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Abstract

Prenatal ethanol exposure results in increased glucose production in adult rat offspring and this may involve modulation of
protein acetylation by cellular stress. We used adult male offspring of dams given ethanol during gestation days 1-7 (early),
8-14 (mid) and 15-21 (late) compared with those from control dams. A group of ethanol offspring was treated with
tauroursodeoxycholic acid (TUDCA) for 3 weeks. We determined gluconeogenesis, phosphoenolpyruvate carboxykinase
(PEPCK), glucose-6-phosphatase, hepatic free radicals, histone deacetylases (HDAC), acetylated foxo1, acetylated PEPCK, and
C/EBP homologous protein as a marker of endoplasmic reticulum stress. Prenatal ethanol during either of the 3 weeks of
pregnancy increased gluconeogenesis, gluconeogenic genes, oxidative and endoplasmic reticulum stresses, sirtuin-2 and
HDACS3, 4, 5, and 7 in adult offspring. Conversely, prenatal ethanol reduced acetylation of foxo1 and PEPCK. Treatment of
adult ethanol offspring with TUDCA reversed all these abnormalities. Thus, prenatal exposure of rats to ethanol results in
long lasting oxidative and endoplasmic reticulum stresses explaining increased expression of gluconeogenic genes and
HDAC proteins which, by deacetylating foxo1 and PEPCK, contribute to increased gluconeogenesis. These anomalies
occurred regardless of the time of ethanol exposure during pregnancy, including early embryogenesis. As these anomalies
were reversed by treatment of the adult offspring with TUDCA, this compound has therapeutic potentials in the treatment
of glucose intolerance associated with prenatal ethanol exposure.
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Introduction (ER) stress, and we have shown in liver of rat offspring prenatally
o ) ) ) exposed to ethanol an increased expression of several ER markers
Hostile intrauterine environment is now accepted to play an [10,16].

important role in the pathogenesis of obesity and type 2 diabetes.
Although alcohol drinking during pregnancy is a known prenatal
msult, studies of the effects of fetal alcohol on glucose homeostasis

The increase in Pten and Trb3 activities after prenatal ethanol
was explained, not only by their increased gene expression, but
o also by their reduced acetylation due to increased expression of the
are currently h?nhltefli Prenatal ?k‘l’h‘ﬂ exposug? hashbeen reported s T histone deacetylase 1 (HDACI) [10]. HDAC] and the class
to associate with alterations of glucose and. 1p1fi omeostasis in 11l HDAG:s sirtuin (SIRT) 1 4 play a role in the regulation of
humans [1,2] and animals in association with insulin resistance . o .

3456 4 lemiolood h | gluconeogenesis [17,18]. Among the sirtuins, SIRT?2 acts directly
[3,4,5,6], and recent epidemiologic surveys suggest that parenta on gluconeogenesis by deacetylating PEPCK, whereas SIRT1 acts

lcoholism i i f ity in offspri .1 imal oo . . .
acotolm s a Predlf:tor © .obesny. 1 OTSprIng 7). In anima indirectly on PEPCK through deacetylation of peroxisome
studies, this insulin resistance is explained by impairment of insulin . . .

proliferator-activated receptor-coactivator 1 alpha and foxol,

signaling through the phosphoinositide 3-kinase pathway due to and SIRT3 acts indirectly through glutamate dehydrogenase

reduced intrinsic tyrosine kinase [6] or inhibition of Akt and . S - .
rotein kinase CZ phosphorylation by increased expression of the deacetylation [18]. Oxidative stress is one of the factors regulating
P ) ’ ) - the acetylation of non-histone proteins [19], including Pten [20]

inhibitors Pten (phosphatase and tensin homologue deleted on . .
(phosp . g . and foxo proteins [21]. Zhao et al [22] have shown that virtually
chromosome 10) and Trb3 (tribbles 3) [8,9,10]. Hepatic gluco- . . Lo
. . .. . . . every enzyme involved in glucose metabolism is regulated by
neogenesis in these animals is increased in association with . . .
. . . . acetylation. Recent research suggests that reactive oxygen species
increased expression of gluconeogenic genes [9,11,12]. Insulin . . o9 . L.
. § Lo . (ROS) from mitochondria can increase liver HDAC activity
resistance could result from oxidative stress, which has been ; . .
[23,24], and that ER stress can also induce an increase of certain

reported in offspring exposed to prenatal alcohol [13,14,15]. N S . X
. . . : . HDACG:s [25,26]. Tauroursodeoxycholic acid (TUDCA) is a taurine
Insulin resistance could also result from endoplasmic reticulum
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Figure 1. Body weight of male rat offspring during week 1 (A) and weeks 2-16 (B) of life. The offspring were exposed to ethanol (EtOH) or
water only during windows of exposure representing early, mid, or late pregnancy. Control and pair-fed offspring were from dams with free access to
chow and dams fed the amount of chow consumed by EtOH dams, respectively. TUDCA (T) was given to a subgroup of EtOH offspring for 3 weeks
prior to sacrifice. Data shown as the mean=SE, n=6. *P<0.05, **P<<0.01 ethanol (EtOH) vs. control; #P<0.05, *#P<0.01 EtOH vs. pair-fed.

doi:10.1371/journal.pone.0059680.9001

conjugate of ursodeoxycholic acid known to reduce cellular stress
through its anti-oxidant and anti-ER  stress properties
[27,28,29,30,31]. The purpose of this study was to investigate
whether prenatal ethanol exposure alters the expression of class II
HDACs and SIRT2 as well as the acetylation status of
gluconeogenic proteins in adult rat offspring exposed to ethanol
in utero, and whether the anti-oxidant and anti-ER stress TUDCA
can reverse these anomalies.

