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ARTICLE INFO ABSTRACT

Keywords: Prenatal alcohol exposure (PAE) impairs fetal development leading to fetal alcohol spectrum disorders (FASD).
FASD ) Antioxidants like epigallocatechin-3-gallate (EGCG) may mitigate alcohol-induced oxidative stress, a major
Epigallocatechin-3-gallate contributor to FASD. This study assessed the effects of PAE on cognition and behaviour under two drinking

Prenatal alcohol exposure
Neurodevelopment biomarkers
Neuronal plasticity
Behavioural alterations

patterns and the role of postnatal EGCG therapy in a FASD-like mouse model. C57BL/6J mice were divided into
five groups: control, moderate drinking (Mod), binge drinking (Bin), Mod+EGCG, and Bin+EGCG. Cognitive and
behavioural performance were assessed using Rotarod test, T-Maze, and Morris Water Maze (MWM). Western
blot analyses evaluated brain and cerebellum biomarkers related to neuronal plasticity, maturation, differenti-
ation, transport, and proliferation. PAE impaired motor coordination, significantly reducing rotarod walking
time in both drinking patterns. Spatial learning and memory were also disrupted, decreasing T-maze success rate.
It also decreased time in the platform area and distance travelled in MWM. Both drinking patterns affected
neuronal plasticity (BDNF, DYRK1A) and maturation (NeuN), astrocyte differentiation (GFAP, s1008), neuronal
transport (MBP) and proliferation (GDNF, Wnt-3) via oxidative stress (Nrf2). Our results show how EGCG
treatment significantly improved behavioural tests results and restored most brain and cerebellum biomarkers,
reaching levels similar to control. These findings highlight the impact of PAE on cognition and behaviour and
how EGCG may counteract its effects by reducing oxidative stress and enhancing brain plasticity. Our findings
open the door to future studies on the mechanism of action of this antioxidant in order to use it as a therapeutic
tool in this vulnerable population.
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1. Introduction

Alcohol is the most commonly consumed and socially accepted
teratogenic substance [1]. Excessive consumption of alcohol is directly
linked to the development of adverse health outcomes including cancer,
cardiovascular events, brain and hepatic injuries [2-6], as well as
mental health conditions as depression or dementia [7,8].

Drinking patterns show variability within different cultures [9],
being the chronic moderate and binge drinking the world’s most wide-
spread consumption patterns [10]. The National Institute on Alcohol
Abuse and Alcoholism (NIAAA) defines moderate drinking as up to one
drink per day for women and up to two drinks per day for men, being
observed in regions surrounding the Mediterranean Sea [11]. In
contrast, the phenomenon of binge drinking, a common occurrence
among Eastern European and US population, entails the rapid con-
sumption of substantial quantities of alcohol resulting in intoxication.
The NIAAA characterizes binge drinking as a pattern of alcohol con-
sumption that results in a blood alcohol concentration (BAC) of 0.08
g/dL. This phenomenon typically occurs when an individual consumes
four to five drinks within a period of approximately two hours [11].
Globally, alcohol consumption is a significant public health concern. In
2019, approximately 2.4 billion individuals reported alcohol consump-
tion, with adult women accounting for 35 %. Crucially, in pregnant
women, alcohol consumption poses a unique threat, with Prenatal
Alcohol Exposure (PAE) emerging as a leading cause of neuro-
developmental disorders [12]. According to recent studies conducted in
Europe, up to 65.7 % of pregnant women drink alcohol either chroni-
cally or occasionally at some point during pregnancy [13]. Ethanol
freely crosses the placenta and may affect fetal development [14]. PAE
can lead to a range of conditions collectively known as Fetal Alcohol
Spectrum Disorder (FASD). The Institute of Medicine (IOM) has defined
four diagnostic categories for FASD: Alcohol-Related Birth Defects
(ARBD), Alcohol-Related Neurodevelopmental Disorder (ARND), partial
Fetal Alcohol Syndrome (pFAS), and Fetal Alcohol Syndrome (FAS) [15,
16]. FAS is the condition that encompasses the widest range of impair-
ments, including growth delays, craniofacial anomalies and abnormal-
ities in the development of the Central Nervous System (CNS). Disorders
in brain processes are associated with various cognitive difficulties, such
as poor problem-solving skills, limited language comprehension, mem-
ory problems, and difficulty grasping concepts. Furthermore, there are
behavioural issues, including impulsivity, hyperactivity, difficulty
concentrating, and increased anxiety [17-20]. The global prevalence of
FASD among children and youth was 7.7 per 1000 people [18], being the
main cause of preventable developmental disabilities worldwide [19].
Although the prevalence of binge drinking has declined from 22.6 % in
2000 to 18.2 % in 2016 among the total population worldwide, nations
in the WHO European Region still have high rates of alcohol consump-
tion [21]. Specifically, it remains particularly high in Eastern Europe.
Russia, for instance, recorded alcohol consumption per capita of 15.8
litres per person, the fourth highest in Europe [21]. This pattern corre-
lates with the region’s elevated prevalence of individuals affected by
FASD, reaching 198.2 cases per 10,000 individuals [21].

Recent research has shifted focus towards understanding the mo-
lecular mechanisms underlying the neurodevelopmental effects of
alcohol exposure. These mechanisms vary depending on the quantity
and frequency of alcohol consumed, as well as the specific gestational
stage during which exposure occurs. Animal models, particularly murine
models, have proven invaluable for elucidating these effects and
studying potential interventions. Evidence from murine studies has
shown that PAE induces growth restriction and craniofacial anomalies
[22]. Most notably, PAE disrupts neurodevelopmental processes
including maturation, differentiation, plasticity, gliosis, neuronal death
and loss of myelination in the prefrontal cortex and hippocampus
[22-26]. These disruptions are accompanied by increased
pro-inflammatory signalling, alterations in brain network connectivity
[27] and a range of neurobehavioral impairments, including cognitive
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deficits, increased anxiety-like behaviour, motor coordination impair-
ments, and age-dependent locomotor activity alterations [28-30].

Since the identification of FASD in the 1960s, numerous strategies
have been proposed to mitigate the CNS damage caused by PAE. How-
ever, abstinence from alcohol during pregnancy remains the only proven
preventive measure. In recent years, however, the use of antioxidants
and other natural molecules has shown promising results in dementia
[31] and in the treatment of neurological disorders such as Down’s
syndrome [32]. Epigallocatechin-3-gallate (EGCG), a bioactive com-
pound found in green tea, has emerged as a potential treatment for FASD
[33] through different mechanisms, specifically controlling inflamma-
tion, oxidative stress and inducing beneficial epigenetic changes
[34-36]. Previous studies have shown that EGCG treatment in FASD
children produces epigenetic modifications leading to neurocognitive
and behavioural improvements [37,38]. Studies in a FASD-like mouse
model have also shown the beneficial effects of prenatal and postnatal
EGCG supplementation on the expression of some biomarkers of
oxidative stress, neuronal and cardiac damage biomarkers, and on car-
diac remodelling induced by PAE [22,39].

