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Effects of Pioglitazone on Suppressor of Cytokine

Signaling 3 Expression

Potential Mechanisms for Its Effects on Insulin Sensitivity

and Adiponectin Expression

Yukiko Kanatani,' Isao Usui,' Ken Ishizuka,! Agussalim Bukhari," Shiho Fujisaka,*
Masaharu Urakaze,' Tetsuro Haruta,' Tadamitsu Kishimoto,? Tetsuji Naka,?

and Masashi Kobayashi'

Pioglitazone is widely used for the treatment of diabetic
patients with insulin resistance. The mechanism of piogli-
tazone to improve insulin sensitivity is not fully under-
stood. Recent studies have shown that the induction of
suppressor of cytokine signaling 3 (SOCS3) is related to
the development of insulin resistance. Here, we examined
whether the insulin-sensitizing effect of pioglitazone af-
fects the SOCS induction. In db/db mice and high-fat—fed
mice, expression of SOCS3 mRNA in fat tissue was in-
creased compared with that in lean control mice, and
pioglitazone suppressed SOCS3 levels. In 3T3-L1 adipo-
cytes, mediators of insulin resistance such as tumor necro-
sis factor-a (TNF-«a), interleukin-6, growth hormone, and
insulin increased SOCS3 expression, which was partially
inhibited by pioglitazone. The ability of pioglitazone to
suppress SOCS3 induction by TNF-a was greatly aug-
mented by peroxisome proliferator-activated receptor vy
overexpression. SOCS3 overexpression and tyrphostin
AG490, a Janus kinase 2 inhibitor, or dominant-negative
STAT3 expression partially inhibited adiponectin secre-
tion and was accompanied by decreased STAT3 phosphor-
ylation. Conversely, pioglitazone increased adiponectin
secretion and STAT3 phosphorylation in fat tissue of db/db
mice and in 3T3-L1 adipocytes. These results suggest that
pioglitazone exerts its effect to improve whole-body insulin
sensitivity in part through the suppression of SOCS3,
which is associated with the increase in STAT3 phosphor-
ylation and adiponectin production in fat tissue. Diabetes
56:795-803, 2007

From 'The First Department of Internal Medicine, Faculty of Medicine,
University of Toyama, Toyama, Japan; the 2Osaka University Graduate School
of Frontier Bioscience, Osaka, Japan; and the *Laboratory for Immune Signal,
National Institute of Biomedical Innovation, Osaka, Japan.

Address correspondence and reprint requests to Isao Usui, MD, PhD, The
First Department of Internal Medicine, University of Toyama, 2630 Sugitani
Toyama 930-0194, Japan. E-mail: isaousui-tym@umin.ac.jp.

Received for publication 26 July 2006 and accepted in revised form 26
November 2006.

GAPDH, glyceraldehyde-3-phosphate dehydrogenase; IRS, insulin receptor
substrate; JAK, Janus kinase; MAP, mitogen-activated protein; PPARvy, perox-
isome proliferator—activated receptor vy; SOCS, suppressor of cytokine signal-
ing; TNF-«, tumor necrosis factor-o; TZD, thiazolidinedione.

DOI: 10.2337/db06-1039

© 2007 by the American Diabetes Association.

The costs of publication of this article were defrayed in part by the payment of page
charges. This article must therefore be hereby marked “advertisement” in accordance
with 18 U.S.C. Section 173% solely to indicate this fact.

DIABETES, VOL. 56, MARCH 2007

nsulin resistance is an important and cardinal factor
for type 2 diabetes, metabolic syndrome, and obesity
(1-3). Although the precise mechanisms underlying
insulin resistance remain uncertain, a large body of
evidence has accumulated in the past decade implicating
activators of inflammatory signaling cascades as potential
mediators of insulin resistance. Pro-inflammatory cyto-
kines, fatty acids, amino acids, cellular stress, angiotensin
II, and hyperinsulinemia, which are known to cause insulin
resistance, activate serine/threonine (Ser/Thr) kinases,
such as IkB kinase, jun NH,-terminal kinase, and mTOR/
S6K1 (4-7). The Ser-phosphorylated insulin receptor sub-
strate (IRS) has been reported to become a poor substrate
for insulin receptor tyrosine kinase or to become a good
substrate for a ubiquitin-proteasome degradation system,
thereby attenuating downstream insulin signaling.

