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Abstract

Fetal alcohol spectrum disorder (FASD) is a preventable cause of developmental disabilities
linked to prenatal alcohol exposure (PAE). Congenital heart defects (CHDs) are frequently
observed in FASD, with a notable association between PAE and dextro-type transposition
of the great arteries (d-TGA). A potential pathogenetic mechanism of d-TGA in FASD,
involving retinoic acid (RA) deficiency due to the interference of ethanol with RA biosyn-
thesis, is proposed. Further investigation is required to understand the timing and impact
of alcohol exposure on congenital anomalies, particularly in the context of CHDs.

Keywords: fetal alcohol spectrum disorder; congenital heart defects; prenatal alcohol
exposure; transposition of the great arteries; retinoic acid; cardiovascular disorders

1. Introduction
Fetal alcohol spectrum disorder (FASD) is a term that is used to describe the wide range

of developmental defects and neurobehavioral anomalies due to the teratogenic effects of
alcohol taken during pregnancy [1–4]. A safe threshold of the amount or time of alcohol
consumption during pregnancy has not been identified. Therefore, it is recommended
that women completely avoid drinking alcohol while pregnant or trying to conceive, since
FASD is the most common, totally avoidable, and preventable cause of acquired intellectual
disability in childhood [5,6].

Congenital heart defects (CHDs), which represent the major cause of infant morbidity
and birth defect-related deaths, are the most common type of congenital anomalies, with
an overall reported prevalence of approximately 10 per 1000 live births. CHDs have been
frequently reported in FASD [6,7]. Apart from genetic causes, the pathogenesis of CHDs
is still largely unknown. However, several environmental factors are associated with an
increased risk of CHDs, including prenatal alcohol exposure (PAE) [8–10]. A recent meta-
analysis showed that PAE was not associated with particular subtypes of CHDs, except for
a statistically significant association found with a specific CHD: dextro-type transposition
of the great arteries (d-TGA), a cyanotic heart defect characterized by atrioventricular
concordance and ventriculo-arterial discordance [11].

Despite the increasing recognition of this association, the precise mechanisms by which
ethanol exposure contributes to d-TGA remain poorly understood. Emerging evidence
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suggests that ethanol disrupts key developmental signaling pathways, including retinoic
acid (RA) metabolism, which plays a crucial role in cardiac morphogenesis. Ethanol
exposure leads to RA deficiency by inhibiting the activity of retinaldehyde dehydrogenases
(RALDHs), the enzymes responsible for RA synthesis [12,13]. This deficiency may impair
the normal differentiation of cardiac progenitor cells, particularly those in the second
heart field (SHF), which contribute to the development of the great arteries and outflow
tract. Experimental models have also indicated that ethanol-mediated RA deficiency down-
regulates key transcription factors implicated in left–right patterning and proper cardiac
septation. This interference may therefore contribute to the embryological abnormalities
leading to d-TGA, given the established role of RA in cardiovascular development [14].
Additionally, maternal factors such as nutritional status, metabolic conditions, and genetic
predisposition may interact with PAE to modulate the risk of d-TGA, necessitating further
epidemiological and mechanistic studies to delineate these complex interactions.

Therefore, based on our recent experience with a 4-year-old child diagnosed with
FASD—clinically confirmed according to the criteria established by Hoyme et al. [15,16] and
d-TGA—we propose a potential pathogenetic hypothesis linking RA disruption to d-TGA
in the context of FASD. The patient underwent an arterial switch operation (ASO) in the
neonatal period after an echocardiographic diagnosis of d-TGA with an intact ventricular
septum. Notably, there was no familial recurrence of CHDs, and the child exhibited
no extracardiac anomalies. At present, the patient’s cardiac status remains stable, with
regular follow-up evaluations. These findings reinforce the need to further investigate
the role of RA deficiency in conotruncal heart defects and consider the possibility that
some molecular mechanisms associated with d-TGA overlap with those regulating left–
right patterning, even in the absence of overt laterality defects such as dextrocardia, atrial
isomerism, or visceral heterotaxy. This opinion paper specifically focuses on d-TGA,
exploring its potential pathogenetic link with RA deficiency in the context of FASD.

2. Fetal Alcohol Spectrum Disorder (FASD)
The phenotypic spectrum of FASD is influenced by multiple factors, including the

dose, frequency, and timing of alcohol consumption during pregnancy, as well as maternal
and fetal genetic susceptibility [17]. Due to the lack of a genetic test, since FASD has an
epigenetic basis, and the absence of specific and standardized biomarkers for identifying
affected individuals, diagnosing FASD remains particularly difficult for clinicians [18–21].
The effects of PAE range from the absence of damage to mortality, depicting a continuum of
highly variable outcomes. The most severe condition is called fetal alcohol syndrome (FAS),
which refers to individuals who show cardinal facial features (short palpebral fissures, thin
upper lip, smooth philtrum), neurobehavioral deficits, and growth retardation [15]. In addi-
tion to FAS, FASD includes partial FAS (pFAS), alcohol-related birth defects (ARBDs), and
alcohol-related neurodevelopmental disorder (ARND) [22]. A neurobehavioral disorder
associated with prenatal alcohol exposure (ND-PAE) was introduced in the Diagnostic and
Statistical Manual of Mental Disorders, Fifth Edition (DSM-5) to indicate the neurobehav-
ioral consequences of PAE in the absence of growth retardation or facial dysmorphisms
in a similar, but not completely overlapping, way to ARND [23]. A variety of structural
congenital defects and other anomalies may therefore be due to PAE, as well as the salient,
characteristic findings of FASD [24].

