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Abstract

Current fetal alcohol spectrum disorders (FASD) studies primarily focus on alcohol’s actions on the fetal brain
although respiratory infections are a leading cause of morbidity/mortality in newborns. The limited studies
examining the pulmonary adaptations in FASD demonstrate decreased surfactant protein A and alveolar
macrophage phagocytosis, impaired differentiation, and increased risk of Group B streptococcal pneumonia with
no study examining sexual dimorphism in adaptations. We hypothesized that developmental alcohol exposure

in pregnancy will lead to sexually dimorphic fetal lung morphological and immune adaptations. Pregnant rats
were orogastrically treated once daily with alcohol (4.5 g/kg, gestational day [GD] 4 to 10, peak BAC, 216 mg/d|;
6.0 g/kg, GD 11 to 20, peak BAC, 289 mg/dl) or 50% maltose dextrin (isocalorically matched pair-fed controls) to
control for calories derived from ethanol. Male and female fetal lung RNA from a total of 20 dams were assessed
using the TapeStation (Agilent) and Qubit RNA broad-range assay. Samples with RNA Integrity Numbers (RINs) > 8
were prepared using the NEBNext Poly(A) mRNA Magnetic Isolation Module (NEB), xGen Broad-range RNA Library
Prep (IDT), and xGen Normalase UDI Primer Plate 2 (IDT). Final libraries were checked for quality and quantity

by Qubit hsDNA and LabChip. The samples were sequenced on the Illlumina NovaSeq S4 Paired-end 150 bp.
Fetal lung tissue were analyzed for histopathological assessments. Mean fetal weight, crown-rump length and
placental efficiency of the alcohol-administered rats were significantly lower (P <0.05) than the pair-fed control
pups. Differentially expressed genes indicated a sex-linked gene regulation dichotomy with a significantly higher
number of genes altered in the female fetal lungs compared to the male. Network analysis plot of downregulated
genes in the females exposed to alcohol in utero showed a negative impact on T cell activation and regulation,
T cell differentiation, decrease in CD8" T cell number etc. The most altered genes were Cd8b, Ccl25, Cd3e, Cd27,
Cd247, Cd3d, Ccr9, Cd2, Cd8a and were decreased by a log2fold change of >2 (P<0.05) in the female fetal lungs.
KEGG analyses showed that male and female fetal lungs had downregulated genes associated with development
and mitosis, whereas the females alone showed dysregulation of T cell genes. Comparison of gross appearance
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and histopathologic morphology showed that the developing lungs of both male and female fetal pups, displayed
stunted differentiation, were relatively hypoplastic, and displayed a diminution of alveolar size and air spaces.
Similarly, in both sexes, decreased alveolar capillarization was also evident in the alcohol-exposed fetal lungs. These
data provide novel information in a growing area focused on alcohol effects on the offspring lung and its influence
on appropriate fetal/neonatal immune responses and highlights the importance of examining sexual dimorphism

in developmental adaptations.
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Background

Alcohol exposure during pregnancy has well documented
effects on fetal development, particularly the developing
brain, and the resulting spectrum of deficits is termed as
fetal alcohol spectrum disorders (FASD) [1]. In the most
severe form, FASD is characterized by facial dysmorphol-
ogy, central nervous system deficits, and intrauterine
growth restriction [2, 3]. Approximately 10% of pregnant
people use alcohol across the world [4] with the highest
amount estimated to be in the European region [5]. In
over 40% of the countries where epidemiological studies
have been conducted, over 25% drink in a binge paradigm
[6], which is considered a harmful pattern of alcohol use
[7]. Recent estimates in the United States place the inci-
dence of FASD between 3.1 and 9.9% among school-aged
children [8, 9]. While fetal alcohol spectrum disorder
(FASD) is well known, it is important to acknowledge
alcohol’s systemic effects and address gaps in knowledge
regarding alcohol’s effect on fetal development to enrich
our understanding of underlying pathophysiology and
associated phenotypes.

