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Abstract

Overactivity of glycogen synthase kinase 3 (GSK-3) is associated with insulin resistance of skeletal muscle glucose transport in
prediabetic and type 2 diabetic rodent models. However, limited information is available concerning the potential molecular mechanisms
underlying the role GSK-3 plays in the etiology of insulin resistance in the male Zucker Diabetic Fatty (ZDF) rat, a model of type 2 diabetes
mellitus. Therefore, we assessed the functionality of proximal and distal insulin signaling elements in isolated type I (slow-twitch oxidative)
soleus muscles of ZDF rats after in vitro exposure to a selective GSK-3 inhibitor (1 gmol/L CT98014, K; <10 nmol/L for GSK-3x and GSK-
3f). Moreover, Ser307 phosphorylation of insulin receptor substrate 1 (IRS-1), which has been implicated in the development of insulin
resistance, was also determined in the absence or presence of this GSK-3 inhibitor. Maximally insulin-stimulated (5 mU/mL) GSK-3f serine
phosphorylation was significantly less (35%, P < .05) in soleus muscle of ZDF rats compared with insulin-sensitive lean Zucker rats,
indicating GSK-3 overactivity. In the absence of insulin, no effects of GSK-3 inhibition were detected. GSK-3 inhibition led to significant
enhancement (28%) of insulin-stimulated glucose transport activity that was associated with significant up-regulation of tyrosine
phosphorylation of IR (52%) and IRS-1 (50%), and with enhanced Akt Ser473 phosphorylation (48%) and GSK-3f Ser9 phosphorylation
(36%). Moreover, the selective GSK-3 inhibitor induced a significant reduction in the phosphorylation of IRS-1 Ser307 (26%) and c-jun
N-terminal kinases 1 and 2 (31%), a mediator of IRS-1 Ser307 phosphorylation. These results indicate that selective inhibition of GSK-3
activity in type I skeletal muscle from overtly diabetic ZDF rats enhances IRS-1-dependent insulin signaling, possibly by a decrease in c-jun
N-terminal kinase activation and a diminution of the deleterious effects of IRS-1 Ser307 phosphorylation.
© 2007 Elsevier Inc. All rights reserved.

1. Introduction threonine kinase that functions as a distal element of the
insulin signaling cascade, in the development of skeletal
muscle insulin resistance and as a potential site of
intervention for improving insulin action in insulin-resistant
states [8-10]. GSK-3 is overactive in conditions of obesity-
associated insulin resistance in rodent skeletal muscle
[11,12] and adipose tissue [13] and in human muscle cells
[14]. Interestingly, GSK-3 is known to phosphorylate IRS-1
on serine residues and impair its function in insulin
signaling [15,16]. Recent evidence from cultured cells
indicates that one site of phosphorylation by GSK-3 is
Ser332 [16], although other sites are possible.

More importantly, selective inhibition of GSK-3 using
substituted aminopyrimidine compounds increases insulin
action on glucose transport activity and glycogen synthase
activity in skeletal muscle from prediabetic obese Zucker
rats [12,17], overtly type 2 diabetic Zucker Diabetic Fatty
(ZDF) rats [18,19], and cultured human myocytes [20]. This
" * Corresponding author. class of GSK-3 inhibitors enhances post—insulin receptor
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Insulin resistance of the glucose transport process in
skeletal muscle is an early and obligatory defect leading
initially to the prediabetic state and subsequently to the
development of overt type 2 diabetes mellitus [1-3]. The
etiology of skeletal muscle insulin resistance can involve
numerous defects in the expression and functionality of
several insulin signaling factors that regulate the activation
of glucose transport in this tissue (see reviews in references
[1-3]). In particular, defects in the functionality of insulin
receptor substrate 1 (IRS-1), arising in many cases as a
result of excessive serine phosphorylation, are linked to
downstream diminution of insulin action, including the
glucose transport process [1,4-7].

Recent evidence in the literature implicates a potential
role of glycogen synthase kinase 3 (GSK-3), a serine/
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rats, including IRS-1 tyrosine phosphorylation, IRS-1
associated with the p85 regulatory subunit of phosphatidy-
linositol 3-kinase, Akt serine phosphorylation, and GSK-3f
serine phosphorylation [12]. However, it is presently
unknown whether this regulatory mechanism for this class
of GSK-3 inhibitors also functions in conditions of type 2
diabetes mellitus.

