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Abstract

Background: Necrotizing enterocolitis (NEC) is a devastating disease that affects primarily the intestine of
premature infants. Despite recent advances in neonatology, NEC remains a major cause of morbidity and
mortality in neonates. Neonatal mucosal defenses and adherence of bacterial pathogens may play an important
role in the pathogenesis of NEC.

Methods: Review and synthesis of pertinent literature.

Results: Putative factors that have been implicated in the pathogenesis of NEC include abnormal patterns of gut
colonization by bacteria, immaturity of the host immune system and mucosal defense mechanisms, intestinal
ischemia, formula feeding, and loss of intestinal epithelial barrier integrity.

Conclusion: Host defenses and intestinal microbial ecology are believed to play important roles in the patho-
genesis of NEC. Commensal bacteria and probiotic therapy may be of therapeutic utility in the maintenance of

the gut epithelial barrier.

NECROTIZING ENTEROCOLITIS (NEC) is the most frequent
and lethal disease that affects the intestine of premature
infants. The incidence of NEC is reported to be approximately
2-5% [1,2]. However, it is likely to continue to rise because of
the increased survival of infants born at 24 weeks gestation,
which results in a greater number of neonates at risk of de-
veloping NEC. Indeed, data from the U.S. Centers for Disease
Control and Prevention indicate that the incidence of pre-
mature births has almost doubled since 1995 [3]. According to
epidemiologic studies, the principal risk factors associated
with NEC include low gestational age, low birth weight, low
Apgar scores, hyaline membrane disease, formula feeding,
umbilical vessel catheterization, and intestinal ischemia [4].
The mortality rate due to NEC ranges between 10% and 50%;
however, in infants with the most severe form of the disease,
mortality approaches 100% [5]. Survivors of NEC often ex-
perience severe long-term complications. These include in-
testinal strictures, short bowel syndrome, recurrent sepsis,
poor growth, and cerebral palsy [5]. These adverse short-term
and long-term sequelae underscore the importance of defin-
ing the pathophysiology of this devastating disease.

Risk Factors for the Development of NEC

Multiple risk factors including prematurity [6], age at ini-
tiation, composition and rate of enteral feeding [7,8], bacterial
infection [9], and intestinal ischemia [10,11] have been impli-
cated in the pathogenesis of NEC. Nonetheless, the complex
interacting etiologies of the disease remain undefined. The
only consistent epidemiologic precursors of NEC are prema-
turity and enteral alimentation. There is continuing debate,
however, regarding the importance of enteral alimentation in
the pathogenesis of NEC, because a prospective randomized
study failed to show any increase in the incidence of NEC
despite an aggressive feeding strategy [12]. Furthermore, up
to 10% of infants with NEC have never received any form of
enteral nutrition [13,14].

The indigenous intestinal microbial flora has been postu-
lated to play a central role in the pathogenesis of NEC. In fact,
bacterial colonization may be a prerequisite for the develop-
ment of NEC [15] based on data demonstrating that oral
prophylaxis with vancomycin or gentamicin reduced the in-
cidence of NEC [16]. Common bacterial isolates from blood,
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peritoneal fluid, and stool from infants with advanced NEC
include Escherichia coli, Enterobacter, Klebsiella species, and
occasionally, coagulase-negative Staphylococcus species [17].
As we shall see later, these infections may be the result of
translocation of indigenous bacteria through a previously
injured intestinal epithelium. Our goal in this review is to
define the mechanisms that lead to bacterial invasion and
necrosis of the intestinal wall [18,19].

The histologic hallmark of NEC is a “bland infarct” char-
acterized by full-thickness coagulation (ischemic) necrosis,
a paucity of acute inflammatory cells (neutrophils), and a
predominantly lymphocytic infiltrate [20,21]. Therefore,
investigators have postulated that intestinal ischemia result-
ing from respiratory distress syndrome or cyanotic congenital
heart disease, for instance, may be an important inciting event
in the pathogenesis of NEC by causing mucosal injury. Ac-
cording to this theory, splanchnic hypoperfusion resulting
from various perinatal insults may induce intestinal mucosal
injury. Indigenous microorganisms may then breach the im-
mature gut barrier, which has been compromised further by
the ischemic insult, and incite a local inflammatory response.
As aresult, an inflammatory cascade develops, highlighted by
the release of various humoral mediators that may be re-
sponsible, in part, for the systemic manifestations of NEC.
Figure 1 illustrates our current hypothesis regarding the
pathogenesis of NEC. In this review, we will examine the
principal factors responsible for maintenance of gut barrier
integrity, and how disruption of these processes in the pre-
mature infant may contribute to the development of NEC.

