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Protein farnesylation is requisite for mitochondrial fuel-induced
insulin release
Further evidence to link reactive oxygen species generation to insulin secretion
in pancreatic β-cells
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Several lines of recent evidence implic-
ate regulatory roles for reactive oxy-

gen species (ROS) in islet function and
insulin secretion. The phagocyte-like
NADPH oxidase (Nox2) has recently
been shown to be one of the sources of
ROS in the signaling events leading to
glucose stimulated insulin secretion
(GSIS). We recently reported inhibition
of glucose- or mitochondrial fuel-induced
Nox2-derived ROS by a specific inhibitor
of protein farnesyl transferse (FTase;
FTI-277), suggesting that activation of
FTase might represent one of the
upstream signaling events to Nox2 acti-
vation. Furthermore, FTase inhibitors
(FTI-277 and FTI-2628) have also been
shown to attenuate GSIS in INS 832/13
cells and normal rodent islets. Herein, we
provide further evidence to suggest that
inhibition of FTase either by pharmaco-
logical (e.g., FTI-277) or gene silencing
(siRNA-FTase) approaches markedly
attenuates mitochondrial fuel-stimulated
insulin secretion (MSIS) in INS 832/13
cells. Together, our findings further
establish a link between nutrient-induced
Nox2 activation, ROS generation and
insulin secretion in the pancreatic β-cell.

Introduction

Glucose-stimulated insulin secretion
(GSIS) from the pancreatic β-cell involves
the generation and/or altered distribution
of diffusible second messengers such as
calcium, cAMP, and lipid hydrolytic

products of various phospholipases.1-3 It
is noteworthy that a selective increase in
intracellular calcium not only initiates
insulin secretion but also regulates various
enzymes such as protein kinases, phospho-
diesterases, adenylyl cyclases, and phos-
pholipases, thereby facilitating insulin
secretion. In the context of protein
kinases, in addition to calcium-dependent
protein kinase(s), several other kinases,
including calmodulin-, cyclic nucleotide-
and phospholipid-dependent protein
kinases, tyrosine kinases and mitogen-
activated protein kinases have been
described in β-cells.4

In addition to glucose, mitochondrial
fuels (e.g., succinate and a-keto-isocaproic
acid) also promote insulin secretion in
pancreatic clonal β-cells and normal
rodent islets.2,5,6 Using Clostridial toxins,
which selectively monoglucosylate and
inactivate small G-proteins,7 we have
provided the first evidence for a require-
ment of small G-proteins in mitofuel-
induced insulin secretion.8 However,
potential requirement(s) of post-trans-
lational lipidation (e.g., farnesylation)
for the G-protein-mediated MSIS
remains largely unknown. In the context
of G-protein-facilitated and GSIS or
MSIS in the islet β-cell, we have recently
identified the phagocyte-like NADPH-
oxidase (Nox2) as an effector protein for
specific G-proteins in isolated β-cell.9 Our
data suggested that these secretagogues
induce a transient increase in reactive
oxygen species (ROS) derived from Nox2
activation, and that inhibition of protein
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prenylation using GGTI-2147 or FTI-
277, selective inhibitors of geranyl geranyl
transferases (GGTases) and FTases,
respectively, attenuated Nox2-mediated
ROS generation in clonal INS 832/13
cells and normal rodent islets.9 Together,
these findings further strengthen the
proposal of novel “second messenger
roles” for ROS in GSIS as proposed
originally by Pi and Collins.10 In addition,
we have been able to demonstrate that a
mixture of mitochondrial fuels [i.e., mono
methyl succinate (MMS) and a-keto
isocaproate (KIC)] also increased ROS
generation in INS 832/13 cells acutely,
and that such an increase in ROS was
reduced significantly by inhibitors of
protein prenylation,9 thus raising an
interesting possibility that mitochondrial
metabolism leads to Nox2 activation and
ROS generation in a protein prenylation-
dependent manner. The current study,
which is an addendum to the above

studies9 further examined if MSIS
involves activation of a signaling step
involving protein farnesylation.

