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PPARg activation redirects macrophage cholesterol from fecal excretion
to adipose tissue uptake in mice via SR-BI
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A B S T R A C T

PPARg agonists, used in the treatment of Type 2 diabetes, can raise HDL-cholesterol, therefore could

potentially stimulate macrophage-to-feces reverse cholesterol transport (RCT). We aimed to test

whether PPARg activation promotes macrophage RCT in vivo. Macrophage RCT was assessed in mice

using cholesterol loaded/3H-cholesterol labeled macrophages. PPARg agonist GW7845 (20 mg/kg/day)

did not change 3H-tracer plasma appearance, but surprisingly decreased fecal 3H-free sterol excretion by

43% (P < 0.01) over 48 h. Total free cholesterol efflux from macrophages to serum (collected from control

and GW7845 groups) was not different, although ABCA1-mediated efflux was significantly higher with

GW7845. To determine the effect of PPARg activation on HDL cholesterol uptake by different tissues, the

metabolic fate of HDL labeled with 3H-cholesteryl ether (CE) was also measured. We observed two-fold

increase in HDL derived 3H-CE uptake by adipose tissue (P < 0.005) with concomitant 22% decrease in

HDL derived 3H-CE uptake by the liver (P < 0.05) in GW7845 treated wild type mice. This was associated

with a significant increase in SR-BI protein expression in adipose tissue, but not liver. The same

experiment in SR-BI knockout mice, showed no difference in HDL derived 3H-CE uptake by adipose tissue

or liver. In conclusion, PPARg activation decreases the fecal excretion of macrophage derived cholesterol

in mice. This is not due to inhibition of cholesterol efflux from macrophages, but rather involves

redirection of effluxed cholesterol from liver towards adipose tissue uptake via SR-BI. This represents a

novel mechanism for regulation of RCT and may extend the therapeutic implications of these ligands.

� 2011 Elsevier Inc. All rights reserved.
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1. Introduction

PPARg is highly expressed in adipose tissue, where it is required
for adipocyte differentiation [1,2], hence potentially contributing
to obesity and its associated increased risks for insulin resistance
Abbreviations: HDL-C, high density lipoprotein cholesterol; CVD, cardiovascular

disease; RCT, reverse cholesterol transport; ABCA1, ATP binding cassette

transporter A1; ABCG1, ATP binding cassette transporter G1; SR-BI, scavenger

receptor type-BI.
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and cardiovascular disease (CVD). PPARg is also expressed in
macrophages, where PPARg-dependent lipid uptake and storage
may increase foam-cell formation and, potentially, atherosclerosis
[3]. Yet high affinity PPARg agonists, the thiazolidinediones (TZDs),
used in the treatment of Type 2 diabetes, are clinically effective at
improving insulin sensitivity and lipid homeostasis [4,5], which
would be expected to reduce CVD risk. Consistent with this, PPARg
ligands attenuate atherosclerosis in mice, albeit via uncertain
mechanisms [6]. The effect of activation of PPARg with TZDs on
CVD outcomes in patients with Type 2 diabetes has been mixed,
with some studies showing a possible increase in risk of
myocardial infarction [7], and others showing a reduction in
CVD risk [8]. Hence, the overall effect of PPARg agonists on CVD
and the mechanisms involved remain controversial and unclear.

The risk of CVD is inversely associated with plasma levels of
high density lipoprotein cholesterol (HDL-C), and low HDL-C levels
are often associated with insulin resistance [8]. The major
atheroprotective mechanism of HDL is thought to involve
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facilitation of peripheral cholesterol efflux from lipid laden
macrophages in the atherosclerotic plaque, and facilitation of its
return to the liver for excretion in bile and feces [9], a process
termed ‘‘reverse cholesterol transport’’ (RCT). The simplest
paradigm for anti-atherosclerotic therapeutic development in-
volving HDL-C would be one in which raising plasma concentra-
tions of HDL-C or its major apolipoprotein apoA-I reliably
translated into reduced atherosclerosis. However, it is plausible
that certain approaches could improve HDL function without
increasing plasma concentrations of HDL-C. For example, flux
through the RCT pathway could be increased without increasing
the steady-state level of HDL-C [10]. Another possibility is that one
or more components in the RCT pathway are beneficial and the
entire RCT pathway is not necessarily required for cardio-
protective effects.

