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Abstract: Necrotizing enterocolitis (NEC) is a life-threatening disease that predominantly affects very
low birth weight preterm infants. Development of NEC in preterm infants is accompanied by high
mortality. Surgical treatment of NEC can be complicated by short bowel syndrome, intestinal failure,
parenteral nutrition-associated liver disease, and neurodevelopmental delay. Issues surrounding
pathogenesis, prevention, and treatment of NEC remain unclear. This review summarizes data on
prenatal risk factors for NEC, the role of pre-eclampsia, and intrauterine growth retardation in the
pathogenesis of NEC. The role of hypoxia in NEC is discussed. Recent data on the role of the intestinal
microbiome in the development of NEC, and features of the metabolome that can serve as potential
biomarkers, are presented. The Pseudomonadota phylum is known to be associated with NEC in
preterm neonates, and the role of other bacteria and their metabolites in NEC pathogenesis is also
discussed. The most promising approaches for preventing and treating NEC are summarized.

Keywords: necrotizing enterocolitis; NEC; hypoxia; glyco-redox; gut microbiome; microbial metabolites;
fucose

1. Introduction

Necrotizing enterocolitis (NEC) is a severe disease that predominantly affects preterm
infants with a birth weight of less than 1500 g, and the incidence ranges from 2% to
13% [1,2]. NEC in preterm infants is associated with a high mortality rate (20–30%) [1],
which increases to 50% in extremely low body weight (ELBW) neonates undergoing surgical
treatment for NEC [3]. In some cases, NEC can affect full-term infants with congenital heart
disease (CHD) [4], as well as neonates with perinatal asphyxia, polycythemia/thrombotic
conditions, endocrine diseases, and perinatal sepsis [5,6].

NEC has multifactorial causes [7] and is associated with various prenatal and postnatal
factors. The complexity of detecting clinical signs and a lack of reliable early diagnostic
markers make NEC difficult to diagnose in a timely manner and differentiate from other
neonatal complications [8]. However, the roles of some factors in the pathogenesis of NEC
are known, including genetic predisposition [6,9], prematurity, enteral formula feeding,
vasoactive and inflammatory mediators and the role of enteral antibiotics [7]. Over the
past decade, knowledge on immune and digestive system development in children has
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advanced [10,11]. Our understanding of gut microbiota formation in children [12] and
how the mother’s microbiome and external factors influence it has broadened. Similarly,
we now understand in more detail how changes in cellular redox state are related to the
glycosylation of proteins and lipids in various biological processes [13]. The presence of
certain glycan patterns in the mucins and glycocalyx of endometrial cells is necessary not
only for proper blastocyst implantation and subsequent developmental phases, but also for
vascularization, placental development and creating an immunomodulatory environment
for maternal tolerance to fetal antigens [14]. In addition, the glycan profile of mucins, the
glycocalyx of intestinal epithelial cells, and breast milk oligosaccharides also influence the
shaping of the intestinal microbiome [15]. These data also allow looking at the molecular
mechanisms of the pathogenesis of NEC from the positions of glycobiology, similar to what
happened in our understanding of inflammatory bowel disease (IBD) [16].

Research on the pathophysiology of NEC suggests that the lipopolysaccharide (LPS)
of gut-colonizing bacteria binds to Toll-like receptor 4 (TLR4) on intestinal epithelial cells
and triggers a process leading to enterocyte apoptosis and disruption of the intestinal
epithelial barrier [17]. This allows bacteria to access the underlying tissues and leads
to an intense inflammatory response mediated by tumor necrosis factor-alpha (TNF-α),
interleukin-1β (IL-1β) and other inflammatory cytokines [6,18]. In addition, bacteria
translocating from the intestinal lumen interact with TLR4 on the lining of mesenteric blood
vessels, which is accompanied by vasoconstriction and intestinal ischemia [17]. Impairment
of blood flow autoregulation in preterm infants in response to hypoxia, an imbalance
between the production of endothelin-1 (ET-1) and nitric oxide (NO) in the intestine of
newborns, exacerbates intestinal ischemia [19]. Platelet-activating factor (PAF), produced
by platelets, inflammatory cells (neutrophils, eosinophils, and macrophages), and some
bacteria (Escherichia coli and Helicobacter pylori), also plays a role in intestinal injury induced
by hypoxia/reperfusion, TNF-α and LPS, leading to intestinal necrosis [18].

In this review, we discuss the role of hypoxia and the mother and infant intestinal
microbiomes in the development of NEC, and how this may be related to milk oligosaccha-
rides metabolized by the infant microbiota.

2. Risk Factors for NEC
2.1. Prenatal Risk Factors

Risk factors of NEC can be divided into those associated with hypoxia (limitation
of blood oxygen delivery and malnutrition of the fetus) and those related to microbiome
features. The most significant prenatal NEC risk factors associated with intrauterine
hypoxia and impaired tissue perfusion include abnormal blood flow in the umbilical
artery [20], especially lack of blood flow/ reversible end-diastolic blood flow [21], fetal
distress [22], maternal hypertension [23] and placental abruption [24]. The cause of the
absence of/end-diastolic blood flow in the umbilical artery (absent or reversed end-diastolic
velocity) is chronic placental insufficiency [25], which can be induced by pre-eclampsia (PE)
and maternal hypertension [26].

In addition to PE, gestational diabetes mellitus (GDM), maternal malnutrition, exces-
sive alcohol consumption, smoking and glucocorticoid treatment during pregnancy can also
lead to intrauterine growth retardation (IUGR). IUGR [20] and lower birth weight [22,23,27]
can also be the result of intrauterine hypoxia (impaired placental blood flow). The main
cause of IUGR is placental insufficiency associated with increased oxidative stress in the
placenta [28]. According to Ree et al. (2014), preterm infants with IUGR are twice as likely
to develop NEC compared to preterm infants appropriate for gestational age (GA) [29].

Yang et al. (2018) showed the role of pregnancy-induced hypertension as a risk factor
for NEC [30]. Uteroplacental insufficiency secondary to pregnancy-induced hypertension
can lead to fetal hypoxia and the release of proinflammatory cytokines [30].

Data on the role of PE as a risk factor of NEC are controversial. Ahle et al. (2018) found
a negative correlation between maternal PE and the development of NEC in neonates [22].
However, Duci et al. (2019) reported that maternal PE in combination with lower birth
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weight is a risk factor of NEC [20]. Neonates of mothers with PE have a 2.5-fold increased
risk of NEC [24]. This heterogeneity of data on how maternal PE and birth weight influence
the development of NEC may be due to differences in the GA of preterm infants.

The main cause of induced preterm labor is impaired placental blood flow. However,
one of the reasons for spontaneous preterm labor [31], and an NEC risk factor [20], is infec-
tious and inflammatory lesions of the placenta and intrauterine infection of the fetus [31].
Several studies on pregnant animals have shown that maternal inflammation affects the
fetus and causes intestinal damage, elevated serum levels of inflammatory cytokines, and
loss of Paneth-cell and goblet-cell density; it is believed that the inflammatory cascade itself
may be of decisive importance in the development of neonatal complications [32].

Additionally, there is controversy regarding the risk factors of NEC associated with in-
fection [20]. A number of studies unambiguously attributed chorioamnionitis in the mother
(especially when confirmed histologically) [20] and the premature rupture of membranes
as risk factors [24,27]. However, Ahle et al. (2018) found negative associations between
maternal urinary tract infection, premature rupture of membranes, and the development
of NEC [22]. Meanwhile, Tan et al. (2022) found no association between the premature
rupture of membranes and the development of NEC [33].

2.2. Perinatal and Postnatal Risk Factors of NEC

There is a known association between lower GA at birth and the development of
NEC [23,27,34], but the risk factors of NEC according to GA are variable [22]. In neonates
with a GA of 28-31 weeks, NEC was associated with isoimmunization, fetal distress, persis-
tent ductus arteriosus (PDA), bacterial infection/sepsis, and red-blood-cell transfusion [22].
CHD, birth by caesarean section, the presence of chromosomal abnormalities, and an
Apgar score < 7 at 5 min were related to NEC in neonates with a GA > 31 weeks [22]. In
a systematic review, Samuels et al. (2017) identified low birth weight, a low GA, sepsis,
assisted ventilation, arterial hypotension, the premature rupture of membranes, and black
ethnicity as risk factors of NEC [27].

Wang et al. (2022) reported other postnatal risk factors of NEC including grade
≥2 intracranial hemorrhage, peripherally placed central catheterization, breast milk en-
richment, red-blood-cell suspension transfusion, hematocrit > 49.65%, mean corpuscular
volume > 114.35 fl, and mean platelet volume > 10.95 fl [35]. A summary of risk factors for
NEC is presented in Table 1.

Table 1. Groups of risk factors of necrotizing enterocolitis.

Somatic Factors Factors Related to Nutrition

Lower birth weight [22,23,27] Formula feeding [36]
Gestational age at birth Breast milk fortification [35]

Intrauterine growth retardation [20,29]
Genetic predisposition [9]

Factors associated with hypoxia Factors associated with tissue perfusion

Persistent ductus arteriosus [22] Arterial hypotension [27]
Red-blood-cell transfusion [35] Hematocrit > 49.65% and mean corpuscular volume > 114.35 fl [35]
Apgar score < 7 at 5 min [22]

Apgar score < 6 for 1 min, <7 for 5 min, and <8 for 10 min
increases the risk of mortality in NEC [37]

Congenital heart disease [33]

Resuscitation in the delivery room Persistent ductus arteriosus [24]
Assisted ventilation [27] Pre-eclampsia (?)

Lower target oxygen saturation [38] Abnormal blood flow in the umbilical artery prenatally [20,21]
Isoimmunization [22] Placental abruption [24]

Intracranial hemorrhage ≥ Grade II [35]
Higher blood lactate level [37]
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Table 1. Cont.

Factors associated with infection Gut-microbiota-related factors

Maternal chorioamnionitis [20] Long-term antibiotic therapy in children [39,40]
Impaired intestinal colonization in the early neonatal period [41,42]

Premature rupture of membranes (?) Features of the intestinal microbiota of the mother depending on
the duration of pregnancy [43,44]

Sepsis [33,36,45] Disruption of gut microbial colonization due to prematurity, birth
by caesarean section [46,47], or formula feeding [48]

Bacterial infection [22,34] Administration of H2 blockers that suppress acidity [34]

NEC: necrotizing enterocolitis; (?): research data on the role as a risk factor of NEC are controversial.

3. The Role of Hypoxia as a Risk Factor for NEC

NEC in term infants is thought to have a hypoxic-ischemic etiology [4] but the patho-
physiology of NEC in preterm infants is mainly associated with intestinal immaturity and
an aberrant microbiome [10]. A comparison of the location of intestinal lesions and the
time of NEC onset in term and preterm infants revealed that in term infants, NEC develops
in the first week of life and is located mainly in the proximal colon, while in preterm
infants, it is mainly in the distal ileum [4] and ileocecal area [6]. This variation in NEC
localization is explained by differences in blood supply and the degree of ischemia in these
parts of the intestine due to the location at watershed areas of perfusion by the superior and
inferior mesenteric arteries [49]. Surmeli Onay et al. (2020) proposed differentiating NEC in
preterm infants with prenatal hemodynamic events (maternal hypertension and abnormal
blood flow in the umbilical artery) and IUGR in combination with an early onset of NEC
(before 7 days of life) as hypoxic-ischemic enterocolitis [50]. However, consideration of
NEC features showed that the role of hypoxia in the development of NEC is not limited to
the postnatal period.

3.1. Physiological Niches of Hypoxia: Fetus, Placenta, and Intestines

Although most tissues in the body are provided with sufficient oxygen to meet the
metabolic and bioenergetic needs of cells through the capillary network, there are tissues
where so-called physiological hypoxia is a normal phenomenon, providing the metabolic
and energy processes necessary for cell functions [51]. Such areas include, in particular, the
placenta and fetus, and intestinal epithelial cells. The maintenance of physiological hypoxia
is a tightly controlled process, but in pathological niches such as chronic tissue inflam-
mation, oxygen gradients are often more chaotic and less stable, leading to inappropriate
levels of reactive oxygen species (ROS) and provoking oxidative stress [51].

In the placenta and the fetus, the level of hypoxia changes during pregnancy. Nor-
mally, during the first trimester of pregnancy, hypoxia is a physiological condition that
ensures successful placentation. Blood flow through the maternal spiral arteries in the
intervillous space begins between the 10th and 12th weeks of gestation, and oxygen partial
pressure gradually increases during normal pregnancy. This process correlates with suc-
cessful pregnancy outcomes. In the case of miscarriage, maternal-placental blood flow was
established approximately 2 weeks earlier. In the case of abnormal differentiation of the
trophoblast in the first trimester due to decreased endometrium invasion and a decrease in
remodeling of the maternal spiral arteries, uteroplacental perfusion insufficiency develops.
This results in episodes of hypoxia or hypoxia/reoxygenation [28,52]. Lien et al. (2021)
revealed mitochondrial dysfunction in placental cells in spontaneous preterm birth [53]. In
mitochondria, oxidative phosphorylation was impaired, which led to changes in energy
metabolism and cell homeostasis, responses to oxidative stress, and the triggering of in-
flammatory pathways. Triggered inflammatory processes can lead to the development of
PE and IUGR in the third trimester of pregnancy or earlier [28,52]. PE may or may not be
associated with fetal growth retardation, but the combination of these two factors increases
the risk of NEC by more than 3-fold [32].
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The rearrangement of metabolic processes in the cell during hypoxia is regulated by
transcription factors induced by hypoxia (HIF)—a dimer assembled from α (HIF-1α, HIF-
2α or HIF-3α) and β (HIF-β) subunits. HIF containing either HIF-1α or HIF-2α subunits
activates more than 500 genes expressed in response to tissue hypoxia and ischemia, sup-
pressing the transcription of many genes functioning under normoxia conditions. HIF-1α
rearranges cell bioenergetics by promoting glycolysis and suppressing oxidative phospho-
rylation; HIF-1α and HIF-2α also promote angiogenesis, which is regulated by vascular
endothelial growth factor (VEGF), and they trigger the expression of genes that provide
the barrier function of the intestinal mucosa [51]. HIF-1α also regulates the expression of
many genes required for placental vascular morphogenesis and trophoblast differentiation.
During the development of the embryonic vascular system, VEGF signaling occurs in
endothelial cells through the vascular endothelial growth factor receptor (VEGFR), which
is necessary to direct the entry of microvessels into the lamina propria during the de-
velopment of villi and the creation of the intestinal mucosal microvasculature [51]. In
mice, during the last three days of pregnancy, VEGF and VEGFR2 are highly expressed
in the fetal intestine, and after delivery their expression is markedly reduced [49]. This
is believed to ensure the proper development of the fetal intestinal microvasculature as
the due delivery date approaches. Inappropriate timing of the decrease in HIF-mediated
signaling may abolish VEGF production during a critical period in the development of the
intestinal microvasculature, predisposing very-preterm infants to NEC due to its underde-
velopment [49].

In the digestive tract, as it is colonized by anaerobes, there is a longitudinal (from the
small intestine to the large intestine) and radial (from the lamina propria to the intestinal
lumen) spatial oxygen gradient [54]. In the small intestine, the base of the villi is better oxy-
genated, and the tips are hypoxic due to dynamic and rapid fluctuations in cellular oxygen
tension [54]. Maintenance of the oxygen gradient is provided by the oxygen metabolism of
epithelial and subepithelial cells during food digestion and nutrient absorption, as well
as by the gut microbiota in the lumen. The energy needs of intestinal epithelial cells are
provided by oxidative phosphorylation in mitochondria; therefore, the level of oxygen in
cells is tightly regulated, and excessive fluctuations can provoke pathology [54]. In turn, gut
oxygenation directly affects the composition of gut microbial communities and oxidative
changes in gut inflammation. The microbial content and composition increase along the
longitudinal axis of the intestine and between the apex and base of the intestinal epithe-
lium villi. Short-chain fatty acids (SCFAs) produced by the colonic microbiota, especially
butyrate, stimulate epithelial metabolism and increase epithelial oxygen consumption to a
level that cells perceive as metabolic hypoxia, which leads to HIF stabilization [54].

3.2. Oxidative Stress and Its Consequences for Glycosylation of the Cellular Glycocalyx

Oxidative stress provoked by pathological hypoxia can lead to dysfunction of sev-
eral glycosyltransferases localized in the Golgi apparatus and, as a result, to disruption
of the glycan profile of the cell glycocalyx. Currently, there are a limited number of re-
ports on the regulation of glycosyltransferase gene expression by oxidative stress. In
particular, upregulation by oxidative stress of gene expression of fucosyltransferase VII
(FUT7); sialyltransferase ST3Gal-I; uridine diphosphate glucuronosyl transferase (UGT1),
and transporters of uridine diphosphate galactose (UDP-galactose), and sialic acid (sialin)
has been reported [13]. By contrast, HIF-1α suppressed the gene expression of α1,2-
fucosyltransferase (FUT1 and FUT2) in the pancreatic cancer human cell lines Pa-Tu-8988S
and Pa-Tu-8988T [13]. In the latter case, different levels of HIF-1α expression in different
cell lines not only affected the degree of α1,2-fucosylation by FUT1 and FUT2 fucosyltrans-
ferases, but also the invasive ability of cells [55].

During pregnancy, complex interactions occur between the tissues of the mother and
the fetus, ensuring the successful implantation and development of the embryo, including
through the development of a functional vascularized placenta and the establishment
of immune tolerance. During these processes, dynamic changes occur in various gly-



Int. J. Mol. Sci. 2023, 24, 2471 6 of 55

can epitopes of the glycocalyx of syncytiotrophoblast cells in the maternal decidua [56].
Some pregnancy complications such as PE disrupt glycosylation, including sialylation and
fucosylation [56–58].

