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The present study examined thechange to the effect of the leptin sensitivity by leptin resistance-induced
leptin receptor (ObRb) and leptin-related suppressor of cytokine signaling 3 (SOCS3) mRNA levels in
hypothalamic, liver, muscle and leptin protein levels in blood after eight 8 weeks of exercise training
and/or dietary control of high fat induced obese rats. After 2 weeks of adaptation maintenance, four-
week-old male SD rats (n = 42) were randomly divided into control (CO) (n = 8) and high-fat diet (HF)
(n = 32) groups. The HF group randomly divided into HF, HF + exercise training (HFT), changed to normal
diet (HFND) and changed to normal diet and exercise training (HFNDT) groups. 13 weeks of HF group
average body weight significantly increased in comparison to the CO group (p < 0.05). Plasma leptin levels
of the HFT, HFND and HFNDT group were significantly decreased in comparison to the HF group
(p < 0.05). The mRNA expression of ObRb and SOCS3 in the liver and muscle of the HF group was signif-
icantly decreased comparison to that of the HFT, HFND and HFNDT group after 8 weeks intervention
(p < 0.05). In addition, the mRNA expression of ObRb and SOCS3 in the hypothalamus of the HF group
was significantly increased comparison to that of the HFT, HFND and HFNDT group (p < 0.05). HFND
group also was significantly reduced comparison to of the HFT and HFNDT group (p < 0.05).

These findings suggest that the effect of leptin sensitivity in peripheral may primarily the more relate
to combined dietary control and exercise training more than effect of dietary control.

� 2013 Elsevier Inc. All rights reserved.
1. Introduction attenuation of ER stress improves leptin signaling and leptin action
Central leptin resistance occurs during the growth and develop-
ment of obese mice [1] and human [2]. Central leptin resistance
can either be caused by reduced leptin transport across the blood
brain barrier [3,4] or by reduced activation of leptin receptor sig-
naling [5]. Leptin resistance is development as a permissive condi-
tion for obesity [6], and efforts to enhance leptin sensitivity could
be a determinant in the treatment and prevention of this metabolic
disorder.

Leptin is produced by adipocytes in proportion to their triglyc-
eride content, links changes in body energy stores to adaptive re-
sponses in the central control of energy balance [7–10]. The
hypothalamus can gather information on the body’s nutritional
status by integrating multiple signals, including potent hormonal
signals such as insulin and leptin [8,10]. Obesity is associated with
hypothalamic endoplasmic reticulum (ER) stress, which impairs
leptin receptor b (ObRb) signaling in cultured cell; conversely,
in vivo. Increased activity of inflammatory signaling pathways in
the hypothalamus of obese animals can impair leptin signaling
both in vivo and in cultured cell models, whereas genetic or phar-
macological blockade of inflammatory signals in the brain of obese
rodents promotes leptin action and protects against diet induced
obesity [11–13].

High fat diet and sedentary lifestyle are the central factors that
lead to the prevalence of obesity without precedent increase. How-
ever, exercise training plays an important role as a cornerstone of
obesity treatment. Exercise has long been reported to reduce body
weight and visceral adiposity, increasing the energy expenditure
and improving glycaemic control in overweight or T1D and T2D pa-
tients [14–16]. No well-established study has been reported, at least
to our knowledge, on the effects of exercise training and dietary
control tissue on leptin sensitivity through cross-talk of hypothala-
mus, liver and muscle tissue in high fat diet induced obese rats.

Thus, we hypothesized that exercise training and dietary con-
trol could improve the central and peripheral leptin sensitivity
modulating in hypothalamic, liver and skeletal muscle for the con-
trol of energy metabolism. In the present study, we investigated
the alteration of the leptin sensitivity on ObRb and SOCS3 in hypo-
thalamic, liver and muscle as well as leptin levels in blood after
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Fig. 1. Changes of body weight in experimental rats before exercise training.
⁄p < 0.05 vs. CO.
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8 weeks exercise training and dietary control in high fat induced
obese rat.

2. Methods

2.1. Animals

Four-week-old male Sprague Dawley (SD) rats (n = 42) (Central
Lab Animal Inc., Korea) were kept in individual cages and fed freely
with standard rat chow and water. It contained on average calories
40% as fat, 20% protein, 35% carbohydrates. All rats were cared for
during the entire period of experimentation in accordance the
Guidelines of Animal Experiments recommended by Institutional
Animal Care and Use Committee, which the Care and Use of Labo-
ratory Animals of the Institute for Laboratory Animal Research
[17,18].