The Gut Epithelial Barrier

The intestinal epithelium harbors the most rapidly prolif-
erating cells in the body. It consists of a single layer of po-
larized epithelial cells that serve as a selective barrier to the
entry of pathogenic bacteria and antigens into the systemic
circulation [22]. The selective permeability of the intestinal
epithelium is the result of a dynamic equilibrium between
extrinsic and intrinsic barriers, which normally protect the
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host from various microbes. Gastric acidity, intestinal peri-
stalsis, the mucus coat [23], and secretory immunoglobulin A
(sIgA), for instance, comprise some of the extrinsic barriers
that limit intestinal colonization and restrict bacterial attach-
ment to the epithelium [24,25]. Intrinsic barriers, on the other
hand, include the semipermeable epithelial cell plasma
membrane and the tight junctions (TJs) that work by sealing
the intercellular spaces, preventing paracellular passage of
bacteria and restricting the diffusion of most macromolecules,
as well as the cellular defense mechanisms [26].

Extrinsic barrier

In the following sections, we focus mainly on antibacterial
factors such as defensins and sIgA, the mucus layer, and the
intestinal microflora.

Defensins and sIgA. At the epithelial level, various innate
mechanisms are available to preserve gut barrier integrity.
These include secretion of mucin from the intestinal goblet
cells, as well as defensins (in particular, alpha defensins) from
Paneth cells [27]. Alpha defensins are cysteine-rich cationic
peptides with antibiotic activity against a variety of bacteria.
Local secretion of defensins by Paneth cells at the bottom of
the intestinal crypts may serve to protect the intestinal stem
cell population [28].

Intestinal humoral immunity is provided mainly by sIgA
within the gut lumen. sIgA is quantitatively one of the most
abundant immunoglobulins within the body; nearly 40 mg/kg
are produced daily in mucosal tissues. Following its secretion
from local plasma cells, IgA binds to an epithelial cell surface
receptor on the basolateral surface of the enterocyte [25]. This
complex is then internalized, transported through the epi-
thelial cell, and ultimately secreted into the intestinal lumen as
sIgA. Unlike other immunoglobulins, sIgA does not partici-
pate in the inflammatory response and does not bind com-
plement; instead, it serves as an immunologic barrier that
inhibits uptake of antigens. This antibody forms complexes
with antigens and bacteria in the gut lumen, thereby pre-
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venting their binding to the mucosal surface and subsequent
absorption [29]. As a result, the presence of sIgA within the
gut lumen is important in maintaining gut barrier integrity.

Protective mucus coat and its components. Water, mucin,
and lipids comprise the mucus coat that lines the apical sur-
faces of the gastrointestinal (GI) tract [30]. Mucin is produced
by goblet cells in the GI tract and is regulated by specific genes
that are part of the MUC family [31]. Various forms of
mucins exist, which include secretory, membrane bound, and
soluble mucins [32]. Mucins have many important functions
that benefit the epithelial cells lining the GI tract. This vis-
coelastic mucus gel layer acts as a protective barrier against
the harsh luminal environment by serving as a natural lu-
bricant, providing mechanical protection and preventing
epithelial damage by acidic secretions from the duodenum
and stomach. One of the most important functions of mucin
is the binding of bacteria, which prevents them from at-
taching to the intestinal epithelium. The presence of a large
number of sulfate and sialic acids on the carbohydrate chains
of mature mucins contribute to its higher viscosity and
acidity [33,34]. Thus, the acidic mucins that are present in the
mucus protect the underlying epithelium from attack by
bacterial enzymes [35]. Lack of MUC3A gene, as well as
decreased synthesis of MUC2 gene, which produces MUC2
mucin, the most important mucin in the GI tract, has been
associated with the development of inflammatory bowel
disease [33]. Therefore, mucin plays an important role in the
gut barrier by exerting a protective effect against pathogenic
bacteria.

Normal intestinal flora. Colonization of the GI tract with
bacteria begins immediately after birth. Neonates have a
markedly different intestinal flora compared with adults,
which may influence the development of NEC. In the neonate,
indigenous bacteria colonize the mucosal surfaces and the
intestinal lumen in a typical pattern called succession [36,37].
There are four phases of succession. Phase 1 is also referred to
as the initial acquisition phase and lasts from birth to 2 weeks.
During phase I, streptococci and coliforms predominate in the
intestine. Gram-positive, non-spore-forming anaerobes ap-
pear and include predominantly bifidobacteria in breast-fed
infants and lactobacilli in formula-fed infants. Clostridia and
Bacteroides can also be found but in lower numbers than later
in development. Phase II is the remaining period of breast-
feeding and occurs from the end of phase I to the beginning of
consumption of solid food. During phase II, Bacteroides in-
crease progressively in number. Phase III is the remaining
time between beginning of supplementation and complete
cessation of breast feeding. This phase continues until the
flora resembles that of adults (phase IV)—an event known as
climax [38].

