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CHAPTER |

INTRODUCTION

Cholesterol (CL) plays a variety of important roles in maintaining celfutastions. CL
is required by all animal cells for cell membrane structure and sign@leily obtain this
CL either through intracellular synthesis or through receptor-mediatedyaosis of
extracellular CL (associated with lipoproteins). Despite the wlditeadily obtain CL
from synthesis and uptake, most cells have only a limited ability to cataldligg.
Homeostasis is maintained through the cell-specific balance of synthealss,Uphited
catabolism and efflux.

However the means of accumulation, CL homeostasis of cells must be maintained,
mainly through the process of CL removal termed reverse cholester@ara(RCT).
RCT involves the generation of high density lipoprotein (HDL) from apolipoprotein
(mainly apoA-1) uptake of cellular lipids, including phospholipid (PL) and CL. Bsea
the process of CL delivery to non-liver cells (commonly referred to as pealteds
when speaking on cholesterol transport) via low density lipoprotein (LDL) wasi lues
as ‘cholesterol transport’, the process of CL removal and transport back to tiveds/e
understandably termed reverse cholesterol transport [2]. Importantly, RCT from
macrophages is theorized to be atheroprotective since CL-loaded macropbages ar
causative component of atherosclerotic lesions.

Lipoproteins move throughout circulation and are remodeled based on metabolic states.
HDL receives CL from cells and delivers it via different routes for eventaragport to

the liver where it is processed and excreted as bile salts or reaydeter to maintain

CL homeostasis [3].

Despite the fact that the majority of HDL is initially formed from tivedj contribution
from other cell types cannot be discounted since HDL is dynamically reecbgbele
chapter Il) and lipid free apoA-I is constantly released from lipopastiches HDL
circulates in plasma, several enzymes patrticipate in the remodelinglo€dtBponents



for the purposes of acylation and movement of cholesterol, transferring phospholipids,
movement of triglycerides for lipolysis and importantly releasing Ipmd¢/lipid-free apoA-I
[4]. This release provides cells with substrates needed to form HDL (céidarand
apolipoprotein). In light of this, various tissues have the potential to contribute to HDL
compositions in circulation regardless of the initial source of the lipopaitictealso
apparent that characterization of this process from different, contrilmgiintypes is crucial
to a complete understanding of HDL regulation.

The initial step in HDL biogenesis involves the binding of lipoproteins (i.e. apaAthet
cell surface and the membrane transporter ATP-binding cassette trang{ddo(ARBCAL).
This is believed to stimulate lipid (mainly CL and PL) efflux. Although the@RICT
pathway is needed for efficient removal of cellular CL, the initialsstgp thought to be
crucial as evidenced by the lack of this process in Tangier’s diseas¢s®P) TD patients
have significantly lower HDL levels and high cellular cholesterolregteumulation [10].
Mutations in ABCA1 have been shown to be the cause of TD [11-13]. The ABCAL role in
HDL biogenesis is seen in the inability of cells from TD patients to efifuetd to apoA-I
[14, 15]. Since the discovery of ABCAL as a possible lipid transporter, extensaectes
has been done in macrophage and liver cells identifying transporters involved efflyox
to apoA-I or HDL acceptors, however characterization of the process in othgpeslig
lacking [16-20].

ApoA-I1 is the major protein component of HDL and is involved in HDL formation and
cholesterol removal [18]. ApoA-I-mediated HDL biogenesis is dependent oeveile hnd
activity of the membrane protein ABCAL [21, 22]. Initiation of lipid efflux (CL and L
apoA-I involves binding of apolipoprotein to ABCAL on the cell membrane [8, 9]. But the
mechanism and order of CL/PL lipidation or if this process also involves apolipoprote
internalization for access to intracellular stores of lipids, is unknown.

Adipose tissue is the largest storage site of free cholesterol and furagiamaetabolic

regulator in the body. For these reasons, the adipocyte role in HDL formation and the
mechanism of such must be investigated in order to understand how overall HDL levels and
lipid compositions can be influenced by adipose tissue. These studies contribute to this
guestion by characterizing the role and contribution of adipocytes to apoA-I-deplgndent
efflux. Although adipocytes have been shown to efflux cholesterol to apoA-I,
characterization of this process is not complete [23, 24].

The mechanism of apoA-I lipidation by adipocytes also needs further investigdtne
transporter ABCAL is suspected to be involved in lipid efflux to apoA-I but directresede
is lacking. Controversially, apoA-1 has also been proposed to enter cells fal Igadation
[25, 26]. Because adipocytes store free CL in their cytosolic lipid droplets éybcess
involving apoA-I internalization to access these stores is attractive. Pretialiss by this
laboratory have shown that activation of lipolysis in adipocytes leads to arit#aement
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in CL efflux to HDL despite lowered levels of plasma CL in the lipolyticesfa?, 28]. This
implicates a need for transport from intracellular CL stores. Furtirerrthe addition of
brefeldin A (BFA), a drug known to interfere with Golgi/ER structure and blockwes
transport as well as ABCA1-mediated CL efflux [29-31], abolished theytipol
enhancement of CL efflux [27, 28]. This seems to indicate that efflux in adipocytdgas
mobilization of intracellular CL stores through BFA-sensitive vesidudarsport. These
findings have led us to investigate the role of apoA-I internalization in HDdebiesis from
adipocytes.



CHAPTER Il

REVIEW OF LITERATURE

i. Lipid Transport

Lipids are transported throughout the body to maintain energy levels and lipid
homeostasis. These lipids are solubilized with the help of apolipoproteins that bind to the
surface of the lipids and can also participate as co-factors of metag@izzymes. The
resulting lipoprotein particles are classified based on their densites) 8 reflected in

their naming. High, low and very low density lipoproteins (HDL, LDL, VLDL)rgar

lipids to and from cells based on their specializations. Generally, VLDL and LDL
transport triglycerides (TG) and CL to peripheral cells and HDL trarsg@rtfrom

peripheral cells back to the liver. VLDL and LDL are known to be atherogenic while

HDL is anti-atherogenic [32-34].

HDL can be spherical or disc-shaped depending on its lipid load. Discodial HDL is
mainly composed of PL, lipoproteins (mainly apoA-I) and little to no CL. The&dks

as in a truncated bilayer and apolipoproteins wrap around the exposed hydrophobic tails
of the PL like a belt [35]. Spherical HDL is composed of a monolayer of PL norgai
lipoproteins and enzymes, with a neutral core of lipids. As described below, HDL can be
further divided into distinct classes based on characteristics such as,ddrasige and

size. Studies have shown these different types of HDL to be different in their
functionality and relationship to atherosclerosis risk.

ii. Classifications of HDL

The traditional way to separate and purify different classes of lipoproselys i
ultracentrifugation [33]. The particles separate based on hydrated denegfjected in



their nomenclature [36]. HDL is separated from other serum lipoproteins at

d>1.063 g/mL and can be subclassified by further centrifugation into {ldDHDLs)
based on the amount of lipid (density) in the lipoprotein. kliBlthe smaller, denser
lipoparticle that can be either disc-shaped or small spherical (1.21>d>1.12b g/mL
containing mainly apoA-I and PL but can also contain small amounts of CL and other
lipoproteins (such as apoA-1l). HDRLs larger, spherical and less dense
(1.125>d>1.063 g/mL) and contains lipoproteins (mainly apoA-l), PL, TG, CL and
cholesteryl esters.

Other methods of separation have also resulted in different nomenclature ofHHIL
can be separated by its surface charge using electrophoretic mololipyefit migrating
or a-migrating HDL [37]. Pre HDL includes both lipid-free/lipid-poor apolipoproteins
and discodial HDL.a-Migrating HDL includes spherical lipid loaded HDL as well as
some discodial HDL (see table 1).

Table 1. HDL Classifications

apoA-I| Subfraction

Shape of . Lipid Electrophoretic . Particle Size
article Protein component Mobility Density (nm)
P component (g/mL)
lipid free/lipid apoA-I little-no HDL 3c i
poor apoA-| single molecule  phospholipid pre-p d~1.171 7278
mainly
. . ) i phospholipid . HDL 3b i
discodial HDL 2-3 apoA-I (small amounts pre-p d~1.154 7.8-8.2
of CL)
HDL 3a 8.2-8.8
d~1.136
. i ) phospholipid, CL, HDL 2a i
spherical HDL 2-4 apoA-l CE and TG alpha d~1.115 8.8-9.7
HDL 2b
d~1.085 8.7-12

iii. Sources of HDL and apoA-I

ApoA-I can be synthesized and secreted from the liver or intestine [38-dBle Sudies
have estimated that apoA-I is mainly found in the lipid bound form with only ~3-8% (of
total apoA-1) in the lipid-free/lipid-poor form [41]. ApoA-I is stabilizey binding to

lipids and lipid-free apoA-1 is rapidly removed from circulation by catabolisthe



kidney [42]. ApoA-I collects PL and CL from cells (or possibly from lipoproteins) to

form HDL (Fig. 1) [43, 44]. The main sources of nascent HDL are the liver arstimete

In studies, circulating levels of HDL were reduced by ~80% when the traespor

ABCA1 was tissue-specifically knocked out of mouse liver cells [42]. Similar
experiments with intestinal ABCA1 knockouts revealed an additional ~30%edleas

from the intestine [45]. Although this implies that the liver and intestine havgea la
influence on HDL compositions and levels, the potential contributions to HDL biogenesis
of other tissues cannot be ignored since lipoproteins are dynamically rechmdele
circulation and apoA-I constantly released.

&

LCAT

Figure 1. HDL Biogenesis.Apolipoproteins (mainly apoA-I1) interact with tleell surface resulting in
lipoprotein lipidation by phospholipids (PL) andodésterol (CL). These nascent lipoparticles form a
discodial structure which composes the highestiteoSHDL fractions. The surface contains the yne
lecithin:cholesterol acyltransferase (LCAT) whiadneerts CL to cholesterol esters (CE). The CE are
more hydrophobic than CL and are relocated intexmttie surface lipids-forming spherical HDL.

iv. Lipoprotein remodeling and apoA-I release

HDL is remodeled by plasma factors primarily located on the surfate dippprotein
particle. Remodeling results in transfer of lipids and release of lipedifriel-poor
apoA-I from HDL. CL is deposited into HDL as free cholesterol and converted i
cholesteryl esters by lecithin:cholesterol acyltransferase T)@24. Cholesteryl esters,
which are more hydrophobic than CL, are then relocated into the center of the HDL
particle resulting in a conversion from disc-shaped to spherical HDL [46]. b¢bames
larger and less dense as it collects more lipids, either through active #iffusion

from cell surfaces, and the collected CL is converted to cholesteyis by LCAT.



Release of apoA-1 occurs in different ways but can be grouped by two generasthem
Either enzymes have remodeled HDL into too large of a particle which is ungidble a
releases apoA-I to downsize and stabilize the structure or enzymes haasddthe

size of the lipoparticle and less apoA-l is needed. For instance, as LCAT sdDied
cholesteryl esters, the HDL particle becomes larger and acquires mér¢ aaudicles
[46-48]. This larger HDL, which contains four apoA-I particles is less statnlecan
release lipid-poor apoA-I to become more stable. Cholesterol ester traoséan pr
(CETP) is another enzyme that facilitates HDL remodeling by movingstesyl esters
from HDL to apoB-containing lipoproteins such as VLDL. This activity is accomg@anie
by movement of TG from the other lipoproteins back to HDL [49]. CETP helps generate
lipid-poor/lipid-free apoA-I in three different ways. One way is through the
TG-enrichment of HDL which becomes the preferred substrate of hepasie (ida) [4,
50]. Hydrolysis of TG by HL results in release of non-esterified faitysaand

remodeling of HDL. The remodeling of HDL into smaller particles resuwltse release

of lipid-poor/lipid-free apoA-I [51, 52]. Secondly, TG-rich HDL is also the pref#
substrate of phospholipid transfer protein (PLTP). PLTP activity has beecabeplito
cause a fusion of lipoparticles which produce a larger, unstable HDL and subsequentiall
release apoA-I in order to stabilize the particle [53, 54]. Thirdly, CETP pronmates t
release of apoA-I related to the rate of TG transfer from VLDL. Bedhiseate is

lower than the rate of VLDL catabolism, less net TG may be transferckdd&DL.

This results in a lipid-depleted, smaller HDL particle which also selea
lipid-poor/lipid-free apoA-I [55].

