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ABSTRACT

Decreased growth hormone (GH) function in
obese patients might contribute to associated
metabolic abnormalities. This study aimed to in-
vestigate the effect of leptin, GH and periods of
leptin sensitivity or/and insensitivity on the ex-
pression of the SOCS-3 gene in the ovine pi-
tuitary and to examine the influence of centrally
administered leptin on GH release in sheep. Our
first experiment investigated the periods of
leptin resistance and leptin sensitivity, which are
known as the long day (LD) and the short day
(SD) periods, respectively, using ewes that were
surgically fitted with third ventricular cannulae.
The ewes were assigned randomly to one of
three treatments and were centrally infused at 0,
1 and 2 h, beginning at sunset. The treatments
consisted of central infusions of either Ringer-
Locke buffer or leptin (0.5 or 1.0 pg/kg body
weight (BW), respectively). Our next experiment
examined the pituitaries isolated from ewes de-
capitated in either May or November. The ex-
plants were treated with control or GH (100 or
300 ng/ml) or leptin (50 or 100 ng/ml)}—containing
media and incubated for one of four different
time intervals. The in vivo experiments demon-
strated variable effects of leptin on GH release
depending on the period of leptin sensitivity/
insensitivity. The in vitro experiments demon-
strated that leptin significantly influenced the
expression of the SOCS-3 gene during that SD
compared to that during the LD. During the SD,
we observed that significantly low or high doses
of GH affected the expression of SOCS-3. These
results indicated a strong correlation between
leptin or GH and SOCS-3, which might explain
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leptin resistance and the associated perturba-
tions in GH signaling.
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SOCS-3

1. INTRODUCTION

Hyperinsulinemia, hypoadiponectinemia and leptin re-
sistance associated with obesity can suppress the secre-
tion of growth hormone (GH), which results in increased
fat accumulation that might represent an important factor
in the pathogenesis of obesity [1]. GH is an anabolic
hormone that exhibits important functions in the regula-
tion of somatic growth, either directly or indirectly via
effectors such as insulin-like growth factor-1 (IGF-1).
However, another facet of the biological effects elicited
by GH includes its ability to modulate metabolism and
energy homeostasis [2]. GH secretion is consistently re-
duced in obesity [1,2]. In fact, in a study that examined
healthy volunteers, 2 weeks of over-eating resulted in
significantly reduced serum concentrations of GH, de-
spite a lack of changes in body weight, suggesting that
reduced GH secretion occurs prior to the onset of obesity
[3]. Furthermore, local GH resistance within the adipose
tissue might further mediate fat accumulation, exacer-
bating the pathogenesis of obesity [4]. Leptin, a hormone
that is synthesized by adipocytes, regulates the secretion
of several pituitary hormones in humans, rats, or rumi-
nant animal species [5-8]. The expression of leptin re-
ceptor mRNA has been detected within the anterior pi-
tuitary gland and the hypothalamus by RT-PCR [9], and
leptin appears to exhibit an important role in the control
of GH release [7,10,11].

Although it was originally referred to as an anti-obe-
sity hormone in humans, leptin elicits effects are coun-
teracted in some individuals by a natural resistance that
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is associated with hyperleptinemia, which is attributed to
changes in hypothalamic/pituitary sensitivity to leptin.
Such leptin sensitivity can be associated with conditions
including, for example, pregnancy and lactation, or obe-
sity. It appears that an intracellular protein that is induced
by leptin receptor activation, suppressor of cytokine sig-
naling-3 (SOCS-3), might mediate leptin resistance at the
molecular level, as it can effectively block leptin signal-
ing [12]. The critical mechanisms underlying this pro-
cess remain unclear. The down-regulation of GH re-
ceptor (GHR) activation is also mediated by the sup-
pressor of cytokine signaling (SOCS) family of proteins,
which includes SOCS-1, -2, -3, -6 and cytokine-indu-
cible, SH2-containing protein (CIS), which are induced
by the Janus kinase (Jak) and Signal Transducer and Ac-
tivator of Transcription (Jak/STAT) pathway. GH itself
has been shown to induce SOCS-2 and -3 [13]. There is
evidence implying that SOCS-3 exhibits an important
function within the pituitary. Recent studies have indi-
cated that the level of SOCS-3 expression is also de-
pendent on environmental factors, such as photoperiodic
conditions and nutritional status.