The expression of glycosyltransferases responsible for the synthesis of epitopes car-
rying N-acetyl-glucosamine (GlcNAc), sialic acid, or fucose (Fuc) changes throughout
pregnancy [14]. The expression of some of these enzymes is controlled, in particular, by
changing the oxygen tension. These changes are an important part of regulatory processes.
Redox imbalance in placental malperfusion leads to the impaired expression of glycan
patterns of the glycocalyx of placental barrier cells [57], including syncytiotrophoblast
(SCT) and the capillary endothelium of placental villi [58]. As a result, there is a violation
of immune tolerance to the fetus, assuming α2,3-sialylation in the decidua and labyrinth,
as has been observed in mice [57]. Progression of PE is believed to be associated with
a general decrease in the synthesis of O-glycans carrying the sialyl-Tn antigen on such
glycoproteins as mucin 1 (MUC1), CD44, integrins and osteopontin, which indirectly con-
firms the observed loss of MUC1 in the human placenta associated with inflammation
during pregnancies with PE and chorioamnionitis [57]. In addition, the balance of placental
angiogenic factors associated with endothelial glycocalyx is disturbed, which can lead to
various complications and miscarriages [14]. In PE and IUGR, disturbances occur in the
placental expression of genes sensitive to hypoxia, but the phenotypic manifestation of
these disturbances depends on the timing and mechanism of their initiation [56]. Chronic
ischemia of the placenta, as well as its ischemia-reperfusion, which develops in PE as a
result of the impaired remodeling of the spiral arteries, promotes the release of antian-
giogenic factors (soluble fms-like tyrosine kinase 1 (sFlt-1) and soluble endoglin (sEng))
and a decrease in proangiogenic factors (VEGF and placental growth factor (PlGF)) by
the placenta, and the entry of these factors into the mother’s bloodstream, which leads to
maternal endothelial dysfunction [59]. McCracken et al. (2022) revealed the overexpression
of HIF-1α/HIF-2α in the placental syncytiotrophoblast layer in both PE and severe IUGR,
as a result of impaired binding of HIF-1α to a protein involved in its degradation process
(von Hippel–Lindau protein) in IUGR placenta, and even more so in PE [56].

Lectin analysis revealed that disruption of the expression of glycocalyx fucosylated
glycans of cells within the placental barrier is associated with a change in the morphometric
parameters of the villi, which can affect the function of the placental barrier [58]. The
composition of the endothelial glycocalyx is normally close to that of the glycocalyx SCT.
In PE, changes affect fucosylated glycans of the endothelial glycocalyx (Lewis Y (Ley) and
H-type 2 structures) involved in the regulation of angiogenesis processes. In placentas
with PE of varying severity, the expression of fucosylated glycans changed from most
glycans having a Lewis X structure (presented in normal endothelial glycocalyx) to the
predominance of glycans with Ley and H-type 2 structures and glycans with core α1,6-
fucose (α1,6-Fuc) [58]. The degree of expression of Fuc-containing glycans of the endothelial
glycocalyx of the terminal villi of the placenta is dependent on the severity of PE [58].

Additionally, in human-skin microvascular endothelial cells and FUT2 null mice,
fibroblast growth factor receptor 2 (FGFR2) and VEGF expression in endothelial cells was
shown to be specifically dependent on fucosylation by FUT2, but not by FUT1 [60]. FUT2
mRNA expression was induced by IL-1β in a time-dependent manner, and FUT2 protein
abundance was upregulated by cytokines IL-1β and TNF-α, which activate the ERK1/2
signaling pathway [60]. This induction is cell-type-dependent, as these cytokines had no
such effect on a human endometrial adenocarcinoma cell line. Lack of fucosylation by FUT2
resulted in a 2-fold decrease in hemoglobin in null FUT2 mice compared with wild-type
mice, as well as the dysregulation of cell migration and tube formation following basic
fibroblast growth factor (bFGF) induction in vitro [60].

Another complication of pregnancy leading to oxidative stress is GDM, which results
in a loss of localization of the glucose transporter 1 (GLUT1) on the SCT membrane.
The incubation in vitro of primary trophoblasts from normal placentas under conditions
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similar to hyperglycemia causes a decrease in GLUT1 mRNA expression that is positively
correlated with oxidative stress [28].

3.3. Intestinal Ischemia and NEC

Postnatal intestinal ischemia develops in response to the inability of the underde-
veloped microvascular network to meet the intestinal oxygen demand of the metabolic
processes triggered by enteral nutrition and bacterial colonization [61]. Preterm infants
typically develop NEC in the second to third week of life [8]. The mechanism of initiation
of NEC by enteral nutrition with artificial mixtures may be associated with the develop-
ment of hypoxia as a result of insufficient postprandial intestinal hyperemia and mucosal
damage. In normal adults, to meet the energy needs of digestion in the presence of oxygen,
intestinal blood flow increases by almost three times compared with the initial level after a
meal (postprandial hyperemia) [61].

Several studies confirmed the pathogenetic role of hypoxia in the development of
NEC. Feeding-induced intestinal hypoxia in young NEC mice was associated with poor
postprandial intestinal hyperemia due to inadequate microvasculature and blood flow in
the immature intestine in newborn mice [61]. This effect disappeared over time as the
capillary network in the intestinal villi matured. Formula-fed neonatal mice had higher
HIF-1α levels in the gut than breast-fed mice, and significantly increased expression of the
hypoxia marker genes GLUT1 and HIF-prolyl hydroxylase 3 (PHD3) in the ileum, but not
in the liver, kidneys, or heart, which indicates the tissue-specific nature of hypoxia [61].
They also had higher mRNA expression levels of the cytokines IL-6, IL-1β, IL-10, and
TNF-α. Blocking NO-dependent postprandial hyperemia increases the severity of NEC,
while arginine supports NO production, which helps to reduce the severity of NEC. At the
same time, breastfeeding puppies did not cause intestinal damage, and did not induce an
increase in the level of the hypoxia marker pimonidazole [61].

Koike et al. (2020) noted that severely damaged intestinal villus tips in the most
NEC-affected terminal ileum had a high level of HIF-1α expression, but microvessels
were completely absent [62]. In general, with NEC, there is a significant narrowing and a
decrease in the density and length of intravillous arterioles, and a significant decrease in
blood flow in the intestinal wall, according to Dopplerography [62].

3.4. Epithelial Barrier Dysfunction

One of the main manifestations of NEC is destruction of the intestinal mucosa, includ-
ing degradation of the mucin layer and the integrity of intercellular contacts in the epithelial
layer. In the feces of preterm infants, significantly lower levels of intestinal mucosal bar-
rier proteins were detected compared with full-term infants, specifically for mucin-5AC
(MUC5AC), trefoil factor 2 (TFF2), and trefoil factor 3 (TFF3), which may indicate a thinner
and less stable mucus layer in the gastrointestinal tract [63].

Glycans of the epithelial cell glycocalyx and the mucin layer of the gastrointestinal
tract play an important role in interactions between the host organism and colonizing
microbiota. As nutrients and adhesion sites, they are factors in the selection of specific
commensals, and they are also a component of the innate immune system that protects
the body against adhesion of pathogenic viruses and bacteria [15]. One of the major
modifications of these glycans is terminal sialylation and fucosylation, catalyzed by the
respective glycosyltransferases, which can change dynamically throughout ontogeny, and
are controlled by multiple factors. In the neonatal period in the epithelium of the duodenum
between birth and weaning, intestinal sialylation is carried out by beta-galactosamide-
alpha-2,6-sialyltransferase 1 (ST6GAL1); α2,6-sialyl glycans promote the colonization of
specific Bacillota, mainly bacteria of the genus Clostridiodes, while inhibiting the colonization
of Helicobacter and Bilophila. Impaired ST6GAL1 expression induces a local and systemic
Th17-associated immune response and promotes epithelial hyperplasia [64]. Intensive
fucosylation of ileal glycans begins at weaning with an increase in bacterial load [15].
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However, it can be assumed that it also occurs less intensively in the previous period,
mainly limited to the process of creating tight junctions.

3.5. The Role of Fucosylation in the Regulation of TLR-4-Mediated Activation of the Notch
Signaling Pathway

The activation of TLR4 in the intestinal epithelium by LPS is crucial for the develop-
ment of NEC, which leads to the formation of an intramembrane complex of TLR4 and
CD14 and initiates an MYD88-dependent signaling pathway that activates nuclear factor
kappa B (NF-κB) [11]. The triggered inflammatory cascade leads, in particular, to the release
of proinflammatory cytokines including IL-6, IL-1 and TNF-α, the expression levels of
which are increased in NEC [11]. This leads to the inhibition of mucosal repair by reducing
enterocyte migration, which requires the activation of focal adhesion and the induction of
integrins [17], and reduces the production of goblet cells, leading to the loss of the protective
mucin barrier [11]. A study on the regulation of differentiation of small intestinal epithelial
cells in premature mice pups revealed increased expression of TLR4 compared to full-term
pups. This was associated with the role of intracellular TLR4 in activation of the Notch
signaling pathway, which prevents Lgr5-positive stem cells from differentiating toward
goblet cells in organogenesis during gut development [65]. This means that at during
premature birth, onset of colonization by the environmental microbiota provokes TLR4
present in the still developing gut to switch from a developmental role to an inflammatory
role. Endothelial TLR4 signaling in response to the entry of LPS into the circulation after
mucosal injury reduces the expression of endothelial NO synthase (eNOS), and accordingly,
the level of NO production, while vasoconstrictive endothelin-1 is increased in NEC [17].
Interestingly, CD14 and Notch functionality can be regulated by fucosylation. The absence
of core α1,6-Fuc in CD14 results in the impaired internalization of TLR4 and CD14. The
regulatory role of core α1,6-Fuc may be cell-type-specific and is thought to regulate the
endothelial response to LPS [66]. It has been reported that supplementation with the major
human milk oligosaccharides 2-fucosyllactose (2′-FL) and 6-sialyllactose (6′-SL), but not
lactose, inhibits TLR4 activation in NEC animal models, protecting against NEC [67].

Local inflammation caused by TLR4 activation alters the intestinal epithelial barrier.
Epithelial cells form tight junctions with each other due to protein complexes, including
claudins and occludins, which allow them to regulate penetration of the contents of the
intestinal lumen, including bacteria. Some tight junction proteins are underexpressed in
preterm infants, making their epithelium more susceptible to damage during NEC [11].
A mouse model of NEC also showed that elevated intestinal permeability prior to NEC
was associated with the internalization of claudin-4 and occludin. The administration of
Bifidobacterium infantis prevented these changes and reduced the incidence of NEC [68].
This may be partly related to the fact that TLR9 activation by probiotic bacteria or bacterial
DNA leads to reciprocal inhibition of TLR4 and limits the severity of NEC in mice and
humans. In contrast to the increased expression of TLR4 in infants and mice with NEC,
expression of TLR9 in the intestine is reduced [17].

Inadequate expression of tight junctions has been observed in preterm infants with
NEC, which is a unique presentation related to the disease, and not just the developmental
stage. In addition to a significant decrease in the expression of the tight junction protein
genes zonula occludens-1 protein (ZO-1), occludin, cingulin, and claudin-4 in NEC, the
expression of genes encoding TLR4, Bcl-2-associated X protein (BAX) and sirtuin 1 (SIRT1),
and HIF-1α was upregulated in NEC patients [69]. In the blood of patients with NEC,
SIRT1 was downregulated and HIF-1α was elevated. An NEC-like cell in vitro model
showed that SIRT1 overexpression inhibits LPS-induced cell apoptosis and suppresses high
expression of proinflammatory factors (IL-6, IL-8 and TNF-α) and decreased expression of
tight junction proteins (ZO-1, ZO-2 and claudin-4). SIRT1 overexpression also suppressed
HIF-1α expression and activity, while SIRT1 knockdown produced the opposite effect [70].
Högberg et al. (2013) studied the regulation of claudin and gap junction protein gene
expression in hypoxia/re-oxygenation NEC model treatment, and also demonstrated that
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tight junction disruption may be associated with secondary hypoxia [71]. Evidence has
also recently emerged demonstrating that this may be due to impaired fucosylation of tight
junction proteins. Breast milk administration and probiotics are known to effectively protect
against NEC [56,72], while abnormal bacterial colonization and formula feeding are major
postnatal factors contributing to NEC, apart from prematurity [73]. The oligosaccharide
composition of breast milk largely depends on the secretor status of the mother and GA;
in secretor mothers it is dominated by fucosylated oligosaccharides [74], while formulas
are based on cow milk, where they are practically absent [75]. Analysis of available
data suggests that the basis of many disorders in NEC is the lack of Fuc, obtained from
fucosylated glycans of glycoproteins and oligosaccharides of breast milk during their
degradation by infant bifidobacteria.

4. Fucosylated Glycans and the Risk of Developing NEC

Although some researchers predict that the role of non-genetic risk factors in the
pathogenesis of NEC is much more significant than that of genetic ones [9], recent data in-
dicate a strong predisposition to preterm birth and the development of NEC in nonsecretor
infants. These infants have allele polymorphism in FUT2 gene, resulting in the inability
to synthesize H-antigen in mucins of saliva, mucus and intestinal epithelial cells [76–78].
Among premature infants with NEC stage II and III, a significantly higher proportion of
‘non-secretors’ was revealed (35.3% vs. 11.1%) [78]. A lower level of fucosylation of the
intestinal epithelium was found in samples of the intestinal epithelium of infants with
NEC [79]. Low H-antigen secretion has been associated with the risk of NEC in preterm
infants, and nonsecretor phenotype has been associated with Gram-negative sepsis. Addi-
tionally, premature nonsecretor infants displayed significantly higher mortality compared
with premature secretors (15% vs. 2%) [77]. By contrast, Demmert et al. (2015) did not find
an association between FUT2 polymorphism in children and the risk of developing NEC.
The authors noted a trend towards a higher incidence of early neonatal sepsis in individuals
with AA polymorphism, partly due to the combined effect of FUT2 and premature rupture
of membranes [80]. Data on the incidence of NEC in children of nonsecretor mothers
are limited.

Mother’s milk contains hormones, growth factors, cytokines, chemokines and im-
munoglobulins, mainly IgA, lactoferrin and lysozyme, antimicrobial peptides and other
regulatory proteins, microRNAs, lactose and oligosaccharides, microorganisms originating
from the mother’s intestines, and their metabolic products [81,82]. Breast milk is not only a
source of nutrients and an inoculum for the intestinal microbiome of the child; the biologi-
cally active compounds contained in it can perform regulatory functions, and they are often
polyfunctional. For example, glycoconjugates, oligosaccharides and immunoglobulins
are components of the immune system that protect the child during development of the
immune system. Furthermore, glycan glycoconjugates and oligosaccharides are a source of
carbohydrates for selected microorganisms of the intestinal microbiota on the one hand, an
obstacle to the colonization of the intestine by pathogens on the other [83]. However, there
is another aspect of their degradation by microorganisms, which is largely unexplored
at present; they are a source of sugars that can be utilized by cells of the child’s body.
Currently, we have separate ideas about the composition and functions of glycans, their
metabolism by microorganisms, and how the oligosaccharide composition can change
during lactation and thus modify the composition of the intestinal microbiota [74,84–86];
however, how the released bacterial sugars can participate in the ongoing development of
the intestine and protect it from diseases such as NEC remains poorly understood. Never-
theless, the occurrence of such processes is very likely, since infants of nonsecretor mothers
seem to have an increased risk of developing NEC, associated both with the composition
of human milk oligosaccharides (HMO) and with less colonization of their intestines by
bifidobacteria [87]. Additionally, the H-antigen nonsecretor status in mothers is an inde-
pendent risk factor for preterm birth [88]. Several HMOs have been reported to cause
growth arrest in intestinal epithelial cells, induce a shift in proliferation to differentiation,
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enhance the maturation of mucin-2 (MUC2)-producing goblet cells, increase the expression
of intercellular tight junction proteins zona occludin and claudin-1, reduce TLR4 expression
in enterocytes [89], and maintain intestinal mesenteric perfusion via preserved intestinal
endothelial NO synthase expression [72].

We believe that, in addition to the above effects of HMO, exogenous L-Fuc obtained
from the degradation of fucosylated HMOs may be involved in the regulation of many
cellular processes that are disrupted in NEC.

GDP-L-Fuc is a glycosylation substrate for 13 different fucosyltransferases, including
FUT2 [90]. Different types of fucosyltransferases also seem to be expressed differently in
cells and tissues [91]. It is known that mammalian cells can use GDP-L-Fuc for the synthesis
of fucosylated glycan, synthesized either via a de novo pathway, from incoming free Fuc
obtained from extracellular sources, or from the salvage pathway as a result of intracellular
degradation of glycoproteins and glycolipids [92]. For a long time, based on experiments on
HeLa cells using isotopically labelled 0.3 µM Fuc, it was believed that the de novo pathway
provides >90% GDP-L-Fuc and the salvage pathway <10%. This led most researchers to
conclude that the de novo pathway is more important. However, it has recently been
revealed that the degree of Fuc utilization of these pathways by a cell depends on the con-
centration of exogenous Fuc. The use of the de novo pathway decreases as the concentration
of exogenous Fuc increases up to a complete stop at ~50 µM, while the salvage pathway
does not demonstrate such a dependence on exogenous Fuc [93]. In various cell lines, it
was revealed that exogenous Fuc correlates exactly to fucosylation [93,94]. It has long been
believed that GDP-L- Fuc from different sources forms a common pool [92]. However,
Sosicka et al. (2020) revealed that the GDP-L- Fuc pool is heterogeneous, and different
types of fucosyltransferases are used for fucosylation glycans pools of different origins of
GDP-L-Fuc [93]. Specifically, protein O-fucosyltransferases POFUT1 and POFUT2 catalyze
the O-fucosylation of epidermal growth factor (EGF)-like repeats and thrombospondin type
1 repeats (TSR), respectively, and Notch1 O-fucosylation is catalyzed by POFUT1. While
POFUT1 uses predominantly GDP-L-Fuc obtained from exogenous Fuc along with that
obtained from the salvage pathway, POFUT2 uses GDP-L- Fuc predominantly from the de
novo pathway. Moreover, FUT8 catalyzes the formation of the 1,6α-Fuc bond in N-glycans
using primarily exogenous L-Fuc. There is a difference in the intracellular localization of
different types of fucosyltransferases; hence, Sosicka et al. (2020) suggested that different
fucosyltransferases receive GDP-L-Fuc from different pools [93]. This is also supported
by the presence of different transporters for GDP-L-Fuc of different origins. In addition
to the transporters SLC35C1 and SLC35C2, which transport GDP-L-Fuc synthesized de
novo, there is an as-yet-unidentified transporter for GDP-L-Fuc derived from the salvage
pathway [95]. In addition, expression of the GDP-L-Fuc transporter (SLC35C1) gene is
regulated by transforming growth factor-β1 (TGF-β1) via two identical octameric GC-rich
motifs in its promoter, and this is specific because TGF-β1 does not stimulate the expression
of the CMP-sialic acid and UDP-GlcA/GalNAc transporters, and the TGF-β1 receptor itself
is modified by fucosylation [96]. FUT2 for fucosylation in intestinal epithelial cells uses
GDP-L-Fuc of both endogenous and exogenous origin [97]. This evidence suggests that
there is another level of signal regulation carried out by exogenous Fuc.

