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ABSTRACT  

Nitric oxide (NO) is a gas that serves as a ubiquitous signaling molecule participating in physiological activities 

of various organ systems. Nitric oxide is produced in the endocrine pancreas and contributes to synthesis and 

secretion of insulin. The potential role of NO in insulin secretion is disputable – both stimulatory and inhibitory 

effects have been reported. Available data indicate that effects of NO critically depend on its concentration. Dif-

ferent isoforms of NO synthase (NOS) control this and have the potential to decrease or increase insulin secretion. 

In this review, the role of NO in insulin secretion as well as the possible reasons for discrepant findings are dis-

cussed. A better understanding of the role of NO system in the regulation of insulin secretion may facilitate the 

development of new therapeutic strategies in the management of diabetes.  
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INTRODUCTION 

Nitric oxide (NO) is a short-lived, volatile 

gas that also serves as a ubiquitous signaling 

molecule involved in a variety of biological 

functions, which, if altered, could contribute 

to the genesis of many pathological condi-

tions (Lundberg et al., 2018). One area of re-

cent interest is the potential role of NO in the 

regulation of insulin synthesis and secretion; 

these effects are, however, highly complex as 

both inhibitory and stimulatory effects of NO 

on insulin secretion have been reported 

(Nystrom et al., 2012; Sansbury and Hill, 

2014; Bahadoran et al., 2020b).  

Nitric oxide through increasing intracellu-

lar Ca2+ levels or via S-nitrosylation of gluco-

kinase and syntaxin 4, as well as vasodilation 

of islet vasculature, increases insulin secre-

tion (Laffranchi et al., 1995; Rizzo and Piston, 

2003; Wiseman et al., 2011; Nystrom et al., 

2012; Kruszelnicka, 2014). Decreased NO bi-

oavailability has been shown in obesity and 

type 2 diabetes in both animal and human 

studies (Wu and Meininger, 2009; Jiang et al., 

2014; Sansbury and Hill, 2014; Bakhtiar-

zadeh et al., 2018) and restoration of NO lev-

els has many favorable metabolic effects in 

type 2 diabetes (Carlstrom et al., 2010; Gheibi 
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et al., 2017, 2018a, 2019). These studies sug-

gest that NO through modulation of insulin 

secretion and its signaling pathways may be a 

potential target for the treatment of type 2 di-

abetes. By contrast, inhibition of islet NO 

synthase (NOS) activity is accompanied by an 

increase in glucose-stimulated insulin secre-

tion (GSIS) (Panagiotidis et al., 1995; 

Akesson et al., 1999; Henningsson et al., 

2000, 2002; Eckersten and Henningsson, 

2012). Moreover, GSIS has been shown to be 

suppressed by different concentrations of NO 

donors (Panagiotidis et al., 1995; Antoine et 

al., 1996; Akesson and Lundquist, 1999), in-

dicating a negative role of NO in insulin se-

cretion.  

The controversy of NO’s role in insulin 

secretion may depend on the use of various β-

cell lines with different qualitative/quantita-

tive secretory reaction patterns, incubation of 

islets/β-cells in high or low glucose media, us-

ing different NOS inhibitors, or different 

types of extracellular/intracellular NO do-

nors. Also varying enzymatic activities of the 

different isoforms of NOS may be of im-

portance. This review focuses on the role of 

NO in the regulation of insulin secretion as 

well as the possible factors and reasons which 

may contribute to discrepancies in the results 

between different studies. 

 

AN OVERVIEW OF NO PRODUCTION 

AND FUNCTION 

Production of NO 

Nitric oxide is produced in NOS-depend-

ent and independent pathways (Aronstam et 

al., 1995; Ghasemi and Jeddi, 2017). In NOS-

dependent pathways, NO is produced by three 

isoforms of NOS, referred to as neuronal 

(nNOS/NOS1), inducible (iNOS/NOS2), and 

endothelial (eNOS/NOS3) (Knowles and 

Moncada, 1994; Cannon, 1998; Yoon et al., 

2000; Sansbury and Hill, 2014). L-arginine is 

the substrate for all isoforms. For NO genera-

tion, NOS first hydroxylates L-arginine to 

N(omega)-hydroxy-L-arginine (L-NOHA) 

and then oxidizes L-NOHA to L-citrulline 

and NO (Stuehr, 2004).  

Both nNOS and eNOS are constitutively 

expressed proteins, collectively termed as 

cNOS; nNOS is expressed in specific neurons 

of the brain but also found in skeletal muscle 

and epithelial cells (Frandsen et al., 1996; 

McConell et al., 2007). eNOS, which pro-

duces relatively low quantities of NO, is ex-

pressed at the highest relative abundance in 

the vascular endothelium (McNaughton et al., 

2002; Tanaka et al., 2003). Although iNOS 

expression is primarily identified in macro-

phages, it can be induced in virtually any cells 

or tissues by inflammatory cytokines (Lee et 

al., 2003; Luiking et al., 2010). A mitochon-

dria-localized NOS isoform has also been re-

ported (Finocchietto et al., 2009), however, its 

specific contribution remains unclear. Activ-

ity of cNOS is regulated by Ca2+ and calmod-

ulin; by elevation in intracellular Ca2+ levels, 

eNOS activity is markedly increased and re-

sults in production of NO in a pulsatile man-

ner (Forstermann and Sessa, 2012). Activity 

of iNOS is not regulated by Ca2+ with calmod-

ulin and the enzyme active even at extremely 

low intracellular Ca2+ levels (Forstermann 

and Sessa, 2012; Berridge, 2014). Once ex-

pressed, iNOS produces a large amount of 

NO. Higher concentrations of NO, produced 

by iNOS or exogenous NO leads to inhibition 

of cNOS (Schwartz et al., 1997; Sansbury and 

Hill, 2014), as lower concentrations of NO are 

required for inhibition of cNOS than for iNOS 

inhibition (Schwartz et al., 1997). 

In NOS-independent pathways, NO is 

produced from nitrate and nitrite; oxidation of 

endogenous NO and diet are two major 

sources of nitrate in mammals (Lundberg and 

Weitzberg, 2013). About 25 % of circulating 

nitrate is actively taken up by the salivary 

glands and then reduced to nitrite by the oral 

commensal bacteria (Lundberg et al., 2008). 

After oral loading, nitrate/nitrite is rapidly ab-

sorbed in the duodenum and jejunum 

(Carlstrom et al., 2010; Kevil et al., 2011). In 

the stomach, part of the nitrite is reduced to 

NO but most of it is absorbed into the circula-

tion (Weitzberg and Lundberg, 1998; 

Dauncey, 2012). Nitrite reduction to NO in 

blood and tissues could be enzymatic or non-
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enzymatic and is generally enhanced during 

hypoxic, ischemic, and acidic conditions 

(Lundberg et al., 2008; Lundberg and 

Weitzberg, 2010). 