Results and Discussion

We addressed this question via pharmaco-
logical, with the use of a selective inhibitor
of FTase (e.g., FTI-277) or siRNA-
mediated knockdown of β-subunit of
FTase. First, we determined the effects of
FTI-277 on MSIS in INS 832/13 cells.
Data in Figure 1 indicate nearly 2.5-fold
stimulation in insulin secretion in these
cells following exposure to a mixture of
mitochondrial fuels (bar 1 vs. bar 2).
Incubation of these cells with FTI-277 did
not inhibit basal insulin secretion signific-
antly (bar 1 vs. bar 3). However, MSIS
was markedly attenuated in cells exposed
to FTI-277 (bar 2 vs. bar 4) suggesting
that an FTase activation step is necessary
for MSIS to occur.

Although FTase and GGTase-I share
the same regulatory a-subunit, they are
often distinguished by their distinct β-
subunits, which dictate their substrate
specificity and catalytic function.11–13 To
further confirm our pharmacological
observations (Fig. 1), we undertook an
alternate approach in which we quanti-
tated MSIS in INS 832/13 cells following
selective depletion of FTase β-subunit by
siRNA methodology.13 Data in Figure 2A
demonstrate that the expression of FTase
β-subunit was markedly reduced (~65%)
under these conditions. Furthermore, as
shown in Figure 2B, mitochondrial fuels
significantly increased insulin release in
cells transfected with scrambled siRNA
(bar 1 vs. bar 3). However, MSIS was
significantly impaired in FTase β-subunit
depleted INS 832/13 cells (bar 3 vs.
bar 4). Together, data described above
support our overall hypothesis that a
farnesylation-dependent signaling step
(e.g., Nox2-mediated ROS generation)
underlies mitofuel-induced insulin secre-
tion in INS 832/13 cells.

In summary, our current findings
described in this brief report, involving
site-specific inhibitors of FTase (FTI-277)
and siRNA-FTase β-subunit, provide
evidence for the requirement of a farnesy-
lation step in MSIS in pancreatic β-cells.
Moreover, the current set of observations
in addition to our recently published
experimental work,9 establish a potential
link between activation of a farnesylated
protein in the signaling events leading to
Nox2 activation, ROS generation and
insulin secretion. These studies are a
logical extension to our recently published
studies to demonstrate that glucose or
mitochondrial fuels, but not membrane
depolarizing concentrations of KCl, sig-
nificantly increase ROS generation, and
that pharmacological or molecular bio-
logical inhibition of Nox2 markedly
attenuated ROS generation under these
conditions.9 Furthermore, inhibition of
protein prenylation reduced ROS genera-
tion elicited by glucose or mitochondrial
fuels, thus implicating a role for protein
prenylation in this signaling step.
Together, these observations suggest novel
roles for a yet unidentified farnesylated
protein in mediating Nox2 activation and
ROS generation steps leading to insulin

Figure 1. FTI-277, a selective FTase inhibitor, attenuates mitochondrial fuel- insulin secretion in INS
832/13 cells. INS 832/13 cells were cultured overnight in low serum- glucose medium containing
FTI-277 (5 mM; Calbiochem) or diluent. Cells were incubated in KRB for 1h and then stimulated with
either glucose (LG, 2.5 mM) or a mixture of monomethyl succinate (MMS, 15 mM) plus a-keto
isocaproic acid (KIC, 5 mM) for 45 min in continuous presence or absence of FTI-277. Insulin
released into the medium was quantitated by ELISA. Data are expressed as percent of control, and
are mean ± SEM from four to five experiments. *p , 0.05 vs. 2.5 mM glucose and
**not significant from 2.5 mM glucose.
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secretion. Potential candidates might
include the c-subunits of trimeric G-
proteins as we proposed recently in9 even
though this postulation remains to be
verified further. Based on our previously
published work and the current observa-
tions, we propose a model for glucose- or
mitochondrial fuel-mediated, protein pre-
nylation-dependent signaling steps leading
to Nox2 activation, ROS generation and
insulin secretion in the pancreatic β-cell

