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FIG. 4. Analysis of insulin signaling in LBKO mice. (A and E) Insulin signaling in liver (A) and muscle (quadricep) (E) samples. Eight-week-old

male FL/FLB control and LBKO mice were fasted overnight and injected i.p. with 100 mU/g insulin for 15 min or with 1 mg/g glucose for 20
or were allowed to refeed ad libitum for 2 h. Following treatment, liver (A) and SM (E) tissues were extracted, lysed as described in Materials

min
and

Methods, and immunoblotted with the indicated antibodies. Equal loading of the lanes was assessed using an anti-GAPDH antibody, and a
representative blot is shown (left) with the quantification of results from four independent experiments displayed (right). Data are presented as
a bar graph showing signal intensities compared to that for fasted FL/FLB mice, which is set as 1. NS, not significant. (B) Insulin signaling in
hepatocytes. Primary hepatocytes were isolated from 10-week-old male FL/FLB control and LBKO mice and serum starved overnight prior to
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enhanced ability in the MBKO mice to clear blood glucose
upon i.p. administration of insulin (Fig. 6B), which was more
pronounced in younger MBKO mice (6 weeks), an effect ob-
served by others (e.g., reference 12).

We also observed improved insulin signaling in SM extracts
from MBKO mice. More specifically, insulin-induced dephos-
phorylation and activation of GS were significantly increased in
MBKO mice compared to those in the FL/FL controls (Fig.
7A [quantified in panel B, left]). The enhanced GS regulation
was in line with the measured enzymatic activity of GS from
muscle extracts (Fig. 7B, right). Levels of insulin regulation of
PKB/Akt and other signaling components of the pathway, such
as phosphorylation of extracellular signal-regulated kinase
(ERK) and S6K, remained similar in both liver and SM ex-
tracts from both the MBKO and the FL/FL control mice (Fig.
7C). Interestingly, however, we observed a significantly ele-
vated basal phosphorylation of GSK-3« in the SM of MBKO
mice. Furthermore, kinase assays performed on SM extracts
from the MBKO mice revealed a larger-than-expected reduc-
tion in total GSK-3 activity compared to the level for FL/FLB
control animals (Fig. 7D). GSK-3 activity was reduced by ap-
proximately 70% (to 28.6% = 8% of FL/FLB levels), and this
was not accompanied by changes in GSK-3a expression (Fig.
7A). Together, these findings suggest that GSK-3B activity
plays a greater role than GSK-3a in regulating GS in SM.
Kinase assays performed on SM and liver extracts from
GSK-3a KO mice revealed that total GSK-3 activity was re-
duced by approximately 40 to 50% in each tissue for liver (to
58.0% = 8% of WT levels) and for SM (to 62% * 7% of WT
levels) (see Fig. S3 in the supplemental material).

In addition to the lower total GSK-3 activity and more-active
GS, we also observed elevated glycogen storage within the SM
of the MBKO mice (Fig. 8A). To assess whether changes in
components of the glucose transport machinery accounted for
the increase in glycogen storage observed in the SM of the
MBKO mice, the relative expression levels of glucose trans-
porters that promote the uptake of glucose into SM were
quantified. No significant changes were observed in the total
cell membrane expression of the GLUT1 or the insulin-regu-
lated GLUTH4 glucose transporters in SM homogenates from
the MBKO mice (Fig. 8B). We next determined the rates of
glucose transport in isolated EDL and soleus muscles. While
there was a trend for the rate of glucose transport to be higher
in the insulin-stimulated EDL muscles of the MBKO mice than
in those of the FL/FL control mice, this did not reach statis-
tical significance. Using [*’H]2DG as a tracer, we performed in
vivo glucose uptake measurements during an i.p. GTT and
determined that the uptakes of 2DG in muscle tissue were
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similar in both MBKO and FL/FL control mice (Fig. 8D). We
next examined whether alteration in the glycogen degradation
process could account for the differences observed in the
MBKO mice. No significant changes were observed in the
expression, phosphorylation (Fig. 8E, left), or activity (right)
levels of glycogen phosphorylase, the enzyme that catalyzes the
rate-limiting step of glycogenolysis.

