Proc. Natl. Acad. Sci. USA
Vol. 94, pp. 4312-4317, April 1997
Biochemistry

Hypolipidemic drugs, polyunsaturated fatty acids, and eicosanoids
are ligands for peroxisome proliferator-activated receptors

a and o

BARRY MARC FORMAN*, JASMINE CHEN*, AND RONALD M. EvANs*T#

*The Salk Institute for Biological Studies and THoward Hughes Medical Institute, Gene Expression Laboratory, 10010 North Torrey Pines Road,

La Jolla, CA 92037

Contributed by Ronald M. Evans, February 25, 1997

ABSTRACT Fatty acids (FAs) and their derivatives are
essential cellular metabolites whose concentrations must be
closely regulated. This implies that regulatory circuits exist
which can sense changes in FA levels. Indeed, the peroxisome
proliferator-activated receptor a (PPARa) regulates lipid
homeostasis and is transcriptionally activated by a variety of
lipid-like compounds. It remains unclear as to how these
structurally diverse compounds can activate a single receptor.
We have developed a novel conformation-based assay that
screens activators for their ability to bind to PPAR«®/6 and
induce DNA binding. We show here that specific FAs, eico-
sanoids, and hypolipidemic drugs are ligands for PPAR« or
PPARG. Because altered FA levels are associated with obesity,
atherosclerosis, hypertension, and diabetes, PPARs may serve
as molecular sensors that are central to the development and
treatment of these metabolic disorders.

Fatty acids (FAs) are ubiquitous biological molecules that are
used as metabolic fuels, as covalent regulators of signaling
molecules, and as essential components of cellular membranes.
It is thus logical that FA levels should be closely regulated.
Indeed, some of the most common medical disorders in
industrialized societies (cardiovascular disease, hyperlipid-
emia, obesity, and insulin resistance) are characterized by
altered levels of FAs or their metabolites (1, 2).

The need for precise control of FA levels suggests that
organisms possess sensors that can respond to changes in the
available levels of FA metabolites. Peroxisome proliferator-
activated receptor a (PPARa) has been identified as a verte-
brate nuclear hormone receptor which regulates genes in-
volved in FA degradation (- and w-oxidation) (3). PPARa is
highly expressed in the liver and was originally identified by
Issemann and Green (4) as a molecule that mediates the
transcriptional effects of drugs that induce peroxisome pro-
liferation in rodents. Mice lacking functional PPARa are
incapable of responding to these agents and fail to induce
expression of a variety of genes required for the metabolism of
FAs in peroxisomes, mitochondria, and other cellular com-
partments (5). As a result, PPARa-deficient mice inappropri-
ately accumulate lipid in response to pharmacologic stimuli.

PPAR« is a member of the nuclear receptor superfamily
that includes receptors for the steroid, thyroid, and retinoid
hormones (6). Two other PPARa-related genes (PPARy and
PPARGS) have been identified in mammals. PPARy is highly
enriched in adipocytes while the & isoform is ubiquitously
expressed (3). Like other members of this superfamily, PPARs
contain a central DNA-binding domain that recognizes re-
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sponse elements in the promoters of their target genes. PPAR
response elements (PPREs) are composed of a directly re-
peating core-site separated by 1 nt (7). To recognize a PPRE,
PPARs must heterodimerize with the 9-cis-retinoic acid re-
ceptor (RXR).

Once bound to a response element, PPARs activate tran-
scription through a conserved C-terminal ligand binding do-
main. Although no ligand has been identified for PPARc,
sequence analysis indicates that its C-terminal region is similar
to the ligand binding domains of known nuclear hormone
receptors. This has prompted an intense search for the iden-
tification of ligands for the PPARs. Recently, we and others (8,
9) have identified 15-deoxy-A!>!4-prostaglandin J, (15d-J>) as
a ligand for PPARY. Activation of PPARYy by 15d-J, or its
synthetic analogs (thiazolidinediones) (8) promotes differen-
tiation of pre-adipocytes into mature, triglyceride-containing
fat cells. Similarly, thiazolidinediones have been shown to
increase body weight in animals (10), suggesting that 15d-J,
may be used as an in vivo signal to store FAs in the form of
triglycerides.

