Journal of Neonatal Surgery

ISSN(Online): 2226-0439
Vol. 14, Issue 7s (2025)
https://www.jneonatalsurg.com OPEN /

{ACCESS

Biochemical Pathways in Neonatal Intestinal Atresia: Vascular and Genetic Perspectives

lan Pranandi™

“1Department of Biochemistry, School of Medicine and Health Sciences, Atma Jaya Catholic University of Indonesia, Jakarta
14440, Indonesia

“Corresponding Author:
Email ID: ian.pranandi@atmajaya.ac.id

Cite this paper as: lan Pranandi, (2025) Biochemical Pathways in Neonatal Intestinal Atresia: Vascular and Genetic
Perspectives. Journal of Neonatal Surgery, 14 (7s), 713-719.

ABSTRACT

Neonatal intestinal atresia (NIA) is a congenital condition characterized by the obstruction or absence of a segment of the
intestine, leading to life-threatening complications in neonates. The etiology of NIA is multifactorial, involving both vascular
and genetic factors. Vascular disruptions during fetal development may lead to ischemic necrosis and resorption of intestinal
segments, while genetic mutations affecting developmental pathways contribute to structural anomalies. The involvement of
key signaling pathways, including Notch, Wnt, and Hedgehog, suggests that molecular disruptions play a crucial role in
intestinal morphogenesis. Additionally, epigenetic modifications and extracellular matrix defects have been implicated in
the pathophysiology of NIA, further highlighting the complexity of its developmental origins.

Despite advances in prenatal imaging and neonatal surgery, NIA remains a significant cause of morbidity, often requiring
extensive surgical intervention and long-term nutritional support. Early genetic screening and fetal Doppler studies may
provide better risk stratification and earlier diagnosis, improving perinatal outcomes. Furthermore, emerging research on
targeted molecular therapies and gene-editing technologies, such as CRISPR-Cas9, offers promising avenues for future
intervention. Current studies suggest that gene-environment interactions, particularly maternal health factors and in utero
exposures, may influence the severity and manifestation of NIA.

Given the multifaceted nature of this disorder, a comprehensive understanding of its biochemical pathways is crucial for
developing effective treatment strategies. This literature review explores the vascular and genetic mechanisms implicated in
NIA, with an emphasis on their molecular underpinnings and clinical implications. Advances in stem cell research and tissue
engineering may provide alternative therapeutic options in the future, potentially reducing dependence on surgical
interventions. By elucidating the intricate interactions between genetic and environmental factors, novel approaches in
diagnosis, prevention, and treatment can be developed to improve patient outcomes and quality of life.
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1. INTRODUCTION

Neonatal intestinal atresia (NIA) is a congenital condition that presents as complete obstruction of the intestinal lumen due
to the absence or discontinuity of the bowel.* The incidence of NIA varies, with duodenal atresia being more common than
jejunoileal or colonic atresia.>® Two major etiological perspectives—vascular and genetic—have been proposed to explain
the pathogenesis of this disorder. The vascular disruption theory suggests that intrauterine ischemic events result in necrosis
and resorption of the affected bowel segment, while the genetic hypothesis implicates mutations in key developmental
signaling pathways.*> This review examines these perspectives by analyzing the associated biochemical pathways and their
implications for understanding NIA.

NIA is a significant cause of neonatal morbidity and mortality, requiring prompt surgical intervention to restore intestinal
continuity and function. The clinical presentation of NIA depends on the location and severity of the atretic segment.8
Proximal atresia, such as duodenal atresia, often presents with polyhydramnios, bilious vomiting, and failure to pass
meconium, whereas distal atresia, such as jejunoileal or colonic atresia, may manifest with abdominal distension and delayed
passage of stool. The standard approach to diagnosis includes prenatal ultrasound, which may detect polyhydramnios and a
dilated proximal bowel, as well as postnatal imaging studies such as abdominal radiographs and contrast studies.?’ Despite
advances in neonatal surgery and postoperative care, affected neonates remain at risk for complications such as short bowel
syndrome, intestinal dysmotility, and nutritional deficiencies.®®
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Understanding the pathogenesis of NIA is essential for developing targeted interventions that may prevent or mitigate its
occurrence. Research has increasingly focused on the interplay between genetic susceptibility and environmental insults that
lead to intestinal malformations.*® While vascular disruption is often cited as the primary mechanism for jejunoileal atresia,
genetic factors have been strongly associated with duodenal atresia and syndromic conditions, such as trisomy 21.
Additionally, epigenetic modifications and maternal factors, including smoking, infections, and medication use, have been
implicated in the etiology of NIA.&% This review aims to provide a comprehensive analysis of the biochemical pathways
involved in the vascular and genetic origins of NIA, highlighting their implications for early diagnosis, prevention, and
treatment strategies.

