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Peroxisome proliferator-activated receptor « (PPAR«) is a key
regulator of lipid homeostasis in hepatocytes and target for fatty
acids and hypolipidemic drugs. How these signaling molecules
reach the nuclear receptor is not known; however, similarities in
ligand specificity suggest the liver fatty acid binding protein
(L-FABP) as a possible candidate. In localization studies using
laser-scanning microscopy, we show that L-FABP and PPAR« colo-
calize in the nucleus of mouse primary hepatocytes. Furthermore,
we demonstrate by pull-down assay and immunocoprecipitation
that L-FABP interacts directly with PPARa. In a cell biological
approach with the aid of a mammalian two-hybrid system, we
provide evidence that L-FABP interacts with PPARa and PPARy but
not with PPARB and retinoid X receptor-a by protein-protein
contacts. In addition, we demonstrate that the observed interac-
tion of both proteins is independent of ligand binding. Final and
quantitative proof for L-FABP mediation was obtained in transac-
tivation assays upon incubation of transiently and stably trans-
fected HepG2 cells with saturated, monounsaturated, and polyun-
saturated fatty acids as well as with hypolipidemic drugs. With all
ligands applied, we observed strict correlation of PPARa and
PPARY transactivation with intracellular concentrations of L-FABP.
This correlation constitutes a nucleus-directed signaling by fatty
acids and hypolipidemic drugs where L-FABP acts as a cytosolic
gateway for these PPARa and PPARYy agonists. Thus, L-FABP and
the respective PPARs could serve as targets for nutrients and drugs
to affect expression of PPAR-sensitive genes.

Peroxisome proliferator-activated receptor a« (PPARa) is a
nuclear target for fatty acids, hypolipidemic drugs, and other
peroxisome proliferators (1-4) and initiates gene expression of
enzymes involved in lipid metabolism (5, 6). Two further sub-
types of this receptor exist, namely PPARB and PPAR', of which
the latter is implicated to play a role in adipogenesis and
adipocyte fatty acid metabolism upon activation by fatty acids
and antidiabetic thiazolidindiones (7). The mechanism and
pathway by which fatty acids and respective drugs as signaling
molecules reach their destination are not known, but assuming
targeted transport in hepatocytes where all three subtypes of this
receptor are expressed (8), liver fatty acid binding protein
(L-FABP) is a candidate to serve as shuttle for these ligands.
This hypothesis is based on several observations. First, the
14.4-kDa L-FABP, which is supposed to play a role in intracel-
lular lipid trafficking (9, 10), is abundant in the cytosol and is also
found inside the nucleus of liver cells (11), the presumed place
of PPAR activation. Second, L-FABP binds fatty acids and
hypolipidemic drugs that have been identified as PPAR« ago-
nists (2-4) as well as BRL48,482, an antidiabetic thiazolidindi-
one, all with dissociation constants in the micro to nanomolar
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range (12-14). Third, hypolipidemic drugs are able to induce
expression of L-FABP and B-oxidative enzymes via PPAR«
(15). This link between multiple ligand interactions and gene
expression was revealed recently by us by identifying branched-
chain phytanic acid as a ligand for L-FABP and PPAR« and by
demonstrating that this fatty acid induced L-FABP expression
via activation of PPAR« (6). Thus, L-FABP might be part of the
PPARa targeted signal transduction pathway, for which two
alternative mechanisms can be envisaged (10, 16); L-FABP
forms a cytosolic sink for the signaling molecules, thus acting as
negative regulator of their concentrations available for PPAR«
activation in the nucleus (i.e., increased PPARa activation
results from decreased intracellular L-FABP concentrations).
Alternatively, L-FABP itself transports the signaling molecules
to the nucleus to activate PPAR«, which implies a positive
correlation between PPARa activation and intracellular L-
FABP concentrations. These options provided us with a ratio-
nale for elucidating a clearly defined cellular task for L-FABP
with regard to gene expression.

