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Abstract

Postnatal early overnutrition (EO) is a risk factor for future obesity and metabolic disorders. Rats raised in small litters (SLs) develop overweight,
hyperphagia, hyperleptinemia, hyperinsulinemia and hypertension when adults. As obesity is related to hyperleptinemia, leptin resistance and metabolic
syndrome, we aimed to investigate body composition, plasma hormone levels, glucose tolerance and the leptin signaling pathway in hypothalamus from early
overfed animals at weaning and adulthood. To induce postnatal EO, we reduced litter size to three pups/litter (SL), and the groups with normal litter size (10
pups/litter) were used as control. Rats had free access to standard diet and water postweaning. Body weight and food intake were monitored daily, and offspring
were killed at 21 (weaning) and 180 days old (adulthood). Postnatal EO group had higher body weight and total and visceral fat mass at both periods. Lean mass
and serum high-density lipoprotein cholesterol (HDL-C) were higher at 21 days and lower at 180 days. Small litter rats presented higher levels of globulins at
both periods, while albumin levels were higher at weaning and lower at adulthood. There was higher leptin, insulin and glucose serum concentrations at 21 days
old, while no glucose intolerance was observed in adulthood. Leptin signaling pathway was unaffected at weaning. However, postnatal EO induced lower JAK2
and p-STAT3, and higher SOCS3 expression in adult animals, indicating central leptin resistance in adulthood. In conclusion, postnatal EO induces obesity, higher
total and visceral fat mass, lower HDL-C and central leptin resistance in adult life.
© 2011 Elsevier Inc. All rights reserved.
Keywords: Overnutrition; Programming; Adiposity; Leptin; Rat
1. Introduction

The prevalence of childhood obesity is increasing significantly
worldwide and represents an important problem of public health
[1,2], since it represents a risk factor for adult chronic diseases such as
type 2 diabetes, cardiovascular diseases and metabolic syndrome [3].

Epidemiological and experimental data have shown that nutri-
tional and hormonal status in early life permanently changes the
structure and function of body tissues and systems. This association
has been named programming, which is defined as basic biological
phenomena that putatively underlie relationships among nutritional
experiences of early life and future diseases in adulthood [3–5].
Postnatal early overnutrition (EO) can be induced by litter size
reduction, which is an appropriate experimental model to study
⁎ Corresponding author. Departamento de Ciências Fisiológicas, 5o
andar, Instituto de Biologia, Universidade do Estado do Rio de Janeiro,
20551-030 87, Rio de Janeiro, RJ, Brazil. Tel.: +55 021 25876134; fax: +55
021 25876129.

E-mail address: pclisboa@uerj.br (P.C. Lisboa).

0955-2863/$ - see front matter © 2011 Elsevier Inc. All rights reserved.
doi:10.1016/j.jnutbio.2009.11.013
short- and long-term consequences of childhood obesity. Animals
raised in small litter (SL) develop hyperphagia, obesity, hypertension
and hyperinsulinemia in later life [6–11].

Adipose tissue has been shown to develop a crucial role in
metabolic disorders associated with obesity [12]. Beyond secreting
free fatty acids, adipose tissue produces and releases several proteins
and hormones, as leptin and adiponectin, with autocrine, paracrine
and endocrine functions [13–15]. Adiponectin production is inversely
proportional to whole body adipose mass, and experimental studies
suggest that it modulates insulin action, improving insulin sensitivity
in peripheral tissues [16].

Leptin, another cytokine produced especially by adipose tissue, is
known to reduce food intake and increase energetic expenditure
[17,18]. Leptin acts through leptin receptors (OB-R), which belongs to
the interleukin 6 (IL-6) family of class 1 cytokine receptors. Five
alternatively spliced isoforms of OB-R (a, b, c, d, e) with different
lengths of C-termini have been identified in mice. Long form (OB-Rb)
and short form (Ob-Ra) are the most studied isoforms, and OB-Rb is
fully capable of activating intracellular signaling [19]. Leptin binding
to Ob-Rb initiates tyrosine phosphorylation by JAK2 (Janus tyrosine
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kinase 2). Phosphorylated JAK2 recruits STAT3 (signal transducer and
activator of transcription 3) proteins, which are activated through
phosphorylation by JAK2. The activated STAT3 dimerizes and
translocates to the nucleus stimulating gene transcription. The
JAK2/STAT3 pathway stimulates SOCS3 (suppressor of cytokine
signaling 3) transcription, a leptin-inducible inhibitor of leptin
signaling pathway [20].

Leptin production is directly proportional to whole body adipose
mass, and higher leptin levels have been shown in obese people [21].
Leptin resistance in obesity has been associated with changes in JAK2/
STAT3 pathway in hypothalamus, with a decrease in OB-R, JAK2 and
STAT3 expression and/or an increase in SOCS3 content [22,23].
Although the presence of hyperleptinemia with leptin resistance and
obesity has long been recognized, a causal role of elevated leptin in
these biological states remains unclear.

As childhood obesity is a risk factor for metabolic disorders, in the
present study, we aimed to investigate the short- and long-term
effects of postnatal EO on body composition, food intake, lipid profile,
total plasma proteins, insulin, leptin and adiponectin levels, as well as
the glucose tolerance in adulthood. Also, we analyzed the protein
expression of the leptin signaling pathway in hypothalamus from
young and adult rats raised in small and normal litters (NLs).

2. Materials and methods

2.1. Experimental model

Wistar rats were housed in controlled temperature room at 23 to 25°C with
12-h light/dark cycle (7:00 am to 7:00 pm). Adult virgin female rats were caged
with male rat at a proportion of 3:1. During pregnancy and lactation, mothers were
housed in individual cages and had water ad libitum and standard pellet diet
(commercial control diets for rodents, purine, BR). To induce postnatal EO, 3 days
from birth, we adjusted litter size to three male pups per litter (SL) [10,11]. Litter
containing 10 pups per mother served as control (NL). Rats had free access to
standard diet and water postweaning (three animals/cage). Body weight gain was
measured throughout life. Food intake was measured by determination of 24-h
consumption of standard pellets from 30 to 180 days old. Normal litter and SL
fasted rats were killed when they were 21 or 180 days old, and we collected blood,
hypothalamus, visceral fat mass and carcass. The animals' number analyzed in our
study was 12 per group per period studied from 16 different litters (SL21=4,
NL21=4, SL180=4, NL180=4). At weaning, we randomly assigned three animals of
each group per cage to be sacrificed at 21 and 180 days. In the cages containing SL
group, all rats were killed on both periods. However, in the cages containing NL
group that had a higher number of animals, we randomly assigned three rats to be
killed in the two periods studied, and four rats were discarded. Our experimental
design was approved by the Animal Care and Use Committee of the Biology
Institute of the State University of Rio de Janeiro (CEA/184/2007), which based
their analysis on the principles described in the Guide for the Care and Use of
Laboratory Animals [24].