In addition to vascular and genetic factors, there is increasing evidence that inflammation and immune-mediated mechanisms
may contribute to the development of NIA. Studies have suggested that intrauterine exposure to pro-inflammatory cytokines,
such as tumor necrosis factor-alpha (TNF-a) and interleukin-6 (IL-6), may play a role in disrupting normal intestinal
development.8!* These cytokines can induce apoptosis and impair angiogenesis, leading to intestinal malformations.*112
Furthermore, maternal infections during pregnancy, such as cytomegalovirus (CMV) and toxoplasmosis, have been
associated with an increased risk of congenital intestinal defects.'** This highlights the potential role of immune-mediated
pathways in the pathogenesis of NIA and suggests that maternal health and inflammatory status may be critical factors
influencing fetal gut development.

2. VASCULAR PERSPECTIVE: ISCHEMIC DISRUPTIONS IN FETAL DEVELOPMENT

The vascular disruption hypothesis posits that intestinal atresia arises from an intrauterine vascular insult, leading to
segmental necrosis and resorption of affected bowel regions. Various ischemic events, including thromboembolism,
volvulus, and vascular malformations, have been suggested as underlying causes.*® One of the key biochemical regulators
of the cellular response to hypoxia is Hypoxia-Inducible Factor-1 Alpha (HIF-1a), which is upregulated during oxygen
deprivation. HIF-1a plays a pivotal role in activating vascular endothelial growth factor (VEGF), a critical mediator of
angiogenesis. When VEGF signaling is compromised due to prolonged hypoxia, mesenteric vascularization becomes
insufficient, leading to localized ischemic necrosis and subsequent resorption of the intestinal tissue.>16

Additionally, coagulation abnormalities have been implicated in the pathogenesis of NIA. Conditions such as protein C
deficiency, Factor V Leiden mutations, and prothrombin gene mutations are known to increase the risk of thromboembolic
events, which may contribute to intestinal ischemia in utero.!” In these scenarios, excessive thrombin production leads to clot
formation, reducing mesenteric blood flow and causing infarction of the affected segment. Studies have demonstrated an
association between thrombophilic disorders and congenital intestinal atresia, suggesting that hypercoagulability in the fetal
circulation may be a contributing factor.®

Another important factor influencing fetal mesenteric perfusion is congenital heart disease (CHD). Fetuses with CHD often
exhibit reduced systemic and mesenteric blood flow, increasing the likelihood of ischemic events. Umbilical cord anomalies,
such as true knots or velamentous cord insertion, may also predispose the developing intestine to vascular insufficiency. The
degree of vascular compromise determines the extent of atresia, ranging from partial stenosis to complete luminal
obliteration.®

Several experimental models have been developed to investigate the role of vascular compromise in the development of
intestinal atresia. Animal studies have demonstrated that surgically induced mesenteric ischemia in fetal models leads to
bowel atresia, supporting the hypothesis that disruption in blood supply plays a critical role in disease pathogenesis.?
Furthermore, histological analysis of resected atretic bowel specimens has revealed evidence of prior ischemic injury,
including fibrosis and inflammatory infiltration, reinforcing the concept that vascular disruptions during fetal development
contribute to NIA.%

In addition to hypoxia and thrombosis, inflammation may also play a role in vascular-mediated intestinal atresia.
Inflammatory cytokines such as tumor necrosis factor-alpha (TNF-a) and interleukin-6 (IL-6) have been implicated in
vascular injury and endothelial dysfunction. These cytokines can exacerbate ischemic damage by promoting apoptosis and
inhibiting angiogenesis, thereby reducing the ability of the developing intestine to recover from transient vascular insults.
This suggests that both primary ischemic events and secondary inflammatory responses may contribute to the
pathophysiology of NIA.%

