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Abstract
Recent evidence indicated that alcohol exposure during the fetal period increases the sus-

ceptibility to tumor development in mammary and prostate tissues. Whether fetal alcohol

exposure increases the susceptibility to prolactin-producing tumor (prolactinoma) develop-

ment in the pituitary was studied by employing the animal model of estradiol-induced prolac-

tinomas in Fischer 344 female rats. We employed an animal model of fetal alcohol

exposure that simulates binge alcohol drinking during the first two trimesters of human preg-

nancy and involves feeding pregnant rats with a liquid diet containing 6.7% alcohol during

gestational day 7 to day 21. Control rats were pair-fed with isocaloric liquid diet or fed ad libi-
tum with rat chow diet. Adult alcohol exposed and control female offspring rats were used in

this study on the day of estrus or after estrogen treatment. Results show that fetal alcohol-

exposed rats had increased levels of pituitary weight, pituitary prolactin (PRL) protein and

mRNA, and plasma PRL. However, these rats show decreased pituitary levels of dopamine

D2 receptor (D2R) mRNA and protein and increased pituitary levels of D2R promoter meth-

ylation. Also, they show elevated pituitary mRNA levels of DNA methylating genes

(DNMT1, DNMT3b, MeCP2) and histone modifying genes (HDAC2, HDAC4, G9a). When

fetal alcohol exposed rats were treated neonatally with a DNAmethylation inhibitor 5-Aza

deoxycytidine and/or a HDAC inhibitor trichostatin-A their pituitary D2R mRNA, pituitary

weights and plasma PRL levels were normalized. These data suggest that fetal alcohol

exposure programs the pituitary to increase the susceptibility to the development of prolacti-

nomas possibly by enhancing the methylation of the D2R gene promoter and repressing the

synthesis and control of D2R on PRL-producing cells.
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Introduction
A rapidly accumulating body of evidence indicates that many diseases must be understood in a
life-long perspective, as trajectories that start at before or during conception and surface upon
clinical detection decades later. Fetal alcohol exposure (FAE) occurs to the fetus when pregnant
women drink alcohol, and causes a pattern of mental and physical defects collectively known
as fetal alcohol spectrum disorders (FASD) [1]. The prevalence of FASD is estimated to be 1 in
every 100 live births, and it is the leading cause of mental retardation in the western world [2].
In addition to damage in the central nervous system, FAE also causes hyperactive responses to
stress challenges [3–5] and decreases body immune functions including lower T lymphocytes
proliferation and function and NK cells cytolytic activity and increased incidence of bacterial
infections [6–10]. Since the neuroendocrine-immune system is critically involved in the regula-
tion of tumor surveillance, we have initiated studies to determine whether in utero alcohol
exposure increases the offspring susceptiblity to tumorigenesis during adult life using rats as an
animal model. We have recently reported that fetal alcohol exposure enhances the develop-
ment of prostate carcinoma upon administration of N-nitroso-N-methylurea (NMU) with or
without testosterone as carcinogens in adult offspring rats [11, 12]. However, the sensitivity to
develop non-carcinogen induced tumors, like prolactin (PRL)-secreting pituitary adenomas
(prolactinomas), in these animals has not been well studied.

Prolactinomas are the most common pituitary tumors in humans [13]. Several reports
provided evidence that alcoholic men and women have higher incidence of prolactinomas
[14–15]. Chronic alcohol consumption increases PRL levels in blood and cell proliferation in
pituitary PRL-producing cells known as lactotropes, resulting in hyperprolactinemia in
human and animals. [14–17] The molecular mechanism by which alcohol increases PRL
secretion and lactotroph proliferation may involve dopamine receptors inhibitory control of
lactotropic cell function [17–19]. Dopamine, a neurotransmitter secreted from the hypothal-
amus is the major inhibitor of PRL production and secretion, as well as lactotropes prolifera-
tion in pituitary gland [20–22]. Dopamine’s inhibitory effect on PRL production is mediated
through the dopamine D2 receptor (D2R) [23]. D2R is the predominant dopamine receptor
subtype in anterior pituitary and mediates dopamine’s inhibitory function in lactotropes
[24]. D2R knock out mice display hyperprolactinemia and lactotrope hyperplasia [25, 26].
Studies also showed an evidence for an inhibitory effect of alcohol on the dopaminergic sys-
tem [27] and D2R in the brain [28]. Estrogen, a natural hormone, when elevated for a pro-
longed period of time induces prolactinomas in various strains of rats including Fisher 344
strain [29]. It is also known to reduce dopamine levels and the D2R activity in lactotropes
[30, 31]. Whether, fetal alcohol exposure programmed the pituitary to increase the suscepti-
bility to the development of prolactinomas by repressing D2R production has not previously
been tested. Epigenetic alterations such as promoter methylation has been shown to be a
potential mechanism to regulate gene expression in fetal alcohol exposed rat offspring [32–
34]. We hypothesized that fetal alcohol exposure epigenetically programs the D2R promoter
methylation in the pituitary that lead to repression of the D2R expression and function in
pituitary lactotropic cells resulting in the increased growth of the pituitary and secretion of
PRL. We report that fetal alcohol exposure increases methylation of D2R proximal promoter
and expression of DNA methyation genes while it decreases the expression of D2R and
enhances tissue growth and production of PRL in the pituitary. We also show that treatment
with DNA methylation blockers reverse fetal alcohol effects on D2R gene, PRL hypersecre-
tion and pituitary growth in rats.
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Methods

Animals
Fisher-344 strain rats were obtained from Harlan Laboratories (Indianapolis, IN), housed in a
controlled condition of 12h light/dark cycle at a constant temperature 22°C throughout the
study. Rats were housed in a group of two animals per Open-type Shoe Box Cages with Bedcob
bedding, and they were fed with ad libitum rat chow and tap water in a conventional facility.
Health statuses of animals were checked regularly by determining body weight, feeding and
general behaviors, and university veterinarians were consulted to address any special health
needs. Some of these rats were bred, and on gestational day 7 through 21, and they were fed
either rat chow ad libitum (AD), a liquid diet containing ethanol (AF; Bioserve, Frenchtown
NJ) ad libitum or pair-fed (PF; Bioserve) an isocaloric liquid control diet (with ethanol calories
replaced by maltose-dextrin). The concentration of ethanol varied in the diet for the first 4
days from 1.7 to 5.0% v/v to habituate the animals with the alcohol diet. After this habituation
period, animals were fed the liquid diet containing ethanol at a concentration of 6.7% v/v. Pre-
vious studies have shown that the peak blood ethanol concentration is achieved in the range of
120–150 mg/dl (0.12–0.15%) in pregnant dams fed with this liquid diet [35]. At postnatal day 2
(PD2), AF and PF pups were cross-fostered to untreated lactating AD dams to prevent any
compromised nurturing by the AF and PF moms. Litter size was maintained at 8 pups per dam
to minimize any nurturing effect on the body growth. Pups were weaned on PD21, and housed
by sex. A total of 6–8 animals (n = 6–8) were used in each treatment group, by taking one off-
spring from each litter to avoid any gene homogeneity. Female offspring rats were used
throughout the study.

