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Abstract
As understanding of the mechanisms driving and regulating insulin secretion from pancreatic beta
cells grows, there is increasing and compelling evidence that nitric oxide (•NO) and other closely-
related reactive nitrogen species (RNS) play important roles in this exocytic process. •NO and
associated RNS, in particular peroxynitrite, possess the capability to effect signals across both
intracellular and extracellular compartments in rapid fashion, affording extraordinary signaling
potential. It is well established that nitric oxide signals through activation of guanylate cyclase-
mediated production of cyclic GMP. The intricate intracellular redox environment, however, lends
credence to the possibility that •NO and peroxynitrite could interact with a wider variety of
biological targets, with two leading mechanisms involving 1) S-nitrosylation of cysteine, and 2)
nitration of tyrosine residues comprised within a variety of proteins. Efforts aimed at delineating
the specific roles of •NO and peroxynitrite in regulated insulin secretion indicate that a highly-
complex and nuanced system exists, with evidence that •NO and peroxynitrite can contribute in
both positive and negative regulatory ways in beta cells. Furthermore, the ultimate biochemical
outcome within beta cells, whether to compensate and recover from a given stress, or not, is likely
a summation of contributory signals and redox status. Such seeming regulatory dichotomy
provides ample opportunity for these mechanisms to serve both physiological and
pathophysiologic roles in onset and progression of diabetes. This review focuses attention upon
recent accumulating evidence pointing to roles for nitric oxide induced post-translational
modifications in the normal regulation as well as the dysfunction of beta cell insulin exocytosis.
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INTRODUCTION
Type 2 diabetes ensues when beta cell function can no longer compensate for peripheral
insulin resistance. Beta cell dysfunction arises either by means of loss of appropriate insulin
secretion and/or by loss of beta cell mass. Early signs of beta cell dysfunction include
impairment in the pulsatile secretion of insulin, which can be observed prior to onset of
insulin resistance [1, 2], and reduced insulin secretion in response to normal stimuli while
retaining normal glucose tolerance [3]. And while this dysfunction/dysregulation of insulin
secretion has been traditionally attributed to either beta cell “exhaustion” or secretagogue-
mediated cell toxicity, the mechanisms for how dysfunction ensues remain poorly
understood. It is known as a consequence of glucose stimulation, that levels of both reactive
oxygen species (ROS) and reactive nitrogen species (RNS) are elevated. However, beta cells
generally lack robust antioxidant capacity when compared to other cell types, implying that
beta cells are particularly vulnerable to oxidative and/or nitrosative stress [4-7].
Interestingly, despite this susceptibility to such stress, recent evidence indicates that ROS
and RNS participate in unique, discrete modulating/facilitative roles within the beta cell
insulin secretion mechanism [8], and that perturbation of these roles contributes to overall
beta cell dysfunction. Moreover, with a deeper understanding of the mechanistic details of
insulin secretion mechanisms in pancreatic beta cells under normal physiologic
circumstances and during the earliest onset of departure from normal physiology, there is a
unique opportunity to improve care and aid successful intervention of diabetes and diabetes-
associated morbidity. In this review we will describe the current understanding of known
nitrosative protein post-translational modifications in pancreatic beta cells, specifically as
they pertain to the mechanism of regulated glucose-stimulated insulin secretion (GSIS).

Glucose-Stimulated Insulin Secretion
Glucose is the only fuel capable of triggering insulin secretion. The ability of the pancreatic
beta cell to perceive increased blood glucose concentrations, transduce signals to its
intracellular insulin secretory machinery and ultimately deliver insulin to the blood stream
requires an extensive and highly regulated set of mechanisms. Insulin release from isolated
beta cells or intact Islets of Langerhans in response to glucose under normal physiological
conditions is characterized as being biphasic, with distinct first and second phases. As
summarized in Fig. (1), glucose is transported into the beta cell through the glucose
transporter (GLUT1/2) proteins present at the cell surface, and upon internalization glucose
is metabolized to yield a net increase in the ratio of intracellular ATP to ADP. This
stoichiometric shift toward ATP induces closure of ATP-dependent potassium (K+)
channels and results in membrane depolarization. In turn, L-type voltage-dependent calcium
(Ca2+) channels open, allowing entry of Ca2+ into the cell to trigger fusion of insulin
secretory granules proximally located at the inner leaflet of the plasma membrane (the
“readily-releasable pool”) in what is termed first-phase insulin release. Insulin release from
these ‘docked and primed’ granules is accomplished through a carefully orchestrated series
of steps in a process referred to as insulin granule exocytosis. These steps are predicated
upon the formation of specific protein binding complexes, wherein SNARE (soluble N-
ethylmaleimide-sensitive attachment receptor) proteins populating both the granular and
plasma membranes combine to form a “SNAREpin” to fuse the granule with the plasma
membrane, allowing formation of a fusion pore through which the insulin cargo is released
into the extracellular environment [9]. At the molecular level, the insulin granule/vesicle-
associated membrane v-SNARE protein (VAMP2) binds to cognate plasma/target-
membrane t-SNARE receptor binary complexes, comprised of one SNAP-25 (or SNAP-23)
and one Syntaxin protein. Upon binding, v-SNARE and t-SNARE proteins form a highly
stable heterotrimeric SNARE “core complex,” and vesicular fusion with the plasma
membrane occurs.
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The initial “first phase” of insulin release is rapid and transient (5-10 min) and known to
require function of the particular t-SNARE isoforms Syntaxin 1A and Syntaxin 4 [10, 11].
Immediately following this first phase, if sufficient glucose stimulation persists, a second
more sustained insulin release phase ensues. This second phase of secretion derives from
translocation of more distally located insulin granules and can be sustained for several hours
[12], and requires additional intracellular events, including cortical F-actin reorganization
[13-16]. Under more pathological circumstances, if glucose stimulation is sustained for more
than 24 hours, a glucose-refractory third phase has been characterized, where a spontaneous
decline in insulin secretion occurs which cannot be attributed to finite levels of insulin
within the cell [17]. However, the molecular mechanism underlying this refractory phase
remains undefined.

