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Differential inhibition of macrophage
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PPARaq, /9, and y regulate genes involved in the control of lipid metabolism and inflammation and are
expressed in all major cell types of atherosclerotic lesions. In vitro studies have suggested that PPARs exert
antiatherogenic effects by inhibiting the expression of proinflammatory genes and enhancing cholesterol
efflux via activation of the liver X receptor-ABCA1 (LXR-ABCA1) pathway. To investigate the potential impor-
tance of these activities in vivo, we performed a systematic analysis of the effects of PPARq, 3, and y agonists
on foam-cell formation and atherosclerosis in male LDL receptor-deficient (LDLR/-) mice. Like the PPARY
agonist, a PPARa-specific agonist strongly inhibited atherosclerosis, whereas a PPARf-specific agonist failed
to inhibit lesion formation. In concert with their effects on atherosclerosis, PPARa and PPARy agonists, but
not the PPARf agonist, inhibited the formation of macrophage foam cells in the peritoneal cavity. Unexpect-
edly, PPARc and PPARY agonists inhibited foam-cell formation in vivo through distinct ABCAl-independent
pathways. While inhibition of foam-cell formation by PPARa required LXRs, activation of PPARY reduced
cholesterol esterification, induced expression of ABCG1, and stimulated HDL-dependent cholesterol efflux in
an LXR-independent manner. In concert, these findings reveal receptor-specific mechanisms by which PPARs
influence macrophage cholesterol homeostasis. In the future, these mechanisms may be exploited pharmaco-
logically to inhibit the development of atherosclerosis.

Introduction

PPARa, PPARS (also referred to as d), and PPARy are members of
the nuclear receptor superfamily that regulate gene expression
in response to the binding of fatty acids and their metabolites
(reviewed in refs. 1-4). PPARs regulate the expression of genes that
control lipid metabolism by binding as heterodimers with retinoid
X receptors to PPAR response elements in the promoter and/or
enhancer regions of these genes (1, 5). PPARs also inhibit expression
of proinflammatory genes in a ligand-dependent manner, in part
by inhibiting the actions of NF-kB and activator protein 1 (AP-1)
family members (6-10). Because of their ability to regulate genes
involved in both lipid homeostasis and inflammation, PPARs are
promising targets for the development of novel antiatherogenic
treatments. In addition to influencing global aspects of lipid and
glucose metabolism, PPARs are expressed in the major cell types
that make up atherosclerotic lesions, including macrophages,
smooth muscle cells, lymphocytes, and endothelial cells, suggest-
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ing that ligands for these receptors may act both systemically and
locally to influence lesion development (8, 11-15).

In vitro studies indicate that PPARs can exert both atherogenic
and antiatherogenic effects on gene expression. Potential
atherogenic effects include the ability of PPARa agonists to
stimulate the production of monocyte chemoattractant protein
1 (MCP-1) in endothelial cells (16), which would be expected to
enhance recruitment of monocytes into lesions (17-19). PPARy
agonists stimulate expression of the scavenger receptor CD36 in
macrophages, which facilitates uptake of oxidized LDL (oxLDL)
and contributes to the development of atherosclerosis in mouse
models (20, 21). Potential antiatherogenic consequences of acti-
vating PPARs include the ability of PPARa and PPARYy agonists to
inhibit expression of inflammatory response genes — including
IEN-y, IL-1p, IL-6, TNF-0,, and C-C chemokine receptor 2 — that
promote the recruitment of monocytes and T cells into lesions and
their subsequent differentiation and activation (8, 22-25). PPARa
and PPARy have also been demonstrated to stimulate cholesterol
efflux in cultured macrophages by inducing the expression of liver
X receptor o (LXRa), which in turn activates expression of ABCA1
and other genes involved in cholesterol efflux (26, 27). PPARP
agonists exert variable effects on cholesterol efflux. A PPARp-
specific agonist (GW501516) has been shown to enhance reverse
cholesterol transport in a human macrophage cell line (THP-1),
in skin fibroblasts (1BR3N), and in intestinal cells (FHS74), and
to increase plasma HDL levels in obese, insulin-resistant rhesus
monkeys (28). On the other hand, a different PPARf agonist has
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Table 1
Total cholesterol, triglyceride, and HDL levels

research article

PPARo and PPARY agonists inhibit foam-cell
formation at least in part through distinct
ABCA1l-independent mechanisms.

0 Week 4 Weeks 8 Weeks 12 Weeks 14 Weeks

Total cholesterol (md/dl) Results

Control (n=8) 285+28 1,486+113 2,011 +£198 1,950+173 2,502 + 193 Effects of PPARo. and PPARP agonists on athero-
PPARa: ligand (n=9) 286 +11 1424 +116 2,002+ 135 2,013 +168 2,280 + 168 sclerosis. To investigate potential effects of
PPARp ligand (n=10) 27418 1387+28 206464 2,113+76 2052175 PPARG: and PPARB on atherosclerosis, we
Total triglycerides (mg/dl) performed intervention studies in LDLR”/-
Control 28928  248:49 338+94  349:39 990 + 156 male mice using 2 potent receptor-spe-
PPARa. ligand 286+ 11 22133 348+ 78 31370 634 + 62 ific aconists under conditions in which
PPARB ligand 27418  167:28 31764  420+76 4621754 cric ase

HDL (mg/dI) we pr.ev1ouslx d?monstrated that 2 PPA_RY
Control 189+ 9 agonists, rosiglitazone and GW78435, sig-
PPAR« ligand 201 + 15 nificantly inhibit lesion development (33).
PPARB ligand 195+ 7 The PPARa-specific agonist GW7647 has

Data are expressed as mean + SEM; n represents the number of mice per group. Values were

determined in plasma samples from fasting animals. AP < 0.001.

also been shown to promote lipid accumulation in THP-1 cells and
primary human macrophages (29).

Studies of PPARa in mouse models of atherosclerosis have
yielded conflicting results. Mice lacking both PPARo. and apoE
developed less atherosclerosis than mice lacking only apoE
when fed a high-fat, high-cholesterol (HC) diet, suggesting a
net atherogenic effect of PPARa in this model (30). In contrast,
the PPARa agonist fenofibrate exerted minimal antiatherogenic
effects in apoE-deficient mice (31, 32), but a more pronounced
effect in apoE-deficient mice carrying a fenofibrate-induc-
ible human apoAI transgene (32). Studies of PPARy-specific
agonists in mouse models of atherosclerosis have demonstrated
protective effects in male mice that correlate with anti-inflam-
matory effects in the artery wall and enhanced cholesterol
efflux in cultured macrophages (31, 33-35). Furthermore, bone
marrow transplantation of LDL receptor-deficient (LDLR-)
mice with wild-type or PPARy-knockout bone marrow pro-
genitor cells demonstrated an antiatherogenic role of PPARy in
macrophages (26). PPARP agonists have not been evaluated in
models of atherosclerosis, but bone marrow transplantation
experiments in which LDLR~/~ mice were reconstituted with
PPARp/~ bone marrow progenitor cells suggest that unliganded
PPAR can promote development of atherosclerosis (36).

