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The peroxisome proliferator-activated receptor a
PPARa) is a nuclear receptor that transcriptionally
egulates mitochondrial and peroxisomal fatty acid
-oxidation enzymes in the liver. Ligands include syn-
hetic peroxisome proliferators and some fatty acids.
PARa activation leads to predictable pleiotropic re-
ponses in liver including peroxisome proliferation,
ncreased fatty acid oxidation, and hepatocellular car-
inoma. In the current study, the response to PPARa-
ctivation was compared in the heart, kidney, and
iver since the role of PPARa in extrahepatic fatty
cid-oxidizing organs has not been fully explored.
asal expression of mitochondrial b-oxidation en-
ymes was comparable in the three tissues, but perox-
somal b-oxidation enzymes were most abundant in
he liver and less so in the kidney and especially in the
eart. After PPARa activation with ciprofibrate, both
itochondrial and peroxisomal b-oxidation enzymes
ere induced, with the strongest response seen in the

iver, a moderate response in the kidney, and no sig-
ificant response in the heart. PPARa mRNA analysis
uggested that the differential response may be re-
ated to PPARa expression. © 2000 Academic Press

Key Words: PPARa; fatty acid metabolism; b-oxida-
ion; peroxisomes; peroxisome proliferators; ciprofi-
rate; AOX2/2 mice.

Various xenobiotic compounds such as hypolipidemic
rugs, plasticizers, herbicides, and others cause perox-
some proliferation in rodent livers. Therefore, they are
ollectively called peroxisome proliferators (1). When
he presence of peroxisomal b-oxidation activity in the
at liver was first described, a marked increase in the
verall activity of this system by the administration of
he hypolipidemic drug clofibrate was noted (2). The
ncrease in fatty acid oxidation activity was shown to
e due to concomitant increases of the component en-

1 To whom correspondence should be addressed. Fax: 312-503-
249. E-mail: t-hashimoto@northwestern.edu.
250006-291X/00 $35.00
opyright © 2000 by Academic Press
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ng straight-chain fatty acyl-CoA oxidase (AOX), per-
xisomal enoyl-CoA hydratase/L-3-hydroxyacyl-CoA
ehydrogenase bifunctional enzyme (L-PBE), and per-
xisomal 3-ketoacyl-CoA thiolase (PTL) (3). These en-
ymes in rat liver were increased more than 20-fold by
eeding a diet containing di-(2-ethylhexyl)phthalate, a
eroxisome proliferator, reaching maximal levels after
weeks. The high levels were maintained during ad-
inistration of the peroxisome proliferator, but these

nzymes decreased to control levels 1 week after with-
rawal. Change of the overall activity was closely re-
ated to enzyme quantity. Consequential to studies of
he mechanism of the hypolipidemic effect of clofibrate,
t was noticed that the administration of clofibrate
hanges the metabolism of both carbohydrates and
atty acids (4–6). Soon, it was elucidated that treat-

ent of rats with peroxisome proliferators also results
n an overall increase in the activity of the mitochon-
rial fatty acid oxidation system and some of its com-
onent enzymes (3, 7–9).
Pleiotropic responses to peroxisome proliferators in-

luding hepatic peroxisome proliferation, elevated lev-
ls of fatty acid oxidation enzymes, and hepatocellular
arcinoma result from activation of the peroxisome
roliferator-activated receptor a (PPARa) (10). In the
resence of ligand, PPARa heterodimerizes with the
etinoid-X receptor a (RXRa) and binds to DNA at the
eroxisome proliferator-response element (PPRE) in
he 59 regulatory region of a responsive gene, activat-
ng transcription (11). The requirement of PPARa for
ranscriptional regulation of many fatty acid oxidation
nzymes was confirmed in vivo by the use of PPARa-
ull (PPARa2/2) mice (12, 13). Increases in peroxisomal
nd mitochondrial hepatic fatty acid oxidation en-
ymes were reported in AOX-null (AOX2/2) mice simi-
ar to those seen in wild type mice treated with syn-
hetic peroxisome proliferators (14). In AOX2/2 mice
ndogenous PPARa ligands accumulate, resulting in
onstitutive activation of PPARa and spontaneous per-
xisome proliferation. These endogenous ligands are



presumably substrates of AOX (15). The induction seen
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n AOX2/2 mice was found to be dependent upon
PARa, as demonstrated by the absence of a response

n mice deficient of both AOX and PPARa (16).
Recent studies have further elucidated the critical

ole of PPARa in regulating the use of metabolic energy
ncluding the adaptive response to diabetes, fasting,
nd other nutritional changes (17–21). However, most
tudies of PPARa-mediated regulation of fatty acid
xidation have focused on the liver. Determination of
he PPARa-mediated response to peroxisome prolifera-
ors in other major fat metabolizing organs such as
eart and kidney is also important to understand the
athophysiological role of PPARa. This study deals
ith the changes in the amounts of peroxisomal and
itochondrial fatty acid oxidizing enzymes in the
eart, kidney, and liver in response to ciprofibrate, a
otent peroxisome proliferator. To account for the
harmacological distribution of ciprofibrate between
rgans, AOX2/2 mice were also included in the study.
etermination of basal protein levels established that
itochondrial enzymes are present in similar quanti-

ies in heart, kidney and liver, but that peroxisomal
nzymes appeared more abundant in liver, moderately
xpressed in kidney, and low in heart. Both mitochon-
rial and peroxisomal enzymes responded strongly to
PARa activation in liver, moderately in kidney, and
ot significantly in heart. This pattern of induction
ay be due to higher basal PPARa mRNA expression

bserved in the liver, which was further induced by
iprofibrate treatment.

