
Type I (insulin-dependent) diabetes mellitus is char-
acterised by pronounced insulin resistance for glu-
cose disposal in skeletal muscle [1, 2]. This metabolic
impairment is at least in part related to a post-insulin
signalling defect in the expression and translocation
of GLUT4 glucose transporters to the muscle cell sur-
face [3±5]. The lack of insulin action on glucose me-
tabolism in muscle of people with Type I diabetes
could also be explained by an impaired vasodilatory
effect of insulin on the muscle vasculature [2], al-
though this impairment has not been confirmed in a
more recent study [1]. Several studies have shown
that endothelium-dependent relaxation is altered in
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Abstract

Aims/hypothesis. The aims of our study were to inves-
tigate whether nitric oxide synthase (NOS) activity is
impaired in skeletal muscle of insulin-deficient
[Type I (insulin-dependent)] diabetic rats and if the
case, to determine the mechanism of NOS dysregula-
tion in this disorder.
Methods. Rats were rendered diabetic by streptozo-
tocin injection (65 mg/kg, i. v.) and NOS activity and
expression in gastrocnemius muscles were studied 1,
2, 3 or 4 weeks after diabetes induction.
Results. The diabetic state was associated with a pro-
gressive reduction (down to 42 % of control values af-
ter 4 weeks) in muscle NOS activity compared with
control rats. Using reverse transcriptase-polymerase
chain reaction, we could not detect statistically signif-
icant changes in the expression of either neuronal
NOS (nNOS) or endothelial NOS (eNOS) mRNAs
in diabetic muscle. The contents of nNOS and eNOS
protein were, however, progressively reduced in mus-
cle homogenates of diabetic rats and these alterations

were prevented by insulin treatment. Subcellular
fractionation of skeletal muscle showed that both
nNOS and eNOS proteins are mainly localised to the
plasma membrane with lower abundance in T-tubules
and not detectable in sarcoplasmic reticulum-en-
riched fractions. After 1 week of diabetes, eNOS pro-
tein content was decreased only in the plasma mem-
brane whereas nNOS protein abundance was not af-
fected at this time. Neither the expression nor the in-
teraction of caveolin-1 and caveolin-3 with NOS en-
zymes was found to be altered in muscle of diabetic
rats.
Conclusion/interpretation. These results show that
skeletal muscle NOS activity is impaired during the
progression of insulin-deficient diabetes and reduced
NOS activity is associated with a decreased abun-
dance of both nNOS and eNOS proteins, which ap-
pears to involve post-transcriptional mechanisms.
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experimental diabetes [6±8]. Endothelial dysfunction
in diabetes seems to be subjected to regional varia-
tions. Indeed, it was previously reported that bradyki-
nin-mediated vasodilatation is decreased in the hind-
quarters vascular bed of streptozotocin (STZ)-rats
but not in renal and mesenteric beds [9]. The mecha-
nisms of decreased bradykinin-mediated vasodilatory
responses in the hindlimb muscle beds of STZ-rats
are not fully understood; however, an impaired nitric
oxide (NO) generation or bioactivity could be in-
volved [7].

Previous studies looking at vascular nitric oxide
(NO) synthesis or action in insulin-deficient diabetes
have led to conflicting results. Enhanced, unaltered,
or decreased NO-mediated, endothelium-dependent
vasodilatation have been reported [7] and this appar-
ent lack of consistency could be explained by the
type of artery or vasodilator agent examined or both
as well as the duration and severity of the diabetic
state. Most studies are nevertheless consistent with
altered NO-dependent responses when the diabetic
state is well established [7]. What is not clear is
whether an altered NO synthesis is responsible for
endothelial dysfunction in diabetes. Impaired NO
bioactivity could arise not only from reduced produc-
tion but also from increased destruction of the re-
leased NO by chemical interactions with reactive ox-
ygen species or advanced glycation end-products, or
resistance of vascular smooth muscle cells to normal
endothelium NO production [6,10].

Skeletal muscle expresses all isoforms of the NO
synthase (NOS) family, which comprises the Ca2+-
calmodulin-dependent neuronal-type (nNOS, also
known as NOS I) and endothelial-type (eNOS, also
known as NOS III) forms, as well as an inducible, rel-
atively Ca2+-independent, form known as iNOS (or
NOS II). Both eNOS and nNOS are constitutively ex-
pressed in rat skeletal muscle whereas iNOS is only
expressed to detectable concentrations in pathologi-
cal conditions including endotoxaemia and muscle in-
jury [11, 12]. The role of NOS enzymes in skeletal
muscle is still not fully understood. Endothelium
eNOS is clearly involved in vascular remodelling and
plays an important part in haemodynamic regulation
of muscle vascular beds. On the other hand, there is
growing evidence that NOS enzymes are involved in
the modulation of several other muscle functions in-
cluding contractile, neural, and metabolic functions
[13]. Our laboratory has been particularly interested
in the role of NOS enzymes in modulating glucose
metabolism in skeletal muscle. Endothelial cell
eNOS is thought to play a critical part in modulating
muscle glucose utilisation by mediating the haemody-
namic action of insulin on the muscle vasculature,
thus providing an increased supply of glucose and in-
sulin to the muscle fibres [14±16]. This concept has
been recently supported by our observation that
the NOS inhibitor NG-nitro-l-arginine methyl ester

(l-NAME) greatly reduces insulin-stimulated glu-
cose uptake in muscle when given to rats in vivo dur-
ing an hyperinsulinaemic-euglycaemic clamp [17].

