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Abstract: Since the discovery of Nitric Oxide (NO) as an important mediator of
vasoregulation, NO has been found to be a diverse biological molecule. The continual release
of NO is important for resting vascular tone and more recently, the role of NO in skeletal
muscle glucose metabolism and contractile function has been increasing recognized. There
1s overwhelming evidence that endogenous NO is a critical mediator of insulin- and/or
contraction-stimulated glucose transport. However, investigations of the role of exogenous
NO donors in glucose metabolism in skeletal muscles have provided conflicting responses.
There is evidence that insulin stimulation of glucose uptake in skeletal muscles is
NO-dependent and a defect in insulin-induced vasodilation play a role in the pathogenesis
of insulin resistance in hypertension, obesity and type 2 diabetes mellitus. The mechanism
of insulin resistance by NO may possibly involve key components of the insulin
signal transduction pathway. In addition, it is suggested that NO is involved in
contraction-stimulated glucose uptake through a mechanism that is distinct from the insulin
sigual transduction pathway. In light of the conflicting reports and unclear mechanisms of
NO in basal, insulin- and contraction-stimulated glucose uptake, this review examines recent
developments and explore whether the possible role of NO in regulation of skeletal muscle
and adipose tissue uptake may have important clinical significance.
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Introduction

Nitric Oxide Synthases-regulation

Over the past two decades there has been increasing evidence of the many and diverse biological
fimetions of endogenous Nitrie Oxide (NO) in the cardiovascular, nervous and immune systems. Nitric
oxide is produced in a variety of tissues from the amino acid L-arginine through the activation of
different isoforms of NO Synthase (NOS) (Moncada and Higgs, 1991). Three members of the
NOS family have been identified and they are neuronal NOS (nNOS), endothelial NOS (eNOS) and
inducible NOS (iNOS) (Kobzik ef al.. 1994). Neuronal NOS is the most abundant isoform found in
skeletal muscle and is located preferentially at neurormuscular junctions (Kusner and Kaminski, 1996).
Endothelial NOS is present in the vascular endothelium and in skeletal muscles. Both nNOS and
eNOS synthesize small amounts of NO and require activation by Ca**-calmodulin, making them
sensitive to agents and processes that increase intracellular calcium (Abu-Soud and Stuehr, 1993). The
NO generated diffuses to neighboring target cells where it acts primarily through the activation of
soluble guanylate cyclase (sGC) which catalyzes the formation of cyclic guanosine monophosphate
(cGMP) from guanosine triphosphate (GTP). This cause a cellular response through a reduction in
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intracellular calcium levels (Waldman and Murad, 1987). Inducible NOS is present in macrophages and
is localized at the sarcolemma of skeletal muscle cells where its activity varies between species and is
dependent on the discase state (Kobzik ef af., 1995). The enzyme is induced under certain pathological
conditions and the high NO output from iNOS results in the concentrations of NO reaching toxic levels
(Moncada et al., 1991).

Studies have showed that NO mediates exercise-stimulated glucose transport in isolated skeletal
muscle (Balon and Nadler, 1997) and NO released from skeletal muscle plays a key role in the control
of metabolic homeostasis in both ammals (Duplain ez af., 2001) and humans (Scherrer and Sartori,
2000). Defective eNOS-driven NO synthesis causes insulin resistance in experimental animals
(Shankar et af., 2000) and characterizes insulin-resistant states in humans (Sartori and Scherrer, 1999).
A novel role for NO in the regulation of adipose tissue function has emerged from studies which have
provided evidence for the expression of NO synthase type II and III isoforms in adipose tissue.

On the other hand, the induction of iNOS and NO overproduction may alter glucose metabolism
in muscle and adipose tissue (Bedard ef af., 1997). The induction of the expression of the
macrophage-type iNOS in skeletal muscle cells by eytokines and endotoxin increases basal glucose
uptake. However, the ability of insulin to stimulate glucose uptake was impaired suggesting that
NO overproduction may be involved in the cytokine-induced insulin resistance in skeletal muscle
(Bedard et af., 1997). In myocytes, cytokines and lipopolysaccharides induce iNOS expression and
augment basal glucose transport, but abolish insulin-stimulated glucose transport, an effect that
was reversed by the non-specific NOS inhibitor NC-nitro-L-argimne methyl ester (L-NAME)
(Kapur ef al., 1997). Conversely, in adipose cells iNOS inhibition did not attenuate cytokine-induced
stimulation of basal glucose uptake suggesting that the regulation of glucose metabolism in adipose cells
is independent of NO (Pilon er af., 2000).