Furthermore, advances in fetal imaging and Doppler ultrasonography have provided insights into the hemodynamic changes
associated with intestinal atresia.? Studies have demonstrated abnormal mesenteric arterial flow patterns in fetuses diagnosed
with NIA, suggesting that compromised perfusion precedes the development of structural defects. These findings highlight
the potential for prenatal diagnostic tools to identify at-risk fetuses and enable early intervention strategies aimed at
preserving intestinal integrity.’

Another potential contributor to the vascular disruption hypothesis is oxidative stress, which plays a crucial role in endothelial
dysfunction and tissue injury. Increased reactive oxygen species (ROS) production in hypoxic conditions can damage
endothelial cells, disrupt vascular integrity, and impair angiogenic responses. Oxidative stress-induced apoptosis in
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endothelial and intestinal epithelial cells may further compromise gut development, leading to atresia.?? Studies suggest that
antioxidants such as superoxide dismutase (SOD) and glutathione peroxidase play protective roles in counteracting oxidative
stress, and their deficiency may exacerbate the impact of ischemic insults.?® Future research into oxidative stress modulation
may provide novel therapeutic approaches for preventing NIA.

Additionally, the role of maternal factors in vascular disruption should not be overlooked. Maternal conditions such as
preeclampsia, diabetes, and hypertension have been associated with impaired placental perfusion, which can negatively affect
fetal mesenteric blood flow.2* Placental insufficiency may contribute to a chronic hypoxic environment in utero, predisposing
the developing intestine to ischemic injury.?® Epidemiological studies suggest that neonates born to mothers with
hypertensive disorders of pregnancy have a higher incidence of gastrointestinal anomalies, further supporting the link
between maternal health and fetal vascular integrity.?*% Addressing maternal risk factors and optimizing prenatal care could
play a crucial role in mitigating the risk of NIA.

A deeper understanding of the molecular pathways underlying vascular dysfunction in NIA may offer potential therapeutic
targets. Pharmacological agents that modulate angiogenesis, such as VEGF agonists or HIF stabilizers, have been explored
in preclinical studies as potential strategies for preventing ischemic-related congenital defects. Although such interventions
are still in experimental stages, they represent a promising avenue for future research aimed at mitigating the impact of
vascular disruptions on fetal intestinal development.?28

Table 12227 summarizes key biochemical factors involved in intestinal atresia, highlighting their functions and the impact of
their dysregulation on vascular integrity and intestinal development.

Table 1: Biochemical Mediators of Vascular Disruption in NIA

Biochemical Factor Function Effect on Intestinal Atresia

HIF-1a Regulates oxygen homeostasis Impaired response leads to hypoxia and atresia

VEGF Promotes angiogenesis Deficiency disrupts intestinal vascularization

Protein C Anticoagulant pathway Deficiency increases risk of thrombosis
regulator

TNF-a Promotes inflammation Exacerbat_es endothelial injury and vascular

compromise

IL-6 Modulates immune response Contributes to ischemic tissue damage

ROS Induces oxidative stress Leads to endothelial dysfunction and apoptosis

SOD Antioxidant enzyme Protects against oxidative stress-induced damage

3. GENETIC PERSPECTIVE: DEVELOPMENTAL SIGNALLING PATHWAY

While vascular disruption provides a compelling explanation for NIA, genetic factors have also been implicated in its
pathogenesis. The Notch, Wnt/p-catenin, and Hedgehog (Hh) signaling pathways are crucial regulators of intestinal
morphogenesis, and mutations affecting these pathways may lead to atresia,?*303!

The Notch signaling pathway plays a key role in cell fate determination and differentiation within the intestinal epithelium.
Notch receptors interact with their ligands, such as Delta-like and Jagged proteins, to modulate the balance between
absorptive enterocytes and secretory cells. Disruptions in Notch signaling, particularly mutations in NOTCH1 or JAG1
genes, have been linked to defective gut epithelial development. Experimental models with Notch inhibition exhibit abnormal
crypt-villus architecture and intestinal lumen obstruction, closely resembling NIA pathology.?®3?

