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Abstract: Fetal alcohol spectrum disorder is the main preventable cause of intellectual disability in
the Western world. Although binge drinking is the most studied prenatal alcohol exposure pattern,
other types of exposure, such as the Mediterranean, are common in specific geographic areas. In
this study, we analyze the effects of prenatal alcohol exposure in binge and Mediterranean human
drinking patterns on placenta and brain development in C57BL/6] mice. We also assess the impact of
prenatal treatment with the epigallocatechin-3-gallate antioxidant in both groups. Study experimental
groups for Mediterranean or binge patterns: (1) control; (2) ethanol; (3) ethanol + epigallocatechin-3-
gallate. Brain and placental tissue were collected on gestational Day 19. The molecular pathways
studied were fetal and placental growth, placental angiogenesis (VEGF-A, PLGF, VEGF-R), oxidative
stress (Nrf2), and neurodevelopmental processes including maturation (NeuN, DCX), differentiation
(GFAP) and neural plasticity (BDNF). Prenatal alcohol exposure resulted in fetal growth restriction
and produced imbalances of placental angiogenic factors. Moreover, prenatal alcohol exposure
increased oxidative stress and caused significant alterations in neuronal maturation and astrocyte
differentiation. Epigallocatechin-3-gallate therapy ameliorated fetal growth restriction, attenuated
alcohol-induced changes in placental angiogenic factors, and partially rescued neuronal nuclear
antigen (NeuN), (doublecortin) DCX, and (glial fibrillary acidic protein) GFAP levels. Any alcohol
consumption (Mediterranean or binge) during pregnancy may generate a fetal alcohol spectrum
disorder phenotype and the consequences may be partially attenuated by a prenatal treatment with
epigallocatechin-3-gallate.

Keywords: FASD-like mouse model; prenatal alcohol exposure (PAE); binge alcohol drinking pattern;
moderate alcohol drinking pattern; neural plasticity; angiogenesis; neural maturation; neural differ-
entiation; neurodevelopmental disorders; natural antioxidants; epigallocatechin-3-gallate (EGCG)
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1. Introduction

Alcohol, the most commonly used teratogen, triggers many deleterious effects in the
offspring when consumed during pregnancy, with the consequences falling under the
umbrella of fetal alcohol spectrum disorder (FASD) [1], of which fetal alcohol syndrome
(FAS) is the most severe form of prenatal alcohol exposure (PAE) impairment. FAS is
characterized by craniofacial dysmorphology, growth retardation, and central nervous
system dysfunctions [1].

Different factors contribute to the pathophysiology of FASD. The teratogenic effects
of PAE have great impact on the placenta, the central regulator of the intrauterine envi-
ronment [2]. FASD in vitro and animal model studies have shown the detrimental effects
of PAE on placental size, structure, and function [3] and alterations in the methylation
pattern of placental genes affecting its growth and on fetal development [4-6]. Moreover,
ethanol alters the expression of several placental angiogenic factors, e.g., the vascular
endothelial growth factor A (VEGF-A), its receptor VEGFR, and the placental growth
factor (PLGF) [7]. Ethanol diffuses through the placenta and rapidly distributes into the
fetal compartment, accumulating in the amniotic fluid [8]. The efficiency of the alcohol
dehydrogenase isoforms and aldehyde dehydrogenases enzymes expressed by the fetus for
alcohol metabolization is limited. Furthermore, CYP2E1 activity, the alternative pathway to
metabolize alcohol, is upregulated during development, generating high levels of reactive
oxygen species (ROS), which intensify the damage caused by alcohol. In addition, the fetal
brain is particularly vulnerable to alcohol due to the downregulation of the antioxidant
response in this tissue [9,10]. Thus, PAE affects the central nervous system in all stages of
brain development (neurulation, proliferation, migration, differentiation, synaptogenesis,
gliogenesis, myelination, apoptosis, and plasticity) through a variety of mechanisms that
include oxidative stress and the direct alteration of the epigenetic pattern in the neural
lineages [11,12]. Therefore, ethanol may alter the expression of a wide range of neural
biomarkers, e.g., the neuronal nuclear antigen (NeulN) [13], doublecortin (DCX) [14], glial
fibrillary acidic protein (GFAP) [15], and the brain-derived neurotrophic factor (BDNF) [16],
as well as of the oxidative stress biomarkers, e.g., the nuclear factor erythroid 2-related
factor 2 (Nrf2) [17].

There is a direct association between the dose and timing of PAE and FAS character-
istics [18]. FAS phenotypes are reported in the offspring of mothers who consume high
doses of alcohol (acute or binge models) during different stages of pregnancy [19]. Binge
drinking is defined by the National Institute on Alcohol Abuse and Alcoholism (NIAAA) as
a drinking pattern that brings blood alcohol concentration (BAC) to 0.08 g/dL [20] (this typ-
ically occurs with four/five drinks in women/men, respectively, in about two hours) [20].
In Mediterranean countries, mild or moderate patterns of alcohol consumption (chronic
model) are more frequently seen, with reduced prevalence of FAS compared to European
Eastern countries. However, nearly one out of 14 children diagnosed with FASD were
exposed to only one drink per day during their fetal development [21]. Moderate drinking
is defined by the NIAAA as up to one/two drinks a day in women/men, respectively [20].

Animal models allow the control of variables linked to FAS phenotypes, e.g., dose,
timing, and developmental stage of alcohol exposure during pregnancy. High BACs
(>100 mg/dL), similar to the levels reached in humans [22,23], can be achieved with
mouse models of alcohol exposure, to mimic the human binge-drinking pattern. The
FAS-like phenotype is easily identified in the mouse offspring when using an alcohol binge-
drinking pattern. However, the human moderate drinking pattern is not well established in
mouse models, and causal relations between moderate PAE and FASD manifestations are
difficult to determine due to the incomplete phenotype and the confounding factors [24].

To date, the evidence indicates there is no safe amount of alcohol consumption during
gestation [25]. Furthermore, there is no treatment for FASD, no early intervention for the off-
spring, and no long-term follow-up to improve behavioral disabilities [26]. FASD research
focuses on the underlying mechanisms of ethanol teratogenesis, such as the oxidative stress
generated by alcohol metabolism [27]. Moreover, PAE epigenetic changes are the leading
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cause of the alterations produced by PAE in the neurobiological system [28]. Potential
therapies to reduce oxidative stress and epigenetic alterations include natural antioxidants
such as epigallocatechin-3-gallate (EGCG), which has been used as a therapeutic tool in
oxidative stress-related pathological processes such as cardiovascular diseases, cancer, and
Alzheimer’s disease [29]. Recent studies have shown that EGCG administration in fetuses
affected by PAE decreases neuronal apoptosis of the rhombencephalon, ameliorates neuro-
genesis processes, improves fetal growth restriction (FGR), and increases the effect of the
endogenous antioxidant defense systems [30]. Additionally, EGCG improves the neuronal
plasticity in Down’s syndrome patients, blocking the overexpression of the Dyrk1A protein,
a general inhibitor of neuronal plasticity [31].