Materials and Methods

Ethics Statement

All studies were approved by the Committee for Animal Use in
Research and Teaching of the University of Manitoba prior to
commencement of the studies, in full compliance with the
Canadian Council on Animal Care who has certified that the
animal care and use program at the University of Manitoba is in
accordance with the standards of Good Animal Practice.

PLOS ONE | www.plosone.org

Experimental Design

Animal experiments were performed as described before
[9,10,14], except that ethanol was given for one gestation week
mnstead of throughout pregnancy. Pregnant Sprague-Dawley rats
(Charles River Canada, Saint Constant, QC) were randomly
assigned: a) to be gavaged with ethanol during the first, second or
third gestation week; b) to be gavaged with water instead of
ethanol and be pair-fed the amount of chow consumed by the
ethanol dams; c) to be gavaged with water and be given free access
to chow. After weaning onto normal chow, subgroups of male
offspring from ethanol dams were given tauroursodeoxycholic acid
sodium salt (TUDCA, 15 mg/kg) by daily IP injection for 3 weeks
as of 13 weeks of age (ethanol-TUDCA), whereas the others were
given normal saline. At 16 weeks, male rat offspring from each
group, representing individual litters, were fasted for 15 h and the
procedures described below were performed.

Glucose Tolerance Test

Rat offspring were fasted overnight and then submitted to IP
glucose tolerance test (IPGTT) by 9:00 a.m. the next morning.

March 2013 | Volume 8 | Issue 3 | 59680



Blood glucose (mmol/L)
=

Blood glucose (mmol/L) (@)

w

Early

-8-Control
—A—Pair-fed
—¥—E{OH

Serum insulin (ng/ml)
N

oS o

w©w

o~

——EtOH+T
*ki
Omin 30min 60min 120 min
*k i
*k#
ki
i
1 1 1 1
0 min 30min 60min 120 min
f
k4
i
1 1 1 1 1
Omin 30min 60 min 90min 120 min

18
16
14
12
10

Blood glucose (mmol/L)

= -2

Serum insulin (ng/ml)

Blood glucose (mmol/L)

w

Mid

LE]

* ki

30 min

0 min 60 min 120 min

ol -~ ©
T T T

Omin 30min  60min 120 min

Reversing Early Ethanol-Enhanced Gluconeogenesis

Serum insulin (ng/ml)

Blood glucose (mmol/L)

Blood glucose (mmol/L)

Late

*k

o O N~
T T T T
£

60 min

P=Y - R N Y
T

Omin 30 min 120 min

0 L L 1 1
Omin 30min 60min 120 min

17 ¢ b

o ~
T T

0 min

30min 60 min  90min 120 min

w

Omin 30min 60 min  90min 120 min

Figure 2. Blood glucose and insulin levels after intraperitoneal injection of glucose (A, B) and blood glucose after intraperitoneal
injection of sodium pyruvate (C) in 4 month-old male rat offspring exposed to ethanol (EtOH) or water only during early, mid, or
late pregnancy. Control and pair-fed offspring were from dams with free access to chow and dams fed the amount of chow consumed by EtOH
dams, respectively. A subgroup of EtOH rats was given TUDCA (T) for 3 weeks before the measurements. Data shown as the mean=*SE, n=6.
*P<0.05, **P<0.01 EtOH vs. control; #P<0.05, ##P<0.01 EtOH vs. pair-fed.
doi:10.1371/journal.pone.0059680.g002

Glucose (30% w/v), 2 g/kg body weight, was IP injected and
saphenous vein blood (40 W) was sequentially collected for the
determination of glucose (Ascensia Elite XL, Bayer HealthCare,

Toronto, ON, Canada) and insulin (Ultrasensitive Rat Insulin

PLOS ONE | www.plosone.org

Elisa kit, CrystalChem, Downers Grove, IL). The rats were killed
by exsanguination, and liver and plasma were stored, respectively,
at —80°C and —20°C until used.
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Table 1. Areas under the curve during IPGTT.

Control Pair-fed EtOH EtOH+T
Glucose curve (mmol.min/l)
Early 914+40 872+45 1121+54%## 923+47
Mid 839+54 870+28 1078 +42*###  896+42
Late 923+40 867+51 118062 ##  932+72
Insulin curve (ng.min/ml)
Early 190+9 205+6 285+ 17+ ###  222+9
Mid 16112 164+8 240+21%## 185+16
Late 223+12 218+15 296+21%% 233+21

Four month-old male rat offspring were exposed to ethanol (EtOH) or water
only during early, mid, or late pregnancy. Control and pair-fed offspring were
from dams with free access to chow and dams fed the amount of chow
consumed by EtOH dams, respectively. A subgroup of EtOH rats was given
TUDCA (T) 3 weeks before the experiments. Data are the mean=SE, n=6.
*P<0.05, **P<0.01, ***P<0.001 EtOH vs. control; #P<0.05, ##P<0.01,
###p<0.001 EtOH vs. pair-fed.

doi:10.1371/journal.pone.0059680.t001

Pyruvate Challenge Test

Gluconeogenesis was estimated using pyruvate challenge test
[10,12]. Briefly, rats were IP injected with sodium pyruvate (2 g/
kg) dissolved in saline, and blood glucose was determined with
Ascensia Elite XL (Bayer HealthCare) in saphenous vein blood
every 30 min for 2 h.

