB1@0¢Figure
6.1A). Mice with one copy aipoB100-4 had approximately half the amount of LDL as those
with wild typeapoB100. All mice had very low levels of VLDL cholesterol, atietre was no
difference in the amount of HDL. The possession of apOl@sulted in a similar reduction of
triglycerides in the LDL fraction (Figure 6.1B). SD8& glectrophoresis of lipoprotein fractions
from plasma of mice fed a HFW diet showed that tk&idution of apoB10@ among various
classes of lipoproteins was similar to that of normaB4®0 with the highest concentration in the
LDL range (1.02 g/mI>d>1.04 g/ml, Figure 6.1C). HowevegltapoB100B in these mice was
much less than wild type apoB100, since samples of tinnes of apoB10@ plasma volume was
loaded compared to apoB100 plasma. Total plasma apsk&lgo less in mice with apoB1p0-
than in mice with apoB100, but the ratio of apoE/apoB erifpiloprotein particles in the apoB100-
B mice was about four times higher than in apoB100 mice.

While there was no difference in adipose tissue weilgatijver weight per body weight
was slightly but significantly smaller in mice wiipoB100g (P<0.005, Figure 6.1D). Hepatic
intracellular cholesterol pools in the two groups of miege not significantly different after 2
months on HFW diet. In contrast, the liver triglyceritbntent of.dir”"Apobecl”™ males with

apoB100B was significantly lower than in mice with wild typpoB100 (P<0.001, Figure 6.1E).
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Fecal cholesterol and triglyceride levels of mice dtaronths on HFW diet were not significantly
different (Figure 6.1F)These data suggest that the apoBf@fice are also protected from liver
steatosis. Under light microscopy, however, liverisastfrom mice on HFW contained similar
degrees of fatty droplets and no remarkable differgraeobserved between pgob genotypes

(data not shown).
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Normal Chow Diet High Fat Western Diet
Apob

genotype  TC(mg/dl) TG(mg/dl) TC (mgd) TG (mgdl) FC (mg/dl) PL (mg/dl)

100/100 380+31(15) 786 (15)  1,005+35 (24) 134+14 (20) 253%37 (15) 627+23 (10)

¥ 100/100-B  196+7 (10) 363 (10)  476#82(6) 124456 (6) 143%36 (10) 342+21 (10)

100-B/100-B 936 (15)  23+3(15)  292+24(19)  60+5(15)  84+14 (8) 23648 (8)

100/100 47823 (7)  99+7 (7)  1,161%26 (11) 599+22 (11) n.d. n.d.
s 100/100-B 256+10(8) 6049 (8) n.d. n.d. n.d. n.d.
100-B/100-B  126+7(8)  39+4 (8)  329+20(7)  149+29 (7) n.d. n.d.

Table 6.1Plasmalipidsin Ldlr-/-Apobecl-/- mice with wild type apoB100 or apoB100-f mutation. Data
are meanzS.E. in mg/dl. Plasma samples were colléciedmice after a 4 hr fast. The numbers in parenthese
are the number of animals. F, females; M, males; T@l, ¢bblesterol; TG, triglycerides; FC, free cholesterol;

PL, phospholipids. n.d., not determined. Effectdmib genotypes are highly significant in all categories
(P<0.0001)
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Figure 6.1Plasma and tissuelipids. Plasma lipoprotein distribution by FPLC (A) choleste(B)
triglycerides. (C) SDS-PAGE of apoB100, apoB{i0énd apoE in VLDL to LDL (1.006 — 1.06 g/ml)

density fractions. Samples equivalent to 5 pl of apoRil&¥ma and 15 pl of apoB1@0plasma were
loaded. M, weight markers. (D) Tissue weight nornealito body weight, (E) liver lipid contents and (F)
fecal lipids. Number of animals is in each bar. Eremresents SEM. £<0.005, **, P<0.001.
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Ldir”Apobec1’ mice with apoB100-B secretelarger VLDL

