BJP ot e
R E S EA RC H PA P E R Correspondence

Zhongjie Sun, The Robert &
Mary Cade Laboratory, BMSB

Thyroid hormone Pty IS 0 Cotege
potentiates insulin ?‘m>
signaling and attenuates pizbow, b s
hyperglycemia and insulin et 1, 1 ks
resistance in a mouse model | ...

of type 2 diabetes Revised

19 August 2010
Accepted
14 September 2010

Yi Lin and Zhongjie Sun

Department of Physiology, College of Medicine, University of Oklahoma Health Sciences Center,
Oklahoma City, OK, USA

BACKGROUND AND PURPOSE
The thyroid hormone, triiodothyronine (T3) has many metabolic functions. Unexpectedly, exogenous T3 lowered blood
glucose in db/db mice, a model of type 2 diabetes. Here, we have explored this finding and its possible mechanisms further.

EXPERIMENTAL APPROACH

db/db and lean mice were treated with T3, the phosphoinositide 3- kinase (P13-kinase) inhibitor, LY294002, plus T3, or
vehicles. Blood glucose, insulin sensitivity, levels and synthesis were measured. Effects of T3 on intracellular insulin signaling
were analyzed in 3T3-L1 pre-adipocytes with Western blotting. Knock-down of the thyroid hormone receptor o1 (TRa1) in
3T3-L1 cells was achieved with an appropriate silencing RNA (siRNA).

KEY RESULTS

Single injections of T3 (7 ng-g™' i.p.) rapidly and markedly attenuated hyperglycemia. Treatment with T3 (14 ng-g~'-day', 18
days) dose-dependently attenuated blood glucose and increased insulin sensitivity in db/db mice. Higher doses of T3

(28 ng-g~'-day™") reversed insulin resistance in db/db mice. T3 also increased insulin levels in plasma and the neurogenic
differentiation factor (an insulin synthesis transcription factor) and insulin storage in pancreatic islets in db/db mice. These
anti-diabetic effects of T3 were abolished by the PI3-kinase inhibitor (LY294002). In 3T3-L1 preadipocytes, T3 enhanced
insulin-induced tyrosine phosphorylation of insulin receptor substrate (IRS)-1 and activation of PI3-kinase, effects blocked by
siRNA for TRa1.

CONCLUSIONS AND IMPLICATIONS
T3 potentiated insulin signaling, improved insulin sensitivity, and increased insulin synthesis, which may contribute to its
anti-diabetic effects. These findings may provide new approaches to the treatment of type 2 diabetes.

Abbreviations
IRS, insulin receptor substrate; siRNA, silencing RNA; T2DM, type 2 diabetes; TRo1, thyroid hormone receptor ol

Introduction of the population over the age of 65 has T2DM (Zimmet et al.,
2001). T2DM may result in severe complications, including

Diabetes affects about 150 million people worldwide and this renal failure, blindness, slow wound healings and cardiovas-

figure is expected to be doubled in the next 20 years (Zimmet cular diseases.

et al., 2001). About 90-95% of all North American cases of T2DM is characterized by increased levels of blood

diabetes are type 2 diabetes mellitus (T2DM), and about 20% glucose due to impaired insulin sensitivity (insulin resistance)
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and disrupted insulin secretion (B cell dysfunction) (Das and
Elbein, 2006). Insulin resistance refers to a reduced ability of
insulin to activate its signaling pathways (Das and Elbein,
2006). Insulin binds to the a-subunits of the heterotetrameric
insulin receptor (o,0,B,B), increases flexibility of the activa-
tion loop to allow ATP to enter the catalytic site, and stabi-
lizes the activation loop in the active conformation by
autophosphorylation (Hubbard et al., 1994). The activated
insulin receptor recruits specific substrates such as insulin
receptor substrate 1 (IRS-1) and phosphorylates tyrosine
residue in IRS-1. Tyrosine phosphorylation of IRS-1 coordi-
nates downstream signaling cascades by binding to the SH2
domains in proteins — including phosphoinositide 3-kinase
(PI3-kinase). Many mechanisms contributing to T2DM may
also trigger B-cell apoptosis and reduce B-cell ability to com-
pensate for insulin resistance (Rhodes, 2005). Early failure of
insulin secretion has been found in the pathogenesis of
T2DM (Ferrannini, 1998; Kahn, 2003).

The thyroid hormone triiodothyronine (T3) exhibits an
extensive range of physiological functions, which are related
to the regulation of thermogenesis, metabolism, systemic
vascular resistance, heart rate, renal sodium reabsorption and
blood volume (Klein and Danzi, 2007; Crunkhorn and Patti,
2008). T3 exerts its functions by binding to the thyroid
hormone receptors, TRo.l and TRB1 (receptor nomenclature
follows Alexander et al., 2009). TRal is expressed in heart,
brain, skeletal muscle and adipose tissue, whereas TRB1 is
expressed at higher levels in liver and kidney (Cheng, 2005;
Bryzgalova et al., 2008). TR is a nuclear hormone receptor,
which heterodimerizes with retinoid X receptor, or in some
cases, with itself. The dimers bind to the thyroid response
elements (TREs) in the absence of ligand and act as transcrip-
tional repressors. Binding of T3 to TR de-represses TRE-
dependent genes and induces the expression of various target
genes. It is not known, however, if thyroid hormone has any
effects on insulin resistance and hyperglycemia in T2DM.

