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Abstract

The increased population of TLR2/TNF-a co-expressing adipocytes is associated with the development of insulin resistance. We have
herein shown the significance of low-dose growth hormone (GH) supplementation for the regulation of TLR2 and TNF-a expressions in
visceral fat using different kinds of mouse models fed with a high-fat diet. Low-dose GH supplementation reduced the increased popu-
lation of TLR2/TNF-a co-expressing adipocytes in high-fat fed mice. The neutralization of IGF-1 abolished the effect of GH supplemen-
tation on the TLR2 expression using GH-overexpressing mice. IGF-1, but not GH, inhibited the FFA-induced TLR2 and TNF-a
expression in 3T3-L1 cells. Finally, low-dose GH supplementation reduced the TLR2 expression without an obvious change in the vis-
ceral fat volume in ob/ob mice. These results indicate that low-dose GH supplementation possibly inhibits the high-fat induced change of

the adipocytes to TLR2/TNF-o co-expressing cells through the action of IGF-1.

© 2008 Elsevier Inc. All rights reserved.

Keywords: Growth hormone; Toll-like receptor 2; Adipocyte; Visceral fat; Insulin-like growth factor-1

A dysfunction of adipocytes leads to an accumulation of
metabolic abnormalities, such as dyslipidemia, hyperten-
sion, and glucose intolerance [1]. This functional abnormal-
ity is characterized by a disturbance in the cytokine
expressions of adipocytes, causing the development of insu-
lin resistance, a pathogenesis of the metabolic syndrome
[2]. However, the regulation of cytokine secretion from adi-
pocytes accumulated in visceral regions has not yet been
fully elucidated.

We have shown that cultured adipocytes implanted in
mesenteric, but not in subcutaneous, regions induce tumor
necrosis factor (TNF)-a secretion in mice [3]. The TNF-a
expression of visceral adipocytes is accompanied with
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toll-like receptor (TLR) 2 expression, and the population
of TLR2/TNF-a co-expressing adipocytes is drastically
induced in mice fed a high-fat diet [4]. These observations
suggest that the identification of the regulator(s) for the
occurrence of TLR2/TNF-a co-expressing adipocytes
may provide a target for the amelioration of insulin resis-
tance in the metabolic syndrome.

Insulin resistance accompanied with visceral fat accu-
mulation is not only observed in the metabolic syndrome,
but also in several hormonal disturbances. One such hor-
monal disturbance is growth hormone (GH) deficiency,
which is frequently accompanied by reduced insulin sensi-
tivity and accumulated visceral fat. Recent studies have
shown the low-dose supplementation of GH to have a ben-
eficial effect on the treatment of insulin resistance accompa-
nied by aging and/or abdominal obesity, as well as GH
deficiency itself. [5-7]. These studies have provided a novel
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therapeutic possibility for GH in the regulation of insulin
sensitivity. On the other hand, the beneficial effect of GH
raises a complicated issue to be solved, specifically the
development of acromegaly-associated glucose intolerance
classically observed in association with GH excess. The
obvious difference in the opposite effects of GH on the reg-
ulation of insulin sensitivity seems to be largely a function
of the plasma GH concentration; low dose GH supplemen-
tation may be of benefit for GH deficiency and abdominal
obesity, whereas excessive GH production results in patho-
logical acromegaly. The aim of this study is to clarify the
effect of low-dose GH supplementation on insulin resis-
tance, particularly through the regulation of TLR2/TNF-
o co-expressing adipocytes using cultured adipocytes and
animal models of visceral fat accumulation.

Materials and methods

Mice and blood samples. Mice were obtained from Charles River
Japan. All work was carried out according to the guidelines of the Animal
Care Committees of Chiba University. The levels of plasma human
growth hormone (Roche), mouse insulin-like growth factor (IGF)-1 (R&D
Systems), and mouse insulin (Morinaga) were measured using ELISA kits.
Insulin tolerance test was performed by intra-peritoneal injection of
human insulin (Sigma-Aldrich) 0.5 or 2.0 U/kg body weight according to
the mice models [8].

