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Abstract

Necrotizing enterocolitis (NEC) is a devastating disease of premature infants and is associated

with significant morbidity and mortality. While the pathogenesis of NEC remains incompletely

understood, it is well established that the risk of disease is increased by the administration of

infant formula and decreased by the administration of breast milk. This review will focus on the

mechanisms by which breast milk may serve to protect against NEC, and will review the evidence

regarding various feeding strategies that may be utilized before and after an episode of NEC.
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Introduction

Necrotizing enterocolitis (NEC) is the most frequent and lethal gastrointestinal disorder

affecting preterm infants [1,2], and is characterized by intestinal barrier disruption leading to

intestinal necrosis, multi-system organ failure and death. NEC affects 7–12% of preterm

infants weighing less than 1500 grams, and the frequency of disease appears to be either

stable or rising in several studies [1–3]. The typical patient who develops NEC is a

premature infant who displays a rapid progression from mild feeding intolerance to systemic

sepsis, and up to 30% of infants will die from this disease [3,4]. In its early stages, NEC is

difficult to diagnose, as the initial presentation includes temperature instability, apnea,

bradycardia, lethargy, and mild feeding intolerance, which are symptoms that are shared

with many other septic processes[5]. There is no effective cure for NEC, and the overall

survival rate has not changed in the past 30 years [3]. The current treatment regimen for
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infants with NEC includes cardiorespiratory support, nasogastric decompression, broad-

spectrum antibiotics and cessation of enteral feedings [4,6,7]. Surgical intervention - which

involves the removal of necrotic intestine or peritoneal drainage - is required in up to 50% of

the cases [3], and is indicated when NEC fails to improve with medical management or in

the setting of pneumoperitoneum [6,8]. Despite extensive clinical experience in the

management of NEC, there is no agreement regarding how these infants should be fed either

before or after an episode of the disease, although it seems intuitive that the manner of

feeding may influence disease recurrence [9,10]. The objective of this article is to review the

evidence pertaining to various feeding strategies that may be employed in premature infants

so as to gain a greater understanding of how to optimally feed a premature infant with the

goal of reducing either the development or the recurrence of NEC. To do so, we will first

review the evidence in favor of the benefits of breast milk versus formula, will then

highlight the various feeding strategies of premature infants before and after the

development of NEC, and will then discuss novel and emerging approaches to feeding the

premature infant so as to reduce the likelihood of NEC development in the first place.

Benefits of breast milk over infant formulas in the protection against the

development of NEC

There is general consensus in the field that the administration of breast milk is the most

effective strategy for protecting against the development of NEC [11–13]. The protective

effects of breast milk may be achieved when the milk is obtained either from the infant’s

own mother or from a donor source, further underscoring its importance as a protective

agent [14–16]. A Cochrane review in 2008 detailed the effects of formula feeding versus

donor breast milk in preterm or low birth weight infants [16]. Eight studies were evaluated

for effects on the primary outcomes of growth and development with secondary outcomes of

death in the newborn period, the development of NEC, feeding intolerance, time to full

enteral feedings and incidence of invasive infection [14,17–24]. These studies included a

total of 1017 infants and most were less than 32 weeks gestation and less than 1800 grams.

Most of the trials excluded infants who were small for gestational age, had congenital

anomalies and gastrointestinal or neurological abnormalities. On meta-analysis, they

concluded that administration of formula increases short term growth rates, but is associated

with a higher risk of developing NEC versus donor breast milk, with a relative risk of 2.5%

[16]. An additional Cochrane review evaluated several randomized controlled trials

comparing human breast milk to formula feeding in preterm or low birth weight infants [24].

This analysis concluded that no data exists from randomized controlled trials to determine

whether feeding premature infants with formula versus maternal breast milk impacts growth

and development [24]. However, one of the excluded studies performed by Lucas et al found

that NEC was 6–10 times more common in premature infants who were formula fed than

those who were exclusively fed breast milk [11]. Furthermore, in premature infants who

were greater than 30 weeks gestation, NEC was 20 times more common in formula fed

infants versus breast fed infants [11], again confirming the protective role of breast milk in

patients at risk for the development of NEC. More recently, a multicenter, blinded,

randomized controlled trial was performed by Cristofalo et al comparing extremely preterm

infants fed an exclusive human milk diet of pasteurized donor human milk with a human
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milk based fortifier or bovine based preterm formula in infants whose mothers did not intend

to provide breast milk to their infant [25]. The infants in each group were fed by initiating

trophic feeds at 10–20 mL/kg/day within 1–4 days after birth as tolerated for up to 5 days.

