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ABSTRACT. Epiandrosterone (EA), dehydroepiandrosterone (DHEA), and their sulfate (-S) and acetate (-A)
conjugates were investigated for effects on isolated pancreatic islets and RINm5F insulinoma cells. Interleu-
kin-1b (IL-1b) inhibited glucose-stimulated insulin release in cultured islets, but the presence of EA, EA-A, and
to a lesser extent EA-S, preserved the secretory response. IL-1b also increased islet nitrite production, which was
antagonized by EA and EA-A, but not by EA-S. EA, EA-A, DHEA, and DHEA-A, but not EA-S and DHEA-S
inhibited glucose-stimulated insulin release from islets. This response may be related to the inhibition of glucose
transport by EA, EA-A, DHEA, DHEA-A, and DHEA-S, as observed in RINm5F cells. EA, EA-A, DHEA, and
DHEA-A also inhibited glucose metabolism in RINm5F cells, whereas EA-S and DHEA-S had no effect. EA,
EA-A, DHEA, and DHEA-A, but not the sulfate conjugates, also inhibited RINm5F cell IL-1b-induced nitric
oxide synthase (iNOS) activity. IL-1b also increased cytosolic Cu/Zn-superoxide dismutase (SOD) and
mitochondrial Mn-SOD in RINm5F cells. EA inhibited RINm5F cell Cu/Zn-SOD in the presence and absence
of IL-1b, whereas EA-S increased basal enzyme activity and did not affect the IL-1b response. EA did not affect
basal Mn-SOD activity and inhibited IL-1b-stimulated activity, whereas EA-S was without effect. IL-1b had no
effect on catalase activity in RINm5F cells, whereas EA, EA-A, and DHEA-A inhibited catalase activity. Thus,
EA and DHEA and their acetate congeners protected the b-cell from the inhibitory effects of IL-1b, and
inhibited glucose transport and oxidation, and inducible nitricoxide synthase expression. EA and DHEA also
had profound effects on Cu/Zn-SOD, which may alter the toxic effects of hydrogen peroxide generation in
b-cells. BIOCHEM PHARMACOL 55;9:1453–1464, 1998. © 1998 Elsevier Science Inc.
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DHEA†, an androgenic 17-ketosteroid derived from preg-
nenolone, is an intermediate in the biosynthesis of testos-
terone and estrogens. DHEA preserved b-cell structure and
function when fed to genetically diabetic or obese mice
prior to the onset of diabetes, and protected islet b-cells
from the effects of streptozotocin-induced diabetes [1, 2].
EA is a weakly androgenic 17-ketosteroid metabolite of
testosterone, is synthesized primarily in the liver, and has
been demonstrated to have cellular actions similar to
DHEA [3, 4]. The 17-ketosteroids circulate, in part, as the
sulfated conjugates. EA and DHEA affect glucose metabo-
lism [4, 5], suppress superoxide production [6], increase
catalase activity [4], and protect cells from free radical

toxicity [7]. DHEA may also increase transforming growth
factor-a mRNA [8], and peroxisome proliferation in cells
[9]. Previously, EA was reported to markedly inhibit glucose
oxidation and utilization and the activity of the hexose
monophosphate (pentose) shunt in isolated rat pancreatic
islets [5]. Moreover, those effects were rapid and reversible.
The effects of EA also antagonized the effects of IL-1b on
pancreatic b-cells and preserved the insulin responsivity to
glucose in those cells.

IL-1b induces iNOS in b-cells, increases nitric oxide
production, and reduces insulin secretory responses [10–
13]. The effects of IL-1b on the insulin-secreting b-cell
include the inhibition of mitochondrial enzymes [14], as
well as inhibition of total glucose oxidation and utilization
[5]. In addition, IL-1b induces mitochondrial Mn-SOD
activity in insulinoma RINm5F cells [15]. The mechanisms
responsible for the protective effects of EA, and to a lesser
extent DHEA, against IL-1b effects in b-cells, or for their
effects on glucose metabolism, are not known. The obser-
vation that these steroids affected glucose metabolism in
general, as well as the activity of the pentose shunt and the
activity of glucose-6-phosphate dehydrogenase [4, 5], sug-
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gested that they had direct and rapid effects on processes
directly related to glucose utilization. Those studies also
suggested that an effect of EA on metabolism might affect
iNOS induction. In the present study, EA, DHEA and their
acetate and sulfate congeners were investigated and com-
pared for effects on glucose uptake and metabolism in
b-cells, the activity of iNOS, catalase and SOD, and for
protective effects against IL-1b-induced inhibitory re-
sponses.

MATERIALS AND METHODS
Materials

D-[U-14C]Glucose (250–360 mCi/mmol), D-[1-14C]glucose
(50–60 mCi/mmol), D-[6-14C]glucose (50–60 mCi/mmol),
D-[5-3H]glucose (10–20 Ci/mmol), and L-[U-14C]arginine
(200–300 mCi/mmol) were obtained from American Ra-
diolabeled Chemicals. [125I]Insulin (porcine) was from Du-
Pont/NEN. EA (5a-androstan-3b-ol-17-one), EA-A (3b-
acetoxy-5a-androstan-17-one), EA-S (5a-androstan-3b-
ol-17-one sulfate, sodium salt), DHEA (5-androsten-3b-ol-
17-one), DHEA-A (DHEA 3-acetate), DHEA-S (DHEA
3-sulfate, sodium salt), NADP, fatty acid-free BSA (frac-
tion V), xanthine, cytochrome c (type III from horse
heart), xanthine oxidase (grade I from buttermilk), hydro-
gen peroxide, Triton X-100, SOD, catalase, and RPMI-
1640 were from the Sigma Chemical Co. Fetal bovine
serum was from Atlanta Biologicals. CMRL-1066, glu-
tamine, and antibiotics were from Life Technologies.
rhIL-1b was from R&D Systems. Dowex AG 50W-X8
(sodium form, 100–200 mesh) was from Bio-Rad Labora-
tories. Rat insulin for radioimmunoassay standard was a gift
from the Eli Lilly Co. Collagenase (type P) was from
Boehringer Mannheim. All other chemicals were reagent
grade. RINm5F cells were a gift from Dr. C. Wollheim.

Tissue Isolation/Culture

Islets were isolated from excised pancreata of male Spra-
gue–Dawley rats (250 g) using collagenase digestion, and
cultured for 18 hr in CMRL-1066 containing 5.5 mM of
glucose, 9% fetal bovine serum, penicillin (100 units/mL),
and streptomycin (100 mg/mL) at 5% CO2-95% air, 35°, as
described previously [16]. All animal procedures were ap-
proved by the institutional Laboratory Animal Care and
Use Committee. RINm5F cells (0.4 3 106 cells/well of a
24-well plate) were cultured in RPMI-1640 medium con-
taining 11 mM of glucose and the other additions listed
above for 4 days prior to the addition of the experimental
drugs. EA and DHEA were solubilized in DMSO and added
to islets or RINm5F cells 2 hr prior to the addition of IL-1b
(1 ng/mL), and then islets/cells were cultured for an
additional 18 hr. Control islets/cells received DMSO in a
concentration equivalent to the test conditions of 1% or
less. Viability of the cells, as determined by trypan blue
exclusion, was 95% or greater following an 18-hr culture
with DMSO, EA (100 mM), or DHEA (100 mM).