It is not known whether muscle NOS activity is al-
tered in insulin-deficient diabetes. A lack of NOS ac-
tivity in diabetic muscle could explain the reported
defect in NO vascular bioactivity and contribute to
the impaired insulin-stimulated glucose uptake in di-
abetes. An abnormal NO synthesis at the neuromus-
cular junctions as well as in muscle cells could also
be involved in the development of contractile dys-
function (neuromyopathy) in diabetes [18, 19]. The
goal of our study was therefore to test the hypothesis
that muscle NOS activity is reduced in insulin-defi-
cient diabetes and if the case, to determine the mech-
anism of NOS dysregulation in this disorder.

Materials and methods

Materials. We purchased NADPH, flavin mononucleotid
(FMN), flavin adenine dinucleotide (FAD), calmodulin, strep-
tozotocin (STZ), BH4 and octylglucoside from Sigma (St.
Louis, Mo., USA). l-NAME from Alexis (San Diego, Calif.,
USA), [3H]-l-arginine from Amersham (Oakville, Ont., Cana-
da), Dowex AG50W-X8 from Bio-Rad (Mississauga, Ont.,
Canada). Protein A Sepharose beads were obtained from
Amersham Pharmacia Biotech (Baie d'UrfeÂ , Q., Canada).
Monoclonal (eNOS and caveolin-3) and polyclonal (nNOS
and caveolin-1) antibodies were obtained from Transduction
Laboratories (Lexington, Ky., USA). The monoclonal anti-
body IIF7 generated against the a1-dihydropyridine receptor
(DHPr) was kindly supplied by Dr K. Campbell (University of
Iowa, Iowacity, Iowa, USA). The monoclonal antibody against
the a1-Na/K-ATPase was a kind gift from Dr K. Sweadner
(Massachusetts General Hospital, Boston, Mass., USA).

Animals. This study was approved by the Animal care and
handling committee of Laval University. Male Sprague-Daw-
ley rats weighing 240±260 g (Charles River, MontrØal, Que.,
Canada) were randomly assigned to STZ-diabetic or control
groups, housed in individual cages, maintained on a 12-h dark
and light schedule and fed according to appetite with Purina
rat chow. Animals were anaesthetised with ketamine-xylazine
(80 and 10 mg/kg i. p.) and STZ (65 mg/kg i. v.) or citrate buffer
was injected. After STZ injection at intervals of 1, 2, 3 or
4 weeks, diabetic animals and their age-matched control ani-
mals were killed by decapitation, blood was collected, and
muscles (gastrocnemius and quadriceps) were removed and
immediately frozen in liquid nitrogen and stored at ±80 °C until
further analyses.

Additional rats were used to test the effect of insulin treat-
ment on diabetic animals. Insulin [2.4 U regular and 3.6 U ul-
tra-lente (morning) and 3.2 U regular and 3.6 U ultra-lente
(night), s. c.] was injected 1 day after STZ injection and was
continued for 2 weeks. Rats were then killed by decapitation
and hindlimb muscles were removed and immediately frozen
in liquid nitrogen and stored at ±80 °C.

Skeletal muscle fractionation. Muscles were cleaned of extra-
neous tissues and homogenised in 5 v of homogenisation buffer
containing 25 mmol/l TRIS-HCL (pH 7.4), 1 mmol/l EDTA,
protease inhibitors [1 mmol/l pepstatin A, 10 mmol/l E64 and
1 mmol/l leupeptin, 100 mg/ml phenylmethylsulphonyl fluoride
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(PMSF)] and then centrifuged for 10 min at 1200 ´ g to remove
non-homogenised material (crude homogenate). In some ex-
periments, the two components of the muscle cell surface,
namely the plasma membrane and transverse tubules, were pu-
rified by differential centrifugation as described previously
[20]. This crude surface membrane fraction (CSM) was further
fractionated on discontinuous sucrose gradients (25 %, 32 %
and 35 %, w/w) to yield plasma membrane and transverse tu-
bule vesicles. Plasma membranes are recovered at the buffer/
25 % sucrose interphase whereas T-tubules band at the 32 %/
35 % interphase on the gradient. The membrane fractions
have been extensively characterised by immunologic and enzy-
matic markers [4, 20]. Protein concentrations of the membrane
fractions were determined by the bicinchoninic acid method
using BSA as the standard.

