
Abstract. Serious diabetic complications affect millions of
patients worldwide. Skeletal muscle represents the largest
insulin-regulated glucose sink in the body, making insulin
resistance and abnormal glucose disposal in muscle fibres a
critical aspect of diabetes mellitus. Advances in the biomedical
analysis of the molecular mechanisms underlying diabetic
complications rely heavily on the study of suitable disease
models. The Goto-Kakizaki (GK) rat is an established animal
model of non-obese type 2 diabetes. This review discusses the
recent finding that expression of the dystrophin-dystroglycan
complex is drastically altered in diabetic GK skeletal muscle
fibres. In normal muscle, the dystrophin-glycoprotein complex
provides a stabilizing connection between the actin membrane
cytoskeleton and the extracellular matrix component laminin.
A reduction in dystrophin-associated proteins may be asso-
ciated with a weakening of the fibre periphery, abnormal
sarcolemmal signaling and/or a decreased cytoprotective
mechanism in diabetic skeletal muscle. Stimulation by insulin
might be altered due to impaired linkage between the
dystrophin-anchored actin cytoskeleton and the intracellular
pool of essential glucose transporters. The diminished
recruitment of GLUT4 transporter molecules to the sarco-
lemma may be a key step in the development of insulin
resistance in diabetic skeletal muscles. Thus, analogous to
certain forms of muscular dystrophy, altered dystrophin levels

may have pathological effects in type 2 diabetes. In contrast,
the dystrophin-glycoprotein complex does not appear to be
altered in diabetic cardiac muscle. However, reduced expres-
sion of the sarcoplasmic reticulum Ca2+-ATPase isoform
SERCA2 is characteristic of cardiac abnormalities in type 2
diabetes. Reduced Ca2+ removal from the sarcoplasm may be
associated with impaired relaxation kinetics, and could
therefore play a pathophysiological role in diabetic cardio-
myopathy. Here, the potential impact of these molecular
alterations in diabetic muscle tissues is discussed and critically
examined with respect to the future design of alternative
treatment strategies to counteract diabetes-associated muscle
weakness.
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1. Introduction

Abnormal glucose metabolism has emerged as a major health
problem suffered by millions of diabetic patients worldwide
(1). It has been estimated that the prevalence of diabetes in
adults will rise to 5.4% by the year 2025, with the majority of
novel cases occurring in developed countries (2). While type 1
diabetes is clearly associated with the autoimmune destruction
of pancreatic ß-cells, type 2 diabetes has as its principal
features insulin resistance and impaired ß-cell functioning (3).
Insulin resistance affects the main insulin target organs, such
as the liver, adipose tissue and muscle fibres. Influenced by
various genetic factors (4), insulin-resistant type 2 diabetes
represents a complex disorder (5), in part caused by the
modern lifestyle (6). A classic characteristic of this type of
diabetes is the hormonal inability to properly stimulate the
peripheral glucose metabolism (7). Since skeletal muscle is
the most abundant tissue in the body and is responsible for up
to 80% of whole body insulin-stimulated glucose uptake, the
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study of insulin resistance in muscle fibres is of central
importance to the elucidation of the molecular pathogenesis of
diabetes mellitus (8). Besides metabolic implications, diabetes
also has a direct influence on contractile tissues, causing
moderate skeletal muscle weakness in diabetic patients (9)
and serious cardiomyopathic complications in the diabetic
heart (10).

The coordinated functioning of signaling pathways is
critical if skeletal muscles are to respond to changing phys-
iological demands (11). Therefore, alterations in regulatory
events that influence the metabolism may result in serious
pathological side effects as, for example, observed in metabolic
syndrome and diabetes (12,13). The signaling pathway of
insulin action is controlled by phosphorylation steps that
couple the activation of the surface insulin receptor to the
translocation of glucose transporter units (14). Hormone
binding to the α-subunits of the insulin receptor results in the
autophosphorylation of the ß-subunits, which activates the
external tyrosine kinase activity of the receptor complex. The
insulin receptor substrate IRS1 is a key intracellular target for
phosphorylation, functioning as a docking molecule for
signaling molecules such as Grb2. The subsequent insulin
receptor pathway involves the activation of IRS1-associated
phosphoinositide-3-kinase activity, Akt kinase serine phospho-
rylation and, finally, the recruitment of glucose transporters
(15). Within this highly complex regulatory network, patho-
physiological resistance to the initial hormonal signaling
cascade triggers impaired activation of essential downstream
substrates within the insulin pathway (16). The main glucose
transportation step at the level of the skeletal muscle surface
membrane, provided by the insulin-sensitive type 4 glucose
transporter GLUT4, has been demonstrated to be the rate-
limiting step in the glucose metabolism (17).

Interestingly, the membrane cytoskeletal protein dystrophin
and GLUT4 co-localize in skeletal muscle fibres (18), and the
dystrophin-associated proteins α-dystroglycan, ß-dystroglycan
and syntrophin are closely linked to an adapter protein of the
insulin signaling pathway, the growth factor receptor-bound
protein Grb2 (19). It is therefore not surprising that, recently,
expression of the dystrophin isoform Dp427 and of its
associated proteins, α-dystroglycan, ß-dystroglycan, syntrophin
and nitric oxide synthase, was shown to be altered in diabetic
skeletal muscle fibres (20). This finding provides important
insight into the potential mechanisms underlying insulin
resistance in muscle tissue, and is discussed in this review.
Both dystrophin and members of the dystrophin-associated
glycoprotein complex are involved in various muscle patho-
logies, suggesting common molecular or cellular abnormalities
in a variety of neuromuscular disorders (21-23). To explore this
idea in more detail, a brief overview of the proposed structure
and function of these muscle proteins is provided. The
potential impact of a reduced abundance of the dystrophin-
dystroglycan complex and the syntrophin-nNOS complex in
diabetic fibres is then discussed with respect to sarcolemmal
integrity, plasma membrane signaling and cytoprotection in
diabetic muscle. Importantly, altered dystrophin expression in
diabetes may explain the abnormal subcellular location of the
glucose transporter GLUT4 in skeletal muscle (20). Reduced
levels of the dystrophin-dystroglycan complex may cause
impaired anchoring of the actin membrane cytoskeleton, which

in turn might interfere with the proper recruitment of GLUT4
units to the plasmalemma. This important aspect of insulin
resistance in diabetic skeletal muscles is critically examined in
this review.

2. The dystrophin-glycoprotein complex

Following the molecular genetic identification of dystrophin,
sequence homology analyses and biochemical studies strongly
indicated that the Dp427 isoform of the expressed muscle
protein functions as a cytoskeletal element (24). Internal
domains of full-length dystrophin exhibit extensive sequence
similarities with spectrin, suggesting a spectrin-like role in
the membrane cytoskeleton of muscle fibres. Similar Dp427
isoforms exist in both skeletal and cardiac muscle, although
with a slightly different subcellular localization. In skeletal
muscle, Dp427-M and its associated surface proteins are
restricted to the sarcolemma (23,25) while, in cardiac fibres,
Dp427-C is also found in the transverse-tubular region of the
surface mermbrane (26,27). The gigantic 2.4-Mb dystrophin
gene with a coding sequence of 79 exons was shown to
correspond to a full-length 14-kb mRNA message. Seven
different promoters, which are located throughout the dystro-
phin gene in the chromosomal Xp21 region, are responsible
for the tissue-specific distribution of the various dystrophin
isoforms. The complex domain composition of the various
dystrophin isoforms and dystrophin-related proteins is
described in notable reviews by Muntoni et al (28) and Ahn
and Kunkel (29).