Glucose Oxidation

Prior to determination of glucose oxidation, islets or
RINm5F cells were washed twice with KRBH buffer (pH
7.4) containing 16 mM of HEPES, 0.01% BSA for islets or
0.1% BSA for cells, a glucose concentration equivalent to
that of the original culture medium, and the presence or
absence of drugs also present in the original culture medium
(except for IL-1b, which was removed during the washes).
The islets or cells were preincubated subsequently for 90
min at 37°, in KRBH buffer such that glucose and all drug
treatments (except IL-1b) were kept constant throughout
culture and preincubation. In certain experiments, the
steroids were omitted during the washout and preincuba-
tion steps. In other experiments (acute addition), the islets
were cultured for 18 hr in CMRL-1066 medium, washed
and preincubated in KRBH buffer at 5.5 mM of glucose,
and then glucose oxidation was determined in the presence
and absence of the steroids.

Total glucose oxidation was determined as D-[U-14C]glu-
cose oxidation to 14CO2; glucose oxidation by the hexose-
monophosphate (pentose) shunt, glycolysis, and citric acid
cycle was determined as D-[1-14C]glucose and D-[6-14C]glu-
cose oxidation to 14CO2, as described previously [17–19].
Briefly, D-[U-14C]glucose (0.5 to 1 mCi), or D-[1-14C]glu-
cose (0.5 to 1 mCi), or D-[6-14C]glucose (0.5 to 1 mCi) was
added to islets (100 mL final volume) or RINm5F cells (200
mL final volume) in KRBH buffer containing 17 mM
glucose. The concentrations of all drugs (except IL-1b)
were kept constant during culture, washing, preincubation,
and determination of glucose oxidation. In certain experi-
ments, the steroids were omitted during the washing,
preincubation, and metabolic assay. Islets (30–50 per sam-
ple) or RINm5F cells (0.5 3 106 cells per sample) were
incubated in conical plastic microfuge tubes (0.7 mL)
placed inside glass shell vials (12 3 44 mm), and gassed
with 95% O2:5% CO2 before capping with a rubber stopper.
The islets/cells were incubated for 90 min at 37° in a
shaking water bath. At the end of the incubation, a strip of
filter paper placed between the inner tube and outer vial
was saturated with NaOH (1 N; 50 mL), and HCl (1 N; 20
mL) was added to the cell tube by injection through the
rubber stopper. The tubes were allowed to equilibrate for 80
min at room temperature with gentle rocking. Then the
tube containing the cells was removed from the vial and
microfuged, and an aliquot of the incubation medium was
removed to determine total counts. The cell pellet was
washed twice with BSA-free Krebs-Ringer salt solution,
and protein in the pellet was determined [20]. The paper
strip was placed in a scintillation vial with 10 mL of
scintillant and 5 drops of glacial acetic acid, and radioac-
tivity in 14CO2 was determined by scintillation spectrom-
etry. Total glucose oxidation was determined as nanomoles
glucose oxidized to CO2 based upon the specific activity of
the labeled D-[U-14C]glucose (17 mM). Glucose oxidation
of D-[1-14C]glucose and D-[6-14C]glucose was expressed as
actual yield (cpm 14CO2 recovered/90 min/mg of protein)
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and specific yield (cpm 14CO2 recovered divided by the
total cpm added to the islets/cells and expressed per mg of
protein). The contribution of the pentose shunt (P) to
glucose metabolism was calculated by comparison of the
mean values for islet D-[1-14C]glucose and D-[6-14C]glucose
specific yields (unpaired), and in RINm5F cells the paired
values for each form of labeled glucose, as described
previously [21, 22].

Glucose Utilization

Islet utilization of D-[5-3H]glucose was determined essen-
tially as described previously, by quantitating the conver-
sion of D-[5-3H]glucose to 3H2O [23]. Islets or RINm5F cells
were incubated in 100 or 200 mL of KRBH buffer, respec-
tively, containing D-[5-3H]glucose (17 mM; 1 mCi per
sample) for 90 min, at 37°. Then the tubes were mi-
crofuged, an aliquot of the medium was removed for
determination of glucose specific activity, and a second
aliquot was put in a glass vial that was placed inside a
plastic scintillation vial containing 0.5 mL of water, and
which was then capped. Following an overnight incubation
at 37°, the inner vial was removed, and the 3H2O that had
equilibrated to the outer vial overnight was determined by
liquid scintillation counting. 3H2O was used as a stan-
dard to determine the percent recovery during equilibra-
tion. All sample values were corrected to 100% recovery,
and blank values (reaction mixture in the absence of
islets or cells) were subtracted. Tissue washed in BSA-
free Krebs-Ringer salts was used for protein determina-
tion as described above.

Nitric Oxide Synthase Activity

RINm5F cells were cultured for 18 hr (as described above)
in the absence or presence of IL-1b and other agents as
indicated in the text. Then the cells were harvested with
trypsin/EDTA, washed in phosphate-buffered saline, and
homogenized by sonication in ice-cold buffer containing
250 mM of Tris-HCl, pH 7.4, 10 mM of EDTA, 10 mM of
EGTA, and 0.1% Triton X-100. Protein levels were deter-
mined on the homogenates, and equal amounts of protein
were added to reaction tubes containing 25 mM of Tris-
HCl, 3 mM of tetrahydrobiopterin, 1 mM of FAD, 1 mM of
NADPH, 10 mM of L-[U-14C]arginine, and 0.6 mM of
CaCl2, in a total reaction volume of 50 mL. The reaction
was incubated at 37° in a shaking water bath for 20 min,
and stopped with 450 mL of a solution containing 50 mM
of HEPES and 5 mM of EDTA, pH 5.5. Columns of Dowex
resin were prepared with stopping buffer, the samples were
applied, and [14C]citrulline was eluted with 3.5 mL of
deionized water. The radioactivity in the eluate was
counted by liquid scintillation spectrometry. Blank values
from samples lacking homogenate and containing homog-
enization buffer only in the reaction tubes were subtracted
from experimental cell sample values.