A decrease in epithelial fucosylation was observed in tissue samples from patients
with NEC. In mice with NEC, the level of fucosylated epithelial cells, as well as the level of
FUT2 epithelial expression, was significantly lower than in control mice. A decrease in the
level of fucosylation-initiating IL-22 as a result of fewer of its RORγt +ILC3 producing cells
in the intestines of mice with NEC was also observed [79].

Disruption of endogenous synthesis of GDP-L-Fuc upon removal of the FX protein
(GDP-4-keto-6-deoxymannose 3,5- epimerase- 4-reductase) in mice resulted in the inhibition
of fucosylation of the intestinal epithelium and the development of spontaneous colitis [97].
Oral administration of L-Fuc reduced the severity of DSS-induced colitis. Research on
an in vivo mouse model of dextran sulfate sodium (DSS)-induced spontaneous colitis,
similar to research on an in vitro monolayer of Caco-2 cells and colonic epithelial cells,
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demonstrated that the administration of L-Fuc protected the integrity of the intestinal
epithelial barrier. DSS significantly reduces the level of the tight junction proteins zonula
occludens-1 (ZO-1) and occludin in monolayers of Caco-2 cells. However, the addition of
exogenous L-Fuc to DSS-treated cells not only restored high levels of expression of the tight
junction proteins ZO-1 and occludin, but also resulted in the higher expression of exogenous
pathway enzymes (fucokinase (FUK), GDP-β-l-fucose pyrophosphorylase (GFPP), GDP-
Fucose transporter (F-Tr)) for GDP-L-Fuc synthesis, while the expression of endogenous
pathway enzymes GDP-d-mannose-4,6-dehydratase (GMD) and FX did not change [97].
Another study revealed that exogenous L-Fuc was not metabolized by differentiated Caco-2
cells, but its direct interaction with cells led to the modulation of inflammatory reactions,
the regulation of the development, the proliferation of hematopoietic stem cells, and the
possible restitution of intestinal epithelial cells in in vitro models [94].

5. Human Milk Oligosaccharides and Formation of the Intestinal Microbiome

De Leoz et al. (2012) found that the milk of mothers of term infants has a higher
content of fucosylated HMOs than milk from women delivering preterm [98]. Milk for
premature infants contains more protein, carbohydrates, and sodium, but the protein
content decreases over time and is not insufficient for the growth of premature infants. The
proportions of fucosylated and sialylated HMOs in milk of mothers of term infants are
typically 60–80% and 10–15%, while milk from preterm infants contains more sialylated
HMOs, and these ratios do not change significantly over time [98]. Premature infants,
even when breastfed, have a low content of Bifidobacteriaceae and are more susceptible to
intestinal infections. Reduced fucosylation of the intestinal epithelium has been noted in
patients with NEC and an experimental model of NEC in mice [99]. The stable synthesis
of fucosylated milk oligosaccharides was impaired in secretory mothers whose children
suffered from NEC [99].

Several works demonstrate the existence of a relationship between the oligosaccha-
ride composition of mother’s milk, her secretor status, and the composition of the fecal
microbiota of infants [84–86]. In general, the abundance of Lactobacillaceae, Enterococcus
and Streptococcus was lower, and Bifidobacterium was less common in milk samples from
non-secretor mothers compared with secretors. Despite the similar diversity and richness,
milk samples from nonsecretor mothers had a lower abundance of Actinomycetota and
more Enterobacteriaceae, Lactobacillaceae and Staphylococcaceae [86]. The ability of individual
groups of HMOs to maintain or suppress the growth of individual members of the infant
microbiome was demonstrated in a 4-month study on changes in the infant gut microbiome
and breast milk bacterial profile [84]. The authors reported limited ability to stratify based
on maternal secretor status to analyze the association between HMO consumption and
infant microbiomes, but the results are of interest as a preliminary assessment of the exis-
tence of such an association. The daily intake of various HMOs differed over time between
infants of secretor and nonsecretor mothers, and the content of various bacterial opera-
tional taxonomic units (OTUs) also changed depending on HMO intake. In gut microbiome
samples, 10 OTUs were identified, accounting for 62.7–77.5% of the total bacterial profile,
and their relative abundances varied over time. The prevalence of OTUs attributed to
S. epidermidis, S. salivarius, Acinetobacter johnsonii, Veillonella nakazawae, Streptococcus lactarius,
Dolosigranulum pigrum and Staphylococcus hominis changed most significantly over time.
In infant fecal samples, 14 OTUs were detected, collectively representing 69.4–77.9% of
the total bacterial profile, and their relative abundances also varied over time. Five OTUs
were assigned to Bifidobacterium species, namely B. longum subsp. infantis, B. breve, B. longum
subsp. longum, B. adolescentis and B. pseudocatenulatum, and they dominated the bacterial
profile at all time points, increasing from days 2–5 (38.0%) to 90 (59.4%), then decreasing
by day 120 (44.8%). The presence-absence of OTUs related to S. epidermidis, S. salivarius,
V. nakazawae, Bacteroides fragilis and B. longum changed significantly over time.

Interestingly, the concentrations of 13 HMOs in secretor mothers and four HMOs
in non–secretor mothers decreased during the first 4 months, except for 3-fucosyllactose
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(3′-FL), which increased in both secretor and non-secretor mothers as lactation
progressed [84]. High 3′-FL intake was associated with a lack of OTU S. salivarius, while
higher 3-sialyllactose (3′-SL) intake was associated with a lack of OTU B. longum subsp.
infantis [84]. The ability of various HMOs to support the growth of certain representatives
of the infant’s intestinal microbiota is associated with the presence of appropriate bacterial
enzymatic and transport systems for their utilization, which leads to the use of extracellular
and intracellular HMO digestion strategies. This also explains the bacterial cross-feeding
strategy [100]. A notable example is the various strains of B. bifidum and B. longum, a
number of which can use extracellular glycosidases, in particular various α-fucosidases, for
the degradation of fucosylated HMOs, and some have intracellular α-fucosidases [100,101].
Additionally, transporters of some strains of Lacticaseibacillus casei require Fuc in structure of
HMOs for their recognition and transport into cells, although Fuc itself is not metabolised
by bacteria [102]. Formed during the extracellular degradation of fucosylated HMOs or
released into the growth medium, Fuc can serve as a source of sugars for other Bifidobac-
terium strains that do not have their own α-fucosidases. However, it can be assumed that
this Fuc can be an exogenous Fuc source for epithelial cells as well. Possessing a different
HMO disposal strategy, probiotic strains may explain why some infants with NEC are not
protected by probiotics. Currently, we have a very crude understanding of the regulation
and time windows of the development of the digestive and immune systems under the
control of various metabolites in a child, including those produced by the microbiota.
However, it is clear that all these processes are synchronized with the development of the
intestinal microbiota.

6. Maternal Microbiome Dysbiosis as a Risk Factor for NEC

The maternal gut microbiota is one of the most important microbial sources for the
initial colonization of the neonatal gut [103], accounting for a fifth of the contribution to the
overall gut microbiome of infants [104]. Representatives of the maternal microbiome from
other parts of the body, including vaginal Lactobacillaceae, are likely to be allochthonous mi-
croorganisms that disappear over time from the lower gastrointestinal tract of infants [104].
The mode of delivery affects the redistribution of microbial sources to the neonatal gut
and may result in a reduction in maternal intestinal colonizers in the infant gut. In vaginal
delivery, about 72% of neonatal early colonizers were shown to match the species found in
their own mother’s stool, while in cesarean delivery only 41% of these species were found
in newborns [46].

The maternal intestinal microbiota changes during pregnancy. Mothers of full-term
neonates showed a significant increase in Pseudomonadota and Actinomycetota by the third
trimester of pregnancy, a decrease in alpha diversity and OTU number, and an increase
in beta diversity, which persisted 1 month after birth. The bacteria identified in the first
trimester belonged mainly to the order Eubacteriales and phylum Bacillota (e.g., butyrate pro-
ducers such as Faecalibacterium and Eubacterium), while the third trimester was dominated
by members of the family Enterobacteriaceae and the genus Streptococcus [43].

The gut microbiota of mothers in the third trimester of pregnancy can induce inflam-
mation, as has been shown by fecal microbiota transplantation in mice. This can result in
increased levels of proinflammatory markers (IL-2, IL-5, IL-6, IL-1β, and lipocalin) in the
cecum and stools. Furthermore, the composition of the infant intestinal microbiota was
similar to the maternal composition during the first trimester of pregnancy [43].

However, according to Yang et al. (2020), in mothers of full-term infants, the com-
position of the intestinal microbiota did not change significantly during pregnancy [105].
Additionally, the composition of the intestinal microbiota showed individual variabil-
ity depending on the mother’s somatic status (gestational diabetes, age, body mass in-
dex, weight gain during pregnancy, etc.). A limitation of this study was the lack of
longitudinal data.

Maternal secretory status, as determined by genotyping of the FUT2 gene, affected the
maternal gut microbiome during pregnancy. Nonsecretor mothers showed a significant
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decrease in the abundances of Clostridium coccoides, Ruminococcus and members of the
Bacteroides-Prevotella group from the first to the second trimester of pregnancy [106]. In the
first trimester, nonsecretor mothers showed a significantly lower abundance of Bifidobac-
terium. The microbiome diversity in nonsecretor mothers was significantly decreased by
the third trimester [106].

As the maternal microbiome is the main bacterial source for the infant gut, an aber-
rant postpartum microbiota in the mother may have negative health outcomes. Several
studies have revealed changes in the intestinal microbiota in mothers with PE, gestational
diabetes mellitus, hypertension during pregnancy, and in mothers with IUGR in neonates
that correlate with a number of metabolic disorders, and lead to the development of an
inflammatory process [43,107,108].

6.1. The Maternal Microbiome in Preterm Birth

Dysbiosis of both the vaginal and intestinal microbiota was identified in pregnant
women with preterm birth. A common feature of disorders of the vaginal microbiota that
precedes preterm labor and miscarriages in the first trimester of pregnancy was a low
abundance of Lactobacillaceae [109–111].

The gut microbiome of mothers who gave birth prematurely was dominated by
Bacillota, and there were few Actinomycetota [44,103]. These mothers had significantly
fewer OTUs belonging to the genera Bifidobacterium and Streptococcus, as well as the order
Eubacteriales [44]. The prevalence of Bacteroidaceae (22.5%), Lachnospiraceae (22.4%) and
Oscillospiraceae (21.6%) was also noted. The impact if the mother’s gut microbiota on
the preterm neonate gut microbiota was higher in spontaneous compared to induced
preterm birth. GA or mode of delivery did not affect the impact of maternal to neonatal gut
microbiota [103].

Analysis of the fecal microbiome in Zimbabwean women showed that Slackia isoflavon-
iconvertens was an important taxonomic predictor of longer pregnancy. The predictor of
shortened pregnancy was the presence in the microbiome of Prevotella copri associated with
more pronounced intestinal inflammation and bacterial translocation. The mother’s gut
microbiome composition during pregnancy predicted neonate birth weight and weight-
for-age z-score (WAZ) by 1 month of age. The most important predictors of infant weight
at birth and WAZ by 1 month were bacteria involved in starch degradation and SCFA
production, namely Oscillospiraceae, Lachnospiraceae and Eubacteriaceae, but there was vari-
ability in the data, and most effects were seen only at the extremes of the abundance
distribution [112].

Data on gut microbiome diversity in mothers who underwent preterm birth are con-
troversial. According to Hiltunen et al. (2022), mothers showed no statistical difference in
alpha or beta diversity according to GA or delivery mode [103]. However, several studies
revealed a significantly lower alpha diversity of the gut microbiome in mothers who deliv-
ered prematurely [44,113]. According to Dahl et al. (2017), low gut-microbiome diversity,
along with altered microbial composition, may contribute to increased inflammation during
pregnancy and a higher risk of preterm birth [44].

Antibacterial therapy during spontaneous preterm labor also affects the mother’s gut
microbiome. Hiltunen et al. (2022) found that in this case, mothers in the first 3 days after
birth had a higher content of Bacillota, Fusobacteriota, Pseudomonadota and Actinomycetota
compared with mothers not exposed to antibiotics. Mothers who did not receive an
intrapartum antibiotic had a higher Porphyromonadaceae abundance. Mothers who received
antibiotic therapy showed a higher abundance of Roseburia, while mothers who did not have
a higher abundance of Macellibacteroides. Statistically significant differences in these two
groups of mothers were observed in alpha and beta diversity of the gut microbiome [103].
Features of the intestinal microbiome in mothers delivering prematurely are summarized
in Figure 1. Research data of maternal gut microbiome in premature birth are presented
in Table 2.
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6.2. The Maternal Gut Microbiome in Pre-Eclampsia

Many studies have identified changes in the composition of the gut microbiome
during pregnancy complicated by PE. Despite some differences in intestinal microbiome
composition at a low taxonomic level in mothers with PE, a number of common features
were identified in them compared to healthy mothers (Figure 1):

1. A greater abundance of Gammaproteobacteria in the fecal microbiota [114,115];
2. A lower abundance of Bacillota in the fecal microbiota [115,116];
3. A lower abundance of Bifidobacteriaceae [115,117];
4. Lower levels of SCFA-producing bacteria, in particular a reduced abundance of

Faecalibacterium [108,117–119];
5. A lower abundance of Mycoplasmatota bacteria by the third trimester in mothers with

PE compared to those without [107,108,117]; no difference was found in the levels of
Mycoplasmatota [114];

6. A greater abundance of Blautia and Ruminococcus bacteria [108,117].

Freepik.com
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Table 2. Features of the intestinal microbiome in mothers delivering prematurely.

№ Authors,
PMID/doi

Setting and
Time Period

Participants and
Study Design Methods Features of Microbiome

1 Dahl C.
(2017) [44]

PMID: 29069100

The Norwegian
Microbiota Study

(NoMIC)
County hospital

(Sykehuset Østfold),
Norway

Study period:
2002–2005.

Cases: 19 mothers
delivering prematurely
(<259 days of gestation).
Controls: 102 mothers of

term neonates.
Conditions: vaginal

delivery; no reported
antibiotic use on or after

the day of delivery.
Fecal samples were

collected on the 4th day
postpartum.

16S ribosomal RNA gene
(V4 region)
sequencing.

Bioinformatics analysis:
QIIME version 1.7.0.

The maternal-gut-microbiota profiles (4th postpartum day):
Phylum level: women delivering prematurely had more Bacillota (87% vs. 81%), but

less Actinomycetota (6% vs. 10%).
Family level: a lower median abundance of the families Streptococcaceae and

Bifidobacteriaceae (NS when applying correction for multiple testing).
Four OTUs had a significantly lower abundance in mothers of preterm deliveries

compared to term: OTU1142029 (NCBI BLAST: B. tsurumiense), OTU4425214 (NCBI
BLAST: S.vestibularis or S. salivarius), OTU4412546 (Oscillospiraceae, Clostridium

cluster IV), and OTU208539 (Mogibacteriaceae, Clostridium Family XIII Incertae Sedis).
Diversity: No difference in the maternal beta diversity of preterm vs. full-term

deliveries. One IQR increase in Shannon diversity was associated 38% (95% CI: 1%,
61%) lower odds of having a spontaneous preterm birth.

2 Yang H.
(2020) [105]

PMID: 32917878

Guangzhou Women
and Children’s Medical

Center, Guangzhou,
China

Population-level
investigation

Study period: January
2017–September 2017.

Cases: 1479 pregnant
women of Chinese origin

from the 9th week of
gestation to antepartum

(>36th week).
Fecal samples were

collected at one time point;
no longitudinal data.

Controls:
1048 nonpregnant women
from the Guangdong Gut

Microbiome Project
(GGMP) cohort.

16S ribosomal RNA gene
(V4 region)
sequencing.

Bioinformatics analysis:
QIIME2; the taxonomy

was formed by using the
Greengenes v.13.8

database.

Pregnant women exhibited consistent enterotype patterns with normal adults,
which were driven by the abundance of dominant genera (Bacteroides, Prevotella,
and Ruminococcus). This enterotype composition was relatively stable across all

gestational stages, with a slight reduction in Ruminococcus-type in the last stage of
pregnancy. Phylum level across pregnancy: Bacillota (70.6%) and Bacteroidota

(17.8%)—relatively stable “core microbiota”.
Microbial alterations associated with gestational age.

Increased with gestational age: [Ruminococcus], Collinsella, Megamonas,
and unclassified-Erysipelotrichaceae. Decreased with gestational age: Ruminococcus,

Dialister, and unclassified-Lachnospiraceae.
The most common taxa in the mid-trimester: Streptococcus, Megasphaera,

unclassified-Clostridiales, and Bacteroides. Enriched at 21–28 weeks: Streptococcus and
Megasphaera. Enriched at 17–24 weeks: unclassified-Clostridiales. Reduced at

21–28 weeks: Bacteroides.
Diversity: no significant differences in alpha and beta diversity during the

pregnancy period.
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Table 2. Cont.

№ Authors,
PMID/doi

Setting and
Time Period

Participants and
Study Design Methods Features of Microbiome

3 Hiltunen H.
(2021) [103]

PMID: 34349229

Turku University
Hospital, Turku,

Finland
Study period: not clear.

Cases: 55 preterm
neonates (<35 gestational

weeks) and their
51 mothers.

Controls: 25 spontaneously
born full-term neonates.

Fecal samples were
collected during the first

3–4 postpartum days.

16S ribosomal RNA gene
(V3–V4 region)

sequencing
Bioinformatics analysis:
QIIME2, the taxonomy

was formed by using the
Greengenes v.13.8

database

The maternal-gut-microbiota profiles (within 3–4 postpartum days):
Phylum level: Bacillota (62.4%) was the dominant taxa, followed by Bacteroidota

(29.6%) and Actinomycetota (4.3%).
Family level: Bacteroidaceae (22.5%), Lachnospiraceae (22.4%), and

Oscillospiraceae (21.6%).
Relationship of microbiota with clinical characteristics:

- The mothers who had received intrapartum antibiotics had a higher abundance of
Bacillota, Fusobacteriota, Pseudomonadota, and Actinomycetota.