ApoA-I is also released from chylomicrons during lipoprotein lipase (LPdjdtysis of

TG [56]. Studies show that radiolabeled chylomicrons release apoA-I for uptaklky

to the HDL fraction after injection into the lymph [57, 58]. This constant remodeling and
release of apoA-I provides substrate (apoA-I) for other tissues, besideanid/attestine,

to participate in HDL biogenesis (Fig. 2). Despite this, few studies haghtstm
characterize these processes.
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Figure 2. HDL Remodeling and ApoA-I release.HDL is metabolized in circulation resulting inikip
transfers, size changes and lipoprotein releasagr@mmed above are remodeling pathways which may
lead to lipid-free/lipid-poor apoA-I release frompdparticles. Lecithin:cholesterol acyltransferfs€AT)
has been shown to result in lipoparticle fusionchitieleases apoA-I to help stabilize the resuliéange

and unstable HDL. Cholesterol ester transfer prdt@ETP) activity yields triglyceride (TG)-enrictie
HDL as well as lipid depleted HDL when TG transkemcomplete. TG-enriched HDL is a favored
substrate for both hepatic lipase (HL) and phodpltbtransfer protein (PLTP). HL hydrolyzes the TG
and decreases the size of the HDL which release&-apPLTP has been shovimvitro to cause particle
fusion resulting in large and small HDL productsharielease of apoA-I.
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v. Importance of studieson lipid efflux from adipocytes

As mentioned above, efflux from the liver and intestine contribute the majority af initi
circulating HDL in mice but these studies failed to account for the metgimiintial of
adipocytes for influence on these levels [42, 45]. Adipocytes compose the largest
reservoir of stored free CL in the body [59, 60]. The mass of the stored CL is
proportional to the amount of adipose tissue and TG and in the case of obesity can
account for over half of the body’s stored CL [61, 62]. Lipolytic mobilization of fat
stores has been shown to increase CL efflux to recombinant HDL par®i¢lesStudies
have also shown correlations in obesity and altered component lipid ratios of icigculat
HDL [63-65]. Furthermore, accumulation of upper body fat is associated witkadecr
HDL-CL levels and increased cardiovascular heart disease (CHD) riskTé6#

suggests that overall HDL levels and particle compositions may be gaéfatiyed by

lipid efflux from adipocytes. Although apoA-I has been demonstrated to intetact wi
and stimulate lipid efflux from other cell types, the process has not been well
characterized in adipocytes. Thus, adipocytes have an unknown potential to influence
HDL composition and CL levels.

vi. Not Just Concentration: | mportance of HDL function

HDL composition may be an important characteristic affecting functignaliterature

has linked the CL and PL composition of HDL to its downstream efflux potential [66
73]. In light of this, the lipid compositions of circulating HDL may play a more
atheroprotective role than the overall HDL levels. Several studies havetehasa the

PL to CL ratios of apoA-I-dependent lipid efflux from cells such as: macrophage
fibroblasts, smooth muscle cells, erythrocytes and TD fibroblasts [16-b@] HDL
particles formed were shown to vary in composition from CL-rich to CL-poor anddor th
case of the latter two, no detectable HDL was formed.

Because CL can efflux to HDL via several different pathways, it is reasotmaptedict

that different HDL subclasses may vary in their success as acceptors.ff@ieandi
mechanisms for efflux from the cell to HDL acceptors involve 1) ABCAl-metliate
efflux to apolipoprotein (i.e. apoA-I) acceptors; 2) scavenger receptor Bl
(SRBI)-mediated flux to HDL; 3) ABCG1-mediated efflux to HDL and 4) passi
diffusion to HDL. Studies on the mechanisms, substrate affinities, actaitteselative
contributions of these pathways have been performed predominately in macrophages.

SRBI is found in many cell types [74-76] and mediates flux of CL to and CE from HD
[76, 77]. The relative contribution of SRBI to CL efflux from macrophages (compared to



the other pathways) seems to be minor compared to ABC Al and G1 [78-80]. ABCG1
has recently been identified for its ability to efflux CL out of the celllsimio ABCA1

but prefers HDL as an acceptor rather than lipid-free apoA-I [69, 81, 82]. Some studies
have predicted that ABCGL1 contributes ~20% of overall cellular CL efflux fram C
loaded macrophages [80] but its role in other cell types remains largely stigaved.
ABCAL1 mediates the efflux of both PL and CL to apolipoprotein acceptors [83-85]. Its
ability to efflux to HDL as an acceptor is greatly diminished comparepdiypaprotein
acceptors [86]. ABCAL is thought to be essential for the maintenance of ME& ie
circulation as evidenced by extremely low HDL levels in TD patientsA3@A 1

knockout mice [10, 42, 45, 87]. Passive diffusion of CL to HDL has been proposed to be
significant when the HDL acceptor surface is CL-poor compared to the plasiaeesoirf

the cell. This process is believed to be dominant when the cell contains low
concentrations of active CL transporters such as ABCA1 and G1 [80, 88].

vii. HDL compositions and disease

Cardiovascular disease is the leading cause of death in developed countries,ragcounti
for ~30% of deaths [89]. Seminal epidemiological studies have shown an inverse
relationship between HDL concentration and the risk of CHD [32, 90-93]. Because of
this, plasma HDL concentration levels have become a common component of
atherosclerotic risk assessment. More recently however, the resuitstfrdies seem to
suggest that HDL levels alone may not be the determining factor in atleeotisaisk.
Studies have suggested that CHD risk may be inversely related to HDLepsine[63,

94, 95]. In agreement with this, cross-sectional studies have showstblDarrelate

with higher TG levels, apoB (the main protein component of LDL and VLDL), VLDL
mass and overall lower HDL concentrations [96]. Also, studies on patients that had
recently survived heart attacks found a higher percentage of Hhese patients
compared with controls and found that all patients studied had an inverse relationship of
HDL, to HDL3 concentrations [97]. Other studies have found that Hidkrelates with
lower CHD risk factors [63, 94].

On the other hand, some studies have implicated the protein content of HDL to influence
its atheroprotectiveness. Mice transgenic for either human apoA-1 or ago@AH |

showed atherosclerotic lesions to be 15-fold higher in apoA-1/apoA-I1l mice [98§]. Thi
suggests that the protein component of HDL may also influence its ability to promote
lipid efflux from macrophage foam cells.

Studies have also shown that HDL function within the RCT pathway directlysaifec
ability to be atheroprotective. A small study of CHD patients showed that peeiemh

10



efflux capacity correlated to coronary events. This led the authors to speabalaihe
defective serum was indicative of a defective ABCAL efflux pathway [99].

There are also studies which break the “high HDL, lowered risk” rule. Anmgash

this are studies showing increased atherosclerosis despite increasdslevelb)
presumably because HDL function in the RCT pathway was impaired [100-102]. In the
Honolulu Heart Program Cohort study, a genetic CETP deficiency producedsedr

CHD in subjects despite increased or unaffected HDL concentrations ané&sciea

HDL size [102]. The authors proposed this unusual correlation to be due to decrease in
functionality of the RCT pathway since CETP deficiency has been linked to Lawer
activity levels. Similarly, clinical trials of the CETP inhibitor tomegtib showed

increased HDL levels as well as increased cardiovascular events aatitynolt is not
known if this was due to decreased function of the larger HDL products of CETP
inhibition or if it was due to the off-target effects of the drug [101].

Conversely there are examples in which decreased HDL does not lead to asethcrea
CHD risk. For instance, apoAwikno is @ mutant form of apoA-I found in an Italian
family exhibiting lower levels of HDL as well as a decreased risk dDCHD3]. This
was later determined to be due to the apoA-I mutation which results in a maeneff
apoA-I CL acceptor than wt apoA-I [104]. Similar to this is the apg@<d mutation
which results in dramatically lower HDL without increased evidence of CHIB,[106].
Other genetic mutations that can cause lowered HDL levels include LC#iedey,
which also does not result in enhanced CHD (except in compound cases) [107, 108].
Due to these findings it is evident that HDL levels alone cannot be the soleidatgrm
risk factor and risk assessment should be extended to include HDL functiondlity wit
the RCT pathway.

Thus, since HDL compositions affect functionality and HDL is constantly in fheq t
the compositions and classes present in circulation are most likebtixeflef tissue
energy levels and metabolic needs. This means that although extensiveistudies
macrophages are warrented due to the direct atheroprotectiveness of Cowfibdix
foam cells, studies in other tissues are just as important to determine tioé P in
circulation that would reach macrophages and other peripheral cells.

viii. Mechanisms of nascent HDL formation

HDL is formed when apoA-I interacts with the cell surface to faalitamoval of

cellular lipids. RCT is dependent on HDL to circulate and retrieve CL fromaacdet
cells. This process is very important as evidenced by the negativeatorreff HDL
levels and the risk for cardiovascular disease [32]. The most vital component to this
entire process seems to be the very beginning steps involving HDL biogenesisutWi
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the ability to create HDL and remove CL, cellular CL homeostasis can become
imbalanced. Lowered apoA-I/HDL levels and/or functionality translatesreduced
ability to remove cellular CL.

In 1961, patients were identified who exhibited hepatosplenomegaly, severely@nlarge
lymph nodes and dramatically lower levels of HDL [10]. It was first spgedlthat this
was some type of Niemann-Pick C (NPC) disease which is a lipid storage distoda

to cause lipid droplet accumulations. But unlike NPC disease, these patients showed no
eminent signs of central nervous system degeneration. The patients, whdiiregs, si
were residents of an isolated island off the coast of Virginia callegi@gsisland.

Thus this lipid storage disorder was labeled as Tangier’s disease (FD9yiew see

[109]). In 1999, several labs identified the missing essential component of efflux in TD
patients to be caused by mutations in the gene coding for the ABCA1 [11-13]. ABCA1
role in HDL biogenesis can be seen in the inability of TD fibroblasts to difligds to

apoA-I [14, 15]. Thus ABCA1 emerged as the transporter most likely responsible for
lipidation of apolipoproteins and HDL biogenesis [5-9].

Since this discovery ABCA1 has been extensively studied and ABCA1 is known to
mediate the efflux of lipids to apolipoprotein acceptors [43]. However, questiotedrela

to the mechanism of lipidation remain. Some have proposed that CL efflux occurs
simultaneous to PL efflux and others that it is subsequential and independent ffim the
loading of apoA-I [5, 7, 110-112]. Also, there are controversies over the apoA-I location
of lipid uptake. ApoA-I lipidation has been proposed to occur on the surface of the
plasma membrane by the binding of apoA-I to lipid perturbations caused by ABCA1 and
solubilization of the lipids into HDL particles [7, 113, 114]. Alternatively, some asudi
have proposed that lipidation involves the recycling or “retroendocytosis” (i.e.
endocytosis followed by exocytosis) of apoA-I as evidenced by colocalizatidies

with ABCA1 or by monitoring radiolabeled apoA-I release or by cell-serfac

biotinylation studies [115-120]. Although these studies utilize methods that show apoA-I
endocytosis there is disagreement on the level of contribution that this pathway has
towards HDL formation. Variation in the proposed functions of apoA-I recycling most
likely result from the differences in the methodologies used. Further, ofidng

methods suffer from an inability to distinguish internalized protein from membrane
bound protein and inherent problems due to label exchange and degradation.

A method of labeling developed by this laboratory and employed in these studigg, clea
distinguishes internalized and re-secreted protein from cell surface bourid pyote

using a recombinant apoA-I containing a protein kinase A (PKA) recognitioipka-
apoA-1) [28, 121]. This construct can be used to ask the question: is apoA-I lipidated
with PL and CL from the surface of adipocytes or is the retroendocytosis oflapoA-
required for intracellular lipidation or to initiate unknown signaling pags®?aBecause
adipocytes store free CL in their cytosolic lipid droplets (LD), a procesdving apoA-I

12



internalization to access these stores seems plausible. Also, previous lstiveie
implied that efflux in adipocytes involves mobilization of intracellular CLestdhrough
BFA-sensitive vesicular transport [27, 28].
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CHAPTER Il

MATERIALS AND METHODS

i. Materials.

J774 and 3T3 L-1 cells were purchased from American Type Cell Culture (Manassas
VA). Isoproterenol, dimethyl sulfoxide (DMSO), brefeldin A, glyburide yfaitid free
bovine serum albumin (BSA), isobutyl methyl xanthine (IBMX), dexamethasoneirtryps
insulin, 8-Br-cAMP, GW3965, secondary antibody (anti-rabbit) perioxidaseigatgd,
streptomycin and penicillin were purchased from Sigma Chemicals Coo{gs$, MO).
Fetal bovine serum (FBS) was obtained from Hyclone (Logan, UT). Dulbecco’s
modified Eagle’s medium (DMEM) was purchased from Cellgro Mediatech, Inc
(Herndon, VA). Block lipid transport-4 (BLT4) was received from Chembridge Corp.
(San Diego, CA). BLT1 was a gift from Dr. George H. Rothblat. Polyclonal
anti-ABCA1 NB400-105 and monoclonal antibodies tofitseibunit of ATP synthase
clone “3E8” NB600 were purchased from Novus biological (Littleton, CO). Antibody to
ATP synthas@ clone “3D5” was purchased from Abcam ab14730 (Cambridge, MA).
Chemiluminiscence kit and Hybond ECL nitrocellulose membrane for Western blotting
was obtained from Amersham Biosciences (Piscataway, NJ). Film foadiography

and western blotting was Fuji RX Film (Greenwood, SC). Infinity Choleskeabent

was purchased from Hitachi (Indianapolis, IN). Phospholipid C kit was purchased from
WAKO diagnostics (Richmond, VA). Infinity Triglycerides Reagent was Ipased

from Thermo (Louisville, CO). Plasmid pET30 EK/LIC was obtained from Novagen
(Gibbstown, NJ). ¥P]-HsPQ; in H,O was from MP Biomedicals (Irvine, CA).
[*H]-choline and H]-cholesterol was purchased from PerkinElmer (Waltham, MA). Ni-
sepharose resin was purchased from Amersham (Piscataway, NJ). Defnsitanalysis
was done with AlphaEase Software (Santa Clara, CO). Graphs and statistic
calculations were performed using GraphPad (La Jolla, CA).
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ii. Cdl culture.

