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Abstract
The phagocytic NADPH-oxidase [NOX] has been implicated in the generation of superoxides in
the pancreatic β-cell. Herein, using normal rat islets and clonal INS 832/13 cells, we tested the
hypothesis that activation of the small G-protein Rac1, which is a member of the NOX
holoenzyme, is necessary for palmitate [PA]-induced generation of superoxides in pancreatic β-
cells. Incubation of isolated β-cells with PA potently increased the NOX activity culminating in a
significant increase in the generation of superoxides and lipid peroxides in these cells; such effects
of PA were attenuated by diphenyleneiodonium [DPI], a known inhibitor of NOX. In addition, PA
caused a transient, but significant activation [i.e., GTP-bound form] of Rac1 in these cells.
NSC23766, a selective inhibitor of Rac1, but not Cdc42 or Rho activation, inhibited Rac1
activation and the generation of superoxides and lipid peroxides induced by PA. Fumonisin B-1
[FB-1], which inhibits de novo synthesis of ceramide [CER] from PA, also attenuated PA-induced
superoxide and lipid peroxide generation and NOX activity implicating intracellularly generated
CER in the metabolic effects of PA; such effects were also demonstrable in the presence of the
cell-permeable C2-CER. Further, NSC23766 prevented C2-CER-induced Rac1 activation and
production of superoxides and lipid peroxides. Lastly, C2-CER, but not its inactive analogue,
significantly reduced the mitochondrial membrane potential, which was prevented to a large
degree by NSC23766. Together, our findings suggest that Tiam1/Rac1 signaling pathway
regulates PA-induced, CER-dependent superoxide generation and mitochondrial dysfunction in
pancreatic β-cells.
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1. Introduction
Several lines of evidence from multiple laboratories suggests that chronic exposure of
isolated β-cells to elevated saturated fatty acids [e.g., palmitic acid; PA] leads to a
significant metabolic dysregulation and eventual demise of the β-cell [1–3]. Multiple
mechanisms have been put forth to explain PA-induced metabolic defects; one of these
include generation of intracellular oxidative stress [e.g., reactive oxygen species; ROS; 4–6],
albeit recent studies by Moore et al [7] appear to argue against fatty acid-induced oxidative
stress in the pancreatic β-cell. A signaling step involved in the increased generation of ROS
and associated induction of intracellular oxidative stress in the pancreatic β-cell is the
activation of the phagocytic NOX system, which is a highly regulated membrane-associated
protein complex that catalyzes the one electron reduction of oxygen to superoxide anion
involving oxidation of cytosolic NADPH. The phagocytic NOX is a multicomponent system
comprised of membrane as well as cytosolic components. The membrane-associated
catalytic core is a complex consisting of gp91phox, p22phox and the small G-protein Rap1.
The cytosolic regulatory components include p47phox, p67phox and the small G-protein Rac1
[8–12]. Following stimulation, the cytosolic components of NADPH oxidase translocate to
the membrane for association with the catalytic core for holoenzyme assembly. Available
evidence also suggests that a protein kinase Cζ-sensitive phosphorylation of p47phox leads to
its translocation to the membrane fraction [13]. It has also been shown that functional
activation of Rac [i.e., GTP-Rac] is vital for the holoenzyme assembly and activation of
NOX [14–16].

Several recent studies have demonstrated localization and functional activation of the NOX
in clonal β-cells, normal rat islets and human islets under the duress of various stimuli
including elevated levels of glucose, saturated fatty acids and proinflammatory cytokines
[6,17–19]. It has also been demonstrated that pharmacological inhibition of NOX by
diphenyleneiodoinium chloride [DPI] or anti-sense oligonucleotides for p47phox markedly
attenuated glucose-induced ROS production and oxidative stress, suggesting a critical
involvement of NOX in the metabolic dysfunction induced by glucose [20]. These data
implicate a significant contributory role for NOX in the metabolic dysfunction of the β-cell
under conditions of oxidative stress [21–23].

Despite the aforementioned compelling lines of evidence, very little has been studied with
regards to the potential contributory roles of small G-proteins [e.g., Rac1] in the cascade of
events leading to PA-induced NOX-mediated superoxides generation in β-cells. Based on
this reasoning, we undertook the current investigation to test our overall hypothesis that PA-
induces generation of superoxides and lipid peroxides in INS 832/13 cells and rodent islets
by increasing Rac1 activation, which represents one of the signaling events necessary for the
functional regulation of the endogenous NOX holoenzyme assembly and its catalytic
activity. Herein, we describe evidence to implicate NOX signaling pathway in the
generation of superoxides and lipid peroxides in PA-mediated effects on isolated β-cells. We
also present the first evidence to suggest a critical modulatory role for Tiam1, a guanine
nucleotide exchange factor [GEF] for Rac1 [28], in this signaling pathway leading to the
onset of mitochondrial dysfunction.

