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Pten (phosphatase with tensin homology), a dual-specificity phosphatase, is a negative regulator of the
phosphoinositide 3-kinase (PI3K)/Akt signaling pathway. Pten regulates a vast array of biological functions
including growth, metabolism, and longevity. Although the PI3K/Akt pathway is a key determinant of the
insulin-dependent increase in glucose uptake into muscle and adipose cells, the contribution of this pathway
in muscle to whole-body glucose homeostasis is unclear. Here we show that muscle-specific deletion of Pten
protected mice from insulin resistance and diabetes caused by high-fat feeding. Deletion of muscle Pten
resulted in enhanced insulin-stimulated 2-deoxyglucose uptake and Akt phosphorylation in soleus but, sur-
prisingly, not in extensor digitorum longus muscle compared to littermate controls upon high-fat feeding, and
these mice were spared from developing hyperinsulinemia and islet hyperplasia. Muscle Pten may be a
potential target for treatment or prevention of insulin resistance and diabetes.

Defects in insulin action in target organs, principally muscle,
liver, and fat, lead to insulin resistance and type 2 diabetes
(23). The contribution of insulin action in these individual
target organs to whole-body glucose homeostasis is complex.
Recent advances in genetic tools have allowed us to dissect
mechanisms of insulin signaling in individual target tissues and
have brought new insight into molecular mechanisms of insulin
signaling with respect to whole-body physiology (18, 26).

The phosphoinositide 3-kinase (PI3K)/Akt pathway is well
characterized as a mediator of the receptor tyrosine kinases,
including the insulin receptor. Activation of this pathway pro-
motes a vast array of cellular processes, including cellular pro-
liferation, differentiation, and survival (reviewed in reference
34). The biological response to the activation of the PI3K
pathway is highly regulated and tissue specific (1, 21). In par-
ticular, the PI3K/Akt pathway is an important effector of in-
sulin actions mediating glucose uptake and glycogen synthesis
in muscle and fat (8, 17, 20, 48) and inhibiting glycogenolysis
and glucose release from the liver (8).

Pten is a potent negative modulator of the PI3K/Akt path-
way (37). In Caenorhabditis elegans, its homolog DAF-18 acts
in the insulin receptor-like pathway and regulates longevity
and dauer larva development (13, 27, 30). In humans, Pten was
first described as a tumor suppressor (24, 39). Initial mutations
were described for Cowden’s syndrome, where hamartomas
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and increased susceptibility to cancer occur. Recently, poly-
morphisms of PTEN have been described in association with
type 2 diabetes in a Japanese cohort (16).

Null mutation of Pten in mice leads to embryonic lethality,
precluding studies of disease mechanisms (41). Tissue-specific
Pten knockout models have, however, brought new insight into
the biological role of Pten in different tissue and cell types (1).
In proliferating or tumor-prone tissues such as the liver, en-
dometrium, skin, prostate, or breast, Pten deletion has a per-
missive effect on tumor development (2, 15, 38, 42). On the
other hand, Pten controls cell size in highly specialized cells
such as neurons (3). Pten has also been shown to modulate
highly specialized functions of a given tissue, such as class
switching of immunoglobulin in B cells or metabolic actions of
insulin in liver (15, 40, 43). Pten reduction in liver and fat, by
systemic administration of Pten antisense oligonucleotide, pro-
tected db/db mice from developing diabetes (5). Therefore, the
biological role of Pten is highly dependent on the tissue type
and can range from its antiproliferative effect in tumor devel-
opment to modulation of a highly specialized function for a
given tissue.

Skeletal muscle is a major insulin responsive tissue, and
insulin resistance in muscle is a predominant early defect in the
pathogenesis of type 2 diabetes (47). However, the contribu-
tion of a defect in insulin signaling in muscle towards insulin
resistance and diabetes is not entirely clear. Muscle-specific
insulin receptor knockout (MIRKO) mice did not appear to
display a major defect in glucose homeostasis, whereas muscle-
specific deletion of GLUT4 contributes to development of
insulin resistance and diabetes (4, 51). Phosphatases such as
protein tyrosine phosphatase 1B (PTP-1B) and SHIP2 also
play a role in the development of diabetes and obesity. The
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extent of their effect varies depending on the specific phospha-
tase, from neonatal hypoglycemia to protection from obesity
(7, 9). Furthermore, the specific role of these molecules in
different insulin target tissues, which results in the perturbation
of whole-body fuel metabolism, is not yet known.

