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ABSTRACT Peroxisome proliferators (PP) are a diverse
group of chemicals that Induce dramatic increases in peroxi-
somes in rodent hepatocyles, followed by hypertrophy, hepa-
tomegaly, alterations in lipid metabolism, mit s, and
finally hepatocarclnomas. Termed mongenotoxic ros,
they do not interact with DNA, are not mut c in bacterial
assays, and fail to elicit many of the phenotypesa id with
classic genotoic carcinogens. We report here that the mito-
genesis induced by the major PP class, the amphipatic car-
boxylates, and by the tetrazole-substituted acetophenones spe-
cifically requires liver fatty acid-binding protein (L-FABP) in
cultured rat hepatoma cells transected with the sense cDNA of
L-FABP, in contrast to L-FABP-nonexpressing cells trans-
fected with it antlsense cDNA. The mitogenic actions of
L-FABP were protein-specific, inasmuch as no other protein in
the cels could act like L-FABP. L-FADP was
previously shown not only (i) to interact covalently with
mntabolites of the two genotoxic carcinogens 2-acetylamino-
fluorene and dyes during liver carcinogenesis, but
also (ii) to bind noncowalently the two classes ofPP in vitro with
aVWditles that correlate with their abilities to elicit peroxisomal
enzymatic responses, and (iii) together with unsaturated fatty
acds, eseilly linoleic acid, to promote multiplication of the
transfected hepatoma cells in culture. The convergence of the
two types of genotoxic carcinogens with the two classes of PP
nongenotoic carcinogens, and also with unsa fatty
acids, at L-FABP actions in inducing mitogen allows the
following hypothesis. During tumor promotion of carcinogen-
esis in vivo, these groups of genotoxic and nougenotoic car-
cinogens act on the normal process by which L4FABP, func-
tionig as a specific receptor ofunt ed fatty acids or their
metabolites, promotes hepatocyte proliferation.

Induced cell proliferation (mitogenesis) is increasingly
thought to play a key role in carcinogenesis in animals and
humans (1-3). The actions of the peroxisome proliferators
(PP) have been revealing. This diverse group of chemicals
induces dramatic increases in peroxisomes in rodent hepa-
tocytes, followed by hypertrophy, hepatomegaly, alterations
in lipid metabolism, mitogenesis, and finally hepatocarcino-
mas. Termed nongenotoxic carcinogens, they do not interact
with DNA, are not mutagenic in bacterial assays, and fail to
elicit many phenotypes associated with classic genotoxic
carcinogens. Considerable interest surrounds the unknown
intracellular mediators and the mechanisms of the induced
mitogenesis and carcinogenesis (1-7).

Liver fatty acid-binding protein (L-FABP), a cytoplasmic
14-kDa protein previously termed Z protein, is convention-
ally considered an intracellular carrier of fatty acids in
hepatocytes (8-12). Multiple associations have also con-

nected the protein to mitogenesis of rat hepatocytes. Thus,
L-FABP expression is markedly elevated in the cytoplasm of
hepatocytes during mitosis in normal and regenerating rat
livers (13-15) and throughout the cell cycle in hyperplastic
hepatocytes and hepatocarcinomas produced in rats by in-
gestion of the genotoxic liver carcinogens 2-acetylaminoflu-
orene (N-2-fluorenylacetamide) and aminoazo dyes (13, 16).
In addition, L-FABP binds many ligands of potential impor-
tance in the modulation of cell multiplication, including four
types of liver carcinogens-i.e., genotoxic metabolites of
both 2-acetylaminofluorene and aminoazo dyes during hepa-
tocarcinogenesis (17, 18) and two classes ofnongenotoxic PP
carcinogens in vitro (19-22)-the essential fatty acids linoleic
acid and arachidonic acid (8-12), prostaglandin E1 (23),
growth modulatory hydroxy and hydroperoxy metabolites of
arachidonic acid (24), growth inhibitory prostaglandins (25),
mitogenic lysophosphatidic acids (26), lysophosphatidylcho-
lines (27), antiproliferative and anticancer selenium (28),
retinyl palmitate (29), and heme (30).
PP differ in their abilities to elicit peroxisomal responses