There is a dearth of clinical studies examining pulmo-
nary sequalae in neonates and children with confirmed
in utero alcohol exposure history. Studies done in early
2000s in around 872 singleton neonates demonstrated
a 2.5-fold increase in infections among infants whose
mothers reported alcohol use [10]. A major effect of pre-
natal alcohol use on the risk of life-threatening respira-
tory viral infection was noted in children admitted to
hospitals in Argentina [11]. A recent study done in Aus-
tralian children directly correlated prenatal binge alcohol
exposure and seeking medical treatment for respiratory
infections [12]. In a South African cohort, infants aged
1.5-2.5 months old exhibited lower lung function follow-
ing in utero alcohol use compared to unexposed infants
[13]. A major gap in the respiratory studies in children is
the sparce reporting of the differences between the bio-
logical sexes in infants diagnosed with FASD. Animal
model-based studies are also limited in the field but they
unanimously identify the developing fetal lungs as a sen-
sitive target organ for alcohol exposure [14]; developmen-
tal alcohol exposure inhibits lung cellular growth [15],
decreases lung mass and maturation [16], decreases lung
VEGF expression [17], decreases surfactant production
and alters surfactant content [18]. Further, FASD animal

models show derangements in the innate and adaptive
immune system, accompanied by decreased surfactant
protein A expression [18], impaired alveolar phagocytosis
[19, 20], and alveolar macrophage differentiation [21].

Both clinical and preclinical translational studies per-
formed to date on FASD pulmonary effects form the
premise for the current study. In children, the severity
of respiratory infections among boys have been reported
to be consistently higher than those in girls but after
puberty, females are noted to exhibit more severe out-
comes from respiratory infections. In fact, during preg-
nancy, infection with febrile human respiratory virus is
directly related with more severe outcomes and hospital-
ization, including giving birth to low birthweight babies
[22, 23]. To date, there has been no study that has investi-
gated the effect of alcohol use in pregnancy on fetal lung
development as a function of sex. We hypothesized that
developmental alcohol exposure in pregnancy will lead to
sexually dimorphic fetal lung morphological and immune
adaptations at the level of transcriptome in a well-docu-
mented rat FASD model.

Materials & methods

Treatment groups and alcohol in vivo dosing paradigm

All experimental procedures were performed as per
National Institutes of Health guidelines (Revised NIH
Publication No. 85-23, 1996; US Department of Health,
Education and Welfare, Bethesda, MD), with approval
by the Animal Care and Use Committee at Wayne State
University. Timed pregnant Sprague—Dawley rats pur-
chased from Charles River (Wilmington, MA) arrived
on GD 4 and were housed in a temperature-controlled
room (23 °C) with a 12:12-hour light-dark cycle with
ad libitum access to water. The dams were acclimatized
for a day before weighing and handling. The dams were
then assigned into experimental groups. Two treat-
ment groups were utilized: (1) a nutritional pair-fed
control group (Control,n=35), that served as a control for
nutrition and for the gavage procedure. To control for
the calories derived from alcohol, these pair-fed con-
trol rats were administered isocaloric maltose-dextrin
(once-daily) via orogastric gavage. (2) a binge alcohol
group (Alcohol, n=5), where dams were acclimatized
with a once-daily gavage (orogastric) of 4.5 g/kg ethanol
(22.5% weight/volume; peak blood alcohol concentration
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(BAC), 216 mg/dl) from gestational days (GD) 5-10, and
progressed to a 6 g/kg alcohol from GD 11-19 (28.5%
weight/volume; peak BAC, 289 mg/dl) [24, 25]. The expo-
sure paradigm utilized in this study was carefully mod-
eled after published gestational alcohol consumption
patterns in humans as well as several FAS animal models
[26-28]. Maternal weights were measured daily. Intake
of food in the alcohol treatment group was measured
every day, and an equivalent amount of food was given
to the pair-fed control dams to account for additional
nutritional factors. Rats were euthanized by decapitation
while under isoflurane anesthesia. Immediately following
euthanasia, dams were dissected, and fetuses were iso-
lated for sex determination followed by growth measures,
and tissue collection. Lungs were carefully isolated under
sterile conditions and flash frozen for RNA sequencing
(1 male and 1 female/dam). Lungs from a subset of the
remaining pups were isolated and stored under appropri-
ate conditions for histological analysis.