ATERIALS AND METHODS

Animals. Male wild-type (C57BL/6J) and AOX2/2 mice (14) ages 2
o 3 months were used. Each group was subdivided and fed either a
ontrol diet or a diet containing 0.025% ciprofibrate, a potent perox-
some proliferator, for 2 weeks or more. All animal procedures used
n this study were reviewed and pre-approved by the Institutional
eview Boards for Animal Research of Northwestern University.

Quantification of enzyme proteins. Total protein concentrations
f heart, kidney and liver homogenates were determined using a
rotein assay kit (Bio-Rad Laboratories, Hercules, CA) with bovine
erum albumin as a standard. Contents of b-oxidation enzymes and
ther proteins were determined by immunoblot analysis as described
reviously (16). CYP4A10 was detected with rabbit polyclonal anti-
odies against purified rat liver CYP4A1 (22). For detection of the
YP4A10, a horseradish peroxidase-conjugated anti-rabbit IgG sec-
ndary antibody was used with an enhanced chemifluorescent sub-
trate kit (ECF, Amersham Pharmacia Biotech, Piscataway, NJ) and
etected with a Molecular Dynamics Storm 860 in chemifluorescence
ode (Amersham Pharmacia Biotech, Piscataway, NJ). For detec-

ion of the other enzymes, an alkaline phosphatase-conjugated sec-
nd antibody was used for color development.

RNase protection assay. Total RNA was isolated from liver using
he acid guanidinium thiocyanate-phenol-chloroform extraction
ethod. RNase protection assay was performed using the following

ene specific probes: PPARa, nucleotides 1186–1565 (GenBank Ac-
ession No. X57638) (10); PPARg, nucleotides 1597–1914 (GenBank
ccession No. U01841) (23); PPARd, nucleotides 1004–1268 (Gen-
ank Accession No. U10375) (24); and CYP4A10, nucleotides 1421–
251
555 (GenBank Accession No. ABO18421). Antisense RNA probes
ere transcribed in the presence of 32P-UTP (20 mCi/ml, 800 Ci/
mol, (Amersham Pharmacia Biotech, Piscataway, NJ)) using the
AXIscript in vitro transcription kit (Ambion, Austin, TX). After

ranscription, the labeled riboprobes were purified in a 5% TBE-urea
olyacrylamide Ready Gel (Bio-Rad, Hercules, CA). All seven probes
ere hybridized simultaneously with 8 mg of each total RNA sample

vernight at 42°C and then digested for 30 min with RNase A/RNase
1 mix at 37°C. Protected fragments were separated on a 6% poly-
crylamide sequencing gel 0.4 mm in thickness (Bio-Rad, Hercules,
A), and exposed to film or a phosphorimager plate (Molecular
ynamics, Amersham Pharmacia Biotech, Piscataway, NJ). Quan-

itation was with a Molecular Dynamics Storm 860 phosphorimager.

ESULTS AND DISCUSSION

hange of Enzyme Contents

Table 1 summarizes the basal quantities of selected
nzymes in the heart and kidney relative to the liver.
hese data demonstrate that most of the mitochondrial
nzymes are present in relatively similar amounts in
he three tissues analyzed, while the peroxisomal en-
ymes are rather less abundant in the heart and kid-
ey compared to the liver. Peroxisomal enzymes are

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

ice

Liver Kidney Heart

LACSa,c 1.0 1.2 —
CSc 1.0 0.23 0.67
itochondrial enzymes
OCS 1.0 0.15 0.07
CPT II 1.0 0.47 0.67
CAT 1.0 1.5 2.3
VLCAD 1.0 0.80 1.3
LCAD 1.0 0.87 2.1
MCAD 1.0 1.1 1.1
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
SCOTb — 1.0 0.58
MTL2 1.0 0.31 0.46

eroxisomal enzymes
COTa 1.0 0.30 —
AOXa 1.0 0.33 0.07
L-PBEa 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
y immunoblot analysis using pooled samples of three mice. The
alues are expressed relative to liver.

a VLACS, COT, and D-PBE in heart were hardly detected.
b SCOT is not present in liver.
c VLACS is a bipartite (microsomal and peroxisomal) enzyme and

