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Abstract

In the present study, we have shown that exposure of insulin-secreting clonal � (HIT-T15) cells to interleukin-1� (IL-1�) results in a
time- and concentration-dependent increase in nitric oxide (NO) release. These effects by IL-1� on NO release were mediated by induction
of inducible nitric oxide synthase (iNOS) from the cells. Preincubation of HIT cells with Clostridium sordellii lethal toxin-82, which
irreversibly glucosylates and inactivates small G-proteins, such as Ras, Rap, Ral, and Rac, but not Cdc42, completely abolished
IL-1�-induced NO release. Pre-exposure of HIT cells to C. sordellii lethal toxin-9048, which monoglucosylates and inhibits Ras, Cdc42,
Rac, and Rap, but not Ral, also attenuated IL-1�-mediated NO release. These data indicate that activation of Ras and/or Rac may be
necessary for IL-1�-mediated NO release. Preincubation of HIT cells with C. difficile toxin-B, which monoglucosylates Rac, Cdc42, and
Rho, had no demonstrable effects on IL-mediated NO release, ruling out the possibility that Rac may be involved in this signaling step.
Further, two structurally dissimilar inhibitors of Ras function, namely manumycin A and damnacanthal, inhibited, in a concentration-
dependent manner, the IL-1�-mediated NO release from these cells. Together, our data provide evidence, for the first time, that Ras
activation is an obligatory step in IL-1�-mediated NO release and, presumably, the subsequent dysfunction of the pancreatic � cell. Our data
also provide a basis for future investigations to understand the mechanism of cytokine-induced � cell death leading to the onset of
insulin-dependent diabetes mellitus. © 2001 Elsevier Science Inc. All rights reserved.
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1. Introduction

IDDM develops as a consequence of the selective de-
struction of insulin-producing � cells due to autoimmune
aggression [1]. It has been shown that such cytotoxic effects
are mediated by cytokines (e.g. IL-1�) secreted by the
infiltrating immune cells [2]. Cytokine-induced pancreatic
�-cell death is attributed primarily to the induction of iNOS,

leading to the generation of NO within the cell, which, in
turn, culminates in cell death by apoptosis and necrosis [3].
Such cellular events have been shown to occur in normal rat
islets, human islets, and in clonal � cells [3]. Together, these
observations have led to the suggestion that IL-1� (alone or
in combination with other cytokines) may be the key me-
diator of autoimmune destruction of � cells during the
course of the onset of IDDM. The IL-1� effects are felt to
be mediated largely due to the induction of iNOS. NO exerts
multiple effects on �-cell function, including inhibition of
glucose oxidation [4] and adenine and guanine nucleotide
generation [5]. In intact �-cells, IL-1� has been shown to
increase intracellular free sodium, prostaglandin E2 (PGE2),
heat shock protein synthesis, c-fos protooncogene expres-
sion, and Mn2�-dependent superoxide dismutase [6]. It has
also been shown that NO initiates a cascade of events
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leading to mitochondrial dysfunction, including the release
of cytochrome c and activation of caspases [7]. In turn,
activation of caspases leads to proteolytic cleavage of sev-
eral proteins, such as nuclear lamin-B, culminating in chro-
matin condensation and DNA fragmentation and terminat-
ing in cell death [8]. However, despite a growing body of
biochemical evidence as to how IL-1� causes cellular dys-
function in multiple cell types, the exact nature and the
mechanism(s) underlying the generation of intracellular sig-
nals in insulin-producing cells mediated by IL-1� have not
been elucidated completely.

In this context, several groups, including our own, have
shown that G-proteins play key roles in the physiologic
regulation of insulin secretion (see Ref. 9 for a recent
review). Using various biochemical and physiologic ap-
proaches, we identified some of these G-proteins (e.g.
Cdc42, Rac, and Rap) that may be responsible for glucose-
and calcium-mediated insulin secretion from isolated � cells
[10,11]. During the course of these studies, we also ob-
served that inactivation of specific G-proteins, either by
long-term GTP depletion or by inhibition of their PTMs
such as isoprenylation, resulted in apoptotic �-cell death
[12,13]. Indeed, our observations are strengthened further
by recent reports of involvement of specific G-proteins in
fas- or ceramide-mediated apoptosis in other cell types as
well [14].

