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Summary
Background—Fetal alcohol spectrum disorder (FASD) is a leading cause of non-genetic mental
retardation and other neurodevelopmental deficits. Earlier diagnosis of FASD would greatly
improve prognosis for individuals and families affected by this disorder. Here we identify
candidate placental biomarkers in an animal model of FASD that recapitulates many aspects of
human FASD.

Methods—Pregnant Sprague-Dawley (SD) females were assigned to one of three diet groups on
gestation day 8 (G8): Ethanol (E), Pair-fed (PF) or Control (C). E dams received ethanol-
containing liquid diet and PF dams received isocaloric liquid diet in an amount that matched the
paired E dam’s diet consumption the previous day. Control dams received lab chow and water ad
libitum. Whole placentae from individual fetuses were collected on gestational day 21 (G21) for
analyses. Western blotting and quantitative real-time RT-PCR were used to measure protein and
mRNA levels of placental iodothyronine deiodinase III (Dio3), thyroid hormone receptor α1
(TRα1), and glucocorticoid receptor (GR). Placental mRNA levels of insulin-like growth factor 2
(Igf-2), pleckstrin homology-like domain family A member 2 (Phlda2), and cyclin-dependent
kinase inhibitor 1C (Cdkn1c) were also measured.

Results—Placental protein and mRNA levels from ethanol (E)-consuming dams showed the
following changes: increased Dio3, decreased TRα1 and decreased GR compared to both C and
PF dams. Placental mRNA levels of intrauterine growth restriction (IUGR) markers Igf-2, Phlda2
and Cdkn1c were altered similarly in PF and E dams.

Conclusions—We propose the specific pattern of increased Dio3 and decreased TRα1 and GR
protein levels in the placenta as selective biomarker for intrauterine alcohol exposure.
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Introduction
Current statistics indicate that one in eight pregnant women consumes alcohol (Floyd and
Sidhu, 2004). The prevalence of fetal alcohol syndrome (FAS) is between 1.3 and 4.6 births
per 1000 (Sampson et al., 1997), while the combined prevalence of FAS and alcohol-related
neurodevelopmental disorders (ARND) is estimated to be as high as 9.1 per 1000
(Streissguth and O'Malley, 2000). Prenatal alcohol exposure causes deficits in overall
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cognitive ability (Pei et al., 2008), attention regulatory behaviors, adaptive responses and
psychosocial adjustments (Mattson et al., 2001). Even in the absence of mental retardation
or diagnosed “FAS,” individuals exposed to alcohol prenatally exhibit deficits in sensory
processing and maladaptive responses to the environment (Mattson and Riley, 2000).

Prenatal alcohol exposure also manifests in low birth weight (Burd et al., 2007). Offspring
with intrauterine growth restriction (IUGR) exhibit the same characteristic but with different
etiology, which can include restricted maternal diet, utero-placental insufficiency, maternal
genetic factors, or environmental exposures such as cigarette smoking, as well as many
idiopathic cases (Bhasin et al., 2009; Davy et al., 2009; Robinson et al., 1997). Later in life,
offspring with IUGR exhibit impaired insulin secretion and type 2 diabetes,
cardiopulmonary complications, hypertension, and hyperlipidaemia (Barker et al., 1993;
Gatford et al.; Rueda-Clausen et al., 2009). Alcohol-exposed fetuses share these risks
because they too exhibit reduced birth weight. The incidence of placenta-associated
syndromes including cases wherein the fetus is “small for gestational age”, increase with the
level of maternal alcohol consumption (Salihu et al. 2010), suggesting that alcohol’s effects
on the placenta contribute to the specific pathophysiology of FASD in addition to IUGR.
Selective biological markers for intrauterine alcohol exposure that are based on placental
function promise to lead to intervention strategies targeted to alcohol effects.