2. Materials and methods
2.1. Materials

C2-Ceramide, Dihydroceramide and NSC23766 were from Calbiochem [San Diego, CA].
Nitroblue tetrazolinium salt, malondialdehyde, thiobarbituric acid, diphenyleneiodonium
chloride, butylated hydroxytoulene, oleic acid and palmitic acid were from Sigma [St. Louis,
MO]. Antibodies directed against p47phox and actin were from Santa Cruz Biotechnology
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[Santa Cruz, CA]. Rac1 activation kit was purchased from Cytoskeleton Inc. [Denver, CO].
JC-1 assay kit was from Cell Technology Inc. [Mountain View, CA]. Palmitate stock
solutions were prepared as we described in [24].

2.2. Insulin-secreting cells
INS 832/13 cells were provided by Dr. Chris Newgard [Duke University Medical Center,
Durham, NC] and were cultured in RPMI 1640 medium containing 10 % heat-inactivated
fetal bovine serum supplemented with 100 IU/ml penicillin and 100 IU/ml streptomycin, 1
mM sodium pyruvate, 50 µM 2-mercaptoethanol, and 10 mM HEPES [pH 7.4]. The
medium was changed twice and cells were subcloned weekly. Islets were isolated from
normal Sprague–Dawley rats using the collagenases digestion method described previously
[24].

2.3. Quantitation of superoxide generation by nitroblue tetrazolium [NBT] assay
INS 832/13 cells were plated in six-well plates and grown to subconfluency and then treated
with PA [100 µM], C2-CER [30 µM], FB-1 [10 µM], DPI [5 µM] or NSC23766 [20 µM] in
different combinations as described in the text. The medium was then removed and the cells
were washed once with PBS and further incubated with 0.25 % NBT for 30 min at 37 °C.
Cells were then harvested and pelleted by low-speed centrifugation. The resulting pellet was
resuspended in 50 % acetic acid. The reduced NBT formazan product was quantified by
measuring the absorbance at 510 nm using Beckman DU640 spectrophotometer.

2.4. Quantitation of superoxide generation by malondialdehyde [MDA] assay
INS 832/13 cell lysates derived from control or treated cells [100 µg protein] were treated
with 10 % trichloro acetic acid, 2 % butylated hydroxytoulene, and freshly prepared 0.67 %
thiobarbituric acid. Following this, the samples were boiled for 15–20 min and then allowed
to cool down at 4–8 °C for 15–20 min. The samples were then gently vortexed and
centrifuged at 3500 rpm for 15 min. The resulting supernatant was used to measure the
absorbance at 532 nm. A standard concentration curve was used to extrapolate MDA
generated from various samples.

2.5. NOX assay
INS 832/13 cells were plated in six-well plates, grown to subconfluency and then treated
with either diluent or PA [100 µM] or C2-CER [30 µM] for 6 hr. After treatment the
medium was removed and the cells were washed once with PBS and further incubated with
5 µM of 2',7'-dichlorodihydrofluorescein diacetate [DCHFDA] for 30 min at 37 °C. Cells
were then harvested and pelleted by low-speed centrifugation and the protein content of the
pellet was determined using Bradford’s assay. Following to this, equal amount of proteins
were taken and fluorescence in each condition was recorded [excitation − 485 nm and
emission − 530 nm]. The amount of fluorescence recorded is directly correlated to the
amount of superoxide radicals generated due to NOX activity.

2.6. Rac1 activation assay
INS 832/13 cells were treated with either diluent or NSC23766 [20 µM] or C2-CER or PA
or oleate. Before treatment, cells were incubated overnight with NSC23766 in a low serum -
low glucose containing medium. Cells were further incubated with PA or C2-CER as
indicated in the text in the continuous presence of either NSC23766 or diluent. Lysates
[~500 µg protein] were clarified by centrifugation for 5 min at 4800×g, and PAK-PBD [p21-
activated kinase-binding domain] beads [20 µl] were added to the supernatant. The mixture
was then rotated for 1 hr at 4 °C and pelleted by centrifugation at 4,000×g for 3 min. The
resulting pellet was washed once with lysis buffer followed by a rinse [3x] in wash buffer
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[25 mM Tris, pH 7.5, 30 mM MgCl2, 40 mM NaCl, and 150 mM EDTA]. Proteins in the
pellet were resolved by SDS-PAGE and transferred onto a nitrocellulose membrane, and
Western blotting method determined the relative abundance of activated Rac1.

2.7. Assessment of mitochondrial dysfunction by JC-1 assay
Loss of mitochondrial membrane potential in cells has been estimated using JC-1 assay kit.
Briefly, INS 832/13 cells were grown at 80 % confluency on the cover slips and were
incubated with and without NSC23766 [20 µM] overnight in low serum – low glucose
media. Cells were then treated with C2-CER [30 µM] or DHC [30 µM] for 6 hr with or
without NSC23766. At the end of incubation, cells were washed twice with assay buffer
(provided with the kit) and were further incubated for 15 min with JC-1 dye [1X]. Cells
were then washed twice with assay buffer and the cover slips were mounted onto a glass
slide and images were taken at 40X magnification using Olympus IX71 microscope
[Olympus America Inc., Center Valley, PA]

2.8. Other assays
Protein concentrations were determined by Bradford’s dye-binding method using bovine
serum albumin as the standard. Statistical significance of differences between diluent and
experimental groups was determined by Student’s t test and ANOVA analysis. p < 0.05 was
considered significant.

