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Abstract: A severe condition of sepsis can be a complication of necrotizing enterocolitis (NEC),
which can occur in premature infants and becomes a medical challenge in the neonatal intensive
care unit (NICU). It is a multifactorial intestinal disease (can affect both the small and large intestine)
that can lead to ischemia of the intestinal tissues that evolves into acute organ necrosis. One of
these factors is that different types of nutrition can influence the onset or the progression of the
disease. Cow-milk-based infant formulas have been shown to cause it in premature infants more
frequently than human milk. Recently, nutrition has been shown to be beneficial after surgery. Several
issues still under study, such as the pathogenesis and the insufficient and often difficult therapeutic
approach, as well as the lack of a common and effective prevention strategy, make this disease an
enigma in daily clinical practice. Recent studies outlined the emerging role of the host immune
system and resident gut microbiota, showing their close connection in NEC pathophysiology. In
its initial stages, broad-spectrum antibiotics, bowel rest, and breastfeeding are currently used, as
well as probiotics to help the development of the intestinal microbiota and its eubiosis. This paper
aims to present the current knowledge and potential fields of research in NEC pathophysiology and
therapeutic assessment.
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1. Introduction

Necrotizing enterocolitis (NEC) is an intestinal inflammatory disease that occurs
mainly in premature neonates with a wide range of effects, from minor lesions that are
confined to the intestinal mucosa up to extensive necrosis of the intestinal wall that can
cause perforation. Intestinal necrosis is the most common cause of death that occurs in
premature neonates and especially in those with an exceptionally low birth weight [1].
Although the early recognition and treatment of this disease have improved over time
based on clinical findings, it represents a serious complication in neonatal survivors in the
neonatal intensive care unit. In 1888, Paltauf first described newborn clinical cases with
this disease, while the term NEC to describe the disease was first used by Schmid and
Quaiserk in 1953 [2]. In 1965, Mizrahi and collaborators described this disease as “intestinal
syndrome characterized by emesis, abdominal distension, gastrointestinal bleeding and
shock in premature new-borns” [3]. However, decades of systematic research have not
fully elucidated the pathogenetic mechanism of NEC, while its timely diagnosis remains
difficult [4,5]. It has been noted that NEC usually occurs in infants in the first three weeks
of life having an extremely low birth weight with a gestational time <28 weeks [6–8]. About
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10% of NEC cases occur in full-term infants, while 90% occur in premature newborns.
NEC is a major clinical challenge, as its impact on infants admitted to NICUs are 1–5%,
mostly involving those (7–14% incidence) with a birth weight <1500 g. Its incidence in
the population is between 0.5–5 cases per 1000 newborns [9]. Its mortality is inversely
correlated with birth weight and gestational age, which can be up to 50%, especially if
it is being treated surgically [10,11]. Thus, it occurs in 1 to 3 cases in every 1000 births
and is the most common gastrointestinal emergency in premature infants. Globally, the
incidence of the disease reaches up to 13% of newborns at ≤33 weeks of gestation or babies
with birth weights ≤2500 g and mortality rates between 30–50%. Finally, NEC occurs
less often after ≥35 weeks of gestation [12–14]. Symptoms in premature infants and the
time of onset, for the most part, are inversely proportional to gestational time (i.e., the
earlier the newborn, the more obvious the signs). The initial symptoms include intolerance
to enteral feeding and failure to thrive, abdominal distention, and bloody stools. In the
advanced stage of the disease, erythema appears on the skin of the anterior abdominal
wall, accompanied by cardiovascular and neurosensorial disturbances (such as bradycardia,
hypotension, lethargy, etc.), hyperpyrexia, oliguria, etc. According to Bell staging, we have
stage I (lethargy, apnea attacks, decreased nutrition, mild abdominal distension/ileus, and
blood in stool), stage II (severe abdominal distension, bowel pneumothorax, and/or portal
air), and stage III (full thickness intestinal necrosis, perforation, peritonitis, sepsis, and
death) [15,16]. Note that clinical manifestations begin after the onset of bowel feeding.
Symptoms can rapidly progress to abdominal discoloration with intestinal perforation,
peritonitis, and sepsis requiring intensive care and medical support [17,18]. Symptoms
in some children do not manifest themselves clinically, and they may develop a septic
condition without the disease being diagnosed. The condition can rapidly progress from
mild to severe within 72 h. Laboratory hematological test results are usually neutropenia,
thrombocytopenia, unbalanced hemostasis (prolongation of partial thromboplastin time),
metabolic acidosis, anemia, and altered sepsis biomarkers [18–21]. Non-severe cases of NEC
can be effectively treated with intestinal food retention, stomach decompression with a
nasogastric tract, and the initiation of broad-spectrum antibiotics. Some advanced cases
can involve extensive intestinal necrosis, and the complications after surgery can be fatal.
Most treatment strategies for the disease are achieved by the pharmacological and clinical
support of vital signs and/or surgery [22–24]. The choice of treatment depends on the
stage of NEC. When newborns show symptoms, such as apnea, bradycardia, or gastric
and abdominal distension, the disease is treated with pharmaceuticals because it is in its
initial phase. Surgery is performed when the intestine has extensive necrotic areas or is
necrotic. Moreover, the surgical procedure is performed when the pharmacological therapy
has failed. The type of surgery chosen is based on the stage of the disease [25]. First, fluids
can be drained with the introduction of special catheters (Penrose drainages), and if this
method fails, then a partial or total removal of the intestine is performed. As we discuss
further, NEC is a multifactorial disease whose main risk factors are prematurity, which
disrupts the acquisition of gut microbiota in preterm infants that correlates with the altered
development of the immune system and the immaturity of gastrointestinal system, and
low weight at birth [26,27].