J774 macrophages or 3T3 L-1 pre-adipocytes were cultured@ti3 3% CQ

atmosphere in DMEM supplemented with 10% FBS and 0.01% antibiotics. J774 were
allowed to reach 90% confluency prior to experiments. For differentiation of 3T3 L-
into adipocytes, cells were allowed to grow to confluence then the différemtiato
adipocytes was induced by addition of IBMX (111 pg/mL), dexamethasone (0.45,ug/m
and insulin (1.5 pg/ml) [122]. After 48 h, the cells were incubated in DMEM/10% FBS
containing insulin for an additional 48 h. Afterwards the cells were maintained in
DMEM/10% FBS. All experiments using adipocytes were conducted 12-14 days after
the differentiation period.

iii. Analysis of whole well adipocyte or macrophage cell homogenates.

Cell monolayers from individual 6-well plates containing 14-day old fulfientiated
3T3 L-1 adipocytes or confluent 3774 macrophages were scrapped and homogenized.

Total well concentrations of protein were determined by dilution of homogenate in
10% SDS and the absorbance was measured to obtain the second derivative of
Anm=281(maxyMinus the second derivative of#291miny This allows removal of the
disturbance due to DNA abosorbance at-As0in the homogenate. The concentration
was then calculated usirg=0.017 to determine the cellular protein.

Next, aliquots of homogenate were used for lipid extraction with chloroformamelt

(2:1 by vol) by the Folch method [123]. Organic phase lipids were then separated by
TLC (along with standards) and iodine used to visualize cholesterol (CL) or
phospholipids (PL). The spots of both samples and standards were then cut from the
plates and lipids extracted from the silica with either 1:1 chloroform:met@hdlor

80:20 methanol:chloroform (PL) and dryed. These lipid extracts were then retedst
as per manufacturer instructions for either a choline-containing phospholipid eglarim
assay (Phospholipid C assay kit, WAKO) or a cholesterol colorimetric fdsdiayty
Reagent, Hitachi).

Once well lipid content was determined, the moles of lipids in homogenates were then
divided by protein concentration per well in order to standardize each well leynprot
content. For apoA-I dependent lipid efflux quantification, the sample % efflux value
(calculated irEfflux Assays below) was multiplied by the total cellular lipid content per
mg homogenate protein. This gives the nmol CL or PCmid cellular protein.
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iv. Cholesterol efflux Assays.

Fully differentiated 3T3 L-1 adipocytes or J774 macrophages were labeked wit
[*H]-cholesterol (2 pCi/mL with 44.5Ci/mmol) 22-24 h prior to experiment in the
presence of 2 uM GW3965 (or buffer) for adipocytes or 180 uM 8-Br-cAMP (or buffer)
for macrophages in 2.5% FBS-DMEM. Previously reports from our laboratory have
shown that labeling of adipocytes for 24hrs witH]fcholesterol results in a final
distribution of labeling to 96% cholesterol and 4% cholesterol esters [44]. Recombina
apoA-I cloned and purified as previously described was used to initiate caplidar |

efflux [121]. At the start of the experiment fresh 0.05% BSA-DMEM was added to the
cells with 75 pg/mL apoA-I (or with buffer to determine background levels abeffl
Aliquots of media were taken at indicated time points, briefly centrifaged
[*H]-cholesterol efflux determined by scintillation counting. After allowéiux to
proceed for 5 h the wells were washed and the cholesterol extracted into inopfopa
counting. Whole well3H]-cholesterol (cpm) was determined by adding the cpm found
in the media to the cpm present in the isopropanol extract. The % of cellulaf@&L eff
was calculated at each time point as:

% of CL efflux = cpm media*100/(cpm media + cpm homogenate).

ApoA-I induced lipid efflux was determined as the difference between the mealkbo of
efflux in medium containing apoA-I and the average % of lipid efflux found in wells
without apoA-I (background efflux). The time course of apoA-I induced CL re(ease
% total) was fitted by linear regression to estimate the correspondengf refflux.

v. Phospholipid efflux Assays.

To measure choline-labeled phospholipid efflux, macrophages or adipocytes wier@ labe
with [®H]-choline [5 pCi/mL] in 2.5% FBS-M199 for 22-24 h. At time zero, 75 pg/mL

of recombinant apoA-I in DMEM-0.05% BSA, or buffer as background, was added to
each well. Aliquots of media were collected at indicated time points and ataherhe

point the whole well homogenate and remaining media collected. The organic phase of
media (or homogenate) containing radiolabeled lipids was then extractethrom

agueous phase containing the un-incorporated choline by the Folch method [123]. The
organic phase lipids were then dryed completely and’Hiecholine labeled PL were
measured by liquid scintillation counting.

The % of cellular PL efflux was calculated from the amountsHif¢holine labeled PL
determined in media and cell homogenates as:

% of lipid efflux = cpm media*100/(cpm media + cpm homogenate). The mean values
and standard deviations of apoA-I induced PL efflux were determined as indicatéd for C
efflux.
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vi. Lipid efflux inhibition assays.

Assays were performed as described above however drugs were prgaedoutih cells
1-2 h prior to experiment by replacing labeling media with DMEM-0.05% BSA
experimental media in the presence of BFA (10 pg/mL), GLYB (500 uM),

BLT1(10 uM), BLT4 (150 uM) or DMSO as a control. At time zero, the experimental
media was re-added with 75 pg/mL of recombinant apoA-I or without apoA-I for a
background efflux level. Media and homogenate was collected and protein and lipids
analyzed as described above.

To calculate the inhibition of each drug on apoA-I dependent efflux, the efflux slope
values of each drug were determined as described above for CL and PL efflyx as
These apoA-1 dependent % efflux values were used to calculate inhibition agdordin
(% inhibition = 100*rate drug / rate control) for each drug replicate. The vakres w
then averaged and expressed as mean with the corresponding standard deviations
calculated through propagation of error.

vii. Efflux normalization by ABCAL protein level.

A semi-quantitative analysis of cellular ABCA1 protein was done by westettmil of
aliquots of homogenates. The samples analyzed were obtained from some disthe we
not used for lipid efflux studies but contained in the same plate. Protein concentration of
homogenates were determined as mentioned sdttion The volumes of homogenate
separated by electrophoresis were adjusted such that equal amounts of protejn (70 pg
were loaded for all samples. Proteins were then transferred to nittoselmembrane

and blotted with rabbit polyclonal anti-ABCA1 (Novus). All samples to be compared
(control and GW3965 treated) and macrophages (control and 8-Br-cAMP treatexl), we
loaded within the same gels and analyzed from the same blots. After detgction b
chemiluminescence the films were scanned and the band intensities deterynined b
densitometry using AlphaEase software (Santa Clara, CA). The bansitisteim

arbitrary density units (a.u.) were directly compared within the same Qlotsompare

the results of different blots the band intensities were first normalized hgimgtensity

of adipocytes control as internal reference. CL efflux rate was cadwatdescribed
previously and the efflux of each well normalized by mg cellular protein gér we

To normalize the CL efflux rate by ABCAL protein levels, the a.u. of each sample
determined from blots were divided into the apoA-I dependent CL efflux rate de¢ermi
above. Thus, (nmol CL efflux or % CL Effluxjfhg cell protein- (ABCA1 a.u.ymg

cell protein = Efflux Rate/[ABCA1].
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viii. ApoA-1, apoLp-111 and Thrx recombinant proteins.

Full-length mature human apoA-1 was previously cloned into a vector which incaporat
an N-terminal tag containing six-His residues and a five amino acid réioogsequence
(RRASV) for the catalytic subunit of CAMP-dependent protein kinase A (PKA) [121].
The protein size and identity was confirmed as previously described [121]. edenpe

of an accessible PKA phosphorylation site on the recombinant apoA-I was confymed b
in vitro method previously described [121, 124].

Wild-type L. migratoria apolipophorin-Ill (apoLp-Ill) cloned into pET32a as previously
described [125] was transferred to a pET30 (Novagen, Inc.) expression vector which
incorporates an N-terminal six-His residue tag with primers designedi¢ofaothe

same N-terminal PKA recognition site as pka-apoA-I described above.inghe f
sequence encoded a protein of 217 residues with a mass of 23 kDa. Similarly,
thioredoxin (Thrx) was transferred to the same vector incorporating NArkis- and
PKA recognition site- tags and coding for a protein of 162 residues with a mass of
17.7 kDa. The proteins were expressed separatéischerichia coli and purified by Ni-
affinity chromatography using standard procedures. The protein sizes andeisievdie
confirmed by SDS-PAGE and MALDI-TOF peptide mass fingerprinting on aygey
DE-Pro mass spectrometer in the OSU Core Facility.

ix. Cellular Recycling of ApoA-I

ApoA-I Recycling Assay.

3T3 L-1 adipocytes cultured in six well dishes were radiolabeled by incubatidrfat
37°C with 75 pCilwell of ?P]-orthophosphate (carrier free) in phosphate-free DMEM
containing 0.05% BSA. The wells were then washed and fresh media containing
isoproterenol (10 pg/ml) with pka-tagged recombinant proteins were added back to each
well. After a brief incubation period, the well media was collected and freyed at
10,000 rpm for 10 min to pellet any floating cells. Aliquots of medium were used to
measure the amount of glycerol (Infinity Triglyceride Reagemtpsed by cells into the
media as an indicator of cell lipolytic rate. The media was then either oS S-
PAGE directly or first purified using Ni-affinity chromatography, thenasefed by gel
electrophoresis. Gels were dryed and any pka-tag phosphorylation visualmagd usi
autoradiography.
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Saturation of apoA-I recycling.

3T3 L-1 adipocytes were radiolabeled as described above. To measure ttesaatbir
apoA-I recycling in adipocytes, fresh media containing pka-apoA-1 was addadho e
well and allowed to incubate for 40 minutes at@7 After 40 minutes, the cell
experimental medium was analyzed as described above for pka-apoA-I
[*?P]-phosphorylation indicative of apoA-I cellular uptake and re-secretion.

Competition of native apoA-1, apoLp-I11 and Thrx with apoA-I for Recycling

Adipocytes were¥P]-radiolabeled as described above and pka-apoA-I added alone or in
combination with human apoA-I1, apoLp-Ill or Thrx to cells to monitor the abilithe$e
proteins to compete with pka-apoA-I for recycling. For competition with humaf-gp
pka-apoA-I (40 pg/mL) was added with increasing concentrations of purifiedrhum
apoA-l. As a control one well was incubated with 40 pg/mL human apoA-I and 0 pg of
pka-apoA-l. For competition with apoLp-Ill or Thrx, pka-apoA-1 (1.5 nmol), pka-apoLp
[l (3-6 nmol) or pka-Thrx (3-6 nmol) was added to the media of each well along with

10 pg/mL isoproterenol (to enhance PKA activity). After 40-60 minutes theedia

was collected and analyzed as mentioned previously to monitor for recycling.

Effect of Lipid Efflux Inhibitors on Recycling

Adipocytes were*¥fP]-radiolabeled in phosphate-free KRBH containing 0.005% BSA.
To monitor the effect of lipid efflux inhibition on recycling, inhibiting concentratiohs
BFA and BLT1 were added to the previously described pka-apoA-I recycling assay
BFA (10 pg/ml) or BLT1 (10 pM) were allowed to pre-incubate 2 h prior torideoé

the labeling period and the assay initiated by the addition of 50 ug/mL pka-agddre-|.
cell media was collected after 10, 20 and 40 min and the pka-apoA-I phosphorylation
analyzed from purified media as previously described. Glycerol levelsmeasured
(Infinity Triglycerides Reagent, Thermo) by analyzing aliquotsietiia to ensure that
drug incubation did not result in changes in the lipolytic rate.

Effect of antibody to ATP synthase subunit £ on pka-apoA-1 Recycling

Adipocytes were¥P]-radiolabeled as described previously. 1 h prior to the pka-apoA-I
addition, the labeling medium was replaced with fresh medium containing irtlicate
amounts of antibody to ATPase subyh(either clone 3E8 or 3D5). Pka-apoA-I
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(40 pg/mL) was added to the media of each well after the labeling and antibody
incubation periods. Aliquots of the media were collected after 60 min and used to
analyze both pka-apoA-I and glycerol release into the media as describe pyeviousl

X. Relationship of Phospholipid Efflux to ApoA-I Recycling.

ApoA-I was incubated with radiolabeled and antibody pre-incubated adipocytes as
described above. After 60 min cell media was collected and apoA-1 assldgiads
purified by Ni-affinity chromatography. Protein concentrations of eluaats w
determined by UYsonmand confirmation of purity and concentration was obtained by
SDS-PAGE.

[*°P]-labeled phospholipids were extracted from free phosphate and protein fragtions
modified Folch [123]. Briefly 20 parts chloroform:methanol [2:1] were added to 1 part
protein eluant and mixed. Then choloroform:methanol [2:1] was added such that the
organic to eluant ratio became 5:1 and mixed. After separation the upper aqueous phase
containing free phosphate and the interface containing proteins were discarded. The
lower organic phase containing phospholipids was completely dried then counted using
scintillation counting. Counts were then normalized by the amount of apoA-1 ahserb

at UVagonm Thin layer chromatography was used to confirm incorporatiotflf into
phospholipids.

xi. Relationship of Cholesterol Efflux to ApoA-I Recycling.

