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N

itric oxide (NO) is a free radical gas and biological signaling molecule produced by the intracellular enzyme NO synthase (1). The reactivity
of NO toward molecular oxygen, thiols, transition metal centers, and other biological targets enables NO
to act as an ubiquitous cell-signaling molecule with diverse
physiological and pathophysiological roles (1,2). In this
regard, NO can react with cysteine residues in the presence of O2 to form S-nitrosothiol adducts (3,4), altering the
activity of proteins including H-ras (5), the olfactory cyclic
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nucleotide-gated channel (6), and glyceraldehyde-3-phosphate dehydrogenase (7). The reversible regulation of
protein function by S-nitrosation (see AUTHORS’ NOTE at the
end of the article) has led to the proposal that S-nitrosothiols function as posttranslational modifications, analogous to those created by phosphorylation or acetylation (4).
Evidence demonstrates that exogenous NO and the NO
produced by inducible nitric oxide synthase (iNOS) can
modulate insulin action in muscle. NO donors induce
dose-dependent inhibition of maximal insulin-stimulated
glucose transport in isolated muscles and in cultured L6
muscle cells, without affecting insulin binding to its receptor (8). iNOS was not detected in resting muscle; however,
its induction has been associated with impaired insulinstimulated glucose uptake in isolated rat muscles (8).
iNOS induction may be involved in the pathogenesis of
some situations of insulin resistance, such as obesitylinked type 2 diabetes (9 –11) and LPS-induced endotoxemia (12). In obese human subjects (13,14) and in several
animal models of obesity (15,16), insulin resistance is also
associated with increased systemic and tissue concentrations of proinflammatory cytokines, such as tumor necrosis factor-␣ and interleukin-6.
It is well established that proinflammatory cytokines
(tumor necrosis factor-␣ and interleukin-6) and endotoxins synergistically increase NO production via increased
expression of iNOS in rat skeletal muscle and cultured
myocytes and adipocytes (8,17,18). Recently, Perreault
and Marette (19) demonstrated that genetic disruption of
iNOS protects against obesity-linked insulin resistance,
preventing impairments in phosphatidylinositol 3-kinase
and protein kinase B/Akt (Akt) activation by insulin in
muscle.
In light of the evidence that NO and increased iNOS
expression are associated with reduced insulin action and
that S-nitrosation is a posttranslational modification that
can modulate protein function, we investigated whether
insulin resistance could be mediated by S-nitrosation of
proteins involved in the early steps of the insulin signal
transduction pathway.
RESEARCH DESIGN AND METHODS
Antiphosphotyrosine, anti–insulin receptor ␤ subunit (IR␤), anti–insulin receptor substrate (IRS)-1, and anti-Akt antibodies were from Santa Cruz
Biotechnology (Santa Cruz, CA). Anti-p[ser473]Akt antibody was from Cell
Signaling Technology (Beverly, MA). The anti-nitrosocystein antibody was
from Calbiochem (Darmstadt, Germany). Human recombinant insulin (Humulin R) was purchased from Eli Lilly (Indianapolis, IN). Rosiglitazone was from
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Evidence demonstrates that exogenous nitric oxide
(NO) and the NO produced by inducible nitric oxide
synthase (iNOS) can induce insulin resistance in muscle. Here, we investigated whether this insulin resistance could be mediated by S-nitrosation of proteins
involved in early steps of the insulin signal transduction
pathway. Exogenous NO donated by S-nitrosoglutathione (GSNO) induced in vitro and in vivo S-nitrosation of the insulin receptor ␤ subunit (IR␤) and protein
kinase B/Akt (Akt) and reduced their kinase activity in
muscle. Insulin receptor substrate (IRS)-1 was also
rapidly S-nitrosated, and its expression was reduced
after chronic GSNO treatment. In two distinct models of
insulin resistance associated with enhanced iNOS expression— diet-induced obesity and the ob/ob diabetic
mice—we observed enhanced S-nitrosation of IR␤/IRS-1
and Akt in muscle. Reversal of S-nitrosation of these
proteins by reducing iNOS expression yielded an improvement in insulin action in both animal models.
Thus, S-nitrosation of proteins involved in insulin signal
transduction is a novel molecular mechanism of iNOSinduced insulin resistance. Diabetes 54:959 –967, 2005
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biotin-HPDP and 2.5 mmol/l ascorbic acid was added and incubated for 1 h at
room temperature. Proteins were acetone-precipitated again and resuspended
in the same volume of HENS buffer.
For purification of biotinylated proteins, samples from the biotin switch
assay were diluted with two volumes of neutralization buffer (20 mmol/l
HEPES, pH 7.7, 100 mmol/l NaCl, 1 mmol/l EDTA, and 0.5% Triton X-100), and
15 l neutravidin-agarose per milligram protein in the initial extract was
added and incubated for 1 h at room temperature with agitation. Beads were
washed five times with washing buffer (20 mmol/l HEPES, pH 7.7, 600 mmol/l
NaCl, 1 mmol/l EDTA, and 0.5% Triton X-100) and incubated with elution
buffer (20 mmol/l HEPES, pH 7.7, 100 mmol/l NaCl, 1 mmol/l EDTA, and 100
mmol/l 2-mercaptoethanol) for 20 min at 37°C with gentle stirring. Supernatants were collected, and proteins were separated by SDS-PAGE.
Detection of S-nitrosation by fluorimetry. Muscle lysates were submitted
to immunoprecipitation using the anti-IR␤ antibody. The immunoprecipitated
pellets were washed five times with lysis buffer (29) and then twice with PBS.
The pellets were incubated with 1.3 mmol/l HgCl2 and 7.8 mmol/l 2,3diaminonaphthalene for 30 min at 37°C and centrifuged, and then 0.75 mol/l
NaOH was added. The quantity of fluorescent naphtotriazole generated from
the reaction between 2,3-diaminonaphthalene and NO released from Snitrosated IR␤ was monitored by fluorimetry, using a Perkin-Elmer HTS 7000
spectrofluorimeter with excitation wavelength at 375 nm and emission measured at a wavelength of 450 nm (30,31).
Insulin receptor autophosphorylation and tyrosine kinase activity. IR␤
tyrosine kinase activity was measured in vitro by autophosphorylation and by
its ability to induce tyrosine phosphorylation of its natural substrate IRS-1.
The IR␤ was immunoprecipitated from rat muscle with or without previous
10⫺9 mol/l insulin infusion in the cava vein. This dose of insulin can induce
conformational change of IR␤ but not its autophosphorylation. After immunoprecipitation, half of the aliquots were treated with 10⫺2 mol/l GSNO diluted
in PBS and the other half with PBS only for 30 min. After extensive washing
of immunoprecipitates, a kinase assay was performed by adding 15 mol/l
ATP (32) and the same amount of immunopurified IRS-1 to each immunoprecipitate (33) to measure the ability of IR␤ to phosphorylate IRS-1. The IRS-1
was immunopurified, as previously described, from the livers of control rats
(33). Tyrosine phosphorylation was measured by immunoblotting with antiphosphotyrosine antibody.
Akt activity. Soleus muscles were removed from rats treated, or not treated,
with 10⫺5 mol/l insulin. Akt activity was measured with the Akt Kinase Assay
Kit (Cell Signaling catalog no. 9840). Briefly, Akt was immunoprecipitated
from the muscle of rats, with or without previous 10⫺5 mol/l insulin infusion
in the cava vein. The immunoprecipitates were incubated with 10⫺2 mol/l
GSNO diluted in PBS or with PBS alone for 30 min. After extensive washing,
the immunoprecipitates were then incubated with glycogen synthase kinase
(GSK)-␣/␤, which is a substrate to Akt, and Akt activity was measured by
immunoblotting to phospho–GSK-␣/␤.
Statistical analysis. The results of blots are presented as direct comparisons
of bands or dots in autoradiographs and quantified by densitometry using the
Scion Image software (ScionCorp, Frederick, MD). Data were analyzed by the
two-tailed unpaired Student’s t test or by repeat-measures ANOVA (one-way
or two-way ANOVA) followed by post hoc analysis of significance (Bonferroni
test) when appropriate, comparing experimental and control groups. The level
of significance was set at P ⬍ 0.05.