Cell culture. 3T3-L1 cells were from the American Type Culture Col-
lection. The differentiation of preadipocytes to mature adipocytes was as
described [8]. Cells were treated with DMEM supplemented with 1078 M
hGH (Novo Nordisk Pharma) or 10~% M human IGF-1 (Jena Bioscience),
with 2% free fatty acids (FFA)-free BSA (Sigma—Aldrich) overnight. and
then with a fatty acid mixture composed of 500 uM myristic acid and
500 uM palmitic acid, with 107® M hGH or 107 M hIGF-1 in the pres-
ence of 2% FFA-free BSA at 37 °C for 8 h.

Implantation of 3T3-L1 cells overexpressing hGH into BALBIc nude
mice. Human GH cDNA full clone was obtained by polymerase chain
reaction (PCR) using human brain-derived cDNA pool using oligonu-
cleotide primers specific for parts of human GH sequence (5'-GACGGC
GATCGCCATGGGCTACAGGCTCCCGGAC-3 and 5-ATGCGT
TTAAACGAAGCCACAGCTGCCCTCCAC-3'). The cDNA fragment
subcloned into pcDNA3.1/Hygro(—), were transfected into 3T3-L1 cells
using GeneJammer Transfection Reagent (Stratagene). The cells stably
expressing hGH and mock transfected cells by the transfection of
pcDNA3.1/Hygro(—) without hGH ¢cDNA were cloned as described [9].
The hGH production in the conditioned medium of 3T3-L1 cells over-
expressing hGH was 8.8 +0.9 ng/10° cells/24 h, whereas it was not
detectable in conditioned medium of the mock cells. 3T3-L1 cells over-
expressing hGH, or the mock cells were suspended at 4 x 10° cells/250 pl
in Matrigel (BD Bioscience) and injected subcutaneously in the back of
male BALB/c nude mice (6-week old) as described [10]. The mice were fed
with high fat diet from a week after the implantation. Insulin tolerance test
were performed by using human insulin (Sigma-Aldrich) 0.5 U/kg, i.p.
after fasting for more than 16 h.

Isolation of single adipocytes and flow cytometry. Mesenteric fat tissues
or 3T3-L1 adipocytes were collected and digested at 37 °C for 60 min with
1 mg/ml type I collagenase (Nitta Gelatin). The digested tissue was cen-
trifuged at 400 rpm for 4 min. The floating adipocyte fraction was pre-
pared for flow cytometry analysis. Isolated adipocytes (1 x 10° cells) were
analyzed with FACS Calibur flow cytometer (BD Bioscience) as described
[41.

Anti-IGF-1 antibody treatment in mice. Goat polyclonal antibody
against mouse IGF-1 (R&D Systems) or normal goat IgG (R&D Systems)
was injected i.p. (0.1 pg/g body weight) into male BALB/c nude mice (6-
week old) at weekly intervals starting on the day of the implantation of the

established 3T3-L1 cells overexpressing hGH or the mock cells. The mice
were started to be fed with high fat diet from a week after the implanta-
tion. At 4 weeks after the cell implantation, insulin tolerance test was
performed by using human insulin 0.5 U/kg, i.p.

RT-PCR. Quantitative RT-PCR amplifications were performed using
TagMan Gene Expression Master Mix (Applied Biosystems) as described
[8]. For TLR2 and TNF-o mRNA quantification, Real-time RT-PCR
amplification were performed using TLR2 primers (Mm00442346_m1,
Applied Biosystems) and TNF-o primers (MA031450, Sigma Genosys).
The quantification of given gene, expressed as relative mRNA level
compared with a control, was calculated after normalization to 18s rRNA.
All PCRs were performed in an ABI PRISM 7000 sequence system (PE
Applied Biosystems.) [11].

Fat volume measurement by computed tomography (CT). From 12
weeks of age, male ob/ob mice were administered either hGH (0.5 mg/kg
body weight/day) or equivalent volume of saline via mini-osmotic pumps
for 4 weeks. There was no significant difference in body weight between the
mice administered hGH and the mice administered PBS. The plasma hGH
level was 881 4= 643 pg/ml in the mice administered hGH. After fasting for
overnight, abdominal CT was performed using GE Healthcare eXplore
Locus MicroCT Scanner (GE Healthcare). Visceral and subcutaneous fat
volume was calculated using GE Healthcare eXplore Lucus Microview
Software (ver 2.2) (GE Healthcare).