The aim of this study was to examine the modulatory role of
Pten in insulin action in skeletal muscle and its contribution to
whole-body insulin resistance and diabetes. We used the Cre-
loxP system, wherein Cre expression was driven by the muscle
creatine kinase (MCK) promoter (4). MCK is expressed in
skeletal and cardiac muscle. In cardiac muscle, Pten has been
shown to play a role in cardiac hypertrophy and contractility
(10). However, the role of Pten in insulin signaling in skeletal
muscle has not been examined. Here we show that deletion of
muscle Pten protects mice from the development of high-fat-
induced insulin resistance and diabetes. This protection con-
tinues even in aged mice, without demonstrable tumor devel-
opment.

MATERIALS AND METHODS

Mouse protocol. The generation and genotyping of muscle-specific Pten
knockout mice were as previously described (10). Briefly, Pter/’/ mice with exons
4 and 5 of Pten flanked by loxP sites by homologous recombination (41) were
mated with mice carrying the Cre transgene under the control of the muscle
creatine kinase promoter (mckCre) (4). Pte/’/* cre™ mice were intercrossed to
generate Pten " cre™ and Pten™™ cre™ mice, referred here as mckPten™'~ and
mckPten™'™ mice, respectively. Because mice were maintained on a mixed 129J-
C57BL/6 background, only littermates served as controls for all experiments. All
mice were housed in pathogen-free facilities on a 12-h light-dark cycle and were
fed ad libitum either a standard rodent chow (irradiated, 5% fat; Harlan Teklad,
Indianapolis, Ind.) or, for studies involving a high-fat diet, Harlan Teklad TD
01435 special diet (45% of calories derived from fat) in accordance with the
Ontario Cancer Institute Animal Care Facility Protocol. The activity of the mice
was not restricted.

Metabolic studies. Blood glucose levels were determined from tail venous
blood with an automated glucose monitor (One touch II; Lifescan, Inc., Milpitas,
Calif.). Insulin and glucose tolerance tests were done on animals that had been
fasted overnight. Animals were injected with either 1.5 U of human regular
insulin (Eli Lilly Canada Inc., Toronto, Ontario, Canada) per kg of body weight
or 1 g of glucose per kg of body weight into the peritoneal cavity. Blood glucose
levels were measured immediately before and 15, 30, 45, 60, and 120 min after
the injection. Insulin levels were measured from tail venous blood following an
overnight fast by radioimmunoassay with rat insulin as a standard (Linco Re-
search Inc., St. Charles, Mo.).

2-Deoxy-D-glucose uptake into isolated skeletal muscles. Intact soleus and
extensor digitorum longus (EDL) muscles were incubated with or without 2 mU
of insulin per ml. 2-Deoxyglucose uptake in insulin-stimulated muscles was then
measured for 20 min as described previously (33).

Western blotting. Soleus and EDL muscles were pulverized in liquid nitrogen,
homogenized, and lysed as described previously (35), and 2X Laemmli sample
buffer containing 7.5% B-mercaptoethanol was added to 30 pg of lysate. The
samples were heated for 15 min at 65°C, resolved by sodium dodecyl sulfate-10%
polyacrylamide gel electrophoresis (SDS-10% PAGE), and then immunoblotted
with polyclonal anti-phospho-Akt (Thr308) and pan-Akt antibodies (1:1,000
dilution of primary antibodies; Cell Signaling Technology, Beverly, Mass.).

Immunohistochemistry and PAS staining. Pancreatic tissue was fixed over-
night in a solution of freshly prepared 4% paraformaldehyde in 0.1 M phosphate-
buffered saline (pH 7.4) at 4°C. Samples were dehydrated and prepared as
paraffin blocks. Seven-micrometer-thick sections of paraffin-embedded pancre-
atic tissue were stained with hematoxylin and eosin for histological examination.
For periodic acid-Schiff (PAS) staining, slides were preheated for 5 min with 1%
periodic acid in mQ-water followed by a wash step for 1 min in tap water,
followed by a wash dip for 5 s in mQ-water. The slides then were treated with
Schiff’s reagent (Sigma) for 15 min at room temperature.