The indigenous intestinal microflora, especially the anaer-
obes, normally restricts the number of coliforms to relatively
low concentrations [39]. Because there is a relative paucity of
anaerobes during phase I of succession, pathogenic bacteria
may be more likely to colonize the neonatal gut during that
period and thus contribute to the pathogenesis of NEC, which
typically develops during the first two weeks of life. Con-
sistent with this theory, commensal bacteria acquired during
the early postnatal period are required for the development of
intestinal tolerance to luminal antigens [40]. In fact, studies
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have shown that commensal bacteria can regulate the ex-
pression of certain protective barrier genes as well as genes
involved in digestion and angiogenesis [41]. Commensal
bacteria protect the host by reducing the ability of the path-
ogenic bacteria to adhere to the epithelial surface. They ac-
complish this task through different methods such as by
producing toxic substances against aerobic bacteria, compet-
ing for binding sites, as well as reducing the intraluminal pH
[42,43]. Hence, the normal flora plays an important role in
overall maintenance of the intestinal barrier.

Intrinsic barrier

Intrinsic barriers include the semipermeable epithelial cell
plasma membrane and the TJs that seal the intercellular
spaces, preventing paracellular passage of macromolecules
and bacteria, as well as the cellular defense mechanisms.

TJs and intestinal permeability. The GI tract represents
the largest body surface area that is exposed to environmental
pathogens. Intestinal epithelial barrier function depends to a
large extent on the presence of TJs, which connect adjacent
enterocytes at their apical surface, leading to the formation of
a barrier impenetrable to bacteria and large macromolecules
[44]. Tight junctions are formed by the tenth week of gestation
[45]. The interaction of these TJs with cytoskeletal proteins
such as actin helps maintain polarity and the structure of the
TJ assembly. Multiple cell culture studies have demonstrated
the relationship between the density of TJs and the resistance
of the epithelial barrier to breakage [46]. They consist of in-
tegral proteins (occludin and claudins) that seal the para-
cellular spaces and associated cytosolic proteins (zonula
occludens-1 [ZO-1] and junction-associated molecule-A) that
connect TJ to intracellular actinomyosin complexes.

In vitro studies have demonstrated that, following expo-
sure to inflammatory cytokines, disruption of TJs occurs in
model epithelial monolayers. Other studies have helped to
define the critical role of myosin light chain kinase (MLCK), a
serine-threonine protein kinase activated by Ca** /calmodulin
that phosphorylates the light (regulatory) chain of myosin, in
maintaining T] integrity [47]. For example, in histamine-
treated corneal epithelial cell monolayers, increase in barrier
permeability was observed when MLCK was activated along
with increased MLC phosphorylation [48]. A similar effect
was observed in tumor necrosis factor alpha (TNF-x)-treated
endothelial monolayers [49] as well as various other proin-
flammatory cytokine-treated enterocyte monolayers [50,51].
Recent evidence suggests that TJ are not static structures and
can be altered during various pathologic processes, as well as
in the presence of pathogenic bacteria [52]. Enteric pathogens
can disrupt TJs utilizing a variety of mechanisms. For in-
stance, enteropathogenic E. coli alters occludin and leads to
disruption of TJ [53], whereas Clostridium difficile toxins A and
B cause disorganization of apical and basal F actin and dis-
sociation of occludin, ZO-1, and ZO-2 from the lateral TJ
membrane [54].

Cellular immunity. One of the major components of the
intrinsic mucosal barrier is a network of lymphoid cells in
the epithelium (intraepithelial lympocytes or IELs), lam-
ina propria as well as Peyer patches of the intestine, which
is collectively referred to as gut-associated lymphoid tissue
(GALT). The various components of the GALT, however, are
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not activated until postnatal antigenic exposure occurs. The
IELs represent a unique population of T cells of mostly CD8*
phenotype that reside superficial to the basement membrane
of the epithelium in both small and large intestines. The
lamina propria consists of a loose connective tissue matrix
between the muscularis mucosa and the epithelium. It con-
tains T cells with mostly CD4" phenotype. These cells, along
with antigen-presenting cells such as dendritic cells and B
cells in the lamina propria, are responsible for sampling of
luminal antigens and bacterial factors [55]. This process sen-
sitizes the GALT against potential pathogenic bacteria or
antigens and serves to restrict their transfer across the epi-
thelium.

