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Abstract

Two in vivo studies were conducted with pigs to determine the effects of exogenous leptin on the expression of peroxisome proliferator
activated receptors (PPAR), and on serum concentrations of selected metabolites and hormones. Initially, leptin was administered i.m. to
young pigs for 15 days at 0 (control), 0.003 (low), 0.01 (medium) and 0.03 (high) mg � kg-1 � day-1. There was no leptin effect on serum
glucose (P � 0.84), triglycerides (P � 0.69), non-esterified fatty acids (NEFA, P � 0.53), or glycerol (P � 0.33). Leptin at the intermediate
and high doses depressed adipose expression of both PPAR�1 (P � 0.06) and PPAR�2 (P � 0.01). In a second study, we used a
paired-feeding experimental design to determine the effects of a higher dose of leptin (0.05 mg � kg-1 � day-1) on serum metabolites and
PPAR expression in selected tissues. At this dose, leptin increased (P � 0 .0001) serum NEFA concentrations relative to both the ad libitum
and pair-fed control groups. However, in this study, there was no difference in the expression of PPAR�1 in adipose tissue, but PPAR�2
mRNA was upregulated by leptin (P � 0.08). In contrast, leptin had no impact on the expression of PPAR� in liver, skeletal muscle or
adipose tissue. Adipose tissue explants were also incubated with leptin to assess the effect on PPAR� expression, in vitro. The abundance
of PPAR�1 mRNA (P � 0.05) was increased after 24 hr of exposure, but the effect of leptin on �2 was not significant (P � 0.24). The
lipolytic effect of leptin was also evaluated in vitro using isolated adipocytes. In keeping with the increase in serum NEFA concentrations
in vivo, leptin stimulated lipolysis in vitro, increasing glycerol concentrations in the medium to about 219% of that in basal (non-treated)
culture medium after 8 hr of incubation. Collectively, the data presented herein indicate that leptin modulates lipid metabolism in the pig,
but that PPAR� expression is not a parallel target of leptin as it is in rodent models. The regulation of PPAR� by leptin seems complex
in that it varied in relation to dose in vivo, and may be impacted by in vitro vs. in vivo circumstances. © 2003 Elsevier Inc. All rights
reserved.
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1. Introduction

The preponderance of literature to date indicates that
leptin regulates fat accretion by influencing a combination
of central and peripheral pathways. Leptin receptors have
been identified in adipose tissue [1,2], and in vitro studies
have shown that leptin reduces acetyl-CoA carboxylase
expression and activity [3], and depresses fatty acid syn-
thase expression [4]. Furthermore, leptin antagonizes insu-
lin-stimulated lipogenesis while also attenuating the inhibi-
tion of lipolysis by this anabolic hormone [5]. Of

considerable interest regarding the control of adiposity, lep-
tin stimulates fatty acid oxidation in vivo [6,7] and in vitro
[8], and enhances lipolysis and energy expenditure via in-
creased triglyceride-fatty acid cycling [9].

The peroxisome proliferator activated receptors alpha
(PPAR�) and gamma (PPAR�) are expressed in adipocytes,
and seem to be major regulators of lipid metabolism. The
stimulation of PPAR� expression in adipocytes by leptin is
associated with the enhanced fatty acid oxidation and li-
poatrophy, and is perhaps a critical component of the mech-
anism by which leptin stimulates glycerol release in vitro
without a corresponding release of NEFA [8]. Rats rendered
hyperleptinemic via administration of an adenovirus con-
struct show evidence of lipid depletion from the adipocytes
of the white adipose tissue and a concomitant down-regu-
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lation of PPAR� [10]. However, central administration of
leptin causes apoptosis in adipose tissue [11], a process
associated with increased expression of PPAR� [12].

The lipolytic response and the regulation of PPAR by
leptin may vary with species. Although Newby et al. [13]
concluded that leptin did not exert a lipolytic effect on ovine
adipocytes, Ramsay [14] has shown that leptin acts acutely
on porcine adipocytes (stromal vascular cultures) to stimu-
late lipolysis, and that chronic exposure attenuates the abil-
ity of insulin to antagonize the lipolytic action of isoproter-
enol. However, the effect of leptin on lipid metabolism and
PPAR expression in the pig or other non-rodent models has
not been studied previously in vivo. In the current study, we
tested the hypothesis that prolonged administration of leptin
to young growing pigs would invoke a lipolytic response
and alter the expression of both PPAR� and PPAR� in
peripheral tissues, independent of any effect on feed intake.
We also tested the hypothesis that leptin acts directly (in
vitro) to stimulate lipolysis and regulate PPAR� expression.

