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ABSTRACT The peroxisome proliferator-activated recep-
tor y (PPARY) is a ligand-dependent transcription factor that
has been demonstrated to regulate fat cell development and
glucose homeostasis. PPARY is also expressed in a subset of
macrophages and negatively regulates the expression of sev-
eral proinflammatory genes in response to natural and syn-
thetic ligands. We here demonstrate that PPARY is expressed
in macrophage foam cells of human atherosclerotic lesions, in
a pattern that is highly correlated with that of oxidation-
specific epitopes. Oxidized low density lipoprotein (oxLDL)
and macrophage colony-stimulating factor, which are known
to be present in atherosclerotic lesions, stimulated PPARYy
expression in primary macrophages and monocytic cell lines.
PPARYy mRNA expression was also induced in primary mac-
rophages and THP-1 monocytic leukemia cells by the phorbol
ester 12-O-tetradecanoylphorbol 13-acetate (TPA). Inhibition
of protein kinase C blocked the induction of PPARYy expres-
sion by TPA, but not by oxLDL, suggesting that more than one
signaling pathway regulates PPARYy expression in macro-
phages. TPA induced the expression of PPARYy in RAW 264.7
macrophages by increasing transcription from the PPARvy1
and PPARYy3 promoters. In concert, these observations pro-
vide insights into the regulation of PPARy expression in
activated macrophages and raise the possibility that PPARy
ligands may influence the progression of atherosclerosis.

The peroxisome proliferator-activated receptor y (PPARY) is
a member of the nuclear receptor superfamily of transcription
factors that regulate patterns of gene expression in response to
the binding of small molecular weight ligands (1-3). PPARy
mRNA is most highly expressed in adipose tissue, the adrenal
gland, spleen, and large colon (4-7). Several lines of evidence
indicate that PPARy plays an important role in regulating
adipocyte differentiation and glucose homeostasis. PPARy
and the retinoid X receptor (RXR) form heterodimers on
regulatory elements in a number of adipose-specific promoters
that stimulate transcription in response to PPARy or RXR-
specific ligands (3, 5, 8, 9). Furthermore, forced expression of
PPARY in certain fibroblast cell lines induces adipocyte dif-
ferentiation in a manner that is strongly potentiated by
PPARY- and RXR-specific ligands (8—11). Although the iden-
tities of the ligands that regulate PPARy activity in vivo remain
to be established with certainty, 15-deoxy-A!>!*-prostaglandin
J» (15APGJ,) and certain polyunsaturated fatty acids have
been demonstrated to stimulate PPARy-dependent transcrip-
tion (9, 10, 12, 13). In addition, synthetic ligands such as
troglitazone and BRL49653 have been identified that are

The publication costs of this article were defrayed in part by page charge
payment. This article must therefore be hereby marked “advertisement” in
accordance with 18 U.S.C. §1734 solely to indicate this fact.

© 1998 by The National Academy of Sciences 0027-8424/98/957614-6$2.00/0
PNAS is available online at http://www.pnas.org.

7614

specific PPARy activators (14). Troglitazone and structurally
related thiazolidinediones significantly reduce peripheral re-
sistance to insulin in obesity and type 2 diabetes mellitus in
both animals and humans and have recently been instituted as
adjunctive therapy in diabetic patients (15-18).

The roles of PPARY in other tissues are poorly understood.
Recent studies indicate that PPARy is expressed in cells of the
monocyte/macrophage lineage (19-21). Several lines of evi-
dence suggest that PPARy may exert anti-inflammatory ef-
fects by negatively regulating the expression of pro-
inflammatory genes. Treatment of peritoneal macrophages
with 15APGJ; or several synthetic PPARy ligands reduced the
expression of inducible nitric oxide synthase by interferon vy
(IFN-v) and inhibited induction of gelatinase B and scavenger
receptor A gene transcription in response to phorbol ester
stimulation (20). Similarly, treatment of primary human mono-
cytes with PPARy-specific ligands blocked phorbol ester in-
duction of interleukin 6 (IL-6), tumor necrosis factor «, and
IL-1B (21). Anti-inflammatory effects of PPARy ligands have
not as yet been established in vivo, however, and it is possible
that PPARYy exerts complex effects on macrophage function
that are not strictly related to inflammation.

