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Introduction

It has been known for a long time that both monomeric G-proteins 
(e.g., Rac1 and Cdc42) and the γ-subunits of heterotrimeric 
G-proteins (Gγ subunits) undergo post-translational modifica-
tions, such as isoprenylation and methylation at their C-terminal 
cysteine residues (often referred to as the CAAX motif).1,2 The 
first of the four step modification sequence includes incorpora-
tion of mevalonic acid-derived farnesyl or geranylgeranyl iso-
prenoid moiety onto the C-terminal cysteine. This is followed by 
the proteolytic cleavage of—AAX peptide by the Ras-converting 
enzyme1 (Rce1) endoprotease of microsomal origin, which leads 
to methylation of the prenylated cysteine by the carboxyl methyl 
transferase (ICMT) in the presence of S-adenosyl methionine 
serving as the methyl donor.3 It is widely accepted that the pre-
nylation and carboxymethylation modification steps increase the 

Isoprenylcysteine carboxyl methyltransferase (ICMT) catalyzes the post-translational methylation of C-terminal 
cysteines of isoprenylated proteins, including small G-proteins and the γ-subunits of heterotrimeric G-proteins. It is 
widely felt that carboxymethylation promotes efficient membrane association of the methylated proteins and specific  
protein-protein interactions. In the current study, we tested the hypothesis that ICMT-mediated carboxymethylation of 
specific proteins (e.g., Rac1) plays a regulatory role in glucose-stimulated insulin secretion (GSIS). Western-blot analysis 
indicated that lCMT is expressed and predominantly membrane associated in INS 832/13 β-cells. siRNA-mediated 
knockdown of endogenous expression of ICMT markedly attenuated glucose, but not KCl-induced insulin secretion. 
These findings were further supported by pharmacological observations, which suggested a marked reduction in 
glucose-, but not KCl-stimulated insulin secretion by acetyl farnesyl cysteine (AFC), a selective inhibitor of ICMT. In 
addition, glucose-induced Rac1 activation, a hallmark signaling step involved in glucose-stimulated insulin secretion, 
was markedly inhibited following pharmacological (AFC) or molecular biological (siRNA-ICMT) inhibition of ICMT. Lastly, 
we also noticed a marked reduction in glucose-induced acute increase in the generation of reactive oxygen species in 
INS 832/13 cells pre-treated with AFC or transfected with siRNA-ICMT. Together, these data suggest that ICMT regulates 
glucose-induced Rac1 activation, generation of reactive oxygen species and insulin secretion in pancreatic β-cells.
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hydrophobicity of the candidate proteins for optimal targeting 
to their relevant membranous sites for the regulation of effector 
proteins.1-3

While a significant number of recent studies have focused 
on putative roles of G-protein prenylation in glucose-stimulated 
insulin secretion (GSIS), very little is known with regard to the 
potential roles of carboxymethylation in islet function.3 Original 
studies from our laboratory have attempted to address the roles 
of carboxymethylation in islet function, including insulin secre-
tion.4,5 Therein, using selective inhibitors of ICMT such as ace-
tyl farnesyl cysteine (AFC), we have been able to demonstrate 
that Cdc42 and Gγ subunits undergo carboxymethylation in 
response to glucose in clonal β-cells, normal rat and human 
islets.4,5 Follow-up studies by Li and coworkers characterized 
ICMT in insulin-secreting cells for its subcellular localization 
and regulation by known second messengers of insulin secretion.6 
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species and insulin secretion. For example, using selective inhib-
itors of prenylation (e.g., GGTI-2147), we have demonstrated 
that post-translational prenylation of Rac1 is important for its 
regulation of generation of reactive oxygen species.11 Therefore, 
based on the above evidence and as a logical extension to studies 
to suggest obligatory roles of ICMT-mediated carboxymethyl-
ation of Rac1 function for its subcellular localization and func-
tion,12,13 we undertook the current investigation to determine 
the regulatory roles of ICMT in glucose-induced Rac1 activa-
tion, generation of reactive oxygen species and insulin secretion 
in INS 832/13 cells. We have accomplished this goal by two dis-
tinct approaches to compromise the β-cell endogenous ICMT 
function, via siRNA-mediated knockdown of ICMT expression 
and pharmacological inhibition of ICMT by AFC. Indeed, data 
accrued from the current studies underscores the importance of 
carboxymethylation of Rac1 in glucose-induced Nox activation 
and associated generation of reactive oxygen species and insulin 
secretion.

