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A B S T R A C T

Glucose-stimulated insulin secretion [GSIS] involves a sequence of metabolic events leading to small G-

protein [e.g., Rac1]-mediated cytoskeletal remodeling to promote granule mobilization toward the

plasma membrane for fusion and release of insulin. Existing evidence supports a positive modulatory

role for Rac1 in GSIS. Specific regulatory factors of Rac1 function, including the guanine nucleotide

exchange factors [e.g., Tiam1] have also been identified and studied in the islet. Inhibition of Tiam1/Rac1

signaling axis attenuates GSIS suggesting its pivotal role in insulin secretion. In addition to its positive

[i.e., friendly] roles in GSIS, Rac1 also plays ‘‘non-friendly’’ role[s] in the islet function. For example, it up-

regulates the intracellular reactive oxygen species [ROS] levels via activation of phagocyte-like NADPH

oxidase [Nox]. Despite the emerging evidence that a tonic increase in intracellular ROS is necessary for

GSIS, experimental evidence also suggests that chronic exposure of b-cells to high glucose, palmitate or

cytokines results in the onset of oxidative stress leading to reduction in mitochondrial membrane

potential, cytosolic accumulation of cytochrome C and activation of caspase-3 leading to b-cell

apoptosis. Pharmacological and molecular biological inhibition of Rac1 activation affords partial

protection against Nox-induced oxidative stress and mitochondrial dysfunction induced by elevated

glucose, lipids or cytokines. Herein, we overview the existing evidence to suggest positive as well as

negative modulatory roles of Rac1 in islet function. Potential avenues for future research including

development of inhibitors to halt the Rac1–Nox activation and generation of oxidative stress leading to

the metabolic dysfunction of the b-cell are discussed.
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1. Introduction

Insulin secretion from the pancreatic b-cell is regulated
principally by the extracellular concentration of glucose. However,
the molecular and cellular mechanisms underlying the stimulus-
secretion coupling of glucose-stimulated insulin secretion [GSIS]
remain only partially understood. It is widely accepted that GSIS is
mediated largely via the generation of soluble second messengers,
such as cyclic nucleotides and hydrolytic products synthesized by
Abbreviations: CER, ceramide; DPI, diphenyleneiodonium chloride; FTase, farnesyl-

transferase; FTI, farnesyltransferase inhibitor; GDI, GDP-dissociation inhibitor; GEF,

guanine nucleotide exchange factors; GGTase, geranylgeranyltransferase; GGT1,

geranylgeranyltransferase inhibitor; GSE, grape seed extract; GSIS, glucose-

stimulated insulin secretion; Nox, phagocyte-NADPH-oxidase; OLETF rat, Otsuka

Long-Evans Tokushima fatty rat; Rac1, Ras-related C3 botulinum toxin substrate 1;

ROS, reactive oxygen species; and Tiam1, T-lymphoma invasion and metastasis1.
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phospholipases A2, C and D [1,2]. The principal signaling cascade
involves the glucose-transporter protein [i.e., Glut-2]-mediated
entry of glucose into the b-cell resulting in an increase in the
intracellular ATP/ADP ratio as a consequence of glucose metabo-
lism. Such an increase in ATP levels culminates in the closure of
membrane-associated ATP-sensitive potassium channels resulting
in membrane depolarization followed by influx of the extracellular
calcium through the voltage-gated calcium channels on the plasma
membrane. A net increase in the intracellular calcium that occurs
via the influx of extracellular calcium into the cytosolic fraction of
the stimulated b-cell, in addition to the mobilization of calcium
from the intracellular storage compartments, has been shown to
play critical roles in insulin secretion.

It is well established that small G-proteins [e.g., Cdc42 and
Rac1] play a significant role in cytoskeletal remodeling thereby
favoring mobilization of secretory granules to the plasma
membrane for fusion and release of their cargo into circulation.
Published evidence from multiple laboratories (recently reviewed
in [3,4]) have clearly implicated regulatory roles of small G-
proteins [e.g., Cdc42 and Rac1] in GSIS. In addition, recent
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investigations have also suggested novel regulatory roles for ADP-
ribosylation factor 6 [Arf6] in insulin secretion [5,6]. As will be
discussed in the following sections specific regulatory factors for
G-proteins [i.e., guanine nucleotide exchange factors; GEFs and
guanine nucleotide dissociation inhibitors; GDIs] have also been
identified and studied extensively in the islet b-cell [3,4]. In
addition to its positive modulatory role in insulin secretion, Rac1
has also been implicated in the metabolic dysregulation of the b-
cell, specifically at the level of generation of reactive oxygen
species [ROS] thereby creating oxidative stress and subsequent
dysregulation of the b-cell. Thus, the overall objective of this
commentary is to propose a model in favor of ‘‘friendly’’ and
‘‘unfriendly’’ roles of Rac1 in islet b-cell function.

2. Materials and methods

2.1. Materials

Glucose, palmitic acid and antibody for actin were from Sigma
[St. Louis, MO]. Interleukin-1b, IFN-g and TNF-a were from R&D
Systems [Minneapolis, MN]. Rac1 activation assay kit was from
Cytoskeleton Inc. [Denver, CO]. Rac1–siRNA and scrambled siRNA
were from Ambion [Foster City, CA]. p47phox antiserum was from
Santa Cruz Biotechnology, Inc. [Santa Cruz, CA]. HiPerFect
transfection reagent was from Qiagen [Valencia, CA]. The rat
insulin ELISA kit was from American Laboratory Products [Wind-
ham, NH]. C2-ceramide, NSC23766, GGTI-2147 and Rac1 antisera
were from Calbiochem [San Diego, CA]

2.2. Methods

2.2.1. Insulin release studies

INS 832/13 cells were transfected with either scrambled siRNA
[negative control] or siRNA targeted against Rac1 [Rac1–siRNA] at
a final concentration of 100 nM for 24 h. Extent of Rac1
knockdown, as determined by Western blot analysis, was found
to be �50%. At confluence [�80%], cells were cultured overnight in
low serum low glucose media and then incubated with Krebs-
Ringer bicarbonate buffer for 1 h prior to stimulation with low
[2.5 mM] or high glucose [20 mM] for 30 min at 37 8C. Insulin
released into the medium was quantified by ELISA and expressed
as ng/mL [6].