2. Predisposing Factors for NEC

Data available about risk factors for NEC are relatively few. The disease is multifacto-
rial, and elucidation of the predisposing factors is difficult. Table 1 shows the best-known
predisposing risk factors associated with NEC [25,28–30].
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Table 1. Predisposing factors for the occurrence of NEC.

Predisposing Factors for NEC

Maternal/Obstetric Neonate Nutritional

Mother’s age, multiple pregnancy,
premature birth related to pregnancy
complications (such as pre-eclampsia,

premature rupture of membranes
(PROM), and others), caesarean delivery,
anemia, use of drugs (such as antibiotics,

steroids, and others), substance abuse
(such as cocaine and others),

and chorioamnionitis.

Low birth weight, prematurity, gender of
infant (occurs more in males), Apgar

score <7, anemia, transfusions, postnatal
systemic infection/sepsis, use of drugs

after delivery (such as steroids,
indomethacin, ibuprofen, and antibiotics),

intubation and long-term mechanical
ventilation, acute respiratory distress
syndrome (ARDS), hyaline membrane

disease (HMD), patent ductus arteriosus
(PDA), bronchopulmonary dysplasia
(BPD), and intra-abdominal bleeding.

The early initiation of enteral feeding
(first 48 h), either with mother’s or

modified cow’s milk, and large amount of
milk, are aggravating factors. Breast milk
plays a protective role, strengthening the

immune system of premature infants.

As mentioned above, a premature baby is one born at a gestational age of less than
37 weeks. Risk factors usually include diabetes mellitus, hypertension, multiple pregnan-
cies, obesity, pregnancy complications (such as placental abruption and others), abuse of
substances (such as cocaine, methamphetamine, and others), tabagism, drugs (such as
antibiotics, corticosteroids, FANS, and H-2 receptor antagonist), and others [31–34].