These previous findings support the concept that PPARs regu-
late programs of gene expression that influence the development
of atherosclerosis, but to our knowledge, the relative importance
of proposed protective mechanisms have not been evaluated in
vivo. Here, we present a systematic analysis of the effects of spe-
cific PPARa and PPAR agonists on the development of athero-
sclerosis in male LDLR /- mice, under conditions similar to those
used previously in our laboratory to establish antiatherogenic
effects of PPARY agonists. We examined the effects of specific
agonists for all 3 PPAR subtypes on macrophage foam-cell forma-
tion and inflammatory gene expression in vivo, and while all 3
PPAR agonists exerted potent anti-inflammatory effects in artery
walls of hypercholesterolemic mice containing advanced lesions,
only the PPARa and PPARY agonists inhibited the development
of atherosclerosis. Consistent with this, the PPARa and PPARy
agonists, but not the PPARf agonist, inhibited the formation of
macrophage foam cells in vivo. Unexpectedly, the present report of
cholesterol uptake and efflux pathways in these cells suggests that
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a median effective concentration (ECsg) of
1 nM for the murine PPARa, compared to
2.9 uM and 1.3 uM for murine PPARf and
PPARYy, respectively (37). The PPARP agonist
GWO0742 has an ECsp of 28 nM for murine PPARP, versus 8.8 uM
and at least 10 uM for murine PPARa and PPARY, respectively
(38). LDLR /- mice were fed a hypercholesterolemic diet with or
without PPAR agonists for 14 weeks. Within 8 weeks, total plasma
cholesterol reached approximately 2,000 mg/dl in the control,
PPARa agonist-, and PPARJ agonist-treated groups. Total cho-
lesterol levels were not significantly different among the groups
and a significant reduction in the triglyceride levels in mice treat-
ed with the PPARP agonist was only noted at the final time point
(Table 1). HDL levels remained unchanged. No adverse health
effects were noted throughout the study. Animals treated with
the PPARa agonist had a significantly higher (P < 0.001) liver to
body weight ratio (0.079 + 0.004, mean + SEM) compared to ani-
mals treated with the PPARP agonist (0.057 + 0.002) or to control
animals (0.049 + 0.004).

The extent of atherosclerosis was determined in en face prepara-
tions of the entire aorta after 14 weeks of the HC diet (Figure 1, A
and B). Treatment with the PPARa agonist yielded a 50% reduc-
tion in atherosclerosis in the aortic arch and nearly a 90% reduc-
tion in both the descending thoracic aorta (DTA) and abdominal
aorta. In contrast, the extent of atherosclerosis in animals receiv-
ing the PPARP agonist was not significantly different from that of
control animals in the arch or in the DTA. Atherosclerosis was also
assessed in cross-sections through the aortic origin (Figure 1, C
and D). Consistent with the results throughout the aorta, animals
that were fed the PPARa agonist exhibited an approximately 50%
reduction in cross-sectional lesion area compared to the control
group. This effect was similar to the 40-70% reduction in lesion
area previously observed for PPARY agonists under similar experi-
mental conditions (33). Again, lesion size in animals fed the PPARJ
agonist was not significantly different from that of controls.

Metabolic effects of PPARO. and PPARP agonists. To investigate wheth-
er metabolic differences might have contributed to the difference in
antiatherogenic effect of the 2 agonists, we compared weight, insu-
lin levels, and lipoprotein profiles (Figure 2). Animals fed the PPARa
agonist gained less weight compared with controls or animals fed
the PPARP agonist (Figure 2A), and they exhibited less adipose tis-
sue. All animals consumed similar amounts of food throughout the
study. Insulin levels were also significantly lower in animals treated
with the PPARa agonist (Figure 2B). Fast-performance liquid chro-
matography (FPLC) analysis revealed a modest relative reduction
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in the VLDL, IDL/LDL, and HDL fractions in both of the treated
groups, compared to the control group (Figure 2C).

Effects of PPAR0, B, and y agonists on inflammatory gene expression.
To examine the effects of PPAR agonists within the artery wall, we
analyzed gene expression in animals with extensive atherosclerosis
that were fed either the HC diet alone or the HC diet plus agonists
for 14 weeks. All 3 PPAR agonists significantly inhibited the expres-
sion of IFN-y, TNF-a,, MCP-1, VCAM-1, and ICAM-1, whereas less-
er effects were observed for IL-1f (Figure 3). Experiments were also
performed in younger mice with earlier lesions. These studies indi-
cated some differences in the expression patterns of inflammatory
markers and their responses to drug treatment. For example, IFN-y
was not detected in earlier lesions, consistent with low absolute
numbers of lymphocytes at this time point. MCP-1 levels, which
were downregulated by all 3 PPAR agonists in late lesions, were

Figure 2

Metabolic effects of PPAR ligands. Weight (A), plasma insulin levels
(B), and size distribution (C) of lipoprotein particles fractionated by
FPLC. Measurements of weight and plasma insulin levels were taken
at the indicated time points. FPLC analysis of lipoproteins was done
using pooled plasma from terminal bleeds. Circles, control; diamonds,
PPARa agonist GW7647; squares, PPARp agonist GW0742. Data are
expressed as mean + SEM. *P < 0.05 compared with control. Mea-
surements are from individual animals shown in Figure 1. Control,
n = 8; PPARa agonist, n = 9; PPARp agonist, n = 10.
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Figure 1

Atherosclerosis in LDLR~- male mice that were fed the HC diet for 14
weeks. (A) Sudan |V—stained en face preparations of aortas. Scale
bars: 1 cm. (B) Quantitative analysis of atherosclerotic surface area
in the entire aorta. (C) Sections through the aortic root at the level of
the aortic valves. The micrographs are taken of sections at a similar
distance from the aortic root. Original magnification, x4. (D) Quanti-
tative analysis of lesion areas in the aortic root. Data expressed as
the mean + SEM. C, control; a, PPARa agonist GW7647; 3, PPARp
agonist GW0742; Abd, abdominal aorta; Arch, aortic arch. *P < 0.001
and **P < 0.02, compared with control.

actually upregulated in early lesions by the PPARa-specific agonist
(data not shown), consistent with a previous report (16). Overall,
however, these differences did not correlate with the effects of each
PPAR agonist on the extent of atherosclerosis.

Influence of PPARQ, 3, andy agonists on genes regulating macrophage cho-
lesterol metabolism in vivo. To investigate the effects of PPAR agonists on
genes directly involved in foam-cell formation and cholesterol efflux
in the artery wall, we used real-time PCR to measure mRNA levels of
macrosialin, CD36, ABCA1, and LXRa in established atherosclerotic
lesions (Figure 3). Aortas isolated from hypercholesterolemic mice
exhibited a marked increase in macrosialin expression, consistent
with an increased presence of intimal macrophages. As seen previ-
ously, increased macrosialin expression was not accompanied by a
concomitant increase in CD36 expression (33). Further increase of
CD36 expression was observed only with the PPARy agonist. Expres-
sion of ABCA1 also increased in hypercholesterolemic mice and was
associated with the increased expression of LXRa.. However, none of
the PPAR agonists altered the expression of ABCA1, even though the
expression of LXRa was increased in mice treated with the PPARa
agonist. Although it is possible that ABCA1 is upregulated by PPAR
ligands in a subset of cells within the aorta, these results suggest that
upregulation of ABCA1 mRNA expression in the arterial wall is not
the mechanism by which PPARa and y agonists inhibit the develop-
ment of atherosclerosis.