DISCUSSION

Here, we describe the generation and characterization of
tissue-specific genetic deletions of GSK-33 and the impacts of
inactivation of this enzyme in two tissues (SM and liver) on
glucose metabolism and insulin sensitivity. A central finding of
this conditional KO mouse analysis is that deletion of GSK-33
from SM results in improved glucose tolerance and enhanced
insulin sensitivity. In contrast, specific inactivation in liver had
no effect on glucose metabolism or insulin responsiveness. The
effects in the SM KO of GSK-3 were associated with poten-
tiation of insulin-induced dephosphorylation and activation of
GS and increased glycogen deposition in SM. These data are
consistent with previous studies demonstrating that inhibitors
of GSK-3 (that inactivate both GSK-3a and GSK-3B) can
stimulate GS activity and glycogen deposition within SM (10,
22, 29, 31). Our genetic data show that GSK-3p is the major
regulator of GS in SM. Indeed, transgenic overexpression of
GSKp in the SM of mice leads to glucose intolerance, together
with a reduction in both GS activation and muscle glycogen
content (36). Furthermore, McManus et al. demonstrated that
insulin regulation of GS was completely abolished in the SM of
homozygous “knock-in” mice expressing a point mutation in an
insulin-insensitive phosphorylation site (serine 9) of GSK-38,
whereas in the equivalent GSK-3a knock-in mutant mice
(serine 21), GS activity was unaltered (30). The tissue-specific
effect observed for GSK-3B over GSK-3a on GS regulation in
murine SM could be explained in part by the higher relative
levels of expression of the GSK-3B isoform in muscle. Indeed,
for human SM it has been reported that GSK-3B is more
abundant than GSK-3a, implicating GSK-3( as the major reg-
ulator of glucose metabolism in human SM (30).

In our studies, we find that GSK-3a and GSK-33 protein
levels in murine SM are essentially equivalent (44.9% = 0.9%
for GSK-3a versus 54.6% = 1.3% for GSK-3B). That said,
there is a greater-than-expected reduction (~75%) in total
GSK-3 activity in SM extracts from the MBKO mice, compared
with a 50 to 55% reduction in total GSK-3 activity observed
when GSK-3 is deleted within the liver or in tissues that lack
GSK-3a (see Fig. S3 in the supplemental material). Further-

incubation with 20 nM insulin. At the times indicated, cells were lysed and the lysates subjected to SDS-polyacrylamide gel electrophoresis and
immunoblotted with the indicated antibodies. A representative blot is shown (left), with quantification of results from four independent
experiments displayed (right). NS, not significant. (C) GSK-3 kinase assays. Liver tissues were extracted from 8-week-old male FL/FL control and
LBKO mice and partially purified through a CM-Sepharose column as described in Materials and Methods. GSK-3 kinase activities were
determined using a quantitative peptide phosphorylation assay and are expressed relative to that for the FL/FLB control (which is set at
100%). Values are the means = SEMs of results for five different livers, with each assayed in triplicate. (D) GS activity. Liver tissues were
extracted from 8-week-old male FL/FL control and LBKO mice and homogenized, and GS activity was measured in the presence of 0.1 mM
(low) or 10 mM (high) G6P as described in Materials and Methods. Values are the means = SEMs of results from four different livers, with
each assayed in duplicate. **, P < 0.01 (for comparison to fasted mice for each genotype); NS, not significant (for comparison to fasted

FL/FLB mice).
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FIG. 5. Generation of SM-specific GSK-38 KO (MBKO) mice. (A) Weight analysis. Male FL/FLB control and GSK-33 FL/FL mlclf Cre*
(termed MBKO) mice were weighed every week between the ages of 4 and 24 weeks. Each point represents the mean = SEM, with n indicating
the number analyzed in each group. No statistical differences in mean weight were observed between the groups by Student’s ¢ test. (B) PCR

analysis. Genomic DNA was isolated from the tissues stated and analyzed by PCR

for Cre-mediated excision of GSK-3B. PCR for GSK-38 (top)