Research on the effect of NO donors on glucose metabolism in skeletal muscle, cardiac muscle,
smooth muscle and adipose tissue has grown rapidly in the last decade. Most research has focused on
skeletal muscle and the role of NO in the modulation of skeletal muscle glucose transport remains
controversial. This review focuses on recent evidences in the literature on the role of both exogenous
and endogenous on glucose metabolism, specifically glucose uptake in peripheral and myocardial
tissues. In addition we examine proposed mechanism by which NO modulates basal, insulin- and
contraction-stimulated glucose uptake which involve signaling pathways.

Nitric Oxide Mediation of the Vasodilatory Action of Insulin

Nitric oxide has an important role in the control of basal and insulin-stimulated blood
flow in humans (Boczkowski ef al., 1994). Vallance and colleagues investigated the effects of
endothelium-derived NO on peripheral arteriolar tone in man and found that arterial infusion of the
NOS inhibitor N®-monomethyl-L-arginine (L-NMMA) caused a 50% fall in basal blood flow and
attenuated the dilator response of acetylcholine (an endothelium-dependent inhibitor). This response
was not shown with glyceryl trinitrate, demonstrating that endothelium-derived NO contributes to
basal and stimulated regional blood flow in humans (Vallance ef af., 1989).

Skeletal muscle is the primary target tissue for insulin stimulation of glucose transport, a
regulatory mechanism vital for glucose homeostasis. Insulin increases glucose transport in this tissue
mainly by activating the translocation of glucose transporter 4 (GLUT-4) from an occluded intracellular
tubul o-vesicular reservoir to the cell surface (Khan, 1992). There is evidence that insulin enhances
skeletal muscle glucose disposal by vasodilating the muscle vasculature (Baron, 1994). The increase
in muscle parfusion (Baron ef al., 1996) is thought to increase the delivery of glucose to muscle cells
(Baron et af., 1995). Baron and colleagues suggests that approximately thirty percent (~ 30%) of
insulin’s effects on glucose uptake can be accounted for by increases in muscle perfusion
(Baron et al., 1995). However, there 1s evidence that the enhancing effect of insulin on the musculature
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is mediated by the release of NO from the endothelium (Scherrer ef al., 1994). Previous studies have
shown that abrogation of NO release by L-NMMA prevented the action of insulin to increase blood
flow to skeletal muscle (Steinberg er af., 1994). In addition, the removal of the endothelium
or NOS inhibition prevents the vasodilating action of insulin on skeletal muscle arterioles
(Chen and Messina, 1996).

Insulin increases blood flow and glucose delivery in skeletal muscle of both humans (Baron, 1994)
and rats (Pitre ef af., 1996) and there is further evidence that insulin stimulation of glucose uptake in
skeletal muscles is NO-dependent. Baron and his colleagues reported that insulin administered
by continuous intravenous infusion for howrs, increases leg blood flow (Baron et al., 1988,
Baron and Clark, 1997). In humans, induced acute hyperinsulinaemia caused a significant increase
in urinary excretion of nitrite (NO, ™ V/nitrate (NO,™) together with a significant decrease in blood
pressure, supporting the concept that NO may mediate the vasodilatory action of insulin in humans
(Tsukahara ef af., 1997).

The acute administration of the NOS inhibitors L-NMMA or L-NAME results in the
development of marked insulin resistance, hypertension and/or hyperglycacmia { Shankar ef al., 1998).
The blockade of NOS decreased blood flow to skeletal muscle and impairs insulin-mediated glucose
disposal during a hyperinsulinaemic-euglycemic clamp in vivo (Roy ef al., 1998) which is in agreement
with a previous study in human subjects (Steinberg er af., 1994). In another study, Butler and
colleagues found that L-NMMA infusion increases rather than decreases whole body glucose
transport in 16 healthy subjects and that the NOS inhibitor also increased rather than decreased calf
blood flow with minimal change in the blood pressure (Butler ef a/., 1998). The hemodynamic
responses of L-NMMA were opposite from those observed in previous studies, including those in
which it caused insulin resistance (Baron ef al., 1995). In contrast to the effects of NOS inhibition
in vive, NOS inhibitors fail to affect insulin-stimulated glucose transport in isolated muscles incubated
using ir vitro preparation (Young ef al., 1997a, b). The authors suggest that hemodynamic factors are
needed to fully amplify the increase in insulin-stimulated glucose transport in skeletal muscle.
In addition, Roy ef al. {1998) found that NOS inhibition in vitro had no effect on insulin-stimulated
glucose transport .

