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ABSTRACT

Fetal alcohol spectrum disorder is associated with lasting neurodevelopmental and cardiovascular dysfunctions.
The fractalkine axis CX3CL1/CX3CR1, a chemokine and its sole known receptor expressed in microglia and
myeloid/endothelial cells, coordinates neuroimmune and vascular responses. We tested whether prenatal-
lactational alcohol exposure (PLAE) is associated with sex-specific dysregulation of this axis along with inte-
grated behavioral, neuroendocrine, inflammatory, and cardiovascular signatures.

Pregnant C57BL/6 dams consumed 20% ethanol using a drinking-in-the-dark (DID) paradigm throughout
gestation and lactation. Adult offspring (PND60-70) underwent behavioral testing (elevated plus maze and tail
suspension test); plasma profiling of corticosterone, cytokines/chemokines, endothelial/coagulation markers,
and matrix-remodeling enzymes; and cardiac transcriptional assays for stress- and inflammation-related genes
(including Cx3cr1). Analyses were stratified by sex.

PLAE females exhibited increased anxiety-like behavior, two-fold higher plasma CX3CL1, and upregulated
cardiac Cx3crl compared with control females. PLAE males showed no behavioral or endocrine changes but
evidence of matrix remodeling (elevated proMMP-9, reduced sP-Selectin). Across sexes, PLAE was associated
with a proinflammatory/endothelial-activation profile (elevated IL13, IL18, and PAI-1, reduced CXCL16, higher
proMMP-9) and altered cardiac expression of Nr3c2, Tnfrsfla, Tlr4, and Nfkbia, compatible with early vascular
risk. Independent of exposure, females exhibited reduced immobility and higher corticosterone, IL5, IL13, sE-
Selectin, and thrombomodulin. Plasma CX3CL1 correlated inversely with exploratory and stress-coping behav-
iors, and positively with corticosterone, inflammatory/vascular markers, and cardiac Cx3cr1 and Tnfrsfla.

PLAE is associated with sex-specific dysregulation of the CX3CL1/CX3CR1 axis and convergent neuroimmune-
vascular signatures indicative of subclinical endothelial dysfunction. These associative findings support the
hypothesis that fractalkine-pathway modulation may mitigate long-term neurobehavioral and cardiovascular
vulnerability after PLAE, warranting causal testing.
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1. Introduction

Alcohol is the most widely consumed psychoactive substance glob-
ally, and its chronic use can lead to alcohol use disorder (AUD), a
complex condition involving psychological and physiological factors
(MacKillop et al., 2022). AUD is often accompanied by psychiatric
comorbidities such as depression and anxiety (Rudenstine et al., 2020;
Howe et al.,, 2021), and is associated with cognitive impairments
affecting memory, attention, and flexibility (Liu et al., 2024). Although
traditionally more common in men, recent data from Spain show that
alcohol use among adolescent girls has surpassed that of boys since the
late 20th century, highlighting the importance of incorporating a gender
perspective in national addiction strategies (Smith et al., 2021; Park and
Kim, 2020).

Alcohol consumption during pregnancy is particularly harmful, with
potentially severe consequences for fetal development (Oei, 2020).
Maternal alcohol intake can result in a spectrum of persistent morpho-
logical, behavioral, cardiovascular, and neurodevelopmental impair-
ments collectively termed fetal alcohol spectrum disorders (FASD)
(Almeida et al., 2020). Among the manifestations of FASD, fetal alcohol
syndrome, characterized by central nervous system damage (Bariselli
and Lovinger, 2021), facial dysmorphology (Yang et al., 2012), and
motor coordination deficits (Cantacorps et al., 2017), is the most severe
outcome of prenatal and lactational alcohol exposure (PLAE) (Gupta
et al., 2016).

The neurological and developmental consequences of FASD are well
documented; however, emerging clinical and preclinical studies indicate
that developmental alcohol also disrupts cardiovascular regulation and
vascular health. These effects include early autonomic dysregulation,
altered heart-rate variability, endothelial dysfunction, and extracellular
matrix remodeling (Atum et al., 2023; Ninh et al., 2019; Jurczyk et al.,
2024). Such changes may precede overt cardiovascular disease and
suggest that PLAE programs long-term cardiovascular vulnerability from
early stages of life.

In parallel with these peripheral alterations, accumulating evidence
implicates neuroimmune dysregulation as a central mechanism under-
lying FASD. Prenatal and early postnatal alcohol exposure has been
shown to induce persistent microglial activation, exaggerated inflam-
matory signaling, and altered neuroimmune communication
(Cantacorps et al., 2017; Bake et al., 2021). These processes are believed
to contribute not only to behavioral dysfunction but also to peripheral
inflammatory alterations that impact vascular integrity.

Certain biological systems are highly susceptible to disruptions
caused by stress, inflammation, and external factors such as alcohol
consumption (Libby, 2021; Henein et al., 2022). CX3CL1 (fractalkine) is
a chemokine with dual roles in inflammation and homeostasis. It is
constitutively expressed primarily by neurons and is inducible in
vascular endothelium and smooth-muscle cells under inflammatory
conditions (Paolicelli et al., 2014; Umehara et al., 2001). Its cognate
(and sole known) receptor, CX3CR1, is highly expressed by microglia in
the central nervous system (CNS) and by peripheral myeloid populations
(e.g., monocytes/macrophages and dendritic cells), as well as subsets of
NK and T lymphocytes (Paolicelli et al., 2014; Umehara et al., 2001;
Sallusto et al., 2000). This chemokine pathway plays a critical role in the
CNS by regulating neuroplasticity, synaptic pruning, and microglial
activation (Arnoux and Audinat, 2015). Recent studies show that
CX3CL1/CX3CR1 signaling regulates neuroendocrine responses and
stress-coping behaviors, and that this pathway can be modified by early
alcohol exposure and stress (Medina-Vera et al., 2025; Momin et al.,
2023). Notably, the CX3CL1/CX3CR1 axis is not restricted to the CNS; it
is also implicated in atherosclerosis, vascular inflammation, and endo-
thelial dysfunction, all key contributors to cardiovascular disease
(Apostolakis and Spandidos, 2013).

Despite extensive research on the neurological and developmental
sequelae of FASD, relatively little is known about its cardiovascular ef-
fects. The convergence of neuroimmune and vascular pathways suggests

Brain Behavior and Immunity 134 (2026) 106463

that the CX3CL1/CX3CR1 axis could serve as a mechanistic link between
central and peripheral alterations induced by early alcohol exposure.
Dysregulation of this pathway has been associated with substance use
disorders, including alcohol and cocaine, where fractalkine correlates
with inflammatory and behavioral alterations (Montagud-Romero et al.,
2020; Montesinos et al., 2020; Garcia-Marchena et al., 2019). This
disruption exacerbates proinflammatory responses and endothelial
dysfunction, both of which are key factors in vascular injury and cardiac
complications (Loh et al., 2023; Flamant et al., 2021).

