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Type 2 Diabetes (T2DM) is the seventh leading cause of death in the United States, and is quickly becom-
ing a global pandemic. T2DM results from reduced insulin sensitivity coupled with a relative failure of
insulin secretion. Reduced insulin sensitivity has been associated with reduced nitric oxide synthase
(NOS) activity and impaired glucose uptake in T2DM skeletal muscle. Upon insulin stimulation, NO syn-
thesis increases in normal adult skeletal muscle, whereas no such increase is observed in T2DM adults.
Endothelial NOS is activated by phosphorylation in the C-terminal tail in response to insulin. Neuronal
NOS (nNOS), the primary NOS isoform in skeletal muscle, contains a homologous phosphorylation site,
raising the possibility that nNOS, too, may undergo an activating phosphorylation event upon insulin
treatment. Yet it remains unknown if or how nNOS is regulated by insulin in skeletal muscle. Data shown
herein indicate that nNOS is phosphorylated in response to insulin in skeletal muscle and that this phos-
phorylation event occurs rapidly in C2C12 myotubes, resulting in increased NO production. In vivo phos-
phorylation of nNOS was also observed in response to insulin in mouse skeletal muscle. These results
indicate, for the first time, that nNOS is phosphorylated in skeletal muscle in response to insulin and
in association with increased NO production.

Published by Elsevier Inc.
1. Introduction

Type 2 Diabetes mellitus (T2DM) is characterized by insulin
resistance and impaired insulin-stimulated nitric oxide (NO) gen-
eration in both endothelium and skeletal muscle. NO is an impor-
tant gaseous regulatory molecule, produced by isoforms of nitric
oxide synthase (NOS). NO acts variably as a vasodilator [1,2], neu-
rotransmitter [3] or cytotoxic agent [4], depending upon its source
and location of production. NOS enzymes synthesize NO from L-
arginine and molecular oxygen [5], utilizing electrons donated by
NADPH. The homeostatic regulation of NO synthesis is crucial in
biological systems, as the generation of insufficient amounts of
NO can result in deleterious outcomes, such as increased blood
pressure due to uncontrolled vasoconstriction. In contrast, over-
production of NO can yield toxic sequelae, such as endotoxic shock.
Neuronal NOS (nNOS) and endothelial NOS (eNOS) knockout
mice demonstrate insulin resistance, suggesting that NO produced
by nNOS plays an important role in mediating insulin action [6,7].
However, the direct effect of insulin on skeletal muscle nNOS is un-
known. One prior study by Kashyap et al. [8], using euglycemic/
hyperinsulinemic clamps, showed that NO production in muscle
biopsies is significantly reduced in obese, T2DM human subjects
compared to obese, non-diabetic controls. Moreover, in the insu-
lin-resistant subjects, insulin treatment failed to evoke increases
in NO in skeletal muscle, whereas insulin stimulated a robust in-
crease in NO in the control subjects [8]. These results suggest that
insulin action in skeletal muscle involves NO production, thus
implicating mechanisms regulating NO bioavailability. These
mechanisms must be elucidated to understand the pathogenesis
of muscle insulin resistance, which is an important component of
the pathology of T2DM.

Phosphorylation plays a critical role in the potentiation of NO
generation by vascular eNOS, which is activated by insulin-depen-
dent AKT-catalyzed phosphorylation at eNOS Ser1177 [9,10],
potentially explaining the vasodilatory effects of insulin. While
the role of eNOS in insulin action and its inactivation as a compo-
nent of insulin resistance in the vasculature has been well-docu-
mented [2,11–13], the metabolic role of NOS in other tissues,
such as skeletal muscle, remains elusive. The predominant NOS
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isoform in skeletal muscle is nNOS, several splice variants of which,
i.e., nNOSl, nNOSb and nNOSa [14,15], may be present. In this re-
port, we do not distinguish among the nNOS variants, hereafter
collectively referred to as skeletal muscle nNOS.

The rapid increase in NO production observed in the human
insulin clamp studies suggests that post-translational modifica-
tion of skeletal muscle nNOS occurs in direct response to insulin
rather than as insulin-regulated transcription [8]. Since skeletal
muscle nNOS contains a homologous residue to the AKT-phos-
phorylated serine in eNOS (Ser1177), it was possible that nNOS
could be phosphorylated in response to insulin in skeletal muscle.
There is evidence of nNOS phosphorylation in response to insulin
in brain: prior immunoblot studies in rat hypothalamus demon-
strated an increase in nNOS Ser1416 phosphorylation [16], the
rat equivalent of Ser1412 in mouse nNOS. In vitro kinase assays
in rat brain nucleus Tractus solitarii additionally showed nNOS is
phosphorylated at this residue in an insulin-dependent manner
[17].