In contrast to the yisoform, PPAR« appears to regulate FA
oxidation, suggesting that PPAR« ligands may represent en-
dogenous signals for FA degradation (3). Isssmann and Green
(4) originally demonstrated that PPAR« is activated by fi-
brates, a group of drugs that induce peroxisome proliferation
and FA oxidation in rodents. These drugs are currently being
used as serum triglyceride lowering agents. Because fibrates
and polyunsaturated FAs (PUFAs) were known to possess
similar activities, Gottlicher ef al. (11) examined the ability of
FAs to activate PPARa. These studies and others have un-
covered a bewildering array of compounds (Fig. 14) that can
activate PPARa (3). However, all attempts to demonstrate
that these compounds bind directly to PPAR« have failed. This
has led to the suggestion that these compounds alter FA
metabolism which indirectly leads to the accumulation of an
endogenous PPAR« ligand (13). We have developed a novel
ligand-binding assay that facilitates the identification of ligands
for PPAR«a and PPARS. Contrary to common belief, we find
that fibrates and specific FAs/eicosanoids can bind to these
receptors. This indicates that FAs simultaneously serve as
intermediary metabolites and as primary regulators of tran-
scriptional networks. In addition, the demonstration of a direct
interaction between fibrates and PPARa suggests that this
receptor could be used as a target for the rapid identification
of highly potent and selective hypolipidemic agents.

Abbreviations: FA, fatty acid; PPAR, peroxisome proliferator-
activated receptor; PPRE, PPAR response element; RXR, 9-cis-
retinoic acid receptor; 15d-J,, 15-deoxy-A!%!4-prostaglandin Jo;
PUFA, polyunsaturated fatty acid; LIC, ligand-induced complex for-
mation; LC-FACS, long-chain fatty-acyl-CoA synthetase; 2Br-C16,
2-bromopalmitate; TTA, tetradecylthioacetic acid; cPGI, carbapros-
tacyclin; LTB4, leukotriene By4; 8-HETE, 8-hydroxyeicosatetraenoic
acid; 8-HEPE, 8-hydroxyeicosapentaenoic; PG, prostaglandin.
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Fic. 1. Hypolipidemic fibrates are ligands for PPARa. (A4)
Chemical structures of some compounds that we demonstrate to be
ligands for PPAR« or -8. (B) Fibrates selectively activate PPARa in
a cell-based transient transfection assay. Cells were treated with the
following concentrations of each compound: 5 uM Wy 14,643, 300
uM ciprofibrate, 300 uM clofibrate, and 1 uM BRL 49653. (C)
Fibrates selectively promote binding of PPARa-RXRa het-
erodimers to labeled DNA in an electrophoretic mobility shift assay.
Compounds were added at the following concentrations: 5 uM Wy
14,643, 100 uM ciprofibrate, 1,000 uM clofibrate, 1 uM BRL 49653,
and 1 uM LG268. Inlane 1 (excess receptor), the amounts of PPAR«
and RXRa were increased to 0.6 ul and 0.5 ul, respectively. Where
indicated, 1 pl of antibody was added to the reaction. (D) Compar-
ison of the dose response profile of wild-type PPARa with
PPARa-G (Glu-282 — Gly) (12) in the transient transfection assay
(Left) and the LIC assay (Right). The ligand-induced complex was
quantified by phosphorimaging analysis. Ligand-induced binding
represents the amount of complex produced at any concentration of
ligand minus that produced in the absence of ligand. Maximal
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MATERIALS AND METHODS

Cell Culture and Transfection. CV-1 cells were grown and
transfected as described (8). The reporter construct, PPREx3
TK-LUC contained three copies of the acyl-CoA oxidase
PPRE upstream of the Herpes virus thymidine kinase pro-
moter (7). Expression vectors contained the cytomegalovirus
IE promoter/enhancer (pCMX) upstream of wild-type mouse
PPARa@, mouse PPAR7yI-AN (Met-105-Tyr-475), mouse
PPARS&-AN (Leu-69-Tyr-440), mouse PPARa-G (Glu-282 —
Gly) (12), or Escherichia coli B-galactosidase as an internal
control. Cells were exposed to the compounds for 24 h and
then harvested and assayed for luciferase and B-galactosidase
activity. All points were performed in triplicate and varied by
less than 10%. Normalized luciferase activity was determined
and plotted as fold-activation relative to untreated cells. Each
experiment was repeated three or more times with similar
results.