As shown in Fig. 1A, the structure of full-length muscle
dystrophin consists of the following main regions: i) the
carboxy-terminal region with an α-helical domain, followed by
ii) a Zn2+-dependent zinc finger domain, iii) a cysteine-rich
domain with Ca2+-dependent twin EF-hand motifs, iv) a
PPxY-binding WW motif, v) a spectrin-like triple-helical
repeat domain forming the central structure of dystrophin, vi)
proline-rich hinge regions partitioning the rod domain, and
vii) the amino-terminal region consisting of calponin homology
regions. While the amino-terminal and rod domains exhibit
actin-binding sites, the carboxy-terminal region interacts
directly with ß-dystroglycan, syntrophins and dystrobrevins
(30,31). The structure of all dystrophins includes the WW
domain, the EF-hand motif and the carboxy-terminal helix
region, but shorter isoforms lack the amino-terminal actin-
binding domains (28). Hence, only the full-length Dp427
isoform appears to function as an indirect linker between the
cortical actin network and extracellular laminin. In skeletal
muscle, an important autosomal homologue of Dp427 exists,
the dystrophin-related protein named utrophin. Its Up395
isoform interacts with the dystroglycan sub-complex, agrin
and rapsyn at the neuromuscular junction, and one of its main
functions is probably the clustering of nicotinic acetylcholine
receptor units opposite the synaptic junction (32,33). 

Dp427 does not exist in isolation at the muscle surface,
but is closely associated with several glycoproteins (34). In
skeletal muscle, dystrophin-associated proteins with a wide
range of molecular masses and biochemical properties were
identified that localize to cytoskeletal, extracellular, cytosolic
and integral domains (23). The diagrammatic presentation in
Fig. 1B outlines the basic arrangement of the dystrophin-

MULVEY et al:  DIABETES-RELATED MUSCLE WEAKNESS298

297-306  7/4/08  19:01  Page 298



glycoprotein complex from skeletal muscle. The dystro-
glycan sub-complex, consisting of the integral glycoprotein
ß-dystroglycan of 43 kDa and the extracellular laminin-binding
protein α-dystroglycan of 156 kDa (35), can be considered the
central backbone of this supramolecular membrane assembly
(36). Both dystroglycans are encoded by a single mRNA (35).
The proper trafficking and processing of dystroglycans is
essential for sarcolemmal stability (37), and post-translational
modifications such as glycosylation are critical to the function-
ing of the dystrophin-associated glycoprotein complex (38).
Cytoplasmic dystrophin-dystroglycan interactions appear to
be regulated by tyrosine phosphorylation (39), whereby the
WW domain of Dp427 plays a vital role in protein-protein
interactions (40). The Ca2+-dependent coupling between the
extracellular G domain of laminin and α-dystroglycan provides,
via its link to integral ß-dystroglycan, an indirect bridge to the
sub-sarcolemmal dystrophin network (36). Consequently, the
dystrophin-dystroglycan complex forms a molecular anchor
for the actin membrane cytoskeleton on the inside of a fibre
and structural stabilization of the basal lamina on the outside
of the muscle (23).

In contrast to ß-dystroglycan, the other main group of
integral dystrophin-associated proteins in muscle, the αßγδ
sarcoglycans of 25-50 kDa, are indirectly linked to Dp427
(41). In addition, a small integral dystrophin-associated
element is the tetraspan-like protein called sarcospan (42)
whose membrane targeting appears to be dependent on the
assembly of the complete sarcoglycan complex (43). The
muscle Dp427 isoform is also a key binding protein for several
sarcoplasmic classes of proteins, including syntrophins and

dystrobrevins (44,45). These dystrophin-associated compo-
nents in turn anchor key regulatory proteins to the sarcolemma,
such as the neuronal nNOS isoform of nitric oxide synthase
(46), the intermediate filament component syncoilin (47), the
voltage-dependent Na+-channel (48) and the membrane water
channel aquaporin-4 (49). Especially interesting is the linkage
between the dystrophin-glycoprotein complex and the enzyme
nNOS. Nitric oxide synthases intracellularly produce this
readily diffusible and short-lived signaling molecule, which
was shown to mediate diverse functions in skeletal muscle
related to myogenesis, metabolism, fibre contraction and blood
flow (50). Since it was demonstrated that syntrophin-linked
nNOS is reduced in diabetic skeletal muscle (20), abnormal-
ities in the dystrophin-glycoprotein complex may also be
relevant for impaired nitric oxide-dependent signaling events
in type 2 diabetes.

3. Dystrophin and diabetic muscle weakness

Deficiency in the dystrophin isoform Dp427 triggers a similar
pathobiochemical response in both skeletal and cardiac muscle
fibres, suggesting that the complications observed in both types
of muscle in X-linked muscular dystrophy are initiated by the
loss of the dystrophin-associated surface glycoprotein complex
(51). It is assumed that in dystrophin-deficient fibres the reduc-
tion in dystrophin-associated glycoproteins results in the loss
of a proper linkage between the sub-sarcolemmal membrane
cytoskeleton and the extracellular matrix (21-23). The impaired
integrity of the muscle plasma membrane then renders fibres
more susceptible to the micro-rupturing of the surface mem-
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Figure 1. Domain composition of full-length muscle dystrophin and composition of the dystrophin-glycoprotein complex. (A) Domain structure of the Dp427
isoform of dystrophin. (B) Arrangement of the central elements of the dystrophin-associated glycoprotein complex from muscle fibres. Full-length muscle
dystrophin consists of the carboxy-terminal region with an α-helical domain (HD), a Zn2+-dependent zinc finger domain (ZZ), a cysteine-rich domain with Ca2+-
dependent twin EF-hand motifs (EF), a PPxY-binding WW motif (WW), a spectrin-like triple-helical repeat domain forming the central rod structure of
dystrophin (SLR-RD), proline-rich hinge regions partitioning the rod domain (HR) and the amino-terminal region consisting of calponin homology (CH) regions.
The supramolecular dystrophin complex from muscle consists of the Dp427 isoform of dystrophin, the integral glycoprotein ß-dystroglycan (ß-DG), the
extracellular receptor protein α-dystroglycan (α-DG), the sarcoglycan isoforms α-SG, ß-SG, δ-SG and γ-SG, the extracellular matrix component laminin (LAM),
the tetraspan-like protein sarcospan (SS), syntrophin (SYN), dystrobrevin (DYB) and cortical actin.
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brane, which initiates a natural re-sealing process at the sites
of sarcolemmal disintegration (52). The newly-introduced
membrane patches contain Ca2+-leak channels that trigger an
influx of Ca2+ ions into dystrophic fibres, which in turn activate
Ca2+-dependent proteases (53). This cycle of membrane rup-
turing, abnormal ion fluxes and subsequent degradation of
muscle proteins probably plays a central role in the down-
stream events eventually leading to the characteristic muscle
wasting observed in dystrophinopathies (54). Analogously,
since members of the dystrophin-glycoprotein complex interact
with proteins involved in the insulin signaling cascade (18,19),
it was of interest to determine whether a causal link may also
exist between diabetic side effects in contractile fibres and
alterations in the dystrophin-associated network of muscle
surface proteins (20).

