UC Davis
UC Davis Previously Published Works

Title
Evolutionary bridges: how factors present in amniotic fluid and human milk help mature
the gut.

Permalink
https://escholarship.org/uc/item/9r83m5bf

Journal
Journal of Perinatology, 44(11)

Authors

Chaaban, Hala
Burge, Kathryn
McElroy, Steven

Publication Date
2024-11-01

DOI
10.1038/s41372-024-02026-x

Peer reviewed

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/9r83m5bf
https://escholarship.org
http://www.cdlib.org/

1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
J Perinatol. Author manuscript; available in PMC 2024 December 01.

-, HHS Public Access
«

Published in final edited form as:
J Perinatol. 2024 November ; 44(11): 1552-1559. doi:10.1038/s41372-024-02026-X.

Evolutionary bridges: how factors present in amniotic fluid and
human milk help mature the gut
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1Department of Pediatrics, Division of Neonatal-Perinatal Medicine, University of Oklahoma
Health Sciences Center, Oklahoma City, OK, USA.

’Department of Pediatrics, Division of Neonatology, University of California, Davis, Sacramento,
CA, USA.

Abstract

Necrotizing enterocolitis (NEC) continues to be a leading cause of morbidity and mortality in
preterm infants. As modern medicine significantly improves the survival of extremely premature
infants, the persistence of NEC underscores our limited understanding of its pathogenesis. Due
to early delivery, a preterm infant’s exposure to amniotic fluid (AF) is abruptly truncated.
Replete with bioactive molecules, AF plays an important role in fetal intestinal maturation and
preparation for contact with the environment, thus its absence during development of the intestine
may contribute to increased susceptibility to NEC. Human milk (HM), particularly during the
initial phases of lactation, is a cornerstone of neonatal intestinal defense. The concentrations
and activities of several bioactive factors in HM parallel those of AF, suggesting continuity of
protection. In this review, we discuss the predominant overlapping bioactive components of HM
and AF, with an emphasis on those associated with intestinal growth or reduction of NEC.

INTRODUCTION

Necrotizing enterocolitis (NEC) continues to be one of the most devastating gastrointestinal
pathologies in the neonatal period [1]. It is estimated that 4-7% of preterm infants develop
NEC with a 30-50% mortality [2]. Infants who survive NEC are also at risk of significant
morbidities, such as neurodevelopmental impairment, bronchopulmonary dysplasia, and
short gut syndrome. Identifying modifiable factors that contribute to development of NEC is
currently a priority.

The pathophysiology of NEC appears to be multifaceted, involving a complex interplay
of risk factors including prematurity, dysbiosis, and feeding [1, 3]. Vulnerability of

the premature gut is largely attributed to its underdevelopment [3, 4], with research
suggesting key intestinal cellular components, such as Paneth cells defending against
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pathogens and supporting stem cells, are found in fewer numbers in preterm infants [5].
Additionally, the production of mucins by goblet cells and the expression and localization
of tight junction (TJ) proteins, essential for barrier integrity, are diminished, increasing
the risk of pathogen invasion [6]. Overexpression of toll-like receptor 4 (TLR4) in the
immature intestinal epithelium further compounds this risk [7]. While TLR4 is critical
for intestinal development in utero, its activation post-birth in a preterm gut can instigate
exaggerated inflammatory responses and negatively impact cellular processes such as stem
cell proliferation, leading to increased apoptosis and upregulated autophagy pathways
[8]. Collectively, these factors lead to a compromised intestinal barrier prone to bacterial
translocation, inflammation, and mucosal necrosis via immune cell interactions with
bacterial antigens [9].