Several recent studies have suggested key functional
roles for the low molecular mass Rho subfamily of G-
proteins in mitogenesis and survival. We recently reviewed
these in Refs. 9 and 13. It has been possible to demonstrate
such roles through the use of specific inhibitors of G-protein
functions. These include bacterial toxins, such as Clostrid-
ium difficile and sordellii [12,15–17], which specifically
monoglucosylate threonine residues on these G-proteins and
inactivate them. A second class of inhibitors is comprised of
inhibitors of PTMs (e.g. isoprenylation) of these G-proteins,
which have been shown to play important roles in the
translocation of these G-proteins to critical subcellular com-
partments for interaction with their effector proteins in the
islet � cell [9,18–21]. We have shown earlier that exposure
of isolated islet � cells to either class of these inhibitors
markedly reduces both glucose- and calcium-mediated in-
sulin secretion, suggesting the criticality of these signaling
proteins in �-cell function [9,18–21]. In view of our recent

observations demonstrating that selective inactivation of
G-proteins by long-term exposure of islet � cells to these
inhibitors leads to the apoptotic demise of the pancreatic �
cell [12], we undertook the current study to examine the
regulatory roles, if any, of the Rho subfamily of small
G-proteins in the phenomenon of IL-induced NO release
from isolated � cells.

2. Materials and methods

2.1. Materials

The HIT-T15 pancreatic � cell line was purchased from
the American Type Culture Collection; C. sordellii LT-82
and LT-9048 were purified as described previously [22].
C3-exoenzyme was from Biomol, and CNF1 was purified as
described previously [23–25]. Human recombinant IL-1�
was from R&D; manumycin A, damnancanthal, and Griess
reagent were from the Sigma Chemical Co.; F-12 medium
and calf bovine serum were purchased from Gibco; anti-
iNOS and anti-mouse horseradish peroxidase-IgG were
from Transduction Laboratories; ECL reagent and Hyper-
film were from Amersham Pharmacia. L-NMMA was from
Calbiochem. Anti-K Ras and anti-H Ras were purchased
from Santa Cruz Biotechnology. All other reagents em-
ployed in this study were of analytical grade, and of the
highest reagent purity available.

2.2. Treatment of HIT-T15 cells

HIT cells were cultured in F-12 medium supplemented
with 10% fetal bovine serum, 100 IU/mL of penicillin, 100
IU/mL of streptomycin, and 2 mM L-glutamine. Cells were
cultured in 24-well plates for 2 days prior to various exper-
imental manipulations (see text). The culture medium was
then replaced with medium consisting of either diluent
alone or in the presence of IL-1�. The specificity of the
probes used in the current study is given in Table 1. In
experiments involving the variants of LT or CNF1, cells
were pretreated with 200 ng/mL of the toxins for 24 hr prior
to incubation with IL-1�. In studies involving Ras function
inhibitors such as manumycin A (0–10 �M) and damna-
canthal (0–20 �g/mL), cells were incubated with inhibitors

Table 1
Specificity of probes used in the present study

Probe Concentration Effects on function Target G-proteins Reference(s)

LT-82 200 ng/mL Inhibition by glycosylation Ras, Rap, Rac, Ral, but not Cdc42 29, 30
LT-9048 200 ng/mL Inhibition by glycosylation Ras, Cdc42, Rac, Rap, but not Ral 31
Toxin-B 200 ng/mL Inhibition by glycosylation Rac, Cdc42, Rho 9, 10
C3-Exoenzyme 12.5–25 �g/mL Inhibition by ribosylation Rho 9, 10, 15
CNF-1 200–400 ng/mL Activation by deamidation Rho, Rac, Cdc42 15
Manumycin A 10 �M Inhibition of farnesylation Ras 17
Damnacanthal 20 �g/mL Inhibition Ras 17
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for 1 hr prior to stimulation with IL-1� for an additional 24
hr. To study the effect of C3-exoenzyme, cells were loaded
with C3-exoenzyme (10 �g/mL) by the scrape-loading
method as described in Ref. 26 prior to stimulation with
IL-1� for 24 hr (see text for additional details).