Statistical analysis. All groups of data for 2-deoxyglucose uptake results and
Western blots for total and phospho Akt were compared by using one-way
analysis of variance (ANOVA) followed by Tukey or Newman-Keuls post hoc
tests with the statistical software program GraphPad Prism.
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RESULTS

Generation of mckPten™'~ mice and metabolic assessment
on chow diet.. The generation of muscle-specific Pten knockout
mice, referred to here as mckPten '~ mice, has been described
previously (10). These mice appeared generally healthy and
had a life span similar to that of their littermate controls up to
24 months. The Pten™’* cre™ controls gave results similar to
those for Pten™* cre™ and Pter/” cre” mice upon metabolic
testing. The presence of the recombined allele specifically in
muscles of mckPten '~ mice in conjunction with the absence of
the Pten in both soleus and EDL skeletal muscles was shown
by PCR and Western blotting (Fig. 1A and B). The presence of
faint residual Pten protein in mckPten ™'~ mice is possibly due
to Pten expression in nonmyocyte cells such as endothelial cells
or fibroblasts. The absence of Pten in soleus muscles of
Pten™'~ cre™ mice was also shown by immunohistochenistry
(Fig. 1C). The histological assessment of muscle from
mckPten’~ mice also showed normal morphology, with no
increase in cell size or evidence of muscle tumors (Fig. 1C).
Furthermore, the weights of the muscles were similar for the
mckPten'~ and the mckPten™'" mice (Fig. 1D). mckPten '~
mice gained weight at a rate similar to that for their
mckPten™'* littermate controls on normal chow diet (Fig. 1E).
Similarly, the epididymal fat masses were similar in chow-fed
mckPten™" (0.8 = 0.4 g) and mckPten '~ (0.9 * 0.4 g) mice
(P = not significant [NS]) when they were compared at 6
months of age (Fig. 1F).

There was a trend toward lower fasting glucose levels in
mckPten™'~ mice; however, the difference between the chow-
fed mckPten*’" and mckPten'~ mice was not statistically dif-
ferent (Fig. 2A). Insulin sensitivity as measured by the insulin
tolerance test in mckPten '~ mice was similar to that in litter-
mate controls on chow diet when measured at 6 months (Fig.
2B). At that age, mckPten™'" and mckPten '~ chow-fed mice
also had similar glucose excursions when given an intraperito-
neal glucose challenge (Fig. 2C). mckPten'~ mice did not
develop spontaneous hypoglycemia at any time, suggesting that
deletion of Pten in muscle does not give rise to potentially
deleterious insulin hypersensitivity. These results show that
Pten deletion in muscle does not alter insulin sensitivity or
B-cell capacity when the mice are fed a normal chow diet.

Protection from high-fat-induced insulin resistance and di-
abetes. To test the hypothesis that Pten deletion in skeletal
muscle prevents the development of insulin resistance, high-fat
feeding starting at 8 weeks of age was used to induce insulin
resistance. Weight gain was not significantly affected by dele-
tion of Pten in muscle (Fig. 1E). The epididymal fat pad
weights measured at 6 months of age were also similar for the
mckPten™* (1.2 = 0.2 g) and mckPten™'~ (1.4 * 0.4 g) mice
(P = NS) (Fig. 1F). Fasting glucose levels began to rise as
expected in mckPten™’™ mice on the high-fat diet. In stark
contrast, mckPten '~ mice maintained of fasting glucose levels
similar to those of chow-fed mice (Fig. 2A). Despite being on
a high-fat diet, mckPten™'~ mice maintained insulin sensitivity
similar to that of chow-fed mice as measured by the insulin
tolerance test (Fig. 2B). Furthermore, the mckPten™'~ mice
fed a high-fat diet maintained glucose levels similar to those in
mice on chow diet after an intraperitoneal glucose challenge,
whereas mckPten'* control mice developed glucose intoler-
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FIG. 1. Targeted deletion of Pten in muscle and general characterization of mckPten*'" and mckPten '~ mice. (A) PCR analysis of Cre-
mediated recombination of the Pren locus (A4-5, top) and genotyping for the Pten-loxP allele (middle) and cre (bottom) as described previously
(2). Results obtained from genomic DNAs of soleus (S) and EDL (E) muscles and tail (T) are shown. (B) Absence of Pten expression in muscle.
Western blots of expression of Pten in livers (L), epididymal fat (F), brains (B), and thigh muscles (M) of 6-month-old mckPten™'* and mckPten™'~
mice are shown (top). Soleus (S) and EDL (E) muscle types show the same degree of Pten deletion (bottom). (C) Immunohistochemistry of Pten
staining in soleus muscles of 6-month-old mckPten*'* and mckPten '~ mice (magnification, X25). (D) Similar weights of soleus and EDL muscles
from 6-month-old mckPten™’* (closed bars) and mckPten '~ (open bars) mice on a high-fat diet (n = 8 to 10 muscles per group; P = NS).
(E) Similar weight gains by mckPten™'* (closed symbols) and mckPten™'~ (open symbols) mice on a chow (circles) or high-fat (squares) diet (n
=10 to 15 mice per group; P = NS). (F) Similar epididymal fat pad weights from 6-month-old mckPten*'" and mckPten '~ mice after a chow or
high-fat diet (P = NS). Error bars indicate standard errors of the means.

