
ARTICLE

Counteracting neuronal nitric oxide synthase proteasomal
degradation improves glucose transport in insulin-resistant
skeletal muscle from Zucker fa/fa rats

Karima Mezghenna & Jérémy Leroy & Jacqueline Azay-Milhau &

Didier Tousch & Françoise Castex & Sylvain Gervais &

Viviana Delgado-Betancourt & René Gross & Anne-Dominique Lajoix

Received: 11 March 2013 /Accepted: 30 September 2013 /Published online: 2 November 2013
# Springer-Verlag Berlin Heidelberg 2013

Abstract
Aims/hypothesis Insulin-mediated glucose transport and
utilisation are decreased in skeletal muscle from type 2
diabetic and glucose-intolerant individuals because of
alterations in insulin receptor signalling, GLUT4 translocation
to the plasma membrane and microvascular blood flow.
Catalytic activity of the muscle-specific isoform of neuronal
nitric oxide synthase (nNOS) also participates in the
regulation of glucose transport and appears to be decreased
in a relevant animal model of drastic insulin resistance, the
obese Zucker fa/fa rat. Our objective was to determine the
molecular mechanisms involved in this defect.
Methods Isolated rat muscles and primary cultures of
myocytes were used for western blot analysis of protein
expression, immunohistochemistry, glucose uptake
measurements and GLUT4 translocation assays.
Results nNOS expression was reduced in skeletal muscle
from fa/fa rats. This was caused by increased ubiquitination
of the enzyme and subsequent degradation by the ubiquitin
proteasome pathway. The degradation occurred through a
greater interaction of nNOS with the chaperone heat-shock
protein 70 and the co-chaperone, carboxyl terminus of Hsc70-
interacting protein (CHIP). In addition, an alteration in nNOS
sarcolemmal localisation was observed. We confirmed the
implication of nNOS breakdown in defective insulin-

induced glucose transport by demonstrating that blockade of
proteasomal degradation or overexpression of nNOS
improved basal and/or insulin-stimulated glucose uptake and
GLUT4 translocation in primary cultures of insulin-resistant
myocytes.
Conclusions/interpretation Recovery of nNOS in insulin-
resistant muscles should be considered a potential new
approach to address insulin resistance.
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Abbreviations
CHIP Carboxyl terminus of Hsc70-interacting protein
eNOS Endothelial nitric oxide synthase
Hsp Heat-shock protein
nNOS Neuronal nitric oxide synthase
NO Nitric oxide
NOS Nitric oxide synthase
PIN Protein inhibitor of neuronal nitric oxide synthase
SNP Sodium nitroprusside
ZDF Zucker diabetic fatty

Introduction

Nitric oxide (NO) is a short-lived gas produced by a family of
enzymes called NO synthases (NOSs). Three isoforms have
been identified, including constitutive neuronal (n)NOS,
endothelial (e)NOS and cytokine-inducible NOS (iNOS) [1].
Human and rodent skeletal muscle fibres mainly express
nNOS [2], whereas eNOS, which is also present in some
muscle fibres in rodents [3], is predominantly found in the
endothelium of blood vessels within human skeletal muscle
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[2]. A unique nNOS isoform, nNOSμ, a splice variant of
nNOSα that displays an insertion of 34 amino acids between
exons 16 and 17 without any modification of its catalytic
activity, is expressed in skeletal muscle [4]. nNOS is mainly
but not exclusively distributed along the sarcolemma of
positive fibres [2], as a component of the dystrophin
glycoprotein complex [5].

nNOS is involved in the regulation of contractile force,
insulin- and exercise-stimulated glucose transport, energy
metabolism and blood flow (for review, see [6] and [7]).
Interestingly, the nNOS signalling pathway is altered in various
pathologies including Duchenne muscular dystrophy and type
2 diabetes. Indeed, type 2 diabetes is characterised by both
pancreatic beta cell secretory defect and insulin resistance of
the peripheral tissues and liver. Skeletal muscle displays
decreased insulin-mediated glucose transport and utilisation
in type 2 diabetic patients, as well as in those with glucose
intolerance [8], as a consequence of impaired insulin signalling
and GLUT-4 translocation pathways (for review, see [9]).