2. Materials and methods

2.1. Animals and experimental design

Two experiments were carried out in which leptin was
injected i.m. twice daily into young growing pigs. The
animals, handling procedures, and experiment protocols
have been described in detail in the companion publication
[15]. The Animal Care & Use Committee, Purdue Univer-
sity, approved all animal care and handling procedures.
Briefly, in the first experiment, male castrates weighing
approximately 27 kg were assigned to four treatment groups
based on the dose of leptin (0, 0.003, 0.010, and 0.030 mg
� kg-1 � day-1, designated as control, low, intermediate, and
high doses, respectively). The experiment was conducted in
three replicate groups over time, with 3 pigs per treatment in
each replicate group (n � 9). Animals were weighed and
assigned to treatments after being deprived of feed over-
night. Thereafter, blood samples were obtained via jugular
venipuncture for serum recovery, and each pig was placed
in an individual metabolism crate in an environmentally
controlled room to allow an assessment of nitrogen reten-
tion. A standard corn-soybean meal diet containing 18%
crude protein and 0.65% lysine was offered at approxi-
mately 4% of body weight (approximately 90% of the
estimated ad libitum intake quantity). Half of the feed was
provided in the morning (by 0900) and the remainder in the
evening (about 1800).

A recombinant human leptin analog (LY355101) was
provided by Eli Lilly & Co., Indianapolis, IN, and was
demonstrated to be effective in the pig in a preliminary
study in which feed intake was reduced in a dose-dependent
manner [16]. The protein was injected i.m. for a total of 15
days, with half the daily dose given at each feeding. Blood
samples were obtained from all pigs 24 hr after initiation of

the leptin injection regimen, and on days 6 and 15. On day
8, the pigs were re-weighed so the quantity of leptin injected
could be adjusted for weight gain.

In the second experiment, 30 male castrates weighing
approximately 53 kg were randomly assigned to three treat-
ments (n � 10). One group was allowed ad-libitum intake
and injected with vehicle. A second group was injected with
leptin and allowed ad-libitum intake, whereas the final
group was injected with vehicle and pair-fed to match the
intake of the group injected with leptin. Leptin was injected
i.m. daily (AM and PM) at a dose of 0.025 mg � kg-1 � day-1 at
each injection to achieve a dose of 0.05 mg � kg-1 � day-1 for
14 days. Blood samples were collected prior to the initiation
of treatment protocols for determination of basal hormone
and metabolite concentrations, and on days 7 and 14 of
treatment.

2.2. Ribonuclease protection assays

Ribonuclease protection assays were performed to assess
the relative abundance of the transcripts for the obese gene
and PPAR�1-�2 in subcutaneous adipose tissue, and
PPAR� in liver, adipose tissue and skeletal muscle. Total
RNA was extracted as described by Chomczynski and Sac-
chi [17]. The riboprobes and nuclease protection assays for
the obese and PPAR� transcripts have been described pre-
viously [18,19]. The riboprobe for porcine PPAR� was
prepared from a clone provided by Dr. Harry Mersmann,
USDA-ARS, Baylor College of Medicine, which has been
described previously [20]. Primers were designed to am-
plify an approximate 180 bp fragment from the cloned
insert. The forward and reverse primers, and the procedures
for the riboprobe construction and the nuclease protection
assay have been published previously [21]. Twenty �g of
total RNA were used for each assay in the in vivo studies
whereas 15 �g were used in the in vitro PPAR assay. Total
RNA was quantified using the ribogreen assay kit (Molec-
ular Probes, Eugene, OR). Protected fragments were re-
solved on 5% acrylamide gels containing 8M urea. Autora-
diographs were prepared from dried gels, and signal
intensity was quantified using a Digital Science Imaging
System (V. 2.0.1, Kodak, New Haven, CT).