 

Nitric oxide signaling pathways 

Actions of NO can be cyclic guanosine 

monophosphate (cGMP)-dependent and 

cGMP-independent (mostly reactive nitrogen 

species-mediated) (Cordes et al., 2009). The 

cGMP-dependent signaling pathway is the 

most important physiologic signaling path-

way activated by NO (Pacher et al., 2007; 

Omar et al., 2016). In this pathway, only low 

concentrations of NO (5-10 nM) are required 

to activate guanylyl cyclase (GC) (Murad, 

2006; Pacher et al., 2007), which converts 

guanosine triphosphate to cGMP (Murad, 

2006). Guanylyl cyclase has two isoforms: 

soluble (sGC is cytosolic) and membrane 

(particulate), of which, sGC is the receptor for 

NO (Murad, 2006). Binding of two NO mol-

ecules is necessary for full activation of sGC; 

the first molecule binds to the β-subunit of 

sGC at picomolar affinity, partially activating 

it to ~15 % of its maximal activity (Horst and 

Marletta, 2018); full activation of sGC de-

pends on the NO concentration and occurs 

following binding of a second molecule of 

NO, which happens at nanomolar affinity; a 

conformational change in sGC following NO 

binding is the rate-limiting step for its activa-

tion; switching between partially and fully ac-

tivated states is responsible for rapid activa-

tion and deactivation of sGC (Bahadoran et 

al., 2020a). The second site of sGC releases 

NO when cellular NO concentrations fall with 

the enzyme returning to its partially active 

state (Horst and Marletta, 2018). Elevated 

cGMP levels activate the downstream ele-

ments of the NO signaling pathway (PKG, 

cGMP-gated cation channels and cGMP-reg-

ulated phosphodiesterases) and mediate its 

physiological actions (Gheibi et al., 2018b, 

2020). 

In addition to the NO/cGMP/PKG signal-

ing pathway, nitrosative post-translational 

modifications such as S-nitrosylation, which 

is a reversible covalent attachment of NO to 

the cysteine residues of proteins, is a key 

mechanism for NO signaling (Crawford and 

Guo, 2005; Berridge, 2014). S-nitrosylation 

activates or inhibits protein function and 

therefore can be beneficial or detrimental 

(Wiseman and Thurmond, 2012; Zheng et al., 

2016). Despite the presence of cysteine resi-

dues on almost all proteins and production of 

NO by most cells, only some proteins are ni-

trosylated (Mannick and Schonhoff, 2002). 

The specificity of S-nitrosylation depends on 

the presence of metal ions (Mg2+ or Ca2+), lo-

cal pH, and acid-base motifs (Altaany et al., 

2014). 

 

OVERVIEW OF INSULIN SYNTHESIS 

AND SECRETION 

Insulin is produced by β-cells in the islets 

of Langerhans; each islet contains ~1000 β-

cells and each β-cell contains ~10,000-13,000 

granules with a single granule containing 8 fg 

(10-18 mol or 106 molecules) of insulin 

(Renström and Rorsman, 2007; Eliasson et 

al., 2008). The insulin gene encodes a single-

chain precursor known as preproinsulin con-

taining the signal peptide, insulin A-chain, C-

peptide, and insulin B-chain (Fu et al., 2013). 

The signal peptide is located at the N-termi-

nus of preproinsulin and interacts with cyto-

solic ribonucleoprotein signal recognition 

particles (SRP), which facilitate preproinsulin 

translocation across the rough endoplasmic 

reticulum (RER) membrane into its lumen (Fu 

et al., 2013). In the RER, the signal peptide is 

cleaved by a signal peptidase to yield proin-

sulin; proinsulin is then transported to the 

Golgi apparatus and packaged into the secre-

tory granules where the conversion of proin-

sulin to native insulin and C-peptide begins 

before they are stored in the mature secretory 

granules (Fu et al., 2013).  

Only 1-3 % of secreted insulin from the 

islets of Langerhans is in the form of proin-

sulin but due to its long half-life, it accounts 

for 5–30 % of the insulin-like molecules cir-

culating in the blood. Additionally, because of 

similarities in the structure of proinsulin and 

insulin, proinsulin can bind with some affinity 

to the insulin receptor, producing up to 5-

https://en.wikipedia.org/wiki/Insulin_receptor
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10 % of the metabolic activity induced by in-

sulin (Weiss et al., 2000).  

An elevated blood glucose level is the 

main stimulus for insulin secretion from β-

cells. Glucose enters the pancreatic β‐cells via 

a low affinity glucose transporter (GLUT-2 in 

rodents and GLUT-1 as well as GLUT-3 in 

human) (McCulloch et al., 2011); glucose is 

phosphorylated by glucokinase, and pyruvate 

is generated through glycolysis in the cyto-

plasm (Fu et al., 2013). Pyruvate is then me-

tabolized by pyruvate carboxylase and py-

ruvate dehydrogenase in the mitochondria, ul-

timately leading to an increase in the cyto-

plasmic adenosine triphosphate (ATP)/aden-

osine diphosphate (ADP) ratio, which closes 

ATP‐sensitive K+ channels (KATP channels) 

(Eliasson et al., 2008). In β‐cells, KATP chan-

nels are the primary determinants of the mem-

brane potential; closure of these channels 

causes membrane depolarization and the sub-

sequent activation of L‐type voltage‐depend-

ent Ca2+ channels (VDCC). This results in el-

evation of the cytosolic free Ca2+ concentra-

tion ([Ca2+]i), followed by insulin granule 

content release into the circulation (Fu et al., 

2013). 

Insulin granule content release, or exocy-

tosis, into the circulation includes several 

steps. Firstly, granule translocation to the 

plasma membrane followed by tethering, 

docking, priming, and fusion of the granules 

(Gerber and Sudhof, 2002; Martin-Urdiroz et 

al., 2016). Insulin secretion follows a charac-

teristic biphasic time course: (1) the first 

phase involves the plasma-membrane fusion 

of vesicles that are primed at the vicinity of 

the plasma membrane, termed the readily re-

leasable pool (RRP); (2) the second phase in-

volves the mobilization of intracellular gran-

ules that are deeper within the cell from the 

plasma membrane (Wang and Thurmond, 

2009). 