The demonstration of a role for nNOS in insulin resistance
emerged from a study by Shankar et al [10], which showed
that nNOS-knockout mice were insulin resistant at the level of
peripheral tissues. In addition, Young and Leighton provided
evidence for the possible involvement of decreased NOS
catalytic activity in abnormal glucose transport and utilisation
in the insulin-resistant Zucker fa/fa rat [11]. The aim of this
study is to investigate the molecular mechanisms involved in
the alteration of NOS catalytic activity observed in the Zucker
fa/fa rat. Zucker fa/fa rats display a mutation in the leptin
receptor [12], with hyperphagia, obesity, insulin resistance
and hyperinsulinaemia as phenotypic characteristics. We
found that nNOS expression was reduced in the skeletal
muscle of fa/fa rats because of increased degradation of the
enzyme by the ubiquitin–proteasome pathway. Importantly,
restoration of nNOS expression and catalytic activity
improved glucose uptake and GLUT4 translocation in
insulin-resistant myocytes.

Methods

Animals Male Zucker fa/fa rats and their control littermates,
fa/+ rats, were purchased from Harlan (Blackthorn, UK) and
Zucker diabetic fatty (ZDF) rats were purchased from Charles
River (L’Arbresle, France) (see Electronic Supplementary
Material [ESM] Methods). Institutional guidelines for animal
care were followed and the protocol was approved by our
University ethical committee. Zucker fa/fa rats were killed at
the age of 9–11 weeks and ZDF rats were killed at the age of
10 weeks.

Real-time reverse transcription (RT)-PCR Total RNA from
gastrocnemius muscles was extracted with RNA Now reagent

(Biogentex, League City, TX, USA). First-strand cDNAwas
obtained from 2 μg total RNA using SuperScript II RNAse H−

Reverse Transcriptase (Invitrogen, Paisley, UK). Real-time
quantitative PCRwas carried out to assess the gene expression
of nNos (otherwise known as Nos1 ), protein inhibitor of
nNOS (Pin ; otherwise known as Dynll1) and Gadph (as an
invariant housekeeping gene) using specific primers. PCR
was performed with FastStart DNA Master SYBR Green I
mix (Roche, Basel, Switzerland) on a LightCycler (Roche).

Western blotting and immunoprecipitation Sections from the
middle of the muscle were homogenised in lysis buffer
containing 1% Triton X-100, 0.1% SDS and protease
inhibitors (1 ml per 100 mg tissue; Roche) using a Polytron
homogeniser (IKA, Stanfen, Germany).

Proteins (75 μg) were separated on a 7.5% SDS-
polyacrylamide gel for nNOS and on a 14% tricine
polyacrylamide gel for PIN. Incubation with primary
antibodies (see ESM Methods) was performed overnight.
Signals were acquired with a Vilber Lourmat imager
(Marne-la-Vallée, France) and quantified by GeneTools image
analysis software (Syngene, Cambridge, UK). In relative
quantification graphs, protein levels are expressed relative to
α-tubulin. Each experiment shown is representative of three
independent western blots.

For subcellular fractionation, skeletal muscles were
homogenised in buffer containing 20 mmol/l Tris (pH 7.4),
150 mmol/l NaCl and protease inhibitors. The supernatant
fractions were centrifuged at 50,000 g and the membrane
pellets were solubilised for 1 h at 4°C in lysis buffer
containing 1% Triton X-100, 0.5% Nonidet P-40 and 0.5%
sodium deoxycholate.