(e.g., elevated peroxisomal 3-oxidation of fatty acids), car-
cinogenicities in rodents, and avidities for L-FABP in vitro.
Among the synthetic PP, the largest group consists of the
amphipathic carboxylates, such as Wy-14,643, bezafibrate,
ciprofibrate, nafenopin, fenofibrate, and clofibric acid (see
formulas in Fig. 1). Fenofibrate, an ester, is thought to be
hydrolyzed to the amphipathic carboxylic acid in cells. These
compounds are strong to moderate PP and hepatocarcino-
gens in rats and mice (4-7). Brandes et al. (19) initially
reported that bezafibrate binds to L-FABP. Eacho and co-
workers (21, 22) then found a correlation between the differ-
ent avidities of both amphipathic carboxylates and four
closely similar tetrazole-substituted acetophenones in bind-
ing to L-FABP in vitro and their diverse abilities to induce a
peroxisomal enzymatic response. Among the amphipathic
carboxylates, the strong carcinogen Wy-14,643 was the most
potent PP and most avid binder to L-FABP, followed in
decreasing rank order by bezafibrate, ciprofibrate, and
clofibric acid. Among the acetophenones, the rank order of
both L-FABP binding and peroxisomal response was
LY189585 2 LY171883 >> LY213768 2 LY163443 (see
formulas in Fig. 2). LY171883, which is a leukotriene D4
antagonist, increases the incidence of hepatocellular carci-
nomas in female B6C3 F1 mice (31).
Whether the interactions ofthe many ligands with L-FABP

actually modulate the mitogenesis of hepatocytes has been
unknown. Therefore, we had derived stable cell lines (32)
containing the sense and antisense cDNAs of rat L-FABP in
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a subline of rat hepatoma HTC cells that do not endogenously
express L-FABP RNA or its protein. The cells transfected
with the L-FABP sense cDNA express the recombinant
L-FABPRNA and protein, whereas the cells transfected with
the antisense cDNA do not. This technique provides a
zero-background homologous cell model ofL-FABP expres-
sion suitable for controlled studies ofthe intracellular roles of
L-FABP. With this system, unsaturated fatty acids, espe-
cially linoleic acid, were found to cooperate with L-FABP in
promoting DNA synthesis and cell multiplication (32-34).
This cell model has now been applied to a study of the role
of L-FABP in PP-induced mitogenesis. We report here that
the mitogenesis induced by the major PP class, the amphi-
pathic carboxylates, and by the tetrazole-substituted ace-
tophenones specifically requires L-FABP in the rat hepatoma
cells transfected with the sense cDNA of L-FABP. The
convergence of actions of certain genotoxic carcinogens,
these nongenotoxic carcinogens, and fatty acids at L-FABP
in induction of mitogenesis implies that, in these cases, both
types of carcinogens act on the normal process by which
L-FABP promotes the multiplication of hepatocytes.

MATERIALS AND METHODS
Cells. Rat hepatoma HTC-R3T2 cells that do not contain

L-FABP mRNA or protein had been transfected with sense
and antisense L-FABP cDNA (32); expression of the trans-
fected L-FABP cDNA was under the promoter control of the
long terminal repeat of Rous sarcoma virus. The cloned
transfected cell lines were routinely passaged in RPMI 1640
medium/10%o calf serum (both from GIBCO)/sodium bicar-
bonate (2 g/liter)/penicillin (50 units/ml)/streptomycin sul-
fate (50 p.g/ml)/kanamycin sulfate (100 pg/ml) at 37°C in a
humidified atmosphere of 5% CO2. HTC-Z-S7 cells express
L-FABP at a level previously found to be virtually unchanged
during 25 passages. HTC-Z-A1 cells, which were transfected
with antisense L-FABP cDNA, do not express L-FABP (32).
All cells were mycoplasma-free in tests that used fluorescent
staining.
Measurements of Cell Multiplication. Growing S7 and Al