- The mothers not receiving intrapartum antibiotics had a higher abundance of
Porphyromonadaceae.

- Mothers with vaginal delivery presented a higher abundance of Roseburia and
mothers without antibiotic treatment a higher abundance of Macellibacteroides.

Diversity: No differences in alpha or beta diversity in relation to gestational age or
mode of delivery. Significant differences with regard to intrapartum antibiotic use
were seen in alpha diversity Faith PD and evenness, Bray–Curtis, and unweighted

UniFrac beta diversity.
Contribution of the maternal to neonatal microbiota was higher in neonates born

spontaneously as compared to those born after iatrogenic preterm delivery.
Gestational age or mode of delivery did not affect the extent to which the maternal

gut microbiota contributed to the preterm gut microbiota.
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4 Li D.
(2021) [113]

doi:10.1016/
j.medmic.2021.

100046

Zhujiang Hospital,
Southern Medical
University, China

Study period:
July 2020–January 2021

Cases:
- Preterm group:

15 preterm neonates (after
28th but before 37th

gestational week) and their
mothers.

- Term group: 11 term
neonates

(37–42 gestational weeks)
and their mothers.

Controls: blank, distilled
water, and air sample

swabs.
Samples collected:

neonates—oral and rectal
(within 24 h of birth);

mothers—vaginal and
rectal (at admittance for

delivery).

16S ribosomal RNA gene
(V3–V4 region)

sequencing
Bioinformatics analysis:

QIIME version 1.9.1

The maternal-gut-microbiota profiles (at admittance for delivery):
Phylum level: no significant differences between mothers of preterm and term

neonates—Bacillota (38.6% vs. 45.2%, preterm and term, respectively), Bacteroidota
(44.8% vs. 36.2%, respectively), Pseudomonadota (10.5% vs. 12.7%), Actinomycetota

(1.4% vs. 3.4%, respectively).
Genus level: the abundance of Rothia and Gemella was considerably decreased in

mothers delivered prematurely.
Diversity: No difference in the maternal gut microbiome. The preterm group had
higher alpha diversity in the maternal vaginal microbiota than the term group, and
there were more species in the maternal vaginal microbiota of the preterm group, as

opposed to the maternal gut microbiota. The preterm group had higher beta
diversity in vaginal (p = 0.003) microbiomes compared to the term group.
Contribution of the maternal to neonatal microbiota: Citrobacter freundii,

Escherichia coli, Ralstonia pickettii, Prevotella corporis, Lactobacillus iners, Prevotella
disiens, Prevotella timonensis, Enterococcus faecium, Faecalibacterium prausnitzii,

Corynebacterium amycolatum, and Ureaplasma parvum were detected in neonatal and
maternal gut microbiota.

Similar species of neonatal oral and maternal vaginal microbiota: Lactobacillus iners,
Lactobacillus johnsonii, Ralstonia pickettii, Neisseria subflava, Ureaplasma parvum, Rothia

mucilaginosa, Prevotella timonensis, Escherichia coli, Streptococcus salivarius subsp.
thermophilus, Prevotella bivia, Prevotella colorans, and Enterococcus faecium.

This table shows the names of genera and species as given by the authors. Phylum, order, and family names were changed to the new nomenclature according to NCBI Taxonomy as
required under the International Code of Nomenclature for Prokaryotes (ICNP).
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The microbiome during pregnancy may contribute by modulating vascular function
via NO, immune mechanisms (IL-17) and vasoactive metabolites such as trimethylamine-
N-oxide (TMAO) [116]. Bacterially produced SCFAs can affect host blood pressure via plas-
minogen activator inhibitor-1 (PAI-1) or have a direct effect on vasodilation [120]. Aromatic
L-amino acid decarboxylases of intestinal bacteria (Lactiplantibacillus plantarum, Lactobacillus
delbrueckii subsp. bulgaricus and Enterococcus faecalis) convert the amino acid tyrosine to
tyramine, which can lead to the excessive release of norepinephrine and epinephrine from
sympathetic nerve endings and adrenal medulla, respectively, contributing to the develop-
ment of hypertension [59]. Huang et al. (2021) revealed a negative correlation between the
abundance of Lactobacillaceae and blood pressure and urine protein levels in patients with
PE [121].

Transplantation of the fecal microbiota of women with PE into mice induced a PE-like
phenotype in mice. Mice with this phenotype had a decreased fetal and placental weight,
structural changes in the placenta, reduced regulatory T cells (Tregs) and elevated levels
of Th17 cells. In addition, mice had gut barrier dysfunction manifested by decreased
expression of tight junction proteins ZO-1 and ZO-2, claudin-4, and occludin in the colon,
and mild inflammatory cell infiltration in the colon [118].

Gut microbiome features in women with PE persisted for 6 weeks postpartum [108],
and, therefore, could influence the formation of the infant’s intestinal microbiome. Neonates
born to mothers with hypertension during pregnancy had significantly lower alpha di-
versity in the gut microbiome at 6 months of age than newborns of mothers without
hypertension [122]. The gut microbiome composition of infants born to hypertensive
mothers differed by a greater abundance of the phylum Bacteroidota, classes Betaproteobac-
teria, Coriobacteriia and Bacteroidia, orders Bacteroidales, Burkholderiales and Coriobacteriales,
families Alcaligenaceae and Coriobacteriaceae, Sutterella, Clostridium aldenense and Bacteroides
compared to neonates of mothers without hypertension. Streptococcus infantis levels in
children from mothers with hypertension were significantly higher [122].

Research data of maternal gut microbiome in pre-eclampsia (PE) and pregnancy-
induced hypertension (PIH) are presented in Table 3.
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Table 3. Features of the intestinal microbiome in mothers with pre-eclampsia (PE).

№ Authors, PMID Setting and
Time Period

Participants and
Study Design Methods Features of Microbiome

1 Liu J.
(2017) [107]

PMID: 27988814

Department of
Obstetrics of the First
Affiliated Hospital of

Jinan University,
Guangzhou, China.
Study period: 2014.

Cases: 26 women newly
diagnosed with PE in the

third trimester.
Control groups:

- I: 24 women in the first
trimester (11–14 weeks).

- II: 24 women in the
second trimester

(24–28 weeks).
- III: 26 women in the

third trimester.

16S ribosomal DNA gene
(V4 region) sequencing.
Bioinformatics analysis:

FLASH software was
used to assemble the

reads into tags, and the
USEARCH package was

used to cluster tags
into OTUs.

The maternal-gut-microbiota profiles:
Phylum level: women with PE had an increased level of Cyanobacteriota (1.07%),

which was the fifth most abundant phylum.
Healthy women in the third trimester (compared to women in the first and second

trimesters) had significantly more Mycoplasmatota (0.30%), and Verrucomicrobiota
almost disappeared.

Species level: Clostridium perfringens and Bulleidia moorei had a significantly higher
and Coprococcus catus had a significantly lower relative abundance in women with PE

compared to healthy women in the third trimester.
Diversity: There was no statistical significance in alpha diversity among the

four groups.

2 Lv L.-J.
(2019) [108]

PMID: 31297341

Guangdong Women
and Children

Hospital, Guangzhou,
China.

Study period: January
2017–December 2017.

Cases: 78 women newly
diagnosed with PE with

severe effects in their third
trimesters.

Controls: 72 healthy
pregnant women.

Fecal-sample collection: in
the third trimester and at 1
and 6 weeks postpartum.

16S ribosomal DNA gene
(V4 region) sequencing.
Bioinformatics analysis:

OTU taxonomically
classified using

Greengenes database
v13.8 by QIIME2.

The maternal-gut-microbiota profiles:
Phylum level: Fusobacteriota, Mycoplasmatota, and Verrucomicrobiota were decreased in

PE women at the antenatal time point.
Genus (and species) level: eight genera were enriched in antenatal PE

samples—Blautia (Blautia spp., 84.9%) and Ruminococcus2 (R. gnavus, 54.7%), followed
by Bilophila (B. wadsworthia, 100%) and Fusobacterium (F. nucleatum, 100%),

represented the major variances in PE microbiomes.
Genera depleted in antenatal PE samples: Faecalibacterium, Gemmiger, Akkermansia,

Dialister, and Methanobrevibacter (mostly consisted of F. prausnitzii, G. formicilis,
A. muciniphila, an unclassified Dialister spp., and M. smithii, respectively).

Diversity: no significant differences in alpha and beta diversity were detected during
the antepartum and postpartum periods.

Relationship of microbiota with clinical characteristics: the systolic and diastolic
blood pressure levels were positively correlated with PE-enriched genera

(Anaerococcus, Ruminococcus2, Fusobacterium, and Oribacterium). The fetal features
(e.g., birth weight) were positively correlated with PE-depleted genera. IL-6 was

positively associated with Blautia and Bilophila, and negatively associated
with Faecalibacterium.
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3 Wang J.
(2019) [119]

PMID: 31850241

Peking University
Third Hospital,
Beijing, China.

Study period: January
2018–December 2018.

Cases: 48 women with PE.
Controls: 48 healthy

pregnant women.
Fecal samples were

collected in the
third trimester.

Analysis of fecal and
plasma lipopolysaccharide

(LPS) and plasma
trimethylamine-N-oxide

(TMAO)
concentration levels.

16S ribosomal DNA gene
(V4 region) sequencing.
Bioinformatics analysis:
Sequence analysis was

performed using Uparse
software. The Silva

Database based on the
Mothur algorithm was

used to annotate the
taxonomic information.

Alpha and beta diversity
metrics were calculated
using the QIIME v1.7.0.

The maternal-gut-microbiota profiles (third trimester):
Phylum level: the relative abundance of Bacillota was decreased in the PE group

(51.6% vs. 59.6%, respectively, p < 0.05). The abundance increased in PE compared
with controls: Bacteroidota (40.5% vs. 34.8%, p < 0.05), Pseudomonadota (4.5% vs. 2.5%,

p < 0.05), and Actinomycetota (2.9% vs. 1.8%, p < 0.05).
The abundances were lower in PE: Bacillota, Clostridia, Eubacteriales, Oscillospiraceae,

Rikenellaceae, Faecalibacterium, Alistipes, and Bacteroides_stercoris.
The abundances were higher in PE: Bacteroidota, Pseudomonadota, Actinomycetota,

Bacteroidia, Gammaproteobacteria, Enterobacterales, Enterobacteriaceae,
Bacteroides_coprocola, and Bacteroides_fragilis.

Diversity: Alpha diversity was lower in the PE group (but NS). Beta diversity (by
UniFrac distance) was different (ANOSIM analysis, p = 0.011).

LPS and TMAO levels. The fecal and plasma LPS concentrations and plasma TMAO
concentrations were higher in PE women.

4 Chen X.
(2020) [118]

PMID: 31900289

Department of
Obstetrics of the

Nanfang Hospital,
Southern Medical

University,
Guangzhou, China.

Study period: March
2017–March 2018.

Cases: 67 women with PE
(40 of them with severe
PE)—21 with an early

onset of PE and 46 with a
late onset of PE.

Controls: 85 normotensive
pregnant women.

Fecal samples were
collected in the
third trimester.

Experimental part of the
study: fecal-microbiota
transplantation in an

antibiotic-treated
mouse model.

16S ribosomal RNA
gene sequencing.

Taxonomic groups were
based on the Greengenes

Database v.13.8 using
QIIME v.1.9.1.

The maternal-gut-microbiota profiles (third trimester):
Genus level: Clostridium, Dialister, Veillonella, and Fusobacterium were significantly

increased, whereas Lachnospira, Akkermansia, and Faecalibacterium were depleted in PE,
but there were no differences between severe and not-severe PE.

Diversity: Alpha diversity was markedly decreased in the PE group. The
microbiome of the PE group differed significantly from the normal pregnancy group

(using the unweighted UniFrac distance). There were no significant differences
between the PE with and without severe features or between the early and late onset

of PE subgroups for both alpha diversity and beta diversity.
Relationship of microbiota with clinical characteristics: Veillonella and

Fusobacterium were correlated for the systolic and diastolic blood pressure,
proteinuria, oedema levels, alanine aminotransferase, aspartate aminotransferase,
serum creatinine, and albumin. The correlations for Lachnospira, Akkermansia, and

Faecalibacterium were opposite. No bacteria were correlated with clinical parameters
when testing only on the PE group.



Int. J. Mol. Sci. 2023, 24, 2471 21 of 55

Table 3. Cont.

№ Authors, PMID Setting and
Time Period

Participants and
Study Design Methods Features of Microbiome

PE patients’ fecal microbiota transplantation of induced PE phenotype in mice:
At 6 weeks after transplantation, mice had higher pregestational systolic blood

pressure, which was further elevated. PE-transplanted mice had increased
proteinuria, embryonic resorption, and lower fetal and placental weights. Their T
regulatory/helper-17 balance in the small intestine and spleen was disturbed with

more severe intestinal leakage

5 Wang J.
(2020) [114]

PMID: 32265423

Nanjing Maternity
and Child Health

Care Hospital,
Nanjing, China.

Study period: January
2018–December 2018.

Cases: 25 women who
subsequently
developed PE.

Controls: 25 healthy
pregnant women.

Fecal samples were
collected in the second
trimester (20–24 weeks)

and third trimester
(32–34 weeks).

16S ribosomal RNA gene
(V4 region) sequencing.
Bioinformatics analysis:
sequence analysis was

performed using Uparse
software. The Silva

Database based on the
Mothur algorithm was

used to annotate the
taxonomic information.

Alpha and beta diversity
metrics were calculated

using QIIME v1.9.1.

The maternal-gut-microbiota profiles:
Phylum level in dynamics (second to third trimester): PE patients had a lower

relative abundance of Bacteroidota in second trimester than that of the third trimester.
The relative abundances of Pseudomonadota and Mycoplasmatota significantly

decreased in controls from the second to third trimester. Family level:
Enterobacteriaceae decreased in controls.

Phylum level in each trimester: second trimester—the relative abundances of
Bacillota, Bacteroidota, Actinomycetota, Pseudomonadota, and Mycoplasmatota showed no

significant differences between the PE and the control group.
Third trimester—the abundance of Bacillota was significantly lower in the PE group

than in controls (mean 60.6% vs. 75.5%, respectively, p < 0.05). Bacteroidota and
Pseudomonadota were higher in the PE group than in controls (median 31.09% vs.

18.24%, respectively, p < 0.05; 1.52% vs. 0.64%, respectively, p < 0.05). There were no
significant differences in the abundances of Actinomycetota, and Mycoplasmatota

between the two groups.
LefSe: the relative abundances of the phylum Bacteroidota, class Bacteroidia, and order

Bacteroidales were increased in the PE group, Bacillota, class Clostridia, order
Eubacteriales, and genus unidentified Lachnospiraceae were decreased in the PE group

in the third trimester.
Family level at the third trimester: the abundance of Enterobacteriaceae was

significantly higher in the PE group than in the control group (median, 0.75% vs.
0.01%, respectively, p < 0.05).

Diversity: the Shannon and Simpson indices in the PE group were slightly lower
than those in the control group in the second and third trimesters, but NS.
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6 Miao T.
(2021) [117]

PMID: 34262418

Department of
Obstetrics and
Gynecology in

Changzhou Maternity
and Child Health

Care Hospital (which
is affiliated to Nanjing
Medical University),
Guangzhou, China.

Study period: October
2017–April 2018.

Groups (periods of
fecal-sample collection):

Cases: 12 women with PE
(35.2 ± 2.0 weeks).

Controls: eight women
without PE

(34.8 ± 4.6 weeks).
Fecal samples were

collected in the
third trimester.

16S ribosomal RNA gene
(V4 region) sequencing.
Bioinformatics analysis:

OTU taxonomically
classified using

Greengenes database
v201305 by QIIME v1.8.0.

The maternal-gut-microbiota profiles (third trimester):
Phylum level: women with PE had decreased abundance of Actinomycetota compared

to the control group (p = 0.042).
The control group had an increased abundance of Mycoplasmatota.

Family level: The relative abundance of Bifidobacteriaceae was lower in the PE group
(3.75%) than in the control group (12.76%) (p = 0.039). The relative abundance of

Oscillospiraceae, Prevotellaceae, and Coriobacteriaceae in the PE group was decreased
compared to the control group (NS).

Genus level: Blautia was increased significantly in the PE group in comparison with
that in the control group (19.13% vs. 9.71%, respectively, p = 0.026). Ruminococcus was

increased in the PE group compared to the control group (10.32% vs. 6.11%,
respectively, p = 0.048). There was a reduction in Bifidobacterium in the PE group

compared to the control group (p = 0.038).
Downward trend in Faecalibacterium, Roseburia, and Prevotella in the PE group

compared with that in the control group (NS).
Diversity: There was no statistical significance in the alpha diversity among groups

or the differences in beta diversity between groups.
Relationship of microbiota with clinical characteristics:

The relative abundance of Blautia was positively correlated with maternal age,
pregestational weight, hematocrit, levels of C-reactive protein, triglyceride (p < 0.05

for all), and low-density lipoprotein cholesterol (p < 0.01).
The relative abundance of Ruminococcus was positively correlated with the

pregestational weight, pregestational BMI, antepartum weight, antepartum BMI,
lipopolysaccharide-binding protein, and triglyceride (p < 0.05 for all).

The relative abundance of Bifidobacterium was significantly negatively correlated with
the systolic and diastolic blood pressure, levels of cholesterol and aspartate

aminotransferase (p < 0.05 for all), and triglyceride level (p < 0.01).
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7 Huang L.
(2021) [121]

PMID: 34607559

Changsha Hospital
for Maternal and

Child Health Care,
Hunan, China.
Study period:

not clear.

Cases:
- 26 pregnant women with

PE.
- 25 pregnant women with

abnormal placental
growth.

Controls:
- 28 healthy pregnant

women.
- 21 healthy women.
Fecal samples were

collected in the
third trimester.

16S ribosomal RNA gene
(V4 region) sequencing.
Bioinformatics analysis:

qualified paired-end
reads were matched,

dereplicated, clustered,
and chimera-filtered

using VSEARCH (v2.4.4)
against the SILVA138

database and then OTUs
were assembled
using QIIME2.

The maternal-gut-microbiota profiles (the third trimester):
Phylum level: the percentage of TM7 (candidatus Saccharibacteria) was significantly

increased in the abnormal-placental-growth group.
Genus level: The relative abundances of Prevotella, g_WAL_1855D, g_1_68,

Porphyromonas, Varibaculum, and Lactobacillaceae were significantly decreased in the PE
group compared with the normal-pregnancy group. Prevotella, g_1_68, Porphyromonas,
Lactobacillaceae, Mobiluncus, Campylobacter, and Peptostreptococcus were decreased in
the abnormal-placental-growth group compared with the normal-pregnancy group.