To monitor the relationship of apoA-I recycling and apoA-I dependent chalestiux,
recycling and efflux assays were performed in parallel with and witdrdgisATPases.
3T3 L-1 adipocytes were radiolabeled with eitHét]{cholesterol or
[*?P]-orthophosphate. For CL efflux assays, cells were labeled 3v}tcholesterol for
19 h in 2.5% FBS-DMEM followed by a 5 h labeling wifli]-cholesterol in

0.05% BSA-DMEM. For recycling assays adipocyte wéi]{radiolabeled in

0.05% BSA-DMEM for 4 h. Next all cells were either pre-incubated with drowit
60 g anti-ATPasp clone 3D5 for 1 h prior to pka-apoA-I addition. Recombinant
pka-apoA-I was then added to cell media and incubated for either 5 h or 1 h.

For recycling assay analysis, 1 h media was collected and apoA-I purifieiatbiyniNy
chromatography. Protein concentration was determined byoki\and confirmation of
purity and concentration was obtained by SDS-PAGE. Gels were dried andesibgect
autoradiography and densitometry used to confirm antibody inhibition of apoA-I cel
entry and resecretion.
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For efflux assay analysis, media was collected at indicated time poietk; $pun and
[*H]-cholesterol efflux determined by scintillation counting. After allowéiux to
proceed for 5 h the wells were washed then cholesterol extracted into isopiamanol
counted. Whole welPH]-cholesterol and % of cellular efflux were determined as
described above for cholesterol efflux assays.

xii. Statistical Analysis

The statistical significance of differences were determined batmeans of control and
treated sample data using the Student’s t-test (Graphpad).
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CHAPTER IV

CHARACTERIZATION OF APOA-I DEPENDENT LIPID EFFLUX IN

ADIPOCYTES, ROLE OF ABCA1

Abstract

Adipose tissue is a major reservoir of cholesterol and, as such, it may playfiazsiy

role in cholesterol homeostasis. The goals of the present studies were to obtain a
guantitative characterization of apolipoprotein A-I (apoA-I) dependent lipid efftux
adipocytes and examine the role of ATP-binding cassette transporter A1 (ABCAIL)
process. The rates of apoA-I induced cholesterol and phospholipid efflux were
determined. To allow a comparative analysis, parallel experiments lsengeaformed

in macrophages. These studies showed that when the rates are normalizedaoy cell
protein or by ABCA1 content, apoA-I induces cholesterol efflux from adipocytes at
similar rates as from macrophages. Enhancement of the expression of AB@aEauc
the rates of cholesterol efflux from both adipocytes and macrophages. However, the
results also suggested that a non-ABCA1 dependent mechanism could make significant
contributions to the basal (basal levels of ABCA1) rate of apoA-I dependerttdrol
efflux. Furthermore, the study of the effect of inhibitors of lipid efflux shothed
glyburide and brefeldin A, which affect ABCAL function, exerted strong andasimil
inhibitory effects on lipid efflux from both adipocytes and macrophages, whekfds B
an SRB-I inhibitor, only exerted a moderate inhibition. Overall these studies suggest
that ABCAL1 plays a major role in apoA-1 dependent lipid efflux from adipocytes and
showed high similarities between the abilities of adipocytes and macropgbagésase
cholesterol in an apoA-I dependent fashion.

Keywords: apoA-I, adipocyte, macrophage, lipid efflux, ABCAL

Abbreviations used: ApoA-Il, apolipoprotein A-lI; ABCA1, ATP-binding cassette
transporter Al; GLYB, glyburide; BFA, Brefeldin A; LXR, Liver X ReceptBLT,
block lipid transport; BSA, bovine serum albumin; FBS, fetal bovine serum; CL,
cholesterol; PL, phospholipid; Scavenger Receptor-Bl, SRBI
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Results
i. Lipid efflux from adipocytes.

Previous works have shown that incubation of 3T3 L-1 adipocytes with apoA-I results in
both CL and PL efflux into the media [23, 24]. Although the previous studies have
shown adipocytes capable of apoA-I-induced lipid efflux, no studies have fully
characterized the rate, stoichiometry or quantitative scale of thissgrobreorder to
characterize apoA-I-dependent efflux from adipocytes, the rate of drolestiease

from [°H]-cholesterol-labeled adipocytes upon apoA-I incubation was determined.
Similarly cells radiolabeled witt*f{]-choline allowed characterization of the choline-
containing PL efflux rate. Parallel experiments were also performed muhee
macrophage cell line J774 to allow the comparison of adipocytes to a well-stutlied ce
type. Efflux specific to apoA-I induction was calculated by subtracting ttiegbaund
efflux levels from efflux in the presence of apoA-I (Fig. 3A, 3B). The tesllow that
lipid efflux from both adipocytes and macrophages responds to apoA-I induction in a
linear fashion. Adipocytes efflux a higher percentage of their cellular Ppaeut to
macrophages but the opposite is true for percent CL efflux in response to apoA-I
incubation.
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Figure 3. Lipid Efflux from Adipocytes and Macrophages. 3T3 L-1 adipocytes and J774 macrophages
were labeled wittA. [*H]-cholesterol oB. [*H]-choline and assayed for efflux into the mediamp

75 pg/mL apoA-l incubatiori({®) or with buffer {#,¥) as described in Methods sectidhiv,v. The

‘apoA-l induced’ values for adipocytes (open shap@sl macrophage (filled shapes) data points were
calculated by subtracting the background efflua particular time point from efflux of wells witlpaA-I
added at that same time point. Efflux was plottexdus time and error bars represent the mean fos.d
two PL and six CL assays in adipocytes as welasRL and four CL experiments in macrophages with a
least triplicates per experiment time point.
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ii. Druginduction of ABCAL increases CL efflux.

Studies have shown that addition of CAMP analogues stimulates lipid efflux through the
ABCA1-mediated pathway in macrophages [9, 21, 84, 126, 127]. Therefore the cAMP
analogue 8-Br-cAMP (cAMP) was added to cells to enhance the ABCAl4eddia

pathway in J774 macrophages (Fig. 4A). As expected this resulted in an increase

(2.3 fold, p< 0.001) in apoA-I induced CL efflux above untreated macrophages. cAMP is
known to increase both ABCA1 mRNA and protein levels in macrophages [9, 84].
Similarly, research has shown that LXR agonists, such as GW3965, increasd ABC
MRNA levels in adipocytes [128-130]. Therefore the LXR-agonist GW3965 was added
to adipocytes for comparison to the cAMP-treated macrophages and apoA-I dependent
efflux monitored (Fig. 4B).
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Figure 4. ABCAL drug induction increases CL effluxfrom adipocytes. Experiments irA.

macrophages d. adipocytes were performed as before but cells weeted with either LXR-agonist
180uM 8-Br-cAMP (CAMP) or 2uM GW3965 (LXR) or buff€CONT) 24 hours prior to assays. ApoA-I|
induced rates of lipid efflux were determined asitimmed previously using the slopes of the CL efflu
assay graphs. The rates were then normalized byormggenate protein per well to obtained the averag
rates of % efflux per hour per mg homogenate pmot@ihe bars represent the mean of four experinfents
macrophage (n=15) and three experiments for adipedn=19) for each treatment + s.d. Significant
differences (***, p< 0.001) were determined by stntls t-test between the means of control anddokeat
samples from both adipocytes and macrophages.

The results showed that the LXR-agonist increased (1.5 fold, p< 0.001) the apoA-I
dependent CL efflux from adipocytes similar to the cAMP-induction of CL efflux from
macrophages. The rates of CL efflux were normalized by the amount of hort@ogena
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protein per sample in order to adjust for differences in protein content per cultlre we
(Fig. 4). This normalization did not affect the fold difference within adipodygi@strols
to LXR agonist-treated) or within macrophage (controls to CAMP-treatéd) &fut did
narrow the difference between adipocytes and macrophages. This is refleative of
variation across the cell types in protein content per culture well and provides one
standard for comparison of the assays from adipocytes and macrophages.

iii. Molar rates of efflux from adipocytes compared to macrophages.

Although the macrophages efflux a higher percentage of CL and adipocytes more PL, the
percent of cellular (unit) cannot be interpreted to mean that macrapétige more CL

and adipocytes more PL. To be able to compare in such a way, the total lipid contents of
the different cell-types first need to be determined. Because adipacgtespected to

store larger amounts of cholesterol, conversion of lipid efflux as a percentagealar

lipid efflux was necessary in order to compare the efflux levels acrosgpmedl The

first step, in converting the units of efflux from percentage to moles, indolve

determining the homogenate lipid levels of both adipocytes and macrophages. The total
lipid content of cells was determined by extraction of homogenate lipids, TlaCasien,
re-extraction, and finally quantified by assay as described in Methaitsndéciii. All

PL species were extracted from one TLC spot but the phospholipase D colorigsayic a
measures mainly the phosphatidylcholine (PC) and sphingomyelin (SM) present. T
resulting values for total CL and PC/SM (representative of overall fRixein the
homogenates were summarized in table 2. The difference in control and tegtatad (

with cAMP or GW3965) homogenate lipid compositions were found to show no
significant difference in lipid compositions and therefore all homogeradies within
cell-types were averaged together. As expected, measured homadeteseerol levels
showed that adipocytes contain more cholesterol per mg protein with a CLilPheait

one compared to macrophages with a CL/PL ratio closer to 0.75. The quantification for
macrophages was consistent with previous reports of J774 homogenate lipid
compositions [131]. The amount of homogenate lipid was then used to calculate the
moles of CL and PL released into the media (table 2). The conversion of apoA-I
dependent lipid efflux from a percentage to a molar efflux rate resultedierf

equalization of efflux levels from both control adipocytes and macrophages although the
treatment of macrophages with cAMP was still higher (1.3 fold) than the rate of CL
efflux from LXR-treated adipocytes. A similar analysis of apoApeatelent PL efflux

from both adipocytes and macrophages was performed as described previously and is
also summarized in table 2.
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Table 2.
Homogenate Lipid Compositions and apoA-I dependergfflux of 3T3 L-1 adipocytes and J774 macrophages.

LXR-treated CAMP-treated
Adipocytes Adipocytes Macrophages  Macrophages
* +
2Cellular Phospholipid 45-(725)8-3 _t 33-(?3 2)8.4 B
(nmol PC/SM per mg protein)
2Cellular Cholesterol 46'?23)11'2 — 25'(25-“)7'6 _
(nmol CL per mg protein)

+ + +

b Phospholipid Efflux 0.10?35)0.018 nd. 0.04(2?15_) 0.010 0.15?4:1)0.042

(nmol PC/SM per h* mg protein)

0.210+0.051 0.309 +£0.077 0.165 + 0.050 0.387+0.12

b
Cholesterol Efflux (138) (46) (68) (70)

(nmol CL per h “mg protein)

CL/PL 2.1+0.64 n.d. 40+1.6 24+1.0
Efflux ratio

@Cellular contents of choline-containing phosphali{PC and SM) and cholesterol (CL) were determined
as indicated in Methods sectioh Data are expressed as mean values + s.d. Thigemwhindependent
data points, different wells, is included in patas.

®The rates of lipid efflux (mean + s.d.) were obeairby linear regression. Data from 5 experimertg4J
cells) and 8 experiments using 3T3 L-1 cells wittxperiments for GW3965 (LXR)-treated 3T3 L-1 cells
are included. The number of data points useddrcéiculation of the rates is included in parerithes

The efflux stoichiometry in moles of CL per molRIf was calculated from the average rates of effline
standard deviation of the CL/PL ratio was estimdtech the standard deviations of the rates of Cd Bh
efflux and the propagation of error equation.

n.d., not determined.

the homogenate lipid compositions for treated agéise insignificantly different than values for ¢
cells and were therefore represented as mean gl control cell columns.

iv. Comparison of adipocyte and macrophage lipid efflux ratios (CL:PL).

The ability of adipocytes to efflux both CL and PL is an important establishmesnt e

it highlights the ability of adipocytes to contribute to nascent HDL levelsthé&umore,
apoA-I-dependent efflux ratios (CL:PL) from adipocytes evaluated agasibphages
allows a comparative analysis of each cell type’s efflux pathway. Theitgagf
apoA-I-dependent efflux from macrophages occurs via an ABCA1-mediated pathway
thus the CL to PL efflux should have a characteristic ratio [18-20, 131]. To atiadyze
newly formed lipoparticle CL to PL composition, the quantitative lipid effluxysssa
mentioned previously were used to calculate the molar CL to PL ratios for agpocyt
macrophages (table 2). Since just the CL and PC/SM TLC spots were analyzed by
colorimetric assay, the resulting ratio of efflux is actually CL toSMC/ However, PC
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has been shown to be the major phospholipid induced to efflux to apoA-I, thus these
ratios are expected to be representative of the overall CL:PL efflog [49, 132].
Although homogenates contained CL:PL ratios closer to 0.8-1.0 in both macrophages and
adipocytes, ratios of CL:PL efflux changed significantly. Consistent with previous
reports, control macrophages demonstrated an efflux ratio close to ~4 but in a CAMP-
treated state the efflux ratio approached 2 [18-20, 131]. Similar to cAMP>pheages

the adipocyte CL:PL ratio in table 2 is approximately 2. Furthermore tibeofaCL:PL

for cAMP-treated macrophages in the absence of control levels of effllsoigeay

similar to the ratio for adipocytes (1.85 £ 1.3). Thus, apoA-I elicits CL areffRix

from adipocytes at ratios similar to the lipid efflux ratios of the ABCA1-@atedi apoA-I
dependent efflux pathway of cCAMP-macrophages.

v. Normalization of lipid efflux by ABCAL protein levelsin adipocytes and
macrophages.

