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ABSTRACT

Previous studies from our laboratories have shown that carcinogenic
peroxisome proliferators significantly increase the mRNA levels of per-
oxisomal Â¿J-oxidationgenes in the rat liver by enhancing the transcrip-
tional activity. Because of a good correlation between the inducibility of
peroxisome proliferation and carcinogenicity of this class of xenobiotics,
we proposed that sustained induction of peroxisomal /3-oxidation system
and the resultant oxidative stress form the basis for carcinogenesis. Since
this concept implies that tumors should develop only in tissues which
display maximal peroxisome proliferation, we have now assessed the
degree to which catatase and the three /3-oxidation genes are expressed
in liver and 12 extrahepatic tissues of adult rats fed for 2 weeks a diet
containing 0.025% ciprofibrate (w/w), a peroxisome proliferator. In the
ciprofibrate-treated rats, the levels of catatase mRNA increased to <2-
fold in liver, kidney, intestine, and heart, but no change was detected in
other tissues. The mRNA levels of the three genes of /3-oxidation system
in the liver of adult rats treated with ciprofibrate increased >20-fold. In
contrast, in the kidney, small intestine, and heart the increases in the
mRNA levels of all three /3-oxidation genes were small and varied from
2- to 4-fold following ciprofibrate treatment. Ciprofibrate did not signif
icantly increase the levels of these mRNAs in the other nine tissues.
These results correlated well with the levels of peroxisomal /3-oxidation
activity, peroxisome volume density, and the immunologically quantified
proteins in various tissues. These results provide evidence for the pres
ence of /3-oxidation enzymes in peroxisomes of many tissues of rat and
for tissue (cell)-specific differences in the inducibility of mRNAs of these
,)'-o\iilalion genes. The marked inducibility of 0-oxidation genes in liver

and subsequent development of liver tumors support the hypothesis that
tumors develop in tissues that show inducibility of peroxisome prolifer
ation n'.v Ã  vis //-oxidation system following exposure to peroxisome

proliferators.

INTRODUCTION

Peroxisomes are ubiquitous cytoplasmic organdÃes present
in animal and plant cells (1, 2). They possess a variety of
enzymes including those that are capable of producing and
degrading hydrogen peroxide (1, 2). In rat liver, peroxisomes
contain a fatty acid /3-oxidation system that is distinct from the
mitochondrial enzyme system and is composed of three proteins
(3-5). The first, FAOxase,3 is a flavoprotein that catalyzes
dehydrogenation of fatty acyl-CoA leading to the generation of
HiO2. The second, PBE, a bifunctional enzyme, catalyzes the
second and third reactions of the /3-oxidation cycle yielding 3-
ketoacyl-CoA from enoyl-CoA. The third protein, THL, cata-
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lyzes the last reaction of the /3-oxidation cycle, forming acetyl-
CoA (4, 5). Administration of the hypolipidemic drug, clofi-
brate (also several of its analogues, including the most potent
hypolipidemic drug, ciprofibrate), or di(2-ethylhexyl)phthalate,
a widely used phthalate ester plasticizer, has been shown to
markedly induce the activity of peroxisomal /3-oxidation en
zyme system in the rat liver (3, 5-7). The induction of the ÃŸ-
oxidation enzyme system is accompanied by a remarkable in
crease in the number of peroxisomes in liver parenchymal cells
(6, 7).

Using the cDNAs for the peroxisomal /3-oxidation enzymes,
it has been shown that the mRNA levels of the ÃŸ-oxidation
genes increase 20- to 30-fold in the livers of rats treated with
peroxisome proliferators; this increase has been attributed to
enhanced rates of transcription of the corresponding genes (8-
11). Elucidation of the mechanism of transcriptional activation
in liver of the peroxisomal /3-oxidation genes by peroxisome
proliferators and the determination of the levels of induction
of these genes in extrahepatic tissues become pertinent in view
of the observation that continued administration of these non-
mutagenic compounds to rats and mice results in the develop
ment of hepatocellular carcinomas (7, 12-14). The carcinogen
icity of these nonmutagenic peroxisome proliferators has been
attributed to their ability to induce a remarkable pleiotropic
response in liver, which is characterized by an increase in the
H2O2-generating peroxisomal /3-oxidation enzyme system and
the number of peroxisomes in hepatocytes (13). Since the
hypothesis that sustained induction of peroxisome proliferation
and activation of peroxisomal /3-oxidation genes form the basis
for carcinogenesis (12, 13, 15), it implies that tumors should
develop only in organs which display maximal peroxisome
proliferation. Relatively little is known about the extent of
expression of /3-oxidation genes in various nonhepatic tissues
and their response to the influence of peroxisome proliferators.
Therefore, to further evaluate the implication of peroxisome
proliferation in carcinogenesis, establishment of the patterns of
expression of peroxisomal /3-oxidation genes in various extra-
hepatic tissues and determination of their response to peroxi
some proliferators become important.