In the next section, we will examine how prematurity and
enteral feeding, two of the principal risk factors associated
with the development of NEC, may affect gut barrier func-
tion and predispose the vulnerable host to this devastating
disease.

Prematurity and Host Defense Mechanisms

There is an inverse relationship between gestational age
and the incidence of NEC. Prematurity, defined as delivery
prior to 37 weeks of gestation, is often associated with low
birth weight and intrauterine growth retardation. In most
cases of NEC, the infants weigh less than 2,500 g at birth. In
fact, the incidence of and morbidity and mortality from NEC
are significantly greater among very low birth weight (VLBW)
infants, defined as birth weight below 1,500 g, and extremely
low birth weight infants, defined as birth weight less than
1,000 g [56]. There are approximately 60,000 VLBW infants
born in the United States each year [57]. Recent reports from
the National Institute of Child Health and Human Develop-
ment show that 7% of these infants develop NEC Bell stage II
or higher [58]. Other population-based studies have similarly
reported the incidence of NEC to be 6-7% in this population
[59,60].

Evidence suggests that in premature infants, the immune
system is relatively immature. This immaturity is character-
ized by deficiency in local antibacterial products such as sIgA,
defensins, and intestinal trefoil factor, altered immune cell
production, as well as delayed intestinal colonization by
protective commensal bacteria. In addition, functional matu-
ration of the GI tract is delayed in premature infants, and this
may play a key role in the development of NEC. For instance,
compared with the term infant, the preterm neonate produces
smaller amounts of gastric acid and mucus and exhibits in-
creased mucosal permeability and diminished peristaltic ac-
tivity. The latter is particularly important because intestinal
peristalsis propels luminal contents along the GI tract. This
function not only aids in digestion, but it also prevents pro-
longed bacterial stasis in the intestine, thereby reducing the
time available for bacteria to penetrate the mucus layer and
attach to the intestinal epithelium, which is an important and
necessary step for bacterial invasion or bacterial translocation
across the gut barrier.

Human and animal studies have demonstrated that the
motility of the GI tract is tightly regulated throughout de-
velopment [61]. In brief, the fetal intestine does not mature
until the third trimester despite the fact that intestinal motility
can be detected as early as the second trimester. Migrating
motor complexes, which serve as the “housekeepers” of the GI
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tract, do not appear in the intestine until the thirty-fourth
week of gestation [62]. Migratory motor complexes regulate
distal propulsion of intestinal contents.

Hypoxic conditions are known to affect GI motility and
decrease the propulsion of intestinal contents [63]. Thus, in the
premature infant, who already has relatively impaired GI
motility, any superimposed hypoxic or ischemic insult can
further exacerbate the defect in intestinal motility and result in
bacterial overgrowth and stasis. This phenomenon may fa-
cilitate bacterial invasion, which in turn will elicit the in-
flammatory cascade leading to NEC.

Enteral Feeding

The premature infant’s intestine is sterile at birth and does
not become colonized with bacteria until passage through the
vaginal canal or the initiation of enteral feedings or instru-
mentation. Breast feeding is known to promote intestinal
maturation and increase local protective mechanisms. In ad-
dition, breast milk is a major source of immunoglobulins and
lysozymes, which serve to enhance the baby’s immature
immune system [64]. Further, breast milk contains trophic
factors such as epidermal growth factor, as well as antiin-
flammatory cytokines such as interleukin-10 (IL-10). Indeed,
IL-10 has been hypothesized to play a protective role in the
intestinal epithelium in experimental NEC [65,66]. Breast-fed
infants also have increased levels of beneficial probiotic or-
ganisms such as bifidobacteria and decreased levels of patho-
genic gram-negative bacteria such as Enterobacter species [67].

Unfortunately, most premature infants are fed formula
rather than breast milk and are exposed to the nosocomial
flora of the neonatal intensive care unit (NICU). Thus, formula
feeding results in colonization of the immature intestine with
pathogenic bacteria, partly as a result of contamination. Con-
taminated formula, although rare, has been associated with
outbreaks of NEC. A review of 125 cases of NEC showed that
Enterobacter spp. were the most common bacterial isolates
recovered from 29% of patients [68]. In particular, Enterobacter
sakazakii (ES) has been shown to be one of the most virulent
causative agents of NEC. Other bacteria, fungi, and some
viruses have also been implicated in outbreaks of NEC in
NICUs. In contrast to formula feeding, increased use of breast
milk has been shown to decrease the incidence of NEC [69,70].
A recent study suggests a dose-dependent protective effect of
breast milk in reducing the incidence of NEC in VLBW infants
[71].