Despite the provision of unlimited food, sheep exhibit
increased appetite and body weight during long days (LD,
spring-summer) and decreased appetite and body weight
in response to short days (SD, autumn-winter). Much of
the body-weight change is attributable to changes in adi-
pose tissue mass, and the photoperiod-induced changes
in nutritional status exhibit predictable consequences in
terms of leptin secretion. Thus, the seasonal pattern of
circulating leptin concentrations reflects the pattern of
adiposity and matches the seasonal pattern of appetite
drive. This situation appears to be paradoxical in view of
the purported anorectic role of leptin. However, seasonal
animals appear to adjust their sensitivity to the leptin
signals accordingly [14]. An anorectic response to high
endogenous leptin levels during LD periods would coun-
teract the photoperiodic drive to increase food intake,
and a reduction in leptin sensitivity during the LD peri-
ods would be required to maintain the seasonal appetite
and body-weight cycles.

Seasonal animals such as sheep exhibit the unique po-
tential to serve as an elegant research model for the etio-
logical study of obesity, showing bi-annual reversible
leptin insensitivity [14]. SOCS-3 proteins are important
regulators that play a key role in feeding-induced or ge-
netic-origin-related obesity, as well as in leptin and GH
resistance, leading to the hypothesis that therapy aimed
at reducing the levels of these proteins within the hypo-
thalamus/pituitary might aid in the treatment of obesity
that is associated with reduced leptin sensitivity or GH
levels.

The specific aims of this paper are as follows: 1) Char-
acterization of the GH secretion profile after leptin treat-
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ment during leptin resistant and sensitive periods; 2) De-
termine the direct effects of leptin and GH on the mRNA
expression levels of SOCS-3 within the pituitary and
investigate whether the effects of these hormones are
subject to modification during periods of leptin sensiti-
vity and insensitivity.

2. MATERIALS AND METHODS

All of the animal-related procedures were approved by
the Local Agricultural Animal Care and Use Committee
of Krakow.

2.1. Animal Model

The studies were performed at the Experiment Station
in the Department of Swine and Small Ruminant Breed-
ing, Agricultural University of Krakow (longitude: 19°
57" E, latitude: 50°04' N). This study included 20 female
Polish Longwool sheep, which is a breed that exhibits
strong reproductive seasonality. The animals were 2 - 3
year of age, weighed an average of 60 + 5 kg and were
housed in individual pens that were subject to natural
photoperiodic and thermoperiodic conditions. The sheep
were in optimal physical condition (Body Condition
Score [BCS] = 3 on a scale of 1-5, as previously de-
scribed [15]) and were fed a diet formulated to provide
100% of the National Research Institute of Animal Pro-
duction [16] recommendations for maintenance, twice
daily at 0700 and 1400. Water was provided ad libitum.

In the current experiment, estradiol-implanted and
ovariectomized females were used, as described in our
previous leptin studies [11,17,18]. This is a widely ac-
cepted neuroendocrine model, which is commonly used
to avoid the confounding effects of the ovarian cycle on
hormonal interactions and to provide a model with con-
stant physiological concentrations of gonadal steroid
feedback.

2.1.1. Experiment |—Effect of icv Leptin Infusion
on GH Release—An in Vivo Study

1) Procedures and Treatments

Twelve ovariectomized, mature female sheep, each
bearing an estradiol implant to maintain circulating con-
centrations of estradiol at 2 - 4 pg/ml, were fasted for 24
h and fitted surgically with intracerebroventricular (icv)
cannulae, as previously described by Traczyk and Prze-
kop [19]. The location and function of the cannulae were
verified by the continuous flow of cerebrospinal fluid. A
recovery period of at least 3 weeks was allowed for the
sheep after the neurosurgeries.

Prior to the beginning of the study, the ewes were
placed frequently into individual carts to familiarize
them with the experimental conditions. All of the ex-
periments began at dusk—the beginning of darkness in
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the evening—during the LD (March, April and May) and
SD (September, October and November) seasons.

In the morning on the day of each experiment, four
randomly chosen sheep were fitted with jugular catheters
for intensive blood sampling. Polyethylene tubing (70
mm; 0.58 i.d., 0.96 mm o.d.; Intramedic Clay Adams
Brand, Becton Dickinson, Sparks, MD, USA) was in-
serted using an aseptic technique through each icv guide
cannula so that the distal end projected 3 - 5 mm past the
end of the cannula and into the ventricle. The proximal
end of the tubing extended approximately 5 - 10 mm
beyond the tip of the guide cannula. The tubing was ad-
justed until the cerebrospinal fluid flowed readily using a
blunt 22 G-needle and a tuberculin syringe. The tubing
was plugged until later use.