2.3. Acetyl Co-A carboxylase (ACC) activity

In the second in vivo experiment, the activity of ACC in
adipose tissue samples was determined based on the incor-
poration of NaH14CO3 into malonyl Co-A, as we have
described previously [21]. The protein concentration of the
enzyme preparations was determined using the Bicincho-
ninic Acid (BCA) method and the kit purchased commer-
cially (Pierce Chemical Co., Rockford, IL). The activity is
reported as nmol per min per mg of protein.
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2.4. Adipocyte isolation and lipolysis

For the determination of the in vitro lipolytic effect of
leptin, adipocytes were isolated from subcutaneous adipose
tissue obtained from male castrates at slaughter (approxi-
mately 120 to 135 kg body weight) by collagenase di-
gestion as described previously [22–24]. The isolated
cells were diluted to approximate 25 to 30% cell suspen-
sions with DMEM containing 3% fatty acid free serum
albumin. The incubation vials were gassed initially (and
at 2-hr intervals) with oxygen containing 5% CO2 and
incubated in a gyratory waterbath (37°C) for the selected
duration. The incubations were terminated at 8 hr by
transferring the contents of the vials to 12 � 75 mm tubes
containing 100 �L 35% perchloric acid. The killed cell
suspensions were centrifuged, the supernatant fraction
recovered and neutralized with KOH, and then assayed
for glycerol. The experiment was replicated 3 times with
tissue from different pigs. Within each experiment (pig),
each treatment was replicated 3 to 4 times. Lipolysis was
based on glycerol release into the medium as measured
using the procedure of Eggstein and Kuhlmann [25]
adapted to a microtiter plate protocol. The data are ex-
pressed relative to the non-stimulated control within each
experiment to adjust for variation in the number of cells
incubated from experiment to experiment. The viability
of each adipocyte preparation was confirmed by verifi-
cation of a lipolytic response to isoproterenol (10�7 M)
during the final 2 hr of incubation.

2.5. Adipose explant culture

To establish whether leptin acts directly on adipose tis-
sue to regulate PPAR� expression, adipose tissue explants
were prepared from adipose tissue as described by Donkin
et al. [26]. Briefly, inner layer subcutaneous adipose tissue
was obtained from male castrate pigs weighing approxi-
mately 50 kg. The tissue was placed immediately in a
transport medium (M199 with Hanks salts, Sigma Chemical
Co., St. Louis, MO) containing 0.1 g/L L-glutamine, 25 mM
HEPES, 0.36g/L NaHCO3, 1% antibiotic-antimycotic, 0.5%
BSA, and adjusted to pH 7.4. The tissue was rinsed quickly
in 70% ethanol to remove bacterial contamination, and
trimmed to remove dead cells from the surface layer. The
trimmed tissue was cut into thin slices with a microtome,
and the slices cut into pieces of approximately 80 mg. Each
piece was cultured in 3 mL of the buffered Hanks solution
described above, except that the BSA concentration was
increased to 3.0%. The explants were cultured in different
treatment conditions as follows: control (explants without
leptin and cultured for either 12 or 24 hr; leptin (explants
with 100 nM leptin and cultured for 12 or 24 hr). At the
termination of the experiment, explants were frozen in liq-
uid nitrogen and stored at –80°C pending RNA extraction.

2.6. Statistical analyses

For the in vivo studies, all data were analyzed using a
mixed model analysis of a split plot design [27] as described
for these experiments in a separate publication [15]. The
lipolysis data (medium glycerol concentrations) were ana-
lyzed by analysis of variance and mean separation (Least
Significant Differences) when protected by a significant
F-test [28]. The in vitro PPAR� expression data were ana-
lyzed by analysis of variance with treatment and time as the
main effects, and treatment � time as the interaction effect.
Mean separation was performed with the least squares mean
separation when protected by a significant F-test (SAS, 1999).

3. Results

3.1. Experiment 1

The serum metabolite data are summarized in Table 1.
There was no effect of leptin on serum concentrations of
glucose (P � 0.84), triglycerides (P � 0.69), NEFA (P �
0.53) or glycerol (P � 0.33), nor was there an interaction of
leptin treatment with day. However, triglyceride concentra-
tions were reduced (P � 0.0001), and NEFA concentrations
increased (P � 0.0008), on day 15 relative to previous
measurements. The expression data (relative mRNA abun-
dance) for PPAR� and the obese gene are summarized in
Table 2. Although the expression of the obese gene was not
influenced (P � 0.27) by exogenous leptin, both the �1 and
�2 isoforms of PPAR were reduced approximately 50%
(P � 0.06 and 0.01, respectively) by the two higher doses of
leptin.