Results

ICMT is expressed in INS 832/13 cells. At the outset we deter-
mined the immunological localization and subcellular distribu-
tion of ICMT in INS 832/13 cells. For this, total particulate and 
soluble fractions were isolated from INS 832/13 cells by a single 
step centrifugation method and relative abundance of ICMT 
was determined in these fractions by western blotting. Data in  
Figure 1 suggested a predominant membrane association of 
ICMT in these cells. It should also be noted that we consistently 
observed a doublet for ICMT on western blots, which might 

In the current study, we have revisited this area of islet biology 
to precisely determine the role of carboxymethylation and the 
identity of methylated proteins to further evaluate their roles in 
the signaling events leading to insulin secretion.

Along these lines, emerging evidence implicates novel regula-
tory roles for phagocyte-like NADPH oxidases (Nox) in physio-
logical insulin secretion. For example, using selective inhibitors 
(e.g., DPI or apocynin) and molecular biological tools (e.g., 
antisense and siRNAs for Nox subunits), several recent stud-
ies have demonstrated “second messenger” roles for Nox-derived 
reactive oxygen species in glucose-stimulated insulin secretion.7-9 
Some of these aspects, including downstream targets for reactive 
oxygen species signals, have been reviewed by Pi and Collins 
recently in reference 10. Furthermore, recent studies from our 
laboratory have also demonstrated a novel regulatory role for 
Rac1 in Nox-derived generation of reactive oxygen species, thus 
suggesting that glucose-induced Rac1 activation step might 
be necessary for Nox-mediated generation of reactive oxygen 

Figure 1. Expression and subcellular distribution of ICMT in INS 832/13 
cells. Total particulate and soluble fractions were isolated from INS 
832/13 cells by a single step centrifugation method described in Materi-
als and Methods. ICMT expression was determined in these fractions by 
western blotting. A representative of three blots is shown here.

Figure 2. Localization of ICMT in INS 832/13 cells by immunofluorescence under basal and glucose-stimulated conditions. INS 832/13 cells were plated 
on coverslips and cultured overnight in low serum low glucose media prior to incubation with either 2.5 mM (A) or 20 mM glucose (B) for 45 min at 
37°C. The cells were fixed in 4% paraformaldehyde solution in PBS for 15 min and permeabilized using 0.2% triton X-100 for 15 min. Fixed cells were 
examined for ICMT (stained in green) and nuclei (stained in blue) as described under Materials and Methods.
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than ~70 % inhibition in the expression of ICMT following 
siRNA-ICMT transfection. Data in Figure 3C suggested no 
significant effects of scrambled siRNA transfection either on 
basal or glucose-induced insulin secretion (bars 1 vs. 3 and 2 
vs. 4). However, transfection of siRNA-ICMT in these cells led 
to a modest increase in basal secretion (bars 1 or 2 vs. 5), but 
insulin secretion elicited by stimulatory glucose was significantly 
reduced in ICMT knocked down cells (bars 2 or 4 vs. 6). This 
data suggested that activation of ICMT is necessary for glucose-
stimulated insulin secretion to occur. We then determined 
potential requirement for ICMT in insulin secretion elicited by 
a membrane depolarizing concentration of KCl. Data shown in 
Figure 3D suggested no significant effects of ICMT knockdown 

represent a post-translationally modified form of this protein. 
In the next series of studies we determined the distribution of 
ICMT in INS 832/13 cells by immunofluorescence method. 
Data in Figure 2 suggested that ICMT (green) remain diffused 
throughout the cell under basal [(A) LG; 2.5 mM glucose] condi-
tions. Further, we observed no clear effects of stimulatory glucose 
[(B) HG; 20 mM glucose] on ICMT distribution in these cells.

siRNA-mediated knockdown of ICMT attenuates glu-
cose-, but not KCl-induced insulin secretion in INS 832/13 
cells. We next investigated potential regulatory roles of ICMT 
in glucose-induced insulin secretion in these cells. To address 
this, we knocked down the endogenous expression of ICMT by 
siRNA methodology. Data in Figure 3A and B indicated more  