The effects of maternal alcohol consumption on the developing CNS
are critical because of the profound implications for the offspring’s
health and cognitive performance. Given the complexity of the CNS, it is
crucial to understand the impact of different patterns of PAE on diverse
brain regions and cell types. This will allow the identification of po-
tential diagnostic biomarkers and therapeutic targets. Therefore, the
aim of this study is to provide valuable insights into the impact of
moderate and binge maternal alcohol consumption patterns on offspring
CNS and the potential benefits of postnatal EGCG treatment in the
prevention of FASD-related behavioural disorders.

2. Methods
2.1. Animals, housing and ethical statement

Eight-week-old C57BL/6J mice (30 male and 90 female) were pur-
chased from Charles River (Barcelona, Spain), and housed in the animal
facilities of the Sant Joan de Déu Barcelona Hospital (Barcelona, Spain).
During the study, the mice were housed under controlled environmental
conditions (20-24°C, 55 % + 10 % relative humidity, 12 h light/dark
cycle) and were fed according to a standard chow diet (Teklad Global
14 % Protein Rodent Maintenance Diet, 2014.12; Inotiv). The use of this
diet was approved by the animal facility committee under protocol
2022/137. All the procedures were performed in accordance with the
ARRIVE guidelines [40], the EU Directive 2010/63/EU and approved by
the Animal Experimentation Ethics Committee (CEEA) of the University
of Barcelona and registered by Generalitat de Catalunya, Departament
de Territori i Sostenibilitat (identification code: 3FF6ZD9TL).

2.2. Experimental design

To establish the crosses, 1 male was housed with 2 females for one
night. If a sperm vaginal plug was observed the morning after mating,
day 1 of gestation was considered. At this point, the pregnant mice were
randomly allocated to one of the five experimental groups and indi-
vidually housed in plastic cages.

The study design consisted of the prenatal administration of ethanol
between day 1 and day 19. Postnatally, both mothers and offspring
received EGCG-supplemented water ad libitum, which was provided
twice daily to minimise EGCG oxidation [41], continuing until day 60.
The experimental groups were: (1) Control group: prenatal isocaloric
maltodextrin solution (8.4g/kg/day). (2) Chronic moderate alcohol
consumption (Mod) group: 1.5g/kg/day of ethanol. (3) Mod+EGCG
group: 1.5g/kg/day of ethanol and postnatal EGCG 60mg/kg/day. (4)
Binge (Bin) group: 4.5g/kg/day of ethanol. (5) Bin+EGCG group:
4.5g/kg/day of ethanol and postnatal EGCG 60mg/kg/day.

The groups were designed to compare the control group against
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different prenatal alcohol concentrations, and these groups with groups
prenatally exposed to alcohol but treated postnatally with EGCG. A
maltodextrin+EGCG group was not included in the experimental design
following ethical committee recommendations, because the beneficial
effects of EGCG in healthy subjects have been widely reported in pre-
vious literature [42-44], being out of the scope of this study.

The estimated daily concentration of EGCG was 60 mg/kg, in newly
weaned mice the average water consumption was 3 mL per day. Previ-
ous studies confirm that this is the most effective dose for improving
memory acquisition and retention [45]. The pups were raised with their
mothers until postnatal day 21 (weaning). During this pre-weaning
phase (P1-P21), EGCG exposure in pups occurred primarily through
maternal milk, as direct ingestion of EGCG-supplemented water was
negligible given the pups’ immature developmental stage and limited
ability to access water bottles [46,47]. Experimental evidence supports
that although EGCG is transferred into maternal milk in murine models,
the transfer rate is limited [46,47], resulting in expected milk concen-
trations of approximately 27-57 nM, as previously described in Souchet
et at. [46,48]. Upon weaning at postnatal day 21, pups were separated
by sex and given ad libitum access to water or EGCG-enriched water via
specially adapted bottles with elongated nozzles, ensuring continued
exposure during the critical period of early development. After weaning,
the mice consumed between 0.15 and 0.25 mL of water per gram of body
weight per day (approximately 2 mL per 10 g of body weight), consistent
with reported norms [49,50]. Water consumption was monitored daily
by measuring the intake relative to the number of pups per cage, con-
firming that the actual intake corresponded to the average values re-
ported in the literature. Based on this, the estimated EGCG intake
post-weaning was approximately 60 mg/kg/day. Importantly,
throughout the study, the total EGCG intake never exceeded 200
mg/kg/day, remaining within safe and effective ranges established in
prior research [22,39]. At postnatal day 60, two males per litter were
selected for behavioural testing, undergoing assessments in the
following sequence: Rotarod, T-maze, and Morris water maze, in this
sequence. All behavioural testing was performed in a blinded manner.
Specifically, a second technician, who was aware of the group assign-
ments, selected and handed each mouse to the tester without revealing
the group identity, ensuring unbiased data collection. For Western blot
analyses, each lane represented a different mouse, with no animal used
more than once per marker; all markers were assessed in each subject.

2.3. Reagents and antibodies

Pure Absolute EtOH solution was obtained from PanReac AppliChem
ITW Reagents (Dublin, Ireland), and the maltodextrin solution (Pure
Series®) was obtained from Bulk Powders (Essex, UK). The EGCG so-
lution was obtained from a dilution of Teavigo, a highly purified and
refined green tea extract with a 94 % of EGCG (Healthy Origins, Pitts-
burgh, PA,USA).

