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Abstract

The amount of peroxisome proliferator-activated receptor-o. (PPARw) protein was markedly augmented in the
liver of suckling rats compared to adult rats. This different PPARa abundance was used to study the sensitivity to
nutritional changes in the expression and activity of this receptor. Thus, 10-day-old and adult rats were orally given
either glucose, Intralipid or a combination of both diets, and liver mRNA levels of PPARx and the PPAR related
genes, acyl-CoA oxidase (ACO) and phosphoenolpyruvate carboxykinase (PEPCK), and plasma metabolites were
measured. In neonates, the expression of PPARa and ACO was seen to increase when the level of FFA in plasma
was also high, unless an elevated level of insulin was also present. However, this fatty acid-induced effect was not
detected in adult rats. On the contrary, the hepatic expression of PEPCK was modulated by the nutritional changes
similarly in both neonates and adult rats. Thus, it may be concluded that the expression of the PPAR« gene in adult
rats seems to be less sensitive to nutritional changes than in neonates.
© 2004 Elsevier Inc. All rights reserved.
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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.
These receptors, after binding peroxisome proliferator compounds or fatty acids, are activated and
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regulate the expression of genes related to lipid metabolism (Bocos et al., 1995, for a review; Forman
et al., 1997), such as peroxisomal p-oxidation, gluconeogenesis, lipid transport, and ketogenesis. So
far, three PPAR subtypes have been identified in rat: PPARa, PPARR and PPAR<y. The isoform a is
the best-characterized and it is primarily expressed in tissues that have a high level of fatty acid
catabolism such as liver (Braissant et al., 1996), being involved in the modulation of fatty acid
oxidation.

Activation of PPAR«a and consequently the corresponding modulation of the expression of its target
genes, can be due to an induction of PPARa mRNA and protein and/or an increase in PPARa ligand
activation (Kersten et al., 1999). However, whereas the latter has been extensively studied, the regulation
of PPAR« expression has been poorly described to date, and only glucocorticoids seem to show a clear
effect (Lemberger et al., 1994). Most studies have been carried out in vitro and conflicting results have
been reported regarding the regulation of PPAR«a expression by either insulin (Sterchele et al., 1996;
Steineger et al., 1994; Inoue et al., 1998) or fatty acids (Steineger et al., 1994; Takase et al., 1998).
Interestingly, there has also been speculation that relative amounts of PPARa might mediate different
responses in gene expression. Thus, it has been proposed that whereas high levels of PPARa would
modulate both the lipid homeostasis gene expression (i.e. LPL, apo-Al) and genes associated with the
peroxisome proliferation (i.e. ACO, bifunctional enzyme), low amounts of PPARa would only act on the
regulation of the former (Holden and Tugwood, 1999). In agreement with this, the guinea pig expresses
active PPARa in the liver at reduced levels, and in fact is a non-responsive species to peroxisome
proliferation (Tugwood et al., 1998). Furthermore, addition of PPAR« to guinea-pig hepatocytes confers
increased responsiveness to peroxisome proliferators (Macdonald et al., 1998). Hepatic expression of
PPAR« in humans is also low, whereas in mice and rats it is high, suggesting that species differences in
response to peroxisome proliferators may be due to the quantity of PPARa (Macdonald et al., 1998).
Thus, it has been reported that the response to PPAR« affects different genes in human versus rat
hepatocytes (Hsu et al.,, 2001; Lawrence et al., 2001). However, HepG2 cells engineered to express
PPARa at concentrations similar to mouse liver, were kept refractory to peroxisome proliferation (Hsu et
al., 2001; Lawrence et al., 2001). Nevertheless, differences between HepG2 cells and normal human
liver in the expression of critical or auxiliary factors could limit the capacity of PPAR to regulate the
expression of genes encoding for the peroxisomal fatty acid oxidation pathway (Hsu et al., 2001).