2.2. Body composition

The visceral fat mass (mesenteric, epididymal and retroperitoneal white adipose
tissue) was excised and immediately weighed for evaluation of central adiposity [25].

Fat and protein mass were determined by carcass analysis as reported previously
[26]. After sacrifice, offspring were eviscerated and the carcasses were weighed,
autoclaved for 1 h and homogenized in distilled water (1:1 w/v). Samples of the
homogenate were stored at 4°C for analysis.

Three grams of homogenate were used to determine fat mass gravimetrically.
Samples were hydrolyzed in a shaking water bath at 70°C for 2 h with 30% KOH and
ethanol. Total fatty acids and free cholesterol were removed by three successive
washes with petroleum ether. After drying overnight in a vacuum, all tubes were
weighed, and data were expressed as gram fat per 100-g carcass.

Protein mass was determined in 1 g of homogenate. Tubes were centrifuged at
2000×g for 10 min. Total protein concentrations were determined by the method of
Lowry et al. [27]. Results were expressed as gram protein per 100 g carcass.

Subcutaneous fat mass was estimated from difference between total and visceral
fat mass.

2.3. Plasma hormones measurement by radioimmunoassay

Blood was obtained by cardiac puncture and was centrifuged (1000×g, 4°C,
30 min), and plasma was stored at −20°C until assayed. All measurements were
performed in a unique assay. Plasma leptin was determined by radioimmunoassay
(RIA) kit (Linco Research, St. Charles, MO, USA). The sensitivity limit and intraassay
variation were 0.5 ng/ml and 6.9%, respectively. Plasma insulin was determined by RIA
kit (ICN Pharmaceuticals, Orangeburg, NY, USA) with an assay sensitivity of 0.1 ng/ml
and an intraassay variation of 4.1%. Total adiponectin was measured by specific RIA kit
(Linco Research) with an assay sensitivity of 0.5 ng/ml and an intraassay variation
of 7.1%.

2.4. Biochemical parameters

Plasma lipids [total cholesterol (TC), high-density lipoprotein cholesterol (HDL-C)
and triglycerides] were analyzed using enzymatic colorimetric assays (Bioclin, Brazil)
[28]. Low-density lipoprotein cholesterol (LDL-C) and very low-density lipoprotein
cholesterol (VLDL-C) were calculated according to the equation of Friedwald [29]:

1) VLDL−C = tryglycerides = 5

2) LDL−C = TC−HDL−C−tryglyceridesð Þ= 5

Castelli index I and II that correlate with atherogenicity were obtained using the
following formulas [30]:

1) Castelli index I = TC =HDL−C

2) Castelli index II = LDL−c =HDL−C

Biuret reaction [31] was performed for total plasma protein measurement, and
absorbance of products was determined on spectrophotometer (automated A15
BioSystems analyzer, Spain). Plasma albumin was determined by bromocresol green
method [32], and globulin fraction was measured by difference between total protein
and albumin. Values were expressed as milligrams per deciliter.

2.5. Intraperitoneal glucose tolerance test

Rats were fasted overnight and then injected intraperitoneally with 2 g/kg D-
glucose (35% stock solution in saline). Blood samples were obtained by tail venesection
before and 30, 60 and 120min after glucose administration. Glycemia wasmeasured by
glucosimeter (ACCU-CHEK Advantage; Roche Diagnostics, Mannheim, Germany).

2.6. Western blotting analysis

To obtain the whole hypothalamus cell extracts, tissues were homogenized on
ice-cold lyses buffer (50 mM HEPES, 1 mM MgCl2, 10 mM EDTA, Triton X-100 1%, pH
6.4) containing the following protease inhibitors: 10 μg/μl aprotinin, 10 μg/μl
leupeptin, 2 μg/μl pepstatin and 1 mM phenylmethysulfonyl fluoride (PMSF; Sigma-
Aldrich, MO, USA). The Ob-R, JAK2, STAT3, p-STAT3, SOCS3, proopiomelanocortin
(POMC) and neuropeptide Y (NPY) content was analyzed by Western blotting as
described below, using actin as internal control.

Total protein content in the hypothalamus homogenate was determined [33],
and cell lysates were denatured in sample buffer [50 mM Tris–HCl, pH 6.8, 1%
sodium dodecyl sulfate (SDS), 5% 2-mercaptoethanol, 10% glycerol, 0.001%
bromophenol blue] and heated at 95°C for 5 min. Samples (50-μg total protein)
were carried to 8%, 10% or 12% SDS polyacrylamide gel electrophoresis, according to
the molecular weight of each protein, and transferred to polyvinylidene filters
(Hybond-P; Amersham Pharmacia Biotech, NJ, USA). Rainbow markers (Amersham
Biosciences, Sweden) were run in parallel to estimate molecular weights.
Membranes were blocked with 5% nonfat milk in the Tween-TBS (20 mM Tris–
HCl, pH 7.5, 500 mM NaCl, 0.1% Tween-20). The primary antibodies (Santa Cruz
Biotechnology, CA, USA) used were anti-OB-R (1:500), anti-JAK2 (1:500), anti-
STAT3 (1:500), anti-p-STAT3 (1:500), anti-SOCS3 (1:500), anti-POMC (1:500), anti-
NPY (1:500) and antiactin (1:1000). Polyvinylidene filters were washed three times
with Tween-TBS (0.1%), followed by 1-h incubation with appropriate secondary
antibody conjugated to biotin (Santa Cruz Biotechnology). Then, filters were
incubated with streptavidin-conjugated horseradish peroxidase (Caltag Laboratories,
Burlingame, CA, USA). All western blots were allowed to react with horseradish
peroxidase substrate (ECL-plus, Amersham Pharmacia Biotech) and then exposed to
X-ray film for 10 s to 30 min. In most cases, the membranes were stripped (Restore
Western Blot Stripping Buffer; Pierce, IL, USA) at 37°C for 15 min, washed with
Tween-TBS (0.1%) three times and reprobed with specific primary antibody,
following all the steps above. Images were scanned and the bands were quantified
by densitometry, using Image J 1.34s software (Wayne Rasband National Institute of
Health, MA, USA).