In the context of the foregoing information, the primary
purpose of the present investigation was to determine if
selective pharmacologic inhibition of GSK-3 in severely
insulin-resistant type I (slow-twitch oxidative) skeletal
muscle of overtly type 2 diabetic male ZDF rats, which
improves insulin action on glucose transport activity
[18,19], is associated with increases in IRS-1-dependent
insulin signaling. An additional purpose of this study was to
assess whether this inhibition of GSK-3 in type 2 diabetic
skeletal muscle causes a diminution of the phosphorylation
of Ser307, as increased Ser307 phosphorylation has been
linked with insulin resistance in a variety of metabolic
conditions (see reference [7]).

2. Materials and methods
2.1. Animals

Male ZDF (GmiCrl-fa/fa) rats and lean Zucker (Fa/—)
rats were purchased from Charles River Laboratories
(Wilmington, MA) at the age of 10 to 11 weeks and used
in the experiments at the age of 12 weeks. At the time of
their use, the obese Zucker rats weighed 300 to 350 g,
whereas the age-matched lean Zucker rats weighed 180 to
220 g. We have previously documented that fasting plasma
glucose levels in male ZDF rats at this age are typically
between 300 and 350 mg/dL [18]. All animals were housed
in a temperature-controlled room (20°C-22°C) with a
12:12-hour light-dark cycle (lights on from 7:00 AM to
7:00 PM) at the Central Animal Facility of the University of
Arizona. Lean rats had free access to regular laboratory
chow (Teklad, Madison, WI), whereas the ZDF animals
were provided a diabetogenic chow (Purina 5008, St Louis,
MO). All procedures were approved by the University of
Arizona Animal Use and Care Committee.

2.2. Glycogen synthase kinase 3 inhibitor and in vitro
treatments of skeletal muscle

The selective GSK-3 inhibitor CT98014 (kindly provided
by Dr Stephen D. Harrison, Chiron Corporation, Emeryville,
CA) has been used previously by our research group [18,19]
and others [20,21]. CT98014 inhibits both GSK-3o and
GSK-3p with K; values of less than 10 nmol/L in an
adenosine triphosphate—competitive manner [9,10]. The
compound was greater than 95% pure by high-performance
liquid chromatography and was in free base form diluted
from a dimethyl sulfoxide (DMSO) stock solution. The final
DMSO concentration did not exceed 0.5%.

After an overnight food restriction (chow was restricted
to 4 g at 5:00 PM and was consumed immediately), animals

were deeply anesthetized at 8:00 AM with an intraperitoneal
injection of pentobarbital sodium (50 mg/kg), and strips of
soleus muscles (~25-35 mg) were prepared for in vitro
incubation in the unmounted state without tension. Each
soleus strip was incubated for 60 minutes at 37°C in 3 mL
oxygenated (95% oxygen-5% carbon dioxide) Krebs-Hen-
seleit buffer (KHB) with the NaHCOj3; concentration set at
14 mmol/L. This KHB was supplemented with 8 mmol/L
glucose, 32 mmol/L mannitol, 0.1% bovine serum albumin
(BSA; radioimmunoassay grade, Sigma Chemical, St Louis,
MO), 0.5% DMSO, and the indicated additions of GSK-3
inhibitor or insulin. Thereafter, the muscles were either
blotted on filter paper and frozen in liquid nitrogen for the
subsequent determination of insulin signaling functionality
or used for assessment of glucose transport activity.

2.3. Assessment of glucose transport activity

After the initial 60-minute incubation period, the muscles
were rinsed for 10 minutes at 37°C in 3 mL of oxygenated
KHB containing 40 mmol/L mannitol, 0.1% BSA, GSK-3
inhibitor, and insulin, if present previously. After the rinse
period, the muscles were transferred to 2 mL of KHB
containing 1 mmol/L 2-deoxy-[1,2]glucose (2-DG)
(300 uCi/mmol; Sigma), 39 mmol/L [U-'*C]mannitol
(0.8 uCi/mmol; ICN Radiochemicals, Irvine, CA), 0.1%
BSA, GSK-3 inhibitor, and insulin, if previously present. At
the end of this final 20-minute incubation period at 37°C,
the muscles were removed, trimmed of excess fat and
connective tissue, quickly frozen between aluminum blocks
cooled with liquid nitrogen, weighed, and finally placed in
0.5 mL of 0.5 mmol/L NaOH. After the muscles were
completely solubilized, 5 mL of scintillation cocktail was
added, and the specific intracellular accumulation of
2-[*HIDG was determined as described previously [22].
This method for assessing glucose transport activity in
isolated muscle has been validated [23].