In a preliminary project, we found that, in db/db mice, a
strain characterized by mutated leptin receptors, obesity and
hyperglycaemia, the body temperature (34.8 = 0.1°C) was
significantly lower than that of wild-type mice (37.2 = 0.1°C),
indicating that db/db mice could not maintain their body
temperatures. We therefore injected T3 to increase thermo-
genesis in these mice. Unexpectedly, injection of T3 rapidly
decreased blood glucose levels in db/db mice, which led to the
inception of this study. The purpose of this study was to test
the effects of T3 in a mouse model of T2DM. The db/db mice
are generated by genetic mutation of leptin receptors and
have been widely used as a model of T2DM.

Methods

Animals

All animal care and experimental procedures complied with
the guidelines of the National Institutes of Health on the Care
and Use of Laboratory Animals and were approved by the
Institutional Animal Care and Use Committee at the Univer-
sity of Oklahoma Health Sciences Center. BKS.Cg -+ Lepr®/+
Lepr*/OlaHsd mice (db/db mice) and BKS.Cg-m +/+ Lepr®/
OlaHsd (lean mice) (all males, 16 weeks) were purchased from
Harlan (Indianapolis, USA). Three groups of db/db and three
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groups of lean mice were used (five mice per group). Body
weight was monitored daily. All mice were housed individu-
ally in wire-mesh cages at room temperatures (25 = 1°C) and
were provided with Purina laboratory chow (No. 5001) and
tap water ad libitum throughout the experiment.

Effects of T3 on blood glucose in db/db mice

Blood glucose was measured twice from the tail vein blood
during the control period using a Reli On Ultima glucose
reader (Solartek Products, Inc; Alameda, CA). Animals were
fasted for 17 hours before glucose measurement. For testing
the acute effect of T3 on blood glucose, three groups of each
strain received intraperitoneal injections of vehicles (35%
DMSO and PBS), T3 (7 ng-g' b.w. in PBS; Sigma, Saint Louis,
MO) and LY294002 (3 ug-g™* in 35% DMSO; Sigma) plus T3,
respectively. DMSO was the solvent for LY294002. Glucose
levels were monitored before injections and at 60, 120, 180
and 240 min after the injections. For testing the effect of
chronic treatment with T3, the same doses of T3 and
LY294002 were given twice a day (9:00 a.m. and 5:00 p.m.)
for 18 days (14 ng-g'.day’ for T3 and 6 ug-g'.day’ for
LY294002). Animals were further treated with higher doses of
T3 (28 ng-g'-day ') and LY294002 (9 ug-g'-day') for addi-
tional 10 days. Glucose levels were measured twice a week. A
group treated with LY294002 alone was not included because
the db/db mice would die after such treatment due to severe
hyperglycemia.

Insulin sensitivity

Insulin sensitivity test (IST) was performed during weeks 1, 2
and 3 after treatments with T3. Briefly, blood glucose levels
were measured at 0, 20, 40, 60, 80 and 120 min after subcu-
taneous injections of insulin (1.0 U kg™, Sigma).

Rectal temperatures

The rectal temperature was measured weekly before and
during treatments with T3 using a Reli On Digital Thermom-
eter (MABIS Healthcare, Waukegan, IL).

Blood pressure responses to cold exposure
Resting arterial systolic BP and heart rate were measured from
the tail of each unanesthetized mouse using a CODA-6 Blood
Pressure Monitoring system. Blood pressure responses to
acute exposure to cold were tested before and during the
treatments with T3. Briefly, arterial systolic blood pressure
was measured after animals were exposed to a cold chamber
(5°C) for 30 min.

Tissue collections

At the end of week 4 of treatments with T3, animals
were killed with an overdose of sodium pentobarbital
(100 mg-kg', i.p.) and blood was collected in EDTA. Follow-
ing blood collections, animals were perfused transcardially
using heparinized saline. Skeletal muscle and adipose tissue
were collected and stored in —80°C.

Plasma T3

Plasma T3 was measured using a T3 ELISA kit according to the
manufacturer’s instruction (Alpha Diagnostic International,
San Antonio, TX, USA).



Plasma insulin

Plasma insulin levels were measured using an insulin (mouse)
EIA kit according to the manufacturer’s instruction (ALPCO
Diagnostics, Salem, NH, USA).

Immunohistochemistry

Following perfusion, the pancreas was isolated and placed in
4% buffered paraformaldehyde (PFA) for 24 h and then
embedded in paraffin.