3.2. Experiment 2

The serum metabolite concentrations obtained in the
second in vivo experiment are summarized in Table 3. The
concentration of glucose was not different among treat-
ments after 1, 7 or 14 days (P � 0.42), nor was there a
significant treatment by day interaction (P � 0.79). Like-
wise, there was no effect of treatment on the serum triglyc-
eride concentrations (P � 0.36). However, serum triglycer-
ide concentrations did decline with time (P � 0.001) as the
experiment progressed (day 1 � day 7 � day 14). Serum
NEFA concentrations were higher (P � 0.0001) in pigs
treated with leptin than in either the ad libitum-fed or the
pair-fed groups (60% and 106% increase over the ad-libi-
tum and pair-fed groups, respectively). The NEFA concen-
trations were also higher (P � 0.0001) on day 14 than on
previous days, but the treatment by day interaction was not
significant (P � 0.26). There were no differences in serum
concentrations of glycerol across treatments (P � 0.29).
However, as with NEFA concentrations, there was a signif-
icant increase (P � 0.0001) in the glycerol concentration on
day 14 vs. days 1 and 7.
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The expression (mRNA abundance) data are summarized
in Table 4. There was an upregulation of PPAR�2 by leptin
(61% and 39% increase over the ad-libitum and pair-fed
groups, respectively, P � 0.08). However, the expression of
PPAR� in skeletal muscle (P � 0.61), adipose tissue (P �
0.26) and liver (P � 0.24) was unresponsive to exogenous
leptin. Likewise, the activity of ACC (Fig. 1) was not
altered by leptin, but was clearly reduced (P � 0.0001) by
the reduction in feed intake caused by leptin and pair-
feeding (i.e., leptin administration and paired feeding
caused a similar reduction in activity).

3.2.1. In vitro lipolysis
Dose titration experiments with isolated adipocytes indi-

cated that the lipolytic response to leptin (i.e., glycerol

release) was similar from 20 to 100 ng per mL (data not
shown). As shown in Fig. 2, leptin at 40 ng per mL stimu-
lated glycerol release, and by 8 hr, the glycerol concentra-
tion in the medium of cells treated with leptin was about
200% of that in the basal (non-stimulated) cells.

3.2.2. Regulation of PPAR� in vitro
Fig. 3A and Fig. 3B show the PPAR�1 and PPAR�2

mRNA expression, respectively, in adipose explants. Leptin
increased PPAR�1 expression at 24 and 48 hr; explants
treated with 100 nM leptin had increased expression (130%
increase) of PPAR�1 (pooled means of 12 and 24 hr cul-
tures, P � 0.05). Though PPAR�2 was also up regulated in
the leptin treated explants (65% increase), the difference
was not statistically significant (P � 0 .24).

4. Discussion

Reidy and Weber [9] determined in rabbits that a single
i.v. leptin bolus stimulated lipolysis (increased serum NEFA
concentrations) and enhanced triglyceride-fatty acid cy-
cling. Though an assessment of such cycling was beyond
the objectives of the present study, our data corroborate and
extend their findings in part. We show herein that despite
maintenance of a positive energy balance in growing pigs,
chronic leptin administration at 0.05 mg � kg-1 � day�1

(Experiment 2) increases serum NEFA concentrations for at
least 2 weeks, but has no effect on serum triglyceride or
glucose concentrations. Although not studied previously in

Table 1
Serum metabolite concentrations in pigs injected with vehicle or a recombinant human leptin analog for 15 days

Metabolite Day

Leptin Dose, mg � kg�1day�1

Mean SEM1

Significance (P � F)

0 0.003 0.010 0.030 Trt2 Day Trt*Day

Glucose (mg/dL) 105.01 108.44 113.72 108.68 108.96 3.77
6 110.50 100.82 100.36 104.66 104.08 3.84

15 110.58 102.51 108.48 113.38 108.74 3.86 0.84 0.60 0.91

Mean 108.70 103.92 107.52 108.91 4.40
Triglycerides (mg/dL) 1 27.99 20.61 26.75 34.18 27.38a 2.52

6 21.31 18.06 20.40 24.94 21.17b 2.55
15 15.80 17.67 12.93 13.55 14.99c 2.54 0.69 0.0001 0.23

Mean 21.70 18.78 20.02 24.22 3.58
NEFA (�M) 1 27.01 28.01 29.18 21.92 26.54a 23.41

6 24.82 28.10 27.66 30.01 27.65a 23.45
15 56.79 61.01 114.69 118.19 87.67b 23.42 0.53 0.0008 0.61