A possible source of the disparity in plasma LDL lev&ks difference in hepatic VLDL
production rates. To estimate the secretion rate df¢agde-rich lipoprotein (TRL) particles from
the liver, we injected Triton WR1339 (Tyloxapol) integnously into mice to inhibit lipolysis and
uptake of TRLs, and measured plasma triglycerides (&§2A). Although the basal triglyceride
levels differ in the two groups of mice, triglycerideceetion rates were nearly identical at 280-300
pa/mi/hr regardless of whether they have apoB100 or apepB100

We next analyzed VLDL particle size at 2hr post-Tyloxap@ction. The size of particles
in the <1.006 g/ml density fraction was significantlyfefiént between the two groupslafir’”
Apobecl” mice; the mean+SD diameter of apoBJOVLDL particles were larger (55.0+15 nm)
than those with wild type apoB100 (45.6£14 nm). Baseith@wlifference in the diameter, we
estimate that the average apoBPOULDL has approximately 46% more surface area and 76%
greater volume than that of the normal apoB100 VLDL. #Assg that the triglyceride content of a
particle is relative to its volume, this implies tkizé number of VLDL particles secreted from the
Ldir”-Apobecl™ liver with apoB10GB is approximately 60% that from the liver with wild type
apoB100.

To examine the production and degradation of apoB100 pspteeéconducted a pulse-
chase experiment with radiolabelled methionine in theamjrhepatocytes isolated from thelir”
Apobecl” mice with apoB100 and with apoB1@aFigure 6.2B). Immunoprecipitable apoB
protein in the apoB10B-cells after the 30-minute-pulse was not significadifferent from that in
apoB100 cells, suggesting that the initial synthesis amtenot different. After 4hr chase in the
medium with excess of cold methionine, however, the inoptecipitable apoB protein both in the

medium and associated with cells was significangyg la the apoB10p-hepatocytes. Thus, the
155



mutated apoB protein is degraded more quickly, leaditiget reduced number of VLDL particles

secreted from thiedir’Apobecl” liver with apoB100B.
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Figure 6.2Hepatic TG secretion and hepatocyte apoB metabolism. (A) Hepatic triglyceride secretion
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hepatocytes. ApoB100 bands in the Gel were quantifiedyuisiage J software. Error represents SEM. *,
P<0.005, **, P<0.00

157



B100-B VLDL iséefficiently cleared from thecirculation

The lack of LDL accumulation in tHedlr”Apobec1” mice with apoB10@ is not
proportional to the amount of VLDL particles secretethese mice compared to that in mice with
wild type apoB. To test a hypothesis that apoBA0Q-DLs are cleared more efficiently thn
apoB100 VLDL, we isolated VLDL frorhdir”Apobecl’” mice with either apoB100 or apoBIK0
labelecthem with'®, and injected them intbdir”” micevia the tail vein. Monitoring plasma
clearance of* labeled VLDL over a 2 hour period showed tHatVLDL with apoB100$ are
cleared faster than VLDL with wild type apoB100 (Figur@. To determine the specific tissue
loci of the cleared VLDL, we repeated t§a-VLDL turnover, this time measuring radioactivity
in various tissues after 20 minutes.’&f-VLDL cleared, the majority was found in the liver. The
distribution of**3-VLDL with apoB10@ did not differ from that ot*I-VLDL with apoB100 in
the five organs measured (Figure 6.3B).

In order to assess the conversion of VLDL to smalleighesin vivo, plasma samples
were isolated from mice two hours aftél-VLDL injection, pooled, and separated into VLDL,
IDL, and LDL fractions using ultracentrifugation. Propams of counts in the density fractions
containing each class of lipoproteins were similar betwaice receivetf-VLDL with apoB100
and those with apoB10®{Figure 6.3C). Furthermore, the apoBIDVLDL particles incubated
with post-heparin plasma released FFA at rates of 12+l RRA/min compared to apoB100
VLDL at 11+1 nmol FFA/min (Figure 6.3D), suggesting tti lack of putative LDLR binding
domain sequences of apoB does not affect the lipolysis BL\Mh LdlrApobecl™ apoB100g
mice.

