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Abstract

Serum adiponectin has been reported to inversely correlate with the degree of adiposity in children. However, the relative contribution of adiponectin-
dependent signaling to the development of metabolic syndrome in childhood obesity is unclear. We overfed prepubertal, male Sprague–Dawley rats a high-fat
diet via total enteral nutrition. Excessive caloric intake led to obesity, increased body weight and fat mass; dyslipidemia; ectopic fat deposition; and
hyperinsulinemia (Pb.05). Expression of fatty acid transporter FAT/CD36 was elevated in both liver and skeletal muscle (Pb.05). Hepatic Akt phosphorylation was
elevated (Pb.05) and FoxO1 protein in hepatic nuclear extracts was reduced (Pb.05) in the face of hyperinsulinemia, whereas no increase in Akt phosphorylation
or decrease in nuclear FoxO1 was observed in skeletal muscle. Overfeeding increased serum adiponectin concentration from 24.6±1.9 μg/ml to 46.3±5.9 μg/ml
(Pb.004), and positively correlated with increased adipose tissue mass. The expression of the inflammatory cytokine tumor necrosis factor α in the adipose tissue
was unchanged. Adiponectin-mediated adenosine monophosphate (AMP) kinase phosphorylation, peroxisome proliferator-activator receptor-α expression and
the expression of genes involved in fatty acid oxidation were elevated in both liver andmuscle (Pb.05). These data (1) demonstrate that excessive intake of a high-
fat diet in young rats results in “adiponectin-independent” increases in ectopic fat deposition and hyperinsulinemia, (2) suggest that fatty acid transport is a major
mechanism underlying ectopic fat deposition, (3) demonstrate tissue-specific differences in the response of Akt-FoxO signaling to hyperinsulinemia following the
development of pediatric obesity and (4) suggest age-related differences in the role of adiponectin in pathological responses associated with obesity.
© 2011 Elsevier Inc. All rights reserved.
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1. Introduction

Childhood obesity is associated with the rapid rise in the
prevalence of health complications that were once thought to be
primarily adult disorders, such as Type 2 diabetes, cardiovascular
disease and other sequelea of the “metabolic syndrome” [1]. Studies
in children have shown that excessive intake of high-fat diets
increases the risk for overweight and obesity [2,3]. Increased fat
intake in pre-adolescent children has been associated with subclin-
ical inflammation, dyslipidemia, systemic insulin resistance and
elevated blood pressure [4,5]. Obesity in children is also the major
risk factor for development of pediatric non-alcoholic fatty liver
disease (pNAFLD), defined histologically as ≥5% of hepatocytes
containing macrovesicular lipid droplets [6,7]. Up to 10% of children
with pNAFLD develop non-alcoholic steatohepatitis (NASH), char-
acterized by periportal lymphocytic infiltration, portal necrosis and
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fibrosis [6,7]. However, few studies have examined the role of
altered metabolism in the development of fatty liver disease in
obese children.

Adipose tissue functions as a critical source of biologically active
adipokines, such as tumor necrosis factor α (TNF-α), interleukin 6,
adiponectin, leptin and resistin to regulate energy balance, glucose
homeostasis, insulin sensitivity and lipid utilization [8]. Adiponectin
is themost abundant adipokine in the circulation and has been shown
to improve insulin sensitivity by increasing energy expenditure as the
result of activation of adenosinemonophosphate (AMP) kinase and of
peroxisome proliferator-activator receptor-α (PPAR-α ) signaling to
influence fatty acid β- and ω-oxidation in both liver and skeletal
muscle [9,10]. Adiponectin knockout mice fed a high-fat diet develop
dyslipidemia and severe insulin resistance that can be reversed by
viral-mediated adiponectin expression [11].

Moreover, supplementation with [12] or over-expression [13] of
adiponectin in the obese ob/ob mouse fed a high-fat diet which has
low serum adiponectin significantly decrease the accumulation of
liver triglycerides and steatosis.

The regulation of circulating adiponectin levels appear to be both
age-related and gender-specific, since children and females have
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Table 1
Macronutrient composition of the high-fat diet

% kcal

Proteina 26
Fatb 41
Carbohydratec 33
Vitamins/mineralsd -

a Casein.
b Corn oil (43%) and milk fat (57%).
c Dextrose (79%), maltodextrin (19%), lactose (2%).
d Added to meet or exceed the National Research Council recommended levels for

the growing rat.
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significantly greater levels than adults or males [14,15]. Unlike leptin,
the circulating levels of adiponectin are reported to be reduced by 30-
50% in obese adults, older children and adolescents as compared with
their lean counterparts [16,17]. It has been suggested that the
dysregulation of lipid metabolism resulting from reduced adiponectin
action may be a causative factor and therefore be a potential
biomarker of the “metabolic syndrome” in obesity [14,16,17]. The
mechanisms involved in the regulation of adiponectin expression and
secretion from adipose tissue are unclear, and the causative factor(s)
that down-regulate adiponectin in obesity have yet to be identified.

