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F. López-Picón e,f, S. Helin g, J. Rajander g,h, M.C. Collado d, J. Manzanares a,b,c,*

a Instituto de Neurociencias, Universidad Miguel Hernández-CSIC, San Juan de Alicante, Alicante, Spain
b Instituto de Investigación Sanitaria y Biomédica de Alicante (ISABIAL), Alicante, Spain
c Red de Investigación en Atención Primaria de Adicciones (RIAPAd), Instituto de Salud Carlos III, MICINN and FEDER, Madrid, Spain
d Institute of Agrochemistry and Food Technology-National Research Council (IATA-CSIC), Valencia, Spain
e Preclinical Imaging Laboratory, Turku PET Centre, University of Turku, Turku, Finland
f MediCity Research Laboratories, University of Turku, Turku, Finland
g Turku PET Centre, University of Turku, Turku, Finland
h Åbo Akademi University, Turku, Finland

A R T I C L E  I N F O

Keywords:
Fetal alcohol spectrum disorder (FASD)
Cannabidiol (CBD)
Emotional behavior
Brain biomarkers
Gut microbiota
Alcohol addiction

A B S T R A C T

Fetal Alcohol Spectrum Disorder (FASD) is a range of neurodevelopmental abnormalities caused by Perinatal 
Alcohol Exposure (PAE), leading to profound behavioral and molecular disturbances in the offspring. Unraveling 
the central and peripheral mechanisms involved, including the microbiota-gut-brain axis, is crucial to improving 
our understanding of the disease and developing new treatment strategies from a sex perspective. In this study, 
we investigated the impact of PAE on emotional behavior, brain biomarkers, and gut microbiota composition and 
diversity in a preclinical C57BL/6 J mouse model, as well as the extent of their vulnerability to alcohol con
sumption. Furthermore, we have also explored the potential modulatory effects of cannabidiol (CBD) adminis
tered chronically (30 mg/kg/day, i.p.) from weaning on PAE-induced sex-dependent emotional and brain 
molecular impairments, gut microbiota dysbiosis, and increased alcohol reinforcing and motivational actions. 
FASD model mice showed increased anxiety- and depressive-like behavior accompanied by sex-dependent 
changes in synaptic density, dopamine D2/D3 receptors availability, cannabinoid receptors 1 and 2 (Cnr1/ 
Cnr2), tyrosine hydroxylase (Th), and serotonin transporter (Slc6a4) gene expression, and gut microbiota dys
biosis. Interestingly, CBD sex-dependently improved and/or normalized PAE-induced behavioral and molecular 
disturbances. In addition, females but not males exposed to the animal model of FASD showed a higher moti
vation to drink alcohol, which CBD abolished. Our findings provide new insights into the brain and gut 
microbiota sex-dependent mechanisms involved in FASD pathophysiology and further highlight the therapeutic 
potential of CBD to improve the management of FASD-induced emotional disturbances and alcohol addiction 
from a sex-oriented approach.

1. Introduction

Fetal Alcohol Spectrum Disorder (FASD) is a range of neuro
developmental abnormalities caused by Perinatal Alcohol Exposure 
(PAE). Symptoms include deficits in cognitive state, social behavior and 
emotional regulation, among others [1,2]. Recent reports have shown 
that PAE is significantly linked to an increased vulnerability to 

developing a substance use disorder. This may be due to impaired 
dopaminergic mesolimbic system function [3,4], emphasizing the 
increased motivation towards alcohol consumption [5,6].

The pathophysiology of FASD is complex and multifactorial. It in
volves direct neurotoxic effects of ethanol on the developing brain, as 
well as systemic consequences such as oxidative stress, immune acti
vation and altered neuroendocrine signalling [7,8]. Despite the 
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significant impact of FASD, there are no approved pharmacological 
treatments capable of reversing FASD-related neurodevelopmental def
icits. Current therapeutic strategies primarily focus on symptom man
agement rather than on addressing the underlying 
neuropathophysiology [9]. In this context, the endocannabinoid system 
(ECS) has emerged as a promising target for mitigating PAE-induced 
brain damage. Previous evidence suggests that PAE alters key compo
nents of the ECS, including cannabinoid receptors, endocannabinoid 
ligands, and enzymes that regulate them, leading to neurobehavioral 
abnormalities [10,11].

Cannabidiol (CBD), a non-addictive constituent of the Cannabis sativa 
plant [12], has demonstrated therapeutic potential due to its multifac
eted interactions with various receptors, including CB1 and CB2 
cannabinoid receptors, serotonergic receptors (5-HT1A), vanilloid re
ceptors (TRPV1), or peroxisome proliferator-activated receptors 
(PPARs) [13,14]. Preclinical research suggests that CBD exhibits anxi
olytic [15,16], antidepressant [17,18], neuroprotective [19,20], and 
antiaddictive properties [21,22], showing a significant reduction of the 
rewarding effects of ethanol [23–26], making it a compelling candidate 
for FASD treatment. Indeed, a previous study from our laboratory 
demonstrated that CBD significantly repairs FASD-induced behavioral 
and molecular alterations in the brains of male and female mice [27]. 
CBD also attenuated cognitive deficits and neuroinflammation in a ro
dent model of early alcohol exposure [28]. However, the precise bio
logical mechanisms underlying the modulation of FASD-related 
emotional and neurobiological dysfunctions by CBD remain largely 
unclear. Thus, further research is required to investigate the therapeutic 
potential of CBD and the targets underlying its beneficial effects in 
FASD.

In recent years, increasing attention has been given to the role of the 
gut microbiota in brain development and function via the microbiota- 
gut-brain axis. This is a bidirectional communication system relating 
intestinal microbes with neural, endocrine, and immune pathways [29, 
30]. Dysbiosis, or the disruption of the gut microbial ecosystem, has 
been detected in various neuropsychiatric and neurodevelopmental 
disorders [31,32]. Notably, chronic alcohol exposure induces gut mi
crobial dysbiosis, reducing the populations of beneficial bacteria, such 
as Bifidobacterium, and increasing intestinal permeability. This fact leads 
to systemic inflammation and behavioral abnormalities [33,34], effects 
that can be improved by interventions targeting the microbiota [35,36]. 
Despite these promising findings, the effects of PAE on gut microbiota 
composition remain poorly explored [37,38], particularly in the context 
of long-term developmental outcomes in the offspring [39]. Impor
tantly, sex-specific differences in gut microbiota have been reported [40, 
41]; however, these factors are often overlooked in microbiome 
research.

In this study, we investigated the impact of PAE on emotional 
behavior, brain synaptic density, central biomarkers, and gut microbiota 
composition and diversity in male and female adolescent offspring, and 
their vulnerability to alcohol consumption and motivation. Further
more, we have also explored the potential modulatory effects of CBD 
administered from weaning (postnatal day 21, PND21) on PAE-induced 
behavioral and brain molecular impairments. To our knowledge, this is 
the first study evaluating whether long-term CBD administration can 
reverse or mitigate gut microbiota alterations induced by PAE. We 
assessed taxonomic shifts, diversity metrics, and functional correlations 
across control, FASD, and FASD-CBD groups using 16S rRNA sequencing 
and explored sex-dependent differences in the microbial community. 
Our results provide novel insights into the interplay between ethanol 
exposure, gut microbiota, and CBD intervention, and highlight potential 
microbial biomarkers and therapeutic targets for FASD.

2. Materials and methods

2.1. Animals

We used C57BL/6 J male and female mice in all experiments. Fifty 
female and 20 male 5-week-old mice were purchased from Charles River 
Laboratories (Lille, France). After their arrival, the mice were individ
ually housed and left undisturbed for one week to acclimate to the an
imal housing room. Subsequently, females were exposed to a voluntary 
ethanol consumption paradigm before breeding initiation. A total of 168 
offspring (84 males and 84 females) were obtained from the cross
breeding. The mice were group-housed in cages divided by sex (males 
(M) and females (F)) and experimental condition according to perinatal 
exposure to water (H2O) or ethanol (EtOH), as well as the pharmaco
logical treatment initiated on postnatal day 21 (PND21) with CBD or its 
corresponding vehicle (VEH). Thus, the experimental groups were as 
follows, per sex: H2O-VEH, EtOH-VEH, and EtOH-CBD. All animals were 
maintained in the Animal Facilities Service of the Universidad Miguel 
Hernández (SEA-UMH) under controlled environmental conditions of 
temperature (23 ± 2 ◦C), humidity (60 ± 10 %), and a 12-h light-dark 
cycle (lights on from 08:00–20:00 h). All experimental procedures 
complied with the Spanish Royal Decree 53/2013, the Spanish Law 32/ 
2007, and the European Union Directive of 22 September 2010 (2010/ 
63/UE) regulating the care of experimental animals and were approved 
by the Ethics Committee of Miguel Hernández University. Animal 
studies are reported in compliance with the ARRIVE guidelines [42].

2.2. Perinatal Alcohol Exposure (PAE)

As previously described, female C57BL/6 J mice were exposed to 
voluntary ethanol consumption in a two-bottle choice paradigm from 
PND 42 [27]. After an acclimation period, animals were divided into two 
groups, one exposed to two bottles containing tap water (n = 15), and 
another exposed to one bottle containing tap water and the other con
taining increasing ethanol concentrations (2.5, 5, 7.5, and 10 % of 
ethanol, 3 days each concentration until stabilization at 10 %) (n = 35). 
The volumes of ethanol and water consumed were carefully measured 
and filled daily to calculate the ethanol consumption (g/kg/day) and the 
ratio of ethanol preference [ethanol preference: ethanol intake / 
(ethanol intake + water intake)]. Once the 10 % ethanol consumption 
and preference were stabilized for 15 days (or the equivalent period of 
water access in control animals), vaginal smears were collected in the 
afternoon for cytological evaluation, selecting only females with high 
ethanol consumption and preference (for more details see Gasparyan 
et al. [27]). At this point, 30 females from the initial 35 were selected 
and were crossed with singly housed males when they were at the 
pro-estrus or estrus stages. From GD7 until PND21, mothers previously 
exposed to voluntary ethanol consumption were administered 3 g/kg of 
ethanol (p.o., twice a day). In contrast, those not exposed to ethanol 
received tap water (p.o., twice a day) (Fig. 1). In the group of 
ethanol-exposed females, only 18 finished gestation and lactation pe
riods appropriately, whereas in the control group, 10 of the initial 15 
females did so.