FAS can be well diagnosed based on facial and/or morphological characteristics together
with cognitive deficits, but for the majority of less severe FASD cases, strategies for
diagnosis and remediation are lacking. Educational, parental, and skills training
interventions substantially improve social and intellectual functioning, but more thorough
assessments of graded disabilities as well as earlier diagnoses are necessary to meet the
clinical need (Paley and O'Connor, 2009). Unfortunately, validated self-report screening for
alcohol use can be inaccurate (Del Boca and Darkes, 2003). Laboratory measures could help
to assess fetal exposure to alcohol and clarify the controversial role of light to moderate
drinking during pregnancy as a cause of FASD (Henderson et al., 2007). To this end, several
studies have proposed and explored biochemical markers for alcohol exposure (Denkins et
al., 2000; Itoh and Takenawa, 2002; Kulaga et al., 2009; Morini et al., 2010; Sharpe, 2001).
The majority of these biomarkers have focused on metabolites of ethanol that can,
sometimes in conjunction, signal alcohol consumption of the mother and exposure of the
fetus. However, ethanol can affect the developing fetus indirectly via shifting the maternal-
fetal hormonal homeostasis, which can lead to neurodevelopmental disorders and endocrine
dysfunction in the offspring.

Upon delivery, the placenta is the most accessible fetal-maternal tissue and carries valuable
information about the pregnancy including adverse effects on maternal or fetal physiology
(Benirschke and Kaufmann, 2000; Sood et al., 2006). Maternal thyroid hormones are
metabolized by the placenta throughout gestation, but a considerable amount of thyroid
hormone is necessarily transported through the placenta to the fetus in support of its
development. Because alcohol consumption suppresses thyroid hormone levels of the
mother (Geurts et al., 1981; Heinz et al., 1996; Wilcoxon and Redei, 2004), the alcohol-
exposed fetus may also be deprived of thyroid hormones in utero. This seems to be the case
since maternal T4 supplementation ameliorates several alcohol-induced behavioral
abnormalities in the offspring (Wilcoxon et al., 2005). In a hypothyroxinemic environment,
it is highly likely that thyroid hormone-related metabolism is altered in the alcohol-exposed
placenta (Morell et al., 1994).

Given the role of thyroid hormone economy in alcohol-related developmental abnormalities,
we chose thyroid milieu-related proteins to investigate as potential biomarkers for FASD.
Increased or decreased thyroid hormone levels cause tissue-specific changes in TRα1 levels
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(Liu et al., 2007; Rodriguez-Garcia et al., 1995) and GR protein levels are decreased in the
brain following fetal alcohol exposure or genetic manipulation of TRα (Wilcoxon et al.,
2005; Wilcoxon et al., 2007). In addition, the Dio3 gene is induced by T3 and has an
essential role in determining the amount of maternal thyroid hormone to reach the fetus
(Bianco and Kim, 2006; Tsai et al., 2002). Since TRα1, GR, and Dio3 respond to changes in
thyroid hormone status and have known neurodevelopmental roles, we hypothesized that
they would constitute strong biomarkers for alcohol exposure.

Evidence suggests that prenatal alcohol exposure disrupts thyroid function to a greater
extent than IUGR of unknown origin, but decreased serum free T4 and free T3 and
increased placental TRα1 have been reported in human IUGR (Kilby et al., 1998). Thus, we
validated our potential biomarkers by determining the mRNA levels of three placental genes
that have been associated with low birth weight and proposed as markers of fetal growth:
Igf-2, Phlda2, and Cdkn1c (Apostolidou et al., 2007). Here we report the findings that TRα1,
GR, and Dio3 signal alcohol exposure selectively, and that markers of fetal weight are
altered by both alcohol exposure and food restriction.

Materials and Methods
Animals

All animal experimentation was carried out in accordance with the NIH guide for the care
and use of laboratory animals and approved by the Northwestern University Animal Use and
Care Committee. Adult female Sprague-Dawley (SD) rats (Harlan, 14–16 weeks of age)
were mated with SD males overnight and gestational day 1 (G1) was assigned by the
presence of sperm in vaginal smears.

