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Abstract
Lipids are essential molecules for cellular function; they are required for energy
production, membrane structure, and can serve as signaling molecules. Normal
metabolism requires cellular uptake and efflux as well as intercellular transport of lipids.
Disruption of these events can lead to pathological processes like obesity and

atherosclerosis.

Transport of lipids between tissues involves moving hydrophobic species through
a polar environment. This is achieved by carrier mediated lipid transport. These carriers
can have significant impact on cellular uptake and efflux of lipids. This thesis
investigated carrier mediated lipid transport in two situations, 1) long chain fatty acids
(LCFAs) and the carrier protein albumin, and 2) cholesterol (and other lipids) carried by

high density lipoprotein particles.

Significant issues regarding cellular LCFA uptake from albumin remain
unresolved. 1) How do LCFAs traverse the plasma membrane, and 2) is an albumin
receptor involved in LCFA uptake? With respect to the first question, we hypothesized
that the mechanism of LCFA uptake may be sensitive to cellular cholesterol. Our studies
concluded that cholesterol-depleting agents inhibit LCFA uptake but not that of a non-
carrier mediated substrate. In regard to the second question, we investigated if albumin

binding proteins exist on the cell surface of adipocytes. We found that albumin binding
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activity increased as cells undergo adipogenesis, and candidate proteins for this activity

were found.

We also investigated the role of the high density lipoprotein (HDL) receptor,
scavenger receptor class B type I (SR-BI) in cholesterol metabolism and atherosclerosis.
SR-BI has been found to be atheroprotective in mice, and this may involve cholesterol
efflux from macrophage foam cells to HDL. We investigated the affect of bone marrow
specific ablation of SR-BI on atherosclerosis in mice. We concluded that SR-BI
expression in bone marrow-derived cells can protect against atherosclerosis in the

absence of any changes in overall lipoprotein metabolism.
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A Introduction

A.1 Fatty Acids and Triglycerides

Triglycerides (also known as triacylglycerols) are composed of a glycerol
molecule with 3 fatty acids attached through an ester linkage. Triglycerides are highly
abundant in the body as they are stored in large amounts in specialized cells known as
adipocytes (Flier 1995). The adipocytes serve as a reserve of triglyceride, and hence fatty
acids (Flier 1995). Fatty acids are vital molecules. Fatty acids are substrates for the
synthesis of molecules such as phospholipids and sphingolipids that are required for
cellular membranes (Kent 1995). Fatty acids can also serve as signaling molecules, either
indirectly as substrates for the synthesis of eicosanoids (which are cellular regulator
molecules)(Calder 2002) or directly as activators of peroxisome proliferator activated
receptors (PPARs)(reviewed in (Kersten 2002)). Fatty acids are also an abundant energy
source, providing energy via the beta-oxidation pathway. Fatty acid oxidation is a

principal source of energy for many tissues, especially the heart (Zierler 1976).

A.2 Cholesterol

Cholesterol belongs to the sterol (steroid alcohol) class of molecules. Sterols are
derivatives of tetracyclic compounds comprised of three six-carbon rings and one five-
carbon ring (Mathews et al. 2000). Cholesterol is a key component of cellular

membranes and its relative abundance can affect the structure and properties (such as



fluidity) of the membrane (Yeagle 1985). In addition cholesterol is also the principal

substrate for the synthesis of steroid hormones (Simpson et al. 1967).

A.3 Lipid Metabolism

A.3.1 Absorption of Triglycerides and Cholesterol

Triglycerides and cholesterol are obtained from 2 primary sources, 1) de novo
synthesis (Bloch 1965; Bell et al. 1980) and 2) dietary intake (Greenberger et al. 1966;
Wilson et al. 1994). Lipids in the small intestine are emulsified by bile salts and
hydrolyzed by pancreatic lipases and cholesterol esterases (Carey et al. 1983). Lipases
liberate fatty acids and 2-monoacylglycerols that are taken up by the enterocytes of the
intestine (Ho et al. 2001). The fatty acids and 2-monoacylglycerol are used to re-
synthesize triglycerides in the intestinal mucosal cells (Ho et al. 2001). Cholesterol
esterases in the bile hydrolyze the cholesterol esters and then the free cholesterol is taken
up by the enterocytes (Turley et al. 2003). The mechanism of intestinal cholesterol
absorption is not known (Turley et al. 2003). However, intestinal cholesterol absorption,
and plasma cholesterol levels can be effectively decreased by treatment with the drug
ezetimibe (Bays et al. 2001). Ezetimibe binds SR-BI (see Section A.4.2) but this binding
does is not necessary for the inhibitory activity of ezetimibe as the drug is equally
effective in wild type and SR-BI knockout mice (Altmann et al. 2002). The absorption of
cholesterol into the intestine is a selective process as plant and shellfish sterols typically

do not reach the circulation (Turley et al. 2003). This selectively is achieved through the



action of the half transporters ABCGS5 and ABCG8, which can selectively pump certain

sterols out of the enterocytes (Berge et al. 2000).

Within the enterocytes acyl-CoA:cholesterol acyltransferase 2 (ACAT-2) re-
esterifies the cholesterol (Turley et al. 2003). Then triglycerides and cholesterol esters, as
well as a small amount of free cholesterol are packaged into chylomicrons (Turley et al.
2003). The chylomicrons enter into the lymph and deliver the triglycerides to cells. Ina
similar manner, triglycerides synthesized in the liver are packaged into very low density
lipoproteins (VLDL) for transport into the plasma (reviewed in (Shelness et al. 2001))

(see Figure 1).

A.3.2 Lipoproteins

Chylomicrons and VLDL are members of a group of molecular complexes called
the lipoproteins. The lipoproteins are classified according to their relative density
(Alaupovic 1996). Lipoproteins are used as a means of mobilizing hydrophobic lipids
through the polar environment of the plasma. These molecular complexes are comprised
of an outer polar shell comprised mainly of phospholipid, cholesterol and proteins
(apolipoproteins) (reviewed in (Smith et al. 1978)). Within the core of the lipoprotein
there are neutral lipids (e.g. triglycerides and cholesterol esters) (reviewed in (Smith et al.
1978)). Different classes of lipoproteins have distinct lipid and apolipoprotein

compositions (see Table 1).
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Figure 1. Overview of the Major Lipoprotein Pathways in Mice. The major
pathways involved in lipid delivery and lipoprotein metabolism are outline and described
in the text. Note that lipid poor HDL can also be produced by the intestinal mucosal, the
liver and formed following remodeling of chylomicrons and VLDL by lipoprotein lipases.
LPL (lipoprotein lipase), FA (fatty acid), TG (triglyceride), CE (cholesterol ester), CETP
(cholesterol ester transfer protein). Figure adapted from (Mathews et al. 2000).



Table 1. Properties of the major plasma lipoprotein classes.

Chylomicrons VLDL IDL LDL HDL
Density (g/ml) <0.950 0.950-1.006 1.006-1.019 1.019-1.063 1.063-1.210
Components *
Protein 2 8 15 22 40-55
Triglyceride 86 55 31 6 4
Free Cholesterol 2 7 7 8 4
Cholesterol Esters 3 12 23 42 12-20
Phospholipid 7 18 22 22 25-30
Apolipoprotein A-1, A-L, B-100, B-100, B-100 A-1, A-1,
Composition B-48, C-1, C-1I, C-1, C-1I, C-1, C-11,

C-1, C-1I, C-III C-I11, C-II1, C-I11,

E E D,E

-adapted from (Mathews et al. 2000)
a .
-~ percentage of dry weight



A.3.3 Transport of Triglycerides to Tissues

The triglycerides in chylomicrons and VLDL are hydrolyzed back into fatty acids
and glycerol in the lumen of capillaries. The hydrolysis of triglycerides is performed by
lipoprotein lipase (see Figure 1) (Pedersen et al. 1983). Lipoprotein lipase is synthesized
in the parenchymal cells and is transported to the luminal face of the endothelial cells
where it is attached to cell surface heparan sulfate proteoglycans (Preiss-Landl et al.
2002). The liberated fatty acids can then either be taken up by the endothelial cells or
bound to serum albumin, which has capacity to bind several molecules of fatty acid
(Spector et al. 1969). The albumin fatty acid complexes are transported through the
endothelial cell via transcytosis to the underlying cells for delivery of the fatty acids for

cellular uptake (Schnitzer 1992)(see Figure 1).

A.3.4 The Mechanism of Cellular Long Chain Fatty Acid Uptake

Long chain fatty acid (LCFA)(fatty acids with 12 to 20 carbons) uptake into cells
can be considered as a series of 3 steps: 1) dissociation of LCFA from albumin at the
extracellular surface, 2) LCFA transmembrane movement, and 3) binding or metabolism
of the LCFA on the cytosolic side of the plasma membrane. None of these individual
steps are well understood. There are several models of LCFA uptake, which propose very
different mechanisms for the aforementioned 3 steps. The two key issues that distinguish
most models are: 1) Is the dissociation of LCFAs from albumin spontaneous or is it

assisted at the cell surface? 2) Do LCFAs traverse the plasma membrane passively or do
6



proteins facilitate the process? Despite a great deal of experimental data these questions

remain unresolved.

A.3.4.1 Dissociation of LCFAs from Albumin

A3.4.1.1 Albumin Receptor Kinetics

Traditional views of LCFA uptake had assumed that prior to cellular uptake, fatty
acids must first spontaneously dissociate from albumin. This concept of LCFA uptake
was brought into question by an important set of experiments performed by Weisiger and
colleagues (Weisiger et al. 1981). In these experiments it was demonstrated that LCFA
uptake increased up to saturation when the concentration of an oleate:albumin complex
(at a constant fatty acid to albumin molar ratio) was increased. Under these conditions
the free fatty acid concentration was essentially constant. When LCFA uptake was
measured under conditions where the total fatty acid concentration was increased and the
albumin concentration was held constant (thereby increasing the free fatty acid
concentration) LCFA uptake increased. The increase was linear with respect to the total
fatty acid concentration (but not the free fatty acid concentration). From these
experiments (Weisiger et al. 1981) developed a model of uptake where LCFA:albumin
complexes bind to a receptor on the cell surface facilitating the release of the LCFA for

cellular uptake.



Since then similar observations have been made in several other cell types
including, T-lymphocytes (Uriel et al. 1994), cardiomyocytes (Hutter et al. 1984), and
adipocytes (Trigatti et al. 1995). Since the initial proposal that an albumin receptor
facilitates LCFA uptake from albumin, others have suggested mechanisms by which the
cell surface may facilitate uptake, see Section A.3.4.1.1.3. In addition two other models,
dissociation limited uptake (Section A.3.4.1.1.1) and codiffusion (Section A.3.4.1.1.2)

have been proposed in an attempt to account for the observations.

A.3.4.1.1.1 Dissociation Limiting Uptake

The dissociation limiting uptake model suggests that albumin receptor kinetics
arise as a result of limited dissociation of LCFAs from albumin (Weisiger 1985;
Sorrentino et al. 1989). According to this model, at low albumin concentration (in which
many experiments finding albumin receptor kinetics are performed) the rate-limiting step
of LCFA uptake is the rate of dissociation of LCFAs from albumin. However at higher
albumin concentrations (those closer to physiological levels), dissociation of LCFAs from
albumin no longer limits the rate of LCFA. Thus as the concentration of albumin
increases the rate of LCFA uptake increases and begins to saturate as cellular uptake
becomes the rate limiting step of uptake. Experiments by (Trigatti et al. 1995) provided
evidence that uptake is not limited by the pool of free fatty acid even at low albumin
concentrations. Therefore at least for adipocytes, LCFA uptake is not limited by

dissociation of fatty acids from albumin.



A.3.4.1.1.2 The Unstirred Layer Effect/Codiffusion

Another model of LCFA uptake from albumin accounts for albumin receptor
kinetics as an effect of the unstirred layer that surrounds cells. This unstirred layer acts as
a barrier that limits the diffusion of fatty acids from the bulk solution to the cell surface.
LCFAs can diffuse through this layer as either free fatty acids or complexed to albumin.
Since the amount of complexed fatty acid is much greater than free fatty acid, the amount
of albumin present dictates the capacity for diffusion through this layer (Weisiger et al.
1989). At low albumin concentrations, LCFA uptake is limited by diffusion through the
unstirred layer. As the albumin concentration increases, uptake becomes limited by
cellular uptake rates. However Burczynski and Cai have reported that this theoretical
analysis of LCFA uptake cannot fully account for albumin receptor kinetics (Burczynski

et al. 1989; Burczynski et al. 1994).

A.3.4.1.1.3 Facilitation

The facilitation hypothesis of LCFA uptake from albumin is based on the concept
that albumin interacts with the cell surface and this interaction facilitates the dissociation
of LCFAs from albumin for cellular uptake. The original proposal of facilitation focused
on the presence of an albumin receptor (Weisiger et al. 1981). Subsequently others have
suggested that albumin interacts with the cell surface either nonspecifically (Horie et al.
1988), due to ionic interactions (Burczynski et al. 1997), or as a resuit of a subpopulation

of albumin with an increased affinity for the cell surface (Reed et al. 1989).
9



A.3.4.1.2 Albumin Binding Proteins

Consistent with the facilitation hypothesis, albumin has been found to bind
several cell types including rat hepatocytes (Horie et al. 1988; Reed et al. 1989), rat
cardiomyocytes (Popov et al. 1992), human B-lymphoma cells, human blood
mononuclear cells (Torres et al. 1992), rat endothelial cells (Schnitzer et al. 1988), 3T3-
L1 adipocytes (a murine cell line that can be induced to differentiate to an adipocyte
phenotype)(Trigatti et al. 1995), and rat primary adipocytes (Brandes et al. 1982).
Furthermore cell surface albumin binding proteins have been discovered. Several groups
have identified, 31 kDa and 18 kDa glycoproteins with albumin binding activity (Ghinea
et al. 1988; Popov et al. 1992; Torres et al. 1992). However these proteins have
subsequently been found to preferentially bind chemically modified albumin (e.g. gold
conjugated, maleylated and formaldehyde treated albumin)(Schnitzer et al. 1992). In
addition, binding of albumin to these proteins results in their internalization and
degradation (Schnitzer et al. 1993). Thus these proteins are not likely to be involved in
LCFA uptake, as albumin is not internalized during the process (Samuel et al. 1976;
Brandes et al. 1982; Ockner et al. 1983). In addition to identifying the 18 and 31 kDa
albumin binding proteins, Ghinea et al. also detected novel albumin binding proteins of
56 kDa and a 73 kDa in endothelial cells (Ghinea et al. 1989). The relevance of these
proteins is not known, as the albumin binding activity was weak (accounting for less than
30% of the total albumin binding activity) and the binding specificity has not been
determined.
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A 60 kDa endothelial protein has been found to bind albumin and was named
albondin (Schnitzer 1992). In contrast to the 18 and 31 kDa proteins discussed above,
this protein has preferential affinity for native albumin and does not lead to albumin
degradation (Schnitzer et al. 1993). This protein is involved in transcytosis of albumin
from the capillary lumen across endothelial cells (Schnitzer et al. 1994). To date there
has been no evidence that this protein is involved in facilitating LCFA release for cellular
uptake. Despite numerous studies and the identification of several albumin binding
proteins, none of them have been shown to act as albumin receptors mediating cellular

LCFA uptake.

A.3.4.2 Translocation of LCFAs Across the Plasma Membrane

A.3.4.2.1 Passive Diffusion

Some models of LCFA uptake contend that cells take up LCFAs by a passive
process driven by a chemical gradient (reviewed in (Hamilton 1998)). The 3 steps of
LCFA uptake outlined in Section A.3.4 can be considered in physio-chemical terms as
adsorption to the plasma membrane extracellular leaflet, transmembrane movement
(commonly referred to as flip-flop) and desorption from the cytosolic leaflet of the
plasma membrane. Proponents of a passive diffusion model suggest that the 3 steps can
all occur spontaneously (i.e. in the absence of protein facilitation) at a rate fast enough to
account for cellular uptake (as reviewed in (Hamilton 1998)). LCFAs can spontaneously

dissociate from albumin and partition into phosphatidylcholine vesicles (Hamilton et al.
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1986), although it is not certain if this can occur at physiological fatty acid to albumin
ratios (Abumrad et al. 1998). The issue of membrane flip-flop has been a more
controversial matter. Some experimental data suggests that flip-flop can occur on the
millisecond time scale (Thomas et al. 2002), while other data suggests flip-flop may take
upwards of 3 seconds, which would be rate limiting (Kleinfeld et al. 1997). The rates
obtained from such studies may depend largely on the methodology employed (Hamilton
1998). For example, many studies make use of synthetic fluorescent derivatives of fatty
acids, which may behave differently than natural fatty acids (Hamilton 1998).
Furthermore the use of small versus large unilamellar phospholipid vesicles may affect
the flip-flop rate (Hamilton 1998). In addition, the conclusions drawn from some of the
experimental approaches may depend on assumptions made regarding the adsorption and
desorption rates (Hamilton 1998). Studies by Zhang et al., have found that desorption of
fatty acids from small unilamellar vesicles can be rapid (on the time scale of seconds) and
the rate is chain length dependent. These authors suggest that the measured rates of

desorption are sufficiently fast to account for cellular uptake (Zhang et al. 1996).

Although LCFA absorption, flip-flop, and desorption may occur passively in
model systems, its contribution to cellular uptake is not certain. Uptake experiments
performed over a range of free fatty acid concentrations (generated by increasing the fatty
acid to albumin molar ratio) are often modeled to consist of a saturable component and a

non-saturable or low affinity process (Abumrad et al. 1981; Trigatti et al. 1991; Berk et
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al. 1999). A common interpretation is that the latter process is due to passive diffusion
(Abumrad et al. 1981; Berk et al. 1999). Attempts have been made to determine the
contribution of passive diffusion at physiological conditions (Trigatti et al. 1996; Kamp et

al. 2003), however the issue remains unresolved.

A.3.4.2.2 Facilitated Diffusion

Several lines of evidence have supported the hypothesis that LCFA uptake is
protein mediated: 1) Uptake is saturable, 2) uptake can be competed by other LCFAs but
not short chain fatty acids, and 3) uptake is sensitive to numerous protein modifying
agents (reviewed in (Abumrad et al. 1998)). In addition to evidence of protein
involvement, several proteins have been identified with clear evidence supporting their
role in LCFA uptake. These proteins include, CD36 (also known as fatty acid translocase
(FAT)), fatty acid transport protein (FATP), and the plasma membrane fatty acid binding
protein (FABPpm) (reviewed in (Hui et al. 1997; Abumrad et al. 1998; Luiken et al.
1999)). Furthermore, caveolin and the adipose differentiation related protein (ADRP)
have also been implicated in LCFA uptake (Gao et al. 1999; Trigatti et al. 1999), although
there is less experimental support for their role. How these proteins may function with

respect to each other is not known.
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A.3.4.2.2.1 CD36/FAT

Abumrad et al. initially suggested that a protein of approximately 85 kDa in
adipocyte plasma membranes might be a LCFA transporter (Abumrad et al. 1984).
Consistent with this prediction, treatment of celis with sulfo-N-succinimidyl derivatives
of oleic acid (Harmon et al. 1991) and 4,4'-diisothiocyanostilbene-2-2'-sulfonate (DIDS)
(Abumrad et al. 1984) resulted in both the inhibition of LCFA uptake and the labeling of
a protein of approximately 85 kDa. Further studies resulted in the cloning of the cDNA
for the protein, which was named FAT. The cDNA coded for a protein with a predicted
molecular weight of 53 kDa, and also contained 10 potential glycosylation sites (N-X-
S/T) thereby accounting for the discrepancy with the observed molecular weight of 88
kDa (Abumrad et al. 1993). The cloning of the cDNA revealed that the protein was in
fact CD36, a plasma membrane protein that kas been localized to caveolae (Lisanti et al.
1994). CD36 binds to a wide array of substrates including modified LDL,
thrombospondin, anionic phospholipids, rod outer segments, collagen and Plasmodium
falciparum infected erythrocytes (reviewed in (Krieger 1999)). Furthermore CD36/FAT
is expressed in numerous tissues including, adipose. heart, testis, spleen, intestine,
skeletal muscle (Abumrad et al. 1993), macrophages, monocytes, platelets, epithelial cells

and endothzlial cells (reviewed in (Krieger 1999))

Numerous studies have demonstrated a role for CD36/FAT in LCFA uptake.
Expression of exogenous CD36/FAT in a fibroblast cell line (that did not express
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CD36/FAT) increased LCFA uptake approximately 3.5 fold (Ibrahimi et al. 1996).
Furthermore CD36 antisense expression. which reduced CD36 protein levels by 3 fold,
alsc reduced LCFA uptake from 3 to 6 fold in 3T3-F442A adipocytes (Sfeir et al. 1999).
in addition. a null mutation in the CD36 gene in mice resulted in a significant 2 fold
increase in fasting levels of free fatty acids (a finding consistent with decreased tissue
extraction of fatty acids) and a 1.5 fold decrease in oleate uptake by adipocytes from
CD36 null mice versus wild-type mice (Febbraio et al. 1999). In humans, CD36
deficiency is associated with increased plasma triglyceride levels relative to control
groups. consistent with a role for CD36 in LCFA uptake {(Furuhashi et al. 2003).
Furthermore. human CD36 deficiency (Yoshizumi et al. 2000; Kintaka et al. 2002} and
the spentanecus hypertensive rat (SHR) that has a defective CD36 gene (Aitman et al.
1999), have impaired LCFA uptake. Although CD36/FAT is clearly invelved in LCFA

uptake, the mechanism remains elusive.

A3.42.2.2 FATP

FATP is a 63 kDa integral plasma membrane protein that has been implicated in
mediating LCFA uptake. The FATP cDNA was identified from a 3T3-L1 adipocyte
cDNA }ibrary. based on its ability to increase the uptake of LCFA when expressed in
cultured mammaiian cells (Schaffer et al. 1994). Subsequently other FATP genes have
been identified. The FATP family currently consists of 6 members, FATP 1 through 6

(reviewed in (Stahl 2003)). Mus musculus FATP1 (mmFATP1) shows a wide tissue
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distribution including heart, brain, lung, skeletal muscle, kidney, testis (Hirsch et al.
1998) and adipose tissue (Schaffer et al. 1994). Of the mFATP family, mmFATP2 is
expressed predominately in the liver and kidney, mmFATP3 is expressed in lung, liver
and testis, and mmFATP4 is highly expressed in brain, liver, kidney (Hirsch et al. 1998),
skin and small intestine (Herrmann et al. 2001). mmFATPS expression appears liver
specific (Hirsch et al. 1998). Human FATP6 has recently been cloned and it is

principally expressed in the heart (Gimeno et al. 2003).

There has been some uncertainty regarding the activity of the FATP proteins.
Several of the FATP family members have been demonstrated to have acyl-CoA
synthetase activity (with high activity on very long chain fatty acids), including FATP1
(Coe et al. 1999) and FATP4 (Herrmann et al. 2001). Interestingly the screen that was
used to identify the mmFATP1 cDNA also identified one other protein that increased
lipid uptake, FACS, a fatty acyl-CoA synthetase (Schaffer et al. 1994). Further
experiments will need to be performed to determine if FATP has intrinsic acyl-CoA
synthetase activity or if it interacts tightly with another protein with acyl-CoA synthetase

activity, and if this activity is related to its LCFA uptake activity.

Recently mice have been generated with a targeted disruption of the FATP4 gene
(Herrmann et al. 2003). Heterozygous mice appeared normal while homozygous FATP4

mutant pups died within hours of birth apparently as a result of altered formation of the
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epidermal barrier (Herrmann et al. 2003). This is likely attributable to decreased very
long chain fatty acids in epidermal ceramides (Herrmann et al. 2003). The lipid
composition of the intestine, liver, lung, and brain from homozygous mutant FATP4 mice
were similar to wild-type mice (Herrmann et al. 2003). Furthermore differentiation of
embryonic fibroblasts from the FATP4 homozygous mutant mice to adipocytes in culture
appeared normal (Herrmann et al. 2003). Further analysis of these mice should provide

insight into the physiological activity of FATP4.

A3.4.2.2.3 FABPpm

FABPpm was first identified as a membrane fatty acid binding protein from oleate
affinity chromatography experiments (Stremmel et al. 1985). The 43 kDa FABPpm has
been purified from detergent solubilized (Stremmel et al. 1985) or salt extracted (Potter et
al. 1987) plasma membranes. In chromatography experiments purified FABPpm was
found to co-migrate with a variety of LCFAs but not other lipid species such as
cholesterol esters of oleate or phosphatidylcholine (with oleate in position 2) (Stremmel et
al. 1985). Surprisingly FABPpm was found to be identical to another protein,
mitochondrial aspartate aminotransferase (mAspAT) (Stump et al. 1993).
Immunofluorescence and immunogold electron microscopy studies with an antibody to
mAspAT have provided evidence that the protein is indeed located at both the plasma

membrane and mitochondria (Isola et al. 1995; Cechetto et al. 2002).
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The participation of FABPpm in LCFA uptake was suggested by the ability of
antibodies directed against FABPpm to inhibit LCFA uptake in several cell types
including hepatocytes (Stremmel et al. 1986), adipocytes (Schwieterman et al. 1988),
cardiomyocytes (Sorrentino et al. 1988) and jejunal enterocytes (Stremmel 1988). In
addition, expression of the FABPpm cDNA in 3T3 fibroblasts resulted in a 3-fold
increase in LCFA uptake and this increase could be partially blocked by an antibody to
FABPpm (Isola et al. 1995). It is not known how FABPpm mediates LCFA uptake, but it
is unlikely that it does so by intrinsic translocase activity, as FABPpm is a peripheral

membrane protein (Stump et al. 1993).