Nitric oxide synthase activity. Nitric oxide synthase activity was
quantified by the conversion of [3H]-l-arginine to [3H]-l-cit-
rulline, with minor modifications [12, 17]. Briefly, aliquots of
the homogenates (100±200 mg proteins) were incubated in
50 mmol/l HEPES (pH 7.4) with 24 mmol/l [3H]-l-arginine
(0.1 mCi/tube), 120 mmol/l NADPH, 60 mmol/l l-valine,
12 mmol/l l-citrulline, 1.2 mmol/l MgCl2, 0.2 mmol/l CaCl2,
10 mg/ml calmodulin, 3 mmol/l BH4, 1 mmol/l flavin adenine di-
nucleotide (FAD) and 1 mmol/l flavin mononucleotide (FMN).
The reaction was carried out for 1 h at 37 °C with or without
l-NAME (2 mmol/l) and terminated by adding 2 ml of ice-
cold buffer (20 mmol/l HEPES pH 5.5, 2 mmol/l EDTA). Sam-
ples were applied to 1-ml columns of Dowex AG50W-X8
(Na+form), which were eluted with 2 ml of water. The [3H]-l-
citrulline was quantified by liquid scintillation spectroscopy
(Wallac 1409 counter, Turku, Finland) of 4.0-ml flow through.

Immunoprecipitation. Immunoprecipitation of caveolin-1 and
caveolin-3 was done as described previously with minor modi-
fications [21]. The CSM membranes fractions (200 mg) were in-
cubated 1 h at 4 °C in a buffer containing 60 mmol/l octylgluco-
side, 50 mmol/l TRIS-HCl (pH 7.4), 125 mmol/l NaCl, 2 mmol/l
dithiothreitol, 100 mmol/l EGTA and protease inhibitors. Sam-
ples were first incubated with caveolin-1 antibodies (4 mg/ml)
for 1 h at 4 °C. Protein A Sepharose beads (50 ml of a 50 % slur-
ry) were added to the supernatant for a further 1-h incubation
at 4 °C. Bound immune complexes were pelleted by centrifuga-
tion, washed three times with octylglucoside buffer and then
once with 50 mmol/l TRIS-HCl (pH 7.4), 150 mmol/l NaCl.
The supernatant fraction was then incubated with caveolin-3
antibodies (4 mg/ml) for immunoprecipitation of caveolin-3 as
described above for caveolin-1. The immunoprecipitates were
eluted by boiling in Laemmli sample buffer before SDS-
PAGE and western blot analysis as described below.

Western blot analysis. Muscle homogenates (150 mg) or puri-
fied membrane fractions (10±20 mg) were subjected to sodium
dodecyl sulphate polyacrylamide gel electrophoresis (SDS-
PAGE) as described by Laemmli [22], and electrophoretically
transferred (100 V) to a polyvinyldene difluoride (PVDF) fil-
ter membrane for 2 h. Immunoblotting was done as described
previously [20]. Briefly, PVDF membranes were incubated for
1 h at room temperature with buffer I (50 mmol/l TRIS-HCl
[pH 7.4], 150 mmol/l NaCl, 0.04 % NP-40, 0.02 % Tween 20)
containing 5 % non-fat milk, followed by overnight incubation
at 4 °C with primary antibodies. Dilutions of antibodies were:
nNOS 1:250, eNOS 1:500, caveolin-3 1:7500, caveolin-1
1:4000. Washing of PVDF membranes for 45 min, was fol-
lowed by 1 h incubation with either anti-mouse or anti-rabbit
immunoglobulin G (Amersham, Oakville, Ont., Canada) con-
jugated to horseradish peroxidase in buffer I containing 5 %

non-fat milk. After PVDF membranes were washed for
45 min in buffer I the immunoreactive bands were detected
by the enhanced chemiluminescence method (Renaissance
ECL kit, NEN Life Science, Boston, Mass., USA). Autoradio-
graphs were analysed by laser scanning densitometry using a
tabletop Agfa scanner (Arcus II, Etobicoke, Ont., Canada)
and quantified with the NIH Image program (zippy.nmh.
nih.gov). Muscle standards were run on every gel for compari-
son of samples from different immunoblots. Values are ex-
pressed as densitometric units relative to the muscle standards
run on every gel.

Extraction of RNA and RT-PCR. Total cellular RNA was iso-
lated using guanidium thiocyanate-phenol-chloroform extrac-
tion with the TRIzol Reagent based on a method developed
previously [23]. Synthesis of cDNA and amplification were
done with 200 units of Moloney murine leukaemia virus re-
verse transcriptase (Gibco BRL, Burlington, Ont., Canada),
using 1 mg of total RNA in 20 ml of reverse transcriptase buffer
(50 mmol/l TRIS-HCl, pH 8.3, 75 mmol/l KCl, 3 mmol/l MgCl2
and 10 mmol/l dithiothreitol (DTT) containing 1 mmol/l deox-
yribonucleoside triphosphate (dNTP) and 8 pmol of eNOS,
nNOS or glyceraldehyde phosphate dehydrogenase (GAP-
DH) antisense primer. The reaction was carried out at 42 °C
for 1 h and the enzyme was then denaturated at 95 °C for
10 min. Samples were then supplemented with 30 ml of buffer
containing TRIS pH 8.3, MgCl2, KCl and sense primer to ob-
tain a final concentration of 10 mmol/l TRIS, 50 mmol/l KCl
and 2 mmol/l MgCl2 (for GAPDH and nNOS) or 1.5 mmol/l
MgCl2 (for eNOS), 8 pmol of eNOS, nNOS and GAPDH sense
primer. The cDNAs were denatured for 5 min at 94 °C, cooled
to 72 °C and then 1 unit of Thermophilus aquaticus DNA poly-
merase (Boehringer Mannheim, Mississauga, Ont., Canada)
was added to each sample. Amplification was by 30 cycles of
temperature cycler (DNA Thermal Cycler, Perkin-Elmer,
Mississauga, Ont., Canada). Sequences of the antisense and
sense oligonucleotides (based on rat NOSs and GAPDH)
were as follows; eNOS: 5 ¢-CAGGCTGCAGTCCTTTGATC-
3 ¢ and 5 ¢-TACGGAGCAGCAAATCCAC-3 ¢, nNOS: 5 ¢-
TCCAGCACCTCCACC-ATTGTG-3 ¢ and 5 ¢-GTGGGGG-
ATGACGTCAACATC-3 ¢, GAPDH: 5 ¢-AGATCCACAA-
CGGA-TACATT-3 ¢ and 5 ¢-TCCCTCAAGATTGTCAG-
CAA-3 ¢. The expected sizes of amplification products were
331 base pairs for GAPDH, 806 base pairs for eNOS and 622
base pairs for nNOS. Amplification products were run in 8 %
acrylamide gels, stained in ethidium bromide, and fluores-
cence associated with DNA bands was analysed by laser scan-
ning densitometry as described above. In preliminary experi-
ments with various amounts of muscle RNA, it was verified
that eNOS, nNOS, and GAPDH are amplified linearly using
the above RT-PCR conditions.