3. Results
3.1. PA induces generation of lipid peroxides and ROS in insulin-secreting cells

At the outset, we determined if exposure of isolated β-cells to PA results in the generation of
superoxides and lipid peroxides. Data shown in Figure 1 suggests that incubation of INS
832/13 cells with PA [100 µM; 6 hr] significantly increased lipid peroxide levels [~2.5-fold;
expressed as MDA equivalents; Panel A] and ROS levels [~2.7-fold; Panel B]. Furthermore,
coprovision of DPI, a known inhibitor of NOX attenuated the PA-induced lipid peroxide
levels [~37 %] and ROS generation [~31 %]. Together, these data suggest that PA-mediated
generation of lipid peroxides and ROS in isolated β-cells may, in part, be due to activation
of NOX.

3.2. PA induces activation of NOX in pancreatic β-cells
Data described above prompted us to further investigate potential regulation of NOX
activity by PA in insulin-secreting cells. As stated above, p47phox represents one of the
subunits of the NOX holoenzyme which is subjected to regulation in cells under the duress
of oxidative stress. It has been shown that small G-protein Rac1, also a member of the NOX
assembly, is also activated under conditions of oxidative stress leading to activation of NOX
activity. Data described in Figure 2 suggested that incubation of normal rat islets [Panel A;
left] or INS 832/13 cells [Panel A; right] with PA significantly increased the activation [i.e.,
GTP-bound form] of Rac1 as determined by the PAK-pulldown assay [see Methods for
additional details]. In addition, we observed a marked increase in the expression of p47 phox

in these cells following exposure to PA [Figure 2; Panel B]. Together, data in Panels A and
B suggests upregulation of expression and function of key components of NOX holoenzyme
in cells exposed to PA. We next quantitated the NOX activity to determine if PA-induced
activation of Rac1 [Panel A] and p47phox expression [Panel B] culminates in the functional
activation of the enzyme. Indeed, findings described in Figure 2; Panel C suggested a
significant increase [~97 %] in the catalytic activation of NOX in cells treated with PA. It
should be noted that under these conditions, oleate exerted a modest effect on the NOX
activity [Figure 2; Panel C] without significantly affecting Rac1 activation in INS 832/13
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cells [Figure 2; Panel D]. Together, our findings suggest that PA, but not oleate, elicits
stimulatory effects on Rac1 activation and NOX activity.

3.3. Tiam1, a GEF for Rac1, is involved in PA-induced Rac1 activation and generation of
superoxides and lipid peroxides in pancreatic β-cells

It has been demonstrated in many cells types, and more recently in pancreatic β-cells, that
Rac1 activation is mediated by GEFs, such as Tiam1 [25,26]. Recent studies from our
laboratory have provided immunological evidence for Tiam1 in insulin-secreting cells, and
further indicated that NSC23766, a specific inhibitor of Tiam1, specifically inhibits GTP
loading onto Rac1, but not Cdc42 and Rho [25]. Therefore, we investigated if pre-treatment
of isolated β-cells to NSC23766 prevents PA-induced Rac1 activation and associated
increase in the generation of superoxides and lipid peroxides. Data shown in Figure 3 [Panel
A] demonstrated a near complete inhibition of PA-induced Rac1 activation by NSC23766
suggesting potential requirement for Tiam1 in PA-induced Rac1 activation. Furthermore, we
observed that PA-induced generation of lipid peroxides [Panel B] and reactive oxygen
species [Panel C] in INS 832/13 cells were also reduced [~20 to 30 %] following inhibition
of Tiam1-mediated activation of Rac1. Together, these data implicate a novel regulatory
role(s) for Tiam1/Rac1 signaling step(s) in PA-mediated generation of superoxides and lipid
peroxides in isolated β-cells.

3.4. PA-induced generation of lipid peroxides and superoxides may, in part, be due to
intracellular generation of CER via the de novo pathway

Since PA is the precursor for the de novo biosynthesis of CER, in the next series of studies
we investigated potential roles of intracellularly generated CER in aforementioned PA-
induced effects on isolated β-cells. To address this, we quantitated PA-induced generation of
reactive oxygen species and lipid peroxides in cells pre-treated in the absence or presence of
FB-1, a known inhibitor of de novo biosynthesis of CER from PA [28], incubation of
isolated β-cells with 100 µM PA in presence of FB-1 significantly reduced PA-induced
generation of ROS [~72 %; Panel A] and lipid peroxides [~62 %; Panel B] without
significantly affecting these parameters in cells incubated with the diluent.