Both of the currently prescribed TZDs, rosiglitazone and
pioglitazone, can raise HDL in patients with Type 2 diabetes
[11], and PPARg agonists have been suggested to be able to
promote macrophage cholesterol efflux in vitro [12,13], but the
effect of PPARg agonists on RCT in vivo has not been systematically
studied. The aim of this study was to investigate the effects of
PPARg activation on macrophage to feces RCT in vivo, as well as
intermediate steps in the RCT pathway. Surprisingly, we found that
in female wild-type C57BL6J mice, PPARg agonist treatment
decreased fecal sterol excretion in vivo, implying decreased RCT.
This led us to hypothesize that PPARg activation may be inhibiting
macrophage cholesterol efflux (the first step in the RCT pathway),
and/or redirecting effluxed cholesterol to other tissues. We
systematically tested this hypothesis by performing macrophage
cholesterol efflux studies in vitro and HDL cholesterol uptake
studies in vivo with a potent and selective PPARg agonist,
GW7845.

2. Material and methods

2.1. Animals and diets

Wild-type C57BL/6 female mice (8–12 weeks-old) were
obtained from the Jackson Laboratory (Bar Harbor, ME). SR-BI
knockout mice were originally purchased from The Jackson
Laboratory and subsequently bred in-house. In all studies, the
mice were matched for age, gender, and weight. Mice were fed ad
libitum for 2 weeks with either a control or PPARg agonist
GW7845 (20 mg/kg/day), provided by GlaxoSmithKline (King of
Prussia, PA), supplemented chow diet (Purina #5002; Research
Diets Inc., New Brunswick, NJ). This dose and duration of
treatment with GW7845 was selected based on efficacy demon-
strated in pilot experiments. In our initial studies, we measured
food intake and found this to be no different between control and
GW7845 treated groups (22.2 g/mouse/week versus 22.1 g/
mouse/week). Subsequently, we just measured body weights
before and after 2 weeks of treatment to control for any potential
effect(s) PPARg agonist treatment may have on food intake and/or
body weight. For plasma lipid analysis, animals were fasted for 4 h
and then bled from the retro-orbital plexus. All animals were
housed according to guidelines of the Institutional Animal Care
and Use Committee of the University of Pennsylvania. All
protocols were approved by the Institutional Animal Care and
Use Committee.

2.2. Plasma lipid analysis

Plasma total cholesterol, HDL-cholesterol and triglycerides
were measured on a Cobas Fara with the use of Sigma Diagnostic
reagents (Sigma–Aldrich, St. Louis, MO).
2.3. Preparation of J774 cells for in vivo reverse cholesterol transport

study

J774 cells, obtained from the American Type Culture Collection
(ATCC; Manassas, VA), were grown in suspension in RPMI/HEPES
supplemented with 10% FBS and 0.5% gentamicin. J774 cells were
cultured in suspension in Nalgene Teflon flasks (Fisher Scientific,
Hudson, NH) and radiolabeled with 5 mCi/mL 3H-cholesterol and
cholesterol loaded with 25 mg/mL acetylated LDL (acLDL), as
previously described [14]. After forty-eight hours, radiolabeled
cells were washed with RPMI/HEPES and equilibrated for 4 h in
fresh RPMI/HEPES supplemented with 0.2% BSA and gentamicin.
Cells were pelleted by low speed centrifugation and re-suspended
in RPMI/HEPES prior to injection into mice.

2.4. In vivo reverse cholesterol transport study

[3H]-Cholesterol-labeled and acLDL-loaded J774 cells (typically
4.5 � 106 cells containing 4 � 106 cpm of [3H]-cholesterol in
0.5 mL minimum essential medium) were injected intraperitone-
ally into individually caged mice as described previously [14]. Mice
had free access to food and water. Blood was collected at 6, 24, and
48 h to measure radioactivity released into plasma. Feces were
collected continuously from 0 to 48 h and stored at 4 8C before
extraction of cholesterol.

2.5. Preparation of bone marrow-derived macrophages

C57BL6/J mice were euthanized and dissected to remove the
femur of each hind leg. Bone marrow was flushed from femur and
tibia of each leg using PBS–heparin (100 mg/ml). Cells were
washed with PBS and resuspended in bone marrow growth
medium (DMEM containing 30% L-929 cell conditioned medium
and 10% FBS). Bone marrow-derived cells were seeded in 12-well
plates (for in vitro experiments) and cultured at 37 8C and 5% CO2.
Four days after plating, nonadherent cells were removed by
washing. Adherent cells were fed with fresh bone marrow growth
medium and cultured for an additional 3 days. Aliquots of bone
marrow-derived cells were analyzed for expression of markers
specific for macrophages (CD11b, CD18), T-lymphocytes (TCRb)
and B-lymphocytes CD19. After 7 days in culture under our
experimental conditions, more than 99% of cells subcloned from
bone marrow using L-929 conditioned medium (collected from
plates) were positive for CD11b and CD18, while less that 1% of
cells were positive for TCRb or CD19, markers of T- or B-cells,
respectively.