Analytical methods. Plasma glucose concentrations were mea-
sured enzymatically by the glucose oxidase method using a kit
from Sigma (St. Louis, Mo., USA). Plasma insulin concentra-
tions were assessed by RIA with a rat insulin specific kit from
Linco (St. Charles, Mo., USA), using rat insulin as standard.

Statistical analysis. Values are means ± SEM. Multiple compar-
isons were made by analysis of variance followed by Fisher's
PLSD post-hoc test for individual differences. Student's t test
for unpaired comparisons was used when only two groups
were compared. The level of significance was p less than 0.05.

M. Perreault et al.: Nitric oxide synthases in diabetic muscle 429



Results

Plasma concentrations of glucose and insulin of con-
trol and STZ-rats are shown in Table 1. Glucose and
insulin values of age-matched control rats
(1±4 weeks) were not different and were therefore
consolidated. As expected, hyperglycaemia and hy-
poinsulinaemia were observed 1 week after induction
of diabetes with STZ and were maintained through-
out the study period. Insulin concentration was some-
what increased in 3-week STZ-rats but these values
were still far below normal when considering the pro-
nounced hyperglycaemia of these animals. Insulin
treatment of 2-week diabetic rats returned both gly-
caemia and insulinaemia to normal.

It should be noted that muscle NOS activity and
expression of NOS enzymes were not different be-
tween control rats that were age-matched to the
STZ-treated animals for the duration of the diabetic
state (1±4 weeks). Values for control rats at all weeks
were therefore consolidated in Figs. 1±3. The NOS
activity in gastrocnemius muscle decreased during
the progression of diabetes (Fig.1). The diabetic state
was associated with a progressive reduction in muscle
NOS activity (1 week: 60.5%, 2 weeks: 41.7%,
3 weeks: 34.8% and 4 weeks: 42.1% of control NOS
activity). Furthermore, the decreased NOS activity
was observed when the enzyme was assayed in the
presence of Ca2+, thus suggesting that the activity of
the Ca2+-dependent nNOS or eNOS enzymes or
both were affected.

We next investigated the mechanisms responsible
for impaired NOS activity in skeletal muscle of STZ-
diabetic rats. First we evaluated the effect of STZ-di-
abetes on the expression of eNOS and nNOS
mRNA expression, as assessed by RT-PCR. A repre-
sentative experiment is depicted in Figure 2 and re-
sults from several animals were quantified by scan-

ning densitometry, normalised for GAPDH tran-
script abundance in the same samples, and the mean
data are presented in Table 2. The content of eNOS
or nNOS mRNA was not significantly affected by
the diabetic state, even after 4 weeks of severe hyper-
glycaemia and relative insulin deficiency.

We then tested whether skeletal muscle eNOS or
nNOS protein contents or both were affected by
STZ-diabetes. Equivalent amounts of muscle pro-
teins were resolved on SDS-PAGE and immunoblot-
ting was done using eNOS or nNOS specific antibod-
ies (Fig.3). Both proteins migrated as a single band
of about 140 000 Mr for eNOS and about 155 000 Mr
for nNOS (Fig.3). Immunoreactivity of eNOS and
nNOS was quantified by scanning densitometry and
the mean data are presented (Fig.3). In great contrast
to the lack of effect on transcript expression, both
eNOS and nNOS protein concentrations were greatly
affected by the diabetic state. The abundance of both
enzymes progressively decreased in muscle of STZ-
rats (Fig.3). Impaired eNOS protein expression was
already detectable 1 week after induction of diabetes
and was reduced to about 10% of control values after
4 weeks. The abundance of nNOS protein was signif-
icantly decreased to 25 % of controls in muscle of 2-
week STZ-rats but did not further decline with the
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Table 1. Glycaemia and insulinaemia of control and STZ-dia-
betic rats