Statistical analysis. The results are shown as means &+ SD for each
index. Statistical significance was determined by means of the Student’s -
test or Dunnett’s multiple range test followed by ANOVA among several
groups. Statistical analyses were conducted by using SPSS software (ver-
sion 13.0J; SPSS Inc.). All P values quoted are two-tailed. A P-value of
<0.05 was considered statistically significant.

Results

Low-dose GH supplementation reduces the number of TLR2/
TNF-o co-expressing adipocytes in visceral fat

We have previously shown that high fat intake induces
an increased number of TLR2/TNF-a-coexpressing adipo-
cytes in mesenteric fat in mice [4]. In order to clarify the
effect of low-dose GH supplementation on the increase in
the population of TLR2/TNF-o co-expressing cells in the
adipocytes of mesenteric fat, we performed a flow cytome-
try analysis of single adipocytes prepared from the mesen-
teric fat of high-fat fed mice after hGH administration for
2 weeks. There was no significant difference in body weight
between the mice administered hGH (GH group) and the
mice administered PBS (control group). The plasma hGH
concentration in the GH group was 160 4= 86 pg/ml, which
is similar to the GH concentrations in previous studies
using low dose GH supplementation [12] (Fig. 1A). The
plasma IGF-1 concentrations were higher in the GH group
in comparison to those in the control group (Fig. 1B). The
blood glucose levels 30 min after insulin loading were
decreased in the GH group in comparison to the control
group (Fig. 1C). The TLR2 mRNA expression levels in
mesenteric fat were significantly decreased in the GH group
in comparison to those in the control group, suggesting the
inhibitory effect of low-dose GH supplementation on
TLR2 expression in visceral adipocytes (Fig. 1D). A flow
cytometry analysis of single adipocytes prepared from mes-
enteric fat showed that the high-fat-induced increase in the
population of TLR2/TNF-a co-expressing adipocytes was
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Fig. 1. The effects of low-dose hGH supplementation on reduced insulin sensitivity in high-fat fed mice. (A) The plasma hGH concentration in mice
supplemented with hGH (GH) or PBS (control). Male C57BL/6J mice, which have been fed with a high-fat diet (60% fat) for 6 months, were supplemented
with hGH (0.05 mg/kg/day) or PBS for 2 weeks. B.D.L., below the detection limit (less than 4 pg/ml). n = 8. *P < 0.05 compared to the value of control.
(B) The plasma IGF-1 levels in the mice supplemented with hGH (GH) or PBS (control). n = 8. *P < 0.05 compared to the value of control. (C) Insulin
tolerance test in the mice supplemented with hGH (@) or PBS alone (O). The blood glucose levels were monitored at 0, 30, and 60 min after injection of
human insulin. # = 8. *P < 0.05 compared to the value of the control. (D) The TLR2 mRNA expression in mesenteric fat tissues of the mice supplemented
with hGH (GH) or PBS (control). Normal, mice fed with a normal diet. High fat, mice fed with a high-fat diet. n = 8. “P < 0.05 compared to the value of
the control. (E) Flow cytometric analyses of TLR2/TNF-o co-expressing adipocytes in the fat tissues of mice supplemented with hGH (GH) or PBS
(control). Single adipocytes were prepared from mesenteric fat, and analyzed by FACS Calibur. The averaged populations of TLR2/TNF-a co-expressing

adipocytes in the total cells (50,000 cells) were expressed (n = 8).

significantly and largely inhibited in the GH group in com-
parison to that in the control group (Fig. 1E). These results
strongly suggest that low-dose GH supplementation
reduces the increase in the population of TLR2/TNF-a
co-expressing adipocytes in mesenteric fat, as well as reduc-
ing insulin resistance, in mice fed a high-fat diet.

