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Preface to ”Neonatal Nutrition for Inflammatory

Disorders and Necrotizing Enterocolitis”

This Nutrients Special Issue focuses on neonatal nutritional advances for inflammatory disorders

affecting infants, such as necrotizing enterocolitis (NEC). Nutrition can significantly impact the

development of certain diseases that afflict infants. This Special Issue aims to bring together the

latest research on the role of nutrition in preventing or impacting neonatal disorders. Specifically, this

Special Issue focuses on the role of breast milk or donor breast milk and the various components

in milk that have been demonstrated to protect against NEC and other inflammatory diseases.

This Special Issue provides a comprehensive composite of the advances in nutritional strategies that

can modulate or prevent neonatal intestinal disorders.

Misty Good

Editor
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Abstract: Background. Premature infants receiving breastfeed have a lower incidence of NEC than
those fed preterm formula. This study aimed: (1) to update a systematic review and meta-analyses
to evaluate the relationship between feeding and necrotizing enterocolitis (NEC) in low weight
premature infants; (2) to conduct meta-regression analyses by subgroups; (3) to describe geographical
distribution of milk banks in the world. Methods. Papers included in the meta-analysis were updated
as of June 2019. Relative risks were used as a measure of effect size. Random effect models were
used to account for different sources of variation among studies. For milk banks, the data reviewed
by the literature were integrated with the information collected from countries’ institutional sites
and milk bank networks. Results. Thirty-two papers were included in meta-analysis: six randomized
controlled trials (RCTs) and 26 observational studies (OS). The census has found 572 milk banks
around in the world. Brazil has the most active milk banks. RCTs meta-analysis indicates a risk
reduction of NEC using human milk respect to formula: Relative risk (RR)= 0.62 (0.42–0.93). Seven OS
compared quantities lower than human milk or higher than the 50th quantile showing a risk reduction
of NEC:RR = 0.51 (0.31–0.85); 3 OS that evaluated human milk versus mixed feeding showing that
human milk has a protective role on the development of NEC:RR = 0.74 (0.63–0.91). Results of
subgroups analysis show that the risk reduction is statistically significant only for studies in which
premature infants are given both their own and donated breastmilk. Conclusions. The possibility
of preserving human milk and promoting donations guarantees an improvement in the health
of newborns.

Keywords: human milk banks; NEC; meta-analysis; breast-feeding

1. Introduction

Necrotizing enterocolitis (NEC) is the most devastating intestinal disease in neonates with
very-low-birth-weight (VLBW). Incidence varies in different studies. Yee et al. [1] and Fitzgibbons et al. [2]
showed, in large cohort studies of VLBW infants, respectively, NEC incidence from 1.3% to 12.9%
and from 3% to 12%; while more recently observational studies showed an incidence from 20.7% [3]
to 16.7% [4,5].

It is universally accepted that human milk is the optimum source of nutrition for the first six months
of life. The health benefits of human milk are known, not only for premature infants [6], but also for
prevention of other infant diseases [7].

Premature infants receiving human milk have a lower incidence of NEC than those fed preterm
formula [8]. In fact, some studies suggest that mother’s milk is protective against sepsis, because it
contains bioactive substances that have bactericidal and immune-modulating activities [9].

Nutrients 2020, 12, 1322; doi:10.3390/nu12051322 www.mdpi.com/journal/nutrients1
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Shoji et al. support the hypothesis that breastmilk has antioxidant proprieties with a protective
effect from oxidative stress [10]. In this contest, it is important to underline that not all mothers produce
sufficient milk for their neonate, and donor human milk (DM) has been considered as an alternative
to mother’s milk (MM) [11]. Human milk inhibits the growth of Escherichia coli, Staphylococcus aureus
and Candida sp. [12]. DM is generally pasteurized to prevent the potential risk for the transmission of
pathogens from donor mothers to preterm infants. Its safety must be considered accurately because
pasteurization reduces the concentration of immunological proteins in human milk [13,14]. Human milk
banking is an absolute necessity, especially for premature infants. Unfortunately, human milk banks
are not present in each country of the world. Infants can suffer the consequences if there are no banks.
Generally, the collection and processing of human milk is established by guidelines. Globally, there is
a growing interest to increase milk banks by also raising awareness campaigns to donate milk.

The aims of our study are: (i) to update a systematic review and meta-analyses of observational
and RCT studies that evaluated the possible relationship between feeding (maternal, preterm formula,
mixed maternal-formula) and development of necrotizing enterocolitis (NEC) in premature infants
low weight; (ii) to conduct meta-regression analyses evaluating continuous and geographical variables;
(iii) to describe the geographical distribution of milk banks in the world.

2. Materials and Methods

The papers included in the meta-analysis were sought in the MEDLINE, EMBASE, Scopus,
Clinicaltrials.gov, Web of Science, and Cochrane Library databases as of June 2019. The search terms
used were milk, human OR breast feeding OR milk banks OR breast milk expression OR breastfeed*
OR breastfed OR breast OR HM OR fed OR feed* OR enteral nutrition AND enteral nutrition AND
infant, premature OR infants, extremely premature OR infant, low birth weight OR infant, very low
birth weight OR intensive care units, neonatal OR intensive care, neonatal OR premature birth AND
low birthweight OR low birth weight OR VLBW OR ELBW OR Prematur* OR Preterm OR pre-term
OR infant* OR newborn* OR new-born* OR baby* OR babies OR neonatal intensive care OR NICU
AND enterocolitis, necrotizing. Filters: Filters: 15 years, Humans, Child: birth-18 years.

Papers were selected using the Preferred Reporting Items for Systematic Reviews and
Meta-Analyses (PRISMA) flowchart (Figure 1) and the PRISMA checklist (Table S1) [15]. A manual
search of possible references of interest was also performed. Only studies published in English over
the previous 15 years were considered. The papers were selected by two independent reviewers
(P.M.A. and A.V.); a methodologist (E.A.) resolved any disagreements. Bias was assessed using
the Cochrane Collaboration tool for assessing risk of bias and the Newcastle–Ottawa scale for cohort
studies (Tables S2 and S3) [16,17].

For the research of milk banks, place where HM is collected and/or treated and/or distributed,
the data reviewed by the literature were integrated with the information collected from the institutional
sites of the individual countries and from European and North American milk bank networks.
Other information sources have been obtained from the literature using the following words:
“human milk banks” AND “state name”. Moreover, we used the information obtained from
the institutional sites for each country [18,19]. Data on premature births were derived from WHO
datasets [20]. The ratio between milk banks and premature births per 100,000 was performed.

Statistical Analysis

We consider NEC if patients had a Bell’s score ≥2. Relative risks (RRs), with 95% CI and p-value,
were used as a measure of effect size. Random effect models were used to account for different sources
of variation among studies. Heterogeneity was assessed using Q statistics and I2. The stability of
study findings was checked with moderator analysis. Publication bias was analyzed and represented
by a funnel plot, and funnel plot symmetry was assessed with Egger’s test [21,22]. Publication bias
was checked using the trim and fill procedure [22,23]; PROMETA 3 software (IDo Statistics-Internovi,
Cesena, Italy) was used. Finally, meta-regression analyses, using a random effects model, were utilized
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for the following variables: publication year of article, gender, birth weight and gestational age
and geographical area; for continuous variables, regression models were used; for categorical variables,
an ANOVA-Q test was used. Meta-regressions were performed when the number of studies containing
the variables to be analyzed was ≥3. Meta-analyses and meta-regressions were conducted according
to the study design: randomized and observational studies. In the context of observational studies,
a distinction was made based on the type of comparison HM vs mixed feeding, HM vs only preterm
formula and mixed feeding vs only preterm formula. The articles presenting data in quantiles of
consumed milk were analyzed by dichotomically dividing the patients into two groups on the basis of
the presence of human milk in their diet: inferior or superior to the 50◦ quantile. A subgroup analysis
was also conducted, excluding studies that, in the preterm formula group, had an incidence of NEC
above 15%.

3. Results

3.1. Literature Search Results

Research has highlighted the presence of 307 records. In the screening phase, 271 references
were excluded; therefore, 36 full texts were considered. Of these, 4 were not considered for different
reasons: one paper was a meta-analysis [23], one was an RCT that reviewed early progressive
feeding [24], one had another outcome regarding neurological follow-up of premature children respect
to the nourishment adopted [25], one paper analyzed only children that took maternal milk or formula
or donated milk the same or more than 50◦ quantile not allowing consistent comparisons with the other
primary studies selected [26]. Finally, 32 papers were included in quantitative analysis: six clinical
trials [6,27–32] and 26 observational studies [3–5,33–54].

 

n=286 n=21

n=307 

n=307 n =265

n=32 

n=4
n=36 

n=26 n=6

Figure 1. Flow-chart of search strategy.

The characteristics of the studies, compared to the type of human milk adopted, are reported in
the Tables S4, S5. The characteristics concerning the population of the single studies are reported in
the Table S6.
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3.2. Meta-Analysis and Meta-Regression Results

Selected trials [6,27–31] investigated the occurrence of NEC in breastfed premature infants
compared to those fed preterm formula. Their total sample size is 1626 newborns. The meta-analysis
indicates that there is a clear indication of risk reduction in the use of human milk respect to formula,
RR = 0.62 (0.42–0.93), and this result occurs in presence of statistical heterogeneity among primary
studies analyzed (I2 = 47.03, p = 0.009) (Table 1, Figure S1).

The meta-regression analyses by year of publication, male gender, birth weight, gestational age
and ethnicity do not show statistically significant results; in fact, it is important to underline that these
variables do not influence NEC incidence (Table 2). Trim and fill analyses do not show differences
among observed and estimated values and any studies were trimmed.

Eighteen observational studies [3–5,32–47] investigated the comparison between human milk vs
formula for a total of 6,405 newborns. The overall result indicates that there is a reduction in the risk
of NEC, RR = 0.45 (0.32–0.62, p < 0.001), with statistically significant heterogeneity among primary
studies analyzed (I2 = 55.25, p = 0.002) (Table 1, Figure S1).

The meta-regression analyses by year of publication, gender, birth weight, gestational age
and ethnicity does not show statistically significant results (Table 2). The analysis by geographical area
shows statistically significant differences, with risk reduction in Europe and USA, but not in Japan,
probably because there is only one study with a small sample (Table 3).

Seven observational studies [49–55] compared high consumption of human milk against low
consumption for a total of 2,453 newborns. The results show a risk reduction of NEC, RR = 0.51
(0.31–0.85, p = 0.01), without statistically significant heterogeneity (I2 = 9.21, p = 0.359) (Table 1,
Figure S1).

The meta-regression analyses show that there are no significant results regarding the year of
publication, birth weight and ethnicity, but they show a statistically significant result with regard to
male gender (Table 2).

Three studies [35–37] that evaluated breastfeeding versus mixed feeding (Table 1) show that
human milk could have a protective role on the development of NEC, RR = 0.74 (0.63–0.91, p = 0.003),
both without statistically significant heterogeneity (I2 = 0.00, p = 0.407) and in the absence of publication
bias (Table 1, Figure S1).

The meta-regression analyses for publication year and birth weight do not show statistically
significant results (Table 2).

Finally, four studies concerned the comparison between mixed feeding and preterm formula
(Table 1) [35–38]. In these it is revealed that mixed feeding is a risk factor for the development of NEC,
RR = 1.37 (1.13–1.65, p = 0.001), without statistically significant heterogeneity (I2 = 0.00, p = 0.774)
and publication bias (Table 1, Figure S1).

The meta-regression analysis for year of publication shows a statistically significant result (Table 2),
but not for birth weight.

Finally, trim and fill analysis do not show differences among observed and estimated values
and any study were trimmed.
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3.3. Human Milk Bank for Premature Birth

The census of milk banks has found in the world 572 milk banks, not evenly distributed and were
reported on Table S7. Brazil holds the record for the number of active milk banks (214), followed by
South Africa with 44, Italy with 37 banks and in Europe 238. Norway, Sweden, Finland, Estonia,
Switzerland, Slovakia and Cuba have the largest number of milk banks per premature baby (Figure 2).

Table 2. Meta-regressions: results for continuous variables.

No. of Primary Studies Total Sample Size Intercept (y) Slope (x) p-Value

RCT

Human milk vs preterm formula
Publication year 6 1626 −107.64 0.05 0.472

Male (%) 4 775 −2.96 0.04 0.383
Birth weight 4 1084 −5.21 0.00 0.068

Gestational age 5 1253 −5.21 0.26 0.393
Caucasians (%) 3 1030 −0.20 −0.02 1.186

Observational Studies

High vs low dose
Publication year 7 2453 21.34 −0.02 0.883

Male (%) 5 1950 7.84 −0.18 0.039
Birth weight 3 835 2.88 0.0 0.189

Caucasians (%) 4 1982 2.22 −0.05 0.064

Human milk vs preterm formula
Publication year 18 6405 145.52 −0.07 0.077

Male (%) 15 4730 0.16 −0.02 0.682
Birth weight 14 5424 0.63 0.00 0.234

Gestational age 11 2875 1.56 −0.08 0.680
Caucasians (%) 5 3558 −0.18 −0.02 0.096

Human milk vs mixed feeding
Publication year 3 2071 190.88 −0.09 0.624

Birth weight 3 2071 −0.83 0.00 0.659

Mixed feeding vs preterm formula
Publication year 4 2089 −110.88 −0.05 0.009

Birth weight 3 1708 −0.75 0.00 0.491

Table 3. Observational studies regarding human milk vs preterm formula: meta-regression results of
geographical areas.

No. of Primary
Studies

Total
Sample Size

RR (95% CI) p-Value I2 Q p-Value
Overall

ANOVA Q-Test

Europe 9 3398 0.53
(0.35–0.79) 0.02 35.82 12.31 0.138

0.42, p = 0.811Japan 1 18 0.81
(0.01–45.22) 0.92 - - -

USA 8 3876 0.43
(0.26–0.71) 0.71 72.19 25.17 0.001
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Figure 2. Distribution of Human Milk Bank in the world.

4. Discussion

Some fundamental aspects emerge from our work: the first is that human milk, breastfeed or
donor, has a protective effect in the development of NEC in premature babies: in fact, it can be seen
that the use of human milk is a protective factor in the development of NEC in premature babies;
the second underlines that there is no homogeneous distribution of the places of the milk banks
where HM is collected and/or pasteurized and/or distributed. The latter represents a limitation of
the study: particularly the pasteurization, with thermal damage, reduces microbial contamination
and immunological components [9]. A second limitation is that, considering the primary studies, it was
not possible to extrapolate the policies relating to the implementation of the milk banks; in addition,
breast milk and donated milk were considered as a single entity of comparison with breastfeeding
with formula, although statistically there is no evidence for publication bias.

A third limitation consists in the fact that the countries considered are very heterogeneous,
both from the socio-cultural point of view and from the point of view of organizing health systems.
In addition, it should be emphasized that, even within the same state, there are differences between
the north and south. Heterogeneity between countries and between north and south of the same
country can present socio-cultural differences. There may be religious differences between one state
and another or between one continent and another. Another fundamental difference is represented by
the income.

Finally, some works [3–6,31] show a higher incidences of NEC compared to the others. This could
partially justify the clinical heterogeneity of the studies, although the analysis of the risk of bias does
not highlight substantial critical issues.

The United Nations Objective 3.4 for “Sustainable development is linked to the reduction of
premature mortality” [55]. The guidelines of the WHO and the main American and European scientific
associations indicate that, in the absence of breast milk, donated milk is the second food of choice [56].
Where breastfeeding is not possible, donated milk stored in milk banks can be used [57–60]. Our work
highlighted that there is an inhomogeneous distribution of milk banks (Figure 2).

It has been estimated that 52.9% of premature births occur in Asia, 25% in sub-Saharan Africa,
7.7% in Latin America, 5.7% in Europe, 4.1 % in North Africa, 3.1 in North America and 0.5% in Oceania.
This data obviously reflects differences in terms of methodological qualities between countries with
high and low incomes [61]. A European study shows that the costs of hospitalization of a premature
are 10,000 euros more than a not premature one [62]. Regarding milk banks, in Asia and Africa there is

7
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a lower presence (more concentrated only in some countries) both in percentage terms and in relation
to the number of premature per 100,000 births. This data shows that there are inequalities in access to
donated breast milk.

A liter of donated milk has been estimated 82.88 euro in Germany [63], while in the US the costs is
150 dollars [64,65].

It is important to underline that the administration of donated breast milk, as we have seen,
associated with the continuous improvement of neonatal techniques, could significantly reduce the costs
of hospitalization and assistance in the short term.

A study conducted in the US shows that treatment with breast feed fortifier derived from
human donated milk in the prevention of NEC is cost effective with respect to breast feed fortifier
derived from bovine milk [66]. This effect could be very important in the long run. It is known
that breast milk improves neuro-cognitive development, potentially also reducing the costs of social
and scholastic assistance linked to any deficit, even if there are no studies on the subject to date.
Therefore, the establishment of a milk bank does not appear to be anti-economical, but rather as
a precise choice in maternal and child health policies aimed at reducing social inequalities. Online sales
of breast milk are also described, but being out of the milk bank circuit, do not have the same quality
standard [67]. Within the advanced countries there are differences in the distribution of milk banks: for
example, in Italy there is a difference between the north and south, being more widespread in the north
of the country with a higher income to the detriment of the southern areas with a lower income [68].
At the same time, the scarcity of the resource imposes choices with respect to whom should administer
this good.

Our results show that feeding with breast milk reduces the risk of NEC. In particular, it is noted
that in studies that compared the low versus high consumption of their own breast milk, there is
a significant reduction in the risk of NEC. This information is also confirmed in observational studies
and in clinical trials in which human milk (donated or own) is compared with formulas: in both cases
there is a risk reduction. In addition, subgroup analysis is particularly interesting. It shows that
the risk reduction is statistically significant only for studies in which premature are given both their
own and donated breastmilk. It should be emphasized that heterogeneity is statistically significant
in the absence of publication bias. The nature of these results could be explained by the difference
between maternal milk and donated maternal milk, which undergoes pasteurization processes to
eliminate possible pathogens. In fact, in a recent study a difference of macronutrients and proteins is
highlighted: the donated milk would have less grams of protein per deciliter (1.42 vs. 1.52) and less fat
content per deciliter (3.41 vs. 3.79), therefore a lower energy content (63.80 vs. 67.29) [58]. However,
the pasteurization of breast milk appears to be a hygiene practice of fundamental importance in order
to eliminate the bacterial and viral load, despite sacrificing some beneficial components in breast
milk [58,59]. Alternative methods to pasteurization are being studied to preserve all the qualities of
breast milk [58].

The variables investigated with meta-regression analysis do not provide explanations on the factors
that may affect the risk of NEC, with the exception of publication year and male gender. In the first case,
this result could be justified by an overall improvement in the health care of premature neonates, as
highlighted also in the most recently published papers [28]. In the second, the result could be influenced
by selection methods of the patients, not being known in the literature a greater predisposition of male
gender on the incidence of prematurity.

Furthermore, it is important to remember that the use of the random effects model, also for
meta-regressions, allows to ascertain the possible epidemiological link between the observed effect
and the variables investigated; this aspect is strengthened in the absence of statistically significant
publication bias.
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5. Conclusions

In conclusion, our study shows a clear benefit of breastfeeding or, in its absence, with donated
milk and highlights a heterogeneity in the distribution of milk banks between countries and within
the same country. Particularly in Africa, the Middle East and Asia, where Muslim populations are
dominant. In addition, our results underline the relationship between feeding and development of
NEC [69].

It therefore highlights the potential benefit of accessing a resource, breast milk, appropriately stored
at the milk banks. In addition, this breastfeeding should also be encouraged in order to reduce the impact
of other pathologies related to lactation [23]. Failure to access socio-health infrastructures such as milk
banks could create inequalities for the prevention of a high mortality disease. Further investigations,
which go beyond the objectives of this meta-analysis, should be addressed on the link between NEC
and pasteurized or unpasteurized human milk.

Finally, almost all primary studies have been conducted in Europe and the United States.
The possibility of preserving breast milk and promoting donations (implicitly also supporting control
over maternal health conditions, promoting virtuous behavior) guarantees an improvement in the health
of newborns. Of particular interest would be to evaluate the incidence of NEC in Arab countries,
where breastfeeding is abandoned early and the donation of breast milk is not particularly successful
for religious reasons.

International cooperation and the authorities of the single countries should provide some targeted
interventions for the realization of milk banks that, in the last analysis, represent a fortress of health
and social justice. In particular, the use of donor milk is widely endorsed.
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Abstract: Breast milk contains immunomodulating components that are beneficial to newborns
during maturation of their immune system. Human breast milk composition is influenced by an
infant’s gestational and chronological age, lactation stage, and the mother and infant’s health status.
Major immunologic components in human milk, such as secretory immunoglobulin A (IgA) and
growth factors, have a known role in regulating gut barrier integrity and microbial colonization,
which therefore protect against the development of a life-threatening gastrointestinal illness affecting
newborn infants called necrotizing enterocolitis (NEC). Breast milk is a known protective factor in the
prevention of NEC when compared with feeding with commercial formula. Breast milk supplements
infants with human milk oligosaccharides, leukocytes, cytokines, nitric oxide, and growth factors
that attenuate inflammatory responses and provide immunological defenses to reduce the incidence
of NEC. This article aims to review the variety of immunomodulating components in breast milk that
protect the infant from the development of NEC.

Keywords: breast milk; necrotizing enterocolitis; prematurity; immunity; newborn; inflammation

1. Introduction

Necrotizing enterocolitis (NEC) is a severe gastrointestinal disease in preterm infants with
associated mortality as high as 50% in cases that require surgical intervention [1]. NEC occurs in 1–5%
of patients admitted to a neonatal intensive care unit (NICU), and increased incidence and fatality
occurs in infants with prematurity and low birth weight [2]. The etiology of NEC is complex, and
pathogenesis is attributed to inflammation of the neonatal gastrointestinal tract by triggers such as
commercial formula feeds, intestinal dysbiosis, and immaturity of gut mucosal immunity. Treatment
of NEC requires withholding enteral feeds and potent antimicrobial agents, and these infants are
at risk of adverse long term outcomes. Identification of factors that contribute to the prevention of
NEC remains a high priority in neonatal research. There is a consensus regarding the protective
nature of breast milk in the prevention of NEC development. Human breast milk, in contrast to
commercial formulas, contains soluble and cellular components that provide infants with passive
immunity to their gastrointestinal tract. These antimicrobial and bioactive factors are multi-functional
and anti-inflammatory, with an established protective role against the development of NEC. An early
prospective study of 926 infants showed that exclusively formula-fed preterm infants were six to ten
times more likely to acquire NEC as compared to preterm infants nourished with human milk alone [3].
Furthermore, an analysis of 243 infants in a randomized trial showed that preterm infants less than 30
weeks’ gestation who received maternal milk had reduced incidence of late-onset sepsis or NEC as

Nutrients 2020, 12, 14; doi:10.3390/nu12010014 www.mdpi.com/journal/nutrients15



Nutrients 2020, 12, 14

compared with preterm infants who received donor breast milk or commercial formula [4]. Sullivan
and colleagues demonstrated in a randomized, controlled, multicenter trial that extremely premature
infants who received only human milk, including human milk-derived fortification, had decreased
rates of NEC compared to those infants exposed to bovine milk-derived products with a number
needed to treat of 10 infants to prevent one NEC case [5].

Breast milk composition is complex, dynamic, and influenced by a variety of maternal factors.
Immunoglobulins, antimicrobial peptides, growth factors, human milk oligosaccharides, cytokines,
L-glutamine, and nitric oxide in breast milk maintain roles in the enhancement of the neonatal intestinal
barrier function and the reduction of NEC. This article aims to review the protective role of breast milk
and its components against NEC, as shown in Figure 1.

Figure 1. Overview of the immunomodulatory components of maternal breast milk.

2. Breast Milk and the Host-Microbial Relationship

2.1. Maternal Soluble IgA

Bioactive components of maternal milk, particularly immunoglobulin A (IgA), have known
influential effects on the neonatal microbiota. IgA is the most plentiful antibody in human milk
and comprises a significant portion of total protein content in colostrum [6]. IgA produced by the
maternal mammary glands undergoes proteolytic cleavage to release secretory IgA (sIgA), permitting
transport into human milk [7]. Breast milk sIgA provides critical antimicrobial defense to the neonatal
gastrointestinal tract through inhibition of pathogen attachment to mucosal surfaces, neutralization of
microbial toxins, and provision of passive immunity. IgM and IgG are of lesser abundance in human
milk but also have known immune-surveillance properties.

The sIgA levels in breast milk decrease over time during the postpartum period [8]. Recent studies
have identified no difference in breast milk sIgA concentration of preterm versus term breast milk [6,8],
although Mehta and Petrova identified that preterm milk contains a higher concentration of sIgA
in the first six to eight days of lactation [9]. Breast milk sIgA is a critical component, as it promotes
colonization of commensal microbiota, decreasing the activity of pattern recognition receptors and
subsequent downstream inflammation within the intestinal epithelium [10]. A humoral response with
increased levels of sIgA in mature breast milk has been shown to occur in response to an infection in
the mother or infant [11]. Gopalakrishna and colleagues studied the role that sIgA in breast milk plays
in the pathogenesis of NEC [12]. They determined the proportion of IgA-associated intestinal bacteria
and discovered that premature infants with an exclusive formula-fed diet contained very low levels of
IgA-associated intestinal bacteria. Furthermore, infants with NEC had higher levels of IgA-unbound
Enterobacteriaceae when compared with healthy age-matched controls. This suggests that insufficient
concentrations of IgA and decreased IgA-bound bacteria in the intestine may be causative factors of
insufficient microbiome diversity and increased risk of NEC development [12]. In a neonatal mouse
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model of NEC, pups reared by IgA-deficient mothers showed susceptibility to intestinal disease despite
receiving maternal milk, suggesting that maternal IgA can define the host-microbiota relationship and
underscoring that the IgA in milk plays an important role in the susceptibility to NEC [12].

2.2. Lactoferrin

Lactoferrin is an abundant peptide in human milk and has known roles in host defense and
antimicrobial properties. When lactoferrin encounters proteolysis in acidic conditions, such as in
the stomach, lactoferricin is produced. Lactoferricin has both strong antibacterial and some antiviral
activity with immunomodulatory capabilities [13]. In particular, human lactoferricin has a potent
ability to neutralize endotoxin activity, prevent activation of mononuclear cells, and ultimately prevent
the secretion of cytokines, such as interleukin (IL)-1β, IL-6, tumor necrosis factor (TNF)-α, and IL-8, that
contribute to inflammation [13,14]. Togawa and colleagues demonstrated that the administration of
enteral lactoferrin in rats attenuated colonic inflammation after induction of colitis [15]. Many studies
have subsequently evaluated the modulatory role of lactoferrin in antimicrobial and immunological
defenses in infants. A Cochrane Review of six, small, randomized control trials (RCT) that provided
lactoferrin supplementation to enteral feeds found decreased late-onset bacterial and fungal sepsis in
preterm infants, although the evidence was identified as low in quality [16]. A systematic review and
meta-analysis reviewed nine RCTs and showed that prophylactic lactoferrin significantly reduced the
incidence of late-onset sepsis and NEC (Bell’s stage II or greater) [17]. Most recently, a large randomized
control trial of 2203 infants contrasted these prior findings, demonstrating that enteral supplementation
with bovine lactoferrin did not reduce NEC or the incidence of infection or mortality [18].

2.3. Lysozyme

Lysozyme, as an immune-active enzyme in colostrum and breast milk, has many bactericidal
effects. In synergy with lactoferrin, lysozyme can bind to lipopolysaccharide (LPS) on outer bacterial
membranes, which provides lysozyme access to degrade internal proteoglycan matrices of bacterial
membranes. Studies of breast milk composition have shown that premature breast milk as compared to
term breast milk has higher lysozyme content [6,9], although other studies have found no difference [8].
In the gastrointestinal tract, Paneth cells within the crypts of Lieberkühn produce a variety of
antimicrobial peptides, including lysozyme, which are secreted in response to enteric pathogens [19].
Of relevance to NEC, in the small intestinal biopsies of premature infants with NEC, there were
decreased concentrations of Paneth cells compared to controls [20]. The role of lysozyme has been
studied in a mouse model of NEC utilizing Paneth cell ablation. This model consists of 14-day-old
pups treated with dithizone, a heavy metal chelator, followed by luminal infection with Klebsiella [21].
The pups in this experimental group developed a NEC-like injury, suggesting the significance of
lysozyme and antimicrobial protection provided by Paneth cells can regulate the inflammatory response
in NEC [21]. A subsequent study using an experimental murine NEC model demonstrated that Paneth
cell deficiency induces a disruption in the intestinal microbiome, and in particular, the development of
an Enterobacteriaceae bloom, which has been shown to precede NEC in humans [22]. These results
signify the potential significance of breast milk lysozyme in protecting breast fed infants from the
intestinal inflammatory insult seen in NEC.

2.4. Lactadherin

Lactadherin (milk fat globule-epidermal growth factor (EGF) factor VIII) is a human milk
glycoprotein that contributes to apoptotic cell phagocytosis [23]. A deficiency of lactadherin has
been strongly associated with inflammatory and autoimmune diseases and has been shown to
maintain homeostasis of the intestinal epithelium through the migration of epithelial cells. In a
model of seven-week-old mice, treatment with recombinant lactadherin resulted in protection from
colitis, as demonstrated by downregulation of pro-inflammatory cytokines and improved histological
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scores [23]. Additionally, in a neonatal rat model of NEC-like intestinal injury, supplementation with
recombinant human lactadherin attenuated the disruption of cellular tight junctions [24].

2.5. Epidermal Growth Factor

The growth factors in breast milk serve a protective role in helping to facilitate the intestinal
mucosal barrier maturation. Maternal milk and colostrum contain epidermal growth factor (EGF) and
are the predominant sources of intestinal EGF during the postnatal phase. The roles of EGF in the
development of the intestine, as well as the response and repair of the intestine during intestinal injury
or infection, have been reported [25]. EGF levels are decreased in the saliva and serum of premature
infants with NEC when compared to infants without NEC. In a study of salivary EGF, infants with
NEC had lower salivary EGF in the first week after birth and greater increases from week of life one to
two as compared to infants without NEC, suggesting that NEC development may be attributed to
overall lower EGF concentrations in the at-risk neonate [26]. EGF also has proposed effects on goblet
cells and the production of mucin in the intestinal epithelium. Clark and colleagues showed that
treatment with EGF resulted in an increased number of goblet cells and increased the production of
mucin in the small intestine [27].

NEC has been associated with impaired intestinal barrier function and epithelial cell apoptosis.
The in vivo treatment with enteral EGF has shown to regulate the expression of tight junction proteins,
occludin and claudin-3 as well as normalize their expression at the site of NEC injury, helping to
maintain the gut barrier [27]. Additionally, enteral EGF administration can increase expression of
the anti-apoptotic protein, Bcl-2, and decrease levels of the pro-apoptotic protein, Bax. The role of
EGF in balancing apoptosis regulators provides implications of an opportunity for future therapeutic
strategies to protect the intestinal barrier from injury in NEC [28,29].

2.6. Heparin-Binding Epidermal Growth Factor

The developing fetus and the breast fed newborn are continually exposed to Heparin-binding
epidermal growth factor (HB-EGF), which is present in both amniotic fluid and breast milk, suggesting
its possible role in gastrointestinal epithelium development both in utero and during the neonatal
period [30]. As a member of the EGF family, HB-EGF binds to the EGF receptor (EGFR) and has known
mitogenic effects. HB-EGF is expressed in response to hypoxia, tissue damage, and oxidative stress,
including in the intestine, and has a pivotal role in tissue regeneration and repair [31,32]. In seeking to
evaluate the role of exogenous HB-EGF in the context of NEC, Dvorak and colleagues demonstrated
that either the oral administration of HB-EGF or EGF significantly reduced NEC in a premature rat
model through increased production of MUC2, a secretory mucin [33]. However, the concurrent
administration of both growth factors did not confer better protection and physiologic doses of EGF
provided better protection [33]. In another study, enteral administration of HB-EGF to neonatal rat pups
decreased the incidence and severity of NEC and reduced intestinal permeability as demonstrated by a
low serum concentration of enterally-administered fluorescein isothiocyanate-dextran [32]. The results
of these studies suggest a potential role of HB-EGF in the attenuation of intestinal injury during NEC.

2.7. Transforming Growth Factor-β2

Human milk contains high concentrations of the transforming growth factor-β isoform,
transforming growth factor-β2 (TGF-β2), which has immunomodulatory effects on intestinal
maturation, immunoglobulin production, and a suppressive effect on T cells [34]. Breast milk
with higher concentrations of TGF-β2 is associated with a higher diversity of intestinal microbial
composition in the neonate, a factor that is known to lower the risk of adult immunological diseases [34].
Of note, preterm human milk has been shown to have reduced TGF-β bioactivity [35]. Maheshwari
and colleagues analyzed TGF-β2 expression in premature infant intestinal tissue samples and observed
lower TGF-β2 expression and bioactivity in patients with NEC as compared with controls [36]. In a
murine experimental model of NEC, enterally administered recombinant TGF-β2 showed protective
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effects against NEC-like mucosal injury [36]. The addition of recombinant TGF-β2 to milk has
been investigated as a preventative strategy to boost the anti-inflammatory properties of milk and
prevent the development of NEC. However, it was discovered that in human preterm milk, TGF-β2 is
sequestered by chondroitin sulfate proteoglycans, which therefore inhibits its biological activity [35].
Consequently, the digestion of human preterm milk with chondroitinase resulted in the activation
of endogenous TGF-β2 and also restored the bioactivity of recombinant TGF-β2 [35]. These findings
suggest chondroitinase digestion of preterm milk may be an option for preventing NEC by enhancing
the anti-inflammatory properties of the milk.

2.8. Prebiotics and Oligosaccharides

Human milk oligosaccharides (HMOs) are complex sugars present in high abundance in breast
milk. HMOs serve as prebiotics and metabolic substrates with targeted antimicrobial activity, allowing
beneficial bacteria to thrive while suppressing those which are potentially harmful [37,38]. In an
in vitro epithelial model of the crypt-villus axis, treatment with HMOs resulted in reduced intestinal
cell proliferation, but promoted epithelial cell differentiation, indicating a potential role in intestinal
maturation [39].

HMOs ingested from breast milk undergo only minimal degradation in the infant’s acidic stomach
and by the pancreatic and brush border enzymes in order to reach the distal small intestine and
colon [37,38]. Preclinical animal studies as well as human studies in mother–infant dyads support
the contributions of HMOs in reduction of the development of NEC. In a cohort study comprised
of 200 mother–infant dyads, the composition of HMOs in breast milk was analyzed [40]. One
specific HMO, disialyllacto-N-tetraose (DSLNT) was identified to be present in significantly lower
concentrations in those infants who developed NEC [40]. Measurement of DSLNT levels in maternal
milk may therefore provide additional insight into why some breast fed infants are still at risk of NEC.

Enteral administration with supplemental HMOs have been studied as potential therapeutics
in reducing the risk of NEC [41,42]. For example, in a neonatal rat model of NEC, animals were fed
with DSLNT-containing formula, which resulted in reduced severity of NEC based on pathology
scores and improved survival [43]. The same study showed that galacto-oligosaccharides, an infant
formula additive, similar although structurally different from HMOs, demonstrated no effect on NEC
severity or survival in neonatal rats [43]. In a preterm pig model of NEC, receiving supplemental
feeds with a mixture of HMOs have not shown a significant difference in NEC severity, gut microbial
colonization, or intestinal permeability [42]. However, in a neonatal mouse model of NEC, enteral
administration of another HMO found in breast milk, 2’fucosyllactose (HMO-2’FL), resulted in the
preservation of mesenteric perfusion and restored the expression of endothelial nitric oxide synthase
(eNOS), a vasodilatory molecule necessary for intestinal perfusion [44]. The results of these studies
suggest key roles of HMO-2’FL and DSLNT as protective components of breast milk in the prevention
of NEC development.

2.9. Glutamine

Free amino acids comprise 3–5% of the total amino acids in human milk [45]. In a longitudinal
analysis of breast milk from healthy mothers of term infants, glutamine and glutamic acid were among
the most plentiful free amino acids in the first three months of lactation [45]. Levels of glutamine
increased significantly during the first to the third month of lactation [45,46]. In addition, breast milk,
which contains higher concentrations of glutamine, amongst other free amino acids, is associated with
more rapid weight gain [46] and increased length [47] in the infant. Glutamine also holds a relevant role
in maintaining gut barrier integrity. For example, glutamine augments the effects of growth factors and
influences cell signaling pathways involved in intestinal cell proliferation and differentiation, as well
as the expression of tight junctions [48,49]. Glutamine has also exhibited anti-apoptotic properties in
intestinal cells, attributed to its role in the production of glutathione [48,49].
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Neonates deficient in circulating amino acids such as glutamine and arginine, are associated with
a higher risk of NEC development [50]. In a neonatal rat model of NEC, pups receiving exogenous
administration of glutamine had reduced pathology injury scores and reduced ileal mRNA expression
of the innate immune receptors, Toll-like receptor (TLR)-2 and TLR-4 [51]. As TLR-2 and TLR-4
have established roles in inducing synthesis of inflammatory mediators and increasing apoptosis
in NEC [52–54], their reduced expression by glutamine supplementation suggests a mechanism by
which it mediates protection. In a small study that evaluated the outcomes of arginine and glutamine
supplementation in 25 preterm neonates of less than 34 weeks’ gestation, there were no infants that
developed NEC in the glutamine group and no difference in the NEC incidence in the arginine
group [55]. However, large RCTs of infants diagnosed with severe gastrointestinal disease, including
NEC, spontaneous intestinal perforation, and intestinal structural anomalies, did not show a decreased
risk of death or severe infections while receiving enteral glutamine [56]. Additional large RCTs
evaluating glutamine supplementation in preterm infants did not show a benefit in decreasing the
risk of death, intestinal disease, or long term developmental outcomes [57]. Therefore, despite the
significant levels of glutamine in human breast milk, there is insufficient evidence for exogenous
supplementation of glutamine as a preventative strategy for NEC at this time.

3. Breast Milk and Immune Homeostasis

3.1. Cellular Mechanisms

There are two primary pathways for maternal cellular transfer to the infant—placental transmission
and oral transmission through breastfeeding [58]. Breast milk leukocytes, including macrophages
and neutrophils, survive passage through the neonatal gastrointestinal tract and translocate to blood,
lymph nodes, spleen, and liver [11,58,59]. Understanding the physiological significance of the transfer
of human milk cells to neonates can provide insight into the protective properties of breast milk on the
infant recipient.

The progression through maturational stages of lactation involves alterations in breast milk
leukocyte composition and concentration. In an analysis of CD45+ leukocytes in breast milk, colostrum
contained the highest number of leukocytes compared with transitional milk (8–12 days postpartum)
and mature milk (26–30 days postpartum) [60]. The infant’s gestational age at birth is also associated
with changing concentrations of certain types of breast milk leukocytes. Colostrum contains lower
levels of non-cytotoxic T cells and B lymphocytes with increased gestational age whereas mature milk
of preterm mothers contains lower cytotoxic T cell and natural killer (NK) cell levels when compared to
term milk [60]. In seeking to understand the impact of maternal milk leukocytes on the breastfeeding
infant, Cabinian and colleagues used a murine model to examine the transport and survival of maternal
breast milk leukocytes, primarily T cells, to the gastrointestinal Peyer’s patches of the suckling pup [61].
The observed transfer of cells to the Peyer’s patches implicates the role of breast milk leukocytes
in neonatal intestinal development and localized immunological maturation. The overall relevance
of the differences in human milk cellular content and transfer on the development of NEC requires
further study.

Additionally, maternal and infant bacterial infections influenced concentrations of breast milk
leukocytes and cytokines, notably macrophages and TNF-α levels [11,62]. Maternal infection can
induce a significant leukocyte surge that ranges from 0.7% to 93.6% of total cells in breast milk [11].
A smaller increase in breast milk leukocytes has been observed when the breastfeeding infant develops
an infection [11]. Riskin and colleagues identified that macrophages, as well as neutrophils, comprise
the majority of breast milk leukocytes in mothers with a sick infant [62]. The increase in breast milk
leukocytes in response to an inflammatory process in the mother/infant dyad suggests a dynamic
interaction between maternal and infant immune systems and further supports the benefits of
breast milk.
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3.2. Cytokines

Preterm infants, when compared with their term counterparts, exhibit immune immaturity, which
includes lower production of cytokines and other immunological proteins during challenge with an
inflammatory insult [59]. The presence of cytokines in breast milk provides passive protection and
immune modulation in the infant recipient and results in absorption into the systemic circulation.
In particular, these cytokines include IL-1, IL-2, IL-6, IL-8, IL-10, interferon (IFN)-γ, and TNF-α (Table 1).
Breast milk produced by mothers of full-term infants contains high levels of IL-2, IL-8, and IL-10,
with levels decreasing drastically by day 21 of lactation. In contrast, mothers of preterm infants
have significantly lower levels of cytokines in the colostrum when compared to mothers of full-term
infants [63].

Table 1. Cytokines present in human breast milk and physiologic relevance to the infant.

Cytokine Composition in Human Milk and Significance References

Interleukin (IL)-1
- Human milk IL-1β attenuates the activation of pro-inflammatory

IL-8 and suppresses pro-inflammatory responses of nuclear factor
kappa beta (NF-kB) signaling.

[53,64]

IL-2

- Highest in concentration in colostrum and reduced in later stages
of lactation.

- Recruits T cells to stimulate an antigen-specific immune response.
[63,65,66]

IL-6

- Detected in higher levels in term breast milk.
- Pro-inflammatory properties and is present in the acute phase

of infection.
- Colostrum may contain anti-IL-6 antibodies that cause decreased

immunoglobulin A (IgA) production by breast milk leukocytes.

[63,67,68]

IL-8

- Decreased levels of detection in later stages of lactation.
- Provides chemotactic response of neutrophils.
- Recombinant IL-8 may improve the viability of intestinal cells

when exposed to injury.

[63,69,70]

IL-10
- Maintains anti-inflammatory mechanisms involving limiting the

Th1 response, inhibiting production of inflammatory cytokines,
and promoting immunoglobulin synthesis.

[71–75]

IFN-γ

- Detected in decreasing levels with later stages of lactation.
- Increases activation of intestinal macrophages and is present in

higher concentrations in the ileum of infants with necrotizing
enterocolitis (NEC).

- Pro-inflammatory mechanism of action may provide an infant
with defense against inflammation and infection.

[76–79]

TNF-α

- Detected in decreased levels in colostrum of preterm milk.
- Present in breast milk in association with its soluble receptor,

reducing its pro-inflammatory activity.
[63,80,81]

High levels IL-1RA, an IL-1 receptor, have been detected in breast milk [64]. IL-1β is a member of
the IL-1 family and is known to induce an endogenous innate inflammatory response in enterocytes,
upregulate expression of pro-inflammatory IL-8, and stimulate the nuclear factor kappa beta (NF-kB)
pathway. However, human milk has demonstrated the ability to attenuate the IL-1β-dependent
activation of IL-8 [64]. The protective effects of breast milk on suppressing this NF-kB-mediated
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pro-inflammatory immune response has been shown in intestinal epithelial cells both in vitro and
in vivo, providing evidence of a mechanism mediating protection against NEC development [53,64].

Neonates have a known deficiency in the production of IL-2, which is a necessary cytokine in
the recruitment of T cells required to produce an antigen-specific immune response [65,66]. Human
milk, therefore, provides an ideal source of IL-2 for the newborn. Levels of aqueous IL-2 in human
milk are of highest concentration in colostrum with reduced levels in later stages of lactation [63,65].
The presence of IL-2 in breast milk, which is absorbed by the gastrointestinal tract of the infant, may
enter the systemic circulation to influence the maturing immune system.

IL-6 is a pro-inflammatory cytokine in the acute phase of the inflammatory response [59]. Multiple
studies have observed high levels of IL-6 in colostrum [63,67,68]. An early analysis of IL-6 in breast
milk showed that the presence of an anti-IL-6 antibody in colostrum caused decreased production of
IgA by mononuclear leukocytes, suggesting a relationship between IL-6 and IgA production in breast
milk [67]. Ustundag and colleagues noted higher levels of breast milk IL-6 at two weeks postpartum in
mothers of term infants when compared to milk from mothers of preterm infants [63]. The prevalence
of IL-6 in breast milk with uptake by the infant recipient may have a significant biologic role in neonatal
immune homeostasis.

IL-8 expression by macrophages, endothelial cells, and epithelial cells provides chemotactic activity
for a neutrophil-dependent response to acute inflammation, such as in sepsis and NEC. A decline
in IL-8 levels in breast milk occurs with the advancement in lactational stage [69,70]. Although one
study found no difference in breast milk IL-8 expression in mothers of infants of different gestational
ages [63], others have identified higher IL-8 levels in the breast milk of mothers of preterm infants [69].
Maheshwari and colleagues showed that fetal and adult human intestinal cells treated with recombinant
IL-8 in vitro had increased cell proliferation and differentiation [69]. Additionally, intestinal cells
exposed to injury in vitro demonstrated increased viability when treated with recombinant IL-8 [69].
Thus, the dynamic effects of IL-8 on the developing intestine suggests its physiologic role in intestinal
development as a component of human breast milk.

The anti-inflammatory properties of IL-10 attenuate the immune response to an infection
and maintain tissue homeostasis by inhibition of the activity of Th1 effector cells, NK cells, and
macrophages [71,72]. IL-10 can inhibit the production of inflammatory IL-1, IL-6, IL-8, and TNF-α [72,73].
One study found IL-10 in the aqueous and non-aqueous phases of human milk, with concentrations
found to be highest within the first 24 hours of lactation [72]. IL-10 in breast milk affects the infant by
attracting CD8+ T lymphocytes [72,74] and promoting immunoglobulin synthesis by B cells [72,75].

IFN-γ is a pro-inflammatory cytokine found in human milk in low concentrations with decreasing
levels in the months following birth [76]. IFN-γ is secreted by activated T cells and NK cells and
enhances intestinal macrophage activation [76]. IFN-γ is involved in the signaling pathways that
increase intestinal epithelial barrier permeability [77] and is also detected in higher concentrations in the
ileum of patients with NEC [78]. As infants have a reduced ability to produce IFN-γ due to an immature
immune system [79], breast milk may provide the infant with IFN-γ and other pro-inflammatory
cytokines needed to produce a host defense response against inflammation or infection.

Neonates are deficient in the production of the pro-inflammatory cytokine TNF-α and its receptors,
TNF-α receptor I and II, increasing susceptibility to infection due to immune cell dysregulation.
TNF-α is produced by a variety of immune cell types, including granulocytes and CD4+ lymphocytes.
TNF-α, as an endogenous pyrogen, contributes to systemic inflammation and immune cell regulation.
One study quantified the amount of detectable TNF-α in breast milk and colostrum and identified the
majority of TNF-α to be in association with its soluble receptor [80]. The low amount of unbound TNF-α
in breast milk was theorized to decrease TNF-α pro-inflammatory bioactivity [80]. Two additional
studies have identified a significantly decreased amount of TNF-α in colostrum of mothers who
delivered very preterm (less than 30 weeks’ gestation) when compared to term and preterm groups,
suggesting one reason why preterm infants have increased susceptibility to infection and impaired
immunity [63,81].
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Overall, the evidence suggests that infants, particularly those born preterm, have insufficient
ability to mount an adequate immunological defense due to reduced production of a variety of
cytokines. Breast milk can therefore supplement infants with maternal cytokines that may provide
immune benefits in the protection against neonatal inflammatory diseases such as NEC.

3.3. Nitric Oxide

Nitric oxide (NO) is a soluble molecule produced by isoforms of NO synthase (NOS) and serves
as a potent vasodilator and neurotransmitter at low, physiologic levels [82,83]. Infants derive NO from
dietary sodium nitrite, which is then converted to NO within the gastrointestinal tract by commensal
microbes [82,83]. NO is present in breast milk, as shown in an analysis of healthy lactating mothers
evaluating the concentration of breast milk nitric oxide concentration on postpartum days one through
five [84]. Exclusively breastfeeding mothers had significantly higher nitric oxide concentrations in
their milk, compared with milk expressed from mothers who decided to exclusively formula-feed
their infant [84]. It was theorized that infant suckling activates NOS within the mammary gland with
subsequent secretion of NO into breast milk, which then confers protection to the intestine of the infant
through regulation of intestinal blood flow and maintenance of vascular tone [84].

The upregulation of inducible NOS (iNOS) in response to the release of cytokines and growth
factors has been implicated in NEC pathogenesis [82,85]. During inflammation, high levels of NO, and
its derivative peroxynitrite, contribute to epithelial damage and the disruption of the integrity of the
intestinal barrier [82]. To study abnormal NOS signaling in NEC, Yazji and colleagues used a murine
model of NEC and selectively deleted endothelial TLR-4 expression, which subsequently resulted
in impaired microvascular intestinal perfusion, increased severity of NEC, and reduced endothelial
NOS (eNOS) expression [86]. Additionally, as compared with commercial formula, breast milk was
identified to have higher levels of sodium nitrate, which serves as a precursor for nitrite and nitric
oxide. Enteral administration of exogenous sodium nitrate was associated with decreased severity of
NEC and improved intestinal perfusion [86]. Overall, these results suggest the protective role of breast
milk in augmenting physiologic nitrate-nitrite-NO signaling to improve intestinal vascular perfusion
and protect against intestinal barrier disruption in NEC.

4. Summary

Human breast milk contains a dynamic diversity of bioactive components needed for infant
growth, immune homeostasis, and intestinal maturation. The composition of human milk varies
with the stage of lactation, gestational age of the infant, the health of the mother/infant dyad, and
the nutritional status of the mother. The dietary intake of the breastfeeding mother has been shown
to influence the variability of human milk concentrations of fat-soluble and water-soluble vitamins
and other nutrients. These nutrients, including immunoglobulins, growth factors, cytokines, and
immune cells, have been demonstrated to transfer from the mother to the neonate through breast
milk [87,88]. The ability of these components to regulate intestinal cell proliferation and differentiation
as well as influence gut microbial colonization emphasizes the protective role of breast milk in
infant metabolism and neurodevelopment, intestinal microbial homeostasis, and protection against
NEC [87,88]. The growing field of research studying the outcomes related to breastfeeding reinforces
the immunological value of breast milk on infant nutrition and protection from inflammatory disorders
such as NEC.
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Abstract: Human breast milk is well known as the ideal source of nutrition during early life, ensuring
optimal growth during infancy and early childhood. Breast milk is also the source of many unique
and dynamic bioactive components that play a key role in the development of the immune system.
These bioactive components include essential microbes, human milk oligosaccharides (HMOs),
immunoglobulins, lactoferrin and dietary polyunsaturated fatty acids. These factors all interact
with intestinal commensal bacteria and/or immune cells, playing a critical role in establishment of
the intestinal microbiome and ultimately influencing intestinal inflammation and gut health during
early life. Exposure to breast milk has been associated with a decreased incidence and severity
of necrotizing enterocolitis (NEC), a devastating disease characterized by overwhelming intestinal
inflammation and high morbidity among preterm infants. For this reason, breast milk is considered
a protective factor against NEC and aberrant intestinal inflammation common in preterm infants.
In this review, we will describe the key microbial, immunological, and metabolic components of
breast milk that have been shown to play a role in the mechanisms of intestinal inflammation and/or
NEC prevention.

Keywords: human milk; breast milk; intestinal inflammation; bioactive; necrotizing enterocolitis

1. Introduction

Human breast milk is well known as the optimal source of nutrition during early life, as a result
of a nutritional content that evolves with the needs of the growing infant [1,2]. Equally important to
its nutritional attributes, human breast milk contains several bioactive factors that promote immune
health, protecting against infectious and inflammatory disease processes throughout childhood [2–11].
In this review, we will focus on specific microbial, immunological and metabolic factors and the role
they play in attenuating inflammation during early life.

Inflammation is the result of a complex cascade of chemical signals released by immune cells. [12]
It is a necessary and protective process of the innate immune system, required for physiological
responses, such as initiating tissue repair and eliminating pathogenic insults [13]. However, evidence
suggests that uncontrolled inflammation plays a prominent role in many common and chronic diseases,
such as arthritis, inflammatory bowel disease, cardiovascular disease, Alzheimer’s, Parkinson’s disease,
cancer, and metabolic syndrome [14]. Furthermore, inflammation early in life may lead to adverse
neurodevelopmental outcomes, underscoring the importance of mitigating inflammation during the
newborn period [15].

The intestine, which plays a critical role in the overall inflammatory response, is the largest
immune organ in the body and, due to its large surface area, has the greatest exposure to the outside
environment [16]. The newborn intestine is equipped with all the basic functional structures, but in
order to fully mature, it undergoes rapid mucosal differentiation and development with exposure to
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enteral nutrition, namely human breast milk [16,17]. The newborn intestinal immune system is also
notably immature, relying on maternal passive antibodies, particularly secretory immunoglobulin A
(sIgA), for protection in the first weeks of life. In the first months of infancy, the intestinal immune
system develops the ability to distinguish between foreign pathogens and safe nutrient proteins or
commensal organisms [16–18].

The preterm infant’s intestine is more immature in structure and immune function when compared
to full-term born infants, and is characterized by the elicitation of an exaggerated inflammatory response
towards potential insults [19]. For example, the preterm intestine exhibits high expression of Toll-like
receptor 4 (TLR4), an immune receptor expressed on leukocyte membranes that recognize molecular
patterns in potential pathogens and, in turn, upregulate and suppress genes that orchestrate an
inflammatory response [20,21]. This exaggerated inflammatory response has been implicated in the
pathogenesis of necrotizing enterocolitis (NEC), a disease characterized by overwhelming intestinal
inflammation and a major contributor to neonatal morbidity and mortality [19,22]. Breast milk has
been shown to be protective against NEC in a dose-dependent manner, though the mechanism
is unclear [4,23,24]. This protection is likely a result of the many bioactive components found in
human breast milk that have been shown to regulate the immune system and attenuate inflammation,
specifically within preterm infant intestinal biology [25–29] (Table 1). NEC is an extreme example of
intestinal inflammation, underpinning the importance of bioactive factors in human milk.

2. Methods

Literature Search

The literature review was conducted using the PubMed and Google Scholar databases, as
well as hand searches for primary studies investigating bioactive factors in human milk and their
effects on intestinal inflammation. The literature search was conducted using key words, including
combinations of human milk, intestinal inflammation, microbiome, Bifdobacteria, Lactobacillus, human
milk oligosaccharides, immunoglobulins, secretory IgA, IgG, cytokines, growth factors, epidermal
growth factor, heparin binding growth factor, vascular endothelial growth factor, lactoferrin, lactadherin,
lysozyme, metabolic factors, fatty acids, antioxidants, and anti-proteases.

3. Microbiome and Microbial Factors

3.1. Microbiome and Probiotics

Humans have evolved to develop a symbiotic relationship with the commensal bacteria comprising
the intestinal microbiome. Despite the close and potentially health-compromising proximity between
the many bacterial communities and the host’s intestinal surface, the host’s intestinal immune system
has developed to contain and work together with the intestinal microbiota in order to maintain
intestinal health homeostasis [30]. Mounting evidence suggests that exposure to commensal bacteria in
early life is crucial to appropriate development of the immune system [13]. Disruption of this symbiotic
relationship has been shown to lead to intestinal inflammation and disease [30].

The main functions of gut microbiota include facilitating the breakdown of food substances
to liberate nutrients for the host to absorb, promoting host cell differentiation, protecting the host
from pathogenic colonization and modulating the immune system [31]. Disruption of gut microbiota
homeostasis causes shifts in microbiota balance or dysbiosis. Intestinal dysbiosis has been shown to be
associated with long-term health consequences, such as obesity, diabetes and inflammatory bowel
disease, as well as NEC in preterm infants [19,31]. Furthermore, germ free animals are unable to
exhibit clinical signs of NEC as animals with conventional gut microbial colonization do, indicating
the importance of microbial composition in the development of NEC [32]. The intestinal microbial
composition of infants who develop NEC consists of unusual intestinal microbial species and overall
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decreased diversity of microbiota [19,33]. Therefore, the acquisition of appropriate intestinal microbiota
is essential to intestinal health and prevention from inflammation and disease.