demonstrates that exon 2 of the GSK-3p FL allele was excised in all SM types of the MBKO mice but not the control FL/FLB. The bottom panel
indicates genomic detection of the Cre transgene. Gastroc, gastrocnemius. (C) Western blot analysis. Tissue extracts were prepared from
8-week-old male mice of the genotypes indicated and immunoblotted with an antibody that recognizes GSK-3a and GSK-3B. The loading of the
lanes was assessed using an anti-GAPDH antibody, and the blots are representative of three independent experiments. Gastro, gastrocnemius.
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FIG. 6. MBKO mice display improved glucose homeostasis and insulin sensitivity. (A) Blood glucose profile. Six- or 12-week-old male FL/FL
control and MBKO mice were either fasted overnight for 16 h (fasted) or fed ad libitum (random fed), and blood glucose levels were measured.
The data are presented as means = SEMs, with the number () of mice in each group indicated. (B) Glucose metabolism profile. GTT and ITT
were performed on 6-week- or 12-week-old male FL/FL control and MBKO mice as described in Materials and Methods. The inset depicts the
plasma insulin concentrations in the FL/FLB and MBKO mice following a 15-min i.p. injection of glucose. Values are means * SEMs, with
n indicating the number of mice in each group. Asterisks signify statistically significant changes compared to levels for the FL/FLB control mice.

#, P < 0.05; =%, P < 0.01; s+, P < 0.001.
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FIG. 7. Analysis of insulin signaling in MBKO mice. (A and C) Insulin signaling in muscle (A and C, top) and liver (C, bottom). Six-week-old
male FL/FLB control and MBKO mice were fasted overnight and injected i.p. with 100 mU/g insulin or with 1 mg/g glucose for 20 min or for the
times indicated. Following treatment, different SM types (top panels) and liver tissue (bottom left) were extracted, lysed as described in Materials
and Methods, and immunoblotted with the indicated antibodies. A representative blot is shown (left), with the quantifications of results from at
least four independent experiments displayed (right). *, P < 0.05; NS, not significant. (B) GS regulation. (Left) Signal intensities of the
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more, the insulin-induced changes in GSK-3 activity were sim-
ilar in muscle extracts from FL/FLB control and MBKO mice
(see Fig. S4 in the supplemental material). In this study, we
also find that as the MBKO mice age, their capacity to main-
tain improved glucose tolerance and insulin sensitivity dimin-
ishes. While glucose tolerance becomes less pronounced by age
(6 months) (see Fig. S4 in the supplemental material), insulin
sensitivity and glycogen accretion are lost by 12 weeks (insulin
tolerance is lost at 6 months) (see Fig. S4 in the supplemental
material). We investigated the possibility that there was an
age-dependent compensatory increase in GSK-3a that over-
came the sensitization effects in the MBKO mice. However,
while there was increased expression of GSK-3a in aged mice,
levels of this were comparable in both MBKO mice and FL/
FLB controls (see Fig. S5 in the supplemental material). Thus,
we speculate that the apparent loss in glucose and insulin
tolerance in the MBKO mice may be explained by the com-
monly observed decrease in insulin responsiveness that occurs
with aging (12). Indeed, young animals as well as mildly (but
not severely) diabetic animal models show a greater respon-
siveness in lowering blood glucose when treated with GSK-3
inhibitors (47).

Previous studies have demonstrated that application of
GSK-3 inhibitors to isolated SM enhances insulin signaling (14,
22, 32, 40). In addition to its effects on GS regulation, these
GSK-3 inhibitors also potentiated insulin-stimulated phosphor-
ylation of PKB/Akt. This observation was explained by previ-
ous findings demonstrating that GSK-3 can phosphorylate and
negatively regulate insulin receptor substrate 1 (IRS-1), im-
pairing downstream insulin signaling. While we do not see
significant differences in PKB or S6K phosphorylation in the
MBKO mice, there is a significant increase in basal serine
phosphorylation of GSK-3a, in addition to enhanced GS reg-
ulation. The mechanism by which this occurs may not be due to
upregulation of IRS1/PKB but may be explained by the fact
that, in addition to PKB, several other kinases (PKC, PKA,
p90rsk, and S6K) can phosphorylate GSK-3 (18, 19, 43, 52). It
is possible that increases in the activities of these kinases may
mediate GSK-3 phosphorylation. Indeed, there is a trend,
though not statistically significant, for upregulation of ERK in
the MBKO mice (Fig. 7C). GSK-3 is a known negative regu-
lator of ERK/Jun N-terminal protein kinase signaling (1, 26,
48), and there is evidence to suggest that GSK-3 regulates the
activity of a protein phosphatase, which in turn regulates
GSK-3 itself (51).