For immunohistochemical analysis of insulin in pancre-
atic islets, the paraffin-embedded pancreas of each animal
was cut at 100-um intervals. Fifteen consecutive cross-
sections (5 um) of the whole pancreas were obtained. The
cross-sections were incubated with anti-insulin or anti-
NeuroD polyclonal antibody followed by anti-rabbit biotiny-
lated secondary antibody. Stable diaminobenzidine (DAB)
was used as substrate for peroxidase. Haematoxylin was used
as counterstaining. Insulin staining was quantified using
Image J (NIH freeware) as mean grey value/pixel. The number
of cells with positive insulin-staining in the islet was counted.
Image ] was used to measure the mass size of islet of Langer-
hans by drawing a line along the islet of Langerhans. The
selected area (um? was measured after calibration of the
scale.

NeuroD expression

Lysates of mouse pancreas were directly subjected to SDS-
PAGE followed by Western blotting with antibody against
NeuroD (Santa Cruz, Santa Cruz, CA, USA) and then with an
antibody against B-actin (Santa Cruz) after stripping the blot.
B-actin was used as an internal control.

Cell culture
The 3T3-L1 preadipocytes (ATCC) were cultured in DMEM
(Cell Signaling) supplemented with 10% bovine calf serum,
100 ug-mL™" of streptomycin and 100 U-mL™" of penicillin at
37°C, 5% CO,.

SiRNA transfection

siRNA against mouse TRol (sense: CGCUCUUCCUGGAG-
GUCUUtt; antisense: AAGACCUCCAGGAAGAGCGtt) was
selected, based on previous work (Hassani et al., 2007). siRNA
against mouse TRol was synthesized by Ambion (Austin,
TX, USA). SiPORT Neo™ was used as a transfection reagent
according to the instruction (Ambion). Preadipocytes were
incubated with 90 nM control siRNA (Ambion) or TRoal
siRNA for 54 h and then incubated in DMEM containing
0.03% BSA, no phenol red, and no FCS for 18 h.

Western blotting and Immunoprecipitation

TRol, IRS1 or IRB were measured using Western blots as
described earlier (Sun etal., 2008; Wang and Sun, 2009).
Briefly, confluent preadipocytes were incubated in DMEM
containing 0.03% BSA, no phenol red, and no FCS for 18 h.
Cells were incubated with vehicle or T3 at various concentra-
tions for 15 min and then with vehicle or 10 nM insulin for
5 min. The cells were lysed. Some lysates were directly sub-
jected to SDS-PAGE followed by Western blotting with anti-
body against TRol. Some lysates were immunoprecipitated
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with antibodies against IRS-1 (Santa Cruz) or IRPB (Santa
Cruz). Immunoprecipitates were subjected to SDS-PAGE fol-
lowed by Western blotting with antibody against tyrosine
phosphorylation (Millipore) and then with antibodies against
IRS-1 or IRB (Santa Cruz) after stripping the blot.

PI3-kinase activity
Lysates of preadipocytes, mouse adipose tissue, or mouse
skeletal muscles were immunoprecipitated with antibody
against PI3-kinase (Millipore). PI3-kinase activity in the
immunocomplexes was determined using a PI3-kinase ELISA
kit (Echelon Biosciences).

Data analysis

Plasma T3, plasma insulin levels and PI3-kinase activities
were analyzed by two-way ANOVA (strain x treatments). The
remaining data were analyzed by a repeated measure one-way
ANOVA. The Newman-Keuls procedure was used to reveal dif-
ferences between groups. Data were expressed as mean =*
SEM. A probability value with P < 0.05 was considered statis-
tically significant.

Results

T3 decreased blood glucose levels in

db/db mice

These 16-week old db/db mice were severely hyperglycemic,
with blood glucose up to 5 mg-L™". Surprisingly, a single intra-
peritoneal injection of T3 (7 ng-g’', i.p.) significantly
decreased the fasting blood glucose levels in db/db and lean
mice within 2 h (Figure 1A). Pretreatment with the PI3-kinase
inhibitor (LY294002, 3ug-g') abolished this effect
(Figure 1A). Therefore, T3 had a rapid blood glucose-lowering
effect and this action is PI3-kinase dependent.

Daily injection of T3 at 14 ng-g'-day' decreased the
blood glucose levels dramatically in db/db mice (by =30.4%
on Day 15) (Figure 1B). Interestingly, doubling of the doses of
T3 further reduced the glucose levels in db/db mice (by
=51.9% on Day 25) (Figure 1B). Pre-injection of LY294002 at
the dose of 6 ug-g'-day ' and 9 pug-g'-day ! almost abolished
the glucose-lowering effects of T3 at 14 and 28 ng-g'-day’,
respectively, in db/db mice (Figure 1B). The db/db mice treated
with LY294002 alone died within 2-3 days due to severe
hyperglycemia (data not shown). Chronic treatments with T3
only slightly decreased blood glucose levels in lean mice,
which was also abolished by LY294002 (Figure 1B). These
results suggest that T3 can be used for long-term control of
hyperglycemia in T2DM and these effects are PI3-kinase
dependent.