In this study, we compare the effects of PAE on the placenta and fetal brain develop-
ment in two humanlike patterns of alcohol exposure, binge and Mediterranean drinking, in
a C57BL/6]J mouse model. We also describe the effect of EGCG administration on oxidative
stress, fetal growth, placental development, and neurogenesis processes in both patterns.

2. Results

Two hundred and eighty-three mouse fetuses were included in the study (42 Mediter-
ranean (Med) control, 47 Med ethanol (EtOH), 45 EtOH Med+EGCG, 54 Binge (Bin) control,
44 Bin EtOH, and 47 Bin+EGCG EtOH) from 36 dams. Two hundred and seventy-nine were
alive by Day 19 (cesarean section) (one fetal demise in the Med control group, one in the
Bin EtOH group, and two in the Bin+EGCG EtOH group). Mean litter size was 8.2 £ 1.9 for
the Med control, 7.8 £ 1.3 for the Med EtOH, 7.2 + 1.9 for the Med+EGCG EtOH, 8.2 £ 1.9
for the Bin control, 7.3 £ 1.6 for the Bin EtOH, and 7.8 & 1.5 for the EtOH groups.

2.1. Blood Alcohol Concentrations and Epigallocatechin-3-Gallate Determination

BACs were first measured from maternal blood samples obtained by cardiac puncture.
Table 1 shows BAC determinations under the various experimental conditions. As per
the NIAAA definition [20], BACs were above 0.8 g/L in the Bin EtOH and Bin + EGCG
EtOH groups. For the Mediterranean groups, BACs were between 0.12 g/L in the Med
EtOH and 0.32 in the Med + EGCG EtOH, three to four times less concentrated than for the
binge pattern.

Table 1. Blood alcohol concentrations for the various experimental conditions.

Condition Sample Size nmol/ul (Mean £ SD) g/L (Mean £ SD)

Med EtOH 4 2.69 £ 0.80 0.12 £ 0.04
Med + EGCG EtOH 5 6.94 £+ 2.36 032 £0.11

Bin EtOH 4 24.03 £ 1.64 1.11 £ 0.08
Bin + EGCG EtOH 4 3222 +7.24 1.48 +0.33

EtOH Med: 10% (v/v) of ethanol solution in tap water (0.75 g/Kg) in two administrations; Med + EGCG
EtOH: ethanol 0.75 g/Kg + EGCG 30 mg/Kg in two administrations; Bin EtOH: 20% (v/v) of ethanol solution
(3 g/Kg/day) once a day; Bin + EGCG EtOH: ethanol 3 g/Kg/day (30 mg/Kg/day) once a day. Med: Mediter-
ranean pattern; Bin: binge pattern; EtOH: ethanol; EGCG: epigallocatechin-3-gallate; SD: standard deviation.

EGCG concentrations in plasma were analyzed using ultra-performance liquid chro-
matography electrospray tandem mass spectrometry (UPLC-ESI-MS/MS) under the vari-
ous experimental conditions (EGCG alone, Bin EtOH + EGCG, and Med + EGCG EtOH)
40 min after EGCG administration. Similar intergroup results were obtained (mean + SD:
31.5 pg/mL % 7.8 ug/mL) comparable to concentrations reported elsewhere [32].

2.2. Fetal Growth

Fetal and placental weight were analyzed at gestational Day 19 to evaluate the impact
of binge and Mediterranean drinking patterns on fetal growth, as well as the effects
of EGCG coadministration during pregnancy. Figure 1 summarizes fetal and placental
weights of the mice under the various experimental conditions. No significant differences
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in placental weights were found in any of the evaluated groups. However, fetal weights
were significantly lower in the Bin EtOH group (p < 0.0001) compared to the Bin control or
Med EtOH groups (Kruskal-Wallis analyses; p < 0.05). Interestingly, similar weights were
observed in the Bin + EGCG EtOH and Bin control groups, with significant differences
when compared to the Bin EtOH group (p < 0.0198), indicating complete recovery of fetal
weight in presence of the antioxidant. No fetal weight differences were found for the
Mediterranean groups.

A) B)
18 = p-value < 0.0001
1501 99 * p-value = 0.0198
*** p-value < 0.0001
— n=42 n=47 n=45 n=54 n=44 n=47
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° 2
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Figure 1. C57BL/6] mouse placental (A) and fetal (B) weight at gestational Day 19 under the various experimental
conditions. Administered once a day: Binge (Bin) control: isocaloric maltodextrin solution (5.52 g/Kg/day); Bin EtOH:
20% (v/v) of ethanol solution in tap water (3 g/Kg/day); Bin + EGCG EtOH: ethanol 3 g/Kg/day + EGCG 30 mg/Kg/day.
Administered twice a day: Med control, Med: isocaloric maltodextrin solution (1.38 g/Kg/day); Med EtOH: 10% (v/v) of
ethanol solution (0.75 g/Kg); Med + EGCG EtOH: ethanol 0.75 g/Kg + EGCG 30 mg/Kg. For intergroup comparisons, the
Kruskal-Wallis test was used. Asterisks denote the level of significance: * p-value < 0.05, *** p-value < 0.005

2.3. Placental Angiogenic Factors

Immunohistochemistry (IHC) and Western blot (WB) were used to determine the
effect of different ethanol doses and EGCG treatment on placental tissue vasculogenesis
and angiogenesis. Figure 2 shows the effect of PAE on placental VEGF-A levels. IHC
assays (Figure 2A) showed a downregulation of VEGF-A, significant in the Mediterranean
(p = 0.02) and binge (p = 0.001) drinking patterns (Kruskal-Wallis test, Dunn’s correction for
multiple comparisons). Additionally, significant increase in VEGF-A levels were observed
for the Med EtOH (p = 0.02) and Bin EtOH (p = 0.002) groups treated with EGCG in
comparison to the Med EtOH and the Bin EtOH group, respectively (Figure 2A). WB
results were similar to the IHC in both EtOH groups in comparison to the controls; a
statistically significant decrease was found for the Med EtOH group (p = 0.002) (Figure 2B).
As in the IHC, WB measurements showed statistically significant higher expression of
VEGF-A in the Med EtOH group treated with EGCG (p = 0.03) and a slight trend in the Bin
EtOH treated group in comparison to the EtOH groups.