Preparation of Liver Tissue Extracts

Liver cytosol was prepared as described [10]. Briefly, liver tissue
was homogenized in ice-cold buffer containing 20 mM Tris-HCI,
pH 7.4, 250 mM sucrose, | mM EDTA, 10 mM sodium fluoride,
2 mM sodium vanadate, 2 mg/ml benzamidine, and a protease
inhibitor cocktail (Sigma-Aldrich, Mississauga, ON, Canada).
After centrifugation at 3,000 g for 10 min at 4°C, the supernatant
was centrifuged at 100,000 g for 90 min and the precipitate was
resuspended in ice-cold buffer by shearing through a 22-gauge
needle, using at least 10 passes until the precipitate was well
resuspended.

Liver nuclear fraction was prepared as described previously
[10,32]. Briefly, liver tissue was homogenized in two volumes of
ice-cold TKM (50 mM Tris-HCl buffer, pH 7.5, containing
250 mM sucrose, 25 mM KCI, and 5 mM MgCl2). For nuclear
protein acetylation assay, liver was homogenized in RIPA buffer
(1 xphosphate-buffered saline, 1% Igepal, 0.5% sodium deox-
ycholate, and 0.1% sodium dodecyl sulfate) containing protease
and phosphatase inhibitors and deacetylase inhibitors (100 mM
trichostatin A, 10 mM sodium butyrate). The homogenate was
filtered through four layers of gauze, and 1.0 ml of filtrate was
mixed with 2.0 ml of 2.3 M sucrose in TKM. The mixture was
then underlaid by 1.0 ml of 2.3 M sucrose in TKM and, after
centrifugation at 124,000 g at 4°C for 30 min, the supernatant
was poured off and the nuclear pellet was taken up in TKM buffer.

Oxidative Stress Determination

Oxidative stress was determined using a commercial kit
(OxiSelect in Vitro ROS/RNS Assay kit, Cell Biolabs, San Diego,
CA), which measures total free radicals, including ROS and
reactive nitrogen species, according to the manufacturer’s
instructions. In the presence of ROS, the probe 2',7'-dichloro-
fluorescein (DCFH) is oxidized into the highly fluorescent 2',7'-
dichlorodihydrofluorescein (DCF). Liver tissues (50 mg/ml in
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phosphate buffered saline) were homogenized on ice and spun at
10,000 g for 5 min to remove insoluble particles. Duplicate
volumes (50 pl) of samples and DCF standard were added to
a 96 well plate followed by 50 pl of a catalyst that helps accelerate
the oxidative reaction. After incubation for 5 min at room
temperature, 100 ul of DCFH solution were added to samples
and the incubation continued for 30 min in the dark. DCF
fluorescence was read in a Fluostar Optima fluorescence
microplate reader (BMG Labtechnologies, Offenburg, Germany)
at 480 nm excitation/530 nm emission. The free radical content
(nmol/mg protein) of liver samples was determined in comparison
with the DCF standard curve.

HDAC Activity Assay

HDAC activity was measured colorimetrically using a kit from
BioVision (Mountain View, CA) following the manufacturer’s
mnstructions, as described [10]. Briefly, 100 pg of nuclear proteins
were added to each well of a 96-well plate. A standard curve was
prepared using a deacetylated standard included in the kit, with
HeLa nuclear extract and trichostatin A as positive and negative
controls, respectively. Absorbance was read in an ELISA plate
reader at 405 nm and HDAC activity was expressed as pm/lg

protein.

Western Blotting

Antibodies against GADD 153 or C/EBP homologous protein
(CHOP, B-3, sc-7351), HDAC3 (40, sc-16290), HDAC4 (H-92, sc-
11418), HDACS (G-18, sc-5250), HDAC7 (N-18, sc-11489),
HDAC4/5/7 (H-273, sc-11421), forkhead transcription factor
(FKHR) or foxol (H-130, sc-67140), acetylated-FKHR (D-19,
49437), SIRT2 (A-5, sc-28298), PEPCK (P-16, sc-28477), glucose-
6-phosphatase (G6Pase, H-60, sc-25840) and B-actin (I-19, sc-
1616), as well as goat anti-rabbit IgG-horseradish peroxidase
(HRP, sc-2004), donkey anti-goat IgG-HRP (sc-2020) and donkey
anti-mouse IgG-HRP (sc-2314) were purchased from Santa Cruz
Biotechnology (Santa Cruz, CA). Antibodies to phospho-
HDAC4(Ser632)/HDAC5(Ser498)/HDAC7(Ser486) (#£3424)
and acetylated-lysine (#9441) were obtained from Cell Signaling
Technology (Danvers, MA).

Proteins (50 ug/well) were separated by SDS-PAGE and
electroblotted onto nitrocellulose membranes. This protein
amount was chosen because it was in the linear range of
immunodetection for all proteins tested. The blots were blocked
with 5% dry milk and incubated overnight at 4°C with the
primary antibody at 1:500 or 1:1000 dilution. The blots were
washed three times for 10 min each in Tris-buffered saline-Tween
and then incubated with goat anti-rabbit, donkey anti-goat or
donkey anti-mouse IgG-HRP at 1:2,000 or 1:3,000 for 1 h at
room temperature, and washed three more times for 10 min.
Immune complexes were detected using the ECL chemilumines-
cent detection kit after exposing the blots to a Kodak X-OMAT
AR (XAR-5) film. Protein contents were quantified by densitom-
etry using NIH Image software, and the reading was corrected for
that of normal control rats.