In addition, the suppressor of cytokine signaling (SOCS)
proteins plays a pivotal role in the pathogenesis of meta-
bolic disorders (8-10). SOCSs were originally cloned as
inducible proteins that participate in a negative feedback
loop in cytokine signaling (11-13). The SOCS protein
family consists of eight members that have characteristic
SH2 domains and COOH-terminal SOCS boxes. SOCS
suppresses insulin signaling and cytokine signaling
(8,9,14-16) through the direct association with insulin
receptor (9), IRSs (8), and Janus kinase (JAK) (10).
Furthermore, SOCS enhances ubiquitination of IRS, result-
ing in the enhanced ubiquitin-proteasomal degradation of
IRS (8). This mechanism is active in vivo as well as
overexpression of SOCS3 in mouse fat tissues elicits local
insulin resistance (17). In contrast, tyrosine phosphoryla-
tion of IRS-1 is increased in SOCS1 knockout mice (18,19).
The depletion of SOCS1/3 expression in the liver using a
SOCS1/3 antisense oligonucleotide leads to not only in-
creased insulin signaling in the liver but also improved
insulin sensitivity as measured by insulin tolerance testing
(10).

Pioglitazone, a thiazolidinedione, is widely used for the
diabetic patients with insulin resistance. It is well known
that pioglitazone ameliorates insulin resistance via the
activation of peroxisome proliferator-activated receptor vy
(PPARY). Because PPARY is predominantly expressed in
fat tissue, pioglitazone may act mainly in fat tissue. How-
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ever, glucose uptake by fat tissue is only a small part of the
total-body glucose disposal, and several hypotheses have
been raised as the mechanisms for the insulin-sensitizing
effects of pioglitazone. First, pioglitazone increases fatty
acid uptake and storage in fat tissues and decreases fatty
acid in skeletal muscle and liver. As a result, insulin
resistance due to the fat accumulation in skeletal muscle
and liver is ameliorated (20,21). Second, pioglitazone
increases the number of small adipocytes and induces
apoptosis of large adipocytes. Secretion of adiponectin
mainly from small adipocyte increases, whereas pro-
inflammatory cytokines or fatty acids in particular from
large adipocytes decline. Through these changes in secre-
tion of these adipocytokines, pioglitazone modulates
whole-body insulin sensitivity not only locally in fat tissue
(22,23). Third, because a small number of PPARy are
expressed in muscle or liver, pioglitazone may directly
improve insulin sensitivity in the organs except for the fat
tissue. Therefore, to understand the mechanisms of in-
creased insulin sensitivity by pioglitazone, one must con-
sider both direct effects in insulin target tissues and
indirect effects through altered adipokine production from
fat tissues.

The effect of pioglitazone treatment on SOCS-induced
insulin resistance has not been extensively studied. In the
current study, we examined the effects of pioglitazone on
SOCS3 expression, STAT3 phosphorylation, adiponectin
production, and insulin sensitivity.

RESEARCH DESIGN AND METHODS

Monoclonal anti-phosphotyrosine antibodies (PY 20) were purchased from
Transduction Laboratories (Lexington, KY). Anti-myc antibody was from
Upstate Biotechnology (Lake Placid, NY). Anti-phospho-Akt, anti-STATS,
anti-phospho-STAT3, and anti-actin antibodies were from Cell Signaling
Technology (Beverly, MA). Anti-SOCS3 antibody was from Immuno-Biological
Laboratories (Gunma, Japan). Interleukin (IL)-6 and growth hormone (GH)
were from Sigma (St. Louis, MO). AG490 was from Sigma. Mouse Adiponectin
ELISA kit was from R&D Systems (Minneapolis, MN). IL-1a and TNF-a were
provided by Dainippon Pharmaceutical (Osaka, Japan). Pioglitazone was a gift
of Takeda Pharmaceutical (Osaka, Japan).