Nitric Oxide Donors and Glucose Transport

The role of NO in the modulation of skeletal muscle glucose transport and metabolism is
conflicting. There are reports that SNP at concentfrations of 1-25 mM increases glucose transport
induced by submaximal concentrations of insulin (Balon and Nadler, 1997; Etgen et a/., 1997) and
glucose oxidation (Young and Leighton, 1998) in isolated muscle preparations. With higher
concentrations of SNP, glucose uptake decreased (Balon and Nadler, 1997). However in another
study by Kapur and colleagues, 0.1-1 mM of SNP and 10-100 M GEA 5024 [1,2,3,4-oxatriazolium,
5-amino-3-(3-chloro-2-methylphenyl)-chloride] had an opposite effect (Kapur et al., 1997). SNP
enhanced glucose uptake by increasing GLUT4 expression on the cell surface of isolated rat
epitrochlearis muscle (Etgen ef al., 1997). However, adequate controls for SNP at these concentrations
were not performed and more specific NO donors were not tested. In addition, differences between
the studies may be due to the dose of the NO donor administered and the experimental model used.

In a more recent study by MeGrowder and colleagues the NO donors S-nitrosoglutathione
(GSNO) and S-nitroso-N-acetylpenmicillamine at 0.2-1.0 mM stimulated basal and insulin-stimulated
glucose uptake, while concentrations of 10 mM and 20 mM inhibited basal glucose uptake in isolated
muscle strips of normoglycemic and streptozotocin-induced diabetic rats (McGrowder ef al., 2006)
(Fig. 1 and 2). The magnitude of the reduction of glucose uptake using GSNO and SNAP was
greater in the diabetic rats. S-nitroso-N-acetylpenicillamine was found to have a more significant
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Fig. 2. Graph showing the effects of GSNO on basal and insulin-stimulated glucose uptake in skeletal
muscles of STZ-induced diabetic rats. Statistical significant differences are indicated by
*p<0.05 vs uptake in basal, *p<0.05 vs uptake with insulin (Reprinted with permission from
McGrowder et al., 2006)

resistance in these conditions (Baron ef al., 1995). Insulin resistance is characterized by reduced
endothelial production of NO, an attenuated effect of insulin on skeletal muscle blood flow and
resistance to insulin-mediated glucose uptake (Meneilly ez af., 2001).

The role of insulin-stimulated blood flow as a determinant of glucose uptake has been studies
mainly be increasing or decreasing blood flow with various vasoactive agents and then determining the
impact of such an intervention on glucose uptake. Systemic intravenous or local intra-arterial infusion
of'the endothelium-independent vasodilator SNP in normal and insulin-resistant humans has been used
to augment muscle blood flow during euglycemic-hyperinsulinemic clamp studies. In a study by
Meneilly et al. (2000) svstemic infusion of SNP augmented blood flow but did not increase
insulin-mediated glucose disposal in young and old subjects. Others found that in overweight male
patients with essential hypertension, increasing forearm perfusion with SNP does not attenuate insulin
forearm tissues (Natali ef af., 1998) and that vasodilation induced by methacholine but not SNP
increased glucose uptake in the forearm of hypertensive patients (Sarabi ef af., 1999). The authors
concluded that an increase in forearm blood flow does not necessarily improve glucose uptake in the
forearm during the fasting state (Sarabi ef al., 1999). These observations suggest that the acute delivery
of large intravascular doses of NO into the skeletal vasculature may be inhibitory rather than
stimulatory and therefore may not be an appropriate way to augment muscle glucose disposal in
normal and insulin-resistant subjects. L-arginine is a precursor for NO and both iz vivo and in vitro
studies have demonstrated that L-arginine can augment vascular dilation under certain conditions
(Jun and Wennmalm, 1994). In a study by Piatti and colleagues, long-term oral administration of
L-arginine significantly improved but not completely normalized peripheral and hepatic insulin
sensitivity in type 2 diabetic patients (Piatti ef o/, 2001).
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Mechanism of Action of Nitric Oxide Donors

There is evidence that a close link exists between iNOS and insulin resistance and most if not all
inducers of insulin resistance increase iNOS expression. These inducers of insulin resistance include
obesity (Elizalde er al., 2000), hyperglycaemia (Ceriello ef af., 2002), tumour necrosis factor-a
(TNF-e) and endotoxin. Inducible NOS mediates the impaired insulin-stimulated glucose uptake by
treatment with TNF-¢ and lipolysaccharide in cultured skeletal muscle cells and its expression is
clevated in skeletal muscle of patients with type 2 diabetes mellitus (Torres et af., 2004) and high fat
diet-induced mice (Perreault and Marette, 2001). Sugita and colleagues demonstrated that iNOS
inhibitor prevents lipopolysaccharide-induced insulin resistance in rats (Sugita ef af., 2005). In another
study, it was demonstrated that genetic disruption of iNOS protects against obesity-linked insulin
resistance, preventing impairments in phosphatidylinositol 3-kinase (PI3K) and protein kinase B/Akt
activation by insulin in skeletal muscle {Perreault and Marette, 2001).