Since the intestinal epithelium is a single-cell barrier facing the lumen, examining
substances swallowed by the fetus or infant and transiting through the gastrointestinal

tract (GIT) is a reasonable place to expect maturation factors. Central to this discussion is
amniotic fluid (AF), a unique liquid serving as a reservoir of nutrients, cytokines, growth
factors, and essential bioactive molecules indispensable for developmental maturation of the
fetus [10]. The fetal gut prepares for postnatal complex digestion and microbial colonization
via continuous AF exposure through swallowing (Fig. 1) [10, 11]. Interruption of in utero
maturation due to premature birth may lead to a deficit in protective AF bioactive exposures,
leaving the neonate vulnerable to pathologies such as NEC [11]. Hirai et al. compared

the trophic effects of AF or recombinant growth factors on a human fetal small intestinal
cell line [11]. While individual and combined recombinant growth factors stimulated cell
growth, the impact was less pronounced than that of comprehensive AF. These findings
support the notion that AF functions as a primary source of trophic factors essential for fetal
intestinal development and maturation. Disruption of this crucial exposure may emerge as a
significant risk factor for NEC in preterm infants, potentially explaining why infants born at
lower gestations (with reduced accumulated AF exposure) might have proportionately higher
rates of NEC.

Fortunately, human milk (HM) contain a diverse array of bioactive substances mirroring
those in AF [10, 12]. HM, particularly colostrum and transitional milk, is highly
concentrated with immune and growth factors, such as epidermal growth factor (EGF),
transforming growth factor beta (TGF-B), oligosaccharides, and lactoferrin [13]. Moreover,
the bioactive composition of preterm milk is distinct from term milk, suggesting an
evolutionary adaptation tailored to the unique needs of infants born prematurely with
underdeveloped GITs [14, 15]. Importantly, NEC onset typically occurs 2—3 weeks after
birth [16], offering a pivotal opportunity for early prevention. During this crucial window,
provision of mother’s own milk (MOM), especially the bioactive-rich colostrum and
transitional milk, becomes indispensable, given the rich overlap with bioactive components
found in AF.

This review emphasizes the critical role of maternal milk (MOM) in early preterm life

as a key strategy to enhance intestinal maturation beyond the levels achieved through AF,
showecasing the evolutionary architecture of HM as a dynamic bridge from prenatal to
postnatal life, tailored to the specific developmental lactational stage and reflecting varying
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neonatal needs. Further, the roles of common nutrients, cytokines and growth factors within
AF and HM (Table 1), and changes in their composition over lactation and birth maturity
(Table 2), are discussed, with a focus on intestinal development and NEC prevention.

GROWTH FACTORS AND CYTOKINE CONCENTRATIONS ACROSS
LACTATION AND BIRTH MATURITY

Cytokines and growth factors are abundant in both AF and HM and are particularly critical
in shaping neonatal immune function. The composition of AF and HM bioactive factors is
influenced by gestational age, perinatal infections, and maternal physical activity. Further,
the cytokine profile in HM changes across lactation stages, and the implications of specific
cytokine concentrations as they relate to neonatal health remain a topic of ongoing research
and discussion [17].

- EGF plays a critical role in maturation and repair of the intestinal mucosa [18]. EGF

is found in significant quantities in AF and increases with increased gestation [10, 11].

HM EGF levels are almost 500 times higher than any other HM growth factor, with levels
exceeding those in maternal serum. EGF is particularly pronounced in the milk of mothers
who have delivered extremely preterm infants, between 23 and 27 weeks gestation, where
EGF levels are about 60-80% higher than in the milk of mothers of older preterm or
full-term infants [11]. Resistant to degradation by stomach acid and digestive enzymes, EGF
reaches the small intestine intact without loss of functional activity.

Previous studies have shown EGF plays an important role in intestinal development and
maturation. For example, EGF administration in mouse pups increased villous height and
crypt depth, promoted proliferation and differentiation of enterocytes into goblet cells, and
played a role in regulating TJ protein expression [18]. Moreover, in preclinical NEC models,
enteral administration of EGF demonstrates protective efficacy, attributable in part to the
upregulation of TJ proteins and mitigation of apoptotic pathway effects [19, 20]. In a small
study, infants who developed NEC had diminished levels of EGF in their saliva and serum
compared with age-matched controls, suggesting EGF deficiency in NEC susceptibility [21].
Collectively, these findings suggest a potential therapeutic potential of EGF supplementation
as a targeted intervention to mitigate the risk of NEC.