Recombinant ovine leptin used in our experiments was
obtained from Ray Biotech, Inc. (Norcross, GA, USA).
We designated three treatment groups as follows: 1)
Control, Ringer-Locke buffer (pH 7.4); 2) Leptin 1—a
lower dose of exogenous leptin (0.5 pg/kg of body
weight [BW]); and 3) Leptin 2—a higher dose of leptin
(1.0 pg/kg BW). The experiment was performed in a
switchback design, such that four ewes from each group
received one of the three treatments (control, L1, or L2)
centrally in a random order, approximately 2 weeks apart
(Figure 1A). The use of 12 ewes per season resulted in
four replicates for each treatment. The doses of leptin
used in the icv study were determined based on our pre-
vious experience [11,17,20] and on the theoretical calcu-
lations found in a previous icv injection study using
sheep [21]. Exogenous leptin was administered centrally
at the following three times: 0, 1 and 2 h after the begin-
ning of the experiment. Blood samples (5 ml) were col-
lected at 15-minute intervals for 6 h, beginning immedi-
ately prior to the first infusion at dusk and continuing
later under red lights (Figure 1B). The blood samples
were dispensed into tubes containing 150 ml of a hepa-
rin-containing solution (10,000 IU/ml) and 5% (w/v)
ethylenediaminetetraacetic acid (EDTA) and were im-
mediately placed on ice. Plasma was separated by cen-
trifugation and stored at —20°C until subsequent analysis
of GH and estradiol levels was performed.

2) RIA for GH

Plasma concentrations of GH were assayed by a ra-
dioimmunological, double antibody method using an-
tibovine GH and anti-rabbit-y-globulin antisera, as pre-
viously described by Dvorak, et al. [22]. Bovine GH
(NIDDK-GH-B-1003A) served as a reference standard.
The assay sensitivity was 0.4 ng/ml, and the intra- and
inter-assay coefficients of variation were 6.12% and
11.40%, respectively.

3) EIA for Estradiol

The concentrations of estradiol were determined by
EIA using commercially available kits (DRG Instruments
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Figure 1. Timeline for experimental procedures. 12 ewes were
assigned randomly to one of three groups (n = 4/group) during
long-day (LD; March, April, May) and short-day (SD; Sep-
tember, October, and November) photoperiods—panel A.
Treatments consisted of 1) control, Ringer-Locke buffer; 2) L1,
a low dose of exogenous leptin (0.5 mg/kg BW); and 3) L2, a
high dose of leptin (1.0 mg/kg BW)—panel B. Arrows indicate
central treatments with leptin or Ringer-Locke buffer at 0, 1,
and 2 h of the 6-hour experiment.

GmbH, Marburg, Germany), according to the manufac-
turer’s protocols. All of the samples were processed in
duplicate within the same assay. Inter- and intra-run pre-
cision exhibited coefficients of variation of 6.72% and
6.72%, respectively. The sensitivity of assay was 1.71
pg/ml.

4) Statistical Analysis

The hormone data were analyzed using the general
linear models (GLM) procedure (PROC GLM) of the
Statistical Analysis System (SAS 8.1; SAS Institute Inc.,
Cary, NC, USA). For the hormone comparisons, the
overall ANOVA included the treatment, season, replicate
within the season, time within the season and all of the
two- and three-way interactions, for the repeated meas-
ures in the switchback design. Significant treatment x
season interactions resulted in a within-season model that
included the treatment, time and the treatment X time.
Following a significant F-test, the Pdiff procedure of
SAS was used to contrast the mean values. After deter-
mining a significant F-value, the means were contrasted
using Duncan’s multiple-range test. Differences with p <
0.05 were considered statistically significant. The data
are expressed as the means + S.E.M.

2.1.2. Experiment llI—Effect of Leptin and GH on

SOCS-3 Expression—An in Vitro Study
1) Procedures and Treatments
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Eight ewes were used in this experiment. The sheep
were sacrificed by exsanguination following captive bolt
stunning and decapitation. The diencephalons were re-
moved after the disconnection of the infundibuli from the
adenohypophyses (AP). The adenohypophyses were re-
moved from the sella turcica and maintained on ice until
subsequent tissue processing.

The APs from four ewes were used in each experi-
mental season within the LD season (May-spring), and
an additional four ewes were randomly selected during
the SD season (November—fall). Adenohypophyses col-
lected from each ewe were dissected and sagittally sliced
into approximately 0.5 - 2 mm strips. Four AP strips
from each adenohypophysis were randomly selected,
placed on a stainless steel grid covered with lens paper
and incubated in a gas-liquid interface in 2.5 ml of Me-
dium 199. The incubation was performed in a 95% hu-
midified air and 5% CO, atmosphere at 37°C. The ex-
plants were treated with control, GH (100 ng/ml or 300
ng/ml; SIGMA-Aldrich Corporation, St. Louis, MO,
USA)—containing, leptin (50 ng/ml or 100 ng/ml)—
containing media. Each treatment group consisted of 3
replicates. One milliliter of culture medium was har-
vested every hour from each experimental group and
replaced with fresh medium. The explants were incu-
bated for the following 4 different time intervals: 0, 30,
60 and 120 minutes. The explants were rinsed in a phos-
phate buffered saline solution (PBS; Laboratory of Vac-
cines, Lublin, Poland), frozen in liquid nitrogen and
stored at 80°C.