CS is a tripartite (microsomal, mitochondrial, and peroxisomal)
nzyme (see ref. 25).
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specially rare in the heart. These enzymes have been
escribed (25).
Both mitochondrial and peroxisomal enzymes re-

ponded to PPARa activation by ciprofibrate (Fig. 1).
arnitine acetyltransferase (CAT) is a mitochondrial
nzyme that responded to peroxisome proliferators in a
ypical manner. Basal levels of CAT were highest in
he heart, but the response to ciprofibrate was stron-
est in the liver. Medium-chain acyl-CoA dehydroge-
ase (MCAD) is a mitochondrial b-oxidation enzyme
xpressed approximately equally in the three tissues
xcept after ciprofibrate treatment, when it was in-
reased threefold in the liver. MCAD did not respond to
iprofibrate in the heart or kidney. Peroxisomal
atty acid oxidation enzymes AOX and L-PBE,
nd CYP4A10, a microsomal enzyme catalyzing
-hydroxylation (22), responded in a typical fashion to
PARa activation in which a marked increase was
een in the liver, a moderate increase was seen in the
idney, and no response was seen in the heart.
Table 2 summarizes the results of immunoblot anal-

ses of fatty acid oxidation enzymes in the mouse
eart, kidney, and liver in response to PPARa activa-
ion by ciprofibrate treatment and/or AOX deficiency.

FIG. 1. Mitochondrial and peroxisomal b-oxidation enzymes and
microsomal v-oxidation enzyme respond similarly to peroxisome

roliferators. Immunoblot analysis of some mitochondrial b-oxida-
ion enzymes (CAT and MCAD), peroxisomal b-oxidation enzymes
AOX, L-PBE, and PTL), and a microsomal v-oxidation enzyme
CYP4A10) showed a consistent response to peroxisome prolifera-
ors. Ciprofibrate caused a strong induction in the liver, a moderate
esponse in the kidney, and no response in the heart. The various
mounts of total protein loaded in each lane is indicated. Loading
as adjusted so that all signals would be in the linear range of the
ssay for quantitation (data shown in Tables 1 and 2).
252
zed in microsomes and peroxisomes, and plays a role
n the activation of very long chain fatty acids to CoA
sters. This enzyme has been previously confirmed to
e present in liver and kidney, but its content in kidney
as lower in the rat. The rat liver enzyme has been

hown to be inducible by peroxisome proliferators, but
n the current study the contents of the enzyme in liver
nd kidney were not changed by treatment with cipro-
brate. This enzyme was not detectable in the heart
Table 1).

Palmitoyl-CoA synthetase (PCS) in kidney was in-
uced in the ciprofibrate-treated group and in AOX2/2

ice. The content of PCS in heart was not varied either
y the ciprofibrate treatment or disruption of AOX
ene. PCS is localized in microsomes, mitochondria,
nd peroxisomes. Previous studies suggested that the
CS activity in both mitochondria and peroxisomes are

ar higher than the overall b-oxidation activity, sug-
esting that this activation reaction is not rate limiting
7, 8, 26). Therefore, the physiological role of an ap-
roximately twofold increase in the PCS activity in the
idney is obscure.
Octanoyl-CoA synthetase (OCS), a mitochondrial
atrix enzyme, activates medium chain fatty acids.
his enzyme is rich in liver but lower in extrahepatic
issues. OCS content in kidney was increased both by
iprofibrate treatment and disruption of the AOX gene.
he enzyme content in heart was not changed.
Much attention has been focused on regulation at the

tep of carnitine-dependent uptake of the fatty acyl
oiety by mitochondria. Acyl groups are transferred as

arnitine esters into the mitochondrial matrix by the
oncerted action of both carnitine palmitoyltransferase
(CPT I) and acylcarnitine translocase. After trans-

ort, CPT II converts fatty acylcarnitines to CoA es-
ers. CPT I exists as two isoforms encoded by separate
enes: the liver-type, which is ubiquitously expressed
n many tissues including in the kidney (27), and the

uscle-type, which is expressed abundantly in heart,
keletal muscle, and brown adipose tissue (28). Kidney
PT I is the liver-type (29), and heart CTP I is the
uscle-type (30). Transcription of CPT I (31, 32) is

onsidered to be regulated by PPARa.
In this experiment, only CPT II was quantified. The

enal content of CPT II was not increased in wild type
ice administered ciprofibrate, and the heart enzyme
as not changed either by the administration of cipro-
brate or disruption of AOX gene. However, the renal
PT II content in AOX2/2 mice was about twofold
igher.
CAT activity in rat and mouse livers was markedly

ncreased by the administration of peroxisome prolif-
rators. CAT in the liver has been previously shown to
e a typical peroxisome proliferator-responding en-
yme (16). In that study, the CAT content in liver was
hown to be markedly increased by the administration
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f ciprofibrate or disruption of AOX gene, and the in-
rease was suggested to be due to PPARa hyperfunc-
ion since no increase was observed in the mouse in the
bsence of PPARa. The CAT contents in the wild-type
idney seemed to be slightly increased by the admin-
stration of ciprofibrate. In the AOX2/2 mouse kidney
AT content was similar to that of the wild-type mice,
nd this level was not changed by treatment with cip-
ofibrate. In heart, the contents were nearly the same
mong the four groups.
The enzymes involved in the first reaction of the mito-