For immunoprecipitation experiments, muscles were
homogenised in lysis buffer containing 1% Triton X-100,
0.5%Nonidet P-40, protease inhibitors andN -ethylmaleimide
(Sigma-Aldrich, Steinheim, Germany). nNOS or carboxyl
terminus of Hsc70-interacting protein (CHIP) was
immunoprecipitated from a 2 mg extract with polyclonal
anti-nNOS (BD Biosciences, Franklin Lakes, NJ, USA) or
polyclonal anti-CHIP (Santa Cruz Biotechnologies, Santa
Cruz, CA, USA) antibody overnight and proteins were
immunoblotted as described above.

Immunofluorescence Sections from gastrocnemius muscles
(8 μm thick) were fixed with 2% paraformaldehyde and
immunostained overnight with anti-nNOS (EuroProxima,
Arnhem, the Netherlands), anti-PIN (Santa Cruz) or anti-α1
syntrophin (Sigma-Aldrich) antibodies. Fluorescence was
observed with the Zeiss (Oberkochen, Germany) LSM
780 confocal microscope using the Montpellier RIO
Imaging platform (Montpellier, France). A negative
control was performed by incubating sections with the
secondary antibody.
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Incubation experiments with isolated muscles Each freshly
isolated muscle was fixed on a plastic holder at its original
length and placed vertically in an assay tube. After a 15 min
preincubation period in Krebs–Henseleit bicarbonate buffer
(pH 7.4), muscles were incubated in the presence or absence
of 50 μmol/l MG 132 (Sigma-Aldrich) for 2 h at 37°C, with
regular 95% O2/5% CO2 bubbling.

Isolation and culture of satellite cells Satellite cells were
isolated from rat gastrocnemius muscles, as described in
ESM Methods [13, 14]. For differentiation, myoblasts were
seeded on 12-well coated plates in growth medium. After
5 days, the cells were incubated with DMEM containing 2%
horse serum (differentiation medium) for another 5 day
period.

Treatments of satellite cells Muscle cells were first
differentiated for 3 days. For nNOS overexpression, an
expression vector containing nNosα cDNA (pCR3.1,
Invitrogen) was introduced into muscle cells using PolyJet
reagent (SignaGen, Ijamsville, MA, USA). Muscle cells
were also treated for 48 h with 20 μmol/l cell-permeant
ubiquitin proteasome system inhibitory Tat peptide,
GRKKRRQRRRGGKAVDLSHQPS (EZBiolab, Carmel,
IN, USA), or Tat alone, in control conditions [15]. nNOS
expression was evaluated by western blot 48 h after each
treatment and muscle cells were subjected to glucose uptake
or GLUT4 translocation assay.

Glucose uptake in primary myocytes The day of the
experiment, cells were first starved and then incubated for
1 h in KRB buffer, containing the compounds listed in the
ESM Methods. [1,2-3H]-2-deoxyglucose uptake was
performed for 5 min (see ESM Methods). Radioactivity was
normalised to the total protein concentration (cpmmg−1 min−1).
Changes are expressed in per cent of basal condition value
(absence of insulin).

Translocation of GLUT4 Muscle cells were stimulated for
30 min, fixed and incubated overnight with an anti-GLUT4
antibody (Alpha Diagnostic, San Antonio, TX, USA).
Immunoreactivity was revealed with a peroxidase-conjugated
antibody and a colorimetric reaction (see ESM Methods).

NOS catalytic activity assay NOS catalytic activity was
estimated in muscle extracts by measuring the
production of radiolabelled [3H]citrulline from [3H]arginine
(MP Biomedicals, Irvine, CA, USA) according to the
manufacturer’s recommendation (Nitric Oxide Synthase
Assay Kit, Merck Millipore, Billerica, MA, USA). NOS
activity was measured after a 1 h reaction at 37°C and after
separation of labelled citrulline from arginine by affinity
chromatography.

Statistical analysis Experimental values represent the mean of
n experiments and are plotted on graphs asmeans ± SEM. The
data were analysed using a Student’s t test or ANOVAwhere
applicable.