In this study, the mRNA levels of peroxisomal /3-oxidation
enzyme genes and catalase were quantitated in rat liver and 12
extrahepatic tissues following ciprofibrate treatment. We have
correlated the levels of these mRNAs with the changes in ÃŸ-
oxidation activity and peroxisome volume density in various
tissues. Furthermore, this study provides direct visual evidence
for the alterations in the distribution of catalase, FAOxase, and
PBE in peroxisomes of various cell types by the protein A-gold
immunocytochemical approach.

MATERIALS AND METHODS

Animals. Male F344 rats (150-200 g) were purchased from Charles
River Laboratories (Wilmington, MA) and were fed a diet containing
ciprofibrate (gift from Sterling-Winthrop) at a concentration of 0.025%
(w/w in rat chow) for the various period of time as indicated in the
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figures and legends. Animals were not starved prior to sacrifice. They
were killed under ether anesthesia between 9 and 10 a.m.

RNA Extraction and Blot Hybridization. Total RNA was extracted
from liver, kidney, heart, small intestine, stomach, lung, brain, testis,
spleen, adrenal gland, skeletal muscle, pancreas, and salivary gland
(parotid gland) after homogenization in guanidinium thiocyanate, ac
cording to the procedure outlined by Chirgwin et al. (16). The RNA
was analyzed by Northern and dot-blot hybridization using nick-trans
lated 32P-labeled (17) catalase cDNA (18), FAOxase cDNA (8, 19),

PBE cDNA (9), THL cDNA (10), and 18 S rRNA (courtesy of Dr. Rex
Chisholm, Northwestern University, Chicago, IL). The relative mass
of specific mRNAs was measured by densitometric scanning of the
autoradiographs.

Enzyme Assays. For the determination of peroxisomal 0-oxidation
activity, tissues from normal and ciprofibrate-treated rats were homog
enized in ice-cold 0.25 Msucrose (10% homogenates, w/v). The enzyme
activity was assayed according to the method described by Lazarow
(20) using [1 â€”14C]palmitoyl-CoA (Amersham) as a substrate. Catalase

activity was measured by the procedure of Luck (21) as described before
(22). Protein concentrations were determined by the method of Lowry
et al. (23).

SDS-PAGE and Immunoblotting. Electrophoresis was performed on
10% resolving gels with 3.5% stacking gels according to the method
outlined by Laemmli (24). Approximately 30 Mg of the solubilized
postnuclear fractions (25) obtained from various tissues were analyzed
to visualize the change in peroxisome proliferation-associated M,
80,000 polypeptide (25). For immunoblotting, the tissue samples (10
Â¿igprotein) were resolved by SDS-PAGE and transferred to nitrocel
lulose paper (26). This paper was then incubated with albumin (5%
solution) for l h at 37Â°C,followed by anti-catalase (27) or anti-FAOxase

(28), or anti-PBE (29). The antigen-antibody complexes were visualized
by immunoperoxidase method using 4-chloro-l-naphthol as reagent.