In the first series of experiments, we determined whether fetal alcohol feeding changes pitui-
tary lactotropic cell functions during adulthood. For this, a group of thirty-six AD, PF or AF
female offspring rats at 90 days of age on the day of estrus were sacrificed by decapitation (6 to
8 animals/feeding group). Pituitary tissues and trunk blood samples were collected for weight
measurement and prolactin (PRL) hormone assay. We then determined the effect of fetal alco-
hol exposure on estrogen-induced changes in PRL producing lactotropic cell functions. For
this, a group of forty-eight animals at 60 days of age were ovariectomized under sodium pento-
barbital anesthesia (50–60 mg/kg, i.p.) as a general anesthesia and 25% Bupivacaine (sc) as a
local anesthesia and then subcutaneously implanted with an estradiol-17β (Sigma, St. Louis,
MO) filled 1-cm silastic capsule (Dow Corning, Midland, MI) (8 animals/feeding group) or an
empty 1-cm silastic capsule (8 animals/feeding group). After surgery, animals were kept under
observation for pain and suffering or infection for 3 days. Estrogen-treated rats were kept in a
cage lit with HEPA filter to protect user from estrogen contamination from this animals. These
estradiol capsules were shown to maintain plasma levels of estradiol-17β between 120 and 150
pg/ml and induce prolactinomas [36]. We determined the time-response of estradiol effects on
pituitary weight and PRL production. A group of rats were sacrificed by decapitation on 15
days after the estradiol implants and their pituitary tissues were collected to determine weight
changes and lactotropic cell proliferation and trunk blood samples were obtained to measure
plasma levels of PRL. We also employed forty-eight AD, PF or AF offspring rats treated with
estradiol capsule for 60 (8 rats/group) or 90 days (8 rats/group) to collect trunk blood samples
for measurements of plasma PRL and pituitary tissues for measurements of various genes. Pitu-
itary levels of PRL, D2R and epigenetic genes were measured by real-time PCR (RT-PCR)
assays, D2R gene methylation levels were measured by methylation specific PCR and pyrose-
quencing assay, and PRL and D2R protein levels by western blot measurements. In addition, a
group of seventy-two AD, PF or AF offspring rats received subcutaneous injection of HDAC
inhibitor Trichostatin-A (TSA; 2mg/kg Sigma; 6 rats/group), DNA methylation inhibitor
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5-azadeoxy cytidine (5-AZAdC; 5mg/kg Sigma; 6 rats/group), TSA and 5-AZAdC (6 rats/
group) or vehicle (6 rats/group) on day 2, 4 and 6 after birth in their home cage. After 60 days
of birth they were ovariectomised and implanted with an estrogen capsule as described above.
These rats were sacrificed by decapitation on 60 days after the implants and trunk blood sam-
ples and pituitary glands were collected and used for plasma PRL, pituitary weight and pitui-
tary D2R gene expression and protein levels. Animal surgery and care were performed in
accordance with institutional guidelines and complied with NIH policy. Rutgers Institutional
Animal Care and Use Committee (IACUC) approve this research protocol.

Lactotropic cell proliferation
At the end of experiment, some animals were intraperitoneally injected with bromodeoxyuri-
dine (BrdU) (50 mg/kg body weight) 4 h prior to sacrifice. After sacrifice, the anterior pituitary
were removed, weighed, fixed in 4% buffered formaldehyde, and used for immunocytochemi-
cal detection of BrdU-labeled lactotropes undergoing replicative DNA synthesis [36]. BrdU-
labeling was done by employing BrdU monoclonal mouse IgG (1:200; Becton Dickinson Bio-
sciences, San Jose, CA), while PRL labeling was done by using rabbit anti-rPRL (PRL-S9;
1:300,000, NHPP, Torrance, CA). At least 5,000 labeled and unlabeled cells from each anterior
pituitary were counted.

PRL hormone enzyme immunoassay (EIA)
Plasma PRL levels were measured using rat PRL EIA kit (Alpco Diagnostics, Salem, NH) as per
the instructions from the manufacturer.

Real time PCR for gene expression measurements
Gene expression levels of PRL, D2R, DNMT1, 3A, 3B, MeCP2, HDAC2, 4, G9A and SET7 in
rat pituitaries were measured by quantitative real time PCR (SYBR green assay). Total RNA
from pituitary gland was extracted using the All in One Purification Kit (Norgen Biotek,
Ontario, Canada). Total RNA (1μg) was converted to first strand complementary DNA
(cDNA) using high capacity cDNA reverse transcription kit (Applied Biosystems, Carlsbad,
CA). All the primer sequences used for the study are given in Table 1. Real time quantitative
PCR was performed at 95°C for 5 min followed by 40 cycles of 95°C for 15 sec, 60°C for 30 sec,
72°C for 40 sec in Applied Biosystems 7500 Real time PCR system. The quantity of target gene
expression was measured using standard curve method. GAPDH, 18S RNA and ribosomal pro-
tein 19 (RPL-19) were used as internal controls.

Western blot analysis for protein measurements
Protein levels of PRL, D2R, DNMT1, DNMT3b, HDAC2 and HDAC4 were determined by
western blot analysis. Total protein from each pituitary samples were extracted and the concen-
tration was measured by protein assay reagent (Bio rad Labs, CA, USA). About 30ug of total
protein was run in 12% SDS PAGE and transferred to PVDF membrane at 30V overnight at
4°C. The membranes were blocked in 5% non-fat dry milk-TBS-0.1% Tween 20 (TBST) at
room temp for 2h. The membranes were incubated with primary antibody in the same block-
ing buffer at 4°C overnight. The primary antibodies used were rabbit anti-rPRL (PRL-S9;
1:300,000, NHPP, Torrance, CA), rabbit polyclonal D2R (H-50)(1:200; cat# sc-9113); mouse
anti-actin monoclonal antibody (JLA20; cat# CP01; 1:5000, Calbiochem, Billerica, MA); rabbit
polyclonal DNMT1 (H-300) (1:200 cat #sc-20701), mouse monoclonal DNMT3b (2280C3a)
(1:200; cat# sc-81252), rabbit polyclonal HDAC2 (H-54) (1:200; cat# sc-7899), rabbit
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polyclonal HDAC4 (H-92), (1:200; cat# sc-11418), all from Santa Cruz Biotechnology, Santa
Cruz, CA), The membranes were washed in TBST and then incubated with corresponding per-
oxidase conjugated secondary antibody at room temperature for 1h. The membranes were
washed in TBST and incubated with ECL reagent and were developed on the film by autoradi-
ography. The protein band intensities were determined by Alpha imager software (Alpha Inno-
tech, San Laendro, CA) and normalized with corresponding actin band intensity.

Table 1. Primer sequences.

Primer Name Sequence

PRL FP 5’ CAGAAAGTCCCTCCGGAACTT 3’

PRL RP 5’ AGGAGCTTCATGGATTCCACC 3’

D2R FP 5’ CCCAGAGAGGACCCGGTATAG 3’

D2R RP 5’ CTGGTTTGGCAGGACTGTCA 3’

D2RMF 5’ TAAAGGAGGGGATCGATTC 3’

D2RMR 5’ CTACTCGCCGATATCATCCT 3’

D2RUF 5’ TTTTAAAGGAGGGGATTGATTT 3’

D2RUR 5’ AAACTACTCACCAATATCATCCT 3’

D2RBSPFP 5’ TTATTTTTTTTTTAAAGATTTGATGT 3’

D2RBSPRP 5’-/5Bio/CCCCAAAACTATCTCTACACTA 3’

D2RseqFP1 5’ GATTTTTTAAAGGAGGG 3’

D2RseqFP2 5’ ATTTAAAAAGTATAGGAT 3’

DNMT1 FP 5’ CAAAGCAAGTGCAATCCCAAA3’

DNMT1 RP 5’ TACTTCAGGTCAGGGTCATCTAGGT 3’

DNMT3A FP 5’ TTCTTGAGTCTAACCCCGTGATG 3’

DNMT3A RP 5’ TGTTCATGCCAGGAAGGTTACC 3’

DNMT3B FP 5’ CCAAGTTGTACCCAGCGATTC 3’

DNMT3B RP 5’ CCACTTTAATACCCAAGTCCTTGAG 3’

MeCP2 FP 5’ CAAACAGCGACGTTCCATCA 3’

MeCP2 RP 5’ TGTTTAAGCTTTCGCGTCCAA 3’

HDAC2 FP 5’ AGACTGTCCAGTGTTCGATGGA 3’