Antigen transport in the neonatal period is less restricted
than in adults, a phenomenon that is important for mucosal
antigen sampling and gut maturation. Udall et al. [72] mea-
sured plasma radioactivity in rabbits fed radiolabeled bovine
serum albumin (BSA) at birth, one, two, six weeks, and one
year of age [73]. They demonstrated a marked increase in
transport of radiolabeled BSA in the younger age groups.
Breast-fed animals exhibited lower intestinal passage of
radiolabeled BSA [74]. Similar findings have been demon-
strated in human neonates [75,76]. Changes in the enterocytes
that occur during development may also promote increased
mucosal passage of macromolecules. The cell membrane lipid
composition changes with development [77]. Thus, differ-
ences in the biological and physical properties of the intestinal
epithelium may contribute to the increased mucosal transport
of bacteria and macromolecules in neonates.
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However, there is abundant evidence that antigen sam-
pling may be impaired or dysregulated in premature neona-
tes, thus placing them at risk for bacterial invasion and the
development of NEC. The intestinal microclimate, local mu-
cosal mucin production, and composition changes with age
[78]. This alteration in mucin composition may allow antigens
and pathogenic bacteria to more easily penetrate the mucus
layer. Further, synthesis of sIgA does not occur for several
weeks postnatal; as a result, there is decreased binding of
luminal bacteria. Taken together, altered mucus composition
and decreased sIgA production may facilitate bacterial
attachment to the epithelium and subsequent translocation to
incite the inflammatory cascade leading to NEC.

Inflammatory Mediators and NEC

Activation of the cellular component of the intrinsic barrier
results in the release of proinflammatory mediators and cy-
tokines. Multiple inflammatory factors have been implicated
in the pathogenesis of NEC. These include platelet-activating
factor, interferon gamma (IFN-y), TNF-«, IL-1, IL-6, IL-12, and
nitric oxide (NO®). Our group has shown increased produc-
tion of IFN-y, IL-18, and TNF-o in the intestinal epithelium,
and sustained overproduction of NO® in the intestinal epi-
thelium during NEC.

A recent study suggests that IFN-y-deficient mice may be
partially protected from NEC [79], which supports the role of
IFN-y in disease pathogenesis. In addition, Nadler et al. have
demonstrated in an animal model of NEC that both IL-6 and
IL-12 are elevated in the intestinal epithelium [80]. In fact,
previous studies by Hsueh et al. have shown that coinjection
of TNF-u and lipopolysaccharides or LPS leads to significant
bowel necrosis in newborn rats, consistent with the morpho-
logical changes seen in NEC [81]. These findings corroborate
earlier studies that demonstrated that oral or intravenous
administration of LPS in newborn rats and piglets combined
with hypoxia resulted in intestinal findings that resembled
human NEC [82,83]. These data support the importance of
bacteria and their products in the activation of the inflam-
matory cascade leading to NEC.

NO*® and the pathogenesis of NEC

NO?® plays a paradoxical role in the pathogenesis of NEC.
At low levels, NO® acts as a local vasodilator that improves
mucosal blood flow. However, sustained upregulation of
NO?® and its oxidative by-products has been shown to cause
direct epithelial injury and to promote epithelial cell apoptosis
[84]. We have previously demonstrated that the inducible
isoform of NO* synthase or iNOS, and IFN-y messenger ri-
bonucleic acid are upregulated in the intestine of infants un-
dergoing intestinal resection for acute NEC, and that NO*
mediates intestinal epithelial injury (enterocyte apoptosis and
necrosis) via the formation of peroxynitrite [85,86]. Upregu-
lation of iNOS and peroxynitrite in the intestinal epithelium
colocalized with enterocyte apoptosis suggests that NO*
mediates epithelial injury via the formation of peroxynitrite.
Under normal circumstances, following intestinal mucosal
injury, epithelial integrity is restored in relatively short time
via a process known as epithelial restitution, which involves
migration of adjacent enterocytes to fill the gap created by the
missing cells, followed by crypt cell proliferation to replace
the missing enterocytes. Accelerated rates of villus destruc-
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tion can result in an imbalance in this process and leave the
intestinal epithelium with bare areas that are exposed to
pathogens [87]. Data from our lab show that NO® not only
causes epithelial injury but also disrupts the repair mecha-
nisms, namely epithelial restitution and enterocyte prolifera-
tion [88]. This phenomenon creates persistent epithelial
defects or bare areas in the intestinal epithelium through
which bacteria can translocate and incite the inflammatory
cascade. The translocation of bacteria can lead to further ep-
ithelial injury, intestinal perforation, and systemic sepsis
which are characteristics of NEC [89].