 

Insulin granule exocytosis  

Translocation to the plasma membrane 

Motor proteins transport insulin-contain-

ing vesicles toward the membrane (Martin-

Urdiroz et al., 2016). This movement is both 

random and directed along microtubules 

(Renström and Rorsman, 2007), which are 

distributed throughout the cell, except in the 

periphery, where there is an actin web 

(Renström, 2011). Anterograde (forward) 

movement of granules depends on kinesin-1 

with a maximum velocity of 600-800 nm/sec 

(Renström and Rorsman, 2007); kinesin-3 

may provide a very fast (1000 nm/sec) insulin 

granule translocation to the plasma membrane 

(Renström and Rorsman, 2007). As kinesins 

are ATP-dependent, glucose, by increasing 

the cytosolic ATP level, increases kinesin ac-

tivity and therefore insulin secretion (Wang 

and Thurmond, 2009). Movement of insulin 

granules in the reverse direction is achieved 

through dynein (Renström and Rorsman, 

2007). Under basal conditions, actin filaments 

under the plasma membrane prevent insulin 

hypersecretion (Renström and Rorsman, 

2007). However, glucose transiently causes 

F-actin remodeling, regulated by the small 

Rho-family GTPases, Cdc42 and Rac1. 

Cdc42 is activated within 3 minutes of glu-

cose stimulation while Rac1 activation is not 

apparent until 15-20 minutes after stimulation 

(Wang and Thurmond, 2009).  

SNARE-mediated exocytosis 

Insulin vesicle exocytosis is mediated by 

soluble N-ethylmaleimide-sensitive factor at-

tachment protein receptor (SNARE) proteins 

(Gaisano, 2017), which can be divided into 

two categories: vesicle (v)-SNAREs from the 

vesicle membrane, and target (t)-SNAREs 

from the target membrane. t-SNARE, in-

cludes the syntaxin and synaptosome associ-

ated protein-25 (SNAP-25) families, while v-

SNAREs refers to vesicle-associated mem-

brane proteins (VAMPs) (Jewell et al., 2010).   

Tethering is the initial contact between a 

vesicle and the plasma membrane and is me-

diated by the exocyst complex (Liu and Guo, 

2012; Martin-Urdiroz et al., 2016), which is a 

conserved octameric complex that tethers ex-

ocytic vesicles to the plasma membrane prior 

to fusion. This complex contains Sec (for se-

cretion) and Exo (for exocyst related) proteins 

(Liu and Guo, 2012; Xie et al., 2013; Martin-
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Urdiroz et al., 2016). In docking and attach-

ment to the plasma membrane, Munc18 

(mammalian uncoordinated-18) binds to syn-

taxin and recruits SNAP-25 to the plasma 

membrane (Shibasaki et al., 2014). Rab3A, a 

small GTPase, with its interacting partner 

(Rim2α) binds to Munc18 and plays an im-

portant role in docking (Shibasaki et al., 

2014). v-SNARE VAMP-2 (also known as 

synaptobrevin) pairs with the t-SNAREs syn-

taxin and SNAP-23/25 to form the SNARE 

core complex. Prior to formation of the 

SNARE complex, the accessory protein 

Sec1/Munc18 provides a bridge between v-

SNARE and t-SNARE so that the space be-

tween membranes is closed (Martin-Urdiroz 

et al., 2016). Munc18 proteins are essential 

regulators of SNARE-mediated exocytosis 

and reduction in Munc18/SNARE complex 

has been implicated in the loss of first phase 

of insulin secretion in type 2 diabetes 

(Gaisano, 2014). Priming, in which granules 

become ready for the fusion process, is an 

ATP-dependent reaction necessary for exocy-

tosis (Renström, 2011; Shibasaki et al., 2014). 

In priming, SNARE proteins form a complex 

in preparation for Ca2+-triggered fusion 

(Gaisano, 2014). Following Ca2+ entry, syn-

aptotagmins act as Ca2+ sensors (Sollner, 

2003) and also promote fusion pore formation 

(Gaisano, 2014) leading to insulin secretion. 

The primary Ca2+ sensor in β-cells is synapto-

tagmin-7 (Roder et al., 2016). 

 
NITRIC OXIDE AND THE  

ENDOCRINE PANCREAS  

Nitric oxide production in endocrine  

pancreas 

Pancreatic β-cells express all three 

isoforms of NOS (Table 1) (Shimabukuro et 

al., 1997; Lajoix et al., 2001; Henningsson et 

al., 2002; Nakada et al., 2003; Novelli et al., 

2004; Jimenez-Feltstrom et al., 2005; 

Kurohane Kaneko and Ishikawa, 2013; 

Lundberg and Weitzberg, 2013; Broniowska 

et al., 2014). nNOS is usually considered to 

be the major isoform with multifunctional 

properties in the pancreas; it is mainly found 

in insulin secretory granules, but also in the 

mitochondrion and the nucleus (Spinas et al., 

1998; Lajoix et al., 2001; Mezghenna et al., 

2011). The activity of nNOS is regulated pos-

itively by Ca2+/calmodulin, glucose, and pal-

mitate (Salehi et al., 1996; Bachar et al., 2010) 

and negatively by cytokines (Gurgul-Convey 

et al., 2012). There are few studies focusing 

on eNOS function in β-cells (Kurohane 

Kaneko and Ishikawa, 2013). The presence of 

this NOS isoform has however been reported 

in rodent β-cells (Nakada et al., 2003; Hogan 

et al., 2016). At basal glucose concentrations, 

iNOS is not detectable in β-cells but its ex-

pression is increased following exposure to 

higher cytoplasmic glucose concentrations 

(Henningsson et al., 2002; Jimenez-Feltstrom 

et al., 2005). 

At a normoglycemic concentration of glu-

cose (7 mM), a small amount of NO is pro-

duced, which is derived from cNOS 

(Henningsson et al., 2002); iNOS activity has 

been shown to be increased at >10 mM glu-

cose, which is in strong agreement with its 

protein expression (Henningsson et al., 2002). 

In addition to the effects of glucose concen-

tration, the potential role of fasting on NO 

production has also been reported (Eckersten 

and Henningsson, 2012). Indeed, in islets 

from freely fed mice, iNOS activity is very 

low (1.1 ± 1.1 pmol NO/min/mg protein) but 

increases following fasting (15 ± 1.3 pmol 

NO/min/mg protein) both at low and high glu-

cose concentrations (Henningsson et al., 

2000; Eckersten and Henningsson, 2012). 

There was no influence of starvation on islet 

cNOS activity (19.3±1.4 pmol citrulline×mg 

protein−1×min−1) at basal glucose concentra-

tion (7 mM) but increased at 20 mM glucose 

(30.7±3.4 pmol citrulline×mg pro-

tein−1×min−1) (Eckersten and Henningsson, 

2012). 