Taken together, these experiments suggests that the abségperlipidemia in LDLR-

deficient mice having apoB100 without the putative remepinding sequences is likely because
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their VLDL particles are quickly cleared from the cirdida before they become small,

cholesterol-enriched LDL patrticles.
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Figure 6.3Lipoprotein clearance and lipolysis. (A) Clearance of* labeled apoB100 or B10®VLDL
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Apobecl”” mice with apoB100 or apoBl1(Pmeasured over 1 hour.
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Role of apoE-L RP mediated clearance
To examine the specific roles of the LRP on apoBA @auticle uptake, we measured

uptake of Dil labeled VLDL and LDL in mouse fibroblastdidient in either LDLR (LDLR-/-
LRP+/+), in LRP (LDLR+/+LRP-/-), or in both LDLR and IFR(LDLR-/-LRP-/-, negative control
cells). Two hours after Dil-labeled apoB100-LDL was addetie medium, the uptake into
LDLR+/+LRP-/- cells was significantly higher than in LBE/-LRP-/- negative control cells
(Figure 6.4A). The uptake of apoB100-LDL by the LDLR-/-LRP¢ells was also higher than in
negative control cells. Uptake of apoB1®QDL was not increased by the expression of either
LDLR or LRP. The opposite pattern of uptake was obskirvstudies with VLDL. In 30 min,
Dil-labeled apoB10@-VLDL was efficiently taken up by cells expressing LDLdd particularly
LRP, while no such increase over the uptake by negatiteotonlls was found in cells given Dil-
labeled-apoB100 VLDL (Figure 6.4B).

We next blocked hepatic LRP function using Ad-RAP to deitee the role of the LRP in
the clearance of apoB1@VLDL invivo. While basal cholesterol and triglyceride levels in
plasma are significantly lower lrdlr“Apobecl” mice with apoB10@ than those with normal
apoB100, the levels five days after Ad-RAP injection weredifferent between the two groups of
mice. FPLC analyses showed a similar accumulation oéstesbl in the VLDL fraction after 5
days in both groups (Figure 6.5). These data imply that Ep@B VLDL is removed by receptors
inhibited by RAP, such as LRP. We also examined the cotinibof HSPG binding by
incubating LDLR-/-LRP-/- cells at 4° C with Dii-VLDLThe amount of VLDL released from the
surface by heparinase after 2h was not significantfgreifit (Figure 6.6), suggesting that

apoB100B does not affect the binding ability of VLDL to protégzans.
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To gain further insight into the apparent enhancemeligagrotein clearance indir”
Apobec’” mice with apoB10@, we analyzed the expression of b, Apoe andLrpl genes in
the liver by real-time PCR. While there wasAmmb genotype effect on the mRNA levels for
Apob andLrpl, liver expression ofpoe was approximately twice as high in mice with apoBfB00-
as in mice with wild type apoB100 (Figure 6.7). Thesa,daimbined with the higher apoE:apoB
protein ratio, suggest that the increased productionaif gpotein may be contributing to the
accelerated clearance of apoBI06entaining VLDL-remnants and the resistance to

hyperlipidemia in the apoB10®mice even in the absence of LDLR.
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Ldir”Apobecl” micewith apoB100-B are protected from development of atherosclerosis

High levels of LDL are a well-documented risk factordtrerosclerosisLdlr”Apobec’ female
mice with apoB100 had a significant size of lesion£634.°unt), even when they were on NC
diet and were as young as 4-5 months old (Figure 2.BAnarked contrast, the apoB1p0-
mutation demonstrated a significant athero-protecffeete While three out of fivedir’Apobec
" mice heterozygous for apoB1@thad visible plaques (1627 x}0nf), there were absolutely no
plagues seen in mice homozygous for the apoBlLetation. The overall effect of tiAgob
genotype on plaque development was P<0.002 by ANOVA. k’geadHFW diet for 2 months
accelerated the plaque development irLiffie” Apobec” mice with apoB100 (mean lesions size
54+8 x10un?; n=5). In contrast, there were virtually no lesions preseapoB100B mice but
only very small foam cell aggregations (1.7+0.8%af, P<0.002).

