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1. ABSTRACT

Resistance to the normal action of insulin
contributes to the pathogenesis of a number of common
human disorders, Type II (non-insulin-dependent) diabetes
mellitus. This review is focused on current understanding
of the molecular mechanisms regulating insulin action and
the factors contributing to insulin resistance in skeletal
muscle. Since skeletal muscle is considered the major
organ responsible for glucose uptake under insulin-
stimulated conditions, defects in this target tissue are likely
to contribute to metabolic disregulation in Type II diabetes
mellitus. Defects in insulin signal transduction through the
insulin-receptor substrate-1/phosphatidylinositol 3-kinase
pathway is associated with reduced insulin-stimulated
glucose transport activity in skeletal muscle from Type II
diabetic patients. Glucose transport, the rate limiting step in
glucose metabolism, is mediated by glucose transporter 4
(GLUT4) translocation and can be activated in skeletal
muscle by two separate and distinct signaling pathways;
one stimulated by insulin and the second by muscle
contractions. Level of physical exercise has been linked to
improved glucose homeostasis and enhanced insulin
sensitivity. Understanding the molecular mechanism for the
activation of signal transduction pathways by which insulin
and muscle contraction increase glucose transport will
provide a link to defining new strategies to enhance glucose
metabolism in the diabetic patient.

2. INTRODUCTION

Type II diabetes (non-insulin dependent diabetes
mellitus, NIDDM) is a progressive metabolic disorder
characterized by chronic hyperglycemia. If gone unchecked

Type II diabetes leads to numerous complications including
retinopathy (1), cardiovascular disease (2), or renal failure
(3). Peripheral insulin resistance in skeletal muscle is likely
a major contributor to the development of overt Type II
diabetes mellitus. This tissue accounts for ~80% of total
glucose disposal under insulin-stimulated conditions (4),
and defects in insulin action in skeletal muscle precede the
clinical diagnosis of the disease (5). Thanks to advances in
molecular biology, studies using cell culture systems have
lead the way in unraveling the complexities governing the
cellular events that regulate glucose transport in response to
insulin. Nevertheless, in order to understand the underlying
cause of impaired insulin action in diabetic muscle,
knowledge gained from cell culture systems needs to be
extended to examine insulin action in skeletal muscle from
animal models of diabetes, as well as in muscle from
diabetic patients. This review is focused on the current
knowledge of factors that negatively or positively control
insulin action in skeletal muscle.

3. GLUCOSE TRANSPORT REGULATION:
INSULIN SIGNAL TRANSDUCTION AND GLUT4
VESICLE TRAFFIC

Insulin signal transduction is initiated by insulin
binding to the extracellular domain of the insulin receptor
(IR) (Figure 1). This in turn activates intracellular tyrosine
kinase activity within the IR beta-subunit (6). The primary
targets of this kinase activity include the insulin receptor
substrate-1 (IRS-1) through 4 (7-10), and Shc (11).
However, in skeletal muscle IRS expression appears to be
restricted to IRS-1 and IRS-2 (7-10). Following
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Figure 1. Proposed scheme of regulation of glucose transport in skeletal muscle in response to insulin or exercise (muscle
contraction).

phosphorylation by the insulin receptor, IRS proteins act as
docking proteins for downstream signaling molecules
containing Src homology 2 (SH2) domains, including the
85-kDa regulatory subunit of phosphatidylinositol (PI) 3-
kinase (12). PI 3-kinase as been implicated as an essential
signaling intermediate for insulin-stimulated glucose
transport based on investigations using the pharmacological
inhibitor of PI 3-kinase, wortmannin. First in isolated
apidocytes (13, 14), and soon thereafter in skeletal muscle
(15-17), wortmannin was shown to completely inhibit
insulin-stimulated PI 3-kinase activity and glucose
transport.  To date, the molecular link between PI 3-kinase
and glucose transport has yet to be clearly established.
Thus, intense research interest has been placed on
identifying the molecules downstream of PI 3-kinase that
are involved in signal transduction to glucose transport.

The serine/threonine kinase Akt has been
identified as one such downstream target of PI 3-kinase
(18, 19). Activation of Akt by insulin appears to involve
direct activation by 3-phosphoinositide dependent protein
kinase 1 (PDK1) (20). Expression of constitutively active
forms of Akt in 3T3-L1 adipocytes (21), primary rat
adipocytes (22), or L6 myotubes (23) stimulates glucose
transporter 4 (GLUT4) translocation and glucose transport.
Thus, these investigations are in accordance with Akt
playing an active role in stimulation of glucose transport by
insulin. However, conflicting reports from investigations
using various dominant negative forms of Akt justify
further examination into the role of Akt. Overexpression of
Akt with mutations targeted to the phosphorylation sites
has been reported to inhibit insulin-stimulated protein
synthesis and p70S6-kinase activity in 3T3-L1 adipocytes,
without effecting insulin-stimulated glucose uptake (24).
However, overexpression of dominant-negative forms of
Akt with mutations within the catalytic site, without (22) or
with (25) co-mutation of the phosphorylation sites, causes
inhibition of insulin-stimulated GLUT4 translocation in rat
adipocytes and L6 myotubes, respectively. In light of these
conflicting reports, the role of Akt in terms of signaling to
glucose transport remains a point of debate. Nevertheless,

activation of Akt by insulin has been demonstrated in both
rat  (26, 27) and human (28-31) skeletal muscle. This
activation occurs rapidly (within 6 to 8 min) and remains
persistently activated for up to 40 min (26, 31).
Furthermore, the activation of Akt in skeletal muscle
occurs in a PI 3-kinase dependent manner (28).

Additional downstream effectors of PI 3-kinase
which may account for insulin-stimulated glucose transport
include specific members of the protein kinase C (PKC)
family.  In 3T3-L1 cell culture, members of the atypical
class of PKC, PKC-zeta and PKC-lambda, have been
reported to be activated by insulin through  a PI 3-kinase-
dependent mechanism (32, 33), and have been implicated
to play a role in insulin-stimulated glucose transport (34-
36). Adenovirus-overexpression of a dominant-negative
PKC-lambda inhibits insulin-stimulated glucose transport
in 3T3-L1 adipocytes (34) and L6 myotubes (36), whereas
overexpression of wild-type PKC-lambda was found to
enhance insulin-stimulated glucose uptake in L6 cells (36).
Likewise, overexpression of wild-type PKC-zeta increased
basal and insulin-stimulated glucose transport in 3T3-L1
fibroblasts and adipocytes, with notable decreases reported
following dominant-negative overexpression (35).
Furthermore, overexpression of an atypical PKC isotype-
specific interacting protein was reported to inhibit insulin-
stimulated glucose uptake (37). Thus, signal transduction
via the atypical PKC isoforms appears to mediate insulin-
stimulated glucose transport. Nevertheless, the involvement
of PKC-zeta or lambda in regulating insulin-stimulated
glucose uptake in primary skeletal muscle has yet to be
addressed.

Clearly, there remains considerable uncertainty
surrounding the downstream steps involved in the signaling
cascade that mediates insulin-stimulated glucose transport.
Nevertheless, it is clear that the final event required for
skeletal muscle glucose transport involves the trafficking of
GLUT4, the predominant glucose transporter isoform
expressed in skeletal muscle (38-40). Insulin stimulates
glucose uptake in skeletal muscle primarily by eliciting
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translocation of GLUT4 from an intracellular pool to the
plasma membrane (41, 42). Once fully integrated into the
plasma membrane, GLUT4 mediates the transport of
glucose into the cell. The importance of GLUT4 for
insulin-stimulated glucose transport is underscored in
studies utilizing muscle specific GLUT4-knockout mice. In
isolated soleus or extensor digitorum longus (EDL) muscle,
insulin failed to stimulate glucose transport activity,
suggesting that GLUT4 plays an essential role in mediating
the glucose transport process in muscle (43). This report is
in partial disagreement with earlier studies using whole-
body GLUT4-knockout mice (44). While insulin was
ineffective in stimulating glucose transport in EDL muscle
from whole-body GLUT4 knockout mice, a blunted, but
significant effect of insulin was reported in soleus muscle
from female GLUT4-knockout mice (44). However, this
finding may be attributed to a compensatory adaptation,
which may or may not be a part of the normal response in
skeletal muscle. Nevertheless, GLUT4 was established as
the primary mediator of skeletal muscle glucose transport.