As delineation of the regulated exocytosis mechanism of insulin in beta cells has advanced,
the suite of regulator and effector proteins overlaps strongly with the exocytotic apparatus
present in other cell types, notably neuronal and adrenal chromaffin cells. This specifically
includes N-ethylmaleimide sensitive factor (NSF), the SNARE and SNARE-associated
proteins, and others [18, 19]. This parallelism underscores a compelling argument for a
unifying functional mechanism, though clearly significant regulatory delineations must
occur to account for massive differences in rate kinetics and responsivity. However, for
purposes of this review, we will note instances where proteins undergo modification in other
cell types, but given that the same proteins are present and required for insulin secretion,
will presume the possibility that are similarly modified in beta cells. We will also note at
least one instance where modification occurs in one cell type, but does not occur in beta
cells, and may represent a cell-type mechanistic departure.

Part 1. THE MOLECULES INVOLVED, AND THEIR POTENTIAL FOR
MEANINGFUL MODIFICATIONS
Nitric Oxide (•NO)

Since its original identification 35 years ago as the endothelial-derived relaxation factor in
vascular tissue [20-22], the extraordinary role of •NO in biological systems has been brought
to light. Two key properties are its specific reactivity and short lifetime in biological systems
(~1 sec), making it a nearly ideal molecule for rapid and finely-tuned signal transduction.
•NO has been shown to play roles in cellular processes such as regulation/modulation of
kinases, phosphatases, G-proteins, mitochondrial function, ion channels, transcription
factors, and serves as a mediator of apoptosis. Likewise, dysregulation of •NO has been
associated with pathological processes, including cancer carcinogenesis and tumor
maintenance [23], as well as neurological [24], cardiovascular [25], and diabetes-related
diseases [26-28].

The primary source of •NO in cells are the family of nitric oxide synthases (NOS), which
synthesize •NO through NADPH-mediated conversion of L-arginine to citrulline [29]. In
mammalian cells the NOS family is comprised of three members: Type 1 “neuronal” nNOS
(NOS1), Type 2 “inducible” iNOS (NOS2), and Type 3“endothelial” eNOS (NOS3). Within
this family, NOS1 and NOS3 are occasionally classified together as “constitutive” cNOS, as
their expression is relatively stable in the tissues where they are found, and they are
primarily regulated by phosphorylation and the presence of appropriate co-factors, including
calcium. In contrast, the NOS2 proteins are tightly and continuously bound to calmodulin,
and essentially calcium-independent. Moreover, NOS2 protein levels can expand several
thousand-fold in response to inflammatory and/or stress-related signaling, and are thus
capable of synthesizing many orders of magnitude more •NO than NOS1 and NOS3
isoforms collectively. Consequently, NOS2 is frequently associated with pathological
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cellular scenarios; notably however such scenarios and time points occur beyond the acute
stimulation and response timeline involved in the insulin secretory process.