S-nitrosation and S-nitrosylation of Components in Signaling P athway

The molecular mechanisms by which iNOS mediates insulin resistance is still being investigated
and it 1s suggested that components of the insulin signal transduction pathways are affected. This
pathway plays a central role in metabolic actions of insulin, including stimulation of glucose uptake,
synthesis of glycogen and protein and inhibition of gluconeogenesis (Agati ef al., 1998). Insulin
receptor substrate (IRS)-1 is a key molecule in insulin-signaling that transduces a signal from insulin
receptor (IR) to phosphatidylinositol-3-kinase (PI3K) (Saltiel and Khan, 2001). Inducible NOS
induction (Bedard ef af., 1997) and two classes of NO donors (Bedard et al., 1998) inhibited
insulin-stimilated glucose transport in isolated soleus and EDL muscles and cultured L6 muscle cells.
Further investigations showed that exposure to GSNO or iNOS transfection reduced IRS-1 protein
expression via proteasome-mediated degradation without altering the mRNA level in cultured skeletal
muscles (Sugita ef al., 2005). The effect of GSNO on IRS-1 expression was ¢GMP-independent and
GSNO and insulin seem to exert the effects on IRS-1 via different pathways (Sugita ef al., 2005).
Previous studies have demonstrated that the activation of PI3K and mammalian targets of rapamycin
(mTOR) is required for IRS-1 degradation by insulin in cultured muscle cells (Greene ef al., 2003).
Unlike insulin, GSNO does not require PI3K and mTOR activity to reduce IRS-1 expression
(Sugita et al., 2005) and it may probably involve intracellular nitrosative protein modification such as
S-nitrosylation (Eu ef af., 2000).

Protein S-nitrosylation involving attachment of nitrosomum ion (NO™) to cysteine sulfhydryls,
has emerged recently as a prototype of ¢cGMP independent, redox-dependent post-translational
modifications (Stamler ef af., 2001) which mediates a number of actions of the NO group in various
biological processes (Gow et al., 2002; Hess ef al., 2001). Protein kinase B/Akt is a serine/threonine
protein kinase which plays a central role in the metabolic actions of insulin (Jiang ef af., 2003),
including glicose transport and is impaired in rodent models of insulin resistance and patients with
type 2 diabetes (Carvalho ef al., 2000; Shao ef af., 2000).

Insulin activates PI3K-Akt/PKB via IRS-1 and -2 in skeletal muscle and adipocytes (White and
Khan, 1994). In a study by Yasukawa and colleagues, NO released from GSNO and SNAP were found
to induced S-nitrosylation and inactivation of Akt/PKB in vitro and in intact cells. The inhibitory
effects of NO were independent of PI3K and ¢GMP and S-nitrosylation of Akt/PKRB was increased
in skeletal muscle of diabetic (db/db) mice compared with wild type mice (Yasukawa ef af., 2005). The
authors suggests that S-mitrosylation-mediated inactivation may contribute to the diabetic
complications via selective impairment in insulin signaling and the pathogenesis of iNOS and/or
oxidative stress involved in insulin resistance (Yasukawa ef al., 2005). Another recent study found that
NO donated by GSNO induced in vitro and in vivo S-nitrosation of the IR P subunit (IRP) and protein
kinase B/Akt and reduce their kinase activity in muscle. Insulin receptor-1p was also rapidly
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S-nitrosated and its expression was reducad after chronic GSNO treatment (Carvalho-Filho ef af.,
2005). In addition, in two distinct models of insulin resistance associated with enhanced iNOS
expression (diet-induced obesity and the ob/ob diabetic mice) there was enhanced S-nitrosation of
IRP/IRS-1 and Akt in muscle (Carvalho-Filho er af., 2005). These observations suggests that NO
donated from its donors and an increase in iNOS expression induce down-regulation of insulin signaling
by altering different components of the insulin signal transduction pathway. This provides a
mechanism by which iNOS expression is induced in situations associated with insulin resistance.

