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Abstract

Glucose-stimulated insulin secretion (GSIS) in the pancreatic β-cells entails a variety of signaling 

mechanisms including activation of small GTP-binding proteins (G-proteins). Previous studies 

from our laboratory in human islets, rodent islets and clonal β-cells have demonstrated that G-

proteins (e.g., Arf6, Cdc42 and Rac1) play novel roles in cytoskeletal remodeling, which is a 

critical step in the trafficking of insulin-laden secretory granules for fusion with plasma membrane 

and release of insulin. To further understand regulatory roles of Rac1 in GSIS, we utilized, herein, 

EHT 1864, a small molecule inhibitor, which attenuates Rac1 activation by retaining the G-protein 

in an inert/inactive state, thereby preventing activation of its downstream effector proteins. We 

demonstrate that EHT 1864 markedly attenuated GSIS in INS-1 832/13 cells. In addition, EHT 

1864 significantly reduced glucose-induced activation and membrane targeting of Rac1 in INS-1 

832/13 cells. This Rac1 inhibitor also suppressed glucose-induced activation of ERK1/2 and p53, 

but not Akt. Lastly, unlike the inhibitors of protein prenylation (simvastatin), EHT 1864 did not 

exert any significant effects on cell morphology (cell rounding) under the conditions it attenuated 

Rac1-sensitive signaling steps leading to GSIS. Based on these findings, we conclude that EHT 

1864 specifically inhibits glucose-induced Rac1 activation and membrane association and 

associated downstream signaling events culminating in inhibition of GSIS.
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1. Introduction

It is well established that glucose-stimulated insulin secretion (GSIS) from the islet β-cell 

involves an interplay between a wide range of metabolic events and signal transduction 

pathways leading to the generation of second messenger molecules (cyclic nucleotides, 

adenine and guanine nucleotides and soluble second messengers) and mobilization of 

calcium ions [1–4]. Consequently, insulin-laden secretory granules are transported from 

distal sites to the plasma membrane for fusion and release of cargo into the circulation. 

Several lines of evidence suggest critical regulatory roles for small GTP-binding proteins 

(G-proteins; e.g., Cdc42 and Rac1) in the translocation of secretory vesicles to the plasma 

membrane [5, 6]. In this context, recent studies have demonstrated regulation of GSIS by 

small G-proteins including Arf6, Cdc42 and Rac1 [7–14]. Evidence from knockout animal 

models further affirms key functions of these signaling proteins (Rac1) in physiological 

insulin secretion [15].

Several mechanisms have been put forth for the regulation of small G-protein function, 

including post-translational modifications (e.g., prenylation, carboxylmethylation and 

acylation). These modifications are felt to increase the hydrophobicity of the target proteins 

thus rendering optimal membrane association [6, 12]. Previous studies from our laboratory 

have demonstrated requisite nature of these modification steps in GSIS. For example, using 

specific inhibitors of geranylgeranylation (e.g., GGTI-2147 and GGTI-2368), we reported 

significant inhibition of GSIS in clonal β-cells and normal rodent islets [6, 14]. Specific 

inhibitors of the carboxylmethylation of G-proteins (e.g., acetyl farnesyl cysteine) have also 

been shown to suppress GSIS in pancreatic β-cells [13, 16, 17]. Lastly, selective inhibitors 

of protein palmitoylation (e.g., cerulenin) also inhibit GSIS [13, 18]. These findings were 

further confirmed via the use of dominant negative mutants or siRNAs of the subunits of 

prenyltransferases [14] and carboxylmethyltransferases [17]. In addition, we have 

demonstrated that inhibition of Tiam1, a guanine nucleotide exchange factor (GEF) for 

Rac1, leads to inhibition of GSIS in insulin-secreting cells [9]. Together, the aforementioned 

observations implicate roles for small G-proteins (Rac1) in physiological insulin secretion.

Désiré and associates [19] have developed a small molecular weight (~ 582) inhibitor EHT 

1864 [5-(5-(7-(Trifluoromethyl) quinolin-4-ylthio)pentyloxy)-2-(morpholinomethyl)-4H-

pyran-4-one dihydrochloride; Figure 1], which inhibited Rac1 function in vivo. Further 

characterization of EHT 1864 by Shutes et al [20] suggested that EHT 1864 binds to Rac1 

with high affinity, compared to GDP/GTP, and retains Rac1 in an inert and inactive state by 

displacement of pre-bound guanine nucleotide (GDP/GTP). Several recent studies have 

utilized EHT 1864 to deduce cellular roles of Rac1 function in health and disease [21–25]. 

