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Abstract
Background—Neurons containing proopiomelanocortin (POMC) derived peptides, known to
control stress axis, metabolic and immune functions, have a lower function in patients with a
family history of alcoholism, raising the possibility that alcohol effects on the POMC system may
transmit through generations. Here we describe epigenetic modifications of Pomc gene that
transmit through generation via male germline and may be critically involved in alcoholism-
inherited diseases.

Methods—Whether an epigenetic mechanism is involved in causing a Pomc expression deficit in
fetal alcohol exposed rats is studied by determining Pomc gene methylation, expression and
functional abnormalities and their normalization following suppression of DNA methylation or
histone acetylation. Additionally, transgenerational studies were conducted to evaluate the
germline-transmitted effect of alcohol.

Results—Fetal alcohol exposed male and female rat offspring showed a significant deficit in
POMC neuronal functions. Associated with this was an increased methylation status of several
CpG dinucleotides in the proximal part of the Pomc promoter region and altered level of histone
modifying proteins and DNA methyltransferases levels in POMC neurons. Suppression of histone
deacetylation and DNA methylation normalized Pomc expression and functional abnormalities.
Fetal alcohol-induced Pomc gene methylation, expression and functional defects persisted in the
F2 and F3 male but not in female germline. Additionally, the hypermethylated Pomc gene was
detected in sperms of fetal alcohol exposed F1 offspring that was transmitted through F3
generation via male germline.

Conclusions—Trangenerational epigenetic studies should spur new insight into the biological
mechanisms that influence the sex-dependent difference in genetic risk of alcoholism-inherited
diseases.
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INTRODUCTION
The gene encoding POMC produces two different classes of peptides, melanocortin and β-
endorphin (BEP), which have diverse functions including the regulation of energy
homeostasis, the stress response, immune system functions and the brain reward system (1–
5). Association analysis connects POMC system abnormalities with metabolic diseases,
increased alcohol preference and cancer in human patients (6–10). One of the environmental
factors that produce abnormalities to the POMC system is alcohol drinking by parents.
Children who are exposed to alcohol during fetal life often show behavioral and
physiological changes such as depression, anxiety, hyperactivity and an inability to deal
with stressful situations (11–13), as well as increased neonatal infection and childhood
leukemia (14, 15). Rodents exposed to alcohol during fetal life have shown to express a
lower level of POMC as well as pathologies including stress hyperresponsiveness, obesity,
diabetes, and immune problems (4, 16–18). Paternal alcohol consumption has been shown to
affect POMC neuronal functions in the offspring (19, 20). Furthermore, patients with a
family history of alcoholism often show an increased risk for POMC system-related
abnormalities (21). Epigenetic changes are now being considered as potential mechanisms
of the long-term effects of many toxicants when individuals are exposed to them during
development (22). Hence, by using the animal model of fetal alcohol exposure we
determined whether alcohol exposures during the developmental period incite epigenetic
marks leading to permanent alteration of Pomc gene expression in the hypothalamus.
Furthermore, we tested whether fetal alcohol-induced epigenetic marks on the Pomc gene
propagate through generations.

Methods and Materials
Animals and treatments

Sprague-Dawley rats obtained from Charles River (Wilmington, MA) were bred and
individually housed with 12-h light/12-h dark cycles at a constant temperature (22°C)
throughout the study. These rats were bred in our animal facility. On gestational day (GD)
7–21, pregnant rats were fed rat chow ad libitum (AD), a liquid diet containing ethanol
(BioServe Inc., Frenchtown, NJ) (AF), or pair-fed an isocaloric liquid control diet (with the
ethanol calories replaced by maltose-dextrin) (PF). AF, PF and AD male and female rat
offspring of F1, F2 and F3 generations were used in this study. Transgenerational studies
were conducted by breeding FAE rats with control animals of the opposite gender to
produce two germlines, male germline by breeding male fetal alcohol rats and their male
offspring with normal females (AFM), and female germline by breeding female fetal alcohol
rats and their offspring with normal males (AFF). F1~F3 generations rats at 60 and 80 days
after birth were used in this study.