Neutralization of IGF-1 abolishes the effect of low-dose GH
supplementation on the decrease in the number of TLR2/
TNF-o-coexpressing adipocytes

We next analyzed the effect of neutralization of IGF-1, an
effector of GH actions for the regulation of insulin sensitiv-
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ity, on the decrease in population of TLR2/TNF-a co-
expressing adipocytes in visceral fat by low-dose GH supple-
mentation. For this purpose, we established the hGH-
expressing mice using cell transplantation methods as
described [9]. The hGH-overexpressing 3T3-L1 preadipo-
cytes were subcutaneously implanted into BALB/c nude
mice (GH mice). The plasma GH concentrations increased
4 weeks after the implantation of hGH-overexpressing
3T3-L1 preadipocytes were significantly higher in the GH
mice than those in the mock-implanted mice (mock mice)
(322 £ 165 pg/ml vs 136 £ 128 pg/ml, P <0.05). The
plasma IGF-1 concentrations were significantly higher in
the GH mice than in the mock mice (323 & 71 ng/ml vs
267 + 19 ng/ml, P <0.05) (Fig. 2A). The blood glucose lev-
els 30 min after insulin loading were significantly decreased
in the GH mice in comparison to those in the mock mice
(Fig. 2B). In accordance with the decreased insulin sensitiv-
ity, the plasma triglyceride levels were significantly lower in
the GH mice in comparison to those in the mock mice
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(Fig. 2C). The pretreatment of mice with anti-IGF-1 anti-
body cancelled the ameliorating effect of GH on the insulin
resistance (Fig. 2B). The TLR2 mRNA expression levels of
visceral fat were significantly lower in the GH mice than
those in the mock mice, and anti-IGF-1 antibody treatment
significantly increased the TLR2 mRNA expression levels to
those expressed in the mock mice (Fig. 2D). Therefore, circu-
lating IGF-1 is important for the effect of the low-dose GH
supplementation on the high-fat-induced insulin resistance
in mice.

IGF-1, not GH, inhibits FFA-induced TLR2 and TNF-o. gene
expressions in 3T3-L1 adipocytes

Two different mouse models fed with a high-fat diet
showed that low-dose GH supplementation suppresses the
population of TLR2/TNF-a co-expressing adipocytes in vis-
ceral fat, and possibly the amelioration by GH supplementa-
tion is mediated by the effects of increased plasma IGF-1.

B
150 |-
@
$3 100
2 g 1
8T 50t *
o
0 I |
30 60
Time after administration (min.)
D
2 N.S.
g ‘ * * ‘
Es | |
g
<2 1t
Z 3
ES
o™~
14
A
0
GH - + +
IGF-1 Ab - - +

Fig. 2. Effects of IGF-1 neutralization on the actions of low-dose GH supplementation using cell transplantation models. Male BALB/c nude mouse was
subcutaneously injected with 10° cells of hGH-overexpressing 3T3-L1 preadipocytes. A high-fat diet was started at a week after cell implantation, and
continued for 3 weeks. (A) The plasma IGF-1 levels in the mice implanted with hGH-overexpressing cells (GH) or mock cells (Control). n = 6. "P < 0.05 in
comparison to the value of the control. (B) Insulin tolerance test in the mice implanted with hGH-overexpressing cells or with the mock cells (O). The mice
implanted with hGH-overexpressing cells were injected with normal goat (@) or anti-mouse IGF-1 antibody (A). Blood glucose levels were monitored at 0,
30, and 60 min after intraperitoneal insulin injection. n = 6. P < 0.05 compared to the value of the control. (C) The plasma triglyceride levels in the mice
implanted with hGH-overexpressing cells (GH) or mock cells (control). n =6. *P <0.05 compared to the value of the control. (D) TLR2 mRNA
expression in mesenteric fat of the mice implanted with hGH-overexpressing cells or PBS alone. Anti-mouse IGF-1 antibody or normal goat IgG was
injected after transplantation of hGH-overexpressing cells. 7 = 6. *P < 0.05 compared to the value of the control. N.S., not significant.
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Therefore, in order to know the role of IGF-1 in the regula-
tion of TLR2/TNF-a co-expressing adipocytes, we analyzed
the effects of IGF-1 on the TLR2 and TNF-a mRNA expres-
sions in 3T3-L1 adipocytes (Fig. 3A). The TNF-o mRNA
level was increased by the stimulation of a mixture of myris-
tic and palmitic acids [4]. The incubation of 3T3-L1 cells with
hGH did not inhibit the increased expression of TNF-a by
FFAs. In contrast, IGF-1 completely inhibited the FFA-
induced increase in TNF-a mRNA expression. Further-
more, IGF-1 almost inhibited all of the FFA-induced
TLR2 mRNA expression in 3T3-L1 adipocytes. A flow
cytometry analysis of single adipocytes prepared from 3T3-
L1 adipocytes showed that the FFA-induced increase in
the population of TLR2/TNF-a co-expressing adipocytes
was largely inhibited by the incubation with IGF-1
(Fig. 3B). These results are in consistent with the observa-
tions made using in vivo models (see Figs. 1 and 2), thereby
suggesting that IGF-1, not GH, reduces the number of
TLR2/TNF-a co-expressing adipocytes in visceral fat.