cells (4.0 x 104), previously maintained in RPMI 1640 me-
dium/10% calf serum, were seeded at day 0 in 7.0 ml of that
medium/1% calf serum with or without PP in 25-cm2 flasks
(Corning) as triplicate or quadruplicate cultures. That me-
dium supports continuous cell multiplication (32-34). At days
1 and 7, the latter at near confluency, cells were virtually all
attached to the substrate, treated with trypsin, harvested, and
counted in a Coulter Counter. Analyses ofthe cell viability of
the L-FABP-expressing and -nonexpressing cells without or
with treatment with lo-7 M Wy-14,643 or 10-8 M fenofibrate
for 1 and 7 days indicated that >97% of the trypsinized cells
excluded trypan blue.
PP. Wy-14,643 was a product of Chemsyn Science Labo-

ratories, Lenexa, KS. Clofibric acid, di(2-ethylhexyl)phthal-
ate, and di(2-ethylhexyl)adipate were from Sigma. Nafenopin
was donated by CIBA-Geigy, and fenofibrate was given by
Michael Arand (Institute ofToxicology, University ofMainz,
Mainz, Germany). LY189585, LY171883, LY213768, and
LY163443 were donated by Eli Lilly, and mono(2-
ethylhexyl)phthalate was donated by Per Garberg (National
Institute ofOccupational Health, Solna, Sweden). The mono-
ester was purified further by HPLC, and the structure was
verified by means of IR and NMR.

RESULTS
Mitogenesis Induced by PP on the Background of Hepatoma

Cell Multiplication. As immortal hepatoma cell lines, the
L-FABP-expressing S7 cells and L-FABP-nonexpressing Al
cells grew continually in number both with and without PP.

However, only the L-FABP-expressing cells were induced
by amphipathic carboxylate and tetrazole-substituted ace-
tophenone PP to proliferate additionally. Throughout the
study, changes in cell numbers from day 1 to day 7 were
compared in the presence vs. the absence of PP in L-FABP-
expressing and L-FABP-nonexpressing cell cultures. In all
cases, the PP increased the number of L-FABP-expressing
cells, whereas the number of L-FABP-nonexpressing cells
was virtually unaffected or relatively reduced. Fig. 3 shows
the increases in cell numbers over day 1-day 7 from the
combination of background multiplication of cell lines and
PP-induced mitogenesis. In contrast, Figs. 1, 2, and 4 deal
only with the latter-i.e., the mitogenesis induced by the PP
and its dependence on L-FABP. The methods of computa-
tions of both types of cell multiplication are indicated in the
figure legends.

Mitogenesis Induced by Amphipathic Carboxylates. Induc-
tion of mitogenesis by the amphipathic carboxylic PP re-
quired L-FABP expression. Wy-14,643, the most potent
inducer of peroxisomal (3-oxidation (4-7, 21), the most avid
binder to L-FABP in vitro (21), and a strong liver carcinogen
(4-7), was the best inducer ofmitogenesis of all examined PP.
Further, the cell proliferation was most attributable to
L-FABP presence. Fig. 1A shows that Wy-14,643 at 10-7M
brought about the greatest elevation in number of transfected
L-FABP-expressing cells; matching treatment of the
L-FABP-nonexpressing cells elicited virtually no change or
was inhibitory. Daily measurements for 7 days revealed that
after a 3-day lag, Wy-14,643 steadily increased only the
number of L-FABP-expressing cells (Fig. 4).

Likewise, in decreasing rank order, nafenopin, clofibric
acid, and fenofibrate stimulated mitogenesis of the L-FABP-
expressing cells, whereas the L-FABP-nonexpressing cells
were inhibited. Nafenopin at 1o-8 M elevated the number of
L-FABP-expressing cells by 36% above that of the cultures
without PP, which was 43% greater than with the L-FABP-
nonexpressing cells (Fig. 1B). The corresponding increases
were 26% and 38% by clofibric acid (Fig. 1C) and 23% and
35% by fenofibrate (Fig. 1D). The last position of fenofibrate
in the order is consistent with the assumed need of this ester
to be hydrolyzed to the amphipathic carboxylic acid.

Similar but lower responses to Wy-14,643 were shown by
other clones of transfected L-FABP-expressing and -nonex-
pressing hepatoma cell lines that have been reported (32-34).
At 10-8 M Wy-14,643, the number of L-FABP-expressing S9
cells increased by a maximum of 22%, whereas nonexpress-
ing A2 cells were inhibited by 12%-i.e., a difference of 34%.
Also, in 10-7 M Wy-14,643, L-FABP-expressing S12 cells
grew in number by 12%, and nonexpressing A4 cells de-
creased by 8%-i.e., a 20% difference. The lower mitogenic
stimulations of S9 and S12 cells compared with S7 cells
suggest deficiencies in the induction and multistep process of
mitogenesis in the S9 and S12 cells.