It is estimated that at least 75% of premature neonates will survive with appropriate
treatment. Premature birth is the most common cause of infant death in the world [35,36].
Often, survival has been associated with complications in the health and development of
the child. As we mentioned, prematurity is one of the main causes of low-birth-weight
babies, which is an aggravating factor for the child’s health. Low birth weight is not a direct
cause of mortality but is associated with adversities such as respiratory distress syndrome,
bronchopulmonary dysplasia, cardiovascular disturbances, inadequate functions of the
immune system (limited capacity to moderate inflammation and infection), neurological
disturbances, and others [25,28]. Thus, we can divide this factor into low birth weight
(1500–2499 g), exceptionally low birth weight (1000–1499 g), and extremely low birth weight
(<1000 g), which are associated with many morbidities, such as chronic pulmonary diseases,
retinopathy, and NEC [37]. Newborns with elevated health clinical risk conditions or severe
comorbidities have a greater probability to develop NEC. The inhomogeneity of the lungs,
a problem that affects neonates born <32 weeks of gestation, results in altered O2 and CO2
exchange and insufficient tissue oxygenation. Cardiac complications due to prematurity
limit the availability of oxygen and nutrients to other tissues and organs [38]. Even the
intestinal function is a concern. Certain drugs, such as H2 agonists in premature infants,
are associated with an increase in incidence because maintaining the acidic pH at normal
values reduces the possibility of colonization by bacteria [7]. Vasoconstrictive drugs, such
as nonsteroidal anti-inflammatory drugs (NSAIDs) (such as cyclooxygenase inhibitors,
indomethacin, etc.), used in the treatment of cardiac complications in premature babies, can
also hinder the spread to the intestine [39,40]. A low Apgar score at birth, cardiac defects,
intestinal blockage, the use of inotropes, and reduced respiratory function are some factors.
The clinical events that can reduce the diffusion in the intestine or even the saturation
of O2 in the blood are associated with NEC [41]. It has been observed that septicemia is
associated with a higher incidence of the occurrence of NEC. In addition, inflammation
and infectious agents can cause ischemia in the intestine [7]. The importance of infectious
agents is well known in the manifestation of NEC. Sepsis is due to microorganisms that
colonize premature newborns during childbirth (i.e., Escherichia coli, Listeria, Klebsiella, etc.),
or to microorganisms that colonize neonatal intensive care units (i.e., Staphylococcus aureus,
Staphylococcus epidermidis, E. coli, Pseudomonas, and Klebsiella) [18,42–44].

There have been two known conditions regarding the relationship between enteral
feeding and NEC, which predominate in enterally fed preterm infants. A range of protective
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ingredients contained in breast milk can be a preventative test for the onset of the condition
or for treatment [45]. The enteral feeding of the premature newborn with maternal or
artificial milk is an aggravating factor in the onset of NEC. However, it has been found
that maternal milk reduces the risk of developing the disease, but does not exclude its
manifestation, since it is a multifactorial condition. Maternal milk contains immunity and
anti-inflammatory factors that reduce the severity of the disease or prevent its onset [46,47].
The beginning of the feeding, after surgery for the disease, is conducted with an elementary
diet, with a solution comprising amino acids or hydrolyzed casein, with maltodextrin
and lipids across the chain. In general, the use of lactose should be avoided during
recovery [47]. Recent research has suggested the epigenetic effects of human milk on the
intestinal genomic structure and thus, an important risk factor in the pathogenesis of the
disease involves the interaction between the type of enteral nutrition and the intestinal
microbiota. Indeed, the indications for parenteral nutrition (PN) in premature and non-
premature infants are very low birth weight (<1500 g) or extremely low birth weight
(<1000 g). Due to the immaturity of the intestine, full bowel feeding may not be tolerated;
however, delaying feeding can lead to negative outcomes throughout the newborn [48,49].