2) Molecular Analysis

Real-Time PCR was used to measure the SOCS-3
mRNA levels. Total RNA was prepared using TRIzol®
Reagent (Invitrogen Corporation, Carlsbad, CA, USA),
according to the manufacturer’s protocols. RNA (0.5 pg)
was reverse transcribed to cDNA using the Quantiscript
Reverse Transcriptase and RT Primer Mix (QuantiTect®
Reverse Transcription Kit, Qiagen, Hilden, Germany) by
incubating the samples at 42°C for 15 minutes. The reac-
tions were terminated by heating to 94°C for 3 minutes.
Genomic DNA was eliminated by adding gDNA Wipeout
Buffer (QuantiTect® Reverse Transcription Kit) and in-
cubating the samples at 42°C for 2 minutes. The cDNA
was amplified using the TagMan® Gene Expression
Master Mix (Applied Biosystems, Foster City, CA, USA)
on an Applied Biosystems 7300 Real-Time PCR System.
The primers and probes were designed using Primer Ex-
press software v.3.0 (Applied Biosystems). The products
were amplified using 250 nM of the following primers:
5’-CCTCAAGACCTTCAGCTCCAA-3’ and
5’-CTTGCGCACTGCGTTCAC-3* (corresponding to
the bovine SOCS-3 gene; GenBank accession number
NM_174466; Sequence Detection Primers, Applied Bio-
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systems, Foster City, CA, USA) or
5’-CGGCTCCCAGTTCTTCATCA-3’ and
5’-ACTACGTGCTTCCCATCCAAA-3’ (corresponding
to bovine cyclophilin; GenBank accession number
D14074; Sequence Detection Primers, Applied Biosys-
tems, Foster City, CA, USA). The probe sequences were
FAM™-AGCGAGTACCAGCTGG-MGB (correspond-
ing to the SOCS-3 gene; TagMan MGB Probes; Applied
Biosystems, Foster City, CA, USA) and
FAM™.-CGTTCCGACTCCGC-MGB (corresponding to
the cyclophilin gene; TagMan MGB Probes; Applied
Bio-systems, Foster City, CA, USA). Each gene assay
was run in a singleplex reaction in triplicate for each
cDNA sample. Amplification was performed under the
following conditions: an initial incubation at 50°C for 2
minutes, polymerase activation at 95°C for 10 minutes,
followed by 40 cycles of denaturation (95°C for 15 sec-
onds) and annealing/elongation (60°C for 60 seconds)
steps. The data were collected and recorded using the
Applied Bio-systems 7300 Real-Time PCR System SDS
Software and expressed as a function of the threshold
cycle (Ct). Using diluted samples, the amplification effi-
cacies for the genes of interest and the reference gene
were found to be identical.

3) Statistical Analysis

Expression levels were calculated by RQ (Relative
Quantification) analysis. In brief, the amplification plot
is a plot of fluorescence versus PCR number. The thresh-
old cycle value (Ct) is the fractional PCR cycle number
at which the fluorescent signal reaches the detection
threshold. Therefore, the input cDNA copy number and
Ct are inversely related. The data were analyzed using
the 2-AACt method, and the Ct value was converted to a
fold-change (RQ) value. The RQ = 2 — AACt, where
AACt = ACt sample — ACt calibrator = (Cttarget gene —
Ctreference gene) sample—(Cttarget gene — Ctreference
gene) calibrator. The RQ values from each gene were
then used to compare the target gene expression levels
across all of the groups.

The mean mRNA expression level for the SOCS-3
gene of each sample was normalized to the expression
level of the reference gene (cyclophilin) and expressed
relative to the indicated calibrator. As a calibrator, we
used the mean ACt value of the control group for the
indicated time of incubation to compare changes in the
expression levels during the incubation periods. To de-
termine the basal expression level of SOCS-3, depending
on the season, we considered the ACT values of the sam-
ples that were not incubated and used the mean ACt val-
ues for the non-incubated samples isolated during a LD
period. After determining a significant F-value, the
means were contrasted using Student’s ¢-test. Differences
with p < 0.05 were considered statistically significant.
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3. RESULTS

3.1. Experiment I—Effect of icv Leptin
Infusion on GH Release—An in Vivo
Study

We observed seasonal variations in the basal secretion
of GH; the serum concentration of GH was increased in
the control group (p < 0.001) during the LD season
compared to during the SD season (5.05 £ 0.86 ng/ml
and 3.47 + 0.56 ng/ml, respectively, Figure 2).