The ratio of number of subject Lactobacillaceae/all and the relative abundance of
Lactobacillaceae were significantly higher in the normal-pregnancy group.

Diversity: Alpha diversity exhibited no statistical differences.
There was a significant difference in beta diversity (Bray–Curtis distance and Adonis)
in the bacterial composition only in the abnormal-placental-growth group compared

with the nonpregnant group (p = 0.043). The gut microbiota compositions of the
abnormal-placental-growth group, the PE group, or both groups of abnormal

pregnancies were significantly shifted compared with that of the normal pregnancy
group (Adonis, p = 0.002, p = 0.015, p = 0.001, respectively). The PE group was

significantly different from the normal-pregnancy group. The
abnormal-placental-growth group had the highest number of unique OTUs.

Relationship of microbiota with clinical characteristics:
Lactobacillaceae (OTU 255) was significantly negatively related to diastolic blood

pressure in the PE and normal-pregnancy groups.
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8 Jin J.
(2022) [123]

PMID: 35950704

Liaocheng, China
Study period:

2017–2022.
Samples collected:

Cases: 92 women with PE
(37.69 ± 2.4 weeks).
Controls: 86 healthy

pregnant women
(37.05 ± 3.2 weeks).
Fecal samples were

collected in the
third trimester.

Analysis of SCFA in feces,
serum, and placentas.

Experimental part of the
study: fecal-microbiota
transplantation in mice.

16S ribosomal RNA gene
(V3–V4 regions)

sequencing.
Bioinformatics analysis:

The dereplicated
sequence reads were

denoised into ASVs. The
phylogenetic affiliation
was analyzed using the

USEARCH
10 SINTAX algorithm

against the RDP
training-set database.

The maternal-gut-microbiota profiles:
Genus and species level: the abundances of many intestinal SCFA-producing

bacteria were significantly reduced in PE (Alistripes, Fusicatenibacter, Coprobacter,
Oscillibacter, Clostridium_XIVb, and Clostridium_XV).

PE and controls could be distinguished only based on the abundances of Akkermansia
and Oscillibacter with 89.7% accuracy.

Diversity: the alpha and beta diversity and Bacillota/Bacteroidota ratio of the gut
microbiota in PEs were significantly changed, suggesting gut dysbiosis.

Relationship of microbiota with clinical characteristics:
Akkermansia was reduced in PE and negatively correlated with blood pressure and

urine protein. A. muciniphila (SCFA-producing bacteria) was significantly reduced in
the feces of PE women, and was significantly positively correlated with the levels of

propionate and butyrate in the placenta.
Akkermansia abundance was positively correlated with the levels of fecal

2-Arachidonoylglycerol and serum IL-10 but negatively correlated with the serum
levels of lipopolysaccharide and IL-17.

Fecal, placental, and serum levels of propionic and butyric acids were
significantly reduced in PE and positively correlated with each other. Placental

levels of propionic and butyric acids negatively correlated with blood pressure and
urine protein levels. The abundances of bacteria were very low in the placentas, did

not differ and are likely to have originated from contamination during the
experimental procedure.

The peripheral blood Treg/Th17 ratio was significantly decreased in PE. The
abnormalities of peripheral Treg and Th17 cells in PEs were closely related to

the intestine.
The intestinal-barrier damage in PE was revealed. The serum level of
lipopolysaccharide was considerably increased in PE. The fecal level of

2-Arachidonoylglycerol, a protector of the intestinal barrier, was decreased.
PE patients’ fecal microbiota transplantation of induced pre-eclamptic phenotype
in rats. Akkermansia muciniphila, propionate, or butyrate significantly alleviated the

symptoms of pre-eclamptic rats. Propionate promoted trophoblast invasion, thereby
improving spiral arterial remodeling.



Int. J. Mol. Sci. 2023, 24, 2471 25 of 55

Table 3. Cont.

№ Authors, PMID Setting and
Time Period

Participants and
Study Design Methods Features of Microbiome

9 Li P.
(2022) [124]

PMID: 36380372

A two-sample
Mendelian

randomization study.

Analysis of gut microbiota
from GWAS meta-analysis

conducted by the
MiBioGen consortium

(n = 18,340 individuals)
and the summary statistics

of PE from the FinnGen
consortium R7 release data

(5731 cases and
160,670 controls).

16S ribosomal RNA gene
sequencing targeting
variable regions V4,
V3–V4, and V1–V2

(MiBioGen consortium).

Maternal microbial profiles:
Genus level: Collinsella (OR 0.77), Enterorhabdus (OR 0.76), Eubacterium (ventriosum

group) (OR 0.76), Lachnospiraceae (NK4A136 group) (OR 0.77), and Tyzzerella 3 (OR 0.85)
were found to be associated with PE.

Bifidobacterium had a protective effect against PE.

10 Lv L.-J.
(2022) [125]

PMID: 36189343

Guangdong Women
and Children

Hospital, Guangzhou,
China.

Study period: not
clear.

Cases: 40 women with
severe PE

(246 ± 25 gestational days).
Controls: 37 healthy

pregnant women
(273 ± 11 gestational days).

Fecal samples were
collected in the
third trimester.

Shotgun metagenomic
sequencing.

Taxonomic classification
of the bins was realized
based on the GTDB-Tk

toolkit (v1.4.0) by
assigning the sequences

of each bin to the
Genome Taxonomy

Database (v. r95). The
taxonomic name of the

bins was manually
modified to accord with

traditional
nomenclatures following
the National Center for

Biotechnology
Information (NCBI)

taxonomy.

The maternal-gut-microbiota profiles (the third trimester):
Family level: Lachnospiraceae and Coriobacteriaceae were significantly enriched in PE
patients compared with healthy controls; Bacteroidaceae were markedly depleted in

the PE patients.
Genus and species levels:

- PE-enriched species: Blautia (unknown at the species level), five members of
Pauljensenia (P. bouchesdurhonensis and four uncultivated species), five members of

Ruminococcus (containing R. gnavus and four uncultivated species), and
Fusobacterium ulcerans.

- Control-enriched species: 14 members of Bacteroidaceae, containing 7 Bacteroides spp.,
4 Phocaeicola spp., Prevotella bivia, Paraprevotella clara, Barnesiella intestinihominis, and

also Akkermansia muciniphila and Bilophila wadsworthia.
PE-enriched species (Olsenella sp. M220, Ruminococcus sp. M094, Blautia sp. M090,

and Senegalimassilia anaerobia M253), as well as several control-enriched species
(Flavonifractor plautii M314, Bacteroides uniformis M403, and Bacteroides sp. M398),

featured the highest score for the discrimination of PE patients and healthy controls
(AUC = 0.805).

Diversity: Alpha diversity exhibited no statistical differences. Beta diversity
(Bray–Curtis distance) revealed an alteration of the gut microbial structure between

PE patients and the control group. The PE status explained 1.4% of the microbial
variations (permutated p = 0.005).
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11 Lin H.
(2022) [126]

PMID: 36364844

Hunan Provincial
Maternal and Child

Health Hospital,
Changsha, China.

Study period: March
2017–March 2018.

Cases: 35 women with
pregnancy-induced

hypertension (PIH) (15 of
them with PE)

(13.15 ± 3.26 weeks,
initially).

Controls: 35 healthy
pregnant women

(12.70 ± 0.86 weeks,
initially).

Fecal samples were
collected in the first,

second, and third
trimesters, at delivery and
during postpartum period.

Metagenomic
sequencing.

Taxonomic annotation
and functional

annotation realized by
MetaPhlAn (v. 2.1.0) and
HUMAnN (v. 2-0.11.0).

The maternal-gut-microbiota profiles:
Phylum level: PIH patients had a higher abundance of Bacillota and a lower

abundance of Bacteroidota and Verrucomicrobiota.
Species level:

- Higher abundance in PIH: Eubacterium rectale and Ruminococcus bromii.
- Lower abundance in PIH: Alistipes putredinis, Bacteroides vulgatus, Ruminococcus

torques, Oscillibacter unclassified, Akkermansia muciniphila, Clostridium citroniae,
Parasutterella excrementihominis, and Burkholderiales bacterium_1_1_47.

Diversity: Alpha diversity exhibited no statistical differences. Beta diversity between
the PIH and control groups differed statistically.

Relationship of microbiota with clinical characteristics:
The abundance of A. putredinis was negatively correlated with early uric acid and

early systolic and diastolic blood pressure, and was positively correlated with
low-density lipoprotein cholesterol.

The abundance of B. vulgatus was negatively correlated with early BMI, waist, early
ALT, early uric acid, early weight, early AST, insulin, γ-glutamyltransferase (GGT),

and early systolic and diastolic blood pressure.
The abundance of O. unclassified and A. muciniphila was negatively correlated with

early systolic and diastolic blood pressure, and A. muciniphila was positively
correlated with GGT.

The abundance of C. citroniae was negatively correlated with early diastolic
blood pressure.

This table shows the names of genera and species as given by the authors. The phylum, order, and family names were changed to the new nomenclature according to NCBI Taxonomy as
required under the International Code of Nomenclature for Prokaryotes (ICNP). To date, some taxa have been reclassified or renamed. The correct names of these taxa are given in
parentheses: Bulleidia moorei (Solobacterium moorei).
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6.3. The Gut Microbiome of Mothers and Neonates with IUGR

Data on the gut microbiome composition of neonates with IUGR and their mothers
are limited. Tu et al. (2022) revealed a greater abundance of the phylum Bacillota, and the
genera Bacteroides, Faecalibacterium, and Lachnospira (of the Lachnospiraceae family) in the
mothers of full-term IUGR infants [127].

Yang et al. (2022) studied the relative effects of intrauterine environment factors on
the neonatal-intestinal-microbiome development of discordant and concordant monochori-
onic (MCDA) and dichorionic twins (DCDA) [128]. Infants with IUGR from discordant
MCDA twins showed a significantly lower abundance of Enterococcus, especially E. faecium,
and greater levels of Coprococcus and Oscillospira. The increased abundance of butyrate-
producing bacteria in neonates with IUGR may be a mechanism to compensate for in-
trauterine ‘malnutrition’ by regulating the energy metabolism of the intestinal epithelium
and reducing inflammatory reactions [128].

Discordant MCDA twins simultaneously showing a low abundance of E. faecium had
low levels of methionine and cysteine in fecal samples, which counteract oxidative stress
and are involved in DNA methylation and fetal growth [128].

Intrauterine hypoxia may also influence the composition of the gut microbiome after
birth. One experimental study revealed a greater level of Bacillota in the gut microbiome of
rats who underwent intrauterine hypoxia compared to controls, in which Pseudomonadota
predominated [129]. Rats that underwent intrauterine hypoxia had a greater relative
abundance of Bacillota and Bacteroidota, and a higher ratio of Bacillota to Bacteroidota on
day 7 of life compared to day 1 of life and the control group [129].

7. The Microbiome of Preterm Infants

The first few days of life are crucial for the correct development and modulation of
the human gut microbiota [130].

Normally, the intestine of full-term infants is usually better supplied with oxygen;
therefore, during the first week of life, it is mainly composed of facultative anaerobes
(Enterobacteriaceae, Enterococcus, and Streptococcus). Facultative anaerobes consume oxygen
and reduce intestinal oxygenation, which contributes to the replacement by strict anaerobes
(predominantly Bifidobacterium and lactic acid bacteria, whose growth is supported by
glycoprotein glycans and HMOs) [84]. However, preterm neonates are exposed to another
environment after birth, so they develop differently from full-term infants [131].

Significant differences in gut microbiota composition between preterm and term new-
borns have been revealed even in meconium [132]. The meconium microbiome of preterm
infants is dominated by Bacillota and Bacteroidota at the type level, and has lower alpha
and beta diversity than in full-term infants. In addition, proinflammatory and metabolic
effects of preterm meconium have been identified. Transplantation of the meconium mi-
crobiota from preterm infants (GA < 32 weeks) into mice was associated with significantly
lower weight gain, lower plasma insulin and leptin levels, and higher expression of IL-6
mRNA in the terminal ileum compared to mice transplanted with meconium from term
neonates [132]. The meconium of premature neonates has higher levels of proinflammatory
markers such as neutrophil elastase and myeloperoxidase and fecal calprotectin compared
to full-term meconium [133]. Heida et al. (2016) identified NEC-associated gut microbiota
(Clostridium perfringens and Bacteroides dorei (Phocaeicola dorei)) in the meconium of preterm
neonates with a GA < 30 weeks [134].

A study on the contribution of the mother’s gut microbiome to the initial colonization
of the preterm infant’s gut found that the most abundant bacterial genus in the meconium
was Bifidobacterium, which was also frequently present in mothers. Bacteroides was the most
common bacterial genus in maternal stool samples, but not in meconium samples. Other
dominant genera in maternal stool samples (Blautia, Faecalibacterium, and Subdoligranulum)
were present in some meconium samples, but at a lower prevalence and abundance [135].
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Zwittink et al. (2017) suggested that neonatal respiratory support may prevent col-
onization of the intestine by anaerobic microorganisms because it helps to maintain oxy-
genation in the gastrointestinal tract [41].

The mode of delivery also influences the gut microbiome formation of preterm new-
borns. The predominance of Staphylococcus in stool samples during the first three weeks of
life was associated with delivery by caesarean section, while Escherichia coli and Bacteroides
abundance was associated with vaginal delivery [47].

According to Heida et al. (2021), current absolute weight is a better marker of infant-
gut-microbiome maturation than postconceptional age, as it is less affected by various
infant-specific factors [47]. Fetal growth restriction/low weight at birth affects immune-
response modulation, Paneth-cell maturation, and mucus production, which may cause
weight-dependent differences in microbiome maturation [47]. Body weight at 2–4 weeks
of age significantly correlated with the prevalence of Staphylococcus and Enterobacteriaceae,
which was not associated with postconceptual age. Neonatal weight, irrespective of the
sampling week, was likely associated with a shift in dominance in the gut microbiota
from Staphylococcus to Enterobacteriaceae. Meanwhile, body weight increased, Staphylococcus
abundance decreased, and Enterobacteriaceae increased [47].

In preterm infants, a higher birth weight correlated with greater levels of bifidobac-
terial proteins in postnatal weeks 3 to 6 [63]. Extremely preterm infants, characterized
by a low mean relative content of bifidobacterial-derived proteins, had greater levels of
oxidative-stress proteins compared to term infants at the second to fourth postnatal weeks
(p ≤ 0.01). Given the high abundance of facultative anaerobes (Enterococcus, Escherichia, and
Klebsiella) and the low abundance of Bifidobacterium in preterm stool samples, oxidative-
stress proteins may provide facultative anaerobes with a competitive advantage [63].

Dynamic changes in the composition of the gut microbiome are different for each
preterm neonate and vary depending on the clinical events that occur during treatment in
the intensive care unit. Antibiotics remain the most commonly prescribed drugs in neonatal
intensive care units due to the high risk of infection in newborns [48], which influences the
formation of their intestinal microbiota. The effect of the antibiotics used on the microbial
community largely depends on their type. However, most often, their exposure leads to
the predominance of facultative anaerobes, such as Enterococcus, in the gut microbiome of
preterm infants [136–138]. The alpha and beta diversity in newborns treated with antibiotics
48 h after birth did not differ from those not treated at any individual-adjusted GA [48].
The diversity depended on which taxa dominated the community. Richness and diversity
were higher in mixed and Bifidobacterium-abundant communities compared to those with
Enterococcus, Streptococcus, or Staphylococcus dominance [138].

The influence of the enteral nutrition substrate on the intestinal microbiome com-
position of preterm infants also cannot be underestimated. Neonates fed exclusively or
partially breast milk at 32 weeks of gestation tended to have greater intestinal micro-
biome diversity [48], and infants who did not receive enteral feeding at an adjusted GA of
36 weeks had a significantly lower Shannon diversity index [48].

Dynamics of Gut Microbial Colonization in Neonates

The process of gut microbial colonization of preterm infants goes through certain
stages. According to La Rosa et al. (2014), Gram-positive Bacilli prevailed up to 8 days of
life, but were soon replaced by Gram-negative facultative anaerobes (Gammaproteobacteria),
and for 10 days in the postconceptual-age interval of 33–36 weeks, Clostridia were the most
abundant [139]. Moles et al. (2013) revealed the prevalence of Bacilli in the meconium of
preterm infants, while by the 3rd week of life, Enterococcus, E. coli, Klebsiella pneumoniae,
and Yersinia were increased [140].

At 1 day of life, there was a decrease in Bacilli and an increase in Clostridia in each
subgroup of GA [139]. Antibiotic use was associated with an increase in Gammaproteobac-
teria (for infants born after GA ≥ 26 weeks), and a decrease in Clostridia in stools (for
infants born after GA ≤ 28 weeks). Exogenous factors did not change the overall trend in
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population evolution, but only its pace; the lower the GA of neonates, the lower the rate of
colonization [139].

Premature infants are characterized by a predominance of facultative anaerobes and
delayed colonization by obligate anaerobes such as Bifidobacterium [41]. The colonization
process of Bifidobacterium appears to be delayed in preterm infants compared to term infants
due to the lower frequency of breastfeeding compared to term infants [141].

Analysis of the fecal proteome showed a low bacterial load until the second postnatal
week in all preterm infants [41]. In extremely preterm infants (25–27 weeks), facultative
anaerobes predominated after 6 weeks of life, while in preterm infants with a GA of
30 weeks, Bifidobacterium predominated from postnatal week 3 [41].

The process of gut barrier maturation is closely related to the development of the gut
microbial community. The intestinal barrier is permeable at birth, but within 7–10 days of
life, most preterm infants experience maturation of the intestinal barrier [42]. According to
Lemme-Dumit et al. (2022), slower maturation of the gut microbiota of preterm infants is
associated with persistently increased intestinal permeability, a lower frequency of breast-
feeding, a lower GA and body weight, and inadequate cytokine profiles [42]. Arboleya et al.
(2022) revealed higher levels of systemic inflammation and increased overall permeability
of the gastrointestinal tract of preterm infants, which persisted even beyond 3 weeks of
age [131]. Transplantation of the early microbiota (<2 weeks of life) of a preterm infant (GA
of 27 weeks) with normal weight gain (>10 g/kg/d) in gnotobiotic mice caused an increase
in the height of the villi and the depth of the crypts. Cell proliferation as well as the number
of goblet cells, Paneth cells, and tight junctions increased compared to changes induced
by the early microbiota of a premature infant with poor weight gain (<10 g/kg/day); the
changes were comparable to germ-free mice [142]. The main oligosaccharides of breast
milk such as 3′-SL and 6′-SL led to a decrease in the proliferation of intestinal epithelial
cells and an increase in their differentiation in vitro [72].