Influence of PPAR agonists on scavenger receptor activity in primary
macrophages. To determine whether the effect of PPAR agonists on
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foam-cell formation could be attributed to modulation of scav-
enger-receptor activity, we measured uptake and degradation of
oxLDL in isolated peritoneal macrophages treated in vitro with
PPAR agonists for 24 hours (Figure 4A). As previously shown,
the PPARy agonist significantly increased both uptake and deg-
radation of oxLDL (20, 33), whereas treatment with the PPARa
agonist did not have a significant effect. The PPARf agonist had a
small but significant effect on the degradation of oxLDL. Effects
of PPAR-specific agonists on oxLDL uptake and degradation were
closely correlated with their effects on CD36 expression (Figure
4B). Scavenger receptor A (SRA) expression remained unchanged
(Figure 4B). These findings suggest that the PPAR agonists do not
inhibit foam-cell formation by downregulating scavenger recep-
tors that mediate uptake of pathogenic lipoproteins.

Influence of PPAR agonists on cholesterol efflux pathways in cultured
macrophages. Initial experiments were performed to evaluate effects
of PPAR agonists on cholesterol efflux and expression of LXRa
and ABCAL1 in isolated peritoneal macrophages (Figure 4, C-F).
The PPARy agonist, but not the PPARa or § agonists, stimulated
apoAl-dependent cholesterol efflux to approximately the same
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Figure 3

Gene expression in atherosclerotic lesions determined by real-time
PCR analysis. Animals were fed an HC diet for 3 months (resulting
in advanced lesions), followed by 4 weeks on the same diet supple-
mented with the indicated PPAR agonists. Data are expressed as the
mean + SEM of triplicate measurements and are representative of 2
independent experiments. In each case, *P < 0.05, **P < 0.01, and
***P < 0.001, compared with HC. Std, standard.

extent as did the LXR agonist 24 (S), -25-epoxycholesterol (Fig-
ure 4C). Consistent with these findings, the PPARY agonist, but
not the PPARa or § agonists, stimulated expression of LXRot RNA
(Figure 4D) and ABCA1 RNA and protein levels (Figure 4, E and F)
in cholesterol-loaded macrophages.

Influence of PPAR agonists on macrophage foam-cell formation in vivo.
Although the ability of rosiglitazone to induce LXRa and ABCA1
expression in cultured macrophages is consistent with previous
reports (27, 39), these responses were discrepant with the lack of
an effect on the expression of LXRa and ABCAL1 in the artery wall
(Figure 3). We therefore developed an in vivo model for foam-cell
formation by eliciting peritoneal macrophages in LDLR"/~ mice
that were fed an HC diet. In contrast to macrophages isolated
from mice that were fed a normal chow diet, macrophages isolat-
ed from hypercholesterolemic mice exhibited extensive Oil red O
droplets (Figure 5A). Quantitative lipid analysis indicated a dra-
matic increase in cholesteryl ester levels, accounting for the major
change in neutral lipid content, as well as a modest increase in
triglyceride content (Figure 5B). Treatment of animals with the
PPARa and PPARY agonists largely prevented lipid accumulation
in these cells. In contrast, treatment with the PPARf agonist did
not reduce total cholesterol accumulation or overall oil red O
staining, even though it decreased triglyceride levels and free cho-
lesterol (Figure 5, A and B).

These results were of particular interest because the effects of
the 3 PPAR agonists on foam-cell formation within the peritoneal
cavity paralleled their effects on the development of atheroscle-
rotic lesions. All 3 PPAR subtypes were found to be expressed in
peritoneal macrophages, although PPAR«. expression was signifi-
cantly lower than that of PPARP or PPARy (Figure 5C). As in the
case of primary macrophages treated with PPAR-specific agonists
in vitro, CD36 expression was selectively increased in response to
the PPARy agonist (Figure SD). In contrast to results obtained in
cultured macrophages, but consistent with findings in the artery
wall, none of the PPAR agonists influenced the expression of
ABCAL1 or LXRa in foam cells derived from the peritoneal cavity
of hypercholesterolemic mice (Figure SE). These observations sug-
gest that PPAR agonists can inhibit foam-cell formation in vivo by
LXR/ABCA1l-independent mechanisms.

PPARa. agonists require macrophage expression of PPARa to inhibit
foam-cell formation. To determine the roles of specific genes in
PPAR-dependent inhibition of foam-cell formation, we developed
and validated an assay based on the transfer of macrophages from
donor animals into LDLR”- mice. In preliminary experiments, elic-
ited macrophages from wild-type donor animals were injected into
the peritoneal cavities of LDLR/~ mice. Three days following injec-
tion of 30 million donor cells, 10-15 million cells could be recov-
ered from the peritoneal cavity of the recipient mouse. To deter-
mine the fraction of donor cells recovered, donor macrophages
bearing 20 copies of the Agtl11-LacZ transgene (40) were injected
Volume 114~ Number 11
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into recipient mice. This transgene is not normally expressed in
mouse macrophages, and the gene itself therefore provides a spe-
cific and quantitative marker of the transferred cells. Quantifica-
tion of the lacZ marker indicated that approximately 70% of the
peritoneal macrophages that were recovered from recipient mice 3
days following transfer were of donor origin (data not shown).

Macrophages transferred from wild-type donors developed lipid
droplets and increased cholesterol and triglyceride content when
injected into LDLR 7/~ mice fed an HC diet (Figure 6, A and B), but
not when injected into LDLR/ recipients fed a normal diet (data not
shown). The low levels of PPARo. mRNA in peritoneal macrophages
(Figure 5C) raised the question of whether the inhibitory effects
of PPARa-specific agonists on foam-cell formation in vivo were
intrinsic to the macrophage. To address this question, we trans-
ferred elicited macrophages from PPARa™/* mice (both CS7BL6/J
and 1298 backgrounds) and PPARo/~ mice (129S background)
into hypercholesterolemic LDLR/- mice treated with or without
the PPAR« agonist for 4 weeks. The PPARa agonist inhibited foam-
cell formation and dramatically reduced cholesteryl ester levels in
macrophages derived from wild-type C57BL6 and 129S mice, but
not in those from PPARo/- 129S mice (Figure 6, A and B). These
results indicate that the inhibitory effects of the PPARa agonist are
both PPARa dependent and intrinsic to the macrophage. These data
provide further support for the validity of the peritoneal cell trans-
fer method, since the observed lack of effect of the PPARa-specific
agonist in recipient animals receiving PPAR0/- macrophages would
not be expected if the majority of peritoneal cells were wild type (Fig-
ure 6). Expression of ABCAL1 in adoptively transferred PPARo*/* and
PPAR/- macrophages was not altered by treatment with the PPARa
agonist, consistent with PPARa regulating cholesterol homeostasis
independently of ABCA1 (Figure 6C).