Human breast milk has been shown to have its own unique microbiome and contains one
of the main sources of bacteria to the intestine of a primarily breastfed infant [34]. Breast milk is
estimated to provide 25% of a breastfed infant’s intestinal microbiota by 1 month of age as a result
of exposing the infant to approximately 1 × 105 to 1 × 107 bacteria and over 700 species of bacteria
daily [8,32,35]. Thus, the human milk microbiota influences the acquisition and establishment of the
intestinal microbiome during infancy and is thought to be a major factor involved in innate immunity
during early life [36].

The most commonly reported genera in human milk include Staphylococcus, Streptococcus,
Lactobacillus, Enterococcus, Bifidobacterium, Propionibacterium, as well as the family
Enterobacteriaceae [36–38]. However, the types and amounts of bacteria in human milk are
likely impacted by many factors including genetics, maternal health and diet, stage of lactation and
geographic location [39]. In a study performed by Cabrera-Rubio et al., mothers with higher body mass
indexes (BMI) had higher levels of Lactobacillus in colostrum and lower numbers of Bifidobacterium in
their breast milk at 6 months postpartum. Moreover, mothers who delivered via cesarean section had
decreased amounts of Leuconostocaceae, a family of bacteria within the order of Lactobacillus, in their
breast milk, compared to mothers who delivered vaginally [40].

Bifidobacteria have been shown to modulate inflammation and increase colonic luminal short chain
fatty acid production (SCFA) in both mice and humans [41,42]. Interestingly, a lack of Bifidobacterium
has been shown to be associated with NEC [43]. The role of Bifidobacterium in attenuating intestinal
inflammation has been highlighted in multiple probiotic studies. In a study done by Underwood et al.
in 2014, mice fed with formula and Bifidobacterium longum subspecies Infantis had decreased incidence
of NEC, as well as decreased expression of pro-inflammatory mediators, interleukin (IL)-6, chemokine-1
(CXCL-1), tumor necrosis factor alpha (TNF-α), and IL-23, as well as inducible nitric oxide synthase,
an important microbial pattern sensor that triggers an inflammatory response [44].

Lactobacillus rhamnosus SHA113, isolated from breast milk, was shown to inhibit multidrug
resistant Escherichia coli (multi-drug resistant (MDR) E. coli) intestinal infection in vitro and in vivo,
through blocking pro-inflammatory pathways and restoring homeostasis in the intestinal microbiota.
Specifically, serum pro-inflammatory cytokines, TNF-α and IL-6, were reduced and anti-inflammatory
cytokine IL-10 was increased in mice receiving Lactobacillus rhamnosus SHA113 following MDR E. coli
infection when compared to those who received no treatment. Furthermore, Lactobacillus rhamnosus
reversed the increased abundance of Proteobacteria observed in the MDR E. coli infected mice [45].

A study by Guo et al. showed that a combination of Lactobacillus acidophilus and
Bifidobacterium longum species exposed to immature human enterocytes and immature human intestinal
xenografts showed a decrease in pro-inflammatory mediators IL-8 and IL-6, as well as alteration of
genes in the nuclear factor kappa beta (NF-κB) signaling pathway, a critical pathway in the maintenance
of immune homeostasis and a strong pro-inflammatory signaling cascade [46,47]. Specifically, there
was a decrease in positive inductors of the pathway, including Toll-like receptor 2 (TLR2) and TLR4
mRNA, and an increase in negative regulators—single immunoglobulin IL-1 related receptor (SIGIRR)
and Toll-interacting protein (TOLLIP)—characteristic of a matured innate immune response [48].
Bacteria within breast milk can influence the intestinal microbiome, which has important roles in
regulating inflammation.
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Table 1. Bioactive Components in Breast Milk and Roles in Attenuating Intestinal Inflammation.

Bioactive Components
in Breast Milk

Role in Intestinal Inflammation
Regulation or Prevention

Effect References

Microbial or microbial modulating factors

Lactobacillus spp,

-Inhibit NF-κB pathway
-decrease pro-inflammatory cytokines,
TNF-α, IL-6
-reverse intestinal dysbiosis in
bacterial intestinal infection

-decrease inflammatory response
-Restore intestinal
microbiome homeostasis

[41–44]

Bifidobacterium spp

-increase SCFA production
-Decrease pro-inflammatory CK
release (IL-6, CXCL-1, TNF-α, IL-23)
and iNOS

-promote anti-inflammatory
commensal bacteria proliferation
-decrease inflammatory response

[45–48]

Human Milk
Oligosaccharides

-regulate commensal bacteria
-act as decoy receptors for pathogens
-modulate immune signaling
pathways, TLR3, TLR5, PAMP

-promote healthy intestinal microbiota
with anti-inflammatory properties
-prevent and decrease
inflammatory response

[32,49–53]

Immunological factors

Secretory IgA -bind to pathogens and
commensal bacteria

-prevention of typical inflammatory
response, or immune exclusion
-influence intestinal microbiome

[29,54]

IgG -opsonization, agglutination
of bacteria

-prevention of typical acute
inflammatory response [52,55–57]

IL-10 -inhibit Th1, NK cell, macrophages -provide immunoregulation and
prevent inflammation [18,58–61]

TGF- β
-inhibit differentiation of naïve T cells
into Th1, Th2 cells
-Stabilize FOXP3 expression

-decrease pro-inflammatory cytokine
expression and inflammation
-inhibit immune response and
decrease inflammation

[18,60,62–64]

ILRA-1
TNFR I and II
soluble TLR2

-compete with IL-1 receptor for IL-1
-directly bind, inhibit TNF- α
-decoy receptor to inhibit IL-8, TNF

-prevent pro-inflammatory cytokine
expression and inflammation [52,60,65–67]

EGF
HB-EGF
VEGF

-upregulate IL-10 expression
-bind to bacteria
-stimulate angiogenesis-

-decrease pro-inflammatory
cytokine expression
-prevent intestinal edema

[68–74]

Lactoferrin

-direct cytotoxicity on pathogens by
forming lactoferricin
-inhibit IL-1, IL-6, TNF-α, IL-8
-promote growth of probiotics

-eliminate trigger for acute
inflammatory response
-decrease pro-inflammatory cytokine
expression and inflammation
-regulate intestinal microbiome

[18,75–77]

Lactadherin

-enhance phagocytosis of
apoptotic cells
-blocks NF-κB pathway via TLR4
inhibition
-promote healing during
intestinal inflammation

-eliminate trigger for acute
inflammatory response
-prevent pro-inflammatory signaling
and decreasing
inflammatory response
-limit degree of
intestinal inflammation

[78,79]

Lysozyme -degrades GP bacteria outer wall
-kill GN bacteria with lactoferrin

-eliminate trigger for acute
inflammatory response [18,80]

Metabolic factors

Adiponectin -suppress mature
macrophage function -decrease inflammatory response [52,81]

Leptin

-stimulates T cells
-influence polarization of
macrophages to
anti-inflammatory phenotype

-regulate immune response and
prevent inflammation [81–84]

Omega 3 PUFA

-decrease NF- κB, bind to PPAR-γ
-increase proliferation of Lactobacillus
and Bifidobacterium
-change membrane PL concentration
-inhibit leukocyte migration

-downregulate pro-inflammatory
genes
–promote anti-inflammatory
commensal bacteria proliferation
-decrease degree of
inflammatory response

[13,85–90]

Antioxidants -scavenge free radicals -prevent injury and inflammation [60]

Anti-proteases -metabolize proteases produced by
inflammatory cells

-prevent excessive
inflammatory response [60]

Abbreviations: Nuclear factor kappa B (NF-κB); tumor necrosis factor alpha (TNF-α); interleukin (IL); short chain fatty
acid (SCFA); cytokine (CK); chemokine-1 (CXCL-1); inducible nitric oxide synthase (iNOS); Toll-like receptor (TLR);
pathogen-associated molecular pattern (PAMP); Immunoglobulin (Ig); T-helper (Th) cell; natural killer cell (NK);
transformation growth factor beta (TGF-β); forkhead box P3 (FOXP3); interleukin receptor antagonist 1 (ILRA-1);
tumor necrosis factor receptor (TNFR); epidermal growth factor (EGF); heparin-binding epidermal growth factor
(HB-EGF)-like growth factor; vascular endothelial growth factor (VEGF); gram positive (GP); gram negative (GN);
polyunsaturated fatty acid (PUFA); peroxisome proliferator-activated receptor gamma (PPAR-γ); phospholipid (PL).
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3.2. Human Milk Oligosaccharides and Glycans

Human milk oligosaccharides (HMOs) are within the group of glycans, which are potent
antimicrobial factors in human milk. HMOs comprise an abundant and diverse component of breast
milk, being not only the third largest solid component of milk, but also constituting more than
200 different structural types. Each HMO is also structurally distinct, consisting of a mixture of
glucose, galactose, N-acetylglucosamine, fucose and/or sialic acid [49]. They range from three to 32
monosaccharides in size and are undigestible by the host [50–52]. HMOs and glycans vary by maternal
genotype and change over the course of lactation [32]. Interestingly, the maternal milk of preterm
infants has higher HMO concentrations than term milk [49].

HMOs have a prebiotic role, arriving to the distal intestine undigested and able to support the
growth of mutualistic bacteria, specifically certain Bifidobacteria taxa and Bacteroides species. HMOs are
the sole carbon source of these certain Bifidobacterial taxa. These microbes ferment the prebiotic glycan
into small organic acids for sustenance [32]. Given the long and diverse structure of HMOs, microbial
communities can act in concordance to metabolize HMOs. [31]. HMOs and glycans also act to inhibit
infection by acidifying the gut lumen [32]. HMOs produce bacteriocins and organic acids which have
been proved useful for preventing the growth of pathogens [49]. They also supply fucose and sialic
acid [91]. HMOs and glucosaminoglycans function as pathogen-binding inhibitors that function as
“decoy” receptors for pathogens that have an affinity for binding oligosaccharide receptors expressed
on the infant’s intestinal surface [2,50–53]. This mechanism modulates expression of immune signaling
genes, which have been shown to repress inflammation at the mucosal surface [75]. The antiadhesive
activity and prebiotic activity secondarily reduce inflammation within the intestine [32].

Colostrum HMOs have been shown to modulate immune signaling pathways, including TLR3,
TLR5, and IL-1β-dependent pathogen-associated molecular pathways (PAMP), and subsequently
decrease acute phase inflammatory cytokine secretion. For example, 3’-galactosyllactose, directly
inhibits polyinosine–polycytidylic acid, which, in turn, decreases levels of the potent proinflammatory
cytokine, IL-8. Another glycan, diasialyllacto-N-tetraose (DSLNT) has been shown to suppress
NEC-like inflammation in neonatal rats [32]. Supplementation with HMOs has also been shown to
attenuate intestinal inflammation. In a study on preterm pigs, a formula diet consisting of HMOs
was shown to decrease lipopolysaccharide-induced cytokine secretion relative to controls. Pigs who
received HMO also showed higher levels of anti-inflammatory cytokines (IL-10, IL-12, TGF-β). Whether
it is in promoting anti-inflammatory bacteria or directly preventing a pathogen-induced immune
response, HMOs play a significant role in attenuating inflammation within the gut.

4. Immunological Factors: Immunoglobulins and Immunological Proteins

4.1. Immunoglobulins

Human milk provides the only source of sIgA for the first 4 weeks of life due to the lack of
functioning plasma cells in the infant. sIgA is formed by cleavage of IgA in the mammary gland,
allowing its release into breast milk and subsequent consumption by the infant [92]. sIgA comprises
up to 80%–90% of the immunoglobulins present in breast milk and is at its highest concentrations
in colostrum and in the breast milk of mothers who deliver early [65,93,94]. In contrast, other major
immunoglobulin isotypes (IgM), whose roles include promoting inflammation, are present in modest
or very low concentrations. Immunoglobulin E, IgE, is absent in human milk [95].

sIgA comprises the first line of antigen-specific immune defense and its actions are fundamentally
local. They bind to commensal or pathogenic microorganisms, toxins, viruses and other antigenic
materials, like lipopolysaccharide (LPS), preventing adherence and penetration into epithelium without
triggering inflammatory reactions that could be harmful during early life. This phenomenon is known
as immune exclusion. Because sIgA coinhabit the outer intestinal mucosal layer with commensal
bacteria, its ability to effectively recognize and eliminate pathogens while, at the same time, maintaining
a mutually beneficial relationship with commensal bacteria, is crucial. Interestingly, 74% of bacteria
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in the gut lumen are coated with sIgA [54]. Given this role, it is not surprising that sIgA influences
the composition of the intestinal microbiome and, furthermore, promotes intestinal homeostasis by
preventing inappropriate inflammatory responses to pathogenic microbes and nutritional antigens.

In a recent study by Gopalakrishna et al., maternal milk-fed infants had higher percentages of IgA
that were bound to bacteria compared to formula-fed infants. In addition, higher percentages of IgA
bound to bacteria in the intestine of preterm infants was associated with lower rates of NEC. Furthermore,
it was observed that lower levels of IgA-bound bacteria were inversely associated with abundance
of enterobacteria among infants who developed NEC. Thus, IgA binding to bacteria presumably
plays a protective role against NEC, likely by limiting inflammation induced by Enterobacteriaceae.
Mice who were fed maternal milk that lacked IgA were indistinguishable from formula-fed controls,
implying that maternal milk is only protective against NEC when containing IgA. While the protective
mechanism by which IgA binds bacteria is unknown, it is hypothesized that IgA may limit the ability of
the bacteria to gain access to the intestinal epithelium. IgA also has a role in modifying the expression
of bacterial surface proteins and motility of bacteria [29].

Though comprising a small proportion of immunoglobulins in breastmilk, immunoglobulin G (IgG)
plays an anti-inflammatory role by direct binding, opsonization and agglutination of pathogens [52,55].
IgG is mainly transferred via the placenta from mother to fetus, but IgG is also produced in the mammary
gland and detected in a majority of colostrum samples of mothers, adding to the much-needed
immunological protection to the vulnerable infant [56,57].

4.2. Cytokines and Growth Factors

Many cytokines, including transformation growth factor beta (TGF-β), interleukin 1B (IL-1B),
IL-6, I-10, IL-12, TNF-α, interferon gamma (IFN-γ), and granulocyte-macrophage colony-stimulating
factor (GM-CSF) are present in human milk [18,96]. These cytokines are small proteins or peptides
that act as intercellular messengers and elicit a particular response after binding to a receptor on a
target cell. Responses include mediation and regulation of immunity, hematopoiesis and inflammation.
IL-10, TGF-β, IL-1 receptor antagonist (IL-1RA), Tumor necrosis factor receptor I and II (TNFR I and II)
all have been shown to have anti-inflammatory roles [18].

IL-10 is an important anti-inflammatory and immunoregulatory cytokine present in high
concentrations in both the aqueous phase and in the lipid layer of human milk [18]. It specifically
inhibits T-helper 1 (Th1) effector cell activity, natural killer cells and macrophages, resulting in
immune homeostasis [58]. In a study of mice who were genetically unable to produce IL-10,
an unexpected immune response was mounted to a normal intestinal microbiota in the gut. These
mice ultimately developed an enterocolitis that was similar to ulcerative colitis and celiac disease in
humans, emphasizing IL-10’s importance in suppressing inflammation [59,60]. Similar results were
observed in IL-10-deficient mice who underwent a NEC-inducing regimen of formula feeding, hypoxia
and hypothermia [61].

The TGF-β family comprise the most abundant cytokines of human milk. The highest levels are
present in colostrum and decline substantially by 4-6 weeks of life [97]. They include 3 isoforms, with
TGF-β2 being the most predominant. TGF-β has many immunomodulatory properties, including
stimulating intestinal maturation and defense by switching immunoglobulin classes from IgM to IgA
in B lymphocytes, immunoglobulin production in the mammary gland and gastrointestinal tract of the
newborn, assistance with intestinal mucosal repair, and induction of oral tolerance [18]. It is known to
regulate inflammation by decreasing pro-inflammatory cytokine expression. In a study of pediatric
patients with Crohn’s disease, a feeding trial consisting of supplemental TGF-β resulted in decreased
mucosal IL-1 mRNA and clinical remission in 79% of patients [60,62]. TGF-β inhibits naïve T cells
from differentiation into Th1 and Th2 subtypes, which promote cell mediated immune responses
by secreting pro-inflammatory cytokines and promote IgE and eosinophilic responses, respectively.
TGF-β also helps stabilize forkhead box P3 (FOXP3) expression and maintains the differentiation of
T-regulatory cells which inhibit immune responses and temper inflammation [63]. In preterm infants,
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lower TGF-β levels preceded NEC development, underlining the significance of TGF-β in immune
and inflammation regulation [64]. In addition to essential immunoregulatory roles in the newborn,
studies have suggested the association between human milk TGF-β and allergic diseases in infancy and
childhood, including asthma, eczema, food allergy, and allergic rhinitis. However, a recent systemic
review by Khaleva suggested that studies were too heterogenous to deduce a clear association and that
larger prospective studies are needed [97].

Other cytokines serve as direct antagonists to pro-inflammatory signaling. IL-1 receptor antagonist
(IL-1RA) is also present in human milk and limits inflammation by competing with the pro-inflammatory
cytokine, IL-1, for receptor binding. In a study of rats with colitis, those fed human milk instead
of formula had similar inflammatory responses compared to those who were fed formula [60].
TNFRI and II, though present in small quantities in human milk, directly bind and inhibit TNF-α,
a proinflammatory cytokine produced by a wide range of immune cells [52,65]. Soluble TLR2 is present
at high concentrations in breast milk and acts as a negative regulatory mechanism for cytokines and
chemokines. By acting as a decoy receptor, sTLR2 has been shown to inhibit IL-8 and TNF production
by monocytes stimulated with bacterial lipopeptide, which is an agonist of TLR2 [66,67].

Epidermal growth factor (EGF) is a peptide that is abundant in breast milk and is important for
preserving intestinal barrier function, improving nutrient transport and increasing intestinal enzyme
activity [68]. Studies have shown that rats with experimental NEC who were treated with EGF had
decreased intestinal inflammation and particularly decreased levels of proinflammatory cytokine,
IL-18, at the site of intestinal injury, as well as IL-18 mRNA levels. IL-18 dysregulation has been
associated with inflammatory diseases of the small intestine. EGF has also been shown to have
indirect anti-inflammatory effects by upregulation of IL-10 [68,69]. Heparin-binding epidermal growth
factor-like growth factor (HB-EGF), a member of the EGF family of growth factors, also protects against
intestinal injury in the developing intestine by binding to pathogenic bacteria [70,71]. In rats who
underwent ischemic/reperfusion injury had less pro-inflammatory cytokine expression, particularly
TNF- α and IL-6, in vivo [71,72].

Similarly, vascular endothelial growth factor is a glycoprotein present in breast milk, at higher
levels in the colostrum and breast milk of mothers with preterm infants than those with term infants [73].
Its primary role is mediating formation of new blood vessels, a process called angiogenesis, but it
has been suggested that VEGF may also have anti-inflammatory effects. In a study performed by
Karatepe et al., rats induced with NEC and given subcutaneous VEGF had less villous atrophy and
less intestinal edema, as well as lower TNF- α and IL-6 levels when compared to NEC-induced rats
who were not treated with VEGF [74].

Pro-inflammatory cytokines, including TNF-α, IL-6, IL-8 and IFN-γ a, are also present in mother’s
milk, but at lower levels than the immunoregulatory cytokines mentioned. These pro-inflammatory
cytokines also decrease overtime. Certain pro-inflammatory cytokines, IL-1B, IL-6, TNF-α, are
decreased in the breastmilk of preterm infants when compared to that of breastmilk of term infants [98].
This suggests that human milk cytokine composition helps regulate intestinal inflammation in newborns
and may be tailored to the particular immune system needs in the infant.

4.3. Lactoferrin, Lactadherin, and Lysozyme

Lactoferrin is a single-chain metal binding glycoprotein that is abundant in breast milk with
highest concentrations in colostrum that decline throughout lactation [76]. It is partially degraded in the
intestine and has bacteriostatic function in the intestinal mucosa of the newborn. It specifically binds
to iron, preventing growth of various pathogens who are reliant on iron for further proliferation [75].
Lactoferrin has also been shown to inhibit microbial adhesion to host cells and has direct cytotoxic
effects against bacteria, viruses and fungi, specifically by forming lactoferricin, a potent cationic peptide
with bactericidal activity formed during digestion of lactoferrin [77]. In regard to inflammation,
lactoferrin helps limit excessive immune responses by blocking many pro-inflammatory cytokines,
including IL-1β, IL-6, TNF-α and IL-8, as well as suppressing free-radical activity [18,77].
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Furthermore, lactoferrin has been shown to promote the growth of probiotic bacteria, regulating
intestinal homeostasis. Lactoferrin supplementation in newborns has been promising, with multiple
studies showing decreased NEC and late onset sepsis rates in newborns [99]. However, in a recent
large randomized control trial of 2203 infants, lactoferrin supplementation did not decrease NEC or
infection rates [77]. This suggests that the etiology of NEC is multifactorial and that human milk
components in their collective teamwork, rather than the individual roles, protect against NEC.

Lactadherin, also known as milk fat globule-epidermal growth factor 8, is a glycoprotein found in
human milk that prevents inflammation by enhancing phagocytosis of apoptotic cells. It specifically
stimulates a signaling cascade that blocks NF-κB via the TLR4 blockade, resulting in decreased
inflammation [78,79]. It is also noted to promote healing during intestinal inflammation. It was shown
that lactadherin administration restored enterocyte migration in septic mice, suggesting the potential
benefit of lactadherin in the treatment of intestinal injuries [78].

Lysozyme is an enzyme that has primarily antibacterial effects. It degrades the outer wall
of gram-positive bacteria by hydrolyzing beta 1,4 bonds from the residues of N-aceteylmuramic
acid and N-acetylglucosamine. It also has been reported to have some antiviral activity [80].
In conjunction with lactoferrin, lysozyme can also kill gram negative bacteria in vitro. Lactoferrin
binds to lipopolysaccharide in the outer bacterial membrane, removing it and allowing lysozyme to
access and degrade the internal proteoglycan matrix of the membrane [18]. These proteins, through
their direct effects on pathogens, help to prevent excessive inflammation at the intestinal surface.

5. Metabolic Factors

5.1. Adipokines

Adipokines are a group of mediators primarily released by adipocytes that regulate metabolic
functions within adipose tissue, liver, brain and muscle, but are also present in breast milk. Furthermore,
adipokines have been recently shown to attenuate intestinal inflammation by immunoregulatory
mechanisms. For example, adiponectin is an adipokine available in large quantities in human milk
and crosses the intestinal barrier. It has been shown to actively regulate insulin sensitivity, as well
as suppressing mature macrophage function, thereby decreasing the inflammatory response. It is
available in large quantities in human milk and crosses the intestinal barrier [52,81]. Interestingly,
adiponectin-deficient mice exhibited more severe colitis, decreased intestinal epithelial proliferation,
increased apoptosis and cellular stress when induced with dextran sulfate sodium (DSS). This colitis
was reversed in vitro when adiponectin was present [100]. However, in vivo models have suggested
conflicting results and require further study.

Leptin, another adipokine, is also present in breast milk and has been implicated in infant
metabolism and weight regulation. It also has immunoregulatory functions, including T cell
stimulation. Interestingly, leptin is upregulated in the mesenteric fat of Crohn’s disease patients and
influences the polarization of tissue macrophages towards an anti-inflammatory phenotype [81–83].
Leptin-deficient mice were also protected from DSS-induced colitis and leptin administration reversed
disease susceptibility [84]. In addition to metabolic functions, adipokines have an immunomodulatory
role that protects against intestinal inflammation.

5.2. Antioxidants and Anti-Proteases

Antioxidants scavenge free radicals, or reactive oxygen species, that are produced during the
normal metabolic activity of cells. Free radicals damage cells by lipid peroxidation and alteration
of protein or nucleic acid structures. Antioxidants in breast milk include α-tocepherol, β-carotene,
cysteine, ascorbic acid, catalase and glutathione peroxidase [60].

Inflammatory cells produce proteases, which allow them to enter the injured tissue area. Human milk
contains anti-proteases, including alpha-1-antitrypsin, alpha-1-antichymotrypsin, and elastase inhibitor,
which limit the ability for pathogens to enter the body, thereby limiting inflammation locally [60].
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5.3. Dietary Fatty Acids

Fatty acid concentrations in breast milk vary considerably over the course of lactation and are
likely affected by maternal diet intake. Certain structures of fatty acids have been known to alter the
host inflammatory response, particularly those following infection [13]. There are three main types of
fatty acids: saturated, monounsaturated and polyunsaturated, which differ according to the number of
double bonds in the acyl chain structure. Omega-6 and omega-3 polyunsaturated fatty acids (PUFAs)
are the two essential fatty acids in animal cells and comprise 12% to 26% and 0.8% to 3.6% of fatty acids
in mature human milk, respectively [85]. Breast milk contains a high proportion of omega-3 PUFAs,
which have been shown to decrease production of inflammatory cytokines. Specifically, omega-3 PUFAs
decrease the activity of NF-κB, a transcription factor that induces a range of pro-inflammatory genes,
including COX-2, intercellular adhesion molecule-1, vascular cell adhesion molecule-1, E-selectin,
TNF-α, IL-1B, inducible nitric oxide synthase, and acute phase protein. Omega-3 PUFA binding to the
nuclear receptor, peroxisome proliferator-activated receptor, PPAR-γ, has been shown to be involved
in regulating immune and inflammatory responses by inhibiting the induction of inflammatory genes
by LPS, IL-1B and IFN-γ [86,87]. Omega-3 PUFAs increase anti-inflammatory microbes, such as
Lactobacillus and Bifidobacterium species [13,88]. They change membrane phospholipid composition by
increasing arachidonic acid, an omega-6 PUFA, subsequently decreasing the systemic inflammatory
response syndrome. Omega-3 PUFAS also inhibit migration of leukocytes to site of infection by
lowering expression of intracellular adhesion molecule 1 on monocytes and decreasing chemotaxis
in neutrophils and monocytes [13,89,90]. In addition, specialized pro-resolving mediators (SPMs),
derived from omega-3 PUFAs, specifically resolve inflammation by stopping polymorphonuclear cell
migration and protect against chronic inflammatory conditions, including colitis, neuroinflammation
and arthritis [101].

Diets rich in omega-6 PUFAS have been shown to be associated with Enterobacteriaceae blooms,
which have in turn been associated with intestinal inflammatory responses, oxidative stress and
intestinal barrier dysfunction. Arachidonic acid, the most well-known omega-6 PUFA, is the origin for
inflammatory mediators, such as prostaglandins, leukotrienes and thromboxanes. Similarly, diets of
saturated fat have been shown to increase activation of Toll-like receptors which have been linked
to increased inflammatory response and intestinal injury [13]. Supplementation of a combination
of omega-3 and omega-6 PUFAs decreased the incidence of NEC and intestinal inflammation via
decreased platelet activating factor (PAF)-induced TLR4 activation in mice [102,103].

6. Conclusions

Although intestinal inflammation has a vital role in the neonatal immune response, excessive
inflammation may lead to decreased gastrointestinal function and injury. The most prime example
is NEC, which continues to be the most devastating gastrointestinal illness and a major cause of
morbidity and mortality in the newborn population. Human milk is the ideal form of nutrition and its
use has been associated with decreased incidences of NEC. As outlined in this review, human milk
provides a variety of protective factors that each have a role in attenuating inflammation in the intestine
(Figure 1). Specific commensal bacteria, such as Bifidobacterium and Lactobacillus, directly decrease
inflammatory responses in the intestine by inhibiting activation of the pro-inflammatory NF-κB
signaling pathway. HMOs promote the proliferation of inflammation, regulating commensal bacteria,
and act as decoy receptors for otherwise threatening pathogens. Immunoregulatory cytokines prevent
the activation of pro-inflammatory signaling pathways. Antimicrobial factors, such as lactoferrin,
lactadherin and lysozyme, eliminate pathogens directly. Metabolic factors, like omega-3 PUFAs, have a
multifunctional role, decreasing pro-inflammatory cytokine production and signaling, while promoting
the proliferation of anti-inflammatory commensals.
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Figure 1. Summary of microbiologic, immunological and metabolic factors in breast milk with effects
on regulating intestinal inflammation. Abbreviations: secretory component (SC); Toll-like receptor 4
(TLR4); nuclear factor kappa B (NF-κB); polyunsaturated fatty acid (PUFA).

Though each factor has a specific role in decreasing intestinal inflammation, the interaction
among the intestinal microbiota, human milk oligosaccharides, immunological factors and metabolic
components together foster optimal intestinal biology and a healthy functioning gastrointestinal
tract, free of overt inflammation and infection. For breast milk-fed infants, additional inflammatory
regulation is not only protective in the preterm period, but also likely has implications in decreasing risk
of acquiring long-term chronic inflammatory illnesses. Though the connection between human milk’s
attenuation of intestinal inflammation and the development of these chronic illnesses in adulthood is
not yet clear, emerging evidence suggests that providing human milk is crucial to optimizing both
short-term and long-term health outcomes for newborns.
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Abstract: Human breast milk is the optimal source of nutrition for infant growth and development.
Breast milk fats and their downstream derivatives of fatty acids and fatty acid-derived terminal
mediators not only provide an energy source but also are important regulators of development,
immune function, and metabolism. The composition of the lipids and fatty acids determines
the nutritional and physicochemical properties of human milk fat. Essential fatty acids, including
long-chain polyunsaturated fatty acids (LCPUFAs) and specialized pro-resolving mediators, are critical
for growth, organogenesis, and regulation of inflammation. Combined data including in vitro, in vivo,
and human cohort studies support the beneficial effects of human breast milk in intestinal development
and in reducing the risk of intestinal injury. Human milk has been shown to reduce the occurrence of
necrotizing enterocolitis (NEC), a common gastrointestinal disease in preterm infants. Preterm infants
fed human breast milk are less likely to develop NEC compared to preterm infants receiving infant
formula. Intestinal development and its physiological functions are highly adaptive to changes in
nutritional status influencing the susceptibility towards intestinal injury in response to pathological
challenges. In this review, we focus on lipids and fatty acids present in breast milk and their impact
on neonatal gut development and the risk of disease.

Keywords: breast milk; milk fat globule; long chain polyunsaturated fatty acids; premature infants;
necrotizing enterocolitis

1. Introduction

Human milk is a complex matrix of bioactive proteins, lipids, enzymes, hormones, and vitamins
that collectively optimize infant development [1]. Understanding the lipid nutritional composition
of breast milk provides guidance for defining adequate nutrient intake in critically ill infants, given
that human breast milk fat provides almost 50% of energy intake for neonates up to 6 months of age [2].
Multiple lipid classes and compounds also found in human milk have been associated with neonatal
health outcomes [3], such as adequate growth, neurocognitive development and function, regulation
of inflammation and infection risk, and reduced risk of later metabolic and cardiovascular disease in
adulthood. Exposure to these compounds during infancy varies, however, as it is now well understood
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that human milk composition is highly variable between individuals with some key determinant factors
being maternal health and dietary patterns [4]. In this review, we will discuss (1) lipid and fatty acid
content in breast milk, and (2) how these compounds contribute to gut development and gut health.

2. Lipids and Fatty Acid Composition in Human Breast Milk

2.1. Concentrations of Breast Milk Lipids and Fatty Acids

Breast milk fat content increases with time or “maturation”. In mothers of full-term infants,
colostrum fat content is 2.2 g/100 mL, increasing to 3.0 g/100 mL in transitional milk, and 3.4 g/100 mL
in mature milk [5]. In contrast, mothers with preterm neonates have higher breast milk fat
concentrations [6] with values of 2.6, 3.6, and 3.9 g/100 mL in colostrum, transitional, and mature milk,
respectively [7]. Saturated fatty acid content in breast milk lipids represents 53.2% in colostrum, 62.1%
in transitional milk, and 58.0% in mature milk [8,9]. Table 1 shows the relative contribution of principal
saturated and monounsaturated fatty acids in breast milk. Palmitic acid (C16:0), a major saturated
fatty acid, provides approximately 25% of all milk fatty acids [9]. The proportion of monounsaturated
fatty acids is more stable than saturated fatty acids and make up about 45%–50% of breast milk
during lactation [9]. Thirty-six percent of the monounsaturated fatty acids in breast milk is oleic
acid (C18:1n-9) and provides an important function in reducing the melting point of triglycerides,
thus providing the liquidity required for the formation, transport, and metabolism of the milk fat
globule [10,11]. Long chain polyunsaturated fatty acids (LCPUFAs) represent about 15% of the total
lipids in breast milk and have been extensively studied for their developmental, cardioprotective,
anti-cancer, anti-inflammatory, and antioxidant biological functions [12,13].

Table 1. Fatty acid profile of breast milk across lactation stages.

Term Infants Preterm Infants

Colostrum Transitional Mature Colostrum Transitional Mature

Saturated Fatty Acids

Caprylic acid (C8:0) 0.07–0.19 0.2–0.31 0.2–0.3 0.03–0.03 0.09–0.11 0.16–0.16
Capric acid (C10:0) 0.5–1.04 1.2–1.6 1.5–1.8 0.09–0.09 1.0–1.7 1.2–2.1
Lauric acid (C12:0) 2.8–3.5 5.4–6.6 5.7–6.5 3.2–4.6 5.7–7.5 5.7–8.1

Myristic acid (C14:0) 5.4–6.0 6.6–7.5 6.5–7.1 5.8–7.2 8.0–9.2 7.4–9.0
Palmitic acid (C16:0) 24.3–25.5 21.9–23.3 21.7–22.7 22.5–24.1 21.5–23.5 20.9–22.3
Stearic acid (C18:0) 6.2–6.6 6.1–6.7 6.3–6.6 5.8–6.5 6.0–6.9 6.2–7.1

Arachidic acid (C20:0) 0.19–0.25 0.20–0.32 0.20–0.26 0.16–0.18 0.15–0.15 0.20–0.30

Monounsaturated Fatty Acids

Myristoleic acid (C14:1n-5) 0.13–0.23 0.19–0.25 0.18–0.22 0.11–0.13 0.22–0.22 0.21–0.21
Palmitoleic acid (C16:1n-7) 1.9–2.2 2.0–2.4 2.2–2.4 1.7–1.8 2.1–2.5 2.0–2.5

Oleic acid (C18:1n-9) 34.7–35.9 31.2–33.2 32.2–33.6 30.6–33.7 30.5–34.3 31.7–36.7
Vaccenic acid (C18:1n-7) 2.6–2.8 1.9–2.0 1.7–2.1 2.3–2.4 2.5–2.6 2.1–2.2

Erucic acid (C22:1n-9) 0.20–0.24 0.14–0.28 0.10–0.12 0.16–0.16 0.10–0.14 0.08–0.05

n-3 Polyunsaturated fatty acids (n-3 LCPUFAs)

α-Linolenic acid (C18:3n-3) 0.74–0.90 0.84–1.06 0.91–1.03 0.69–1.09 0.70–1.02 0.85–1.13
Eicosapentaenoic acid (C20:5n-3) 0.08–0.12 0.11–0.17 0.08–0.10 0.06–0.10 0.10–0.16 0.08–0.16

Clupanodonic acid (C22:5n-3) 0.27–0.33 0.19–0.25 0.14–0.16 0.30–0.34 0.24–0.36 0.16–0.24
Docosahexaenoic acid (C22:6n-3) 0.47–0.55 0.40–0.52 0.28–0.34 0.43–0.71 0.47–0.67 0.31–0.49

n-6 Polyunsaturated fatty acids (n-6 LCPUFAs)

Linoleic acid (C18:2n-6) 13.5–15.3 13.4–14.8 14.3–15.7 13.7–16.3 11.4–13.6 12.3–14.4
γ-Linolenic acid (C18:3n-6) 0.07–0.11 0.10–0.18 0.14–0.20 0.07–0.07 0.09–0.13 0.11–0.21

Eicosadienoic acid (C20:2n-6) 0.82–0.96 0.53–0.63 0.35–0.41 0.89–0.95 0.28–0.30 0.24–0.24
Dihomo-γ-Linolenic acid (C20:3n-6) 0.56–0.64 0.46–0.52 0.39–0.43 0.69–0.81 0.47–0.55 0.40–0.50

Arachidonic acid (C20:4n-6) 0.73–0.81 0.61–0.69 0.45–0.51 0.68–0.90 0.54–0.68 0.48–0.58
Docosatetraenoic acid (C22:4n-6) 0.29–0.39 0.19–0.25 0.09–0.11 0.44–0.49 0.22–0.22 0.13–0.17

Adrenic acid (C22:5n-6) 0.13–0.21 0.09–0.13 0.06–0.10 0.15–0.17 0.05–0.05 0.05–0.09

Data shows the relative proportion in total lipids (%) between mothers who had term and preterm infants. Colostrum
= 0–5 days of postnatal life (DPL); Transitional = 6–15 DPL; Mature = 16–60 DPL. Data abstracted from [6].
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2.2. Breast Milk Fat Globules

Lipids in breast milk are present in the form of milk fat globules homogenously distributed within
the aqueous phase of milk. The average size of milk fat globules, depending on the stage of lactation,
varies between 0.1 and 15 μm. Breast milk fat globules are larger during the 24 h postpartum and the
size reduces to similar sizes in transitional and mature milk [14,15]. Fat globules possess a core-shell
structure, as illustrated in Figure 1. The membranes of a fat globule are composed of a unique tri-layer
structure. The formation of a fat globule follows a coordinated sequence of synthesis and secretion.
Briefly, the triglyceride core is first synthesized at the endoplasmic reticulum, and the first closely
packed single layer is formed during secretion into the cytoplasm. The second, outer phospholipid
bilayer is formed during secretion from the epithelial cell of the lactocyte [16,17]. These layers,
also known as milk fat globule membranes (MFGM), are 8–10 nm thick and contains 70% protein,
25% phospholipid, and 5% cerebrosides/cholesterol. The phospholipid composition is distinctive
between the layers, the major phospholipid components are phosphatidylethanolamine (30%) in the
single layer, and phosphatidylcholine (35%) and sphingomyelin (25%) in the double layer. The MFGM
also contains important proteins such as mucin-1, butyrophilin, xanthine oxidoreductase, glycoprotein
bovine lactadherin 6/7, selectively placed in the double layer, which are important in infant health and
have been discussed comprehensively in another review [18–20].

 

Figure 1. Breast milk fat components and relationship with neonatal health-disease balance. Scheme of
fat globule illustrating of the core-shell structure.

Bovine milk based infant formulas have attempted to closely mimic the lipid composition of
naturally originated breast milk. However, large differences still exist in physiochemical properties
between the fat globule in breast milk and the fat globule found in formula. Fat globules in
conventional infant formulas are smaller (0.1–1.0 μm) in milk protein (caseins and whey proteins),
dominated membranes induced by the manufacturing process of centrifugation, homogenization,
and heat treatment [21–23]. Adding bovine milk phospholipids to an amount of 1.5% of total fat with
modified processing procedures have shown to yield infant formulas with larger fat globules [23,24].
In addition, in human milk sphingomyelin is the dominant phospholipid versus phosphatidylcholine
and phosphatidylethanolamine in formula [18,23]. While researchers are still making efforts to
understand the functionalities of MFGM, there are already commercialized products supplementing
MFGMs from bovine milk cream. The effectiveness of supplementation of MFGM in formula has been
demonstrated in several independent cellular and animal studies, and clinical trials [25–28]. In mouse
and rat studies, bovine MFGMs showed cognitive and neuronal development improvement and this
observation was further illustrated in multiple clinical trials, suggesting bovine MFGMs have positive
effects on cognitive development and protection against bacterial infection.

The downstream physiochemical properties of milk fat globules are dependent on the efficiency
of fat digestion in infants. The interfacial structure, which is represented by the distribution of complex
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lipids in the MFGM, and the available fat area, defined as the globule size, are of primary importance
for adequate lipolysis and digestion in the neonate [21,29]. In preterm infants, human milk fat globules
were digested faster than preterm formulas in a digestive time range of 10 to 50 min [30]. It has been
postulated that the difference in the digestion rate is caused by the variation of fat globule size and
membrane composition in human milk versus preterm formulas [22]. Research in the MFGM field
continues to garner interest as data indicate that breast milk fat globules could provide the right vehicle
for bioactive factors, such as vitamin E and digestive enzymes, to be effectively delivered optimizing
bioavailability. The MFGM fraction may have important biological roles for the development of
physiological neonatal systems and immune function [9].

2.3. Complex Lipids in Breast Milk

Although about 98%–99% of lipids found in breast milk are in the form of triglycerides,
other complex lipid types such as glycerophospholipids (e.g., phosphatidylethanolamine,
phosphatidylcholine) and sphingolipids account for 0.2%–1.0%, or 100–400 mg/l of breast milk
lipids [31]. These lipids are mostly located in MFGMs and extracellular vesicles such as exosomes in
breast milk. Sphingolipids share a similar sphingosine backbone, but the type of headgroup attached
determines the type of sphingolipid (sphingomyelin, glucosyl and lactosylceramides, or gangliosides).
Quantification of complex lipids in human milk shows that sphingomyelin is the most abundant,
making up about 36% of complex lipids, followed by glycerophospholipids, phosphatidylethanolamine
(29%), and phosphatidylcholine (25%) [23,32,33]. Exosomes are also enriched with sphingolipids,
particularly ceramide and sphingomyelin, and glycerophospholipids such as phosphatidylserine [34].
Like fatty acid levels, the composition of sphingolipids in breast milk can also be modified by diet.
Lopez et al. demonstrated an increase in phospholipid and sphingolipid content in MFGM from cows
fed with diets rich in LCPUFAs [35].

3. Breast Milk Lipids Enhance Neonatal Intestinal Development and Protect against Injury

The impact of lipids and fatty acids on gut development is not as well studied as in other organ
systems. To date, the contribution of lipids and essential fatty acids on early postnatal gut development
and subsequent host responses after an inciting event remain unknown. Understanding the changes
in intestinal development in response to early priming with varying lipids and fatty acids during a
pre-injurious state will be helpful to investigate the underlying mechanisms by which fatty acids may
modulate the risk of intestinal injury and inflammation.

3.1. Saturated and Monounsaturated Fatty Acids

Role in intestinal development and injury. Dietary saturated and monounsaturated fatty acids
have been shown to influence the microbiota diversity of human breast milk and neonatal gut [36].
Breast milk fatty acid composition changes rapidly in response to fat intake in the maternal diet.
Higher levels of monounsaturated fatty acids in breast milk resulted in a decrease of Staphylococcus,
Pseudomonas, Lactobacillus, and Bifidobacterium, while the level of saturated fatty acids in breast milk
was negatively correlated with Streptococcus. The fatty acid composition of human milk along with
specific microbial constitution likely affect the developmental programming of immune ontogeny in
infants. Bifidobacterium and Lactobacillus spp. are crucial for immunological functions and mucosal
barrier homeostasis, including tolerance, mucus production, tight junction expression, and T-helper
cell balance [37].

In human breast milk triglycerides, the sn-2 position is commonly occupied by palmitic acid.
In contrast, in palm-oil based human infant formula, palmitic acid is mainly present at the sn-1 or
sn-3 position. The difference in sn- position leads to impaired absorption of calcium and fat, which
negatively influence early bone accretion [38]. When human infant formula contains palmitic acid at
the sn-2 position, improved absorption of fat and calcium with absorption rates similar to those seen in
breastmilk-fed infants is observed [39]. Consequently, a low palmitic acid formula has been developed
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to reduce the amount of sn-1, 3 palmitic acids thus enabling higher absorption of calcium and fat in
neonates [40,41].

Palmitic acid at the sn-2 position of the triacylglycerol backbone imparts benefits for neonatal
intestinal and immunological health outcomes [42]. Lu et al. examined the effect of diet with sn-2
palmitic acids using Muc2 deficient mice, an animal model for spontaneous enterocolitis. Compared to
sn-1,3 palmitic acids of triglycerides, sn-2 palmitic acids resulted in decreased intestinal injury and
inflammation by upregulation of PPAR-γ, antioxidant enzymes (superoxide dismutase, glutathione
peroxidase), and induction of an immunosuppressive T-regulatory cell response [43]. These data
support the role of the saturated fatty acid, palmitic acid, specifically in sn-2 configuration, as being
important for intestinal mucosal homeostasis, gut microbiome, and immune response [44]. However,
the lack of evidence in clinical trials to establish a cause and effect relationship between the palmitic acid
at sn-2 position and neonatal health outcomes, led the European Society for Paediatric Gastroenterology,
Hepatology, and Nutrition to recommend that the inclusion of high sn-2 palmitic acid cannot be
considered essential in human infant formula [45,46].

Among monounsaturated fatty acids, oleic acid has been shown to possess an immunomodulatory
function. However, the role of oleic acid in immune responses is still controversial. An olive oil-based
diet in adult mice showed improved immune responses against bacterial infection with enhanced
phagocytic activity by macrophages [47,48]. In vitro, human lymphocytes treated with oleic acid
resulted in increased neutral lipid accumulation thought to protect against lipid toxicity [49]. However,
these studies also demonstrated oleic acid-induced cell death and necrosis mediated by caspase-3
activation. The role of oleic acid remains largely unexplored in infants [49].

3.2. Polyunsaturated Fatty Acids

Role in intestinal development. It is well-documented that in the early postnatal period of preterm
infants, whole blood docosahexaenoic acid (DHA, C22:6n-3) and arachidonic acid (ARA, C20:4n-6)
deficits and linoleic acid (LA, C18:2n-6) excesses occur within the first postnatal week [50]. Although
these altered fatty acid profiles have been linked to the increased risk of developing bronchopulmonary
dysplasia, retinopathy of prematurity, and late onset sepsis, the impact of these altered fatty acid
profiles on intestinal development has just recently been described [50–52].

Singh et al. took advantage of the fat-1 transgenic mouse model to examine the differences in
postnatal gut development in mouse pups in control, wild-type dam fed mice versus dam fed fat-1
transgenic mice [52]. Relative to the wild-type group, fat-1 mice had a greater n-3 shift in their intestinal
fatty acid levels with an increase in DHA and eicosapentaenoic acid (EPA, C20:5n-3), and a decrease
in ARA in the pre-weaning period. Of clinical importance is the parallel of the wild-type fatty acid
levels with systemic levels observed in the postnatal period of preterm infants and the parallel of
fat-1 fatty acid levels to systemic levels observed in preterm infants supplemented with enteral or
parenteral fish oil [53]. This study confirmed that fatty acid exposure and intestinal levels do impact
postnatal intestinal development and that a balance between both n-3 and n-6 may be critical in this
early developmental period. In the pre-weaning period, while an n-3 dominant pattern increased
gene expression of cell differentiation markers (EphB2, Fzd5) and fatty acid metabolism (fatty acid
binding protein 2 and 6), this n-3 dominant pattern also decreased villus height over time and reduced
expression of markers that inform innate host defenses, such as a reduced number of acidic mucin
filled goblet cells, reduced expression of tight-junction genes (claudin 3 and 7), and reduced gene
expression of muc2, trefoil factor 3, toll like receptor 9, and cathelicidin antimicrobial peptide [52].
These data suggest that that LCPUFA changes reflective of those seen in neonatal intensive care units
likely influence the trajectory of postnatal intestinal development.

In a preterm piglet model evaluating the effect of an enteral complex lipid emulsion containing
LCPUFAs on early postnatal fatty acid levels, it was demonstrated that an ARA:DHA ratio >1.0
compared to a ratio <1.0 uniquely prevented the postnatal deficit of ARA while also demonstrating
increased ileal villus height and muscular thickness compared to the control soybean-oil and ARA:DHA
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<1.0 groups [54]. In contrast, parenteral nutrition did not show an effect on intestinal morphology
and function in preterm piglet models, suggesting postnatal intestinal adaptation is driven more
by enterally administered fatty acids versus parenteral delivery [55]. Wang et al. showed that both
triglyceride (fish oil, DHA, and EPA) and phospholipid-derived n-3 LCPUFAs (DHA and EPA) enriched
diets led to improved small intestine villus to crypt depth ratio in 4-week old mice. The villus to crypt
depth ratio was significantly increased in the LCPUFA supplemented group compared to the control
group, and this increase was more pronounced in the phospholipid-derived n-3 LCPUFAs compared
to the triglyceride-derived n-3 group. Moreover, higher enrichment of gut- microbiota was observed in
response to phospholipid-derived n-3 LCPUFAs [56].

Role in intestinal injury. Potential benefits of LCPUFAs have been reported in inflammatory bowel
disease, a disease with similar pathology as necrotizing enterocolitis (NEC) [57,58]. However, human
studies investigating the role of n-3 fatty acids in the prevention, treatment, and maintenance of
remission inflammatory bowel disease have shown mixed results [59–65].

In vitro studies have consistently demonstrated anti-inflammatory actions of LCPUFAs. ARA and
DHA treatment to intestinal epithelial cells blocked platelet-activating factor-induced toll like receptor
4 (TLR4) and platelet-activating factor receptor expression in intestinal epithelial cells [66]. Similarly,
LCPUFA treated human fetal and adult intestinal epithelial cells demonstrated that DHA and ARA
treatment led to a decreased IL-1β-induced pro-inflammatory response [67]. The protective effect of
LCPUFAs in intestinal inflammatory disease could be partly explained by their effect on gut barrier
function [68]. Although in vitro studies have shown mixed results about the impact of LCPUFAs
on intestinal permeability [52,69,70], LCPUFA treatment to human intestinal epithelial cells resulted
in improved intestinal barrier by decreasing the impairment in intestinal permeability induced by
cytokines [71,72].

In vivo studies support the role of LCPUFAs in reducing inflammation and modulating the risk
for NEC. Studies evaluating the effect of n-3 fatty acids and their derivatives in adult mice and a rat
model of colitis showed beneficial effects by reducing the expression of inflammatory mediators [73–78].
Furthermore, Gobbetti et al. showed the protective effect of n-6, but not n-3 LCPUFA containing
diet on ischemia/perfusion induced intestinal injury in an adult murine model. Three-week-old mice
supplemented with n-6 enriched diet for 9 weeks showed reduced intestinal damage and inflammation
and this effect was mediated by increased level of lipoxin A4, suggesting the anti-inflammatory role
of lipoxin A4 in ischemia/perfusion induced intestinal injury [79]. These results suggest that ARA is
not only a precursor of pro-inflammatory lipid mediators but also plays a critical role in generating
anti-inflammatory lipid mediators [80]. Altogether, the balance of n-3 and n-6 LCPUFAs plays a critical
role in regulating intestinal pathophysiology and inflammation.

Several animal studies using experimental models of NEC have shown that LCPUFA
supplementation results in reduced NEC incidence and its severity by regulating multiple pathways
associated with intestinal inflammation/injury and necrosis, including TLR4, platelet-activating factor,
and nuclear factor-κB [81–83]. Preterm rats born to dams who were fed a DHA or EPA enriched diet and
subjected to an NEC induction protocol showed significant decreased NEC-like colitis incidence [84].
In a different study, LCPUFA supplementation significantly reduced the incidence of NEC in a neonatal
rat model compared with controls by downregulating phospholipase A(2)-II and platelet-activating
factor receptor at 24 and 48 h, respectively [81]. Compared to a control formula, three different LCPUFA
supplementation strategies (ARA and DHA, egg phospholipid, DHA) showed reduced NEC incidence
in a neonatal rat model of NEC by downregulating TLR4 expression [66]. Similarly, young mice
supplemented with 10% fish oil for 4 weeks showed protective effects against hypoxia-induced NEC
with a reduction in platelet-activating factor as well as leukotriene B4 [85].

Several clinical trials have evaluated the impact of LCPUFAs in term and preterm infants.
However, the data about the role of LCPUFAs in NEC is limited. Furthermore, in many of these studies,
the assessment of the risk of NEC with nutritional intervention was a secondary outcome analysis.
Differences in LCPUFA formulation, dosing, and study populations results in inconclusive data about
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the use of LCPUFA in the prevention of NEC. Despite promising results of LCPUFAs in experimental
NEC in animal models, results in preterm human infants are mixed and limited.

A summary of LCPUFA supplemented feedings and NEC risk in preterm infants is shown in
Table 2. The systemic review by Smithers et al. did not find any benefit of n-3 LCPUFA supplemented
formula in the risk of NEC. In this work, the studies were not limited to preterm infants who are at the
highest risk of developing NEC [86]. Fewtrell et al. included infants who received human milk, which
could be a confounding factor in this study [87]. In the Carlson et al. study, no infant received human
milk and the preterm infants were randomly assigned into two groups receiving either experimental
formula containing egg phospholipids (0.13% DHA and 0.41% ARA) or control group. The egg
phospholipid-containing formula resulted in a significant decrease in NEC incidence compared to the
control formula [88]. Currently, this is the only single-center human study demonstrated to decrease
NEC incidence in response to LCPUFA supplementation. It is important to note that none of the trials
looked at NEC incidence as a primary outcome. In addition, what is unclear is whether a potential
benefit would be seen in a population of largely human milk fed infants, which is the current standard.

Table 2. Human studies of long-chain polyunsaturated fatty acid (LCPUFA) supplementation in
preterm infants and necrotizing enterocolitis (NEC) risk.

Reference Study Design Population n
Powerful and

Prevalence of NEC
Principal Finding

in NEC

Smithers et al.
(2008) [86] Systematic review <37 GA 1333 RR = [0.62–2.04]

No benefit of n-3
LCPUFA

supplemented
formula

Zhang et al.
(2014) [89] Systemic review <32 GA 900 RR = [0.23–1.10]

No benfit of n-3
LCPUFA

supplementation

Double-blinded randomized clinical trials

Carlson et al.
(1998) [88]

Formula supplemented with
0.41% ARA + 0.13% DHA

<32 GA
BW between
725–1375 g

119 Control = 17.6%
Experimental = 2.9%

Significantly
decreased

Fewtrell et al.
(2002) [90]

Formula supplemented with
0.31% ARA + 0.17% DHA

<37 GA
BW <1750 g 197 Control = 11%

Experimental = 19%
No significant

difference

Innis et al.
(2002) [91]

BM supplemented
with DHA

BM supplemented with
ARA + DHA

BW between
846–1560 g 194 Control = 1.6%

Experimental = 1.5%
No significant

difference

Fewtrell et al.
(2004) [87]

Formula supplemented with
0.31% ARA + 0.17% DHA

<35 GA
BW ≤2000 g 238 Control = 2%

Experimental = 4%
No significant

difference
Clandinin et al.

(2005) [92]
Formula supplemented with

DHA + ARA <35 GA 361 Control = 3%
Experimental = 5%

No significant
difference

Henriksen et al.
(2008) [93]

BM supplemented with
6.7% ARA + 6.9% DHA BW <1500 g 141 Control = 3%

Experimental = 1.5%
No significant

difference
Makrides et al.

(2009) [94]
High DHA (1%)

Low DHA (0.3%) <33 GA 657 Adj. OR = [0.87–5.22] No significant
difference

Collins et al.
(2016) [95]

Formula supplemented with
different doses of DHA <30 GA 53 Control = 9%

Experimental = 9%
No significant

difference
Collins et al.
(2017) [96]

BM supplemented with
60 mg/kg/day DHA <29 WGA 1273 Adj. OR = [0.79–1.69] No significant

difference

In the double-blinded randomized clinical trials, the control group was no supplementation feeding. Breast milk
(BM); birth weight (BW); weeks of gestational age (GA); the relative risk (RR) or adjusted odd ratio (OR) shown as
95% confidence interval.