Figure 3. Glucose-, but not KCl-stimulated insulin secretion, is attenuated in INS 832/13 cells following siRNA-mediated knockdown of ICMT.  
INS 832/13 cells were either mock transfected or transfected with scrambled siRNA or siRNA-ICMT at a final concentration of 100 nM and cultured for 
24 h. Transfection efficiency was determined by separating equal amounts of proteins on SDS-PAGE and probing with ICMT antibody [(A) representa-
tive of three transfections is shown here]. Data in (A) was densitometrically analyzed and expressed as fold change over basal (B). *p < 0.05 compared 
with mock or scrambled siRNA transfected cells. Further, transfected cells were incubated either with low glucose (LG; 2.5 mM) or high glucose [(C) HG; 
20 mM] or a membrane depolarizing concentration of KCl [(D) 60 mM; osmolaity adjusted by lowering NaCl] for 45 min at 37°C. Insulin released into 
the medium was quantitated by ELISA. Data are expressed as percentage of basal and are mean ± SEM from three independent determinations.  
*p < 0.05 vs. respective low glucose controls; **p < 0.05 vs. mock transfected cells.
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requirement for post-translational geranylgeranylation in glucose-
induced Rac1 activation and insulin secretion.16 Since Rac1 
undergoes carboxymethylation, we investigated if silencing of 
ICMT affects glucose-induced Rac1 activation. Data shown in 
Figure 4 demonstrated a significant increase in glucose-induced 
Rac1 activation (lane 1 vs. 3). siRNA-mediated knockdown of 
ICMT failed to exert any clear effects on basal Rac1 activation 
(lane 1 vs. 2), but significantly attenuated glucose-induced Rac1 
activation (lane 3 vs. 4). Pooled data from multiple experiments 
are provided in Figure 4B. Together, these findings suggested a 
requirement for carboxymethylation for glucose-induced activa-
tion of Rac1.

siRNA-mediated knockdown of ICMT markedly inhib-
its glucose-induced reactive oxygen species generation in INS 
832/13 cells. Emerging evidence from multiple laboratories 
appears to suggest novel second messenger roles for reactive 
oxygen species in glucose-stimulated insulin secretion.10 It has 
also been shown that reactive oxygen species generated via the 
activation of phagocyte-like NADPH oxidase (Nox) plays such 
regulatory roles in glucose-stimulated insulin secretion since 
pharmacological (e.g., apocynin or DPI) or molecular biologi-
cal (e.g., siRNA or antisense for p47phox) inhibition of Nox led 
to inhibition of glucose-stimulated insulin secretion.8-10 Since 
Rac1 represents one of the members of Nox holoenzyme,2,18 we 
investigated if siRNA-mediated knockdown of ICMT exerts any 
regulatory effects on glucose-induced generation of reactive oxy-
gen species in INS 832/13 cells. Data in Figure 5 suggested no 

on KCl-induced insulin secretion. Together, data in Figure 3C 
and D suggest that glucose, but not KCl-evoked insulin secretion 
is mediated via activation of ICMT.

siRNA-mediated knockdown of ICMT attenuates glucose-
induced Rac1 activation in INS 832/13 cells. Published evi-
dence from several laboratories, including our own have suggested 
that activation of Rac1, a small G-protein, is a requisite step in 
the signaling events leading to glucose-insulin secretion.2,14,15 
Furthermore, using inhibitors of post-translational geranylgera-
nylation (e.g., GGTI-2147) or a dominant negative mutant of the 
α-subunit of geranylgeranyl transferase, we have demonstrated a 

Figure 4. Depletion of endogenous ICMT markedly attenuates glucose-
induced activation of Rac1 in INS 832/13 cells. INS 832/13 cells were 
transfected with ICMT-siRNA or mock transfected and cultured for 24 h. 
At confluence, cells were starved overnight and stimulated with either 
low (2.5 mM) or high (20 mM) glucose for 30 min. The extent of Rac1 ac-
tivation in these cells was quantitated by PAK-PBD pulldown assay. Total 
and activated (Rac1.GTP) were determined by western blotting (A) and 
quantitated by densitometry (B). Data are expressed as fold change in 
Rac1 activation and are mean ± SEM from three independent determi-
nations. *p < 0.05 vs. mock transfected low glucose; **p < 0.05 vs. mock 
transfected high glucose.

Figure 5. Glucose-induced ROS generation was attenuated in INS 
832/13 cells following siRNA-mediated knockdown of ICMT. INS 832/13 
cells transfected with ICMT-siRNA (or mock transfected) following 
which cells were stimulated with low glucose (2.5 mM) or high glucose 
(20 mM) for 1 h and were incubated with DCHFDA (10 μM; 30 min) and 
harvested for quantitation of DCF fluorescence. Data expressed as DCF 
fluorescence and are mean ± SEM from three independent determina-
tions. *p < 0.05 vs. respective low glucose; **p < 0.05 vs. high glucose in 
mock transfected cells.
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Acetyl farnesyl cysteine (AFC), a selective inhibitor of 
ICMT, attenuates glucose-induced generation of reactive 
oxygen species and insulin secretion in INS 832/13 cells. 
We next confirmed the above data accrued through the use of 
siRNA-ICMT by a pharmacological approach. In the follow-
ing studies. we determined the effects of acetyl farnesyl cyste-
ine (AFC), a selective inhibitor of ICMT,4,5 on glucose-induced 
generation of reactive oxygen species and insulin secretion.  