2.3. Quantitation of nitrite release

Nitrite production was measured as described in Ref. 27.
In brief, medium from the treated cells was collected, and
centrifuged at 1700 g for 5 min at 4°; then 100 �L of
supernatant was incubated with 100 �L of Griess reagent
for 15 min. The absorbance at 540 nm was measured, and
the nitrite concentration was calculated from a sodium ni-
trite standard curve. We observed no clear indication to
suggest that toxin- or inhibitor-treated cells dissociated from
the culture plates throughout the incubation, indicating that
the cells were viable.

2.4. Quantitation of expression of iNOS by western
blotting

After appropriate treatments, cells were homogenized,
by sonication, in a medium consisting of 1% SDS, 1 mM
sodium orthovanadate, 10 mM Tris (pH 7.4), and the soni-
cates were centrifuged at 1200 g for 10 min at 4°. Proteins
in the supernatants from control and treated samples (30 �g)
were separated by SDS–PAGE (8%), and the resolved pro-
teins were transferred onto a nitrocellulose membrane for 12
hr at 50 mA in Tris-glycine transfer buffer. The blots were
blocked for 1 hr at room temperature and then were incu-
bated for an additional 1.5 hr at room temperature with
primary antibody (anti-iNOS, host mouse; 1:5000 dilution).
Following extensive washing, the blots were incubated with
the secondary antibody (conjugated anti-mouse IgG:horse-
radish peroxidase, 1:2000 dilution) for 1 hr at room tem-
perature. Immune complexes were detected using an ECL
kit, and the intensity of the iNOS bands was quantified by
densitometry.

2.5. Other methods

Protein concentrations in the samples were determined
by the dye-binding method of Bradford [28], using bovine
serum albumin as the standard.

3. Results

3.1. Induction by IL-1� of NO release from HIT-T15 cells
in a time- and concentration-dependent manner

Western blot data given in Fig. 1 (top panel) indicate that
IL-1� (0–600 pM) induced iNOS protein expression in a
concentration-dependent manner in HIT-T15 cells. Intensity
of the bands was quantitated by densitometry (Fig. 1, bot-

tom panel). Compatible with these observations, IL-1� (0–
300 pM) also induced NO release in a time- (0–72 hr) and
concentration-dependent manner (Fig. 2). It was also pos-
sible to demonstrate similar effects of IL-1� on NO release
in INS-1 cells (additional data not shown). To further con-
firm that the IL-1�-induced increment in NO release is due
to an increase in iNOS activity, we examined the effects of
L-NMMA (500 �M), a competitive inhibitor of iNOS [5],
on IL-induced NO release from HIT-T15 cells. These data
(Fig. 3) indicate a �80% inhibition in IL-induced NO re-
lease in cells incubated with L-NMMA. As indicated in Fig.
3, optimal inhibitory effects were demonstrable within 24 hr
of incubation. Together, the data in Figs. 1–3 verify our