The antibodies used in this study were as follows: Neuronal Nuclear
antigen (NeuN) (ref.ab177487,dil1:1000,48.5 kDa), Doublecortin
(DCX) (ref.ab135349,dil1:1000,49 kDa), Glial fibrillary acidic protein
(GFAP) (ref.ab7260,dil1:1000,55 kDa), Brain-derived neurotrophic
factor (BDNF) (ref.ab226843,dil1:1000,17 kDa), Glial cell line-derived
neurotrophic factor (GDNF) (ref.ab18956,dil1:1000,24 kDa) and
Myelin Basic Protein (MBP) (ref.ab218011,dil1:1000,14 and 22 kDa)
from Abcam (Cambridge,MA,USA); Nuclear factor erythroid 2-related
factor 2 (Nrf2) (ref.sc-722,dil1:1000,61 and 68 kDa), Wnt-3 (ref.sc-
74537,dil1:1000,43 kDa), and s100p (ref.sc-39391,dil1:1000,21 kDa)
from Santa Cruz Biotechnology; Dual specificity tyrosine phosphoryla-
tion regulated kinase 1A (DYRK1A) (ref.#8765,dil1:1000,90,68 and
25 kDa) from Cell Signalling (Danvers,Massachusetts,USA); Alfa-tubulin
(ref.T8203,dil1:2000,50 kDa), beta-actin (ref.A3854,42 KkDa,dil
1:2500), and Anti Rabbit IgG secondary (ref.A0545,dil1:2000) from
Sigma-Aldrich (Sant Louis,Missouri,USA), and goat antimouse IgG sec-
ondary (ref.G21040,dil1:10,000) from Thermo Fisher Technologies
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(Waltham, MA,USA).
2.4. Western blot analysis

In this study, brain and cerebellum samples were homogenised
separately to evaluate systemic biomarker changes. Whole-brain ho-
mogenates were used to ensure sufficient sample volume for robust
biochemical analysis and to reduce variability associated with micro-
dissection. Whole protein extracts from brain and cerebellum samples
were obtained using an Omni Tissue Homogenizer (TH115) by me-
chanically disrupting tissue samples in RIPA lysis buffer (ThermoFisher
Scientific,89901) with Halt™ Protease Inhibitor Cocktail, EDTA-free
(100X) (Thermo Fisher Scientific, 1862209) at 4°C for 2 min with 30-sec-
ond intervals. PierceTM BCA Protein Assay Kit (ThermoFisher Scienti-
fic,23227) was used to quantify the amount of protein (absorbance
562 nm). Then, 40 pg of protein from each sample was separated by SDS-
PAGE and transferred to a polyvinylidene fluoride membrane (Bio-Rad
Laboratories SA,162-0177) following manufacturer instructions. The
membranes were incubated with the primary antibodies overnight at
4°C and secondary antibodies for 2 h at room temperature, then they
were developed in the dark using an iBright CL1000 equipment (Ther-
moFisher Scientific,A35284) and the Pierce ECLWB Substrate (Ther-
moFisher Technologies,32106). Densitometric analysis was performed
using the Image J programme to assess the intensity of the bands. The
densitometry results were normalised to values derived from the control
protein bands, which were expressed at constant levels under all con-
ditions. To ensure the correct use of the housekeeping proteins as
loading controls, we performed a validation of the housekeeping pro-
teins by comparing their intensities with total protein staining with
Ponceau S [51]. The results showed no significant differences between
groups, confirming their stability as loading controls (Supplementary
figures 1 and 2).

2.5. Behavioural tests

2.5.1. Rotarod

The Rotarod behavioural test is a widely used method for assessing
motor coordination and balance in mice. In this study, adolescent mice
were trained on a Rotarod (LE 8205,Panlab s.l.u, Barcelona, Spain) with
an acceleration rate of 20 rpm/min for two consecutive days and the
performance was recorded. On the third day, we conducted a test with
five trials per mouse and 5-minute breaks in between. During the test,
we recorded the time it took for each mouse to fall off the rotating rod,
along with the rotation speed at the time of the fall. We used the average
of the last five trials as the measure of the mouse’s motor coordination.

2.5.2. T-maze

T-maze test is a method used to study spatial alternation, learning,
and memory in rodents [52]. The experiment consists of five free-choice
trials, each lasting up to 50 min, conducted on a single day. Each trial
consists of blocking a target arm, recording the time taken for the mouse
to reach the open goal arm, confining the mouse to the target arm, and
then allowing it to choose an arm. A correct choice is made if the mouse
enters the previously closed arm, while an error occurs when it enters
the same arm. The test ends when the controls achieve 80 % success, or
after 50 min have elapsed. If the established success rate is not achieved,
the same procedure is repeated the following day. Mice with hippo-
campal damage often exhibit a preference and typically score below
50 %, whereas control mice score above 80 %.

2.5.3. Morris water maze

Morris Water Maze (MWM) is used to assess spatial learning and
memory in rodents, particularly mice. The MWM test consists of mul-
tiple training trials in which a mouse is placed in a pool and allowed to
swim until it locates a hidden platform. The starting position is varied in
each trial to prevent the mouse from learning a fixed path to the
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Rotarod
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Fig. 1. Motor coordination in the offspring measured with Rotarod after
maternal binge and moderate alcohol drinking. The figure displays a box plot
representation of the walking time obtained in the last five trials of the rotarod
test in control, moderate, binge and after EGCG treatment profiles. The hori-
zontal line within the box indicates the mean. Whiskers extend to the minimum
and maximum values within the dataset. Shapiro-Wilk test was performed to
assess the normality of the data in each group. Kruskal-Wallis test (Dunn’s test
for multiple comparisons) was performed for inter-group comparisons (Krus-
kall-Wallis H4)= 44.61,p < 0.0001). Mod: moderate; Bin: binge. Level of sig-
nificance: ***p < 0.001; ****p < 0.0001.

platform [53]. If the mouse fails to find the platform within a pre-
determined time, it is guided to the platform. The mouse is allowed to
rest briefly on the platform before being removed from the maze [53].

The test measures spatial learning in mice, primarily through the
time taken to locate a hidden platform. A decrease in escape latency
indicates learning. Spatial memory is assessed by a probe trial in which
the mouse’s preference for the quadrant where the platform was pre-
viously located is recorded. Additional parameters such as swimming
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speed and distance travelled provide further insight. MWM is a reliable
tool to study the impact of genetic and environmental factors on these
cognitive processes [53]

2.6. Statistical analysis

Statistical analyses were performed using SPSS v.22 (IBM, Chicago,
IL, USA) and GraphPad6.0 (Prism,San Diego,CA,USA). The data were
presented as means and standard deviations (SD). To evaluate differ-
ences in protein expression in brain and cerebellum as well as to eval-
uate the results of behavioural tests, first we employed the Shapiro-Wilk
test to assess the normality of the data in each group. Then, intergroup
comparisons were carried out using the non-parametric Kruskal-Wallis
test, with Dunn’s correction for multiple comparisons. Statistical sig-
nificance level was set at p < 0.05 for all analyses, with additional levels
of significance indicated as follows: *p < 0.05;** p < 0.01;***p < 0.001;
*kkp < 0.0001. At least eight different samples from different litters
were used for the statistical analyses.

3. Results
3.1. Behavioural tests

3.1.1. Motor coordination — Rotarod

A total of 120 C57BL/6J mice were included in this study. Blood
alcohol concentrations (BAC) were > 0.08 g/dL in Mod and Mod+EGCG
groups and > 0.24 g/dL for Bin and Bin+EGCG groups. After birth and
until postnatal day 22, the offspring received water supplemented with
EGCG at 15 mL/100 g, corresponding to an estimated EGCG concen-
tration of 60 mg/kg/day, in line with the levels observed in previous
studies [54].