RNA extraction and quality control

Flash frozen fetal lungs (n=5 Control males, n=5 Con-
trol females; =5 Alcohol males, n=5 Alcohol females)
were utilized for RNA isolation, quantitation and quality
control assessment (University of Michigan Epigenomics
Core). Frozen tissues were cryopulverized using a CP02
Cryopulverizer (Covaris). The pulverized tissue was then
processed for RNA isolation using Qiagen’s DNA/RNA
AllPrep kit, following the manufacturer’s instructions.
RNA was eluted in 30ul of RNAse free water provided
with the kit. The RNA was quantified using the Qubit
BR RNA kit, and quality was assessed on the TapeSta-
tion 4200 using the RNA ScreenTape assay. The extracted
RNA was next utilized for RNA-Seq processing.

Library preparation and RNA sequencing information

RNA was assessed using the TapeStation (Agilent) and
Qubit RNA broad-range assay (Thermofisher). Samples
with RINs (RNA Integrity Numbers) of 8 or greater were
prepared using the NEBNext Poly(A) mRNA Magnetic
Isolation Module (NEB), xGen Broad-range RNA Library
Prep (IDT), and xGen Normalase UDI Primer Plate 2
(IDT) where 200ng of total RNA was converted to mRNA
using polyA purification. The mRNA is then fragmented
and copied into first strand cDNA using reverse tran-
scriptase and random primers. The 3 prime ends of the
cDNA are then adenylated and adapters are ligated. The
products are purified and enriched by PCR to create the
final cDNA library. Final libraries were checked for qual-
ity and quantity by Qubit hsDNA (Thermofisher) and
LabChip (Perkin Elmer). The samples were sequenced on
the Illumina NovaSeq S4 Paired-end 150 bp, according to
manufacturer’s recommended protocols.
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Bioinformatics analyses

Differentially expressed gene analysis

First, raw bulk RNA-sequenced counts for all samples
(n=20) were input to R [29] (version 4.2.2) and tran-
scripts with > 1 count per million across >3 samples were
retained. All differential gene expression analyses com-
paring samples across treatment and sex were executed
using edgeR [30] version 3.40.2’s exact test function. The
exact test function returned g-values to control for Type
I errors, which are False Discovery Rate-corrected p-val-
ues and log 2-fold change (log2FC) values correspond-
ing to the degree of gene expression change between the
two groups tested for each pairwise comparison. Positive
log2FC values indicate a higher magnitude of transcrip-
tion for a given gene in the alcohol-treated group (upreg-
ulation), while negative 1og2FC values are indicative of
a lower magnitude of gene transcription in the alcohol
group (downregulation). Differentially expressed genes
(DEGs) are defined as those having a q-value<0.1 and
log2FC >|0.5| and are displayed in Fig. 1, which was gen-
erated using ggplot2 version 3.4.4 [31]. DEGs were ini-
tially annotated with Ensemble IDs and were mapped to
rat gene symbols using SYNGO [32], the clusterProfiler
R package’s bitr function [33], and the Rat Genome Data-
base [34]. Additionally, all data wrangling in the DEG
analysis was executed using dplyr version 1.1.4 [35].

KEGG pathway ontology analysis

Subsequently, the edgeR DEG output was input to KEGG
[36] using the R GAGE package [37] (version 2.48.0)
using default parameters. GAGE, using the default two
sample t-test returned significantly perturbed KEGG
pathways for each pairwise comparison. Significant path-
ways were also analyzed using ggplot2 version 3.4.4 [31].
The “gene counts” correspond to the number of genes
that were tested within the corresponding perturbed
KEGG pathway.

Enrichr-KG network analysis

Post hoc analysis was performed with DEGs that were
downregulated in female control versus female alcohol
and input to Enrichr-KG were evaluated as described
previously [38]. These DEGs were subsequently matched
to perturbed terms found in MGI Mammalian Phenotype
Level 4 2021 [39], KEGG 2021 Human [36], and GO Bio-
logical Process 2021 [40, 41].