After 2 weeks of adaptation maintenance, SD rats were ran-
domly divided into two groups. One group was fed freely with
standard rat chow (CO group) (n = 8); while the other group (HF
group) (n = 32) was fed with high fat diet for 13 weeks. The HF
group randomly divided into four groups, the HF + T group (contin-
ued to accept high fat diet and did exercise training for additional
8 weeks), HF-ND group (changed to normal diet and did not do
exercise training for additional 8 weeks), HF-ND + T group (chan-
ged to normal diet and did exercise training for additional
8 weeks), and the HF group (continued to accept high-fat diet
and did not do exercise training for additional 8 weeks). All rats
were sacrificed when they were 29-week-old.

2.2. A 8-week treadmill training program

Our rats in the exercise groups were made to run on animal
treadmill for 40 min once a day for 7 consecutive days. The exer-
cise load during 1–4 weeks used for the mld-intensity exercise
group consisted of running at 2 m/min for the first 5 min, at 5 m/
min for the next 5 min, and then at 8 m/min for the last 30 min
at 0� of inclination. The exercise load used during 5–8 weeks for
the moderate-intensity exercise group consisted of running at
8 m/min for the first 5 min, at 11 m/min for the next 5 min, and
then at 14 m/min for the last 30 min at 0� at inclination.

2.3. Measurement of body weight, FBS and plasma leptin levels

Body weight was measured every day during the experimental
period. The fasting blood sugar (FBS) was measured using blood
drawn from the tail vein after overnight fasting. The plasma leptin
level was analyzed with leptin ELISA kit for rat (Linco Research,
Inc., USA).

2.4. Measurement of plasma lipid profiles

Plasma was collected by centrifugation of heparinized blood at
2000�g for 15 min. Plasma total cholesterol (TC) and triglyceride
(TG) levels were analyzed with rat TC and TG kits (Asan Pharma-
ceutical, Korea). The plasma free fatty acid (FFA) level was analyzed
with rat FFA kits (Shinyang Diagnostics, Korea).

2.5. Reverse transcription polymerase chain reaction analysis

In the hypothalamus, liver and muscle total RNA was isolated
with Trizol reagent (Invitrogen, Inc., USA), and single-stranded
cDNA was synthesized from 5 lg of total RNA with oligo(dT)15
primers, M-MLV reverse transcriptase, M-MLV 5� reaction buffer,
dNTPs, and ribonuclease inhibitor (Promega Corporation, Inc.,
USA). The sequences of the sense and antisense primers used for
amplification were as follows: ObRb, 50-TCCACCCAAAATTCTGAC-
GA-30, and 50-AATTCAGCGTAGCGGTGATG-30; SOCS3, 50-TGGTCA-
CCCACAGCAAGTTT-30, and 50-TGTCGCGGATAAGAAAGGTG-30; 18S
rRNA, 50-GATGGTAGTCGCCGTGCCT-30, and 50-CCTTCCTTGGATG-
TGGTAGCC-30. PCR analyses were performed using a GeneAmp
PCR System 2400 (Perkin Elmer, USA). Each reaction was carried
out with 10 lL of 2� Prime Taq Premix, 1 lL of cDNA, 1 lL of for-
ward primer, 1 lL of reverse primer, and 7 lL of distilled water.
The invariant control used for all studies was 18S.
2.6. Statistical analyses

Statistical data was analyzed using SPSS/+PC Windows version
18.0 statistical package, for which all measurements were ex-
pressed as mean ± standard error (SE). To demonstrate the statisti-
cally significant difference in measurements between ND and HF
group, an independent t-test was performed. In addition, to make
a comparison of the difference after exercise and dietary control,
one-way ANOVA was performed. In cases in which there was a
statistical significance, post hoc analysis was performed using
Duncan’s test. Differences were considered significant when their
p-values were less than 0.05.
3. Results

3.1. Effect of high-fat diet on metabolic parameters in SD rats before
exercise training

There was no difference in body weight between the CO and HF
group before start high-fat diet (290 ± 3 vs. 280 ± 8 g). The body
weight in the HF group significantly increased after 3 weeks high
fat diet (13 weeks: 579.61 ± 13.42 vs. 532.56 ± 9.75 g, p < 0.05)
(Fig. 1). Plasma FFA, TG and leptin levels of the HF group were sig-
nificantly increased in comparison to the CO group after 13 weeks
of high fat diet. Plasma TC level and FBS did not change between
both groups after 13 weeks high fat diet (Table 1).
3.2. Effect of eight-weeks exercise training on body weights in SD rats

Body weight was not significantly different among the HF and
HFT, HFND, HFNDT groups before exercise training. After 8 weeks
exercise training, the average body weight seemed to be decreased
in the HFT group compared with the HF group, but there was no
significant difference. The average body weight of the HFND and
HFNDT groups were significantly decreased in comparison to those
of the HF group (p < 0.05) (Fig. 2).



Table 1
Metabolic parameters.