Subsequent feeds were advanced by a rate of 10–20 mL/kg/day at the discretion of the

clinical teams based on the feeding guidelines of the study [25]. This study detected a

significant decrease in the duration of parenteral nutrition with the infants that were fed the

human milk diet. Additionally, these authors discovered that the incidence of surgical NEC

was significantly decreased in the human milk diet group versus the bovine-based preterm

formula, and further concluded that the number of patients needed to be fed an exclusive

human milk diet to prevent one case of surgical NEC was 6 infants [25]. Taken together,

these studies point to a clear protective role for breast milk in premature infants to prevent

the development of NEC.

It is important to note that in a study by Meinzen-Derr et al, the protective effects of breast

milk were found to be dependent on the amount of breast milk administered [13]. In 1272

subjects, these authors determined that for every 100 mL/kg cumulative increase in human

milk an infant received in the first 14 days of life, the risk of NEC or death was decreased by

13% [13]. Schanler et al and Furman et al previously reported lower NEC rates in very low

birth weight infants who received greater than 50 mL/kg/day of fortified human milk versus

premature infant formula [26,27]. Taken together, these findings strongly argue in favor of

the protective effects of breast milk in reducing the incidence of NEC and that the effects

may be dose dependent. We will next highlight the potential components of breast milk that

may confer this protection.

Components of breast milk that could potentially mediate the protective

effects against the development of NEC

Various components of breast milk have been implicated in its protective role against the

development of NEC. These include nitrites/nitrates, L-arginine, glutamine, human milk

oligosaccharides, lactoferrin and growth factors, and will be reviewed in detail below.

Nitrate/Nitrite

Nitric oxide (NO) is produced by a variety of cells including macrophages and the intestinal

epithelium, but when derived from the endothelium is known to be a potent vasodilator, and

is an essential regulator of blood flow to tissues. Dietary nitrate and nitrite may be converted

to NO within the gastrointestinal tract, which can then regulate intestinal blood flow [28–

31]. Sodium nitrate is actively concentrated in saliva and reduced by bacteria to sodium

nitrite in the oral cavity of humans, which enhances oral nitric oxide production [32]. In

neonates, the bacterial conversion of nitrate to nitrite in the mouth is reduced compared to

older children [33], and thus, the only available sources of sodium nitrite in infants are from

their diet. Our group recently demonstrated that compared to infant formula, human and

mouse breast milk were enriched in sodium nitrate, which is a precursor for the enteral

generation of nitric oxide and nitrite [34]. Further, we determined that the supplementation

of formula with sodium nitrate/nitrite restored intestinal perfusion, decreased the amount of

pro-inflammatory cytokine expression within the intestine and reduced experimental NEC
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severity in a murine NEC model. Our experimental NEC model consists of providing

gavage formula feedings and intermittent doses of hypoxia to neonatal mouse pups. The use

of an experimental animal model of NEC has its limitations as reviewed by Sodhi et al [35],

although this study clearly showed that sodium nitrate or nitrite may be protective in the

pathogenesis of NEC due to its vasodilatory effects on the intestine [34]. Another important

study performed by Jones and colleagues recently showed that the levels of nitrate and

nitrite change in the handling and storage of breast milk. Specifically that when the breast

milk was freeze-thawed, the concentrations of nitrite in the breast milk produced by mothers

of preterm and term infants was reduced [28]. Additionally, this group determined that the

sodium nitrite concentrations in the milk of mothers of preterm infants were significantly

less than the milk of mothers with term infants. These findings raise the possibility that

sodium nitrate or nitrite are important components of breast milk that may exert a protective

effect in NEC through the enhancement of intestinal blood flow, and thus the amelioration

of intestinal necrosis.