Cell culture. Murine 3T3-L1 cells were obtained from American Type Culture
Collection (Manassas, VA). Briefly, after confluence, cells were left for 2 more
days in Dulbecco’s modified Eagle’s medium/high glucose supplemented with
100 units/ml streptomycin and 10% fetal bovine serum in a 10% CO,, environ-
ment. Differentiation was induced by changing the culture medium to the
same one containing 0.5 mmol/l 3-isobutyl-1 methylxanthine, 1 pmol/l dexa-
methasone, and 1 pmol/l insulin for 3 days, followed by the culture in the
medium containing 0.8 pmol/l insulin for another 3 days. The medium was
changed every 3 days. The cells were used for experiments 14-16 days after
the induction of differentiation.

Adenovirus vectors. Adenovirus vectors containing cDNAs encoding wild-
type PPARy and PPARy S112A, in which Serl12 is replaced with Ala, were
constructed as previously described (24). A virus vector encoding -galacto-
sidase (LacZ) was used as a control (24). Adenovirus vectors encoding
myc-tagged SOCS1 and SOCS3 were provided by Dr. Naka (Osaka University,
Osaka, Japan). Adenovirus vectors encoding dominant-negative STAT3 were
provided by Dr. Kunisada (Osaka University, Osaka, Japan) (25). Differenti-
ated 3T3-L1 adipocytes were infected with adenovirus 48 h before the
experiments.

Quantitative RT-PCR. Total RNA was extracted from 3T3-L1 adipocytes or
mouse tissues using an ISOGEN kit or a RNeasy kit, respectively. Quantitative
RT-PCR was conducted according to the manufacturer’s protocol (Applied
Biosystems, Foster City, CA). Briefly, we synthesized cDNA using oligo (dT)
primers with the TagMan Reverse Transcription Reagents. Reverse-tran-
scribed cDNA was mixed with PCR Master Mix and gene-specific Assays-on-
Demand Gene Expression Products and amplified on an ABI PRISM 7700
(Applied Biosystems). Results were normalized against glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) gene expression.

Animals. Six-week-old C57BLKS/J db/db mice, C57BLS/J db/+m mice, and
CH7BL/6J mice were purchased from Clea Japan (Tokyo, Japan). All animals
were housed on a 12-h light-dark cycle. In the experiments, on high-fat-fed
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mice, C57BL/6J mice were fed a standard chow or a high-fat diet (Quick Fat;
Clea Japan) for 12 weeks. Pioglitazone (10 mg - kg ™! - day ') was mixed with
the food and orally administered to db/db mice or high-fat-fed mice for 2
weeks. All protocols for animal use and euthanasia were approved by Guide
for Animal Experiments of University of Toyama.

Western blotting and immunoprecipitation analysis. For animal experi-
ments, human insulin (5 units/kg) was injected intraperitoneally. Epididymal
fat pad, liver, and quadriceps muscles were removed at 10 min after injection.
These tissues were homogenized for 1 min at 4°C in lysis buffer containing 25
mmol/1 Tris-HC1 (pH 7.4), 10 mmol/l Na,VO,, 100 mmol/l NaF, 50 mmol/l
Na,P,0;, 10 mmol/l EGTA, 10 mmol/l EDTA, 5 mg leupeptin/ml, 5 mg
aprotinin/ml, 2 mmol/l phenylmethylsulfonyl fluoride, and 1% Nonidet-P 40.
3T3-L1 adipocytes were lysed in a cell-solublizing buffer containing 30 mmol/l
Tris, pH 7.4, 150 mmol/l1 NaCl, 10 mmol/l EDTA, 1% Nonidet-P40, 1 mmol/l
phenylmethylsulfonyl fluoride, 10 wg/ml aprotinin, 1 pmol/]1 leupeptin, 1
mmol/1 Na,;VO,, and 50 mmol/l NaF. For immunoprecipitation, whole-cell
lysates were centrifuged at 4°C for 20 min to remove the insoluble materials.
Western blot and immunoprecipitation were performed as described previ-
ously (7).

