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Increases in circulating glucagon during fasting maintain glucose
balance by stimulating hepatic gluconeogenesis. Acute ethanol in-
toxication promotes fasting hypoglycemia through an increase in
hepatic NADH, which inhibits hepatic gluconeogenesis by reducing
the conversion of lactate to pyruvate. Here we show that acute
ethanol exposure also lowers fasting blood glucose concentrations
by inhibiting the CREB-mediated activation of the gluconeogenic
program in response to glucagon. Ethanol exposure blocked the
recruitment of CREB and its coactivator CRTC2 to gluconeogenic
promoters by up-regulating ATF3, a transcriptional repressor that
also binds to cAMP-responsive elements and thereby down-regu-
lates gluconeogenic genes. Targeted disruption of ATF3 decreased
the effects of ethanol in fasted mice and in cultured hepatocytes.
These results illustrate how the induction of transcription factors
with overlapping specificity can lead to cross-coupling between
stress and hormone-sensitive pathways.

gluconeogenesis | glucagon | CREB | ATF3 | cAMP

During fasting, pancreatic glucagon maintains circulating
glucose concentrations by triggering the cAMP-mediated
induction of the gluconeogenic program in liver (1). Increases in
cAMP accumulation stimulate the PKA-mediated phosphoryla-
tion of CREB, which in turn up-regulates the expression of glu-
coneogenic genes (2). In parallel, cAMP signaling also promotes
the dephosphorylation of CRTC2, a latent cytoplasmic coactivator
that translocates to the nucleus and binds to CREB over relevant
promoters (3).

Binge drinking can cause life-threatening hypoglycemia owing
to the inhibition of hepatic glucose production. As a conse-
quence of ethanol metabolism (4, 5), increases in hepatic NADH
production interfere with the conversion of lactate to pyruvate,
a major precursor for gluconeogenesis. Whether ethanol directly
impacts the fasting-induced metabolic responses is still largely
unknown. Recent studies suggest that ethanol also may alter
cellular function via increases in stress signaling (6, 7). In the
present study, we explored the effects of acute ethanol exposure
on expression of the gluconeogenic program in response to glu-
cagon. We found that ethanol inhibits the fasting adaptation in
liver by up-regulating a transcriptional repressor that interferes
with the CREB/CRTC2 pathway. These results illustrate how the
parallel induction of transcription factors with overlapping speci-
ficity contributes to cross-coupling between stress and hormone-
sensitive pathways.

Results

To determine the effects of acute ethanol consumption on the
fasting-induced expression of gluconeogenic genes, we treated
mice with 4.68 g/kg body weight ethanol and fasted them for 16 h
(8, 9). In keeping with its glucose-lowering effects in fasted mice,
ethanol administration inhibited hepatic gluconeogenesis as
measured by the pyruvate tolerance test (PTT) (Fig. 1 4 and B).
mRNA amounts for the fasting-inducible gluconeogenic genes
glucose-6-phosphatase (G6pc) and phosphoenolpyruvate car-
boxykinase (Pckl), as well as the gluconeogenic coactivator
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peroxisome proliferator-activated receptor gamma coactivator
lo (Pgcla), were down-regulated in ethanol-treated mice (Fig.
1C), suggesting that ethanol may directly block the induction of
gluconeogenic genes. Arguing against an effect on glucose sensing
per se, circulating glucagon concentrations were comparable in the
control and ethanol-treated animals (Fig. S14).

In addition to effects of glucagon during fasting, a decrease in
circulating insulin concentrations also promotes expression of the
gluconeogenic program via the dephosphorylation and activation
of the forkhead family protein FOXO1 (10). Ethanol adminis-
tration had no effect on circulating insulin concentrations (Fig.
S1B), AKT phosphorylation, or FOXO1 activation, however (Fig.
S1 C and D). mRNA amounts for FOXO1 target genes, including
insulin-like growth factor binding protein 1 (Igfbpl) and insulin
receptor substrate 2 (Irs2), appeared comparable or somewhat el-
evated in ethanol-treated mice compared to control mice (Fig.
S1E). Indeed, ethanol administration actually reduced fasting
blood glucose concentrations and gluconeogenic gene expression in
the context of dietary and genetic obesity, where increases in in-
sulin resistance otherwise up-regulate hepatic glucose production
(Fig. 1 D-G).