The authors distinguished various phenotypes [42], clusters [143], and archetypal
groups [130] of the fecal microbiota of preterm infants.

Lemme-Dumit et al. (2022) identified three distinct gut microbiome phenotypes in
preterm infants at 7–10 days of age [42]:

• Type S (with a prevalence of Staphylococcus epidermidis);
• Type E (with a predominance of Enterobacteriaceae—Klebsiella pneumoniae or

Escherichia coli);
• Type O (wide-spectrum anaerobic and optional microorganisms—Bifidobacterium,

Lactobacillales, Veillonellales, and Eubacteriales).

Types S and E were identified in preterm infants with a lower GA (<28 weeks) and body
weight (<1500 g) and were associated with greater permeability of the intestinal barrier,
indicating slower colonization of the intestine (because S. epidermidis and Enterobacteriaceae
are the ‘first colonizers’, and anaerobic microorganisms are their successors). Type O was
associated with lower intestinal permeability, later gestation (≥28 weeks), a higher body
weight (≥1500 g), and breast-milk feeding.

Both S and E microbiota types, especially the S. epidermidis-dominated type, had
a highly diverse immunological profile with great interindividual variability. Type O
was distinguished by a high level of similarity within the cluster based on cytokine and
chemokine profiles. Thus, while the gut microbiota develops, mucosal immunity in preterm
infants becomes more stable [42].

Ho et al. (2018) revealed the dichotomy in the intestinal microbiome of preterm
newborns with very low birth weight (VLBW) (GA of 27.9± 2.2 weeks) [143]. Two different
subgroups of neonates were identified: cluster 1 was characterized initially (at an age of
fewer than 2 weeks) by a low number of Gammaproteobacteria, which increased by 3 and
4 weeks of life; cluster 2 started with a high abundance of Gammaproteobacteria, which
decreased by the 3rd week of life and recovered by the 4th week. The predominance of
Gammaproteobacteria in the initial microbiome (less than 2 weeks of age) was associated with
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vaginal birth and antenatal steroids. Neonates of the first cluster had a lower birth weight
and a lower vaginal-birth frequency [143].

Tarracchini et al. (2021) identified five archetypical subgroups named preterm commu-
nity state types (PT-CST) for the fecal microbiota of preterm infants [130]. The dominant
PT-CST species (Streptococcus agalactiae, E. coli, E. faecalis, and K. pneumoniae) were in-
volved in relationships with minority members of the gut microbiota of preterm infants
(Streptococcus, Cutibacterium, Enterobacter, and Corynebacterium, as well as members of the
Actinomycetota). Minor members of the bacterial population may shape the infant-gut-
microbiota community, playing a critical role in maintaining the balance of the interaction
network. Archetypal groups were unevenly distributed in children with and without
NEC [130].

• PT-CST1 (Enterococcus faecalis predominance, Actinomyces, Schaalia);
• PT-CST2 (Escherichia coli predominance, Bacteroides fragilis);
• PT-CST3 (Streptococcus agalacticae predominance, Streptococcus vestibularis);
• PT-CST4 (Staphylococcus epidermidis predominance);
• PT-CST5 (Klebsiella pneumoniae predominance, Akkermansia).

Thus, multiple factors affect the initial colonization of the intestines of preterm infants
(GA, birth weight, mode of delivery, immaturity of the intestinal barrier, composition of
the mother’s intestinal microbiome, and breast milk/formula at the start of enteral feeding)
and dynamic colonization (enteral nutrition substrate, use of antibiotic therapy, infection,
and prolonged stay in the neonatal intensive care unit).

8. Features of the Intestinal Microbiota and Metabolome in NEC

The risk of NEC is probably determined by a complex change in the composition and
diversity of the microbiome, including altered interactions between dominant and minor
microorganisms, since it is rarely possible to identify the predominance of a particular
microorganism [130]. Wandro et al. (2018) noted that the composition of the fecal micro-
biome of preterm infants is unique to each infant and independent of clinical status [136].
Neonates with NEC showed a significant decrease in microbiota diversity within PT-CST,
with an overgrowth of PT-CST-specific opportunistic bacteria such as E. faecalis, E. coli,
S. epidermidis, Clostridioides difficile, Ureaplasma parvum, Pseudomonas aeruginosa, Pseudomonas
nosocomialis, and Klebsiella. At the same time, intestinal commensals such as Actinomyces,
Schaalia, Veillonella, Bacteroides, and Streptococcus were reduced or absent in fecal samples
from patients with NEC [130].

For some predominant bacteria, a change in metabolic pathways may be possible
due to the lack of necessary nutrients and the participants utilizing them. Such bacterial
members, possessing the enzymes necessary under the new conditions, will have an advan-
tage. The immature microbiome of preterm infants contributes to changes in metabolism,
resulting in a metabolic state similar to fasting despite adequate caloric intake [11].

The driving force of bacterial-population shaping may be metabolic competition.
Bacterial metabolism in vivo is an essential aspect of virulence [144]. Bacteria populate dif-
ferent niches within the host organism during infection and must adapt to take advantage
of alternative nutrient sources. Interference competition occurs between several bacte-
rial pathogens, whereby bacteria produce substances (secondary metabolites) to suppress
the growth of others or actively restrict or remove a nutrient from its competitors [145].
Metabolic competition between bacteria involves several mechanisms, including the inabil-
ity to utilize one substrate (the need for different metabolic niches), and different rates of
substrate uptake/different hierarchies of energy use [145].

The shaping of the gut microbiota from a variety of commensal and beneficial bacterial
species is essential for the host organism, as it provides competition with pathogenic
bacteria [146,147]. This intestinal symbiosis also plays a key role in nutrient digestion and
metabolism, vitamin synthesis, immune tolerance, intestinal mucosal maturation, and brain
development [146]. Dobbler et al. (2017) found that the community of obligate anaerobes
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was highly influential in the intestine, had a protective role in neonates without NEC during
the first four days of life, and controlled the proliferation of Enterobacteriaceae [148].

8.1. The Role of Gammaproteobacteria

Many studies have demonstrated the etiological role of Enterobacteriaceae in the devel-
opment of NEC [130,148–151]. The predominance of Gammaproteobacteria and the paucity of
strictly anaerobic bacteria (especially Negativicutes) preceded NEC in VLBW neonates [152].
According to a systematic review and meta-analysis by Pammi et al. (2017), microbial
dysbiosis before NEC onset in preterm infants is characterized by the increased relative
abundance of Pseudomonadota and decreased Bacillota and Bacteroidota [153]. Olm et al.
(2019) revealed the etiological role of Enterobacteriaceae, in particular the K. pneumoniae
242_2 strain, in the development of NEC in preterm infants (detected in 52% of samples
before NEC compared to 23% without NEC) [151]. Bacterial genes in the pre-NEC samples
were enriched with a cluster of fimbriae 49, gene clusters of secondary metabolites (bacteri-
ocins, sactipeptides, and butyrolactones). Ward et al. (2016) identified uropathogenic E. coli
as a significant risk factor for NEC [154].

Oxidative stress in NEC affects not only neonatal intestinal tissue, but also the intestinal
microbiota. Glutathione is a component of the antioxidant system—not only in eukaryotic
cells; it can also be synthesized under oxidative stress by members of Pseudomonadota and a
limited number of Gram-positive bacteria (some species of Streptococcus and Staphylococcus
aureus, but not Clostridium and Bacillus) [155]. This gives them an advantage over groups of
glutathione non-synthesizing bacteria and may be one of the explanations for the increase
in Gammaproteobacteria abundance in NEC.

8.2. The Role of Clostridia

Another possible mechanism by which the gut microbiota contributes to the develop-
ment of NEC is a decrease in butyric acid synthesis in the intestine under the predominance
of Pseudomonadota and a decrease in Bacillota, which leads to a decrease in regulatory T
cells [149]. However, the role of butyrate in the pathogenesis of NEC is controversial.
Several studies have confirmed the etiological role of butyrate-producing Clostridium sensu
stricto I in the development of NEC in preterm infants [156–158]. Butyrate likely contributes
to the development of NEC through its ability to inhibit the proliferation of intestinal stem
cells located at the base of intestinal crypts [159]. The opposite effect of butyrate on the
proliferation of differentiated and undifferentiated colonocytes is known as the ‘butyrate
paradox’ [160]. Heida et al. (2016) revealed an abundance of Clostridium perfringens (8.4%)
and Bacteroides dorei (Phocaeicola dorei) (0.9%) in the meconium of preterm infants who
subsequently developed NEC [134].

8.3. Is the Predominance of Gammaproteobacteria or Clostridia Dependent on GA?

The pattern of gut microbial colonization in preterm infants may differ depending on
the timing of NEC onset [161]. Clostridium sensu stricto predominated before the early onset
of NEC (≤22 days of life). Neonates with a late onset (>22 days of age) tended to have
increased Escherichia/Shigella 6 days before the onset of NEC. The abundance of Cronobacter
(Gammaproteobacteria) was also significantly higher in cases of late-onset NEC than in the
control group 1–3 days before the onset of NEC [161].

Is the direction of microbiome colonization (Clostridia-dominated/Gammaproteobacteria-
dominated) related to GA in preterm infants? Warner et al. revealed differences in gut
microbiome composition depending on GA at birth. Infants with a GA < 27 weeks who
developed NEC had a significant increase in Gammaproteobacteria over time, and a decrease
in Negativicutes and the combined Clostridia–Negativicutes class. However, infants without
NEC with a GA > 27 weeks showed an increase in the combined Clostridia–Negativicutes
class [152].
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This dependence of colonization of the gut microbiome on GA was also shown in other
studies. Phenotypes of the gut microbiota S phenotype (with Staphylococcus epidermidis
predominance) and E phenotype (with Enterobacteriaceae predominance) were revealed in
preterm infants with a lower GA (<28 weeks) and body weight (<1500 g), and were associ-
ated with a greater permeability of the intestinal barrier and slower colonization [42]. The
O phenotype (dominated by Bifidobacterium, Lactobacillales, Veillonellales and Eubacteriales)
was associated with lower intestinal permeability, a later GA (≥ 28 weeks), a higher body
weight (≥1500 g), and breast-milk feeding [42].

According to La Rosa et al. (2014), the primary colonizers (Bacilli) were replaced by
Gammaproteobacteria shortly after birth in preterm neonates without NEC, followed by
Clostridia predominance by 33–36 weeks postconceptual age [139]. The authors emphasized
that the increase in Clostridia abundance occurred more gradually in infants with a lower
GA at birth [139]. Moles et al. (2013) revealed the replacement of Bacilli by Enterococcus,
Escherichia coli, Klebsiella pneumoniae, and Yersinia by the 3rd week of life in infants born at a
GA ≤32 weeks [140].

It is interesting that, in term infants, the presence of Clostridia in the gut microbiome
was noted only by the age of 4 months and increased by 12 months, as a result of weaning
from breastfeeding and the transition to a more adult-like intestinal environment associated
with the increased functional ability to degrade carbohydrates [46].

8.4. The Role of Environmental and Nosocomial Microorganisms

It is impossible to exclude the role of environmental microorganisms in the develop-
ment of NEC in preterm infants. Infants who subsequently developed NEC had environ-
mental bacteria in stool samples within the first 48 h of life, including Dysgonomonas (found
on surfaces), Hyphomicrobiales, Ralstonia, and Pelomonas (found in water sources and hospital
ventilators) [162]. The causative agents of nosocomial infections can also contribute to
NEC in preterm infants (K. pneumoniae, Proteus mirabilis, C. perfringens, Clostridium neonatale,
Pantoea diversa, and S. aureus) [130].

8.5. Intestinal Virome in NEC

A fundamentally new approach to the study of NEC etiology is the analysis of the
intestinal virome (especially the phageome) and viral–bacterial interactions in preterm
infants. Kaelin et al. (2022) revealed a decrease in viral beta diversity 10 days before the
onset of NEC, while a bacterial shift was observed 25 days prior to NEC onset [163]. This
was accompanied by specific viral–bacterial interactions. Most of the virome (84.5%) was
unclassified viruses. The gut virome of preterm infants had high interindividual and intra-
individual variability; 137 contigs associated with the development of NEC were identified
and correlated with specific genera of bacteria in infants. Several contigs associated with
NEC were positively correlated with Escherichia and Streptococcus, while many of the contigs
at more than 10 days before NEC were negatively correlated with these genera. Correlations
between NEC-associated contigs, and Proteus and Bifidobacterium, were mainly negative. On
the other hand, correlations with Acinetobacter, Clostridium, Lactobacillaceae, and Haemophilus
were generally positive. These specific interactions were absent in children without NEC.
Of the NEC-associated contigs with at least five open reading frames, 31.7% were temperate
bacteriophages and 68.3% were lytic [163].

Significantly, differences in the virome composition and gut microbiome metabolites
in very-preterm neonates, but not in gut bacterial populations, can still be found at pre-
pubertal age (5–11 years) [164]. Children aged 5–11 years born very preterm showed
significantly decreased gut bacteriophage richness and significant changes in plasma and
fecal metabolites. The authors speculated that the observed very-preterm-specific changes
may impact the ability of the children’s microbiota to respond to various environmental
changes [164].
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A multi-omics study in an animal model of NEC showed that some gut bacteria
(Enterococcus and Subdoligranulum) may benefit NEC by influencing bacterial phages [165].
In addition, given the data on the increased replication of Enterobacteriaceae, and in particular
K. pneumoniae, in preterm infants who subsequently developed NEC [151], it is possible
that K. pneumoniae-targeting phage therapy may, in the future, be used to prevent and treat
NEC, as considered for IBD [166].

8.6. Gut Microbiome Metabolic Effects and Microbial Metabolites in NEC in Preterm Infants

The metabolic effects of the gut microbiome also probably play a role in the devel-
opment of NEC. Multiomics studies highlight the importance of researching not only
taxonomic changes in NEC, but also microbial metabolic potential, providing evidence for a
microbiome–metabolome association [167]. Fu et al. (2021) revealed the involvement of mi-
crobial pathways associated with the breakdown of L-tryptophan and aromatic compounds
in infants with NEC, which also remained active for 48 h after diagnosis of NEC [162]. The
species composition of the microbiota was mainly represented by Ralstonia [162]. Metage-
nomic data analysis of infant fecal samples showed that genes encoding tryptophanase
and indolepyruvate decarboxylase were more highly expressed in the bacteria of NEC
stool samples [130]. NEC microbiomes of preterm infants (unlike preterm infants without
NEC) were almost completely lacking α-fucosidase and sialidase genes. These enzymes
are required for the release of L-Fuc and sialic acid from host glycans such as intestinal
mucins and HMOs. The enzyme lactate dehydrogenase was overabundant in preterm
infants prior to NEC development compared with their healthy peers and neonates with
NEC [130]. An imbalance between lactate-producing and lactate-utilizing bacteria can lead
to gastrointestinal DL-lactate accumulation in infants who later develop NEC. Thus, the
level of DL-lactate, as well as a decrease in enzymes capable of utilizing HMOs, may be
useful as a potential biomarker for the early diagnosis of NEC [130].

It is possible that metabolomic changes in some amino acids, such as alanine, argi-
nine, citrulline, glutamine, histidine, phenylalanine, and proline, as well as amino acid
ratios characteristic of infants with NEC, may be associated with impaired bacterial
metabolism and the number of specific bacteria [167]. For example, the ratio of urinary
alanine to histidine (a potential metabolite biomarker) was significantly higher in NEC
and was inversely associated with the relative abundance of fecal Propionibacterium [168].
Thomaidou et al. (2019) showed significant alternations in the urine metabolome in preterm
infants with NEC compared to controls [169]. Some of the discriminant urine metabolites
(phenylalanine, tyrosine, hippuric acid, pyridoxine, riboflavin, etc.) may be associated with
intestinal bacterial metabolism and could potentially be used as diagnostic biomarkers of
NEC [169].

According to Stewart et al. (2016), four of the five metabolites most associated with
NEC were involved in linoleate metabolism, which is potentially mediated by the micro-
biome [170]. The most discriminatory metabolites in NEC samples at the time of diagnosis
were significantly elevated compared to controls. Furthermore, their intensity increased
before the diagnosis of NEC and decreased after diagnosis, which suggests that such
metabolites can potentially serve as predictive biomarkers. The authors suggested that
progression toward NEC may be detected between 1–2 weeks before the current clinical
diagnosis [170]. The identification of reliable NEC candidate biomarkers requires a sys-
tematic approach based on metabolomics and metagenomics, and can potentially be used
both for the early diagnosis of the disease and for predicting the risk of adverse clinical
outcomes much earlier than clinical manifestations [167]. Research data of the intestinal
microbiome in preterm neonates with NEC are presented in Table 4.
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Table 4. Features of the intestinal microbiome in preterm neonates.

№ Authors, PMID Setting and
Time Period

Participants and
Study Design Methods Features of Microbiome

1 Zhou Y.
(2015) [161]

PMID: 25741698

Brigham and
Women’s Hospital,
Boston, MA, USA.

Study period:
not clear.

NEC stage: II–III.

Cases: 12 neonates with
NEC (GA of 27.8
(24–31) weeks).

Age of NEC: early
(≤DOL 22) vs.
late (>DOL 22).

Controls: 26 neonates
without NEC (GA of 27.9

(24–31) weeks).
Fecal samples were

collected with a median
sampling interval of 3 days.

16S ribosomal RNA gene
(V3–V5 regions)

sequencing.
Taxonomic groups were
based on the Ribosomal
Database Project (RDP)

naive Bayesian classifier
(version 2.5, training set 9)

Gut microbiota profiles:
Early-onset NEC (≤DOL 22): Clostridium sensu stricto (Clostridia) were

significantly higher in proximity to NEC onset.
Late-onset NEC (>DOL 22): Escherichia/Shigella (Gammaproteobacteria) was

significantly higher in cases than controls six days before NEC onset. Cronobacter
(Gammaproteobacteria) was significantly higher 1–3 days prior to NEC onset.