2.2.2. Effect of glucose, palmitate, C2-ceramide and cytomix on the

expression profile of p47phox in pancreatic b-cells

INS-832/13 cells or normal rat islets were incubated with either
low glucose [2.5 mM] or high glucose [20 mM] or C2-CER [30 mM]
or PA [100 mM] or cytomix [IL-1b, TNFa, IFN-g = 10 ng/mL] as
indicated in the text. Cells were homogenized in mannitol-HEPES
buffer (250 mM mannitol, 70 mM sucrose, 5 mM HEPES, 1 mM
EGTA, and 1 mM DTT) containing protease inhibitor cocktail. An
equal amount of homogenate was used for detection of p47phox

expression by Western blot analysis and probed with actin for
equal loading

2.2.3. Rac1 activation assay

INS 832/13 cells or normal rat islets were incubated overnight
in low serum low glucose media in the presence of either diluent or
NSC23766 [20 mM] or GGTI-2147 [10 mM]. Further cells were
either treated with low glucose [5 mM] or high glucose [20 mM] or
C2-CER [30 mM] or PA [100 mM] or cytomix [IL-1b, TNFa, IFN-
g = 10 ng/mL] as mentioned in the figure text in the continuous
presence or absence of above mentioned inhibitors. Lysates
[�500 mg protein] were clarified for 5 min at 4800 � g, and
PAK-PBD [p21-activated kinase-binding domain] beads [20 ml]
were added to the supernatant. The mixture was then rotated for
1 h at 4 oC and centrifuged at 4000 � g for 3 min. The pellet
obtained was washed with 25 mM Tris, pH 7.5 containing 30 mM
MgCl2, 40 mM NaCl, and 150 mM EDTA. Proteins in the pellet were
resolved by SDS–PAGE, transferred to a nitrocellulose membrane,
and Western blotted for relative abundance of activated Rac1 [6].

3. What is the evidence for friendly roles of Rac1 in islet b-cell
function?

In 1989, Didsbury et al. first identified and implicated a novel
class of Rac [ras-related C3 botulinum toxin substrate] proteins in
cellular function [7]. They isolated two cDNAs encoding proteins
with �92% homology, which were designated as Rac1 and Rac2.
Evidence was also provided to suggest that the Rac proteins vastly
differed in their tissue distribution and biological function.
Interestingly, transfection experiments in myeloid cells demon-
strated that Rac1 and Rac2 undergo ADP ribosylation by C3
component of botulinum toxin leading to their membrane
association. Based on these findings, these investigators proposed
roles for Rac1 and Rac2 in secretory functions. A Pubmed search for
Rac1 yielded nearly 4000 publications, to substantiate the proposal
that it is involved in the regulation of a variety of cellular functions,
including cytoskeletal organization and remodeling, superoxide
generation and secretion. The reader is referred to recent reviews
on Rac1 for its roles in the regulation of cellular function [3,4,8–10].
At the outset we would like to state that both Rac1 and Rac2 have
been shown to be expressed in insulin-secreting cells [3,4,6,11].
Further, given the significant homology between Rac1 and Rac2, it
is likely they both could play the friendly and non-friendly roles in
islet function. However, only the regulatory roles of Rac1 will be
discussed below due to the paucity of available data on roles of
Rac2 in islet function.

It is important to note that, in addition to the regulation by
adenine nucleotides [e.g., ATP], several lines of evidence implicated
positive modulatory roles for guanine nucleotides [e.g., GTP] in
physiological insulin secretion. For example, using selective
inhibitors of GTP biosynthetic pathway [e.g., mycophenolic acid],
Metz et al. first demonstrated a permissive role for GTP in GSIS
[12]. Although the precise mechanisms underlying the roles of GTP
in GSIS remain to be completely understood, it is now well
established that it might involve activation of one [or more] G-
proteins within the islet b-cell. At least two major groups of G-
proteins have been identified and studied in the islet. The first
group is comprised of trimeric G-proteins, which are involved in
the coupling of various G-protein coupled receptors to their
intracellular effector proteins [e.g., adenylate cyclases, phospho-
lipases]. The second group is composed of small G-proteins, which
are involved in protein sorting and actin cytoskeletal remodeling.
The existing evidence clearly suggests that GSIS involves a well
coordinated, small G-protein-mediated actin cytoskeletal rearran-
gements conducive for docking and fusion of insulin-laden
secretory granules with the plasma membrane [3,4].

3.1. Geranylgeranylation inhibitors as tools to study roles of Rac1 in

islet function

The majority of small G-proteins and the g-subunits of trimeric
G-proteins are endowed with a unique C-terminal sequence [i.e.,
the CAAX motif], which makes them suitable for a sequence of
post-translational modifications [4,13,14]. The first of these
modifications involves attachment of either 15-carbon [i.e.,
farnesylation] or a 20-carbon [i.e., geranylgeranylation] derivative
of mevalonic acid at the C-terminal cysteine via a thioester linkage.
These reactions are catalyzed by farnesyltransferases [FTases] and
geranylgeranyltransferases [GGTases], respectively. Examples of
farnesylated proteins include Ras and nuclear lamins. Rho
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Fig. 1. siRNA-mediated knockdown of Rac1 markedly attenuates GSIS in INS 832/13

pancreatic b-cells. INS 832/13 cells were transfected either with scrambled siRNA

[Scr–siRNA] or Rac1–siRNA at a final concentration of 100 nM as indicated in the

figure. Following 24 h culture in regular medium, cells were starved overnight and

further stimulated with either low [2.5 mM] or high [20 mM] glucose for 30 min.

Insulin released into the medium was quantitated by ELISA and expressed as ng/mL

[see Section 2.2 for experimental details]. Data are mean � SEM from three

independent experiments. * Represents p < 0.05 vs. Scr–siRNA transfected low glucose

and ** p < 0.05 vs. Scr–siRNA transfected high glucose.
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subfamily of G-proteins, including Cdc42 and Rac1 undergo
geranylgeranylation. Following prenylation, the three terminal
amino acids after the isoprenylated cysteine are cleaved by a
protease, resulting in the exposure of the carboxylate anion of the
prenylated cysteine residue. This site is then subjected to methyla-
tion by a prenyl cysteine methyltransferase, which neutralizes the
carboxylate anion, thus making the candidate G-proteins more
hydrophobic resulting in their translocation to the membranous
sites for interaction with their effector proteins [4,14].