We hypothesized that L-FABP in the nucleus interacts with
the PPAR isoforms and designed experiments that could provide
evidence of a direct protein—protein interaction. Furthermore,
the availability of established antisense L-FABP mRNA HepG2
cell lines with varying intracellular concentrations of L-FABP
(17) enabled us to verify one of the two hypotheses mentioned
above by using a cell culture model that endogenously expresses
L-FABP in the context of a well preserved lipid metabolism.

Materials and Methods

Materials. Phytanic acid and bezafibrate were obtained from
Sigma; Wy14,643 and ciglitazon were from Biomol (Plymouth
Meeting, PA). Oligonucleotides were purchased from MWG
Biotec (Ebersberg, Germany), restriction enzymes were from
Roche Diagnostics, and [*3S]methionine (1 Ci/mol) was from
Amersham Pharmacia. All chemicals used were of analytical
grade.

Plasmids. Expression plasmids for human and murine PPAR«
were obtained by cloning of the cDNA into the pCDNA3

Abbreviations: ETYA, 5,8,11,14-eicosatetraynoic acid; L-FABP, liver fatty acid binding pro-
tein; PPAR, peroxisome proliferator-activated receptor; RXR, retinoid X receptor; CAT,
chloramphenicol acetyltransferase; g-Gal, B-galactosidase; PPRE, peroxisome proliferator-
responsive element.
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mammalian expression vector (Promega); expression plasmids
for human and murine PPARB and PPARYy were kindly pro-
vided by Walter Wahli (University of Lausanne). Expression
plasmid for murine RXRa was kindly provided by Pierre Cham-
bon (Université Louis Pasteur, Strasbourg).

Transactivation Experiments. For transactivation studies, ideal
peroxisome proliferator-responsive element (PPRE) (18) was
cloned into the pCAT3-promoter plasmid (Promega). HepG2
cells (American Type Culture Collection, HB-8065) and anti-
sense L-FABP mRNA HepG2 cells, derived after stable trans-
fection with the complete cDNA of human L-FABP in antisense
orientation (17), were grown to 60-70% confluency in 6-well
dishes (Nunc) in DMEM (Biochrom, Berlin) supplemented with
10% Basal-Medium-Supplement artificial serum, fatty acid free
(Biochrom), and then transfected with the reporter gene (1.5 ug)
by using pSV-B-galactosidase (B-Gal) (Promega) as internal
reference (0.5 pg) and cotransfected with murine PPAR« or
PPARYy-expressing plasmid with the aid of Fugene6 (Roche
Diagnostics). After transfection, cells were incubated for 24 h
with the respective ligand, with concentrations ranging from 50
to 200 uM (19, 20). DMSO concentration was kept below 1%.
Chloramphenicol acetyltransferase (CAT) and B-Gal expres-
sions were measured by using an ELISA system (Roche Diag-
nostics). L-FABP was determined by an established ELISA
system (17).

In Vitro Pull-Down Assay. PPAR« was translated in vitro by using
the TNT kit (Promega) with [*S]methionine according to the
manufacturer’s description. L-FABP-Sepharose was prepared
by covalently binding 10 mg of recombinant L-FABP to CH-
activated Sepharose (Amersham Pharmacia). Radiolabeled pro-
tein purity was checked by SDS/PAGE and subsequently incu-
bated with L-FABP-Sepharose for 1 h at 4°C. After washing of
the precipitate, the proteins were eluted with SDS-loading buffer
and separated by SDS/PAGE. 3*S-radiolabeled PPAR«a was
detected by autoradiography.

To assess whether L-FABP-PPAR interaction is ligand de-
pendent, we modified the in vitro pull-down assay. First, we
determined the concentration of binding sites on delipidated
L-FABP-Sepharose to be 5 = 1 uM (n = 5) by titration with
[1-*Cloleic acid. The assay (n = 6, DMSO as ligand solvent was
always kept at 1% in the assay) then was carried out with no
ligand present (DMSO only) on the one hand, and after incu-
bation with 100 uM (i.e., 20-fold excess of binding sites avail-
able), of either linoleic acid or Wy14,643 on the other hand.
Loading of delipidated L-FABP-Sepharose was carried out for
15 min at room temperature, then temperature was lowered to
4°C to freeze equilibrium; the experiment was then carried out
as described above. Binding of [*>S]JPPAR« was quantified by
liquid scintillation counting; purple acid phosphatase-Sepharose
served as negative control.