Its unique inhibitory properties on Rac1 function have prompted us to undertake the current 

study to assess the roles of Rac1 in islet function and insulin secretion. Our findings suggest 

that EHT 1864 inhibits glucose-induced Rac1 activation and membrane targeting and 

associated signaling events (e.g., ERK1/2 and p53 activation) culminating in inhibition of 

GSIS.
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2. Materials and Methods

2.1. Materials

EHT 1864 and PD0325901 were obtained from R&D systems (Minneapolis, MN). 

Simvastatin was from Sigma (St. Louis, MO). The rat insulin ELISA kit was purchased from 

American Laboratory Products Co (Windham, NH). Rac1 activation G-LISA kit was from 

Cytoskeleton Inc. (Denver, CO). Antibodies against phospho-p44/42 ERK1/2 (Thr202/

Tyr204), total p44/42 ERK1/2, phospho-Akt (Ser473), total Akt, phospho-p53 (Ser15) and 

E-Cadherin were obtained from Cell Signaling Technology (Danvers, MA). Antisera 

directed against GAPDH and total p53 were from Santa Cruz Biotechnology (Santa Cruz, 

CA). Mouse monoclonal antibody directed against Rac1 was purchased from BD Bioscience 

(San Jose, CA).

2.2. GSIS and KSIS from INS-1 832/13 cells

INS-1 832/13 cells (seeded at a density of 2.5 × 105 cells per well in a 24 well plate) were 

cultured in RPMI media overnight in the presence of 2.5 mM glucose and 2.5% fetal bovine 

serum. After pre-incubation at varying concentrations of EHT 1864 (0–10 μM) for 1 h, cells 

were further incubated in the presence of low (2.5 mM) or varying concentrations of glucose 

(2.5–20 mM) or KCl (40 mM) for 30 min at 37°C in the continuous absence or presence of 

EHT 1864 at concentrations indicated in the text. The supernatant was then removed, 

centrifuged at 300g for 10 min, and the amount of insulin released was quantified by ELISA 

as we described previously [10,26].

2.3. Rac1 activation assay

INS-1 832/13 cells were cultured in RPMI media overnight in the presence of 2.5 mM 

glucose and 2.5% fetal bovine serum. After pre-incubation with EHT 1864 (10 μM) for 1 h, 

cells were incubated with low (2.5 mM) or high glucose (20 mM) for 20 min at 37°C in the 

continuous absence or presence of EHT 1864. Rac1 activation was quantified using a G-

LISA kit as described in [27].

2.4. Subcellular fractionation and phase partitioning using Triton X-114

INS-1 832/13 cells were cultured in RPMI media overnight in the presence of 2.5 mM 

glucose and 2.5% fetal bovine serum. After pre-incubation with EHT 1864 (10 μM) for 1 h, 

cells were treated with low (2.5 mM) or high glucose (20 mM) in the continuous absence or 

presence of EHT 1864 for 20 min. Cell lysates were homogenized in a homogenization 

buffer (20 mM Tris-HCl, pH 7.5, 0.5 mM EGTA, 2 mM MgCl2 and protease inhibitor 

cocktail) and subjected to a single-step centrifugation at 100,000g for 60 min at 4°C. Total 

membrane (pellet) and soluble (supernatant) fractions were separated. Hydrophilic and 

hydrophobic phases of the total membrane fractions were isolated using Triton X-114 as we 

described earlier [28]. Relative abundance of Rac1 in cytosol and each of the individual 

hydrophilic and hydrophobic phases derived from the membranous fractions was determined 

by Western blotting. Additionally, the relative purity of these fractions was verified by 

probing for marker proteins such as GAPDH (a marker for the cytosolic fraction) and E-

Cadherin (a marker for membrane fraction).
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2.5. Western Blotting

INS-1 832/13 cells were cultured in RPMI media overnight in the presence of 2.5 mM 

glucose and 2.5% fetal bovine serum. After pre-incubation with EHT 1864 (10 μM) or 

PD0325901 (1 μM) for 1 h, cells were treated with low (2.5 mM) or high glucose (20 mM) 

in the continuous absence or presence of EHT 1864 or PD0325901 for 30 min. Cell lysates 

were separated by SDS-PAGE on 10 % (w/v) polyacrylamide gels and electrotransferred to 

nitrocellulose membrane. The membranes were then blocked with 0.1 % Casein in 0.2X 

PBS for 1 h at room temperature. Blots were then incubated overnight at 4 °C with 

appropriate primary antibody (Rac1, phospho-ERK1/2 (Thr202/Tyr204), total-ERK1/2, 

phospho-Akt (Ser473), total Akt, phospho-p53 (Ser15), E-Cadherin and GAPDH) in 0.2X 

PBS-T containing 0.1 % Casein. The membranes were washed 5X for 5 min each with PBS-

T and probed with appropriate IRDye® 800CW secondary antibody in 0.1 % casein in PBS-

T at room temperature for 1 h. After washing, the immune complexes comprised of the 

target proteins were detected under Odyssey® Imaging Systems.