CO (n = 16) HF (n = 32)

Body weight (g) 532.56 ± 9.75 579.61 ± 13.42*

FFA (uEq/L) 619.28 ± 46.80 823.36 ± 36.94*

TG (mg/dL) 126.95 ± 2.67 166.83 ± 9.57*

TC (mg/dL) 111.55 ± 3.32 117.15 ± 4.29
FBS (mg/dL) 144 ± 3 150 ± 3
Leptin (pg/mL) 644.75 ± 26.86 1066.07 ± 84.74*

Values are means ± SE, CO; control, HF; high fat diet, FFA; free fat acid, TG; tri-
glycerol, TC; total cholesterol, FBS; fasting blood sugar.
* p < 0.05 vs. CO.

Fig. 2. Effects of 8 weeks exercise training on body weight. CO; control, COT;
control and training, HF; high fat diet, HFT; high fat diet and training, HFND; high
fat diet and normal diet, HFNDT; high fat diet and normal diet and training. Values
are means ± SE, ⁄p < 0.05 vs. CO, �p < 0.05 vs. HF.
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3.3. High fat diet induced peripheral leptin resistance in SD rat

The plasma leptin of the HF group was significantly increased
comparison to that of the CO group (p < 0.05). However, the mRNA
expression of ObRb and SOCS3 in the liver and muscle of the HF
group was significantly decreased comparison to that of the CO
group (p < 0.05). However, the mRNA expression of ObRb and
SOCS3 in the hypothalamus of the HF group was significantly in-
creased comparison to that of the CO group (p < 0.05). High fat diet
in Fig. 3 induced peripheral tissue leptin resistance in SD rat, but
not induced central it.

3.4. Effect of exercise training on plasma leptin and ObRb and SOCS3
mRNA expressions in liver and muscle

The plasma leptin of the HF group was significantly increased
comparison to that of the HFT, HFND and HFNDT groups
(p < 0.05). In addition, HFNDT group was significantly reduced
comparison to of the HFND and HFT groups (p < 0.05).

The mRNA expression of ObRb and SOCS3 in the liver and mus-
cle of the HF group was significantly decreased comparison to that
of the HFT, HFND and HFNDT groups after 8 weeks intervention
(p < 0.05). In addition, the mRNA expression of ObRb and SOCS3
in the hypothalamus of the HF group was significantly increased
comparison to that of the HFT and HFND groups (p < 0.05). HFND
group also was significantly reduced comparison to of the HFT
and HFNDT groups (p < 0.05) (Fig. 4).

4. Discussion

In this study, we demonstrated that high fat diet induced obese
rat during 13 weeks was presented only leptin resistance in
peripheral tissue. Our observed that dietary control and combined
dietary control and exercise training was effected the reduced
body weight and the improved peripheral tissue leptin resistance
and leptin sensitivity. However, the resulted our study showed that
combined exercise and dietary control was not increased ObRb and
SOCS3 mRNA expression but improved the reduction plasma leptin
in hypothalamus. These findings suggest that exercise/or diet con-
trol changed positively leptin resistance and sensitivity.

It is widely accepted that the prevalent lifestyle model of Wes-
tern societies characterized by limited physical activity, excessive
caloric intake, and repetitive behavioral patterns contributes to
the dysregulation of the otherwise homeostatic control of body
weight [19]. The leptin play a role important in the system, a hor-
mone secreted in the periphery by fat cells [20], which signals the
status of body energy stores, down-regulates feeding behavior, and
promotes energy expenditure by activating signal transduction
mediated by JAK-STAT pathway in the hypothalamic arcuate nu-
cleus through its receptor (ObRb). Leptin is required for energy
stores to be sensed in the central nervous system and is thus essen-
tial for the functions such as normal energy homeostasis and
reproduction.

Leptin resistance often reported in standard housed mice [21],
especially if obese, was partially rescued by genetic modifications
[22] or physical exercise [23]. Although the energy expenditure as-
pects of such exercise training may contribute to the effects of
weight loss, it has been suggested that combined exercise and die-
tary control may also contribute to the energy balance by altering
appetite and reducing food intake. In other studies, it was showed
a significant effect of exercise. The previous study showed that the
exercise intervention was either longer than 10 weeks [24–26] or
the exercise intervention period over the period of diet-induced
obesity [27]. The relatively during 8 weeks intervention in our
study was explained that exercise and diet intervention was ef-
fected at altering indices of reduction body weight and plasma lep-
tin levels.

Central leptin resistance can either be caused by reduced leptin
transport across the blood-brain barrier or by reduced activation of
leptin receptor signaling [1–4]. Thus leptin resistance was regarded
as disorder central nervous system. Recently, study reported that
leptin resistance is reduced in diet-induced obese rats exposed to
postweaning voluntary exercise as compared with control seden-
tary rats, thus attenuating the development of obesity typical of
this model [23]. The other study suggested the same in line,
although obtained in a pathological model genetically predisposed
to become obese and characterized by leptin resistance [6]. How-
ever, our study showed that high fat diet induced obese rat during
13 weeks was not induced central leptin resistance but was pre-
sented peripheral leptin resistance.