Fig. 1. Concentration-dependent stimulation by IL-1� of iNOS expression
in HIT cells. Top panel: HIT-T15 cells were cultured for 24 hr in the
presence of increasing concentrations (0–600 pM) of IL-1�. After appro-
priate treatments, cells were homogenized, by sonication, in a medium
consisting of 1% SDS, 1 mM sodium orthovanadate, 10 mM Tris (pH 7.4),
and the sonicates were centrifuged at 1200 g for 10 min at 4°. Proteins in
the supernatants from control and treated samples (30 �g) were separated
by SDS–PAGE (8%), the resolved proteins were transferred onto a nitro-
cellulose membrane, and the expression levels of iNOS were determined
by western blotting (see “Materials and methods” for additional details).
The last lane, marked as �Ve, represents the positive control of iNOS.
Data are representative of three experiments carried out in triplicate. Since
each lane contained the same amount of HIT cell lysate protein, the
intensity of the iNOS bands (as an index of iNOS expression) was quan-
titated by densitometry (see bottom panel). Bottom panel: These data
represent densitometric scanning of the intensity of iNOS protein bands
from the representative experiment described in the top panel. The degree
of intensity is expresssed as arbitrary densitometric units.
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experimental model system, which, as expected, demon-
strates that the IL-1�-mediated increase in NO release is
due to an increase in iNOS activity.

3.2. Inhibition by two LT variants of IL-1�-induced NO
release from HIT-T15 cells

We then examined the contributory roles of the Rho
subfamily of G-proteins in IL-1�-induced NO release from
HIT-T15 cells. For this purpose, we examined the effects of
two variants of C. sordellii toxin, i.e. LT-82 and LT-9048,
on IL-1�-mediated NO release from HIT cells. Data from
several laboratories, including our own, have shown that
these toxins irreversibly monoglucosylate and inactivate
specific G-proteins. For example, LT-82 monoglucosylates
and inhibits Ras, Rac, Ral, and Rap, but not Cdc42 ( [29,
30]; Table 1), whereas LT-9048 glucosylates and inacti-
vates Ras, Cdc42, Rac, and Rap, but not Ral ( [31]; Table 1).
We have demonstrated previously the specificity of Clos-
tridium toxins in normal rat islets and HIT cells [10]. Data
in Fig. 4 demonstrate that exposure of HIT cells to LT-82
(200 ng/mL) had no effect on basal NO release from control
cells even up to 48 hr of incubation. However, LT-82
treatment completely attenuated the IL-1�-induced NO re-
lease from these cells. Such inhibitory effects of LT-82 on
IL-1�-mediated NO release were demonstrable with a 24-hr
exposure to the toxin. These data suggest that activation of
its substrate G-proteins (i.e. Ras, Rap, and Rac, but not
Cdc42) may be necessary for IL-1�-induced NO release.
These studies were repeated using LT-9048, which mono-
glucosylates and inactivates Cdc42, Rac, Rap, and Ras, but

Fig. 2. Time- and concentration-dependent stimulation by IL-1� of NO
release in HIT-T15 cells. HIT cells were incubated in the presence of
different concentrations (0–300 pM) of IL-1� for different time intervals
(0–72 hr) as indicated in the figure. Nitrite released in the medium was
quantitated using Griess reagent. Data are representative of at least three
experiments with identical results.

Fig. 3. Inhibition of IL-induced NO release by L-NMMA. HIT-T15 cells
were cultured in the absence or presence of 500 �M L-NMMA, a com-
petitive inhibitor of iNOS, for 24 or 48 hr as indicated in the figure. Nitrite
was measured using Griess reagent. Data are the means � SEM from six
individual determinations.

Fig. 4. Abolition of IL-1�-induced NO release from HIT-T15 cells pre-
exposed to LT-82. HIT cells were cultured in the absence or presence of LT
(200 ng/mL) for 24 hr as described under “Materials and methods.”
Following this, cells were incubated in the absence or presence of IL-1�
(100 pM) for up to 48 hr. The nitrite released was quantitated using Griess
reagent. Data are representative of at least three experiments with identical
results.

1462 M. Tannous et al. / Biochemical Pharmacology 62 (2001) 1459–1468



not Ral (Table 1). Data from these studies (Fig. 5) yielded
virtually identical inhibitory effects of LT-9048 on IL-me-
diated NO release from HIT cells. Together, our data in
Figs. 4 and 5 suggest that activation of Ras and Rac, but not
Cdc42 and Rap, is required for IL-1�-induced NO release
from isolated � cells.