Adipocyte 3T3 L-1 cells have previously been shown to express ABCA1 and efflux CL
upon apoA-I incubation [23, 24, 27]. However, although the mRNA expression levels
have been studied in relation to efflux levels, the protein expression levels have not. The
amount of ABCA1 mRNA relative to protein appears to differ by tissue type andnprote
levels are regulated on both the transcriptional level and by protein degrad#tid33,

134]. Thus it has been concluded that analysis of ABCA1 mRNA levels cannot be solely
used to predict efflux ability of cells [21]. In agreement with this, rekdaas shown

disparity between the level of ABCA1 mRNA levels and efflux levels in adipsd4].

The stoichiometric similarity of adipocyte lipid efflux compared to macrgpbauggests
the involvement of ABCAL in apoA-I dependent lipid efflux from adipocytes. To further
investigate this, lipid efflux assays were performed simultaneously witemeblot

analysis of ABCA1 from adipocyte and macrophage homogenates. Aliquots of
homogenates were used for ABCAL blotting by combining adipocytes and macrophage
samples into different lanes within the same blots such that the adipd@tel
concentration could be determined relative to macrophage concentrations. The
representative blot in figure 5A shows that ABCAL is present in both adipocytes and
macrophages as expected. As summarized by the graph of anti-ABCAL redaisies
from combined experiments, it is also apparent that the level of expressiorasettin
LXR-agonist treated adipocytes and cAMP-treated macrophages cormpacedrols

(Fig. 5B). Also adipocytes seem to express ABCAL at slightly highelslévan
macrophages in the control states, but CAMP seems to result in a much stronger induction
of ABCAL protein expression in macrophages than LXR-treatment of adipocytes.
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Figure 5. Adipocyte and Macrophage ABCA1 Protein Epression Levels.A. Comparison of ABCA1
protein levels from adipocytes to macrophages. 3I3adipocyte and J774 macrophage homogenate
samples were loaded onto SDS-PAGE and transfesreirocellulose for western blotting with anti-
ABCA1. Amounts loaded per lane were normalizedhgyprotein concentrations of homogenates.
Samples were loaded such that each lane contagpedxamately 70pg of homogenate protein. Western
blot is demonstrative of samples from 3 separape®ments with n=7 for each treatment state. Sesiul
be compared to each other were run within the daloteand normalized by homogenate protein per lane.
Blot is representative of 4-6 technical replicat@dper sample per independent experiment with 3
experiments per treatment and cell tyjge. Western blot densities of anti-ABCAL. Blots wer
normalized to each other by internal sample dessséind arbitrary units combined into replicate damp
Replicates samples were combined by treatment@htype and bars represent means + s.d. for three
independent experiments (n=7). Significant diffexes (p < 0.001) were determined by student'stt-tes
between the means of control and treated sammesiipth adipocytes and macrophages.

In order to evaluate the efflux rate per ABCAL, the densitometric anpiirats (a.u.)
representing ABCAL1 protein levels were then used to normalize the CL arftluRL e

rates obtained from assays (Fig. 6A, 6B). The ABCA1 normalized CL eftexshows

that adipocytes efflux at an identical rate as macrophages per ABCAlesitis also

show an interesting pattern for CL efflux per ABCA1 protein (Fig. 6B). Induction of
ABCAL protein expression by either the LXR agonist or CAMP resulted in aakeimn
efficiency of efflux per ABCAL1. This large difference seems to immiedther an

apoA-I induced but ABCA1-independent mechanism in control cells or that induction of
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ABCA1 protein expression is not the only determinant in stimulation of cholesfétd
to apoA-I. Itis important to remember that this ratio does not represent! @ftiual but
instead similar levels of apoA-I induced efflux normalized by low levels cEAB
expression (Fig. 5B, 6A).

Despite these differences, the rate of cholesterol efflux normalizAB6YA1 protein
was similar in the LXR-agonist treated adipocytes compared to cAdéett
macrophages (Fig. 6B). Because cAMP-treated macrophages are belieffledt tpiels
to apoA-I mainly through ABCAL, this is further evidence that adipocytes alsa eff
lipids to apoA-1 mainly through an ABCAl1-mediated pathway.
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Figure 6. Effect of ABCAL expression levels on apel dependent CL Efflux from Adipocytes or
Macrophages. A. Rates of CL efflux normalized by total cellular f#im content. The experiments were
performed as indicated in methods. Adipocytesrandrophages were treated with either the LXR-
agonist, 2uM GW3965 (LXR), or 180uM 8-Br-cAMP (cAN|Respectively, or with buffer (CONT) for
24h prior to assays. The rates of apoA-I induced @lxenormalized by protein content were determined
from the slopes of the efflux assay time course®{%ellular CL released into medium vs time). eTh
average rates were then converted into nmoles éi'@h cell protein using the cholesterol contentshef t
cells. The mean values =* s.d. for adipocytes wbtained from three independent experiments and
include 19 data points. The data for macrophagee wbtained from four experiments (n=15).
Significant differences (***, p < 0.001; **, p < 005) were determined by student’s t-test between th
means of control and treated samples for both agites and macrophageB. Rates of CL efflux
normalized by ABCAL protein levels. The averagesaf apoA-I induced CL efflux shown in figure 6A
were converted into nmoles of CLABCAL protein using the average relative levelABICAL

expression shown in the figure 5B. Each bar regssthe mean + s.d. which was calculated usiag th
propagation of errors equation and the standarchtiens of ABCAL levels and rates of efflux. The
differences between the means of control and tlezdlls were significant (***, p < 0.001) for both
adipocytes and macrophages.
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vi. Inhibition of apoA-I dependent lipid efflux from adipocytes by ABCA1-targeting
drugs.

To further investigate the role of ABCAL in apoA-1 dependent efflux from adipscyte
efflux assays were performed in the presence of several drugs known toapdAeke
dependent lipid efflux via inhibition of the ABCA1 transporter.

BFA is a drug known to block transport vesicle formation [29, 30, 135-137]. While BFA
does not inhibit the endocytic transport of all proteins [136, 138, 139], it has been shown
to inhibit the recycling of ABCAL [31, 140]. Use of BFA allows manipulation of
adipocyte ABCAL1 availability to participate in efflux pathways. Although BFalheen
shown to inhibit ABCAL, its broad disruption of cellular structures may cause disruption
of lipid efflux from adipocytes via other unknown mechanisms. Therefore other
ABCAI1-targeting inhibitors were also used. The block lipid transport (BLT)lyeof
inhibitors was first developed by Nielaetd al. while scanning for inhibitors that block

the SRBI-mediated lipid transfer in cells [141]. SRBI mediates sterl@ ester uptake
from, or CL efflux to HDL [76, 77]. However, while it was found that BLT1-3 and

BLT5 remained highly specific to SRBI-mediated CL efflux, BLT4 cross imdxdbi
ABCA1-mediated CL efflux [142]. Therefore in these adipocyte lipid efflssays,

BLT4 is used as a unique inhibitor of both the ABCA1 and SRBI pathways of efflux.
Also BLT1 was used as a specific inhibitor of the non-ABCA1 SRBI-mediatedfCix e

(to HDL) pathway. Finally, the sulfonylurea glyburide (GLYB) which is knowblock
several ABC transporters including ABCA1 was used [5, 85, 143-148]. GLYBis a
powerful inhibitor for use in the apoA-I dependent lipid efflux assays to elucidate i
apoA-l-induced efflux from adipocytes involves ABCAL.

Experiments to analyze the effects of these drugs on apoA-1 dependent CL effidPL
involved similar efflux assays as described previously but were perfomtled presence

of inhibiting BFA, GLYB, BLT4 or BLT1 concentrations. The drugs were allowed to
preincubate with the cells prior to the addition of apoA-1. The resulting efflsuser

time graphs were used to obtain the rate of efflux for each drug and control.cUlateal

the inhibition that each drug imposed on apoA-1 dependent lipid efflux, the efflux rates of
each drug were divided by the rates of the controls. The resulting inhibitevas w
expressed as a percent of the control efflux for CL or PL across both adipocyte and
macrophages (Fig. 7).

Figure 7 shows strong inhibition by GLYB and BFA in both macrophages and adipocyt
of the PL and CL efflux induced by apoA-I. BFA falls within the expected-8558)
inhibition compared to what has been studied previously for fibroblasts but is higher than
previous work in macrophages [140, 149]. This could be because previous works in
macrophages were limited to 2 hours of inhibition and highlight the time-sensitivity of
BFA's effect. GLYB also strongly inhibited CL and PL efflux of both macrophages
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adipocytes. In addition to GLYB and BFA, adipocytes were also incubated with BLT1
and BLT4. Similar to GLYB and BFA, BLT4 also inhibited CL efflux but was only hal

as effective in inhibition of PL efflux. BLT4 had been reported to strongly inGibit
release to apoA-I however its effects on PL efflux had not been examined until now
[142]. Similarly BLT1 slightly blocked CL efflux but its inhibition of PL kfk from
adipocytes was much less pronounced. It is interesting to note that while the BT dru
inhibited cholesterol efflux from adipocytes more than they inhibited phospholipid efflux,
the opposite is true of GLYB and BFA.
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Figure 7. Effect of ABCALl-inhibiting drugs on apoA dependent efflux from adipocytes compared

to macrophages. The effect of the drugs GLYB (500uM), BFA (36 N8\ T1 (10uM) and BLT4
(150uM) on apoA-I-dependent cholesterol effluxnirmmacrophages and adipocytes was determined as
described in Methods sectidi.vi. A. Inhibition of apoA-I induced cholesterol effluofin adipocytes and
macrophages. The bars represent the mean + thef ¢ independent experiments for adipocytesland
experiment for macrophages with n=6-14 for adipesynd n=3 for macrophageB. Effects of the same
drugs on inhibition of apoA-I dependent phosphdlipfflux from adipocytes and macrophages. The bars

represent the mean + s.d. of one experiment wiih=
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It has been reported that, in the case of glyburide inhibition of PL efflux, tHstiahi
seen is due largely to increases in background (i.e., lipid efflux to apoA-I free)medi
rather than large decreases in apoA-l induced lipid efflux [111, 142]. Howevaogir
of the efflux assay experiments, the majority of each drug’s inhibition eesiutim
decreased efflux in the presence of apoA-I rather than in than increaselsgrobad
levels of efflux (data not shown). In the few cases where increases in background
contributed to the majority of the inhibition observed, the overall % inhibition values
showed no significant difference from other experiments. Thus the inhibitions by thes
drugs most likely reflect a real inhibition of ABCA1-mediated apoA-leteent lipid
efflux in which any experimental variability in background efflux levels arecgpjately
controlled for, thus giving an accurate reflection of the inhibition abilityachelrug.
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CHAPTER V

THE B-SUBUNIT OF ATP SYNTHASE CONTROLS CELLULAR UPTAKE AND
RESECRETION OF APOA-I IN ADIPOCYTES BUT DOES NOT CONTROP®A-I

INDUCED LIPID EFFLUX

Abstract

The initial steps in the formation of nascent HDL involve lipid loading of apoA-I.
Cellular uptake of apoA-1 may be important for the assembly of HDL and Isay a
regulate the circulating levels of the apoA-1 and/or HDL. ApoA-I is shown hdye to
internalized and re-secreted (apoA-I recycling) by adipocytes in atileg and specific
process. ABCAL is involved in cellular binding, uptake and lipidation of apoA-I. The
following studies however, suggest apoA-I recycling is a receptor-mddgieteess
independent of ABCAL function [121]. Additional results show that a monoclonal
antibody against th@-subunit of ATP synthase blocks apoA-I recycling but has no effect
on the rate of apoA-I induced cholesterol or phospholipid efflux. It is concluded that a)
ATP synthas@, which had been previously identified as an apoA-I receptor [150], is
directly involved in cellular recycling of apoA-1 and, b) cellular recyglaf apoA-I is

not required for apoA-I induced lipid efflux demonstrating that apolipoprotein lipidation
and recycling are independent processes.

Keywords: apoA-I, adipocyte, lipid efflux, ABCAL, recycling, ATP synthgse

Abbreviations used: ApoA-l, apolipoprotein A-lI; ABCA1, ATP-binding cassette
transporter Al; BFA, Brefeldin A; BSA, bovine serum albumin; FBS, fetal bovine
serum; apoLp-Ill, apolipophorin IlI; Thrx, thioredoxin; ATP5eATP synthase +
subunitp;
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Results

i. Pka-ApoA-I entersthe cell by a saturatable and specific pathway.