The hypothalamus play a central role in integrating hormonal
(leptin and insulin) and nutritional signals from the periphery
and regulate food intake, energy expenditure, and peripheral
metabolism [10]. Therefore, the mechanism for leptin increased
responsiveness in exercise is of great and understanding this
mechanism could lead to new approaches to prevent or treat obes-
ity. Exercise training may be one of the preventive and therapeutic
strategy against impaired leptin and insulin signal transduction in
the hypothalamus of obese individuals [6]. One potential mediator
of increased STAT3 activation in the hypothalamus of exercised
rats may be expression of SOCS3 as a suppressor of cytokine signal-
ing. A strong expression SOCS3 in mammalian cells antagonizes
leptin signaling, probably by binding and antagonizing JAK activity
[28,29]. In addition, the previous study reported that exercise
training was associated with a markedly increased phosphoryla-
tion or activity of several proteins involved in leptin and insulin
signal transduction in the hypothalamus [30]. Obese rats in other
study are peripherally leptin resistant, while they retain sensitivity
to centrally administered leptin [31].



Fig. 3. Changes in plasma leptin for the CO (n = 8) and HF groups (n = 8) (A). Changes of ObRb and SOCS3 mRNA expression for the CO and HF groups in the liver (B), muscle
(C), hypothalamus (D). High fat diet induced peripheral leptin resistance in SD rat. However, high fat diet was not induced central leptin resistance in SD rat. Values are
means ± SE, ⁄p < 0.05 vs. CO.
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In our study resulted, ObRb and SOCS3 expression in liver and
muscle after 8 weeks intervention showed that HF group was de-
creased comparison to the HFT, HFND and HFNDT groups and HF
group in hypothalamus was increased comparison to the HFT,
HFND groups. However, HFNDT group was high expressed compar-
ison to the HFND group. In addition, plasma leptin level of the HF
group was significantly increased comparison to that of the HFT,
HFND and HFNDT group. Thus, exercise and diet control during
8 weeks in our study was effected plasma leptin level, ObRb and
SOCS3 expression.

Short and long term caloric restrictions without exercise train-
ing have been shown to dramatically reduce plasma leptin levels in
obese human and rats [32–34]. Thus, components environment
enrichment other than physical exercise could play a role in regu-
lating feeding behavior and the related mechanisms in developing
mice [35]. However, the molecular mechanisms by which exercise
controls food intake are still unsolved. Several experimental stud-
ies have demonstrated that neither acute [30,36] nor regulatory
[37] exercise per se change food intake, on the other hand, accu-
mulating evidence showed that both exercise potentiate the
anorexigenic effects of leptin in the hypothalamus.

In the present study, we showed that plasma leptin levels in HF
group were significantly increased comparison to CO group. In
addition, ObRb and SOCS3 mRNA expression was significantly



Fig. 4. Change in plasma leptin for the HF (n = 8), HFT (n = 8), HFND (n = 8) and HFNDT (n = 8) groups. ObRb and SOCS3 mRNA expression for the HF, HFT, HFND and HFNDT
groups in the liver(B), the muscle (C) and hypothalamus (D) of each group after 8-week treatment. Values are means ± SE, �p < 0.05 vs. HF,

R

p < 0.05 vs. HFT, #p < 0.05 vs.
HFND.
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decreased of that in liver and muscle. This may leptin resistance of
high fat diet induced in peripheral tissue. The plasma leptin after
8 weeks exercise and diet in peripheral tissue was decreased and
leptin signaling pathway mRNA was increased all treated groups.
Thus, exercise and diet intervention was improved leptin resis-
tance and sensitivity in peripheral tissue. We cautiously suggest
that the effect of leptin sensitivity in peripheral may primarily
the more relate to combined dietary control and exercise training
more than effect of dietary control.

Acknowledgments

This research was supported by Dong-A University research
fund.
References

[1] M. Van Heek, D.S. Compton, C.F. France, R.P. Tedesco, A.B. Fawzi, M.P. Graziano,
E.J. Sybertz, C.D. Strader, H.R. Davis Jr., Diet-induced obese mice develop
peripheral, but not central, resistance to leptin, J. Clin. Invest. 99 (1997) 385–
390.

[2] M.W. Schwartz, E. Peskind, M. Raskind, E.J. Boyko, D. Porte Jr., Cerebrospinal
fluid leptin levels: relationship to plasma levels and to adiposity in humans,
Nature Med. 2 (1996) 589–593.

[3] W.A. Banks, A.J. Kastin, W. Huang, J.B. Jaspan, L.M. Maness, Leptin enters the
brain by a saturable system independent of insulin, Peptides 17 (1996) 305–
311.