Immunoprecipitation

Aliquots of 500 ug protein diluted to 1.0 mg/ml in the RIPA
buffer were incubated overnight at 4°C with anti-HDAC4/5/7 or
PEPCK antibodies using constant rotation. Protein A sepharose
was then added, and the samples were further incubated for 3 h at
4°C. The immune complexes were washed 3 times with RIPA
buffer, and after electrophoresis, they were immunoblotted with
anti-HDACS3 or anti-acetylated-lysine antibodies, respectively.
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Figure 3. Hepatic nuclear PEPCK (A) and G6Pase (B) expression, and acetylated PEPCK (C) in 4 month-old male rat offspring
exposed to ethanol (EtOH) or water only during early, mid, or late pregnancy. Control and pair-fed offspring were from dams with free
access to chow and dams fed the amount of chow consumed by EtOH dams, respectively. A subgroup of EtOH rats was given TUDCA (T) 3 weeks
before the experiments. Data shown as the mean=*SE, n=6. *P<0.05, **P<<0.01 EtOH vs. control; #p<0.05, #*#P<0.01 EtOH vs. pair-fed.
doi:10.1371/journal.pone.0059680.g003
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Figure 4. Hepatic HDAC activity (A) and nuclear SIRT2 protein
level (B) in 4 month-old male rat offspring exposed to ethanol
(EtOH) or water only during early, mid, or late pregnancy.
Control and pair-fed offspring were from dams with free access to chow
and dams fed the amount of chow consumed by EtOH dams,
respectively. A subgroup of EtOH rats was given TUDCA (T) 3 weeks
before the experiments. Data are the mean=SE, n=6. *P<0.05,
**p<0.01 EtOH vs. control; #P<0.05, ##P<0.01 EtOH vs. pair-fed.
doi:10.1371/journal.pone.0059680.9g004

Real-time PCR

Liver PEPCK and G6Pase mRNAs were determined by real
time PCR in isolated liver tissues using reagents from InVitrogen
(Carlsbad, CA) and a protocol described before [16,33]. Total
RNA was extracted from 100 mg frozen tissue by the Trizol
method, and first-strand cDNAs were synthesized from 1 pg total
RNA and serial dilutions of standard RNA using Moloney murine
leukemia virus reverse transcriptase and oligo(deoxythymidine)
random primers. For each sample, the reverse transcription
product (30 ng) was amplified by real-time PCR using primers for
rat PEPCK (forward: 5-GCAGAGCATAAGGGCAAGGT-3’,
reverse:  5’-CCAAAGAAGGGCCGCATAG-3), G6Pase (for-
ward: 5-TCGGGAGGAGGGGGAGTGTTTG-3, reverse: 5’-
AGCAGCGTGGTCAGGGAAGCAG-3’), and B-actin (forward:
5-ACCAGTTCGCCATGGATGAC-3’, reverse: 5-
TGCCGGAGCCGTTGTC-3%) in a final volume of 25 ul
containing 12.5 ul SYBR Green PCR master mix. For each
standard dilution, 1 pl of cDNA reverse transcript was amplified
using primer 1 and primer 2. The Applied Biosystem 7500
thermocycler was used to perform the PCR, with the following
cycles: denaturation at 95°C for 10 min followed by 40 cycles of
15 sec at 95°C, 1 min 30 sec at 60°C. Data were analyzed by the
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Figure 6. Hepatic nuclear HDAC3 protein content immunoprecipitated (IP) with HDAC4/5/7 antibody (A), representative western
blot of cytosolic phospho-HDAC4,5, and 7 (B), cytosolic level of phospho-HDAC4 (C) and phospho-HDAC5/7 (D), and nuclear
content of acetyl-foxo1 protein (E) in 4 month-old male rat offspring exposed to ethanol (EtOH) or water only during early, mid, or
late pregnancy. Control and pair-fed offspring were from dams with free access to chow and dams fed the amount of chow consumed by EtOH
dams, respectively. A subgroup of EtOH rats was given TUDCA (T) 3 weeks before the experiments. Data shown as the mean=SE, n=6. *P<<0.05,

**p<0.01 EtOH vs. control; #P<0.05, ##P<0.01 EtOH vs. pair-fed.
doi:10.1371/journal.pone.0059680.g006

AACt method using ABI 7500 system software, and mRNA levels
were normalized to B-actin mRNA.

Statistical Analysis

Statistical analyses were performed with SPSS software. Data
from rat offspring were compared by one-way ANOVA between
maternal gestational treatment weeks and treatment groups
(normal control, pair-fed, ethanol, and, ethanol-TUDCA) using
one-way ANOVA with post hoc Tukey’s honestly significant
difference test. Interaction between treatment and week of
exposure was determined by two-factor ANOVA to further verify

PLOS ONE | www.plosone.org

the influence of time of exposure on the effects of ethanol, and is
reported in the text only when statistically significant. Insulin
concentrations were log-transformed before the analyses. Data are
expressed as the mean * SE. P<<0.05 was considered significant.

Results

Body Weight

On day 1 of'life, offspring from ethanol dams were smaller than
those from pair-fed and control dams (P<<0.05-0.01) after
exposure at early and late gestation (Fig. 1). The weight of

March 2013 | Volume 8 | Issue 3 | 59680
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ethanol offspring exposed at mid gestation remained lowest onto
the third day of life. However, all offspring from ethanol dams
progressively gained weight and were heavier (P<<0.05-0.01) than
the other two groups as of the eighth week of life and this weight
gain was offset by 3 weeks of TUDCA treatment (Fig. 1).

Glucose Tolerance

After exposure during early pregnancy, serum glucose concen-
trations were higher (P<<0.05-0.01) in ethanol rat offspring than in
control and pair-fed rats at 60 min and 120 min of IPGTT (Fig. 2).
These glucose differences appeared as of 30 min after exposure in
mid pregnancy and were already apparent in the fasting state
following exposure in late pregnancy. However, insulin levels
during IPGTT were higher (P<<0.05-0.01) in ethanol exposed rats
than in control and pair-fed rats treated at the same pregnancy
stage at all the time points examined. TUDCA treated ethanol rat
offspring had similar glucose and insulin levels to those of control
and pair-fed groups. Similarly, area under the curves for glucose
and insulin were greater (P<<0.05-0.001) in ethanol rats than in
control and pair-fed groups (Table 1). Comparison of weeks of
exposure using two-factor ANOVA showed a time effect on
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glucose concentrations with a significant interaction (P<<0.05)
between weeks of exposure and treatment, so that glucoses were
highest (slightly) after exposure during the third gestational week.
There was no interaction between time of exposure and treatment
on insulin concentrations.