PPARa. agonists, but not PPARY agonists, require LXR to reduce foam-
cell formation in peritoneal macrophages. To determine whether PPAR«.
and PPARy agonists can regulate foam-cell formation through an
LXR-independent pathway, we performed macrophage transfer
experiments using wild-type and LXR double knockout (DKO)
mice. Following transfer into hypercholesterolemic LDLR/~ mice,
LXR DKO macrophages stained more intensively with Oil red O
and accumulated significantly more cholesteryl esters than did wild-
type macrophages (Figure 7, A and B). These results are consistent
with LXRs playing an important role in maintenance of cholesterol
homeostasis. Triglyceride levels in the LXR DKO macrophages were
also much lower, compared to untreated control macrophages,
consistent with previous results demonstrating that LXRs play a
role in triglyceride metabolism through SREBP-1 (41). As expected,
ABCAL1 protein levels were reduced in macrophages derived from
hypercholesterolemic LXR DKO animals, compared to levels in
macrophages derived from hypercholesterolemic wild-type ani-
mals (Figure 7C). However, treatment of recipient animals with the
PPARy agonist led to significant reductions in oil red O staining and
cholesterol content in both wild-type and LXR DKO macrophages
(Figure 7, A and B). Similar results were observed using LXRa/
macrophages (data not shown). Unexpectedly, when we transferred
LXR DKO macrophages into LDLR/~ mice treated with the PPARa
agonist, we were unable to recover sufficient LXR DKO macrophages
for subsequent analysis (data not shown), raising the possibility that
activation of PPAR« exerted toxic effects in the absence of LXRs.

To further investigate the role of LXRs in mediating inhibitory
effects of PPARa on foam-cell formation using an independent
approach, we performed bone marrow transplantation experi-
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ments in which bone marrow from either wild-type or LXR DKO
mice was used to reconstitute irradiated LDLR/- mice. Recon-
stituted mice were fed the HC diet and treated with PPARa or
PPARY agonists or control solvent prior to elicitation of peritoneal
macrophages for analysis of foam-cell formation. Real-time PCR
confirmed the absence of both LXRa and f in these macrophages
(Figure 7D). Treatment with the PPARy agonist rosiglitazone sig-
nificantly inhibited foam-cell formation, consistent with results
of the peritoneal macrophage transfer experiments. In contrast,
treatment with the PPARo agonist dramatically reduced the num-
ber of viable LXR DKO macrophages that could be isolated from
the peritoneal cavity, also consistent with the results of peritoneal
macrophage transfer experiments. The few cells that were obtained
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Figure 4

Determination of scavenger receptor activity and cholesterol efflux in
cultured peritoneal macrophages. PPAR-specific agonists, as indicated.
(A) Influence of PPAR agonists on uptake (white bars) and degradation
(black bars) of oxLDL. (B) Influence of PPAR agonists on CD36 and SRA
expression by real-time PCR in hypercholesterolemic macrophages. (C)
Influence of LXR and PPAR agonists on apoAl and HDL-specific cho-
lesterol efflux in acLDL-loaded peritoneal macrophages. Expression of
LXRa (D) and ABCA1 (E) by real-time PCR in hypercholesterolemic
macrophages treated with PPAR agonists in vitro. (F) Western blot
analysis of ABCA1 protein in hypercholesterolemic macrophages
treated with PPAR agonists as in E. Data are mean + SEM and are
representative of at least 2 independent experiments. In each case,
*P <0.05, **P <0.01, and ***P < 0.001 compared with control. EPC, 24
(S), -25-epoxycholesterol; 125 oxLDL, 25|-labeled oxLDL.
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Figure 5

Effects of PPAR-specific ligands on macrophage foam-cell formation in vivo. LDLR-- mice were fed a control or HC diet for 4 months and were
treated for the last month with PPAR-specific agonists, as indicated. Mice were injected intraperitoneally with thioglycollate after the fourth week
of drug treatment and peritoneal macrophages were harvested 4 days later for analysis. (A) Oil red O staining. Original magnification, x40. (B)
Quantification of triglycerides and cholesterol. For cholesterol values, total bar height represents total cholesterol. The free cholesterol compo-
nent is represented by a black bar and esterified cholesterol, calculated as total cholesterol minus free cholesterol, is represented by a white bar.
Data are expressed as micrograms per milligram of cell protein and are representative of 2 independent experiments. (C) Expression of PPARq,
B, and y in normal (white bars) and hypercholesterolemic (black bars) macrophages. Liver is included as a positive control for a tissue expressing
relatively high levels of PPARa. (D) Expression of CD36 mRNA levels determined by real-time PCR. (E) Expression of ABCA1 and LXRa. mRNA
levels determined by real-time PCR and Western analysis. Real-time PCR data expressed are mean + SEM. The results are representative of
2 independent experiments. *P < 0.05 versus control, ***P < 0.001 versus HC control.

were massively engorged with lipid droplets that almost complete-
ly filled the cytoplasmic compartment (Figure 7E). Although it
was not possible to isolate sufficient cells for reliable measurement
of cholesterol ester levels, these experiments indicate that in con-
trast to PPARY agonists, the ability of PPARa. agonists to inhibit
foam-cell formation requires LXRs. The basis for low recovery of
LXR DKO macrophages in mice treated with the PPARa agonist
remains to be established. PPARo and PPARy have been reported
to differentially induce apoptosis in human monocyte-derived
macrophages (42), raising the possibility that activation of PPAR«
results in a strong proapoptotic effect in the absence of LXRs.
Influence of PPAR agonists on cholesterol esterification. To investigate
potential roles of PPARs in regulation of cholesterol esterification,
we loaded peritoneal macrophages with cholesterol by incubation
with aggregated LDL (agLDL), followed by the addition of a mixture
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of C'* radiolabeled and unlabeled oleic acid (43). As expected, the
addition of agLDL increased the cholesterol esterification rate from
less than 1% (in the unloaded cells) to 25% (Figure 8A). Addition of
an Acyl-CoA: cholesterol acyltransferase (ACAT) inhibitor effectively
reduced esterification in cells incubated with agLDL to less than
2%. In cells treated with either the PPARa or PPARP agonist, the
rate of esterification did not significantly change. However, rosigli-
tazone reduced esterification by more than 50% (Figure 8A). This
effect was independent of the LXR pathway because similar results
were obtained when the esterification assay was performed in LXR
DKO peritoneal macrophages (Figure 8A). Rosiglitazone treatment
did not significantly alter the mRNA levels of ACAT1 (Figure 8B) or
neutral cholesterol ester hydrolases (data not shown).