Net glycogen content is coordinately and simultaneously reg-
ulated by both synthesis and breakdown. We addressed
whether changes in these processes accounted for the elevated
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glycogen deposition in the MBKO animals. From this study, it
is clear that glycogen synthesis is, in part, mediating glycogen
accretion in the MBKO mice. Insulin-stimulated GS activity is
consistently elevated in the SM of MBKO mice. While this
form of GS regulation is most likely the significant contributor
toward glycogen status in fed mice, the mechanism by which
glycogen is elevated in fasting mice is unclear (since GS activity
remained similar to that for FL/FLB). We tested whether the
glucose transport machinery was altered in the MBKO mice.
The expression of the insulin-sensitive GLUT4 transporter re-
mained unchanged. In addition, there were no significant dif-
ferences in the rates of basal and insulin-stimulated glucose
transport in isolated muscle tissues or in vivo. Furthermore,
there appeared to be no alteration in the glycogen breakdown
pathway as assessed by glycogen phosphorylase regulation.
Thus, at present, the mechanism underlying the elevated gly-
cogen in fasted MBKO mice is unresolved. One explanation
for the higher glycogen levels is that the MBKO mice display
lower muscle activity. Anecdotal observation of these mice has
not revealed an obvious difference in movement compared to
levels for WT littermates, although more-subtle differences in
activity would require more-extensive study to reveal. It is also
possible that the MBKO mice have adapted to utilizing alter-
native fuels, such as free fatty acids, thereby “shunting” glucose
toward glycogen. However, we observed no differences in ad-
iposity (as determined by fat pad weights, adiponectin, and
triglyceride levels) (see Fig. S6 in the supplemental material) in
our studies that would account for improved glycogen storage,
glucose tolerance, and insulin sensitivity. It will be of interest to
examine whether any changes occur in the insulin signaling
profile or glucose metabolism in MBKO mice that are sub-
jected to a high-fat diet to promote insulin resistance or that
are bred onto a genetically obese background.

Deletion of hepatic GSK-38 resulted in a minimal pheno-
type with regard to glucose regulation and insulin signaling,
although we cannot exclude the possibility that certain meta-
bolic phenotypes may manifest themselves only under condi-
tions of insulin resistance (high-fat diet or ob/ob background).
Based on the finding that the global GSK-33 KO mice die in
embryogenesis from massive liver apoptosis, our original hy-
pothesis was that the LBKO mice would present a similar
phenotype (23). However, LBKO mice are viable and show no
abnormalities within the liver or whole body. As the albumin
gene (and hence Cre) is not efficiently expressed during em-
bryogenesis (38), we were unable to determine whether em-
bryonic deletion of hepatic GSK-33 would recapitulate the
lethality of the global GSK-33 KO. However, hepatocytes iso-
lated from 8- to 12-week-old LBKO mice (when Cre is maxi-

