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Abstract

Premature births are increasing worldwide (about 15 millions per year) due to several reasons (an advanced maternal age,
fertility treatments, stress, smoking, nutritional deficiencies) and lead to a high societal overall cost. Among neonatal care
procedures, the clinical nutrition practices are essential to promote the development and to minimize the sequelae. Prema-
ture newborns are at major risk of death by infections due to the immaturity of their intestine. Human milk provides not only
nutrients but also a plethora of biologically active components that are tailored to contribute to the development of the intes-
tinal tract early in postnatal life. Among them, some bioactive molecules exhibit trophic effects (LC-PUFA, sphingomyelin,
IGF-I and IGF-II, EGF, insulin, leptin, adiponectin, lactoferrin, lactadherin, probiotics, prebiotics, miRNA) or are part of
the intestinal cell membranes (PUFA, LC-PUFA, phospholipids, sphingolipids, cholesterol), others educate the intestine for
innate microbial recognition (sCD14, sTLR-2, miRNA), many of them display direct fighting against pathogens (some fatty
acids and monoglycerides, some phospholipids and sphingolipids, BSSL, insulin, lactoferrin, sigAs, MUC-1, lactadherin,
probiotics, prebiotics), or contribute to establish the gut microbiota (LC-PUFA, lactoferrin, probiotics, prebiotics). A syn-
ergetic action exists between several bioactive molecules. All together these precious agents regulate the maturation of the
intestinal mucosal barrier, and might program early in postnatal life the future adult intestinal health. This review lists the

main bioactive compounds and addresses their plausible roles and mechanisms of action.
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enterocolitis, enteral nutrition, immunological programming.

INTRODUCTION

According to a recent study, approximately 15 millions
births worldwide were premature in 2010 (birth between
22-<37 weeks of gestation as defined by WHO) repre-
senting about 11% of total births, of which about 5% con-
cerned extremely preterm births (<28 weeks), 10.5% very
preterm newborns (28-<32 weeks), and 84.5% moderate
or late preterm (32-<37 weeks) (27). An advanced mater-
nal age, fertility treatments, stress, smoking, and some nu-
tritional deficiencies such as in n-3 polyunsaturated fatty
acids (especially docosahexaenoic acid, DHA) are some of
the main causes involved (78,105,164,196). Prematurity is
one of the main causes of neonatal mortality and morbid-
ity, and the overall societal cost is assumed to be at least
50,000 dollars per year per infant born preterm in USA
(27,108,126). The early postnatal life is characterised by
wide immaturity of biological functions whose stages of
maturation depend on the time of in-utero development.
Even for a term birth, and so much more in newborns born
prematurely, the intestinal tract is functionally immature
and non immunocompetent. The development of the intes-
tine is of primary importance as it is involved in digestion/
absorption steps essential for growth, in hosting the gut
microbiota for terrestrial survival, and in developing ap-
propriate host immune response to infection in early life.

Just after birth, the gate-keeper function of the intestinal
epithelium depends on the quick implementation of differ-
ent events such as intestinal epithelial cells proliferation
and maturation with well-developed tight junction for gut

closure (decrease of permeability of the intestinal epithe-
lium), maturation of Peyer’s patches (especially induc-
tion of T cells and dendritic cells) as well as acquirement
of Toll-Like Receptors tolerance (TLR 4 and TLR2, for
pathogens recognition) both for operational innate immu-
nity (33,144,234). The time needed to set-up the gut clo-
sure and the different processes involved in the protection
against pathogens should be short enough for preventing
dramatic complications such as septic shock and necrotiz-
ing enterocolitis (NEC), a form of intestinal inflammation
associated with high mortality, with severe tissue injuries,
in premature newborns. This will also impact on pro-
gramming a future good health of the intestine, but also
of other organs, given that dysregulation in these early
events, through several bacterial infections, may lead to
profound pathophysiological effects such as myocardial
dysfunction, acute respiratory failure, and renal failure
(29,91). All these phenomena highly depend on the feed-
ing type of the premature infants. Indeed, human milk-fed
premature neonates, with continous or bolus feeding, have
a more rapid maturation of the intestinal epithelium dur-
ing the first month of life leading to a quicker gut closure
as measured by urinary lactulose/mannitol ratio (45,218).
Furthermore, the onset of sepsis and infection as well as
of NEC is more reduced in preterm infants fed human
milk than preterm infants fed formulas (32,97,146, 207).
Therefore, in accordance to the European Society for Pae-
diatric Gastroenterology, Hepatology, and Nutrition (ES-
PGHAN), the World Health Organization (WHO) and the
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American Academy of Pediatrics (13), fresh own mother’s
milk is the first choice in preterm infant feeding meaning
that strong efforts should be made to promote lactation.
When own mother’s milk is not available, donor’s human
milk from established milk-banks following specific safety
guidelines is the recommended alternative, the last option
being the use of preterm formula.