Results

Decreased nNOS expression in skeletal muscle from Zucker
fa/fa rats Young and Leighton [11] previously reported
decreased NOS catalytic activity in skeletal muscle from
Zucker fa/fa rats. We confirmed this defect in the insulin-
resistant gastrocnemius muscle, which displayed a 40%
reduction in NOS catalytic activity (p <0.01, n =4) (Fig. 1a).
By western blot, we observed a 42% decrease in the nNOS
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Fig. 1 NOS expression and catalytic activity in the gastrocnemius
muscle from Zucker fa/fa and fa/+ rats. (a) NOS catalytic activity in
muscle from Zucker fa/+ vs fa/fa rats (n =4). Expression of (b) nNOS
(arrows indicate different splice variants of nNOS), (c ) eNOS, (d )
p-nNOS on Ser1412 (results are normalised according to the nNOS
protein content) and (e) PIN by western blot in fa/+ and fa/fa rats. (f)
Expression of nNOS by western blot in gastrocnemius muscle from lean
and obese ZDF rats. Each western blot is representative of three
independent experiments. *p <0.05; **p<0.01
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protein content in muscle from fa/fa vs fa/+ rats (p <0.05)
(Fig. 1b). Interestingly, splice variants of nNOS, including
nNOSβ lacking the N-terminus PDZ domain [16], could also
be detected in skeletal muscle (Fig. 1b). By contrast, eNOS
expression was found to be unchanged in fa/fa vs fa/+ rats
(Fig. 1c) and iNOS was not expressed in muscle from fa/fa
rats (data not shown). We then looked at nNOS
phosphorylation on Ser1412, which has previously been
shown to transiently activate the enzyme activity [17], and
observed a 2.15-fold increase in the phospho-nNOS/nNOS
ratio in muscle from fa/fa rats (Fig. 1d). Moreover, nNOS has
been reported to be modulated by an endogenous protein
inhibitor, PIN, that inhibits NO production [18]. However,
no change in PIN protein expression could be observed in
muscle from fa/fa rats (Fig. 1e). Finally, in gastrocnemius
muscles from diabetic ZDF rats, we found, as in Zucker
fa/fa rats, a 42% reduction in nNOS expression in obese vs
lean rats, but the proportion of each nNOS variant differed
between the two animals (Fig. 1f). Thus, NOS defect is related
to decreased nNOS expression in insulin-resistant muscle,
despite a slight increase in nNOS phosphorylation, probably
aimed at compensating its catalytic decline.

Changes in nNOS subcellular localisation We analysed
whether nNOS subcellular localisation could be altered in
insulin-resistant muscle. As compared with fa/+ rats
(Fig. 2a) a drastic decrease in nNOS sarcolemmal
immunoreactivity could be observed in fa/fa rats (Fig. 2b),
which contrasted with the more slightly reduced nNOS

cytoplasmic staining. Subcellular localisation of PIN
(Fig. 2d) coincided with that of nNOS in skeletal muscle in
fa/+ rats (Fig. 2c), and the sarcolemmal localisation of PIN
was also found to be decreased in fa/fa rats (Fig. 2f), as for
nNOS (Fig. 2e). In addition, expression (data not shown) and
localisation of α1-syntrophin, known to anchor nNOS at the
level of the sarcolemma [5], were unmodified in muscle from
fa/fa rats (compare Fig. 2h, j). Finally, we confirmed changes
in nNOS localisation by subcellular fractionation of
gastrocnemius muscle. The purity of each fraction was
measured by the presence of extracellular-signal-regulated
kinase 1/2 (cytoplasmic) and IL-1 receptor type 1
(particulate) (Fig. 2k). We found a 17% and 58% decrease in
cytoplasmic and particulate nNOS, respectively, in muscle
from fa/fa rats (Fig. 2k). The relative level of nNOS in each
fraction appeared to be non-comparable because of the
experimental conditions.