2.4. Assessment of insulin signaling factor functionality

Muscles were homogenized in 8 volumes of ice-cold lysis
buffer (50 mmol/L HEPES, 150 mmol/L NaCl, 20 mmol/L
sodium pyrophosphate, 20 mmol/L f3-glycerophosphate,
10 mmol/L NaF, 2 mmol/L Na3;VOy,, 2 mmol/L EDTA, 1%
Triton X-100, 10% glycerol, 1 mmol/L MgCl,, 1 mmol/L
CaCl,, 10 ug/mL aprotinin, 10 ug/mL leupeptin, 0.5 ug/mL
pepstatin, and 2 mmol/L phenylmethylsulfonyl fluoride).
Homogenates were incubated on ice for 20 minutes and then
centrifuged at 13000g for 20 minutes at 4°C. Total protein
concentration was determined by using the BCA method
(Sigma). For determination of Akt, GSK-3, 5'-AMP-depen-
dent protein kinase (AMPK), and p38 mitogen-activated
protein kinase (MAPK) phosphorylation, samples containing
equal amounts of total protein were separated by sodium
dodecyl sulfate—polyacrylamide gel electrophoresis (SDS-
PAGE) on 7.5% or 12% polyacrylamide gels (Bio-Rad
Laboratories, Hercules, CA) and transferred to nitrocellulose
membranes. Membranes were incubated overnight with
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Fig. 1. Basal and insulin-stimulated GSK-3f Ser9 phosphorylation in
skeletal muscle of lean Zucker and ZDF rats. Soleus strips were incubated
without (&) or with 5 mU/mL insulin (W) for 60 minutes. Assessment of the
phosphorylation of Ser9 on GSK-3f was then performed as described in
“Materials and methods.” The mean value in the lean basal group was
arbitrarily set at 100%. Representative autoradiographic bands are shown.
Values are means + SE for 4 to 6 muscles per group. *P < .05 ZDF vs lean
group of the same incubation condition.

antibodies against phospho-Akt Ser473, phospho-GSK-3a/f8
Ser21/9, phospho-AMPKo Thr172, phospho-p38 MAPK
Thr180/Tyr182, phospho-c-jun N-terminal kinases 1 and 2
(JNK1/2), or phospho inhibitor kB kinase (IKKf) (Cell
Signaling, Beverly, MA), or with antibodies against total
Akt1/2, GSK-3a/, AMPKu (all Cell Signaling), p38 MAPK
(Santa Cruz Biotechnology, Santa Cruz, CA), JNK, and
IKK S (Cell Signaling). In our hands, Ser21 phosphorylation
of GSK-3o in muscle from ZDF rats is very low (M. K.
Teachey and E. J. Henriksen, unpublished data), and all
GSK-3 data in this study are therefore restricted to GSK-3f
Ser9 phosphorylation. Subsequently, membranes were incu-
bated with secondary goat anti—rabbit antibody conjugated
with horseradish peroxidase (Chemicon, Temecula, CA). The
proteins were visualized on Kodak X-Omat AR film (Kodak,
Rochester, NY) using an enhanced chemiluminescence
detection system (GE Healthcare, Piscataway, NJ). The band
intensities on the autoradiographs were quantified with a Bio-
Rad Model GS-800 imaging densitometer using Bio-Rad
Quantity One software. The level of the phosphorylated
signaling element was expressed relative to the total amount
of that protein from the same sample.

For measurement of tyrosine-phosphorylated IR- (IR/pY)
and IRS-1 (IRS-1/pY), immunoprecipitations and subsequent
immunoblotting were performed. Muscles were homogenized
in 1 mL ofice-cold lysis buffer and total protein concentration
was determined as above. Samples were diluted to 2 mg/mL.
For assessment of IR/pY, 0.5 mL of diluted homogenate was
immunoprecipitated with 15 gL of recombinant agarose-
conjugated antiphosphotyrosine antibody (4G10, Upstate