2.7. Statistical analysis

Data are reported as mean±S.E.M. GraphPad Prism 4 program was used for
statistical analysis and graphics. Two-way ANOVA and Bonferroni posttest were used
to analyze body weight and food intake changes. The other experimental observations
were analyzed by unpaired Student's t test, with significance level set at Pb.05.
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3. Results

3.1. Postnatal EO effects in body weight, nasoanal length and food intake
during development

During lactation, overfed offspring displayed a significant higher
body mass from day 7 (+33%, Pb.05; Fig. 1A) compared to controls,
reaching the highest difference at 21 days old (+56%, Pb.05; Fig. 1A).
Small litter rats were still overweight at 180 days old (+18%, Pb.05;
Fig. 1B). Overfed animals presented higher food consumption during
all development, reaching +9% at 180 days old (Pb.05; Fig. 2B).
Nasoanal length was higher in both young and adult SL animals
(+27% and +4%, respectively, Pb.05; Fig. 2A).

3.2. Body composition

Small litter offspring showed higher visceral (+176%, Pb.05;
Fig. 3A) and total body fat (+237%, Pb.05; Fig. 3A) when they were 21
days old as well as 180 days old (visceral, +52%, and total, +38%,
Pb.05; Fig. 3B). Subcutaneous fat mass was higher only when they
were 21 days old (+238%, Pb.05; Fig. 3A). Total body protein content
that represents the lean mass was higher in young SL rats, and the
opposite profile was observed in adulthood (+41% and −14%,
respectively, Pb.05; Fig. 3C).

3.3. Biochemical analysis

Small litter group presented higher fasting glycemia (+25%,
Pb.05) at 21 days; however, no difference was detected at 180 days
(Table 1).
Fig. 1. Postnatal EO induces early-onset obesity and overweight in adulthood. Body
weight was evaluated in NL (○; n=12) and SL (●; n=12) groups during lactation (A)
and after weaning (B). Results are expressed as mean±S.E.M. ⁎Pb.05.

Fig. 2. Postnatal EO increases growth rate and induces persistent hyperphagia.
Nasoanal length (A) and food intake (B) were evaluated in NL (white bar, n=12)
and SL (black bar, n=12) groups during development. Results are expressed as
mean±S.E.M. ⁎Pb.05.
Plasma TC and HDL-C were higher in young SL rats (+37% and
+37%, respectively, Pb.05), as depicted in Table 1. Adult SL rats
showed only lower HDL-C (−12%, Pb.05). No difference was observed
in triglycerides, VLDL-C and LDL-C plasma concentrations in both
periods studied. Type II Castelli indexwas lower at 21 days but normal
at adulthood, and type I Castelli index was unaltered at both periods.

Small litter rats presented higher levels of globulins at both ages
(weaning, +22%, and adult, +8%, Pb.05; Table 1), while albumin
levels were higher at weaning and lower at adulthood (+47% and
−12%, respectively, Pb.05; Table 1). Consequently, plasma total
proteins were higher just at weaning (+27%, Pb.05; Table 1).

3.4. Plasma insulin, leptin and adiponectin concentrations

Animals raised in SL presented higher plasma insulin and leptin
concentrations when they were 21 days old (+88% and +56%,
respectively, Pb.05; Fig. 4A and B); however, no difference was
observed in adult rats (Fig. 4A and B). Despite increased visceral fat
mass at both periods, no change was observed in plasma adiponectin
levels in SL groups compared to NL group (Fig. 4C).

3.5. Glucose tolerance test

Glucose tolerance test was evaluated when the animals were 180
days old, after intraperitoneal glucose load in overfed and control
groups during different periods. After 30 min from glucose injection,
both groups exhibited the same increase in glucose levels. However,



Fig. 3. Effect of postnatal EO in body composition of young and adult NL and SL rats.
Body composition was determined by direct carcass analysis. Total, visceral and
subcutaneous fat mass in young (A) and adult (B) NL and SL groups. (C) Leanmass from
NL and SL rats at 21 and 180 days old. White bars represent control group (NL, n=7)
and black bars represent overfed group (SL, n=7). Results are expressed as mean±
S.E.M. ⁎Pb.05.

Table 1
Plasma biochemical parameters in young (21 days) and adult (180 days) NL and SL rats

21 days 180 days

NL SL NL SL

Glycemia (mg/dl) 72.17±3.11 90.08±2.08 ⁎ 82.88±2.38 82.44±3.12
TC (mmol/l) 81.09±2.70 93.60±1.70 ⁎ 58.65±1.00 57.50±1.70
LDL-C (mmol/l) 48.00±1.40 49.00±1.40 32.78±1.30 31.94±1.30
HDL-C (mmol/l) 23.17±1.10 31.80±1.60 ⁎ 16.52±0.60 14.53±0.70 ⁎

VLDL-C (mmol/l) 11.77±0.90 13.00±1.10 11.19±0.70 10.60±0.70
Triacylglycerols (mmol/l) 59.18±4.30 70.90±7.20 55.48±3.60 52.50±3.20
Castelli index I 3.45±0.18 3.11±0.12 3.75±0.12 3.99±0.18
Castelli index II 1.92±0.10 1.52±0.08 ⁎ 2.06±0.11 2.27±0.16
Total protein (g/dl) 4.01±0.18 5.08±0.16 ⁎ 7.74±0.14 7.50±0.17
Albumin (g/dl) 2.73±0.14 3.34±0.14 ⁎ 3.88±0.11 3.40±0.14 ⁎

Globulin (g/dl) 1.19±0.09 1.71±0.14 ⁎ 3.86±0.07 4.16±0.08 ⁎

Results expressed as mean±SD of 12 rats per group.
⁎ Pb.05.
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60 and 120min after, SL rats presented a slightly higher glucose levels
compared to NL rats (+10% and +7%, respectively, Pb.05; Fig. 5),
which could suggest lower insulin sensitivity. However, there was no
significant difference of the area under the curve (AUC), which
weakens this hypothesis.

3.6. Postnatal EO effects in hypothalamic leptin signaling pathway

At weaning, no change was detected in the expression and activity
of the leptin signaling proteins in hypothalamus from animals raised
in SL compared to controls (Figs. 6 and 8A). Despite no change in Ob-R
and STAT3 content (Fig. 7A and C), SL group showed lower JAK2
(−59%, Pb.05; Fig. 7B) and higher SOCS3 (+32%, Pb.05; Fig. 7D),
which resulted in lower STAT3 phosphorylation at 180 days old
(−53%, Pb.05; Fig. 8B), indicating leptin resistance at this age.