The translocation of GLUT4 is a multi-step
process that includes budding or release of GLUT4
containing vesicles from an intracellular storage
compartment, movement to the plasma membrane,
followed by docking and fusion with the plasma membrane
(45). Thus, there are many potential points at which
GLUT4 translocation may be impaired in diabetic skeletal
muscle. Sub-cellular fractionation studies have shown that
insulin stimulates a redistribution of GLUT4 within skeletal
muscle fibers from internal membranes to the plasma
membrane (41, 42). A more recent advance in the study of
GLUT4 traffic in skeletal muscle involves the use of a
sensitive exofacial bis-mannose photolabeling technique
(46). This technique utilizes a membrane impermeable
glucose transporter label, thus allowing for more
quantitative studies of GLUT4 translocation to be
performed in skeletal muscle. Studies implementing this
technological advance have reported that maximal insulin
stimulation increased cell surface GLUT4 levels and
glucose transport with similar magnitudes (46-48).
Furthermore, the calculated turnover rate of GLUT4 is not
affected by insulin (48). Thus, the major mechanism for
insulin-stimulated glucose transport in skeletal muscle is
the translocation of GLUT4 to the plasma membrane rather
than modification of catalytic activity.

4. DEFECTS IN INSULIN SIGNAL TRANSDUCTION
AND GLUT4 TRANSLOCATION

Reduced insulin-stimulated glucose transport into
skeletal muscle of Type II diabetic patients has been clearly
established (49-51). Therefore, identifying methods to
enhance insulin action in this tissue are likely to result in
improved whole-body glucose homeostasis in the diabetic
patient. However, if effective strategies for the treatment of
skeletal muscle insulin resistance are to be developed, a
clear understanding of the underlying cause(s) of reduced
insulin-stimulated glucose transport in diabetic muscle
must be reached. Certainly this is no easy task given the
complexity, and incomplete picture, of the cellular
signaling and GLUT4 vesicle trafficking mechanisms that

govern glucose transport. Nevertheless, intense research
interest has been geared towards identifying diabetes-
associated defects in insulin action.

Insulin action at the level the IR, IRS-1, and PI 3-
kinase are prime candidates for defects leading to reduced
glucose transport in skeletal muscle from Type II diabetic
patients, given that these signaling molecules have a well
established role in regulating glucose transport. In morbidly
obese humans, impaired insulin-stimulated glucose
transport in skeletal muscle is associated with decreased
autophosphorylation of the IR, impaired IRS-1
phosphorylation, and reduced PI 3-kinase activity (52).
However, the downregulation of insulin signaling in obese
insulin resistant individuals may be a consequence of a
reduction in IR protein expression in muscle from these
subjects (52). In skeletal muscle from non-obese Type II
diabetic subjects, IR phosphorylation has been reported to
be either reduced (53) or unchanged (31, 54) compared to
non-diabetic control subjects. In lean to moderately obese
Type II diabetic subjects, defects at the levels of IRS-1 and
PI 3-kinase have been reported (55). In this study IRS-1
tyrosine phosphorylation was increased 6-fold in skeletal
muscle from control subjects following 40 min of in vivo
hyperinsulinemia, whereas a similar level of insulin
exposure was insufficient to stimulate phosphorylation of
IRS-1 in Type II diabetic subjects. This absence of IRS-1
phosphorylation could not be attributed to a reduction in
IRS-1 protein expression. When PI 3-kinase activity was
considered, hyperinsulinemia resulted in a 2-fold
stimulation of IRS-1-associated PI 3-kinase activity in
muscle from control subjects, with no increase observed in
Type II diabetic subjects. Thus, suppression of insulin
action at the level of IR, IRS-1, or PI 3-kinase is likely to
contribute to reduced glucose transport in skeletal muscle
from diabetic patients.

Although a clear involvement of Akt in
mediating the effects of insulin on glucose transport
activity has yet to be established, it remains an attractive
candidate for the development of insulin resistance.  In
skeletal muscle from Type II diabetic subjects, in vitro
exposure to maximal insulin concentrations (60 nM)
reveals a defect in Akt activation (31). However, when a
lower concentration of insulin was used (2.4 nM), Akt
activation in diabetic muscle strips was found to be normal.
Thus, normal sub-maximal activation of Akt occurs in
diabetic muscle despite dramatically reduced levels of
glucose transport under identical conditions. Likewise, in
vivo insulin infusion in type II diabetic subjects is
accompanied by normal levels of Akt phosphorylation (56)
and kinase activity (30) within skeletal muscle, despite
reduced whole-body glucose utilization. In light of these
results, Akt has been suggested to have a limited role in
insulin resistance in Type II diabetic humans (30).
However, Akt2 has been shown to associate with the
GLUT4 vesicle in 3T3-L1 adipocytes in response to insulin
(57). Therefore, in addition to measurements of total kinase
activity, studies addressing the trafficking of this signaling
molecule in healthy and diabetic muscle are warranted in
order to determine its relevance to the development of
insulin resistance.
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While no studies thus far have addressed the
issue of insulin-stimulated activation of the atypical PKC
isoforms (downstream targets of PI 3-kinase) in diabetic
skeletal muscle, several studies provide evidence that
alterations in the cellular localization of PKC isoforms
occur in muscle from diabetic animals (58). Some of these
changes may be chronic, occurring in response to elevated
levels of glucose, insulin, and/or lipids. Changes in PKC-
theta and PKC-epsilon are evident in skeletal muscle from
dietary-induced (high-fat-fed) insulin resistant rats and
these changes appear to be related to muscle tri- and
diacyglycerol levels (59). In the non-obese Goto-Kakizaki
(GK) diabetic rat (60), PKC enzyme activity and levels of
PKC-alpha, PKC-beta, PKC-epsilon, and PKC-delta are
increased in membrane fractions and decreased cytosolic
fractions of soleus muscle, relative to control Wistar rats. In
addition, PKC-theta levels in GK soleus muscles are
decreased in both membrane and cytosol fractions. Changes
in the compartmentalization and/or expression of the PKC
isoforms may occur in response to an acute increase in
glucose availability. Acute exposure of isolated soleus
muscle from Wistar rats to 25 mmol/l glucose increased the
total membrane content of PKC-beta2 and PKC-zeta by 3-
and 1.4-fold, respectively, (61). While the effect of these
glucose-induced changes in PKC distribution on skeletal
muscle insulin action is not clear, a role for PKC-beta (1
and/or 2) as a modulator of insulin sensitivity in muscle has
been proposed. Recently engineered PKC-beta knockout
mice display enhanced glucose transport activity in adipose
tissue and skeletal muscle suggesting that PKC-beta 1
and/or 2 play a negative role in the regulation of insulin
action (62). Furthermore, the ablation of PKC-beta resulted
in enhanced glucose transport activity without affecting
IRS1-associated PI 3-kinase activity, suggesting that PKC-
beta affects insulin action at a level distal to PI 3-kinase.

In addition to impaired insulin signal
transduction, defects in GLUT4 expression or vesicle
trafficking may contribute to reduced skeletal muscle
glucose uptake. In morbidly obese individuals, reduced
skeletal muscle expression of GLUT4 may partially
account for the insulin resistant state (63), however this
does not appear to be the case in lean diabetic subjects
where GLUT4 expression has been reported to be normal
(64, 65). Nevertheless, defects in GLUT4 vesicle traffic
may indeed contribute to insulin resistance in diabetic
individuals. For instance, under non-stimulated conditions,
the basal pool of GLUT4 in skeletal muscle from insulin
resistant individuals was found to sediment to a denser
sucrose gradient fraction than that of control subjects (66).
This abnormal GLUT4 distribution was associated with
reduced GLUT4 translocation following in vivo insulin
stimulation in diabetic muscle. This suggests that defects in
GLUT4 trafficking and translocation can also contribute to
insulin resistance in skeletal muscle. Recently, bis-mannose
photolabeling was implemented to quantify the magnitude
of the insulin response on GLUT4 translocation in skeletal
muscle from Type II diabetic patients (67). As observed
previously (48), insulin stimulated 3-O-methylglucose
transport and cell surface GLUT4 content were tightly
correlated in skeletal muscle from healthy individuals.
When diabetic muscle strips were examined, glucose

transport and cell surface GLUT4 were reduced 40 and
71%, respectively compared to control individuals.
Therefore, insulin resistance can be accounted for by
reduced cell surface GLUT4 in response to insulin.