significant effects of ICMT knockdown on basal levels of reac-
tive oxygen species in these cells (bar 1 vs. 2). However, glucose-
induced generation of reactive oxygen species was markedly 
attenuated in cells in which expression of ICMT was knocked 
down (bar 3 vs. 4). Taken together, these data demonstrated that 
glucose-induced Rac1 activation (Fig. 4), generation of reactive 
oxygen species (Fig. 5) and insulin secretion (Fig. 3) are regu-
lated by ICMT in INS 832/13 β-cells.

Figure 6. AFC, a competitive inhibitor of ICMT, attenuates glucose-induced ROS generation and insulin secretion in INS 832/13 cells. INS 832/13 cells 
were cultured overnight with low-glucose and low-serum medium and then incubated in KRB in the presence of diluent or AFC (100 μM; 1 h) as 
indicated in the figure. Cells were further stimulated with either low glucose (LG; 2.5 mM) or high glucose (HG; 20 mM) for 1 h in continuous presence 
or absence of diluent or inhibitor. At the end of stimulation, ROS generation was determined by quantitating DCF fluorescence (A) as described in 
Figure 5. In a separate set of studies glucose- and KCl-stimulated insulin secretion was quantitated (B and C) under conditions described in Materials 
and Methods. Data in (B) are mean ± SEM from three independent determinations. *p < 0.05 vs. low glucose without AFC; **p < 0.05 vs. high glucose 
without AFC whereas data in (C) are mean ± SEM from 12 determinations in each case. *p < 0.05 vs. low glucose without AFC and low glucose with AFC.
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oxygen species (~41 ± 10% inhibition by AFC; mean ± SEM from 
three pull down assays; p < 0.05 vs. diluent) and insulin secretion 
(additional data not shown). Together, these data further con-
firm our siRNA-ICMT findings and support our hypothesis that 
ICMT-mediated carboxymethylation of specific proteins (e.g., 
Rac1) plays a positive modulatory role in the cascade of events 
leading to glucose-induced generation of reactive oxygen species 
and insulin secretion in INS 832/13 cells.

Inhibition of ICMT does not affect cell viability. We next 
investigated potential cytotoxic effects, if any, of ICMT knock-
down (via siRNA-ICMT) or inhibition of ICMT activity  
(by AFC) on INS 832/13 cells. We asked this question to be sure 
that either inhibition in Rac1 activation, reactive oxygen species 
generation or insulin secretion seen under these conditions are 
not due to potential loss in cell viability or cell demise following 

Data shown in Figure 6A indicated a modest, but significant 
inhibition in basal level of reactive oxygen species in these cells 
following exposure to AFC (Fig. 6; bar 1 vs. 2). However, increase 
in the level of reactive oxygen species seen in the presence of stim-
ulatory glucose was significantly inhibited by AFC (Fig. 6; bar 3 
vs. 4). Furthermore, insulin secretion elicited by stimulatory 
(Fig. 6B; bar 3 vs. 4), but not basal glucose (Fig. 6B; bar 1 vs. 2), 
was markedly attenuated by AFC. In addition, in a manner akin 
to siRNA-ICMT effects, we observed no significant effects of 
AFC on KCl-induced insulin secretion (Fig. 6C). Together, our 
above described findings confirm that glucose-, but not KCl-
mediated effects on insulin secretion require activation of ICMT. 
Furthermore, along these lines, we also noticed a significant 
inhibition of glucose-induced activation of Rac1 by AFC under 
the conditions it inhibited glucose-induced generation of reactive 