T3 increased insulin sensitivity in

db/db mice

Insulin sensitivity was decreased in db/db mice (Figure 2A-C).
T3 enhanced insulin sensitivity in db/db mice during weeks 1,
2 and 3 of treatment (Figure 2A-C). It is noted that T3 at
28 ng-g'-day" restored insulin sensitivity (Figure 2C).
LY294002 completely blocked this effect in db/db mice
(Figure 2A-C). These results suggested that T3 can enhance
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Antidiabetic effect of T3 in db/db mice. (A) Acute effect of T3 on blood glucose levels in db/db and lean mice. Three groups of each strain received
i.p. injections of vehicle (35% DMSO and PBS), T3 in PBS (7 ng-g™"), and LY294002 in 35% DMSO (3 ug-g™'") followed by T3 in PBS (7 ng-g™"),
respectively. DMSO is a solvent for LY294002. (B) Chronic effect of T3 on blood glucose levels in db/db and lean mice. Three groups of each strain
received daily i.p. injections of vehicle (35% DMSO and PBS), T3 (14 ng-g™') and LY294002 (3 ug-g™') followed by T3 (14 ng-g™"), respectively,
for 18 days. Animals were further treated with double doses of vehicle, T3 (28 ng-g™"), and LY294002 (9 ug-g™') plus T3 (28 ng-g™") for 10 days.
Data = mean * SEM. N = 4-5 animals per group. *P < 0.05 versus the lean-DMSO-PBS group; “P < 0.05 versus the lean-DMSO-T3 group; *P <
0.001 versus the db/db-DMSO-PBS group; #P < 0.001 versus db/db-DMSO-T3 group.

insulin sensitivity in db/db mice and this effect is PI3-kinase
dependent. T3 did not affect insulin sensitivity in lean mice
(Figure 2A-C), suggesting that the acute blood glucose-
lowering effect of T3 (Figure 1A) may be due to rapid insulin
release.

T3 normalized body temperature and blood
pressure responses to cold exposure in

db/db mice

Body weight was significantly higher in db/db mice compared
with lean mice at the beginning of the experiment
(Figure 3A). Body weights of all three groups of db/db mice
decreased gradually to those of lean mice. The decline in
body weight was not due to the treatment with T3 because it
was also found in the db/db -DMSO-PBS group. Indeed, db/db
mice show progressive body weight loss after 5 months of age
(Sharma et al., 2003). No difference in body weight was found
among the three db/db groups with different treatments or
among the three lean groups with different treatments
(Figure 3A).
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Rectal temperature (core body temperature) was signifi-
cantly lower in db/db mice than that of lean mice before
treatment with T3 (Figure 3B). Treatments with T3 at the
dose of 14 ng-g'-day™ increased rectal temperature, and
doubling of the dose of T3 (28 ng-g'-day') normalized
rectal temperature in db/db mice (vs. lean mice) (Figure 3B).
Thus, db/db mice had defects in thermogenesis which could
be restored by treatments with T3. LY294002 did not modu-
late the effects of T3 on body temperature in db/db mice,
suggesting that the thermogenic effect of T3 was not
mediated by PI3-kinase (Figure 3B). Treatments with
T3 did not affect rectal temperature in lean mice
(Figure 3B).

Heart rate in db/db mice was slightly lower than that in
lean mice (Figure 3C). T3 did not affect heart rate in either
db/db or lean mice (Figure 3C). There was no significant dif-
ference in basal arterial systolic blood pressure (BP) between
db/db and lean mice (Figure 3D). T3 did not change BP in
db/db or lean mice (Figure 3D). Thus, T3 at the doses used did
not produce obvious cardiovascular effects.
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Figure 2

Effects of T3 on insulin sensitivity. Insulin sensitivity was tested during week 1 (A), week 2 (B), and week 3 (C) of treatment with T3. Insulin
sensitivity was evaluated by the blood glucose-lowering effect of insulin following s.c. injection of insulin (1 U-kg™) in db/db and lean mice. Data
= mean = SEM. N = 4-5 animals per group. *P < 0.001 versus the db/db-DMSO-PBS group; #P < 0.001 versus db/db-DMSO-T3 group.
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Effects of T3 on body weight, rectal temperature, arterial systolic blood pressure and heart rate. (A) Body weight was monitored daily for 4 weeks.
(B) Rectal temperature was measured weekly. (C,D) Heart rate and arterial systolic blood pressure were measured using the tail-cuff system method
one week before the treatment with T3 and during week 2 and 4 after the treatment. Data = mean = SEM. N = 4-5 animals per group. *P < 0.001
versus the db/db-DMSO-PBS group.
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Effects of T3 on blood pressure responses to cold exposure. Blood pressure responses to 30 min exposure to cold temperatures (5°C) were
measured before (Pre cold) and after the exposure (Post cold). Data = mean = SEM. N = 4-5 animals per group *P < 0.001 versus the
db/db-DMSO-PBS group.

