THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 285, NO. 48, pp. 37251-37262, November 26, 2010
© 2010 by The American Society for Biochemistry and Molecular Biology, Inc. ~ Printed in the U.S.A.

Chronic Ethanol Consumption-induced Pancreatic 3-Cell
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Chronic ethanol consumption is known as an independent
risk factor for type 2 diabetes, which is characterized by
impaired glucose homeostasis and insulin resistance; how-
ever, there is a great deal of controversy concerning the rela-
tionships between alcohol consumption and the development
of type 2 diabetes. We investigated the effects of chronic eth-
anol consumption on pancreatic f3-cell dysfunction and
whether generated peroxynitrite participates in the impaired
glucose homeostasis. Here we show that chronic ethanol
feeding decreases the ability of pancreatic 3-cells to mediate
insulin secretion and ATP production in coordination with
the decrease of glucokinase, Glut2, and insulin expression.
Specific blockade of ATF3 using siRNA or C-terminally
deleted ATF3(AC) attenuated ethanol-induced pancreatic
B-cell apoptosis or dysfunction and restored the down-regu-
lation of glucokinase (GCK), insulin, and pancreatic duode-
nal homeobox-1 induced by ethanol. GCK inactivation and
down-regulation were predominantly mediated by ethanol
metabolism-generated peroxynitrite, which were suppressed
by the peroxynitrite scavengers NY-monomethyl-L-arginine,
uric acid, and deferoxamine but not by the S-nitrosylation
inhibitor DTT, indicating that tyrosine nitration is the pre-
dominant modification associated with GCK down-regula-
tion and inactivation rather than S-nitrosylation of cysteine.
Tyrosine nitration of GCK prevented its association with
pBad, and GCK translocation into the mitochondria results in
subsequent proteasomal degradation of GCK following ubiq-
uitination. This study identified a novel and efficient pathway
by which chronic ethanol consumption may induce GCK
down-regulation and inactivation by inducing tyrosine nitra-
tion of GCK, resulting in pancreatic f3-cell apoptosis and dys-
function. Peroxynitrite-induced ATF3 may also serve as a
potent upstream regulator of GCK down-regulation and
B-cell apoptosis.
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Chronic ethanol consumption leads to the development of
fatty liver, which is associated with steatohepatitis and liver
cirrhosis (1, 2). Heavy alcohol drinking is known as an inde-
pendent risk factor for type 2 diabetes (T2D),? which is charac-
terized by impaired glucose homeostasis and insulin resistance
(3-5). Several cross-sectional studies and large prospective
studies have shown that low-to-moderate ethanol consump-
tion may protect against T2D or cardiovascular diseases
through augmenting glucose-stimulated insulin secretion and
insulin sensitivity (6-9). However, the J- or U-shaped curve
obtained from these studies has not been fully explained with
regard to the relationships between ethanol consumption and
T2D (10, 11). The priming effect of ethanol-enhanced insulin
secretion in pancreatic -cells might be caused by an early
defense mechanism used to compensate for ethanol-inhibited
basal insulin secretion. In contrast, a limited number of studies
have reported deleterious effects of ethanol on 3-cells in which
ethanol inhibited insulin secretion (12). Excessive heavy etha-
nol consumption-increased ROS production may be a mecha-
nism of pancreatic 3-cell dysfunction in T2D. The reason is that
ROS production is one of the earliest events in glucose intoler-
ance through mitochondrial dysfunction, and B-cells are very
sensitive to oxidative stress (13, 14). Despite convincing evi-
dence of chronic ethanol consumption as a risk factor for T2D
(3, 4), the direct effects of ethanol on B-cell mass or its function
and the exact mechanisms underlying the impairment of 3-cell
function and apoptosis by chronic ethanol exposure are not
clearly understood. Furthermore, because the pleiotropic
effect of ethanol could be mediated by the alterations of gene
expression or its modification (15, 16), a comprehensive
assessment of the effects of ethanol on the expression or
modification of genes involved in the regulation of B-cell
function should be considered.

Glucokinase (GCK) plays a critical role as a B-cell glucose
sensor by integrating blood glucose levels and glucose metabo-
lism with insulin secretion (17, 18). Previously, we demon-
strated that chronic hyperglycemia-induced B-cell apoptosis