L-Arginine

Since nitric oxide can regulate intestinal blood flow, but cannot be administered directly to

the gastrointestinal tract, dietary supplementation with agents that may release nitric oxide

may offer an appropriate method to achieve this protective effect. One such supplemental

option could be L-arginine, an amino acid that synthesizes nitric oxide and is found to be

deficient in premature infants [36]. Amin et al evaluated the effects of L-arginine

supplementation in premature infants (<32 weeks and <1250 grams body weight) during the

first 28 days of life on the incidence of NEC [37], and determined in a randomized, double

blind, placebo controlled study that L-arginine reduced the incidence of all stages of NEC

severity [37]. However, one of the limitations of their study was that early stage NEC was

included as an outcome, which led to a NEC incidence in their study of 27%, well above the

incidence that is typically observed in other neonatal centers. Further, when patients with

early stage NEC were excluded, the protective effects of L-Arginine were no longer

significant (P=0.77) due to the sample size of the study [37]. In a related study, Polycarpou

et al performed a randomized, double blind pilot study assessing enteral L-Arginine

supplementation on the incidence of NEC [38] and found that L-arginine did reduce the

incidence of the most severe stage of NEC (2.5% in the L-arginine group vs. 18.6% in the

control group) [38]. Additional studies that include more patients are required before

recommendations regarding the role of L-arginine as a protective agent against NEC

development can be made.

L-Glutamine

L-Glutamine is an amino acid that is present in breast milk, and which can stimulate

intestinal cell proliferation by providing metabolic fuel to intestinal epithelial cells [39][40].

A nutritional deficiency of glutamine has been proposed to be a risk factor for necrotizing

enterocolitis. Becker et al reported that plasma glutamine levels were decreased for at least

10 days prior to the onset of NEC in humans [41]. To address whether glutamine

supplementation can attenuate NEC severity, Poindexter et al performed a multicenter,

randomized controlled trial of 721 infants, which demonstrated no benefit of glutamine

supplementation in reducing death, late-onset sepsis or NEC [40]. A more recent study by

Good et al. Page 4

Expert Rev Clin Immunol. Author manuscript; available in PMC 2014 July 29.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Pawlik et al evaluated the frequency of feeding intolerance, NEC, intestinal perforation,

sepsis and death between enteral administration of a glutamine and amino acid solution [42].

This clinical study of 106 very low birth weight infants demonstrated a significantly lower

risk of feeding intolerance, lower incidence of NEC, intestinal perforation sepsis and death

in the glutamine solution group versus the control groups [42]. However, a recent Cochrane

meta-analysis evaluated the incidence of NEC with infants treated with enteral or parenteral

glutamine and found no statistically significant difference between the ten studies assessed

for NEC as a secondary outcome [43]. Although the available data do not provide concrete

evidence that administration of glutamine prevents NEC, more studies are needed to

determine the potential beneficial intestinal effects of glutamine.

Human Milk Oligosaccharides

Human milk oligosaccharides (HMOs) are non-digestible carbohydrates, which are a major

component of breast milk and are thought to be in part responsible for its protective effects

against the development of NEC [44]. HMOs are thought to act by influencing the microbial

flora within the gastrointestinal tract [45], modulating immune cell activity [46,47], reducing

the infiltration and activation of neutrophils in vitro [44], and providing a substrate for the

proliferation of the health-promoting bacteria Lactobacillus and Bifidobacteria [48].

Jantscher-Krenn et al investigated a rat model of NEC and demonstrated that HMOs

improved survival and attenuated experimental NEC severity [49]. To date there have been

nearly 200 HMOs identified, but, the specific HMO that was found to mediate protection

against NEC in these studies was disialyllacto-N-tetraose (DSNLT) and they further

discovered that sialic acid is required for the protection [49]. This study is of importance nor

only as a novel means of NEC prevention, but also by identying this HMO as a biomarker

that could identify which infants may be at greater risk of NEC development, based upon the

concentration of DSNLT present in a mother’s breast milk. Further preclinical studies are

required to determine the precise mechanism which mediates the protection. In addition,

clinical studies in premature neonates are needed to test the efficacy of disialyllacto-N-

tetraose and its role - if any - in the prevention of NEC.

Lactoferrin

Lactoferrin is a glycoprotein that is present in breast milk and has been implicated in the

beneficial effects of breast milk for NEC via its reported antimicrobial properties [50].