HDAC2 RP 5’ CGGCCCCAGCAACTGA 3’

HDAC4 FP 5’ CACTGACGCTGCTAGCAATGA 3’

HDAC4 RP 5’ ACGCGGGCAGGATTCA 3’

G9A FP 5’ CCCTTACCGACAACGAGGAA 3’

G9A RP 5’ TCGGCAATAGCGGCACTAC 3’

Set7 FP 5’ CTCCTTTACTCCAAACTGCGTCTAT 3’

Set7 RP 5’ GGTGCGGATGCACTTGATG 3’

GAPDH FP 5’ AGACAGCCGCATCTTCTTGT 3’

GAPDH RP 5’ CTTGCCGTGGGTAGAGTCAT 3’

18S RNA FP 5’ GTAACCCGTTGAACCCCATT 3’

18S RNA RP 5’ CCATCCAATCGGTAGTAGCG 3’

RPL-19 FP 5’ AATCGCCAATGCCAACTCTCG 3’

RPL-19 RP 5’ TGCTCCATGAGAATCCGCTTG 3’

Forward primer (FP), Reverse primer (RP), Methyl forward primer (MF), Methyl reverse primer (MR), Un methyl forward primer (UF), Un methyl reverse

primer (UR), Bisulfite sequencing forward primer (BSPFP), Bisulfite sequencing reverse primer (BSPRP), 5’end biotin labelled (5Bio), Sequencing forward

primer (seqFP).

doi:10.1371/journal.pone.0140699.t001
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D2Rmethylation measurement by Methylation specific PCR
D2R methylation was performed by SYBR green real time PCR method of methylation specific
PCR (MSP) as it was described previously [32, 34]. DNA was extracted from pituitary samples
using All in One Purification Kit (Norgen Bioteck, Ontario, Canada). The bisulfite conversion
of DNA was performed using EZ DNA methylation kit (Zymo Research, Orange, CA). Primer
sequences specific for methylated and unmethylated DNA were used. Rat highly methylated,
low methylated control DNA (Epigen Dx; Hopkinton, MA) were also subjected to bisulfite
conversion and were used for preparing the standard curve. Real time quantitative PCR was
performed at 95C for 5min followed by 40 cycles of 95C for 15 sec, 60C for 30 sec, 72C for 40
sec. Relative quantity of methylated and unmethylated DNA were measured using the standard
curve method. DNAmethylation was measured as a ratio of methylated verses unmethylated
DNA.

D2R DNAmethylation by Pyrosequencing assay
DNAmethylation at specific CpG site was confirmed by pyrosequencing assay. Briefly 1ug of
genomic DNA was subjected to bisulfite conversion using EZ DNA methylation kit (Zymo
Research, Orange, CA). Regions of interest were amplified from bisulfite treated genomic DNA
using pyromark PCR kit (Qiagen; Valencia, CA) with forward and biotin labelled reverse
primer as per the instructions from the manufacturer. Biotinylated PCR product was mixed
with strepatavidin beads and annealed with sequencing primer. Streptavidin bound biotiny-
lated PCR product was captured using a vacuum filtration sample transfer device (Qiagen).
Biotinylated PCR products were annealed with sequencing primer. Sequencing was performed
using Pyromark Gold Q96 CDT reagents (Qiagen) on a PSQ HS96A model pyrosequencing
machine (Qiagen) as per the instructions from the manufacturer. In the pyrosequencing study,
we analysed one control C in non CpG background for efficient C!T conversion. The percent
C remaining as C in the target CpG was considered % methylation.

Statistical analysis
Data were analyzed using Prism 5.0 (GraphPad Software). The data shown in the figures are
mean ± SEM. The significant differences between different treatment groups were assessed
with one-way analysis of variance (ANOVA) with post-hoc analysis using the Newman Keuls
posttest. P<0.05 was considered significant.

Results

Fetal alcohol exposure increases plasma PRL level and lactotropic cell
proliferation in the pituitary gland
To investigate whether rats that were exposed to alcohol in utero display any abnormalities in
lactotropic hormone secretion and proliferation during adulthood, cyclic AD, PF and AF rats
at three months of age were sacrificed and changes in their pituitary weight and plasma PRL
levels were measured. Data shown in Fig 1a and 1B indicate that both pituitary weight and
plasma level of PRL were significantly elevated in AF rats as compared to AD and PF controls.

Since estradiol is a physiological regulator of lactotropic cell growth and PRL secretion [29]
and since estradiol is known to be produced at a higher level in fetal alcohol exposed rats [11,
12], we evaluated changes in pituitary weight and plasma PRL levels in fetal alcohol exposed
rats following ovariectomy and after estrogen replacement for 15 days period. Data shown in
Fig 1C and 1D indicate that prenatal ethanol-induced changes in pituitary growth and PRL

Fetal Alcohol Promotes Pituitary Tumor Development

PLOS ONE | DOI:10.1371/journal.pone.0140699 October 28, 2015 6 / 20



Fig 1. Effects of fetal alcohol exposure on pituitary weight, plasma PRL and percentage of mitotic lactotropes in pituitaries of cyclic,
ovariectomized and estrogen-treated ovariectomized animals. Alcohol-fed (AF), pair-fed (PF) or ad libitum-fed (AD) rat offsprings were used during the
adult period (75–80 days) either on the day of estrus (cyclic) or 15 days after ovariectomy and empty implants (OVEX) or β-estradiol implants (E2-15 d).
Mean ± SEM values of pituitary weight (A) and plasma PRL (B) in cyclic animals, pituitary weight (C) and plasma PRL (D) in OVEX or E2-15 d animals, and
the percentage of mitotic lactotropes in pituitary of cyclic (E) and E2-15 d (F) animals are shown in the histograms. Data are mean ± SEM of n = 6–8 animals
per each group and were analyzed using one-way ANOVA with the Newman-Keuls post hoc test. **, P<0.01 and ***, P<0.001 between AF and controls
(AD or PF).

doi:10.1371/journal.pone.0140699.g001
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release are reduced following the steroid removal by ovariectomy and enhanced following the
steroid replacement.

To evaluate if the pituitary growth increase in prenatal ethanol exposed rats is caused by
enhanced lactotrpic cell proliferation, we determined the percent changes in the number of
mitotic lactotrpic cells in the pituitary. Lactotropic cell proliferation in non-estrogen-treated
ovariectomized rats was very low (1.8 to 2.1% of total, N = 5). However, cyclic rats at estrus
stage and ovariectomized rats after estradiol treatment for 15 days showed detectable number
of mitotic lactotropes in the pituitary. These data are shown in Fig 1E and 1F, which demon-
strate that prenatal ethanol exposure increased the number of mitotic lactotrpes in the pituitary
of both cyclic and estrogen-treated rat offspring. Together these data suggest that fetal alcohol
exposure increases plasma PRL level, lactotropic cell proliferation and pituitary growth.

Fetal alcohol exposure increases estrogen-induced mitogenic action in
the pituitary gland
To further characterize fetal alcohol-induced changes in lactotropic cell function, we evaluated
effects of long-term estradiol treatment (60 and 90 days exposure), known to induce prolacti-
nomas in F344 rats [29, 36], on the weight of pituitary, the production of pituitary PRL and the
level of plasma PRL in fetal alcohol exposed and control rats. As expected, data shown in Fig 2
indicate that estradiol treatment markedly increased the growth and production of PRL
(mRNA and protein levels) in the pituitary gland and PRL levels in plasma in a time-dependent
fashion (compare also data shown in Fig 1A–1D). We measured the expression of different
internal control genes such as GAPDH, 18S RNA and RPL-19 in pituitary tissue samples to
rule out the possible gene expression changes with fetal alcohol exposure. The expression of
these internal control genes did not significantly change with the prenatal alcohol exposure (S1
Fig). Interestingly, prenatal ethanol exposures promoted estradiol stimulated growth as well as
PRL production and secretion in the pituitary gland. These results suggest the possibility that
prenatal ethanol exposure may promote development and or increase the growth of prolactino-
mas in the pituitary gland.