In further support of the hypothesis that posttranslational
geranylgeranylation of G-proteins [e.g., Rac1] is necessary for GSIS
are our findings, which suggested that overexpression of an
inactive mutant of the common a-subunit of FTase/GGTase
markedly attenuated GSIS in INS 832/13 cells and normal rodent
islets [15]. These molecular biological observations were further
confirmed by the pharmacological observations, which demon-
strated a significant reduction in GSIS by inhibitors of GGTase [e.g.,
GGTI-2368 and GGTI-2147]. Data from multiple laboratories have
demonstrated a significant activation of Rac1 [i.e., the GTP-bound
form of Rac1] by glucose in a variety of clonal b [INS-1, MIN6, b-
TC3 and INS 832/13] cells, normal rat and mouse islets [3,4,16–18].
Such an increase in the activation of Rac1 was followed by its
translocation to the membrane fraction [15]. Inhibition of
prenylation [via overexpression of inactive mutant of FTase/
GGTase a-subunit or pharmacological inhibitors] led to selective
accumulation of Rac1 in the cytosolic fraction. Together, these data
suggested that geranylgeranylation of Rac1 is necessary for its
optimal activation and function.

3.2. Lessons learnt on potential insulin for secretory abnormalities in

Rac1-knockout models

In an alternate approach to the above, Li et al. have
demonstrated that overexpression of a dominant negative Rac1
mutant [N17Rac1] markedly reduced glucose- and forskolin-, but
not KCl-induced insulin secretion in INS-1 cells [16]. N17Rac1 also
induced significant morphological changes including the disap-
pearance of F-actin. It was concluded that Rac1 activation may be
necessary for the recruitment of secretory granules through actin
cytoskeletal reorganization and remodeling [16]. In support of
these observations are findings from our laboratory demonstrating
a marked reduction in mastoparan [a global G-protein activator]-
induced insulin secretion in bTC3 cells overexpressing the inactive
N17Rac1 mutant [19]. Lastly, we also observed that siRNA-
mediated knockdown of Rac1 in INS 832/13 cells [�50%
knockdown] markedly attenuated GSIS, without affecting basal
secretion [Fig. 1], suggesting positive modulatory roles for Rac1 in
insulin secretion.

Additional support for a regulatory role for Rac1 in insulin
secretion comes from the Rac1 knockout animal models. For
example, Rac1-null [bRac1�/�] mice exhibited impaired glucose
tolerance and hypoinsulinemia. Glucose-, but not KCl-induced
insulin secretion, was markedly attenuated in islets from the Rac1
null mice. The b-cell mass or islet density remained unaltered in
these mice. Based on these findings, it was concluded that Rac1
plays a key regulatory role in insulin secretion primarily through
regulating cytoskeletal reorganization [20]. In another related
study, Greiner et al. demonstrated that Rac1 null mice exhibited
marked alterations in islet morphogenesis [21]. The b-cell
spreading and migration were significantly reduced in this model.
Cell to cell contact of D-cadherin was also increased in Rac1-null
mice. Actin remodeling and cell spreading induced by betacellulin
was also not demonstrable in the transgenic islets. This is the first
study to suggest a role for Rac1 in islet morphogenesis.

Taken together, the findings reviewed above provide significant
support to the viewpoint that Rac1 plays a positive modulatory
role in islet function including GSIS. It is also clear from the above
findings that prenylation of Rac1 is necessary not only for its
membrane translocation and association, but also to gain the GTP-
bound active conformation. It is also important to note that a
growing body of evidence appears to suggest that the activation
[GTP-bound]-deactivation [GDP-bound] cycles of Rac1 are critical
for GSIS to occur [3,4]. Such signaling steps appear to be mediated
via the intermediacy of specific regulatory factors. These include
GDP-dissociation inhibitors [GDIs] and guanine nucleotide ex-
change factors [GEFs]. Following is a brief description of these
factors/proteins, which might serve as potential therapeutic
targets to halt Rac1-mediated metabolic dysfunction under
conditions of chronic exposure of isolated b-cells to elevated
glucose [i.e., glucotoxicity], saturated fatty acids [i.e., lipotoxicity]
or a mixture of proinflammatory cytokines [i.e., IL-1b, TNFa and
IFNg].

3.3. Rac1 functions in the b-cell are modulated by specific regulatory

factors

Published evidence describes the expression and regulation of
GDIs in the pancreatic b-cell [17,18,22]. As reviewed recently in
[4], GDIs have been shown to: (i) prevent dissociation of GDP from
G-proteins; (ii) inhibit the intrinsic and GTPase-activating protein-
catalyzed hydrolysis of GTP; (iii) sequester back specific G proteins
[e.g., Rac1 and Cdc42] from their membranous sites, thereby
inhibiting their interaction with their respective effector proteins;
and (iv) regulate spatial determination in the actin cytoskeletal
control. Using several complementary experimental approaches, a
potential association between GDI and Rac1 in isolated b-cells was
reported recently. In addition, overexpression of the wild-type GDI
significantly inhibited GSIS in INS 832/13 cells. These findings were
further supported by studies in which expression of endogenous
GDI was knocked down by siRNA-GDI, which demonstrated that
siRNA-mediated knockdown of endogenous GDI resulted in a
significant increase in GSIS [17]. Together, these findings suggested
an inhibitory role for GDI in the glucose metabolic signaling
cascade, which may be relevant for GSIS. Based on the experimen-
tal evidence available up until now, it is proposed that GDIs play a
negative modulatory role in the cascade of events leading to GSIS
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by retaining the candidate G-proteins [e.g., Rac1] in their inactive
GDP-bound conformation.

In addition to GDIs, expression of GEFs in the islet b-cell was
also reported. For example, novel regulatory roles of T-lymphoma
invasion and metastasis1 [Tiam1], a GEF for Rac1, in GSIS from a
variety of insulin-secreting cells have also been demonstrated [23].
NSC23766, a specific inhibitor of Tiam1-mediated activation of
Rac1, but not Cdc42 or Rho, markedly attenuated glucose-induced,
but not KCl-induced, insulin secretion in INS 832/13 cells and
normal rat islets [23]. Furthermore, NSC23766 significantly
reduced glucose-induced activation and membrane association
of Rac1 in INS 832/13 cells and rat islets. The pharmacological data
were further confirmed by molecular biological approaches in that
the siRNA-mediated knockdown of Tiam1 markedly inhibited
glucose-induced membrane trafficking and activation of Rac1 in
INS 832/13 cells [23]. Together, glucose-mediated activation of
Rac1 and associated insulin secretion appear to be under the fine
control of Rho-GDI and Tiam1 in isolated b-cells.

