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Abstract — The expression of the peroxisome proliferator-activated receptor-o. (PPAR) as well as of some related genes was
studied in rat liver at different stages of development (from 19-day-old fetuses to 1 month-old rats). The level of PPARa mRNA
appeared higher in neonates than in fetuses or 1 month-old rats. Whereas the pattern for phosphoenolpyruvate carboxykinase (PEPCK)
mRNA level was similar to that of PPARa, the mRNA level of both acyl-CoA oxidase (ACO) and apolipoprotein CIII (apo CIII)
showed diverse profiles. Western blotting analysis also revealed an increased level of PPARa protein in liver of suckling rats.
Similarities of mRNA PEPCK and PPAR« expression indicate a common control mechanism, where both nutritional and hormonal
factors may be involved. © 2000 Société frangaise de biochimie et biologie moléculaire / Editions scientifiques et médicales Elsevier
SAS
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1. Introduction

Peroxisome proliferator-activated receptors (PPAR) are
members of the steroid nuclear receptor superfamily,
which is a large class of ligand-activated transcription
factors regulating gene expression. Both peroxisome pro-
liferator compounds and fatty acids, or their derivatives,
are known to activate these receptors either indirectly or
as ligands [1], therefore acting on gene regulation in a
similar way to steroid hormones. Induced PPARs regulate
the expression of genes encoding proteins related to lipid
metabolism. So far, three PPAR subtypes have been
identified in the rat: PPAR«, f and . The isoform o is the
best-characterized and it is primarily expressed in tissues
like liver having a high fatty acid catabolism activity,
being involved in the modulation of that pathway. More-
over, it has been postulated that PPARs might be respon-
sible for the cellular fuel selection in the context of the
substrate competition between fatty acids and glucose [2].

The hormonal regulation of PPARa expression has
been poorly described to date, and only glucocorticoids
seem to show a clear effect [3]. Furthermore, most studies
have been carried out in vitro and controversial results
have been reported regarding the regulation of the expres-
sion of PPARa by either insulin [4-6] or by fatty acids [5,
7]. Physiological conditions of modified plasma insulin
and fatty acid levels are therefore desirable in order to test
whether these factors control PPARa expression in vivo.

* Correspondence and reprints: carbocos@ceu.es

During perinatal development, both the transition from
fetal to neonatal stage, and of suckling period to weaning
are known to modify endocrine and nutritional conditions
that could influence the pattern of expression of PPAR«a as
it has been described for other genes related to PPARa,
like phosphoenolpyruvate carboxykinase (PEPCK) [8]. A
previous work studied the pattern expression of PPAR« in
rats during embryonic development [9], and it showed an
increasing expression related to aging. Another report,
using in situ hybridization analysis [10], showed an
increasing expression of PPARa in mouse liver from the
fetal stage to adulthood. By measuring the specific mRNA
and protein levels, the present study was addressed to
determine the expression of PPARa in rat liver throughout
the perinatal and suckling transitional stages. The study
was extended to determine the mRNA level of genes
whose expressions have previously been proposed to be
related to PPARa: acyl-CoA oxidase (ACO), apolipopro-
tein CIII (apo CIII), and PEPCK [11].

2. Materials and methods
2.1. Animals

Female Sprague-Dawley rats weighing 160190 g were
mated. Mothers and their fetuses were killed by decapita-
tion at different post-fecundation times: 19, 20 and
21 days. On the day of birth, each litter was reduced to
nine pups per mother and pups were killed at 0, 1, 2, 5, 10,
15, 20, 25, and 30 days after birth. On the 20th day of life,
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the lactating mothers were removed from the cages. In all
cases, the liver was immediately removed, placed into
liquid nitrogen and stored at —70 °C until analysis.

The experimental protocol was approved by the Animal
Research Committee of the Faculty of Experimental
Sciences, University of San Pablo-CEU,