On the other hand, the connection between adiponectin, insulin
resistance, ectopic fat and obesity is not always clear. For example, a
weaker association between serum adiponectin levels, and obesity
was observed in younger children (age 2–6 years) [18] than in adults
and older children. In addition, increased circulating adiponectin
levels were reported in obese, spontaneously hypertensive rats [19],
in obese C57BL/6J mice fed high-fat diets for 10 weeks [20] despite
hyperinsulinemia and elevated tissue triglycerides, and in humans
with anti-insulin receptor antibodies and extreme insulin resistance
[21]. These studies point to a dissociation between serum adiponectin
levels and energy homeostasis under various conditions. Moreover,
few studies have examined the regulation of adiponectin signaling in
relation to altered insulin sensitivity and lipid homeostasis specifi-
cally in obese children or young animals.

In adult animals, excessive caloric intake of high-fat diets produce
elevated plasma triglycerides and non-esterified fatty acids (NEFA)
leading to enhanced transport of fatty acids into the liver and skeletal
muscles [22]. A high-fat diet was shown to increase hepatic
expression of the fatty acid transporter FAT/CD36 gene [23], whereas
the increased localization of FAT/CD36 protein in the sarcolemmal
membrane without increases in gene expression has been suggested
to contribute to ectopic lipid deposition in the muscle [24]. Ectopic fat
deposition has been directly linked to the development of insulin
resistance in skeletal muscle as the result of disruption of membrane
translocation of the glucose transporter GLUT4 [25]. Impaired insulin
signaling has in turn has been suggested to impair carbohydrate
oxidation in muscle via increased pyruvate dehydrogenase kinase 4
transcription and inactivation of the pyruvate dehydrogenase
complex as the result of decreased phosphorylation of Akt and of
the downstream forkhead protein transcription factors FoxO1 and
FoxO3 [26]. In the liver, insulin resistance has been shown to increase
glucose production through de-repression of glucose 6-phosphatase
and phosphoenolpyruvate carboxykinase also as the result of
disrupted Akt and FoxO1 phosphorylation [27]. FoxO1 signaling in
the liver has also been suggested to contribute to the development of
hepatic steatosis in the face of insulin resistance as a result of a
positive feedback on Akt phosphorylation via suppression of the Akt-
inhibitory regulator Trb3 resulting in reduced fatty acid oxidation and
increased triglyceride synthesis [28]. However, the contributions of
adiponectin-mediated signaling relative to enhanced fatty acid
transport and alterations in Akt-FoxO signaling in development of
ectopic fat deposition and insulin resistance resulting from pediatric
obesity are not well explored.

In the current study, we used a rat model in which excessive
caloric intake of a high-fat diet was achieved by total enteral nutrition.
This produced serological and histological features of clinical obesity,
such as elevated adiposity, hepatosteatosis, dyslipidemia and hyper-
insulinemia but resulted in increased rather than decreased serum
adiponectin. The results (1) suggest that increased fatty acid transport
is an early event in response to overfeeding a high-fat diet during
development and leads to ectopic fat deposition, (2) demonstrate
tissue-specific differences in the response of Akt-FoxO signaling to
hyperinsulinemia following the development of pediatric obesity and
(3) demonstrate that both ectopic fat deposition and hyperinsuline-
mia occur in the context of significantly elevated serum adiponectin
and adiponectin signaling in young animals. This latter point is
particularly important in view of recent suggestions that hypoadipo-
nectinemia is a risk factor and useful biomarker of “metabolic
syndrome” in children [15,16].

2. Methods

2.1. Animals and experimental protocol

Male Sprague–Dawley rats were purchased from Charles River Laboratories
(Wilmington, MA, USA) and housed in an American Association for Accreditation of
Laboratory Animal Care-approved animal facility. Protocols for animal maintenance
and experimental treatments were conducted in accordance with the ethical guide-
lines for animal research established and approved by the Institutional Animal Care and
Use Committee at the University of Arkansas for Medical Sciences. Rats were delivered
at age postnatal day (PND) 24, were allowed to acclimate to the facility overnight, had
intragastric cannulae surgically inserted as previously described [29], were placed in
individual metabolism cages and were allowed to recover overnight with ad libitum
access to drinking water. The animals were weighed and randomly distributed to
experimental feeding groups.

Starting at PND26, rats were fed by total enteral nutrition (TEN) using a diet
containing 43% of the calories as fat, 26% as protein and 33% carbohydrate (Table 1).
The diet was formulated to mimic the general composition of the pediatric population
[30]. In preliminary studies using cannulated rats having ad libitum access to standard
food pellets (Tek-Lad, #8640) and rats fed by TEN, we empirically determined the daily
caloric intake required for the TEN high-fat diet to match the body weight gains of
pellet-fed rats (data not shown). No differences in body weights, adiposity, or serum
concentrations of insulin or adiponectin were observed between animals weight-
matched and fed standard food pellets (ad libitum), a low-fat TEN diet or a high-fat TEN
diet (data not shown). In the current study, animals in the control group were fed the
high-fat diet TEN diet at the caloric level to match ad libitum chow feeding and the
overfed group was fed 25% more total diet than the control group. Thus herein, we
focus on the metabolic and pathological effects of excessive caloric intake of a high-fat
diet as a mediator of pediatric obesity.