ance (Fig. 2C). These results show that muscle-specific dele-
tion of Pten has a protective effect against development of
insulin resistance and diabetes in mice.

into soleus muscle (Fig. 3A). When fed a high-fat diet,
mckPten™* and mckPten™'~ mice had similar levels of basal
2-deoxyglucose uptake into soleus muscle (mckPten™'*, 2.2 +

Insulin-stimulated glucose uptake into soleus muscle is im-
proved in mckPten™'~ mice fed a high-fat diet. To assess
whether the enhanced insulin sensitivity in the mckPten '~
mice on a high-fat diet is the result of higher glucose uptake
into muscle, we measured basal and insulin-stimulated 2-
deoxyglucose uptake into isolated soleus muscles of 6-month-
old mckPten™'" and mckPten '~ mice fed a high-fat or chow
diets. When fed normal chow, mckPten™’* and mckPten™'~
mice had similar levels of basal (mckPten™", 73 = 1.2
pmol/mg of muscle/20 min; mckPten =, 5.3 * 0.4 pmol/mg of
muscle/20 min [P = NS]) and insulin-stimulated (mckPten™'*,
13.1 * 1.4 pmol/mg of muscle/20 min; mckPten™'~, 11.6 + 1.6
pmol/mg of muscle/20 min [P = NS]) 2-deoxyglucose uptake

1.1 pmol/mg of muscle/20 min; mckPten™'~, 1.9 + 1.0 pmol/mg
of muscle/20 min)). However, insulin-stimulated 2-deoxyglu-
cose uptake was significantly elevated in soleus muscles of
mckPten™'~ mice (4.0 = 1.7 pmol/mg of muscle/20 min) com-
pared to their wild-type littermates (3.1 = 1.6 pmol/mg of
muscle/20 min) (P < 0.05 by ANOVA) (Fig. 3B). In contrast,
both basal (mckPten*'", 1.69 = 0.84 pmol/mg of muscle/20
min; mckPten'~, 2.03 = 0.87 pmol/mg of muscle/20 min [P =
NS]) and insulin-stimulated (mckPten™'", 2.49 + 1.26 pmol/mg
of muscle/20 min; mckPten™'~, 2.35 = 1.09 pmol/mg of mus-
cle/20 min [P = NS]J) glucose uptake into EDL muscle was not
significantly ~different in high-fat-fed mckPten*’* and
mckPten™'~ mice (Fig. 3C). These results suggest that the
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FIG. 2. Protection from insulin resistance and diabetes in high-fat-fed mckPten™'~
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mice. (A) Fasting glucose levels of mckPten™'* and

mice on a chow or high-fat diet. *, P < 0.05, comparing mckPten™’* and mckPten’~ mice on a high-fat diet. (B) Insulin tolerance
mice as described in Materials and Methods. *, P < 0.05, comparing
and mckPten™'~ mice on a high-fat diet. (C) Glucose tolerance tests were performed on 6-month-old mckPten™'* and mckPten ™'~

mice on a chow or high-fat diet as described in Materials and Methods. * and **, P < 0.01 and P < 0.1, respectively, comparing mckPten'* and

mckPten '~

improved glucose homeostasis observed in mckPten ™'~ mice on
a high-fat diet may be the result of increased insulin-stimulated
glucose uptake primarily into slow-twitch oxidative fibers.
Enhanced insulin-stimulated Akt phosphorylation in soleus
muscles of mckPten™'~ mice fed a high-fat diet. Since Akt is
downstream of PI3K and is implicated in insulin-stimulated glu-
cose uptake, the insulin-stimulated phosphorylation status of Akt
in the soleus muscles of both groups of mice on chow or high-fat
diets was determined. On chow diet, insulin-stimulated Akt phos-
phorylation was significantly reduced in mckPten ™'~ mice (6.1- =
1.7-fold) compared to mckPten™'™ mice (9.6- = 1.1-fold) (P <
0.05 by ANOVA) (Fig. 4A and C). As shown above, this reduc-
tion in Akt phosphorylation did not translate into a significant
decrease in 2-deoxyglucose uptake during chow feeding, possibly
because the residual Akt activity is sufficient to support insulin-
stimulated glucose uptake (48). Consistent with the glucose up-
take results for mice fed a high-fat diet, insulin-stimulated Akt
phosphorylation in these mice was significantly higher in
mckPten™'~ mice (5.9- = 1.8-fold) than in mckPten '™ mice (3.0-
+ 0.7-fold) (P < 0.05 by ANOVA) (Fig. 4B and C). These results

mice on a high-fat diet. All results are expressed as means *+ standard errors of the means from at least 10 animals of each genotype.

indicate that impaired insulin signaling to Akt in muscles of mice
fed a high-fat diet can be improved by reducing Pten expression.