RESULTS

GSNO induces insulin resistance in isolated and in
vivo muscle by means of S-nitrosation. Isolated soleus
muscle was treated with increasing GSNO doses for 30
min and then with insulin or saline for a further 1 h.
Insulin-stimulated glucose uptake (Fig. 1A) and glycogen
synthesis (Fig. 1B) were progressively reduced when
GSNO doses were increased. We hypothesized that NO
can modulate insulin action in muscle by inducing Snitrosation of proteins involved in the early steps of insulin
signaling. The ability of NO donors to induce S-nitrosation
of IR␤ was investigated by three different methods after
the treatment of isolated soleus muscle with 10 mmol/l
GSNO, a dose that induced maximal reduction of insulinstimulated glucose uptake and glycogen synthesis.
GSNO induces S-nitrosation of IR␤ as demonstrated by
the biotin switch method (Fig. 1C), by immunoprecipitation with anti-SNO and immunoblotting with anti-IR␤ (Fig.
DIABETES, VOL. 54, APRIL 2005
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GlaxoSmithKline (Harlow, U.K.). Routine reagents were purchased from
Sigma unless otherwise specified. 125I-protein A, D-[U-14C]glucose, and 2-deoxy-D-[2,6-3H]glucose were from Amersham (Amersham, U.K.). L-[1-14C]glucose was obtained from NEN Life Sciences Products (Boston, MA).
Male Wistar rats and ob/ob diabetic mice were obtained from the UNICAMP
Central Animal Breeding Center (Campinas, São Paulo, Brazil). Animals were
allowed free access to standard rodent food and water ad libitum. Acute
experiments were performed with 8-week-old Wistar rats and ob/ob diabetic
mice. Diet-induced obese (DIO) animals were obtained by high-fat diet
administration to one group of Wistar rats, which started at 8 weeks of age for
24 weeks, with controls of the same age. The high-fat diet consisted of 55%
calories derived from fat, 29% from carbohydrate, and 16% from protein
similar to that previously described (20). Food was withdrawn 6 h before the
experiments. One group of DIO animals and one group of its controls were
treated with 4 mg/kg rosiglitazone by oral gavage for 10 days before tissue
extraction. The ethics committee at the University of Campinas approved all
experiments involving animals.
iNOS antisense oligonucleotide treatment. Phosphothiolate-modified oligonucleotides for iNOS (sense, 5⬘-GCATACCTGAAGGTG-3⬘ and antisense
5⬘-GCATACCTGAAGGTG-3⬘) were obtained from Invitrogen (Gaithersburg,
MD). The sequence was obtained from the NCBI Entrez Nucleotide Bank
based on the Mus musculus iNOS mRNA complete code. Adult ob/ob diabetic
and control mice were treated with sense or antisense iNOS oligonucleotides
diluted in Tris/EDTA buffer (10 mmol/l Tris-HCl, 1 mmol/l EDTA) and injected
once a day at 10:00 A.M. (10.0 nmol/dose, 24, 48, and 72 h after the onset of the
experimental period).
S-nitrosoglutathione treatment. S-nitrosoglutathione (GSNO) was prepared by the reaction of glutathione with sodium nitrite in acidic solution, as
previously reported (21). Acute treatment was performed by GSNO injection
intraperitoneally 30 min before muscle extraction. Chronic treatment was
performed by 0.1 mol/l GSNO intraperitoneally injected every 2 h, until
completing four doses in 8 h.
Glucose uptake and glycogen synthesis measurements. Thirty minutes
before the beginning of the experiment, GSNO (GSNO group) or PBS (control
group) was injected in the peritoneal cavity of the animals. Soleus muscles
were isolated and incubated as previously described (22). The muscles were
incubated in Krebs-Ringer bicarbonate buffer containing 5.6 mmol/l glucose,
0.2 Ci/ml 2-deoxy-D-[2,6-3H]glucose, and 0.3 Ci/ml D-[U-14C]glucose, with
95% O2/5% CO2, at 37°C and 120 rpm. Incubation was performed for 1 h in the
absence or presence of 10 mUI/ml insulin. GSNO was present in the incubation media of the GSNO group. 2-Deoxy-D-[2,6-3H]glucose uptake and [14C]glycogen synthesis were determined as previously described (23,24).
The 30-min insulin tolerance test. Rats or mice were fasted for 6 h and