Immunocytochemistry. The following tissues from control and cip
rofibrate-treated rats were processed for electron microscopy and im-
munocytochemical localization of catalase, FAOxase, and PBE: liver,
kidney cortex, heart (left ventricle), small intestinal mucosa, stomach,
lung, brain (cerebral cortex), adrenal, pancreas, skeletal muscle (psoas),
and testis (including isolated Leydig cells) (30). Immunocytochemical
localization was accomplished by the protein A-gold method as de
scribed elsewhere (31), using the polyclonal monospecific antibodies
against rat catalase (27), FAOxase (28), and PBE (29). Morphometric
analyses of changes in peroxisome volume density and the labeling
density were performed on 20 to 50 electron micrographs of each tissue
as described previously (32). The volume density of peroxisomes was
calculated in relation to cytoplasmic volume and the labeling density
was expressed as the number of gold particles/Mm2 of peroxisome

volume. Immunolabel concentration was expressed per unit cytoplasmic
volume by multiplying peroxisome volume density with labeling den
sity.

RESULTS

Distribution of Constitutive and Inducible Levels of Catalase,
FAOxase, PBE, and Thiolase mRNAs among Adult Rat Tissues.
We compared the distribution of the four mRNAs in a variety
of tissues harvested from adult (150-g) male F344 rats fed a
standard chow diet. To determine the inducible levels of these
mRNAs in various tissues, adult male rats were fed a diet
containing 0.025% (w/w) ciprofibrate for 2 weeks before sacri
fice. Levels of specific mRNAs were measured by hybridizing
total cellular RNA to specific cDNA probes in dot blots and
Northern blots (Figs. 1-5). In the normal adult rat liver, the
prevalence of mRNAs of FAOxase, PBE, and THL genes was
less than 5% of catalase mRNA. Of the 13 tissues surveyed in
the adult control rat, catalase mRNA was most abundant in
liver. Other levels of catalase mRNA (%) are: kidney, 90; small
intestine, 39; heart, 26; brain, 19; and all other organs (lung,
salivary gland, stomach, brain, skeletal muscle, adrenal gland,
pancreas, and testis), ~5% of those encountered in normal liver.

1 2 3 4 5 6 7 8 9 10 11 12

18s-

Fig. 1. Tissue distribution and size determination of catalase mRNA and
response to ciprofibrate. Total RNA (10 Â¿ig)derived from liver (Lanes 1 and 2),
kidney (Lanes 3 and 4), heart (Lanes 5 and 6), brain (Lanes 7 and 8), testis (Lanes
9 and 10). and pancreas (Lanes 11 and 12) of normal rats (odd numbered lanes)
and rats fed a diet containing ciprofibrate for 2 weeks (even numbered lanes) was
denatured with glyoxal and electrophoresed through a 1% agarose gel. The RNA
was transferred to nylon filter and hybridized to nick-translated "P-labeled
catalase cDNA. The autoradiograph demonstrated a 2.4-kilobase (kb) mRNA in
all tissues of control and drug-treated rats (A). The blot was stripped and reprobed
with a cDNA clone for 18S rRNA (B). The autoradiograms were scanned by a
densitometer and the relative levels of catalase mRNA in control nonhepatic
tissues are calculated as a percentage of those in normal adult liver. An approxi
mately 2-fold increase in catalase mRNA levels occurred in the liver, kidney,
heart, and intestine (not illustrated here) and no change in other organs of
ciprofibrate-treated rats.

Because of very low constitutive levels of mRNAs for the three
0-oxidation genes, it was not possible to unequivocally establish
their relative prevalence in the 13 tissues surveyed in the normal
adult rat.

Treatment of rats with ciprofibrate, for 2 weeks, produced
less than 2-fold increase in the catalase mRNA content in liver,
kidney, intestinal mucosa, and heart (Figs. 4 and 5) but caused
no perceptible change in the other 9 tissues. The mRNAs for
all three ^-oxidation genes in liver increased over 20-fold fol
lowing ciprofibrate treatment (Figs. 2-5). In extrahepatic tis
sues, the ciprofibrate-induced increases in these three mRNAs
were limited to the kidney, small intestine, and heart (Figs. 2-
5). However, the magnitude of the increase of FAOxase, PBE,
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Fig. 2. Northern blot analysis of tissue dis
tribution and size determination of FAOxase
niUNA in normal and ciprofibrate-treated rats.
Total RNA (10 ng) derived from normal rats
(mill numbered lanes) and rats fed a diet con
taining ciprofibrate (0.025% w/w) for 2 weeks
(even numbered lanes) was denatured with
glyoxal, electrophoresed, transferred to a ny
lon filter, and hybridized with a 32P-labeled

FAOxase cDNA. The autoradiograph demon
strated a 3.8-kilobase (kb) niKNA in all tis
sues: liver (Lanes I and 2); kidney (Lanes 3
and 4); small intestine (Lanes 5 and 6); heart
(Lanes 7 and A): brain (Lanes 9 and 10); testis
(Lanes 11 and 12); stomach (Lanes 13 and 14);
pancreas (Lanes 15 and 16); salivary gland
(Lanes 17 and IS) and spleen (Lanes 19 and
20).