Since GLUT4 translocation occurs downstream of
insulin signaling, the impairment observed in skeletal
muscle from Type II diabetic patients may be due to a
defect in either signaling and/or GLUT4 vesicle traffic. A
means of addressing this issue is to utilize stimuli that act
upon GLUT4 translocation in a manner independent of
insulin action. In skeletal muscle hypoxia stimulates
glucose transport and GLUT4 translocation by a
mechanism independent of insulin signaling (16, 17). In
skeletal muscle from Type II diabetic subjects, hypoxia-
stimulated GLUT4 translocation was 50% lower versus that
observed in healthy subjects (67). Thus, insulin resistance
may be partly due to a failure of GLUT4 vesicles to
translocate, dock, or fully fuse with the plasma membrane.
However, as the defect in insulin-stimulated GLUT4
translocation was greater than that observed following
exposure to hypoxia, lesions in signal transduction as well
as GLUT4 traffic likely contribute to the insulin resistant
state in Type II diabetic muscle.

5. ALTERED METABOLIC STATES CAN
SUPPRESS INSULIN ACTION IN SKELETAL
MUSCLE

Investigations into the underlying cause(s) of
skeletal muscle insulin resistance have uncovered multiple
molecular candidates to account for reduced insulin-
stimulated glucose transport in diabetic muscle. However
there still remains considerable uncertainty why these
defects in signaling and/or membrane trafficking exist.
Current evidence suggests that the altered metabolic milieu
that is associated with the diabetic state may itself
constitute a contributing factor to peripheral insulin
resistance. For example, hyperglycemia, a characteristic
feature of Type II diabetes, appears to be one factor leading
to insulin resistance in skeletal muscle. Under in vitro
conditions, insulin-stimulated glucose transport is fully
normalized in isolated skeletal muscle from Type II
diabetic patients after a two hour incubation in media
containing low  (4 mM), but not high  (8 mM) glucose (68).
Furthermore, in diabetic rodent models, in vivo correction
of hyperglycemia by phlorizin-treatment improves whole-
body insulin sensitivity and restores insulin-stimulated
glucose transport in isolated adipocytes and skeletal muscle
(27, 69-71). The molecular mechanism by which
restoration of glycemia improves insulin action in skeletal
muscle appears to involve normalization at the level of Akt
(27). Restoration of glycemia by phlorizin treatment in
diabetic GK rats partially restored glucose tolerance and
fully restored insulin-stimulated Akt activity and glucose
transport (27). These improvements in insulin action were
independent from insulin action at the level of PI 3-kinase.
Similarly, incubation of non-diabetic rat EDL muscle with
25 mM glucose was reported to inhibit insulin action at the
level of Akt, but not PI 3-kinase (72). The precise
mechanism by which hyperglycemia downregulates insulin
action is not fully known. However, the effects of
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hyperglycemia may be mediated in part by metabolites of
the hexosamine pathway. Increased biosynthetic activity
within the hexosamine pathway is associated with the
development of insulin resistance (73). However, unlike the
effects of high glucose, two hours of glucosamine infusion
in the conscious rat was reported to down-regulate insulin
signaling at the level of PI 3-kinase activity, whereas
activation of Akt was unaltered (74). In any case, these
studies are consistent with the notion that hyperglycemia
negatively impacts insulin signaling in skeletal muscle.

Another common feature of Type II diabetes, especially
when obesity related, is elevated levels of circulating free
fatty acids (FFA) (75, 76). Like hyperglycemia, FFA may
also contribute to the insulin resistant state. A two hour in
vitro exposure of rat soleus muscle to high levels of oleate
was shown to inhibit 2-deoxyglucose uptake, thus
demonstrating a direct role of FFA for development of
insulin resistance (77). Furthermore, FFA-induced insulin
resistance has been demonstrated in vivo, as reduced
whole-body glucose utilization has been observed in both
rodents (78, 79) and humans (80, 81). In healthy human
subjects, a five hour triglyceride/heparin infusion to raise
FFA levels is sufficient to reduce insulin-stimulated
glucose utilization and muscle glycogen accumulation by
as much as 50% (81). These findings are paralleled by a
90% reduction in IRS1-associated PI 3-kinase activity.
Similar findings have been reported in rat skeletal muscle
following chronic triglyceride/heparin infusion, with
defects noted at the level of insulin-stimulated IRS1
phosphorylation, IRS1-associated PI 3-kinase activity, and
2-deoxyglucose uptake (79). Additionally, these defects
were also associated with a dramatic shift of PKC-theta
localization from the cytosol to the membrane fraction.
Thus, while the molecular basis linking FFA to impaired
insulin action is still unknown, the role PKC-theta can be
considered.

6. SKELETAL MUSCLE FIBER-TYPE: A SPECIAL
CONSIDERATION FOR INSULIN ACTION

Based on myosin ATPase staining or enzymatic
analysis, skeletal muscle fibers can be classified into three
distinct categories: type I (slow-twitch-oxidative), type IIa
(fast-twitch-oxidative-glycolytic) and type IIb (fast-twitch-
glycolytic) (82). In addition to exhibiting diverse
contractile and enzymatic properties, specificity of insulin
action occurs in a fiber-type manner. For instance, insulin-
stimulated glucose transport is greater in type I oxidative
versus type IIa or IIb glycolytic muscle (83, 84). This fiber-
specific difference upon glucose transport may be of
clinical relevance to the development of insulin resistance.
In humans, whole-body glucose uptake and muscle glucose
transport is positively correlated with type I muscle fibers
(85) and negatively correlated with type IIb muscle fibers
(86). Furthermore, the percentage of type I muscle fibers
are reduced with extreme obesity (85) and inactivity due to
paralysis (87), and therefore may be a contributing factor to
the development of insulin resistance. Futures strategies to
target increased expression of type I skeletal muscle fibers
may improve insulin sensitivity in insulin resistant
individuals.

The superior glucose transport capacity displayed in
type I muscle fibers may be in part due to greater levels of
GLUT4 expression, as GLUT4 expression is positively
correlated to the percentage of type I fibers (88). However,
differences in expression and function of key signaling
proteins also influence fiber-type specificity of insulin
action (26, 84). Fiber-type specific differences include
increased insulin action at the level of IR binding (84),
tyrosine phosphorylation of IR, IRS-1 and IRS-2, PI 3-
kinase activity, and Akt phosphorylation in rodent skeletal
muscle composed predominantly of type I oxidative
skeletal muscle fibers (26). These functional differences are
associated with increased protein expression of p85α
subunit of PI 3-kinase, and Akt kinase, with no reported
difference in IR, IRS-1 or IRS-2 between oxidative and
glycolytic muscles (26). Therefore, expression and/or
function of all identified steps in the insulin signaling
pathway to glucose transport are effected by the fiber-type
composition of the muscle.

7. EXERCISE: A MEANS TO IMPROVE GLUCOSE
HOMEOSTASIS

In skeletal muscle, glucose transport can be
acutely activated by at least two separate pathways, one
stimulated by insulin, and another activated by muscle
contraction/exercise (89-93) (Figure 1). While PI 3-kinase is
required for insulin-stimulated glucose transport, inhibition of
PI 3-kinase activity does not impair exercise/muscle
contraction stimulated glucose transport (15-17). Furthermore,
exercise stimulates glucose transport without increasing
tyrosine phosphorylation of the IR or IRS1, or kinase
activity of PI 3-kinase or Akt (94, 95). The mechanism
behind activation of exercise induced glucose transport is
unclear, but may be linked to release of calcium from the
sarcoplasmic reticulum (96), activation of nitric oxide
synthase (97), and/or stimulation of AMP-activated protein
kinase (98). Although the precise signaling pathway to
exercise-induced glucose transport has not been definitively
established, activation of this insulin-independent glucose
transport pathway may be one alternative means to activate
glucose transport, and thereby improve whole-body glucose
homeostasis in insulin-resistant individuals. In skeletal
muscle from diabetic rats, muscle contraction stimulates
glucose transport despite severe insulin resistance of the
glucose transport process (93, 99). Even in muscle from
animals with dietary induced insulin resistance, perturbing
the muscle contraction pathway with in vitro hypoxia or
through incubation with W-7, fully activates glucose
transport (47). Importantly, a recent report provides
evidence that 45-60 min of cycle exercise is sufficient to
stimulate GLUT4 translocation in skeletal muscle from
healthy subjects and Type II diabetic patients (100).
Although the plasma membrane content was ~30% lower in
the Type II diabetic patients at rest and after exercise, this
difference was not significant. These studies highlight the
potential importance of physical exercise in maintaining
glucose homeostasis in Type II diabetic patients.