Electrophoretic Mobility-Shift Assays. In vitro-translated
mouse PPARa (0.2 pl) and human RXRa (0.1 ul) were
incubated for 30 min at room temperature with 100,000 cpm
of Klenow-labeled acyl-CoA oxidase PPRE as described (14)
but with 150 mM KCIL

RESULTS

Hypolipidemic Drugs Are PPAR« Ligands. To evaluate the
selectivity of PPARs toward hypolipidemic drugs, CV-1 cells
were transiently transfected with a PPAR-responsive reporter,
PPAR expression vectors, and then treated with various
hypolipidemic agents (Fig. 1B). Wy 14,643 and BRL 49653
were included as positive controls because these compounds
selectively activate PPARa and -y, respectively (8, 9, 15). The
hypolipidemic fibrates ciprofibrate and clofibrate activated
PPARa maximally at 300 uM and exhibited only weak activity
on PPARYy (Fig. 1B). Similar results were seen with gemfibrozil
(data not shown). In contrast, at 1 mM, the effective serum
concentration of clofibrate (16), all three drugs displayed
significant activity (5- to 9-fold) on PPARYy (data not shown).
These compounds are ineffective activators of PPARS (Fig.
1B), suggesting that hypolipidemic activity is mediated by
PPARa and perhaps by PPARY.

We sought to determine whether these compounds are
PPARa ligands. In the past, classical ligand binding assays
have been used to identify ligands for other nuclear receptors.
This approach has not been informative in the case of PPAR«
because radiolabeled ligands are either not available or pro-
duce unacceptable levels of nonspecific binding. To overcome
these limitations, we developed an assay that does not use a
labeled ligand. Our approach relies on the ability of nuclear
receptor ligands to induce conformational changes that pro-
mote dimerization and subsequent DNA binding. In previous
studies, ecdysone (17), vitamin D (18), and 9-cis-retinoic acid
(19) were shown to enhance the dimerization and DNA
binding activities of their respective receptors. Accordingly, we
examined whether PPARa activators could induce similar
events. Previous mobility shift assays have demonstrated that
PPARa-RXR heterodimers bind to PPREs as obligate het-
erodimers even in the absence of ligand (15). Indeed, using
standard conditions in which both receptors are in excess,
PPARa-RXRa heterodimers are readily observed (Fig. 1C,
lane 1). However, when both receptors are limiting, binding
activity is minimal (Fig. 1C, lane 2) but is dramatically en-
hanced by Wy 14,643, ciprofibric, or clofibric acids (Fig. 1C,
lanes 3-5). This enhancement is unique to PPAR« activators
as enhanced binding was not observed with PPARy-specific

induced binding was defined to be 100%; binding observed at other
concentrations was normalized to this value.
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ligands such as BRL 49653 (Fig. 1C, lane 6), pioglitazone, and
troglitazone (data not shown) or the RXR-specific ligands
LG268 (Fig. 1C, lane 7), LG69, and 9-cis-retinoic acid (data
not shown). PPARa and RXRa are components of the
ligand-induced complex since it is supershifted by PPARa-
specific (Fig. 1C, lane 9) and RXRa-specific antibodies (data
not shown) but not by pre-immune serum (Fig. 1C, lane 10).
Similarly, epitope-tagged PPARa is supershifted by an
epitope-specific mAb (12CAS) (Fig. 1C, lane 8). Control
experiments indicate that PPAR activators do not promote the
DNA binding activity of an RXR homodimer (Fig. 1C, lanes
11-15), which is inducible by RXR-specific ligands (Fig. 1C,
lanes 16-19). These experiments suggest that ligand-induced
complex formation (LIC) represents a sensitive approach for
the identification of novel ligands for orphan nuclear recep-
tors.