hondrial b-oxidation cycle are very long chain acyl-CoA
ehydrogenase (VLCAD), long chain acyl-CoA dehydro-
enase (LCAD), medium chain acyl-CoA dehydrogenase
MCAD), and short chain acyl-CoA dehydrogenase
SCAD). In liver, the enzyme quantities clearly increased
or three classical dehydrogenases, LCAD, MCAD, and
CAD. These increases seem to have physiological signif-

cance. However, changes of enzyme levels in kidney and
eart among the four groups were not as clear as those in

iver. The amount of electron transfer flavoprotein (ETF)
emained unchanged.

Quantification of Kidney and Heart Mitochondri

Ciprofibrate

Kidney

Wild AOX2/2

2 1 2 1

LACSa,c 1.0 1.2 1.1 0.95
CSc 1.0 2.2 2.5 2.8
itochondrial enzymes
OCS 1.0 13 4.5 5.8
CPT II 1.0 1.3 2.3 2.5
CAT 1.0 1.8 1.2 1.3
VLCAD 1.0 1.3 1.0 0.80
LCAD 1.0 2.6 1.7 1.9
MCAD 1.0 1.4 1.3 1.2
SCAD 1.0 1.4 1.2 1.2
ETF 1.0 1.1 1.0 1.0
MH 1.0 1.0 1.0 1.0
HADH 1.0 1.1 1.0 1.0
MTL1 1.0 1.2 1.1 1.2
TFP 1.0 1.0 0.95 1.0
SCOTb 1.0 1.5 1.1 0.90
MTL2 1.0 1.7 1.1 1.2

eroxisomal enzymes
COTa 1.0 2.0 1.9 2.0
AOXa 1.0 2.0 — —
L-PBE 1.0 4.7 3.8 3.4
D-PBEa 1.0 2.4 2.2 1.8
PTL 1.0 2.2 5.4 5.6

Note. Pooled samples of three mice were subjected to immunoblot an
f the wild type mice fed with the control diet. The ratios of liver are
alues are adopted from Ref. 16.

a VLACS, COT and D-PBE in heart were hardly detected.
b SCOT is not present in liver.
c VLACS is a bipartite (microsomal and peroxisomal) enzyme and P

see ref. 25).
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Enoyl-CoA hydratase (MH), 3-hydroxyacyl-CoA de-
ydrogenase (HADH), and 3-ketoacyl-CoA thiolase
MTL1) are mitochondrial monofunctional enzymes.
he trifunctional protein (TFP) is an enzyme complex
atalyzing three reactions: enoyl-CoA hydratase,
-hydroxyacyl-CoA dehydrogenase, and 3-ketoacyl-
oA thiolase reactions. None of these enzymes were
ffected by the administration of ciprofibrate in the
xtrahepatic tissues. The AOX2/2 mice also showed no
hange in these enzyme levels.
Succinyl-CoA: 3-oxoacid transferase (SCOT) and mi-

ochondrial acetoacetyl-CoA-specific thiolase (MTL2)
re involved in ketone body utilization. The levels of
hese two enzymes in kidney and heart were un-
hanged either by ciprofibrate administration or dis-
uption of AOX gene.
Several peroxisomal proteins in liver are markedly

ncreased both by ciprofibrate treatment and by dis-
uption of AOX gene (16). Carnitine octanoyltrans-
erase (COT) is a matrix enzyme and has a broad
pecificity of carbon chain length. This enzyme was
arkedly increased by the administration of peroxi-

nd Peroxisomal Fatty Acid Oxidation Enzymes

Heart Liver

Wild AOX2/2 Wild

2 1 2 1 1

— — — — 1.0
1.0 0.97 1.2 1.2 2.7

1.0 1.6 0.80 1.4 1.0
1.0 1.0 1.5 1.7 3.2
1.0 1.1 1.1 1.0 10
1.0 1.1 1.7 2.1 1.3
1.0 1.1 1.4 1.8 3.6
1.0 1.1 1.5 2.0 3.8
1.0 1.3 1.2 0.96 5.8
1.0 1.1 1.0 1.0 1.0
1.0 1.1 1.2 1.2 1.0
1.0 0.95 0.97 0.95 3.0
1.0 1.1 1.0 1.0 1.2
1.0 1.1 1.0 1.0 16
1.0 1.0 1.1 1.1 —
1.0 1.4 0.90 1.2 5.4