Mitogenesis Induced by Tetrazole-Substituted Acetophe-
nones. Because of the close similarity of the chemical struc-
tures of the four tetrazole-substituted acetophenones, shown
in Fig. 2, and their diverse abilities to bind to L-FABP in vitro
and to induce peroxisomal enzymatic responses, examina-
tion of the abilities of the four compounds to stimulate cell
multiplication constituted a particularly stringent test of the
correlation between presence of L-FABP and induction of
mitogenesis by PP. Fig. 2 (see arrows) shows that the only
structural difference between the moderately active
LY171883 and the essentially inactive LY213768 is the pres-
ence of the acidic hydrogen on the tetrazole ring in the active
species and the replacement of that hydrogen by a methyl
group in the inactive molecule. Likewise, the only difference
between the moderately active LY189585 and the virtually
inactive LY163443 is the meta vs. the para position of their
methylene-tetrazole ring substituent, resulting in an ability of
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the active meta molecule to assume a bent configuration
when bound in L-FABP (21, 22). Despite these small differ-
ences, the four compounds differ quantitatively in their
peroxisomal enzymatic responses and their affinities for
L-FABP in vitro. Cannon and Eacho (21) reported that the
rank order ofboth properties was LY189585 - LY171883 >>
LY213768 2 LY163443. It is noteworthy that the require-
ments for the acidic hydrogen and ability to assume the bent
molecular configuration are both properties that appear to be
needed by fatty acids in binding to L-FABP (22).

In the present study spanning 10-6 M-10-9 M concentra-
tions in two experimental sets, the four acetophenones at
10-7 M exhibited a range of moderate to insignificant stim-
ulations of mitogenesis of the L-FABP-expressing cells and,
in contrast, an inhibition or no effect on cell number in the
nonexpressing cells. The mitogenic responses were, respec-
tively, 24% vs. -9% with LY189585 (Fig. 2A), 16% vs. -19%
with LY171883 (Fig. 2B), 16% vs. -9%6 with LY213768 (Fig.
2C), and 15% vs. 2% with LY163443 (Fig. 2D). The differ-
ential responses to the last two compounds by the two cell

Nafenopin 8 X '

CH3

FIG. 1. Mitogenesis of L-
FABP-expressing hepatoma cells
induced by four amphipathic car-
boxylic PP. Changes in cell num-
bers from day 1 to day 7 by dif-
ferent PP concentrations, rela-
tive to PP absence, in two series
of experiments are shown. A,
L-FABP-expressing S7 cells; o,
L-FABP-nonexpressing Al cells.
Percentage changes of cell num-
bers (ordinates) were computed
as follows: [(numberday 7 - num-
berdaY ')/numberdaY 1] with (A)
and without (B) PP, and then [(A
- B)/B] x 100.

types appear of little or no significance. The rank order ofthe
inductions of mitogenesis by the acetophenones agreed es-
sentially with those of their reported different affinities for
L-FABP in vitro and their diverse abilities to induce a
peroxisomal enzymatic response. Thus, the correlation be-
tween induction of mitogenesis and the presence ofL-FABP
appears to apply also to the tetrazole-substituted acetophe-
nones. However, the differences in the mitogenic responses
were smaller than with the amphipathic carboxylates, pre-
sumably reflecting the closer resemblance of the latter to
long-chain fatty acids, which are also amphipathic carboxy-
lates.
Other PP. PP ofother classes were also similarly examined

