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Abstract
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The adverse use of alcohol is a serious global public health problem. Maternal alcohol consumption during preg-
nancy usually causes prenatal alcohol exposure (PAE) in the developing fetus, leading to a spectrum of disorders
known as fetal alcohol spectrum disorders (FASD) and even fetal alcohol syndrome (FAS) throughout the lifelong
sufferers. The prevalence of FASD is approximately 7.7 per 1,000 worldwide, and is even higher in developed regions.
Generally, Ethanol in alcoholic beverages can impair embryonic neurological development through multiple path-
ways leading to FASD. Among them, the leading mechanism of FASDs is attributed to ethanol-induced neuroinflam-
matory damage to the central nervous system (CNS). Although the underlying molecular mechanisms remain unclear,
the remaining multiple pathological mechanisms is likely due to the neurotoxic damage of ethanol and the resultant
neuronal loss. Regardless of the molecular pathway, the ultimate outcome of the developing CNS exposed to etha-
nol is almost always the destruction and apoptosis of neurons, which leads to the reduction of neurons and further
the development of FASD. In this review, we systematically summarize the current research progress on the patho-
genesis of FASD, which hopefully provides new insights into differential early diagnosis, treatment and prevention
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Introduction

Alcohol abuse is a global problem, currently shows an
upward trend in both the amount and rate of alcohol
consumption per capita worldwide [1]. Almost any level
of alcohol consumption is considered harmful, how-
ever, it is almost impossible to achieve this global goal of
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reducing alcohol consumption [1, 2]. More strikingly, the
global rate of alcohol consumption among women during
pregnancy is also increasing, and has hitherto reached
9.8% [3]. Accordingly, prenatal alcohol exposure (PAE) is
also the most common cause of fetal origin disease [4].
Fetal Alcohol Spectrum Disorder (FASD) is a general
term for multiple manifestations of fetal defects that is
likely caused by PAE [5, 6]. Once aggravated with perma-
nent neurological and birth defects, FASD will develop
into FAS [5, 6]. Due to direct, lasting, multisystemic and
irreversible damage to the embryo, the global prevalence
of FASD is approximately 7.7 per 1000 population (95%
CI, 4.9-11.7 per 1000 population), and varies by different
regions [7, 8]. For instance, the developed regions such
as Europe have the highest prevalence (19.8 per 1,000)
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and the Mediterranean region has the lowest prevalence
(0.1 per 1,000) [8]. In a survey of mainstream elementary
school in Manchester, UK, the crude prevalence of FASD
reached an alarming 1.8% (95% CI: 1.0%, 3.4%) [9]. Based
on a systematic review of 23,470 studies from Svetlana
Popova, approximately 15% women who drink during
pregnancy will give birth to children with Fetal Alcohol
Syndrome (FAS) [3].

Although there are a variety of prenatal exposures
which could cause embryonic neurodevelopmental disor-
ders, in terms of exposure risk and degree of nerve dam-
age, alcohol is more severe than other risky substances
like tobacco and marijuana [10]. PAE often affects the
neurological development of the embryo, resulting in
FASD and even FAS, which is indicative of the most typi-
cal features, such as morphological changes, cognitive
impairment, and behavioral deficit. Regarding abnor-
malities of these aspects, a study done by Amanda Facciol
showed the aforementioned abnormalities in a zebrafish
model with different alcohol gradients [11]. Notably,
PAE remarkably affected genotypes, displaying a signifi-
cant increase in anxiety-like behavior [11]. In addition,
a systematic evaluation and comprehensive analysis of
patients has demonstrated a causal relationship between
PAE and fetal cognitive, learning, and memory deficits
[12]. This implied that alcohol has a significant negative
impact on neurodevelopment, which is proportional to
the severity of PAE [13]. Concurrently, the complicated
medical and social obstacles associated with FAS in
children severely compromise their physical and men-
tal development. A meta-analysis from Canada indi-
cated that 428 comorbidities co-occur with FASD, which
includes genetic, homeostatic, behavioral disorders and
so on [14, 15]. Additionally, social issues such as dating,
schooling, and maintaining stable employment will fol-
low [16]. Given that the onset of FASD is mostly silent
and undetectable and the underlying mechanism is still
unknown, it is challenging to reduce the harmful use of
alcohol for decrease of frequency of occurrence or pres-
ence of FASD. Presently, it has been shown that mater-
nal alcohol consumption during pregnancy causes FASD,
and chronic alcohol consumption by the father also
causes FASD (This mainly ascribes to the effect of alco-
hol on the embryo through the father’s spermatogenesis)
[17, 18]. Therefore, a better understanding of the molec-
ular mechanisms underlying FASD is very important to
prevent and treat FASD. Furthermore, it is imperative to
explore effective treatment strategies for FASD and give
patients with FASD some special cares at the societal
level to reduce stigma, improve quality of life and prevent
the occurrence of FASD in future generations [1, 14, 16,
19]. The multiple hazards brought by the aforementioned
PAE and the challenge for treatment of FASD all imply an
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urgent need for immediate and efficient action to resolve
this serious issue [20].

Owing to a serious disruption of PAE in embryo’s brain
development and the complexity of the pathogenesis,
diagnosis and treatment FASD, a further understand
the pathophysiology and pathogenesis of FASD is vital
to develop optimal strategies to prevent, diagnose, and
achieve breakthroughs of treatment of FASD. This review
will focus mainly on the molecular mechanism of FASD
pathogenesis, treatment, prevention and future research
breakthroughs.

The search of cited research was conducted in elec-
tronic databases from dates April 2023: PubMed,
MEDLINE, Embase, Web of Science Core Collection,
Cochrane Database of Systematic Reviews. Title and
abstract screening were performed in two stages by
one reviewer, supported by a second reviewer. Full-text
screening, data extraction, and quality appraisal were
performed by two reviewers independently. The papers
selected were English language only.

Neuronal damage mechanism of FASD

Among a host of embryonic diseases, prenatal alcohol
exposure (PAE) is the most frequent cause of a variety of
non-genetic factors resulting in fetal neurodevelopmen-
tal or fetal neuro-related behavioral abnormalities. Alco-
hol could directly or indirectly impair development of
embryos in utero in a multi-systemic, multi-faceted, and
multi-level manner, leading to the development of FASD
in the fetus after birth, or further developing into FAS
[4]. The main mechanism of FASD is closely related with
alcohol-induced neuroinflammation and oxidative stress,
by which potentially result in neural cell apoptosis in the
developing embryonic brain, thus impeding the develop-
ment of the embryonic brain [7, 21]. Ethanol neurotoxic-
ity is another major mechanism by which ethanol causes
FASD by direct damage to various signaling pathways
[7, 22]. Through several signal transduction pathways,
including G protein-coupled receptor, tyrosine kinase
receptor and insulin receptor, ethanol can subtly interfere
with the normal development of the embryonic nervous
system [23, 24]. In addition, through epigenetic mecha-
nisms like aberrant DNA methylation and gene expres-
sion (transcription, translation, etc.), excessive alcohol
use also impedes the neurological system development
[7, 25, 26]. Although ethanol can cause extensive dam-
age to normal tissues and cells, the exact mechanisms of
alcohol neurotoxicity remain unknown. Therefore, more
research needed to be further investigated.

In spite of alcohol consumed by the mother, the main
composition of alcohol (ethanol and its metabolite acet-
aldehyde) has the ability to cross the placental barrier and
directly harm an embryo’s developing nervous system.
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The alcohol-Induced damage to the developing nerv-
ous system is associated with ethanol-induced oxidative
stress and neurotoxicity which elicit varying degrees of
neural cell apoptosis, degeneration or necrosis, eventu-
ally resulting in neurodevelopmental abnormalities and
functional deficits [21, 22, 27]. Regarding this point, more
PAE animal models and studies of children with FASD
both demonstrate this standpoint [28, 29]. In short, etha-
nol could affect the development of nerve cells through
various signaling pathways, eventually leading to a
decrease of total numbers of neurons in the embryonic
nervous system and the resultant neural dysfunction and
neurodevelopmental defects in children.

Oxidative stress injury

The pathogenesis of FASD is mainly attributed to the
autophagy of growing neurons following the inflamma-
tory response caused by ethanol in the fetal body through
oxidative stress, which is directly linked to the raise in
reactive oxygen species (ROS) in the embryo after etha-
nol ingestion [21, 22]. It is reported that apart from reac-
tive oxygen and nitrogen species, ROS includes at least
one oxygen atom and one or more unpaired electrons,
can live independently in the human body [30]. The
group is generally composed of oxygen radicals, includ-
ing hydroxyl, singlet oxygen, hydrogen peroxide, free
nitrogen, and superoxide anion radicals. Consequently,
ROS are the generic term for a group of substances [31].
Previously, ROS were considered as toxic byproducts
of the body’s oxygen metabolism, which could damage
DNA directly or indirectly before causing cell death [32,
33]. However, with in-depth understanding of ROS, a
growing number of studies showed that a particular bio-
logical level of ROS is constantly generated in the human
body. As a signal molecule in numerous regular physi-
ological processes of the human body, ROS are primarily
produced by mitochondria and NADPH oxidase (NOX)
in cells [30, 34, 35]. Each ROS has distinct biochemi-
cal properties and participates in various bodily physi-
ological processes [31, 34, 35]. Once ROS level reaches
physiological threshold concentration, it can function
as anti-microbial effectors and signal molecules, and
interacts with the protein complex nuclear transcription
factor-kappa B (NF-B), which controls DNA transcrip-
tion [34]. Notably, the body regular metabolism is mainly
due to the balance between generation and removal
of free radicals, which is conducive to natural selection
through regulation of physiological differentiation and
death of healthy cells [30, 31, 35]. However, once the
equilibrium between antioxidant and oxidative factors
or the generation and removal of ROS are disturbed, it
will cause oxidative stress to harm the human body [36].
For instance, a long-term alcohol abuser’s body usually
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has a variety of oxidation/anti-oxidation imbalances [37].
In the research of PAE mice, the increased expression of
different NOX subunits was found to result in excessive
ROS production [38]. In addition, reduced expression
of antioxidant enzymes such as superoxide dismutase,
glutathione peroxidase and catalase were identified [39].
This is likely to due to an imbalance ROS in the devel-
oping embryo resulting in oxidative damage. Based on
these reports, we speculate the ROS in the embryo and
uterus are more likely to be elevated as maternal alcohol
abuse during pregnancy through the placental barrier,
and the increased ROS breaks the equilibrium [21, 40].
As a result, the embryo development of different system
including the nervous system are usually attacked [21, 40,
41]. In general, the numerous systems that are affected by
oxidative stress produce an imbalance of ROS, resulting
in cell death, vascular sclerosis, an increase in autoim-
mune illnesses, and others [41]. As a result, damage to
the developing nerve system in the womb causes FASD
[21, 40]. The damage to DNA and the damage triggered
by associated inflammatory factors serve as the primary
pathogenesis of the process of ROS-induced oxidative
stress leading to FASD [41]. This mechanism of damage
is thus called as embryonic pathological neurogenesis.
The damage caused by oxidative stress cascade serves
as the primary pathogenesis of the process of ROS-
induced oxidative insult leading to FASD. In studies on
C57BL/6 mice with PAE, both Jian Dong and Liya Qin
found that the mRNA expression of the catalytic and
regulatory subunit of NADPH oxidase (NOX) was sig-
nificantly increased; however, after treatment with NOX
enzyme inhibitor, ROS production and oxidative DNA
damage in mice were significantly reduced. In addition,
the incidence of embryonic cell was also significantly
reduced [42, 43]. Consistently, another study by Mara
José Pérez, Roco Loyola, et al. also found that ethanol-
induced oxidative stress, mitochondrial dysfunction,
and damage to synaptic vesicle activity were all consid-
erably reduced in the mice after treated with apocytin,
a NADPH inhibitor [44]. These results demonstrate that
exogenous ROS produced by the metabolism of NOX in
cells, can result in cell DNA damage, apoptosis, and other
damages, are increased by ethanol consumption (Fig. 1).