- Insulin-Like Growth Factor-1 (IGF-1) is a potent growth-promoting peptide that plays

a role in fetal and postnatal development. Its presence in high concentrations in AF
underscores the likely significance to fetal development [22]. Premature birth leads to

an immediate drop in IGF-1 levels, with recovery reliant on the eventual increase in
endogenous production from the neonatal liver [23]. Importantly, reduced postnatal IGF-1
in infant serum is correlated with restricted growth, retinopathy of prematurity, and NEC
[24]. In HM, IGF-1 concentration is relatively high in colostrum and steadily decreases
over the first six months of lactation [25]. Studies have documented either congruent

or elevated concentrations of IGF-1 levels in preterm versus term milk [22, 26]. When
bound to IGF binding protein-2, IGF-1 remains stable in the stomach and reaches the

small intestine intact [26]. Functionally, IGF-1 exhibits protective effects predominantly by
inhibiting cell apoptosis, increasing the proliferation of intestinal stem cells, and supporting
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the survival of cells in the crypt during injuries inflicted by radiation or oxidative stress [27].
Enteric administration of IGF-1 in rats had protective effects against NEC by enhancing
intestinal barrier function and attenuating the inflammatory response [28]. Moreover, in
murine models, exogenous IGF-1 increased endothelial cell proliferation, microvascular
development, and was associated with increased expression of mucin and secretory IgA
(slgA) while protecting against oxidative injury [27, 29].

Given the potential benefits, the use of IGF-1 in clinical studies has been of interest.

In a randomized, controlled trial with very low birthweight neonates, supplementing
formula with IGF-1 improved gut barrier function. However, the benefits were transient
with no obvious effects on feeding tolerance or weight gain. Moreover, while intravenous
administration of recombinant IGF-1 was well-tolerated in Phase 2 clinical trials, there has
been no discernable effect on NEC, underscoring the need for more extensive studies [25,
30].

— Vascular Endothelial Growth Factor (VEGF): The presence of VEGF in early HM and its
interplay with the inhibitory factor sFlt-1 (soluble fms-like tyrosine kinase 1, also known

as SVEGFR-1) is a subject of considerable interest. VEGF is found at concentrations
approximately 300 times higher in early HM compared to adult serum. Simultaneously,

the concentration of sFlt-1 in HM is about ten times greater than that in the serum of healthy
pregnant women [31]. As lactation matures, a marked decline is noted, particularly in sFlt-1.
The variations in VEGF levels between term and preterm HM, as well as the notably lower
levels in the milk of mothers with small for gestational age infants, suggest a potential

role in perinatal development [31]. Within the neonatal gut, VEGF serves as a critical
angiogenic agent, stimulating the development of new blood vessels that expand mucosal
surface area, facilitating efficient nutrient uptake, and contributing to cellular growth and
differentiation [32]. Furthermore, experimental rat models of NEC, incorporating the risk
factors of hypoxia and lipopolysaccharide, have shown VEGF administration can offer
protection against intestinal damage [33]. Despite the optimistic implications of these
findings, direct benefits of HM VEGF for the prevention of NEC in preterm infants have yet
to be conclusively established.

— Erythropoietin (EPO), a glycoprotein originating primarily from the liver and kidneys,
stimulate red blood cell production, primarily in response to cellular hypoxia. EPO receptors
are functional during fetal and neonatal life and are present on intestinal epithelial cells.
Both HM and AF contain EPO, underlining its potential significance in both prenatal and
postnatal intestinal development [34, 35].