A 30-min exposure to moderate cold (5°C) increased arte-
rial systolic BP significantly in lean mice (Figure 4). In con-
trast, BP was decreased in db/db mice in response to cold
exposure. T3 at doses of 14 and 28 ng-g'-day ' increased and
normalized BP responses to cold exposure, respectively, in
db/db mice (Figure 4). LY294002 did not affect these effects in
db/db mice (Figure 4), suggesting that the cardiovascular
effects of T3 are independent of PI3-kinase.
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T3 increased plasma insulin levels in
db/db mice

Basal levels of T3 in db/db mice were significantly lower than
those of lean mice (Figure SA). Daily injections of T3
(28 ng-g'-day ™) for 7 days increased plasma levels of T3 in
db/db mice by 2.7 fold and in lean mice by 5 fold (Figure SA).

There was no significant difference in plasma insulin
between lean-DMSO-PBS and db/db -DMSO-PBS groups
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Figure 5

Plasma levels of T3 and insulin and the activities of PI3-kinase in skeletal muscle and adipose tissue. (A) Plasma T3 levels were measured after
treatments with T3 (28 ng-g~'-day™") for 10 days using a total T3 ELISA kit. (B) Plasma insulin levels were measured using an Insulin EIA kit. Data
=mean = SEM. N =animals per group. *P < 0.05, ***P < 0.001 versus the lean-DMSO-PBS group; *P < 0.05, “**P < 0.001 versus the lean-DMSO-T3
group; *P < 0.05, **P < 0.01 versus db/db-DMSO-PBS group; #P < 0.05, ##P < 0.01 versus the db/db-DMSO-T3 group.

(Figure 5B), which was in sharp contrast with severe hyperg-
lycemia in db/db -DMSO-PBS group (Figure 1B). Treatments
with T3 increased plasma insulin levels by 2.07 fold in db/db
mice and by 2.88 fold in lean mice (Figure 5B). LY294002
abolished these effects in both db/db and lean mice
(Figure 5B). Therefore, T3 increased insulin release in db/db
and lean mice and these effects were PI3-kinase dependent.

T3 increased PI3-kinase activities in skeletal
muscle and adipose tissue of db/db mice

The basal PI3-kinase activity, measured as production of
phosphatidylinositol (3,4,5)-trisphosphate: (PIPs;) was signifi-
cantly lower in skeletal muscles (Figure 6A) and adipose tissue
(Figure 6B) in db/db mice than that in lean mice. Treatment
with T3 increased PI3-kinase activity significantly in both
tissues in db/db mice and lean mice (Figure 6A,B), suggesting
that T3 activated PI3-kinase. LY294002 abolished these effects
of T3.

Immunohistochemical analysis of mouse
pancreatic islets of Langerhans

Insulin staining in pancreatic islets of Langerhans in
db/db mice was significantly lower compared with
that of lean mice (Figure 7A,B). T3 increased insulin
staining in pancreatic islets of db/db mice by 54.5%
(Figure 7A,B). Inhibition of P13-kinase by LY294002 abolished
this effect, suggesting that T3 increased insulin synthesis
via activation of PI3-kinase. Injections of T3 did not
increase insulin staining in pancreatic islets in lean mice
(Figure 7A,B).

The number of cells with positive insulin-staining in pan-
creatic islets in db/db mice was significantly lower than that in
lean mice (Figure 7C). Daily treatments with T3 increased the
number of cells with positive insulin-staining in pancreatic
islets by 2.62 fold in db/db mice, suggesting that T3 increased
the number of functional B cells (Figure 7C). This effect was
mediated by PI3-kinase as it was abolished by LY294002. T3

British Journal of Pharmacology (2011) 162 597-610 603
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Figure 6

Effects of T3 on PI3-kinase activity. Activities of PI3-kinase in skeletal muscle (A) and adipose tissue (B) were measured using an immunoassay kit
after tissue lysates were immunoprecipitated with antibody against PI3-kinase. Data = mean = SEM. N = 4-5 animals per group. *P < 0.05,
***p < 0.001 versus the lean-DMSO-PBS group; "P < 0.05, "*P < 0.001 versus the lean-DMSO-T3 group; *P < 0.05, *P < 0.01 versus
db/db-DMSO-PBS group; #P < 0.05, ##P < 0.01 versus the db/db-DMSO-T3 group.

did not alter the number of B cells with positive insulin-
staining in pancreatic islets in lean mice (Figure 7C).

There was no significant difference in the size of pancre-
atic islets in db/db mice and lean mice (Figure 7D). T3
increased the size of pancreatic islets in db/db mice by 1.42
fold but did not affect the size of pancreatic islets in lean mice
(Figure 7D). This effect of T3 in db/db mice may also be
mediated by PI3-kinase as it was abolished by LY294002
(Figure 7D).

T3 upregulated NeuroD expression in
pancreas from db/db mice

In order to understand the molecular mechanism for the
T3-induced increase in insulin storage/synthesis in islets of
pancreas in diabetic mice treated with T3, we assessed the
protein expression of NeuroD, a key transcription factor for
the regulation of insulin synthesis (Naya et al., 1997; Kaneto
et al., 2009). NeuroD staining was significantly lower in pan-
creatic islets of Langerhans in db/db mice compared with that
of the lean mice (Figure 8A,B). T3 restored the NeuroD stain-
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ing in db/db mice (Figure 8A,B). Western blot analysis con-
firmed that T3 recovered the suppressed NeuroD protein
expression in the pancreas of db/db mice (Figure 8C,D). These
effects of T3 could be abolished by LY294002 (Figure 8A-D),
suggesting that T3 increased NeuroD expression via activa-
tion of PI3-kinase.