2.6. Measurement of cholesterol efflux in vitro, using plasma from

PPARg agonist treated mice

For in vitro efflux studies, BMMs were isolated and grown in 12-
well plates as described above followed by labelling with 3H-
cholesterol (5 mCi/mL) (PerkinElmer Analytical Sciences, Boston,
MA) in the presence of acLDL (25 mg/mL) for 24 h. Then cells were
washed and equilibrated overnight in serum-free medium. For the
cholesterol efflux, medium containing 2.5% mouse serum from
either PPARg agonist treated or control chow fed mice was added
to cells. After 4 h, aliquots of the medium were removed, and the
3H-cholesterol released into the medium was measured by liquid
scintillation counting. The 3H-cholesterol present in the cells was
determined by extracting the cell lipids with isopropanol (Sigma–
Aldrich, St. Louis, MO) and measured by liquid scintillation
counting. To assess the relative contribution of ABCA1-dependent
pathway, cells were pretreated with probucol (20 mM) (Sigma–
Aldrich, St. Louis, MO), an ABCA1 inhibitor, for 2 h before
measuring efflux of free cholesterol.
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2.7. In vivo HDL cholesterol turn over studies

HDL was prepared from pooled human plasma by sequential
ultracentrifugation (density 1.063 < d < 1.21 g/mL). After exten-
sive dialysis against dialysis buffer (0.15 M NaCl, EDTA 1 mM, pH
7.4), HDL was exchange labeled with 3H-cholesteryl hexadecyl
ether (cholesteryl-1,2-3H; PerkinElmer Analytical Sciences, Boston,
MA), as previously described [15]. After labelling, the HDL was re-
isolated by ultracentrifugation (density 1.063 < d < 1.21 g/mL),
extensively dialyzed, filter sterilized and stored at 4 8C until
injection.

To measure the HDL fractional catabolic rate (FCR) and organ
uptake of the HDL-cholesteryl esters, 3H-cholesteryl ether-labeled
HDL (approximately 1 million cpm per animal) was injected
intravenously via tail veins into mice (n = 6 per group). Blood
samples were drawn by retroorbital bleeding at 2 min, 1 h, 3 h, 6 h,
9 h, 24 h and 48 h (�25 mL at each time point). At study
termination (48 h after injection), mice were exsanguinated,
perfused with ice cold PBS and liver and inguinal adipose tissue
samples were collected for analysis. A portion of liver and adipose
samples were placed in RNA later (Ambion) and stored at �80 8C
for mRNA expression analysis.

Plasma decay curves for the tracer were normalized to
radioactivity at the initial 2-min time point after tracer injection.
FCRs were calculated from the area under the plasma disappear-
ance curves fitted to a two compartment model, using WinSAAM
modelling software. The HDL cholesteryl esters pool size,
calculated by multiplying the HDL cholesteryl esters concentration
by the plasma volume (3.5% of the body weight), was multiplied by
the FCR to obtain the absolute production rate (APR). To measure
the organ uptake of HDL-3H-cholesteryl ether, lipid extraction was
performed according to the procedure of Bligh and Dyer [16].
Briefly, a 50-mg piece of tissue was homogenized in water, and
then lipids were extracted with a mixture of chloroform/methanol
2:1 (v/v). The lipid layer was collected, evaporated, resuspended in
toluene, and counted in a liquid scintillation counter (LSC).

Organ uptake for each tracer was expressed as a percentage of
the injected dose. The injected dose was calculated by multiplying
the initial plasma counts (2-min time point) by the estimated
plasma volume.

2.8. Fecal cholesterol extraction

Fecal cholesterol was extracted as previously described [14],
with minor modifications. The total feces collected from 0 to 48 h
were weighed and soaked in Millipore water (1 mL water per
100 mg feces) overnight at 4 8C. The following day, an equal
volume of absolute ethanol was added, and the mixtures were
homogenized. To extract the 3H-cholesterol fractions, 1 mL of the
homogenized samples was combined with 1 mL ethanol, a known
amount of 14C-cholic acid as an internal standard, and 200 mL
NaOH. The samples were saponified at 95 8C for 1 h and cooled to
room temperature, and then 3H-cholesterol was extracted 2�with
3 mL hexane. The extracts were pooled, evaporated, resuspended
in toluene, and then counted in a liquid scintillation counter.