Insulin Release

Freshly isolated islets (10 islets per sample) were preincu-
bated for 30 min in KRBH buffer containing 5.5 mM of
glucose, at 37° under an atmosphere of 95% O2:5% CO2 in
a shaking water bath. Following preincubation, the islets
were incubated for an additional 1 hr in fresh KRBH buffer
and the presence of agents indicated in the text. Islets that
had been cultured for 18 hr were washed twice with KRBH
buffer containing 5.5 mM of glucose, and preincubated for
1 hr in the KRBH buffer. Then, the KRBH buffer was
replaced with fresh buffer with or without other agents
indicated in the text, and the islets were incubated for an
additional 1 hr. In certain experiments, investigational
agents were maintained at a constant concentration
throughout culture, preincubation, and the insulin release
assay. Aliquots of incubation medium were removed at time
zero and following the 1-hr incubation for assay of insulin
by radioimmunoassay using rat insulin standards. Insulin
release was expressed as insulin released after 1 hr minus
zero time insulin levels. There were no significant differ-
ences between zero time insulin levels among the various
islet treatments. Insulin release into CMRL-1066 medium
was also determined for islets cultured 18 hr in the presence
and absence of pharmacologic agents.

Nitrite Measurements

Nitric oxide synthesis was estimated by the accumulation of
nitrite and nitrate in islet incubations (35–40 islets per 100
mL total incubation volume) to determine the total pool of
nitric oxide produced, as described previously [5, 13, 24].
Culture medium was assayed by the addition of Greiss
reagent for nitrite (100 mL sample), or nitrate plus nitrite
(40 mL sample) following the nitrate reductase-generated
conversion of nitrate to nitrite. Nitrite was determined at
an absorbance of 540 nm using a Bio-Tek EL-311 multiscan
plate reader. Data are expressed as nitrite produced per 40
islets.

Glucose Transport

RINm5F cells were divided into aliquots such that there
were 6–7 3 106 cells/mL of RPMI-1640. Then the cells
were incubated at 37° under an atmosphere of O2/CO2

(95:5), in the absence (control) or presence of the agents
indicated in the text, for 80 min. Steroids were solubilized
in DMSO, and an equal volume of the vehicle was added to
the control cells (# 1.0%). Following the incubation, the
cells were washed in KRB buffer containing 2-DOG (1
mM) and the agents originally present during the incuba-
tion, and resuspended at a concentration of 1 3 106

cells/0.01 mL KRB buffer containing 2-DOG (1 mM).
Glucose transport per 3.5 3 106 cells was determined in a
total volume of 175 mL containing 0.35 mCi of [U-14C]2-
DOG (1 mM), 0.5 mCi [3H]mannitol, and the drug/vehicle
additions as indicated in the text. Aliquots (50 mL) were
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removed after 1, 2, and 4 min following the start of the
reaction by the addition of cells. The aliquots were added to
1 mL of ice-cold stop solution of KRB buffer containing:
2-DOG (1 mM), phloretin (300 mM), HgCl2 (80 mM), and
KI (50 mM). The stopped samples were microfuged for 1
min at 14,000 rpm. An aliquot of the supernatant was
removed for determination of total counts per minute and
specific activities of the radiolabels, and the remaining
supernatant was discarded. The cells were washed with 0.6
mL of ice-cold stop solution and microfuged for 30 sec, and
the supernatant was discarded. The tip of the microfuge
tube containing the cell pellet was cut off and placed in a
scintillation vial containing 1 mL of sodium dodecyl sulfate
(1.0%), and incubated at 37° for 30 min. Then the samples
were counted by liquid scintillation spectrometry for dual
label quantitation. [3H]Mannitol was included as an extra-
cellular space marker, and the 2-DOG trapped in the
extracellular space was subtracted from the total 2-DOG in
the samples to determine intracellular glucose uptake. Zero
time values were determined by the addition of cells to stop
solution prior to the addition of radiolabel, and were
subtracted from the 2-DOG transport values at subsequent
times of incubation.

SOD and Catalase Analyses

For determination of SOD activity, RINm5F cells were
cultured for 18 hr in RPMI-1640 medium in the presence or
absence of agents listed in the text, washed in phosphate-
buffered saline, pH 7.4, to remove serum and other agents,
and then were homogenized by sonication in potassium
phosphate buffer (0.01 M) containing EDTA (1 mM) and
Triton X-100 (0.2%), pH 7.8. The homogenate was mi-
crofuged for 2 min at 14,000 rpm, and the supernatant was
assayed for SOD and for protein. Xanthine (0.75 mM) was
dissolved in boiling buffer. Cytochrome c (4 mg/mL) and
KCN (2 mg/mL) were dissolved in buffer. Xanthine oxidase

was diluted (10 ml/mL) in buffer. SOD activity in the
homogenate was determined in buffer containing cyto-
chrome c (0.013 mM), xanthine (0.05 mM), xanthine
oxidase (adjusted to give a rate of change in O.D. near
0.025/min in the absence of homogenate), and the absence
or presence of KCN (0.3 mM). Cytosolic copper, zinc-
bound (Cu/Zn)-SOD activity was determined as the differ-
ence between total SOD activity and the activity in the
presence of KCN (mitochondrial Mn-SOD). Changes in
O.D. at 550 nm were plotted, and the rate was recorded
using a Beckman DU640B spectrophotometer. Cell samples
were standardized using commercially available SOD.

For determination of catalase activity, RINm5F cells
were homogenized in phosphate-buffered saline containing
0.2% Triton X-100, and microfuged for 2 min. The super-
natant was used to assay catalase and for protein determi-
nation. Catalase activity in homogenate was determined in
an assay mixture of sodium phosphate buffer (50 mM), pH
7.0, containing 0.2% hydrogen peroxide. The rate of
change in O.D. at 240 nm was determined using a Beckman
DU640B spectrophotometer. Cell samples were standard-
ized using commercially available catalase.

Statistical Analysis

The data are presented as means 6 SEM and were analyzed
by Student’s t-test, or one-way ANOVA with the Student/
Newman–Keuls multiple comparison test; P , 0.05 was
accepted as significant.

RESULTS
Insulin Release

EA and DHEA at 100 mM have been reported previously to
completely inhibit glucose-stimulated insulin release in
isolated rat pancreatic islets as long as the steroid was
present continuously during the incubation [5]. As shown

FIG. 1. Effects of EA and DHEA conjugates on
insulin release in freshly isolated islets. Islets
were incubated in KRBH buffer in the presence
of 5.5 mM of glucose (basal) or 17 mM of glucose
(G17) and EA-S (100 mM), EA-A (100 mM),
DHEA-S (100 mM), or DHEA-A (100 mM), as
indicated, for 60 min. Values are the means 6
SEM for the number of determinations indicated
at the base of each bar. *P < 0.001 vs basal; and
#P < 0.05 vs G17, as determined by one-way
ANOVA and the Student/Newman–Keuls multi-
ple comparison test.