2.2. RNA analysis

Total cellular RNA was prepared either from the liver
of individual animals (rats of 5 to 30 days of age) or from
liver pools of three animals of the same age (fetuses and
newborns from day 0 to 2 days of age). Total RNA was
isolated by a modification of the guanidium isothiocyanate
method using Ultraspec RNA according to the manufac-
turer’s instructions (Biotecx Labs, Houston, USA).
Around 25 pg of total RNA was denatured, separated on
1.2% agarose gels and transferred to nylon membranes in
20 x SSC. The cDNA probes for Northern blot analysis
were labeled with [0-*?P]JdCTP by using the random
primer DNA labeling kit provided by Amersham. Probes
used were: a fragment of rat ACO cDNA (kindly supplied
by H.N. Sorensen, University of Oslo, and with permis-
sion of T. Osumi, Humeji Institute of Technology, Hyogo,
Japan), rat apo CIII cDNA fragment (a generous gift of Dr.
J. Auwerx, Institute Pasteur, Lille, France), rat PEPCK
cDNA fragment (kindly supplied by Dr. D.K. Granner,
Vanderbilt University Medical Center, Nashville, USA),
and a fragment of rat PPARa cDNA (a generous gift of Dr.
J-A Gustafsson, Karolinska Institute, Huddinge, Sweden).
Blots were prehybridized at 42 °C for 2 h and hybridized
overnight at the same temperature. Washing conditions
were 2 X SSC, 0.1% SDS at 42 °C for 15 min twice for
PPAR«, and 0.1 x SSC, 0.1% SDS at 53 °C for 15 min
three times for the other probes, and membranes were
exposed to Kodak X-OMAT films at —70 °C from 1 hto 3
days. Filters were stripped of label at 75-80 °C for 1 h
with 0.1 x SSC, 0.5% SDS, 0.1% tetrasodium pyrophos-
phate and then rehybridized.

2.3. Immunoblotting

Liver samples were homogenized in a buffer containing
25 mM MOPS, 1 mM EDTA, 2mM DTT, 0.4 M KCI, pH
7.9, and 0.2 mM PMSEF. Sixty ug of total protein of liver
homogenate were denatured and subjected to SDS-PAGE.
Proteins were transferred to nitrocellulose and visualized
by Ponceau Red to confirm transfer. Blots were incubated
with a polyclonal antibody to PPARa (Santa Cruz Bio-
technology, Inc., USA), followed by a peroxidase-
conjugated rabbit anti-goat antibody (Sigma) and the
immunoreactive bands were visualized by enhanced
chemiluminescence (ECL, Amersham).

3. Results and discussion

Experiments carried out in our laboratory showed that
the amount of specific messenger RNA for PPARa was
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higher in liver of rat fetuses than in their mothers or adult
female rats (Panadero M.L, Bocos C. and Herrera E.,
unpublished results). These findings were in contrast to
those of Beck et al. [10], showing a progressively increas-
ing expression of this nuclear transcriptional factor in
rodents from embryonic to post-natal and adult stages. In
order to clarify this controversy, the expression of PPAR«
and some of its target genes were studied by Northern blot
analysis in liver from fetuses, newborns, suckling pups
and adult rats. As shown in figure /, the already appre-
ciable level of PPARa mRNA in fetuses rapidly increased
at birth, reaching the highest value around day 1 and
remaining high during the first 10 days of life, to decline
at day 20, remaining low at day 30 of life.

The expression of few PPARa target genes is also
summarized in figure I. The pattern of PEPCK mRNA
throughout development paralleled that of PPARa
mRNA, being practically absent during fetal life and
rapidly increasing at birth and remaining high until day 10
of life, to decline thereafter. This pattern in PEPCK
mRNA resembles the profile already found by others [8],
reflecting the lack of gluconeogenesis during the fetal
period and its rapid increase after birth, remaining en-
hanced during suckling and declining at weaning. This
pattern may be related to the proposed influence of low
insulin and high fatty acid levels in the gene expression of
PEPCK during suckling [12, 13], also supporting the role
of these hormonal and metabolic factors controlling the
PPARa expression.

As also shown in figure I, the profile of ACO mRNA
throughout development was slightly different than either
PPARa or PEPCK, since its highest increase occurs at day
0 and there is a progressive decline thereafter. This picture
is similar to the one previously reported by Staels et al.
[14]. The early peak in the mRNA level of ACO could be
related to an enhanced hepatic peroxisomal fatty acid
catabolism during suckling, providing an additional
mechanism by which the pups oxidize milk fatty acids. An
increase in the mRNA expression of 17f-hydroxysteroid
dehydrogenase type IV, an enzyme that has also been
implicated in the peroxisomal fatty acid f-oxidation [15]
and whose expression has already been demonstrated to
be regulated by PPARa in liver [16], was also observed in
dot blot analysis (data not shown), although later than the
peak seen in the expression of ACO. In fact, an enhanced
peroxisomal capacity for fatty acid p-oxidation during
suckling has already been found in both piglets and rats
[17].

As also shown in figure I, the pattern of apo C III
mRNA expression appeared quite different from that of
PPARGa, being practically absent in the fetus and progres-
sively increasing after birth to attain the highest level at 20
days of age, to values that do not differ from those in
30-day-old rats. This pattern coincides with a similar one
previously reported and agrees with the known fact that
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Figure 1. A. Northern blot experiments for mRNAs of PPARa,
ACO, apo CIII, and PEPCK. The autoradiograms shown repre-
sent the results obtained for four animals per group. Total RNA
isolated from liver of fetuses, pups and adult rats were processed
as described in 2. Materials and methods. The developmental
time-points considered and probes used are indicated. B. Rela-
tive amount of corresponding mRNAs obtained by densitometric
scanning of the blots and normalized versus 28S ribosomal RNA
ethidium bromide staining. Values are represented in arbitrary
units, since the value corresponding to the 30-day-old rats is
taken as 1 unit.

apo C III is negatively regulated by compounds that
activate PPARa [14].