 

Nitric oxide and insulin secretion 

The potential role of NO in insulin secre-

tion has been widely disputed, and the results 

obtained are highly controversial. It has been 

reported that NO stimulates (Laychock et al., 

1991; Schmidt et al., 1992;  Willmott et al.,  

1995; Ding and Rana, 1998; Spinas et al.,  1998;
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Table 1: Expression of NOS isoforms in the endocrine pancreas 

Species 
NOS iso-

form 
Islet/cell Location Reference 

INS-1 cell/ 
Wistar rat 

nNOS 
INS-1 and islet β 

cells 
Insulin granules, 

mitochondria, nucleus 
Lajoix et al., 2002 

Sprague–Daw-
ley rat 

iNOS Islet and β cells NR 
Corbett and McDaniel, 

1995 
db/db mice eNOS Islet NR Hogan et al., 2016 
Min6 cell line eNOS β cell NR Hu et al., 2017 
Wistar rat eNOS β, δ, and pp cells Microvessels Nakada et al., 2003 

Wistar rat nNOS 
α, β, δ, and  

pp cells 
NR Nakada et al., 2003 

NMRI mice cNOS Islet NR Akesson et al., 1999 

NMRI mice 
cNOS and 

iNOS 
Islet NR Henningsson et al., 2002 

Sprague–Daw-
ley rat 

nNOS and 
iNOS 

Islet NR 
Jimenez-Feltstrom et al., 

2005 
Wistar rat eNOS Islet NR Tsuura et al., 1998 
Sprague–Daw-
ley rat 

(?)NOS α and δ cells 
Insulin granules and cyto-

plasm 
Spinas et al., 1998 

Human and 
Zucker rat 

nNOS Islet 
Insulin granules and 

mitochondria 
Mezghenna et al., 2011 

P. obesus/ 
Wistar rat 

nNOS Islet NR Bachar et al., 2010 

INS-1E cell 
line 

nNOS β cells NR Bachar et al., 2010 

NOS, nitric oxide synthase; cNOS, constitutive NOS; eNOS, endothelial NOS; iNOS, inducible NOS; nNOS, neuronal NOS; 
NR, not reported; PP, Pancreatic polypeptide. 

 

 

Matsuura et al., 1999; Spinas, 1999; Smukler 

et al., 2002; Nystrom et al., 2012; Gheibi et 

al., 2017), inhibits (Panagiotidis et al., 1992, 

1994, 1995; Gross et al., 1995; Akesson and 

Lundquist, 1999; Akesson et al., 1996, 1999; 

Antoine et al., 1996; Salehi et al., 1996, 1998; 

Henningsson and Lundquist, 1998; 

Henningsson et al., 1999, 2000, 2001; Tsuura 

et al., 1998) or has negligible effect (Jones et 

al., 1992; Gheibi et al., 2018a) on insulin se-

cretion in studies using islets and β-cell lines 

with various types and concentrations of NOS 

inhibitors and NO donors (Table 2). In the fol-

lowing sections, we will discuss in more de-

tail how NO may stimulate or inhibit insulin 

secretion. 

Stimulatory effect of NO on insulin secretion 

The initial evidence that NO played a role 

in the regulation of insulin secretion came 

from Laychock and colleagues in 1991 

(Laychock et al., 1991). They found that so-

dium nitroprusside by increasing the cGMP 

level in rat islets, stimulated insulin secretion, 

while inhibition of NOS decreased glucose- 

and arginine-induced cGMP release 

(Laychock et al., 1991). This was further sup-

ported by the finding that L-arginine-derived 

NO increases basal and GSIS in isolated 

mouse islets (Henningsson and Lundquist, 

1998; Henningsson et al., 1999) and the glu-

cose-responsive clonal pancreatic β-cell line 

HIT-T15 (Schmidt et al., 1992). A concomi-

tant release of insulin and NO is induced by 

L-arginine in the presence of D-glucose, with 

the median effective arginine concentrations 

(EC50) for insulin and NO release equal to 150 

µM and 50 µM, respectively, both of which 

are within the physiological range of circulat-

ing L-arginine levels. Interestingly, L-argi-

nine also decreases the EC50 for D-glucose’s 

stimulation of both NO and insulin release 

(from 15 mM to 5 mM) (Schmidt et al., 1992). 
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Table 2: Effects of nitric oxide on insulin secretion 

Species/tissue  NO donor/sub-
strate 

NO scaven-
ger/ NOS in-

hibitor 

Glucose 
concen-
tration 
(mM) 

Treatment 
duration 

(min) 

Effect References 

INS-1 cell HA (2 mM), SNP 
(100 μM), SIN-1 

(500 μM) 

- 15 60 Stimulatory Smukler et al, 
2002 

Islet/Wistar rat Sodium nitrite  
(0.1–100 μM), 

NONOate (10 µM) 

- 5 30 Stimulatory Nystrom et al., 
2012 

Islet/NMRI mice - L-NAME  
(10 mM) 

7 60 Stimulatory Panagiotidis et 
al., 1995 

Islet/NMRI mice HA  
(0.03- 3000 µM) 

- 16.7 60 Inhibitory at  
>300 µM 

Panagiotidis et 
al., 1995 

Islet/NMRI mice L-arginine  
(5 and 10 mM) 

- 7 60 Stimulatory Panagiotidis et 
al., 1995 

Islet/Wistar rat Sodium nitrite - 16.7 60 Stimulatory Gheibi et al., 
2017 

Islet/Wistar rat Sodium nitrate - 16.7 60 No effect Gheibi et al., 
2018a   

RINm5F cell L-arginine  
(10 mM) 

- 8.5 60 Stimulatory Laychock et al., 
1991 

       

Islet/Sprague–Daw-
ley rat 

- NMMA  
(0.5, 1, and 

10 mM) 

17 80 Inhibitory Laychock et al., 
1991 

Islet/NMRI mice - L-NAME  
(5 mM) 

1 60 Stimulatory Salehi et al., 1998 

Islet/NMRI mice - L-NAME  
(5 mM) 

12, 16.7, 
22, 30 

60 Stimulatory Akesson et al., 
1999 

Islet/NMRI mice - L-NAME  
(5 mM) 

1, 7 60 No effect Akesson et al., 
1999 

Islet/NMRI mice - L-NAME  
(1 mM) and 7-

NI (1 mM) 

20 60 Stimulatory Henningsson et 
al., 2002 

Islet/NMRI mice NO gas (200 µM), 
HA (300 µM) 