To further validate the LIC assay, we compared the dose-
response profiles of wild-type PPAR« to that of a previously
characterized point mutant (PPARa-G) (12) that exhibits a
decreased potency for PPARa activators in cotransfection
experiments. As expected, the concentration required for
half-maximal transcriptional activation by Wy 14,643 was
4-fold greater with the mutant receptor (Fig. 1D Left). In the
LIC assay, phosphorimaging analysis revealed a similar in-
crease in the amount of Wy 14,643 required for half-maximal
ligand-induced binding (LICsp) with the mutant receptor (Fig.
1D Right). Thus, the LICs, for Wy 14,643 (600 nM) appears to
provide an effective estimate of the actual dissociation con-
stant. These data both confirm the validity of the LIC assay and
provide evidence that hypolipidemic agents such as Wy 14,643,
ciprofibrate, and clofibrate are direct ligands for PPARa.

Long-Chain FAs Are PPAR« Ligands. We utilized the LIC
assay to determine which, if any, naturally occurring FAs bind
to PPAR« at physiologic concentrations. In the fasting state,
the total concentration of nonesterified FAs in serum is ~700
uM (20). Abundant dietary FAs such as linoleic and arachi-
donic acid have average concentrations of 25-30 uM and may
reach much higher levels (Richard Wilkinson, HyClone, per-
sonal communication). The intracellular concentrations of
these compounds are more difficult to determine but can be
inferred from the Michaelis constant of long-chain fatty-acyl-
CoA synthetase (21) (LC-FACS, 20 uM). Thus, we examined
the ability of a variety of FAs to activate PPAR« at 30 uM
concentrations. When compared with Wy 14,643 in the co-
transfection assay, saturated short-chain FAs (<C10) were
poor activators of PPAR« while longer-chain FAs (C10-C16)
possessed weak activity (Fig. 24). Surprisingly, 30 uM doses of
long-chain FAs (=C12) induced complex formation in the LIC
assay (Fig. 2B). A carboxyl group is required for this activity
since the corresponding fatty alcohols neither activated nor
induced binding (Fig. 2 A and B). These data indicate that
long-chain FAs can bind weakly to PPARa.

We next examined the ability of PUFAs to bind to PPARa.
We found that linoleic, a-linolenic, y-linolenic, arachidonic
(Fig. 2 A and B, Right), docosahexaenoic, and eicosapenta-
enoic acids (data not shown) all bound to and activated
PPARGa. In contrast, very-long-chain unsaturated FAs such as
erucic and nervonic acids failed to bind or activate PPAR«
(Fig. 2 A and B, Right). This structure-activity relationship
suggests that PPAR« ligands can be broadly defined as long-
chain monocarboxylic acids. Optimal binding activity is ob-
served with compounds containing a 16-20 carbon chain
length with several double bonds in the chain.

Dual-Function PPAR« Activators. The structural require-
ments for PPARa binding are reminiscent of the substrate
specificity previously defined for LC-FACS (21), an intracel-
lular enzyme that converts free FAs to their corresponding
acyl-CoA thioesters. In addition to long-chain FAs, several
hypolipidemic drugs are also converted to their acyl-CoA
thioesters (22-24). Accordingly, we examined the ligand bind-
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Fi1G. 2. Long-chain FAs and B-oxidation inhibitors are PPAR«
ligands. (A4) Activation of PPARa by FAs and fatty alcohols. All
compounds were added to a final concentration of 30 uM except for
Wy 14,643, which was used at 5 uM. (B) Enhancement of PPARa—
RXRa heterodimer formation by FAs and fatty alcohols. All com-
pounds were added to a final concentration of 30 uM except for Wy
14,643, which was added to a final concentration of 5 wM. Saturated
FAs and fatty alcohols are indicated by their chain length. Unsaturated
FAs are as follows: linoleic (cis-A%12-C18:2), a-linolenic (cis-A%1%15-
C18:3), y-linolenic (cis-A%%12-C18:3), arachidonic (cis-A>811.14-
C20:4), erucic (cis-A'3-C22:1), and nervonic (cis-A'>-C24:1) acids. (C)
Inhibitors of B-oxidation activation (Left) and bind (Right) to
PPARa. Experiments were performed as described in Fig. 1.
Triacsin C (10 uM, Left; 30 uM, Right) was used as an inhibitor of
fatty LC-FACS. Inhibitors of carnitine palmitoyltransferase I in-
cluded LY 171883 (30 uM), 2Br-C16 (5 uM), and tetradecylglycidic
acid (TDGA, 5 uM). Fatty-acyl-CoA dehydrogenase was inhibited
with octylthioproprionic acid (OTP, 30 uM), tetradecylthiopropri-
onic acid (TTP, 30 uM), nonylthioacetic acid (NTA, 30 uM), and
tetradecylthioacetic acid (TTA, 30 uM). Wy 14,643 (5 uM) was
included as a positive control.