submitted to an insulin tolerance test. Briefly, 1.5 IU/kg insulin was infused
intraperitoneally to anesthetized rats or mice, and glucose was measured at 0
(basal), 5, 10, 15, 20, 25, and 30 min thereafter. Glucose disappearance rate
(Kitt) was calculated from the formula 0.693/t1/2. The glucose t1/2 was calculated from the slope of the least square analysis of blood glucose concentration during the linear phase of decline (25).
IR␤, IRS-1, and S-nitrosothiol immunoprecipitation and Western blot
analysis. Wistar rats or mice were injected with either saline or insulin (10⫺5
mol/l), and 90 s later, soleus muscle was removed and homogenized as already
described (26).
In immunoprecipitation studies, muscle lysates were incubated with antiIR␤ (0.3 mg/ml), anti–IRS-1 (1:1,000), or anti–S-nitrosothiol (SNO) (1:200)
antibodies for 2 h and then incubated with protein A Sepharose for a further
2 h. Beads were then washed with Tris containing 1% Triton X-100, boiled in
Laemmli buffer for 5 min, and subjected to Western blotting analysis.
Anti-nitrosocystein immunoprecipitates were always handled in the dark to
decrease SNO auto-degradation.
Samples from whole-tissue extracts, immunoprecipitates, or biotinylated
nitrosocysteines were subjected to SDS-PAGE electrophoresis, and immunoblotting was performed as described (26). Immunoreactive bands were
detected by the enhanced chemiluminescence method (RPN 2108 ECL Western blotting analysis system; Amersham Biosciences).
Detection of S-nitrosated proteins by biotin switch method. The biotin
switch assay was performed essentially as previously described (27,28).
Extracts were adjusted to 0.5 mg/ml of protein, and equal amounts were
blocked with four volumes of blocking buffer (225 mmol/l HEPES, pH 7.7, 0.9
mmol/l neocuproine, 2.5% SDS, and 20 mmol/l methylmethanethiosulfonate)
at 50°C for 30 min with agitation. After blocking, extracts were precipitated
with two volumes of cold acetone (⫺20°C), chilled at ⫺20°C for 10 min,
centrifuged at 2,000g at 4°C for 5 min, washed with acetone, dried out, and
resuspended in 0.1 ml HENS buffer (250 mmol/l HEPES, pH 7.7, 1 mmol/l
EDTA, 0.1 mmol/l neocuproine, and 1% SDS) per milligram of protein. Until
this point, all operations were carried out in the dark. A 1/3 volume of 4 mmol/l
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1D), and by fluorimetry (Fig. 1E). The results were reproduced by the three methods; however, the biotin switch
method was slightly more sensitive.
In parallel with S-nitrosation of IR␤, in vitro GSNO
treatment reduced insulin-induced IR␤ autophosphorylation and IR␤ kinase activity, as demonstrated by the
reduction in purified IRS-1 tyrosine phosphorylation,
which was decreased by 70% (Fig. 1F).
The effect of GSNO on IR␤ and IRS-1 tyrosine phosphorylation and Akt serine phosphorylation was investigated in
isolated soleus muscle. A 50 – 60% decrease in insulininduced IR␤ and IRS-1 tyrosine phosphorylation in GSNOtreated muscle (Fig. 1G and H) was found. GSNO
treatment also reduced insulin-induced Akt serine phosphorylation by 40%. (Fig. 1I).
Male Wistar rats were also treated with GSNO to investigate whether this NO donor could induce insulin resistance in vivo. Thirty minutes after GSNO administration,
an insulin resistance condition was established, as indicated by a lower plasma glucose disappearance rate after
the 30 min of the insulin tolerance test (Kitt) (Fig. 2A).
Insulin resistance was associated with enhanced S-nitrosation of the IR␤ (Fig. 2B). S-nitrosocysteine, another NO
donor, when administered to rats, also induced insulin
resistance and IR␤ S-nitrosation (data not shown).
Treatment with GSNO for 30 min (Fig. 2C and D) also
led to S-nitrosation of IRS-1, as demonstrated by the biotin
switch method, but did not change IRS-1 protein levels and
IRS-1 serine phosphorylation levels (data not shown).
However, when GSNO was given during 8 h, the increased
DIABETES, VOL. 54, APRIL 2005