In conclusion, data reviewed above support the viewpoint that
Rac1 plays an essential role in physiological insulin secretion.
Existing evidence suggests that this G-protein is involved in
cytoskeletal rearrangements thereby providing conditions favor-
able for the translocation and fusion of insulin granules with the
plasma membrane for the release of insulin into the circulation
[3,4]. The underlying mechanisms for cytoskeletal remodeling,
vesicular transport and fusion might also include functional
activation of scaffolding proteins such as IQGAP1 and gelsolin,
which have been shown to regulate cytoskeletal reorganization
[4,24]. In the context of downstream effector proteins, emerging
evidence suggests that phagocyte-like NADPH-oxidase [Nox] is
involved in glucose- and palmitate-induced insulin secretion [25–
29]. It is felt that a tonic increase in reactive oxygen species [ROS]
generated by Nox is necessary for GSIS; this is confirmed by
pharmacological and molecular biological approaches
[25,26,29,30]. The following section will highlight the existing
evidence to further substantiate positive modulatory roles of Rac1
in insulin secretion via regulation of Nox activation, generation of
ROS thereby facilitating insulin secretion under normal physiolog-
ical conditions.

4. The glucose–Rac1–Nox–ROS connection in insulin release

Nox is a highly regulated membrane-associated protein
complex that facilitates the one electron reduction of oxygen to
superoxide anion involving oxidation of cytosolic NADPH [31,32].
The Nox holoenzyme is comprised of membrane as well as
cytosolic components. The membrane-associated catalytic core
consists of gp91phox, p22phox, and the small G-protein Rap1. The
cytosolic regulatory components include p47phox, p67phox, p40phox

and the small G-protein Rac1 [or Rac2]. Following stimulation, the
cytosolic components of Nox translocate to the membrane fraction
for association with the catalytic core for the holoenzyme
assembly. Existing evidence suggests that a protein kinase C-
sensitive phosphorylation of p47phox leads to its translocation to
the membrane fraction. It has also been shown that functional
activation of Rac [Rac.GTP] is vital for the holoenzyme assembly
and activation of Nox [31–36].

Several recent studies have demonstrated localization and
functional activation of the Nox in clonal b-cells, normal rat islets,
and human islets [25,26,28,29]. The reader is referred to recent
reviews on contributory roles of Nox in pancreatic b-cell function
and dysfunction [37–41]. In this context, three previous studies
highlighted roles for Nox in insulin secretion. In the first study,
Oliveira et al. [26] provided a detailed description of localization of
expression and functional regulation of Nox within the islet.
Immunohistochemical approach was used to demonstrate activa-
tion of Nox by glucose. Diphenylene iodonium [DPI], a selective
inhibitor of Nox inhibited the enzyme activity. Lastly, through the
use of an activator [e.g., phorbol ester] or an inhibitor [e.g.,
GF109203X] these studies demonstrated that a protein kinase C-
mediated mechanism might underlie glucose-mediated activation
of Nox. Based on this evidence it was concluded that Nox activation
by glucose may play an important role in the regulation of b-cell
function. In a second study, Morgan et al. have demonstrated [25]
that pharmacological [e.g., DPI] and molecular biological [e.g.,
p47phox antisense] inhibition of Nox holoenzyme resulted in
significant inhibition of intracellular responses to calcium to
glucose and GSIS under static as well as perifusion conditions.
Further, reduction in the Nox activation culminated in inhibition of
glucose oxidation, glucokinase and Glut-2 expression. In the third
study, Graciano et al. [29] demonstrated an essential role for Nox in
palmitate-induced superoxide generation and insulin secretion in
rat pancreatic islets. These studies specifically showed a significant
increase in the superoxide generation by palmitate under short-
term incubation conditions; this was attenuated by DPI, a Nox
inhibitor and calphostin C, an inhibitor of protein kinase C. Further,
Nox inhibition led to a significant reduction in palmitate-induced
insulin secretion in the presence of high glucose. Together, the
above three studies provide a compelling evidence in support of a
positive modulatory role[s] for Nox signaling pathway in insulin
secretion. In this context, we recently demonstrated that
prenylation of Rac1 is necessary for glucose- and mitochondrial
fuel-induced Nox-dependent ROS generation in INS 832/13 cells
and rodent islets [30]. These findings are in accord with earlier
observations of Gorzalczany et al. [42] suggesting that targeting of
Rac1 to the membrane fraction is adequate for the activation of
Nox and associated generation of ROS. They demonstrated that
prenylated Rac1, but not unprenylated Rac1 or prenylated
Cdc42Hs binds to the phagocyte membranes more efficiently,
which is followed by recruitment of cytosolic p67phox to the
membrane and generation of superoxides following addition of
NADPH. Based on these observations, these investigators conclud-
ed that Rac1 functions in Nox activation might include recruitment
of p67phox and promoting the association between p67phox and
cytochrome b559. Along these lines, Pi and Collins overviewed the
existing evidence in supporting ‘‘second-messenger’’ roles of ROS
in physiological insulin secretion [43]. Thus, based on the above
discussion it can be surmised that a tonic increase in the
intracelluar ROS is critical for physiological insulin secretion and
that Rac1 plays a friendly role in glucose-induced Nox activation
and insulin secretion. It is, therefore, concluded that glucose-
induced activation of Rac1 initiates subsequent signaling steps
including activation of Nox and insulin release.