In a previous study, we found that both the amount of PPARa receptor and the PPARa mRNA levels
vary during development in rat, reaching a high value during the suckling period, and declining in 30-
day-old rats (Panadero et al., 2000). Latterly, we also found a higher expression in neonates than in 30-
day-old rats, and this difference was related to the lipid-rich milk intake (Panadero et al., 2001). Thus,
dietary fat was able to markedly increase the hepatic PPARa expression at the neonatal stage, unless
plasma insulin levels were high (Panadero et al., 2001). However, whereas Suruga et al. (1995) did not
find any response of jejunal PPARa mRNA level in adult rats to force-feeding a high-fat diet, Steineger
et al. (1994) reported an induction of PPAR mRNA expression in adult rat hepatocytes by fatty acids,
suggesting that a positive effect of fatty acids on PPAR«a expression might be liver-specific (Suruga et
al., 1995).

By following a force-feeding protocol, the present study was carried out on neonates and adult rats in
order to investigate whether the control on PPAR expression by means of fatty acids is dependent on the
amount of PPAR« receptor. The study was also extended to determine the expression of PEPCK mRNA,
which is known to be responsive to nutritional manipulations both in suckling (Lyonnet et al., 1988) and
adults rats (Antras-Ferry et al., 1995).



M. Panadero et al. / Life Sciences 76 (2005) 1061-1072 1063

Methods
Animals

Female Sprague-Dawley rats weighing 160-190 g were fed ad libitum standard rat chow (B and K
Universal, Barcelona, Spain) and mated. The experimental protocol was approved by the Animal
Research Commiittee of the University San Pablo-CEU (Madrid, Spain). Mothers were allowed to
deliver and on the day of birth, each suckling litter was reduced to nine pups per mother. Ten-day-
old suckling rats were separated from their mothers, maintained at 37 °C, in high humidity, and
subjected to oral force-feeding three times (at 10.00 am., 11.00 a.m., and 13.00 p.m.) with 10-20
uL/g of body weight of a solution containing either 25% glucose, 10% Intralipid (emulsion of
soybean oil), glucose plus Intralipid or the medium (bidistillated water). The animals were
decapitated two hours after the last administration. In all cases, the liver was immediately removed,
placed in liquid nitrogen and stored at —70 °C until analysis. Blood was collected from the neck into
EDTA-containing receptacles and after centrifugation, plasma was kept at —20 °C until processed for
insulin and free fatty acid (FFA) analysis using commercial kits (DiaSorin, USA and Wako,
Germany, respectively). Ninety-day-old male rats weighing 200-225 g received the same treatment
and were always studied in parallel. In some experiments, after a 24 h fast adult rats were subjected
to the same protocol as above mentioned for the animals which received the medium, making a total
of 29-h fasting.

RNA analysis

Total cellular RNA was prepared from the liver of individual animals. Total RNA was isolated by a
modification of the guanidium isothiocyanate method using Ultraspec RNA according to the
manufacturer’s instructions (Biotecx Labs, Houston, TX). Total RNA concentration was determined by
absorbance measurement at 260 nm. The 260/280 absorption ratio of all samples was between 1.8 and
2.0. Ten, 20 and 30 pg of total RNA was denatured, spotted, and fixed to a nylon membrane. The
cDNA probes for dot blot analysis were labeled with [a->2P]dCTP using the random primer DNA
labeling kit provided by Amersham. Probes used were: 1.1 kb Pst I fragment of rat peroxisomal acyl-
CoA oxidase (ACO) cDNA (kindly supplied by Dr. H. N. Sorensen, University of Oslo, and with the
permission of Dr. T. Osumi, Humeji Institute of Technology, Hyogo, Japan), 1.6 kb Eco R/ fragment
of rat PPARa cDNA (a generous gift from Dr. J-A Gustafsson, Karolinska Institute, Huddinge,
Sweden) and a fragment of rat B-actin cDNA (kindly supplied by Dr. D. Landin, INSERM U317,
Toulouse, France). Around 25 pg of total RNA was also denatured, separated on 1.2% agarose gels
and transferred to nylon membranes in 20X SSC. The cDNA probe for Northern blot analysis was a
rat PEPCK cDNA fragment (kindly supplied by Dr. D. K. Granner, Vanderbilt University Medical
Center, Nashville, USA). Blots were prehybridized at 42 °C for 2 h and hybridized ovemight at the
same temperature. Washing conditions were 2x SSC, 0.1% SDS at 42 °C for 15 min twice for
PPARa, and 0.1x SSC, 0.1% SDS at 53 °C for 15 min three times for the other probes. Membranes
were then exposed to Kodak X-OMAT films at —70 °C from 1 h to 3 days. Filters were stripped of
label at 75-80 °C for 1 h with 0.1 SSC, 0.5% SDS, 0.1% tetrasodium pyrophosphate and then
rehybridized. For dot blot analysis, linearity of the relationship between signal intensity and RNA
concentration was confirmed for each sample and probe.
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Immunoblotting