Gluconeogenesis

The effects of prenatal exposure to ethanol during early, mid,
and late pregnancy on gluconeogenesis were investigated by
measuring blood glucose after pyruvate bolus administration
(Fig. 2). Blood glucose following pyruvate administration was
higher (P<<0.05-0.01) in ethanol rats vs. control and pair-fed rats
regardless of exposure time, and TUDCA treatment prevented the
excessive increase in glucose levels.

Gluconeogenic Enzymes

PEPCK and G6Pase protein and mRINA levels were higher
(P<<0.05-0.01) in ethanol rat offspring than in control and pair-fed
rat offspring from similar pregnancy stages of exposure, and these
protein and mRNA levels were reversed by treatment with
TUDCA (Fig. 3). In contrast, acetyl-PEPCK determined by
immunoprecipitation with anti-PEPCK antibody followed by
probing with anti-acetylated-lysine antibody was decreased
(P<0.01) in ethanol exposed rats and increased by TUDCA
treatment (Fig. 3).

Gluconeogenic Histone Deacetylases

PEPCK acetylation status is regulated by the balance between
the acetyltransferase p300 and the class III HDAGs, sirtuins. We
have previously shown a decrease of histone acetyltransferase
activity and an increase of HDAC activity with increased HDAC1
expression in the liver of rats prenatally exposed to ethanol [10].
Here, we first confirmed an increase of HDAC activity in ethanol
rats vs. control and pair-fed rats (P<<0.01) regardless of time of
exposure during pregnancy (Iig. 4). TUDCA treatment decreased
HDAC activity similar to normal controls regardless of the timing
of ethanol exposure during pregnancy. We then determined the
level of hepatic nuclear SIRT2 protein, which is known to
deacetylate PEPCK, and found it to be increased in ethanol vs.
control and pair-fed rat offspring (P<<0.05-0.01), and normalized
by TUDCA treatment (Fig. 4). We next determined class 1I
HDAC protein content in nuclear extracts (Fig. 5). The protein
levels of HDAC4, 5, and 7 were higher in ethanol rat offspring
than in offspring from control and pair-fed dams at equivalent
times of exposure during pregnancy (P<<0.05-0.01), and TUDCA
treatment reversed these increases. Because HDAC4, 5, and 7 are
catalytically inactive and are activated when complexed with
HDACS3 [34], we tested the interaction of HDAC4,5, and 7 with
HDAC3 by immunoprecipitating HDAC4, 5, 7 together and
probing for the presence of HDAC3 in the immunoprecipitate
(Fig. 6). HDAC3 protein content in this precipitate was
significantly greater in ethanol rats than in offspring from control
and pair-fed dams (P<<0.01), and TUDCA treatment reversed this
change. By two-factor ANOVA, there was a significant effect of
time on HDACS3 association with HDAC4/5/7 with a strong
interaction between week of exposure and treatment (P<<0.0001),
so that HDACS3 level in this complex was highest after late
gestation exposure.

Because HDAC activity can be regulated by phosphorylation in
the cytosol, we determined hepatic cytosol HDAC4, 5, and 7
protein phosphorylation state (Fig. 6). Due to the close molecular
weights of HDACS5 and 7, these proteins did not resolve into 2
discrete bands. Nevertheless, the results suggest that ethanol rat
offspring had decreased phosphorylation of HDAC4, 5, and 7 vs.
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control and pair-fed offspring from all three stages of prenatal
exposure (P<<0.05-0.01). However, the reduced phosphorylation
of these HDACs was only partially reversed by TUDCA
treatment.

Foxo1 Acetylation

To further investigate the effects of HDAC4/5/7/3 complex
on foxol acetylation, we measured acetyl-foxol protein level by
western blotting using acetylated-FKHR antibody (Fig. 6).
Acetyl-foxol protein level was significantly decreased in ethanol
rats than in control and pair-fed rats regardless of time of
exposure (P<<0.01), and TUDCA partially reversed this change.

Cellular Stress

As ethanol may cause oxidative and ER stresses, we measured
free radicals and CHOP in rat offspring liver (Fig. 7). We found
that prenatal ethanol increased free radical accumulation by 60—
90% vs. control and pair-fed rats regardless of the time of exposure
(P<<0.05-0.01). As with gluconeogenesis, treatment with TUDCA
reversed the increase in free radical levels in ethanol rats. We also
found that ER stress protein CHOP expression was increased by
155-240% vs. control and pair-fed offspring (P<<0.05-0.01)
regardless of the time of exposure, and that TUDCA reversed
this increase (Fig. 7).

Discussion

This is the first report that increased gluconeogenesis and
glucose intolerance develop in adult offspring after exposure to
ethanol during either of the 3 weeks of rat gestation, despite
increased insulin levels indicative of insulin resistance. Increased
gluconeogenesis was explained by increased expression of major
genes PEPCK and Go6Pase in the liver, consistent with our
previous studies where rats were prenatally exposed to ethanol
throughout the whole duration of pregnancy [10,12]. The current
study further shows that adult rats prenatally exposed to ethanol
for only one week have increased expression of histone
deacetylases involved in gluconeogenesis. In a previous report,
adult rat offspring exposed to ethanol throughout pregnancy had
increased expression of HDACI, resulting in reduced acetylation
and enhanced activity of Akt inhibitors Pten and Trb3 [10]. Other
HDAC:s have been reported to be increased after ethanol exposure
in cell culture systems [24,35].