Low-dose GH supplementation reduces the TLR2 mRNA
expression of visceral fat before an obvious change of fat
volume in obese mice

We finally examined the effect of low-dose GH supple-
mentation on TLR2 mRNA expression in visceral fat in
obese mice in order to know the relationship of TLR2
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expression and fat volume in visceral fat. The plasma
IGF-1 concentration significantly increased in ob/ob mice
supplemented with low-dose GH (GH-ob) in comparison
to ob/ob mice in the absence of supplementation (con-
trol-ob) (Fig. 4A). Measurements of the fat volume using
a CT scan showed no significant difference in either the vis-
ceral or the subcutaneous fat volume between the GH-ob
and the control-ob mice (Fig. 4B). In contrast, the TLR2
mRNA expression levels of visceral fat tissue were signifi-
cantly decreased in the GH-ob mice in comparison to those
in the control-ob mice (Fig. 4C). These results indicate that
low-dose GH supplementation caused the decrease in
TNF-a expression in the visceral fat before the obvious
change in the visceral fat volume in the obese mice.

Discussion

An abnormal expression of cytokines in adipocytes, par-
ticularly in the visceral regions, causes the onset of meta-
bolic syndrome through the development of insulin
resistance [2]. We have shown that TNF-a expression is
induced in adipocytes accumulated in the visceral, and
not in the subcutaneous, regions, using a cell transplanta-
tion model [3]. The TNF-a expression in the visceral fat
is closely associated with the increased population of
TLR2/TNF-a co-expressing adipocytes in response to a
high-fat intake [4]. The identification of the TLR2/TNF-
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Fig. 3. Effects of GH or IGF-1 on FFA-induced TLR2 and TNF-expressions in 3T3-L1 adipocytes. (A) Serum-starved 3T3-L1 adipocytes treated with
1 mM FFA in the presence or absence of hGH or IGF-1 for 8 h. Quantitative RT-PCR was used to measure the expression level of TNF-a gene or TLR2
gene n = 6. "P < 0.05. (B) Flow cytometric analyses of TLR2/TNF-a co-expressing adipocytes in 3T3-L1 adipocytes. Serum-starved 3T3-L1 adipocytes
treated with 1 mM FFA in the presence or absence of IGF-1 for 8 h, and analyzed by FACS Calibur. The averaged populations of TLR2/TNF-a co-
expressing adipocytes in the total cells (20,000 cells) were expressed (n = 3). “P < 0.05.