To motivate our biomarker panel, we grouped outcomes into func-
tional modules linked to fractalkine biology. Endothelial activation/
adhesion markers (sE-Selectin, sSICAM-1, PECAM-1, thrombomodulin)
index leukocyte-endothelium crosstalk, which is amplified when in-
flammatory cytokines (e.g., TNFa/IFNy) induce endothelial CX3CL1 and
signal via CX3CR1 (Matsumiya et al., 2010; Ahn et al., 2004). Coagu-
lation/fibrinolysis markers (PAI-1, sP-Selectin) capture the pro-
thrombotic milieu that accompanies endothelial activation (Cesari et al.,
2010). Matrix remodeling (proMMP-9) reflects extracellular-matrix
turnover during vascular injury (Li et al., 2020), whereas CXCL16 pro-
vides an atheroprotective chemokine/scavenger receptor readout
(Zernecke and Weber, 2010). IL13 and IL18 index type-2 and
inflammasome-related inflammatory tone, respectively, which can
converge with fractalkine pathways in shaping vascular and neuro-
immune states (Apostolakis and Spandidos, 2013; Loh et al., 2023;
Flamant et al., 2021). Because early alcohol exposure can program the
HPA axis, we also included cardiac glucocorticoid (Nr3c1) and miner-
alocorticoid (Nr3c2) receptors to index tissue sensitivity to HPA hor-
mones and the GR/MR balance that governs myocardial and endothelial
remodeling (Carpenter et al., 2017; Lother et al., 2015). Importantly, not
all analytes are direct downstream targets of CX3CL1/CX3CR1; rather,
they represent converging vascular and immune modules that interact
with fractalkine signaling and provide an integrated readout to test
whether PLAE elicits a coordinated neuroimmune-vascular signature
centered on, or converging with, the CX3CL1/CX3CR1 axis.

Based on this rationale, this study adopts a translational approach to
investigate the impact of early alcohol exposure. Using a prenatal-
lactational binge-like alcohol exposure model relevant to FASD, the
research aims to evaluate how PLAE affects depression- and anxiety-like
behaviors, stress hormone levels, and inflammatory and vascular
markers in blood and heart tissue from male and female mice, including
the expression of CX3CL1 in plasma and its receptor, CX3CR1, in cardiac
tissue.

2. Materials and methods
2.1. Experimental design and timeline

This was a prenatal-lactational exposure study using a drinking-in-
the-dark (DID) paradigm in breeder dams. Females were exposed to
20% (v/v) ethanol throughout gestation and lactation while single-
housed. Offspring were evaluated in early adulthood on postnatal day
60 (PND60) in the elevated plus maze (EPM) and tail suspension test
(TST). Trunk blood and hearts were collected at PND70 for plasma
biomarker assays and cardiac gene expression (Fig. 1A).

2.2. Animals and housing

Male and female C57BL/6 inbred mice (Charles River, Barcelona,
Spain) were used as breeders at the UBIOMEX animal facility within the
Barcelona Biomedical Research Park (PRBB). Animals were 12 weeks
old at the start of the experiment. Upon arrival, breeders were group-
housed by sex (3—4 per cage) in standard individually ventilated cages
under controlled environmental conditions: temperature (21 + 1°C),
humidity (55 + 10%), and a 12-h reverse light-dark cycle (lights off
from 8:00 AM to 8:00 PM). Mice acclimated for at least one week before
any procedure, and all experiments were conducted during the dark
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Fig. 1. Maternal DID procedure. (A) Alcohol was available 2 h/day on days 1 to 3 and 4 h on day 4 of the series during the DID procedure. (B) Maternal body weight
was measured at 2-day intervals of DID test. (C) Volume of water and alcohol consumed during DID procedure throughout gestation and lactation periods. (D)
Alcohol intake (g EtOH/kg) on binge days throughout DID procedure. Bars represent the mean + SEM (4 mice/group). Data were analyzed using two-way ANOVA (B
and C) and one-way ANOVA with repeated-measures (D). Sidak’s test for multiple comparisons was performed: (*) denotes p < 0.05, (**) denotes p < 0.01, (***)
denotes p < 0.001, and (****) denotes p < 0.0001 compared with water (C) or binge 1 (D). P-values in bold indicate significant main effects of factors (f1 and f2) or
significant interaction (f1 x f2). Partial n? are reported in the text; full effect sizes (partial 12 and Cohen’s f) are provided in Table S2.

phase under dim red lighting.

For mating, one male was paired with one female overnight. Upon
detection of a copulatory plug or confirmation of pregnancy (GDO0), the
male was returned to group housing, and the pregnant female was
immediately single-housed, where she remained throughout gestation
and lactation. No males were housed with females during gestation or
lactation. Pups stayed with their biological dam until weaning (PND21).
After weaning, offspring were group-housed by sex (3-5 per cage) with
food and water ad libitum.

2.3. Prenatal-lactational alcohol exposure in dams

Breeding mice were assigned to one of two groups: (1) alcohol-
exposed (20% v/v alcohol [ethyl alcohol, Merck, Darmstadt, Ger-
many] in tap water), or (2) water-exposed (tap water). To model binge-
like intake, a 4-day DID schedule was used each week. On days 1-3, 3h
after lights-off, food was removed and the home-cage water bottle was
replaced with the assigned fluid for 2 h; on day 4, access lasted 4 h
(Fig. 1A). At the end of each access period, individual fluid intake was
recorded, and standard food and water were restored.

Dams remained single-housed throughout gestation and lactation;
male breeders were not present during DID and never exposed to
alcohol. To correct for leakage/evaporation, dummy cages with iden-
tical bottles were placed on the rack each session, and drip values were
subtracted from measured intakes. Fluid intake (g/kg body weight) was
calculated using the 2-day average body weight; dams were weighed at
2-day intervals. This weekly 4-day DID sequence was repeated across 3
weeks of gestation and 3 weeks of lactation.

To avoid stress-related confounding during gestation and lactation,
we did not perform serial blood sampling for blood alcohol concentra-
tion (BAC) in the experimental dams. In prior studies from our group
using the same prenatal-lactational DID procedure (20% v/v ethanol; 2
h access on days 1-3 and 4 h on day 4 throughout gestation and lacta-
tion), maternal BAC measured immediately after the final gestational
binge-like session averaged 79.27 + 21.45 mg/dL and after the final

lactational binge-like session averaged 81.57 + 12.89 mg/dL
(Cantacorps et al., 2017; Montagud-Romero et al., 2019).

Alcohol exposure was quantified as individual, drip-corrected intake
(g/kg) at each DID session.

2.4. Offspring cohorts and behavioral testing

A total of 32 offspring (16 males, 16 females) were studied, divided
equally between offspring of water-exposed dams and PLAE offspring.
At PND60, anxiety-like behavior was assessed in the elevated plus maze
(EPM) and stress-coping behavior in the tail suspension test (TST).