Some of the AF, PF and AD F1 offspring were injected subcutaneously with trichostatin
(TSA; 2 mg/kg; Sigma), 5-azadeoxycytidine (AZA; 5 mg/kg; Sigma) or vehicle (control) on
day 1, 3 and 5 after birth. We administered TSA and AZA during the neonatal period rather
than the prenatal period because long-term suppression of DNA methylation during
pregnancy could potentially be harmful to the maintenance of pregnancy and fetal growth
(23). Rats were sacrificed between 60 and 80 days after birth. Brain tissues of these rats
were used for the collection of arcuate nucleus (ARC) or paraventricular nucleus (PVN)
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areas (24). Peripheral blood mononuclear cells (PBMC) were isolated using Histopaque
from trunk blood samples of some of these rats. In some animals, sperm samples were
collected from caudal epididymis as previously described (25). Stress responses were
evaluated by measuring plasma levels of stress hormones following intraperitoneal injection
of 100 µg/kg lipopolysaccharide (LPS; Sigma) or saline at various time period. We used
LPS model to determine changes in the POMC neuronal function in fetal alcohol exposed
rats because this model allow us to detect the changes in the BEP-regulated hypothalamic-
pituitary adrenal (HPA) axis function. In this model, LPS simultaneously activates both
corticotrophin-releasing hormone (CRH) and BEP secretion from the hypothalamus (4).
However because BEP inhibits CRH release, the amount of CRH release from the
hypothalamus and thereby ACTH release from the pituitary and corticosterone release from
the adrenal gland following LPS challenge increase when BEP peptide levels in the
hypothalamus is lower as in fetal alcohol exposed animals (16). Further support to this
concept comes from the data showing that transplantation of BEP-producing neurons in the
paraventricular nucleus (PVN) of the hypothalamus normalizes ACTH and corticosterone
response to the LPS challenge in fetal alcohol-exposed rats (4). In addition, recent evidence
suggests that alcohol drinking increases blood level of LPS and LPS binding proteins (26,
27). Animal surgery and care were performed in accordance with institutional guidelines and
complied with the National Institutes of Health policy.

Detailed methods for animal breeding, alcohol feeding, methylation assays, RNA
quantitation analysis, immunocytochemical detection of histone and DNA methyltransferese
proteins in BEP and CRH cells, hormone assays for BEP, ACTH and corticosterone are
described in Methods in the Supplement.

Statistics
Data are presented as mean ± s.e.m. The number of animal was indicated within bracket
under or above each histogram. Statistical tests employed and the level of significance are
given in Tables S2–9 (see Supplement).

RESULTS
Effects of fetal alcohol exposure on Pomc gene expression and stress axis function in
offspring

We used a well established liquid diet model of alcohol feeding in pregnant rats, which
produces offspring with endophenotypes similar to those found in human fetal alcohol
spectrum disorders (e.g., anxiety behaviors, stress hyper-responsiveness, metabolic diseases;
4, 16–18). Alcohol feeding or pair feeding did not affect body growth of dams or their litter
size (Figure S1B, C in the Supplement) nor did these procedures lead to having
uncompromised body growth of AF and PF offspring (Fig. S1D, E in the Supplement).
Determination of Pomc mRNA levels expressed by the ratio of Gapdh (Fig. 1A, B), β-actin
(Pomc:Actin mRNA Ratio; n=7–8; AD, 1.44 ± 0.23; AF, 0.08 ± 0.04; PF, 1.07 ± 0.11;
P<0.01) and 18S (Pomc:18S mRNA Ratio; n=7–8; AD, 0.91± 0.16; AF, 0.06 ± 0.04; PF,
0.67 ± 0.04; P<0.01) as housekeeping genes in the ARC (where majority of POMC cells are
located) revealed that they were similar in AD and PF male and female rats during
adulthood, suggesting a minimum impact of the liquid diet feeding paradigm on Pomc gene
expression. However, Pomc mRNA levels in the ARC were lower in AF compared to AD
and PF rats, without any sex difference. The inhibitory effect of fetal alcohol exposure on
Pomc gene expression is targeted to the ARC, since it was not observed in the Pomc gene of
low-expressing PVN tissues (Fig. 1C, D) or in the PBMC (Fig. 1E, F). The effect of fetal
alcohol on Pomc gene expression in the pituitary and ARC were not compared, since the
expression of hypothalamic but not the pituitary Pomc gene is regulated by several enhancer
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elements located approximately 10 to 12 kb upstream of its transcriptional units (28).
Additionally, hypothalamic POMC by producing BEP inhibits pituitary POMC production
via suppressing CRH secretion (4).