ing properties of several long-chain FA-CoA thioesters and
found that they were incapable of inducing binding in the LIC
assay (data not shown). This is consistent with the observation
that a free carboxyl group is required for recognition by
PPARa (Fig. 2 A and B) and suggests that LC-FACS may
inactivate PPARa ligands (25). To test this possibility, we
assayed the transcriptional activity of PPARe in cells treated



Biochemistry: Forman et al.

with triacsin C, an inhibitor of LC-FACS (26). Surprisingly,
we found that triacsin C itself activated PPARa (Fig. 2C
Left) but failed to induce PPAR« binding in the LIC assay
(Fig. 2C Right). These observations are consistent with the
hypothesis that inhibition of LC-FACS leads to the accu-
mulation of an endogenous PPAR« activator.

LC-FACS catalyzes the first step in the mitochondrial
B-oxidation cascade (Fig. 2C Left). Several groups have shown
that inhibitors of subsequent steps in this pathway lead to
activation of PPAR« and peroxisome proliferation (13,27, 28).
This has contributed to the “lipid-overload” hypothesis which
suggests that these inhibitors activate PPAR« by promoting
the accumulation of an endogenous ligand. However, because
these enzymatic inhibitors are structural analogs of long-chain
FAs, we addressed the possibility that they might also be
PPARAa ligands. Consistent with previous results, inhibitors of
carnitine palmitoyltransferase I [LY 171883, 2-bromopalmi-
tate (2Br-C16), tetradecylglycidic acid (TDGA)] (29-31) and
fatty-acyl-CoA dehydrogenase [octylthioproprionic acid
(OTP), tetradecylthioproprionic acid (TTP), nonylthioacetic
acid (NTA), tetradecylthioacetic acid (TTA)] (32) all activated
PPARa« (Fig. 2C Left). Surprisingly, the transcriptional activity
of these peroxisome proliferators correlated with their ability
to bind PPARa (Fig. 2C Right). Thus, these compounds
represent dual-function activators. As ligands they activate
PPARa directly; as metabolic inhibitors they may indirectly
lead to the accumulation of endogenous FA ligands.

PPARSs Are Nuclear Eicosanoid Receptors. Our data indicate
that long-chain FAs bind to PPARa« at physiologic concentra-
tions. Because these intermediary metabolites serve as precursors
to additional regulators, we wondered whether downstream me-
tabolites may also serve as PPAR« ligands. This line of thinking
was prompted by our recent demonstration that the arachidonic
acid metabolite 15d-J; is a ligand for the vy isoform of PPAR (8).
Accordingly, we asked whether other eicosanoids may be high
affinity ligands for PPARa (Fig. 34). Previous studies (refs.
33-35; BM.F. and R.M.E, unpublished data) have shown that a
number of prostanoids can activate PPAR« (Fig. 34, left).
Importantly, when examined in the LIC assay, prostaglandin
(PG) I, analogs such as carbaprostacyclin (cPGI) and iloprost act
as ligands while cicaprost (36), a related analog, is inactive (Fig.
34 Right). Thus, agonists for the cell-surface PGI, receptor
exhibit a distinct pharmacologic hierarchy on PPAR«. Further-
more, since CV-1 cells lack detectable levels of the PGI, receptor
(34), it appears that this cell-surface pathway is not contributing
to PPAR« activation.

In searching for additional eicosanoid ligands, we focused
our attention on oxygenated FA derivatives and other products
of lipoxygenase metabolism. While leukotriene B4 (L'TB4) (37)
and other lipoxygenase products were poor or ineffective
ligands (Fig. 3 and data not shown), 8(S)-hydroxyeicosatetra-
enoic acid [8(S)-HETE] was, as previously reported (33), an
effective activator of PPAR« (Fig. 34 Left). Further structure-
activity studies revealed that *8-hydroxyeicosatrienoic acid
(=8-HETTE) was significantly less effective (data not shown)
whereas *8-hydroxyeicosapentaenoic acid (=8-HEPE) was a
slightly more effective activator (Fig. 34 Left). When examined
in the LIC assay, =8-HETE and * 8-HEPE both served as
PPARa« ligands (Fig. 34 Right). The stereochemistry around
the 8-position was crucial since 8(R)-HETE was a poor ligand
and a poor activator of PPAR« (Fig. 34). Dose-response
studies (Fig. 3B) revealed that 8(S)-HETE and cPGI activate
with half-maximal activity at 200 nM and 2 uM, respectively
(Fig. 3B Left) and bind PPAR« with affinities estimated to be
100 nM and 500 nM, respectively (Fig. 3B Right). Thus, the
naturally occurring 8(S)-HETE is the highest affinity ligand yet
to be identified for PPARa.