Prenatal ethanol could increase HDAC activity by inducing
oxidative and ER stresses [13,14,36], as shown by the increase in
their respective markers, free radicals and CHOP. Other ER
markers previously found in this rat model include cytochrome
P450 2E1, glucose regulated protein 58, glucose regulated protein
94, hexose-6-phosphate dehydrogenase, and Trb3 [10,11,16]. ER
stress increases expression of hepatic gluconeogenic enzymes
through HDAC dependent mechanisms [37] and some HDACs
are known to be upregulated in response to ER stress [25,26].
Oxidative stress also increases HDAGC activity by promoting
dephosphorylation of HDAC4, 5 and 7 with as a consequence
their translocation into the nucleus where they form a complex
that recruits HDAC3, leading to the induction of gluconeogenic
genes [23,24,38]. HDAC4, 5 and 7 have also been reported to
promote the transcription of gluconeogenic genes via deacetylation
and activation of foxo family of transcription factors [38]. Similar
to the absence of insulin, oxidative stress also results in
dephosphorylation of foxol, leading to its nuclear accumulation
and increased transcription of gluconeogenic genes [39]. Recent
studies also show that nuclear foxol deacetylation by HDAC3
results in increased expression of foxol target genes such as
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PEPCK and Go6Pase [38]. The class III HDAC SIRT2 also
deacetylates foxol and peroxisome proliferator-activated receptor-
Y coactivator-la, two transcriptional inducers of gluconeogenic
enzyme gene expression [40,41,42]. In addition, SIRT2 activates
PEPCK through deacetylation [43], and PEPCK acetylation
decreases its stability and inactivates its catalytic activity [22]. We
found that prenatal ethanol exposure increases SIRT2 protein
expression and PEPCK deacetylation and we confirm our
previous reports that prenatal ethanol increases PEPCK expres-
sion. We found, in addition, that nuclear HDAC4, 5, and 7
proteins were increased and co-immunoprecipitated with HDAC3
in rats prenatally exposed to ethanol, whereas acetylated PEPCK
and foxol protein levels were lower. Thus, protein deacetylation
plays a central role in increased gluconeogenesis of rats prenatally
exposed to ethanol. We propose that prenatal ethanol exposure
increases HDAC activity as well as foxol and PEPCK deacetyla-
tion through an increase of oxidative and ER stresses, resulting in
increased gluconeogenesis.

Importantly, the anomalies associated with prenatal ethanol
exposure were reversed by TUDCA, a taurine conjugate of
ursodeoxycholic acid. TUDCA likely caused these beneficial
effects by reducing cellular stress, as it is known to have anti-
oxidant properties through stabilization of mitochondrial mem-
branes and function [27,28] and to have chemical chaperone
inhibitory activity on ER stress [29,30,31]. Because of the duality
of action of this product, it is not possible to determine which one
of the ER and oxidative stresses is the primary site for the
reduction of gluconeogenesis by this agent after prenatal ethanol
exposure. Furthermore, there is an interrelationship between ER
and oxidative stresses whereby chronic ER stress is a cause of
oxidative stress and, vice-versa, oxidative stress is a cause of ER
stress [44,45]. During ER stress, thiol oxidoreductase enzymes
responsible for disulfide bond formation of glycoproteins are
upregulated in the ER lumen and catalyze oxidation/reduction
reactions, with molecular oxygen as the electron recipient [46].

Another interesting finding in this study is the alteration of
glucose regulation regardless of time of prenatal ethanol exposure
with, however, a significantly greater effect in offspring exposed
during the third gestational week. Interestingly, but by an
unknown mechanism, these rats showed a greater association of
HDAC3 with HDAC4/5/7 than offspring exposed to ethanol
during the first two weeks. These observations are in agreement
with the concept that there is no clear-cut fetal window of
vulnerability to endocrine dysfunction, although the third and
possibly the second trimesters of pregnancy may be more
vulnerable [47]. It also has been suggested that the epigenome is
vulnerable to ethanol during early embryogenesis, a time when the
DNA synthetic rate is high and there is genome wide epigenetic
reprogramming [48].

In summary, ethanol exposure for only one week during
gestation is followed by long-lasting deleterious effects on cellular
stress and glucose regulation in adult rat offspring in association
with increased class II HDAC proteins and SIRT2. These
anomalies occurred regardless of the time of ethanol exposure
during pregnancy, including early embryogenesis, a time when the
majority of women are unaware of their pregnancy and therefore
may expose their unborn fetus to ethanol. The reversal of these
effects by TUDCA, which inhibits ER and oxidative stresses,
suggests that cellular stress underlies increased gluconeogenesis
and glucose intolerance in rats prenatally exposed to ethanol, and
that TUDCA has the potential to offset the hyperglycemia
associated with prenatal ethanol.

March 2013 | Volume 8 | Issue 3 | 59680



Author Contributions

Manuscript revision and approval: BLN HKN XHY. Conceived and
designed the experiments: BLN XHY. Performed the experiments: XHY

References

1.

20.

21.

22.

23.

24.

Castells S, Mark E, Abaci F, Schwartz E (1981) Growth retardation in fetal
alcohol syndrome. Unresponsiveness to growth-promoting hormones. Dev

Pharmacol Ther 3: 232-241.

. Young TK, Martens PJ, Taback SP, Sellers EA, Dean HJ, et al. (2002) Type 2

diabetes mellitus in children: prenatal and early infancy risk factors among
native canadians. ArchPediatrAdolescMed 156: 651-655.