To determine whether the enhanced 2-deoxyglucose uptake
and enhanced whole-body insulin sensitivity as determined by
the insulin tolerance test resulted in enhanced glycogen syn-
thesis in muscle, mice fasted overnight to achieve glycogen
depletion were injected with an intraperitoneal glucose load
(1g/kg), and glucose uptake was stimulated with insulin (1.5
U/kg). At 3 h after glucose and insulin injection, soleus and
EDL muscles were isolated and stained for glycogen by PAS
staining as described in Materials and Methods. Consistent
with the findings of in vivo dynamic testing as well as in vitro
results from isolated muscles, there was an enhanced glycogen
presence in soleus muscles of mckPten™'~ mice compared to
those of mckPten™" mice (Fig. 5, upper row). On the other
hand, there were no significant differences in the amount of
glycogen present in the EDL muscles between the two geno-
types following glucose and insulin injection (Fig. 5, lower
row). There were no differences in the degree of PAS staining
between the genotypes in both EDL and soleus muscles fol-
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FIG. 3. Enhanced insulin-stimulated 2-deoxyglucose uptake into
isolated soleus muscles of high-fat-fed mckPten™'~ mice. (A and B)
Soleus or (C) EDL muscles isolated from 6-month-old mice fed
(A) chow or (B and C) high fat were incubated with or without 2 mU
of insulin per ml for 30 min. 2-Deoxyglucose uptake was measured
over 20 min. Results are the means * standard errors from four
independent experiments. All values are normalized relative to the
lowest 2-deoxyglucose uptake value in order to express all values as
greater than one.

lowing an overnight fast (data not shown). These data suggest
that slow-twitch muscles show enhanced glycogen synthesis
upon glucose and insulin stimulation in mckPten/~ mice.

Protection from diabetes development continues in aged
mckPten™~ mice on a high-fat diet without adverse tumor
development. In young mice up to 6 months in age, insulin and
glucose tolerance tests were not statistically different in
mckPten™'~ (Pte’’* cre™) and mckPten '~ mice fed a high-fat
diet (data not shown), whereas differences were seen between
mckPten™'~ and mckPten*’* mice, suggesting a gene dosage
effect. Insulin sensitivity declines with age in both rodents and
humans (12, 28). Therefore, we examined whether deletion of
muscle Pten continues to give a protective effect against insulin
resistance in aged mice fed a high-fat diet. Furthermore, given
that Pten is a well-known tumor suppressor with antiprolifera-
tive and survival properties in many tissues, we examined
whether a continued metabolic benefit would exist without any
deleterious effect, such as tumor development. For this pur-
pose, we examined metabolic parameters in mckPten'~ mice
on a prolonged diet of high fat up to 15 months of age. For
these aged mice, we examined mckPten™’~ mice rather than
mckPten™* mice as controls to determine whether the im-
provement in metabolic parameters can be elicited with half a
gene dosage of Pten.

The body weights of older mckPten '~ mice fed a normal
chow or high-fat diet did not differ from those of mckPten™'~
littermates (data not shown). Similarly after a high-fat diet, the
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epididymal fat mass was similar in mckPten™'~ (3.3 = 0.6 g)
and mckPten™'~ (3.4 = 0.9 g) mice (P = 0.97) at 15 months of
age. Despite the parallel gain in body weight and fat mass,
mckPten™'~ mice remained consistently more insulin sensitive
than mckPten™’~ mice on a prolonged high-fat diet, as mea-
sured by the insulin tolerance test (Fig. 6A). Furthermore,
these older mckPten '~ mice fed a high-fat diet had lower
glucose levels upon glucose challenge (Fig. 6B). In addition,
the prolonged protective metabolic effect in mckPten™'~ mice
continued without gross or histologic development of tumors.