2.6. Changes in β-cell morphology following inhibition of protein prenylation and Rac1 
activation

To observe the effects of EHT 1864 on cell morphology, INS-1 832/13 cells were incubated 

overnight, in a 6-well plate, with RPMI (2.5 mM glucose and 2.5% fetal bovine serum) in 

the presence of diluent (de-ionized water) or simvastatin (30 μM). Cells were also incubated 

with EHT 1864 (10 μM) for 1 h following overnight incubation in RPMI with 2.5 mM 

glucose and 2.5% fetal bovine serum. Changes in cell morphology were then quantified 

visually under an Olympus IX71 microscope.

2.7. Statistical analysis of experimental data

The statistical significance of the differences between the experimental conditions was 

determined by ANOVA. p values < 0.05 were considered significant.

3. Results

3.1. EHT 1864 inhibits GSIS in INS-1 832/13 cells

At the outset, we quantified the effects of EHT 1864 on GSIS from INS-1 832/13 cells. Data 

depicted in Figure 2 demonstrate a modest (~ 13%; not significant) inhibition of GSIS 

following incubation with EHT 1864 at 5 μM concentration. Furthermore, we noticed a 

complete inhibition of GSIS by EHT 1864 at 10 μM concentration. It should also be noted 

that, while 5 μM EHT 1864 exerted no significant effects on basal secretion, it did modestly 

increase the basal secretion at 10 μM concentration (~ 50%). Therefore, in all the subsequent 

experiments, we studied the effects of EHT 1864 at 10 μM. Furthermore, EHT 1864 

inhibited GSIS in INS-1 832/13 cells elicited at 10–20 mM glucose (Figure 3). Compatible 

with findings reported in Figure 2, a significant increase in insulin secretion was also noted 

in cells incubated with this inhibitor at 5 mM glucose concentration. Together, data depicted 

in Figures 2 and 3 demonstrate significant inhibitory effects of EHT 1864 on GSIS in INS-1 

832/13 cells.
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3.2. EHT 1864 inhibits glucose-induced Rac1 activation in INS-1 832/13 cells

As stated above, several previous studies have demonstrated requisite roles for Rac1 

activation in GSIS. Therefore, we asked if EHT 1864 inhibits glucose-induced Rac1 

activation under conditions it inhibited insulin secretion. To test this, INS-1 832/13 cells 

were incubated in the absence or presence of EHT 1864 and glucose-induced activation of 

Rac1 was quantified. Data in Figure 4 suggested a significant increase in the activation of 

Rac1 (GTP-bound conformation) by stimulatory glucose (bar 1 vs. 3), which was inhibited 

by EHT 1864 (bar 3 vs. bar 4). Interestingly, EHT 1864 modestly increased Rac1 activation 

in the presence of basal glucose (2.5 mM; bar 1 vs. bar 2), but such an activation was not 

statistically significant. Taken together, these findings indicate that EHT 1864 inhibits 

glucose-induced Rac1 activation (Figure 4) resulting in inhibition of GSIS (Figures 2 and 3).

3.3. EHT 1864 inhibits glucose-induced membrane association of Rac1 in INS-1 832/13 
cells

Published evidence, including our own in pancreatic β-cells, supports the notion that 

activation and membrane association of small G-proteins (Cdc42 and Rac1) is necessary for 

optimal interaction of these proteins with their effector proteins [5,6]. Therefore, in the next 

series of experiments, we determined if glucose-induced membrane targeting is inhibited by 

EHT 1864 in INS-1 832/13 cells. To address this, the hydrophilic and hydrophobic 

compartments of the membrane fraction were isolated from cells exposed to basal or 

stimulatory glucose concentrations, incubated in the absence or presence of EHT 1864, by 

Triton X-114 phase extraction method (see section 2.4 for additional details). Relative 

abundance of Rac1 in the cytosolic and hydrophilic and hydrophobic compartments of the 

membrane fraction (above) was determined by Western blotting. As stated above, purity of 

the total soluble (cytosolic fraction) and the membrane fraction was assessed by marker 

proteins for these fractions. Data shown in Figure 5 (Panel A) indicate that Rac1 is 

predominantly localized in the cytosolic fraction under basal conditions. Treatment of these 

cells with EHT 1864 modestly increased the association of Rac1 with the hydrophobic 

fraction. As has been shown previously, a significant amount of Rac1 translocated to the 

hydrophobic and hydrophilic compartments from cells incubated with stimulatory glucose. 