(Fig. 3). Lastly, our findings further cor-
roborate recent findings by Leloup and
associates14 to suggest that mitochondrial
ROS generation is a requisite for GSIS to
occur. Precise understanding of the iden-
tity and roles of various forms of Nox (i.e.,
mitochondrial and extramitochondrial) is
necessary to further assess the roles of
protein prenylation in coupling extrami-
tochondrial to mitochondrial events lead-
ing to insulin secretion.
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Figure 2. siRNA mediated knockdown of FTase b-subunit attenuates mitochondrial fuel -induced insulin secretion. INS 832/13 cells were cultured in
24-well plates to sub confluence a day before transfection. Cells were transfected using HiPerfect transfection reagent with siRNA duplexes (100 nmol/l)
that target FTase b- subunit mRNA (a pool of two target specific 21 nucleotide length (5’→3’ UCACGUFACUUC UACCAUAtt in sense strand and
UAUGGUAGAAG-UCACGUGAct in the antisense strand), designed to knock-down gene expression of FTase-b subunit. To assess the specificity of
knockdown, a second batch of cells were transfected with non-targeting scrambled siRNA (negative control) that includes at least four nucleotide
mismatches with known mouse, rat and human gene duplexes which do not lead to specific degradation of any known cellular mRNA. Srambled and
FTase b-siRNAs were from Ambion. HiPerfect transfection reagent was from Qiagen. Additional experimental details are described in.13 Efficiency of FTase
b-subunit knockdown was determined by western blot analysis. A representative gel is shown in (A). In (B): Transfected cells were incubated in KRB
(pH 7.4) for 1h prior to stimulation either with low glucose (LG, 2.5 mM) or a mixture of mito fuels [MMS (15 mM) plus KIC (5 mM)] for 45 min. Insulin
released into the media was quantitated by ELISA. Data are expressed as percent of control and are mean ± SEM from three experiments. *p , 0.05
vs. scrambled low vs. high glucose, **p , 0.05 for siRNA FTase b-subunit low vs. high glucose.
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Figure 3. Schematic representation of potential mechanisms underlying nutrient-mediated, protein
prenylation-dependent signaling steps leading to Nox2 activation, ROS generation and insulin
secretion in the pancreatic b-cell. Exposure of isolated b-cells to glucose or mitochondrial fuels
leads to activation of FTase and GGTase-I,15 which is necessary for the activation and interaction of
specific farnesylated and geranylated proteins with their effector proteins (e.g., p21-activated
kinase, ERK1/2). GGTI-2147 or a dominant negative mutant of GGTase-1 markedly attenuated
glucose-induced Rac1 activation and insulin secretion.12,13 FTI-277 or FTI-2368 or siRNA-FTase-b also
attenuated GSIS from isolated b-cells.13 Together, these findings further substantiated our original
hypothesis that protein prenylation is necessary for GSIS to occur.12 More recent studies have
identified Nox2 as one of the effector proteins in the cascade of events leading to G-protein-
mediated GSIS.9 FTI-277 or GGTI-2147 significantly reduced glucose- or mitochondrial fuel-induced
ROS generation thereby implicating Nox2 activation as one of the signaling steps involved in
nutrient-induced Nox2 activation, ROS generation and insulin secretion.9 Data described in this
communication further affirms the postulation that MSIS is also under the control of a farnesylated
protein. Potential identity of this farnesylated protein(s), which is involved in glucose- and
mitochondrial fuel-induced Nox2 activation, ROS generation and insulin secretion remains to be
verified in future investigations.
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