2.9. RNA extraction and gene expression analysis

Tissue for mRNA analysis was homogenized, and RNA was
isolated using Trizol (Invitrogen, Carlsbad, CA) reagent according
to the manufacturer’s instructions. Real-time quantitative poly-
merase chain reaction (PCR) assays were performed with an
Applied Biosystems 7300 sequence detector. Briefly, 5 mg of total
RNA was reverse transcribed with the use of an Applied Biosystems
High Capacity cDNA archive kit (Applied Biosystems, Foster City,
CA) according to the manufacturer’s instructions. Each 25-mL
amplification reaction contained 100 ng cDNA, 900 nmol/L for-
ward primer, 900 nmol/L reverse primer, 200 nmol/L fluorescent
probe, and 2� universal PCR master mix. Primer and probe
sequences are available on request. Data were expressed as fold
change �SD versus control and normalized to b-actin mRNA.

2.10. Protein analysis by Western blotting

Adipose tissue and liver were homogenized in TES buffer
(20 mM Tris, pH7.4, 1 mM EDTA, 250 mM sucrose and 1 mM
PMSF). Protein contents were determined by BCA assay and
Western blot analysis performed as described previously [17].

2.11. Statistical analysis

Values are presented as mean � SEM or � SD as indicated.
Comparisons of mean values between groups were evaluated using
Student’s two-tailed unpaired t test, with the use of GraphPad Prism
Software. Differences were considered significant at a two-tailed p-
value of <0.05.

3. Results

3.1. PPARg agonist GW7845 reduces fecal sterol excretion in vivo

Treatment with GW7845 (20 mg/kg/day) for 2 weeks in mice
led to non-significant trends towards decreases in plasma total
cholesterol (83.3 � 8.8 in control group vs. 63.2 � 9.8 mg/dL
GW7845 treated group), HDL-cholesterol (54.3 � 4.0 in control group
vs. 44.3 � 7.4 mg/dL GW7845 treated group) or triglycerides
(43 � 8.5 in control group vs. 39� 4.7 mg/dL in GW7845 treated
group). Body weights of mice were evaluated before and after 2 weeks
of treatment, and there was no statistically significant difference in
weight gain between the control group versus the GW7845 treated
group (1.62 � 0.37 g in control group vs. 2.06 � 0.73 g in GW7845
treated group, P = 0.21).

To test the hypothesis that PPARg activation promotes reverse
cholesterol transport in vivo, cholesterol-loaded 3H-cholesterol
labeled J774 macrophages were injected intra-peritoneally into
wild type C57BL6/J mice fed with GW7845 or control diet. As
shown in Fig. 1A, 3H-tracer present in plasma was unchanged in
GW7845-treated mice over the timecourse examined (at 6, 24 and
48 h). At the same time, we saw a 43% decrease (P < 0.05) in the
radioactivity recovered after free sterol extraction from the feces
(Fig. 1B). These data indicate that PPARg activation by agonist
GW7845 decreased fecal free sterol excretion without any major
change in plasma levels of 3H-tracer.

3.2. PPARg agonist GW7845 has no effect on total free cholesterol

efflux in vitro

To investigate whether PPARg activation influences the ability
of HDL to accept cholesterol effluxed from macrophages, we
incubated serum collected from mice fed control diet or diet
containing PPARg agonist GW7845 with labeled bone marrow
macrophages. The bone marrow macrophages were cholesterol-
loaded with acetylated LDL to simulate foam cell formation. Efflux
studies were performed in presence/absence of probucol, an
inhibitor of ABCA1 activity, to differentiate ABCA1 dependent from
ABCA1 independent efflux. There was a significant 46% increase in
ABCA1-mediated efflux to serum from PPARg treated mice
(P < 0.05) (Fig. 2). There was no change in the non-ABCA1
mediated efflux, with a resultant non-significant trend towards
an increase total cholesterol efflux. These data suggest that
macrophage cholesterol efflux is not inhibited by PPARg, and
cannot account for the decrease of tracer in feces.
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Fig. 2. Free cholesterol efflux from C57BL6/J bone marrow macrophages loaded with

acetylated LDL was determined in the presence of serum from control mouse (white

bars) or GW7845 treated mouse (black bars). Probucol (20 mM) was added to obtain

non-ABCA1 mediated efflux and ABCA1 mediated efflux was obtained by

subtraction. Efflux of free cholesterol into the media is expressed as percentage

of the total radioactivity in the media and cells (3H-cholesterol in the

medium � 100)/(3H-cholesterol in medium + 3H-cholesterol in the cells). Values

represent the average of triplicate determinations (mean � SD) (**P < 0.05).