Coprovision of EHT 1864 to these cells significantly inhibited glucose-induced translocation 

of Rac1 to the membrane fraction. Pooled data from multiple studies are provided in Panel B 

of Figure 5. These data indicate that glucose-induced activation and membrane association 

of Rac1 are prevented by EHT 1864 leading to inhibition of GSIS.

3.4. EHT 1864 inhibits glucose-induced ERK1/2 phosphorylation and activation in INS-1 
832/13 cells

Recent evidence from our laboratory [26] and the Thurmond’s laboratory [29] implicated 

ERK1/2 activation as key to cytoskeletal remodeling, which is requisite for GSIS. Further, 

these studies suggested key regulatory roles for this signaling step in G-protein (Cdc42 and 

Rac1)-mediated insulin secretion in glucose-stimulated β-cell. Therefore, we quantified 

glucose-induced ERK1/2 phosphorylation in INS-1 832/13 cells following exposure to EHT 

1864. At the outset, we assessed glucose-induced activation of ERK1/2 phosphorylation in 

the presence of PD0325901, a known inhibitor of MEK. Data in Figure 6 (Panel A) indicate 
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complete inhibition by MEK inhibitor of glucose-induced phosphorylation of ERK1/2 in 

INS-1 832/13 cells. Data from multiple studies demonstrating inhibitory effects of PD 

0325901 are provided in Figure 6 (Panel B). It is noteworthy that data depicted in Figure 6 

(Panel C) demonstrate no significant effects of EHT 1864 on ERK1/2 phosphorylation under 

basal glucose conditions. However, a marked inhibition of high glucose-induced ERK1/2 

phosphorylation was demonstrable in INS-1 832/13 cells exposed to EHT 1864. Pooled data 

from multiple studies are provided in Panel D of Figure 6. Based on the findings described 

above, we conclude that EHT 1864 efficiently inhibits glucose-induced ERK1/2 and Rac1 

activation and its membrane association culminating in inhibition of GSIS.

We next assessed if inhibition of glucose-induced Rac1 activation by EHT 1864 results in 

inhibition of other downstream signaling pathways involved in islet β-cell function. Data 

depicted in Figure 7 (Panel A) indicate a significant increase in the phosphorylation of Akt 

in INS 1-832/13 cells following exposure to stimulatory glucose. Interestingly, glucose-

induced Akt phosphorylation was resistant to Rac1 inhibition by EHT 1864. Data from 

multiple experiments (Figure 7; Panel B) suggest that glucose-induced phosphorylation and 

activation of Akt does not require Rac1 activation signaling step. It is noteworthy, however, 

that p53 phosphorylation is significantly augmented by glucose in INS 1-832/13 cells 

(Figure 7; Panel C), which was abolished by EHT 1864-mediated inhibition of Rac1 (Figure 

7; Panel C and D). Taken together, data in Figures 6 and 7 suggest specific roles of glucose-

induced Rac1 activation in mediating downstream signaling steps (see section 4).

3.5. EHT 1864 elicits minimal effects on cell morphology under conditions it inhibits GSIS: 
Evidence for a lack of involvement of protein prenylation in the inhibitory effects of EHT 
1864

Previous investigations from our laboratory have demonstrated that post-translational 

prenylation of small G-proteins is necessary for membrane targeting and effector activation 

in the pancreatic β-cell [6, 12]. It has also been suggested that inhibition of small G-protein 

function results in alterations in cell morphology (cell rounding) following inhibition of 

protein prenylation [6, 12]. Herein, we investigated if EHT 1864 elicits changes on cell 

morphology under conditions it inhibits ERK1/2-Rac1 activation and GSIS. To address this, 

we incubated INS-1 832/13 cells in the absence or presence of EHT 1864 and examined 

alterations in cell morphology by phase contrast microscopy. As a positive control, INS-1 

832/13 cells were cultured in the presence of simvastatin, a known inhibitor of mevalonic 

acid, a precursor for farnesyl and geranylgeranyl pyrophosphates [6, 12]. Data shown in 

Figure 8 demonstrate significant cell rounding in INS-1 832/13 cells incubated in the 

presence of simvastatin (~57% of cells), but not in the presence of the diluent (~3% cells). 