In addition to the beneficial effects of acute exercise,
chronic exercise training improves whole-body glucose
homeostasis and insulin-stimulated glucose transport (87,
101, 102). Furthermore, physical training improves whole-
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body insulin sensitivity in insulin resistant individuals (103,
104). Therefore, improved insulin action through regular
exercise training may be one means of overcoming defects
in insulin signal transduction in diabetic muscle. The
molecular basis for enhanced glucose uptake with chronic
exercise training may be related in part to increased
expression and/or activity of key proteins involved in the
regulation of glucose uptake and metabolism in skeletal
muscle. Such candidates include GLUT4 (101, 105),
hexokinase II (87, 106), and glycogen synthase (87, 106),
proteins known to be upregulated by exercise training.

Since exercise training is associated with upregulation
of multiple genes, it is difficult to determine which of the
proteins effected by exercise are responsible for enhanced
insulin action. Nevertheless, insight into the roles of
GLUT4, hexokinase II and glycogen synthase as mediators
of training-induced upregulation of glucose transport have
been obtained through the use of transgenic mice. The role
for GLUT4 is clear, as several investigations have shown
that transgenic overexpression of the GLUT4 protein in
skeletal muscle results in significant increases in both
insulin- and contraction-stimulated glucose uptake (107-
110). Furthermore, transgenic overexpression of GLUT4 is
sufficient to overcome many insulin resistant states such as
those associated with streptozotocin treatment (111), high-
fat feeding (112), and obesity (113). Unlike GLUT4, the
role of hexokinase II is less clear. Initially, overexpression
of hexokinase II was reported to enhance insulin-stimulated
glucose transport (114), suggesting that hexokinase activity
may be rate-limiting for glucose uptake. However, a
separate recent report disputes this finding (115). In this
latter report, skeletal muscle glucose uptake was not
improved by overexpression of hexokinase II. Furthermore,
overexpression of hexokinase in GLUT1 transgenic mice
did not further enhance glucose uptake versus mice
overexpressing GLUT1 alone. Therefore, results from this
study indicate that upregulation of hexokinase activity does
not enhance glucose transport even when the flux of
glucose into the muscle cell is great. Similarly, a minimal
role for glycogen synthase in regulating the rate of glucose
uptake has been proposed (116). Despite a dramatically
enhanced capacity to store glucose as muscle glycogen,
overexpression of glycogen synthase does not enhance
glucose transport capacity in skeletal muscle.

While exercise-training studies have highlighted the
importance of increased GLUT4 for enhanced insulin-
stimulated glucose transport, recent investigations have
examined the involvement of insulin signal transduction
following exercise training (117, 118). For instance,
insulin-action at the level of the IR, IRS-1, PI 3-kinase, and
Akt are all upregulated within five days of swim training in
rats (118). Furthermore, in young healthy humans, seven
days of exercise training is sufficient to improve insulin-
stimulated PI 3-kinase activity (117). These studies
demonstrate the importance of exercise training to enhance
insulin signal transduction in skeletal muscle, nevertheless
studies examining the potential for such training regimes to
improve insulin signal transduction in diabetic muscle are
lacking.

8. PERSPECTIVE

Reduced insulin-stimulated glucose transport in
Type II diabetes may occur in response to defects in signal
transduction and/or GLUT4 translocation in skeletal
muscle. While defects in signal transduction have been
identified in skeletal muscle from Type II diabetic patients,
the degree to which these defects actually contribute to the
insulin resistant state is still unclear. Furthermore,

relatively little is understood about the nature of the
underlying cause(s) of impaired insulin signal transduction
and GLUT4 vesicle trafficking in type II diabetic muscle.
Future studies geared towards addressing this issue are
likely to give rise to new therapeutic strategies for treating
insulin resistance. Exercise has been identified as a
physiological means to activate glucose transport as well as
enhance insulin-stimulated glucose transport in skeletal
muscle. Thus, exercise may have important therapeutic
implications for controlling glucose homeostasis in insulin
resistant diabetic patients in a non-pharmacological
manner. Nevertheless, the extent to which exercise can be
used to reverse insulin resistance warrants further
investigation.

9. ACKNOWLEDGEMENTS

This work was supported by grants from the
Swedish Medical Research Council, the Novo-Nordisk
Foundation, Söderbergs Foundation, the Swedish Diabetes
Association, the Foundation of Scientific Studies of
Diabetology and the Swedish National Center for Research
in Sports.

10. REFERENCES

1.  Ferris, F. L. D.: Diabetic retinopathy. Diabetes Care 16,
322-325 (1993)

2.  Keen, H., C. Clark, and M. Laakso: Reducing the burden of
diabetes: Managing cardiovascular disease. Diabetes Metab
Res Rev 15, 186-196 (1999)

3.  Ritz, E., and S. R. Orth: Nephropathy in patients with type 2
diabetes mellitus. N Engl J Med 341, 1127-1133 (1999)

4.  DeFronzo, R. A., E. Jocot, E. Jequier, E. Maeder, J.
Wahren, and J. P. Felber: The effect of insulin on the disposal
of intravenous glucose. Diabetes 30, 1000-1007 (1981)

5.  Vaag, A., J. E. Henriksen, and H. Beck-Nielsen: Decreased
insulin activation of glycogen synthase in skeletal muscle in
young non-obese Caucasian first-degree relatives of patients
with non-insulin-dependent diabetes mellitus. J Clin Invest 89,
782-788 (1992)

6.  Kasuga, M., F. A. Karlsson, and C. R. Kahn: Insulin
stimulates the phosphorylation of the 95,000-dalton subunit of
its own receptor. Science 215, 185-187 (1982)

7.  Sun, X. J., P. Rothenberg, C. R. Kahn, J. M. Backer, E.
Araki, P. A. Wilden, D. A. Cahill, B. J. Goldstein, and M. F.
White: Structure of the insulin receptor substrate IRS-1 defines
a unique signal transduction protein. Nature 352, 73-77 (1991)

8.  Sun, X. J., L. M. Wang, Y. Zhang, L. Yenush, M. G. J.
Myers, E. Glasheen, W. S. Lane, J. H. Pierce, and M. F. White:
Role of IRS-2 in insulin and cytokine signalling. Nature 377,
173-177 (1995)

9.  Lavan, B. E., W. S. Lane, and G. E. Lienhard: The 60-kDa
phosphotyrosine protein in insulin-treated adipocytes is a new
member of the insulin receptor substrate family. J Biol Chem
272, 11439-11443 (1997)

10.  Lavan, B. E., V. R. Fantin, E. T. Chang, W. S. Lane, S. R.
Keller, and G. E. Lienhard: A novel 160-kDa phosphotyrosine
protein in insulin-treated embryonic kidney cells is a new
member of the insulin receptor substrate family. J Biol Chem
272, 21403-21407 (1997)

11.  Pelicci, G., L. Lanfrancone, F. Grignani, J. McGlade, F.
Cavallo, G. Forni, I. Nicoletti, T. Pawson, and P. G. Pelicci: A
novel transforming protein (SHC) with an SH2 domain is



Skeletal Muscle and Insulin Sensitivity

160

implicated in mitogenic signal transduction. Cell 70, 93-104
(1992)

12.  White, M. F.: The insulin signalling system: A network of
docking protein that mediate insulin action. Mol Cell Biochem
182, 3-11 (1998)

13.  Okada, T., Y. Kawano, T. Sakakibara, O. Hazeki, and M.
Ui: Essential role of phosphatidylinositol 3-kinase in insulin-
induced glucose transport and antilipolysis in rat adipocytes.
Studies with a selective inhibitor wortmannin. J Biol Chem
269, 3568-3573 (1994)