To confirm that the preserved insulin sensitivity in the aged
mckPten™’~ mice on a high-fat diet was associated with im-
proved glucose uptake into muscle fibers, we assessed basal
and insulin-stimulated 2-deoxyglucose uptake into soleus and
EDL muscles isolated from 15-month-old mckPten '~ or
mckPten™'™ mice fed a high-fat diet. In the slow-twitch oxida-
tive soleus muscle, basal 2-deoxyglucose uptake was similar in
mckPten™~ (4.9 = 1.0 pmol/mg of muscle/20 min) and
mckPten™'~ (4.6 = 0.6 wmol/mg of muscle/20 min) mice (Fig.
7A). However, insulin-stimulated 2-deoxyglucose uptake was
significantly higher in the mckPten™'~ mice (13.9 * 2.4
wmol/mg of muscle/20 min) than in their mckPten™'~ litter-
mates (9.8 = 1.4 pmol/mg of muscle/20 min) (P < 0.05 by
ANOVA) (Fig. 7B). These findings further indicate that the
improved glucose homeostasis observed in aged mckPten™'~
mice results from increased insulin-mediated glucose disposal
in skeletal muscles. However, similar to findings for younger
mice, in the fast-twitch EDL muscle, neither basal
(mckPten™'~, 33 = 0.5 pmol/mg of muscle/20 min;
mckPten'~, 4.9 = 1.3 umol/mg of muscle/20 min [NS]) nor
insulin-stimulated (mckPten™~, 8.5 + 1.7 pmol/mg of mus-
cle/20 min; mckPten'~, 6.9 = 0.5 wmol/mg of muscle/20 min
[NS]) 2-deoxyglucose uptake differed significantly between
heterozygous and homozygous mice (Fig. 7A). These findings
suggest that the improved glucose homeostasis observed in the
mckPten™’~ mice may be due to increased insulin-mediated
glucose disposal preferentially into slow-twitch, oxidative fiber-
containing skeletal muscles.

Akt phosphorylation in soleus and EDL muscles of 15-
month-old mice fed a high-fat diet was assessed. Consistent
with the effect of Pten deletion in muscle on glucose uptake,
insulin-stimulated Akt phosphorylation was elevated in the
soleus muscles (mckPten™'~, 3.8- = 0.4-fold; mckPten '~ 6.4-
+ 1.5-fold [P < 0.05 by ANOVA]) but not in the EDL muscles
(mckPten™'~, 9.0- = 1.7-fold; mckPten™'~, 5.4- = 2.0-fold [P <
0.05 by ANOVAY) of mckPten'~ mice compared to their
heterozygous littermates (Fig. 7C).

Protection from hyperinsulinemia and (3-cell hypertrophy.
In order to prevent the progression of insulin resistance to
overt diabetes, the capacity of pancreatic B cells to mount a
hyperinsulinemic response to meet the increased demand for
insulin is crucial. Typically, insulin resistance elicits hypertro-
phy or hyperplasia of B cells and increased serum insulin levels.
We therefore examined whether B-cell compensation is allevi-
ated in the more insulin-sensitive mckPten '~ mice when they
are given a high-fat diet. Fasting insulin levels in the sera of
6-month-old mckPten™'~ and mckPten™" mice fed a normal
chow and a high-fat diet were measured. In keeping with the
notion that preserved insulin sensitivity would spare
mckPten'~ mice from mounting a hyperinsulinemic response,
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FIG. 4. Enhanced insulin-stimulated Akt phosphorylation in isolated soleus muscles of high-fat-fed mckPten™
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from 6-month-old mice fed (A) chow or (B) high fat were incubated with or without 2 mU of insulin per ml for 10 min. (C) Lysates (30 pg) were
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FIG. 5. Increased glycogen as measured by PAS staining in soleus
muscles of mckPten™~ mice compared to mckPten*'" mice. There is
no difference in PAS staining in EDL muscles between the two geno-
types. Overnight-fasted mice (high-fat fed, 6 months old) were injected
with glucose (1 g/kg) and insulin (1.5 U/kg) and sacrificed at 3 h
postinjection.

7+ mice.

a higher proportion of the mckPten™'~ mice had lower fasting
plasma insulin levels than control littermates (Fig. 8A).

Consistent with the higher serum insulin levels, pancreatic
sections of mckPten™'" mice fed a high-fat diet revealed a
higher degree of islet hyperplasia and hypertrophy (Fig. 8B),
suggesting B-cell neogenesis and proliferation in response to
insulin resistance. In contrast, mckPten '~ mice fed a high-fat
diet showed a lower number of islets that were significantly
smaller, similar to islets in mice of either genotype fed a chow
diet. There was no significant difference in the islet morphol-
ogy between the mckPten™'" and mckPten '~ mice on a chow
diet (Fig. 8B).

These results show that Pten deletion in muscle protects
against the proliferative demand on the B cells as a conse-
quence of enhanced insulin sensitivity. This proliferative de-
mand is an additional contributing factor to disease progres-
sion in type 2 diabetes. Pten deletion in muscle gave protection
against insulin resistance and diabetes without development of
muscle tumors or other deleterious effects in the high-fat and
age-induced diabetes model.