Figure 7.  ICMT inhibition does not affect cell viability. (A) INS 832/13 cells were mock transfected or transfected either with ICMT siRNA or scrambled 
siRNA (100 nmol, 24h) or treated with AFC [(B) 100 µM, 1h]. Activated caspase 3 in the lysates was determined by western blot analysis using an 
antiserum that identifies both the native procaspase and degradative product of caspase 3 using etoposide as a positive control as described under 
Methods. A representative blot for [(A) n = 2 determinations] and for [(B) n = 3 determinations] is shown here. Actin was used as a loading control. (C) 
INS 832/13 cells were mock transfected or transfected either with ICMT siRNA or scrambled siRNA (100 nmol, 24h). Cell viability in transfected cells 
was determined by MTT reduction method as described above. Data are means ± SEM from two independent experiments yielding identical results 
with n >12 in each group and expressed as percent change over control. * represents p< 0.05 compared with mock or scrambled siRNA transfected 
cells. (D) INS 832/13 cells treated with AFC (100 µM, 1h) were incubated with MTT (5 mg/mL, 4h) as described in Materials and Methods.  Cell viability 
was determined by quantitating reduction of MTT by metabolically active cells at 570 nm. Data are means ± SEM from two independent experiments 
yielding identical results with n  > 12 in each group and expressed as percent change over control. * represents p < 0.05 compared with control.
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secretion. Such conclusions were drawn from studies involving 
the use of Clostridial toxins, dominant negative mutants, siR-
NAs and inhibitors of post-translational modifications, including 
prenylation, carboxymethylation and palmitoylation (reviewed in 
ref. 2). To the best of our knowledge, the current study provides 
the first evidence to implicate carboxymethylation of Rac1 in the 
signaling cascade leading to glucose-induced ROS generation 
and insulin secretion. We have presented supporting evidence via 
two distinct approaches, namely siRNA-mediated knockdown or 
selective pharmacological inhibition of ICMT, which mediates 
the carboxymethylation of these signaling proteins.

At least two distinct carboxylmethyl transferases have been 
identified in insulin secreting cells. The first one is involved in 
methylating the carboxy terminal leucine (Leu-309) of the cata-
lytic subunit of protein phosphatase 2A; such a signaling step has 
been implicated in subunit interaction and catalytic activation 
of the enzyme.22 The second enzyme, which is the focus of the 
current study, is the ICMT. In a previous study, Li and associates 
characterized the ICMT in insulin-secreting cells and normal rat 
islets.6 Such an activity was monitored by quantitating the degree 
of methylation of AFC by the islet ICMT in the presence of  
[3H] S-adenosylmethionine as the methyl donor. Subcellular 
fraction assays revealed that this enzyme activity is enriched in 
the endoplasmic reticulum.6 Along these lines, using the phar-
macological approaches, we have demonstrated that glucose 
promotes the carboxymethylation of Cdc42, another small 
G-protein involved in cytoskeletal remodeling and glucose-
stimulated insulin secretion.4 It was also demonstrated that the 
Gγ-subunits also undergo carboxymethylation in a glucose-
sensitive manner in clonal β-cells, normal rat islets and human 
islets.5 Not much has been reported since then with regard to 
potential functional consequences of carboxymethylation in 
islet function primarily due to lack of experimental tools (e.g., 
siRNA) to selectively deplete the expression of ICMT in iso-
lated β-cells. Indeed, data from the current investigation further 
reinforce our original hypothesis that in addition to prenylation, 
carboxymethylation of specific G-proteins (e.g., Rac1) plays reg-
ulatory roles in physiological insulin secretion. Such regulatory 
effects may, in part, be due to the ability of methylated Rac1 to 
increase the activation of Nox and associated generation of reac-
tive oxygen species.

inhibition of ICMT expression and/or activity. We addressed this 
by two independent experimental approaches. In the first, we 
quantitated activation of caspase-3, a hallmark of cellular apopto-
sis, in both siRNA-ICMT transfected cells and AFC-treated cells. 
In the second approach, we quantitated the metabolic viability of 
siRNA-ICMT transfected or AFC-treated cells using the MTT 
assay. Data shown in Figure 7A and B indicated no caspase 3 
activation following siRNA-ICMT transfection or AFC treat-
ment. However, a significant activation of caspase 3 was seen in 
INS 832/13 cells treated with etoposide, which causes apoptosis 
in cells via caspase 3 activation. Together, these data in Figure 7A 
and B suggest no cell death in INS 832/13 cells following inhibi-
tion of expression and activity of ICMT. In addition, we observed 
only a modest inhibition in cell viability as assessed by the MTT 
in cells following ICMT knockdown via siRNA-ICMT (Fig. 7C) 
or AFC treatment (Fig. 7D). Together, these findings suggest that 
the observed inhibition of glucose-induced Rac1 activation, gen-
eration of reactive oxygen species and insulin secretion following 
inactivation of ICMT are specific and do not involve cytotoxic 
mechanisms.