Walking time for each of the five Rotarod tests were calculated to
assess the effect of early alcohol exposure on motor coordination. The
average walking time was significantly lower in PAE individuals with
binge consumption (t = 35.78 + 9.625) and in those with moderate
consumption (t = 38.16 + 7.35) compared to the control group
(t = 52.17 £ 7.839) (Fig. 1). Interestingly, mice exposed to moderate
consumption pattern showed a significant improvement in motor coor-
dination after EGCG treatment (t = 59.28 + 10.68) compared to

T-Maze learning

80 —
i —e— Control
Kk Mod
s 70 — .
1 —e— Mod + EGCG
© :
@ 60 — . Bin
[%2]
8 1 —e— Bin + EGCG
S 1
0 50 — -
1 h
40 T 1 T
Day 1 Day 2 Day 3 Day 4
Training day

Fig. 2. Learning graph over 4 days of performing the T-maze test. Data are expressed as mean percentage + SEM of the successful rate percentage in the last four
trials of the test in control, moderate, binge and after EGCG treatment groups. Shapiro-Wilk test was performed to assess the normality of the data in each group.
Kruskal-Wallis test (Dunn’s test for multiple comparisons) was performed for inter-group comparisons (Kruskall-Wallis H¢4)= 11.21,p = 0.0243). Mod: moderate;
Bin: binge. Pink and blue asterisks denote statistically significant differences between the PAE and PAE+EGCG groups on the same day of the test. The black asterisk
indicates a statistically significant difference between the control group and the Mod+EGCG group on the same day of the test: *p < 0.05; **p < 0.01;

***p < 0.001; ****p < 0.0001.
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Fig. 3. Morris water maze behavioural test analysis in the offspring after maternal binge and moderate alcohol drinking. (A) Time spent in the location where the
platform was previously situated during the learning phase; (B) total distance travelled during the trial; (C) time spent in the opposite quadrant; (D) time spent in the
peripheral circumference (15 cm); (E) time spent immobile during the trial; and (F) average swimming speed of the mice. The figure displays a box plot repre-
sentation of the final test of the MWM test in control, moderate, binge and after EGCG treatment profiles. Mod: moderate; Bin: binge. The horizontal line within the
box indicates the mean. Whiskers extend to the minimum and maximum values within the dataset. Shapiro-Wilk test was performed to assess the normality of the
data in each group. Kruskal-Wallis test (Dunn’s test for multiple comparisons) was performed for inter-group comparisons (A) (Kruskall-Wallis H4)= 31.22,
p < 0.0001); (B) (Kruskall-Wallis H¢4)= 30.89,p < 0.0001); (C) (Kruskall-Wallis H4)= 29.70,p < 0.0001); (D) (Kruskall-Wallis H4)= 22.26,p = 0.0002); (E) (Krus-
kall-Wallis H4)= 20.07,p = 0.0005); (F) (Kruskall-Wallis H4)= 2.874,p = 0.5791). Asterisks denote the level of significance: *p <0.05; **p <0.01;
*p < 0.001;
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Fig. 4. BDNF (A brain, B cerebellum) and DYRK1A (C brain, D cerebellum) levels in mice tissue to analyse neuronal plasticity after maternal alcohol exposure in
moderate and binge patterns. Shapiro-Wilk test was performed to assess the normality of the data in each group. Kruskal-Wallis test (Dunn’s test for multiple
comparisons) was performed for inter-group comparisons (A) (Kruskall-Wallis H)= 8.304,p = 0.0090, H(= 12.60,p = 0.0002); (B) (Kruskall-Wallis H)= 3.145,
p =0.2075, Hi=9.199,p =0.0101); (C) (Kruskall-Wallis H=7.311,p = 0.0196, H=7.795,p = 0.0116); (D) (Kruskall-Wallis H)= 1.364,p = 0.5258,
H()= 0.006,p = 0.9992). Mod: moderate; Bin: binge. Asterisks denote the level of significance: *p < 0.05; **p < 0.01; ***p < 0.001.

moderate consumption pattern.

3.1.2. Working memory — T-maze

Adult mice were subjected to the T-maze spontaneous alternation
test to assess long-term impact of early alcohol exposure on spatial
working memory. On day 1, both moderate and binge groups had a
success rate below 50 % (48.69 % + 9.11 and 48.68 % + 5.23, respec-
tively), significantly lower than the control group (61.98 % =+ 8.37;
**p = 0.0075, ***p = 0.0005) (Fig. 2 and supplementary Fig.3A).

After EGCG treatment, both Mod+EGCG and Bin+EGCG groups
showed an upward trend in success rates on day 1 (55.00 % =+ 6.27 and
55.17 % + 8.84, respectively), although this increase was not statisti-
cally significant (Fig. 2).

The treatment groups, (Mod+EGCG and Bin+EGCG) almost reached
the 80 % learning success rate on day 4 (77.98 % =+ 5.52 and 70.85 %

+ 10.25, respectively) (Fig. 2 and supplementary Fig.3D), which was
comparable to the success rate of the control group on day 4 (68.55 %
+ 7.17) (Fig. 2). Furthermore, the Bin+EGCG and Mod+EGCG groups
showed the greatest improvement in learning (28.42 % and 38.17 % of
the total increase, respectively) (Supplementary Fig.3D), while the
Binge and Moderate groups had poor improvement rates (16.33 % and
15.96 %, respectively) (Supplementary Fig.3D). Surprisingly, the Mod
group following treatment with EGCG, not only showed a significant
improvement in their success rate but also surpassed the performance of
the control group, highlighting the potential of EGCG to enhance
cognitive function beyond baseline levels (Fig. 2).

3.1.3. Spatial learning and memory - morris water maze (MWM)
Results indicated that both moderate and binge groups exhibited a
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Fig. 5. Brain NeuN (A), cerebellum NeuN (B), brain DCX (C) and cerebellum DCX (D) levels in mice tissue to analyse neuronal maturation after maternal alcohol
exposure in moderate and binge patterns. Shapiro-Wilk test was performed to assess the normality of the data in each group. Kruskal-Wallis test (Dunn’s test for
multiple comparisons) was performed for inter-group comparisons (A) (Kruskall-Wallis Hz)= 12.38,p = 0.0020, H(;)= 8.461,p = 0.0145); (B) (Kruskall-Wallis
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denote the level of significance: *p < 0.05; **p < 0.01.

significant impairment in spatial and working memory. This was
observed by the reduced time spent in the location where the platform
was previously situated (11.22 s for Mod, 12.09 s for Bin) (Fig. 3A) and
the total distance travelled during the trial (158.20 centimetres for Mod,
194.70 centimetres for Bin) (Fig. 3B), as well as the increased time spent
in the opposite quadrant (19.75 s for Mod, 14.60 s for Bin)(Fig. 3C) and
outside the circle (20.60 s for Bin) compared to control group (Fig. 3D).