3.3. Milk Fat Globule Membranes

Role in intestinal development. MFGM proteins have been identified [18] that exert multiple biological
functions critical for intestinal development and health. Mucin 1 interacts with molecule-3-grabbing
non-integrin, expressed by dendritic cells, in the infant gastrointestinal tract and subsequently inhibits
binding of certain intestinal pathogenic bacteria to dendritic cells [97]. Moreover, mucin 1 demonstrates
anti-viral properties against rotavirus infection [98]. Xanthine oxidoreductase, a predominant
protein of MFGM, possesses antimicrobial activity and has been shown to inhibit the growth of
Escherichia coli and Salmonella enteritides by generating superoxide and peroxide, thus providing
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protection to the neonatal gut [99]. Lactadherin, also known as milk fat globule–EGF factor 8,
aids in the clearance of dead cells by macrophages through phagocytosis [100]. Exogenous
administration of lactadherin decreased the inflammatory response and injury by enhancing
phagocytosis of apoptotic cells in experimental sepsis and ischemia/perfusion injury models [101–103].
Furthermore, lactadherin deficient mice showed more severe injury in response to dextran sulfate
sodium, which induces colitis, and the administration of human lactadherin attenuated the dextran
sulfate sodium injury [104]. Results from in vitro and in vivo studies showed that lactadherin
deficiency results in delayed epithelial cell renewal and turnover [105]. Together, these results
suggest the importance of lactadherin in intestinal homeostasis and imply that the provision of
lactadherin in human or bovine milk could be beneficial against intestinal injury/inflammation.
Butyrophilin, another quantitatively major protein in human MFGM, has been considered as a
potentially important regulator for immune function. In addition to its effect on the secretion of milk
fat globules [106], butyrophilin induces apoptosis and promotes T cell response [107]. Finally, in rat
pups, the addition of MFGM to formula resulted in an enteric microbiome and intestinal development
pattern (measured by villus height, crypt depth, crypt cell proliferation, paneth and goblet cell counts,
and tight junction proteins) more similar to breastfed rats compared to rats fed with formula without
MFGM [108]. Collectively, these results suggest the important role of MFGM and MFGM proteins in
shaping the gastrointestinal tract immune system and maintaining immune homeostasis.

Role in intestinal injury. MFGM supplemented formula in rat pups protects against C. difficile
toxin [108] and LPS-induced intestinal inflammation [109]. In the latter study, MFGM supplementation
protected against histological changes in the intestine, reduced inflammatory cytokines, and
increased tight junction proteins. In an asphyxia, cold stress model of NEC in neonatal rat pups,
MFGM supplementation reduced NEC incidence and severity with a concurrent reduction in TLR4
expression [110]. Clinical trials of MFGM supplementation have not been conducted in preterm infants.
In 6–12-month-old infants supplemented daily with MFGM, the number of bloody diarrheal episodes
was reduced significantly by almost 50% [111]. Rapidly evolving and emerging evidence from animal
model studies and clinical trials indicates the potential of beneficial effects of the combination of
bioactive compounds or any specific component of MFGM to optimize postnatal intestinal development
in the preterm infant and to protect against disease.

3.4. Complex Lipids

Role in intestinal development and injury. Breast milk provides complex lipids through the delivery
of MFGMs and exosomes. Published data support the role of extracellular vesicles on intestinal
development and protection from intestinal injury such as NEC [112–114]. When evaluated in totality
versus in individual components, human milk-derived exosomes attenuate oxidative stress-induced
cell death in intestinal epithelial cells [115] and enhance proliferation and migration of intestinal
epithelial cells in preterm infants compared to those with full term birth [116].

Breast milk sphingolipids, such as sphingomyelin and gangliosides, are important modulators
of neonatal intestinal development, the establishment of the gut microbiome, and inflammation [117].
Sphingomyelin is digested by nucleotide phosphodiesterase pyrophosphatase 7 (NPP7), a brush
border enzyme of the intestinal epithelium, and generates ceramide, sphingosine, and sphingosine-1-
phosphate [118,119]. In contrast to sphingomyelin and ceramide, sphingosine is rapidly absorbed and
largely converted to palmitic acid in the mucosa [120]. NPP7 is specifically expressed in intestinal mucosa
and is highly expressed in the middle part of the jejunum and the lower colon.

NPP7 possesses phospholipase C activity against platelet activating factor, a pro-inflammatory
lipid mediator produced by gut epithelial cells [121]. Higher levels of platelet activating factor have
been shown in inflammatory bowel disease, ischemic colitis and NEC [118]. Intrarectal administration
of recombinant NPP7 significantly reduced the intestinal injury and inflammation against colitis in
an adult rat model [122]. It is possible that NPP7 expression is dependent on gestational age or the
changes in enzymatic activity that occur later after birth, which may predispose the preterm infant
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to intestinal injury. However, similar expression of NPP7 was observed in the meconium of term
and preterm infants [123]. The anti-inflammatory benefits of sphingomyelin might be mediated
through the induced changes in the microbiome. In an adult murine model, a diet containing 0.25%
(wt/wt) milk sphingomyelin had lower fecal Gram-negative bacteria and higher fecal Bifidobacterium
compared to mice fed with a high fat diet, and these changes were accompanied by reduced serum
lipopolysaccharide levels in the sphingomyelin group [124].

Gangliosides have been reported to reduce pro-inflammatory signaling in the intestine [125]
and protect the bowel in an infant model of necrotizing enterocolitis [126]. Weaning rats fed with
ganglioside-enriched diets demonstrated increased ganglioside levels in the intestinal brush border
and reduced levels of the pro-inflammatory mediator platelet activating factor [127]. In a follow-up
study, rats fed with dietary gangliosides compared to controls exhibited reduced expression of
pro-inflammatory mediators such prostaglandin E2, LTB4, IL-1β, TNF-α in the intestinal mucosa
following lipopolysaccharide-induced inflammation [128]. Similar to sphingomyelin, some of this
mediation may be due to induced microbiome changes in the gut. In preterm infants, fecal Escherichia coli
counts were lower and Bifidobacterial counts were higher in infants fed with a ganglioside-supplemented
diet compared to infants fed a control milk formula [129].

Together, these studies support the role of sphingolipids, particularly sphingomyelin and
gangliosides, as important mediators of intestinal development and protection against intestinal injury.

4. Scientific Gaps and Future Directions

Dietary lipids and fatty acids are of critical importance in several developmental processes such
as immune responses, organogenesis, and central nervous system development. Although after a term
pregnancy adipose stores and human milk continue to supply the infant with critical lipids and fatty
acids, preterm infants do not have these sustainable sources with a lack of adipose tissue and minimal
enteral feeding volumes. To prevent postnatal deficits of these critical nutrients, the preterm infant will
likely require additional dietary supplementation. The specific content of such supplementation and
the chemical composition to ensure adequate absorption remains to be defined. Based on the available
data, infant formula should provide both ARA and DHA, and in an ARA:DHA ratio >1. Providing
solely DHA or DHA exceeding ARA may induce undesirable health outcomes in infants, leading to
adverse effects on growth and immune development [130,131].

The precise mechanisms by which lipids and fatty acids mediate their effects on the developing
intestine still need to be fully characterized. It is possible that dietary intervention may have different
effects across different exposure times and different clinical contexts (during acute illness versus
convalescence). As a result, studies that examine timing, composition, and dosing, including desirable
target levels, are needed.

The role of human milk-derived vesicles, including the human milk fat globule and exosomes,
may reveal an opportunity to present multiple critical molecules simultaneously and ensuring delivery
and bioavailability to the intended site.

The biggest challenge in translational research is reconciling the disparate results obtained from
animal models versus human clinical trials. Establishing animal models that better reflect the preterm
neonatal experience, as well as refinement of humanoid model systems, will be essential in bridging
the gap from bench to bedside.

5. Conclusions

The lipid and fatty acid content in human milk inform investigators and clinicians of the important
nutrient pathways that facilitate growth, development, and resistance to disease. The preterm infant is
uniquely vulnerable to nutrient deprivation, and parenteral and enteral feedings alone may not be
sufficient to close the nutrient gaps that develop early after delivery. The science of breast milk will
likely open new avenues of therapeutic options to minimize the health consequences of such nutrient
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gaps. An improvement in the experimental model systems will iteratively close the gap in translation
from bench to bedside.
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Abstract: Necrotizing enterocolitis, a potentially fatal intestinal inflammatory disorder affecting
primarily premature infants, is a significant cause of morbidity and mortality in neonates. While
the etiology of the disease is, as yet, unknown, a number of risk factors for the development of
necrotizing enterocolitis have been identified. One such risk factor, formula feeding, has been shown
to contribute to both increased incidence and severity of the disease. The protective influences afforded
by breastfeeding are likely attributable to the unique composition of human milk, an extremely potent,
biologically active fluid. This review brings together knowledge on the pathogenesis of necrotizing
enterocolitis and current thinking on the instrumental role of one of the more prominent classes of
bioactive components in human breast milk, glycosaminoglycans.

Keywords: necrotizing enterocolitis; inflammation; neonatal; intestine; prematurity; human
milk; glycosaminoglycans

1. Introduction

Necrotizing enterocolitis (NEC) is a common intestinal inflammatory disorder developing during
the neonatal period. The disease progresses rapidly from subtle abdominal distension to necrosis,
intestinal perforation, multi-organ failure, and, in severe cases, death [1,2]. Because of better
survivorship among the smallest premature infants [3], as well as a dearth of treatments for the
disease [4], the incidence and health burden of NEC have only grown in recent decades [1]. Mortality
rates often approach 30% in infants born less than 1500 g, and range higher in those babies requiring
surgical intervention [1]. Infants surviving NEC often suffer from long-term morbidities related to both
the disease and its treatment, including neurodevelopmental delays, retinopathy, and short-bowel
syndrome [5,6].

Although the exact etiology of the disease is still unclear [7], a number of risk factors have been
identified. These include, among others, prematurity and low birthweight status, developmental
immaturity of both the intestine and immune system, inappropriate microbial colonization of the gut,
and formula feeding [8]. What few advances have been made in NEC treatment recently revolve
around the growing understanding of the importance of optimal infant nutrition, particularly that
provided by human breast milk (HM), sourced either from the mother or a donor [5,9,10].

HM functions in several critical biological roles in neonates, including support for intestinal
development and maturation, protection against pathogens, and basic dietary sustenance for
growth [9,11]. In babies fed exclusively HM, enteric infections are reduced by approximately 50%
compared to infants fed bovine-based formula [12,13]. In the preterm population specifically, infants fed
exclusively HM, as opposed to at least partial bovine-based feedings, experience significant reductions
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in morbidity and mortality [14]. In very low birthweight (VLBW, <1500 g) infants, feedings composed
of at least 50% HM in the first two weeks of life correlate with a six-fold decrease in the incidence
of NEC [15]. Additional studies [16–18] have also indicated HM, particularly that sourced from the
biological mother, reduces the incidence and severity of NEC in preterm infants. Donor milk, while
arguably preferable to bovine-based formula [19], loses effectiveness through the pasteurization process,
and is also not age-matched to the developmental stage of the infant to whom it is donated [20,21].
Thus, studies utilizing donor HM have shown mixed results when examining utility in protection
against preterm pathogens, NEC, and mortality [22–24].

This narrative [25,26] review briefly summarizes what is known about the pathogenesis of NEC in
premature infants, and expands upon the potential role of glycosaminoglycans, bioactive components
of HM, in protection from NEC.

2. Pathogenesis of Necrotizing Enterocolitis

The pathogenesis of NEC appears to be highly complex and multifactorial. Data predominantly
implicate developmental immaturity of the intestinal immune system [27], as well as an altered
microbiome [28,29], in the development of a dysfunctional intestinal barrier [30] in necrotizing
enterocolitis. While the sequence of events in NEC etiology remains unclear, the disease is likely
initiated by an excessive stimulation of toll-like receptor 4 (TLR4) by Gram-negative bacteria [31] in
the ileum of the premature infant. Activation of this receptor [32–38] leads to extensive inflammation,
denoted by apoptosis of enterocytes along the luminal border, impaired replacement of these enterocytes,
increased release of proinflammatory cytokines and chemokines, and, in total, breakdown of the
intestinal barrier [39–41]. This impaired intestinal barrier allows for greater bacterial translocation [42],
leading to increased inflammation via direct contact of pathogenic bacterial antigens with the mucosal
immune system [43]. Neutrophil recruitment to the intestinal border and production of reactive
oxygen species (ROS) further contributes to this inflammation [1,44,45]. TLR4 activation of the
underlying endothelium initiates microvascular complications, including a reduction in endothelial
nitric oxide synthase (eNOS), resulting in intestinal ischemia and necrosis [38,46,47]. Altogether, a
positive feedback loop of inflammation is created, overwhelming any counterregulatory attempts by
the host. Inflammation spreads systemically, leading to full-blown NEC and complications in organs
as distant as the brain [48]. Our understanding of the clinical picture in NEC is muddied by a lack
of appropriate animal models through which researchers can replicate most aspects of the human
condition, and subsequent inability to translate findings in these animal models to the bedside. In
particular, our limited understanding of the immature innate and adaptive immune systems and
developing microbiome, and potential interplay of these two factors, hinders abilities to target effective
treatments for NEC.

2.1. Developmental Immaturity

2.1.1. Innate Immune System

The innate immune system in the small intestine is comprised of both a physical barrier of
intestinal epithelial cells (IECs) and their biochemical products, and an underlying and complementary
immunological barrier [49]. The physical barrier is often considered to include intestinal alkaline
phosphatase, a loose layer of mucus [50], tight junctions linking IECs, and antimicrobial proteins
(AMPs) released by a specialized lineage of IECs, Paneth cells [51].

A number of developmental differences in IECs and the innate intestinal immune system have been
associated with the pathogenesis of NEC. For example, goblet cell numbers and levels of their signature
mucin, Muc2, are reduced in both mouse models and premature human infants with NEC [32], likely
associated with developmental immaturity of the ileum [52]. Reductions in goblet cell numbers are
thought to contribute to increased severity and incidence of NEC [52,53], potentially due to increased
levels of bacterial translocation across an epithelium now inadequately guarded by mucus [53,54]. In
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addition, Paneth cells in premature infants are deficient both in number and function [55], altering
the levels of lysozyme and defensins [56,57] and likely contributing to the development of NEC via
associated changes in the microbiome [58].

Immune cells in the intestines of premature infants often appear to function differently than those
of term neonates and adults, predisposing these infants to the development of NEC. Neutrophils,
first responders to tissue injury, demonstrate impaired phagocytic ability, increased oxidative burst
products, and variable cytokine production in premature infants compared to term babies [59]. Intestinal
macrophages in preterm infants appear to be hyperreactive and produce excessive proinflammatory
cytokines [60–62]. In addition, dendritic cell morphology and functionality in preterm neonates appears
to differ from that of term babies [63], and in a mouse model of experimental NEC, the recruitment of
dendritic cells to the luminal border directly disrupts intestinal barrier function [64].

Alterations in inflammatory signaling also predispose premature infants to the development of
NEC by creating a host environment hyperreactive to both commensal and pathogenic organisms [33,65].
TLR4, specifically, is thought to play a crucial role in NEC [66] due to its abnormally increased expression
in prematurity, both in mice and human infants [67,68]. Increased TLR4 expression appears to precede
histological damage of the intestine in mouse NEC models, strongly implicating a role for TLR4 in the
pathogenesis of the disease [65,69].

2.1.2. Adaptive Immune System

Adaptive immunity in the small intestine, thought to be less effective than innate immunity
in a newborn [70], is dependent upon antigen-presenting cells (APC), primarily dendritic cells and
IECs. A number of differences in adaptive immune function exist in infants with NEC, many of
which are likely a developmental artifact of prematurity. Levels of secretory immunoglobulin A
(sIgA), an antibody produced by lamina propia B cells and recognized for its ability to maintain the
microbiome by neutralizing pathogenic bacteria [71], are reduced in premature infants compared to
term babies [72,73], with clear implications for the development of NEC. Additionally, a significant
role for T cells in the pathogenesis of NEC is becoming increasingly evident. For example, mice lacking
functional T and B cells are less susceptible to NEC, but transfer of functional T cells to these animals
increases susceptibility to the disease [34].

Intraepithelial lymphocytes (IELs), regulators and initiators of both innate and adaptive immune
responses to bacterial invasion [74], are dispersed within the intestinal epithelium [41]. The γδ subset
of IELs, created during embryogenesis, are more reactive in the neonate than in the adult [75], and
preterm infants with NEC show significantly lower levels of these specialized T cells compared to
healthy preterm babies [76]. Regulatory T cells (Tregs), T cells modulating the immune response and
promoting tolerogenicity, are decreased in both experimental mouse [34] and human [77] NEC. In
neonates, baseline levels of the Treg inhibitor STAT3 (signal transducer and activator of transcription 3)
are increased compared to those of adults [34]. In a mouse model of NEC, when a STAT3 inhibitor is
introduced, levels of Tregs increase and NEC severity is reduced [34].

Finally, T helper (Th) cell differentiation also appears to be dysregulated during NEC. In particular,
Th17 cells, characterized by production of the inflammatory interleukin 17A (IL-17A) cytokine, have
been shown to be upregulated in both murine and human NEC, and are thought to play a role in
intestinal barrier dysfunction [34]. In an experimental model of NEC, mice treated with all-trans
retinoic acid (ATRA), an inhibitor of Th17 differentiation [78], showed lower levels of Th17 cells,
increased populations of Tregs, and reduced NEC severity [34,79]. Interestingly, retinoic acid is
produced endogenously by IECs, but this production is thought to be largely dictated by luminal
commensal bacteria [80].

2.2. Dysbiosis

Colonization of the infant intestine, previously thought to commence at birth, may originate in
the placenta [81], where the fetus is possibly surrounded by non-sterile amniotic fluid [82], though this
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finding has been recently debated [83,84]. The main event responsible for infant intestinal colonization,
however, is likely birth [85]. Vaginal delivery of term infants results in initial colonization with
predominantly aerobic bacteria, including Streptococcus, Staphylococcus, and Lactobacillus [86]. As these
aerobic bacteria consume oxygen, the microbiome shifts to reflect greater populations of facultative
anaerobes, followed by strict anaerobes such as Clostridia and Bifidobacteria species [87,88]. These
obligate anaerobes produce short-chain fatty acids (SCFAs), anti-inflammatory lipids known to regulate
epithelial and immune cell development in the gut [89], and protect against the proliferation of
pathogenic bacteria [90]. In preterm infants, the development of the intestinal microbiome following
birth appears to follow a reasonably predictable progression from Bacilli to Gammaproteobacteria
to Clostridia [91]. The resulting intestinal population in preterm infants is characterized by lower
diversity, fewer species numbers, and a greater proportion of pathogenic bacteria, many of which
could initiate the TLR4 signaling cascade via lipopolysaccharide (LPS), compared to that of infants
born at term [92–95]. This errant microbiome in the premature infant, together with an immature
intestinal immune system, presents a mechanism for hyperinflammation and deterioration of the
critical intestinal barrier.

Dysbiosis can refer to improper proportions of microbial species, as well as a lack of diversity
and richness of species overall [96]. A skewed microbiome can also result from the gain or loss
of critical microbial populations, often negatively affecting the functionality of both the intestine
and its interwoven immune system. An appropriate microbiome is thought to be indispensable in
triggering the maturation of the mucosal immune system in the gut [97]. Support for the role of
dysbiosis in NEC is largely derived from studies in germ-free animals, in which the disease cannot be
reproduced [98–100]. Additionally, factors indirectly influencing microbial colonization in the infant,
such as antibiotic use in the mother [67], can increase NEC development risk in the infant. While a
single pathogen is not thought to induce NEC, a series of microbial shifts in the microbiome has been
associated with development of the disease [28], and these changes usually precede diagnosis [101],
implicating a potential role for dysbiosis in the pathogenesis of NEC. For example, infants with NEC
often have reduced populations of Bifidobacteria, Bacteroidetes, and Firmicutes anaerobes, particularly
Negativicutes, and increased levels of Proteobacteria and Actinobacteria [28,101–105]. This reduction
in anaerobes in NEC leads to a decline in the production of protective SCFAs [7,103,104], a further
complication of NEC-associated dysbiosis. Generally, the microbiome of infants developing NEC
appears to be characterized by reductions in both species richness and diversity [95,106,107], though
not all studies have noted these trends [101,105,108].

A number of factors beyond prematurity can influence the microbial colonization of the infant
intestine. The use of antibiotics, rampant in the premature infant population [109,110], is known to
increase the risk of NEC development, with risk correlating strongly to duration of treatment [111,112].
Antibiotic exposure in neonates may lead to increases in Proteobacteria, decreases in Actinobacteria,
and, as with all antibiotic usage, inadvertent selection for antibiotic-resistant strains [85,113–115].
Mode of delivery also strongly influences the development of the infant microbiome. Babies born via
caesarean section are often colonized by increased populations of Clostridium and Staphylococcus and
decreased levels of Bifidobacterium and Bacteroides compared to infants born vaginally [102,116,117].
Antacid use, particularly histamine-2 (H2) blockers, can disrupt the acid-base balance in the premature
intestine [118], predisposing the infant to NEC [119,120] by favoring populations of Proteobacteria
over those of Firmicutes [121,122]. Even endogenous factors may affect the relative proportions of
intestinal colonizers. For example, Paneth cell lysozyme and defensin secretion patterns, altered
in premature infants [56,57], can lead to irregular microbial colonization in infants [58,123]. Finally,
mode of feeding can direct the development of the neonatal microbiome. HM contains a microbiome
of its own [124], likely specialized for the infant with whom it is associated [125,126], and thus
may be uniquely protective. While breastfeeding stimulates the expansion of Bifidobacterium, in
particular, and inhibits the growth of pathogenic bacteria [127,128], formula feeding often leads to
a slightly more diverse assemblage of Enterobacteriaceae, Bacteroides, Lactobacillus, Prevotella, and,
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especially, Clostridium [87,129–131]. A number of biological components of HM are thought to help
shape the development of the infant microbiome, as well as prime intestinal immune development
and maturation.

3. Glycosaminoglycans in Milk

HM is a complex mixture of biologically active molecules known to play a role in infant nutrition,
protection from pathogens, and development and maturation of the intestinal immune system. The
composition of HM is not static, changing over time to meet the needs of a growing infant. Colostrum,
the first milk, is high in minerals, vitamins, hormones, and growth factors [132]. Transitional milk
replaces colostrum at approximately one week postpartum, and is high in fat and lactose [133].
Finally, mature milk follows at two weeks postpartum, consisting largely of water and nutritional
macronutrients necessary for infant growth [134]. All stages of HM, however, contain various
compounds necessary for development of the microbiome and protection of the infant from pathogens.
For example, oligosaccharides, commonly referred to as human milk oligosaccharides (HMOS), are
found in large quantities in HM and are largely unabsorbed, serving as prebiotics for commensal
gut bacteria [5], thereby bolstering and developing the innate immune system and microbiome in
neonates [135,136]. HM also contains immunoglobulins, such as sIga, which potentially serve as
prebiotics capable of assisting in the proper colonization of the newborn gut [137] while inhibiting
growth of pathogenic bacteria [138]. Glycosaminoglycans (GAGs), a class of polysaccharides found in
the extracellular matrix and outer surface of cells, are also prevalent in HM. Our understanding of the
potential functions of this class of molecules is still evolving, but their elevated concentrations in early
HM and a number of studies indicating protective capabilities of these molecules against pathogens
may indicate importance in the prevention of NEC.

GAGs, molecules composed of repeating, often highly sulfated disaccharides, include heparin,
heparan sulfate (HS), keratan sulfate (KS), hyaluronic acid (HA), chondroitin sulfate (CS), and dermatan
sulfate (DS) [139]. In HM, these GAGs, with the exception of HA, are bound to a protein core and
expressed as proteoglycans [140]. HA, uniquely, is neither sulfated nor assembled bound to a protein
core [141]. Once in the small intestine, pancreatic enzymes digest the proteins, resulting in free GAGs
(Figure 1a). Due to a lack of endogenous host enzymes in the small intestine capable of further
breaking down free GAGs [142], these molecules remain largely undigested through the majority of
the gastrointestinal tract [143], with eventual breakdown likely occurring in the cecum or colon [142].
In the case of HA, and potentially other GAGs, the resulting fragment sizes, whether created by
endogenous breakdown of the parent molecule or intentional supplementation of a specific molecular
weight, may differ vastly in function [144,145].

The composition of GAGs in milk differs greatly depending upon the source. In term HM, GAGs,
in sum, are approximately seven times more prevalent than in bovine milk, the basis of most infant
formulas [146]. Coppa et al. [146] determined, via a variety of methods, that large differences in GAG
relative composition also exist between the two milks (Figure 1b). CS accounts for 55% of the term
HM GAGs compared to only 21% of GAGs in bovine milk, but because of the reduced total quantity
of GAGs in bovine milk, this amounts to nearly 23 times as much CS in term human compared to
bovine milk. Term HM also has substantially higher levels of heparin (173 mg/L compared to 21 mg/L)
and HA (5 mg/L compared to 2 mg/L) and lower levels of DS (7 mg/L compared to 24 mg/L) than
bovine milk, though, interestingly, bovine milk is higher in HA by percentage (4.5% compared to 1.3%).
Additionally, GAGs present in term HM appear to be generally less sulfated compared with those in
bovine milk [146], though any impact of this difference on the infant has not been explored.
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Figure 1. Glycosaminoglycans, found in much greater quantities in human breast milk (HM), traverse
the intestines largely untouched: (a) Digestion and potential function of glycosaminoglycan-associated
proteoglycans in milk. (b) Comparison of total glycosaminoglycan content of term human and bovine
milk. GAG: glycosaminoglycan; GAGS: glycosaminoglycans.

A disparity in bioavailability also appears to exist between human and bovine milk.
Maccari et al. [143] compared the residual GAG content of the feces of term infants fed either
HM or formula, and noted significantly lower recovery of HM GAGs compared to those from
formula, indicating a much greater utilization of the GAGs derived from HM. In addition, a greater
proportion of highly sulfated GAGs, present at higher levels in bovine milk compared to HM,
appeared in the feces of both groups, potentially suggesting an inability of distal intestinal bacteria
to catabolize these compounds [147]. Differences in milk glycosaminoglycan composition, overall
quantity, and bioavailability may underly some of the protective effects of breastfeeding with regard to
NEC pathogenesis.

Notably, gestational age of the infant at birth and stage of lactation have prominent influences
on the GAG composition of HM. Coppa et al. [148] demonstrated that while preterm and term HM
have consistent proportions of the two foremost GAGs, chondroitin sulfate and heparin, the total
GAG content is approximately three times higher in preterm milk. The respective percentages of
CS and heparin are maintained as total GAG levels vary over the first month of lactation, with peak
levels of GAGs on day 4 of colostrum (9.3 g/L and 3.8 g/L in preterm and term HM, respectively)
and a subsequent decline to the end of the month (4.3 g/L and 0.4 g/L in preterm and term HM,
respectively). Interestingly, 50% (preterm) and 73% (term) of this reduction in GAG content is noted to
occur between days 4 and 10 [148]. Wang et al. [149] have established this progressive decrease of HM
GAG content occurs through at least the first six months of lactation. Additionally, differences in the
degree of sulfation occur during the lactation period, with HS sulfation increasing slightly over the
first six months and CS sulfation peaking at day 43 before subsequently declining [149]. While the
physiological rationale underlying GAG sulfation variability during the breastfeeding period has not
yet been appreciated, these changes in sulfation patterns are likely functionally significant [150].

Maternal characteristics may also alter both the GAG composition of HM and the ability of
the infant, indirectly, to break down those GAGs in the distal intestine. While Volpi et al. [151]
did not find GAG compositional changes among milk samples from mothers of varying ethnicities,
Mannello et al. [152] noted maternal health could directly influence GAG composition, as alterations in
the structure and sulfation levels of CS in the milk of a breast affected by invasive carcinoma differed
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with those in the unaffected breast of the same mother. Finally, Cerdó et al. [153] have established that
the microbiome of infants born to obese mothers is more capable of glycosaminoglycan degradation
compared with that of infants born to mothers of normal weight, with unspecified effects on the risk of
developing NEC. Further investigation into the potential impact of maternal obesity on GAG content
of HM and the ability of infants born to obese mothers to utilize HM GAGs would be of interest.

The utility of donor milk as a suitable substitute for formula has often been questioned,
particularly given the pasteurization process is known to reduce the bioactivity and concentration
of critical immunoglobulins, growth factors, and digestive enzymes [19]. HM contains active
glycosidases, enzymes capable of degrading glycoconjugates such as glycosaminoglycans in a time-
and temperature-dependent manner; however, these enzymes are unlikely to significantly alter the
composition of GAGs in donor milk, as little breakdown in glycoconjugates is seen with storage at
37 ◦C for up to 16 h [154]. Additionally, Coscia et al. [155] subjected donor milk samples to Holder
pasteurization, a method often utilized by milk banks, and noted the concentration and proportions of
HM GAGs are not significantly altered by the process. Thus, the current preference for donor milk over
formula may be warranted in this context, especially in at-risk, preterm infants, as GAG concentrations
and relative proportions remain largely unaffected by common storage and processing techniques.

4. Glycosaminoglycan Protection against NEC

In the small intestine, GAGs are believed to participate in a number of biological processes,
including molecular trafficking, maturation, and differentiation of a variety of cell types, modulation
of inflammatory events, structural support, and adhesion to bacteria in the intestinal lumen [156–159].
Importantly, GAG incorporation into the extracellular matrix and epithelial cell surface is thought to be
essential to a functional intestinal barrier [160]. Inflammation, particularly driven by proinflammatory
cytokine release, has been shown to disrupt endogenous production of sulfated GAGs [161]. In NEC,
impaired distribution of intestinal GAGs appears to mirror the patchy, skip lesion nature of the
disease [162]. While GAGs are not digested and incorporated into small intestinal tissue [143], their
supplementation through HM or other means may still provide significant benefits to the neonatal small
intestinal epithelium through their interaction with the epithelial surface or luminal contents [163],
especially in the context of their potential loss during inflammation. These extracellular interactions
of GAGs with IECs or luminal bacteria likely contribute substantially to the protective effects of HM
against NEC. While the precise function of GAGs in HM is incompletely understood (Figure 2), studies
attributing protective effects to individual GAGs, sourced either from HM extractions or biosynthetic
preparations, are accumulating, with the large majority focusing on CS, HA, and heparin.

Generally, GAGs are believed to exhibit antiviral and antibacterial properties [164]. HA has
been demonstrated to inhibit bacterial growth [165,166], and is a common matrix component of
bioengineered orthopedic scaffolding because of this bacteriostatic property. HM GAGs may also
influence the composition of the neonatal microbiome beyond growth constraints applied to certain
microbial species, resulting in a wide variety of potential physiological effects. Recently, several species
of human commensal bacteria, including strains associated with common probiotic formulas, have
been shown to actively degrade host GAGs in the intestine [167], lending some credence to the idea
that HM or formula-supplemented GAGs could act as prebiotics [168], promoting the growth of only
those commensal species outfitted with the enzymes necessary to metabolize these compounds. While
these prebiotic effects would be far more likely to affect the distal intestine as opposed to the ileum, the
ramifications of this potential GAG influence on the microbiome in total may include changes in NEC
susceptibility and require further investigation.
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Figure 2. Schematic of potential glycosaminoglycan mechanisms of protection in necrotizing
enterocolitis (NEC). CS: chondroitin sulfate; HA: hyaluronic acid; GAGS: glycosaminoglycans.

GAGs are also known to reduce microbial adhesion to IECs, often the initial step in infection.
Sava et al. [169] pretreated Caco-2 colonocytes with a mixture of heparin, HS, and CS, reducing the
capacity of Enterococci bacteria to adhere to the host cell surface. Hafez et al. [170] demonstrated
similar findings with regard to Staphylococci adhesion to host epithelial cells in the presence of free
GAGs. Treatment of HT-29 colorectal cells with heparin, a prominent GAG in HM, has also been shown
to reduce internalization of a number of bacterial species via a reduction in cellular adhesion [171].
Antimicrobial characteristics of GAGs have also been shown to extend to those isolated directly from
HM. For example, Newburg et al. [172] demonstrated CS or a CS-like compound extracted from HM
can inhibit binding of the gp120 human immunodeficiency virus (HIV) envelope protein to its receptor,
an essential early step in transmission of the virus. Coppa et al. [140] treated intestinal cell lines with
GAGs extracted from HM and demonstrated a reduction in pathogenic bacterial binding of intestinal
receptors, while Hill et al. [173] demonstrated the ability of HA 35 (biosynthetic HA of an intermediate
35 kDa size and with qualitatively similar effects to that of the inclusive HM HA fraction) to limit
intestinal adhesion of Salmonella Typhimurium.

GAGs present in HM may also work synergistically with the host immune system to both
upregulate endogenous defenses and tame the type of destructive, runaway inflammation characteristic
of NEC [174]. HA fragments of varied sizes have been shown to have protective effects on the intestinal
epithelium. Zheng et al. [175] noted exogenous administration of 750 kDa HA fragments ameliorated
disease in a colitis mouse model through a TLR4- and cyclooxygenase-2 (COX-2)-dependent repair of
the epithelium, while Riehl et al. [176] found similar protective effects in irradiated small intestinal tissue.
HA of 900 kDa size has also been shown to protect the intestinal epithelium of immunocompromised
mice through a reduction in inflammatory signaling [177]. Additionally, both HA 35 and a polydisperse
HM HA extract upregulate the antimicrobial protein human β-defensin 2 (HβD2) in human intestinal
epithelial cells and its ortholog in the murine large intestine [173,178].

Our group recently demonstrated the effectiveness of HA 35 in reducing the incidence and severity
of disease in a mouse model of necrotizing enterocolitis. Gunasekaran et al. [179] treated mouse pups
(age P14–16) with HA 35 (15 mg/kg or 30 mg/kg) once per day for three days prior to the initiation of
NEC. NEC was induced using a two-hit model of intraperitoneal dithizone injection followed by oral
administration of Klebsiella pneumoniae [55]. A stark reduction in proinflammatory cytokine release
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(tumor necrosis factor-alpha (TNF-α), GRO-α (growth-regulated oncogene-alpha), IL-12p70, and IL-6)
was seen with HA 35 treatment (either dose) compared to untreated NEC. These changes, coupled
with upregulation in tight junction proteins, likely led to the reduction in pathological intestinal
permeability and associated bacteremia, ultimately resulting in significantly improved pathology of
the ileum, substantially diminished disease severity, and significantly greater pup survival.

CS also exerts a number of well-documented effects on inflammation, including reductions in
pro-inflammatory cytokine and NF-κB (nuclear factor kappa-light-chain-enhancer of activated B cells)
levels [180], weakened COX-2 and NOS-2 (nitric oxide synthase-2) activities [181], and the upregulation
of a variety of antioxidant enzymes [182]. CS has demonstrated positive impacts in intestinal
bowel disease (IBD) [183,184], likely through anti-inflammatory effects [185] and increased epithelial
and mucosal tissue repair [183]. The anti-inflammatory effects of heparin, including reductions in
pro-inflammatory TNF-α and IL-6 signaling [186], have also been demonstrated in the context of
intestinal inflammatory diseases. Often utilized as a first line of treatment in IBD [187], heparin,
specifically low-molecular-weight or unfractionated heparin, has been shown to ameliorate disease
activity through a combination of anti-inflammatory and anticoagulative effects [188], resulting in
increased mucosal healing and improved intestinal barrier function [189].

Altogether, glycosaminoglycan-associated reduction in pathogen binding to host IECs, an
upregulation in intestinal defenses by GAGs, and a reduction in excessive inflammatory signaling is
likely to lead to an improvement in intestinal barrier function and a significant decline in bacterial
invasion and translocation, critical events in the pathogenesis of NEC [190,191]. Hall et al. [192]
established a line of goblet-like cells are more susceptible to invasion when bacteria are freely suspended
in bovine-based formula compared to HM. Hill et al. [173] demonstrated a polydisperse HM HA
extract is capable of protecting colonocytes from Salmonella infection in vitro. Mice treated with HA
35 are protected from Citrobacter rodentium infection via an upregulation in the critical tight junction
protein, ZO-1 (zonula occludens-1), resulting in reduced intestinal permeability and inhibited bacterial
translocation across colonic epithelium [193], similar to our findings in a murine NEC model [179].

Our group has also directly interrogated the ability of CS, the most common GAG in HM [146], to
limit both bacterial invasion (Figure 3a) and translocation (Figure 3b) in T84 colonocyte monolayers,
an in vitro model of the intestinal epithelium [194]. CS, at a concentration of 750 μg/mL given
prophylactically for 48 h prior to bacterial challenge, reduces invasion and translocation of SCB34
Escherichia coli, an invasive, multi-drug resistant bacterial strain isolated from a neonatal early-onset
sepsis case [195], by 75% compared to control. In this study, CS shows no effects on cell viability
while also reducing, though not significantly, the production of the inflammatory chemokine, IL-8.
Given the potent effects of GAGs on inflammation and prevention of infection, the availability of these
compounds in HM, and potentially their supplementation in formula following further systematic
review, may be critical to neonatal health in general, and specifically, in the prevention of NEC.
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Figure 3. The effects of chondroitin sulfate on E. coli invasion and translocation of T84 colonocyte
monolayers: (a) chondroitin sulfate (CS) was given prophylactically for 48 h prior to infection. A
dose-dependent reduction in bacterial invasion occurred with CS (M ± SEM), with 750 μg/mL showing
significantly lower bacterial invasion compared to control (** p = 0.0071; eta-squared = 0.0944); (b) CS
at 750 μg/mL was significantly protective by the third hour of inoculation (M ± SEM, ** p = 0.0018).
(Reprinted with permission of authors and SAGE Publishing [194]).

5. Conclusions

In this review, we assessed the GAG composition of sources of neonatal nutrition and relative
changes across the duration of infant feeding, as well as summarized the potential protective effects of
these GAGs against necrotizing enterocolitis. As common components of HM, GAGs are receiving
increased attention because of their demonstrated antimicrobial and anti-inflammatory effects, and
their potential to ameliorate intestinal inflammation and associated bacterial translocation of the
epithelium. The protective effects on host barrier function, combined with beneficial interactions
with, and positive influences on, luminal bacteria, likely serve to strengthen innate defenses against
gastrointestinal infection in the neonate. Additional studies are needed to further characterize the
effects of HM-derived GAGs on the intestinal epithelium, their interactions with specific bacteria, and
their influence on the neonatal intestinal microbiome in full, particularly in the contexts of prematurity
and NEC.
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Abstract: In the past few decades, interest in the therapeutic benefits of exosomes and extracellular
vesicles (EVs) has grown exponentially. Exosomes/EVs are small particles which are produced and
exocytosed by cells throughout the body. They are loaded with active regulatory and stimulatory
molecules from the parent cell including miRNAs and enzymes, making them prime targets in
therapeutics and diagnostics. Breast milk, known for years to have beneficial health effects, contains
a population of EVs which may mediate its therapeutic effects. This review offers an update on
the therapeutic potential of exosomes/EVs in disease, with a focus on EVs present in human breast
milk and their remedial effect in the gastrointestinal disease necrotizing enterocolitis. Additionally,
the relationship between EV miRNAs, health, and disease will be examined, along with the potential
for EVs and their miRNAs to be engineered for targeted treatments.
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1. Exosomes

Since secreted extracellular vesicles (EVs) were first discovered over 30 years ago [1,2],
their involvement in the interrelated fields of physiology [3,4], immunology [5–7], and metabolism [8–10]
has been the subject of extensive research. EVs are nanosized particles, between 30 and 2000 nanometers
in size, that can be grouped based on their range of sizes. EVs between 30 and 150 nm are
termed exosomes, while larger particles between 150 and 1000 nm are known as microvesicles [11].
The mechanism of formation for exosomes and microvesicles differ, in that exosomes are initially
intraluminal vesicles, located in intracellular multivesicular bodies. As these bodies directly fuse
with the parent cellular membrane, the smaller vesicles are exocytosed into the luminal space [12].
Microvesicles, the larger of the two, can fuse with the cellular membrane and directly bud from the
cell [13]. Both exosomes and microvesicles are packaged with an assortment of molecules from the
parent cell, including proteins, lipids, messenger RNA, and microRNAs [14,15]. The mechanism of
formation of EVs as a whole is mediated by numerous proteins that eventually become part of the
EV structure. These proteins, which embed in the EV bilipid layer, have been established as positive
markers in EV confirmatory analysis, including tetraspanins such as CD63 and CD81 [16], vesicular
fusion proteins such as flotillin [17], and the vesicular formation protein Alix [18].

EVs are released from multiple cell types throughout the body and participate in intercellular
communication by fusing with recipient cell membranes and delivering the parent cell molecular cargo
to the recipient target cell [19]. The functional outputs that occur as a result of EV-mediated shuttling
of cargo are expansive. EVs can increase the proliferation and survivability of disparate cell types,
including cartilage and endothelial cells, through modulation of AKT/ERK proliferative transcription
pathways [20,21]. EVs can also influence innate and adaptive immunity, as demonstrated by their
ability to modulate the NF-kB inflammatory signal transduction pathway, as well as T-cell priming and
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activation [22–24]. The source of the EVs has a major influence on their function. For example, stem
cell (SC)-derived EVs have notable beneficial properties, including the ability to reduce the incidence
of the severe intestinal disease necrotizing enterocolitis (NEC) in rat pups [25]. SC-EVs can also
increase contractility and reduce diastolic pressure in murine hearts, accelerate mouse bone fracture
healing, and increase neural growth—all hallmarks of beneficial health outcomes [3,26,27]. Additionally,
EV cargo function is often analogous to the function of the parent cell from which the cargo originated.
For example, EVs that are derived from immune cells such as dendritic cells are associated with
regulation of the immune system [22], while EVs of cardiac origin mediate cardiac-related outcomes
including anti-apoptosis of cardiomyocytes [28,29]. The cross-cell communicable functionality of EVs
is also wide-ranging, with as many recipient cell types as there are cellular origins of EVs [30–32].

2. The Therapeutic Potential of Exosomes

The identification of EVs, and particularly of exosomes, as intercellular communicators that
have far-reaching effects on human health has opened the door to a surfeit of potential uses for
these nanoparticles. One common thread throughout exosomal and EV research is their therapeutic
potential, and how they might be able to improve health outcomes systemically. The diverse molecules
that compose EV cargo are the primary effectors of these therapeutic functions, and they can be
surface-bound or found within the vesicle itself. Surface-bound bioactive molecules include antibodies,
which can ameliorate complement-mediated cytotoxicity [33], and e-cadherin, a molecule involved in
adhesion that can be bound to exosomes and utilized in tumor angiogenesis [34].

The internal cargo of EVs, including enzymes and miRNAs, impart therapeutic function on
recipient cells upon delivery from the EV [35,36]. miRNAs, which are 18–22 nucleotide non-coding
RNAs, have been identified as a primary player in EV therapeutic function by regulating gene
expression post-transcriptionally [37]. The miRNAs form the RNA-induced silencing complex (RISC)
in combination with the Argonaute silencing protein [38]. miRNAs have a specific seed sequence
that targets a complementary sequence on the 3’-untranslated region of target mRNA [39]. At this
point, the Argonaute protein represses translation by blocking formation of the translational protein
complex or by actually degrading the mRNA [40]. Given the wide breadth of genes regulated by
miRNAs in this manner [41], it is not surprising that exosomal/EV miRNAs have multiple natural
therapeutic effects on health. For example, miRNAs delivered by secreted exosomes/EVs can enhance
T-cell antigenic tolerance to contact sensitivity [42], increase neurite growth [43], and modulate
the integrity of the brain vasculature by induction of endothelial cadherin [44], which maintains
endothelial tight junctions. These miRNAs have also proven therapeutic in models of hepatitis,
sepsis, and heart disease [45–47]. EV-derived miRNAs can have broad targeting effects on protein
levels. Pro-inflammatory miRNAs, like miR-155, can increase pro-inflammatory IL6 protein levels in
response to LPS when delivered via exosomes, while exosomal anti-inflammatory miR-146 reduce IL6
and IL12 protein levels while increasing the immunomodulatory cytokine, IL10 [48]. Innovations in
exosome biology have allowed researchers to engineer exosomes/EVs for delivery of specific miRNA
cargo [49,50]. Exosomes and miRNAs are highly stable and can withstand the stresses of the GI tract and
the bloodstream, strengthening their case as a potentially tunable therapeutic system [51–53]. This can
be done through transfection of a parent cell with an miRNA-mimic to over-produce a particular
miRNA, or by transfecting exosomes/EVs directly, leading to an increase in miRNAs packaged within
exosomes [35,49,50,54]. Electroporation, commonly used in the transformation or transfection of
bacterial and mammalian genomes respectively, is often utilized to introduce over-expression of
miRNA constructs into exosomes/EVs [49,50]. Upon in vitro synthesis, the exosomes can then be
extracted, purified, and delivered therapeutically. In a study by Qu et al., adipose-derived mesenchymal
stem cells were engineered to over-express miRNA-181-5p. Exosomes released from these stem cells
were able to abrogate fibrosis in a liver disease model by increasing autophagy and inhibiting cell
survival pathways [55]. A different study showed that over-expressed exosomal miRNA-181 reduced
cardiac infarction and resultant inflammatory readouts including the IL-6 cytokine [56]. This can extend
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to other miRNAs, such as miR-134, which reduced breast cancer cell migration when over-expressed
and released by EVs [57].

3. Disease and Exosomal miRNAs

Exosomes/EVs are not always associated with therapeutic outcomes. They have also been associated
with disease states which has led to their cargo, especially miRNAs, being utilized as disease biomarkers
for inflammatory diseases [58], neural disorders such as Alzheimer’s disease [59], and cancers such
as leukemia and colon cancer [60,61]. Exosomal/EV miRNAs can also confer disease phenotypes,
including transferring cancer drug resistance between cancer cells [62]. One such study demonstrated
that sensitivity to tyrosine kinase inhibitors, a drug used against chronic myeloid leukemia, can be
reduced by the export of miR-365 from resistant cells to sensitive cells [63]. Similar findings were
reported by Wei et al., wherein exosomal release of miR-221/222 conveyed tamoxifen resistance to breast
cancer cells [62]. Other studies have shown that exosomal miRNA-155 is inflammogenic through IL6
and IL8 upregulation [64], while exosomal miRNA-214-3p can inhibit bone development by interfering
with osteogenic transcription factors [36], highlighting the wide range of deleterious health effects that
exosomal/EV miRNAs are capable of mediating. Angiogenesis is associated with both negative health
outcomes (e.g., tumor growth) and beneficial outcomes (e.g., wound healing and the resolution of
cardiovascular disease), and EVs are capable of increasing angiogenesis [65–67]. Specifically, the transfer
of miRNAs from exosomes/EVs has been associated with elevations in angiogenesis. miR-30b is one such
miR that is transported via stem cell exosomes and can increase vessel branching via the inhibitory
binding of DLL4, an anti-angiogenesis transcription factor [65].

In an extension of synthetically increasing miRNA expression as detailed above, researchers can
also inhibit disease-associated miRNAs with anti-miR oligonucleotides, which are complementary to
specific miRNAs and can bind and block their regulatory activity [36,68,69]. In one example, anti-miR-9
was constructed, and mesenchymal stem cells were seeded with the engineered anti-miRs. The authors
showed that anti-miRs derived from these stem cells were able to inhibit miR-9-mediated resistance to
the chemotherapeutic drug temozolomide, by increasing caspase activity [70]. Engineering elevations in
miRNA production can also increase disease pathology. Over-expression of miRNA-212/132 increased
the leakiness of the blood–brain barrier, while anti-miRs were able to abrogate these changes [71].

Pre-term birth is associated with multiple disease and adverse health outcomes, including
necrotizing enterocolitis. Work is underway to examine how exosome/EVs and their miRNA cargo are
involved in pre-term birth. One such study demonstrated considerable changes in the plasma-derived
exosomal-miRNA profile of human mothers that delivered pre-term compared to those that delivered
at term. Increased among the pre-term exosomal miRNA populations were miRNAs involved in
glucocorticoid signaling, which is often elevated before labor progression [72]. Even non-EV-derived
circulating miRNAs isolated as early as the first trimester can predict pre-term birth [73,74]. In mice,
exosomal cargo composition shifts based on gestational age of the dam were observed, and proteomic
analyses demonstrated that exosomes isolated from E18 dams were highest in inflammatory mediators.
The authors of this paper surmised that this could be for cervical relaxation prior to birth. The importance
of gestational age on exosomal composition was further established by the observation that E18
exosomes were capable of inducing pre-term birth, indicating that exosomes may be instrumental in
the birthing process [75]. These studies offer compelling evidence for the wide-ranging effects that
EV-miRNAs can have, acting as compositional biomarkers for pre-term labor and also being closely
involved in the process of labor, pre-term or otherwise.

4. Breast Milk as a Therapeutic Bio-Fluid

Historically, the importance of breast milk (BM) in neonatal and infant health is unquestioned.
The inherent benefits of BM are many and well-documented, including aiding in the development of
the neonatal immune system through the delivery of antibodies like secretory immunoglobulin A [76],
seeding and normalizing the infant microbiota as the BM is rich in beneficial bacterial species including
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Lactobacillus and Bifidobacterium [77], and reducing infant mortality in NEC and sudden infant death
syndrome [78,79]. The reason for the multitudinous benefits of BM are due primarily to its composition.
BM has a high quantity of proteins, many of which have immunological functions, including lactoferrin,
immunoglobulin A, and cytokines [80]. Breast milk also contains milk oligosaccharides that are involved
in infant immunity by strengthening gut barrier integrity [81], assisting in modeling health-associated
microbiota [82], and activating production of the anti-inflammatory cytokine IL-10 [83]. Clinical reports
also suggest that human milk oligosaccharide, whether supplemented in breast milk or formula,
is protective against bronchitis and other lower respiratory tract infections [84].

Fatty acids (FAs) within breast milk are also impactful on neonate health, and their levels are
differentially associated with disease prevalence. FAs are generally distributed between the saturated
and unsaturated categories, and in total, make up nearly half of the energy supply for a breastfed
infant. The major FA constituents of breast milk are of the polyunsaturated variety, including linoleic
acid and its derivatives, arachidonic acid (ARA), and docosahexanoic acid (DHA). FAs have been
associated closely with cognitive neurodevelopment and motor development. Breast milk is also
a major source of vitamins for the newborn infant, with considerable concentrations of vitamins B,
C, A, and D, as well as niacin and riboflavin [85]. While the mother’s diet is a major determinant of
the levels of these vitamins, their prevalence in BM further establishes BM as an acutely important
foundation of any infant’s diet.

5. Breast Milk Exosomes

In the search for exosomes/EVs that have a higher propensity for therapeutic effects, while also
having the potential to be easily administered clinically, BM-derived exosomes have become
a key player. Recently, there has been a spike in interest of the potential beneficial effects of BM
exosomes [86,87]. These effects are spread across numerous mammals, including humans, bovines,
camels, and pigeons [86–89]. A particular focus is being paid to the effect that BM exosomes have on
the gastrointestinal (GI) tract, given recent studies that have shown that these human BM exosomes
are resilient to digestion and can be endocytosed by intestinal epithelial cells, indicating that BM
exosomes have the ideal qualities of a potential therapeutic. Resilience to digestion extends to BM
EV-derived miRNAs [51,53,90]. In a study by Hock et al., rat BM-derived exosomes increased intestinal
cell proliferation through the activation of stem cell marker, Lgr5 [87]. Similar findings were reported
in a hydrogen peroxide model of oxidative stress. H2O2 increased cell death in the rat IEC-6 intestinal
cell line. The addition of human BM-derived exosomes abrogated H2O2-induced increase in cell death,
while significantly elevating cell viability over control [91].

The composition of BM-EVs is an open question. In a recent study, Wang et al. performed
peptidomic analysis of BM exosomes, comparing mother’s milk from term pregnancies to mother’s
milk from preterm pregnancies [92]. The authors discovered that preterm and term milk exosomes
had altered peptide compositions comparatively. Cells treated with pre-term BM exosomes exhibited
increased proliferation which was potentially associated with lactotransferrin and lactadherin, peptides
that were up-regulated in the pre-term group [92]. Milk oligosaccharide has also been identified as
a beneficial component in BM. In one study, the human milk oligosaccharide 2’-fucosyllactose protected
against intestinal disease by increasing eNOS production. The elevated eNOS modulates mesenteric
perfusion within the gut, a process that combats necrotic pathology [93].

Work is also underway to characterize the BM-EV miRNA profile, with miR-30d-5p, let-7b-5p,
and let-7a-5p amongst the most abundant [94]. EV-miR-30d mediates the expression of genes involved
in embryonic development, and let-7b is a well-known regulator of inflammation that mediates Toll-like
receptor 4 activation, which can stimulate inflammation [95,96]. The composition of highly abundant
EV-miRNAs is similar between term and pre-term milk, and both can be internalized by intestinal
epithelial cells [51,90]. These miRNAs can then alter gene transcription within the cells. For example,
internalized miR-148a reduces DNTM1 expression [97], while miR-22-3p, a highly expressed human
BM-EV miRNA [51], downregulates NF-kB, a pro-inflammatory transcription factor [98]. As with
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protein composition, researchers have investigated how the “age” of the BM affects miRNA composition.
One study reported that early milk in pandas, such as colostrum, contained miRNAs more closely
associated with immune regulation and response, while later mature milk had more of a development
and metabolism profile [99]. Interestingly, milk collected within the first week of a baby’s birth has
a higher concentration of exosomes compared to milk collected by the baby’s second month of life [100].

As detailed above, breastfeeding has numerous beneficial effects, and in offspring it is negatively
associated with obesity as well as reductions in exacerbations of asthma [101,102]. Given the correlation
between BM-EV miRNA compositions and specific physiological functions including inflammation
modulation and metabolism, it comes as no surprise that BM-EV miRNAs are likely to play a major role
in preventing offspring disease prevalence. However, while these specific connections have not yet been
made, it is generally known that exosomes derived from BM have broad immunomodulatory function,
including reducing IL-2 and TNF-α production and inducing T-regulatory cell activation [103,104].
While deeper analysis tying BM-EV miRNAs to reduced risk of obesity or asthma development is
necessary to draw conclusions, the breadth of beneficial outcomes mediated by BM-EVs gives credence to
the hypothesis that BM-EV miRNAs are likely key mediators in most breastfeeding-associated outcomes.

The effect mediated by BM-derived exosomes can also be deleterious. Human BM exosomes are
capable of inducing epithelial to mesenchymal transition (EMT), a phenomenon in which epithelial
cells can lose their normal polarity and become increasingly migratory as the basement membrane
breaks down [105]. This is often associated with the development of cancer, and cells that undergo this
transition are generally invasive [106]. Additionally, mothers with Type-1 diabetes have an altered
BM-EV miRNA profile, of which some of the differentially-expressed miRNAs are capable of inducing
pro-inflammatory cytokine expression [107].

6. Breast Milk Extracellular Vesicles and Necrotizing Enterocolitis

BM-EVs have been targeted as a compelling therapeutic for NEC, a disease that affects premature
infants, particularly in the low birth weight subset [108]. Early NEC symptomology includes abdominal
distension, feeding intolerance, and ileus. In moderate cases, clinicians treat the disease with antibiotics,
withholding of enteral feeds, and administration of total parenteral nutrition [109]. In severe cases,
babies develop fulminant intestinal inflammation and eventual necrosis of the intestinal tissue. Mortality
rates are as high as 40%–50% [108,110], and survivors can suffer from developmental disorders later in
life, including memory deficits [111]. Infants that have undergone surgery may also have short bowel
syndrome later in life, due to the reduction in overall intestinal length [109]. With these abundant issues
associated with NEC, it is incumbent upon researchers to develop targeted, specific treatments for the
disease. BM components, such as human milk saccharides (i.e., oligosaccharides like 2’-fucosyllactose
and glycosaminoglycans like hyaluronan) and anti-microbial peptides (i.e., lactoferrin), have proven to
have some efficacy in the treatment of NEC [93,112,113].