Lung histology

Hematoxylin and eosin (H&E) staining was performed for
histopathology assessment of the fetal lungs. Since we did
not intend to perform quantitative morphometrics, one
male and female pup from a Control and Alcohol dam
were used for these assessments. Fetal lungs were dis-
sected, fixed in 10% formalin and embedded in paraffin.
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Fig. 1 Volcano plots mapping out the distribution of differentially expressed genes (DEGs) in the fetal lungs following alcohol treatment compared with
the controls (a) independent of sex (Control n=10, Alcohol n=10), (b) the male (Control n=5, Alcohol n=5), and (c) the female (Control n=5, Alcohol
n=5). In all plots (A-C), red dots represent genes that are significantly upregulated following alcohol treatment compared to the Controls, blue dots
indicate significantly downregulated genes following alcohol treatment compared to the Controls, and black dots represent genes that were not dif-

ferentially expressed. Significance was established a priori at P<0.05

Table 1 Maternal and fetal growth parameters and outcomes.
Dams were sacrificed on GD 20 (control, n=5; Alcohol, n=5).
Values are expressed as Mean + SEM. * indicates statistical
significance, P<0.05

Measurements  Control Alcohol P-Value Significant?
Maternal Weight  2234+1366 243.2+1339 03308 No
Start (g)

Maternal Weight 324+£869 323.1+£1875 09678 No
End (9)

Maternal Weight  89.11+£1745 81.28+696 06830 No
Gain (g)

Litter Size 12.2+0.80 126+125 07942 No
Fetal Weight (g) 3.05+0.30 209+009 0.0153* Yes
Crown-Rump 3334+066 2981+097 0.0169* Yes
Length (mm)

Sex-Ratio (M/F) 1.09+0.20 130+£029 05701 No
Lung Weight/ 0.038+0.002 0.039+0.001 0.6960 No
Fetal Weight

Placental 500+0.19 4.18+0.18 0.0131* Yes
Efficiency

Tissue blocks were cut into 5-pm slices using microtome
(model RM2235; Leica, Germany). Stained slides were
analyzed under a light microscope by a pathologist.

Results

Maternal-fetal growth parameters Dams were sacri-
ficed on GD 20 (Control n=5, Alcohol »=5) and various
parameters were measured as shown in Table 1. Mater-
nal weights were not different between the Control and
the Alcohol administered dams. Fetal weights of alco-
hol administered rats (2.09+0.09) were significantly
lower (P=0.0153) compared to the pair-fed control rats
(3.05+0.30) showing a decrease by ~37.5%. Crown rump
length, was significantly lower with alcohol treatment
(P=0.0169) compared to the Controls. Placental effi-
ciency (PE), measured as ratio of fetal weight to placental
weight, commonly used as a biomarker of placental func-
tion, was significantly different (P=0.0131). There was no
difference in litter size between the Control (12.2 +0.80)
and Alcohol (12.6 + 1.25) dams. The sex ratio, calculated
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as number of females pups per male was not different
between the two groups.

Transcriptome analysis High throughput RNA-sequenc-
ing identified a maximum of 14,508 genes in the fetal
lungs for comparison. Volcano plots mapping out the dis-
tribution of differentially expressed genes (DEGs) in the
fetal lungs following alcohol treatment compared with the
controls are depicted in Fig. 1. Specifically, the volcano
plots depict the log 2-fold change against the log-trans-
formed p-values for the DEGs for each pairwise compari-
son conducted in edgeR. Log 2-fold change as a function
of pairwise comparisons selected based on the treatment
and the sex of the rats. Independent of sex, a total of 72
genes were significantly downregulated and 180 genes
were upregulated following alcohol exposure in the fetal
lungs compared with those in the Controls. These DEGs
strongly suggested the existence of a sex-dependent gene
regulation dichotomy; in the male lungs only 2 genes were
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exclusively downregulated and 4 were upregulated com-
pared to the Controls. In contrast, in the female lungs, 34
genes were selectively downregulated and 40 genes were
upregulated following in utero alcohol exposure. The dif-
ference in number of significantly altered genes when
analyzed together versus separated by sex may likely stem
from statistical factors including differences in statistical
power or pooling effect while doing a combined analysis.

A network analysis plot (Fig. 2) of downregulated genes
in the female fetal lungs following chronic binge alcohol
exposure showed that they were predominantly asso-
ciated with T cell regulation, notably abnormal T cell
regulation, decrease in thymocyte number, a decrease in
double positive T cell number, abnormal T cell differen-
tiation, and a decrease in CD8 + T cell number. The nodes
depicted in green color are the genes, while the edges
are the significantly perturbed terms found in ontology
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Fig. 2 Network analysis plot of downregulated genes in the female fetal lungs following chronic binge alcohol exposure. The nodes are the genes (green
circles), while the edges are the significantly perturbed terms found in ontology databases (MGl Mammalian Phenotype Level 4 2021 =orange circles,
KEGG 2021 Human =gray circles, and GO Biological Processes 2021 = pink circles). Relationships between nodes and edges are demonstrated by the lines

that connect them
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databases, including the MGI Mammalian Phenotype
Level 4, KEGG, and GO Biological Processes.