1456 S. G. Laychock



in Fig. 1, EA-A (100 mM) also markedly inhibited glucose
(17 mM)-stimulated insulin release from freshly isolated rat
islets, such that insulin release was not increased above
basal levels. DHEA-A (100 mM) also significantly reduced
glucose-stimulated insulin release (P , 0.05) by about
50% (Fig. 1). In contrast, neither EA-S nor DHEA-S had
any effect on glucose (17 mM)-stimulated insulin release
(Fig. 1), or on glucose (8.5 mM)-stimulated insulin release
(data not shown). Basal insulin release from freshly isolated
islets in the presence of EA-A (100 mM) (147 6 61 munits
of insulin/mL/10 islets), EA-S (100 mM) (223 6 49 munits
of insulin/mL/10 islets), or DHEA-A (100 mM) (150 6 18
munits of insulin/mL/10 islets) was not significantly differ-
ent (P . 0.05; one-way ANOVA) from control (123 6 29
munits of insulin/mL/10 islets); however, DHEA-S (100
mM) (332 6 28 m units of insulin/mL/10 islets) slightly
increased (P , 0.02) basal insulin release.

Previous studies have also demonstrated that culture of
islets with IL-1b (1 ng/mL) for 18 hr inhibits insulin
release, and that the presence of EA (100 mM) or DHEA
(100 mM) during islet culture with IL-1b fully protects
glucose-stimulated insulin secretion in washed islets [5].
Similarly, in the present studies, islet culture with IL-1b
inhibited (P , 0.001) insulin release in washed islets (Fig.
2). Islets cultured with IL-1b and EA-S (100 mM), and
then washed, showed a significant although modest en-
hancement of the glucose-stimulated insulin release re-
sponse compared with islets treated with IL-1b alone (Fig.
2). EA-S (10 mM) did not affect insulin release (Fig. 2).
Culture with IL-1b and DHEA-S (100 mM) did not affect
insulin release significantly compared with islets treated
with the cytokine alone (data not shown). Islets cultured
with IL-1b and EA (100 mM), and then washed, were
protected from the inhibitory effects of IL-1b, as reported
previously [5] (Fig. 2). Similarly, washed islets treated with
IL-1b and EA-A (100 mM) also showed significant protec-

tion of the insulin release response to glucose (Fig. 2).
During 18 hr of culture, as reported previously for EA and
DHEA [5], neither EA-S (100 mM) (23 6 7 munits of
insulin/mL/islet), EA-A (100 mM) (15 6 7 munits of
insulin/mL/islet), nor DHEA-A (100 mM) (8 6 1 munits of
insulin/mL/islet) significantly changed (P . 0.05) insulin
release compared with control islet values (34 6 13
munits/mL/islet).

Nitrite Production

Islets were cultured for 18 hr in the presence of IL-1b and
the absence or presence of EA-A or EA-S in order to
determine the effects of the steroids on nitrite production as
a result of iNOS induction in response to the cytokine.
IL-1b significantly increased nitrite levels to more than
four times control levels (Fig. 3). The presence of EA-A
(100 mM) with IL-1b during culture significantly reduced
islet nitrite production in response to the cytokine, al-
though levels remained higher than basal values (Fig. 3).
However, a similar concentration of EA-S had no effect on
islet nitrite production in response to IL-1b (Fig. 3). The
steroids had no effect on control levels of nitrite (Fig. 3).

iNOS Activity

The activity of iNOS was determined in control RINm5F
cells and cells treated with IL-1b in the absence and
presence of EA and DHEA and their acetate and sulfate
conjugates. In this assay, the recovery of [14C]citrulline is
proportional to the production of nitric oxide from
L-[14C]arginine. Culture with IL-1b for 18 hr markedly
increased the expression of iNOS in RINm5F cells (Fig. 4).
The presence of EA and DHEA profoundly inhibited the
activity of iNOS, and EA-A and DHEA-A were nearly as
effective at inhibiting the expression of this enzyme (Fig.

FIG. 2. Insulin release from cultured islets. Islets
were cultured for 18 hr in CMRL-1066 in the
absence (control) or presence of IL-1b (IL-1B; 1
ng/mL) and EA (100 mM), EA-S (10 and 100
mM), or EA-A (100 mM). Insulin release was
determined in washed islets (10 per sample) in
KRBH buffer in the absence of EA-S, EA-A, and
IL-1b, and the presence of 17 mM of glucose
(G17). Values are the means 6 SEM for the
number of independent determinations indicated at
the base of each bar. Significant differences were
determined by one-way ANOVA and the Student/
Newman–Keuls multiple comparison test.
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4). EA-S and DHEA-S did not affect RINm5F iNOS
expression significantly (Fig. 4).

Glucose Transport

The effects of the 17-ketosteroids on glucose transport were
investigated. [U-14C]2-DOG uptake in RINm5F cells was
used to quantitate glucose transport, since 2-DOG is
phosphorylated but not metabolized in b-cells. Glucose
transport was linear for at least 4 min (data not shown). EA
and DHEA evoked concentration-dependent reductions in
glucose transport in RINm5F cells (Table 1). EA-A,
DHEA-A, and DHEA-S also significantly reduced glucose

transport to different degrees, although EA-S did not affect
glucose transport (Table 1). EA (100 mM) reduced glucose
transport to a greater extent (P , 0.02) than did similar
concentrations of EA-A, DHEA-A, or DHEA-S.

Glucose Metabolism

A previous study demonstrated that EA (100 mM) and
DHEA (100 mM) significantly inhibited islet and RINm5F
cell glucose oxidation by approximately 50% [5]. In the
present studies, RINm5F cells were incubated in the pres-
ence or absence of EA-A, EA-S, DHEA-A, or DHEA-S,
with [U-14C]glucose in order to determine effects of the
steroid congeners on glucose oxidation. EA-A and
DHEA-A markedly inhibited glucose oxidation in RINm5F
cells (Table 2). EA-S and DHEA-S, in contrast, did not
affect glucose oxidation significantly (Table 2). Similar

FIG. 3. Nitrite accumulation in islet cultures. Islets
were cultured in CMRL-1066 for 18 hr in the
absence (basal) or presence of IL-1b (IL-1B) (1
ng/mL) and EA-A (100 mM) or EA-S (100 mM),
as indicated. Values are the means 6 SEM for
combined nitrate/nitrite accumulation for the num-
ber of determinations shown at the base of each bar.
*P < 0.01 vs basal, as determined by one-way
ANOVA and the Student/Newman–Keuls multiple
comparison test.

FIG. 4. iNOS expression in RINm5F cells. RINm5F cells were
cultured overnight in the absence (basal) or presence of IL-1b
(IL-1B; 0.1 ng/mL) and 100 mM each EA, EA-A, EA-S,
DHEA, DHEA-A, or DHEA-S, as indicated. iNOS activity in
cell homogenates was determined by the metabolism of
[U-14C]arginine to [14C]citrulline. Values are the means 6
SEM for the number of independent determinations shown at
the base of each bar. Each determination was performed in
triplicate. IL-1b values were significantly different (P < 0.001)
from basal; an asterisk (*) indicates P < 0.02 vs IL-1b, as
determined by two-way ANOVA and the Student/Newman–
Keuls multiple comparison test.