In order to study the uptake and re-secretion of apoA-I and its role in the process of
efflux a recombinant protein was developed containing full length mature human apoA-I
and two tags including a His-tag for protein purification and a protein kinase) (PKA
consensus sequence containing tag [27, 28]. The pka-tag allows monitoring of protein
cell entry. The concept of the assay is based on the idea that cell entry gfje ta
protein allows for its phosphorylation by intracellular PKA. Also, if the proteig-is
secreted, the level of the tag-phosphorylation analyzed from the medutes! rel the

level of protein recycling. By radiolabeling the ATP pool withP]-orthophosphate, the
phosphorylated pka-apoA-I collected from cell media could then be visualized by
autoradiography allowing for direct evidence of apoA-I recycling.

To examine the levels to which apoA-I might be taken up by the cell and re-secreted int
the cellular medium, adipocytes weréM]-radiolabeled and increasing amounts of
pka-apoA-I were added to the experimental media. Following a 30 minute incubation
time, media was collected and phosphorylation of pka-apoA-I analyzed. The coomassie
gel (Fig. 8A) shows the increasing levels of protein added to the cell medizatinéni
autoradiogram (Fig. 8B) shows increasing levels of phosphorylation. Tisests re
definitively show that apoA-1 is recycled in adipocytes. Importantly, colsgaof the

last two lanes of both the gel and autoradiogram reveal that the increase in
phosphorylation becomes saturated. To better visualize this saturation, the dénsitome
phosphorylation a.u. of pka-apoA-I were normalized by the protein amount and graphed
to examine the level of apoA-I uptake and re-secretion (Fig. 8C). From the graph, apoA-
appears to be readily entering and exiting the cell until the processsstantating near

45 ng/mL. The two major possibilities for uptake of apoA-I involve either receptor-
mediated endocytosis and/or bulk phase endocytosis through membrane recycling. Bulk
phase endocytosis would involve binding of apoA-I to the plasma membrane and slow
internalization as the membrane turns over. Instead the saturation of uptakerseen fr
increasing apoA-I concentration in the experimental media seems todtefic

saturatable receptor mediated pathway AuM).
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Figure 8. Saturation of apoA-I entry and exit fromthe cell. Recycling assays of pka-apoAl were
performed in {?P]-prelabeled adipocytes as described in Methoctiosd |1.ix. A. Coomassie stained gel
representing 10% of each well's media per lanerovindicates the 31kDa pka-apoA-B.

Autoradiogram of the gel in A showing increasectlswof phosphorylation per protei@. Graph of the
level of pka-apoA-I phosphorylation (from part B)rmalized by the amount of pka-apoA-I protein (from
part A) versus the increasing amounts of apoA-keaddThe equilibrium binding constant {jkof
recombinant pka-apoA-I was calculated from thersaittn curve (from part C) using the graphing
program GraphPad.

To evaluate the recycling pathway further, increasing levels of native humar apya
added to compete with pka-apoA-I for cell entry. Since human apoA-I contains no PKA-
tag, decreases in phosphorylation indicate that pka-apoA-I is specificaltyliecked

from cell entry. Cells werédP]-radiolabeled and a constant concentration of pka-apoA-|
was maintained with varying amounts of competing human apoA-I added. Media was
collected after the incubation time and separated by gel (Fig. 9B). Pkal&@wgls as

a 31 kDa protein while un-tagged human apoA-I travels at its native size (28kDa) below
it. Results show that pka-apoA-I loses phosphorylation as the human apoA-I
concentration is increased (Fig. 9A). A control (Fig. 9A, 9B, lanel) wasladddow

that incubation of human apoA-I does not induce secretion of any unknown phospho-
proteins at the same size as pka-apoA-l. Phosphorylation of pka-apoA-1 was thesh plott
versus the competing human apoA-I concentrations to assess the level of e@mpetit
between human and recombinant apoA-I (Fig. 9C). Analysis of the inhibitor-response
curve reveals that human apoA-I behaves similar to recombinant pka-apoA-1 with
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Ki ~1uM. This implies that recombinant and human apoA-I are most likely competing
for cell entry from the same receptor.
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Figure 9. Human apoA-I competes with recombinant pk-apoA-I for entry into the cell. Recycling
assays of pka-apoA-I were performed as describedaqursly with increasing amounts of human apoA-|
added.A. Autoradiogram showing that human apoA-I competits pka-apoA-I for entry and exit from
the cell. B. Coomassie gel with 10% of the well media loaddthv& pka-apoA-lI concentration constant
and human apoA-l is increasin@.. Graph of autoradiogram versus the human apoA-teatnations in
part B. GraphPad software was used to plot theltsg-response curve and calculate thefknhibition
(K;) and IC50 of human apoA-I. The &f 828nM (23 pug/mL) has 95% ClI of 422 to 1625n\ dime 1C50
of 45.9 pg/mL has 95% CI of 23.4 to 90.2 pg/mL.

ii. Effect of ApoLp-I111 and Thrx on recycling of pka-ApoA-I.

Since human apoA-1 competed with pka-apoA-I for cell entry, experiments were
designed to further test the specificity of the recycling receptor. Thlisnwvastigated by
experiments designed to perform the apoA-I recycling assays in the presetiver
types of proteins. ApoLp-Ill was chosen to test whether the apoA-I recaptohave
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affinity for other apolipoproteins. Similar to apoA-I, it is mainly alphadaland binds

to the lipids of lipoparticles [151]. Thrx was also chosen as a generally unrelatieid pr

to monitor the level of specificity needed to compete for recycling. Thegoegions

of these proteins were cloned into plasmids such that the recombinant proteins dontaine
a HIS-tag for purification as well as the PKA-recognition site tagairo the pka-

apoA-I construct (Fig. 10).

N
1H— ApoA-l
4 K ApoLp-iil |
1 Thx |

Figure 10. ApoA-I, ApoLp-Ill and Thrx pka-tag reco mbinant protein constructs. Sequence coding
for mature apoLp-Ill and Thrx were cloned into pheds such that the recombinant proteins would d¢onta
a N-terminal HIS-tag to facilitate purification aR&KA-recognition site tag to enable use of the trmas in
recycling assays as described in Methods. Thembir@nt proteins are diagrammed above to show the
different coding regions. The open boxes repretbené histidine residue tag and the closed boxes
represent the PKA recognition sequence RRASV. ¥et@ng amino acid sequence between tags and
protein sequence is represented by the thin gragrmhsequence coding for either ApoA-I, ApoLpdil
Thrx is represented by blue, orange or green bagspectively. The dimensions of each region are
proportional to number of amino acids such thatied (primary) sizes are visualized.

Because all the recombinant proteins used for this study contain a pkaHieoogjte
phosphorylation tag, the internalization of apoA-I as well as the other two prateite c
monitored (Fig. 10). For the experiments, increasing amounts of either apalpFHix
were added simultaneously with apoA-I #&9]-radiolabeled adipocytes. Pka-apoA-l,
which was shown previously to be internalized and re-secreted from adipocwgtbs, ca
added to culture media with or without the potential competitors, and the recycling
monitored by analysis of the medium following the incubation time.
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Figure 11. The effect of apoLp-Ill and Thrx on ap@-I recycling. Competition recycling assays of
pka-apoA-I were performed as described previoudigtfiods sectiohll.x) with increasing amounts of
apoLp-Ill (3 or 6 nmol) or Thrx (3 or 6 nmol) or tman apoA-I (as described previously) added to oeiltu
wells along with pka-apoA-I (1.5nmol)A. Representative Coomassie-stained gel of medialeamjith
arrows indicating location of pka-apoA-Il, apoLp;Mhrx or human apoA-IB. Autoradiogram of gel
(from A) showing {?P]-phosphorylation of pka-recombinant proteis.Average phosphorylation of pka-
recombinant proteins as determined by autoradidtyrap media gels (arbitrary units of densitometry).
Bars represent the mean + s.d. of two independgmranents for apoA-l:apoLp-Ill (n=5) and one
experiment for apoA-I:Thrx (n=3) and human apoAFhe differences between pka-apoA-I densities of
phosphorylation were found to be not significantshydent’s t-test (p>0.05) for both apoLp-Ill anidrX
competition assays.

As can be seen in figure 11, pka-apoA-I is recycled through adipocytes as expected
(lanes 1, 6, 9) and although added with apoA-I to cells, the proteins apoLp-IIl and Thrx
do not compete with apoA-I1 for cell entry (Fig. 11C). In contrast, addition of muma
apoA-I resulted in competition with pka-apoA-I for recycling as deterdhpreviously

(Fig. 9, 11).

Interestingly, although apoLp-IIl and Thrx don’t reduce the pka-apoA-I inteatian,
they themselves are internalized and re-secreted but to what seemanadielawer
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degree than apoA-I (apoLp-Ill ~30 fold less and Thrx ~7.5 fold less relative to
pka-apoA-I; Fig. 12C). These results show that receptor-mediated apoAilngdas a
higher specificity for apoA-I than other proteins (including some apolipoproteins)
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Figure 12. Recycling of apoLp-Ill and Thrx compared to apoA-I in adipocytes Recycling assays of
apoLp-lll and Thrx were performed as described gty with increasing amounts of pka-apoLp-Ill (3
or 6 nmol) or pka-Thrx (3 or 6 nmol) or pka-apof3Inmol) added alone to culture well#.
Representative Coomassie-stained gel of media sanipb% volume loaded) showing location of
pka-apoA-I, pka-apoLp-IIl and pka-ThnB. Autoradiogram of gel (from A) showing
[*?P]-phosphorylation of pka-recombinant proteifis. Average phosphorylation of pka-recombinant
proteins as determined by autoradiography of meelis (arbitrary units of densitometry). Bars repre
the mean * s.d. of two independent experimentggoLp-111 (n=5) and one experiment for Thrx (n=3).
The differences between pka-tag phosphorylatiah afd 6 nmol incubations of either apoLp-Ill or Xhr
were found to be not significant by student’s t-{gs0.05).

iii. Inhibitors of ABCAL (BFA) and SRBI (BLT1) do not inhibit apoA-1 uptake and
resecretion.

Next the role that the receptors ABCAL or SRBI may play in the lipidatiopa#-4 was
investigated through use of the inhibitors BFA and BLT1. To examine the posgsibilit
that ABCA1 may be mediating both apoA-I cellular uptake and resecretionwiting
lipid efflux, BFA was used to block ABCAL recycling and cell surface avaiafg1].
As shown previously, BFA is also a strong inhibitor of ABCAl-mediated efflux to
apoA-I (Chapter IV section v). Additionally BLT1 was used to investigatel 38B
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another possible apoA-I recycling receptor. BLT1 is known as a strong inhibitor of
SRBI-mediated CL efflux to HDL [141], and previous work has also shown it to be
capable of weak inhibition of ABCAl-mediated efflux in adipocytes

(Chapter IV section v).

For experiments, cells wer&p]-radiolabeled and the drugs BFA and BLT1 were
allowed to pre-equilibrate before addition of pka-apoA-I. Cell media was callafttr
the specified incubation times and pka-apoA-I purified using Ni-chromatography.
Purified pka-apoA-1 was run onto SDS gels (Fig. 13A) and exposed to film to vesualiz
pka-apoA-I phosphorylation (Fig. 13B). Because the lipolytic activity level ofdhe c
regulates the PKA activity level and glycerol release into the mexdidium glycerol
levels are indicative of PKA activity levels. Thus, to control for changes in Rty
possibly induced by the drugs, an aliquot of media was used to measure glyedsol le

As can be seen in figure 13B, the phosphorylation is stronger in the samples with a

40 minute medium incubation time. Phosphorylation of these samples was analyzed by
densitometry as mentioned previously and normalized by medium glycerol lebels. T
results represent the levels of apoA-I recycling in the presence ¢rdatnth either BFA

or BLT1 (Fig. 13C).

Although the results show that apoA-l is retroendocytosed, these drugs, which were
previously shown to inhibit apoA-I lipidation, have no inhibition on the uptake and re-
secretion of apoA-I. This implies that apoA-I recycling involves a recéatsides those
shown to be inhibited by BFA (ABCA1) and BLT1 (SRBI) and leads to the possibility
that apoA-I recycling through adipocytes may be independent from its lipidation.
Similarly, other studies have concluded that apoA-I internalization inapaages may
not significantly contribute to overall efflux levels and that only a low level of
internalized apoA-I co-localizes with ABCA1 [119, 152].
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Figure 13. Efflux drugs do not inhibit pka-apoA-I uptake and resecretion [**P]-prelabeled adipocytes
were pre-equilibrated with BFA (10 pg/ml) or BLTD(fuM) for 2h prior to incubation with 50 pg/mL
pka-apoA-I. The media was collected and analypediaiy-phosphorylation and rate of glycerol release
described previouslyA. Coomassie gel showing pka-apoA-I purified per tipoant. B. Autoradiogram of
the dried gel (from part A) showing phosphorylatafrpurified apoA-I. C. Graph of autoradiogram
normalized by protein amount (from part A, 40’ s&esp and medium glycerol rates. Error bars repiese
the mean * s.d., n=2. Sample’s were not signiflyatifferent as determined using the studentstt-tes
(p>0.05).

iv. Antibody to ATP synthase beta subunit blocks cell entry and exit of apoA-I.

The above studies have shown that apoA-I recycling involves a pathway sépanate
those involved in ABCA1-mediated efflux. Therefore, claims that cell suAa&e
synthase acts as an apoA-| receptor were investigated.