Body composition of animals (n=5 per group) was assessed at PND38 and PND49
by nuclear magnetic resonance (NMR) (Echo Medical Systems, Houston, TX, USA) in
unanesthetized animals, and the percentage of whole body fat and lean mass was
determined and normalized to body weights. At PND48, two rats per group underwent
X-ray computed tomography (CT) scanning (LaTheta LCT-100, Echo Medical Systems,
Houston, TX, USA) under light isoflurane anesthesia. At PND50, animals were fasted
overnight, euthanized and decapitated to collect trunk blood. The abdominal and
gonadal fat pads were dissected, weighed and immediately frozen and stored at−70°C.
Serum was collected and stored at −20°C until analyzed. Livers were removed and
portions preserved both in formalin for paraffin embedding and in Optimal Cutting
Temperature (OCT) Compound (Thermo Scientific) for subsequent histological
analysis. Gastrocnemius muscles were dissected, preserved in OCT as well as snap
frozen in liquid nitrogen, and stored at −70°C until analyzed. Lipid droplet formation
was assessed by Oil Red O staining of OCT-preserved liver and muscle sections as
described previously [28] and random fields from digitally captured images at 200×
magnification from each liver were quantified using the MCID Elite Software (GE
Healthcare, Chalfont St. Giles, UK) linked to an Olympus Bx50 microscope.

2.2. Biochemical analyses

Serum NEFA was measured using the NEFA-C kit (Wako Chemicals, Richmond, VA,
USA). Serum triglycerides and glucose levels were measured with Triglyceride Reagent
and the Glucose Reagent (Synermed, Westfield, IN, USA) using the Cal II Calibration kit
for comparison to standard curves. Serum insulin, leptin and adiponectin concentra-
tions were measured using rat-specific ELISA kits from Linco Research (St. Charles, MO,
USA) according to the manufacturer's protocols and recommended serum dilutions as
necessary. Serum testosterone concentrations were measured using radioimmunoas-
say with a kit from Diagnostic System Laboratories (Webster, TX, USA). Serum alanine
aminotransaminase (ALT) activities were measured spectrophotometrically in a



Fig. 1. Body weights and body composition of young rats overfed a high-fat diet. (A) Daily body weights of male rats fed the control high-fat diet (Control, black squares, n=8) or 25%
more calories (Overfed, open circles, n=10) from PND27 to PND50. Data are expressed as mean±S.E.M. (⁎Pb.005 versus Control using a Student's t-test). (B) Body composition of fat
mass and lean mass as determined by NMR of control and overfed groups expressed as a percent of body weight at PND38 and PND49 (⁎Pb.05 versus control, n=5 per group). (C, D)
Representative CT scans at PND48 of control and overfed groups. A scout view (C) of the entire rat, and a transverse slice view (D) of representative rats are depicted. Sc, subcutaneous
adipose tissue; Vis, visceral adipose tissue; Ab, abdominal wall.

Table 2
Characteristics of rats TEN-fed high-fat diets in the control and overfed groups

Controlb Overfedb P valuec

Body weight (g) 244.3±4.6 295.8±3.3 b.001
% Liver weighta 5.12±0.15 5.38±0.17 .300
% Gonadal fata 1.14±0.06 1.54±0.16 .022
% Abdominal fata 1.47±0.12 2.10±0.17 .003
% Kidney weighta 0.86±0.02 0.91±0.06 .510
Total fat mass (grams) 48.01±4.32 72.28±4.90 .001
Body length (cm) 19.96±0.31 20.34±0.21 .304
Liver triglycerides (μg/mg protein) 2.21±0.29 4.04±0.43 .008