TABLE 1. Glucose transport in RINm5F cells

Treatment
Glucose transport

(N)(pmol 2-DOG/mg protein/min)

Control 2.2 6 0.1 14
EA (1 mM) 2.0 6 0.1 3
EA (10 mM) 1.6 6 0.1*† 4
EA (100 mM) 0.3 6 0.04*† 3
EA-A (100 mM) 0.9 6 0.2* 3
EA-S (100 mM) 1.9 6 0.1 4
DHEA (10 mM) 1.4 6 0.1* 3
DHEA (100 mM) 0.9 6 0.1*† 4
DHEA-A (100 mM) 1.2 6 0.1* 3
DHEA-S (100 mM) 1.2 6 0.02* 3

RINm5F cells were incubated in the presence of [U-14C]2-DOG (1 mM) in the
absence (control) or presence of the agents indicated. Values are the means 6 SEM
for the number of independent experiments indicated (N). Statistical differences were
determined by one-way ANOVA and the Student/Newman–Keuls multiple comparison
test.

*P , 0.01 vs control.
†P , 0.01 vs values for the next lowest concentration of the same drug treatment.
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results were obtained if the cells were cultured for 18 hr
with the steroids, and then the steroids were also present
during the glucose oxidation assays (data not shown).

In isolated islets, EA-S was investigated for its effects on
the pentose shunt. Previous studies demonstrated that EA
(100 mM) and DHEA (100 mM) inhibit the pentose shunt
in islets [5]. When islets were cultured for 18 hr with EA-S,
and then glucose oxidation was determined in the presence
of the steroid, EA-S did not affect [1-14C]glucose oxidation,
but this steroid did increase the oxidation of [6-14C]glucose
in islets significantly (Table 3). The metabolism of
[5-3H]glucose, as a quantitative measure of total glucose
utilization (GLU), in islets treated with EA-S was not
significantly different from untreated control cells (Table
3). The contribution of the pentose shunt to glucose
oxidation (P) in islets treated with EA-S was significantly
lower than in control islets, and the activity of the pentose
shunt (PS) was lower than in the control (Table 3).
DHEA-S did not affect [1-14C]glucose oxidation, but also
did not affect significantly [6-14C]glucose oxidation or the
utilization of [5-3H]glucose (Table 3).

Catalase Activity

Since isolated islets are a heterogeneous cell population of
endocrine and non-endocrine cells, the insulinoma b-cell
line RINm5F was studied to determine the effects of
cytokine and steroids on the antioxidant enzymes catalase
and SOD. RINm5F cell catalase activity was inhibited
following culture with EA (100 mM) or a similar concen-
tration of EA-A, although IL-1b and DHEA-A did not
affect catalase activity significantly in these cells (Fig. 5). A
combination of IL-1b and EA also reduced catalase activ-
ity. Neither of the sulfate conjugates of EA or DHEA
affected catalase activity (Fig. 5).

FIG. 5. Catalase activity in RINm5F cells. RINm5F cells were
cultured for 18 hr in the absence (basal) or presence of IL-1b
(IL-1B; 1 ng/mL) and 100 mM each: EA, EA-S, EA-A,
DHEA-S, and DHEA-A, as indicated. The cells were washed
and homogenized, and catalase activity was determined. Values
are the means 6 SEM for the number of determinations shown
at the base of each bar. Significant differences were determined
by one-way ANOVA and the Student/Newman–Keuls multiple
comparison test.

TABLE 2. Total glucose oxidation in RINm5F cells

Treatment
group

D-[U-14C]Glucose oxidation
(pmol glucose/mg protein) (N)

Control 38 6 7 3
EA-A 7 6 1* 3
DHEA-A 10 6 2* 3
EA-S 39 6 8 3
DHEA-S 32 6 9 3

RINm5F cells were incubated in the absence (control) or presence of the EA or
DHEA sulfate (-S) or acetate (-A) congeners, at 100 mM each, with [U-14C]glucose.
Glucose oxidation rates were determined during a 90-min incubation. Values are the
means 6 SEM for the number of independent experiments indicated (N).

*P , 0.01 compared with control values, as determined by one-way ANOVA and
the Student/Newman–Keuls multiple comparison test.

TABLE 3. Glucose metabolism and pentose shunt activity in islets

Actual yield (cpm/mg protein) Specific yield (x 1025)

P (x 1026)

GLU
(pmol glucose

utilized/mg protein)

Pentose shunt
(fmol glucose

oxidized/mg protein)
[1-14C]-
Glucose

[6-14C]-
Glucose

[1-14C]-
Glucose

[6-14C]-
Glucose

Control
60.0 6 2.9 27.8 6 2.3 2.6 6 0.1 1.3 6 0.1 4.3 6 0.3 240 6 42 1.03

(5) (5) (5) (5) (5) (4)
EA-S

68.1 6 1.2 43.0 6 1.1* 2.8 6 0.1 1.9 6 0.1* 2.8 6 0.03* 318 6 44 0.89
(3) (3) (3) (3) (3) (3)

DHEA-S
71.1 6 8.5 30.9 6 8.3 3.4 6 0.6 1.5 6 0.5 6.3 6 0.9 297 6 43 1.87

(3) (3) (3) (3) (3) (3)

Islets were cultured for 18 hr in the absence (control) or presence of EA-S (100 mM) or DHEA-S (100 mM). Glucose oxidation and total glucose utilization (GLU) (90 min)
were determined in the absence (control) or presence of EA-S (100 mM) or DHEA-S (100 mM), as indicated. Glucose oxidation is expressed as the actual yield (cpm 14CO2 /mg
of protein) and specific yield (cpm 14CO2 recovered divided by the total cpm per sample per mg of protein). The fraction of glucose oxidation contributed by the pentose shunt
(P) for islets was calculated by comparison of the paired values for D-[1-14C]glucose and D-[6-14C]glucose specific yields. The amount of glucose metabolized through the pentose
shunt was determined by comparison of mean P and GLU values. Values are the means 6 SEM as indicated, for the number of experiments (N).

*P , 0.01 vs control values within a group, as determined by one-way ANOVA and the Student/Newman–Keuls multiple comparison test.
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SOD Activity

Cytosolic Cu/Zn-SOD activity was four times higher in
homogenates of washed RINm5F cells previously cultured
with IL-1b, and seven times higher in cells cultured with
EA-S (100 mM) (Fig. 6A). Culture with DHEA-S (100
mM) only slightly increased Cu/Zn-SOD activity. In sharp
contrast, EA (100 mM) in the absence or presence of IL-1b
reduced Cu/Zn-SOD activity to undetectable levels, and
the presence of DHEA (100 mM) evoked a similar response
(Fig. 6A). Culture with DHEA-S completely inhibited the
stimulatory effects of IL-1b on enzyme activity (Fig. 6A). In
contrast, EA-S did not affect significantly IL-1b effects on
Cu/Zn-SOD activity (Fig. 6A).