3.3. Further evidence that activation of Rac and Rho is
not necessary for IL-induced NO release from
HIT-T15 cells

In the next series of experiments, we examined the ef-
fects of C. difficile toxin-B, which monoglucosylates and
inactivates Cdc42, Rac and Rho, on IL-induced NO release
from HIT-T15 cells. In these studies, the effects of toxin-B
were studied following 24 and 48 hr of exposure of the HIT
cells to this toxin. Data in Fig. 6 indicate no demonstrable
effects of toxin-B on IL-induced insulin release. Thus, these
data rule out the possibility that Rac and Rho are involved
in IL-mediated NO release.

To further rule out the possibility that Rho is not in-
volved in this signaling cascade, we examined the effects of
C3-exoenzyme (which inactivates Rho by ADP-ribosyla-
tion; [9,10,15]; Table 1) and of CNF-1 (which activates
Rho, and to a lesser degree Rac and Cdc42, by deamidation;
[15]; Table 1) on IL-1�-mediated NO release from HIT
cells. C3-exoenzyme selectively modified (and inhibited)
Rho with much less, or no, modification of other Rho family

GTPases, such as Cdc42 or Rac. In our earlier studies [10],
we demonstrated no subsequent ribosylation of Rho in cells
during an acute exposure to C3-exoenzyme, indicating that
most, if not all, Rho endogenous to HIT cells had been
modified. Furthermore, C3-exoenzyme-treated cells also
rounded up similar to LT- or toxin-B-treated cells, indicat-
ing disturbances in cytoskeletal organization [10]. Similar
morphological changes were demonstrable in HIT cells
scrape-loaded with C3-exoenzyme (current studies; addi-
tional data not shown).

Data in Fig. 7 indicate no clear effects of C3-exoenzyme
on IL-induced NO release. Note that the degree of NO
release in C3-treated cells was lower (nearly 2-fold) com-
pared with that seen normally (see above). This may be due,
in part, to the fact that the C3-exoenzyme was scrape-loaded
for optimal incorporation, in contrast to the normal incuba-
tion of cells with the other toxins, such as LT-82 and
LT-9048 and toxin-B (see “Materials and methods”). None-
theless, data in Fig. 7 indicate no demonstrable effects of
C3-exoenzyme on IL-induced NO release from HIT-T15
cells. Likewise, CNF-1 treatment (and, hence, Rho activa-
tion) of HIT-T15 cells elicited no changes in IL-1�-induced
NO release from these cells (Fig. 8). These data thus pro-
vide evidence to indicate that neither activation nor inhibi-
tion of Rho is necessary for IL-induced NO release. To-
gether, the above data (Figs. 4–8) rule out the involvement
of Cdc42, Rap, Rac, Rho, but not Ras, in IL-induced NO
release from HIT-T15 cells, which was further confirmed in
the following experiments.

Fig. 5. Abolition of IL-1�-induced NO release from HIT-T15 cells exposed
to LT-9048. HIT cells were cultured in the absence or presence of LT 9048
(200 ng/mL) for 24 hr as described under “Materials and methods.”
Following this, cells were incubated in the absence or presence of IL-1�
(100 pM) for up to 48 hr. The nitrite released was quantitated using Griess
reagent. Data are representative of at least three experiments with identical
results.

Fig. 6. Lack of effect of toxin-B on IL-mediated nitrite release from
HIT-T15 cells. HIT cells were cultured in the absence or presence of
toxin-B (200 ng/mL) for 24 hr as described under “Materials and methods.”
Following this, cells were incubated in the absence or presence of IL-1�
(100 pM) for 24 or 48 hr as indicated in the figure. The nitrite released was
quantitated using Griess reagent. Data are means � SEM from two exper-
iments carried out in triplicate.
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3.4. Inhibition of IL-induced NO release from HIT-T15
cells by two structurally dissimilar inhibitors of Ras
function

To further examine the role of Ras in IL-1�-mediated
NO release, we studied the effects of two structurally dis-
similar, but specific inhibitors of Ras function (Table 1).
Data in Fig. 9 indicate that manumycin A inhibited IL-1�-
mediated NO release from these cells in a concentration-
dependent manner. Half-maximal inhibition was demon-
strable at 5–10 �M manumycin A, compatible with
published values of its inhibitory potency [17]. A similar
degree of inhibition of IL-1�-mediated NO release from
HIT cells was also demonstrable (Fig. 10) in the presence of
damnacanthal, another inhibitor of Ras function [17]. To-
gether, the toxin and inhibitor data indicate that Ras activa-
tion is necessary for IL-1�-mediated NO release from iso-
lated � cells.