Postnatally, enteral and systemic administration of recombinant human EPO increases small
intestinal length and villus surface area in rat pups. Further evidence of EPO’s growth-
promoting effects comes from observations that treatment of dams with intraperitoneal

EPO for 1-2 weeks increases rat pup small intestinal length by 9% and villus surface

area by 15% [36]. The protective effects of EPO in injury models are linked to promotion
of epithelial cell migration and anti-apoptotic effects, particularly against TNF-induced
apoptosis. Additionally, EPO strengthens the intestinal barrier in experimental NEC by
maintaining TJ integrity and modulating both autophagy and apoptosis [36, 37]. In clinical
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settings, EPO utilization in preterm infants has shown some promise [38, 39]. A meta-
analysis incorporating 22 randomized, controlled trials with over 5,000 infants revealed
that early administration of EPO can reduce the risk of confirmed NEC by 23%. Evidence
from this analysis was moderate-to-low in quality, however [40]. Additionally, a recent
large trial with extremely preterm infants focusing on the impact of high-dose EPO on
neurodevelopmental outcomes revealed no significant difference in NEC incidence [41].
These studies underscore the need for further high-quality, double-blinded randomized
controlled trials to substantiate these findings.

- Granulocyte colony-stimulating factor (G-CSF) is a glycoprotein found in significant
quantities in AF [42] and colostrum [43]. Additionally, HM from mothers with intraamniotic
infection had higher levels of G-CSF, indicating a possible immune response to the infection
[43]. Both natural and synthetic forms of G-CSF maintain their stability against acidity in
the stomach when administered within the pH-buffering matrix of HM, but break down
when administered with infant formula [44]. When ingested, G-CSF binds to receptors on
intestinal villi, promoting growth and maturation of the fetal gut in situ [45].

Studies in animal models have presented mixed results: while G-CSF reduced gut damage
in a rat model of hypoxiareoxygenation [46], it exacerbated inflammation in a mouse model
of NEC when administered subcutaneously, suggesting that the benefits of G-CSF might be
context-dependent and potentially associated with neutrophil activity.

In a pilot study, infants with early-stage NEC showed improvement and a reduction in
disease progression when given G-CSF enterally [47]. These infants also demonstrated more
rapid clinical and radiological recovery, resulting in shorter hospital stays. Another trial
echoed these benefits, with preterm infants displaying better feeding tolerance and a lower
incidence of NEC following enteral G-CSF administration, without a rise in serum G-CSF
levels [48]. These findings indicate that G-CSF has potential as a therapeutic agent when
given enterally, but the protective mechanism is not yet clear.

— TGF-B is an extracellular peptide with multiple roles in cellular growth, differentiation,
maotility, and apoptosis [49]. Among its three isoforms, TGF-B2 is found naturally in AF
and HM [50, 51]. Similar to concentrations of other growth factors, those of TGF-p2 peak
in colostrum and notably diminish by 4—-6 weeks postpartum. TGF-p2 is renowned for its
broad immunomodulatory functions, promoting intestinal maturity and defense mechanisms,
facilitating the IgM to IgA class switch in B lymphocytes, enhancing immunoglobulin
synthesis in both the mammary gland and the neonatal GIT, contributing to intestinal
mucosal repair, and fostering oral tolerance [51-53]. Notably, in preterm infants, lower
levels of TGF-B have been observed prior to NEC onset, suggesting a deficiency or
compromised activity of this factor is associated with an increased risk of NEC [54]. The
importance of TGF-B in intestinal health is further highlighted in experimental models of
NEC, where disruption of TGF-p signaling worsened inflammatory injury. Additionally,
enteral supplementation of recombinant TGF-B2 in formula attenuated intestinal mucosal
injury in NEC models [54].
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— Interleukin (IL)-1p is a potent pro-inflammatory cytokine that plays a central role in
immune responses, especially during the early stages of infection or injury. In HM, IL-1B
is found in higher concentrations in colostrum compared to mature milk [53]. This elevated
level in colostrum is believed to prime the neonatal immune system [11]. IL-1p assists

in recruiting immune cells to sites of infection or injury and promotes the maturation of

B cells. Studies have indicated IL-1f concentrations are generally higher in the milk of
mothers who delivered preterm. This increased level might offer additional protection to
premature infants who are at a greater risk of infections due to underdeveloped immune
systems.