Mitochondrial Mn-SOD activity in homogenates of
washed RINm5F cells was increased two-and-a-half times

above control values following culture of cells with IL-1b
(Fig. 6B). EA (100 mM) and DHEA (100 mM) completely
inhibited the stimulatory response to IL-1b (Fig. 6B).
However, neither EA-S nor DHEA-S was effective in
significantly reducing the response to IL-1b (Fig. 6B). EA,
EA-S, and DHEA-S did not affect basal Mn-SOD activity
(Fig. 6B).

DISCUSSION

Rat pancreatic b-cell insulin secretory responses are inhib-
ited following exposure of the cells to IL-1b as illustrated in
this study and reported previously [5, 25, 26]. IL-1b induces
changes in (pro)insulin biosynthesis and metabolism [13,
27], DNA fragmentation and apoptosis [28–30], and iNOS

FIG. 6. Copper/zinc bound (Cu/Zn)-SOD and man-
ganese (Mn)-SOD activities in RINm5F cells. (A)
Cu/Zn-SOD activity was determined in homoge-
nates of washed RINm5F cells that had been
cultured for 18 hr in the absence (control) or
presence of IL-1b (IL-1B; 1 ng/mL) and 100 mM
each: EA-S or DHEA-S, as indicated. (B) Mn-SOD
activity was determined as in (A). Values are the
means 6 SEM for the number of independent
experiments shown at the base of each bar (EA,
EA 1 IL-1b, and DHEA 1 IL-1b are each N 5
3). Significant differences were determined by one-
way ANOVA and the Student/Newman–Keuls
multiple comparison test. *P < 0.05 vs basal for
the respective treatment groups.
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activity [31, 32]. Previous studies have shown that the
deleterious effects of IL-1b on insulin release can be
inhibited during treatment of b-cells with EA or DHEA [5].
These steroids were reported to have inhibitory effects on
b-cell glucose oxidation and utilization, and on the pro-
duction of nitric oxide in response to IL-1b. Although EA
and DHEA can inhibit glucose-6-phosphate dehydrogenase
and the pentose shunt [4, 5], and thereby reduce the
production of NADPH (required for nitric oxide synthase
activity) [33], the mechanism whereby these steroids affect
total glucose utilization and protect the cell from the effects
of IL-1b were not identified. It has been reported that in
db/db mice, DHEA treatment results in the preservation of
b-cell structure and function [1, 2], and DHEA was thera-
peutic to streptozotocin-treated mice that ordinarily would
become diabetic. However, the cellular mechanisms medi-
ating these responses are not known.

It was reported previously that EA and DHEA inhibit
insulin release if the steroids are present during the incu-
bation with glucose to induce secretion [5]. In the present
study, EA-A and DHEA-A also inhibited insulin release in
response to glucose. However, EA-S and DHEA-S did not
mimic the effects of the acetate congeners, and did not
have any acute effects on glucose-stimulated insulin release
from isolated islets. The acetate and sulfate conjugates of
EA and DHEA were studied to determine if the conjugates
were more or less potent than the parent compounds. In
these studies, the islet responses to the acetate conjugates of
EA and DHEA closely paralleled the responses evoked by
the parent steroids. The acetate form of the steroids is more
water soluble, and dissociates to the active free steroid.
However, the lack of islet secretory response to the sulfated
steroid congeners suggests that the islets do not possess
sufficient sulfatase activity to provide active steroid levels
and/or that the sulfated conjugates are bound to serum
proteins and are largely unavailable to the cells. In vivo,
DHEA-S is secreted from the adrenal gland, enters the
circulation, and is excreted by the kidney. However, it
would appear from the present results that the sulfated form
of the 17-ketosteroids would not affect secretory responses
in the islet unless they were desulfated and available as the
free steroid.

Since glucose oxidation and utilization were reported
previously to be inhibited by EA and DHEA in islets and
RINm5F cells [5], the effects of the 17-ketosteroids on
glucose transport were investigated. Glucose transport in
b-cells is mediated by a facilitative glucose transporter,
GLUT-2 [34]. In the present study, EA and DHEA inhib-
ited glucose uptake into RINm5F cells in a concentration-
dependent manner. These results appear to explain the
inhibitory effects of EA and DHEA on glucose oxidation
and utilization in b-cells. The small inhibition of glucose
uptake by DHEA-S was not accompanied by a reduction in
glucose oxidation, probably because modest changes in
glucose uptake are not sufficient to limit glucose metabo-
lism in islets. It has been reported that glucose utilization
depends upon functional glucose transporter and glucoki-

nase [35], and that underexpression of the b-cell GLUT-2
to less than 19% of controls in Zucker diabetic fatty rats is
associated with reduced glucose uptake and impaired glu-
cose-stimulated insulin secretion [36]. In transgenic mice
showing an 80% reduction in b-cell GLUT-2, there was an
almost total inhibition of glucose-induced insulin secretion
from isolated islets [37]. Thus, it is likely that the as much
as 86% inhibition of glucose transport in the presence of
17-ketosteroids observed in the present study influenced
glucose metabolism and insulin secretion. Unlike its effect
on b-cells, DHEA has been reported to enhance glucose
uptake in fibroblasts after 10 hr or more of culture [38]. On
the other hand, glucorticoids are known to inhibit glucose
transport [39], and sex steroids have been reported to
inhibit other types of transport processes [40]. The different
glucose transport mechanisms in various cell types may
account for regulatory differences in response to the ste-
roids. EA-A, DHEA-A, and DHEA-S also reduced glucose
transport in RINm5F cells, although EA-S was without
effect at the concentrations studied. Thus, the lack of an
acute inhibitory effect of DHEA-S and EA-S on insulin
release correlated with the little or no effect on glucose
transport in b-cells.