Biotechnology, Lake Placid, NY). For analysis of IRS-1/pY,
0.5 mL of diluted homogenate was immunoprecipitated with
25 uL of agarose-conjugated anti—-IRS-1 antibody (Upstate).
After an overnight incubation at 4°C, samples were pulse-
centrifuged and the supernatant was removed. The agarose
beads were washed 3 times with ice-cold PBS, mixed with
SDS sample buffer, and boiled for 5 minutes. Equal amounts
of the protein of interest were separated by SDS-PAGE on
7.5% polyacrylamide gels and transferred to nitrocellulose
membranes. For detection of IR/pY, membranes were
incubated with the appropriate dilution of an antibody against
insulin receptor f-subunit (Upstate). For analysis of IRS-1/
pY, the nitrocellulose membrane was incubated in antiphos-
photyrosine antibody (PY99, Santa Cruz). For assessment of
Ser307 phosphorylation of IRS-1, the nitrocellulose mem-
brane was incubated with antibody against IRS-1 phosphor-
ylated on the Ser307 residue. Thereafter, the membranes were
incubated with secondary goat anti-mouse antibody conju-
gated with horseradish peroxidase (Santa Cruz Biotechnolo-
gy). Protein bands of interest were exposed, visualized, and
quantified as described above.

2.5. Statistical analysis

All values are expressed as means = SE. All experiments
were done with paired muscles from the same animal
incubated with or without the GSK-3 inhibitor. Therefore,
differences between the 2 groups due to the GSK-3 inhibitor
alone (in the absence or presence of insulin) were analyzed
using a paired Student ¢ test. A level of P < .05 was set for
statistical significance.
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Fig. 2. Effects of GSK-3 inhibitor CT98014 on basal or insulin-stimulated
glucose transport activity in skeletal muscle of ZDF rats. Soleus muscle
strips were incubated without (&) or with CT9804 (1 umol/L) (M) in the
absence or presence of insulin (5 mU/mL) for 60 minutes. 2-DG uptake was
then performed as described in “Materials and methods.” Values are
means * SE for 4 to 6 muscles per group. *P < .05 vs paired muscle group
in the absence of GSK-3 inhibitor.
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3. Results

3.1. GSK-3 serine phosphorylation in soleus muscle from
lean Zucker and ZDF rats

To assess the activity state of GSK-3 in skeletal muscle
of type 2 diabetic ZDF rats, GSK-3f Ser9 phosphorylation,
which is inversely related to GSK-3 activity, was measured
(Fig. 1). In the absence of insulin, GSK-3 8 phosphorylation
was 36% less (P < .05) in the ZDF soleus compared with
the lean Zucker soleus. Likewise, insulin-stimulated
(5 mU/mL) GSK-3f phosphorylation was 35% less in the
ZDF soleus compared with the soleus from lean Zucker
muscle. Protein expression of GSK-3f in soleus was not
different between lean and ZDF groups (data not shown).
These results indicate that GSK-3f activity is greater in
skeletal muscle from the type 2 diabetic ZDF rats. In
addition, insulin-stimulated Ser473 phosphorylation of Akt,
the immediate upstream kinase from GSK-3, was also
significantly less (45%, P < .05) in ZDF soleus compared
with lean soleus (data not shown), consistent with the
insulin-resistant state of the ZDF muscle.

3.2. Effects of GSK-3 inhibition on glucose
transport activity

In the absence of insulin, incubation of soleus muscle
with the selective GSK-3 inhibitor CT98014 (1 umol/L)
had no effect on glucose transport activity, as assessed by
2-deoxyglucose uptake (Fig. 2). In contrast, GSK-3 inhibi-
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Fig. 3. Effect of GSK-3 inhibitor CT98014 on basal or insulin-stimulated
IR-f tyrosine phosphorylation in skeletal muscle of ZDF rats. Soleus
muscle strips were incubated without (&) or with CT98014 (1 umol/L) (M)
in the absence or presence of insulin (5§ mU/mL) for 60 minutes. Tyrosine
phosphorylation of the f-subunit of IR was then performed as described in
“Materials and methods.” The insulin-stimulated value in the absence of
CT98014 was arbitrarily set at 100%. Representative autoradiographic
bands are shown. Values are means + SE for 4 to 6 muscles per group.
*P < .05 vs paired muscle group in the absence of GSK-3 inhibitor.
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Fig. 4. Effect of GSK-3 inhibitor CT98014 on basal or insulin-stimulated
IRS-1 tyrosine phosphorylation in skeletal muscle of ZDF rats. Soleus
muscle strips were incubated without (&) or with CT98014 (1 umol/L) (M)
in the absence or presence of insulin (5 mU/mL) for 60 minutes. Tyrosine
phosphorylation of IRS-1 was then performed as described in “Materials
and methods.” The insulin-stimulated value in the absence of CT98014 was
arbitrarily set at 100%. Representative autoradiographic bands are shown.
Values are means + SE for 4 to 6 muscles per group. *P < .05 vs paired
muscle group in the absence of GSK-3 inhibitor.