5. What are the non-friendly roles of Rac1 in islet function?

In addition to its positive modulatory roles, accumulating
evidence implicates negative modulatory [i.e., non-friendly] roles
for Rac1 in the metabolic dysfunction of the islet b-cell, specifically
at the level of its participatory role[s] in the regulation of Nox
activation. Emerging evidence from recent studies seems to
implicate Nox in the constitutive generation of ROS following
long-term exposure of b-cells to various stimuli known to cause
metabolic dysregulation [40,44,45]. Some of these stimuli include,
but are not limited to, high glucose, saturated fatty acids, and
proinflammatory cytokines. For example, in a recent study Morgan
et al. [40] have demonstrated a significant increase in Nox activity
and associated increase in ROS production in normal rat islets and
clonal BRIN BD11 cells following incubation with glucose,
palmitate or proinflammatory cytokines. Coprovision of DPI or
p47phox antisense oligonucleotides markedly attenuated these
effects [40]. Together, these findings suggest regulatory roles for
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Nox in normal physiology of the islet b-cell. They also implicate
Nox in the onset of oxidative stress under specific conditions,
including glucolipotoxicity. More recent investigations from our
laboratory have suggested roles of Tiam1/Rac1/Nox signaling axis
in b-cell dysregulation induced by these stimuli [44,45]. For
example, data shown in Fig. 2 demonstrated that incubation of INS
832/13 cells or normal rodent islets to high glucose [see Section 2.2
for experimental details] or palmitate led to a significant increase
in the expression of p47phox subunit [45]. Under these conditions,
we have also observed a significant increase in the ROS generation
and lipid peroxidation, which was inhibited by DPI [44]. In
addition, exposure of INS 832/13 cells to either a cell-permeable
ceramide [i.e., C2-ceramide; C2-CER] or a mixture of cytokines
[cytomix; i.e., IL-1b, TNFa and IFNg] also led to increased
expression of p47phox, Nox activation and ROS generation
(Fig. 2; Ref. [44]). DPI, apocynin or siRNA-mediated depletion of
p47phox reduced cytomix-induced Nox activation. Together, these
data suggested that constitutive activation of Nox by high glucose,
palmitate, C2-CER or cytokines results in increased p47phox

expression, Rac1 activation and Nox-mediated ROS generation
culminating in the metabolic dysfunction of the b-cell induced by
the above stimuli. It should be noted that inhibition of Tiam1/Rac1
signaling axis by NSC23766 significantly attenuated Nox activity
and ROS generation in INS 832/13 cells under the duress of cytomix
or palmitate [44,45]. Data shown in Fig. 3 demonstrated that
chronic exposure of insulin-secreting cells to high glucose,
palmitate, C2-CER or cytomix [as described in Fig. 2] results in
activation of Rac1 and that coprovision of these cells with
Fig. 2. High glucose, palmitate, C2-CER or cytomix increases the expression of p47phox i

treated with either low glucose [CON; 2.5 mM for 6 h]; high glucose [HG; 20 mM for 6 h];

of cytokines [CYT; IL-1b, TNFa, IFN-g = 10 ng/mL each for 24 h] as indicated in the figure

[44,45]. Please see Section 2.2 for experimental details.
NSC23766, a selective inhibitor of Tiam1/Rac1 signaling pathway,
markedly attenuated the activation of Rac1 seen under those
conditions. Lastly, in a separate set of investigations we have
demonstrated that cytomix induced significant defects in mito-
chondrial function in INS 832/13 cells as evidenced by a marked
loss of mitochondrial membrane potential and upregulated
caspase 3 activity [46]. In addition, GGTI-2147 and NSC23766,
known Rac1 inhibitors, not only attenuated cytomix-induced Rac1
activation but also significantly prevented loss of mitochondrial
membrane potential (NSC23766 > GGTI-2147; Ref. [44]). Togeth-
er, our experimental evidence [Figs. 2 and 3] suggests that Tiam1/
Rac1/Nox signaling cascade contributes to metabolic dysfunction
in the b-cell, which is seen in the presence of these noxious stimuli.
In addition, a regulatory role for Rac1 in the induction of Nox-
mediated oxidative stress has been demonstrated in other cells as
well. For example, studies in cultured retinal pericytes have
demonstrated a role for Nox in palmitate-induced apoptosis [47]. A
significant increase in Nox activity, oxidative stress, and caspase-3
activity was demonstrable in cells exposed to palmitate. Over-
expression of dominant-negative mutants of p67phox and Rac1
[N17Rac1] markedly inhibited the observed increase in caspase-3
activation. Furthermore, overexpression of an active mutant of
Rac1 [V12Rac1] increased caspase-3 activity, suggesting that
constitutive activation of Rac1 results in Nox activation culminat-
ing in the generation of oxidative stress and metabolic dysfunction.

One logical question is how specific are palmitate effects on b-
cells in inducing oxidative stress? Recent studies of Yuan and
associates [48] suggested that, in addition to palmitate, incubation
n INS 832/13 cells and normal rat islets. INS 832/13 cells or normal rat islets were

palmitate [PA; 100 mM for 6 h]; cell-permeable C2-CER [30 mM for 6 h] or a mixture

. Expression profiles of p47phox were determined in total lysates by Western blotting



Fig. 3. Inhibitors of Rac1 activation attenuate high glucose-, palmitate-, C2-CER- or cytomix-induced Rac1 activation in INS 832/13 cells and normal rat islets. Panel A:

NSC23766, a selective inhibitor of Tiam1-mediated activation of Rac1, markedly attenuates high glucose-, palmitate-, and C2-CER-induced Rac1 activation in INS 832/13 cells

and normal rat islets. INS 832/13 cells or normal rat islets were incubated overnight with either diluent alone or NSC23766 [20 mM] in low serum low glucose media. The cells

were then incubated further with either low glucose [CON; 5 mM for 30 min]; high glucose [HG; 20 mM for 30 min]; palmitate [PA; 100 mM for 3 h]; C2-CER [30 mM for

30 min in INS 832/13 cells and 3 h in normal rat islets] in the continuous presence of the diluent or NSC23766. The degree of Rac1 activation was determined by PAK-PBD pull

down assay [44,45]. Panel B: GGTI-2147, a selective inhibitor of geranylgeranylation of Rac1, markedly attenuates cytomix-induced Rac1 activation in INS 832/13 cells. INS

832/13 cells were incubated overnight with either diluent alone or GGTI-2147 [10 mM] in low serum low glucose media. The cells were then incubated further with either low

glucose [CON; 5 mM for 15 min] or a mixture of cytokines [CYT; IL-1b, TNFa, IFN-g = 10 ng/mL each for 15 min] in the continuous presence of the diluent or GGTI-2147. The