Because survival and subsequent quality of life in pre-
mature infants are largely related to an adequate early
nutrition, some specific procedures have been set-up in
neonatal intensive care units. Parenteral nutrition is mostly
used to provide nutrients immediately after birth but to-
tal parenteral nutrition is clearly highly associated with
sepsis (37,223). On the other hand, an early full enteral
nutrition is not possible because of intestinal digestive im-
maturity (37,52). A practice of minimal enteral feedings
(20 ml milk/kg body weight) instituted at the very first
days of life was reported to reduce the incidence of NEC
(20). Furthermore, meta-analyses showed that in parenter-
ally-fed infants, the initiation of minimal enteral feedings
by 5 days of age was beneficial for regaining weight, for
reaching full enteral feedings more rapidly and for hospital
discharge (73). In the light of all these data, the nutrition
support protocol, generally applied in neonatal units for
very premature infants, is the use of parenteral nutrition in
parallel to a digestive stimulating phase (or trophic phase)
started as soon as possible within the first 5 days of life,
with small volumes of human milk from own mother or
from milk-bank; the starting volumes are of 10-20 ml/kg/d
with an increase of 10-20 ml/kg/d until reaching 60-100
ml/kg/d, then an increase of 20 ml/kg/d until reaching the
target enteral volume and the stop of parenteral nutrition
(86,96,206). This target enteral feeding volume in a “sta-
ble” preterm infant varies from 140-160 ml/kg/d to 161-
180 ml/kg/d depending on the country (20,86,124). The
milk volume of minimal enteral feeding at start and the
further increases of volume as well as the administration
schedule (continous feeding of bolus each 2-4 hours) will
be defined in accordance with the digestive tolerance and
the weight of the premature newborn (96).

In order to give the best chances to premature newborns
to develop optimally and to become healthy adults, it is
important to understand what are the major bioactive com-
pounds provided by human milk, as well as their minimal
effective amounts to better target the intestinal health. The
delivery of the right amounts of these bioactive compounds
will pursue the programmation, installed by the amniotic
fluid within the intrauterine life (234). As milk composi-
tion (within a mother and between mothers) is varying a
lot, this knowledge can be useful in specific milk fortifiers
design, in most appropriate donor’s milk selection, and in
fully well-adapted preterm formulas development. For this
purpose, this review focuses on the bioactive components
of human milk that can promote intestinal development
and health, and addresses their underlying mechanisms of
action.

LIPID-BASED BIOACTIVE COMPOUNDS

Fatty acids

Total lipid content is between 2.0 and 4.2 g per 100 ml
in human colostrum, then increases in transitional milk up
to 2.5 and 6.0%, and varies from 1.2 to 5.7% in mature
milk (87). About 95-99% of total lipids are triglycerides

that contain medium chain fatty acids (C8 to C12), long
chain fatty acid (C14 to C18) and very long chain fatty
acids (C20 to C22) at very variable levels among mothers
and depending on whether it is colostrum, transitional or
mature milk (87,170,224) (Table 1). Saturated fatty acids
account for 36 to 48% of total fatty acids, monounsatu-
rated for 36 to 45%, and polyunsaturated (PUFA) for 12
to 22%. Among these PUFA, human milk is an important
source of essential fatty acids i.e. linoleic acid (C18:2 n-6,
LA) and a-linolenic acid (C18:3 n-3, ALA), that are pre-
cursors of the n-6 and n-3 long chain (LC)-PUFA families,
respectively. Human milk is also one of the rare milk of
mammals capable of providing indispensable LC-PUFA
for the newborn general development, i.e. arachidonic
acid (C20:4 n-6, AA) and docosahexaenoic acid (C22:6
n-3, DHA). This has led to the statement of nutritional rec-
ommendations for PUFA fatty acid composition in infant
formulas in some countries. Updated recommendations
especially for preterm newborns in Europe compared to
USA are listed in Table 2 (2,8,123).