Evidence for nNOS degradation by the ubiquitin–proteasome
pathway Surprisingly, we did not observe any significant
variation in nNos mRNA in fa/fa rats using real-time
RT- (reverse transcription) PCR (n =6) (Fig. 3a), suggesting
possible nNOS degradation by the ubiquitin proteasome
system. In the presence of the proteasome inhibitor MG 132
(50 μmol/l), NOS catalytic activity was found to be
unchanged in fa/+ rats, whereas in fa/fa rats, it was restored
to a level similar to that observed in control rats (47% increase,
p <0.05, n =4) (Fig. 3b). Moreover, MG 132 treatment
normalised nNOS protein content in fa/fa rats (p <0.05),
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whereas eNOS expression was unchanged by MG 132
(Fig. 3c). As eNOS is also activated by phosphorylation on
serine 1177 by Akt [19], we measured eNOS phosphorylation
by western blot and found no changes in fa/fa vs fa/+ rats
(data not shown). Interestingly, the entire nNOSμ was more
subject to proteolytic degradation than the other splice
variants lacking the PDZ domain. In addition, using
immunoprecipitation, we observed an accumulation of
ubiquitinated nNOS protein in muscle from fa/fa as compared
with fa/+ rats, which was reinforced by treatment with
MG 132 (Fig. 3d). Finally, we investigated whether the
Ca2+-dependent protease calpain could also be involved in
nNOS degradation, as previously described [20]. We found
20% decreased expression of calpain-3 and -1/2 in muscle
from fa/fa rats (p <0.05) (Fig. 3e). Overall, our results suggest
that the ubiquitin–proteasome system, rather than the protease

calpain, is involved in nNOS degradation in insulin-resistant
skeletal muscle.

Effect of nNOS proteasomal degradation blockade on glucose
uptake in primary muscle cells In isolated rat muscle, we
confirmed decreased insulin sensitivity in fa/fa vs fa/+
muscles (−21±5%, from 3.02 to 2.4 cpm mg−1 min−1). For
further experiments, we isolated satellite cells from
gastrocnemius muscle and differentiated them into myotubes
to perform glucose-uptake experiments. Basal glucose uptake
was reduced by 21% in muscle cells from fa/fa vs fa/+ rats
(from 3,003±245 to 2,364±223 cpm mg−1 min−1; p <0.05;
n =6), as previously described [21]. In fa/+ rats, insulin
dose-dependently stimulated glucose uptake at 10 nmol/l
(+24±2.2%; p <0.01; n =6) and 100 nmol/l (+44±6.5%;
p <0.01; n =6) (Fig. 4a). Insulin slightly promoted glucose50
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uptake at the 100 nmol/l concentration in insulin-resistant
muscle cells (+9±4.6%; p <0.05; n =6) (Fig. 4b), as observed
by others in type 2 diabetic patients [22]. We confirmed that
nNOS expression remained reduced in cultured myocytes, as
in entire muscles (Fig. 4c). The proteasome inhibitor MG 132
(50 μmol/l) did not modify glucose uptake in fa/+ muscle
cells (n =5) (Fig. 4d), whereas MG 132 increased glucose
uptake by 18±5% (p <0.01; n =5) and 30±6% (p <0.001;
n =5), respectively, in the absence and presence of insulin
(10 nmol/l) in fa/fa rats (Fig. 4e). As nNOS degradation is
dependent upon the heat-shock protein (Hsp)70 chaperone
machinery [23], we also used Methylene Blue, an inhibitor
of Hsp70-dependent proteasomal degradation [24], and
observed that the inhibitor was able to restore nNOS
expression in muscle from fa/fa rats (Fig. 4f). In addition,
Methylene Blue (10 μmol/l), which was ineffective in fa/+
rats (Fig. 4g), improved basal and insulin-stimulated
(10 nmol/l) glucose uptake by 42±6% and 61±11.5%,
respectively, in fa/fa muscle cells (p <0.001; n =5) (Fig. 4h).