ROS damage to DNA

PAE also induces the generation of ROS. Concomi-
tantly, ROS can result in oxidative stress, leading to
DNA damage of cells and cognitive impairments in
embryo. In the cell nucleus, chromatin DNA can be
attacked by ROS, including DNA damage from direct
attack and indirectly induced lipid peroxidation to
produce lipid peroxyl radicals (LOOe) to further form
multiple DNA adducts and thus cause cell damage [32,
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Fig. 1 The damage of ROS from ethanol metabolism to neuronal development through multiple pathways. a Ethanol decreases the level

of antioxidant enzymes in the embryo; b Ethanol is metabolized by NADPH oxidase in mitochondria to produce excessive by-products of ROS; ¢
Overabundant ROS can enter the nuclei and directly attack dsDNA causing diverse types of DNA damage; d Overabundant ROS can catch H chain
from lipids and peroxidize them to produce LOO; e The LOO -produced bind to DNA to generate DNA adducts that indirectly damage dsDNA; f
Overabundant ROS activates microglia via PRRs on the microglia membrane

33]. It was reported by Zhen Luo et al., that exogenous
ROS were capable to eliciting the trophoblastic ecto-
derm cell cycle arrest in the S phase and G2/M phase,
and increased the autophagic protein expression in
the endoplasmic reticullum and the rate of ectoderm
cell apoptosis [22, 45]. Nevertheless, the limitation
of this study is not to precisely elucidate how ROS
result in DNA damage. Subsequently, this question
was addressed through a series of studies by Lutfiya
Miller-Pinsler et al. They found that the most common
exogenous ROS were verified as main source of the
DNA damage, and the cognitive and behavioral defi-
cits of the offspring of the CD-1 mouse model of PAE
pretreatment with phenyl-N-tert-butyl nitrone (PBN;
40 mg/kg), a free radio spin trap which can reduce

ROS, were dramatically reduced as compared to those
of regular PAE animals [46]. Especially, PBN pretreat-
ment decreased postnatal learning deficit (p <0.01) and
EtOH-induced DNA oxidation in the brains of children
(p<0.05) [46]. For substantiating the view, the oxygua-
nine glycosylase 1 (Oggl) gene involved in DNA repair,
was later knocked out. Encouragingly, the pathogenic-
ity and level of 8-0x0-2’- deoxyguanosine (8-oxodGuo),
a marker of DNA double-strand break, which is a major
product of DNA oxidation and belongs to premuta-
genic damage, were both increased, indicating that
serious DNA damage does exist in PAE mice [40, 47].
Based on the results, ROS arising from embryonic eth-
anol exposure will produce severe DNA damage of cells
and cognitive impairments in children [40, 45-47].
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Although accumulating studies have shown that ROS
can damage DNA, it is still unknown about how ROS
damage DNA. Currently, the majority of the DNA dam-
age induced by ROS, such as 8-oxo-purine(8-oxo-Pu),
depends on the attack of the most reactive free radical,
the hydroxyl radical (HO»), which is one of multiple ROS
produced by the metabolism of ethanol [48]. Addition-
ally, the attack by HO is totally responsible for the devel-
opment of 5, 8-cyclic purine (cPu) damage both in vitro
and in vivo [48]. Only hydroxyl radical attack to 2’-deox-
yribose units results in C5’ radicals, which are then
cyclized with the C8 position of the purine base to pro-
duce 5; 8-cyclic purine (cPu) damage [49]. The cPu aris-
ing from ROS is a tandem damage in the DNA damage
category that will significantly impair the gene transcrip-
tion, expression, and inheritance. This damage is obvious
consequence of alcohol exposure [49, 50]. Of course, the
attack of DNA by ROS is far more than cPu. By utiliz-
ing isotope labeling ROS, Chrysostomos and Chatilialo-
glu found 8-ox0-7,8-dihydro-2’-deoxypurine(8-oxo-Pu),
5-carboxamido-5-formamido-2-iminohydantoin, and
other ROS attack sites [51, 52]. Moreover, the measure-
ment of purine oxidation damage products indicated
that the free radicals generated by the Fenton reaction
also raised [51, 52] Analytical techniques like high per-
formance liquid chromatography coupled with electro-
spray ionization tandem mass spectrometry were used to
assess the oxidative modification of DNA [53]. It can be
found that the neutral and alkaline free radicals produced
after DNA damage by ROS and caused the oxidized DNA
through a common degradation pathway [51, 53].

DNA damage caused by ROS has a structural patten as
well. After quantifying the damaged purines, Michael A.
Terzidis et al., studied the topological structure of DNA
helix through ROS and found that the purine oxidation
in dsDNA follows the order pattern line (L), open loop
(OC) and superhelix (SC) [54]. In addition, the G-quad-
ruplex rich in tandem guanine G sustains less damage
than other topper [54]. Based on this finding, hydroxyl
radical damage primarily affects the lower structure of
dsDNA and has less impact on the upper structure. How-
ever, it needs to be identified whether other kinds of ROS
also cause damage. Nonetheless, DNA oxidative damage
can also be caused by ROS through a variety of patterns
besides different sites to attack the DNA. Direct mono-
nuclear base damage, tandem damage, and DNA adducts
produced from hypochloric acid (HOCI) and hypobro-
mic acid (HOBr) can all result from the oxidative altera-
tion of dsDNA by ROS [21, 32, 33]. ROS-induced DNA
oxidative damage is usually triggered via DNA cross-
linking, intra-chain and inter-chain cross-linking, and
DNA-protein cross-linking apart from tandem damage
[53, 55]. A new DNA damage mechanism involved in the
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hydroxyl radical has been gradually unveiled in recent
years. This includes the introduction of carbonate anion
created during the damage process as a reaction interme-
diate, and the performance of gene regulation through
the base excision repair pathway [52]. Additionally, ROS
can damage DNA in numerous indirect ways, including
by an interaction between DNA and a byproduct of lipid
peroxidation that results in DNA extra-circular dam-
age and by accelerating the impairment of a protein that
helps repair damaged DNA, leading to the blockade of
DNA healing after damage [21, 32, 33].

ROS and inflammatory factors

In addition to direct damage to DNA, ROS production by
alcohol triggers an oxidative stress response which sup-
presses the growth of neural cells through mediation of
inflammatory-related cytokines and several pathways,
leading to cell apoptosis and FASD [21, 34, 36]. Astro-
cytes and microglia are CNS-resident innate immune
cells, which are able to initiate the embryo’s innate
immune response to invasion of exogenous pathogens
[56]. Nevertheless, astrocytes and microglia are also acti-
vated by foreign substances like the alcohol-induced ROS
in the nervous system, influencing the development of
nervous system and resulting in FASD [57, 58]. In sev-
eral studies in C57BL/6 ] mice, activated microglia were
identified to up-regulate the amount of pro-inflammatory
factors and NOX, thus increasing the production of ROS
[43, 58, 59]. The exacerbation of neuroinflammation in
the embryo can be attributed to the promotion of one
another by microglia and ROS.

Through the use of their pattern recognition receptors
(PRRs), astrocytes and microglia recognize the damage-
related molecular pattern (DAMP) of damaged host
cells or the pathogen-related molecular pattern (PAMP)
obtained from microbes, triggering inflammatory sig-
nal transduction and innate immunity [56, 60, 61]. The
well-characterized receptor in the family of PRRs is the
toll-like receptor (TLR) [56]. TLR is an intact membrane
protein with an extracellular leucine-rich structural
domain that, once activated by ROS, causes the release
of a number of inflammatory factors by first activat-
ing transcription factors like AP-1 and NF-kB and then
initiating a further signaling cascade through kinases
[56, 61, 62]. The synergy between various TLRs, which
also exists in the series of TLRs and other PRRs (such as
retinoic acid-inducible gene I-like receptors and NOD-
like families), increases the inflammatory pathological
process caused by astrocytes [60, 63]. Numerous stud-
ies have demonstrated that TLR in the alcohol exposure
models can stimulate the production of various inflam-
matory factors such chemokines, resulting in a wide
range of negative effects [64—66]. Lidia Cantacorps and
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Silvia Alfonso-Loeches also found that several pro-
inflammatory factors and effectors, such as nuclear fac-
tor-kappa B p65, NOD-like receptor protein 3, caspase-1,
and interleukin-1, have increased in PAE animal models
[65, 67]. Consistently, according to the studies from Mar
a Pascual, L dia Cantacorps and others, TLR4 and TLR2
responses are identified to be crucial in the cognitive
and neurodevelopmental impairments of kids caused by
alcohol-induced neuroinflammation [65, 67, 68]. Moreo-
ver, these increased levels of chemokines and cytokines
can be employed as biomarkers of the neuroimmune
response to ethanol [66, 68].

Neuroinflammation arising from ROS by ethanol
metabolism has far more influence on the nervous sys-
tem. In the quantitative study of glial cells, neuroin-
flammation had an impact on several parameters in the
offspring mouse model of PAE. For instance, Victoria M.
Niedzwiedz-Massey found that the number of oligoden-
drocyte and its progenitor cells showed a varying degree
of decrease [69]. Meantime, the study also revealed that
the expression of the markers for oligodendrocyte pre-
cursor cells, premyelinating oligodendrocytes and mature
myelinating oligodendrocytes significantly decreased as
a result of further decline in cell quantity [67, 69]. This
result indicated that alcohol intervention can cause the
death of oligodendrocytes as well as myelin degradation
and the loss of white matter [67, 69]. In addition, the
exposure of alcohol reduced the number of synapses and
microglial branches, and the levels of proteolipid protein
(PLP) and myelin basic protein (MBP) which are neces-
sary for myelin synthesis [64, 67, 70]. Moreover, neuro-
inflammation by ethanol has impact on nerve functions.
Jorge Montesinos, et al., found that the cognitive function
of the TLR4-KO PAE mouse offspring was remarkably
improved, and the production of cytokines/chemokines
in the progeny was reduced considerably, indicating
that neuroinflammation as well as the damage to myeli-
nated fibers and synapses have been alleviated [64, 71].
All above points indicated that alcohol-induced neuroin-
flammatory response plays crucial role in the etiology of
FASD. Accordingly, the neuroinflammation by alcohol is
a long-lasting and irreversible impairment of brain func-
tion in children with FASD [70].

Inflammatory variables including inflammatory
chemokines play a role in the etiology of FASD apart
from the neuroinflammatory damage mediated by
the PLR family. Chemokines are a class of 8—10 kDa
secretory proteins with chemotactic properties [72].
Generally, the chemokine family is responsible for the
activation, adhesion, and migration of leukocytes and
numerous other cell types. Chemokines are also widely
present in large numbers of infiltrating lymphocytes
of all histologic types including trophoblast cells in
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placenta during pregnancy [73-75], and play a pivotal
role in the normal embryonic growth and development
of the embryo along with maintenance of a conven-
tional homeostatic balance [74—76]. However, when the
steady-state chemokines such as CXCL12 are increased
or variably transcribed due to any undesirable exog-
enous factors including alcohol, the progression of dis-
ease will be sped-up [74-76]. This pathogenesis is also
present in many atypical chemokines including atypi-
cal chemokine receptor 3 (ACKR3) [76]. An increas-
ing number of studies have shown that the CXCL12/
CXCR4/CXCR7 axis of chemokines has a prominent
role in a variety of pregnancy-related diseases, result-
ing in different biological activities and signaling acti-
vation [74, 75, 77]. Moreover, the disease progression is
also enhanced by the up-regulation of ACKR3 [75, 76].
Besides, inflammatory chemokines, including mono-
cyte chemoattractant protein-1 (CCL2) and neutro-
phil chemokine-12a (CXCL12), not only accelerate the
inflammatory process and recruitment of inflammatory
cells, but also affect the migration and growth of some
developing neurons. The pro-inflammatory chemokine
systems CXCL12/CXCR4 and CCL2/CCR2 and the
corresponding mRNAs were found to be increased
after alcohol stimulation in a variety of PAE animal
models, as demonstrated by PCR and immunofluores-
cence [78-80]. On the basis of the studies of Patrick P
Lowe, Caroline Morel, it assumes that the upregulation
of chemokines is critical for the activation and recruit-
ment of mononuclear macrophages and microglia in
the embryonic CNS [80-82]. Together, the inflamma-
tory signals could be mediated through orchestrating
multiple CCL2/CCR2/JAK2 and CXAL12a/CXCR4b
signaling axis, and thereby exert the corresponding
effects in exacerbation of neuroinflammatory damage
[82-85].

In the etiological study of FASD, the development of
neuroinflammation is promoted by a variety of inflam-
matory factors, including the pattern recognition recep-
tor TLR, chemokines, etc. Chemokines have been proven
to play a significant role in a variety of physiological
and pathological processes that occur in the human
body, including metabolism, inflammation [86]. Along
with homeostatic processes, inflammatory responses,
and pathological circumstances, the chemokine family
is in charge of the activation and infiltration of leuko-
cytes, and other pathophysiologic events of various cell
types. The normal presence of conventional homeostatic
chemokines, which contribute to embryonic growth and
development, hematopoiesis, and angiogenesis, play a
significant role in the normal growth and development of
the embryo [74-76]. Undeniably, neuroinflammation is
an immediate, long-lasting and irreversible influence on
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the pathogenesis of children with FASD [70]. The sum-
mary of oxidative stress injury through multiple molecu-
lar mechanism in Table 1.

Neurotoxic injury

Another pathogenesis of alcoholic damage is mainly
attributed to neurotoxic effects of ethanol on embryonic
nerve cells leading to FASD. Nevertheless, the specific
mechanism of ethanol neurotoxicity in current studies
is still not clarified. In fact, ethanolic neurotoxic damage
to the embryo is a multifactor interdynamic, complicated
dynamic processes which usually involves a wide range
of potential events, such as alteration of brain structure,
aberrant activation of multiple signaling cascades in
cells, disruption of intracellular homeostasis (e.g. Ca®"),
abnormal expression of multiple genes, and autophagy
in developing cells [7, 22, 29]. Apart from neuroinflam-
matory ROS damage, almost all other pathogenic mecha-
nisms can be summarized as neurotoxic damage from
ethanol (Fig. 2).

Epigenetic damage of ethanol

In addition to the damage to DNA and histones caused
by ethanol-induced ROS, ethanol neurotoxicity itself also
has the same effect [7, 22, 27]. Regarding the view, Aman-
jot Kaur Riar et al. found that after exposure of alcohol
to immature neurobasal progenitor cells, these cells were
arrested in G1 phase and the percentage of S-phase cells
markedly decreased [87]. In the subsequent study, they
revealed that this alteration of cell cycle was associated
with reduced levels of phosphorylation of cell cycle-reg-
ulatory proteins [87]. In particular, ethanol can directly
damage DNA and increase its methylation. Likewise,
the addition of alcohol to neuron culture system also
results in different degrees of DNA double-strand breaks
[88]. Strikingly, histones together with DNA to consti-
tute chromosomes, are also subjected to ethanol attack.
Moreover, through evaluation of PAE mice using partial
wave spectroscopy (PWS) and confocal imaging with
molecular-specific inverse participation ratios (IPR), it
was found that the level of histone in the pup brains was
remarkably reduced and their perimetry was also acceler-
ated. The altered histone levels likely interfere with his-
tone deposition and chromatin stability, thus resulting
in dysregulation of gene expression [89, 90]. In addition,
Ana M Romero identified an increased immunoreactive
response to histone yH2AX, a DNA damage marker, and
found that H2AX phosphorylation also prevented DNA
damage foci from recruiting repair factor 53BP1 [88].
Therefore, these changes in histones are mainly attrib-
uted to a cascade reaction due to DNA methylation
rather than direct effects of alcohol.
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The alcoholic neurotoxic damage to DNA is frequently
manifested in increased methylation of the correspond-
ing genes. And beyond that, neuroinflammation causes
a certain degree of these epigenetic dysregulation mani-
festations [25, 91, 92]. Current experimental animal stud-
ies have identified elevated DNA methylation due to PAE
in protocadherins, glutamatergic synapses, and Hippo
signaling-related genes in different embryo cerebral cor-
tex of embryo [91-93]. In a clinical trial, Dipak K Sarkar
also found increased methylation of proopiomelano-
cortin (POMC) and period 2 (PER2) genes in patients
with FASD [94]. Notably, there is likely to be gender dif-
ferences in epigenetic alterations, as demonstrated by
higher male fetal methylation in pregnant women with
PAE (1.5%; p=0.01) [95]. Although several studies have
found the phenomenon, a meta-analysis last year noted
insufficient evidence in human and animal to support
PAE as a cause of DNA methylation. This is likely attrib-
uted to heterogeneity and potential bias in different stud-
ies [96]. Therefore, a better-designed research is needed
in the future to investigate the relationship between PAE
and elevated DNA methylation.