Determination of the level of BEP in the ARC verified the inhibitory action of fetal alcohol
on production of this peptide in both male and female rats (Fig. 1G, H). Since a reduced
BEP level in the ARC is known to result in an increase in responsiveness of the stress axis to
LPS (3, 4, 16), we also determined the changes in corticosterone and ACTH responses to
LPS in fetal alcohol exposed rats. As expected, both basal and LPS-stimulated ACTH levels
(Fig. 1I–K) and corticosterone levels (Fig. 1L–N) were higher in AF rats than in control-fed
rats. These data suggest that fetal alcohol-exposure programs the hypothalamus, such that
the adult expression of the Pomc gene is reduced resulting in stress axis
hyperresponsiveness.

Effects of fetal alcohol on the methylation status of the CpG island of Pomc gene
Global or site-specific methylation of CpG sites near and within regulatory regions of genes
is often associated with transcriptional inactivity and gene suppression (29). The rat Pomc
gene contains a 5' CpG island that surrounds the Pomc transcription start site. Methylation
of the CpG island in the human Pomc promoter was shown to be responsible for gene
silencing in non-expressing tissues (30). In order to look into epigenetic changes in the
Pomc gene, initial digestion with the methylation-sensitive enzyme HpaII and subsequently
by real-time PCR with primers flanking recognition sites were performed to determine if
there were any change in DNA methylation in the proximal part of the Pomc gene. The rat
Pomc proximal promoter region contains three HpaII sites upstream of the transcriptional
start site in the positions −107, −152, and −238 (Fig. 2A). The percentage of methylation
assessed by the ability of HpaII to digest these sites was significantly higher in the AF group
compared to control groups (Fig. 2B). In order to characterize the extent of cytosine
methylation of other CpG dinucleotides in the Pomc proximal promoter, we designed six
sets of primers specific for either the methylated or the unmethylated state of various CpG-
rich sites adjacent to the Pomc gene transcription start site. Using these primers and the
SYBR Green methylation specific real-time PCR (MSP), several locations on the Pomc
promoter region were identified where the cytosine methylation in AF animals was
significantly higher than in control groups (Fig. 2C). In particular, in the more proximal part
of the promoter spanning the region −81 to −154, as detected by the use of primer 5, the
ratio of methylated to unmethylated DNA was markedly higher in AF rats in comparison to
control groups. TaqMan MSP assay with the probes derived from the sequence in the region
−81 to −154 confirmed significant differences in cytosine methylation between AF and
control-fed animals in both male and female sexes (Fig. 2D, E). Pyrosequencing techniques
were also employed to further verify Pomc gene methylation (Fig. 2F, G). The methylation
status of four CpG dinucleotides (−238, −224, −216 and −62) in the proximal promoter of
the Pomc gene was determined by the pyrosequencing technique (the rest of the CpG's in the
area could not be resolved). The positions −238, −224 and −216 are covered by our forward
MSP primer and position −62 is immediately downstream of the reverse MSP primer (Table
S1 in the Supplement). Pyrosequencing data confirmed the MSP values showing increased
methylation of the CpG dinucleotides in AF animals in comparison to control-fed groups.
Both MSP and pyrosequencing showed an increase in the DNA methylation of the proximal
part of the rat Pomc promoter in AF animals in comparison to control-fed rats in both sexes.
In order to determine whether Pomc DNA hypermethylation reflects the overall global DNA
methylation status, we compared the % of global 5-methylcytosine levels in the ARC of AF,
PF and AD male and female rats. 5-methycytosine levels were comparable between
treatment groups (Fig. 2H, I), suggesting that the hypermethylation effect of fetal alcohol on
Pomc DNA is not universal but rather gene specific. This view is further supported by the
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observation that fetal alcohol exposure failed to alter methylation of Dnmt3a gene (Fig. 2K),
which is located close to Pomc gene (Fig. 2J) and whose mRNA expression is unresponsive
to fetal alcohol treatment (Fig. 2L). Additionally, we determined the ratio of methylated to
unmethylated Pomc gene in the PVN tissue where the expression of Pomc gene is low (Fig.
1C,D). We found no significant differences between the ratio of methylated to unmethylated
Pomc gene in the PVN of AF, PF and AD rats (Pomc Met/Umet Ratio; n=4; AD, 0.092 ±
0.013; AF, 0.091 ± 0.009; PF, 0.08 ± 0.005; Kruskal-Wallis ANOVA, P=0.79). Overall,
these data indicate that fetal alcohol alters methylation of Pomc DNA in adulthood, even
though the exposure to ethanol ended at the prenatal period.