3.7. Long-term effect of postnatal EO in hypothalamic neuropeptides
related to orexigenic/anorexigenic pathways

At adulthood, no change was detected in the POMC content in
hypothalamus from SL group (Fig. 9A). However, these animals
presented lower NPY expression (−50%, Pb.05; Fig. 9B).

4. Discussion

In the present study, we observed that postnatal EO induced by
litter size reduction causes a dramatic increase in body mass gain
during lactation and programs for hyperphagia and overweight in
later life. These findings are in accordance with earlier studies
[8,10,11,34–36].

We also showed that early overfeeding induces an increase in rat
growth (higher body length) that could be related to higher total
body protein mass in young animals. However, the higher body
weight in SL rats was due to higher fat mass, since protein mass was
lower in adult SL animals. Adipose tissue distribution in obese
subjects is very important, once regional fat deposition confers
different cardiovascular risk [35,37,38] and SL animals presented
higher central and total adiposity on both ages. Interestingly, the
estimated subcutaneous fat mass was higher just in young SL rats,
indicating that in adulthood, higher body weight and fat mass are
mainly due to increased visceral fat mass. Recently, we reported
higher epididymal fat mass in rats raised in SL when they were 90
days old [10], and previous studies also showed higher epididymal
and visceral fat mass as well as an increase in adipocyte numbers in
the same experimental model [39,40].

Some authors suggest that the higher fat mass in animals raised in
SL can be due to higher lipogenic enzymatic activity in adipocytes
[41]. Velkoska et al. [35] showed that rats submitted to postnatal EO
present higher 11-β-hydroxysteroid dehydrogenase type 1 (11β-
HSD1) mRNA in adipose cells at 120 days old. This enzyme converts
corticosterone in cortisol, increasing lipogenesis in abdominal fat [42].
Interestingly, transgenic mice overexpressing 11β-HSD1 in adipose
tissue present higher fat mass associated with hypertension and
leptin and insulin resistance [43]. In addition, it has been shown that
postnatal EO results in hypertension in rats at 60 and 240 days
[11,44]. Considering this finding and the higher central adiposity and
lower plasma HDL-C levels observed in adult SL group, we suggest
that neonatal obesity induced by postnatal EO could be a risk factor
for cardiovascular disease and metabolic syndrome [45].



Fig. 4. Effect of postnatal EO on hormonal profile of young and adult NL and SL rats.
Plasma hormones were measured from young and adult NL (white bar, n=12) and SL
(black bar, n=12). Animals were fasted 12 h before the blood sampling. Insulin (A),
leptin (B) and adiponectin levels (C) were analyzed by RIA. Results are expressed as
mean±S.E.M. ⁎Pb.05.

ig. 5. Intraperitoneal glucose tolerance test of NL and SL groups in adulthood (180
ays). Blood glucose levels were evaluated at fasting (12 h) period and 30, 60 and 120
in post intraperitoneal glucose loading of NL (○, n=12) and SL (●,n=12) groups (A).
he insert represents the AUC (B). Results are expressed as mean±S.E.M. ⁎Pb.05.

Fig. 6. Effect of postnatal EO on protein expression of leptin signaling pathway in
hypothalamus of young rats (21 days). Homogenates of hypothalamus from weaned
NL (white bar, n=7) and SL (black bar, n=7) rats were obtained, and ObR (A), JAK2
(B), STAT3 (C) and SOCS3 (D) contents were performed by Western blotting. Protein
contents were quantified by scanning densitometry of the bands [arbitrary units (AU)].
Actin content was used as control loading, and results are expressed as mean±S.E.M. A
representative experiment is shown from three independent experiments.
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Corroborating previous studies, animals raised in SL presented
hyperinsulinemia and hyperleptinemia at weaning [34,46]. This
hormonal profile can be responsible for the hypothalamic changes
in neural circuitry present in young early overfed animals [47,48],
as both hormones are important to brain development during
critical periods [49–51]. Also, Plagemann et al. [52] showed that
weaned SL animals present higher intrahypothalamic insulin levels.
Possibly, this occurs because neonatal blood–brain barrier is not yet
mature, allowing increase insulin leakage from circulation into
hypothalamus [53].
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Fig. 7. Effect of postnatal EO on protein expression of leptin signaling pathway in
hypothalamus of adult rats (180 days). Homogenates of hypothalamus from adult NL
(white bar, n=7) and SL (black bar, n=7) rats were obtained, and ObR (A), JAK2 (B),
STAT3 (C) and SOCS3 (D) contents were performed by Western blotting. Protein
contents were quantified by scanning densitometry of the bands [arbitrary units (AU)].
Actin content was used as control loading, and results are expressed as mean±S.E.M. A
representative experiment is shown from three independent experiments.

Fig. 8. Effect of postnatal EO on STAT3 activity in hypothalamus of young and adult rats.
Homogenates of hypothalamus from young (A) and adult (B) NL and SL rats were
obtained, and the STAT3 activity was performed by Western blotting. White bars
represent control group (NL, n=7) and black bars represent overfed group (SL, n=7).
Protein contents were quantified by scanning densitometry of the bands [arbitrary
units (AU)], and results are expressed as mean±S.E.M. from the ratio between p-STAT3
and total STAT3 content. ⁎Pb.05. A representative experiment is shown from three
independent experiments.
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On the other hand, no change in plasma insulin and leptin was
detected between the groups at 180 days old. Two previous studies
showed that postnatal EO causes hyperleptinemia when the animals
were 60 days old [9,35], and one of them reported that this change
was not observed in SL animals when they were 120 days old [35]. To
the best of our knowledge, there are no data reporting leptin and
insulin levels in animals raised in SL at 180 days old. This result is
interesting once overfed offspring that became an adult exhibit higher
adiposity, but leptin, which is mainly produced by adipocytes, was
unchanged. Regional differences in leptin secretion and gene
expression in adipocytes from subcutaneous compared with omental
adipose tissue are well established. It has been shown that leptin is
produced mainly by subcutaneous adipose tissue [54,55], and human
omental adipocytes has less leptin mRNA than subcutaneous
adipocytes [54,56]. Small litter group showed hyperleptinemia only
at weaning, when we observed higher subcutaneous adipose tissue,
reinforcing the concept that serum leptin is more dependent of
subcutaneous tissue. Despite the higher total and visceral fat in SL rats
at 180 days, subcutaneous fat mass was normal, which could explain
the unchanged serum leptin levels.