— IL-6 is a multifunctional cytokine with roles in inflammation, modulation of immune
response, and hematopoiesis. Like those of IL-1p, concentrations of IL-6 are significantly
elevated in colostrum, gradually decreasing as lactation progresses [53]. While IL-6 has
pro-inflammatory properties, it also plays a role in transitioning from inflammation to
anti-inflammation during the resolution phase of an immune response. Moreover, 1L-6 aids
in the differentiation of B cells into antibody-producing plasma cells, bolstering the adaptive
immune response. Preterm HM generally exhibits higher levels of IL-6 than term HM [11].

— IL-8 has gained attention for its potential role in neonatal gut development, given its
significant concentrations in AF and HM [10, 55]. Fluctuations in concentrations of IL-8
and its receptors, chemokine receptor 1 and 2 (CXCR-1 and CXCR-2), throughout different
lactation stages has been reported previously, with findings revealing IL-8 concentrations are
notably higher in colostrum compared to mature milk, and decline by 15 days postpartum

in both term and preterm deliveries [56]. Notably, introducing recombinant human IL-8

to human fetal and adult intestinal cells leads to enhanced cell migration, proliferation,

and differentiation, hinting at broader roles for 1L-8 beyond the established function as a
neutrophil attractant.

IMMUNOGLOBULINS

Immunoglobulins (lgs) are integral to passive immunity in infants, and detectable in

both AF and HM. The composition and concentration of Igs is influenced by various
factors, including maternal infectious history, vaccination status, genetic predispositions,
environmental exposures, and overall health [57]. In HM, secretory IgA (sIgA) dominates,
accounting for 90-95% of Ig content, with levels highest in colostrum while demonstrating
both interindividual variability and variability across lactation periods [58]. This variability
and heterogeneity in sIgA levels is also notable when evaluating differences in term

and preterm HM [59, 60]. Studies show HM-derived sIgA plays a significant role in
establishment of the host-microbiota symbiosis in preterm infants, with a decrease in IgA-
bound bacteria correlating with NEC onset [61]. It is important to note that the primary
source of significant sIgA during the critical first weeks of life is MOM, underscoring its
importance in reducing NEC [62, 63].

Despite the potential benefits of enteral g supplementation suggested by early studies [64],
a Cochrane review analyzing three trials with 2,095 neonates concluded that enteral 19gG or
IgG/IgA combinations do not significantly affect the incidence of NEC, the need for NEC
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surgery, or death from NEC [65]. The effectiveness of sIgA sourced from HM has yet to be
evaluated.

LACTOFERRIN

Lactoferrin is an abundant glycoprotein found within AF and HM with potent antimicrobial
properties [66, 67]. Though a role for AF lactoferrin in fetal development or immunity has
not yet been identified, postnatally, oral intake of lactoferrin is associated with enhanced
immunity, improved GIT function, and possibly reduced incidence of neonatal infections.
Notably, colostrum from mothers delivering prematurely contains elevated lactoferrin
concentrations compared to that of mothers delivering at term [68]. As the lactational phase
transitions from early to mature milk, lactoferrin concentrations decrease [69]. Lactoferrin
is resistant to proteolytic breakdown in the neonatal GIT and binds specific receptors

on the enterocyte brush border, facilitating intestinal cell proliferation and differentiation
[67]. As a transferrin family member, lactoferrin binds iron, providing antioxidant and
bacteriostatic effects for the host by favoring bacteria with minimal iron needs, such as
Lactobacillus and Bifidobacterium species. In addition, lactoferrin is adept at neutralizing
endotoxin-mediated reactions, thereby inhibiting the activation of mononuclear cells and
associated pro-inflammatory cytokine release [70]. Concurrently, lactoferrin enhances the
intestinal epithelial barrier by modulating TJ protein expression [71].