T3 enhanced insulin signaling in 3T3-L1
preadipocytes

To determine whether T3 affects insulin signaling, we serum-
starved 3T3-L1 preadipocytes for 18 h and then pretreated
cells with various concentrations of T3 for 15 min, followed
by incubation of cells with 10 nM insulin for 5 min. Pretreat-
ments with T3 enhanced insulin-induced tyrosine phospho-
rylation of IRS-1, while T3 alone did not affect tyrosine
phosphorylation of IRS-1 (Figure 9A).

TRal is the dominant isoform in 3T3-L1 preadipocytes
(Jiang et al., 2004). To determine whether TRo.1 mediates the
potentiating effect of T3 on insulin signaling, we transfected
3T3-L1 preadipocytes with TRol siRNA or control siRNA for
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72 h. Transfection with TRal siRNA significantly decreased
TRol expression, indicating effective knockdown of TRoal
(Figure 9B). Knock down of TRol abolished the potentiating
effect of T3 on insulin-induced tyrosine phosphorylation of
IRS-1 in 3T3-L1 preadipocytes (Figure 9C).

T3 did not affect tyrosine autophosphorylation of insulin
receptor (IRB) or insulin-induced tyrosine phosphorylation of
IRB in 3T3-L1 preadipocytes (Figure 9D).

To determine whether T3 also affects the downstream
insulin signaling, we measured PI3-kinase activity. Pretreat-
ment with T3 enhanced insulin-induced PI3-kinase activity
by 48% although T3 alone did not affect PI-3 kinase activity
(Figure 9E). Knockdown of TRal abolished the potentiating
effect of T3 on insulin-induced activation of PI3-kinase
(Figure 9E).

These data indicate that T3 enhanced insulin signaling in
mouse 3T3-L1 preadipocytes via potentiating insulin-induced

tyrosine phosphorylation of IRS-1 and activation of PI3-
kinase and these effects are mediated by TRoa1.

Discussion

The db/db mice were severely hyperglycemic at the age of 16
weeks. It was surprising that injection of T3 resulted in a rapid
and profound attenuation in hyperglycemia in db/db mice.
This finding was unexpected because such effects of T3 have
never been reported in db/db diabetic animals. A single injec-
tion of T3 rapidly decreased blood glucose level within 2 h,
suggesting that the acute effect of T3 may occur at the func-
tional level of the signaling pathway that mediated glucose
homeostasis. PI3-kinase, a key enzyme in the insulin signal-
ing pathway, may mediate the blood glucose-lowering effect
of T3 in db/db mice because this effect can be abolished by a
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PI3-kinase inhibitor. Daily treatments with T3 dose-
dependently attenuated hyperglycemia and enhanced
insulin sensitivity in db/db mice. Exogenous insulin fails to
control hyperglycemia in db/db mice (Robertson and Sima,
1980), suggesting impaired insulin sensitivity. Notably, T3 at
the dose of 28 ng-g'-day ' reversed the impaired insulin sen-
sitivity in db/db mice. The chronic beneficial effect of T3 may
also be PI3-kinase-dependent because pre-treatment with the
PI3-kinase inhibitor eliminated the effects of T3 on hyperg-
lycemia and insulin resistance in db/db mice. Indeed, PI3-
kinase activity was markedly suppressed in skeletal muscle
and adipose tissue of db/db mice, which could be reversed by
T3. On the other hand, the PI3-kinase inhibitor failed to
worsen hyperglycemia in db/db mice treated with T3, suggest-
ing that T3 may offer some protection to these mice against
this inhibitor.
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This study showed, for the first time, that T3 rapidly
increased insulin-induced tyrosine phosphorylation of IRS-1
and activation of PI3-kinase in 3T3-L1 preadipocytes, whereas
T3 alone did not affect the activities of IRS-1 and PI3-kinase.
Therefore, T3 enhanced the insulin signaling by potentiating
insulin-induced activation of IRS-1 and PI3-kinase rather
than directly activating the insulin signaling pathway. The
potentiating effect of T3 on the insulin signaling may not
occur at the insulin receptor level because T3 did not affect
tyrosine autophosphorylation or insulin-induced phosphory-
lation of IRB. TRal is the dominant thyroid hormone recep-
tor in adipocytes. Knockdown of TRal abolished effects of T3
on insulin-induced tyrosine phosphorylation of IRS-1 and
activation of PI3-kinase, indicating that these effects of T3
may be mediated by TRal. Incubation of 3T3-L1 adipocytes
with T3 has been shown to increase glucose uptake, expres-
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Effects of T3 on insulin signaling in 3T3-L1 preadipocytes. (A) Cells were starved overnight before experiment. Following treatment with T3
(30 min) and/or Insulin (5 min), cells were lysed and the cell lysates were immunoprecipitated with antibody against IRS-1. The immunoprecipi-
tates were detected with antibody against tyrosine phosphorylation before incubation with antibody against IRS-1 after stripping the blot. The
Western blot bands showed tyrosine phosphorylation (pTY) (top) and protein (bottom) of IRS-1. The bar graph showed quantification of tyrosine
phosphorylation in IRS-1. Tyrosine phosphorylation of IRS-1 was normalized with IRS-1 protein, which was then calculated as fold changes of the
control (vehicle). IP, immunoprecipitation. (B) After transfection and treatments, cells were lysed. Cell lysates were detected with antibody against
TRo1 and antibody against B-actin. The Western blot bands showed TRa1 and B-actin. TRl expression was normalized with B-actin, which was
then calculated as fold changes of the control (vehicle). (C) Cell lysates were immunoprecipitated with antibody against IRS-1. The immunopre-
cipitates were detected with antibody against tyrosine phosphorylation and then with antibody against IRS-1 after stripping the blot. Western blot
bands showed tyrosine phosphorylation (pTy) (top) and protein (bottom) of IRS-1. The tyrosine phosphorylation of IRS-1 was normalized with
IRS-1, which was then calculated as fold changes of the control (vehicle). (D) Cell lysates were immunoprecipitated with antibody against insulin
receptor B (IRB). The immunoprecipitates were detected with antibody against tyrosine phosphorylation and then with antibody against IRB after
stripping the blot. Western blot bands showed tyrosine phosphorylation (pTy) (top) and protein (bottom) of IRB. Tyrosine phosphorylation of IR}
was normalized with IRB, which was then calculated as fold changes of the control (vehicle). (E) Cell lysates were immunoprecipitated with
antibody against P13-kinase. P13-kinase activity in the immunoprecipitates was determined using a PI3-kinase ELISA kit and expressed as the relative
production of PIP3. Data = mean = SEM. N = 3—4 independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001 versus control (vehicle); *P < 0.05,
P < 0.001 versus insulin alone.