- 20 60 Inhibitory Henningsson et 
al., 2002 

Islet/NMRI mice HA (3 mM) - 1 60 Inhibitory Salehi et al., 1998 

Islet/Sprague–Daw-
ley rat 

- cPTIO,  
L-NAME 

20 60 Stimulatory Jiminez-Feltstrom 
et al., 2005 

Islet/Human  - L-NAME  
(10 mM) 

8.3, 16.7 90 Stimulatory Mezghenna et al., 
2011 

Pancreas/Zucker rat  - L-NAME  
(5 mM) 

11 20 Stimulatory in  
fa/+ and no effect 

in fa/fa rats 

Mezghenna et al., 
2011 

Islet/Sprague-Daw-
ley rat 

- L-NMMA  
(0.5 mM) 

16 50 Inhibitory Spinas et al., 
1998 

Islet/Wistar rat - L-NIO (10 
µM)/ 7-NI 
(100 µM) 

11.1 30 Stimulatory Tsuura et al., 
1998 

HIT-T15 Cell - NMMA  
(0.5 mM) 

3 15 Inhibitory Ding and Rana, 
1998 

HIT-T15 Cell SNP (5µM) - 3 15 Stimulatory Ding and Rana, 
1998 

NO, nitric oxide; NOS, nitric oxide synthase; SIN-1, 3-morpholinosydnonimine; L-NAME, N(ω)-nitro-L-arginine methyl 
ester; NMMA, NG-Monomethyl-L-arginine, monoacetate; cPTIO, 2-4-carboxyphenyl-4,4,5,5-tetramethylimidazoline-1-
oxyl-3-oxide; L-NIO, N(5)-(1-Iminoethyl)-L-ornithine HCl; 7-NI, 7-Nitroindazole. SNP, sodium nitroprusside; HA, hydrox-
ylamine 
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Endogenously produced NO also plays an 

important role in insulin secretion. Indeed, 

scavenging of NO with cPTIO (carboxy-2-

phenyl-4, 4, 5, 5-tetramethylimidazoline-1-

oxyl 3-oxide) in highly glucose-responsive 

INS-1 cells, is able to significantly reduce the 

stimulation provided by 15 mM glucose (by 

~40 %) (Smukler et al., 2002), highlighting 

the involvement of endogenously produced 

NO in secretagogue-induced insulin secretion 

under physiological conditions. It also seems 

that the early phase of insulin secretion is NO-

dependent as scavenging of endogenous NO 

or inhibition of NOS with L-NMMA (NG-

Monomethyl-L-arginine, monoacetate) in rat 

pancreatic islets blunts the early insulin peak 

by 60-65 % and 46 %, respectively (Spinas et 

al., 1998). This finding may also explain why 

some studies looking into accumulated insu-

lin release in pancreatic islets argue against a 

stimulatory effect of NO on insulin release. 

The mechanism by which NO stimulates in-

sulin secretion is shown in Figure 1 and also 

discussed below. 

Nitric oxide increases insulin synthesis 

Increased insulin synthesis has been re-

ported following NO treatment both in Min6 

β-cells as well as in intact pancreatic islets 

(Campbell et al., 2007). High fat diet STZ-in-

duced diabetic rats were shown to have low 

islet insulin content; long term nitrite supple-

mentation in these rats increased islet insulin 

content, indicating increased insulin synthesis 

(Gheibi et al., 2017). Nitric oxide (NO gas) 

stimulates the activity of the insulin gene pro-

moter in Min6 β-cells with a maximal 2.5-fold 

stimulation at 24 h, an effect which is re-

versed using PI3-kinase inhibitor (wortman-

nin), indicating that PI3-kinase activity is es-

sential for the effects of NO on insulin gene 

promoter activity (Campbell et al., 2007). In 

addition, NO (NO gas) increases endogenous 

insulin gene expression in Min6 cells and iso-

lated rat islets of Langerhans, promoting the 

nuclear accumulation of PDX-1 (pancreatic 

and duodenal homeobox factor-1) and its sub-

sequent binding to the insulin gene promoter 

(Campbell et al., 2007). PDX-1 plays an im-

portant role in β-cells by linking glucose me-

tabolism to events in the β-cell nucleus; in re-

sponse to elevated glucose levels, PDX-1 is 

mobilized from its resting position in the cy-

toplasm into the β-cell nucleus, where it binds 

and activates the insulin gene promoter 

(Macfarlane et al., 1999). By contrast, treat-

ment with S-nitrosoglutathione (GSNO), a 

source of bioavailable NO, has no effect on 

islet insulin content in human and rat islets 

(Hadjivassiliou et al., 1998). Similarly, L-

NAME (N(ω)-nitro-L-arginine methyl ester) 

does not affect the attenuation of proinsulin 

synthesis, or the depletion of islet insulin con-

tent induced by palmitate (Bachar et al., 

2010). 
 

 

Figure 1: Stimulatory effects of nitric oxide 
(NO) on insulin secretion. Glucose enters the 

pancreatic β‐cells via glucose transporter type 2 
(GLUT-2) and is phosphorylated by glucokinase. 
Pyruvate is generated through glycolysis and is 
subsequently further metabolized in the mitochon-
dria, which increases cytoplasmic adenosine tri-
phosphate (ATP) level. Increased ATP level 

closes ATP‐sensitive K+ channels (KATP chan-
nels). Closure of these channels causes mem-
brane depolarization and the subsequent activa-
tion of L‐type voltage‐dependent Ca2+ channels 
(VDCC); elevation of cytosolic free Ca2+ concen-
tration is followed by the release of insulin gran-
ules into the circulation. Nitric oxide through in-
creasing intracellular Ca2+ levels (activation of 
VDCC and release from the mitochondria), insulin 
synthesis, or via S-nitrosylation of glucokinase 
and soluble N-ethylmaleimide-sensitive factor at-
tachment protein receptor (SNARE) protein syn-
taxin 4 increases insulin secretion.   
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Nitric oxide increases cGMP levels 