Having seen that ethanol administration has no effect on
FOXOL1 activity, we evaluated the potential involvement of
the CREB/CRTC2 pathway in this process. Similar to its
effects in mice, ethanol exposure also inhibited the induction
of gluconeogenic genes (Gopc, Pckl, and Pgcla) by glucagon
in primary cultured hepatocytes (Fig. 24 and Fig. S24). Re-
markably, CREB phosphorylation in response to glucagon
was unaffected by ethanol (Fig. 2B); CRTC2 dephosphoryla-
tion and nuclear translocation also proceeded comparably in

Significance

Insulin resistance is a major risk factor for the development of
diabetes. Associated increases in hepatic glucose production
contribute to this process by promoting compensatory increases
in insulin secretion that eventually lead to islet failure. This
study characterizes the role of ATF3, a transcriptional repressor
of the basic region-leucine zipper (bZIP) family, in mediating the
hypoglycemic effects of acute alcohol consumption through the
down-regulation of gluconeogenic genes. Based on the ability
of ATF3 to displace CREB and its coactivator CRTC2 from CREB-
binding sites on gluconeogenic genes, we imagine that small
molecules with similar activity may provide therapeutic benefits
to individuals with type Il diabetes.
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Fig. 1. Acute ethanol exposure inhibits hepatic gluconeogenesis. (A) PTT of fasted WT mice following treatment with PBS or ethanol (EtOH). AUC values
were calculated from PTT assays. The mean BAL was 473 + 19 mg/dL in the ethanol-treated mice at 30 min after the last ethanol dose. Each bar rep-
resents averaged results, n = 4. Error bars indicate SEM. *P < 0.05; **P < 0.01; ***P < 0.001. (B) Fasting blood glucose concentrations in WT mice fol-
lowing PBS or ethanol treatment. The mean BAL was 498 + 13 mg/dL. Each bar represents averaged results, n = 12. Error bars indicate SEM. *P < 0.05.
(C) Analysis of mMRNA amounts for gluconeogenic genes in livers of fasted WT mice following PBS or ethanol treatment. Each bar represents averaged
results, n = 5. Error bars indicate SEM. *P < 0.05; **P < 0.01; ***P < 0.001. (D) Fasting blood glucose concentrations in HFD-fed mice after PBS or ethanol
administration. The mean BAL was 452 + 23 mg/dL. Each bar represents averaged results, n = 5. Error bars indicate SEM. **P < 0.01. (E) mRNA amounts
for gluconeogenic genes in livers of fasted HFD-fed mice with PBS or ethanol administration. Each bar represents averaged results, n = 5. Error bars
indicate SEM. *P < 0.05; **P < 0.01; ***P < 0.001. (F) Fasting blood glucose concentrations in db/db mice following PBS or ethanol treatment. The mean
BAL was 436 + 14 mg/dL. Each bar represents averaged results, n = 7. Error bars indicate SEM. **P < 0.01. (G) mRNA amounts for gluconeogenic genes in

livers of fasted db/db mice following PBS or ethanol treatment. Each bar represents averaged results, n = 7. Error bars indicate SEM. *P < 0.05; **P < 0.01;
***%P < 0.001.

control and ethanol-treated cells (Fig. 2 B and C). Despite these Based on its ability to down-regulate cAMP-inducible pro-
effects, however, ethanol treatment disrupted the induction of moters, we considered the possibility that ethanol may inhibit
Go6pc-Luc and CRE-Luc reporters in primary hepatocytes exposed  recruitment of CREB or CRTC2 to relevant binding sites. In
to glucagon (Fig. 2D). chromatin immunoprecipitation (ChIP) assays of cultured primary
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Fig. 2.

Ethanol disrupts recruitment of CREB and CRTC2 to gluconeogenic promoters. (A) Effect of a 10-min pretreatment with ethanol (EtOH) on gluco-