Quantification of adiponectin secretion. The amounts of adiponectin in
culture medium for 3T3-L1 adipocytes or in mouse serum were measured
using Quantikine Mouse Adiponectin/Acrp30 Immunoassay kit according to
the manufacturer’s instruction (R&D Systems). The absorbance was measured
by Labsystem iEMS Reader MF (Labsystems, Franklin, MA).

Statistical analysis. All data are presented as means * SE. The statistical
comparison between the groups was carried out using ANOVA or Student’s ¢
test. P values <0.05 were considered statistically significant.

RESULTS

Pioglitazone decreases SOCS3 expression in epidid-
ymal fat of db/db mice and high-fat—fed mice. We first
examined the expression levels of SOCS3 mRNA in insulin
target tissues of db/db mice. As recently reported in db/db
mice and high-fat-fed mice (9,14,16), SOCS3 mRNA level
in epididymal fat tissues of 8-week-old db/db mice was
increased to 2.7-fold of that in control C57BL/6J mice.
After the oral administration of pioglitazone for 2 weeks,
SOCS3 mRNA was decreased by ~50% of that in epididy-
mal fat tissues of db/db mice without pioglitazone (Fig.
1A). In the liver, whereas baseline SOCS3 expression of
db/db mice was not increased compared with control lean
mice, it was decreased by pioglitazone (Fig. 1B). In
quadriceps muscle, no changes were observed between
pioglitazone-treated and nontreated animals (Fig. 1C). The
expression of SOCS3 in high-fat-fed mice was also
changed by pioglitazone, in a manner similar to the
changes seen in the db/db mice. SOCS3 expression in
epididymal fat of high-fat-fed mice was increased com-
pared with that in control mice fed standard diet and was
decreased by pioglitazone administration (Fig. 1D). No
changes of SOCS3 expression were observed in either liver
or skeletal muscle of high-fat—-fed mice, and subsequent
pioglitazone treatment did not alter SOCS3 mRNA in these
tissues (data not shown). We confirmed the previous
reports that the same treatment with pioglitazone for 2
weeks improved the glucose profile during intraperitoneal
glucose tolerance test and intraperitoneal insulin toler-
ance test in db/db mice (data not shown). Pioglitazone
treatment also restored Akt phosphorylation in fat, liver,
and skeletal muscle of db/db mice (data not shown), as
reported recently (26,27).

SOCS3 is induced by various causes of insulin resis-
tance in 3T3-L1 adipocytes. Small molecule mediators
of insulin resistance may have as a common mechanism
the ability to increase the expression of SOCS proteins in
insulin target tissues. Thus, we examined the effects of the
representative mediators for insulin resistance on the
induction of SOCSs in cultured 3T3-L1 adipocytes. All the
stimuli, including IL-6, GH, TNF-a, and insulin, enhanced
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FIG. 1. Effects of pioglitazone on SOCS3 expression in insulin target tissues of db/db mice and high-fat-fed mice. SOCS3 mRNA in epididymal fat
of db/db mice (A), liver of db/db mice (B), quadriceps muscles of db/db mice (C), and epididymal fat of high-fat—fed mice (D). Results are shown
as means = SE from eight independent experiments. *P < 0.05 by ANOVA.

the expression of mRNAs for SOCS1 and SOCS3. Interest-
ingly, the induction patterns of SOCS3 were varied among
the mediators, e.g., the maximal induction was observed at
the different time points (data not shown).