a Data represent the percentage of body weights.
b Data represent mean±S.E.M. of six animals per group.
c P b .05 is considered significant.
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standard 1 cm cuvette using the Infinity ALT reagent (Thermo Electron, Waltham, MA,
USA) according to the manufacturer's protocol. Liver triglycerides were extracted from
250mg of tissue, resuspended in acetone:water (2:1) solution and assayed as described
above. For immunoblot analyses, total tissue lysates were prepared using RIPA buffer
(25 mM Tris-Cl, 150 mM NaCl, 1% Nonidet P-40, 1% deoxycholate, 0.1% SDS, and 2 mM
EDTA) supplementedwith phosphatase inhibitors (Phosphates Inhibitor Cocktails I and
II, Sigma Chemical, St. Louis, MO, USA) and protease inhibitors. Proteins were resolved
using an sodium dodecyl sulfate-polyacrylamide gel electrophoresis mini-gel appara-
tus and transferred to phenylmethane sulfonyl fluoride (PVDF) membranes. Nonspe-
cific protein binding was blocked using 5% (w/v) non-fat dry milk in Tris-buffered
saline containing 0.1% Tween-20 (TBS-Tween), and diluted antibodies were incubated
with the membranes. Antibodies to phospho-serine473Akt (#4058, Cell Signaling), Akt
(#9272, Cell Signaling), phospho-threonine172 AMP kinase (#2535, Cell Signaling),
AMP kinase (#2532, Cell Signaling), anti-FAT/CD36 (NB400-144, Novus) and FoxO1
(#9454, Cell Signaling) were used at a dilution of 1:1,000 in TBS-Tween containing 5%
bovine serum albumin. The horseradish peroxidase-conjugated anti-glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) antibody (G9295, Sigma) was diluted 1:10,000 in
TBS-Tween containing 5% nonfat dry milk. All primary antibodies were incubated
overnight at 4°C. After washing with TBS-Tween, proteins were detected using
horseradish peroxidase-conjugated secondary IgG (Santa Cruz Biotechnology, Santa
Cruz, CA, USA) diluted 1:10,000 in TBS-Tween containing 5% non-fat drymilk. Antibody
complexes were visualized using the ECL Plus reagent (Amersham/GE Healthcare) and
detected using autoradiography. Immunoquantitation was performed by densitometry
and analyzed using the QuantityOne software (BioRad, Hercules, CA, USA).

2.3. Liver tissue nuclear extracts

Nuclear-specific proteins were isolated from liver and muscle samples using the
Nuclear Extract Kit (Active Motif, Carlsbad, CA, USA) according to the manufacturer's
protocols. Briefly, 100 mg of frozen liver were homogenized in hypotonic buffer
supplemented with protease and phosphatase inhibitor with 20 strokes of a ground-
glass homogenizer. Cells were allowed to lyse on ice and the unbroken cells and
nuclei pelleted with centrifugation. Remaining intact cells were lysed with an
additional aliquot of hypotonic buffer and the intracellular protein fraction separated
by centrifugation. Proteins from intact nuclei were extracted using 50 μl of lysis
buffer supplemented with protease and phosphatase inhibitors for 30 min on ice
followed by removal of the insoluble debris with centrifugation. Isolated nuclear
proteins were quantitated as described above and stored at -70°C until used in FoxO1
Western blot analyses.

2.4. Subcellular fractionation of muscle tissue

Both the intracellular compartment and the membrane fraction of gastrocnemius
muscle samples were obtained. Frozen tissues were homogenized in ice-cold buffer
containing 20 mM Tris-HCl pH 7.5, 2 mM EDTA, 0.5 mM EGTA, 330 mM sucrose, 1 mM
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polyvinylidine difluoride (PMSF) and supplemented with phosphatase inhibitors
(Phosphates Inhibitor Cocktails I and II, Sigma Chemical) and protease inhibitors and
centrifuged for 10 min at 1000×g at 4°C to remove debris and particulate material.
The supernatants were transferred to ultracentrifuge tubes and centrifuged at
40,000×g for 1 h at 4°C. The samples representing the intracellular compartment
were stored at −70°C, while membrane proteins in the pellets were solubilized with
brief sonication in ice-cold homogenization buffer containing 1% Triton X-100, but
lacking sucrose and centrifuged at 40,000×g for 1 hour at 4°C Samples were frozen at
−70°C until used in western blot analyses.

2.5. RNA isolation and real-time polymerase chain reaction

Total RNA was isolated from 25 mg of frozen liver or adipose tissue using the
RNeasy mini columns (Qiagen, Valencia, CA) according to the manufacturer's
recommended protocols. RNA quantity and quality were assayed spectrophotometri-
Fig. 2. Fat deposition in liver and gastrocnemiusmuscle of young rats overfed rats overfed a high
muscle (D, E) from control animals or overfed animals demonstrating significant hepatic steatos
of a high-fat diet. Oil Red O staining of sections from liver (C) and muscle (F) were quantifie
magnification). Data are expressed as mean±S.E.M. of n=10 fields per group. Statistical differ
cally using the NanoDrop ND-100 apparatus (NanoDrop Technologies,Wilmington, DE,
USA) and with the Experion RNA StdSens Chip on the Experion Automated
Electrophoresis Station (BioRad). Total RNA (1 μg) was reverse-transcribed using the
iScript Reverse Transcription kit (BioRad) and diluted to 10 ng/μl for use in real-time
polymerase chain reaction (PCR). A total of 50 ng of cDNA was used for quantitative
real-time PCR using the SYBR Green master mix (BioRad) with the MyiQ Real Time PCR
Apparatus (BioRad). The relative quantities of the target genes were determined using
serial 10-fold dilutions of cDNA to produce a standard curve. All gene-specific probes
were designed using Primer Express Software, and the specific sequences are described
in Ref. [31].