Immunocoprecipitation. Anti-L-FABP-Sepharose was prepared
by covalently binding 20 mg of polyclonal rabbit anti-murine
L-FABP antibody (6) to CH-activated Sepharose. Nuclear ly-
sates of mouse liver were prepared according to Stiimpfle et al.
(21) from 5 g of tissue. The nuclear fraction obtained was
incubated with Sepharose-bound antibodies for 1 h at 4°C. After
washing of the precipitate, the proteins were eluted with SDS-
loading buffer, separated by SDS/PAGE (13.5%), and detected
by Western blotting with (i) rabbit anti-murine L-FABP antibody
(7.5 pg/ml) and anti-rabbit IgG-horseradish peroxidase anti-
body (1:8,000) (Sigma), and (if) goat anti-PPAR« (10 pg/ml)
(Santa Cruz Biotechnology) and anti-goat IgG-horseradish per-
oxidase antibody (1:10,000) (Sigma). Proteins were visualized by
chemiluminescence detection by using the ECL system (Amer-
sham Pharmacia).
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Mammalian Two-Hybrid Assay. For use of the mammalian two-
hybrid assay system (CLONTECH), COS7 cells (American Type
Culture Collection) were grown to 60-70% confluency in 6-well
dishes (Nunc) in basal Iskov’s modified Eagle’s medium (Bio-
chrom) supplemented with 8% FCS and transfected by using
Fugen6 (Roche Diagnostics) with 1 ug of expression vector of a
fusion protein of the GAL4-DNA binding domain to PPAR«,
PPARB, PPARYy, or RXRa (GAL4DBD-PPAR/RXR, bait
protein) and 1 ug of a fusion protein of the VP16 activation
domain to L-FABP (VP16AD-L-FABP, target protein). In
addition, COS7 cells were transfected for 48 h with 1 pg of
CAT-reporter gene vector under the control of a GAL4-
responsive element and 0.1 ug of B-Gal normalization vector.
CAT and B-Gal expression were quantified by ELISA (Roche
Diagnostics). To measure unspecific interaction expression, vec-
tors for bait and target protein were changed to expression
vectors for a fusion protein of GAL4-DNA binding domain to
pS3 (GAL4DBD-p53) or to a fusion protein of VP16 activation
domain to the simian virus 40-T-antigen (VP16AD-SV40T). For
positive and negative controls, respective expression vectors
supplied with the kit were used. To assess the effect of ligand
on L-FABP-PPAR« interaction, cells were treated after trans-
fection for 48 h with 100 uM linoleic acid and Wy14,643,
respectively.

Results

Transactivation of Human PPAR« by Fatty Acids and Hypolipidemic
Drugs. To verify our cell culture model with respect to PPAR«
activation, we transfected the human hepatoma HepG2 cell line
with a PPARa-sensitive CAT-reporter gene carrying the ideal
PPRE (18) together with the expression vector for human
PPARGa. The latter transfection became necessary because nat-
ural PPAR concentrations in the cells are too low for furnishing
statistically meaningful transactivation data (Fig. 14). Ligands
were then applied for 24 h to the cells (4), which were lysed
afterward; transactivation potential of the respective ligand was
determined by measuring CAT expression relative to B-Gal
expression via respective ELISAs. In general, unsaturated fatty
acids are more potent agonists than saturated fatty acids (Fig.
1A4), with the exception of monounsaturated erucic acid, which
does not affect PPAR« activation at all. By applying fatty acid
concentrations up to the highest amount tolerated by the HepG2
cells, we show here that PPARa« activation is concentration
dependent (Fig. 1B). Branched-chain phytanic acid, the natural
peroxisome proliferator and activator of murine PPARa (4),
activates human PPAR« comparable with that of hypolipidemic
bezafibrate and Wy14,643, but about two times lower than
eicosatetraynoic acid (ETYA), an analog of arachidonic acid
(Fig. 10).