3. Biomolecular Mechanisms of NEC
3.1. Hyperactive Premature Intestine and Inflammatory Response

There are differences between the mature intestine and the intestine of a premature
baby. Several studies showed significant differences in the bacterial colonization, microcir-
culatory diffusion, and immune maturation of the intestinal system. Thus, these differences
may be those that cause the pathogenesis of the disease and demonstrate its multifactorial
nature. The increased expression of toll-like receptor 4 (TLR4) in the preterm intestinal
tract reflects the function of its manifestations in regulating physiological intestinal de-
velopment [50]. Toll-like receptors, TLRs, are found on the cell surface and act as sensors
of infections, and simultaneously play a role in its initial inflammation and immune re-
sponse. Microorganisms express molecules that function as receptors for TLRs, such as
lipopolysaccharides and lipoteichoic acid. The activation of these receptors by normal
intestinal microbial flora contributes to the integrity of the intestinal epithelium, while at
the same time protecting it from injury [51,52]. During preterm labor, intestinal levels of
TLR4 and the activation of TLR4 remain elevated in the lining of the preterm intestine
by Gram negative bacteria that colonize it, leading to various harmful effects, including
enterocyte apoptosis, the attenuation of the mucosa, and enhanced pro-inflammatory cy-
tokines, which overall lead to the development of NEC [53]. Furthermore, the translocation
of Gram negative bacteria through the mucosa to the intestine leads to the activation of
TLR4 in the endothelial lining of the preterm intestine, resulting in reduced blood flow
and intestinal growth, with subsequent necrosis and ischemia [54,55]. Thus, TLRs are
essential for intestinal epithelial homeostasis after damage or injury. Furthermore, the over-
expression of some TLRs is responsible for inducing a pro-inflammatory response in the
intestinal epithelium of preterm infants with the absence of a eubiotic intestinal microbiota.
This explanation for the pathogenesis of the disease partly explains the reasons why the
premature newborn is at risk of developing NEC and why the disease occurs after intestinal
bacterial colonization. The premature intestine is characterized by reduced peristalsis, a
thin mucous layer, a reduced number of tight junctions, increased apoptosis of enterocytes,
and reduced regeneration of enterocytes [56]. These deficiencies can lead to a breakdown of
the “permeability” of the intestine, thus facilitating the penetration of certain pathogenetic
or opportunist microorganisms (bacterial, viruses, and others) from the lumen. On the other
hand, the reduced structural integrity and functionality of the intestine causes insufficient
digestion and absorption of energy, proteins, and other nutrients necessary for growth and
immune protection. Patient response to infection and clinical outcome implies a balance
between pro-inflammatory and anti-inflammatory cytokines. Not only NEC but several
adverse effects in neonates (i.e., brain damage and bronchopulmonary dysplasia) appear to
be associated with cytokine production in response to maternal, fetal, or neonatal infections.
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Mediators investigated in infants include tumor necrosis factor-α (TNFα), interleukins
1 (IL-1), 4 (IL-4), 6 (IL-6), 8 (IL-8), 10 (IL -10), and 12 (IL-12), platelet-activating factor (PAF),
and leukotrienes. The release of various inflammatory mediators in response to infection
offers the possibility of early laboratory diagnosis of the infection. The potential markers
for the laboratory diagnosis, not only of NEC or bacterial sepsis, but also pneumonia, etc.,
are TNFα, IL-6, and IL-8. [57,58]. Interferons (INF) α and β are normal, but the synthesis
of INF-γ is low. INF-α levels are higher in infants with sepsis, but the response may be
less clear than in adults. Interleukin-2 activity in the umbilical cord blood of full-term and
preterm infants has been reported to be higher than that of adults. Interleukin-6 levels
are also elevated in the serum of neonates with sepsis and/or NEC [57–59]. A premature
immune system is not able to easily detect pathogenic agents or protect the organism from
infections, due to some related factors such as (a) changes in the expression of toll-like
receptors (TLR), in particular TLR4 and TLR9, which are involved in the recognition of
pathogenic microorganisms and the activation of the immune system, (b) the reduced
production of IgA, IgM, IgG, and defensin, and (c) the regulation of pro-inflammatory
TLRs and/or pro-inflammatory cytokines, such as TNF-α, IL-6, IL-8, and IL-1β [60]. As
we mentioned, for premature newborns, hypoxia–ischemia and respiratory complications
limit the supply of O2 and component nutrients to the intestine. The hypoxia conditions
lead to activated adenosine monophosphate, which reduces the energy consumption of
anabolic mechanisms, such as Na+/K+-ATPase activity and catalytic processes, in the
attempt to conserve energy [61,62]. These intracellular responses may be the springboard
for pathology initiation. Over time, this oxidative catabolic system may fail to maintain the
digestive and absorptive functionality and cellular integrity experience increased intestinal
sensitivity to uncontrollable inflammation and necrosis [63]. The lack of an adequate supply
of O2 causes tissue hypoxia that manifests itself as an imbalance of the acid/base ratio,
leading to a severe state of metabolic acidosis in the tissues supplied by the mesenteric
vessels and subsequently creates vasospasm, causing a further reduction in the supply
of O2 from the blood to the tissues. This prolonged ischemia also leads to malabsorption
syndrome. In a hypoxic intestinal environment, the intestinal introduction of nutrients can
lead to the burden of using O2 for maintaining the natural barrier of the intestinal wall
rather than for digestion [64]. At the tissue level, hypoxic conditions or vasoconstrictive
drugs can lead to an insufficient supply of the nutrients and oxygen that are necessary
to produce energy, produce immune cells, create membrane proteins to protect intestinal
integrity, and conduct processes of digestion and absorption. Therefore, the inability to
maintain the structure and function of the intestinal wall due to hypo-polarization can be a
cause of the disease (Figure 1) [65].