Fatty acids can act on newborn intestinal health in many
different ways. Firstly, some of the fatty acids (caprylic
C8:0, lauric C12:0, myristic C14:0, oleic C18:1 n-9, li-
noleic C18:2 n-6) released from the triglycerides as free
fatty acids or as sn-2 monoglycerides during the digestion
steps, gastric then duodenal, are known to exert anti-mi-
crobial activity and to protect the digestive tract against
infections (100,106,116,121). These observations were
made mainly through in vitro studies with purified lipids
(100,121) or with human milk or infant formula digest-
ed by lipases (100,106), or through ex-vivo studies (hu-
man milk collected from the stomach of tube-fed babies)
(100,116). The degree of protection against infection by
these lipids depends on their chain length, their level of
unsaturation, the isomers form (cis active, trans inactive),
and their levels generated during digestion (100). Human
milk lipids are more highly digested than lipids from for-
mula in premature newborns especially in the stomach (9)
suggesting a greater protection from enteral pathogens in
premature newborns receiving human milk. But it is possi-
ble to increase the antimicrobial properties of infant formu-
las by adding free fatty acids and sn-2 monoglycerides, es-
pecially with chain length varying from 8 to 12 carbons as
shown in vitro (117). The two main mechanisms of action
involved are 1) the potent detergent effect of these products
of lipolysis with considerable lytic activity against envel-
oped viruses, bacteria and protozoa resulting in the disrup-
tion of the lipid bilayer of their plasma membrane and in
the inactivation of the micro-organisms (100,116), ii) the
inhibition, in a dose-dependent manner, of the replication
of the virus within the host cell, by disturbing the assembly
of viral components and maturation, and of the release of
infectious virus due to a decreased insertion of viral G and
M proteins into the plasma membrane (109). Secondly,
PUFA (LA and ALA) play a key role in the intestine be-
ing precursors of LC-PUFA that are themselves important
constituents of cell membrane phospholipid for optimal
fluidity and functioning. For instance, an early deficiency
in n-6 and n-3 PUFA was shown to lead to a dramatic drop
in LC-PUFA in cell membrane phospholipids altering in-
testinal cells differentiation in post-weanling rats (4). LC-
PUFA are involved also in the production of mediators of
the inflammatory process for host defense such as eicosa-
noids (prostaglandins, prostacyclins, thromboxanes, leu-
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Table 2. Updated recommendations for enteral LC-PUFA in preterm infants by Committees in Nutrition

Fatty acids LA ALA LA/ALA AA DHA AA/DHA EPA References
ANSES 2011* ®)
% total fatty acids 6-7 1-1.5 4-6 0.5 0.32 1.5 <DHA
% total energy 2.7 0.45 0.2 0.14
mg/100 Kcal 300 50 22-23 15-16
ESPGHAN 2010 2)
% total fatty acids 6.4-25 0.9 5-15 0.3-0.7 0.2-0.5 1-2 <30% of DHA
% total energy 3.2-12.6 >0.45 0.15-0.35 0.1-0.24
mg/100 Kcal 350-1400 >50 16-39 11-27
mg/kg/d 385-1540 >55 18-42 12-30
LSRO 2005 (123)
% total fatty acids 8-25 1.75-4 6-16 - - - -
mg/kg/d 420-1700  90-270 - - - -
* For a milk or substitute providing 70 kcal and 3.4 g lipids for 100 ml final; “-”: no recommendation (citation: “However, LSRO did not

find sufficient evidence to support a required minimum concentration of DHA, AA and EPA”). Values for LA/ALA and AA/DHA are ratios.
ANSES, Agence Nationale de Sécurité Sanitaire de 1’ Alimentation, de I’environnement et du travail (French Agency of Food Safety); ES-
PGHAN, European Society for Pediatric Gastroenterology Hepatology and Nutrition; LSRO, Life Sciences Research Office for the U.S. Food

and Drug Administration (FDA).

kotrienes, lipoxins- from AA, di-homo-gamma-linolenic
acid (DGLA), and EPA) or docosanoids (resolvins and the
docosatrienes namelly maresins and protectins- from EPA,
n-3 DPA (docosapentaenoic acid) and DHA) (157,210,211)
(Figure 1). Among these lipid mediators some play a dual-
acting anti-inflammatory and pro-resolving role in all mu-
cosal tissues, including the gastrointestinal tract, such as
lipoxins (LXA,, LXB, from AA), resolvins (RvE1-3 from
EPA, RvD1-6 from DHA, RvD1,2,5 from n-3 DPA),
protectins (PD1 from DHA, PD1,2 . . from n-3 DPA),
and maresins (MaR1 from DHA, MaR1-3 _ . from n-3
DPA) (56,211). However, even if the enzymes (desaturas-
es and elongases) necessary to biosynthesize LC-PUFA,
especially AA and DHA from dietary LA and ALA, re-
spectively, are available in newborn (42,230), the require-
ment in these two LC-PUFA for optimal development is
so important, and even more in premature newborn, that
it cannot be fully covered if preformed AA and DHA are
not provided directly (optimal ratio AA/DHA between 1/1-
1.3/1). In addition, due to a strong competition between
LA and ALA for elongation and desaturation, a balanced
LC-PUFA biosynthesis of both families is only possible
for a dietary LA/ALA ratio of 2/1-4/1 (26). This ratio is
often much higher in human milk due to low levels of ALA
(less than 0.9-4% of total fatty acids compared to recom-
mendations for enteral formula) (87,170) (Table 1), that
will lead to a biosynthesis in favour of LC-PUFA n-6 to
the detriment of LC-PUFA n-3. A balance between LC-
PUFA n-6 and LC-PUFA n-3 is necessary for a good matu-
ration and functioning of intestinal cells in general, and for
modulation of immune and inflammatory responses more
specifically. Indeed, a formula containing PUFA (11.3%
LAand 1.29% ALA, as % of total fatty acids) and enriched
in n-6 and n-3 LC-PUFA (0.35% AA and 0.26% DHA, as
% of total fatty acids), compared to the formula provid-
ing only PUFA, enhanced the recovery of damaged small
intestine in neonatal piglets by promoting cell growth and
a higher maturation rate, by normalizing the lipid and fatty
acid composition of jejunum and reducing the histological
alteration (143). Furthermore, some LC-PUFA, especially
AA, EPA and DHA enhance intestinal barrier integrity