2.4.1. Elevated plus maze

The EPM was used to assess anxiety-like behavior following estab-
lished protocols (Santin et al., 2009; Cantacorps et al., 2018). The EPM
(Panlab, Barcelona, Spain) consisted of four arms (16 x 5 cm) arranged
in a cross around a central square (5 x 5 cm): two closed arms (walled)
and two open arms. The maze was elevated 30 cm and tested under 30
Ix. Mice were placed in the central square facing an open arm and
recorded for 5 min. Arm entries (all four paws inside an arm) and time in
open/closed arms (as % of total) were quantified using Smart software
(Panlab, Barcelona, Spain).

2.4.2. Tail suspension test

The TST was conducted to assess stress-coping behavior following
specific guidelines to ensure consistency and reliability (Aslam, 2016).
At PND60, mice were suspended by the tail from a horizontal bar (50 cm
above the floor) using adhesive tape (17 cm strip; 2 cm attached to the
tail). Each session lasted 6 min in a quiet, dimly lit room. Immobility
duration (absence of voluntary movement except postural adjustments)
and latency to immobility were recorded; shorter immobility was
interpreted as reduced passive coping.
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2.5. Sample collection

At PND70, offspring were euthanized by decapitation. Trunk blood
was collected and centrifuged at 10,000 x g for 40 min at 4°C to obtain
plasma. Hearts were rapidly excised; the apex was dissected, snap-
frozen, and stored at — 80°C for molecular analyses.

2.6. Biochemical determinations in the plasma

Plasma samples were analyzed to determine the concentrations of
corticosterone, inflammatory mediators, and cardiovascular-risk bio-
markers using immunoassays. All samples were run in duplicate. For
samples with absorbance below the limit of detection but above the
background in the immunoassays, concentrations were set at half the
minimum value interpolated from the corresponding standard curve
(Whitcomb and Schisterman, 2008).

2.6.1. Corticosterone

Plasma levels of corticosterone were quantified using a solid-phase
competitive enzyme-linked immunosorbent assay (ELISA), the Cortico-
sterone Competitive ELISA Kit (Invitrogen, Thermo Fisher Scientific,
Waltham, MA, USA), according to the manufacturer's instructions.
Plasma samples were diluted to 1:100 using 1X Assay Buffer. Raw data
were obtained at 450 nm and concentrations were expressed in pg/mL.
The Corticosterone Competitive ELISA Kit exhibited a measurement
range of 39 to 10,000 pg/mL with an expected limit of detection of 20.9
pg/mL. The coefficients of variation for inter-assay and intra-assay were
< 8% and 6%, respectively.

2.6.2. CX3CL1 and inflammatory mediators

Plasma levels of CX3CL1 and other inflammatory mediators were
quantified using multiplex immunoassays with the Bio-Plex Pro Mouse
Chemokine Fractalkine/CX3CL1 Set (#12002237, Bio Rad, Hercules,
CA, USA) and the ProcartaPlex™ Mouse Cytokine & Chemokine Con-
venience Panel 1 26-Plex (#EPX260-26088-901, Thermo Fisher Scien-
tific, Waltham, MA, USA) according to the manufacturers' instructions.
Specifically, CXsCL1 (fractalkine), GM-CSF, IFNy, IL1p, IL2, IL4, IL5,
IL6, IL12p70, IL13, IL18, and TNFa. The 96-well plates were analyzed
using a Bio-Plex MAGPIX™ Multiplex Reader with Bio-Plex Manager™
MP Software (Luminex, Austin, TX, USA) and concentrations were
expressed in pg/mL. Sensitivity values were as follows: CX3CL1 (< 3.6
pg/mL), GM-CSF (0.19 pg/mL), IFNy (0.09 pg/mL), IL1p (0.14 pg/mL),
IL2 (0.10 pg/mL), IL4 (0.03 pg/mL), IL5 (3.2 pg/mL), IL6 (1.0 pg/mL),
IL12p70 (0.21 pg/mL), IL13 (0.16 pg/mL), IL18 (9.95 pg/mL), and
TNFa (0.04 pg/mL). The coefficients of variation for inter-assay and
intra-assay were < 10% and < 7.5%, respectively. IL1f, IL4, and IL6
presented a high number of samples whose absorbance values were
below the limit of detection but above background levels.

2.6.3. Cardiovascular markers

Plasma levels of cardiovascular disease markers were quantified
using a multiplex immunoassay system with the MILLIPLEX MAP Mouse
Cardiovascular Disease Magnetic Bead Panel 1 and 2 (#MCVD1/2MAG-
77 K, Merck Millipore, Burlington, MA, USA) according to the manu-
facturer's instructions. Specifically, CXCL16, sE-Selectin, sICAM-1,
PECAM-1, thrombomodulin, PAI-1, sP-Selectin, proMMP-9, troponin I
(Tnl), and troponin T (TnT) were quantified using a Bio-Plex MAGPIX™
Multiplex Reader with Bio-Plex Manager™ MP Software (Luminex,
Austin, TX, USA). Concentrations were expressed in ng/mL. Assay sen-
sitivities for each marker were as follows: CXCL16 (27.57 pg/mL), sE-
Selectin (330 pg/mL), sICAM-1 (13.0 pg/mL), PECAM-1 (6.0 ng/mL),
thrombomodulin (13.0 pg/mL), PAI-1 (0.012 ng/mlL), sP-Selectin
(429.0 pg/mL), proMMP-9 (8.0 pg/mL), TnlI (293.0 pg/mL), and TnT
(108.6 pg/mL). The coefficients of variation for inter-assay and intra-
assay were < 12% and < 9%, respectively. TnI and TnT levels were
not included in the study, as all samples yielded absorbance values
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comparable to background.
2.7. Cardiac gene expression of stress-related and inflammatory receptors

Total RNA was extracted from 25 mg heart tissue sections (the apex)
using the TRIzol® method according to the manufacturer's instructions
(Invitrogen, Thermo Fisher Scientific, Waltham, MA, USA). RNA sam-
ples were isolated and purified using a RNeasy MinElute Cleanup Kit
(Qiagen, Hilden, Germany), including DNase I digestion, and quantified
using a spectrophotometer to confirm A260,/280 ratios of 1.8-2.0.

Reverse transcription was performed using 1 pg of RNA with the
Transcriptor Reverse Transcriptase Kit (Roche Applied Science, Penz-
berg, Germany) and specific primer probe sets for Nr3c1, Nr3c2, Cx3crl,
Tnfrsfla, Il1rl, Tlr4, and Nfkbia (Table S1) from TagMan® Gene
Expression Assays (Thermo Fisher Scientific, Waltham, MA, USA). Real-
time gPCR was conducted using a CFX96™ Real-Time PCR Detection
System (Bio-Rad, Hercules, CA, USA) with FAM dye-labeled probes from
TaqMan® Gene Expression Assays. Assay specificity is ensured by probe
design and manufacturer verification; no-template controls (NTCs)
showed no detectable amplification. Gene expression values were
normalized to Gapdh levels (Thermo Fisher Scientific, Waltham, MA,
USA).