[4] S.A. Thomas, J.E. Preston, M.R. Wilson, C.L. Farrell, M.B. Seqal, Leptin transport
at the blood-cerebrospinal fluid barrier using the perfused sheep choroid
plexus model, Brain Res. 895 (2001) 283–290.

[5] L.A. Tartaglia, M. Dembski, X. Weng, N. Denq, J. Culpepper, R. Devos, G.J.
Richards, L.A. Campfield, F.T. Clark, J. Deeds, C. Muir, S. Sanker, A. Moriarty, K.J.

http://refhub.elsevier.com/S0006-291X(13)00777-8/h0005
http://refhub.elsevier.com/S0006-291X(13)00777-8/h0005
http://refhub.elsevier.com/S0006-291X(13)00777-8/h0005
http://refhub.elsevier.com/S0006-291X(13)00777-8/h0005
http://refhub.elsevier.com/S0006-291X(13)00777-8/h0010
http://refhub.elsevier.com/S0006-291X(13)00777-8/h0010
http://refhub.elsevier.com/S0006-291X(13)00777-8/h0010
http://refhub.elsevier.com/S0006-291X(13)00777-8/h0015
http://refhub.elsevier.com/S0006-291X(13)00777-8/h0015
http://refhub.elsevier.com/S0006-291X(13)00777-8/h0015
http://refhub.elsevier.com/S0006-291X(13)00777-8/h0020
http://refhub.elsevier.com/S0006-291X(13)00777-8/h0020
http://refhub.elsevier.com/S0006-291X(13)00777-8/h0020
http://refhub.elsevier.com/S0006-291X(13)00777-8/h0025
http://refhub.elsevier.com/S0006-291X(13)00777-8/h0025


S. Kang et al. / Biochemical and Biophysical Research Communications 435 (2013) 454–459 459
Moore, J.S. Smutko, G.G. Mays, E.A. Wool, C.A. Monroe, R.I. Tepper,
Identification and expression cloning of a leptin receptor, OB-R Cell 83
(1995) 1263–1271.

[6] J.M. Friedman, Leptin at 14 y of age: an ongoing story, Am. J. Clin. Nutr. 89
(2009) 973S–979S.

[7] R.S. Ahima, C.B. Saper, J.S. Flier, J.K. Elmquist, Leptin regulation of
neuroendocrine system, Front. Neuroendocrinol. 21 (2000) 263–307.

[8] M.G. Myers Jr., H. Münzberg, G.M. Leinninger, R.L. Leshan, The geometry of
leptin action in the brain: more complicated than a simple ARC, Cell Metab. 9
(2009) 117–123.

[9] M. Rosenbaum, R.L. Leibel, The role of leptin in human physiology, N. Engl. J.
Med. 341 (1999) 913–915.

[10] M.W. Schwartz, S.C. Woods, D. Porte Jr., R.J. Seeley, D.G. Baskin, Central
nervous system control of food intake, Nature 404 (2000) 661–671.

[11] K. Ogimoto, M.K. Harris Jr., B.E. Wisse, MyD88 is a key mediator of anorexia,
but not weight loss, induced by lipopolysaccharide and interleukin-1 beta,
Endocrinology 147 (2006) 4445–4453.

[12] L. Ozcan, A.S. Ergin, A. Lu, J. Chung, S. Sarkar, D. Nie, M.G. Myers Jr., U. Ozcan,
Endoplasmic reticulum stress plays a central role in development of leptin
resistance, Cell Metab. 9 (2009) 35–51.

[13] X. Zhang, G. Zhang, H. Zhang, M. Karin, H. Bai, D. Cai, Hypothalamic IKKbeta/
NF-kappaB and ER stress link overnutrition to energy imbalance and obesity,
Cell 135 (2008) 61–73.

[14] A. Misra, N.K. Alappan, N.K. Vikram, K. Goel, N. Gupta, K. Mittal, S. Bhatt, K.
Luthra, Effect of supervised progressive resistance-exercise training protocol
on insulin sensitivity, glycemia, lipids, and body composition in Asian Indians
with type 2 diabetes, Diabetes Care 31 (2008) 1282–1287.

[15] J. Tuomilehto, J. Lindström, J.G. Eriksson, T.T. Valle, H. Hämäläinen, P. Ilanne-
Parikka, S. Keinänen-Kiukaanniemi, M. Laakso, A. Louheranta, M. Rastas, V.
Salminen, M. Uusitupa, Finnish diabetes prevention study group, prevention of
type 2 diabetes mellitus by changes in lifestyle among subjects with impaired
glucose tolerance, N. Engl. J. Med. 344 (2001) 1343–1350.

[16] J. Woo, N.H. Yeo, K.O. Shin, H.J. Lee, J. Yoo, S. Kang, Antioxidant enzyme
activities and DNA damage in children with type 1 diabetes mellitus after
12 weeks of exercise, Acta Paediatr. 99 (2010) 1263–1268.