1 2 34

kb
3.8

5 Ã  9 10 11 12 13 14 15 16 17 18 19 20

1 2 3
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18s-

Fig. 3. Northern blot analysis of tissue distribution and size determination of
PBE mRN A in normal and ciprofibrate-treated rats. A, total RN A (10 jig) derived
from liver (Lanes I and 2), kidney (Lanes 3 and 4), heart (Lanes 5 and 6), brain
(Â¡Mnes7 and 8), and testis (Lanes 9 and 10) of normal rats (odd numbered lanes)
and rats fed a diet containing ciprofibrate for 2 weeks (ITCÂ«numbered lanes) was
denatured with glyoxal and electrophoresed through a 1% agarose gel, transferred
to a nylon filter, and hybridized with 32P-labeled PBE cDNA. The autoradiogram
was exposed for 10 days to show that the levels of PBE mRNA in organs other
than liver and kidney are very low. B, representative acridine orange-stained
agarose gel photographed on a UV transilluminator, before transferring to a
nylon filter, shows the relative amounts of 28S and 18S RNA in various samples.
*'>. kilobases.

and thiolase mRNAs, respectively, in kidney was 20, 30, and
14; small intestine, 17, 12, and 9; and heart, 17, 9, and 3% of
those observed in liver. Trace amounts of the three 0-oxidation
mRNAs were detected in all the remaining nine tissues (<2%)
in adult control rats, but their levels did not increase with
ciprofibrate administration (Fig. 5).

Induction of Peroxisomal 0-Oxidation Activity. In liver, the ÃŸ-
oxidation activity increased by about 25-fold in rats treated
with ciprofibrate for 4 weeks compared to controls (Table 1).
Of the nine extrahepatic tissues examined, the peroxisomal ÃŸ-
oxidation activity increased significantly in kidney, small intes
tine, and heart. The magnitude of increase in kidney was about
9-fold, but in the heart and small intestine the increases were
less than 2-fold when compared to respective controls. In other
tissues, the ^-oxidation activity did not change with ciprofibrate
treatment. To determine if the increase of peroxisome prolif
eration-associated M, 80,000 polypeptide (25, 29) parallels the
increases in ^-oxidation activity, the postnuclear fractions from
various tissues were analyzed by SDS-PAGE (Fig. 6). The M,
80,000 polypeptide, which is identified as PBE (29), increased
markedly in liver (Fig. 6, Lane 2) and slightly in the kidney
(Fig. 6, Lane 4) and the heart. In other organs, no appreciable
change in this polypeptide was noted following ciprofibrate
treatment in the Coomassie blue-stained SDS-PAGE (Fig. 6).
By immunoblotting, increases in FAOxase content were found
in liver, kidney, heart, and small intestine (Fig. 7); PBE increase
was noted only in liver and kidney (Fig. 8).