2 The abbreviations used are: T2D, type 2 diabetes; GCK, glucokinase (hexokinase
IV); ATF, activating transcription factor; ROS, reactive oxygen species; iNOS,
inducible nitric-oxide synthase; 4-MP, 4-methypyrazole; UA, uric acid;
L-NMMA, N”-monomethyl-L-arginine; PDX, pancreatic duodenal homeobox;
GTT, glucose tolerance test.
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was associated with GCK down-regulation, which was medi-
ated by ROS production and AMPK activation (18, 19). How-
ever, the relevant upstream regulators of GCK down-regulation
remain poorly understood. Pancreatic duodenal homeobox-1
(PDX-1) plays a critical role in the maintenance of mature
B-cell function by regulating the expression of insulin, islet
amyloid polypeptide, GCK, and Glut2 (20). Moreover, sterol
regulatory element-binding protein-1c also directly binds to
the SRE elements of liver GCK promoter, increasing GCK
expression and enhancing the action of insulin on GCK tran-
scription (21). Recently, we reported that lipotoxicity-increased
activating transcription factor 3 (ATF3), a member of the ATF/
cAMP-responsive element-binding protein subfamily, was also
associated with inhibition of PDX-1-induced GCK promoter
activity (22), although the precise mechanisms are not clear.
ATEF3 is rapidly induced by a wide range of stresses including
genotoxic stress and also plays a role as a stress-inducible tran-
scriptional repressor (23). These studies have demonstrated
that ethanol-induced oxidative stress may associate with the
induction of ATF3. Also, ATF3 may play a critical role in etha-
nol-induced susceptibility to 3-cell dysfunction and apoptosis
as well as hepatotoxicity, which could be triggered by enhanc-
ing peroxynitrite generation (24). Peroxynitrite is a relatively
stable species and reacts with a diverse array of other biological
target molecules, including cysteine or tyrosine residues on
proteins (25). NO generated by iNOS induction can directly
modify target proteins through S-nitrosylation of cysteine res-
idues or nitration of Tyr residues (26). These modifications
could be also involved in pathophysiological processes such as
inflammation, apoptosis, enzyme activity, and gene expression
(27). A recent study demonstrated that insulin-induced neuro-
nal nitric-oxide synthase leads to S-nitrosylation of GCK, which
is involved in preventing the impaired glucose response and
apoptosis of pancreatic -cells (28). However, other studies
have demonstrated that peroxynitrite generated by cytokines
or endotoxins is also known to induce impaired glucose metab-
olism and apoptosis of pancreatic B-cells (29, 30). In this paper,
we show that chronic ethanol consumption induces GCK
down-regulation and inactivation by inducing tyrosine nitra-
tion of GCK, resulting in pancreatic 3-cell apoptosis and dys-
function. The nitrated GCK may be more susceptible to protein
ubiquitination or degradation, leading to impaired glucose
responsiveness and insulin resistance. Furthermore, peroxyni-
trite-generated ATF3 may serve as a potent upstream key reg-
ulator of GCK down-regulation and $-cell apoptosis.

EXPERIMENTAL PROCEDURES

Mice—C57BL/6] mice were originally purchased from Jack-
son Laboratories (Bar Harbor, ME). Male mice (7 weeks old)
were used in all of the experiments, which were conducted in
accordance with guidelines from the Korean National Insti-
tutes of Health Animal Facility. Individually caged mice were
placed on a Lieber-Decarli regular liquid diet (Dyets) contain-
ing 1.0 kcal/ml, of which 18% are derived from protein, 35%
from fat, and either 47% from carbohydrate (control diet, no.
710027) or 11% from carbohydrate and 36% from ethanol (eth-
anol diet, no. 710260). The mice were pair-fed with the control
versus 5% (v/v) ethanol diet as previously reported by others
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(31). We have also obtained the similar results from control (no.
F1259SP) or ethanol-fed (no. F1258SP) C57BL/6] mice as we
have previously reported (32).

Cell Lines and Isolated Islet Cells—MIN6NS cells, which are
SV40 T-transformed insulinoma pancreatic B-cells derived
from NOD mice, were kindly provided by Dr. M. S. Lee
(Sungkyunkwan University, School of Medicine, Seoul, Korea).
These cells were grown in DMEM containing 15% FBS, 2 mm
glutamine, and penicillin-streptomycin (Invitrogen). Islet cells
were isolated from overnight-fasted C57BL/6 mice using a pre-
viously described collagenase digestion technique (18, 19).

Plasmids—Human wild-type ATF3 and ATF3(AC,1-100)
with a C-terminal deletion cDNA expression vectors were a
generous gift from Dr. T. Hai (Ohio State University). ATE3,
ATF3(AN), and ATF3(AC) cDNAs were amplified separately
using PCR and cloned into the pEGFP-C2(33). Mouse GCK
¢DNA was amplified by PCR and cloned into pEGFP-N1
(EcoRI/BamHI) and pGEX-4T-1 (BamHI/EcoRI) vectors
(Clontech), respectively (18). The primers are as follows: 1) for
GFP-GCK, forward, 5'-gggaagtctgggctacttctg-3’, and reverse,
5'-ctagtggactgggagcatttg-3'; and 2) for GST-GCK, forward, 5'-
ggatccatgctggatgacagagec-3’, and reverse, 5'-tcactggcccag-
catgcaagcctt-3'.

RNA Interference and Transient Transfection—The human
ATF3 (sc-29757) or mouse ATF3 (sc-29758) siRNAs were pur-
chased from Santa Cruz Biotechnology (Santa Cruz, CA).
Transfections were performed using Lipofectin reagent
(Invitrogen) following the protocol recommended by the
manufacturer.

Immunoassays—The immunohistochemistry and immuno-
cytochemistry analyses were performed as described previously
(18, 19).

Glucose Tolerance Test (GTT) and Insulin Tolerance Test—
The mice were fasted starting at 8:00 a.m. for 6 h and were
injected intraperitoneally with 1 g/kg intraperitoneal glucose or
1.5 units/kg intraperitoneal regular human insulin. Blood sam-
ples were collected from the tail vein at time O (before injection)
and 30, 60, 90, and 120 min after glucose or insulin injection,
and the blood glucose level was measured using a portable glu-
cose meter (Glucocard II Arkray, Kyoto, Japan). An intravenous
GTT (0.5 g/kg) was conducted in mice fasted for 16 h (20). An
oral GTT (1 g/kg) was also made in mice fasted for 6 h.

Determination of Insulin Secretion, ATP Content, and Nitrite—
The determination of acute insulin release in response to glu-
cose stimulation and ATP levels in MIN6NS8 cells and islets
were performed as described previously (18, 19). Plasma insulin
was measured using the UltraSensitive mouse insulin ELISA kit
(Alpco Diagnostics), and also nitrite was determined by the
Griess method as described previously (33).