[17] D.J. Harriss, G. Atkinson, International journal of sports medicine–ethical
standards in sport and exercise science research, Int. J. Sports Med. 30 (2009)
701–702.

[18] Institute for Laboratory Animal Research, National Research Council, Guide for
the Care and Use of Laboratory Animals, National Academy Press, Washington,
DC, 1996, p. 140.

[19] R. Coppari, G. Ramadori, J.K. Elmquist, The role of transcriptional regulators in
central control of appetite and body weight, Nat. Clin. Pract. Endocrinol.
Metab. 5 (2009) 160–166.

[20] Y. Zhang, R. Proenca, M. Maffei, M. Barone, L. Leopold, J.M. Friedman, Positional
cloning of the mouse obese gene and its human homologue, Nature 372 (1994)
425–432.

[21] P.J. Scarpace, Y. Zhang, Leptin resistance: A predisposing factor for diet-
induced obesity, Am. J. Physiol. Integr. Comp. Physiol. 296 (2009) R493–R500.

[22] M. Maffei, H. Fei, G.H. Lee, C. Dani, P. Leroy, Y. Zhang, R. Proenca, R. Negrel, G.
Ailhaud, J.M. Friedman, Increased expression in adipocytes of ob RNA in mice
with lesions of the hypothalamus and with mutations at the db locus, Proc.
Natl. Acad. Sci. USA 92 (1995) 6957–6960.
[23] C.M. Patterson, S.G. Bouret, A.A. Dunn-Meynell, B.E. Levin, Three weeks of
postweaning exercise in DIO rats produces prolonged increases in central
leptin sensitivity and signaling, Am. J. Physiol. Regul. Integr. Physiol. 296 (296)
R537–R548.

[24] V.J. Vieira, R.J. Valentine, K.R. Wilund, N. Antao, T. Baynard, J.A. Woods, Effects
of exercise and low-fat diet on adipose tissue inflammation and metabolic
complications in obese mice, Am. J. Physiol. Endocrinol. Metab. 296 (2009)
E1164–E1171.

[25] E.P. Weiss, S.B. Racette, D.T. Villareal, L. Fontana, K. Steger-May, K.B.
Schechtman, S. Klein, J.O. Holloszy, Washington University School of
Medicine CALERIE Group, improvements in glucose tolerance and insulin
action induced by increasing energy expenditure or decreasing energy intake:
a randomized controlled trial, Am. J. Clin. Nutr. 84 (2006) 1033–1042.

[26] Z.A. Zarins, M.L. Johnson, N. Faghihnia, M.A. Horning, G.A. Wallis, J.A. Fattor,
G.A. Brooks, Training improves the response in glucose flux to exercise in
postmenopausal women, J. Appl. Physiol. 107 (2009) 90–97.

[27] A.D. Krisan, D.E. Collins, A.M. Crain, C.C. Kwong, M.K. Singh, J.R. Bernard, B.B.
Yaspelkis 3rd, 3rdResistance training enhances componets of the insulin
signaling cascade in normal and high-fat-fed rodent skeletal muscle, J. Appl.
Physiol. 96 (2004) 1691–1700.

[28] H. Baumann, K.K. Morella, D.W. White, M. Dembski, P.S. Bailon, H. Kim, C.F. Lai,
L.A. Tartaglia, The full-length leptin receptor has signaling capabilities of
interleukin 6-type cytokine receptors, Proc. Natl. Acad. Sci. USA 93 (1996)
8374–8378.

[29] C. Bjørbaek, K. El-Haschimi, J.D. Frantz, J.S. Flier, The role of SOCS-3 in leptin
signaling and leptin resistance, J. Biol. Chem. 274 (1999) 30059–30065.

[30] M.B. Flores, M.F. Fernandes, E.R. Ropelle, M.C. Faria, M. Ueno, L.A. Velloso, M.J.
Saad, J.B. Carvalheira, Exercise improves insulin and leptin sensitivity in
hypothalamus of Wistar rats, Diabetes 55 (2006) 2554–2561.

[31] M. Niimi, M. Sato, R. Yokote, S. Tada, J. Takahara, Effects of central of peripheral
injection of leptin on food intake and on brain Fos expression in the Otsuka
Long-Evans Tokushima Fatty rat with hyperleptinaemia, J. Neuroendocrinol.
11 (1999) 605–611.

[32] Y. Han, Y. Joe, E. Seo, S.R. Lee, M.K. Park, H.J. Lee, D.K. Kim, The hyperleptinemia
and ObRb expression in hyperphagic obese rats, Biochem. Biophys. Res.
Commun. 394 (2010) 70–74.

[33] T.H. Moran, P.R. McHugh, Cholecystokinin suppresses food intake by inhibiting
gastric emptying, Am. J. Physiol. 242 (1982) R491–R497.