tion enhanced the effect of 5 mU/mL insulin on soleus
glucose transport activity by 28% (P < .05). This is in
agreement with our previous in vitro findings using this
selective GSK-3 inhibitor with type I skeletal muscle from
male ZDF rats [18,19] and with type I skeletal muscle from
prediabetic obese Zucker rats [12]. The rate of insulin-
stimulated glucose transport activity in the soleus from age-
matched male lean Zucker rats is typically approximately
800 pmol/mg per minute [18,19], so the GSK-3 inhibitor
overcomes about 40% of the in vitro insulin resistance
observed in type 2 diabetic soleus muscle.

3.3. Effects of GSK-3 inhibition on insulin
signaling functionality

The effects of selective GSK-3 inhibition on insulin
signaling was initially assessed in upstream aspects of this
signaling cascade in soleus muscle of male ZDF rats. In the
absence of insulin, CT98014 did not alter tyrosine phos-
phorylation of the IR f-subunit (Fig. 3). However, insulin-
stimulated IR f-subunit tyrosine phosphorylation was
increased by 52% (P < .05). Likewise, basal tyrosine
phosphorylation of IRS-1 was not affected by the GSK-3
inhibitor, whereas insulin-stimulated IRS-1 tyrosine phos-
phorylation was enhanced by 50% (P <.05) in the presence
of CT98014 (Fig. 4). The phosphorylation of IRS-1
specifically on Ser307 was assessed under these same
conditions (Fig. 5). Basal IRS-1 Ser307 phosphorylation
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Fig. 5. Effect of GSK-3 inhibitor CT98014 on basal or insulin-stimulated
IRS-1 Ser307 phosphorylation in skeletal muscle of ZDF rats. Soleus
muscle strips were incubated without (&) or with CT98014 (1 umol/L) (M)
in the absence or presence of insulin (5 mU/mL) for 60 minutes.
Phosphorylation of Ser307 on IRS-1 was then performed as described in
“Materials and methods.” The insulin-stimulated value in the absence of
CT98014 was arbitrarily set at 100%. Representative autoradiographic
bands are shown. Values are means + SE for 4 to 6 muscles per group.
*P < .05 vs paired muscle group in the absence of GSK-3 inhibitor.

was not significantly changed by selective GSK-3 inhibi-
tion. In contrast, this parameter was decreased by 26% (P <
.05) by CT98014 in the presence of insulin.

The impact of selective GSK-3 inhibition on distal
elements of the insulin signaling in ZDF soleus muscle was
determined next. In the absence of insulin, the phosphory-
lation of Ser473 on Akt was minimally detectable and was not
altered by the GSK-3 inhibitor (Fig. 6). In contrast, insulin-
stimulated Akt Ser473 phosphorylation was increased by
48% (P < .05) by CT98014. Finally, GSK-3f Ser9
phosphorylation was assessed (Fig. 7). As with the other
insulin signaling elements, CT98014 had no effect on this
variable in the ZDF soleus in the absence of insulin. However,
in the presence of insulin, this selective GSK-3 inhibitor
caused a 36% (P < .05) enhancement of GSK-3f Ser9
phosphorylation.

We also assessed the effect of GSK-3 inhibition on the
phosphorylation of JNK and IKKf, as these kinases are
known to phosphorylate IRS-1 at Ser307 [5,6,24,25].
Whereas GSK-3 inhibition in the presence of insulin had
no effect on phosphorylation of IKKf (data not shown), it
did induce a 31% decrease (P < .05) in the phosphorylation
of INK1/2 (100 #+ 14 vs 69 £ 12 units, n = 4).

No effect of the selective GSK-3 inhibitor CT98014 was
observed for other signaling events that are known to impact
the glucose transport system in skeletal muscle, either in the
absence or in the presence of insulin, including Thrl72
phosphorylation of AMPKo or Thr180/Tyr182 phosphory-
lation of the p38 MAPK (data not shown).