Contraction-stimulated Glucose Uptake

NO-dependent Mechanism Involving Glut-4

During the past ten years, it has been proposed that NO mediates exercise-stirmulated glucose
transport in skeletal muscle (Balon and Nadler, 1997, Roberts ef af., 1997). During exercise, skeletal
muscle glucose uptake and blood flow substantially increase. Studies in animals assessing the role of
NO in exercise/contraction-stimulated glucose uptake have resulted in contrasting conclusions
(Balon and Nadler, 1997; Etgen ef af., 1997; Roberts ef a/., 1997). In one of these studies, hind-limb
muscles were contracted in situ via electrical stimulation of the sciatic nerve and the extensor digitorum
longus (ELD) muscles were isolated and used for the measurement of glucose transport in the presence
or absence of L-NMMA (Balon and Nadler, 1997). Under these conditions, L-NMMA was shown
to block contraction-stimulated glucose transport. Similar results were also observed in female
Sprague-Dawley rats that were first exercised on a treadmill and given L-NAME in drinking water
(Roberts ef al., 1997). In contrast, in the study by Etgen and colleagues, there was normal activation
of confraction-stimulated glucose transport when isolated rat epitrochlearis muscle preparations were
treated with L-NMMA (Etgen ef @/., 1997). In addition, in a later study L-NMMA failed to affect
exercise or confraction-stimulated 2-deoxyglucose uptake in hind-limb muscle contracted # vive via
electrical stimulation of the sciatic nerve, isolated EDL muscles or isolated soleus muscle from rats
after they had performed running exercise for 1 h (Higaki e af., 2001). These observations suggest that
there are differences between in vivo and in vitro muscle stimulation in animals.

Nitric oxide has been implicated in the putative mechanisms proposed for contraction-mediated
glucose transport in humans (Bradley er af., 1999; Kingwell, 2002). The NO inhibitor, L-NMMA
reduced leg glucose by 48% during cycle exercise in humans in the absence of any effect on leg blood
flow or plasma inswlin (Bradley ef af., 1999). During exercise, glucose uptake can occur in the absence
of insulin (Ploug et af, 1984). Under physiclogical conditions, however, both insulin and
contraction are important synergistic mediators of glucose uptake during exercise such that for any
given level of contractile activity, insulin further increases glucose uptake (De Fronzo et af., 1981,
Hespel ef al., 1996). Studies have showed that individuals with type 2 diabetes (Zierath er af., 1996)
and insulin-resistant obese Zucker rats (King ef al., 1992) have impaired insulin-stimulated GLUT-4
translocation; however, exercised-stimlated GLUT-4 translocation is normal (King ef al., 1993).
Furthermore, despite deficits in insulin-mediated GLUT-4 translocation, skeletal muscle glucose
utilization during exercise is normal (Minuk ef /., 1981; Martin ez af., 1995) or supra-normal in
individuals with type 2 diabetes (Colberg et al., 1996). In a recent study, NO inhibition during exercise
decreased glucose uptake in individuals with type 2 diabetes than in control subjects indicating that
NO may be a key mediator of the majority of glucose extraction by skeletal muscle during exercise in
individuals with tvpe 2 diabetes (Kingwell ef af., 2002).

Although exercise and insulin both significantly increased glucose transport, L-NAME had no
effect on insulin-stimulated glucose transport but incompletely blocked both GLUT-4 translocation
and exercise-stimulated glucose transport, indicating that NO is involved in the contraction-stimulated
glucose transport signal transduction mechanism Roberts ef al., 1997). Coderre and colleagues have
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isolated an intracellular exercise-sensitive pool of GLUT-4 transporters and suggested that this
GLUT-4 protein may be associated with glycogen levels (Coderre ef al., 1995). In addition, GLUT-4
concentration is a primary determinant of post-exercise muscle glycogen storage (McKoy ef al., 1996).
Consequently, in response to exercise, both GLUT -4 translocation and subsequent exercise-induced
transport may depend on muscle glycogen utilization to release the associated GLUT-4 transporters.
In a study by Landers and colleagues, NO activates p38 and c-Jun NH,-terminal kinase (JNK), both
mitogen-activated protein (MAP) signaling kinases, suggesting that these molecules participate in NO
signal transduction (Lander ez al., 1996). Furthermore, Goodyear and colleagues demonstrated that
p38 and INK in skeletal muscle are increased in response to exercise but not to insulin, suggesting that
these signal kinases are involved in cell signaling during exercise (Goodyear ef al., 1996).