Impairment of physiological pathway by ethanol

The cell nucleus is particularly vulnerable to the alcoholic
toxicity through a variety of patterns including intracellu-
lar metabolism, trophic cascades and signaling pathways
[7, 22, 27, 28]. The administration of low- to medium-
dose of ethanol promotes the expression of fibroblast
growth factor 2 (FGF2) and its receptor in newborn mice
[97]. The upregulation of FGF2-FGFR1 is usually accom-
panied by the changes of their downstream signaling
molecules orexin and melanin-concentrating hormone
(MCH) neuropeptides, which result in ectopic expres-
sion and obvious morphological changes of neurons, a
hallmark of FASD occurrence [97, 98]. In addition, the
effect of ethanolic toxicity on multiple trophic pathways
in the embryo have been identified in PAE mice in mul-
tiple studies by Mauro Ceccanti, Fiore M et al. Among
them, some neural associated neural-associated trophic
signaling pathways are involved [99, 100]. The most sus-
ceptible members are the nerve growth factor (NGF) and
brain-derived neurotrophic factor (BDNF) pathways,
the suppression of these pathways markedly enormously
reduced or altered the average speed of embryonic neu-
ral development [99-101]. Apart from the neurotrophic
family, the ethanolic neurotoxicity involves insulin-like
growth factor (IGF)-related pathways [23, 24]. Regarding
the point, as early as 25 years ago, N Fatayerji found that
PAE altered insulin-like growth factor binding protein
(IGFBP) mRNA in embryonic mice [102]. The impact of
ethanol on the IGF pathway is mainly due to alcoholic
damage to G protein-coupled receptors and abnormal
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activation of various signaling cascades and phosphatases
in tyrosine kinase receptors, which in turn inhibits IG-
mediated neuronal development and movements of
cerebellar granule neurons [23, 24, 103]. By interfering
with the cAMP/PKA/EGR1 pathway, the vulnerability of
neurons to ethanol drastically increases, thereby exacer-
bating neuronal destruction, which further triggers intra-
uterine growth restriction [104, 105]. Besides, alcohol
can also disrupt embryonic brain development by dys-
regulating miR-145, NF-kB and Erk signaling pathways
(43, 106].

In addition, alcoholic damage to the brain is hith-
erto found mainly in the hippocampus and prefrontal
cortex [107, 108]. It is widely accepted notion that neu-
ronal apoptosis and degeneration, imbalance neuronal
excitation-inhibition and DNA hypermethylation dam-
age are changes implicated in alcoholic damage in the
hippocampal gateway, granule cell layer, CA1 and CA3
regions [107, 109]. This is likely to be associated with or
even dependent on increased aquaporin-4 and neuroglial

swelling [110]. Similarly, the hypermethylation also
occurs in the prefrontal cortex (PFC) of the embryonic
brain, and a significant increase in fragility of apoptotic
cells and DNA damage rates in the PFC is found [108,
111]. Moreover, Nicholas A Heroux confirmed this view
by investigating PAE rats and found that the immedi-
ate-early genes c-Fos, Arc, Egr-1 and Npas4 in the PFC
regions were all functionally impaired [112]. Based on
these results, alcoholic damage to the CNS affects neural
development and functionality mainly through impair-
ment of signaling pathways.

Multiple patterns of alcohol damage to embryonic
neuronal development

The ethanol toxicity on the embryonic development of
the nervous system often invokes several distinct neu-
rological mechanisms apart from the damaging attack of
genetic matters and various nutritional signaling path-
ways. Recent studies show that neurotoxic signaling cas-
cades initiated by ethanol driving consequent abnormal
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emotion and behaviors have been linked to gamma-
aminobutyric acid (GABA)-ergic neuronal injury in vul-
nerable brain areas. Given that GABAergic interneurons
emerge in mid-gestation and are essential for the control
of excitability and cognitive formation in cortical circuits,
it is very critical to elucidate molecular mechanism of
ethanol-induced toxicity to GABAergic neurons for pre-
venting cortical circuit dysfunction and cognitive deficits
in mid-gestation [113, 114]. Among PAE rats, ethanol
causes hypersensitivity of the thalamus-pituitary-adrenal
axis (HPAA) accompanied by demethylation of the glu-
tamic acid decarboxylase 67 (GAD67) promoter, both of
which result in a decrease in glutamatergic neurons and
an increase in GABAergic neurons [26, 115]. Notably,
Alexander G ] Skorput further found that the increase
in ectopic GABAergic interneurons after prenatal alco-
hol exposure was accompanied by migration [116, 117].
The GABA-expressing interneurons is ectopic from the
ventral telencephalic proliferative zone to the prefrontal
cortex and there is a selective decrease in the number of
species, and the calmodulin (CR) and small albumin (PV)
isoform counts show a significant decrease of>30% in
the neuron count [118, 119] (Fig. 3). These results were
also confirmed by Florent Marguet in a clinical sam-
pling for the patient study [120], suggesting that alcohol
increases the quantity of the inhibitory neurotransmit-
ters that hinder neuronal growth in the developing brain.
The detailed mechanism of the neurotoxic effect of alco-
hol on GABAergic interneurons needs to be further
investigated.

GABAergic Frontal Iobe
interneurons
a
/ blood-brain
” barrier

Fig. 3 Ethanol causes migration and ectopia of inhibitory neurons.
a Ethanol breaks blood-brain barrier to enter embryonic brain; b
Ethanol hypersensitizes the HPAA axis and causes the generation
of GABA interneurons and ectopic to the frontal cortex
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Extracellular molecules such as neural adhesion mol-
ecules (NCAM) are also attacked by ethanol, and alcohol
inhibits its role in neuronal adhesion migration, differ-
entiation [121, 122]. Multiple studies have demonstrated
that ethanol could promote L1 coupling to the anchorin-
G and hemosiderin-actin cytoskeletons by elevating
phosphorylation of S1152, Y1176, S1181, and S1248, ren-
dering L1 sensitive to ethanol [123, 124]. Concomitantly,
ethanol binds with the Igl-4 structural domain of L1 mol-
ecule and interferes with its physiological function [121,
122]. Additionally, ethanol disrupts the blood—brain bar-
rier, which is thought to be the interface of neurotoxicity,
it aggravates neurological disorders such as FASD [125].
Meanwhile, microglia are involved in ethanol-induced
apoptosis of B-endorphin neurons by releasing vesicular
exosomes in addition to stabilizing their M1 activation
state during neuroinflammation [126, 127]. These studies
are indicative of the diversity of alcohol-induced damage
to embryonic neuronal development via distinct neuro-
toxic signaling cascades. Neurotoxic injury through mul-
tiple molecular mechanisms is summarized in Table 2

Final outcome: neuronal damage and apoptosis

In spite of the modality, the ultimate outcome of alcohol
damage to trophoblast cells almost is cell destruction
or apoptosis [128], and the damaging neurotoxic effects
of alcohol are immediate and long-lasting. In alcohol-
exposed trophoblasts and neuronal cells, the number of
surviving cells and total protein level markedly reduced
and the apoptotic markers, like P-H2AX, caspase-3 and
PARP-1 and BAX et al, increased [128, 129]. In addition,
ethanol caused multiple disruption events in the neural
crest region in PAE embryos, including intracellular cal-
cium mobilization, elevated ROS, loss of B-linked pro-
tein/calcium, activation of mTOR signaling and others
[130].

Regarding the diversity of molecular mechanism
underlying alcohol-induced neuronal damage and necro-
sis, A more clearly studied pathway to mediate cell apop-
tosis is to activate CaMKII through calcium mobilization
[131, 132]. This apoptotic pathway is widely present in
a variety of species [133]. In chick embryo experiments,
alcohol exposure mobilized intra- and extracellular Ca**
signaling, followed by selective and rapid enrichment of
CaMKII [131, 132]. The critical signal, CaMKII, trans-
forms the ethanol-induced, transitory Ca(i)(*") into a
long-lasting cellular effector [131]. The transduction of
this signal belongs to G protein-dependent cGMP path-
way (Fig. 4). Activation of CaMKII occurs by Ca**/CaM
binding to the regulatory domain, thereby opening the
catalytic domain and making ATP binding p-linked pro-
tein a phosphorylated target [134, 135]. Subsequently, the
stability and transcriptional activity of -linked proteins
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Fig. 4 Ethanol elicits neuronal apoptosis through regulating calcium mobilization and G protein-coupled receptor driving cascades. a Calcium
mobilization promotes cellular recruitment of extracellular Ca2 +; b CaMKIl hyperphosphorylation and activation leads to phosphorylated (3-linked

proteins, reducing their stability

are depressed, thereby initiating the neuron apoptosis
and causing disease [136]. Regarding this notion, Ana
Garic, Bolnick JM showed that cell apoptosis can be
effectively inhibited through blockage of Ca?" signal-
ing by administration of CaMKII inhibitors to neurons
in alcohol exposure, which provides more evidence that
alcohol abuse leads to cell death by triggering the CaM-
KII pathway [131, 132]. Additionally, Flentke GR also
reported that ethanol could antagonize the Snai2/p53
regulatory loop via Bcl-2 pathway, which suppresses the
anti-apoptotic, pro-migratory and protective effect of the
transcriptional repressor Snai [137]. In short, alcohol dis-
rupts the regulatory loop between Snai2 and p53, leading
to cell apoptosis.

Current study status of FASD

Current knowledge of FASD

Almost all people are believed the harmful effects of
alcohol abuse [2]. Given a general trend of increasing
alcohol consumption worldwide, more and more harm-
ful alcohol dependence and use seems to have become a

certainty [1]. This is one of critical reasons why FASD is
emerging as a major public health problem worldwide.
Although not very high global prevalence of FASD has
been reported, it is progressively increasing. Reportedly,
multiple meta-analyses for past 5 years indicated that
the global prevalence of FASD was approximately 7.7 per
1000 (95% CI, 4.9-11.7 per 1000). Averagely, every 67
women who consumed alcohol during pregnancy give
birth to a FAS child [3, 8]. In recent years, the preva-
lence of FASD in 76 countries and territories exceeds
FASD > 1% [19]. In addition, the incidence of FASD exists
a significant difference between developed and develop-
ing regions. Through the study of FASD in the England
and Canada, the prevalence of FASD is roughly estimated
to reach approximately 2—3% among children screened in
primary and community [9, 138]. In the Rocky Mountain
region of the United States, this figure exhibits remark-
able high percentage, ranging from 3.5-8.3% [139]. How-
ever, in the Eastern Mediterranean region this prevalence
was only 0.1 per 1,000 population (95% CI, 0.1-0.5 per
1,000 population) [8]. Although the probability of FASD
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to FAS is currently less than 10%, FASD can also bring
a diversity of lifelong physical and mental sufferings to
patients themselves [16]. These data implicate the need
for continuous attention to FASD and the great impor-
tance of social support and assistance to reduce the diffi-
culties and sufferings faced by people with FASD [16, 20].

Combining long-term multiple investigations men-
tioned above, it could be inferred that there are primar-
ily two pathways involved in the molecular mechanism
of alcohol exposure leading to FASD, that is to say,
neuroinflammation caused by metabolic ROS and the
neurotoxicity of ethanol itself. The mechanism of neu-
roinflammatory damage caused by the metabolism of
intake of ethanol resulting in excessive ROS that disrupts
the oxidative metabolic balance in the embryo is well
established [21, 45, 51]. This is also identified as the main
mechanism. Neurotoxicity, in contrast, is a broad concept
that encompasses damage from pathways other than oxi-
dative stress. In summary, the mechanism by which PAE
causes FASD in embryos is a multisystem, multifaceted,
synergistic, persistent and lifelong effect, thus mediating
neurodevelopmental impairment in the brain [7, 28, 29].

The above-mentioned neurotoxic damage is actually a
broad concept. In addition to inflammation, ethanol can
cause a variety of neuronal epigenetic variations, disrup-
tion of neural adhesion factors, blockage of physiologi-
cal metabolic pathways, and structural changes in the
brain. Still, the exact mechanism of the damage is still
unclear. Accordingly, the multiple mechanisms of injury
other than the inflammatory damage of ethanol that
have been identified are collectively called as neurotoxic
mechanisms. This is an area that will need to be further
explored in the future. Regardless of the option to cause
the injury, the outcome is neuronal damage and apopto-
sis, which leads to FASD.

Current limitations and needs

Although the pathogenesis of FASD has become the
topic of public interest and concern of numerous stud-
ies, a number of factors related to the pathogenesis of
FASD other than neuroinflammation are still largely
unresolved, and the mechanism is not fully understood.
Accordingly, the study in this aspect will need to be fur-
ther explored in the future. We refer to these pathways
collectively as the neurotoxic damage of ethanol, which is
the objective of this review.