However, incubation of these cells with EHT 1864, under conditions it inhibited cellular 

signaling events (ERK1/2 and Rac1 activation), led to no significant abnormalities in cell 

morphology (~3% of cells; Figure 8). These data indicate that EHT 1864 attenuates ERK1/2 

and Rac1 activation and insulin secretion without exerting significant effects on cellular 

events leading to abnormal cell morphology.
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3.6. In contrast to GSIS, KCl-stimulated insulin secretion (KSIS) is augmented by EHT 1864

Previous observations from the laboratories of Thurmond [5, 7, 8], Kowluru [6, 14, 28] and 

Asahara [15] have demonstrated that insulin secretion elicited by a membrane depolarizing 

concentration of KCl (KSIS) is resistant to Rac1 inhibition. In the last set of experiments, we 

quantified KSIS in INS-1 832/13 cells following exposure to EHT 1864 (5 or 10 μM). 

Interestingly, in contrast to GSIS, insulin secretion elicited by KCl was potentiated 

significantly by EHT 1864 (Figure 9). Such potentiating effects were more pronounced at 10 

μM EHT 1864. These data raise an interesting possibility that Rac1 might mediate additional 

calcium-regulated signaling pathways, which are inhibitory to exocytotic secretion of insulin 

(see section 4).

4. Discussion

The overall objective of this study was to further assess the role of Rac1 in the cascade of 

events leading to GSIS. To address this, we employed EHT 1864, a novel small molecule 

inhibitor, which attenuates Rac1 activation by retaining it in its inert and inactive 

conformation via inhibition of its association with guanine nucleotides. This class of 

inhibitors has not been tested before in the islet β-cell. Our findings indicate that EHT 1864 

inhibits glucose-induced activation and membrane targeting of Rac1 and associated 

signaling steps, including ERK1/2, which has been shown to control cytoskeletal remodeling 

and insulin exocytosis [26, 29]. Compatible with these findings, we also observed significant 

inhibition of GSIS by EHT 1864 in INS-1 832/13 cells. Our findings also suggest no 

morphological changes in pancreatic β-cells incubated with EHT 1864 at least under 

conditions it suppressed glucose-sensitive signaling events. Thus, our findings provide the 

first evidence that inhibition of guanine nucleotide association on Rac1 GTPase impedes 

activation of key signaling steps necessary for the stimulus-secretion coupling of GSIS.

We demonstrated herein that glucose-induced ERK1/2 activation is inhibited by EHT 1864, 

thus establishing a link between Rac1 activation and ERK1/2 activation. These findings are 

supported by two recent studies that investigated regulatory roles of Raf-1 and ERK1/2 in 

glucose-induced cytoskeletal remodeling. First, using pharmacological approaches, Kalwat 

and associates demonstrated that glucose-induced activation of Cdc42 promotes activation 

of a signaling cascade involving activation of PAK1→Raf-1→MEK1/2→ERK1/2 to 

facilitate F-actin remodeling and insulin secretion [29]. Second, studies from our laboratory 

suggested that a protein farnesylation step is necessary for glucose-induced activation of 

Raf-1→ERK1/2 to promote Rac1 activation [26]. Together, data from the above and current 

studies place ERK1/2 as one of the key signaling steps in Cdc42/Rac1-mediated insulin 

secretion in the pancreatic β-cell. It should be noted that other downstream signaling steps 

involved in GSIS are also under the direct control of Rac1 since we observed in the current 

studies that glucose-induced phosphorylation of p53, but not Akt, was inhibited by EHT 

1864. This will serve as one example, and it is likely that several downstream signaling 

pathways might be regulated by active Rac1. Future studies will address the identity of those 

signaling cascades.

We also noted no clear changes in the morphology in INS-1 832/13 cells following exposure 

to EHT 1864 under the conditions it abrogated glucose-mediated signaling events in these 
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cells. Our findings of significant alterations (rounding) in cells exposed to inhibitors of 

protein prenylation (simvastatin) suggest that they induce significant defects in the actin 

cytoskeleton leading to alterations in cell morphology (current studies) and inhibition of 

GSIS as shown earlier [13, 30]. It should be noted however that studies by Baier et al [31] 

and Shutes and coworkers [20] demonstrated significant inhibitory effects of EHT 1864 on 

membrane ruffling in mast cells and lamellipodia formation in U87 MG glioblastoma cells. 

The observed differences between these studies and our current investigations may, in part, 

be due to differences in cell types studied and the concentrations of EHT 1864 employed (20 

μM in mast cells and 5 μM in glioblastoma cells) [20, 31].