In Vitro Tests for Nuclear Interaction of Murine L-FABP and PPARa.
Laser-scanning microscopy of immunofluorescent-labeled L-
FABP and PPARGa, respectively, revealed colocalization of the
two proteins in nuclei of mouse primary hepatocytes (data not
shown) and agreed with earlier findings on the nuclear local-
ization of L-FABP (11). This finding suggested to us that
L-FABP functions as a carrier for PPAR« agonists and might
directly interact with the nuclear receptor. To verify this hy-
pothesis, we set up first an in vitro binding experiment by
incubating L-FABP immobilized on CH-activated Sepharose
with 33S-radiolabeled PPARa. Complex formation was proven
after removal from Sepharose and concomitant separation of the
complex by SDS loading buffer, followed by subsequent analysis
of radiolabeled PPAR« by SDS/PAGE and autoradiographic
detection (Fig. 24, lane 7). In negative controls, 3°S-labeled
PPAR« was incubated with Sepharose alone (Fig. 24, lane 4) or
with purple acid phosphatase covalently linked to Sepharose
(Fig. 24, lane 2), which produced no interaction. Specific
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Fig. 1. Transactivation of human PPAR« in HepG2 cells. HepG2 cells were
transfected with the expression vector for human PPARq, pSV-B-Gal, and the
CAT-reporter gene vector under the control of ideal PPRE. (A) Cells were
treated for 24 h with 100 M fatty acid, except 50 uM for arachidonic acid and
docosahexaenoic acid. As control, cells were either transfected with pCDNA3
instead of the expression vector for human PPAR«a (—PPAR«) or treated with
DMSO alone. (B) Concentration-dependent transactivation by linoleic acid
(results are representative for all fatty acids tested). (C) Cells were treated for
24 h with phytanic acid (100 uM), bezafibrate (100 wM), ETYA (50 uM), and
Wy14,643 (100 uM). B-Gal and CAT concentrations were determined by
ELISAs; DMSO control was set as one. Each value represents the mean of six
independent experiments + SD.

binding was tested by eluting bound *S-labeled PPARa with
free L-FABP, resulting in partial removal of the labeled protein
from the complex (Fig. 24, lane 8).

To assess whether ligands modulate L-FABP-PPAR« inter-
action, an assay similar to that described above was designed that
quantified L-FABP-PPAR« interaction by measuring the
amount of radioactive PPAR« bound to L-FABP-Sepharose in
the absence and presence of ligand. L-FABP-Sepharose was first
used in delipidated form where binding of 3°S-labeled PPAR«
amounted to (2.52 = 0.11) X 10° cpm. The value for 3S-labeled
PPAR« binding to L-FABP-Sepharose, when the latter was
loaded to saturation with linoleic acid, was (2.43 = 0.12) X 10°
cpm, with Wy14,643 (2.49 = 0.12) X 10° cpm. Unspecific binding
(purple acid phosphatase-Sepharose) was only (0.45 * 0.09) X
10% cpm. This experiment clearly demonstrated that L-FABP
without ligand or loaded with either linoleic acid or Wy14,643
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Fig.2. Directinteraction of murine L-FABP and murine PPARa. (A) Pull-down
assay. Murine 35S-labeled PPAR« (lanes 1 and 3, positive control) was precip-
itated with murine L-FABP covalently bound to CH-activated Sepharose and
centrifuged; no 3°S-PPARa was found in the supernatant (lane 5). The wash
with PBS is free of 35S-PPAR« (lane 6); thereafter, bound 3°S-PPARa was eluted
with SDS-loading buffer (lane 7). To test specific binding, the precipitate with
bound 35S-PPAR« was washed with PBS/murine L-FABP solution and eluted as
described above (lane 8). To check for unspecific binding, purple acid phos-
phatase covalently linked to Sepharose (lane 2) or unmodified Sepharose (lane
4) was incubated with 3°S-PPARa. Protein fractions obtained were separated
by SDS/PAGE (13.5%), and 3°S-PPAR« was visualized by autoradiography. (B)
Immunocoprecipitation (Upper, stained for PPARq; Lower, stained for L-
FABP). From nuclear lysates of mouse liver (lane 1, positive control), L-FABP-
PPARa complex was precipitated with anti-murine L-FABP antibody immobi-
lized on Sepharose. Neither L-FABP nor PPARa was found in the supernatant
(lane 4). After washing the precipitate with PBS, L-FABP and PPARa were
eluted with SDS-loading buffer (lane 5). For negative control, unmodified
Sepharose was used (lane 2). Protein fractions obtained were separated by
SDS/PAGE (13.5%), and bands were visualized after Western blotting and
immunodecoration; protein size was determined by molecular mass marker
(lane 3).