Recently, Lopez et al. [9] had shown that leptin levels in
cerebrospinal fluid did not differ between SL and NL groups, despite
that SL animals presented hyperleptinemia at 60 days old, suggesting
that the rate of leptin influx into central nervous system (CNS) is not
proportional to plasma leptin levels, indicating leptin resistance. This
situation is similar to observations in obese humans that also exhibit
hyperleptinemia with no change in cerebrospinal fluid leptin levels
compared to nonobese subjects [57]. In this case, the signal from
adipose tissue cannot indicate the real body fat mass to the brain,
possibly due to impaired leptin transport across the blood–brain
barrier [58,59], maybe by Ob-Ra deficiency.

Since postnatal EO induces an increase in visceral fat mass and
considering the correlation between adipose tissue and insulin
resistance, we analyzed the plasma adiponectin levels. Curiously,
despite the higher body fat mass, adiponectin levels did not differ
between the groups in both periods studied. Ours results are in
accordance with other study that showed unchanged adiponectin
levels in SL animals at 120 days old [35]. However, recently, Boullu-
Ciocca et al. [60] reported hypoadiponectinemia in rats submitted to
postnatal EO at 150 days old. At the moment, no study has shown
adiponectin level in rats raised in SL at 180 days old, and adiponectin
level found in younger SL animals is still controversial [35,60].

In our study, we also showed that SL group presented an increase
in fasting glucose levels and hyperinsulinemia at weaning and
normoglycemia and normal insulin levels when adults. Thus, SL
animals are insulin resistant at weaning. Moreover, earlier studies
corroborates our finding of elevated glucose and higher insulin levels
at weaning [46,52]. Other groups showed that older animals other



Fig. 9. Effect of postnatal EO on protein expression of hypothalamic neuropeptides
related to orexigenic/anorexigenic pathways of adult rats (180 days). Homogenates
of hypothalamus from adult NL (white bar; n=7) and SL (black bar; n=7) rats
were obtained, and POMC (A) and NPY (B) content were performed by Western
blotting. Protein contents were quantified by scanning densitometry of the bands
[arbitrary units (AU)]. Actin content was used as control loading, and results are
expressed as mean±S.E.M. A representative experiment is shown from three
independent experiments.
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than those used in our study (8 months old) still continued to be
insulin resistant [6,11]. However, in our 6-month-old animals, we did
not find any remarkable signal of insulin resistance.

We analyzed glucose tolerance in adult SL rats through
intraperitoneal glucose tolerance test (IGTT). Our data showed a
slight impairment in glucose tolerance 60 and 120 min after glucose
injection, suggesting insulin resistance. Recently, we demonstrated
unchanged IGTT in 90-day-old overfed animals [10], despite changes
in insulin signaling pathway in adipocytes. At 90 days old, SL rats
presented lower insulin receptor substrate 1, phosphatidylinositol 3-
kinase and glucose transporter 4 (GLUT-4) content, followed by a
decrease in Akt (serine kinase Akt) activity and GLUT-4 transloca-
tion in adipocytes. Boullu-Ciocca et al. [7] showed, in the same
experimental model, higher glucose and insulin levels and glucose
intolerance at 120 days old. Therefore, our and others' studies
indicate that in later life, the programmed changes in adipose tissue
induced by postnatal EO, and possible in other tissues, may cause a
glucose homeostasis imbalance. Thus, changes in insulin sensitivity
in this experimental model seem to be age dependent.

We also evaluated the total plasma proteins as well as plasma
albumin and globulin concentrations. The evaluation of these proteins
is important to help the nutritional assessment in the malnourished
animal.Weaned SL group presented higher albumin and globulin and,
consequently, higher total plasma proteins. It is possible that an
increase in liver production of these proteins was consequence of
higher food intake during lactation. In adulthood, despite unchanged
total plasma proteins levels, SL rats presented lower albumin and
higher globulin levels. Interesting, the same profile of plasma proteins
has been reported in humans with chronic inflammation, which is
reported to be associated with obesity [61]. In addition, Boubred et al.
[44] showed that postnatal EO rats presented increase in proteinuria
at 1 year old and glomeruloesclerosis at 2 years old, which is a chronic
inflammatory state and can be consequence of the hypertension
observed since the rats were 2 months old.

Beside possible changes in leptin transport across blood–brain
barrier, leptin resistance in obesity has also been related with
alterations in the leptin signaling pathway in hypothalamus [23].
Then, we analyzed the leptin signaling in hypothalamus from young
and adult rats submitted to postnatal EO. Young SL rats had no
alteration in hypothalamic leptin signaling proteins. Lopez et al.
[62] showed lower hypothalamic Ob-Rb mRNA expression evaluat-
ed by in situ hybridization in early overfed animals when they were
24 days old. It is possible that those animals synthetize a
functionally abnormal protein that could have less bioactivity and
turnover but still maintain their immunological property, present-
ing normal protein content by Western blotting. In adulthood, we
observed lower JAK2 and higher SOCS3 content, which induced a
decrease in basal STAT3 phosphorylation, indicating hypothalamic
leptin resistance. This result could explain the hyperphagia
observed in adult overfed animals. In other models of programming
during lactation, our group showed that leptin injections on the
first 10 days of life program for hyperleptinemia when they were
30 days old, lower Ob-Rb and higher SOCS3 content in hypothal-
amus [63], similar to our present results for adult SL rats. As stated
before, SOCS3 does an intracellular feedback regulation on leptin
signaling pathway; blocking JAK2 phosphorylation and increase in
hypothalamic SOCS3 expression have been clearly related with
leptin resistance in obesity [64–67].

In adult animals, we also analyzed the protein expression of the
central neuropeptides related to orexigenic/anorexigenic pathways.
Interestingly, SL rats showed lower NPY expression and no change of
POMC content. In fact, recently, it was observed that reduction in NPY
expression in 18-week animals raised in SLs [68]. These authors
suggested that the excessive nutrition during a critical window of
postnatal development could change the neural density or activity,
affecting the appetite regulation. In the present study, wemeasured the
proteinexpressionbyWesternblotting in totalhypothalamus;however,
we cannot discard that mRNA expressions of both appetite regulators
are altered. In addition, perhaps agouti-related peptide (AgRP) and α-
melanocyte-stimulating hormone (MSH) or cocaine- and amphet-
amine-regulated transcript (CART) expressions are also changed in SL
rats. Thus, the persistent hyperphagia in adult SL rats may have the
involvement of other hypothalamic mechanisms in obesity develop-
ment, highlighting the complexity of the feeding system.