PPARy regulates ABCG1 expression. Recent studies have identified
ABCG1 as an LXR target gene that mediates transfer of choles-
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terol to HDL acceptors (44-46). To investigate whether ABCG1
might also be a target of a PPARy-dependent, LXR-independent
pathway, real-time PCR experiments were performed in peritoneal
macrophages isolated from wild-type and LXR DKO mice. These
studies demonstrated that the PPARY agonist, but not the PPARa
or PPARS agonists, induced ABCG1 expression in both wild-type
and LXR DKO macrophages (Figure 8, C and E). No effects on
ABCA1 expression were observed, consistent with previous results
(Figure 8D). Furthermore, treatment of hypercholesterolemic
LDLR/- mice with the PPARy agonist significantly increased
expression of ABCG1 in aortas containing extensive atheroscle-
rotic lesions (Figure 8F). Finally, activation of PPARY significantly
enhanced HDL-dependent cholesterol efflux from LXR DKO
macrophages (Figure 8G).

Discussion
Differential inbibition of atherosclerosis by PPAR subtypes. Studies from
our laboratory and others have documented that PPARy ligands
inhibit the development of atherosclerosis in mouse models (31,
33-35). Here, we demonstrate that a PPARa agonist but not a
PPAR agonist, inhibits the development of atherosclerosis in male
LDLR- mice under very similar experimental conditions. Choles-
terol and triglyceride levels were not sufficiently different between
PPARo and PPARP agonist treatment groups to account for the dif-
ferent effects on lesion development. PPAR0-treated mice exhibited
improved insulin sensitivity and reduced weight gain, which may
have contributed in part to the antiatherosclerotic effects. Reduced
weight gain in PPARa-treated animals is consistent with previous
findings (47). Although the PPAR agonist did not inhibit the devel-
opment of atherosclerosis in this model, there appear to be signifi-
cant species-specific differences in the action of PPARf agonists. For
example, a PPARP agonist has been shown to raise HDL levels, reduce
triglycerides, and improve insulin sensitivity in obese monkeys (28).
The observation that activation of PPARa results in net antiath-
erogenic effects in LDLR/- mice is in apparent conflict with studies
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in PPARa/~ apoE~/~ mice, in which the lack of PPARa was associ-
ated with decreased atherosclerosis (30). However, the generation
of a null allele for a nuclear receptor does not always result in a
phenotype opposite that induced by administration of a receptor
agonist. This discrepancy is clearly illustrated by the observation
that deletion of the PPARa. gene in the context of the apoE 7/~ back-
ground resulted in increased insulin sensitivity in the setting of a
high-fat diet (30), while in the present studies administration of the
PPARa agonist also increased insulin sensitivity. The results from
the present study are also quantitatively different from the results
of studies using fenofibrate in apoE~- mice. Duez et al. (32) dem-
onstrated that treatment of apoE-deficient mice with fenofibrate
did not reduce lesion size at the aortic origin, but did reduce choles-
terol content along the descending aorta in older mice. Significant
reduction in lesion size was only observed when fenofibrate was
given to apoE-deficient mice possessing a human apoAl transgene,
which is responsive to PPARa ligands and leads to increased HDL
levels (48). The apparent discrepancies between the present stud-
ies and those of Duez et al. (32) and Tordjman et al. (30) could be
explained if apoE plays a role in mediating antiatherogenic effects
of PPARa, for example by acting as a cholesterol acceptor in an
ABCAIl-independent efflux pathway. In addition, the PPARa.-spe-
cific agonist used in these studies (GW7647) has a much higher
affinity for PPARa than does fenofibrate and may have been more
effective at activating PPARa. in peripheral tissues.
Anti-inflammatory actions of PPAR-specific agonists. The importance
of inflammatory mechanisms in modulating the development of
atherosclerosis has been clearly demonstrated by analysis of com-
pound knockout and transgenic mouse models that carry alleles
conferring gain or loss of function of critical inflammatory regula-
tors in the setting of diet-induced hypercholesterolemia (reviewed
in refs. 4, 49-51). We observed that the PPARa-, PPARf-, and
PPARy-specific agonists used in these studies strongly inhibited
the expression of several genes associated with the development
of atherosclerosis, including VCAM-1, MCP-1, and IFN-y (Fig-
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Figure 7

PPARa, but not PPARY, agonists require LXR to reduce foam-cell formation in peritoneal macrophages. (A) Transfer of thioglycollate-elic-
ited wild-type and LXR DKO peritoneal macrophages into hypercholesterolemic LDLR~- mice treated with rosiglitazone (rosi) or control
solvent (No tx) for 4 weeks. Macrophages were stained with Oil red O. Original magnification, x40. (B) Quantification of triglycerides and
cholesterol in transferred macrophages as described in Figure 5. (C) Western blot analysis of ABCA1 protein levels in transferred peritoneal
macrophages. (D) Real-time PCR analysis of LXRa and LXRp expression in peritoneal macrophages derived from irradiated LDL-R~- mice
reconstituted with bone marrow derived from either wild-type or LXR DKO mice. (E) Oil red O staining of peritoneal macrophages isolated from
hypercholesterolemic LDLR~- mice reconstituted with LXR DKO bone marrow under the following treatment conditions: no treatment, PPAR«

agonist, or PPARy agonist. Original magnification, x40.

ure 3). Lee et al. (36) recently reported that hypercholesterolemic
LDLR /- mice reconstituted with PPARB /- bone marrow cells
develop less atherosclerosis than do mice reconstituted with wild-
type cells. Analysis of the PPARB- phenotype indicated that the
unliganded form of PPARS interacts strongly with B cell leuke-
mia/lymphoma 6 (Bcl6), a repressor protein that negatively reg-
ulates the expression of MCP-1. Lee et al. (36) proposed that in
PPARB-- macrophages, Bcl6 is free to bind to the MCP-1 promot-
er, inhibiting its expression and thereby reducing atherosclerosis.
In wild-type macrophages, a PPARB-specific agonist displaced Bcl6
from PPAR, also resulting in inhibition of MCP-1 expression. In
the present studies, a PPARB-specific agonist inhibited a broad
spectrum of inflammatory gene expression to approximately the
same extent as the PPARo and PPARy agonists did, suggesting that
PPARP can inhibit inflammatory gene expression through addi-
tional mechanisms. Although this was not sufficient to result in
a net antiatherogenic effect in this model, the extreme levels of
hypercholesterolemia achieved in these studies may have reduced
the impact of anti-inflammatory effects on lesion development.
Studies of mice deficient in recombinase activating gene 1 (Rag-1)
crossed with apoE7/~ (52) or LDLR/~ mice (53) have suggested that
the influence of immune mechanisms in atherogenesis is more
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pronounced at more moderate levels of hypercholesterolemia. It
will, therefore, be important to determine whether PPARB-specific
agonists exert antiatherogenic effects under conditions of mild
hypercholesterolemia that are more typical of human disease.
PPARs, LXRs, and foam-cell formation. Gene deletion studies and the
use of synthetic LXR agonists indicate that LXRs have important
antiatherogenic effects in mouse models, and that these effects
are correlated with enhanced apoAl-dependent cholesterol efflux
from macrophages (54, 55). PPARa and PPARy ligands have been
suggested to influence cholesterol homeostasis in the macrophage
by inducing the expression of LXRa (26, 27). In the present stud-
ies, we found that the ability of PPAR-specific agonists to regulate
LXR and ABCAL1 expression is context dependent. Within the artery
wall, LXRol expression was induced by the PPARa-specific agonist.
This result was observed both in the normal vessel wall (data not
shown) and in arteries with extensive atherosclerotic lesions (Fig-
ure 3) and may reflect effects on cells other than macrophages. In
macrophages loaded in vitro with cholesterol through exposure to
acetylated LDL (acLDL), the PPARy-specific agonist induced LXRal
and ABCAL expression (Figure 4). In contrast, none of the PPAR-
specific agonists altered ABCAL1 expression in arteries with extensive
atherosclerosis (Figure 3). Furthermore, none of the PPAR agonists
Volume 114~ Number 11
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induced LXRa or ABCAL1 expression in peritoneal macrophages iso-
lated from hypercholesterolemic LDLR/~ mice (Figure 5), yet the
PPARa- and PPARy-selective agonists strongly inhibited foam-cell
formation in this setting. One possible explanation for the discrep-
ancy between in vitro and in vivo results is that the expression of
ABCAL is already maximally expressed in the setting of extreme
hyperlipidemia, precluding any further effect of PPARy agonists.
Consistent with this, ABCA1 expression was upregulated in the
artery wall in response to rosiglitazone at early time points of HC
feeding (data not shown), suggesting that it may contribute to anti-
atherogenic effects of PPARy agonists. Experiments evaluating the
efficacy of PPARY agonists in the background of ABCA1 deficiency
will be required to resolve this issue.