Effects of fetal alcohol on the level of enzymes involved in histone modifications and DNA
methylation in POMC cells in the hypothalamus

Increased gene methylation can be caused by altered chromatin remodeling, which is known
to be accomplished through posttranslational modifications of the amino termini of histone
tails at specific residues, and/or by the addition of methyl groups by DNA
methyltransferases (Dnmts) to the DNA occurring mostly at CpG sites (29). Whether fetal
alcohol exposure caused long-lasting histone marks in POMC-neurons was evaluated by
immunohistochemical localization of H3K9me2, H3K4me2,3, and AcH3K9 in BEP-positive
cells in the ARC of male offspring. Preliminary experiment did not identify any sex
differences in the fetal alcohol effect on these protein levels and therefore only male rats
were used in this study. A reduced number of H3K4me2,3-positive BEP cells (Fig. 3A, B),
an increased number of H3K9me2-positive BEP cells (Fig. 3C, D) and a reduced number of
AcH3K9-positive BEP cells (Fig. 3E, F) were observed in AF group as compared to two
control groups. In agreement with these protein data, a decreased mRNA levels of Set7/9
that mono-methylates H3k4an increased in mRNA levels of the histone methyl transferase
G9awhich dimethylates H3k9me2and of Setdb1, which mono-, di-, and trimethylates H3K9
(31) were observed in the ARC of the hypothalamus of AF rats (Fig. 3G–I). The reduced
acH3K9 protein data also positively correlated with the mRNA levels of CREB-binding
protein (Cbp; Fig. 3J), which has significant histone acetyltransferase activity to increase
acH3K9 (32), and negatively correlated with histone deacetylase 2 (HDAC2; Fig. 3K),
which is widely expressed in the brain and has significant deacetylation activity (33).
Increased H3K9 methylation level is known to repress while increased H3K4 methylation
level is known to activate gene expression (34). Additionally, alcohol has been shown to
increase HDAC2 levels while reducing Cbp levels to suppress acH3K9 and gene expression
in the brain (35). Hence, fetal alcohol induced changes in the POMC gene might involve
increased H3K9 methylation/deacetylation.

It has been proposed that Dnmts could only access the DNA that is wrapped around
nucleosomal histones with H3K9 methylation signal (36). Hence, we tested whether
significant changes in one of the Dnmts level has also occurred in POMC cells of fetal
alcohol exposed animals. Dnmts (Dnmt1, Dnmt3a and Dnmt3b) are known to catalyze the
transfer of a methyl group to DNA. Since Dnmt3a mRNA level did not change in fetal
alcohol exposed animals (Fig. 3L) and Dnmt3b immunoreactivity levels were very low in
BEP cells, we measured only the changes in Dnmt1 levels in BEP cells. The data revealed a
stimulatory effect of fetal alcohol exposure on the level of Dnmt1 in BEP cells (Fig.3L, M).
Dnmt1 mRNA levels in the ARC of AF rats were also higher than those in PF and AD rats
(Fig.3N). These results identify a possible involvement of Dnmt1 in fetal alcohol induced
changes in Pomc gene methylation and expression.

The methylation of C5 of cytosine 5-methylcytosine (5–mC) by Dnmts is the most stable
heritable chromatin modification, which is conducive for inhibition of transcription (37). It
is suggested that the oxidation of 5-mC to 5-hydroxymethylcytosine (5–hmC) by
hydroxylases could modulate the binding of proteins or transcription factors to the
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chromatin and hence alter transcriptional outcome. 5-hmC also facilitates demethylation and
promotes gene transcription (38). Thus, the modulation of the balance between methylation
and hydroxymethylation by external factors could alter gene expression. Hence, we
determined the protein levels of 5-hmC in β-endorphin-producing neurons of the ARC of
AF, PF and AF rats. We found that fetal alcohol exposure decreased significantly the protein
level of 5-hmC in BEP-producing POMC neurons (Fig. 3O, P). In order to determine that
the changes in DNA methylation modifier mark specific to ARC, we measured 5-hmC
levels, as representative marker of methylation modifier, in a CRH-producing cell
population whose functions are known to be increased in fetal alcohol-exposed rats (4, 16).
We found that 5-hmC levels in CRH neurons were elevated in AF rats as compared to AD
and PF rats (Fig. 3Q, R). Thus, the opposing data of 5-hmC in BEP and CRH cells could
indicate that fetal alcohol-induced Pomc gene hypermethylation by Dnmts in the ARC area
is not global, but rather is gene and cell specific.