As a rule, inbred animal strains show genetically fewer
inter-individual differences than human patients. This has led to
the extensive usage of spontaneous and genetically engineered
animal models of human diseases for determining basic
pathological mechanisms and for evaluating new therapeutic
strategies. This also includes rodent models of common neuro-
muscular diseases, as recently reviewed by Doran et al (55).
Most importantly, considerably lower experimental repeats
are capable of producing meaningful biochemical data when
animal models are employed, as compared to testing human
specimens. In the case of type 2 diabetes, an established
model system is represented by the spontaneously diabetic
Goto-Kakizaki (GK) rat (56). Since the GK rat is non-obese,
potential alterations in diabetic muscle fibres can be studied
without potential complicating factors due to obesity. The

diabetic GK phenotype manifests itself by increased blood
glucose levels without alterations in body weight or non-fasting
plasma insulin levels (57), whereby diabetic skeletal muscles
show a reduced percentage of oxidative fibres and decreased
IRS1 and PI3K activity in oxidative muscles. The insulin
signaling pathway is chronically altered in the GK rat, inclu-
ding: i) inhibition of insulin receptor autophosphorylation, ii)
decreased levels of IRS1 tyrosine phosphorylation and iii)
impaired downstream activation of PI3K, PKB/Akt and ERK
(58-60).

Immunoblot analysis (Fig. 2) was carried out with hind
limb skeletal muscle and heart specimens from 12-week-old
normal control Wistar rats versus age-matched GK rats. This is
a suitable age range for studying diabetic complications, since
key symptoms of type 2 diabetes, such as defects in insulin
secretion and peripheral insulin resistance, occur by 4 weeks of
age in the GK rat model (61,62). Immuno-decoration revealed
a comparable density of extracellular matrix protein laminin
in normal and GK samples in both skeletal muscle and the
heart (Fig. 2A and E). In stark contrast, the Dp427 isoform of
skeletal muscle dystrophin and the αß-dystroglycan sub-
complex were found to be drastically reduced (Fig. 2B-D). The
cardiac equivalent of the dystrophin-dystroglycan complex
was, however, not affected in the diabetic GK rat (Fig. 2F-H).
Besides laminin, sarcoglycans and dystrobrevin were also
shown to be unaltered in GK skeletal muscle preparations (20).
Hence, in diabetic skeletal muscle fibres, but not in heart tissue,
the structural backbone of the trans-sarcolemmal linkage
between laminin and cortical actin is impaired. Findings from
the Western blot analysis were confirmed by immunoflu-
orescence microscopy, which showed a reduction in Dp427,
α-dystroglycan and ß-dystroglycan in a selected fibre pop-
ulation from GK muscle (20). This effect was not fibre-type
specific, and altered expression of the dystrophin-dystroglycan
complex did not appear to induce obvious signs of general
muscle pathology. Subcellular fractionation studies using
sucrose gradient centrifugation confirmed the abnormal loca-
tion of the main muscle glucose transporter (20), suggesting
a possible link between abnormal dystrophin expression and
decreased GLUT4 mobility in type 2 diabetes.

Since the disintegration of the dystrophin-glycoprotein
complex has clearly been established as a key event leading to
muscle wasting in various neuromuscular diseases (21), it can
be assumed that the altered density in dystrophin and the two
core dystroglycan proteins may contribute to insulin resistance.
As sarcoglycans and laminin are indirectly associated with
dystrophin, it is not surprising that a selective reduction in
dystroglycans is present in diabetic skeletal muscle. Based on
the current findings, it is difficult to make a clear connection
between impairments in individual insulin signaling steps and
primary defects in type 2 diabetes. Detailed functional studies
of the dystrophin-dystroglycan complex are now necessary to
determine the exact mechanism that underlies the loss of this
supramolecular surface complex in selected diabetic myofibres.
However, since dystrophin forms the central molecular anchor
of the sarcolemma, which is crucial for membrane stabilization
during contractile activity, signal transduction events and
receptor clustering (63), its altered abundance or effect on the
function of binding partners may render diabetic muscle fibres
more susceptible to cellular degeneration. In this respect, the
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Figure 2. Immunoblot analysis of the dystrophin-dystroglycan complex in
diabetic GK skeletal muscle and heart. (A-H) Immunoblots labeled with anti-
bodies to laminin (LAM; A and E), the Dp427 isoform of dystrophin (B and
F), α-dystroglycan (α-DG; C and G) and ß-dystroglycan (ß-DG; D and H). For
comparative studies, the crude microsomal fraction was isolated from normal
and GK skeletal muscle and heart homogenates by an established subcellular
fractionation method (20). Gel electrophoretic separation of proteins and
immunoblot analysis were carried out by standard procedures, as previously
optimized by our laboratory (20). Lanes 1 and 2, membranes from normal
control and diabetic GK skeletal muscle, respectively; lanes 3 and 4, mem-
branes from normal control and diabetic GK heart, respectively. Arrowheads
mark the positions of immuno-decorated proteins.
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observation that the expression of α-syntrophin and its asso-
ciated enzyme nNOS is drastically reduced in diabetic skeletal
muscle fibres (20) suggests a potential role for disturbed
dystrophin expression in abnormal insulin signaling and
impaired cellular protection in diabetic muscle. Reduced nitric
oxide synthase activity is an established pathobiochemical
symptom in skeletal muscle from type 2 diabetic patients (64)
and X-linked muscular dystrophy (65). Since nitric oxide is an
important cytoprotective and anti-inflammatory factor (66),
reduced nNOS expression in GK muscle indicates an involve-
ment of the dystrophin complex in diabetic muscle weakness.
Thus, a reduction in the dystrophin-dystroglycan complex and
the syntrophin-nNOS complex in diabetic skeletal muscle may
induce structural weakening of the fibre periphery, impaired
insulin signaling and decreased cytoprotection. Possibly, faulty
anchoring of the cortical actin network due to reduced levels of
the dystrophin-dystroglycan complex impairs the recruitment
of sufficient numbers of glucose transporter molecules from
the intra-cellular pool to the sarcolemma. Therefore, the stim-
ulatory effect of insulin or muscle contraction is not properly
converted into downstream signaling events and molecular
adaptations leading to peripheral insulin resistance in type 2
diabetes.