Given its bioactive properties, lactoferrin has been investigated as a therapeutic option for
preterm infants. Pilot studies have confirmed the protective effects of bovine lactoferrin
supplementation in reducing incidence of both late-onset sepsis and NEC. However

the largest, most recent randomized, controlled trial involving 2,203 infants has shown
lactoferrin supplementation, alone, does not significantly reduce incidence of NEC or
infections [72]. This underscores the complexity of NEC etiology and could imply that the
protective effects against NEC are due to synergistic effects from multiple HM components
rather than the individual influences of isolated factors.

HM OLIGOSACCHARIDES (HMOS)

HMOs are unconjugated, lactose-based carbohydrate structures discovered in HM, and most
recently revealed and quantified in AF during early pregnancy [73]. These studies have
identified the presence of 3’-sialyllactose and 2’-fucosyllactose in AF, and a significant
positive correlation between gestational age and the concentrations of both individual

and total HMOs in AF. This suggests that various fetal tissues, including the gut, may

be exposed to HMOs throughout development, although the full implications of these
exposures are yet to be understood.

HMOs exhibit a more diverse profile in HM than in the milk of other mammals, influenced
by genetic factors like secretor and Lewis genes, and environmental elements such as
maternal diet and metabolic status [74]. The concentration of sialylated HMOs is initially
high in postpartum HM but decreases throughout lactation. Notably, HM from mothers of
preterm infants has higher oligosaccharide levels, demonstrating the adaptability of HMO
production and hinting at significant impacts on preterm infants [75].

J Perinatol. Author manuscript; available in PMC 2024 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chaaban et al.

Page 8

HMOs also act as prebiotics, fostering growth and diversity of beneficial gut bacteria,
including Bifidobacterium. In addition, HMOs enhance gut barrier function by reducing host
intestinal permeability and promoting mucin expression [75].

Studies, both in animals and humans, have provided insights into the potential contributions
of HMOs to decreased incidence of NEC. In a mouse model of NEC, pups fed formula
supplemented with HMOs exhibited elevated mucin expression and reduced intestinal
permeability [76]. Similarly, in a rat model of NEC, pups receiving HMO-supplemented
formula showed improved survival rates, with the HMO disialyllacto-N-tetraose identified as
driving much of this protection. Additionally, formulas enriched with 2’-fucosyllactose have
demonstrated associations with decreased NEC rates in rodent models.

Furthermore, studies have shown that low levels of disialyllacto-N-tetraose in HM are
associated with increased rates of NEC. Additionally, a reduced diversity of HMOs,
particularly of lacto-N-difucohexaose I in the first month postpartum, is linked to a greater
risk of NEC in preterm infants. This underscores the critical role of HMOs in neonatal
health, particularly among preterm infants [76].

HYALURONIC ACID (HA)

HA is a key molecule in human tissues, contributing to various processes like cell signaling,
wound healing, and tissue regeneration. During embryonic development, HA concentrations
peak in AF around gestational weeks 16 to 20, particularly vital for GIT differentiation

[77]. Postnatally, interaction of HA with CD44 and TLR4 is crucial for GIT development,
as evidenced by studies indicating mice lacking these receptors have shortened GIT despite
normal general growth [78].

HM is a critically important source of exogenous HA during infancy, aiding GIT
development and protection against neonatal intestinal pathogens [79, 80]. HM HA
concentrations vary during lactation, with the highest concentrations (755 ng/mL) during
the first week postpartum and then decreasing to static levels after 60 days of lactation [81].