The data in Fig. 34 indicate that certain compounds can
activate PPARa without inducing complex formation in vitro.
This could occur if these compounds represented inactive
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F1G. 3. Identification of eicosanoid ligands for PPARa. (A4) cPGI,
iloprost, 8(S)-HETE, and 8(S)-HEPE transactivate (Left) and bind
(Right) to PPAR. For transfections (Left), compounds were added to
cells at the following concentrations: 5 uM Wy 14,643; 10 uM PGA,,
PGA;, PGB;, PGD», PGE,, and PGF2,; 3 uM 15d-J2; 10 uM PGIy; 1
uM cPGI and iloprost; 10 uM cicaprost; 10 uM *8-HEPE (*8-
hydroxy-A3Z.9E.112,14Z,172.C2(0:5), +8-HETE (*8-hydroxy-
ASZIENZI4Z.C2():4), =8(9)-EpEtrE [£8(9)-epoxy-ASZ-112,142.C20:3],
and * 12-HETE (*12-hydroxy-A328Z10E.142.C20:4); 5 uM §(S)- and
8(R)-HETE; and 10 uM LTBs. For the ligand binding assay (Right),
compounds were added as follows: 10 uM Wy 14,643, PGA|, PGA,,
PGB», PGD», PGE;, PGF»,, 15d-J;, and PGly; 2 uM cPGI, iloprost,
and cicaprost; 1 uM =*8-HEPE, *=8-HETE, =8(9)-EpEtrE, and
+12-HETE; 300 nM 8(S)-HETE and 8(R)-HETE; and 10 uM LTB,.
(B) Dose-response curves comparing the potency of 8(S)-HETE,
cPGI, and Wy 14,643 in transactivating (Left) and binding (Right) to
PPARa.

precursors that are metabolized to ligands. Alternatively, they
could bind to PPAR« without inducing a conformation change
that promotes DNA binding. To rule out this possibility,
PPARa-RXRa heterodimers were formed in the presence of
Wy 14,643, and an excess of each compound that failed to
induce complex formation. A compound that binds to PPAR«
without inducing complex formation would be expected to
compete with Wy 14,643 thereby decreasing heterodimer
formation. All of the compounds tested (LTB4, BRL 49653,
PGA/, PGA,, PGB,, PGD,, PGE,, PGF,,, PGI,, 15d-J,, and
cicaprost) were ineffective inhibitors of Wy 14,643-enhanced
binding (data not shown), suggesting that these compounds are
not ligands for PPARa. Thus, PPAR« activators such as
PGA;, PGA;, PGB;, PGD,, and 15d-J, may be inactive
precursors that are metabolized to PPAR« ligands.

PPAR«a and -6 Possess Overlapping Ligand Specificities.
Because ligands have not been discovered for PPARS, we
wondered whether FAs or eicosanoids may also bind to this
receptor. At concentrations that were sufficient for activation
of PPAR«, a number of hypolipidemic agents, thiazolidinedi-
ones, and saturated FAs failed to bind or activate PPARS
(Figs. 1B and 44 and data not shown). In contrast, several
PUFAs and eicosanoids activated PPARS (Fig. 44 Left) and a
subset of these (linoleic acid, arachidonic acid, cPGI, and
iloprost) acted as ligands in the LIC assay (Fig. 44 Right).
Taken together, our data indicate that the PPARs comprise a
family of nuclear FA and eicosanoid receptors.