To examine nNOS phosphorylation by insulin treatment, the
murine muscle C2C12 cell line, which can be differentiated from
myoblasts to myotubes, was used to probe putative Ser1412 phos-
phorylation on the C-terminal tail of skeletal muscle nNOS in re-
sponse to stimulation by insulin. Our results show that insulin
stimulation resulted in significantly increased phosphorylation of
skeletal muscle nNOS in C2C12 myotubes, as well as a concomitant
increase in NO levels. In vivo, insulin-stimulated nNOS phosphory-
lation was also observed in WT mouse C57BL/6J muscle tissue, fur-
ther validating that insulin-mediated phosphorylation of nNOS is
an important component of the insulin-signaling cascade.
2. Materials and methods

2.1. Cell culture and treatment

Murine-derived muscle cell line C2C12 (Cell Biology Labs) myo-
blasts were grown to near 100% confluency in high glucose
(25 mM) DMEM (Sigma–Aldrich) with 10% fetal bovine serum
(Gibco), hereafter called complete media. Myoblasts were then
switched to high glucose DMEM media, 2% horse serum (Gibco),
hereafter called horse serum media. After four days in serum star-
vation, cells were completely differentiated to myotubes, and were
treated with either vehicle (3 lM HCl) or 100 nM insulin (Sigma
Aldrich) from 0 to 60 min.
2.2. Animals

Wild-type male C57BL/6J mice were fed ad libitum a standard
lab chow (Harlan, 11.5 kcal% fat) and maintained in micro-isolator
cages, 5 to a cage, on a 12 h dark/light cycle. Mice (4–6 months of
age) were given intraperitoneal injections of either vehicle (PBS) or
5 mU/g body weight insulin (Novo Nordisk). Ten minutes after
insulin injection, mice were sacrificed and quadriceps femoris
muscles were collected for analysis.

All animal studies have been approved by Institutional Animal
Care and Use Committee (IACUC), University of Texas Health Sci-
ence Center at San Antonio, San Antonio, TX, USA. Animals are
housed in an Association for Assessment and Accreditation of Lab-
oratory Animal Care, International (AAALAC) accredited facility
with full veterinary support. The facility is operated in compliance
with the Public Law 89-544 (Animal Welfare Act) and amend-
ments, Public Health Services Policy on Humane Care and Use of
Laboratory Animals (PHS Policy) and The Guide for the Care and
Use of Laboratory Animals.
2.3. NO detection

The NO-specific fluorescent dye 4,5-diaminofluorescein diace-
tate (DAF-2 DA; Sigma) was used to measure NOS activity indi-
rectly. C2C12 myoblasts were seeded onto 6-well plates,
maintained in complete media and differentiated into myotubes
with horse serum-containing media. For fluorescent microscopy
imaging, myotubes were treated with either vehicle or 100 nM
insulin in horse serum media for 60 min, rinsed 2� with PBS, then
treated with 5 lM DAF-2 DA in PBS + glucose for 30 min. After rins-
ing, clear a-MEM (Sigma–Aldrich) was applied to the living cells,
which were then imaged with at 10� using a Zeiss Axioscope 2
HBO 100 with excitation wavelength at 495 nm and emission at
515 nm. For quantitative analysis of DAF-2 DA fluorescence, myo-
tubes were treated with 5 lM DAF-2 DA in PBS + glucose for
30 min, rinsed 2� with PBS, then treated with either vehicle or
100 nM insulin in horse serum media for 60 min. As a positive con-
trol, cells treated with 450 lM S-nitroso-N-acetyl-D,L-penicillamine
(SNAP, Cayman Chemical). After rinsing, PBS was applied to the
cells, and measurements were made in a Tecan plate reader with
excitation wavelength at 475 nm and emission at 550 nm.
2.4. Immunoblot analyses