Peroxisome Proliferation and Immunocytochemical Localiza
tion of Peroxisomal Enzymes in Various Tissues of Adult Rats.
We undertook detailed morphological and immunocytochemi-
cal analyses of liver and 10 other tissues of control and cipro
fibrate-treated adult rats, in order to correlate the changes in
specific mRNA levels and the activity of peroxisomal ÃŸ-oxida-
tion enzyme system with the direct visually detectable altera
tions in peroxisome volume and enzyme-labeling densities (Fig.
9). As expected, marked increases in peroxisome volume as
well as the FAOxase and PBE labeling densities were noted in
the liver of rats treated with ciprofibrate for 2 weeks (Figs. 9
and 10). Kidney cortical epithelium, small intestinal mucosa!
epithelium, and the heart muscle showed only minimal in
creases (<2-fold) in the peroxisome volume density and the
labeling densities for the FAOxase and PBE (Figs. 9 and 10).
In other tissues (gastric mucosa, alveolar type II cells of the
lung, Leydig cells of the testis, pancreatic acinar cells, skeletal
muscle, adrenocortical cells, and brain), the peroxisome volume
densities did not change with ciprofibrate treatment (data not
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Fig. 4. Constitutive and ciprofÃ¬brate-induc-
ible catatase, FAOxase, and PBE mRNA in
adult rat tissues. Total cellular RNA obtained
from adult male normal rats (.V) and rats fed
for 2 weeks a diet containing 0.025% (w/w)
ciprofibrate (T) was applied to nitrocellulose
filters in the amounts indicated. These dot
blots were probed with 32P-labeled catalase (A),

FAOxase (B), and PBE (C) cDNAs. A variety
of exposure times were used so that the signals
in the linear range of film sensitivity could be
analyzed by a densitometer.

SALIVARY CL.

LIVER
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Fig. 5. Relative quantitation of catalase. FAOxase, PBE, and THL mRNAs
from tissues of normal and ciprofibrate-treated rats. Dot blots of total cellular
RNA were hybridized with "P-labeled catalase. FAOxase, PBE, and THL cDNAs
as described under "Materials and Methods" and in the legends for Fig. 4. The

autoradiographs were quantified by scanning with a laser densitometer. Control
experiments confirmed the quantitative recovery1and linearity of detection. Col
umns, relative quantity of each specific mRNA in normal (D) or ciprofibrate-
treated <â€¢)tissues in relation to the maximum concentration of that particular
mRNA in the ciprofibrate-treated rat liver. Liver (Â¿fO, kidney (KD), small
intestine (SI), heart (HT), brain (BR), testis (TE), stomach (ST), pancreas (PN),
lung (LU), salivary gland (SG), skeletal muscle (S'A/), spleen (SP), and adrenal

(AD).

4 0.5 1 0.5 1 24 0.5 1 2 4
Jjg RNA

Table 1 Peroxisomal fi-oxidation in normal and ciprofibrate-treated rat tissue
homogenates

Tissue homogenates from control and ciprofibrate-fed (0.025%, w/w, in diet
for 4 weeks) male F344 rats were assayed for [l-'4C|palmitoyl-CoA oxidation.

Oxidation rates are given in mol/min/g tissue. Values are mean Â±SD of six
control and six ciprofibrate-treated rats.

[l-l4C]Palmitoyl-CoAoxidationTissue

ControlLiver

0.82 Â±0.09
Kidney cortex 0.33 Â±0.02
Heart 0.14 + 0.01
Small intestine 0.39 Â±0.04
Lung 0.06 Â±0.01
Brain 0.07 Â±0.01
Spleen 0.08 Â±0.01
Testis 0.07 Â±0.01
Adrenal 0.08 Â±0.01
Skeletal muscle 0.07 Â±0.01Treated2

1.90 Â±0.78Â°
2.80 Â±0.06Â°
0.27 Â±0.03*
0.46 Â±0.05*

0.07 Â±0.03
0.08 Â±0.03
0.08 Â±0.01
0.09 Â±0.01
0.08 Â±0.04
0.07 Â±0.01Â°

P < 0.001 compared to the control.
* P < 0.05 compared to the control.

shown). In the testis, peroxisomes were very few and difficult
to discern in the germinal epithelial cells but were abundant in
the interstitial cells (Leydig cells). In these Leydig cells, cipro
fibrate treatment did not change the catalase immunolabeling
pattern, whereas the FAOxase and PBE labeling increased to
about 2-fold (Figs. 9 and 10; data not presented). Catalase was
detectable in the peroxisomes of all the 11 tissues by the protein
A-gold immunocytochemical approach (Fig. 8; data not shown).
FAOxase and PBE were also immunocytochemically visualized
in peroxisomes of all these tissues with the possible exception
of adrenocortical cells, skeletal muscle, and alveolar type II
cells of the lung (data not shown). In the lung, due to the
presence of more than 20 different cell types, we concentrated
only on alveolar type II cells; the peroxisomes in these cells
contained catalase, but very little labeling of FAOxase and PBE
was detected (data not shown).