To check whether the augmented amount of PPAR
mRNA in liver during suckling was also reflected by the
amount of the corresponding protein, a Western blotting
analysis was carried out on the same liver samples. As
shown in figure 2, although PPARa protein is already
present in fetuses, as occurred for PPARo mRNA, it
appeared more abundant in the liver of suckling rats than
in fetuses and weaning rats. The maximal peak in PPARa
protein appeared in the liver of the 10-day-old pups, which
is later than the peak found in the mRNA level, occurring
around the first day of extrauterine life (figure 1). This
delay in the appearance of the peak in protein as compared
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Figure 2. Whole-cell extracts from the liver of fetuses, pups and
adult rats were separated by SDS-PAGE, transferred to nitrocel-
lulose and probed with antibody against PPARa, followed by
ECL visualization. The developmental time-points considered
are indicated. The immunoblot shown is representative of four
animals per group.

to mRNA of PPARa might be due to different turnover
rates or differences in the translation efficiency of mRNA,
and agrees with similar discrepancies previously de-
scribed [18, 19].

The profile of PPAR expression during development
found here could be inversely related to the pattern of
insulin concentration in plasma, which is high in fetuses,
followed by a reduction after parturition, reaching the
lowest level at 5-10 days of age, to progressively increase
again until the 30th day of life [20]. Since there are reports
showing inhibitory insulin effects on PPAR expression in
vitro [4-6], our results would suggest a physiologic
inhibitory effect of insulin on PPARa expression. An
influence of growth hormone (GH) cannot be ruled out
either, since its plasma concentration increases around the
onset of rat puberty [21], which occurs in the strain of rats
used here (Sprague-Dawley) around the 30th day of life, at
the time when the lowest expression was found here, and
in vitro experiments have previously demonstrated an
inhibitory effect of GH on the expression of PPARa [22].
The profile observed here for the expression of PPARa
mRNA in liver throughout development may also be
related to nutritional changes. Whereas during fetal and
post-suckling periods rats are mainly fed with a
carbohydrate-rich diet, during suckling the diet is highly
lipid-based, and therefore it may be hypothesized that the
PPARa transcription during this stage is enhanced by
dietary fatty acids in a similar way as has been demon-
strated for the expression of a number of genes, such as
PEPCK [12]. In fact, previous in vitro studies have
already shown that some fatty acids are able to induce
PPAR expression in hepatic cells [4, 5]. Experiments
designed to elucidate between these possibilities are
currently being performed in our laboratory.

Besides its hormonal regulation, the high levels of
PPARa mRNA and protein found here in rat neonates
would indicate the existence of an additional regulating
factor such as the nutritional changes occurring during this
period of life. Present results therefore indicate that
PPARo. mRNA expression during the perinatal period is
under both hormonal and fatty acid control in an analo-
gous manner to the regulation of some of its putative
target genes.



726

Acknowledgments

This study has been supported by grants from the Fondo de
Investigaciones Sanitarias de la Seguridad Social (98/0158), the
Direccién General de Ensefianza Superior (PM96-0022) and
from the Universidad San Pablo-CEU (19/97). The authors thank
Linda Hamalainen for her editorial help and José M* Garrido for
his bibliographic assistance.

References

(1)

[2]

131

[4]

[5]

(71

[8]

)

Bocos C., Gottlicher M., Gearing K., Banner C., Enmark E.,
Teboul M., Crickmore A., Gustafson J.A., Fatty acid activation of
peroxisome proliferator-activated receptor (PPAR), J. Steroid Bio-
chem. Mol. Biol. 53 (1995) 467-473.

Desvergne B., Wahli W., PPAR: a key nuclear factor in nutrient/
gene interactions? in: Baeuerle P. (Ed.), Inducible Transcription, 1,
Birkhaiiser, Boston, 1995, pp. 142-176.

Lemberger T., Staels B., Saladin R., Desvergne B., Auwerx J.,
Wahli 'W., Regulation of the peroxisome proliferator-activated
receptor ¢« gene by glucocorticoids, J. Biol. Chem. 269 (1994)
24527-24530.

Sterchele P.F.,, Sun H., Peterson R.E., Vanden Heuvel J.P., Regu-
lation of peroxisome proliferator-activated receptor-alpha mRNA
in rat liver, Arch. Biochem. Biophys. 326 (1996) 281-289.
Steineger H.H., Sorensen H.N., Tugwood J.D., Skrede S., Spy-
devold O., Gautvik K.M., Dexamethasone and insulin demonstrate
marked and opposite regulation of the steady-state mRNA level of
the peroxisomal proliferator-activated receptor (PPAR) in hepatic
cells. Hormonal modulation of fatty-acid-induced transcription,
Eur. J. Biochem. 225 (1994) 967-974.