It is noteworthy that while EHT 1864 inhibited GSIS at 5–10 μM concentrations (Figure 2), 

higher concentrations of this inhibitor potentiated insulin release from INS-1 832/13 cells in 

the absence (basal) or glucose-stimulated conditions. For example, at 20 μM concentration, 

insulin secretion under basal conditions was increased from 8 ± 0.8 ng/ml to 15 ± 1.2 ng/ml 

in the absence or presence of EHT 1864, respectively (n = 8). Likewise, GSIS values in the 

absence and presence of EHT 1864 represented 26 ± 1.5 vs. 31.5 ± 1.7 ng/ml (n = 8). While 

potential mechanisms underlying stimulatory effects of this inhibitor on insulin secretion 

under basal and glucose stimulated conditions remain to be determined, we also observed in 

the current studies the potentiating effects of this inhibitor on KCl-induced insulin secretion 

(Figure 9). These findings suggest additional Rac1-dependent regulatory mechanisms might 

underlie potentiation of calcium-induced insulin secretion. For example, previous studies 

from our laboratory have demonstrated significant potentiation of GSIS from INS-1 832/13 

cells following siRNA-mediated knockdown of Tiam1, a GEF for Rac1 [9]. We also 

demonstrated that such a potentiation of GSIS was sensitive to extracellular calcium [9]. It is 

also likely that calcium-induced insulin secretion is negatively regulated by Rac1 or its 

downstream signaling events, inhibition of which by EHT 1864 relieves such an effect 

thereby further stimulating the secretion. Future studies will address these questions, 

including regulation, by Rac1, of putative inhibitory G-proteins (GEi) that regulate 

exocytosis that we proposed previously [32].

It is becoming increasingly clear that Rac1 contributes significantly towards the pathology 

of many disease states including diabetes. For example, several recent studies in pancreatic 

β-cells, retinal endothelial cells, and cardiomyocytes have demonstrated key roles for Rac1 

in the induction of oxidative stress under conditions of glucotoxicity and diabetes [33–36]. 

These studies also demonstrated that such an increase in oxidative stress is due to activation 

of phagocyte-like NADPH oxidase (Nox2), and Rac1 represents one of the members of the 

Nox2 holoenzyme [27, 33–36]. Interestingly, data from in vitro and in vivo experiments 

suggested that inhibition of Tiam1, a GEF for Rac1 (using NSC23766), markedly prevented 

the damaging effects of glucotoxic and diabetic conditions [27, 33–37]. These data 

suggested that GTP/GDP exchange on Rac1 by Tiam1 is critical for Nox2 activation. Future 

studies will determine if EHT 1864 can prevent effects of high glucose and diabetes by 

inhibiting the activation of Nox2 and its downstream signaling steps. In this context, recent 

investigations by Yoshida et al [38] in cultured mesangial cells demonstrated significant 

inhibition of high glucose-induced Rac1 activation and mineralocorticoid receptor activation 

by over expression of dominant negative Rac1 or by coprovision of EHT 1864. Based on 

Sidarala et al. Page 8

Cell Signal. Author manuscript; available in PMC 2016 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



these observations, the authors concluded that Rac1 is a therapeutic target for the treatment 

of nephropathy in obesity-related diabetic population [38]. In addition, recent studies by 

Katz and associates, using EHT 1864, provided compelling evidence to implicate Rac1 as 

one of the key signaling proteins in the spread of human breast cancer [24]. Thus, it appears 

that Rac1 activation contributes to the pathogenesis of several disease states.

5. Conclusion

In conclusion, we present the first evidence to suggest that EHT 1864, which inhibits Rac1 

function via inhibition of guanine nucleotide association, impedes glucose-induced Rac1-

mediated signaling events leading to inhibition of GSIS. Based on our current findings we 

present a model detailing our current understanding of the signaling pathways involved in 

glucose-mediated activation of Rac1 (Figure 10). We propose that acute exposure of isolated 

β-cells to stimulatory glucose leads to the conversion of inactive (GDP-bound) Rac1 to its 

active configuration (GTP-bound) and targeting to the appropriate membranous 

compartment. Active Rac1 promotes phosphorylation of downstream signaling steps, 

including phosphorylation of ERK1/2 and p53. It appears that the stimulatory effects of 

GTP-bound Rac1 are specific, since phosphorylation of Akt was unaffected under 

conditions of Rac1 inhibition by EHT 1864. Studies are in progress to further determine the 

utility of this small molecule inhibitor in the prevention of metabolic dysfunction of the islet 

β-cell under conditions in in vitro and in vivo models of metabolic stress and diabetes.
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Abbreviations used

Arf6 ADP-ribosylation factor 6

Cdc42 Cell division control protein 42

ERK1/2 Extracellular signal-regulated kinases

GEF Guanine nucleotide exchange factor

GDP Guanosine diphosphate

GTP Guanosine triphosphate

GGTI Geranylgeranyl transferase inhibitor

GSIS Glucose stimulated insulin secretion

HG High glucose

KSIS KCl-stimulated insulin secretion

LG Low glucose

Nox2 NADPH oxidase 2
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Rac1 Ras-related C3 botulinum toxin substrate 1
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Highlights

• EHT 1864 suppressed glucose-stimulated insulin secretion in insulin-secreting 

INS-1 832/13 cells.