Adipose tissue and macrophages infiltrate in adipose tissue in
obesity have been known to produce several cytokines [69]. Acute
effects of some proinflammatory cytokines in obesity are produced at
CNS level, particularly in the hypothalamus [64]. Interestingly,
animals raised in SL showed high content of tumor necrosis factor
(TNF)-α and IL-6 in mesenteric adipose tissue at 150 days old [60].
TNF-α has been shown to impair the anorexigenic effects of insulin
and leptin in obesity [70,71]. Fat-rich diets increases insulin resistance
through the activation of proinflammatory response [72]. Also TNF-α
has previously been reported to induce reactive oxygen species
formation in a variety of tissues [73,74]. Reactive oxygen species is
known to activate nuclear factor κ-B (NFκ-B), which has been
involved in diet-induced insulin resistance in hypothalamus [72]. It
is possible that NFκ-B as well as TNF-α and IL-6 could also regulate
the leptin signaling protein expression in hypothalamus, inducing
leptin resistance observed in adult SL rats.

In summary, postnatal EO induces obesity, higher total and
visceral fat mass as well as central leptin resistance and lower HDL-
C in adulthood. Therefore, our results show that endocrine and
metabolic dysfunctions in adult life, as metabolic syndrome and
diabetes, can have the origins in the nutritional environment in
early life.



116 A.L. Rodrigues et al. / Journal of Nutritional Biochemistry 22 (2011) 109–117
Acknowledgment

This research was supported by the National Council for
Scientific and Technological Development (Conselho Nacional de
Desenvolvimento Científico e Tecnológico — CNPq), Coordination
for the Enhancement of Higher Education Personnel (Coordenação
de Aperfeiçoamento de Pessoal de Nível Superior — CAPES) and
State of Rio de Janeiro Carlos Chagas Filho Research Foundation
(Fundação Carlos Chagas Filho de Amparo à Pesquisa do Estado do
Rio de Janeiro — FAPERJ).

AL Rodrigues and IH Trevenzoli were recipients of CNPq fellow-
ships. IT Bonomo was recipient of FAPERJ fellowship.

All authors are grateful to Antonio Carlos de Sá, Vania Pinto and
Ana Maria Coutinho from Laboratory of Lipids (LabLip) for serum
protein and lipids as well as to Carlos Roberto, Monica Moura and
Luciano Martins da Silva Santos for technical assistance.

References

[1] Friedman JM. Obesity in the new millennium. Nature 2000;404:632–4.
[2] Hedley AA, Ogden CL, Johnson CL, Carroll MD, Curtin LR, Flegal KM. Prevalence of

overweight and obesity among US children, adolescents, and adults, 1999–2002.
JAMA 2004;291:2847–50.

[3] Barker DJ. The developmental origins of adult disease. J Am Coll Nutr 2004;23:
588S–95S.

[4] de Moura EG, Lisboa PC, Passos MC. Neonatal programming of neuroimmuno-
modulation — role of adipocytokines and neuropeptides. Neuroimmunomodula-
tion 2008;15:176–88.

[5] de Moura EG, Passos MC. Neonatal programming of body weight regulation and
energetic metabolism. Biosci Rep 2005;25:251–69.

[6] You S, Gotz F, Rohde W, Dorner G. Early postnatal overfeeding and diabetes
susceptibility. Exp Clin Endocrinol 1990;96:301–6.

[7] Boullu-Ciocca S, Dutour A, Guillaume V, Achard V, Oliver C, Grino M. Postnatal
diet-induced obesity in rats upregulates systemic and adipose tissue glucocorti-
coid metabolism during development and in adulthood: its relationship with the
metabolic syndrome. Diabetes 2005;54:197–203.

[8] Davidowa H, Plagemann A. Insulin resistance of hypothalamic arcuate neurons in
neonatally overfed rats. Neuroreport 2007;18:521–4.

[9] Lopez M, Tovar S, Vazquez MJ, Nogueiras R, Seoane LM, Garcia M, et al. Perinatal
overfeeding in rats results in increased levels of plasma leptin but unchanged
cerebrospinal leptin in adulthood. Int J Obes (Lond) 2007;31:371–7.

[10] Rodrigues AL, De Souza EP, Da Silva SV, Rodrigues DS, Nascimento AB, Barja-
Fidalgo C, et al. Low expression of insulin signaling molecules impairs glucose
uptake in adipocytes after early overnutrition. J Endocrinol 2007;195:485–94.

[11] Plagemann A, Heidrich I, Gotz F, Rohde W, Dorner G. Obesity and enhanced
diabetes and cardiovascular risk in adult rats due to early postnatal overfeeding.
Exp Clin Endocrinol 1992;99:154–8.

[12] Rasouli N, Kern PA. Adipocytokines and the metabolic complications of obesity.
J Clin Endocrinol Metab 2008;93:S64–73.

[13] Frayn KN. Obesity and metabolic disease: is adipose tissue the culprit? Proc Nutr
Soc 2005;64:7–13.

[14] Matsuzawa Y. Therapy Insight: adipocytokines inmetabolic syndrome and related
cardiovascular disease. Nat Clin Pract Cardiovasc Med 2006;3:35–42.

[15] Lihn AS, Pedersen SB, Richelsen B. Adiponectin: action, regulation and association
to insulin sensitivity. Obes Rev 2005;6:13–21.

[16] Matsuzawa Y. The metabolic syndrome and adipocytokines. FEBS Lett 2006;580:
2917–21.

[17] Friedman JM, Halaas JL. Leptin and the regulation of body weight in mammals.
Nature 1998;395:763–70.

[18] Pelleymounter MA, Cullen MJ, Baker MB, Hecht R, Winters D, Boone T, et al. Effects
of the obese gene product on body weight regulation in ob/ob mice. Science
1995;269:540–3.

[19] Schwartz MW, Seeley RJ, Campfield LA, Burn P, Baskin DG. Identification of targets
of leptin action in rat hypothalamus. J Clin Invest 1996;98:1101–6.

[20] Vaisse C, Halaas JL, Horvath CM, Darnell Jr JE, Stoffel M, Friedman JM. Leptin
activation of Stat3 in the hypothalamus of wild-type and ob/ob mice but not db/
db mice. Nat Genet 1996;14:95–7.

[21] Galletti F, Barbato A, Versiero M, Iacone R, Russo O, Barba G, et al. Circulating
leptin levels predict the development of metabolic syndrome in middle-aged
men: an 8-year follow-up study. J Hypertens 2007;25:1671–7.

[22] Myers MG, Cowley MA, Munzberg H. Mechanisms of leptin action and leptin
resistance. Annu Rev Physiol 2008;70:537–56.