3.5. Lack of evidence for the induction of Ras expression
by IL-1� in HIT cells

In these studies, we examined the possibility as to
whether the IL-mediated effects involve induction of Ras in
HIT-T15 cells. For this purpose, HIT cells were incubated
with IL-1� (300 pM for up to 48 hr), and the amount of Ras
in cell lysates was determined by western blotting. Data in
Fig. 11 indicate no clear effects of IL-1� on H-Ras expres-

Fig. 7. Lack of effect of C3-exoenzyme on IL-mediated nitrite release from
HIT-T15 cells. HIT cells were scrape-loaded with diluent or C3-exoen-
zyme (see “Materials and methods”), and NO release from these cells was
monitored following incubation with IL-1� (300 pM; 24 hr) or diluent.
Data are the means � SEM from three experiments carried out in triplicate.
The amount of NO released from control cells (expressed as 100%)
corresponded to 5.79 �M.

Fig. 8. Lack of effect of CNF-1, a Rho activating protein, on IL-mediated
NO release from HIT-T15 cells. HIT cells were cultured with CNF-1 (200
ng/mL; 24 hr) and then were incubated with IL-1� (300 pM; 24 hr) or
diluent; the NO released was measured in the control and IL-1�-treated
cells. Data are the means � SEM from two experiments carried out in
triplicate. The amount of NO released from the control cells (expressed as
100%) corresponded to 7.4 �M.

Fig. 9. Effect of manumycin A, a Ras inhibitor, on IL-1�-induced NO
release from HIT-T15 cells. HIT cells were incubated in the absence or
presence of increasing concentrations (0–10 �M) of manumycin-A or
manumycin-A � IL-1� (300 pM). The NO released was quantitated as
described under “Materials and methods.” The amount of NO released
from the control cells (expressed as 100%) corresponded to 3.2 �M. Data
are representative of three experiments with a comparable degree of
inhibition.
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sion in these cells. Other isoforms of Ras (e.g. K-Ras) were
not identifiable in these cells under the current set of exper-
imental conditions. These data suggest that the IL-mediated
effects may not involve an increase in the expression of
H-Ras. However, we cannot rule out the possibility of Ras
activation by IL-1� via other mechanisms. For example, it
is likely that IL treatment of HIT cells might result in Ras
activation, presumably involving post-translational mecha-
nisms, including nitrosylation [32] and/or activation of
other Ras regulatory proteins (e.g. guanine nucleotide re-
leasing factor) that have been identified in � cells recently
([33]; see below). In conclusion, based on data using spe-
cific chemical inhibitors of Ras function and select bacterial
toxins, we provide evidence that Ras, but not Rap, Rac,

Rho, or Cdc42, is involved in this signaling cascade in-
volved in IL-1�-mediated NO release from HIT-T15 cells.

4. Discussion

The primary objective of the current study was to exam-
ine the putative roles of the Rho subfamily of G-proteins in
IL-1�-induced NO release from isolated � cells. To address
this issue, using two distinct experimental approaches, i.e.
bacterial toxins and specific chemical inhibitors of G-pro-
tein function, we studied the effects of IL-1� in cells where
specific G-protein functions have been compromised. We
chose NO release as the endpoint of our study, since it
would offer a “window of opportunity” for defining mech-
anisms for reversing the noxious effects of IL-1� on pan-
creatic � cells. Our findings provide the first evidence to
suggest that inactivation of Ras prior to IL-1� binding to its
receptor results in inhibition of NO release from HIT-T15
cells.