A34.2.2.4 ADRP

The 53 kDa adipose differentiation related protein (ADRP) was identified using a
differential hybridization screen of 1246 cells (a mouse cell line that can differentiate to
the adipocyte phenotype) to identify genes whose expression was turned on early in
differentiation (Jiang et al. 1992; Jiang et al. 1992). Subsequently ADRP has been found
to be expressed in numerous cell types including brain, lung liver and testes (Gao et al.
1999). Expression of the ADRP cDNA in COS cells resulted in a 3-fold increase in
LCFA uptake over empty vector transfected cells (Gao et al. 1999). Expression of ADRP
did not alter the metabolic fate of LCFA (e.g. free, phospholipids, and neutral lipids) and
thus did not drive uptake in this manner (Gao et al. 1999). However the role of ADRP in

LCFA is not clear, as it appears to be localized predominately at the lipid droplet
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(Brasaemle et al. 1997). Gao et al. suggest that ADRP may act as a shuttle for LCFA
from the plasma membrane to the lipid droplet, although this remains speculative (Gao et

al. 1999).

A.3.4.2.2.5 Caveolin

The caveolins are a class of proteins comprised of caveolin 1, 2 and 3, encoded by
3 distinct genes. Caveolin-1 and 2 are expressed in many tissues but are highly abundant
in lung and adipose tissue (Scherer et al. 1997). Caveolin-3 is expressed predominately in
skeletal muscle (Tang et al. 1996). There are two isoforms (o and ) of caveolin-1,
which differ in their amino terminus as a result of an alternate translation start site

(Scherer et al. 1995).

Caveolin-1 has been found in several different cellular locations including the
Golgi, vesicular structures (Kurzchalia et al. 1992), lipid droplets (Pol et al. 2003),
mitochondria and the cytoplasm (Li et al. 2001). However the preferred location for
caveolin is at the cell surface in a specialized domain called caveolae (Liu et al. 2002).
Caveolae were first identified in 1953 as small flask shaped structures in the plasma
membrane (Palade 1953). Caveolae are a particular form of a membrane domain known
as lipid rafts (Brown et al. 2000). In fact it is the presence of caveolin in a lipid raft that

is often used as an operational definition of caveolae (Rothberg et al. 1992; Lai 2003).
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Lipid rafts are rich in sphingolipids and cholesterol (Brown et al. 2000). The
enrichment of these lipids in lipid rafts results in their resistance to solubilization with
non-ionic detergents at low temperature (Brown et al. 2000). This property is commonly
exploited to biochemically fractionate lipid rafts (Brown et al. 1992; Lai 2003). Other
methods to biochemically fractionate lipid rafts employ the low density of rafts, their
adsorption to cationized silica, or immunoabsorption by anti-caveolin antibodies (in the
case of caveolae)(reviewed in (Anderson 1998)). However the lipid rafts generated by
these techniques may not be equivalent (Anderson 1998) and may lead to

misinterpretations (Lai 2003).

Caveolae have been implicated in numerous processes including; transport
processes, signaling events, and vesicular trafficking events (Maxfield 2002). Examples
include; transcytosis, potocytosis, viral entry, processing of Alzheimer disease-related
protein APP, signal transduction by receptor tyrosine kinases and G proteins (reviewed in
(Engelman et al. 1998)) and bi-directional transport of cholesterol between the
endoplasmic reticulum (ER) and plasma membrane (Uittenbogaard et al. 1998;
Uittenbogaard et al. 2002). Previous work from the Gerber lab has found that caveolin is
also a fatty acid binding protein. Caveolin-1 was specifically labeled in plasma
membranes from 3T3-L1 adipocytes by a photoreactive fatty acid analogue (Trigatti et al.

1999). The relevance of this binding though is not clear.
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A.3.5 Cholesterol Transport to Tissues via LDL

Hydrolysis of VLDL and chylomicrons by lipoprotein lipases leads to particles
called intermediate density lipoprotein (IDL) and chylomicron remnants respectively
(reviewed in (Mead et al. 2002)). IDL and chylomicron remnant particles are returned to
the liver and undergo receptor-mediated endocytosis leading to degradation (reviewed in
(Chappell et al. 1998; Mead et al. 2002))(see Figure 1). In the plasma IDL can be
converted into LDL through the action of lipoprotein lipase and hepatic lipase (reviewed
in (Kwiterovich 2000; Zambon et al. 2003))(see Figure 1). Triglycerides and cholesterol
esters can be transferred between the lipoproteins through the action of cholesterol ester
transfer protein (CETP) (reviewed in (Barter et al. 2003)). However CETP is not
expressed in all species (Ha et al. 1982) and the mouse is among those that lack CETP

(Hogarth et al. 2003).

Cellular uptake of cholesterol from LDL occurs primarily by binding to the LDL
receptor, which leads to receptor-mediated endocytosis (Brown et al. 1986)(see Figure 1).
LDL receptors are localized in coated pits on the cell surface and following binding of
LDL to the receptor the complex is internalized (Anderson et al. 1977). Internalization
occurs by the coated pit forming a coated vesicle that eventually becomes an endosome
(Anderson et al. 1977). In the endosomes the receptor and lipoprotein dissociate and the
receptor is recycled back to the plasma membrane (reviewed in (Brown et al. 1986)). The

lipoprotein is delivered to lysosomes where the particle is degraded releasing cholesterol
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for cellular metabolism (Goldstein et al. 1975). Cellular uptake of cholesterol via the
LDL receptor pathway is under negative feed back control (reviewed in (Brown et al.
1986)). This is accomplished by membrane bound transcription factors called sterol
regulatory element binding proteins (SREBP-1 and SREBP-2) that bind to sterol
regulatory elements in the promoters of genes involved in cholesterol metabolism
including the LDL receptor (reviewed in (Brown et al. 1999)). In conditions of low
membrane sterol SREBP forms a complex with sterol cleavage-activating protein (SCAP)
(Sakai et al. 1997) that allows for transport of SREBP from the ER to the Golgi
(Nohturfft et al. 1999). In the Golgi SREBPs are converted to a soluble form by two
proteolytic events performed by site-1 protease (Sakai et al. 1998) and then site-2
protease (Rawson et al. 1997). Tﬁe soluble form of SREBP then enters to the nucleus
binding to sterol regulatory elements of several genes including the LDL receptor (Sakai
etal. 1996). In the presence of sterols these are events are blocked by the association of
SCAP with the insulin induced genes 1 and 2 (INSIG-1 and INSIG-2), which prevents the

transport of SCAP from the ER to the Golgi (Yabe et al. 2002; Yang et al. 2002).

A.3.6 Reverse Cholesterol Transport

Glomset was the first to propose reverse cholesterol transport (RCT) as a pathway
for cholesterol transfer from non-hepatic (peripheral tissues) back to the liver for
excretion in the bile or re-secretion in nascent lipoproteins (Glomset 1968). HDL is a key

component of this pathway (Glomset 1968). Lipid rich HDL arises from lipid poor or
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lipid free apolipoproteins (reviewed in (von Eckardstein et al. 2001))(see Figure 1).
Nascent lipid poor HDL is produced by the liver and intestinal mucosal, alternatively it
can also be formed following remodeling of chylomicrons and VLDL by lipoprotein
lipases (reviewed in (von Eckardstein et al. 2001)). Lipid poor HDL acquires free
cholesterol from cells in a process that is mediated by ABCA1 (Lawn et al. 1999; Wang
et al. 2000)(see Figure 1). A mutation in ABCA1 was found to be the cause of a rare
genetic disorder, Tangier disease (Bodzioch et al. 1999; Brooks-Wilson et al. 1999; Rust
et al. 1999). This disease is a condition associated with a lack of HDL cholesterol and
decreased cellular efflux of cholesterol and phospholipid (Francis et al. 1995). Free
cholesterol in HDL is esterified by LCAT (lecithin: cholesterol acyl transferase)(reviewed
in (von Eckardstein et al. 2001)). Cholesterol esters in lipid rich HDL can either be 1)
transferred to VLDL, IDL, or LDL by cholesterol ester transfer protein (CETP), 2) under
go selective lipid uptake (transfer of HDL’s lipid but not protein components, see Section
A.4.3) at peripheral tissues such as steroidogenic tissue, or 3) taken up by the liver and re-
secreted in VLDL or excreted in the bile (reviewed in (Fielding et al. 1995; Angelin et al.

2002; Sviridov et al. 2002)).

A.4 Scavenger Receptor Class B Type I
A.4.1 Lipoproteins and The Scavenger Receptors
Scavenger receptors can be defined as cell surface proteins that bind chemically

modified lipoproteins (Krieger 2001). Numerous scavenger receptors have been
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identified (reviewed in (Itabe 2003)). Several of these scavenger receptors have been
shown to play critical roles in lipoprotein metabolism and atherosclerosis (see Section

A.5.3)(Krieger 1999).

A.4.2 The HDL Receptor, Scavenger Receptor Class Type I

Scavenger receptor class B type I (SR-BI) originally cloned from a CHO variant
(this variant Var-261 expressed a scavenger receptor activity distinct from that of SR-AI
or SR-AII (Krieger 1999)) cDNA library and was found to have significant homology
with CD36 (a scavenger receptor class B protein) (Acton et al. 1994). The predicted
molecular weight of murine SR-BI (mSR-BI) is 57 kDa (Acton et al. 1996) but the
protein migrates on SDS-PAGE with an apparent molecular weight of 82 kDa largely due
to N-linked glycosylation (Babitt et al. 1997). SR-Bl is an integral membrane protein that
is palmitoylated and preferentially localizes to caveolae (Babitt et al. 1997). A splice
variant of SR-BI with a different carboxy-terminal cytoplasmic domain has been
identified, SR-BII (Webb et al. 1998). SR-BII also is preferentially localized in caveolae
and has activities similar to those of SR-BI (see Section A.4.3 and A.4.4)(Webb et al.

1998).

SR-BI protein is most abundant in the liver, ovaries, and adrenal glands (Acton et
al. 1996). These same tissues are also very active in a particular form of cholesterol

uptake, selective lipid uptake (described in Section A.4.3) (Acton et al. 1996)(see Figure
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1). SR-Blis also expressed (at lower levels) in many other tissues including testis Sertoli
cells, heart, mammary gland (Acton et al. 1996), astrocytes (Husemann et al. 2001),
smooth muscle cells (Husemann et al. 2001), endothelial cells (Uittenbogaard et al. 2000)

and macrophages (Ji et al. 1997; Hirano et al. 1999; Chinetti et al. 2000).

SR-BI binds a wide array of ligands, including HDL (Acton et al. 1996), oxidized
HDL (Marsche et al. 2002), native and acetylated LDL (Acton et al. 1994; Murao et al.
1997), oxidized LDL (Calvo et al. 1997; Murao et al. 1997; Gillotte-Taylor et al. 2001),
maleylated BSA (Acton et al. 1994), anionic phospholipids (Rigotti et al. 1995), VLDL
(Calvo et al. 1997), and advanced glycation end products (AGE) (Ohgami et al. 2001).
SR-BI can also bind to several apolipoproteins present on HDL (see Table 1) apoA-I,
apoA-II, apoC-III (Xu et al. 1997; Liadaki et al. 2000) and apoE (Bultel-Brienne et al.
2002). However SR-BI does not have affinity for several polyanions (fucoidin,
carrageenan, and polyguanosinic acid) that are established ligands of class A scavenger
receptors (Acton et al. 1994). Although SR-BI binds a number of ligands, the HDL
binding activity was considered likely to be significant in vivo as LDL was found to

compete poorly for HDL binding (Acton et al. 1996).

A.4.3 SR-BI and Selective Lipid Uptake
The mechanism of cellular cholesterol uptake from HDL occurs by a distinctly

different pathway than the classical LDL receptor mediated endocytosis pathway (see
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Section A.3.5)(Glass et al. 1983; Leitersdorf et al. 1984; Glass et al. 1985). Selective
lipid uptake refers to the preferential uptake of neutral lipids (e.g. cholesterol ester and
triglyceride) over protein components of the lipoprotein particle (Glass et al. 1983;
Leitersdorf et al. 1984; Glass et al. 1985). SR-BI mediates selective lipid uptake from
HDL (Acton et al. 1996) and LDL (Stangl et al. 1999; Swarnakar et al. 1999; Rhainds et
al. 2003). One model of selective lipid uptake proposes that HDL can be internalized and
resecreted in the absence of degradation, and that this transient internalization of HDL
may be important for the selective uptake process (Silver et al. 2001)(reviewed in (Silver
et al. 2001)). However in experiments with multilamellar vesicles consisting of
phosphatidylcholine, cholesterol and purified SR-BI, selective lipid uptake still occurred,

suggesting internalization is not required (Liu et al. 2002).

The molecular details of SR-BI mediated selective lipid uptake are not known.
Mechanisms have been proposed whereby transfer of cholesterol esters from HDL occurs
spontaneously, and one possible model is that SR-BI tethers HDL in close proximity to
the cell surface and thereby facilitates uptake (Gu et al. 1998). However, HDL being in
close proximity to the cell surface alone is not sufficient for uptake. Several experiments
including domain-swapping experiments with CD36 (which also binds HDL but does not
mediate lipid transfer) (Gu et al. 1998; Connelly et al. 2001), insertion mutants of SR-BI
(Connelly et al. 2003), and studies with small molecule inhibitors (Nieland et al. 2002),

have shown that lipid uptake can be inhibited while HDL binding is maintained.
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A.4.4 SR-BI and Cellular Cholesterol Efflux

In addition to mediating selective lipid uptake SR-BI can also mediate cholesterol
efflux from cultured cells. Several studies have shown that overexpression of SR-BI can
increase cellular cholesterol efflux (Ji et al. 1997; Stangl et al. 1998; Gu et al. 2000;
Ohgami et al. 2001; Huang et al. 2002). Furthermore the rate of cholesterol efflux from a
number of cell lines correlated with the level of SR-BI expression (Ji et al. 1997). SR-BI
can mediate cholesterol efflux to several cholesterol acceptors including HDL, LDL (Gu
et al. 2000), phospholipid vesicles (Jian et al. 1998) and phospholipid-rich but not lipid-
free apolipoprotein A-I (Ji et al. 1997). Despite the potential importance to RCT, the

physiological significance of cholesterol efflux via SR-BI has not been determined.

A.4.5 Physiological Significance of SR-BI

The physiological significance of SR-BI in lipoprotein metabolism has been
clearly demonstrated by studies of mice with a targeted mutation in the SR-BI gene.
Mice were generated by homologous recombination that replaced the first coding exon of
the SR-BI gene with a neomycin resistance expression cassette (Rigotti et al. 1997). The
resulting mice did not express any detectable SR-BI in the liver (Rigotti et al. 1997).
Complete ablation of SR-BI in mice resulted in disruption of HDL cholesterol
metabolism (Rigotti et al. 1997). Relative to wild-type mice, mice that were
heterozygous for the SR-BI mutant allele had a 1.3 fold increase in plasma cholesterol

and a near 50% reduction in adrenal gland cholesterol (Rigotti et al. 1997). In
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comparison mice that were homozygous for the mutant allele (referred to as SR-BI KO)
had a 2.2-fold increase in plasma cholesterol, and a greater than 70% decrease in adrenal
gland cholesterol (Rigotti et al. 1997). In all mice apoA-I levels were normal (Rigotti et
al. 1997). The changes in plasma cholesterol correlated with an increase in HDL
associated cholesterol as well as an increase in the apparent size of HDL particles (as
determined by size exclusion chromatography) (Rigotti et al. 1997). These changes in
plasma cholesterol are consistent with SR-BI playing a key role in selective lipid uptake

in the liver and adrenal gland (Rigotti et al. 1997).

These findings were confirmed and extended by studies of a mouse with
attenuated SR-BI expression (SR-BI att). SR-BI att mice, which were generated by
introduction of a neomycin resistance gene into the promoter region of the SR-BI gene,
had approximately 50% less hepatic expression of SR-BI than wild-type mice (Varban et
al. 1998). Relative to wild-type mice, the SR-BI att mice had a 1.5-fold increase in
plasma cholesterol, which was attributable to increased HDL cholesterol (Varban et al.
1998). Furthermore selective lipid uptake in the livers from SR-BI att mice was reduced

by approximately 50% relative to wild-type mice (Varban et al. 1998).

In addition to the above studies with global attenuation or ablation of SR-BI,
studies of mice with liver specific alterations in SR-BI expression have provided evidence

that hepatic SR-BI mediates HDL selective lipid uptake. Acute adenovirus-mediated
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overexpression of SR-BI in the liver resulted in a near complete elimination of HDL
cholesterol, a substantial increase in biliary cholesterol, and an increase in HDL clearance
(Kozarsky et al. 1997). Likewise in experiments with chronic hepatic SR-BI
overexpression in transgenic mice there was a decrease in plasma cholesterol relative to
wild-type mice (Wang et al. 1998; Ueda et al. 1999) and an increase in biliary cholesterol
(Sehayek et al. 1998). Furthermore there was also an increase in the clearance of HDL as
well as of VLDL and LDL (Wang et al. 1998; Ueda et al. 1999). Thus these studies
provide evidence that hepatic SR-BI promotes overall reverse cholesterol transport by

increasing selective uptake and or increased biliary cholesterol excretion.

A.4.6 SR-BI Polymorphisms and HDL Metabolism

Studies with mice have clearly demonstrated that SR-BI has an important role in
lipoprotein metabolism in these animals, however the impact of SR-BI on human
lipoprotein metabolism is not certain. Studies assessing the correlation between SR-BI
genetic variation and lipid metabolism have begun to address this. In a study of the
human SR-BI gene, Acton et al., identified 3 common single nucleotide polymorphisms
(SNP) (Acton et al. 1999). A SNP in exon 1 (resulting in a glycine to serine substitution
at the second amino acid) was found to be associated with a statistically significant
increase in HDL cholesterol and decrease in LDL cholesterol in men, but not women
(Acton et al. 1999). This SNP may have particular consequence in type 2 diabetics

(Osgood et al. 2003). Expression of SR-BI with a mutation at this glycine (to an alanine)
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in cultured cells did not affect SR-BI expression levels, activity or localization (Gu et al.
1998). Another SNP in exon 8 (which did not result in any amino acid changes) was
associated with lower LDL cholesterol in women but not men while a SNP in exon 5
(which did not result in any amino acid changes) was associated with an increased body
mass index in women (Acton et al. 1999). Furthermore Hsu et al. have found a SR-BI
promoter deletion in a Taiwanese population (Hsu et al. 2003). The mutation occurs
between bases -140 to —150 from the transcription start site and corresponds to an Spl
binding sequence, which may be required for optimal transcription of the gene (Hsu et al.
2003). This promoter deletion was associated with a statistically significant increase in
plasma HDL cholesterol levels (Hsu et al. 2003). Thus the data emerging from these

studies is consistent with SR-BI having an impact on lipid metabolism in humans.

A.5 Atherosclerosis

A.5.1 Development and Progression of Atherosclerosis

Atherosclerosis is a progression of vascular events that can ultimately culminate
in the occlusion of blood vessels leading to the pathogenesis of myocardial and cerebral
infarction (reviewed in (Lusis 2000)). The earliest distinctive feature of atherosclerosis is
the appearance of fatty streak lesions (Ross 1993). The fatty streak lesion is characterized
by the accumulation of lipid-rich macrophages (also known as foam cells) in the
subendothelial space (the intima) of the blood vessel (see Figure 2). As a fatty streak

lesion advances an extracellular lipid-rich necrotic core forms and smooth muscle cells
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Figure 2. Formation of an Atherosclerotic Fibrous Plaque. LDL that enters into the
intima can become oxidized (oxLDL). OxLDL can recruit monocytes in the lumen to
cross the endothelial cell (EC) layer. Monocytes differentiate into macrophages in the
intima. OxLDL is taken up by macrophages leading to formation of macrophage foam
cells. Foam cells can become engorged with lipid and die producing a necrotic core of
extracellular lipid debris. Smooth muscle cells (SMC) migrate to cover the extracellular
debris and secrete extracellular matrix and produce a fibrous cap. Cholesterol efflux from
foam cells to either apo-Al (by ABCA1) or HDL (possibly by SR-BI) may limit
accumulation of lipid, and hinder progression of the lesion. Figure adapted from (Lusis
2000).

31



migrate in from the underlying media layer of the vessel. The smooth muscle cells
deposit extracellular matrix and form a fibrous cap over the lipid-rich necrotic core (Lusis
2000). Lesions with these features are called fibrous lesions. The size of a fibrous lesion
can increase and partially restrict blood flow through the vessel lumen. However vessel
occlusion from thrombus formation as a result plaque rupture into the vessel lumen is a

more clinically significant event (Lusis 2000).

Fatty streaks are initiated by the accumulation of LDL in the subendothelial space
(the intima) see Figure 2. Fatty streaks preferentially form in regions of the vessel where
blood flow is disturbed (e.g. branching points and areas of curvature)(Gimbrone 1999).
LDL in the intima becomes converted to a proatherogenic form by oxidation, By
mechanisms that are not entirely clear (Li et al. 2002). Minimally oxidized LDL in the
intima can stimulate the overlying endothelial cells to produce pro-inflammatory
molecules leading the recruitment of monocytes and lymphocytes from the lumen to the
intima (Lusis 2000). Within the intima monocytes undergo proliferation and
differentiation. Differentiation to macrophages results in up regulation of scavenger
receptors (Li et al. 2002). Scavenger receptors (class A-I/Il and CD36) mediate the
uptake of chemically modified lipoproteins such as oxidized LDL (Kunjathoor et al.
2002). A key difference in cholesterol uptake via the LDL receptor pathway and the
scavenger receptor pathway is that the latter is not under negative feedback control

(Krieger 1999). Thus macrophages can continue to take up oxidized LDL leading the
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macrophage to convert to a lipid loaded foam cell and thus initiate or progress the fatty

streak (Pentikainen et al. 2000).

A.5.2 Lipoproteins and Atherosclerosis

It is well established that the risk of developing atherosclerosis is correlated with
the level LDL cholesterol and inversely correlated with the level of HDL cholesterol. A
key factor in the relationship between LDL and atherosclerosis is the accumulation of
LDL-derived cholesterol in macrophages and their subsequent conversion to foam cells
(Pentikainen et al. 2000). The correlation between HDL and atherosclerosis appears to be
complex as HDL mediated protection may be attributable to several mechanisms. 1) HDL
can impede the oxidation of LDL and thus hinder foam cell formation and therefore slow
the development and progression of fatty streaks. The antioxidant properties of HDL are
largely a result of association with the enzyme paraoxonase (Mackness et al. 2002). The
antioxidant property of paraoxonase appears to be physiologically relevant, as mice with
a targeted null mutation in the gene for paraoxonase have increased susceptibility to
atherosclerosis (Shih et al. 1998). In addition HDL also carries lipid soluble antioxidant
vitamins (e.g. vitamin E) (Behrens et al. 1982), which may play a role in preventing
lipoprotein oxidation or cellular oxidative stress (reviewed in (Brigelius-Flohe et al.
1999)). 2) HDL can regulate vascular endothelial function. HDL binding can stimulate
the production of nitric oxide via endothelial nitric oxide synthetase (eNOS) (Yuhanna et

al. 2001). Nitric oxide production causes vasodilation, decreases adherence of circulating
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blood cells to the vascular endothelium and inhibits the proliferation and migration of
smooth muscle cells (Cooke et al. 1997). Thus stimulation of eNOS via HDL binding can
inhibit processes central to the development of fatty streak lesions. 3) The
atheroprotection provided by HDL may be due to facilitation of reverse cholesterol
transport (RCT, see Section A.3.6). RCT can promote the flux of cholesterol from
peripheral tissues (e.g. macrophage foam cell) to the liver for excretion, thereby limiting

or even reversing foam cell formation (Tall et al. 2001).

