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Peroxisome proliferators such as clofibric acid, nafenopin, and WY-14,643 have been shown to
activate peroxisome proliferator-activated receptor (PPAR), a member of the steroid nuclear
receptor superfamily. We have cloned the cDNA from rat that is homologous to that from mouse,
which encodes a 97% similar protein. To search for physiologically occurring activators, we
established a transcriptional transactivation assay by stably expressing in CHO cells a chimera of
rat PPAR and the human glucocorticoid receptor that activates expression of the placental alkaline
phosphatase reporter gene under the control of the mouse mammary tumor virus promoter. 150 u4M
concentrations of arachidonic or linoleic acid but not of dehydroepiandrosterone, cholesterol, or
25-hydroxy-cholesterol, activated the receptor chimera. In addition, saturated fatty acids induced
the reporter gene. Shortening the chain length to n = 6 or introduction of an @ -terminal carboxylic
group abolished the activation potential of the fatty acid. To test whether a common PPAR binding
metabolite might be formed from free fatty acids we tested the effects of differentially f-oxidizable
fatty acids and inhibitors of fatty acid metabolism. The peroxisomal proliferation-inducing,
non-f-oxidizable, tetradecylthioacetic acid activated PPAR to the same extent as the strong
peroxisomal proliferator WY-14,643, whereas the homologous f-oxidizable tetradecylthiopropionic
acid was only as potent as a non-substituted fatty acid. Cyclooxygenase inhibitors, radical scavengers
or cytochrome P450 inhibitors did not affect activation of PPAR. In conclusion, p-oxidation is
apparently not required for the formation of the PPAR-activating molecule and this moiety might
be a fatty acid, its ester with CoA, or a further derivative of the activated fatty acid prior to
f-oxidation of the acyl-CoA ester.
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Can a nutrient regulate gene transcription? Can a
nutrient control its own metabolism, and therefore its
own intracellular concentration, in a similar way as
glucose controls gene expression in prokaryotes (i.e. the
lactose operon)? Since Issemann and Green described
the first PPAR (peroxisome proliferator-activated re-
ceptor) in 1990 [1], and we demonstrated that this
transcription factor is activated by free fatty acids [2],
the answer to these questions might be affirmative.
Peroxisomes are subcellular organelles that perform
metabolic reactions mainly related to lipid metabolism,
one of the most important being the f§-oxidation of
fatty acids. Administration of a number of man-made
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unrelated compounds, including hypolipidemic drugs,
such as fibric acid derivatives, nafenopin, WY-14,643,
or sulfur-substituted fatty acids, industrial plasticizers
and others, provoke peroxisomal proliferation and acti-
vate peroxisomal f-oxidation enzymes [3, 4]. There are
two hypotheses which might explain the generation of
peroxisomal proliferation by such a wide variety of
inducers. One of these theories proposes that the
intracellular overload of fatty acids, which is produced
by these chemicals as well, is the real stimulus for
promoting peroxisomal proliferation. The other theory
postulates the existence of a receptor and an as yet
unknown messenger [3]. This latter proposal is now
well supported by the discovery of mouse peroxisome
proliferator-activated receptor (mPPAR), a member of
the steroid nuclear receptor superfamily, which is a
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large class of ligand-activated transcription factors reg-
ulating gene expression [1]. Similarly to other nuclear
receptors of this superfamily, the amino acid sequence
of the PPAR can be divided into distinct regions or
domains (A-F), based on homology with the other
members [5]. Taking advantage of this property,
chimeric nuclear hormone receptors containing the
putative ligand-binding domain (LBD) of PPAR and
the N-terminal and DNA-binding domains (DBD) of
either the estrogen (ER) or the glucocorticoid (GR)
receptor were constructed. It was demonstrated that
compounds promoting proliferation of peroxisomes
also induce PPAR transcriptional activity [1]. How-
ever, none of these substances shows direct binding to
the PPAR.

In our laboratory it was possible to clone a PPAR
cDNA from rat that is homologous to the PPARx
cDNA from mouse [2]. To find physiological activa-
tors, or putative ligands, a transcriptional transacti-
vation assay was established by stably expressing in
CHO cells a chimera of the N-terminal and DNA-
binding domains of the GR and the ligand binding
domain of rat PPAR« together with placental alkaline
phosphatase as a reporter gene. The reporter gene was
under the control of the mouse mammary tumor virus
promoter which is normally inducible by glucocorti-
coids via the GR. It is well known that a high-fat diet
1s also capable of inducing peroxisomal proliferation
[6]. Therefore, a broad range of free fatty acids as well
as other compounds related to lipid metabolism were
tested for activation of this receptor chimera. On the
one hand, as was to be expected, the reporter gene was
activated in these CHO cells by the known activators
of mPPAR, WY-14,643 and clofibric acid. On the other
hand, fatty acids like linoleic (all-¢is-A9,12-C18:2) and
arachidonic (all-cis-A5,8,11,14-C20:4) acid, but not
dehydroepiandrosterone (DHEA, a steroid hormone
that also stimulates peroxisomal proliferation), DHEA
sulfate, cholesterol, or 25-hydroxycholesterol, activated
the reporter gene in cells expressing the receptor
chimera.