S-nitrosation of IRS-1 (Fig. 2C) was associated with a
reduced concentration of this protein in the muscle (Fig.
2D).
We also observed enhanced S-nitrosation of Akt after
acute treatment with GSNO (Fig. 2E). A reduction in
insulin-induced Akt activity after in vitro GSNO treatment,
as demonstrated by decreased GSK-␣/␤ phosphorylation,
was found (Fig. 2F). Because insulin was administrated in
vivo and GSNO treatment was performed in vitro, we can
conclude that S-nitrosation of Akt directly inhibits its
kinase activity. We did not observe S-nitrosation of IRS-2
or p85 or p110 subunits of phosphatidylinositol 3-kinase
(data not shown).
We demonstrated that GSNO administration to rats
induced an ⬃50% reduction in insulin-induced IR␤ and
IRS-1 tyrosine phosphorylation (Fig. 2G and H) and a 60%
reduction in insulin-induced Akt serine phosphorylation
(Fig. 2I) in muscle. In preliminary experiments, the Snitrosation levels of IR␤, IRS-1, and Akt were also investigated in other muscles with different fiber composition,
such as gastrocnemius and adutor longus, and the findings
were similar, independently of the muscle used.
Diet-induced obesity is associated with enhanced
S-nitrosation. Table 1 shows comparative data regarding
controls, DIO rats, DIO rats submitted to rosiglitazone
treatment, and ob/ob mice and their respective controls.
Soleus muscles of male Wistar rats treated with a
high-fat diet for 24 weeks were removed, and S-nitrosated
proteins were determined and compared with those of
controls that received standard rodent food for the same
961
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FIG. 1. Effect of GSNO on insulin sensitivity and IR␤ S-nitrosation in isolated soleus muscle. Dose response of GSNO treatment on glucose uptake
(A) and glycogen synthesis (B) in isolated rat soleus muscle is shown. GSNO induced S-nitrosation of IR␤, as demonstrated by the biotin switch
method (C), immunoprecipitation (IP) with anti-SNO followed by immunoblotting (IB) with anti-IR␤ (D), and fluorimetry after incubation with
diaminonaphtalen (E) are indicated. F: Effect of GSNO treatment in vitro on in vivo insulin-induced IR␤ tyrosine kinase activity measured by
autophosphorylation and by its ability to phosphorylate immunopurified IRS-1. Insulin-induced tyrosine phosphorylation of IR␤ (G) and IRS-1
(H) and serine phosphorylation of Akt (I) after insulin (10 mUI/ml) stimulation for 5 min are indicated. *P < 0.05, control vs. GSNO-treated
soleus. Bars in A, B, E, G, H, and I represent means ⴞ SE from six to eight isolated soleus.