The genes that were downregulated in the females were
further analyzed; only genes that were altered by greater
than a log2 fold change of 2.0 in the females were con-
sidered for comparison (Fig. 3). There were a total of 17
genes that were altered by a log2 fold change>2.15 with
a P<0.05 and all of them were downregulated (Fig. 3),
except for one gene (RETN) that was upregulated by
3.78 fold following alcohol treatment. The fold change of
these 16 genes in the males were also analyzed and nota-
bly none of them were significantly downregulated in
the male after accounting for false discovery rate. Inter-
estingly, the top genes that were altered were directly
related to adaptive immune system associated with the
T cell validating the data from the network analysis.
The downregulated genes in the female, including Pax1
(18.17 fold, P=1.52e-05), Cd8b (]7.36 fold, P=7.11e-06),
Ccl25 (]6.61 fold, P=0.000188062), Cd27 (15.22 fold,
P=0.000299549), Cd247 (]4.56 fold, P=0.000622637),
Cd3d (14.20 fold, P=0.000778785), Ccr9 (13.98 fold,
0.000792526), Cd2 (1398 fold, P=0.000364227),
Ragl (13.97 fold, P=1.41e-05), Tbata (|3.89 fold,
P=0.000405168), Cd8a (13.43 fold, P=2.25e-05), Prss16
(13.41 fold, P=0.000127485), Arpp21 (]2.87 fold,
P=5.09e-05), Lck (12.82 fold, P=1.12e-05), Slamf6 (]2.19
fold, P=5.69¢-06), and Lag3 (|-2.18 fold, P=1.54e-05).
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KEGG pathway analyses validated sexual dimorphism
associated with alcohol treatment in rats (Fig. 4). The
plots demonstrate the number of corresponding genes
between KEGG and rat lung RNA sequenced data for
the pairwise comparisons of alcohol treated fetal lungs
in females compared to female controls and alcohol-
treated fetal lungs in males compared to respective male
controls. Notably both the males and females exhibited a
downregulation in pathways related to cell division and
mitosis. Similarly, both the males and females showed
an upregulation of pathways related to alcohol metabo-
lism and xenobiotics/metabolism. However, there was a
sexual dimorphism in the downregulated genes; the fetal
lungs from the females alone exhibited a decrease in T
cell signaling and adaptive immune system regulation. A
similar downregulation of T cell-related regulation was
not found in the males.

Venn diagrams were plotted to quantify the common
and unique genes that were downregulated and upregu-
lated (Fig. 5). 8 genes were downregulated in the control
male lungs compared to the female control lungs. 2 genes
were downregulated in the alcohol-exposed fetal male
lungs, whereas 34 were downregulated in the females
compared to their respective controls. Among the
upregulated genes, there were 5 upregulated in the male
control lungs compared to the female controls. Only 4
genes were upregulated following alcohol exposure in
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Fig. 3 Top genes altered by 2X Log2Fold change in the female and male fetal lungs following chronic binge alcohol exposure compared to their respec-
tive Controls. * represents significant change following alcohol treatment compared the respective Controls
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Fig. 4 KEGG pathway analyses validate sexual dimorphism associated with alcohol treatment in rats. g-values for all represented pathways are <0.05
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Fig. 5 Venn diagrams quantifying the number of common and unique
genes that were downregulated and upregulated with alcohol exposure
and sex as variables. FC=Female Control, MC=Male Control, FA=Female
Alcohol, and MA=Male Alcohol

the males, whereas 40 were upregulated in the females
compared to their respective Controls. To validate the
RNA-seq data related to a deficit in mitosis and lung
development, we performed histopathologic analysis in
the fetal lungs from male and female fetuses.