• EHT 1864 inhibited glucose-induced activation and membrane translocation of 

Rac1.

• Acute exposure of INS-1 832/13 cells to stimulatory glucose concentrations 

resulted in phosphorylation of p44/42 ERK1/2 and p53 kinase, which was 

significantly inhibited by EHT 1864.

• EHT 1864 exerted no effects on INS-1 832/13 cell morphology.

• KCl-induced insulin secretion was potentiated by EHT 1864 in INS-1 832/13 

cells.
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Figure 1. Structure of EHT 1864
Chemical structure of EHT 1864 is provided here.
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Figure 2. EHT 1864 inhibits GSIS in INS-1 832/13 cells
INS-1 832/13 cells were cultured in RPMI media overnight in the presence of 2.5 mM 

glucose and 2.5% fetal bovine serum. After pre-incubation with EHT 1864 (0–10 μM) for 1 

h, cells were incubated in the presence of low (2.5 mM) or high glucose (20 mM) in the 

continuous absence or presence of EHT 1864 for 30 min at 37°C. Insulin released into the 

medium was quantified by ELISA. The data was expressed as ng/ml of insulin released ± 

SEM. * p < 0.05 vs. 2.5 mM glucose and ** p < 0.05 vs. 20 mM glucose alone or in 

presence of 5 μM of EHT 1864.
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Figure 3. Effect of EHT 1864 on insulin secretion at different glucose concentrations in INS-1 
832/13 cells
INS-1 832/13 cells were cultured in RPMI media overnight in the presence of 2.5 mM 

glucose and 2.5% fetal bovine serum. After pre-incubation with EHT 1864 (10 μM) for 1 h, 

cells were incubated in the presence of different concentrations of glucose (0–20 mM) in the 

continuous absence or presence of EHT 1864 for 30 min at 37°C. The amount of insulin 

released was quantified by ELISA. The data was expressed as ng/ml ± SEM. * p < 0.05 vs. 

10 mM or 20 mM glucose and ** p < 0.05 vs. 5 mM glucose.
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Figure 4. EHT 1864 significantly inhibits glucose-induced Rac1 activation in INS-1 832/13 cells
INS-1 832/13 cells were incubated in RPMI media overnight in the presence of 2.5 mM 

glucose and 2.5% fetal bovine serum. After pre-incubation with EHT 1864 (10 μM) for 1 h, 

cells were incubated in the presence of low (2.5 mM) or high glucose (20 mM) in the 

continuous absence or presence of EHT 1864 for 20 min at 37°C. Rac1 activation was 

quantified by G-LISA method. Data are expressed as fold increase over 2.5 mM glucose, 

and are mean ± SEM. *p < 0.05 vs. 2.5 mM glucose and **p < 0.05 vs. 20 mM glucose.
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Figure 5. EHT 1864 significantly inhibits glucose-induced membrane targeting of Rac1
INS-1 832/13 cells were incubated in RPMI media overnight in the presence of 2.5 mM 

glucose and 2.5% fetal bovine serum. After pre-incubation with EHT 1864 (10 μM) for 1 h, 

cells were stimulated with low (2.5 mM) or high glucose (20 mM) in the continuous absence 

or presence of EHT 1864 for 20 min at 37°C. Cells were then lysed and subjected to phase 

partitioning with Triton X-114, to obtain cytosolic and hydrophilic/hydrophobic fractions of 

the membrane. Rac1 localization in these fractions was determined by Western blotting, and 

a representative blot from three independent experiments is provided (A). The relative purity 

of cytosolic and hydrophilic/hydrophobic membrane fractions was verified by probing for 

GAPDH (cytosol) and E-Cadherin (Membrane). Rac1 band intensities were then quantified 

by densitometry (B). Data represent mean ± SEM from three independent experiments, and 

Sidarala et al. Page 18

Cell Signal. Author manuscript; available in PMC 2016 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



expressed as fold change over 2.5 mM glucose for each cell fraction. * p < 0.05 vs. 2.5 mM 

glucose-cytosol. ** p < 0.05 vs. 2.5 mM glucose-membrane hydrophilic. # p < 0.05 vs. 20 

mM glucose-membrane hydrophilic. NS: not significant.
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Figure 6. Glucose-induced ERK1/2 activation is inhibited by PD 0325901 and EHT 1864
INS-1 832/13 cells were starved in RPMI media overnight in the presence of 2.5 mM 

glucose and 2.5% fetal bovine serum. After pre-incubation with PD 0325901 (1 μM) or EHT 