Increased cGMP level is a putative mech-

anism through which NO exerts its action; L-

arginine with D-glucose, in the absence or 

presence of a non-selective phosphodiester-

ase inhibitor (isobutyl-methylxanthine), in-

crease the level of cGMP in rat pancreatic is-

lets and in HIT-T15 cells (Schmidt et al., 

1992). In addition, direct exposure to the NO 

donor, 3-morpholinosydnonimine (SIN-1), 

also elevates basal cGMP levels in HIT-T15 

cells (Schmidt et al., 1992). The stimulatory 

effect of hydroxylamine on insulin secretion 

is abolished by GC inhibition with ODQ (1H-

[1, 2, 4]oxadiazolo[4, 3-a]quinoxalin-1-one) 

while that stimulatory ability of NO is mim-

icked by the activation of GC using YC-1 (3-

(5-hydroxymethyl-3-furyl)-1-benzylin-

dazole), and by the membrane-permeable 

cGMP analog (8-(4-chlorophenylthio)-

cGMP) in INS-1 cells and rat islets (Smukler 

et al., 2002), again supporting the notion that 

NO acts principally by stimulating GC. Ele-

vated cGMP levels increase Ca2+ influx at 7 

mM but not at 2.8 mM of glucose. This ap-

pears to result from activation of VDCC in rat 

pancreatic β-cells as the [Ca2+]i elevation is 

abolished by nicardipine, a dihydropyridine 

class of Ca2+ channel blockers (Matsuura et 

al., 1999). Interestingly, it is believed that low 

NO levels act through the NO/sGC/cGMP 

pathway while high NO levels exert their ef-

fects independently of cGMP (Lazo-de-la-

Vega-Monroy and Vilches-Flores, 2014). 

Moreover, the NO/sGC/cGMP pathway par-

ticipates in other positive effects for β-cells, 

such as enhancing islet blood flow (Nystrom 

et al., 2012) and decreasing apoptosis (Tejedo 

et al., 2001). 

Nitric oxide increases intracellular Ca2+  

levels 

Nitric oxide increases intracellular Ca2+ 

levels through mobilization of Ca2+ from in-

tracellular stores, such as the endoplasmic re-

ticulum and mitochondria (Laffranchi et al., 

1995; Willmott et al., 1995) or through inhi-

bition of KATP channels and subsequent mem-

brane depolarization, leading to opening of 

VDCCs (Smukler et al., 2002). Application of 

diazoxide, a specific activator of KATP chan-

nels, is able to inhibit hydroxylamine-stimu-

lated insulin release in INS-1 cells (Smukler 

et al., 2002); in this study, Ca2+ imaging with 

Fura-2 demonstrated that hydroxylamine 

stimulates a spiking, oscillatory elevation of 

[Ca2+]i, similar to that seen with glucose (15 

mM) and this [Ca2+]i response occurs simul-

taneously with membrane depolarization 

(Smukler et al., 2002). 

Nitric oxide (NO gas), by binding to cyto-

chrome c and/or cytochrome oxidase inhibits 

the mitochondrial respiratory chain, causing 

decreased mitochondrial membrane potential 

and mobilization of Ca2+ from mitochondria 

(Schweizer and Richter, 1994). Addition of 

low concentrations of NO to INS-1 cells re-

sults in a rapid increase in insulin secretion, 

which is paralleled by decreased mitochon-

drial membrane potential and also an intermit-

tent rise of cytosolic Ca2+. Furthermore, NO-

induced Ca2+ release from the mitochondria 

and increased insulin secretion are independ-

ent of extracellular Ca2+, as chelation of intra-

cellular but not of extracellular Ca2+, de-

creases NO-induced insulin secretion 

(Laffranchi et al., 1995). In addition, when in-

tracellular Ca2+ levels are raised in advance, 

the NO-induced cGMP elevation restores nor-

mal intracellular Ca2+ levels via Ca2+ seques-

tration into the endoplasmic reticulum 

(Matsuura et al., 1999), suggesting that NO, 

via elevation of cGMP, not only increases in-

sulin secretion (Ishikawa et al., 2003), but 

also protects β-cells from excessive Ca2+ in-

creases, which may lead to apoptosis (Kaneko 

et al., 2003).  

Elevated Ca2+ levels also increase NO 

production in INS-1 cells (Smukler et al., 

2002) and it is interesting to note that induc-

tion of NO production is an early event in the 

onset of the insulin secretion process. Alt-

hough NO production can be detected prior to 

an increase in intracellular Ca2+ levels 

(Nunemaker et al., 2007), it is not clear that 

this happens because the Ca2+ levels required 

for NOS activation are actually below the 

threshold for detection by Fura-2. Indeed, this 
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interpretation is compatible with a body of lit-

erature which demonstrates requirement of 

Ca2+/calmodulin binding for the activation of 

NOS (Spratt et al., 2007). As such, one could 

speculate that producing NO at such an early 

point would support the idea of a positive 

role, rather than a negative one, and that for 

negative regulation to occur, a certain thresh-

old must be crossed. 

Nitric oxide acts through S-nitrosylation  

Nitric oxide through S-nitrosylation of 

glucokinase (at cysteine-371) and syntaxin 4 

(at cysteine-141) facilitates GSIS (Rizzo and 

Piston, 2003; Wiseman et al., 2011; 

Kruszelnicka, 2014; Seckinger et al., 2018). 

Using quantitative imaging of multicolor flu-

orescent proteins fused to glucokinase, it has 

been demonstrated that the dynamic associa-

tion of glucokinase with secretory granules is 

modulated by NO (Rizzo and Piston, 2003). 

Indeed, insulin is found to stimulate NO pro-

duction leading to S-nitrosylation of glucoki-

nase in cultured β-cells (βTC3 cells); moreo-

ver, inhibition of NOS disrupts glucokinase 

association with secretory granules and glu-

cokinase conformation (Rizzo and Piston, 

2003). It has been demonstrated that elevated 

glucose and S-nitrosylation, both induce the 

same high-activity glucokinase conforma-

tional state I in βTC3 cells (Seckinger et al., 

2018). Ultimately, attachment of a nuclear lo-

calization signal sequence to NOS in βTC3 

cells drives glucokinase to the nucleus in ad-

dition to its normal cytoplasmic and granule 

targeting (Rizzo and Piston, 2003). These data 

suggest that the regulation of glucokinase lo-

calization and activity in pancreatic β-cells is 

directly related to NO production and that the 

association of glucokinase with secretory 

granules occurs through its interaction with 

NOS. 

The SNARE proteins are post-translation-

ally modified by NO, which in turn impacts 

vesicle exocytosis; NO-stimulated vesicle ex-

ocytosis was found to be mediated by activa-

tion of the core complex proteins involved in 

docking and fusion of the vesicles (Meffert et 

al., 1996). In experiments using recombinant 

proteins, NO donors (sodium nitroprusside 

(SNP), acidified sodium nitrite, S-nitrosoglu-

tathione, S-nitrosocysteine and a saturated so-

lution of NO gas) increase formation of the 

VAMP/SNAP-25/syntaxin 1a core complex 

and inhibit the binding of n-sec1 to syntaxin 

1a (Meffert et al., 1996); these NO donors 

lower the EC50 of VAMP binding to SNAP-

25/syntaxin (Meffert et al., 1996). In addition, 

S-nitrosylation of syntaxin 1a (at cysteine-

145) seems to be a molecular switch to disrupt 

Munc18-1 binding to the closed conformation 

of syntaxin 1a, thereby facilitating its engage-

ment with the membrane fusion machinery 

(Palmer et al., 2008). Taken together, these 

activities are predicted to promote vesicle 

docking/fusion.  