86 Y. Kubota et al. | Biochemical and Biophysical Research Communications 368 (2008) 81-87

>
g
I

400

300

200

100

Plasma IGF-1 (ng / ml)

Control

-
o
1

N. S.
I I

Fat volume (x103 mm3) @
)
I

Control GH
Visceral fat
C
§ 1.5}
€ m
Q2
T e 10}
[*]
g
OEE L)
S o5
&
(=
Control

*

GH

Control GH
Subcutaneous fat

GH

Fig. 4. Effects of low-dose hGH supplementation on the fat volume and TLR2 mRNA expression of visceral fat. Male ob/ob mice were supplemented
with hGH (0.5 mg/kg/day) (GH) or PBS (Control) for 4 weeks. (A) The plasma mouse IGF-1 concentration was measured. n = 7. P < 0.05. (B) Visceral
or subcutaneous fat volumes at 4 weeks after administration of hGH or PBS alone was measured by using CT. n=7. "P < 0.05. (C) The TLR2 mRNA
expression levels in mesenteric fat tissue were measured by RT-PCR. n= 7. “P < 0.05.

o co-expressing adipocytes as a regulator of TNF-a expres-
sion in the visceral fat suggested that the regulation of the
occurrence of pathogenic adipocytes in the visceral fat is
important for the improvement of TNF-a-mediated insulin
resistance.

Low-dose GH supplementation research has recently
focused on the regulation of insulin resistance accompanied
by visceral obesity. Yuen et al. found that low-dose GH
therapy (0.1 mg/day) improved insulin sensitivity in GH-
deficient adults and also notably in subjects with the meta-
bolic syndrome [7]. Johansson showed that GH treatment

of obese men reduces the abdominal fat mass, and
improved the accompanied metabolic abnormalities [6].
These clinical studies indicate that low-dose GH supple-
mentation is potentially beneficial for metabolic abnormal-
ities accompanied by visceral obesity, in contrast to the
glucose intolerance due to the GH overproduction in acro-
megaly. In this context, there are relevant studies regarding
the heterogenous effect of GH on metabolic abnormalities
using animal models [13,14]. Based on this background, we
performed this study in order to clarify the mechanism for
the effect of low-dose GH supplementation on insulin resis-
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tance, particularly through the regulation of the population
of TLR2/TNF-a co-expressing adipocytes, which has been
shown to be related to high-fat-induced insulin resistance
[4]. A flow cytometry analysis clearly showed that continu-
ous low-dose GH supplementation reduced the population
of TLR2/TNF-a co-expressing adipocytes in visceral
regions, and improved insulin resistance. These results
using high-fat fed mice are inconsistent with the above clin-
ical observations in obese subjects [6]. We then studied the
mechanism of low-dose GH supplementation-mediated
inhibition of high-fat induced TLR2 and TNF-a expres-
sions in visceral fat using another model. The GH contin-
uously supplemented from the subcutaneously implanted
cells reduced the high-fat induced insulin resistance, and
the effect was abolished by the neutralization of IGF-1, a
mediator of GH action [15]. The cancellation of GH-med-
iated action was also observed in the inhibition of TLR2
expression in the visceral fat. Thus, our study showed that
IGF-1 was a key molecule in the low-dose GH supplemen-
tation for the regulation of TLR2 and TNF-a expressions
in visceral fat. The results obtained from cultured adipo-
cytes supported the role of IGF-1 in the effect of low-dose
GH supplementation.

The effect of IGF-1 on apoptosis and adipogenesis have
been shown in primary cultured adipocytes [16,17]. Our
results suggested that TLR2 is one of the genes regulated
by IGF-1 in 3T3-L1 cells. The induction of TLR2 expres-
sion in high-fat intake could be protected by low-dose
GH supplementation through the effect of IGF-1 on vis-
ceral adipocytes. The study using ob/ob mice suggested
that the effect of IGF-1 on the suppression of TLR2 expres-
sion is not necessarily linked to the changes in visceral fat
volume. The identification of IGF-1 as a regulator of
TLR2 mRNA expression in adipocytes may contribute to
the elucidation of the heterogenous functions of GH in var-
ious metabolic states. Recent clinical trials suggested that
the effects of low-dose GH supplementation are mediated
by its ability to increase IGF-1 without the induction of
lipolysis [18]. The studies of IGF-1-mediated function on
visceral adipocytes may be important for the further thera-
peutic application of low-dose GH (or IGF-1) supplemen-
tation in patients with metabolic syndrome and insulin
resistance.
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