To study the specific structural requirements of fatty
acids, if any, in activation of PPAR, unsaturated as
well as saturated fatty acids were tested. Neither the
degree of unsaturation, the position of the double
bonds, nor the steric conformation influenced the
potency of the different, unsaturated fatty acids to
activate the GR-PPAR receptor chimera. This is inter-
esting since most of the fatty acids found in nature bear
double bonds in the c¢is-configuration, however, elaidic
acid (zrans-A9-C18:1) activated the PPAR chimera
with the same potency as its cis-homologue, oleic acid
(cis-A9-C18:1). With regard to the saturated fatty
acids, lauric acid (C12:0) was able to induce reporter
gene activity, whereas caproic acid (C6:0) and 1,12-
dodecanedioic acid did not substantially activate the
receptor chimera. Therefore, the structural require-
ments for fatty acids to activate PPAR did not seem to
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be very strict since only reduction of the chain length
to six carbons or introduction of a second carboxylic
group at the w -position abolished the inducing activity.
So, the only structural property that seems to be
common to all the PPAR-activating compounds is the
presence or easy formation of a poorly metabolized
acidic function and a minimal lipophilic backbone [2].
The activation of PPAR by fatty acids is in agreement
with the fact that fatty acids provoke similar physio-
logical actions as peroxisomal proliferators, i.e. they
lower serum triglycerides, increase lipid deposition in
the liver and produce proliferation of liver peroxisomes
{71

Since, at least in the case of linoleic acid, the PPAR
activating-dose of fatty acids was found within the
range of serum levels of the nonesterified acid, a
potential physiological role of fatty acids as activators
of PPAR might be proposed. Furthermore, using the
GR-PPAR chimeric receptor stably expressed in CHO
cells, it was possible to isolate activators from human
serum. Basically, the analytical biochemistry approach
to fractionate serum according to polarity and charge,
described by Banner et al. [8] for the isolation of
steroids from plasma, was complemented by the
screening for PPAR-activation in the reporter cell line.
The only PPAR-activators isolated from human serum
by this approach were fatty acids (i.e. palmitic acid,
oleic acid, linoleic acid, and arachidonic acid), which
further emphasizes the role of these compounds as
potential endogenous activators of PPAR [9]. However,
identification of activators with this approach did not
include high affinity/specificity binding and therefore
the identified activators did not necessarily represent
specific ligands. These results might constitute the link
between the receptor and fatty acid hypotheses (cf.
above) respectively, as proposed recently [10]; perox-
isome proliferators might promote intracellular ac-
cumulation of lipids (e.g. fatty acids), which would
induce the transcriptional activity of PPAR, affecting
several genes related to lipid metabolism and ultimately
resulting in peroxisomal proliferation.

The specific peroxisome proliferator responsive
element (PPRE) consists of a direct repeat of an
AGGTCA element spaced by a single nucleotide. It
has been shown that induction of cytochrome P450
IVA expression by peroxisome proliferators, as well
as of acyl-CoA oxidase and peroxisomal f-oxidation
bifunctional enzyme (enoyl-CoA hydratase/3-hydroxy-
acyl-CoA dehydrogenase), is mediated through a PPRE
in the 5’-regulatory region of these genes [11-13]. More
recently, an additional PPRE has also been found in the
regulatory sequence of mitochondrial HMG-CoA syn-
thase gene [14]. The existence of this PPAR responsive
element has enabled other groups to corroborate that
fatty acids actually activate PPAR transcriptional func-
tion, without using the chimera approach. Thus, PPAR
expression vector and reporter plasmid, carrying the
gene for chloramphenicol acetyltransferase under the
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control of the PPRE of acyl-CoA oxidase and
thymidine kinase or f-globin gene promoter, were
cotransfected into a suitable cell line. Testing a number
of free fatty acids, both Keller ez al. [15] and Issemann
et al. [16] confirmed that PPAR is activated by fatty
acids. However, Issemann et al. found that saturated
fatty acids induced PPAR activity better than unsatu-
rated fatty acids. This might be due to differences in
PPAR responsiveness to these compounds among
different species; recently it has, e.g., been proposed
that methylpalmitate is an endogenous activator of the
human PPAR (NUCI) [17] whereas we found that the
methyl esters of fatty acids were unable to induce
PPAR from rat [9]. To date, five PPARs have been
identified in mouse (mPPAR «, 6 and mNUCI, and the
isoforms mPPAR 71 and y2), three in Xenopus (xPPAR
o, f and y), three in the human (hPPAR x and v, and
hPPAR/NUCI, a fi-homologue) and finally only one in
rat (rPPARx). Thus, as shown by Kliewer et al. [18],
distinct types of PPAR within the same species can
present different responsiveness to activators (i.e. fatty
acids and peroxisome proliferators) and their stimu-
lation can even depend on the nature of the PPRE [19].