2.8. Statistical analysis

A priori power analysis and sample size estimation were conducted in
G*Power, version 3.1 (Universitat Diisseldorf, Germany) prior to study
initiation for the prespecified primary outcomes in adult offspring,
under a balanced 2 x 2 between-subjects design with the factors
‘exposure’ (PLAE vs water) and ‘sex’ (male vs female). Calculations
targeted a two-tailed a = 0.05 and 80% power to detect effects in the
moderate-to-large range (Cohen’s f), including the ‘exposure’ x ‘sex’
interaction. Based on this planning, we aimed for n = 8 offspring per
‘exposure’ X ‘sex’ subgroup (total n = 32), consistent with ethical
principles to minimize animal use while maintaining interpretability of
primary endpoints. The primary outcomes were: behavioral (EPM: %
time in open arms; TST: immobility duration), inflammatory/neuro-
immune, vascular, and cardiac gene expression. Other measures were
considered secondary or exploratory.

Data are presented as the mean + standard error of the mean (SEM).
Prior to analysis, normality was assessed using the D'Agostino-Pearson
and Shapiro-Wilk tests, while Levene's test was applied to evaluate the
assumption of homogeneity of variance.

One-way repeated-measures analysis of variance (ANOVA) and two-
way ANOVA were conducted to compare experimental groups based on
different independent variables or factors (f), such as ‘group’ (alcohol vs.
water), ‘day’ (days 1, 2, 3, and 4 per week), ‘exposure’ (PLAE vs. water),
and ‘sex’ (male vs. female). Post hoc multiple comparisons were per-
formed using Tukey’s test when the F statistic in one-way ANOVA with
more than two factor categories or the interaction term in two-way
ANOVA reached significance. Effect sizes are reported alongside p
values: partial n2 for ANOVA main effects and interactions, and Cohen’s
d for planned pairwise comparisons. Effect sizes for all ANOVA terms are
compiled in Table S2, which also lists the derived Cohen’s f values.
When the interaction term was non-significant, subgroup patterns were
interpreted as additive main effects, and no simple-effect claims were
made.

To examine associations between CX3CL1 levels and physiological or
behavioral parameters, multiple correlation analyses were conducted,
and results are reported as Pearson’s correlation coefficients (r) and
corresponding p-values and visualized as heat maps. Because correla-
tions were exploratory, no multiplicity correction was applied, and re-
sults are presented to generate hypotheses.

A post hoc sensitivity analysis, based on the achieved sample size
(typically n = 7-8 per ‘exposure’ x ‘sex’ subgroup; total n = 30-32
depending on endpoint), indicated 80% power to detect large effects in
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the primary outcomes, whereas smaller subgroup differences should be
interpreted as exploratory. All statistical analyses were performed using
GraphPad Prism, version 9 (GraphPad Software, La Jolla, CA, USA).
Statistical significance was set at two-tailed p < 0.05.

2.9. Ethics

Every effort was made to minimize the number of animals used and
to reduce their suffering. All animal care and experimental procedures
were conducted in compliance with the ARRIVE guidelines (Kilkenny
et al., 2010) and in accordance with the European Communities Council
Directive 2010/63/EU, Regulation (EC) No. 86/609/ECC (24 November
1986), and Spanish national and regional guidelines for animal experi-
mentation (Real Decreto 53/2013). The experimental protocols were
approved by the local ethics committee (CEEA-UPF-PRBB).

3. Results
3.1. Maternal alcohol consumption during gestation and lactation

Maternal body weight was monitored throughout the DID procedure
and two-way ANOVA revealed significant main effects of ‘group’ (Fy 72
= 7.612, p = 0.007, partial n2 = 0.10) and ‘day’ (Fi1,72 = 169.2, p <
0.001, partial n2 = 0.96), with no ‘group’ x ‘day’ interaction (Fig. 1B).

The volumes of water and alcohol consumed were analyzed for each
week (Fig. 1C). Two-way ANOVA revealed significant main effects of
‘group’ and ‘day’, as well as an interaction between the two factors
during the first week (‘group’: F; 24 = 11.10, p = 0.003, partial n2 =
0.32; ‘day’: F324 = 7.339, p = 0.001, partial nz = 0.48; and interaction:
F3 04 = 3.592, p = 0.028, partial n2 = 0.31), the third week (‘group’:
F1,24 = 10.96, p = 0.003, partial n2 = 0.31; ‘day’: F324 = 29.92, p <
0.001, partial 1]2 = 0.79; and interaction: F34 = 7.203, p = 0.001,
partial n2 = 0.47), and the final week of the DID test, with the effects
being most pronounced during the last week (‘group’: F; 24 =102.1,p <
0.001, partial n2 = 0.81, ‘day’: F3 24 = 8.591, p < 0.001, partial n2 =
0.52; and interaction: F3 24 = 3.213, p = 0.040, partial nz = 0.29). Post
hoc comparisons revealed a significant increase in water consumption
compared with alcohol consumption on days 4 and 12 of gestation (p <
0.01 and p < 0.001, respectively) and during the final week of lactation
(p < 0.05).

One-way ANOVA with repeated measures for alcohol consumption
revealed a significant effect of ‘day’ (F5 15 = 9.595, p < 0.001, partial 12
= 0.73; Fig. 1D). Post hoc comparisons indicated significant differences
in alcohol consumption on binge days 4 (p < 0.001), 5 (p < 0.01), and 6
(p < 0.001) compared with binge day 1.

3.2. Effects of PLAE on stress-related behaviors

To assess emotional reactivity and stress-related behaviors, offspring
mice were evaluated using the EPM and the TST at PND60 with ‘expo-
sure’ (f1) and ‘sex’ (f2) as factors (Fig. 2).

3.2.1. Locomotor activity and anxiety-like behavior

The total number of entries into the open and closed arms in the
EPM, used as an index of locomotor activity, did not differ between
groups: two-way ANOVA detected no main effects of ‘exposure’ or ‘sex’,
and no interaction between the two factors (Fig. 2A).

In contrast, ‘exposure’ produced a significant main effect on the
percentage of entries into the open arms (Fj 2 = 5.125, p = 0.032,
partial 12 = 0.17; Fig. 2B), with a lower percentage in PLAE offspring.

Following the exploratory activity in the EPM, analysis of the per-
centage of time spent in the open arms revealed a main effect of
‘exposure’ (Fy 26 = 5.280, p = 0.030, partial n2 = 0.17) and a significant
‘exposure’ x ‘sex’ interaction (F1 26 = 9.858, p = 0.004, partial nz =
0.28; Fig. 2C). Post hoc multiple comparisons showed female offspring
from alcohol-exposed dams spent less time in the open arms than both
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male counterparts in the PLAE group (p < 0.01) and female offspring
from water-exposed dams (p < 0.01).

3.2.2. Stress-coping behavior

In the TST, two-way ANOVA revealed a significant main effect of
‘sex” on latency to immobility (Fq20 = 27.73, p < 0.001, partial 02 =
0.58; Fig. 2D); female offspring displayed a longer latency than male
mice. Consistently, analysis of immobility duration showed a significant
main effect of ‘sex’ (Fy 29 = 8.209, p = 0.009, partial nz = 0.29; Fig. 2E),
with female mice exhibiting shorter immobility compared with males.