Effects of DNA methyltransferase and histone deacetylase inhibitors on fetal alcohol-
induced changes in Pomc gene expression and stress axis function

Since fetal alcohol exposure caused significant changes in levels of histone modifiers and
Dnmt1, we tested whether transcriptional repression can be relieved to normalize POMC
gene expression and neurotransmission by the Dnmt blocker AZA or the histone deacetylase
inhibitor TSA (39, 40). We found that treatment with TSA or AZA significantly reduced the
fetal alcohol-induced Pomc gene hypermethylation and normalized Pomc mRNA levels in
male and female rat offspring (Fig. 4A–D). We also found that both AZA and TSA reduced
the high corticosterone-response to LPS in these rats (Fig. 4E, F). These data suggest that
DNA hypermethylation in the proximal Pomc promoter, possibly caused by a significant
alteration in histone modifications and DNA methylation, results in fetal alcohol-induced
reduction of Pomc gene expression and functions. However, the functional role of this
promoter domain in methylated and unmethylated form need to be determined in order to
establish this view.

Fetal alcohol induced transgenerational changes in POMC neuronal function
Whether the fetal alcohol effect is transmitted transgenerationally was tested by studying
POMC neuronal function in the F1-F3 male (AFM) and female germlines (AFF). We
produced two different germlines—a male germline by breeding male fetal alcohol exposed
rats and their male offspring with normal females, and a female germline by breeding female
fetal alcohol exposed rats and their female offspring with normal males (Fig. 5A). The DNA
methylation status of the proximal part of the Pomc promoter in the AF animals in
comparison to the control group was increased, and the Pomc gene expression level was
decreased in both the male and female F1 progeny (Fig. 5B–E). The F2 and F3 male
progeny of male germline demonstrated significant increase in DNA methylation levels with
the concomitant reduction in Pomc gene expression levels (Fig. 5F–M). Only the male
offspring of F2 generation from female germline showed a moderate increase in Pomc
methylation but not Pomc gene expression. There were no differences in the degree of DNA
methylation or Pomc gene expression among the groups in female F2 and F3 rats
irrespective of their germline differences. Because the offspring (F1) and its germ cells (F2)
were exposed to alcohol during development via the F0 female, the persistence of alcohol
effects in the F3 male but not in the F3 female suggest transgenerational transmission of
fetal alcohol effects on Pomc gene methylation and expression via the male germline. To
evaluate whether the transgenerational effect of fetal alcohol exposure applies to some
endophenotypes of the Pomc defect, we determined stress hormone response to LPS in F1–
F3 rat germlines. It was observed that fetal alcohol exposure increased the basal and LPS-
stimulated ACTH and corticosterone levels in both male and female offspring of F1 progeny
(Fig. 6A–D), but were observed only in males of the male germline in F2 and F3 progeny
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(Fig. 6E–L). These results suggest that fetal alcohol's effects on Pomc gene
hypermethylation and stress axes abnormalities persist throughout adulthood and perpetuate
into subsequent generations through the male germline.

In order to further verify the male germline transmission of fetal alcohol's effects on Pomc,
we measured the DNA methylation status of the Pomc promoter in sperm of F1–F3 male
rats derived from the male (AFM) or female germline (AFF) and compared their levels with
those of F1–F3 pair-fed male rats. The level of methylated and unmethylated Pomc DNA in
sperm was detectable in the MSP assay and indicated a higher amount of Pomc gene
methylation in AF rats than in control-fed rats (Fig. 7). Additionally, a comparison between
male rats of various germlines revealed that the fetal alcohol effect on Pomc methylation in
sperm persisted in the F1 through F3 generations of male rats derived from the male
germline.