Figure 3 shows PLGF expression as per IHC and WB analysis of placentas. No
significant differences were found in PLGF quantification neither in the immunostaining
of placental tissues nor in WB analyses for the experimental groups for the Med EtOH
and Bin EtOH groups (Figure 3A,B). However, WB revealed a significant increase in PLGF
levels (p = 0.004) for the Bin + EGCG EtOH group in comparison to the Bin EtOH group
(Figure 3B).

The effects of PAE on the VEGF-R1 antiangiogenic factor is shown in Figure 4. WB
analysis showed an increase in placental VEGF-R1 expression for the Med EtOH and Bin
EtOH groups, with no significant differences (Figure 4B). However, EGCG rescued VEGF-
R1 expression in the Med EtOH (p = 0.0001) and Bin EtOH (p = 0.005) groups (Figure 4B).
Surprisingly VEGF-R1 expression increased in presence of EGCG in both EtOH groups, as
confirmed by the immunostaining results (Figure 4A).
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Figure 2. Representative vascular endothelial growth factor A (VEGF-A) immunostaining of placenta sections (A) and
Western blot VEGF-A protein analysis in placental lysed samples (B) for prenatal alcohol exposure (PAE) and EGCG
treatment for binge and Mediterranean patterns. (A) Boxed VEGF-A immunostaining sections represent the enlarged image
of the labyrinth zone. VEGF-A quantification at two different fields (40x) per section. (B) Representative Western blot
of VEGF-A expression observed in all analyzed samples under the various experimental conditions. Protein levels were
normalized using -tubulin as load control. Arbitrary units express “fold change”. At least five samples from different litters
were used from each group. For intergroup comparisons, the Kruskal-Wallis test (Dunn’s test for multiple comparisons)
was used. Asterisks denote the level of significance: * p-value < 0.05, ** p-value < 0.01, *** p-value < 0.005. M: maternal

blood; F: fetal blood; C: cytotrophoblast; arrows: VEGF-A positive staining.
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Figure 3. Representative placental growth factor (PLGF) immunostaining in placenta sections (A) and Western blot PLGF
protein analysis in placental lysed samples (B) for PAE and EGCG treatment for binge and Mediterranean patterns. (A)
Boxed sections in placental growth factor protein immunostaining represent an enlarged image of the labyrinth zone.
PLGEF protein quantification for two different fields (40x) per section. (B) Representative Western blot of PLGF protein
expression observed in all samples analyzed under the various experimental conditions. Protein levels were normalized
using a-tubulin as load control. Arbitrary units express “fold change”. At least five samples from different litters were used
from each group. For intergroup comparisons, the Kruskal-Wallis test (Dunn’s test for multiple comparisons) was used.
Asterisks denote the level of significance: ** p-value < 0.01. M: maternal blood; F: fetal blood; C: cytotrophoblast; arrows:

PLGF positive staining
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Figure 4. Representative vascular endothelial growth factor receptor 1 (VEGF-R1) immunostaining in placenta sections
(A) and Western blot VEGF-R1 protein analysis in placental lysed samples (B) for PAE and EGCG treatment binge and
Mediterranean experimental conditions. (A) Boxed sections in VEGF-R1 immunostaining are shown an enlarged image of
the labyrinth zone. VEGF-R1 quantification in placental sections in two different fields (40x) per section. (B) Representative
Western blot of VEGF-R1 expression observed in all samples analyzed for the different experimental conditions. Protein
levels were normalized using «-tubulin as load control. Arbitrary units express “fold change”. At least five samples
from different litters were used in each group. Kruskal-Wallis test (Dunn’s test for multiple comparisons) was used for
inter-group comparisons. Asterisks denote the level of significance: ** p-value < 0.01, *** p-value < 0.005. M: maternal blood;
F: fetal blood; C: cytotrophoblast; arrows VEGF-R1 positive staining.
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2.4. Effect of Ethanol on Oxidative Stress

We assessed the effects of PAE and EGCG treatment on fetal brain oxidative stress
by measuring the levels of the Nrf2 transcriptional factor, a key regulator of oxidative
stress response. Immunofluorescence of the dentate gyrus (DG) of the hippocampus and
cerebellum revealed no significant changes in Nrf2 expression in the Med EtOH group;
similar results were obtained with WB analysis (Figure 5A-C). However, a slight increase in
Nrf2 levels was found in the DG for the Bin EtOH group (Figure 5A) in comparison to the
controls, with no statistical significance (Kruskal-Wallis test). Similar results were observed
with the WB analysis (Figure 5C): no differences between the Mediterranean groups and
a nonsignificant increase in the Bin EtOH group compared to the control. Interestingly,
reduced levels of oxidative stress were observed with EGCG treatment in the DG for the
Bin EtOH group (p = 0.001) (Figure 5A). Similar findings were found with the WB analysis
(p = 0.007) (Figure 5C).
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Figure 5. Nuclear factor erythroid 2-related factor 2 (Nrf2) immunofluorescence (Alexa 488 in green for the Nrf2 biomarker,
and 4’ 6-diamidino-2-phenylindole (DAPI) to stain the nuclei in blue) in the hippocampus (A) and cerebellum (B). Boxed
regions in the hippocampus and cerebellum are shown at higher magnification using 63 x Oil Immersion. Nrf2 protein
analysis in brain lysed samples (C) under the selected experimental conditions (PAE and EGCG treatment). (A) Nrf2
quantification in whole sections of the dentate gyrus using a 10x objective lens. (B) Nrf2 quantification in whole sections of
the cerebellum using a 10x objective lens. (C) Representative Western blot of Nrf2 expression analyzed under the various
experimental conditions. Protein levels were normalized using «-tubulin as load control. Arbitrary units express “fold
change”. At least five samples from different litters were used from each group. For intergroup comparisons, the Kruskal-
Wallis test (Dunn’s test for multiple comparisons) was used. Asterisks denote the level of significance: ** p-value < 0.01.