Fig. 1. (A) Time course of plasma 3H-cholesterol distribution over 48 h in control

(solid line) and GW7845 treated (dotted line) C57BL6/J mice. C57BL/6 mice were fed

with either control chow diet or PPARg agonist GW7845 supplemented chow diet

for two weeks before 3H-cholesterol-labeled J774 cells were injected

intraperitoneally (4.5 � 106 cells containing 4 � 106 cpm in 0.5 mL medium).

Mice were bled at 6, 24, and 48 h after injection. Data are expressed as percent cpm

injected � SEM. Data represent combined results from 4 independent experiments,

n = 6 mice per group per experiment. (**P < 0.05 vs. control group). (B) Fecal 3H-free

sterol tracer excretion 48 h after injection of 3H-cholesterol-labeled macrophages in

control (white bar) and GW7845 treated (black bar) C57BL6/J mice. C57BL/6 mice were

fed with either control chow diet or PPARg agonist GW7845 supplemented chow diet

for two weeks before 3H-cholesterol-labeled J774 cells were injected, and feces were

collected continuously from 0 to 48 h. Data are expressed as percent cpm

injected � SEM. Data represent combined results from 4 independent experiments,

n = 6 mice per group per experiment. (**P < 0.05 vs. control group).
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3.3. PPARg agonist GW7845 has no effect on HDL cholesteryl ester

catabolism, but increases uptake of HDL-derived cholesterol by

adipose tissue, with a concomitant decrease in uptake by the liver

To further characterize the effects of PPARg agonist GW7845 on
reverse cholesterol transport, human HDL labeled with 3H-
cholesteryl ether was injected by tail vein in wild type C57BL6/J
mice after 2 weeks of GW7845 treatment (20 mg/kg/day).
Cholesteryl ether, unlike cholesteryl ester, is not metabolized
and is trapped in lysosomes once taken up by tissues. There was no
effect of PPARg agonism on the 3H-cholesteryl ether-HDL
fractional catabolic rate (0.101 � 0.023 versus 0.089 � 0.008%/h)
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Fig. 3. (A) Plasma decay curve of 3H-cholesteryl ether in C57BL/6 mice fed a control

chow diet (solid line) or GW7845 diet (20 mg/kg/day) for 2 weeks (dotted line). (B)

Uptake of 3H-cholesteryl ether labeled HDL in liver 48 h after administration of

tracer in control (white bar) and GW7845 treated (black bar) C57BL6/J mice. Data

are expressed as percent cpm injected � SEM, n = 6 mice per group (**P < 0.05 vs.

control group). (C) Uptake of [3H]-cholesteryl ether labeled HDL in inguinal adipose

tissue 48 h after administration of tracer in control (white bar) and GW7845 treated

(black bar) C57BL6/J mice. Data are expressed as percent cpm injected � SEM, n = 6

mice per group. (***P < 0.005 vs. control group).



S.-A. Toh et al. / Biochemical Pharmacology 81 (2011) 934–941938
indicating 3H-cholesteryl ether plasma clearance was not different
between groups (Fig. 3A).

Interestingly, hepatic uptake of 3H-cholesteryl ether was
decreased by 22% (P < 0.05) (Fig. 3B) and adipose tissue uptake
was significantly increased by more than two-fold (P < 0.005) with
drug treatment (Fig. 3C). These data indicate that PPARg activation
with the agonist GW7845 decreases fecal excretion of HDL derived
cholesterol by redirecting cholesterol for uptake by adipose tissue.
There was no difference in liver weights (1.35 � 0.12 in control
group vs. 1.36 � 0.15 g in GW7845 treated group; P = 0.90). Inguinal
adipose tissue weights appeared to be trending up in the GW7845
treated group, but was not statistically significantly different from
control group (0.190 � 0.015 in control group vs. 0.217 � 0.028 g in
Fig. 4. Animals were fed either control chow diet or PPARg agonist GW7845 supplemen

determined by real-time PCR analysis. mRNA expression of SR-BI and CD36 in liver of contr

fold change � SEM vs. control group mice and normalized to beta-actin mRNA. Results are