Alterations in ICMT expression in in vitro models of gluco-, 
lipo-, glucolipotoxicity and endoplasmic reticulum stress. A 
growing body of evidence implicates that long-term exposure of 
β-cells to saturated fatty acids (i.e., lipotoxicity), glucose (i.e., glu-
cotoxicity) or both (i.e., glucolipotoxicity) leads to severe metabolic 
dysfunction and eventual demise of the β-cell.19 Furthermore, 
exposure of these cells to thapsigargin, leads to endoplasmic retic-
ular stress via depletion of calcium pools culminating in cellular 
dysfunction.20,21 Therefore, in the last series of these studies we 
investigated potential alterations in the expression of ICMT in 
INS 832/13 cells following exposure to palmitate, glucose or thap-
sigargin. Data shown in Figure 8 indicated a significant increase 
in the expression of ICMT in cells exposed to gluco-, lipo- or  
glucolipotoxic conditions. However, no detectable changes were 
seen in the expression of ICMT protein in thapsigargin-treated 
cells.

Discussion

Several earlier studies have implicated activation of small 
G-proteins (e.g., Arf6, Cdc42 and Rac1) in physiological insulin 

Figure 8. Expression of ICMT in lysates of INS 832/13 cells under the duress of gluco-, lipo-, glucolipotoxicity and endoplasmic reticulum stress. INS 
832/13 cells were plated in six-well plates, grown to 70% confluence and treated with low glucose (LG, 2.5 mM, 48 h), high glucose (HG, 50 mM, 48 h), 
palmitic acid (PA, 300 μM; 48 h), HG plus PA (48 h) and thapsigargin (TH, 0.5 μM, 9 h). ICMT expression was determined by western blotting. A repre-
sentative of two blots is shown here. Actin was used as a loading control.
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the data accrued in the current studies we conclude that ICMT 
regulates glucose-induced Rac1 activation, generation of reactive 
oxygen species and insulin secretion in pancreatic β-cells.

Materials and Methods

Materials. siRNA-ICMT (Cat # 43907710) and scrambled 
siRNA (negative control; Cat # 4390843) were from Ambion. 
AFC was from Cayman Chemical (Cat # 63270). ECL reagent 
was from GE Healthcare (Cat # RPN2132). HiPerFect trans-
fection reagent was obtained from Qiagen (Cat # 301705). The 
rat insulin ELISA kit was from American Laboratory Products 
(Cat # 80-INSRTH-E01). Rac1 activation assay kit was from 
Cytoskeleton (Cat # BK035). ICMT antiserum was from 
Santa Cruz Biotechnology, Inc., (Cat # Sc-130150). DCHFDA  
(Cat # 35845), thapsigargin (Cat # T9033) and etoposide  
(Cat # E1383) were from Sigma Aldrich. Alexa-fluor 488 anti-
rabbit secondary antibody (Cat # A11008) and Hoechst dye 
(Cat# 3570) was from Invitrogen molecular probes. Cell pro-
liferation kit (MTT, Cat # 11465007001) was purchased from 
Roche diagnostics.

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, 
2-mercaptoethanol (50 μM) and 10 mM HEPES (pH 7.4). The 
medium was changed twice weekly and cells were trypsinized 
and subcloned weekly.

Isolation of total particulate and soluble fractions from INS 
832/13 cells. INS 832/13 cells were homogenized in RIPA buffer 
(50 mm Tris-HCl, pH 7.4, 1% NP-40, 0.25% sodium deoxy-
cholate, 150 mm NaCl, 1 mM EDTA, 1 mM PMSF, 1 mM 
Na

3
VO

4
, 1 mM NaF and protease inhibitor cocktail) and were 

centrifuged at 105,000x g for 1 h to separate total particulate and 
soluble fractions. Proteins from individual fraction were resolved 
by SDS-PAGE and transferred to a nitrocellulose membrane. 
The blots were then probed with antibody raised against ICMT 
(1:500 dilution) and with rabbit secondary antibody conjugated 
to horseradish peroxidase. Immune complexes were then detected 
using the enhanced chemiluminescence kit.