Macrophages are thought to play critical pathogenic roles in
several chronic inflammatory diseases, including atheroscle-
rosis (reviewed in refs. 22 and 23). Fatty streaks, the earliest
visible lesions of atherosclerosis, contain large numbers of
macrophage foam cells derived from circulating monocytes
that adhere to activated endothelium and migrate into the
artery wall (reviewed in ref. 24). These cells subsequently
differentiate into macrophages that express the scavenger
receptor A gene, as well as other scavenger receptors that
mediate the uptake of oxidized low density lipoprotein (ox-
LDL) (25). Because these receptors are not subject to negative
regulation by high levels of intracellular cholesterol, massive
accumulation of cholesterol esters can occur in macrophages,
resulting in foam cell formation. In addition to their uptake of
oxLDL, macrophage foam cells are thought to influence the
progression of atherosclerosis by several additional mecha-
nisms, including promoting LDL oxidation (24), secretion of
pro-inflammatory cytokines and other humoral factors that
exert paracrine and autocrine effects in the artery wall (22, 23),
and secretion of matrix metalloproteinases that have been
suggested to remodel extracellular matrix proteins in arterial
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lesions, increasing the risk of plaque rupture, thrombus for-
mation, and the clinical sequelae of myocardial infarction and
stroke (26).

In the present studies, we present evidence that PPARYy is
highly expressed in macrophage-derived foam cells of both
early and advanced atherosclerotic lesions in a pattern that is
highly correlated with the presence of oxidation-derived
epitopes. Factors found to induce PPARy expression in mac-
rophages include oxLLDL, macrophage colony-stimulating fac-
tor (M-CSF) and granulocyte/macrophage colony-stimulating
factor (GM-CSF), which have been documented to be present
in atherosclerotic lesions (reviewed in (23)). PPARy could also
be induced by the phorbol ester 12-O-tetradecanoylphorbol
13-acetate (TPA) in a manner that was dependent on new
protein synthesis and was specifically inhibited by a protein
kinase C (PKC) inhibitor. Induction of PPARYy expression by
TPA was mediated by the PPARy1 and PPARy3 promoters,
whereas PPAR~y2 was not detected.

METHODS

Cell Culture. Murine bone marrow progenitor cells and
primary peritoneal macrophages were isolated and cultured as
described (27). EML cells and MPRO cells were generously
provided by S. Collins (Fred Hutchinson Cancer Institute) and
cultured as described (28). Treatment with all trans retinoic
acid was at 10 uM. THP-1 (American Type Culture Collec-
tion) cells were cultured in RPMI 1640 (GIBCO) supple-
mented with 10% heat inactivated fetal calf serum (Gemini
Biological Products, Calabasas, CA), 100 units/ml penicillin,
and 100 mg/ml streptomycin. Recombinant cytokines (human
and murine) were obtained from R&D Systems or Endogen
(Cambridge, MA) and used at the following concentrations,
unless otherwise indicated: human M-CSF, 20 ng/ml; murine
GM-CSF, 5 ng/ml; IFN-vy, 100 units/ml; lipopolysaccharide
(LPS), 5 pg/ml; TPA, 0.1 uM; oxLDL, 50 ug/ml; and cyclo-
heximide, 20 wg/ml. PKC inhibitor bisindolylmaleimide IT and
protein kinase A inhibitor H-89 were obtained from Calbio-
chem.

Western Blot Analysis. Western blot analysis was performed
by using standard procedures (29). Incubation with primary
antibody (rabbit IgG anti-human PPARY), developed against
the N-terminal aa 20-104 (7) recognizing the 55-kDa PPARYy
protein was performed at 1:500 dilution overnight at 4°C. The
secondary antibody (goat anti-rabbit from Dako) was diluted
at 1:4,000 and incubated at room temperature for 1 h. Detec-
tion was performed by using chemiluminescence (NEN Re-
naissance). Protein levels were determined to be similar in
each sample by using an antibody against B-actin (Sigma).