A.5.3 SR-BI and Atherosclerosis

As discussed above SR-BI can influence plasma cholesterol levels, HDL structure
and levels, biliary cholesterol secretion, cellular cholesterol uptake (in the liver and other
tissues) (Rigotti et al. 1997), and possibly cholesterol efflux (Ji et al. 1997). This
suggested that SR-BI might have a profound influence on the development of
atherosclerosis. To test if ablation of SR-BI altered the progression of atherosclerosis,
Trigatti et al. generated SR-BI/apolipoprotein E (apoE) compound mutant mice. The
apoE knockout (apoE KO) mouse is a well-characterized model of atherosclerosis
(Trigatti et al. 1999). ApoE KO mice have elevated plasma cholesterol levels and
spontaneously develop atherosclerotic lesions by 3 months of age (Zhang et al. 1992).
Indeed SR-Bl/apoE double knockout mice (SR-Bl/apoE dKO) had a substantial increase
in atherosclerotic lesion sizes in the aortic root through the proximal aorta (40 and 100-

fold increase relative to apoE and SR-BI KO mice respectively) (Trigatti et al. 1999).
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The increased atherosclerotic plaque size was accompanied by an increase in plasma
cholesterol (mainly associated with the HDL sized lipoproteins) and a decrease in biliary
cholesterol, relative to mice with either individual mutation (Trigatti et al. 1999). This
suggested that decreased RCT might account for the increased atherosclerosis. However
other factors such as SR-BI mediated cholesterol efflux from peripheral tissues (including
macrophage derived foam cells) might have contributed. It is noteworthy that the SR-
Bl/apoE dKO mice spontaneously develop severe occlusive coronary artery disease and
myocardial infarctions, exhibit reduced heart function and die at a young age

(approximately 6 weeks of age) (Braun et al. 2002).

The effect of SR-BI on atherosclerosis has also been examined in the LDL
receptor (LDLR) knockout background. The fat fed LDLR knockout mouse is another
well-established model of aortic atherosclerosis (Ishibashi et al. 1994). Huzar et al.
investigated the effect of attenuated expression of SR-BI on atherosclerosis in the fat fed
LDLR KO mouse (Huszar et al. 2000). Attenuation of SR-BI expression in fat fed LDLR
KO mice resulted in a 170% increase in aortic atherosclerosis (Huszar et al. 2000). The
SR-BI att/LDLR KO mice had increased plasma cholesterol relative to LDLR KO mice
(40% and 70% for females and males respectively) (Huszar et al. 2000). Thus similar
results for the effect of SR-BI on atherosclerosis development were found in 2 distinct

models of atherosclerosis.

35



Recently Van Eck et al., have demonstrated that SR-BI mutant mice (not on an
atherogenic background) can develop atherosclerosis. After 20 weeks on a high fat diet
there was a 72-fold increase in aortic atherosclerosis in SR-BI KO mice relative to wild-
type controls. Furthermore these authors found that mice heterozygous for the SR-BI
mutant allele were similar to wild-type mice in that they did not develop any detectable

arterial atherosclerotic lesions (Van Eck et al. 2003).

The effect of hepatic overexpression of SR-BI on atherosclerosis development has
also been examined. Acute adenovirus-mediated overexpression of SR-BI in the liver of
LDLR KO mice fed a high fat diet resulted in a 3.4-fold reduction in aortic
atherosclerosis (Kozarsky et al. 2000). The atherosclerotic lesion size in the mice
correlated well with the amount of HDL associated cholesterol (Kozarsky et al. 2000). In
another study, chronic hepatic overexpression of SR-BI in mice heterozygous for the
LDLR mutant allele (which results in moderate hypercholesterolemia) also resulted in
decreased atherosclerosis (Arai et al. 1999). However in these mice the effect was only
present when mice were fed a high fat diet that included bile salts (Arai et al. 1999). In
theses mice atherosclerosis did not correlate with HDL cholesterol levels but rather
VLDL and LDL cholesterol levels (Arai et al. 1999). The reasons for the differences
between the two studies is not clear but may be related to differences in chronic versus
acute overexpression and the effect of mice heterozygous versus homozygous for the

mutant LDLR allele. The relationship between SR-BI hepatic expression levels and
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atherosclerosis has also been studied (Ueda et al. 2000). In that study, transgenic mice
with either moderate (2-fold) or high-level (10-fold) hepatic overexpression of SR-BI
were crossed with human apo B transgenic mice (which are susceptible to high fat diet-
induced aortic atherosclerosis (Purcell-Huynh et al. 1995)). After 18 weeks on a high fat
diet, mice with moderate hepatic overexpression of SR-BI had 2.3-fold less
atherosclerosis than the apo B transgenic control mice. Interestingly, high-level (10-fold)
hepatic overexpression of SR-BI in apo B transgenic mice resulted in a 3-fold increase in
atherosclerosis relative to the apo B transgenic mice with moderate hepatic SR-BI
overexpression (Ueda et al. 2000). The reasons for this complex relationship between

hepatic SR-BI expression and atherosclerosis remain to be determined.

Taken together these experiments demonstrate that normal expression of SR-BI
protects against atherosclerosis. Furthermore, hepatic SR-BI appears to play an important
role in such protection, likely owing to an increased hepatic cholesterol uptake and efflux
into the bile, thus promoting RCT. The role of macrophage SR-BI in atherosclerosis,

however, remains to be determined.
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A.6 Rationale and Objectives

Lipids are vital molecules and as such their proper metabolism is critical for
normal physiological function. Furthermore aberrant lipid metabolism (e.g. diabetes,
obesity, and atherosclerosis) can have dire pathological consequences. Atherosclerosis is
a leading cause of mortality in Western society (Hackam et al. 2003) and obesity and
diabetes are becoming increasingly prevalent (Campbell 2003). As such, an

understanding of lipid metabolism is of considerable interest.

The hydrophobic nature of lipids necessitates that carrier molecules transport
them. The involvement of carrier molecules in the intercellular transport of lipids is a
distinctive characteristic of lipid metabolism. The interaction of these carriers with cells
is likely to impact the cellular uptake and efflux of the lipids they carry. Despite the
potential impact on metabolism, many aspects of the interactions of carrier molecules
with cells and the mechanism of cellular lipid transfer remain unresolved. The studies in

this thesis were aimed at addressing some of these unresolved issues.

First, we sought to investigate the mechanism of LCFA uptake in the adipocyte
cell line 3T3-F442A. We hypothesized that LCFA uptake would be sensitive to plasma
membrane cholesterol content. To test this we examined the effect of cholesterol

depleting agents on LCFA uptake. We found that two well established cholesterol
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depleting reagents (cyclodextrin and filipin) inhibited LCFA uptake. This inhibition was
not the result of a general disruption of cellular uptake processes, as filipin treatment did

not affect the uptake of another substrate (2-deoxy-D-glucose).

Next, we attempted to further the understanding of the role of albumin in LCFA
uptake. Since 3T3 adipocytes have previously been reported to display albumin receptor
kinetics (see Section A.3.4.1.1) and to bind albumin, we sought to determine if albumin
binding proteins are present in the plasma membrane of 3T3 adipocytes. Our results
discovered that albumin binding to 3T3 adipocytes is sensitive to proteolysis and that
albumin binding increases as 3T3 cells undergo differentiation to adipocytes. We found

several proteins in 3T3 adipocyte plasma membranes with albumin binding activity.

The final studies were directed towards expanding our knowledge of the role of
the HDL receptor, SR-BI, in the development of atherosclerosis. Based on the hypothesis
that SR-BI in macrophages may mediate cholesterol efflux, we sought to determine if
ablation of SR-BI in bone marrow-derived cells (which includes macrophages) promoted
atherosclerosis. We determined that expression of SR-BI in bone marrow-derived cells is
atheroprotective. Furthermore this protection occurs in the absence of changes in the

level or distribution plasma cholesterol.
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B Materials and Methods
B.1 Materials

3T3-F442A cells were kindly provided by Dr. K.S. Cook (Dana-Farber Cancer
Institute. Boston, MA). 1d1A7 and 1dIA[mSR-BI] cclls were provided by Dr. M. Krieger
{Massachusetts Institute of Technology, Cambridge. MA). Dr. M. Okabe (Osaka
Cruversity, Japan) provided green fluorescent protein transgenic (GFPtg) founders and
C57BI/6 LDLR KO founders were purchased from The Jackson Laboratories (Bar
Harbor, ME). SR-BI KO (both mixed background and C57BL/6) and SR-BI/LDLR dKO

founders were provided by Dr. M. Krieger.

Biotinylated anti-CD11b, anti-mouse CD16/CD32 (Fc Block), and anti-caveolin
antibodies were purchased from BD Biosciences (Mississauga. ON), as were streptavidin-
Cy-Chrome conjugates. The 495 anti-SR-BI and the anti-eCOP antibodies were provided
by Dr. M. Kriegef (Massachusetts Institute of Technelogy, Cambridge, MA). Dr Karen
Kozarsky {SmithKline Beecham Pharmaceuticals, King of Prussia, PA) provided the KK
anti-SR-BI antibody. The alexa 488 conjugated goat anti-rabbit antibodies were
purchased from Molecular Probes Inc. (Eugene, OR). Goat anti-rabbit antibodies
conjugated to horseradish peroxidase and enhanced chemiluminescence reagent weie

purchased from PerkinElmer Life Sciences {Boston, MA).
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Deoxynucleotide triphosphates (INTPs) were purchased from MBI Fermentas
(Burlington, ON). Taq polymerase was purchased from Promega (Madison, WI). Bovine
serum albumin for PCR was purchased from Invitrogen (Carlsbad, CA) and PCR primers
were synthesized at the McMaster Institute for Mclecular Biology and Biotechnology

{MOBIX central facility).

Free and total cholesterol assay kits were purchased from Wako Diagnostics
(Richmond, VA). Blood Quick Pure Mini kits were purchased from BD Biosciences
{Burlington, ON). The BCA protein assay kit was purchased from Pierce (Rockford. iL).

as were the Iodobeads.

Unless noted otherwise all cell culture reagents weie purchased from Invitrogen
(Carlsbad, CA). Newborn calf lipoprotein deficient serum (NCLPDS), LDL, VLDLD

and HDL were prepared by Danny Wang.

The low fat diet, high fat diet (see Table 2 for compositions) and low rat diet
containing 0.5% probucol were purchased from Harlan Teklad (Madison. WI). Apo-
sulfatrim (suifamethoxazole timethoprim) was purchased from Apotex (Toronto, ON),
and Nutrical was purchased from Evsco Pharmaceuticals (Buena, NJ). Isoflurane was

from Abbott Laboratories (Montreal, PQ).
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Table 2. Composition of mouse diets.

Composition (%)

Component Low Fat Diet * High Fat Diet
Protein 17.0 222
Carbohydrate 53.7 48.6
Fat 11.0°¢ 21.0
Cholesterol trace 0.15
Fiber 3.5 5.6
Ethoxyquin ‘ 0.01

? Harlan Teklad (product code # 7904)

® Harlan Teklad (basal mix #TD 88122 plus 20% butter fat, 1% safflower oil
and 0.15% cholesterol)

¢ animal fat

42



[1,2-3 H] Cholesterol was purchased from American Radiolabeled Chemicals Inc.
(St. Louis, USA). [3H] Oleic acid, [3H] 2-deoxy-D-glucose, and Na[leI] were all

purchased from DuPont, NEN (Boston, MA).

Acetone, glacial acetic acid, formaldehyde, glycerol, Triton X-100, ammonium
chloride, and ammonium sulfate were all purchased from BDH Inc (Toronto, ON). 95%
ethanol, and methanol were purchased from McMaster University Scientific stores.
Nonidet P40 was from United States Biochemical Corporation (Cleveland, OH). Oleic
acid was purchased from Fisher Scigntiﬁc (Fairlawn, NJ). All of the following were
purchased from Sigma Chemical Corp. (St Louis, MO); aprotinin, bovine serum albumin
fraction V essentially fatty acid free (BSA), 3-[(3-cholamidopropyl)dimethyammonio]-1-
1-propane-sulfonate (CHAPS), hexadecyltrimethylammonium bromide (CTAB),
ethylenediaminetetraacetic acid (EDTA), deoxyribonuclease (Dnase), dimethyl sulfoxide
(DMSO0), deoxy-D-glucose, filipin, formalin, glycerol-gelatin, gelatin, heparin sodium
salt, hepes, hematoxylin, isopropanol, leupeptin, lubrol, insulin (Sigma catalogue number
[-6634), methyl-B-cyclodextrin (Sigma catalogue number C-4555), 2-mercaptoethanol,
paraformaldehyde, pepstatin, phenylmethylsulfonylfluoride (PMSF), poly-D-lysine,
ribonuclease A (RNase), oil red-O, phloretin, sarkosyl, sodium cholate, sodium
deoxycholate, sodium dodecyl sulfate (SDS), sudan IV, tertiary amy! alcohol, N,N,N’, N'-
tetramethylethylenediamine (TEMED), tetrahydrofuran, thioglycollate medium, triton X-

114, 2,22 tribromoethyl alcohol, tween 80, tween 40, tween 20 and trypan blue.
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Isopentane and magnesium chloride hexahydrate were purchased from EM Science
(Darmsstadt, Germany). Acrylamide, ethylene glycol bis(2-aminoethyl ether) N,N,N’ N
tetracetic acid (EGTA), ammonium persulfate, glycine, potassium hydroxide, sodium
chloride, sodium hydroxide, sodium phosphate, 2-amino-2-(hydroxymethyl)-1,3-
propanediol (Tris base) were purchased from Bioshop Inc. (Burlington, ON). Sucrose

was purchased from ACP (Montreal, Quebec).

Tissue embedding molds were purchased from Polysciences Inc (Warrington,
PA), and cryomatrix was purchased Thermo Shandon (Pittsburgh, PA). Aqueous
counting scintillant, PD10 desalting columns were purchased from Amersham Pharmacia
(Uppsala, Sweden). X-Omat AR autoradiography film was purchased from Kodak
(Rochester, NY). PVDF and nitrocellulose membranes were purchased from Millipore
(Bedford, PA). GF/C filters were from Whatman (Maidstone, England). Glass

microscope slides (colorfrost yellow) were from Fischer Scientific (Toronto, ON).

Karnovsky’s fixative (1% paraformaldehyde, 12.5% glutaraldehyde (v/v), 0.1 M

sodium cacodylate pH 7.4) and 2% glutaraldehyde were kindly provided by the

McMaster University Medical Centre Electron Microscopy Facility.
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B.2 Methods
B.2.1 Mouse and Tissue Procedures

B.2.1.1 Mice

All experiments with mice were done in accordance with guidelines of the
Canadian Council on Animal Care. A colony of LDLR KO mice on a C57BL/6
background was established from founders purchased from The Jackson Laborétories
(Bar Harbor, ME) and subsequently bred in house. The SR-BI KO mice were either on a
50:50 C57BL/6:129 background (Rigotti et al. 1997) or were backcrossed 9 times onto a
pure C57BL/6 background (Miettinen et al. 2001). SR-BI/LDLR dKO mice were
generated by crossing LDLR KO mice to SR-BI KO mice (50:50 C57BL/6:129
background). A colony of wild type C57BL/6 mice was derived from the SR-BI KO

breeding colony by breeding SR-BI heterozygotes.

Mice were housed in micro isolator cages in the Barrier Unit or the bio-
containment room (for mice that had received bone marrow transplants) of the Central
Animal Facility at McMaster University. Mice had free access to food and water. Mice
were fed either a normal low-fat diet or an atherogenic high fat Western type diet
containing 0.15 % cholesterol and 21% fat as indicated (for details of composition see
Table 2). The C57BL/6 wild-type and C57BL/6 SR-BI KO mouse colonies used to
generate bone marrow donors were maintained on Prolab 3000 with 0.5% probucol

(Harlan Teklad, Madison WI) because it rescues 1) fertility of the SR-BI KO females
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(Miettinen et al. 2001) and 2) recovery of SR-BI KO pups on a C57BL/6 background

(Trigatti unpublished data).

The offspring from breeding pairs were weaned when pups were 3 weeks old.
The pups were segregated into males and females and housed in micro isolator cages.
When heterozygotes were bred, the genotype of the offspring was determined from DNA
prepared from tail biopsies obtained 2-days post weaning. Biopsies were performed on
mice anesthetized with isoflurane. Tail biopsies of 0.5 to 1 cm were taken and the tails
were cauterized. DNA preparation and PCR analysis were performed (as described in

Section B.2.1.3).

B.2.1.2 Bone Marrow Transplantation

Female mice (2 months of age) were used as bone marrow transplant recipients.
Recipients in a 14 x 27 cm sterile shipping crate were subjected to 1000 c¢Gy total body
irradiation from a ®’Co source delivered as two single doses of 600 and 400 cGy, spaced

by 3 hours (performed by Robert Pasuta McMaster University Hot Cell Nuclear Facility).

Bone marrow was obtained from male mice (less than 3 months old). Mice were
euthanized by asphyxiation with CO,. The tibias and fibulas were removed from the
mice, adherent tissue was trimmed away and bones were kept on ice in complete Iscove's

media (Iscove’s media, 2% heat inactivated (55°C for 30 minutes) fetal bovine serum

(FBS), streptomycin 50 units/ml, penicillin 50 pg/ml, 2 mM L-glutamine). When all
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bones were trimmed the ends of the bones were cut off with sterile forceps and the
marrow was flushed from the bones by injecting 0.5 ml of complete Iscove’s media
through a 26G needle into one end of the bone and then the other. Cells were dispersed
by passage twice through a 21 G needle and then twice through a 26 G needle. Cells
were counted and diluted to approximately 1.5x10 cells/ml of the large bright cells.
Immediately after the second irradiation, recipient mice were transferred to the Central
Animal Facility bio-containment room and were anesthetized with 2.5% avertin (0.25%
tribromoethyl alcohol, 0.25% (v/v) tertiary amyl alcohol, in phosphate buffered saline
(PBS, 0.14 M NaCl, 2.7 mM KCl, 15 mM Na,HPO, and 1.5 mM KH,PO; at pH 7.4)) and
3-5 x 10® bone marrow cells (in a total volume of 150 to 250 pl) were injected into the

retro-orbital venous plexus of each recipient mouse.

After transplantation, recipients were given antibiotics (sulfamethoxazole at 1.25
mg/ml and trimethoprim at 0.25 mg/ml in drinking water), as well as wet powdered food
containing Nutrical. In addition mice were injected subcutaneously with 0.5 ml lactated
ringers solution daily for two weeks post irradiation. Two weeks post irradiation mice
were switched to antibiotic free water and wet powdered food was no longer provided.
At one month post transplantation, mice were anesthetized with 2.5% avertin and blood
was collected from the tail vein into heparinized tubes for PCR analysis (see Section
B.2.1.3), flow cytometric analysis (see Section B.2.1.4), or for preparation of plasma (see

Section B.2.1.8).
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B.2.1.3 PCR Analysis

DNA was either prepared from blood samples using the BD Blood Quick Pure kit
or was prepared from tail biopsies as described in (Laird et al. 1991). For PCR reactions
from blood DNA, 10 pl of DNA was diluted in both 90 pl and 990 pl of water. For PCR
reactions from tail derived DNA, 5 ul of DNA was diluted in 495 pl of water. Following
dilution, DNA samples were warmed to 37° C for several hours prior to the PCR reaction.
For all PCR reactions 5 pl of the diluted template DNA was added to a mixture consisting
of 10 pg/ml BSA, 1.25 mM of each dANTP, 12.5% DMSO, 0.0375 U/ul Taq polymerase,
1 pg/ml of each a forward and reverse primer in a 1X PCR buffer (67 mM Tris-HCI pH
8.8, 16.6 mM (NH4)SO4, 6.7mM MgCl,, 0.035% (v/v) 2-mercaptoethanol, 6.7 uM
EDTA). For a list of PCR primer sequences and amplicon sizes see Table 3. Reactions
were carried out with 1 cycle of 94°C for 2 minutes, 57°C for 2 minutes and 65°C for 5
minutes, then 41 cycles of 94°C for 30 seconds, 57°C for 30 seconds and 65°C for 90
seconds followed by 10 minutes at 65°C in an Eppendorf Mastercycler (note that the
ramping speed was set at 1°C per second for all temperature transitions). Amplified DNA
fragments were separated by electrophoresis through 1% agarose in the presence of 0.5
pg/ml ethidium bromide. 0.5X TAE (4 mM tris, 5.7% (v/v) acetic acid 0.1 mM EDTA)

was used as the electrophoresis running buffer (Sambrook et al. 2001).
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Table 3. PCR primers and amplicon sizes.

Primer . , , Amplicon
Allele Name PCR Primers (5" to 3") (bp)

SR-BI 0AB2 GAT GGG ACA TGG GAC ACG AAGCCATICT® 1500%.1000°
0AB3 TCT GTC TCC GTC TCC TTC AGG TCC TGA ¢ ’
LDLRwt OIMR46 ACC CCA AGA CGT GCT CCC AGGATGA 3183
OIMR59 CGC AGT GCT CCT CAT CTG ACT TGT ¢

LDLRmut LDLRI GGC AAG ATG GCT CAG CAA GCA AAG GC ¢

oSI75 GAT TGG GAA GAC AAT AGC AGG CAT GC ¢ 2000

? mutant SR-BI

® wild-type SR-BI

¢ (Rigotti et al. 1997)

¢ (Ishibashi et al. 1993)

¢ http://jaxmice.jax.org/pub-cgi/protocols/protocols.sh?objtype=protocol&protocol_id=297
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B.2.1.4 Flow Cytometry

Mice were anesthetized with 2.5% avertin, and blood was collected into
heparinized tubes from the tail vein. 30 pl of the blood sample was added to a single well
of a round bottom 96 well plate. To lyse red blood cells, 100 pl of Tris-NH4CI (17 mM
Tris-HCI, 0.747% NH4Cl) was added and samples were incubated at 37°C for 10 minutes.
Cells were pelleted by centrifugation at 1000xg for 3 minutes at 4°C. The supernatant
was removed and the cells were treated a second time with Tris-NH4Cl, as described
above. Cells were then pelleted as above and washed once in ice-cold PBS with 0.1%
BSA (fraction V essentially fatty acid free). Cells were incubated with a biotinylated
anti-CD11b antibody (0.5 pl of antibody with 0.1 pl of Fc blocker) in 50 pl of PBS with
0.1% BSA for 30 minutes at 4°C. Cells were washed as above and incubated with 0.3 pl
of a streptavidin-Cy-Chrome conjugate in 50 pl of PBS with 0.1% BSA at 4°C in the dark
for 30 minutes. Cells were then washed twice as described above and resuspended in 50
ul of PBS with 0.1% BSA at 4°C. Flow cytometry was performed on a BD
FACSVantage by Hong Liang (McMaster University Flow Cytometry Facility).

Typically 50 000 to 100 000 cells were analyzed.

B.2.1.5 Tissue Harvest from Mice
At the time of harvest mice were anesthetized with 0.4ml of 2.5% avertin. Blood
samples were obtained by cardiac puncture into the left ventricle of the heart with a 25G

5/8 needle pre-rinsed with heparin (10 000 U/ml). The vasculature was then perfused
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with 10 ml of ice cold PBS containing 5 mM EDTA injected into the left ventricle and
allowed to flow out via a nick in the right atria. Aortas (still attached to the heart) were
removed from the iliac bifurcation up to the heart, rinsed in ice cold PBS, the heart and
aorta were separated mid way between the top of the heart and the innominate artery
under a dissecting microscope (Leica GZ6E). The aorta was then fixed for at least 1
week at room temperature in 5-10 ml of neutral buffered 3.8% formaldehyde. Hearts
were bisected open between the ventricles and atria perpendicular to the plane at which
the aorta exits the left ventricle and were placed cut face down in an embedding mold.
Tissues were embedded in Cryomatrix in an isopentane-dry ice bath for 10 minutes and

then stored at —80 °C.

B.2.1.6 Sudan IV Staining of Aortas

Stained aortas were prepared by the method of (Tangirala et al. 1995). Formalin
fixed aortas (see Section B.2.1.5) were dissected free of adventitial fat and‘ branching
arteries. Aortas were then rinsed in water followed by 70% ethanol with gentle mixing
for 30 seconds. Aortas were stained in 2 ml of a sudan IV solution (0.5% sudan IV in
36.8% acetone and 50% ethanol filtered and stored in the dark) for 15 minutes with gentle
mixing. Excess stain was removed by a 1-minute wash in 80% ethanol followed by a
brief rinse in water. Any pieces of lipid rich tissue still remaining on the outside of the
aorta were then removed. A longitudinal incision along the inner curvature of the aortic

arch and down the ventral surface of the descending aorta was made, followed by a
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second longitudinal incision along the outer curvature of the aortic arch. The aorta was
then mounted onto a glass slide with a glycerol-gelatin solution (59% (w/v) glycerol,

0.9% gelatin and 1% (w/v) phenol) warmed to 55°C.

Images of the aortas were captured on slide film and then digitized (Audio Visual
Services McMaster University or by Tom Baumgartner). The surface area covered by
lipid rich sudan IV stained lesions was then determined using Scion Image software and

expressed as the percentage of the total lumen surface area (Tangirala et al. 1995).