Pioglitazone inhibits SOCS3 induction in a PPARYy-
dependent manner. So far, it has not been clarified
whether thiazolidinedione can prevent increases in SOCS
expression by insulin-desensitizing agents. To examine
this issue, we evaluated the effect of pioglitazone on
SOCS3 and SOCSI1 induction in 3T3-L1 adipocytes. SOCS3
mRNA induced by the stimulations with 1-h IL-6, 1-h GH,
8-h TNF-«, and 2-h insulin were suppressed by the pre-
treatment with 10 pmol/l pioglitazone by 35, 49, 53, and
61%, respectively (Fig. 24). In contrast, pioglitazone did
not change the SOCS1 mRNA level induced by the same
stimuli (Fig. 2B). Figure 2C shows a dose-dependent effect
of pioglitazone on the suppression of SOCS3 mRNA level
induced by TNF-a. Although the suppression by pioglita-
zone was dose dependent, the maximal suppressive effect
was partial. Because of this partial response, we wondered
whether the level of PPARY protein present in the target
tissue influenced that the response of the tissue to piogli-
tazone treatment. Pioglitazone is reported to exert its
various functions mainly through the PPAR+y-dependent
mechanisms (23,28). Therefore, we next examined the
involvement of PPARy in reducing SOCS3 expression by
pioglitazone by overexpressing exogenous PPAR<y pro-
teins. Expression of wild-type PPARy alone did not affect
TNF-a—induced SOCS3 expression, but wild-type PPAR~y
clearly enhanced the ability of pioglitazone to suppress
SOCS3 induction at an almost complete level (90% of
suppression) (Fig. 2D). Mitogen-activated protein (MAP)
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kinase is known to phosphorylate Ser112 on PPARy to
decrease PPARYy transcriptional activity, when it is acti-
vated by TNF-a stimulation. Thus, we used an adenovirus
vector encoding a mutant PPARy, in which Serll2 is
replaced by Ala, which cannot be phosphorylated by MAP
kinase (S112A-PPARv). In contrast to wild-type PPARYy,
S112A-PPARv expression inhibited TNF-a—induced SOCS3
expression by itself, which was further suppressed by
pioglitazone. This result suggests that the reason for the
failure of wild-type PPARYy to suppress SOCS3 expression
may be the phosphorylation on Serl12 by TNF-a. Taken
together, these results further suggest the involvement of
active PPARy in the inhibition of SOCS3 induction by
pioglitazone.

SOCS3 partially inhibits adiponectin production by
inhibiting STAT3 pathway. Adiponectin is an adipokine
that is secreted from fat tissue and antagonizes pro-
inflammatory signals. To test the hypothesis that SOCS3
expression in fat cells may affect insulin sensitivity in the
other tissues, we examined whether altered expression of
SOCS3 affects adiponectin production in 3T3-L1 adipo-
cytes. The concentration of adiponectin in the original
culture media with 10% FCS was negligible, which became
detectable by our enzyme-linked immunosorbent assay
detection kit after culturing with fully differentiated 3T3-L1
adipocytes for >24 h. Overexpression of SOCS3 by ade-
novirus vectors significantly lowered the concentration of
adiponectin in the media cultured with the cells for 72 h to
~70% of the control without SOCS3 overexpression (Fig.
3A). In contrast, adenovirus-mediated SOCS1 overexpres-
sion, which was much more than the maximal induction of
endogenous SOCS1 by TNF-a (data not shown), did not
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FIG. 2. Effects of pioglitazone or PPARy overexpression on SOCS3 induction in 3T3-L1 adipocytes. A and B: Effect of pioglitazone on SOCS3
mRNA (A) and SOCS1 mRNA (B) induced by IL-6, GH, TNF-«, and insulin. C: Dose-dependent effect of pioglitazone on SOCS3 mRNA induced by
TNF-a. D: Effect of PPARyY and/or pioglitazone on SOCS3 mRNA induced by TNF-a. Differentiated 3T3-L1 adipocytes were infected with
adenovirus vectors encoding B-galactosidase (LacZ), wild-type PPARYy, or S112A-PPARY for 2 days. Data were normalized to GAPDH and shown
relative to untreated cells. Results are shown as means = SE from three independent experiments. *P < 0.05; **P < 0.01.