Among a multitude of studies of PAE, more contro-
versial is the establishment of animal models of PAE.
Reversely, the use of different doses of ethanol expo-
sure to simulate different levels of PAE is uncontrover-
sial. Nevertheless, more controversial is still the timing
of embryonic alcohol exposure leading to PAE. At pre-
sent, the timing of embryonic alcohol exposure for the
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development of PAE includes maternal drinking at the
beginning of gestation, 5-10 days of gestation, 12 days of
gestation, and postnatal [64, 80, 117]. This may be useful
to study the effects of alcohol exposure on the embryo at
different gestational periods. On the other hand, different
periods of alcohol exposure correspond to different peri-
ods of embryonic neurodevelopment. Alcohol exposure
at different periods facilitates the study of subtypes of
cells/molecules that develop significantly at a given stage
and the effects on the embryo. Nevertheless, the criterion
is still needed to assess the success of the establishment
of a correct animal model of FASD.

The ultimate objective of further investigation of
FASD’s pathophysiology is to effectively aid in the early
diagnosis and treatment. Currently, the FASD/FAS diag-
nostic guidelines have been gradually accepted by the
medical community after several modifications. The
diagnostic criteria for FAS must meet the following four
requirements at the same time: unique physical traits
(facial deformities); prenatal or postpartum development
problems; neurological abnormalities; and aberrant men-
tal and behavioral functioning [6, 140]. However, when
FASD is definitively diagnosed, it has progressed to irre-
versible consequences or permanent birth defects. Since
maternal self-reported drinking during pregnancy serves
as a gold standard for early diagnosis, which clearly lacks
objectivity and uncertainty [141]. Of the 222 children
classified as having FASD, only two (<1%) had docu-
mented a definite record of previous diagnosis of FASD
[142]. Also, in the ascertainment study by Robyn McCa-
rthy et al., only 3.6% of children with a 1.8% prevalence in
Manchester had a definitive early diagnosis [9]. Besides
self-reported alcohol consumption by pregnant women,
a sensitive and specific biomarker and scale are required
for the early diagnosis of FAS and FASD. These will facili-
tate implementing prevention, diagnosis, prevention,
treatment, and management plans in time [143]. With
further exploration of FASD, more and more physiologi-
cal/pathological indicators of early changes such as fatty
acid ethyl esters (FAEE) are being identified and used
[144].

Despite the fact that people are raising awareness
about the harmful effects of prenatal exposure to alco-
hol, alcohol consumption even alcohol dependence is
still increasing rapidly every year [1]. Undoubtedly, the
most effective strategy for both prevention and treat-
ment of FASD is to abstain from alcohol before and dur-
ing pregnancy [145]. Therefore, the future treatment
should strive to reverse the progression of FASD while
reducing or eliminating alcohol use. Currently, through
further understanding the mechanism underlying FASD,
several therapeutic options for FASD have emerged.
Antioxidants could be used to counteract ethanol
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neuroinflammation, and reduce the damages caused by
ROS. Notably, antioxidants such as folic acid has been
proven to provide a therapeutic effect on FASD [146].
In addition, the supplement of some neuropeptides and
trophic factors compensates for neuronal developmental
delay resulting from disruption of trophic signaling path-
ways [101, 147]. Among the numerous treatment options,
supplementation of Choline has generally been accepted
for mitigating adverse effects of heavy drinking during
pregnancy. Concurrently supplementation of Choline
can repair and reverse the neuronal damage caused by
ethanol, thus reducing the negative impact of fetal cogni-
tive function. This view has been validated in both animal
models and pre-clinical trials [148, 149].

The strength of this review is the systematic integra-
tion of recent research on the pathogenesis of FASD and
indicative of currently needed research directions. How-
ever, despite the numerous studies related to FASD, there
are still limitations in certain aspects. Among the more
prominent are the differences in animal modeling crite-
ria. Although the success of model construction can be
identified by measuring embryonic blood alcohol con-
centration, it is possible that alcohol exposure during
different gestational periods may lead to variability in
neurological development, resulting in different experi-
mental outcomes. In addition, there is still a lack of clear
and effective diagnostic criteria and treatment protocols
for the early diagnosis and treatment of FASD.

In the future, more studies are required to investigate
the specific methods for detecting alcohol neurotoxicity
on embryos and the underlying molecular mechanisms.
This will provide a guidance in the early diagnosis and
treatment of FASD. Given that our ultimate objective is
to prevent and reduce the occurrence of FASD rather
than a definitive diagnosis, children with FASD need
more care and attention besides early clinical interven-
tion. In addition, it is necessary to reduce the distress and
stigma that FASD brings them and to solve the various
inconveniences both in learning and neuropsychological
problems.

Conclusions

In summary, prenatal alcohol exposure to varying degree
could cause excessive neuronal death and distinct impair-
ments of the development of normal neural networks,
leading to the pathogenesis of FASD. As a result, FASD
causes medical, cognitive, behavioral, and social deficits
that likely accompany throughout their lives. The neu-
rological damage to the embryos caused by ethanol is
multifaceted, multidirectional, persistent, and lifelong.
Besides the damage caused by neuroinflammation and
other related pathways are not yet fully understood, there
are still many unresolved issues. For instance, the timing
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of embryonic alcohol exposure, beginning time of PAE,
amount of intake alcohol and other complicated factors
likely result in completely distinct clinical signs of FASD,
which brings many difficulties to the diagnosis and treat-
ment of the disease. Therefore, in-depth pre-clinical
trials are still needed to scientifically elucidate the patho-
physiology and pathogenesis of FASD by different animal
models to develop ideal strategies to prevent, diagnose,
and achieve breakthroughs of treatment of FASD. More
importantly, education and prevention will need to be the
most critical steps in avoiding FASD in the future.

Research involving human participants and/or animals
Not applicable.

Informed consent
Not applicable.

Authors’ contributions

HY conceived the review and supervised the project. XDZ and MYW wrote the
manuscript. XDZ and NHC contributed to the literature review and editing.
YLC and XDZ contributed to the literature review and drew the figure. YH and
SM contributed to the content and editing. All authors read and approved the
final version of the manuscript.

Funding

This work was supported by the National Natural Science Foundation of China
(grant nos. 82071551), and the key research and development program in
Ningxia Hui Autonomous Region (grant nos. 2022BEG02032).

Availability of data and materials
Not applicable.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Received: 5 December 2023 Accepted: 8 April 2024
Published online: 20 April 2024

References

1. Manthey J, Shield KD, Rylett M, Hasan OSM, Probst C, Rehm J. Global
alcohol exposure between 1990 and 2017 and forecasts until 2030: a
modelling study. Lancet. 2019;393(10190):2493-502. https://doi.org/10.
1016/50140-6736(18)32744-2.

2. Burton R, Sheron N. No level of alcohol consumption improves health.
Lancet. 2018;392(10152):987-8. https://doi.org/10.1016/S0140-6736(18)
31571-X.

3. Popova S, Lange S, Probst C, Gmel G, Rehm J. Estimation of national,
regional, and global prevalence of alcohol use during pregnancy and
fetal alcohol syndrome: a systematic review and meta-analysis. Lancet
Glob Health. 2017;5(3):€290-9. https://doi.org/10.1016/52214-109X(17)
30021-9.


https://doi.org/10.1016/S0140-6736(18)32744-2
https://doi.org/10.1016/S0140-6736(18)32744-2
https://doi.org/10.1016/S0140-6736(18)31571-X
https://doi.org/10.1016/S0140-6736(18)31571-X
https://doi.org/10.1016/S2214-109X(17)30021-9
https://doi.org/10.1016/S2214-109X(17)30021-9

Zeng et al. Journal of Neurodevelopmental Disorders

20.

(2024) 16:20

Oei JL. Alcohol use in pregnancy and its impact on the mother and
child. Addiction. 2020;115(11):2148-63. https://doi.org/10.1111/add.
15036.

Landgraf MN, Nothacker M, Heinen F. Diagnosis of fetal alcohol
syndrome (FAS): German guideline version 2013. Eur J Paediatr Neurol.
2013;17(5):437-46. https://doi.org/10.1016/j.ejpn.2013.03.008.

Hoyme HE, Kalberg WO, Elliott AJ, Blankenship J, Buckley D, Marais AS,
Manning MA, Robinson LK, Adam MP, Abdul-Rahman O, Jewett T, Coles
CD, Chambers C, Jones KL, Adnams CM, Shah PE, Riley EP, Charness ME,
Warren KR, May PA (2016) Updated Clinical Guidelines for Diagnosing
Fetal Alcohol Spectrum Disorders. Pediatrics 138 (2). https://doi.org/10.
1542/peds.2015-4256

Ehrhart F, Roozen S, Verbeek J, Koek G, Kok G, van Kranen H, Evelo

CT, Curfs LMG. Review and gap analysis: molecular pathways leading
to fetal alcohol spectrum disorders. Mol Psychiatry. 2019;24(1):10-7.
https://doi.org/10.1038/541380-018-0095-4.

Lange S, Probst C, Gmel G, Rehm J, Burd L, Popova S. Global Prevalence
of Fetal Alcohol Spectrum Disorder Among Children and Youth: A Sys-
tematic Review and Meta-analysis. JAMA Pediatr. 2017;171(10):948-56.
https://doi.org/10.1001/jamapediatrics.2017.1919.

McCarthy R, Mukherjee RAS, Fleming KM, Green J, Clayton-Smith J, Price
AD, Allely CS, Cook PA. Prevalence of fetal alcohol spectrum disorder in
Greater Manchester, UK: An active case ascertainment study. Alcohol
Clin Exp Res. 2021;45(11):2271-81. https://doi.org/10.1111/acer.14705.
Deyssenroth MA, Williams RP, Lesseur C, Jacobson SW, Jacobson JL,
Cheng H, Bose P, Li Q, Wainwright H, Meintjes EM, Hao K, Chen J, Carter
RC. Prenatal alcohol exposure is associated with changes in placental
gene co-expression networks. Sci Rep. 2024;14(1):2687. https://doi.org/
10.1038/541598-024-52737-6.

Facciol A, Marawi T, Syed E, Gerlai R. Age-dependent effects of
embryonic ethanol exposure on anxiety-like behaviours in young
zebrafish: A genotype comparison study. Pharmacol Biochem Behav.
2022;214:173342. https://doi.org/10.1016/j.pbb.2022.173342.

Mamluk L, JonesT, ljaz S, Edwards HB, Savovic J, Leach V, Moore THM,
von Hinke S, Lewis SJ, Donovan JL, Lawlor DA, Davey Smith G, Fraser A,
Zuccolo L. Evidence of detrimental effects of prenatal alcohol exposure
on offspring birthweight and neurodevelopment from a systematic
review of quasi-experimental studies. Int J Epidemiol. 2021;49(6):1972—
95. https://doi.org/10.1093/ije/dyz272.

Broccia M, Munch A, Hansen BM, Sorensen KK, Larsen T, Strandberg-
Larsen K, Gerds TA, Torp-Pedersen C, Kesmodel US. Heavy prenatal alco-
hol exposure and overall morbidities: a Danish nationwide cohort study
from 1996 to 2018. Lancet Public Health. 2023;8(1):e36-46. https://doi.
0rg/10.1016/52468-2667(22)00289-4.

Popova S, Lange S, Shield K, Mihic A, Chudley AE, Mukherjee RAS,
Bekmuradov D, Rehm J. Comorbidity of fetal alcohol spectrum disorder:
a systematic review and meta-analysis. Lancet. 2016,;387(10022):978-87.
https://doi.org/10.1016/50140-6736(15)01345-8.

Carter RC, Georgieff MK, Ennis KM, Dodge NC, Wainwright H, Meintjes
EM, Duggan CP, Molteno CD, Jacobson JL, Jacobson SW. Prenatal
alcohol-related alterations in maternal, placental, neonatal, and infant
iron homeostasis. Am J Clin Nutr. 2021;114(3):1107-22. https://doi.org/
10.1093/ajcn/ngab165.

Domeij H, Fahlstrom G, Bertilsson G, Hultcrantz M, Munthe-Kaas H,
Gordh CN, Helgesson G. Experiences of living with fetal alcohol spec-
trum disorders: a systematic review and synthesis of qualitative data.
Dev Med Child Neurol. 2018;60(8):741-52. https://doi.org/10.1111/
dmcn.13696.

MAD,RPW,CL,SWJ,JLJ,HC PB,QL HW,EMM,KH, JC, RCC(2024)
- Prenatal alcohol exposure is associated with changes in placental
gene. Sci Rep 14 (1):024-52737

MYC, LG, MGS,SB,GS, MR, JCC,VAF (2022) - Paternal alcohol con-
sumption has intergenerational consequences in male. J Assist Reprod
Genet 39 (2):441-459

Popova S, Charness ME, Burd L, Crawford A, Hoyme HE, Mukherjee RAS,
Riley EP, Elliott EJ. Fetal alcohol spectrum disorders. Nat Rev Dis Primers.
2023;9(1):11. https://doi.org/10.1038/541572-023-00420-x.

Tsang TW, Elliott EJ. High global prevalence of alcohol use during preg-
nancy and fetal alcohol syndrome indicates need for urgent action.
Lancet Glob Health. 2017;5(3):e232-3. https://doi.org/10.1016/52214-
109X(17)30008-6.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32

33.

34,

35.

36.

37.

38

39.

40.

Page 15 0of 19

Bhatia S, Drake DM, Miller L, Wells PG. Oxidative stress and DNA dam-
age in the mechanism of fetal alcohol spectrum disorders. Birth Defects
Res. 2019;111(12):714-48. https://doi.org/10.1002/bdr2.1509.