Group Glycaemia
(mmol/l)

Insulinaemia
(nmol/l)

Control 7.63 ± 0.23a 0.725 ± 0.08a

STZ 1 19.13 ± 1.92b 0.408 ± 0.07b

STZ 2 20.13 ± 1.79b 0.193 ± 0.01b

STZ 3 27.19 ± 0.13c 0.530 ± 0.17a,b

STZ 4 26.34 ± 0.59c 0.380 ± 0.08b

STZ 2 + Insulin 6.30 ± 1.10 1.090 ± 0.87

Rats were rendered diabetic by STZ injection and plasma
(postprandial state) was collected one (STZ 1), two (STZ 2),
three (STZ 3) or four (STZ 4) weeks after diabetes induction.
STZ 2 + insulin: 2-week STZ-diabetic rats that were treated
with insulin. Values are means ± SEM of 5±10 rats. Groups
not sharing a common superscript (a, b or c) are different at
p < 0.05. Plasma glucose and insulin values from 2-week STZ-
diabetic rats treated with insulin (STZ 2 + insulin) were not
different from values of control animals

Fig. 1. Effects of STZ-diabetes on NOS activity in gastrocne-
mius muscle. Rats were rendered diabetic by injection of STZ
and studied 1, 2, 3 or 4 weeks after diabetes induction. NOS ac-
tivity was determined using equivalent muscle extracts
(200 mg) from control or diabetic rats (see Methods). Results
are means ± SEM of five to eight individual experiments.
Age-matched control rats were analysed at each time point
(1±4 weeks) to verify the possible influence of ageing in itself
on muscle NOS activity. No differences in NOS activity were
observed between control rats at 1, 2, 3 or 4 weeks post-treat-
ment and all control data were therefore consolidated. Bars
not sharing a common symbol are different at p < 0.05



duration of the disease. Importantly, insulin treat-
ment of 2-week STZ-rats prevented the reduction of
muscle eNOS and nNOS protein expression (Fig.3),
indicating that these impairments were not caused
by STZ treatment in itself.

Both eNOS and nNOS have been shown to be lo-
calised at or near the plasma membrane of skeletal
muscle and endothelial cells [12, 13, 24±27]. It was
therefore of interest to more precisely localise the
site of impaired NOS expression in muscle of diabetic
animals, especially early (1 week) in the duration of
the disease where expression of NOS enzymes was
not yet found to be greatly reduced in muscle homo-
genates. Using a well-established subcellular frac-
tionation procedure developed in our laboratory
[20], we isolated membrane fractions enriched in ei-
ther crude surface membranes (CSM), plasma mem-
branes, transverse tubules (TT), triads [where trans-
verse tubules are in apposition to the sarcoplasmic
reticulum (SR)] and SR. The distribution of eNOS
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Fig. 2. Effects of STZ-diabetes on eNOS and nNOS mRNA
expression in gastrocnemius muscle. Rats were same as in
Fig. 1. RNA was isolated from 50±100 mg of muscle tissue and
eNOS, nNOS and GAPDH mRNAs were measured by RT-
PCR as described in Methods. Amplified DNA products were
separated on polyacrylamide gels and made visible with ethid-
ium bromide. The figure shows a representative gel from four
to eight rats. Mean ± SEM of several rats are shown in Table 2

A

B

C

Fig. 3 A±C. Effects of STZ-diabetes on eNOS and nNOS pro-
tein contents in gastrocnemius muscle. Rats were same as in
Fig. 1 except in (C) where STZ-rats were treated with insulin
for 2 weeks. Muscle extracts (150 mg) were subjected to SDS-
PAGE and analysed by western blotting using eNOS-specific
or nNOS-specific antibodies. (A) Representative immuno-
blots. (B) Results are means ± SEM of five to ten independent
experiments with tissues from different animals. Data are ex-
pressed as relative changes compared with the control values
for each NOS isoform. The symbol * indicates a significant dif-
ference (p < 0.05) vs control values. The symbol ² indicates a
significant difference (p < 0.05) vs 2 week-old values. (C) Rep-
resentative immunoblots showing the prevention of eNOS and
nNOS down-regulation by insulin treatment of STZ-diabetic
rats for 2 weeks (STZ2 + Ins). Similar data were obtained
with four different rats in each group. Molecular weight stan-
dards (in Mr) are shown on the left. , nNOS; &, eNOS

Table 2. Expression of eNOS and nNOS mRNAs in skeletal
muscle of control and STZ-diabetic rats

eNOS/GAPDH
relative densitometric
units

nNOS/GAPDH
relative densitometric
units

Control 0.143 ± 0.027 0.076 ± 0.014
STZ 1 0.206 ± 0.029 0.061 ± 0.024
STZ 2 0.143 ± 0.038 0.107 ± 0.029
STZ 3 0.087 ± 0.041 0.082 ± 0.046
STZ 4 0.186 ± 0.022 0.096 ± 0.054

Rats were rendered diabetic by STZ injection and gastrocnae-
mius muscles were removed 1, 2, 3 or 4 weeks after diabetes in-
duction. RNA was isolated from 50±100 mg of muscle and
e NOS, n NOS and GAPDH transcripts were measured by
RT-PCR. Values are means ± SEM of 5±8 rats. No significant
differences were observed between control and STZ-rats



and nNOS enzymes and of typical markers of the
plasma membrane and TT in the purified fractions
are shown in Figure 4. As expected, the a1-subunit
of the Na/K-ATPase, a marker of the plasma mem-
brane, was mainly localised to the plasma membrane
fraction, whereas the dihydropyridine receptor
(DHPr), a transverse tubule Ca2+ channel, was mostly
recovered in the TT, triads and SR fractions (Fig.4).
We found both eNOS and nNOS in the CSM and
they were mainly, if not entirely, associated with the
plasma membrane. Neither enzymes could be detect-
ed in the triads or SR fractions.