To further characterize the common fatty acid
metabolite which activates, and possibly binds, PPAR,
the roles of the cyclooxygenase and lipoxygenase path-
ways (arachidonic acid dependent signals), the cyto-
chrome P450 dependent metabolism of fatty acids and
the formation of potential activators of PPAR via the
p-oxidation pathway were evaluated. Besides, since
hydrogen peroxide and hydroxy radicals appear to play
a role in the activation of some transcription factors
(e.g. the NF-«xB) [20], and since peroxisomal f-oxi-
dation is known to produce peroxides and reactive
oxygen intermediates, the role of reactive oxygen
species for the activation of the GR-PPAR chimera was
also tested [21]. First of all, since PPAR is supposed to
play a key role in the induction of peroxisome prolifer-
ation, the requirement of fatty acid f-oxidation for the
activation of PPAR was tested. Fatty acid derivatives
which have either the f-carbon (the 3-thia-fatty acid,
tetradecylthioacetic acid) or the y-carbon (the 4-thia-
fatty acid, tetradecylthiopropionic acid) replaced by
sulphur were used. The 3-thia-fatty acid, which is
blocked for ff-oxidation, induced peroxisomal prolifer-
ation as palmitoyl-CoA oxidase activity i vivo,
whereas the 4-thia-fatty acid, which undergoes at least
one round of f-oxidation, was only a weak proliferator.
A quite similar result was obtained using the
GR-PPAR chimera stably expressed in CHO cells, the
3-thia fatty acid being equally potent as a strong
peroxisome proliferator such as WY-14,643, in agree-
ment with the finding reported by Issemann ez al. [16],
whereas the 4-thia-fatty acid was only as potent as a
non-substituted fatty acid. All these results indicate
that PPAR is stimulated by high concentrations of an
as yet unknown fatty acid derivative. Furthermore,
f-oxidation of the inducing fatty acid is not required
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and blocking of this pathway increases the potency of
a fatty acid derivative for activating PPAR [21]. These
results would be in agreement with the suggestion
made by Issemann et al. [16] that rapid metabolism of
fatty acids within the cell might explain why high
concentrations of f-oxidizable fatty acids are required
to activate PPAR. In fact, Kaikaus et al. [22] have
shown that oleic acid alone was unable to stimulate
peroxisomal f-oxidation or FABP (fatty acid-binding
protein), but in the presence of 2-tetradecylglycidic
acid (TDGA), an inhibitor of CPT 1 (carnitine pal-
mitoyltransferase I), induced peroxisomal f-oxidation
and FABP pretranslationally.

A strong inducer of PPAR transcriptional activity is
arachidonic acid [2]. Since this compound is the pre-
cursor for the synthesis of all eicosanoids, such as
prostaglandins, thromboxanes, and leukotrienes, all of
which are implicated in several signal-transducing pro-
cesses within the cell, it was important to demonstrate
whether the activation of PPAR was caused by the fatty
acid itself or by a metabolite produced during the
formation of eicosanoids. The lack of any effect of
indomethacin or aspirin on arachidonic acid activation
of the PPAR, as we [21] and Keller ez al. [15] have
shown, together with the fact that even saturated
fatty acids activate this receptor [2], suggest that the
cyclooxygenase pathway is not involved in the for-
mation of the PPAR-activating molecule. When using
other specific blockers such as nordihydroguaiaretic
acid (NDGA) for the lipoxygenase pathway, and
metyrapone for the epoxygenase pathway, basically the
same negative results were obtained [15, 21], and even
treatment with a number of eicosanoids did not show
any activation of PPAR. Nevertheless, Keller ez al. [15]
found that ETYA (5,8,11,14-eicosatetraynoic acid), a
blocker of lipoxygenases and cycloxygenases, was 100
times more potent than the previously most efficient
activator WY-14,643 or than arachidonic acid to induce
xPPARa.