S-NITROSATION, IRS-1, AND AKT

period. We observed an increase in iNOS protein expression in the muscle of obese animals (Fig. 3A). This
increase in iNOS expression was associated with enhanced S-nitrosation of IR␤, IRS-1, and Akt (Fig. 3B–D).
Insulin resistance was demonstrated by a reduction in
the Kitt of obese animals (Fig. 3E). Insulin-stimulated
tyrosine phosphorylation of IR␤ was reduced in the skeletal muscle of obese animals by 50% (Fig. 3F). Insulinstimulated IRS-1 tyrosine phosphorylation was also
reduced by 50% (Fig. 3G), and this was accompanied by a
40% reduction in IRS-1 protein content in the skeletal
TABLE 1
Characteristics of rats and mice studied

Control
DIO
DIO/rosiglitazone
ob/⫹
ob/ob
ob/ob treated with
iNOS ASO

n

Body
weight (g)

Plasma
glucose
(mg/dl)

Insulin
(U/ml)

10
12
12
8
8

532 ⫾ 38*
953 ⫾ 61
962 ⫾ 58
18.2 ⫾ 0.6†
34.2 ⫾ 0.4

112 ⫾ 4
122 ⫾ 5
118 ⫾ 7
117 ⫾ 17‡
335 ⫾ 34

11 ⫾ 2*
23 ⫾ 3
18 ⫾ 6
12 ⫾ 4‡
85 ⫾ 21

8

33.5 ⫾ 0.6

272 ⫾ 28

27 ⫾ 12

Data are means ⫾ SE. *P ⬍ 0.05, control ⫻ DIO and control ⫻
rosiglitazone; †P ⬍ 0.05, ob/⫹ ⫻ ob/ob and ob/⫹ ⫻ ob/ob treated with
iNOS ASO; ‡P ⬍ 0.05, ob/⫹ ⫻ ob/ob.
962