Insulin and Contraction-induced Pathways

AMP Kinase-induced Skeletal Muscle Glucose Uptake

There are at least two distinct signaling cascades that stimulate glucose transport in skeletal
muscle. One pathway is stimulated by insulin and insulin-like growth factor-1. Phosphatidylinositol
3-kinase (PI3K) is necessary for activation of glucose transport by this mechanism {Cheatham et al.,
1994; Clarke ef al., 1994). The contraction or contraction'hypoxia pathway is PI3K independent
(Goodyear ez al., 1995, Lund er al., 1995). A study by Higaki and colleagues found that additive effect
of SNP and insulin on skeletal muscle transport and that NO-stimulated transport was only
partially inhibited by wortmannin, a PI3K inhibitor (Higaki ef al., 2001). They suggest that this
finding which is consistent with observations of other studies (Balon and Nadler, 1997, Etgen et al.,
1997; Roy ef af., 1998) demonstrate that NO signaling pathway mediates skeletal muscle glucose
transport through an insulin-independent pathway. In addition, there is considerable evidence
indicating that these effects occur via different mechanisms, because the two stimuli appear to
recruit separate pools of GLUT-4 to the plasma membrane and the effect of insulin, but not exercise,
is blocked by wortmannin (Baron et af., 1996, Kemp ef af., 1999; Hardie and Carling, 1997).
Wormannin has no effect on the stimulation of glucose transport by the AMPK activator,
S-amino-4-imidazolecarboxamide riboside (AICAR), indicating that AMP-activated protein kinase
(AMPK) and insulin increase glucose transport in the skeletal muscle by different mechanisms
(Hayashi er al., 1998).

The AMP-activated protein kinase (AMPK) cascade has been proposed to act as a metabolic
master switch, regulating energy metabolism in response to changes in the energy charge of the cell
(Winder and Hardie, 1999). It has been reported that activation of AMPK in muscle, using AICAR
leads to increase in glucose transport (Merrill ef af., 1997, Hayashi ef al., 1998). The increase in glucose
transport induced by AICAR is accompamied by increased translocation of GLUT4 to the plasma
membrane (Kurth-Kraczek ef af., 1999). To determine the dependence of AMPK on NO, a number
of studies have activated AMPK in the presence or absence of NOS inhibitors. In cell culture, the
combination of L-NMMA and AICAR resulted in the elimination of AICAR-stimulated
glucose uptake, suggesting that AMPK increases glucose uptake by an NO-dependent pathway
(Fryer et al., 2000). An inhibitor of guanylate cyclase also blocks the activation of glucose transport
by AICAR demonstrating that the activation of AMPK in muscle cells stimulates glucose transport
by activation of NOS coupled to downstream signaling components, including cyclic GMP
(Fryer et al., 2000). Additional evidence is found by Morrow and colleagues, where activation of
AMPK by AICR in human aortic endothelial cells resulted in an increase in NOS phosphorylation
and NO production (Morrow et al, 2003). Furthermore, a significant study in the area was
done by Higaki and colleagues who found that NO is not involved in the signaling pathway leading to
contraction-stimulated glucose uptake in skeletal muscle and that SNP increases skeletal muscle
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glucose uptake through a mechanism that is distinct from the insulin- and contraction-signaling
pathways. They proposed that the there is a third signaling pathway that enhances glucose uptake in
skeletal muscle which is associated with an activation of the ¢l catalytic subunit of AMPK
(Higaki et al., 2001). Therefore, these in vitro studies provide strong evidence that AMPK acts via a
NO pathway:.

In vivo data are lacking and only a few studies have been done. Tn a recent study by Shearer and
colleagues, AMPK activation simultansously increased glucose and long-chain fatty acid (LCA)
clearance and L-NAME impedss AMP-induced glucose uptake in skeletal muscle of male
Sprague-Dawley rats (Shearer ef af., 2004). In addition to determining the NO dependence of AMPK s
actions, this study demonstrates that both AMPK-induced glucose and LCA uptake are dependent
on muscle fibre-type composition with muscles of a greater percentage of fast-twitch fibres more
responsive to AMPK-stimulated glucose uptake than muscles comprised of more slow-twitch fibres
(Shearer et al., 2004).