DISCUSSION

The PI3K pathway plays a major role in insulin-stimulated
glucose uptake (6, 14, 19, 44, 46). Previous studies using
3T3-L1 adipocytes overexpressing Pten showed a reduction in
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FIG. 6. Continued protection from insulin resistance and diabetes in older mckPten ™'~
tolerance tests were performed on 15-month-old mckPten*'~ and mckPten™'~

mice on prolonged high-fat feeding. (A) Insulin
mice on a chow or high-fat diet as described in Materials and

Methods. (B) Glucose tolerance tests were performed on 15-month-old mckPten™'~ and mckPten™'~ mice on a chow or high-fat diet as described

in Materials and Methods. * and **, P < 0.01 and P < 0.1, respectively, comparing mckPten

*/~ and mckPten ™'~ mice on a high-fat diet. All results

are expressed as means * standard errors of the means from at least 10 animals of each genotype.

insulin-stimulated glucose uptake (29, 31). Moreover, db/db
mice were protected from developing diabetes when Pten was
specifically inhibited by using an antisense oligonucleotide
strategy by lowering Pten levels primarily in liver and fat (5).
Despite this evidence supporting the modulatory role of Pten
in insulin action, the specific role of insulin signaling in muscle
that contributes to development of insulin resistance and dia-
betes remains elusive. We report here that muscle-specific
deletion of Pten prevented the development of insulin resis-
tance and diabetes induced by feeding a high-fat diet to mice
(Fig. 2 and 4). Reflecting the preserved insulin sensitivity, islet
hyperplasia-hypertrophy and hyperinsulinemia were absent in
mckPten’~ mice, whereas their control littermates had hyper-
trophic and hyperplastic islets and were hyperinsulinemic (Fig.
8).

In both age groups of high-fat-fed mice, muscle-specific de-
letion of Pten preserved insulin-stimulated glucose uptake in
slow-twitch, oxidative soleus muscle but not in fast-twitch EDL
muscle (Fig. 3 and 5). Similarly, insulin-stimulated Akt phos-
phorylation was enhanced in soleus but not EDL muscles from
mckPten™'~ mice compared to heterozygous littermates. The
distinct responses might reflect the differences in fiber type
composition of the two muscle types: mouse soleus muscle has
a much higher content of slow-twitch, oxidative type I fibers
(approximately 40 to 50%) (45), whereas mouse EDL muscle
is composed mainly of fast-twitch, glycolytic type IIB fibers
(36). Moreover, slow-twitch, oxidative fibers are more insulin
sensitive and show higher insulin-stimulated glucose uptake
than fast-twitch, glycolytic muscle fibers (25, 50). Muscles com-
posed mainly of type I fibers are more susceptible to high-fat-
feeding-induced insulin resistance than type 2 fiber-containing
muscles (50; D. Konrad and A. Klip, unpublished observa-
tions). Thus, one could argue that high-fat feeding and aging
affect mainly soleus muscle and not EDL muscle, and there-
fore, only deletion of Pten in the insulin-resistant muscle had a
compensatory effect. Consistent with this tenet, insulin-stimu-

lated PI3K activity is reduced in soleus but not in EDL muscles
in high-fat-fed mice (50). In mckPten™'~ mice, this defect is
rescued by the absence of Pten, presumably by improved glu-
cose uptake into oxidative muscle. Interestingly, a recent study
reemphasizes the importance of reduced mitochondrial oxida-
tive capacity in the pathogenesis of insulin resistance in elderly
people (32). We report here the occurrence of insulin resis-
tance mainly in the more oxidative soleus muscle and not in the
glycolytic EDL muscle.

Even though skeletal muscle plays an important role in glu-
cose homeostasis under physiological conditions (11), its func-
tional contribution to insulin resistance and type 2 diabetes was
recently questioned by the finding that muscle-specific deletion
of the insulin receptor did not result in whole-body insulin
resistance and diabetes (4). Possible explanations offered in-
cluded insulin signaling via the insulin-like growth factor-1
receptor and glucose uptake by non-insulin-dependent path-
ways (22). On the other hand, insulin resistance in skeletal
muscle is a consistent finding in type 2 diabetes patients (25).
Moreover, several studies report the occurrence of insulin re-
sistance in skeletal muscle as an early event in the development
of type 2 diabetes mellitus (47). Our findings further support
the concept that alterations in skeletal muscle play at least a
permissive role in the development of type 2 diabetes.