The effect of the icv infusion of leptin was also sea-
sonally dependent (Figures 3 (A) and (B)). During the
SD season, leptin elicited a stimulatory effect on GH (p <
0.001, Figure 3(B)), whereas it reduced the serum GH
levels during the LD season (p < 0.001, Figure 3(A)).
During the SD season, we also observed a dose-depen-
dent effect of leptin; the serum concentrations of GH
were significantly increased (p < 0.001) when the ewes
were administered an increased dose of leptin (1.0 mg/kg
BW) compared with those receiving a lower dose (0.5
mg/kg BW, Figure 3(B)).

3.2. Experiment ll—The Effect of Leptin and
GH on SOCS-3 Expression—An in Vitro
Study

In this experiment, both exogenous leptin and GH af-
fected the expression levels of SOCS-3 within the ovine
AP, and the nature of their effects was dependent on the
incubation time, hormone dosage and the season in
which the explants were collected. The basal endogenous
expression levels of SOCS-3 in untreated APs that were
frozen immediately after tissue isolation were similar to
that in the APs obtained during both the LD and SD sea-
sons (Figure 4).

3.2.1. Leptin Effects on SOCS-3 Expression

The results of the leptin treatment for the entire ex-
periment are shown in Figure 5. During the LD season,
the lower leptin dose significantly (p < 0.01) increased
the SOCS-3 mRNA expression levels, whereas during
the SD season, leptin only significantly affected the ex-
plants that were incubated with a higher hormone con-
centration (p < 0.01). The effect of the hormone was de-
pendent on the incubation time. During the LD season,
the lower dose of leptin significantly stimulated SOCS-3
mRNA expression in the explants incubated for 30 (p <
0.001) and 120 minutes (p < 0.01), but not in the ex-
plants incubated for 60 minutes (Figure 6(A)). For the
higher leptin concentration (100 ng/ml), we did not ob-
serve significant differences compared to the control
samples for any of the incubation times. However, sig-
nificant differences (p < 0.05) were observed in SOCS-3
expression levels in response to different leptin concen-
trations after an incubation for 120 minutes.
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Figure 2. Mean (+S.E.M.) plasma concentrations of GH in
sheep treated centrally with Ringer-Locke buffer (Control),
leptin in a dose of 0.5 mg/kg BW (Leptin 1) or 1.0 mg/kg BW
(Leptin 2) during long-day (LD) and short-day (SD) photo-
periods. Differences are depicted with A,B,C (p < 0.01) and
a,b,c (p<0.05) or “(p <0.01).
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Figure 3. Mean concentrations of circulating GH in 15-min
samples collected after centall infusion of Ringer-Locke buffer
(Control), leptin in a dose of 0.5 mg/kg BW (Leptin 1) or 1.0
mg/kg BW (Leptin 2) during long-day (LD)—panel A and
short-day (SD)—panel B, photoperiod. Arrows indicate Rin-
ger-Locke buffer or leptin treatments.

In contrast, during the SD season, the higher dose of
leptin (100 ng/ml) stimulated SOCS-3 expression in a
more significant manner, which was particularly evident
in the samples incubated in the presence of the hormone
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Figure 4. The mean basal expression of SOCS-3 mRNA (+ SE)
in ovine pituitaries collected in long-day (LD) and short-day
(SD) season. Expression of SOCS-3 mRNA was reported in
arbitrary units relative to cyclophiline mRNA expression. The
mean value for the pituitary isolated in LD was used as the
calibrator.
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Figure 5. The mean expression of SOCS-3 mRNA (£ SE) in
the ovine pituitary explants in the presence of leptin at a con-
centration of 50 ng/ml (LEP 1) or 100 ng/ml (LEP 2) for tests
carried out during long-day (LD) and short-day (SD) season.
The mean value calculated for the control group was used as a
calibrator. ““p < 0.01 compared with control.

for 120 minutes (Figure 6(B)). The effect of the higher
dose of exogenous hormone more significant compared
to the lower dose (p < 0.001). In explants incubated for
120 minutes, we observed approximately 3-fold (Leptin
1, p <0.001) and 4-fold (Leptin 2, p < 0.001) increases
in the expression of the SOCS-3 gene compared to the
control. After 60 minutes of incubation, the levels of the
transcripts examined were slightly increased at the lower
dose of leptin compared to the controls, whereas the
transcript levels were significantly reduced in the pres-
ence of higher concentrations of the hormone (p < 0.01).
Interestingly, a lower dose of leptin significantly reduced
the expression of SOCS-3 (p < 0.001) by approximately
10-fold compared with the control at the 30-minute in-
cubation.

3.2.2. GH Effects on SOCS-3 Expression
In the samples from the SD season, we observed a

Copyright © 2013 SciRes.

A

57 w

H Control

44 O Leptin 1
g M Leptin 2
3
< 31
2
4
E *
) Hk —
% 2
8 ™
w

1 -

0 -4
B

51 sD .