Maternal diet and animal procedures were performed as described previously (Wilcoxon et
al., 2005). The maternal and fetal consequences of the alcohol dose associated with this
consumption paradigm are previously described and similar to human FASD (Sinha et al.,
1997; Sittig and Redei, 2010; Wilcoxon et al., 2003, 2004, 2005). Therefore, we took
advantage of this model rather than conducting a dose-response study for the purposes of
identifying biomarkers of moderate maternal alcohol consumption. Pregnant females were
assigned to the different diet groups on G8: E (ethanol, N=6), PF (pair-fed, N=6), or C
(control, N=6). E dams received an ethanol-containing (5% w/v, 35% ethanol-derived
calories) liquid diet (Lieber-DeCarli ‘82, BioServ, #F1258) as described previously (Sinha et
al., 1997). Pair-fed dams received an amount of isocaloric liquid diet (Lieber DeCarli ‘82,
BioServ #F1259) that matched the paired E dam’s diet consumption the previous day.
Liquid diets were replaced with lab chow on G21. Maternal alcohol diet consumption was
64.2 +/− 1.2 ml/day, and the blood alcohol levels of E dams, 126.5 +/− 29.0 mg/dl, was
comparable to those obtained in our previous studies (Sinha et al., 1997). An additional set
of C, PF, and E dams treated with the same diet regimen were allowed to give birth. On
postnatal day 1 (P1), pups from these litters (n=5 litters/diet group) were removed from the
mother, sexed based on anogenital distance, and birth weights were recorded.

Tissue Collection
Pregnant dams were killed by decapitation on G21 between 1000h and 1200h. The uterine
horn was quickly removed and placed on ice. Fetal sex was determined based on the
anogenital distance. Whole placentae were collected directly into RNAlater reagent
(Ambion, Austin, TX), kept at room temperature for 24h then stored at −80°C. The placenta
of at least one fetus/sex/litter were also collected on dry ice and stored at −80°C for protein
analyses.
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Western blots
Individual placentae of male and female fetuses (n=1–4 placenta/litter, minimum 4 litters/
treatment) were individually homogenized in ice-cold lysis buffer as described previously
(Shukla et al., 2010). Samples (numbers differ depending on the protein being measured)
containing 60 ug protein were electrophoresed on 12% (w/v) SDS polyacrylamide gel and
transferred onto polyvinylidene difluoride membranes for use with the following antibodies:
anti-GR (1:1000, Santa Cruz Biotechnology, Santa Cruz, CA), anti-TRα1 (1:1000, Pierce
Biotechnology, Rockford, IL), and two anti-Dio3 antibodies. First, anti-Dio3 (1:500, kindly
provided by Dr. D. Salvatore, University of Naples Federico II, Naples, Italy) (Huang et al.,
2002), and a second anti-Dio3 (1:1000, Novus Biologicals, Littleton, CO), which yielded
Dio3 bands of equal sizes. β-actin protein levels were measured in the same membranes
using a monoclonal antibody (1:10,000, Sigma, St. Louis, MO). The optical density of each
protein was normalized to the corresponding β-actin signal using ImageJ software (NIH).

Quantitative real-time RT-PCR
Total RNA was isolated from individual placentae (n=4–5/treatment) using Trizol reagent
according the manufacturer’s protocol (Life Technologies, Grand Island, NY, USA).
Reverse transcription of 1ug total RNA was performed with reagents from TaqMan Reverse
Transcription kit (Applied Biosystems, Branchburg, NJ). Resulting cDNA was used in
quantitative real-time PCR with SYBR green chemistry (ABI 7300 Real-Time PCR System,
Foster City, CA). Triplicate reactions were performed for each cDNA sample. Primers for
Igf-2, Phlda2, Cdkn1c, Dio3, TRα1 and GR (IDT, Coralville, Iowa) were designed to span
>1 exon when possible: Igf-2 F: 5’ –TGGCGCTGATCGACTACCA – 3’; R 5’ –
ATACCTGAAGCGGCGAAACTC – 3’, Phlda2 F: 5’ – TGGCGCTGATCGACTACCA –
3’; R 5’ – ATACCTGAAGCGGCGAAACTC – 3’, Cdkn1c F: 5’ –
TGCTGCGGCCAATGC – 3’; R 5’ – TGGCGAAGAAGTCAGAGATGAG – 3’, Dio3 F:
5’ – CTGTTCCCGCGCTTCCTA – 3’; R 5’ – GTCCCTTGTGCGTAGTCGAG – 3’, TRα1
F: 5’– TCAACCACCGCAAACACAAC –3’; R 5’–TCTCTCTCCTTCATCAGCAGCTT–
3’, GR F: 5’ – TGGAGAATTATGACCACACTCAACAT – 3’; R 5’ –
TGAAGCCTGGTATCGCCTTT – 3’. The GAPDH primer pair was obtained from ABI
(Foster City, California). Specific mRNA levels were calculated relative to GAPDH using
the 2−ΔΔCt method.