*** p-value < 0.005.

2.5. Neuronal Maturation

NeuN and DCX were chosen as representative biomarkers of neural maturation
to assess the effects of PAE and EGCG therapy on these processes during fetal brain
organogenesis. Similar results in neuronal nuclei quantification were obtained for IHC
staining (Figure 6A for DG, Figure 6B for cerebellum) and WB analysis (Figure 6C). PAE
caused a decrease of mature neurons in both types of maternal drinking patterns compared
to the controls. NeuN™ neurons in the DG and in the cerebellum of the Med EtOH group
(p < 0.05) and in the cerebellum of the Bin EtOH group (p < 0.01) were significantly lower
than in the control groups (Dunn’s test). Moreover, EGCG treatment in PAE groups led to
a recovery of NeuN levels. NeuN expression was significantly higher in the EGCG-treated
Med EtOH and Bin EtOH groups compared to the Med EtOH and Bin EtOH groups not
treated with EGCG (p < 0.05 in all cases).
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Figure 6. Representative neuronal nuclear antigen (NeuN) immunostaining in the dentate gyrus (A) and cerebellum (B),
and NeuN protein analysis in whole brain lysed samples by Western blot (C) for PAE and EGCG treatment for the binge
and Mediterranean patterns. (A) NeuN* cell quantification in whole sections of the dentate gyrus using a 10x objective
lens, (B) NeuN™ cell quantification in cerebellum sections in two different microscopic fields using a 40x objective lens,
and (C) Representative Western blot of NeulN expression observed in all analyzed samples under the various experimental
conditions. Protein levels were normalized using «-tubulin as load control. Arbitrary units express “fold change”. At least
five samples from different litters were used from each group. For intergroup comparisons, the Kruskal-Wallis test (Dunn’s
test for multiple comparisons) was used. Asterisks denote the level of significance: * p-value < 0.05, ** p-value < 0.01.

Representative results of doublecortin (DCX) immunoreactive (IR) cells in the DG and
cerebellum are shown in Figure 7, as well as the levels of DCX in whole fetal brain extracts
by WB. Immunostaining of the DG of the hippocampus (Figure 7A) showed significant
increase of immature neurons in the Med EtOH and Bin EtOH groups compared to the
control groups (p < 0.005) (Kruskal-Wallis test). DCX levels in the Bin EtOH and Med EtOH
groups decreased with EGCG treatment, the latter being statistically significant (p < 0.05)
in comparison to the controls. Quantification of doublecortin-immunoreactive (DCX-IR)
neurons in the cerebellum (Figure 7B) revealed no statistical significant differences in any
of the experimental groups. According to the WB immunoassay (Figure 7C), quantification
of immature neurons was higher for the Bin EtOH and Med EtOH groups compared to
the controls, with statistical significance for the Bin EtOH group (p < 0.05). Interestingly;
the levels of DCX were significantly lower in the EGCG-treated Bin EtOH and Med EtOH
groups (p < 0.001), indicating a partial recovery of the PAE phenotype. Brains prenatally
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exposed to alcohol showed an increase of immature neurons, being more pronounced in
specific brain areas, such as the DG. This effect may be partially counterbalanced with
EGCG treatment.

2.6. Astrocyte Differentiation

The analysis of the glial fibrillary acidic protein (GFAP) allowed to assess glial cell to
astrocyte differentiation in PAE fetal brains and the effects of EGCG cotreatment in brains
prenatally exposed to alcohol. In spite of the trend towards a reduction of GFAP levels
after PAE observed in the DG in WB and immunofluorescence, statistical significance in
the results were only confirmed for the Bin EtOH group in comparison to the controls
(p = 0.046) in WB assays (Figure 8C) (Kruskal-Wallis test). However, a clear and significant
increase in the EGCG cotreatment groups (Med EtOH+EGCG and bin EtOH+EGCG) was
observed for IHC (DG and cerebellum) (Figure 8A-C), as well as for whole fetal brain WB
experiments. Interestingly, GFAP levels were higher in presence of EGCG in comparison to
the control groups in these series of experiments (Figure 8A-C).

Control

Bin EtOH + EGCG

Control Med EtOH Med EtOH + EGCG

Bin EtOH

Figure 7. Cont.
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Figure 7. Representative doublecortin (DCX) immunostaining in the hippocampus (A) and cerebellum (B), and Western
blot DCX protein analysis in whole brain lysed samples (C) for PAE and EGCG treatment. (A) DCX* cell quantification in
whole sections of the dentate gyrus using a 10x objective lens. (B) DCX* cell quantification in sections of the cerebellum in
two different microscopic fields using a 40 x objective lens. (C) Representative Western blot of DCX expression observed
in all analyzed samples for the various experimental conditions. Protein levels were normalized using a-tubulin as load
control. Arbitrary units express “fold change”. At least five samples from different litters were used from each group.
Kruskal-Wallis test (Dunn’s test for multiple comparisons) was performed for inter-group comparisons. Asterisks denote
the level of significance: * p-value < 0.05, ** p-value < 0.01. *** p-value < 0.005.

2.7. Neuronal Plasticity

The brain-derived neurotrophic factor (BDNF) is a widely distributed neurotrophin in
the central nervous system (CNS) and a classical marker of neural plasticity. We selected the
BDNF as biomarker to assess trophic support and synaptic plasticity. Inmunostaining of
the DG of the hippocampus (Figure 9A) and cerebellum (Figure 9B) showed no statistically
significant differences in BDNF levels neither in the EtOH nor the EtOH + EGCG groups in
comparison to the controls. Similar results were obtained for the WB analyses (Figure 9C).
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Figure 8. Glial fibrillary acidic protein (GFAP) immunofluorescence (Alexa 488 in green for the GFAP biomarker and DAPI
to stain the nuclei in blue) in the hippocampus (A) and cerebellum (B). Boxed regions in hippocampus and cerebellum are
shown at higher magnification using 63x Oil Immersion. Glial fibrillary acidic protein analysis in brain lysed samples (C)
for PAE and EGCG treatment under the selected experimental conditions. (A) GFAP quantification in whole sections of the
dentate gyrus using a 10x objective lens. (B) GFAP quantification in whole sections of the cerebellum using a 10x objective
lens. (C) Representative Western blot of GFAP expression analyzed under the various experimental conditions. Protein
levels were normalized using a-tubulin as load control. Arbitrary units express “fold change”. At least five samples from
different litters were used from each group. For intergroup comparisons, the Kruskal-Wallis test (Dunn’s test for multiple
comparisons) was used. Asterisks denote the level of significance: * p-value < 0.05, ** p-value < 0.01.
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Figure 9. Representative brain-derived neurotrophic factor (BDNF) immunostaining in the hippocampus (A) and cerebellum
(B), and Western blot BDNF protein analysis in whole brain lysed samples (C) for PAE and EGCG treatment in the binge and
Mediterranean patterns. (A) BDNF quantification in the dentate gyrus whole sections using a 10x objective lens. (B) BDNF
quantification in the cerebellum sections in two different microscopic fields using a 40 x objective lens. (C) Representative
Western blot of BDNF expression observed in all samples analyzed under the various experimental conditions. Protein
levels were normalized using x-tubulin as load control. Arbitrary units express “fold change”. At least five samples from
different litters were used for each group. For intergroup comparisons, the Kruskal-Wallis test (Dunn’s test for multiple
comparisons) was used.

