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The peroxisome proliferator-activated receptor «
(PPARa) is a nuclear receptor that transcriptionally
regulates mitochondrial and peroxisomal fatty acid
B-oxidation enzymes in the liver. Ligands include syn-
thetic peroxisome proliferators and some fatty acids.
PPARa activation leads to predictable pleiotropic re-
sponses in liver including peroxisome proliferation,
increased fatty acid oxidation, and hepatocellular car-
cinoma. In the current study, the response to PPARa-
activation was compared in the heart, kidney, and
liver since the role of PPARa in extrahepatic fatty
acid-oxidizing organs has not been fully explored.
Basal expression of mitochondrial B-oxidation en-
zymes was comparable in the three tissues, but perox-
isomal B-oxidation enzymes were most abundant in
the liver and less so in the kidney and especially in the
heart. After PPAR« activation with ciprofibrate, both
mitochondrial and peroxisomal B-oxidation enzymes
were induced, with the strongest response seen in the
liver, a moderate response in the kidney, and no sig-
nificant response in the heart. PPARa mRNA analysis
suggested that the differential response may be re-
lated to PPARa expression. © 2000 Academic Press

Key Words: PPARe; fatty acid metabolism; p-oxida-
tion; peroxisomes; peroxisome proliferators; ciprofi-
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Various xenobiotic compounds such as hypolipidemic
drugs, plasticizers, herbicides, and others cause perox-
isome proliferation in rodent livers. Therefore, they are
collectively called peroxisome proliferators (1). When
the presence of peroxisomal p-oxidation activity in the
rat liver was first described, a marked increase in the
overall activity of this system by the administration of
the hypolipidemic drug clofibrate was noted (2). The
increase in fatty acid oxidation activity was shown to
be due to concomitant increases of the component en-
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zymes of the peroxisomal B-oxidation system, includ-
ing straight-chain fatty acyl-CoA oxidase (AOX), per-
oxisomal enoyl-CoA hydratase/L-3-hydroxyacyl-CoA
dehydrogenase bifunctional enzyme (L-PBE), and per-
oxisomal 3-ketoacyl-CoA thiolase (PTL) (3). These en-
zymes in rat liver were increased more than 20-fold by
feeding a diet containing di-(2-ethylhexyl)phthalate, a
peroxisome proliferator, reaching maximal levels after
2 weeks. The high levels were maintained during ad-
ministration of the peroxisome proliferator, but these
enzymes decreased to control levels 1 week after with-
drawal. Change of the overall activity was closely re-
lated to enzyme quantity. Consequential to studies of
the mechanism of the hypolipidemic effect of clofibrate,
it was noticed that the administration of clofibrate
changes the metabolism of both carbohydrates and
fatty acids (4—6). Soon, it was elucidated that treat-
ment of rats with peroxisome proliferators also results
in an overall increase in the activity of the mitochon-
drial fatty acid oxidation system and some of its com-
ponent enzymes (3, 7-9).

Pleiotropic responses to peroxisome proliferators in-
cluding hepatic peroxisome proliferation, elevated lev-
els of fatty acid oxidation enzymes, and hepatocellular
carcinoma result from activation of the peroxisome
proliferator-activated receptor a« (PPARc) (10). In the
presence of ligand, PPAR« heterodimerizes with the
retinoid-X receptor a (RXRa) and binds to DNA at the
peroxisome proliferator-response element (PPRE) in
the 5’ regulatory region of a responsive gene, activat-
ing transcription (11). The requirement of PPAR« for
transcriptional regulation of many fatty acid oxidation
enzymes was confirmed in vivo by the use of PPARa-
null (PPARa ") mice (12, 13). Increases in peroxisomal
and mitochondrial hepatic fatty acid oxidation en-
zymes were reported in AOX-null (AOX ") mice simi-
lar to those seen in wild type mice treated with syn-
thetic peroxisome proliferators (14). In AOX™'~ mice
endogenous PPAR« ligands accumulate, resulting in
constitutive activation of PPAR«a and spontaneous per-
oxisome proliferation. These endogenous ligands are
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presumably substrates of AOX (15). The induction seen
in AOX~ mice was found to be dependent upon
PPAR«, as demonstrated by the absence of a response
in mice deficient of both AOX and PPAR« (16).