Finally, several lysine residues have been predicted to be
potential nNOS ubiquitination sites, using the UbPred
program (www.ubpred.org) [25]. As suggested by Fig. 3c,
the main site is probably localised in the N-terminus of the
enzyme. To specifically counteract nNOS proteasomal
degradation, we designed an inhibitory peptide targeting a
high confidence ubiquitination site located at Lys131 of rat
nNOS and coupled it to the Tat sequence, to render it cell
permeant. Indeed, inhibitory peptides have been shown to
specifically counteract the proteasomal degradation of a target
protein [26]. Moreover, cell-penetrating peptides have been
shown to be easily captured in primary cardiomyocytes
in vitro [27]. In muscles cells from fa/fa rats, the Tat peptide
increased nNOS expression by 84% (Fig. 5a) and improved
glucose uptake in both basal and insulin-stimulated (10 nmol/l)
conditions (+11±3.5%; p <0.01; n =7) (Fig. 5b). Thus, we
conclude that specifically counteracting nNOS proteasomal

degradation improves glucose uptake in insulin-resistant
muscle cells.

Effect of nNOS restoration on glucose uptake in primary
muscle cells We first checked whether muscle cells from
fa/fa rats retain their sensitivity to sodium nitroprusside
(SNP), as previously described [21]. SNP (1 mmol/l) enhanced
basal (+29±4%; p <0.001; n =5) and insulin-stimulated
(10 nmol/l) (+44±6%; p <0.001; n =5) glucose uptake in
myocytes from fa/+ rats (Fig. 6a). Cells from insulin-resistant
fa/fa rats remained sensitive to SNP in both basal (+30±6%;
p <0.001; n =5) and insulin-stimulated (10 nmol/l) (+48±7%;
p <0.001; n =5) glucose uptake (Fig. 6b). When muscle cells
from fa/fa rats were transfected with an expression vector
coding for nNOSα, nNOS expression was increased threefold
(Fig. 6c) and glucose uptake improved by 17±8% (p <0.05;
n =5) and 28±9.8% (p <0.001; n =5) in basal and insulin-
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stimulated (10 nmol/l) conditions, respectively (Fig. 6d).
Despite the use of nNOSα instead of nNOSμ in our
overexpression experiments, we propose that restoration of
nNOS expression was able to improve insulin-stimulated
glucose utilisation in insulin-resistant skeletal muscle.

Improvement of GLUT4 translocat ion by nNOS
restoration We first found no differences in GLUT4
expression in muscle from fa/fa and fa/+ rats (data not
shown). Then, to address the mechanisms by which nNOS
restoration improves glucose uptake in muscle cells from fa/fa
rats, we measured GLUT4 translocation and found a 96%
increase in GLUT4 transport (p <0.05, n =3) when nNOS
was overexpressed in the presence of insulin, but not in basal
conditions (Fig. 6e). Interestingly, 10 nmol/l insulin, which
was unable to enhance glucose uptake (see Fig. 4b),
stimulated GLUT4 transport by 38% (p <0.05, n =3). NO
has also been shown to modulate GLUT4 expression in L6
myotubes [28], and we found a 38% increase in GLUT4
protein level in muscle cells from fa/fa rats overexpressing
nNOS (p <0.05) (Fig. 6f).

Involvement of a ternary complex between nNOS, Hsp70 and
CHIP in nNOS proteolytic degradation nNOS is known to
interact with two chaperones, Hsp90 and Hsp70, which
oppositely affect nNOS stability: Hsp90 participates in
inhibition and Hsp70 in stimulation of nNOS ubiquitination
[29]. Proteasomal degradation of nNOS requires
ubiquitination by the chaperone-dependent E3 ubiquitin
ligase, CHIP [23]. Hsp70 and CHIP were found to be
expressed in skeletal muscle. No difference in Hsp70
expression could be observed in muscles from fa/+ and
fa/fa rats (Fig. 7a); in contrast, CHIP expression was higher in
fa/fa vs fa/+ rats (p<0.01) (Fig. 7b). Using immunoprecipitation
experiments, we found an nNOS–Hsp70–CHIP ternary
complex in skeletal muscle. Most importantly, greater
amounts of nNOS (p <0.05) and Hsp70 (p <0.05) could
be detected when CHIP was immunoprecipitated from
fa/fa rat muscles (Fig. 7c). Hence, we conclude that
nNOS proteasomal degradation in the insulin-resistant
skeletal muscle involves both Hsp70 and the ubiquitin
ligase CHIP.