degree of Rac1 activation was determined by PAK-PBD pull down assay [50,51]. Please see Section 2.2 for experimental details.
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of insulin-secreting clonal b-[NIT-1] cells with oleate results in a
significant activation of Nox and associated increase in the ROS
generation and subsequent demise of the b-cell. These studies
have demonstrated that palmitate- or oleate-induced apoptosis of
the b-cell by activating the JNK signaling axis leading to inhibition
of Akt culminating in the decreased phosphorylation of FOXO1.
Evidence was also presented in these studies that palmitate or
oleate promotes apoptosis of the b-cell through p38 MAPK and p53
signaling mechanisms. Lastly, the fatty acid-induced metabolic
defects and apoptosis were restored in these cells to a large degree
via siRNA-mediated inactivation of Nox. Together, these studies
provide further supporting evidence for the overall hypothesis that
Nox plays a negative modulatory role by inducing oxidative stress
and the apoptosis of the b-cell under the duress of fatty acids, such
as palmitate and oleate. Furthermore, these data identify
additional downstream signaling pathways for Nox-mediated
ROS generation, which might be contributing toward metabolic
dysfunction of the b-cell.
Lastly, functional activation of Nox has also been demonstrated
in islets from the diabetic animal models (db/db mice and Otsuka
Long-Evans Tokushima Fatty rat; OLETF rat; [49]). Interestingly,
treatment of these animals with angiotensin II type-1 receptor
antagonists significantly reduced the expression of Nox subunits
and the associated oxidative stress in islets derived from these
animal models. These data implicate a significant contributory role
for Nox in the metabolic dysfunction of the beta-cell under
conditions of oxidative stress [49]. Potential beneficial effects of
Rac1 inhibitors [e.g., NSC23766] in the normalization of oxidative
stress need to be investigated in such animal models.

6. A working model

Based on the above discussion, which is supported to a large
degree, by experimental evidence, we propose the following model
for the involvement of Tiam1/Rac1 signaling axis in Nox-induced
oxidative stress in isolated b-cells under the duress of long-term
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exposure to glucose, palmitate, ceramide and cytokines [Fig. 4]. We
propose that chronic exposure of b-cells to glucolipotoxic
conditions leads to the activation of Tiam1/Rac1 signaling
pathway. Palmitate-induced Rac1 activation may be mediated
by CER accumulation via the de novo pathway since fumonisin B1, a
selective inhibitor of CER biosynthesis from palmitate attenuated
the effects of palmitate on ROS generation [45]. It is likely that
glucose mediated activation of Tiam1/Rac1 is direct rather than
mediated via CER; however it needs to be verified experimentally.
Alternatively, glucose could mediate intracellular accumulation of
CER either via activation of islet endogenous sphingomyelinases or
via the endoplasmic stress route. Exposure of isolated b-cells to
cytokines also leads to activation of Tiam1/Rac1 signaling
pathway. Potential roles of CER in this signaling cascade[s] need
to be verified as well. Tiam1/Rac1 activation leads to activation of
Nox enzyme culminating in the accumulation of ROS and onset of
Fig. 4. A model depicting potential involvement of Rac1 in the metabolic dysfunction of th

that exposure of pancreatic b-cells to high glucose, palmitate or cytokines leads to activa

results in generation of ROS, which adversely affect mitochondrial functions leading to

compartment. The latter promotes the activation of pro-apoptotic caspase 3 and assoc

Inhibition of Nox by DPI appears to prevent such metabolic defects. Potential involveme

inhibitor of this pathway. It also appears that intracellularly-generated CER via the de no

steps since fumonisin B1, a selective inhibitor of the ceramide biosynthesis from palmi

analogue of CER, mimicked palmitate effects [45]. It is likely that exposure of isolated

sphingomyelinases endogenous to the b-cell. In addition, glucose can directly activate T

Our recently published evidence indicates that exposure of isolated b-cells to a mixture

p47phox, Tiam1/Rac1 activation and metabolic dysfunction [44]. Together, these data ap

metabolic dysfunction of the b-cell under the duress of various noxious stimuli.Abbreviat

DPI, diphenyleneiodonium chloride.
oxidative stress within the b-cell. This, in turn, affects mitochon-
drial function including generation of oxidative stress within the
mitochondria, reduction in the mitochondrial membrane perme-
ability, cytochrome C release, caspase 3 activation and loss in
metabolic cell viability leading to the demise of the b-cell.
Coprovision of inhibitors of Nox [e.g., apocynin and DPI], inhibitors
of Rac1 [e.g., GGTI-2147 and NSC23766] or siRNA-mediated
knockdown of p47phox leads to inhibition of Nox activation and
at least a partial restoration of mitochondrial dysfunction. It should
be noted that the proposed model does not include potential
participatory roles of other GEFs and effector proteins for Rac1. For
example, using Ra2 microglia cell line Roepstorff et al. [50] have
demonstrated key regulatory roles for PAK1, an effector protein of
Rac1, in formyl-methionyl-leucyl-phenylalanine- or phorbolester-
induced Nox activation. They also demonstrated key roles for Rac1
and VAV1, a known GEF for Rac1 in this signaling cascade. Their
e islet b-cell induced by high glucose, palmitate, ceramide or cytokines. We propose

tion of Tiam1/Rac1 signaling axis culminating in the activation of Nox. This, in turn,

loss in membrane potential thus favoring cytochrome C release into the cytosolic

iated cleavage of substrate proteins leading to the apoptotic demise of the b-cell.

nt of Taim1/Rac1 signaling cascade was verified by the use of NSC23766, a selective

vo pathway from palmitate mediates activation of Tiam1/Rac1 and Nox activation

tate largely restored palmitate effects [45]. Furthermore, C2-CER, a cell permeable

b-cells to glucose also leads to intracellular accumulation of CER via activation of

iam1/Rac1 signaling pathway independent of its effects on intracellular CER levels.

of cytokines [i.e., IL-1b, TNFa and IFNg] also leads to increase in the expression of

pear to implicate critical regulatory roles of Tiam1/Rac1/Nox signaling steps in the

ions used: SMase, sphingomyelinase; Tiam1, T-lymphoma invasion and metastasis1;
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findings further demonstrated that PAK-1-mediates phosphoryla-
tion of p47phox, which is necessary for its membrane association and
Nox activation. In summary, it is likely that Rac1 could mediate Nox
activation through the intermediacy of signaling steps involving
other GEFs [e.g., VAV1] and effector proteins [e.g., PAK-1]. These
remain to be investigated in the islet b-cell [50]. In addition, not
included in our current model are other known mechanisms
whereby chronic hyperglycemia exerts damaging effects on b-
cells, presumably not involving the activation of Nox [51]. These
include oxidative phosphorylation, sorbitol metabolism, hexosa-
mine metabolism, protein kinase C activation by DAG etc. A recent
review by Poitout and Robertson highlights such mechanisms,
which are involved in the generation of oxidative stress in the b-cell
under the duress of glucolipotoxic conditions [51].