Ubiquitination and Nitration Assays—In vivo ubiquitination
assay was also performed as described previously (34). The cells
were cotransfected with the constant amount of His-GCK (0.5
png) and HA-ubiquitin (0.5 pg). Forty-eight hours after trans-
fection, the cells were treated with ethanol in the presence or
absence of L-NMMA and also treated with 10 um MG-132 for
6 h before being harvested. For in vitro and in vivo nitration,
whole cell extracts or recombinant GCK were incubated in a
nitration reaction buffer containing 10 mm NaNO,, 9 um FeCl,,
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hepatocellular damage by elevating
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greater impairment in glucose
homeostasis in chronic ethanol-fed
mice relative to pair-fed mice (Fig.
1C). Similarly, glucose values during
an intravenous GTT (supplemental
Fig. S1A) and an oral GTT (supple-
mental Fig. S1B) remained mark-
edly elevated in ethanol-treated
mice, in contrast to the pair-fed
mice. Next, we examined whole
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FIGURE 1. Chronic ethanol consumption induces pancreatic B-cell dysfunction and impairs glucose
metabolism. A, pancreas from pair-fed and ethanol-fed mice was subjected to hematoxylin and eosin (H&E)
staining and immunohistochemistry (/HC) for insulin (left). Scale bar, 100 um. Islet cell mass and insulin expres-
sion were quantified (right panel).*,p < 0.01; **, p < 0.05. B, levels of serum insulin and ATP in ethanol-fed mice.
*,p < 0.01; **, p < 0.05. C, glucose tolerance test; n = 6 mice/condition. The results represent the averages =
S.E. from three independent experiments. D, insulin tolerance test (/TT). Mice fasted for 6 h were acutely
injected (intraperitoneally) with insulin, and blood glucose was measured at the indicated times. E, plasma
insulin concentration during GTT. Mice fasted for 6 h were acutely injected (intraperitoneally) with glucose and
plasma insulin was measured at the indicated times. Cand D, *, p < 0.01; **, p < 0.05 in comparison with the
corresponding pair-fed mice. All of the results were obtained from three independent experiments.

0.3% H,0,, and 20 mm sodium acetate (pH 5.6) for 24 h at room
temperature followed by immunoprecipitation or immuno-
blotting using anti-3NT antibody. BSA was included as the in
vitro nitration control (35).

Glucokinase Activity—The glucokinase activity assay in
MING6NS and islet cells was performed as described previously
(36). 700 — 800 islets were lysed in 500 ul of reporter lysis buffer
(Promega Corp., Madison,W1I), and the cell membranes were
disrupted by three freeze-thaw cycles.

Statistical Analysis—A one-factor analysis of variance was
used, followed by Tukey’s post hoc test, to compare values
obtained from three or more groups. A p value less that 0.05 was
considered statistically significant.

RESULTS

Chronic Alcohol Consumption Induces B-Cell Dysfunction
and Impairment of Glucose Metabolism—To investigate the
impact of chronic alcohol consumption on pancreatic B-cell
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body insulin sensitivity by perform-
ing insulin tolerance tests in pair-
fed and ethanol-fed mice (Fig. 1D).
Insulin-stimulated glucose disposal
curves in pair-fed mice were mark-
edly enhanced compared with those
in ethanol-treated mice (Fig. 1D and
supplemental Fig. S1C). Therefore,
to examine whether the lower insu-
lin action on glucose disposal in eth-
anol-fed mice compared with that
of pair-fed mice was due to the reduction of insulin synthesis or
secretion in pancreatic 3-cells, we have measured plasma insu-
lin levels during GTT in vivo and glucose-stimulated insulin
secretion in vitro. As shown in Fig. 1E, insulin levels during the
GTT were elevated in pair-fed mice, whereas they were not
elevated in ethanol-fed mice. Also, in freshly isolated islets of
ethanol-fed mice, glucose-stimulated insulin secretion did not
increase in ethanol-fed mice compared with islets from pair-fed
mice (supplemental Fig. S1D). Consistent with these results,
insulin receptor substrate 1 phosphorylation at Ser-307 was
significantly increased in the liver of ethanol-treated mice,
whereas Tyr-941 phosphorylation of insulin receptor substrate
1 and Akt phosphorylation were significantly suppressed in
ethanol-treated mice (supplemental Fig. S1E), indicating that
the reduction of insulin synthesis in 3-cells of ethanol-fed mice
might be involved in the inhibition of insulin action in the liver.
Furthermore, the dysregulation of hepatic gluconeogenesis
could be also associated with the ethanol-mediated impairment
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FIGURE 2. ATF3 plays an essential role in ethanol-induced GCK down-regulation and apoptosis. A, effects
of chronic ethanol consumption on GCK, Glut2, insulin, and ATF3 protein expression in pancreas tissues.
B, effects of ethanol (100 mm) on GCK, Glut2, and ATF3 protein in and MIN6N8 cells. C, after treatment with
ethanol for 24 h, MIN6N8 cells were analyzed using immunocytochemistry for GCK and ATF3, subsequently
subjected to the DAPI staining (100X). D, MIN6N8 cells were transfected with the expression vector encoding
ATF3 and analyzed using Western blot. E, after transfection with empty GFP or GFP-ATF3 vectors, immunocy-
tochemistry for GCK was performed. Fluorescent microscopic images were taken for GFP or GFP-ATF3 (green)
and GCK (red), and the final merged images are shown (100 X). F, after transfection with scrambled siRNA or
ATF3 siRNA, the cells were treated with ethanol and analyzed using Western blot. C, non-treated control;
E, ethanol-treated group. G, after transfection with scrambled siRNA or ATF3 siRNA, the cells were treated with
ethanol, and immunocytochemistry was performed for insulin and TUNEL assay or DAPI staining (top row,
100X). TUNEL-positive cells were quantified (supplemental Fig. S4B).*, p < 0.05; **, p < 0.01 (n = 100). All of the
results were obtained from three independent experiments. CTL, control; Scr.,