Statistical analysis
All data are expressed as mean +/− SEM. The differences among the prenatal treatment
groups were first analyzed by one-way ANOVA. When statistical significance was detected,
Newman-Keuls t-tests were used to determine statistical significance between groups. Systat
software (Version 11.00.01, SYSTAT Software, Inc., San Jose, CA) was used and
significance was established at p<0.05.

Results
Maternal Alcohol Consumption Affects Birth Weight

Male and female E neonates had significantly decreased birth weight compared to both C
and PF neonates (F[2, 22]= 14.0, p<0.001). As reported previously, males had higher birth
weight than females (Sittig and Redei, 2010; Wilcoxon and Redei, 2004) (Table 1, F[1, 22]=
4.48, p<0.05).
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Maternal Alcohol Consumption Affects Placental Protein and mRNA Levels of Dio3, TRα1,
and GR

Maternal alcohol consumption altered male placental protein levels similarly to those of
females, although direct statistical comparison was avoided due to the inaccuracy of
comparing protein levels across western blots. In females, protein levels of thyroid
hormone-inactivating enzyme Dio3 were significantly increased, while those of TRα1 and
GR were decreased in the placentae of alcohol-exposed fetuses on gestational day 21 (Figure
1A; F[2, 9]= 12.4, p<0 0.01; Figure 1B; F[2, 21]= 9.44, p<0.01; Figure 1C; F[2, 21]=7,
p<0.01).

Male placental protein and mRNA levels of Dio3 were significantly increased by maternal
alcohol consumption (mRNA: F[2, 17]=4.6, p<0.05; protein; F[2, 12]= 6.0, p<0.05; Table
2). TRα1 (mRNA: F[2, 13]=5.7, p<0.05, protein: F[2, 12]=4.5, p<0.05) and GR expression
(mRNA: F[2, 14]=6.5, p<0.05, protein: F[2, 12]=6.2, p<0.05) were decreased in the
placentae of alcohol-exposed male fetuses on gestational day 21 (Table 2). Protein and
mRNA levels correlated positively and significantly for all three markers (Dio3: r=0.61,
p<0.05, TRα1: r=0.718, p<0.05, and GR: r=0.63, p<0.05).

Maternal E and PF Diets Affect Placental IUGR-related Gene Expression
Placental Igf2 and Cdkn1c mRNA levels were significantly higher in both PF and E
placentae compared to controls (Igf2: Figure 2A; F[2, 11]= 19, p<0.01; Cdkn1c: Figure 2B;
F[2, 11]= 44, p<0.01. Phlda2 mRNA expression was significantly greater in the E placenta
relative to controls (Figure 2C; F[2, 11]= 6.68, p<0.05), and levels were intermediate in the
PF placenta.

Discussion
We show evidence derived from a rat model emulating physiological and
neurodevelopmental features of human FASD (Wilcoxon et al., 2005; Wilcoxon and Redei,
2004) that concomitant alterations in placental Dio3, GR and TRα1 protein levels could
serve as a biomarker for intrauterine alcohol exposure. We show evidence toward the
selectivity of these markers for alcohol exposure as opposed to caloric restriction by
selecting three additional IUGR-related genes and confirming that the isocaloric PF diet and
the E diet similarly affected the mRNA levels of these genes. The alcohol-induced
alterations of Dio3, TRα1 and GR protein expression may be direct or indirect consequences
of alcohol, indicating the alcohol toxicity of the maternal environment, or the alcohol-
induced alterations in maternal hypothalamic-pituitary-thyroid function. In either case,
placental dysfunction in this model and in human pregnancies has been linked to specific
lifelong deficits involving birth and adult weights, hormonal abnormalities, and
neuroendocrine dysfunction (Salihu et al., 2010; Wilcoxon and Redei, 2004).