B.2.1.7 Lesion Area in the Aortic Sinus

Hearts that had been embedded in cryomatrix were sectioned on a Thermo
Shandon Cryostat, perpendicular to the aortic sinus. 10 pm thick sections were obtained,
fixed in formaldehyde (37%) for 1 minute at room temperature and washed several times
with tap water. The excess water was removed and sections were incubated with an oil
red-O solution for 15 minutes (0.5% oil red-O in isopropanol diluted 1.6 fold in water and
filtered) and washed several times with tap water. Sections were counter stained with
Mayer’s Hematoxylin solution. Sections were imaged using a Zeiss Axiovert 200M

microscope and plaque area was measured with Scion Image software.
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B.2.1.8 Plasma Preparation
Mice were fasted overnight (12 to 14 hours) and blood was collected either from
the tail vein or by cardiac puncture (on avertin overdosed mice). Plasma was prepared

from heparinized blood by centrifugation at 16000xg for 3 minutes at 4°C.

B.2.1.9 Fractionation of Plasma Lipoproteins by FPLC

Plasma lipoproteins were separated by gel filtration FPLC as described in (Rigotti
etal. 1997). Lipoproteins were fractionated from 0.1 ml of plasma (prepared as described
in Section B.2.1.8) with an AKTA FPLC with 2 Superose 6 HR 10/30 columns
(Amersham Biosciences, Buckinghamshire England) connected in series. Columns were
developed with 154 mM NaCl, 1 mM EDTA pH 8.0 column buffer. Columns were run at
0.5 ml/min and 47 0.5 ml fractions were collected after the first 14 ml (0.3 column
volumes) of buffer had eluted from the column. Plasma fractions were then stored at —
20°C. The fractions in which VLDL, LDL and HDL eluted in was determined by
performing gel filtration using lipoproteins prepared by density gradient centrifugation

from human plasma (prepared by Danny Wang)(Figure 3).

B.2.1.10 Cholesterol Analysis

Both free cholesterol and total cholesterol levels were assayed using kits from

Wako Diagnostic. The cholesterol ester levels were calculated as the difference between
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Figure 3. Fractionation of Purified Lipoproteins by Gel Filtration FPLC. HDL, and
VLDL + LDL were prepared by density gradient centrifugation from human plasma
(performed by Danny Wang). 800 pg of protein of either HDL (dashed line) or VLDL +
LDL (solid line) were loaded onto a AKTA FPLC with 2 Superose 6 HR 10/30 columns
(Amersham Biosciences, Buckinghamshire England) connected in series. Lipoproteins
were eluted at 4°C with 154 mM NaCl and ImM EDTA pH 8.0 (as described in Section
B.2.1.9). Protein was detected in line by absorbance. Absorbance is plotted versus the
fraction number (0.5 ml per fraction) for comparison with mouse plasma. The first
fraction was collected after 14 ml (void volume) had eluted.
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the total and free cholesterol levels. Plasma was assayed following the Wako Diagnostic

kit protocol for a 96 well assay; using a 1:10 dilution of plasma.

B.2.2 Cell Culture
B.2.2.1 Growth and Propagation of Cells
For growth and propagation of 3T3-F442A preadipocytes, 3x10° to 6x10° cells
were seeded in a 100mm cell culture plate in Dulbecco’s Modified Eagle Medium
supplemented with 10% calf serum (CS), 50 units/ml penicillin, 50 pg/ml streptomycin
and 2 mM L-glutamine. For the purpose of propagation cells were not allowed to reach

confluence.

1dIA7 (a cell line of LDL receptor-deficient Chinese hamster ovary cell mutants
(Krieger et al. 1981)) and IdIA[mSR-BI] (IdlA cells overexpressing murine SR-BI (Acton
et al. 1996)) were seeded at 2x10° cells per 100mm culture plates and cultured in Ham’s
F12 medium supplemented with 5% FBS, 50 units/ml penicillin, 50 pg/ml streptomycin,

and 2mM L-glutamine.

To propagate 3T3-F442A, 1dl1A7 and IdIA[mSR-BI] cells, monolayers were
washed twice with 5 ml of PBS pre-warmed to 37°C and incubated at 37°C for 3 minutes
with 1 ml of trypsin-EDTA (0.05% trypsin, 0.53mM EDTA, 14 mM NaCl in PBS) pre-

warmed to 37°C. Following the 3-minute incubation plates were gently knocked to
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dislodge cells from the plate. Culture media was then added to the plate (4 or 9 ml
depending on the cell concentration required) and the plate surface was washed several

times. Cells were then counted with a hemacytometer and seeded onto new cell culture

plates.

B.2.2.2 Long Term Storage of Cells

For long-term storage of 3T3-F442A cells, pre-confluent cells were released from
the culture plate by trypsinization (as described in Section B.2.2.1) and resuspended in 9
ml of Dulbecco’s Modified Eagle Medium supplemented with 10% calf serum, 50
units/ml penicillin, 50 pg/ml streptomycin and 2 mM L-glutamine and 10% DMSO. For
1dIA7 and 1dIA[mSR-BI] cells, pre-confluent cells were released from the culture plate by
trypsinization (as described in Section B.2.2. 1) and resuspended in 1 ml of FBS with 10%
DMSO. For all cell types 1 ml of the cell suspensién was added to a cryovial and chilled
on ice for 15 minutes, transferred to —80°C for 24 hours and then stored in a N,(/) storage
tank. When frozen stocks of cells were needed, they were thawed rapidly at 37°C, added
to a culture plate containing growth media. The cells were allowed to attach for 12 to 16

hours and then the media was replaced with fresh growth media.

B.2.2.3 Differentiation of 3T3-F442A Cells
Cells were seeded at 6x10* cells per 100mm culture dish and cultured in

Dulbecco’s Modified Eagle Medium supplemented with 10% FBS, 50 units/ml penicillin,
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50 pg/ml streptomycin, 2 mM L-glutamine and 5 pg/ml insulin (Sigma catalogue number
[-6634) until 2 days post confluence at which time cells were cultured in the above media
without added insulin and the media was replaced every second day (see schematic

diagram in Figures 5).

For the sake of simplicity we refer to the differentiating 3T3-F442A cells as
adipocytes, although they are not fully mature adipocytes. We define the length of
differentiation from the day that the culture becomes confluent, e.g. under differentiation
stimulating conditions, cells that are four days post confluence, we refer to as day 4
adipocytes. 3T3-F442A cells that are not stimulated to differentiate (i.e. cultured in
Dulbecco’s Modified Eagle Medium supplemented with 10% CS, 50 units/ml penicillin,
50 pg/ml streptomycin and 2 mM L-glutamine) are referred to as preadipocytes are were

typically cultured for 1 day post confluence.

B.2.2.4 Harvesting Cells

Monolayers of cells were washed twice with PBS at 37°C and were incubated with
1 mM EDTA in PBS for 3 minutes at 37°C (1 ml per 100 mm culture plate). The ImM
EDTA in PBS was removed by aspiration. Cells were dislodged by agitation and
suspended in 3 ml of PBS. Cells were pelleted by centrifugation at 500xg for 3 minutes
at room temperature, washed twice with PBS, counted with a hemacytometer and

resuspended to the required density.
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B.2.3 Cellular Assays
B.2.3.1 Trypan Blue Exclusion Assays
Cells were harvested (as described in Section B.2.2.4) and resuspended in 1 ml
PBS. 200 pl of cells were mixed with 500 pl of 0.4% trypan blue and 300 ul PBS and
incubated for 5 minutes at room temperature. An aliquot of the cells was then counted in
hemacytometer, keeping separate counts of cells that excluded trypan blue (viable cells)

and those stained with trypan blue (non-viable cells).

B.2.3.2 Oleate and Glucose Uptake Assays
Cellular uptake of [9,10->H]-oleate was assayed using the method described by
(Abumrad et al. 1981) and modified by (Trigatti et al. 1991). 2-[’H]-deoxy-D-glucose

uptake was assayed using a modified protocol described in (Ibrahimi et al. 1996).

[9,10->H]-oleate:BSA was prepared as follows: The appropriate amount of [9,10-
i H]-oleic acid (5 mCi/ml) in ethanol was mixed with non-radiolabeled oleic acid in
ethanol to generate the final specific radioactivity of 200 pCi/pmol. The oleic acid was
neutralized by the addition of 1.1 equivalents of KOH. The solvent was removed using a
Savant Speed-Vac concentrator. The residue was dissolved at 37°C in PBS containing
the appropriate amount of BSA (Sigma, Fraction V essentially fatty acid free) so that the

final concentration of oleate and BSA were each 300 pM.
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2-[’H]-deoxy-D-glucose was prepared as follows: The appropriate amount of 2-
[*H]-deoxy-D-glucose in ethanol was prepared by removing the solvent using a Savant
Speed-Vac concentrator, and mixing it with non-radioactive 2-deoxy-D-glucose in PBS to

generate a 4 mM solution with a specific radioactivity of 10 pCi/umol.

To reduce binding of [*H]-oleate:BSA or 2-[> H]-deoxy-D-glucose to the filters,
the filters were pre-filtered with 0.1% BSA in PBS and kept at 4°C. Non-specific
retention of radioactivity by the filters was measured. These values (typically less than
10% of the *°H signal in the presence of cells (data not shown)) were subtracted from

values obtained in the presence of cells.

Cells were harvested (as described in Section B.2.2.4) and resuspended to 1.5x10°
cells/ml in PBS. Assays were initiated by addition of equal volumes (from 200-700 pl) of
cells and either [9,10->H]-oleate:BSA (1:1, 300 uM) or 4 mM 2-[*H]-deoxy-D-glucose.
The mixtures were incubated at 37°C with constant gentle agitation. 300 pl aliquots were
removed at different times, diluted into ice-cold stop solution (PBS containing 0.1%

BSA, and 200 uM phloretin) and immediately filtered through a Whatman GF/C filter
under negative pressure using a vacuum filter manifold. Filters where immediately
washed 3 times with ice-cold stop solution, and placed in 5 ml aqueous scintillation fluid.
The filters were allowed to sit for 24 hours in the scintillation fluid prior to scintillation

counting.
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B.2.3.3 Cholesterol Efflux Assay

Cultured cells were loaded with [°H]-cholesterol as follows: 1dIA7 and
1dIA[mSR-BI] cells (5x10° cells) were seeded onto 35 mm cell culture plates and cultured
(as described in Section B.2.2.1). Two days after being seeded, cells were loaded with
[1,2-H] cholesterol by incubating cells with 2 ml of DMEM containing 5 pCi/ml [1,2-
*H] cholesterol, 10 mM HEPES pH 7.4, 2 mM L-glutamine, 50 units/ml streptomycin, 50
pg/ml penicillin, and 10% heat inactivated FBS that had been incubated with the [1,2-°H]
cholesterol for 12 hours at 37°C. After 2 days of incubation with the [°H] cholesterol
labeling media cells were washed and incubated overnight with an equilibration media
(DMEM containing 10 mM HEPES pH 7.4, 2% fatty acid free BSA, 2 mM L-glutamine,

50 pg/ml streptomycin, and 50 units/ml penicillin).

Mouse peritoneal macrophages were loaded in situ with [*H]-cholesterol as
follows: Mouse peritoneal macrophages were elicited by intraperitoneal injection of 10%
thioglycollate (Fortier 1994). Five days post-thioglycollate injection, peritoneal cells
were loaded in situ with [1,2->H] cholesterol by injection of 0.5 ml of 50 uCi of [1,2-°H]
cholesterol incubated overnight in heat inactivated FBS. 3-hours later mice were
euthanized by asphyxiation with CO; and peritoneal macrophages were recovered by
intraperitoneal injection of 10 ml of 5 mM EDTA in PBS warmed to 37°C followed by
vigorous agitation for 3 minutes. The lavage fluid was aspirated from the peritoneal

cavity and cells were collected by centrifugation at 500xg for 5 minutes. The cells were
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washed twice with equilibration media (as described above) and 2x10° cells were plated
per 35 mm cell culture plate. One hour later plates were washed vigorously with

equilibration to remove weakly adherent, non-macrophage cells.

Net efflux assays were initiated by the addition of 2 ml of efflux media (DMEM,
2 mM L-glutamine, 50 U/ml streptomycin, 50 pg/ml penicillin, 10 mM HEPES pH 7.4,
and either 50 pg/ml HDL or 10% FBS) and this was referred to as time 0. At the
appropriate time 100 pl aliquots of the efflux media were centrifuged at 16 000xg for 10
minutes at 4°C, and 90 pl was diluted into scintillation fluid and the radioactivity was
determined by scintillation counting. Following the final time point the efflux media was
removed and the cells were washed twice with cPBS. 500 pl of 0.1N NaOH was added
and the plates were incubated with rocking at room temperature for 15 minutes. Lysates
were collected and the amount of cellular [*H] cholesterol was determined by scintillation
counting. Net efflux was expressed as the percentage of radioactivity in the media at each

time point divided by the total radioactivity in the cells (Ji et al. 1997).

B.2.3.4 Filipin Staining of Cells

35mm culture plates with glass cover slip bottoms were prepared as described in
(Howell et al. 2002). Plates were coated by incubation with 0.1 mg/ml poly-D-lysine (in
ddH,0) for 5 minutes at room temperature. Excess poly-D-lysine was removed by rinsing

the plates 3 times with PBS. 3x10% 3T3-F442A cells were seeded and cultured to
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differentiate (as described in Section B.2.2.3). On day 4 of differentiation cells were
washed twice with complete PBS (cPBS)(PBS with 0.68 mM CaCl, and 0.5 mM MgCl,)
at 37°C and incubated at room temperature for 1 hour with Karnovsky’s fixative. After
fixation cells were washed twice with ¢cPBS and incubated at room temperature in the
dark with filipin (50 pg/ml) in ¢cPBS for 2 hours. Filipin fluorescence was imaged with a
Zeiss Axiovert 200M with an Fs01 Zeiss filter set (excitation: 365 nm, 12 nm band pass;

emission: 397 nm long pass filter).

B.2.3.5 Immunofluorescence

3T3-F442A adipocytes were cultured on 35mm glass bottom plates (as described
in Section B.2.3.4). On day 4 of differentiation cells were washed twice with cPBS and
were fixed by incubating the cells at room temperature for 30 minutes with freshly
prepared 2.5% paraformaldehyde in PBS. Following fixation, cells were washed 3 times
with cPBS, incubated for S-minutes at room temperature with 100 mM NH4Cl and then
washed 3 times with cPBS. Cells were permeabilized with 0.1% triton X-100 (w/v) at
4°C for 5 minutes, and washed 3 times with cPBS. Non-specific binding of the antibody
was blocked by incubating cells at room temperature for 30 minutes with 10% FBS in
cPBS. Afterwards cells were incubated at room temperature for 1 hour with 0.83 pg/ml
anti-caveolin antibody in cPBS. Cells were washed 3 times with cPBS and incubated at
room temperature in the dark for 30 minutes with 2 pg/ml goat anti-rabbit antibody
conjugated to alexa 488 (in cPBS). Cells were then washed 3 times with cPBS, 0.5 ml of
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cPBS was added to the plate and fluorescence was visualized with a Zeiss Axiovert 200M
with an Fs10 Zeiss filter set (excitation: 450 nm, 40 nm band pass; emission: 515 nm, 50
nm band pass). 75 “Z-stack” images were collected at focal planes separated by 0.75 pm
intervals and the image was deconvolved using a constrained iterative algorithm (Zeiss

Axiovision software).

B.2.3.6 Electron Microscopy of Blood Cells

Heparinized blood was prepared from the mouse-tail vein. Blood samples (200
pl) were fixed at 4°C with 800 pl of 2% glutaraldehyde in 0.1 M sodium cacodylate
buffer for a minimum of 12 hours. Cells were stained with Reynolds lead citrate and
uranyl acetate and 750 to 1000 nm thick sections were prepared. The McMaster
University Medical Centre Electron Microscopy Facility processed all samples for

electron microscopy and Ernie Spitzer collected images.

B.2.3.7 Oil Red O Staining of Cells

3T3-F442A preadipocytes and adipocytes were cultured (as described in Section
B.2.2.3) on poly-D-lysine coated glass bottom plates (as described in Section B.2.3.4).
Cells were then washed twice with cPBS at 37°C and incubated for 30 minutes at room
temperature with 3.8% neutral buffered formaldehyde. Cells were washed twice with

cPBS and stained with 0.5 ml of (3.33% oil red O in 33% isopropanol (aq)) for 30
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minutes at room temperature. Cells were washed twice with cPBS and 500 pl of cPBS

was added to the plate and cells were visualized with a Zeiss Axiovert 200M microscope.

B.2.3.8 Cellular Albumin Binding Assays

Cells were harvested (as described in Section B.2.2.4) in PBS and were added to
11.BSA (see Section B.2.6.1) such that there was a final concentration of 1.8x10°
cells/ml and 0.83 pM '*’I-BSA. This mixture was incubated for 45 minutes at 37°C with
gentle agitation. Cells were pelleted by centrifugation at 500xg for 3 minutes at room
temperature, washed 3 times with PBS, and resuspended in PBS. The amount of cell-

associated radioactivity was determined by scintillation counting.

B.2.4 Cellular Fractionation

B.2.4.1 Preparation of Total Cellular Homogenates

Cells were harvested from culture plates (as described in Section B.2.2.4) and
resuspended (1 ml per 100 mm culture plate harvested) in ice-cold 10 mM sodium
phosphate pH7.4 containing ImM PMSF, 20 pg/ml aprotinin, 10 pg/ml leupeptin, and 10
pg/ml pepstatin. Cells were homogenized on ice using an Ultra Turrax T-8 homogenizer
(with a minimum volume of 3 ml in a 5 ml culture tube), with 15-second bursts spaced by
15 seconds for a total of 4 rounds. Homogenates were either used immediately or were

frozen in N»(/) and stored at -80°C.
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B.2.4.2 Preparation of Total Membranes

Total membranes were prepared from homogenates by centrifugation at 100000xg
for 60 minutes at 4°C in a MLA 130 rotor. Pellets were resuspended in 100 pl of ice-cold
10 mM sodium phosphate pH 7.4 containing ImM PMSF, 20 pg/ml aprotinin, 10 pg/ml
leupeptin, and 10 pg/ml pepstatin. Membranes were either used immediately or were

frozen in N(/) and stored at -80°C.

B.2.4.3 Preparation of Subcellular Fractions

Membrane enriched fractions were prepared by the method of Cushman and
Wardzala (Cushman et al. 1980) as modified in (Trigatti et al. 1991). Cells from 10-30,
100 mm cell culture plates were harvested (as described in Sections B.2.2.4) and
resuspended in ice-cold homogenization buffer (0.25 M sucrose, ImM EDTA, ImM
HEPES pH 7.4). Cells were pelleted by centrifugation at 500xg for 10 minutes at 4°C
and resuspended in 10 ml of ice-cold homogenization buffer containing 0.1 mM PMSF.
Cells were homogenized on ice with 10 strokes of a motorized Teflon pestle at a

moderate speed in a glass homogenization vessel.

RNase and DNase (at 50 pg/ml each) were added to the homogenate and it was
incubated at 37°C for 10 minutes. An equal volume of ice-cold homogenization buffer
containing 0.2 mM PMSF was added and the homogenate was chilled on ice for 5

minutes. A pellet was obtained from the total homogenate by centrifugation at 11000xg
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for 20 minutes at 4°C. The supernatant (S,; fraction) was saved and the pellet was
washed with 10 ml of homogenization buffer containing 0.1 mM PMSF and was collected
by centrifugation at 11000xg for 20 minutes at 4°C. The supernatant was pooled with the
previous Sy fraction and the pellet was resuspended in 5 ml of ice-cold homogenization
buffer with 0.1 mM PMSF. The resuspended pellet was homogenized on ice with 5
strokes of a teflon pestle in a glass homogenization vessel (as above) and layered onto a
discontinuous sucrose gradient consisting of 1.5, 1.12, or 0.87 M sucrose in 10 mM
HEPES pH 7.4 containing 1 mM EDTA. Gradients were subjected to centrifugation in a
SW28 rotor at 13000 rpm (corresponding to a minimum, average and maximum g force
of 14000, 22000 and 30000xg respectively) for 90 minutes at 4°C. Plasma membranes
were collected from the 0.25/0.87 M sucrose interface and mitochondria were recovered

from the 1.12/1.5 M sucrose interface (Cushman et al. 1980; Trigatti et al. 1991).

Low density microsomes were prepared from the Sy, fraction by centrifugation at
436000xg for 20 minutes. Mitochondria were prepared by diluting the band at the
1.12/1.5 M sucrose interface 5-fold with homogenization buffer containing 0.1 mM
PMSF then the membranes were pelleted by centrifugation at 110004xg for 20 minutes at
4°C. Plasma membranes were prepared by diluting the band at the 0.25/0.87 M sucrose
interface 5-fold in ddH,0O with 0.1 mM PMSF and then pelleting the membranes by

centrifugation at 150000xg for 1 hour at 4°C. Membranes were typically resuspended to
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2-5 mg/ml in 10 mM sodium phosphate pH 7.4 containing 0.1 mM PMSF, frozen in Ny(/)

and stored at —80°C.

B.2.5 SDS-PAGE, Electrophoretic Transfer, Inmunoblotting and Ligand Blots

B.2.5.1 SDS-PAGE
SDS-PAGE was performed according to the method of Laemmli (Laemmli 1970).

Protein samples were solubilized at 95°C for 3 minﬁtes in 5% SDS, 0.125 M tris-HCI pH
6.8, 9% (v/v) glycerol, 8.9 % (v/v) 2-mercaptoethanol and 0.0005% bromophenol blue.
Polyacrylamide gels consisted of a stacking gel (125 mM tris-HCI pH 6.8, 0.1% SDS, 4%
acrylamide, 0.1% N, N ~methylene bisacrylamide) and a separating gel (375 mM tris-HCl
pH 8.8, 0.1% SDS, and a final concentration of 7.5, 10, 12.5 or 15% acrylamide (37.5:1
acrylamide to N, N'-methylene bisacrylamide)). Electrophoresis was then performed

using 25 mM tris pH 8.3, 192 mM glycine 1% SDS as the running buffer at 200 V.

B.2.5.2 Electrophoretic Transfer

Polyacrylamide gels (see Section B.2.5.1) were electrophoretically transferred as
described in (Towbin et al. 1979). Gels were equilibrated for 15 minutes at room
temperature with transfer buffer (25 mM tris pH 8.3, 192 mM glycine, and 20%
methanol). During this time PVDF membranes were submerged in methanol for 20
seconds, ddH,O for 2 minutes, and transfer buffer for 15 minutes. Proteins were

electrophoretically transferred from the gel to the PVDF membrane at 4°C using either a
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Bio-Rad Mini Trans-Blot apparatus at 100 V for 1 hour or an Idea Scientific transfer

apparatus at 24 V for 1 hour.

B.2.5.3 Immunoblotting

Following SDS-PAGE (as described in Section B.2.5.1) and electrophoretic
transfer (see Section B.2.5.2) PVDF membranes were incubated with 5% skim milk
powder in tris buffered saline with 0.1% tween-20 (TBS-T, 200 mM tris-HCI pH 7.4, 137
mM NaCl, 0.1% tween 20) at 37° C for 1 hour with constant rocking. Blots were washed
twice briefly and then 3 times for 10 minutes with 50 ml of TBS-T with constant
agitation. Blots were incubated with primary antibody diluted in TBS-T (as indicated) for
60 minutes at room temperature with constant rocking. Blots were washed as described
above, and incubated with secondary antibody (goat anti-rabbit antibody conjugated to
horseradish peroxidase) diluted 1:5000 in TBS-T for 60 minutes with constant rocking at

room temperature. Blots were then washed as described above.

Horseradish peroxidase was detected using a Western Lightning Enhanced
Chemiluminescence Reagent Plus kit (PerkinElmer Life Sciences). Images were captured
with either autoradiography film (Kodak X-omat XARS) or with a Kodak Image Station
440CF. For quantitative immunoblotting, luminescence of both the samples to be

quantified and a dilution series of a sample containing the antigen of interest was detected
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with the Kodak Image Station 440CF. The luminescence from the dilution series was

used to generate a standard curve of luminescence versus the relative amount of antigen.