7. What are our options then in the discovery and development
of therapeutics to relieve Nox-induced oxidative stress?

It is evident from the above discussion that members of the Nox
holoenzyme could represent novel drug targets for halting the
generation of excess ROS generation and oxidative stress under
conditions of glucolipotoxicity, exposure to cytokines or C2-CER. In
a recent article, El-Benna et al. [52] have provided an excellent
description of developing peptide-based inhibitors for Nox. Based
on in an in-depth analysis, they concluded that gp91phox, p47phox

and p67phox might serve as potential drug targets due to their
‘‘exclusive membership’’ in the Nox holoenzyme complex, but not
other NADPH oxidases. In contrast, peptide inhibitors for Rac1/2
and p47phox may not be beneficial since they are active members of
other NADPH oxidase holoenzyme complexes as well.

It is likely that CER synthesis inhibitors [e.g., fumonisin,
cycloserine and myriocin] might turn out to be valuable in halting
the toxic effects of CER, which is formed from palmitate via the de

novo pathway. Indeed, recent studies have clearly demonstrated
beneficial effects of CER biosynthesis inhibitors in relieving
detrimental effects of CER in animal models of obesity and
diabetes [53]. Additional studies are needed to further examine the
effects of such a therapy to prevent mitochondrial defects arising
from Nox-mediated, CER-sensitive signaling mechanisms.

Along the lines of potential modulators of Nox activity, Mizrahi
et al. recently developed and tested the efficacy of p47phox–
p67phox–Rac1 chimera as the quintessential single molecule
activator of Nox [54]. They also provided evidence to suggest that
prenylation of Rac1 plays critical regulatory roles in the membrane
association and functional activation of the enzyme. These findings
support our observations described above to suggest marked
inhibition of glucose-induced, Nox-derived generation of ROS in
cells incubated with selective inhibitors of protein prenylation
[30]. Albeit, studies by Mizrahi et al. [54] described methods and
provided tools to study their effects on Nox activation, approaches
such as these might be valuable in the development of novel
therapeutics to inhibit Nox-derived oxidative stress in b-cells in
obesity and diabetes.

Other known approaches to neutralize or detoxify the oxidative
environment in the cell include antioxidant therapy and over-
expression of antioxidant enzymes. Indeed, such modalities have
been shown to work efficiently. The outcomes of such therapy are
more predictable given the fact that the islet b-cell carries
extremely poor antioxidant capacity. Quantitation of gene
expression profiles of antioxidant enzymes in rodent islets yielded
very low values compared to their respective counterparts in the
liver. For example, relative abundance of CuZn superoxide
dismutase, Mn-superoxide dismutase and glutathione peroxidase
corresponded only to 38%, 30% and 15% of the liver values,
respectively. Catalase activity was undetectable in islets ([55], and
references therein). Furthermore, studies by Modak et al. [56] have
demonstrated extremely poor repair of oxidatively damaged DNA
in b-cells compared to other cell types [e.g., liver cells] under
conditions of oxidative stress. In addition, studies from Robertson’s
laboratory have yielded valuable insights into beneficial effects of
overexpression of anti-oxidant enzymes [e.g., glutathione peroxi-
dase] against the damaging effects of oxidative stress [57,58].
Indeed, recent data from the studies of Xiao and associates in
humans [59] have also suggested beneficial effects of antioxidant
therapy [e.g., taurine], which affectively restored lipid-induced
reductions in plasma biomarkers of oxidative stress, insulin
sensitivity and b-cell function. A recent review by Giacca et al.
[60] provides additional advances in the area of lipid-induced
pancreatic b-cell dysfunction, specifically focusing on in vivo

studies. Together, these studies further emphasize antioxidant
therapy as one of the viable options in lowering the oxidative stress
in the islet under conditions of glucolipotoxicity.

Emerging evidence suggests regulation by adiponectin and
leptin of Nox protein expression in multiple cells. For examples,
studies by Tao et al. have demonstrated increased expression on
Nox in the heart from the adiponectin knockout mice [61]. Similar
increase in the expression of Nox was also reported in the kidney
from the adiponectin knockout animal models compared to their
wild-type counterparts, suggesting potential downregulation of
Nox expression by adiponectin [62]. In addition, studies by Dong
et al. reported significant increase in the expression Nox protein by
leptin in murine caridiomyocytes [63]. In this context, recent
studies by Decorde et al. [64] have reported a significant beneficial
effects of polyphenolic grape seed extract [GSE] against high-fat
diet induced obesity, adiponectin–leptin imbalance and oxidative
stress markers in hamsters. Specifically, these studies demon-
strated a marked reduction in high-fat-induced abdominal fat,
plasma glucose, triglycerides and insulin resistance in these animal
model following GSE therapy. Furthermore, plasma levels of
adiponectin and leptin were normalized in GSE-treated high-fat-
fed animals, under which conditions increased cardiac production
of superoxides and Nox expression were normalized to a large
degree. Together, these observations ([64] and studies reported
therein) implicate regulatory roles of adiponectin and leptin in the
regulation of Nox activity. Further, they provide evidence for the
therapeutic efficacy of grape phenolics in the prevention of Nox-
mediated effects on cellular functions. Potential roles of Tiam1/
Rac1 axis in this signaling cascade remains to be examined.

As discussed above, Nakayama et al. have reported a significant
improvement in islet function in diabetic OLETF rats and db/db

mice following treatment with angiotensin1 receptor antagonist
[49]. They demonstrated attenuation in the increased expression of
gp91phox and p22phox and the associated oxidative stress in islets
derived from these models following treatment with Valsartan, a
known angiotensin1 receptor antagonist. Based on these findings,
the authors concluded that angiotensin-related increase in the
activation of Nox could potentially be contributing to the
metabolic dysfunction of the islet b-cell in type 2 diabetes. These
findings are compatible with in vitro observations by Hirata et al.
demonstrating a significant activation of Nox-mediated and
associated generation of superoxides in rat pancreatic islets
following exposure to angiotensin II [65]. Evidence was also
presented to suggest a significant increase in the expression of
p47phox and gp91phox at both mRNA and protein levels. Together,
these data are suggestive of novel cytoprotective effects of
angiotensin receptor antagonists against cell damage induced by
glycolipotoxicity or proinflammatory cytokines.