Cell lysates from C2C12 cells were prepared by collecting cells
in PBS with phosphatase and protease inhibitors (Thermo-Fisher)
and Benzonase, and then homogenized. For mouse quadriceps
muscle lysates, after an overnight fast, mice were given an intra-
peritoneal injection of 5 mU /g body weight of insulin (Novo Nor-
disk) or an equivalent volume of sterile saline. Ten min post
injection, quadriceps muscle was collected and frozen in liquid
nitrogen, then whole tissue homogenates were prepared. For all
immunoblots, thirty micrograms of lysates were electrophoresed
in gradient SDS–PAGE (2–15%; Bio-Rad) and proteins were trans-
ferred onto PVDF membrane (Millipore). Membranes were probed
with antibodies to phospho-S1417 nNOS (recognizes mouse nNOS
at Ser1412, Abcam), total nNOS (BD Biosciences), phospho-S473
AKT (Cell Signaling Technology), total AKT (Cell Signaling Technol-
ogy) and/or GAPDH (Cell Signaling Technology), as indicated, fol-
lowed by a 1 h incubation in horseradish-peroxidase linked
secondary antibody (Santa Cruz). Detection was by Immobilon
Western Chemiluminescent HRP Substrate (Millipore). Immuno-
blots were analyzed using ImageJ [18].
3. Results/discussion

3.1. nNOS is phosphorylated in response to insulin in C2C12 myotubes

To determine whether nNOS is phosphorylated in skeletal mus-
cle in response to insulin, the murine-derived in vitro muscle cell
line C2C12 was used as a model system. Control and insulin-trea-
ted C2C12 cell lysates were probed for nNOS phosphorylated on
residue S1412 via immunoblot analysis. As shown in Fig. 1A, insu-
lin treatment resulted in increased nNOS phosphorylation at
Ser1412 in a time-dependent manner, with significant (P < 0.05)
phosphorylation occurring at 15, 30 and 60 min post-insulin addi-
tion. Fig. 1B shows the ratio of phosphorylated nNOS to total nNOS,
clearly demonstrating the significant increase of this event, partic-
ularly at the 30 min time point. Phosphorylation of nNOS occurred
concomitantly with activation of the insulin-signaling pathway,
shown by the increase in phospho-AKT at Ser473 by insulin treat-
ment (Fig. 1A). This result suggests that nNOS phosphorylation is a
consequence of activated insulin signaling in C2C12 myotubes.
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Fig. 1. Immunoblot analysis of nNOS phosphorylation in C2C12 cells at varying times of insulin treatment. (A) C2C12 myoblasts were grown in DMEM with 10% FBS. After
differentiation to myotubes using DMEM with 2% horse serum, cells were treated with either vehicle (3 lM HCl) or 100 nM insulin from 0 to 60 min. Blots were probed with
polyclonal antibodies recognizing phospho-S1412 nNOS, total nNOS, phospho-S473 AKT and total AKT; (B) Phospho-nNOS results are expressed relative to total nNOS. Data
shown are mean ± SEM for four separate experiments. ⁄P < 0.05, ⁄⁄P < 0.01 compared with control.
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3.2. NO production increases in skeletal muscle with insulin treatment

Having demonstrated nNOS phosphorylation by insulin treat-
ment in C2C12 myotubes, it was important to investigate what
changes this post-translational modification conveyed to nNOS
activity, particularly given the documented increase in eNOS activ-
ity by insulin-stimulated phosphorylation at a homologous residue
[8,9]. Furthermore, the observation that, in human skeletal muscle,
there was an increase in NO production in insulin-treated subjects
[8], absent in those with T2DM, indicated that insulin-induced
phosphorylation of nNOS likely results in increased NO synthesis.
To detect changes in NO levels in the cells, the NO-specific cell per-
meable compound DAF-2 DA was used. DAF-2 DA interacts with
NO and NO-derived nitrosating species to produce a fluorescent
by-product [19], which can be used as an indicator of NO synthesis
in living cells [20]. This method has been used successfully in
endothelial cells [21] and has been adapted herein for use in
C2C12 cells.