SOCS-3 mRNA (RQ)

30 60 120
Incubation time (min)

Figure 6. The mean expression of SOCS-3 mRNA (+ SE) in
ovine pituitary explants incubated for indicated time with
leptin at a concentration of 50 ng/ml (LEP 1) or 100 ng/ml
(LEP 2) for experiments carried out in long-day (LD)—panel A
and short-day (SD)—panel B season. The mean value calcu-
lated for the group that was not exposed to exogenous hor-
mone (Control) was used as a calibrator. "p < 0.05 and “"p <
0.01 denote differences compared with control or between
indicated group.

dose-dependent (p < 0.05) stimulation of SOCS-3 ex-
pression by GH at both low (100 ng/ml, p < 0.05) and
high (300 ng/ml, p < 0.001) doses compared with the
control (Figure 7).

The lower dose of GH initially, at 30 (»p <0.01) and 60
(» < 0.01) minutes of incubation, decreased the levels of
SOCS-3. However, after 120 minutes, the lower dose
significantly (p < 0.001) stimulated SOCS-3 expression
(Figure 8(B)).

A stimulating effect was also observed for explants
incubated in the presence of GH at a concentration of
300 ng/ml, and this effect increased in a time-dependent
manner. We observed a 30% increase in SOCS-3 mRNA
levels after 60 minutes of incubation (p < 0.05) and an
approximately 5-fold enhanced expression after 120
minutes of GH treatment (p < 0.001). For each time point,
the SOCS-3 expression levels were higher when the tis-
sue was incubated with the higher dose of GH compared
to the lower dose, and these differences were significant
(»<0.01).

In the samples from the LD season (Figure 7), both
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Figure 7. The mean expression of SOCS-3 mRNA (+ SE) in
the ovine pituitary explants in the presence of GH at a concen-
tration of 100 ng/ml (GH 1) or 300 ng/ml (GH 2) for tests car-
ried out during long-day (LD) and short-day (SD) season. Ex-
pression of SOCS-3 mRNA was reported in arbitrary units
relative to cyclophiline mRNA expression. The mean value
calculated for the control group was used as a calibrator. *p <
0.05, **p < 0.01 and ***p < 0.001 denote differences com-
pared with control or between indicated group.

doses of GH significantly (p < 0.001) inhibited the ex-
pression of SOCS-3. GH elicited a significant (p < 0.001)
inhibitory effect on the level of the SOCS-3 transcripts
after 30 and 60 minutes of treatment, at both doses of
GH (Figure 8(A)). Moreover, after 60 and 120 minutes
of incubation, we observed significant (p < 0.01) differ-
ences between the effects induced by the different doses
of GH. The higher dose of the hormone elicited a less
significant inhibitory effect on the expression of SOCS-3
mRNA.

4. DISCUSSION

Obesity is associated with hypoadiponectinemia and
leptin resistance, both of which have been implicated in
the regulation of GH secretion [23]. Leptin resistance is
considered to be a negative development in obesity.
Obese patients not only have low basal GH output but
also exhibit severely blunted responses or loss of re-
sponses to all known GH stimuli, including leptin [11].
The results of this study confirm this phenomenon by the
icv infusion of leptin during the LD season, a period
when sheep are leptin-insensitive and represents a state
that is similar to that of obesity, with decreased GH con-
centrations. We have observed similar findings in a pre-
vious in vitro study (unpublished data). Several hy-
potheses have posited how obesity-associated leptin in-
sensitivity might suppress GH production. These possi-
bilities include direct pituitary actions on GH synthesis
and release and/or indirect action via the modulation of
hypothalamic functions or the suppression of circulating
ghrelin levels—the suppressive effects of leptin on ghre-
lin levels was recently observed by our laboratory [24].
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Figure 8. The mean expression of SOCS-3 mRNA (+ SE) in
ovine pituitary explants incubated for indicated time with GH
at a concentration of 100 ng/ml (GH 1) or 300 ng/ml (GH 2)
for experiments carried out in long-day (LD)—panel A and
short-day (SD)—panel B seasons. Expression of SOCS-3
mRNA was reported in arbitrary units relative to cyclophiline
mRNA expression. The mean value calculated for the group
that was not exposed to exogenous hormone (Control) was
used as a calibrator. “p < 0.01 and ""p < 0.001 denote differ-
ences compared with control or between indicated group.

The majority of studies investigating the effects of leptin
on the secretion of hormones from the pituitary gland
have focused on nutritional status as the main factor that
modulates these interactions [25-28]. One of the main
reasons for this focus is that the restrictive feeding of
sheep increases the expression of leptin and its receptor,
both in the hypothalamus and in the pituitary, suggesting
that dietary restriction can increase the sensitivity of
these tissues to leptin [29].