3.3. Neuroendocrine and immune dysregulation in offspring

We first analyzed the systemic endocrine and inflammatory profile in
plasma to assess stress responsivity and immune status in the offspring.
Plasma concentrations of these analytes were evaluated based on
‘exposure’ and ‘sex’.

3.3.1. Corticosterone levels

Two-way ANOVA revealed a significant main effect of ‘sex’ on
plasma corticosterone levels (F; 26 = 13.70, p = 0.001, partial nz =0.35;
Fig. 2F), with female offspring showing higher levels than males. No
significant main effect of ‘exposure’ or interaction between the two
factors was observed.

3.3.2. CXsCL1 levels

Soluble CX3CL1 levels were quantified, and two-way ANOVA
revealed significant main effects of ‘exposure’ (Fy 28 =71.31,p < 0.001,
partial n2 = 0.72) and ‘sex’ (F1 28 = 17.97, p < 0.001, partial n2 = 0.39),
as well as a significant ‘exposure’ x ‘sex’ interaction (F; 25 = 48.14,p <
0.001, partial n> = 0.63; Fig. 3A). Post hoc multiple comparisons indi-
cated that female offspring from alcohol-exposed dams (PLAE) exhibited
significantly higher plasma CX3CL1 levels compared with female
offspring of water-exposed dams (p < 0.001) and male PLAE offspring
(p < 0.001).

3.3.3. Inflammatory mediators

We next analyzed additional inflammatory mediators in the plasma.
While several mediators were unaffected by ‘exposure’ or ‘sex’ [GM-CSF
(Fig. 3B), IFNy (Fig. 3C), IL1p (Fig. 3D), IL4 (Fig. 3F), IL6 (Fig. 3H),
IL12p70 (Fig. 31), and TNFa (Fig. 3L)], some circulating inflammatory
mediators were significantly altered.

Two-way ANOVA revealed a significant ‘exposure’ x ‘sex’ interac-
tion for plasma IL2 levels (F1 27 = 5.504, p = 0.027, partial 1]2 =0.17;
Fig. 3E). Post hoc multiple comparisons indicated that female offspring
from water-exposed dams exhibited significantly higher plasma IL2
levels than male offspring of water-exposed dams (p < 0.05).

A significant main effect of ‘sex’ was found for IL5 levels (Fy 27 =
5.501, p = 0.027, partial n2 =0.17; Fig. 3G), with higher levels observed
in female offspring compared with males.

Analysis of IL13 levels revealed significant main effects of ‘exposure’
(F1,27 =6.428,p = 0.017, partial n12 = 0.19) and ‘sex’ (F 27 = 45.64,p <
0.001, partial n2 = 0.63) (Fig. 3J). Specifically, PLAE offspring exhibited
significantly higher IL13 levels compared with water-exposed offspring
(p < 0.05), and female offspring showed significantly higher levels
compared with male counterparts (p < 0.001). In the absence of a sig-
nificant interaction, this pattern is consistent with additive main effects
of ‘exposure’ and ‘sex’.

Finally, IL18 levels were significantly affected by ‘exposure’ (F; 27 =
7.035, p = 0.013, partial n? = 0.21; Fig. 3K), with PLAE offspring dis-
playing significantly higher levels than offspring from water-exposed
dams.

3.4. Cardiovascular-risk biomarkers and endothelial signatures

Across circulating markers related to endothelial function and
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Fig. 2. Anxiety-like behavior, stress-coping behavior, and corticosterone levels in offspring exposed to PLAE. Male and female offspring mice were assessed in the
EPM and TST at PND60. (A) The number of total entries in the EPM. (B) The percentage of entries in the open arms in the EPM. (C) The percentage of time spent in
open arms in the EPM. (D) The latency to immobility in the TST. (E) The immobility duration in the TST. Bars represent the mean + SEM (7-8 mice/group). Data
were analyzed using a two-way ANOVA. (*) denotes p < 0.05 of ‘exposure’, (bb) denotes p < 0.01 of ‘sex’, and (bbb) denotes p < 0.001 of ‘sex’. Tukey’s test for multiple
comparisons was performed for significant interactions: (**) denotes p < 0.01 compared with male offspring of water-exposed dams and (¥*) denotes p < 0.01
compared with female PLAE offspring. P-values in bold indicate significant main effects of factors (f1 and f2) or significant interaction (f1 x f2). Partial n? are
Eeported in the text; full effect sizes (partial n2 and Cohen’s f) are provided in Table S2.

coagulation, all analytes were affected by ‘exposure’ and/or ‘sex’, with
the exception of sICAM-1 (Fig. 4C).

Two-way ANOVA revealed a significant main effect of ‘exposure’ on
plasma CXCL16 levels (Fi 26 = 13.57, p = 0.001, partial r]z = 0.34;
Fig. 4A), with PLAE offspring showing lower levels compared with
offspring of water-exposed dams.

In contrast, significant main effects of ‘sex” were detected for sE-
Selectin (Fy 26 = 14.49, p < 0.001, partial nz = 0.36; Fig. 4B), PECAM-
1 (F1,26 = 5.955, p = 0.022, partial 1]2 = 0.19; Fig. 4D), and thrombo-
modulin (Fj 26 = 27.70, p < 0.001, partial n2 = 0.52; Fig. 4E), with
female offspring exhibiting higher levels than males. Additionally, sig-
nificant main effects of ‘exposure’ (F; 26 = 8.364, p = 0.007, partial n2 =
0.24) and ‘sex’ (F1,26 = 4.497, p = 0.043, partial nz = 0.15) were found
for plasma PAI-1 levels (Fig. 4F). Means were higher with PLAE and in
females; no interaction was detected.

Plasma sP-Selectin levels were not significantly affected by either
‘exposure’ or ‘sex’; however, a significant ‘exposure’ x ‘sex’ interaction
was detected (Fy 26 = 5.589, p = 0.025, partial r]z = 0.18; Fig. 4G). Post
hoc multiple comparisons indicated that male PLAE offspring exhibited
significantly lower sP-Selectin levels compared with male offspring of
water-exposed dams (p < 0.05).

Finally, analysis of proMMP-9 revealed significant main effects of
‘exposure’ (F1 26 =61.78,p < 0.001, partial r]z =0.70) and ‘sex’ (Fy,26 =
9.280, p = 0.005, partial n? = 0.26), as well as a significant ‘exposure’ x
‘sex’ interaction (F1,26 = 14.43, p < 0.001, partial nz = 0.36; Fig. 4H).
Post hoc comparisons showed that PLAE offspring exhibited significantly
higher proMMP-9 levels compared with offspring of water-exposed
dams, in both males (p < 0.001) and females (p < 0.05). However,
this increase was significantly less pronounced in PLAE females than in
PLAE males (p < 0.001).