4. Calcium signaling and diabetic muscle

The reduction of the dystrophin-dystroglycan complex in
diabetic fibres described above appears to be restricted to
skeletal muscle. Dystrophin-related structural weakening of the
muscle fibre periphery does not seem to occur in the diabetic
heart. However, abnormal Ca2+ handling has been implicated
in the pathophysiological mechanisms leading to contractile
weakness of cardiac fibres in diabetes (67,68). Though the
dystrophin-glycoprotein complex is of central importance to
the stabilization and maintenance of the Ca2+-regulatory appa-
ratus involved in excitation-contraction coupling, the cellular
dystrophin network might nevertheless be indirectly involved
in certain aspects of cardiac abnormalities in type 2 diabetes.
Calcium cycling represents a central physiological mechanism
that regulates the excitation-contraction-relaxation cycle in
cardiac and skeletal muscle fibres (69). The highly coordinated
temporal and spatial movement of Ca2+ ions within muscle
cells is mediated by a large array of ion-regulatory proteins,
including voltage sensors, surface Ca2+ channels, triadic Ca2+-
release channels, Ca2+-binding complexes, Ca2+-shuttle pro-
teins, sarcolemmal Ca2+ pumps, sarcoplasmic reticulum Ca2+-
ATPases and Ca2+ exchangers (70). Disturbances in the abun-
dance of these Ca2+-handling proteins and/or altered protein-
protein interactions within ion-regulatory protein complexes
have been shown to be associated with various cardiac muscle
diseases (71-73).

The diagram in Fig. 3 outlines the potential connection
between the dystrophin complex, elements of the insulin
signaling pathway and the Ca2+-handling apparatus. In
skeletal muscle, excitation-contraction coupling is mediated
by direct physical interaction between the II-III loop domain
of the voltage-sensing α1S-dihydropyridine receptor and a
cytoplasmic region of the RyR1 isoform of the ryanodine
receptor Ca2+-release channel at the triad junction (74). In the
heart, voltage sensing and sarcolemmal Ca2+ entry is mediated

by the α1C-subunit of the dihydropyridine receptor (75), which
translates into a Ca2+-induced Ca2+-release mechanism that is
provided by the RyR2 isoform of the junctional ryanodine
receptor complex (76). The triadic linker molecule between
the Ca2+-release channel and the Ca2+-reservoir complex of the
terminal cisternae is represented by triadin (77). An elevated
cytosolic Ca2+ level induces muscle contraction by its modu-
lation of the troponin-tropomyosin system. Subsequent fibre
relaxation is triggered by the efficient removal of Ca2+ ions via
the sarcolemma and the sarcoplasmic reticulum. In skeletal
muscle, the SERCA1 isoform of the Ca2+-ATPase and its
regulatory subunit sarcolipin mediate efficient Ca2+ re-uptake
(78). In heart muscle fibres, key players in this process are
the SERCA2 isoform of the Ca2+-ATPase and its regulatory
subunit phospholamban, the calmodulin-dependent surface
PMCA Ca2+-ATPase, and the Na+/Ca2+ exchanger in physio-
logical combination with the Na+/K+-ATPase (79). Thus,
directly or indirectly, Ca2+ removal from the cytosol is a highly
energy-dependent process. To keep the bioenergetic cost of
ATP hydrolysis to a minimum, sophisticated Ca2+-shuttle
and luminal Ca2+-binding systems provide an optimum ion
reservoir environment, so that the sarcoplasmic reticulum
Ca2+-ATPase has to pump against a less steep gradient of free
Ca2+-concentration. This gives the Ca2+-shuttle element sarca-
lumenin of 160 kDa and Ca2+-binding proteins, such as
calsequestrin of 63 kDa, the calsequestrin-like proteins of
higher molecular mass and the histidine-rich Ca2+-binding
protein HRCBP, a central role as mediators of the excitation-
contraction-relaxation cycle (80).

In diabetic muscle fibres, impaired insulin signaling and
insufficient recruitment of glucose transporters are believed to
play an important role in insulin resistance. Disturbed levels of
the insulin receptor or its major docking partner, the insulin
receptor substrate IRS1, as well as alterations in factors
downstream of the insulin receptor pathway such as the PI3-
kinase, the growth factor receptor-bound element Grb2 or the
glucose transporter GLUT4, may be involved in the molecular
pathogenesis of the diabetic heart (81). While skeletal muscles
from the GK rat do not seem to exhibit changes in the central
elements of insulin signaling (20), the insulin receptor IRS1
and GLUT4 are all affected in the heart of this animal model
of type 2 diabetes (82). Building on these observations and the
fact that altered Ca2+ homeostasis has previously been report-
ed to play a role in cardiac weakness in diabetes (67), the
analyses shown in Figs. 4 and 5 investigated the abundance of
the sarcoplasmic reticulum Ca2+-ATPase in GK heart muscle.
Although these findings are preliminary results that require
further validation, they provide a good indication of the
pathobiochemical fate of the major Ca2+-ATPase in non-obese
type 2 diabetes. In contrast to comparable levels of the surface
Na+/K+-ATPase in normal versus GK specimens (Fig. 4B), the
SERCA2 isoform of the Ca2+ pump was drastically reduced
in the diabetic heart (Fig. 4C). The silver-stained protein band
pattern of electrophoretically separated heart membranes
showed no major differences between control and diabetic
preparations (Fig. 4A), and expression of the regulatory protein
phospholamban was unaltered in cardiac GK fibres (Fig. 4D).
In comparison, the skeletal muscles SERCA1 Ca2+-ATPase and
Na+/K+-ATPase exhibited no major changes in their relative
density in control versus diabetic preparations (Fig. 4E and F).
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Figure 4. Immunoblot analysis of the sarcoplasmic reticulum Ca2+-ATPase in the diabetic GK heart. (B-F) Immunoblots labeled with antibodies to the α1-subunit
of the Na+/K+-ATPase (NKA; B and E), the slow cardiac SERCA2 (C) and fast skeletal muscle SERCA1 (F) isoforms of the sarcoplasmic reticulum Ca2+-ATPase,
and the regulatory subunit phospholamban (PLB; D). (G) Graphical presentation of the immunoblot analysis of SERCA2 (n=10; **p<0.01; unpaired t-test). (A) A
representative silver-stained gel of cardiac preparations. Molecular mass standards (in kDa) are indicated on the left. Lanes 1 and 2, membranes from normal
control and diabetic GK heart, respectively; lanes 3 and 4, membranes from normal control and diabetic GK skeletal muscle, respectively. Arrowheads mark
the positions of immuno-decorated proteins.