3. Discussion

Our results support EGCG as a promising antioxidant therapy to attenuate the conse-
quences of prenatal alcohol exposure. Antioxidant therapy may ensure proper development
of the placenta and fetal growth. Additionally, the prenatal effect of EGCG on neural mat-
uration and differentiation processes may lead to normal neurodevelopment, improving
behavioral and cognitive outcomes in children.
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Fetal development is closely linked to placental formation. PAE exerts a negative
influence on placentation and leads to FGR [4,33]. In Figure 1, fetuses exposed to high
doses of alcohol show lower fetal weights compared to controls, demonstrating the inverse
relation between fetal growth and PAE. Our results are in line with previous studies that
report FGR on fetuses prenatally exposed to ethanol [33] and the dose-dependent effects of
PAE on fetal weight [4]. The expression of angiogenic factors follows dynamic patterns
according to the gestational stage to address metabolic requirements. Moreover, PAE
produces an imbalance of the expression of these angiogenic factors with the consequent
abnormal placental development [34,35]. Downregulation of VEGF-A (Figure 2), a regulator
of angiogenesis and vascular permeability, is seen in placentas from fetuses prenatally
exposed to ethanol in Mediterranean and binge human drinking patterns. These results
reveal the deleterious effect of any type of alcohol consumption during pregnancy on
placental angiogenesis. Similarly, decreased levels of placental VEGF with PAE have
previously been reported by other authors [34]. Moreover, our study shows an increase in
the expression of VEGF-R1, a negative regulator of embryonic angiogenesis, after continued
PAE (Figure 4). This increase may be responsible for the abnormal angiogenesis of the
placenta. Other authors reported discordances in the expression of VEGF-R1 according
to the timing of PAE. Ventureira et al. report similar results to the presented in this study
when PAE occurs until GD10 [34], while Lecuyer et al. show a down-regulation of placental
VEGF-R1 in ethanol treated mice for the second trimester equivalent [7]. Oxidative stress
may be the main cause of the findings [34,36]. Conversely, PLGF is a member of the
VEGF family and a key factor in angiogenesis and vasculogenesis during embryogenesis,
and is highly regulated depending on the developmental stage [35]. In our study, there
are no differences in PLGF levels at GD19 in the different groups after continued PAE
(Figure 3). An upregulation of placental PLGF levels in response to PAE in the early
stages of pregnancy may promote placental permeability [35] showing a progressive
decrease [7] comparable to controls in later stages of pregnancy (when vasculogenesis
is completed) such as seen in this work. Alterations in the VEGF-VEGEF-R and/or in
the VEGF-R1/PLGEF ratio produce important imbalances in angiogenesis [37], which are
responsible for placental disorders and FGR. In addition, PAE-related oxidative stress
also contributes to angiogenesis deregulation and FGR. EGCG (an antioxidant tested in
pathologies related to oxidative stress [29]) is a potential therapeutic candidate for FASD.
In our study, EGCG ameliorates FGR produced by PAE and attenuates ethanol-related
changes in VEGF-A and VEGF-R1 expression, partially restoring the imbalance produced
by PAE. Overall, EGCG exerts positive effects on the placenta and fetal growth in all ethanol
exposed groups, more evident in the binge drinking group when VEGF-A, VEGF-R, PLGF,
and fetal growth were analyzed. In this context, EGCG may be a therapeutic option to
maintain adequate vascularization and promote a correct angiogenesis [38] necessary for
proper fetal growth.

As previously mentioned, PAE boosts the production of ROS and the dysregulation of
the antioxidant systems, being one of the leading causes of FASD physiopathology [17].
Under oxidative stress conditions, Nrf2 is released from its inhibitor Keap-1, translocated
from the cytoplasm to the nucleus where it triggers the expression of genes encoding
antioxidant proteins and detoxifying enzymes as catalase, superoxide dismutase, and the
glutathione peroxidase families [39] by binding to the antioxidant responsive elements
located in the promoter region of these detoxifying enzymes. GSK-33 interacts with Nrf2,
inhibiting its function and promoting Nrf2 degradation in the oxidative stress delayed
response [40] and acting as an Nrf2 regulator when this molecule is accumulated in
the cell. In this study, we observe that the intake of high doses of ethanol during fetal
development increases the levels of the Nrf2 antioxidant response, being the DG the target
for oxidative stress damage. Moreover, EGCG therapy restores Nrf2 expression to levels
that are comparable to those of controls. However, no differences are observed in Nrf2
expression in the Med EtOH group (Figure 5). The protective response of Nrf2 towards
oxidative stress has been widely studied in adults, but studies in fetal life are limited.
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A previous study shows increased Nrf2 levels in the brains of mice embryos prenatally
exposed to ethanol, similar to those determined in the Bin EtOH group [39]. Moreover,
EGCG upregulates Nrf2 expression after different oxidative stress insults [41,42]. However,
to date no studies have been performed on the effects of EGCG on Nrf2 in PAE. Our results
indicate that with PAE, Nrf2 is upregulated and the presence of EGCG not only does not
increase these levels but it also reduces Nrf2 to physiological levels to avoid a pathologic
accumulation of Nrf2.