2.3. Cannabidiol (CBD) treatment of offspring exposed perinatally to 
alcohol

CBD was acquired from THC Pharm (Frankfurt, Germany) and dis
solved in a solution of ethanol, cremophor and saline (1:1:18) to achieve 
the selected dose of 30 mg/kg. This dose was chosen in conjunction with 
the beginning of CBD administration at PND21, in line with our previous 
findings using the same animal model of FASD [27]. In this study, CBD at 
a dose of 30 mg/kg, administered from PND21 onwards, was found to 
significantly improve behavioral, molecular, and cellular parameters 
affected by PAE. The drug was prepared daily immediately before its 
administration (between 17:00 and 19:00 h) at a volume of 10 mL/kg. 
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The daily treatment with CBD at 30 mg/kg or vehicle (VEH) (i.p.), the 
latter also composed of a mixture of ethanol, cremophor and saline in a 
ratio of 1:1:18, was initiated on the same day as weaning, when the 
offspring from the crossbreeding were separated by sex and housed in 
groups of 4–6 mice per cage. The emotional behavioral evaluation 
started after 4 weeks from the beginning of treatment with CBD, which 
continued approximately up to 10 weeks, until the end of the oral 
ethanol self-administration (OEA). First, CBD effects on anxiety and 
depressive-like behaviors were analyzed by the light-dark box (LDB) and 
tail suspension test (TST), respectively, which were performed during 
week 14, as well as the effect of CBD on brain relative gene expression, 
dopamine D2/D3 receptors and synaptic density analyzed from brain 
slice autoradiography, and fecal 16S-amplicon microbiota profiling 
(week 15). Second, ethanol consumption and motivation were evaluated 
by the OEA paradigm from weeks 16–20 (Fig. 1).

2.4. Emotional behavior evaluation

2.4.1. Light-dark box (LDB)
Anxiety-like behaviour was evaluated by the widely accepted LDB 

paradigm. LDB was carried out in an apparatus with two methacrylate 
compartments (20 ×20 x 15 cm), one transparent and the other black 
and opaque, separated by an opaque tunnel (4 cm). The light compart
ment is illuminated with a lamp (60 W) that is placed 25 cm above it. At 
the beginning of the 5-minute session, mice were placed in the light box 
facing the tunnel. The total time spent in the light box and the number of 
transitions between boxes were recorded. A mouse whose four paws 
were inside the new box was considered to have changed boxes.

2.4.2. Tail suspension test (TST)
TST is a widely accepted test to assess rodent depressive-like be

haviors. Mice were individually suspended by the tail at the edge of a 

lever suspended above the tabletop (35 cm), with adhesive tape placed 
approximately 1–2 cm from the tail tip. The immobility time was 
measured for 6 min.

2.5. Mice samples for molecular studies

At the end of the emotional behavior evaluation (week 15, PND56), 
and 14–16 h after the last drug administration (CBD or VEH), a batch of 
mice was sacrificed by cervical dislocation to obtain: 1) frozen brain 
samples for relative gene expression (n = 7–9 animals/group) and in 
vitro radiotracer autoradiography (n = 6–8 animals/group) analyses; 
and 2) frozen fecal samples for microbiota profiling by 16S rRNA 
amplicon sequencing (n = 12–14 animals/group) (Fig. 1).

2.6. Autoradiography studies

For the in vitro autoradiography studies, 20 µm slices were prepared 
from all the brains using a cryostat (Leica CM3050S, Germany). Two 
different radiotracers – [11C]UCB-J and [11C]raclopride – were synthe
sized at the Radiopharmaceutical Chemistry Laboratory of Turku PET 
Centre and used for in vitro autoradiography studies, with optimized 
protocols for each.

The changes in synaptic density were studied using the synaptic 
vesicle glycoprotein 2 A (SV2A) targeting radiotracer [11C]UCB-J [43]. 
The in vitro binding protocol was adapted with some changes from a 
previous study by Värnas et al. [44]. In short, the brain slices were first 
pre-incubated in a buffer solution containing 50 mM Tris and 2 mM 
MgCl2 at 4◦C for 5 min and then incubated for 20 min in the same 
Tris-MgCl2 buffer at room temperature (RT) with 6.1 ± 1.2 nM (0.15 
± 0.01 MBq/mL) of [11C]UCB-J. Following incubation with [11 C] 
UCB-J, the slices were rinsed twice for 5 min in the same Tris-MgCl2 
buffer at 4◦C, then quickly rinsed in reverse osmosis-purified water 

Fig. 1. Schematic diagram showing the design of the experimental procedures. Female mice were exposed to a voluntary ethanol consumption paradigm, achieving 
stable ethanol consumption and preference at 10 % before crossing. After gestation confirmation, at GD7, ethanol gavage was started at a dose of 3 g/kg/12 h (p.o.) 
until the pup’s weaning at PND21. Pups were treated with CBD (30 mg/kg/24 h, i.p.) or VEH from the day of weaning for 5 (1st batch) or 10 (2nd batch) weeks. In 
the 1st batch, after the 4th week of treatment, behavioral evaluations were performed in male and female animals to determine the effects of CBD on anxiety and 
depressive symptoms using the light-dark box (LDB) and tail suspension test (TST), respectively. At the end of these behavioral studies, mice were killed by cervical 
dislocation, obtaining brain and fecal samples that were frozen for their use in the study of the gene, autoradiography, and microbiota profiling analyses. In the 2nd 
batch, after the 6th week of treatment, oral ethanol self-administration was performed in male and female animals to evaluate the effects of CBD on ethanol’s 
reinforcing and motivational actions. CBD: cannabidiol, FR1: fixed ratio 1 schedule, FR3: fixed ratio 3 schedule, GD: gestational day, i.p.: intraperitoneal admin
istration, LDB: light-dark box, PND: postnatal day, p.o.: oral administration, PR: progressive ratio, TST: tail suspension test, VEH: vehicle.
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(RO H2O) at 4 ◦C.
To detect changes in dopamine D2/D3 receptors, we used the radi

oligand [11C]raclopride [45]. The brain slices were first pre-incubated in 
a buffer solution containing 50 mM Tris and 120 mM NaCl (pH 7.4) at 
RT for 30 min. Afterwards, the slices were incubated for 20 min in the 
same Tris-NaCl buffer at RT with 1.6 ± 0.4 nM (0.11 ± 0.03 MBq/mL) 
of [11C]raclopride. Following the incubation with [11C]raclopride, the 
slices were rinsed 3 × 5 min in the same buffer at 4◦C, and then quickly 
rinsed in RO H2O at 4◦C.

After the in vitro binding protocol for [11C]UCB-J and [11C]raclopr
ide, the slices were air-dried and exposed to a phosphor imaging plate 
(Fuji BAS Imaging Plate TR2025, Fuji Photo Film Co., Ltd., Tokyo, 
Japan) for about two half-lives (approximately 40 min). After exposure, 
the imaging plates were scanned with a BAS-5000 phosphorimager 
(Fuji, Japan) at 25 μm resolution and analyzed with AIDA Image 
Analyzer 4.5 (Raytest, Isotopenmessgeräte, Straubenhardt, Germany).

2.7. Relative gene expression analyses by quantitative real-time PCR

Relative gene expression of cannabinoid receptors 1 (Cnr1) and 2 
(Cnr2) in the nucleus accumbens (NAcc), tyrosine hydroxylase (Th) in 
the ventral tegmental area (VTA), and serotonin transporter (Slc6a4) in 
the dorsal raphe (DR) was analyzed by real-time polymerase chain re
action (RT-PCR). For that purpose, brains were removed from the skull 
and frozen at − 80ºC. These samples were cut in a cryostat (-10ºC), 
obtaining coronal sections of 500 µm following the atlas of Paxinos and 
Fraklin [46]. They were microdissected following the procedure 
described by Palkovits and previously performed by our group [47]. 
Total ribonucleic acid (RNA) was extracted with TRI Reagent extraction, 
and reverse transcription was carried out (Applied Biosystems, Madrid, 
Spain). Quantitative analyses of the relative gene expression of Cnr1 
(Mm00432621_s1), Cnr2 (Mm00438286_m1), Th (Mm00447546_m1), 
and Slc6a4 (Mm0043939_m1) genes were performed on the StepOne 
Sequence Detector System (Applied Biosystems, Madrid, Spain). Data 
for each target gene were normalized to the endogenous reference gene 
18S (Mm03928990_g1), and the fold change in target gene expression 
was determined using the 2-ΔΔCt method [48].

2.8. Microbiota profiling by 16S rRNA amplicon sequencing

The total DNA was isolated from the fecal samples using the Mas
terPure DNA Extraction Kit (Epicentre, Madison, WI, USA) according to 
the manufacturer’s instructions, with some modifications, including 
physical and enzymatic treatments. The V3–V4 variable region of the 
16S rRNA gene was sequenced using Illumina protocols to determine 
fecal microbiota composition and diversity. A Nextera XT Index Kit 
(Illumina, CA, USA) was used for multiplexing, and a Bioanalyzer DNA 
1000 chip (Agilent Technologies, CA, USA) was used to assess the 
quality of the polymerase chain reaction (PCR) product. Libraries were 
sequenced using a 2 × 300 bp paired-end run (MiSeq Reagent Kit v3) on 
a MiSeq-Illumina platform (FISABIO Sequencing Service, Valencia, 
Spain), according to the manufacturer’s instructions (Illumina).