It is well documented that insulin sensitivity declines with
age, and several factors have been implicated in this decline
(28). Here, we show that deletion of muscle Pten gives pro-
longed protection against insulin resistance and diabetes even
in aged mice fed a prolonged high-fat diet, without the dele-
terious effects often expected with Pten inactivation. This re-
sult highlights the ability of Pten to potently regulate different
cellular processes in a highly context-dependent manner, tai-
loring regulatory effects to different cell types. In muscle, a
major function of Pten appears to be metabolic regulation of
insulin action. In keeping with these results, polymorphism in
the 5'-untranslated region of the Pten gene has been found in



MoL. CELL. BIOL.

Insulin

Basal

Insulin

Basal

EDL

Soleus

Sol () EDL (+/-) EDL (--)

Sol (+-)

WIJESEKARA ET AL.

1142

¥+ ¥4
m O |
~ 5
=
(=]
v
[0 c o
n w
a £
a
n
- o
[v]
L]
(2]
m
-ﬁ_- T ] ] ] 1
o . H w N o
..“. W & - = (+N3Ld Ieseq Jeao pjoj)
(gogL) uonejfioydsoyd Py
(1eseq 1ar0 pjoy)
aye)dn ssoonjbAxoeq-z
,, n s F
i g Z 3 =
v "] n W v
w
=3
2
=]
(")
wn 0
- o ]
m 4 b o
L] T L T 1 ] T L] 1 I L) T L] L}
- o™ (2] - (=] "_.lv uOl w (= (-] w - o~ =
(1eseq 18a0 pjoy) (unnsui jo yoaye jeu) (.+N3Ld Ieseq JeAo pjoy)
aye)dn esoonjbAxoaq-z ayejdn asoan|BAxoag-z (g0g1) uonejfioydsoyd Py
m (&)



VoL. 25, 2005

A

100 H .
% 80 - " o
= A
£ 60 -
£ *
> .
240 4 g i
e n L 2
S0 ot %t
@ :: ’Q :A
0 . A
++ -/- +/+ /-
chow high fat

FIG. 8. Protection from hyperinsulinemia and islet hyperplasia in high-fat-fed mckPten '~
overnight fast, plasma insulin levels in venous blood samples from 6-month-old mckPten

Pten DELETION PROTECTS AGAINST INSULIN RESISTANCE 1143

B

mice. (A) Fasting plasma insulin levels. After an

+/+

and mckPten'~ mice fed a chow (left two columns)

or high-fat diet (right two columns) were determined. Dashed lines represent arbitrary cutoff levels for comparative analysis. (B) Sparing of islet

hyperplasia in mckPten '~
6-month-old mckPten™' and mckPten™'~

a diabetic cohort in Japan. This polymorphism was associated
with an increased expression level of Pten and decreased phos-
phorylation of Akt upon stimulation with insulin in an exper-
imental cell line model (16).

Negative regulators of insulin signaling are attractive targets
for the development of new therapeutic approaches to treat
insulin resistance and diabetes mellitus. PTP-1B directly inter-
acts with and dephosphorylates activated insulin receptors.
PTP-1B knockout mice are protected from obesity and insulin
resistance, possibly through enhancing effects on leptin signal-
ing in liver (7, 49). Lipid phosphatase SHIP2 has also been
shown to modulate insulin action. SHIP2 deletion leads to
increased insulin sensitivity associated with severe perinatal
hypoglycemia and death, whereas adult mice heterozygous for
the SHIP2 mutation have better glucose tolerance and insulin
sensitivity (9). However, in these genetic models, it is unclear
which insulin target organs contribute primarily to diabetes
protection. Since these genetic models were whole-body
knockouts, the specific contribution of each insulin-sensitive
organ to whole-body glucose control could not be assessed. We

mice fed a high-fat diet. Representative hematoxylin- and eosin-stained histological sections of pancreata from
mice fed a chow or high-fat diet are shown.

show here that amelioration of insulin signaling in skeletal
muscle via deletion of Pten in muscle is able to improve the
control of whole-body glucose.

Selective Pten deletion in skeletal muscle protects against
the development of fat- and age-dependent insulin resistance
and diabetes without the development of cancer. Here we
show that deletion of Pten in muscle affects metabolism with-
out affecting other facets of Pten physiology that have been
shown to be important in other tissues, such as hypertrophy or
proliferation. We thus show the exquisite specificity of Pten for
tissue type and show mckPten '~ mice to be a good model to
study the effect of muscle insulin signaling in insulin resistance.
Pten in muscle is a promising therapeutic target to overcome
insulin resistance and ameliorate glucose homeostasis in type 2
diabetes.
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