DISCUSSION
We showed here that fetal alcohol exposure induces long-lasting hypermethylation of the
Pomc gene. This conclusion is based on the findings that the percentage of the cytosine
methylation of CpG-rich sites adjacent to the Pomc gene transcription start site was higher
in alcohol-fed animals than in controls. Methylation of the proximal region of the promoter
often correlates closely with a negative effect on gene expression (41). Moreover, this site is
located in close proximity to the CCAAT box required for the constitutive transcriptional
activation. Methylation at a CpG site just upstream of the CCAAT box can effectively
interfere with binding of the transcription factors to the CCAAT sequence (42).
Additionally, the pyrosequencing analysis confirmed higher methylation in this region. Both
MSP and pyrosequencing show an increase in the DNA methylation of the proximal part of
the rat Pomc promoter in alcohol-fed animals in comparison to controls. Additionally, the
area covered by the forward MSP primer (−224 to −202) contains an 11 bp region
(GTGCTAACGCC), which is highly conserved in all vertebrates and is necessary for high
levels of Pomc expression in target tissues (43). Deletions or mutations in this region cause a
significant decrease in Pomc gene expression in mice. Hence, increased DNA methylation in
this area in alcohol-fed animals could impair the function of this region resulting in lower
levels of Pomc gene expression. However, conclusive proof of this view will require further
study in determining the functional role of this promoter domain in methylated and
unmethylated form.

Our investigation on the histone modification and DNA methylation identified involvement
of these epigenetic machineries in fetal alcohol-induced Pomc gene hypermethylation. We
found fetal alcohol exposure increases H3K9 me2 level while it decreases the H3K4me2,3
level and acetylation of H3K9 in POMC cells, suggesting a significant aberrant post-
translational modification of histones. We also found increased levels of Dnmt1 in POMC
cells of fetal alcohol exposed animals, suggesting that the machinery that increases DNA
methylation is enhanced in these cells. These data as well as the data showing that TSA or
AZA reversed the suppressive effects of fetal alcohol on Pomc gene hypermethylation and
gene expression suggest the possibility that fetal alcohol exposure alters histone
postranslational modifications and increases DNA methylation machinery to cause Pomc
gene suppression. However, the proof of this concept should require the demonstration of an
altered Pomc gene transcription following promoter methylation in a functional assay
system. Despite this limitation, our study identified altered Pomc gene methylation and
expression in association of stress hyperresponse in fetal alcohol exposed animals.