Regarding the antioxidant treatment, the EGCG-treated groups
showed a statistically significant improvement in the time spent in the
platform zone (19.95s for Mod+EGCG and 21.18 s for Bin+EGCG)
(Fig. 3A) and an increase in the distance swum during the test over the

moderate (370.30 centimetres for Mod+EGCG) (Fig. 3B). Thus, our re-
sults showed a decrease of 9.91 and 7.78 s in the opposite quadrant
(Figs. 3C) and 8.42 and 10.94 s in the outer circle (Fig. 3D) in the Mod
and Binge group after EGCG treatment compared to control.

In addition, we observed significant differences in the time spent
immobile in the water (Fig. 3E). Specifically, the Binge group (5.45 s)
spent significantly more time immobile compared to the control group
(1.05 s) and the Bin+EGCG group (0.82 s). Surprisingly, there were no
significant differences between the groups in terms of speed of move-
ment (Fig. 3F).
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Fig. 6. Brain GFAP (A), cerebellum GFAP (B), brain s100p (C) and cerebellum s100p (D) levels in mice tissue to analyse neuronal differentiation after maternal
alcohol exposure in moderate and binge patterns. Shapiro-Wilk test was performed to assess the normality of the data in each group. Kruskal-Wallis test (Dunn’s test
for multiple comparisons) was performed for inter-group comparisons (A) (Kruskall-Wallis H(z= 10.15,p = 0.0007, H(3)= 8.223,p = 0.0069); (B) (Kruskall-Wallis
H)=12.24,p = 0.0022, H)=7.625,p = 0.0160); (C) (Kruskall-Wallis H)= 0.572,p = 0.7513, Hy=7.812,p = 0.0118); (D) (Kruskall-Wallis H= 0.2959,
p = 0.8736, Hy= 2.689,p = 0.2745). GFAP: Glial Fibrillary Acidic Protein; s100p: s100 Calcium Binding Protein p; Mod: moderate; Bin: binge; EGCG:
epigallocatechin-3-gallate.Asterisks denote the level of significance: *p < 0.05; **p < 0.01.

3.2. Neuronal plasticity

Despite a trend towards decrease, there were no significant differ-
ences in Brain-Derived Neurotrophic Factor (BDNF) levels between
control group and Moderate and Binge groups in brain samples
(Fig. 4A). Interestingly, we observed a statistically significant increase in
BDNF levels in Bin+EGCG group compared to controls and binge group.
EGCG also significantly increased BDNF levels in moderate group
compared to its untreated counterpart (Fig. 4A). On the other hand,
Binge group exhibited a significant reduction relative to control and
EGCG treatment groups in cerebellum. Interestingly, after EGCG treat-
ment, the binge group did not show significantly different BDNF levels

compared to the control group. No differences in BDNF levels were
observed in the moderate group (Fig. 4B). Parallel analyses revealed a
significant elevation in Dual specificity Tyrosine(Y) Regulated Kinase 1
(DYRK1A) expression in brain samples of both moderate and binge
groups compared to control and EGCG-treated groups (Fig. 4C). In
contrast, cerebellar DYRK1A levels remained unchanged in all groups
(Fig. 4D).

3.3. Neuronal maturation

Levels of Neuronal Nuclear Antigen (NeuN) were significantly
reduced in both moderate and binge groups compared to the controls in
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Fig. 7. Brain MBP (A), cerebellum MBP (B) levels in mice tissue to analyse neuronal transport after maternal alcohol exposure. Shapiro-Wilk test was performed to
assess the normality of the data in each group. Kruskal-Wallis test (Dunn’s test for multiple comparisons) was performed for inter-group comparisons (A) (Kruskall-
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moderate; Bin: binge; EGCG: epigallocatechin-3-gallate. Asterisks denote the level of significance: *p < 0.05; **p < 0.01.

brain samples. After EGCG treatment, NeuN levels recovered to physi-
ological levels in both alcohol-exposed groups (Fig. 5A). No changes
were observed in cerebellum in either group (Fig. 5B).

For doublecortin (DCX), no differences were observed between the
groups studied (Fig. 5C-5D).

3.4. Neuronal differentiation

In brain, Glial Fibrillary Acidic Protein (GFAP) levels were signifi-
cantly lower in both moderate and binge groups compared to the control
(Fig. 6A). After the treatment with EGCG, the levels of these proteins
reached the control group in both alcohol-exposed groups (Fig. 6A). In
the cerebellum, GFAP levels were significantly reduced in the moderate
group compared to the control group, but returned to physiological
levels after EGCG treatment, no significant differences were observed
with respect to the control group (Fig. 6B). GFAP levels in the cere-
bellum of the binge group showed a slight tendency to decrease,
although without significant results. In contrast, after treatment with the
antioxidative agent, we observed a significant increase in the presence of
GFAP, with levels similar to those of the control group (Fig. 6B).

Notably, the levels of s100 Calcium Binding Protein f (s100p) in
binge group showed significant increased levels relative to the control in
brain samples, demonstrating a recovery to physiological levels after
EGCG treatment (Fig. 6C). Moderate group in brain and cerebellum
samples showed a non-significant trend towards an increase (Fig. 6C-D).
No significant differences were observed for the binge group in cere-
bellum in either group (Fig. 6D).

3.5. Neuronal transport

Myelin Basic Protein (MBP) levels in the brain were significantly
lower in both the moderate and binge groups compared to the control
(Fig. 7A). The administration of EGCG to the moderate group led to the
recovery of physiological levels (Fig. 7A). In contrast, the binge group
treated with this antioxidant was unable to recover to the levels
observed in the control group (Fig. 7A). In fact, no statistically signifi-
cant differences were observed between the treated group and the binge
group (Fig. 7A). In the same line, a significant reduction in MBP levels

was noted in the cerebellum of both PAE groups compared to control
and EGCG treatment groups, recovering control levels after EGCG
treatment (Fig. 7B).

3.6. Neuronal proliferation

A significant increase in Glial-cell-line Derived Neurotrophic factor
(GDNF) was observed in the brain of both Moderate and Binge groups
compared to the control group (Fig. 8A). Treatment with EGCG signif-
icantly decreased the levels of this protein, reaching values similar to
those of the control group (Fig. 8A). In cerebellum samples, GDNF levels
showed a significant and tending decreased in the moderate and binge
groups compared to the control group (Fig. 8B). Additionally, cere-
bellum showed a significant increase in GDNF levels in both alcohol-
exposed groups after EGCG treatment, reaching similar levels to the
control group (Fig. 8B).