At present, only the t-SNARE protein 

syntaxin 4 has been shown to be specifically 

S-nitrosylated in pancreatic β-cells; once S-ni-

trosylated, this event facilitates GSIS 

(Wiseman et al., 2011; Kruszelnicka, 2014). 

Interestingly, while syntaxin 1 is a target of S-

nitrosylation in neuronal cells and tissues 

(Pongrac et al., 2007; Palmer et al., 2008), it 

is not modified in response to glucose in the 

pancreatic β-cells, demonstrating that a simi-

lar complement of exocytotic proteins results 

in differing functional rate kinetics across dif-

ferent tissues. The cellular content of S-nitro-

sylated syntaxin 4 has been shown to peak 

acutely within 5 min of glucose stimulation in 

both human islets and MIN6 β-cells 

(Wiseman et al., 2011). Mutation in the gene 

encoding cysteine-141-syntaxin 4 prevents S-

nitrosylation induced by the NO donor (S-ni-

trosoglutathione), fails to exhibit glucose-in-

duced activation and VAMP2 binding, and 

consequently fails to potentiate insulin release 

(Wiseman et al., 2011). In addition, monitor-

ing of single-cell exocytosis, using the styryl 

dye, FM1 43, demonstrates that NO (hydrox-

ylamine, SNP, and SIN-1) exerts a rapid stim-

ulatory effect on insulin secretion from INS-1 

cells (Smukler et al., 2002). 

Nitric oxide increases islet blood flow 

Increased islet blood flow, which supplies 

oxygen and nutrients to the islets, is another 

mechanism by which NO may increase insu-

https://www.sciencedirect.com/topics/neuroscience/synaptic-vesicle
https://www.sciencedirect.com/topics/neuroscience/recombinant-proteins
https://www.sciencedirect.com/topics/neuroscience/recombinant-proteins
https://www.sciencedirect.com/topics/neuroscience/syntaxin-1a
https://www.sciencedirect.com/topics/neuroscience/syntaxin-1a
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lin secretion (Nystrom et al., 2012). Nitric ox-

ide has been suggested as an important regu-

lator of islet blood flow; insulin secretion can 

be rapidly modulated by changes in rat islet 

microcirculation (Jansson and Hellerstrom, 

1983). The islets have a well-developed vas-

cular network with a highly fenestrated endo-

thelium in capillaries, thus allowing rapid and 

efficient delivery of oxygen and nutrients to 

the endocrine cells. Interestingly, islet blood 

flow can be regulated independently from the 

exocrine part of the pancreas (Bonner-Weir 

and Orci, 1982; Jansson and Hellerstrom, 

1983). Nystrom and colleagues studied the ef-

fects of nitrite on pancreatic rat islet blood 

flow and dynamic changes in insulin secretion 

and glycemia (Nystrom et al., 2012). They 

found that sodium nitrite increases islet blood 

flow, with no such effect on total pancreatic 

blood flow; the enhancement of islet blood 

flow was followed by an increase in plasma 

insulin concentrations. However, glycemia 

was unchanged (Nystrom et al., 2012), sug-

gesting mobilization of counterregulatory 

hormones, such as glucagon and cortisol, op-

posing insulin action. In addition, nitrite-in-

creased islet blood flow was abolished by a 

GC inhibitor and a NO scavenger and mim-

icked by a cGMP agonist (Nystrom et al., 

2012). This indicates that NO-induced vaso-

dilation is mediated through the GC/cGMP/ 

PKG pathway. Inhibition of NOS by 

LNAME, was shown to decrease whole pan-

creatic and, in particular, islet blood flow in 

normal and diabetic rats (Svensson et al., 

1994). Indeed, to accommodate the elevated 

demand for insulin delivery into the periph-

eral circulation, islet capillaries expand 

through dilation but not by angiogenesis (Dai 

et al., 2013).  

Taken together, emerging evidence has 

demonstrated that NO in the β-cells, through 

increasing cGMP and intracellular Ca2+ lev-

els, or via S-nitrosilation of glucokinase and 

syntaxin 4 as well as vasodilation of islet vas-

culature, increases insulin secretion.  

 

Inhibitory effects of NO on insulin  

secretion 

Suppression of mouse islet NOS activity 

(by L-NAME, L-NMMA, or 7-nitroindazole), 

is accompanied by an increase in GSIS 

(Panagiotidis et al., 1995; Akesson et al., 

1999; Henningsson et al., 2000, 2002; 

Eckersten and Henningsson, 2012), indicat-

ing the negative role of NO in insulin secre-

tion. In addition, GSIS has been shown to be 

suppressed by different concentrations of NO 

donors in isolated mouse (Panagiotidis et al., 

1995; Akesson and Lundquist, 1999) and rat 

(Antoine et al., 1996) pancreatic islets.  

Concerning the mechanism, by which NO 

inhibits insulin secretion, there is evidence 

showing that NO acts through the formation 

of S-nitrosothiols (Stamler et al., 1992), as 

well as changes in transmembrane ionic 

movements (Figure 2) (Antoine et al., 1996). 

Hydroxylamine was shown to decrease Ca2+ 

entry through voltage-sensitive Ca2+ channels 

and increase K+ outflow from pancreatic is-

lets, an effect which is impaired by 

glibenclamide (Antoine et al., 1996). Hydrox-

ylamine, however, does not affect Ca2+ out-

flow and [Ca2+]i rises evoked by K+-induced 

depolarization; the enhancing effect of hy-

droxylamine on K+ outflow as well as its lack 

of effect on the cationic responses to K+ stim-

ulation, indicate that the decrease of Ca2+ en-

try can be regarded as the consequence of K+ 

channel activation (Antoine et al., 1996). In 

addition, NO reacts with a number of sulfhy-

dryl containing proteins (Stamler et al., 1992), 

and functionally essential SH groups in the 

glucose-binding site of glucokinase is a target 

for oxidizing agents (Lenzen et al., 1988). 

Furthermore, NO by formation of ironnitrosyl 

complexes with FeS containing enzymes such 

as aconitase, causes reversible inactivation of 

the mitochondrial enzyme (Lancaster and 

Hibbs, 1990). Such mechanisms have been 

proposed by studies on the inducible form of 

NO synthase in insulin producing cells 

(Eizirik and Leijerstam, 1994). 