In summary, evidence suggests that the pathogenesis of
NEC is multifactorial in etiology. The inciting event may be an
initial injury to the immature mucosal epithelium caused, in
part, by environmental factors such as hypoxia, intestinal is-
chemia resulting from splanchnic hypoperfusion, or enteral
alimentation. Immaturity of the neonatal mucosal immune
system and intestinal epithelial barrier may predispose the
premature infant to bacterial invasion (Fig. 1). Indigenous
microorganisms may then breach the immature gut barrier,
which has been further compromised by the ischemic insult.
Moreover, bacterial-epithelial interactions and local intestinal
invasion lead to the release of various proinflammatory cy-
tokines and NO®. Initiation of this inflammatory cascade leads
to propagation of a vicious cycle of injury and inflammation,
leading to widespread microbial invasion of the intestinal
wall, intestinal necrosis or perforation, and systemic sepsis

(Fig. 1).
Role of bacteria in the pathogenesis of NEC

As discussed in previous sections, the indigenous intestinal
microbial flora has been postulated to play a central role in the
pathogenesis of NEC. In fact, bacterial colonization may be a
prerequisite for the development of NEC. Common bacterial
isolates from blood and peritoneal and stool cultures from
infants with advanced NEC include E. coli, Enterobacter [90],
Klebsiella species, and occasionally, coagulase-negative Sta-
phylococcus species [91,92]. Other organisms that have been
isolated include Streptococcus and Lactobacillus. In formula-fed
infants, obligate anaerobes such as enterococci, coliforms, and
clostridia have also been reported [93]. Anaerobic organisms
tend to appear somewhat later during the postnatal period.

Outbreaks of NEC within NICUs further support the role
of pathogenic bacteria in the pathogenesis of NEC. Table 1

TaBLE 1. LisT oF PATHOGENIC BACTERIA IMPLICATED
IN CASEs OF NECROTIZING ENTEROCOLITIS

Gram-negative bacteria Gram-positive bacteria

Clostridia
Clostridium butyricum
Clostridium difficile
Clostridium perfringes

Escherichia coli

Enterobactericeae
Enterobacter cloacae
Enterobacter sakazakii
Klebsiella pneumoniae
Pseudomonas aeroginosa
Salmonella species

Staphylococci
Staphylococcus aureus (MRSA)
Staphylococcus epidermis

MRSA, methicillin-resistant staphylococcus aureus.
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TABLE 2. LisT oF SOME OF THE COMMONLY STUDIED PROBIOTIC SPECIES
AND THEIR PosIiTIVE EFFECTS ON THE HOST

Types of probiotics

Positive role

Lactobacillus acidophilus

Lactobacillus casei

Lactobacillus rhamnosus
(Lactobacillus GG?)

It has been shown to prevent infectious diseases and favorably alter the intestinal
microflora balance, thus inhibiting the growth of harmful bacteria, promoting
good digestion, boosting immune function, and increasing resistance to infection.

It has been shown to increase the levels of circulating immunoglobulin A in infants
infected with rotavirus, shortening the duration of diarrhea.

It has been shown to be effective in the management of acute pediatric diarrheal
disease (Saavedra, 2001%) and reduces Candida colonization in neonates (Manzoni, 2007°).
Lactobacillus GG has also been associated with reduced atopic dermatitis in infants when

administered to pregnant women prenatally and during the first 6 months of the
infant’s life (Michail et al., 2006%)

Bifidobacterium lactis
Bifidobacterium bifidum

It has been shown to reduce the incidence of antibiotic-associated diarrhea in infants.
It has been shown to strengthen gastrointestinal immunity, especially in children.

“Filed for patent on April 17, 1985, by Sherwood Gorbach and Barry Goldin, GG.

PSee reference [112].
“See reference [113].
See reference [114].

represents a list of all bacterial pathogens that have been im-
plicated in the development of NEC [94]. Our laboratory, in
particular, has studied the role of ES in the pathogenesis of
NEC.

Molecular Mechanism of Bacterial Interaction
with the Gut Barrier

There are ubiquitous bacterial factors that interact with
both the innate as well as the adaptive intestinal immune
system. Therefore, many studies have focused on the nature
of these interactions. An example of these conserved bacterial
factors is a group of molecules called PAMPs, or bacterial
pattern-associated molecular pattern molecules. These mole-
cules include compounds such as LPS, glycolipids, and nu-
cleic acids, which are present on the surface of bacteria. There
are certain receptors at the epithelial level that recognize these
conserved bacterial patterns. These receptors are called pat-
tern recognition receptors (PRRs), which play a key role in the
maintenance of intestinal integrity as a result of their inter-
action with bacterial PAMPs. Toll-like receptors (TLRs) are a
great example of PRRs. Currently, there are 10 different TLRs
named by their numbers. Among them, TLR-4 has been the
most studied because of its binding of LPS [95]. This rela-
tionship was established when it was demonstrated that mice
with a single mutation in the TLR-4 gene are resistant to the
systemic effects of LPS [96].