The Wnt/B-catenin signaling pathway is another essential regulator of intestinal development. Wnt ligands bind to Frizzled
receptors, stabilizing B-catenin and promoting cell proliferation in the intestinal stem cell niche. Dysregulation of this
pathway can impair villus formation and intestinal tube elongation, contributing to atresia. Studies have identified mutations
in Wnt-related genes as potential contributors to congenital gastrointestinal defects, further supporting the role of Wnt
signaling in N1A 303

Additionally, the Hedgehog (Hh) signaling pathway, involving Sonic Hedgehog (SHH) and its receptor Patched (PTCH1),
is critical for gut mesenchymal-epithelial interactions. Proper Hedgehog signaling ensures coordinated growth of the
intestinal smooth muscle and enteric nervous system. Mutations in SHH or PTCHL1 disrupt these interactions, leading to
abnormal gut tube morphogenesis and intestinal atresia. Research has demonstrated that reduced Hedgehog activity results
in diminished intestinal smooth muscle development, which may contribute to the luminal narrowing observed in NIA 3134

Recent studies suggest that genetic variations affecting extracellular matrix (ECM) proteins may also play a role in intestinal
atresia. ECM components such as collagen, laminin, and fibronectin are essential for maintaining gut structure and function.
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Mutations affecting ECM-related genes may lead to defective basement membrane integrity, impairing normal intestinal
morphogenesis. The interplay between ECM and signaling pathways such as Wnt and Notch further highlights the
complexity of intestinal development and the potential for multiple genetic disruptions leading to atresia.3>3%

Epigenetic modifications, including DNA methylation and histone modifications, have also been implicated in congenital
gastrointestinal malformations. Studies indicate that aberrant methylation patterns in genes regulating intestinal development
can alter gene expression, potentially contributing to the formation of atretic segments. Environmental factors, such as
maternal diet, exposure to toxins, and gestational diabetes, have been suggested to influence epigenetic regulation of these
key genes, underscoring the potential for both genetic and environmental interactions in NIA pathogenesis.®":%

Furthermore, syndromic forms of NIA provide additional insights into the genetic basis of the disease. Conditions such as
Feingold syndrome, which is caused by MYCN gene mutations, often present with intestinal atresia along with microcephaly
and digital anomalies. Similarly, Fanconi anemia, a disorder associated with mutations in DNA repair genes, has been linked
to congenital gastrointestinal defects. These syndromic associations suggest that disruptions in fundamental developmental
pathways can manifest as multiple congenital anomalies, including intestinal atresia.'%%

Genome-wide association studies (GWAS) and whole-exome sequencing have identified novel genetic variants that may
contribute to NIA susceptibility. Rare de novo mutations affecting developmental regulators, including genes involved in
cellular adhesion and tissue remodeling, have been observed in affected individuals. These findings suggest that a broader
network of genetic interactions may underlie NIA, beyond the traditionally studied signaling pathways.3>%"

Gene-environment interactions are an area of growing interest in understanding the etiology of NIA. While specific genetic
mutations may predispose an individual to atresia, external factors such as maternal hypoxia, intrauterine infections, and
nutritional deficiencies may act as triggers, exacerbating the developmental defects.** Investigating these interactions may
provide valuable insights into preventive strategies and therapeutic interventions aimed at reducing the incidence of NIA.

Additionally, advances in genetic engineering techniques, such as CRISPR-Cas9, have opened new avenues for studying
NIA-related gene mutations. Researchers have begun using gene-editing tools to create animal models with specific genetic
disruptions, allowing for a better understanding of how these mutations influence intestinal development.4° These models
offer valuable opportunities for testing potential therapeutic interventions, including gene therapy and targeted molecular
treatments aimed at correcting the underlying genetic defects.