Diversity: The richness and Shannon diversity from the samples before NEC
onset increased significantly over the 2 months of life. Neonates without NEC

had a higher richness (but not Shannon diversity). NEC samples tended to have
lower microbial diversity than controls, and they also had marginally more

antibiotic usage than the controls.

2 Heida F.H.
(2016) [134]

PMID: 26787171

University Medical
Center of Groningen,

Groningen,
The Netherlands.

Study period: October
2013–February 2014.

NEC stage: II–III.

Cases: 11 neonates with
NEC (GA of 27
(24–29) weeks).

Age of NEC: 12.5 (4–43).
Controls: 22 neonates
without NEC (GA of

26 (24–29) weeks).
Fecal-sample collection: at

1 (0–4) day of life
(meconium); then, the two
samples were collected in

the week prior to the onset
of NEC (when available).

16S ribosomal RNA gene
(V3–V4 regions)

sequencing.
Taxonomic identification
down to the family and

genus levels with QIIME.
Sequence identification to
the species level with ARB
(SILVA rRNA database).

Gut microbiota profiles:
NEC group: There was a higher abundance of Clostridium perfringens and

Bacteroides dorei, and a lower abundance of Clostridioides difficile in the meconium.
Prior to disease onset, NEC cases remained dominated by Enterobacteriaceae or
developed an aberrant microbiota composition that formed a distinct cluster,

consisting of C. perfringens and B. dorei.
Controls: There was a shift from a more Enterobacteriaeceae-dominated microbiota

into one with more staphylococci (19%) and other lactate-producing bacilli.
Diversity: This was not associated with NEC development.

Maternal factors: The amount of breast milk as a percentage of the total amount
of feeding was correlated with an increase in lactate-producing bacilli and a

decrease in Gram-negative species, which include the Enterobacteriaceae
and Bacteroidaceae.
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3 Warner B.B.
(2016) [152]

PMID: 26969089

- St. Louis Children’s
Hospital;

- Children’s Hospital
at Oklahoma

University Medical
Center;

- Kosair Children’s
Hospital, USA.

Study period: July
2009–September 2013.

NEC stage: II–III.

Cases:28 neonates with
NEC (GA of 26.0

(24.7–27.9) weeks)
Age of NEC: 24 (19–48).
Controls: 94 Neonates

without NEC (GA of 27.0
(25.9–28.7) weeks)

Fecal-sample collection: all
stools of neonates were

collected up to and
including the day before
NEC was diagnosed or

60 days of age.

16S ribosomal RNA gene
(V3–V5 regions)

sequencing
Read classification using
the Ribosomal Database
Project naive Bayesian
classifier version 2.5,

training set 9.

Gut microbiota profiles:
NEC group: A significant increase in Gammaproteobacteria over time, and a
decrease in Negativicutes and the combined Clostridia–Negativicutes class (in

infants with a GA < 27 weeks).
Controls: Associated with an abundance of Negativicutes, and the combined

Clostridia–Negativicutes class (in infants with a GA < 27 weeks). The
Clostridia–Negativicutes class increased over time (in infants with a GA > 27 weeks).
Diversity: The alpha diversity significantly increased in the stools of controls, but

not in NEC patients (the diversity decreased over time).
Associations with clinical features: A greater GA at birth was associated with
higher proportions of Negativicutes and the combined Clostridia–Negativicutes

class, and lower proportions of Bacilli. Vaginal birth was associated with lower
proportions of Bacilli. Greater antibiotic exposure was associated with higher
proportions of Bacilli, and lower proportions of Clostridia, and the combined

Clostridia–Negativicutes.

4 Ward B.V.
(2016) [154]

PMID: 26997279

Two level III neonatal
intensive care units
(NICUs), Cincinnati,

OH, USA.
One level III NICU in

Birmingham,
AL, USA.

Study period:
December 2009–July

2012.
NEC stage: II–III.

Cases: 27 neonates with
NEC (GA of 26
(23–28) weeks).

Age of NEC: 26 (10–39).
Preterm controls: 117

neonates without NEC (GA
of 26 (23–29) weeks).

Term controls: 22 neonates
without NEC (GA 39

(38–41) weeks.
Fecal-sample collection in

three collection periods
(days 3–9, 10–16,

and 17–22).

Shotgun metagenomic
sequencing.

Relative taxonomic
abundances were
determined with

MetaPhlAn version 2.0.

Pangenome-based
strain-level profiling of E.
coli from metagenomes,

and multilocus sequence
type (MLST) analysis.

Preterm gut microbiome analysis (overall):
Days 3–9: Median relative abundance (MRL): E. coli (0.92), Serratia marcescens

(0.24), Klebsiella spp. (0.14), Streptococcus sp. GMD4S (0.12), and E. faecalis (0.11).
Days 10–16: E. coli (0.93), S. marcescens (0.39), Veillonella parvula (0.33), Klebsiella

spp. (0.19), K. oxytoca (0.11), and Streptococcus sp. GMD4S (0.12).
Days 17–22: E. coli (0.81), Klebsiella spp. (0.48), V. atypica (0.21), E. cloacae (0.14),

Citrobacter freundii (0.13), and Streptococcus sp. GMD4S (0.12).
Infants with high antibiotic treatment were specifically enriched in E. coli relative

to low-treatment infants who were enriched in the order Eubacteriales, genus
Veillonella, and Klebsiella spp. Infants who developed NEC had less Veillonella and

were specifically enriched in E. coli.
NEC group: Colonization by uropathogenic E. coli (UPEC) was a highly

significant risk factor for the development of NEC. UPEC was even more strongly
correlated with mortality as an outcome. NEC cases with Klebsiella dominance

were also observed.
Diversity was lower among infants receiving a high level of antibiotic

administration. Alpha diversity was higher at days 17–22 in preterm controls but
decreased in infants who developed NEC.
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5 Dobbler P.T.
(2017) [148]

PMID: 29187842

Neonatology Section
of Hospital de

Clínicas de Porto
Alegre, Brazil.
Study period:

not clear.
NEC stage: not clear.

Preterm neonates with a
GA ≤ 32 weeks.

Cases: 11 neonates
with NEC

Age of NEC: 8.0 (5.0–13.0).
Controls: 29 neonates

without NEC.
Fecal-sample collection:

with the first stool
(meconium) weekly up to

the 5th week of life.

16S ribosomal RNA gene
(V4 region) sequencing.
Taxonomic classification

was carried out in QIIME
based on the UCLUST

method against the
Greengenes 13.5 database.

NEC group: There was an indeterminate pattern of microbial succession (called
here as ‘chaotic’ or ‘abnormal’ pattern). There was a higher abundance of

Pseudomonadota and lower abundance of Bacillota during week 3. There was an
overall higher average abundance of Actinomycetota than in controls during

weeks 1 and 2.
Days 0–4: dominance of Pseudomonadota (44.66%) and lower abundance of

Bacteroidota (35.23%), Bacillota (15%), and Actinomycetota (1.7%).
Days 5–7: an abrupt decrease in Pseudomonadota in the NEC group.

Weeks 2–3: a bloom of Pseudomonadota; from then, a steady decline through
weeks 4 and 5 that coincided with an increase in Bacillota.

The early detection of a high dominance of Enterobacteriaceae, especially
Citrobacter koseri and Klebsiella pneumoniae, a lack of Lactobacillaceae, low diversity,
and altered microbial–microbial associations during the first days of life could be

indicators of NEC risk in preterm infants.
Controls: a steady increase in Bacillota overlapping with a decline in

Pseudomonadota, Bacteroidota, and Actinomycetota until week 4 followed by a
sudden re-emergence of Pseudomonadota.

Days 0-4: a high abundance of Pseudomonadota (40.07%) and Bacteroidota (36.35%),
and a low abundance of Bacillota (13.14%) and Actinomycetota (2.47%).

Days 5–7: a dominance of Bacillota (52.64%) and Pseudomonadota (31.43%) with a
low abundance of Bacteroidota (13.47%) and Actinomycetota (0.54%).

Weeks 2–3: a steady increase in Bacillota overlapping with a decline in
Pseudomonadota, Bacteroidota, and Actinomycetota until week 4 followed by a

sudden re-emergence of Pseudomonadota.
A community of obligate anaerobes was highly influential in the intestine of

controls during the first four days of life and appeared to control the proliferation
of Enterobacteriaceae.

Diversity: patients with NEC tended to have low alpha diversity and high
dominance compared to the controls (significant during the 3rd week). Microbial

dominance at the 3rd week was higher in the NEC cases than in the controls.
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6 Rozé J.-C.
(2017) [157]

PMID: 28659297

EPIFLORE Study,
France

Study period: 2011.
NEC stage: II–III.

Cases: 14 neonates with
NEC (GA of

28.4 ± 1.9 weeks).
Age of samples collected at

onset: 25.8 ± 16.7.
Controls: 73 neonates
without NEC (GA of

28.5 ± 1.7 weeks).
Fecal-sample collection at

DOL 7, 28, and at NEC
onset (3 (0–7) days after

onset)/at discharge
in controls.

16S ribosomal RNA gene
(V3–V4 regions)

sequencing.
Culture methods.

NEC group (culture methods): The Clostridium genus was significantly
associated with NEC: (86% vs. 35%, OR: 11.3). At the species level, C. neonatale

(50% vs. 11%, OR 5.5) and Staphylococcus aureus (57% vs. 13%, OR 7.1) were
significantly associated with NEC.

NEC group (16S rRNA sequencing): Colonization with bacteria from the
Clostridium sensu stricto genus tended to be associated with NEC (20.6% vs. 11.7%,
p = 0.08) and with a higher proportion of C. neonatale, together with C. butyricum.

Gammaproteobacteria were also differentially represented with a trend toward
lower proportions of Klebsiella and Citrobacter and an association with some
specific bacterial operational taxonomic units related to either clostridia or

Gammaproteobacteria in NEC infants.

7 Wandro S.
(2018) [136]

PMID: 29875143

Children’s Hospital,
Orange County,

Orange, CA, USA.
Study period:

2011–2014.
NEC stage: not clear.

32 preterm neonates with
birth weights of 620–1570 g.

Cases: three neonates
with NEC;

eight neonates with
late-onset sepsis.

Age of NEC: 27, 31, and 41.
Controls: 21 healthy

neonates.
Fecal-sample collection:

between days 7 and 75 of
life. The sampling times

and numbers of fecal
samples varied.

Gas chromatography–mass
spectrometry was used.

16S ribosomal RNA gene
(V3–V4 regions)

sequencing
Taxonomy was assigned

using QIIME and the
Greengenes 13_8 database.

There were no clear signatures of microbiome composition linked to NEC or
sepsis. Longitudinal samples from individual infants remained highly

personalized over several weeks.
Preterm infant microbiomes were shaped by shared exposures, especially to

antibiotics, leading to the dominance of antibiotic-resistant facultative anaerobes
(Enterococcus spp.).

The anaerobic, milk-degrading bifidobacteria were largely absent, even in
preterm infants with access to breast milk.

Diversity: The difference in alpha diversity was associated with antibiotic use.
Only vaginally born infants were colonized by Bacteroides (4 out of 9 infants),

while none of the 22 infants born via C-section were colonized.
Metabolite profiles: the metabolite profiles varied over time (individually) and

were not associated with NEC or late-onset sepsis.
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8 Romano-Keeler J.
(2018) [156]

PMID: 30365522

Monroe Carell Jr.
Children’s Hospital,
Vanderbilt,TN, USA.

Study period:
not clear.

NEC stage:
surgical NEC.

Cases: 12 surgical patients
with NEC (GA of

25–33 weeks).
Controls: 14 surgical

patients without NEC (GA
of 24–39 weeks).

Age at surgery: 5–46.
Sample collection: intestinal

tissue during surgery,
patient’s first

post-operative stool, or by
scraping surgical tissue.

16S ribosomal RNA gene
(V1–V3 regions)

sequencing.
Sequences were aligned to
the SILVA database release

123 and taxonomically
classified with the

Ribosomal Database
Project (RDP) classifier 11.

NEC group: Tissue samples—higher abundances of Staphylococcus and
Clostridium sensu stricto I. Fecal samples—a higher abundance of Staphylococcus

and lower abundances of Actinomyces and Corynebacterium.
Diversity: The fecal microbial richness and diversity tended to be lower in NEC
patients (p = 0.078). The tissue microbial richness was lower (p < 0.05); the alpha
diversity tended to be lower than in controls (p = 0.081). There was distinct beta

diversity in the tissue samples of NEC patients vs. controls.
Metabolic pathways in NEC patients were related to signatures of infectious

diseases (bacterial toxins) and Staphylococcus aureus infection was enriched in
NEC tissue samples compared to non-NEC tissues.

9 Olm M.R.
(2019) [151]

PMID: 31844663

University of
Pittsburgh Medical

Center
Magee-Womens

Hospital, Pittsburgh,
PA, USA.

Study period: 5-year
period.

NEC stage: not clear.
Pre-NEC samples

were analyzed.

Cases: 34 neonates with
NEC (GA of

28 ± 5.5 weeks).
Age of NEC: DOL 9 ± 9.8.

Controls: 126 neonates
without NEC (GA of

29 ± 2.2 weeks).
Fecal-sample collection:

longitudinal (average 7.2
samples per patient) until
NEC onset within 2 days
before NEC diagnosis—

“pre-NEC” samples.

Shotgun metagenomic
sequencing.

To determine the
taxonomy of bins, the

amino acid sequences of
all predicted genes were

searched against the
UniProt database using the

USEARCH ublast
command. tRep was used

to convert the list of
identified taxIDs into

taxonomic levels.

The gut microbiomes of all infants were dominated by Pseudomonadota, regardless
of NEC development. The premature infants had increased Enterobacteriaceae and

notably low abundances of Actinomycetota and Bacteroidota.
NEC group: A low abundance of Bacillota and a higher abundance of

Enterobacteriaceae. However, in pre-NEC samples, the gut microbiomes were not
significantly enriched in Enterobacteriaceae (the association of Enterobacteriaceae
and NEC infants may be after the administration of antibiotics to treat NEC).

The K. pneumoniae strain 242_2 was the most associated with NEC.
iRep (bacterial replication rates) values of bacteria were significantly higher in

pre-NEC versus control samples. Bacterial replication was stable 4 or more days
before NEC, increased daily in the 3 days before diagnosis, and crashed following
diagnosis (probably due to subsequent antibiotic administration). The genomes
of Enterobacteriaceae displayed higher pre-NEC iRep values than bacteria overall.

Diversity: not clear
Metabolic pathways: Four factors were significantly associated with pre-NEC

samples (taken within 2 days before NEC diagnosis): iRep values overall,
genomes encoding specific types of secondary metabolite gene clusters

(sactipeptides, bacteriocins, and butyrolactones), Klebsiella, and fimbriae cluster 49.
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10 Lindberg T.
(2020) [150]

PMID: 29909714

IV neonatal intensive
care unit (NICU),

Hartford, CT, USA.
Study period:

September
2013–September 2015.

NEC stage: II–III.

Preterm neonates with a
GA of 25.2 (23–27) weeks.
Cases: five neonates with

NEC.
Age of NEC: not clear.
Controls: five neonates

without NEC.
Fecal-sample collection was

on a weekly basis
beginning with the first
bowel movement until

patient discharge.

16S ribosomal RNA gene
(V4 region) sequencing.

Indicator value analysis
using the Indicspecies

Package was performed to
identify microbial species.

NEC group: A dominance of Pseudomonadota (65.5%), followed by Bacillota
(28.1%), Actinomycetota (5.8%), and other bacteria (0.5%).

Enterobacteriaceae and Trabulsiella were more abundant in NEC patients.
Controls: There was a dominance of Bacillota (55.9%), followed by Pseudomonadota

(40.8%), Actinomycetota (2.9%), and other bacteria (0.5%). Veillonella and
Enterococcus were more abundant in controls. There was a significant reduction in
Pseudomonadota in early samples compared to those collected at later time points.

Diversity: Alpha diversity was associated with the day of life (↑ by 0.02 with
each day) and antibiotics use (↓ of 0.01 for each additional day).

11 Brehin C.
(2020) [171]

PMID: 32709038

Purpan Hospital in
Toulouse, France.
Study period: not

clear.
NEC stage: I

(suspected NEC).

Cases: 11 neonates with
NEC (GA of 28.4
(26–31) weeks).

Age of NEC I: 12 (4–60)
Controls: 21 neonates
without NEC (GA 30

(26.4–32) weeks).
Fecal samples were

collected at the time points
of 1–10 days; 11–20 d;

21–30 d; and >30 d.
Fecal metabolome analysis.

16S ribosomal RNA gene
(V3–V4 regions)

sequencing
Diseases and host genetic
variation linked to NEC-1
associated gut microbiota

were identified via
MicrobiomeAnalyst.

Gut microbiota profiles in NEC stage I:
Days 0–10: had a divergent and more homogenous gut microbiota and lower

alpha diversity (Chao1).
Days 11–20: had a higher abundance of Streptococcus species and bacteria from

the Micrococcales order, lower levels of serine in the fecal metabolome and a
higher Chao1 index.

Days 21–30: had increased Staphylococcus and Streptococcus species, high
intragroup variance, no difference in the Chao1 index, and no difference in the

fecal metabolome. The NEC-1 gut microbiota profile was associated with
multiple diseases and was found to be significantly increased in ulcerative colitis
and host genetic variation and significantly related to ANP32E, a gene involved

in ulcerative colitis.
Over 30 days: had an increase in Raoultella species. There was no change in the
overall microbial diversity indices, but significantly lower levels of ethanol and

leucine in the fecal metabolome.
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12 Fu X.
(2021) [162]

PMID: 34012949

First Hospital of Jilin
University,

Changchun, China.
Study period:

February 2018–April
2019.

NEC stage: II–III.

Cases: 15 preterm neonates
with NEC

(GA 30.2 ± 1.2 weeks).
Controls: 15 preterm

neonates without NEC
(GA 30.1 ± 1.9 weeks).

Fecal samples were
collected within 48 h after
birth, once per week until

the NEC diagnosis,
1–2 weeks after treatment,

or 28 days after birth.

16S ribosomal RNA gene
(V3–V4 regions)

sequencing.
Taxonomic groups were
based on the Greengenes
Database using QIIME2.

Gut microbiota profiles:
NEC group: There was a higher abundance of Bacteroidota, and Actinomycetota at

birth was much higher than that in controls (which continued until
NEC occurred).