of glucose tolerance because PEPCK expression was decreased
in ethanol-fed mice (supplemental Fig. S1E). Consistently, pan-
creas tissues (DNA fragmentation) and isolated islet cells
(TUNEL) from ethanol-fed mice showed more apoptosis (sup-
plemental Fig. S2A) and the increase of caspase-3 or PARP
cleavage and Bax/Bcl-2 ratio (supplemental Fig. S2B).
Ethanol-mediated GCK Down-regulation and B-Cell Dys-
function Were Dependent on ATF3—Similar to impaired glu-
cose tolerance and $-cell apoptosis, the expression of GCK and
Glut2 proteins as well as insulin was significantly decreased in
pancreas tissues of chronic ethanol-fed mice, whereas ATF3
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down-regulation of GCK, Glut2,
insulin, and PDX-1 induced by eth-
anol (Fig. 2F and supplemental Fig.
S4A). Similarly, ATF3 siRNA-
transfected cells were resistant to
ethanol-induced f-cell apoptosis
and insulin reduction (Fig. 2G and
supplemental Fig. S4B), suggesting
that ATF3 may directly affect GCK
down-regulation and insulin reduc-
tion in chronic ethanol-treated
cells, resulting in 3-cell apoptosis.

Ethanol-mediated GCK Down-regulation and [B-Cell Dys-
function Were Dependent on the C-terminal Domain of ATF3—
Next, to examine the regulatory region of ATF3 involved in
ethanol-mediated GCK down-regulation, the cells were trans-
fected with the constructed full-length ATF3, N-terminal
(1-100) domain-deleted ATF3(AN), or GFP-ATF3(AC), a con-
struct with a deletion in the C-terminal (101-181) region nec-
essary for interactions with other proteins (Fig. 34, top panels).
The expression of GCK and Glut2 was decreased by overex-
pression of GFP-ATF3(FL) or ATF3(AN) alone, but not by

scrambled.
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FIGURE 3. The C-terminal domain of ATF3 is essential for ethanol-induced GCK down-regulation and
apoptosis. A, MIN6N8 cells were transfected with GFP-empty, GFP-ATF3, GFP-ATF3(AN), or GFP-ATF3(ACQ)
vectors, and then Western blot was performed. C, non-treated control; E, ethanol-treated group. B, TUNEL
assay. TUNEL-positive apoptosis cell numbers were quantified. *, p < 0.01; **, p < 0.05. C, after transfection with
¥, p < 0.05 in comparison with the corresponding
untreated control Neo-vector groups. **, p < 0.01 in comparison with the corresponding ethanol-treated ATF3
overexpressing groups. All of the results were obtained from three independent experiments. CTL, control.

each vector, insulin content and ATP levels were measured.

GFP-ATF3(AC) (bottom panels). Furthermore, ethanol-in-
duced down-regulation of GCK and Glut2 was potentiated by
GFP-ATF3(FL) or ATF3(AN) overexpression but not by GFP-
ATF3(AC). Ethanol-induced B-cell apoptosis was also potenti-
ated in GFP-ATF3- or ATF3(AN)-transfected cells but not in
GFP-ATF3(AC)-transfected cells (Fig. 3B). Accordingly, etha-
nol-mediated reduction in insulin content and ATP production
also depended on the C-terminal domain of ATF3 (Fig. 3C).
Ethanol Metabolism Is Required for Ethanol-induced GCK
Down-regulation and B-Cell Dysfunction—Next, to examine
whether ethanol potentiation of ATF3-mediated GCK down-
regulation and -cell dysfunction requires ethanol metabolism,
the cells were pretreated with 4-methylprazole (4-MP), an
inhibitor of cytochrome P450 2E1 (37). As shown in Fig. 4A4,
4-MP markedly attenuated an ethanol-induced decrease in
GCK, insulin, and PDX-1 expression. Also, ethanol-induced
ATEF3 expression was almost completely abolished by 4-MP.
Similar to the effects of ethanol, ATF3 overexpression also
inhibited GCK, insulin, and PDX-1 expression (Fig. 4B, lane 3),
which was potentiated by ethanol cotreatment (lane 4). Block-
ing ethanol metabolism by 4-MP attenuated the down-regula-
tion of GCK, insulin, and PDX-1 induced by ethanol (lane 5),
whereas 4-MP did not affect their down-regulation induced by
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lanes 6 and 7), suggesting that 4-MP
may act differently on their down-
regulation through ethanol-in-
duced endogenous ATF3 or ex-
ogenously overexpressed ATF3.
Furthermore, as in ethanol treat-
ment (Fig. 2), ethanol metabolite
acetaldehyde-induced GCK down-
regulation (Fig. 4C) and B-cell apo-
ptosis (Fig. 4D) were almost com-
pletely attenuated by ATF3 siRNA,
but not by 4-MP, indicating that
ATEF3 plays as a downstream regula-
tor of ethanol metabolism. The
immunocytochemistry data also
showed that acetaldehyde-medi-
ated GCK down-regulation de-
pends on ATF3 (Fig. 4E). GCK
expression was significantly de-
creased in cells with acetaldehyde-
induced increase in ATF3, which
was blocked by ATF3 depletion by
siRNA. These results suggest that
ATF3 may be an essential down-
stream regulator of ethanol metab-
olism and function as an executive
effector of ethanol-mediated GCK down-regulation and $3-cell
apoptosis.