B.2.5.4 Dot Blot Assay

Cellular membrane proteins (10 pg at 3.3 mg/ml) were solubilized at 37°C for 30
minutes in a solution containing 1% (w/v) detergent (unless specified otherwise) in 0.1M
sodium phosphate pH 7.4 containing 0.25 M NaCl,.l mM EDTA, 1 mM EGTA, 1 mM
PMSF, and 10 pg/ml leupeptin. Proteins were spotted onto nitrocellulose and the spots
were allowed to dry. Non-specific protein binding sites were blocked by incubating the
nitrocellulose with 1.5% gelatin in TBS-T for 30 minutes at room temperature with
constant agitation. The nitrocellulose was washed 3 times with TBS-T and probed with
50 pg/ml 125]_BSA (prepared as described in Section B.2.6.1) for 60 minutes at room
temperature with constant agitation. Blots were washed 3 times for 5 minutes with TBS-
T, dried and exposed to autoradiography film (Kodak X-omat XARS). Following an
overnight exposure the film was developed and used to outline spotted regions on the
nitrocellulose. The outlined regions were cut out using a hole punch. The punched spots
were dissolved in 1 ml of tetrahydrofuran for 45 minutes at room temperature. Aqueous

counting scintillant (ACS)(5 ml) was added and scintillation counting was performed.
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B.2.5.5 Ligand Blotting

Membrane protein (20 pg) was separated by SDS-PAGE (as described in Section
B.2.5.1) and electrophoretically transferred to a PVDF membrane (as described in Section
B.2.5.2). Non-specific protein binding to the PVDF was blocked by incubating the blot
with 1.5% gelatin in TBS-T for 30 minutes at room temperature with constant agitation.
PVDF membranes were washed with TBS-T twice briefly, 3 times for 5 minutes at room
temperature and were then probed with 50 pg/ml '*I-BSA (prepared as in Section
B.2.6.1) for 60 minutes at room temperature. Blots were washed as above, allowed to
dry, wrapped in plastic, and exposed to autoradiography film (Kodak-xomat XARS) for 3

days.

B.2.6 Other Assays and Methodologies

B.2.6.1 Iodination of BSA

Six Iodobeads (Pierce) were rinsed with 0.5 ml PBS, added to 0.5 ml PBS with
0.25 mCi Na'®I, and incubated for 5 minutes at room temperature. BSA (0.5 ml at 2
mg/ml in PBS) was added and incubated at room temperature for 15 minutes with gentle
mixing every 30 seconds. BSA was then separated from free Nal on a PD10 desalting
column (Pharmacia) equilibrated in TBS-T. Fractions of 1 ml were collected and
scintillation counting was performed on 10 pl aliquots. The protein concentration of the
first radiolabeled peak that eluted was determined by the BCA assay (as described in
Section B.2.6.2).
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B.2.6.2 Protein Concentration Assays

Protein concentrations were determined using the bicinchoninic acid (BCA) assay kit
according to manufacture’s instructions (Pierce (Rockford, IL)). Assays were performed
in a 96 well plate, using 200 pl of BCA reagent and 25ul of protein solution incubated at
37° C for 30 minutes. Absorbance at 595 nm was measured using a spectrophotometric

plate reader. BSA was used as a standard protein.
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C Results and Discussion
C.1 Cholesterol Depleting Agents Inhibit LCFA Uptake in 3T3-F442A Adipocytes
The mechanism of LCFA movement across the plasma membrane is a

controversial matter. Theories range from passive diffusion and transbilayer flip-flop of
fatty acids (Hamilton 1998) to fatty acid uptake mediated by protein facilitated diffusion
(Abumrad et al. 1984; Hui et al. 1997). To date the precise mechanism of LCFA uptake
has not been elucidated, however in support of the protein mediated model several
proteins have been proposed to act in facilitating LCFA transport across the plasma
membrane. There is a large body of evidence supporting the contention that CD36/FAT,
FATP and FABPpm mediate LCFA uptake (reviewed in (Hui et al. 1997; Abumrad et al.

1998; Luiken et al. 1999)).

Previous work from the Gerber lab demonstrated that caveolin-1 (a structural
component of caveolae (Rothberg et al. 1992)) is a high affinity fatty acid binding protein
in 3T3-L1 adipocytes (Trigatti et al. 1999). Interestingly, the putative fatty acid
transporter CD36/FAT is also localized to caveolae in adipocytes (Souto et al. 2003) and
in other cell types as well (Lisanti et al. 1994). The structure and function of caveolae are
sensitive to plasma membrane cholesterol (Rothberg et al. 1992; Schnitzer et al. 1994).
This led us to the hypothesis that LCFA uptake in 3T3-F442A adipocytes may be
sensitive to plasma membrane cholesterol levels. To test this we investigated the effect of

cholesterol depleting agents on LCFA uptake in 3T3-F442A adipocytes.
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C.1.1 Adipocyte Differentiation of 3T3-F442A Cells

Previous work in the Gerber lab (Trigatti Ph.D. thesis, 1995) characterized LCFA
uptake in the 3T3-L1 cell line. For this thesis, LCFA uptake was studied in the related
cell line, 3T3-F442A. These cells, like the 3T3-L1 cells can be induced to differentiate
into an adipocyte phenotype (Green et al. 1976). The differentiation of 3T3-F442A cells
is stimulated by culturing them in media containing 10% fetal bovine serum (FBS) and 5
pg/ml insulin until 2 days post confluence at which point the media is no longer
supplemented with insulin (see Section B.2.2.3). To observe the morphological changes
in 3T3-F442A cells as they differentiate, preadipocytes (1 day post confluence, cultured
in media with 10% calf serum, see Section B.2.2.3) and day 8 adipocytes (see Section
B.2.2.3) were observed with differential interference contrast (DIC) imaging, unstained or
stained with oil red O (a dye for neutral lipids)(as described in Section B.2.3.7)(Figure 4).
Differentiation of the cells to adipocytes was marked by a change the shape of the cells
from an elongated fibroblast like shape to a more rounded morphology, (Figure 4,
compare panels A and B). In addition, the cells accumulated intracellular lipid droplets as
they differentiated (Green et al. 1976) (Figure 4, note the red intracellular staining in |
panel D versus panel C). When cells were stimulated to differentiate these changes were
typically first noted by day 2 of differentiation (e.g. 2 days post confluence), and by day 8

of differentiation the majority of cells demonstrated the adipocyte morphology.
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Figure 4. DIC Images of Unstained and Oil Red O Stained 3T3-F442A
Preadipocytes and Adipocytes. 3T3-F442A preadipocytes (panels A and C) were
cultured for 1 day post confluence (as described in Section B.2.2.1) or day 8 adipocytes
(panels B and D)(cultured as described in Section B.2.2.3) were either unstained (panels
A and B) or stained with oil red O (panels C and D) as described in Section B.2.3.7.
Cells were imaged by differential image contrast (DIC). Scale bar represents 20 pm.
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C.1.2 Long Chain Fatty Acid Uptake in 3T3-F442A Cells

As 3T3-L1 cells differentiate towards the adipocyte phenotype, the rate of LCFA
uptake increases (Carnicero 1984; Trigatti et al. 1991). To investigate changes in LCFA
uptake in 3T3-F442A cells as they differentiate, oleate uptake was measured using an
assay originally described in (Abumrad et al. 1981) and modiﬁed by (Trigatti et al. 1991).
Oleate uptake was assayed (as described in Section B.2.3.2) in 3T3-F442A preadipocytes
and in 3T3-F442A day 4 adipocytes (Figure 5). Oleate uptake by both undifferentiated
and differentiating cells increased with time from 30 seconds to 120 seconds. The rate of
uptake by adipocytes (1.54 £ 0.06 nmols/min/ 10 cells) was 15-fold greater than that by

preadipocytes (0.10 £ 0.04 nmols/min/10° cells).

To more precisely investigate how the rate of LCFA uptake changes over
differentiation, oleate uptake was monitored daily from day 1 of differentiation through
day 7 (Figure 6). Oleate uptake increased 10-fold from day 1 (0.2 nmols/min/10° cells)
through day 4 (2.3 nmols/min/ 108 cells) of differentiation. After day 4 of differentiation
the rate of uptake had reached a plateau, and then the rate of oleate uptake decreased
beyond day 5 of differentiation. A similar decrease in oleate uptake was noted in 3T3-L1
adipocytes (Trigatti et al. 1991). Whether this decrease was truly a decrease in uptake or
an artifact of the assay. such as cell lysis during filtration of lipid-laden cells (Trigatti et
al. 1991), was not investigated further. Since the maximum rate of oleate uptake was

achieved by day 4 of differentiation, day 4 adipocytes were used in all subsequent
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Figure 5. Oleate Uptake in 3T3-F442A Preadipocytes and Adipocytes. A. Schematic outline of the
culture conditions and time line for the experiment. B. Oleate uptake was measured in 3T3-F442A
preadipocytes (cultured 1 day post confluence)(open circle) or 3T3-F442A adipocytes (day 4 differentiating
adipocytes)(closed circles). Cells were incubated in suspension with a 150 uM oleate:BSA complex (1:1
molar ratio with 200 pCi/umol [*H]-oleate ) at 37°C. At the indicated time cells were filtered, washed 3
times with a stop solution (ice cold 0.1% BSA with 200 uM phloretin in PBS) and then the filter-associated
*H was determined by scintillation counting (as described in Methods Section B.2.3.2). The rate of oleate
uptake was 0.10 + 0.04 nmol/min/10%ells versus 1.54::0.06 nmol/min/10%ells for preadipocytes and
adipocytes respectively.
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Figure 6. Oleate Uptake Activity During Adipocyte Differentiation of 3T3-F442A Cells. A.
Schematic diagram of the timeline for the differentiation of the cells and assay time points. B. 3T3-F442A
cells were seeded at 6x10* cells per 100mm culture dish in Dulbecco’s Modified Eagle Medium
supplemented with 10% FBS, 50 units/ml penicillin, 50 pg/m! streptomycin, 2mM L-glutamine and 5
pg/ml insulin until 2 days post confluence at which time cells were cultured in the above media without
insulin supplementation and the media was replaced every second day (see Section B.2.2.3). Each day
beginning at day 1 of differentiation cells were harvested and assayed for oleate uptake was assayed (as
described in the legend to Figure 5 and Section B.2.2.3). Data points are the mean =+ standard deviation of
single time points (n=3).
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experiments.

It is noteworthy that the rate of oleate uptake in day 4 adipocytes was different
between the experiments for Figure 5 and 6. Through further experiments we found the
rate of LCFA uptake to be variable between experiments, with an average oleate uptake
rate of 1.45 £ 0.53 nmols/min/10° cells for day 4 adipocytes (n=6). This variability may
have been a result of differences in the degree of differentiation achieved (the ratio of
cells which have undergone adipocyte differentiation, as judged by the presence of
intracellular lipid droplets, versus those that had not) between distinct experiments.
Although there was variability in the extent of adipose conversion, cells differentiated
together (plates seeded and cultured at the same time), were found to reproducibly

differentiate to similar levels and had very similar levels of oleate uptake.

C.1.3 Cholesterol Depletion in 3T3-F442A Adipocytes

As stated above, we had developed the hypothesis that LCFA uptake in 3T3-
F442A adipocytes may be sensitive to the plasma membrane cholesterol content. To test
this hypothesis, the effect of cholesterol depletion on oleate uptake was investigated.
Cyclodextrin has been used in a variety of cultured cells including 3T3-L1 adipocytes
(Parpal et al. 2001) to deplete cellular cholesterol and disrupt caveolae. We treated
differentiating 3T3-F442A adipocytes with methyl-B-cyclodextrin and visualized cellular

cholesterol in treated and untreated cells using filipin staining and fluorescent
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microscopy. 3T3-F442A cells were stimulated to differentiate as described in Section
B.2.2.3, except that at day 2 of differentiation the media was replaced with media
containing 10 % newborn calf lipoprotein deficient serum (NCLPDS) for 2 days. On day
4 of differentiation cells were incubated with or without methyl-B-cyclodextrin (5 mM)
for 2 hrs. Cells were fixed, stained with filipin and visualized by fluorescence
microscopy (see Section B.2.3.4)(Figure 7). In untreated adipocytes the fluorescence was
diffuse across the cell with intense fluorescence at the cell periphery (Figure 7 lower left
panel). Note that an identical staining pattern was observed when cells were
differentiated under standard conditions (data not shown). Adipocytes that had been
treated with methyl-pB-cyclodextrin had a distinctly different pattern of cholesterol
distribution (Figure 7 lower middle panel). In these cells fluorescence was no longer
predominately at the cell periphery nor was there a uniform staining throughout the cell,
instead there was a punctate staining pattern across the cell. A similar punctate pattern
has been observed in bovine aortic endothelial cells following cyclodextrin treatment
(Park et al. 1998). The altered pattern of filipin staining suggested that methyl-§-
cyclodextrin treatment either resulted in cholesterol depletion or in redistribution from the

plasma membrane.

C.1.4 Methyl-B-Cyclodextrin Treatment Inhibits LCFA Uptake
To determine if methyl-B-cyclodextrin treatment affects LCFA uptake, day 4 3T3-

F442 A adipocytes were treated either with or without methyl-p-cyclodextrin (as
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Figure 7. Effect of Cyclodextrin Treatment on Cholesterol Distribution in 3T3-
F442A Adipocytes. 3x10° cells per 35 mm glass bottom culture plate were stimulated to
differentiate as described in Section B.2.2.3 until 2 days post confluence at which time
the media was replaced with cultured in media (Dulbecco’s Modified Eagle Medium
supplemented with 50 units/ml penicillin, 50 pg/ml streptomycin and 2mM L-glutamine)
containing 10 % newborn calf lipoprotein deficient serum (NCLPDS) for another 2 days.
On day 4 of differentiation cells were incubated with or without methyl-f-cyclodextrin (5
mM) for 2 hrs at 37°C. Afterwards cells were washed with cPBS and then incubated at
room temperature for 1 hour with Karnovsky’s fixative. After fixation, cells were
washed twice with cPBS and incubated at room temperature in the dark with filipin (50
ug/ml) in cPBS (see Section B.2.3.4). Cells were washed 3 times with cPBS at 37°C and
visualized by either DIC microscopy (top panels) or fluorescence microscopy (bottom
panels)(Zeiss filter set 01, excitation at 365nm (band pass 12nm) and emission above
397nm). Scale bar corresponds to 10 um.
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described in the legend to Figure 7) and then oleate uptake was measured (see Section
B.2.3.2)(Figure 8). Treatment of cells with methyl-B-cyclodextrin resulted in a
substantial 72% (p=0.0006) decrease in oleate uptake (Figure 8, 0.57 versus 0.16
nmols/min/10%ells for treatment without and with methyl-B-cyclodextrin, respectively).
Note that the rate of uptake was reduced in cells cultured the last 2 days in 10% NCLPDS
relative to cells maintained in 10% FBS (0.57 nmols/min/10° versus 1.04 nmols/min/10°

cells respectively).

C.1.5 Filipin Treatment Decreases LCFA Uptake

Filipin, chemically unrelated to cyclodextrin, has also been used to sequester
cellular cholesterol and disrupt caveolar structure and function (Orlandi et al. 1998; John
et al. 2001; Huo et al. 2003). Day 4 3T3-F442A adipocytes were treated with 5 pg/ml
filipin (added as a stock in methanol where the final methanol concentration was 0.5%) or
vehicle alone for 30 minutes, washed, harvested and then oleate uptake was assayed (as
described in Section B.2.3.2)(Figure 9). Pretreatment of adipocytes with filipin resulted
in a 58% decrease in oleate uptake (Figure 9, 1.92 nmols/min/10° and 0.80 nmols/min/ 10°
cells for vehicle and filipin treated, p=0.0007). When cells were treated with filipin and
then cultured for 1 hour in media containing 10% FBS, oleate uptake was partially
restored (Figure 9, 1.21 nmols/min/10° cells, p=0.01 compared to filipin treated cells
without a recovery period), suggesting that inhibition of oleate uptake by filipin was
reversible. In five independent experiments filipin treatment resulted in a 25% decrease
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Figure 8. Effect of Methyl-B-Cyclodextrin Treatment of 3T3-F442A Adipocytes on
Oleate Uptake Activity. 6x10" cells per 10 cm culture plate were stimulated to
differentiate as described in Section B.2.2.3 with the exception that cells were cultured
from day 2 to 4 of differentiation in media containing 10% NCLPDS (as described in the
legend to Figure 7). On day 4 of differentiation cells were either treated with vehicle or
with 5 mM methyl-pB-cyclodextrin for 2 hours at 37°C. Cells were washed, harvested and
oleate uptake was assayed as described in Section B.2.3.2. Data represents the mean +
standard deviation, n=3, * p=0.0006.
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Figure 9. Effect of Filipin Treatment of 3T3-F442A Adipocytes on Oleate Uptake
Activity. 6x10* cells per 10 cm culture plate were stimulated to differentiate as described
in Section B.2.2.3. On day 4 of differentiation cells were either treated with vehicle
(methanol 0.5%) for 30 minutes at 37°C, 5 pg/ml filipin for 30 minutes at 37°C, or 5
pg/ml filipin for 30 minutes at 37°C followed by washing and a 1 hour recovery period in
culture media (Dulbecco’s Modified Eagle Medium supplemented with 10% FBS, 50
units/ml penicillin, 50 pg/ml streptomycin and 2 mM L-glutamine). Cells were washed,
harvested and oleate uptake was assayed as described in Section B.2.3.2. Data represents
the mean + standard deviation, n=3, ** p=0.01 and * p=0.0007.
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in oleate uptake (1.67 + 0.40 nmols/min/10° cells versus 1.22 + 0.43 nmols/min/10° cells

for vehicle and filipin treated cells respectively, p=0.042).

At high concentrations, filipin can be toxic to cells, and different cell types have
varying sensitivities to filipin (reviewed in (Bolard 1986)). . To determine the effect of
filipin on cell viability, cells were either treated with vehicle, filipin (5 pg/ml) or filipin (5
pg/ml) then a 60-minute recovery period (as described in the legend to Figure 9), and
then stained with trypan blue (as described in Section B.2.3.1). Cells were counted in a
hemacytometer to determine the number of cells stained with trypan blue (Table 4).
Approximately 90% of the cells excluded trypan blue regardless of the treatment. Thus

treatment of the cells with filipin did not appear to affect cell viability.

C.1.6 Filipin Treatment Does Not Affect 2-Deoxy-D-Glucose Uptake

To investigate if filipin specifically inhibited LCFA uptake or uptake processes in
general, we measured 2-deoxy-D-glucose uptake in vehicle and filipin treated cells.
Uptake of [°H]-2-deoxy-D-glucose was measured using a modified filtration assay
(Ibrahimi et al. 1996), see Section B.2.3.2. [3H]-2-deoxy—D-glucose uptake increased
with time over a 15-minute timecourse (Figure 10). To investigate if filipin treatment
affected glucose uptake, adipocytes were pretreated with either vehicle or filipin (as
described in the legend to Figure 9) and then oleate and glucose uptake were assayed (as

described in Section B.2.3.2)(Figure 11). While filipin treatment
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Table 4. Effect of Filipin Treatment of 3T3-F442A Adipocytes on Cell Viability as
Assessed by Trypan Blue Staining.

Trypan Blue
Exclude Stained Viable Cells
Treatment * (x10* cells/ml) (x10* cells/ml) (%)
Vehicle 67£10 8+3 89+18
Filipin 86+10 1342 87+13
Filipin + recovery ° 7749 8+2 91+14

? treatments were performed as described in the legend to Figure 9

b filipin treated, washed and then cultured for 60 minutes in media containing 10% FBS
- values are the mean + standard deviation (n=3)
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Figure 10. Timecourse of 2-Deoxy-D-Glucose Uptake in 3T3-F442A Adipocytes.
6x10* cells per 10 cm culture plate were stimulated to differentiate as described in Section
B.2.2.3. On day 4 of differentiation cells were washed, harvested in PBS and incubated at
37°C in suspension with 2 mM 2-deoxy-D-glucose (at 10 pCi/pumol). At the indicated
time cells were filtered, washed 3 times with a stop solution (ice cold 0.1% BSA with 200
uM phloretin in PBS) and then the filter-associated *H was determined by scintillation
counting (as described in Section B.2.3.2). Data points are the mean + standard

deviation, n=3.
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Figure 11. Effect of Filipin Treatment of 3T3-F442A Adipocytes on 2-Deoxy-D-
Glucose and Oleate Uptake Activity. 6x10* cells per 10 cm culture plate were
stimulated to differentiate as described in Section B.2.2.3. On day 4 of differentiation,
adipocytes were either treated with vehicle or 5 pg/ml filipin (as described in the legend
to Figure 9). Cells were washed with PBS, harvested and assayed in suspension for
oleate and 2-deoxy-D-glucose uptake (as described in Section B.2.3.2). The bars
represent the mean rate of uptake =+ the standard deviation, n=3. * p=0.399 and **
p=0.006.
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resulted in a significant 31% (p=0.006) decrease in oleate uptake, glucose uptake was not
significantly affected (1.23 £ 0.16 nmols/min/10%cells versus 1.19 = 0.20
nmols/min/10°ells for vehicle and filipin treated cells respectively, p=0.399). Similarly
Ros-Baro et al. also observed no difference in basal glucose uptake when 3T3-L1
adipocytes had been treated with filipin (Ros-Baro et al. 2001). Thus, the inhibition of
oleate uptake by filipin was not the result of general inhibition of plasma membrane

uptake processes.

C.1.7 Effect of Cholesterol Depletion on Caveolin-1

To determine if treatment with filipin or methyl-p-cyclodextrin altered caveolin-1
levels in 3T3-F442A adipocytes, cells were treated as described in the legends for Figures
8 and 9. Cell lysates were prepared (as described in Section B.2.4.1), proteins separated
by SDS-PAGE (as described in Section B.2.5.1) and caveolin-1 was detected by
immunoblotting (as described in Section B.2.5.3)(Table 5). There was no difference in
the amount of caveolin-1a or B between untreated cells and cells treated with filipin or
methyl-B-cyclodextrin (Table 5). In contrast, Hailstones et al. reported that longer
(overnight) treatment of MDCK cells with cyclodextrin did decrease caveolin-1 levels
(Hailstones et al. 1998). We did not determine if caveolin-1 levels in 3T3-F442A
adipocytes were sensitive to a more prolonged treatment. It is clear from our results,
however, that the reduced LCFA uptake in cyclodextrin of filipin treated cells was not the

result of decreased caveolin-1 levels.
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Table 5. Caveolin-1 expression levels in 3T3-F442A adipocytes following cholesterol
depletion by filipin and methyl-B-cyclodextrin determined by quantitative

immunoblotting.

10% FBS 10% NCLPDS
Caveolin-1  Control Filipin p b Control ¢ Cyclodextrin p b
a-isoform 0.69+0.04 0.61£0.23 0.305 0.62+0.09 0.55+0.09 0.196
B-isoform 0.31+0.04 0.31£0.15 0.480 0.31+0.09 0.40+0.36 0.351
Total 1.00£0.21 0.92+0.38 0.327 0.93+0.18 0.95+0.46 0.476

-arbitrary luminescence values (detected with a Kodak Image Station 440CF) have been normalized with
respect to the caveolin (total) luminescence in control treated cells cultured in 10% FBS

-n=3
-“ the sum of alpha and beta isoforms
-"Student’s t-test

- cells were treated with vehicle (methanol 0.5% final concentration)
- cells were treated with vehicle (DMEM supplemented with 50 units/ml penicillin, 50 ug/ml streptomycin

and 2 mM L-glutamine)
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Cholesterol depletion has also been reported to cause redistribution of caveolin-1
from the plasma membrane to the Golgi apparatus (Smart et al. 1994). We therefore
tested if cyclodextrin or filipin treatment of 3T3-F442A differentiating adipocytes
affected the subcellular distribution of caveolin-1 in these cells using
immunofluorescence microscopy. Cells were cultured and treated with methyl-B-
cyclodextrin or filipin as described in figures 8 and 9. Adipocytes were fixed,
permeabilized and stained with a polyclonal anti-caveolin-1 antibody and an alexa 488
conjugated anti-rabbit secondary antibody (performed as described in Sections
B.2.3.5)(Figure 12). Caveolin-1 was localized at the cell periphery and in what appeared
to be perinuclear regions in control untreated cells (panel A). Culturing the cells for 2
days in the absence of lipoproteins (panel E) or treatment with filipin (panel B) or methyl-
B-cyclodextrin (panel F) did not affect the distribution of caveolin-1. From these
experiments, the decrease in LCFA uptake following treatment with cholesterol binding
reagents is not attributable to a major redistribution of caveolin from the plasma

membrane.

C.1.8 Conclusions and Implications

We hypothesized that LCFA uptake in 3T3-F442A adipocytes would be sensitive
to plasma membrane cholesterol content based on the following observations: 1)
caveolin-1, a component of caveolae, is a LCFA binding protein and has been proposed to

participate in LCFA uptake and/or trafficking in adipocytes (Trigatti et al. 1999); 2)
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Figure 12. Distribution of Caveolin-1 Following Cholesterol Depletion of 3T3-F442A Adipocytes.
3x10° cells per 35 mm glass bottom culture plate were stimulated to differentiate (as described in Section
B.2.2.3) until 2 days post confluence at which point cells were cultured for another 2 days in media
supplements with 10% FBS (panels A-D), or in media supplemented with 10% NCLPDS (panels E-H). On
day 4 of differentiation, cells were either treated with 5 pg/ml filipin (panels B and D), vehicle (methanol)
control (panel A and C), 5 mM methyl-B-cyclodextrin (panels F and H), or vehicle (DMEM) control (panel
E and G) as described in the legends to Figures 8 and 9. Cells were processed for immunofluorescence (as
described in Section B.2.3.5) using a polyclonal anti-caveolin-1 antibody and an alexa 488 conjugated anti-
rabbit secondary antibody. Cells were washed 3 times with cPBS at 37°C and visualized by either DIC or
fluorescence microscopy (excitation 450-490 nm emission 515-565). The scale bar corresponds to 10 pum.