DISCUSSION

The pleiotropic response induced in rodent liver by structur
ally diverse peroxisome proliferators continues to be a fascinat
ing phenomenon for the investigation of mechanisms respon
sible for structural and molecular perturbations associated with
peroxisome proliferation which could eventually contribute to
the development of liver tumors (6, 7, 12, 13, 33). Since the
postulated link between peroxisome proliferation and carcino-
genicity implies the development of tumors only in organs
(cells) that maximally respond to peroxisome proliferators,
detailed studies on the induction of peroxisome proliferation
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Fig. 6. SDS-PAGE profile of rat tissue ho-
mogenates. Postnuclear fractions (30 ng pro
tein) from normal (odd numbered lanes) and
ciprofibrate-treated (0.025% in diet for 4
weeks) (even numbered lanes) rat liver (Lanes
I and 2), kidney (Lanes 3 and â€¢/). heart (Lanes
S and 6), skeletal muscle (Lanes 7 and 8),
small intestine (Lanes 9 and 10), spleen (Lanes
II and 12). adrenal (Lanes 13 and 14), brain
(Lanes IS and 16), and lung (Lanes 17 and 18)
were subjected to electrophoresis in a 10%
polyacrylamide-sodium dodecyl sulfate slab
gel. Lane M, standard proteins of phosphoryl-
ase b (M, 94,000), bovine serum albumin (M,
68,000), ovalbumin (M, 43,000), soybean tryp-
sin inhibitor (M, 21,500), and lysozyme (M,
14,000). Arrow, position of the peroxisome
proliferation-associated M, 80,000 protein
which has been identified as PBE (25, 29).
This protein is markedly increased in the livers
of rats treated with a peroxisome proliferator
(Lane 2). A slight increase in the amount of
this protein is seen in the kidney cortex of
treated rats (Lane 4). No increase is seen in
other tissues. K, molecular weight in thou-

94K

68K

1 2345 6 7 8 9 10 11 12 13 14 15 16 17 18

Fig. 7. Immunoblotting of rat FAOxase
with polyclonal monospecific anti-rat FAOx
ase. Postnuclear fractions (10 ^g protein each
lane) obtained from various tissues from con
trol rats (odd numbered lanes) and rats treated
for 4 weeks with ciprofibrate (even numbered
lanes) were resolved by 10% SDS-PAGE. The
proteins were transferred to nitrocellulose and
treated with anti-FAOxase antibody. The an
tigen-antibody complexes were visualized by
immunoperoxidase staining using 4-chloro-l-
napthol as reagent. The positions of the three
subunits of FAOxase (M, 72,000, 52,000, and
20,000) are indicated. Lanes I and 2, liver;
Lanes 3 and 4, kidneys: Lanes 5 and 6, heart;
Lanes 7 and H. skeletal muscle; Lanes 9 and
Hi. small intestine; Lanes II and 12, adrenals;
Lanes 13 and 14. testis; Lanes 15 and 16, lung;
Lanes 17 and 18, spleen; and Lanes 19 and 20,
brain. A', molecular weight in thousands.

72 K

52K

20K Â«*.i

12345 678 9 10 11 12 13 14 15 16 17 18 19 20

Fig. 8. Immunoblotting of PBE in liver and
several extrahepatic tissues of normal and cip
rofibrate-treated rats with polyclonal mono-
specific anti-rat FAOxase. Post-nuclear frac
tions (10 Â»igprotein each lane) obtained from
various tissues from normal (udii numbered
lanes) and rats fed a diet containing ciprofi
brate for 4 weeks (even numbered lanes) were
resolved by SDS-PAGE. The proteins were
transferred to nitrocellulose and incubated
with the anti-PBE antibody, and the antigen-
antibody complexes were visualized by immu
noperoxidase staining. The positions of PBE
(M, 80,000) and a minor breakdown fragment
(M, 35.000) are indicated. Lanes 1 and 2, liver;
Lanes 3 and 4, kidney; Lanes 5 and 6, heart;
Lanes 7 and 8, skeletal muscle; Lanes 9 and
/". small intestine; Lanes II and 12, adrenals;
Lanes 13 and 14, testis; Lanes 15 and 16, lung;
Lanes 17 and 18, spleen; and Lanes 19 and 20
brain. K. molecular weight in thousands.