binds to PPARa with the same affinity. Thus, it is clear that the
ligands do not affect L-FABP-PPAR« interaction.

The approach with recombinant proteins was complemented
with experiments designed to prove the interaction of the native
proteins in lysates of mouse hepatocyte nuclei by immunoco-
precipitation. Anti-L-FABP antibodies were immobilized on
CH-activated Sepharose and applied to the nuclear lysate for 1 h.
Upon precipitation, proteins bound were removed from the
Sepharose by SDS loading buffer, separated by SDS/PAGE, and
identified by Western blotting using specific antibodies for
L-FABP and PPARa, respectively (Fig. 2B). The stains of native
L-FABP and PPAR« as shown in Fig. 2B, lane 5, clearly indicate
complex formation in mouse liver. When nuclear lysate was
incubated with Sepharose alone, neither L-FABP nor PPAR«
was bound (Fig. 2B, lane 2, negative control). Thus, it can be
concluded that by direct protein—protein interaction, a complex
of L-FABP and PPARa« is formed in the nuclei of murine
hepatocytes.

PNAS | February 27,2001 | vol.98 | no.5 | 2325
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Fig.3. Two-hybrid interaction of L-FABP with nuclear receptors. Interaction
was measured by using the mammalian two-hybrid assay in COS7 cells, using
afusion protein of the GAL4-DNA binding domain with PPAR«, PPARB, PPARY,
or RXRa and a fusion protein of the VP16 activation domain with L-FABP.
Unspecific interaction was quantified by using a fusion protein of the GAL4-
DNA binding domain with p53 or a fusion protein of the VP16 activation
domain with the simian virus 40-T antigen. Positive and negative controls
were used according to the supplier’s manual. CAT and B-Gal expression was
measured by ELISAs. Each column represents the mean of 5-8 independent
experiments =+ SD.

Verification of Protein—Protein Interaction of Murine Nuclear Recep-
tors with L-FABP Using the Two-Hybrid Assay. As in liver, where not
only PPARa but also the B and y subtypes are expressed, we
wanted to test whether the interaction of L-FABP is restricted
to the a subtype of the nuclear receptor. To this end, we used a
mammalian cell-based two-hybrid assay and measured interac-
tion of L-FABP with PPAR«, PPARR, and PPARYy as well as
with RXRa (Fig. 3). Our in vitro data were borne out of the fact
that interaction exists between L-FABP and PPAR« in the same
strong order of magnitude as that of the positive control supplied
with the assay system. The interaction between L-FABP and
PPARY is about 3-fold weaker, and no interaction is observed
between L-FABP and either PPARB or RXRa. Again, to test
whether ligands influence interaction of L-FABP with PPAR
subtypes, we repeated the experiments by treating cells in
addition with linoleic acid or Wy14,643. No change in CAT
expression was observed (data not shown).