neogenic gene expression in mouse primary hepatocytes exposed to glucagon for 1.5 h. Each bar represents averaged results for three biological replicates,
assayed three times each. Error bars indicate SEM. *P < 0.05; **P < 0.01; ***P < 0.001. (B) Western blot showing the effect of a 10-min pretreatment with
ethanol on phosphorylation of CREB and LKB and dephosphorylation of CRTC2 in primary hepatocytes exposed to glucagon for 45 min. CREB and HSP90
served as loading controls. (C) Immunofluorescence staining showing the effect of a 10-min pretreatment with ethanol (250 mM) on the nuclear translocation
of CRTC2 in primary hepatocytes exposed to glucagon for 45 min. Red, CRTC2; green, actin; blue, DAPI. (D) Effect of a 10-min pretreatment with ethanol on
G6pc-Luc and CRE-Luc reporter activities in primary hepatocytes exposed to glucagon for 5 h. Each bar represents averaged results for three biological
replicates, assayed three times each. Error bars indicate SEM. *P < 0.05; **P < 0.01; ***P < 0.001. (E) ChIP assays showing the effects of a 10-min pretreatment
with ethanol (250 mM) on the recruitment of CREB, phospho-CREB, and CRTC2 to CREB-binding sites over gluconeogenic (G6pc, Pck1) promoters in primary
hepatocytes exposed to glucagon for 1 h. The 36b4 ribosomal protein gene served as a negative control. Each bar represents averaged results for two
biological replicates, assayed three times each. Error bars indicate SEM. *P < 0.05; **P < 0.01; ***P < 0.001.

hepatocytes, exposure to glucagon increased the amounts of
phospho (Ser133)-CREB as well as CRTC2 over CREB-binding
sites on gluconeogenic promoters (G6pc, Pckl); however, co-
stimulation with ethanol reduced phospho-CREB and CRTC2
occupancy (Fig. 2F).

We performed gene profiling studies of primary hepatocytes
to identify nuclear factors that disrupt CREB signaling in this
setting. In keeping with its effects on the gluconeogenic program,
exposure to ethanol inhibited 18% (31/169) of glucagon-inducible
genes, several of which (Sikl, Pde4d, and KiIf4) have functional
CREB-binding sites (Fig. 3 A and B). Within the list of ethanol-

Tsai et al.

inducible genes, we identified activating transcription factor 3
(ATEF3) as a top hit (Fig. 3C). Indeed, cotreatment with ethanol
increased ATF3 mRNA and protein amounts in primary hepato-
cytes exposed to glucagon, as well as in livers of fasted mice (Fig. 3
D and E). In keeping with the ability for p38 and JNK pathways to
stimulate ATF3 expression (11, 12), exposure of primary hepato-
cytes to ethanol increased the phosphorylation and activation of
both kinases (Fig. S2B). A member of the basic region-leucine
zipper (bZIP) family of transcription factors, ATF3 has been
shown to function as a transcriptional repressor (13). Based on
its ability to recognize CREB-binding sites, we considered that
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Fig. 3. Ethanol stimulates expression of ATF3. (A) Gene profile analysis of
primary hepatocytes following exposure to ethanol (EtOH). Pie charts show
the proportion of cellular genes up- or down-regulated by >1.5-fold by a 1-h
pretreatment with ethanol under basal conditions and following exposure
to glucagon for 1.5 h. (B) Heat map showing the effects of ethanol on the
top 40 scoring glucagon-inducible genes in primary hepatocytes. (C) Heat
map showing the top 40 scoring ethanol-inducible genes in primary hep-
atocytes. (D) (Left) Effects of a 10-min pretreatment with ethanol on ATF3
RNA expression in primary hepatocytes exposed to glucagon for 1.5 h. Each
bar represents averaged results for three biological replicates, assayed three
times each. Error bars indicate SEM. *P < 0.05; **P < 0.01; ***P < 0.001.
(Right) Western blot showing the effects of a 10-min pretreatment with
ethanol on ATF3 protein amounts in primary hepatocytes exposed to glu-
cagon for 1 h. CREB served as a loading control. (E) Western blot of hepatic
ATF3 protein amounts in fasted WT mice treated with PBS or ethanol. HSP90
served as a loading control. (F) ChIP assays showing the effects of a 10-min
pretreatment with ethanol (250 mM) on the recruitment of ATF3 to CREB-
binding sites at G6pc and Pck1 promoters in primary hepatocytes exposed to
glucagon for 1 h. Each bar represents averaged results for two biological
replicates, assayed three times each. Error bars indicate SEM. *P < 0.05; **P <
0.01; ***P < 0.001.
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ATF3 might compete with CREB for occupancy over gluconeo-
genic promoters. Supporting this idea, exposure to ethanol in-
creased ATF3 recruitment to CREB-binding sites on the G6pc and
Pckl promoters in primary hepatocytes cotreated with glucagon
(Fig. 3F).