Ectopically expressed ATP synthasesEbunitp (ATPaseB) was first discovered to bind
apoA-l when Martinezt al. used immobilized apoA-I to probe solubilized membrane
proteins [150]. Subunits of the traditionally mitochondrial protein have been shown to be
present on the cell surface of hepatocytes, lymphocytes, endothelial cellspayiadi

but not erythrocytes nor Chinese hamster ovary cells [150, 153-155]. Although studies
are lacking for all these cell types, the complete ATPase complex witlhaoth
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membrane-embedded &nd the soluble;Hcontaininga,p,y,d,e subunits) subdomains
has been shown to be present in isolated rat hepatocytes [156]. Ectopicallgexkpres
ATPase has been shown to exhibit ATP synthesis and hydrolysis activitiethi
hepatocytes and endothelial cells [156-158]. Furthermore, antibodiestip subunits
of the i subdomain have been shown to inhibit the synthase/hydrolase activities of
ATPase [156-158].

Because cell surface expressed ATHalad been shown to bind apoA-1 [150], the
effect thaf3 subunit antibodies had on apoA-1 uptake and re-secretion from adipocytes
was investigated. For this experimenftP]-prelabeled adipocytes were pre-incubated
with increasing amounts of anti-ATPgserior to the experiment. Two monoclonal
antibodies to the beta subunit of ATP synthase (clones 3E8 and 3D5) were chosen to
study the effect on apoA-I uptake. After antibody pre-incubation, apoA-1 wad &mide
the experimental medium and the media removed after the incubation period. @ell ent
of apoA-I and exit back into the cell media was monitored by the phosphorylation of the
pka-tag. ApoA-I was purified from the media using Ni-affinity chromatography then
analyzed by SDS-PAGE and autoradiography as shown in figure 14A and 14B
respectively.

The results show that apoA-1 uptake and re-secretion is accompanied by phosphorylat
of the construct’s pka-tag (lane 1, Fig. 14B) and that this phosphorylation is blocked by
increasing amounts of anti-ATPg$elone 3D5 (lane 2-7, Fig. 14B). Although anti-
ATPaseB clone 3D5 successfully blocked apoA-I recycling, the other clone (3ES8)
investigated did not have a significant effect on apoA-I phosphorylation leveglsL4c,
p>0.05). To further classify the inhibition by clone 3D5, phosphorylation of pka-apoA-I
was plotted versus antibody dose (Fig. 14D). The results indicate that thef leve

recycled apoA-I rapidly falls upon incubation with antibody until reaching a low at
approximately 35% of maximum phosphorylation. This is comparable to the inhibition

of endothelial cell-surface ATP synthase activities observed in a previmlyshst

binding of a monoclonal antibody (Mab3D5) to the domains near the active site of the
beta subunit [158]. The log dose-response of the inhibition was plotted and the curve was
used to calculate an IC50 for the antibody clone 3D5 at ~10.6 pg/mL (95% CI of 4.722 to
23.88 ug/mL). PKA activity levels were also checked through measurementefaily
release into the media (Fig. 14E). The glycerol levels showed no significamge;
demonstrating that changes in pka-apoA-I phosphorylation were not due to changes in
intracellular PKA activity (Fig. 14E, p>0.05).
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Figure 14. The effect of antibody to ATP synthasep(subunit) on cellular uptake and release of
pka-apoA-I.

Recycling assays of pka-apoA-I were performed asrilged previously with increasing amounts of
antibody to ATPasg (either monoclonal 3D5 or 3E8) allowed to pre-inate 1 h prior to addition of
pka-apoA-I (40 pg/mL). The media was collected andlyzed to detect tag pka site phosphorylation as
described previouslyA. Representative Coomassie blue stained geBamaditoradiogram displaying
phosphorylation of purified pka-apoA-I protei@.. Protein and phosphorylation amounts (such as fom
and B) were quantified and plotted by the amourgrdgibody added. Error bars represent standaod efr
the mean from two independent experiments per oldgtieat least duplicates per sample. Significamice
differences was determined from O to 8 pg/mL oftanaty with student’s t-test and using one-way
ANOVA with post tests for linear trend (3D5, p<000and 3E8, p>0.05) using GraphPad software.
Phosphorylation of pka-apoA-I released into medmadetermined by densitometry of gel and
autoradiogram) was plotted versus antibody d@&seGlycerol released into media was measured to
monitor lipolytic and PKA activity levels. Errombs in D and E represent mean + s.d. with n=2-é 2o
independent experiments.
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v. Antibody to ATP synthase beta subunit does not affect apoA-I dependent cholesterol
efflux levels.

Because previous studies were able to pharmacologically uncouple apoAhingecy

from apoA-I lipidation using BFA, cholesterol efflux was measured to confirm that
antibody blocking of pka-apoA-I cellular entry has no effect on cholesterol efflux
apoA-l. Cholesterol efflux experiments involVel]-cholesterol pre-labeling for

24 hours in media containing a decreased amount of serum compared to the previous
[*P]-labeling experiments. Previous literature has shown that cell medium lserlsn
influence ATPase ectopic cell surface expression in HepG2 hepatocyté® dmotan T
cell line CEM [159, 160]. Under serum starvation conditions ATP synthase surface
expression is induced [159, 160]. Because surface levels of ATPase are influenced by
medium serum concentrations, a contféP]-labeling recycling assay was performed in
the same manor and media conditions’d§-Eholesterol efflux experiments to ensure

the significant antibody blocking of pka-apoA-I cell entry.

As can be seen in figure 15, the cholesterol efflux rate to apoA-1 is unchanged &en wh
co-incubated with anti-ATPagk which is shown to block pka-apoA-I cell entry under
similar experimental conditions (Fig. 15A, 15B). It should be noted that, although 60 pg
of antibody significantly blocks the cellular uptake of pka-apoA-I1, the perceibitiohni

is only approximately 40%, whereas under previous experimental conditionsmgcycli
inhibition was at approximately 60%. This difference is most likely due to chamgiee
labeling-medium conditions of the different experiments which may afféduwéace
expression of ATPage Indeed, studies have shown that medium levels of cholesterol
and serum concentrations dramatically affect the cell surface expre$#A TP synthase

and thus may have varying affects on our pka-apoA-I recycling assays [159, 161]. This
highlights the importance of monitoring cell entry in the same experiment amat B

the cellular cholesterol efflux measurements.

However, despite this 40% inhibition, cholesterol efflux remains unaffected. These
results are in line with other works showing that ATPase activity when laldoke

inhibition factor 1 (Ikf) shows no effect on efflux to apoA-I, and moreover shows that the
apoA-I cell entry and release is unrelated to the overall lipidation of ajt?0).
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Figure 15. Effect of anti-ATPaseB on ApoA-I-dependent cholesterol efflux3T3 L-1 adipocytes were
radiolabeled with3H]-cholesterol as mentioned in methods and preliegaied 1 h prior to pka-apoA-|
addition with or without 60 pg anti-ATPaBeclone 3D5.A. Efflux assay media was collected at indicated
time points and cholesterol efflux rate calculdean the time courses of the CL efflux and représeiin

B. B. For ‘Recycling’ data, 1 h media was collected apdA-I purified. Protein concentration was
determined as mentioned in method&.Xv). The media was collected and analyzed for tag-
phosphorylation as described previously. Bargairt A represent mean = s.d. of n=4 and solid lmars
part B (for efflux rate) represent the standardreof the slope from part A and the open barsgoycling
assays) represent the mean + s.d. of n=4.

vi. Antibody to ATP synthase beta subunit does not affect apoA-I-dependent
phospholipid efflux levels.

The mechanism of apoA-I lipidation involves both CL and PL loading of apoA-I, but it is
unclear if this occurs simultaneously or in steps. Although our results have shown CL
efflux to be independent from apoA-I recycling, PL efflux was also examinedadycl
define the relationship of apoA-I recycling and HDL formation.
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The effect on the level of PL efflux was investigated by adding increasmogints of
anti-ATPase to cells. Cells were prepared by the radiolabeling and antibody addition as
described previously. After apoA-I incubation, experimental media was ealland
Ni-affinity purified to obtain effluxed lipids associated to apoA-l. The lipigsen

extracted by modified Folch to remove the free phosphate and protein fractionkdrom t
organic phase containing radiolabeled phospholipids. Scintillation counting of the
phospholipids were normalized by apoA-l1 UV absorbance levels at 280nm and plotted by
the amounts of antibody added to the media (Fig. 16). The results show that
phospholipid efflux levels associated to apoA-I are not significantly affegtadtibody

levels (Fig. 16, student’s t-test p>0.05).
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Figure 16. Effect of anti-ATPasep on ApoA-I-dependent phospholipid efflux [*P]-prelabeled
adipocytes were pre-equilibrated with anti-ATPfAs#one 3D5 at the indicated concentrations forptibr
to pka-apoA-I (40 pg/mL) addition. ApoA-I was thparified from the experimental medium and protein
concentration was determined by k¥ Phospholipids were then extracted (as desciib®tethods
I11.xiv) and f?P]-labeled phospholipids measured by scintillaionnting and normalized by protein UV
absorbance levels. Error bars represent mean sfad2-6 from two independent experiments.
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CHAPTER VI

DISCUSSION

i. Characterization of apoA-l dependent lipid efflux from adipocytes.

As the largest storage site of free cholesterol in the body, adipocytehbagpadntial to
influence circulating HDL [59, 60]. Studies have shown correlations in obesity and
altered component lipid ratios of circulating HDL [63-65]. Upper body fat acationl

is associated with lower HDL levels and increased CHD risk [64]. This dsgbes

lipid efflux from adipocytes has the potential to significantly alter dvelaL levels and
compositions. ApoA-I has been demonstrated to utilize ABCAL for cholesterol and
phospholipid efflux from other cell types but the process had not been well chaeakteriz
in adipocytes until now. These studies which have furthered the characterizatidm of bot
CL and PL apoA-I dependent efflux from adipocytes highlight the ability of agiesto
contribute to the HDL population.

Quantification of lipid efflux

The studies presented above have compared the molar rates of lipid efflAtbfegm
both adipocytes and macrophages. The radiolabel pulse-chase efflux assaymsan
assay to assess the efflux potential of cells in culture, acceptors andrtensspbhe
efflux data of these assays are commonly expressed as the percent (@f label
experimental media) out of the total cellular label. Although this is adequate for
comparison of treatments or differences in assay conditions, it is inadequate for
comparisons across cell types due to variance in lipid content. In order taewalua
cell’'s potential contribution to HDL, the molar content of the lipids effluxed must be
established. Our results showed that adipocytes efflux cholesterol at siolida rates
as macrophages but at lower rates than cAMP-treated macrophagesrs€lgntiee rate
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of phospholipid efflux from adipocytes was higher compared to macrophages. This
resulted in a higher ratio of CL:PL efflux from macrophages (~4) comparadipocytes
(~2) but in a similar ratio for cAMP-treated macrophages compared to adipocChthis
means that adipocytes release HDL particles that are CL-poor compacedrtad
macrophages, are the same as cAMP-treated macrophages and are CLpaieddm
smooth muscle cells and some fibroblasts [16, 162]. Because cAMP is believed to
hyperactivate lipid efflux to apoA-I via the ABCA1-mediated efflux pathaag the
stoichiometry of efflux from adipocytes matches that of CAMP-treatedaphages,
these results support a role for ABCA1L in the apoA-I dependent lipid efflux from
adipocytes.

Homogenate lipid compositions

The CL and PL lipid content determination of homogenates confirmed that adipocytes
contain higher levels of CL as reflected in the higher CL per PL compared tophage
homogenates. These lipid measurements were similar to previous litenaasearing
adipocyte tissue lipid compositions as well as previous literature on J774 macrophages
[59, 131]. Other works have also identified changes in homogenate lipid compositions
after treatment with CAMP or LXR-agonists [163, 164]. Interestinglyr@y®-cAMP
treatments in those studies resulted in CL accumulation in epithelial cells,ushiof a
LXR-agonist resulted in lower CL accumulation in HepG2 cells. Contrary to these
reports, our studies of treatment with either cAMP or GW3965 resulted in a slight
decrease in both CL and PL homogenate lipid levels which was determined to be
insignificant by student’s t-test (data not shown, p>0.05). This difference idikets

due to differences in assay conditions including medium compositions and longer
incubation periods of cells of those previous studies with the drugs.

Role of ABCA1

Results of the efflux assay studies in combination with western blottingohawvieled
evidence that ABCAL protein levels are correlated to apoA-I dependent lijig. effl
These assays showed first, that ABCAL is expressed in adipocytes at lsneilsitas the
expression level in macrophages. And secondly, they show that the LXR-agonist
GW3965 increased both ABCA1 protein levels (2 fold) and efflux (1.5 fold) from
adipocytes. ABCAL induction in macrophages by cAMP resulted in a 4.7 fold increase
in ABCAL1 protein levels with a 2.3 fold increase in CL efflux.

Additionally, it was shown that CL efflux to apoA-I from adipocytes occurs ataime s
rate as from macrophageken the rates are normalized by the amount of ABCA1
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protein expressed in cells. These results implicate ABCA1 to be in control oflapoA
dependent lipid efflux from both adipocytes and macrophages.