Figure 3. Overview of the functional connection between the insulin signaling pathway, the dystrophin-glycoprotein complex and the Ca2+-handling apparatus of
muscle fibres. The diagram provides an overview of key proteins that have recently been implicated in the pathophysiological mechanisms that lead to peripheral
insulin resistance in diabetic muscle fibres. Some of the listed proteins differ in their isoform between skeletal muscle and the heart, such as the ryanodine receptor
Ca2+-release channel (RyR1 versus RyR2), the voltage-sensing subunit of the dihydropyridine receptor (α1S-DHPR versus α1C-DHPR) and the sarcoplasmic reticu-
lum Ca2+-ATPase (SERCA1 versus SERCA2). Immunoblot analysis has clearly shown that expression levels of the dystrophin-dystroglycan and syntrophin-nNOS
complexes are reduced in diabetic skeletal muscle, and that an essential Ca2+-removal protein, the sarcoplasmic reticulum SERCA2 Ca2+-ATPase, is significantly
decreased in the diabetic heart. This pathobiochemical status may trigger abnormal signaling downstream of the insulin receptor (IR) complex. Besides the
activation of the insulin receptor substrate 1 (IRS1), IRS-1-associated phosphoinositide-3-kinase (PI3K) and growth factor receptor-bound protein Grb2, the
recruitment of the glucose transporter GLUT4 is a crucial step in glucose uptake. Possibly, reduced dystrophin expression results in impaired anchoring of the
actin membrane cytoskeleton, which in turn may interfere with the proper recruitment of GLUT4 units to the surface membrane. The decrease in the neuronal
isoform of the nitric oxide synthase (nNOS) and syntrophin (α1-SYN) could trigger abnormal physiological signaling and reduced cytoprotection in diabetic
skeletal muscle. On the other hand, impaired SERCA2 functioning in the diabetic heart may be the underlying reason for delayed relaxation kinetics in diabetic
cardiomyopathy. Since Ca2+-handling involves many different cardiac proteins, including the luminal Ca2+-binding proteins calsequestrin (CSQ) and sarcalumenin
(SAR), and the surface elements Na+-Ca2+-exchanger (NCX), Na+/K+-ATPase (NKA) and calmodulin-dependent Ca2+-ATPase (PMCA), altered SERCA2 activity
may trigger overall disturbed ion handling, and thereby contractile weakness.
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Analogous to the lower density of Ca2+-ATPase in diabetic
microsomes (Fig. 4G), comparative testing of enzyme activity
of normal versus diabetic preparations revealed an ~50%
reduced Ca2+-dependent ATPase activity in GK membranes.
Since the reduced levels and activity of SERCA2 represented
a notable initial finding that might explain the impaired
relaxation kinetics of the diabetic heart, we wished to confirm
this result at the cellular level. Standard immunofluorescence
microscopy was employed to compare the localization and
density of the sarcoplasmic reticulum Ca2+-ATPase in normal
versus GK heart cryosections. Representative cell biological
labeling patterns are shown, outlining nuclei staining with the
DNA-binding dye diamidinophenyindole (Fig. 5A and B), and

general cellular structures using haematoxylin/eosin (Fig. 5C
and D) and histochemical staining of the myosin ATPase at
pH 4.3 (Fig. 5G and H). Fluorescein-conjugated antibody
labeling of SERCA2 confirmed its reduced expression in the
diabetic GK rat heart (Fig. 5E and F). Studies by Algenstaedt
et al (83) suggest a tight interaction between SERCA2 Ca2+-
ATPase units and the insulin receptor substrate IRS1. This
interaction between two key regulators of the insulin signaling
pathway and muscle relaxation may represent an important
intersection in the regulation of normal muscle physiology.
Thus, reduced expression of the sarcoplasmic reticulum Ca2+-
ATPase might represent the molecular defect that underlies
prolonged relaxation kinetics in the diabetic heart and may be
involved in peripheral insulin resistance.

It is possible that the inefficient removal of Ca2+ ions
contributes to diastolic dysfunction (84). Thus, type 2 diabetic
complications in the heart are most likely associated with
abnormal Ca2+ removal and impaired muscle relaxation rather
than modified voltage sensing, an altered Ca2+-induced Ca2+-
release mechanism or a sub-optimum linkage between the
Ca2+-release channel and the luminal Ca2+-reservoir region.
Chronically reduced rates of Ca2+ uptake from the cytosol into
the lumen of the sarcoplasmic reticulum could seriously impair
cardiac muscle function in diabetes. This is evident from our
knowledge of an established disease of muscle relaxation
named Brody's disease, whose pathophysiology is due to
mutations in the fast skeletal muscle SERCA1 gene (85).
Although Ca2+ removal is regulated differently in cardiac
versus skeletal muscles, the principle that the main protein
components involved in relaxation are reduced could be used
as an analogy between Brody's disease and the diabetic GK
heart. In the long term, altered relaxation patterns may render
the diabetic heart more susceptible to cardiomyopathy. Since
the regulatory SERCA2 subunit phospholamban did not show
a concomitant reduction in the GK heart as compared to the
Ca2+-ATPase, it has a potentially stronger repressor effect on
the reduced number of SERCA2 units in the diabetic heart.
Phospholamban functions by decreasing the affinity of the
Ca2+-ATPase enzyme for Ca2+ ions (86), therefore a drastically
altered SERCA-to-phospholamban ratio may impair cytosolic
Ca2+ uptake into the lumen of the sarcoplasmic reticulum. This
idea is in agreement with the fact that Ca2+-ATPase activity is
reduced more than the density of SERCA2 protein in GK heart
preparations.

5. Conclusions

Recent studies on type 2 diabetic muscle tissues have indicated
that abnormal hormonal signaling, impaired surface membrane
stabilization and/or altered ion handling may play a critical
role in peripheral insulin resistance. The loss of the dystrophin-
dystroglycan complex in selected diabetic fibres from skeletal
muscle might impair the integrity of the sarcolemma, thereby
causing structural weakening of the muscle periphery and
abnormal signaling. The additional reduction in the syntrophin-
nNOS complex probably results in impaired muscle activation
and a decreased cytoprotective mechanism in diabetes. On the
functional level of glucose removal, the impaired anchoring of
cortical actin due to reduced dystrophin levels might interfere
with the proper recruitment of GLUT4 units to the surface
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Figure 5. Immunofluorescence localization of sarcoplasmic reticulum Ca2+-
ATPase in the diabetic GK heart. (A-H) Cardiac cryosections stained with the
DNA-binding dye diamidinophenyindole (A and B), haematoxylin and
eosin (H&E; C and D), antibodies to the slow/cardiac SERCA2 isoform of the
sarcoplasmic reticulum Ca2+-ATPase (E and F) and labeled histochemically
for myosin ATPase activity at pH 4.3 (G and H). Cryosections of 12 μm
thickness were prepared from whole hearts with the help of a cryostat at
-20˚C, and subsequently mounted on positively-charged microscope slides.
Fixation, incubation with primary and fluorescein-conjugated secondary
antibodies and washing steps were performed as previously described (20).
(A, C, E and G) Normal heart; (B, D, F and H) the diabetic GK heart. Bar,
20 μm.
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membrane, which would interfere with the skeletal muscle
metabolism following stimulation by insulin or muscle contra-
ction. GLUT4 vesicles are probably abnormally accumulated
in a dense membrane region, where they may be unable to be
recruited by insulin signaling (87). In this respect, the analysis
of the dystrophin-glycoprotein complex in the diabetic GK rat
(20) has furthered our general understanding of how insulin
resistance may be triggered in diabetic skeletal muscles.
Reduced expression of Dp427, α-dystroglycan, ß-dystroglycan,
syntrophin and nNOS may aggravate insulin resistance charac-
teristic of non-obese type 2 diabetic skeletal muscle fibres.
Therefore, the rescue of the dystrophin network through cell-
based therapies suggests itself as a new therapeutic option in
preventing the diabetic phenotype. Up-regulation of the
dystrophin-dystroglycan and syntrophin-nNOS complexes
might improve insulin-induced glucose uptake and reduce
diabetes-related skeletal muscle weakness.