On the other hand, antioxidants and radical
scavengers, such as N-acetylcysteine and pyrro-
lidinedithiocarbamate, did not interfere with the acti-
vation of the GR-PPAR chimera by arachidonic acid.
Not even the direct application of H,O, activated the
reporter gene, and therefore it is unlikely that reactive
oxygen species mediate the activation of PPAR [21].

The induction of cytochrome P450 IVA seems to be
a primary event, or at least an intact P450 IVA
w-hydroxylase pathway is necessary, in the peroxisome
proliferator response [22,23]. However, neither the
non-specific SKF525A nor the specific inhibitor of
the cytochrome P450 IVA-dependent fatty acid w-
hydroxylation, 1-aminobenzotriazole, were able to
antagonize GR-PPAR activation by fatty acids [21].
Moreover, since peroxisome proliferators induce
microsomal cytochrome P450 IVA activity and non-f -
oxidizable derivatives of fatty acids are potent activa-
tors of PPAR, it would be expected that the
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dicarboxylic fatty acids formed via w-hydroxylation
and subsequent dehydrogenation of the accumulated
monocarboxylic fatty acids could serve as primary
inducers of PPAR (see Fig. 1). However, dicarboxylic
acids such as 1,12-dodecanedioic or 1,16-hexadeca-
nedioic acid did not substantially activate the
GR-PPAR chimera in CHO cells, although blocking of
both carboxylic groups for f-oxidation by sulphur
substitution of the f-carbon atoms (3,14-dithiahexa-
decanedioic acid) markedly increased the PPAR-
activating potential but at concentrations higher than
those required for the non-substituted monocarboxylic
acids. Nevertheless, it is worth noting that experiments
performed by Issemann er al. [16} have shown that
1,16-hexadecanedioic acid was a potent inducer of the
PPAR transcriptional activity and Kaikaus et al. [22]
have shown that long-chain dicarboxylic acids can
mediate the peroxisome proliferator induction of FABP
and peroxisomal ff-oxidation. Besides, we have demon-
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Fig. 1. Candidates for the ultimate ligand to PPAR.
either from circulating triglycerides (in lipoproteins, i.e. VLDL and chylomicrons, CM) by lipoprotein lipase
(LPL) action, or as complexes with serum albumin. In the cytosol LCFA can be converted to long-chain
dicarboxylic acids (LCDA) by cytochrome P450 IVA dependent w-hydroxylation. Peroxisome proliferators
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strated {24] that endogenous fatty acids, such as do-
cosahexaenoic acid (all-cis~A4,7,10,13,16,19-C22:6)
and arachidonic acid, act as pretranscriptional regula-
tors of P450 IVA when added to primary cultures of
rat hepatocytes, and blocking their metabolism ( §-oxi-
dation) leads to significant enhancement of their po-
tency. Therefore, the notion that the P450 IVA
w-~oxidation pathway could be implicated in the
generation of a PPAR-activating molecule still remains
a possibility.

Another possibility would be that since the sulphur-
substituted fatty acid derivatives and peroxisome pro-
liferators of the fibrate and phrhalate type are converted
to CoA esters [25], but these cannot enter the f-oxi-
dation pathway, their accumulation as CoA-esters, or
any other derivative such as acyl-carnitine esters, esters
with glycerol or with cholesterol would be expected.
Among all these activated compounds that are not
subjected to f-oxidation one might still in principle
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acids can be esterified with coenzyme A. Among all these compounds the natural ligand to PPAR might be
found. CPT-{ carnitine palmitoyliransferase I; ACS, acyl-CoA synthetase.
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find the ultimate ligand to PPAR (see Fig. 1), but since
these derivatives are easily interconverted it will be
difficult to assess the specific nature of the true recep-
tor-binding species. Accordingly, PPAR still belongs
to the orphan receptor group, a growing number of
nuclear receptors whose putative activating ligands
remain to be identified. Moreover, there is a need to
define whether the natural PPAR-activating molecule
is derived from the fatty acyl-CoA ester rather than the
free fatty acid prior to its fi-oxidation (Fig. 1). Thus,
whereas the sulfoxide formed through oxidation of the
sulphur group of the tetradecylthioacetic acid did not
induce peroxisomal proliferation in vivo and, at least
n vitro, cannot be esterified with CoA, and was unable
to induce the GR-PPAR chimera [21], perfluorinated
fatty acids, which cannot either be activated to their
CoA esters, are able to induce peroxisomal proliferation
in vivo [26]. Furthermore, by using an approach to
induce expression of a reporter plasmid under the
control of the acyl-CoA oxidase promoter in cells
cotransfected with expression vectors for the PPAR
and the long-chain-acyl-CoA synthetase, Hertz et al.
[27] have recently demonstrated that transcriptional
activation of acyl-CoA oxidase promoter construct by
peroxisomal proliferators or fatty acids was inhibited
in the presence of transfected functional acyl-CoA
synthetase, arguing for a role of the free fatty acid
rather than its CoA ester in activating PPAR.