[34] I. Shimokawa, Y. Higami, Leptin and anti-aging action of caloric restriction,
Nutr. Health Aging 5 (2001) 43–48.

[35] M. Mainardi, G. Scabia, T. Vottari, F. Santini, A. Pinchera, L. Maffei, T.
Pizzorusso, M. Maffei, A sensitive period for environmental regulation of
eating behavior and leptin sensitivity, Proc. Natl. Acad. Sci. USA 107 (2010)
16673–16678.

[36] C.R. Bruce, J.S. Lee, B. Kiens, J.A. Hawley, Postexercise muscle triacylglycerol
and glycogen metabolism in obese insulin-resistant zucker rats, Obes. Res. 12
(2004) 1158–1165.

[37] A. Shapiro, M. Matheny, Y. Zhang, N. Tumer, K.Y. Cheng, E. Rogrigues, S.
Zolotukhin, P.J. Scarpace, Synergy between leptin therapy and a seemingly
negligible amout of voluntary wheel running prevents of dietary obesity in
leptin-resistant rats, Diabetes 57 (2008) 614–622.

http://refhub.elsevier.com/S0006-291X(13)00777-8/h0025
http://refhub.elsevier.com/S0006-291X(13)00777-8/h0025
http://refhub.elsevier.com/S0006-291X(13)00777-8/h0025
http://refhub.elsevier.com/S0006-291X(13)00777-8/h0030
http://refhub.elsevier.com/S0006-291X(13)00777-8/h0030
http://refhub.elsevier.com/S0006-291X(13)00777-8/h0035
http://refhub.elsevier.com/S0006-291X(13)00777-8/h0035
http://refhub.elsevier.com/S0006-291X(13)00777-8/h0040
http://refhub.elsevier.com/S0006-291X(13)00777-8/h0040
http://refhub.elsevier.com/S0006-291X(13)00777-8/h0040
http://refhub.elsevier.com/S0006-291X(13)00777-8/h0045
http://refhub.elsevier.com/S0006-291X(13)00777-8/h0045
http://refhub.elsevier.com/S0006-291X(13)00777-8/h0050
http://refhub.elsevier.com/S0006-291X(13)00777-8/h0050
http://refhub.elsevier.com/S0006-291X(13)00777-8/h0055
http://refhub.elsevier.com/S0006-291X(13)00777-8/h0055
http://refhub.elsevier.com/S0006-291X(13)00777-8/h0055
http://refhub.elsevier.com/S0006-291X(13)00777-8/h0060
http://refhub.elsevier.com/S0006-291X(13)00777-8/h0060
http://refhub.elsevier.com/S0006-291X(13)00777-8/h0060
http://refhub.elsevier.com/S0006-291X(13)00777-8/h0065
http://refhub.elsevier.com/S0006-291X(13)00777-8/h0065
http://refhub.elsevier.com/S0006-291X(13)00777-8/h0065
http://refhub.elsevier.com/S0006-291X(13)00777-8/h0070
http://refhub.elsevier.com/S0006-291X(13)00777-8/h0070
http://refhub.elsevier.com/S0006-291X(13)00777-8/h0070
http://refhub.elsevier.com/S0006-291X(13)00777-8/h0070
http://refhub.elsevier.com/S0006-291X(13)00777-8/h0075
http://refhub.elsevier.com/S0006-291X(13)00777-8/h0075
http://refhub.elsevier.com/S0006-291X(13)00777-8/h0075
http://refhub.elsevier.com/S0006-291X(13)00777-8/h0075
http://refhub.elsevier.com/S0006-291X(13)00777-8/h0075
http://refhub.elsevier.com/S0006-291X(13)00777-8/h0080
http://refhub.elsevier.com/S0006-291X(13)00777-8/h0080
http://refhub.elsevier.com/S0006-291X(13)00777-8/h0080
http://refhub.elsevier.com/S0006-291X(13)00777-8/h0080
http://refhub.elsevier.com/S0006-291X(13)00777-8/h0085
http://refhub.elsevier.com/S0006-291X(13)00777-8/h0085
http://refhub.elsevier.com/S0006-291X(13)00777-8/h0085
http://refhub.elsevier.com/S0006-291X(13)00777-8/h0090
http://refhub.elsevier.com/S0006-291X(13)00777-8/h0090
http://refhub.elsevier.com/S0006-291X(13)00777-8/h0090
http://refhub.elsevier.com/S0006-291X(13)00777-8/h0095
http://refhub.elsevier.com/S0006-291X(13)00777-8/h0095
http://refhub.elsevier.com/S0006-291X(13)00777-8/h0095
http://refhub.elsevier.com/S0006-291X(13)00777-8/h0100
http://refhub.elsevier.com/S0006-291X(13)00777-8/h0100
http://refhub.elsevier.com/S0006-291X(13)00777-8/h0105
http://refhub.elsevier.com/S0006-291X(13)00777-8/h0105