The various •NO-mediated effects are summarized in Fig. (2A), and can be categorized
across a spectrum ranging from beneficial and/or physiological to detrimental and/or toxic.
Once released within cells, •NO is capable of mediating intracellular signals by a plethora of
mechanisms, both direct and indirect. The canonical mechanism of •NO-mediated signaling
is activation of soluble guanylate cyclase (sGC), resulting in increased intracellular cGMP
second-messenger levels with subsequent propagation of signal, and is an example of an
indirect signaling mechanism. On the other hand, •NO is directly reactive with proteins
containing heme groups (sGC is one example) and other transition metal centers. In
particular, •NO has been shown to inhibit mitochondrial function through reaction with iron/
sulfur clusters within the electron transport chain [30, 31]. A third •NO-mediated
mechanism involves post-translational modification of highly-specific thiol groups on
cysteine residues forming a nitrosothiol moiety, a process termed S-nitrosylation. It is this
latter mechanism which has seen tremendous expansion in the known signaling potential of
•NO. And although it is significantly smaller than other posttrans-lational modification
moieties, •NO groups can be added or subtracted from specific cysteine residue sites in a
rapid and reversible fashion, resulting in changes in function in dynamic a manner
analogous to phosphorylation. An example of this in the beta cell GSIS process is in the S-
nitrosylation of Syntaxin 4 (Fig. 2B), wherein •NO modified a cysteine residue in the center
of the third alpha helix, positioned in the ‘closed’ conformation of Syntaxin 4 in a key
location to evoke change to what is considered the ‘open’ and active conformation [32, 33].

There are two intriguing “advantages” of the cell’s use of •NO to S-nitrosylate proteins
versus phosphorylation. Firstly, the modification process does not appear to require specific
catalytic transfer, as opposed to the need for a kinase protein to transfer a phosphate moiety
to its substrate, though it should be noted that proximity to the specific site of •NO
production can be important, and adapter proteins for NOS are involved for target
recruitment. Secondly, a combination of dual-solubility and small size affording •NO the
ability to easily penetrate interior and hydrophobic regions of proteins and diffuse through
membranes [34]. At this time, more than 1,000 proteins have been identified to be post-
translationally modified and regulated by S-nitrosylation in cells and tissues [35], although
only two proteins have been specifically shown to be S-nitrosylated in beta cells to date (see
below). A representative list of those factors implicated in signaling and exocytosis
mechanisms and their respective SNO motifs is summarized in Table 1, including many
which are known to be expressed in beta cells, but remain to be examined for modification
by S-nitrosylation.

Despite what may be considered a relatively short one-second lifetime in cells and tissues,
this highly lipophilic molecule is capable of exerting paracrine effects in an area ranging
several cell diameters. The vast majority of •NO is eliminated from cells through rapid
reaction with hemoglobin in the blood stream, which establishes a steep diffusion gradient
[36, 37]. For these reasons, •NO has been theorized as a signal to integrate and coordinate
activity within a local group of cells [38] or as a metabolic “shock absorber”, simultaneously
promoting and limiting processes within cells [34]. In terms of pathological function, though
many adverse and/or cytotoxic effects have been attributed to elevated levels of •NO, it may
actually be a consequence of metabolism of •NO into higher oxides, including ONOO−,
which is formed from a supercatalytic reaction of •NO with superoxide (O2•−.

In beta cells, NOS1 has been found to be localized on insulin secretory granules [39].
Following onset of stimulation by glucose, elevations in •NO production can be observed
almost immediately, which is temporally consistent with the participation of NO in GSIS/
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insulin exocytosis [40, 41]. Similarly, •NO-associated protein modifications can be detected
rapidly following onset of stimulation [32, 40], which is also consistent with •NO synthesis
from constitutively-expressed NOS1 and NOS3 isoforms [42] rather than the inducible
isoform, NOS2. A summary of early-onset intracellular events following glucose stimulation
are summarized in Table 2. What is evident from this timeline is that induction of •NO
synthesis is an extremely early event in the onset of the insulin secretion process. While NO
synthesis has been detected prior to detectable elevations of intracellular Ca2+ [41], it
remains arguable that this occurred because the calcium levels involved in NOS activation
were actually subthreshhold for detection via Fura-2. Indeed, this interpretation is
compatible with a body of work which supports the concept of a requirement for Ca2+/
calmodulin binding in the activation of NOS [43]. 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 threshold must be crossed.

Peroxynitrite (ONOO−)
Though not nearly as extensively studied as its precursor counterpart •NO, overwhelming
evidence holds that ONOO− is a major contributor to the role of RNS in biological systems.
Due to its high reactivity and very short physiological half-life (~10 ms), the associated
biochemistry of ONOO− is complex. It functions in cells in an equilibrium with
peroxynitrous acid (ONOOH), and thus may participate in the oxidation of proteins, nucleic
acids and lipids [34]. Consequently, a majority of effects attributed to ONOO− to date are
negative or pathological in nature, including inhibition of mitochondrial and other metabolic
proteins, such as aconitase and alcohol dehydrogenase [44]. Moreover, ONOO− has been
shown to positively activate pro-apoptotic proteins, such as poly (ADP-ribose) polymerase
(PARP) [45, 46]. And though it is primarily implicated in pathologic and cell death-
associated processes, there is growing evidence indicating that it also contributes during
normal cellular physiology and may even serve as a positive regulator in cell signaling, and
function in normal cell processes such as the cell cycle [47]. For example, low levels of
ONOO− have been shown to enhance tyrosine phosphorylation signaling through inhibition
of tyrosine phosphatases in vitro and in neurons [48, 49], and the Src tyrosine kinase and its
associated signaling pathway undergo peroxynitrite-induced activation in neurons as well as
erythrocytes [50, 51]. Interestingly, in beta cells Src is emerging as a potential signaling
factor between glucose-mediated insulin secretion and the secretion-enhancing effects of
GPCR- and GTPase-mediated signaling events [52-54], exemplifying the potential
opportunities for investigation in beta cell-specific contexts.