Following alcohol exposure, histopathological analysis
was performed on lung tissue. The objective of this analy-
sis was to evaluate and compare the histopathological
implications of alcohol exposure on fetal lungs. Compari-
son of gross appearance and histopathologic morphol-
ogy showed that both male and female fetal lungs display
stunted differentiation (Fig. 6). Further, they were rela-
tively hypoplastic, and displayed a diminution of alveo-
lar size and air spaces. Decreased alveolar capillarization

was also evident in the alcohol-exposed fetal lungs in
both the sexes.

Discussion

The novel data from the current study sets the foundation
for identification of specific alcohol target pathways in
FASD pulmonary phenotype and lung immune etiology.
This important endeavor is critical for prevention and
development of interventions in children with chronic
respiratory conditions or who are susceptible to respi-
ratory infections, particularly if there are aberrations in
their pulmonary immune system that may lead to hyper-
sensitive reactions to infections and vaccination. Three
principal findings can be gleaned from the current study.
First, sexual dimorphism is an important aspect of fetal
immune adaptations. Second, sexual dimorphism is an
important facet of FASD and FASD immunology. Third,
the lungs are an important target in FASD.

Sexual dimorphism is an important aspect of fetal
immune adaptations The fetal and subsequent neonatal
immune system can be shaped by either non-infectious
stimuli, such as alcohol consumption, or by infections
(viral, bacterial or parasitic) [42]. Inflammation due to
viral infections has been associated with increased risk
for developmental problems, such as fetal growth restric-
tion [43], autism spectrum disorders (ASD), schizophre-
nia [44], asthma and allergies [45-50], as well as preterm
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birth [51]. Previous studies in sheep have also shown a
relationship between fetal growth restriction and altered
lung development [52, 53]. This study confirms that fetal
growth restriction (FGR) is correlated with fetal lung
development, but is not able to determine causality. Both
male and female subjects exhibited growth restriction and
alterations in lung gene expression. However, the female
fetuses showed selective decrease in the expression of sev-
eral genes related to the adaptive immune system, specifi-
cally, those related to T cells. The susceptibility of adult
females to certain lung diseases and increased severity
is well known and develops following adolescence. After
childhood, where reproductive hormone expression is
considered similar between male and female, it is noted
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Fig. 6 Comparison of gross appearance of fetal lungs following alcohol exposure showed that the developing lungs in both sexes display stunted dif-
ferentiation following alcohol exposure in utero. Representative image is from a male fetal lung

that incidence rates of asthma decrease for males while
rates increase for females [54, 55]. Other chronic lung
diseases, such a pulmonary arterial hypertension and
lymphangioleiomyomatosis predominantly affect females
[56], while COPD and bronchiectasis are associated with
increased severity in adult females [57, 58]. Autoimmune
diseases are also reported to significantly affect females
more, including sarcoidosis, systemic sclerosis (SSc),
rheumatoid arthritis (RA), Sjogren’s syndrome, and sys-
temic lupus erythematosus, and lung-involvement in
these diseases is no different [58]. It has been reported
that there is over three fold higher prevalence of lung con-
ditions reported in females compared with males [59]. A
greater lifetime exposure to endogenous and exogenous



Naik et al. Respiratory Research (2025) 26:6

estrogen is associated with more severe asthma [60]. Con-
sidering this increased susceptibility of adult female lungs
to certain exposures, this study suggests these effects may
begin in utero.