Ten-day-old and 90-day-old non-forced-fed rats were sacrified at 10 a.m. and an aliquot of their livers
was homogenized in a buffer containing 25 mM MOPS, 1 mM EDTA, 2mM DTT, 0.4 M KC], pH 7.9,
and 0.2 mM PMSF. 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 (Passilly et al., 1999) (kindly supplied by Dr.
M. Dauga, University Henri Poincaré, Nancy, France), followed by a peroxidase-conjugated goat
antirabbit antibody (Sigma) and the immunoreactive bands were visualized by enhanced chemilumi-
nescence (ECL, Amersham).

Statistical analysis

Data are expressed as mean * standard error. Results were subjected to a one-way analysis of
variance (ANOVA), differences in mean values among groups were tested using the Tukey multiple
range test, and were considered statistically different at P < 0.05. For results of plasma insulin levels, the
Mann-Whitney U test was used. Where applicable, the comparison between adult and suckling rats or
between glucose and fasted-29-hour groups were made by the Student ¢ test.

Results and discussion
Hepatic PPARa protein of suckling and adult rats

The relative amount of PPARa receptor in the liver of suckling rats (10 days old) was found to be
significantly higher than in adult rats (three months old) (Fig. 1). This finding agrees with previous
reports from us (Panadero et al., 2000, 2001) and others (Gruppuso et al., 2000), demonstrating that
PPARa in rat liver displays higher mRNA level during the suckling period than at the adult stage. These
findings also agree with the fact that we previously found, that PPAR« protein appeared more abundant
in the liver of suckling than in weaning rats (Panadero et al., 2000). Thus, this age dependent difference
found in the level of PPARa protein in rat may be used to determine whether the grade of responsiveness
of this receptor to fatty acids is dependent or not on the PPARa amount in the tissue. Although this
conclusion was derived from studies using species which differ in their responses to PPARa activators
(Holden and Tugwood, 1999; Tugwood et al., 1998; Macdonald et al., 1998; Hsu et al., 2001; Lawrence
et al., 2001), the possibility also exists that these observed differences between non-responsive and
sensitive species might just be the result of a species-specific difference. By using animals from the same
species and strain but having different quantities of PPARa, such a possibility could be determined.

Nutritionally induced changes in plasma insulin and FFA levels in suckling and adult rats

In order to determine whether the regulation of PPARa expression and activity by nutritional factors is
similar between neonatal and adult rats, despite displaying different PPAR« protein abundance, ten-day-
old and ninety-day-old rats were given orally either glucose, Intralipid, both or kept fasted for the 5-h
period (receiving just the medium, bidistillated water). As shown in Table 1, plasma FFA were higher in
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Fig. 1. Immunoblot of total liver homogenates from suckling and adult non-forced-fed rats incubated with an antibody against
PPARa, followed by ECL visualization. Adults were set to 100%. The diagram shows the results of the densitometric analysis.
The bars represent mean + SE of four animals. Statistically (¢-test) significant difference is indicated by asterisk (*, P < 0.05).

suckling rats receiving Intralipid, glucose plus Intralipid, or the medium (i.e. kept fasted), as compared to
those receiving only glucose. Similar results were observed in adult rats (Table 1). For plasma insulin,
both in suckling and adult rats, the levels were significantly higher in the glucose plus Intralipid group
than in any of the other conditions studied (Table 1).