ONOO− is primarily formed as the product of a supercatalytic reaction of •NO with
superoxide anion (O2•− [55, 56]. Given the extreme rapidity of this reaction as well as the
high reactivity of superoxide in cells, ONOO− formation is believed to correspond with
specific sites of superoxide formation, such as at the plasma membrane (NADPH oxidase)
or mitochondria (electron transport chain oxidases). And despite its short life span at
physiological pH, by virtue of its ability to diffuse through membranes, its influence may be
seen as far away as 1- 2 cell diameters [57], implying that, like •NO, both autocrine and
paracrine/juxtacrine signaling potentials exist. Pertaining specifically to beta cells, given that
stimulation with glucose induces mitochondrial ATP synthesis, that the production of O2•−,
presumably as a byproduct of mitochondrial electron transport occurs simultaneously with
•NO production during glucose-stimulated insulin secretion.

The best-characterized effect of ONOO− upon biomolecules is the post-translational protein
nitration of specific tyrosine residues in proteins to form 3-nitrotyrosine. In most cells, the
abundance of 3-nitrotyrosine is estimated to occur in 1 per 106 tyrosine residues, making it a
relatively low-abundant event [58]. Modification of tyrosine to 3-nitrotyrosine causes the
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pKa of the phenol side chain to shift from 10 to ~7.3, making the modification akin to
phosphorylation in terms of its effect. Unlike either phosphorylation or S-nitrosylation, this
particular modification is thought to be less dynamic and more durable, and is frequently
associated with oxidative stress [59]. In chronic and systemic pathologies, such as that
which occurs in diabetes, this durability is frequently capitalized upon as a biomarker for
stress as well as systemic pathological conditions. Because of this feature, 3-nitrotyrosine
has been an attractive biomarker for detecting oxidative and nitrosative stress in the islet
beta cell [60, 61]. However, few if any time points proximal to onset of either
normophysiologic and/or pathologic signaling have been extensively studied in the beta cell.

PART 2. NITROSATIVE POST-TRANSLATIONAL MODIFICATIONS
IDENTIFIED IN BETA CELLS

As the stimulus-secretion coupling pathway leading to insulin secretion involves glycolytic
and other oxidative events that stimulate an increase in the ratio of ATP relative to ADP
within the cell, this increased metabolic function, in turn, leads to increased levels of
reactive species, both oxygen- and nitrogen-centered [42, 62-64]. For nitrogen-centered
reactive species, both •NO and ONOO− have been shown to serve as signaling molecules,
and an increasing body of literature demonstrates that these molecules serve as specific
protein posttranslational modifiers. Early studies in neuronal secretion mechanisms hinted at
the possibility [65, 66], yet only recently have nitrosative-based modifications of specific
beta-cell insulin secretion-associated proteins been reported [8]. In terms of beta cell-
specific physiology/pathophysiology, in fact, much of what is known regarding nitrosative
post-translational protein modifications is by proxy, in that proteins known to be expressed
in pancreatic beta cells and shown to play a role in insulin secretion have been identified as
targets of modification in non-pancreatic model systems, as exemplified below.

S-Nitrosylation of Proteins in Beta Cells
Numerous reports insinuate the role of protein S-nitrosylation in regulation or modulation of
insulin secretion, or in proteins known to be expressed in beta cells, and our own data
indicate that numerous protein targets are S-nitrosylated, under both basal and glucose-
stimulated conditions (Fig. 3). At present, just two proteins have been shown to be
specifically S-nitrosylated in pancreatic beta cells or intact islets in response to
secretagogues: Syntaxin 4 [32] and Glucokinase [40].