Recent studies have further elucidated the critical
role of PPAR« in regulating the use of metabolic energy
including the adaptive response to diabetes, fasting,
and other nutritional changes (17-21). However, most
studies of PPARa-mediated regulation of fatty acid
oxidation have focused on the liver. Determination of
the PPARa-mediated response to peroxisome prolifera-
tors in other major fat metabolizing organs such as
heart and kidney is also important to understand the
pathophysiological role of PPARa. This study deals
with the changes in the amounts of peroxisomal and
mitochondrial fatty acid oxidizing enzymes in the
heart, kidney, and liver in response to ciprofibrate, a
potent peroxisome proliferator. To account for the
pharmacological distribution of ciprofibrate between
organs, AOX '~ mice were also included in the study.
Determination of basal protein levels established that
mitochondrial enzymes are present in similar quanti-
ties in heart, kidney and liver, but that peroxisomal
enzymes appeared more abundant in liver, moderately
expressed in kidney, and low in heart. Both mitochon-
drial and peroxisomal enzymes responded strongly to
PPAR« activation in liver, moderately in kidney, and
not significantly in heart. This pattern of induction
may be due to higher basal PPARa mRNA expression
observed in the liver, which was further induced by
ciprofibrate treatment.

MATERIALS AND METHODS

Animals. Male wild-type (C57BL/6J) and AOX '~ mice (14) ages 2
to 3 months were used. Each group was subdivided and fed either a
control diet or a diet containing 0.025% ciprofibrate, a potent perox-
isome proliferator, for 2 weeks or more. All animal procedures used
in this study were reviewed and pre-approved by the Institutional
Review Boards for Animal Research of Northwestern University.

Quantification of enzyme proteins. Total protein concentrations
of heart, kidney and liver homogenates were determined using a
protein assay kit (Bio-Rad Laboratories, Hercules, CA) with bovine
serum albumin as a standard. Contents of B-oxidation enzymes and
other proteins were determined by immunoblot analysis as described
previously (16). CYP4A10 was detected with rabbit polyclonal anti-
bodies against purified rat liver CYP4ALl (22). For detection of the
CYP4A10, a horseradish peroxidase-conjugated anti-rabbit 1gG sec-
ondary antibody was used with an enhanced chemifluorescent sub-
strate kit (ECF, Amersham Pharmacia Biotech, Piscataway, NJ) and
detected with a Molecular Dynamics Storm 860 in chemifluorescence
mode (Amersham Pharmacia Biotech, Piscataway, NJ). For detec-
tion of the other enzymes, an alkaline phosphatase-conjugated sec-
ond antibody was used for color development.

RNase protection assay. Total RNA was isolated from liver using
the acid guanidinium thiocyanate-phenol-chloroform extraction
method. RNase protection assay was performed using the following
gene specific probes: PPARq, nucleotides 1186-1565 (GenBank Ac-
cession No. X57638) (10); PPARYy, nucleotides 1597-1914 (GenBank
Accession No. U01841) (23); PPARS, nucleotides 1004-1268 (Gen-
Bank Accession No. U10375) (24); and CYP4A10, nucleotides 1421—
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TABLE 1

Contents of Mitochondrial and Peroxisomal Fatty Acid Ox-
idation Enzymes in Liver, Kidney, and Heart of Wild-Type
Mice

Liver Kidney Heart
VLACS?®* 1.0 1.2 —
PCSs® 1.0 0.23 0.67
Mitochondrial enzymes
OCSs 1.0 0.15 0.07
CPT I 1.0 0.47 0.67
CAT 1.0 15 2.3
VLCAD 1.0 0.80 1.3
LCAD 1.0 0.87 2.1
MCAD 1.0 11 11
SCAD 1.0 0.50 0.66
ETF 1.0 0.62 0.94
MH 1.0 0.74 0.80
HADH 1.0 0.80 0.80
MTL1 1.0 0.38 0.80
TFP 1.0 0.34 1.7
SCOT® — 1.0 0.58
MTL2 1.0 0.31 0.46
Peroxisomal enzymes
coT® 1.0 0.30 —
AOX* 1.0 0.33 0.07
L-PBE*® 1.0 0.90 0.09
D-PBE 1.0 0.13 —
PTL 1.0 0.32 0.07

Note. The quantities (per mg proteins of the tissue) were estimated
by immunoblot analysis using pooled samples of three mice. The
values are expressed relative to liver.