Since cardiovascular disease represents a leading cause of
morbidity in diabetic patients, there is an urgent need to
establish novel treatment targets to counteract diabetic com-
plications. The preliminary findings presented in this review,
which need further validation by in-depth analysis of the fate
of all key ion-regulatory muscle proteins in diabetes, suggest
that modulation of disturbed Ca2+ cycling might be useful to
reduce the effect of an impaired excitation-contraction-
relaxation cycle in the diabetic heart. The observed decreased
expression and enzyme activity of the SERCA2 Ca2+-ATPase
in diabetes suggests a central pathophysiological role of
insufficient relaxation kinetics in diabetic cardiomyopathy,
and clearly identifies this ion-handling protein as a potential
pharmacological target for developing new drug-based strate-
gies to counteract cardiac contractile weakness in type 2
diabetes (67). Since cardiovascular complications cause the
majority of all diabetes-related deaths worldwide (8), novel
pharmacological interventions at the level of Ca2+ homeostasis
may represent a promising method of treating at least some
of the most serious clinical side effects of diabetes mellitus.

Acknowledgements

Research was supported by a project grant from the Irish
Health Research Board (HRB-RP/2005/3). K.O. is a Principal
Investigator of Science Foundation Ireland (SFI-04/IN3/B614).
The authors would like to thank Drs Alan Keenan and Erika
Harno (University College Dublin) for supporting our diabetes
research.

References

1. Zimmet P, Alberti KG and Shaw J: Global and societal
implications of the diabetes epidemic. Nature 414: 782-787,
2001.

2. King H, Aubert RE and Herman WH: Global burden of
diabetes, 1995-2025: prevalence, numerical estimates, and
projections. Diabetes Care 21: 1414-1431, 1998. 

3. Moller DE: New drug targets for type 2 diabetes and the
metabolic syndrome. Nature 414: 821-827, 2001. 

4. Almind K, Doria A and Kahn CR: Putting the genes for type II
diabetes on the map. Nat Med 7: 277-279, 2001. 

5. Scheen AJ: Pathophysiology of type 2 diabetes. Acta Clin Belg
58: 335-341, 2003. 

6. Sowers JR and Frohlich ED: Insulin and insulin resistance:
impact on blood pressure and cardiovascular disease. Med Clin
North Am 88: 63-82, 2004.

7. Boord JB, Graber AL, Christman JW and Powers AC: Practical
management of diabetes in critically ill patients. Am J Respir
Crit Care Med 164: 1763-1767, 2001.

8. Petersen KF and Shulman GI: Pathogenesis of skeletal muscle
insulin resistance in type 2 diabetes mellitus. Am J Cardiol 90:
11G-18G, 2002.

9. Andersen H, Nielsen S, Mogensen CE and Jakobsen J: Muscle
strength in type 2 diabetes. Diabetes 53: 1543-1548, 2004. 

10. Sander GE and Giles TD: Diabetes mellitus and heart failure.
Am Heart Hosp J 1: 273-280, 2003.

11. Bassel-Duby R and Olson EN: Signaling pathways in skeletal
muscle remodeling. Annu Rev Biochem 75: 19-37, 2006.

12. Stump CS, Henriksen EJ, Wei Y and Sowers JR: The metabolic
syndrome: role of skeletal muscle metabolism. Ann Med 38:
389-402, 2006.

13. Sell H, Eckel J and Dietze-Schroeder D: Pathways leading to
muscle insulin resistance - the muscle-fat connection. Arch
Physiol Biochem 112: 105-113, 2006. 

14. Björnholm M and Zierath JR: Insulin signal transduction in
human skeletal muscle: identifying the defects in Type II
diabetes. Biochem Soc Trans 33: 354-357, 2005.

15. Ryder JW, Gilbert M and Zierath JR: Skeletal muscle and
insulin sensitivity: pathophysiological alterations. Front Biosci 6:
D154-D163, 2001.

16. Karlsson HK and Zierath JR: Insulin signaling and glucose
transport in insulin-resistant human skeletal muscle. Cell
Biochem Biophys 48: 103-113, 2007.

17. Tremblay F, Dubois MJ and Marette A: Regulation of GLUT4
traffic and function by insulin and contraction in skeletal muscle.
Front Biosci 8: D1072-D1084, 2003.

18. Kahn BB, Rossetti L, Lodish HF and Charron MJ: Decreased
in vivo glucose uptake but normal expression of GLUT1 and
GLUT4 in skeletal muscle of diabetic rats. J Clin Invest 87:
2197-2206, 1991.

19. Oak SA, Russo K, Petrucci TC and Jarrett HW: Mouse alpha1-
syntrophin binding to Grb2: further evidence of a role for
syntrophin in cell signaling. Biochemistry 40: 11270-11278,
2001.

20. Mulvey C, Harno E, Keenan A and Ohlendieck K: Expression
of the skeletal muscle dystrophin-dystroglycan complex and
syntrophin-nitric oxide synthase complex is severely affected in the
type 2 diabetic Goto-Kakizaki rat. Eur J Cell Biol 84: 867-883,
2005.

21. Campbell KP: Three muscular dystrophies: loss of cytoskeleton-
extracellular matrix linkage. Cell 80: 675-679, 1995.

22. Sunada Y and Campbell KP: Dystrophin-glycoprotein complex:
molecular organization and critical roles in skeletal muscle.
Curr Opin Neurol 8: 379-384, 1995.

23. Ohlendieck K: Towards an understanding of the dystrophin-
glycoprotein complex: linkage between the extracellular matrix and
the membrane cytoskeleton in muscle fibers. Eur J Cell Biol 69:
1-10, 1996.

24. Koenig M, Hoffman EP, Bertelson CJ, Monaco AP, Feener C
and Kunkel LM: Complete cloning of the Duchenne muscular
dystrophy (DMD) cDNA and preliminary genomic organization
of the DMD gene in normal and affected individuals. Cell 50:
509-517, 1987.

25. Ohlendieck K, Ervasti JM, Snook JB and Campbell KP:
Dystrophin-glycoprotein complex is highly enriched in
isolated skeletal muscle sarcolemma. J Cell Biol 112: 135-148,
1991.

26. Klietsch R, Ervasti JM, Arnold W, Campbell KP and Jorgensen AO:
Dystrophin-glycoprotein complex and laminin colocalize to the
sarcolemma and transverse tubules of cardiac muscle. Circ Res: 72:
349-360, 1993.

27. Peri V, Ajdukovic B, Holland P and Tuana BS: Dystrophin
predominantly localizes to the transverse tubule/Z-line regions
of single ventricular myocytes and exhibits distinct associations
with the membrane. Mol Cell Biochem 130: 57-65, 1994.