91



CD36/FAT, a known component of the LCFA uptake apparatus, is localized in caveolae
(Lisanti et al. 1994); 3) removal of cholesterol from plasma membranes disrupts caveolae
structure and function (Rothberg et al. 1992; Schnitzer et al. 1994). To test this
hypothesis, we investigated the effect of two well-established cholesterol depleting
reagents on LCFA uptake in 3T3-F442A adipocytes. From the experiments presented in
this section we found that cholesterol depletion results in inhibition of LCFA uptake, but
not glucose uptake, indicating that LCFA uptake is dependent on plasma membrane

cholesterol.

Since this work was originally performed, other groups have also reported that
LCFA uptake activity is dependent on cellular cholesterol. Pohl et al. have demonstrated
that both cyclodextrin and filipin treatment of HepG2 cells (a human hepatocellular
carcinoma cell line) resulted in decreased LCFA uptake (Pohl et al. 2002). Furthermore
these authors also found the inhibition of uptake by filipin to be reversible, as our results
had suggested (Figure 9). Interestingly, another group has reported that increasing
cellular cholesterol can stimulate LCFA uptake, in type II pneumocytes. In that study,
increasing the cellular content of cholesterol resulted in a 4-fold increase in palmitate

uptake (Kolleck et al. 2002).

Depletion of cellular cholesterol could potentially inhibit LCFA uptake via several

mechanisms. One possible mechanism is that cholesterol depletion disrupts caveolae.
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Disruption of caveolae may directly impair LCFA uptake. Alternatively disruption of
caveolae may affect the activity of constituents of caveolae involved in LCFA uptake (i.e.
caveolin and CD36/FAT). Our results have shown that cholesterol depletion resulting in
inhibition of LCFA uptake did not affect caveolin levels (Table 5) or distribution between
internal membranes and the plasma membrane (Figure 12). Alternatively cholesterol
depletion may inhibit LCFA in a manner distinct from caveolae, perhaps by affecting the
activity of other non-caveolar LCFA transporters (e.g. FATP and FABPpm). In addition
cholesterol depletion may affect the activity of proteins downstream of membrane
translocation such as FACS (an acyl-CoA synthetase) and ALBP (a cytosolic fatty acid

binding protein).

There is further experimental support for a model of LCFA uptake involving
caveolae and or caveolin. As stated earlier, caveolin is a LCFA binding protein (Trigatti
et al. 1991; Trigatti et al. 1999). Others have shown that a 50% reduction in caveolin-1
levels due to antisense expression in HepG2 cells (a human hepatoma cell line) resulted in
a 23% decrease in LCFA uptake (Pohl et al. 2002). In addition recent observations made
on caveolin-1 knockout mice suggest that caveolin and or caveolae may be
physiologically relevant to adipocyte function and or development. Caveolin-1 knockout
mice displayed; 1) Reduced body weights relative to wild-type controls, 2) reduced
adiposity (fat to water ratio), reduced adipocyte cell diameter, reduced adipocyte number

and smaller lipid droplets and 3) elevated serum triglycerides and free fatty acids (Razani
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et al. 2002). These findings indicated that the knockout mice were unable to convert
triglycerides in lipoproteins to triglycerides in adipocyte lipid droplets despite the fact that
there is no difference in lipoprotein lipase activity between wild type and knockout mice
(Razani et al. 2002). As the authors point out, one possible reason for the phenotype of
the caveolin-1 knockout mouse is decreased LCFA uptake, which would be consistent

with studies on cultured cells (this work and (Pohl et al. 2002)).
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C.2 3T3-F442A Cell Surface Albumin Binding Proteins

Unesterified LCFAs in the serum are predominately bound to serum albumin with
only a small fraction free or uncomplexed (average resting human serum total fatty acid is
502 £+ 150 uM versus free fatty acid is 7.5 £ 2.5 nM (Richieri et al. 1995)). In the
traditional view of LCFA uptake, it is this small pool of uncomplexed fatty acid that
spontaneously dissociates from albumin that is taken up by cells. In this regard albumin
serves as a means to solubilize fatty acids but does not participate directly in cellular
uptake. This view was challenged by studies that suggested the kinetics of LCFA uptake
in the liver are more compatible with a model of uptake where albumin binds to a cell
surface receptor, a observation that came to be know as the albumin receptor effect
(Weisiger et al. 1981). Since then the albumin receptor effect has been documented for
several other cell types including, T-lymphocytes (Uriel et al. 1994), cardiomyocytes

(Hutter et al. 1984), and adipocytes (Trigatti et al. 1995).

Since the original proposal of an albumin receptor, 3 models have been developed
to account for the observed kinetics (reviewed in (Sorrentino et al. 1989)). 1) The
original theory, that an albumin receptor on the cell surface promotes the dissociation of
LCFAs from albumin to the cell has been modified to include any interaction between the
cell surface and albumin that promotes LCFA dissociation from albumin (Horie et al.
1988; Reed et al. 1989). 2) The co-diffusion model accounts for albumin receptor

kinetics as a consequence of the unstirred layer that surrounds cells. This layer acts as a
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barrier, and therefore limits the flux of LCFAs to the cell surface. The amount of albumin
present dictates the capacity for diffusion through this layer (Weisiger et al. 1989).
However others contend that this theory cannot fully account for the effect of albumin in
LCFA uptake (Burczynski et al. 1989). 3) The dissociation limiting uptake model,
suggests that albumin receptor kinetics are a result of LCFA uptake being restricted at
low albumin concentrations by the limited spontaneous dissociation of LCFAs from
albumin (Sorrentino et al. 1989). It has been demonstrated, however, that at low LCFA to
albumin ratios the rate of uptake is constant, even though the LCFA taken up exceeded
the initial concentration of uncomplexed LCFA, suggesting that at least for adipocytes the

dissociation of LCFAs from albumin does not limit uptake (Trigatti et al. 1995).

Consistent with the existence of an albumin receptor, albumin has been reported
to bind several cell types including rat hepatocytes (Horie et al. 1988; Reed et al. 1989),
rat cardiomyocytes (Popov et al. 1992), human B-lymphoma cells and human blood
mononuclear cells (Torres et al. 1992), rat endothelial cells (Schnitzer et al. 1988), mouse
3T3-L1 differentiating adipocytes (Trigatti et al. 1995) and rat primary adipocytes
(Brandes et al. 1982). Furthermore several albumin binding proteins have been
identified. Numerous groups have identified 31 and 18 kDa glycoproteins as albumin
binding proteins (Ghinea et al. 1988; Popov et al. 1992; Torres et al. 1992). However
these proteins have subsequently been found to preferentially bind modified albumin and

have a role in the catabolism of albumin (Schnitzer et al. 1992) and thus are not likely
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involved in LCFA uptake. Along with the 31 and 18 kDa proteins Ghinea et al. identified
56 kDa and 73 kDa proteins with weak albumin binding activity (accounting for less than
30% of the total albumin binding activity) in endothelial cells (Ghinea et al. 1989).
Whether the 56 and 73 kDa albumin binding proteins are also involved in albumin
catabolism is not known. A 60 kDa protein called albondin is also an albumin binding
protein, although this protein is involved in endothelial transcytosis and there has been no
evidence supporting a role for this protein in LCFA uptake (Schnitzer et al. 1988;

Schnitzer 1992; Tiruppathi et al. 1996).

Since albumin receptor kinetics have been clearly demonstrated in 3T3 adipocytes
(Trigatti et al. 1995) and albumin has been shown to bind adipocytes (Brandes et al. 1982;
Trigatti et al. 1995) we sought to determine if albumin binding proteins exist on the cell
surface of 3T3-F442A adipocytes. This section presents experiments that first addressed
the nature of albumin’s interaction with adipocytes in a whole cell assay, then the results
from 2 different experimental approaches that attempted to detect albumin binding

activity in isolated adipocyte plasma membranes.

C.2.1 Association of '*I-BSA with 3T3-F442A Cells

The rate of LCFA uptake is greater in adipocytes than preadipocytes (Figure 5)
and (Trigatti et al. 1991). Therefore we postulated that if albumin binding to the cell

surface is an important step in LCFA uptake, then albumin binding to adipocytes should
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be greater than to preadipocytes. Therefore we investigated if albumin interacts with
3T3-F442A cells in a differentiation dependent manner. '*°I labeled bovine serum
albumin ('*I-BSA) (prepared as described in Section B.2.6.1) was incubated with 3T3-
F442A preadipocytes (1 day post confluent) or day 7 3T3-F442A adipocytes in
suspension for 45 minutes at 37°C with gentle agitation after which cells were pelleted
and washed 3 times with PBS. The amount of '*’I-BSA associated with cells was then
determined by scintillation counting (Figure 13). Adipocytes bound 2.9 times more '*°I-

BSA than preadipocytes (10849 + 1986 DPM versus 31892 + 1970 DPM were associated

with preadipocytes and adipocytes respectively (p=0.000003)).

A potential explanation for the increased BSA binding to adipocytes is that the
interaction is non-specific, and due to an increase in the surface area. Indeed, Chang et al.
have reported that relative to preadipocytes, adipocytes have a 1.8-fold increase in surface
area (Chang et al. 1978). This increase cannot account for the 2.9-fold increase in
albumin binding. Whether the interaction measured in Figure 13 is a result of albumin
binding to a discreet cell surface site is not clear, however this increased interaction is

consistent with an albumin receptor being involved in LCFA uptake.

Next we wanted to determine if the albumin binding measured in Figure 13 is
mediated by a cell surface protein. To test this, IZ1.BSA binding was measured

following trypsin-mediated proteolysis of 3T3-F442A adipocyte cell surface proteins.
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Figure 13. Association of "’I-BSA with 3T3-F442A Preadipocytes and Adipocytes.
Cells were seeded at 6x10° cells per 100mm culture dish and were either cultured as
preadipocytes (as described in Section B.2.2.1) and used at 1 day post confluence or were
stimulated to differentiate (as described in Section B.2.2.3) and used on day 7 of
differentiation. Cells were harvested (as described in Section B.2.4.4) in PBS and
2.7x10° cells/ml were incubated with 2.5 uM 'PI-BSA (prepared as described in Section
B.2.6.1) for 45 minutes at 37°C with gentle a%itation and assayed for albumin association
as described in Section B.2.3.8. The level of '*’I-BSA binding is expressed as the mean +
standard deviation of 3 determinations of the amount of radioactivity (DPM) associated
with the cells. The '*I-BSA associated with preadipocytes was 10849 + 1986 DPM and
adipocytes was 31892 + 1970 DPM (p=0.000003).
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3T3-F442A adipocytes (day 7 of differentiation) were harvested and washed 3 times with
PBS, then 2.7x10° cells/ml were incubated with 6uM trypsin at 37°C for 1.5, 2.5, 5 and
10 minutes prior to the addition of PMSF to quench the enzymatic activity of trypsin.
Binding of '*’I-BSA to the cells was then assayed (Figure 14). Following 1.5 minutes of
trypsin treatment there was no effect on albumin binding activity (99% of control
binding), however with increasing time of trypsin treatment there was a linear decrease in
albumin binding to the cells, with only 40% of the original activity remaining after 10

minutes of proteolysis.

A potential complication with this assay was that trypsin treatment might decrease
the pelleting efficiency of the cells by rendering the cells less stable. To address if the
decrease in albumin binding correlated with a decrease in pelleting efficiency of the cells,
the amount of pelleted protein following 0 and 15 minutes of trypsin treatment was
determined. 15 minutes of trypsin treatment resulted in a 27% decrease in protein; some
of this was certainly attributable to liberated cell surface proteins following cleavage but a
certain proportion may have been a result of decreased pelleting following trypsin
treatment. However this decrease cannot account for the substantial 60% decrease in
albumin binding to adipocytes (Figure 14). Thus albumin’s interaction with adipocytes is

at least partially protein mediated.

100



100

80 -
<
2
5 60 -
£
(a8
£
E  40-
£
<
20 +
0 T T T T T
0 2 4 6 8 10

Time of Trypsin Proteolysis (min)

Figure 14. Effect of Trypsin Treatment of 3T3-F442A Adipocytes on I51.BSA
Binding. 3T3-F442A adipocytes were cultured as described in Section B.2.2.3 and on
day 7 of differentiation were harvested in PBS (as described in Section B.2.2.4). Cells
were washed 3 times in PBS and then 2.7x10° cells/ml were incubated with 6 uM trypsin
at 37°C for 1.5, 2.5, 5 and 10 minutes. Proteolysis was terminated by the addition of
phenylmethanesulfonyl fluoride to a final concentration of 10 pM. Binding of '*I-BSA
to cells was measured as described in the legend to Figure 13 (and in Section B.2.3.8) and
is expressed as the percentage of the level of binding to control cells not treated with
trypsin (time 0).
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C.2.2 Development of a Quantitative Dot Blot Assay for Albumin Binding

Next we sought to develop an assay that would allow for a determination of
albumin binding activity in isolated adipocyte plasma membranes. We wanted to develop
an assay that would: 1) allow for albumin binding activity to be easily quantified, 2) allow
for solubilization of proteins under different conditions, 3) use minimal amounts of
membrane samples, and 4) be amenable to downstream use in purification of albumin
binding proteins. We decided to design a form of a dot blot assay where membrane
proteins would be solubilized and then spotted onto a nitrocellulose membrane that could
be probed with '*’I-BSA, and the amount of albumin binding activity determined by

scintillation counting.

The first step in developing the dot blot assay was determining the appropriate
solubilization conditions. We began by testing albumin binding activity in membrane
samples following treatment with a variety of detergents, differing in head group, ionic
nature and acyl chain length. For this experiment 10 pg of 3T3-F442A adipocyte plasma
membranes were solubilized for 30 minutes at 37°C in 1% (w/v) detergent in
solubilization buffer (0.1 M phosphate buffer pH 7.4, 0.25 M NaCl, I mM EDTA, 1 mM
EGTA, 1 mM PMSF, and 10 pg/ml leupeptin). The membranes were then spotted (3.03
ul) onto nitrocellulose, as was an equal volume of solubilization buffer with detergent in
the absence of membranes. Once the spots had dried, nonspecific protein binding sites
were blocked with 1.5% gelatin. Nitrocellulose membranes were then probed with 50
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pg/ml '2’I-BSA, washed 3 times with TBS-T dried and then exposed to autoradiography
film, (Figure 15). There was a large range in '*’I-BSA binding depending on which
detergent was used. In several cases (e.g. nonidet P40 and triton X-114, Figure 15 lanes 1
and 2) much of the bound '*I-BSA was due to the detergent itself and not the plasma
membrane. Several detergents (e.g. triton X-100, n-octylglucoside, SDS, sarkosyl,
sodium cholate and deoxycholate and CHAPS, Figure 15 lanes 3, 8-10 and 12-14)
provided good signal when plasma membranes were present and minimal signal in the
absence of membranes. The zwitterionic synthetic bile salt, CHAPS, produced a good
signal to noise ratio and was chosen as a suitable detergent for solubilizing membranes

for the dot blot assay.

For the assay to be quantitative, we needed to ensure that proteins bound to
nitrocellulose could be precisely measured. The binding of the '*I-BSA to the
nitrocellulose could potentially hinder the precise measurement of the isotope due to point
quenching (the absorption of particles before interacting with the solvent). To avoid this
complication nitrocellulose filters were dissolved in tetrahydrofuran (THF) for 45 minutes
at room temperature. The efficiency of detecting '*°I labeled proteins bound to
nitrocellulose was evaluated by performing scintillation counting on equal amounts of 1251
labeled protein either added directly to scintillation fluid or spotted onto a nitrocellulose

membrane, allowed to dry, then treated with THF and added to scintillation fluid. The

difference in counts between the sample counted directly and that spotted and treated with
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Figure 15. Dot Blot Assay of '*I-BSA Binding to Detergent Treated 3T3-F442A
Adipocyte Plasma Membranes. 3T3-F442A adipocytes were cultured (as described in
Section B.2.2.3) until day 4 of differentiation at which point plasma membranes were
prepared as described in Section B.2.4.3 and 10 pg of protein were solubilized at 37°C for
30 minutes in the presence of the indicated detergent (1% w/v in 0.1 M sodium phosphate
pH 7.4, 0.25 M NaCl, 1| mM EDTA, 1 mM EGTA, 1 mM PMSF and 10 pg/ml leupeptin).
Solubilized membranes (top row) or buffer with detergent in the absence of membranes
(lower row, negative control) were spotted onto nitrocellulose and probed with I3 BSA

(prepared as described in Section B.2.6.1) and visualized by autoradiography (as
described in Section B.2.5.4).
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THF was only 2% (4104x10° + 757x10° and 4023x10%+ 11x10° DPM respectively),
indicating that '*I labeled proteins bound to nitrocellulose and processed in this manner

could be precisely measured.

The optimal ratio of protein to CHAPS was determined for albumin binding
activity. Plasma membranes from 3T3-F442A adipocytes (10 pg at 3 mg/ml) (prepared
as described in Section B.2.4.3) were incubated for 30 minutes at 37°C with CHAPS
(from 0.1 to 1.5% w/v) then probed with 1251.BSA (as described in Section B.2.5.4)
(Figure 16). The albumin binding activity increased with increasing CHAPS
concentration up to a maximum at 1% CHAPS (corresponding to a detergent to protein
ratio of 3.3:1), after which there was a slight decrease in activity. Thus membranes were

solubilized at a CHAPS to protein ratio of 3.3:1 for optimal albumin binding activity.

Next we compared murine serum albumin (MSA) and bovine (BSA) binding to
adipocyte plasma membranes. MSA and BSA were iodinated (as described in Sections
B.2.6.1) and used to probe albumin binding to 3T3-F442A adipocyte plasma membranes
in the dot blot assay (see Section B.2.5.4). The albumin binding activity of BSA was
found to be 89% of the activity of MSA (11.2 and 12.6 fmol albumin bound/pg of
membrane protein for BSA and MSA respectively) and was therefore deemed an

acceptable probe for albumin binding.
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Figure 16. Effect of CHAPS to Plasma Membrane Protein Ratio on '*’I-BSA
Binding. 3T3-F442A adipocytes were cultured (as described in Section B.2.2.3) until
day 4 of differentiation at which point plasma membranes were prepared as described in
Section B.2.4.3. 10 pg of plasma membrane were solubilized at 37°C for 30 minutes in
the absence and presence of increasing concentrations of the detergent CHAPS. Samples
were then spotted onto nitrocellulose and probed for '*I-BSA binding (as described in the
legend to Figure 15). II_BSA binding was determined by scintillation counting of
pieces punched out of the nitrocellulose filter and dissolved in THF (as described in
Section B.2.5.4). Values are expressed in fmol of BSA bound/pg membrane protein
spotted.
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We anticipated that if an albumin binding protein exists, and if it functions in
mediating LCFA uptake from albumin, then among the cellular membrane fractions the
greatest albumin binding activity should occur in the adipocyte plasma membrane
enriched fraction. To test this prediction, albumin binding activity was assayed (as
described in Section B.2.5.4) in mitochondria, low density microsomal membrane, and
plasma membrane enriched fractions prepared from 3T3-F442A preadipocytes and
adipocytes (Figure 17). The albumin binding activity of plasma membranes from
adipocytes and preadipocytes were identical, and in fact had an activity similar to that of
low density microsomal membranes. The mitochondria enriched fractions had the
greatest albumin binding activity. Thus there was not compelling evidence that a specific
adipocyte plasma membrane albumin binding protein was being detected by this dot blot
assay. Whether that reflected the absence of a high affinity albumin binding protein in
the sample or an inability to adequately detect such an activity was not investigated

further.

C.2.3 Detection of 3T3-F442A Adipocyte Albumin Binding Proteins by Ligand
Blotting
Albumin binding to adipocytes is greater than to preadipocytes (Figure 13) and is
sensitive to proteolysis (Figure 14). Therefore we developed a ligand blot assay (see
Section (B.2.5.5) to determine if distinct albumin binding proteins were present in 3T3-

F442A adipocytes. This methodology has previously been successful in identifying

107



40 -

-’ Preadipocyte
BEEEE Adipocyte

30

BSA Bound
(fmol BSA/microgram of membrane protein)
N
o

10 A

Mitochondrial Low Density Plasma
Membrane Microsomal Membrane Membrane

Figure 17. '*I-BSA Binding to Subcellular Membrane Fractions of 3T3-F442A
Preadipocytes and Adipocytes. 3T3-F442A cells were either cultured as preadipocytes
(1 day post confluence) as described in Section B.2.2.1 or cultured to differentiate (to day
4 of differentiation) as describe in Section B.2.2.3. Membrane fractions were prepared
for preadipocytes and adipocytes as described in Section B.2.4.3. 10 pg of protein from
each fraction were solubilized with CHAPS (at a final detergent to protein ratio of 3.3:1)
at 37°C for 30 minutes, spotted onto nitrocellulose and '*I-BSA binding was measured as
described in the legend to Figure 16 and in Section B.2.5.4. The data is expressed as the
fmol of '*’I-BSA bound per pig of membrane protein spotted.
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albumin binding proteins (Schnitzer et al. 1988; Tiruppathi et al. 1996). We separated
proteins from different cellular membrane fractions of 3T3-F442A adipocytes by SDS-
PAGE (as described in Section B.2.5.1), then transferred them to a PVDF membrane (as
described in Section B.2.5.2) and probed the blot with '>’I-BSA (prepared as described in
Section B.2.6.1), (Figure 18). Albumin binding proteins were detected in all the
membrane fractions assayed. In the plasma membrane enriched fraction (Figure 18 lane
3) there were weak bands at 48.3 + 1.1 and 42.0 £ 1.0 kDa, as well as bands at 36.9 £ 1.1
and 33.4 + 0.7 kDa with a greater '*I-BSA binding. It was noted that there was
significant albumin binding activity in the mitochondria enriched fraction as well (Figure

18 lane 1).

C.2.4 Conclusions and Implications

We postulated that if albumin binding to the cell surface is an important step in
LCFA uptake, then adipocytes should bind more albumin than preadipocytes. Indeed we
found this to be true (Figure 13). Furthermore the trypsin sensitivity of this binding
(Figure 14) was consistent with the existence of a cell surface albumin binding protein.
However the specificity of this binding and if it is relevant to LCFA has yet to be

determined.

Our ultimate goal was to seek out adipocyte cell surface proteins that bound

albumin. Thus we sought to develop an assay that could be used in conjunction with
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Figure 18. Albumin Binding Proteins in Enriched Membrane Fractions from 3T3-
F442A Adipocytes. 3T3-F442A cells were cultured to differentiate (as described in
Section B.2.2.3) and on day 4 of differentiation membrane fractions were prepared as
described in Section B.2.4.3. 20 pg of protein from plasma, low density microsomal and
mitochondrial membranes were separated by 10% SDS-PAGE (see Section B.2.5.1) and
transferred (see Section B.2.5.2) to a PVDF membrane. Non-specific protein binding to
the membrane was blocked by 1.5% gelatin in TBS-T (Tris buffered saline, 0.1% Tween-
20), after which the blot was probed with 50 ug/ml '*’I-BSA (prepared as described in
Section B.2.6.1) for 60 minutes then washed extensively with TBS-T, dried then exposed
to autoradiography film (see Section B.2.5.5). Closed arrowheads mark the migration of
prestained molecular weight markers, and open arrowheads indicate the proteins of
interest, 48.3 + 1.1,42.0+ 1.0, 36.9 £ 1.1 and 33.4 £+ 0.7 kDa, molecular weight estimates
are from n=5.
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biochemical fractionation techniques to enrich proteins mediating albumin binding
activity. The dot blot assay we developed could not detect any difference in albumin
binding activity of plasma membrane from preadipocytes and adipocytes (Figure 17),
which we expected to see based on our earlier results (Figures 1 and 14). Nor did we
detect any substantial difference in activity between the plasma membrane and other
membrane fractions. Thus we did not feel that this assay provided a suitable foundation

to embark on fractionation of membranes to enrich an albumin binding activity.

We used a ligand blot approach to identify membrane proteins from 3T3-F442A
adipocytes that bind albumin (Figure 18). Of the plasma membrane proteins identified in
Figure 18, the 33 kDa protein held promise as candidate for mediating albumin binding to
the cell surface as relative to other proteins it had a high level albumin binding activity.