n-3 DPA

quickly (determined by transepithelial resistance) by im-
proving resistance and limitating the interleukin IL-4 me-
diated permeability as shown via in vitro studies conduct-
ed on human intestinal epithelial cell monolayers (T84)
(239). These effects are dependent on a good lipolysis rate
of triglycerides providing these LC-PUFA, and are asso-
ciated with the incorporation of these efficient LC-PUFA
into the cellular membrane phospholipids. In addition, AA
and DHA contribute to the development and the function
of the gastrointestinal mucosal immune system (especially
T cells) enhancing the ability of the premature infants to
fight against pathogens (58). Indeed, a proliferation and
maturation of memory T cells and an increase in cytokines
production by peripheral lymphocytes (especially 1L-10)
was shown at the first 42 days of life in the neonate fed
human milk or formula enriched in AA (0.6%) and DHA
(0.4%) compared to standard premature infant formula
containing no LC-PUFA (82). Furthermore, a balanced
LC-PUFA supplementation via infant formula (34 mg AA
and 23 mg DHA / 100 ml, AA/DHA of 1.5/1.0) reduced
the incidence of intestinal necrosis in a rat model of NEC,
mainly by reducing the metabolism of platelet-activating
factor (PAF) (down regulation of PAF production by de-
crease in phospholipase A2-1I synthesis, and of PAF recep-
tor synthesis) thus moderating the inflammatory responses
mediated by PAF responsible of the pathophysiology of
NEC, and leading to a decreased plasma endotoxemia (40).

The main current problem nowadays is the levels of n-3
PUFA in human milk, which leads to debates on the opti-
mal levels, especially for DHA. From the data collected
of a total of 84 studies (2974 subjects), the mean (+ SD)
of DHA level in human milk obtained after term deliv-
ery was 0.32 £ 0.22% of total fatty acids (median: 0.26%)
while average AA concentrations, 0.47 + 0.13% (median:
0.46%), ranged much less compared to DHA (34). It is
thought that milk from mothers who delivered prematurely
has higher levels of DHA and AA in order to better match
the requirements of the premature newborn, but only two
studies on six confirmed this point for colostrum and only
one of these two for mature milk (28,170). The ranges of
DHA and AA average levels in preterm mature milk were

111



C. GARCIA et al. / Human milk compounds and newborn intestinal health.

Eicosanoids & Docosanoids

PUFA n-6 family . pr Landi

boxanes PUFA n-3 family

Linoleic acid
LA, 18:2 n-6

[ Less inflammatory

y-linolenic acid I

PGI: prost:
LT: leukotrienes LX: lipoxins

Rv: resolvins PD: protectins MaR: maresins

B Pro-inflammatory EEEE Anti-inflammatory

A6-desaturase (FADS2)

yelins TX: thr

a-Linolenic acid
ALA, 18:3n-3

(Pro-resolving)

Stearidonic acid I

Docosapentaenoic acid
DPA, 22:5 n-6

GLA, 18:3n-6 SA, 18:4 n-3
———————— Elongase (ELOVLS) -==--=-—----- >
A 4 A
Dihomo y-linolenic acid Eicosatetraenoic acid
DGLA, 20:3 n-6 ETA, 20:4 n-3
l ————————- A5-desaturase (FADS1) - ------ -~ .l
1 1 1 GH,, PGD,, PGE,,PGF,, . . .
Ar:chlggrzc agld j) ::G::, T];A[:, LPTAE4, I{’T(;, C] Eicosapentaenoic acid I'_
A 4 n- LTB,, LTD,, LTE, .
: ! LXA, LXB, RVEI-3 EPA, 20:5 n-3
 ———————— Elongase (ELOVLS/2) - === === -- >
A 4 A 4
Docosatetraenoic acid . Docosapentaenoic acid
DTA, 22:4 n-6 EDL RS DPA, 22:5n-3
Elongase (ELOVL2) - === == ===~ >
24:51n-3 Retro-
_________ convertion