PI3-kinase in endothelial cells in coimmunoprecipitation
assay and in GST pull-down assay (Hiroi et al., 2006). The
present study revealed, for the first time, that T3 can activate
IRS-1, an upstream factor of the insulin signaling pathway.
The mechanism by which T3 potentiated insulin-induced
tyrosine phosphorylation of IRS-1 via TRa1 in 3T3-L1 preadi-
pocytes remains to be determined.

sions of glucose transporters GLUT1 and GLUT4, and their
partitioning to plasma membrane (Romero et al., 2000). The
present findings also suggest that the potentiating effects of
T3 on the insulin signaling may contribute to its beneficial
effect on hyperglycemia and impaired insulin sensitivity in
db/db mice. T3 at the concentrations of 100 pM to 10 nM has
been shown to activate and phosphorylate Akt via binding to
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B-cell dysfunction, including decreased B-cell mass and
insulin secretion, is central to the development of T2DM
(Marchetti et al., 2008). It has been shown that there is no
hyperglycermia without B-cell dysfunction (Ferrannini and
Mari, 2004). In fact, most patients who have insulin resistance
can increase their insulin secretion appropriately and preserve
glucose homeostasis for years without the occurrence of dia-
betes (Marchetti et al., 2008). Insulin secretion deteriorates in
advanced stages of T2DM in humans. Here, we found that
db/db mice aged 20 weeks showed decreases in plasma T3,
insulin storage in pancreatic islets, and the number of § cells in
pancreatic islets. In addition, plasma insulin levels were not
elevated in the db/db mice at this age even though they were
severely hyperglycemic, suggesting impaired insulin secre-
tion. db/db mice show an uncontrolled rise in blood glucose,
severe depletion of insulin-producing B cells (Hummel et al.,
1966), and a marked decrease in islet mass (Hellerstrom et al.,
1976). Therefore, the pancreatic 3 cells in db/db mice at this age
are losing the capacity to compensate for insulin resistance
and hyperglycaemia. This is, to our knowledge, the first study
showing that T3 increased the insulin storage in pancreatic 3
cells, the number of B cells in pancreatic islet, and plasma
insulin levels in db/db mice. The present data suggested that a
decrease in plasma T3 may contribute to the deterioration of
cell function and further that T3 may restore the capacity of
cells to compensate for insulin resistance and hyperglycemia
in db/db mice. Plasma levels of free T3 have been reported to be
positively associated with insulin secretion in euthyroid indi-
viduals (Ortega et al., 2008). It will be interesting to further
determine the mechanism that mediates the beneficial effects
of T3 on insulin secretion in B cells.