Luo J. Autophagy and ethanol neurotoxicity. Autophagy.
2014;10(12):2099-108. https://doi.org/10.4161/15548627.2014.981916.
Martin-Estal |, Castilla-Cortazar I, Castorena-Torres F. The Placenta as

a Target for Alcohol During Pregnancy: The Close Relation with IGFs
Signaling Pathway. Rev Physiol Biochem Pharmacol. 2021;180:119-53.
https://doi.org/10.1007/112_2021_58.

Saini N, Mooney SM, Smith S. Alcohol blunts pregnancy-mediated
insulin resistance and reduces fetal brain glucose despite elevated fetal
gluconeogenesis, and these changes associate with fetal weight out-
comes. FASEB J. 2023;37(10):e23172. https://doi.org/10.1096/f).20230
0788R.

Komada M, Nishimura Y. Epigenetics and Neuroinflammation Associ-
ated With Neurodevelopmental Disorders: A Microglial Perspective.
Front Cell Dev Biol. 2022;10:852752. https://doi.org/10.3389/fcell.2022.
852752.

LuJ, Jiao Z,YuY, Zhang C, He X, Li Q, Xu D, Wang H. Programming for
increased expression of hippocampal GAD67 mediated the hypersen-
sitivity of the hypothalamic-pituitary-adrenal axis in male offspring rats
with prenatal ethanol exposure. Cell Death Dis. 2018;9(6):659. https://
doi.org/10.1038/541419-018-0663-1.

Gupta KK, Gupta VK, Shirasaka T. An Update on Fetal Alcohol
Syndrome-Pathogenesis, Risks, and Treatment. Alcohol Clin Exp Res.
2016;40(8):1594-602. https://doi.org/10.1111/acer.13135.
Page-Lariviere F, Campagna C, Sirard MA. Mechanisms Involved in
Porcine Early Embryo Survival following Ethanol Exposure. Toxicol Sci.
2017;156(1):289-99. https://doi.org/10.1093/toxsci/kfw256.

Abbott CW, Kozanian OO, Kanaan J, Wendel KM, Huffman KJ. The
Impact of Prenatal Ethanol Exposure on Neuroanatomical and Behav-
joral Development in Mice. Alcohol Clin Exp Res. 2016;40(1):122-33.
https://doi.org/10.1111/acer.12936.

Jakubczyk K, Dec K, Kaldunska J, Kawczuga D, Kochman J, Janda K.
Reactive oxygen species - sources, functions, oxidative damage. Pol
Merkur Lekarski. 2020;48(284):124~7.

Mittler R. ROS Are Good. Trends Plant Sci. 2017;22(1):11-9. https://doi.
0rg/10.1016/j.tplants.2016.08.002.

Cadet J, Davies KJA, Medeiros MH, Di Mascio P, Wagner JR. Formation
and repair of oxidatively generated damage in cellular DNA. Free Radic
Biol Med. 2017;107:13-34. https://doi.org/10.1016/jfreeradbiomed.
2016.12.049.

YuY, CuiY, Niedernhofer LJ, Wang Y. Occurrence, Biological Conse-
quences, and Human Health Relevance of Oxidative Stress-Induced
DNA Damage. Chem Res Toxicol. 2016;29(12):2008-39. https://doi.org/
10.1021/acs.chemrestox.6b00265.

Dan Dunn J, Alvarez LA, Zhang X, Soldati T. Reactive oxygen spe-

cies and mitochondria: A nexus of cellular homeostasis. Redox Biol.
2015;6:472-85. https://doi.org/10.1016/j.redox.2015.09.005.

Gorlach A, Dimova EY, Petry A, Martinez-Ruiz A, Hernansanz-Agustin P,
Rolo AP, Palmeira CM, Kietzmann T. Reactive oxygen species, nutrition,
hypoxia and diseases: Problems solved? Redox Biol. 2015;6:372-85.
https://doi.org/10.1016/j.redox.2015.08.016.

Sies H, Belousov VV, Chandel NS, Davies MJ, Jones DP, Mann GE, Murphy
MP, Yamamoto M, Winterbourn C. Defining roles of specific reactive
oxygen species (ROS) in cell biology and physiology. Nat Rev Mol Cell
Biol. 2022;23(7):499-515. https://doi.org/10.1038/541580-022-00456-z.
Saribal D, Hocaoglu-Emre FS, Karaman F, Mirsal H, Akyolcu MC. Trace
Element Levels and Oxidant/Antioxidant Status in Patients with Alcohol
Abuse. Biol Trace Elem Res. 2020;193(1):7-13. https://doi.org/10.1007/
$12011-019-01681-y.

Hill AJ, Drever N, Yin H, Tamayo E, Saade G, Bytautiene E. The role of
NADPH oxidase in a mouse model of fetal alcohol syndrome. Am J
Obstet Gynecol. 2014,210(5):466e461-465. https://doi.org/10.1016/j.
ajog.2013.12.019.

Drever N, Yin H, Kechichian T, Costantine M, Longo M, Saade GR, Bytau-
tiene E. The expression of antioxidant enzymes in a mouse model of
fetal alcohol syndrome. Am J Obstet Gynecol. 2012;206(4):358e319-322.
https://doi.org/10.1016/j.2jog.2012.01.017.

Miller-Pinsler L, Pinto DJ, Wells PG. Oxidative DNA damage in the in
utero initiation of postnatal neurodevelopmental deficits by normal


https://doi.org/10.1111/add.15036
https://doi.org/10.1111/add.15036
https://doi.org/10.1016/j.ejpn.2013.03.008
https://doi.org/10.1542/peds.2015-4256
https://doi.org/10.1542/peds.2015-4256
https://doi.org/10.1038/s41380-018-0095-4
https://doi.org/10.1001/jamapediatrics.2017.1919
https://doi.org/10.1111/acer.14705
https://doi.org/10.1038/s41598-024-52737-6
https://doi.org/10.1038/s41598-024-52737-6
https://doi.org/10.1016/j.pbb.2022.173342
https://doi.org/10.1093/ije/dyz272
https://doi.org/10.1016/S2468-2667(22)00289-4
https://doi.org/10.1016/S2468-2667(22)00289-4
https://doi.org/10.1016/s0140-6736(15)01345-8
https://doi.org/10.1093/ajcn/nqab165
https://doi.org/10.1093/ajcn/nqab165
https://doi.org/10.1111/dmcn.13696
https://doi.org/10.1111/dmcn.13696
https://doi.org/10.1038/s41572-023-00420-x
https://doi.org/10.1016/S2214-109X(17)30008-6
https://doi.org/10.1016/S2214-109X(17)30008-6
https://doi.org/10.1002/bdr2.1509
https://doi.org/10.4161/15548627.2014.981916
https://doi.org/10.1007/112_2021_58
https://doi.org/10.1096/fj.202300788R
https://doi.org/10.1096/fj.202300788R
https://doi.org/10.3389/fcell.2022.852752
https://doi.org/10.3389/fcell.2022.852752
https://doi.org/10.1038/s41419-018-0663-1
https://doi.org/10.1038/s41419-018-0663-1
https://doi.org/10.1111/acer.13135
https://doi.org/10.1093/toxsci/kfw256
https://doi.org/10.1111/acer.12936
https://doi.org/10.1016/j.tplants.2016.08.002
https://doi.org/10.1016/j.tplants.2016.08.002
https://doi.org/10.1016/j.freeradbiomed.2016.12.049
https://doi.org/10.1016/j.freeradbiomed.2016.12.049
https://doi.org/10.1021/acs.chemrestox.6b00265
https://doi.org/10.1021/acs.chemrestox.6b00265
https://doi.org/10.1016/j.redox.2015.09.005
https://doi.org/10.1016/j.redox.2015.08.016
https://doi.org/10.1038/s41580-022-00456-z
https://doi.org/10.1007/s12011-019-01681-y
https://doi.org/10.1007/s12011-019-01681-y
https://doi.org/10.1016/j.ajog.2013.12.019
https://doi.org/10.1016/j.ajog.2013.12.019
https://doi.org/10.1016/j.ajog.2012.01.017

Zeng et al. Journal of Neurodevelopmental Disorders

42.

43.

44,

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

(2024) 16:20

fetal and ethanol-enhanced oxidative stress in oxoguanine glycosylase
1 knockout mice. Free Radic Biol Med. 2015;78:23-9. https://doi.org/10.
1016/jfreeradbiomed.2014.09.026.

Micangeli G, Menghi M, Profeta G, Tarani F, Mariani A, Petrella C, Barbato
C, Ferraguti G, Ceccanti M, Tarani L, Fiore M (2022) The Impact of Oxida-
tive Stress on Pediatrics Syndromes. Antioxidants (Basel) 11 (10). https://
doi.org/10.3390/antiox11101983

Dong J, Sulik KK, Chen SY. The role of NOX enzymes in ethanol-
induced oxidative stress and apoptosis in mouse embryos. Toxicol Lett.
2010;193(1):94-100. https://doi.org/10.1016/j.toxlet.2009.12.012.

Qin L, Crews FT. NADPH oxidase and reactive oxygen species contrib-
ute to alcohol-induced microglial activation and neurodegeneration. J
Neuroinflammation. 2012;9:5. https://doi.org/10.1186/1742-2094-9-5.
Perez MJ, Loyola R, Canelo F, Aranguiz A, Tapia-Monsalves C, Osorio-
Fuentealba C, Quintanilla RA. NADPH oxidase contributes to oxidative
damage and mitochondrial impairment induced by acute etha-

nol treatment in rat hippocampal neurons. Neuropharmacology.
2020;171:108100. https://doi.org/10.1016/j.neuropharm.2020.108100.
Luo Z, Xu X, Sho T, Zhang J, Xu W, Yao J, Xu J. ROS-induced autophagy
regulates porcine trophectoderm cell apoptosis, proliferation, and
differentiation. Am J Physiol Cell Physiol. 2019;316(2):C198-209. https://
doi.org/10.1152/ajpcell.00256.2018.

Miller L, Shapiro AM, Cheng J, Wells PG. The free radical spin trapping
agent phenylbutylnitrone reduces fetal brain DNA oxidation and
postnatal cognitive deficits caused by in utero exposure to a non-
structurally teratogenic dose of ethanol: a role for oxidative stress. Free
Radic Biol Med. 2013;60:223-32. https://doi.org/10.1016/j freeradbio
med.2013.02.015.

Miller-Pinsler L, Wells PG. Deficient DNA repair exacerbates ethanol-
initiated DNA oxidation and embryopathies in ogg1 knockout mice:
gender risk and protection by a free radical spin trapping agent. Arch
Toxicol. 2016,90(2):415-25. https://doi.org/10.1007/500204-014-1397-1.
Chatgilialoglu C, Ferreri C, Krokidis MG, Masi A, Terzidis MA. On the
relevance of hydroxyl radical to purine DNA damage. Free Radic Res.
2021;55(4):384-404. https://doi.org/10.1080/10715762.2021.1876855.
Chatgilialoglu C, Ferreri C, Geacintov NE, Krokidis MG, Liu Y, Masi A,
Shafirovich V, Terzidis MA, Tsegay PS (2019) 5/8-Cyclopurine Lesions in
DNA Damage: Chemical, Analytical, Biological, and Diagnostic Signifi-
cance. Cells 8 (6). https://doi.org/10.3390/cells8060513

Chatgilialoglu C, Ferreri C, Terzidis MA. Purine 5,8-cyclonucleoside
lesions: chemistry and biology. Chem Soc Rev. 2011;40(3):1368-82.
https://doi.org/10.1039/c0cs00061b.

Chatgilialoglu C, Krokidis MG, Masi A, Barata-Vallejo S, Ferreri C, Terzidis
MA, Szreder T, Bobrowski K (2019) New Insights into the Reaction Paths
of Hydroxyl Radicals with Purine Moieties in DNA and Double-Stranded
Oligodeoxynucleotides. Molecules 24 (21) https://doi.org/10.3390/
molecules24213860

Fleming AM, Burrows CJ. Chemistry of ROS-mediated oxidation to the
guanine base in DNA and its biological consequences. Int J Radiat Biol.
2022;98(3):452-60. https://doi.org/10.1080/09553002.2021.2003464.
Cadet J, Wagner JR. Oxidatively generated base damage to cellular
DNA by hydroxyl radical and one-electron oxidants: similarities and
differences. Arch Biochem Biophys. 2014;557:47-54. https://doi.org/10.
1016/}.abb.2014.05.001.

Terzidis MA, Prisecaru A, Molphy Z, Barron N, Randazzo A, Dumont E,
Krokidis MG, Kellett A, Chatgilialoglu C. Radical-induced purine lesion
formation is dependent on DNA helical topology. Free Radic Res.
2016;50(sup1):591-101. https://doi.org/10.1080/10715762.2016.12448
20.

Cadet J, Ravanat JL, TavernaPorro M, Menoni H, Angelov D. Oxidatively
generated complex DNA damage: tandem and clustered lesions.
Cancer Lett. 2012;327(1-2):5-15. https://doi.org/10.1016/j.canlet.2012.
04.005.

Li L, Acioglu C, Heary RF, Elkabes S. Role of astroglial toll-like receptors
(TLRs) in central nervous system infections, injury and neurodegenera-
tive diseases. Brain Behav Immun. 2021;91:740-55. https://doi.org/10.
1016/).bbi.2020.10.007.

Acioglu C, Mirabelli E, Baykal AT, Ni L, Ratnayake A, Heary RF, Elkabes S.
Toll like receptor 9 antagonism modulates spinal cord neuronal func-
tion and survival: Direct versus astrocyte-mediated mechanisms. Brain

58.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

Page 16 of 19

Behav Immun. 2016;56:310-24. https://doi.org/10.1016/j.bbi.2016.03.
027.