RvD1-6, PD1, MaR1 C]

Docosahexaenoic acid
DHA, 22:6 n-3

Figure 1. Schema of LC-PUFA biosynthesis in humans and related lipid mediators.
ELOVL: Elongation of very long chain fatty acids genes family coding for elongases; FADS: Fatty acid desaturase genes family coding for

desaturases.

reported to be 0.22-0.55% and 0.44-0.69% of total fatty ac-
ids, respectively (131). DHA level in human milk is rather
linked to the amount of DHA consumed by the mothers
(14,34,87) whereas AA level is mostly associated to the
maternal adipose tissue (storage of AA, or of LA that will
be converted to AA) (14,34), and both are dependent on
maternal polymorphisms of FADSs genes (132,169,241).
Pooled milk from donors, provided by lactarium, are often
administrated to premature neonates when own mother’s
milk is not available, and their levels of DHA can be ei-
ther similar to own mother’s milk (mean = SEM: 0.33 +
0.09 versus 0.39 £ 0.23% of total fatty acids, respectively)
(86,131) or even much lower (31) according to the donor’s
milk arbitrarily chosen (Table 3). Considering the average
level of DHA in milk (about 0.4% DHA) together with the
tolerable volumes of milk-administrated by enteral route
(10 to 160 ml/kg/d) during the first month of life (86), and
the poor to null supply of PUFA via the parenteral route,
the high needs in DHA of premature newborn (about 55 to
70 mg/kg/d) (115,131) can not be reached during the early
period of life (86,87,130). While the need for n-6 PUFA
could be easier reached (552 mg/kg/d i.e. 150 ml milk/
kg/d at 3.7% lipids and at least 10% total fatty acids as LA
+ AA), the need for DHA (i.e. 55-67 mg/kg/d) will be less
easily reachable if the milk does not contain 1.2% of total
fatty acids as DHA (given a 150 ml milk/kg/d and 3.7%
total lipids in milk).

Human milk contains also branched chain fatty acids
(BCFA), characterised by one or more methyl branches
mostly at the ultimate or penultimate carbon (mainly iso
C14:0, anteiso C15:0, iso C16:0, anteiso C17:0), that ac-
count for about 0.74 or 0.84% of total fatty acids in colos-
trum or mature milk, respectively (90), i.e. representing an
amount of about 52 mg/d for 170 ml of milk in premature
infants. It was recently reported that oral administration of

Table 3. Recent data on main fatty acid composition of human milk
from lactarium’

Fatty acids Mature donor milk
% of total fatty acids

X Saturated Fatty Acids 47.27+1.47

X Monounsaturated Fatty Acids 37.84+£1.02

X Polyunsaturated Fatty Acids 13.59+£0.83

X PUFA n-6 12.32+0.77

18:2 n-6 (LA) 11.27+£0.72

20:4 n-6 (AA) 0.40 +0.03

X PUFA n-3 1.28 £0.10

18:3 n-3 (ALA) 0.83 +0.08

20:5 n-3 (EPA) 0.07 £ 0.02

22:6 n-3 (DHA) 0.24 +0.03

LA/ALA 13.64 +1.00

AA/DHA 1.65+0.15

Total n-6/n-3 9.65+0.58

!Values are means of means = SD of data published from 8 French cit-
ies (n = 145 mature milk samples collected in 2007; calculated from ref
31). AA, arachidonic acid (C20:4 n-6); ALA, a-linolenic acid (C18:3
n-3); DHA, docosahexaenoic acid (C22:6 n-3); LA, linoleic acid (C18:2
n-6); PUFA, polyunsaturated fatty acids.