There is much interest in BM-EV therapeutic development for NEC. NEC animal models are widely
used by research labs, including rat, mouse, and pig models [25,114–117]. Using the well-characterized
rat NEC model, we have demonstrated that human BM-derived EVs reduce the incidence of NEC
in rat pups when delivered orally with formula feeds. Orally delivered BM-EVs had improved
efficacy compared to BM-EVs delivered intraperitoneally, which may be related to the stability of the
BM-EVs trafficking through the digestive tract [51,86,90]. Human BM-EVs had pro-proliferative and
anti-apoptotic effects in both rat (IEC-6) and human (FHS74) intestinal cell culture models, suggesting
that the therapeutic properties of BM-EVs are mediated through a protective effect on intestinal
epithelial cells [86]. These results corroborated other research demonstrating that BM-EVs have similar
protective effects on cellular proliferation and growth [87]. We have also demonstrated that stem
cell-derived EVs released from multiple sources, including amniotic fluid-derived mesenchymal stem
cells (MSCs), bone marrow-derived MSCs, and amniotic fluid-derived neural SCs, also have therapeutic
effects in NEC, significantly reducing overall NEC incidence in rat pups [25,115]. Both SC-derived
EVs and SCs alone were associated with improved gut barrier function, abrogating the gut leakiness
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often associated with NEC, though the mechanistic involvement of SC-EVs in this process is presently
unknown [115,118]. Protein production is likely one of the primary targets in EV/exosome-mediated
therapeutics. BM-derived exosomes were able to mediate the expression of multiple proteins to
reduce NEC severity, including reducing myeloperoxidase, a pro-inflammatory molecule released by
neutrophils that is elevated in a mouse model of NEC, while increasing MUC2 and GRP94, which are
expressed by goblet cells and are major components in the intact gut barrier [119]. In a murine LPS
model, exosome administration reduced LPS-induced elevations in pro-inflammatory cytokine protein
levels (e.g. IL-1, IL-6, TNF-α) [120]. In the same model, exosomes reduced pro-apoptotic caspase-3,
as well as components of the pro-inflammatory signal transduction proteins, TLR4 and MyD88.
Exosomes were also able to reduce LPS-induced phosphorylation of the NFκB pathway. Many of these
anti-apoptotic and anti-inflammatory effects were mediated by exosomal miRNAs. Given previous
studies that have demonstrated the tunable nature of EV miRNAs [35,36], BM-derived EVs continue to
be a strong candidate in disease therapeutics.

7. Future Directions of EV Therapy for NEC

Going forward, there is a crucial need for a better understanding of: (1) NEC pathophysiology,
(2) NEC etiology, and (3) NEC inflammatory mechanisms. This knowledge will allow more stringent
focusing of therapeutic EV cargos. As numerous studies have shown, NEC incidence and severity,
as well as intestinal injury in commonly used in vitro models of gut disease, can be ameliorated through
EV treatment [25,86,87]. The reductions in NEC injury severity by EVs may be mediated through
EV-miRNAs, given their well-known ability to mediate disease outcomes [57]. Targeted treatments for
these pathways, particularly through fine-tuning of EV-miRNA cargos, may prove to be an especially
valuable avenue to pursue. Additionally, continued study on synthetically-produced EVs with specific
pre-loaded cargos will provide members of the medical community an improved tool with proven
ability to traffic to specific sites where their cargo can be unloaded.

8. Conclusions

This review has summarized recent research breakthroughs in the functionality of exosomes/EVs,
particularly those derived from BM, as therapeutics in disease treatment. The fact that these EVs can
store and transport stimulatory and regulatory elements, including miRNAs and enzymes, forms the
basis for these nanoparticles to act as intercellular communicators as well as potential remedies for,
or disseminators of, disease. Nearly every cell produces and exocytoses exosomes/EVs, including breast
cells. BM is rife with exosomes/EVs, and given that the beneficial qualities of BM are well documented,
it is of considerable interest to examine the extent to which these nanoparticles may mediate its
positive effects. Herein, we have reviewed many of the recent studies that have investigated this very
question, and we conclude that the evidence conveys strongly that BM-EVs are closely involved in
health mediation. This is particularly observed in the treatment of necrotizing enterocolitis [86,119].
The use of BM-exosomes/EVs has proven to be a promising treatment in animal models of NEC,
through pro-cellular proliferation and anti-apoptosis mechanisms [86]. However, further investigation
is necessary prior to delivering these therapies clinically.

Researchers have discovered methods of amplifying or ablating EV miRNA composition, using
silencing or over-expression vectors, and have demonstrated that such changes can have either
deleterious or beneficial health effects [35,36,56,69]. These studies show promise for what can be
performed with these particles and their cargos synthetically. The knowledge regarding the ability
of these nanoparticles to be administered, to traffic to sites of disease, and to deliver their cargo,
in combination with the capability to manipulate, tune, and improve their efficacy, creates a truly
exciting opportunity in disease therapeutics.
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Abstract: Necrotizing enterocolitis (NEC) remains a significant cause of morbidity and mortality
in preterm infants. Formula feeding is a risk factor for NEC and osmolality, which is increased
by the fortification that is required for adequate growth of the infant, has been suggested as a
potential cause. Our laboratory has shown that Paneth cell disruption followed by induction of
dysbiosis can induce NEC-like pathology in the absence of feeds. We hypothesized adding formula
feeds to the model would exacerbate intestinal injury and inflammation in an osmolality-dependent
manner. NEC-like injury was induced in 14–16 day-old C57Bl/6J mice by Paneth cell disruption with
dithizone or diphtheria toxin, followed by feeding rodent milk substitute with varying osmolality
(250–1491 mOsm/kg H2O). Animal weight, serum cytokines and osmolality, small intestinal injury, and
cecal microbial composition were quantified. Paneth cell-disrupted mice fed formula had significant
NEC scores compared to controls and no longer required induction of bacterial dysbiosis. Significant
increases in serum inflammatory markers, small intestinal damage, and overall mortality were
osmolality-dependent and not related to microbial changes. Overall, formula feeding in combination
with Paneth cell disruption induced NEC-like injury in an osmolality-dependent manner, emphasizing
the importance of vigilance in designing preterm infant feeds.

Keywords: necrotizing enterocolitis; immature intestine; formula; osmolality; inflammation; microbiome

1. Introduction

Necrotizing enterocolitis (NEC) remains the leading cause of gastrointestinal morbidity and
mortality of premature infants, leading to the death of 1/3 to 1

2 of the infants who develop disease [1,2].
Although the pathophysiology of NEC is still unknown, it is postulated to be the result of bacterial
translocation across the immature epithelial barrier leading to tissue invasion, subsequent inflammation,
and ultimately destruction [3,4]. In general, NEC onset is preceded by a bloom in Enterobacteriaceae
species, although there has been no specific microorganism determined to be causative [5–11]. Studies
have linked bacterial dysbiosis or microbiome disruption with NEC development and many murine
NEC models capitalize on this fact by inducing bacterial dysbiosis, disruption of the microbiome,
or utilizing lipopolysaccharide (LPS), particularly in young mice [12–16]. Formula feeding has been
associated with increased risk for development of NEC [17] and in rat models has been shown to
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induce an inflammatory response in the immature intestine [18]. As an inflammatory milieu can induce
dysbiosis in the immature intestine [6], it is reasonable to think that formula-induced inflammation
may be one cause of the dysbiosis seen prior to development of NEC.

Our prior work has shown that NEC-like injury can be induced in 14–16 day-old mice (intestinally
equivalent to a 22–24 week infant [19,20]) by disrupting Paneth cell biology followed by creation
of an intestinal bacterial dysbiosis [21–24]. This model has direct relevance to human biology as
multiple investigators have found a decrease in Paneth cells or their granular components following
development of NEC [25–28] and an association with NEC and genetic disturbances in Paneth cell
biology [29]. We mimic this Paneth cell disruption in wild type mice with dithizone treatment, or in
genetically susceptible mice by exposure to diphtheria toxin [21–24,30,31]. Dithizone is a heavy metal
chelator that disrupts zinc-rich Paneth cells by leading to an upregulation in autophagy pathways [31].
In contrast, our PC-DTR strain of mice has a human diphtheria toxin receptor bound to the Paneth
cell-specific cryptdin 2 promoter [30–32], and exposure of these mice to diphtheria toxin induces
Paneth cell-specific apoptosis. Following either method of Paneth cell disruption, enteral exposure
of Klebsiella pneumoniae at a concentration of 1 × 1011 colony forming units (CFU)/kilogram body
weight to induce bacterial dysbiosis leads to consistent and rapid intestinal pathology that mimics
human NEC [26]. Although this model represents two risk factors for NEC (intestinal immaturity and
microbial dysbiosis) injury is induced while the mice are not fed.

Infants fed formula are at significantly more risk for NEC than those fed human milk [17,33–35];
however, the mechanism behind this discrepancy is unknown. Human breast milk contains many
unique components including nutrients, immunoglobulins, growth factors, hormones, sugars, and
proteins that nurture and help to immunologically protect the developing infant. In this fashion,
human breast milk is tailored to feed term infants and has everything needed for these infants to
grow and succeed [36,37]. However, the caloric requirements necessary to maintain the fetal growth
trajectory after birth in preterm infants cannot be achieved by breast milk alone and thus requires
fortification from an external source [38,39]. Providing adequate nutrition to preterm infants is critical
as there is considerable evidence to support a relationship between poor post-natal growth and later
development of neuro-developmental sequelae [40–42].

One side effect of breast milk fortification is a significant increase in osmolality [43]. Osmolality is
a measure of the osmoles of solute per kilogram of solvent, with osmoles being defined as a unit of
osmotic pressure equivalent to the amount of solute that dissociates in solution to form one mole of
particle [44]. The osmolality of infant formula is important as it has been suggested that ingestion of
hyperosmolar feeds may lead to NEC [45–47]. While this suggestion was first proposed almost 50 years
ago, the understanding of the effect that osmolality has on the immature intestine remains limited.
Two recent studies have shown that formula feeding induces changes in intestinal microcirculation
and that the associated injury is not osmolality-dependent [48,49]. However, these studies used five- to
nine-day-old mice which have not yet developed Paneth cells [20,50] and thus could represent a more
immature intestinal epithelium than what is seen in infants who are most susceptible to developing
NEC [2,51,52]. To help clarify these gaps in knowledge, we set out to examine the effect of adding
formula feeding to our NEC model and to understand if formula induced injury was osmolality
dependent. Our novel data show that the addition of formula feeding to either dithizone- or diphtheria
toxin-induced Paneth cell disruption eliminated the need to induce dysbiosis to cause NEC-like injury.
We additionally show that intestinal injury and markers of inflammation were osmolality-dependent,
but not necessarily microbiome dependent. Furthermore, the effects observed were dependent on the
method of increasing osmolality. These data expand our understanding of how formula feeding may
increase the risk of developing NEC in the preterm infant.
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2. Methods

2.1. Animals and Feeding Protocols

C57BL/6 mice were bred at the University of Iowa under standard conditions according to
protocols approved by the Institutional Animal Care and Use Committee (Protocol #8041401) which
was approved on 06/11/2018. Original founders were purchased from Jackson Laboratories (Bar Harbor,
ME, USA). All mice were dam fed prior to experiments and, unless otherwise indicated, experiments
were conducted with P14–P16 mice. All animals were dam fed prior to experimentation. On the day of
experimentation, animals were separated from their mothers and maintained in a temperature and
humidity-controlled chamber for the duration of the experiment. Formula feeds [23,53] were prepared
and homogenized as previously described from their elemental components. Osmolality was measured
using an OsmoPro Multi-Sample Micro-Osmometer (Advanced Instruments, Norwood, MA, USA).
High osmolality formulas were achieved by adding Mannitol (MAN; Sigma-Aldrich, St. Louis, MO,
USA), or by tripling the salt concentration of rodent milk substitution formula (RMS). Sham animals
were given equal volumes of saline (Sigma-Aldrich, St. Louis, MO, USA). All prepared formulas and
feeding solutions were given via a 24 × 1 W/1-1/4 blunt animal feeding needle (Cadence, Inc.) and
a BD one ml Tuberculin syringe (Becton, Dickinson and Company, Franklin Lakes, NJ, USA). Mice
were gavage fed 250 μL every three hours × four feeds with one of the following formulations: saline
alone; RMS, MAN in saline, NaCl in saline (SALT), RMSMAN added, or RMSSALT (Table 1). Mice were
weighed prior to the first feed and following the last feed. Mice were monitored for 3 hours after
the final feed and were then euthanized for tissue harvesting. All experiments were performed on
at least two separate occasions using at least two different litters. All controls were littermates from
experimental animals.

Table 1. Definitions of the abbreviations for the feeds used in this paper along with the associated
osmolality of each feed type.

Feeding Type/Abbreviation Formulation Osmolality (mOsm/kg H2O)

Control Saline 250
RMS Rodent milk substitute 721
Dam Ad libitum dam feeding 300

Saline Saline 273
MAN 10% Mannitol in saline 873
SALT Saline + 0.7 g NaCl 581

RMSMAN RMS + 10% mannitol 1491
RMSSALT RMS + 0.7 g NaCl 982

2.2. Formula NEC Models

NEC was induced in postnatal day P14–P16 C57Bl/6J mice by giving an intraperitoneal injection
of 75 mg/kg body weight dithizone (Sigma) dissolved in 25 mM LiCO3, or an equivalent volume
of LiCO3 buffer alone. Depending on the group being considered, 250 μL of RMS (regular formula
NEC), RMSSALT (high osmolality formula NEC), or saline (control animals) was fed through oral
gavage one hour prior to injecting with dithizone and every three hours for a total of four feeds. Mice
were sacrificed and tissues were harvested thirteen hours after the first RMS/saline gavage. NEC
was induced in P14–P16 PC-DTR mice by giving an intraperitoneal injection of diphtheria toxin at a
concentration of 40 ng/g body weight and oral gavage of saline (control animals) or RMS (formula
NEC) one hour prior to injection as well as every three hours for a total of four feeds. Mice were
sacrificed at sixteen hours after the first oral gavage and tissues were harvested. Similar to above, all
experiments were performed on at least two separate occasions using at least two different litters and
all controls were littermates from experimental animals.
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2.3. Serum and Cytokine Analysis

Blood was obtained from the facial vein at the time of euthanasia and serum was processed
as previously described [24,54]. Serum samples were used for cytokine (KC-GRO (mouse ortholog
to IL-8), TNF-α, IL-6, IL-1β, and IL-10) quantification using a Meso-Scale Discovery V-Plex assay
(Meso-Scale, Gaithersburg, MD) on a Mesoscale Sector Imager 2400. Serum osmolality was quantified
using an OsmoPro Multi-Sample Micro-Osmometer (Advanced Instruments, Norwood, MA, USA).

2.4. Microbiota Analysis

Mice were sacrificed according to institutional guidelines at the University of Iowa
and ceca were harvested for DNA extraction using the Zymo Fecal/Soil Microbe MiniPrep
kit (Zymo Research, Irvine, CA, USA) as previously described [55,56]. Amplification and
sequencing were performed on the 16s rRNA V4 domain using a barcoded forward primer
515F (5′-NNNNNNNNGTGTGCCAFCMGCCGCCGCGGTAA-3′) and the reverse primer R806
(5′-GGACTACHVGGGTWTCTAAT-3′). The master mix for amplification of the DNA was made with
1x GoTaq Green Master Mix (Promega, Madison, WI, USA); 1 mM MgCl2; 200 nM 806R reverse primer;
200 nM 515F forward primer with barcode; nuclease free H20; and DNA. The thermocycler parameters
for the PCR reaction were as follows: 94 ◦C for three minutes; 25 cycles of 94 ◦C for 45 s, 50 ◦C for 60 s,
and 72 ◦C for 90 s, followed by 72 ◦C for 10 min and a 4 ◦C hold period indefinitely. PCR amplicons
were run via gel electrophoresis to confirm amplification and then were pooled to relatively equal
amplification intensities. The pooled amplicons were then resuspended in 2X the volume of Binding
Buffer NTI from the Nucleospin PCR and Gel Purification Kit (Macherey-Nagel, Düren, Germany).
The Nucleospin PCR Purification protocol was followed according to the manufacturer instructions
(Macherey-Nagel, Düren, Germany). The purified pools were then quantitated using QuantIT dsDNA
High Sensitivity Assay (Invitrogen, Carlsbad, CA, USA). Libraries were then submitted to the UC
Davis DNA Technologies Center for 2 × 300 paired end Illumina MiSeq sequencing. Sequence data
was analyzed using QIIME 1 (University of Colorado, Boulder, CO, USA, version 1.9.1) [57]. Sequences
were first quality filtered and demultiplexed. Then, UCLUST (drive5.com, Tiburon, CA, USA) was
used to assign operational taxonomic units (OTUs) based on a 97% pairwise identity. The OTUs went
through a secondary filtration for low abundance OTUs at a 0.005% threshold. After both filtrations,
the Ribosomal Database Project database (Michigan State University, East Lansing, MI, USA) was used
to taxonomically classify the OTUs and compare with a representative set of the Greengenes 16s rRNA
database (Second Genome, South San Francisco, CA, USA, gg_13_5 release). PyNAST (University of
Colorado, Boulder, CO, USA) was used to align the OTU sequences and construct a phylogenetic tree
for further β diversity analysis. Unweighted and abundance weighted UniFrac distance was used to
calculate the β diversity. Samples were clustered based according to distances between samples.

2.5. Injury Scoring

Ileal samples were stained with hematoxylin and eosin to determine injury scores. For NEC
models, injury was scored based on a standardized scale as we have described previously [22–24,31]
from zero (healthy intestine) to four (full thickness necrosis). Scores of two or greater (separation
from the basement membrane and disruption of the villus core) were considered significant for
NEC. General non-NEC intestinal injury was assessed by two separate blinded investigators on a
three-point scale evaluating villus integrity and separation from the basement membrane as previously
described [55,58]. A score of zero was used to describe normal mucosa. Mild injury (score of one)
encompassed the development of subepithelial Gruenhagen’s space, vacuolization or subepithelial
lifting limited to the lamina propria or tips of villi. Severe injury (score of two) involved epithelial lifting
and vacuolization greater than half of the villi, villi distortion, or mucosal ulceration and disintegration
of the lamina propria.
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2.6. Statistical Analysis

All experiments were performed in at least triplicate and all experiments used animals from
at least 2 separate litters. Specific sample sizes are denoted in the Figure legends. ANOVA and
non-parametric Kruskal-Wallis testing was performed to determine statistical significance using Graph
Pad Prism v8. Significance was set as p < 0.05 for all experiments.

3. Results

3.1. Formula Feeding in Combination with Dithizone Treatment Results in Inflammation and Removes the
Requirement for Bacterial Exposure to Induce NEC-Like Injury in the Immature Murine Intestine

Our previous studies have shown that induction of Paneth cell dysfunction followed by exposure
to an enteral bacterial challenge induces NEC-like injury [22,24,54]; however, as opposed to several
other common models of NEC [13,59,60], our model does not include formula feeding as a required
component. To understand the effect of adding formula exposure to the Paneth cell-disruption model
of NEC, we fed a separate group of mice 250 μL of prepared rodent milk substitute (RMS) [23,53,56]
every three hours for four feeds prior to and during injury induction and compared them to controls.
NEC-like injury was scored as previously described [21–24,31]. Interestingly, animals fed RMS no
longer needed additional bacterial exposure to induce significant levels of intestinal injury (Figure 1A).
Rather, exposure to enteral RMS feeds, in addition to induction of Paneth cell disruption alone, was
enough to induce NEC-like injury equivalent to mice that were exposed to both Paneth cell disruption
and Klebsiella-induced dysbiosis. Representative histology of all treatments can be seen in Figure 1B.
To determine if RMS feeds were inducing inflammation, serum samples were collected at the end of the
experiment and measured for Infγ, IL-10, IL-1β, IL-6, KC-GRO (murine homologue of IL-8), and TNF,
which are cytokines often associated with intestinal injury and human NEC [61]. Exposure to RMS
significantly increased serum levels of all cytokines (n > 7 for all groups, p < 0.001 for all cytokines
measured) (Figure 1C).

A

C

BA

Figure 1. Formula feeding induces inflammation and removes the requirement for bacterial exposure
to induce necrotizing enterocolitis (NEC)-like injury. C57Bl/6J mice (14–16 days old) were given an
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intraperitoneal injection of dithizone (75 mg/kg), a gavage feeding of Klebsiella pneumonia, the
combination of both, or sham controls (n > 7 for all groups). Only the group given both treatments had
significantly elevated injury scores. A second group of mice was given the same treatments but was
also fed four times with 250 μL/feed of prepared rodent milk substitute (RMS). In this group, both the
dithizone alone and the dithizone plus Klebsiella groups had significant injury, showing that adding
RMS feeds eliminated the requirement for bacterial exposure (n > 7 for all groups, p values as shown)
(A). Representative histology is shown (B). Serum samples were obtained from sham and sham-RMS
mice and quantified for IL-10, IL-6, KC/GRO, and TNF. Sham-RMS mice had significantly higher serum
levels of all cytokines than non-RMS control groups (p < 0.001 for all cytokines, n > 7 for all groups) (C).

3.2. Paneth Cell Disruption/Formula-Induced NEC is not Dithizone-Dependent

We next sought to determine if the method of Paneth cell disruption in combination with RMS
impacted the level of injury and inflammation. P14–P16 PC-DTR mice were intraperitoneally treated
with 25 ng/g body weight diphtheria toxin to induce Paneth cell apoptosis in addition to four 250 μL
RMS feeds given via gavage every three hours for a total of four feeds. Similar to the dithizone/RMS
model, diphtheria toxin/RMS treatment induced significant increases in intestinal injury without
needing the addition of Klebsiella-induced dysbiosis (n > 5 for all groups, p < 0.0001) (Figure 2A).
Representative histology of all treatments can be seen in Figure 2B. We additionally quantified the
inflammatory cytokines present in the serum of the PC-DTR mice and found significant increases in
IL-6 and KC-GRO (Figure 2C).

A

C

BA

Figure 2. Formula feeding along with Paneth cell disruption resulting in NEC-like injury in the absence
of bacterial dysbiosis is not dependent on the method of Paneth cell disruption. PC-DTR mice on
a C57Bl/6J background (14–16 days old) were given an intraperitoneal injection of diphtheria toxin
(40 ng/g), a gavage feeding of 1 × 108/g Klebsiella pneumonia, the combination of both, or RMS in
place of K. pneumoniae (n > 5 for all groups). Mice fed formula along with diphtheria toxin-induced
Paneth cell disruption experienced significant NEC-like injury in the absence of Klebsiella-induced
dysbiosis (A). Representative histology is shown (B). Serum samples obtained from mice before tissue
harvest depict significant increases in IL-6 and KC-GRO compared to controls in both dithizone/RMS
and DTX/RMS (n >10, p < 0.001) (C).
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3.3. Immature Murine Generalized Intestinal Injury and Newborn Mortality Induced by Formula Feeding Is
Osmolality-Dependent

RMS has an osmolality of 721 mOsm/kg H2O, which is more than twice as high as either Pedialyte
(250 mOsm/kg H2O), saline (273 mOsm/kg H2O), or most mammalian milk (300 mOsm/kg H2O) [44,53].
To determine if isolated osmolality was responsible for the changes we observed in our NEC model,
we fed mice every three hours for a total of four feeds with one of the following: saline (273 mOsm/kg
H2O), ad libitum dam feeding (300 mOsm/kg H2O), RMS (721 mOsm/kg H2O), 10% MAN in saline
(873 mOsm/kg H2O), or RMS + 10% MAN (RMSMAN) (1491 mOsm/kg H2O). Importantly, animals fed
the highest osmolality formula (RMSMAN) had a 50% mortality (most of them prior to the fourth feed)
compared to 100% survival for all other feed types (Figure 3A). As mannitol can act as a significant
diuretic, we also monitored weights of the animals at the beginning and end of experimentation
(Figure 3B). While dam fed animals experienced a significant increase in weight (5.4% increase,
p = 0.009), sham animals had negligible weight change. Animals fed RMS alone had a slight but
non-significant weight increase (2.1%, p = 0.27). Animals fed MAN exhibited a significant loss of
weight (−13.6%, p < 0.0001), as did animals fed RMSMAN (−7.8%, p < 0.0001). To quantify generalized
intestinal injury, distal ileal sections were harvested at time of euthanasia and scored by two separate
blinded investigators on a three-point scale of small intestinal injury described previously [55,58] that
is distinct from the NEC injury scoring system (Figure 3C). Injury scores were significantly higher in
the RMS, MAN, and RMSMAN groups compared to sham controls (p = 0.0023, 0.0009, and < 0.0001
respectively) (Figure 3D).

 

A B C 0

1

2
D

B CA

Figure 3. Exposure to increasing osmolality induces significant intestinal injury and mortality. C57BL/6J
mice were given four 250 μL feeds with one of the following: sham Pedialyte (250 mOsm/kg H2O), dam
feeds (300 mOsm/kg H2O), RMS (721 mOsm/kg H2O), MAN in saline (873 mOsm/kg H2O) or RMS +
10% mannitol (RMSMAN) (1491 mOsm/kg H2O). Mice fed RMSMAN had a 50% mortality compared to
all other groups (A). Mouse weight significantly increased in dam fed animals (5.4% increase, p = 0.009)
compared to controls. Animals fed MAN exhibited a significant loss of weight (−13.6%, p < 0.0001),
as did animals fed RMSMAN (−7.8%, p < 0.0001) (B). Intestinal injury was determined on a three point
injury scale as shown in (C). Intestinal injury scores were significantly higher in the RMS, MAN, and
RMSMAN groups compared to sham controls (p = 0.0023, 0.0009, and < 0.0001 respectively) (D).

Next, we wanted to assess the impact of these different osmolality feeds on serum inflammation
(Figure 4A). Serum samples were obtained at the time of euthanasia and quantified for the presence
of IL-6, IL-10, TNF, and KC-GRO. Sham and dam feeds showed similar levels of all four cytokines.
RMS feeds significantly increased IL-6, TNF, and IL-10 levels compared to sham controls. Exposure to
MAN feeds caused significant serum elevations of KC-GRO and IL-10, while feeding with the high
osmolality RMSMAN induced significant elevations in all four cytokines (n > 5 in all groups and p < 0.05
with specific p values shown). Lastly, we examined serum osmolality to ascertain if enteral feeds were
impacting the animal systemically (Figure 4B). Serum was drawn from animals at time of euthanasia
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and measured for osmolality. Feeds with RMS, MAN, or RMSMAN all induced statistically significant
elevations in serum osmolality, although the highest elevations were in feeds containing mannitol
(n > 5, p < 0.0001 for all comparisons).

A BA

Figure 4. Exposure to increasing osmolality induces significant increases in serum inflammation. Serum
samples were obtained at the time of euthanasia and quantified for the presence of IL-6, KC-GRO,
TNF, and IL-10 (A). No significant differences were seen between sham and dam feeds. RMS feeds
significantly induced IL-6, IL-10, and TNF levels. MAN feeds significantly increased serum levels of
KC-GRO and IL-10, while RMSMAN feeds significantly increased serum levels of all cytokines evaluated
(n > 5 for all groups, p values as shown) (A). Serum osmolality was also quantified to ascertain if enteral
feeds were impacting the animal systemically. Feeds with MAN, RMS, or RMSMAN all significantly
increased serum osmolality, although the highest elevations were in feeds containing mannitol (n > 5,
p < 0.0001 for all comparisons) (B).

3.4. Exposure to Mannitol-Increased Osmolality Induced Significant Alterations in the Composition of the Cecal
Microbiome in the Immature Intestine

One possible mechanism responsible for the osmolality-induced injury and inflammation was
through alteration of the intestinal microbiome. To analyze this, cecal samples were collected following
euthanasia and quantified for microbial composition. All mice receiving feeds experienced shifts in
their cecal bacterial flora compared to those receiving only saline (Figure 5A). Mice fed RMS alone had
a significant decrease in Firmicutes species similar to what was seen in dam fed mice. Interestingly,
there were no differences in the microbiome between mice fed formula and mice that were dam fed.
Mice fed either MAN or RMSMAN had significant increases in Proteobacteria with compensatory
decreases in the relative number of Bacteroidetes and Firmicutes species. Principle coordinate analysis
revealed that animals fed diets containing mannitol (MAN, RMSMAN) had microbiome compositions
that were discrete from those fed diets not containing mannitol (Sham, Dam, RMS) as depicted by the
distinct clustering of the samples (Figure 5B). Within the Proteobacteria phylum, the families with
the biggest increase in the MAN condition compared to sham or dam fed was Enterobacteriaceae
and Pasteurellaceae (Figure 5C). Interestingly, in the RMSMAN condition trending increases were seen
compared to sham or dam fed to approximately the same amount in Alcaligenaceae, Helicobacteraceae,
Enterobacteriaceae, Pasteurellaceae, and Pseudomonadaceae (Figure 5C).
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Figure 5. Exposure to increased osmolality induced significant alterations in the composition of the
cecal microbiome in the immature intestine. Feed substance induced alterations in the microbial
composition of the cecum. Dam fed and RMS fed mice had significantly less Firmicutes than sham
controls, while mice fed MAN and RMSMAN had a shift in the microbiome resulting in a significant
increase in Proteobacteria composition (n = 9 animals per group, * represents a significant change from
sham controls where p < 0.025) (A). Principal coordinate analysis revealed that animals fed mannitol
had distinct clustering of their flora compared to all other groups without mannitol in their feeds (B).
Within the Proteobacteria phylum, the MAN condition resulted in increases in Enterobacteriaceae and
Pasteurellaceae compared to controls (C). In the RMSMAN condition, increases were seen, compared to
controls, to approximately the same amount in Alcaligenaceae, Helicobacteraceae, Enterobacteriaceae,
Pasteurellaceae, and Pseudomonadaceae (C).

3.5. Osmolality-Induced Effects Are Dependent on the Methodology Used to Increase the Solute Level

To determine if increases in injury, inflammation, and bacterial dysbiosis were dependent on
MAN or high osmolality, we created a formulation of RMS using three times the salt concentration in
place of mannitol to induce a second method for obtaining a high osmolality (RMSSALT) (982 mOsm/kg
H2O) feed. Experiments were performed as above using triple salt (SALT) in place of MAN.

As opposed to feeding with MAN, SALT feeds induced no mortality (data not shown as all animals
survived), nor significant weight loss (Figure 6A). Further, no change in serum osmolality was seen
from controls (Figure 6B). In looking at effects of SALT feeds on serum inflammation, feeding with SALT
alone (equivalent salt concentration dissolved in saline) (581 mOsm/kg H2O) had no significant effects
on TNF, KC-GRO, IL-10, or IL-6 compared to controls, while feeding with RMSSALT (982 mOsm/kg
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H2O) significantly increased serum TNF, KC-GRO, and IL-6 levels (Figure 6C). Importantly, while
RMSSALT feeds induced cytokine elevation, they were markedly less than what was seen from RMSMAN

feeds (Figure 6C—data combined from 4A and 6C for ease of comparison). In quantifying intestinal
injury, feeds with both SALT and RMSSALT had significantly increased injury scores compared to
sham controls and were similar to those seen with RMS alone (Figure 7A). As was seen in our MAN
experiments, the feeds with the highest osmolality (RMSSALT) had the greatest percentage of maximal
injury scores, however, as was seen in our cytokine levels, feeds with RMSSALT did not reach the
same degree of injury as that seen in RMSMAN. Interestingly, the microbiome showed no significant
differences in any phyla when treatment groups were compared to the dam or to sham fed mice
(Figure 7B). Although we did not see any shifts at the phylum level, when looking at changes in
Proteobacteria families we did see trending increases in both Enterobacteriaceae and Pasteurellaceae in
the SALT and RMSSALT conditions compared to sham- and dam fed mice (Figure 7C).

A

C

BB

Figure 6. Osmolality-induced effects are methodology-dependent. To determine if our results were
due to osmolality or to MAN, an additional high osmolality feed was generated by adding three times
the salt concentration to standard RMS (RMSSALT). Feeds with SALT and RMSSALT did not show the
significant weight loss seen with MAN feeds (A), and no change in serum osmolality was observed in
SALT or RMSSALT fed groups when compared to controls (B). SALT feeds had no significant impact on
serum cytokine levels, while RMSSALT feeds induced significant increases in IL-6, KC-GRO, and TNF
compared to sham controls (n > 4 for all experiments, p = 0.0019, 0.0092, and 0.0003 respectively) (C).
The far-right panel shows the combined MAN and SALT data for more direct comparison of the degree
of inflammation generated by each feed type.
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Figure 7. Alteration of the microbial composition is methodology-dependent, but intestinal injury
is methodology-independent and is related instead to the height of osmolality achieved. Similar to
our high osmolality MAN groups, feeding with either SALT alone (581 mOsm/kg H2O) or RMSSALT

(982 mOsm/kg H2O) had significantly increased generalized injury scores compared to controls (n = 7,
p = 0.0196 and < 0.0001 respectively) (A). However, no significant changes in microbial phylum
composition were seen when comparing SALT and RMSSALT feeds to controls (B). When comparing
changes in the Proteobacteria families similar to the comparison made in the mannitol conditions,
trending increases were seen in both Enterobacteriaceae and Pasteurellaceae in the SALT and RMSSALT

conditions compared to sham- and dam fed mice (C).

3.6. High Osmolality RMS Deceased Survival When Included in Dithizone Paneth Cell Disruption and
Formula Feeding NEC Model

Our data shows that formula feeding along with Paneth cell disruption results in significant
increases in inflammatory cytokines and in NEC-like injury. In addition, our data shows that exposure
of the immature intestine to high osmolality formula (without Paneth cell disruption) significantly
increases generalized intestinal injury and serum inflammation when compared to feeds with lower
osmolality. Based on this data, we wanted to study the impact of high osmolality formula in one of our
newly described RMS NEC models to determine the impact on survival. We disrupted Paneth cells
using dithizone and gavage fed 250 μL of RMS with or without high salt to increase the osmolality
(as seen in Figures 1 and 2). We found that in these conditions, mice that were fed high osmolality
formula had higher mortality rates (93% mortality) compared to their regular RMS fed counterparts
(75% mortality) (Figure 8).
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Figure 8. High osmolality formula combined with Paneth cell disruption results in increased mortality
compared to regular formula. C57Bl/6J were injected with dithizone or an equivalent volume of
LiCO3 (controls animals) and exposed to feeds with Pedialyte, 1 × 1011/kg Klebsiella pneumonia, regular
RMS, or RMSSALT (n = 11 Sham, 36 Dith+Kleb, 28 Dith+RMS, 28 Dith+RMSSALT). Animals exposed
to RMSSALT had increased mortality (93%) compared to those fed regular RMS (75%) or gavage of
K. pneumonia (14%).

4. Discussion

The goal of this study was to determine the impact of formula feeding in combination with
Paneth cell disruption and dysbiosis on rates and severity of injury to the immature intestine. Our
secondary goals were to determine if high osmolality feeds would impact the immature intestine’s
susceptibility to injury, inflammation, or alterations in the microbiome composition, and to determine
if high osmolality would exacerbate mortality in a formula NEC model. Our desire was to address
gaps in knowledge regarding the mechanisms behind the increased rates of NEC in infants fed formula
as well as questions regarding inconsistencies in data about the role of high osmolality and subsequent
susceptibility to develop NEC. Our initial hypothesis was that formula feeding would exacerbate
NEC-like injury in the Paneth cell-disruption NEC model. Interestingly, we found that formula feeding
along with dithizone or diphtheria toxin to induce Paneth cell disruption caused NEC-like injury in
our mice while eliminating the requirement of inducing a secondary bacterial dysbiosis. We further
hypothesized that increased osmolality would lead to increased intestinal injury and inflammation
through an alteration of the intestinal microbiome. Our novel data show that mice fed high osmolar
feeds experience increased serum inflammation and increased levels of intestinal injury compared
to sham controls. However, we found that these effects were independent from alterations in the
microbiome. Finally, we hypothesized that high osmolar formula would exacerbate mortality seen in
our formula NEC model and this was supported by our data. These data are critical to NEC biology
and the field of neonatology as the imperative task of providing adequate nutrition to preterm infants
requires the fortification of feeds to achieve the caloric requirements to maintain the fetal growth
trajectory. Our data adds important insight into the role that formula feeds, and specifically high
osmolar formula feeds, have on susceptibility to injury of the immature intestine.

The field of neonatology has advanced tremendously over the past few decades, yet despite
these advances there has been slow progress on elucidating the pathophysiology behind NEC. While
human breast milk is protective against NEC [17,35], it remains unknown why. The suggestion that
hyperosmolality of prepared formulas could induce NEC was first postulated in the 1970s. In 1975,
Santulli et al. published a case series reviewing 64 infants with NEC born from 1955 through June 1974.
As part of the conclusion of this seminal work, Santulli suggested that hyperosmolar feeds may be
causative of NEC as some of the infants who developed NEC had received hyperosmolar feedings
(750 mOsm/L) [44,46]. That same year, Book et al. published a prospective study of 16 infants weighing
less than 1200 g who were randomized to receive either elemental formula or cow milk formula [45].

108



Nutrients 2020, 12, 900

Seven of eight (87.5%) infants fed the elemental formula (650 mOsm/L) and two of eight (25%) fed the
standard cow milk formula (359 mOsm/L) developed necrotizing enterocolitis (p < 0.02). Based on
these data, the authors concluded that the hypertonicity of the elemental diet may have contributed
to the increased incidence of NEC in infants fed this formula. Following these two manuscripts, the
American Academy of Pediatrics (AAP) in 1976 developed a recommendation that the osmolarity
of infant formula should be less than 400 mOsm/L [47]. As osmolarity is defined as the number of
solute particles in 1L of solvent and osmolality is the number of solute particles in 1kg of solvent,
the AAP recommendations approximates to an osmolality of 450 mOsm/kg H2O [62]. This was a
consensus view based on the observation that the milk of most mammalian species has an osmolarity
of approximately 300 mOsm/L and that hyperosmolar formulas may be a causative factor in NEC.
Despite (or perhaps because of) this consensus statement, little data has been generated to support the
theory that osmolality is detrimental. Recent works by the Pierro lab have begun to address this gap
in understanding. Their work utilizes five- to nine-day-old mice who were given systemic hypoxia
over several days as well as hyperosmolar feeds laced with LPS three times a day. In their studies, the
Pierro lab has shown that formula feeding induces changes in intestinal microcirculation and that the
associated injury is not osmolality-dependent [48,49]. However, our data differs in that our mice were
significantly older from a developmental pattern standpoint [20] and our studies used a much broader
range of osmolalities as well as two different methods of altering feed osmolality. In this way, our data
expands and adds to the important previous work of the Pierro group.

Although current neonatal practice is to use low osmolality feeds in the neonatal intensive care unit
(NICU), these formulas are frequently fortified with supplemental protein, as well as other substances
essential for growth such as vitamins or minerals to provide adequate nutrition. It is important to
realize that use of the fortifiers and other supplements greatly increase osmolality. Our data show that
feeding just four feeds of high osmolar formula to neonatal mice can provoke significant increases
in serum inflammation and in epithelial damage in the immature small intestine. This appears to be
dose-dependent, as feedings with higher osmolality had higher inflammation and injury scores. While
breast milk, amniotic fluid, and Pedialyte all have osmolalities below 350 mOsm/kg H2O, our formulas
were significantly higher: SALT (581 mOsm/kg H2O); RMS (721 mOsm/kg H2O); MAN (873 mOsm/kg
H2O); RMSSALT (982 mOsm/kg H2O); and RMSMAN (1491 mOsm/kg H2O). Importantly, our injury
scores for RMSSALT and MAN alone (982 and 873 mOsm/kg H2O, respectively) were similar, as were
the injury scores for RMS alone and SALT (721 and 581 mOsm/kg H2O, respectively). The highest
generalized injury scores were observed with the highest osmolality formula, RMSMAN (1491 mOsm/kg
H2O). While the osmolality of acceptable NICU feeds is below the levels that induced injury in our
model, the formula and standard fortifiers commonly used do not take into consideration other
substances that are often used with feeds in the NICU. A recent paper by Chandran et al. examined
fourteen common medications utilized in the NICU [63]. Of these medications, nine had osmolalities
too high to measure and the five additional medications were all above 450 mOsm/kg H2O. This list
included iron, multi-vitamins, NaCl, NaPO4, and KPO4, which are all common additives to feeds.
To keep the osmolality below 450 mOsm/kg H2O, the medications required significant dilutions of
up to 1:40 when mixing the medication in preterm formulas and 1:250 when mixing with fortified
expressed breast milk [63].

We observed a trend of increased injury being associated with higher osmolality feeds, but
interestingly this trend was independent of the method for generating higher osmolality. While we
were concerned that MAN would cause injury through dehydration, use of high salt formula did not
impact weight while still inducing intestinal damage. This contrasts the work by Miyake et al. [48].
In this work, there were no differences seen in injury generation between formulas with an osmolality
of 849 and 325 mOsm/kg H2O. However, all animals also underwent exposure to LPS four mg/kg/day
and hypoxia three times a day for 10-min time periods to induce NEC-like injury; thus, it is possible that
the injury sustained in the hypoxia-formula model of NEC is severe enough that it would overwhelm
any injury patterns seen in high osmolality alone. Although there is still conflicting data on the effect
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of formula osmolality and its relation to NEC likely due to conditional differences, our data highlights
the danger of high osmolality not just in causing intestinal injury and inflammation, but also mortality
as well when high osmolality formula is combined with Paneth cell disruption. Interestingly, our
data suggested that the injury, inflammation, and mortality observed was related to the osmolality
itself and could occur without changes in the microbiome, suggesting, at least for the microbiome,
what is used to increase the osmolality is more indicative of community type than the osmolality itself.
Additionally, it suggests that intestinal injury and inflammatory cytokine levels are likely independent
of the microbiome in this particular model as intestinal injury and inflammation can be increased
without shifts in the microbial community.

These findings were in direct contrast to our original hypothesis as we predicted increased
osmolality would lead to increased intestinal injury and inflammation through an alteration of the
intestinal microbiome. We were not surprised to find that different feed formulations had differential
effects on the microbiome, but we were surprised to find that they were independent of injury scores.
One finding was that feeds containing mannitol had significant expansions of the Proteobacteria phyla
and more specifically Enterobacteriaceae. This is interesting as many studies have associated similar
blooms with development of NEC [10,64]. Furthermore, many studies have linked formula feeding
with NEC, and one connection made is that formula feeding tends to result in differential colonization
of the infant gut compared to breast feeding. While breast fed infants tend to have a predominance of
Firmicutes and Actinobacteria, formula-fed infants tend to have a predominance of Proteobacteria
and more specifically Enterobacteriaceae, which can put them at higher risk for bacterial dysbiosis,
which is another risk factor for NEC [65]. Another interesting finding was that in salt conditions
we did not observe significant changes in the microbiome at the phylum level, but when looking at
family level changes, we saw a trending increase in Enterobacteriaceae in the higher osmolality SALT
and RMSSALT conditions. These conditions were associated with higher generalized injury scores;
however, injury scores and inflammation were more consistent on overall osmolality than alterations
in the cecal microbiome. One possibility for the increase in specific groups of organisms with mannitol
feeds is that many Proteobacteria and Firmicutes species can utilize mannitol as an energy source
allowing for a selective expansion of the bacteria that can utilize mannitol, which was supported by our
data [66–68]. Additionally, Proteobacteria and Firmicutes species tend to be more tolerant to high salt
conditions compared to other phyla of bacteria, which may explain why there were trending increases
in some Proteobacteria families [69,70]. These data suggest that although changes in the microbiome
were present in both the mannitol and salt related conditions, they likely occurred independent of the
inflammation and injury we observed and were not causative in these experiments.

Although we did not observe microbiome alterations between dam fed and formula-fed mice, we
did find significant increases in inflammation in formula-fed animals compared to dam fed animals.
Formula feeding has been linked with increases in inflammation, which may explain why it can replace
bacterial dysbiosis in our model and serve as a secondary hit in other NEC models [18]. Similar to other
labs that have shown that formula feeding along with some other secondary form of insult such as
hypoxia/hypothermia, LPS, or bacterial insult can induce NEC, we saw that when we induced Paneth
cell disruption using either dithizone or diphtheria toxin and followed this with formula feeding of
RMS we saw significant increases in NEC-like injury [13,15,18,48,59]. Unsurprisingly, the injury we
observed was slightly different based on the type of Paneth cell disruption induced. Slightly higher
NEC scores were found in the dithizone RMS NEC model and the damage in the intestine was mainly
confined to the base and the core of the villi. While the scores were still significant in the diphtheria
toxin RMS NEC mice, the scores trended to be slightly lower on average compared to the dithizone
RMS NEC. Additionally, the damage pattern in the intestine included both the base of the villus as
well as vacuolized cells at the top of the villus down compared to the damage pattern in the dithizone
RMS NEC. This supports the findings of Lueschow et al. in 2018 showing that the NEC scores with
diphtheria toxin and bacterial gavage, although still significant, trended slightly lower on average
compared to the scores seen with dithizone and bacterial gavage [31]. Additionally, the difference
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in damage patterns of the intestine between dithizone and diphtheria toxin that we observed while
formula feeding is complemented by the two different types of Paneth cell disruption described in
Lueschow et al., 2018 where dithizone induces upregulation of autophagy pathways while diphtheria
toxin induces apoptosis [31,71]. The findings that formula can replace induction of bacterial dysbiosis
in a Paneth cell disruption NEC model highlights the potential dangers of formula feeding in premature
infants at heightened risk for NEC.

Ultimately, the results of this paper demonstrate that formula feeding can induce NEC-like
injury when combined with Paneth cell disruption without induction of bacterial dysbiosis, which is
likely due to the inflammatory nature of the RMS formula without any additives. Additionally, high
osmolality formula without Paneth cell disruption results in increased generalized intestinal injury and
inflammation to a greater degree than formula feeding on its own in a microbiome independent manner.
When high osmolality formula was combined with Paneth cell disruption, higher mortality rates were
seen compared to when RMS alone was combined with Paneth cell disruption. Furthermore, the results
show that changes in the microbiome can occur independent of injury and inflammation and were not
causative in this case, as injury and inflammation were more closely connected with osmolality than
changes in the microbiome. This is a critical point to consider as osmolality, microbiome composition,
and intestinal injury can be interrelated or completely independent of each other depending on the
conditions present. Therefore, as we consider optimized feeds that maximize nutrition for preterm
infants, we must be vigilant of what we are giving to make sure we protect their immature intestinal tract.
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Abstract: This review aims to discuss the role of nutrition and feeding practices in necrotizing
enterocolitis (NEC), NEC prevention, and its complications, including surgical treatment. A thorough
PubMed search was performed with a focus on meta-analyses and randomized controlled trials
when available. There are several variables in nutrition and the feeding of preterm infants with
the intention of preventing necrotizing enterocolitis (NEC). Starting feeds later rather than earlier,
advancing feeds slowly and continuous feeds have not been shown to prevent NEC and breast milk
remains the only effective prevention strategy. The lack of medical treatment options for NEC often
leads to disease progression requiring surgical resection. Following resection, intestinal adaptation
occurs, during which villi lengthen and crypts deepen to increase the functional capacity of remaining
bowel. The effect of macronutrients on intestinal adaptation has been extensively studied in animal
models. Clinically, the length and portion of intestine that is resected may lead to patients requiring
parenteral nutrition, which is also reviewed here. There remain significant gaps in knowledge
surrounding many of the nutritional aspects of NEC and more research is needed to determine
optimal feeding approaches to prevent NEC, particularly in infants younger than 28 weeks and
<1000 grams. Additional research is also needed to identify biomarkers reflecting intestinal recovery
following NEC diagnosis individualize when feedings should be safely resumed for each patient.

Keywords: necrotizing enterocolitis; prematurity; intestinal resection; short bowel syndrome;
intestinal adaptation; microbiome; parenteral nutrition; hormones; breast milk

1. Introduction

Necrotizing enterocolitis (NEC) remains one of the most devastating diagnoses in premature
neonates. Although its incidence varies amongst different neonatal intensive care units, the mean
prevalence of NEC is 7% in infants between 500–1500 grams and the disease has a high morbidity and
mortality [1]. The exact pathophysiology of NEC is unknown, but the immature intestinal barrier and
intestinal dysbiosis are two important factors that likely contribute to intestinal inflammation and injury
seen in the disease [1,2]. Because of its nonspecific symptoms, NEC is difficult to diagnose. Currently,
Bell’s staging, first introduced in 1978 by Bell et al. and modified by Kligeman and Walsh in 1986,
is widely used to stratify disease severity and guide treatment (Figure 1). For Bell’s stage 1 (suspected,
but not confirmed NEC) and Bell’s stage 2 (confirmed pneumatosis intestinalis with or without portal
venous gas) [2], parenteral nutrition (PN) and broad-spectrum antibiotics are initiated, and enteral
feeds are held for 7–14 days. Because the management of disease in these stages is non-operative,
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Bell’s stage 1 and Bell’s stage 2 are also known as “medical NEC.” If disease progresses despite
holding feeds and starting antibiotics, surgery is required in Bell’s stage 3, which is characterized
by hemodynamic instability in addition to severe thrombocytopenia, disseminated intravascular
coagulopathy, and peritonitis (IIA) or pneumoperitoneum (IIB) [2,3]. Surgical NEC increases disease
mortality from 3% to 30% [4]. Not infrequently, the length of bowel needed to be removed can be
significant, resulting in short bowel syndrome.

On a cellular level, intestinal adaptation occurs after massive bowel resection as a compensatory
response by the remnant bowel wherein villi elongate, crypts deepen, and enterocyte proliferation
is enhanced. Together, these changes function to increase the functional absorptive capacity per
unit length of the remnant bowel [5]. This review aims to summarize the role of nutrition in NEC,
including its prevention, complications, and sequelae of surgical treatment. A thorough PubMed search
was performed using search terms that included “preterm enteral feeding”, “early enteral feeding”,
“feeding necrotizing enterocolitis”, “intestinal adaptation”, “intestinal adaptation macronutrients”
and “parenteral nutrition necrotizing enterocolitis.” Meta-analyses and randomized controlled trials
were reviewed on these topics when available; otherwise, pre-clinical animal trials were reviewed.
We included studies pertaining to nutrition in NEC, specifically those examining feeding comparisons
in which NEC was a primary or secondary outcome. Reports not focused on NEC as a primary or
secondary outcome or those discussing NEC without a clear definition were excluded.

2. NEC Prevention

2.1. Delivery of Feeds

2.1.1. Initiation of Feeds

Historically, it was thought that delaying enteral feeds would decrease the incidence of NEC.
However, a 2013 Cochrane review found that there was no increased incidence of NEC when beginning
trophic feeds early (within 96 hours of birth) and continuing them for a week compared to fasting
and starting feeds at 7 or more days of life in very preterm (<32 weeks) or very low birthweight
(<1500 grams) infants [6]. Starting enteral nutrition early also was not protective against NEC in this
population. Initiating enteral feeds early appears to be safe for preterm and very low birthweight infants
and beginning feeds at a higher volume may also be beneficial. A 2019 meta-analysis conducted by
Alshaikh, et al. compared the safety of starting total enteral feeds at 80 ml/kg/d to starting enteral feeds
at the conventional volume of 20 ml/kg/d. There was no difference in the incidence of NEC or feeding
intolerance when starting early total enteral feeds, with the added benefit of decreased late-onset sepsis
and decreased length of hospital stay by 1.3 days [7]. However, the conclusions that can be drawn
from this meta-analysis for infants <1000 g and <28 weeks are limited, as the studies included in the
analysis included infants between 28–36 weeks’ gestational age and between 1000–1500 g. In a 2019
randomized controlled trial, Nangia, et al. compared starting very low birthweight infants between
28–34 weeks’ gestational age on total enteral feeds (80 ml/kg/day) on the first day of life to starting
infants at the conventional enteral feeding volume (20 ml/kg/day) supplemented with intravenous
fluids. The study found no difference in the incidence of NEC between the two groups, with 1.1%
in the early total enteral feeding group compared to 5.8% in the conventional enteral feeding group
(p = 0.12). However, infants in the early total enteral feeding group reached goal feeds on average
of 3.6 days sooner. This group also had fewer complications such as sepsis or feeding intolerance,
and ultimately had shorter lengths of stay [8].
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Figure 1. Summary of the Pathophysiology, Treatment Strategies, and Unknowns of Necrotizing
Enterocolitis. The pathophysiology of NEC is multi-faceted, involving intestinal barrier dysfunction,
decreased IgA, and altered microbiota. Current treatment strategies include stopping feeds and starting
antibiotics based on disease severity, as classified by Bell’s staging. Much remains unknown about
disease prevention, diagnosis, and treatment. Figure created with Biorender.com. Abbreviations:
Immunoglobulin A (IgA), NEC (Necrotizing enterocolitis), NPO (nil per os).

2.1.2. Feeding Advancement

Once feeds are successfully initiated and tolerated, the next consideration is the rate of feed
advancement. Although there is significant variation in advancement protocols amongst different
neonatal intensive care units, feeds are typically increased by 15–35 ml/kg each day, depending on
infant size. Dorling, et al. conducted a randomized controlled trial comparing slow (18 ml/kg/day)
and rapid (30 ml/kg/day) feed advancement that showed no significant difference in survival without
moderate or severe neurologic deficits at 24 months in very preterm (<32 weeks) and very low birth
weight infants [9]. Rapid advancement of feeds also did not increase the incidence of NEC when
compared to slow advancement. Advancing feeds more rapidly and thus allowing infants to reach full
feeds sooner may lead to increased caloric intake and better growth, as well as decreased duration of
parenteral nutrition.

2.1.3. Bolus and Continuous Feeding

Bolus feeding has the advantage of gut stimulation, which promotes normal functioning and tissue
maturation. Conversely, continuous feeding provides an opportunity for slow and steady nutrient
introduction, which may allow for better tolerance and absorption in the setting of less distension and
diarrhea [10,11]. In a recent meta-analysis, Wang, et al. found that although there was no difference
in growth parameters or length of hospitalization, bolus-fed preterm (<37 weeks’ gestational age),
low birthweight (<2500 grams) infants reached feeds sooner (mean difference 0.98 days) with a similar
incidence of NEC compared to infants receiving continuous feeds [12]. This meta-analysis includes
infants up to 2500 grams, but found no differences in subgroup analysis of infants with birthweight
<1000 grams and >1000 grams.

Randomized controlled trials have disproven previous observational data that delaying the
initiation of feeds, starting at a smaller volume, and advancing feeds slowly may decrease the incidence
of NEC. Evidence remains limited in extremely preterm and extremely low birthweight infants;
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a feasible approach to feeding preterm infants may be initiating feeds as soon as an infant is clinically
stable and advancing by 30 ml/kg/day as tolerated. For very low birthweight infants, starting feeds
within 96 hours of birth and advancing at 30 ml/kg/day have both been shown to be safe and allow
infants to reach full feeds sooner. However, despite decreasing the number of days infants require
parenteral nutrition, advancing feeds faster does not decrease the incidence of late-onset sepsis and in
general, the benefit of reaching full feeds faster may be limited. The most beneficial approach may
be for each neonatal intensive care unit to standardize their feeding protocols and ensure that are
consistently followed.

2.2. Composition of Feeds

2.2.1. Osmolality

Human breast milk has an osmolality of around 300 mOsm/l, whereas commercially available
enteral formulas have osmolalities of less than 450 mOsm/l [13]. In order to meet a preterm infant’s
nutritional and growth requirements, both breast milk and infant formulas require caloric fortification
and supplements, thereby increasing osmolarity. Multi-nutrient fortification adds protein, vitamins,
and other minerals and increases the osmolality of breast milk to 400 mOsm/l [13]. Historically,
administration of hyperosmolar formula was thought to be associated with an increased risk for the
development of necrotizing enterocolitis (NEC). This was based on a handful of small-scale studies in
the 1970s, all of which failed to provide a durable mechanism of mucosal injury [14,15]. More recently,
Miyake, et al. looked at hyperosmolar enteral formula compared to diluted formula in a mouse model
of NEC. They found that the inflammatory response, mucosal injury, and incidence of NEC was the
same in both experimental groups [16]. In other animal studies, the only reported adverse outcome
associated with hyperosmolar feeds was delayed gastric emptying [13]. Lastly, in humans, a 2016
Cochrane review concluded that there is weak evidence showing that nutrient fortification does not
increase the incidence of NEC in preterm infants. It does increase in-hospital growth rate (weight
1.81 g/kg/day, length 0.12 cm/week, head circumference 0.08 cm/week), but does not seem to improve
long-term growth and development [17]. Because in-hospital growth rates are improved and the
incidence of NEC is not increased with hyperosmolar feeds, the benefit of additional nutrients and
other supplements warrants fortification of human breast milk. The data on the effect of fortification
on neurodevelopment and growth beyond infancy is very limited and needs to be studied further.