We next quantitated PA-induced effects on NOX activity as a function of period of
incubation and the concentration of PA. Data in Table 1 indicated that PA elicited
significant stimulatory effects on NOX activity. Maximal effects were seen between 3–6 hr
of incubation. Interestingly, PA effects were not seen beyond 6 hr time point as the NOX
activity fell even below the control values. In addition, pre-incubation of these cells with
FB-1 resulted in a significant inhibition in NOX activity at 6 hr time point suggesting
potential regulation of NOX activity by intracellularly generated CER [Table 1]. We next
quantitated NOX activity in these cells as a function of PA concentration [0–200 µM] in the
absence or presence of FB-1. Data in Figure 4 [Panel C] suggested a concentration-
dependent activation of NOX by PA. Further, we noticed a significant inhibition of PA-
induced NOX activity by FB-1. Together, these data suggest that PA-induced effects on
lipid and superoxide levels and NOX activity may, in part, be due to the intracellularly
generated CER.

3.5. A cell-permeable analog of CER mimics PA effects in isolated β-cells
We next investigated if coprovision of a cell-permeable CER [e.g., C2-CER] mimics PA-
induced oxidative stress in INS 832/13 cells, and if such an increase is mediated via
activation of endogenous NOX. To address this, INS 832/13 cells were incubated with
diluent or C2-CER, which has been effectively used to determine CER-induced metabolic
dysfunction in isolated β-cells [27,28] in the absence or presence of DPI to inhibit
endogenous NOX. Data described in Figure 5 showed a marked reduction in C2-CER-
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induced ROS levels [~71 %; Panel A] or lipid peroxides [~69 %; Panel B] in cells exposed
to DPI. It should be noted that DPI exerted a modest increase in the generation of lipid
peroxides in the absence of C2-CER without significantly affecting the basal superoxide
generation [Panels A and B; lanes 1 vs. 3]. Taken together, these findings implicate NOX
activity in C2-CER-induced generation of ROS and lipid peroxides in pancreatic β-cells.

3.6. C2-CER mimics PA effects in inducing p47phox expression and NOX activity in isolated
β-cells

As a logical extension to the studies described in Figure 5, we examined if C2-CER induces
p47phoxexpression and NOX activity in pancreatic β-cells. Data in Figure 6 [Panel A] shows
that incubation of INS 832/13 cells with C2-CER significantly increased p47phox expression.
Moreover, in a manner akin to PA, C2-CER increased [more than 2-fold] the NOX activity
in INS 832/13 cells [Figure 6; Panel B]. Together, these data in Figures 5 and 6 demonstrate
that a cell-permeable analog of C2-CER mimics the effects of PA on isolated β-cells by
increasing the NOX activity.

3.7. C2-CER-induced generation of superoxides and lipid peroxides are mediated by the
Tiam1/Rac1 signaling pathway

Herein, we examined the possible involvement of Tiam1/Rac1 signaling cascade in C2-
CER-induced oxidative stress in β-cells. Data shown in Figure 7 suggested a significant
activation of Rac1 by C2-CER in INS 832/13 cells [Panel A; left] and normal rat islets
[Panel A; right]. Moreover, coprovision of NSC23766 substantially inhibited C2-CER-
induced Rac1 activation in both cell types. These data clearly suggest that C2-CER-induced
effects on isolated β-cells may, in part, be due to activation of a Rac1-dependent signaling
mechanism. Furthermore, we noticed that C2-CER-induced generation of lipid peroxides
[Figure 7; Panel B] or superoxides [Figure 7; Panel C] were reduced [~27–60 %] by
NSC23766, thus suggesting novel regulation of CER-mediated effects by a Tiam1/Rac1-
dependent signaling mechanism [see below].

3.8. C2-CER, but not its inactive analogue, promotes mitochondrial dysfunction in INS
832/13 cells in a Tiam1/Rac1 signaling pathway

We have recently reported that exposure of isolated β-cells to C2-CER results in significant
abnormalities in mitochondrial function including loss in membrane potential and leakage of
cytochrome-C into the cytosolic compartment [28]. Therefore, in the last set of experiments
we verified if Tiam1/Rac1 signaling step might underlie the CER-induced mitochondrial
dysfunction in INS 832/13 cells. To address this, mitochondrial membrane potential [MMP]
was quantitated by the JC-1 staining method in cells exposed to diluent or C2-CER in the
absence or presence of NSC23766. To determine the specificity of CER effects, we also
utilized Dihydroceramide [DHC], an inactive analogue of CER, on MMP in INS 832/13
cells. Data in Figure 8 indicated that exposure of these cells to C2-CER [lower left panel],
but not DHC [middle left panel] significantly lowered the MMP as evidenced by staining of
the majority of cells in green due to reduced MMP. Furthermore, NSC23766 prevented C2-
CER-induced loss in membrane potential [as evidenced by a strong J-aggregation; red color]
in these cells, further supporting the hypothesis that Tiam1/Rac1 signaling pathway
contributes to CER-induced metabolic dysfunction in the pancreatic β-cell.