 

https://www.sciencedirect.com/science/article/pii/S0891584912003668?via%3Dihub#!
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Figure 2: Inhibitory effects of nitric oxide (NO) 

on insulin secretion. Glucose that enters the β‐
cells via glucose transporter type 2 (GLUT-2) is 
phosphorylated by glucokinase and its metabo-
lism through Krebs cycle, increases cytoplasmic 
adenosine triphosphate (ATP)/adenosine diphos-
phate (ADP) ratio. An increased ATP/ADP ratio 
closes ATP‐sensitive K+ channels (KATP channels) 
and causes membrane depolarization and the 

subsequent activation of L‐type voltage‐depend-
ent Ca2+ channels (VDCC); elevation of cytosolic 
Ca2+ level leads to insulin vesicles exocytosis. Ni-
tric oxide by formation of ironnitrosyl complexes 
with FeS-containing enzymes causes reversible 
inactivation of the mitochondrial enzyme aco-
nitase; NO also reacts with a number of sulfhydryl-
containing proteins; functionally essential SH 
groups in glucose binding site of glucokinase is a 
target for oxidizing agents. Furthermore, NO in-
creases K+ outflow from the β-cells and therefore 
decreases Ca2+ entry through VDCC which inhib-
its insulin secretion.  
 
 

CONTROVERSY ABOUT THE ROLE 

OF NO IN INSULIN SECRETION 

Much of the confusions about the role of 

NO in insulin secretion emanates from the use 

of different and, perhaps, discrepant model 

system, such as β-cell lines with different 

qualitative/quantitative secretory reaction 

patterns compared with normal β-cells, incu-

bation of islets/β-cell lines in high or low glu-

cose, the use of different NOS inhibitors or 

different types of extracellular/intracellular 

NO donors, as well as variable enzymatic ac-

tivities of the different isoforms of NOS ex-

pressed in islets.  

On balance, cNOS-derived NO seems to 

stimulate insulin release while iNOS-derived 

NO inhibits insulin secretion (Nystrom et al., 

2012; Sansbury and Hill, 2014). The conver-

sion of L-arginine to NO and increased insu-

lin secretion in cell-free preparations of HIT-

T15 cells appear to be due to the activity of 

cNOS, as the Ca2+ ionophore A23187, which 

induces insulin secretion (Conaway et al., 

1976), also induces NO release from HIT-T15 

cells (Schmidt et al., 1992). In addition, insu-

lin secretion is correlated with the intracellu-

lar concentration of NADPH (Attie, 2015), 

Ca2+ (Conaway et al., 1976), and calmodulin 

(Dadi et al., 2014) which all are necessary for 

cNOS activation. Low concentrations of NO 

elevate ATP production and cause KATP chan-

nel closure, while high concentrations of NO 

are associated with a decrease in ATP produc-

tion, independent of cGMP (Sunouchi et al., 

2008). Overproduction of NO by iNOS con-

tributes to islet dysfunction, impairing  sev-

eral critical sites in the β-cell, such as the mi-

tochondrial electron transfer chain, nuclear 

DNA, tricarboxylic acid cycle aconitase, and 

transmembrane ion channels (Welsh and 

Sandler, 1992; Dunger et al., 1996; McDaniel 

et al., 1996; Eizirik and Pavlovic, 1997). In 

contrast, silencing of iNOS expression has 

been demonstrated to exert a protective effect 

on rat pancreatic islets exposed to proinflam-

matory cytokines (Bai-Feng et al., 2010). 

Moreover, NO, when produced by iNOS, in-

duces apoptosis in pancreatic β-cells through 

a cGMP-mediated pathway (Loweth et al., 

1997). Pancreatic β-cells are particularly sen-

sitive to damage by high levels of NO and free 

radicals because of their low levels of anti-ox-

idant enzymes such as superoxide dismutase, 

catalase, and glutathione peroxidase (Wang 

and Wang, 2017).  

The concentration of glucose, used in 

studies, may be another reason for the dis-

crepant effects of NO on insulin secretion: at 

low glucose concentration (7 mM), L-NAME 

has no effect on insulin secretion in isolated 

islets from freely fed mice but slightly stimu-

lates insulin secretion in islets from starved 

animals. At high glucose concentrations (20 
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mM), L-NAME potentiates insulin secretion 

in islets from both freely fed and fasted mice 

(Eckersten and Henningsson, 2012). Regard-

ing the overexpression of iNOS at high glu-

cose concentrations, increased insulin secre-

tion by L-NAME may be due to inhibition of 

iNOS. Another factor that should be taken 

into account is the concentrations of NOS in-

hibitors used in the studies. The effect of L-

NAME on insulin secretion seems to be con-

centration-dependent, as concentrations of 

0.1-5.0 mM did not significantly influence ba-

sal insulin release in mouse isolated islets 

while at a high concentration (10 mM), it in-

duced a 3-fold increase in insulin secretion 

(Panagiotidis et al., 1995). 

 

CONCLUSION  

Pancreatic β-cells increase expression of 

iNOS in response to inflammatory stimuli. 

This produces high cytotoxic NO levels, lead-

ing to β-cell damage, dysfunction, and cell 

death, which may be of relevance in the path-

ogenesis of both type 1 and type 2 diabetes. 

Expression of cNOS in β-cells is supported by 

a large body of evidence. Given the stimula-

tory effects of the amino acid L-arginine, a 

precursor of NO, on insulin release, it has 

been suggested that low cNOS-derived NO 

levels in β-cell are involved in the regulation 

of insulin release. However, several studies, 

in which cNOS activity was manipulated or 

exogenous NO was applied, have reported 

both physiological and pathological actions of 

NO with respect to insulin secretion. Inhibi-

tion of NOS decreased, increased, or had no 

effect on insulin secretion. Similarly, exoge-

nously applied NO had stimulatory or inhibi-

tory effects on insulin secretion. These dis-

crepant data on the role of NO in insulin se-

cretion may be the result of variability of the 

experimental conditions, e.g., use of various 

β-cell lines with different qualitative/quanti-

tative secretory patterns, incubation of is-

lets/β-cell lines in high or low glucose, differ-

ences in NOS inhibitors or types of extracel-

lular/intracellular NO donors with different 

pharmacokinetics and pharmacodynamics, 

the concentration of these agents, as well as 

enzymatic activities of the different isoforms 

of NOS. All these features underlie the dis-

crepant results and must be properly consid-

ered in future studies of NO in diabetes re-

search. 
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