Effects of Ethanol Metabolism-generated Peroxynitrite on
GCK Down-regulation and B-Cell Dysfunction—In general,
cytochrome P450 2E1 generates oxidative products, such as
nitric oxide and superoxide, through ethanol metabolism, and
peroxynitrite also causes cell toxicity through protein nitration
on various proteins and enzymes (38). Therefore, we examined
the contribution of peroxynitrite in ethanol potentiation of
ATF3-mediated GCK down-regulation and B-cell apoptosis.
As shown in Fig. 54, iNOS expression and NO production were
significantly increased in ethanol-fed mice, which were inhib-
ited by an iNOS inhibitor .-NMMA (Fig. 5B). Concomitantly,
L-NMMA prevented the down-regulation of GCK, insulin, and
PDX-1 or ATF3 induction by ethanol (Fig. 5C). To investigate
whether peroxynitrite directly affects ethanol-induced GCK
down-regulation and ATF3 induction, MIN6NS8 cells were
treated with SIN-1, a peroxynitrite donor, in the presence or
absence of L-NMMA (Fig. 5D). Similar to ethanol (lane 2),
SIN-1 alone inhibited GCK and PDX-1 expression (lane 3) and
potentiated ethanol-induced down-regulation (lane 4), which
were attenuated by L-NMMA (lanes 5-7). Conversely, SIN-1-
increased ATF3 expression was potentiated by ethanol, which
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FIGURE 4. Ethanol metabolism is required for ATF3-mediated GCK down-regulation. A, cells were pre-
treated with 4-MP (100 um) and then treated with ethanol. Western blots were performed. C, non-treated
control; E, ethanol-treated group. B, cells were treated with ethanol and/or transfected with ATF3 in the pres-
ence or absence of 4-MP. Asterisks (* and **) indicated the amounts of endogenous and exogenous ATF3,
respectively. C, effects of acetaldehyde on ATF3-mediated GCK down-regulation. D, after treatment, TUNEL-
positive apoptosis cell numbers were quantified. *, p < 0.05; **, p < 0.01. E, after treatment with acetaldehyde
in the presence or absence of ATF3 siRNA, immunocytochemical analyses for GCK and ATF3 were performed.
Fluorescent microscopic images were taken for GCK (green) and ATF3 (red), and the final merged images are
shown (100X). All of the results were obtained from three independent experiments. CTL, control; Scr., scram-

bled; Acet., acetaldehyde.

was also attenuated by .-NMMA. Furthermore, ethanol- or
SIN-1-induced B-cell apoptosis was markedly inhibited by
L-NMMA (Fig. 5E), indicating that SIN-1 mimics the effects of
ethanol and that peroxynitrite may directly regulate ATF3-me-
diated GCK down-regulation and apoptosis. Contrary to the
direct effect of ATF3 on GCK down-regulation, ATF3 did not
affect ethanol-increased iNOS expression and NO production
(Fig. 5, F and G), indicating that ATF3 may be a downstream
regulator of the ethanol-mediated iNOS/NO pathway that
leads to GCK down-regulation and B-cell apoptosis. To con-
firm that ethanol metabolism-generated peroxynitrite is
responsible for GCK down-regulation and 3-cell apoptosis, we
also examined in isolated pancreatic islet cells. Ethanol-elicited
GCK down-regulation and iNOS induction were prevented by
L-NMMA or UA (Fig. 64); this was correlated with the reduc-
tion of ethanol-induced NO production (Fig. 6B). Blocking of
iNOS/NO by .-NMMA attenuated ethanol-induced down-reg-
ulation of GCK or insulin and ATF3 induction (Fig. 6C). Fur-
thermore, 4-MP and L.-NMMA restored insulin content and
ATP production decreased by ethanol (Fig. 6D). Additionally,
the attenuation of ethanol-induced B-cell apoptosis by 4-MP or
L-NMMA was correlated with a decrease in iNOS expression
(Fig. 6E).
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which was correlated with reduced
GCK protein (left panel). Immuno-
histochemical staining for 3-nitro-
tyrosine protein adducts in pan-
creas sections was significantly
increased in the islet cells of etha-
nol-fed mice but did not show any
adduct in pair-fed mice (right
panel).  Similarly, recombinant
GST-GCK was effectively nitrated
on Tyr residues after incubation
with peroxynitrite (Fig. 7B, lanes 4
and 5). In MIN6NS cells, nitrated
GCK also increased by 48 h of treat-
ment with ethanol, but the amount
of nitration strongly decreased after
72 h, which might be due to the
reduction in immunoprecipitated
GCK protein amounts (Fig. 7C).
The ratio of nitrated GCK/immu-
noprecipitated GCK amounts in-
creased and remained elevated after
72 h (right panel). Similar to Fig. 1E, ethanol treatment
increased GCK protein expression at 3 and 6 h and thereafter
decreased. Therefore, to examine the possibility that ethanol-
induced GCK down-regulation could be regulated by peroxyni-
trite-mediated Tyr nitration or S-nitrosylation, the cells were
pretreated with DTT, an S-nitrosylation inhibitor (Fig. 7D).
Similar to Tyr nitration (3-nitrotyrosine), ethanol also en-
hanced the S-nitrosylation of GCK (3-nitrocystein, second and
sixth lanes), which was almost abolished by DTT (third and
seventh lanes). However, DTT had little impact on ethanol-
induced Tyr nitration. Furthermore, ethanol-induced GCK
down-regulation may be correlated with enhanced GCK Tyr
nitration, not with that of its S-nitrosylation. Next, we exam-
ined whether ATF3 can affect ethanol-induced GCK nitration
and GCK down-regulation. The decrease of GCK expression
induced by ethanol (fifth lane) or ATF3 (second lane) was prom-
inent in cells cotreated with ethanol and ATF3 (sixth lane). How-
ever, GCK nitration and iNOS induction were not observed in
ATF3-transfected cells (second lane). Furthermore, ethanol-in-
duced GCK nitration and iNOS induction were not changed in
ATF3(AC)-transfected (seventh lane) or ATF3 siRNA-transfected
(eighth lane) cells, indicating that ATF3 did not affect GCK nitra-
tion and iNOS expression. However, even though ATF3 did not
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FIGURE 5. Ethanol-generated peroxynitrite isinvolved in ATF3-mediated GCK down-regulation and apo-
*, p < 0.05. B, MIN6NS8 cells were treated
with ethanol in the presence or absence of -NMMA (100 um) and measured NO production using Griess
method. C, non-treated control; E, ethanol-treated group. C, .-NMMA inhibits ethanol-induced GCK down-
regulation. D, cell were treated with ethanol and/or SIN-1 (100 wMm) in the presence or absence of L-NMMA and
then subjected to Western blot. £, under the same conditions, TUNEL assay was performed. *, p < 0.05; **, p <
0.01. F, using cells transfected with GFP-empty, GFP-ATF3, GFP-ATF3(AN), or GFP-ATF3(AC) vectors, the effects
of ATF3 on ethanol-induced iNOS expression were determined. G, effects of ATF3 on ethanol-induced NO
production. *, p < 0.05. All of the results were obtained from three independent experiments. CTL, control.