Bioinformatic analysis of bacterial diversity was performed 
following stringent procedures. Raw reads were quality and length 
checked (removal of low-quality nucleotides at the 3’ end in windows of 
20 nt with a low average quality and removal of sequences with less than 
200nt) with the Fastp program [49]. In addition, fastp was used for 
adapter removal and deduplication, as well as for eliminating sequences 
shorter than 200 nucleotides. The paired-end reads with a minimum 
overlap of 30 bp were joined using Fastq-join [50]. Sequences were 
trimmed of primers and distal bases, and singletons were removed with 
USEARCH v11 [51]. zOTUs (zero-radius operational taxon units) map
ping to the human genome (GRCh38) using the Burrow–Wheeler Aligner 
in Deconseq v0.4.3 were filtered out [52]. The resulting reads were 
denoised, and chimeras were filtered with UNOISE3 [53]. The samples 
were filtered, resulting in fewer than 30,000 reads for the final data 

analysis. Taxonomic assignment of zOTUs was performed in QIIME 2 
v2018.2 [54] using the QIIME 2 feature classifier plugin [55] and the 
Ribosomal Database Project (RDP) [56]. For nomenclature consistency, 
genus-level taxa are reported verbatim as returned by the RDP Naïve 
Bayesian Classifier (trainset v2.14)—including labels such as Clos
tridium XIVa, Clostridium XIVb, Clostridium XVIII, and Clostridium 
sensu stricto—and no post hoc remapping or synonym consolidation was 
performed. Reads classified as mitochondria and chloroplasts were 
removed before statistical analysis. The zOTUs were aligned using 
MAFFT [57] to create a phylogenetic tree with FASTTREE [58], which 
was midpoint rooted. To reduce compositional biases, downstream an
alyses combined relative-abundance summaries with compositional 
data methods (centered log-ratio and genus balances). Taxa retained for 
inference met prevalence (≥25 % of samples) and abundance (≥0.01 %) 
thresholds to limit spurious low-count effects.

2.9. Oral ethanol self-administration (OEA)

OEA was performed following a previously published protocol by our 
group [59] to evaluate the effects of CBD in a second batch of male and 
female offspring on ethanol reinforcement and motivation. The OEA was 
conducted in 18 modular operant chambers (Panlab) located within 18 
noise-isolation boxes, each equipped with a chamber light, two levers, a 
receptacle for dropping liquid solutions, a syringe pump, a stimulus 
light, and a buzzer. Packwin software (Panlab) controlled stimulus and 
fluid delivery and recorded operant responses.

Pressing on one of the levers did not have any consequence (inactive 
lever), whereas pressing the other lever (active lever) delivered 36 µl 
fluid combined with a 0.5 s bright stimulus and a 0.5 s, 2850 Hz, 85 dB 
buzzer beep, followed by a time-out period of 6 s, in which no fluid was 
delivered. After the 6-second time-out, an intertrial interval (ITI) star
ted, the duration of which depended on each subject’s spontaneous 
waiting before an active lever press. The experiment was divided into 
three phases: training, saccharin substitution and ethanol 8 % (v/v) 
consumption (see Fig. 1).

Training phase (9 days): Two days before the experiment, standard 
chow was restricted to 1 h of access per day. Before the first training 
session, water access was restricted for 24 h to increase the motivation 
for lever pressing according to protocols previously described [23, 
59–63]. During this deprivation period, no behavioural or physical 
decline was observed. The body weight fluctuation was never higher 
than 10 %. A food allotment was provided 1 h before the 60-minute 
session, also to increase motivation for lever pressing. During the sub
sequent four days, water was provided ad libitum, except during a 1-hour 
period immediately before the start of each session, when the water 
bottle was removed from the cages (postprandially). For the next five 
days and throughout the remainder of the experiment, food access was 
restricted only during the dark cycle (from 8:00 p.m.–8:00 a.m.), and 
water was available ad libitum to prevent ethanol consumption due to 
thirst (preprandial). Male and female offspring perinatally exposed to 
ethanol were trained to press the active lever to receive 36 µL of 0.2 % 
(w/v) saccharin as reinforcement.

Saccharin substitution (9 days): The saccharin concentration was 
gradually decreased as the ethanol concentration was gradually 
increased [64]. Each solution combination was assigned to three 
consecutive sessions (0.15 % Sac–2.5 % EtOH, 0.10 % Sac–5 % EtOH, 
0.05 % Sac–8 % EtOH).

8 % (v/v) ethanol consumption (11 days): the number of responses on 
the active lever, the 8 % ethanol (v/v) consumption and the motivation 
to drink in male and female offspring daily treated with CBD (30 mg/kg/ 
day; i.p.) or VEH (i.p.) were measured. There were three phases: 1) Fixed 
Ratio 1 (FR1), mice responding on the active lever to obtain 8 % ethanol 
and no saccharin were evaluated using an FR1 reinforcement schedule 
during 5 daily consecutive 1 h sessions; 2) Fixed Ratio 3 (FR3), after FR1 
mice underwent 5 daily 1 h sessions using an FR3 reinforcement 
schedule (mice have to respond three times on the active lever to achieve 
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one reinforcement); and 3) Progressive Ratio (PR), on the day after FR3, 
a PR session was carried out. In this session, the response requirement to 
earn reinforcements escalated according to the following series: 1, 2, 3, 
5, 12, 18, 27, 40, 60, 90, 135, 200, 300, 450, 675, 1000. The PR session 
lasted for 2 h, and the ‘breaking point’ (the maximum number of lever 
presses each animal can perform to achieve one reinforcement) was 
determined in each animal.

2.10. Statistical analysis and prediction models

2.10.1. Behavioral and brain molecular results
Statistical analyses were performed using SigmaPlot 11.0 for all data, 

except for microbiota profiling (see the corresponding section below). 
The Student’s t-test was used to compare two groups, and one-way 
analysis of variance (ANOVA) was used to compare three groups, fol
lowed by the Student-Newman-Keuls’ test for post hoc analyses. Dif
ferences were considered significant if the type 1 error (alpha) 
probability was less than 5 %. For transparency and robustness, all main 
ANOVA findings were additionally verified using Tukey’s HSD, and 
families of planned contrasts/correlations were controlled by FDR 
(Benjamini–Hochberg), yielding the same inferential conclusions. As
sociations between microbiota and neurobehavioral variables were 
treated as exploratory and correlational; no causal inferences were 
drawn from these analyses.

2.10.2. Microbiota profiling results
The alpha-diversity indices (Chao1, Simpson, and Shannon) were 

calculated for each sample using the phyloseq R package [65], and 
differences between groups were assessed using ANOVA. PERMANOVA 
test from vegan R package [66] evaluated overall differences in micro
biota structure using a Bray-Curtis and unweighted Unfrac distance 
matrix zOTUs analysis and beta-diversity plots. Rarefied was not per
formed; however, a filter of 0.01 % relative abundance in at least 25 % 
of the samples was established to conduct the following analyses. A 
balanced selection has been performed on microbiota composition data. 
In addition, a linear discriminant analysis effect size (LefSe) was per
formed to identify specific bacterial biomarkers associated with the 
studied groups. Shapiro-Wilk for normality, guided test selection; when 
violated, we applied data transformations or non-parametric alterna
tives. We also implemented two additional compositional data analysis 
algorithms to define which features were significantly unbalanced 
among groups (EtOH-VEH vs H2O-VEH, EtOH-VEH vs EtOH-CBD, and 
EtOH-CBD_M vs EtOH-CBD_F). We implemented the CLR-lasso [67]
methods as described in https://malucalle.github.io/Microbiome- 
Variable-Selection/ to detect a type of microbial signature between 
groups, potentially. Using the same R package, we created a Selbal-like 
plot. The top panel lists the selected genus with either negative (B) or 
positive (A) coefficients. The names are ordered according to their 
importance (absolute coefficient values). The middle boxplots are based 
on the log mean difference between the negative and positive variables: 
1p+ Σp + i = 1 log (Xi) - 1p-Σp-j = 1 log (Xj). This log mean difference 
is calculated for each sample as a balance score, which is proportional to 
the balance reported in Rivera-Pinto et al., 2018 [68].

All assumption checks and model selection steps were conducted a 
priori during data analysis and are made explicit here for transparency: 
normality was assessed with Shapiro-Wilk and variance homogeneity 
with Levene (or Brown-Forsythe when appropriate); when assumptions 
were violated, we applied log/Box–Cox transformations or used non- 
parametric tests (Mann–Whitney or Kruskal-Wallis with FDR- 
controlled pairwise comparisons). Where design and group sizes 
allowed, we additionally fit two-way ANOVAs (Sex × Group/Treat
ment). In addition, to relate behavioral outcomes with brain markers, 
we computed sex-stratified Pearson/Spearman correlations and hierar
chical linear models in which emotional (LDB, TST) and OEA (FR1, FR3, 
PR) measures were predicted by autoradiography ratios ([¹¹C]UCB-J, 
[¹¹C]raclopride) and gene expression (Cnr1, Cnr2, Th, Slc6a4), including 

treatment (VEH vs CBD) and PAE status as fixed factors and their in
teractions. Unless otherwise specified, families of related p-values were 
adjusted by FDR.

To integrate microbiota with brain and behavior, we performed 
constrained ordination (RDA with Bray–Curtis) including neuro
behavioral variables (LDB, TST, FR1/FR3/PR; [¹¹C]UCB-J; [¹¹C] 
raclopride ratios; Cnr1/Cnr2/Th/Slc6a4) as environmental drivers 
(envfit) [80]. We additionally computed genus-level Spearman corre
lations with neurobehavioral variables, controlling for multiple testing 
(Benjamini–Hochberg) and, where helpful, summarized group differ
ences using log-ratio “balances” (Selbal-like) to obtain interpretable 
composite biomarkers. Analyses were performed within a compositional 
framework when appropriate (e.g., the CLR transformation for correla
tion/ordination sensitivity checks). To avoid overstating mechanistic 
links, ordination biplots and correlation heatmaps were interpreted as 
associations without directionality.”

3. Results

3.1. Emotional behavior alterations induced by PAE and improvement 
induced by CBD administration

The LDB test revealed a significant reduction in time spent in the 
lighted box in males and females exposed to ethanol during the perinatal 
period compared with water-exposed animals. In both sexes, CBD 
administration completely normalized these decreases (Fig. 2A; Males, 
One-way ANOVA, F [2,29] = 3.842, P = 0.034; Fig. 2B; Females, 
One-way ANOVA, F [2,29] = 4.843, P = 0.017). No changes were found 
in the number of transitions in either males (Fig. 2C; One-way ANOVA, F 
[2,29] = 0.424, P = 0.659) or females (Fig. 2D; One-way ANOVA, F [2, 
29] = 0.319, P = 0.730).

In the TST, animals that experienced PAE showed increased immo
bility time compared with controls, with a greater effect in females. 
Interestingly, CBD treatment significantly reduced immobility time, 
achieving values similar to those of the control group in both sexes 
(Fig. 2E; Males, One-way ANOVA, F [2,29] = 4.492, P = 0.022; Fig. 2F; 
Females, One-way ANOVA, F [2,29] = 14.352, P < 0.001).