4. Discussion
One of the main objectives of this study was to test the hypothesis that activation of the
Tiam1/ Rac1 signaling pathway is necessary for PA-mediated generation of superoxides and
lipid peroxides in isolated β-cells. The salient findings of our study are: [i] exposure of
isolated β-cells to PA leads to the generation of reactive oxygen species and lipid peroxides,
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which may, in part, be due to increased NOX activity; [ii] PA-induced effects on NOX
activity are largely due to intracellularly generated CER from the de novo biosynthetic
pathway; [iii] PA-induced, CER-mediated activation of NOX and the resultant increase in
intracellular oxidative stress require activation of Rac1; [iv] PA-induced, CER-sensitive
activation of Rac1 requires the intermediacy of Tiam1, a GEF for Rac1; and [v] inhibition of
Tiam1/Rac1 signaling pathway leads to restoration of mitochondrial membrane potential.
Together, our data provide the first evidence for Tiam1/Rac1 signaling pathway in PA-
induced, CER-mediated increase in the oxidative environment in INS 832/13 cells and
normal rodent islets.

As stated above, our current findings implicate the involvement of Tiam1 in PA- or C2-
CER-induced activation of Rac1. In the context of potential regulation of Rac1, multiple
GEFs have been identified in other cell types. These constitute the diffuse B cell lymphoma
[Dbl] family of GEFs, including Trio and Tiam1. Recently, Zheng et al have developed
NSC23766, which is a soluble first generation small molecule inhibitor of Tiam1-mediated
activation of Rac1 [29]. These investigators have reported significant inhibition of Rac1-
GTP-loading by NSC23766 without significantly affecting the GTP-loading onto other
small G-proteins including Cdc42 and Rho A. Under these conditions, NSC23766 also
attenuated cell proliferation induced by Tiam1, which is a Rac1-specific GEF. Based on
these data, Zheng et al concluded that NSC23766 represents a specific inhibitor of Tiam1-
mediated activation of Rac1. Several other laboratories have utilized NSC23766 since then
to decipher the potential contributory roles for Tiam1/Rac1 signaling pathway in cellular
functions [25,30 and references therein]. Recently, we have confirmed the selectivity of
NSC23766-mediated inhibition of Rac1 activation in insulin-secreting cells [25]. In the
present study, we demonstrated that NSC23766 not only attenuated PA or C2-CER-induced
Rac1 activation, but also markedly reduced PA or C2-CER-induced generation of
superoxides and lipid peroxides, implicating novel regulatory roles for Tiam1/Rac1
signaling pathway in the activation of phagocytic-like NOX in β-cells. Using molecular
biological approaches Yi F and Chen et al [31] have recently demonstrated roles of Vav2,
another GEF for Rac1, in homocysteine-induced Rac1/NOX activation in mesangial cells.

Several recent studies have demonstrated regulatory roles of Rac1 in high glucose-induced
metabolic dysregulation and cell death. For example, Shen et al [30] have recently reported
a significant increase in cardiomyocyte apoptosis under hyperglycemic conditions. Using
cultured myocytes, these investigators demonstrated a significant upregulation of Rac1 and
NOX activity which was attenuated in cells overexpressing a dominant negative mutant of
Rac1. Moreover, treatment of diabetic animals with NSC23766 significantly reduced NOX
activity and cell demise followed by restoration of myocardial function [30]. These findings
further support the involvement of Tiam1/Rac1 signaling pathway in hyperglycemia-
induced metabolic dysfunction and demise of myocytes. It may be germane to point out that
unpublished observations from our laboratory have suggested similar regulatory roles of
Rac1 in high glucose-induced activation of NOX activation and the associated increase in
oxidative stress in INS 832/13 cells and normal rat islets [Syed and Kowluru, unpublished].

Along these lines, studies by Cacicedo and coworkers in cultured retinal pericytes have
demonstrated a role for NOX in PA-induced apoptosis [32]. A significant increase in NOX
activity, oxidative stress and caspase-3 activity was demonstrable in cells exposed to PA.
Overexpression of dominant negative mutants of p67phox and Rac1 [N17Rac1] markedly
inhibited the 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 culminating in the generation of oxidative
stress and metabolic dysfunction in these cells.
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Using FB-1, a specific inhibitor of de novo synthesis of CER from PA, we have
demonstrated that PA-induced effects may, in part, be due to intracellularly generated CER.
Data accrued in studies using C2-CER further support this postulation. Published evidence
along these lines suggests that CER-mediated effects are indeed mediated via activation of
Rac1 in many cell types. For example, using C2-CER, Kim and Kim have reported
activation of c-fos serum response element via the Rac1 signaling pathway in Rat-2
fibroblasts [33]. Interestingly, using NIH 3T3 cells, Embade and coworkers have
demonstrated novel relationships between FasL generation and CER production in Rac1-
induced apoptosis [34]. In another study, Deshpande and coworkers [35] have demonstrated
intermediacy of intracellularly generated CER in Rac1-induced mitochondrial oxidative
stress and premature senescence in human umbellical vein endothelial cells. Together, these
data appear to implicate CER/Rac1 signaling pathways in oxidative stress and metabolic
dysfunction in multiple cells types. Therefore, based on these and other supporting evidence
we presented in this study, we believe that PA effects on lipid peroxides, superoxides and
NOX activity are specific and that they require the intermediacy of Tiam1/Rac1 signaling
pathway. It should be noted that we also observed modest effects of oleate on NOX activity
without significantly affecting the Rac1 activation [Figure 2] suggesting a clear distinction
between the modes of action of these two fatty acids.