— — — — 22
1.0 1.0 — — 10
1.0 1.1 1.9 3.3 120
— — — — 3.0
1.0 2.0 9.2 9.0 13

sis, and the signals were quantified. The values are relative to those
crements in wild-type mice by the ciprofibrate treatment, and these

is a tripartite (microsomal, mitochondrial, and peroxisomal) enzyme
al a

aly
in

CS
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ot clear because peroxisomal b-oxidation is indepen-
ent of carnitine. COT was detected in kidney, and
onfirmed to increase both by ciprofibrate treatment
nd by disruption of the AOX gene. This enzyme was
ot detected in the heart.
Induction of the peroxisomal straight chain

-oxidation enzymes in liver is a traditional hallmark
f the peroxisome proliferator response. The compo-
ent enzymes AOX, L-PBE, and PTL are transcription-
lly regulated by PPARa. The amount of AOX in liver
ncreased 10-fold or more by the administration of per-
xisome proliferators. A twofold change in AOX expres-
ion was observed in the kidney, but no change was
een in the heart. Treatment with ciprofibrate results
n L-PBE becoming the most abundantly expressed
rotein in the liver, increasing about 120-fold. Both
iprofibrate treatment and AOX disruption resulted in
ncreased levels of L-PBE in the kidney, but only AOX
isruption increased the amount of L-PBE in the heart.
n either case, the increases were small compared to
hose seen in the liver.

The D-3-hydroxyacyl-CoA dehydratase/D-3-hydroxy-
cyl-CoA dehydrogenase bifunctional enzyme (D-PBE)
ontent in liver was rather less responsive to peroxisome
roliferators when compared to L-PBE. Ciprofibrate
reatment increased the amount of D-PBE observed in
he kidney. D-PBE was not detected in the heart. The
ontents of PTL in both kidney and heart were also
hanged. Sterol carrier protein x (SCPx), a second thio-
ase, was hardly detected in kidney and heart.

The data suggest that heart, kidney and liver all
ave a comparable basal capacity for mitochondrial
atty acid oxidation, but the heart and kidney capaci-
ies are independent of PPARa activation while capac-
ty in the liver increases with PPARa activation. Kid-
ey and especially heart have a markedly lower
apacity for peroxisomal fatty acid oxidation than does
iver. The liver enzyme levels are most responsive to
PARa activation. Therefore, the liver plays a major
ole in regulation of mitochondrial and peroxisomal
atty acid oxidation by regulating enzyme quantities in
esponse to changes in PPARa function.

ranscriptional Regulation

PPARa-regulated transcripts encoding AOX, L-PBE,
nd CYP4A10 were detected in total RNA samples
rom heart, kidney and liver using the RNase protec-
ion assay. These messages were strongly expressed in
iver and kidney, but only weakly expressed in the
eart (Figs. 2A and 2B), in agreement with the immu-
oblot analyses. Administration of ciprofibrate, a po-
ent peroxisome proliferator, to mice resulted in strong
nduction in the liver, a weaker response in kidney,
nd no induction in the heart. CYP4A10 and L-PBE
ere more strongly induced than AOX.
254
embers closely related to PPARa, but only PPARa
egulates fatty acid b-oxidation enzymes in the liver as
emonstrated using PPARa2/2 mice (12, 16). PPARg
nd PPARd serve as negative controls in the mRNA
nalysis, since their expression patterns are not ex-
ected to be related to PPARa activity. Basal expres-
ion of PPARa was found to be higher in the liver than
n kidney or heart, and PPARa mRNA was induced

ore than twofold in liver by ciprofibrate treatment,
ut not induced in kidney or heart (Figs. 2A and 2B),
roviding a possible mechanism explaining the re-
uced extrahepatic response of fatty acid b-oxidation
nzymes to ciprofibrate. As expected, PPARg and
PARd mRNA levels were not higher in liver and were
ot induced by ciprofibrate in any of the tissues.

ignificance of PPARa in the Regulation
of Metabolism

PPARa functions to regulate energy metabolism in
he body, modulating the metabolism of carbohydrates
nd fatty acids. Indeed, the administration of peroxi-
ome proliferators causes changes in the concentra-
ions of energy fuels in blood such as glucose, free fatty
cids and triacylglycerols (5, 6). Changes in energy
etabolism are also seen when the PPARa gene is

isrupted (17–20). The change in energy metabolite
oncentrations resulting from disruption of the AOX
ene is supposed to be due to the accumulation of
ndogenous ligand(s) for PPARa (16).
The increased levels of some enzymes seen after

dministration of ciprofibrate to wild type mice were
imilar to those seen in AOX2/2 mice, which were not
ignificantly changed by ciprofibrate treatment. The
eneral agreement of the data from ciprofibrate-
reated and AOX2/2 mice suggest that variations in
nzyme content between the heart, kidney and liver
re not due to variation in ciprofibrate concentrations
mong these organs.
The current study demonstrates that activation of

PARa results in increased expression of PPARa-
esponsive genes (both at the mRNA and protein lev-
ls) predominantly in the liver and to a lesser degree in
he kidney. No response to peroxisome proliferators
as observed in the heart. This pattern of induction is

onsistent with measurements of PPARa mRNA,
hich is most abundant in the liver. However, the
PARa expression profile does not explain the in-
reased response in kidney over heart, suggesting a
equirement for another regulatory molecule differen-
ially expressed in the heart and kidney, such as a
PARa co-activator (33, 34). A recent study of fat me-
abolism enzymes in the heart of PPARa2/2 mice doc-
mented a decrease in a subset of mitochondrial en-
ymes in the heart of null mice (35). However, no
hange was seen in the levels of peroxisomal enzymes



regulated by PPARa, suggesting that the observed dif-
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erences may be indirectly related to the absence of
PARa in these mice.