Moreover, emerging research suggests that non-coding RNAs, particularly microRNAs (miRNAs) and long non-coding
RNAs (IncRNAs), may regulate key genes involved in intestinal development. Dysregulation of these RNA molecules has
been linked to congenital malformations, including gastrointestinal anomalies.**? Understanding the role of non-coding
RNAs in NIA pathogenesis may provide novel biomarkers for early diagnosis and potential targets for therapeutic
intervention.

Recent studies have also highlighted the role of mitochondrial dysfunction in congenital gastrointestinal disorders, including
NIA. Mitochondria play a critical role in cellular energy production and apoptosis regulation, both of which are essential for
proper tissue development. Mutations in mitochondrial DNA or nuclear genes regulating mitochondrial function may impair
intestinal epithelial cell differentiation, leading to developmental abnormalities.**** Further research is needed to elucidate
how mitochondrial defects contribute to the pathogenesis of NIA and whether mitochondrial-targeted therapies could provide
new treatment strategies.

In addition, studies have suggested that alterations in mechanotransduction pathways, which regulate how cells sense and
respond to mechanical forces, may also play a role in NIA development. The intestinal tract undergoes significant mechanical
stretching and peristalsis during fetal development, and disruptions in mechanotransduction signals may affect normal
morphogenesis. Key mechanosensitive proteins, such as YAP/TAZ in the Hippo signaling pathway, have been implicated in
regulating intestinal epithelial growth and differentiation.®>#6 Future research exploring these mechanobiological
mechanisms may provide new insights into the etiology of NIA and potential intervention strategies.

Table 2231 summarizes key signaling pathways, their associated genes, and their roles in intestinal development, highlighting
how disruptions in these pathways contribute to structural and functional abnormalities in the intestine.

Table 2: Developmental Signaling Pathways Implicated in NIA

Signaling Key Genes Function Effect on Intestinal Development

Pathway

Notch NOTCH1, Regulates epithelial Disruptions lead to defective crypt-villus
JAG1 differentiation architecture

Wnt/B-catenin CTNNB1, Conftrols (_:eII !Dysre_gulation impairs_villus formation and
WNT3 proliferation intestinal tube elongation
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Governs mesenchymal- Mutations lead to abnormal smooth muscle
Hedgehog SHH, PTCHL epithelial interactions and enteric nervous system development
i COL1A1, Maintains gut structural | Defective ECM proteins impair
ECM-related LAMAL integrity morphogenesis
Epigenetic DNMT3A, Modulates gene Aberrant methylation patterns affect
Factors HDAC1 expression developmental genes

4. CONCLUSION

Neonatal intestinal atresia arises from a complex interplay of vascular and genetic factors. The vascular disruption hypothesis
emphasizes the role of ischemic insults, while genetic research highlights mutations in developmental pathways. Further
studies are required to delineate the precise molecular mechanisms, which may lead to targeted therapies aimed at preventing
or mitigating NI1A. A deeper understanding of these biochemical pathways may also facilitate earlier diagnosis and improved
surgical outcomes for affected neonates.

Future research should focus on integrating genetic screening into routine prenatal care to identify fetuses at risk for
developing NIA. With advancements in next-generation sequencing and genome-wide association studies, novel genetic
markers associated with intestinal atresia may be discovered. Identifying these markers early in gestation may allow for
potential therapeutic interventions or closer monitoring of high-risk pregnancies. Additionally, investigating gene-
environment interactions may help clarify how maternal health, nutritional status, and external exposures contribute to the
manifestation of NIA.

Another promising area of research is the development of targeted molecular therapies. With increasing knowledge of
signaling pathways such as Notch, Wnt, and Hedgehog, therapeutic strategies aimed at modulating these pathways could
provide new treatment avenues. For instance, small-molecule inhibitors or activators targeting these pathways may promote
proper intestinal development and prevent malformations. Moreover, gene-editing technologies such as CRISPR-Cas9 hold
the potential to correct specific genetic mutations associated with NIA, paving the way for future personalized medicine
approaches.

Overall, a multidisciplinary approach involving pediatric surgeons, geneticists, neonatologists, and molecular biologists is
crucial to advancing our understanding of NIA. Improved diagnostic techniques, early genetic screening, and innovative
therapeutic strategies will be key to reducing the burden of this condition and improving outcomes for affected neonates.
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