14.  Cheatham, B., C. J. Vlahos, L. Cheatham, L. Wang, J.
Blenis, and C. R. Kahn: Phosphatidylinositol 3-kinase
activation is required for insulin stimulation of pp70 S6 kinase,
DNA synthesis, and glucose transporter translocation. Mol Cell
Biol 14, 4902-4911 (1994)

15.  Lund, S., G. D. Holman, O. Schmitz, and O. Pedersen:
Contraction stimulates translocation of glucose transporter
GLUT4 in skeletal muscle through a mechanism distinct from
that of insulin. Proc Natl Acad Sci USA 92, 5817-5821 (1995)

16.  Lee, A. D., P. A. Hansen, and J. O. Holloszy: Wortmannin
inhibits insulin-stimulated but not contraction-stimulated
glucose transport activity in skeletal muscle. FEBS Lett 361,
51-54 (1995)

17.  Yeh, J.-I., E. A. Gulve, L. Rameh, and M. J. Birnbaum:
The effects of wortmannin on rat skeletal muscle. J Biol Chem
270, 2107-2111 (1995)

18.  Burgering, B. M. T., and P. J. Coffer: Protein kinase B (c-
Akt) in phosphatidylinositol-3-OH kinase signal transduction.
Nature 376, 599-602 (1995)

19.  Kohn, A. D., K. S. Kovacina, and R. A. Roth: Insulin
stimulates the kinase activity of RAC-PK, a pleckstrin
homology domain containing ser/thr kinase. EMBO J 14,
4288-4295 (1995)

20.  Alessi, D. R., S. R. James, C. P. Downes, A. B. Holmes, P.
R. J. Gaffney, C. B. Reese, and P. Cohen: Characterization of a
3-phosphoinositide-dependent protein kinase which
phosphorylates and activates protein kinase B-alpha. Curr Biol
7, 261-269 (1997)

21.  Kohn, A. D., S. A. Summers, M. J. Birnbaum, and R. A.
Roth: Expression of a constitutively active Akt Ser/Thr kinase
in 3T3-L1 adipocytes stimulates glucose uptake and glucose
transporter 4 translocation. J Biol Chem 271, 31372-31378
(1996)

22.  Cong, L. N., H. Chen, Y. Li, L. Zhou, M. A. McGibbon,
S. I. Taylor, and M. J. Quon: Physiological role of Akt in
insulin-stimulated translocation of GLUT4 in transfected rat
adipose cells. Mol Endocrinol 11, 1881-1890 (1997)

23.  Hajduch, E., D. R. Alessi, B. A. Hemmings, and H. S.
Hundal: Constitutive activation of protein kinase B?  by
membrane targeting promotes glucose and system A amino
acid transport, protein synthesis, and inactivation of glycogen
synthase kinase 3 in L6 muscle cells. Diabetes 47, 1006-1013
(1998)

24.  Kitamura, T., W. Ogawa, H. Sakaue, Y. Hino, K. S., M.
Takata, M. Matsumoto, T. Maeda, H. Konishi, U. Kikkawa,
and M. Kasuga: Requirement for activation of the serine-
threonine kinase Akt (Protein kinase B) in insulin stimulation
of protein synthesis but not glucose transport.  Mol Cell Biol
18, 3708-3717 (1998)

25.  Wang, Q., R. Somwar, P. J. Bilan, Z. Liu, J. Jin, J. R.
Woodgett, and A. Klip: Protein kinase B/Akt participates in

GLUT4 translocation by insulin in L6 myoblasts. Mol Cell
Biol 19, 4008-4018 (1999)

26.  Song, X. M., J. W. Ryder, Y. Kawano, A. V. Chibalin, A.
Krook, and J. R. Zierath: Muscle fiber type specificity in
insulin signal transduction. Am J Physiol Regulatory
Integrative Comp Physiol,277, R1690-R1696 (1999)

27.  Krook, A., Y. Kawano, X. M. Song, S. Efendic, R. A.
Roth, H. Wallberg-Henriksson, and J. R. Zierath: Improved
glucose tolerance restores insulin-stimulated Akt kinase
activity and glucose transport in skeletal muscle from diabetic
Goto-Kakizaki (GK) rats. Diabetes 46, 2110-2114 (1997)

28.  Shepherd, P. R., B. T. Nave, J. Rincon, R. J. Haigh, E.
Foulstone, C. Proud, J. R. Zierath, K. Siddle, and H. Wallberg-
Henriksson: Involvement of phosphoinositide 3-kinase in
insulin stimulation of MAP-kinase and phosphorylation of
protein kinase-B in human skeletal muscle: implications for
glucose metabolism. Diabetologia 40, 1172-1177 (1997)

29.  Krook, A., R. A. Roth, X. J. Jiang, J. R. Zierath, and H.
Wallberg-Henriksson: Insulin-stimulated Akt kinase activity is
reduced in skeletal muscle from non-insulin-dependent
diabetic subjects. Diabetes 47, 1281-1286 (1998)

30.  Kim, Y. B., S. E. Nikoulina, T. P. Ciaraldi, R. R. Henry,
and B. B. Kahn: Normal insulin-dependent activation of
Akt/protein kinase B, with diminished activation of
phosphoinositide 3-kinase, in muscle in type 2 diabetes. J Clin
Invest 104, 733-741 (1999)

31.  Krook, A., M. Björnholm, X.-J. Jiang, D. Galuska, R.
Fahlman, M. Myers, H. Wallberg-Henriksson, and J. Zierath:
Characterization of signal transduction and glucose transport in
skeletal muscle from Type 2 (Non-Insulin-Dependent) diabetic
patients. Diabetes , 284-292 (2000)

32.  Standaert, M. L., L. Galloway, P. Karnam, G.
Bandyopadhyay, J. Moscat, and R. V. Farese: Protein kinase
C- as a downstream effector of phosphatidylinositol 3-kinase
during insulin stimulation in rat adipocytes. Potential role in
glucose transport. J Biol Chem 272, 30075-30082 (1997)

33.  Nakanishi, H., K. A. Brewer, and J. H. Exton: Activation
of the zeta isoenzyme of protein kinase C by
phosphatidylinositol 3,4,5-trisphosphate. J Biol Chem 268, 13-
16 (1993)

34.  Kotani, K., W. Ogawa, M. Matsumoto, T. Kitamura, H.
Sakaue, Y. Hino, K. Miyake, W. Sano, K. Akimoto, S. Ohno,
and M. Kasuga: Requirement of atypical protein kinase C
lambda for insulin stimulation of glucose uptake but not for
Akt activation in 3T3-L1 adipocytes. Mol Cell Biol 18, 6971-
6982 (1998)

35.  Bandyopadhyay, G., M. L. Standaert, L. Zhao, B. Yu, A.
Avignon, L. Galloway, P. Karnam, J. Moscat, and R. V.
Farese: Activation of protein kinase C (alpha, beta , and zeta)
by insulin in 3T3/L1 cells: Transfection studies suggest a role
for PKC-zeta  in glucose transport. J Biol Chem 272, 2551-
2558 (1997)

36.  Bandyopadhyay, G., Y. Kanoh, M. P. Sajan, M. L.
Standaert, and R. V. Farese: Effects of adenoviral gene transfer
of wild-type, constitutively active, and kinase-defective protein
kinase C-lambda on insulin-stimulated glucose transport in L6
myotubes. Endocrinology 141, 4120-4127 (2000)

37.  Kotani, K., W. Ogawa, M. Hashiramoto, T. Onishi, S.
Ohno, and M. Kasuga: Inhibition of insulin-induced glucose
uptake by atypical protein kinase C isotype-specific interacting
protein in 3T3-L1 adipocytes. J Biol Chem 275, 26390-26395
(2000)



Skeletal Muscle and Insulin Sensitivity

161

38.  James, D. E., M. M. Strube, and M. M. Mueckler:
Molecular cloning and characterization of an insulin-regulatable
glucose transporter. Nature 338, 83-87 (1989)

39.  Charron, M. J., F. C. Brosius, S. L. Alper, and H. L. Lodish:
A glucose transport protein expressed predominately in insulin-
sensitive tissues. Proc Natl Acad Sci USA 86, 2535-2539 (1989)

40.  Birnbaum, M. J.: Identification of a novel gene encoding an
insulin-responsive glucose transporter protein. Cell 57, 305-315
(1989)