3. A Brief Overview of Congenital Heart Defects (CHDs)
CHDs represent the most prevalent class of congenital anomalies, affecting approxi-

mately 1% of live births worldwide [7]. They are a leading cause of infant morbidity and
mortality, accounting for nearly 30% of all deaths related to congenital anomalies in the
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neonatal period [25]. The etiology of CHDs is multifactorial, involving a complex interplay
between genetic predisposition, environmental influences, and maternal health factors.
While significant progress has been made in identifying key genetic contributors, the role
of prenatal environmental exposures—such as maternal diabetes, obesity, infections, and
teratogenic substances including alcohol—remains an area of active investigation [26].

One of the major environmental risk factors for CHDs is PAE, which has been im-
plicated in several cardiac malformations. As reported in a recent meta-analysis, alco-
hol consumption during pregnancy leads to a statistically significant increase in risk of
conotruncal anomalies and d-TGA [11]. The teratogenic effects of alcohol on fetal heart
development are thought to be mediated through mechanisms such as oxidative stress,
apoptosis, and disruption of RA signaling, which plays a crucial role in the formation of
cardiac structures [12].

Advances in fetal echocardiography and genetic screening have improved early detec-
tion and management of CHDs. However, long-term outcomes for affected individuals
vary significantly depending on defect severity, timing of cardiac surgery, and presence of
comorbid conditions. Many children with complex CHDs require multiple surgeries, life-
long cardiology follow-up, and neurodevelopmental support due to the risk of associated
cognitive and motor deficits [27]. Early intervention and multidisciplinary care, including
cardiologists, geneticists, neonatologists, and developmental specialists, are essential to
optimizing outcomes for these patients.

Since the understanding of CHD pathogenesis continues to evolve, future research
should focus on identifying gene–environment interactions, epigenetic modifications, and
novel therapeutic approaches to mitigate the impact of teratogenic exposures like alcohol.
Additionally, public health initiatives aimed at reducing maternal risk factors, promoting
prenatal care, and improving CHD awareness will be critical in decreasing the burden of
CHD globally.

4. FASD and d-TGA
PAE may act as a contributing factor in the pathogenesis of specific CHDs. The meta-

analysis by Yang and colleagues investigated the relationship between PAE and the risk of
overall CHDs as well as the presence of specific CHDs, indicating a statistically significant
association with d-TGA (OR = 1.64, 95% CI = 1.17–2.30) [11]. Two other studies have
explored the effects of PAE on the d-TGA; however, the underlying mechanisms by which
PAE may contribute to this specific cardiac anomaly remain poorly understood [9,10]. The
d-TGA is one of the most common cyanotic CHDs, with approximately 1 in 3500–5000 live
births [28]. It is characterized by discordant ventriculo-arterial connections, in which the
aorta arises from the right ventricle and the pulmonary artery arises from the left ventricle.
This means that the systemic and pulmonary circulations are in parallel and not in series,
preventing oxygenated blood from reaching the systemic circulation, leading to severe
hypoxemia shortly after birth [29]. Without intervention, d-TGA is lethal in the neonatal
period, but surgical advances, particularly the ASO, have significantly improved survival.
Performed within the first weeks of life, ASO restores normal circulation by switching
the aorta and pulmonary artery to their correct positions [29]. Long-term outcomes are
generally favorable with proper follow-up; however, complications such as arrhythmias,
ventricular dysfunction, coronary artery issues, as well as neo-aortic valve insufficiency
and root dilatation, may occur over time [30].

The etiology of this CHD is still not fully delineated, but new insights into the patho-
genesis were recently reported [31]. While the exact embryological disruptions leading
to d-TGA remain under investigation, it is plausible that early perturbations in cardiac
looping and neural crest cell migration contribute to the abnormal vessel positioning charac-
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teristic of this defect [31]. Further research into the precise molecular mediators, including
potential epigenetic modifications triggered by PAE, could provide deeper insights into its
pathogenic effects on cardiac development.

Retinoic Acid Deficiency as a Mechanism in d-TGA Pathogenesis

We suggest that a possible explanation of the association between PAE and this
specific CHD lies in the teratogenic effect derived from a RA deficiency [Figure 1]. An
excessive amount of ethanol (or acetaldehyde, its clearance metabolite) can interfere with
RA biosynthesis, since the same families of enzymes are involved in both ethanol clearance
and RA production, generating teratogenic consequences [13].