Fetal alcohol exposure reduces D2R expression in the pituitary gland
Lactotropic cell proliferation and PRL production in the pituitary glands are controlled by
dopamine secreted from the hypothalamus [19–21]. Dopamine agonists are used for treatment
of prolactinomas and D2R functional loss or lowered levels of D2R are responsible for resis-
tance to DA agonists [23]. Since we observed that prenatal ethanol exposure increases lactotro-
pic cell proliferation and PRL production in the pituitary, we next sought to determine the
level of D2R expression as a measure of dopamine control mechanism. We evaluated D2R
expression both at the mRNA and protein level. We found that D2R mRNA expression was
significantly reduced in pituitaries of AF rats compared to AD and PF controls both at 60D
and 90D after estrogen treatment (Fig 3A and 3B). We also found that the D2R protein level
was also significantly reduced in AF pituitaries compared to control groups at 60D and 90D
after estrogen treatment (Fig 3C and 3D). These results demonstrate that prenatal ethanol
exposure significantly reduces D2R expression in the pituitary gland.

Fetal alcohol exposure increases CpGmethylations of D2R gene
promoter in the pituitary gland
Because fetal alcohol exposure produces long-lasting changes in D2R expression in the pitui-
tary gland, the possibility arose that an epigenetic signature by alcohol may be altering the D2R
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Fig 2. Effect of fetal alcohol exposure on the sensitivity of pituitary lactotropes to the estrogen tumor-
promoting action. Alcohol-fed (AF) or control-fed (PF, AD) rats offspring were ovariectomized and implanted
with a β-estradiol implants at 60 days of age and after 60 (E2-60 d) or 90 days (E2-90 d) were used for this
study. Mean ± SEM values of pituitary weight at 60 d (A) and 90 d (B), pituitary PRL mRNA level at 60 d (C)
and 90 d (D), pituitary PRL protein level at 60 d (E) and 90 d (F), and plasma PRL levels at 60 d (G) and 90 d
(H) are shown in the histograms. Data are mean ± SEM of n = 4–8 animals per group and were analyzed
using one-way ANOVA with the Newman-Keuls post hoc test. *, P<0.05 and ***, P<0.001 between AF and
controls (AD or PF).

doi:10.1371/journal.pone.0140699.g002
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promoter activity in the offspring. CpG island methylation in the gene promoter is one of the
epigenetic regulations of gene expression. We analyzed the promoter sequences of the rat D2R
using the Methyl primer express v1.0 software (ABI) and found a large CpG island extended
upstream of the transcriptional start site (Fig 4A). Promoter DNAmethylation determined by
Methylation specific PCR (MSP) assay revealed that D2R promoter DNA methylation was
increased in the pituitary of AF rats compared to AD and PF controls at 60D and 90D after
estrogen treatment (Fig 4B and 4C). We further confirmed the methylation status of single
CpG sites using the pyrosequencing assay from the samples obtained after 60 days of estrogen
treatment. We analyzed three independent CpG sites in the D2R promoter and found that the
percent of methylation is increased in AF compared to AD and PF rat offspring (Fig 4D).

Fig 3. Effect of fetal alcohol exposure on D2R expression in the pituitary.D2RmRNA (A, B) or D2R protein levels (C, D) in pituitaries of AD, PF, AF rat
offspring were measured after ovariectomy and 60 or 90 d of estrogen implants, respectively. Data are mean ± SEM of n = 6 animals per each group and
were analyzed using one-way ANOVA with the Newman-Keuls post hoc test. *, P<0.05, **, P<0.01, and ***, P<0.001 between AF and controls (AD or PF).

doi:10.1371/journal.pone.0140699.g003
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Fig 4. Effect of fetal alcohol exposure on D2R promoter methylation in the pituitary. A. Schematic representation of rat D2R promoter CpG island. Rat
D2R promoter sequence was analyzed to search for CpG islands by Methyl primer v1 program. Each small vertical line represents single CpG. The thick
solid bar below represents a CpG island. Arrows represent primer annealing sites (A). D2R promoter methylation in pituitaries of AD, PF, AF rats after
ovariectomized and estrogen treatment for 60 or 90 days was performed by real time methylation specific PCR. Methylation was measured as ratio of
methylated verses unmethylated DNA. D2Rmethylation in pituitary of AD, PF, AF rats after ovariectomized and estrogen treatment for 60 (B) and 90 days
(C). Pyrosequencing analysis of 3 individual CpGs in the CpG island of the D2R promoter in pituitaries of AD, PF, AF rats after ovariectomized and estrogen
treated for 60 days (D). Data are mean ± SEM of n = 6 animals per each group and were analyzed using one-way ANOVA with the Newman-Keuls post hoc
test. **, P<0.01 between AF and control AD or PF.

doi:10.1371/journal.pone.0140699.g004
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These results suggest that fetal alcohol exposure makes an epigenetic mark involving hyper-
methylation of the D2R promoter in the pituitary gland.

Fetal alcohol exposure increases the activity of genes controlling DNA
methylation and histone modification associated with transcriptional
repression in the pituitary gland
DNAmethylation is carried out by addition of a methyl group at the cytosine residue of CpG
dinucleotides by utilizing S-adenosyl methionine as a substrate catalyzed by DNAmethyl
transferases [37]. DNMT1, DNMT3A and DNMT3B are the important DNAmethyl transfer-
ases. Methyl CpG binding protein2 (MeCP2) binds to hypermethylated promoter and
represses the transcription. Histone deacetylases are enzymes involved in covalent histone
modification resulting in condensed chromatin conformation and decreased gene expression
[38, 39]. HDAC2 and 4 are the Class I, II HDACs that catalyze deacetylation of histones
thereby repressing gene transcription. G9A is a histone methyl transferase that catalyzes H3K9
and H3K27 methylation involved in transcriptional repression, while SET7 is a H3K4 methyl
transferase associated with positive transcription. Determination of these gene expression lev-
els in the pituitary following 60 days of estrogen treatment in fetal alcohol exposed and control
rats revealed that the levels of DNMT1 and DNMT3B, but not DNMT3A, were significantly
increased in AF rats compared to AD and PF controls (Fig 5A, 5B and 5C). Fetal alcohol expo-
sure also increased the expression of MeCP2 (Fig 5D) as well as HDAC2 and HDAC4 in AF rat
pituitaries as compared to AD and PF rat pituitaries (Fig 5E and 5F). G9A expression was also
increased, while SET7 expression was reduced in pituitaries of fetal alcohol exposed rat off-
spring (Fig 5G and 5H). We also confirmed the expression of DNMT1 and 3b proteins essen-
tial for DNA methylation, HDAC2 and HDAC4 proteins essential for histone deacetylation by
western blot analysis. Our results revealed that the expression of these proteins significantly
increased in AF rat pituitaries compared to AD and PF controls after 60 days of estrogen treat-
ment (Fig 6). These results suggest that fetal alcohol exposure increases expression of various
epigenetic modifier genes associated with transcriptional repression.