The role of the inflammatory activation response in disrupting the integrity of the
intestinal barrier has been an important research area in the pathogenesis of NEC. Intestinal
epithelial cells produce cytokines involved in infection and damage the intestinal barrier.
Important among these is the role of interleukin 6 in the promotion of T lymphocytes and
in the production of antibodies by B lymphocytes. The production of TNFα is induced by
cytokines and some microbial pathogenic factors, which in turn promotes the cytotoxic
response and programmed cell apoptosis and death [62,65]. PAF is one of the most im-
portant and most studied inflammatory mediators involved in the pathogenesis of NEC.
This is because it is a phospholipid factor produced by inflammatory cells (basophils and
white blood cells), endothelial cells, platelets, and bacteria. It has an inflammatory and
vasoactive effect on some organs, also causing a severe lowering of blood pressure. It is
synthesized after activation of the phospholipase A2II and it is formed through a precursor
compound, which is Liso-PAF. PAF receptors (PTAFRs) exist in many cells and their action
is conducted through the activation of the G protein receptor, a pair of PAFs found in
high concentrations, in intestinal epithelial cells and in the ileum, which is also the most
frequent site of NEC [66]. The activation of PAF receptors promotes the production of
other cytokines and secondary mediators, such as TNFα, IL-6, IL-8, IL-1, leukotrienes,
and NO. Furthermore, their action is through the apoptosis of intestinal epithelial cells.



Gastrointest. Disord. 2024, 6 436

Based on this hypothesis, the apoptosis of intestinal epithelial cells involves the loss of
epithelial integrity, increased permeability and mucosal complexity, and the entry of the
microbes into the intestinal wall. In experimental models, PAF has been found to cause
capillary damage, myocardial and renal dysfunction, neutropenia, thrombocytopenia, and
hypotension [67]. The enzyme PAF–acetyl hydrolase, which cleaves and inactivates PAF, is
at low concentrations in preterm infants. Finally, increased levels of PAF in plasma and
feces were found in infants exhibiting NEC, findings that indirectly reinforce its key role in
the pathogenesis of the disease [68].
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Figure 1. There are additional factors that differ between the premature and fully developed gut.
All these factors can put the gut at risk for a pro-inflammatory condition, bacterial translocation,
and growth, leading to necrotizing disease. Furthermore, T lymphocytes participate in the early
adaptation of the intestinal mucosa to colonizing bacteria and contribute to the development of the
pro-inflammatory condition. It has been noted that there is increased expression and function of
platelet-activating factor in the mucosa, resulting in damage and dysfunction of the intestinal barrier
associated with the disease. Furthermore, platelet-activating factor can lead to TLR4 expression and
signaling. Credits: Original figure by I.A. Charitos.