3.2. PAE-induced changes in [11C]UCB-J and [11C]Raclopride binding 
assessed by autoradiography and effects observed with CBD treatment

Autoradiography studies for the [11C]UCB-J in the cortex and HIPP 
revealed reduced uptake in both brain regions in males exposed to the 
FASD model and treated with vehicle or CBD (Males; Fig. 3C, One-way 
ANOVA, F [2,20] = 9.762, P = 0.001; Fig. 3E, One-way ANOVA, F [2, 
20] = 9.285, P = 0.002). However, no differences were observed in 
females in the cortex (Fig. 3D, One-way ANOVA, F [2,22] = 1.258, 
P = 0.306) nor in the HIPP (Fig. 3F, One-way ANOVA, F [2,22] = 3.135, 
P = 0.065). On the other hand, in the [11C]raclopride autoradiography 
studies, FASD model-exposed males (but not females) showed a reduced 
binding ratio of striatum to cortex which was modulated after the early 
and chronic CBD administration (Fig. 3G; Males, One-way ANOVA, F [2, 
22] = 11.195, P < 0.001; Fig. 3H; Females, One-way ANOVA, F [2,23]
= 2.994, P = 0.072). Interestingly, the ratio of accumbens to cortex of 
the uptake of [11C] raclopride was increased in female mice exposed to 
the FASD model and normalized with CBD administration. However, no 
changes were found in the same brain region of male mice (Fig. 3I; 
Males, One-way ANOVA, F [2,22] = 0.809, P = 0.459; Fig. 3J; Females, 
One-way ANOVA, F [2,23] = 6.995, P = 0.005).

3.3. PAE-induced changes in the relative gene expression of Cnr1, Cnr2, 
Th, and Slc6a4 and modulatory effects of CBD administration

Gene expression studies in the Nacc revealed a statistically reduced 
basal gene expression of Cnr1 in females compared with males (Fig. 4A; 
Student’s t-test, t = 3.057, P = 0.009, 14 d.f.). In males, exposure to the 
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FASD model increased the gene expression of this target, which was 
normalized in the CBD-treated group (Fig. 4B; One-way ANOVA, F [2, 
23] = 8.785, P = 0.002). In females, a slight increase in Cnr1 gene 
expression was also detected, although it was not modulated with CBD 
administration (Fig. 4C; One-way ANOVA, F [2,23]= 6.096, P = 0.008).

Basal Cnr2 gene expression levels in the NAcc were higher in females 
than in males (Fig. 4D; Student’s t-test, t = -4.665, P < 0.001, 14 d.f.). 
Male mice exposed to the FASD model showed a significant increase in 
Cnr2 gene expression compared to controls, with a greater effect in 
males than in females. Interestingly, CBD treatment completely 
normalized this FASD-induced alteration in males but not in females 
(Fig. 4E; Males, One-way ANOVA, F [2,23] = 5.086, P = 0.017; Fig. 4F; 
Females, One-way ANOVA, F [2,23] = 4.519, P = 0.023).

In the VTA, under basal conditions, Th gene expression was lower in 
females than in males (Fig. 4G; Student’s t-test, t = 2.257, P = 0.042, 14 
d.f.). In males, PAE reduced the gene expression of this target, which was 
normalized in mice treated with CBD (Fig. 4H; One-way ANOVA, F [2, 
23] = 10.293, P < 0.001). In contrast, the exposure to the FASD model 
in females increased the gene expression of Th, which was not modified 
after CBD administration (Fig. 4I; One-way ANOVA, F [2,23] = 5.874, 
P = 0.010).

Finally, relative gene expression of Slc6a4 in the DR of VEH-treated 
animals was upregulated in females compared with males (Fig. 4J; 
Student’s t-test, t = -3.926, P = 0.002, 14 d.f.). Exposure to ethanol 
during gestation and lactation significantly increased Slc6a4 gene 
expression in the DR, with levels approximately twice as high in males as 
in females. Interestingly, CBD normalized the elevated Slc6a4 gene 
expression levels in both sexes (Fig. 4K; Males, One-way ANOVA, F [2, 
23] = 4.327, P = 0.024; Fig. 4L; Females, One-way ANOVA, F [2,23] =
5.901, P = 0.008).

3.4. Gut microbiota profiling

3.4.1. General description of all groups of samples
In all experimental groups, the gut microbiota composition was 

primarily dominated by zOTUs from the phyla Bacteroidetes 

(Bacteroidota), Verrucomicrobia, Firmicutes (Bacillota), and Proteo
bacteria (Pseudomonadota), together accounting for approximately 
90 % of the total microbial relative abundance (Fig. 5A). At the family 
level, the most abundant taxa were Porphyromonadaceae, Verrucomi
crobiaceae, Erysipelotrichaceae, and Bacteroidaceae (Fig. 5B). At the genus 
level, the most prevalent taxa included Akkermansia, Bacteroides, Para
sutterella, Bifidobacterium, Alloprevotella, Turicibacter, Barnesiella, Lacto
bacillus, Prevotella, Clostridium_XVIII, Alistipes, Parabacteroides, Blautia, 
Helicobacter, Olsenella, and Escherichia/Shigella (Fig. 5C).

When accounting for sex, bacterial composition remained un
changed at the phylum and family levels. However, at the genus level, 
notable differences were observed, with the most prevalent genera being 
Akkermansia, Duncaniella, Bacteroides, Bifidobacterium, Muribaculum, 
Prevotella, Dubosiella, Ileibacterium, Turicibacter, Faecalibaculum, Para
muribaculum, Thomasclavelia, Alistipes, Turicimonas, Lactobacillus, Para
bacteroides, Ligilactobacillus, Blautia and Helicobacter (Fig. 5D). Together, 
these patterns establish a stable phylum-level background with room for 
condition- and sex-specific genus-level remodeling.

These taxonomic patterns were further contextualized by evaluating 
overall community structure across groups. Principal Coordinates 
Analysis (PCoA) based on Unifrac unweighted dissimilarity revealed a 
partial but consistent separation among the experimental groups 
(Fig. 5F). The EtOH-CBD group formed a distinct cluster, clearly sepa
rated from both the EtOH-VEH and H2O-VEH groups, explaining 32.5 % 
of the total variance (PERMANOVA R² = 0.166, P = 0.027), highlighting 
that CBD treatment strongly influenced gut microbiota. These results 
indicate that the overall microbial ecology differs between treatment 
groups, beyond changes in individual taxa.

3.5. Gut microbiota is influenced by Alcohol and modulated by CBD in a 
sex-dependent manner, and it is associated with brain-related markers

3.5.1. Gut microbiota between the H2O-VEH and EtOH-VEH groups are 
sex-dependent

Alpha diversity analysis (Shannon and Simpson indices) showed no 
significant differences between groups. However, the diversity in 

Fig. 2. Evaluation of the emotional alterations in male and female mice perinatally exposed to ethanol and chronically treated with CBD (30 mg/kg/24 h, i.p.). 
Immediately after weaning and for the next 4 weeks, mice were treated with CBD or VEH. During week 5, the emotional state and the effects of CBD were evaluated. 
Anxiety- and depressive-like behaviors were analyzed by the light-dark box (time in the lighted box: A and B, number of transitions: C and D; n = 10/group) and the 
tail suspension test (E and F; n = 10/group), respectively. * P < 0.05 vs H2O-VEH group; # P < 0.05 vs EtOH-VEH group.
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ethanol-exposed samples showed greater variability than in the more 
stable H2O_VEH group (Fig. 5E). Beta diversity analysis using principal 
coordinates analysis (PCoA; unweighted) revealed distinct clustering 
between H2O and ethanol-exposed groups (R² = 0.18778, P = 0.001) 
(Fig. 6A). Subgroup analysis by sex also indicated significant differences 
in microbial composition: (A) EtOH-VEH_H vs H2O-VEH_H (R² = 0.249, 
P = 0.006), (B) EtOH-VEH_H vs EtOH-VEH_M (R² = 0.159, P = 0.021), 
and (C) H2O-VEH_H vs EtOH-VEH_M (R² = 0.121, P = 0.030) (Fig. 6E).

Core zOTUS analysis revealed a 31.9 % overlap between the H2O- 
VEH and EtOH-VEH groups, with 30.3 % of zOTUs unique to EtOH-VEH 
and 37.8 % unique to H2O-VEH (Fig. 7A). LEfSe analysis identified 
differentially abundant taxa, with Alloprevotella enriched in H2O-VEH, 
and Bacteroides, Clostridium_XVIII, Blautia, Parabacteroides, Rubellimi
crobium, and Clostridium_XIVa enriched in EtOH-VEH (Fig. 7D). PAE 
shifted communities toward pro-inflammatory/putative dysbiotic 
genera, laying the ground for brain–behavior links

To explicitly link community structure with neurobehavioral varia
tion, RDA/envfit identified NA_CB1_Cnr1 (R² = 0.1387, P = 0.047), 
NA_CB2_Cnr2 (R² = 0.2957, P = 0.008), FR3 (R² = 0.2268, P = 0.034), 
and VTA_TH (R² = 0.1987, P = 0.041) as significant correlates (Fig. 8D). 

Along RDA1 (10.7 %), H2O-VEH samples aligned with LDB Time and 
cortical [¹ ¹C]UCB-J, associated with Turicibacter, Alloprevotella, and 
Bifidobacterium, whereas EtOH-VEH aligned with DR_5HTT, 
NA_CB1_Cnr1, PR, NA_CB2_Cnr2, and FR3 and was enriched in Blautia, 
Parabacteroides, Parasutterella, Bacteroides, Clostridium_XVIII, and 
Rubellimicrobium (Fig. 8A)

Spearman correlation analysis showed significant associations: Alis
tipes correlated positively with the TST; Clostridium_XIVa, Blautia, Par
asutterella, and Clostridium_XVIII with PR; Clostridium_XIVa with FR3; 
Rubellimicrobium with VTA_TH (negative) and NA_CB2_Cnr2 (positive), 
along with Parabacteroides and Blautia (Fig. 8C). These results indicate 
that PAE-linked dysbiosis is not merely compositional but maps onto 
ECS and monoaminergic markers and motivational readouts, consistent 
with a gut-brain route from microbial community change to neural 
function.