Dio3 is the main regulator of thyroid hormone homeostasis in the placenta (Chan et al.,
2009; Mortimer et al., 1996), and increased Dio3 protein levels in the E placenta imply
greater deactivation of thyroid hormones and decreased thyroid hormone passage into the
fetus in a situation where maternal thyroid hormones are already suppressed (Wilcoxon and
Redei, 2004). The exact regulation of placental TRα1 by thyroid hormone remains
undefined in the literature. Decreased levels of fetal thyroid hormones are associated with
increased levels of TRα1 in placentae obtained from human IUGR pregnancies (Kilby et al.,
1998) so the observed decrease of TRα1 expression in the E placenta would suggest elevated
fetal thyroid hormone levels. However, we measured decreased placental thyroid hormone
levels (Sittig et al., 2009) in agreement with the hypothyroxinaemia in alcohol-consuming
dams (Wilcoxon and Redei, 2004). Since the origin of IUGR in the human study (Kilby et
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al., 1998) was not determined, the apparent differential regulation of placental TRα1 in our
FASD model and in IUGR cannot presently be explained.

In the current paper we have furthered our investigations of endocrine regulation as a
mediator of alcohol-induced changes in the placenta. Both T3 (inactivated by Dio3 enzyme)
and glucocorticoids (inactivated by 11β-hydroxysteroid dehydrogenase type 2, 11β-HSD2)
have been implicated in the pathophysiology of FASD (Weinberg et al., 2008; Wilcoxon et
al., 2005; Wilcoxon and Redei, 2004), and here we show specific roles for their receptors.
The enzyme that metabolizes glucocorticoids in the placenta, 11β-HSD2, is decreased by
alcohol exposure (Burton et al., 1996; Wilcoxon et al., 2003). Here we report decreased
levels of placental GR, the transcription factor and nuclear receptor that mediates the critical
developmental actions of glucocorticoids (Mesquita et al., 2009; Munck et al., 1990).
Amygdalar GR was similarly decreased in prenatally alcohol-exposed offspring, but not
when the prenatal thyroid hormonal milieu was supplemented with T4 (Wilcoxon et al.,
2005; Wilcoxon et al., 2007). Thus the decrease of GR in the alcohol-exposed placenta
could be linked to changes of placental thyroid function and is not simply a response to
elevated maternal glucocorticoid levels (Sinha et al., 1997).

Maternal alcohol consumption very often coexists with decreased food consumption and
results in low birth weight (Wilcoxon et al., 2005). Consequently, the pair-fed dams as
nutritional controls are underfed compared to their ad lib-fed counterparts. Although our
own and others’ pair feeding paradigm does not produce a birth weight deficit, a bodyweight
deficit is apparent in PF offspring at postnatal day 22 (Glavas et al., 2001). We have also
shown previously that PF offspring have altered peripheral levels of thyroid hormones as
adults, indicating that the nutritional restriction experienced by the PF offspring has
physiological consequences and can therefore be considered an appropriate model for IUGR
(Wilcoxon and Redei, 2004). Thus, we expected and confirmed that the levels of three
molecular markers of IUGR are altered in both E and PF placentae. The expression changes
in these placental genes are more likely related to the food restriction component of maternal
alcohol consumption than to the effect of alcohol per se.

Accurate identification of alcohol use in pregnant women is an important goal in the
prevention and future treatment of FASD, and validated self-report instruments are available
for this purpose. However, self-reports can be inaccurate (Wurst et al., 2008) and cannot
consider individual maternal and fetal variation in sensitivity to alcohol. Previously
identified alcohol biomarkers including c-glutamyltransferase, aminotransferases, and
erythrocyte mean corpuscular volume are not sensitive and specific enough, limiting their
utility (Conigrave et al., 2003). Several metabolites of ethanol have been evaluated as
alcohol consumption biomarkers during pregnancy including urine and hair ethyl
glucuronide, but their sensitivity remains an issue (Wojcik and Hawthorne, 2007; Wurst et
al., 2008). Another product of ethanol elimination, blood phosphatidylethanol, has high
potential for clinical utility (Stewart et al., 2009) but the problem remains that most of the
potential alcohol biomarkers indicate only exposure, not toxicity.