2.2.2. Breast Milk

Human milk is the only modifiable risk factor that has been consistently shown to protect against
the development of NEC [18,19]. Since the 1990s, the incidence of NEC has been described as 6–10 times
higher in exclusively formula-fed infants compared to exclusively breastfed infants [20]. The specific
mechanisms by which breast milk is protective continue to be studied. However, several non-nutrient
components have been found to contribute to the immune functions of the gastrointestinal tract and
augment mucosal integrity [21,22]. These include secretory IgA, growth hormones (epidermal growth
factor, insulin, and insulin-like growth factor), polyunsaturated fatty acids, and oligosaccharides.
A 2019 study found that not only is an infant’s IgA largely derived from maternal milk in the first
month of life, but also that infants with NEC have larger proportions of IgA-unbound bacteria
compared to age-matched controls. In the same study, Gopalakrishna, et al. used a murine model
and concluded that pups reared by IgA-deficient mothers were not protected from NEC [23]. It
has also been hypothesized that the beneficial effects of human milk relate to how diet affects gut
microbiota and the developing immune system. Human breast milk contains oligosaccharides known
to stimulate “healthy” bacteria and in a murine model, has been shown to downregulate bacterial
related inflammatory signaling pathways [24].
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2.2.3. Donor Breast Milk

Although mother’s own milk is preferred for preterm and low birth weight infants, infants often
need to be supplemented with donor breast milk or formula when maternal supply is inadequate.
Donor milk has also been shown to have a protective effect on NEC incidence when compared to
cow’s milk and other formulas, with a 79% reduced risk [25–28]. A 2019 Cochrane Database review of
12 trials found that although formula-fed or supplemented preterm and low birth weight infants did
have increased growth compared to those fed with donor breast milk, they also exhibited a higher risk
of NEC (typical risk ratio 1.87) [29].

2.2.4. Cow’s Milk Formula

Prior literature has established a higher incidence of NEC when cow’s milk formula is used
instead of mother’s own milk [25,30]. In addition to the protective factors that breast milk contains,
it’s been hypothesized that the intestinal reaction to cow’s milk proteins could also contribute to disease
pathogenesis. In small cohorts of infants with NEC, a group has found an increase in cytokine response
(interferon-γ, IL-4, and IL-5) to cow’s milk proteins beta-lactoglobulin and casein [31]. Interestingly,
bovine milk-derived exosomes have been shown to combat experimentally induced NEC by stimulating
goblet cells and mitigating decreases in mucin 2 (MUC2) and glucose regulated protein 94 (GRP94).
Isolation and administration of such exosomes could be useful for infants at high risk for NEC for
whom breast milk cannot be obtained [32].

3. Medical NEC

Symptoms seen in the early stages of NEC may mimic feeding intolerance or other abdominal
pathologies. The modified Bell’s staging criteria include neutropenia, thrombocytopenia, coagulation
factors, and metabolic acidosis as laboratory markers that can aid clinicians in diagnosing more
advanced NEC [3]. However, these laboratory values are non-specific and are less likely to be
reliable markers for disease in early stages or to predict intestinal recovery and safety to restart feeds.
In addition to antibiotics, current nutritional management for NEC includes stopping feeds and starting
parenteral nutrition.

3.1. NPO Duration

Patients’ nil per os (NPO) status is largely driven by clinical assessment. Decreased apneic
and bradycardic events in conjunction with laboratory values including blood gas, white count,
and thrombocytopenia, as well as abdominal imaging without the appearance of portal venous
gas or pneumatosis intestinalis are indications of improving clinical status [33]. Despite apparent
improvement in clinical status, clinicians may hesitate to restart feeds after an NPO period, as objective
evidence reflecting the optimal time to begin feeding is lacking. A meta-analysis conducted by Hock,
et al. found no significant difference in adverse outcomes in patients given early (within 5 days of NEC
diagnosis) and late (>5 days after NEC diagnosis) feeds [34]. Bonhorst, et al. utilized ultrasonography
and compared outcomes following restarting feeding after 3 consecutive days without portal venous
gas to restarting feeding after 10 days without portal venous gas. Earlier feeds were associated with
fewer complications, shorter antibiotic courses, quicker progression to goal feeds, and shorter length
of stay [35].

In addition to using imaging as an objective measure for readiness and safety to restart feeds,
specific laboratory values and biomarkers would be useful. In a 2019 prospective observational
cohort study, Kuik, et al. measured the regional intestinal oxygen saturation (rintSO2) by near-infrared
spectroscopy (NIRS) and intestinal fatty acid binding protein (I-FABPu) in the urine of 27 preterm
infants. The study found that when measured after the first re-feed, these markers were predictive of
post-NEC stricture, though not of recurrent NEC [36]. Additionally, a recent study on infants between
24–40 weeks postmenstrual age found high intestinal alkaline phosphatase (IAP) in stool and low
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IAP enzyme activity in patients with NEC compared to those without disease; IAP also was a useful
biomarker for disease severity [37]. Clinicians should attempt to minimize NPO time and begin
refeeding patients as soon as clinical improvement is determined by vital sign stability and abdominal
examination, as well as resolving thrombocytopenia and abdominal radiography or ultrasonography.
Identifying biomarkers such as IAP that reflect a patient’s disease severity and intestinal recovery
could be useful in individualizing NPO duration to minimize complications associated with prolonged
NPO status.

3.2. Parenteral Nutrition

PN is initiated in patients who are made NPO following NEC diagnosis. It is comprised of
carbohydrates, amino acids, lipids, electrolytes, minerals, and vitamins administered intravenously to
allow for bowel rest. PN should be started early with adequate protein (3.5–4 g/kg/day) to maintain
a positive nitrogen balance, improve weight gain, and to allow repair of injured tissue [1,38–40].
However, it has been shown that supplemental PN at NEC onset does not appear to significantly
improve outcomes, with no decrease in the rate of surgical intervention or in-hospital mortality [41].
PN is discontinued once enteral feedings approach goal volumes [42].

4. Surgical NEC

In cases of NEC refractory to medical management or NEC leading to intestinal perforation,
surgery is indicated (i.e., “surgical NEC”). A complication of NEC following extensive intestinal
resection is short bowel syndrome (SBS) and subsequent intestinal failure (IF) wherein the small
bowel is unable to adequately absorb fluids, electrolytes, and nutrients required to support growth
and development [43]. Nutrition therefore must be provided through parenteral nutrition. The key
compensatory process involved in reaching enteral autonomy is intestinal adaptation. Adaptation is
characterized by structural and functional changes that compensate for the loss of intestinal mucosal
surface area [44] and involves an increase in villus height and crypt depth, myocyte and enterocyte
proliferation, a decrease in enterocyte apoptosis, and elongation and dilatation of the remnant small
bowel [45]. Therefore, post-operative nutrition strategies focused on enhancing the intestinal adaptive
response remain a cornerstone of treatment. Factors known to play important roles in adaptation
and enteral autonomy include length of remnant bowel, specific macronutrients, and the composition
of PN.

4.1. Enteral Feeding

While the optimal enteral formulation for pediatric SBS is still unknown, the data consistently
supports the benefit of breast milk in intestinal adaptation [46]. In addition to growth factors and
immunoglobulins, breast milk contains key oligosaccharides that act in a prebiotic manner to stimulate
enterocyte proliferation and positively regulate the intestinal microbiome [47]. The most abundant
of these is 2’-fucosyllactose (2’-FL). A few preclinical studies have investigated the effects of 2’-FL
enteral supplementation on various intestinal inflammatory diseases. Mezoff, et al. demonstrated
that 2’-FL augments intestinal adaptation after ileocecal resection by optimizing energy processing
by the gut microbiome [48]. Another group showed that 2’-FL significantly decreased the severity of
colitis in interleukin-10 null mice through enhanced epithelial integrity and expansion of a positive gut
microbial environment [47].

4.2. Anatomical Considerations

4.2.1. Intestinal Length

Following surgical NEC, remnant length and anatomy become major determinants of disease
severity [49]. It is well demonstrated that residual intestinal length is inversely proportional both to
duration of PN and mortality [50–52]. While there is no definitive threshold, data suggests that greater
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than 40 cm of remnant small bowel length (SBL) in the presence or absence of an ileocecal valve (ICV)
is associated with improved outcomes [50]. The effect of an intact ICV is somewhat controversial and
likely a surrogate for the presence of colonic mucosa. This may be more important in patients with less
than 15 cm [53]. Quiros-Tejeira, et al. showed that both survival and enteral adaptation were increased
when more than 38 cm of small bowel length remained [50]. Lastly, Goulet, et al. analyzed 87 SBS
children based on PN weaning and reported that all patients in the PN-dependent group had less than
40 cm of SBL and/or absent ICV. Conversely, patients with persistent enteral independence had SBL of
57 +/− 19 cm [51]. Given the rapid intestinal elongation that normally occurs in late gestation, studies
have recommended using the percentage of expected length as opposed to absolute remnant length
in neonates. By this metric, Spencer, et al. found that greater than 10% age-adjusted remnant bowel
length was highly predictive of both survival and enteral autonomy [52].

4.2.2. Segment Functionality

Given the segmental functionality of the gastrointestinal tract, the site of bowel resection has
a substantial impact on the need for long-term nutritional support [54]. The three most common
resection patterns in SBS are jejunoileal anastomosis, jejunocolic anastomosis, and jejunostomy.
These anatomical permutations are associated with a predictable range of outcomes based on digestive
and absorptive capacity.

Patients with jejunoileal anastomoses (mostly jejenum removed) have the highest likelihood of
achieving enteral autonomy. This proximal resection spares the ileum, which has the greatest capacity
for structural and functional adaptation [55]. In addition, the presence of the ileocecal valve and colonic
continuity may mitigate intestinal transit time and excessive fluid losses [54]. Despite the intestinal
adaptive capacity of patients with jejunoileal anastamoses, this population still experiences gastric
hypersecretion secondary to loss of regulatory humoral action (cholecystokinin, secretin, vasoactive
intestinal peptide, and serotonin) in the jejunum. This can transiently affect intestinal motility and
increase gastric emptying and acid output. Administration of H2 antagonists and proton pump
inhibitors may be helpful [56].

Patients with jejunocolic anastomoses (mostly ileum removed) are often more difficult to manage,
as the jejunum lacks the robust adaptive capacity of the distal small bowel [56]. Decreased water
absorption along the proximal remnant length overwhelms the compensatory abilities of the colon,
leading to fluid and electrolyte losses through diarrhea [54]. Furthermore, the ileum is the primary
site of vitamin B12 and bile salt absorption. Consequent disruptions of the enterohepatic circulation
result in fat malabsorption, steatorrhea, marked vitamin deficiencies, and renal oxalate stones [56].
Lastly, ileal resection can impact local hormonal control of gut motility through dysregulation of
enteroglucagon and peptide YY [54]. As discussed above, loss of the ICV may be a negative predictor of
long-term enteral autonomy. The ICV may play a role in the prevention of colonic bacterial migration
into a small bowel environment that is vulnerable to bacterial overgrowth [57]. Ileocolic resections will
result in variable PN dependence, which is higher when less than 60 cm of proximal SBL remains [54].

End jejunostomy patients have the most severe malabsorptive phenotype and the highest likelihood
of requiring long-term parenteral support [55]. In addition to the specific issues encountered with
ileal resections, this population also lacks any of the absorptive, digestive and energy-salvaging
compensation afforded by colonic continuity [54]. Accelerated rates of gastric emptying and intestinal
transit due to changes in the intestinal hormonal milieu further minimize nutrient interaction with jejunal
luminal mucosa. Net losses of fluid and electrolytes from high enterostomy output often exceed patient
intake, necessitating supplementation with PN and intravenous fluid administration [56]. These patients
must be carefully monitored for dehydration, metabolic disturbances and nutrient deficiencies.

4.3. Ostomy Replacement

Fluid and electrolyte losses are significant problems in the pediatric SBS population and require
diligent monitoring and repletion. This is especially true for children with small bowel ostomies.
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The degree of malabsorption, dehydration and metabolic disturbances are commensurate to the length
of small intestine remaining and the site of resection [58]. While an adaptive compensatory response is
seen in patients with ileostomies, there is little evidence of structural or functional adaptation in those
with jejunostomies. Despite optimized nutritional management and fluid balance, these patients are
likely to require prolonged PN [58]. Furthermore, if less than 75 cm of small bowel remains in the
presence of a jejunostomy, the ability to wean from parenteral nutritional or saline support is significantly
impaired [58]. Patients with SBS and enterostomies tend to lose considerable amounts of sodium
in stool causing secondary hyperaldosteronemia and significant potassium losses in the urine [59].
This often requires separate parenteral saline repletion in addition to the sodium provided from PN in
amounts up to 8–10 mEq/kg/day [59]. Ostomy output and electrolytes should be closely observed to
maintain hydration with urine output of at least 1–2 ml/kg/day and urine sodium >30 mEq/L [59].

High ostomy output is generally defined as greater than 40 ml/kg per 24 hours, with the severity
of losses highly dependent on the length and site of remaining bowel. Provision of adequate fluids
to prevent and treat dehydration is tantamount in this population, as the risk of hypotension and
pre-renal failure are high [58]. Fluid needs are typically delivered through a combination of PN and
EN, but may require supplemental intravenous fluids in cases of excessive loss [49].

4.4. Macronutrients

4.4.1. Fat

Several preclinical studies have shown that lipids in particular are associated with an enhanced
adaptation response. Rats fed high fat diets (HFD) had significantly increased bowel weight and villus
height post-resection when compared to those fed standard chow [60]. Choi, et al. randomized mice to
low (12% kcal fat), medium (44% kcal fat) and high (71% kcal fat) fat diets after 50% proximal small
bowel resection (SBR) and demonstrated that increased enteral fat concentration (HFD) optimally
prevented postoperative catabolic responses and increased lean mass after SBR [61]. Conversely,
in another rat model, low fat diets, despite comparable caloric intake, negatively impacted adaptation
as evidenced by decreased body weight, reduced expression of fat transporters and attenuated villus
height and enterocyte proliferation [62].

Moreover, the specific kind of enteral fat appears to play an important role in intestinal adaptation.
In rats, long-chain fatty acids (LCFA) are superior to medium-chain fatty acids (MCFA) in augmenting
both the structural and functional intestinal response following SBR [63]. While most studies have
focused on polyunsaturated LCFA (LCPUFAs) such as menhaden oil, the relative benefit compared
to saturated FAs is still debated. Menhaden oil is an excellent source of the omega-3 fatty acids
eicosapentaenoic acid (EPA) and docosahexanoic acid (DHA) [64]. EPA and DHA are not only
precursors of anti-inflammatory prostaglandins and associated with improved cardiovascular profiles,
but they have also been shown to enhance intestinal adaptation after massive small bowel resection.
Kollman, et al. demonstrated that resected rats fed LCPUFA-enhanced diets demonstrated significantly
increased intestinal mucosal mass in a dose-dependent manner [65]. Another study found that in
a mouse model, menhaden oil (versus saturated and monounsaturated fats) resulted in the highest
percent of lean mass and greatest weight retention after SBR, though adaptation was indistinguishable
across diets [66]. The benefit of LCFAs is attributed to its anti-inflammatory metabolite (prostaglandins),
as inhibition with aspirin, a cyclo-oxygenase inhibitor, reduces the predicted intestinal adaptive
response [67]. Although LCFAs have the greatest trophic yield, their absorption can be suboptimal in
patients with extensive distal resections due to compromised enterohepatic circulation. While MCFAs
are more water soluble, they have not been shown to have a robust effect on adaptation in mice and
have significant osmotic sequelae which can exacerbate diarrhea and fluid losses [68]. Most of what
is known about the effect of fats on adaptation is from preclinical animal models, but a high fat diet,
specifically with LCFA, have been shown to support adaptation in these models and could potentially
increase intestinal adaptation in patients following resection as well.
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4.4.2. Protein

Most of the literature surrounding the protein composition of enteral nutrition is focused on
absorption rather than adaptation. Elemental (fully digested) or semi-elemental (partially digested)
enteral formulas have historically been preferred in infants with SBS in an effort to maximize absorption
in the remnant bowel. For a subset of patients, losses can occur both in the bowel effluent and through
loss of protein exudate. This double hit is akin to a protein-losing enteropathy, necessitating increased
protein requirements for adequate growth. The extent to which children with persistent malabsorption
and intolerance may benefit from a hydrolyzed formula is not known. A small study of four children
with SBS found that after initiating a hydrolyzed formula, subjects that previously had persistent
feeding intolerance were able to be weaned off parenteral nutrition within 15 months [69]. A possible
explanation for improved tolerance on hydrolyzed formula could be non-IgE mediated cow’s milk
protein sensitization seen in infants with NEC [31]. However, it is difficult to draw conclusions from the
small population that was observed. Additionally, it has been shown that 70–90% of protein absorption
ability is retained after massive intestinal resection in human neonates [70]. It was previously theorized
that the lack of MCTs and lactose in extensively hydrolyzed formulas may lead to easier digestion in
patients with SBS. However, in a randomized crossover trial comparing protein hydrosylate formula to
standard formulas in children with SBS, Ksiazyk et al. found no differences in intestinal permeability,
energy expenditure, or nitrogen balance [46].

Providing adequate amino acids after intestinal resection is important. Glutamine serves as the
primary fuel substrate for intestinal cells, promoting enterocyte proliferation and protein synthesis [71].
In preclinical rat models, there is a marked increase in glutamine and total amino acid uptake in the
early adaptive phases following SBR. Unfortunately, supplementing enteral nutrition with glutamine
or arginine after massive intestinal loss in humans has failed to improve adaptive responses and
thus remains controversial [71,72]. Additionally, recent data suggests that complex nutrients promote
greater intestinal adaptation. In this “functional workload” hypothesis, the remnant bowel meets the
digestive demand of the nutrients encountered and there is thus a more robust compensatory response
when infants are fed a non-hydrolyzed formula [57].

Ultimately, optimal protein intake from enteral nutrition should take into consideration remnant
bowel length, absorptive capacity, and feeding tolerance. The goal is to achieve a positive nitrogen
balance through improved nitrogen absorption. The data on the impact of formula protein content and
composition on intestinal adaptation is sparse and the variation amongst formulas makes comparison
of studies difficult. Although there is no robust evidence that elemental formula is superior to
non-hydrolyzed formula, there is data showing that patients with SBS may tolerate it better and it is
commonly used in the pediatric SBS population.

4.4.3. Oligosaccharides

After intestinal resection, the bowel undergoes significant functional adaptation as evidenced in
a rat model by increased densities of both key digestive enzymes and glucose transporters [64]. Excessive
administration of simple carbohydrates should be avoided given their considerable osmotic effects.

Energy can be derived from complex carbohydrates and soluble fibers processed in the colon.
These undigested macromolecules are metabolized by colonic bacteria to produce short chain fatty
acids (SCFAs) such as butyrate [67]. Butyrate is the primary fuel substrate for colonocytes and has been
shown to play an important role in intestinal adaptation in both rats [73] and piglets [48]. In neonatal
piglets that underwent 80% distal SBR, butyrate supplementation markedly increased the structural
and functional indices of intestinal adaptation in both the acute and chronic phases [48]. Similar
findings were recapitulated using a rodent SBS model. DNA, RNA and protein content per unit
mucosal weight all increased post-resection in fiber- and butyrate-supplemented diet compared to
controls [73]. In humans, these benefits are mitigated by the length of residual colon and colonic
continuity. Furthermore, simple carbohydrates in excess also have significant osmotic influence that
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may exacerbate diarrhea and extraneous losses [57]. Preferably, carbohydrates should comprise no
more than 40% of the total caloric provision [57].

4.5. Parenteral Nutrition

Surgical NEC typically delays the time until enteral autonomy and prolonged PN use (>21 days)
may be required. Allin, et al. demonstrated that the need for PN support at 28 days post-decision to
intervene surgically is associated with increased one-year mortality [74]. In clinical practice, intestinal
insufficiency may be indirectly measured by the level of PN required for normal or catch up growth [75].
Patients with less remaining bowel require more PN and a residual length of 15–40 cm is associated
with PN weaning [50,51,76–78]. The primary metabolic complication associated with PN is intestinal
failure associated liver disease (IFALD), which is characterized by direct hyperbilirubinemia, elevated
transaminases, and liver synthetic dysfunction [53]. Some modifications to PN can be made to reduce
the risk for liver injury, such as not overfeeding and cycling infusions [42]. Improvement of cholestasis
also depends on maintaining an appropriate protein-to-energy ratio in PN [79]. However, the most
heavily studied factor implicated in PN-associated liver disease is intravenous lipid emulsions (ILE).

PN Lipid Source

ILEs are a crucial component of PN, as they are a source of essential fatty acids and non-protein
calories. Several factors should be taken into consideration when choosing an ILE for parenteral use:
the content of essential fatty acids (FAs), the ratio of polyunsaturated fatty acids omega-6 to omega-3,
the quantity of α-tocopherol, and phytosterols. Monitoring FA profiles of children with IF is critical to
their nutrition management.

Soybean-based (SO) lipid emulsions were previously considered the standard of care for providing
fatty acids to children with intestinal failure. However, SO contains a 7:1 ratio of omega-6: omega-3,
whereas the optimal ratio is 4:1 to minimize the production of inflammatory mediators [80,81]. It also
has a high concentration of phytosterols, which have been associated with hepatic inflammation and
cholestasis [82,83]. The SO factor, stigmasterol, has also been shown in a murine model to promote
cholestasis, liver injury, and liver macrophage activation [84]. In 2012, Teitelbaum and colleagues
described a significant reduction in cholestasis in a cohort of pediatric IF whose SO lipid dose was
restricted to 1 g/kg/day compared to the historical dose of 3 g/kg/day [85]. Subsequent studies
demonstrated that this lipid reduction strategy does not decrease the incidence of IFALD, but may
slow its progression [86].

In 2018, the United States Food and Drug Administration approved a fish-oil (FO)-based lipid
emulsion (Omegaven®) for the treatment of pediatric intestinal failure associated liver disease
(IFALD). Unlike SO-based lipid emulsion, FO is composed primarily of anti-inflammatory omega-3
FA (docosahexaenoic and eicosapentaenoic acids) and contains a small amount of the essential FA
(linoleic and alpha-linolenic acids) [87]. FO-based lipids are rich in α-tocopherol, which scavenges
free radicals from peroxidized lipids to prevent propagation of oxidative lipid damage [88]. IV FO
treatment results in a biochemical reversal of cholestasis and is associated with reduction in plasma
phytosterols, cytokines, and bile acids. However, despite biochemical and histologic improvement in
cholestasis, there is persistent significant liver fibrosis on histology [89,90]. There is also concern that
because FO provides fewer essential omega-6 FAs than that recommended in children, it could cause
essential fatty acid deficiency (EFAD). However, Calkins, et al. found in a cohort of PN-dependent
children, switching from SO to FO for six months led to a decrease in essential FA concentrations, but no
evidence of EFAD [91]. These findings were supported in a long term study conducted over three
years by Puder, et al. [92]. Newer preparations such as Smoflipid® (Fresenius-Kabi, Uppsala, Sweden)
combine soybean oil (30%), coconut oil (30%), olive oil (25%) and fish oil (15%) and have proven to
be of benefit in patients with IFALD. Randomized controlled trials in preterm infants have shown
that Smoflipid® emulsion increases the content of eicosapentaenoic acid (EPA) and docosahexaenoic
acids [93]. Muhammed, et al. reported rapid and marked improvement in biochemical liver function
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tests in children with cholestatic jaundice after switching from a SO-based ILE to Smoflipid® [94].
Smoflipid® has a positive impact on liver enzymes due low phytosterol and high vitamin E content;
in addition, its use leads to a decrease in lipid peroxidation and an improvement on the ω-3:ω-6 PUFA
ratio, producing a less proinflammatory profile [95].

5. Conclusions

Providing infants breast milk has been the mainstay of nutritional therapy in NEC prevention
and is also beneficial for infants following surgery in stage III NEC [19,20,46]. Unfortunately, there
have been no feeding strategies proven to prevent NEC, such as initiating feeds later, advancing feeds
more slowly, or bolus versus continuous feeds; however, it is safe to start feeds within 96 hours of
birth, advance more rapidly, and bolus feed [7,9,12]. Because there is great variability in individual
feeding practices, it is important that each NICU has a standardized protocol to approaching feeds in
order to ensure appropriate nutrition and minimize complications. Additional studies focusing on
more premature and smaller infants should be conducted, as most studies that are currently available
are limited to infants >1000 g and between 28–32 weeks. Younger and smaller infants may respond
differently than older infants to alternate feeding approaches. Additionally, identifying more specific
biomarkers for NEC severity and intestinal recovery is necessary to provide appropriate treatment and
assist clinicians in determining intestinal recovery after disease.

Finally, more diet studies on the effect of macronutrients on recovery after surgical NEC are
required. The majority of current data on intestinal adaptation shows the benefit of a high fat diet but
is limited to animal studies [61]. Using hydrolyzed formula in patients with SBS is common but has
only been studied in a small population and lacks robust evidence [69]. Since parenteral nutrition is
often required following resection, it is important to understand its complications. Omegaven® and
Smoflipid® both are less likely to lead to cholestasis and IFALD without causing essential fatty acid
deficiency and may be more beneficial as a fat source than the traditionally used intralipids [92,95].
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Abstract: Background: Spontaneous intestinal perforation (SIP) is a devastating complication of
prematurity, and extremely low birthweight (ELBW < 1000 g) infants born prior to 28 weeks are at
highest risk. The role of nutrition and feeding practices in prevention and complications of SIP is
unclear. The purpose of this review is to compile evidence to support early nutrition initiation in
infants at risk for and after surgery for SIP. Methods: A search of PubMed, EMBASE and Medline
was performed using relevant search terms according to Preferred Reporting Items for Systematic
Reviews and Meta-Analyses (PRISMA) guidelines. Abstracts and full texts were reviewed by co-first
authors. Studies with infants diagnosed with SIP that included information on nutrition/feeding
practices prior to SIP and post-operatively were included. Primary outcome was time to first feed.
Secondary outcomes were incidence of SIP, time to full enteral feeds, duration of parenteral nutrition,
length of stay, neurodevelopmental outcomes and mortality. Results: Nineteen articles met inclusion
criteria—nine studies included feeding/nutrition data prior to SIP and ten studies included data on
post-operative nutrition. Two case series, one cohort study and sixteen historical control studies were
included. Three studies showed reduced incidence of SIP with initiation of enteral nutrition in the
first three days of life. Two studies showed reduced mortality and neurodevelopmental impairment
in infants with early feeding. Conclusions: Available data suggest that early enteral nutrition in
ELBW infants reduces incidence of SIP without increased mortality.

Keywords: spontaneous intestinal perforation; prematurity; feeding; nutrition

1. Introduction

Spontaneous intestinal perforation (SIP) is a devastating gastrointestinal complication of
prematurity that occurs within the first week of life in infants born prior to 28 weeks of gestational
age (GA) and with extremely low birthweight (ELBW < 1000 g) [1]. The incidence of SIP is highest in
the most vulnerable preterm infants [2,3] with high frequency of long-term complications and high
economic burden. Necrotizing enterocolitis (NEC), another gastrointestinal complication of prematurity
that occurs slightly later, is a separate clinical entity. Both NEC and SIP can present with abdominal
distension, temperature and hemodynamic instability [4,5]. NEC is distinguished by the presence of a
thickened abdominal wall, distended loops and presence of pneumatosis intestinalis [5], while more
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patients with SIP present with a bluish discoloration of the abdominal wall and pneumoperitoneum
on radiographs [5]. Infants with SIP typically present with isolated intestinal perforation diagnosed
as free abdominal air [6,7] and on histology there is evidence of hemorrhagic necrosis primarily in
the antimesenteric border of the terminal ileum [5]. On the contrary, NEC is characterized by severe
inflammation and bacterial translocation resulting in intraluminal air and intestinal perforation in
severe cases [8].

Currently, SIP is thought to be secondary to ischemia [9,10] and involves a deficiency of muscularis
propria in about a quarter of cases [11]. SIP often occurs in the terminal ileum, a watershed region prone
to local ischemia that can be compounded by regional intestinal ischemia, secondary to hypotension,
the presence of an umbilical arterial catheter (UAC), patent ductus arteriosus (PDA) and birth
asphyxia [9,12]. Local ischemia, impaired collagen synthesis from early steroid use, birth trauma and
abnormal embryologic development can result in muscularis propria deficiency that can similarly lead
to SIP [10,13,14]. Likewise, antenatal and postnatal factors (outlined in Table 1) can increase the risk of
SIP occurrence in infants at greatest risk.

Table 1. Risk factors associated with increased incidence of SIP in preterm neonates.

Prenatal Postnatal

Maternal preeclampsia Medications
Chorioaminoitis - Indomethacin

Syncytial knots - Inotropes

Multiple gestation - Early steroids

Cytomegalovirus Fresh frozen plasma
In utero growth restriction Intraventricular Hemorrhage

An understanding of preventative strategies for developing SIP is critical as early complications
such as intestinal failure [15] can be severe, resulting in a prolonged neonatal intensive care unit (NICU)
stay and long-term complications [16–18]. Similarly, data on any protective factors that are crucial in
SIP prevention are limited. While there is extensive data on the relationship between early nutrition
and the incidence of NEC [19,20], studies on feeding practices prior to and after the development of SIP
are limited. Given the high morbidity and mortality related to SIP, insight into risk factor modification,
specifically nutrition, is essential. We sought to systematically identify and review literature on early
feeding prior to and after surgery for SIP to assess safety and potential benefits.

2. Materials and Methods

This review was conducted according to the Preferred Reporting Items for Systematic Reviews
and Meta-Analyses (PRISMA) guidelines.

2.1. Search Strategy

An electronic search of online databases—PubMed, Medlin and Embase—was conducted
January to March 2020 using the following search terms: “spontaneous intestinal perforation,”
“neonate,” “newborn” and “nutrition.” Reference lists from resulting articles were also reviewed for
additional studies.

2.2. Inclusion and Exclusion Criteria

Studies were included if pre- and post-operative characteristics of infants with SIP were provided,
specifically if nutrition (enteral feeds prior to surgery and post-operative total parenteral nutrition
(TPN)) data was recorded (Figure 1). Analysis of studies in languages other than English on non-human
subjects and review articles were excluded. Case reports where no data on survival or length of
hospital stay was reported were also excluded.
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Records identified through 
database searching 

Additional records identified 
through other sources 

Records after duplicates removed 
(n = 83) 

Records screened 
(n = 83) 

Records excluded 
(n = 50) 

Full-text articles 
assessed for eligibility 

(n = 33) 

Full-text articles excluded, no 
feeding/nutrition data (n = 14)  

Studies included in 
qualitative synthesis 

(n = 19) 

Figure 1. Flowchart of systematic review results.

2.3. Study Selection

All abstracts and titles identified using the search criteria were independently reviewed by the first
two authors (O.O. and M.S.) and irrelevant studies were removed. The full text of relevant articles was
reviewed by O.O. and M.S. for inclusion criteria until a consensus was reached. Screening reference
lists was performed by O.O.

2.4. Data Collection Process

Selected articles were classified by study type and divided into two groups based on reporting
of nutrition data prior to SIP (enteral nutrition) and post-operatively. Variables extracted included
patient demographics/characteristics (gestational age, weight) and feeding characteristics (route, type
of feeding, timing). Outcomes extracted included length of stay (LOS), time to full enteral nutrition,
duration of TPN and mortality/survival as well as long-term neurodevelopmental outcomes when
reported. For the meta-analysis, retrospective cohort studies that reported timing of early enteral
nutrition as well as relative risk of outcomes were included.

3. Results

3.1. Inclusio

There were 33 full text articles that met criteria for full-text review. Of these, 14 were subsequently
excluded because no information on enteral nutrition prior to SIP or TPN data post-operatively were
reported. A total of 19 articles (Tables 2–4) were included in the analysis (Figure 1). Included articles
are summarized according to category of nutritional data—studies with nutrition prior to SIP in Table 2;
studies with data after surgery in Table 3; outcomes reported are outlined in Table 4. There were
no randomized control trials (RCTs) in neonates examining the impact of early enteral nutrition on
SIP progression and outcomes after surgery. However, 12 studies retrospective cohort studies (III-2),
two studies with historical controls (III-3) and one case series [9] were included (Tables 2 and 3).
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3.2. Risk of Bias

Most of the studies were retrospective cohort studies conducted at single centers, including
Buchheit [4], Eicher [29], and Gollin [30] who reported characteristics and outcomes in infants with
SIP and NEC. This study design has an inherent risk of selection bias, and inherent differences
between the pathogenesis and complications associated with NEC can skew results, especially given
the retrospective nature of these studies. Additionally, only two studies by Stavel et al. [24] and
J Shah [3] et al. included data on control infants without NEC or SIP. There is a risk of detection bias as
it is not possible to blind outcomes in these studies.

Data from the case series by Meyer et al. [9] was confounded by potential information and
reporting bias given the retrospective nature and lack of a control group.

3.3. Grouping According to Nutrition Data

Articles fell broadly into three groups: studies that included feeding or nutrition data prior to SIP
diagnosis [4,5,9,11,22–24], studies with data post-operative nutrition [3,16,21,26,29–33] and studies that
listed any outcomes of interest (LOS, time to full feeds, length of TPN, mortality, neurodevelopmental
outcomes; Table 4).

Data on timing, type and volume of feeding prior to SIP was limited. In the study by Meyer
et al. [9], no patients with SIP had been fed prior to disease onset. Two studies documented the
proportion of patients receiving enteral nutrition (EN) before SIP: Buchheit [4] reported 38% (8/21)
and Holland [11] 23% (6/23). Maas et al. [23] reported a rate of SIP of 9.4% after implementation of a
feeding protocol for early transition to full EN. The only study evaluating the direct impact of early EN
(within 72 h of life) on SIP was by Stavel et al. [24]. A total of eight additional studies [16,21,26,29–33]
reported TPN data after surgery for SIP.

3.4. Outcomes

3.4.1. Early Enteral Nutrition (EEN)

Varma [25] retrospectively reviewed the use of breast milk in infants who had surgery prior to
six months of age. Eighteen out of 111 infants required surgery for SIP and 16/18 (89%) received
human milk, and the median age at first feed was four (IQR 3–8) days. Maas et al. [23] described the
feasibility of an EEN protocol in extremely low gestational age neonates (ELGANs, <28 weeks) with
the initiation of 20 mL/kg/day of preterm formula or human milk within 24 h of life and advances of
25–30 mL/kg/day. Forty-three out of 96 (50%) infants received full EN by seven days of life. SIP was
reported in 9/96 (9.4%) of infants. No data on timing of SIP was noted. While the incidence of SIP is
comparable to similar European centers (8.2% by Bassler [34]), Maas did not report rates of SIP at their
institution prior to initiation of this protocol. The study was not designed to evaluate the EEN as a
protective factor for SIP but suggests that an EEN protocol is feasible in ELGANs.

Stavel [24] from the Canadian Neonatal Network (CNN, tertiary NICUs) published a retrospective
cohort study of 4268 ELBW infants born prior to 30 weeks evaluating the effect of exposure to prophylactic
indomethacin and early feeding on the incidence of SIP [24]. EEN was initiated within the first two
days [24]. There was a notable—although not significant—reduction in the incidence of SIP in the early
feeding group (EF+, 54/2114, 2.5%) compared to the no EF group (EF-, 75/2154, 3.5%) with an adjusted
odds ratio (aOR 1.32, 95% CI [0.88–1.99]) of SIP in the EF- group. However, there was no documentation
about volume or type of EN provided. Kelleher from the Neonatal Research Network (NRN) performed a
similar retrospective study of over 15,000 ELBW infants [21]. They reported data on four groups based
on exposure to indomethacin (I+/−) and early feeding (first two days, E+/−). A significant reduction in
relative risk (%, aRR [95%CI]) of SIP in the first 14 days of life was documented in the E+ groups (I+/E+:
3%, 0.58 [0.37–0.90] p < 0.05, I−/E+ 1%, 0.53 [0.36–0.77], p < 0.0001) compared to the reference group
(I−/E−: 3%). Overall, when these studies were combined there was a significant reduction in relative risk
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of SIP in infants receiving early enteral nutrition (0.58 [0.38–0.88], p = 0.01, Figure 2A). Therefore, early
enteral nutrition reduces the incidence of SIP in ELBW infants.

(A) 

(B) 

 

(C) 

Figure 2. Relative risk and outcomes reported in selected studies. (A) Early Nutrition and SIP Incidence;
(B) Early Nutrition and LOS; (C) Early Nutrition and overall mortality.
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3.4.2. Time to Full Enteral Feeds after SIP

Eicher [29], Jakaitis [31], B Shah [32], Vongbhavit [26], Varma [25], Cass [27] and Wadhawan [33]
reported time to initiation of EN (range from 6 to 21 days) and time to full EN (range from 15 to
95.5 days) after SIP (Table 3). Varma [25] reported days to first post-operative feed (median 12.5, IQR
(10–20)) and the majority of SIP infants received human milk (16/18, 88%) and bolus feeding (15/18,
83%). Cass [27] reported shorter time from peritoneal drain (PD) placement to feeding initiation in
infants with SIP (26.3 ± 9.9 days) compared to infants with NEC (73.5 ± 3.5 d p < 0.05). Eicher [29]
reported the shortest time to initiation of EN with mean of six (range 4–9) days and full EN mean
of 15 days after surgery. On the contrary, Jakaitis [31] documented the longest time to initiation of
EN (20.1 days in peritoneal drain (PD) only, 26.1 days in PD and laparotomy (LAP) group, p < 0.05)
and full EN (60.4 days in PD, 95.5 days in PD + LAP, p < 0.05). No defined protocol for initiation and
advancement was described in either study. Vongbhavit [26] noted that differences in delay in initiation
of post-operative EN increased the risk of parenteral nutrition-associated cholestasis (PNAC), defined
as a conjugated bilirubin ≥ 2 mg/dL. Initiation of EN and full EN was shorter in SIP infants without
PNAC (10 days, 25 days) compared to those with PNAC (20 days, 46 days p < 0.05). Institutional
differences and type of surgery as reported by [31] resulted in variations in timing of EN. However,
delay in initiation of EN increased the risk of PNAC.

3.4.3. Parenteral Nutrition Duration

Current management of SIP involves surgery (or drain placement), cessation of feeds, and a
course of antibiotics [27,35]. Nutrition during recovery is exclusively provided by total parenteral
nutrition (TPN), similar to infants being treated for NEC [36]. The most prevalent risk associated with
prolonged TPN exposure is cholestasis [37]. Eleven studies ([21,24–26,28–32,36,38] Table 3) reported
data on duration of TPN after surgery with a range in SIP patients of (21–94.3 days). TPN duration was
shortest in Eicher [29], with an average of 21 days in infants with SIP likely due to early initiation of EN
by six days post-op. Jakaitis [31] reported the longest duration of TPN use in the PD only (62.7 days)
and PD + LAP group (94.3 days). This suggests that earlier initiation of EN appears to correlate with
shorter duration of TPN. Stavel [24] evaluated the role of early indomethacin (I) and early feeding
(E) on TPN duration. Number of days of TPN was shorter in both EN groups (I+/E+, mean(range):
18 (12–32) and I−/E+ 18 (12–29)) compared to no EN (I+/E− 28 (19–40, p < 0.01) and I−/E− 26 (16–39,
p < 0.01)). EN initiated within the first two days of life decreased the duration of TPN in ELBW infants
<30 weeks [24].

3.4.4. Length of Stay

Eight studies [4,24–26,29–32] documented length of stay (LOS) in SIP and controls with a range
from 72 days in I−/E+ group in the Stavel [24] study to 144.5 days in the PD + LAP group in the
Jakaitis [31] study. In those studies where data on both NEC and SIP was available, no significant
differences in LOS were noted in Buchheit [4] (82 days vs. 107 days), Eicher [29] (128 days vs. 121 days)
and B Shah [32] (110 days vs. 98 days) in patients with SIP compared to NEC. Jakaitis [31] reported
longest LOS with no significant differences between the two surgical options available, PD and PD +
LAP (120.3 days vs 144.5 days). In Vongbhavit [26], patients without PNAC had significantly shorter
LOS compared to the PNAC group (77 days vs. 123 days p < 0.05) likely due to earlier EN and
shorter TPN duration. Stavel [24] reported shorter median (IQR) LOS in early feeding groups (I+/E+,
80 (50,118), I−/E+ 74 (45, 103)) when compared to no early feeding groups (I+/E− 99 (66, 124), I−/E− 86
(55, 112), Figure 2B) for all infants in the study. Data on the impact of EN on LOS in infants with SIP
was not reported.
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3.4.5. Neurodevelopmental Outcomes

Wadhawan et al. [33] retrospectively identified ELBW infants with SIP in the Neonatal Research
Network database (1998–2005) and is the only study that reported neurodevelopmental impairment
(NDI) in patients with SIP. NDI among survivors was defined as at least one of the following: cerebral
palsy, bilateral blindness, bilateral deafness, Bayley Mental Developmental Index (MDI) or Psychomotor
Development Index (PDI) less than 70 [33] at 18–22 months. Overall NDI among survivors was higher
in SIP infants compared to no SIP (86/137 (62.8%) vs. 2614/7033 (37.2%) p < 0.0001). Similarly, MDI < 70
(72/134 (53.7%) vs. 2177/6953 (31.3%) p < 0.0001), PDI < 70 (65/133 (48.9%) vs. 1476/6892 (21.4%)
p < 0.0001), and cerebral palsy (24/140 (17.1%) vs. 486/7418 (6.6%) p < 0.0001) were higher in infants
with SIP [33]. However, these findings could be confounded by the increased incidence of severe IVH
(grade 3 or 4) in patients with SIP (95/277 (34.3%) vs. 1942/11233 (17.3%) p < 0.05). The authors of the
study did not perform a regression analysis that adjusted for potential confounders. Additionally,
while age at first feeds was significantly later in infants with SIP (14.7 ± 15.1 vs. 7.4 ± 6.8 p < 0.05) no
comparisons between feeding and outcomes were documented [33].

Kelleher [21] reported severe NDI at 18–22 months in four groups based on exposure to
indomethacin (I+/−) and early (first two days) feeding (E+/−), with a significant reduction in severe
NDI in E+ groups (I+/E+ %, aRR [95% CI] 25%, 0.72 [0.61-0.83], p < 0.0001, I−/E+ 20%, 0.76 [0.68–0.84],
p < 0.0001) compared to the reference group I−/E− (34%) [33]. The median days (IQR) to full EN was
also significantly shorter in the E+ groups (I+/E+: 19 (14,29) p < 0.001, I−/E+ 16 (11,25) p < 0.001)
compared to the reference group (I−/E− 26 (18,38)) [21]. This suggests a protective effect of early
nutrition on improved neurodevelopmental outcomes overall in ELBW infants; it is possible that this
is similarly protective in infants with SIP.

3.4.6. Mortality

Mortality alone or in combination with NDI was reported in 17 studies (Table 4) [3,4,9,11,16,21,
22,24,26,29–32] with a range of 8%–32% in infants with SIP. Shah [3] reported an almost three-fold
increased mortality in infants with SIP compared to infants without NEC or SIP (aOR 2.78, 95% CI [1.8,
4.28] p < 0.05). Wadhawan [33] reported a significant and large increase in NDI or death in infants with
SIP compared to ELBW infants without SIP (198/249 (79.5%) vs. 5568/9987 (55.8%) p < 0.001).

However, mortality in ELBW infants is dependent on numerous factors, some of which can be
modified by early enteral nutrition. Stavel et al. [24] and Kelleher [21] reported overall mortality in four
groups based on one’s exposure to indomethacin (I) and/or early feeding (E) (Figure 2C). Stavel [24]
noted a reduction in the overall mortality in the early feeding group (236/2114 (11.2%)) compared to
the late feeding group (262/2154 (12.2%)) with an adjusted OR of 0.89 (95% CI [0.71, 1.12]). Although
the reduction in mortality was not statistically significant, it suggests a possible protective effect of
early enteral nutrition. In the Kelleher [21] study, there was a large and significant relative risk (RR)
reduction in either death or NDI in the early feeding groups (I+/E+: 37%, aRR 0.83, 95% CI [0.75–0.91]
p < 0.001, I−/E+: 31%, aRR 0.82, 95% CI [0.76–0.89], p < 0.0001) compared to the reference group (I−/E−:
48%). Overall, when these studies were combined, early enteral nutrition was not associated with
increased mortality but rather has a trend towards decreased mortality (RR [95% CI], 0.764 [0.54–1.08],
p = 0.13, Figure 2B). Thus, early feeding in the presence or absence of indomethacin is not associated
with increased mortality.

3.5. Other Complications

Shah [3] reported an increase (aOR) in major morbidity: bronchopulmonary dysplasia (2.78, 95%
CI [1.93–4.20] p < 0.05), periventricular leukomalacia (1.62, 95% CI [0.85–3.07] NS), severe retinopathy
of prematurity (3.14, 95% CI [1.88–5.2])) and nosocomial infections (3.54, 95% CI [2.54, 4.94] p < 0.05)) in
infants with SIP vs. those without NEC or SIP (OR 4.23, 95% CI [2.88, 6.20], p < 0.05). No other studies
reported on risk of short- and long-term complications relative to early nutrition or occurrence of SIP.
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4. Discussion

Although there are no randomized trials evaluating early nutrition in decreasing rates of SIP or
SIP associated morbidities, the available data summarized in this review suggest that initiation of early
enteral nutrition in ELBW infants decreases the incidence of SIP, duration of total parenteral nutrition,
risk of parenteral nutrition-associated cholestasis and length of stay, all without being associated
with increased mortality. Furthermore, evidence from a large cohort [21] suggests that ELBW infants
receiving early enteral nutrition (with or without prophylactic indomethacin) have a lower incidence of
neurodevelopmental impairment and mortality. Moreover, the overall growth improved in ELGANs
who were fed using an early enteral nutrition protocol [23]. Consistent with existing data, introduction
of early enteral nutrition using a standardized protocol has been associated with improved weight
gain [39] and reduced incidence of NEC [40] and death.

There were limited data on initiating early enteral nutrition post-operatively in SIP patients, so
optimal timing for initiation and impact of post-operative EEN remains unclear. However, data from a
systematic review in pediatric patients (including neonates) undergoing abdominal surgery suggests
that introduction of EEN post-operatively resulted in a significant decrease in time to full EN with a
trend towards reduced LOS and no increase in complications [41].

Timing and type of enteral nutrition provided after birth in neonates impacts intestinal health
and immune function [42]. After delivery, enteral nutrition is crucial for intestinal adaptation,
and lack of luminal nutrients can impede appropriate intestinal development (as reviewed in [42]).
Enteral nutrition components that promote intestinal health include: (1) arginine, which improves
structure and function, (2) glutamine for increased protein synthesis, (3) threonine, which promotes
mucin synthesis, and (4) polyunsaturated fatty acids that enrich enterocyte phospholipids [42,43]
(Figure 3). Early bovine colostrum feeds in animal models resulted in higher first-pass threonine
utilization, increased protein synthesis and mucosal growth in the distal small intestine [43], as well
as improved immune and digestive functions [44]. Similarly, in neonates who received human milk
in the first 24 h of life, Shimizu et al. [45] reported an increase in plasma concentration of glicentin
(a component of enteroglucagon that promotes mucin secretion and improved intestinal growth
compared to delayed enteral nutrition). Human milk, specifically colostrum, is considered optimal
enteral nutrition in preterm neonates as it results in decreased inflammatory response [46], stimulates
neutrophil recruitment [44], selectively targets T cells and granulocyte [47], and resulted in reduction of
SIP incidence (6% to 3%) in a small, single center study [48]. This suggests that in the absence of early
enteral nutrition (as reported in [21,24]) there is likely reduced protein synthesis, decreased mucin
production, impaired enterocyte phospholipids, inadequate mucosal growth and a predisposition to
intestinal injury and subsequent SIP development.

Currently, clinical studies do not provide adequate information on the timing or type of
post-operative enteral nutrition in infants with SIP. However, in neonates who required surgery
for congenital anomalies, post-operative early enteral nutrition resulted in decreased time to full
enteral nutrition and a trend towards decreased hospital stays without increased complications [49–51].
Furthermore, post-operative implementation of a human milk-based feeding protocol resulted in
reduced time to full feed and decreased incidence of intestinal failure-associated liver disease [52].
In animal models, post-operative early enteral nutrition resulted in improved healing [53], likely
through conservation of collagen [54] and improved weight gain. It is possible that early initiation of
enteral feeds after surgery in SIP patients is similarly beneficial, however additional studies are needed.
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Figure 3. Relationship of early enteral nutrition to SIP. Early enteral nutrition provides arginine,
threonine, glutamine and polyunsaturated fats (PUFAs) that result in improved gut structure/function,
mucin synthesis and production of enterocyte phospholipids. Delayed enteral nutrition results in
increased SIP susceptibility.

5. Future Directions

Data from existing clinical studies show that early enteral nutrition in ELBW infants is feasible
and beneficial. In the future, larger scale, multicenter studies dedicated specifically to patients with
SIP evaluating the time to first feed, type of feeds (breast milk/formula) and feeding advancement
schedules would be beneficial. In post-operative SIP cases, information regarding timing of first feeds
as it relates to short-term outcomes (duration of hospital stay [44], parenteral nutrition dependence)
and long-term outcomes (gastrointestinal complications, growth and neurodevelopment) would be
important to collect. These data would inform us on best nutritional practices to reduce the incidence
and severity of SIP.

6. Conclusions

The retrospective nature of studies that include the pre- and post-operative feeding and nutrition
regimen of infants with SIP present a challenge in delineating the role of nutrition in disease prevention
and improvement of outcomes. There is some evidence to suggest that initiation of feeds within the
first 72 h in infants at the highest risk of SIP (ELBW, <28 weeks GA) could be protective. The potentially
protective role of early feeding has been shown in both small and large retrospective studies [23,24,55,56].
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Abstract: Late-onset sepsis (LOS) and other systemic bloodstream infections are notable causes of
neonatal mortality, particularly in prematurely born very low birth weight infants. Breastfeeding in
early life has numerous health benefits, impacting the health of the newborn in both the short-term
and in the long-term. Though the known benefits of an exclusive mother’s own milk diet in early life
have been well recognized and described, it is less understood how breastfed infants enjoy a potential
reduction in risk of LOS and other systemic infections. Here we review how gut residing pathogens
within the intestinal microbiota of infants can cause a subset of sepsis cases and the components of
breastmilk that may prevent the dissemination of pathogens from the intestine.
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1. Introduction

Bloodstream infections (BSIs) resulting from bacterial dissemination can be extremely harmful
to neonates, particularly preterm and very low birth weight (VLBW, <1500 g) newborns. Late-onset
neonatal sepsis (LOS) is defined as sepsis occurring 72 h after delivery. LOS has an incidence rate of
10% in preterm infants and is associated with long-term neurological development deficiencies [1,2].
Cases resulting from bacterial BSIs account for 26% of all deaths in preterm infants. LOS will continue
to be an important issue among preterm infants as there is a constant reduction of the age of viability
resulting from increased medical technology for treating babies born extremely preterm and at a VLBW,
those that are most at risk for neonatal BSIs [3,4].

Antibiotics are currently the first line of defense against LOS, but are possibly causing more
harm than good. Empirical antibiotics are given to a majority of preterm neonates, regardless of
if the infant has a positive blood culture or not, as a preemptive measure of reducing sepsis [2].
This practice may have the opposite intended effect as multiple studies [5,6] have shown an association
between prolonged empirical antibiotic administration in premature babies and increased likelihood
of developing LOS, necrotizing enterocolitis (NEC), and/or death. Central line placement, used for
administration of parenteral nutrition and antibiotics, risks the introduction of pathogens to the
bloodstream and is the likely cause of many BSIs. As such, increased hygienic practices implemented
in hospitals have resulted in a stark decrease in LOS caused by normal skin commensals [7]. However,
despite these efforts, LOS rates in neonates remain unchanged among cases caused by gut commensals,
suggesting the bacteria are entering the bloodstream through another mechanism [7].

2. Breastfeeding and LOS

A preterm infant’s diet plays a crucial role in disease development or avoidance. Parenteral
feedings are often the only option for delivering nutrients to VLBW infants in the days immediately
following birth, but long term use is strongly associated with increased risk of LOS development [8,9].
When an infant’s organs become mature enough to handle partial or full enteral nutrition, mother’s own
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milk (MOM) is the preferred source of nutrition [10], though preterm infants once were formula-fed
at higher rates compared to newborns delivered at term. It is logical to hypothesize ailing infants
physically unable to be enterally-fed are more likely to develop LOS in connection with a frail
condition [8]. When MOM is unavailable, human donor milk and/or formula are given to infants
instead. A number of clinical studies have demonstrated a clear connection between feeding with MOM
and protection against LOS in premature infants, in addition to the benefits of a faster transition to
enteral feedings, decreased likelihood of mortality, and reduced length of hospital stay [11,12]. Further,
a historical clinical observation showed an LOS incidence of 57% amongst the formula-fed infants
compared to an LOS incidence of 7% in MOM-fed infants, which included partial-MOM fed infants [13].
Reduced risk of LOS was correlated with increased consumption of human milk, with the odds of LOS
in a NICU cohort decreasing 19% for every 10 mL/kg dose per day of human milk [11]. While this cohort
pooled infants receiving donor milk with those receiving MOM into a single human milk- fed group,
more than 90% of the infants in that cohort were given MOM exclusively [11]. Recent systemic data
analysis suggested a possible, though not-significant, 23% risk reduction in developing LOS among
exclusively breastfed infants as compared to exclusively formula-fed infants [14]. Additional clinical
observations showed similar significant results where 25% of formula-fed infants developed LOS
compared to 14% of MOM-fed infants [12], supporting an initiative to promote exclusive breastfeeding
as the preferred protective diet in early days of life of any enterally-fed infant. To date, use of donor
milk has not shown a reduction of risk of LOS, in contrast to MOM diets [15], though mechanisms
of protection unique to MOM remain unclear. More clinical data should be gathered comparing the
outcomes of MOM-fed infants to those fed donor milk or fortified formula as better alternatives become
available to those infants unable to be fed MOM. In extremely rare cases, LOS may be the result of
contaminated breast milk [16], but in the vast majority of cases, MOM-fed infants have overall better
outcomes than those who require parenteral nutrition, or other enteral diets.

3. Enteric Origin of Pathogens

3.1. Pathogens in LOS

The potential mechanism of how breastmilk may protect from bacterial BSIs and LOS initially
became elucidated around 10 years ago when multiple groups observed the pathogens residing in
the gastrointestinal (GI) tract prior to sepsis events [17–20]. Following birth, the gastrointestinal
tract becomes colonized by commensal bacteria in a dynamic process that is initially pioneered
by facultative anaerobic proteobacteria and lactobacilli [21–25]. Common causative pathogens of
LOS can be found residing in the gut, including Gram-positive members of the lactobacillales order
such as Group B Streptococcus (GBS) or Enterococcus faecalis; and Gram-negative bacilli (GNB) of
the gammaproteobacteria class such as Klebsiella pneumonia [18], Escherichia coli [18], Pseudomonas
aeruginosa [26], or Enterobacteriaceae species [27]. Due to the low density of the commensal flora in
neonates, such pathobionts [28], bacterial species that can reside in the gut microbiota as a commensal
but also have the potential to become pathogenic, can colonize the GI tract [29]. By acting as a reservoir
for potential pathogens, the gut microbiota poses a risk to the neonate if it becomes dysbiotic, resulting
in pathogen expansion [30,31].