Lactoferrin has also been shown to attenuate lipopolysaccharide-mediated pro-inflammatory

cytokine release from monocytic cells [51], and stimulate enterocyte proliferation [52],

which is important in maintaining the integrity of the intestinal mucosa, an important factor

in NEC pathogenesis. In an experimental rat model of invasive E. coli infection, human

lactoferrin was found to be synergistically protective against infection along with

Lactobacillus rhamnosus GG [53]. Manzoni et al evaluated the role of bovine lactoferrin

alone or in combination with Lactobacillus rhamnosus GG in the prevention of sepsis with

NEC as a secondary outcome measure in a prospective, randomized multi-center double-

blinded study of very low birth weight infants [54]. NEC was found to occur less frequently

in the bovine lactoferrin group plus Lactobacillus rhamnosus GG (0/151 infants [0%])

versus the control group (10/168 infants [6%]), but not with bovine lactoferrin alone (3/153

[1.9%]) compared to the control group [54]. These findings are significant because they
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demonstrate the protective effect of Lactobacillus rhamnosus GG delivered in combination

with lactoferrin on NEC and raise the possibility that synergistic treatments may be a

preventative option in NEC. Given that lactoferrin has been found in breast milk from a

variety of species [55], these findings suggest that further studies evaluating the role of this

protein may provide important mechanistic insights into the protective effects of breast milk

against NEC.

Growth Factors

Breast milk is known to be enriched in various growth factors, which together are known to

promote intestinal mucosal health via effects on intestinal epithelial migration, proliferation

and maturation [56–59]. In particular, epidermal growth factor (EGF) is critical for intestinal

development and is found in breast milk [60–62]. Dvorak and colleagues have demonstrated

that EGF attenuates the severity of experimental NEC in rats [63], protects against intestinal

barrier failure, normalizes expression of tight junction proteins in the intestine [62] and

inhibits enterocyte apoptosis commonly seen in NEC [64]. Another growth factor that has

been studied in an experimental model of NEC is heparin-binding epidermal growth factor-

like growth factor (HB-EGF). Besner and colleagues have demonstrated that HB-EGF

protects against experimental NEC by promoting enterocyte migration and proliferation

[58]. Additionally, their group has shown that HB-EGF increases intestinal microvascular

blood flow in experimental NEC [65]. Dvorak and colleagues compared the efficacy of

treatment with EGF and/or HB-EGF on the prevention of experimental NEC and found that

although, both agents demonstrated protection at various doses, EGF protected against NEC

at more physiological doses than HB-EGF [66]. Given the fact that breast milk is rich in

EGF and other growth factors, these studies illustrate the importance of evaluating these

agents in greater detail.

Evidence based feeding protocols for the prevention of NEC

While the evidence is convincing that breast milk compared to formula feeding reduces the

incidence of NEC in preterm infants, many mothers of premature infants are unable to

produce adequate amounts of breast milk for their child, illustrating the need for formula

based feeding preparations that may limit the propensity for NEC to develop in the first

place. There are several such formulations available that have been designed to mimic the

composition of human milk so that they meet the estimated caloric needs and nutrient

requirements that enhance the growth and development of premature infants. Despite the

availability of such preparations, the precise protocols by which these should be used to feed

premature infants without causing harm remains incompletely understood, and a topic of

great interest in the field. Several studies have evaluated the importance of the timing of

introducing feeds, their rate of advancement or strategies of formula fortification in order to

prevent NEC. We will next review the evidence supporting optimal delivery strategies, and

will focus on the rate of delivery, and the rate of advancement of infant feeds.

i. What is the optimal rate of delivery of enteral feeds?

There is not a consensus in the literature regarding the rate of delivery of feeds to premature

infants so as to reduce the likelihood of NEC development. One strategy of delivery is that
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of providing minimal enteral nutrition or trophic feedings, which consists of 15–20

mL/kg/day of breast milk or formula every 2–3 hours during the first week of life. In a

recent Cochran Review, Morgan et al concluded that there was insufficient evidence

demonstrating that early trophic feedings compared to enteral fasting improves feeding

intolerance or prevents NEC [67]. A study by McClure et al reported that infants receiving

minimal enteral nutrition group did have a significantly lower incidence of culture-

confirmed sepsis (0.5 versus 1.2 in the control group) [68]. A cohort study by Sallakh-

Niknezhad et al sought to evaluate the benefits of “early” (within 48 hours of life) versus

“late” (after 72 hours) feeding in premature infants weighing less than 1500 grams [69]. A

total of 125 infants received enteral feedings while 45 infants were in the late feeding group

and both groups followed a similar enteral feeding protocol which consisted of starting with

1–2 mL/kg every 4–6 hours with advancement of 1–2 mL/kg/day. This study determined

that there was decreased time to gain weight, decreased duration of parenteral nutrition and

decreased hospital stay in the “early” fed group compared to the “late” feeding group [69].