Dependence of PPAR« Transactivation on L-FABP Concentration in
HepG2 Cells. After this demonstration of direct L-FABP-PPAR«
and L-FABP-PPARy interactions, we expected in our approach
to derive quantitative data that L-FABP is a positive regulator
of PPAR« and PPARY transactivation. A series of HepG2 cell
clones, which express L-FABP at levels down to one-sixth of the
normal after transfection with antisense L-FABP mRNA (17),
was transfected with the ensemble of vectors consisting of a
CAT-reporter gene vector under the control of the ideal PPRE
(18), a B-Gal normalization vector, and an expression vector for
either human PPARa or PPAR+y and again incubated the
cultures for 24 h with the series of fatty acids and hypolipidemic
drugs. In addition to the determination of CAT and B-GAL
expression by respective ELISAs, we measured intracellular
L-FABP concentrations by ELISA (17). The clones investigated
did not exhibit any changes in HepG2 growth characteristics. As
shown in Fig. 4, the plots of transactivation (indicated by relative
CAT expression) versus L-FABP concentration reveal linear
relationships with positive slopes for all ligands tested, i.e., the
less L-FABP the less PPAR« transactivation. Of all fatty acids
applied to HepG2 cells, phytanic acid affords the steepest and
stearic acid the shallowest slope, i.e., 6.1-fold and 2-fold trans-
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Fig. 4. Transactivation of human PPAR«a depends on L-FABP concentration.
A series of eight HepG2 cell clones, with different L-FABP contents after stable
transfection with antisense L-FABP mRNA (17), were transfected with the
expression vector for human PPARe«, pSV-B-Gal, and the CAT-reporter gene
vector under the control of ideal PPRE. Each data point represents the analysis
of asingle clone with ELISAs for the determination of B-Gal, CAT, and L-FABP
concentrations. (A) Cells treated for 24 h with 200 uM stearic acid (@), 200 uM
linoleic acid (A), and 100 M phytanic acid (m). (B) Cells treated for 24 h with
200 uM bezafibrate (@), 50 uM ETYA (A), and 200 uM Wy 14,643 (m). (C) Cells
treated for 24 h with 100 uM linoleic acid (®), 100 uM ciglitazon (A), and 100
M Wy 14,643 (m). DMSO control was set as one. Note the different scale of
ordinates. Each data point represents the mean of six independent experi-
ments = SD. P < 0.001 for all graphs in A and B; P < 0.004 for all graphs in C.

activation of PPARa, respectively (Fig. 44). Not shown are the
data for oleic, a-linolenic, and arachidonic acids, which also
reveal a linear correlation between transactivation and L-FABP
concentration, with values ranging between 4.6-fold for a-
linolenic acid and 3.1-fold transactivation for arachidonic acid.
The hypolipidemic drugs, except bezafibrate, are more potent
PPARGa activators than fatty acids (Fig. 4B). Extrapolation of all
graphs shown in Fig. 4 to zero L-FABP concentration indicates
that relative CAT expressions approach the value of one, i.e., no
induction of transactivation. When no ligands were applied to

Wolfrum et al.
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Fig. 5. Scheme for L-FABP action in PPAR-mediated gene regulation.

the cells, the same correlation was found between L-FABP
concentration and PPARa activation (data not shown). Also,
extrapolation of the graph to zero L-FABP concentration led to
an abolishment of PPAR« activation. A linear correlation was
also found in the case of PPARYy activation modulated by
intracellular L-FABP content (Fig. 5C). Ciglitazon, a known
potent activator of PPARy, showed the highest PPARy activa-
tion potential (5.5-fold), followed by Wy14,643 and linoleic acid
with 4-fold and 3.8-fold activation potential, respectively. Also
here, extrapolation of the graphs to zero L-FABP concentration
revealed loss of PPAR'Yy activation.