Syntaxin 4
We recently reported a pro-secretory effect corresponding with S-nitrosylation of Syntaxin
4, both in MIN6 beta cells as well as intact human islets [32]. We proposed that S-
nitrosylation of Syntaxin 4 specifically at cysteine-141, which is centrally positioned within
the Hc domain, promotes the dissociation of the N-terminal Habc helical bundle from the H3
SNARE domain, thus activating Syntaxin 4 to facilitate its participation in active SNARE
core complexes with SNAP-25 and VAMP2 [67, 68]. Alternatively, S-nitrosylation may
prevent premature deactivation of Syntaxin 4 [69, 70]. Interestingly, while Syntaxin 1 has
also been shown to be a target of S-nitrosylation in neuronal cells and tissues [66, 71] it was
not modified in response to glucose stimulation in beta cells. This finding may represent a
harbinger of how a similar complement of exocytotic proteins can result in differing
functional rate kinetics across different tissues. Importantly, S-nitrosylation of Syntaxin 4
occurred under diabetogenic pathophysiological conditions, simulated by acute cytokine
stress, and in the absence of glucose stimulation [32]. As such, too much of the otherwise
normal modification fosters unregulated and elevated basal insulin release, and elevated
basal insulin release is a hallmark early event in the progression toward type 2 diabetes.
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Glucokinase (GCK)
The work of Rizzo and others show that S-nitrosylation of GCK fosters its disassociation of
from insulin secretory granules, thus promoting insulin secretion [40]. Furthermore,
mutation of cysteine-371 to serine blocks S-nitrosylation of GCK and causes it to remain
tightly bound to secretory granules. Moreover, subsequent reports indicated the existence of
specific point mutations of GCK, rendering it S-nitrosylation-resistant in human patients
presenting with maturity-onset diabetes of the young, termed MODY [72]. Interestingly,
GCK also appears to be negatively regulated through a protein nitration mechanism, where
chronic intake of 5% ethanol diet in mice, or in clonal beta cells exposed to exogenous
ONOO−-donor compound SIN-1, caused reduced protein levels of GCK; GCK nitration—
but specifically not its S-nitrosylation—triggered ubiquitin-mediated GCK degradation [73].
These findings indicate a potential scenario where low levels of RNS in response to
physiological stimuli are beneficial and stimulatory, while pathological stimuli lead to
elevated levels, which are ultimately detrimental.

Nitration of Proteins in Beta Cells
With regard to beta cell-specific tyrosine nitration events, in addition to the study by Kim et
al. [73] described above where GCK undergoes chronic ethanol-induced nitration, another
significant broad-based study using mass spectroscopy-based proteomic methods to identify
nitration targets has been reported in pancreatic endocrine tissues [8], and these combined
results are summarized in Table 3A. The focus of this latter study centered on the role of
protein tyrosine nitration in the diminishment of mitochondrial function in beta cells and
islets in response to sustained hyperglycemic conditions. Using a proteomic screening
approach, 15 different tyrosine-nitrated proteins were identified in RIN-5F rat beta cells and
intact isolated islets from male Sprague-Dawley rats, both exposed for extended periods
(12-24 hr) to concentrations of glucose ranging from 6.5-11 mM, which was established
from post-prandial blood glucose studies in human patients with impaired glucose tolerance
(Table 3A). One protein of particular interest was mitochondrial heat-shock protein 60
(HSP60), which they showed that following in vitro nitration could suppress insulin
secretion function in otherwise normal beta cells through a novel mechanism of association
with proinsulin. Furthermore, these same authors published a different study showing a
similar pattern of tyrosine nitration events using in vitro-differentiated NIH-3T3 adipocytes.
Peripheral tissues, including adipocytes, utilize a suite of exocytotic proteins similar to beta
cells in order to facilitate insulin-stimulated GLUT4 glucose transporter-bound vesicle
exocytosis at the plasma membrane [74]. In the case of rat beta cells/islets and the mouse
NIH-3T3 adipocyte models employed, there is a striking overlap of targets. Such parallel
findings strongly implies a mechanistic pathological connection [75], and reaffirms
speculation that two disparate events in Type 2 diabetes, namely peripheral tissue insulin
resistance and pancreatic beta cell dysfunction, could be connected by similar biochemical
mechanisms, including nitrosative modifications. In addition, a compelling set of molecular
candidates for modification that exist in beta cells have been shown to be modified in a
number of other cell types; the beta cell protein candidates await both confirmation and
specific functional characterization (Table 3B). These beta cell candidate targets span a wide
variety of functions, and demonstrate the significant potential for identification of new
therapeutic targets and known nitration targets with previously unappreciated beta cell
mechanistic relevance.

Part 3. THE TRANSITION FROM POST-TRANS-LATIONAL MODIFICATION
TO PRO-APOPTOTIC SIGNAL: TOO MUCH OF A GOOD THING?