muscle (Fig. 3H). Insulin-induced Akt activation was reduced by 40% when compared with controls (Fig. 3I). The
experiments were also repeated with rats treated on the
high-fat diet for 4 weeks with very similar results of
S-nitrosation and insulin-induced tyrosine phosphorylation but without reductions in IRS-1 protein expression
(data not shown).
iNOS antisense oligonucleotide treatment reduces
S-nitrosation and restores insulin signaling in the
muscle of ob/ob diabetic mice. In the ob/ob mice,
another model of insulin resistance, we found enhanced
expression of iNOS in muscle (Fig. 4A). We treated ob/ob
mice with iNOS antisense oligonucleotide (ASO) and
studied S-nitrosation of these proteins and insulin signaling. In these experiments, ob/ob diabetic mice were also
treated with sense oligonucleotide, yielding identical results to those of the untreated ob/ob diabetic mice (data
not shown). iNOS ASO efficiently blocked the expression
of the protein, as demonstrated by a reduction of almost
80% in iNOS protein levels in the muscle (Fig. 4A). In ob/ob
mice treated with iNOS ASO, no changes were observed in
endothelial NOS (eNOS) or neuronal NOS (nNOS) protein
expression in muscle, suggesting that the ASO used was
specific for iNOS (data not shown).
Treatment of ob/ob diabetic mice with iNOS ASO for 3
days lowered the plasma glucose level from 335 ⫾ 34 to
272 ⫾ 28 (P ⬍ 0.05). As shown in Fig. 4B, the glucose
DIABETES, VOL. 54, APRIL 2005
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FIG. 2. Effect of GSNO on insulin sensitivity and S-nitrosation in muscle of intact rat. A: In vivo effect of acute GSNO (100 mmol/l) treatment on
glucose disappearance rates, measured by the 30-min insulin tolerance test. S-nitrosation of IR␤ (B) after acute GSNO treatment is shown.
S-nitrosation of IRS-1 (C) and IRS-1 protein level (D) after acute and chronic GSNO treatment is indicated. E: Akt S-nitrosation after acute
GSNO treatment. F: Immunoprecipitated Akt activity after insulin stimulation in vivo and GSNO treatment in vitro, as demonstrated by its
capability to phosphorylate its purified substrate GSK-␣/␤. Insulin-induced tyrosine phosphorylation of IR␤ (G) and IRS-1 (H) and serine
phosphorylation of Akt (I) after acute GSNO treatment are shown. S-nitrosation was determined in all experiments by the biotin switch method.
*P < 0.05, insulin control vs. insulin GSNO. #P < 0.05, basal control vs. basal GSNO. Bars in A, G, H, I, and J represent means ⴞ SE from four
to eight rats. IB, immunoblotting; IP, immunoprecipitated.
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disappearance rate at 30 min in the insulin tolerance test
was significantly lower in ob/ob diabetic mice, and this
reduction was reversed by iNOS ASO treatment, indicating
an improvement in insulin sensitivity. We demonstrated an
enhanced S-nitrosation of IR␤, IRS-1, and Akt in the
muscle of ob/ob diabetic animals, which was reversed in
iNOS ASO–treated ob/ob mice (Fig. 4C–E).
The insulin-stimulated IR␤ and IRS-1 tyrosine phosphorylation were reduced in muscle of the ob/ob mice, and
these reductions were reversed in the muscle of the iNOS
ASO–treated ob/ob mice (Fig. 4F and G). iNOS antisense
treatment also restored the IRS-1 protein content in muscle (Fig. 4H). The insulin-stimulated serine phosphorylation of Akt was reduced in the muscle of ob/ob mice but
not in the muscle of iNOS ASO–treated ob/ob mice (Fig.
4I).
Rosiglitazone reduces S-nitrosation of IR␤/IRS-1/Akt
and improves insulin sensitivity in diet-induced obesity. Thiazolidinediones, ligands of peroxisome proliferator–activated receptor-␥, which have an insulin-sensitizing
effect, were recently found to be inhibitors of the expression of iNOS (34).
Male Wistar rats received a high-fat diet for 24 weeks,
and a subgroup of these animals received rosiglitazone at
4 mg/kg body wt for 10 days. Figure 5A shows that
rosiglitazone improved insulin sensitivity in animals with
DIABETES, VOL. 54, APRIL 2005

diet-induced obesity. Rosiglitazone did not improve insulin
sensitivity in control rats (data not shown). The results
also demonstrated that rosiglitazone treatment decreased
iNOS expression in the muscle of treated animals (Fig. 5B)
and attenuated the S-nitrosation of IR␤, IRS-1, and Akt
(Fig. 5C–E), in parallel with an improvement in insulin
signaling (Fig. 5F–I).
DISCUSSION