Fetal alcohol induced changes in D2R expression and lactotropic
function is reversed in the pituitary gland by epigenetic modifying drugs
In order to establish the functional role of epigenetic modifications associated with fetal alcohol
exposure in repression of D2R expression and prolactinoma development, we tested the effects
of epigenetic modulatory drugs such as 5-Aza-dC (a DNA methylation inhibitor), TSA (a
HDAC inhibitor) and the two drugs in combination on the estradiol-induced changes in the
levels of pituitary D2R mRNA, pituitary weight and plasma PRL. We found that 5-Aza-dC sig-
nificantly increased D2R expression in AF animals compared to the vehicle control (Fig 7A).
TSA treatment moderately increased D2R expression in AF compared to vehicle control, but it
did not achieve significance. 5-AZAdC and TSA in combination also significantly increased
D2R expression compared to vehicle control. We also found that 5-Aza-dC treatment signifi-
cantly increased pituitary D2R protein levels compared to vehicle control after 60 days of estro-
gen treatment. The increase of D2R protein is higher in AF animals compared AD or PF
controls (S2 Fig). We found that both 5-Aza-dC and TSA were effective in reducing pituitary
weight and plasma PRL levels in AF rats to the extent that these values are not different from
AD and PF controls (Fig 7B and 7C). These drugs did not change pituitary weight and plasma
PRL levels in AD and PF rats, suggesting that the epigenetic modulatory drugs reverse fetal
alcohol induced epigenetic modifications thereby increasing D2R expression that results in
reduced pituitary weight and plasma PRL levels. Together these data suggest that fetal alcohol
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Fig 5. Effect of fetal alcohol exposure on the level of genes regulating DNAmethylation and histone
modification in the pituitary. Pituitary mRNA levels of DNMT1 (A), DNMT3a (B), DNMT3b (C), MeCP2 (D),
HDAC2 (E), HDAC4 (F), G91 (G) and Set7 (H) of AD, PF. AF rats after ovariectomy and estrogen treatment
for 60 days. Data are mean ± SEM of n = 6 animals per group and were analyzed using one-way ANOVA with
the Newman-Keuls post hoc test. *, P<0.05, **, P<0.01, and ***, P<0.001 between AF and controls (AD or
PF).

doi:10.1371/journal.pone.0140699.g005

Fetal Alcohol Promotes Pituitary Tumor Development

PLOS ONE | DOI:10.1371/journal.pone.0140699 October 28, 2015 13 / 20



exposure epigenetically programs the pituitary to repress D2R gene expression and stimulate
pituitary lactotropic cell growth and PRL production.

Discussion
Epigenetic changes are now being considered as potential mechanisms for the delayed effects
of many toxicants when individuals are exposed to them during development [40]. Epigenetic
modifications are most commonly regulated by direct methylation of DNA and/or by post-
translational modification of histones, both of which can either promote or repress gene tran-
scription [41, 42]. Epigenetic dysregulation, promoter methylation and silencing of tumor
suppressor genes are implicated in pituitary neoplasia [43–48]. Overall, the data presented here
indicate that fetal alcohol exposure resulted in hypermethylation of D2R gene promoter in
adulthood, even though the exposure to ethanol ended at GD 21. Although chronic alcohol
consumption causes hypomethylation in general, it’s effect on DNA methylation is tissue spe-
cific and depend on specific gene targets and developmental stage of exposure. Prenatal alcohol
exposure causes DNA hypermethylation and results in reduced expression of brain derived
neurotrophic factor (BDNF) in olfactory bulbs associated with the loss of neurons in this brain

Fig 6. Effect of fetal alcohol exposure on DNAmethylation and histone deacetylation proteins in the pituitary. Pituitary protein levels of DNMT1 (A),
DNMT3b (B), HDAC2 (C), HDAC4 (D) of AD, PF and AF rats after ovariectomy and estrogen treatment for 60 days. Data are mean + SEM of n = 6 animals
per group and were analyzed using one-way ANOVA with the Newman-Keuls post hoc test. *, P<0.05, **, P<0.01 between AF and controls (AD or PF).

doi:10.1371/journal.pone.0140699.g006
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Fig 7. Effects of epigenetic modulatory drugs on fetal alcohol induced changes in pituitary D2R
mRNA levels, protein levels, pituitary weight and plasma PRL levels. AD, PF and AF rat offspring were
treated with DNAmethyl transferase inhibitor 5-Aza deoxycytidine (5-AZAdC), HDACC inhibitor Trichostatin-
A (TSA) alone or together during postnatal day 2–6 and after 60 days, these rats were ovariectomized and
estrogen treated for 60 days. Mean ± SEM values of pituitary D2RmRNA levels (A), pituitary weight (B) and
plasma PRL levels (C) are shown in the histograms. Data are mean ± SEM of n = 6 animals per group and
were analyzed using one-way ANOVA with the Newman-Keuls post hoc test. *, P<0.05, between AF and
controls (AD or PF). @, P<0.05 between the treatment and control in AF group.

doi:10.1371/journal.pone.0140699.g007
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region [49]. It has also been reported in neural cell culture, alcohol increases DNMT activity
and hypermethylation of promoters of cell cycle regulated genes causing down regulation of
these genes [50]. Previously it has been shown that fetal alcohol exposure significantly affects
D2R expression [17] and function [51]. In the present study the results showed that the
increase in D2R promoter methylation was correlated with a decrease in D2R mRNA levels
and increased PRL mRNA levels in the pituitary of AF rats. Since ethanol is known to suppress
D2R expression [17], it could be hypothesized that fetal alcohol exposure suppresses D2R
expression through hypermethylation of the gene promoter.

Pituitary tumorogenesis has shown to often involve genetic mutations of classical oncogenes
or tumor suppressor genes [52, 53]. Epigenetic dysregulation, promoter methylation and
silencing of tumor suppressor genes are also implicated in pituitary neoplasia [43–48]. We pre-
sented here evidence to show that fetal alcohol exposure hypermethylates D2R promoter and
reduces its mRNA and protein productions. D2R protein plays an important role in regulation
of growth and secretion of PRL in pituitary lactotropes [20–22, 29]. Literature suggests that
knocking down the D2R gene induces hyperplasia in the pituitary lactotropes in mice [24].
Also evidence is presented to show that high proliferating GH3 cells demonstrate lower D2R
mRNA and higher D2R gene methylation than those in low proliferating MMQ cells and nor-
mal pituitary gland [54]. These authors also reported that histone code modifications at the
D2R promoter in GH3 and MMQ cells correlate with D2R gene expression. We also showed
that fetal alcohol exposure increased expression of DNMT1, 3B, MeCP2, HDAC2, 4 and G9A
which correlated with increased D2R promoter methylation and the reduced expression of
D2R in rat pituitary. DNMT1 is a maintenance methyl transferase, DNMT3A and 3B are de
novo methyl transferases. DNMT3B has been reported to be over expressed in pituitary tumors
[55]. We previously reported that the increased DNAmethyl transferases results in hyper-
methylation of POMC promoter and reduced expression in the hypothalamus of fetal alcohol
exposed rat offspring [31]. We also reported that fetal alcohol exposure increases MeCP2
expression to recruit on to POMC gene promoter thereby repressing the POMC gene tran-
scription in the hypothalamus [33]. All these epigenetic modifiers play a critical role in DNA
methylation, which in turn regulate the transcriptional repression. Our results also revealed
that fetal alcohol exposure increased HDAC2, 4, G9A and reduced the expression of Set7.
These histone code modifying enzymes play important role in histone deacetylation and meth-
ylation. HDAC2 and 4 are class I and II HDAC family members and known to play a role in
transcriptional repression. G9A is a euchromatic histone methyl transferase catalyzes H3K9
and H3K27 methylation correlate with negative transcription. Set7 mediated H3K4 methyla-
tion correlates with positive transcription. The data of the present study indicate that FAE
induced histone code modifications were correlated to transcriptional repression suggesting
their role in reduced D2R expression. There is a complex interplay between DNA methylation
and histone code modifications, the two epigenetic layers to regulate gene expression. The role
of DNA methylation and histone deacetylation in D2R repression of FAE rat pituitaries were
further confirmed in the study where we determined the effects of DNAmethylation inhibitor
5-Aza-dC and HDAC inhibitor TSA. We found that 5-AzaDC treatment increased D2R
expression in AF rat offspring (Fig 7). We also observed a marked increase in D2R protein lev-
els in AF rats and only a moderate increase in AD rat offsprings (S2 Fig). 5-Aza-dC is a cyto-
sine analogue incorporated into DNA during DNA replication thereby it traps the DNMT1
and inactivate its function. Hence, the 5-Aza-dC effect on D2R expression in AF rats might be
a result of its inhibitory action on DNMT1-mediated DNA methylation of D2R gene. TSA
treatment did not show a significant increase in D2R expression. Both the drugs combination
increased D2R expression but did not show any additive effect. Plasma PRL levels and pituitary
weights were significantly reduced in AF rats with the 5-AzadC treatment, and these changes
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correlated well with the increased D2R expression observed after 5-AzadC treatment in this
treatment group. TSA also reduced the plasma PRL level and pituitary weight in AF rats with-
out affecting the D2R level in these rats. These effects of TSA on PRL secretion and pituitary
weight may be related to non-D2R-dependent mechanism and need further investigation.
Hence, our studies unmasked the epigenetic mechanisms associated with a reduced expression
of D2R in prenatal alcohol exposed rat offspring and provide a pharmacological avenue for
reactivation of the silenced D2R and suppression of tumor growth using epigenetic modulatory
drugs such as 5-AZAdC and TSA. Our study may have relevance for women drinking alcohol
during pregnancy who may be increasing their offspring risk for developing prolactinomas.
More studies are needed to understand fetal alcohol programming of pituitary for developing
pituitary tumors in human.