A range of potential biomarkers has been proposed from placental tissue (Gundogan et al.,
2008; Gundogan et al., 2010; Kay et al., 2006; Siler-Khodr et al., 2000). Many of these
potential biomarkers could have functional implications for FASD, including insulin-like
growth factors, vasoregulators, nitric oxide pathway members, prostaglandins, and fatty acid
ethyl esters (Bearer et al., 1992; Gundogan et al., 2008; Kay et al., 2006; Kulaga et al., 2009;
Randall et al., 1996; Siler-Khodr et al., 2000). Recently, genome-wide microarray analysis
identified 22 placental gene transcripts with differential expression after pregnant dams were
given a mild ethanol consumption paradigm (Rosenberg et al., 2010). The results of this
latter study reinforce the importance of endocrine regulation in placenta as an indirect
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mediator of alcohol effects, akin to our current findings. However, direct comparison of
findings between the studies is not appropriate since the level of alcohol consumed in the
microarray study was much lower and protein levels were not measured.

Here we report a set of potential placental biomarkers for fetal alcohol exposure that are
derived from an animal model of FASD that is based on moderate, voluntary ethanol
consumption and controls for the caloric restriction effects associated with ethanol
consumption. The blood alcohol concentration produced in the pregnant females we studied
was approximately 0.12%, which represents intoxication just above the legal limit for
driving. The validity of this level of intoxication compared to that of the “typical” alcohol-
consuming pregnant human remains to be determined. The potential markers we present
here are linked to altered thyroid function, a known contributor to the physiological and
cognitive deficits observed in FASD. Future studies will need to validate these findings in
human placental samples, and confirm their specificity compared to other teratogens. Such
studies may also reveal how aberrant levels of placental Dio3, TRα1, and GR contribute to
the neurodevelopmental and physiological deficits observed in children with FASD.
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Figure 1. Increased Dio3 (A), and decreased TRα1 (B) and GR (C) protein levels in alcohol-
exposed (E) placentae on G21
Insert shows representative Western blots for specific proteins and β-actin. Placental protein
levels were normalized to β-actin. Values are shown as means +/− SEM, *p<0.05 or
**p<0.01 compared to control (C) placenta; #p<0.05 or ## p<0.01 compared to PF placenta.
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Figure 2. Messenger RNA levels of Igf2 (A), Phlda2 (B), and Cdkn1c (C) are altered similarly in
pair fed (PF) and alcohol-exposed (E) placentae
Placental mRNA levels were determined by real time RT-PCR and normalized to GAPDH
using relative quantification (RQ). Values are shown as means +/− SEM, *p<0.05 or
**p<0.01 compared to control (C) placenta.
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Table 1

Decreased birth weight of alcohol-exposed (E) neonates.

Group MALE (g) FEMALE (g)

C 6.57± 0.14 6.18± 0.14

PF 6.28± 0.08 6.15± 0.13

E 5.80± 0.14**/# 5.51± 0.09**/##

Values are shown as means +/− SEM (g),

**
p<0.01 compared to control (C);

#
p<0.05,

##
p<0.01 compared to pair-fed (PF). Female pups weigh less than male pups, p<0.05.
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Table 2

Increased Dio3, and decreased TRα1 and GR protein and mRNA levels in alcohol-exposed (E) placentae.

Group Protein mRNA

Dio3 C 1.30± 0.01 0.34± 0.07

PF 1.44± 0.14 0.27± 0.04

E 1.86± 0.07*/# 0.86± 0.23*/#

TRα1 C 0.97± 0.04 1.11± 0.09

PF 0.88± 0.05 1.12± 0.16

E 0.74± 0.04* 0.60± 0.07*/#

GR C 0.92± 0.03 1.25± 0.08

PF 0.85± 0.09 1.33± 0.11

E 0.72± 0.06*/# 0.75± 0.07*/#

Placental protein and mRNA levels of male fetuses on G21 were normalized to β-actin and GAPDH, respectively. Values are shown as means +/−
SEM,

*
p<0.05 from control (C) placenta and

#
p<0.05 from pair fed (PF) placenta.
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