3.2. The Role of Intestinal Microbiota

The intestinal microbiota is a complex and fragile balanced system of microorgan-
isms that has only been fully studied in recent years. Knowledge of its interactions and
precise functions is still under study. In the international literature, the terms gut micro-
biota and gut microbiome are often confused, but there is a significant difference between
them [69,70]. More specifically, the term gut microbiota refers to the community of microor-
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ganisms living in a person’s gastrointestinal tract consisting of members of bacteria, their
viruses (mainly phage), archaea, fungi, as well as eukaryotic microorganisms, and thus
can be used to characterize the intestinal tract. The term gut microbiome refers to all the
genes of an individual’s gut microbes. Several microorganisms can colonize the gastroin-
testinal tract, ultimately shaping the intestinal microbiota [69]. The intestinal microbiota
could be described as a “microbial organ” due to the homeostasis of the organism and its
participation in several functions such as digestion, absorption of component nutrients,
elimination of waste substances, natural immunity, and others [69,70]. Those microbial
communities (consisting of several types of cells) can communicate with each other and
with the host. They can consume, store, and convert energy, mediate chemical pathways,
and can regenerate themselves. Their genome contains over one hundred times more genes
than that of humans [71,72]. The surface it occupies is estimated to be around 200 m2,
thus providing the necessary space for all the processes of digestion, growth, and the
production of microorganisms to take place [73]. The epithelial surface occupied by the
gut microbiota can be up to 400 m2 and is the second largest surface of the human body
after the surface of the respiratory apparatus [74]. It is also reported that around 1014

living bacteria can be found in the gastrointestinal tract of an adult human, ten times the
number of eukaryotic cells in all the tissues of the human body [69,73] Thus, gut microbiota
eubiosis together with the intestinal mucosa are a natural barrier for the immune system
against, for example, pathogenic microorganisms, harmful compounds in the intestine,
autoimmune and metabolic diseases, precancerous conditions, and others [75–78]. The
microbial composition of the intestinal flora mainly consists of four genera of bacteria,
Bacteroidota (23%), Bacillota (64%), Actinomycetota (3%), and Pseudomonadota (8%), as well as
some archaea, eukaryotes, and viruses [79,80]. Of the 70 genera present in each organism,
the dominant are those of Bacteroidetes and Bacillota, which represent over 90% of the
total bacterial load of the population, and 95% of all bacteria are classified as phylum of
Bacillota belong to the Clostridia spp., while Bacteroidota phyla are made up of four main
species: Bacteroides thetaiotaomicron, Bacteroides vulgaris, Bacteroides distasonis, and Bacteroides
fragilis [71,79,80]. The other genera of bacteria are present in small proportions. Due to the
prevailing anaerobic conditions in the large intestine, exclusively anaerobic genera such
as Bacteroides, Eubacterium, Bifidobacterium, Fusobacterium, Peptostreptococcus, Clostridium,
and Ruminococcus are dominant, while aerobic genera such as Escherichia, Enterobacter,
Enterococcus, and Lactobacillus are present in minor populations [69,80,81].

From the moment of birth, the formation of the gut microbiota begins. The first
stage at which the newborn meets microorganisms is its method of birth, whether via
normal delivery or not. Infants’ direct contact with germs from the mother’s genital
tract during normal birth affects the development of the gut microbiota, as can be seen
from the similarity of the infants’ bacteria to those in their mother’s vagina [69,82]. The
newborns born by caesarean delivery, on the other hand, have a different composition of
intestinal microbiota. Furthermore, it was observed that the microbiota of monozygotic and
dizygotic adult twins were equally like those of the rest of their siblings, thus underlining
the fact that the colonization of microbiota by the common mother was a more determining
factor for them than their genetic background [69,83]. There is a debate regarding certain
recent studies showing the presence of bacteria in placental tissue, umbilical cord blood,
amniotic fluid, and fetal membranes from healthy infants with no signs of infection or
inflammation, with the main phyla being Bacillota, predominantly Staphylococcus spp., while
Pseudomonadota phyla (such as E. coli, Klebsiella pneumoniae, and Serratia marcescens) are
found. Bacterial genera such as Escherichia and Streptococcus initially predominate. After
the first year of life, the intestinal microbiota begins resembling that of a young adult,
followed by the period during which the intestinal microbiota exerts the greatest effect on
the baby’s immune system. The complete composition of the main bacterial populations,
however, does not stabilize at least until the first two and a half years of life [48,70,84]. The
second phase involving continuous training is nutrition with breast milk, which naturally
has a key role both in shaping the intestinal microbiota and in protecting the newborn
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from pathogenic bacteria [83–86]. It is also known that the mother’s milk, in addition to
antibodies, also contains other factors such as glycomacropeptides (GMPs) and lactoferrin
(the major iron-transferring protein of humans) produced from the breakdown of casein,
which protect the underdeveloped intestine and immature gut microbiota from infectious
agents. It was found that infants fed exclusively with breast milk showed a sharp increase
in Bifidobacterium spp. and a simultaneous decrease in E. coli and Streptococcus spp., while
Clostridium spp. was absent [48,69,87,88].