affect the concentration of adiponectin (Fig. 3A). Quanti-
tative RT-PCR analysis confirmed that SOCS3 overexpres-
sion suppressed adiponectin expression at mRNA level
(Fig. 3B). However, overexpression of SOCS3 did not
affect STAT3 protein level, but it completely inhibited
STAT3 phosphorylation (Fig. 3C).

Because SOCS3 is an endogenous inhibitor of JAK2-
STATS3 pathway, these findings suggested that inactivation
of JAK2-STAT3 pathway may be involved in the partial
inhibition of adiponectin production by SOCS3 overex-
pression. To test this possibility, we next examined the
effect of tyrphostin AG490, a specific inhibitor of JAK2, on
adiponectin level. As expected, AG490 completely inhib-
ited phosphorylation of JAK2 and STATS (Fig. 4C). AG490
also suppressed the expression of adiponectin at the
protein level (Fig. 44) and at the mRNA level (Fig. 4B) in
a dose-dependent manner. To directly investigate the roles
of STATS, the effects of adenovirus-mediated overexpres-
sion of a dominant-negative STAT3 on adiponectin produc-
tion was examined. Secreted adiponectin and adiponectin
mRNA were reduced by dominant-negative STAT3 overex-
pression in an multiplicity of infection-dependent manner
(Fig. 4D and E). Expression of dominant-negative STAT3
almost completely inhibited STAT3 phosphorylation (Fig.
4F), but the inhibitory effects of dominant-negative STAT3
on adiponectin production were less potent than those of
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SOCS3 overexpression or JAK2 inhibitor on adiponectin
production (Figs. 3 and 4A-C).

Pioglitazone increases tyrosine phosphorylation of
STATS3 in parallel with increased adiponectin levels,
both in 3T3-L1 adipocytes and in db/db mice. Finally,
we examined the effects of pioglitazone on adiponectin
production and SOCS3 expression in vitro and in vivo. In
contrast to the effect of JAK2 inhibitor or expression of
dominant-negative STAT3, pioglitazone increased adi-
ponectin expression at the protein level (Fig. 5A) and at
the mRNA level (Fig. 5B) in a dose-dependent manner,
which was paralleled with the increased STAT3 phosphor-
ylation (Fig. 5C) in 3T3-L1 adipocytes. Furthermore, oral
administration of pioglitazone for 2 weeks increased se-
rum adiponectin concentration (Fig. 56D) and mRNA of
adiponectin in epididymal fat (Fig. 5E) of db/db mice with
increased tyrosine phosphorylation of STAT3 in the fat
tissue (Fig. 5F).

DISCUSSION

Recent studies have shown that SOCS proteins may impair
insulin signaling and glucose metabolism in experiments
with cultured cells (8,9) or mouse models (10) overex-
pressing SOCS proteins. In addition, when the expression
of SOCS is suppressed in knockout mice or in mouse
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models treated with an antisense oligonucleotide for SOCS
gene, insulin sensitivity is improved (10,19). In this study,
we now show that the expression of endogenous SOCS3 is
increased in fat tissues of insulin-resistant mice (Fig. 1)
and in 3T3-L1 adipocytes treated with cytokines or hor-
mones known to induce insulin resistance (Fig. 2) as
previously reported (9,14,16,29). The synthetic insulin
sensitizer, pioglitazone, suppresses the expression of
SOCS3 and improves insulin sensitivity in these in vivo and
in vitro insulin-resistant models via PPARy-dependent
mechanisms. These results indicate that altered expres-
sion levels of endogenous SOCS3 in fat cells may modulate
insulin sensitivity in conditions associated with insulin
resistance and that SOCS3 is a target gene, whose expres-
sion is modified by pioglitazone.