2.6. Statistical analysis

Data are expressed as the mean±S.E.M. Student t tests or analysis of variance
followed by Student-Newman-Keuls post hoc comparisons were performed with
-fat diet. Representative Oil RedO staining of sections from liver (A, B) and gastrocnemius
is (B) and intramyocellular lipid droplets (E, arrows) in response to excess caloric intake
d using the MCID Elite Software from five digitally captured high power fields (200×
ences were determined using the Student's t test. ⁎Pb.001 versus the control group.
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SigmaStat Version 3.3 (Systat Software, San Jose, CA, USA) software where appropriate.
Calculated P values ≤.05 were considered significant. Graphical representation of the
data was performed using SigmaPlot Version 10.

3. Results

3.1. Effects of overfeeding a high-fat diet on body weight and adiposity

The mean body weight gain of the control group over the entire
study was 7.2±0.10 g/day. Providing 25% excess calories resulted in
higher (Pb.05) weight gains (9.1±0.13 g/day) and 21% more body
weight by PND50 (244.3±4.6 versus 295.8±3.3 g, Pb.001) (Fig. 1A,
Table 2). To examine changes in adiposity, the fat and lean masses
were measured at PND38 and PND49 using NMR (Fig. 1B) in
unanaesthetized rats. At PND38, there was a 38% increase (Pb.006)
in fat mass as a percentage of body weight in the overfed group, and
by PND49 the overfed animals had 62%more fat mass than the control
group (Pb.009). In representative CT scans at PND48 (Fig. 1C), the
whole animal radiogram showed increased body fat, and in the
transverse cross-sectional images of abdominal regions, the overfed
rat had qualitative increases in both abdominal and subcutaneous fat
depots (Fig. 1D).

3.2. Overfeeding a high-fat diet produces ectopic fat disposition in liver
and skeletal muscle

Liver and muscle tissue sections were stained with Oil Red O to
determine ectopic lipid deposition and the degree of staining was
quantitated by digital histomorphometry. In the control group, mild
microsteatosis appeared throughout the liver (Fig. 2A), whereas
lobular and periportal hepatocellular macrosteatosis was evident in
liver of the overfed animals (Fig. 2B). Quantitative measurement of
tissue Oil Red O staining confirmed a fivefold increase (Pb.001) in the
accumulation of lipid droplets in the liver (Fig. 2C). The total tissue
triglycerides content was higher (Pb.008) in liver of the overfed
animals (Table 2). We also examined Oil Red O-stained sections of
gastrocnemius muscle and observed a lipid droplet accumulation
pattern that differed from that of liver. Overfeeding resulted in clusters
of isolated intramyocellular lipid droplets in the overfed group rather
than the more uniform distribution seen in the liver. Overfed rat
muscle had greater fat accumulation (Pb.001) (Fig. 2D–F, arrows).

3.3. Effects of overfeeding a high-fat diet on serum adiponectin
and insulin

Adiponectin levels were increased (Pb.005) from 24.6±1.9 μg/ml
(controls) to 46.3±5.9 μg/ml (overfed), as did leptin concentrations
(Table 3). These effects correlated with increased (Pb.001) total fat
mass (Table 2). Overfeeding led to a sevenfold increase (Table 3) of
circulating insulin concentrations compared with controls, from
2.2±0.2 to 14.0±2.5 ng/ml (Pb.001), suggestive of systemic insulin
resistance. Serum concentrations of total triglycerides and NEFA were
Table 3
Serum measurements of endocrine markers in the control and overfed groups

Controla Overfeda P valueb

Glucose (mg/dl) 40.6±1.2 44.1±1.3 .066
Insulin (ng/ml) 2.2±0.2 14.0±2.5 b.001
Triglyceride (mg/dl) 85.2±6.9 160.7±16.5 .006
NEFA (mM) 6.5±0. 16.8±1.8 b.001
ALT (U/L) 44.2±2.0 67.1±4.6 .001
Leptin (ng/ml) 13.2±1.7 33.4±2.3 b.001
Adiponectin (μg/ml) 24.6±1.9 46.3±5.9 .004
Serum Testosterone (ng/ml) 0.7±0.22 0.41±0.17 .450

a Data represent the mean±S.E.M. of six animals per group.
b Pb.05 is considered significant.

Fig. 3. FAT/CD36 expression in liver and gastrocnemius muscle in young rats overfed a
high-fat diet. Total RNA isolated from liver (A) and gastrocnemius muscle (B) was
reverse-transcribed into cDNA, and the expression of FAT/CD36 was determined.
Expression values were normalized to the expression of cyclophillin A as an internal
control. Data are expressed as mean±S.E.M. (n=6 per group). Statistical differences
were determined using the Student's t test. ⁎Pb.008 versus the control. (C) Proteins
(25 μg) from the subcellular fractionation of gastrocnemius muscle representing the
membrane and intracellular compartments were assayed for FAT/CD36 by Western
blot analysis. (D) Immunoquantitation of FAT/CD36 protein in muscle.
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increased (Pb.05) in the overfed group (Table 3). Additionally, serum
ALT activities were increased in the overfed group (Pb.001) (Table 3)
suggesting mild hepatic injury.