Myocardial Glucose Uptake and Nitric Oxide

In skeletal muscle of male Sprague-Dawley rats, NO affects myocardial utilization, exerting an
inhibitory action on myocardial glucose uptake and metabolism (Depre ef al., 1995). Exogenous NO,
by means of its second messenger ¢cGMP inhibits glucose uptake and utilization in ischemic as well
as nonischemic isolated hearts (Depre ef al., 1998) and in quiescent myocytes (Bergemann ef af., 2001).
Studies by Tada and colleagues showed that endogenous NO is likely to be responsible for a tonic
inhibition of cardiac carbohydrate metabolism as shown by the marked elevation of glucose uptake
under basal conditions, in isolated hearts from endothelial NOS knockout mice (Tada ef af., 2000).
There is evidence that SNP stimulates glucose uptake in cardiomyocytes via MAPK. During ischemia
there is the activation of glucose uptake via translocation of GLUT-4 from an intracellular pool to the
sarcolemma (Wheeler, 1988; Young ef a/., 1997a, b) and AMPK stimulates GLUT-4, glucose uptake
and glycolysis (Marsin ef af., 2000; Russell ef af., 2004). In addition, SNP stimulates glucose uptake
in cardiomyocytes via mitogen-activated protein kinase (Jensen ef af., 2003). However, a recent study
found that the activation of nitric oxide/guanylate cyclase pathway contributes to, but is not the sole
mediator of AMPK-stimulation of glucose uptake and GLUT-4 translocation in heart muscle
(Li et af., 2004).

Nitric oxide donors such as nitroglycerin (NTG) have been widely used in the treatment of angina
as its vasodilatory effects are mediated through breakdown to form NO within the coronary and
systemic blood vessels (Ignarro ef af., 2002). Lei and colleagues found that in ischaemic myocardium,
NO released by NTG inhibits glucose uptake and lactate production by a reduction of AMPK
stimulation of GLUT-4 translocation, revealing a mechanism of metabolic modulation by NO donors
(Lei ef al, 2005). In addition, NO from NTG inhibits lactate production and the inhibition of
NO synthesis stimulates glucose oxidation by means of a pyruvate dshydrogenase-independent
mechanism. These mechanisms suggest that the therapeutic actions of NO donors in myocardial
ischemia may be partially due to the metabolic effects of these agents (Lei ef af., 2005). The results of
this study by Lei and colleagues are in agreement with previous work in which reduced activation of
AMPEK, GLUT-4 translocation, glycolysis and lactate production in dogs receiving NO donors reflect
a cause-effect relationship (Marsin et al., 2000, Russell ef af., 2004).

Regulation of Nitric Oxide System in Adipose Tissue

A novel role for NO in the regulation of adipose tissue function has emerged in the last ten years
(Anderson et al., 1999; Ribiere ef af., 1996), providing evidence for the expression of NO synthase
type II and 11T isoforms tissue. In a recent study by Tanaka and colleagues, eNOS was found to be
expressed in murine 3T3-L1 adipocytes (Tanaka ef af., 2003) and this result is consistent with
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previous findings in human adipocytes (Ribiere ef al., 1996). The NO donor, SNP stimulated glucose
uptake in 3T3-L1 adipocytes and insulin was found to induce GLUT 4 translocation and glucose
uptake through phosphorylation of IRS-1 or Aktin 3T3-L1 adipocytes (Tanaka et af., 2003). Nitric
oxide did not induce phosphorylation of IRS-1 and Akt during the stimulation of glucose uptake,
indicating that the insulin receptor/Akt pathway is not involved in NO function (Tanaka et al., 2003).
Based on these observations, the authors suggest it may appear that NO stimulate glucose uptake
through an insulin-independent pathway in 3T3-L1 adipocytes (Higaki er af., 2001) and that
GLUT-4 translocation is involved in the NO-stimulated mechanism (Tanaka ez af., 2003).

NOS blockade was found to reduce insulin-mediated glucose uptake in both brown and white
adipose tissues (Roy ef al., 1998). The beneficial effects of NO formation on insulin-stimulated glucose
uptake (Roy er al., 1998) are most likely explained by insulin-stirmulated NO production in endothelial
cells. NO may in turn facilitate glucose delivery into target organs muscle and adipose tissues by
increasing tissue blood flow (Pilon er af., 2000). The AMPK cascade has been characterized in
3T3-L1 adipocvtes (Salt ef al., 2000). In contrast to skeletal muscle in which AMPK stimulation
promotes glucose transport to provide ATP as a fuel, AMPK stimulation inhibits insulin-stimulated
glucose transport in adipocytes, inhibiting triacylglyeerol synthesis, to conserve ATP under conditions
of cellular stress (Salt ef al., 2000). Furthermore, AMP-activated kinase-mediated posttranslational
phosphorylation inhibited iNOS activity and enhanced insulin sensitivity in muscle and adipose tissues
(Pilon ef af., 2004).