Regarding Wnt family member 3a (Wnt-3a), this protein was
significantly reduced in the brain of the ethanol-exposed groups. After
EGCG treatment, the levels were increased and reached levels similar to
the control group (Fig. 8C). In the cerebellum, Wnt-3a levels were
significantly reduced in binge group compared to controls and increased
after EGCG treatment, without achieving significant differences with
respect to the control group. No differences were observed in moderate
group (Fig. 8D).

3.7. Oxidative stress

No changes in nuclear factor erythroid 2-related factor 2 (Nrf2)
levels were observed in brain and cerebellum for the moderate group
(Fig. 9A-B). A significant increase in Nrf2 compared to control was only
observed in the binge group in the brain, which decreased significantly
after EGCG treatment, to levels similar to the control group (Fig. 9A).

4. Discussion
The present study examines the deleterious effects of PAE on adult

cognitive function according to two human drinking patterns, focusing
on the potential therapeutic role of EGCG. Nowadays, several studies
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Fig. 8. Brain GDNF (A), cerebellum GDNF (B), brain Wnt-3a (C), cerebellum Wnt-3a (D) levels in mice tissue to analyse neuronal proliferation after maternal alcohol
exposure in moderate and binge patterns. Shapiro-Wilk test was performed to assess the normality of the data in each group. Kruskal-Wallis test (Dunn’s test for
multiple comparisons) was performed for inter-group comparisons (A) (Kruskall-Wallis H)= 8.103,p = 0.0101, Hs)= 9.070,p = 0.0107); (B) (Kruskall-Wallis
Hez)= 10.55,p = 0.0051, Hz)= 6.801,p = 0.0334); (C) (Kruskall-Wallis Hz)=12.84,p = 0.0016, Hy=12.78,p =0.0002); (D) (Kruskall-Wallis H= 5.310,
p = 0.0658, H(z= 9.500,p = 0.0021). GDNF: Glial-cell-line Derived Neurotrophic factor; Wnt-3a: Wnt family member 3a; Mod: moderate; Bin: binge; EGCG:
epigallocatechin-3-gallate. Asterisks denote the level of significance: *p < 0.05; **p < 0.01.

have evaluated the effects of PAE on cognitive function [55,56], but few
have analysed the consequences according to different maternal drink-
ing patterns. Furthermore, the results provide the first evidence that
postnatal EGCG treatment may be a feasible therapy to ameliorate the
FASD-like neurodevelopmental disorders caused by PAE.

Alcohol impairs motor coordination, as it was observed in the
Rotarod results, where PAE groups had a significantly shorter average
walking time compared to control mice. These findings are aligned with
previous research [12,57] demonstrating persistent deficits in motor
coordination (particularly balance and fine motor control) in PAE sub-
jects. Similarly, biomarker analysis of DYRK1A, a general inhibitor of
neuronal plasticity, provided insight into the underlying mechanisms of
motor alterations [58]. DYRK1A significantly increased in PAE groups in
brain samples, suggesting alterations in neuronal plasticity [59,60] and
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synaptic maturation [61-63]. Previous research has linked DYRK1A to
altered motor function and hyperactivity in Down syndrome mouse
models [58,64], indicating that PAE can modify offspring’s gene
expression and promote various neurological and cognitive alterations
[62,65]. NeuN, a widely recognised marker of neuronal maturity, has
been implicated not only in the processes of neuronal maturation but
also in various behavioural alterations, including hyperactivity [66,67].
Our findings revealed reduced NeuN levels in PAE groups, which is
consistent with previous research observing a loss of mature neurons in
the dentate gyrus following alcohol exposure [66,68,69]. The Rotarod
test results reflect an increase in hyperactivity, which may contribute to
the observed alterations in PAE mice. PAE also causes demyelination in
various brain regions [70] and alters gamma-aminobutyric acid gluta-
mate (GABA,) and N-methyl-D-aspartate (NMDA) neurotransmission,
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Fig. 9. Brain Nrf2 (A) and cerebellum Nrf2 (B) levels in mice tissue to analyse oxidative stress after maternal alcohol exposure. Shapiro-Wilk test was performed to
assess the normality of the data in each group. Kruskal-Wallis test (Dunn’s test for multiple comparisons) was performed for inter-group comparisons (A) (Kruskall-
Wallis Hiz)= 1.415,p = 0.5174, H(2= 10.33,p = 0.0019); (B) (Kruskall-Wallis Hiz= 0.131,p = 0.9453, H(2)= 1.557,p = 0.4784). Nrf2: Nuclear factor Erythroid 2-
related factor 2; Mod: moderate; Bin: binge; EGCG: epigallocatechin-3-gallate. Asterisks denote the level of significance: *p < 0.05; **p < 0.01.

affecting the function and structure of neurons [71]. Recent studies have
shown that reduced MBP and myelination deficits are linked to
long-term susceptibility to neurobehavioural abnormalities [72],
indicative of depression, anxiety, and hyperactivity in later life [73-79].
The results of the present study showed that MBP levels were signifi-
cantly lower in binge and moderate groups in both brain and cere-
bellum, suggesting potential disruptions in myelination and hence
motor coordination disorders.

EGCG produced a significant improvement in motor coordination in
those groups in which PAE under moderate exposure caused reversible
damage, indicating that this antioxidant has potential therapeutic ef-
fects in mitigating motor impairments induced by PAE [80-82]. This is
consistent with the existing literature on EGCG, which highlights its
neuroprotective, antioxidant, and anti-inflammatory properties, which
help to mitigate neural damage in neurodegenerative conditions such as
Alzheimer’s and Parkinson’s disease [83,84]. Furthermore, NeuN and
DYRK1A recovered their physiological levels after EGCG treatment. Our
findings suggest that in the case of MBP, recovery to physiological levels
is only achieved under conditions of moderate alcohol exposure. How-
ever, in cases of binge drinking, the extent of damage to neuronal
transport mechanisms is so profound that MBP levels remain resistant to
restoration, even with EGCG treatment. This suggests a threshold effect,
where high-intensity alcohol exposure may irreversibly compromise
myelination pathways, underscoring the limits of therapeutic interven-
tion in cases of severe prenatal alcohol damage. Voluntary movement
control and hyperactivity are controlled by specific brain regions such as
the primary motor cortex and a neuronal circuit involving the frontal
cortex and thalamic motor nuclei that controls motor function [85,86].
The striatum, which coordinates signals from different parts of the brain,
plays a key role in hyperactivity [87]. The association of motor function
and hyperactivity with cerebral regions, rather than the cerebellum,
could explain the observed lack of significant changes in biomarker
levels within the cerebellum [88-91].