Search for the ultimate ligand to PPAR might be
even more complicated since it has been demonstrated
that this receptor forms heteromeric complexes with
other partner proteins, a phenomenon which may influ-
ence the ligand binding of PPAR. By using PPAR
overexpressed in insect cells by a recombinant bac-
ulovirus, it was shown that this receptor bound to a
cognate PPRE from the acyl-CoA oxidase gene. Sur-
prisingly, as soon as PPAR was purified, it lost its
ability to bind to DNA, although binding could be
restored by addition of extracts from insect cells [28].
Therefore, a factor present in insect cells was necessary
for efficient binding of PPAR to its response element.
Since the behaviour of this purified overexpressed
receptor appeared to be similar to that of the RAR
(retinoic acid receptor) [29], which required the pres-
ence of an RXR-like activity in the insect cells to enable
it to bind to DNA, it was tested whether the comple-
menting factor for DNA binding in the case of PPAR
could also be retinoid X receptor (RXR). Besides, it
had recently been demonstrated that other receptors
structurally related to PPAR, i.e. thyroid hormone and
vitamin D receptors, required RXR to bind efficiently
to their respective target DNA sequences [29, 30].
Thus, in a gel shift experiment it could be demon-
strated that purified overexpressed PPAR or in vitro
translated RXR (using a rat RXRa ¢cDNA cloned by
our group [28]) alone were unable to bind the PPRE,
whereas together these proteins were able to form a
specific complex with this DNA element. The same
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conclusion was reached by Kliewer ez al. [31] by means
of a similar approach, and it was later corroborated by
other authors [15,16]. The fact that RXR might be
involved in the activation of PPAR might help to
explain the fact that retinoic acid is capable of inducing
peroxisomal f-oxidation genes [32]. As expected, it has
also been shown that acyl-CoA oxidase gene expression
may be stimulated by either a peroxisome proliferator
(for instance, clofibric acid or WY-14,643) or the
retinoid X receptor ligand, 9-cis retinoic acid, an all
trans retinoic acid metabolite, and furthermore, that
simultaneous exposure to both activators results in a
synergistic induction of gene expression [15, 16, 31].
These results suggest a coupling and cross-talk be-
tween the retinoic acid and peroxisome proliferator
signalling pathways in the cell.

A growing number of examples indicate that the
PPAR and retinoid-dependent signalling pathways are
truly converging. For instance, the PPAR-RXR het-
erodimer seems to be implicated in regulation of
cellular retinol-binding protein II (CRBP II) gene
expression, which also responds to high-fat diet [33],
through a PPRE [31]. It is thought that the related
cytosolic protein, fatty acid-binding protein (FABP), is
regulated in a similar way [22, 34]. These findings
would be in line with the parallelism existing between
fatty acid and retinoic acid actions. Thus, CRBP and
FABP might control intracellular concentrations of free
retinoic acid and fatty acid, respectively, whereas RAR
and PPAR would mediate the biological actions of
retinoic acid and fatty acids, respectively. Furthermore,
it has been shown that PPAR activators and retinoids
co-regulate preadipocyte proliferation, differentiation
and survival [35]. Thus, culturing 3T3-L1 pre-
adipocytes in medium containing delipidated bovine
calf serum induced their proliferation, an effect which
was reversed by addition of PPAR activators, including
clofibrate, WY-14,643, and ETYA. Continued ex-
posure of the cells to PPAR activators led to adipose
conversion, indicating that PPAR activators may pro-
mote adipocyte differentiation in the same way as
“normal” differentiating conditions (i.e. fetal calf
serum, dexamethasone, isobutylmethylxanthine, and
insulin). In fact, both the adipocyte-specific gene aP2,
C/EBPu, PPAR and RXR genes were similarly upreg-
ulated both in the presence of PPAR activators or using
the standard differentiation protocol. A novel member
of the peroxisome proliferator activated receptor fam-
ily, designated mPPARy 2, which is almost exclusively
expressed in adipose tissue, has recently been cloned
(36, 37]. Induction of mPPARy2 expression occurs
earlier during adipogenesis and at greater magnitude
than that of other PPAR types found in this tissue
(PPAR2z and NUCI). Besides, the fast induction of
RXRx expression during adipose conversion might
enable PPAR to form a functional heterodimer [35].
Accordingly, early expression of PPARy in adipose
tissue might serve to control levels of fatty acids that