Identification of PPAR-dependent and LXR-independent pathways that
regulate macrophage foam-cell formation. To define the requirements
for effects of PPAR agonists on foam-cell formation in vivo, we
evaluated the ability of macrophages derived from donor mice of
varying genotypes to accumulate cholesterol following transfer
into the peritoneal cavities of hypercholesterolemic mice. This
approach was validated by several methods, including comparison
with bone marrow reconstitution experiments. Transfer of peri-
toneal macrophages thus appears to provide a useful method for
rapidly determining the roles of specific genes in the regulation
1572

The Journal of Clinical Investigation

htep://www.

potentially include apoE. The expression of

apoE was not altered by PPAR agonists in
these studies (data not shown), despite the presence of a potential
PPAR response element in the apoE promoter (56). A critical role
of apoE as an LXR target gene could at least partially reconcile the
lack of a strong inhibitory effect of PPARa agonists on develop-
ment of atherosclerosis in apoE~/~ mice (30, 32).

In contrast, the ability of PPARY to inhibit foam-cell formation
was clearly independent of both LXRs and ABCA1. Investiga-
tion of alternative pathways regulating cholesterol homeostasis
revealed 2 additional PPARy-sensitive targets. First, rosiglitazone
inhibited cholesterol esterification in an LXR-independent
manner. This effect was not due to downregulation of ACAT1
mRNA expression; it may have resulted from indirect effects
on transfer of cholesterol for esterification or posttranslational
effects on ACAT1 activity. Although not observed in these stud-
ies, activation of PPARa was previously shown to inhibit cho-
lesterol esterification in human macrophages without affecting
ACAT1 gene expression (57). The basis for different effects of
PPARa agonists in human and mouse macrophages is not clear,
but it may relate to relatively higher levels of PPARa. in human
monocytes and/or macrophages. Although studies have shown
that ACAT1 deficiency worsens atherosclerosis (58, 59), there is
also evidence that partial inhibition of ACAT1 activity by drugs
reduces the development of atherosclerosis (60).
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Table 2
Summary of the effects of the PPAR-selective ligands
on atherosclerosis

Effect on PPARc. PPARB/d PPARy
Atherosclerosis | - A
Body weight | - —A
Insulin levels ! - 1A
Cholesterol levels - - -
CD36 expression - 1 "
Inflammation | | |
Foam-cell formation B -B B
ABCA1 expression -B -B B
ABCG1 expression -B -B ™"
Cholesterol esterification - - |

AData from Li et al. (33). BMeasured in macrophage foam cells
derived from hypercholesterolemic mice. 1, upregulated; 11, highly
upregulated; |, downregulated.

In addition, the present studies demonstrate that PPARy
agonists induce expression of ABCG1 in primary macrophages
and in the artery walls of hypercholesterolemic mice. We previ-
ously identified ABCG1 as a PPARY target gene using conditional
PPARy-deficient macrophages (61). Here, we demonstrate that
induction of ABCG1 also occurs in LXR DKO macrophages,
thereby establishing ABCG1 as an LXR-independent target of
PPARY. Recent studies demonstrate that ABCG1 is also a target
of LXRs (46) and may play a significant role in mediating efflux
of cholesterol to HDL receptors (45). Consistent with these find-
ings, activation of PPARy enhanced HDL-dependent cholesterol
efflux in LXR DKO macrophages. It will be of interest to test the
possibility that the induction of ABCG1 and inhibition of cho-
lesterol esterification are mechanistically linked and represent
components of a coordinated pathway for the regulation of mac-
rophage cholesterol homeostasis. Together, these 2 PPARy-sensi-
tive targets provide a plausible mechanism for LXR-independent
effects on macrophage foam-cell formation.

Differential roles of PPARa, /8, and y agonists in regulation of mac-
rophage lipid metabolism. In concert, the present studies define
distinct biological roles of PPARa, PPARB/0, and PPARYy in the
vascular wall. Table 2 summarizes the overlapping and recep-
tor-specific effects of the 3 PPAR-selective agonists on metabolic
parameters, atherosclerosis, and foam-cell formation. Inhibition
of the expression of markers of inflammation in the artery wall
was an activity shared by all 3 classes of agonists. In contrast,
each agonist had a distinct effect on lipid and glucose metabo-
lism and development of atherosclerosis. The distinct effects of
each receptor-specific agonist at the whole-animal level result in
part from differences in patterns of expression of their cognate
receptors. However, even within the same cell type, exemplified
by the macrophage foam-cell, each receptor also regulates dis-
tinct programs of gene expression. The mechanistic basis for
these differential effects is unclear, but could reflect differences
in target-gene recognition and/or the receptor-specific utiliza-
tion of different coactivator complexes. In either case, the present
studies raise the possibility that receptor-specific programs regu-
lated by PPARa and PPARY might be exploited therapeutically
through the use of combined agonists to synergistically inhibit
the development of atherosclerosis.
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Methods

Animals and diet. Tenth-generation male wild-type mice (LDLR”-/C57BL6/J,
LacZ/C57BL6/J), PPAR0/-/12984/Sv]ae mice, PPARc*/*/12981/SvIm]
mice (The Jackson Laboratories), and LXRa/~/f~/- (LXR DKO) mice in a
C57BL6/129S background (a gift from David Mangelsdorf, University of
Texas Southwestern Medical Center, Dallas, Texas, USA) were used, begin-
ning at 8-10 weeks of age. For the intervention study, male LDR"/~ mice
were matched according to initial weight and plasma cholesterol levels
and fed an HC diet containing 1.25% added cholesterol and 21% milkfat
(TD96121; Harlan-Teklad) for 14 weeks. Drugs were dissolved in DMSO
and ether and mixed in a powder diet to provide an estimated 2.5 mg/kg/d
of the PPARa agonist (GW7647, GlaxoSmithKline) (37) and 5 mg/kg/d
of the PPARP agonist (GW0742, GlaxoSmithKline) (38). An equivalent
amount of solvent was mixed into the powdered diet for control animals.
All animals had ad libitum access to water. Mice were weighed every 4
weeks and drug intake was adjusted according to the mean weight. Blood
was obtained from animals that had fasted for 8 hours for cholesterol, tri-
glyceride, insulin, and lipoprotein analysis, as previously described (33).
Particle size distribution of the lipoproteins was determined by FPLC,
using pooled samples of plasma obtained at the time of sacrifice.