1864 (10 μM) for 1 h, cells were stimulated with low (2.5 mM) or high glucose (20 mM) in 

the continuous absence or presence of PD 0325901 or EHT 1864 for 30 min at 37°C. Cell 

lysate proteins were separated by SDS-PAGE, and then transferred onto a nitrocellulose 

membrane. The membranes were then blocked and probed with anti-phosphorylated 

ERK1/2 followed by incubation with anti-rabbit secondary antibody. The same blots were 

stripped and re-probed with anti-total ERK1/2 (A, C). Band intensities of phospho-ERK1/2 

and total-ERK1/2 were quantified by densitometric analysis (B, D). Results are shown as 

mean ± SEM from three independent experiments and expressed as fold change in the ratios 

between phospho-ERK1/2 and total-ERK1/2. * p < 0.05 vs. 2.5 mM glucose alone or in 

presence of EHT 1864. # p < 0.05 vs. 20 mM glucose.
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Figure 7. EHT 1864 significantly inhibited glucose-induced p53 phosphorylation but had no 
effect on phosphorylation of Akt
INS-1 832/13 cells were starved overnight in RPMI media supplemented with 2.5 mM 

glucose and 2.5% fetal bovine serum. After pre-incubation with EHT 1864 (10 μM), cells 

were further stimulated with low (2.5 mM) or high glucose (20 mM) in the continuous 

absence or presence of EHT 1864 for 30 min at 37°C. Cells were then lysed and lysate 

proteins were separated by SDS-PAGE. Proteins were then transferred onto a nitrocellulose 

membrane, blocked and probed with antibody directed against phospho-Akt or phospho-

p53. The membranes were then incubated with anti-rabbit secondary antibody. After 

detection, the same blots were stripped and re-probed with antibody directed against total-

Akt or Actin (A, C). Band intensities were quantified by densitometric analysis (B, D). 

Results are shown as mean ± SEM from three independent experiments and expressed as 
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fold change in the ratios between phospho-Akt and total-Akt or phospho-p53 and Actin. * p 

< 0.05 vs. 2.5 mM glucose alone or in presence of EHT 1864. # p < 0.05 vs. 20 mM glucose.
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Figure 8. EHT 1864 had no effect on INS-1 832/13 cell morphology
INS-1 832/13 cells were cultured overnight with RPMI (2.5 mM glucose and 2.5% fetal 

bovine serum) in the presence of diluent (de-ionized water) or Simvastatin (30 μM). The 

cells were also incubated with EHT 1864 (10 μM) for 1 h after overnight incubation in 

RPMI with 2.5 mM glucose and 2.5% fetal bovine serum. The cells were then visualized 

under the microscope to observe changes in morphology. Alterations in cell morphology 

were quantified by counting cells with morphological abnormalities (rounded-up cells), in 

the selected areas (0.5 cm2) and expressed as mean ± SEM (n=6).
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Figure 9. EHT 1864 potentiates KSIS in INS-1 832/13 cells
INS-1 832/13 cells were cultured in RPMI media overnight in the presence of 2.5 mM 

glucose and 2.5% fetal bovine serum. After pre-incubation with EHT 1864 (0–10 μM) for 

1h, cells were incubated in the presence of low glucose (2.5 mM) or KCl (40 mM) in the 

continuous absence or presence of EHT 1864 for 30 min at 37°C. The amount of insulin 

released was quantified by ELISA. The data was expressed as ng/ml of insulin released ± 

SEM and * p < 0.05 vs. 2.5 mM glucose, and # p < 0.05 vs. 40 mM KCl alone or in presence 

of 5 μM EHT 1864.
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Figure 10. Proposed model for glucose-stimulated insulin secretion via activation and membrane 
association of Rac1 and downstream activation of ERK1/2
We propose that acute exposure of INS-1 832/13 cells to stimulatory glucose (20 mM) 

results in the activation and membrane association of Rac1. This results in the activation of 

downstream effectors including ERK1/2, culminating in insulin release from the pancreatic 

β-cell. Our findings suggest that EHT 1864, a selective inhibitor of Rac1 activation, disrupts 

this signaling mechanism, thereby attenuating GSIS (see section 4).

Sidarala et al. Page 27

Cell Signal. Author manuscript; available in PMC 2016 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