Compared with control rats, eNOS protein abun-
dance was greatly reduced in CSM and purified plas-
ma membrane fractions but not in TT isolated from
muscle of 1-week diabetic animals (Fig.5). The con-
tents of nNOS protein were not decreased, however,
in CSM or plasma membrane fractions of the same
muscles (Fig.5), as previously observed in total ho-
mogenates of 1-week diabetic rats (Fig.3). Content
of nNOS in the TT was below detection limits.

Recent studies indicate that both nNOS and eNOS
associate with the caveolae in skeletal muscle and en-
dothelial cells [24, 25, 28±31]. It has been postulated
that direct binding of eNOS and nNOS on the scaf-
folding domains of caveolins inhibit enzymatic activi-
ty in a Ca2+-calmodulin-reversible fashion [24, 28, 29].
It was therefore possible that an increased expression
of caveolin-1 in endothelial cells or the muscle-specif-
ic caveolin-3 isoform or both in myocytes, or an ab-
normally high interaction of the caveolins with NOS
enzymes, are playing a part in the down-regulated
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Fig. 4. Membrane distribution of the dihydropyridine receptor
(DHPr), a1-Na-K-ATPase, eNOS and nNOS proteins in crude
surface membranes (CSM), plasma membranes (PM), trans-
verse tubules (TT), triads (TR) and sarcoplasmic reticulum
(SR) isolated from muscles of control rats. Membrane proteins
(10±20 mg) were isolated and purified as described in Methods
and used for western blot analysis with a1-Na-K-ATPase
(McK-1) monoclonal antibody (1:200), DHPr monoclonal an-
tibody (1:200 000), eNOS monoclonal antibody (1:500) and
nNOS polyclonal antibody (1:250). ECL detection of reactive
bands was carried out. The figure depicts a representative gel
from three different subcellular fractionation experiments
with different rats. Molecular weight standards (in Mr) are
shown on the left

A

B

Fig. 5 A, B. Effects of STZ-diabetes on (A) eNOS and (B)
nNOS protein contents in crude surface membranes (CSM),
plasma membranes (PM) and transverse tubules (TT) isolated
from muscles of control and 1-week STZ-diabetic rats. Mem-
brane proteins (10 mg) were used for western blot analysis as
described in Fig. 4. Upper gels show representative western
blots with different rats in each experimental group. Bottom
graphs represent means ± SEM of three to five subcellular
fractionation experiments with different animals. *p < 0.05 vs
control rats, **p = 0.06, R, control; , STZ-diabetic (1 week)



NOS activity in muscle of 1-week diabetic rats. To
test this hypothesis, we first examined caveolin-1
and caveolin-3 protein concentrations in purified sur-
face membrane fractions from muscle of control and
STZ-rats (Fig.6). In contrast to NOS enzymes, both
caveolin-1 and caveolin-3 were mostly enriched in
the TT and not in the plasma membrane fractions.
The protein contents of either caveolin isoforms in
the plasma membrane and TT fractions were, further-
more, not found to be affected by the diabetic state.

We next examined the interaction of caveolin iso-
forms with NOS enzymes by immunoprecipitation of
caveolin-1 and caveolin-3 from muscle CSM frac-
tions, followed by analysis of the immune complexes
by SDS-PAGE and immunoblotting for eNOS or
nNOS. We found eNOS was associated with caveo-
lin-1 in CSM fractions of skeletal muscle from both
control and STZ-diabetic rats (Fig.7). The eNOS-
caveolin-1 interaction was not, however, found to be
altered in skeletal muscle of diabetic rats (Fig.7). In
the same CSM fractions (data not shown) nNOS was
not immunoprecipitated by caveolin-1 antibodies.
We also examined whether nNOS interacted with
caveolin-3 in muscles of control and diabetic rats
(Fig.7). Caveolin-3 was immunoprecipitated from
CSM fractions isolated from muscles of both control
and diabetic rats but we could not detect nNOS
(Fig.7) or eNOS (data not shown) association with
this muscle-specific caveolin isoform. Neither caveo-
lin-1 nor caveolin-3 were immunoprecipitated when
CSM samples were incubated with protein A Sepha-
rose beads alone or when irrelevant antibodies (rab-
bit pre-immune serum or mouse IgG) were used in
place of caveolin antibodies (data not shown).