FIG. 2. Variation in peroxisome proliferator response in different
issues correlates with PPARa expression, but not PPARg or PPARd.
A) Ribonuclease protection assay of PPARa-responsive transcripts en-
oding AOX, L-PBE, and CYP4A10 showed a strong response to the
eroxisome proliferator ciprofibrate in the liver, a moderate response in
he kidney, and no response in the heart. PPARa was most strongly
xpressed in the liver, where it was induced by ciprofibrate, and was
xpressed at a lower level in the heart and kidney. PPARg and PPARd
RNAs were also detected in the heart, kidney and liver, but their

xpression patterns appeared to be unrelated to the peroxisome prolif-
rator response. (B) Ribonuclease protection assay signals were quan-
ified using a phosphorimager. Data were normalized to b-actin levels
n each sample and displayed relative to untreated liver samples.
255
Mitochondrial fatty acid b-oxidation is one of the
ajor ATP-generating processes. The activity of this

xidation system depends upon carnitine. Ciprofibrate
dministration resulted in a threefold increase in car-
itine in the liver, a twofold increase in the kidney, and
smaller increase in the heart (Table 3). The carnitine

evel in liver of wild type mice was increased after
tarvation, and this increase was not seen in PPARa2/2

ice, and the carnitine level in the liver of AOX2/2 mice
as also higher (21). It is interesting to note that the
itochondrial fatty acid oxidation system is upregu-

ated by PPARa not only via transcriptional induction
f b-oxidation enzymes, but also increased carnitine
ontent. The major target organ of PPARa activity is
he liver, and extrahepatic tissues are less influenced
y PPARa.
Peroxisomal b-oxidation contains two sets of en-

ymes. One system is composed of AOX, L-PBE, and
TL and oxidizes toxic very long straight-chain fatty
cids. The other system consists of branched chain
cyl-CoA oxidase, D-PBE, and SCPx and is responsible
or branched-chain fatty acid oxidation and bile acid
ormation. The former system is inducible and the lat-
er is constitutive (25). These processes play major
oles in liver metabolism where they are strongly re-
ponsive to PPARa activity, while in extrahepatic tis-
ues such as heart and kidney these processes have
inor roles and are less responsive to PPARa.

CKNOWLEDGMENTS

This work was supported by National Institutes of Health Grants
M 23750 (to J.K.R) and CA 84472 (to M.S.R), Veterans Adminis-

ration Merit Grants (to A.V.Y. and M.S.R.), and the Joseph L.
ayberry, Sr. Endowment Fund.

EFERENCES

1. Reddy, J. K., and Krishnakantha, T. P. (1975) Hepatic peroxi-
some proliferation: Induction by two novel compounds structur-
ally unrelated to clofibrate. Science 190, 787–789.

2. Lazarow, P. B., and De Duve, C. (1976) A fatty acyl-CoA oxidiz-
ing system in rat liver peroxisomes; enhancement by clofibrate, a
hypolipidemic drug. Proc. Natl. Acad. Sci. USA 73, 2043–2046.

3. Hashimoto, T. (1982) Individual peroxisomal b-oxidation en-
zymes. Ann. NY Acad. Sci. 386, 5–12.

Total Carnitine Measured in Kidney, Heart, and Liver

Kidney Heart Liver

ild 262 6 19 659 6 136 223 6 17
ild 1 ciprofibrate 613 6 97 986 6 231 767 6 116

Note. The values represent mean 6 S.D. (n 5 3) expressed as
mol/g tissue.



4. Laker, M. E., and Mayes, P. A. (1979) The immediate and long

1

1

1

1

1

1

1

1

1

19. Leone, T. C., Weinheimer, C. J., and Kelly, D. P. (1999) A critical

2

2

2

2

2

2

2

2

2

2

3

3

3

3

Vol. 278, No. 1, 2000 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS
term effects of clofibrate on the metabolism of the perfused rat
liver. Biochem. Pharmacol. 28, 2813–2827.

5. Miyazawa, S., Sakurai, T., Imura, M., and Hashimoto, T. (1975)
Effects of ethyl p-chlorophenoxyisobutyrate on carbohydrate and
fatty acid metabolism in rat liver. J. Biochem. 78, 1171–1176.

6. Sakurai, T., Miyazawa, S., and Hashimoto, T. (1978) Effects of
di-(2-ethylhexyl)phthalate administration on carbohydrate and
fatty acid metabolism in rat liver. J. Biochem. 83, 313–320.