*VLACS, COT, and D-PBE in heart were hardly detected.

® SCOT is not present in liver.

° VLACS is a bipartite (microsomal and peroxisomal) enzyme and
PCS is a tripartite (microsomal, mitochondrial, and peroxisomal)
enzyme (see ref. 25).

1555 (GenBank Accession No. ABO18421). Antisense RNA probes
were transcribed in the presence of ¥*P-UTP (20 mCi/ml, 800 Ci/
mmol, (Amersham Pharmacia Biotech, Piscataway, NJ)) using the
MAXIscript in vitro transcription kit (Ambion, Austin, TX). After
transcription, the labeled riboprobes were purified in a 5% TBE-urea
polyacrylamide Ready Gel (Bio-Rad, Hercules, CA). All seven probes
were hybridized simultaneously with 8 g of each total RNA sample
overnight at 42°C and then digested for 30 min with RNase A/RNase
T1 mix at 37°C. Protected fragments were separated on a 6% poly-
acrylamide sequencing gel 0.4 mm in thickness (Bio-Rad, Hercules,
CA), and exposed to film or a phosphorimager plate (Molecular
Dynamics, Amersham Pharmacia Biotech, Piscataway, NJ). Quan-
titation was with a Molecular Dynamics Storm 860 phosphorimager.

RESULTS AND DISCUSSION
Change of Enzyme Contents

Table 1 summarizes the basal quantities of selected
enzymes in the heart and kidney relative to the liver.
These data demonstrate that most of the mitochondrial
enzymes are present in relatively similar amounts in
the three tissues analyzed, while the peroxisomal en-
zymes are rather less abundant in the heart and kid-
ney compared to the liver. Peroxisomal enzymes are
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FIG. 1. Mitochondrial and peroxisomal B-oxidation enzymes and
a microsomal w-oxidation enzyme respond similarly to peroxisome
proliferators. Immunoblot analysis of some mitochondrial B-oxida-
tion enzymes (CAT and MCAD), peroxisomal B-oxidation enzymes
(AOX, L-PBE, and PTL), and a microsomal w-oxidation enzyme
(CYP4A10) showed a consistent response to peroxisome prolifera-
tors. Ciprofibrate caused a strong induction in the liver, a moderate
response in the kidney, and no response in the heart. The various
amounts of total protein loaded in each lane is indicated. Loading
was adjusted so that all signals would be in the linear range of the
assay for quantitation (data shown in Tables 1 and 2).

especially rare in the heart. These enzymes have been
described (25).

Both mitochondrial and peroxisomal enzymes re-
sponded to PPAR« activation by ciprofibrate (Fig. 1).
Carnitine acetyltransferase (CAT) is a mitochondrial
enzyme that responded to peroxisome proliferators in a
typical manner. Basal levels of CAT were highest in
the heart, but the response to ciprofibrate was stron-
gest in the liver. Medium-chain acyl-CoA dehydroge-
nase (MCAD) is a mitochondrial B-oxidation enzyme
expressed approximately equally in the three tissues
except after ciprofibrate treatment, when it was in-
creased threefold in the liver. MCAD did not respond to
ciprofibrate in the heart or kidney. Peroxisomal
fatty acid oxidation enzymes AOX and L-PBE,
and CYP4A10, a microsomal enzyme catalyzing
w-hydroxylation (22), responded in a typical fashion to
PPAR«a activation in which a marked increase was
seen in the liver, a moderate increase was seen in the
kidney, and no response was seen in the heart.