In conclusion the present study demonstrates that fetal alcohol exposure programs the pitu-
itary to increase susceptibility to tumor development by possibly enhancing the promoter
hypermethylation and causing the repression of the D2R gene and its cell growth inhibitory
function in the pituitary gland (Fig 8).

Fig 8. Schematic diagram illustrating fetal alcohol exposure induced epigenetic changes regulating
D2R expression and its control of PRL synthesis and lactotropic cell growth in the pituitary. In control
rats, D2RmRNA expression is regulated by the epigenetic mechanism involving DNA demethylation and
histone deacetylation of the D2R promoter. D2R participates in mediating the inhibitory action of dopamine on
PRL synthesis and cell proliferation in lactotropic cells of the pituitary gland (A). In fetal alcohol exposed
(FAE) rats, increased D2R promoter methylation and histone deacetylation result in reduced D2R
expression, The lower number of D2Rs prevents dopamine to act on lactotropes causing more PRL
production and increased cell proliferation (B). DNA wrapped with histone octomer is represented as black
thread with cylindrical structures. Methylated CpG is represented as pentagon structure in the DNA. Acetyl
groups of histones are represented as triangles and methyl groups as pentagons on N terminal tails of
histone.

doi:10.1371/journal.pone.0140699.g008

Fetal Alcohol Promotes Pituitary Tumor Development

PLOS ONE | DOI:10.1371/journal.pone.0140699 October 28, 2015 17 / 20



Supporting Information
S1 Fig.
(PDF)

S2 Fig.
(PDF)

Acknowledgments
We thank Drs. George Maglakelidze, Daniel Radl for surgical assistance and Dr. Lucy Chastain
for reading and editing the manuscript. This work is partly supported by a National Institute of
Health grant R01 AA11591 and a Hatch project grant NJ06160.

Author Contributions
Conceived and designed the experiments: DKS. Performed the experiments: OG OW SJ CN.
Analyzed the data: OG OW SJ CN DKS. Wrote the paper: DKS OG.

References
1. Jones KL, Smith DW, Ulleland CN, Streissguth P. Pattern of malformation in offspring of chronic alco-

holic mothers. Lancet. 1973 Jun 9; 1(7815):1267–71. PMID: 4126070.

2. Sokol RJ, Delaney-Black V, Nordstrom B. Fetal alcohol spectrum disorder. JAMA. 2003 Dec 10; 290
(22):2996–9. PMID: 14665662.

3. Hellemans KG, Verma P, Yoon E, YuWK, Young AH, Weinberg J. Prenatal alcohol exposure and
chronic mild stress differentially alter depressive- and anxiety-like behaviors in male and female off-
spring. Alcohol Clin Exp Res. 2010 Apr; 34(4):633–45. doi: 10.1111/j.1530-0277.2009.01132.x. Epub
2010 Jan 26. PMID: 20102562.

4. Baldwin MR. Fetal alcohol spectrum disorders and suicidality in a healthcare setting. Int J Circumpolar
Health. 2007; 66 Suppl 1:54–60. Review. PMID: 18154233.

5. Jacobson SW, Bihun JT, Chiodo LM. Effects of prenatal alcohol and cocaine exposure on infant cortisol
levels. Dev Psychopathol. 1999 Spring; 11(2):195–208. PMID: 16506530.

6. Gauthier TW, Drews-Botsch C, Falek A, Coles C, Brown LA. Maternal alcohol abuse and neonatal
infection. Alcohol Clin Exp Res. 2005 Jun; 29(6):1035–43. PMID: 15976530.

7. Johnson S, Knight R, Marmer DJ, Steele RW. Immune deficiency in fetal alcohol syndrome. Pediatr
Res. 1981 Jun; 15(6):908–11. PMID: 7195540.

8. Redei E, Clark WR, McGivern RF. Alcohol exposure in utero results in diminished T-cell function and
alterations in brain corticotropin-releasing factor and ACTH content. Alcohol Clin Exp Res. 1989 Jun;
13(3):439–43. PMID: 2546466.

9. Taylor AN, Tio DL, Chiappelli F. Thymocyte development in male fetal alcohol-exposed rats. Alcohol
Clin Exp Res. 1999 Mar; 23(3):465–70. PMID: 10195819.

10. Zhang X, Sliwowska JH, Weinberg J. Prenatal alcohol exposure and fetal programming: effects on neu-
roendocrine and immune function. Exp Biol Med (Maywood). 2005 Jun; 230(6):376–88. Review. PMID:
15956767.

11. Polanco TA, Crismale-Gann C, Reuhl KR, Sarkar DK, Cohick WS. Fetal alcohol exposure increases
mammary tumor susceptibility and alters tumor phenotype in rats. Alcohol Clin Exp Res. 2010 Nov; 34
(11):1879–87. doi: 10.1111/j.1530-0277.2010.01276.x PMID: 20662802.

12. Sarkar DK. Fetal alcohol exposure increases susceptibility to carcinogenesis and promotes tumor pro-
gression in prostate gland. Adv Exp Med Biol. 2015; 815:389–402. doi: 10.1007/978-3-319-09614-8_
23 PMID: 25427920

13. Lleva RR, Inzucchi SE. Diagnosis and management of pituitary adenomas. Curr Opin Oncol. 2011 Jan;
23(1):53–60. doi: 10.1097/CCO.0b013e328341000f PMID: 21076304

14. Mello NK, Mendelson JH, Bree MP, Skupny A. Alcohol effects on naloxone-stimulated luteinizing hor-
mone, follicle-stimulating hormone and prolactin plasma levels in female rhesus monkeys. J Pharmacol
Exp Ther. 1988 Jun; 245(3):895–904. PMID: 3133465.