NeuroD is a key transcription factor for pancreatic  cell
differentiation and mature B cell function via binding to the
promoter region of the insulin gene (Kaneto et al., 2009).
NeuroD has also been shown to have beneficial effects in
animal models of type 1 diabetes due to its insulin-inducing
function (Kojima et al., 2003; Huang et al., 2007). The present
study demonstrated that NeuroD expression was suppressed
in pancreatic islets of diabetic mice and therefore this tran-
scription factor could be involved in  cell dysfunction and
insulin depletion in db/db mice. We found that exogenous T3
enhanced NeuroD expression in db/db mice, and effect which
was PI3-kinase-dependent. It has been reported that T3 is a
survival factor for human and rodent pancreatic B cells
undergoing apoptosis in vitro (Verga Falzacappa et al., 2006).
Treatment of human pancreatic duct cells with T3 promotes
cell differentiation into insulin-producing B-cells, upregulates
insulin and glucose transporter-2 transcripts, and increases
the insulin release into the medium (Misiti et al., 2005). T3
enhanced insulin release in rat isolated pancreatic islets
exposed to glucose concentrations of 2-8 mM (Cortizo et al.,
1987). T3 activates Akt in the islet B cell lines such as
rRINmSF and hCM through the interaction between TRB1
and PI3-Kinase p85a (Verga Falzacappa et al., 2007). Protein
kinase Akt has been shown to be important in the regulation
of B cell growth and survival in a mouse model of
streptozotocin-induced diabetes (Tuttle et al., 2001). There-
fore, T3 may promote NeuroD expression via the
up-regulation of the PI3-kinase/Akt pathway, leading to
increases in B cell survivability and insulin biosynthesis and
storage in diabetic mice. This, however, needs to be tested.
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On the basis of our present understanding of T3 signaling,
the effects of T3 on T2DM could not be predicted (Baxter and
Webb, 2009). Hyperglycemia has been found in patients with
hyperthyroidism due to an increase in hepatic glucose pro-
duction (Crunkhorn and Patti, 2008). Treatments with a large
dose of T3 have been shown to increase plasma glucose levels
in humans (Dimitriadis et al., 1985). However, moderate
doses of T3 have beneficial effects on plasma glucose levels in
animal models (Levin ef al., 1982; Bryzgalova et al., 2008).
Dietary supplement with 0.03% powdered thyroid (equiva-
lent to T3 25 ng-g'-day™) decreased plasma glucose levels in
Zucker fa/fa rats (Levin et al., 1982). KB-141, an analogue of
T3 (54-328 ng-g'-day '), decreased plasma glucose levels and
increase insulin sensitivity in obese mice (Bryzgalova et al.,
2008). The present data revealed that moderate doses of the
thyroid hormone T3 ameliorated P-cell dysfunction and
reversed insulin resistance, which may offer a new therapeu-
tic strategy for delaying or preventing the development of
T2DM. It has been reported that serum levels of free T3 were
decreased significantly in patients with T2DM, compared to
non-diabetic patients (Islam et al., 2008). It should be men-
tioned that db/db mice are generated by genetic mutation of
leptin receptors which results in overeating and subsequently
obesity and diabetes. Although it has been reported that copy
number variation at the leptin receptor gene locus is associ-
ated with metabolic traits and the risk of T2DM in human
subjects (Jeon et al., 2010), the db/db model may not fully
replicate T2DM in humans. The aetiology of human T2DM
may involve genetic and environmental factors. Therefore, to
increase the therapeutic potential of T3, further studies are
required to validate its anti-hyperglycemic effect in other
models of insulin resistance or obesity (e.g. the diet-induced
obese model).

The major side effect of T3 treatments is tachycardia
(Grover et al., 2003). However, T3 at the doses used here did
not affect heart rate significantly in db/db or lean mice,
although it did increase plasma levels of T3. Similar findings
have been reported, that is, T3 at doses lower than
65 ng-g'-day ' did not alter heart rate in Sprague-Dawley rats
(Erion et al., 2007). Female db/db mice aged 7 weeks have
lower serum T4 levels and lower T3 levels in liver and brain,
probably due to impaired de-iodination in these tissues of
db/db mice (Kaplan and Young, 1987). Nevertheless, the
mechanism responsible for the low level of T3 in db/db mice
is not fully understood. The present study suggest that there
may be an increase in T3 metabolism associated with the
db/db mice because the same dose of exogenous T3 increased
plasma T3 levels to a lesser degree in db/db mice, compared to
the lean mice. As reported earlier (Masaki et al., 2000), the
present study showed that db/db mice had lower body tem-
peratures. Interestingly, T3 increased rectal temperature in
db/db mice at a dose of 14 ng-g'-day ' and restored it at a dose
of 28 ng-g'-day . The latter result suggested that T3 normal-
ized thermogenesis in db/db mice. Although T3 did not
change basal arterial blood pressure in db/db or lean mice, it
restored the impaired blood pressure responses to cold expo-
sure in db/db mice. In addition, T3 did not alter body weights
in lean or db/db mice. Thus, T3 at the doses used was safe and
restored physiological function in db/db mice.

In summary, T3 rapidly decreased blood glucose levels in
db/db mice. Chronic treatments with T3 attenuated hyperg-



lycemia and improved insulin sensitivity in db/db mice. T3
enhanced insulin signaling by potentiating insulin-induced
activation of IRS-1 and PI3-kinase via TRal in preadipocytes.
T3 also increased insulin levels in plasma and insulin synthe-
sis and storage in pancreatic islets in db/db mice. The anti-
diabetic effects of T3 in db/db mice were PI3-kinase
dependent.
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