BCFA in artificially fed neonatal rat pups model (enriched
formula, about 170 mg BCFA/day) reduced by 56% the in-
cidence of NEC through incorporation into ileal phospho-
lipids compared to control (no enriched formula), by pro-
moting the establishment of commensal BCFA-containing
bacteria (B. subtilis), and by increasing the level of anti-
inflammatory cytokine interleukin-10 (197). But interest-
ingly, the dam-fed rat pups developed no episode of NEC,
presumably because of all the other bioactive molecules
present in milk.
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Glycerophospholipids and sphingolipids (polar lipids)
Milk phospholipids, mainly composed by glycerophos-
pholipids and sphingomyelin (SM), and sphingolipids such
as SM and gangliosides, are constituents of the milk fat
globule membrane (MFGM) enveloping the triglyceride
core of the globule. Phospholipids show a specific locali-
zation depending on their class: SM and phosphatidylcho-
line (PC) in the outer layer, and phosphatidylethanolamine
(PE), phosphatidylserine (PS), phosphatidylinositol (PI) in
the inner layer (Figure 2A). The milk phospholipid finger-
print is specific to each mammalian species (88) and shows
remarkable differences in human milk compared to cow
milk mainly due to a higher level of SM and ethanolamine-
plasmalogens (EPLAS), a class of glycerophospholipids
that contains one vinyl-ether linked long chain alcohol
group in place of one ester-linked fatty acid chain with a
polar head group composed of ethanolamine (Figure 2A,
NMR spectra). Interestingly, it was reported that the ma-
ture milk of Japanese mothers who delivered prematurely
compared to mothers who delivered at term was richer in
SM (43+8% total phospholipids versus 35+5%) and poorer
in PC (23+4% versus 27+6%) (216). To note that formula
dedicated to premature newborns will exhibit a different
fat globule organization, and phospholipids composition
and amount, depending on the lipid sources used by the
industry (lecithins from soybean or egg, half-skimmed or
skim cow milk concentrates) (Figure 2B). In addition, hu-
man milk phospholipids are peculiarly rich in LC-PUFA,
AA (from 0.81 to 8.96% of total fatty acids) and DHA
(from 0.93 to 4.34% of total fatty acids) (87). Whereas
the concentration of phospholipids in human milk is very

A- Fat globules from native milk
MFGM
4 ym (1-8 pm)

(Milk Fat Globule Membrane)

Outer:
PC, SM

Inner:
PE, PS,PI

PC: 24 moles% (65 pg/m|
PIL: 3.7% (11.6 pg/ml)
LPC: 0.6% (0.8 pg/ml)
PS: 8.4% (23.6 pg/ml)
SM: 29.3% (80.5 pg/ml)
PE: 18.8% (50.8 pg/ml)
EPLAS: 11.5% (29.9 pg/ml)
PA: 0.3% ( 0.9 pg/ml)

LPE: 2.5% (3.7 pg/ml)
LPA: 0.2% (0.3 pg/ml)
Total PL: 268.1 pg/ml

PC: 28.7 moles% (60 pg/ml)
PI: 3.7% (9.7 pg/ml)

PS: 10% (23.3 pg/ml)

SM: 20% (44 pg/ml)

PE: 31.8% (66 png/ml)
EPLAS: 4.9% (10.2 pg/ml)
Total PL: 213.5 pg/ml

PC
PE

SM

low (1-1.5% of total milk lipids) in comparison to triglyc-
erides, the contribution of phospholipids to cover the re-
quirements of DHA and AA for babies is around 20% and
10% respectively, and perhaps even more if one considers
that the fatty acids of phospholipids are not known to be
used in B-oxidation to produce energy (87).

Moreover, phospholipids provided by human milk may
have a substantial role in human newborn intestinal health.
Indeed, the addition of egg phospholipids (75% PC) to an
experimental preterm formula (9g/100 g of total lipids)
lowered the incidence of NEC in premature infants, in
comparison to a classic formula (no LC-PUFA, 1% soy
lecithins), by providing esterified choline at a much higher
concentration than in mature human milk (i.e. 585 mg/L
versus 158 mg/L), AA (0.4% of total fatty acids) and DHA
(0.13% of total fatty acids) (41). The authors explained
these beneficial effects in part by the fact that i) choline
is essential to produce acetylcholine which is important
for intestinal vasodilation and motility and that the esteri-
fied form of choline as PC has a higher bioavailability than
free choline, and ii) prostaglandins E1 derived from AA is
able to counteract the reduction in mesenteric blood flow
and ameliorate the bowel injury induced by PAF. Orally
administered PC in rats, at the dose of 100 mg/kg of body
weight, seem to act directly on the mucosa to prevent
gut permeability disturbances due to lipopolysaccharides
(LPS, endotoxin of the outer membrane of gram-negative
bacteria) (62).