How bacterial pathogens participate in the pathophysiology of NEC is not yet clear.
One important clue regarding the participation of bacteria is the appearance of the disease
in different cases resulting from the growth of separate microorganisms, so it cannot be
considered that the development of the disease is due to a separate bacterial agent [89].
In addition, the researchers found that endotoxemia and an H2 content of 30% demon-
strated an association of bacteria with disease pathogenesis. The bacterial diversity in the
intestinal microbiota disappeared shortly before disease appearance with the subsequent
predominance of pathogenic bacteria. This state of the microbial invasion of the intestinal
mucosa can be a secondary factor in its pathogenesis. To date, several microorganisms have
been implicated, including the first among them being Gram negative bacteria, mainly
Enterobacteriaceae, followed by Gram positive cocci, parasites, and viruses. Various bacteria
have been isolated from fecal cultures of neonates with NEC, such as E. coli, Klebsiella,
Enterobacter, Pseudomonas, Salmonella, Clostridioides difficile, coagulase-negative Staphylococci,
etc. [90,91]. In the last decade, the important role of probiotics and prebiotics in reducing
the incidence of NEC in experimental models and in clinical trials has been established.
Probiotics are a heterogeneous class of bacteria in the production of lactic acid starting
from the final fermentation product. Important among them are Bifidobacterium spp. and
Lactobacillus spp., which are present in the eubiotic gut microbiota of healthy newborns.
Also, prebiotics are oligosaccharides that are not digested, and favor the development
of a normal eubiotic intestinal microbiota [92]. However, many studies report that the
colonization of neonatal intensive care units with bacteria is responsible for the occurrence
of micro-epidemics and may be another factor causing NEC development [93]. This also has
to do with the intestinal microbiota, which collaborates for the absorption and production
of metabolic substances such as SCAFs, which at extremely high levels are not protective of
the immune system’s homeostasis [4,69,94]. Interestingly, NEC occurs only when infants
have been enterally fed. This may be related to intestinal microbiota load. Premature
infants have a lower diversity of microbes and a higher percentage of potentially harmful
species (such as Proteus mirabilis). The inefficient digestion and absorption of food in the
intestinal lumen allows the gut microbiota to use the nutrients for their development and
proliferation [95].

The overgrowth of bacteria combined with an underdeveloped immune system and
intestinal structure can facilitate bacterial adhesion to the intestinal wall and increase
mucosal permeability. The displacement of bacteria can initiate the inflammatory processes
involved in necrotic enterocolitis. Proton pump inhibitors or H2 blockers have also been
linked to NEC due to changes in the gut microbiota [96,97].