4. Discussion

In the present study, we report the novel finding that the
short-term in vitro treatment of type I soleus muscle from
overtly type 2 diabetic ZDF rats with a selective inhibitor of
GSK-3 (the substituted aminopyrimidine compound
CT98014) induces a potentiation of insulin action on insulin
signaling, including enhanced insulin-stimulated tyrosine
phosphorylation of the IR f-subunit (Fig. 1) and IRS-1
(Fig. 2) and serine phosphorylation of Akt (Fig. 6) and the
GSK-3p isoform (Fig. 7). This enhanced insulin signaling
was associated with increased insulin action on glucose
transport activity in type 2 diabetic skeletal muscle (Fig. 2),
confirming findings in the ZDF rat reported previously by
our research group [18,19]. There is likely a mechanistic
connection between the up-regulation of IRS-1-dependent
insulin signaling elicited by CT98014 and the previously
reported effect of this selective GSK-3 inhibitor to increase
insulin-mediated glucose transporter 4 translocation in
skeletal muscle of ZDF rats [19].

The enhanced IRS-1 tyrosine phosphorylation due to the
GSK-3 inhibition was associated with a significant decrease
in Ser307 phosphorylation of IRS-1 (Fig. 5). Moreover,
selected interventions that induce insulin resistance in
insulin-sensitive cells, such as low-grade oxidative stress
in L6 myocytes and 3T3 L1 adipocytes, also enhance
Ser307 phosphorylation of IRS-1 [26,27]. Numerous inves-
tigations have documented the ability of various kinases to
induce phosphorylation of IRS-1 on Ser307, including JNK
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Fig. 6. Effect of GSK-3 inhibitor CT98014 on basal or insulin-stimulated
Akt Ser473 phosphorylation in skeletal muscle of ZDF rats. Soleus muscle
strips were incubated without (E) or with CT98014 (1 umol/L) (M) in the
absence or presence of insulin (5 mU/mL) for 60 minutes. Assessment of
the Akt Serd473 phosphorylation was then performed as described in
“Materials and methods.” The insulin-stimulated value in the absence of
CT98014 was arbitrarily set at 100%. Representative autoradiographic
bands are shown. Values are means = SE for 4 to 6 muscles per group.
*P < .05 vs paired muscle group in the absence of GSK-3 inhibitor.
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Fig. 7. Effect of GSK-3 inhibitor CT98014 on basal or insulin-stimulated
GSK-3f Ser9 phosphorylation in skeletal muscle of ZDF rats. Soleus
muscle strips were incubated without (&) or with CT98014 (1 umol/L) (M)
in the absence or presence of insulin (5 mU/mL) for 60 minutes.
Assessment of the GSK-3f Ser9 phosphorylation of was performed as
described in “Materials and methods.” The insulin-stimulated value in the
absence of CT98014 was arbitrarily set at 100%. Representative autora-
diographic bands are shown. Values are means + SE for 4 to 6 muscles per
group. *P < .05 vs paired muscle groups in the absence of GSK-3 inhibitor.

[5,6,24] and IKKf [25]. In the present investigation, we
have demonstrated that the decrease in IRS-1 Ser307
phosphorylation was associated with a similar diminution
of JNK phosphorylation, but not IKK/ phosphorylation.
Based on this new evidence, GSK-3 can be added to the list
of intracellular factors and enzymes that, directly or
indirectly, can induce this deleterious alteration in IRS-1
phosphorylation state, possibly by an effect on the activation
of INK.

We provide in the present investigation further evidence
that GSK-3 is overactive in type I skeletal muscle of the
type 2 diabetic ZDF rats, as insulin-stimulated Ser9
phosphorylation of GSK-3f is significantly less in soleus
muscle of ZDF rats compared with the lean Zucker group
(Fig. 1). These data are in agreement with previous studies
demonstrating a greater GSK-3 activity in insulin-resistant
skeletal muscle from obese prediabetic rats [12], obese type
2 diabetic rats [11], and obese type 2 diabetic humans [14],
although no differences in GSK-3 activity in human skeletal
muscle of nondiabetic controls and type 2 diabetic subjects
have also been reported [28]. It appears that GSK-3
overactivity is a prerequisite for the effectiveness of these
GSK-3 inhibitors, as treatment of insulin-sensitive muscle
and non—-muscle tissues with GSK-3 inhibitors is without
effect [18,19,29]. Interestingly, overexpression of GSK-3
in mouse skeletal muscle is associated with marked
derangements of glucose tolerance and significant hyper-
insulinemia and dyslipidemia associated with an increase in
central adiposity [30]. These negative metabolic character-

istics are very similar to those displayed by the ZDF rat,
supporting the concept that GSK-3 overexpression and
overactivity in skeletal muscle is one factor that can be
associated with the development of glucose dysregulation.