Kane CJM, Drew PD. Neuroinflammatory contribution of microglia

and astrocytes in fetal alcohol spectrum disorders. J Neurosci Res.
2021;99(8):1973-85. https://doi.org/10.1002/jnr.24735.

Qin L, He J, Hanes RN, Pluzarev O, Hong JS, Crews FT. Increased systemic
and brain cytokine production and neuroinflammation by endotoxin
following ethanol treatment. J Neuroinflammation. 2008;5:10. https://
doi.org/10.1186/1742-2094-5-10.

Li P, Chang M (2021) Roles of PRR-Mediated Signaling Pathways in the
Regulation of Oxidative Stress and Inflammatory Diseases. Int J Mol Sci
22 (14).https://doi.org/10.3390/ijms22147688

Pascual M, Calvo-Rodriguez M, Nunez L, Villalobos C, Urena J, Guerri
C.Toll-like receptors in neuroinflammation, neurodegeneration, and
alcohol-induced brain damage. IUBMB Life. 2021;73(7):900-15. https://
doi.org/10.1002/iub.2510.

Kumar V. Toll-like receptors in the pathogenesis of neuroinflammation.
J Neuroimmunol. 2019;332:16-30. https://doi.org/10.1016/jjneuroim.
2019.03.012.

Trinchieri G, Sher A. Cooperation of Toll-like receptor signals in innate
immune defence. Nat Rev Immunol. 2007;7(3):179-90. https://doi.org/
10.1038/nri2038.

Pascual M, Montesinos J, Montagud-Romero S, Forteza J, Rodriguez-
Arias M, Minarro J, Guerri C. TLR4 response mediates ethanol-induced
neurodevelopment alterations in a model of fetal alcohol spectrum
disorders. J Neuroinflammation. 2017;14(1):145. https://doi.org/10.
1186/512974-017-0918-2.

Cantacorps L, Alfonso-Loeches S, Moscoso-Castro M, Cuitavi J, Gracia-
Rubio I, Lopez-Arnau R, Escubedo E, Guerri C, Valverde O. Maternal alco-
hol binge drinking induces persistent neuroinflammation associated
with myelin damage and behavioural dysfunctions in offspring mice.
Neuropharmacology. 2017;123:368-84. https://doi.org/10.1016/j.neuro
pharm.2017.05.034.

Darbinian N, Selzer ME. Oligodendrocyte pathology in fetal alcohol
spectrum disorders. Neural Regen Res. 2022;17(3):497-502. https://doi.
0rg/10.4103/1673-5374.314294.

Alfonso-Loeches S, Pascual M, Gomez-Pinedo U, Pascual-Lucas M,
Renau-Piqueras J, Guerri C. Toll-like receptor 4 participates in the myelin
disruptions associated with chronic alcohol abuse. Glia. 2012;60(6):.948—
64. https://doi.org/10.1002/glia.22327.

Pascual M, Balino P, Aragon CM, Guerri C. Cytokines and chemokines as
biomarkers of ethanol-induced neuroinflammation and anxiety-related
behavior: role of TLR4 and TLR2. Neuropharmacology. 2015;89:352-9.
https://doi.org/10.1016/j.neuropharm.2014.10.014.
Niedzwiedz-Massey VM, Douglas JC, Rafferty T, Wight PA, Kane CJM,
Drew PD. Ethanol modulation of hippocampal neuroinflammation,
myelination, and neurodevelopment in a postnatal mouse model of
fetal alcohol spectrum disorders. Neurotoxicol Teratol. 2021;87:107015.
https://doi.org/10.1016/j.ntt.2021.107015.

Kane CJM, Douglas JC, Rafferty T, Johnson JW, Niedzwiedz-Massey VM,
Phelan KD, Majewska AK, Drew PD. Ethanol modulation of cerebellar
neuroinflammation in a postnatal mouse model of fetal alcohol spec-
trum disorders. J Neurosci Res. 2021;99(8):1986-2007. https://doi.org/
10.1002/jnr.24797.

Montesinos J, Pascual M, Pla A, Maldonado C, Rodriguez-Arias M,
Minarro J, Guerri C. TLR4 elimination prevents synaptic and myelin
alterations and long-term cognitive dysfunctions in adolescent mice
with intermittent ethanol treatment. Brain Behav Immun. 2015:45:233—
44. https://doi.org/10.1016/}.bbi.2014.11.015.

Zlotnik A, Yoshie O, Nomiyama H. The chemokine and chemokine
receptor superfamilies and their molecular evolution. Genome Biol.
2006;7(12):243. https://doi.org/10.1186/gb-2006-7-12-243.

Du MR, Wang SC, Li DJ. The integrative roles of chemokines at the
maternal-fetal interface in early pregnancy. Cell Mol Immunol.
2014;11(5):438-48. https://doi.org/10.1038/cmi.2014.68.

Ao D, Li DJ, Li MQ. CXCL12 in normal and pathological pregnancies: A
review. Am J Reprod Immunol. 2020;84(3):e13280. https://doi.org/10.
1111/aji.13280.

Zhang S, Ding J, Zhang Y, Liu S, Yang J, Yin T. Regulation and Function
of Chemokines at the Maternal-Fetal Interface. Front Cell Dev Biol.
2022;10:826053. https://doi.org/10.3389/fcell.2022.826053.


https://doi.org/10.1016/j.freeradbiomed.2014.09.026
https://doi.org/10.1016/j.freeradbiomed.2014.09.026
https://doi.org/10.3390/antiox11101983
https://doi.org/10.3390/antiox11101983
https://doi.org/10.1016/j.toxlet.2009.12.012
https://doi.org/10.1186/1742-2094-9-5
https://doi.org/10.1016/j.neuropharm.2020.108100
https://doi.org/10.1152/ajpcell.00256.2018
https://doi.org/10.1152/ajpcell.00256.2018
https://doi.org/10.1016/j.freeradbiomed.2013.02.015
https://doi.org/10.1016/j.freeradbiomed.2013.02.015
https://doi.org/10.1007/s00204-014-1397-1
https://doi.org/10.1080/10715762.2021.1876855
https://doi.org/10.3390/cells8060513
https://doi.org/10.1039/c0cs00061b
https://doi.org/10.3390/molecules24213860
https://doi.org/10.3390/molecules24213860
https://doi.org/10.1080/09553002.2021.2003464
https://doi.org/10.1016/j.abb.2014.05.001
https://doi.org/10.1016/j.abb.2014.05.001
https://doi.org/10.1080/10715762.2016.1244820
https://doi.org/10.1080/10715762.2016.1244820
https://doi.org/10.1016/j.canlet.2012.04.005
https://doi.org/10.1016/j.canlet.2012.04.005
https://doi.org/10.1016/j.bbi.2020.10.007
https://doi.org/10.1016/j.bbi.2020.10.007
https://doi.org/10.1016/j.bbi.2016.03.027
https://doi.org/10.1016/j.bbi.2016.03.027
https://doi.org/10.1002/jnr.24735
https://doi.org/10.1186/1742-2094-5-10
https://doi.org/10.1186/1742-2094-5-10
https://doi.org/10.3390/ijms22147688
https://doi.org/10.1002/iub.2510
https://doi.org/10.1002/iub.2510
https://doi.org/10.1016/j.jneuroim.2019.03.012
https://doi.org/10.1016/j.jneuroim.2019.03.012
https://doi.org/10.1038/nri2038
https://doi.org/10.1038/nri2038
https://doi.org/10.1186/s12974-017-0918-2
https://doi.org/10.1186/s12974-017-0918-2
https://doi.org/10.1016/j.neuropharm.2017.05.034
https://doi.org/10.1016/j.neuropharm.2017.05.034
https://doi.org/10.4103/1673-5374.314294
https://doi.org/10.4103/1673-5374.314294
https://doi.org/10.1002/glia.22327
https://doi.org/10.1016/j.neuropharm.2014.10.014
https://doi.org/10.1016/j.ntt.2021.107015
https://doi.org/10.1002/jnr.24797
https://doi.org/10.1002/jnr.24797
https://doi.org/10.1016/j.bbi.2014.11.015
https://doi.org/10.1186/gb-2006-7-12-243
https://doi.org/10.1038/cmi.2014.68
https://doi.org/10.1111/aji.13280
https://doi.org/10.1111/aji.13280
https://doi.org/10.3389/fcell.2022.826053

Zeng et al. Journal of Neurodevelopmental Disorders

76.

77.

78.

79.

80.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91

92.

(2024) 16:20

Janssens R, Struyf S, Proost P. Pathological roles of the homeostatic
chemokine CXCL12. Cytokine Growth Factor Rev. 2018;44:51-68.
https://doi.org/10.1016/j.cytogfr.2018.10.004.

Li MQ, Tang CL, Du MR, Fan DX, Zhao HB, Xu B, Li DJ. CXCL12 controls
over-invasion of trophoblasts via upregulating CD82 expression in DSCs
at maternal-fetal interface of human early pregnancy in a paracrine
manner. Int J Clin Exp Pathol. 2011;4(3):276-86.

Chang GQ, Collier AD, Karatayev O, Gulati G, Boorgu D, Leibowitz

SF. Moderate Prenatal Ethanol Exposure Stimulates CXCL12/CXCR4
Chemokine System in Radial Glia Progenitor Cells in Hypothalamic
Neuroepithelium and Peptide Neurons in Lateral Hypothalamus of the
Embryo and Postnatal Offspring. Alcohol Clin Exp Res. 2020;44(4):866—
79. https://doi.org/10.1111/acer.14296.

Poon K, Ho HT, Barson JR, Leibowitz SF. Stimulatory role of the
chemokine CCL2 in the migration and peptide expression of embry-
onic hypothalamic neurons. J Neurochem. 2014;131(4):509-20. https://
doi.org/10.1111/jnc.12827.

Zhang K, Wang H, Xu M, Frank JA, Luo J. Role of MCP-1 and CCR2 in
ethanol-induced neuroinflammation and neurodegeneration in the
developing brain. J Neuroinflammation. 2018;15(1):197. https://doi.org/
10.1186/512974-018-1241-2.

. Terasaki LS, Schwarz JM. Effects of Moderate Prenatal Alcohol Exposure

during Early Gestation in Rats on Inflammation across the Maternal-
Fetal-lImmune Interface and Later-Life Immune Function in the
Offspring. J Neuroimmune Pharmacol. 2016;11(4):680-92. https://doi.
0rg/10.1007/511481-016-9691-8.

Lowe PP, Morel C, Ambade A, Iracheta-Vellve A, Kwiatkowski E, Satish-
chandran A, Furi |, Cho Y, Gyongyosi B, Catalano D, Lefebvre E, Fischer L,
Seyedkazemi S, Schafer DP, Szabo G. Chronic alcohol-induced neuroin-
flammation involves CCR2/5-dependent peripheral macrophage infil-
tration and microglia alterations. J Neuroinflammation. 2020;17(1):296.
https://doi.org/10.1186/512974-020-01972-5.

Collier AD, Khalizova N, Chang GQ, Min S, Campbell S, Gulati G,
Leibowitz SF. Involvement of Cxcl12a/Cxcr4b Chemokine System in
Mediating the Stimulatory Effect of Embryonic Ethanol Exposure on
Neuronal Density in Zebrafish Hypothalamus. Alcohol Clin Exp Res.
2020;44(12):2519-35. https://doi.org/10.1111/acer.14482.

Wei CY, Li MQ, Zhu XY, Li DJ. Immune status of decidual macrophages is
dependent on the CCL2/CCR2/JAK2 pathway during early pregnancy.
Am J Reprod Immunol. 2021;86(5):e13480. https://doi.org/10.1111/aji.
13480.

Zhang K, Luo J. Role of MCP-1 and CCR2 in alcohol neurotoxicity. Phar-
macol Res. 2019;139:360-6. https://doi.org/10.1016/j.phrs.2018.11.030.
Chen K, Bao Z, Tang P, Gong W, Yoshimura T, Wang JM. Chemokines

in homeostasis and diseases. Cell Mol Immunol. 2018;15(4):324-34.
https://doi.org/10.1038/cmi.2017.134.

Riar AK, Narasimhan M, Rathinam ML, Henderson GI, Mahimainathan L.
Ethanol induces cytostasis of cortical basal progenitors. J Biomed Sci.
2016;23:6. https://doi.org/10.1186/512929-016-0225-8.

Romero AM, Palanca A, Ruiz-Soto M, Llorca J, Marin MP, Renau-Piqueras
J, Berciano MT, Lafarga M. Chronic Alcohol Exposure Decreases 53BP1
Protein Levels Leading to a Defective DNA Repair in Cultured Primary
Cortical Neurons. Neurotox Res. 2016;29(1):69-79. https://doi.org/10.
1007/512640-015-9554-8.

Rachdaoui N, Li L, Willard B, Kasumov T, Previs S, Sarkar D. Turnover of
histones and histone variants in postnatal rat brain: effects of alcohol
exposure. Clin Epigenetics. 2017,9:117. https://doi.org/10.1186/
$13148-017-0416-5.

Adhikari P, Shukla P, Alharthi F, Bhandari S, Meena A, Rao R, Pradhan P
(2022) Photonics probing of pup brain tissue and molecular-specific
nuclear nanostructure alterations due to fetal alcoholism via light scat-
tering/localization approaches. J Biomed Opt 27 (7). https://doi.org/10.
1117/1.JB0.27.7.076002

Laufer B, Kapalanga J, Castellani CA, Diehl EJ, Yan L, Singh SM. Asso-
ciative DNA methylation changes in children with prenatal alcohol
exposure. Epigenomics. 2015;7(8):1259-74. https://doi.org/10.2217/epi.
15.60.

Ozturk NC, Resendiz M, Ozturk H, Zhou FC. DNA Methylation program
in normal and alcohol-induced thinning cortex. Alcohol. 2017;60:135-
47. https://doi.org/10.1016/j.alcohol.2017.01.006.