In a randomized, controlled trial of 141 preterm infants who were either fed 20 mL/kg/day

for the first 10 days of life (“minimal feeding group”) or initiated at 20 mL/kg/day and

advanced daily by 20 mL/kg/day (“advancing group”), Berseth and colleagues determined

that the “advancing group” had a higher incidence of NEC (7 infants versus 1 infant in the

“minimal feeding group”) [70]. Although this study determined that the minimal feeding

group had prolonged use of parenteral nutrition and central line placement in comparison to

the “advancing group”, the authors concluded that the slow rate of advancement of feeds

should be considered safe in premature infants [70].

ii. How quickly should feeds be advanced in premature infants?

In addition to the timing of initiation of enteral feedings, the rate with which to advance the

feedings has been a topic of some debate, and several studies have evaluated whether slow

versus rapid advancement of feedings could contribute to the development of NEC. A recent

Cochrane Review evaluated the effects of advancing enteral feeds slowly on the incidence of

NEC in very low birth weight infants [71]. There were five studies included in the meta-

analysis and each began interval bolus feedings within the first five days of life (n=588

infants, <32 weeks gestation; <1500 grams) [71]. Feedings in all of the studies were

advanced between 15–20 mL/kg/day (slow) versus 30–35 mL/kg/day (fast). The authors

determined that there was not a statistically significant difference in the effect of slow versus

fast feedings on the development of NEC or on mortality [71]. Each of the trials did report

that in the slow advancement group, the infants took a statistically significant longer time to

regain birth weight [72–76], but there was no effect on secondary outcome measures of

feeding intolerance [74–76] or the incidence of invasive infection [75,76]. A recent

retrospective study by Maas and colleagues evaluated premature infants who were born at

less than 32 weeks gestational age and under 1500 grams and determined that there was no

significant difference in the incidence of NEC seen in the accelerated feeding advancement

group (3.3% accelerated versus 2.7% in the slower group), but they acknowledge that their

study was underpowered to detect small differences between the two groups [77].

Adequately powered randomized controlled trials are needed to provide evidence-based

approaches on the rate of advancement of enteral feeding in order to prevent NEC.

Good et al. Page 7

Expert Rev Clin Immunol. Author manuscript; available in PMC 2014 July 29.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



iii. Effects of the addition of various nutritive supplements on the development of NEC

Various nutritive supplements have been developed with the goal of enhancing infant

growth without also increasing the likelihood of developing NEC. Stephens et al

demonstrated the importance of early protein and energy intake within the first week of life

on neurodevelopmental outcomes [78], and discovered that for every 1 gram/kg/day increase

in protein intake during the first week of life, there was a significant increase in performance

on scores of mental performance (specifically, the Bayley Mental Development Index) [78].

In order to meet the increased energy and protein requirements of premature infants, various

types of fortifiers have been added to the breast milk or formula. Kuschel et al reviewed the

effects of fortified human milk on weight gain, length and head growth, bone metabolism

and neurodevelopmental outcomes and found that there was increased short term but not

long term growth in the fortified group, and found no significant difference in bone

mineralization or long term neurodevelopmental outcomes advantage [79]. A recent study

comparing the effects of two human milk fortifiers on clinical outcomes in premature infants

by Theone et al found that the use of acidified liquid human milk fortifier versus powdered

human milk fortifier led to poor growth [80], and also determined that the incidence of NEC

was significantly increased in the acidified liquid human milk fortifier group versus the

powdered group (13% versus 0%, p = 0.03) [80]. Additional studies are required in order to

more accurately assess the role of various additives on the development of NEC.

iv. Probiotics and NEC

The administration of probiotics i.e. “live bacteria with potential benefits to human health”

has become a popular and controversial area of study in the prevention of NEC[81,82].

There is a large and growing body of literature regarding the health benefits of probiotics in

preventing diseases including NEC [83,84], and recent meta-analyses of several randomized

controlled trials have demonstrated that probiotics can reduce the incidence of NEC [83–90].

Concerns exist regarding which probiotic to use, and in what combination [86,91,92].