It is important to note that several recent studies have implicated physiological roles for a
tonic increase in NOX activation and subsequent generation of reactive oxygen species in
the stimulus-secretion coupling of glucose-stimulated insulin secretion [36]. Besides this,
existing evidence in the literature clearly demonstrates increase in the insulin secretion by
fatty acids under acute incubation conditions [17]. Therefore, one might ask the question if
increase in Tiam1/Rac1 activation and NOX activation could contribute towards the
physiological insulin secretion rather than inducing metabolic abnormalities in the isolated
β-cell. While it appears likely, under specific experimental conditions, chronic activation of
NOX by specific stimuli [e.g., high levels of glucose, fatty acids, CER or cytokines] leads to
metabolic dysfunction and demise of the β-cell. For example, our recent observations [28]
suggested significant abnormalities in mitochondrial function [i.e., loss in MMP] in cells
exposed to C2-CER under acute conditions. Further, we have reported significant leakage of
mitochondrial cytochrome C into the cytosolic compartment in C2-CER-treated cells [28].
Furthermore, it should be noted that our current observations [Figure 8] indicate that
mitochondrial dysfunction, which is demonstrable in cells incubated with C2-CER, but not
DHC, is prevented, to a large degree, by inhibition of Tiam1/Rac1 signaling pathway,
further implicating the Tiam1-Rac1-NOX signaling pathway in the onset of metabolic
dysfunction in the presence of C2-CER. Therefore, we speculate that early biochemical and
cellular changes that we reported herein might be paving way to metabolic dysfunction and
demise of the islet β-cell. It may be germane to point out that recent studies by Moore et al
[7] have provided compelling evidence to argue against potential involvement of oxidative
stress in fatty acid-induced metabolic dysfunction of the islet β-cell. It is, therefore, likely
that additional regulatory mechanisms might underlie β-cell demise seen under the duress of
lipotoxic conditions including those involving progressive alterations in the mitochondrial
membrane permeability transition pore as suggested by recent studies of Koshkin et al [37]
in MIN6 and INS-1 cells. Furthermore, PA-induced CER-mediated effects might also
include regulation of key target proteins such as the CER-activated protein phosphatase 2A
that we have characterized in isolated β-cells [27,38], leading to the inactivation of key
cellular events including inhibition of extracellular-regulated kinase and inhibition of
proinsulin gene expression [39].