Higher abundance of Alphaproteobacteria, Betaproteobacteria, Sphingomonas,
Lactobacillaceae at NEC onset.

In children who subsequently developed NEC, environmental bacteria were
detected in the first 48 h of life: Dysgonomonas (lives on surfaces), Hyphomicrobiales,

Ralstonia, and Pelomonas (in water sources and hospital ventilators).
Controls: had a higher abundance of Gammaproteobacteria, Enterobacteriaceae,

and Clostridiaceae.
Diversity: at birth—the Chao1 index of the NEC group was higher, but the

Shannon index, Good’s coverage, and Pielou’s evenness index were NS;
at NEC onset—the Chao1 index, Shannon index, and Pielou’s evenness index of

the NEC group were higher.
Metabolic pathways: in the NEC group at birth, the pathways involved in the
degradation of L-tryptophan and aromatic compounds were upregulated (the

species composition was mainly Ralstonia).
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13 Tarracchini C.
(2021) [130]

PMID: 34704805

Meta-analysis of
metagenomics data
from repositories.
Data from Croix

Rousse University
Hospital, Lyon,

France were included
additionally.

Study period:
September

2014–November 2014.
NEC stage: II–III.

Data from repositories:
GA of 23–39 weeks.

Cases: 67 neonates with
NEC.

Age of NEC: not clear.
Controls: 57 neonates

without NEC.
Fecal samples were

collected at NEC onset
(n = 53) and before NEC

(n = 14).

Data from Croix Rousse
University Hospital:
GA of 25–30 weeks.

Cases: seven neonates
with NEC.

Controls: 11 neonates
without NEC.

Fecal samples were
collected weekly during the

first 30 days of life.

Shotgun metagenomic
sequencing data sets from

four different studies
retrieved from publicly
available repositories.

Shotgun metagenomic
sequencing.

Taxonomic profiling of the
retained reads was
performed with the

METAnnotatorX
bioinformatics platform.

Gut microbiota profiles:
The microbial profiles of metagenomics samples showed high

interindividual variability.
NEC group: had a higher abundance of Escherichia coli and Enterococcus faecalis

were the main taxa.
There was a preterm community state types (PT-CST)-specific increase in

opportunistic pathogens, such as E. faecalis, E. coli, Staphylococcus epidermidis,
Clostridioides difficile, Ureaplasma parvum, Pseudomonas aeruginosa, Pseudomonas

nosocomialis, and members of the Klebsiella genus.
There was a reduction in/absence of common early-infant gut commensals

(Actinomyces, Schaalia, Veillonella, Bacteroides, and Streptococcus).
Clostridium neonatale and Clostridium perfringens species could be potential

biomarkers for the predictive early diagnosis of NEC.
Controls: had a higher abundance of Streptococcus agalactiae, which was the
dominant taxon in premature control subjects. Controls had a much lower
relative abundance/absence of K. pneumonia, Proteus mirabilis, Clostridium

perfringens, Clostridium neonatale, Pantoea dispersa, and Staphylococcus aureus.
Diversity: There was a reduction in the gut microbial biodiversity in the

NEC group.
Metabolic pathways: in the NEC group, enzymes related to glycosylated protein

degradation, i.e., α-fucosidase and sialidase, were almost entirely absent.
α-fucosidase and sialidase were positively associated with members of the Blautia,

Cutibacterium, and Enterobacter genera and negatively with E. coli.
In the NEC group, bacterial tryptophan degradation pathways (tryptophanase

enzymes (and indolepyruvate decarboxylase)) were increased.
There was gastrointestinal DL-lactate accumulation among NEC patients.
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14 He Y.
(2021) [149]

PMID: 34922582

Children’s Hospital of
Chongqing Medical

University,
Chongqing, China.

Study period:
January 2015–October

2018.
NEC stage: II–III.

Cases: 81 neonates with
NEC (GA 31.0

(29.4–33.7) weeks); included
19 surgical NEC patients.

Age of NEC:
15 (12–19).

Controls: 81 neonates
without NEC (GA 31.1

(29.3–33.2) weeks); included
19 surgical patients.
Fecal samples were

collected once the diagnosis
of NEC was complete.

SCFAs were measured in
the fecal samples.

Flow cytometry of T cells in
ileum lamina propria was

performed.
The transcription of

inflammatory cytokines by
qRT-PCR.

FMT to germ-free mice
before NEC induction.

Butyric acid administration.

16S ribosomal RNA gene
(V3–V4 regions)

sequencing
The phylogenetic

affiliation of each 16S
rRNA gene sequence was

analyzed using the
Ribosomal Database

Project.

Gut microbiota profiles:
NEC group: had a higher abundance of Pseudomonadota, with reduced

proportions of Bacillota and Bacteroidota.
Diversity: There was decreased α-phylogenetic diversity in NEC patients.

SCFA measurement: The levels of butyric acid were significantly lower in the
NEC group.

Flow cytometry of T cells: the proportion of Treg (Foxp3+) cells compared with
T helper cells in the control group was significantly higher than that of the

NEC group.
Cytokine expression: The surgical NEC cases had significantly higher levels of

IL-1β, IL-8, and TNF-α transcripts. NEC cases also had lower expression levels of
IL-10 and TGF-β related to the induction and function of Treg cells.

Fecal-microbiota transplantation of NEC patients contributed to NEC-like injury
in mice. Mice had a decreased Treg/T helper cell ratio.

The NEC mice had a similar microbial composition as NEC patients had a
higher level of Psudomonadota but lower levels of Bacillota; the concentration of

butyrate in the fecal samples was lower.
Butyrate administration to mice increased the Treg/T helper cell ratio; mice had

lower NEC scores.
Butyrate administration did not influence the microbial composition.
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15 Kaelin E.
(2022) [163]

PMID: 35449461

St. Louis Children’s
Hospital, St. Louis,

MO, USA.
Study period:

not clear.
NEC stage: II

or higher.

Preterm neonates with a
birth weight ≤ 1500 g and

GA < 27 weeks.
Cases: nine neonates with

NEC (GA of 25.5
(24.9–26.0) weeks).

Age of NEC: not clear.
Controls: 14 neonates

without NEC (GA of 25.0
(23.1–25.4) weeks).
Fecal samples were

collected before NEC onset
over the first 11 weeks

of life.

Metagenomic sequencing
of gut virome DNA.

There was high inter- and intra-individual variation in the infant gut virome.
NEC group: A large proportion of the virome could not be assigned family-level
taxonomy (unclassified viruses) (84.5%). Classifiable viral contigs included the
bacteriophage families Myoviridae, Podoviridae, and Siphoviridae. There was high

variability in virus family proportions at each time point and also within
individuals over time.

A total of 137 contigs were associated with the period 0–10 days before NEC
(NEC-associated contigs). Of the NEC-associated contigs with at least five open
reading frames (ORFs), 31.7% were predicted to have temperate lifestyles and

68.3% were predicted to be lytic.
Controls: A large proportion of the virome was unclassified viruses (85.3%). The
identified viral contigs belonged to bacteriophage families including Myoviridae,

Podoviridae, and Siphoviridae. The relative abundances of bacteriophage and
eukaryotic virus families varied between the control infants in each week of

the study.
Diversity: There was convergence towards reduced viral beta diversity over the
10 days before NEC onset, driven by specific viral signatures and viral–bacterial
interactions. The bacterial beta diversity in NEC patients was stable in windows

spanning the 25 days before NEC. The virome diversity in the control group
varied between individuals.
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16 Liu X.-C.
(2022) [172]

PMID: 36060739

Children’s Hospital of
Chongqing Medical

University,
Chongqing, China.

Study period: April
2021–October 2021.

NEC stage: not clear.

Cases: 17 neonates with
NEC (GA 30.5 ± 2.1 weeks).

Controls: 17 neonates
without NEC (GA
30.5 ± 1.9 weeks).

Age of NEC: 30.2 ± 15.9.
Fecal-sample collection:
two time points (before
NEC (7.0 ± 7.64 days

before), and at the
diagnosis of NEC).

SCFAs were measured
in feces.

16S ribosomal RNA gene
(V3–V4 regions)

sequencing
Data processing with

QIIME v1.9.1.
Species classification was

performed using
silva138/16s_bacteria

taxonomic data.

Pre-NEC group vs. controls: Pseudomonadota increased while Bacillota,
Actinomycetota, and Bacteroidota decreased (NS). Clostridioides, Blautia, and

Clostridium sensu stricto I increased, while unclassified_c_Bacilli, Lactobacillaceae,
and Bifidobacterium decreased at the genus level (p < 0.05).

At the species level, unclassified_g_Clostridioides, Streptococcus salivarius, and Rothia
mucilaginosa increased, while unclassified_c_Bacilli, unclassified species of

Lactobacillaceae, and Bifidobacterium animals subsp. lactis decreased (p < 0.05).
Acetic, propanoic, butyric, and isovaleric acids decreased.

NEC-group vs. controls: Bacillota decreased. Stenotrophomonas, Streptococcus, and
Prevotella increased at the genus level.

Acetic, propanoic, butyric, and isobutyric acids decreased.
NEC vs. pre-NEC group: Pseudomonadota and Bacillota decreased, while

Actinomycetota and Bacteroidota increased (NS). At the genus level, Faecalibacterium,
Microbacterium, and Solobacterium increased (p < 0.05).

There were no differences in any of the SCFAs.
Diversity: The alpha diversity (Ace, Chao1) was higher in controls than in

pre-NEC patients, but the Simpson and Shannon indices showed no difference.
There was no difference between NEC patients and controls.

This table shows the names of genera and species as given by the authors. Phylum, order, and family names were changed to the new nomenclature according to NCBI Taxonomy as
required under the International Code of Nomenclature for Prokaryotes (ICNP). To date, some taxa have been reclassified or renamed. The correct names of these taxa are given in
parentheses: Bacteroides dorei (Phocaeicola dorei).
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9. Prediction of NEC

Considering the multifactorial nature of the causes of NEC development, developing
prognostic NEC models based on multiomics approaches could be advantageous. Currently,
several approaches have been proposed to predict the development of NEC, including
using machine learning [34,173–175].

Lin et al. (2022) [176], using intestinal-microbiome data by Warner et al. (2016) [152]
and Olm et al. (2019) [151], created an application for dynamic individual-NEC-risk
assessments, noting the importance of Clostridia and Actinomycetota members for NEC
prediction, in addition to Bacilli and Gammaproteobacteria.

The role of modifiable factors that reduce the risk of NEC should not be underesti-
mated; the antenatal administration of corticosteroids, the prenatal education of mothers
about the importance of breastfeeding, support for lactation and initiation of breast milk
expression as early as possible, limiting the excessive use of antibiotics in neonates, early
‘irrigation’ of the oral cavity with colostrum (colostrum swabbing to provide oral im-
mune therapy), and the standardization of enteral nutrition approaches may all be of
relevance [177,178]. In addition, factors reducing the risk of NEC include limiting the use of
H2 blockers, preventing severe anemia, preventing bacterial contamination of the feeding
substrate and feeding devices, and using the kangaroo method [177]. The use of probiotics
and a combination of types of probiotics also reduces the risk of NEC [178].

Chandran et al. (2021) reduced the risk of NEC in one department from 7% to 0%
within four years when using methods that reduce the risk of NEC (standardization of
the protocol for enteral nutrition, oropharyngeal administration of colostrum, the use of
probiotics, limiting the use of H2 blockers, antibiotics, the dilution of oral drugs to limit
osmolarity, and encouraging mothers to breastfeed) [179].

10. Remote Ischemic Conditioning (RIC) as a Therapy for NEC

Therapy for NEC is non-specific; examples include nil per os, total parenteral nutrition,
and gastric decompression and antibacterial therapy [6,8,180]. According to a systematic
review by Gill et al. (2022), no optimal antibiotic therapy regimen for NEC stages II and III
has been identified [181]. The choice of therapy approach is made difficult due to the wide
range of NEC-like diseases, such as spontaneous intestinal perforation, ischemic intestinal
necrosis, enterocolitis associated with food protein intolerance, and congenital malforma-
tions of the gastrointestinal tract [180]. Given the major role of impaired microcirculation in
the intestinal wall in the pathogenesis of NEC, Koike et al. (2020) suggested RIC for treating
NEC [62]. The goal of RIC is to improve collateral circulation in distant target tissues
susceptible to ischemia. The mechanism of RIC is based on the release of endogenous
vasodilators, namely NO and hydrogen sulfide (H2S), which promote the vasodilation of
the intestinal microvasculature, maintaining intestinal perfusion and reducing mucosal
hypoxia [62].

According to an experimental study in newborn mice, RIC in the early stages of NEC
(stages 1 and 2 RIC) increased blood flow velocity in the intestinal wall and improved the
survival of mice with NEC. However, RIC at stage 3 did not provide significant protection
against intestinal damage and did not improve survival [62]. According to Koike et al.
(2020), RIC was able to prevent the disruption of intestinal wall microcirculation in response
to enteral feeding in the early neonatal period [62].

11. Conclusions

NEC is a multifactorial disease of premature neonates, including pathogenesis con-
tributed by alteration of intestinal microbiome development, episodes of intestinal hy-
poxia caused by immature intestinal wall receptors of preterm infants, and immaturity
of the microvascular bed. Recent studies focused on the maternal-gut-microbiome com-
position, including physiological aspects [43], and complicated pregnancy (premature
birth [44,103,105,113], pre-eclampsia [107,108,114,117–119,121], and fetal IUGR [127]) and
its contribution to the initial gut colonization of preterm infants. It is currently assumed
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that changes in the maternal gut microbiome during pregnancy progress through certain
stages during and following delivery [43]; however, some studies refute this concept [105].
The role of the maternal gut microbiome in shaping the risk of NEC is unclear and needs
to be further studied. The gut microbiome of mothers of preterm infants with NEC is
currently not well understood.

The influence of several factors on the gut microbiome colonization of preterm infants
(mode of delivery, the maternal microbiome composition, enteral nutrition, the duration
of stay in the intensive care unit, and the use of antibiotic therapy) makes research on gut
microbiome composition and the identification of NEC-related pathogens particularly chal-
lenging. The microbiome of preterm infants is a unique system of dominant and commensal
microorganisms, the disruption of which may contribute to the risk of NEC [130,147]. Many
studies have highlighted the role of Gammaproteobacteria prevalence in the development of
NEC [130,148–153], while other studies point to Clostridia as a pathogen [134,156–158].

Due to the nonspecificity of the early manifestations of NEC and the rapidity of its
course, the search for noninvasive markers of NEC and the identification of risk factors
are ongoing. There is increasing interest in studying the role of fucosylated glycans, the
influence of maternal secretory status on the risk of preterm birth [88], and the effect of
neonatal secretory status on the risk of NEC [77,80]. However, the influence of maternal
secretory status on the risk of NEC in neonates has not yet been studied.

Fucosylated glycans on the surface of the intestinal mucosa and breast milk oligosac-
charides may also be involved in gut microbiome shaping in infants [84,85,87] as well as
the increased expression of intercellular tight junction proteins ZO-1 and claudin-1 [89] and
the inhibition of TLR4 on enterocytes [67]. In addition, TLR4-mediated activation of the
Notch signaling pathway may also be regulated by fucosylation [66].

Future research on maternal microbiome composition, the discovery of candidate
biomarkers, and microbiome-based therapies will contribute to reducing the risk of NEC
and NEC-related complications and improve survival. The use of fucosylated oligosac-
charides [182,183] in formula and probiotics [184] could offer promising approaches to
NEC prevention when breast milk is unavailable since the composition of the microbiota is
largely maintained by HMOs [185].
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Abbreviations

2′-FL 2-fucosyllactose
3′-FL 3-fucosyllactose
3′-SL 3-sialyllactose
6′-SL 6-sialyllactose
BAX Bcl-2-associated X protein
bFGF basic fibroblast growth factor
CHD congenital heart disease
DCDA dichorionic diamniotic
DSS dextran sulfate sodium
EGF epidermal growth factor
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eNOS endothelial NO synthase
ET-1 endothelin-1
FGFR2 fibroblast growth factor receptor 2
F-Tr GDP-fucose transporter
Fuc fucose
FUK fucokinase
FUT1 fucosyltransferase 1
FUT2 fucosyltransferase 2
FUT7 fucosyltransferase VII
FX GDP-4-keto-6-deoxymannose 3,5- epimerase- 4-reductase
GA gestational age
GDM gestational diabetes mellitus
GFPP GDP-β-l-fucose pyrophosphorylase
GL genus level
GlcNAc N-acetyl-glucosamine
GLUT1 glucose transporter 1
GMD GDP-d-mannose-4,6-dehydratase
HIF factors induced by hypoxia
HMO human milk oligosaccharides
IBD inflammatory bowel disease
IL-1β interleukin-1β
IUGR intrauterine growth retardation
Ley Lewis Y
LPS lipopolysaccharide
MCDA monochorionic diamniotic twins
MUC1 mucin 1
MUC2 mucin-2
MUC5AC mucin-5AC
NEC necrotizing enterocolitis
NF-κB nuclear factor kappa B
NO nitric oxide
OTUs operational taxonomic units
PAF platelet-activating factor
PAI-1 plasminogen activator inhibitor-1
PDA persistent ductus arteriosus
PE pre-eclampsia
PHD3 HIF-prolyl hydroxylase 3
PI-CST preterm community state types
PIGF placental growth factor
PIH pregnancy-induced hypertension
PL phylum level
POFUT protein O-fucosyltransferase
RIC remote ischemic conditioning
ROS reactive oxygen species
SCFAs short-chain fatty acids
SCT syncytiotrophoblast
sEng soluble endoglin
sFlt-1 soluble fms-like tyrosine kinase-1
SIRT1 sirtuin 1
SL species level
ST6GAL1 beta-galactosamide-alpha-2,6-sialyltransferase 1
TFF2 trefoil factor 2
TFF3 trefoil factor 3
TGF-β1 transforming growth factor beta 1
TLR4 toll-like receptor 4
TMAO trimethylamine-N-oxide
TNF-α tumor necrosis factor alpha
TSR thrombospondin–type 1 repeats
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UDP-galactose uridine diphosphate galactose
UGT1 uridine diphosphate glucuronosyl transferase
VEGF vascular endothelial growth factor
VEGFR vascular endothelial growth factor receptor
VLBW very low birth weight
WAZ weight-for-age z-score
ZO-1 zonula occludens-1
α1,6-Fuc α-1,6-fucosyltransferase
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