CoDA via clr-lasso identified Alloprevotella as a potential biomarker 
for EtOH-VEH and Oscillibacter for H2O-VEH (Fig. 9A). Biomarkers are 
ranked by impact, and the associated ROC curve yielded an AUC of 
0.741. The Selbal-like plot (Fig. 9D) further distinguished groups: 
Ruminococcus, Enterorhabdus, Clostridium_XIVb, Escherichia/Shigella, 

Fig. 3. In vitro autoradiographic studies to evaluate synaptic density and D2/D3 receptors availability by measuring [11C]UCB-J and [11C]raclopride binding, 
respectively, in male and female mice perinatally exposed to ethanol and chronically treated with CBD (30 mg/kg/24 h, i.p.). Representative coronal brain slices, 
including the regions of interest: cortex and hippocampus for evaluating [11C]UCB-J binding (A); striatum/cortex and accumbens/cortex ratios for detecting [11C] 
raclopride binding (B). Autoradiography studies for the [11C]UCB-J in the cortex (C and D; n = 6–8/group) and the HIPP (E and F; n = 7–8/group), and for the [11C] 
raclopride in the striatum/cortex (G and H; n = 7–8/group) and the accumbens/cortex (I and J; n = 7–8/group) ratios. * P < 0.05 vs H2O-VEH group; # P < 0.05 vs 
EtOH-VEH group.
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Mucispirillum, Pediococcus, Faecalibacterium, and Intestinomonas were 
more abundant in EtOH-VEH, whereas Prevotella, Rubellimicrobium, 
Roseburia, Pseudomonas, Blastococcus, Oscillibacter, and Anaerotruncus 
were enriched in H2O-VEH.

3.5.2. Impact of CBD on gut microbiota between EtOH-VEH and EtOH- 
CBD groups

If we consider the sex of each sample, considerable differences were 
found (P value < 0.05) in alpha-diversity, both for richness and diversity 
(Shannon) between EtOH-VEH and EtOH-CBD females, and between 
EtOH-VEH and EtOH-CBD males. Median alpha diversity tended to be 

higher in the EtOH-CBD group than in the EtOH-VEH group, although 
this difference did not reach statistical significance. However, when 
accounting for sex, significant differences (P < 0.05) emerged in both 
richness and Shannon diversity between EtOH-VEH and EtOH-CBD fe
males, as well as between EtOH-VEH and EtOH-CBD males, highlighting 
sex-specific effects on gut microbiota diversity (Fig. 6D). In beta- 
diversity (PCoA; Unweighted), a large change between treatments is 
observed, this being significant as demonstrated by the PERMANOVA 
test (R2 = 0.20228; P = 0.001). The first component (PCoA1) explains 
49 % of the variability of the samples, and the second component 
(PCoA2) explains 9.5 % (Fig. 6B).

Fig. 4. Real-time PCR analyses in male and female mice perinatally exposed to ethanol and chronically treated with CBD (30 mg/kg/24 h, i.p.). Relative gene 
expression of cannabinoid receptors 1 (Cnr1; A, B, and C; n = 7–9/group) and 2 (Cnr2; D, E, and F n = 7–9/group) in the nucleus accumbens (NAcc), tyrosine 
hydroxylase (Th; G, H, and I n = 7–8/group) in the ventral tegmental area (VTA), and 5-hydroxytryptamine transporter (Slc6a4; J, K, and L n = 8–10/group) in the 
dorsal raphe (DR) nucleus was evaluated. * P < 0.05 vs H2O-VEH group; # P < 0.05 vs EtOH-VEH group.

Fig. 5. Gut microbiota composition and diversity across experimental groups (n = 10–12/group). (A-D) Bar plots showing the relative abundance of bacterial taxa at 
different taxonomic levels: (A) phylum, (B) family, (C) genus, and (D) genus stratified by sex across three treatment groups. (E) Alpha diversity metrics, including 
richness (observed features), Simpson index, and Shannon index, are presented for each experimental group. (F) Principal Coordinate Analysis (PCoA) based on 
Bray–Curtis dissimilarity demonstrates significant clustering by treatment group (PERMANOVA, R² = 0.166, P = 0.027).
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In the animal model of FASD, we evaluated the microbiota and the 
effects of CBD administration on offspring exposed perinatally to 
ethanol. Analysis of shared zOTUs between the EtOH-VEH and EtOH- 
CBD groups revealed a core zOTUs overlap of 38.5 %, with 32.4 % 
being exclusive to the EtOH-CBD group and 29.1 % unique to the EtOH- 
VEH group (Fig. 7A). LEfSe analysis identified significant differences in 
microbial abundance between the EtOH-VEH and EtOH-CBD groups. 
Notably, a substantial change of Alloprevotella was found in EtOH-CBD, 
and Bacteroides, Clostridium_XVIII, Blautia, Escherichia/Shigella, Clos
tridium_XIVa, Parabacteroides, and Lactobacillus in EtOH-VEH (Fig. 7E).

To assess the influence of behavioral and brain molecular factors on 
microbial composition between EtOH-VEH and EtOH-CBD groups, the 
“envfit” function was applied to the Bray-Curtis distance matrix 
(Fig. 8D). This analysis identified significant associations with 
NA_CB1_Cnr1 (R² = 0.3620, P = 0.004), FR3 (R² = 0.2417, P = 0.044), 
5HTT (R² = 0.2075, P = 0.029) and Striatum_cortex_raclopride (R² =
0.2075, P = 0.051) that were the most relevant factors differentiating 
between EtOH-VEH and EtOH-CBD groups. Consistent with these asso
ciations, the biplot (Fig. 8B) shows that CBD shifted beta-diversity and 
favored taxa (Alloprevotella, Bifidobacterium, Akkermansia) that 
aligned with improved emotional performance (higher LDB time) and 
dopaminergic indices (VTA_TH), whereas EtOH-VEH–enriched genera 
(Blautia, Clostridium_XVIII, Parasutterella, Bacteroides) aligned with 
higher DR_Slc6a4 (5HTT), elevated [¹ ¹C]raclopride accumbens/cortex 
ratios in females, and greater operant motivation (FR/PR). Along RDA1 
(11.8 %), EtOH-CBD samples aligned with LDB Time and VTA TH, 
which was strongly associated with Allistipes, Alloprevotella and Bifido
bacterium. LDB transitions and NA_CB2_Cnr2 were strongly associated 
with Akkermansia. In contrast, Blautia, Turibacter, Parasutterella, 

Bacteroides, Clostridium_XVIII and Rubellimicrobium were enriched in 
EtOH-VEH samples, aligning with Cortex_Synaptic_density_11C.UCB.J, 
Tail_suspension_Test, DR_5HTT, Accumbens_cortex_Raclopride, FR3 and 
FR1 (Fig. 8B). Spearman correlation analysis at the genus level identi
fied a significant positive correlation in Barseniella in the Stria
tum_cortex_raclopride. In the NA_CB1_Cnr1 factor, we observe a 
significant positive correlation with Akkermansia, Bacteroides, and 
Escherichia/Shigella, and a significant negative correlation with Rumi
nococcus and Bifidobacterium. In the Turibacter genera, we found a sig
nificant positive correlation with the factors 
Cortex_Synaptic_density_11C.UCB.J, VTA_TH, FR1 and Tail_sus
pension_Test (Fig. 8B).

Differential microbial abundance between EtOH-VEH and EtOH-CBD 
groups was performed using a compositional data analysis (CoDA) 
approach, namely clr-lasso. This strategy suggests that Clostridium XVIII 
is a possible biomarker in EtOH-CBD and Helicobacter is a potential 
biomarker in EtOH-VEH (Fig. 9B). Potential biomarkers distinguishing 
EtOH-VEH and EtOH-CBD are displayed, ranked from the most to the 
least significant, together with a ROC curve (AUC = 0.747) and density 
distributions for each group. The Selbal-like plot (Fig. 9E) highlights the 
keystone taxa associated with each condition: Ruminococcus, Bifido
bacterium, Clostridium XVIII, and Parabacteroides with EtOH-CBD sam
ples, whereas Escherichia/Shigella, Mucispirillum, Pseudomonas, 
Helicobacter, and Deinococcus are linked to EtOH-VEH samples.

CBD-shifted communities (e.g., Alloprevotella, Bifidobacterium, 
Akkermansia) aligned with improved LDB performance and dopami
nergic indices (VTA_TH), compatible with enhanced epithelial integrity, 
reduced pro-inflammatory signaling, and restoration of gut–brain 
homeostasis.

Fig. 6. Beta and alpha diversity analyses of gut microbiota across treatment and sex-stratified experimental groups (n = 10–12/group). (A-C, E) Principal Coordinate 
Analysis (PCoA) plots based on Bray-Curtis dissimilarity showing clustering of gut microbial communities according to different comparisons: (A) EtOH_VEH vs 
H2O_VEH, (B) EtOH_CBD vs EtOH_VEH, (C) EtOH_CBD groups stratified by sex (H: females, M: males), and (E) Sex-stratified groups of EtOH_VEH and H2O_VEH. (D) 
Boxplots of alpha diversity indices, including observed richness, Simpson, and Shannon diversity across groups stratified by treatment and sex. Asterisks indicate 
statistically significant differences (Wilcoxon test, *P < 0.05; **P < 0.01; ***P < 0.001).
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3.5.3. Distinct impact of CBD on gut microbiota of EtOH-exposed mice 
depending on sex

Alpha diversity analysis showed significant sex-related differences in 
richness and diversity (Shannon index), with EtOH-CBD females and 
males groups displaying distinct microbial profiles (Fig. 6D). Beta di
versity analysis (PCoA; unweighted) confirmed significant differences 

between sexes (R² = 0.21548; P = 0.001), with the first two principal 
components explaining 57.5 % and 9.5 % of the variance, respectively 
(Fig. 6C). Interestingly, no significant sex-based differences were found 
within the EtOH-VEH group; however, sex significantly influenced mi
crobial composition in the EtOH-CBD group.