RNase Protection. The full-length PPARY2 coding region
plus 33 bp of the 5’ untranslated region was inserted in the
inverted orientation (3’ to 5’ in front of the T7 promoter) into
the EcoRI site of the expression vector pSGS5 (Stratagene).
The resulting plasmid pSGS5-PPARYy2-inv was digested with
EcoRYV and religated, yielding the vector pSG5-PPAR~y2-RPA
that was used as a template for the synthesis of the antisense
RNA probe, allowing specific measurement of PPARYy2
mRNA. For the specific analysis of the PPARY3 relative to
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PPARyl mRNA, a template for probe synthesis was con-
structed starting from a reverse transcription-PCR product,
using human adipose tissue RNA as template, with the oligo-
nucleotides LF-44 (5'-GTCGGCCTCGAGGACACCGGAG-
AG-3’, which binds sense at exon Al) and LF-21 (5'-GGCT-
CTTCATGAGGCTTATTGTAGAGCTGA-3', which binds
antisense at the exon 2). The amplified fragment was inserted
blunt into the EcoRV site of pBluescript SK+ (Stratagene).
The resulting plasmid pBS-PPARy3-RPA, which contains part
of the exon Al, the full-length exon A2, exon 1, and part of
exon 2, was used as a template for the probe synthesis.
Common PPARy probes corresponding to nt 800—1,093 of the
murine and human cDNAs, respectively, were subcloned into
pBluescript SK+. Isolation of total RNA, preparation of
antisense probes, and RNase protection experiments were
done following standard protocols (29). A B-actin antisense
probe was used to verify equivalent amounts of total mRNA.

Transfection Assays. RAW 264.7 cells were transiently
transfected by using 2 ul Lipofectamin (GIBCO/BRL) with
0.5 pg of luciferase reporter plasmid and 0.1 ug of B-actin-lacZ
reporter plasmid as internal transfection control (20). After
transfection, cells were treated with 0.1 uM TPA in 0.5% fetal
bovine serum for 16 h. THP-1 cells were transfected by
electroporation (30). Luciferase and B-galactosidase enzy-
matic activities were determined, and luciferase activity was
normalized to the B-galactosidase standard as described (31).
The PPARYy1 promoter construct, pGL3y1p3000, containing
3 kb of 5" flanking information has been described (7). The
human PPAR+3 promoter reporter construct contained ~800
bp of 5 flanking information upstream of the PPAR%y3
promoter. This fragment was isolated by PCR using the
oligonucleotide pair 5'-CGTTAAAGGCTGACTCTCGTTT-
GA-3’, binding in the PPAR%y3 exon A2, and 5'-TCATGTA-
GGTAAGACTGTGTAGAA-3’, binding sense at position
—800 of the PPAR+y3 promoter, and the PAC clone 8,856 as
template (7). The PCR product was sequenced and cloned into
the reporter vector pGL3 (Promega) creating the expression
vector pGL3+y3p800.

Immunohistochemistry. Immunohistochemistry studies
were performed by using human coronary arteries obtained
from recipients of heart transplants. Arteries were immedi-
ately removed from the heart and placed into fixative (4%
paraformaldehyde, 5% sucrose) containing antioxidants (1
mM EDTA and 50 uM butylated hydroxytoluene) to prevent
oxidative artifacts that may affect lipid-rich tissues obtained
postmortem. After paraffin embedding, 7-um-thick serial sec-
tions of 42 arterial segments containing a broad spectrum of
atherosclerotic lesions were immunostained with an avidin-
biotin-alkaline phosphatase method (32). The primary anti-
bodies and dilutions used to detect PPARy, oxidation-specific
epitopes such as malondialdehyde (MDA)-lysine, macro-
phages, and smooth muscle cells are listed in Table 1 (7,
33-38). Some of the tissues were counterstained with methyl
green. Controls consisted of parallel sections stained without
the primary antibody and were devoid of specific staining.
Specificity of staining with the P2-20 antiserum against
PPARY was verified by competitive immunostaining. A 1:50
dilution of the antibody was incubated for 1 h at room

Table 1. Characteristics of antibodies used for immunohistochemistry
Dilution

Target epitope Antibody Type (substrate time) Source Ref.
Human PPARYy P20-104 Rabbit 1gG 1:50 (30 min) J.A. and J.N. 7
Human PPARYy P2-20 Goat IgG 1:100 (30 min) Santa Cruz Biotechnology
MDA-lysine MDA2 Mouse I1gG1 (Mab) 1:100 (10 min) W.P. and J.L.W. 33,34
Macrophages HAMS56 Mouse IgM (Mab) 1:200 (30 min) Axel Accurate (Westbury, NY) 35
CD68 (macrophages) Clone KP1 Mouse I1gG1 (Mab) 1:100 (10 min) Dako 36
Actin (smooth muscle cells) HHF35 Mouse I1gG1 (Mab) 1:1,000 (30 min) Enzo Diagnostics 37
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temperature with an equal volume of PBS containing 10 pg/ml
of a peptide (PPARy aa 2-20). Staining after 10 min of
substrate exposure was compared with that obtained with the
same antibody incubated with PBS.