Long-term impact of PAE on learning, immediate and spatial work-
ing memory was assessed by T-maze spontaneous alternation test [52].
On the final testing day, both PAE groups achieved success rates of
around 50 %, significantly lower than controls, showing greater diffi-
culties in working memory, continuous spatial alternation, and spatial
memory, indicating comparable damage in the hippocampus in both
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consumption patterns [92,93].

Biomarkers involved in processes of plasticity, maturation, and
proliferation provide information about processes related to learning
and memory [94-97]. PAE groups exhibit problems with working
memory, continuous spatial alternation, and spatial memory, suggesting
hippocampus damage [98,99]. The reduced levels of BDNF explain the
impairment of immediate and spatial memory and the disorders in the
learning processes in PAE mice due to its involvement in neurogenesis
[100-102] and synaptic plasticity [103,104]. Primarily areas affected
are located in the hippocampus [105]. Interestingly, BDNF reductions
were more pronounced in the binge drinking group, suggesting a higher
susceptibility to severe memory impairment with this drinking pattern.

Nevertheless, BDNF effects in the cerebellum are only observed in
cases of severe alcohol impairment, such as binge drinking, as previously
observed in schizophrenia patients, particularly affecting immediate
memory, dementia and cognitive decline [106]. Early life stress also
impairs spatial memory and reduces neurogenesis and BDNF expression
in adult mice [107]. Similarly, studies on mouse models with Down
Syndrome have shown that overexpression of DYRK1A results in deficits
in visuospatial learning and memory [108]. This suggests dysfunction in
the hippocampus and prefrontal cortex [109], which is consistent with
our results in T-maze. In terms of neuronal maturation processes, mature
neurons were reduced. This suggests that alcohol impact significantly
the number of mature neurons in the hippocampus of adult mice. Pre-
vious studies have shown that under conditions of alcohol exposure,
alcohol primarily affects neuronal progenitor cells, with immature
neurons being secondarily affected [110-112]. In contrast, another
study observed effects on NeuN, a biomarker used to detect mature
neurons [67], indicating that PAE leads to a decrease in mature neurons
in mice in both consumption patterns. Neuronal maturation, a critical
process for brain development and function, influences immediate
memory [113]. Impaired maturation can disrupt memory due to inad-
equate synaptic connections and myelination, slowing down signal
transmission [114] and impact immediate memory and overall cognitive
ability [115]. GDNF plays a critical role in memory, by controlling cell
loss in the hippocampus and protecting against behavioural seizures that
occur as a result of brain damage [116]. In the presence of the highest
dose of ethanol, GDNF induces the phosphorylation of She, which acti-
vates intracellular pathways for neuroprotection [117]. Our results
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show that in cases of severe brain damage, GDNF levels increase, as has
also been shown in Parkinson’s disease [118,119] and rodent brain
damage [116]. On the other hand, PAE leads to significant neuronal loss
in several regions of the CNS; in particular, differentiating Purkinje cells
of the cerebellum are particularly susceptible to ethanol exposure,
leading to a reduction in GDNF in this area [117].

Interestingly, mice from both groups exposed prenatally to ethanol
and treated postnatally with EGCG showed higher success rates in T-
maze learning compared to untreated PAE mice. These differences
became more noticeable over time, suggesting that EGCG treatment may
improve working and spatial memory impairments induced by prenatal
alcohol exposure, consistent with previous studies [120]. In addition,
the benefits observed in neurobehavioral testing with EGCG treatment
were also seen in biomarkers associated with altered neurological pro-
cesses. EGCG significantly restores BDNF levels, critical for neurogenesis
and synaptic plasticity, supporting the observed improvements in
memory and learning. NeuN expression was also increased in brain after
EGCG treatment, indicating a protection against PAE-induced neuronal
loss. Additionally, DYRK1A overexpression decreased, aligning with
improved visuospatial learning and memory, reinforcing the potential of
EGCG to mitigate hippocampal and prefrontal cortex dysfunction in
PAE.

Hippocampal damage caused by PAE impairs spatial recognition and
memory [121], as evidenced by the results of the MWM test in both PAE
groups. PAE mice showed a reduced time at the platform location and
distance travelled during the test, as well as increased time spent in the
opposite quadrant and outside the circle compared to control mice. The
hippocampus plays a crucial role in long-term memories [122], sorting
new information and linking it to similar information already stored in
the brain [123]. Therefore, any changes in neuronal maturation can
affect this process, leading to memory problems, as observed in MWM
and T-maze tests. The binge group spent more time immobile in the
water. The low levels of NeuN seen in this work could explain this
behaviour by generating alterations in neuronal maturation. This would
lead to a reduction in serotonin [124-126], resulting in symptoms of
anxiety and depression [127-129] in this consumption pattern. Alter-
natively, it could indicate that this binge group may be employing less
efficient search strategies [130]. However, it is important to note that
moderate alcohol exposure still produced observable neuro-
developmental deficits and behavioural alterations, highlighting that
even lower levels of exposure can lead to cognitive and emotional im-
pairments. EGCG-treated mice spent significantly less time immobile
compared to binge group, suggesting that EGCG treatment may have a
positive effect not only on spatial and working memory, but also on
motor skills or motivation [131].

Regarding neuronal differentiation, PAE reduced GFAP levels, a
protein found in CNS astrocytes that is critical for their differentiation
into glial cells and neurodevelopment [23,132]. Our results are consis-
tent with previous studies that demonstrated the same effects after PAE
exposure [22,132,133]. Reduced levels of GFAP have been associated
with depressive behaviours and dementia [134-136], which is consis-
tent with the findings of our MWM test, highlighting a significant
decline in memory capacity. S1008, a neurotrophic factor that modu-
lates neuronal plasticity, is a marker for astrocytes in the CNS and brain
damage [137-140]. Increased S100f levels in binge drinking group,
indicated brain damage [141-146] and anxiolytic behaviour [144].
Previous studies in mouse model demonstrated a correlation among
brain damage and anxious behaviour and memory impairment when
performing the MWM test [147]. Hippocampal neurogenesis is regu-
lated by Wnt signalling, which has been suggested to be a key regulator
of adult and embryonic neurogenesis [148-150]. The Wnt signalling
pathway controls neuronal differentiation, axon outgrowth and guid-
ance, dendritic development and neuronal plasticity [151,152]. The
decrease in Wnt-3a levels in brain and cerebellar tissues after prenatal
alcohol exposure can result in cognitive memory impairment and
neurotoxicity in the hippocampus[153]. This is consistent with the
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memory deficits in MWM associated with the reduced time spent in the
platform area and distance taken during the test in both prenatally
exposed groups. On the other hand, we have previously discussed the
effects of BDNF, NeuN and MBP biomarkers on memory, cognition, and
hyperactivity processes in the context of the rotarod and T-maze tests.
These biomarkers are key factors for memory and cognition [70,
100-104,154] and are involved in neuronal differentiation and matu-
ration [155-157]. As reflected in the MWM results, the deficits in these
biomarkers are also associated with disruptions in neurodevelopment
and significant increases in behaviours that are indicative of depression,
anxiety and hyperactivity later in life [73,75-79,158].