Shared zOTU analysis between EtOH-CBD females and males groups 

Fig. 7. Core microbiota overlap and differential taxonomic signatures across experimental groups (n = 10–12/group). (A-C) Venn diagrams showing shared and 
unique amplicon sequence variants (ASVs) between groups: (A) EtOH_VEH vs H2O_VEH, (B) EtOH_CBD vs EtOH_VEH, and (C) EtOH_CBD_F (females) vs EtOH_CBD_M 
(males). (D-F) Linear discriminant analysis effect size (LEfSe) plots showing differentially abundant bacterial genera between: (D) EtOH_VEH and H2O_VEH, (E) 
EtOH_CBD and EtOH_VEH, and (F) EtOH_CBD_H and EtOH_CBD_M.

Fig. 8. Associations between gut microbiota composition and behavioral/neurochemical outcomes across treatment groups (n = 10–12/group). (A-C) Redundancy 
analysis (RDA) biplots illustrating the relationships between microbial genera (red text) and behavioral/neurochemical variables (black vectors) in: (A) EtOH_VEH vs 
H2O_VEH, (B) EtOH_CBD vs EtOH_VEH, (C) EtOH_CBD_H vs EtOH_CBD_M. (D-F) Heatmaps showing Spearman correlation coefficients between significantly 
abundant bacterial genera and behavioral/neurochemical variables for the same group comparisons as in A-C. Asterisks denote significance (*P < 0.05, **P < 0.01).
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revealed a 50.3 % core overlap, with 23 % of zOTUs unique to females 
and 26.7 % exclusive to males (Fig. 7A). LEfSe analysis identified key 
sex-associated taxa: Bifidobacterium, Alistipes, Alloprevotella, and Rumi
nococcus were enriched in males, whereas Akkermansia, Bacteroides, 
Turicibacter, and Escherichia/Shigella were more abundant in females 
(Fig. 7F).

RDA using the Bray-Curtis matrix and “envfit” function identified 
several variables significantly associated with microbial composition: 
NA_CB1_Cnr1 (R² = 0.6614, P = 0.003), NA_CB2_Cnr2 (R² = 0.4231, 
P = 0.003), FR3 (R² = 0.1983, P = 0.007), DR_5HTT (R² = 0.2305, 
P = 0.001), LDB_Time (R² = 0.1473, P = 0.044), VTA_TH (R² = 0.4872, 
P = 0.041), Cortex_Synaptic_Density ([11 C]UCB-J) (R² = 0.7625, 
P = 0.002), and Accumbens_Cortex_Raclopride (R² = 0.1425, 
P = 0.049) (Fig. 8F). RDA1 (82.4 %) indicated that EtOH-CBD male 
samples aligned with LDB Time, PR, FR3, Striatum_Cortex_Raclopride, 
and DR_5HTT, and were associated with Alistipes, Alloprevotella, and 
Bifidobacterium. In contrast, EtOH-CBD female samples aligned with 
NA_CB2_Cnr2, FR1, VTA_TH, NA_CB1_Cnr1, LDB transitions, and 
Accumbens_Cortex_Raclopride, and were enriched in Akkermansia, 
Turicibacter, Parasutterella, Bacteroides, Lactobacillus, Prevotella, and 
Escherichia/Shigella (Fig. 8C). Spearman correlation analysis showed that 
Akkermansia was positively correlated with NA_CB1_Cnr1 and Cortex_Sy
naptic_Density, whereas Alloprevotella, Alistipes, Ruminococcus, and Bifi
dobacterium showed significant negative correlations with these factors 
(Fig. 8F).

Sex moderated the CBD → microbiota → brain/behavior linkage: in 
males, CBD-enriched Alloprevotella/Bifidobacterium/Alistipes aligned 
with higher LDB time and lower DR_Slc6a4 (5HTT), whereas in females, 
Akkermansia/Turicibacter enrichment aligned with NA_CB1/Cnr1 and 
cortical [¹ ¹C]UCB-J, paralleling CBD’s normalization of female-biased 
ethanol motivation (FR/PR). Differential abundance analysis using clr- 
lasso (CoDA approach) identified Barnesiella as a potential male 
biomarker and Clostridium sensu stricto as a possible female biomarker 
(Fig. 9C). The corresponding ROC curve had an AUC of 0.959. A Selbal- 
like plot (Fig. 9F) highlighted sex-specific genera: Clostridium sensu 
stricto, Alistipes, Parabacteroides, Flavonifractor, and Odoribacter were 
enriched in females, whereas Alloprevotella, Roseburia, Lactobacillus, and 

Barnesiella were predominant in males. This sex contingency matches 
known hormone-ECS-microbiota cross-talk and supports the view that 
the microbiota acts as a mechanistic hub for sex-dependent outcomes.

3.6. Sex-dependent effects of PAE on oral ethanol self-administration 
(OEA) and CBD-mediated reduction of the motivation to consume alcohol

In male mice, no differences were detected between mice exposed to 
the FASD model and treated with the VEH or CBD and controls in the 
number of effective responses (Fig. 10A; One-way RM ANOVA, FR1, 
Treatment F [2,179] = 2.488 P = 0.100, Day F [4,179] =

3.843 P = 0.006, Treatment x Day F [8,179] = 1.043 P = 0.408; FR3, 
Treatment F [2,179] = 1.376 P = 0.268, Day F [4,179] =

1.735 P = 0.147, Treatment x Day F [8,179] = 1.918 P = 0.063) nor the 
ethanol intake (Fig. 10B; One-way RM ANOVA, FR1, Treatment F [2, 
179] = 1.981 P = 0.156, Day F [4,179] = 17.543 P < 0.001, Treatment 
x Day F [8,179] = 1.361 P = 0.221; FR3, Treatment F [2,179] =

0.443 P = 0.646, Day F [4,179] = 4.232 P = 0.003, Treatment x Day F 
[8,179] = 0.543 P = 0.822) in both FR1 and FR3 stages of the OEA 
paradigm. In females, animals exposed to the FASD model showed a 
higher number of effective responses (Fig. 10C; One-way RM ANOVA, 
FR1, Treatment F [2,179] = 5.285 P = 0.010, Day F [4,179] =

8.795 P < 0.001, Treatment x Day F [8,179] = 1.082 P = 0.380; FR3, 
Treatment F [2,179] = 4.315 P = 0.022, Day F [4,179] =

0.832 P = 0.507, Treatment x Day F [8,179] = 2.022 P = 0.049) and 
ethanol intake (Fig. 10D; One-way RM ANOVA, FR1, Treatment F [2, 
179] = 9.769 P < 0.001, Day F [4,179] = 4.174 P = 0.003, Treatment x 
Day F [8,179] = 1.544 P = 0.148; FR3, Treatment F [2,179] =

5.243 P = 0.011, Day F [4,179] = 9.848 P < 0.001, Treatment x Day F 
[8,179] = 0.656 P = 0.729) in FR1 and FR3 of the OEA paradigm, which 
was normalized with CBD administration.

In the progressive ratio stage of the OEA paradigm, no differences 
were found between all three groups of male mice in the breaking point 
(Fig. 10E; One-way ANOVA, F [2,35] = 0.268, P = 0.766) nor in the 
ethanol intake (Fig. 10F; One-way ANOVA, F [2,35] = 0.024, P = 0.976) 
evaluation. Interestingly, in the female group, a statistically significant 
increase was identified in breaking point (Fig. 10G; One-way ANOVA, F 

Fig. 9. Differential microbial signatures and balances across experimental groups, as assessed using SELBAL and CLR-LASSO models (n = 10–12/group). (A-C) 
Barplots represent microbial genera most frequently included in balance selection (via cross-validation) that discriminate between: (A) H2O_VEH vs EtOH_VEH, (B) 
EtOH_CBD vs EtOH_VEH, and (C) EtOH_CBD_H vs EtOH_CBD_M. Boxplots below each barplot indicate the distribution of balance scores by group, and adjacent ROC 
curves reflect classification performance. (D-G) CLR-LASSO models showing log-ratio differences between groups for the same pairwise comparisons. Boxplots 
indicate the magnitude of the CLR-transformed differences, with density plots below representing the distribution of effect sizes. Microbial genera contributing 
positively or negatively to the model are annotated above each plot.
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[2,35] = 4.709, P = 0.016) and ethanol intake (Fig. 10H; One-way 
ANOVA, F [2,35] = 5.094, P = 0.012), and both of them were normal
ized with the early and chronic administration of CBD.

3.7. Integrated microbiota-brain-behavior analysis

To make explicit the connections among domains, we summarized 
cross-domain effects using constrained ordination and targeted associ
ations. Across groups, RDA/envfit consistently linked community 
structure to ECS (Cnr1/Cnr2), monoaminergic (Th, Slc6a4), synaptic 
([¹¹C]UCB-J), and motivational (FR1/FR3/PR) variables (Fig. 8A–F). 
Genera enriched by PAE (e.g., Bacteroides, Blautia, Clostridium_XIVa, 
Clostridium_XVIII, Parasutterella) were associated with higher 
depressive-like behavior (TST) and greater ethanol motivation (PR, 
FR3). In contrast, genera favored by CBD (e.g., Alloprevotella, Bifido
bacterium, Akkermansia) tracked with improved emotional perfor
mance (LDB) and dopaminergic normalization (VTA_TH, [¹¹C] 
raclopride ratios). These multivariate patterns were sex-dependent, 
paralleling the female-specific elevations in ethanol motivation and 
their normalization with CBD. Associations were evaluated with 
multiple-testing control where applicable (FDR), and the direction of 
arrows/loadings in biplots was interpreted in conjunction with univar
iate correlations (Fig. 8B–C, F) and CoDA-based feature selection 
(Fig. 9). Importantly, these results are correlational and do not imply 
causality. Mechanistically, our data support a testable framework in 
which PAE-induced dysbiosis and impaired barrier function increase 
peripheral immune signaling (e.g., LPS–TLR4) and alter microbial 
metabolite pools (e.g., SCFAs, indoles acting on AhR), thereby modu
lating ECS and monoaminergic pathways that converge on the observed 
behavioral and motivational phenotypes. CBD would act both periph
erally—by improving barrier integrity and reshaping microbial 

ecology—and centrally—by normalizing ECS/5-HT readouts—closing 
the gut–brain loop.