Studies have focused on oral administration of low molecular weight HA, specifically HA35
(35 kDa HA\) administration, and its impact on intestinal maturation and inflammation [80,
82]. Notably, HA35 treatment has been associated with increased ileal villus length, deeper
crypts, heightened proliferation of intestinal epithelial cells, and an increase in the numbers
of goblet and Paneth cells within the murine small intestine [80]. Furthermore, pre-treatment
with HA35 resulted in a dose-dependent improvement in survival, intestinal injury, and
bacterial translocation in murine NEC models [82, 83]. These data collectively suggest that
both HA derived from both AF and HM may play a crucial role in accelerating intestinal
development, enhancing the integrity of the intestinal epithelium, and potentially protecting
against NEC.

NUTRIENTS IN AF AND HM

AF and HM are both rich sources of nutrients for fetal and neonatal development, including
a comprehensive array of amino acids (AAs) [84]. Both fluids contain protein-bound AAs
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and free amino acids (FAAs), with FAAs crucial for rapid absorption and direct benefits

on neonatal growth. FAA levels, particularly of glutamine, glutamate, and arginine, increase
significantly during the first three months of lactation. This is believed to support infant
growth by aiding intestinal function, immune development, and influencing gut microbiota
composition [84, 85].

— L-arginine, a precursor to nitric oxide (NO), is crucial for vascular regulation in the
endothelium and serves as a powerful vasodilator in the neonatal intestine. Research

on neonatal piglets has shown decreased arginine levels are a precursor to NEC, and
supplementation with L-arginine can reduce intestinal damage, likely through enhanced

NO synthase activity and NO production [86, 87]. In preterm infants, a correlation has

been established between low levels of L-arginine and an increased risk of developing

NEC. Although animal studies and some randomized controlled trials suggest L-arginine
supplementation may prevent NEC, a 2017 Cochrane review offers a more detailed analysis,
noting that while supplementation significantly lowers the risk of NEC at Bell’s Stage 1, it
does not provide the same protection for the more severe Stages 2 and 3 [86, 87].

— Glutamine (GIn) is the most abundant essential FAA in HM, especially in the first three
months of lactation [86]. Similar to L-arginine, low GlIn levels have been linked to NEC at
days 7 and 14 post-birth. In preclinical studies, GIn supplementation was associated with
increased intestinal epithelial cell proliferation and regulation of TJ protein expression.
Despite these benefits, a study involving 1,433 infants showed no difference in NEC
incidence between infants receiving glutamine and controls. This finding was echoed by a
Cochrane review of 12 trials with 2,877 subjects, indicating no clear evidence that glutamine
supplementation benefits preterm infants in terms of mortality, NEC, or invasive infections.

CONCLUSIONS

NEC remains a challenge in neonatal medicine, with a significant impact on the survival
and long-term health of preterm infants. Here, we highlight the complex network of factors
whose aberrant concentrations potentially contribute to NEC pathogenesis, emphasizing the
critical role played by the abrupt termination of AF exposure due to premature birth. AF,

a rich reservoir of nutrients, cytokines, growth factors, and bioactive molecules, serves

as a catalyst for fetal intestinal development and primes the gut for postnatal challenges.
The similarity between bioactive components in AF and HM highlights the importance

of providing MOM during the critical early stages of preterm infant life, especially
colostrum and transitional milk. These bioactive substances form a continuum from prenatal
to postnatal life, potentially providing essential protection against NEC. Furthermore,
although donor milk (DM) offers improved protection over infant formula, the degree of
protection does not match that of MOM, likely due to the dynamic changes and bioactive
richness associated with early MOM lactational stages. These differences are exacerbated
by the processing, including pasteurization, and term milk origins required of DM, which
significantly reduce concentrations and activities of bioactive HM components. Therefore, as
the field of neonatal medicine progresses, clinical initiatives should focus on enhancing the
availability of MOM for preterm infants, particularly during the vulnerable postnatal period,
to mitigate the risk of NEC.
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Fig. 1. Schematic representation of therole of amniotic fluid (AF) in fetal gut development.
This figure illustrates how AF, enriched with cytokines, growth factors, and bioactive

molecules (A), contributes to developmental maturation of the fetal gut (B) and the intestinal

epithelium after birth (C).
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