The effects of the 17-ketosteroid congeners on b-cell
glucose oxidation were also determined. Total glucose
oxidation determined using D-[U-14C]glucose indicated
that EA-A and DHEA-A reduced metabolism in RINm5F
cells, similar to the effects of EA and DHEA in a previous
study [5]. The lack of an effect of EA-S on total glucose
oxidation suggests that the changes in glucose transport
noted in this study may be primarily responsible for the
changes in total glucose oxidation observed with certain of
the 17-ketosteroids. However, since EA and DHEA inhibit
glucose-6-phosphate dehydrogenase [4], the rate-limiting
enzyme in the pentose shunt which serves as the major
source of cytsolic NADPH in mammalian cells, the effect of
EA-S on glucose utilization and oxidation through the
pentose shunt was investigated. EA-S significantly in-
creased [6-14C]glucose oxidation through mitochondrial
pathways as compared with control islet values. When the
fraction of glucose metabolized through the pentose shunt
was estimated from the changes in glucose oxidation, there
was a significant decrease in glucose oxidized through the
pentose pathway in EA-S-treated islets. While EA and
DHEA have been reported previously to reduce glucose
oxidation through the pentose shunt, these steroids reduced
both pentose shunt and mitochondrial contributions to
glucose oxidation [5]. In contrast, EA-S changed the ratio
of glucose utilization such that the mitochondrial contri-
bution was increased markedly following an 18-hr incuba-
tion, and the contribution of the pentose shunt was
reduced. The mechanism accounting for this stimulatory
response is not known. The lack of an inhibitory effect of
EA-S on glucose oxidation and utilization probably ac-
counts for the lack of effect of this steroid on insulin release
in response to glucose in this study, since glucose metabo-
lism is required for insulin release [34]. Previously, the
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metabolic and secretory effects of EA and DHEA were
shown to occur rapidly and in parallel, and to be unrelated
to changes in insulin content, total protein content, DNA
content, or cell number [5].

The presence of IL-1b during the 18-hr islet culture
inhibited glucose-stimulated insulin release. In addition,
similar to the previously reported results with EA and
DHEA [5], the presence of EA-A during culture of islets
with the cytokine enhanced the insulin secretory response
by about 83%, thus partially protecting the b-cells and the
insulin secretory response to glucose. However, an unex-
pected finding, was that EA-S when present during islet
18-hr culture with IL-1b also enhanced to a modest extent
(approximately 42%) insulin release in comparison with
cytokine-treated control islets. Since EA-S failed to affect
insulin release upon acute exposure of islets to these agents,
unlike EA or EA-A, the mechanism of action of EA-S in
providing a small degree of protection of the b-cell from the
effects of IL-1b would appear to be different from the
actions of the other 17-ketosteroids investigated, although
this mechanism has yet to be elucidated.

Nitric oxide (estimated in these studies through the
quantitation of nitrite levels), synthesized by iNOS in
response to IL-1b, appears to be responsible for toxic effects
on glucose metabolism [10, 14]. Previously, EA and DHEA
were reported to inhibit nitrite formation in response to
IL-1b in islets and RINm5F cells [5]. As with the parent
steroid, EA-A antagonized the IL-1b effects on glucose
metabolism, insulin release, and also the production of
nitrite. On the other hand, EA-S, which lacked acute
inhibitory effects on glucose oxidation and insulin release,
also did not affect nitrite production in response to IL-1b
during an 18-hr culture. However, following the 18-hr
culture, EA-S protected the b-cells to a small extent from
the effects of IL-1b and partially preserved glucose-stimu-
lated insulin release. Thus, unlike the other 17-ketosteroids
investigated in this study, the modest protective effects of
EA-S on insulin release in the presence of the cytokine do
not appear to be related to a detectable reduction in glucose
metabolism or nitric oxide production. In addition, al-
though EA-S reduced pentose shunt activity in islets, this
alteration in glucose metabolism and presumably NADPH
production was not sufficient to limit IL-1b-induced iNOS
activity and nitrite levels. When iNOS expression in
response to IL-1b was investigated, it was found that EA,
DHEA, EA-A, and DHEA-A each significantly inhibited
iNOS expression in response to the cytokine, whereas the
sulfated forms of the steroids were not effective. Thus, the
expression of iNOS appears to correlate with changes in
glucose utilization in response to the active steroids, and it
is likely that the metabolic state of the b-cell at least partly
mediates steroid-induced changes in iNOS activity and
nitric oxide production and probably accounts for protec-
tive effects against IL-1b. It is not known if EA or DHEA
might modulate other processes also associated with iNOS
expression, such as NF-kB activation.

Recent reports suggest that active oxygen is an important

factor in the destruction of the b-cell in the development of
insulin-dependent diabetes mellitus. SOD is active in
removing superoxide free radical by conversion to hydrogen
peroxide, and catalase is active in converting cytotoxic
hydrogen peroxide to water and oxygen. Exposure of b-cells
to IL-1b is associated with increased Mn-SOD mRNA, and
SOD induction has been considered as a defense mecha-
nism in cells experiencing increased oxygen free radical
production [15]. In addition, SOD and catalase activities
are increased in various tissues of streptozotocin-induced
diabetic rats, with SOD increased in pancreas [41]. SOD
also has been reported to protect islets from the diabeto-
genic effects of alloxan [42]. In addition, elevation of
cytosolic Cu/Zn-SOD by introduction of a transgene in-
creases the tolerance of b-cells to oxidative-stress-induced
diabetogenesis [43].

In the present studies, EA and EA-A inhibited b-cell
catalase activity, whereas IL-1b was without effect. On the
other hand, IL-1b markedly increased Cu/Zn-SOD activity,
while EA completely inhibited both basal and cytokine-
stimulated Cu/Zn-SOD activity. DHEA and DHEA-S also
inhibited IL-1b-induced Cu/Zn-SOD activity. Surprisingly,
EA-S, and to a lesser extent DHEA-S, stimulated basal
Cu/Zn-SOD activity, whereas only DHEA-S antagonized
IL-1b-stimulation of this enzyme. IL-1b also increased the
activity of islet Mn-SOD, and EA and DHEA were effec-
tive at completely inhibiting the activity. None of the
sulfate congeners of the 17-ketosteroids affected Mn-SOD
activity. Thus, it would appear that the protective effects of
EA and DHEA against IL-1b-induced cytotoxicity may
involve a reduction in the capacity of the b-cell to generate
toxic hydrogen peroxide through SOD. Since catalase
activity was not affected significantly during islet exposure
to IL-1b, and EA did not affect enzyme activity in cyto-
kine-treated cells, it is unlikely that altered catalase activity
plays a role in IL-1b- or EA-induced protective effects on
insulin release.

In conclusion, EA, DHEA and their acetate congeners
antagonize the effects of IL-1b in pancreatic islet b-cells,
perhaps due to effects on glucose transport/metabolism and
iNOS activity. The inhibition of glucose oxidation by these
steroids is likely mediated by the inhibition of glucose
transport into the b-cell. The effects of the steroids on
glucose-stimulated insulin release and nitrite production
mimicked the responses of glucose oxidation, except for the
small protective effect of EA-S against IL-1b-treated insu-
lin secretory responses. The dramatic effects of EA and
DHEA on Cu/Zn-SOD suggest that these steroids may also
protect the cell from the toxicity associated with hydrogen
peroxide generation. The sulfate congeners of EA and
DHEA were largely lacking in activity, perhaps due to a low
level of sulfatase activity in islet tissue. However, in certain
instances, such as Cu/Zn-SOD activation, both EA-S and
DHEA-S displayed a stimulatory potential in exact oppo-
sition to the inhibitory effects of the parent steroids. The
mechanisms responsible for these effects are not known.
Thus, EA and DHEA are likely to mediate protective
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effects on pancreatic b-cells indirectly through changes in
metabolism, iNOS expression, and perhaps antioxidant
enzyme activities.