Finally, we compared the specificity of different activator
classes for each member of the PPAR family (Fig. 4B and data
not shown). Naturally occurring saturated long-chain FAs
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pounds were added to cells at the following concentrations: 5 uM Wy
14,643; 100 uM ciprofibrate; 1,000 uM clofibrate; 5 uM BRL 49653;
30 uM C12, C16, linoleic acid, a-linoleic, arachidonic, docosahexae-
noic (DHA, all-Z-A%7:10.13,1619.C22:6), and eicosapentaenoic (EPA,
all-Z-A>8:11.1417.C20:5) acids; 5 uM 2Br-C16; 30 uM TTA; 10 uM
PGA[, PGAz, PGBz, PGDz, PGEz, and PGFZQ; 3 I-LM 15d—J2; 10 ;.LM
PGI5; 1 uM cPGI and iloprost; 10 uM cicaprost; and 3 uM +8-HETE.
For the ligand binding assay (Right), compounds were added as
follows: 5 uM Wy 14,643; 100 uM ciprofibrate; 1,000 uM clofibrate;
50 uM BRL 49653; 30 uM Cl12, C16, linoleic acid, a-linoleic,
arachidonic acids, DHA, and EPA; 10 uM 2Br-C16, TTA, PGA,,
PGA,, PGB,, PGD,, PGE,, PGF3,, 15d-J», PGI,, cPGI, iloprost, and
cicaprost; and 1 uM +=8-HETE. (B) Comparison of the responsiveness
of PPARaq, -v, and -8 to various compounds. After transfection, cells
were treated with the following concentrations of compounds: 30 uM
C16; 5 uM 2Br-C16; 30 uM TTA, linoleic, arachidonic acids, and EPA;
3 uM £8-HETE; 10 uM PGAy; 3 uM 15d-J2; 1 uM cPGI; and 5 uM
Wy 14,643 and BRL 49653.

(C12-C16) are weak activators of PPARa and even weaker
activators of PPARGS. The dual function long-chain FAs (2Br-
C16, TTA) preferentially activate PPAR«a over PPARS. In
contrast, PUFAs are efficient activators of PPAR« and -§, but
display little activity on PPAR<y. Among the eicosanoids,
8(S)-HETE was specific for PPARe«, while PGA; preferen-
tially activated PPARS (33). All three PPAR isoforms were
responsive to 15d-J, whereas the synthetic eicosanoid cPGI
selectively activated PPARa and -6. These data indicate that
PPARa, -y, and -6 are a family of nuclear receptors that
possess distinct, yet overlapping, ligand binding specificities.

DISCUSSION

Metabolite-Mediated Transcriptional Control. The identifica-
tion of mammalian nuclear receptors with FA and eicosanoid
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ligands have a number of important implications. First, this
establishes an important link between metabolism and transcrip-
tional control. PPAR« induces transcription of a number of gene
products that contribute to the metabolism of FAs. These include
enzymes necessary for the degradation of FAs through - and
w-oxidation pathways. It has long been established that metabolic
intermediates modulate feedback control by promoting allosteric
changes in enzymatic activity. The demonstration that FAs bind
to PPARa provides direct evidence that metabolic intermediates
can also regulate transcription. This complements the immediate
effects of allosteric control by modulating the metabolic capac-
ities of the organism over longer time periods. Transcriptional
control by metabolic intermediates has long been appreciated in
bacteria and yeast. For example, the lac and #p repressors
coordinately regulate transcription by binding to micromolar
concentrations of allolactose and tryptophan (38, 39), respec-
tively. Similarities between the lac operon and PPARa-regulated
transcription are particularly striking. In both cases, metabolic
precursors (lactose/FAs) are converted to higher affinity inducers
[allolactose/8(S)-HETE] that coordinately regulate the synthesis
of enzymes required for the catabolism of the initial metabolites
(lactose/FAs). Our data strongly suggest that metabolite-
controlled intracellular (metacrine) signaling systems are opera-
tive in higher organisms. The development of the LIC assay may
facilitate the identification of other metacrine signals that func-
tion as micromolar ligands for other orphan nuclear receptors.