28. Muntoni F, Torelli S and Ferlini A: Dystrophin and mutations:
one gene, several proteins, multiple phenotypes. Lancet Neurol 2:
731-740, 2003.

29. Ahn AH and Kunkel LM: The structural and functional diversity
of dystrophin. Nat Genet 3: 283-291, 1993.

30. Doran P, Schreiber, D and Ohlendieck K: Structure and function
of the supramolecular dystrophin-associated glycoprotein
complex. Curr Top Biochem Res 7: 47-55, 2005.

31. Ervast JM: Dystrophin, its interactions with other proteins, and
implications for muscular dystrophy. Biochim Biophys Acta 1772:
108-117, 2007.

MULVEY et al:  DIABETES-RELATED MUSCLE WEAKNESS304

297-306  7/4/08  19:01  Page 304



32. Ohlendieck K, Ervasti JM, Matsumura K, Kahl SD, Leveille CJ
and Campbell KP: Dystrophin-related protein is localized to
neuromuscular junctions of adult skeletal muscle. Neuron 7:
499-508, 1991.

33. Banks GB, Fuhrer C, Adams ME and Froehner SC: The
postsynaptic submembrane machinery at the neuromuscular
junction: requirement for rapsyn and the utrophin/dystrophin-
associated complex. J Neurocytol 32: 709-726, 2003. 

34. Ervasti JM, Ohlendieck K, Kahl SD, Gaver MG and Campbell KP:
Deficiency of a glycoprotein component of the dystrophin
complex in dystrophic muscle. Nature 345: 315-319, 1990. 

35. Ibraghimov-Beskrovnaya O, Ervasti  JM, Leveille CJ,
Slaughter CA, Sernett SW and Campbell KP: Primary structure
of dystrophin-associated glycoproteins linking dystrophin to the
extracellular matrix. Nature 355: 696-702, 1992.

36. Henry MD and Campbell KP: Dystroglycan inside and out. Curr
Opin Cell Biol 11: 602-607, 1999.

37. Kanagawa M, Saito F, Kunz S, Yoshida-Moriguchi T, Barresi R,
Kobayashi YM, Muschler J, Dumanski JP, Michele DE,
Oldstone MB and Campbell KP: Molecular recognition by
LARGE is essential for expression of functional dystroglycan.
Cell 117: 953-964, 2004. 

38. Allikian MJ and McNally EM: Processing and assembly of the
dystrophin glycoprotein complex. Traffic 8: 177-183, 2007. 

39. Ilsley JL, Sudol M and Winder SJ: The interaction of dystrophin
with beta-dystroglycan is regulated by tyrosine phosphorylation.
Cell Signal 13: 625-632, 2001.

40. Pereboev AV, Ahmed N, thi Man N and Morris GE: Epitopes in the
interacting regions of beta-dystroglycan (PPxY motif) and dystro-
phin (WW domain). Biochim Biophys Acta 1527: 54-60, 2001.

41. Yoshida M, Suzuki A, Yamamoto H, Noguchi S, Mizuno Y and
Ozawa E: Dissociation of the complex of dystrophin and its
associated proteins into several unique groups by n-octyl beta-
D-glucoside. Eur J Biochem 222: 1055-1061, 1994.

42. Crosbie RH, Heighway J, Venzke DP, Lee JC and Campbell KP:
Sarcospan, the 25-kDa transmembrane component of the dystro-
phin-glycoprotein complex J Biol Chem 272: 31221-31224, 1997.

43. Crosbie RH, Lim LE, Moore SA, Hirano M, Hays AP,
Maybaum SW, Collin H, Dovico SA, Stolle CA, Fardeau M,
Tome FM and Campbell KP: Molecular and genetic
characterization of sarcospan: insights into sarcoglycan-
sarcospan interactions. Hum Mol Genet 9: 2019-2027, 2000.

44. Nawrotzki R, Loh NY, Ruegg MA, Davies KE and Blake DJ:
Characterisation of alpha-dystrobrevin in muscle. J Cell Sci 111:
2595-2605, 1998.

45. Albrecht DE and Froehner SC: Syntrophins and dystrobrevins:
defining the dystrophin scaffold at synapses. Neurosignals 11:
123-129, 2002.

46. Hillier BJ, Christopherson KS, Prehoda KE, Bredt DS and
Lim WA: Unexpected modes of PDZ domain scaffolding revealed
by structure of nNOS-syntrophin complex. Science 284: 812-815,
1999.

47. Poon E, Howman EV, Newey SE and Davies KE: Association
of syncoilin and desmin: linking intermediate filament proteins
to the dystrophin-associated protein complex. J Biol Chem 277:
3433-3439, 2002.

48. Gee SH, Madhavan R, Levinson SR, Caldwell JH, Sealock R and
Froehner SC: Interaction of muscle and brain sodium channels
wi th  mul t ip le  members  of  the  synt rophin  fami ly  of
dystrophin-associated proteins. J Neurosci 18: 128-137, 1998.

49. Neely JD, Amiry-Moghaddam M, Ottersen OP, Froehner SC,
Agre P and Adams ME: Syntrophin-dependent expression and
localization of Aquaporin-4 water channel protein. Proc Natl
Acad Sci USA 98: 14108-14113, 2001.

50. Stamler JS and Meissner G: Physiology of nitric oxide in
skeletal muscle. Physiol Rev 81: 209-237, 2001.

51. Lohan J, Culligan K and Ohlendieck K: Deficiency in cardiac
dystrophin affects the abundance of the alpha/beta-dystroglycan
complex. J Biomed Biotechnol 2005: 28-36, 2005.

52. Ohlendieck K: The pathophysiological role of impaired calcium
handling in muscular dystrophy. In: Molecular Mechanisms of
Muscular Dystrophies. Winder SJ (ed). Landes Bioscience,
Georgetown, TX, pp188-197, 2005.

53. Alderton JM and Steinhardt RA: How calcium influx through
calcium leak channels is responsible for the elevated levels of
calcium-dependent proteolysis in dystrophic myotubes. Trends
Cardiovasc Med 10: 268-272, 2000. 

54. Batchelor CL and Winder SJ: Sparks, signals and shock
absorbers: how dystrophin loss causes muscular dystrophy.
Trends Cell Biol 16: 198-205, 2006. 

55. Doran P, Gannon J, O'Connell K and Ohlendieck K: Proteomic
profiling of animal models mimicking skeletal muscle disorders.
Proteomics Clin Appl 1: 1169-1184, 2007.

56. Kitahara A, Toyota T, Kakizaki M and Goto Y: Activities of
hepatic enzymes in spontaneous diabetes rats produced by
selective breeding of normal Wistar rats. Tohoku J Exp Med 126:
7-11, 1978.

57. Witte K, Jacke K, Stahrenberg R, Arlt G, Reitenbach I, Schilling L
and Lemmer B: Dysfunction of soluble guanylyl cyclase in aorta
and kidney of Goto-Kakizaki rats: influence of age and diabetic
state. Nitric Oxide 6: 85-95, 2002.