S-nitrosation, the formation of SNO by covalent addition
to cysteine residues of a NO moiety, shares many features
in common with phosphorylation, the prototypic posttranslational modification involved in signal transduction
regulation, and has been shown to regulate the function of
a broad spectrum of proteins in intact cells (35). Important
recent findings include demonstrations of major roles for
S-nitrosation in vesicle-mediated insulin release (36), in
protein processing associated with neurodegeneration of
Parkinson’s disease (37), and in the essential mechanisms
of vectorial membrane trafficking (38). In the present
study, we demonstrated that some proteins involved in
early steps of insulin action can be S-nitrosated and that
this posttranslational modification alters their function,
suggesting a mechanism for iNOS-induced insulin resistance.
963
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FIG. 3. Effect of DIO on insulin sensitivity and S-nitrosation of IR␤, IRS-1, and Akt in muscle. A: iNOS expression in muscle of DIO animals.
S-nitrosation of IR␤ (B), IRS-1 (C), and Akt (D) is shown, determined by the biotin switch method. E: Insulin sensitivity evaluated by glucose
disappearance rates measured by the 30-min insulin tolerance test. Insulin-stimulated tyrosine phosphorylation of IR␤ (F) and IRS-1 (G), IRS-1
protein level (H), and Akt serine phosphorylation (I) in muscle of DIO animals are shown. *P < 0.05, control vs. DIO. Bars represent means ⴞ
SE from six to eight rats. IB, immunoblotting; IP, immunoprecipitated.
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Initially, we demonstrated that the NO donor, GSNO,
reduces insulin-stimulated glucose metabolism in incubated rat soleus muscle. These effects were associated
with increased S-nitrosation of IR␤ in both isolated muscle
and in the intact rat. This posttranslational modification
was accompanied by a reduction in insulin-induced insulin
receptor autophosphorylation and tyrosine kinase activity.
The administration of GSNO also leads to S-nitrosation of
IRS-1. Interestingly, the administration of this NO donor
for 8 h, which allows a more prolonged S-nitrosation of
IRS-1, is also accompanied by a reduction in IRS-1 protein
content. A recent report demonstrated that the administration of NO donors to C2C12 myocytes induced IRS-1
degradation and, consequently, reduced protein content in
a time- and dose-dependent manner (39). Taking these
data together, it may be suggested that an increase in IRS-1
S-nitrosation may favor its degradation and explain the
reduced protein content observed in the muscle of the
intact rats that received the NO donor. This may be
important, since in some situations of insulin resistance,
there is a reduction in IRS-1 expression in muscle, contributing to reduced insulin sensitivity (40,41). In addition,
GSNO administration also led to Akt S-nitrosation, which
was accompanied by a reduction of its basal and insulinstimulated kinase activity. The S-nitrosation of IR␤ and
Akt, and their reduced kinase activity, is associated with
an important reduction of insulin signaling, which may
964