93.

94.

95.

96.

97.

98.

99.

101.

102.

103.

104.

105.

106.

Page 17 of 19

Legault LM, Doiron K, Breton-Larrivee M, Langford-Avelar A, Lemieux A,
Caron M, Jerome-Majewska LA, Sinnett D, McGraw S. Pre-implantation
alcohol exposure induces lasting sex-specific DNA methylation
programming errors in the developing forebrain. Clin Epigenetics.
2021;13(1):164. https://doi.org/10.1186/513148-021-01151-0.

Sarkar DK, Gangisetty O, Wozniak JR, Eckerle JK, Georgieff MK, Foroud
TM, Wetherill L, Wertelecki W, Chambers CD, Riley E, Zymak-Zakutnya N,
Yevtushok L. Persistent Changes in Stress-Regulatory Genes in Pregnant
Women or Children Exposed Prenatally to Alcohol. Alcohol Clin Exp Res.
2019;43(9):1887-97. https.//doi.org/10.1111/acer.14148.

Loke YJ, Muggli E, Saffery R, Ryan J, Lewis S, Elliott EJ, Halliday J,

Craig JM. Sex- and tissue-specific effects of binge-level prenatal
alcohol consumption on DNA methylation at birth. Epigenomics.
2021;13(24):1921-38. https://doi.org/10.2217/epi-2021-0285.

Bestry M, Symons M, Larcombe A, Muggli E, Craig JM, Hutchinson D,
Halliday J, Martino D. Association of prenatal alcohol exposure with
offspring DNA methylation in mammals: a systematic review of the
evidence. Clin Epigenetics. 2022;14(1):12. https://doi.org/10.1186/
513148-022-01231-9.

Chang GQ, Yasmin N, Collier AD, Karatayev O, Khalizova N, Onoichenco
A, Fam M, Albeg AS, Campbell S, Leibowitz SF. Fibroblast growth

factor 2: Role in prenatal alcohol-induced stimulation of hypotha-
lamic peptide neurons. Prog Neuropsychopharmacol Biol Psychiatry.
2022;116:110536. https//doi.org/10.1016/).pnpbp.2022.110536.

Collier AD, Yasmin N, Chang GQ, Karatayev O, Khalizova N, Fam M,
Abdulai AR, Yu B, Leibowitz SF. Embryonic ethanol exposure induces
ectopic Hert and MCH neurons outside hypothalamus in rats and
zebrafish: Role in ethanol-induced behavioural disturbances. Addict
Biol. 2022;27(6):e13238. https://doi.org/10.1111/adb.13238.

Ceccanti M, Mancinelli R, Tirassa P, Laviola G, Rossi S, Romeo M, Fiore M.
Early exposure to ethanol or red wine and long-lasting effects in aged
mice. A study on nerve growth factor, brain-derived neurotrophic fac-
tor, hepatocyte growth factor, and vascular endothelial growth factor.
Neurobiol Aging. 2012;33(2):359-67. https://doi.org/10.1016/j.neuro
biolaging.2010.03.005.

Ceccanti M, Coccurello R, Carito V, Ciafre S, Ferraguti G, Giacovazzo G,
Mancinelli R, Tirassa P, Chaldakov GN, Pascale E, Ceccanti M, Codazzo C,
Fiore M. Paternal alcohol exposure in mice alters brain NGF and BDNF
and increases ethanol-elicited preference in male offspring. Addict Biol.
2016;21(4):776-87. https://doi.org/10.1111/adb.12255.

Carito V, Ceccanti M, Ferraguti G, Coccurello R, Ciafre S, Tirassa P, Fiore
M. NGF and BDNF Alterations by Prenatal Alcohol Exposure. Curr Neu-
ropharmacol. 2019;17(4):308-17. https://doi.org/10.2174/1570159X15
666170825101308.

Fatayerji N, Engelmann GL, Myers T, Handa RJ. In utero exposure to eth-
anol alters mRNA for insulin-like growth factors and insulin-like growth
factor-binding proteins in placenta and lung of fetal rats. Alcohol Clin
Exp Res. 1996,20(1):94-100. https://doi.org/10.1111/j.1530-0277.1996.
tb01051.x.

de la Monte SM, Tong M, Carlson RI, Carter JJ, Longato L, Silbermann E,
Wands JR. Ethanol inhibition of aspartyl-asparaginyl-beta-hydroxylase
in fetal alcohol spectrum disorder: potential link to the impairments in
central nervous system neuronal migration. Alcohol. 2009;43(3):225-40.
https://doi.org/10.1016/j.alcohol.2008.09.009.

Yu L, Zhou J, Zhang G, Huang W, Pei L, Lv F, Zhang Y, Zhang W, Wang

H. cAMP/PKA/EGR1 signaling mediates the molecular mechanism

of ethanol-induced inhibition of placental 11beta-HSD2 expression.
Toxicol Appl Pharmacol. 2018;352:77-86. https://doi.org/10.1016/j.taap.
2018.05.029.

Todd D, Clapp M, Dains P, Karacay B, Bonthius DJ. Purkinje cell-specific
deletion of CREB worsens alcohol-induced cerebellar neuronal losses
and motor deficits. Alcohol. 2022;101:27-35. https://doi.org/10.1016/j.
alcohol.2022.02.005.

Louis LK, Gopurappilly R, Surendran H, Dutta S, Pal R. Transcriptional
profiling of human neural precursors post alcohol exposure reveals
impaired neurogenesis via dysregulation of ERK signaling and miR-145.
J Neurochem. 2017. https://doi.org/10.1111/jnc.14155.

Murano T, Koshimizu H, Hagihara H, Miyakawa T. Transcriptomic
immaturity of the hippocampus and prefrontal cortex in patients with
alcoholism. Sci Rep. 2017;7:44531. https://doi.org/10.1038/srep44531.


https://doi.org/10.1016/j.cytogfr.2018.10.004
https://doi.org/10.1111/acer.14296
https://doi.org/10.1111/jnc.12827
https://doi.org/10.1111/jnc.12827
https://doi.org/10.1186/s12974-018-1241-2
https://doi.org/10.1186/s12974-018-1241-2
https://doi.org/10.1007/s11481-016-9691-8
https://doi.org/10.1007/s11481-016-9691-8
https://doi.org/10.1186/s12974-020-01972-5
https://doi.org/10.1111/acer.14482
https://doi.org/10.1111/aji.13480
https://doi.org/10.1111/aji.13480
https://doi.org/10.1016/j.phrs.2018.11.030
https://doi.org/10.1038/cmi.2017.134
https://doi.org/10.1186/s12929-016-0225-8
https://doi.org/10.1007/s12640-015-9554-8
https://doi.org/10.1007/s12640-015-9554-8
https://doi.org/10.1186/s13148-017-0416-5
https://doi.org/10.1186/s13148-017-0416-5
https://doi.org/10.1117/1.JBO.27.7.076002
https://doi.org/10.1117/1.JBO.27.7.076002
https://doi.org/10.2217/epi.15.60
https://doi.org/10.2217/epi.15.60
https://doi.org/10.1016/j.alcohol.2017.01.006
https://doi.org/10.1186/s13148-021-01151-0
https://doi.org/10.1111/acer.14148
https://doi.org/10.2217/epi-2021-0285
https://doi.org/10.1186/s13148-022-01231-9
https://doi.org/10.1186/s13148-022-01231-9
https://doi.org/10.1016/j.pnpbp.2022.110536
https://doi.org/10.1111/adb.13238
https://doi.org/10.1016/j.neurobiolaging.2010.03.005
https://doi.org/10.1016/j.neurobiolaging.2010.03.005
https://doi.org/10.1111/adb.12255
https://doi.org/10.2174/1570159X15666170825101308
https://doi.org/10.2174/1570159X15666170825101308
https://doi.org/10.1111/j.1530-0277.1996.tb01051.x
https://doi.org/10.1111/j.1530-0277.1996.tb01051.x
https://doi.org/10.1016/j.alcohol.2008.09.009
https://doi.org/10.1016/j.taap.2018.05.029
https://doi.org/10.1016/j.taap.2018.05.029
https://doi.org/10.1016/j.alcohol.2022.02.005
https://doi.org/10.1016/j.alcohol.2022.02.005
https://doi.org/10.1111/jnc.14155
https://doi.org/10.1038/srep44531

Zeng et al. Journal of Neurodevelopmental Disorders

108.

109.

110.

112.

113.

116.

117.

118.

119.

120.

(2024) 16:20

Fowler AK, Thompson J, Chen L, Dagda M, Dertien J, Dossou KS,
Moaddel R, Bergeson SE, Kruman Il Differential sensitivity of prefron-
tal cortex and hippocampus to alcohol-induced toxicity. PLoS ONE.
2014,9(9):106945. https://doi.org/10.1371/journal.pone.0106945.

Bird CW, Taylor DH, Pinkowski NJ, Chavez GJ, Valenzuela CF. Long-term
Reductions in the Population of GABAergic Interneurons in the Mouse
Hippocampus following Developmental Ethanol Exposure. Neurosci-
ence. 2018,;383:60-73. https://doi.org/10.1016/j.neuroscience.2018.05.
003.

Collins MA, Neafsey EJ. Neuroinflammatory pathways in binge alcohol-
induced neuronal degeneration: oxidative stress cascade involving
aquaporin, brain edema, and phospholipase A2 activation. Neurotox
Res. 2012;21(1):70-8. https://doi.org/10.1007/512640-011-9276-5.
Otero NK, Thomas JD, Saski CA, Xia X, Kelly SJ. Choline supplementa-
tion and DNA methylation in the hippocampus and prefrontal cortex
of rats exposed to alcohol during development. Alcohol Clin Exp Res.
2012;36(10):1701-9. https://doi.org/10.1111/}.1530-0277.2012.01784.x.
Heroux NA, Robinson-Drummer PA, Kawan M, Rosen JB, Stanton ME.
Neonatal ethanol exposure impairs long-term context memory forma-
tion and prefrontal immediate early gene expression in adolescent rats.
Behav Brain Res. 2019;359:386-95. https://doi.org/10.1016/j.bbr.2018.
11.018.

Al-Jaberi N, Lindsay S, Sarma S, Bayatti N, Clowry GJ. The early fetal
development of human neocortical GABAergic interneurons. Cereb
Cortex. 2015;25(3):631-45. https://doi.org/10.1093/cercor/bht254.
Wang Y, Dye CA, Sohal V, Long JE, Estrada RC, Roztocil T, Lufkin T, Deis-
seroth K, Baraban SC, Rubenstein JL. DIx5 and DIx6 regulate the devel-
opment of parvalbumin-expressing cortical interneurons. J Neurosci.
2010;30(15):5334-45. https://doi.org/10.1523/JNEUROSCL.5963-09.2010.
He X, Lu J, Dong W, Jiao Z, Zhang C, Yu'Y, Zhang Z, Wang H, Xu D. Pre-
natal nicotine exposure induces HPA axis-hypersensitivity in offspring
rats via the intrauterine programming of up-regulation of hippocampal
GAD67. Arch Toxicol. 2017;91(12):3927-43. https://doi.org/10.1007/
500204-017-1996-8.

Leger C, Dupre N, Laquerriere A, Lecointre M, Dumanoir M, Janin F,
Hauchecorne M, Fabre M, Jegou S, Frebourg T, Cleren C, Leroux P, Mar-
corelles P, Brasse-Lagnel C, Marret S, Marguet F, Gonzalez BJ. In utero
alcohol exposure exacerbates endothelial protease activity from pial
microvessels and impairs GABA interneuron positioning. Neurobiol Dis.
2020;145:105074. https://doi.org/10.1016/j.nbd.2020.105074.

Skorput AG, Gupta VP, Yeh PW, Yeh HH. Persistent Interneuronopathy in
the Prefrontal Cortex of Young Adult Offspring Exposed to Ethanol In
Utero. J Neurosci. 2015;35(31):10977-88. https://doi.org/10.1523/JNEUR
0SCl.1462-15.2015.

Shenoda BB. An Overview of the Mechanisms of Abnormal GABAergic
Interneuronal Cortical Migration Associated with Prenatal Ethanol
Exposure. Neurochem Res. 2017;42(5):1279-87. https://doi.org/10.1007/
511064-016-2169-5.

Smiley JF, Saito M, Bleiwas C, Masiello K, Ardekani B, Guilfoyle DN,
Gerum S, Wilson DA, Vadasz C. Selective reduction of cerebral cortex
GABA neurons in a late gestation model of fetal alcohol spectrum
disorder. Alcohol. 2015;49(6):571-80. https://doi.org/10.1016/j.alcohol.
2015.04.008.

Marguet F, Friocourt G, Brosolo M, Sauvestre F, Marcorelles P, Lesueur
C, Marret S, Gonzalez BJ, Laquerriere A. Prenatal alcohol exposure is

a leading cause of interneuronopathy in humans. Acta Neuropathol
Commun. 2020;8(1):208. https://doi.org/10.1186/540478-020-01089-z.
LicheriV, Brigman JL. Altering Cell-Cell Interaction in Prenatal Alcohol
Exposure Models: Insight on Cell-Adhesion Molecules During Brain
Development. Front Mol Neurosci. 2021;14:753537. https://doi.org/10.
3389/fnmol.2021.753537.

Arevalo E, Shanmugasundararaj S, Wilkemeyer MF, Dou X, Chen S, Char-
ness ME, Miller KW. An alcohol binding site on the neural cell adhesion
molecule L1. Proc Natl Acad Sci U S A. 2008;105(1):371-5. https://doi.
org/10.1073/pnas.0707815105.

Davis NL, Tang N, He M, Lee D, Bearer CF. Choline ameliorates ethanol
induced alterations in tyrosine phosphorylation and distribution in
detergent-resistant membrane microdomains of L1 cell adhesion
molecule in vivo. Birth Defects Res. 2020;112(6):480-9. https://doi.org/
10.1002/bdr2.1657.