7. Shindo, Y., and Hashimoto, T. (1978) Acyl-Coenzyme A syn-
thetase and fatty acid oxidation in rat liver peroxisomes. J. Bio-
chem. 84, 1177–1181.

8. Shindo, Y., Osumi, T., and Hashimoto, T. (1978) Effects of ad-
ministration of di-(2-ethylhexyl)pthalate on rat liver mitochon-
dria. Biochem. Pharmacol. 27, 2683–2688.

9. Mannaerts, G. P., Debeer, L. J., Thomas, J., and De Schepper,
P. J. (1979) Mitochondrial and peroxisomal fatty acid oxidation
in liver homogenates and isolated hepatocytes from control and
clofibrate-treated rats. J. Biol. Chem. 254, 4585–4595.

0. Issemann, I., and Green, S. (1990) Activation of a member of the
steroid hormone receptor superfamily by peroxisome prolifera-
tors. Nature 347, 645–650.

1. Osumi, T., Wen, J.-K., and Hashimoto, T. (1991) Two cis-acting
regulatory sequences in the peroxisome proliferator-responsive
enhancer region of rat acyl-CoA oxidase gene. Biochem. Biophys.
Res. Commun. 175, 866–871.

2. Lee, S.-S., Pineau, T., Drago, J., Lee, E. J., Owens, J. W., Kroetz,
D. L., Fernandez-Salguero, P. M., Westphal, H., and Gonzalez,
F. J. (1995) Targeted disruption of the alpha isoform of the
peroxisome proliferator-activated receptor gene in mice results
in abolishment of the pleiotropic effects of peroxisome prolifera-
tors. Mol. Cell. Biol. 15, 3012–3022.

3. Aoyama, T., Peters, J. M., Iritani, N., Nakajima, T., Furihata, K.,
Hashimoto, T., and Gonzalez, F. J. (1998) Altered constitutive
expression of fatty acid-metabolizing enzymes in mice lacking
the peroxisome proliferator-activated receptor a (PPARa).
J. Biol. Chem. 273, 5678–5684.

4. Fan, C.-Y., Pan, J., Chu, R., Lee, D., Kluckman, K. D., Usuda, N.,
Singh, I., Yeldandi, A. V., Rao, M. S., Maeda, N., and Reddy, J. K.
(1996) Hepatocellular and hepatic peroxisomal alterations in
mice with a disrupted peroxisomal fatty acyl-coenzyme A oxidase
gene. J. Biol. Chem. 271, 24698–24710.

5. Fan, C.-Y., Pan, J., Usuda, N., Yeldandi, A. V., Rao, M. S., and
Reddy, J. K. (1998) Steatohepatitis, spontaneous peroxisome
proliferation and liver tumors in mice lacking peroxisomal fatty
acyl-CoA oxidase. Implications for peroxisome proliferator-
activated receptor a natural ligand metabolism. J. Biol. Chem.
273, 15639–15645.

6. Hashimoto, T., Fujita, T., Usuda, N., Cook, W., Qi, C., Peters,
J. M., Gonzalez, F. J., Yeldandi, A. V., Rao, M. S., and Reddy,
J. K. (1999) Peroxisomal and mitochondrial fatty acid
b-oxidation in mice nullizygous for both peroxisome proliferator-
activated receptor a and peroxisomal fatty acyl-CoA oxidase.
Genotype correlation with fatty liver phenotype. J. Biol. Chem.
274, 19228–19236.

7. Djouadi, F., Weinheimer, C. J., Saffitz, J. E., Pitchford, C., Bas-
tin, J., Gonzalez, F. J., and Kelly, D. P. (1998) A gender-related
defect in lipid metabolism and glucose homeostasis in peroxi-
some proliferator-activated receptor a-deficient mice. J. Clin.
Invest. 102, 1083–1091.

8. Costet, P., Legendre, C., More, J., Edgar, A., Galtier, P., and
Pineau, T. (1998) Peroxisome proliferator-activated receptor
a-isoform deficiency leads to progressive dyslipidemia with sex-
ually dimorphic obesity and steatosis. J. Biol. Chem. 273,
29577–29585.
256
role for the peroxisome proliferator-activated receptor a
(PPARa) in the cellular fasting response: The PPARa-null mouse
as a model of fatty acid oxidation disorders. Proc. Natl. Acad. Sci.
USA 96, 7473–7478.

0. Kersten, S., Seydoux, J., Peters, J. M., Gonzalez, F. J., Des-
vergne, B., and Wahli, W. (1999) Peroxisome proliferator-
activated receptor a mediates the adaptive response to fasting.
J. Clin. Invest. 103, 1489–1498.

1. Hashimoto, T., Cook, W. S., Qi, C., Yeldandi, A. V., Reddy, J. K.,
and Rao, M. S. (2000) Defect in peroxisome proliferator-activated
receptor a-inducible fatty acid oxidation determines the severity
of hepatic steatosis in response to fasting. J. Biol. Chem. 276,
28918–28928.