Further safety and efficacy studies are needed to determine the precise probiotic(s) that

demonstrate protection against NEC, as well as to alleviate ongoing concerns regarding the

potential infective risk of providing live bacteria to premature infants.

v. Blood transfusions and their association with NEC

Packed red blood cell transfusions are administered frequently to premature infants as part

of routine care in the treatment of anemia. Recent reports have raised questions regarding

the potential risks of this routine practice, and in particular, have suggested an association

between blood transfusions and the subsequent development of NEC. This association was

reported by Mally et al, who identified that in 908 neonatal admissions, 17 of those infants

developed NEC and 6 out of the 17 infants were associated with transfusions (35%) [93].

The transfusion associated necrotizing enterocolitis group developed signs of NEC within 22

± 5 hours of the PRBC transfusion, were more likely to be on full oral feedings (100% vs.

9% in the non-TANEC) and three of six patients died within 48 hours of the diagnosis of

NEC [93]. A meta-analysis was performed by Mohamed et al comparing ten retrospective

case-control studies evaluating whether neonates who developed NEC were exposed to

PRBCs 48hrs prior to the onset of NEC [94]. One of the studies included in the meta-

Good et al. Page 8

Expert Rev Clin Immunol. Author manuscript; available in PMC 2014 July 29.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



analysis reported that 56% of the cases of NEC occurred within 48hrs of transfusion with

PRBCs versus 20% in the non-transfusion associated group, and after their practice was to

withhold feeds feeds during a transfusion, the incidence of NEC decreased from 5.3% to

1.3% [95]. While such a causal relationship between blood transfusion and NEC

development may exist, additional studies are required in order for such an association to be

established with certainty.

Optimal strategies for administration of feeds after surviving an initial

episode of NEC

While the above strategies provide insights into how to optimally feed a premature infant so

as to reduce the likelihood of NEC developing, the fact remains that 10–15% of premature

infants in most neonatal intensive care units will develop NEC. A variety of studies indicate

that there are no established guidelines regarding the optimal timing for re-introduction of

enteral feeds after an episode of NEC, which obviously must be carefully administered so as

to prevent a recurrence. A period of 7–10 days of fasting has been recommended for patients

with NEC in whom the disease resolves without surgery, while a period of 14 days has been

recommended in cases of NEC that require surgical resection [3]. The incidence of recurrent

NEC is approximately 4–6% [96,97] and in a study by Stringer et al, 16 infants who

developed recurrent NEC in a 10 year period had a median gestational age of 32 weeks, a

median birth weight of 1260 grams and developed recurrent NEC after a median interval of

37 days form the initial episode [97]. These authors found no association between the

recurrent NEC episode and the original management of disease (surgical or medical), the

type or timing of enteral feeds or the anatomic site of the initial disease [97]. A more recent

review by Thyoka et al of 212 infants found that the risk of NEC recurrence was 10% at

their center [98], and determined that infants with recurrent NEC had similar characteristics

such as gestational age, admission weight, gender, presence of a stricture, need for surgery

and mortality rates than those infants with a single episode of NEC, although patients with

recurrent NEC were found to be more likely to be dependent on parenteral nutrition for a

longer period of time [98]. Although NEC recurrence is a rare entity, clinicians still remain

cautious about when to restart feedings, and there is little data to guide such decision-

making. Bohnhorst et al evaluated the effects of feeding after 3 consecutive days without

evidence of portal venous gas (a sign of diseased bowel), and found no increase in the

incidence of NEC when compared to infants that were not fed for 14 days [99]. A major

limitation of the study was the small number of patients that were examined. Despite this

limitation, this study suggested that the practice of prolonged fasting in infants with a

diagnosis of NEC may not be necessary. More studies are clearly needed to determine the

safest length of time of fasting and how to introduce enteral feeds in the post-NEC period.

Novel approaches to feeding premature infants so as to reduce the

likelihood of NEC development

Given that NEC development is so closely linked to the administration of enteral formula,

there is clearly a great need to understand the pathogenesis of NEC from a molecular

viewpoint so as to design novel formulas with the capability of preventing NEC from
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developing. Our laboratory and others have shown that the development of NEC develops in

part as a result of exaggerated signaling through the receptor for gram negative endotoxin,

namely toll-like receptor 4 (TLR4), which is present on the surface of the intestinal

epithelium, and that this signaling occurs in response to colonization of the intestine within

the neonatal intensive care unit [100–106]. Further, we and others have shown that that

intestinal TLR4 expression was significantly increased in mice and humans with NEC

compared to controls [101] and that TLR4 activation within the intestinal epithelium leads to

an increase in enterocyte apoptosis [107] and impaired proliferation [108]. Further, we have

demonstrated that mice lacking enterocyte TLR4 are protected from NEC development,

highlighting the importance of TLR4 in NEC pathogenesis [101,109]. Moreover, the more

premature the infant is, the higher the level of TLR4 expression that is observed within the

intestinal epithelium, perhaps explaining the predisposition that the premature infant has to