80K

35K
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Fig. 9. Immunocytochemical localization of catalase and FAOxase in peroxisomes of rat tissues. Sections of liver (A. B), kidney (C, D), heart (/:. F), small intestine

(G. H), and testicular Leydig cells (/, J) from normal (upper case) and ciprofibrate-fed (0.025% in diet for 2 weeks) (lower case) rats were immunostained for catalase
(A, C, E, G. and /) and FAOxase (B, D, F, H, and J) using monospecific rabbit anti-rat catalase and anti-rat FAOxase antibodies, respectively. The gold particles over
peroxisomes (arrowheads) represent the antigen-antibody complexes. Increased labeling for FAOxase is evident in liver, kidney, and heart peroxisomes of ciprofibrate-
treated rats when compared to controls. In contrast, the catalase labeling in these tissues appears reduced in ciprofibrate-treated rats. No obvious differences in the
labeling patterns for catalase and FAOxase were noted in other tissues (brain, lung, pancreas, etc.) between control and ciprofibrate-treated rats (not illustrated), x
55.000.
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CATALASE

UVEO KIDNEYHEURT SMALL TESTISINTESTINEBraceÃ¡is

Â¡Â¿100OO-;
FAOÃASE

LIVER KIDNEYHEART SMALL TESTIS
INTESTINE(lEflHCCtllS)

Fig. 10. Quantitation of immunocytochemically visualized catalase and
FAOxase in representative rat tissues. Peroxisome volume density (percentage of
peroxisome volume in relation to cytoplasmic volume) and the labeling density
(number of gold particles/^m2 of peroxisome volume) were determined by mor-
phometric analysis as described in "Materials and Methods." The immunolabel

concentration per unit volume represents peroxisome volume density x labeling
density. In the testis, the data shown here represent alterations in Leydig cells.
Normal rat (! i) and ciprofibrate-treated rats (â€¢).

and the /3-oxidation system in several extrahepatic tissues ap
peared necessary for extrapolation of this concept. We now
present data at the mRNA level that demonstrate both the
existence and the tissue-specific peroxisome proliferator regu
lation of peroxisomal /3-oxidation enzyme system and catalase
in a variety of adult rat tissues. Both the Northern and dot-blot
hybridizations demonstrate that the catalase mRNA levels are
high in liver, kidney, small intestinal mucosa, and heart but low
in many of the other extrahepatic tissues surveyed. In this
study, catalase protein was demonstrable in all tissues examined
by the immunocytochemical procedure, which clearly docu
ments the localization of this protein within the peroxisomes
(microperoxisomes) that have been identified previously in ex
trahepatic tissues by the 3,3'-diaminobenzidine cytochemical

approach (30,34-36). Although relatively high levels of catalase
mRNA are found in liver and many extrahepatic tissues, only
liver, kidney cortex, small intestine, and heart appear to respond
to ciprofibrate treatment by exhibiting less than 2-fold increase
in catalase mRNA content. The magnitude of increase in cata
lase mRNA levels observed in these three extrahepatic tissues
is similar to the increase in catalase mRNA noted in the liver
of rats exposed to peroxisome proliferators (11, 18). These
results are also consistent with the less than 2-fold increase in
catalase activity observed in the homogenates of these tissues

(data not included). Less than 2-fold elevations of catalase and/
or /3-oxidation activities have been reported in kidney (37, 38),
small intestine (39, 40), and heart (41-44) of rodents fed
clofibrate or other peroxisome proliferators.