Discussion

The experiments carried out in this study provide evidence that
a fatty acid binding protein is partner in gene regulation via
PPARa and PPARY in hepatocytes. Of the two mechanisms
proposed, L-FABP definitely plays the role of positive regulator
of PPARa and PPARYy activity, with nuclear receptor activity
being strictly dependent on intracellular L-FABP concentra-
tions. Furthermore, we show that murine L-FABP and PPAR«
as well as PPARY interact via protein—protein contacts. Inci-
dentally for FABPs in general, this is evidence for such contacts.

Our data on human PPARe transactivation are generally
consistent with previously reported activation profiles of this
nuclear receptor (1, 2, 4). ETYA is a strong activator of human
PPARGa, as shown by others (22) and by us in this study, thus
validating the use of the HepG2 cell culture model. A further
reason for choosing this model was the opportunity to study
L-FABP function in cells that endogenously express this protein
in the context of a well preserved lipid metabolism. It is
interesting to note that phytanic acid, which we recognized
earlier as a 6.2-fold activator of murine PPAR« in HepG2 cells
transfected with this nuclear receptor (4), has a similar stimu-
latory effect on human PPAR« (6.1-fold). Thus, phytanic acid,
at present, is one of the most potent naturally occurring activa-
tors of this isoform of PPARs.

Because L-FABP does not only bind fatty acids and hypolipi-
demic bezafibrate, ETYA and Wy14,643, and antidiabetic thia-
zolidindiones but also long-chain acyl-CoAs (13, 23), the ques-
tion arises whether these fatty acid metabolites also might be
ligands for PPARa. Literature reports reveal, however, that
long-chain acyl-CoAs in contrast to fatty acids are not able to
induce complex formation of PPRE and PPARa/RXRa, and
inhibition of long-chain acyl-CoA synthetase with triascin C
results in an increase in PPAR« activation in vitro (2). Moreover,
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cotransfection of cells with a reporter plasmid preceded by the
PPRE containing acyl-CoA oxidase promoter with expression
plasmids for PPAR« and long-chain acyl-CoA synthetase inhib-
ited PPARa-mediated transactivation (24). Because we demon-
strated earlier that fatty acid binding to PPAR« can be corre-
lated with its activation capability (4), we conclude that it is the
fatty acid that directly affects PPARa in our studies (Fig. 5).

PPAR«a controls peroxisomal acyl-CoA oxidase (25) and
bifunctional enzyme (26), small-, medium- and long-chain acyl-
CoA dehydrogenases, and the trifunctional enzyme (27) of
mitochondrial B-oxidation. Furthermore, PPAR« controls reg-
ulation of genes encoding lipoprotein lipase and different apo-
lipoproteins (27-29). Thus, PPAR« can be considered a cellular
sensor for fatty acids that controls their degradation and storage
by stimulating gene expression of enzymatic and nonenzymatic
proteins involved in their metabolism. As evidenced in this work,
PPARa-mediated gene expression is also regulated by L-FABP,
which controls the flux of PPAR« agonists to the nucleus.

By Western blotting, we could detect PPAR« in the nucleus
but were not able to reveal any PPAR« in the cytosol of liver
cells. Thus, the nuclear matrix seems to be the predominant
compartment for direct L-FABP-PPAR interaction, which,
however, could also be possible in the cytosol. Others have
shown that PPARa interacts with proteins belonging mainly to
the family of transcriptional cofactors (30, 31) via their LXXLL
sequence motif (31), which is not found in L-FABP. We sur-
mised that interaction of both proteins could be conferred via the
negative charge by ligand bound that protrudes from the binding
pocket of L-FABP. Such protruding was shown for oleic acid
bound to L-FABP (32). Therefore, we analyzed whether L-
FABP-PPARw interaction was affected by ligands. Neither by in
vitro pull-down assay under thermodynamic equilibrium condi-
tions nor by mammalian two-hybrid system could we demon-
strate a dependence of interaction on ligand binding. A ligand
upon binding may, however, create a specific binding motif for
protein—protein contacts and thus influence the kinetics of
interaction; identification of this motif should be the subject of
further studies. It is interesting to speculate whether such
protein—protein contacts are mandatory for fatty acid transfer
from L-FABP to PPAR in vivo. Once the binding motifs on both
proteins are identified, transactivation assays in HepG2 cells
with the proteins having mutated binding motifs may give an
answer.