Ethanol consumption during pregnancy disrupts multiple developmental pathways,
with one of the most critical being the RA signaling pathway. RA, the active metabolite of
vitamin A, plays a fundamental role in embryogenesis, particularly in the development of
the cardiovascular system. The teratogenic effects of ethanol are primarily mediated by its
metabolism into acetaldehyde and reactive oxygen species, which generate oxidative stress
and impair crucial developmental processes [32]. One of the key molecular disruptions
caused by ethanol is the inhibition of RALDHs, the enzymes responsible for converting
retinaldehyde into RA [33]. This inhibition leads to a localized deficiency in RA in em-
bryonic tissues, particularly affecting the SHF, a progenitor cell population responsible
for forming the outflow tract, right ventricle, and great arteries. d-TGA, characterized
by a discordant connection between the great arteries and the ventricles, results from
defects in outflow tract septation and rotation. RA deficiency impairs the migration and
differentiation of cardiac neural crest cells, which contribute to the septation of the truncus
arteriosus. Ethanol-induced RA disruption leads to hypoplasia of the aorticopulmonary
septum, failing to properly divide the pulmonary artery and aorta. Additionally, reduced
RA signaling alters the left–right patterning of the heart, which may contribute to the
aberrant positioning of the great arteries seen in d-TGA [14].

Figure 1. The pathogenetic mechanism linking prenatal alcohol exposure to dextro-type transposition
of the great arteries via retinoic acid deficiency. Abbreviations: ADH, alcohol dehydrogenase;
ALDH, aldehyde dehydrogenase; AO, aorta; HIF-1α, hypoxia-inducible factor-1α; LA, left atrium;
LV, left ventricle; PA, pulmonary artery; RA, right atrium; RALDH, retinaldehyde dehydrogenase;
RDH, retinol dehydrogenase; RV, right ventricle. ↑↑ indicates elevation. ↓↓ indicates reduction.

These findings are corroborated by experimental studies indicating the reproduction
of d-TGA after administration of a RA antagonist in pregnant mice [12], probably due to
the HIF-1α (hypoxia-inducible factor-1α) down-regulation following the block of RA [14],
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and the lower incidence of CHDs whether the HIF-1α expression level is re-established in
response to folic acid and methionine supplementation [34].

The observed down-regulation of HIF-1α at both the mRNA and protein levels fol-
lowing RA deficiency, along with its subsequent recovery upon folic acid supplementation,
highlights the crucial role of HIF-1α in heart development [14,34]. The localization of
HIF-1α in the cardiac primordia further supports its involvement in congenital heart mal-
formations. Given that HIF-1α and its downstream target (e.g., Cited2) are essential for
left–right patterning, their dysregulation may contribute to structural heart defects, includ-
ing d-TGA. A recent overview of the human genetics of d-TGA has highlighted multiple
susceptibility loci and candidate genes, further supporting a complex and multifactorial
etiology [35]. Since mutations or altered expression of the aforementioned genes are known
to cause defects in organ lateralization, these findings reinforce the hypothesis that d-TGA
may share certain molecular features with conditions involving disrupted left–right pattern-
ing [14,31]; d-TGA may lie at the intersection between laterality defects and conotruncal
malformations, involving genes typically associated with left–right axis specification [36].

Moreover, recent findings from animal models have elucidated specific molecular
pathways through which disruptions in anterior heart field development may lead to
d-TGA, particularly in relation to the altered RA signaling [37]. The possible role of
RA deficiency in d-TGA pathogenesis, in the context of FASD, is also strengthened by the
available evidence about how the RA signaling contributes to the induction of microcephaly
and craniofacial malformations as part of the FASD etiology [38]. The timing of alcohol
exposure is one of the most essential factors to be considered, since the interference of
PAE on retinoic acid synthesis during early embryogenesis is accountable for the facial
features seen in FASD [39]. Furthermore, both in FASD and in RA deficiency, a greater
incidence of miscarriages and stillbirths is observed, probably implying a shared signaling
pathway [38].

5. Conclusions
FASD is a major preventable cause of congenital abnormalities and developmental

disabilities. Much needs to be done to explore the effects of alcohol at various stages of
gestation, as well as to expand the knowledge about the relationship between PAE and CHD
subtypes. We suggest that the specific association between PAE and d-TGA is attributed to
the teratogenic effect of RA deficiency resulting from excessive ethanol exposure during
early embryogenesis. Identifying the precise molecular mechanisms linking PAE to d-
TGA could lead to targeted interventions aimed at mitigating the teratogenic effects of
alcohol. Future research should also focus on public health initiatives to reduce maternal
alcohol consumption, particularly in high-risk populations. Improved screening, early
diagnosis, and multidisciplinary management are essential to optimizing outcomes for
children affected by both FASD and CHDs.
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Abbreviations
The following abbreviations are used in this manuscript:

ASO Arterial switch operation
CHDs Congenital heart defects
d-TGA Dextro-type transposition of the great arteries
FASD Fetal alcohol spectrum disorder
HIF-1α Hypoxia-inducible factor-1α
PAE Prenatal alcohol exposure
SHF Second heart field
RALDHs Retinaldehyde dehydrogenases
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