We also provide the first evidence of perpetuation of the fetal alcohol-induced changes in
Pomc DNA methylation across generations in two tissues, hypothalamus and sperm, through
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the male germline. Additionally, we provide evidence for transgenerational effect of fetal
alcohol exposure on Pomc gene expression suppression, and one of the endophenotypes of
the Pomc defect involving the hyper-stress-response of F1-F3 rat male germlines. Reason
for this male-specific transgenerational transfer of the epigenetic modification of Pomc gene
is currently unknown and thus a focus of ongoing studies. However, we showed in this study
that fetal alcohol-induced hypermethylation of Pomc gene in sperm transferred accross three
generations. Recently it has been shown that the non-paring part of the Y-chromosome
influences the expression of BEP in the hypothalamus (44). Additionally, the transcription
of Mc2Ra POMC receptor, is dependent on the Sry gene (45). Furthermore, paternally
induced transgenerational environmental reprogramming of metabolic gene expression has
recently been demonstrated (46). Also, transgeneration male germline imprinting of an
endocrine disruptor during fetal life has been documented (47). Thus, our data highlight the
novel possibility that epigenetic changes contribute to the effects of fetal alcohol exposure
on Pomc gene expression as well as the perpetuation of abnormal POMC neuronal functions
through subsequent generations via the male. Whether or not this male-specific
transgenerational transfer of the epigenetic modification of Pomc gene is mediated via the Y
chromosome or the mechanism involved in this process are currently unknown and thus a
focus of ongoing studies. Nevertheless, data highlight the possibility that epigenetic changes
contribute to fetal alcohol effects on Pomc as well as the perpetuation of stress axis
dysfunction through generations. The novel transgenerational epigenetic effect of alcohol
that we demonstrated in this study should be considered as an important covariant with
genetic factors in the determination of the longitudinal effects of fetal alcohol exposure on
physiological processes and possibly behaviors.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Consequences of fetal exposure to alcohol on proopiomelanocortin (POMC neuronal
function in adult male (♂) and female (♀) rat offspring of pregnant rats fed alcohol (AF), pair-fed
isocaloric diet (PF), or ad libitum-fed rat chow (AD)
Changes in the level of Pomc mRNA in the arcuate nucleus (ARC; A, B), paraventricular
nucleus (PVN; C, D) and peripheral blood mononuclear cells (PBMC; E, F), the levels of β-
endorphin (BEP; G, H) in the ARC of male and female fetal alcohol exposed rat as
compared to control rat offspring. Also shown are the effects of fetal alcohol exposure on
the time-dependent response of plasma ACTH (I) and corticosterone (L) levels in plasma
following treatment with lipopolysaccharide (LPS; 100 µg/kg body weight; sc) of males and
females; the basal and LPS-stimulated ACTH levels in plasma at 2 hours in males (J) and
females (K); the basal and LPS-stimulated corticosterone levels in plasma at 2 hours in
males (M) and females (N). Data presented are mean ± s.e.m. The number of animals was
indicated within brackets under each histogram. Data presented in panels A-H were
analyzed using one-way ANOVA followed by the Student Newmann-Keuls posthoc test
(see also Table S2 in the Supplement). Data presented in panels I and L were analyzed with
the two-way analysis of variance, which identified interaction between feeding and time
(P<0.001). Bonferroni posthoc test showed that both mean ACTH levels and corticosterone
levels at 120 min in AF rats were higher than the rest of the groups (P<0.05). Significance of
differences between other groups were shown by a bar above histograms.
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Figure 2. Fetal alcohol- Pomc gene methylation in the arcuate of the hypothalamus of F1 adult
rat offspring
Showing the different CpG sites and HpaII sites on the rat Pomc proximal promoter and the
area covered by the primers used in the MSP assay used in this study (A). The percentage of
methylation as assessed by HpaII digestion followed by real-time PCR with the primers
chosen from the regions flanking the restriction sites of the Pomc gene in DNA prepared
from the ARC of alcohol-fed (AF), pair-fed (PF) and ad lib-fed (AD) male rats (B). Changes
in methylation state of different CpG sites in the Pomc promoter as assessed by bisulfite
conversion followed by real-time PCR using primer sets spanning different CpG sites of the
Pomc promoter (top; C) and determining the methylation-to-unmethylation ratio presented
in the table (bottom; C). Methylation-to-unmethylation ratio of the CpG pairs in the −81 to
−154 region of the Pomc promoter as measured using TaqMan methylation-specific real-
time PCR in the ARC of males (♂) and female (♀) AF, PF and AD rats (D, E). DNA
methylation status of four CpG dinucleotides from proximal POMC promoter determined by
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pyrosequencing analysis of the ARC of AF, PF and AD male (F) and female (G) rats. After
bisulfite conversion, the DNA was subjected to pyrosequencing in regions encompassing
four CpG dinucleotides. The numeration starts from the POMC gene transcription start site.
5-methylcytosine levels in the DNA of ARC of AD, AF and PF male and female rats were
measured using MethylFlash Methylated Quantification kit (Epigentek, NY) and shown in
panels (H and I). Showing the location of the Rattus norvegicus Dnmt3a gene relative to
Pomc gene as illustrated in Ensembl Genome Browser (J). Showing the effects of fetal