472

accumulate during adipogenesis. In fact, two recent
findings seem to favour this notion. On the one hand,
long-chain fatty acids have been shown to regulate
expression of genes involved in triacylglycerol syn-
thesis, such as adipocyte fatty acid binding protein
(aP2) [38], glycerophosphate dehydrogenase, and acyl-
CoA synthetase [39] and this adipogenic action of fatty
acids did not require their metabolism since 2-bromo-
palmitate, which is not metabolized by preadipocytes,
was more effective than palmitate in inducing differen-
tiation. Furthermore, the transcriptional activation of
aP2 (and probably of other adipocyte-specific genes)
by fatty acids has been shown to be mediated by
mPPARYy2 [37], and these results identify this receptor
as the first adipocyte-specific transcription factor,
directly implicated in regulation of adipocyte gene
expression and differentiation.

Taken together, these results might attribute two
important roles, up to now, to PPAR in response to
lipid overload, caused for instance by high-fat feeding:
one would be carried out by PPAR expressed in
peroxisome proliferator responsive tissues such as liver
and kidney, and its function might be the activation of
a non-energy-generating fatty acid oxidation system
(peroxisomal f-oxidation) in order to safeguard the cell
against toxic effects of free fatty acids [40]; the other
one would be performed in tissues responsible for lipid
storage and maintenance of energy balance, i.e. white
adipose tissue, and its assignment would be to support
lipid homeostasis by stimulation of corresponding
adipose development [37]. It remains to be established
whether the differential expression of, to date, cloned
PPARs may be responsible for distinct regulatory roles
of this receptor in different organs, since it has been
suggested that the regulation of PPAR-interacting
pathways might be a consequence of a complex inter-
play among the multiple PPAR and RXR isoforms and
the ligands for these receptors, determining tissue-
specific expression of target genes [18].

Ultimately, then, it would seem that fatty acids are
not only utilized as fuel, structural components of the
cells, or eicosanoid, triglyceride, and phospholipid pre-
cursors, but also serve as important regulators of gene
expression by means of activation of (and possibly
binding to) the nuclear transcription factor, PPAR,
thus representing one of the first examples of nutrient-
controlled gene expression in eukaryotes.

Acknowledgement—This study was supported by a grant from the
Swedish Cancer Society.

REFERENCES

1. Issemann I. and Green S.: Activation of a member of the steroid
hormone receptor superfamily by peroxisome proliferators.
Nature 347 (1990) 645-650.

2. Gottlicher M., Widmark E., Li Q. and Gustafsson J-A.: Fatty
acids activate a chimera of the clofibric acid-activated receptor
and the glucocorticoid receptor. Proc. Natn. Acad. Sci. U.S.A.
89 (1992) 4653-4657.

Carlos Bocos

~J

10.

12.

13.

14.

15.

16.

17.

18.

19.

et al.

. Lock E. A., Mitchell A. M. and Elcombe C. R.: Biochemical
mechanisms of induction of hepatic peroxisome proliferation. A.
Rev. Pharmac. Toxic. 29 (1989) 145-163.

. Berge R. K., Aarsland A., Kryvi H., Bremer J. and Aarsaether
N.: Alkylthio acetic acids (3-thia fatty acids)—a new group of
non-f-oxidizable peroxisome-inducing fatty acid analogs. I.
A study on the structural requirements for proliferation of
peroxisomes and mitochondria in rat liver. Biochim. Biophys.
Acta 1004 (1989) 345-356.

. Wahli W. and Martinez E.: Superfamily of steroid nuclear
receptors: positive and negative regulators of gene expression.
FASEB ¥. 5 (1991) 2243-2249.

. Neat C. E., Thomassen S. and Osmundsen H.: Induction of
peroxisomal f-oxidation in rat liver by high-fat diets. Biochem.
. 186 (1980) 369-371.

. Nestel P. J.: Effects of n-3 fatty acids on lipid metabolism.
Ann Rev. Nutr. 10 (1990) 149-167. .

. Banner C. D., Goos-Nilsson A., Sjovall J., Gustafsson J-A. and
Rafter J.: A method for characterization of endogenous ligands
to orphan receptors belonging to the steroid hormone receptor
superfamily: isolation of progesterone from pregnancy plasma
using progesterone receptor ligand binding domain. Arnal. Bio-
chem. 200 (1992) 163-170.