The results of these experiments demonstrated the in-
fluence of leptin infusions on GH secretion in sheep that
were fed ad libitum. During the natural LD period of
leptin resistance in sheep, leptin inhibited the release of
GH, whereas it stimulated GH secretion during the SD
period. The same effect of leptin on GH release was ob-
served by Henry, et al. [26] in the study conducted on fed
sheep. Considering the phenomenon of autosuppression
in leptin signaling, the dose of leptin used in experiments
appears to play an important role in determining the ef-
fect of leptin. This view is supported by our earlier ex-
periments that were conducted in cattle, which not only
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showed an inhibitory effect of leptin on the secretion of
GH in fed animals but also demonstrated that the effect
of leptin is dose-dependent [11]. The results of that study
supported the contribution of hyperleptinemia as nega-
tively connected with GH secretion. The selective dele-
tion of leptin receptors from somatotropic cells in mice
did not affect the total cell number of the somatotroph,
although there were the reduced number of GH-ex-
pressing cells and consequently GH secretion, suggesting
that leptin affects GH expression and secretion but not
somatotroph development [30]. A study by Luque and
Kineman [31] supported the idea that a pituitary defect is
a key component in the GH deficiency observed during
obese states.

In addition to reduced GH secretion, the reduced ex-
pression of GH receptors in the adipose tissue of obese
individuals has also been observed [4,32]. The biological
activity of GH is dependent, inter alia, on the efficiency
of intracellular signal transduction, which is predomi-
nantly facilitated by the Jak-2/STAT-5 signaling pathway.
The effectiveness of this signaling pathway is, to a large
extent, dependent on the levels of SOCS factors. GH
induces the expression of multiple proteins from the
SOCS family, predominantly CIS, SOCS-1, SOCS-2 and
SOCS-3. The type of SOCS protein induced depends on
the tissue studied. However, each of the mentioned
SOCS family proteins can interact with the GHR, and
when over-expressed, they can affect the Jak/STAT path-
way. Thus, the role of the SOCS-3 protein in GH signal-
ing regulation has become the subject of increasing in-
vestigation, and the results of our experiments confirm a
close relationship between GH and the expression of
SOCS-3 within the pituitary gland. Other studies have
demonstrated the effects of GH on the expression of
SOCS proteins. One year after the discovery and eluci-
dation of the SOCS family proteins, Adams, et al. [33]
demonstrated that GH can induce the expression of the
SOCS-3 gene in a fibroblast cell line (F442). GH also
rapidly induced SOCS-3 synthesis in mouse hepatocytes
[33]. Erman, et al. [32] hypothesized that in obese pa-
tients, GHR desensitization might occur. Thus, localized
GH resistance in the adipose tissue might also contribute
to reduced GH-mediated signaling in obesity. The inhibi-
tion of the GHR by the SOCS-3 protein has also been
demonstrated in studies that have examined the effects of
GH in the mouse liver [34]. It can therefore be assumed,
with a high probability, that the GH-induced increase in
SOCS-3 expression within the ovine pituitary gland ob-
served in our study might result in similar consequences.

Notably, GH can alter the expression level of SOCS-3
within a short period of time. The results of this study
showed that the incubation of pituitary explants in the
presence of exogenous GH was associated with changes
in the expression levels of SOCS-3 that could be ob-
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served as early as 30 minutes after the addition of the
hormone into the medium. These results confirm previ-
ous findings, which stated that the GH-induced expres-
sion of the SOCS-3 gene is rapid and short-lived [33].

The observations mentioned above clearly indicate a
stimulating role of GH in the expression of SOCS-3 fac-
tors. The results of the experiments from our study show,
however, that the precise effects of GH might not be as
simple as previously thought. Interestingly, in samples
collected and incubated during the season of leptin in-
sensitivity, a clear inhibitory effect of GH on SOCS-3
mRNA levels, was observed. These unexpected results
can be applied to similar situations observed in experi-
ments in regards to the role of prolactin in the regulation
of SOCS-3 expression in the sheep pituitary [4]. Inter-
estingly, the adaptive inhibition of SOCS-3 expression
observed during GH treatment, which is associated with
periods of leptin sensitivity/insensitivity, was also dem-
onstrated in studies that investigated the seasonal effects
of leptin in Siberian hamsters [35].