124.

125.

126.

127.

128.

129.

130.

131.

132.

134.

135.

136.

137.

138.

139.

Page 18 of 19

Dou X, Menkari C, Mitsuyama R, Foroud T, Wetherill L, Hammond P, Sut-
tie M, Chen X, Chen SY, Charness ME, Initiative C, on Fetal Alcohol Spec-
trum D,. L1 coupling to ankyrin and the spectrin-actin cytoskeleton
modulates ethanol inhibition of L1 adhesion and ethanol teratogenesis.
FASEB J. 2018;32(3):1364-74. https://doi.org/10.1096/f.201700970.
Siqueira M, Stipursky J. Blood brain barrier as an interface for alcohol
induced neurotoxicity during development. Neurotoxicology.
2022;90:145-57. https://doi.org/10.1016/j.neuro.2022.03.009.

Akhtar F, Rouse CA, Catano G, Montalvo M, Ullevig SL, Asmis R,
Kharbanda K, Maffi SK. Acute maternal oxidant exposure causes
susceptibility of the fetal brain to inflammation and oxidative stress.

J Neuroinflammation. 2017;14(1):195. https://doi.org/10.1186/
$12974-017-0965-8.

Mukherjee S, Cabrera MA, Boyadjieva NI, Berger G, Rousseau B, Sarkar
DK. Alcohol Increases Exosome Release from Microglia to Promote
Complement C1g-Induced Cellular Death of Proopiomelanocortin
Neurons in the Hypothalamus in a Rat Model of Fetal Alcohol Spectrum
Disorders. J Neurosci. 2020;40(41):7965-79. https://doi.org/10.1523/
JNEUROSCI.0284-20.2020.

Clave S, Joya X, Salat-Batlle J, Garcia-Algar O, Vall O. Ethanol cytotoxic
effect on trophoblast cells. Toxicol Lett. 2014;225(2):216-21. https://doi.
0rg/10.1016/j.toxlet.2013.12.018.

Chen G, Ke Z, Xu M, Liao M, Wang X, Qi Y, Zhang T, Frank JA, Bower KA,
Shi X, Luo J. Autophagy is a protective response to ethanol neurotoxic-
ity. Autophagy. 2012;8(11):1577-89. https://doi.org/10.4161/auto.21376.
Smith SM, Garic A, Berres ME, Flentke GR. Genomic factors that shape
craniofacial outcome and neural crest vulnerability in FASD. Front
Genet. 2014,5:224. https://doi.org/10.3389/fgene.2014.00224.

Garic A, Flentke GR, Amberger E, Hernandez M, Smith SM. CaMKIl acti-
vation is a novel effector of alcohol’s neurotoxicity in neural crest stem/
progenitor cells. J Neurochem. 2011;118(4):646-57. https://doi.org/10.
1111/j.1471-4159.2011.07273 X.

Bolnick JM, Karana R, Chiang PJ, Kilburn BA, Romero R, Diamond MP,
Smith SM, Armant DR. Apoptosis of alcohol-exposed human placental
cytotrophoblast cells is downstream of intracellular calcium signaling.
Alcohol Clin Exp Res. 2014;38(6):1646-53. https://doi.org/10.1111/acer.
12417.

Flentke GR, Klingler RH, Tanguay RL, Carvan MJ 3rd, Smith SM. An evolu-
tionarily conserved mechanism of calcium-dependent neurotoxicity in
a zebrafish model of fetal alcohol spectrum disorders. Alcohol Clin Exp
Res. 2014,38(5):1255-65. https://doi.org/10.1111/acer.12360.

Flentke GR, Garic A, Amberger E, Hernandez M, Smith SM. Calcium-
mediated repression of beta-catenin and its transcriptional signaling
mediates neural crest cell death in an avian model of fetal alcohol
syndrome. Birth Defects Res A Clin Mol Teratol. 2011;91(7):591-602.
https://doi.org/10.1002/bdra.20833.

Flentke GR, Garic A, Hernandez M, Smith SM. CaMKI| represses tran-
scriptionally active beta-catenin to mediate acute ethanol neuro-
degeneration and can phosphorylate beta-catenin. J Neurochem.
2014;128(4):523-35. https://doi.org/10.1111/jnc.12464.

Smith SM, Garic A, Flentke GR, Berres ME. Neural crest develop-

ment in fetal alcohol syndrome. Birth Defects Res C Embryo Today.
2014;102(3):210-20. https://doi.org/10.1002/bdrc.21078.

Flentke GR, Baulch JW, Berres ME, Garic A, Smith SM. Alcohol-mediated
calcium signals dysregulate pro-survival Snai2/PUMA/BcI2 networks

to promote p53-mediated apoptosis in avian neural crest progenitors.
Birth Defects Res. 2019;111(12):686-99. https://doi.org/10.1002/bdr2.
1508.

Popova S, Lange S, Poznyak V, Chudley AE, Shield KD, Reynolds JN, Mur-
ray M, Rehm J. Population-based prevalence of fetal alcohol spectrum
disorder in Canada. BMC Public Health. 2019;19(1):845. https://doi.org/
10.1186/512889-019-7213-3.

May PA, Hasken JM, Bozeman R, Jones JV, Burns MK, Goodover J,
Kalberg WO, Buckley D, Brooks M, Ortega MA, Elliott AJ, Hedrick DM,
Tabachnick BG, Abdul-Rahman O, Adam MP, Jewett T, Robinson LK,
Manning MA, Hoyme HE. Fetal Alcohol Spectrum Disorders in a Rocky
Mountain Region City: Child Characteristics, Maternal Risk Traits, and
Prevalence. Alcohol Clin Exp Res. 2020;44(4):900-18. https://doi.org/10.
1111/acer.14315.

Cook JL, Green CR, Lilley CM, Anderson SM, Baldwin ME, Chudley AE,
Conry JL, LeBlanc N, Loock CA, Lutke J, Mallon BF, McFarlane AA, Temple


https://doi.org/10.1371/journal.pone.0106945
https://doi.org/10.1016/j.neuroscience.2018.05.003
https://doi.org/10.1016/j.neuroscience.2018.05.003
https://doi.org/10.1007/s12640-011-9276-5
https://doi.org/10.1111/j.1530-0277.2012.01784.x
https://doi.org/10.1016/j.bbr.2018.11.018
https://doi.org/10.1016/j.bbr.2018.11.018
https://doi.org/10.1093/cercor/bht254
https://doi.org/10.1523/JNEUROSCI.5963-09.2010
https://doi.org/10.1007/s00204-017-1996-8
https://doi.org/10.1007/s00204-017-1996-8
https://doi.org/10.1016/j.nbd.2020.105074
https://doi.org/10.1523/JNEUROSCI.1462-15.2015
https://doi.org/10.1523/JNEUROSCI.1462-15.2015
https://doi.org/10.1007/s11064-016-2169-5
https://doi.org/10.1007/s11064-016-2169-5
https://doi.org/10.1016/j.alcohol.2015.04.008
https://doi.org/10.1016/j.alcohol.2015.04.008
https://doi.org/10.1186/s40478-020-01089-z
https://doi.org/10.3389/fnmol.2021.753537
https://doi.org/10.3389/fnmol.2021.753537
https://doi.org/10.1073/pnas.0707815105
https://doi.org/10.1073/pnas.0707815105
https://doi.org/10.1002/bdr2.1657
https://doi.org/10.1002/bdr2.1657
https://doi.org/10.1096/fj.201700970
https://doi.org/10.1016/j.neuro.2022.03.009
https://doi.org/10.1186/s12974-017-0965-8
https://doi.org/10.1186/s12974-017-0965-8
https://doi.org/10.1523/JNEUROSCI.0284-20.2020
https://doi.org/10.1523/JNEUROSCI.0284-20.2020
https://doi.org/10.1016/j.toxlet.2013.12.018
https://doi.org/10.1016/j.toxlet.2013.12.018
https://doi.org/10.4161/auto.21376
https://doi.org/10.3389/fgene.2014.00224
https://doi.org/10.1111/j.1471-4159.2011.07273.x
https://doi.org/10.1111/j.1471-4159.2011.07273.x
https://doi.org/10.1111/acer.12417
https://doi.org/10.1111/acer.12417
https://doi.org/10.1111/acer.12360
https://doi.org/10.1002/bdra.20833
https://doi.org/10.1111/jnc.12464
https://doi.org/10.1002/bdrc.21078
https://doi.org/10.1002/bdr2.1508
https://doi.org/10.1002/bdr2.1508
https://doi.org/10.1186/s12889-019-7213-3
https://doi.org/10.1186/s12889-019-7213-3
https://doi.org/10.1111/acer.14315
https://doi.org/10.1111/acer.14315

Zeng et al. Journal of Neurodevelopmental Disorders (2024) 16:20

142.

143.

144.

145.

146.

147.

148.

VK, Rosales T, Canada Fetal Alcohol Spectrum Disorder Research N. Fetal
alcohol spectrum disorder: a guideline for diagnosis across the lifespan.
CMAJ. 2016;188(3):191-7. https://doi.org/10.1503/cmaj.141593.

Popova S, Lange S, Temple V, Poznyak V, Chudley AE, Burd L, Murray

M, Rehm J (2020) Profile of Mothers of Children with Fetal Alcohol
Spectrum Disorder: A Population-Based Study in Canada. Int J Environ
Res Public Health 17 (21). https://doi.org/10.3390/ijerph 17217986

May PA, Chambers CD, Kalberg WO, Zellner J, Feldman H, Buckley D,
Kopald D, Hasken JM, Xu R, Honerkamp-Smith G, Taras H, Manning MA,
Robinson LK, Adam MP, Abdul-Rahman O, Vaux K, Jewett T, Elliott AJ,
Kable JA, Akshoomoff N, Falk D, Arroyo JA, Hereld D, Riley EP, Charness
ME, Coles CD, Warren KR, Jones KL, Hoyme HE. Prevalence of Fetal Alco-
hol Spectrum Disorders in 4 US Communities. JAMA. 2018;319(5):474—
82. https://doi.org/10.1001/jama.2017.21896.

Lim YH, Watkins RE, Jones H, Kippin NR, Finlay-Jones A. Fetal alcohol
spectrum disorders screening tools: A systematic review. Res Dev
Disabil. 2022;122:104168. https://doi.org/10.1016/j.ridd.2021.104168.
Cheng CT, Ostrea EM Jr, Alviedo JN, Banadera FP, Thomas RL. Fatty acid
ethyl esters in meconium: A biomarker of fetal alcohol exposure and
effect. Exp Biol Med (Maywood). 2021;246(4):380-6. https://doi.org/10.
1177/1535370220971562.

Naik VD, Lee J, Wu G, Washburn S, Ramadoss J. Effects of nutrition and
gestational alcohol consumption on fetal growth and development.
Nutr Rev. 2022;80(6):1568-79. https://doi.org/10.1093/nutrit/nuab119.
Asbaghi O, Ghanavati M, Ashtary-Larky D, Bagheri R, Rezaei Kelishadi

M, Nazarian B, Nordvall M, Wong A, Dutheil F, Suzuki K, Alavi Naeini A.
Effects of Folic Acid Supplementation on Oxidative Stress Markers: A
Systematic Review and Meta-Analysis of Randomized Controlled Trials.
Antioxidants (Basel). 2021;10(6):871. https://doi.org/10.3390/antiox1006
0871.

Dou X, Lee JY, Charness ME. Neuroprotective Peptide NAPVSIPQ Antag-
onizes Ethanol Inhibition of L1 Adhesion by Promoting the Dissociation
of L1 and Ankyrin-G. Biol Psychiatry. 2020;87(7):656-65. https://doi.org/
10.1016/j.biopsych.2019.08.020.

Baker JA, Breit KR, Bodnar TS, Weinberg J, Thomas JD. Choline Supple-
mentation Modifies the Effects of Developmental Alcohol Exposure on.
Nutrients. 2022;14(14):2868. https://doi.org/10.3390/nu14142868.
Gimbel BA, Anthony ME, Ernst AM, Roediger DJ, de Water E, Eckerle

JK, Boys CJ, Radke JP, Mueller BA, Fuglestad AJ, Zeisel SH, Georgieff

MK, Wozniak JR. Long-term follow-up of a randomized controlled trial
of choline for neurodevelopment in fetal alcohol spectrum disorder:
corpus callosum white matter microstructure and neurocognitive
outcomes. J Neurodev Disord. 2022;14(1):59.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 19 of 19


https://doi.org/10.1503/cmaj.141593
https://doi.org/10.3390/ijerph17217986
https://doi.org/10.1001/jama.2017.21896
https://doi.org/10.1016/j.ridd.2021.104168
https://doi.org/10.1177/1535370220971562
https://doi.org/10.1177/1535370220971562
https://doi.org/10.1093/nutrit/nuab119
https://doi.org/10.3390/antiox10060871
https://doi.org/10.3390/antiox10060871
https://doi.org/10.1016/j.biopsych.2019.08.020
https://doi.org/10.1016/j.biopsych.2019.08.020
https://doi.org/10.3390/nu14142868

	An overview of current advances in perinatal alcohol exposure and pathogenesis of fetal alcohol spectrum disorders
	Abstract 
	Introduction
	Neuronal damage mechanism of FASD
	Oxidative stress injury
	ROS damage to DNA
	ROS and inflammatory factors
	Neurotoxic injury
	Epigenetic damage of ethanol
	Impairment of physiological pathway by ethanol
	Multiple patterns of alcohol damage to embryonic neuronal development
	Final outcome: neuronal damage and apoptosis
	Current study status of FASD
	Current knowledge of FASD

	Current limitations and needs

	Conclusions
	References