. Banner C. D., Gottlicher M., Widmark E., Sjovall J., Rafter J.

and Gustafsson J-A.: A systemaric analytical chemistry/cell assay

approach to isolate activators of orphan nuclear receptors from
biological extracts: characterization of peroxisome proliferator-

activated receptor activators in plasma. J. Lipid Res. 34 (1993)

1583-1591.

Auwerx J.: Regulation of gene expression by fatty acids and fibric

acid derivatives: an integrative role for peroxisome proliferator

activated receptors. Hormone Res. 38 (1992) 269-277.

. Osumi T., Wen J. K. and Hashimoto T.: Two cis-acting

regulatory elements in the peroxisome proliferator-responsive

element enhancer region of rat acyl-CoA oxidase gene. Biochem.

Biophys. Res. Commun. 175 (1991) 866-871.

Zhang B., Marcus S. L., Sajjadi F. G., Alvares K., Reddy J. K.,

Subramani S., Rachubinski R. A. and Capone ]J. P.: Identifi-

cation of a peroxisome proliferator-responsive element upstream

of the gene encoding rat peroxisomal enoyl-CoA hydratase/3-

hydroxvacyl-CoA dehydrogenase. Proc. Natn. Acad. Sci. U.S.A.

89 (1992) 7541-7545.

Muerhoff A. S., Griffin K. J. and Johnson E. F.: The peroxisome

proliferator activated receptor mediates the induction of

CYP4A6, a cytochrome P450 fatty acid w-hydroxylase, by

clofibric acid. ¥. Biol. Chem. 267 (1992) 19,051-19,053.

Rodriguez J. C., Gil-Gomez G., Hegardt F. G. and Haro D.:

Peroxisome proliferator-activated receptor mediates induction

of the mitochondrial 3-hydroxy-3-methylglutaryl-CoA syn-

thase gene by fatty acids. §. DBiol. Chem. 269 (1994)

18,767-18,772.

Keller H., Dreyer C., Medin J., Mahfoudi A., Ozato K. and

Wahli W.: Fatty acids and retinoids control lipid metabolism

through activation of peroxisome proliferator-activated receptor-

retinoid X receptor heterodimers. Proc. Natn. Acad. Sei. U.S.A.

90 (1993) 2160-2164.

Issemann 1., Prince R. A., Tugwood J. D. and Green S.: The

peroxisome proliferator-activated receptor:retinoid X receptor

heterodimer is activated by fatty acids and fibrate hypolipidaemic

drugs. ¥. Molec. Endocr. 11 (1993) 37-47.

Schmidt A., Towler D. A., Vogel R., Witherup K., Rutledge S.,

Pitzenberger S. and Rodan G. A.: Regulation of the rat osteocal-

cin and bone sialoprotein promoters by NUCI receptor and the

identification of a natural activator of NUCI. 16th Annual

Meeting of the American Society Bone and Mineral Research,

Kansas City, U.S.A., 9-13 September (1994) Abstract.

Kliewer S. A., Forman B. M., Blumberg B., Ong E. S,

Borgmeyer U., Mangelsdorf D. J., Umesono K. and Evans

R. M.: Differential expression and activation of a family of

murine peroxisome proliferator-activated receptors. Proc. Natn.

Acad Sci. U.S.A. 91 (1994) 7355-7359.

Marcus S. L., Miyata K. S., Zhang B., Subramani S.,

Rachubinski R. A. and Capone J. P.: Diverse peroxisome

proliferator-activated receptors bind to the peroxisome prolifer-

ator-responsive elements of the rat hydratase/dehydrogenase and
fatty acyl-CoA oxidase genes but differentially induce ex-

pression. Proc. Natn. Acad. Sci. U.S.A. 90 (1993) 5723-5727.



20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Fatty Acid Activation of PPAR

Schreck R., Rieber P. and Baeuerle P. A.: Reactive oxygen
intermediates as apparently widely-used messengers in the acti-
vation of the NF-xB transcription factor and HIV-1. EMBO ¥.
10 (1991) 2247-2258.

Géttlicher M., Demoz A., Svensson D., Tollet P., Berge R. K.
and Gustafsson J-A.: Structural and metabolic requirements
for activators of the peroxisome proliferator-activated receptor.
Biochem. Pharmac. 46 (1993) 2177-2184.

Kaikaus R. M., Chan W. K., Ortiz de Montellano P. R. and Bass
N. M.: Mechanisms of regulation of liver fatty acid-binding
protein. Molec. Cell. Biochem. 123 (1993) 93~100.