Both in vivo and in vitro studies of NEC have shown that
LPS binding and signaling through TLR-4 promotes in-
creased apoptosis and results in the development of the
symptoms of NEC. The important role of TLR-4 signaling in
NEC was further shown by Leaphart et al., who demon-
strated that TLR-4 knockout mice are protected from the
development of NEC [97]. Caplan et al. showed a temporal
decrease in the expression of TLR-4 receptor in the intesti-
nal epithelium of breast-fed animals, which are less sus-
ceptible to developing experimental NEC [98]. Consistent
with these observations, circulating concentrations of LPS
are also shown to be elevated in the plasma of infants with
NEC. In experimental rat models of NEC, LPS concentra-
tions are increased not only in the plasma of the animals

but also in their stool samples [99]. Therefore, LPS signaling
through TLR-4 is an important molecular mechanism in-
volved in the pathogenesis of NEC.

Role of Enterobacter sakazakii in NEC

Enterobacter sakazakii is a rare microorganism classified
previously as yellow-pigmented Enterobacter cloacae, but
reclassified subsequently as a separate species in 1980
[100]. Enterobacter sakazakii is resistant to osmotic pressure,
heat, and dry stresses. These properties may explain, in part,
its ability to survive in desiccated infant powder and formu-
las. Enterobacter sakazakii is highly virulent and this may ex-
plain how a very low inoculum, ranging from 0.36 to 66
colony-forming units/100g, is sufficient to cause disease
[101].

Enterobacter sakazakii has been implicated in several cases of
infant sepsis and meningitis as well as several outbreaks of
NEC. The first report of an outbreak in the literature was from
the Netherlands; it described eight cases of sepsis and men-
ingitis due to ES [102]. In addition, Van Acker et al. reported
on 12 infants with NEC in a NICU setting in which ES was
implicated as the pathogenic cause of the outbreak. Two of the
12 infants died as a result of this infection. These cases were
directly associated with the use of contaminated infant for-
mula. The authors recommended the use of sterilized liquid
milk formula in NICU setting to prevent future similar out-
breaks [103]. Another outbreak in the United States occurred
in Memphis, TN, and involved four neonates. Three of the
four patients had sepsis and bloody diarrhea associated with
NEC. The ES cultured in all four cases had the same plasmid
profile and was traced back to the same can of powdered milk
[104].

These reports direct our attention to the fact that bacteria
play a central role in the pathogenesis of NEC. As a result, we
have set out to investigate further the mechanisms by which
ES elicits epithelial injury in our animal models of NEC. It has
been established that bacterial adhesion to the intestinal epi-
thelium is the first step in the process of intestinal invasion by
ES. Hunter et al. showed that ES binds to the intestinal epi-
thelial lining in neonatal rats [105]. Most pathogens exert their
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effects on the host through the binding of their virulence
factors to specific receptors, such as TLRs, on the surface of
target cells. As a gram-negative bacterium, ES has LPS as well
as another surface receptor, Omp A, which is a protein that has
been shown to play a role in the invasion of brain endothelium
in meningitis cases of ES. This surface protein is also found in
E. coli species and interacts with different immunocytes such
as dendritic cells and macrophages [106]. Hunter et al. have
shown that ES binds to IEC-6 cells and induces apoptosis in
this rat epithelial cell line. Essentially, our experiments have
shown that although ES binds to IEC-6 cells, it does not invade
these cells.

Our studies have demonstrated that ES can induce clinical
and morphological changes characteristic of NEC in an ex-
perimental rat model of NEC [105]. We demonstrated that
binding of ES results in the upregulation of inflammatory
cytokines such as IL-6. This phenomenon was replicated both
in vitro using rat intestinal epithelial cells and in vivo through
analysis of the serum of rats exposed to ES. Other pro-
inflammatory cytokines such as IFN-y and TNF-o were as-
sayed but did not reach the threshold required for detection.
Thus, studying ES-induced NEC provides important insight
into the role of pathogenic bacteria in the pathogenesis of
NEC. Although we do not suggest that a single bacterium fits
Koch'’s postulates for NEC, we found that abnormal patterns
of bacterial colonization alter intestinal inflammatory signal-
ing, epithelial restitution, and enterocyte proliferation, ulti-
mately causing clinical NEC.