Sexual dimorphism is an important facet of FASD and
FASD immunology Unfortunately, there is limited
knowledge about alcohol-induced inflammation on the
development of both systemic and local (lung mucosal)
immune system in the fetus as well as in the neonate. To
assess inflammatory/immune adaptations of the fetal lung
(mucosal) following chronic binge alcohol consumption,
we generated important data using high throughput RNA
sequencing. The alcohol exposure period in the current
study is during a highly sensitive period, i.e., pregnancy,
and both the male and female fetuses are exposed to the
same blood alcohol concentration. Another unique fea-
ture of this study is that it examines the fetuses prior to
delivery rather than examining early childhood. It is doc-
umented that female fetuses exhibit a higher regulatory
immune response, but male fetuses show a more potent
inflammatory response, and this develops into a major
dimorphism especially with adaptive T cell response [61].
There is a dearth of information regarding triggers or
stressors in pregnancy which causes genetic/environmen-
tal/epigenetic changes in the growing fetus, in particular
to the establishment of the adult lung immune profile. At
least until 2012, Streissguth states that there has been no
study that has investigated sex differences in FAS patients,
and in FASD work in children do not even specify the
number of male vs. female [62]. A recent study in Canada
showed a dichotomy in functions affected by alcohol, spe-
cifically with neurodevelopment and behavior; females
show compromised endocrine regulation, anxiety disor-
der, and trauma, whereas males show deficits in motor
control, ADHD, and problems in school [63]. Similarly,
male and female children diagnosed with FASD exhibit
altered eye movements with different aspects altered
between the sexes compared to their respective Controls
[64]. Another recent study with 83 children (ages 6-13) in
Canada, showed that females diagnosed with FASD spe-
cifically showed the largest perturbations in neural oscil-
lations [65]. One study in a rodent FASD model showed
female offspring had lower spleen weight and spleen
Tregs, and circulating monocytes were elevated in males
[66]. Our data showed prenatal alcohol exposure compro-
mised T Cell related gene expression in females with no
significant alteration in males; the downregulated genes
in the female, included Pax1, Cd27, Cd247, Cd3d, Ccr9,
Cd2, Ragl, Tbata, Cd8a, Prss16, Arpp21, Lck, Slamf6, and
Lag3, and all of them were downregulated by > 2 log2fold.
In summary, our data shows that there is a clear sexual
dimorphism in lung immune system development, and it
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is important to consider sex as a biological variable while
investigating FASD.

Lung is an important target in FASD Our data shows that
several genes related to lung development were altered
following alcohol exposure independent of the sex. Early
rodent studies support these findings that second trimes-
ter acute alcohol exposure resulted in pulmonary devel-
opmental impairments [67]. In sheep, alcohol-exposed
fetuses showed significantly decreased surfactant pro-
tein (SP)-A mRNA expression and this study suggested
increased susceptibility to RSV but did not examine the
sexes [68]. Another study in sheep showed prenatal alco-
hol exposure had significantly reduced fetal lung TNE-
a, IL-10, and CCL5 and reduced fetal lung protein level
only in preterm lambs [17]. A third study in sheep showed
an alcohol-induced decrease in fetal lung IL-1p and IL8
mRNA expression concomitant with an increase in pul-
monary collagen 1-al and collagen deposition, along
with a decrease in SP-A and SP-B mRNA, but again did
not examine the sexes [69]. In mice, it was demonstrated
that fetal alcohol exposure leads to impaired adaptative
immune response with decreased virus-specific lung Cd8
T cells, and a decrease in production of influenza-specific
antibodies after an influenza infection [70]. In guinea pigs,
prenatal alcohol exposure was demonstrated to impair
macrophage function and viability and this was mediated
by redox pathways, specifically a decrease in glutathione
(GSH) bioavailability [71] that exacerbates the risk for
experimentally-induced pneumonia [72, 73]. A review
on prenatal alcohol exposure effects on immune-related
outcomes including atopic allergies and infection out-
comes in the offspring [74], suggests that multiple arms
of immune system are affected. Our current study closes a
major gap related to the effects of alcohol on the adaptive
immune system by classifying sex as an important biologi-
cal variable.

Perspectives and significance The current data forms a
strong premise to develop a mechanistic framework for
dissecting the contribution of alcohol to lung develop-
ment, evaluate aberrant postnatal immune response to
infections, supporting future studies on inflammatory
outcomes in children. The information from the current
manuscript will help us understand the immunologi-
cal mechanisms underlying lung developmental adapta-
tions. This is certain to assist public health policymaking.
Toward mechanism, RNA-seq analysis showed a marked
and significant response to fetal alcohol exposure at mul-
tiple ontological levels consistent with abnormal respi-
ratory development and immune development that was
sexually dimorphic. This experiment is the first to provide
evidence that gestational binge alcohol consumption can
have a direct effect on the transcriptome of the fetal lung
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in a sexually dimorphic pattern. The current study in con-
junction with previous reports of alcohol-induced altera-
tions to the developing lung adaptations by other groups
will serve as the base for future investigations and will
require further validation by molecular and integrative
approaches. The study shows that it is important not to
ignore sex as a variable to dissect the subtle changes that
arise based on the biological sex.
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