4. Discussion

This study provides data on the sex-dependent emotional and mo
lecular alterations induced by PAE in the offspring, highlighting the 
critical role of gut microbiota, which likely underlie the differential 
vulnerability to alcohol consumption and motivation between male and 
female mice in the OEA paradigm. Notably, early (PND21) and chronic 
(5–10 weeks) treatment with CBD showed a very significant improve
ment and/or modulatory effect. The following statements support the 
main findings of this study: 1) Male and female mice exposed to the 
animal model of FASD showed increased anxiety- and depressive-like 
behavior that was normalized with CBD treatment; 2) Autoradio
graphic studies revealed sex-dependent changes in synaptic density and 
D2/D3 receptors availability associated with PAE; 3) Cnr1/Cnr2, Th, and 
Slc6a4 gene expression was sex-dependently altered in the NAcc, VTA, 
and DR of mice exposed perinatally to ethanol, respectively, and CBD 
normalized these alterations particularly in male subjects; 4) PAE caused 
sex-differentiated gut microbiota dysbiosis, reflected in greater alpha 
variability and clustering in beta diversity analysis; 5) The administra
tion of CBD in animals exposed to the FASD model improved microbial 
diversity, promoted a clear separation in beta diversity compared to the 
VEH-treated group exposed to the FASD model, and enriched protective 
bacterial species; and 6) Female but not male offspring exposed to 
ethanol during gestation and lactation showed a higher motivation to 
drink ethanol, and CBD produced a complete normalization. We 
emphasize that cross-domain associations reported here are correla
tional and should not be interpreted as evidence of causality

A previous study in our laboratory revealed that PAE in C57BL/6 J 

Fig. 10. Evaluation of the effects of CBD (30 mg/kg/24 h, i.p.) on ethanol oral self-administration in male and female mice perinatally exposed to ethanol. (A, C) 
Number of effective responses during the fixed ratio 1 (FR1) and fixed ratio 3 (FR3) phases (n = 10–14/group); (B, D) ethanol intake expressed as g/kg during the 
FR1 and FR3 phases (n = 10–14/group); (E, G) breaking point achieved during progressive ratio (PR) (n = 10–14/group); and (F, H) ethanol intake expressed as g/kg 
during PR (n = 10–14/group). The dots and the columns represent the means and vertical lines ± the standard error of the mean (SEM). * P < 0.05 vs H2O-VEH 
group; # P < 0.05 vs EtOH-VEH group.
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male and female mice induced significant behavioral alterations 
reflecting increased anxiety- and depressive-like behavior, cognitive 
disturbances, and enhanced reactivity (startling response) [27]. In 
agreement with those findings, we replicated here the emotional defi
cits, as well as the anxiolytic and antidepressant effects of CBD. These 
findings allow us to confirm not only the reproducibility of our animal 
model of FASD but also the therapeutic potential of CBD for the man
agement of the mood disorders encompassing this clinical condition. 
After the behavioral evaluation, the animals were sacrificed five weeks 
after weaning and the start of the CBD or VEH treatment to analyze 
changes in specific biomarkers from brain and fecal samples using 
different technical approaches. We interpret the cross-domain consis
tencies (behavioral, molecular, microbial) as convergent evidence, 
while avoiding causal language.

In vitro autoradiography experiments revealed a significant reduc
tion of synaptic density (measured by [11C]UCB-J) only in the cortex and 
HIPP of males, which CBD slightly improved, whereas no changes were 
observed in females. In this regard, one of the earliest studies reported 
decreased synaptic density in the frontal cortex of neonatal rats exposed 
to ethanol in utero [69], without differentiating between male and fe
male rats. However, the accumulating evidence suggests that PAE in
duces sex-dependent effects on hippocampal synaptic plasticity. Indeed, 
PAE has been shown to reduce hippocampal cell survival in male 
offspring [70] but not in females [71]. In addition, PAE has been asso
ciated with reduced hippocampal long-term potentiation (LTP), which is 
involved in learning and memory processes, in the CA1 or dentate gyrus 
(DG) subregions of the HIPP in males, whereas inducing no changes or 
even a facilitation effect in females [72–74]. However, a recent study 
found that PAE similarly affects male and female mice’s hippocampal 
neuronal arborization, evaluating branching complexity and dendritic 
length [75]. This opposite effect in the case of females could be due to 
essential differences in the animal model employed to simulate FASD, 
namely the administration of a higher ethanol dosage (5 g/kg vs. 
3 g/kg), through a different route of administration (i.p. vs. p.o.), and at 
a different time point (from PND2 to PND8 directly to pups vs. from GD5 
to PND21 to mothers). Thus, while our male-specific SV2A reductions 
align with parts of the literature, we refrain from inferring a mechanism 
from these associations alone.

According to previous reports, PAE heightens dopaminergic activity 
in the VTA and alters postnatal ethanol-induced dopaminergic activity 
in brain areas of the mesolimbic reward circuit, including the NAcc [76]. 
Still, the precise molecular mechanisms underlying the sex specific dif
ferences are poorly understood. In this study, we show a reduction in the 
striatum/cortex ratio of males’ dopamine D2/D3 receptor availability. 
This result is in line with a previous report using [3 H]raclopride, which 
showed a significantly decreased number of dopamine D2 binding sites 
in the dorsal and ventral striatum. Interestingly, only in those animals 
perinatally exposed (GD8 to GD20) to 3 g/kg/day of ethanol, without 
finding differences in the 5 g/kg/day group [77]. On the contrary, 
D2/D3 receptor availability was higher in females, especially when 
considering the accumbens/cortex ratio. In an animal model of gesta
tional ethanol exposure in C57BL/6 J mice, the authors report increased 
stimulus-evoked dopamine levels in the dorsolateral striatum only in 
female mice, suggesting a relevant sex-dependent effect on the striatal 
dopaminergic activity [78]. We present these dopaminergic and 
behavioral co-variations cautiously, recognizing that mediation has not 
been demonstrated.

The relative gene expression analyses were focused on evaluating 
changes in concrete targets that could be related, at least in part, with 
the emotional disturbances in the offspring exposed to the FASD animal 
model (Slc6a4 in the DR), the pharmacological treatment with CBD 
(Cnr1 and Cnr2 in the NAcc), or the vulnerability to alcohol consumption 
and motivation in the OEA (Th in the VTA).

Depression is associated with alterations in the expression, avail
ability and/or function of the serotonin transporter, the main target of 
antidepressant drugs [79]. Although several reports have linked 

depressive behavior with reduced levels of the serotonin transporter, 
some studies have shown increased DR expression of the Slc6a4 gene in 
rodent models of exercise cessation [80] and post-traumatic stress dis
order (PTSD) [81] associated with depressive-like states, as well as an 
enhanced functional state in patients during depressive episodes [82]. 
Accordingly, in our study, Slc6a4 gene expression was upregulated in 
females under basal conditions (H2O-VEH groups), who exhibited longer 
immobility times in the TST than males, as well as in EtOH-VEH groups 
from both sexes, which also showed increased behavioral despair. 
Interestingly, the antidepressant effects of CBD were accompanied by 
the normalization of Slc6a4 gene expression in the DR of male and fe
male animals. Slc6a4 normalization might be an associated signature of 
CBD’s behavioral effects, not as proof that 5-HTT mediates those effects.

The endocannabinoid system (ECS) has been closely involved in the 
alterations induced by PAE [10,11]. Indeed, we showed significant al
terations in the gene expression of Cnr1 and Cnr2 in the HIPP of mice 
exposed to the FASD animal model, which were normalized by CBD only 
in males, but not in females [27]. The present work focused on the NAcc 
due to its role in drug addiction and the evaluation of the PAE-induced 
vulnerability to alcohol rewarding and motivational actions. Both 
cannabinoid receptors were significantly upregulated in those animals 
perinatally exposed to alcohol, but CBD normalizes this effect only in 
males. Further studies are needed to clarify sex-dependent differences in 
the molecular alterations induced by PAE in the ECS, as well as the ef
fects of CBD.

On the other hand, the exposure to alcohol during gestation and 
lactation induced opposite sex-associated changes in the gene expression 
of Th, the rate-limiting enzyme of dopamine synthesis, measured in the 
VTA. While a reduction was found in males, the Th gene expression was 
upregulated in females, a result that resembles the changes in striatal 
dopaminergic D2/D3 receptor availability observed in autoradiographic 
studies. These results suggest that the differences in dopaminergic tar
gets in the mesolimbic reward system might underlie the pronounced 
disparities in alcohol motivation between males and females. A previous 
report indicated that PAE leads to a persistent increase in excitatory 
synaptic strength in VTA dopaminergic neurons, contributing to 
enhanced sensitivity to drugs of abuse and increased addiction risk. This 
effect may be mediated by a potentiation of endocannabinoid signaling 
[4]. Thus, future investigations are needed to delve deeper into the role 
of these mechanisms in PAE-induced alcohol addiction and 
CBD-mediated improvement effects from a sex perspective.

Microbiota and sex hormones influence each other, including via the 
intestinal “estrobolome”; such bidirectional regulation can shape sys
temic steroid milieu and neural function [41]. Given the female-biased 
ethanol motivation, a hormone–microbiota interface is a plausible, 
testable route in our model, although we did not assay sex-steroid 
pathways. Mechanistic context (hypothesis; microglia/immune). 
Microbiota regulate microglial maturation and immune tone, offering a 
pathway from dysbiosis to synaptic/monoaminergic alterations. This 
remains speculative here and requires interventional designs (e.g., 
microbiota depletion/reconstitution) with microglial and cytokine 
endpoints.

Microbial short-chain fatty acids can modulate histone deacetylase 
activity and neuroimmune signaling, suggesting an epigenetic conduit 
from community shifts to ECS/monoaminergic endpoints. We did not 
quantify SCFAs or chromatin marks, so this remains a testable 
hypothesis.