Preventing enteric bacterial dissemination of pathobionts may prove to be more difficult than
preventing intravenous dissemination, where increased hygienic practices have reduced LOS rates [7,32].
Additionally, animal work suggests the enteral route of infection may contribute to the virulence
of sepsis pathogens when compared to the intraperitoneal route of infection [33], underlining the
importance of developing therapeutics preventing enteric dissemination. Prophylactic use of oral
antibiotics rarely target only potential pathogens, but also disrupts the normal developing microbiota
contributing to dysbiosis in the microbial community [34–36]. Dysbiosis, in turn, can result in enteric
infection and dissemination as pathobionts gain an increased foothold in the microbial community [30].
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Antibiotic resistance is a growing concern in neonatal sepsis cases, and as such, dependence and
overuse of antibiotics should be avoided [37,38].

3.2. Modification of the Infant Gut Microbiota

Introduction of probiotic strains of commensal bacteria has been proposed as a therapeutic strategy
to treat or prevent dysbiosis of the gut microbiota and prevent a number of diseases including enteric
infections and LOS [39]. Live strains of commensal bacteria such as Lactobacillus and Bifidobacterium
species may improve gut health by preventing pathogen colonization and promoting the development
of a healthy microbiota [40,41]. Modest improvements in gut health following single probiotic strains
such as Saccharomyces bourlardii, Lactobacillus reuteri, Lactobacillus acidophilus and Bifidobacterium lactis
have been observed [42], including a reduction in the time needed for progression to full enteral
feeding in preterm infants given Saccharomyces boulardii or B. lactis, though this effect is less pronounced
in exclusively formula-fed infants [43].

Probiotic mixes containing multiple strains have shown the most success in reducing the risk of
LOS in enterally-fed infants [44]. Such formulations can range from a mix of three strains: L. acidophilus,
E. faecium and Bifidobacterium infantum [45] to a mix of eight strains: Streptococcus thermophilus,
Bifidobacterium breve, Bifidobacterium longum, Bifidobacterium infantis, L. acidophilus, Lactobacillus plantarum,
Lactobacillus paracasei and Lactobacillus delbrueckii spp bulgaricus [46], suggesting multiple strains may
have complementary roles in combination to restore intestinal health and provide protection. However,
probiotics such as Lactobacillus rhamnosus GG, S. boulardii, L. reuteri, Lactobacillus sporogenes, or B. breve
as single strains, or even mixes of multiple strains show a limited effect in reducing LOS in formula-fed
infants [47]. This apparent limitation of probiotics in improving outcomes in formula-fed infants as
compared to breastfed infants suggests a greater deficit in the gut health of formula-fed infants that is
harder to overcome with therapeutic interventions [48,49].

The shaping of the gut microbiome by breastmilk has been repeatedly observed and formula-fed
infants have a gut microbiota distinct from the community found in the GI tract of breastfed
infants [50–53]. Diet during early life can influence bacterial translocation as intestinal permeability
was found to be significantly decreased [54] and barrier function matured quicker in breastfed preterm
infants [55] when compared to formula-fed preterm infants. In animal models, formula feeding
resulted in increased bacterial translocation [56–58]. VLBW babies in intensive care units, those most
at risk of developing sepsis, often lack access to breastmilk. Therefore, identification of protective
components of breastmilk that prevent dissemination represents fertile ground for the development of
therapeutics to prevent bacterial infections and LOS.

4. Components of Breastmilk

Breastmilk is a complex formulation of nutrients, proteins, and growth factors providing
neonates with benefits beyond the incomparable nourishment. Figure 1 shows maternal protection
against intestinal pathogens. Several biologically active factors promote gut health and confer
protection from enteric infections to the neonate. Breastmilk changes substantially throughout lactation
from colostrum in the days initially following delivery to transitional milk and then mature milk
approximately two weeks following delivery. Proteins such as antibodies and growth factors are
present in higher concentrations in colostrum and transitional milk compared to mature milk [59,60].
Given the biological role for such proteins, breastmilk is therefore considered one component of the
“mother-breastmilk-infant triad” [61] and perhaps synchronized between mother and child to afford
age-appropriate nutrition and protection to neonates provided with MOM in the first weeks of life.
Such factors and proteins present in breastmilk are discussed in this section. The key components
of breastmilk reviewed here all can be found in higher concentrations in colostrum and transitional
milk early in lactation, asking the question that for breastmilk to have protective effects in neonates,
is timing everything?
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Figure 1. Maternal protection from enteric pathogens. (A) Components in breastmilk can limit enteric
pathogen dissemination. (1) Maternal antibodies (IgG, IgA) can bind bacteria and directly inhibit
pathogen adherence and invasion [62]. (2) Growth factors [epidermal growth factor (EGF), amphiregulin
(AREG), heparin-binding epidermal growth factor-like factor (HB-EGF), and tumor-growth factor-alpha
(TGF-α)] bind the epidermal growth factor receptor (EGFR) on epithelial cells to promote barrier
function by cell proliferation and growth [63], and by limiting translocation via goblet cells [64].
(3) Lactoferrin sequesters iron which limits pathogen growth [65]. (4) Human milk oligosaccharides
(HMOs) promote the development of the intestinal microbiota [66], which can offer colonization
resistance to enteric pathogens [30]. (B) In the absence of these factors, pathogens can colonize the
intestine lumen, cross the epithelium potentially through goblet cells [64], and disseminate to organs
through the system, including the mesenteric lymph node (MLN) and spleen, resulting in late-onset
sepsis (LOS).

4.1. Antibodies

Maternal antibodies, including IgM, IgG, and IgA subtypes, offer superior protection to neonates
both within the intestinal lumen, and systemically. These antibodies can provide passive immunity
within the neonate to any potential systemic infections [67]. Within the lumen of the neonatal GI
tract, IgA is particularly important in providing protection from invasive enteric pathogens by directly
binding and preventing adherence and evasion [62,67]. Beyond protection from pathogen translocation
from the intestinal lumen, maternal IgG antibodies transferred to the neonates also offered protection
from E. coli within the circulation [62]. There has been modest clinical evidence that IgM administration
may offer systemic protection from bacterial infections [68], though neither IgM nor IgG administration
reduced LOS mortality [69]. Animal work has shown maternal antibodies educate the neonatal immune
responses by dampening T cell-mediated responses in early life [70], potentially quieting inflammatory
responses that may precede or accompany LOS [71–73]. Thus, maternal antibodies protect the neonate
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by preventing enteric pathogens from translocating from the intestinal lumen, and potentially limiting
systemic infections and intestinal inflammation.

4.2. Growth Factors

Growth factors present in the breastmilk include a family of ligands that neonates can sense
through the epidermal growth factor receptor (EGFR) expressed on intestinal epithelial cells [25,63,64]:
epidermal growth factor (EGF), amphiregulin (AREG), heparin-binding epidermal growth factor-like
factor (HB-EGF), and tumor-growth factor-alpha (TGF-α) [74]. All are found in temporal gradients,
with the highest concentration in colostrum [74–78]. EGF is one of the most abundantly concentrated
growth factors in breastmilk, though EGFR ligands perform redundant functions [79], suggesting these
ligands have a necessary role in early life. EGF passes through the digestive tract resisting low pH and
enzymatic degradation [80,81] and can be measured in the stool of breastfed children [64], suggesting
it has a biological effect throughout the intestines. EGFR activation in the neonate results in epithelial
cell division, nutrient uptake, improved intestinal barrier function, reduced bacterial translocation,
and reduced Toll-like receptor signaling [63,80–83]. Recent animal work modeling decreased EGFR
ligands within the GI tract of neonatal mice observed translocation of enteric pathogens resulting in
a systemic infection in a model of LOS, which was reversed by oral administration of recombinant
EGF [64]. Thus growth factors, through the activation of EGFR on neonatal epithelial cells can limit
enteric pathogens from disseminating and potentially prevent systemic infections.

4.3. Lactoferrin

Lactoferrin, also present in increased concentrations in the first weeks of lactation, can remain a
significant component of breastmilk for months after lactation begins [84–86]. The primary function
of lactoferrin is to bind iron for transfer to the neonate through epithelial cell absorption, which the
growing neonate utilizes as an important nutrient. Therefore, lactoferrin has anti-microbial properties
primarily through the iron-binding capacity as iron sequestration can limit the amount of free iron
available for bacterial growth [65,87,88]. Lactoferricin, a derivative of lactoferrin, may be directly
bacteriostatic and can bind bacterial wall components, potentially limiting luminal pathogens [89,90].
Lactoferrin may also promote the development of the mucosal immune system by stimulating dendritic
cells that shape intestinal immune responses and enhancing IgA production in Peyer’s patches [91].
Lactoferrin has been the target of several clinical trials as a supplement to enteral diets to protect
against enteric infections and LOS [92]. While therapeutic lactoferrin may have beneficial effects on
modifying the neonatal microbiome and reducing potential pathobionts [93], the efficacy of lactoferrin
in reducing LOS mortality remains controversial [94–96]. Thus, lactoferrin protects the neonate with
direct anti-microbial effects, potentially limiting pathogen colonization within the microbiota.

4.4. Human Milk Oligosaccharides

Oligosaccharides in breastmilk, known as human milk oligosaccharides (HMOs), support the
maturation of the normal infant microbiota, which in turn provides colonization resistance to enteric
pathogens [66,97–100]. These glycans are dynamically produced in the first weeks of lactation [101,102]
and are essentially undigested by the infant [103], but instead utilized by the developing microbiota [52].
HMOs can be utilized as a nutrient source by commensal members of the microbiota, and also probiotic
strains such as B. breve, as colonization of the intestinal tract of infants was associated with HMO
concentration and fucosylation [104]. HMOs may also modulate the growth of potential pathogens,
and have been shown to have a direct effect against the formation of GBS biofilms [105]. Additionally,
observations suggest HMOs may have a direct impact on infant’s epithelial cells by increasing mucus
expression [106] and promoting goblet cell maturation [107], both of which can improve barrier function
by enhancing the mucus layer covering the intestinal epithelium that can prevent bacterial encroachment
and translocation. Finally HMOs may have an impact on the infant’s immune system by binding c-type
lectins, siglecs, galectins and selectins expressed by phagocytic and antigen-presenting cells, such as
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dendritic cells, monocytes and neutrophils [108–110]. These interactions could modulate immune
responses through regulating leukocyte trafficking, influencing cytokine responses and inhibiting
TLR-mediated inflammation, all of which could affect LOS development and outcomes [66,111,112].
Clinically, infants born to mothers unable to produce some forms of HMOs trended toward an increased
risk of LOS [113]. Similarly, a low diversity of HMOs from mothers was associated with an increase in
NEC, though was not significantly associated with an increase is LOS cases [114]. These clinical data
suggest more work needs to be compiled regarding supplementation of infant diets with HMOs to
potentially improve gut function and sepsis outcomes [115]. Thus, HMOs may protect the neonate by
shaping the microbiota, which may protect from pathogen colonization.

5. Future Directions

5.1. Supplements and MOM Alternatives

Donor milk represents a worthy alternative when MOM is unavailable, though reports have
shown the processing of donor milk, including pasteurization and potentially multiple freeze-thaw
cycles, may reduce the concentrations of the beneficial proteins, particularly immunoglobulins and
lactoferrin [74,116]. Pasteurization of MOM showed a non-significant trend of increased infectious
LOS morbidity [117], suggesting the reduction of these beneficial components in MOM could lead to
an increased risk of LOS. Pasteurization is an imperative step in donor milk processing to prevent
potential transmission of pathogens through contaminated breast milk [16], and work optimizing
pasteurization processes to remove pathogenic threat while maintaining beneficial factors is currently
being completed [118,119]. The Holder pasteurization method, the recommended pasteurization
method of donor milk, sterilizes bacteria present in the milk, and does not degrade growth factors
such as EGF and TGF-β [119]. Immunoglobulins and lactoferrin are reduced following Holder
pasteurization, though may be protected following high temperature short time (HTST) treatments,
an experimental pasteurization method [120,121]. Additionally, the increased concentrations of these
proteins early in lactation suggests age-matched donor milk or supplements containing a combination
of immunoglobulins, growth factors, lactoferrin, and HMOs at concentrations found in colostrum
may represent the next steps in the progression toward an appropriate alternative when MOM cannot
be provided.

5.2. Animal Modeling

While clinical interventions are quickly being brought to the NICU, animal models are revealing
potential mechanisms of acquisition and protection against LOS. Therefore, the development and use of
animal models that represent how LOS is clinically acquired is essential [30,62,64]. Traditional models
of LOS have been limited to intravenous injection of cecal contents or single bacterial components,
such as lipopolysaccharide. While these models may help elucidate how neonates respond to systemic
bacterial insults, these models lack insight into the enteric route of entry pathogens may utilize.
Injection of cecal contents may introduce too many bacterial elements as most LOS patients are infected
with only one bacterial species at a time. Similarly, intravenous injection of lipopolysaccharide, a
component of some bacterial cell walls, may reduce relevance as there can be strain variation in LOS
pathology within the same bacterial species [64]. As increased hygienic practices reduce the number of
intravenous-acquired LOS cases, similar interest should be placed on reducing the number of LOS
cases resulting from an enteric route of origin, with animal work modeling the oral route of pathogen
entry. Understanding how MOM and the developing microbiota protect the neonate from enteric
pathogens will provide clear directions for future therapeutics.

6. Conclusions

While the clinical connection between breastfeeding and reduced LOS risk is currently a potential,
though logical, correlation, the many components within breastmilk offer observable benefits to the
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developing neonate, particularly within the intestinal environment. If enteric pathogens continue
to threaten infants and cause a substantial portion of LOS cases, factors present in breastmilk may
provide exceptional protection to the neonate, representing strong candidates for supplementation of
breast milk that could prevent of translocating pathogens. Clinical measures such as the reduction of
unnecessary antibiotics to protect the intestinal microbiome, promotion of an exclusive MOM diet when
available, and sophistication of supplements combining immunoglobulins, growth factors, lactoferrin,
and HMOs to formula or donor milk could result in further reduction of LOS cases by focusing on
protection from enteric pathogens.

Author Contributions: Conceptualization, original draft preparation, review and editing, S.A.K., K.A.K.; funding
acquisition, K.A.K. All authors have read and agreed to the published version of the manuscript.

Funding: Supported by grants: DK109006-K.A.K., AI144721-K.A.K., AI095542 MIST Scholars Award–K.A.K.

Acknowledgments: The authors wish to acknowledge Kara Greenfield, Kathryn Lin, and Lila Yokanovich for
their advice with this manuscript.

Conflicts of Interest: K.A.K. is an inventor on U.S. Nonprovisional Application Serial No. 15/880,658 Compositions
and Methods for Modulation of Dietary and Microbial Exposure.

References

1. Cortese, F.; Scicchitano, P.; Gesualdo, M.; Filaninno, A.; De Giorgi, E.; Schettini, F.; Laforgia, N.; Ciccone, M.M.
Early and late infections in newborns: Where do we stand? A review. Pediatr. Neonatol. 2016, 57, 265–273.
[CrossRef]

2. Raymond, S.L.; Rincon, J.C.; Wynn, J.L.; Moldawer, L.L.; Larson, S.D. Impact of early-life exposures to
infections, antibiotics, and vaccines on perinatal and long-term health and disease. Front. Immunol. 2017, 8.
[CrossRef]

3. Stoll, B.J.; Gordon, T.; Korones, S.B.; Shankaran, S.; Tyson, J.E.; Bauer, C.R.; Fanaroff, A.A.; Lemons, J.A.;
Donovan, E.F.; Oh, W.; et al. Late-onset sepsis in very low birth weight neonates: A report from the National
Institute of Child Health and Human Development Neonatal Research Network. J. Pediatr. 1996, 129, 63–71.
[CrossRef]

4. Stoll, B.J.; Hansen, N.; Fanaroff, A.A.; Wright, L.L.; Carlo, W.A.; Ehrenkranz, R.A.; Lemons, J.A.; Donovan, E.F.;
Stark, A.R.; Tyson, J.E.; et al. Late-onset sepsis in very low birth weight neonates: The experience of the
NICHD neonatal research network. Pediatrics 2002, 110, 285. [CrossRef]

5. Cotten, C.M.; Taylor, S.; Stoll, B.; Goldberg, R.N.; Hansen, N.I.; Sánchez, P.J.; Ambalavanan, N.;
Benjamin, D.K., Jr.; Network, N.N.R. Prolonged duration of initial empirical antibiotic treatment is associated
with increased rates of necrotizing enterocolitis and death for extremely low birth weight infants. Pediatrics
2009, 123, 58–66. [CrossRef]

6. Kuppala, V.S.; Meinzen-Derr, J.; Morrow, A.L.; Schibler, K.R. Prolonged initial empirical antibiotic treatment
is associated with adverse outcomes in premature infants. J. Pediatr. 2011, 159, 720–725. [CrossRef]

7. Pharande, P.; Lindrea, K.B.; Smyth, J.; Evans, M.; Lui, K.; Bolisetty, S. Trends in late-onset sepsis in a neonatal
intensive care unit following implementation of infection control bundle: A 15-year audit. J. Paediatr.
Child Health 2018, 54, 1314–1320. [CrossRef]

8. el Manouni el Hassani, S.; Berkhout, D.J.C.; Niemarkt, H.J.; Mann, S.; de Boode, W.P.; Cossey, V.; Hulzebos, C.V.;
van Kaam, A.H.; Kramer, B.W.; van Lingen, R.A.; et al. Risk factors for late-onset sepsis in preterm infants:
A multicenter case-control study. Neonatology 2019, 116, 42–51. [CrossRef]

9. Kung, Y.-H.; Hsieh, Y.-F.; Weng, Y.-H.; Lien, R.-I.; Luo, J.; Wang, Y.; Huang, Y.-C.; Chen, C.-L.; Chen, C.-J. Risk
factors of late-onset neonatal sepsis in Taiwan: A matched case-control study. J. Microbiol. Immunol. Infect.
2016, 49, 430–435. [CrossRef]

10. Moro, G.E.; Arslanoglu, S.; Bertino, E.; Corvaglia, L.; Montirosso, R.; Picaud, J.-C.; Polberger, S.; Schanler, R.J.;
Steel, C.; van Goudoever, J.; et al. XII. Human milk in feeding premature infants: Consensus statement.
J. Pediatr. Gastroenterol. Nutr. 2015, 61, S16–S19. [CrossRef]

11. Patel, A.L.; Johnson, T.J.; Engstrom, J.L.; Fogg, L.F.; Jegier, B.J.; Bigger, H.R.; Meier, P.P. Impact of early
human milk on sepsis and health-care costs in very low birth weight infants. J. Perinatol. 2013, 33, 514–519.
[CrossRef]

155



Nutrients 2020, 12, 1045

12. Cortez, J.; Makker, K.; Kraemer, D.F.; Neu, J.; Sharma, R.; Hudak, M.L. Maternal milk feedings reduce sepsis,
necrotizing enterocolitis and improve outcomes of premature infants. J. Perinatol. 2018, 38, 71–74. [CrossRef]

13. Ashraf, R.N.; Jalil, F.; Zaman, S.; Karlberg, J.; Khan, S.R.; Lindblad, B.S.; Hanson, L.A. Breast feeding and
protection against neonatal sepsis in a high risk population. Arch. Dis. Child. 1991, 66, 488–490. [CrossRef]

14. Miller, J.; Tonkin, E.; Damarell, A.R.; McPhee, J.A.; Suganuma, M.; Suganuma, H.; Middleton, F.P.;
Makrides, M.; Collins, T.C. A systematic review and meta-analysis of human milk feeding and morbidity in
very low birth weight infants. Nutrients 2018, 10, 707. [CrossRef]

15. Meier, P.; Patel, A.; Esquerra-Zwiers, A. Donor human milk update: Evidence, mechanisms, and priorities
for research and practice. J. Pediatr. 2017, 180, 15–21. [CrossRef]

16. Widger, J.; O’Connell, N.H.; Stack, T. Breast milk causing neonatal sepsis and death. Clin. Microbiol. Infect.
2010, 16, 1796–1798. [CrossRef]

17. Carl, M.A.; Ndao, I.M.; Springman, A.C.; Manning, S.D.; Johnson, J.R.; Johnston, B.D.; Burnham, C.A.;
Weinstock, E.S.; Weinstock, G.M.; Wylie, T.N.; et al. Sepsis from the gut: The enteric habitat of bacteria that
cause late-onset neonatal bloodstream infections. Clin. Infect. Dis. 2014, 58, 1211–1218. [CrossRef]

18. Almuneef, M.A.; Baltimore, R.S.; Farrel, P.A.; Reagan-Cirincione, P.; Dembry, L.M. Molecular typing
demonstrating transmission of gram-negative rods in a neonatal intensive care unit in the absence of a
recognized epidemic. Clin. Infect. Dis. 2001, 32, 220–227. [CrossRef]

19. Graham, P.L., 3rd; Della-Latta, P.; Wu, F.; Zhou, J.; Saiman, L. The gastrointestinal tract serves as the reservoir
for Gram-negative pathogens in very low birth weight infants. Pediatr. Infect. Dis. J. 2007, 26, 1153–1156.
[CrossRef]

20. Smith, A.; Saiman, L.; Zhou, J.; Della-Latta, P.; Jia, H.; Graham, P.L., 3rd. Concordance of gastrointestinal
tract colonization and subsequent bloodstream infections with gram-negative bacilli in very low birth weight
infants in the neonatal intensive care unit. Pediatr. Infect. Dis. J. 2010, 29, 831–835. [CrossRef]

21. Eckburg, P.B.; Bik, E.M.; Bernstein, C.N.; Purdom, E.; Dethlefsen, L.; Sargent, M.; Gill, S.R.; Nelson, K.E.;
Relman, D.A. Diversity of the Human Intestinal Microbial Flora. Science (N. Y.) 2005, 308, 1635–1638.
[CrossRef] [PubMed]

22. Koenig, J.E.; Spor, A.; Scalfone, N.; Fricker, A.D.; Stombaugh, J.; Knight, R.; Angenent, L.T.; Ley, R.E.
Succession of microbial consortia in the developing infant gut microbiome. Proc. Natl. Acad. Sci. USA 2011,
108, 4578–4585. [CrossRef] [PubMed]

23. Yatsunenko, T.; Rey, F.E.; Manary, M.J.; Trehan, I.; Dominguez-Bello, M.G.; Contreras, M.; Magris, M.;
Hidalgo, G.; Baldassano, R.N.; Anokhin, A.P.; et al. Human gut microbiome viewed across age and
geography. Nature 2012, 486, 222–227. [CrossRef] [PubMed]

24. Azad, M.B.; Konya, T.; Persaud, R.R.; Guttman, D.S.; Chari, R.S.; Field, C.J.; Sears, M.R.; Mandhane, P.J.;
Turvey, S.E.; Subbarao, P.; et al. Impact of maternal intrapartum antibiotics, method of birth and breastfeeding
on gut microbiota during the first year of life: A prospective cohort study. BJOG 2016, 123, 983–993. [CrossRef]

25. Knoop, K.A.; Gustafsson, J.K.; McDonald, K.G.; Kulkarni, D.H.; Coughlin, P.E.; McCrate, S.; Kim, D.;
Hsieh, C.S.; Hogan, S.P.; Elson, C.O.; et al. Microbial antigen encounter during a preweaning interval is
critical for tolerance to gut bacteria. Sci. Immunol. 2017, 2. [CrossRef]

26. Foca, M.; Jakob, K.; Whittier, S.; Latta, P.D.; Factor, S.; Rubenstein, D.; Saiman, L. Endemic Pseudomonas
aeruginosa Infection in a Neonatal Intensive Care Unit. N. Engl. J. Med. 2000, 343, 695–700. [CrossRef]

27. Chen, H.N.; Lee, M.L.; Yu, W.K.; Lin, Y.W.; Tsao, L.Y. Late-onset Enterobacter cloacae sepsis in
very-low-birth-weight neonates: Experience in a medical center. Pediatr. Neonatol. 2009, 50, 3–7. [CrossRef]

28. Hornef, M. Pathogens, commensal symbionts, and pathobionts: discovery and functional effects on the host.
ILAR J. 2015, 56, 159–162. [CrossRef]

29. Kolter, J.; Henneke, P. Codevelopment of microbiota and innate immunity and the risk for Group B
streptococcal disease. Front. Immunol. 2017, 8, 1497. [CrossRef]

30. Singer, J.R.; Blosser, E.G.; Zindl, C.L.; Silberger, D.J.; Conlan, S.; Laufer, V.A.; DiToro, D.; Deming, C.;
Kumar, R.; Morrow, C.D.; et al. Preventing dysbiosis of the neonatal mouse intestinal microbiome protects
against late-onset sepsis. Nat. Med. 2019, 25, 1772–1782. [CrossRef]

31. Sanidad, K.Z.; Zeng, M.Y. LOS in the dysbiotic gut. Cell Host Microbe 2020, 27, 11–13. [CrossRef] [PubMed]
32. Bizzarro, M.J.; Raskind, C.; Baltimore, R.S.; Gallagher, P.G. Seventy-Five years of neonatal sepsis at Yale:

1928–2003. Pediatrics 2005, 116, 595. [CrossRef] [PubMed]

156



Nutrients 2020, 12, 1045

33. Cole, B.K.; Scott, E.; Ilikj, M.; Bard, D.; Akins, D.R.; Dyer, D.W.; Chavez-Bueno, S. Route of infection alters
virulence of neonatal septicemia Escherichia coli clinical isolates. PLoS ONE 2017, 12, e0189032. [CrossRef]

34. Sekirov, I.; Tam, N.M.; Jogova, M.; Robertson, M.L.; Li, Y.; Lupp, C.; Finlay, B.B. Antibiotic-induced
perturbations of the intestinal microbiota alter host susceptibility to enteric infection. Infect. Immun. 2008, 76,
4726–4736. [CrossRef]

35. Deshmukh, H.S.; Liu, Y.; Menkiti, O.R.; Mei, J.; Dai, N.; O’Leary, C.E.; Oliver, P.M.; Kolls, J.K.; Weiser, J.N.;
Worthen, G.S. The microbiota regulates neutrophil homeostasis and host resistance to Escherichia coli K1
sepsis in neonatal mice. Nat. Med. 2014, 20, 524–530. [CrossRef]

36. Vangay, P.; Ward, T.; Gerber, J.S.; Knights, D. Antibiotics, pediatric dysbiosis, and disease. Cell Host Microbe
2015, 17, 553–564. [CrossRef]

37. Bizzarro, M.J.; Dembry, L.-M.; Baltimore, R.S.; Gallagher, P.G. Changing patterns in neonatal Escherichia coli;
sepsis and ampicillin resistance in the era of intrapartum antibiotic prophylaxis. Pediatrics 2008, 121, 689.
[CrossRef]

38. Mohsen, L.; Ramy, N.; Saied, D.; Akmal, D.; Salama, N.; Abdel Haleim, M.M.; Aly, H. Emerging antimicrobial
resistance in early and late-onset neonatal sepsis. Antimicrob. Resist. Infect. Control 2017, 6, 63. [CrossRef]

39. Panigrahi, P.; Parida, S.; Nanda, N.C.; Satpathy, R.; Pradhan, L.; Chandel, D.S.; Baccaglini, L.; Mohapatra, A.;
Mohapatra, S.S.; Misra, P.R.; et al. A randomized synbiotic trial to prevent sepsis among infants in rural
India. Nature 2017, 548, 407. [CrossRef]

40. Garrido, D.; Barile, D.; Mills, D.A. A Molecular basis for bifidobacterial enrichment in the infant
gastrointestinal tract. Adv. Nutr. 2012, 3, 415S–421S. [CrossRef]

41. Sassone-Corsi, M.; Raffatellu, M. No vacancy: How beneficial microbes cooperate with immunity to provide
colonization resistance to pathogens. J. Immunol. 2015, 194, 4081. [CrossRef]

42. Mugambi, M.N.; Musekiwa, A.; Lombard, M.; Young, T.; Blaauw, R. Probiotics, prebiotics infant formula use
in preterm or low birth weight infants: A systematic review. Nutr. J. 2012, 11, 58. [CrossRef]

43. Aceti, A.; Gori, D.; Barone, G.; Callegari, M.L.; Fantini, M.P.; Indrio, F.; Maggio, L.; Meneghin, F.; Morelli, L.;
Zuccotti, G.; et al. Probiotics and time to achieve full enteral feeding in human milk-fed and formula-fed
preterm infants: systematic review and meta-analysis. Nutrients 2016, 8, 471. [CrossRef]

44. Rao, S.C.; Athalye-Jape, G.K.; Deshpande, G.C.; Simmer, K.N.; Patole, S.K. Probiotic supplementation and
late-onset sepsis in preterm infants: A meta-analysis. Pediatrics 2016, 137, e20153684. [CrossRef]

45. Kanic, Z.; Micetic Turk, D.; Burja, S.; Kanic, V.; Dinevski, D. Influence of a combination of probiotics on
bacterial infections in very low birthweight newborns. Wien. Klin. Wochenschr. 2015, 127, 210–215. [CrossRef]

46. Sinha, A.; Gupta, S.S.; Chellani, H.; Maliye, C.; Kumari, V.; Arya, S.; Garg, B.S.; Gaur, S.D.; Gaind, R.;
Deotale, V.; et al. Role of probiotics VSL#3 in prevention of suspected sepsis in low birthweight infants in
India: A randomised controlled trial. BMJ Open 2015, 5, e006564. [CrossRef]

47. Aceti, A.; Maggio, L.; Beghetti, I.; Gori, D.; Barone, G.; Callegari, M.L.; Fantini, M.P.; Indrio, F.; Meneghin, F.;
Morelli, L.; et al. Probiotics prevent late-onset sepsis in human milk-fed, very low birth weight preterm
infants: Systematic review and meta-analysis. Nutrients 2017, 9, 904. [CrossRef]

48. Jakaitis, B.M.; Denning, P.W. Human breast milk and the gastrointestinal innate immune system. Clin. Perinatol.
2014, 41, 423–435. [CrossRef]

49. Yeruva, L.; Spencer, N.E.; Saraf, M.K.; Hennings, L.; Bowlin, A.K.; Cleves, M.A.; Mercer, K.; Chintapalli, S.V.;
Shankar, K.; Rank, R.G.; et al. Formula diet alters small intestine morphology, microbial abundance and
reduces VE-cadherin and IL-10 expression in neonatal porcine model. BMC Gastroenterol. 2016, 16, 40.
[CrossRef]

50. Guaraldi, F.; Salvatori, G. Effect of breast and formula feeding on gut microbiota shaping in newborns.
Front. Cell. Infect. Microbiol. 2012, 2, 94. [CrossRef]

51. Goldsmith, F.; O’Sullivan, A.; Smilowitz, J.T.; Freeman, S.L. Lactation and intestinal microbiota: How early
diet shapes the infant gut. J. Mammary Gland Biol. Neoplasia 2015, 20, 149–158. [CrossRef]

52. Davis, J.C.C.; Lewis, Z.T.; Krishnan, S.; Bernstein, R.M.; Moore, S.E.; Prentice, A.M.; Mills, D.A.; Lebrilla, C.B.;
Zivkovic, A.M. Growth and morbidity of gambian infants are influenced by maternal milk oligosaccharides
and infant gut microbiota. Sci. Rep. 2017, 7, 40466. [CrossRef]

53. Baumann-Dudenhoeffer, A.M.; D’Souza, A.W.; Tarr, P.I.; Warner, B.B.; Dantas, G. Infant diet and maternal
gestational weight gain predict early metabolic maturation of gut microbiomes. Nat. Med. 2018, 24, 1822–1829.
[CrossRef]

157



Nutrients 2020, 12, 1045

54. Taylor, S.N.; Basile, L.A.; Ebeling, M.; Wagner, C.L. Intestinal permeability in preterm infants by feeding
type: Mother’s milk versus formula. Breastfeed. Med. 2009, 4, 11–15. [CrossRef]

55. Saleem, B.; Okogbule-Wonodi, A.C.; Fasano, A.; Magder, L.S.; Ravel, J.; Kapoor, S.; Viscardi, R.M. Intestinal
barrier maturation in very low birthweight infants: Relationship to feeding and antibiotic exposure. J. Pediatr.
2017, 183, 31–36.e31. [CrossRef]

56. Go, L.L.; Albanese, C.T.; Watkins, S.C.; Simmons, R.L.; Rowe, M.I. Breast milk protects the neonate from
bacterial translocation. J. Pediatr. Surg. 1994, 29, 1059–1064. [CrossRef]

57. Yajima, M.; Nakayama, M.; Hatano, S.; Yamazaki, K.; Aoyama, Y.; Yajima, T.; Kuwata, T. Bacterial translocation
in neonatal rats: The relation between intestinal flora, translocated bacteria, and influence of milk. J. Pediatr.
Gastroenterol. Nutr. 2001, 33, 592–601. [CrossRef]

58. Nakayama, M.; Yajima, M.; Hatano, S.; Yajima, T.; Kuwata, T. Intestinal adherent bacteria and bacterial
translocation in breast-fed and formula-fed rats in relation to susceptibility to infection. Pediatr. Res. 2003, 54,
364. [CrossRef]

59. Goldsmith, S.J.; Dickson, J.S.; Barnhart, H.M.; Toledo, R.T.; Eiten-Miller, R.R. IgA, IgG, IgM and lactoferrin
contents of human milk during early lactation and the effect of processing and storage. J. Food Prot. 1983, 46,
4–7. [CrossRef]

60. Castellote, C.; Casillas, R.; Ramírez-Santana, C.; Pérez-Cano, F.J.; Castell, M.; Moretones, M.G.;
López-Sabater, M.C.; Franch, À. Premature delivery influences the immunological composition of colostrum
and transitional and mature human milk. J. Nutr. 2011, 141, 1181–1187. [CrossRef]

61. Bode, L.; Raman, A.S.; Murch, S.H.; Rollins, N.C.; Gordon, J.I. Understanding the mother-breastmilk-infant
“triad”. Science 2020, 367, 1070. [CrossRef] [PubMed]

62. Zheng, W.; Zhao, W.; Wu, M.; Song, X.; Caro, F.; Sun, X.; Gazzaniga, F.; Stefanetti, G.; Oh, S.; Mekalanos, J.J.;
et al. Microbiota-targeted maternal antibodies protect neonates from enteric infection. Nature 2020, 577,
543–548. [CrossRef] [PubMed]

63. Miettinen, P.J.; Berger, J.E.; Meneses, J.; Phung, Y.; Pedersen, R.A.; Werb, Z.; Derynck, R. Epithelial immaturity
and multiorgan failure in mice lacking epidermal growth factor receptor. Nature 1995, 376, 337–341. [CrossRef]

64. Knoop, K.A.; Coughlin, P.E.; Floyd, A.N.; Ndao, I.M.; Hall-Moore, C.; Shaikh, N.; Gasparrini, A.J.; Rusconi, B.;
Escobedo, M.; Good, M.; et al. Maternal activation of the EGFR prevents translocation of gut-residing
pathogenic Escherichia coli in a model of late-onset neonatal sepsis. Proc. Natl. Acad. Sci. USA 2020.
[CrossRef]

65. Vogel, H.J. Lactoferrin, a bird’s eye view. Biochem. Cell Biol. 2012, 90, 233–244. [CrossRef] [PubMed]
66. Smilowitz, J.T.; Lebrilla, C.B.; Mills, D.A.; German, J.B.; Freeman, S.L. Breast milk oligosaccharides:

structure-function relationships in the neonate. Annu. Rev. Nutr. 2014, 34, 143–169. [CrossRef]
67. Van de Perre, P. Transfer of antibody via mother’s milk. Vaccine 2003, 21, 3374–3376. [CrossRef]
68. Capasso, L.; Borrelli, A.; Cerullo, J.; Pisanti, R.; Figliuolo, C.; Izzo, F.; Paccone, M.; Ferrara, T.; Lama, S.;

Raimondi, F. Role of immunoglobulins in neonatal sepsis. Transl. Med. Unisa 2014, 11, 28–33.
69. Li, Y.; Yang, S.; Wang, G.; Liu, M.; Zhang, Z.; Liu, H.; Yu, K.; Wang, C. Effects of immunotherapy on mortality

in neonates with suspected or proven sepsis: A systematic review and network meta-analysis. BMC Pediatr.
2019, 19, 270. [CrossRef]

70. Koch Meghan, A.; Reiner Gabrielle, L.; Lugo Kyler, A.; Kreuk Lieselotte, S.M.; Stanbery Alison, G.; Ansaldo, E.;
Seher Thaddeus, D.; Ludington William, B.; Barton Gregory, M. Maternal IgG and IgA antibodies dampen
mucosal t helper cell responses in early life. Cell 2016, 165, 827–841. [CrossRef]

71. Collins, A.; Weitkamp, J.-H.; Wynn, J.L. Why are preterm newborns at increased risk of infection? Arch. Dis.
Child. Fetal Neonatal Ed. 2018, 103, F391–F394. [CrossRef]

72. Raymond, S.L.; López, M.C.; Baker, H.V.; Larson, S.D.; Efron, P.A.; Sweeney, T.E.; Khatri, P.; Moldawer, L.L.;
Wynn, J.L. Unique transcriptomic response to sepsis is observed among patients of different age groups.
PLoS ONE 2017, 12, e0184159. [CrossRef]

73. Wynn, J.L.; Guthrie, S.O.; Wong, H.R.; Lahni, P.; Ungaro, R.; Lopez, M.C.; Baker, H.V.; Moldawer, L.L.
Postnatal age is a critical determinant of the neonatal host response to sepsis. Mol. Med. 2015, 21, 496–504.
[CrossRef] [PubMed]

74. Ballard, O.; Morrow, A.L. Human milk composition: Nutrients and bioactive factors. Pediatr. Clin. N. Am.
2013, 60, 49–74. [CrossRef] [PubMed]

158



Nutrients 2020, 12, 1045

75. Kobata, R.; Tsukahara, H.; Ohshima, Y.; Ohta, N.; Tokuriki, S.; Tamura, S.; Mayumi, M. High levels of growth
factors in human breast milk. Early Hum. Dev. 2008, 84, 67–69. [CrossRef] [PubMed]

76. Michalsky, M.P.; Lara-Marquez, M.; Chun, L.; Besner, G.E. Heparin-binding EGF-like growth factor is present
in human amniotic fluid and breast milk. J. Pediatr. Surg. 2002, 37, 1–6. [CrossRef]

77. Nojiri, T.; Yoshizato, T.; Fukami, T.; Obama, H.; Yagi, H.; Yotsumoto, F.; Miyamoto, S. Clinical significance of
amphiregulin and epidermal growth factor in colostrum. Arch. Gynecol. Obs. 2012, 286, 643–647. [CrossRef]

78. Matsuoka, Y.; Idota, T. The concentration of epidermal growth factor in Japanese mother’s milk. J. Nutr.
Sci. Vitaminol. 1995, 41, 241–251. [CrossRef]

79. Luetteke, N.C.; Qiu, T.H.; Fenton, S.E.; Troyer, K.L.; Riedel, R.F.; Chang, A.; Lee, D.C. Targeted inactivation of
the EGF and amphiregulin genes reveals distinct roles for EGF receptor ligands in mouse mammary gland
development. Development 1999, 126, 2739.

80. Read, L.C.; Upton, F.M.; Francis, G.L.; Wallace, J.C.; Dahlenberg, G.W.; Ballard, F.J. Changes in the
growth-promoting activity of human milk during lactation. Pediatr. Res. 1984, 18, 133–139. [CrossRef]

81. Chang, C.-J.; Chao, J.C.-J. Effect of human milk and epidermal growth factor on growth of human intestinal
Caco-2 cells. J. Pediatr. Gastroenterol. Nutr. 2002, 34, 394–401. [CrossRef] [PubMed]

82. Okuyama, H.; Urao, M.; Lee, D.; Drongowski, R.A.; Coran, A.G. The effect of epidermal growth factor on
bacterial translocation in newborn rabbits. J. Pediatr. Surg. 1998, 33, 225–228. [CrossRef]

83. Good, M.; Sodhi, C.P.; Egan, C.E.; Afrazi, A.; Jia, H.; Yamaguchi, Y.; Lu, P.; Branca, M.F.; Ma, C.; Prindle, T., Jr.;
et al. Breast milk protects against the development of necrotizing enterocolitis through inhibition of Toll-like
receptor 4 in the intestinal epithelium via activation of the epidermal growth factor receptor. Mucosal
Immunol. 2015. [CrossRef] [PubMed]

84. Villavicencio, A.; Rueda, M.S.; Turin, C.G.; Ochoa, T.J. Factors affecting lactoferrin concentration in human
milk: How much do we know? Biochem. Cell Biol. 2017, 95, 12–21. [CrossRef] [PubMed]

85. Yang, Z.; Jiang, R.; Chen, Q.; Wang, J.; Duan, Y.; Pang, X.; Jiang, S.; Bi, Y.; Zhang, H.; Lönnerdal, B.; et al.
Concentration of lactoferrin in human milk and its variation during lactation in different Chinese populations.
Nutrients 2018, 10, 1235. [CrossRef] [PubMed]

86. Czosnykowska-Łukacka, M.; Orczyk-Pawiłowicz, M.; Broers, B.; Królak-Olejnik, B. Lactoferrin in human
milk of prolonged lactation. Nutrients 2019, 11, 2350. [CrossRef] [PubMed]

87. Bullen, J.J.; Rogers, H.J.; Leigh, L. Iron-binding proteins in milk and resistance to Escherichia coli infection in
infants. Br. Med. J. 1972, 1, 69–75. [CrossRef]

88. Sherman, M.P.; Miller, M.M.; Sherman, J.; Niklas, V. Lactoferrin and necrotizing enterocolitis. Curr. Opin.
Pediatr. 2014, 26, 146–150. [CrossRef]

89. Elass-Rochard, E.; Roseanu, A.; Legrand, D.; Trif, M.; Salmon, V.; Motas, C.; Montreuil, J.; Spik, G.
Lactoferrin-lipopolysaccharide interaction: Involvement of the 28-34 loop region of human lactoferrin in the
high-affinity binding to Escherichia coli 055B5 lipopolysaccharide. Biochem. J. 1995, 312, 839–845. [CrossRef]

90. Dijkshoorn, L.; Brouwer, C.P.; Bogaards, S.J.; Nemec, A.; Van Den Broek, P.J.; Nibbering, P.H. The synthetic
N-terminal peptide of human lactoferrin, hLF (1-11), is highly effective against experimental infection
caused by multidrug-resistant Acinetobacter baumannii. Antimicrob. Agents Chemother. 2004, 48, 4919–4921.
[CrossRef]

91. Sherman, M.P.; Adamkin, D.H.; Radmacher, P.G.; Sherman, J.; Niklas, V. Protective Proteins in mammalian
milks. NeoReviews 2012, 13, e293. [CrossRef]

92. He, Y.; Cao, L.; Yu, J. Prophylactic lactoferrin for preventing late-onset sepsis and necrotizing enterocolitis in
preterm infants: A PRISMA-compliant systematic review and meta-analysis. Med. (Baltim.) 2018, 97, e11976.
[CrossRef] [PubMed]

93. Sherman, M.P.; Sherman, J.; Arcinue, R.; Niklas, V. Randomized control trial of human recombinant lactoferrin:
A substudy reveals effects on the fecal microbiome of very low birth weight infants. J. Pediatr. 2016, 173,
S37–S42. [CrossRef] [PubMed]

94. Ochoa, T.J.; Zegarra, J.; Bellomo, S.; Carcamo, C.P.; Cam, L.; Castañeda, A.; Villavicencio, A.; Gonzales, J.;
Rueda, M.S.; Turin, C.G.; et al. Randomized controlled trial of bovine lactoferrin for prevention of sepsis
and neurodevelopment impairment in infants weighing less than 2000 grams. J. Pediatr. 2020. [CrossRef]
[PubMed]

159



Nutrients 2020, 12, 1045

95. Manzoni, P.; Militello, M.A.; Rizzollo, S.; Tavella, E.; Messina, A.; Pieretto, M.; Boano, E.; Carlino, M.;
Tognato, E.; Spola, R.; et al. Is lactoferrin more effective in reducing late-onset sepsis in preterm neonates fed
formula than in those receiving mother’s own milk? Secondary analyses of two multicenter randomized
controlled trials. Am. J. Perinatol. 2019, 36, S120–S125. [CrossRef] [PubMed]

96. Doyle, L.W.; Cheong, J.L.Y. Does bovine lactoferrin prevent late-onset neonatal sepsis? Lancet 2019, 393,
382–384. [CrossRef]

97. Blanton, L.V.; Charbonneau, M.R.; Salih, T.; Barratt, M.J.; Venkatesh, S.; Ilkaveya, O.; Subramanian, S.;
Manary, M.J.; Trehan, I.; Jorgensen, J.M.; et al. Gut bacteria that prevent growth impairments transmitted by
microbiota from malnourished children. Science 2016, 351. [CrossRef]

98. Kim, Y.-G.; Sakamoto, K.; Seo, S.-U.; Pickard, J.M.; Gillilland, M.G.; Pudlo, N.A.; Hoostal, M.; Li, X.;
Wang, T.D.; Feehley, T.; et al. Neonatal acquisition of Clostridiaspecies protects against colonization by
bacterial pathogens. Science 2017, 356, 315. [CrossRef]

99. Feng, L.; Raman, A.S.; Hibberd, M.C.; Cheng, J.; Griffin, N.W.; Peng, Y.; Leyn, S.A.; Rodionov, D.A.;
Osterman, A.L.; Gordon, J.I. Identifying determinants of bacterial fitness in a model of human gut microbial
succession. Proc. Natl. Acad. Sci. USA 2020, 117, 2622. [CrossRef]

100. Moossavi, S.; Atakora, F.; Miliku, K.; Sepehri, S.; Robertson, B.; Duan, Q.L.; Becker, A.B.; Mandhane, P.J.;
Turvey, S.E.; Moraes, T.J.; et al. Integrated analysis of human milk microbiota with oligosaccharides and fatty
acids in the child cohort. Front. Nutr. 2019, 6. [CrossRef]

101. Thurl, S.; Munzert, M.; Henker, J.; Boehm, G.; Müller-Werner, B.; Jelinek, J.; Stahl, B. Variation of human
milk oligosaccharides in relation to milk groups and lactational periods. Br. J. Nutr. 2010, 104, 1261–1271.
[CrossRef] [PubMed]

102. Kunz, C.; Meyer, C.; Collado, M.C.; Geiger, L.; García-Mantrana, I.; Bertua-Ríos, B.; Martínez-Costa, C.;
Borsch, C.; Rudloff, S. Influence of gestational age, secretor, and lewis blood group status on the oligosaccharide
content of human milk. J. Pediatr. Gastroenterol. Nutr. 2017, 64, 789–798. [CrossRef] [PubMed]

103. Engfer, M.B.; Stahl, B.; Finke, B.; Sawatzki, G.; Daniel, H. Human milk oligosaccharides are resistant to
enzymatic hydrolysis in the upper gastrointestinal tract. Am. J. Clin. Nutr. 2000, 71, 1589–1596. [CrossRef]
[PubMed]

104. Underwood, M.A.; Davis, J.C.C.; Kalanetra, K.M.; Gehlot, S.; Patole, S.; Tancredi, D.J.; Mills, D.A.; Lebrilla, C.B.;
Simmer, K. Digestion of human milk oligosaccharides by bifidobacterium breve in the premature infant.
J. Pediatr. Gastroenterol. Nutr. 2017, 65, 449–455. [CrossRef] [PubMed]

105. Ackerman, D.L.; Doster, R.S.; Weitkamp, J.-H.; Aronoff, D.M.; Gaddy, J.A.; Townsend, S.D. Human
milk oligosaccharides exhibit antimicrobial and antibiofilm properties against group b streptococcus.
ACS Infect. Dis. 2017, 3, 595–605. [CrossRef] [PubMed]

106. Wu, R.Y.; Li, B.; Koike, Y.; Määttänen, P.; Miyake, H.; Cadete, M.; Johnson-Henry, K.C.; Botts, S.R.; Lee, C.;
Abrahamsson, T.R.; et al. Human milk oligosaccharides increase mucin expression in experimental necrotizing
enterocolitis. Mol. Nutr. Food Res. 2019, 63, 1800658. [CrossRef]

107. Cheng, L.; Kong, C.; Walvoort, M.T.C.; Faas, M.M.; de Vos, P. Human milk oligosaccharides differently
modulate goblet cells under homeostatic, proinflammatory conditions and ER stress. Mol. Nutr. Food Res.
2020, 64, e1900976. [CrossRef]

108. Bode, L.; Kunz, C.; Muhly-Reinholz, M.; Mayer, K.; Seeger, W.; Rudloff, S. Inhibition of monocyte, lymphocyte,
and neutrophil adhesion to endothelial cells by human milk oligosaccharides. Thromb. Haemost. 2004, 92,
1402–1410. [CrossRef]

109. Bode, L.; Rudloff, S.; Kunz, C.; Strobel, S.; Klein, N. Human milk oligosaccharides reduce platelet-neutrophil
complex formation leading to a decrease in neutrophil beta 2 integrin expression. J. Leukoc. Biol. 2004, 76,
820–826. [CrossRef]

110. Noll, A.J.; Yu, Y.; Lasanajak, Y.; Duska-McEwen, G.; Buck, R.H.; Smith, D.F.; Cummings, R.D. Human
DC-SIGN binds specific human milk glycans. Biochem. J. 2016, 473, 1343–1353. [CrossRef]

111. Donovan, S.M.; Comstock, S.S. Human milk oligosaccharides influence neonatal mucosal and systemic
immunity. Ann. Nutr. Metab. 2016, 69 (Suppl. 2), 42–51. [CrossRef] [PubMed]

112. Triantis, V.; Bode, L.; van Neerven, R.J.J. Immunological effects of human milk oligosaccharides. Front. Pediatr.
2018, 6, 190. [CrossRef] [PubMed]

160



Nutrients 2020, 12, 1045

113. Morrow, A.L.; Meinzen-Derr, J.; Huang, P.; Schibler, K.R.; Cahill, T.; Keddache, M.; Kallapur, S.G.;
Newburg, D.S.; Tabangin, M.; Warner, B.B.; et al. Fucosyltransferase 2 non-secretor and low secretor
status predicts severe outcomes in premature infants. J. Pediatr. 2011, 158, 745–751. [CrossRef] [PubMed]

114. Wejryd, E.; Martí, M.; Marchini, G.; Werme, A.; Jonsson, B.; Landberg, E.; Abrahamsson, T.R. Low diversity
of human milk oligosaccharides is associated with necrotising enterocolitis in extremely low birth weight
infants. Nutrients 2018, 10, 1556. [CrossRef] [PubMed]

115. Bering, S.B. Human milk oligosaccharides to prevent gut dysfunction and necrotizing enterocolitis in preterm
neonates. Nutrients 2018, 10, 1461. [CrossRef]

116. Demers-Mathieu, V.; Huston, R.K.; Markell, A.M.; McCulley, E.A.; Martin, R.L.; Spooner, M.; Dallas, D.C.
Differences in maternal immunoglobulins within mother’s own breast milk and donor breast milk and across
digestion in preterm infants. Nutrients 2019, 11, 920. [CrossRef]

117. Cossey, V.; Cossey, V.; Vanhole, C.; Eerdekens, A.; Rayyan, M.; Fieuws, S.; Schuermans, A. Pasteurization of
mother’s own milk for preterm infants does not reduce the incidence of late-onset sepsis. Neonatology 2013,
103, 170–176. [CrossRef]

118. Czank, C.; Prime, D.K.; Hartmann, B.; Simmer, K.; Hartmann, P.E. Retention of the immunological proteins
of pasteurized human milk in relation to pasteurizer design and practice. Pediatr. Res. 2009, 66, 374–379.
[CrossRef]

119. Peila, C.; Moro, G.E.; Bertino, E.; Cavallarin, L.; Giribaldi, M.; Giuliani, F.; Cresi, F.; Coscia, A. The effect
of holder pasteurization on nutrients and biologically-active components in donor human milk: A review.
Nutrients 2016, 8, 477. [CrossRef]

120. Baro, C.; Giribaldi, M.; Arslanoglu, S.; Giuffrida, M.G.; Dellavalle, G.; Conti, A.; Tonetto, P.; Biasini, A.;
Coscia, A.; Fabris, C.; et al. Effect of two pasteurization methods on the protein content of human milk.
Front. Biosci. (Elite Ed.) 2011, 3, 818–829. [CrossRef]

121. Escuder-Vieco, D.; Espinosa-Martos, I.; Rodríguez, J.M.; Fernández, L.; Pallás-Alonso, C.R. Effect of HTST
and holder pasteurization on the concentration of immunoglobulins, growth factors, and hormones in donor
human milk. Front. Immunol. 2018, 9, 2222. [CrossRef] [PubMed]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

161





nutrients

Article

Oropharyngeal Colostrum Positively Modulates the
Inflammatory Response in Preterm Neonates

Estefanía Martín-Álvarez 1, Javier Diaz-Castro 2,3,*, Manuela Peña-Caballero 1,

Laura Serrano-López 1, Jorge Moreno-Fernández 2,3, Belen Sánchez-Martínez 1,

Francisca Martín-Peregrina 1, Mercedes Alonso-Moya 1, José Maldonado-Lozano 4,5,

Jose A. Hurtado-Suazo 1 and Julio J. Ochoa 2,3

1 Unit of Neonatology, Pediatric Service, Hospital Universitario Materno-Infantil Virgen de las Nieves,
18014 Granada, Spain; estenia.martin.alvarez@gmail.com (E.M.-Á.); mapeca06@yahoo.es (M.P.-C.);
lserranolopez@hotmail.com (L.S.-L.); belensamar@gmail.com (B.S.-M.); paquimarpe@gmail.com (F.M.-P.);
malonsomo@gmail.com (M.A.-M.); jahsuazo@yahoo.es (J.A.H.-S.)

2 Department of Physiology, University of Granada, 18071 Granada, Spain; jorgemf@ugr.es (J.M.-F.);
jjoh@ugr.es (J.J.O.)

3 Institute of Nutrition and Food Technology “José Mataix Verdú”, University of Granada, 18071 Granada,
Spain

4 Pediatrics Department, Virgen de las Nieves University Hospital, University of Granada, 18071 Granada,
Spain; jmaldon@ugr.es

5 Institute of Biosanitary Research of Granada, Maternal and Child Health Network, Carlos III Institute,
28020 Madrid, Spain

* Correspondence: javierdc@ugr.es; Tel.: +34-958-241-000 (ext. 20303)

Received: 16 December 2019; Accepted: 1 February 2020; Published: 5 February 2020

Abstract: During the first days of life, premature infants have physiological difficulties swallowing,
thereby missing out on the benefits of breastfeeding. The aim of this study is to assess the effects of
oropharyngeal mother’s milk administration in the inflammatory signaling of extremely premature
infants. Neonates (n = 100) (<32 week’s gestation and/or <1500 g) were divided into two groups:
mother’s milk group (n = 48), receiving 0.2 mL of oropharyngeal mother’s milk every 4 h for the
first 15 days of life, and a control group (n = 52), not receiving oropharyngeal mother’s milk. Serum
concentrations of interleukin (IL) IL-6, IL-8, IL-10, IL-1ra, tumor necrosis factor alpha (TNF-α),
and interferón gamma (IFN-γ) were assessed at 1, 3, 15, and 30 days of postnatal life. Maternal and
neonatal outcomes were collected. The rate of common neonatal morbidities in both groups was
similar. The mother’s milk group achieved full enteral feeding earlier, and showed a decrease in Il-6
on days 15 and 30, in IL-8 on day 30, and in TNF-α and INF-γ on day 15, as well as an increase in IL-1ra
on days 3 and 15 and in IL-10 on day 30. Oropharyngeal mother’s milk administration for 15 days
decreases the pro-inflammatory state of preterm neonates and provides full enteral nutrition earlier,
which could have a positive influence on the development of the immune system and inflammatory
response, thereby positively influencing other developmental outcomes.