Bell D. R. and Elcombe C. R.: Induction of acyl-CoA oxidase
and cytochrome P450 IVA1 RNA in rat primary hepatocyte
culture by peroxisome proliferators. Biochem. ¥. 280 (1991)
249-253,

Tollet }’., Stromstedt M., Froyland 1.., Berge R. K. and Gustafs-
son J-A.: Pretranslational regulation of cytochrome P4504A1 by
free fatty acids in primary cultures of rat hepatocytes. ¥. Lipid
Res. 35 (1994) 248-254.

Bronfman M., Morales M. N., Amigo L., Orellana A., Nuiiez L.,
Cardenas L. and Hidalgo P. C.: Hypolipidaemic drugs are
activated to acyl-CoA esters in isolated rat hepatocytes. Biochem.
. 284 (1992) 289-295.

Kuslikis B. I., Vanden Heuvel J. P. and Peterson R. E.: Lack of
evidence for perfluorodecanoyl- or perfluorooctanoyl-coenzyme
A formation in male and female rats. §. Biochem. Toxic. 7 (1992)
25-29.

Hertz R., Berman I. and Bar-Tana J.: Transcriptional activation
by amphipathic carboxylic peroxisomal proliferators is induced
by the free acid rather than the acyl-CoA derivative. Eur. ¥.
Biochem. 221 (1994) 611-615.

Gearing K. L., Gottlicher M., Teboul M., Widmark E. and
Gustafsson J-A.: Interaction of the peroxisome-proliferator-
activated receptor and retinoid X receptor. Proc. Natn. Acad.
Sci. U.S.A4. 90 (1993) 1440-1444.

Leid M., Kastner P., Lyons R., Nakshatri H., Zacharewski T.,
Chen J-Y., Staub A., Garnier J-M., Mader S. and Chambon P.:
Purification, cloning, and RXR identity of the Hel.a cell factor
with which RAR or TR heterodimerizes to bind target sequences
efficiently. Cell 68 (1992) 377-395.

30.

31.

32.

33.

34,

3s.

36.

37.

38.

39.

40.

473

Kliewer S. A., Umesono K., Mangelsdorf D. J. and Evans
R. M.: Retinoid X receptor interacts with nuclear receptors in
retinoic acid, thyroid hormone and vitamin D3 signalling. Nature
355 (1992) 446—449.

Kliewer S. A., Umesono K., Noonan D. J., Heyman R. A. and
Evans R. M.: Convergence of 9-cis retinoic acid and peroxisome
proliferator signalling pathways through heterodimer formation
of their receptors. Nature 358 (1992) 771-774.

Hertz R. and Bar-Tana J.: Induction of peroxisomal ff-oxidation
genes by retinoic acid in cultured rat hepatocytes. Biochem. ¥.
281 (1992) 41-43.

Goda T., Yasutake H. and Takase S.: Dietary fat regulates
cellular retinol-binding protein II gene expression in rat
jejunum. Biochim. Biophys. Acta 1200 (1994) 34-40.
Issemann 1., Prince R., Tugwood J. and Green S.: A role for
fatty acids and liver farty acid binding protein in peroxisome
proliferation? Biochem. Soc. Trans, 20 (1992) 824-827.
Chawla A. and Lazar M. A.: Peroxisome proliferator and
retinoid signaling pathways co-regulate preadipocyte phenotype
and survival. Proc. Natn. Acad. Sci. U.S.A. 91 (1994)
1786—1790.

Chawla A_, Schwarz E. ]J., Dimaculangan D. D. and Lazar M. A.:
Peroxisome proliferator-activated receptor (PPAR) y: adipose-
predominant expression and induction early in adipocyte differ-
entiation. Endocrinology 135 (1994) 798-800.

Tontonoz P., Hu E., Graves R. A., Budavari A. 1. and Spiegel-
man B. M.: mPPARy2: tissue-specific regulator of an adipocyte
enhancer. Genes Dev. 8 (1994) 1224-1234.

Grimaldi P. A., Knobel S. M., Whitesell R. R. and Abumrad
N. A.: Induction of aP2 gene expression by nonmetabolized
long-chain fatty acids. Proc. Nain. Acad. Sci. U.S.A. 89 (1992)
10,930-10,934.

Amri E-Z., Ailhaud G. and Grimaldi P-A.: Fatty acids as
signal transducing molecules: involvement in the differenti-
ation of preadipose to adipose cells. J. Lipid Res. 35 (1994)
930-937.

Keller H. and Wahli W.: Peroxisome proliferator-activated
receptors. A link between endocrinology and nutrition? Trends
Endocr. Metab. 4 (1993) 291-296.