Immunofluorescence studies. INS 832/13 cells were plated 
onto coverslips and incubated with (2.5 or 20 mM) glucose for 
45 min at 37°C followed by washing in PBS and fixed with 4% 
paraformaldehyde solution for 15 min at room temperature. 
They were then permeabilized with 0.2% Triton X-100 for  
15 min at room temperature. After blocking with 1% BSA for  
1 h, the cells were further incubated with primary antibody 
ICMT (1:150) in 0.1% BSA solution for 1 h. After extensive 
washes, the cells were further incubated with secondary anti-
body Alexa-fluor 488 anti-rabbit (1:1,000) in 0.1% BSA solution 
for 1 hr at 37°C. Hoechst dye was used to stain for nuclei. The 
coverslips were then mounted on glass slides containing mount-
ing media (DAKO corporation; Carpinteria, CA) and visualized 
under an Olympus IX71 inverted fluorescence microscope using 
a x100 oil-immersion lens.17

Data accrued in the current studies implicate carboxymeth-
ylation as one of the requisite signaling steps for glucose-induced 
activation by Rac1 in a stimulated β-cell. Moreover, the carboxy-
methylation of Rac1 appears to be necessary for glucose-induced 
Nox activation and generation of reactive oxygen species. In this 
context, using reconstituted systems and the C-terminal Rac1 
peptides, Kreck and coworkers have provided experimental sup-
port to implicate participatory roles for Rac1 in cell-free activa-
tion and assembly of NADPH-oxidase.23 Compatible with these 
findings are our recent data to implicate inhibition of glucose- or 
mitochondrial-fuel-induced Nox activation and generation of 
reactive oxygen species in INS 832/13 cells and normal rat islets 
by inhibitors of protein prenylation. These studies thus provided 
evidence for requisite roles for prenylation in the functional 
regulation of Nox in the islet β-cell.11 Data from the current 
investigation indicate that in addition to prenylation, the car-
boxymethylation of specific G-proteins may be necessary for 
optimal regulation of Nox by glucose. More importantly, our 
current findings also suggest that carboxymethylation is neces-
sary for glucose-induced activation of Rac1, since pretreatment 
of isolated β-cells with AFC or selective depletion of ICMT by 
siRNA markedly attenuated glucose-induced Rac1 activation. 
These findings are in agreement with recent findings of Cushman 
and Casey demonstrating inhibition of EGF-induced Rho A and 
Rac1 activation by cysmethynil, a selective inhibitor of ICMT, 
in MDA-MD-231 cells.24 Together, based on the above discus-
sion it is concluded that both prenylation and carboxymethyl-
ation of Rac1 are necessary for glucose-induced Nox-mediated 
ROS generation and insulin secretion. It is important to note that 
palmitoylation of cysteine residues upstream to prenylated and 
carboxylmethylated Rac1 may not be involved in this signaling 
cascade at least based on recent studies from Roberts and associ-
ates who reported no known consensus palmitoylation motifs for 
Rac1,25 although this remains to be verified experimentally in the 
islet β-cell.

Emerging evidence appears to implicate a significant contrib-
utory role for Nox in the generation of oxidative stress and the 
onset of mitochondrial dysfunction in multiple cell types, includ-
ing the islet β-cell. For example, it has been shown that chronic 
exposure of isolated β-cells to high concentrations of saturated 
fatty acids (e.g., palmitate; lipotoxicity), glucose (i.e., glucotox-
icity) or both (i.e., glucolipotoxicity) or a mixture of cytokines 
(e.g., IL-1β, TNFα and IFNγ) culminates in increased oxidative 
stress, mitochondrial dysfunction and apoptosis in these cells.26-28 

Inhibition of protein prenylation of Rac1 by pharmacological 
approaches (e.g., GGTI-2147) or Rac1 activation by Tiam1, 
a known guanine nucleotide exchange factor for Rac1 (using 
NSC23766) markedly attenuated metabolic dysfunction of the 
β-cell.27,28 Along these lines, data described herein suggest a sig-
nificant increase in the expression of ICMT under glucolipotoxic 
conditions. Whether such an increase in the expression translates 
into increased ICMT activity remains to be verified. Nonetheless, 
it may be likely that use of selective inhibitors of carboxymeth-
ylation might prove to be valuable in preventing oxidative stress 
induced under the duress of glucolipotoxicity and/or cytokines. 
These are being studied in our laboratory currently. Based on 
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30 min at 37°C. Cell lysates were clarified by centrifugation and 
p21-activated kinase binding domain (PAK-PBD)-beads were 
added to the supernatant and mixed gently at 4°C for 1 h. The 
beads were then centrifuged at x4,000 g for 5 min, rinsed with 
wash buffer (25 mM Tris, pH 7.5, 30 mM MgCl

2
, 40 mM NaCl 

and 150 mM EDTA), and then reconstituted in Laemmli buffer. 
Proteins were separated on 12% SDS-PAGE and immunoblotted 
for activated Rac1.