play an important role in the reduced glucose transport
and glycogen storage in isolated muscle treated with the
NO donor and also in the insulin resistance of the animals
that received this drug.
Two previously described molecular mechanisms related to insulin resistance are increased phosphotyrosine
phosphatase (PTPase) activity, mainly protein tyrosine
phosphatase 1B (42), and increased serine phosphorylation of IRSs (43), possibly mediated by many kinases,
including protein kinase C (44), mitogen-activated protein
kinase (45), and c-Jun NH2-terminal kinase (46). We suggest that S-nitrosation is a novel mechanism of iNOSinduced insulin resistance, since the administration of an
NO donor, which increased S-nitrosation of IRS-1, did not
change the serine phosphorylation level of this protein,
and recent data show that the administration of NO donors
to different cell types reduces PTP1B activity (47). The
insulin resistance induced by S-nitrosation seems to occur
in at least three different steps of insulin action, i.e., by
reducing IR␤ autophosphorylation and tyrosine kinase
activity, by reducing IRS-1 protein content, and by reducing Akt activity.
Recently, Gow et al. (48) demonstrated that protein
S-nitrosation is coupled with the activity of all major forms
of NO synthase. Furthermore, previous data have shown
that iNOS expression is induced in several situations
associated with insulin resistance, including DIO, genetic
DIABETES, VOL. 54, APRIL 2005
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FIG. 4. Effect of iNOS antisense oligonucleotide (ASO) on iNOS expression, S-nitrosation of IR␤/IRS-1/Akt, and insulin signaling in muscle of
ob/ob diabetic mice. A: iNOS protein level in ob/ob diabetic mice compared with iNOS ASO–treated ob/ob mice. B: Insulin sensitivity evaluated
by glucose disappearance rates, measured by the 30-min insulin tolerance test. S-nitrosation of IR␤ (C), IRS-1 (D), and Akt (E) is shown,
determined by the biotin switch method. Insulin-stimulated tyrosine phosphorylation of IR␤ (F) and IRS-1 (G), IRS-1 protein levels (H), and
insulin-stimulated serine phosphorylation of Akt (I) is indicated. *P < 0.05, ob/ob vs. lean and ob/ob ASO. Bars represent means ⴞ SE from six
to eight mice. IB, immunoblotting; IP, immunoprecipitated.
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obesity, and endotoxemia (12,17,19). Here we investigated
whether the phenomenon of S-nitrosation could also be
observed in the muscle of animal models of insulin resistance. In DIO and ob/ob diabetic mice, there was an
increase in iNOS expression in muscle, with a parallel
increase in the S-nitrosation of IR␤, IRS-1, and Akt. As
previously described, we also observed a reduced insulin
signaling in the muscle of these animals (26). In ob/ob
diabetic mice, the reduction of iNOS expression by ASO is
accompanied by a reduction of S-nitrosation and improvement of insulin signaling through IR␤, IRS-1, and Akt and
a reversal of insulin resistance. These data demonstrate
that the insulin resistance observed in DIO and ob/ob
diabetic mice is accompanied by an increase in iNOS
expression and in S-nitrosation of proteins involved in
early steps of insulin action. Moreover, in ob/ob mice, the
reduction in iNOS expression is followed by the reduction
in S-nitrosation of these proteins and reversal of insulin
resistance. Targeted disruption of iNOS prevents wholebody and skeletal muscle insulin resistance in mice rendered obese by feeding a high-fat diet, which seems to be
secondary to preservation of insulin-induced tyrosine
phosphorylation of IR␤ and IRS-1 and phosphatidylinositol
3-kinase activity in skeletal muscle of obese iNOS knockout mice (19). Although our data suggest that S-nitrosation
of these proteins is a potential mechanism of iNOSinduced insulin resistance, we cannot rule out that tyDIABETES, VOL. 54, APRIL 2005

rosine nitration may also contribute to NO-mediated
insulin resistance in these models.
Other molecular mechanisms of insulin resistance have
been demonstrated in the muscle of DIO rats and ob/ob
mice, including an increase in IRS serine phosphorylation
and also an increase in protein tyrosine phosphatase 1B
activity (42,43). It is possible that multiple mechanisms
can contribute to insulin resistance, and reversal of one of
them can improve insulin action, as we demonstrate here
and as previously demonstrated for other mechanisms
(42,46,49).
Finally, our data raise the possibility that agents that
reduce iNOS expression or activity and, consequently,
reduce S-nitrosation might have beneficial effects on obesity- and septicemia-linked insulin resistance and associated complications. Recently, thiazolidinediones, a class
of synthetic ligands of the peroxisome proliferator–activated receptor-␥ with insulin-sensitizing effects, were
found to be potent inhibitors of iNOS induction in several
cell types (34,50,51). When administered to diet-induced
obese animals, rosiglitazone was able to reduce iNOS
expression, improve insulin signaling, reduce insulin resistance, and decrease the S-nitrosation observed in these
obese animals. These effects may explain part of the
improving effects of thiazolidinedione on insulin sensitivity in obese diabetic subjects.
The results presented herein may represent a potential
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FIG. 5. Effect of rosiglitazone (ROSI) on insulin sensitivity, iNOS protein level, S-nitrosation of IR␤/IRS-1/Akt, and insulin signaling in muscle
of DIO animals. A: Insulin sensitivity, as evaluated by glucose disappearance rates and measured by the 30-min insulin tolerance test. B: iNOS
protein level in the muscle of DIO animals compared with rosiglitazone-treated DIO animals. S-nitrosation of IR␤ (C), IRS-1 (D), and Akt (E)
is shown, as determined by the biotin switch method. Insulin-stimulated tyrosine phosphorylation of IR␤ (F) and IRS-1 (G), IRS-1 protein levels
(H), and insulin-stimulated serine phosphorylation of Akt (I) are indicated. *P < 0.05, DIO vs. lean. **P < 0.05, DIO vs. DIO/ROSI. Bars represent
means ⴞ SE from six to eight rats. IB, immunoblotting; IP, immunoprecipitated.

S-NITROSATION, IRS-1, AND AKT

mechanism involved in the iNOS-induced insulin resistance. The increase in iNOS expression provokes enhanced production of NO that can induce S-nitrosate IR␤,
IRS-1, and Akt, inducing downregulation of insulin signaling.
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