Oxidative stress and the generation of ROS are key factors in FASD neurologic mani-
festations [43]. In addition to its antioxidant effect, EGCG has neuroprotection properties
that include iron-chelation mediated by the hypoxia-inducible factor (HIF-1x) [44] or the
induction of neurite outgrowth and differentiation through the protein kinase C path-
way [45]. During pregnancy, the CNS has vulnerable periods sensitive to alcohol damage,
which affect the developmental processes. Our data reflect the loss of mature neurons
(NeuN biomarker, Figure 6), statistically significant in the DG and cerebellum in fetuses at
GD19, in both the Mediterranean and binge drinking patterns. Loss of mature neurons in
the DG after alcohol exposure has been analyzed in previous studies with contradictory
results depending on the moment of ethanol exposure [46,47]. Based on these findings, the
timing of exposure during fetal development may be a key factor for neuronal maturation.
Our study demonstrates that alcohol-related reduction of mature neurons already occurs
during fetal development. Further research is necessary to evaluate neurological and be-
havioral alcohol-related disorders secondary to the neuronal loss in the DG and cerebellum
during fetal development. In the same line, DCX is expressed by neuronal precursor cells
and immature neurons in the embryonic and adult brain. Our study shows an increase
of DCX+ neurons, particularly in the DG, in the Mediterranean and the binge drinking
patterns (Figure 7). Elibol-Can et al. showed similar results in the different hippocampal
regions after PAE according to the binge drinking pattern during the second trimester
equivalent [46]. In contrast, lower DCX quantification in the DG has been reported in
comparison to the controls in adult mice prenatally exposed to ethanol [48]. Increased
signaling in immature neurons during fetal life may indicate a delay in the maturation
processes produced by the oxidative damage generated by PAE on the organogenesis
processes [49,50]. As for the effect of EGCG therapy in fetal neurogenesis, our results show
an improvement in maturation and differentiation processes. The expression of NeuN
and DCX in the treated groups are comparable to that in the controls (Figures 6 and 7),
which indicates that EGCG may exert a beneficial effect on fetal neurogenesis. Studies with
natural antioxidants in fetal life are scarce. Similar effects were shown on hippocampal neu-
rogenesis from a neuroinflammation model in adult mice, where EGCG treatment appears
to be beneficial [51]. Consistently, a study in ethanol exposed adult mice demonstrated the
compensatory effect of EGCG therapy on the affected immature neurons [51]. EGCG also
seems to promote proliferation and differentiation, as evidenced by increased Ki67 and
neuron specific enolase expression [52,53]. These findings support EGCG as a potential
therapeutic compound to prevent the delay in the neurogenesis processes produced by
ethanol in fetal life.

Regarding GFAP (a glial cell to astrocyte differentiation biomarker), astrocyte differ-
entiation is reduced following PAE, reaching statistical significance in fetuses exposed to
a binge drinking pattern (Figure 8), as reported in previous studies [54]. EGCG therapy
elicited a recovery of GFAP to levels comparable to that of controls (Figure 8). Although
there are no previous studies on the effect of EGCG on astrocyte differentiation in FASD-
like animal models, results from other studies on neurodegenerative diseases show the
neuroprotective effect of EGCG on astrocyte differentiation processes [55]. In vitro mod-
els also show EGCG neuronal differentiation involvement through the protein kinase C
pathway [45], the inhibition of the glycogen synthase kinase-3 (GSK-3) pathway [56], or
the modulation of S100B [57].

BDNF is involved in cell survival, development, and function of the CNS, and rep-
resents one of the main biomarkers of neuronal plasticity during early development [58].
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EGCG has been selected as a potential pharmacological tool against FASD due to its ability
to interact and inhibit neuronal plasticity inhibitors such as Dyrk1A [31] and potentiate
NGF-induced neurite outgrowth [59,60]. Our study shows no statistically significant differ-
ences in BDNF levels after neither PAE nor EGCG administration. In contrast, Feng et al.
report a decrease in BDNF levels in rats prenatally exposed to a binge drinking pattern from
GD5-GD20, but no differences when alcohol doses are lower [61]. Similarly, Haun et al.
show a down-regulation in BDNF expression after the intake of large doses of alcohol in an
adult mouse model of four-day ethanol exposure and a significant ethanol consumption
decrease in the established model of alcohol dependence after BDNF administration [62].
Our experimental design ensures continued alcohol exposure, which would lead to habitu-
ation to ethanol and therefore, no changes in BDNF expression. Further research would be
useful to test the effects of EGCG therapy on BDNF expression in FASD-like models with
not-continuous ethanol administration.

This article proposes a prenatal intervention in mice exposed to alcohol during devel-
opment to attenuate the FASD phenotype. One limitation of our study is the experimental
design based on continued ethanol exposure during the 19 days of pregnancy. This may
lead to an alcohol exposure adaptation in some critical processes related to FASD patho-
physiology; however, we consider this continuous 19-day ethanol exposure similar to the
alcohol abuse in humans. Additionally, the effects of PAE that contribute to FASD in the
third trimester were not considered in this study due to the above-mentioned experimen-
tal design.

To the best of our knowledge, this is the first in vivo study that shows the differences
in the FASD-like phenotype based on binge and Mediterranean human drinking patterns.
Interestingly, any drinking pattern (Mediterranean or binge) produces alcohol related-
effects in the offspring. The binge-drinking pattern leads to effects that are more substantial
on the different processes, i.e., oxidative stress, neuronal maturation and differentiation, as
well as in fetal growth. Nevertheless, the effects of the Mediterranean drinking pattern on
angiogenic factors are comparable to binge drinking. Fetal growth is probably preserved in
the Med EtOH group because lower doses of ethanol do not reach the threshold to produce
a FASD phenotype. Finally, in the present study we evaluate the consequences of PAE
based on different patterns of alcohol consumption, as well as the effect of EGCG treatment
examining a wide range of FASD manifestations (placental development, fetal growth,
angiogenesis, oxidative stress, and neurodevelopmental processes), and show the potential
role of EGCG as a pharmacological tool during fetal development.

4. Materials and Methods
4.1. Animals, Housing, and Ethical Statement

Eight-week-old male (1 = 20) and female (n = 45) C57BL /6] mice were purchased from
Charles River (Barcelona, Spain) and housed in the facilities of Sant Joan de Déu Hospi-
tal, University of Barcelona. Animals were housed in standard conditions at 21 £ 1 °C,
55 £ 10% relative humidity under a controlled 12 h light/dark cycle and had free access to
water and standard chow. Animal procedures were approved by the Animal Experimental
Ethics Committee of the University of Barcelona (23 January 2016) and were registered on
the Generalitat de Catalunya, Serveis Territorials d’Agricultura, Ramaderia, Pesca i Ali-
mentacié a Barcelona (identification code: 713/15-8744) and carried out in accordance with
the recommendations in the ARRIVE guidelines for the care and use of experimental ani-
mals and the U.K. Animals (Scientific Procedures) Act, 1986 and EU Directive 2010/63/EU
for animal experiments.