ptosis. A, iNOS expression and NO production in ethanol-fed mice.

affect ethanol-induced iNOS expression (sixth lane), ethanol-in-
duced GCK nitration was significantly decreased in ethanol/
ATEF3-cotreated cells. This might be due to the complete reduc-
tion of GCK protein amounts. These results suggest that GCK
nitration and iNOS induced by ethanol may act as an upstream
regulator of ATF3-mediated GCK down-regulation.
Ethanol-induced GCK Nitration Inhibits GCK Activity and
Enhances the Susceptibility to Ubiquitination and Degrada-
tion—Because protein nitration may cause functional loss of
many proteins through inhibition of critical Tyr residues (40) or
the rapid degradation of certain proteins (41), we first examined
whether GCK nitration is able to affect GCK activity (Fig. 84).
As expected, GCK activity was significantly decreased in etha-
nol- or SIN-1-treated islet cells, which were attenuated by
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Saline
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tion or mitochondrial translocation
of Bax were increased and were
attenuated by .L-NMMA. Next, we
investigated whether the protea-
some degradation pathway may
« > be involved in nitration-mediated
GCK down-regulation. Ethanol-in-
duced GCK down-regulation was
strongly reversed in cells pretreated
with proteasome inhibitors, acetyl-
leucyl-leucyl-norleucinal (50 wm) or
MG132 (10 um) (Fig. 8E). Further-
more, the levels of GCK ubiquiti-
nation and its nitration were
simultaneously observed only in
ethanol-treated cells, but total GCK
protein levels were decreased,
which was significantly attenuated
by .-NMMA or UA (Fig. 8F). To
provide direct evidence that GCK nitration induced by ethanol
may be responsible for GCK ubiquitination and degradation, we
performed an in vivo ubiquitination assay (Fig. 8G). Concomitant
to the decrease of endogenous GCK expression, the amount of the
ubiquitinated GCK strongly increased in ethanol-treated cells
(third lane), which were inhibited to the control levels (second
lane) by L-NMMA. Taken together, these results strongly suggest
that GCK proteins nitrated following ethanol treatment may be
more susceptible to ubiquitination than the native proteins of con-
trol cells and thus results in degradation (Fig. 9).

EtOH SIN-1

ocTL
B Ethanol

ATF3  ATF3 ATF3

(AC) siRNA

DISCUSSION

In this study, we demonstrated that chronic ethanol con-
sumption markedly increased pancreatic 3-cell apoptosis and
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three independent experiments. CTL, control.

dysfunction, which are correlated with peroxynitrite-mediated
GCK down-regulation and ATF3 induction. Although the del-
eterious effects of chronic heavy alcohol consumption are
known (3, 4), the relationships between alcohol consumption
and the development of impaired fasting glucose or T2D are
still inconsistent and controversial. Furthermore, the exact
molecular mechanisms involved in chronic ethanol consump-
tion-induced impaired glucose metabolism and pancreatic
B-cell apoptosis and dysfunction are still not clear. Our study
demonstrates that B-cell apoptosis and dysfunction induced by
chronic ethanol consumption may be determined by impair-
ment of glucose metabolism through GCK down-regulation,
revealing the critical roles of ATF3 induction and GCK protein
tyrosine nitration in GCK down-regulation and S-cell
apoptosis/dysfunction.

Several previous studies have demonstrated that alcohol
consumption is associated with a decreased risk of T2D and
cardiovascular diseases (6, 7), but there is a great deal of con-
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4-MP