SOCS-3 has been suggested to play one of the most
significant roles in the modulation of cytokine interac-
tions. The basal expression levels of SOCS proteins is
generally low but can change rapidly under the influence
of various factors, both endogenous (e.g., the influence
of cytokines, hormones or growth factors) and exoge-
nous (e.g., the influence of light [35,26] or the availabil-
ity of food [36]). Interestingly, in addition to their stimu-
latory activity, cytokines have also been demonstrated to
inhibit the transcription of genes encoding SOCS pro-
teins. One of the most important findings in terms of the
involvement of SOCS-3 in the regulation of leptin sig-
naling was shown in a study by Bjerbak, et al. [37]. The
results of that study showed that an injection of leptin
into 7-to-8-wk-old mice lacking functional genes encod-
ing this hormone (ob/ob mice) was associated with a
sudden increase in the level of SOCS-3 in the hypo-
thalamus. In contrast, no such increase was observed for
other proteins of the SOCS family, including CIS,
SOCS-1 and SOCS-2 [37]. Importantly, exogenous leptin
did not induce the expression of the SOCS-3 gene in
db/db mice, which lack leptin receptors. These results
suggested that SOCS-3, which can act as a potent inhibi-
tor of leptin signaling, blocks leptin-induced signal
transduction and might represent a potential mediator of
the leptin resistance that occurs in obesity [37].

The results of this study demonstrate that the effects of
leptin on the expression of SOCS-3 are more significant
during the period when sheep are sensitive to leptin.
During the SD season, the higher dose of hormone re-
sulted in a doubling of the SOCS-3 expression level,
whereas the lower dose resulted in a 38% increase, al-
though this increase was not statistically significant,
which is likely attributed to a significant reduction in the
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SOCS-3 expression levels observed in the early stages of
the experiment. The nature of the effects of leptin on
SOCS-3 expression might depend on the species and
tissues examined and the nutritional status of the indi-
vidual on which the experiment was performed. Our re-
sults are consistent with earlier work and the current state
of knowledge. The direct, inducing effects of leptin on
the expression of the SOCS-3 gene in the ovine pituitary
were confirmed. In addition, leptin has been observed to
elicit more potent effects during the SD compared to the
LD season. The effects of the hormone have been de-
tected as early as 30 minutes after its administration.
These results indicate a significant correlation between
leptin and SOCS-3 expression, which might explain the
phenomenon of leptin resistance. These observations
might contribute to our understanding of the different
mechanisms responsible for the plasticity of the body’s
response to various factors.

From a cognitive perspective, an important issue con-
cerning the activities of both leptin and GH is the inter-
action that occurs between these hormones, as well as the
expression of SOCS-3. These relationships elicit a sig-
nificant impact not only on proper growth, development
and reproductive processes but also for the maintenance
of energy homeostasis.

Previous studies that found a relationship between nu-
tritional status and the expression of SOCS-3 in brain
regions that control food intake have indicated a close
relationship among energy balance, leptin and SOCS-3
expression. Amstalden, et al. [38] examined the impact
of nutritional status on the expression level of SOCS-3 in
the bovine pituitary and showed that the SOCS-3 expres-
sion was increased in the adenohypophysis of animals
subjected to dietary restriction [38]. Studies on the in-
fluence of both leptin and nutritional status on the
SOCS-3 expression between the hypothalamus and the
pituitary have indicated that these tissues might differ in
their leptin sensitivity in response to the energy status of
the body (Zieba, et al., 2008).

Other studies have reported different effects of leptin
than those found in our experiments in terms of the
SOCS-3 expression levels within the pituitary and hypo-
thalamus of sheep that were treated with icv leptin infu-
sions [4,14]. In addition, these experiments demonstrated
that the nature of these interactions is season-dependent.
Although the icv infusions of leptin affected SOCS-3
expression within both the hypothalamus and the pitui-
tary gland of sheep, the ability of leptin to change
SOCS-3 expression levels within the pituitary was de-
tected only when the sheep were leptin-sensitive [4]. In
contrast, during the LD period of leptin resistance, this
activity was exclusively observed within the hypothala-
mus [14].

SOCS-3 induced by particular hormones likely modu-
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lates the relationship between other hormones that act
through the Jak/STAT pathway. Thus, it can be concluded
that the nature of the influence of a particular cytokine
on SOCS-3 expression is also dependent on the presence
of other compounds and that the endocrine status of the
organism is another factor that can modulate this com-
plex relationship.

5. CONCLUSION

Maintaining energy homeostasis requires the partici-
pation of a number of processes and interactions among
multiple systems, including the nervous, endocrine, di-
gestive and metabolic systems. Energy homeostasis is
influenced by numerous substances, including hormones
(such as leptin and GH) and factors involved in cell sig-
naling (such as SOCS-3). Factors influencing this rela-
tionship might be of various origins, both exogenous and
endogenous, and their common interactions were dem-
onstrated in this study. Thus, a cyclical feedback loop,
beginning with hypoadiponectinemia, leptin resistance
and GH resistance, is associated with obesity, which
suppresses GH secretion and further results in fat accu-
mulation, might represent an important factor in the
pathogenesis of obesity. The decreased action of GH in
obesity might contribute to the associated metabolic ab-
normalities. Understanding the role of GH in physio=
logical and pathological states might contribute to the
development of new therapeutic strategies.
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