The mechanism of action is unclear, but it could be that H2 antagonists increase intesti-
nal pH, thus promoting protein growth and the overgrowth of intestinal microbiota that
can lead to dysbiosis (major opportunist and pathogen presence). The interaction between
a dysbiotic microbiota and the intestinal epithelium has been associated with an increase
in leukocytes, indicating inflammation of the mucosa [98]. This inflammatory state can
cause NEC, but can also lead to a severe form of it. As we mentioned, the early initiation
of enteral feeding (first 48 h), with both breast and modified cow’s milk, is considered an
aggravating factor for the onset of NEC. In general, the delayed initiation of milk adminis-
tration is associated with a reduced incidence of NEC. However, it has been observed that
it is difficult to determine the time interval of the early initiation of milk administration
accurately and validly. Furthermore, feeding with a large amount of milk, as well as
a sudden increase in the amount of milk given, appears to be associated with a higher
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incidence of NEC [99]. As reported above, breast milk plays a protective role in the case of
NEC, although it is not entirely clear how it works in a protective manner. Breastfeeding
strengthens the immune system of premature babies, reduces intestinal inflammation,
protects the intestinal mucosa, and is better tolerated by newborns. All this evidence also
indicates their importance in the development of the intestinal microbiota and its dysbiosis,
which may have a key role in aggravating or improving the predisposition or the clinical
course of NEC [100,101]. Indeed, several studies have shown that the administration of
probiotics is associated with a reduction in the incidence of NEC, especially in the first
days of life of premature infants. Its significant contribution to the optimal intestinal
function of infants, can probably avoid dysbiosis that can lead to the downregulation of
the crosstalk gut axes (such as gut/lung, gut/brain, and others), thereby reducing the the
incidence of NEC. Despite this, the most appropriate probiotic has not been fully clarified
(Figure 2) [43,44,70,95,102]. Noteworthily, during the recent COVID-19 pandemic, a rising
number of NEC cases in several countries was reported [103–107]. How SARS-CoV-2 can
promote NEC in neonates is still unclear, but we can hypothesize that the high affinity of
the virus for the gut mucosa may have a role in such a process [108–111]. According to
the most recent studies, the virus may induce a strong paracrine activation involving the
release of certain enteric hormones able to promote intestinal functions (i.e., vasoactive
intestinal peptide (VIP)) after binding with ACE2 receptors of the intestinal mucosa, as well
as an intense local immune response [112–118]. Noteworthily, during the last decade, some
clinical trials have been started to evaluate the therapeutic potential of colostrum to prevent
and treat the risk of NEC in preterm and very low-birth-weight infants [119–123]. The pre-
liminary results from this study show that the oropharyngeal administration of colostrum,
maternal or bovine, is very effective at significantly decreasing NEC severity [124–127].
Additionally, a study was aimed at evaluating the effect of colostrum in immune regulation
and its effect on NEC and NEC-related sepsis, showing that increased levels of FOXP3
T regulatory cells after bovine colostrum administration could be the most influencing
factor [128].
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Figure 2. The figure demonstrates the major factors that can be in favor of an early dysbiosis
hypothesis of the intestinal microbiota of the premature newborn. These factors can influence
the state of health, especially immunity, and lead to dysregulation and damage of the intestinal
epithelium. This can be due to the translocation of pathogenic or opportunistic bacteria of the same
microbiota, leading to a septic state but predisposing NEC, and vice versa. Credits: Original figure
by I.A. Charitos.
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4. Conclusions

As noted, NEC has various predisposing and etiological factors and a prevalence
in most cases in very low-weight premature newborns. The main factors believed to be
involved in the pathogenesis of NEC are the hyperactive premature intestine, intestinal
microbiota, and enteral nutrition. The clinical diagnosis must be timely because there can be
severe and even fatal complications. Several studies have been dedicated to understanding
the biomechanisms between epidemiology and etiology. This seems to indicate that the
state of the health of the newborn is linked to the mode of nutrition. However, it has not
been clarified precisely which eating habits are protective or aggravating in the incidence
of NEC, and for this reason further investigation is needed. The quantity and quality of
nutrition is also important for the development of the young microbiota. The way forward
would be to investigate the role of metabolites and the microbiota in the course of the
disease, not only as a cause but also as a co-factor of severe symptoms, and whether the
use of probiotics or other nutritional supplements (i.e., commercially available bovine
colostrum) can prevent either the disease or the onset of symptoms.
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