Adipose tissue gene expression analysis in wild-type mice determined by real-time PCR analysis

and GW7845 treated (black bars) C57BL6/J mice. Data are expressed as fold change � SEM vs

independent experiments, n = 6 mice per group per experiment. (C) Protein expression by Wes

The Western blots for SR-BI and actin from livers of both control and GW7845 treated mice repre

Protein expression by Western blot analysis of SR-BI in inguinal adipose tissue from control an

48 h after administration of tracer in control (white bar) and GW7845 treated (black bar) SR-B

inguinal adipose tissue 48 h after administration of tracer in control (white bar) and GW784
GW7845 treated group; P = 0.06). Hence, the effects on the % CPM
injected per g excised tissues (Fig. 3B and C) were not due to
significantly altered organ weights.

3.4. PPARg agonist GW7845 increases SR-BI mRNA and protein

expression in adipose tissue

We next sought to determine a mechanism by which PPARg
agonist GW7845 may be increasing HDL cholesterol uptake by
adipose tissue. The scavenger receptor type-BI (SR-BI) emerged as
a plausible candidate. SR-BI is known to be a membrane
transporter involved in the selective uptake of cholesteryl esters
from HDL [18]. Gene expression of SR-BI was measured in liver and
ted chow diet for two weeks. (A) Liver gene expression analysis in wild-type mice

ol (white bars) and GW7845 treated (black bars) C57BL6/J mice. Data are expressed as

representative of 2 independent experiments, n = 6 mice per group per experiment. (B)

. mRNA expression of SR-BI andFABP4 in inguinal adipose tissue from control (white bars)

. control group mice and normalized to beta-actin mRNA. Results are representative of 2

tern blot analysis of SR-BI in liver tissue from control and GW7845 treated C57BL6/J mice.

sent groupings of images from different parts of the same gel, with the same exposure. (D)

d GW7845 treated C57BL6/J mice. (E) Uptake of 3H-cholesteryl ether labeled HDL in liver

I knockout mice, n = 6 mice per group. (F) Uptake of 3H-cholesteryl ether labeled HDL in

5 treated (black bar) SR-BI knockout mice. n = 6 mice per group.
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adipose tissue by real time PCR. As shown in Fig. 4A, GW7845
treatment significantly upregulated hepatic mRNA expression of
SR-BI (1.5-fold, P < 0.05), as well as CD36 (a known PPARg target
gene in the liver), but this did not translate into any significant
changes on SR-BI protein expression in the liver (Fig. 4C). In
contrast, there was a significant increase in adipose tissue SR-BI
mRNA expression (3.5-fold, P < 0.05) (Fig. 4B) as well as SR-BI
protein expression (Fig. 4D), which could result in increased HDL
cholesterol uptake into adipose tissue. FABP4, a known PPARg
target gene in adipose tissue was also significantly upregulated.

3.5. SR-BI is involved in the redirection of cholesterol effluxed from

macrophages for uptake by adipose tissue in vivo

To directly determine whether the redirection of effluxed
cholesterol from macrophages for adipose tissue uptake involved
SR-BI in vivo, we performed HDL turnover and uptake experiments
in SR-BI knockout mice treated with the PPARg agonist GW7845 at
20 mg/kg/day or standard chow diet for 2 weeks. In these mice,
GW7845 treatment did not lead to any significant difference in 3H-
cholesteryl ether labeled HDL uptake in liver (Fig. 4E) or adipose
tissue (Fig. 4F) 48 h after administration of tracer, demonstrating
that the effect of PPARg agonist treatment in increasing HDL-
derived cholesterol uptake by adipose tissue involves SR-BI. There
was no difference in liver weights (1.48 � 0.17 in control group vs.
1.40 � 0.18 g in GW7845 treated group; P = 0.43), inguinal adipose
tissue depot weights (0.277 � 0.089 in control group vs.
0.295 � 0.070 g in GW7845 treated group; P = 0.71), or total body
weight gain over 2 weeks (1.69 � 0.31 in control group vs.
2.32 � 1.04 g in GW7845 treated group; P = 0.18).