Our current observations indicate that Ras plays key
functional roles in IL-1�-mediated release of NO since
inhibition of its function by two independent methods (i.e.
bacterial toxins and chemical inhibitors) completely pre-
vented IL-1�-induced NO release from isolated � cells.
Based on our current data, we propose that Ras plays a
positive modulatory role in IL-1�-mediated NO release
from HIT-T15 cells. Putative contributory roles of this G-
protein in IL-mediated dysfunction and, subsequently, the
demise of the pancreatic � cell remain to be studied. Data
derived from experiments involving LT, C3-exoenzyme,
and CNF-1 indicated that Ras and Rac, but not Rap, Cdc42,
or Rho, are involved in IL-1�-mediated NO release. To
further determine whether Ras and Rac are involved in this
signaling cascade, we studied the effects of toxin-B which
specifically modifies Rac, Cdc42, and Rho on IL-mediated
NO release. Data from those experiments revealed no mea-
surable effects of toxin-B, suggesting that Rac activation
may not be necessary for IL-mediated NO release. Further
studies using two structurally different inhibitors of Ras
function (e.g. manumycin A and damnacanthal) identified
Ras as one of the key G-proteins involved in IL-mediated
release of NO from HIT-T15 cells.

In this context, it may be germane to mention that several
recent studies, including our own, have demonstrated that
long-term inactivation of G-proteins by selectively imped-
ing their isoprenylation with lovastatin, an HMG-CoA-re-
ductase inhibitor, results in apoptotic cell death [12,34,35].
It may be pointed out that besides Rho G-proteins, certain
nuclear proteins (e.g. lamin-B) have also been shown to
undergo PTMs, including isoprenylation and carboxyl
methylation. In the case of lamins, such modifications pro-
mote their association with nuclear components to facilitate
nuclear envelope assembly [36]. Therefore, inhibition of
these modification steps of lamins (i.e. inhibitors of isopre-
nylation, such as lovastatin or inhibitors of methylation,

Fig. 10. Effect of damnacanthal, an inhibitor of Ras function, on IL-1�-
induced NO release from HIT-T15 cells. HIT cells were incubated in the
absence or presence of increasing concentrations (0–20 �g/mL) of dam-
nacanthal or damnacanthal � IL-1� (300 pM). The NO released was
quantitated as described under “Materials and methods.” The amount of
NO released from the control cells (expressed as 100%) corresponded to
4.1 �M. Data are representative of three experiments with a comparable
degree of inhibition.

Fig. 11. Lack of stimulatory effects of IL-1� on Ras expression. Control
and IL (300 pM)-treated (24 or 48 hr) HIT cell lysates were separated by
SDS–PAGE and probed for the localization of H-Ras using a polyclonal
antiserum directed against H-Ras (see “Materials and methods”). Data are
representative of at least three experiments, with identical results.
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such as methyl thioadenosine) results in disassembly of
nuclear envelope [36]. This, in turn, facilitates the proteol-
ysis of “death substrates” such as poly(ADP-ribose) poly-
merase (PARP) and lamins to “initiate” the process of
chromatin condensation and DNA degradation, culminating
in apoptotic cell death [37]. These data clearly indicate that
PTMs of some of these relevant proteins are crucial for
normal cellular function.