For studies of gene expression in lesions, male LDR~- mice were fed the
HC diet for 3 months. After the initial induction of hypercholesterolemia,
animals were grouped according to their weights and total cholesterol
levels and subsequently placed on the HC diet containing either the sol-
vent only (control), GW7647 (2.5 mg/kg/d), GW0742 (5.0 mg/kg/d), or
the PPARYy ligand rosiglitazone (10 mg/kg/d) for an additional 4 weeks.
The animals were sacrificed, the aortic arch was isolated, and total RNA
was extracted. All animal experiments were approved by the University of
California, San Diego Animal Subjects Committee.

Atherosclerosis. Atherosclerosis was quantified by computer-assisted image
analysis in Sudan-stained en face preparations of the entire aorta (62) and in
cross-sections through the aortic origin, as previously described (33, 63).

Preparation of lipoproteins. LDL and HDL were prepared from healthy
human volunteers by ultracentrifugation (64). We prepared oxLDL and
125]-labeled oxLDL as previously described (65). We generated acLDL using
sodium acetate and acetic anhydride (66), and agLDL was made by vigor-
ously vortexing the LDL for 3 minutes.

Isolation of peritoneal macrophages and treatment with agonists, in vitro. Peri-
toneal macrophages were isolated 4 days after intraperitoneal injection of
3 ml of thioglycollate (Sigma-Aldrich). Five million peritoneal cells were
plated onto 60-mm plates in 10% FBS (Gemini Bio-Products) in RPMI
1640 medium (Cellgro, Mediatech Inc.) and allowed to adhere for 4 hours.
Cholesterol and triglycerides were then extracted in hexane/isopropanol
(3:2) (67, 68). Free cholesterol and total cholesterol were determined by gas
chromatography (Hewlett Packard). We used 10 ug of stigmasterol (Sigma-
Aldrich) as the internal standard. Cholesterol ester was estimated by sub-
tracting free cholesterol from total cholesterol. Triglyceride content was
measured by colorimetric assay (Sigma-Aldrich). Additionally, macrophages
were plated onto glass microscope slides, fixed with 5% paraformaldehyde
for 15 minutes, and stained with Oil red O and hematoxylin (69). For some
studies, macrophages were obtained from mice fed the HC diet and plated
at a density of 5 million cells/well in 6-well plates in 10% FBS in RPMI,
changing the medium every 2 days. On day 4, cells were incubated with the
following ligands: GW7647, 100 nM/ml; GW0742, 1.0 uM/ml; and rosigli-
tazone, 10 uM/ml in 1% delipidated, charcoal-stripped FBS in RPMI. Cells
were harvested for RNA analysis 24 hours later.

RNA isolation from aortas, monocytes, and macrophages. For the isolation of total
RNA, aortas were perfused with ice-cold PBS-EDTA followed by a 10% glacial
acetic acid/EtOH solution, as described (33). Six aortic arches were pooled per
group to give equivalent weights, and then homogenized. For macrophages,
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Table 3
Primers and probes used for real-time PCR

Gene  Accession # Forward primer

PPARo. NM_011144  5'-GGACCTTCGGCAGCTGGT-3'

PPARB XM_128500 5'-CGGAGCATGCGCAGCTCGTACA-3'
PPARy NM_011146  5-CATTCTGGCCCACCAACTTC-3'
LXRe.  AF085745  5'-CCTTCCTCAAGGACTTCAGTTACAA-3'
LXRp  NM_009473  5-AAGGACTTCACCTACAGCAAGGA-3'
ABCA1 NM_013454  5'-GCGGACCTCCTGGGTGTT-3'

ABCG1 NM_009593 5-AAGGCCTACTACCTGGCAAAGA-3’
ACAT1  NM_009230 5-GTTTGAAGTGGACCACATCAGAAC-3'
IL-18 NM_008361 5-AGGCAGGCAGTATCACTCATTGT-3'
[FN-y K00083 5'-CAATGAACGCTACACACTGCATCT-3'
ICAM-1 NM_010493  5'-CGCAAGTCCAATTCACACTGA-3'

total RNA was isolated from 5 million adherent cells. The RNA was isolated
using RNeasy columns and then treated with DNase (QIAGEN).

Real-time PCR-based quantitative gene expression analysis. Real-time PCR
analysis was performed using the PerkinElmer ABI Prism 7700 and
Sequence Detection System software (PerkinElmer Life Sciences). We used
2-5 ug of total RNA for reverse transcription using oligo-dTr1218) and the
First Strand Synthesis Kit (Invitrogen Corp.). For a negative control, Super-
script Il was omitted from the RNA sample. Primers and probes for CD36,
macrosialin, MCP-1, TNF-o., VCAM-1, and GAPDH were previously described
(33). Additional primers and probes used for these studies are listed in
Table 3. All samples were run in triplicate.

Western blot analysis for ABCA1. Western blot analysis was performed
using 107 thioglycollate-elicited macrophages, as previously described (70).
Unboiled cell lysate (25 ug) was loaded onto a 3-8% Tris-Acetate NuPAGE gel
(Invitrogen Corp.). After determining the efficiency of protein transfer and
well-to-well variability with Ponceau Red (Sigma-Aldrich), the nitrocellulose
membrane (Invitrogen Corp.) was incubated with an ABCA1 polyclonal
antibody (Novus Biological) at a dilution of 1:1,000 in 5% milk/PBS with
0.1% Tween (polyoxyethylene sorbitan monolaurate; Fisher Chemicals) over-
night at 4°C. The next day, the membrane was washed in PBS with 0.1%
Tween before adding anti-rabbit IgG-HRP at dilutions of 1:5,000 (Dako) in
5% milk/PBS with 0.1% Tween and then incubated for 1 hour at room tem-
perature. Bands were visualized using the Supersignal West Pico Chemical
Luminescence Substrate (Pierce Biotechnology Inc.). Western blot analysis
for B-actin was performed to correct for well-to-well variability.