Alpha- and beta-diversity indicated that prenatal ethanol (PAE) 
altered gut composition and increased within-group variability, consis
tent with gestational alcohol studies [37,83]. PAE enriched putatively 
pro-inflammatory genera (e.g., Bacteroides, Clostridium_XVIII, Blautia, 
Rubellimicrobium) and reduced taxa often considered beneficial (Bifido
bacterium, Alloprevotella), with sex-dependent differences (male-biased 
Bacteroides/Bifidobacterium; female-specific shifts such as Faecalita
lea/Proteus) [84]. Exposure typically lowered richness/evenness and 
expanded Proteobacteria/Actinobacteria while reducing 
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SCFA-producing groups (Ruminococcus, Lachnospiraceae) [85]. Notably, 
Alistipes increased and correlated with depressive-like behavior (TST), 
aligning with links to alcoholism, depression, and inflammation [86]. 
Prior work shows prenatal alcohol/maternal stress can produce 
enduring microbiota changes and metabolite shifts (e.g., phenols, in
doles) in maternal–fetal compartments [87]. Collectively, the dysbiosis 
observed may promote LPS–TLR4 signaling and neuroinflammation in 
FASD [34]. We stress that these alignments support plausibility but do 
not substitute for causal tests.

Taken together, our integrative analyses support a coherent pathway 
whereby PAE induces an alteration shift (enrichment of Bacteroides, 
Blautia, Clostridium_XIVa, Clostridium_XVIII and Parasutterella), which 
aligns with ECS (Cnr1/Cnr2) and monoaminergic alterations (Slc6a4; 
sex-divergent Th and D2/D3 availability) and with increased anxiety/ 
depressive-like behavior and ethanol motivation, predominantly in fe
males. CBD partially reverses this cascade by enriching taxa linked to 
epithelial integrity and anti-inflammatory tone (Alloprevotella, Bifido
bacterium, Akkermansia), concomitant with normalization of brain 
markers and behavior/motivation. To move from association to mech
anism, future work should deploy sex-stratified fecal microbiota transfer 
(FMT), antibiotic depletion/rescue, targeted augmentation of candidate 
taxa, and formal mediation analyses linking microbial features, ECS/ 
monoaminergic readouts, and behavior [88]. While causality cannot be 
inferred, the concordance across microbiota, brain, and behavioral do
mains, and the sex-specificity of these links, strengthen the interpreta
tion that the gut–brain axis contributes to PAE sequelae and to CBD’s 
benefits [41].

Microbiota-centered mechanistic interpretation. Our data support a 
model in which PAE precipitates a dysbiotic shift (Bacteroides, Blautia, 
Clostridium_XIVa/XVIII, Parasutterella) compatible with reduced ecolog
ical stability and barrier compromise; through LPS-TLR4 signaling and 
shifts in short-chain fatty acids and indole derivatives (AhR), peripheral 
cues reshape ECS (Cnr1/Cnr2), serotonin transporter expression 
(Slc6a4), and dopaminergic tone (sex-divergent Th and D2/D3 avail
ability), converging on anxiety-/depressive-like behavior and ethanol 
motivation [41]. CBD enriches taxa linked to mucosal homeostasis and 
anti-inflammatory metabolism (Alloprevotella, Bifidobacterium, Akker
mansia) and concomitantly normalizes neural and behavioral endpoints 
along this gut–brain axis [41]. CBD increased microbial diversity and 
shifted community structure, enriching Alloprevotella, Bifidobacterium, 
and Akkermansia— the latter linked to mucosal integrity and 
anti-inflammatory tone [89]. Evidence from other models shows CBD 
can restore microbial balance and reduce hyperpermeability (sometimes 
alongside fish oil) [90], while cannabinoids support barrier and immu
nomodulation via FAAH and CB1/CB2 pathways. Bidirectional micro
biota–ECS influences may further contribute, and CBD has been reported 
to modulate immune responses and intestinal permeability [91]. In our 
dataset, CoDA highlighted Clostridium_XVIII and Oscillibacter as 
discriminative taxa between EtOH-VEH and EtOH-CBD, suggesting tar
geted shifts relevant to intestinal homeostasis. Again, these taxonomic 
shifts co-vary with neural and behavioral readouts, but causality awaits 
interventional proof.

A novel finding is the evident sex dimorphism in the microbial 
response to CBD. In males, CBD-enriched Bifidobacterium, Alistipes, and 
Alloprevotella, whereas in females, Akkermansia, Turicibacter, and 
Escherichia/Shigella predominated; the prominence of Turicibacter in 
females is notable given its roles in lipid metabolism, inflammation, and 
permeability [92]. This pattern is plausibly influenced by hormonal 
modulation of the ECS [93]. It mirrors prior reports of sex-dependent 
neurobiological and behavioral effects of prenatal ethanol and treat
ments [39], with similar sex-specific microbial signatures seen in met
abolic/neuropsychiatric contexts [94]. We therefore propose sex 
hormones, immune–microglial tone, and epigenetic regulation as par
allel hypotheses for future testing. Correlation analyses linked several 
genera with neurobiological readouts (CB1/CB2, synaptic density, 
behavior). Notably, Rubellimicrobium correlated positively with Cnr2, 

whereas Bifidobacterium correlated negatively with neuroinflammation 
markers, consistent with metabolite-mediated (SCFAs, tryptophan) ef
fects on neural signaling [88]. Prior research shows that the microbiota 
can drive depressive-like behavior via ECS modulation [95], suggesting 
that CBD effects may involve a dual pathway: direct neuronal receptor 
actions and microbiota remodeling, in line with FASD models invoking 
dysbiosis, barrier permeability, and microglial activation. Nevertheless, 
we refrain from causal claims and outline interventional tests above to 
adjudicate among mechanisms. Preclinical animal models of FASD have 
revealed a higher predisposition to the stimulant, reinforcing and 
motivational actions of ethanol in neonatal [96], adolescent [5,97,98]
or adult [99] life periods. However, the differences in vulnerability to 
the reinforcing effects of alcohol between males and females who were 
exposed to this drug during the perinatal period are still largely un
known. Females may be more vulnerable to alcohol abuse due to 
enhanced rewarding effects mediated by the presence of ovarian hor
mones [100]. In this sense, PAE increased female, and not male, sensi
tivity to the stimulant effects of ethanol [99]. Likewise, a recent study 
evaluated the impact of PAE on alcohol operant self-administration in 
adulthood, showing a similar result in terms of no changes in males and 
an increase in the number of responses and alcohol intake in females [6]. 
Accordingly, our study demonstrates that the increase in motivation to 
consume alcohol induced by PAE varies by sex. There was a clear and 
significant increase in the number of effective responses, alcohol intake, 
and cut-off point in females, while there was no change in males. These 
results highlight sex-dependent differential vulnerability and suggest 
that females are more predisposed to developing alcohol addiction in the 
context of FASD. Importantly, early and chronic intervention with CBD 
normalizes alcohol consumption and motivation completely, pointing 
out this pharmacological approach as a promising intervention to treat 
FASD-induced alcohol addiction, particularly in females. Future work 
should test whether microbiota modulation contributes causally to this 
female-specific normalization.

A significant strength of this work is the use of a voluntary PAE 
model, incorporating both pre-gestational drinking and oral ethanol 
administration throughout gestation and lactation, which closely 
mimics clinical patterns of PAE and enhances translational relevance. 
The multidimensional approach, combining behavioral testing, molec
ular neurobiology (autoradiography and gene expression), and micro
biota profiling, also provides a comprehensive view of CBD’s therapeutic 
effects [101], with consistent inclusion of sex as a biological variable. 
However, while this study offers an integrative approach to the 
FASD-microbiota-CBD relationship, it has limitations. For instance, the 
use of a murine model requires caution when extrapolating to humans. 
Additionally, the current design identifies correlations but cannot prove 
causality. We therefore reframe mechanistic statements as hypotheses 
and outline concrete experiments to test them. Future studies should 
implement direct microbiota interventions, such as fecal transplantation 
(FMT) or targeted dietary modulation, to confirm the mediating role of 
the identified taxa.

Furthermore, the study used a single CBD dose and administration 
route, without dose-response or route comparison, which may limit 
translational applicability. Microbial function was not assessed (e.g., 
metabolomics, SCFA profiling), nor was deep sequencing (for functional 
pathways and species- and strain-level resolution), and outcomes were 
evaluated at a single post-treatment time point, limiting insight into the 
long-term stability of effects. Finally, while potential microbial and 
molecular biomarkers were identified, they require validation in inde
pendent cohorts or human studies. Incorporating functional analyses 
(metabolomics, metagenomics and transcriptomics) will allow charac
terization of the metabolites involved and their signaling pathways 
within the gut-brain axis. Given the evidence of sexual dimorphism, 
future trials should stratify by sex and consider hormonal phases in fe
males, as well as explore potential synergies between CBD and other 
probiotic, prebiotic or biotic strategies. Prospective, pre-registered, sex- 
stratified designs will be essential to address causality and 
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reproducibility.

5. Conclusions

Together, our findings reveal that PAE profoundly alters gut micro
biota and that CBD can modulate this dysbiosis, promoting beneficial 
taxa and modifying community structure in a sex-dependent manner. 
CBD administration also mitigated anxiety- and depression-like behav
iors and modulated gene expression of endocannabinoid and mono
aminergic markers. The associations found between microbiota and 
neurobiological parameters reinforce the idea that the gut microbiota is 
not a passive actor but an active component in FASD pathophysiology. 
Consistently, the microbiota shifts we observed co-varied with core 
brain readouts, including ECS markers (Cnr1/Cnr2), monoaminergic 
indices (Th, Slc6a4), and imaging-derived measures ([¹¹C]UCB-J and 
[¹¹C]raclopride ratios) and are consistent with, but do not establish, 
causal links along the gut-brain axis. Importantly, by integrating con
strained ordination and targeted associations, we show that microbiota 
shifts co-vary with brain readouts and behavioral/motivational pheno
types, outlining a plausible PAE-microbiota-brain-behavior pathway 
that is modulated by CBD, especially in females. Mechanistic explana
tions for the observed sex differences remain provisional; hormonal, 
immune-microglial, and epigenetic routes are promising but require 
direct testing. This study opens the door to the development of 
personalized interventions aimed at restoring the microbiota and 
modulating the gut-brain axis to mitigate the cognitive and behavioral 
deficits characteristic of this disorder. Future research should use causal 
designs (e.g., sex-stratified fecal microbiota transfer, targeted microbial 
augmentation/deletion, cannabinoid receptor modulation, and longi
tudinal multi-omics) to validate these hypotheses and assess the dura
bility of effects across multiple time points. While causality remains to 
be established, the quantitative co-variation across domains provides a 
testable framework for CBD’s microbiota-centered mechanism in PAE.
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