Role of Probiotics in the Treatment
and Prevention of NEC

According to the World Health Organization, probiotics
are “live microorganisms, which when administered in ad-
equate amounts, confer a health benefit on the host” [107].
The use of probiotics has focused on normalization of the
infant’s gut flora via delivery of some of these commensal
bacteria. Examples of such protective bacterial species in-
clude Bifidobacterium and Lactobacillus families. The most
commonly used probiotics include multiple species of
Bifidobacterium such as B. breve and B. lactis, Lactobacillus such
as L. acidophilus and L. casei, and Streptococcus species such as
S. salivaris [108]. Table 2 provides a list of some of the most
commonly studied probiotics [109,110,111].

Bifidobacteria are the most common probiotic organisms,
among which strains such as B. longum and B. bifidum are
found normally in the intestine of the term infants [112,113].
They have been cited as the most common organism detected
in the intestine of breast-fed infants [114]. Multiple species of
bifidobacteria are known to have beneficial effects, such as
stimulation of GALT and induction of resistance to coloni-
zation by pathogenic bacteria. Some species of bifidobacteria
such as B. animalis and B. lactis are applied in probiotic dairy
products, food supplements, and pharmaceutical prepara-
tions [115].

The specific mechanisms by which probiotics confer their
protective effect to the intestinal epithelium have yet to be
elucidated fully [116]. Several studies have suggested that
probiotics can be used to protect the premature infant’s in-
testine similar to the use of surfactant in cases of lung im-
maturity. A Cochrane review of nine separate eligible
probiotic trials in NEC, including nearly 1,500 infants, con-
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cluded that enteral supplementation of probiotics reduced
the risk of severe NEC and mortality in preterm infants. The
authors went as far as suggesting a change in practice in
premature infants <1,000g at birth based on their review
results [117].

Thus far, there have been four recent randomized studies
testing the effect of prophylactic use of probiotics in NICU
patients. One such study by Hoyos et al. in 1999 demonstrated
a decrease in the incidence of NEC and NEC-associated
mortality using L. acidophilus and Bifidobacterium infantis
without any adverse side effects [118]. Most of these pro-
phylactic cocktails include different species of lactobacilli,
including L. acidophilus as well as L. casei. Lin et al. similarly
showed a decrease in the incidence of NEC using the same
probiotics. Their study focused on VLBW infants who sur-
vived the first week of life [119]. Finally, Bin-Nun et al. studied
the effects of administration of Bifidobacterium infantis, Bifido-
bacterium bifidis, and Salmonella thermophilus to 145 VLBW
infants. The incidence of NEC and NEC-related deaths were
lower in their study group. However, no difference was seen
in the incidence of sepsis or in total days of antibiotic utili-
zation between the study group and control [120].

There are numerous animal studies underway to better
elucidate the mechanism by which probiotics exert their
protective effect in NEC. Previously it has been shown that
newborn rats exposed to hypoxia and formula feeding appear
to be protected from intestinal inflammation by oral admin-
istration of B. infantis. In our recent studies we have shown
that pretreatment with Lactobacillus bulgaricus suppresses
the upregulation of inflammatory cytokines and reduces ES-
induced apoptosis in our rat model. Further, when provided
in a prophylactic manner, L. bulgaricus protects rat pups fed
formula contaminated with ES against the development of
NEC. Thus, probiotics may represent an important thera-
peutic modality to reduce the incidence of NEC in vulnerable
neonates [121].

Conclusion

The foregoing paragraphs suggest that intestinal damage in
NEC may be the result of an imbalance between tissue injury
and tissue repair mechanisms. Immaturity of the intestinal
epithelial barrier and the mucosal immune system predis-
poses the premature infant to bacterial infections and/or
dysregulated inflammatory responses. Mucosal injury re-
sulting from host or environmental factors leads to bacterial-
epithelial interactions and intestinal wall invasion with local
release of inflammatory mediators which, in conjunction with
LPS, stimulate iNOS upregulation and release of NO® and
peroxynitrite by enterocytes and macrophages. Nitric oxide
and its cytopathic adduct, peroxynitrite, promote further ep-
ithelial injury (apoptosis) with concurrent inhibition of tissue
repair mechanisms (epithelial restitution and enterocyte pro-
liferation). This phenomenon results in a vicious cycle of in-
jury and uncontrolled inflammatory response with release of
other more potent inflammatory factors. The net effect is
further tissue destruction, intestinal perforation, and systemic
sepsis, as seen in advanced NEC. In the future, more effective
therapeutic modalities or prevention strategies should be di-
rected at the underlying mechanisms responsible for the ac-
celerated enterocyte apoptosis or necrosis and the decreased
proliferation that characterize NEC.
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