Discussion

The nNOSμ isoform plays a key role in the regulation of
contractile force and glucose utilisation in skeletal muscle
[6, 7]. Early studies suggested the presence of defects in the
nNOS signalling pathway in insulin-resistant muscle. More
precisely, skeletal muscles from Zucker fa/fa rats have been
reported to display decreased NOS catalytic activity [11].

Impaired basal and insulin-stimulated muscle NOS activity
has also been described in insulin-resistant muscle from
individuals with type 2 diabetes [30]. These observations
prompted us to study the mechanisms responsible for an
nNOS defect in insulin-resistant muscle, using the Zucker
fa/fa rat as a model.

The decreased nNOS expression we observed in Zucker fa/fa
rats partly accounts for the impaired nNOS catalytic activity.
A decrease in skeletal muscle nNOS expression occurs in a
broad panel of glucose homeostasis disorders; it has been
found in ZDF as well as in Goto-Kakizaki diabetic rats [31],
and in prediabetic and type 2 diabetic individuals [32, 33].
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Concerning eNOS, this isoform has been shown to be
expressed in endothelial cells and some skeletal muscle fibres
[3]. Even though the endothelium-dependent vasodilator
response is impaired in insulin-resistant muscle [34], we
found it unchanged in our study in Zucker fa/fa rat muscle,
despite previous conflicting data [35, 36].

Proteolytic degradation of NOS can be considered as a
regulatory mechanism aimed at controlling NOS protein
quality. In insulin-resistant skeletal muscle, we found that
nNOS was actively degraded by the proteasome [37], as
demonstrated by the presence of high amounts of
ubiquitinated nNOS and by the effect of the inhibitor MG
132, which was able to restore nNOS expression and catalytic
activity to a normal level. We also detected lower amounts of
SDS-resistant dimers in fa/fa vs fa/+ skeletal muscle (data not
shown), which might favour increased susceptibility to
proteasomal degradation; indeed, dimerisation is known to
protect nNOS from proteolysis [38]. The specific signals
targeting nNOS to the proteasome have not been clearly
identified. A recent study reported that Lys739 in the
calmodulin-binding domain is a site for ubiquitination of
nNOS in vitro and participates in the CHIP-dependent
degradation of nNOS in HEK293 cells [39]. Based on the
UbPred prediction [25], we also identified Lys131 as a
potential ubiquitination site, in accordance with our
observation that the entire nNOS undergoes more degradation
than nNOS splice variants that lack the PDZ domain (Fig. 3c).
Using a cell-permeant peptide counteracting Lys131
ubiquitination, we partially restored nNOS expression, and
thereby confirmed the involvement of the N-terminal part of
the enzyme in its proteasomal degradation. Nonetheless, other
ubiquitination sites that are present in all nNOS variants (e.g.
Lys739 [39]) might also participate in degradation of the
enzyme, but with less important turnover.

Proteins assigned to degradation are labelled with a multi-
ubiquitin chain and then targeted to the 26S proteasome.
Among the ubiquitination enzymes, CHIP is a U-box-
containing E3 ubiquitin ligase that binds to the chaperones
Hsp70 and Hsp90 [40]. It has been demonstrated that CHIP
ubiquitinates nNOS and that the quantity of nNOS–ubiquitin
conjugates is greatly enhanced upon the interaction of CHIP
with nNOS-bound Hsp70 [23]. In contrast, binding of Hsp90
to nNOS has been reported to enhance the enzyme’s catalytic
activity [41], together with calmodulin-dependent inhibition
of its ubiquitination [29]. We showed that CHIP and Hsp70
are both present in skeletal muscle. Hsp70 expression was
unchanged and CHIP expression was increased in fa/fa rats, a
finding that could relate to the enhanced proteolysis and
muscle wasting observed in insulin-resistant skeletal muscle
[42]. Indeed, increased CHIP-dependent proteasomal activity
occurred in fa/fa muscle, as pharmacological blockade
with MG 132 and, more interestingly, with Methylene
Blue highly improved glucose uptake in insulin-resistant

muscle but not in insulin-sensitive tissue. Furthermore, our
immunoprecipitation experiments confirmed the presence of a
ternary complex between nNOS, Hsp70 and CHIP in skeletal
muscle. Most importantly, the greater association between the
three partners in insulin-resistant muscle is likely to account
for the increased proteolytic degradation of nNOS.