In conclusion, we present the first evidence for a novel role of Tiam1/Rac1 signaling
pathway in PA- induced, CER-sensitive metabolic activation of NOX and associated
production of superoxides and lipid peroxides in pancreatic β-cells. It is likely that Tiam1
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could serve as a novel drug target for inhibition of generation of superoxides and lipid
peroxides in isolated β-cells under lipotoxic conditions. Based on these data we propose a
working model [Figure 9] to suggest that PA/CER increase the Rac1 activation [GTP-bound
active form] and deactivation [GDP-bound inactive form] to generate signals that may be
necessary for triggering cellular events leading to NOX activation, increased oxidative
milieu, mitochondrial dysregulation in the pancreatic β-cell. It should be noted that while the
proposed model principally addressed the roles of Tiam1-Rac1-NOX connection in PA/
CER-mediated effects, relative contributory roles of other sources of reactive oxygen
species, including the glutathione peroxidase, manganese-sensitive superoxide dismutase,
catalase signaling cascades must also be recognized as key contributors to the mitochondrial
dysfunction in isolated β-cells under the duress of lipotoxic conditions [1–3,40]. However,
additional studies are needed to further understand these signaling steps in the islet β-cell.
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Figure 1. PA induces generation of lipid peroxides and superoxides in INS832/13 cells:
Protection by DPI
INS 832/13 cells were incubated [6 hr] with either diluent or PA [100 µM] and/or DPI [5
µM] as indicated in the figure. Lipid hydroperoxide levels were measured as MDA
equivalents [Panel A] and superoxide levels [Panel B] were quantitated as formazan
equivalents. Data are mean ± SEM from three independent determinations. Values were
considered significant at p < 0.05. * represents significant effect of PA to diluent; δ
represents significance between DPI and DPI+PA; ** denotes significance between PA and
DPI+PA.
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Figure 2. PA, but not oleate, induces Rac1 activation and NOX activation in β-cells
Normal rat islets and INS 832/13 cells were treated with diluent or PA [100 µM; Panel A].
The relative amounts of activated Rac1 [i.e., Rac1-GTP] were determined from these lysates
by PAK-PBD pull down assay. Data are representative of two independent experiments.
Panel B: Lysates derived from INS 832/13 cells treated in the absence or presence of PA
[100 µM] were separated by SDS-page, and probed for p47phox and actin expression. A
representative blot from two independent experiments is shown here. Panel C: Lysates
derived from INS 832/13 cells treated in the absence or presence of PA or oleate [100 µM
each] were processed for NOX activity and was quantitated by the DCHFDA assay and are
expressed as DCF fluorescence units. Data are mean ± SEM from two individual
measurements for DCF fluorescence. *, ** p <0.05 vs. diluent. Panel D: INS 832/13 cells
were treated with diluent and/or oleate [100 µM] or PA [100 µM] and the relative amounts
of activated Rac1 were determined by PAK-PBD pull down assay. Data presented in here
are densitometric analysis of the blots and are mean ± SEM from four independent
experiments. * represents p < 0.05 vs. diluent.
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Figure 3. NSC23766, a specific inhibitor of Tiam1-mediated activation of Rac1, markedly
attenuates PA-induced Rac1 activation in INS 832/13 cells
INS 832/13 cells were incubated overnight with either diluent or NSC23766 [20 µM]. The
cells were further incubated [3 hr] in the presence of either low glucose [5 mM] or PA [100
µM] in the continuous presence of NSC23766 or diluent. The degree of Rac1 activation was
determined by PAK-PBD pull down assay. Panel A: Data are representative of two
independent experiments. Levels of lipid hydroperoxides [Panel B] or ROS [Panel C]
generated in PA or diluent-treated INS 832/13 cells in the absence or presence were
measured as MDA equivalents or formazan equivalents, respectively. Data are mean ± SEM
from three determinations. Values were considered significant at p < 0.05. * represents
significant effect of PA to diluent; δ represents significance between NSC and NSC+PA; **
denotes significance between PA and NSC+PA.
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Figure 4. Fumonisin B-1, an inhibitor of de novo biosynthesis of CER from PA, markedly
reduces PA-induced generation of lipid peroxides and superoxides in INS 832/13 cells
INS 832/13 cells were pre-treated in the presence or absence of FB-1 [10 µM] prior to the
addition of PA [100 µM] and lysates derived from these cells were assessed for generation
of superoxides and lipid peroxides. Superoxide generation was quantitated by NBT method
and expressed as formazan equivalents [Panel A]. Lipid peroxide levels were quantitated by
the MDA assay, and expressed as nmoles of MDA formed /100 µg protein [Panel B]. Data
are mean ± SEM from three determinations. Values were considered significant at p < 0.05.
* represents significant effect of PA to diluent; δ represents significance between FB1 and
FB1+PA; ** denotes significance between PA and FB1+PA. Furthermore, cells were pre-
treated in the presence or absence of FB1 [10 µM] prior to the addition of PA at different
concentrations [0 –200 µM]. Lysates derived were processed for NOX activity and was
quantitated by the DCHFDA assay [Panel C] and are expressed as DCF fluorescence. Data
are mean ± SEM from three determinations. Graph with different symbols are statistically
significant at p < 0.001. * represents PA-induced ROS vs. diluent; δ represents PA+FB1
induced ROS vs. FB1.
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Figure 5. C2-CER promotes generation of lipid peroxides and ROS in INS 832/13 cells by
activating endogenous NADPH oxidase activity
INS 832/13 cells were treated with either diluent or C2-CER [30 µM] and/or DPI [5 µM] in
various combinations as indicated in the figure. The degree of ROS generation was
quantitated by the NBT method and is expressed as formazan equivalents [Panel A]. The
amount of lipid hydroperoxide generation was quantitated by the MDA assay and is
expressed as MDA equivalents [Panel B]. Data are mean ± SEM from three determinations
in each case. Values were considered significant at p < 0.05. * represents significant effect
of C2-CER vs. diluent; δ represents significance between DPI and DPI+C2-CER; ** denotes
significance between C2-CER and DPI+C2-CER.
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Figure 6. C2-CER increases the expression of p47phox and NOX activity in INS 832/13 cells
INS 832/13 cells were treated with either diluent or C2-CER [30 µM] and examined for
relative increases in p47phox expression and NADPH oxidase activity. Panel A: Lysate
proteins derived from diluent or C2-CER-treated cells were separated by SDS-page and
probed for p47phox and actin expression. A representative blot from two independent
experiments is shown here. Panel B: NOX activity in diluent or C2-CER-treated cells was
quantitated by the DCHFDA fluorescence assay and is expressed as DCF fluorescence. Data
are mean ± SEM from two independent determinations. * represents p <0.05 vs. diluent.
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Figure 7. NSC23766 inhibits C2-CER-induced Rac1 activation and generation of lipid peroxides
and superoxides in pancreatic β-cells
INS 832/13 cells and rat islet were treated with either diluent or NSC23766 [20 µM] and
cultured overnight in low glucose / low serum media. Cells were further incubated in the
presence of C2-CER [30 µM] for 30 min in INS 832/13 cells and 3 hr in Islet in the
continuous presence of NSC23766 or diluent. The relative amounts of activated Rac1 [i.e.,
Rac1-GTP] were determined by PAK-PBD pull down assay. Data are representative of two
independent experiments [Panel A]. Panel B: INS 832/13 cells were incubated [6 hr] with
either diluent or with C2-CER [30 µM] or NSC23766 [20 µM; alone or in combination].
Lipid hydroperoxides were measured as MDA equivalents and plotted as increase over
basal. Panel C: INS 832/13 cells were incubated [6 hr] with either diluent or with C2-CER
[30 µM] or NSC23766 [20 µM; alone or in combination as indicated in the figure].
Superoxide generation was measured as formazan equivalents and plotted as increase over
basal. Data in the insets represents incremental response to C2-CER in the absence or
presence of NSC23766. Data are mean ± SEM from three determinations in each case.
Values were considered significant at p < 0.05. * represents significant effect of C2-CER vs.
diluent; δ represents significance between NSC and NSC+C2-CER; ** denotes significance
between C2-CER and NSC+C2-CER.
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Figure 8. NSC23766 inhibits C2-CER-induced mitochondrial dysfunction in pancreatic β-cells
INS 832/13 cells were treated with either diluent or NSC23766 [20 µM] and cultured
overnight in low glucose and low serum media. Cells were further incubated in the presence
of C2-CER [30 µM] and / or DHC [30 µM] for 6 hr in the continuous presence of
NSC23766 or diluent. Mitochondrial dysfunction was determined by JC-1 assay. Data are
representative of two independent experiments.
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Figure 9. A model to implicate Tiam1/Rac1 signaling pathway in PA-induced, CER-mediated
effects on isolated β-cells
Based on the data accrued in the current studies we propose that incubation of isolated β-
cells to either PA [but not oleate] or C2-CER [but not DHC] leads to Tiam1-mediated
activation of Rac1, which is a key member of the NOX assembly. In addition, PA or C2-
CER promotes the expression of p47phox in these cells. Together, these signaling steps
promote the assembly and activation of NOX holoenzyme leading to the production of
superoxides and lipid peroxides. These, in turn, exert damaging effects on the mitochondria
including reduction in MMP leading to the onset of mitochondrial dysfunction. Appropriate
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sites of inhibition of these signaling steps by FB-1, NSC23766 and DPI are also indicated in
the figure.