If ATF3 mediates inhibitory effects of ethanol, then targeted
disruption of this gene should rescue CREB activity in this set-
ting. In contrast to WT hepatocytes, ethanol had no inhibitory
effect on G6pc-Luc and CRE-Luc reporter activities in ATF3
knockout (ATF37'7) cells (Fig. 44). Indeed, ATF3~~ hepatocytes
also were resistant to the inhibitory effects of ethanol on gluca-
gon-dependent increases in mRNA amounts for G6pc and Pckl
(Fig. 4 B and C).

Having seen that targeted disruption of the ATF3 gene
restores CREB activity in cultured hepatocytes exposed to eth-
anol, we tested the extent to which a loss of ATF3 rescues he-
patic gluconeogenesis in fasted mice. In contrast to control
animals, exposure to ethanol had only a modest effect on fasting
blood glucose concentrations in ATF3~~ mice (Fig. S3). More-
over, hepatic gluconeogenesis, as measured by the PTT, remained
elevated in fasted ATF3~'~ mice exposed to ethanol (Fig. 4D).
Indeed, ethanol had only modest effects on mRNA and protein
amounts for gluconeogenic genes in ATF3~~ mice, demonstrat-
ing the importance of this factor in mediating the effects of
ethanol on hepatic glucose production (Fig. 4 E and F).

Discussion

During fasting, increases in circulating glucagon up-regulate the
gluconeogenic program by stimulating the CREB/CRTC2 path-
way. Fasting-associated decreases in insulin signaling also trigger
activation of FOXO1, which functions in parallel with CREB to
modulate gluconeogenic gene expression (3, 10). Hepatic glu-
cose production is elevated in diabetes, reflecting increases in
insulin resistance and in circulating glucagon concentrations that
constitutively activate both CREB and FOXO1 (1). Remarkably,
acute ethanol administration lowers hepatic gluconeogenesis
even in the context of insulin resistance.

We found that ethanol administration attenuates the gluco-
neogenic program by triggering the production of ATF3, a member
of the bZIP family of transcription factors. Originally identified
based on its ability to recognize a CREB-binding site, ATF3 has
been shown to function as a transcriptional repressor in a variety
of cell contexts (13, 14). Indeed, exposure to cAMP up-regulates
ATEF3 expression in a number of tissues, suggesting that this
factor may function as a part of a negative feedback loop that
inhibits target gene expression by displacing CREB from its
binding sites. Although ethanol appears to up-regulate ATF3
through the induction of stress signaling (Fig. S2B) (7), exposure
to cAMP also appears to be important for full induction of this
repressor (Figs. 3D and 4B), pointing to cross-talk between
stress and cAMP-signaling pathways.

ATF3 is thought to inhibit gene expression by binding as
a homodimer; it also can modulate transcription as a hetero-
dimer with members of the bZIP family, including c-Jun and
JunD (15). Although our studies indicate that ATF3 is necessary
for the inhibitory effects of ethanol on the gluconeogenic pro-
gram, other bZIP proteins also may participate in this process by
associating with ATF3. Following its induction, ATF3 was found
to block expression of gluconeogenic genes, but other CREB
target genes, such as NR4A1, remained unaffected (Fig. S24 and
Fig. 4B). The apparent selectivity of ATF3 may reflect subtle
differences in either CREB-binding sites or local chromatin
structure that favor ATF3 recruitment to these promoters. Future
studies of ATF3 complexes that bind to promoters for CREB
target genes should provide greater insight into this process.

In addition to its effects in liver, ATF3 also has been shown to
modulate the activity of pancreatic islet and white adipose tissues
(16, 17). Islet morphology is disrupted in transgenic mice expressing
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Fig. 4. ATF3 mediates the inhibitory effects of ethanol on hepatic gluconeogenesis. (A) Effects of a 10-min pretreatment with ethanol (EtOH) on Gépc-Luc
and CRE-Luc reporter activities in primary hepatocytes isolated from WT or ATF3™"~ mice in response to a 5-h exposure to glucagon. Each bar represents
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ATF3™~ mice treated with PBS or ethanol. AUC values were calculated from PTT assays. The mean BAL was 450 + 15 mg/dL in WT mice and 447 + 6 mg/dL in
ATF3™'~ mice. Each bar represents averaged results for three biological replicates. Error bars indicate SEM. *P < 0.05; **P < 0.01; ***P < 0.001. (E) Analysis of
mRNA amounts of gluconeogenic genes in livers of fasted WT and ATF3~'~ mice treated with PBS or ethanol. The mean BAL was 406 + 14 mg/dL in WT mice
and 371 + 18 mg/dL in ATF3~'~ mice. Each bar represents averaged results for five biological replicates. Error bars indicate SEM. *P < 0.05; **P < 0.01; ***P <
0.001. (F) Western blot showing the effects of ethanol on ATF3 and PCK1 protein amounts in livers of fasted WT and ATF3~"~ mice treated with PBS or
ethanol. HSP90 served as a loading control.
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ATF3 in B cells, owing in part to increases in apoptosis. ATF3
expression in white adipose tissues also may modulate circulating
glucose concentrations by inhibiting the production and release of
adiponectin. Future studies should reveal the extent to which these
tissues also contribute to effects of ethanol on glucose homeostasis.