PAE, which is associated with a number of developmental disorders
such as FASD, induces oxidative stress, damaging fetal cellular struc-
tures [159,160]. Nrf2, a transcription factor in the CNS, maintains
intracellular redox homeostasis [161]. Increased levels of Nrf2 lead to an
impaired antioxidant response and exacerbate the oxidative damage
caused by PAE [162,163] as reflected in the neurodevelopmental defi-
cits shown here. The binge drinking induced a greater increase in Nrf2
expression compared to moderate drinking, underscoring the enhanced
oxidative stress associated with higher levels of alcohol exposure. This
pronounced Nrf2 upregulation suggests a response where elevated
alcohol intake overwhelms cellular antioxidant defences, potentially
exacerbating long-term neurodevelopmental vulnerability.

Moreover, in non-stress situations, most of the Nrf2 protein is ubiq-
uitinated and degraded by the proteasomal machinery. However, under
oxidative stress, such as that produced by binge drinking, the interaction
between Nrf2 and its regulatory complex Keap1 is disrupted [164,165].
This leads to a reduction in Nrf2 degradation and an increase in its
translocation to the nucleus [166,167]. Perturbations in Nrf2 expression
due to PAE could potentially lead to cognitive and behavioural abnor-
malities, as shown in our T-maze and MWM results [162,168-171].

After postnatal EGCG treatment, PAE mice showed marked
improvement in performance in the MWM test, improving their ability
to locate the platform zone, as they spent more time in this area and
traversed a significantly longer distance than their respective PAE
groups. They also spent less time in the quadrant opposite to the plat-
form zone and outside the designated circle. This is indicative of their
improved spatial navigation skills and memory recall, suggesting a
beneficial effect of EGCG treatment. Impairments in spatial navigation
and memory, typically caused by PAE, appear to be alleviated by EGCG
treatment, aligning with recent studies that support the beneficial
impact of EGCG on neuronal health and function, suggesting that EGCG
improves spatial navigation and memory [84,172-174].

5. Conclusion

This study demonstrates the impact of two distinct maternal drinking
patterns during pregnancy on cognitive function and behaviour in young
adult mice, revealing impairments in motor coordination, learning, and
immediate and spatial memory. These behavioural deficits are associ-
ated with disruptions in biomarkers that are essential for neuro-
developmental processes. Specifically, PAE leads to significant
reductions in BDNF, NeuN, MBP, GDNF and Wnt-3, as well as dysre-
gulation of DYRK1A, GFAP, s100b and Nrf2 signalling pathways. These
alterations affect synaptic plasticity, myelination, neuronal differentia-
tion and proliferation, and oxidative stress responses, thereby high-
lighting the broad neurobiological basis of PAE-induced cognitive and
behavioural abnormalities. Importantly, postnatal treatment with
EGCG, an antioxidant known for its neuroprotective effects, demon-
strates marked therapeutic potential by restoring the affected biomarker
levels in cases of moderate alcohol exposure, where structural and
functional damage to neural pathways remains reparable. EGCG also
reduces the overexpression of DYRK1A, a kinase involved in impaired
plasticity and hyperactivity, and regulates Nrf2 expression, ameliorating
oxidative stress by restoring redox homeostasis within the CNS. Never-
theless, a threshold effect is observed, as binge drinking induces severe,
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potentially irreversible damage to myelination and neuronal transport
pathways. This suggests that high levels of alcohol exposure may exceed
the reparative capacity of EGCG. Through these mechanisms, EGCG
treatment effectively alleviates the motor coordination, working mem-
ory, and spatial learning deficits associated with PAE, supporting its
utility as a therapeutic agent to counteract cognitive and behavioural
impairments.

6. Limitations

This study uses a controlled FASD-like mouse model, which effec-
tively minimises confounding variables and environmental factors that
often introduce bias in human studies. One of the major strengths of the
present study is the detailed analysis of both behavioural outcomes and
molecular biomarkers, providing comprehensive insights into the effects
of PAE and the potential therapeutic effects of EGCG. On the other hand,
the use of oral gavage for alcohol administration mimics the human oral
route and avoids the inaccuracies of other routes of administration.

However, the study has some limitations. In particular, the alcohol
exposure model used only simulates the first and second trimesters of
human pregnancy, leaving the effects of equivalent exposure in the third
trimester unexplored. Future research should focus on extending these
findings by including models of third-trimester alcohol exposure and
investigating the long-term effects of EGCG treatment on cognition.
Moreover, all behavioural assessments were performed in male mice
only, which precludes the evaluation of potential sex-specific effects of
PAE and EGCG treatment. Future studies should include both sexes to
better characterise differential responses.

At the molecular level, we separated the brain from the cerebellum,
and each was homogenised. While whole-brain homogenates allow the
detection of systemic changes in key biomarkers and provide sufficient
sample volume for robust biochemical analyses, this approach precludes
region-specific analysis that may have revealed differential effects
across brain areas. This is a relevant consideration for future in-
vestigations aimed at dissecting the neuroanatomical specificity of PAE-
induced changes and therapeutic effects of EGCG.

A maltodextrin+EGCG group was not included in this study due to it
was not ethically justified given the study’s objectives, in accordance
with institutional guidelines and the 3Rs principle of reduction. How-
ever, future studies could consider a maltodextrin+EGCG group to
evaluate its role on specific and subtle effects on healthy tissues, taking
into account these effects to compare the effects of this antioxidant in
alcohol-treated and untreated individuals.

Clinical trials are also essential to assess the translatability of these
promising preclinical results to human populations, particularly chil-
dren with FASD, in order to evaluate the full potential of EGCG as a
therapeutic intervention. Future research would greatly benefit from a
detailed exploration of the molecular mechanisms linking these altered
biomarker levels to the cognitive impairments observed in behavioural
assessments such as the T-maze and MWM. Such investigations hold
great promise for advancing our understanding of the precise pathways
by which PAE induces neurodevelopmental deficits. Uncovering these
pathways could provide critical insights into the neurobiological basis of
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PAE-related cognitive decline and offer new avenues for targeted
intervention.
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