3.5. Gene expression of stress-related and inflammatory receptors in
cardiac tissue

3.5.1. Nr3cl and Nr3c2 mRNA levels

We first quantified Nr3c1 and Nr3c2 mRNA levels, which encode
nuclear receptors involved in stress response and cardiovascular regu-
lation. Nr3c1 encodes the glucocorticoid receptor, activated by cortisol,
while Nr3c2 encodes the mineralocorticoid receptor, activated by
aldosterone. Two-way ANOVA revealed no significant main effects of
‘exposure’ or ‘sex’, nor their interaction on Nr3cl gene expression
(Fig. 5A). In contrast, Nr3c2 expression analysis indicated a significant
main effect of ‘exposure’ (F1 26 = 5.336, p = 0.029, partial r]2 =0.17;
Fig. 5B), with no significant main effect of ‘sex’ or ‘exposure’ x ‘sex’
interaction, showing higher Nr3c2 mRNA in PLAE mice than offspring of
water-exposed dams.

3.5.2. Cx3crl mRNA levels

Next, Cx3crl mRNA levels were assessed in cardiac tissue across
experimental subgroups. Two-way ANOVA revealed a significant main
effect of ‘exposure’ (F1,25 = 8.925, p = 0.006, partial n2 = 0.26) and a
significant ‘exposure’ x ‘sex’ interaction (Fi2s = 4.683, p = 0.040,
partial n? = 0.16) (Fig. 5C). Post hoc multiple comparisons indicated that
female PLAE offspring exhibited significantly higher Cx3crl mRNA
levels than female offspring of water-exposed dams and male PLAE
offspring.

3.5.3. Tnfrsfla, Il1r1, Tlr4, and Nfkbia mRNA levels

We evaluated the expression of additional inflammatory-associated
genes in cardiac tissue [tumor necrosis factor receptor superfamily
member 1A (Tnfrsfla), interleukin-1 receptor type 1 (Il1r1), and toll-like
receptor 4 (Tlr4)] to assess their potential involvement in stress-related
and cardiovascular risk pathways. Two-way ANOVA revealed a signifi-
cant main effect of ‘exposure’ on both Tnfrsfla (F;,26 = 4.619,p = 0.041,
partial n2 = 0.15; Fig. 5D) and Tlr4 (F1,26 = 4.940, p = 0.035, partial 2
= 0.16; Fig. 5F), with elevated Tnfrsfla and decreased Tlr4 expression in
PLAE offspring. No significant effect of ‘exposure’, ‘sex’, or their inter-
action was observed for Il1r1 (Fig. 5E).

Finally, we examined Nfkbia expression, which encodes IxBa, a key
regulator of the transcription factor NF-kB as inhibitor. Two-way
ANOVA revealed a significant main effect of ‘exposure’ (F; 23 = 14.03,
p = 0.001, partial n = 0.38; Fig. 5G), with no significant main effect of
‘sex’ or ‘exposure’ x ‘sex’ interaction. This indicates reduced Nfkbia
expression in PLAE offspring.

3.6. CX3CL1 as a converging factor linking behavioral, inflammatory,
and cardiovascular outcomes

We explored whether plasma CX3CL1 levels are associated with
anxiety-like behavior and behavioral despair, circulating mediators (i.e.,
corticosterone, inflammatory mediators, and cardiovascular-risk bio-
markers), and cardiac gene-expression profiles.

3.6.1. Behavioral parameters and corticosterone

Pearson correlation analysis revealed significant associations with
anxiety- and stress-related variables and corticosterone levels (Fig. 6
A-B). CX3CL1 levels were inversely correlated with open-arm entries (r
30 = —0.382, p = 0.037), time in open arms (r 30 = -0.677, p < 0.001),
and immobility duration in the TST (r 5 = -0.458, p = 0.021).
Conversely, CX3CL1 showed a positive correlation with plasma corti-
costerone levels (r 30 = +0.683, p < 0.001). These significant associa-
tions were not observed in offspring of water-exposed dams when they
were separately evaluated.

3.6.2. Plasma inflammatory mediators

CX3CL1 levels were positively associated with IL13 (r 37 = +0.505, p
= 0.004) and IL18 levels (r 33 = +0.431, p = 0.015) (Fig. 6 C-D).
However, no other cytokines reached significance.

3.6.3. Cardiovascular-risk biomarkers

Regarding adhesion proteins and vascular markers, CX3CL1 levels
correlated positively with CXCL16 (r 30 = +0.481, p = 0.007) and PAI-1
levels (r 30 = +0.531, p = 0.003) (Fig. 6 E-F).

3.6.4. Gene expression of stress-related and inflammatory receptors

In cardiac tissue, correlation analysis revealed a positive association
between CX3CL1 levels and mRNA expression of its cognate receptor
Cx3crl (r 30 = +0.594, p = 0.001), as well as Tnfrsfla (r 30 = +0.404, p
= 0.027) and IlIr1 (r 30 = +0.368, p = 0.045) (Fig. 6 G-H).

4. Discussion
The present study indicates that PLAE is associated with long-lasting,

sex-specific alterations in the CX3CL1/CX3CR1 axis with downstream
effects on neuroendocrine, inflammatory, and cardiovascular systems.
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Fig. 3. Plasma levels of CX3CL1 and other inflammatory mediators in mice exposed to PLAE. Male and female offspring mice were sacrificed at PND70 to determine
these plasma analytes. (A) CX3CL1. (B) GM-CSF. (C) IFNy. (D) IL1p. (E) IL2. (F) IL4 (G) IL5. (H) IL6. (I) IL12p70. (J) IL13. (K) IL18. (L) TNFa. Bars represent the mean
+ SEM (7-8 mice/group). Data were analyzed using a two-way ANOVA test. () denotes p < 0.05 of ‘exposure’, (°) denotes p < 0.05 of ‘sex’, and (°*®) denotes p <

0.001 of ‘sex’. Tukey’s test for multiple comparisons was performed for significant interactions: (