NEC development [110]. These laboratory findings suggest that dietary or pharmacologic

strategies designed to inhibit TLR4 may prevent NEC from developing in the first place. In

this regard, we have used an in silico strategy to identify small molecule inhibitors to TLR4

that could be used to supplement nutritive formulas in premature infants. Our lead

compound, C34, is a 2-acetamidopyranoside (MW 389) with the formula C17H27NO9,

which inhibited TLR4 in enterocytes and macrophages in vitro, reduced systemic

inflammation in mouse models of endotoxemia, and reduced the incidence of experimental

NEC and in human tissue ex vivo obtained from infants with NEC [111]. These findings

raise the possibility that supplementation of existing infant formulas with C34 or its

analogues may offer novel preventative approaches to NEC.

An additional and very novel future approach to the prevention of NEC may involve the use

of a synthetic amniotic fluid. It is known that during development, the fetus swallows

amniotic fluid, which bathes the fetal intestine, and since the premature infant lacks amniotic

fluid exposure as a consequence of early birth, we sought to determine whether amniotic

fluid supplementation could prevent NEC development in experimental models. In support

of this possibility, we found that enteral administration of amniotic fluid to mice prevented

the development of experimental NEC, and did so through inhibition of the bacterial

receptor toll-like receptor 4 [112]. Furthermore, we identified that the specific component

within amniotic fluid that was largely responsible for the inhibition of TLR4 signaling was

epidermal growth factor (EGF) as demonstrated by the fact that mice lacking the EGF

receptor were not protected from NEC development after enteral administration of amniotic

fluid [112]. The protective effects of amniotic fluid were also confirmed in a piglet model of

NEC [113], as well as in the rat model of experimental NEC [114], where hepatocyte growth

factor was found to mediate the protective effects of amniotic fluid. Taken together, these

findings raise the exciting possibility that amniotic fluid – or a nutritive formulation with

similar properties – may one day be used to prevent the development of NEC in premature

infants.
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Future directions in the management of infants at risk for the development

of NEC

The above review indicates that nutritional considerations may have significant impact on

the development of NEC in the premature infant, and their overall outcomes. Further

prospective randomized clinical trials are needed in order to more accurately define the

optimal approach to how and when to initiate and advance feeds in premature infants at risk

for NEC. Furthermore, it is tempting to speculate that strategies designed to optimize infant

formulations using a variety of molecular components - including those presently found

within breast milk that - may reduce the incidence or severity of NEC. This is an extremely

exciting area of research, and one that offers the possibility of helping a large number of

infants, so as to reduce the burden of this devastating disease.

Expert Commentary

A wide variety of feeding practices exist on how to feed the premature infant in the hopes of

preventing necrotizing enterocolitis. There have been several meta-analysis reviewing the

timing of administration and rate of advancement of enteral feedings in the premature infant

as reviewed above, but there is no consensus on the precise feeding strategy to prevent this

disease. The exclusive use of human breast milk is recommended for all premature infants

and is associated with a significant decrease in the incidence of NEC [11–13]. By

determining the specific ingredients in breast milk that are protective against NEC, it is our

hope that this devastating disease will one day be preventable.

Five-year View

Necrotizing enterocolitis is a deadly disease affecting the intestine of the premature infant,

but the exact pathogenesis remains incompletely understood. As novel preventative

approaches are identified, strategies to limit the disease may be better elucidated.
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Key Issues

• Necrotizing enterocolitis (NEC) is a devastating disease of premature infants

and feeding practices have been suggested to be a modifiable risk factor.

• Breast milk is the most effective protective agent for NEC.

• Various components of breast milk are thought to mediate protection against

NEC and include nitrate/nitrite, lactoferrin, human milk oligosaccharides

(HMOs) and growth factors.

• Further investigation is needed to address the safest way to feed a premature

infant after an episode of NEC to prevent recurrence.

• Toll-like receptor 4 (TLR4) signaling is important in the pathogenesis of NEC

and further identification of TLR4 inhibitors should be investigated for their role

in the prevention of NEC.
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