Keywords: colostrum administration; premature neonates; inflammation; clinical outcomes

1. Introduction

Inflammation is implicated in a high proportion of preterm births [1], and is associated with fetal
inflammatory response syndrome (FIRS). This syndrome is characterized by systemic inflammation
and is associated with the development of long-term sequelae by multifunctional organic failures
such as sepsis neonatal, bronchopulmonary dysplasia, intraventricular hemorrhage, and necrotizing
enterocolitis (NEC), thereby increasing perinatal and neonatal mortality and morbidity [2]. During
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pregnancy, especially in preterm neonates, several developing tissues are especially vulnerable and
are profoundly affected by cytokines that circulate rapidly through fetal blood, potentially causing
inflammatory signaling, which can trigger intracellular signaling cascades that result in organ damage
and neonatal morbidity [3]. Under these conditions, the most vulnerable tissues are lung, brain,
and intestine [4,5]. Taking into account the importance of inflammation regarding morbidity and/or
neonatal mortality, it is important to obtain all possible information about inflammatory signaling in
newborns [6–9].

Mother’s milk is the best first immune stimulator in infants, featuring the perfect species-specific
nutrition, because it contains many types of protective agents and enhances neurodevelopmental
outcomes [10,11]. These effects are attributed to a multitude of protective (immune and
trophic) biofactors [11–13]. Milk biofactors protect against infection, providing antimicrobial,
anti-inflammatory, and immunomodulatory functions, preventing adherence to the gastrointestinal
mucosa of pathogens, improving gastrointestinal microbiota, keeping the integrity of the intestinal
barrier and repairing injured areas, promoting intestinal motility and maturation, and providing
antioxidant defense [10,12,13].

Despite the importance of breastfeeding in the development of the newborn’s immune system,
in some cases, this feeding is not possible in the first days of life, especially in premature infants,
due, among others causes, to the existence of physiological difficulties in swallowing. Therefore, it
is of great interest to search for noninvasive mechanisms that allow these neonates to receive the
advantages of breast milk; the administration of oropharyngeal mother’s milk is a safe and well
tolerated intervention with many clinical benefits. In this clinical intervention, with even extremely
preterm babies [14,15], small volumes of mother’s milk, especially colostrum, are directly dropped
onto the oropharyngeal mucosa [16]. Although many studies support the clinical implications of
this safe clinical intervention, there is scarce evidence of its effects on inflammatory signaling and/or
its clinical benefits. It is therefore necessary to increase the study population in order to draw more
reliable conclusions [15,17,18]. In addition, to date, published studies have supplied colostrum only
during the first days of life and in preterm infants of less than 28 weeks’ gestation. For to these reasons,
it is necessary to deepen our understanding and clarify the clinical implications related to this practice;
therefore, the aim of this study is to assess the effects of oropharyngeal administration of mother’s
milk. This is the first study to characterize the serum pro- and anti-inflammatory biomarker profiles of
extremely premature infants.

2. Methods

2.1. Experimental Design and Subjects

Informed consent was obtained from the parents before they participated in the study. The study
was conducted in accordance with the Declaration of Helsinki, and the protocol was approved by
the Ethics Committee of the University Hospital “Virgen de las Nieves” (PI-0374-2014). Inclusion
criteria were extremely preterm infants in the Neonatal Intensive Care Unit with <32 weeks’ gestation
and/or with a weight below 1500 g at birth. Exclusion criteria were chromosomopathies or congenital
abnormalities, consumption or intake more than 10 mcg/kg/min of vasoconstrictive drugs, and/or
HIV-positive mother. Neonates (n = 100) were divided into two groups: the mother’s milk group
(n = 48) receiving mother’s milk via oropharynx, and the control group (n = 52), which did not receive
oropharyngeal mother’s milk, because it was not available in the first 24 h of life. Figure 1 shows the
flowchart of the infants involved in this study and the reasons for the dropouts.
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Figure 1. Flowchart showing participant progress and dropouts in the study.

2.2. Milk Sampling and Administration

The protocol for obtaining and administering breast milk has been previously described [19]. After
being informed by the researchers in the first 24 h postpartum, the mothers had to obtain mother’s
milk every 2 to 3 h by electric pumping (Mendela, Baar, Switzerland) (at least eight times every 24 h).
Mother’s milk was collected in prelabeled, sterile vials, and then a trained nurse administered the
milk to the neonates through sterile syringes (BD, Franklin Lakes, NJ, USA) via the oropharyngeal
route. Each day, syringes were prepared with 0.2 mL mother’s milk, labelled, and stored at 4 ◦C
in labelled plastic cups. Prior to the administration of the milk, the syringe was heated for 5 min
in the infant’s incubator. For at least 2 min, the nurse administered 100 μL of the mother’s milk
on one side of the oral mucosa, and then another 100 μL on the other side in order to maximize
oropharynx absorption (a total of 200 μL). The intervention was repeated every 4 h for the next 15
days. During the intervention, neonatal welfare was monitored, controlling any sign of discomfort
(tachycardia, bradycardia, tachypnoea, bradypnea, PO2, and changes in blood pressure), and in case of
alterations, the procedure stopped. The enteral nutrition of each patient, regardless of the assigned
group, was decided by the medical team responsible for their care. The trophic enteral nutrition began
in the first 24–48 h, i.e., as soon as possible, if there were no contraindications.

2.3. Sample Collection and Analysis

Four blood samples were obtained during the first 30 days of postnatal life to evaluate the influence
on the inflammatory signaling: at enrolment (M1), on the 3rd day (M2), on the 15th day (M3) and on
the 30th day (M4). The serum was stored after being aliquoted at −80 ◦C until further use.
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2.4. Maternal and Neonatal Outcomes

Mother variables comprised type of birth, prenatal corticosteroids, prenatal antibiotics, prenatal
amniotic infection risk, preterm outcomes (sex, Apgar score, weight, height and head circumference
at birth, weight gaining first month and Clinical Risk Index for Babies (CRIB)), time to achieve
enteral feeding (at least 100–120 mL/kg/day), volume of enteral feeding, volume of parenteral feeding,
and modifications in cerebral ultrasound (classification by de Vries et al. [20]), NEC grade greater or
equal to II according to the modified Bell’ staging classification [21], or proven sepsis [22].

2.5. Inflammatory Parameters Measurement

The pro- and anti-inflammatory parameters studied (IL-6, IL-8, IL-10, IL-1ra, TNF-α, and IFN-γ)
were determined using a Multiplex panel (Human Sepsis Magnetic Bead Panel 3, HTH17MAG- 14K)
based on the luminex xMAP technology (Merck Millipore, Boston, MA, USA). Cytokine concentrations
in plasma samples were determined by comparing the mean of duplicate samples with the standard
curve for each assay.

2.6. Statistical Analysis

The results are presented as the mean ± standard error of mean (SEM). The sample size calculation
has been previously described [19]. The Kolmogorov-Smirnoff’s and Levene’s tests were used to check
the normality and homogeneity of variance, respectively. To compare the baseline characteristics
between the case and control groups, the Student t test for independent samples or Mann-Whitney test
were used for the numerical variables in case of nonnormality. Categorical variables were checked
using the chi-square Pearson or Fisher test when the conditions of applicability were not met. To assess
the effect of the oropharyngeal administration and the time evolution for each variable studied in
each group, a general linear model for repeated measures procedure was applied, with Bonferroni
correction for multiple comparisons (the p-values were corrected considering six possible comparisons).
A Bonferrini’s test allowed us to determine the intra- and inter- subject differences. A value of p < 0.05
was considered significant. The SPSS version 21.0 (SPSS Statistics for Windows, SPSS INC., Chicago,
IL, USA) software was used for data analysis.

3. Results

3.1. Maternal and Neonatal General Characteristics

Neonatal and maternal general characteristics are shown in Table 1. No differences were recorded
in the different period of the study for the mothers or neonates, including volumes of enteral and
parenteral feeding supplied in the different periods of study. Regarding sex differences, there were
no significant differences between groups. In relation to smoking, we have no record that mothers
smoked during pregnancy, according to the records in the anamnesis of the mothers.
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Table 1. Maternal and neonatal general characteristics.

Maternal and Neonatal
Characteristics

Units
Mother’s Milk

Group
Control
Group

p-Value

Type of birth Vaginal (%) 47.5 34.8 0.33
Cesarean (%) 52.5 65.2

Prenatal corticosteroids
No (%) 12.5 10.9 0.47
Yes (%) 89.1 87.5

Prenatal antibiotics
No (%) 20.5 15.2 0.49
Yes (%) 76.9 84.8

Prenatal amniotic infection risk *
No (%) 32.5 39.1 0.41
Yes (%) 67.5 60.9%

Gestational age (weeks) 29.9 ± 0.4 29.5 ± 0.3 0.34
Sex Male (%) 60.0 56.5%

0.91Female (%) 40.0 43.5%
Apgar 1 min 6.4 ± 0.3 6.6 ± 0.3 0.65
Apgar 5 min 8.1 ± 0.2 8.1 ± 0.2 0.83
Weight g 1230.1 ± 48.2 1267.6 ± 52.4 0.60
Height cm 38.6 ± 0.5 38.4 ± 0.7 0.69

Head circumference cm 27.1 ± 0.4 27.0 ± 0.4 0.83
Weight gaining first month g 612.9 ± 31.7 527.4 ± 49.2 0.06

CRIB Score 2.2 ± 0.4 2.0 ± 0.4 0.17
Enteral Feeding mL/kg/day

M2 39.1 ± 3.8 34.5 ± 4.4 0.53
M3 152.1 ± 9.9 162.2 ± 6.3 0.21
M4 160.8 ± 5.7 166.8 ± 8.3 0.84

Parenteral Feeding (mL/kg/day)
M2 84.8 ± 5.6 82.4 ± 5.6 0.92
M3 19.3 ± 9.0 12.2 ± 4.2 0.15
M4 7.5 ± 5.2 6.3 ± 4.2 0.54

Values are means ± standard error of the mean. CRIB (Clinical Risk Index for Babies); * Prenatal amniotic infection
risk (Chorioamnionitis, maternal colonization of group streptococci (GBS), premature rupture of membranes,
maternal fever in delivery). M2: 3rd day of postnatal life, M3: 15th day of postnatal life, M4: 30th day postnatal
of life.

3.2. Clinical Outcomes

The clinical outcomes of preterm infants are featured in Table 2. Babies receiving mother’s milk
achieved full enteral feeding sooner than the control group (p < 0.05).

Table 2. Clinical outcomes at the time of discharge.

Clinical outcomes
Mother’s Milk

Group
Control
Group

p-Value

Days to achieve full enteral feeding * 7.2 ± 0.6 9.1 ± 0.7 0.04
Volume of full enteral feeding (mL) * 118.9 ± 5.3 107.8 ± 5.7 0.38

NEC at the end of the study (Bell stage ≥ 2) 2 (4.9%) 2 (4.3%) 1
Proven Sepsis at the end of the study 3 (7.3%) 2 (4.4%) 0.66

MV during 1st month of life 9 (21.9%) 13 (28.2%) 0.72
Abnormalities in ultrasound brain scan at 1st month of life 14 (34.1%) 10(21.7%) 0.11

* Data expressed as means ± standard error of the mean. NEC: necrotizing enterecolitis, MV: mechanical ventilation.

3.3. Pro- and Anti-Inflammatory Interleukins

Serum pro- and anti-inflammatory interleukins are summarized in Figure 2. IL-6 was lower after
15 and 30 days of postnatal life in the mother’s milk group compared to the control group (p < 0.05)
(Figure 2A). With regard to the evolution in both groups, a decrease was observed in M3 and M4,
compared to M1 and M2 (p < 0.05), and in the mother’s milk group, a decrease in M2 with regard to M1
was also observed (p < 0.05). IL-8 was lower in the first month of life in the oropharyngeal mother’s
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milk compared to the control group (p < 0.05). In addition, IL-8 decreased in the mother’s milk group
after 30 days postnatal life compared to M1 and M2 (p <0.05); in the control group, this decrease was
also observed in M4, but compared with M1 and M3 (p < 0.05) (Figure 2B).

Figure 2. Effect of oropharyngeal mother’s milk administration on the levels of IL-6 (A), IL-8 (B), IL-10
(C), and IL1-ra (D) in serum. Results are expressed as mean ± standard error of the mean. A line
between bars means statistically significant differences between groups (p < 0.05). Different letters in
every group indicate significant differences due to the time (mother’s milk (A, B, C), control (a, b, c)
(p < 0.05)). M1: Birth (basal value), M2: 3rd day of postnatal life; M3: 15th day of postnatal life, M4:
30th day of postnatal life.

The mother’s milk group showed higher IL-10 levels, being statistically significant after 1 month
(p < 0.05). IL-10 was lower in M2, M3, and M4 compared to M1 in the mother’s milk group (p < 0.05).
In the control group, a significant decrease was observed in M4 compared to M1 and M2 (p < 0.05), and
in M3 compared to M1 (p < 0.05) (Figure 2C). IL-1ra levels (Figure 2D) were lower in the control group
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compared to the mother’s milk group, being statistically significant in M2 and M3 (p < 0.05). IL-1ra in
both groups followed the same trend, decreasing in M4 compared to M1, M2, and M3 (p < 0.05), and in
M3 compared to M1 and M2 (p < 0.05).

3.4. Other Cytokines: TNF-α and INF-γ

Figure 3 shows the values of TNF-α (Figure 3A) and INF-γ (Figure 3B). These cytokines were
higher in the control group at 15 days postpartum compared to those in the mother’s milk group
(p < 0.05). Both cytokines showed no differences in their evolution in the mother’s milk group; however,
in the control group, an increase in M3 was observed when comparing to M1 and M4 in both cytokines
(p < 0.05), and in M2 compared to M1 in TNF-α (p < 0.05).

Figure 3. Effect of oropharyngeal mother’s milk administration on the levels of TNF-α (A) and INF-γ
(B) in serum. Results are expressed as mean ± standard error of the mean. A line between bars means
statistically significant differences between groups (p < 0.05). Different letters in every group indicate
significant differences due to the time (mother’s milk (A, B, C), control (a, b, c) (p < 0.05)). M1: Birth
(basal value), M2: 3rd day of postnatal life, M3: 15th day of postnatal life, M4: 30th day of postnatal life.

4. Discussion

Breast milk, especially mother’s milk, is the perfect species-specific nutrition for preterm infants,
because it has different types of bioprotective agents; however, in some cases, breastfeeding is limited,
and the administration of oropharyngeal mother’s milk has been shown to be a safe means of providing
part of its benefits to premature newborns [19,23]. However, there are still limitations and controversies
in the scientific literature, because the results are often inconclusive due to small sample sizes [14],
the use of animal models [24], and the use of secretions (urine and saliva) instead of blood [14,15,17] to
perform the assessments. Taking into account these limitations, together with the lack of information
about inflammatory signaling, the current study was designed to include a high number of premature
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neonates, being the first such study to characterize the pro- and anti-inflammatory biomarker profiles
of premature neonates in serum, as opposed to in other secretions such as urine and saliva after the
administration of mother’s milk, which strengths the results presented herein.

One of the controversies observed in the literature is focused on the time to achieve complete
enteral nutrition after the administration of oropharyngeal mother’s milk; in this sense, the study
conducted by Rodriguez et al. [25] reports differences between groups; in contrast, Zhang et al. [15]
did not observe such differences. However, in all cases, the studies were performed with a smaller
population than the current study. In the current study, preterm infants receiving mother’s milk
achieved full enteral nutrition earlier than the control group. These results are noteworthy, because the
inability to obtain enteral nutrition in the first days of life leads to villous atrophy and delayed nutrient
absorption, increasing the risk of inflammation, NEC, and hospital-related infections [14]. In this sense,
the oropharyngeal administration of mother’s milk could be considered a potential “immune therapy”
for preterm neonates during the first days of life in which they have little tolerance for enteral feeding.

In relation to inflammatory signaling, the main focus of this study, we observed that preterm
neonates who received oropharyngeal mother’s milk showed lower levels of pro-inflammatory
cytokines (IL-6, IL-8) and higher expression of anti-inflammatory cytokines (IL-10 and IL-1ra). The only
study on this topic to date with a similar number of cytokines did not show many differences between
the two study groups [17], although the measurements were performed on urine and saliva, with a
smaller population and a shorter administration period.

Inflammation is involved in a significant number of preterm births, despite of the presence or
absence of infection [1]; it is related to the development of fetal inflammatory response syndrome, which
is associated with the development to long-term sequelae due to multifunctional organ compromise
such as neonatal sepsis, bronchopulmonary dysplasia, intraventricular hemorrhage, NEC, etc. [2].
Therefore, systemic inflammation in newborns could be considered an independent risk factor of
morbidity, affecting several organs such as lung, intestine, and brain [2,26].

One of the most studied pro-inflammatory cytokines is IL-6, which has pleiotropic effects involving
the activation of the acute phase of the immune response; it has also been used as a hallmark of the fetal
inflammatory response syndrome and early neonatal sepsis [27]. This cytokine decreased progressively
in all the neonates in the current study, reflecting the development of the immune system and the
adaptive response of the neonate to the extrauterine conditions. However, the preterm neonates
receiving oropharyngeal milk for one month showed a higher decrease of this cytokine from the 15th
day of life, which could represent an advantage for preterm neonates, because inflammation is a
common upstream pathway observed in major perinatal diseases [2,26].

Another early marker of neonatal sepsis is IL-8, a proinflammatory and chemotactic cytokine,
which increases its expression in situations of homeostatic alterations caused by infection, trauma,
and other conditions [28,29]. An important component in the inflammatory response and innate
immune system is the capacity of IL-8 to attract neutrophils; therefore, the decrease recorded in
preterm neonates after one month of mother’s milk administration indicates a positive influence on
the neonate’s developing immune system and inflammatory response. Lee et al. [17] also observed a
decrease in the levels of IL-8, although this was recorded in saliva and in the first 15 days of life. One of
the possible causes of this lower expression is a decrease in the stimulation of this cytokine due to the
increase in the Il-1ra observed in the current study, which blocks the stimulation of IL-8 by IL-1β [30].

The cytokine IL-10, as an immune-regulator, suppresses antigen-specific T-cell proliferation and
inhibits Th1 responses, increasing the survival and proliferation of B cells. Although its concentration
in mother’s milk is not too high, its level does not decline in human milk over time [31], helping
preterm neonates to cope with the inflammation that is triggered by several stressors. In addition,
mother’s milk from mothers delivering preterm babies is more caloric and contains higher levels
of protein, fat, and bioactive factors including IL-10 [32]. Reports about this cytokine show some
controversy, and in this sense, high concentrations of IL-10 in serum are related to greater severity of
pathologies such as respiratory distress [33]; however, low levels of IL-10 have been associated with an
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increased risk of developing bronchopulmonary dysplasia [33]. In addition, it has been shown to be an
important inflammatory mediator in neonatal sepsis, since it plays an important role in the prevention
of excess in the inflammatory response during this life-threatening clinical condition. In our study,
we observed a higher IL-10 concentration in the mother’s milk group at 30 days of age, which, together
with the decrease in IL-6, could have a beneficial effect, since it has been observed that a high IL-6/IL-10
ratio is found in patients with worse prognoses [29]. Similar reports to the current study did not report
any effect of the administration of mother’s milk on this cytokine, although the population and time of
mother’s milk administration were smaller [17].

Another pro-inflammatory cytokine is TNF-α, which acts as one of the main mediators of septic
shock in neonates, as well as other tissue damage. Its production is defective in term neonates [29],
and its receptors in their soluble forms, TNF-RI and TNF-RII, are present in human milk [34]. In the
current study, we observed an increase of TNF-α in the control group until day 15 of life, which could
reflect the inflammatory response syndrome in the premature newborn. However, this increase was
not observed in the mother’s milk group, which showed a lower concentration at 15 days of age.
According to Castellote et al. [35], TNF-RI levels in mother’s milk can act by regulating the biological
effect of TNF-α; therefore, it is responsible for some of the anti-inflammatory effects of mother’s milk.

Finally, IFN-γ in the control group showed a similar trend to that shown by TNF-α with an
increase until day 15 that was not observed in the mother’s milk group. From the point of view of
the preterm survival rate, this IFN-γ downstream would be clearly beneficial, because in a study
of ventilated preterm infants, the IFN-γ level was higher within the first 48 h of life in infants that
developed bronchopulmonary dysplasia or died [36,37].

Additionally, together with the beneficial effects on the inflammatory signaling that could be
obtained by the administration of oropharyngeal mother’s milk, preterm neonates receiving this
clinical intervention achieved complete enteral nutrition sooner. The lower time to reach full enteral
nutrition influences populations of beneficial microorganisms in the infant gut [38], improving the
colonization of bacteria and the development of the preterm digestive system, resulting in a decreased
release of cytokines, which may positively influence clinical outcomes.

As a secondary objective, in this study, we assessed the effect of oropharyngeal mother’s milk
on the incidence of NEC, proven sepsis, and other clinical outcomes. Our results show an absence of
difference between the groups. We consider that this absence is due to the low prevalence of these
pathologies, that would require a higher number of premature infants.

5. Conclusions

The current study proposes that the administration of oropharyngeal mother’s milk in the first
month of life contributes to decreasing the pro-inflammatory state of the preterm neonate, indicating a
beneficial influence on the inflammatory response. Moreover, preterm infants receiving mother’s milk
via oropharynx achieved complete enteral nutrition sooner than babies who did not, representing a
metabolic advantage for the underdeveloped gastrointestinal system; this could minimize comorbidities
linked to nutrient absorption in this population. These findings have implications for the development
of the preterm neonate, wherein inflammation plays a pathophysiological role, associated with adverse
neonatal outcomes independently of the duration of gestation.
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Abstract: The macronutrient composition of target-pooled donor breast milk (DBM) (milk combined
strategically to provide 20 kcal/oz) and growth patterns of preterm infants receiving it have not been
characterized. Caloric target-pooled DBM samples were analyzed by near-infrared spectroscopy.
Weekly growth velocities and anthropometric z-scores were calculated for the first 30 days and at
36 weeks corrected gestational age (CGA) for 69 very low birthweight (VLBW) infants receiving
minimum one week of DBM. Samples contained mean 18.70 kcal/oz, 0.91 g/dL protein, 3.11 g/dL
fat, 7.71 g/dL carbohydrate (n = 96), less than labeled values by 2.43 kcal/oz and 0.11 g/dL protein
(p < 0.001). By week 3, growth reached 16.58 g/kg/day, 0.95 cm/week (length), and 1.01 cm/week (head
circumference). Infants receiving <50% vs. >50% DBM had similar growth, but infants receiving
>50% DBM were more likely to receive fortification >24 kcal/oz (83% vs. 51.9% in the <50% DBM
group; p = 0.005). From birth to 36 weeks CGA (n = 60), there was a negative z-score change across all
parameters with the greatest in length (−1.01). Thus, target-pooling does not meet recommended
protein intake for VLBW infants. Infants fed target-pooled DBM still demonstrate a disproportionate
negative change in length z-score over time.

Keywords: donor breast milk; human milk; milk analysis; very low birth weight; preterm; growth

1. Introduction

Neonatal practitioners commonly assume that human breast milk contains 20 kcal/oz, but the
macronutrient content of human milk depends on many factors including gestational age [1]. Compared
to preterm milk, term milk has less energy and protein, and in both populations, energy and protein
content decreases over time as lactation progresses [2]. Because donor breast milk (DBM) commonly
comes from mothers of term babies later in lactation, one major concern regarding the use of DBM in
preterm infants is its nutritional adequacy, particularly its protein concentration, since higher protein
intake and increased linear growth are associated with improved neurodevelopmental outcomes [3–5].
Pooled DBM has been shown to contain as low as 14.6 kcal/oz [6], and protein content in maternal
preterm milk ranges from 1.2 to 1.7 g/dL in the first four weeks of lactation whereas the content
in DBM is generally accepted as 0.9 g/dL [7]. For infants weighing less than 1 kg, the European
Society for Pediatric Gastroenterology Hepatology and Nutrition (ESPGHAN) recommends an enteral
intake of 4.0–4.5 g/kg/day of protein [8], which correlates to 2.7–3.0 g/dL assuming enteral fluid
intake of 150 ml/kg/day. However, protein fortification for human milk is difficult, and standard
multicomponent human milk fortifiers may still be insufficient as manufacturers of commercially
available bovine-derived human milk fortifiers assume a baseline protein concentration of 1.4–1.6 g/dL
in human milk [9,10].
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Earlier studies comparing fortified DBM versus premature infant formula reported notably
decreased growth velocities in the DBM group, particularly in weight and length [11,12]. However,
more recent studies have shown similar growth can be achieved with adequate monitoring and
fortification [13–15].

Target-pooling is a method that some milk banks employ to increase nutritional content by
combining milk of multiple donors strategically, rather than randomly. One specific technique is to
add skimmed fat from lower-calorie breast milk to higher-calorie breast milk to mimic hind milk
and achieve a minimum of 20 kcal/oz. However, it is unclear how protein concentrations of DBM
and subsequent infant growth are affected by caloric targeting. The objective of this study was to
characterize the macronutrient composition and variability of caloric target-pooled DBM and the
corresponding growth velocities of very low birth weight (VLBW) infants who receive it.

2. Materials and Methods

2.1. Patient Sample

This prospective observational study was performed at the neonatal intensive care unit (NICU) at
TriHealth Good Samaritan Hospital in Cincinnati, Ohio, with milk analysis conducted at Cincinnati
Children’s Hospital Medical Center (CCHMC). The study was approved by the Institutional Review
Board at both institutions with waiver of informed consent (CCHMC 2015-5191, TriHealth 15-085).

VLBW infants admitted to the NICU from December 2015 to April 2017 who received more than
1 week of DBM during the first 30 days of life as supplementation to maternal milk were eligible.
Infants who transferred to another hospital or passed away in the first 30 days of life or did not follow
the standardized feeding protocol (see below, Section 2.3) were excluded.

2.2. Milk Collection and Analysis

During the time period in which eligible infants were admitted, target-pooled DBM purchased
from Mothers’ Milk Bank of Ohio (MMBO, Columbus, Ohio) were screened for unique pools, and a
representative bottle for each unique pool was marked. Caloric and protein content, as measured by
MMBO and labeled on each bottle, was recorded. Per unit protocol, NICU milk technicians prepared
feedings from refrigerator-thawed bottles by hand homogenizing and either pipetting or pouring
into measured containers. From each marked bottle, a minimum of 1 ml of the remaining milk, more
if allowed, was saved, and kept frozen for sample collection. For analysis, samples were heated to
37 ◦C, gently homogenized by hand, then homogenized for 30 seconds using a sonicator. Using a
near-infrared (NIR) human milk analyzer (SpectraStar 2400, Unity Scientific, Brookfield, Connecticut),
which was calibrated using a bias set of human breast milk obtained from MMBO, samples were then
analyzed in 1–1.5 mL aliquots, triplicate if volume allowed.

2.3. Standardized VLBW Feeding Protocol

DBM is utilized for infants with birth weight </= 1500 g when maternal milk is not available for
the first 30 days of life. Enteral feedings are initiated within 48 h of birth at 15 mL/kg/day for 3 days
and subsequently advanced by 10 mL/kg/day every 12 h to a goal of 160 mL/kg/day. Fortification to
24 kcal/oz occurs at 75 mL/kg/day, usually day of life 7, using Similac (Abbott Nutrition, Columbus Ohio)
human milk fortifier hydrolyzed protein concentrated liquid (HMF-HPCL). Additional fortification
occurs as clinically indicated for poor growth using additional HMF-HPCL, Similac Special Care
30, Similac NeoSure, and/or Similac Liquid Protein Fortifier, per dietitian’s discretion. In addition
to enteral intake, parenteral nutrition provides 2.5 g/kg/day of protein starting on day of life 1, then
3.5 g/kg/day onward until intake is limited by fluid volume.
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2.4. Enteral Intake Data

Enteral intake data were obtained from charted enteral feeding volumes and fortification status
of donor and maternal milk for the first 30 days of life or until DBM was transitioned to formula.
Percentage of DBM intake was calculated by dividing the volume of DBM by the total volume of
human milk that the infant received during the studied time period. The last day on which DBM
was given, whether the infant was still receiving DBM on day 30, and the highest caloric density of
fortification of DBM were recorded. Utilizing the NICU’s established milk tracking system (Women
and Infants, Timeless Medical Systems, Charlottetown, Prince Edward Island, Canada), the source
pool from each bottle of DBM that the infant received was identified.

2.5. Anthropometric Data

Weekly weight, length, and head circumference (HC), as recorded by clinical care, were collected
until 4 weeks of age and also at 36 weeks corrected gestational age (CGA). Growth velocities, Olsen
body mass index (BMI) [16], and Fenton z-scores [17] were calculated for each time point. Weight
velocity was calculated using the two-point model. Per unit practice, length boards were used as
needed to verify measurements that appeared abnormal. Outliers in length and HC (a gain of greater
than 3 cm or a loss of greater than 2 cm) were excluded. For patients discharged prior to 36 weeks
CGA, measurements at 35 weeks CGA were recorded if available. Small for gestational age (SGA) was
defined as a birth weight below the 10th percentile, and appropriate for gestational age (AGA) was
defined as birth weight between the 10th and 90th percentile.

2.6. Statistical Analysis

Analyses were performed using SAS Studio version 3.71. NIR results were compared to labeled
values using paired t-test analysis. Subgroups comparisons of SGA vs. AGA status and DBM intake
percentage (<50% vs. >50%) were analyzed using 2-tailed 2-sample t-tests and χ2 test. P < 0.05 was
considered statistically significant. A sample size of 45 patients was estimated to detect a difference of
2.18 g/kg/day difference in weight (assuming full enteral feeding volume of 160 ml/kg/day with DBM
fortified to 24 kcal/oz and baseline protein concentration 0.9 g/dL, yielding a projected protein intake
of 3.87 g/kg/day, 0.63 g/kg/day less than ESPGHAN recommendations) with 80% power and alpha 0.05
and based on the largest randomized trial known at the time of study design describing growth in
infants fed DBM [11].

3. Results

3.1. Study Infants

Of 235 infants screened, 85 met inclusion criteria (Figure 1). An additional 16 were excluded due
to early discharge or modified feeding plans after completion of the standard feeding protocol. Thus,
69 had growth data available at 30 days, and 60 had measurements available at 36 weeks CGA. The
summary of their characteristics can be found in Table 1. Of those 69 patients who had growth data,
65.9% were still receiving DBM as part or all of their feedings at 30 days old, and 5 additional patients
were transitioned early from DBM to formula due to poor growth at 27–28 days. Further, 15.9% were
SGA and 71.0% received increased fortification, which occurred on average at day 18.5.
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235 VLBW infants screened
(12/17/15 to 4/11/17)

150 excluded:
93 no DBM after first 7 days of life
33 transfers in first 30 days of life
12 deaths in first 30 days of life
10 deviations from standard feeding protocol 
from delays in advancing volumes due to 
critical illness, feeding intolerance, or 
necrotizing enterocolitis
2 declined or not offered DBM

85 infants reviewed

16 excluded from data analysis:
9 discharged home by 30 days of age
7 modified feeding plans after completion of 
standard feeding protocol

NPO status requiring additional 
parenteral nutrition at least 7 days (2)
Continuous feedings (3)
Atypical formula exposure (2)

69 infants with growth 
data for at least 30 days

60 infants with growth 
data at 36 weeks CGA

9 discharged prior to
35 36 weeks CGA 

Figure 1. Flow diagram of study infants.

Table 1. Infant characteristics. Mean ± SD or n (%).

All Infants
(n = 85)

Infants with 30
Days Growth
Data (n = 69)

Infants Receiving
<50% DBM (n = 27)

Infants Receiving
>50% DBM (n = 42)

p-Value 1

Male (%) 47 (55.3%) 38 (55.1%) 17 (63.0%) 21 (50%) 0.291

Gestational Age
(weeks) 29.4 ± 2.4 28.9 ± 2.0 29.6 ± 2.1 28.4 ± 1.8 0.011

Birth Weight (g) 1101.2 ± 266.5 1064.4 ± 260.0 1112.1 ± 264.5 1033.8 ± 255.5 0.225

SGA (%) 24 (28.2%) 11 (15.9%) 7 (25.9%) 4 (9.5%) 0.069

Days on DBM 26.5 ± 6.7 27.8 ± 5.4 24.9 ± 7.6 29.6 ± 1.7 <0.001

Infants on DBM at 30
days (%) 56 (65.9%) 2 50 (72.5%) 15 (55.6%) 35 (83.3%) 0.012

Infants Needing >24
kcal/oz (%) 59 (69.4%) 49 (71.0%) 14 (51.9%) 35 (83.3%) 0.005

1 For DBM subgroups; 2 5 patients were switched from DBM to preterm formula at 27–28 days due to poor growth.
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3.2. Donor Milk Analysis

Samples from 96 unique pools were obtained. Review of enteral intake charting and milk tracking
showed 146 unique pools of DBM were actually utilized during the study period. NIR analysis found
mean contents of 18.70 ± 1.75 kcal/oz, 0.91 ± 0.19 g/dL protein, 3.11 ± 0.57 g/dL fat, and 7.71 ± 0.38 g/dL
carbohydrate (Table 2). Mean coefficients of variation of triplicate or duplicate analysis were 1.61% for
calories, 6.81% for protein, 2.68% for fat, and 1.81% for carbohydrate. Labeled nutritional information
demonstrated mean calorie content of 21.13 ± 1.01 kcal/oz and mean protein content 1.02 ± 0.18 g/dL.
On average, compared to labeled values, the samples had 2.43 kcal/oz less (p < 0.001) and 0.11 g/dL
less protein (p < 0.001) (Table 3, Figure 2).

Table 2. Near-infrared (NIR) macronutrient analysis of donor breast milk (DBM) samples (n = 96).

Calories (kcal/oz)
Protein
(g/dL)

Fat
(g/dL)

Carbohydrate
(g/dL)

Minimum 12.43 0.26 1.48 6.29
Maximum 22.27 1.36 4.51 8.48

Mean 18.70 0.91 3.11 7.71
SD 1.75 0.19 0.57 0.38

Mean Coefficient of Variation 1.61% 6.81% 2.68% 1.81%

Table 3. Comparison of labeled and NIR measured caloric and protein concentrations.

Calories (kcal/oz) Protein (g/dL)

Label NIR Difference Label NIR Difference

Minimum 19.51 12.43 −8.22 0.62 0.26 −0.62
Maximum 24.01 22.27 0.29 1.51 1.36 0.36
Mean 21.13 18.70 −2.43 1 1.02 0.91 −0.11 1

SD 1.01 1.75 1.66 0.18 0.19 0.21
1 p < 0.001.
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Figure 2. Labeled (solid line) vs. mean NIR analysis (dashed line) of (a) caloric and (b) protein content,
ordered by increasing labeled values.

3.3. Growth Analysis

Mean weight velocity reached 16.58 g/kg/day by week 3, mean length velocity ranged from 0.95 to
1.03 cm/week during weeks 2-4, and mean HC velocity reached 1.01 cm/week by week 3 (Table 4). When
comparing the subgroups of SGA and AGA infants, the mean velocities were statistically different for
weight velocity in weeks 1 and 2 (p = 0.001, p = 0.009) (Table 4). There were no large-for-gestational-age
infants. Infants whose enteral intake comprised of less than 50% DBM had similar growth velocities
compared to those whose enteral intake was greater than 50% DBM with the exception of weight
velocity at week 2 (p = 0.024) (Table 4). Further, 51.9% in the <50% DBM group and 83.3% in the >50%
DBM group received fortification beyond 24 kcal/oz (p = 0.005).

Table 4. Weekly growth velocities including subgroups by small for gestational age (SGA) status and
DBM intake. Mean ± SD.

Overall
(n = 69)

SGA
(n = 11)

AGA
(n = 58)

p-Value
<50% DBM

(n = 27)
>50% DBM

(n = 42)
p-Value

Weight (g/kg/day)
Week 1 8.84 ± 6.81 15.07 ± 9.42 7.66 ± 5.56 <0.001 8.50 ± 7.12 9.06 ± 6.68 0.742
Week 2 12.95 ± 5.75 17.00 ± 6.96 12.18 ± 5.21 <0.010 14.88 ± 6.08 11.71 ± 5.23 0.024
Week 3 16.58 ± 5.13 18.45 ± 5.91 16.23 ± 4.95 0.189 17.21 ± 3.38 16.17 ± 6.01 0.415
Week 4 16.11 ± 4.71 16.98 ± 3.71 15.94 ± 4.89 0.507 16.00 ± 3.50 16.18 ± 5.39 0.882

Length (cm/week)
Week 1 0.59 ± 0.85 0.60 ± 0.87 0.59 ± 0.86 0.982 0.45 ± 0.81 0.68 ± 0.88 0.299
Week 2 0.97 ± 0.72 1.32 ± 0.72 0.91 ± 0.70 0.080 1.05 ± 0.65 0.92 ± 0.76 0.478
Week 3 0.95 ± 0.78 0.70 ± 0.96 1.00 ± 0.74 0.244 0.94 ± 0.85 0.96 ± 0.75 0.914
Week 4 1.03 ± 0.65 1.31 ± 0.45 0.97 ± 0.66 0.114 0.95 ± 0.67 1.08 ± 0.63 0.455

HC (cm/week)
Week 1 0.14 ± 0.77 0.39 ± 0.91 0.09 ± 0.74 0.235 0.06 ± 0.73 0.19 ± 0.80 0.490
Week 2 0.67 ± 0.55 0.91 ± 0.58 0.63 ± 0.54 0.124 0.77 ± 0.58 0.61 ± 0.53 0.245
Week 3 1.01 ± 0.54 1.20 ± 0.42 0.98 ± 0.56 0.216 0.96 ± 0.55 1.05 ± 0.53 0.525
Week 4 1.01 ± 0.60 1.12 ± 0.59 0.99 ± 0.61 0.514 1.07 ± 0.59 0.97 ± 0.61 0.498

For the 60 infants who had growth measurements available at 36 weeks CGA, the Fenton z-score
decreased for HC during weeks 1–2 and for both weight and length during all four weeks. From birth
to 36 weeks CGA, there was a negative z-score change across all three parameters with the greatest
change seen in length (−1.01) (Table 5, Figure 3). HC z-score improved to within 0.23 of birth, and a
small increase (0.1) was noted in weight z-score between week 4 and 36 weeks CGA. Olsen BMI was
the only measure to have a net increase in z-score over time. Further, 11/60 infants were SGA at birth;
an additional 10 AGA infants became <10% for weight by 36 weeks CGA. There appeared to be a
difference between the two DBM subgroups in both weight and length, though it was not statistically
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significant for any measurement (Figure 3), and with the exception of the change in BMI from week
4 to 36 weeks CGA, the weekly change in z-score and also net change from birth to 36 weeks CGA
were not statistically different. After excluding the 11 SGA patients, again there was no statistically
significant difference between the two DBM groups except between week 4 and 36 weeks CGA where
the length z-score continued to decrease by −0.14 in the >50% DBM group but increased by 0.12 in the
<50% DBM group (p = 0.023) (Figure 4).

Table 5. z-scores of anthropometric measurements each week and at 36 weeks corrected gestational
age (CGA). Mean ± SD.

Weight HC Length BMI

Birth −0.52 ± 0.89 −0.45 ± 1.10 −0.51 ± 1.06 −0.30 ± 1.09
Week 1 −0.88 ± 0.81 −1.30 ± 0.96 −1.14 ± 1.06 −0.41 ± 0.95
Week 2 −1.04 ± 0.77 −1.45 ± 0.98 −1.28 ± 1.02 −0.43 ± 0.88
Week 3 −1.09 ± 0.79 −1.41 ± 0.95 −1.44 ± 1.05 −0.24 ± 0.82
Week 4 −1.13 ± 0.83 −1.28 ± 0.96 −1.60 ± 1.00 −0.09 ± 0.81
36 Weeks CGA −1.03 ± 1.03 −0.68 ± 0.90 −1.64 ± 1.13 0.27 ± 0.85

Net Change −0.51 ± 0.47 −0.23 ± 0.69 −1.01 ± 0.57 0.60 ± 0.93
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Figure 3. (a–c) Fenton z-score trajectories for weight, length, and head circumference (HC) and (d) Olsen
z-score trajectory for body mass index (BMI) over time for all infants (solid line, n = 60), infants with
<50% DBM intake (dashed line, n = 25), and infants with >50% DBM intake (dotted line, n = 35).
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Figure 4. Fenton z-score trajectory for length in all appropriate-for-gestational-age (AGA) infants (solid
line, n = 49) and subgroups of <50% DBM intake (dashed line, n = 18) and >50% DBM intake (dotted
line, n = 31). Average rate of change from week 4 to 36 weeks CGA in the two subgroups were 0.12 and
−0.14, respectively (p = 0.023).

4. Discussion

NIR analysis revealed that the target-pooled DBM samples contained similar calories (18.7
vs. 18.0–18.7 kcal/oz) and protein concentrations (0.91 vs. 0.88–1.0 g/dL) compared to other
recent analyses of multi-donor random-pooled DBM [18,19]. However, in these studies, samples
were measured pre-pasteurization. MMBO’s labeled pre-pasteurization measurements showed the
calorically targeted-pools contained mean 21.13 kcal/oz and 1.02 g/dL, reflective of their particular
technique designed to mimic hind milk. As there are no dedicated regulations currently in place
regarding pooling, the techniques utilized by other banks, which may include protein targeting, could
result in different macronutrient ratios.

Furthermore, the measured concentrations for calories were, across the board, less than indicated
on the corresponding labels (Figure 2), with one sample as low as 12.43 kcal/oz. Given that our NIR
analyzer was calibrated utilizing milk and measurements provided by MMBO and that samples were
collected after feeding preparations were completed for each shift, this suggests that nutrient loss
likely occurred during preparation and handling. Handling from freezing and thawing of human milk
has been shown to decrease caloric delivery [20], likely secondary to increased contact with plastic
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surfaces to which fat adheres, and the steps of feeding preparation, such as hand-homogenization
and pouring versus using a transfer pipette, may also yield uneven distribution of macronutrients
due to technician variation. The NIR-measured protein content was inconsistently matched with its
label counterpart (Figure 2), potentially due to poor homogenization and compartmentalization. This
carries implications in unequal delivery of nutrients between patients and also between feedings to
individual patients, leading to unintended under- or over-nutrition. Developing consistent feeding
preparation techniques to improve homogenization, minimize fat loss, and optimize nutrient delivery
is an important focus for further research and quality improvement.

Growth parameters reached or approached goal velocities (15 g/kg/day for weight, 1 cm/week
for length and HC) by weeks 3–4, but 71.0% of patients received additional fortification to maintain
adequate growth (Tables 1 and 4). The clinical significance of the early weight velocity in SGA patients
is unclear given the small subgroup size, though it could reflect a response to metabolic programming
or a larger proportion of SGA infants in the <50% DBM group, though the latter was not statistically
significant. The difference in weight velocity between the two DBM intake groups at week 2 and the
narrowed gap at week 3 correlates, respectively, with infants approaching full enteral volumes with
little or no parenteral nutrition and the point at which increased fortification occurred, supporting
previous findings that acceptable growth velocities can be achieved on a DBM diet with appropriate
fortification [14].

In addition, weekly Fenton z-scores suffered, and patients did not return to birth z-scores by
36 weeks CGA (Table 5, Figure 3). The greatest z-score change was seen in length, and the Olsen
BMI z-score increased correspondingly. This suggests that monitoring z-scores in addition to growth
velocities is necessary to determine whether weekly growth is adequate. Furthermore, despite the
controlled caloric intake provided by target-pooled DBM, standard fortification to 24 kcal/oz alone
does not provide adequate nutrition. Standard fortification of DBM increases the concentration from
0.9 g/dL to 2.42 g/dL, still below recommendations. Moreover, the switch to preterm formula at 30 days
could not overcome the early growth faltering on DBM, highlighted by the 10/49 (20%) of AGA infants
who developed postnatal growth failure (weight <10% at 36 weeks CGA). With studies associating
poor linear growth and protein intake with worse neurodevelopmental outcomes [3,5], the persistent
decreasing length z-score over time is particularly concerning. Thus, this population may benefit from
earlier aggressive fortification of DBM with focused targeting of protein intake before growth faltering
is demonstrated.

Though there appears to be a difference in weight and length at birth between the DBM subgroups,
both groups actually had similar z-score trajectories over time. This is likely due to the increased
percentage of infants who received additional fortification in the group that received >50% DBM.
Colaizy et al. previously noted a net change in weight z-score from birth to discharge of −0.84 in infants
who received >75% DBM [21]. In our >50% DBM subgroup, 32/35 patients received >75% DBM, and
the net change in weight z-score was −0.49, an improvement possibly attributable to the target-pooling.
Our net z-score changes for weight and length were also similar to findings of the DoMINO trial,
the largest randomized controlled trial to date comparing DBM versus preterm formula as primary
diet [13]. However, despite the improved growth potential that target-pooling may offer, the negative
trends remain worrisome. Interestingly, over 95% of the study milk from the DoMINO trial was also
purchased from MMBO. Providers may wish to inquire what pooling technique is utilized by the milk
bank that provides their unit’s donor milk, which may be different in content than the donor milk
utilized in our study and the DoMINO study, thus limiting the generalizability of these findings.

Additionally, there was a gain in length z-score between week 4 and 36 weeks CGA for those who
received <50% DBM and a decrease for those who received >50% DBM, though it was only statistically
significant once the SGA infants were removed (Figure 4). Both of these groups transitioned to preterm
formula as backup at 30 days, though many infants in the former likely continued to receive a larger
percentage of maternal milk. Further investigation into the later feeding characteristics of these two
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cohorts and also comparison to infants who received almost exclusive maternal milk may provide
additional insight.

One limitation of this study is the irregular sampling bias of DBM from leftover milk after feeding
preparation, which may have affected our macronutrient analysis, but this poses new questions
regarding human milk handling methods. Furthermore, while NIR human milk analyzers have been
validated for precision in measuring protein and fat content, they are less accurate than mid-infrared
analyzers [22,23]. A separate collaboration determined that the NIR analyzer used in this study may
overestimate protein [24], suggesting that the protein content might be even lower than measured.
Another limitation is the imprecision of length and head circumference measurements, and length
boards had not been implemented as standard of care yet at the beginning of this study. We also sought
to compare each infant’s daily protein and caloric intake with weekly growth velocities. However,
despite a protocol designed to identify all unique pools purchased by the NICU as shipments arrived,
some shipments were missed, preventing us from capturing 50/146 (34%) of the unique pools that
were utilized in these infants. Because bottles of DBM from the same pool may be dispersed among
multiple patients, this unfortunately precluded us from calculating the enteral nutrient intake for the
majority of the patients.

5. Conclusions

Target-pooling DBM to meet a caloric minimum alone does not meet recommended protein intake
for VLBW infants. Infants fed calorically target-pooled DBM still demonstrate a disproportionate
negative change in length z-score over time and would likely benefit from more aggressive and earlier
fortification strategies that target protein as well. Whether target-pooled DBM offers improved growth
compared to random-pooled DBM remains unknown.
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Abstract: Human milk contains non-nutritional factors that promote intestinal maturation and
protect against infectious and inflammatory conditions. In the Neonatal Intensive Care Unit (NICU)
setting, donor milk (DM) is recommended when availability of own mother’s milk (OMM) is not
enough. Our aim was to compare the incidence of necrotizing enterocolitis (NEC) and late-onset
sepsis (LOS) in very preterm infants (VPI) after the introduction of DM. Growth and breastfeeding
rates were examined as secondary outcomes. Single center, observational and retrospective cohort
study comparing 227 VPI admitted to our neonatal unit before (Group 1, n = 99) and after (Group 2,
n = 128) DM introduction. Enteral nutrition was started earlier after DM availability (2.6 ± 1.1 vs.
2.1 ± 1 days, p = 0.001). Incidence of NEC decreased in group 2 (9.1% vs. 3.4%, p = 0.055), especially
in those born between 28 and 32 weeks (5.4 vs. 0.0%, p = 0.044). Surgical NEC was also less frequent.
Suffering NEC was 4 times more likely in group 1 (multivariate analysis). Availability of DM did
not impact breastfeeding rates or preterm growth. Our findings support the protective role of DM
against NEC, particularly in non-extreme VPI, a group less frequently included in clinical guidelines
and research studies on the use of DM.

Keywords: preterm infant; human milk; donor human milk; formula feeding; breastfeeding;
necrotizing enterocolitis; growth

1. Introduction

The benefits of breastmilk for both mother and infant are well established [1,2]. Breast milk should
be the first choice for feeding premature and low-birth weight newborns. Necrotizing enterocolitis
(NEC) and late-onset sepsis (LOS) are infectious- inflammatory diseases of premature infants with a
high rate of mortality, even today [3,4]. Breast milk has been shown to act as a preventative factor [5,6]
and it is postulated that this is through several non-nutritional factors, such as immunoglobulins,
growth factors and substances with antioxidant capacity [7,8]. Some of these compounds play a role in
modulation of the immune system and in the pathophysiology of these and other diseases [7–11].

Establishing and maintaining an appropriate milk supply after preterm birth comes with its
own challenges, including maternal illness, the need for artificial expression and stress surrounding
separation from and worry about the well-being of the child [12]. International scientific societies
recommend donor milk (DM) as the first alternative when the available quantity of own mother’s
milk (OMM) is not enough to cover the nutritional requirements of the premature infant [13].
It is unclear whether the advantages of pasteurized human milk can be similar to those of OMM.

Nutrients 2019, 11, 1895; doi:10.3390/nu11081895 www.mdpi.com/journal/nutrients187



Nutrients 2019, 11, 1895

Pasteurization does not alter caloric or macronutrient content, but there is controversy about how
it does affect other biologically active components, such as IgA, lysozyme, lactoferrin, lymphocytes,
lipase, alkaline phosphatase, cytokines (like IL10), growth factors and antioxidant capacity [8,14–16].
Several studies have shown a protective effect of DM against NEC [6,17] and an improvement in
feeding tolerance [7,18] when comparing with formula feeding, and systematic reviews of published
data find a decreased incidence of bronchopulmonary dysplasia (BPD) [19] and LOS [6]. Some even
suggest better neurodevelopmental and cardiovascular outcomes with the use of DM [20,21].

Although growth of premature infants fed DM (especially if unfortified) might be slower when
compared to formula-fed counterparts, no long-term nutritional compromise has been described [7].
Another concern that arose with the use of milk banks was that donor milk could threaten the
motivation of the staff to provide support or the commitment of mothers to provide milk for their
infants, but this does not seem to be the case [22].

The aim of this study was to compare the incidence of clinical complications (NEC and LOS) in
very preterm infants (VPI) (≤32 weeks gestational age at birth) before and after the introduction of DM
instead of artificial formula to supplement OMM when necessary. Rates of growth and breastfeeding
in both groups were examined as secondary outcomes.

2. Materials and Methods

2.1. Study Design

Single center, observational retrospective cohort study of VPI admitted to a level III intensive care
unit. The cohorts were defined by the use of premature artificial formula (Group 1) or donor milk
(Group 2) for enteral feeding in the absence of enough OMM. Sample size was calculated to detect
a reduction in the incidence of a composite outcome of NEC or LOS to a third (based on literature
reports) of the basal figure of about 25% in our population of VPI. The estimated sample size was
82 patients per group for a confidence level of 95% with an 80% statistical power.

All subjects gave their informed consent for inclusion before they participated in the study.
The study was conducted in accordance with the Declaration of Helsinki, and the protocol was
approved by the local Ethics Committee (Fundació Sant Joan de Déu Ethics Committee; PIC-20-16).

2.2. Patients

Babies born at or before 32 completed weeks of gestational age were considered eligible. Inclusion
criteria: Admission before 24 h of life and survival for longer than a week. Exclusion criteria: Major
congenital malformations, chromosomal, genetic or metabolic abnormalities or the absence of clinical
records. Group 1 comprised the 2 years before (2009–2010) and group 2 the 2 years after (2012–2013)
the introduction of DM in our unit. The year of overlap (2011) was considered as an implementation
period and not taken into consideration for the analysis. Clinical and growth variables as well as
nutritional supplies were extracted from clinical charts.

2.3. Clinical Protocols

Nutritional management of VPI in our unit follows local written guidelines in accordance to
international recommendations. In short and as previously described [23], parenteral nutrition (PN)
is started immediately after birth through a central line for the provision of 2.5 g/kg of protein
and 62 kcal/kg, with stepwise increases reaching 3.5–4 g/kg of protein and 100 kcal/kg depending
on metabolic tolerance and progression of enteral feeding. Enteral nutrition is started as soon as
possible depending on clinical condition of the patient. Own mother’s milk is the first option. The
difference between groups 1 and 2 was the supplementation with a preterm formula (Alprem®, Nestlé,
Switzerland) or DM respectively, when the volume of enteral feeding prescribed was higher than the
mother´s milk supply. Donor milk is maintained if needed until one month of age if the baby is born
under 28 weeks or 1000 g and during the first 3–7 days in newborns 28–32 weeks that are over 1 kg.
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All human milk was fortified (Enfamil® Human Milk Fortifier Powder, Mead Johnson, Chicago, IL,
USA) from an intake of 80–100 mL/kg/day.

There were no other changes in clinical protocols for any other areas of care in the unit during the
study period.

2.4. Study Variables

Nutrition and growth: Volumes of enteral and parenteral nutrition administered were extracted
from clinical charts. Macronutrients were calculated assuming standard compositions of preterm and
term milk [24] or from manufacturer´s information and considering the PN prescription. Nutritional
supply was recorded daily for the first 14 days of life and again at 28 days and at 36 weeks postmenstrual
age (PMA). Information on start of enteral feeding, achievement of full enteral nutrition and rates of
OMM at 7, 14, 28 days of life, at full enteral nutrition and at discharge was also registered.

Weight was evaluated at admission, day 14 and day 28 of life and at 36 weeks PMA. We also
collected data on minimum weight, days to maximum initial weight loss and days to regain birth
weight. Length and head circumference (HC) data were available at birth and discharge. To allow
for comparisons at different gestational ages, measurements of anthropometric parameters were
transformed into z-scores for gestational age using local intrauterine growth standards [25,26].

Clinical variables: The main complications of prematurity were studied as clinical outcomes.
A baby was considered to have NEC if fulfilling criteria compatible with Bell´s stage 2 or higher [27].
Late-onset sepsis was defined as the presence of a positive culture of blood or a sterile fluid on or after
the fourth day of life. Intraventricular hemorrhage was graded according to Papile et cols [28]. Patent
ductus arteriosus (PDA) was diagnosed as the presence of clinical signs (heart murmur, hyperdynamic
precordial impulse, full pulses, widened pulse pressure, and/or worsening of the respiratory status)
with a ductal right-to-left shunt in the echocardiography. Bronchopulmonary dysplasia was defined
as need for oxygen for more than 28 days. Retinopathy of prematurity (ROP) was staged according
to the International Committee for classification of ROP [29] and considered as severe if requiring
laser therapy.

2.5. Statistical Analysis

All data were analyzed with the SPSS® (Statistical Package for Social Sciences, IBM, Chicago,
IL, USA) software, v17. Qualitative variables were expressed as frequencies or percentages and
quantitative variables as means and standard deviations. Comparisons between Groups 1 and 2 were
performed by chi-square and student t tests as appropriate. Differences were considered significant if
p-values were <0.05. Logistic regression models were used to analyze the risk of NEC in Groups 1 and
2 while adjusting for relevant covariates.

A secondary analysis for the groups ≤28 weeks and >28 weeks was performed on the basis of a
higher risk of developing NEC among the extremely premature babies and because, as stated before,
the protocol for administration of donor milk in our unit was different in the under and over 28 weeks
groups (longer duration in the former).