41.  Hirshman, M. F., L. J. Goodyear, L. J. Wardzala, E. D.
Horton, and E. S. Horton: Identification of an intracellular pool
of glucose transporters from basal and insulin-stimulated rat
skeletal muscle. J Biol Chem 265, 987-991 (1990)

42.  Gumà, A., J. R. Zierath, H. Wallberg-Henriksson, and A.
Klip: Insulin induces translocation of GLUT-4 glucose
transporters in human skeletal muscle. Am J Physiol Endocrinol
Metab 268, E613-E622 (1995)

43.  Zisman, A., O. D. Peroni, E. D. Abel, M. D. Michael, F.
Mauvais-Jarvis, B. B. Lowell, J. F. Wojtaszewski, M. F.
Hirshman, A. Virkamaki, L. J. Goodyear, C. R. Kahn, and B. B.
Kahn: Targeted disruption of the glucose transporter 4
selectively in muscle causes insulin resistance and glucose
intolerance. Nat Med 6, 924-928 (2000)

44.  Stenbit, A. E., R. Burcelin, E. B. Katz, T. S. Tsao, N.
Gautier, M. J. Charron, and Y. Le Marchand-Brustel: Diverse
effects of Glut 4 ablation on glucose uptake and glycogen
synthesis in red and white skeletal muscle. J Clin Invest 98, 629-
634 (1996)

45.  Holman, G. D., and M. Kasuga: From receptor to
transporter: Insulin signalling to glucose transport. Diabetologia
40, 991-1003 (1997)

46.  Lund, S., A. Flyvbjerg, G. D. Holman, F. S. Larsen, O.
Pedersen, and O. Schmitz: Comparative effects of IGF-1 and
insulin on the glucose-transporter system in rat muscle. Am J
Physiol Endocrinol Metab 267, E461-E466 (1994)

47.  Zierath, J. R., K. Houseknecht, L. Gnudi, and B. B. Kahn:
High fat feeding impairs insulin-stimulated GLUT4 recruitment
in muscle via an early insulin signaling defect. Diabetes 46, 215-
223 (1997)

48.  Lund, S., G. D. Holman, J. R. Zierath, J. Rincon, L. A.
Nolte, A. E. Clark, O. Schmitz, O. Pedersen, and H. Wallberg-
Henriksson: Effect of insulin on GLUT4 translocation and
turnover rate in human skeletal muscle as measured by the
exofacial bismannose photolabeling technique. Diabetes 46,
1965-1969 (1997)

49.  DeFronzo, R. A., R. Gunnarsson, O. Björkman, M. Olsson,
and J. Wahren: Effects of insulin on peripheral and splanchnic
glucose metabolism in non-insulin-dependent (Type II) diabetes
mellitus. J Clin Invest 76, 149-155 (1985)

50.  Andréasson, K., D. Galuska, A. Thörne, T. Sonnenfeld, and
H. Wallberg-Henriksson: Decreased insulin-stimulated 3-O-
methylglucose transport in in vitro incubated muscle strips from
type II diabetic subjects. Acta Physiol Scand 142, 255-260
(1991)

51.  Dohm, G. L., E. B. Tapscott, W. J. Pories, D. J. Dabbs, E. G.
Flickinger, D. Meelheim, T. Fushiki, S. M. Atkinson, C. W.
Elton, and J. F. Caro: An in vitro human skeletal muscle
preparation suitable for metabolic studies. Decreased insulin
stimulation of glucose transport in muscle from morbidly obese
and diabetic subjects. J Clin Invest 82, 486-494 (1988)

52.  Goodyear, L. J., F. Giorgino, L. A. Sherman, J. Carey, R. J.
Smith, and G. L. Dohm: Insulin receptor phosphorylation,

insulin receptor substrate-1 phosphorylation and
phosphatidylinositol 3-kinase activity are decreased in intact
skeletal muscle strips from obese subjects. J Clin Invest 95,
2195-2204 (1995)

53.  Maegawa, H., Y. Shigeta, K. Egawa, and M. Kobayashi:
Impaired autophosphorylation of insulin receptors from
abdominal skeletal muscles in nonobese subjects with NIDDM.
Diabetes 40, 815-819 (1991)

54.  Klein, H. H., H. Vestergaard, G. Kotzke, and O. Pedersen:
Elevation of serum insulin concentration during euglycemic
hyperinsulinemic clamp studies leads to similar activation of
insulin receptor kinase in skeletal muscle of subjects with and
without NIDDM. Diabetes 44, 1310-1317 (1995)

55.  Björnholm, M., Y. Kawano, M. Lehtihet, and J. R. Zierath:
Insulin receptor substrate-1 phosphorylation and
phosphatidylinositol 3-kinase activity are decreased in skeletal
muscle from NIDDM subjects following in vivo insulin
stimulation. Diabetes 46, 524-527 (1997)

56.  Zierath, J. R., A. Krook, and H. Wallberg-Henriksson:
Insulin action and insulin resistance in human skeletal muscle.
Diabetologia 43, 821-835 (2000)

57.  Calera, M. R., C. Martinez, H. Liu, A. K. Jack, M. J.
Birnbaum, and P. F. Pilch: Insulin increases the association of
Akt-2 with Glut4-containing vesicles. J Biol Chem 273, 7201-
7204 (1998)

58.  Ruderman, N. B., A. K. Saha, D. Vavvas, and L. A. Witters:
Malonyl-CoA, fuel sensing , and insulin resistance. Am J Physiol
Endocrinol Metab 276, E1-E18 (1999)

59.  Schmitz-Peiffer, C., C. L. Browne, N. D. Oakes, A.
Watkinson, D. J. Chisholm, E. W. Kraegen, and T. J. Biden:
Alterations in the expression and cellular localization of protein
kinase C isozymes epsilon and theta are associated with insulin
resistance in skeletal muscle of the high-fat-fed rat. Diabetes 46,
169-178 (1997)

60.  Avignon, A., K. Yamada, X. Zhou, B. Spencer, O. Cardona,
S. Saba-Siddique, L. Galloway, M. L. Standaert, and R. V.
Farese: Chronic activation of protein kinase C in soleus muscles
and other tissues of insulin-resistant type II diabetic Goto-
Kakizaki (GK), obese/aged, and obese/Zucker rats. A
mechanism for inhibiting glycogen synthase. Diabetes 45, 1396-
1404 (1996)

61.  Kawano, Y., J. Rincon, A. Soler, J. W. Ryder, L. Nolte, J. R.
Zierath, and H. Wallberg-Henriksson: Hyperglycemia-induced
changes in glucose transport and protein kinase C?2 in rat
skeletal muscle. Diabetologia 42, 1071-1079 (1999)

62.  Standaert, M. L., G. Bandyopadhyay, L. Galloway, J. Soto,
Y. Ono, U. Kikkawa, R. V. Farese, and M. Leitges: Effects of
knockout of the protein kinase C beta gene on glucose transport
and glucose homeostasis. Endocrinology 140, 4470-4477 (1999)

63.  Dohm, G., C. Elton, J. Friedman, P. Pilch, W. Pories, S.
Atkinson, and J. Caro: Decreased expression of glucose
transporters in muscle from insulin-resistant patients. Am. J.
Physiol. Endocrinol Metab 260, E459-E463 (1991)

64.  Handberg, A., A. Vaag, P. Damsbo, H. Beck-Nielsen,
and J. Vinten: Expression of insulin-regulatable glucose
transporters in skeletal muscle from Type 2 (non-insulin-
dependent) diabetic patients. Diabetologia 33, 625-627
(1990)

65.  Pedersen, O., J. F. Bak, P. H. Andersen, S. Lund, D.
E. Moller, J. S. Flier, and B. B. Kahn: Evidence against
altered expression of GLUT1 or GLUT4 in skeletal
muscle of patients with obesity or NIDDM. Diabetes 39,
865-870 (1990)



Skeletal Muscle and Insulin Sensitivity

162

66.  Garvey, W. T., L. Maianu, J. H. Zhu, G. Brechtel-Hook, P.
Wallace, and A. D. Baron: Evidence for defects in the trafficking
and translocation of GLUT4 glucose transporters in skeletal
muscle as a cause of human insulin resistance. J Clin Invest 101,
2377-2386 (1998)