RESULTS

Expression of PPARy in Human Atherosclerotic Lesions.
To determine whether PPARY is expressed in vivo in athero-
sclerotic lesions, immunohistochemistry studies of human cor-
onary arteries obtained from cardiac transplant recipients
were performed. Staining with a rabbit anti-PPARy IgG
directed against PPARvyl aa 20-104, which are common to all
PPARYy isoforms, showed that PPAR+y was highly expressed in
early and intermediate atherosclerotic lesions (Fig. 1.4, D, and
G). A very similar pattern of staining was observed by using a
mAb directed against aa 2-20 and could be abolished by
preincubation of the antibody with a peptide of this sequence,
indicating that it was specific (data not shown). In early
atherosclerotic lesions, staining was predominantly found in
large foam cells and generally colocalized with staining for the
macrophage-specific markers CD68 (Fig. 1 C, F, and I) and
HAMS56 (data not shown), although some staining clearly
occurred in areas that were negative for either of these
macrophage-specific markers. No significant staining for
PPARYy 20-104 was observed in the underlying media or
unaffected sections of the aorta, and the fatty streak lesions
shown in Fig. 1 did not stain for a marker of smooth muscle
cells [HHF-35 (37)]. PPARYy staining was strikingly similar to

PPARy

Oxidation-specific epitopes
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that of oxidation-specific epitopes detected by using the mAb
MDAZ2 (Fig. 1 B, E, and H). Staining of transitional lesions and
atheromas also showed some colocalization of PPAR+y and
oxidation-specific epitopes. However, at the edges of the
necrotic core and in the core itself increasing dissociation
between PPARYy and oxidation epitopes on one side and
macrophage epitopes on the other was evident (data not
shown). In these areas, progressive loss of staining for CD68
and HAMS56 was noted, and staining with the anti-PPARYy
antibody became more diffuse and not strictly cell associated.
This finding may reflect differential loss of epitopes during
progressive apoptosis/necrosis of PPARy-expressing cells or
the generation of neoepitopes that are recognized by the
PPARY antibodies.

Regulation of PPARy Expression During Macrophage Dif-
ferentiation. To identify factors that might regulate PPAR<y
expression in macrophages, murine bone marrow progenitor
cells were cultured in the presence of M-CSF or GM-CSF for
3 days and PPARy mRNA levels were quantitated by RNase
protection assay. No PPARy expression was observed in the
undifferentiated bone marrow population, whereas expression
was detected in the adherent macrophage population that was
induced by M-CSF (Fig. 24). GM-CSF also induced PPARYy
mRNA expression in the adherent macrophage population,
although less strongly than M-CSF (Fig. 2A4). Intriguingly,
although very high levels of PPARy mRNA were present in
thioglycolate-elicited peritoneal macrophages, almost no
PPARy mRNA could be detected in resident peritoneal
macrophages (Fig. 2 4 and B).

Macrophages

Fic. 1. Immunohistochemistry with antibodies to PPAR'Y, oxidation-specific epitopes, and macrophages. Sections shown are serial, but not
always consecutive sections of human coronary arteries immunostained with an antiserum to PPARvy (aa 20-104) (4, D, and G), the
oxidation-specific mAb MDA?2 (B, E, and H), and a macrophage-specific mAb, anti-CD68 (C, F, and I), as described. (4-C) Early atherosclerotic
lesion showing a striking colocalization between PPARy and oxidation-specific epitopes. (X58.) (D-F) Higher magnification (X116) of the shoulder
area of a lesion rich in macrophage/foam cells, demonstrating the cellular nature of the PPARYy staining. (G-I) Higher magnification (X116) of
a fatty streak demonstrating that PPARy staining generally but not exclusively colocalized with macrophages. Lesions A-I were virtually free of

smooth muscle cell-derived cells staining for actin (data not shown).