Nutritionally induced changes in PPARx mRNA in liver of suckling and adult rats

As shown in Fig. 2, the expression of hepatic PPARa was higher when the neonates were fed with a
high lipid diet (Intralipid) as compared to those fed glucose. Surprisingly, this induction was not detected
in the adult animals, despite the high FFA levels found in the Intralipid group (Table 1). This finding was
in accordance with the reported lack of effect of unsaturated fatty acid on the expression of PPARa in

Table 1
Effect of force-feeding with either glucose, Intralipid, glucose plus Intralipid or the medium (bidistillated water) on plasma
insulin and FFA levels in suckling and adult rats

Oral treatment Insulin (pU/mL) FFA (uM)
Suckling rats Glucose 8.9 + 23° 375 + 88°
Intratipid 41 + 1.4 884 + 123°
Glucose + Intralipid 273 + 5.1° 818 + 92°
Medium 7.1 £ 217 772 + 73°
Adult rats Glucose 6.9 + 1.4° 355 £ 22°
Intralipid 6.8 + 1.4° 619 + 50°
Glucose + Intralipid 209 + 4.7° 435 + 24°
Medium 82 + 2.8° 484 + 79*°

Values are means + S.E of 7-10 suckling rats/group or 4 adult rats/group. For each experimental group, the superscript letters
correspond to the statistical comparisons between the different nutritional oral treatments for each parameter (values not sharing
a common superscript letter are significantly different at P < 0.05).
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Fig. 2. Effect of force-feeding with either glucose, Intralipid, glucose plus Intralipid, or medium (bidistillated water) on hepatic
expression of PPARa in both 10-day-old and 90-day-old rats. Leff. Representative dot-blot analysis of mRNA of PPAR« and $-
actin, prepared from livers of rats from each group are shown. The amount of RNA spotted is indicated on the left of each panel.
Right. Relative amount of liver PPAR« obtained by densitometric scanning of the blots and normalized against actin was
represented using arbitrary units, considering 100% the mean value in liver of glucose fed rats. Each value represents the
mean * SE of four animals. Comparison between groups was performed with one-way analysis of variance (ANOVA), and a
different letter means statistically significant differences at P < 0.05.

adult rat jejunum (Suruga et al., 1995) or of dietary lipids on the steady-state levels of PPARa mRNA in
heart and liver (Ouali et al., 2000), discarding tissue-specific response differences. In the suckling rats
treated with bidistillated water, which were fasted for 5 h, we also found a significant increase in the
hepatic mRNA PPARa content as compared to animals receiving glucose (Fig. 2), which corresponds
with the high levels observed in the plasma FFA of these animals. However, in adult rats this nutritional
induction in the abundance of hepatic PPARa mRNA was not observed. On the other hand, as shown in
Fig. 2, in suckling rats when the high lipid intake was administered along with glucose, the expression of
PPAR«a was not enhanced. Since the FFA level found in this group was similar to that observed in the
animals receiving Intralipid, the putative explanation for the lack of effect when glucose is
simultaneously used with Intralipid, could be a counteracting effect of the high plasma insulin levels.
Although a lack of response to Intralipid plus glucose was also found in adult rats, despite their high FFA
levels which were also higher than those from the glucose group (Table 1), this finding may be better
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explained as the result of the lack of effect of FFA on PPAR« expression in these animals than due to a
counteracting action of the augmented insulin levels.

Nutritionally induced changes in mRNA of ACO and PEPCK in liver of suckling and adult rats