. Chen L, Nyomba BL (2003) Glucose intolerance and resistin expression in rat

offspring exposed to ethanol in utero: modulation by postnatal high-fat diet.
Endocrinology 144: 500-508.

. Pennington JS, Shuvaeva TI, Pennington SN (2002) Maternal dietary ethanol

consumption is associated with hypertriglyceridemia in adult rat offspring.

Alcohol ClinExpRes 26: 848-855.

. Chen L, Nyomba BL (2004) Whole body insulin resistance in rat offspring of

mothers consuming alcohol during pregnancy or lactation: comparing prenatal
and postnatal exposure. ] Appl Physiol 96: 167-172.

Elton CW, Pennington JS, Lynch SA, Carver FM, Pennington SN (2002) Insulin
resistance in adult rat offspring associated with maternal dietary fat and alcohol
consumption. J Endocrinol 173: 63-71.

. Grucza RA, Krueger RF, Racette SB, Norberg KE, Hipp PR, et al. (2010) The

emerging link between alcoholism risk and obesity in the United States. Arch
GenPsychiatry 67: 1301-1308.

. Chen L, Yao XH, Nyomba BL (2005) In vivo insulin signaling through PI3-

kinase is impaired in skeletal muscle of adult rat offspring exposed to ethanol in
utero. J Appl Physiol 99: 528-534.

. Yao XH, Nyomba BL (2007) Abnormal glucose homeostasis in adult female rat

offspring after intrauterine ethanol exposure. Am J Physiol Regul Integr Comp
Physiol 292: R1926-1933.

. Yao XH, Nyomba BL (2008) Hepatic insulin resistance induced by prenatal

alcohol exposure is associated with reduced PTEN and TRB3 acetylation in

adult rat offspring. Am J Physiol Regul Integr Comp Physiol 294: R1797-1806.

. Fofana B, Yao XH, Rampitsch C, Cloutier S, Wilkins JA, et al. (2010) Prenatal

alcohol exposure alters phosphorylation and glycosylation of proteins in rat
offspring liver. Proteomics 10: 417-434.

. Yao XH, Chen L, Nyomba BL (2006) Adult rats prenatally exposed to ethanol

have increased gluconeogenesis and impaired insulin response of hepatic
gluconeogenic genes. J Appl Physiol 100: 642-648.

. Cohen-Kerem R, Koren G (2003) Antioxidants and fetal protection against

ethanol teratogenicity. I. Review of the experimental data and implications to
humans. Neurotoxicol Teratol 25: 1-9.

. Dembele K, Yao XH, Chen L, Nyomba BL (2006) Intrauterine ethanol

exposure results in hypothalamic oxidative stress and neuroendocrine alterations

in adult rat offspring. Am J Physiol Regul Integr Comp Physiol 291: R796-802.

. Brocardo PS, Gil-Mohapel J, Christie BR (2011) The role of oxidative stress in

fetal alcohol spectrum disorders. Brain Res Rev 67: 209-225.

. Nammi S, Dembele K, Nyomba BL (2007) Increased 11beta-hydroxysteroid

dehydrogenase type-1 and hexose-6-phosphate dehydrogenase in liver and
adipose tissue of rat offspring exposed to alcohol in utero. Am J Physiol Regul

Integr Comp Physiol 292: R1101-1109.

. Oiso H, Furukawa N, Suefuji M, Shimoda S, Ito A, et al. (2011) The role of class

T histone deacetylase (HDAC) on gluconeogenesis in liver. Biochem Biophys Res
Commun 404: 166-172.

. Rabbani B, Mahdiech N, Haghi Ashtiani MT, Setoodeh A, Rabbani A (2012) In

silico structural, functional and pathogenicity evaluation of a novel mutation: an
overview of HSD3B2 gene mutations. Gene 503: 215-221.

. Batta K, Das C, Gadad S, Shandilya J, Kundu TK (2007) Reversible acetylation

of non histone proteins: role in cellular function and disease. SubcellBiochem 41:
193-212.: 193-212.

Downes CP, Walker S, McConnachie G, Lindsay Y, Batty IH, et al. (2004)
Acute regulation of the tumour suppressor phosphatase, PTEN, by anionic lipids
and reactive oxygen species. Biochem Soc Trans 32: 338-342.

Storz P (2011) Forkhead homeobox type O transcription factors in the responses
to oxidative stress. Antioxid Redox Signal 14: 593-605.

Zhao S, Xu W, Jiang W, Yu W, Lin Y, et al. (2010) Regulation of cellular
metabolism by protein lysine acetylation. Science 327: 1000-1004.

Miura K, Taura K, Kodama Y, Schnabl B, Brenner DA (2008) Hepatitis C
virus-induced oxidative stress suppresses hepcidin expression through increased
histone deacetylase activity. Hepatology 48: 1420-1429.

Agudelo M, Gandhi N, Saiyed Z, Pichili V, Thangavel S, et al. (2011) Effects of
alcohol on histone deacetylase 2 (HDAC2) and the neuroprotective role of
trichostatin A (T'SA). Alcohol Clin Exp Res 35: 1550-1556.

PLOS ONE | www.plosone.org

10

Reversing Early Ethanol-Enhanced Gluconeogenesis

HKN. Analyzed the data: XHY BLN. Contributed reagents/materials/
analysis tools: BLN. Wrote the paper: XHY BLN.

27.

28.

29.

30.

31.

36.

37.

38.

39.

40.

41.

43.

44.

46.

47.

48.