4.2. Prenatal Alcohol Exposure and Epigallocatechin-3-Gallate Treatment

Pure absolute ethanol (ethyl alcohol, EtOH, 1000 mL) was provided from PanReac
AppliChem ITW Reagents (Dublin, Ireland), maltodextrin (100% Maltodextrin Powder,
Pure series®) was purchased from Bulk Powders (Essex, UK) and EGCG (Teavig0®, 94%
EGCG, 150 mg, 60 Count) was provided by Healthy Origins (Pittsburgh, PA, USA).
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Mice were left to acclimatize, and then matched 2:1 (female:male). Pregnant mice
(determined by observing sperm plugs) were individually housed in standard plastic cages
to avoid any additional stress, and randomly allocated to one of the six experimental
groups: (1) Mediterranean (Med) control: isocaloric maltodextrin solution (1.38 g/Kg/day)
given in two administrations (eight-hour dosing interval); (2) EtOH Med pattern: 10% (v/v)
of an ethanol solution (1.5 g/Kg/day) in two administrations (eight-hour dosing interval);
(3) EtOH Med and EGCG: ethanol (1.5 g/Kg/day) in two administrations (eight-hour
dosing interval) and EGCG (30 mg/Kg/day) once a day with the first dose of ethanol;
(4) Binge (Bin) control: isocaloric maltodextrin solution (5.52 g/Kg/day) once a day; (5)
EtOH Bin pattern: 20% (v/v) of ethanol solution in tap water (3 g/Kg/day) once a day;
(6) EtOH Bin and EGCG (ethanol 3 g/Kg/day and EGCG 30 mg/Kg/day) once a day.
All administrations were performed via oral gavage. An isocaloric maltodextrin solution
equivalent to the calorie intake of alcohol was administered to each control group. All
animals had free access to water. At Day 19 of pregnancy, mice were terminally anesthetized
with pentobarbital, maternal blood samples obtained using cardiac puncture, and fetuses
delivered by cesarean section. Fetal and placental weights were obtained before collecting
placental and brain tissue. All tissue samples were frozen in liquid nitrogen prior their
storage at —80 °C. The design of the study is summarized in Figure 10.

42 fetuses

C57BL/6J
pregnant mice
(n=41)
Med Binge Med Bin Med EtOH Bin EtOH
Control Control EtOH EtOH +EGCG +EGCG
(n=6) (n=6) (n=6) (n=6) (n=6) (n=6)
Treatment Maltodextrin Maltodextrin Ethanol Ethanol g 0'15 g/Kg/day A :ig/Kg/day
(GD1-GD18) 1.38 g/Kg/day 5.52 g/Kg/day 0.75 g/Kg/day 3 g/Kg/day EGCG 30 mg/Kg/day EGCG 30 mg/Kg/day
Maternal blood sampling for BAC
CESAREAN SECTION
! ! ! ! J !

54 fetuses 47 fetuses 44 fetuses 45 fetuses 47 fetuses

Sampling of placenta and brain tissue

Figure 10. Flowchart of the experimental design. Sample size and doses of maltodextrin, alcohol, and epigallocatechin-3-

gallate are specified for each experimental group. Maternal blood sampling to determine blood alcohol concentration and

birth by cesarean section were obtained on gestational Day 19. The gestational period of the mice corresponds to the first

and second human equivalent. EtOH: ethanol; Bin: binge; Med: Mediterranean; EGCG: epigallocatechin-3-gallate; GD:

gestational day; BAC: blood alcohol concentration.

4.3. Reagents and Antibodies

VEGF-A (ref. SC-7269, 21 kDa monomer) was purchased from Quimigen SL (Madrid,
Spain); PLGF (ref. ab180734, 25 kDa), VEGEFR (ref. ab32152, 150 kDa (FIt1), NeuN (ref.
ab177487, 48.5 kDa), doublecortin (ref. ab135349, 49 kDa), GFAP (ref. ab7260, 55 kDa),
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and BDNF (ref. AB226843, 17 kDa) from Abcam (Cambridge, MA, USA); Nrf2 (ref. sc-722,
61 and 68 kDa) from Santa Cruz Biotechnology, Inc. (Dallas, TX, USA); Alfa-tubulin (ref.
T8203, dil 1:2000, 50 kDa), beta-actin (ref. A3854, 42 kDa, dil 1:2500), and Anti Rabbit IgG
secondary (ref. A0545, dil 1:2000) from Sigma-Aldrich (Sant Louis, Missouri, USA), and
goat antimouse IgG (ref. G21040, dil 1:10,000) from Thermo Fisher Technologies (Waltham,
MA, USA).

4.4. Blood Alcohol Concentration and Epigallocatechin-3-Gallate Determination in Pregnant Mice

One milliliter of maternal blood was collected in heparin BD Vacutainers® by intracar-
diac puncture 45 min post-treatment. Samples were incubated at room temperature for
five minutes and then centrifuged at 1750 g at 4 °C for 20 min. Serum was isolated and
BAC measured using the Ethanol Assay Kit (MAKO076) purchased from Sigma-Aldrich.
A master reaction mix (50 pL per well) containing two microliters of serum sample was
performed following the recommendations of the supplier. Wells were mixed using a
horizontal shaker and the reactions were incubated for 30 min at 37 °C or 60 min in the
dark. Finally, measurements of absorbance at 570 nm were carried out.

The remaining serum was stored at —80 °C to evaluate EGCG concentration. For
analytical purposes aliquots of serum containing EGCG (0.350 mL) were stored in Eppen-
dorf LoBind tubes (Sarstedt 72,706,600) at —80 °C containing 20 uL of vc-EDTA (1.38 g
NaH,POy4: H,O, 5 g ascorbic acid, and 25 mg EDTA in 25 mL H,O miliQ, pH 3.8) until
further analysis. Samples were analyzed by the department of pharmacology of Institut
Hospital del Mar d'Investigacions Mediques (Barcelona, Spain) following a previously
published methodology [63].

4.5. Western Blot Analysis

Protein extractions were performed by mechanical tissue rupture using the Politron
device (Omni Tissue Homogenizer, Omni International, Kennesaw, GA, USA) after intro-
ducing the samples in RIPA buffer (Life Technologies S.A, 89900, Carlsbad, CA, USA),
using three cycles of 30 s per sample. Samples were then quantified with the DC Protein
Assay kit (Bio-rad Laboratories S.A., Madrid, Spain) and absorbance measured at 780 nm
(the Lowry test). After quantification, 40 ug of total protein were loaded in a volume
of 30 uL per well in RIPA buffer by adding 6 uL of Loading Buffer 5x (3.125 mL 1 M
Tris-HCI (pH = 6.8), 5.75 mL glycerol 87%, 1 g SDS, 1 mL B-mercaptoethanol, and 1 mL 5%
bromophenol blue), heating the samples on a thermoblock (Thermo Scientific, Waltham,
MA, USA) at 95 °C for protein denaturation. Electrophoresis was then performed on a
12% acrylamide gel using the molecular weight marker (precision plus protein dual color
standard from BioRad, 1610374). An electric current was next applied to the electrophoresis
cuvette with running buffer (3.03 g/L of Tris Base, 1.44 g/L of glycine, 1 g/L of SDS). Next,
proteins were transferred to a polyvinylidene fluoride membrane (Bio-Rad Laboratories
SA, 162-0177) that had been previously activated five minutes in methanol, five minutes in
distilled H,O, and five minutes in transfer buffer (3.03 g/L of Tris-Base, 14.4 g/L of glycine
and 200 mL/L of methanol). Protein transfer was performed in transfer buffer at 4 °C in a
cold chamber for two to three hours depending on the molecular weight of the proteins.
Subsequently, three five-minute washes with tris-buffered saline (ITBS-T) were performed
(2.4 g/L Tris-HCl pH = 7.6 and 8.8 g/L NaCl and 1 mL Tween 20); membranes were blocked
with BSA 5% diluted in TBS-T for 30 min. Finally, the membranes were incubated with the
primary antibody overnight at 4 °C with stirring; 1:1000 dilutions in BSA 2% were used
for primary antibody incubation. The next day, the primary antibody was collected and
membranes washed three times (for five minutes) with TBS-T; the secondary antimouse
or antirabbit antibody was then added for two hours at room temperature with stirring.
Membranes were developed with a 1: 1 mixture of the Pierce ECL WB Substrate (Cultek
S.L., Madrid, Spain) in the dark using the iBright CL1000 (Invitrogen, Thermo Fisher
Scientific, Cornella de Llobregat, Spain) device. Densitometric analysis was performed
to determine the intensity of the bands using the Image ] program. The intensity values
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obtained from the quantification were normalized with respect to the values obtained from
the bands of the control protein (tubulin or actin), expressed at equal levels in all situations.