In Zucker rats, we confirmed that nNOS is strongly
associated with the sarcolemma of muscle fibres, as already
described by others [4, 43]. We also detected a more
punctuated staining in the sarcoplasm, probably
corresponding to nNOS localised in intracellular organelles
such as the Golgi complex [16]. An important observation is
the strong decrease in sarcolemmal localisation of nNOS in
skeletal muscle from Zucker fa/fa rats. Such a change has also
been shown to occur for nNOS in muscle fibres from patients
with Duchenne muscular dystrophy [44] and in the Goto-
Kakizaki rat model of type 2 diabetes [31]. From a
pathophysiological point of view, alterations in the nNOS
signalling pathway resulting from nNOS mislocalisation
might be involved in muscle fatigue and atrophy intervening
in insulin-resistant skeletal muscle [45, 46]. Concerning the
expression of the protein inhibitor of nNOS, PIN, originally
cloned in rat brain [18], and identified in ventilatory muscles
[43] and pancreatic beta cells [47], we found levels of PIN to
be almost unchanged in insulin-resistant muscles. In addition,
PIN sarcolemmal localisation decreased in line with that of
nNOS, pointing to a minor role of PIN in nNOS alterations.

Of major interest is the observation that restoration of
nNOS expression by blocking nNOS degradation or by nNOS
overexpression was able to improve insulin-stimulated
glucose uptake in primary muscle cells from fa/fa rats. We
are aware of the potential limitations associated with the use of
nNOSα instead of nNOSμ in these overexpression
experiments, despite the fact that both isoforms share the same
ubiquitination sites and display identical catalytic activity [4].
Very interestingly, fa/fa muscle cells retained their sensitivity
to NO, as shown by the stimulating effect of the NO donor,
SNP, independently of the presence of insulin. Such a positive
effect of NO has also been found in insulin-resistant muscle
cells derived from individuals with type 2 diabetes [21]. In
addition, our observations, as those of several other groups,
support the view that NO controls glucose transport via
insulin-independent signalling pathways [48, 49], including
activation of cGMP-dependent protein kinase [50, 51] and
AMP-activated protein kinase-α1 [48, 52]. Concerning the
possible mechanisms involved, we found that restoration of
endogenous nNOS in insulin-resistant muscle cells greatly
improved translocation of GLUT4 at the plasma membrane
in the presence of insulin, but not in basal conditions. This
implies that normal nNOS activity/expression could also
improve the intrinsic activity of GLUT4, as previously
suggested [53], despite no consensus view in the literature.
In addition, nNOS restoration increased GLUT4 expression,
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as previously described in L6 myocytes [28], which may
participate at the greater level of the transporter observed at
the plasma membrane. We also found that insulin moderately
stimulated GLUT4 translocation in muscles cells from fa/fa
rats, without any improvement in glucose uptake. Such a
finding suggests that insulin resistance in fa/fa rats could, at
least in part, also result from a defect in GLUT4 activation.

In conclusion, insulin-resistant skeletal muscle from
Zucker fa/fa rats displayed decreased nNOS protein
expression and mislocalisation, which could both account
for the impaired nNOS catalytic activity. The loss of nNOS
was caused by increased degradation of the enzyme by the
ubiquitin–proteasome pathway, mediated by a direct
interaction with Hsp70 and CHIP. Finally, nNOS restoration
in insulin-resistant muscles should be considered as a potential
new approach to improve muscle glucose homeostasis.
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