3.4. Effect of overfeeding on fatty acid transport in liver and
muscle tissues

The high levels of serum triglycerides and NEFA led us to examine
the expression of the scavenger receptor FAT/CD36, known to be
involved in the uptake of long chain fatty acids into liver and muscle
[22–24]. Quantitative PCR analyses of FAT/CD36 (Fig. 3A and B)
demonstrated increased expression in liver (Fig. 3A, Pb.05) and
muscle (Pb.05, Fig. 3B) in response to overfeeding. In muscle (Fig. 3C
and D), the presence of FAT/CD36 in the membrane fraction was also
increased (Pb.05), with little CD36 localizing to the intracellular
compartment. The up-regulation of FAT/CD36 suggests enhanced
Fig. 4. Phospho-Akt and FoxO1 in liver and gastrocnemius muscle of young rats overfed and
whole cell extracts of livers from control and overfed groups were determined using Western
control. To measure Akt activity, the protein expression of FoxO1 was determined in nuclear e
and phospho-Akt/Akt ratio are expressed as mean±S.E.M. of n=4 per group. (C) The protein e
expression of FoxO1 in nuclear extracts from gastrocnemius muscles from control and overfed
protein loading control. Statistical significance was determined using the Student's t test. ⁎Pb
fatty acid import contributed to ectopic fat storage in liver andmuscle
of the overfed animals.

3.5. Effects of overfeeding on hepatic and skeletal muscle
Akt-FoxO signaling

Increases in hepatic triglycerides have been associated with
development of hepatic insulin resistance in diet-induced obesity in
adults [32,33]. We observed increased phosphorylation of Akt-
serine473 (Fig. 4A and B) in liver, consistent with an increase in
hepatic insulin signaling in response to the increased serum insulin.
When FoxO1 is phosphorylated by Akt, it has been shown to be
excluded from the nucleus and tagged for degradation [34]. Hepatic
nuclear FoxO1 content decreased (Pb.05) in the overfed animals
suggesting that phospho-Akt signaling in response to insulin was
intact (Fig. 4A and B). Thus, the hepatic Akt-dependent insulin
high-fat diet. (A) The protein expression and phosphorylation status of Akt (Ser473) in
blot analysis using specific antibodies. GAPDH expression was used as a protein loading
xtracts from liver tissues. (B) Data from the densitometric analysis of the FoxO1 content
xpression and phosphorylation status of Akt (Ser473) in whole cell extracts and protein
groups were determined using Western blot analysis. GAPDH expression was used as a
.03 versus the control group.
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signaling pathway in the liver was maintained in the overfed group.
This suggests that hepatic insulin sensitivity was preserved despite
the development of hepatosteatosis. We also examined Akt-depen-
dent insulin signaling in the gastrocnemius muscle as an indices of
insulin sensitivity in skeletal muscle and found no changes of Akt-
serine473 phosphorylation or nuclear FoxO1expression (Fig. 4C) in
the overfed group. This suggests a blunted response to hyperinsu-
linemia in the gastrocnemius muscle, consistent with insulin
resistance in this tissue.

3.6. Effects of overfeeding a high-fat diet on adipose tissue adiponectin
and TNF-α expression

Since adipose tissue is the main source of adiponectin, we isolated
RNA from abdominal adipose tissue to determine the expression level
of adiponectin in response to overfeeding. Quantitative PCR analysis
(Fig. 5A) demonstrated that adiponectin expression did not differ
significantly between diet groups. The inflammatory cytokine TNF-α
has been implicated in the transcriptional down-regulation of
adiponectin in response to chronic inflammation [35]. We observed
no change in adipose tissue TNF-α expression (Fig. 5B) in the overfed
animals. Together, these data suggest that the high fat mass in the
overfed animals did not result in increased inflammation, and the
elevated serum adiponectin in the overfed animals resulted from
normal secretion of a greater fat mass.
Fig. 5. Adiponectin and TNF-α expression in adipose tissue young rats overfed a high-
fat diet. The mRNA expression levels of adiponectin (A) and TNF-α (B) were
determined in abdominal fat tissue using quantitative PCR. Expression values were
normalized to the expression of cyclophillin A as an internal control. Data are
expressed as mean±S.E.M. (n=6 per group). No statistical differences between groups
for either gene analyzed were determined using the Student's t test.
3.7. Effects of overfeeding on hepatic and skeletal muscle adiponectin
receptors and AMP kinase activation

Adiponectin receptor signaling has been shown to activate AMP
kinase through phosphorylation of threonine172 [36]. Western blot
analysis revealed increased hepatic and muscular phospho-AMP
kinase in overfed rats without an increase in total AMP kinase protein
(Fig. 6A and B). This suggests that both liver and muscle tissues
remained sensitive to adiponectin. In liver, the expression of the
adiponectin receptor AdipoR1 was increased, while AdipoR2 was
unchanged (Fig. 6C). Similarly, in gastrocnemius muscle, both
AdipoR1 and AdipoR2 were up-regulated in response to overfeeding
(Fig. 6C), supporting the hypothesis that adiponectin signaling in liver
and muscle remained intact.