In order to check whether the changes described for the PPARa expression in the liver of either
suckling or adult rats subjected to force-feeding with different nutrients were reflected in its target genes,
the mRNA expression of ACO was also determined in the same blots. As shown in Fig. 3, ACO mRNA
expression was characterized, both in neonates and adult rats, by trends similar in response to the
nutritional changes as those found with PPAR« expression. Thus, in neonates the presence of high
plasma FFA levels (Table 1) was associated with an augmented ACO expression, presumably through
PPARa (Fig. 3). However, in adult rats elevated FFA levels in the animals receiving Intralipid versus
those fed glucose, did not produce any difference in ACO expression between both groups. Similar to
these findings, high plasma FFA levels caused by fasting conditions (i.e. those receiving the medium)
(Fig. 3) enhanced ACO expression in suckling rats when compared to those having low FFA levels,
whereas in adults no differences among the groups were detected. Interestingly, in suckling rats when the
high lipid intake (i.e. Intralipid) was administered along with glucose, the expression of ACO, however,
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Fig. 3. Effect of force-feeding with either glucose, Intralipid, glucose plus Intralipid, or medium (bidistillated water) on hepatic
expression of peroxisomal acyl-CoA oxidase (ACO) in both 10-day-old and 90-day-old rats. Left. Representative dot-blot
analysis of ACO mRNA, prepared from livers of rats from each group are shown. The amount of RNA spotted is indicated on
the left of each panel. Right. Relative amount of liver ACO obtained by densitometric scanning of the blots and normalized
against actin was represented using arbitrary units, considering 100% the mean value in liver of glucose fed rats. Each value
represents the mean *+ SE of four animals. Comparison between groups was performed with one-way analysis of variance
(ANOVA), and a different letter means statistically significant differences at P < 0.05. Comparison between values of adult rats
were not significant.
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was not augmented. Such lack of effect could be due to the fact that the presence of PPAR« in this group
was also low (Fig. 2) and possibly not enough to produce an adequate activation by FFA. Nevertheless,
the possibility that high plasma insulin levels could be preventing the increase of ACO expression
provoked by the elevated plasma FFA levels, cannot be ruled out. In adult rats, neither elevated FFA
levels nor high plasma insulin levels (Table 1) did produce any difference in ACO expression in the
animals receiving glucose plus Intralipid versus those fed glucose. These findings altogether would
therefore show that the expression of the target gene and its receptor is affected in an analogous manner
by hormonal and fatty acids, as previously suggested (Steineger et al., 1994; Panadero et al., 2000).
Furthermore, these findings for the ACO expression and PPARa« ligands like FFA, would also be in
accordance with those reported for UCP-3 expression in skeletal muscle, where the responsiveness of the
UCP-3 gene to PPAR« activators was clearly dependent on the expression of the receptor (Brun et al,,
1999).

Since the lack of response of ACO and PPAR expression in adult rats to the different nutrition
conditions studied could be considered an unefficient effect as a consequence of the short-term feeding
with the high lipid diet used here, the expression of PEPCK mRNA, known to be responsive to
nutritional manipulations (Lyonnet et al., 1988; Antras-Ferry et al., 1995), was also determined.
Furthermore, in previous studies we found that at least during the perinatal period, PEPCK expression
presents a similar pattern to the one for PPARa (Panadero et al,, 2000), suggesting a common
mechanism of regulation in which high lipid intake may be involved. However, several peroxisome
proliferator response elements (PPREs) have been identified in the promoter of PEPCK gene, showing
an intermediate PPAR binding activity (Juge-Aubry et al., 1997). As shown in Fig. 4, PEPCK mRNA
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Fig. 4. Effect of force-feeding with either glucose, Intralipid, glucose plus Intralipid, or medium (bidistillated water) on hepatic
expression of phosphoenolpyruvate carboxykinase (PEPCK) in both 10-day-old and 90-day-old rats. Left. Representative
Northern blot analysis of PEPCK mRNA and 28S ribosomal RNA ethidium bromide staining, prepared from livers of rats from
each group are shown. Around 25 g of total RNA were used as indicated in Material and Methods. Right. Relative amount of
liver PEPCK obtained by densitometric scanning of the blots and normalized versus 28S ribosomal RNA was represented using
arbitrary units, considering 100% the mean value in liver of glucose fed rats. Each value represents the mean + SE of four
animals. Comparison between groups was performed with one-way analysis of variance (ANOVA), and different letters means
statistically significant differences at P < 0.05.
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expression in suckling rats showed similar responses to the nutritional changes as those found with
PPARa expression, that is, high levels of FFA (Table 1) stimulated PEPCK expression unless a high
level of insulin was also present. However, and very different from the finding of PPARa and ACO
expression, in adult rats PEPCK expression showed a clear response to the nutritional manipulations. In
fact, both plasma insulin, negatively, and FFA, positively, modulated PEPCK expression in adult rats
(Fig. 4, Table 1). These findings indicate that hepatic PEPCK mRNA levels are regulated in vitro by
nutrients and hormones independently of either changes in the PPARa expression or the age of the
animals,