3. Results

3.1. Description of the Sample

A total of 256 VPI were admitted to our unit during their first 24 h of life in the study period.
Of them, 23 had exclusion criteria, leaving a total of 227 for analysis, 99 in Group 1 (before availability
of DM) and 128 in Group 2 (after availability of DM) (Figure 1). Basal characteristics of the sample are
summarized in Table 1. There were no differences between groups regarding gestational age, gender,
multiparity, cesarean section, percentage of children with intrauterine growth restriction or severity
of illness on admission as assessed by CRIB (Clinical Ric Index for Babies) score. Birth weight was
slightly lower in Group 2, with no differences in z score (Table 1).
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Figure 1. Flowchart of study participation.

3.2. Enteral Nutrition Was Started Earlier after Availability of DM

The start of enteral nutrition happened about half a day earlier in Group 2 (2.6 ± 1.1 vs.
2.1 ± 1.0 days, p = 0.001) and the percentage of fasted babies was lower on days of life 1 and 2 in Group
2. This did not impact age or milk volume at full enteral nutrition, days on parenteral nutrition or milk
volumes fed during the 1st and 2nd weeks of life or at day 28 (Figure 2). There was a trend for a higher
percentage of patients receiving only human milk on days 14 and 28 of life after the introduction of
DM (65.2% vs. 76.9%, p = 0.066 and 62.9% vs. 75.2%, p = 0.065 respectively). This was significant
for babies ≤ 28 weeks on day 14 (75.0% vs. 100.0%, p = 0.004). Nutrition during the second week
of life and thereafter was homogenous between groups. During the first week we found small but
significant differences in parenteral nutrition. Total fluid volume was higher in Group 1 (104.6 ± 11.0
vs. 96.3 ± 15.2, p < 0.001) and intravenous lipids (1.6 ± 0.7 vs. 1.9 ± 0.6, p = 0.014) were higher in Group
2. Total calories (78.4 ± 8.8 vs. 81.0 ± 9.1, p = 0.035) and protein (2.9 ± 0.4 vs. 3.0 ± 0.4, p = 0.096) were
higher in Group 2.
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Figure 2. Summary of nutritional characteristics of very preterm infants (VPI) in G1 (white) and G2
(grey). * p < 0.05; ** p < 0.001; n.s.: non-significant (p-value > 0.05). G1: Group 1, G2: Group 2, D: Day
of life, PN: Parenteral nutrition.

3.3. Breastfeeding Rates Did Not Change with the Introduction of Donor Milk

The percentage of children receiving their OMM was the same in both groups (Table 2). We have
a rate of exclusive breastfeeding at discharge of 56.8% (60.6% in ≤28 weeks and 53.9% in >28 weeks).

3.4. Rates of Early Growth Were Better in Group 2

The percentage of weight loss immediately after birth was smaller in Group 2, due to differences
in patients ≤28 weeks at birth (Table 2). There were no differences in age at minimum weight or days
to recover birthweight. Fall in weight z-scores at 28 day of life (dol) was smaller in Group 2 than in
Group 1, while no changes were seen at 36 weeks of PMA or discharge. In a multivariate analysis
by linear regression, the group in which the patient was born was one of the determinants for fall
in weight z-score at 28 dol after adjustment for confounders (Table S1). There were no differences
between sexes in the growth and nutritional outcomes analyzed (data not shown).

3.5. The Incidence of Necrotizing Enterocolitis Decreased after the Introduction of DM

We found no differences between groups regarding ventilatory support, incidence of BPD, severe
retinopathy or intraventricular hemorrhage. The rate of LOS was similar between groups and the same
was true for duration of antibiotic treatment, days of central line and parenteral nutrition (Table 3).
The incidence of NEC was slightly lower in Group 2 (9.1% vs. 3.4%, p = 0.055), especially in the group
with a gestational age between 28 and 32 weeks at birth (5.4 vs. 0.0%, p = 0.044). Mortality was similar
in both groups (4.0% vs. 5.5%, p = 0.619), but a history of NEC tended to be more frequent among very
preterm babies that died in Group 1 (75.0% vs. 14.3%, p = 0.088). Surgical NEC was more frequent in
G1 (5/99, 5.0% vs. 1/128, 0.8%), but this was not statistically significant (p = 0.308). An analysis of the
risk of NEC in both groups including possible confounders showed that the odds of suffering NEC
was 4 times higher before the introduction of DM (Table S2). There were no differences between boys
and girls (data not shown).
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4. Discussion

Enteral feeding with DM when own mother’s milk is not available or is not enough has been
associated with reduced mortality and a decrease in morbidity of VPI [6,18,19]. However, there is a
concern about nutritional requirements of VPI fed with DM because artificial formula results in higher
rates of weight gain and linear growth due to its greater amounts of nutrients. Preterm formulas
are energy-enriched and variably protein and mineral-enriched when compared to mature human
milk, and the nutrient content of donor milk may be further compromised by pasteurization [30].
Nevertheless, the role of an exclusive human milk diet is well recognized in the prevention of NEC and
other severe complications like invasive infections. In a recent publication, this effect has been related
to the presence of antioxidants in breast milk, and these could be impaired by DM processing [11].

Nowadays it remains unclear if DM has the same advantages as OMM and may have some
disadvantages related to growth with respect to artificial formula. Our aim was to compare short-term
outcomes of VPI admitted in our unit before and after the availability of DM, while also taking into
account feeding and growth indicators.

Since the introduction of DM, there has been a reduction in both the percentage of VPI that
are fasted in their first two days of life and in the age at initiation of enteral feeding, in line with
other reports in the literature (16 h in Castellano Yañez et al., 12 h in our data) [31]. The results
of an international survey published in 2012 [32] showed that when DM was available, the start of
feedings was earlier and faster, maybe reflecting a better gastrointestinal tolerance to human milk
when compared to artificial premature formula [18,30]. Despite this, we did not see a shortening in
time on parenteral nutrition or at full enteral feedings. Our findings are similar to the data reported by
Corpeleijn in 2016 [33] and might explain why, unlike others [6,34], we did not see a decrease in the
incidence of LOS, which is consistent with other series [22,33,35].

There has been some degree of controversy regarding the impact of availability of DM on the
rates of availability of own mother’s milk, with either stability or increase being reported. In our
unit, the introduction of banked milk did not change the percentage of exclusive breastfeeding at
discharge, and this is in line with the observation in a slightly more mature population of preterms [31]
as well as with the conclusion of a systematic review [36], which found no differences in exclusive
administration of OMM on the first 28 days of life or at discharge. An Italian survey published in
2013 [13] describes that units where DM is available show higher rates of exclusive breastfeeding at
discharge, although this might reflect baseline differences in the attitude towards human milk feeding.
A multicentric Californian database analysis [37] observed an increase of about 10% in the rates of
exclusive breastfeeding at discharge in infants under 1500 g admitted to Neonatal Intensive Care Units
of mixed complexity after the introduction of DM; nevertheless, this increase was also seen in the same
period of time among units that had no access to banked milk.

Milk produced by mothers that deliver preterm is richer in lipids, protein and calories [38] and
is better suited for the needs of their infants regarding growth and neurodevelopment [39]. Even so,
it is common practice in neonatal units to apply the same fortification protocol for OMM and DM,
which is mainly supplied by mothers of term babies. This could be one of the reasons behind reported
differences in growth in preterm babies fed OMM, DM and preterm formula [7,40]. A systematic
review and metaanalysis [30], including 11 randomized controlled trials and 1809 patients concluded
that preterms fed formula had faster rates of growth (weight, length and HC) when compared to the
ones fed DM, whether exclusively or as a supplement of OMM. Interestingly, there were no differences
in long term growth or neurodevelopment [30].

In our study, sequential weight, length and HC and their z-scores are similar between groups,
contrary to previous reports [7,30,31,40]. What is more, the fall in weight z score at day 28 of life
significantly decreased from group 1 to 2, although the difference was small (IC 95%: −1.18 ± 0.41 vs.
−0.96 ± 0.66, p = 0.003) and disappeared by discharge time. Due to known differences in nutritional
content between preterm and banked milk, this must be explained by other factors. Sisk et al. [41]
also found preserved growth rates at discharge, but their classification of groups by predominant milk

195



Nutrients 2019, 11, 1895

meant that babies in the DM group could be receiving up to 49% of their OMM. In our case, a detailed
analysis exposes a slight but significant difference in early parenteral provision of nutrients, which has
been shown to have an impact in growth during the first month [23].

Previous evidence points to a reduction of about 4% in the incidence and severity of NEC in VPI
fed human milk [17,32,42], and this has been summarized recently [43]. It seems that the bigger the
volume and the longer the duration of human milk feeding, the more impact in the occurrence of
NEC [6]. Since the introduction of DM in our unit, we see a tendency to a decrease in the incidence of
NEC, which is most prominent in babies born after 28 weeks of gestation, maybe because they are the
ones that receive the most artificial formula (in the whole sample, 16.1% of babies born ≤ 28 weeks
received some volume of formula on day 28 of life vs. 37.8% of those born at > 28 weeks, p = 0.002;
this was 7.9% vs. 33.3%, respectively, in Group 2, p = 0.003). Mortality was similar before and after
DM in our population as well as others [6,30], but we saw a history of NEC was more frequent in
those who died in Group 1 when compared with Group 2. Surgical NEC was also less frequent in G2,
although this was not statistically significant. The conclusion of a metanalysis on the impact of DM
on the risk of surgical NEC was in line with this result [44]. Interestingly, if we add our numbers to
the ones reported (although the metanalysis did not include observational studies), the incidence of
surgical NEC would decrease from 5.2% in the group receiving formula to 1.8% in the group receiving
DM, with a p-value of 0.002.

A recent metaanalysis [19] also describes a decrease in the incidence of BPD in DM fed versus
formula fed preterm babies. Other multicentric studies [42] also found a decrease in days on mechanical
ventilation or oxygen. Duration of invasive ventilation in extreme preterms (≤28 w) seemed shorter in
Group 2, but the study was not powered to draw a conclusion. In any case, due to the before-after
design of our study, this could merely reflect a global tendency to earlier extubation in neonatal care.

The presence of differences between sexes in the incidence of neonatal complications [45] and
in growth responses to varied exposures [46] have been recently highlighted in the literature. As we
mentioned, further analysis of our cohort showed that the same general conclusions apply to both sexes
as well as to the whole population. When sex was introduced in the multivariate analysis, the final
model did not vary and the contributing factors to NEC were gestational age, period of availability of
donor milk and being SGA.

In this study, we contribute relevant information on morbidity, growth and breastfeeding outcomes
of DM use in a third level neonatal unit. The single-center design should contribute to homogeneity
on other aspects of care between groups. Although there is an increasing amount of literature about
benefits of human milk when compared to artificial formulas, there is a high degree of variability in
the methodology applied. There are differences in time windows analyzed (for example 10 days of life
in Corpeleijn et al. [33]), the type of formula in the comparison group (4 standard term formula and 7
preterm formula in the 11 RCTs included in the 2018 Cochrane systematic review and metaanalysis [30])
or type of fortifier (human milk based vs. cow milk based [30]). Each center also has different criteria
for the initiation, advancement and duration of DM feeding [47]. Our patients received DM under a
pre-specified protocol, and we also include a detailed analysis of other growth and nutritional variables
(like parenteral supply), which lacks in many other reports.

A remarkable finding of our study is that patients in the range from 28 to 32 weeks benefit more
than those under 28 when using DM in terms of NEC-reduction under the conditions of our study.
Most protocols of DM supplementation apply to patients born under 28 weeks GA. Even in our
guidelines, patients under 28 are candidates for DM use for a longer period than those between 28 and
32 weeks. This makes us consider if this group (28–32 weeks GA) might be more sensitive to certain
strategies for NEC prevention, including maybe, the use of DM, and if the results could improve
with providing it for a longer time. Also, we did not find any differences in growth at discharge or
in breastfeeding rates, which are two of the most reported undesired effects of using DM instead of
formula for supplementation of OMM in the Neonatal Intensive Care Unit (NICU).
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One of the limitations of our study is the available sample size. Also, the retrospective design
does not allow for conclusions in causality. The pre- and post-period design rather than the analysis of
actual intakes better reflects the impact of DM availability in a neonatal unit. Nevertheless, it should
be taken into account that we have a moderately high rate of breastfeeding, so that more than half of
the sample in both periods was receiving exclusively their OMM throughout admission, which might
make it difficult to uncover any further differences between DM and formula. Another limitation is
that the cause of preterm birth was not considered for the analysis. A higher risk of NEC has been
described in some preterm subpopulations, like premature babies born after a period of intrauterine
growth restriction (IUGR) [48] and they could benefit even more from the use of DM. Our study was
not powered enough to detect differences in the effect of donor milk between different premature
populations, which might be an area granting future attention.

5. Conclusions

Since the introduction of donor milk in our unit we have seen a reduction in NEC, particularly in
the VPI between 28 and 32 weeks. We did not find significant differences in the incidence of other
complications of prematurity or in rates of growth or breastfeeding.

Ours results support the evidence that donor milk feeding is safe and beneficial, not only for the
most extreme premature babies, and that it can be implemented without impairment in nutritional
outcomes while maintaining rates of breastfeeding.
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Abstract: Background: Mother’s own milk (MOM) improves in-hospital outcomes for preterm infants.
If unavailable, donor milk (DM) is often substituted. It is unclear if DM vs. formula to supplement
MOM is associated with improved in-hospital outcomes in term/late preterm surgical infants with
gastroschisis or intestinal atresia. Methods: This retrospective study included infants born ≥33 weeks
gestational age (GA) with a birth weight of >1500 g who were admitted to a quaternary neonatal
intensive care unit (NICU). Using Chi square and Mann-Whitney u testing, we compared hospital
outcomes (length of stay, parenteral nutrition and central line days) before and after a clinical practice
change to offer DM instead of formula in this surgical population. Results: Baseline characteristics
were similar between eras for the 140 infants (median GA 37 weeks). Fewer infants in DM era were
receiving formula at discharge (50.0% vs. 31.4%, p = 0.03). In sub-analyses including only small
bowel atresia and gastroschisis infants, the median length of stay (35 vs. 25, p < 0.01) and the central
line days (28 vs. 20, p < 0.01) were lower in the DM era. Conclusion: In this retrospective study,
offering DM instead of formula was associated with less formula feeding at discharge, and in infants
with gastroschisis or small bowel atresia, shorter length of stay and central line days.

Keywords: human milk; donor milk; neonatal; gastroschisis; intestinal atresia

1. Introduction

Infants born with congenital malformations of the gastrointestinal (GI) tract, specifically those
with gastroschisis or intestinal atresia, require surgical intervention early in life. Their abnormal
GI tract necessitates prolonged parenteral nutritional (PN) [1,2] support prior to and after surgery,
which puts these infants at risk of morbidities such as central line-associated sepsis and PN-induced
cholestasis. In addition, once enteral feedings are initiated these infants commonly experience feeding
intolerance and secondary morbidities such as necrotizing enterocolitis (NEC) [1,3] because of bowel
exposure to inflammatory amniotic fluid and/or distension during fetal life [3]. All of these challenges,
combined with the fact that these infants are often born late preterm [2], result in prolonged courses of
PN and long hospital length of stays (LOS). Human milk (HM), which is most often mother’s own
milk (MOM), reduces the incidence of NEC in high-risk populations such as infants with preterm
birth or gastroschisis [4–6]. Additionally, HM has been reported to shorten LOS, PN time and time to
full enteral feeds in congenital GI malformations requiring surgery (gastroschisis, atresia) [7,8]. HM
also reduces PN time and PN-associated liver disease in infants with short bowel syndrome [9,10] or
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intestinal failure, which may be a consequence of congenital GI malformations. Infants with congenital
GI malformations are nothing by mouth (NPO, nil per os), are separated from their mothers after birth,
and are often late preterm, requiring their mothers to initiate lactation exclusively with a breast pump,
resulting in lactation challenges, risks of poor MOM supply [11–15] and lower rates of breastfeeding.
If a supplement to MOM is required, the current standard of care in the term/late preterm population
is the use of formula.

In other high-risk populations, namely very preterm (<32 weeks gestation) infants, pasteurized
donor human milk (DM) is now commonly used if exclusive MOM is unavailable. Pasteurization
and multiple freeze thaw cycles result in a product quite different than MOM in a myriad of ways,
from bioactive to nutritional properties [16], but in the preterm population DM use avoids the risks
of formula, specifically NEC [17]. Since DM is an expensive and limited resource, most Neonatal
Intensive Care Units (NICUs) limit DM provision to very preterm infants, excluding most infants
with congenital GI malformations. There are no trials of its efficacy in infants with congenital GI
malformations, although it has been suggested that DM could have benefit in this population based on
extrapolation from the preterm infant literature [12].

In 2013, the Hospital for Sick Children (HSC), in conjunction with the Rogers Hixon Ontario
Human Milk Bank, changed its practice from only supplying DM to very preterm infants to also offer
DM in-hospital to infants with congenital GI malformations in the first month post-surgery if MOM
supply was inadequate. Given the limited literature, we sought to determine whether the use of DM
for infants with congenital GI malformations who would not otherwise qualify for DM was associated
with improved outcomes after this practice change. Primary outcomes included days of PN and central
venous line (CL) as well as LOS. Secondary outcomes included comparing the use of MOM in both
eras as a balancing measure, as offering DM could affect MOM provision [16]; comparing growth in
both eras, as DM in the preterm population has been variably associated with poor growth [16,18]; and
to compare risks of NEC (medical or surgical), culture positive sepsis and death in the pre-DM and
DM eras.

2. Materials/Subjects and Methods

This was a retrospective single center study that included neonates admitted to an urban,
quaternary outborn neonatal intensive care unit (NICU) in Toronto, Canada (the Hospital for Sick
Children) prior to any surgical intervention who held a diagnosis of gastroschisis or congenital
intestinal atresia.

2.1. Sample

Eligible infants had a birthweight (BW) >1500 g and/or gestational age (GA) at birth ≥33 weeks
with a diagnosis of gastroschisis and/or congenital lower intestinal atresia (duodenal, jejunal, or ileal
atresia or colonic/rectal atresia without a fistula). Included infants in this convenience sample were
born between 1 July 2011 and 31 December 2012 (pre-DM era) and between 1 January 2014 and 31 May
2015 (DM era) to encompass approximately equal eras surrounding a practice change to use DM
in late preterm or term surgical infants in early 2013. 2013 was excluded as a “wash-out” year to
ensure complete separation between groups given long LOS and to allow for clinical uptake of the
practice change. Of note, feeding initiation and advancement guidelines were slightly modified at our
institution in early 2011 (prior to the study) and did not change for the duration of the study. Term and
late preterm infants with congenital GI malformations would typically receive unfortified MOM or
term formula; DM had protein powder added to approximate typical MOM protein levels. Infants
would only receive bovine-based HM fortifiers for clinical concerns of poor growth once full enteral
feeding tolerance was achieved. Infants were excluded if their initial admission to the NICU occurred
after surgical intervention (i.e., transferred from another tertiary institution for second opinion or
continued care). Other congenital gastrointestinal surgical conditions such as omphalocele, esophageal
atresia, and anorectal malformation with fistula were not included unless co-existing with an included
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condition (such as both duodenal atresia and omphalocele). Lactation consultation and support was
available to all mothers, as was a hospital grade double electric pumps for use in-hospital or to borrow
without cost for home use. DM was offered after the practice change with parental consent when
MOM supply was inadequate for the first post-operative month or until nearing discharge, whichever
occurred sooner, with gradual weaning to formula occurring over a 48 h period.

2.2. Design and Measures

This study was approved by the institutional Research Ethics Board at the Hospital for Sick
Children, and given its retrospective nature, was exempted from consent. Data were extracted from
the electronic medical records for both eras after relevant medical record numbers were pulled from
an internal NICU electronic database based on the study inclusion criteria of diagnosis, birthweight,
gestational age and date of birth. Relevant electronic medical records were then hand searched to obtain
and confirm each subject’s relevant surgical primary (and secondary, if applicable) diagnosis, birth
GA (completed weeks), sex, and birth anthropometrics (BW in grams, length and head circumference
in cm). Outcomes collected included corrected GA at discharge, discharge anthropometrics (weight,
length and head circumference), total days on PN, total days with a CL (peripherally inserted and/or
surgically placed central catheter and/or umbilical venous catheter) during hospital stay (intermittent
days summed if not continuous), hospital length of stay (LOS; days) and the dichotomous outcomes of
any use of MOM, any use of DM and any use of formula during hospital stay and when this occurred
(≤30 days of life vs. >30 days of life), MOM use in the 48 h prior to hospital discharge, death before
discharge, NEC (if yes, medical or surgical) and culture positive blood steam infection. Data were
de-identified upon chart extraction.

2.3. Data Analysis

Study data were collected and managed using REDCap electronic data capture tools [19] hosted
at the Hospital for Sick Children and were analyzed using SPSS version 26 (IBM, Armonk, NY, USA).
Descriptive statistics were used to summarize sample characteristics, and after testing for normalcy,
pre-DM and DM infants were compared using t-testing, Mann-Whitney u testing or chi-square. Large
diagnostic groups (i.e., gastroschisis and atresia) were studied as a whole as well as separately to assess
for different signals, specifically focusing on small bowel atresias, which commonly exhibit prenatal
bowel distension unlike large bowel atresias [2,15] and gastroschisis, in which the bowel may also
exhibit distension in addition to being subjected to irritating amniotic fluid in the latter case. If an
infant had both gastroschisis and intestinal atresia, gastroschisis was considered the primary diagnosis
and dictated diagnostic grouping.

3. Results

Characteristics of the Sample

Infants (n = 167) were initially identified in an electronic search using the inclusion criteria.
After manually extracting all data from the electronic record, 27 were excluded due to a diagnosis
of colonic/rectal atresia with a fistula, as these infants may not require neonatal surgery, leaving 140
infants for analysis. Characteristics of the sample separated by era (Table 1) are reported for the whole
sample, the sample excluding large bowel atresia (i.e., including small bowel atresia and gastroschisis),
and including only gastroschisis. As a whole, infants in the two eras did not differ by BW, GA, or sex.
The mean (SD) birth GA fell into the late preterm/early term range [20,21]. The type of congenital
gastrointestinal conditions differed between the eras, with the DM era having more infants with small
bowel atresia and fewer with large bowel atresia.
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Table 1. Characteristics of the sample.

Median (IQR) or n (%) Pre-DM Era DM Era
p Value, Mann
Whitney u Test
or Chi-Square

Whole Sample n = 70 n = 70

Birthweight (grams) 2790 (2388, 3310) 2810 (2423, 3161) 0.83
Birth length (cm) 47.5 (44.0, 50.0) n = 45 47.0 (45.0, 50.0) n = 65 0.87
Birth HC (cm) 32.8 (31.4, 33.5) 33.0 (32.0, 34.0) n = 69 0.43
Birth GA (weeks) 37 (36, 38) 37 (36, 38) 0.80
Male sex 44 (62.9%) 40 (57.1%) 0.49
Multiple GI malformations (i.e., gastroschisis + atresia) 5 (7%) 7 (10%) 0.36
Gastroschisis 25 (35.7%) 19 (27.1%)

0.01 *Small bowel atresia (duodenal, jejunal, ileal) 22 (31.4%) 39 (55.7%)
Rectal/colonic atresia without fistula 23 (32.9%) 12 (17.1%)

Excluding Large Bowel (Rectal/Colonic) Atresia n = 47 n = 58

Birthweight (grams) 2690 (2300, 3070) 2715 (2423, 3159) 0.45
Birth length (cm) 46.8 (44.0, 50.0) n = 30 47.0 (45.0, 50.0) n = 53 0.36
Birth HC (cm) 32.5 (31.0, 33.0) 33.0 (32.0, 34.0) n = 57 0.13
Birth GA (weeks) 36.3 (35.0, 38.0) 37.0 (36.0, 38.0) 0.07
Male sex 27 (57.4%) 32 (55.2%) 0.82
Gastroschisis 25 (53.2%) 19 (32.8%)

0.04 *Small bowel atresia 22 (46.8%) 39 (67.2%)

Only Gastroschisis n = 25 n = 19

Birthweight (grams) 2480 (2205, 2918) 2640 (2430, 3080) 0.15
Birth length (cm) 45.0 (42.9, 48.8) n = 16 45.0 (43.0, 49.0) 0.94
Birth HC (cm) 32.0 (31.0, 33.0) 33.0 (32.0, 34.0) 0.03 *
Birth GA (weeks) 36.0 (35.0, 37.0) 37.0 (36.0, 37.0) 0.02 *
Male sex 15 (60.0%) 10 (52.6%) 0.63

IQR: intraquartile range; DM: donor milk; HC: head circumference; GA: gestational age in completed weeks;
GI: gastrointestinal. * p < 0.05.

Table 2 delineates the type of enteral feedings received during hospitalization. Feeding categories
were non-exclusive, with many infants receiving multiple types of feeds (MOM, DM, or formula)
during their hospitalization. As DM was weaned prior to discharge to the planned at-home feeding
regimen, no infants received DM in the 48 h prior to discharge. In the first 30 days, for the whole
cohort, infants received similar amounts of HM overall, with percentage of MOM in the pre-DM era
exactly equal to MOM + DM in the DM era. DM use was relatively infrequent in the DM era (5.7%
in the DM group), with a vast majority of infants receiving MOM (88.6% in the DM group) in the
first 30 days in both eras. Formula use in the DM era was still common, likely reflecting infants with
short length of stay who were supplemented with formula instead of DM (which is not available after
discharge) when planning for prompt discharge.

It was noted that fewer infants received formula in the 48 h prior to discharge in the DM era,
a drop of nearly 20% for the cohort as a whole (p = 0.03), suggesting that the aforementioned use
of formula in the first 30 days was only intermittent as a supplement or a bridge to MOM, not to
replace MOM.

In-hospital outcomes (Table 3) did not differ between eras for the group as a whole. When large
bowel atresias were excluded, hospital LOS and CL days were 10 and 8 days shorter, respectively,
in the DM era. Although not reaching statistical significance (p = 0.10), infants in the DM era were
discharged at 1.2 weeks younger corrected GA (41.1 vs. 42.3 weeks). When the infants at highest risk
of feeding intolerance (gastroschisis) were analyzed separately, statistical significance was lost, likely
due to low numbers (total n of 44.) Trends remained, however, with LOS 15 days shorter (p = 0.10) and
central line days 11 days shorter (p = 0.07) in the DM era. NEC was rare overall (4 in pre-DM and 2 in
DM era) and did not differ between eras in any analysis.
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Table 2. Enteral feeding during hospitalization.

n (%) Pre-DM Era DM Era p Value, Chi-Square

Whole Sample n = 70 n = 70

Received during the first 30 days of life

MOM 66 (94.3%) 62 (88.6%) 0.23
DM 0 4 (5.7%) 0.04 *

Formula 37 (52.9%) 34 (48.6%) 0.61

Received in the 48 h prior to discharge

MOM 50 (71.4%) 56 (80.0%) 0.24

Formula 35 (50.0%) 22 (31.4%) 0.03 *

Excluding Large Bowel (Rectal/Colonic) Atresia n = 47 n = 58

Received during the first 30 days of life

MOM 45 (95.7%) 51 (87.9%) 0.16
DM 0 4 (6.9%) 0.07

Formula 22 (46.8%) 28 (48.2%) 0.88

Received in the 48 h prior to discharge

MOM 32 (68.1%) 47 (81.0%) 0.13
Formula 24 (51.1%) 19 (32.8%) 0.06

Only Gastroschisis n = 25 n = 19

Received during the first 30 days of life

MOM 25 (100%) 15 (78.9%) 0.02 *
DM 0 1 (5.3%) 0.25

Formula 14 (56.0%) 13 (68.4%) 0.40

Received in the 48 h prior to discharge

MOM 15 (60.0%) 14 (73.7%) 0.34
Formula 15 (60.0%) 10 (52.6%) 0.63

DM: donor milk; MOM: mother’s own milk. * p < 0.05.

Table 3. Outcomes.

Median (IQR) or n (%) Pre-DM Era DM Era
p Value, Mann

Whitney—u Test or
Chi-Square

Whole Sample n = 70 n = 70

Hospital LOS (days) 28.0 (17.8, 54.3) 25.0 (16.75, 45.0) 0.26
PN days 11.0 (6.0, 23.0) 14.0 (8.0, 24.3) 0.38
Central line days 21.0 (6.0, 44.5) 18.0 (10.8, 29.3) 0.34
NEC 4 (1 medical, 3 surgical) (5.7%) 2 (surgical) (2.9%) 0.40
Culture positive bloodstream infection 6 (11.4%) 8 (8.6%) 0.57
Death prior to discharge 1 (1.4%) 1 (1.4%) 1.00
Discharge weight (grams) 3169 (2734, 3532) 3056 (2625, 3560) n = 69 0.31
Discharge HC (cm) 33.5 (32.6, 34.9) n = 52 33.3 (32.5, 34.7) n = 36 0.57
Discharge CGA (weeks) 41.1 (40.1, 44.7) 41.1 (39.6, 44.2) 0.29

Excluding Large Bowel (Rectal/Colonic) Atresia n = 47 n = 58

Hospital LOS (days) 35.0 (22.0, 76.0) 25.0 (18.0, 43.5) 0.01 *
PN days 14.5 (8.8, 26.8) 14.5 (9.0, 24.3) 0.82
Central line days 28.0 (15.0, 71.0) 20.0 (12.5, 29.3) 0.01 *
NEC 4 (1 medical, 3 surgical) (8.5%) 2 (both surgical) (3.4%) 0.27
Culture positive bloodstream infection 8 (17%) 4 (6.9%) 0.11
Death prior to discharge 0 1 (1.7%) 0.37
Discharge weight (grams) 3135 (2705, 3670) 3125 (2668, 3680) 0.54
Discharge HC (cm) 33.8 (32.2, 34.6) n = 34 34.0 (32.5, 35.0) n = 27 0.77
Discharge GA (weeks) 42.3 (40.1, 47.9) 41.1 (39.6, 44.6) 0.10

Only gastroschisis n = 25 n = 19

Hospital LOS (days) 44.0 (34.5, 77.0) 29.0 (26.0, 52.0) 0.10
PN days 15.0 (10.0, 29.0) 21.0 (12.0, 34.0) 0.64
Central line days 36.0 (26.0, 73.5) 25.0 (21.0, 45.0) 0.07
NEC 3 (1 medical, 2 surgical) (12.0%) 1 surgical (5.3%) 0.44
Culture positive bloodstream infection 4 (16%) 1 (5.3%) 0.27
Death prior to discharge 0 0
Discharge weight (grams) 3100 (2698, 3625) 2810 (2625, 3865) 0.74
Discharge HC (cm) 33.0 (32.0, 34.5) n = 18 33.3 (32.5, 35.0) n = 8 0.34
Discharge CGA (weeks) 43.0 (40.3, 50.0) 41.3 (40.6, 44.9) 0.33

IQR: intraquartile range; DM: donor milk; LOS: length of stay; PN: parenteral nutrition; NEC: necrotizing enterocolitis;
HC: head circumference; CGA: corrected gestational age. * p < 0.05.
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4. Discussion

This retrospective study suggests that there is a potential benefit in offering post-operative DM to
reduce the LOS and central line days in a subset of the late preterm/term congenital GI malformation
population with gastroschisis and small bowel atresias Although not reaching statistical significance,
infants in the DM era were discharged at 1.2 weeks younger corrected GA, a clinically significant value
not likely explained by the birth GA that was only a few days older in the DM era (p = 0.07, 37 vs.
36.3 weeks). No obvious benefit was seen when infants with colonic/rectal atresias were included.
The results are scientifically plausible—dysmotility and feeding intolerance frequently feature in these
“high-risk” diagnoses (small bowel atresias and gastroschisis), in which the bowel may experience
prolonged periods of distension and/or amniotic fluid exposure prenatally [3]. In contrast, infants with
large bowel atresias typically present with distension post-natally and often have rapid return of bowel
function after receiving a diverting colostomy [15], reflected in the cohort’s longer LOS when infants
with large bowel atresias were removed from the analyses (Table 3).

It is unclear for the small bowel atresia and gastroschisis infants if the DM itself is beneficial, as
the number receiving DM was small, or if it was the lower rates of formula feeding with accompanying
higher rates of MOM feeding around the time of discharge that might have facilitated a decreased
LOS, or a combination of the two. Although studies are limited, previous authors have found that
offering DM can be associated with higher rates of MOM provision [22,23]. In a retrospective study
of 163 infants, Shinnick et al. reported that an exclusively HM diet in a neonatal surgical population
consisting mostly of infants with gastroschisis and intestinal atresia was associated with decreased
LOS, PN days, and days to full enteral feeds; a mixed diet consisting of partial HM/partial formula did
not show similar benefits [7]. The authors report that “very few” of the infants received DM in this
cohort, whose mean GA fell into the late preterm range and included infants >1250 g, but no further
information was reported. Gulack et al. reported in a retrospective study that the use of HM, defined
as MOM or DM, vs. formula resulted in shorter hospital LOS in infants with gastroschisis, but data
was not available to differentiate between MOM vs. DM. Given the study time frame of 1997–2012,
when DM use was less common even in preterm populations, it is likely that the majority of this HM
was MOM, not DM [24]. Kohler et al. reported shorter time to full feeds with exclusive HM vs. mixed
diet or exclusive formula in a retrospective gastroschisis study in a similar time frame to Gulack; DM
use was not reported [6].

In keeping with our findings of lower rates of formula feeding at NICU discharge in the DM era,
previous studies have linked HM, but not DM specifically, to improved outcomes in the gastroschisis
and small bowel atresia population [5–8]. Growth factors such as epidermal growth factor in HM
may promote small bowel epithelial growth [25] and gut barrier protection [16]; HM fed infants
demonstrate decreased intestinal permeability, which can protect against pathogens in a fragile
gut [26]. The milk microbiome can also modulate epithelial cells and promotes a healthy gut microbial
environment [16], and bioactive components such as lactoferrin, immunoglobulins and oligosaccharides
have anti-inflammatory and prebiotic properties that could promote improved feeding tolerance.
Although these components and others are postulated to mediate the myriad of benefits of HM
and specifically MOM in the neonatal population, DM has an altered composition. Many, but not
all, growth factors and bioactive components are reduced while all living cells are eradicated with
pasteurization and processing [27], which likely explains why DM has not been shown to improve
morbidities like sepsis in the same way that MOM does [25]. The benefits associated with the DM era in
our study could simply be due to less exposure to formula, which can increase intestinal permeability
and inflammation. This formula avoidance is postulated to partially explain the reduction in NEC in
preterm infants with DM use [16,28], and could also explain the findings of Kohler et al. and Shinnick
et al., who reported that exclusive HM diets had better outcomes than even infants fed a majority HM,
but some formula, in the congenital GI malformation population [5–7]. However, the dose of MOM
vs. DM may be important given the aforementioned differences, and researchers should not combine
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MOM and DM together as “HM” [16]. It is important to study differences in DM outcomes according
to the dose of MOM fed.

The strengths of our study were the utilization of a high volume single center with consistent
feeding protocols between eras in a relatively short time frame. Access to records that differentiated
between MOM and DM was a particular strength of our study that addresses a common limitation
of previous research in this area. This is the first study we are aware of specifically assessing DM
to supplement MOM in the congenital GI malformation surgical population. Limitations include a
retrospective study with a relatively small n, although in keeping with other cohorts given diagnostic
rarity [6,7]. The low NEC rates in both eras limited our ability to detect any differences with DM.
Although there were no other significant practice changes implemented in our NICU between the two
eras, it is possible that other confounding factors may have been responsible for the differences seen
between the eras. Finally, our data included the type of feed, but not the proportion of each type of
feed, so we were unable to determine doses of MOM or DM versus formula or exclusivity of MOM.

Our study provides the first evidence of potential benefit of offering post-operative DM when
MOM is limited in supply in the congenital GI malformation population, specifically for infants
with gastroschisis and small bowel atresia. More studies of DM in this population are warranted,
and could include additional congenital GI conditions with motility challenges such as omphalocele
and Hirschprung’s disease. Although DM is a costly product, it has been shown to be cost effective
in the very preterm population based on reductions in NEC [29]. In addition, if offering DM is
associated with increased rates of MOM feeding, then this practice could have significant short and
long-term secondary benefits. A randomized controlled trial of DM vs. formula to supplement
inadequate MOM in this population would provide further evidence and may help address important
questions such as how long to continue DM post-operatively, when to introduce formula if needed,
and the cost-effectiveness of DM. Finally, centers with low baseline rates of MOM feedings may
see larger outcome differences with the use of DM compared to our cohort, in which MOM use is
relatively prevalent.

5. Conclusions

In conclusion, a practice change to offer DM was associated with shorter LOS and central line
days in a late preterm and term population with gastroschisis and small bowel atresia, providing the
first evidence for the potential use of a limited resource in this high-risk surgical population when
MOM volumes are insufficient. More studies are needed to confirm our findings at other centers as
well as to delineate the duration of DM therapy and its cost effectiveness.
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BW birth weight
DM donor human milk
GA gestational age
LOS length of stay
MOM mother’s own milk
NEC necrotizing enterocolitis
PN parenteral nutrition
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Abstract: In the critical care of preterm infants, feeding is complex and potentially harmful to an
immature gastrointestinal system. Parents have expressed the desire to be fully informed about
what is being fed to their child, as this places them in the best position to nurture their child’s
health. In the parent-engaged setting of the Necrotizing Enterocolitis Symposium, NICU parents
expressed concern and confusion about how cow’s milk product and donor human milk product
both carry the label “Human Milk Fortifier” (HMF). Accordingly, two online surveys were developed
to characterize how the label HMF is used and interpreted in the NICU by parents and providers.
Of 774 United States participants, only 21.9% of providers reported consistently describing the
source of HMF to parents, and only 20.6% of parents whose child received an HMF product report
knowing the source. Parents expressed that they were “not given information” regarding HMF, while
both parents and healthcare providers expressed that “the label (HMF) is misleading”. This study
documents the ambiguity around the label HMF as well as the need for more specific language and
clearer communication.

Keywords: necrotizing enterocolitis; human milk fortifier; patient empowerment; breast milk;
neonatal nutrition; prematurity; communication; product labeling; donor milk; NICU parent

1. Introduction

For new parents, feeding their baby is one of the most primal and meaningful experiences of their
lives. When a baby is born prematurely or with a medical condition requiring intensive care, this basic
responsibility is taken from new parents and entrusted to professionals. Parents are forced to quickly
adapt to parenting in the intensive care setting, where many of their original plans are derailed and
they are met with a new and often unexpected reality.

In the critical care of preterm infants, feeding is complex and potentially harmful to an immature
gastrointestinal system. Parents are informed of many neonatal intensive care unit (NICU) nutrition
and feeding practices, some of which actively rely on maternal production of milk for the infant.
For example, parents commonly receive education regarding the lifesaving potential of mother’s own
milk and pasteurized human donor milk for preterm and medically fragile infants, which can help
protect against necrotizing enterocolitis (NEC), sepsis, and death [1–3]. Strategies to optimize the
production of mother’s own milk, as well as the rationale for parental consent if pasteurized donor
milk is necessary, are often prioritized in parental education.

Human milk alone typically cannot meet the nutritional needs of infants born before 34 weeks’
postmenstrual age (PMA) [4,5]. Accordingly, most NICUs in the United States provide these infants
with a Human Milk Fortifier (HMF) that aims to increase the nutritional and caloric density of a
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mother’s own milk or pasteurized human donor milk. There are two main types of HMF available
for use in NICUs based in the United States: one is derived from cow’s milk and the other is derived
from pasteurized donor human milk. The term, HMF, does not reflect which type of fortifier is being
used. During the NEC Symposium at the University of Michigan (2–5 June 2019, Ann Arbor, MI,
USA), the patient-family advocates in attendance described the label HMF as ambiguous, vague,
and misleading. These patient-family advocates, whose babies received intensive care, expressed that
they felt uninformed when they learned that their babies’ breast milk was being fortified with an
HMF product that they misunderstood. These comments led to the development of this survey study
examining parental and healthcare provider perceptions of HMF, as well as their understanding of the
constituents and purpose of HMF.

2. Materials and Methods

2.1. Survey Development

This study was reviewed by the Yale University Institutional Regulatory Board (IRB) (New Haven,
CT, USA) and was determined to be exempt from IRB approval. Two online surveys were developed
for (1) parents and (2) providers in order to characterize how the label “Human Milk Fortifier”
(Supplementary Materials) is used and interpreted in the NICU, as well as to establish potential
alternative label choices. Each survey contained an introductory paragraph that described the purpose,
the eligibility criteria, and how participation in the survey was voluntary. The respondent’s completion
of the survey served as documentation of consent to participate in the study.

The survey questions included both multiple choice and open-ended text fields, which were
developed by parents whose children have been affected by NEC, in partnership with neonatologists
affiliated with the NEC Society (www.necsociety.org). The survey questions stemmed from the lived
experience of parents in the NICU. NICU parents selected 19 adjectives from a list of some of the
most common human feelings which could be used to describe potential emotions associated with
various infant feeding types. Prior to dissemination, both surveys were distributed to an expert panel
of parents and scientists from the NEC Society for face validity and question optimization.

The first survey was developed for NICU parents > 18 years old from the United States.
These questions were adapted to address parents whose infant(s) received care in an NICU, including
those parents whose infant(s) have been affected by NEC or have died. Optional demographic
information included parent age, education level, and race/ethnicity categories.

The second survey was directed to healthcare providers in the NICU, including nurses, physicians,
nurse practitioners, physician assistants, lactation consultants, dietitians, and other members of
the clinical care team in the NICU. Providers had the option to include years of experience and
race/ethnicity categories.

2.2. Survey Distribution

The two surveys were created and distributed through the online-based survey platform Qualtrics©
(Seattle, Washington, USA). Links to the survey were disseminated via the NEC Society’s listserv, social
media pages, and blog. The NICU Parent Network also circulated links to the survey on their listserv
and social media pages. The provider survey was emailed to contacts at 11 United States level III/IV
academic NICU centers who were requested to distribute the survey to all NICU clinical staff. The
surveys were available to respondents from 15 August 2019, through to 23 September 2019.

2.3. Analysis

These surveys were exploratory and, therefore, no sample size calculations were performed.
Survey data was compiled into summary statistics including the proportion of respondents providing
each answer. Test answers were coded for themes using Dedoose Version 7.0.23, web application for
managing, analyzing, and presenting qualitative and mixed method research data (2016). Los Angeles,
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California, USA: SocioCultural Research Consultants, LLC. Relative risk (RR) with 95% confidence
intervals (CI) were calculated by Chi-squared analysis.

3. Results

3.1. Parent Survey

3.1.1. Demographics

The parent survey had 395 respondents in the United States. Demographics are presented in
Table 1. The parent respondents who opted to answer the demographic questions were primarily
white, college-educated, 30–39 years of age, with a child born between 2011 and 2019 who received
NICU care.

Table 1. Parent demographics.

Parent Cohort % (n)

Age (years): N = 345

Under 18 0.5% (2)
18–29 20% (68)
30–39 57% (195)
40–50 21% (74)

50 Years or above 1.5% (6)

Race/Ethnicity: N = 358

White 85% (305)

Hispanic or Latino 7% (24)

Black 3% (11)

Asian/Asian Indian 3% (12)

Other 2% (6)

Formal Education: N = 344

High School Degree 20% (69)

College Graduate 45% (156)

Post-Graduate Degree 30% (101)

Other 5% (18)

Year Child was Born: N = 395

2010 and Below 14% (54)

2011–2013 16% (62)
2014–2016 25% (101)
2017–2019 45% (177)

Child Gestational Age at Birth: N = 395

22–24 weeks 17% (65)
25–28 weeks 35% (137)
29–33 weeks 29% (115)
34–36 weeks 12% (49)
37–42 weeks 7% (29)

3.1.2. Feeding Type

Among the 395 parent respondents, 90.6% reported that their child received their mother’s own
milk in the NICU, 71.1% reported that their child received HMF, and 44.5% remember being told that
human milk helps to reduce the risk of NEC.
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Regarding formula feeding, 48.6% of parents reported that their child received formula in the
NICU, and of those 192 parent respondents, 68% reported that they were asked to give consent prior to
their child receiving formula.

3.1.3. Necrotizing Enterocolitis

In this survey, 49.9% of parent respondents reported that their child was diagnosed with NEC in
the NICU. Of these, 30.5% had a child who died, with 96.7% of these cases due to NEC or complications
related to NEC.

3.1.4. Adjectives Describing Mother’s Own Milk or Fortification

Parents were asked to choose up to five adjectives in response to the questions “How did you feel
about your baby receiving mother’s milk?” and “Reflecting back to your time in the NICU with your
baby, how did you feel about fortification then?” The percentage of parent respondents who chose
each adjective for each question is shown in Figure 1.

 

Figure 1. The percentage of respondents choosing each listed adjective in response to the questions
“How did you feel about your baby receiving mother’s milk?” and “Reflecting back to your time in the
NICU with your baby, how did you feel about fortification then?”.
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3.2. Provider Survey

Demographics

The provider survey had 379 respondents in the United States. Provider demographics are
provided in Table 2. Provider respondents were primarily white nurses and physicians who have
provided NICU care for over 10 years.

Table 2. Provider demographics.

Provider Cohort

N = 379

% (n)

Position:

Nurse 52% (196)
Physician 28% (108)

Neonatal Nurse Practitioner 8% (29)
Registered Dietitian 6% (21)

Fellow/Resident 4% (15)
Physician Assistant 1% (5)

Lactation Consultant 1% (5)

Length of Providing NICU Care:

More Than 20 Years 27% (101)
10–19 years 31% (117)

5–9 years 25% (96)
1–4 years 15% (58)

Less Than a Year 2% (7)

Race/Ethnicity:

White 80% (305)
Asian/Asian Indian 8.5% (32)
Hispanic or Latino 5% (18)

Black 3% (11)
Other 3.5% (13)

3.3. Human Milk Fortifier Information and Labeling

Of the 281 parent respondents who answered that their child received HMF, 60.1% reported that
they were told about HMF prior to their child receiving it and 82.6% of those parents reported being
told why their child was receiving HMF. However, only 20.6% report knowing the source of their
child’s HMF. Reflecting back to their time in the NICU, only 8.8% of parent respondents interpreted
the product as potentially meaning a cow’s milk-based product. In fact, many parents (n = 48%) did
not know that HMF could be derived from cow’s milk or pasteurized human donor milk until they
participated in this survey study: provider report of communication with parents regarding HMF.

Of the 379 provider respondents, 21.9% answered that they consistently inform parents as to
whether their child’s HMF is cow’s milk- or human milk-based, 23.3% answered that they sometimes
inform parents, and 54.8% stated that they do not inform parents of this information.

Parent and provider responses as to what the term “HMF” means to them are shown in Table 3,
and recommendations to improve clarity are provided in Table 4. Regarding fortifiers derived from
cow’s milk, 73% of parent respondents and 54% of provider respondents thought that bovine fortifiers
should include the label “Cow’s Milk” to improve clarity.
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Table 3. Parent and provider responses regarding the term “human milk fortifier”.

%(n) Choosing the
Response *

Parent Survey:“In the
NICU, What Did

HMF Mean to You?”

Parent Survey:“Today,
What Words Describe

HMF?”

%(n) Choosing the
Response *

Provider Survey:“What
Does the Label HMF

Mean to You?”

Cow’s milk-based
product

10% (35) 22% (75) Cow’s milk-based
product

52% (194)

Human
milk-based

product
21% (71) 49% (171) Human milk-based

product
35% (133)

Vitamins and
minerals

27% (93) 19% (67) Concentrated formula 12% (45)

Additional calorie
source

64% (221) 44% (151) Supplement in addition
to human milk

39% (146)

Not sure 13% (44) 14% (48) Additive to human
milk

83% (313)

Other 7% (24) 4% (13) Other 2% (8)

* Able to choose more than one response.

Table 4. Parent and provider recommendations for the best way to describe Human Milk Fortifier (HMF).

Response Parent (n = 344) Provider (n = 377)

For cow’s milk-based fortifier

Cow’s milk-based fortifier 73% (251) 54% (203)
Concentrated formula 20% (70) 8% (31)
Human milk fortifier 4% (13) 27% (100)

Other* 3% (10) 11% (43)

For human milk-based fortifier

Human milk-based fortifier 53% (183) 59% (224)
Donor milk fortifier 24% (83) 19% (70)
Human milk fortifier 20% (67) 17% (66)

Other* 3% (10) 5% (19)

* Other suggestions for “cow’s milk-based fortifier” from parents included “bovine milk fortifier”, “non-human
milk fortifier”, and “fortifier”. Other suggestions for “cow’s milk-based fortifier” from providers included “cow’s
milk-based human milk fortifier”, “nutrient-enriched fortifier for human milk”, “fortifier that contains broken-down
cow’s milk proteins as well as many other nutrients”, “bovine-based”, “cow’s milk-based fortifier for human
milk”, “bovine-derived fortifier”, “formula-based fortifier”, “cow’s milk-derived fortifier”, “dairy-based fortifier”,
“supplement for growth”, “milk fortifier”, “an additive to your breast milk that comes from cow’s milk”, “cow’s
milk-based human milk fortifier”, “fortifier for your milk that is cow’s milk-based”, “fortifier to human milk
containing hydrolyzed cow’s milk protein”, and “fortifier”. Other suggestions for “human milk-based fortifier”
from parents included “donor breast milk”, “donor milk-based fortifier”, “breast milk-based fortifier”, and “human
donor milk fortifier”. Other suggestions for “human milk-based fortifier” from providers included “donor human
milk-based fortifier”, “donor human milk-based fortifier for human milk”, “purchase-pooled human milk-based
fortifier”, “human milk-derived fortifier”, “human milk-based human milk fortifier”, “human milk-derived fortifier”,
“concentrated human milk”, “donor milk-based fortifier”, “human milk-derived human milk fortifier”, “an additive
to your breast milk that comes from donated human milk”, and “fortifier for your milk that is made from pasteurized
donor human milk”.

In an analysis of provider characteristics and their relationship with providing parental information
regarding fortifier sources, providers with greater experience (at least 10 years) were not significantly
more likely to inform parents when compared to providers with less experience (RR 1.01, 95% CI
0.86–1.18). However, when comparing provider role in the NICU, nurses were less likely to inform
parents about the source of HMF compared to other providers (RR 1.63, 95% CI 1.35–1.96).

Qualitative Survey Data

Throughout the open-ended text field in the parent survey, phrases including “the label is
misleading” and “it should be clear” were mentioned in the context of HMF labeling. The most
common theme expressed by parents was that they were “not given information”, with 21 parent
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respondents providing open-ended text that included this theme. Excerpts from parent comments that
best represent these themes include:

“I wish I would have been told that the fortifier was cow’s-milk based. The name is way too confusing.”

“It should be very clear whether the fortifier is derived from cow’s-milk formula or breast milk. A label
with “human milk” should only mean it’s FROM humans.”

“While in the NICU with my baby, I had to ask what HMF stood for and I only really understood
what it was once we were home and I could see the bottle and read the ingredient label.”

“Until today, I had no understanding of what “fortifier” meant when nurses used that term. It’s
disappointing how uninformed parents are in the NICU during such a vulnerable time.”

The theme of “the label is misleading” was mentioned by providers in the open-ended text field,
as shown by the following example:

“The labeling of our cow’s milk-based fortifiers is misleading because it still has the label “human milk.”

4. Discussion

To our knowledge, this is the first study to formally document how the label HMF is used and
interpreted by parents and providers in the NICU. In this survey study, we found that while most
parents (n = 82.6%) were told why their child was receiving HMF, few parents (n = 20.6%) reported
knowing the source of their child’s HMF. Reflecting back to their time in the NICU, only 8.8% of parent
respondents interpreted the product as potentially meaning a cow’s milk-based product. In fact, until
they participated in this survey study, many parents (n = 48%) did not know that HMF could be derived
from cow’s milk or pasteurized human donor milk. Only 21.9% of providers reported consistently
describing the source of HMF to parents. The lack of a transfer of information from provider to parent
was also evident in the qualitative open-ended text responses, where parents expressed a feeling of
being misinformed and needing clarity, with the most common theme being “not informed”.

Most providers acknowledged that HMF can be derived from cow’s milk or human milk, and
yet provider awareness did not translate into parental knowledge in this study. While nurses were
significantly less likely to inform parents of the derivation of their child’s HMF, the study results
cannot determine the basis for this lack of transfer of information. This study raises the possibility that
providers have this information but do not find it pertinent to share it with parents. It is also possible
that some providers may find it challenging to clearly articulate the differences between fortifiers to
parents, or perhaps they do not characterize their professional role as having to inform parents of this
type of information. Nevertheless, parents rely on the bedside team as a vital source of information.
Clearly, there are a plethora of issues for NICU providers to determine if, how, and when to share
with NICU parents. Providers may fear that sharing more information with parents will only further
overwhelm them. On the contrary, NICU parents are empowered when information is presented with
empathy as early as possible [6]. Gadepalli and colleagues found that informed parents are more
satisfied with care, even when their infant’s outcome is poor, because it allows them to better engage
and contribute as a member of their child’s care team. Indeed, there are opportunities for education
and further research focused on communication between NICU providers and parents, which go
beyond the labeling of HMF products.

Given that both NICU parents and providers find the label HMF to be ambiguous and misleading,
there is an urgent need for an alternative, more precise product name. This study demonstrates that
the label HMF thwarts an NICU parent’s ability to be fully informed and a provider’s ability to deliver
clear information to families. Accordingly, it is vital for providers to not only fully understand the
products that they are prescribing to their patients, but also to have the capacity to clearly articulate to
NICU parents the basic components and purpose of the products they are prescribing.
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Clarity in labeling is not only a priority for parents and providers, but also for the U.S. Food
and Drug Administration. Under Section 403 (a) (1) of the Federal Food, Drug, and Cosmetic Act
(FD&C Act) (21 U.S.C. 343 (a) (1)), food labeling, including that concerning infant formula and human
milk fortifiers, must be truthful and not misleading. This guidance specifically addresses function
claims such as the benefit of the formula/fortifier, but significant emphasis is placed on removing any
“misleading” information. The results of this study support the argument that the current label HMF
is misleading.

Gooding and colleagues emphasized the importance of open and honest communication between
parents and providers in the NICU as it fosters family-centered care (FCC). FCC takes a holistic
approach to optimizing infant outcomes by actively engaging the parents. In FCC, providers recognize
their role is to care for patients in the context of their family and community. Accordingly, providers
engage parents in decision-making and serve as a mentor as parents learn how to care for their
medically fragile infant. Importantly, FCC can help to improve parental mental health, increase
parent–infant bonding, decrease the NICU length of stay, and improve developmental outcomes [7].
Given the gravity of clear communication between NICU parents and providers, a more transparent
product label for HMF should be of high priority.

Communication between parents and providers may potentially affect how an NICU parent
engages in their child’s care. Pineda et al. stressed that when NICU parents tune in and provide hands-on
care for their baby, they actually help to optimize their infant’s brain development and long-term
outcomes. Nurturing interactions between the parent and infant in the NICU may also strengthen
parent–child attachment, which can further support a child’s long-term healthy development [8].
When providers support parents in understanding what is being fed to their child, they may help
to foster the parents’ engagement and active participation. NICU parents who are empowered with
information may be better able to contribute and engage in a meaningful way. Parents seek to know
precisely what is being fed to their baby, which can help them serve as informed and engaged members
of their child’s care team. Yet, the label HMF is imprecise.

This study has multiple limitations that warrant mention. Convenience sampling was used, as a
random sample of NICU parents and providers was not available. Since the NEC Society developed
the surveys, it is not surprising that 49.9% of parent respondents had a child that was affected by NEC.
Additionally, the self-selected parents and providers who participated may bias the sample towards
individuals who have stronger perspectives about the label HMF. Parents and providers may also have
recall bias due to the retrospective nature of the study. Furthermore, parents and providers of diverse
backgrounds were underrepresented.

5. Conclusions

This study demonstrates the need to clarify the term and concept of HMF” to parents and
specify the source of the product. It may b/e beneficial to explore formal label changes to these
commercial products.

Supplementary Materials: The Human Milk Fortifier (HMF) label survey questions for parents as well as for
providers are available as supplementary materials online at http://www.mdpi.com/2072-6643/12/3/720/s1.
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