insulin-stimulated dephosphorylation of GS from muscle (gastrocnemius) tissues of the FL/FLB control and MBKO mice were quantified, and the
data are presented as a bar graph showing signal intensities as percentages of the WT level (100%). Values are the means = SEMs from at least
four independent experiments. *, P < 0.05 (FL/FIB versus MBKO, insulin treated). (Right) Muscle tissues were extracted from 6-week-old male
FL/FLB control and MBKO mice and homogenized, and GS activity was measured in the presence of 0.1 mM (low) or 10 mM (high) G6P as
described in Materials and Methods. Values are the means = SEMs of results from six different muscle samples, with each assayed in duplicate.
x, P < 0.05 (FL/FIB versus MBKO, insulin treated). (D) GSK-3 kinase assays. Muscle (gastrocnemius) tissue was extracted from 6-week-old male
FL/FLB control and MBKO mice and partially purified with CM-Sepharose chromatography as described in Materials and Methods. GSK-3 kinase
activity was determined using a quantitative peptide phosphorylation assay. The inset shows an immunoblot of GSK-3 that was used in the kinase
assay reaction. GSK-3 kinase activities are expressed relative to that for the FL/FLB control (which is set at 100%) and are the means = SEMs
of results from five different muscle samples, with each assayed in triplicate.
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FIG. 8. Analysis of glycogen deposition and glucose transport in MBKO mice. (A) Glycogen content in muscle. Muscle tissue (gastrocnemius) was
extracted from fasted (overnight, 16 h) or fed (ad libitum) 6- or 12-week-old male FL/FL control and MBKO mice, and glycogen content was determined
by acid hydrolysis and expressed as pmol of glucose units per gram of muscle tissue. The data are presented as means = SEMs, with each muscle sample
assayed in triplicate, and » indicates the number of mice in each group. *, P < 0.05; NS, not significant. (B) GLUT4 expression analysis. Muscle tissue
(gastrocnemius) was extracted from 6-week-old male FL/FLB control and MBKO mice and total cell membrane isolated as described in Materials and
Methods and immunoblotted with the indicated antibodies. Equal loading of the lanes was assessed using an anticaveolin antibody, and the blots shown
are representative of at least four independent experiments. (C) In vitro glucose transport measurement. Intact soleus and EDL muscle fibers were
isolated from deeply anesthetized FL/FLB control and MBKO mice and were incubated with or without 2 mU of insulin per ml for 30 min.
2-Deoxy-D-glucose uptake was measured over a 20-min period as described in Materials and Methods. The data are presented as means = SEMs, with
the number (72) of mice in each group indicated. NS, not significant. (D) In vivo glucose uptake. Six-week-old male FL/FLB control and MBKO mice were
fasted overnight and injected i.p. with a mixture of unlabeled dextrose and [PH]2DG, and the accumulation of the 2DG in muscle tissue (gastrocnemius)
was determined as described in Materials and Methods. Data are presented as means = SEMs, with the number () of mice in each group indicated.
(E) Glycogen phosphorylase regulation. (Left) Muscle tissue (gastrocnemius) was extracted from 6-week-old male FL/FLB control and MBKO mice and
immunoblotted with the indicated antibodies. A representative blot is shown (below), with quantification of results from three independent experiments
displayed as a bar graph (above). Total glycogen phosphorylase expression was normalized to GAPDH levels and expressed as signal intensities, while
the signal intensities from the phosphorylated form of the protein are expressed relative to the WT level (100%). (Right) Muscle tissues were extracted
from male FL/FL control and MBKO mice and homogenized, and glycogen phosphorylase activity was measured in the absence or presence of AMP
as described in Materials and Methods.

mally expressed) displayed increased sensitivity to tumor ne- to tumor necrosis factor alpha-mediated cell death and defects
crosis factor alpha-induced apoptosis (data not shown), in NF-kB signaling (23, 42, 44).
consistent with previous data that have shown that GSK-33 The tissue-selective effects of GSK-3 isoform inactivation

KO mouse embryonic fibroblasts have elevated susceptibility indicate the existence of isoform- and tissue-specific roles for
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GSK-3 in the regulation of glucose metabolism. Indeed,
Tanabe et al. demonstrate that mice heterozygous for GSK-33
preserve B-cell integrity and reduce the onset of diabetes in
two genetic models of this disease (45). Furthermore, using the
GSK-3B-floxed lines described here, Tanabe et al. generated
islet-specific GSK-38 KO mice. These animals show a reduc-
tion in the age-dependent hyperglycemia normally observed in
IRS-2 KO mice, suggesting that islet GSK-38 is required for
the chronic elevation of blood glucose in this model (45).
Furthermore, we have recently generated mice that lack
GSK-3a expression in all tissues. Unlike their global GSK-33
KO counterparts, GSK-3a-null mice are viable but display
enhanced hepatic insulin sensitivity and glucose homeostasis
(28). However, the SM of these animals exhibited normal in-
sulin signaling, GS regulation, and glycogen deposition.

Therefore, the findings presented in this study, along with
the phenotypes associated with the GSK-3a and GSK-33 KO
mice, demonstrate that the two mammalian isoforms of GSK-3
each have distinct as well as overlapping biological roles. On
the one hand, GSK-3a and GSK-3B appear to be equally
important in regulating Wnt/B-catenin signaling (13). How-
ever, GSK-3a has a more critical role than GSK-38 in regu-
lating hepatic glucose metabolism and insulin sensitivity (28),
and GSK-3B is the predominant regulator of GS in SM. We
speculate that the functional dominance of either GSK-3a or
GSK-33 within individual tissues is determined by selective
association with targets through their noncatalytic domains,
possibly via adaptor or scaffolding proteins. Our studies also
suggest that intermediate inhibition of both forms of GSK-3 is
necessary for insulin resensitization effects in muscle and liver
tissues in T2DM.
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