Effect of fasting in mRNA of PPARo, ACO and PEPCK in liver of adult rats

It could also be argued that the time period, 5 hours, that the animals were without food (only
bidistillated water), was not long enough to be considered a fasting period in adult rats, even though we
found that the plasma FFA levels were maintained elevated in these animals throughout the study (data
not shown). In general, the period of time used for studying the effect of fasting on the expression of
PPAR« and target genes in adult rats has typically been between 7.5 h (Escher et al., 2001) and 24 h
(Kersten et al., 1999). In fact, as shown in Fig. 5, adult rats fasted for 29 hours showed a significant
increase in the PPARa mRNA levels as compared to the animals receiving glucose. The dramatically
low levels of plasma insulin (0.46 + 0.15 pU/mL) found in these animals along with the high FFA levels
(781 £+ 81 puM), both values significantly different (P < 0.01) than those found in the glucose group
(Table 1), would explain the clear induction of PPARa expression found in these adult rats. These
findings altogether may suggest that induction on PPAR expression by FFA could be dependent on the
amount of the receptor present (i.e. adult versus suckling rats), unless a PPAR-inducer overload and/or a
PPAR-repressor diminution is able to surpass that restriction, as has occurred in 29-hour-fasted rats with

Glucose Fasted (29 hours)
PPAR o
Gene expression
. ~ 10004 T
g
& 7504
e
- ’ 2 5004 *h
i .E 2504
PEPCK <
% 0 1 T
E PPAR ACO PEPCK
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Fig. 5. Effect of fasting for 29 hours on hepatic expression of both PPARa, ACO and PEPCK in 90-day-old rats. Lef?.
Representative dot-blot for PPAR and ACO and Northem blot analysis of PEPCK mRNA, prepared from livers of rats from
each group are shown. Right. Relative amount of either PPARa and ACO normalized with actin or PEPCK corrected by 28S
ribosomal RNA was represented using arbitrary units, considering 100% the mean value in liver of glucose fed rats. Each value
represents the mean + SE of four animals. Statistically (¢-test) significant difference is indicated by asterisk (*, P < 0.05; **,
P <0.01;***, P <0.001).
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their high FFA and extremely low insulin levels (Fig. 5). Possibly in that same sense, the no-effect found
on the ACO expression in adult rats (Fig. 3) would reinforce the idea that a fat-overload of the liver is
necessary to obtain a considerable effect on the expression of fatty acid-metabolizing enzymes (Kersten
et al., 1999; Panadero et al., 2001). In fact, as shown in Fig. 5, hepatic expression of ACO in adult rats
was considerably augmented by fasting for 29 hours, showing that hepatic PPAR in the adult rats studied
here was completely functional. On the other hand, in consonance with the results shown in Fig. 4
describing how PEPCK is responsive to nutritional manipulations in adult rats and with previous reports
(Lyonnet et al., 1988; Antras-Ferry et al., 1995), the high amount of FFA along with the low levels of
insulin found in plasma adult rats subjected to 29 hours fasting, produced a clear induction on PEPCK
expression, as shown in Fig. 5.

Finally, the different responses found here to the nutritional manipulations between adult and suckling
liver might be related to the different gene response to fasting in liver of PPARa knockout mice for
PEPCK gene, which was preserved, and ACO and PPARa genes, which on the contrary were blocked
(Kersten et al., 1999) and it would be pointing to an involvement of other transcription factors in the
regulation of PEPCK gene when PPARa is lacking or at low level. Nevertheless, in contrast to that, in
several reports PEPCK has been assumed as a PPAR target gene (Juge-Aubry et al., 1997; Cassuto et al.,
1999; Dana et al., 2001), and therefore, in that case, the findings found here would be in accordance with
the Holden and Tugwood hypothesis (Holden and Tugwood, 1999). Thus, the expression of peroxisome
proliferation genes (i.e. ACO, PPAR itself) would be sensitive to PPAR ligands when a high level of
PPAR« is present, justifying the different sensitivity of PPAR« gene expression to nutritional changes in
liver of suckling rats (having high PPAR« level) and adult rats (having low PPAR« level). However, the
expression of genes related to lipid and/or carbohydrate metabolism (i.e. PEPCK) would be responsive
to activators even when the PPARa amount was low (as occurs in the adult animals). In summary,
present findings would suggest that in humans, the low amount of PPARa would be limiting and only
the genes related to hypolipidemia may be induced upon exposure to ligand. On the contrary, in rodents,
the high level of PPARa would be sufficient to activate both the genes associated to lipid metabolism
and the genes related to peroxisome proliferation.
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