In contrast to catalase mRNA levels, the mRNA concentra
tion of the three /3-oxidation genes are very low in normal adult
liver as well as in all the extrahepatic tissues examined in this
study, with the possible exception of small intestine. Despite
the relatively low levels of expression, the administration of
ciprofibrate caused a >20-fold increase in the amounts mRNAs
of all three /3-oxidation genes in the liver; whereas in the kidney,
small intestine, and heart, the ciprofibrate-induced increases in
FAOxase mRNA were small, ranging from 2- to 5-fold. The
increases in PBE and THL mRNAs were detectable in kidney
but not significantly changed in small intestine and heart. In
other extrahepatic tissues no significant increases in any of the
/3-oxidation mRNAs were detected following ciprofibrate ad
ministration. The measurements of /3-oxidation activity, im-
munoblot analyses of FAOxase and PBE, and the data on
peroxisome volume and labeling densities clearly paralleled the
changes in the levels of mRNAs of /3-oxidation genes (more
closely with FAOxase mRNA) in the liver, kidney cortex, small
intestine, and heart. Although in organs such as lung, spleen,
adrenal, pancreas, and testis, no peroxisome proliferation was
detected in randomly analyzed cells and no increases in the
levels of mRNAs of /3-oxidation genes were found, the diver
gence of cell types present in these organs warrants careful
investigation of each of the component cell types. This problem
is exemplified by our morphological and immunocytochemical
data on the interstitial (Leydig) cells in the testis. In the testis,
the germinal epithelium, which constitutes the bulk of the
organ, showed no increase in peroxisome volume or in peroxi
somal /3-oxidation labeling, but the Leydig cells showed ap
proximately 2-fold increase in the immunocytochemical label
ing for the FAOxase and PBE. The subtle increases in ÃŸ-
oxidation enzyme system in a particular cell type, in an organ
with heterogeneous cell distribution, would not have been dis
cerned if the analysis was limited to include only the mRNAs
or the quantitation of /3-oxidation proteins by immunoblots.
Immunocytochemical analysis and/or in situ hybridization with
specific cDNAs should be helpful in analyzing the response of
specific cell types.

The differences in the magnitude of induction of /3-oxidation
genes in different tissues must result from cell-specific factors.
We have recently reported that ciprofibrate, clofibrate, and di(2-
ethylhexyl)phthalate coordinately increase the rate of transcrip
tion of the /3-oxidation genes in liver without significantly
affecting the catalase gene transcription (11). The molecular
aspects of transcriptional activation of /3-oxidation genes by
peroxisome proliferators in liver are as yet undefined. Since
xenobiotic-induced peroxisome proliferative response has been
observed in hepatocyte cell culture (45, 46), in transplanted
hepatocytes (47, 48), and in transdifferentiated hepatocytes in
rat and hamster pancreas (49, 50), it has been proposed that a
common element coordinates the induction of the pleiotropic
response by structurally dissimilar peroxisome proliferators
(51, 52). Recently, a protein which binds ciprofibrate, nafeno-
pin, and clofibric acid has been purified from rat liver by affinity
chromatography (53). The role of this protein in the regulation
of peroxisomal enzyme induction in liver and its distribution
in various extrahepatic tissues are unknown. The differential
response of various extrahepatic tissues to peroxisome prolif
erators reported in this communication may be influenced by
this binding protein or by a specific receptor (51). The bioavail-
ability of the peroxisome proliferator at an extrahepatic loca-
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tion may not be a critical factor, since ciprofibrate and other
peroxisome proliferators do not undergo extensive metabolic
activation and are excreted as such or as glucuronide conjugates
in the urine and/or bile. Furthermore, the peroxisome prolif
eration observed in hepatocytes transplanted in the eye or in
s.c. tissue or present in pancreas indicates that the active drug
is available at these locations.

In conclusion, we have examined the expression of the three
closely linked genes of the peroxisomal fatty acid 0-oxidation
system in liver and several extrahepatic tissues of normal and
ciprofibrate-treated rats. The fact that these genes are expressed
in all tissues at very low levels but are inducible to a remarkable
extent only in liver by ciprofibrate strongly implies a tissue-
specific regulatory control(s) for the peroxisome proliferator-

induced pleiotropic response. This control mechanism may also
account for the subtle increase in ^-oxidation mRNAs in heart,
kidney, and intestine and for the absence of induction in other
tissues. It is also pertinent to note that as in liver, the catalase
mRNA induction in responsive organs such as kidney, intestine,
and heart remains less than 2-fold. These results clearly support
the contention that the development of tumors following ex
posure to peroxisome proliferators correlates well with the
inducibility of peroxisome proliferation and peroxisomal ÃŸ-
oxidation genes.
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