SM, that is another main important polar lipid in milk,
representing 20 to 29% of total phospholipids and ranging
18-113 pg/ml milk depending on milk specie (88), has a

B- Fat globules from preterm infant formula
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Free Fatty
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Monoglycerides

Phospholipids

7
Casein

s
Micelles of casein

PC: 30 moles% (38 pg/ml)
PIL: 6.6% (9.8 pg/ml)

PS: 10.9% (14.7 pg/ml)
SM: 19.7% (26 pg/ml)
PE: 27% (33.9 pg/ml)
EPLAS: 5.8% (7.2 pg/ml)
PA: 1.7% (2.2 pg/ml)
LPE: 1.4% (1.8 pg/ml)
Total PL: 133.6 pg/ml
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Figure 2. Cow and human milk fat globule organisation (A) compared to artificial fat globule from preterm infant formula (B), and fingerprint of
phospholipids ('P NMR spectra). Adapted from (12,88). EPLAS: ethanolamine-plasmalogens or plasmenylethanolamines; LPA: lysophosphatidic
acid; LPC: lysophosphatidylcholine; LPE: lysophosphatidylethanolamine; PC: phosphatidylcholine; PE: phosphatidylethanolamine; PI: phos-
phatidylinositol; PL: phospholipids; PS: phosphatidylserine; SM: sphingomyelin.
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protective effect against bile salt-induced cytotoxicity and
damages on intestinal cells in vitro (Moschetta et al. 2000).
Furthermore, SM possibly accelerates intestinal develop-
ment as it was reported in artificially reared rats that SM
stimulates crypt cells differentiation and epithelial cells
maturation at the top of the microvilli (173) at the daily-
ingested doses of 50-150 mg SM. This amount is however
not reached in very premature newborn during the first
month of enteral feeding (3-27 mg/d) (86).

Gangliosides, that are molecules composed of a gly-
cosphingolipid (ceramide and oligosaccharide) with one
or more sialic acids (e.g. n-acetylneuraminic acid, NANA)
linked on the sugar chain, may intervene in intestinal health
by incorporation within the mucosa and thus restoring
proper structure and function of this organ (166). Although
the content and species of gangliosides vary with lactation,
GD3 (N-acetylneuraminyl-2-galactosylglucosyl ceramide)
is more predominant in colostrum (6.45+3.02 pg of sialic
acid/ml), and GM3 (N-Acetyl-a-Neuraminidate-Gal-Glc-
ceramide or monosialodihexosylganglioside) is the main
form in mature milk (about 1.35 pg of sialic acid/ml)
(231). GD3, at the concentration of 15 pg/ml formula, is
able to decrease the incidence and histopathologic severity
of NEC in newborn rat pups by augmenting mucosal regu-
latory immune responses (243). GM3 seems necessary for
ensuring intestinal integrity and was shown to prevent the
LPS-stimulated decrease in tight junctions between en-
terocytes in rats (166). In addition, the provision of dietary
glycosphingolipids having antibacterial properties, espe-
cially GM1, GD3, GM3 and lactosylceramide, can prevent
infection by direct binding to enterotoxigenic bacterias, by
inhibiting toxin production and infectivity of several intes-
tinal pathogens, thereby attenuating NFkB inflammatory
signaling pathways (166, 179).

The role of plasmalogens in intestine development and
protection is not documented, but these molecules could
also play an indirect role by protecting milk LC-PUFA
against peroxidation due to antioxidant properties (180,
244). A high correlation was found between the levels of
plasmalogens and AA (rho = 0.63, p=0.019).or DHA (rho
=0.70, p = 0.009) in human milk (87). Indeed, lipid hy-
droperoxides such as malondialdehyde, 4-hydroxyhexenal
from DHA and 4-hydroxynonenal from AA, can be formed
during the digestion steps of milk lipid containing LC-PU-
FA in the stomach and within the intestinal lumen. They
will induce oxidative stress and inflammation in the upper
intestine (15), in parallel to a decrease in the absorption
rate of LC-PUFA (148) and thus of their bioavailability
and further health benefits. Recently, a beneficial relation-
ship between the amount of ingested ethanolamine-plasm-
alogens from human milk in very preterm neonates during
the first month of enteral feeding and intestinal outcomes
(less duration to reach complete enteral feedings, less gas-
trointestinal disorders, less infections) was reported in an
abstract (89).

Cholesterol

Mammalians require cholesterol for normal physico-
chemical and functional properties of cell membranes,
which will be covered both by endogenous biosynthe-
sis and foods. Human milk provides substantial amount
of cholesterol i.e. about 9-56 mg/100 ml (87) up to 150
mg/100 ml (178), in contrast to milk substitutes that usu-
ally contain less than 2 mg/100 ml. While the importance

of dietary cholesterol in the intestinal development of hu-
man neonate is not elucidated yet, few studies conducted
in animals highlight its role. Dietary cholesterol depriva-
tion in neonatal piglets (2 mg versus 145 mg/100 ml of
formula) was shown to alter the small intestinal epithelium
biophysical properties with an increase in the fluidity of
the microvillus membrane, a decrease in lactase activity,
and a greater permeability possibly indicative of a delay
in gut closure process (178). Interestingly, a synergistic ef-
fect of dietary LC-PUFA (AA: 0.33% of total fatty acids,
DHA: 0.26% of total fatty acids), phospholipids (2.53% of
formula) and cholesterol (0.1% of formula) was reported
on the recovery of damaged proximal intestinal mucosa
visible through a histological approach in neonatal piglets
(143).