58. Krook A, Kawano Y, Song XM, Efendic S, Roth RA, Wallberg-
Henriksson H and Zierath JR: Improved glucose tolerance restores
insulin-stimulated Akt kinase activity and glucose transport in
skeletal muscle from diabetic Goto-Kakizaki rats. Diabetes 46:
2110-2114, 1997.

59. Dadke SS, Li HC, Kusari AB, Begum N and Kusari J: Elevated
expression and activity of protein-tyrosine phosphatase 1B in
skeletal muscle of insulin-resistant type II diabetic Goto-Kakizaki
rats. Biochem Biophys Res Commun 274: 583-589, 2000.

60. Steiler TL, Galuska D, Leng Y, Chibalin AV, Gilbert M and
Zierath JR: Effect of hyperglycemia on signal transduction in
skeletal muscle from diabetic Goto-Kakizaki rats. Endocrinology
144: 5259-5267, 2003.

61. Portha B, Serradas P, Bailbe D, Suzuki K, Goto Y and Giroix MH:
Beta-cell insensitivity to glucose in the GK rat, a spontaneous
nonobese model for type II diabetes. Diabetes 40: 486-491, 1991.

62. Abdel-Halim SM, Guenifi A, Luthman H, Grill V, Efendic S
and Ostenson CG: Impact of diabetic inheritance on glucose
tolerance and insulin secretion in spontaneously diabetic GK-
Wistar rats. Diabetes 43: 281-288, 1994. 

63. Culligan K, Mackey A, Finn D, Maguire PB and Ohlendieck K:
Role of dystrophin isoforms and associated glycoproteins in
muscular dystrophy (Review). Int J Mol Med 2: 639-648, 1998.

64. Kashyap SR, Roman LJ, Lamont J, Masters BS, Bajaj M,
Suraamornkul S, Belfort R, Berria R, Kellogg DL Jr, Liu Y and
De Fronzo RA: Insulin resistance is associated with impaired
nitric oxide synthase activity in skeletal muscle of type 2 diabetic
subjects. J Clin Endocrinol Metab 90: 1100-1105, 2005. 

65. Rando TA: Role of nitric oxide in the pathogenesis of muscular
dystrophies: a ‘two hit’ hypothesis of the cause of muscle necrosis.
Microsc Res Tech 55: 223-235, 2001.

66. Wehling M, Spencer M and Tidball JG: A nitric oxide synthase
transgene ameliorates muscular dystrophy in mdx mice. J Cell
Biol 155: 123-131, 2001. 

67. Belke DD and Dillmann WH: Altered cardiac calcium handling
in diabetes. Curr Hypertens Rep 6: 424-429, 2004.

68. Belke DD, Swanson EA and Dillmann WH: Decreased sarco-
plasmic reticulum activity and contractility in diabetic db/db
mouse heart. Diabetes 53: 3201-3208, 2004. 

69. Bers DM and Guo T: Calcium signaling in cardiac ventricular
myocytes. Ann NY Acad Sci 1047: 86-98, 2005. 

70. Bers DM: Cardiac excitation-contraction coupling. Nature 415:
198-205, 2002. 

71. Lehnart SE, Schillinger W, Pieske B, Prestle J, Just H and
Hasenfuss G: Sarcoplasmic reticulum proteins in heart failure.
Ann NY Acad Sci 853: 220-230, 1998. 

72. Lennon NJ and Ohlendieck K: Impaired Ca2+-sequestration in
dilated cardiomyopathy (Review). Int J Mol Med 7: 131-141,
2001. 

73. Birkeland JA, Sejersted OM, Taraldsen T and Sjaastad I: EC-
coupling in normal and failing hearts. Scand Cardiovasc J 39:
13-23, 2005.

74. Murray BE, Froemming GR, Maguire PB and Ohlendieck K:
Excitation-contraction-relaxation cycle: Role of Ca2+-regulatory
membrane proteins in normal, stimulated and pathological
skeletal muscle (Review). Int J Mol Med 1: 677-687, 1998. 

75. Richard S, Perrier E, Fauconnier J, Perrier R, Pereira L, Gomez AM
and Benitah JP: ‘Ca2+-induced Ca2+ entry’ or how the L-type Ca2+

channel remodels its own signalling pathway in cardiac cells.
Prog Biophys Mol Biol 90: 118-135, 2006. 

76. Bers DM: Macromolecular complexes regulating cardiac ryano-
dine receptor function. J Mol Cell Cardiol 37: 417-429, 2004.

77. Hadad N, Meyer HE, Varsanyi M, Fleischer S and Shoshan-
Barmatz V: Cardiac sarcalumenin: phosphorylation, comparison
with the skeletal muscle sarcalumenin and modulation of
ryanodine receptor. J Membr Biol 170: 39-49, 1999.

78. MacLennan DH, Rice WJ and Green NM: The mechanism of
Ca2+ transport by sarco(endo)plasmic reticulum Ca2+-ATPases.
J Biol Chem 272: 28815-28818, 1997.

MOLECULAR MEDICINE REPORTS  1:  297-306,  2008 305

297-306  7/4/08  19:01  Page 305



79. Strehler EE and Treiman M: Calcium pumps of plasma membrane
and cell interior. Curr Mol Med 4: 323-335, 2004. 

80. Beard NA, Laver DR and Dulhunty AF: Calsequestrin and the
calcium release channel of skeletal and cardiac muscle. Prog
Biophys Mol Biol 85: 33-69, 2004. 

81. Poornima IG, Parikh P and Shannon RP: Diabetic cardiomyopathy:
the search for a unifying hypothesis. Circ Res 98: 596-605, 2006.

82. Desrois M, Sidell RJ, Gauguier D, King LM, Radda GK and
Clarke K: Initial steps of insulin signaling and glucose transport
are defective in the type 2 diabetic rat heart. Cardiovasc Res 61:
288-296, 2004.

83. Algenstaedt P, Antonetti DA, Yaffe MB and Kahn CR: Insulin
receptor substrate proteins create a link between the tyrosine
phosphorylation cascade and the Ca2+-ATPases in muscle and
heart. J Biol Chem 272: 23696-23702, 1997.

84. Wold LE, Dutta K, Mason MM, Ren J, Cala SE, Schwanke ML
and Davidoff AJ: Impaired SERCA function contributes to
cardiomyocyte dysfunction in insulin resistant rats. J Mol Cell
Cardiol 39: 297-307, 2005. 

85. MacLennan DH: Ca2+ signalling and muscle disease. Eur J
Biochem 267: 5291-5297, 2000.

86. Tada M and Toyofuku T: Molecular regulation of phospho-
lamban function and expression. Trends Cardiovasc Med 8:
330-334, 1998. 

87. Garvey WT, Maianu L, Zhu JH, Brechtel-Hook G, Wallace P
and Baron AD: Evidence for defects in the trafficking and trans-
location of GLUT4 glucose transporters in skeletal muscle as a
cause of human insulin resistance. J Clin Invest 101: 2377-2386,
1998. 

MULVEY et al:  DIABETES-RELATED MUSCLE WEAKNESS306

297-306  7/4/08  19:01  Page 306