NADPH oxidase activity assay. This was carried according 
the method we described recently in reference 27 and 28. In 
brief, INS 832/13 cells were plated in six-well plates, grown to 
subconfluence and then either transfected with ICMT-siRNA 
or treated with AFC (100 μM; 1 h). The cells were washed with 
PBS and further incubated with 2',7'-dichloro-dihydrofluores-
cein diacetate (DCHFDA, 10 μM) for 30 min at 37°C. Cells 
were then harvested and centrifuged. The pellet was resus-
pended in PBS and protein concentration was determined using 
Bradford’s assay. Equal amount of proteins were taken and fluo-
rescence was measured at excitation and emission wavelengths 
of 485 and 530 nm respectively (using Perkin Elmer fluorimeter, 
Waltham, MA).

ICMT expression profile. INS 832/13 cells were plated 
in six-well plates, grown to 70% confluence and treated with 
low glucose (2.5 mM), high glucose (50 mM), palmitic acid  
(300 μM), palmitic acid plus high glucose for 48 h or thapsigar-
gin (0.5 μM) for 9 h. Cells were then harvested and centrifuged. 
The pellet was resuspended in buffer solution (0.5% Nonidet 
P-40, 20 mM HEPES, pH 7.4, 100 mM NaCl, 20 mM DTT 
and protease inhibitor cocktail). Equal amount of proteins were 
resolved by SDS-PAGE and transferred to a nitrocellulose mem-
brane. The blots were then probed with antibody raised against 
ICMT (1:500 dilution) and with rabbit secondary antibody con-
jugated to horseradish peroxidase. Immune complexes were then 
detected using the enhanced chemiluminescence kit.

Statistical analysis. Data are presented as mean ± SEM. 
Statistical significance differences between values were evaluated 
by Student’s t-test or ANOVA where appropriate. p < 0.05 was 
considered to be statistically significant.
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siRNA-mediated knockdown of ICMT. Endogenous expres-
sion of ICMT was knocked down by transfecting INS 832/13 
cells with ICMT-siRNA. In brief, INS 832/13 cells were plated 
on 24-well plates and transfection with ICMT-siRNA was 
performed at 50–60% confluence at a final concentration of  
100 nM using HiPerFect transfection reagent. Further, to assess 
specificity of siRNA, cells were transfected in parallel with non-
targeting siRNA (scrambled siRNA; 100 nM). Transfected cells 
were cultured in complete growth medium for 24 h and effi-
ciency of ICMT knockdown was determined by western blot 
analysis.

Caspase 3 activity. Activation of caspase-3 was assessed in 
cells either transfected with ICMT siRNA or in cells treated 
with AFC. Cells were harvested and homogenized in sample 
buffer (0.5% Nonidet P-40, 20 mM HEPES, pH 7.4, 100 mM 
NaCl and 20 mM DTT and PIC). And ~30 μg of proteins were 
resolved by SDS-PAGE (12%) and immunoprobed for caspase-3. 
Activation of caspase-3 is evidenced by the presence of a hydro-
lytic product (~17 kDa). Etoposide (60 μM, 6 h) was used as a 
standard for apoptotic cell death.

Cell viability assay. INS 832/13 cells were either treated with 
AFC (100 μM, 1 h) or transfected with ICMT-specific or scram-
bled siRNA as described above. Cell viability was determined by 
incubating AFC treated or ICMT-siRNA transfected cells with 
10 μL of stock MTT [4(5-dimethylthiazol-2-yl)-2,5-diphenyl 
tetrazolium bromide] for 4 h at 37°C. Following dissolution of 
formazan crystals in solubilization solution, the absorbance was 
measured at 570 nm using ELISA plate reader.

Insulin release studies. siRNA-ICMT or scrambled siRNA 
ransfected cells or AFC-treated cells were cultured overnight in 
low serum-low glucose-containing media. They were stimulated 
further either with low or high glucose or potassium chloride 
in Krebs-Ringer bicarbonate (KRB) buffer, pH 7.4 for periods 
of time indicated in the text. In studies involving KCl-induced 
insulin secretion, we noticed that INS 832/13 cells were not 
responsive to 40 mM KCl in releasing insulin. However, higher 
KCl concentrations (60 mM) were found to elicit robust insulin 
release. Therefore, in KCl-stimulated insulin secretion studies, 
cells were incubated with 60 mM KCl in an osmolarity balanced 
KRB medium.17

Rac1 activation assay. The extent of Rac1 activation  
(i.e., GTP-bound form) was determined using a commercially 
available kit (Cytoskeleton, Denver, CO).16,27,28 ICMT-siRNA 
transfected or AFC (100 μM) treated INS 832/13 cells were 
incubated with low (2.5 mM) or high glucose (20 mM) for  
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