at 10-6 M-10-9 M concentrations in two experimental sets
(data not shown). At 10-8 M and 10-7 M, these PP exhibited
either little or no stimulatory activity or were less inhibitory
to the L-FABP-expressing cells than to the nonexpressing
cells. The PP were the diethanol, tiadenol (14% vs. -8%,
respectively), and the three weakly active esters, mono(2-
ethylhexyl)phthalate (-15% vs. -23%6), di(2-ethylhexyl)-
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FIG. 3. Mitogenesis induced by PP in L-FABP-expressing cells
and the absence thereof in L-FABP-nonexpressing cells. Multifold
increases in cell numbers are shown-i.e., total of background
multiplications as hepatoma cell lines and PP-induced mitogenesis.
In duplicate experiments L-FABP-expressing S7 cells (+ L-FABP)
and L-FABP-nonexpressing Al cells (- L-FABP) were exposed for
7 days to the presence (hatched bars) vs. the absence (open bars) of
four PP at their most active concentrations (Figs. 1 and 2). All cells
increased in number; however, the PP induced cell proliferations
only in the L-FABP-expressing cells. Cell multiplication factors
(ordinates) were computed from cell numbers at day 1-day 7 as for
A and B in Fig. 1 legend.

phthalate (-8% vs. -21%), and di(2-ethylhexyl)adipate (13%
vs. -11%). The relative nonresponsiveness of the transfected
hepatoma cells to the diethanol and these ester PP may reflect
an inability of the cultured cells to metabolize these com-

pounds to their active proximal forms (35), or for other
reasons an insensitivity of the cells to these PP, or a nonin-
volvement of L-FABP in the actions of these PP.

DISCUSSION

Mitogenesis induced by the major class of PP-i.e., the
amphipathic carboxylates-and by the tetrazole-substituted
acetophenones requires L-FABP in rat hepatoma cells trans-
fected with the sense cDNA of L-FABP. L-FABP not only
directly binds these PP in vitro with avidities that correlate
with their abilities to elicit peroxisomal enzymatic responses

(21, 22), but it also interacts with metabolites of two geno-

toxic carcinogens during liver carcinogenesis (17, 18) and
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FIG. 4. Daily changes in relative numbers of transfected
L-FABP-expressing S7 hepatoma cells and L-FABP-nonexpressing
Al hepatoma cells with Wy-14,643 at 10-7 M. Growing cells were

treated and assayed as in Fig. 1 legend, except that 4 x104 cells were
seeded in 2.5 ml ofmedium in triplicate in 35-mm culture dishes. Data
from days 7 and 1 are included in Fig.1A.

together with unsaturated fatty acids, especially linoleic acid,
promotes growth of the transfected hepatoma cells in culture
(32-34). The convergence of these genotoxic and nongeno-
toxic carcinogens and fatty acids at L-FABP actions in
inductions of mitogenesis implies that both types of carcin-
ogen act on the normal process by which L-FABP, together
with unsaturated fatty acids or their metabolites, promotes
the multiplication of hepatocytes.
The mitogenesis induced by the two PP classes and by

unsaturated fatty acids (32-34) occurred above a background
of continuous cell multiplication characteristic of immortal
cell lines. It is reasonable to assume that PP and the unsat-
urated fatty acids, acting in conjunction with L-FABP, exert
greater relative effects on the rates of cell multiplication in
normal and nontransformed rat hepatocytes.
The synergy between the actions of L-FABP and amphi-

pathic carboxylate PP and acetophenones in induction of
mitogenesis was protein-specific, in that no other protein in
the L-FABP-nonexpressing cells could duplicate L-FABP
actions. Previously, a 70-kDa subunit of a rat liver protein
dimer, termed PP-binding protein, which is homologous to
heat-shock protein hsp72, was isolated from rat liver by
nafenopin-, clofibric acid-, and ciprofibrate-affinity chro-
matographies (36-38). Unlike L-FABP, which is mainly
present in liver (8-12) and which binds the potent Wy-14,643
with highest relative avidity (21), the PP-binding protein is
expressed ubiquitously at high levels, does not bind Wy-
14,643 (36-38), and has not been shown to bind directly any
PP. The properties of L-FABP appear thus to be uniquely
consistent with those of a specific intracellular receptor
mediator of the inductions of mitogenesis by unsaturated
fatty acids and by the amphipathic carboxylic PP and tetra-
zole-substituted acetophenones.
A hypothesis to explain the multiple gene activations