Oxidized LDL binding and degradation assays. Uptake and degradation of
oxLDL was measured as described (71) with minor modifications. Thiogly-
collate-elicited peritoneal macrophages were plated at a density of 5 x 10°
cells/well in 24-well plates, and the medium was changed every 2 days. On
day 4, triplicate wells were treated with PPAR agonists in 1% delipidated and
charcoal-stripped FBS in RPMI for 24 hours. The cells were washed with
PBS and then incubated with !25T-oxLDL at a concentration of 5 ug/ml in
1% delipidated and charcoal-stripped FBS in RPMI. For ligand association
assays, cells were incubated for 5 hours at 37°C. Cells were placed on ice for
15 minutes and then washed in ice-cold 1% BSA-PBS and PBS and then lysed
in 500 ul of NaOH (0.2 N). We assayed 100-ul aliquots for '] radioactivity
and protein concentration. For degradation measurements, the medium was
subjected to tricholoracetic acid precipitation, and 100 ul of the tricholorace-
tic acid-soluble solution was assayed for 12 radioactivity. Specific binding
and degradation was calculated by subtracting nonspecific binding and deg-
radation determined in the presence of a 20-fold excess of unlabeled oxLDL.
Protein concentration was determined by the Bradford method (72). Results
were also corrected for degradation in the absence of cells.
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Reverse primer
5'-TCGGACTCGGTCTTCTTGATG-3'
5'-CCGGTCTCCACACAGAATGAT-3'
5'-TCAAAGGAATGCGAGTGGTCTT-3'
5'-CATGGCTCTGGAGAACTCAAAGAT-3'
5" GAACTCGAAGATGGGATTGATGA-3'
5'-CAAGAATCTCCGGGCTTTAGG-3
5'-GCAGTAGGCCACAGGGAACA-3
5'-CGATCGTGCTGAGGACGAA-3'
5'-GGAAGGTCCACGGGAAAGA-3
5'-CGTGGCAGTAACAGCCAGAA-3'
5'-CCAGAGCGGCAGAGCAA-3’

http://www.jci.org

Probe

5'-CGGAGCATGCGCAGCTCGTACA-3’
5'-ACCTGGCGCTCTTCATCGCGG-3'
5'-TCAGCTCTGTGGACCTCTCCGTGATG-3'
5'-AAGACTTTG CCAAAGCAGGGCTGCA-3'
5'-ACTTCCACCGTGCAGGCTTGCAGG-3'
5'-TGGATGAACCAACCACAGGCATGG-3'
5'-CATGGCCGATGTCCCCTTTCAGATC-3'
5'-TTACCACATGTTCATCGCACTCCTCATCCT-3'
5'-TGTGGAGAAGCTGTGGCAGCTACCTGT-3'
5'-TGGCTTTGCAGCTCTTCCTCATGGC-3'
5'-TGCCAGCTCGGAGGATCACAAACG-3’

Cholesterol efflux assays. Cholesterol efflux assays were performed as
described (73) with minor modifications. Thioglycollate-elicited perito-
neal macrophages were plated at a density of 1 x 10° cells/well in 24-well
plates. After 4 days, triplicate wells were washed in PBS and treated with
PPAR agonist at concentrations previously stated or with the LXR agonist
24 (S), -25-epoxycholesterol (2 uM/ml) for 24 hours in 1% delipidated and
charcoal-stripped FBS in RPMI. After 48 hours, cells were loaded with 2
uCi/ml of 3H cholesterol (Perkin Elmer Life Sciences) and 50 ug/ml of
acLDL in the presence of PPAR or LXR agonists for another 48 hours.
After loading, the cells were again washed in PBS, and then fresh medium
with ligands was added. After 4 hours of equilibration, the medium was
replaced with fresh medium containing human apoAI (20 ug/ml) (Intracel
Corp.) or human HDL (100 pug/ml) plus agonists. The cells were incubated
overnight at 37°C, and then 200 ul of medium was removed and filtered
(MultiScreen-HV plates, Millipore Corp.) to remove any cell debris and H
radioactivity was determined. Adherent cells were washed with PBS and
then lysed in 500 ul of 0.2 N NaOH. We used 100-ul aliquots for determi-
nation of 3H radioactivity and protein content. Results are expressed as
the percentage of H cholesterol in the medium divided by the total *H
cholesterol in the medium and cells per milligram of protein.

Cholesterol esterification assays. Cholesterol esterification was measured as
described (43) with the following modifications. Thioglyocollate-elicited
peritoneal macrophages were isolated from LXR wild-type and LXR DKO
mice and plated into 24-well plates at a density of 10° cells/well. After 2 days
of treatment with PPAR agonists and an ACAT inhibitor (GW4517, a gift
from Nigel Ramsden, Glaxo Wellcome Research), agLDL (100 ug/ml) was
added to the media and the cells were incubated for 3 hours. Cells were brief-
ly rinsed in PBS, resuspended in medium plus drug, and incubated with 5 ul
of an ethanol mixture containing 0.5 uCi of C!# oleic acid (GE Lifesciences)
and a 25 M excess of cold oleic acid for 4 hours. Cells were washed twice in
ice-cold PBS containing 0.1% BSA, then 3 times with ice-cold PBS, and lipids
were extracted, dried under nitrogen, and resuspended in 200 ul chloroform.
The lipid suspension (100 ul) was spotted and separated by TLC using a hex-
ane/ethyl ether/glacial acetic acid (80:20:1) solvent. After exposing the TLC
plates to x-ray film, spots representing the cholesteryl ester and free oleic acid
were cut out and counted. Results are expressed as the percentage of labeled
oleic acid incorporated into cholesterol ester.

Transfer of peritoneal macrophages from PPARa.”~ and LXR DKO mice into
LDLR~ mice. Male donor mice were injected intraperitoneally with thio-
glycollate. After 4 days, the animals were sacrificed and their peritoneal
cells were isolated, red blood cells were lysed, and the remaining cells
were counted. Thirty million cells were then injected intraperitoneally
into recipient hypercholesterolemic LDLR”/~ male mice fed either the
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control or HC diet and treated with specific PPAR agonists as indicated.
Three days later, the recipient mice were sacrificed and their peritoneal
macrophages were isolated for lipid staining and quantification of cho-
lesterol and triglyceride contents.

Bone marrow reconstitution studies. Bone marrow progenitor cells were
isolated by flushing the femurs and tibias from LXR DKO male mice
(8-12 weeks of age) with ice-cold PBS. Red blood cells were lysed and the
bone marrow progenitor cells were washed and concentrated in PBS. We
retro-orbitally injected 2 x 10° cells (suspended in 100 ul PBS) into 6-8
week old LDLR/~ male mice that received 1,000 rad 3 hours prior to injec-
tion. After 4 weeks on the standard chow diet, the bone marrow-recon-
stituted animals were placed on the 1.25% cholesterol and 21% milkfat
diet plus either the PPARa or v selective agonist for 16 weeks. They were
then injected with thioglycollate (intraperitoneally) and their peritoneal
macrophages were isolated. The macrophages were either stained with
QOil red O, or their total RNA was isolated and reverse-transcribed for
real-time PCR analysis as previously described.

Statistical analysis. Groups were compared by unpaired ¢ tests or one-way
ANOVA analysis and ad hoc Tukey-Kramer multiple comparisons using
InStat software (Graphpad Software). P values less than or equal to 0.05
are considered significant.
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