2. Hardwick, J. P., Song, B. J., Huberman, E., and Gonzalez, F. J.
(1987) Isolation, complementary DNA sequence, and regulation
of rat hepatic lauric acid v-hydroxylase (cytochrome P-450LA v).
Identification of a new cytochrome P-450 gene family. J. Biol.
Chem. 262, 801–810.

3. Zhu, Y., Alvares, K., Huang, Q., Rao, M. S., and Reddy, J. K.
(1993) Cloning of a new member of the peroxisome proliferator-
activated receptor gene family from mouse liver. J. Biol. Chem.
268, 26817–26820.

4. Kliewer, S. A., Forman, B. M., Blumberg, B., Ong, E. S., Borg-
meyer, U., Mangelsdorf, D. J., Umesono, K., and Evans, R. M.
(1994) Differential expression and activation of a family of mu-
rine peroxisome proliferator-activated receptors. Proc. Natl.
Acad. Sci. USA 91, 7355–7359.

5. Hashimoto, T. (1999) Peroxisomal b-oxidation enzymes. Neuro-
chem. Res. 24, 551–563.

6. Krisans, S. K., Mortensen, R. M., and Lazarow, P. B. (1980)
Acyl-CoA synthetase in rat liver peroxisomes. Computer-
assisted analysis of cell fractionation experiments. J. Biol.
Chem. 255, 9599–9607.

7. Esser, V., Britton, C. H., Weis, B. C., Foster, D. W., and Mc-
Garry, J. D. (1993) Cloning, sequencing, and expression of a
cDNA encoding rat liver carnitine palmitoyltransferase I. Direct
evidence that a single polypeptide is involved in inhibitor inter-
action and catalytic function. J. Biol. Chem. 268, 5817–5822.

8. Esser, V., Brown, N. F., Cowan, A. T., Foster, D. W., and Mc-
Garry, J. D. (1996) Expression of a cDNA isolated from rat brown
adipose tissue and heart identifies the product as the muscle
isoform of carnitine palmitoyltransferase I (M-CPT I). M-CPT I
is the predominant CPT I isoform expressed in both white (epi-
didymal) and brown adipocytes. J. Biol. Chem. 271, 6972–6977.

9. Kolodziej, M. P., Crilly, P. J., Corstorphine, C. G., and Zammit,
V. A. (1992) Development and characterization of a polyclonal
antibody against rat liver mitochondrial overt carnitine palmi-
toyltransferase (CPT I). Distinction of CPT I from CPT II and of
isoforms of CPT I in different tissues. Biochem. J. 282, 415–421.

0. Park, E. A., and Cook, G. A. (1998) Differential regulation in the
heart of mitochondrial carnitine palmitoyltransferase-I muscle
and liver isoforms. Mol. Cell. Biochem. 180, 27–32.

1. Brandt, J. M., Djouadi, F., and Kelly, D. P. (1998) Fatty acids
activate transcription of the muscle carnitine palmitoyltrans-
ferase I gene in cardiac myocytes via the peroxisome
proliferator-activated receptor a. J. Biol. Chem. 273, 23786–
23792.

2. Mascaro, C., Acosta, E., Ortiz, J. A., Marrero, P. F., Hegardt,
F. G., and Haro, D. (1998) Control of human muscle-type
carnitine palmitoyltransferase I gene transcription by perox-
isome proliferator-activated receptor. J. Biol. Chem. 273,
8560 – 8563.

3. Zhu, Y., Kan, L., Qi, C., Kanwar, Y. S., Yeldandi, A. V., Rao,
M. S., and Reddy, J. K. (2000) Isolation and characterization of
peroxisome proliferator-activated receptor (PPAR) interacting



protein (PRIP) as a coactivator for PPAR. J. Biol. Chem. 275,

3

35. Watanabe, K., Fuji, H., Takahashi, T., Kodama, M., Aizawa,

Vol. 278, No. 1, 2000 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS
13510–13516.
4. Zhu, Y., Qi, C., Jia, Y., Nye, J. S., Rao, M. S., and Reddy, J. K.

(2000) Deletion of PBP/PPARBP, the gene for nuclear receptor
coactivator peroxisome proliferator-activated receptor-binding
protein, results in embryonic lethality. J. Biol. Chem. 275,
14779–14782.
257
Y., Ohta, Y., Ono, T., Hasegawa, G., Naito, M., Nakajima,
T., Kamijo, Y., Gonzalez, F. J., and Aoyama, T. (2000) Con-
stitutive regulation of cardiac fatty acid metabolism through
peroxisome proliferator-activated receptor a associated with
age-dependent cardiac toxicity. J. Biol. Chem. 275, 22293–
22299.


	MATERIALS AND METHODS
	TABLE 1

	RESULTS AND DISCUSSION
	FIG. 1
	TABLE 2
	FIG. 2
	TABLE 3

	ACKNOWLEDGMENTS
	REFERENCES