Table 2 summarizes the results of immunoblot anal-
yses of fatty acid oxidation enzymes in the mouse
heart, kidney, and liver in response to PPARa activa-
tion by ciprofibrate treatment and/or AOX deficiency.
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Very long chain acyl-CoA synthetase (VLACS) is local-
ized in microsomes and peroxisomes, and plays a role
in the activation of very long chain fatty acids to CoA
esters. This enzyme has been previously confirmed to
be present in liver and kidney, but its content in kidney
was lower in the rat. The rat liver enzyme has been
shown to be inducible by peroxisome proliferators, but
in the current study the contents of the enzyme in liver
and kidney were not changed by treatment with cipro-
fibrate. This enzyme was not detectable in the heart
(Table 1).

Palmitoyl-CoA synthetase (PCS) in kidney was in-
duced in the ciprofibrate-treated group and in AOX ™"~
mice. The content of PCS in heart was not varied either
by the ciprofibrate treatment or disruption of AOX
gene. PCS is localized in microsomes, mitochondria,
and peroxisomes. Previous studies suggested that the
PCS activity in both mitochondria and peroxisomes are
far higher than the overall B-oxidation activity, sug-
gesting that this activation reaction is not rate limiting
(7, 8, 26). Therefore, the physiological role of an ap-
proximately twofold increase in the PCS activity in the
kidney is obscure.

Octanoyl-CoA synthetase (OCS), a mitochondrial
matrix enzyme, activates medium chain fatty acids.
This enzyme is rich in liver but lower in extrahepatic
tissues. OCS content in kidney was increased both by
ciprofibrate treatment and disruption of the AOX gene.
The enzyme content in heart was not changed.

Much attention has been focused on regulation at the
step of carnitine-dependent uptake of the fatty acyl
moiety by mitochondria. Acyl groups are transferred as
carnitine esters into the mitochondrial matrix by the
concerted action of both carnitine palmitoyltransferase
I (CPT 1) and acylcarnitine translocase. After trans-
port, CPT Il converts fatty acylcarnitines to CoA es-
ters. CPT I exists as two isoforms encoded by separate
genes: the liver-type, which is ubiquitously expressed
in many tissues including in the kidney (27), and the
muscle-type, which is expressed abundantly in heart,
skeletal muscle, and brown adipose tissue (28). Kidney
CPT 1 is the liver-type (29), and heart CTP 1 is the
muscle-type (30). Transcription of CPT | (31, 32) is
considered to be regulated by PPARa.

In this experiment, only CPT Il was quantified. The
renal content of CPT Il was not increased in wild type
mice administered ciprofibrate, and the heart enzyme
was not changed either by the administration of cipro-
fibrate or disruption of AOX gene. However, the renal
CPT Il content in AOX '~ mice was about twofold
higher.

CAT activity in rat and mouse livers was markedly
increased by the administration of peroxisome prolif-
erators. CAT in the liver has been previously shown to
be a typical peroxisome proliferator-responding en-
zyme (16). In that study, the CAT content in liver was
shown to be markedly increased by the administration
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TABLE 2
Quantification of Kidney and Heart Mitochondrial and Peroxisomal Fatty Acid Oxidation Enzymes