Medical Sciences: Ricote et al.

A g w 2 B
'Eﬂigg
Q= 2 Q
2323 S ] EE
¢zti++$ E +;
Ezzzs gjEis
z (]
-
4293 nt
-‘2-' ' €293 nt
*
C B D
28 w
7]
2 g g w0 B -
: EE 8233
2 1+ F = 0 o &
3 o oo L tos ok
S3JEEE £355:2:2:2
CFE L === g ¢ 4 4 4 g
e &
". €293 nt 34 BB WS 455 kDa

FiG. 2. Regulation of PPAR<y expression during macrophage
differentiation. (4) PPARy mRNA is up-regulated during differen-
tiation of bone marrow progenitor cells in response to M-CSF and
GM-CSF and is highly expressed in thioglycolate-elicited peritoneal
macrophages. Total RNA was prepared from undifferentiated bone
marrow progenitor cells, from the adherent macrophage population
arising from bone marrow (BM) progenitor cells cultured for 3 days
in M-CSF (BM + M-CSF), GM-CSF (BM + GM-CSF), and from
thioglycolate (TG)-elicited macrophages. RNase protection analysis
was performed by using an antisense PPARy probe, as described. The
specific 293-nt PPARy protection product is indicated by an arrow. A
nonspecific band is indicated by an asterisk. (B) PPARy mRNA is
expressed at very low levels in resident peritoneal macrophages and is
not induced by treatment with IFN-y or LPS. Total RNA was prepared
from thioglycolate-elicited and resident macrophages exposed to the
indicated stimuli and analyzed for expression of PPARY as in 4. (C)
PPARYy is not up-regulated during granulocyte differentiation. Total
RNA was isolated from EML and MPRO cells before and after
granulocyte differentiation in response to all trans retinoic acid
(ATRA). By 96 h, more than 90% of the MPRO cells exhibited
segmented nuclei characteristics of fully differentiated neutrophils.
(D) PPARY protein levels are induced in resting peritoneal macro-
phages by TPA, M-CSF, GM-CSF, and oxLDL, but not native LDL
(nLDL). Resident peritoneal macrophages were treated with the
indicated compounds for 72 h, as described. Cells were harvested in
SDS sample buffer, and soluble proteins were resolved by SDS/PAGE.
The 55-kDa PPARy protein was detected by using a specific antibody
recognizing the A/B domain common to the PPARy1 and PPAR~Y2
proteins. For the RNase protection experiments in 4-C, equivalent
amounts of total RNA were verified by the use of an antisense B-actin
probe in each sample. For the Western blot experiment in D, equiv-
alent amounts of proteins were verified by parallel Western blots by
using an antibody to B-actin.

PPARYy expression during granulocyte differentiation was
evaluated in EML and MPRO cells, which were derived from
bone marrow progenitor cells by retroviral insertion of a
dominant-negative retinoic acid receptor (28). EML cells
represent a very early multipotent hematopoietic progenitor
cell, whereas MPRO cells exhibit a promyelocytic phenotype
and can be induced to differentiate into granulocytes by
treatment with high concentrations of all-trans retinoic acid
(28). PPARy mRNA could not be detected in EML or MPRO
cells either before or after differentiation, suggesting that the
induction of PPARy in myeloid cells is macrophage-specific
(Fig. 20).

The presence of low levels of PPARy mRNA in resident
peritoneal macrophages and much higher levels of expression
in atherosclerotic lesions and thioglycolate-elicited macro-
phages suggested that PPARy expression is induced by hu-
moral factors that are produced during inflammatory re-
sponse. PPARYy expression was therefore evaluated in resident
peritoneal macrophages following treatment with a panel of
factors that influence macrophage function. Consistent with
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the results obtained with bone marrow progenitor cells, treat-
ment of resident peritoneal macrophages with M-CSF and
GM-CSF led to a marked increase in PPARy protein levels, as
detected by Western blot analysis (Fig. 2D). In addition, TPA
and oxLDL induced PPARYy protein levels (Fig. 2D). In
contrast, treatment of resident peritoneal macrophages with
IFN-vy or LPS did not stimulate PPARy expression (Fig. 2B).