. Kawaguchi Y, Kovacs JJ, McLaurin A, Vance JM, Ito A, et al. (2003) The

deacetylase HDACG6 regulates aggresome formation and cell viability in response
to misfolded protein stress. Cell 115: 727-738.

5. Kahali S, Sarcar B, Prabhu A, Seto E, Chinnaiyan P (2012) Class I histone

deacetylases localize to the endoplasmic reticulum and modulate the unfolded
protein response. FASEB J 26: 2437-2445.

Rodrigues CM, Sola S, Sharpe JC, Moura JJ, Steer CJ (2003) Tauroursodeoxy-
cholic acid prevents Bax-induced membrane perturbation and cytochrome C
release in isolated mitochondria. Biochemistry 42: 3070-3080.

Sokol RJ, Dahl R, Deverecaux MW, Yerushalmi B, Kobak GE, et al. (2005)
Human hepatic mitochondria generate reactive oxygen species and undergo the
permeability transition in response to hydrophobic bile acids. J Pediatr
Gastroenterol Nutr 41: 235-243.

Berger E, Haller D (2011) Structure-function analysis of the tertiary bile acid
TUDCA for the resolution of endoplasmic reticulum stress in intestinal epithelial
cells. Biochem Biophys Res Commun 409: 610-615.

Miller SD, Greene CM, McLean C, Lawless MW, Taggart CC, et al. (2007)
Tauroursodeoxycholic acid inhibits apoptosis induced by Z alpha-1 antitrypsin
via inhibition of Bad. Hepatology 46: 496-503.

Ozcan U, Yilmaz E, Ozcan L, Furuhashi M, Vaillancourt E, et al. (2006)
Chemical chaperones reduce ER stress and restore glucose homeostasis in
a mouse model of type 2 diabetes. Science 313: 1137-1140.

. Blobel G, Potter VR (1966) Nuclei from rat liver: isolation method that

combines purity with high yield. Science 154: 1662-1665.

. Nguyen KH, Lee JH, Nyomba BL (2012) Ethanol causes endoplasmic reticulum

stress and impairment of insulin secretion in pancreatic beta-cells. Alcohol 46:
89-99.

. Fischle W, Dequiedt F, Hendzel MJ, Guenther MG, Lazar MA, et al. (2002)

Enzymatic activity associated with class II HDAC:s is dependent on a multi-
protein complex containing HDAC3 and SMRT/N-CoR. Mol Cell 9: 45-57.

. Vangipuram SD, Lyman WD (2012) Ethanol affects differentiation-related

pathways and suppresses Wnt signaling protein expression in human neural stem
cells. Alcohol Clin Exp Res 36: 788-797.

Ke Z, Wang X, Liu Y, Fan Z, Chen G, et al. (2011) Ethanol induces
endoplasmic reticulum stress in the developing brain. Alcohol Clin Exp Res 35:
1574-1583.

Kimura K, Yamada T, Matsumoto M, Kido Y, Hosooka T, et al. (2012)
Endoplasmic reticulum stress inhibits STAT3-dependent suppression of hepatic
gluconeogenesis via dephosphorylation and deacetylation. Diabetes 61: 61-73.
Mihaylova MM, Vasquez DS, Ravnskjaer K, Denechaud PD, Yu RT, et al.
(2011) Class ITa histone deacetylases are hormone-activated regulators of FOXO
and mammalian glucose homeostasis. Cell 145: 607-621.

Frescas D, Valenti L, Accili D (2005) Nuclear trapping of the forkhead
transcription factor FoxO1 via Sirt-dependent deacetylation promotes expres-
sion of glucogenetic genes. J Biol Chem 280: 20589-20595.

Jing E, Gesta S, Kahn CR (2007) SIRT?2 regulates adipocyte differentiation
through FoxO1 acetylation/deacetylation. Cell Metab 6: 105-114.

Wang F, Tong Q (2009) SIRT2 suppresses adipocyte differentiation by
deacetylating FOXO1 and enhancing FOXO1’s repressive interaction with
PPARgamma. Mol Biol Cell 20: 801-808.

. Krishnan J, Danzer C, Simka T, Ukropec J, Walter KM, et al. (2012) Dietary

obesity-associated Hiflalpha activation in adipocytes restricts fatty acid
oxidation and energy expenditure via suppression of the Sirt2-NAD+ system.
Genes Dev 26: 259-270.

Jiang W, Wang S, Xiao M, Lin Y, Zhou L, et al. (2011) Acetylation regulates
gluconeogenesis by promoting PEPCK1 degradation via recruiting the UBRS
ubiquitin ligase. Mol Cell 43: 33-44.

Li G, Scull C, Ozcan L, Tabas I (2010) NADPH oxidase links endoplasmic
reticulum stress, oxidative stress, and PKR activation to induce apoptosis. J Cell
Biol 191: 1113-1125.

. Zhang K, Kaufman RJ (2008) From endoplasmic-reticulum stress to the

inflammatory response. Nature 454: 455-462.

Haynes CM, Titus EA, Cooper AA (2004) Degradation of misfolded proteins
prevents ER-derived oxidative stress and cell death. Mol Cell 15: 767-776.
Barr M DM, Lau CS, Osmond C, Ozanne SE, Sadler TW, et al. (2000)
Workshop to identify critical windows of exposure for children’s health:
cardiovascular and endocrine work group summary. Environ Health Perspect
(Suppl 3): 569-571.

Kaminen-Ahola N, Ahola A, Flatscher-Bader T, Wilkins SJ, Anderson GJ, et al.
(2010) Postnatal growth restriction and gene expression changes in a mouse
model of fetal alcohol syndrome. Birth Defects Res A Clin Mol Teratol 88: 818—
826.

March 2013 | Volume 8 | Issue 3 | 59680