Surprisingly, the rate of efflux per ABCAL protein, or efficiency of effluasvinigher for
untreated cells compared to the ABCAl-induced cells. This could be explaimed in t
different ways. One possibility is that there is some factor responsitdddar level of
apoA-l-inducible cholesterol efflux that is downstream or independent of
ABCA1-mediated efflux. This would result in higher efficiency of efflux p&GALl in
control cells if this other factor is not increased in the treated celistefore this
efficiency would not be seen in treated cells because it is overcdst mcteased levels
of ABCAl-mediated efflux. This factor could be another protein that maytédeik
higher efficiency of efflux through or supplemental to the ABCA1 pathway. The
concentration or activity of this other factor is probably regulated siroildret basal
regulation of ABCAL, since there is a similar level of efficiency betwasipocytes and
macrophages per expression of ABCA1. However, because this higher efficiency of
efflux is not seen in the experimentally treated states, it could not be a protein
upregulated by cAMP or LXR. This means that while treatment of cells \titérei
CAMP or LXR-agonists increases ABCAL levels, it does not increase anwtkigown
component of the efflux pathway which would allow for the more efficient efflux per
ABCAL level seen in the control cells. Potential candidates include SRBIBGGA,
which are both known to efflux CL to ABCA1-formed HDL [67, 81]. Through studies in
various cell types, LXR is known to upregulate ABCG1 but not SRBI and conversely,
CAMP is known to upregulate SRBI but not ABCG1 [165-169]. Because studies in
adipocytes are lacking, it is unknown how these drugs may affect these nontABCA
transporters of adipocytes. But if similarly regulated, it is possibletbdiXR- or
cAMP-treatment would result in less SRBI or ABCGL1 per ABCA1 compared to the
uninduced state. Thus, ABCG1, SRBI or some other unknown protein factor may
influence the efficiency of the ABCA1 efflux pathway.

Another possibility is that the level of efflux efficiency could be due to thedeof
functionally active ABCA1 compared to overall homogenate levels of ABCAldi&xd
show that the cell surface expression levels of ABCAL are linked to its abilitediate
apoA-I-dependent lipid efflux [43]. In control cells where ABCAL1 levels aneel,
higher cell-surface localization would help maintain a higher efficiefityxdevel.
However, in induced cells where ABCAL levels are upregulated, ABCA1 may liedoca
not only on the cell surface but also in processinghepute. This would result in
division of the efflux by a higher ABCA1 concentration than that which is dgtual
responsible for it and would seemingly result in a lower efficiency. Althoughshi
possible, this is less likely since the non-active ABCAL1 levels would have he lsarme
for both the LXR-treatments in adipocytes and cAMP-treatments in macrogiages
the efficiency is similarly repressed.
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Despite the different possibilities, the ratios of CL efflux per ABCAL pndiaiels

remained constant when comparing the control cell-types to each other oatbeé tell-
types to each other. This again suggests that ABCAL1 is the major transporter inwolved i
lipid efflux to apoA-I from adipocytes in both basal and LXR activated states.

To further investigate the role of ABCAL in apoA-I dependent lipid efflux from
adipocytes, the inhibition effects of the ABCA1l-targeting drugs GLYB and &#Apid
efflux from both adipocytes and macrophages were compared. The results showed that
GLYB and BFA inhibit apoA-I dependent efflux from adipocytes at similar easl|

those seen in macrophages. Additionally, this work represents the first to stedfethe

of the drugs BLT1 and BLT4 not only on cholesterol efflux inhibition but also
phospholipid efflux inhibition. BLT1 only slightly inhibited PL efflux to apoA-I, which

is expected since BLT1 targets SRBI-mediated lipid efflux to HDL and not
ABCA1-mediated apoA-I dependent efflux. BLT1 also partially inhibited Glwef

which can be explained by reasoning that BLT1 may be blocking SRBI-meditited ef

to lipoparticles formed after apoA-1 addition to the cells within the time fraintiee

assays. However, in the case of GLYB/BFA, PL efflux inhibition seems toebsaime

or slightly higher (ns GLYB CL-PL; ** p=0.0012 BFA CL-PL) than the inhibition of CL
efflux. If real, this difference could also be explained by downstreararCichment of
nascent HDL patrticles, such as SRBI/ABCG1-mediated efflux or diffusisifierént

from both these cases however, is inhibition by BLT4. BLT4 is unique in that it inhibits
not only ABCAl-mediated efflux of lipids to apoA-I but also SRBI-mediated effhux t
HDL. Contrary to previous reports in ABCALl-overexpressed HEK293 cells, our assays
in adipocytes show BLT4 does not inhibit CL efflux to the same degree as GLYB or BFA
but instead is slightly lower [142]. Since BLT4 has been shown to block ABCAlsit wa
also surprising that BLT4 did not inhibit PL efflux as strongly as it did Gef

However, this difference can be explained by BLT4’s ability to also inhibpaissible
downstream HDL CL-enrichment by SRBI. This unique study on the effects of BLT1
and BLT4 on both CL and PL efflux to apoA-1 and comparison to GLYB/BFA provides
support for the idea that nascent HDL particles may be further CLkedricThe degree

to which this CL-enrichment occurs may vary by cell-type and requirdeefustudies to
understand the effect on circulating HDL compositions and functionality.

ii. ApoA-I recycling in adipocytes.

Despite many recent studies, the relationship of apoA-I recycling tx efifid the
localization of apoA-I lipidation is still highly controversial [25, 26]. The works
presented here show that apoA-1 uptake and resecretion is a specific ravegitied
process that can be blocked by an antibody t@ theounit of ATPase. Definitively,
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blocking of apoA-I recycling was shown to have no significant effect on phospholipid or
cholesterol efflux to apoA-I acceptors.

Cell surface ATPase subunit £ as an apoA-1 receptor

ATPase is expressed ectopically on the cell surface in severahesl[150, 153-155].

It is also functionally active on the cell surface although separate shadieshown
differences in either hydrolase or synthesis activities [150, 156-158, 170]. Consiste
with apoA-1 binding to cell surface ATPase, ATPase suljuhés been shown to bind to
alpha helical proteins such as vasoconstrictor coupling factor 6, the inhibitogynprot
(IF,) and apoE [171-173] as well as to the proteolytic fragment angiostatin [154].
Because ATPagghas been shown to bind these proteins, it seems possible that it may
bind other apolipoproteins which share the apoA-1 alpha helical nature. But, these
studies have shown that the apoA-I recycling is not inhibited by addition of competing
amounts of apoLp-1ll. This implies that the specific interaction of apoAH eell

surface ATPase governs apoA-I recycling in adipocytes. Whether apadh, was

shown to bind to solubilized ATPase, binds to cell surface ATPase requires further st

Role of apoA-1-ATPase £ interaction

Studies investigating the function of the apoA-I interaction with ATPase hdicaied

that the interaction leads to a decrease in cytosolic lipid droplet (LDjratation in
adipocytes [174]. Interestingly, those studies also showed that antibodie$ suthenit
mimic the apoA-I interaction which caused the decreases in cytosolic Unakztion.

In the present studies, apoA-1 was blocked from cell entry and resecretion by
anti-ATPaseB, but lipid efflux to apoA-I receptors remained un-modified. This led to the
conclusion that apoA-1 uptake and re-secretion is not involved in lipid efflux. However,
in light of the previous activity studies where the apoA-I binding response i<keithi

and not blocked by antibody, apoA-I binding to ATP synthase may result in signaling
which is not blocked by the antibody in our recycling assays. This signaling would have
to be independent of recycling since our assays show that apoA-I cell entryitaad ex
blocked by anti-ATPas@, but other possible downstream signals elicited by apoA-I
binding would not be ruled out.

One the other hand, apoA-I has been shown to stimulate hydrolase activity in h@satocyt
[150] while antibodies have been shown to inhibit both ATP synthesis and hydrolysis in
several cell types [150, 156-158, 170, 174]. ATPase hydrolase activity has beendinked t
HDL endocytosis via a non-SRBI receptor in hepatocytes [150]. Those studies have
proposed that ATPase-mediated ADP production leads to the activation of the @-protei
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coupled receptor P2¥ on the hepatocyte surface which modulates HDL endocytosis
[175, 176]. ApoA-I stimulation of this pathway, through ADP production, was inhibited
by antibodies to the ATPase subyh[tl50]. Research in adipocytes is limited but some
studies have proposed that HDL endocytosis in adipocytes may be SRBI-neséted i

of ATPase mediated [155, 177]. Contrarily, the above works show that the SRBI
inhibitor BLT-1 has no significant affect on pka-apoA-I uptake and re-secretion. The
above studies on this novel pathway are preliminary and need further work to establish
the role of the apoA-I-ATPase interaction in adipocytes. Furthermorsrekow only
~65% inhibition of pka-apoA-1 phosphorylation indicating that other pathways, not
involving cell surface ATPase, may also be involved in apoA-I recycling. As such,
blocking of apoA-I-ATPase mediated recycling would not affect those otheblgoss
pathways. This would account for studies linking apoA-I recycling to the ABCA1
endocytic pathway [117, 120, 178].

Overall these studies have shown that the apoA-I-ATPase interaction fungotions i
adipocyte apoA-I recycling and further that this apoA-I uptake does not play aroiejor
in lipid efflux to apoA-I.

iii. Physiological Relevance

The adipocyte contribution to overall HDL levels was found to be at the same level of
contribution as J774 macrophages in cell culture. Because this is a cell by cell
comparison, we would expect the influence of adipocytes on HDL in circulation to be
much larger than the contribution of macrophages since the adipocytes far outnumber
macrophages. Also, the characterization of HDL lipid compositions reveatdde¢ha
lipoparticles formed from the apoA-1 dependent lipid efflux from adipocytees @e-

poor compared to control macrophages. This means that this CL-poor (relative to
macrophages) HDL particle will be a more efficient acceptor of Cleffom cells.
Therefore, because HDL is dynamically remodeled and apoA-I avaitaliduce lipid
efflux from adipocytes, adipose tissue is expected to be a significant cegiltie

HDL compositions in circulation. Also, since the ability of HDL to accept ©@mfCL-
loaded foam cells is believed to be responsible for the atheroprotective naluréhelD
HDL biogenesis from adipocytes can only be characterized to aid this process.

It has also been shown by works in this laboratory that CL efflux increases f
adipocytes to HDL acceptors in the lipolytic state [27]. The cellular sadrttés CL

efflux was not the plasma membrane and the lipolytic mobilization involved BFA-
sensitive vesicular transport. This study showed that adipocytes do have theimetabol
potential to affect circulating cholesterol levels.
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Although those works had revealed the importance metabolic state on adipocyte CL
efflux to HDL, the influence of adipocytes on HDL biogenesis had not been cheredtter
until now. Due to the prevalence and convergence of obesity and heart disease the
continued study of adipocyte influence on these processes are an important @liblic he
priority. The studies presented above have laid the groundwork for such studies by
characterizing the HDL compositions, contributions and mechanisms of apoA-|
dependent lipid efflux from adipocytes. As such, these studies are crucial toregrs

for future studies on the influence of metabolic states on lipid efflux from adigocyte

iv. Concluding Remarks

The studies presented here have sought to characterize the apoA-I depentefiiulipi

of adipocytes. The rates of CL and PL efflux from adipocytes upon apoA-I incubation
were determined and show that lipid efflux from adipocytes is induced by apc@-I at
similar rate as from macrophages. The CL to PL stoichiometric efflux ratidipbcytes
was also similar to the lipid efflux ratio seen in macrophages, implicatiegroparison
the ABCAl1-mediated pathway in adipocytes.

To investigate the role of ABCA1L, the apoA-I dependent lipid efflux levets we
normalized by cellular ABCAL protein content. This ‘efficiency’ of lipidetfwas

analyzed in both adipocytes and macrophages and the comparison showed that apoA-I
induces lipid efflux at the same rate per ABCA1 protein from adipocytes as from
macrophages. To further test the role of ABCA1, the drugs GLYB, BFA and BLT4,
which target the ABCAL1 efflux pathway, were used to analyze apoA-I-deperitlext e
from adipocytes. The results show patterns of inhibition expected for apoA-I induction
of efflux via an ABCAl-mediated pathway. Collectively, the studies providegtr

support for ABCAL as the main transporter involved in lipid efflux from adipocytes to
apoA-I.

Investigation of apoA-I internalization through use of pka-tagged apoA-| revéaled t
apoA-l is recycled in adipocytes [121]. pka-ApoA-I recycling was found to be dispec
process that human apoA-I could compete with, but not apoLp-IIl or Thrx. The recycling
was also saturatable and this lead to the proposition of receptor involvement in apoA-I
cellular uptake and re-secretion. First, ABCA1 was tested as the possyolengec

receptor but the ABCALl-inhibitor BFA failed to block apoA-1 recycling. Sirhjléhe

drug BLT1, which blocks SRBI-mediated CL flux to HDL, also had no effect on apoA-I
recycling. The next receptor to be tested was the ectopically exghidbsurface ATP
synthase subunft Surprisingly, the phosphorylation of pka-apoA-I was blocked by use
of a monoclonal antibody to ATPaBe
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Finally, the ability of anti-ATPasp to block apoA-I internalization was used as a tool to
directly analyze the relationship of apoA-I recycling to lipidation. CL anefiix

assays carried out in the presence of anti-ATBas®mwed that lipid efflux to apoA-I
remained unaffected by antibody blocking of apoA-I recycling. This is thedfresct

study to show that apoA-I recycling is unrelated to apoA-I lipidation.
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