We have shown that PPAR« can recognize a broad array of
ligands. This is unique among the nuclear receptors and suggests
that PPAR« senses broad changes in FA status and dietary
inputs. In particular, as metabolism may vary from cell-to-cell and
tissue-to-tissue, PPAR« may act locally to integrate a variety of
cell-specific metabolic parameters. In contrast to PPAR« which
promotes FA catabolism, PPARYy appears to stimulate the op-
posing function of FA storage. We show that PPAR« ligands are
distinct from those of PPARY. The ability of these receptors to
respond to distinct metabolic cues provides a potential mecha-
nism for the animal to maintain a balance between FA break-
down and storage. Although a function for PPARGS remains to be
established, it is of interest to note that this receptor recognizes
a subset of PPAR« ligands suggesting that it may respond to
similar endogenous signals. Thus, the overall balance between FA
catabolism and storage may be determined by the relative levels
PPAR«/6 and PPARY ligands.

We have shown that 8(S)-HETE is a high affinity ligand for
PPARGa. It is unclear what function this ligand has, however,
its identification in the skin (40, 41) suggests that it may play
a specialized function in this tissue. In contrast to 8(S)-HETE,
other eicosanoids were found that activate but fail to bind to
PPAR (e.g., PGA; and PPARS) (33) (Figs. 34 and 4A4). By
analogy to all-frans-retinoic acid which binds to RXR after
conversion to the active ligand (9-cis-retinoic acid) (6), these
eicosanoids may represent precursors to additional PPAR
ligands. Thus, additional eicosanoid ligands may exist and their
production could be regulated in a tissue-specific manner.

A previous report suggested that LTB4 binds Xenopus
PPAR« with an affinity of ~100 nM (37). However, nonspe-
cific binding to PPAR« was not accounted for and half-
maximal displacement required 10-50 uM of unlabeled LTB,.
Because we were unable to detect activation or binding with 10
uM LTB, (Fig. 34), it is unclear whether LTB, is a physio-
logically relevant ligand for mouse PPARa.

PPAR, Dietary FAs, and Human Disease. The ability to
regulate FA pools is essential for normal homeostasis. Indeed,
inappropriately high levels of triglycerides and nonesterified
FAs are a common component of obesity, insulin resistance,
hypertension, and hyperlipidemia (1, 2). These abnormalities
often develop in the same individual and are ominous signs of
impending coronary heart disease, a major cause of death in
industrialized societies. It has been proposed that increased
levels of triglycerides and FAs are key factors in the progres-
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sion of these disorders, which suggests that normalization of
these parameters could contribute to an effective therapy.
Indeed, it is well known that dietary PUFAs can be beneficial
in this regard (42, 43). This may reflect both activation of
PPAR-regulated B- and w-oxidation pathways (44) as well as
PUFA-dependent suppression of lipogenic and glycolytic en-
zymes (45). A negative PUFA response element has been
identified in the promoter of the pyruvate kinase gene (46).
This response element binds HNF-4, a constitutively active
orphan nuclear receptor whose DNA-binding specificity over-
laps that of PPAR-RXR heterodimers. Other investigators
have shown that PPARa antagonizes HNF-4 by down-
regulating its expression in liver and by binding nonproduc-
tively to HNF-4 response elements (47). These observations,
along with our demonstration that PUFAs promote the bind-
ing of PPARa/6—-RXRa heterodimers, suggest that PUFAs
may suppress transcription by displacing constitutively active
HNF-4 and replacing it with an abortive PPARa/6~RXRa
complex. Thus, in addition to promoting - and w-oxidation,
PPARa« and -8 may also inhibit lipogenesis. Taken together,
these observations suggest that PPAR« and -8 may directly
mediate some of the beneficial effects of dietary PUFAs.

In addition to dietary factors, drugs of the fibrate class are also
known to regulate transcription of apolipoproteins A-I, A-II, and
C-IIT (3) and are useful for the treatment of hyperlipidemias.
However, the effective doses of the best available drugs are in the
high micromolar range. Our demonstration that fibrates bind
directly to PPAR« suggests that screening for high affinity
PPARG« ligands may provide a rapid approach for the develop-
ment of more effective treatments for these lipid-related disor-
ders. Because PPAR isoforms have distinct functions, the relative
specificity of a drug for each PPAR isoform may be an important
factor in evaluating its therapeutic potential.

In conclusion, our findings suggest that PPARs play a central
role in a signaling system that controls lipid homeostasis in
higher organisms. As the number of orphan receptors continue
to grow, it is likely that these proteins will provide important
tools for the discovery of additional regulatory signals.
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