[23] Howard JK, Flier JS. Attenuation of leptin and insulin signaling by SOCS proteins.
Trends Endocrinol Metab 2006;17:365–71.

[24] Bayne K. Revised guide for the care and use of laboratory animals available.
American Physiological Society. Physiologist. 1996;39:199, 208–11.

[25] Toste FP, de Moura EG, Lisboa PC, Fagundes AT, de Oliveira E, Passos MC. Neonatal
leptin treatment programmes leptin hypothalamic resistance and intermediary
metabolic parameters in adult rats. Br J Nutr 2006;95:830–7.
[26] Fagundes AT, Moura EG, Passos MC, Oliveira E, Toste FP, Bonomo IT, et al. Maternal
low-protein diet during lactation programmes body composition and glucose
homeostasis in the adult rat offspring. Br J Nutr 2007;98:922–8.

[27] Lowry OH, Rosebrough NJ, Farr AL, Randall RJ. Proteinmeasurement with the Folin
phenol reagent. J Biol Chem 1951;193:265–75.

[28] Simões FC, Marques RG, Diestel CF, Caetano CER, Dinis APG, Horst NL, et al. Lipidic
profile among rats submitted to total splenectomy isolated or combined with
splenic autotransplant. Acta Cirúrgica Brasileira 2007;22:46–51.

[29] Friedewald WT, Levy RI, Fredrickson DS. Estimation of the concentration of low-
density lipoprotein cholesterol in plasma, without use of the preparative
ultracentrifuge. Clin Chem 1972;18:499–502.

[30] Castelli WP. Cholesterol and lipids in the risk of coronary artery disease — the
Framingham Heart Study. Can J Cardiol 1988;4(Suppl A):5A–10A.

[31] Gornall AG, Bardawill CJ, David MM. Determination of serum proteins by means of
the biuret reaction. J Biol Chem 1949;177:751–66.

[32] Doumas BT, Watson WA, Biggs HG. Albumin standards and the measurement of
serum albumin with bromcresol green. Clin Chim Acta 1971;31:87–96.

[33] Bradford MM. A rapid and sensitive method for the quantitation of microgram
quantities of protein utilizing the principle of protein-dye binding. Anal Biochem
1976;72:248–54.

[34] Plagemann A, Harder T, Rake A, Waas T, Melchior K, Ziska T, et al. Observations on
the orexigenic hypothalamic neuropeptide Y-system in neonatally overfed
weanling rats. J Neuroendocrinol 1999;11:541–6.

[35] Velkoska E, Cole TJ, Morris MJ. Early dietary intervention: long-term effects on
blood pressure, brain neuropeptide Y, and adiposity markers. Am J Physiol
Endocrinol Metab 2005;288:E1236–43.

[36] Faust IM, Johnson PR, Hirsch J. Long-term effects of early nutritional experience on
the development of obesity in the rat. J Nutr 1980;110:2027–34.

[37] Grassi G, Dell'Oro R, Facchini A, Quarti Trevano F, Bolla GB, Mancia G. Effect of
central and peripheral body fat distribution on sympathetic and baroreflex
function in obese normotensives. J Hypertens 2004;22:2363–9.

[38] Mathieu P, Pibarot P, Larose E, Poirier P, Marette A, Despres JP. Visceral obesity and
the heart. Int J Biochem Cell Biol 2008;40:821–36.

[39] Bassett DR, Craig BW. Influence of early nutrition on growth and adipose tissue
characteristics in male and female rats. J Appl Physiol 1988;64:1249–56.

[40] Enser M, Roberts J, Whittington F. Effect of gold thioglucose-induced obesity on
adipose tissue weight and cellularity in male and female mice suckled in large and
small litters: investigations into sex differences and site differences. Br J Nutr
1985;54:645–54.

[41] Mozes S, Sefcikova Z, Lenhardt L, Racek L. Obesity and changes of alkaline
phosphatase activity in the small intestine of 40- and 80-day-old rats subjected to
early postnatal overfeeding or monosodium glutamate. Physiol Res 2004;53:
177–86.

[42] Livingstone DE, Jones GC, Smith K, Jamieson PM, Andrew R, Kenyon CJ, et al.
Understanding the role of glucocorticoids in obesity: tissue-specific alterations
of corticosterone metabolism in obese Zucker rats. Endocrinology 2000;141:
560–3.

[43] Masuzaki H, Yamamoto H, Kenyon CJ, Elmquist JK, Morton NM, Paterson JM, et al.
Transgenic amplification of glucocorticoid action in adipose tissue causes high
blood pressure in mice. J Clin Invest 2003;112:83–90.

[44] Boubred F, Buffat C, Feuerstein JM, Daniel L, Tsimaratos M, Oliver C, et al. Effects of
early postnatal hypernutrition on nephron number and long-term renal function
and structure in rats. Am J Physiol Renal Physiol 2007;293:F1944–9.

[45] Despres JP, Moorjani S, Lupien PJ, Tremblay A, Nadeau A, Bouchard C. Regional
distribution of body fat, plasma lipoproteins, and cardiovascular disease.
Arteriosclerosis 1990;10:497–511.

[46] Pereira RO, Moreira AS, de Carvalho L, Moura AS. Overfeeding during lactation
modulates insulin and leptin signaling cascade in rats' hearts. Regul Pept
2006;136:117–21.

[47] Plagemann A, Rake A, Harder T, Melchior K, Rohde W, Dorner G. Reduction of
cholecystokinin-8S-neurons in the paraventricular hypothalamic nucleus of
neonatally overfed weanling rats. Neurosci Lett 1998;258:13–6.

[48] Plagemann A, Harder T, Rake A, Janert U, Melchior K, Rohde W, et al.
Morphological alterations of hypothalamic nuclei due to intrahypothalamic
hyperinsulinism in newborn rats. Int J Dev Neurosci 1999;17:37–44.

[49] Bouret SG, Draper SJ, Simerly RB. Trophic action of leptin on hypothalamic
neurons that regulate feeding. Science 2004;304:108–10.

[50] Bouret SG, Simerly RB. Developmental programming of hypothalamic feeding
circuits. Clin Genet 2006;70:295–301.

[51] Pinto S, Roseberry AG, Liu H, Diano S, Shanabrough M, Cai X, et al. Rapid rewiring
of arcuate nucleus feeding circuits by leptin. Science 2004;304:110–5.

[52] Plagemann A, Harder T, Rake A, Voits M, Fink H, RohdeW, et al. Perinatal elevation
of hypothalamic insulin, acquired malformation of hypothalamic galaninergic
neurons, and syndrome x-like alterations in adulthood of neonatally overfed rats.
Brain Res 1999;836:146–55.