To further investigate the mechanisms that may regulate
PPARY expression in vivo, experiments were performed in the
THP-1 monocytic leukemia cell line. Undifferentiated THP-1
cells express low levels of PPARy under basal conditions (Fig.
3). Treatment of THP-1 cells with TPA and oxLDL resulted
in significant increases in PPARy expression at both the
protein (Fig. 34) and mRNA (Fig. 3B) levels, consistent with
observations with resident peritoneal macrophages. Induction
of PPARy mRNA by TPA was maximal 4—10 h after treatment
(Fig. 3B), with protein levels peaking at 24 h and then
returning to near baseline levels by 48 h (Fig. 34). Induction
of PPARy mRNA was blocked by cycloheximide treatment,
indicating a requirement for new protein synthesis (Fig. 3B).
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F1G. 3. Regulation of PPARY expression in THP-1 cells by TPA
and oxLDL is mediated by PKC-dependent and independent mech-
anisms, respectively. (4) Regulation of PPARy expression in THP-1
monocytic leukemia cells as detected by Western blot analysis. (Upper
Left) THP-1 cells were cultured in the presence of 0.1 uM TPA for the
indicated times prior to analysis by Western blot. The arrowhead
indicates the specific 55-kDa PPAR~y band. (Upper Right) THP-1 cells
were treated with 1 nM TPA in the presence or absence of the PKC
inhibitor (PKC In) bisindolylmaleimide II (1 wM) or the protein kinase
A inhibitor (PKA In) H89 (10 uM). (Lower Left) THP-1 cells were
treated with 25 ug/ml oxLDL in the presence or absence of the same
concentration of PKC and PKA inhibitors. (Lower Right) THP-1 cells
were treated with a maximal activating concentration of TPA (0.1 uM)
and 50 pg/ml of either oxXLDL or native LDL. Equivalent loading of
protein in each sample was verified by simultaneous Western blots for
B-actin (data not shown). (B) Regulation of PPARy mRNA expres-
sion in THP-1 monocytic leukemia cells as detected by RNase
protection assays. (Upper) THP-1 cells were treated with 0.1 uM TPA
for the indicated times prior to isolation of total RNA. The arrowhead
indicates the specific 293 nt protected fragment for PPARY. (Lower
Left) THP-1 cells were treated with 10 nM TPA and the PKC inhibitor
as indicated at the same concentration used in A. (Lower Right) THP-1
cells were treated with 25 pug oxLDL and the indicated PKC or PKA
inhibitors at the same concentrations. Equivalent amounts of RNA
were verified by using an antisense B-actin probe (data not shown).
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F1G. 4. Regulation of PPARYy expression in THP-1 cells is medi-
ated by the PPARyl and PPARY3 promoters. (4) RNase protection
analysis of PPARy mRNA in TPA-treated THP-1 cells by using
antisense mRNA probes that distinguish PPARyl, PPAR~Y2, and
PPARY3 transcripts. The PPARy2 probe is predicted to give protected
fragments of 216 nt for PPAR+y2 and a common fragment of 104 nt for
PPARYyl and PPARYy3. The PPARyl probe is predicted to give
protected fragments of 218 nt for PPARy1 and 174 nt for PPAR~Y3. (B)
Expression of the PPARy1l and PPARY3 promoters in RAW 264.7
cells and regulation by 0.1 uM TPA. The PPAR~yl-luciferase reporter
gene contains 3.0 kb of 5’ flanking information, whereas the PPARy3-
luciferase reporter gene contains 800 bp of 5’ flanking information.

Intriguingly, the PKC inhibitor bisindolylmaleimide II blocked
induction of PPARy mRNA and protein expression by TPA,
but not by oxXLDL (Fig. 3 4 and B), whereas the protein kinase
A inhibitor H89 had no effect on the induction of PPARYy
expression by either oxLDL or TPA (Fig. 34). OxLDL treat-
ment potentiated the effects of a maximal activating concen-
tration of TPA on PPARYy expression, consistent with the
possibility that they control PPARYy expression by different
mechanisms (Fig. 34).