In addition the 33 kDa protein was detected solely in the plasma membrane, as would be
expected for an albumin receptor. We also considered the 48 and 37 kDa proteins that
were partially localized in the low density microsomal fraction as candidates, as it is
conceivable that a putative albumin receptor could translocate between internal
membranes and the plasma membrane. In fact epinephrine, which results in translocation
of Glut4 transporters to the plasma membrane (Han et al. 1998) also increases the number

of albumin binding sites on rat adipocytes (Brandes et al. 1982).
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It is noteworthy that a similar level of albumin binding activity was detected in all
the membrane fractions from 3T3-F442A adipocytes in the ligand blot, an observation
also made with the dot blot assay. This may be a result of the relatively harsh conditions
of the assays (e.g. SDS denaturation and electrophoresis for the ligand blot and
immobilization of proteins on membranes in both cases) attenuating the activity of
albumin binding proteins. Alternatively all membrane fractions may indeed have similar
albumin binding activity, although at least with respect to the plasma membrane fractions

we expect to see a difference between preadipocytes and adipocytes (based on Figure 13).
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C.3 Expression of SR-BI in Bone Marrow-Derived Cells Protects LDLR KO Mice

from Diet Induced Atherosclerosis

The scavenger receptor class B type I (SR-BI) is a HDL receptor that mediates
selective lipid uptake, and appears to be a key component of the reverse cholesterol
transport (RCT) pathway (reviewed in (Trigatti et al. 2000)). "fhe RCT pathway moves
cholesterol from non-hepatic tissue via HDL to the liver for excretion in the bile
(reviewed in (Assmann et al. 2003)). RCT can act to promote cholesterol flux from lipid-
laden macrophages. Thus this pathway is believed to be antiatherogenic (reviewed in

(Assmann et al. 2003)).

Expression of SR-BI in mice is atheroprotective. Complete ablation of SR-BI
alone or in the context of either, the apolipoprotein E knockout (ApoE KO) mouse or the
fat fed low density lipoprotein receptor knockout (LDLR KO) mouse, results in increased
atherosclerosis (Trigatti et al. 1999; Van Eck et al. 2003) (Covey et al. 2003). A 50%
attenuation of SR-BI expression in fat fed LDLR KO mice also leads to increased
atherosclerosis (Huszar et al. 2000). The mechanism by which ablation or reduction of
SR-BI leads to increased atherosclerosis is not fully understood and appears to be

multifactorial.

Hepatic expression of SR-BI likely has an important role in SR-BI mediated

atheroprotection. Hepatic overexpression of SR-BI in mice can decrease their
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susceptibility to atherosclerosis (Arai et al. 1999; Kozarsky et al. 2000). The decreased
atherosclerosis appears to be at least partially attributable to increased biliary cholesterol
excretion (Kozarsky et al. 1997). Another mechanism by which SR-BI might protect
against atherosclerosis is SR-BI mediated cholesterol efflux from lipid laden macrophage
foam cells in the arterial wall to HDL thereby promoting RCT (Tall et al. 2001).
Consistent with such a model, SR-BI is expressed in macrophages in atherosclerotic
plaques (Ji et al. 1997; Hirano et al. 1999; Chinetti et al. 2000). Furthermore the level of
SR-BI expression in cell lines correlates with the rate of cholesterol efflux to HDL (Ji et
al. 1997). In addition, overexpression of SR-BI in cell lines results in increased
cholestérol efflux (Ji et al. 1997; Stangl et al. 1998; Gu et al. 2000; Ohgami et al. 2001;
Huang et al. 2002). However the role of SR-BI expression in macrophages in vivo has

not been reported.

We hypothesized that a lack of SR-BI expression in macrophage foam cells would
enhance the development of atherosclerosis in mice. To test this we used fat fed LDLR
KO mice (a well-established mouse model of aortic atherosclerosis (Ishibashi et al.

1994)) with specific ablation of SR-BI in bone marrow-derived cells, which include
monocyte-derived macrophages. The generation of the chimeric mice with specific
ablation of SR-BI in bone marrow-derived cells was accomplished by radiation induced

ablation of endogenous bone marrow followed by bone marrow transplantation.
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C.3.1 SR-BI Mediates Cholesterol Efflux from CHO Cells

SR-BI overexpression in transfected cells was first shown by Tall and Rothblat
and their coworkers to enhance cholesterol efflux to HDL (Ji et al. 1997). To confirm
this, 1dIA7 (LDL receptor-deficient mutant Chinese hamster ovary cells (Krieger et al.
1981)) and 1dIA[mSR-BI] (1dlA7 cells overexpressing murine SR-BI (Acton et al. 1996))
cells were loaded overnight with [°H]-cholesterol, washed and net cholesterol efflux to
fetal bovine serum (which contains cholesterol acceptors, e.g. lipoproteins) was measured
in the presence of a blocking anti-SR-BI antiserum or non-immune serum (see Section
B.2.3.3)(Figure 19). After eight hours the extent of net [°H]-cholesterol efflux from
1dIA[mSR-BI] cells (26.5% of the total cellular cholesterol) was 1.8-fold greater than
untransfected cells (14.7% of the total cellular cholesterol), in agreement with results

originally reported by Ji et al. (Ji et al. 1997).

Others have reported that SR-BI overexpression enhances net cholesterol efflux to
1-palmitoyl-2-oleoylphoshatidylcholine small unilamellar vesicles (POPC SUV) (de la
Llera-Moya et al. 1999). SR-BI, however, has been reported to have a low affinity for
these vesicles (Rigotti et al. 1995; de la Llera-Moya et al. 1999), suggesting that it may
mediate cholesterol efflux without binding directly to cholesterol acceptors (de la Llera-
Moya et al. 1999). To test this we used a previously characterized anti-SR-BI antibody
reported to block lipoprotein binding to SR-BI (Gu et al. 2000). Figure 19 demonstrates

that the antibody reduced the rate of net efflux in SR-BI transfected cells to that of
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Figure 19. Net Efflux of [*H]-Cholesterol from 1dIA7 and IdIA[mSR-BI] Cells. 1dIA7
(grey symbols) and 1dIA[mSR-BI] cells (black symbols) were loaded for 48 hours with
[’H]-cholesterol then incubated overnight in media containing 2% BSA, then net efflux
was initiated by the addition of media containing 10% FBS (circles) or pre-incubated for
45 minutes with the anti-SR-BI antibody KK at a 1/1000 dilution (triangle) or a non-
immune serum at 1/1000 dilution (square) prior to the addition of media with 10% FBS
(as described in Section B.2.3.3). Efflux is expressed as % [*H]-cholesterol in the media
relative to the total amount of [°H]-cholesterol.
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untransfected cells. In contrast a non-immune serum had no effect. This indicated that

the SR-BI enhanced efflux was likely a result of its ability to bind cholesterol acceptors.

C.3.2 Establishing Conditions for Bone Marrow Transplantation

Cholesterol efflux from macrophages to HDL is thought to be an important
pathway of atheroprotection. This leads to the prediction that SR-BI expression in
macrophages should protect against atherosclerosis. To set up a system in which
macrophage SR-BI is ablated in the context of normal hepatic SR-BI expression, bone
marrow transplantation was used. This approach allowed for mice to be generated in
which SR-BI was inactivated specifically in bone marrow derived cells, including
monocyte-derived macrophages. This well-characterized approach has been used to test
the role of a variety of monocyte-derived macrophage gene products in atherosclerosis;
examples include ABCA1 (Aiello et al. 2002; van Eck et al. 2002), apoE (Fazio et al.

1997; Van Eck et al. 2000), and adipocyte fatty acid binding protein (Layne et al. 2001).

To test the conditions for bone marrow transplantation, a method of detecting
donor versus recipient bone marrow derived cells was required. This was achieved
through the use of green fluorescent protein transgenic (GFPtg) mice as bone marrow
donors, these mice have the enhanced GFP ¢cDNA under control of the chicken beta-actin
promoter and cytomegalovirus enhancer and express GFP in all cell types except

erythrocytes and hair (Okabe et al. 1997).
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First the ability to detect CD11b labeled and GFP expressing cells was
determined. Blood from either GFPtg or non-transgenic mice was collected and prepared
for flow cytometry by treating the blood with NH,4Cl to lyse erythrocytes, the remaining
cells were then incubated with a biotinylated antibody directed against CD11b followed
by incubation with a streptavidin-Cy-Chrome conjugate to mark cells of the myeloid
lineage (Cheng et al. 1996) including monocytes (Springer et al. 1979). The cells were
then analyzed by 2-colour flow cytometry with a BD FACSVantage equipped with an ion
gas laser (excitation at 488 nm)(performed by Hong Liang at the McMaster University
Flow Cytometry Facility). GFP and cy-chrome fluorescence emission was measured with
filters at 550 nm and 695 nm respectively. Representative plots are shown in Figure 20
and the results of 2 experiments are presented in Table 6. The majority of cells from non-
transgenic mice had very low GFP fluorescence as expected (Figure 20 left-hand quadrant
of panels A and C). While 83 £+ 10% (n=4) of the cells from GFPtg mice were positive
for GFP (Figure 20 right-hand quadrant of panels B and D). CD11b positive cells (Figure
20 upper quadrant of panels C and D) were not detected when the anti-CD11b antibody
was omitted (Figure 20 upper quadrant panels A and B). In the presence of the anti-
CD11b antibody 20 + 5% (n=4) of the cells were CD11b positive. When GFPtg blood
cells labeled with anti-CD11b were analyzed, 92% and 93% (n=2) of the CD11b" cells
(upper left and upper right quadrants) were GFPtg" (upper right quadrant)(Figure 20

panel D).
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Figure 20. Flow Cytometric Analysis of Cells Prepared from Blood of GFP
Transgenic and Non-transgenic Mice. Blood was collected in heparinized tubes from
green fluorescent protein expressing transgenic mice (GFPtg) (panels B and D) and non-
transgenic mice (A and C), and was then treated with NH4Cl to lyse erythrocytes, washed
and then the cells in panels C and D were treated with a biotinylated anti-CD11b antibody
followed by incubation with a streptavidin Cy-Chrome conjugate. Cells were then
analyzed with a FACSVantage flow cytometer (Hong Liang, McMaster University Flow
Cytometry Facility) using an ion gas laser (excitation at 488 nm), GFP and cy-chrome
fluorescence emission was measured with filters at 550nm and 695 nm respectively.

Each dot represents an individual cell. GFP expression (relative fluorescent units, rfu) is
plotted on the horizontal axis and CD11b expression (rfu) is plotted on the vertical axis.
The boundaries to the quadrants were determined empirically from the data in panels A-
C.
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Table 6. Flow cytometric analysis of blood cells from non-transgenic and GFP-
transgenic mice.

. Upper
Number of Cells in Quadrant Right
Panel * Total )
Upper Left Upper Right Lower Left  Lower Right Uppe{
(%)
A 0 1 3911 17 3929 na
2 0 3979 0 3981 na
B 0 0 303 3610 3913 na
0 5 1128 3193 4326 na
C 950 0 2981 13 3944 na
6167 2 24857 2 31028 na
D 361 4952 2165 16347 23825 93.2
40 483 1024 2725 4272 924
-*panel in Figure 20

-* percentage of cells in upper right quadrant versus upper right and upper left

-na not applicable

-each line represents an individual mouse analyzed
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Next we determined the radiation dose required to ablate endogenous bone
marrow in recipient mice and allow for efficient repopulation of donor derived bone
marrow. Recipients (C57BL/6 apoE KO females) were exposed to 600, 800, 1000 and
1200 cGy of irradiation (*’Co source, performed by Robert Pasuta McMaster University
Nuclear Reactor Hot Cell Facility) delivered in 2 sessions separated by 3 hours. Bone
marrow from GFPtg donors was introduced by intravenous injection into the irradiated
recipients as described in Section B.2.1.2. Blood was collected 4-weeks post
transplantation to test for bone marrow repopulation by flow cytometric analysis as
described in Section B.2.1.4. Representative plots are shown in Figure 21, and the
compiled results from mice (n=2 or 3) are presented in Table 7. The proportion of
CD11b" cells that were GFP" was determined and provided a measure of the percentage
of myeloid lineage cells that were donor derived. When irradiated with 1200 cGy, the
average repopulation of donor-derived bone marrow was 97 £+ 3 % (n=2); mice irradiated
with 1000 cGy gave similar results, 98 £ 1 % (n=3). For mice irradiated with 800 and
600 cGy, the average degree of repopulation determined was 93 + 6 % (n=2). Note that
600 cGy was not a lethal dose as a mouse that was not transplanted survived for greater
than 2 months. For subsequent bone marrow transplantation experiments, 1000 cGy of

total body irradiation was used.
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Radiation Dose (cGy)
1200 1000 800 600

Figure 21. Flow Cytometric Analysis of Blood Cell Preparations from Irradiated
Mice Transplanted with Bone Marrow from GFPtg Mice. C57BL/6 apolipoprotein E
knockout (ApoE™") mice were irradiated with 600 cGy then 3 hours later mice were either
used for bone marrow transplants or were irradiated with a further 200, 400 or 600 cGy
from a ®°Co source (performed by Robert Pasuta, McMaster University Nuclear Reactor
Hot Cell). Irradiated mice were transplanted with bone marrow form GFPtg mice (as
described in Section B.2.1.2). Four weeks post transplant, blood was collected via the tail
vein, into heparinized tubes. Red blood cells were lysed and the remainder of the blood
cell preparation was labelled with a biotinylated anti-CD11b antibody and a Cy-Chrome
/streptavidin conjugate as described in the legend to Figure 20 and in Section B.2.1.4.
GFP and CD11b expression (relative fluorescence units horizontal and vertical axes
respectively) were determined by flow cytometry as described in the legend to Figure 20
and in Section B.2.1.4 and each dot represents an individual cell. Experiment was
performed in conjunction with Ali Rizvi.

122



Table 7. Analysis of bone marrow repopulation by flow cytometry in irradiated
mice transplanted with GFPtg" bone marrow.

Radiation Bone Survival 1- % of Donor
Dose Marrow Month Post Derived CD11b™  Average
Mouse # (cGY) Transplanted Transplant Cells * (%)

1 600 no yes

2 yes yes 96 93+6°
3 yes yes 90

4 800 no no

5 yes yes 96 93+6°
6 yes yes 89

7 1000 no no

8 yes yes 98 98+1°¢
9 yes yes 98

10 yes yes 97

11 1200 no no

12 yes yes 99 97+3°
13 yes yes 96

® the number of cells in the upper right quadrant versus both upper quadrants

® the difference between the repopulation of the two mice
¢ the standard deviation of the repopulation of the three mice
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C.3.3 The Effect of GFP Expression in Bone Marrow Derived Cells on

Atherosclerosis in LDLR KO Mice.

GFP serves as a convenient marker of donor derived cells in circulation (Figure 21
and Table 7) and may also facilitate the identification of donor-derived cells contributing
to atherosclerotic plaques. However, to be useful, GFP expression should not effect the
development of atherosclerosis. To test this LDLR KO mice (on a mixed genetic
background) were transplanted with bone marrow from either LDLR KO mice or LDLR
KO GFPtg mice. LDLR KO mice were used as recipients as when these mice are fed a
high fat, high cholesterol, “Western-type” diet, they develop aortic atherosclerosis and are
a well-characterized mouse model of this disease (Ishibashi et al. 1994). One month post
transplantation mice were fed a high fat diet for 2 months, sacrificed and the vasculature
perfused and the aorta and heart harvested (bone marrow transplantation, repopulation
analysis and tissue harvesting all performed at MIT by Dr. B. Trigatti). The amount of
atherosclerosis was analyzed as; 1) the surface area covered by lipid rich plaques in the
aorta (aortic arch and descending aorta)(as described in Section B.2.1.6), and 2) the cross

sectional area of lesions in the aortic sinus (as described in Section B.2.1.7).

To measure the cross sectional area of lesions, hearts that had been embedded in
cryomatrix were sectioned on a cryostat and 10 pm thick sections of the aortic sinus
collected and stained with oil red O (see Section B.2.1.7) (sections were collected and

stained by D. Wang). The lesion area was measured in sections corresponding to the end
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of the aortic sinus (defined by an irregular vessel perimeter as well as the presence of 3
valves and their attachment sites (Paigen et al. 1987))(Figure 22). The area of the lipid
lesions were similar regardless of the bone marrow donor, with mean lesion areas +
standard error of the mean of 87419 + 29044 pm® and 72964 + 32686 pum? for mice
receiving LDLR KO (Figure 23 panel A black bars, n=9) and LDLR KO GFPtg (Figure

23 panel A grey bars, n=4) bone marrow respectively (p=0.368).

To measure the percentage of the inner surface area of the aorta covered by lipid
rich lesions, aortas (from the aortic arch to the iliac bifurcation) that had been fixed in
3.8% neutral buffered formaldehyde (formalin) were dissected free of all adventitial fat
tissue, stained with Sudan IV, dissected longitudinally and mounted onto glass slides (see
Section B.2.1.6)(Figure 23 panel B). For lethally irradiated LDLR KO mice the mean
percentage surface area of the aorta lumen covered by lipid rich lesions + the standard
error of the mean was 1.37% =+ 0.24% for mice receiving LDLR KO bone marrow (Figure
23 panel B black bars) and 1.53% + 0.87% for mice receiving LDLR KO GFPtg bone

marrow (Figure 23 panel B grey bars) (p=0.407).

Thus GFP expression in bone marrow derived cells did not affect either the lesion
size or the amount of aorta surface area covered by lesions. Thus we concluded that GFP

expression in bone marrow derived cells does not appear to influence the progression of
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Bone Marrow Donor
LDLR KO | LDLR KO GFPt

Figure 22. Oil Red O Stained Cross Sections Through the Aortic Sinus of Fat Fed
LDLR KO Mice Transplanted with LDLR KO or LDLR KO GFPtg Bone Marrow.
Perfused hearts were collected from LDLR KO mice that had been transplanted with bone
marrow from LDLR KO (left panel) or LDLR KO GFPtg (right panel) mice and then fed
a high fat diet for 2 months (initiated 1 month post transplantation). Hearts were
embedded in cryomatrix and 10 um thick sections were prepared then stained with oil red
O (as described in Section B.2.1.7).
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Figure 23. Aortic Atherosclerosis in Fat Fed LDLR KO Mice Transplanted with
LDLR KO or LDLR KO GFPtg Bone Marrow. One month post transplantation LDLR
KO mice reconstituted with either LDLR KO (black) or LDLR KO GFPtg (grey) were
fed a high fat diet for 2 months. The cross sectional size of lesions in the aortic sinus (as
described in Section B.2.1.7, panel A) and the percentage of the aorta surface area
covered by lipid rich lesions (as described in Section B.2.1.6, panel B) were measured.
Bars represent the mean value + the standard error of the mean, for LDLR KO donors

n=9 and for LDLR KO GFPtg donors n=4. Both panel A and B p>0.368.
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atherosclerosis in these mice and therefore should serve as a useful means in marking and

tracking donor derived bone marrow and bone marrow-derived cells.

C.3.4 Generating Chimeric Mice with Bone Marrow Specific Ablation of SR-BI

To test our hypothesis that a lack of SR-BI expression in macrophages would be
proatherogenic, we set out to generate LDLR knockout mice that had a selective
disruption of SR-BI in bone marrow-derived cells. Despite the validation that GFPtg
mice could be used as bone marrow donors, they were not used in these studies due to the
unavailability of SR-BI KO/GFPtg mice on a pure C57BL/6 genetic background at the
time the experiments were performed. We chose to use donor and recipient mice that
were on the C57BL/6 background, a strain that is predisposed to atherosclerosis (Paigen
et al. 1990). This will avoid variations in the development of atherosclerosis due to
differences in the genetic backgrounds of the mice and should thereby facilitate the
detection of subtle differences between experimental groups. LDLR KO mice were used
as the bone marrow recipients, as discussed in Section C.3.3 fat-fed LDLR KO mice are a
well-characterized mouse model of aortic atherosclerosis (Ishibashi et al. 1994).
LDLR**SR-BI"" or wild type (LDLR"*SR-BI""*) mice were used as bone marrow donors.
Others have demonstrated that reconstitution of LDLR KO mice with LDLR™ bone
marrow has no effect on diet-induced atherosclerosis (Boisvert et al. 1997; Herijgers et al.

1997; Linton et al. 1999).
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One-month post transplantation, we used PCR to analyze the genotype of blood
cells collected from the recipient mice as a qualitative measure of bone marrow
engraftment (see Section B.2.1.3). We tested for the presence of either the mutant or
wild-type alleles of the LDLR and SR-BI genes. Blood cells derived from bone marrow
donor mice should posses only the wild-type LDLR allele and either the wild-type or
mutant SR-BI allele (depending on whether donors were SR-BI"* or SR-BI”"
respectively). Cells derived from the recipient mice should contain only the mutant
LDLR and wild-type SR-BI alleles. Figure 24 shows representative results of PCR for
the LDLR and SR-BI alleles of lethally irradiated LDLR KO mice transplanted with bone
marrow from wild-type or SR-BI KO mice (see Table 3 for the PCR amplicon sizes).
Consistent with successful repopulation of donor-derived bone marrow, the DNA from
blood cells of all transplanted mice carried the wild-type LDLR allele, but not the mutant
LDLR allele (at least within the detection limits of the PCR assay). Likewise, the
prominent product of the SR-BI PCR reaction in mice transplanted with SR-BI KO bone
marrow was that of the mutant SR-BI allele. As expected, in mice transplanted with
wild-type bone marrow, only the product of the wild-type SR-BI allele could be detected.

Similar genotyping analysis was performed on all mice 1-month post transplantation.
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Figure 24. PCR Analysis of SR-BI and LDLR Alleles in Blood Celis of Recipient
Mice One-Month Post Transplantation. One month following bone marrow
transplants of SR-BI wild-type or SR-BI knockout (SR-BI KO) bone marrow into LDLR
knockout mice, blood was collected and DNA was prepared from the blood using BD
Quickblood kits, DNA for controls was obtained from tail biopsies (see Section B.2.1.3).
Template DNA was then used to perform PCR analysis of the SR-BI (panel A) and
LDLR (wild-type and mutant, panels B and C respectively) alleles, see table 3 for primers
and amplicon sizes. Note the DNA template for PCR reactions in panel A lanes 1 and 2
is from different mice than panel B and C (lanes 1 and 2), but results are representative.
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C.3.5 Bone Marrow Specific Ablation of SR-BI in LDLR KO Mice Does Not Alter

Plasma Cholesterol Levels or Lipoprotein Profiles.

SR-BI expression can influence plasma cholesterol levels. In SR-BI KO mice,
plasma cholesterol was increased 2.2-fold relative to wild-type controls (216 + 37 mg/dl
for SR-BI KO versus 96 £ 17 mg/dl for wild-type controls) (Rigotti et al. 1997). This
change in plasma cholesterol was associated with an increase in the size and cholesterol
content of HDL (Rigotti et al. 1997). In a similar manner, SR-Bl/apoE dKO mice had
increased plasma cholesterol relative to mice with either individual mutant allele.
However, in this case there is an increase in VLDL sized particles (Trigatti et al. 1999).
On the LDLR KO background, on a low fat diet there was a 1.7-fold increase in plasma
cholesterol in the SR-BI/LDLR dKO mice (430 = 80 mg/dl) compared to the LDLR KO
mice (253 = 7 mg/dl) (Covey et al. 2003). This correlated with an increase in the size and
cholesterol content of HDL sized particles. However, in contrast, on a high fat diet the
SR-BI/LDLR dKO mice had 1.2-fold less plasma cholesterol relative to the LDLR dKO
mice, 617 + 52 mg/dl versus 768 + 43 (Covey et al. 2003). This occurred despite an
increase in cholesterol in HDL sized particles. The decreased plasma cholesterol was
attributable to a decrease in the cholesterol content of IDL/LDL sized particles in the SR-
BI/LDLR dKO mice relative to the LDLR KO mice (Covey et al. 2003). Presumably the
alterations in plasma cholesterol and lipoproteins occurring in SR-BI KO mice are mainly
attributable to a loss of hepatic SR-BI. Based on the work of others (Kozarsky et al.

1997; Wang et al. 1998; Ueda et al. 1999) it is expected that alterations in plasma
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lipoprotein concentrations in SR-BI KO mice are a consequence of eliminating hepatic

SR-BI. The contribution of SR-BI in non-hepatic tissue has not been addressed.

To determine if SR-BI in bone marrow-derived cells normally plays a role in
control of overall plasma cholesterol levels we measured plasma total, free, and esterified
cholesterol levels (as described in Section B.2.1.10) in LDLR KO mice transplanted with
wild-type or SR-BI KO bone marrow at 4 weeks post transplant (fed a standard low fat
rodent diet) and at 5 months post transplant (fed a high fat diet for 4 months)(Figure 25).
On a low fat diet, the plasma total cholesterol was 313 + 38 mg/dl and 306 + 26 mg/dl,
the free cholesterol was 101 + 16 mg/dl and 96 + 16 mg/dl, and the esterified cholesterol
was 212 + 23 mg/dl and 210 £ 23 mg/dl, for mice receiving wild-type and SR-BI KO
bone marrow respectively. On a high fat diet, the plasma cholesterol was 971 + 355
mg/dl and 838 + 332 mg/dl, the free cholesterol was 258 + 83 mg/dl and 211 + 47 mg/dl,
and the esterified cholesterol was 603 = 196 mg/dl and 507 + 121 mg/dl, for mice
receiving wild-type and SR-BI KO bone marrow respectively. There were no statistically
significant differences in plasma cholesterol levels between mice receiving wild-type and

SR-BI KO bone marrow.