4. Discussion

The present study shows that activation of PPARg with a potent
and selective PPARg agonist, GW7845, redirects cholesterol
effluxed by macrophages towards uptake by adipose tissue. The
effects of GW7845 on glucose homeostasis in mice have previously
been described [6]. As expected from the PPARg agonist class of
drugs, GW7845 treatment in mice led to significantly lower fasting
insulin levels and improved insulin sensitivity (as measured by
insulin response to glucose challenge), and this was thought to
correlate with its antiatherogenic effect [6]. Here, we first directly
demonstrated that the radioactivity recovered into the fecal free
sterol fraction after 3H-cholesterol-labeled macrophage injection
was significantly lower in mice treated with the PPARg agonist
GW7845, implying decreased macrophage to feces reverse
cholesterol transport in vivo. This decrease was not associated
with a major change in 3H-cholesterol counts in plasma or tissues
examined (including liver and adipose; Supplemental Fig. 1) in the
in vivo macrophage RCT assay. This is not entirely unexpected as
RCT is a dynamic process; hence, while counts in the feces reflect
net RCT flux, counts in intermediate tissues in the RCT pathway at a
particular time-point may not reflect actual total cholesterol flux to
that particular tissue. Therefore, we then investigated whether
serum from GW7845 treated mice would affect macrophage free
cholesterol efflux by using mouse bone marrow macrophages.
Since fecal sterol excretion was reduced by PPARg agonist
treatment, we reasoned that this may be due to inhibition of
macrophage cholesterol efflux, the first step of the RCT pathway.
Contrary to this hypothesis, we saw a significant 46% increase in
ABCA1-mediated efflux to serum from PPARg agonist treated mice,
when cells were incubated with acetylated LDL.

Others have showed that macrophages pre-treated with PPARg
agonist GW7845 or rosiglitazone have higher expression of
macrophage ABCA1 and ABCG1 [12,13]. In THP1 macrophages,
macrophage PPARg activation has been shown to promote ABCA1-
mediated apoA-I specific efflux, as well as ABCG-1 mediated efflux to
HDL3 as a cholesterol acceptor. We have conducted similar studies
in J774 macrophages and bone marrow macrophages, in which
macrophages were pre-treated with the PPARg agonist GW7845.
We found that PPARg agonist treatment led to no significant change
in total cholesterol efflux to 2.5% human serum, but promoted
ABCA1-mediated apolipoprotein A-I specific efflux, and ABCG-1
mediated efflux to HDL3 (unpublished), consistent with previously
published literature [12,13]. Overall, these data suggest that PPARg
activation does not inhibit macrophage cholesterol efflux, but
instead can potentially increase macrophage to serum efflux
capacity via both improvement in HDL function as acceptor, as
well as upregulation of macrophage ABCA1 and ABCG1 expression.

It is interesting to note that PPARg activation in human
macrophage increases ABCA1 and ABCG1 gene expression but also
the expression of other crucial genes involved in the uptake of
oxidized LDL, such as CD36 [18]. Increased CD36 expression can lead
to intracellular accumulation of cholesterol and production of
natural PPARg ligands. This leads to further activation of PPARg,
potentially creating an unwanted positive feedback cycle of ever
increasing lipid accumulation and conversion of macrophages into
atherogenic foam cells. However, despite increased oxidized LDL
uptake, PPARg activation has been shown to inhibit foam cell
formation through enhanced cholesterol efflux [19]. In the present
study, total efflux capacities of serum from GW7845-treated mice
were not statistically different from control-treated mice despite the
46% increase in ABCA1-mediated efflux. Overall, these results
indicate that PPARg activation modulates some aspects of macro-
phage lipid homeostasis (including ABCA1-mediated cholesterol
efflux) but may not necessarily be effective in promoting net
macrophage cholesterol efflux. Some of these differences may be
explained by the fact that the relative contribution of different
cholesterol transporters (ABCA1, ABCG1 and SR-BI) to efflux can vary
with different macrophage cell models, and under different
conditions.

Based on these data, we next investigated the plasma removal
of HDL cholesterol using 3H-cholesteryl ether-labeled HDL
kinetics. Kinetic parameters show that PPARg activation has no
effect on catabolism of HDL-cholesteryl esters, assessed using 3H-
cholesteryl ether-labeled HDL. Interestingly, uptake of 3H-choles-
teryl ether-labeled HDL was decreased in liver but increased in
adipose tissue. Hence, these data indicate that overall plasma
removal of HDL-cholesterol is not modified under PPARg activa-
tion as there is redirection of HDL-cholesterol uptake from liver to
adipose tissue.