Since publication of the seminal work by Corbett and colleagues implicating a role for
elevated •NO in the destruction of beta cells [28], the majority of attention in this field has
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dealt with the role of NOS2 induction in this process. Works in particular from Lundquist
and Salehi [76-81], Gross [39, 82, 83] and others [8, 84, 85] offer compelling evidence that
•NO exerts a negative regulatory signal upon beta cell and islet insulin secretion, and lend
strong credence that endogenous •NO production, and from NOS2 in particular, can
negatively modulate insulin release from beta cells. Lundquist specifically argues that ROS
lacking nitrogen, such as carbon monoxide, are in fact the positive signaling factors in
insulin exocytosis, antagonizing the inhibitory functions of •NO. One explanation for this
negative regulation is activation of AMP-activated protein kinase (AMPK), with the
resultant signaling leading to downregulation of pro-secretion pathways and initiation of
cytoprotective responses, including upregulation of the unfolded protein response [85]. Yet
other investigators provide data suggesting that •NO can initiate cell death processes through
multiple mechanisms, such as initiation of apoptosis [86, 87] and interference with zinc
homeostasis [88-90]. Given that so many forms of cellular pathology arise when oxidative
molecules surpass a given buffering antioxidant threshold, the hypothesis that RNS are
uniformly negative signals, serving as protein inhibition and destabilization effectors is quite
reasonable as it presents a significant weakness in the beta cell and an opportunity to go
awry. As pro-inflammatory pressure increases through stimulation with cytokines or other
forms of cell stress, beta cells increasingly suffer negative consequences beyond insulin
secretion, leading ultimately to cell death [61, 73].

Nevertheless, findings continue to be communicated in which nitric oxide-mediated protein
modification enhances or promotes activity in the direction of insulin secretion [32, 40, 66],
or enhance beta cell survival and overall function [64, 91, 92]. Given that most of the work
regarding RNS in beta cells utilized cell death or biomarkers consistent with full
commitment to cell death pathways, a significant window of time prior to transcriptional
responses (i.e. induction of NOS2 and inflammatory response factors) in beta cells remains
an incompletely characterized area of investigation, and in many ways could be construed as
mechanistically analogous to the immediate-early response in cells stimulated with growth
factors. This omission is particularly emphasized by the fact that a key clinical observation
at early stages of diabetic-associated pathology, chronic fasting hyperinsulinemia, cannot
solely be attributed to peripheral tissue resistance. Work by Corkey and others have
attempted to emphasize and reconcile this seemingly contradictory aspect of pre-diabetic
physiology [93-95]. And so, while it could be proposed that either too much •NO or any
ONOO− above basal levels drives adverse consequences in pancreatic beta cells, it could
also be argued that the physiologic window in beta cells is narrow and that the line between
beneficial and detrimental outcomes is very fine [28].

Irrespective of which is the more accurate model, there is a definite need to refine the
specific range of both ROS and RNS levels acceptable/advantageous from those considered
toxic/pro-apoptotic in beta cells as well as intact islets. It has been noted that increases in
either •NO or O2•− can result in equivalent fold-increases, or, in the case of elevation of
both, exponential increases in ONOO− (i.e. 10-fold increases in •NO and O2•− would result
in a 100-fold increase in ONOO−) [34]. Indeed, the majority of nitric oxide-mediated
adverse consequences reported in the literature are associated with induction of NOS2
activity, the protein expression of which can rise many-fold in response to stress and/or
inflammatory stimuli. More to the point, it has been specifically demonstrated by multiple
methods that mitigation or abrogation of NOS2 upregulation confers protection to beta cells
[96], while the specific contribution of NOS1 and NOS3 isoforms remains largely
unexplored.

In terms of future studies, in order to establish mechanistic consensus, we will need to take
into account the physiological premise that redox processes function properly only in narrow
range, and that oxidative processes may be as important as reductive (anti-oxidant)
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processes. One clear example is the synthesis of insulin, which requires an appropriate
oxidative ribosomal environment for the correct formation of disulfide bonds [97], and that
reductive dissolution of proper bonding causes retention of pro-insulin complexes and may
induce intracellular stress. Furthermore, this point is reinforced in the current literature,
where only incremental benefit has been observed in patients in response to antioxidant
therapies for various conditions [98].

Pharmacologic Pitfalls
One key technical hurdle is a current lack of consensus of what constitutes physiologically,
pharmacologically, or clinically relevant concentrations of and durations of exposure to, the
molecules in question. Studies in various tissue types typically report •NO production levels
typically in a nanomolar range or perhaps as high as low micromolar range during acute
pathophysiology [28, 99], and within the context of a steep diffusion gradient in the
direction of the blood stream, resulting in an average lifetime of ~1 second. Given that levels
which are several orders of magnitude higher than these are routinely used, it must be noted
that use of bolus doses or even moderate doses for extended periods is fraught with risk of
artefact, and care must be taken when considering experimental design. A number of
different post-translational modifications utilize cysteine protein residues as the modification
site, including prenylation and disulfide bond formation, such that inappropriate oxidation
by nitric oxide or its derivatives can potentially hinder these endogenous processes. This
could also be relevant with regard to appropriate intracellular sequestration and regulation of
divalent transition metals, notably zinc, copper, and iron, where loss can drive cells into cell
death pathways. Yet another example of a potential pitfall comes with use of ONOO− to
directly nitrate proteins. Given that ONOO− is typically stabilized in basic buffer (i.e. 0.1M
NaOH) one may adversely affect proteins through introduction of an inappropriate pH
environment to a protein or molecule of interest. An additional consideration is potential
obfuscating pharmacological effects from the resulting products of an •NO-donor compound
upon release of •NO. One example is spermine NONOate, which upon release of •NO, the
other product of this release is the polyamine compound spermine, which has documented
effect upon cellular physiology [100]. Lastly, different modification effects have been
observed using different methods, which raises the potential that in vitro methods may not
reflect physiologically relevant conditions [101, 102].