Kidney Heart Liver
wild AOX ™’ wild AOX ™’ wild
Ciprofibrate - + - + - + — + +
VLACS*®** 1.0 1.2 11 0.95 — — — — 1.0
PCSs® 1.0 2.2 25 2.8 1.0 0.97 1.2 1.2 2.7
Mitochondrial enzymes
OCSs 1.0 13 4.5 5.8 1.0 1.6 0.80 1.4 1.0
CPT I 1.0 1.3 2.3 25 1.0 1.0 15 1.7 3.2
CAT 1.0 1.8 1.2 1.3 1.0 11 1.1 1.0 10
VLCAD 1.0 1.3 1.0 0.80 1.0 11 1.7 2.1 1.3
LCAD 1.0 2.6 1.7 1.9 1.0 1.1 14 1.8 3.6
MCAD 1.0 14 1.3 1.2 1.0 11 15 2.0 3.8
SCAD 1.0 14 1.2 1.2 1.0 1.3 1.2 0.96 5.8
ETF 1.0 11 1.0 1.0 1.0 11 1.0 1.0 1.0
MH 1.0 1.0 1.0 1.0 1.0 11 1.2 1.2 1.0
HADH 1.0 11 1.0 1.0 1.0 0.95 0.97 0.95 3.0
MTL1 1.0 1.2 11 1.2 1.0 11 1.0 1.0 12
TFP 1.0 1.0 0.95 1.0 1.0 11 1.0 1.0 16
SCOT® 1.0 15 11 0.90 1.0 1.0 1.1 11 —
MTL2 1.0 1.7 1.1 1.2 1.0 14 0.90 1.2 5.4
Peroxisomal enzymes
coT® 1.0 2.0 1.9 2.0 — — — — 22
AOX? 1.0 2.0 — — 1.0 1.0 — — 10
L-PBE 1.0 4.7 3.8 3.4 1.0 11 1.9 3.3 120
D-PBE?® 1.0 2.4 2.2 1.8 — — — — 3.0
PTL 1.0 2.2 5.4 5.6 1.0 2.0 9.2 9.0 13

Note. Pooled samples of three mice were subjected to immunoblot analysis, and the signals were quantified. The values are relative to those
of the wild type mice fed with the control diet. The ratios of liver are increments in wild-type mice by the ciprofibrate treatment, and these

values are adopted from Ref. 16.
#VLACS, COT and D-PBE in heart were hardly detected.
® SCOT is not present in liver.

° VLACS is a bipartite (microsomal and peroxisomal) enzyme and PCS is a tripartite (microsomal, mitochondrial, and peroxisomal) enzyme

(see ref. 25).

of ciprofibrate or disruption of AOX gene, and the in-
crease was suggested to be due to PPAR« hyperfunc-
tion since no increase was observed in the mouse in the
absence of PPARa. The CAT contents in the wild-type
kidney seemed to be slightly increased by the admin-
istration of ciprofibrate. In the AOX™~~ mouse kidney
CAT content was similar to that of the wild-type mice,
and this level was not changed by treatment with cip-
rofibrate. In heart, the contents were nearly the same
among the four groups.

The enzymes involved in the first reaction of the mito-
chondrial p-oxidation cycle are very long chain acyl-CoA
dehydrogenase (VLCAD), long chain acyl-CoA dehydro-
genase (LCAD), medium chain acyl-CoA dehydrogenase
(MCAD), and short chain acyl-CoA dehydrogenase
(SCAD). In liver, the enzyme quantities clearly increased
for three classical dehydrogenases, LCAD, MCAD, and
SCAD. These increases seem to have physiological signif-
icance. However, changes of enzyme levels in kidney and
heart among the four groups were not as clear as those in
liver. The amount of electron transfer flavoprotein (ETF)
remained unchanged.

Enoyl-CoA hydratase (MH), 3-hydroxyacyl-CoA de-
hydrogenase (HADH), and 3-ketoacyl-CoA thiolase
(MTL1) are mitochondrial monofunctional enzymes.
The trifunctional protein (TFP) is an enzyme complex
catalyzing three reactions: enoyl-CoA hydratase,
3-hydroxyacyl-CoA dehydrogenase, and 3-ketoacyl-
CoA thiolase reactions. None of these enzymes were
affected by the administration of ciprofibrate in the
extrahepatic tissues. The AOX '~ mice also showed no
change in these enzyme levels.

Succinyl-CoA: 3-oxoacid transferase (SCOT) and mi-
tochondrial acetoacetyl-CoA-specific thiolase (MTL2)
are involved in ketone body utilization. The levels of
these two enzymes in kidney and heart were un-
changed either by ciprofibrate administration or dis-
ruption of AOX gene.