To examine whether direct VLDL scavenging by macrophagésrthan LDL
accumulation is responsible for the dramatic differentesherosclerosis, we isolated peritoneal
macrophages fromdir” mice and incubated with equal amounts of Dil-labeled VLDthe
medium. Uptake of the Dil-VLDL with apoB100 by the macromsagas a little more enhanced
compared to that with apoB1()-but the differences were not statistically siguaifit (Figure
6.8B). A similar result was obtained in the macroph&gsated from wild type mice (data not
shown), indicating that the scavenging by macrophagé®dfitDL is not affected by the
apoB100B mutation.

Taken together our data demonstrate that, even in the absdidL R, a mutation in the
putative receptor binding domains of apoB prevents LDL actation, and dramatically reduces

atherosclerosis.
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6.5 Discussion

LDL is generated in the circulation from VLPtoduced by the liver following lipolysis
and exchange of surface apolipoproteins. During this conwersdnformational changes occur in
its structural protein, apoB100, allowing for the expostfidomain(s) that interact with LDLR
(15-17). Exposure of the receptor binding domain and subsequetihg of apoB100 to the
LDLR is the major pathway for the clearance of LDL chiaed by the liver, as illustrated by the
marked accumulation of LDL in plasma of patients anchimals lacking LDLR (18-21).

Particles that lack full length apoB, such as apoB48-cantaohylomicron remnants, can acquire
apoE which mediates efficient clearance of these partigiehe LDLR, LRP and other receptors
which may act in concert with proteoglycans (22).

To investigate the mechanisms for the uptakpaB48- and apoB100-containing
lipoproteins by the LDLR and by the LRP, Veniant gbraviously characterized plasma
lipoproteins in thé.dir’ mice homozygous for an “apoB48-only” allele or homozygoustor a
“apoB100-only” allele (24). The authors concluded that theRPlays a significant role in the
clearance of both apoB100 and apoB48 containing lipoproteidghat the LRP is important for
apoB48-containing lipoproteins but has little if azapacity to remove apoB100-containing
lipoproteins from the plasma. The “apoBlOO-orIlyﬂr"‘ mice are phenotypically identical to the
LdIr"'Apobecl"‘ mice with wild type apoB100 we used in the current studierestingly, the
plasma lipids and lipoprotein distributionlialr”Apobecl’ mice with mutant apoB10p-are very
similar to “apoB48-only'Ldir” mice, despite that apoB1@0retains the full length of the apoB
protein. Both strains of mice have no substantial acatioolof LDL particles, suggesting that

apoB100B remnants, like apoB48-only remnants, are cleared viaibhRi absence of LDLR and
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that the length of apoB protein does not influencepitosess. However, while Veniant et al
showed that LRP inhibition with RAP of “apoB48-onlytilr”~ mice leads to higher VLDL levels
than in “apo-B100-onlyLdlr” mice (23), VLDL accumulation in thiedlr”-Apobecl” mice with
apoB100 and those with apoB1P@ere similar after LRP inhibition, suggesting thatiaddal
mechanisms may present in the protective effects notée impoB10@ producing mice.

The Ldlr"Apobecl” mice with apoB10@ do not accumulate substantial LDL particles in
plasma even when fed a HFW diet. This lack of LDL acdatimn occurs despite the inability of
apoB100B-containing LDL to be cleardd vitro. Importantly, the livers dfdir”Apobecl” mice
with apoB100B appear to produce a smaller number of larger VLDL pesittian the livers of
theLdlr”Apobecl” mice with apoB100, despite equal expression oiab gene and protein
synthesis. However, the reduction of LDL cholesterhéidlr”Apobecl” mice with apoB100-

B is more than the reduction of apoB secreted. Thisdentrast to the report by Crooke et al. that
Ldir” mice treated with an apoB antisense oligonucleotides heduction of apoB mRNA by

74% but still had 48% levels of LDL-cholesterol comparethe pretreatment levels (24). It has
long been recognized that the larger VLDL particlesam@oved faster and less likely converted to
LDL than smaller VLDL, and a larger surface area of af@@8ilVLDL may allow more apoE to
associate with the particle and facilitate LRP mediafteke (25, 26)Ldir’ Apobecl” mice with
apoB100B have plasma lipoproteins containing four-fold highmyE protein per particle, and two
fold higherApoe gene expression in the liver than mice with apoB100. Aétteer, these changes
favor the enhanced clearance of apoBf@®ntaining particles via the LRP.