FIGURE 6. Ethanol metabolism-induced peroxynitrite is essential for ATF3-mediated GCK down-regula-
tion in the isolated islet cells. A, islet cells were treated with ethanol in the presence of L-NMMA (100 um) or
UA (100 um) and then subjected to Western blot. C, non-treated control; E, ethanol-treated group. B, L-NMMA
or UAinhibits ethanol-induced NO production. C,immunocytochemistry for insulin, GCK (top panels), and ATF3
(bottom panels) was performed in ethanol-treated cells. Fluorescent microscopic images were taken for GCK
(green, top panels), ATF3 (green, bottom panels), and insulin (red), and the final merged images are shown
(100X). D, effects of ethanol metabolism and peroxynitrite on ethanol-reduced insulin and ATP levels. *, p <
0.05; **, p < 0.01. E, immunocytochemistry for iNOS and TUNEL assay were performed (left panel, 100X).
TUNEL-positive cells were quantified (right panel). *, p < 0.05; **, p < 0.01. All of the results were obtained from

synthesis in the B-cells of ethanol-
fed mice might be involved in the
inhibition of insulin action and glu-
coneogenesis in the liver (supple-
mental Fig. SI1E). Furthermore,
GCK expression decreased in
chronic ethanol-fed mice, which
was correlated with an increase in
ATEF3 expression (Fig. 2A and sup-
plemental Fig. S3). Increased ATF3
was predominantly localized in the nucleus of ethanol-treated
cells (Fig. 2E). Similar to our recent study (20), we found that
ATE3, especially the C-terminal domain of ATF3, may fill an
important role in ethanol-mediated GCK down-regulation and
apoptosis (Figs. 2 and 3). Although the precise cellular and bio-
chemical causes of ethanol-induced susceptibility to the organ
damages including liver, have not been defined, considerable
evidence indicates that ethanol-induced oxidative stress plays a
critical role in the development of toxicity, which can be trig-
gered by enhancing peroxynitrite generation (24). To our
knowledge, ethanol-induced ATF3 can be regulated by oxida-
tive stress generated through CYP2E1 metabolism, and it may
act as a critical regulator of GCK down-regulation induced by
ethanol-generated oxidative stress in pancreatic B-cells. In this
study, we provide several lines of evidence to suggest that both
ethanol-mediated GCK down-regulation and ATF3 induction
require ethanol metabolism (Fig. 4). First, blocking of ethanol
metabolism by 4-MP attenuated ethanol-mediated down-reg-

NMMA
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FIGURE 7. Ethanol-generated peroxynitrite induces tyrosine nitration of GCK, correlated with GCK
down-regulation. A, in ethanol-fed mice, immunoprecipitated GCK was probed with anti-nitrotyrosine anti-
body (left panels). Shown are representative images of iNOS immunohistochemistry (brown) performed on
pancreas sections from ethanol-fed mice (arrow, right panels). B, in vitro nitration. Recombinant GST-GCK was
treated with proxynitrite (1 mm) for 2 h at 37 °C. Nitrated GCK were detected with a mouse monoclonal anti-
nitrotyrosine antibody. C, after treatment with ethanol, endogenous GCK was immunoprecipitated and then
subjected to Western blot (left panel). The ratio of nitrated GCK/immunoprecipitated GCK amounts are shown
(right panel). *, p < 0.01; **, p < 0.05. D, effects of ethanol-induced GCK nitration or S-nitrosylation on GCK
protein expression. E, effects of ATF3 on peroxynitrite-induced GCK nitration and GCK down-regulation. All of
the results were obtained from three independent experiments. /P, immunoprecipitation; /B, immunoblot; WB,

Western blot; Ab, antibody.

ulation of GCK, insulin, and PDX-1 as well as ATF3 induction
(Fig. 4, A and B, lanes 2 and 5). However, 4-MP did not inhibit
transfected ATF3 and/or ethanol-induced GCK down-regula-
tion (Fig. 4B, lanes 6 and 7). The reason for these discrepancies
is that there are different effects of 4-MP on GCK down-regu-
lation that is mediated by ethanol-induced endogenous ATF3
or exogenously overexpressed ATF3. Second, GCK down-reg-
ulation and B-cell apoptosis induced by acetaldehyde were
inhibited by ATF3 depletion but not by 4-MP, suggesting that
ATF3 may be a downstream regulator of ethanol metabolism
and function as an executive effector of ethanol-mediated GCK
down-regulation. Our data also show that peroxynitrite-medi-
ated GCK down-regulation and apoptosis were attenuated
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have focused on the role of protein-
protein interaction by the GCK reg-
ulator (GCKR) or glucose on the
regulation of GCK activity (44),
whereas the control of cellular GCK
activity or its expression at the post-
translational level, especially in
B-cells, has not been previously
considered. Recently, in pancreatic
B-cells, insulin activates neuronal-
type nitric-oxide synthase, which forms a complex with GCK
on the surface of secretory granules, leading to S-nitrosylation
of GCK following the dissociation of GCK from the surface of
secretory granules (28). Furthermore, other studies have dem-
onstrated that NO and endothelial nitric-oxide synthase gener-
ated by insulin-like growth factor-1 and insulin prevents serum
starvation-induced RINm5F B-cell apoptosis (45). However, in
contrast to the role of iNOS and NO induced by insulin or
insulin-like growth factor-1 on GCK S-nitrosylation for pre-
venting pancreatic -cell dysfunction, peroxynitrite generated
by different stresses such as cytokines or endotoxins is also a
vital mechanism in causing impaired glucose metabolism and
apoptosis of rat or mouse and human pancreatic B-cells (29,
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FIGURE 8. Ethanol-induced GCK nitration inhibits GCK activity and enhances the susceptibility to ubiq-
uitination and results in degradation. A, effects of peroxynitirite scavengers (.L-NMMA, UA, and deferoxam-
ine (DFO)) and DTT, an S-nitrosylation inhibitor, on GCK inactivation induced in ethanol or SIN-1-treated islet
cells. The data are expressed as mean percentages =+ S.E. of glucokinase activity (control = 100.5 = 17 pmol/
h-islet); n = 6 experiments. *, p < 0.01; **, p < 0.05). B, effects of ethanol-generated peroxynitrite on GCK-pBad
interaction. C, effects of ethanol-generated peroxynitrite on GCK-VDAC interaction. C, non-treated control;
E, ethanol-treated group. D, effects of ethanol-generated peroxynitrite on GCK mitochondrial translocation.
E, GCK down-regulation following ethanol treatment was due to proteasomal degradation. The cells were
treated with ethanol in the presence or absence of the proteasome inhibitors, acetyl-leucyl-leucyl-norleucinal
(ALLN, 50 um) and MG-132 (10 um). F, after treatment with ethanol in the presence or absence of .L-NMMA or UA,
immunoprecipitated GCK was subjected to Western blotting for nitrated and ubiquitinated GCK using anti-
nitrotyrosine and anti-polyubiquitin (FK-1) antibodies. G, in vivo ubiquitination. The cells were transiently
cotransfected with the indicated combinations of expression plasmids and treated with MG132. Ubiquitinated
products were recovered on nickel-agarose beads and separated by SDS-PAGE, followed by immunoblotting
with anti-HA antibody (right). All of the results were obtained from three independent experiments. CTL,
control; IP,immunoprecipitation; IB,immunoblot; Ab, antibody; Mitochon., mitochondrial; Nor., normal control;
Cyto., cytoplasm.