Several peroxisomal proteins in liver are markedly
increased both by ciprofibrate treatment and by dis-
ruption of AOX gene (16). Carnitine octanoyltrans-
ferase (COT) is a matrix enzyme and has a broad
specificity of carbon chain length. This enzyme was
markedly increased by the administration of peroxi-
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some proliferators. However, its physiological role is
not clear because peroxisomal B-oxidation is indepen-
dent of carnitine. COT was detected in kidney, and
confirmed to increase both by ciprofibrate treatment
and by disruption of the AOX gene. This enzyme was
not detected in the heart.

Induction of the peroxisomal straight chain
B-oxidation enzymes in liver is a traditional hallmark
of the peroxisome proliferator response. The compo-
nent enzymes AOX, L-PBE, and PTL are transcription-
ally regulated by PPAR«a. The amount of AOX in liver
increased 10-fold or more by the administration of per-
oxisome proliferators. A twofold change in AOX expres-
sion was observed in the kidney, but no change was
seen in the heart. Treatment with ciprofibrate results
in L-PBE becoming the most abundantly expressed
protein in the liver, increasing about 120-fold. Both
ciprofibrate treatment and AOX disruption resulted in
increased levels of L-PBE in the kidney, but only AOX
disruption increased the amount of L-PBE in the heart.
In either case, the increases were small compared to
those seen in the liver.

The D-3-hydroxyacyl-CoA dehydratase/D-3-hydroxy-
acyl-CoA dehydrogenase bifunctional enzyme (D-PBE)
content in liver was rather less responsive to peroxisome
proliferators when compared to L-PBE. Ciprofibrate
treatment increased the amount of D-PBE observed in
the kidney. D-PBE was not detected in the heart. The
contents of PTL in both kidney and heart were also
changed. Sterol carrier protein x (SCPx), a second thio-
lase, was hardly detected in kidney and heart.

The data suggest that heart, kidney and liver all
have a comparable basal capacity for mitochondrial
fatty acid oxidation, but the heart and kidney capaci-
ties are independent of PPAR« activation while capac-
ity in the liver increases with PPAR« activation. Kid-
ney and especially heart have a markedly lower
capacity for peroxisomal fatty acid oxidation than does
liver. The liver enzyme levels are most responsive to
PPAR« activation. Therefore, the liver plays a major
role in regulation of mitochondrial and peroxisomal
fatty acid oxidation by regulating enzyme quantities in
response to changes in PPAR«a function.

Transcriptional Regulation

PPARa-regulated transcripts encoding AOX, L-PBE,
and CYP4A10 were detected in total RNA samples
from heart, kidney and liver using the RNase protec-
tion assay. These messages were strongly expressed in
liver and kidney, but only weakly expressed in the
heart (Figs. 2A and 2B), in agreement with the immu-
noblot analyses. Administration of ciprofibrate, a po-
tent peroxisome proliferator, to mice resulted in strong
induction in the liver, a weaker response in kidney,
and no induction in the heart. CYP4A10 and L-PBE
were more strongly induced than AOX.
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PPARy and PPARS are nuclear receptor family
members closely related to PPAR«, but only PPAR«
regulates fatty acid p-oxidation enzymes in the liver as
demonstrated using PPARa~ mice (12, 16). PPARy
and PPARS serve as negative controls in the mRNA
analysis, since their expression patterns are not ex-
pected to be related to PPAR« activity. Basal expres-
sion of PPARa was found to be higher in the liver than
in kidney or heart, and PPARa mRNA was induced
more than twofold in liver by ciprofibrate treatment,
but not induced in kidney or heart (Figs. 2A and 2B),
providing a possible mechanism explaining the re-
duced extrahepatic response of fatty acid B-oxidation
enzymes to ciprofibrate. As expected, PPARy and
PPARS& mRNA levels were not higher in liver and were
not induced by ciprofibrate in any of the tissues.

Significance of PPAR« in the Regulation
of Metabolism

PPAR« functions to regulate energy metabolism in
the body, modulating the metabolism of carbohydrates
and fatty acids. Indeed, the administration of peroxi-
some proliferators causes changes in the concentra-
tions of energy fuels in blood such as glucose, free fatty
acids and triacylglycerols (5, 6). Changes in energy
metabolism are also seen when the PPAR« gene is
disrupted (17-20). The change in energy metabolite
concentrations resulting from disruption of the AOX
gene is supposed to be due to the accumulation of
endogenous ligand(s) for PPARa (16).