Materials and Methods

Mouse Strains, Ethanol Administration, and in Vivo Analyses. The WT C57BL/6J,
high-fat diet (HFD)-fed, and db/db mice were purchased from The Jackson
Laboratory. The ATF3~~ FVB/N mice have been described previously (18). All
mice were adapted to their environment for at least 1 wk before the study.

The mice were fasted for 3 h, after which ethanol was administered in four
doses, with a 30-min interval between doses. The first ethanol dose was
administered as an i.p. injection at 0.93 g/kg body weight, and the subsequent
doses were administered by oral gavage at 1.25 g/kg body weight (8). Blood
alcohol level (BAL) was measured at 30 min after the last ethanol dose (19).

The mice were then fasted for 16 h for blood glucose tests, and liver tissue
was collected for RNA and protein analysis. The doses of ethanol given to the
HFD-fed and db/db mice were reduced to 60% of those given to the WT
mice. Ethanol was administered to the FVB/N mice through one i.p. injection
at 0.93 g/kg body weight and three oral gavages at 0.75 g/kg body weight.

All animal procedures were performed following protocols approved by
from The Salk Institute’s Animal Care and Use Committee.

PTT. The PTT was performed as described previously (20). In brief, control and
ethanol-treated mice were fasted for 16 h and then injected i.p. with sodium
pyruvate (2 g/kg body weight). Glucose concentrations were measured at
the indicated time points.

Cell Culture. Mouse primary hepatocytes were isolated as described previously
(21) and cultured in Medium 199. Hepatocytes were pretreated with ethanol
at the indicated concentrations for 10 min and exposed to glucagon
(100 nM).

RNA Analyses, Inmunoblotting, and Immunofluorescent Staining. Cellular RNA
was isolated from mouse liver tissue or primary hepatocytes using the Qiagen
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RNeasy Kit. mRNA levels were measured and immunoblot and immunoflu-
orescent staining assays performed as described previously (22).

ChIP Assay. Cultured mouse primary hepatocytes were plated in 150-mm
plates and pretreated with 250 mM ethanol for 10 min, then exposed to
glucagon for 1 h. ChIP assays were performed as described previously, with
minimal modification (23). In brief, the treated hepatocytes were cross-
linked with 1% formaldehyde for 15 min. Cross-linking reactions were
stopped with 0.125 M glycine. Cross-linked cells were washed in PBS three
times and stored at —80 °C before use. Fragmented, precleared chromatin
lysate was incubated overnight with indicated antibodies.

Luciferase Reporter Assay. Cultured mouse primary hepatocytes were infected
with Ad-Gépc-Luc or Ad-CRE-Luc for 48 h, pretreated with ethanol at in-
dicated concentrations for 10 min, and then exposed to glucagon for 5 h.
Luciferase assays were performed as described previously (24).

Gene Profiling Analyses. Mouse primary hepatocytes were plated in 60-mm
plates and pretreated with PBS or 250 mM ethanol for 1 h, and then exposed
to glucagon for 1.5 h. RNA was isolated and analyzed using the Affymetrix
GeneChip Mouse Gene 1.0 ST Array following the manufacturer’s
instructions. The top 40 glucagon-induced and ethanol-induced genes
were chosen for heatmap analysis using matrix2png software as de-
scribed previously (25).

Statistical Analyses. GraphPad Prism 6 software was used to analyze P values
based on at least two independent experiments in three independent assays.
The two-tailed unpaired t test was used to compare the differences between
two groups. A P value < 0.05 was considered statistically significant. *P <
0.05; **P < 0.01; ***P < 0.001.
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