Fig. 2A shows the transmitted light and fluorescent micrographs
of C2C12 cells treated with vehicle (top) or insulin (bottom). The
transmitted light micrograph demonstrates that the number and
quality of myotubes is equivalent in either case. The cells treated
A

Fig. 2. Fluorescent imaging of C2C12 myotubes with DAF-2DA shows increase in NO und
increase, giving an indirect means to measure NOS activity. C2C12 myotubes were trea
5 lM DAF-2DA for 30 min. Living cells were then imaged using fluorescence microsco
preloaded with 5 lM DAF-2DA for 30 min, then treated with either vehicle (3 lM HCl)
Tecan plate reader, with 450 nm excitation and 550 emission. Insulin treatment fluoresce
three individual experiments. ⁄P < 0.05 compared with control.
with insulin, however, demonstrate a clear increase in fluorescence
intensity over those treated with vehicle. Similar experiments in
which cell lysates were isolated and fluorescence measured were
used to quantitate the increase in NO production upon nNOS phos-
phorylation (Fig. 2B), and demonstrated a significant increase in
fluorescent intensity and thus NO production in the insulin-treated
cells. These results strongly support the idea that insulin signaling
leads to phosphorylation of nNOS S1412, causing activation of the
enzyme and thus increased NO production.

3.3. nNOS is phosphorylated in response to insulin in mouse skeletal
muscle in vivo

Having observed an increase in Ser1412 nNOS phosphorylation
in C2C12 myotubes by insulin treatment, the relevance of this
phosphorylation event was tested in C57BL/6J mouse skeletal mus-
cle tissue lysates to confirm that nNOS phosphorylation was in-
deed occurring in the tissue concomitant with insulin signaling.
As shown in Fig. 3A and B, insulin significantly increased nNOS
phosphorylation in mouse skeletal muscle, as compared to the
vehicle control, while total nNOS protein levels remained constant.
Phosphorylation of Akt was also stimulated in the muscles of
0

B

er insulin treatment. (A) DAF-2DA detects NO, as fluorescence increases as NO levels
ted with either vehicle (3 lM HCl) or 100 nM insulin for 60 min, then incubated in
py, with 450 nm excitation and 550 emission. (n = 3). (B) C2C12 myotubes were
or 100 nM insulin for 60 min. Living cells’ fluorescence intensity was measured by
nce results are expressed relative to vehicle control fluorescence as means ± SEM for
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Fig. 3. Immunoblots of nNOS phosphorylation by insulin treatment in mice. (A) WT C57BL/6J male mice, aged to 4–6 months, were given intraperitoneal injections of either
vehicle (PBS) or 5 mU per gram body weight insulin. Quadriceps were collected for analysis. Muscle lysates were probed with phospho-S1417 nNOS, total nNOS, phospho-
S473 AKT and GAPDH polyclonal antibodies; (B) Phospho-nNOS results are expressed as relative to total nNOS as means ± SEM for two individual experiments.
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insulin-treated animals, as expected. These results recapitulate
in vivo the insulin-stimulated skeletal muscle nNOS phosphoryla-
tion we observed in C2C12 cells in culture, demonstrating the
physiological relevance of our results in skeletal muscle tissue.

Overall, we find that nNOS, similar to eNOS, is phosphorylated
at Ser1412 by insulin treatment in C2C12 myotubes as well as in
mouse skeletal muscle and that this phosphorylation event in-
creases nNOS production of NO. Moreover, the phosphorylation
events were observed to occur concomitantly with activated insu-
lin signaling, suggesting that the NO produced by insulin-activated
skeletal muscle nNOS may play a role in the insulin-signaling path-
way. Indeed, it has been reported that NO contributes to insulin-
stimulated glucose uptake in skeletal muscle [22–25]. In rat skele-
tal muscle tissue, NO had an additive effect on insulin-stimulated
glucose transport [26], and in L6 myotubes, NO upregulated GLUT4
expression [23]. Additionally, pharmacological treatment with an
NO donor, NONOate, increased glucose uptake in human skeletal
muscle and L6 cells [27]. Our results suggest that, in T2DM sub-
jects, the observed decrease in NO production is a result of de-
creased insulin-stimulated nNOS phosphorylation. Lower
phospho-nNOS levels, resulting in attenuated nNOS activity, may
then contribute to many T2DM sequelae, such as the observed de-
crease in NO-induced glucose uptake. The consequences for the
loss of insulin-stimulated phosphorylation of the endothelial iso-
form, eNOS, are also quite detrimental as it results eventually in
endothelial dysfunction and atherosclerosis. Thus it is clear that
both nNOS and eNOS are phosphorylated as a result of insulin sig-
naling and that NO plays an important role in the cellular response
to insulin in a variety of tissues. Contrary to the action of NO in the
endothelium, however, the mechanism of action of NO in skeletal
muscle, particularly its involvement in glucose uptake, is less clear
and remains to be elucidated.
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