Mean 36.21 39.07 57.17 56.71 24.28
Glycerol (�M) 1 113.93 71.82 116.88 58.98 90.40 19.96

6 83.11 59.22 63.10 64.24 67.42 20.57
15 122.67 82.41 205.18 98.25 127.13 20.27 0.33 0.12 0.80

Mean 106.57 71.15 128.39 73.82 23.70

a,b,c Means in the same column with different superscripts significantly differ at P � 0.01
1 Pooled standard error
2 P � F for treatment (n � 8–9)

Table 2
Relative abundance of PPAR� and Obese mRNA transcripts in tissues
of pigs injected with vehicle or recombinant human leptin analog for 15
days

Leptin Dose, mg � kg�1 � day�1

SEM1 P � F20 0.003 0.010 0.030

PPAR�2 23.10a 26.00a 11.68b 12.00b 3.30 0.01
PPAR�13 52.41a 51.85a 33.96b 32.74b 6.5 0.06
Obese4 14.97 15.70 10.60 11.94 3.09 0.27

1 Pooled standard error
2 P � F for treatment (n � 8–9)
3 Means differ at P � 0.06.
4 Analysis based on log transformed data.
a,b Means with different superscripts significantly differ at P � 0.05
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the pig, the effect of chronic leptin administration (35 days)
on lipid oxidation and plasma metabolites has been studied
in mature (weight stable) rats [6,7]. In these rodent studies,
daily peripheral injections of leptin caused a transient re-

duction in food intake. Additionally, there was a sustained
stimulation of lipid utilization that was reflected in reduced
plasma NEFA and triglyceride concentrations, and in lower
respiratory quotients relative to controls, for a significant

Table 3
Serum metabolite concentrations in pigs injected with recombinant leptin for 14 days

Day

Treatment1

SEM2

Significance (P � F)

Ad libitum Leptin-treated Pair-fed Day Mean Trt Day Trt*Day

Glucose (mg/dL) 1 105.80 100.39 113.72 103.85 3.00
7 92.99 98.51 98.62 96.71 3.00

14 91.51 108.56 95.06 98.37 3.00 0.42 0.22 0.79

96.76 102.48 99.69 3.00

Triglycerides (mg/dL) 1 18.97 16.98 18.49 18.14a 1.17
7 14.57 11.96 16.93 14.48a,b 1.17

14 11.19 11.54 12.18 11.64b 1.19 0.36 0.001 0.65

14.91 13.49 15.87 1.15

NEFA3 (�M) 1 28.61 31.76 20.77 27.05a 23.02
7 31.21 66.32 27.97 41.84b 23.02

14 189.04 301.42 14.77 211.74c 24.50 0.0001 0.0001 0.26

82.95b 133.17a 64.50b 23.28

Glycerol (�M) 1 71.39 41.28 43.33 51.99b 10.92
7 49.75 45.97 35.11 43.61b 10.92

14 143.52 176.74 121.12 147.13a 11.14 0.29 0.0001 0.46

88.22 87.99 66.52 10.90

1 The ad libitum group was allowed ad libitum intake and injected with vehicle twice daily for 14 days. The leptin group was injected with a recombinant
human leptin analog (0.05 mg � kg�1 � day�1 and also allowed ad libitum intake. The pair-fed group was injected with vehicle and their intake was limited
to that of the pigs injected with leptin; (treatment n � 10).

2 Pooled standard error.
3 Analysis based on log transformed data due to heterogeneity of variances.
a,b,c Means in the same column with different superscripts significantly differ at P � 0.01.

Table 4
Relative abundance of selected transcripts in tissues of pigs injected
with recombinant leptin for 14 days

Treatment1

Ad libitum Leptin-treatment Pair-fed SEM2 P � F3

PPAR�1 3.29 5.32 3.82 1.08 0.19
PPAR�2 1.98a 4.60b 3.08a,b 1.12 0.08
Obese 67.11 55.15 54.14 22.67 0.69
PPAR�
Muscle4 0.33 0.29 0.28 0.03 0.61
Adipose 20.73 20.14 31.64 11.24 0.26
Liver 0.79 1.12 0.91 0.14 0.24

1 The ad libitum group was allowed ad libitum intake and injected with
vehicle twice daily for 14 days. The leptin group was injected with a
recombinant human leptin analog (0.05 mg � kg�1 � day�1 and also allowed
ad libitum intake. The pair-fed group was injected with vehicle and their
intake was limited to that of the pigs injected with leptin; (Treatment n �
10 pigs).