3.8. Effects of overfeeding a high-fat diet on fatty acid oxidation

Adiponectin has been reported to mediate the up-regulation of β-
oxidation of fatty acids and decrease lipid content in liver and muscle
[9]. Overfeeding led to increased (Pb.05) mRNA levels of PPAR-α, a
key nuclear receptor that may also be up-regulated by adiponectin
signaling [9,10] in liver and muscle (Fig. 7A and D). Acyl-CoA oxidase
(ACO) is involved in peroxisomal β-oxidation, and carnitine palmitoyl
transferase-I (CPT-I) is a mitochondrial fatty acid transporter. Genes
for these proteins are PPAR-α-dependent and they were also induced
in the overfed group, suggesting increased liver and muscle fatty acid
oxidation (Fig. 7B-F).

4. Discussion

In the current study, we used total enteral nutrition to control diet
composition and caloric intake of weanling rats. Feeding a high-fat
diet at caloric levels greater than those required for normal growth
produced a phenotype similar to that reported in obese children,
characterized by a high body fat content, hepatosteatosis and
intramyocellular triglyceride accumulation in skeletal muscle and
hyperinsulinemia [2,3]. However, one aspect, circulating adiponectin
concentrations, differed substantially from some previously pub-
lished reports.

Adiponectin has been linked to the maintenance of energy
homeostasis in insulin sensitive tissues, such as liver and muscle. A
decrease in adiponectin secretion has been implicated as a potential
causative factor in the development of ectopic fat deposition and
insulin resistance [15,16]. The increase serum adiponectin concentra-
tions observed in the current study are in contrast to several previous
reports where adiponectin was found to be significantly lower with
obesity [15,16,37,38]. In adult humans, hypoadiponectinemia corre-
lated with obesity-related insulin resistance [38] and Type 2 diabetes
[39]. Reduced adiponectin was also reported to be a major feature and
an early risk factor in the pediatric population for the development of
NAFLD and NASH [40]. However, other studies in children and
adolescents have not found a strong association between adiponectin
levels, insulin resistance and obesity. For example, lower serum
adiponectin levels were not associated with greater insulin resistance
in obese adolescents [1], and only a weak association between plasma
adiponectin and obesity was reported in 2–6-year olds [18].
Moreover, in another study of obese children and adolescents,
Winer et al. [41] reported no significant association between HOMA
(the Homeostasis Model Assessment of insulin resistance); the
prevalence of impaired glucose tolerance or the odds ratio for
meeting the criteria for metabolic syndrome with serum adiponectin
concentrations after controlling for possible confounders, despite a
positive association between serum adiponectin and calculatedwhole
body insulin sensitivity index. Further evidence for the dissociation of
insulin resistance from serum adiponectin was reported in a study of
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individuals with extreme insulin resistance resulting from genetically
defective insulin receptors or acquired anti-insulin receptor anti-
bodies with fourfold higher serum adiponectin as compared to
normals [21].

Data presented herein are in better agreement with those of
Barnea et al. [42] who observed no serum adiponectin deficiency in
animals fed a high-fat diet (42% of the calories as fat) for 4 months
despite hyperinsulinemia andmoderate increases in serum and tissue
triglycerides. Similarly, Bullen et al. [20] observed a positive
correlation rather than a negative correlation between adiponectin
expression and increased adiposity in obese C57BL/6J mice fed a high-
Fig. 6. AMP kinase phosphorylation and adiponectin receptors AdipoR1 and AdipoR2 liver and
phosphorylation of AMP kinase (Thr172) in whole cell extracts from liver (A) and gastrocnem
GAPDH expression was used as a protein loading control. Total RNA isolated from liver (C,
expression of AdipoR1 and AdipoR2 were determined with quantitative PCR. Expression valu
expressed as mean±SEM (N=6 per group). Statistical differences were determined using th
fat diet for 10 weeks, though adiponectin levels became lower in the
high fat group by 18 weeks.

Adiponectin acts through AdipoR1 and AdipoR2 to activate the
AMP-dependant kinase. This in turn stimulates PPAR-α-dependent
gene expression in insulin-sensitive tissues to increase expression of
critical components of the peroxisomal and mitochondrial fatty
oxidation pathways [43,44]. In the overfed group of the current
study, phosphorylation of AMP kinasewas significantly increased, and
there was up-regulation of the mitochondrial fatty acid transporter
CPT-I and a key enzyme involved in peroxisomal β-oxidation, ACO.
These effects are consistent with the elevated serum adiponectin
gastrocnemius muscle in young rats overfed a high-fat diet. The protein expression and
ius muscle (B) were determined using Western blot analysis using specific antibodies.
left panels) and muscle (C, right panels) was reverse transcribed into cDNA, and the
es were normalized to the expression of cyclophillin A as an internal control. Data are
e Student's t test. ⁎Pb.001 versus the control group.