) denotes p < 0.001 compared with male offspring of water-

exposed dams and (¥4%) denotes p < 0.001 compared with female PLAE offspring. P-values in bold indicate significant main effects of factors (f1 and f2) or sig-
nificant interaction (f1 x f2). Partial qz are reported in the text; full effect sizes (partial n2 and Cohen’s f) are provided in Table S2.
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Fig. 4. Plasma levels of cardiovascular-risk markers in mice exposed to PLAE. Male and female offspring mice were sacrificed at PND70 to determine these plasma
analytes. (A) CXCL16. (B) sE-Selectin. (C) sSICAM1. (D) PECAM-1. (E) Thrombomodulin. (F) PAI-1. (G) sP-Selectin. (H) ProMMP-9. Bars represent the mean + SEM
(7-8 mice/group). Data were analyzed using a two-way ANOVA test. (**) denotes p < 0.01 of ‘exposure’, (°) denotes p < 0.05 of ‘sex’, and (°*®) denotes p < 0.001 of
‘sex’. Tukey’s test for multiple comparisons was performed for significant interactions: (*) denotes p < 0.05 and (***) denotes p < 0.001 compared with male
offspring of water-exposed dams, (%) denotes p < 0.001 compared with female PLAE offspring, and (*) denotes p < 0.05 compared with female offspring of water-
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sizes (partial n2 and Cohen’s f) are provided in Table S2.
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Adult female offspring exposed to PLAE exhibited increased anxiety-like
behavior, elevated plasma CX3CL1, and upregulation of cardiac Cx3cr1
expression, suggesting heightened fractalkine signaling. In contrast,
male PLAE offspring showed no behavioral or endocrine changes but
displayed increased proMMP-9 and reduced sP-Selectin, indicative of
extracellular matrix remodeling. Across sexes, PLAE elevated circulating
IL13, IL18, and proMMP-9, reduced CXCL16, and altered cardiac
expression of Nr3c2, Tnfrsfla, Tlr4, and Nfkbia, findings consistent with
systemic inflammation and a myocardial proinflammatory set-point
(‘inflammatory priming’), i.e., lowered threshold for NF-kB/cytokine
activation in the absence of detectable elevations in cardiac injury
markers (Tnl/TnT). Additionally, females as a group exhibited reduced
immobility in the TST, higher plasma corticosterone, and elevated IL5,
IL13, sE-Selectin, and thrombomodulin, reflecting a baseline predispo-
sition to neuroendocrine and endothelial activation; importantly, these
differences were main effects of sex without a PLAE interaction (see
Fig. 3G, 3J; Fig. 4B, 4E) and are interpreted as baseline sexual dimor-
phism rather than outcomes attributable to PLAE or to CX3CL1/CX3CR1
signaling. CX3CL1 emerged as a central biomarker, negatively corre-
lating with exploratory and stress-coping behavior, and positively
correlating with corticosterone, inflammatory and vascular biomarkers,
and cardiac expression of Cx3crl, Tnfrsfla, and Il1r1. Because CXCL16
decreased with PLAE at the group level yet correlated positively with
CX3CL1 across individuals, we evaluated this association in the pooled
sample; it should be interpreted as inter-individual covariation rather
than between-group differences. Collectively, these sex-stratified asso-
ciations (higher plasma CX3CL1 with reduced open-arm exploration and
higher corticosterone; positive associations with cardiac Cx3crl and
Tnfrsfla; and covariation with PAI-1) support the hypothesis that
CX3CL1/CX3CR1 may function as an integrative node linking behav-
ioral, endocrine, and vascular alterations after PLAE. These data are
associative and do not establish causality. Mechanistically, endothelial
CX3CL1 is robustly induced by TNFa/IFNy, promoting leukocyte-
endothelium interactions and a prothrombotic milieu (sE-Selectin,
thrombomodulin, PAI-1) (Matsumiya et al., 2010; Cesari et al., 2010);
concurrent elevation of proMMP-9 and reduction of CXCL16 are
compatible with matrix remodeling and an atheroprone state (Li et al.,
2020; Zernecke and Weber, 2010); and the positive correlations between
CX3CL1 and cardiac Cx3crl/Tnfrsfla align with known fractalkine-TNF
interplay in vascular tissues (Matsumiya et al., 2010; Ahn et al., 2004).

Converging clinical and preclinical evidence indicates lasting auto-
nomic and endothelial alterations after PLAE. Human cohorts have
documented autonomic dysregulation, reduced heart-rate variability,
and impaired endothelial responses in youth with prenatal alcohol
exposure, and impaired vascular health has also been reported in
adulthood (Kable et al., 2023). In parallel, rodent studies show persis-
tent microglial activation and exaggerated neuroinflammatory signaling
after prenatal alcohol exposure (Bake et al., 2021), providing a mech-
anistic framework consistent with our observation of systemic inflam-
matory priming. A focused review further emphasizes that vascular and
neuroimmune alterations are converging contributors to FASD patho-
physiology (Momin et al., 2023). With respect to fractalkine biology in
addiction-related contexts, both clinical and preclinical reports impli-
cate CX3CL1/CX3CR1 changes alongside inflammatory and behavioral
alterations (Garcia-Marchena et al., 2019; Araos et al., 2015; Porras-
Perales et al., 2025). Together, these lines of evidence support our
interpretation that the CX3CL1/CX3CR1 axis is a plausible converging
mechanism linking neuroimmune and cardiovascular consequences of
PLAE.

Consistent with clinical and preclinical indications that females are
particularly vulnerable to affective sequelae of FASD (Bariselli et al.,
2023; Flannigan et al., 2023), only female offspring of alcohol-exposed
dams showed concurrent elevations in circulating CX3CL1 and cortico-
sterone, reduced open-arm exploration in the EPM, and decreased
immobility in the TST. Prior work indicates that disrupting CX3CR1
signaling heightens stress reactivity and impairs adaptive coping in mice
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exposed to adolescent stress and alcohol (Medina-Vera et al., 2025). Our
data extend this literature by demonstrating that developmental alcohol
exposure amplifies, not diminishes, CX3CL1/CX3CR1 signaling in fe-
males, suggesting that the directionality of fractalkine changes depends
on timing, dose, and chronicity of exposure. These results align with
observations of prenatal stress can reprogram the HPA axis in a sex-
specific manner, increasing basal and stress-induced glucocorticoids in
adult females (Carpenter et al., 2017).

Elevated soluble CX3CL1 correlated negatively with open-arm
exploration and positively with cardiac Cx3crl expression. Because
circulating soluble CX3CL1 is not expected to cross an intact blood-brain
barrier, we interpret plasma CX3CL1 as a peripheral index of neuro-
immune/vascular tone that covaries with anxiety-related behavior,
rather than evidence that peripheral fractalkine directly drives central
circuits. Within the CNS, neurons in limbic regions express CX3CL1 and
microglia express CX3CR1, providing a plausible substrate for stress-
circuit modulation (Paolicelli et al., 2014; Arnoux and Audinat, 2015).
In the heart, CX3CL1/CX3CR1 signaling has been described as protective
during early p-adrenergic stress, modulating macrophage-
cardiomyocyte interactions to delay progression from hypertrophy to
heart failure (Loh et al., 2023; Flamant et al., 2021). The upregulation of
Cx3crl observed here could thus represent a compensatory response to
alcohol-induced vascular stress that becomes maladaptive over time.
The concurrent increase in Tnfrsfla suggests potential synergy between
fractalkine and TNFa pathways, consistent with reports that inflamma-
tory cytokines (TNFa, IFNy, IL1) robustly induce endothelial and
smooth-muscle CX3CL1 and potentiate fractalkine-driven remodeling
(Matsumiya et al., 2010; Ahn et al., 2004; Stangret et al., 2024; Raines
and Ferri, 2005).

PLAE increased circulating IL13 and IL18 irrespective of sex, impli-
cating type-2 and inflammasome-related pathways as parallel contrib-
utors to long-term risk. Elevated IL18 is a recognized predictor of future
myocardial infarction and heart failure (Li et al., 2024), while IL13
promotes vascular fibrosis via TGFp signaling (Lee et al., 2001).
Concomitantly, PLAE reduced CXCL16, an atheroprotective chemokine/
scavenger receptor that supports cholesterol efflux and constrains lesion
growth (Zernecke and Weber, 2010). This cytokine/chemokine
constellation is therefore consistent with a proatherogenic milieu well
before overt disease.