Glucose Uptake in Vascular Smooth Muscle and Nitric Oxide

Vascular smooth muscle cells (VSMCs) have been shown to express GLUT-4 and exhibit a
significant insulin-responsive glucose uptake similar to that of skeletal muscle and adipose tissue
(Kahn et af., 1995; Standley et al., 1995). 1t has been proposed that insulin-induced vasodilation is
mediated, at least in part, by the stimulation of endothelial NO production, causing inhibition of
contraction of the underlying VSMCs via activation of guanylate cyclase (GC) {Scherrer e al., 1994).
A direct effect of insulin on cultured VSMCs has been observed in vitro, showing that these cells are
targets of insulin action (Trovati and Anfossi, 2001). In addition, it has been found that insulin
increases ¢GMP production by a NO-dependent mechanism (Trovati ef of., 1995) and inducible NOS
expression as well as cGMP generation via the PI3K pathway (Begum ez af., 1998).

A recent study by Bergandi er al. (2003) found that insulin stimulates glucose transport and
GLUT-4 translocation in human VSMCs owing to its ability to increase endogenous NO production
via activation of NOS, as the NOS inhibitor L-NAME completely blocks both insulin-mediated effects.
In addition, GSNO and SNP enhance both glucose transport and GLUT-4 translocation in human
VSMCs, bypassing the inhibitory effect of L-NAME (Bergandi ef /., 2003). The authors suggests that
in human VSMCs, NO plays an important role in both insulin-dependent relaxation/vasodilation and
glucose uptake (Bergandi et al., 2003).

The role of NO/¢GMP signaling in glucose transport 1s different between smooth muscle and
skeletal muscle. Fryer and colleagues found that elevation of glucose transport in rat skeletal muscle
and mouse H-2k b muscle cells was completely blocked by inhibition of NOS only under those
conditions that lead to increase AMPK activity. In addition, inhibitors of NOS have no effect
on the elevation of glucose transport caused by stimuli such as insulin that do not activate AMPK
(Fryer et al., 2000). Conversely, in human VSMC, the elevation in glucose transport is promoted by
insulin via a NOS- and GC-dependent mechanism. The stimulating effects of insulin and ¢cGMP on
glucose transport require ¢GMP-dependent kinase (PKG) activation (Bergandi e# a/., 2003). This
enzyme plays a central role in the insulin-dependent rapid stimulation of glucose transport in human
VSMCs, which ocecurs via the ability of insulin to promote the translocation of intracellular vesicles
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containing GLUT-4 to the plasma membrane (Pfeifer ef al., 1999). However the molecular mechanisms
of cGMP signaling distal to PKG I are not yet completely understood and are at present being actively
investigated.

Conclusions and Future Perspectives

Recent evidence suggests that NO is capable of stimulating glucose transport through GLUT-4
translocation in 3T3-L1 adipocytes, via a mechanism different from the insulin-signaling pathway and
may involve AMPK. In ischemic myocardium, NTG inhibits glucose uptake and lactate production
via reduction in AMPK stimulation of GLUT-4 translocation, revealing a mechanism of metabolic
modulation and myocardial production activated by NO donors.

Defective eNOS driven NO synthesis causes insulin resistance, arterial hypertension and
dyslipidemia in mice and characterizes insulin-resistance in humans. In addition, the stimulation of
iNOS and NO overproduction in mice may also cause metabolic insulin resistance. Nitric oxide has
been implicated as an important signaling molecule in the contraction-mediated glucose uptake pathway
and may represent a novel strategy for blood glucose control. NO-mediated glucose transport may
compensate for impaired insulin action and account for normal glucose uptake in individuals with type
2 diabetes during exercise. The NO pathway therefore may represent a potential therapeutic target in
patients with type 2 diabetes.

The intracellular pathways that lead to contraction- and insulin-stimulated GLUT-4 translocation
seam to be different, allowing a maximal effect when acting together. Insulin utilizes a PI3K-dependent
mechanism, whereas the exercise sigual may be initiated by calcium release from the sarcoplasmic
reticulum or from autocrine- or paracrine-mediated activation of glucose transport. Furthermore,
AMPK is activated by exercise in skeletal muscle which stimulates glucose transport by activation of
NOS coupled to downstream signaling components including ¢GMP. Since during exercise the nuscle
may utilize insulin-independent mechanisms to increase glucose uptake, the mechanisms involved
should provide important knowledge to the understanding and managing of insulin resistance.

Over the past few years many components of the insulin receptor signaling network have been
discovered and particular exciting has been the findings that S-nitrosylation-mediated inactivation of
Akt/PKB may contribute to the pathogenesis of iNOS- and/or oxidative stress-involved insulin
resistance. However, the effect of NO donors on basal and insulin-stimulated glucose uptake in skeletal
muscles is controversial. Recent studies demonstrated that low concentrations of NO donors stimulate
glucose uptake while higher concentrations are inhibitory. The mechanisms involved have not been
fully elucidated and new studies should be designed to define the precise molecular mechanisms.
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