Discussion

It is well documented that impaired glucose metabo-
lism and endothelial dysfunction are hallmarks of
Type I diabetes. Skeletal muscle is the main site of
postabsorptive glucose disposal and a major target of
insulin action both on glucose uptake and blood
flow. It is therefore critical to identify the defects be-
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B

Fig. 6 A, B. Caveolin-1 (A) and caveolin-3 (B) protein con-
tents in crude surface membranes (CSM), plasma membranes
(PM) and transverse tubules (TT) isolated from muscles of
control and 1-week, STZ-diabetic rats. Membrane proteins
(10 mg) were used for western blot analysis using caveolin-1
polyclonal antibody (1:4000) or caveolin-3 monoclonal anti-
body (1:7500). Upper gels show representative western blots
with different rats in each experimental group. Bottom graphs
represent means ± SEM of three to five subcellular fraction-
ation experiments with different animals. No significant differ-
ences were observed between control and STZ-rats. R, con-
trol; , STZ-diabetic (1 week)
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hind the development of impaired muscle glucose uti-
lisation and vascular function in diabetes. Our study
shows that NOS activity is considerably impaired in
skeletal muscle of STZ-diabetic rats, suggesting a re-
duced capacity for NO production. The citrulline as-
say used in this study to assess NOS activity reflects
the capacity of muscle NOS enzymes to synthesise
NO under optimal conditions in terms of substrate
(l-arginine) and cofactor (BH4, Ca2+, calmodulin)
concentrations in vitro. In vivo, however, it is possible
that local concentrations of l-arginine or cofactors or
both are reduced to subnormal levels in the muscle
vascular endothelium, as previously reported for aor-
tic rings of diabetic animals [32, 33]. It is therefore

possible that muscle NO production in STZ-diabetic
rats is further decreased by the lack of optimal con-
centrations of these factors in vivo. Additional mech-
anisms such as increased destruction of the released
NO by reactive oxygen species or resistance of the
vascular smooth muscle cells to NO production could
also contribute to endothelial dysfunction in muscle
of diabetic rats [6, 10].

Our data further show that a reduced abundance of
both eNOS and nNOS proteins is involved in the im-
paired NOS activity in skeletal muscle of diabetic
rats. We found that the reduction in NOS activity in
muscle of diabetic rats could mostly be explained by
the down-regulation of eNOS and nNOS proteins in
the tissue. Although the abundance of both NOS iso-
forms were found to be decreased in muscle of STZ-
rats, the time of appearance of these alterations was
different. After 1 week of diabetes eNOS was signifi-
cantly reduced whereas nNOS protein concentrations
were only affected after the second week. The earlier
onset of eNOS alteration in muscle of diabetic animals
was also confirmed in purified plasma membranes,
where NOS enzymes are more concentrated. On the
other hand, neither eNOS nor nNOS transcript ex-
pression was affected by diabetes. This indicates that
the reduced expression of eNOS and nNOS proteins
in muscle of STZ-rats occurs at a post-transcriptional
step, possibly through changes in translation efficien-
cy or alterations in protein stability or both.

The reduced expression of NOS enzymes in skele-
tal muscle of diabetic rats could explain the impaired
haemodynamic responses to NO-dependent vasodi-
lators such as insulin [2, 34] and bradykinin [9] in the
muscle vascular bed of people with Type I diabetes
or STZ-rats, respectively. This defect could be selec-
tive for skeletal muscle vascular beds as the vasodila-
tor responses to bradykinin was not altered in renal
or mesenteric beds of STZ-diabetic rats, even
4 weeks after diabetes was induced [9]. Predominant-
ly, eNOS is found in the vascular endothelial cells in
skeletal muscle. Whereas one report suggests that
eNOS is also expressed in muscle cells [27], most
studies failed to detect eNOS in these cells by immu-
nocytochemistry [25, 35, 36], thus suggesting that the
impaired eNOS expression in diabetic rats is mainly
localised to the endothelial cells of the muscle vascu-
lature. Because vascular NO production is important
for the stimulatory action of insulin on skeletal mus-
cle glucose uptake in vivo [17], the present data sug-
gest that impaired muscle NOS activity is responsi-
ble, at least in part, for the lack of insulin-mediated
glucose disposal in skeletal muscle of diabetic rats [5].

The biological function of nNOS in skeletal mus-
cle fibres is still not fully understood. It has been pre-
viously shown that nNOS is concentrated at the neu-
romuscular junctions in the muscle spindles and the
sarcolemmal membrane of fast-twitch muscle fibres
[12, 26, 37, 38]. Based on this localisation, it has been
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Fig. 7 A±C. Interaction between caveolins and NOS enzymes
in skeletal muscle of control and STZ-diabetic rats. CSM frac-
tions were isolated from muscle of control and diabetic rats
and caveolin-1 (A) and caveolin-3 (B) were immunoprecipitat-
ed. (C) Bars represent means ± SEM of five immunoprecipita-
tions with CSM membranes isolated from different animals.
The immunoprecipitates were subjected to SDS-PAGE for
western blot analysis of caveolins and NOS enzymes. Brain or
endothelial cell extracts (EC, from Transduction Labs) were
used as positive controls for nNOS and eNOS immunoreactive
bands, respectively. Molecular weight standards (in Mr) are
shown on the left. IP = immunoprecipitation, CTL = control