Perspectives and Future Directions
Though discrepancy and controversy remain in this area, it is clear that with carefully-
planned studies that much remains to be elucidated. There is significant evidence
demonstrating that this area of beta cell research will uncover novel and events unique to
beta cell function. As ever more specific and sensitive techniques are developed, they will
yield exciting and clinically useful information in the battle to prevent and alleviate the
worldwide epidemic that is Type 2 Diabetes. We propose that in order to overcome the
apparent discrepancy with regard to the exact role of RNS in beta cells, it will require further
appreciation of the idea that “too much of a good thing” is fundamentally the road to
destruction. More to the point, specific attention must be given to the idea that the very
molecules which may be driving the pathology are, in fact, required for appropriate
signaling, and cannot be simply ablated, or conversely inundated with the molecules in
question at concentrations and exposures far beyond even pathological levels, to arrive at a
physiological understanding of their nature. In conclusion, we believe it is entirely possible
that the manner in which studies conducted with regard to insulin secretion and studied
undertaken to examine beta cell death has left a highly significant window of opportunity for
experiments which have simultaneous relevance to both processes.
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•NO nitric oxide

ONOO− peroxynitrite

RNS reactive nitrogen species

ROS reactive oxygen species

O2•− superoxide

SNARE Soluble NSF Attachment protein Receptor

NSF N-ethylmaleimide sensitive fusion protein

NOS nitric oxide synthase

GCK glucokinase

SIN-1 3-morpholinosydnonimine

TNM tetranitromethane

GSNO S-nitrosoglutathione

nNOS “neuronal” nitric oxide synthase (NOS1)

iNOS “inducible” nitric oxide synthase (NOS2)

eNOS “endothelial” nitric oxide synthase (NOS3)
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Fig. (1). Glucose-stimulated insulin secretion in pancreatic beta cells
[1] Glucose enters the beta cell from the extracellular space via constitutively-expressed
GLUT2 transporters positioned in the plasma membrane; [2] Glucose is immediately
metabolized by glycolysis; [3] Mitochondrial ATP synthesis ensues, and the intracellular
ATP-to-ADP ratio increases; [4] The elevation in ATP/ADP ratio causes ATP-sensitive
potassium channels to close, inducing depolarization of the plasma membrane; [5] Voltage-
sensitive calcium channels then open in response to depolarization, thus intracellular
calcium increases, triggering SNARE core complex formation [6 and 7], and ultimately; [8]
SNARE-mediated fusion of the insulin granule with the plasma membrane and release of
insulin into the extracellular space. S-nitrosylation of Syntaxin 4 occurs within minutes of
glucose stimulation, to facilitate the opening and activation of the t-SNARE for subsequent
participation in granule fusion (solid arrow); the potential remains for modification(s) to
other factors involved in the secretion mechanism (dotted arrow).
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Fig. (2). Multiple effects of •NO-mediated signaling within cells; Syntaxin S-nitrosylation in beta
cells exemplifies •NO signaling
A). NO can react directly with macromolecules, such as cysteine residues in proteins (in the
case of S-nitrosylation), which akin to phosphorylation, can activate or inhibit protein
function. Depending on the oxidative state of the cell, •NO can potentially serve as either
oxidant or antioxidant, and it is likely that •NO contributes to the “decision” of a cell as to
whether or not to undergo apoptosis. B) S-nitrosylation of Syntaxin 4 in beta cells. Threaded
crystal structure of S-nitrosylated Syntaxin 4, based on sequence homology with the original
crystal structure derived from Syntaxin 1A. S-nitrosylation is both longitudinally and
radially centered within the coiled-coil motif for the syntaxin 4 Habc SNARE regulatory
domain.
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Fig. (3). Numerous proteins are S-nitrosylated in pancreatic beta cells
MIN6 mouse pancreatic beta cells were incubated for 2 hours under glucose-free conditions,
then left unstimulated or were stimulated with 16.7 mM glucose for 5 min. Cells were
harvested in 1% NP-40 lysis buffer and lysates were clarified by centrifugation. Identical 2
mg quantities of MIN6 solubilized and clarified cell lysate protein (as determined by
Coomassie Brilliant Blue G-250 protein assay) were subjected to a biotin-switch assay with
detection of all S-nitrosylated proteins using avidin overlay. Biotinylated proteins (indicative
of S-nitrosylated proteins) were resolved by 12% SDS-PAGE for subsequent transfer to
PVDF for detection using streptavidin-HRP. Of significance are the multitudes of bands
detected under both basal and acute glucose-stimulated conditions.
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Table 1

Protein Targets of S-Nitrosylation and their Known Functions

S-Nitrosylation Target Function Ref.