Fetal Alcohol Promotes Pituitary Tumor Development

PLOS ONE | DOI:10.1371/journal.pone.0140699 October 28, 2015 18 / 20

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0140699.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0140699.s002
http://www.ncbi.nlm.nih.gov/pubmed/4126070
http://www.ncbi.nlm.nih.gov/pubmed/14665662
http://dx.doi.org/10.1111/j.1530-0277.2009.01132.x
http://www.ncbi.nlm.nih.gov/pubmed/20102562
http://www.ncbi.nlm.nih.gov/pubmed/18154233
http://www.ncbi.nlm.nih.gov/pubmed/16506530
http://www.ncbi.nlm.nih.gov/pubmed/15976530
http://www.ncbi.nlm.nih.gov/pubmed/7195540
http://www.ncbi.nlm.nih.gov/pubmed/2546466
http://www.ncbi.nlm.nih.gov/pubmed/10195819
http://www.ncbi.nlm.nih.gov/pubmed/15956767
http://dx.doi.org/10.1111/j.1530-0277.2010.01276.x
http://www.ncbi.nlm.nih.gov/pubmed/20662802
http://dx.doi.org/10.1007/978-3-319-09614-8_23
http://dx.doi.org/10.1007/978-3-319-09614-8_23
http://www.ncbi.nlm.nih.gov/pubmed/25427920
http://dx.doi.org/10.1097/CCO.0b013e328341000f
http://www.ncbi.nlm.nih.gov/pubmed/21076304
http://www.ncbi.nlm.nih.gov/pubmed/3133465


15. Seki M, Yoshida K, Okamura Y. [A study on hyperprolactinemia in female patients with alcoholics]. Aru-
koru Kenkyuto Yakubutsu Ison. 1991 Feb; 26(1):49–59. PMID: 2069537.

16. De A, Boyadjieva N, Oomizu S, Sarkar DK. Ethanol induces hyperprolactinemia by increasing prolactin
release and lactotrope growth in female rats. Alcohol Clin Exp Res. 2002 Sep; 26(9):1420–9. PMID:
12351938.

17. Oomizu S, Boyadjieva N, Sarkar DK. Ethanol and estradiol modulate alternative splicing of dopamine
D2 receptor messenger RNA and abolish the inhibitory action of bromocriptine on prolactin release
from the pituitary gland. Alcohol Clin Exp Res. 2003 Jun; 27(6):975–80. PMID: 12824819;
PMC2869286.

18. Sengupta A, Sarkar DK. Roles of dopamine 2 receptor isoforms and g proteins in ethanol regulated pro-
lactin synthesis and lactotropic cell proliferation. PLoS One. 2012; 7(9):e45593. doi: 10.1371/journal.
pone.0045593. Epub 2012 Sep 18. PMID: 23029123; PMC3445509.

19. Sarkar DK. Hyperprolactinemia following chronic alcohol administration. Front Horm Res. 2010; 38:32–
41. doi: 10.1159/000318492. Epub 2010 Jul 5. PMID: 20616493.

20. Freeman ME, Kanyicska B, Lerant A, Nagy G. Prolactin: structure, function, and regulation of secretion.
Physiol Rev. 2000 Oct; 80(4):1523–631. PMID: 11015620.

21. Ben-Jonathan N, Hnasko R. Dopamine as a prolactin (PRL) inhibitor. Endocr Rev. 2001 Dec; 22
(6):724–63. PMID: 11739329.

22. Iaccarino C, Samad TA, Mathis C, Kercret H, Picetti R, Borrelli E. Control of lactotrop proliferation by
dopamine: essential role of signaling through D2 receptors and ERKs. Proc Natl Acad Sci U S A. 2002
Oct 29; 99(22):14530–5. Epub 2002 Oct 21. PMID: 12391292; PMC137917.

23. Missale C, Spano PF. Growth factors in the pathogenesis of prolactin-secreting tumors. J Endocrinol
Invest. 1998 Jun; 21(6):402–11. PMID: 9699134.

24. Mansour A, Meador-Woodruff JH, Bunzow JR, Civelli O, Akil H, Watson SJ. Localization of dopamine
D2 receptor mRNA and D1 and D2 receptor binding in the rat brain and pituitary: an in situ hybridiza-
tion-receptor autoradiographic analysis. J Neurosci 1990 Aug; 10(8):2587–600. PMID: 2143777

25. Kelly MA, Rubinstein M, Asa SL, Zhang G, Saez C, Bunzow JR, et al. Pituitary lactotroph hyperplasia
and chronic hyperprolactinemia in dopamine D2 receptor-deficient mice. Neuron. 1997 Jul; 19(1):103–
13. PMID: 9247267.

26. Saiardi A, Bozzi Y, Baik JH, Borrelli E. Antiproliferative role of dopamine: loss of D2 receptors causes
hormonal dysfunction and pituitary hyperplasia. Neuron. 1997 Jul; 19(1):115–26. PMID: 9247268.

27. Robbins TW, Everitt BJ. Drug addiction: bad habits add up. Nature. 1999 Apr 15; 398(6728):567–70.
PMID: 10217139.

28. Volkow ND, WangGJ, Fowler JS, Logan J, Hitzemann R, Ding YS, et al. Decreases in dopamine recep-
tors but not in dopamine transporters in alcoholics. Alcohol Clin Exp Res. 1996 Dec; 20(9):1594–8.
PMID: 8986209.

29. Sarkar DK. Genesis of prolactinomas: studies using estrogen-treated animals. Front Horm Res. 2006;
35:32–49. Review. PMID: 16809921; PMC2882189.

30. Sarkar DK, Gottschall PE, Meites J. Damage to hypothalamic dopaminergic neurons is associated with
development of prolactin-secreting pituitary tumors. Science. 1982 Nov 12; 218(4573):684–6. PMID:
7134966.

31. Raymond V, Beaulieu M, Labrie F, Boissier J. Potent antidopaminergic activity of estradiol at the pitui-
tary level on prolactin release. Science. 1978 Jun 9; 200(4346):1173–5. PMID: 418505.

32. Govorko D, Bekdash RA, Zhang C, Sarkar DK. Male germline transmits fetal alcohol adverse effect on
hypothalamic proopiomelanocortin gene across generations. Biol Psychiatry. 2012 Sep 1; 72(5):378–
88. doi: 10.1016/j.biopsych.2012.04.006 PMID: 22622000; PMC3414692.

33. Bekdash RA, Zhang C, Sarkar DK. Gestational choline supplementation normalized fetal alcohol-
induced alterations in histone modifications, DNAmethylation, and proopiomelanocortin (POMC) gene
expression in β-endorphin-producing POMC neurons of the hypothalamus. Alcohol Clin Exp Res. 2013
Jul; 37(7):1133–42. doi: 10.1111/acer.12082. Epub 2013 Feb 15. PMID: 23413810; PMC3659188.

34. Gangisetty O, Bekdash R, Maglakelidze G, Sarkar DK. Fetal alcohol exposure alters proopiomelano-
cortin gene expression and hypothalamic-pituitary-adrenal axis function via increasing MeCP2 expres-
sion in the hypothalamus. PLoS One. 2014 Nov 19; 9(11):e113228. doi: 10.1371/journal.pone.
0113228. eCollection 2014. PMID: 25409090; PMC4237387.

35. Miller MW. Circadian rhythm of cell proliferation in the telencephalic ventricular zone: effect of in utero
exposure to ethanol. Brain Res. 1992 Nov 6; 595(1):17–24. PMID: 1467954.

36. De A, Morgan TE, Speth RC, Boyadjieva N, Sarkar DK. Pituitary lactotrope expresses transforming
growth factor beta (TGF beta) type II receptor mRNA and protein and contains 125I-TGF beta 1 binding
sites. J Endocrinol. 1996 Apr; 149(1):19–27. PMID: 8676051.