4.6. Immunohistochemistry

Fetal brain and placenta samples were fixed in 10% buffered formalin and next embed-
ded in paraffin. Sagittal 5-pum-thick brain and transversal placenta sections were prepared,
mounted on glass slides, and allowed to dry. They were next deparaffinized, unmasked,
and peroxidase blocked before applying the primary antibodies. The following primary
antibodies were used at the indicated dilutions: anti-VEGF-A (1:1000), anti-PLGF (1:100),
anti-VEGF-R (1:200), anti-NeuN (1:700), anti-DCX (1:1500), and anti-BDNF (1:250). Slides
were incubated overnight at 4 °C and then washed and incubated with the secondary
horseradish peroxidase (HRP) conjugated antibodies: anti-IgG-rabbit (1:200) and anti-IgG-
mouse (1:200) for one hour at room temperature. Finally, slides were visualized with
diaminobenzidine and lightly counterstained with hematoxylin before being dehydrated,
cleared, and mounted. The same steps were followed without the primary antibodies
for negative controls; no staining was observed. Staining specificity was established by
staining run simultaneously for each slide under the six experimental conditions. VEGF-A,
PLGF and VEGF-R counts were carried out by selecting two center areas in the labyrinth;
NeuN, and DCX counts were carried out by selecting two center areas in the cerebellar
vermis and a whole area in the DG of the hippocampus from 6-10 different samples for
each group. Images were captured with an Olympus light microscope using 10x and 40 x
magnifications. Images were obtained with a specific image software (Image ProPlus) and
quantification carried out using an Image ] Analysis Software and a color deconvolution
algorithm to determine the percentage of positive immunostaining. Immunohistochemical
staining was analyzed establishing a positive area/total area ratio (%).

4.7. Immunofluorescence

Five-micrometer-thick brain sections were prepared, mounted on glass slides, and
allowed to dry. Slides were next deparaffinized, unmasked, and peroxidase blocked before
applying the primary antibodies to Nrf2 (1:250) or GFAP (1:250) for one hour at room
temperature. The following steps were performed in the dark: slides were incubated with
the secondary antibody, a goat antirabbit IgG, coupled to Alexa Fluor-488 (1:1000) for
one hour at room temperature; next, they were mounted and the nucleus stained using
VectashieldR Antifade Mounting Medium with DAPI. Immunofluorescence was performed
simultaneously for all histological sections of each antibody and pictures acquired the same
day. Image acquisition conditions were set according to the brightest sample (exposure
time, contrast and color balance) for all pictures. Nrf2 and GFAP counts were carried out
by selecting two center areas in the cerebellar vermis and a whole area in the DG of the
hippocampus from 6-10 different samples in each group. Images were captured using
the same imaging settings for all experimental conditions and acquired with the confocal
microscope Leica TCS SP5 (Leica Microsistemas S.L.U., objective 10 and 63x). GFAP and
Nrf2 signals were quantified using the Image ] Analysis Software. The following quantifi-
cation settings for all immunofluorescence images were used: background correction was
performed selecting a region of interest (ROI) in the background applying the command
Proces/Math/Subtract, which subtracted the mean of the ROI plus an additional value
equal to the standard deviation of the ROI multiplied by 3; the intensity of fluorescence
quantification was then measured using the command Analyze/Measure and limiting to
a threshold of 100 to 255 for Nrf2 and GFAP quantifications. For immunofluorescence
evaluation, cerebellum and DG were analyzed establishing a positive fluorescence signal
area/total area ratio (% area).

4.8. Statistical Analyses

Database management and statistical analyses of the variables were performed using
the SPSS v.22 (IBM, Armonk, NY, USA) and the GraphPad (Prism, San Diego, CA, USA)
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software v.6.0. For descriptive statistics, means and standard deviations (SD) were used.
Intergroup comparisons were performed using the non-parametrical Kruskal-Wallis test
(Dunn’s correction for multiple comparisons) to analyze the differences in placental and
brain protein expression. Statistical significance was set at p < 0.05 for all the analyses. At
least three different experiments were performed to obtain the mean for each sample and
at least five different samples from different litters were used in the statistical analyses.

5. Conclusions

The harmful effects of ethanol on fetal development are well known. However, few
studies compare the consequences of ethanol intake considering the different patterns
of human alcohol consumption. In this study, we analyze the effects of PAE on fetal
growth, placenta, and neurodevelopment and show that no amount of alcohol may be
considered safe during pregnancy. The timing of ethanol exposure is a key factor in
FASD pathophysiology. PAE promotes alterations in placental angiogenesis, fetal growth
restriction, and disorders in neuronal maturation and astrocyte differentiation processes.
Furthermore, the binge drinking pattern generates the most harmful effects on the fetus.
Finally, EGCG as a potential antioxidant, appears to be a safe nutraceutical option to
ameliorate FASD manifestations in exposed individuals. EGCG reduces the oxidative stress
generated by alcohol exposure mitigating its teratogenic effects. More studies are needed to
evaluate the possible beneficial effects of the antioxidant therapy on fetal angiogenesis and
neurogenesis, and the molecular pathways related to these outcomes. Finally, the results
of this study need to be tested in humans to translate these findings to women that drink
alcohol during pregnancy.
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