http://refhub.elsevier.com/S0006-291X(13)00777-8/h0105
http://refhub.elsevier.com/S0006-291X(13)00777-8/h0105
http://refhub.elsevier.com/S0006-291X(13)00777-8/h0110
http://refhub.elsevier.com/S0006-291X(13)00777-8/h0110
http://refhub.elsevier.com/S0006-291X(13)00777-8/h0110
http://refhub.elsevier.com/S0006-291X(13)00777-8/h0110
http://refhub.elsevier.com/S0006-291X(13)00777-8/h0115
http://refhub.elsevier.com/S0006-291X(13)00777-8/h0115
http://refhub.elsevier.com/S0006-291X(13)00777-8/h0115
http://refhub.elsevier.com/S0006-291X(13)00777-8/h0115
http://refhub.elsevier.com/S0006-291X(13)00777-8/h0115
http://refhub.elsevier.com/S0006-291X(13)00777-8/h0120
http://refhub.elsevier.com/S0006-291X(13)00777-8/h0120
http://refhub.elsevier.com/S0006-291X(13)00777-8/h0120
http://refhub.elsevier.com/S0006-291X(13)00777-8/h0125
http://refhub.elsevier.com/S0006-291X(13)00777-8/h0125
http://refhub.elsevier.com/S0006-291X(13)00777-8/h0125
http://refhub.elsevier.com/S0006-291X(13)00777-8/h0125
http://refhub.elsevier.com/S0006-291X(13)00777-8/h0125
http://refhub.elsevier.com/S0006-291X(13)00777-8/h0125
http://refhub.elsevier.com/S0006-291X(13)00777-8/h0130
http://refhub.elsevier.com/S0006-291X(13)00777-8/h0130
http://refhub.elsevier.com/S0006-291X(13)00777-8/h0130
http://refhub.elsevier.com/S0006-291X(13)00777-8/h0130
http://refhub.elsevier.com/S0006-291X(13)00777-8/h0135
http://refhub.elsevier.com/S0006-291X(13)00777-8/h0135
http://refhub.elsevier.com/S0006-291X(13)00777-8/h0140
http://refhub.elsevier.com/S0006-291X(13)00777-8/h0140
http://refhub.elsevier.com/S0006-291X(13)00777-8/h0140
http://refhub.elsevier.com/S0006-291X(13)00777-8/h0145
http://refhub.elsevier.com/S0006-291X(13)00777-8/h0145
http://refhub.elsevier.com/S0006-291X(13)00777-8/h0145
http://refhub.elsevier.com/S0006-291X(13)00777-8/h0145
http://refhub.elsevier.com/S0006-291X(13)00777-8/h0150
http://refhub.elsevier.com/S0006-291X(13)00777-8/h0150
http://refhub.elsevier.com/S0006-291X(13)00777-8/h0150
http://refhub.elsevier.com/S0006-291X(13)00777-8/h0155
http://refhub.elsevier.com/S0006-291X(13)00777-8/h0155
http://refhub.elsevier.com/S0006-291X(13)00777-8/h0160
http://refhub.elsevier.com/S0006-291X(13)00777-8/h0160
http://refhub.elsevier.com/S0006-291X(13)00777-8/h0165
http://refhub.elsevier.com/S0006-291X(13)00777-8/h0165
http://refhub.elsevier.com/S0006-291X(13)00777-8/h0165
http://refhub.elsevier.com/S0006-291X(13)00777-8/h0165
http://refhub.elsevier.com/S0006-291X(13)00777-8/h0170
http://refhub.elsevier.com/S0006-291X(13)00777-8/h0170
http://refhub.elsevier.com/S0006-291X(13)00777-8/h0170
http://refhub.elsevier.com/S0006-291X(13)00777-8/h0175
http://refhub.elsevier.com/S0006-291X(13)00777-8/h0175
http://refhub.elsevier.com/S0006-291X(13)00777-8/h0175
http://refhub.elsevier.com/S0006-291X(13)00777-8/h0175

	Exercise training improve leptin sensitivity in peripheral tissue  of obese rats
	1 Introduction
	2 Methods
	2.1 Animals
	2.2 A 8-week treadmill training program
	2.3 Measurement of body weight, FBS and plasma leptin levels
	2.4 Measurement of plasma lipid profiles
	2.5 Reverse transcription polymerase chain reaction analysis
	2.6 Statistical analyses

	3 Results
	3.1 Effect of high-fat diet on metabolic parameters in SD rats before exercise training
	3.2 Effect of eight-weeks exercise training on body weights in SD rats
	3.3 High fat diet induced peripheral leptin resistance in SD rat
	3.4 Effect of exercise training on plasma leptin and ObRb and SOCS3 mRNA expressions in liver and muscle

	4 Discussion
	Acknowledgments
	References