suggested that nNOS-dependent NO release is in-
volved in the regulation of synaptic actions of both in-
trafusal and extrafusal muscle fibres [13, 37, 38] as
well as in the direct modulation of contractile func-
tion [26]. Down-regulation of nNOS in muscle cells
and at the neuromuscular junction could thus be re-
sponsible for the long-term impairment in muscle
contractile properties in the pathogenesis of diabetic
neuromyopathy. Supporting this hypothesis is the re-
cent finding that long-term diabetes impairs contrac-
tile function by affecting presynaptic control at the
neuromuscular junction as well as at the muscle cells
[19]. There is also evidence that diabetes can directly
impair the contractile/regulatory system of a subpop-
ulation of fast-twitch fibres [18, 39]. It is interesting to
note, in this regard, that nNOS is enriched in fast-
twitch compared with slow-twitch fibres [12, 26]. The
decreased nNOS protein content in muscle of diabet-
ic rats could also be involved in the development of
endothelial dysfunction in that tissue. A recent study
suggests that nNOS could also be located in capillar-
ies of skeletal muscle and thus contribute to NO pro-
duction in the vasculature [25].

Previous studies have shown that interaction of
caveolins with NOS enzymes is increased in disease
states associated with impaired NOS activity such as
Duchenne muscular dystrophy and hypercholesterol-
aemia [21, 40]. Because direct binding of eNOS and
nNOS on the scaffolding domains of caveolins inhibits
enzymatic activity [30, 41], it was of interest to test for
possible alterations of eNOS and nNOS binding to
skeletal muscle caveolins in diabetes. Caveolin-1 has
been shown to be expressed in skeletal muscle capillar-
ies whereas caveolin-3 is found in the myofibres [25].
We found, however, no evidence of increased expres-
sion or altered interaction of caveolins with NOS en-
zymes in muscle of STZ-diabetic rats. Unlike a previ-
ousstudywherenNOSwasshowntocoimmunoprecip-
itate with caveolin-3 in skeletal muscle [30], we could
not detect any association of these two proteins in our
study. Caveolin-3 immunoprecipitation was done in
the presence of several different detergents [octylglu-
coside, Triton X-100, or 3-[(3-cholamidopropyl)-dim-
ethylammonio]-1-propanesulphonate (CHAPS)]
with similar results (data not shown). The lack of de-
tectable nNOS-caveolin-3 interaction cannot be ex-
plained by the limit of detection of nNOS or eNOS by
immunoblotting because caveolin-3 was quantifiably
immunoprecipitated from up to 400 mg of the CSM
fraction and NOS enzymes can be readily detected
from 10 mg of CSM membranes. One possible explana-
tion is that in the previous study [30] caveolin-3 was
immunoprecipitated from total muscle homogenates
whereas we have used semi-purified CSM fractions as
starting material. It is possible that the interaction be-
tween nNOS and caveolin-3 is specifically localised to
some cellular compartments (e.g. cytoskeletal ele-
ments) not isolated by our fractionation procedure.

Both the duration and the severity of the diabetic
state are important factors to consider when investi-
gating the pathogenesis of diabetes. There is evidence,
for example, that NO-mediated, endothelium-depen-
dent vasodilatation can be either enhanced, unaffect-
ed or impaired depending on the stages of the disease
[7, 8]. It was therefore considered important in this
study to assess muscle NOS activity and NOS expres-
sion during the progression of diabetes. Impaired
NOS activity and eNOS protein expression were al-
ready observed 1 week after experimental induction
of diabetes and they worsened with the duration of
the disease. This suggests that reduced NO production
is an early onset impairment in diabetic muscle and
not simply the consequence of pathomorphological
changes that occur in later stages of the disease.

Subcellular fractionation experiments showed that
nNOS is predominantly localised or associated with
the plasma membrane in rat skeletal muscle. These
results are in agreement with previous studies [12,
25, 26, 42, 43]. It was recently reported that nNOS is
located in the SR of cardiac muscle where it could
modulate SR Ca2+ active transport [44]. It is not, how-
ever, found in SR vesicles isolated from skeletal mus-
cle [44] and our subcellular fractionation experiments
clearly show that nNOS is localised neither to SR nor
to triadic membranes. Whereas eNOS was located
both in the plasma membrane-enriched and TT-en-
riched vesicles in rat skeletal muscle, only the former
surface component was found to have a reduced
eNOS content in muscle of STZ-rats. Since eNOS is
mostly located in the endothelial cells, it could, how-
ever, be suggested that plasma membrane vesicles
from endothelial cells were recovered in the plasma
membrane fraction after fractionation of the muscle
tissue. The presence of the a1-subunit of the Na/K-
ATPase in this fraction is consistent with the fact
that this subunit is concentrated in the plasma mem-
brane in endothelial cells [45].

This study shows that skeletal muscle NOS activity
is impaired during the progression of STZ-induced
diabetes. The reduced NOS activity is mostly ex-
plained by a decreased abundance of both nNOS
and eNOS proteins but is not related to alterations
in either caveolin expression or their interaction
with NOSs. Post-transcriptional mechanisms are re-
sponsible for the lack of NOS enzymes protein ex-
pression in muscle of diabetic rats.
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