For the most part, these effects of the GSK-3 inhibitor to
mediate up-regulation of insulin signaling functionality in
skeletal muscle of this type 2 diabetic rodent model are
similar to those we have previously reported for skeletal
muscle from a prediabetic rodent model, the obese Zucker
rat [12]. Increases in insulin-stimulated IRS-1 tyrosine
phosphorylation and serine phosphorylation of Akt and
GSK-3f were induced by the GSK-3 inhibitor CT118637,
which has essentially the same chemical structure and
possesses the same mode of action and pharmacokinetics as
CT98014 [12,17]. However, in the present investigation,
CT98014 did induce an increase in IR tyrosine phosphor-
ylation (Fig. 3). There are important distinctions between
these 2 investigations that may account for the differences in
the GSK-3 inhibitor-induced response of IR tyrosine. In the
present study, the skeletal muscle was obtained from overtly
type 2 diabetic male animals, whereas in the previous
investigation [12] the muscle was from prediabetic female
animals. Aside from the obvious sex difference, there may
be a potential role of the continuous and marked hypergly-
cemia of the ZDF rat that allows for the GSK-3 inhibitor to
enhance the action of insulin on IR tyrosine phosphoryla-
tion. Data from the present investigation indicate that
GSK-3 may also act on IR as well as on IRS-1 in the
regulation of insulin signaling, at least in skeletal muscle
from male type 2 diabetic rats.

The effects of the substituted aminopyrimidine class
of GSK-3 inhibitors used in the present investigation to
up-regulate insulin action are similar to the actions of other,
structurally distinct GSK-3 inhibitors [31]. For example, the
research group of Eldar-Finkelman and colleagues [10] has
developed synthetic phosphorylated peptides that are
substrate-competitive inhibitors of GSK-3 [8,31]. These
compounds are selective and sensitive, inhibiting GSK-3
with an ICso of 40 umol/L [31]. Moreover, they enhance in
vitro glucose transport activity in isolated mouse adipocytes
[31], and improve glucose tolerance when given acutely to
obese, insulin-resistant mice on a high-fat diet [31] or when
administered on a long-term basis to ob/ob mice [32].
Interestingly, the long-term GSK-3 inhibition in ob/ob mice
given these synthetic phosphorylated peptides leads to up-
regulation of glucose transporter 4 protein expression in
skeletal muscle [32], a finding we did not make in obese
Zucker rats treated on a long-term basis with the substituted
aminopyrimidine class of GSK-3 inhibitors [17]. Taken
collectively, these findings support the concept that selective
GSK-3 inhibitors can be used to beneficially modulate
insulin action on the glucose transport system in conditions
of insulin resistance.

We have shown previously that there is a beneficial effect
of selective, aminopyrimidine-based GSK-3 inhibitors on
the glucose transport system of type Ilb (fast-twitch
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glycolytic) skeletal muscle, but these effects, in absolute
terms, are only approximately 25% of those observed in
type I skeletal muscle [12,19]. We have also shown that
CT98014 increases insulin action in type IIb epitrochlearis
muscle of ZDF rats (M. K. Teachey and E. J. Henriksen,
unpublished data), but because these effects were marginal
(only at the threshold of detectability) and distinctly less
than in the soleus muscle, we did not pursue a complete
analysis of the insulin signaling factors reported for
the soleus muscle in the present investigation. It is clear
that the beneficial effects of GSK-3 inhibitors are much
more pronounced in oxidative muscle than in glycolytic
muscle types.

In summary, we have demonstrated that the acute in vitro
inhibition of GSK-3 in insulin-resistant type 1 skeletal
muscle of type 2 diabetic ZDF rats is characterized by up-
regulation of the functionality of both upstream (IR and
IRS-1) and downstream (Akt and GSK-33) elements of the
insulin signaling pathway. Moreover, the enhanced IRS-1
functionality after acute GSK-3 inhibition in diabetic
skeletal muscle is associated with decreased Ser307
phosphorylation, possibly mediated by a diminution of
JNK activation. These responses of the insulin signaling
pathway to acute GSK-3 inhibition likely account for the
increased action of insulin to stimulate glucose transport
activity in skeletal muscle of type 2 diabetic ZDF rats.
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