Fig. 7. Genes involved in fatty acid oxidation are increased in the liver and muscle of animals overfed a high-fat diet. The expression level of PPAR-α in liver (A) and muscle (D) was
determined using quantitative PCR. Expression values were normalized to the expression of cyclophillin A as an internal control. Data are expressed as mean±S.E.M. (n=6 per group).
Statistical differences were determined using the Student's t test. ⁎Pb.001 versus the control. The expression of ACO and CPT-I in liver (B, C) and muscle (E, F) was determined with
quantitative PCR and normalized to cyclophillin A as an internal control. Data are expressed as mean±S.E.M. (n=6 per group). Statistical differences were determined using the
Student's t test. ⁎Pb.001 versus the control group.
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concentrations and adiponectin-mediated signaling [9,45] and argue
against adiponectin resistance as a mechanism contributing to
hyperadiponectinemia. Proinflammatory cytokines, including TNF-α
and Il-6, have been suggested to negatively regulate adiponectin
expression [46], and low-level, chronic inflammation in the adipose
tissues has been observed in obese individuals [47]. This suggests that
down-regulation of adiponectin reported in obese patients may be a
result of chronic inflammation. In the current study, the lack of TNF-α
activation in the adipose tissue of the overfed animals suggests an
absence of inflammation and could partially explain the increased
adiponectin levels in young obese rats. Since pre-adipocytes from
young rodents have greater fatty acid-induced differentiation and are
less susceptible to lipotoxicity than pre-adipocytes from adult animals
[48], expansion of adipose depots in response to excess caloric intake
may result primarily from increased adipogenesis in early develop-
ment. In older obese animals and adult animalmodels ofNASH [47,48],
dysfunctional fatty acid metabolism in the adipose tissue leads to
increased apoptosis and chronic inflammation. Thus, the combination
of low inflammation and a high rate of adipogenesis in young animals
could favor higher serum adiponectin. These data may provide
insights into how and why overweight or obese children have a
somewhat different clinical picture than adults.

Even though young rats overfed high-fat diets developed marked
hyperinsulinemia, plasma glucose levels remained unaltered. These
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data are consistent with the development of systemic insulin
resistance which is compensated for by excessive pancreatic insulin
secretion. Surprisingly, analysis of hepatic Akt-FoxO1 signaling
revealed increased Akt phosphorylation and reduced nuclear FoxO1
expression consistent with suppression of FoxO signaling, a normal
response to elevated serum insulin and retention of insulin
sensitivity. The retention of insulin sensitivity might contribute to
increased hepatic triglyceride accumulation, since enhanced Akt
signaling results in activation of sterol regulatory binding protein
1c, a transcription factor responsible for increased expression of genes
involved in de novo hepatic fatty acid synthesis such as fatty acid
synthase and acyl-CoA carboxylase [49]. These data differ from those
reported in diabetic models such as the db/db mouse and in adult
mice fed high-fat diets, where serum glucose is elevated, hepatic
insulin signaling is impaired and hepatic FoxO signaling is activated
[50,51]. In these mouse models, introduction of dominant inhibitory
FoxO1 or FoxO1 knockdown has been reported to decrease the serum
glucose values to those of non-diabetic or lean mice [50,51]. In
contrast to the liver, no changes in Akt phosphorylation or nuclear
FoxO1 expression were observed in skeletal muscle of young rats
overfed the high-fat diet, despite the dramatic increase in serum
insulin. This is consistent with development of insulin resistance in
the muscle previously reported to be associated with accumulation of
intramyocellular triglycerides both in humans and animal models
[10,25,27]. Normalization of muscular Akt-FoxO signaling in the
insulin-resistant muscle as a result of compensatory increases in
serum insulin may be important to prevent muscle wasting and
impairment of muscle carbohydrate oxidation which have been
shown to be targets of this signaling pathway [26].

In summary, young rats overfed a high-fat diet developed obesity,
ectopic fat deposition and changes in muscle insulin signaling
consistent with peripheral insulin resistance and expressed patho-
logical markers of pediatric NAFLD, despite increases in serum
adiponectin and adiponectin-mediated up-regulation of fatty acid
oxidation. In addition, fatty acid import via FAT/CD36 was increased
and likely contributed to ectopic fat deposition in both the liver and
muscle. These results, when combined with previously published
data, demonstrate that ectopic fat deposition and hyperinsulinemia in
developmental obesity can occur independent of serum adiponectin
concentrations and adiponectin-mediated signaling. They further
suggest a more important role for increased uptake of fatty acids in
ectopic fat deposition and development of endocrine disorders during
early development. The elucidation of the metabolic mechanisms
altered by over-consumption of high-fat diets in young animals may
lead to a better understanding of how to prevent or treat metabolic
sequelea of childhood obesity.
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