Our current studies examined the roles of Rho G-proteins
in IL-1�-mediated NO release. Admittedly, these are very
early steps in the cascade of events leading to IL-1�-medi-
ated dysfunction and demise of the pancreatic � cell. Our
findings identify at least one of presumably several loci at
which these signaling proteins could exert potential regula-
tory roles in cytokine-mediated � cell dysfunction. Rho
G-proteins (e.g. Cdc42 and Rac) have been implicated in
both mitogenic and apoptotic pathways [38–40]. These
proteins are known to trigger activation of the mitogen-
activated protein kinase pathways, namely of the C-Jun
N-terminal kinase/stress-activated protein kinases (JNK/
SAPK). Recent evidence also indicates that this event is
mediated by specific Rac/Cdc42 effectors, such as the
p21Rac/Cdc42-activated kinases [41,42]. In the case of ap-
optotic regulation of low molecular mass G-proteins, a
recent study by Gulbins and coworkers [14] showed that
fas- and ceramide-mediated apoptosis in human leukemic
Jurkat cells is effected by Rho subfamily G-proteins, espe-
cially Rac and Ras. Their data suggested simultaneous ac-
tivation of these G-proteins and Jun N-terminal kinase/p38
kinase cascade. Activation of these G-proteins appears to be
a key component of this cascade since fas- and ceramide-
mediated apoptosis was prevented by inactivation of these
G-proteins [14,43]. Interestingly, activation of these G-pro-
teins was followed by their translocation to the cytoskeletal
fraction. These data strongly suggest that activation of spe-
cific G-proteins of the Rho subfamily is necessary for caus-
ing cell death and that such activation may be downstream
to ceramide generation. It must be emphasized that while
there is a general consensus that Rho subfamily G-proteins
are involved in cytokine/fas/ceramide-mediated apoptosis,
the exact loci where these G-proteins might exert their
modulatory effects still remain poorly understood. For ex-
ample, Rho G-proteins have been shown to stimulate ara-
chidonic acid generation, presumably via activation of cy-
tosolic phospholipase A2 [44], and its subsequent activation
of sphingomyelinase, which generates ceramides from
sphingomyelin. Therefore, it seems likely that these G-
proteins may play regulatory roles at multiple loci in bring-
ing about changes within the cell to cause � cell dysfunc-
tion. Furthermore, these data appear to contrast with
observations of Gómez et al. [45], who described that ac-
tivation of Rho prevents apoptosis through Bcl-2 expression
in murine T cells. Therefore, these G-proteins may subserve
the functions of apoptosis suppressors as well as inducers.
Furthermore, the identity, the nature, and the exact loci of
action of these G-proteins seem to be different among cells

and the type of apoptotic stimulus studied. We have dem-
onstrated earlier that long-term inactivation of specific G-
proteins either by depletion of GTP or by inhibition of
PTMs (using lovastatin) results in the apoptotic demise of
isolated � cells. These studies do not identify a locus at
which Ras might exert its action leading to inhibition of NO
release. Recent studies by Palsson et al. [17] have shown
that selective inhibition of Ras function by the use of bac-
terial toxins or by chemical inhibitors markedly reduces the
ability of Ras to activate the mitogen-activated protein
(MAP) kinase pathway. It is likely that the MAP kinase
pathway is involved in the IL-1�-mediated generation of
NO since recent data from the laboratory of Newgard have
indicated a MAP kinase activation step in IL-1�-mediated �
cell dysfunction [46].

Finally, our western blot data indicate localization of
H-Ras, but not K-Ras in HIT-T15 cells. Furthermore, we
have obtained no supporting evidence in favor of induction
of Ras protein by IL-1�. However, it still is likely that
IL-1� could contribute to Ras activation by other mecha-
nisms, including its nitrosylation [32] and increase in its
post-translational C-terminal cysteine modification (e.g. far-
nesylation) and redistribution within the cellular compart-
ments of the � cell [9–12,18–20,36]. Other activation
mechanisms include functional regulation of Ras regulatory
proteins, such as guanine nucleotide release factors that
have been localized within the � cell recently [33]. These
studies are currently in progress in our laboratory.

In conclusion, our data provide evidence, for the first
time, that Ras activation is an obligatory step in IL-1�-
mediated NO release and, presumably, the subsequent dys-
function of the pancreatic � cell. It is likely that activation
of other G-proteins is downstream to the site of regulation
by Ras. Clearly, our current data provide a basis for our
ongoing investigations to understand the mechanism of cy-
tokine-induced �-cell death, leading to the onset of insulin-
dependent diabetes mellitus.
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