2 Pooled standard error
3 P � F for treatment (n � 10)
4 longissimus dorsi.
a,b Means with different superscripts significantly differ at P � 0.05

Fig. 1. Activity of acetyl Co-A carboxylase in the adipose tissue of pigs
injected with a recombinant human leptin analog for 14 days. One group of
pigs was fed ad libitum and injected with saline whereas another group was
injected with 0.05 mg � kg�1 leptin per day, half the dose in the morning
and the remainder in the evening. The pair-fed group had their feed intake
limited to that of the leptin-treated pigs. Means with asterisks (*) differ
from the ad libitum fed group at P � 0.0001; n � 10 pigs per treatment.
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portion of the experimental period. Thus, whereas leptin
stimulated lipid mobilization in these young growing pigs,
any stimulation of lipid oxidation was insufficient to cause
net reductions in serum NEFA and triglyceride concentra-
tions.

It is also of interest to note that, as in the rabbit study [9],
the increase in serum NEFA was not paralleled by an
increase in serum glycerol. This is opposite that reported by
Wang et al. [8] for their in vitro model, in which it is
presumed that fatty acids did not accumulate in the medium
with glycerol because they were oxidized internally. The
absence of a glycerol response to leptin in vivo likely

reflects the ability of cells other than adipocytes to metab-
olize glycerol in vivo due to glycerokinase activity [29,30].
In our study, pigs receiving leptin were also consuming
substantially less feed than the group allowed ad libitum
intake [15]. Rather than accumulate in the blood, we spec-
ulate that the glycerol released by the lipolytic action of
leptin was metabolized quickly to provide glucose. Despite
the lower feed intake in the pigs injected with leptin, and
those pair-fed with them, serum glucose concentrations
were similar across treatments. As discussed in our com-
panion publication [15], this perhaps explains the finding
that serum urea nitrogen (an indicator of protein catabolism
during intake restriction, and of dietary nitrogen intake in
periods of ad libitum intake) was higher in the pair-fed pigs
than in those injected with leptin. Thus, in the absence of the
leptin-induced glycerol release, the pair-fed group may have
used dietary and tissue-derived amino acids to maintain
blood glucose. This is consistent with the interpretation of
Chen and Heiman [6,7] that leptin spares glucose utiliza-
tion. The glycerol or NEFA response that was intensified on
the final day of the study in the in vivo experiments is likely
explained by the stress associated with handling prior to and
during the euthanasia procedure. It is important to note that
the treatment by day interaction term was insignificant, and
that the lipolytic response to leptin and stress are likely
mediated by different pathways which seemed additive.

The lipolytic action of leptin on isolated pig adipocytes is
not surprising given the similar findings reported for other
models by Wang et al. [8] and Frühbeck et al. [31,32], and
for the pig by Ramsay [14]. However, other researchers [13]
have been unable to demonstrate a similar lipolytic effect in
ovine adipocytes, and it is possible that species differences
in lipolytic sensitivity exist. Adenosine acts upon adipo-
cytes to suppress lipolysis through stimulation of the recep-
tor-coupled inhibitory G protein (Gi), which reduces adeny-

Fig. 2. Stimulation of lipolysis by leptin in isolated porcine adipocytes.
Adipose tissue was obtained from male castrates weighing 120 to 135 kg,
and adipocytes isolated by collagenase digestion. Thereafter, the cells were
incubated with leptin (40 ng per mL) in DMEM for 8 hr. Isoproterenol
(10�7 M) was used as the positive control and was added for the final 2
hr of incubation. The bars represent the pooled least squares means and SE
expressed as a percent of the basal treatment (n � 3). Significance relative
to the basal treatment is indicated by the asterisks (* P � 0 .037; ** P �
0 .01).

Fig. 3. (A) and (B) Expression of PPAR�1 and PPAR�2 mRNA in adipose explants treated with leptin. Explants were cultured without (Control) or with
100 nM recombinant human leptin analog (Leptin) for 12 or 24 hr after which they were assayed by RPA for the abundance of PPAR transcripts. The bars
represent pooled least squares means across time (due to a non-significant treatment*time interaction). Significance relative to control is indicated by asterisk
(*). Expression of PPAR�1 transcripts was increased by leptin relative to control (P � 0.05; n � 5 pigs per treatment).
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lyl cyclase activity. Frühbeck et al. [31] provided
convincing evidence that the lipolytic action of leptin is
linked to an antagonism of the inhibitory activity of aden-
osine on the adipocyte. Whether species differences at this
level of adenosine signaling contribute to the apparent spe-
cies difference in lipolytic sensitivity to leptin remains to be
determined.