Fetal Alcohol Promotes Pituitary Tumor Development

PLOS ONE | DOI:10.1371/journal.pone.0140699 October 28, 2015 19 / 20

http://www.ncbi.nlm.nih.gov/pubmed/2069537
http://www.ncbi.nlm.nih.gov/pubmed/12351938
http://www.ncbi.nlm.nih.gov/pubmed/12824819
http://dx.doi.org/10.1371/journal.pone.0045593
http://dx.doi.org/10.1371/journal.pone.0045593
http://www.ncbi.nlm.nih.gov/pubmed/23029123
http://dx.doi.org/10.1159/000318492
http://www.ncbi.nlm.nih.gov/pubmed/20616493
http://www.ncbi.nlm.nih.gov/pubmed/11015620
http://www.ncbi.nlm.nih.gov/pubmed/11739329
http://www.ncbi.nlm.nih.gov/pubmed/12391292
http://www.ncbi.nlm.nih.gov/pubmed/9699134
http://www.ncbi.nlm.nih.gov/pubmed/2143777
http://www.ncbi.nlm.nih.gov/pubmed/9247267
http://www.ncbi.nlm.nih.gov/pubmed/9247268
http://www.ncbi.nlm.nih.gov/pubmed/10217139
http://www.ncbi.nlm.nih.gov/pubmed/8986209
http://www.ncbi.nlm.nih.gov/pubmed/16809921
http://www.ncbi.nlm.nih.gov/pubmed/7134966
http://www.ncbi.nlm.nih.gov/pubmed/418505
http://dx.doi.org/10.1016/j.biopsych.2012.04.006
http://www.ncbi.nlm.nih.gov/pubmed/22622000
http://dx.doi.org/10.1111/acer.12082
http://www.ncbi.nlm.nih.gov/pubmed/23413810
http://dx.doi.org/10.1371/journal.pone.0113228
http://dx.doi.org/10.1371/journal.pone.0113228
http://www.ncbi.nlm.nih.gov/pubmed/25409090
http://www.ncbi.nlm.nih.gov/pubmed/1467954
http://www.ncbi.nlm.nih.gov/pubmed/8676051


37. Feng J, Fan G. The role of DNAmethylation in the central nervous system and neuropsychiatric disor-
ders. Int Rev Neurobiol. 2009; 89:67–84. doi: 10.1016/S0074-7742(09)89004-1 PMID: 19900616.

38. Grunstein M. Histone acetylation in chromatin structure and transcription. Nature. 1997 Sep 25; 389
(6649):349–52. Review. PMID: 9311776.

39. Turner BM. Cellular memory and the histone code. Cell. 2002 Nov 1; 111(3):285–91. PMID: 12419240.

40. Davis CD, Uthus EO. DNAmethylation, cancer susceptibility, and nutrient interactions. Exp Biol Med
(Maywood). 2004 Nov; 229(10):988–95. Review. PMID: 15522834.

41. Miranda TB, Jones PA. DNAmethylation: the nuts and bolts of repression. J Cell Physiol. 2007 Nov;
213(2):384–90. PMID: 17708532.

42. Suzuki MM, Bird A. DNAmethylation landscapes: provocative insights from epigenomics. Nat Rev
Genet. 2008 Jun; 9(6):465–76. doi: 10.1038/nrg2341 PMID: 18463664.

43. Alexander JM. Tumor suppressor loss in pituitary tumors. Brain Pathol. 2001 Jul; 11(3):342–55. PMID:
11414476.

44. Zhao J, Dahle D, Zhou Y, Zhang X, Klibanski A. Hypermethylation of the promoter region is associated
with the loss of MEG3 gene expression in human pituitary tumors. J Clin Endocrinol Metab. 2005 Apr;
90(4):2179–86. Epub 2005 Jan 11. PMID: 15644399.

45. Simpson DJ, Hibberts NA, McNicol AM, Clayton RN, Farrell WE. Loss of pRb expression in pituitary
adenomas is associated with methylation of the RB1 CpG island. Cancer Res. 2000 Mar 1; 60
(5):1211–6. PMID: 10728677.

46. Qian X, Jin L, Kulig E, Lloyd RV. DNAmethylation regulates p27kip1 expression in rodent pituitary cell
lines. Am J Pathol. 1998 Nov; 153(5):1475–82. PMID: 9811339: PMC1853401.

47. Yoshino A, Katayama Y, Ogino A, Watanabe T, Yachi K, Ohta T, et al. Promoter hypermethylation pro-
file of cell cycle regulator genes in pituitary adenomas. J Neurooncol. 2007 Jun; 83(2):153–62. Epub
2007 Jan 11. PMID: 17216555.

48. Ogino A, Yoshino A, Katayama Y, Watanabe T, Ota T, Komine C, et al. The p15(INK4b)/p16(INK4a)/
RB1 pathway is frequently deregulated in human pituitary adenomas. J Neuropathol Exp Neurol. 2005
May; 64(5):398–403. PMID: 15892297.

49. Maier SE, Cramer JA, West JR, Sohrabji F. Alcohol exposure during the first two trimesters equivalent
alters granule cell number and neurotrophin expression in the developing rat olfactory bulb. J Neurobiol.
1999 Nov 15; 41(3):414–23. PMID: 10526319

50. Hicks SD, Middleton FA, Miller MW. Ethanol-induced methylation of cell cycle genes in neural stem
cells. J Neurochem 2010 Sep; 114(6):1767–80. doi: 10.1111/j.1471-4159.2010.06886.x PMID:
20626555

51. Lee ES, Chen H, Shepherd KR, Lamango NS, Soliman KF, Charlton CG. The inhibitory role of methyla-
tion on the binding characteristics of dopamine receptors and transporter. Neurosci Res. 2004 Mar; 48
(3):335–44. PMID: 15154679.

52. Asa SL, Ezzat S. The cytogenesis and pathogenesis of pituitary adenomas. Endocr Rev. 1998 Dec; 19
(6):798–827. Review. PMID: 9861546.

53. Asa SL, Ezzat S. Medical management of pituitary adenomas: structural and ultrastructural changes.
Pituitary. 2002; 5(2):133–9. Review. PMID: 12675510.

54. Al-Azzawi H, Yacqub-Usman K, Richardson A, Hofland LJ, Clayton RN, Farrell WE. Reversal of endog-
enous dopamine receptor silencing in pituitary cells augments receptor-mediated apoptosis. Endocri-
nology. 2011 Feb; 152(2):364–73. doi: 10.1210/en.2010-0886. Epub 2010 Dec 22. PMID: 21177832.

55. Zhu X, Mao X, Hurren R, Schimmer AD, Ezzat S, Asa SL. Deoxyribonucleic acid methyltransferase 3B
promotes epigenetic silencing through histone 3 chromatin modifications in pituitary cells. J Clin Endo-
crinol Metab 2008 Sep; 93(9):3610–7. doi: 10.1210/jc.2008-0578 PMID: 18544619

Fetal Alcohol Promotes Pituitary Tumor Development

PLOS ONE | DOI:10.1371/journal.pone.0140699 October 28, 2015 20 / 20

http://dx.doi.org/10.1016/S0074-7742(09)89004-1
http://www.ncbi.nlm.nih.gov/pubmed/19900616
http://www.ncbi.nlm.nih.gov/pubmed/9311776
http://www.ncbi.nlm.nih.gov/pubmed/12419240
http://www.ncbi.nlm.nih.gov/pubmed/15522834
http://www.ncbi.nlm.nih.gov/pubmed/17708532
http://dx.doi.org/10.1038/nrg2341
http://www.ncbi.nlm.nih.gov/pubmed/18463664
http://www.ncbi.nlm.nih.gov/pubmed/11414476
http://www.ncbi.nlm.nih.gov/pubmed/15644399
http://www.ncbi.nlm.nih.gov/pubmed/10728677
http://www.ncbi.nlm.nih.gov/pubmed/9811339
http://www.ncbi.nlm.nih.gov/pubmed/17216555
http://www.ncbi.nlm.nih.gov/pubmed/15892297
http://www.ncbi.nlm.nih.gov/pubmed/10526319
http://dx.doi.org/10.1111/j.1471-4159.2010.06886.x
http://www.ncbi.nlm.nih.gov/pubmed/20626555
http://www.ncbi.nlm.nih.gov/pubmed/15154679
http://www.ncbi.nlm.nih.gov/pubmed/9861546
http://www.ncbi.nlm.nih.gov/pubmed/12675510
http://dx.doi.org/10.1210/en.2010-0886
http://www.ncbi.nlm.nih.gov/pubmed/21177832
http://dx.doi.org/10.1210/jc.2008-0578
http://www.ncbi.nlm.nih.gov/pubmed/18544619