[53] Plagemann A. Perinatal nutrition and hormone-dependent programming of food
intake. Horm Res 2006;65(Suppl 3):83–9.

[54] Dusserre E, Moulin P, Vidal H. Differences in mRNA expression of the proteins
secreted by the adipocytes in human subcutaneous and visceral adipose tissues.
Biochimica et Biophysica Acta 2000;1500:88–96.

[55] Carmina E, Chu MC, Moran C, Tortoriello D, Vardhana P, Tena G, et al.
Subcutaneous and omental fat expression of adiponectin and leptin in women
with polycystic ovary syndrome. Fertil Steril 2007;89:642–8.

[56] Gottschling-Zeller H, Birgel M, Scriba D, Blum WF, Hauner H. Depot-specific
release of leptin from subcutaneous and omental adipocytes in suspension



117A.L. Rodrigues et al. / Journal of Nutritional Biochemistry 22 (2011) 109–117
culture: effect of tumor necrosis factor-alpha and transforming growth factor-
beta1. Eur J Endocrinol 1999;141:436–42.

[57] Caro JF, Kolaczynski JW, Nyce MR, Ohannesian JP, Opentanova I, Goldman WH,
et al. Decreased cerebrospinal-fluid/serum leptin ratio in obesity: a possible
mechanism for leptin resistance. Lancet 1996;348:159–61.

[58] Banks WA, King BM, Rossiter KN, Olson RD, Olson GA, Kastin AJ. Obesity-inducing
lesions of the central nervous system alter leptin uptake by the blood–brain
barrier. Life Sci 2001;69:2765–73.

[59] Banks WA. Is obesity a disease of the blood–brain barrier? Physiological,
pathological, and evolutionary considerations. Curr Pharm Des 2003;9:801–9.

[60] Boullu-Ciocca S, Achard V, Tassistro V, Dutour A, Grino M. Postnatal programming
of glucocorticoid metabolism in rats modulates high-fat diet-induced regulation
of visceral adipose tissue glucocorticoid exposure and sensitivity and adiponectin
and proinflammatory adipokines gene expression in adulthood. Diabetes
2008;57:669–77.

[61] Carlson DE, Cioffi WGJ, Mason ADJ, McManus WF, Pruitt BAJ. Evaluation of serum
visceral protein levels as indicators of nitrogen balance in thermally injured
patients. Enteral Nutr 1991;15:440–4.

[62] Lopez M, Seoane LM, Tovar S, Garcia MC, Nogueiras R, Dieguez C, et al. A possible
role of neuropeptide Y, agouti-related protein and leptin receptor isoforms in
hypothalamic programming by perinatal feeding in the rat. Diabetologia 2005;48:
140–8.

[63] Passos MC, Toste FP, Dutra SC, Trotta PA, Toste FP, Lisboa PC, et al. Role of neonatal
hyperleptinaemia on serum adiponectin and suppressor of cytokine signalling-3
expression in young rats. Br J Nutr 2009;101:250–6.

[64] Velloso LA, Araujo EP, de Souza CT. Diet-induced inflammation of the
hypothalamus in obesity. Neuroimmunomodulation 2008;15:189–93.

[65] Wang Z, Zhou YT, Kakuma T, Lee Y, Kalra SP, Kalra PS, et al. Leptin resistance of
adipocytes in obesity: role of suppressors of cytokine signaling. Biochem Biophys
Res Commun 2000;277:20–6.
[66] Bjorbaek C, Elmquist JK, Frantz JD, Shoelson SE, Flier JS. Identification of SOCS-3 as
a potential mediator of central leptin resistance. Mol Cell 1998;1:619–25.

[67] Rieusset J, Bouzakri K, Chevillotte E, Ricard N, Jacquet D, Bastard JP, et al.
Suppressor of cytokine signaling 3 expression and insulin resistance in
skeletal muscle of obese and type 2 diabetic patients. Diabetes 2004;53:
2232–41.

[68] Chen H, Simar D, Morris MJ. Hypothalamic neuroendocrine circuitry is
programmed by maternal obesity: interaction with postnatal nutritional
environment. PLoS One 2009;16(4(7)):e6259.

[69] Lumeng CN, Deyoung SM, Bodzin JL, Saltiel AR. Increased inflammatory properties
of adipose tissue macrophages recruited during diet-induced obesity. Diabetes
2007;56:16–23.

[70] Romanatto T, Cesquini M, Amaral ME, Roman EA, Moraes JC, Torsoni MA, et al.
TNF-alpha acts in the hypothalamus inhibiting food intake and increasing the
respiratory quotient — effects on leptin and insulin signaling pathways. Peptides
2007;28:1050–8.

[71] Amaral ME, Barbuio R, Milanski M, Romanatto T, Barbosa HC, Nadruz W, et al.
Tumor necrosis factor-alpha activates signal transduction in hypothalamus and
modulates the expression of pro-inflammatory proteins and orexigenic/anorex-
igenic neurotransmitters. J Neurochem 2006;98:203–12.

[72] De Souza CT, Araujo EP, Bordin S, Ashimine R, Zollner RL, Boschero AC, et al.
Consumption of a fat-rich diet activates a proinflammatory response and
induces insulin resistance in the hypothalamus. Endocrinology 2005;146:
4192–9.

[73] Goossens V, Grooten J, De Vos K, Fiers W. Direct evidence for tumor necrosis
factor-induced mitochondrial reactive oxygen intermediates and their involve-
ment in cytotoxicity. Proc Natl Acad Sci U S A 1995;92:8115–9.

[74] Javesghani D, Hussain SN, Scheidel J, Quinn MT, Magder SA. Superoxide
production in the vasculature of lipopolysaccharide-treated rats and pigs. Shock
2003;19:486–93.


	Postnatal early overfeeding induces hypothalamic higher SOCS3 expression and lower STAT3 activi.....
	Introduction
	Materials and methods
	Experimental model
	Body composition
	Plasma hormones measurement by radioimmunoassay
	Biochemical parameters
	Intraperitoneal glucose tolerance test
	Western blotting analysis
	Statistical analysis

	Results
	Postnatal EO effects in body weight, nasoanal length and food intake during development
	Body composition
	Biochemical analysis
	Plasma insulin, leptin and adiponectin concentrations
	Glucose tolerance test
	Postnatal EO effects in hypothalamic leptin signaling pathway
	Long-term effect of postnatal EO in hypothalamic neuropeptides related to orexigenic/anorexigen.....

	Discussion
	Acknowledgment
	References