Does the fatty acid or drug bound by L-FABP have an effect
on the nuclear localization of the binding protein? First, L-FABP
with respect to size, with or without ligand, might diffuse freely
through the nuclear pores. Although on a protein-based scale the
L-FABP concentration in the nucleus is 100-fold below that in
the cytosol (11), concentrations related to volume may be
different. Second, ligand bound in a manner mentioned above
may furnish a recognition signal for targeting the binding protein
to the nucleus; third, covalent modification of L-FABP may
furnish the targeting signal. Modifications of this protein by
cysteinylation and glutathionylation were recognized by us ear-
lier (33). A very recent report by Lawrence et al. (34) strongly
favors option two. Those authors show, on the one hand, that
L-FABP binds directly to nuclei of rat hepatocytes in a ligand-
dependent manner and, on the other hand, that L-FABP, also
ligand-dependent, binds to nuclear proteins other than PPARs.
A hypothesis for alternative transfer of ligand from L-FABP to
PPAR as alluded to above could be that the ligand is released in
the latter process to be taken up by PPAR.

The ligand slopes obtained in L-FABP concentration-
dependent transactivation experiments (Fig. 4) correlate with
the respective relative CAT expressions shown in Fig. 1 and
reflect the transactivation power of the respective ligand. Fur-
thermore, extrapolation of the fitted graphs to zero L-FABP
concentration leads to a complete loss of PPAR activation. This
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implies that transactivation is not possible without L-FABP as
transporter and strengthens the argument that L-FABP is re-
quired for PPAR« activation in the hepatocyte-derived HepG2
cells. From the physiological point of view, the concentration of
L-FABP in rat liver was reported to be around 70 nmol/g,
whereas the concentrations of unesterified fatty acids ranged
from 50 to 100 nmol/g (16), suggesting that L-FABP is able to
bind most of unesterified fatty acids and to transport them either
to their places of metabolic utilization or to PPAR« and PPARYy
for activation. Recent binding studies performed with a fluo-
rescence displacement assay in our laboratory showed that
PPARGa« s a high-affinity protein for peroxisome proliferators (in
the 10 nM range), with lower affinities for fatty acids (in the 100
nM range) (4). L-FABP, in contrast, binds fatty acids with high
affinity (10 nM) in the first binding site, with low affinity in the
second (100-500 nM) and peroxisome proliferators with affin-
ities around 1 uM (14). Thus, PPAR« would be able to displace
peroxisome proliferators from both binding sites of L-FABP,
whereas fatty acids would preferentially be displaced from the
second binding site.

Because PPARY is found only in low amounts in hepatocytes,
the question arises whether the regulation of this receptor by
L-FABP is important in this cell type (8). However, because
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L-FABP is codistributed in kidney, intestine, and brown adi-
pose tissue with PPARy (8, 35) a possible complex formation
of the two proteins in these tissues might be involved in gene
regulation.

Taken together, the results reported give compelling evidence
that L-FABP in hepatocytes plays a role in fatty acid and drug
signaling to affect PPAR« activation. As indicated in Fig. S,
L-FABP functions as a mandatory cytosolic gateway for trans-
port of the activators into the nucleus and directly interacts with
PPARs. It is tempting to hypothesize that the phenomenon
observed for L-FABP and PPAR« and PPARYy might be a
general principle applicable to other combinations of FABP
types and PPAR isoforms. Indeed, a recent report may indicate
a stimulation of PPARy transactivation by adipocyte (A-)FABP
(36). It has not escaped our attention that the various FABPs and
further structurally related proteins, which are functionally
adapted to the specific needs of the cell where they are ex-
pressed, could serve as new discriminating targets for nutrients
and xenobiotics designed to affect gene transcription.
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