In the second half of this study, we have shown that
SOCS3 in fat cells inhibits adiponectin production via
JAK2-STAT3-dependent mechanisms. These results are
very important when we understand how SOCS3 in the fat
tissue regulates whole-body insulin sensitivity, i.e., STAT3
phosphorylation was inhibited in experiments in which
SOCS3 overexpression decreased adiponectin production
(Fig. 3). Additionally, a chemical inhibitor of JAK2 and
expression of dominant-negative STAT3 also inhibited
adiponectin production (Fig. 4). These results suggest that
the physiological activation of JAK2 and, at least in part,
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STAT3 may be necessary for the production of adiponectin
in fat cells and that increased expression of SOCS3 may
decrease adiponectin production by inhibiting this path-
way. The mechanism of how the activation of JAK2-STAT3
is related to adiponectin production is currently unclear.
The consensus sequence of the STATS binding site has not
yet been found in the promoter region of adiponectin gene,
whereas those of several transcription factors, such as
PPARYy, SREBP1-c, and C/EBP, have been reported (30—
32). One of the possibilities is that activation of STAT3
may increase adiponectin mRNA at the step other than the
transcription level, e.g., increasing the stability of mRNA.
Alternatively, STAT3 may indirectly enhance adiponectin
production via enhancing the activity of other transcrip-
tion factors. It should also be noted that the inhibitory
effects of SOCS3, the JAK2 inhibitor, and dominant-nega-
tive STAT3 on adiponectin production were all partial, as
shown in Figs. 3 and 4. This result suggests the involve-
ment of the transcription factors other than STAT3, such
as PPARYy, in the regulation of gene expression of adi-
ponectin. SOCS3 may not inhibit the activation of all these
transcription factors. If so, this not only helps explain the
partial inhibition of adiponectin production by SOCS3,
dominant-negative STAT3, or JAK2 inhibitor (Figs. 3 and
4), but also may account for the small increase in adi-
ponectin production by pioglitazone, which decreased
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Data were normalized to GAPDH and were shown relative to LacZ-infected cells. F: STAT3 phosphorylation. Data were normalized to GAPDH and
were shown relative to control cells. Results are shown as means = SE from three or four independent experiments. *P < 0.05; **P < 0.01

compared with control cells.

SOCS3 expression and enhanced STAT3 phosphorylation
(Fig. bD). The precise mechanisms by which active JAK2-
STATS3 pathway enhances adiponectin production should
be more thoroughly investigated.

We have proposed that increased adiponectin produc-
tion, after pioglitazone-mediated suppression of SOCS3
expression, plays an important role in improved insulin
sensitivity. But in general, SOCS3 regulates signal trans-
duction of many other factors related to insulin sensitivity.
Therefore, improved insulin sensitivity after reduced
SOCS3 expression may not be explained only by increased
adiponectin production. For example, insulin signaling is
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the most important target directly affected by SOCS3
expression among such factors. As reported in several
previous papers, SOCS3 directly inhibits insulin signaling
via the association to insulin receptor or the degradation
of IRS proteins (8,9,14-16). Thus, decreased expression of
SOCS3 by pioglitazone directly leads to the enhancement
of insulin signaling in insulin-target tissues. Furthermore,
some adipokines secreted from adipocytes should also be
considered. We examined the effects of forced expression
of SOCS3 on the production of adiponectin, TNF-o, IL-13,
and IL-6. Only the adiponectin production was signifi-
cantly changed by the forced expression of SOCS3, but the
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FIG. 5. Effects of pioglitazone on STAT3 phosphorylation and adiponectin production in 3T3-L1 adipocytes and in db/db mice. A-C: Differentiated
3T3-L1 adipocytes were treated with the indicated concentrations of pioglitazone for 24 h. A: Adiponectin concentration in the medium. B:
Adiponectin mRNA. C: Tyrosine phosphorylation of STAT3. Data were normalized to GAPDH and shown relative to untreated cells. Results are
shown as means = SE from three independent experiments. *P < 0.05; **P < 0.01. D-F: db/+m control mice or db/db mice (8-weeks old) were
fed standard chow with or without pioglitazone (Pio) for 2 weeks. D: Serum adiponectin levels. E: Adiponectin mRNA of epididymal fat. F: STAT3
phosphorylation. Results are shown as means = SE from four independent experiments. *P < 0.05; **P < 0.01.