Lastly, it may be germane to point out that several recent
investigations have successfully utilized NSC23766, a selective
inhibitor of Tiam1/Rac1 signaling axis to correct Nox-mediated
effects on cellular function in vitro and in vivo [44,45,66]. Of
immediate relevance to the current topic is a study that merits
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discussion here. Using streptozotocin diabetic mouse model, Shen
et al. have demonstrated a regulatory role for Rac1 in hyperglyce-
mia-induced apoptosis in cadiomyocytes [66]. Specifically, they
were able to demonstrate upregulation of Rac1, Nox activity,
increased ROS generation leading to apoptosis of cardiomyocytes
under the duress of hyperglycemia. Such conditions significantly
increased Rac1 and Nox activation in in vitro culture conditions,
which were attenuated by pharmacological inhibition of Nox,
overexpression of inactive mutant of Rac1 or gene knockdown of
gp91phox or p47phox. Treatment of diabetic db/db mice with
NSC23766 significantly inhibited Nox activity and cell apoptosis. In
further support of a role for Rac1 in the onset of myocardial
remodeling in type 1 diabetes, Li et al. have demonstrated that
Rac1 knockout or apocynin-treatment significantly attenuated Nox
subunit expression and activation, ROS production and cardiac
collagen deposition. Rac1 deficiency also led to reduction in
myocardial fibrosis and hypertrophy and improved myocardial
function [67]. These studies provide adequate evidence in support
of the hypothesis that Tiam1/Rac1 signaling axis plays a critical
role in Nox-mediated cell dysfunction in diabetes. They also raise
the potential need for the development of more specific
therapeutic modalities to specifically inhibit this signaling
pathway. However, as discussed above, at least in the context of
the islet b-cell, this strategy may not be ideal since the Tiam1/
Rac1/Nox signaling pathway is also implicated in the signaling
cascade leading to physiological insulin secretion, including actin
remodeling, granule mobilization and tonic increase in ROS [4,30].
Alternatively, it is likely that a tonic level of attenuation of the
Tiam1/Rac1 signaling pathway might prove beneficial to the islet
function. This needs experimental verification. Further, as sug-
gested recently by Bosco and associates [10], Rac1 regulates
various cellular functions including microtubule stability [via

IQGAPs], actin organization [via IRSp53/WAVE and PAK-1],
transcription [via PAK-1], superoxide generation [via NOX] and
nuclear signaling [via MLK2/3]. Together, the above mentioned
positive modulatory roles of Rac1 in normal cell function implicate
Rac1 as low priority target protein for therapeutic development.

Lastly, a recent review by Sawada et al. [68] provides additional
insights into friendly and non-friendly roles of Rac1 in the
cardiovascular system, but such a model could be applicable to
other model systems, including the islet b-cell. Based on the
existing evidence these investigators proposed a ‘‘context-depen-
dent, Janus-faced functions of Rac1’’ in various signaling steps in
endothelial cells, which are controlled precisely by specific stimuli
and GFEs to regulate the function of Rac1. Further, they overviewed
evidence in support of various downstream effector proteins of
Rac1 [i.e., IQGAP and PAK-1] as determinants of endothelial barrier
properties. Based on this discussion, it seems likely that positive
and modulatory roles of Rac1 in a given cell type depends on the
stimulus, the GEF protein [E.g., Tiam1, VaV etc.] and the
downstream effector proteins [i.e., IQGAP]. While considerable
evidence implicates PAK-1 as one the effector proteins [3,4],
regulatory roles of Rac1/IQGAP signaling in the islet b-cell remains
only partially understood [4,69–71]. Based on the existing data in
the islet, and in line with the proposal by Sawada and associates,
we suggest that the future efforts must be made to develop novel
pharmacological probes not based on Rac1 itself, but based on its
upstream regulatory and downstream effector proteins.

8. Conclusions and future directions

GSIS involves a sequence of metabolic events and interplay
between distinct signaling pathways leading to the transport of
insulin granules to the plasma membrane for fusion and release of
insulin by exocytosis. Convincing evidence is available now to
implicate small G-proteins [e.g., Rac1 and Cdc42] in physiological
insulin secretion, specifically at the level of vesicular transport and
cytoskeletal remodeling. From the above discussion it is evident
that Tiam1 serves the role of a GEF for Rac1 and that Tiam1/Rac1
signaling axis is necessary for GSIS to occur. Among various
effector proteins known to exist for Rac1, Nox appears to require
Tiam1/Rac1 signaling step for its holoenzyme assembly and
catalytic activation. Also, it is evident that Tiam1/Rac1-mediated
Nox-derived ROS generation is necessary for glucose-and fatty
acid-stimulated insulin secretion. In addition, it is becoming
increasingly clear that chronic exposure of isolated b-cells to high
glucose, palmitate, cytokines or C2-CER leads to the generation of
‘‘excess’’ ROS culminating in oxidative stress leading to mitochon-
drial dysfunction of the effete b-cell. Despite the available
evidence, which identifies Nox as one of the sources of oxidative
stress under the duress of noxious stimuli, potential loci for the
action of generated ROS within the b-cell remains to be
determined. They might include, but not limited to, cytosolic
ROS-induced oxidative stress within the mitochondria thereby
triggering downstream signaling events leading to cellular
dysregulation [Fig. 4]. While there is substantial evidence to
support this viewpoint, some aspects remain speculative and need
to be confirmed experimentally. Further, precise mechanisms
underlying the translocation of each of the three cytosolic
components of Nox, namely Rac1, p67phox and p47phox remain
to be fully defined. At least in the context of GSIS, published
evidence from our laboratory [72] suggested novel roles for
biologically-active phospholipids in the dissociation of Rac1/GDI
complexes, which is a requisite for activation and translocation of
Rac1 to the membrane fraction; this signaling step is under the fine
control of Tiam1. Lastly, it is evident that post-translational
geranylgeranylation of Rac1 is necessary for full activation of Nox
as evidenced by inhibition of Nox-mediated ROS generation by
GGTI-2147. However, it must be kept in mind that Rap1, which
represents one of the components of Nox also, is geranylgerany-
lated and such a modification step could be potentially inhibited by
GGTI-2147. A review of literature clearly indicates Rac1 activation
as a critical step for Nox regulation, very little is understood with
regard to potential regulatory roles of membrane-associated Rap1
in the Nox activation step. This could potentially be under the
control of various GEFs and related mechanisms. Finally, data from
the in vitro experiments are in agreement with those accrued in
islets derived from diabetic animal models as evidenced by
increased Nox-derived ROS generation in the diabetic islet.
Functional relevance for Tiam1/Rac1 signaling axis in the hyper-
activation of Nox in the diabetic islet requires further investigation.
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