PPAR‘Y has been demonstrated to be under the control of
at least three different promoters that direct expression of
PPARvy1, PPARY2, and PPARy3 mRNAs, which may serve to
permit differential regulation of PPARYy expression in re-
sponse to tissue-specific transcription factors and the local
environment of hormones and other signaling molecules (L.F.
and J.W., unpublished data). RNase protection experiments
were therefore performed by using two different antisense
probes that permitted specific detection of the different
PPARYy mRNA species generated by each promoter. These
experiments demonstrated that PPAR+yl and -y3 isoforms
were expressed in TPA-treated THP-1 cells, but not PPARYy2
(Fig. 4A4). Consistent with these findings, both the PPARyl
and -y3 promoters were induced by TPA in the RAW 264.7
macrophage cell line (Fig. 4B). Similar results were obtained
in TPA-treated THP-1 cells (data not shown).

DISCUSSION

Recent studies have demonstrated that PPARy is expressed in
monocytes and macrophages and that natural and synthetic
PPARY ligands inhibit the production of a number of inflam-
matory mediators by these cells (20, 21). These observations
have raised the possibility that PPARy may play a physiologic
role in modulating the magnitude and duration of inflamma-
tory responses in which macrophages play prominent roles.
The presence of large numbers of macrophages and a broad
spectrum of inflammatory mediators in atherosclerotic lesions
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raised the question whether PPARY is expressed in lesion
macrophages, whether it is specific to particular stages of lesion
development, and whether specific ligands may, in theory,
activate this pathway and thus influence the inflammatory
process. In the present studies, PPARy was found to be highly
expressed in foam cells in atherosclerotic lesions and in
thioglycolate-elicited macrophages, whereas very little PPARy
was found in bone marrow progenitor cells, resting peritoneal
macrophages, or undifferentiated myeloid cell lines. Several
factors were found to induce PPARYy expression in differen-
tiated macrophages, including M-CSF, GM-CSF, and oxLLDL,
suggesting that these factors may be of importance in regu-
lating expression of PPAR+y in macrophages in vivo.

PPARY expression is directed by three distinct promoters,
with the PPARYy1 and PPARY2 promoters primarily used to
drive PPARYy expression in adipose tissue. In the present
studies, PPARy expression in TPA-treated THP-1 cells was
entirely accounted for by the PPARyl and PPARY3 promot-
ers. Consistent with this observation, both the PPAR+y1 and
PPARY3 promoters were activated by TPA in transiently
transfected RAW 264.7 cells. It will therefore be of consider-
able interest to determine whether other inducing factors, such
as M-CSF, GM-CSF, and oxLDL, differentially regulate the
PPARyl, PPAR%Y2, and PPARYy3 promoters. OxLDL and
TPA exerted additive effects on PPARy expression. Further-
more, although TPA-dependent activation of PPARy could be
blocked by a PKC inhibitor, oxLDL activation of PPARYy
expression could not, suggesting that PPARy expression in the
macrophage can be regulated by more than one pathway.

In vivo, oxLDL is believed to be generated within the artery
wall as the consequence of reaction with pro-oxidant mole-
cules generated by activated macrophages and other vascular
cells. Extensive evidence has been provided for the occurrence
of lipid peroxidation, and the presence of oxLDL in athero-
sclerotic lesions of humans and animal models (32, 33, 38-41).
Notably, in early, macrophage-rich lesions, oxidation-specific
epitopes were mostly observed within, or in close vicinity to,
macrophages. The remarkable colocalization between oxida-
tion-specific epitopes and PPARY, in particular in the early
lesions, suggests that oxLDL, or oxidant stress itself, may be an
important regulatory factor of PPARYy expression in lesions.

The observation that PPARy is highly expressed in macro-
phage foam cells of atherosclerotic lesions underscores the
importance of determining the biological role of this tran-
scription factor in the regulation of macrophage gene expres-
sion. This issue is especially relevant given the frequency of
cardiovascular complications in subjects with type 2 diabetes
mellitus, who now have the option to be treated with thiazo-
lidinediones. Although current information would suggest a
potential protective role for PPARY, based on inhibition of
inflammatory cytokines, gelatinase B, and the scavenger re-
ceptor A gene, the development of atherosclerosis is a complex
phenomenon involving many gene products. Indirect evidence
from human patients treated with troglitazone and studies of
a balloon injury model of atherosclerosis in rats suggest
protective effects of PPARy ligands on lesion development
(42, 43). Intervention studies in appropriate animal models
and prospective clinical studies of patients treated with syn-
thetic PPARY ligands will be required to determine whether
these substances positively or negatively influence the devel-
opment of atherosclerosis or its complications.
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