others were not (data not shown). Finally, it is highly
possible that SOCS3 negatively regulated leptin signaling
in our system of db/db mice as already reported (33,34).
Unfortunately, we could not test the effects of SOCS3 on
leptin signaling in the current study. It should be examined
in the near future. Moreover, the improvement of insulin
sensitivity by pioglitazone is not fully regulated by the
expression level of SOCS3, but some other possible mech-
anisms are suggested, such as decreases of adipocyte size,
free fatty acid, resistin, and TNF-a (35,36). An increase of
adiponectin observed in our db/db mouse model (Fig. 5D)
is a part of such complex mechanisms by which pioglita-
zone ameliorates insulin sensitivity.
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Adiponectin exists in plasma creating three major oligo-
metric forms: low molecular weight, middle molecular
weight, and a high molecular weight. Thiazolidinediones
(TZDs) are reported to upregulate high-molecular weight
adiponectin predominantly (27). Unfortunately, we could
not examine the effects of pioglitazone on each form of
adiponectin. But it is highly possible that pioglitazone may
increase high-molecular weight adiponectin predomi-
nantly in our experimental system as in the previous
reports. At least two possible mechanisms are recently
reported by which TZDs increase high—-molecular weight
adiponectin, i.e., pioglitazone directly facilitates the gen-
eration of high-molecular weight adiponectin in addition
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to the activation of adiponectin gene transcription (35).
We have demonstrated that pioglitazone increases adi-
ponectin production accompanied by the enhancement of
STATS activation via the reduced expression of SOCS3. It
is not clear whether the present data on STAT3 and SOCS3
are related to the facilitated generation of high—molecular
weight adiponectin. Further studies are necessary to ad-
dress this issue.

A recent study investigated the role of SOCS3 in fat
tissue by creating fat-specific SOCS3 transgenic mice (17).
In these mice, overexpression of SOCS3 in adipose tissue
inhibited local insulin action but improved systemic glu-
cose metabolism with high-fat diet conditions. Adiponec-
tin production was increased, which was accompanied by
the decreased amount of fat tissue. Their data seem quite
different from our current results, in which suppression of
SOCS3 by pioglitazone was observed together with im-
proved glucose metabolism and increased adiponectin
production. The improvement of systemic glucose metab-
olism and the increment of adiponectin observed in these
transgenic mice may be associated with decreased adipo-
cyte cell size as the authors suggested. In their transgenic
mice, insulin sensitivity and adiponectin production may
be regulated by the factors associated with altered adipo-
cyte differentiation. Because the systems are very differ-
ent, their results are not necessarily inconsistent with our
current results.

In conclusion, our results indicate that SOCS3 levels are
increased in the pathological conditions of insulin resis-
tance and that pioglitazone suppresses SOCS3 expression
through the activation of PPARy. Some parts of the
insulin-sensitizing effect of pioglitazone involve its effect
on SOCS3 expression in fat tissue, which is associated
with the enhanced JAK2/STATS3 activity and increased
production of adiponectin, leading to improved whole-
body insulin sensitivity.
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