Inoue L., Shino K., Noji S., Awata T., Katayama S., Expression of
peroxisome proliferator-activated receptor alpha (PPAR alpha) in
primary cultures of human vascular endothelial cells, Biochem.
Biophys. Res. Commun. 246 (1998) 370-374.

Takase S., Tanaka K., Suruga K., Kitagawa M., Igarashi M.,
Goda T., Dictary fatty acids are possible key determinants of
cellular retinol-binding protein II gene expression, Gastrointest.
Liver Physiol. 37 (1998) G626-G632.

Asins G., Serra D., Miliar A., Caudevilla C., Matas R., Arias G.,
Hegardt E.G., Developmental changes in the phospho(enol)pyru-
vate carboxykinase gene expression in small intestine and liver of
suckling rats, Arch. Biochem. Biophys. 329 (1996) 82-86.
Braissant O., Wahli W., Differential expression of peroxisome
proliferator-activated receptor-a,, -, and -y during rat embryonic
development, Endocrinology 139 (1998) 2748-2754.

[10]

(1]

[12]

[13]

[14]

[15]

[16]

(17]

[18]

(19

f201

[21]

[22]

Panadero et al.

Beck F., Plummer S., Senior PV., Byrne S., Green S., Bram-
mar W.J., The ontogeny of peroxisome-proliferator-activated re-
ceptor gene expression in the mouse and rat, Proc. R. Soc. Lond.
247 (1992) 83-87.

Schoonjans K., Staels B., Auwerx J., Role of the peroxisome
proliferator-activated receptor (PPAR) in mediating the effects of
fibrates and fatty acids on gene expression, J. Lipid Res. 37 (1996)
907-925.

Antras-Ferry J., Robin P., Robin D., Forest C., Fatty acids and
fibrates are potent inducers of transcription of the phospho-
enolpyruvate carboxykinase gene in adipocytes, Eur. J. Biochem.
234 (1995) 390-396.

Coupe C., Perdereau D., Ferre P, Hitier Y., Narkewicz M.,
Girard J., Lipogenic enzyme activities and mRNA in rat adipose
tissue at weaning, Am. J. Physiol, 258 (1990) E126-E133.
Staels B., Vu-Dac N., Kosykh V.A., Saladin R., Fruchart J.C.,
Dallongeville J., Auwerx J., Fibrates downregulate apolipoprotein
C-III expression independent of induction of peroxisomal acyl
coenzyme A oxidase, J. Clin. Invest. 95 (1995) 705-712.
Leenders F., Tesdorpf J.G., Markus M., Engel T., Seedorf U.,
Adamski J., Porcine 80-kDa protein reveals intrinsic 17f-
hydroxysteroid  dehydrogenase, fatty acyl-CoA-hydratase/
dehydrogenase, and sterol transfer activities, J. Biol. Chem. 271
(1996) 5438-5442.

Fan L.Q., Cattley R.C., Corton I1.C., Tissue-specific induction of
17B-hydroxysteroid dehydrogenese type IV by peroxisome prolif-
erator chemicals is dependent on the peroxisome proliferator-
activated receptor a, J. Endocrinol. 158 (1998) 237-246.

Yu X.X., Drackley J.K., Odle J., Rates of mitochondrial and
peroxisomal f-oxidation of palmitate change during postnatal
development and food deprivation in liver, kidney and heart of
pigs, J. Nutr. 127 (1997) 1814-1821.

Tavangar K., Murata Y., Patel S., Kalinyak J.E., Pedersen M.E,,
Goers J.F.,, Hoffman A.R., Kraemer F.B., Developmental regula-
tion of lipoprotein lipase in rats., Am. J. Physiol. 262 (1992)
E330-E337.

Nisoli E., Tonello C., Carruba M.O., Nerve growth factor, (3+-
adrenoceptor and uncoupling protein | expression in rat brown fat
during postnatal development, Neurosci. Lett. 246 (1998) 5-8.
Blazquez E., Montoya E., Lopez-Quijada C., Relationship be-
tween insulin concentrations in plasma and pancreas of foetal and
weanling rats, J. Endocrinol. 48 (1970) 553-561.

Eden S., Age and sex related differences in episodic growth
hormone secretion in the rat, Endocrinology 105 (1979) 555-560.
Yamada J., Sugiyama H., Watanabe T., Suga T., Suppressive effect
of growth hormone on the cxpression of peroxisome proliferator-
activated receptor in cultured rat hepatocytes, Res. Commun. Mol.
Pathol. Pharmacol. 90 (1995) 173-176.