30). Similar to the previous reports showing that peroxynitrite
can also directly damage protein, DNA, and lipids (46), our
study also shows that ethanol metabolism-generating per-
oxynitrite increases Tyr nitration of GCK, which was correlated
with GCK down-regulation (Fig. 7, A and C). Similarly, recom-
binant GST-GCK was effectively nitrated on Tyr residues after
incubation with peroxynitrite (Fig. 7B). However, ATF3 did not

37260 JOURNAL OF BIOLOGICAL CHEMISTRY

directly affect GCK nitration,
although ATF3 plays a critical role
on GCK expression (Fig. 7E). Etha-
nol-induced GCK nitration and
iNOS induction were not changed
by ATF3(AC) (lane 7) or ATF3
siRNA (lane 8). In contrast to this,
ATE3 strongly inhibited GCK nitra-
tion in ethanol-cotreated cells (lane
6), despite the fact that ethanol-in-
duced iNOS expression did not
change by ATF3, which may be due
to the almost complete reduction of
GCK protein expression by ethanol
and ATF3 combination. Previous
studies have demonstrated that pro-
tein nitration may cause a func-
tional loss of many proteins through
inhibition of critical Tyr residues on
the nitrated proteins (47). GCK
activity to convert glucose to glu-
cose-6-phosphate was also inhib-
ited by ethanol or SIN-1, which was
reversibly restored by L-NMMA,
UA, and deferoxamine (Fig. 8A).
However, GCK inactivation in-
duced by ethanol or SIN-1 was not
implicated in the S-nitrosylation of
GCK, because DTT had little effect
on the inhibition of GCK activity
induced by ethanol or peroxynitrite.
In addition, the interaction of
immunoprecipitated GCK with
pBad (Fig. 8B) and GCK transloca-
tion into the mitochondria fraction
(Fig. 8, Cand D) were determined by
peroxynitrite-mediated GCK nitra-
tion. Moreover, protein nitration
may also cause a functional loss of
many proteins through rapid degra-
dation (48). Our data also show that
ethanol-mediated GCK nitration
may be more susceptible to ubig-
uitination than the native proteins
of control cells, resulting in degra-
dation. The levels of GCK nitration
and ubiquitination were concur-
rently increased in ethanol-treated
cells, which was correlated with a
reduction in GCK protein levels
(Fig. 8, Fand G), indicating that pro-

teins nitrated by ethanol may be easily ubiquitinated and
degraded. Our data indicate that tyrosine nitration is the pre-
dominant modification involved in GCK down-regulation and
its inactivation (Fig. 9). However, the exact mechanism
involved in GCK modification on Tyr residues by ethanol-gen-
erated peroxynitrite is still not clear. Further studies are needed
to confirm which Tyr residues are involved in peroxy-
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FIGURE 9. Proposed model by which peroxynitrite-mediated ATF3 and
GCK nitration in ethanol consumption mice modulates B-cell function
and glucose homeostasis. Chronic ethanol treatment generates peroxyni-
trite and ROS and then induces ATF3 and GCK nitration. Induced ATF3 down-
regulates GCK expression, and the nitrated GCKis more susceptible to protein
ubiquitination and degradation, leading to impaired glucose responsiveness,
insulin resistance, and B-cell dysfunction and apoptosis. These serial se-
quence pathways may promote the progression of diabetes development.

nitrite-induced GCK down-regulation and its inactivation
through subjection to ESI-MS. In addition, because antioxidant
enzymes could be susceptible to the damaging effect of per-
oxynitrite (49), their inactivation by peroxynitrite may lead to
the perturbation of the cellular antioxidant defense system and
subsequently exacerbate the harmful effect of peroxynitrite as
well as ROS. Also, protein damage by ROS usually results in
enhanced proteolytic susceptibility caused by protein unfold-
ing and increased accessibility of peptide bonds to proteases
(50). Thus, it is possible that GCK inactivation by peroxynitrite-
mediated nitration is at least in part responsible for the pertur-
bation of cellular redox status and oxidative damage in chronic
ethanol consumption.

In conclusion, we show for the first time that chronic ethanol
consumption induces GCK down-regulation and inactivation
by Tyr nitration of GCK, resulting in pancreatic B-cell apopto-
sis and dysfunction. The peroxynitrite-mediated GCK down-
regulation or inactivation may induce the perturbation of glu-
cose metabolism and cellular antioxidant defense mechanisms,
increasing susceptibility to insulin resistance and T2D. Fur-
thermore, peroxynitrite-generated ATF3 may serve as a potent
upstream key regulator of GCK down-regulation and S-cell
apoptosis.
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