involved in the pleiotropic biochemical responses to PP has
gained substantial support from the discovery by Green and
coworkers (39-41) of the mouse PP-activated receptor,
which is a member of the superfamily of steroid hormone
nuclear receptors. The receptor is a ligand-activated tran-
scription factor that can bind to a specific DNA sequence, the
PP-response element, situated upstream of the rat acyl-CoA
oxidase gene. Structure-activity relationships of different
synthetic activators of the nuclear receptor correlate with
their abilities to induce peroxisomal biochemical responses
(e.g., fatty acid,3-oxidation) (39-41). Furthermore, not only
do synthetic PP activate the receptor but so also do a wide
variety of fatty acids, especially polyunsaturated fatty acids
(42). In addition, the PP-activated receptor and the retinoid
X receptor a of the ligand 9-cis-retinoic acid (an all-trans-
retinoic acid metabolite) form a heterodimer that binds spe-
cifically to the PP-response element, indicating convergence
of signaling pathways in the regulation of peroxisomal fatty
acid,3-oxidation by fatty acids, retinoids, and PP (43-45).
However, no direct binding of PP or fatty acid to the nuclear
receptor has been demonstrated thus far. Nor has there been
indication that the PP receptor is involved in the promotion
of mitogenesis.
Evidence has also been presented in support of the hy-

pothesis by Sharma et al. (46) and Lock et al. (6) that the
induction of cytochrome P450IVA1 by PP increases the
c-hydroxylation of fatty acids, leading to fatty dicarboxylic
acids that, in turn, cause peroxisome proliferation (6,46,47).
Whether the dicarboxylic acids interact with a protein re-
ceptor in hepatocytes is unknown. Our findings that promo-
tion of cell multiplication by Wy-14,643 involves a 3-day lag
(Fig. 4) and that L-FABP is required for the induction of
mitogenesis together raise the question whether L-FABP
operates as a specific cytoplasmic carrier of both fatty acids
and PP before their conversion to active metabolites or
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before activation of the nuclear PP-activated receptor or
another cellular target in the induction of mitogenesis.
The discovery that L-FABP, the target protein of the two

genotoxic carcinogens 2-acetylaminofluorene and aminoazo
dyes, is required for mitogenesis induced by two classes of
nongenotoxic PP clearly indicates a commonality in the
processes by which both types of carcinogens promote
hepatocyte multiplication. (i) According to one hypothesis,
PP may act as tumor initiators through oxidative DNA
damage from increased levels of active oxygen from perox-
isomal 3-oxidation offatty acids (4, 48). (ii) Alternatively, PP
may operate as tumor promoters of spontaneous preneoplas-
tic hepatic lesions (49-51). In both mechanisms, differential
mitogenesis of transformed hepatocytes has been proposed
to be at the crux of the oncogenesis by genotoxic and
nongenotoxic carcinogens (49-51). Our findings that
L-FABP is required for the mitogenesis induced by two
classes of carcinogenic PP, the previously reported associa-
tions between L-FABP and multiplication of normal and
carcinogen-exposed hepatocytes in vivo, and the demonstra-
tion that L-FABP acting with unsaturated fatty acids pro-
motes proliferation of transfected hepatoma cells in vitro
(32-34) all collectively imply that L-FABP mediates the
mitogenesis of hepatocytes induced by unsaturated fatty
acids and by these nongenotoxic PP and genotoxic carcino-
gens. Thus, these PP act as fraudulent fatty acids in binding
to L-FABP. On the basis of the correlation between perox-
isomal enzymatic response and the in vitro binding of PP to
L-FABP, Eacho and coworkers (21, 22) proposed that
L-FABP and a perturbation of fatty acid metabolism may
jointly be involved in the pleiotropic biochemical responses
to PP. More recently, Issemann et al. (52) hypothesized that
PP may operate by binding to L-FABP, thereby displacing
fatty acids that, in turn, activate the nuclear PP receptor.
Induction of cell multiplication and oncogenesis were not
addressed in either proposal. The present observed lack of
mitogenesis by the PP in the L-FABP-nonexpressing cells
appears to argue against a passive role of L-FABP as pri-
marily a reservoir of fatty acids in the induction of mito-
genesis by the PP. Rather, the evidence here and previously
assembled implies that during hepatic tumor promotion cer-
tain genotoxic and nongenotoxic carcinogens may act on the
normal process by which L-FABP, functioning as a specific
receptor of unsaturated fatty acids or their metabolites,
promotes the multiplication of hepatocytes.
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