Glucokinase Exocytosis [40]

Syntaxin 1A [66]

Syntaxin 4 [32]

NSF [65]

SNAP-25 [71]

Type 1 Angiotensin II Receptor Receptor Signaling [119]

Insulin Receptor [105]

NMDA Receptor [107]

Muscarinic M2 Receptor [103]

Ryanodine Receptor [133]

B-Arrestin 2 [125]

MAP Kinase 8 Signal Transduction [126]

c-Jun [132]

c-Src [127]

IRS-1 [105]

Akt [105]

β Androgen Receptor Kinase 2 [138]

Bcl-2 Apoptosis [104,106]

Caspase Family [121]

E3 Ubiquitin Ligase (XIAP) [135]

Arginase-1 •NO Synthesis [109]

Arginosuccincate synthetase [113]

eNOS [110]

Dynamin-1/2 Endocytosis [136]

Glutatredoxin-1 Redox Homeostasis [115]

Thioredoxin-1 [114]

HSP70-1 Heat Shock [129]

HSP90-α [123]

Elongation factor 1-α (eEF1a) Gene Transcription [111]

HDAC 2 [124]

HIF-1α [120]

I κ B kinase (IKKB) [128]

Mdm2 [137]

NF κ B p105 subunit [122]

ATP-sensitive K+ channel Cation Channel [117]

L-type Ca2+ channel [116]

TRP channels [140]
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S-Nitrosylation Target Function Ref.

Cytochrome c oxidase subunit 2 Electron Transport [130]

Protein disulfide isomerase Protein Homeostasis [131]

Parkin [108]

Cytosolic phospholipase A2 Other [134]

IREBP2 [118]

MMP-9 [112]

Cdk2 [141]
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Table 2

Acute Intracellular Events Following Onset of Glucose Stimulation

Intracellular Event Time of Onset

Increased NADPH Levels 1-3 s

Increased FAD+ 1-3 s

Onset of •NO Synthesis <20 s

ATP-to-ADP Ratio Increase 15-25 s

Increased Oxygen Consumption 17-41 s

Rise in intracellular pH (pHi) 43-53 s

Increased intracellular Ca2+ 104-124s
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Table 3A

Protein Tyrosine Nitration Targets in Pancreatic β-Cells

Tyrosine Nitration Target Location

Glucokinase Cytosol

RACK 1( activated protein kinase C receptor) Cytosol

G3PDH (glyceraldehyde-3-phosphate dehydrogenase) Cytosol

Glutamate dehydrogenase Cytosol/Mitochondria

Malate dehydrogenase Cytosol/Mitochondria

Aldolase A Cytosol/Nucleus

Protein disulfide isomerase (ER60) Mitochondria

Aconitase 2 (mitochondrial) Mitochondria

Glutamate oxaloacetate transaminase 2 (mitochondrial) Mitochondria

L-3-hydroxyacyl-coA dehydrogenase Mitochondria

MnSOD (manganese superoxide disumutase, SOD2) Mitochondria

Phosphoglycerate kinase Mitochondria

VDAC-1, -2, -3 (voltage-dependent anion-selective channel) Mitochondria

Heterogenous nuclear ribonucleoprotein A2/B1 (hnRNP-A2/B1) Nucleus

HSP60 (heat shock protein 60) Perimembrane

eEF1a1 (eukaryotic translation elongation factor 1 α 1) Ribosome
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Table 3B

Potentially Relevant Protein Tyrosine Nitration Targets in Other Cell Types

Protein Target Nitrating Agent Dose Ref.

CD40 SIN-1 0.1-2 mM [152]

PI3-Kinase ONOO− 1 mM [151]

Cytochrome c ONOO− 0-3 mM [153]

SERCA-2a ONOO− 0-200 μM [149]

GADPH ONOO− 0.7-3.5 mM [145]

Myosin light chain ONOO− 0-1 mM [146]

IRS-1 ONOO−, SIN-1 50 μM, 0-8 mM [147]

P53 DETA NONOate 0-200 μM [150]

HDAC2 ONOO−, SIN-1 1 mM, 500 μM [148]

Akt SIN-1 0-100 μM [143]

ERK1/2 SIN-1 0-100 μM [143]

IR-beta ONOO− 50 μM [142]

F1-ATPase TNM 0-1.5 mM [144]
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