Activation of PPARg has previously been shown to increase
hepatocyte SR-BI expression, as PPARg binds to a response element
in the human SR-BI promoter [20]. The pivotal role of SR-BI as a
membrane transporter involved in the selective uptake of
cholesteryl esters from HDL [21] in steroidogenic tissues and
the liver has been well established. SR-BI is also abundantly
expressed in adipocytes, but little is known about its function and
regulation in these cells. Yvan-Charvet et al. [22] reported that SR-
BI provides an important source of cholesterol in adipose cell lines,
and under certain conditions such as insulin and angiotensin II
treatment, there is induction of expression and translocation of
this receptor leading to an increase in cholesterol influx and
storage in adipose tissue. We reasoned that PPARg agonists may
exert a similar effect and investigated whether PPARg agonist
treatment led to changes in expression of SR-BI in liver and/or
adipose tissue. Indeed, we saw an upregulation of adipose tissue
SR-BI mRNA and protein in PPARg agonist treated mice. Even
though SR-BI mRNA was also upregulated by PPARg activation in
liver, this did not translate into an upregulation of hepatic SR-BI
protein, suggesting that PPARg activation may also play a role in
the post-transcriptional processing of SR-BI.
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To confirm that SR-BI plays a role in the increase of HDL-derived
cholesterol uptake by adipose tissue in response to PPARg agonist
treatment, we then performed in vivo experiments to examine 3H-
cholesteryl ether labeled HDL3 turnover and uptake in SR-BI
knockout mice treated with PPARg agonist GW7845 or control
chow diet. In SR-BI knockout mice, PPARg activation did not have
the same effect on HDL metabolism and tissue uptake seen in wild-
type mice. Our data reveal that the selective uptake of cholesteryl
ester from HDL in adipose tissue via SR-BI is functional in vivo and
can be regulated by PPARg activation.

Our observations highlight currently underappreciated inter-
actions between adipose tissue and HDL cholesterol, and
modulation of these interactions by PPARg activation, such that
adipose tissue may play an important role in reverse cholesterol
transport. Clinical observations have found a correlation between
PPARg agonist treatment and increased adiposity, but the overall
impact of PPARg agonist on cardiovascular risk remains contro-
versial [7,8]. Based on our findings, one could speculate that by
redirecting cholesterol to adipose and keeping excess cholesterol
out of macrophages in the atherosclerotic plaque, PPARg agonist
treatment could have overall beneficial effects on atherosclerosis.
On the flipside, these benefits could potentially be outweighed by
increased adiposity and obesity. Of note, there was no significant
difference in body weight or inguinal adipose tissue weights
between control and PPARg agonist treated groups during the
time period examined. It is possible that differences in body
weight or adipose tissue mass could become apparent with longer
durations of treatment, and a limitation of our study is that this
was only examined at 2 weeks. Clinical observations that
significant correlations could be described between plasma
cholesterol and various indices of obesity [23] and that plasma
cholesterol rose and fell as body weight was lost and gained,
respectively [24], suggest that adipose tissue likely plays an
important role in cholesterol metabolism. Krause and Hartman
have proposed that adipose tissue might be able to ‘‘buffer’’ an
increase in plasma cholesterol by its ability to take up cholesterol
for storage [25], and our data suggest that PPARg agonists may
enhance adipocyte function in this regard and redirect cholesterol
effluxed from macrophages to adipose tissue. A limitation of our
study is that human lipoprotein metabolism was studied in
animal models, and although relevant mouse models were used,
one would have to be cautious with wider extrapolations of the
data to humans.

Based on our current understanding, it appears that there
exists a previously underappreciated model for HDL-adipose
interaction – under certain conditions such as refeeding, insulin,
angiotensin II treatment; there is increased uptake of HDL
cholesterol by adipose tissue via SR-BI [22]. We have demon-
strated here that PPARg agonists can have the same effect. On the
other hand, cholesterol efflux from adipose tissue via ABCA1 has
been demonstrated under other conditions such as TNF-alpha
treatment [26] and prolonged lipolysis [27]. Whether PPARg
agonist treatment has an effect on cholesterol efflux from adipose
tissue and if so, to what extent does it influence net flux of
cholesterol under different conditions, deserves further study.
Such insights may lead to improved understanding of adipose
tissue function as it pertains to HDL metabolism, such that
therapeutic optimization for the use of PPARg agonists in insulin
resistance, dyslipidemia, obesity and atherosclerosis can be better
achieved.
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