To test if the distribution of cholesterol amongst lipoproteins was altered by
ablation of SR-BI in bone marrow-derived cells, we fractionated plasma by size exclusion
FPLC (as described in Section B.2.1.9) and assayed for cholesterol content. Figure 26

shows representative profiles of total, free and esterified cholesterol for
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Figure 25. Plasma Cholesterol Levels in LDLR KO Mice Transplanted with Wild-
type or SR-BI KO Bone Marrow on a Low Fat and High Fat Diet. Plasma samples
were taken (as described in Section B.2.1.8) from LDLR KO mice transplanted with wild-
type bone marrow (black) or SR-BI KO bone marrow (grey), at 4 weeks post transplant
(fed a low fat diet) and at 5 months post transplant, (4 months on a high fat diet).
Cholesterol levels were measured with kits from Wako Diagnostic as described in Section
B.2.1.10). None of the differences between mice receiving wild-type or SR-BI KO bone
marrow were statistically significant. On a low fat diet the total cholesterol was 313 + 38
mg/dl and 306 + 26 mg/dl, free cholesterol was 101 + 16 mg/dl and 96 + 16 mg/dl, and
esterified cholesterol was 212 + 23 mg/dl and 210 + 23 mg/dl for mice receiving wild-
type (n=4) and SR-BI KO (n=4) bone marrow respectively. On a high fat diet the total
cholesterol was 971 + 355 mg/dl (n=8) and 838 + 332 mg/dl (n=12), free cholesterol was
258 + 83 mg/dl (n=3) and 211 £ 47 mg/dl (n=6), and esterified cholesterol was 603 + 196
mg/dl (n=3) and 507 + 121 mg/dl (n=6) for mice receiving wild-type and SR-BI KO bone
marrow respectively.
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Figure 26. Lipoprotein Profiles from LDLR KO Mice Transplanted with Wild-type or SR-BI KO
Bone Marrow. Blood samples were taken from LDLR KO mice transplanted with wild-type (black) or
SR-BI KO (grey) bone marrow at 4 weeks post transplant (4 weeks on a low fat diet) or after 5 months (4
months on a high fat diet) and plasma (prepared as described in Section B.2.1.8) was fractionated by size
exclusion FPLC (as described in Sections B.2.1.9). Fractions were assayed for total cholesterol and free
cholesterol using kits from Wako Diagnostic, and cholesterol esters were calculated as the difference
between total and free cholesterol (as described in Section B.2.1.10). Profiles are from plasma pooled from
3 to 4 mice and are representative profiles.
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Table 8. Cholesterol analysis of LDLR KO mice reconstituted with either wild-type

or SR-BI KO bone marrow.
Low Fat Diet High Fat Diet
Bone Marrow Donor d Bone Marrow Donor d
SR-BI'"" SR-BI"™ P SR-BI'" SR-BI"" P
Plasma
Total 314+38 (4) 306126 (4) 0.374 970+354 (8) . 837+332(12) 0.201
Free 100£16 (4) 9616 (4) 0.325 258+83 (3) 21147 (6) 0.153
Ester 212423 (4) 210423 (4) 0.442 602196 (3) 507121 (6) 0.193
VvLDL ®
Total pd pd nd 195£90 (3) 251194 (3) 0.337
Free pd pd nd 92438 (3) 113£94 (3) 0.370
Ester pd pd nd 104452 (3) 140499 (3) 0.306
IDL/LDL ®
Total pd pd nd 633+245 (3)  626+343 (3) 0.489
Free pd pd nd 270+£129 (3)  314£200 (3) 0.384
Ester pd pd nd 463+290 (3)  325+133 (3) 0.248
HDL ©
Total pd pd nd 84+10 (3) 79+12 (3) 0.290
Free pd pd nd 33+12 (3) 35+14 (3) 0.431
Ester pd pd nd 32412 (3) 42422 (3) 0.261

-values correspond to the average + standard deviation and the number in () the number of mice
* the VLDL fraction is defined as fractions 1 through 5
*the IDL/LDL fraction is defined as fractions 6 through 25
“the HDL fraction is defined as fractions 26 through 41
“dvalue of Student’s t-test
-pd preliminary data see text
-nd not determined
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transplanted mice on a high fat diet (data compiled in Table 8). Preliminary data for the
transplanted mice fed a low fat diet is as follows; for the total, free and esterified
cholesterol associated with VLDL (4, 2, and 2 mg/dl compared to 6, 2 and 4 mg/dl for
mice receiving SR-BIKO and wild-type bone marrow respectively) IDL/LDL (114, 49,
and 65 mg/dl compared to 141, 59 and 83 mg/dl for mice receiving SR-BIKO and wild-
type bone marrow respectively) and HDL (110, 24, and 85 mg/dl compared to 121, 18
and 103 mg/dl for mice receiving SR-BIKO and wild-type bone marrow respectively)
were similar between the two groups. Following the high fat diet there were no
statistically significant differences in cholesterol associated with VLDL, LDL/IDL or
HDL in mice receiving wild-type or SR-BI KO bone marrow (Table 8). Thus expression
of SR-BI in bone marrow-derived cells of LDLR KO mice fed a high-fat diet does not

influence plasma cholesterol levels or the distribution of cholesterol among lipoproteins.

C.3.6 LDLR KO Mice with a Bone Marrow Specific Ablation of SR-BI Have

Increased Diet Induced Aortic Atherosclerosis.

Next, the effect of the bone marrow specific ablation of SR-BI on aortic
atherosclerosis was investigated. Following 4 months on the high fat diet mice were
sacrificed and the aorta’s were removed and assayed for the percentage of the surface area
covered by lipid rich atherosclerotic lesions (as described in Section B.2.1.6)(Figure 27
and 28). LDLR KO mice transplanted with SR-BI KO bone marrow had 1.4-fold higher

atherosclerosis over the entire aorta than those transplanted with wild-
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Figure 27. Sudan IV Stained Aortic Arches of LDLR KO Mice Transplanted with
SR-BI Wild-type or KO Bone Marrow. Aorta’s from female LDLR KO mice
transplanted with either SR-BI wild-type (left panel) or KO (right panel) bone marrow fed
a high fat diet for 4 months were harvested from mice, fixed in neutral buffered
formaldehyde and then stained with Sudan IV (as described in Section B.2.1.6). Stained
aorta’s were bisected open from the aortic arch to the iliac bifurcation and mounted lumen
side up onto glass slides with glycerol gelatin and then imaged in bright field with a 5X
objective (the images shown are the aortic arch).
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Figure 28. Aortic Atherosclerosis in Fat Fed LDLR KO Mice Transplanted with
Wild-type or SR-BI KO Bone Marrow. One month post transplantation female LDLR
KO mice reconstituted with either wild-type (black circles) or SR-BI KO (grey circles)
bone marrow were fed a high fat diet for 4 months and then the aorta’s were removed and
stained for lipid with Sudan IV and the percentage of the surface area covered by lipid
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rich lesions was determined (as described in Section B.2.1.6). The percentage of the

inner aortic surface covered by lipid rich plaques was 20.1 £5.2 % and 12.1 +4.5 % in
the arch and 5.4 = 1.1 % and 3.7 £ 1.0 % in the entire aorta for mice receiving SR-BI KO

(n=6) and wild-type (n=5) bone marrow respectively. * p=0.012 and ** p=0.017.
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type bone marrow (5.4 = 1.1% and 3.7 + 1.0 % coverage respectively, Figure 28 panel B,
p=0.017). However the majority of aortic atherosclerotic plaque was found in the aortic
arch of chimeric mice regardless of the bone marrow donor, so we also compared
atherosclerosis in this region. Mice receiving SR-BI KO bone marrow had 1.7-fold as
much atherosclerotic plaque in the aortic arch as those receiving wild-type bone marrow
(20.1 £5.2 % and 12.1 £ 4.5 % coverage respectively, Figure 28 panel A, p=0.012). In
the descending aorta there was 3.1 + 0.8% plaque coverage in mice receiving SR-BI KO
bone marrow and 2.5 + 1.4% coverage in mice transplanted with wild-type bone marrow,
however this difference was not statistically significant (p=0.23). Therefore a lack of SR-
BI in bone marrow-derived cells increases atherosclerosis in LDLR KO mice on a high

fat diet.

C.3.7 Bone Marrow Specific Ablation of SR-BI in LDLR KO Mice Does Not Inhibit

Red Blood Cell Maturation.

Bone marrow specific ablation of SR-BI increased atherosclerosis without
affecting plasma lipoprotein cholesterol levels. A potential mechanism for the increased
atherosclerosis in mice with an ablation of SR-BI in bone marrow derived cells is a defect
in erythrocyte maturation. Erythrocytes may be important cells with respect to the
development of atherosclerosis as; 1) the erythrocyte plasma membrane protein
glycophorin has been found to be a component of atherosclerotic plaques, suggesting that

erythrocytes or at least erythrocyte plasma membranes accumulate and contribute to
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atherosclerotic plaque development (Arbustini et al. 2002; Pasterkamp et al. 2002), and 2)
defects in erythrocyte function can lead to anemia and arterial wall hypoxia, conditions
proposed to contribute to atherosclerotic development (Boxen 1985; Gainer 1987).
Potential mechanisms for this include, hypoxia induced release of growth factors leading
to intimal cellular proliferation (Simanonok 1996), hypoxia induced increased activity of
acyl CoA:cholesterol acyltransferase in the arterial walls (Martin et al. 1991), or hypoxia
generated oxyradicals enhancing the atherogenic potential of lipoproteins (Crawford et al.
1991). However in studies with apoE KO mice treated with phenylhydrazine (to induce
anemia) there was a positive correlation between circulating red blood cell levels and
atherosclerotic lesion size, suggesting that anemia may be antiatherogenic (Paul et al.

1999).

Proper maturation and development of erythrocytes is hampered in SR-BI KO
mice and conditions resulting in a hypercholesterolemic state can exacerbate this defect
(Holm et al. 2002). These included 1) feeding mice a high cholesterol diet and 2)
inactivation of the apoE gene (Holm et al. 2002). In SR-BI KO mice, erythrocyte
phagolysosome expulsion appears to be inhibited, resulting in altered cell morphology
and intracellular inclusions not typically seen in normal red blood cells (Holm et al.
2002). To investigate if similar defects in erythrocyte maturation occurred in LDLR KO

mice transplanted with SR-BI KO bone marrow the red blood cell morphology was
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investigated by transmission electron microscopy (Figure 29)(performed by Ernie Spitzer
at the McMaster University Medical Centre Electron Microscopy Facility). The cells
from wild-type mice fed a high fat diet for 14 weeks (Figure 29 panel A) or 29 weeks (not
shown) have typical erythrocyte morphology. Likewise the cells from the 14-week fat
fed LDLR KO mice also appeared to have a normal morphology (Figure 29 panel B).
Erythrocytes from SR-BI KO mice on a high fat diet had an altered morphology and
intracellular inclusions (Figure 29 panel C). These changes were even more pronounced
in cells from SR-Bl/apoE dKO mice (Figure 29 panel E). Similarly the fat fed SR-
BI/LDLR dKO mice also had altered morphology and prominent intracellular inclusions

(Figure 29 panel D).

Since fat-fed LDLR KO mice only show defects in erythrocyte development in the
absence of SR-BI (Figure 29 compare panels B and D), we sought to determine if the
defect in red blood cell morphology was also present in the LDLR KO mice transplanted
with SR-BI KO bone marrow relative to mice receiving wild-type bone marrow. Blood
samples were taken from LDLR KO mice transplanted with wild-type (Figure 29 panels F
and H) or SR-BI KO bone marrow (Figure 29 panels G and I) at 4 weeks post
transplantation (fed a low fat diet, panels F and G) and at 5 months post transplant (16
weeks on a high fat diet, panels H and I). At either the 4 week point or at the 5 month
point there was no evidence of intracellular inclusions in mice transplanted with wild-type

or SR-BI KO bone marrow. Note that at the 4-week point there were a small number of
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Figure 29. Transmission Electron Microscopic Images of Blood Samples from SR-BI KO and
Chimeric Mice. Blood samples were collected, treated with heparin and fixed overnight at 4 C in 2%
glutaraldehyde and were then processed for transmission electron microscopy (as described in Section
B.2.3.6, performed by Ernie Spitzer at the McMaster University Medical Center Electron Microscopy
Facility). Samples in panels A-D were from mice fed a high fat diet for 14 weeks, while panel E was
maintained on a low fat diet. The samples in panels F-I were LDLR KO mice transplanted with bone
marrow from either wild-type mice (panels F and H) or SR-BI KO mice {panels G and I), panels F and G
were 4 weeks post transplant (on a low fat diet) and H and I were 5 months post transplant (16 weeks on a
high fat diet). Representative images are shown, A n=3 mice x 4 fields, B n=2 mice x 4 fields, C n=2 mice
x 4 fields, D n=6 mice x 4 fields, E n=2 mice x 4 fields, F n=pooled plasma from 4 mice x 4 fields, G
n=pooled plasma from 4 mice x 4 fields, H n=3 mice x 4 fields, and I =6 mice x 4 fields. The scale bar
corresponds to 2.5 um. Arrows in panels C-E mark examples of intracellular inclusions.
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irregularly shaped cells (approximately 1:33 cells, 4 fields of view from the pooled
plasma of 4 mice) in the mice transplanted with SR-BI KO bone marrow. Whether these
cells were derived from one mouse, or if these are erythrocytes from the donor mouse
(note the normal life span for murine erythrocytes is over 40 days (Horky et al. 1978)) is
unclear. Nevertheless these cells did not contain intracellular inclusions and there was no
evidence of them at the 5-month time point. Holm et al. also demonstrated that
transplantation of SR-Bl/apoE dKO bone marrow into apoE KO mice resulted in normal
red blood cells (Holm et al. 2002). Together these studies demonstrate that the defects

are not a result of a lack of SR-BI in bone marrow derived cells.

In the study by Holm et al., the altered morphology in SR-Bl/apoE dKO mice
correlated with decreased hematocrit values, an indicator of anemia (Holm et al. 2002).
To investigate if anemia may be occurring in the absence of changes in red blood cell
morphology, hematocrit values were determined for LDLR KO mice transplanted with
wild-type or SR-BI KO bone marrow. In preliminary data there was no statistically
significant differences in hematocrit values between mice transplanted with SR-BI KO or
wild-type bone marrow. Thus improper red blood cell maturation and/or anemia, does
not appear to be the underlying mechanism for increased atherosclerosis in mice with SR-

BI ablated from bone marrow-derived cells.
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C.3.8 Cholesterol Efflux From Peritoneal Macrophages From Wild-type and SR-BI

KO Mice

To test if cholesterol efflux from macrophages to HDL was affected by a lack of
SR-BI we examined net cholesterol efflux from wild-type and SR-BI KO macrophages.
Peritoneal macrophages provide a convenient source of mouse-derived macrophages
(Fortier 1994); furthermore several studies have used these cells to measure macrophage
cholesterol efflux (Cao et al. 2002; Feng et al. 2002; Lee et al. 2002; Wang et al. 2002).
Peritoneal macrophages from wild-type and SR-BI KO mice were loaded with [*H]-
cholesterol, harvested and cultured as described in Section B.2.3.3. Net cholesterol efflux
was assayed as in Figure 19 with the exception that HDL was used as the cholesterol
acceptor (Figure 30). The amount of [*H]-cholesterol in the media increased over time
reaching 36% of the total label in the media by 26 hours. There was no detectable
difference in net cholesterol efflux from the peritoneal macrophages from wild-type or

SR-BI KO mice.

One possible explanation for the absence of a difference in net cholesterol efflux
from wild-type and SR-BI KO mice was that SR-BI may not be expressed at appreciable
levels in peritoneal macrophages. Expression of SR-BI in peritoneal macrophages was
examined by western blot analysis (as described in Section B.2.5.3) for SR-BI in total
membrane preparations (prepared as described in Section B.2.4.2) from wild-type and
SR-BI KO peritoneal macrophages, 1dIA7 cells and IdIA[mSR-BI] cells (Figure 31).

Equal amounts of protein were loaded (except for lane 4, macrophages from
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Figure 30. Net Efflux of [PH]-Cholesterol from Wild-type and SR-BI KO Elicited
Peritoneal Macrophages. Wild-type (black circles) and SR-BI KO (grey circles) mice
were injected intraperitoneally with 10% thioglycollate and then 5 days later mice were
injected with [’H]-cholesterol in FBS into the peritoneal cavity. Following a 3-hour
incubation, 10 ml of SmM EDTA in PBS was injected into the peritoneal cavity followed
by vigorous agitation. Isolated cells from the lavage were plated for 1-hour and then the
monolayer was washed vigorously and then the culture media was then replaced with
media containing 50 pg/ml HDL (as described in Section B.2.3.3). Media was then
sampled at the indicated time the amount of [’H] label was determined by scintillation
counting and plotted as the percent of total [’H]-cholesterol at time zero.
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Figure 31. Western Blot Analysis of SR-BI in Elicited Peritoneal Macrophages from
Wild-type and SR-BI KO Mice. Samples of total membranes were prepared (as
described in Section B.2.4.2) from 1dIA[mSR-BI] lane 1, 1d1A7 lane 2, elicited peritoneal
macrophages (E.P.M.) from SR-BI"* (lane 3) and SR-BI”" (lane 4). 10 pg of protein
from each sample was separated by SDS-PAGE (as described in Section B.2.5.1) and
transferred to a PVDF membrane (as described in Section B.2.5.2) and immunoblotting
was performed (as described in Section B.2.5.3) with either an anti-SR-BI antibody (495
antibody diluted 1:50 000) or an anti- e-COP antibody (diluted 1:5000).
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SR-BI KO mice) as verified by using e-COP as a loading control. SR-BI was detected in
1dIA[mSR-BI] cells (Figure 31 upper panel, lane 1) but not in untransfected 1d1A7 cells
(Figure 31 upper panel, lane 2) or peritoneal macrophages from SR-BI"* or SR-BI”" mice
(Figure 31 upper panel, lanes 3 and 4 respectively). The lack of detectable SR-BI in
peritoneal macrophages may account for the similar level of net-cholesterol efflux in

these cells between wild-type and SR-BI KO mice.

SR-Bl is not expressed at detectable levels in mouse elicited peritoneal
macrophages, but is expressed in macrophages in atherosclerotic plaques (Ji et al. 1997,
Hirano et al. 1999; Chinetti et al. 2000). Thus at least with respect to SR-BI, elicited
peritoneal macrophages may not be a good model of macrophage foam cells in the arterial
wall. Numerous studies have reported differences between resident and elicited
macrophages within the peritoneal cavity (Kiss et al. 2002) (Papadimitriou et al. 1981;
Grigoriadis et al. 1996), by extension there may be significant differences between
elicited peritoneal macrophages and macrophage foam cells. Therefore we need to test

cholesterol efflux in different macrophages from mice.

C.3.9 Conclusions and Implications

In this chapter experiments were aimed at testing the hypothesis that a lack of SR-
BI expression in macrophage foam cells would enhance the development of

atherosclerosis in mice. The rationale for this hypothesis was that SR-BI might contribute
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to reverse cholesterol transport by mediating efflux from lipid-laden macrophage foam
cells in the arterial wall to HDL, as over expression of SR-BI has been shown to promote
cholesterol efflux in cultured cells ((Ji et al. 1997) and Figure 19). To test the hypothesis,
we sought to use bone marrow transplantation to generate chimeric LDLR KO mice that
have specific ablation or expression of SR-BI in bone marrow derived cells. The results
presented in this chapter demonstrate that the bone marrow transplantation procedure was
successful in generating chimeric mice (Figures 21, 24 and Table 7). The bone marrow
specific ablation of SR-BI did not affect either the total plasma cholesterol levels or the
plasma lipoprotein distribution in the chimeric mice (Figures 25, 26 and Table 8).
However the bone marrow specific ablation of SR-BI did result in a substantial increase

in aortic atherosclerosis in the mice (Figure 28) that is consistent with the hypothesis.

Ablation of SR-BI in bone marrow derived cells does not account for all of SR-
BI's atheroprotective effect as global ablation of SR-BI in LDLR KO mice led to a 6-fold
increase in atherosclerosis relative to LDLR KO mice (24% versus 3.9% coverage)
(Covey et al. 2003), while selective ablation of SR-BI in LDLR KO mice led to a 1.4-fold
increase in atherosclerosis (5.4% versus 3.7% coverage, Figure 28). Clearly SR-BI
expression in other tissues, especially the liver, which has a profound influence on
lipoprotein metabolism (Kozarsky et al. 2000), also plays an important atheroprotective
role. Nevertheless, the near 2-fold effect of bone marrow specific SR-BI deficiency on

atherosclerosis is striking. For example, bone marrow specific elimination of ABCAL, a
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bona fide component of the in vivo cholesterol efflux pathway (Brooks-Wilson et al.
1999; Lawn et al. 1999), gives a 1.6 to 3-fold increase in diet-induced atherosclerosis in

apoE or LDLR KO mice (Aiello et al. 2002; van Eck et al. 2002).

The mechanism of increased atherosclerosis by bone marrow specific ablation of
SR-BI is not clear. However we have been able to establish that the effect is not a result
of changes in plasma cholesterol content or distribution among lipoproteins (Figure 25,26
and Table 8). Furthermore our results indicate that defects in erythrocyte maturation are
not the cause of the increased atherosclerosis (Figure 29). Experiments to determine if
ablation of macrophage SR-BI inhibits net cholesterol efflux from macrophages and thus
leads to increased atherosclerosis via diminished RCT will require a suitable model

system (Figure 30 and 23).
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D Concluding Remarks

D.1 Mechanisms of LCFA Membrane Translocation

Our results and those of others (Pohl et al. 2002) that cholesterol depletion inhibits
LCFA uptake generates many questions. First and foremost, does cholesterol depletion
affect passive diffusion of LCFA or does it alter the function of proteins involved in
LCFA uptake such as an albumin receptor or a transporter? Alternatively cholesterol
depletion may affect membrane structures required for LCFA uptake (e.g. lipid rafts or
caveolae). There is compelling circumstantial evidence that LCFA uptake involves
caveolin and or caveolae (see Section C.1.8). If so then a critical issue to resolve is if
caveolin’s role in LCFA uptake is an intrinsic function of caveolin (e.g. as a scaffolding
protein, or fatty acid transporter) or a result of its structural role in caveolae which in turn
may be required for the proper plasma membrane localization of proteins involved in

LCFA uptake (e.g. CD36/FAT).

Despite a large body of work by numerous investigators a thorough understanding
of the molecular mechanisms of LCFA uptake remain elusive. It is clear that numerous
proteins are at least partially involved in LCFA uptake. Studies that seek to determine if
and how these may function with respect to each other could provide significant insight

into the mechanisms of LCFA uptake.
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D.2 Adipocyte Albumin Binding Proteins

From our studies on albumin interaction with 3T3-F442A adipocytes several
candidate albumin binding proteins were found. However it is not clear whether these
proteins are real albumin receptors. Identification of these proteins, and their expression
in cells would be key steps towards gaining insight into their potential as functional
albumin receptors. Alternatively an approach such as expression cloning may be a more
fruitful in identifying albumin receptors, especially in identifying albumin receptors that

may participate in LCFA uptake.

The existence of albumin receptors in LCFA uptake is heavily disputed and
therefore further searches for albumin receptors may be risky endeavors. However, just
as there is a debate regarding the role of an albumin receptor in LCFA uptake, there was
significant controversy over the existence and function of HDL receptors, until the

discovery of SR-BI (Krieger 1999).

From a theoretical perspective we can draw on the cholesterol metabolism
pathways for possible insight into albumin mediated LCFA transport and uptake.
Cholesterol uptake frorh lipoproteins is receptor mediated. Furthermore selective lipid
uptake serves as an example of receptor mediated lipid uptake without the concomitant
uptake of the carrier molecule. Thus the proposed action of an albumin receptor in LCFA

uptake is not without precedent.
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D.3 Atheroprotection Mediated by Bone Marrow-Derived Cells

Our results have shown that normal expression of SR-BI in bone marrow-derived
cells is atheroprotective in fat fed LDLR KO mice. Defining the mechanism of this
atheroprotection is the next challenge. A major step towards achieving that goal would
be the identification of a suitable macrophage cell preparation from mice to study

cholesterol efflux from wild-type and SR-BI KO mice.

In addition variations of the experiments performed in this thesis could contribute
substantially to the understanding of the role of SR-BI in bone marrow derived cells. For
instance does expression of SR-BI in bone marrow derived cells in SR-BI KO mice
protect against atherosclerosis? Can overexpression of SR-BI in macrophages confer
increased atheroprotection over endogenous levels? In addition studies that investigate
the effect of a dual ablation of SR-BI and ABCA1 in macrophages on atherosclerosis
would be interesting. Studies such as these could indicate if macrophage SR-Blis a

worthy potential therapeutic target for atherosclerosis prevention.
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