67.  Ryder, J. W., J. Yang, D. Galuska, J. Rincon, M. Bjornholm,
A. Krook, S. Lund, O. Pederson, H. Wallberg-Henriksson, J. R.
Zierath, and G. D. Holman: Use of a novel impermeable
biotinylated photolabelling reagent to assess insulin and hypoxia-
stimulated cell surface GLUT4 content in skeletal muscle from
type II diabetic patients. Diabetes 49, 547-554 (2000)

68.  Zierath, J. R., D. Galuska, L. Nolte, A. Thörne, J.
Smedegaard-Kristensen, and H. Wallberg-Henriksson: Effects of
glycemia on glucose transport in isolated skeletal muscle from
patients with NIDDM: In vitro reversal of muscular insulin
resistance. Diabetologia 37, 270-277 (1994)

69.  Kahn, B. B., G. I. Schulman, R. A. DeFronzo, S. W.
Cushman, and L. Rossetti: Normalization of blood glucose in
diabetic rats with phlorizin treatment reverses insulin-resistant
glucose transport in adipose cells without restoring glucose
transporter gene expression. J Clin Invest 87, 561-570 (1991)

70.  Rossetti, L., D. Smith, G. I. Schulman, D. Papachristou, and
R. A. DeFronzo: Correction of hyperglycemia with phlorizin
normalizes tissue sensitivity to insulin in diabetic rats. J Clin
Invest 79, 1510-1515 (1987)

71.  Song, X. M., Y. Kawano, A. Krook, J. W. Ryder, S.
Efendic, R. A. Roth, H. Wallberg-Henriksson, and J. R. Zierath:
Muscle fiber-type specific defects in insulin signal transduction
to glucose transport in diabetic Goto-Kakizaki rats. Diabetes 48,
664-670 (1999)

72.  Kurowski, T. G., Y. Lin, Z. Luo, P. N. Tsichlis, M. G. Buse,
S. J. Heydrick, and N. B. Ruderman: Hyperglycemia inhibits
insulin activation of Akt/protein kinase B, but not
phosphatidylinositol 3-kinase in rat skeletal muscle. Diabetes 48,
658-663 (1999)

73.  Rossetti, L., M. Hawkins, W. Chen, J. Gindi, and N.
Barzilai: In vivo glucosamine infusion induces insulin resistance
in normoglycemic but not hyperglycemic conscious rats. J Clin
Invest 96, 132-140 (1997)

74.  Kim, Y. B., J. S. Zhu, J. R. Zierath, H. Q. Shen, A. D.
Baron, and B. B. Kahn: Glucosamine infusion in rats rapidly
impairs insulin stimulation of phosphoinositide 3-kinase but does
not alter activation of Akt/protein kinase B in skeletal muscle.
Diabetes 48, 310-320 (1999)

75.  Reaven, G. M., C. Hollenbeck, C. Y. Jeng, M. S. Wu, and
Y. D. Chen: Measurement of plasma glucose, free fatty acid,
lactate, and insulin for 24 h in patients with NIDDM. Diabetes
37, 1020-1024 (1988)

76.  McGarry, J. D.: What if Minkowski had been ageusic? An
alternative angle on diabetes. Science 258, 766-770 (1992)

77.  Nolte, L. A., D. Galuska, I. K. Martin, J. R. Zierath, and H.
Wallberg-Henriksson: Elevated free fatty acid levels inhibit
glucose phosphorylation in slow-twitch rat skeletal muscle. Acta
Physiol Scand 151, 51-59 (1994)

78.  Magnan, C., M. Gilbert, and B. B. Kahn: Chronic free fatty
acid infusion in rats results in insulin resistance but no alteration
in insulin-responsive glucose transporter levels in skeletal
muscle. Lipids 31, 1141-1149 (1996)

79.  Griffin, M. E., M. J. Marcucci, G. W. Cline, K. Bell, N.
Barucci, D. Lee, L. J. Goodyear, E. W. Kraegen, M. F. White,
and G. I. Shulman: Free fatty acid-induced insulin resistance is
associated with activation of protein kinase C theta and

alterations in the insulin signaling cascade. Diabetes 48, 1270-
1274 (1999)

80.  Ferrannini, E., E. J. Barrett, S. Bevilacqua, and R. A.
DeFronzo: Effect of fatty acids on glucose production and
utilization in man. J Clin Invest 72, 1737-1747 (1983)

81.  Dresner, A., D. Laurent, M. Marcucci, M. E. Griffin, S.
Dufour, G. W. Cline, L. A. Slezak, D. K. Andersen, R. S.
Hundal, D. L. Rothman, K. F. Petersen, and G. I. Shulman:
Effects of free fatty acids on glucose transport and IRS-1-
associated phosphatidylinositol 3-kinase activity. J Clin Invest
103, 253-259 (1999)

82.  Saltin, B., and P. D. Gollnick, Skeletal muscle adaptability:
significance for metabolism and performance. In Handbook of
Physiology, Peachy, L. D., Ed., Oxford University Press,
Oxford, pp. 555-631 (1983)

83.  Lillioja, S., A. A. Young, C. L. Culter, J. L. Ivy, W. G.
Abbott, J. K. Zawadzki, H. Yki-Jarvinen, L. Christin, T. W.
Secomb, and C. Bogardus: Skeletal muscle capillary density and
fiber type are possible determinants of in vivo insulin resistance
in man. J Clin Invest 80, 415-424 (1987)

84.  Bonen, A., M. H. Tan, and W. M. Watson-Wright: Insulin
binding and glucose uptake differences in rodent skeletal
muscles. Diabetes 30, 702-704 (1981)

85.  Hickey, M. S., J. O. Carey, J. L. Azevedo, J. A. Houmard,
W. J. Pories, R. G. Israel, and G. L. Dohm: Skeletal muscle fiber
composition is related to adiposity and in vitro glucose transport
rate in humans. Am J Physiol Endocrinol Metab 268, E453-
E457 (1995)

86.  Nyholm, B., Z. Qu, A. Kaal, S. B. Pedersen, C. H. Gravholt,
J. L. Andersen, B. Saltin, and O. Schmitz: Evidence of an
increased number of type IIb muscle fibers in insulin-resistant
first-degree relatives of patients with NIDDM. Diabetes 46,
1822-1828 (1997)

87.  Hjeltnes, N., D. Galuska, M. Björnholm, A.-K. Aksnes, A.
Lannem, J. R. Zierath, and H. Wallberg-Henriksson: Exercise-
induced overexpression of key regulatory proteins involved in
glucose uptake and metabolism in tetraplegic persons: Molecular
mechanism for improved glucose homeostasis. FASEB J 12,
1701-1712 (1998)

88.  Henriksen, E. J., R. E. Bourey, K. J. Rodnick, L. Koranyi,
M. A. Permutt, and J. O. Holloszy: Glucose transporter protein
content and glucose transport capacity in rat skeletal muscles.
Am J Physiol Endocrinol Metab 259, E593-E598 (1990)

89.  Richter, E. A., T. Ploug, and H. Galbo: Increased muscle
glucose uptake after exercise. No need for insulin during
exercise. Diabetes 34, 1041-1048 (1985)

90.  Zorzano, A., T. W. Balon, M. N. Goodman, and N. B.
Ruderman: Additive effects of prior exercise and insulin on
glucose and AIB uptake by rat muscle. Am J Physiol Endocrinol
Metab 251, E21-E26 (1986)

91.  Zierath, J. R.: In vitro studies of human skeletal muscle.
Hormonal and metabolic regulation of glucose transport. Acta
Physiol Scand 155, 1-96 (1995)

92.  Wallberg-Henriksson, H.: Glucose transport in skeletal
muscle. Influence of contractile activity, insulin, catecholamines,
and diabetes mellitus. Acta Physiol Scand 131, 1-80 (1987)

93.  Wallberg-Henriksson, H., and J. O. Holloszy: Contractile
activity increases glucose uptake by muscle in severely diabetic
rats. J Appl Physiol 57, 1045-1049 (1984)

94.  Koval, J. A., K. Maezono, M. E. Patti, M. Pendergrass, R.
A. DeFronzo, and L. J. Mandarino: Effects of exercise and



Skeletal Muscle and Insulin Sensitivity

163

insulin on insulin signaling proteins in human skeletal muscle.
Med Sci Sports Exerc 31, 998-1004 (1999)