Leptin has been suggested to stimulate peroxisomal fatty
acid oxidation in adipose tissue and skeletal muscle [33,34].
This stimulation seems to be accomplished, at least in part,
through an induction of PPAR� expression [8]. Presumably,
a greater activity of this transcription factor drives the ex-
pression of acyl Co-A oxidase (ACO), the rate-limiting
enzyme in the peroxisomal fatty acid oxidation. In the
present study, we found no evidence that leptin impacted
PPAR� expression in adipose tissue, skeletal muscle or
liver. Thus, any stimulation of peroxisomal fatty acid oxi-
dation in vivo by leptin was independent of increased
PPAR� expression in the pig, and was also insufficient to
negate a measurable increase in serum NEFA concentra-
tions or to lower circulating triglyceride concentrations.

Our studies indicate that PPAR� may be a regulatory
target of leptin, but that the regulation may depend on dose
and on factors associated with in vivo vs. in vitro adminis-
tration. Leptin administered peripherally, and at low doses
compared with those used in rodent studies, down regulates
both PPAR�1 and �2 in adipose tissue by approximately
50%, relative to control animals (Experiment 1). Zhou et al.
[10] reported a significant down regulation of PPAR� ex-
pression (mRNA and protein), a reduction in adipose leptin
protein content, and an induction of a preadipocyte marker,
Pref-1, in epididymal fat of rats rendered hyperleptinemic
by adenoviral transfection. Our findings with PPAR� par-
allel this observation, although obese mRNA abundance
was not significantly reduced by exogenous leptin. A deter-
mination as to whether this relates to altered differentiation
status is beyond the current study. However, given the
critical role of PPAR� in the maintenance of adipocyte
differentiation, it is possible that a significant reduction in
expression of this critical transcription factor might lead to
dedifferentiation of existing adipocytes [10].

In the second in vivo experiment, leptin administration
caused an increase in total serum leptin and a reduction in
feed intake that is indicative of the central activity of leptin
[15]. Herein we also report an up-regulation of PPAR�2 by
leptin, an effect that was also obtained in part in adipose
explants. Few studies have determined the expression of the
separate PPAR� transcripts, and there is currently little
information by which to ascribe cellular events to PPAR�1
or �2, specifically. The up-regulation of PPAR� has been
linked to the induction of adipose apoptosis by leptin ad-
ministered centrally to rats [12], but this has not yet been
reported in other mammalian models. Whereas our results in
general are consistent with other studies indicating PPAR�
regulation by leptin, it is possible that variations in the dose
administered and in vivo vs. in vitro circumstances may lead

to differential regulation of these transcription factors. This
would perhaps reconcile the results obtained in the two in
vivo experiments, as well as the in vivo vs. in vitro findings.
It is also important to note that leptin did not impact the
expression of PPAR� in any of the tissues examined. Thus,
this transcription factor, which is commonly associated with
fatty acid oxidation, may not be a regulatory target of leptin
in the pig.

Others have shown that leptin is a potent regulator of the
ACC activity in skeletal muscle [35] and pre-adipocytes [3].
However, we found no evidence that leptin reduced ACC
activity in adipose tissue beyond the reduction caused by the
lower feed intake, as reflected in the pair-fed control group.
Thus, in the pig, and under the conditions of leptin admin-
istration used in Experiment 2, it seems unlikely that leptin
attenuates lipid accretion by regulating ACC activity. It is
possible that a more pronounced hyperleptinemia, or longer
duration of treatment would lower adipose ACC activity,
and we are currently investigating that possibility.

In summary, we provide evidence in the pig that pro-
longed administration of a sufficient dose of leptin causes a
sustained increase in serum NEFA, but in contrast with
other models reported to date, we see no net reduction in
serum triglyceride. Also in contrast with other published
works, our data indicate that PPAR� expression is not a
major regulatory target of leptin in the pig, and that regu-
lation of PPAR� by leptin seems complex. Collectively,
these findings reinforce that comparative studies in multiple
species are necessary to fully understand the biological roles
of hormones and cytokines, and to make applications to
human and animal health.
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