alcohol exposure on Dnmt3a gene methylation (K) and Dnmt3a mRNA (L) in the ARC of
the hypothalamus in rats prenatally exposed to alcohol (AF) or control diets (PF and AD).
Data presented are mean ± s.e.m. The number of animals was indicated within brackets
under each histogram. Data shown in panels were analyzed using one-way ANOVA
followed by Student-Newman-Keuls posthoc test, except those of Pomc methylation and
unmethylated ratio, which was analyzed using Kruskal-Wallis ANOVA followed by Dunn's
posttest (see Table S3 in the Supplement). The significance of difference between groups
was identified by a bar above the histograms.
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Figure 3. Fetal alcohol-induced alteration in the levels of histone and DNA methyltransferases in
POMC neurons in the arcuate area of the hypothalamus
Showing the changes in the number of BEP (a protein product of POMC) cell-positive to di
and trimethylated histone H3 at lysine 4 (H3K4me2,3; A, B), dimethylated histone H3 at
lysine 9 (H3K9me2; C, D), acetylated H3 at lysine 9 (AcH3K9; E, F), DNA
methyltransferase 1 (Dnmt1; L, M), 5-hydroxymethylcytosine (5–hmC; O,P), corticotropin
releasing hormone (CRH) cell positive 5-hmC (Q, R), and mRNA levels of Set7 (G), G9a
(H), Setdb1 (I), CREB binding protein (Cbp; J), histone deacetylase 2 (Hdac2; K) and
Dnmt1 (N) in the hypothalamus of male adult offspring of pregnant rats ad lib-fed (AD),
alcohol-fed (AF) or pair-fed isocaloric diet (PF). Representative photographs show the
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double-labeled cells, indicated by arrows, in each treatment group, and histograms show the
mean ± SEM values of the percentage of BEP cells that were double-labeled or the gene to
Gapdh mRNA ratios. Data were analyzed using one-way ANOVA followed by the Student-
Newman-Keuls posthoc test (Table S4 in the Supplement). The number of animals was
indicated within brackets under each histogram. The significance of difference between
groups was identified by a bar above the histograms.
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Figure 4. Suppression of histone and DNA methylation prevents fetal alcohol effects on POMC
neuronal function
Effects of DNA methyltransferase blocker 5-azadeoxycytidine (AZA) and the histone
deacetylase inhibitor trichostatin (TSA) on Pomc gene methylation (male, A; female, B) and
Pomc mRNA expression in ARC tissues (male, C; female, D) and on corticosterone levels in
plasma (male, E; female, F). Data presented are mean ± s.e.m. The number of animals was
indicated within brackets under each histogram. Data shown in panels A and B were
analyzed using using Kruskal-Wallis ANOVA followed by Dunn's posttest, panels C and D
were analyzed using one-way ANOVA followed by Student-Newman-Keuls posthoc test,
panels E and F were analyzed using two-way ANOVA followed by Bonferroni posthock test
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(see Table S5 in the Supplement). The significance of difference between groups was
identified by a bar above histograms.
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Figure 5. Transgenerational changes in hypothalamic Pomc gene methylation, expression and
functions after alcohol feeding in pregnant female rats (F0)
A schematic diagram to indicate how F1, F2 and F3 male germline (AFM) and female
germline (AFF) fetal alcohol-exposed offspring were generated (A). Methylation-to-
unmethylation ratio of the CpG pairs in the −81 to −154 region of the Pomc promoter in
ARC tissues of F1 (B, C), F2 (F, G) and F3 (J, K) male and female rat offspring of male and
female germlines. Pomc mRNA levels in the ARC tissues of F1 (D, E), F2 (H, I) and F3 (L,
M) male and female rat offspring from different germlines. Data presented are mean ± s.e.m.
The number of animals was indicated within brackets under each histogram. Pomc
methylation and unmethylation ratio data were analyzed using using Kruskal-Wallis
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ANOVA followed by Dunn's posttest. Pomc mRNA levels data were analyzed using a one-
way ANOVA followed by the Student-Newman-Keuls posthoc test (see Table S6 in the
Supplement). The significance of difference between groups was identified by a bar above
histograms.
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Figure 6. Transgenerational changes in plasma ACTH and corticosterone responses to the
lipopolysaccharide challenge after alcohol feeding in pregnant female rats (F0)
Basal (saline-treated) and LPS-stimulated ACTH levels in plasma of F1 (A, B), F2 (E, F)
and F3 (I, J) male and female rat offspring of different germlines. Basal and LPS-stimulated
corticosterone levels in plasma of F1 (C, D), F2 (G, H) and F3 (K, L) male and female rat
offspring of different germlines. Data presented are mean ± s.e.m. The number of animals
was indicated within brackets under each histogram. Data were analyzed using using two-
way ANOVA followed by the Bonferroni posthoc test (see also Table S7 in the
Supplement). The significance of difference between groups was identified by a bar above
the histograms.
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Figure 7. Fetal alcohol effect on Pomc gene in sperm transmitted through generations in the male
germline but not in female germline
Methylation-to-unmethylation ratio of the CpG pairs in the −81 to −154 region of the POMC
promoter in sperm of F1 (A), F2 (B) and F3 (C) rat offspring of male (AFM) and female
germlines (AFF). Data were analyzed using one-way ANOVA followed by Student-
Newman-Keuls posthoc test. *, P < 0.05, compared with AD and PF (see also Table S7 in
the Supplement).
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