95.  Widegren, U., X. J. Jiang, A. Krook, A. V. Chibalin, M.
Björnholm, M. Tally, R. A. Roth, J. Henriksson, H. Wallberg-
Henriksson, and J. R. Zierath: Divergent effects of exercise on
metabolic and mitogenic signaling pathways in human skeletal
muscle. FASEB J. 12, 1379-1389 (1998)

96.  Youn, J. H., E. A. Gulve, and J. O. Holloszy: Calcium
stimulates glucose transport in skeletal muscle by a pathway
independent of contraction. Am J Physiol Cell Physiol 260,
C555-C561 (1991)

97.  Roberts, C. K., R. J. Barnard, S. H. Scheck, and T. W.
Balon: Exercise-stimulated glucose transport in skeletal muscle
is nitric oxide dependent. Am J Physiol Endocrinol Metab 273,
E220-E225 (1997)

98.  Hayashi, T., M. F. Hirshman, E. J. Kurth, W. W. Winder,
and L. J. Goodyear: Evidence for 5' AMP-activated protein
kinase mediation of the effect of muscle contraction on glucose
transport. Diabetes 47, 1369-1373 (1998)

99.  Wallberg-Henriksson, H., and J. O. Holloszy: Activation of
glucose transport in diabetic muscle: Responses to contraction
and insulin. Am J Physiol Cell Physiol 249, C233-C237 (1985)

100.  Kennedy, J. W., M. F. Hirshman, E. V. Gervino, J. V.
Ocel, R. A. Forse, S. J. Hoenig, D. Aronson, L. J. Goodyear, and
E. S. Horton: Acute exercise induces GLUT4 translocation in
skeletal muscle of normal human subjects and subjects with type
2 diabetes. Diabetes 48, 1192-1197 (1999)

101.  Ren, J.-M., C. F. Semenkovich, E. A. Gulve, J. Gao, and J.
O. Holloszy: Exercise induces rapid increases in GLUT4
expression, glucose transport capacity, and insulin-stimulated
glycogen storage in muscle. J Biol Chem 269, 14396-14401
(1994)

102.  Houmard, J. A., M. H. Shinebarger, P. L. Dolan, N.
Leggett-Frazier, R. K. Bruner, M. R. McCammon, R. G. Israel,
and G. L. Dohm: Exercise training increases GLUT-4 protein
concentration in previously sedentary middle-aged men. Am J
Physiol Endocrinol Metab 264, E896-E901 (1993)

103.  Hughes, V. A., M. A. Fiatarone, R. A. Fielding, B. B.
Kahn, C. M. Ferrara, P. R. Shepherd, E. C. Fisher, R. R. Wolfe,
D. Elahi, and W. J. Evans: Exercise increases muscle GLUT4-
levels and insulin action in subjects with impaired glucose
tolerance. Am J Physiol Endocrinol Metab 264, E855-E862
(1993)

104.  Rodgers, M. A., C. Yamamoto, D. S. King, J. M. Hagberg,
A. A. Ehsani, and J. O. Holloszy: Improvement in glucose
tolerance after 1 wk of exercise in patients with mild NIDDM.
Diabetes Care 11, 613-618 (1988)
105.  Ploug, T., B. M. Stallknecht, O. Pedersen, B. B. Kahn, T.
Ohkuwa, J. Vinten, and H. Galbo: Effect of endurance training
on glucose transport capacity and glucose transporter expression
in rat skeletal muscle. Am J Physiol Endocrinol Metab 259,
E778-E786 (1990)

106.  Koval, J. A., R. A. DeFronzo, R. M. O'Doherty, R. Printz,
H. Ardehali, D. K. Granner, and L. J. Mandarino: Regulation of
hexokinase II activity and expression in human muscle by
moderate exercise. Am J Physiol Endocrinol Metab 274, E304-
308 (1998)

107.  Hansen, P. A., E. A. Gulve, B. A. Marshall, J. Gao, J. E.
Pessin, J. O. Holloszy, and M. M. Mueckler: Skeletal muscle
glucose transport and metabolism are enhanced in transgenic
mice overexpressing the GLUT4 glucose transporter. J Biol
Chem 270, 1679-1684 (1995)

108.  Treadway, J. L., M. D. Hargrave, N. A. Nardone, R. K.
McPherson, J. F. Russo, A. J. Milici, H. A. Stukenbrok, E. M.
Gibbs, R. W. Stevenson, and J. E. Pessin: Enhanced peripheral
glucose utilization in transgenic mice expressing the human
GLUT4 gene. J Biol Chem 269, 29956-29961 (1994)

109.  Tsao, T. S., R. Burcelin, E. B. Katz, L. Huang, and M. J.
Charron: Enhanced insulin action due to targeted GLUT4
overexpression exclusively in muscle. Diabetes 45, 28-36 (1996)

110.  Tsao, T.-S., A. Stenbit, J. Li, K. L. Houseknecht, J. R.
Zierath, E. B. Katz, and M. J. Charron: Muscle-specific
transgenic complementation of GLUT4-deficient mice:
Preferential effects of glucose but not lipid metabolism. J Clin
Invest 100, 671-677 (1997)

111.  Leturque, A., M. Loizeau, S. Vaulont, M. Salminen, and J.
Girard: Improvement of insulin action in diabetic transgenic
mice selectively overexpressing GLUT4 in skeletal muscle.
Diabetes 45, 23-27 (1996)

112.  Ikemoto, S., K. S. Thompson, M. Takahashi, H. Itakura,
M. D. Lane, and O. Ezaki: High fat diet-induced hyperglycemia:
Prevention by low level expression of a glucose transporter
(GLUT4) minigene in transgenic mice. Proc Natl Acad Sci USA
92, 3096-3099 (1995)

113.  Gibbs, E. M., J. L. Stock, S. C. McCoid, H. A. Stukenbrok,
J. E. Pessin, R. W. Stevenson, A. J. Milici, and J. D. Ncneish:
Glycemic improvement in diabetic db/db mice by
overexpression of the human insulin-regulatable glucose
transporter (GLUT4) J Clin Invest 95, 1512-1518 (1995)

114.  Chang, P. Y., J. Jensen, R. L. Printz, D. K. Granner, J. L.
Ivy, and D. E. Moller: Overexpression of hexokinase II in
transgenic mice. Evidence that increased phosphorylation
augments muscle glucose uptake. J Biol Chem 271, 14834-
14839 (1996)

115.  Hansen, P. A., B. A. Marshall, M. Chen, J. O. Holloszy,
and M. Mueckler: Transgenic overexpression of hexokinase II in
skeletal muscle does not increase glucose disposal in wild-type
or Glut1-overexpressing mice. J Biol Chem 275, 22381-22386
(2000)

116.  Azpiazu, I., J. Manchester, A. V. Skurat, P. J. Roach, and J.
C. Lawrence, Jr.: Control of glycogen synthesis is shared
between glucose transport and glycogen synthase in skeletal
muscle fibers. Am J Physiol Endocrinol Metab 278, E234-E243
(2000)

117.  Houmard, J. A., C. D. Shaw, M. S. Hickey, and C. J.
Tanner: Effect of short-term exercise training on insulin-
stimulated PI 3-kinase activity in human skeletal muscle. Am J
Physiol Endocrinol Metab 277, E1055-E1060 (1999)

118.  Chibalin, A. V., M. Yu, J. W. Ryder, X. M. Song, D.
Galuska, A. Krook, H. Wallberg-Henriksson, and J. R. Zierath:
Exercise-induced changes in expression and activity of proteins
involved in insulin-signal-transduction in skeletal muscle:
Differential effects on IRS-1 and IRS-2. Proc Natl Acad Sci USA
97, 38-43 (2000)

Key Words: Physiology, Endocrinology, Metabolic
Disregulation, Type II (non-insulin-dependent) diabetes mellitus,
Signal Transduction, Insulin, Exercise, Muscle Fiber Type,
GLUT4, Review

Send correspondence to: Dr. Juleen R. Zierath, Associate
Professor, Department of Clinical Physiology, Karolinska
Hospital, S-171 76 Stockholm, Sweden. Tel: 46 8 517 71648.
Fax: 46 8 33 54 36. E-mail: Juleen.Zierath@fyfa.ki.se