We also observed an enhanced degradation of apgBiOprimary hepatocytes from the

Ldir”-Apobecl™ mice with apoB-10p in culture. Whether the accelerated degradation of
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apoB100B results from its abnormal protein folding or is the eapugence of enhanced turnover
has yet to be determined. While a limited apoB protegilable for lipoprotein assembly could
account for the larger size of VLDL, a question remas$ whether apoB1(Pfails to form
subsets of VLDL particles that are pre-destined to fobh particles. Studies have demonstrated
that a substantial amount of newly synthesized apoBipristdegraded rather than secreted, and
that its interaction with LDLR channels apoB toward perstory degradation (27-30). Reuptake
of newly synthesized lipoproteins by LDLR can also atten&DL secretion, and both apoE and
apoB are important for this process (31, 32). Lossesethegulations results in an increased
secretion of apoB proteins and smaller, underlipidatebl\VVparticles in humans and mice that
lack functional LDLR (33).

The metabolism of lipoproteins with apoB1P@nutation is consistent with other
observations. For example, truncations of apoB on tlegr@irtal side of amino acid 3500 result
in more efficient clearance of VLDL (34). Individuals éxezygous for a R3480P mutation in
apoB exhibit hypobetalipoproteinemia because of a redwecrsion of VLDL to LDL, despite
that this mutation caused reduced binding of LDL to the RIR5). Similarly, milder than
expected hyperlipidemia in individuals with familialféetive apolipoprotein B-100 due to
mutations at R3500 has been attributed to an enhanced reshapalE-containing VLDL and
decreased production of LDL (36, 37). The apoBf@futation may also affect a process of
structural/conformational change of apoB100 that is impbftarthein vivo generation of LDL
particles as well as for LDLR binding, although interpretats complex because amino acid
changes disrupting amphipathic helices representeiidsy’sand B likely cause additional
conformational changes of apoB on LDL and VLDL. Systemafacements of the basic LDLR

binding sequences with acidic or neutral residues wouldge@ potentially less disruptive and

171



comprehensive approach. Chatterton et al. hypothesizeti¢hapoB100 “bow”, where a
segment of apoB100 crosses over itself between amidoesidues 3000 and 3500, inhibits
interaction of apoB100 protein with LDLR, hence inhibitaigarance (38). Since the apoBI00-
mutation at amino acids 3147-3157 and 3359-3367 are withiproposed bow crossing structure,
a mutation in these sequences may physically blookharwise disrupt “bow” structure
formation.

There is little doubt that the exposure of the positicblgrged domains of apoB100 to the
lipoprotein surface following conformational changespuired for the effective clearance of
LDL through LDLR. Considering the overall consequences ofritiations in the second half of
the apoB100, however, it is tempting to speculate tiragxposure of the positively charged
domains of apoB100 may also inhibit the accumulaticapoE on the particles required for their
apoE-mediated uptake via LDLR and/or LRP. This is abast with the hypothesis raised by
Veniant et al that the presence of the carboxyl half oB&p0 (amino acids 2153-4536) on the
surface of the lipoprotein prevents the lipoprotein parfrde binding a “sufficient dose of
supplemental apoE” that is necessary for the lipoproteticigsto escape circulation via uptake by
the LRP (23). Lack of the putative LDLR binding domamapoB1008 may also prevent the
secretion of newly packaged but underlipidated partigleesnbancing the degradation of apoB
through enhanced interactions between apoE and LDLR/LRP.

In conclusion, we have demonstrated that the mutatitheibDLR binding domains of
apoB100 dramatically protects mice from both hyperdtetelemia and atherosclerosis that
develop in the absence of LDLR. Our observations raisetgguing possibility that an
interference of the exposure of the putative LDLR-bindiagnains to the lipoprotein surface may

indeed enhance remnant clearance through apoE-mediatbémnisms. This may be applicable as
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a potential therapeutic approach for preventing LDL actation in patients with familial

hypercholesterolemia.
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