The increased levels of some enzymes seen after
administration of ciprofibrate to wild type mice were
similar to those seen in AOX™~ mice, which were not
significantly changed by ciprofibrate treatment. The
general agreement of the data from ciprofibrate-
treated and AOX '~ mice suggest that variations in
enzyme content between the heart, kidney and liver
are not due to variation in ciprofibrate concentrations
among these organs.

The current study demonstrates that activation of
PPARa results in increased expression of PPARa-
responsive genes (both at the mRNA and protein lev-
els) predominantly in the liver and to a lesser degree in
the kidney. No response to peroxisome proliferators
was observed in the heart. This pattern of induction is
consistent with measurements of PPARa mRNA,
which is most abundant in the liver. However, the
PPAR« expression profile does not explain the in-
creased response in kidney over heart, suggesting a
requirement for another regulatory molecule differen-
tially expressed in the heart and kidney, such as a
PPAR« co-activator (33, 34). A recent study of fat me-
tabolism enzymes in the heart of PPARa ™'~ mice doc-
umented a decrease in a subset of mitochondrial en-
zymes in the heart of null mice (35). However, no
change was seen in the levels of peroxisomal enzymes
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regulated by PPAR«, suggesting that the observed dif-
ferences may be indirectly related to the absence of
PPAR« in these mice.
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FIG. 2. Variation in peroxisome proliferator response in different
tissues correlates with PPAR« expression, but not PPARy or PPARS.
(A) Ribonuclease protection assay of PPARa-responsive transcripts en-
coding AOX, L-PBE, and CYP4A10 showed a strong response to the
peroxisome proliferator ciprofibrate in the liver, a moderate response in
the kidney, and no response in the heart. PPAR«a was most strongly
expressed in the liver, where it was induced by ciprofibrate, and was
expressed at a lower level in the heart and kidney. PPARy and PPARS
mRNAs were also detected in the heart, kidney and liver, but their
expression patterns appeared to be unrelated to the peroxisome prolif-
erator response. (B) Ribonuclease protection assay signals were quan-
tified using a phosphorimager. Data were normalized to B-actin levels
in each sample and displayed relative to untreated liver samples.
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TABLE 3
Total Carnitine Measured in Kidney, Heart, and Liver

Kidney Heart Liver
wild 262 + 19 659 * 136 223 + 17
Wild + ciprofibrate 613 + 97 986 *+ 231 767 = 116
Note. The values represent mean = S.D. (n = 3) expressed as

nmol/g tissue.

Mitochondrial fatty acid B-oxidation is one of the
major ATP-generating processes. The activity of this
oxidation system depends upon carnitine. Ciprofibrate
administration resulted in a threefold increase in car-
nitine in the liver, a twofold increase in the kidney, and
a smaller increase in the heart (Table 3). The carnitine
level in liver of wild type mice was increased after
starvation, and this increase was not seen in PPARa '~
mice, and the carnitine level in the liver of AOX ™'~ mice
was also higher (21). It is interesting to note that the
mitochondrial fatty acid oxidation system is upregu-
lated by PPAR« not only via transcriptional induction
of B-oxidation enzymes, but also increased carnitine
content. The major target organ of PPAR« activity is
the liver, and extrahepatic tissues are less influenced
by PPARa.

Peroxisomal p-oxidation contains two sets of en-
zymes. One system is composed of AOX, L-PBE, and
PTL and oxidizes toxic very long straight-chain fatty
acids. The other system consists of branched chain
acyl-CoA oxidase, D-PBE, and SCPx and is responsible
for branched-chain fatty acid oxidation and bile acid
formation. The former system is inducible and the lat-
ter is constitutive (25). These processes play major
roles in liver metabolism where they are strongly re-
sponsive to PPAR« activity, while in extrahepatic tis-
sues such as heart and kidney these processes have
minor roles and are less responsive to PPARa.
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