Syed et al. Page 21

Biochem Pharmacol. Author manuscript; available in PMC 2011 September 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Syed et al. Page 22

Ta
bl

e 
1

Ti
m

e-
de

pe
nd

en
t e

ff
ec

ts
 o

f P
A

 o
n 

N
O

X
 a

ct
iv

ity
 in

 IN
S 

83
2/

13
 c

el
ls

: P
ot

en
tia

l r
ol

es
 fo

r c
er

am
id

e

T
im

e 
(h

r)
0

3
6

12
24

T
re

at
m

en
t

PA
10

0 
± 

3.
11
δ

15
7 

± 
5.

73
 *

 δ
14

5 
±2

.9
9*

72
 ±

 1
.4

1 
*  
δ

62
 ±

 5
.0

6 
*  
δ

PA
 +

 F
B

1
10

9 
± 

2.
27
δ

15
6 

± 
3.

70
δ

11
3 

±1
.8

4 
†

65
 ±

 4
.6

4 
δ

60
 ±

 9
.0

2 
δ

IN
S 

83
2/

13
 c

el
ls

 w
er

e 
tre

at
ed

 w
ith

 P
A

 [1
00

 µ
M

] i
n 

th
e 

ab
se

nc
e 

or
 p

re
se

nc
e 

of
 F

B
-1

 [1
0 

µM
] f

or
 d

iff
er

en
t t

im
e 

in
te

rv
al

s a
s i

nd
ic

at
ed

. N
O

X
 a

ct
iv

ity
 w

as
 q

ua
nt

ita
te

d 
by

 th
e 

D
C

H
FD

A
 a

ss
ay

. D
at

a 
ar

e
ex

pr
es

se
d 

as
 D

C
F 

flu
or

es
ce

nc
e 

un
its

 a
nd

 a
re

 m
ea

n 
± 

SE
M

 fr
om

 th
re

e 
de

te
rm

in
at

io
ns

.

* re
pr

es
en

ts
 p

 <
 0

.0
5 

be
tw

ee
n 

PA
 in

du
ce

d 
R

O
S 

vs
. c

on
tro

l (
0 

hr
).

† re
pr

es
en

ts
 p

 <
 0

.0
5 

be
tw

ee
n 

PA
 in

du
ce

d 
R

O
S 

in
 th

e 
pr

es
en

ce
 o

f F
B

1 
vs

. P
A

 a
lo

ne
.

δ re
pr

es
en

ts
 n

o 
si

gn
ifi

ca
nt

 d
iff

er
en

ce
 b

et
w

ee
n 

th
e 

tw
o 

tre
at

m
en

t g
ro

up
s.

Biochem Pharmacol. Author manuscript; available in PMC 2011 September 15.