The technical assistance of Amy Bauer and Jill Platten is appreciated.
These studies were supported by NIH Grant DK25705.

References

1. Coleman DL, Leiter EH and Schwizer RW, Therapeutic
effects of dehydroepiandrosterone (DHEA) in diabetic mice.
Diabetes 31: 830–833, 1982.

2. Coleman DL, Schwizer RW and Leiter EH, Effect of genetic
background on the therapeutic effects of dehydroepiandros-
terone (DHEA) in diabetes-obesity mutants and in aged
normal mice. Diabetes 33: 26–32, 1984.

3. Gordon GB, Shantz LM and Talalay P, Modulation of
growth, differentiation and carcinogenesis by dehydroepi-
androsterone. Adv Enzyme Regul 26: 355–382, 1987.

4. Schwartz AG, Whitcomb JM, Nyce JW, Lewbart ML and
Pashko LL, Dehydroepiandrosterone and structural analogs: A
new class of cancer chemopreventive agents. Adv Cancer Res
51: 391–425, 1988.

5. Laychock SG and Bauer AL, Epiandrosterone and dehydro-
epiandrosterone affect glucose oxidation and interleukin-1b
effects in pancreatic islets. Endocrinology 137: 3375–3385,
1996.

6. Mohan PF and Jacobson MS, Inhibition of macrophage
superoxide generation by dehydroepiandrosterone. Am J Med
Sci 306: 10–15, 1993.

7. Lee TC, Lai GJ, Kao SL, Ho IC and Wu CW, Protection of
a rat tracheal epithelial cell line from paraquat toxicity by
inhibition of glucose-6-phosphate dehydrogenase. Biochem
Pharmacol 45: 1143–1147, 1993.

8. Liberato MH, Sonohara S and Brentani MM, Effects of
estrogens and proliferation and progesterone receptor levels in
T470 human breast cancer cells. Tumour Biol 14: 38–45,
1993.

9. Rao MS, Ide H, Alvares K, Subbarao V, Reddy IK, Hecter O
and Yeldandi AV, Comparative effects of dehydroepiandros-
terone and related steroids on peroxisome proliferation in rat
liver. Life Sci 52: 1709–1716, 1993.

10. Corbett JA, Wang JL, Hughes JH, Wolf BA, Sweetland MA,
Lancaster JR Jr and McDaniel ML, Nitric oxide and cyclic
GMP formation induced by interleukin 1b in islets of Lang-
erhans: Evidence for an effector role of nitric oxide in islet
dysfunction. Biochem J 287: 229–235, 1992.

11. Corbett JA, Sweetland MA, Wang JL, Lancaster JR Jr and
McDaniel ML, Nitric oxide mediates cytokine-induced inhi-
bition of insulin secretion by human islets of Langerhans. Proc
Natl Acad Sci USA 90: 1731–1735, 1993.

12. Southern C, Schulster D and Green IC, Inhibition of insulin
secretion by interleukin-1b and tumour necrosis factor-a via
an L-arginine-dependent nitric oxide generating mechanism.
FEBS Lett 276: 42–44, 1990.

13. Welsh N, Eizirik DL, Bendtzen K and Sandler S, Interleukin-
1b-induced nitric oxide production in isolated rat pancreatic
islets requires gene transcription and may lead to inhibition of
the Krebs cycle enzyme aconitase. Endocrinology 129: 3167–
3173, 1991.

14. Corbett JA, Lancaster JR Jr, Sweetland MA and McDaniel
ML, Interleukin-1b-induced formation of EPR-detectable
iron-nitrosyl complexes in islets of Langerhans. Role of nitric
oxide in interleukin-1b-induced inhibition of insulin secre-
tion. J Biol Chem 266: 21351–21354, 1991.

15. Bigdeli N, Niemann A, Sandler S and Eizirik DL, Dissocia-

tion between interleukin-1b-induced expression of mRNA
for superoxide dismutase and nitric oxide synthase in insulin-
producing cells. Biochem Biophys Res Commun 203: 1542–
1547, 1994.

16. Xia M and Laychock SG, Insulin secretion, myo-inositol
transport, and Na1-K1-ATPase in glucose-desensitized rat
islets. Diabetes 42: 1392–1400, 1993.

17. Ashcroft SJH, Hedeskov CJ and Randle PJ, Glucose metab-
olism in mouse pancreatic islets. Biochem J 118: 143–154,
1970.

18. Laychock SG, Prostaglandin E2 and a2-adrenoceptor agonists
inhibit the pentose phosphate shunt in pancreatic islets. Arch
Biochem Biophys 269: 354–358, 1989.

19. McDaniel ML, King S, Anderson S, Fink J and Lacy PE,
Effect of cytochalasin B on hexose transport and glucose
metabolism in pancreatic islets. Diabetologia 10: 303–308,
1974.

20. Lowry OH, Rosebrough NJ, Farr AL and Randall RJ, Protein
measurement with the Folin phenol reagent. J Biol Chem 193:
265–275, 1951.

21. Ashcroft SJH, Weerasinghe LCC, Bassett JM and Randle PJ,
The pentose cycle and insulin release in mouse pancreatic
islets. Biochem J 126: 525–532, 1972.

22. Katz J and Wood HG, The use of C14O2 yields from
glucose-1- and -6-C14 for the evaluation of the pathways of
glucose metabolism. J Biol Chem 238: 517–523, 1963.

23. Laychock SG, Effects of guanosine 39,59-monophosphate on
glucose utilization in isolated islets of Langerhans. Endocrinol-
ogy 120: 517–524, 1987.

24. Green LC, Wanger DA, Glogowski J, Skipper PL, Wishnok
JS and Tannenbaum SR, Analysis of nitrate, nitrite and
[15N]nitrate in biological fluids. Anal Biochem 126: 131–138,
1982.

25. Mandrup-Poulsen T, Bendtzen K, Nerup J, Dinarello CA,
Svenson M and Nielsen JH, Affinity-purified human inter-
leukin 1 is cytotoxic to isolated islets of Langerhans. Diabe-
tologia 29: 63–67, 1986.

26. Zawalich WS and Diaz VA, Interleukin 1 inhibits insulin
secretion from isolated perifused rat islets. Diabetes 35: 1119–
1123, 1986.

27. Sandler S, Andersson A and Hellerström C, Inhibitory effects
of interleukin 1 on insulin secretion, insulin biosynthesis, and
oxidative metabolism of isolated rat pancreatic islets. Endo-
crinology 121: 1424–1431, 1987.

28. Ankarcrona M, Dypbukt JM, Brüne B and Nicotera P,
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