The vascular biomarker profile, endothelial activation (PAI-1,
thrombomodulin, sE-Selectin) and extracellular-matrix remodeling
(proMMP-9), resembles early subclinical damage described in adults.
PAI-1 plays a dual role by inhibiting fibrinolysis and facilitating leuko-
cyte retention at the vascular wall (Cesari et al., 2010), whereas MMP-9
drives matrix degradation and plaque instability (Li et al., 2020).
Intriguingly, these alterations were sexually dimorphic because PAI-1
predominated in females and MMP-9 in males, which aligns with clin-
ical data that show divergent aging patterns of macro- vs. micro-vascular
dysfunction across sex (DiMusto et al., 2012; Tsiknia et al., 2022).
Notably, in individuals with alcohol or cocaine use disorders, endothe-
lial adhesion molecules and proteolytic enzymes covary with cardiac
injury markers, and fractalkine strongly predicts circulating troponins
(Porras-Perales et al., 2025). While CX3CL1/CX3CR1 can be car-
dioprotective early on (Loh et al., 2023; Flamant et al., 2021), our data
suggest that after PLAE this response may be chronically engaged and
eventually maladaptive.

Cardiac upregulation of Cx3crl and Tnfrsfla, together with down-
regulation of Tlr4 and the NF-xB inhibitor Nfkbia, reveals a complex
rewiring in which CX3CL1 and TNFa pathways are sensitized, while
canonical TLR4 signaling is blunted. Prenatal alcohol has been reported
to induce mitochondrial dysfunction and oxidative stress in car-
diomyocytes (Su et al., 2024); the receptor milieu we observe may
potentiate such metabolic vulnerability by lowering thresholds for
inflammasome activation and TNFa-mediated apoptosis. Upregulation
of Nr3c2 (mineralocorticoid receptor) further suggests that aldosterone-
driven sodium retention and fibrotic remodeling could emerge later in
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life, particularly under metabolic stress (Lother et al., 2015).

Network-level studies identify fractalkine as a keystone cytokine
capable of recalibrating multiple biological modules (Paolicelli et al.,
2014). In this study, multivariate correlations highlighted soluble
CX3CL1 as a converging mediator across behavioral, endocrine, in-
flammatory, and cardiovascular domains. Elevated CX3CL1 associated
with higher corticosterone and PAI-1, reduced exploratory behavior,
and enhanced cardiac Cx3crl expression. Collectively, these patterns
support the testable hypothesis that therapeutically targeting CX3CL1/
CX3CR1, using approaches such as neutralizing antibodies, small-
molecule antagonists, or RNA interference, may offer a dual therapeu-
tic benefit by attenuating stress-related behavioral dysregulation and
mitigating vascular injury in FASD. While these cross-domain associa-
tions are coherent with a role for CX3CL1/CX3CR1, the present data are
associative and do not establish causality.

We propose that PLAE initiates a feed-forward loop whereby early
exposure sensitizes microglia and endothelial cells to upregulate
CX3CL1. During adolescence, rising sex hormones interact with this
primed neuroimmune axis, amplifying CX3CL1/CX3CR1 signaling and
corticosterone release, particularly in females. The resultant crosstalk
between the nervous and immune systems promotes anxiety-like
behavior and concurrently activates cardiac macrophage-
cardiomyocyte interactions, shifting the balance of endothelial pro-
teases and inhibitors (e.g., proMMP-9 and PAI-1) toward early vascular
dysfunction.

4.1. Limitations and future directions

Our sample size was powered for primary outcomes but may have
missed subtler exposure x sex interactions. Measurements were
restricted to early adulthood (PND60-PND70), so trajectory and dura-
bility across the lifespan remain unknown. Generalizability is limited by
a single mouse strain and a specific DID exposure paradigm. We did not
measure maternal BAC; therefore, intake-BAC-biomarker correlations
in dams could not be established. To minimize stress-related confounds
on alcohol intake, endocrine/inflammatory status, and maternal care,
we prioritized limiting repeated handling and blood sampling in preg-
nant and lactating dams. However, in prior studies from our group using
the same PLAE paradigm, maternal BACs measured immediately after
the final gestational binge-like session averaged 79.27 + 21.45 mg/dL
and after the final lactational binge-like session averaged 81.57 + 12.89
mg/dL (Cantacorps et al., 2017; Montagud-Romero et al., 2019). In
addition, nursing pups showed BACs of 14.86 + 0.82 mg/dL (PND20)
and 19.38 + 1.59 mg/dL (PND24) under the same model (Montagud-
Romero et al., 2019). Alcohol intake achieved by dams in the present
study was similar to that in our previous work, supporting the
assumption of comparable BAC profiles. For low-abundance analytes,
values near assay detection thresholds may have led to underestimation
of small effects. We also lacked estrous cycle staging and deeper phe-
notyping (e.g., flow cytometry of CX3CR1 + subsets, vascular reactivity,
and histopathology).

Critically, the present design is associative; thus, inferences
regarding the role of the CX3CL1/CX3CR1 pathway are correlational
rather than causal. Future studies should include CNS or periphery
pathway-targeted perturbations to establish causality, such as (i) phar-
macological blockade or neutralization of CX3CL1/CX3CR1 considering
peripheral-central crosstalk; (ii) genetic loss-of-function approaches
(global or cell type-specific CX3CR1 manipulation in microglia, endo-
thelium, or cardiomyocytes, with inducible timing); and (iii) prevention
and rescue paradigms testing whether pathway modulation averts or
reverses behavioral, endocrine, and vascular phenotypes after PLAE.
Complementary tissue-resolved mapping (single-cell/spatial tran-
scriptomics) and functional vascular assays, together with calibration
cohorts for DID intake-BAC relationships, will refine mechanism and
translational relevance. Given the female-biased vulnerability observed
here, defining hormonal windows of susceptibility and the efficacy of
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timed fractalkine-pathway modulation is a priority for future work.
4.2. Conclusions

This study supports the hypothesis that PLAE is associated with
enduring, sex-specific dysregulation of the CX3CL1/CX3CR1 axis, with
widespread effects on neuroendocrine activity, systemic inflammation,
and cardiovascular homeostasis. Female PLAE offspring displayed
increased anxiety-like behavior, elevated CX3CL1 and corticosterone
levels, and cardiac Cx3crl upregulation, whereas male counterparts
exhibited distinct vascular remodeling without behavioral or endocrine
alterations. PLAE broadly disrupted inflammatory and endothelial
markers and altered cardiac gene expression across sexes. Correlation
analyses identified CX3CL1 as a central integrator of behavioral, hor-
monal, and cardiovascular changes. These findings highlight fractalkine
signaling as a potential mechanistic link between early alcohol exposure
and long-term neuroimmune and cardiovascular vulnerability, sup-
porting its consideration as a therapeutic target in FASD.
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