ROLE OF LIPOLYTIC ENZYMES FOUND IN HU-
MAN MILK

Sphingomyelinase

For an infant, milk is the only exogenous source of sphin-
gomyelin (SM) that may have important roles in the devel-
opment of the intestinal tract. Beneficial action of SM is
linked to its hydrolysis into ceramide then in sphingosine
(68). This is possible due to the presence of significant
amounts early at birth of key enzymes in the intestinal tract
of preterm newborns such as, respectively, endogenous al-
kaline sphingomyelinase (alk-SMase), whose activity is
much higher than either acid or neutral SMase, and ceram-
idase (CDase) (64,66,67,140). The presence of SMase and
CDase during digestion, especially in the neonatal period,
is critical for the provision of SM-based lipids from food
sources for cell membrane development and sphingosine-
based cell signalling processes (68). Lacking of alk-SMase
in mice was shown to result in sharp accumulation of SM
and decreased formation of ceramide in the intestinal con-
tent and feces (246). In addition, human milk displays a
SMase activity that is mainly acid rather than neutral or al-
kaline (Figure 3). This acid SMase activity found in human
milk (ranging 304-5442 pmol/ml/h), but also in mare milk
(ranging 302-2306 pmol/ml/h), varies highly between in-
dividuals (Figure 4), with no clear relationship with the
amount of SM. To note that acid SMase level seems to
decrease after pasteurization of human milk meaning that
newborn receiving donor milk from lactarium will miss
part of this milk enzyme (86). Milk SM digestion into cera-
mide plus phosphorylcholine might start in the stomach of
premature babies, where pH ranges 5 to 5.5 over 1 hour af-
ter feeding (9), catalysed by the milk acid SMase, and will
continue more importantly in the small intestine with the
help of endogenous alkaline SMase (67). It was reported
that about half of the SM amount ingested from one human
milk feeding can theoretically be hydrolysed by the milk
acid SMase in the newborn stomach within 1 hour (182).
The final metabolite, sphingosine, has also been shown to
display antibacterial effects mainly by attracting bacteria
and by disrupting their membrane integrity (68,193).

Bile salt-stimulated lipase

The presence of a lipase stimulated by bile salts (BSSL)
within breast milk, which is produced by lactating mam-
mary glands, was originally discovered in the milk of hu-
mans and various other primates, and has since been found
in the milk of many animals including dogs, cats, rats and
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rabbits (227), but not in cows, mares, ewes and goats. The
BSSL provided by human milk, which exists in the form of
different variants due to mother’s genetic polymorphisms
(225), plays different key roles in the newborn period.
Firstly, BSSL plays an important role in milk lipid di-
gestion. Indeed, while the stomach digestive step of milk
lipids is fully active in premature infants thanks to the gas-
tric lipase that starts triglyceride hydrolysis (9), the intes-
tinal digestive step is more critical due to a transient pan-
creatic insufficiency characterised by a low secretion of
pancreatic lipases such as colipase-dependent triglyceride
lipase currently called pancreatic lipase, carboxyl-ester-
lipase (CEL equivalent to BSSL), and phospholipase A2
(81). Intestinal milk lipid digestion in neonates is thus en-
sured by compensatory lipases to other lipolytic enzymes
i.e. pancreatic lipase-related protein 2 (PLRP2) that seems
mainly expressed during the neonatal period, and BSSL
provided by human native milk at about 100 to 200 mg per
liter of milk (7,9,21,120,225). This latter enzyme is natu-
rally acid resistant (stays intact after passing through the
stomach) and acts in the newborn intestine where the bile

salts concentration is appropriate for its activity (2 to 3.5
mM). BSSL displays broad substrate specificity and is able
to hydrolyze triglycerides, even containing LC-PUFA in
addition to phospholipids, esterified cholesterol and esters
of lipid-soluble vitamins (81,107). BSSL activity levels
measured on triolein varie in milk samples from 12 to 52
U/mL (Figure 5) with no link to the length of pregnancy
(9,83). By contributing to the triglyceride digestion into
free fatty acids and sn-2-monoglycerides, and to phospho-
lipid lipolysis into lysophospholipids, that are necessary for
an efficient intestinal absorption rate of the end-lipolysis
products (191), BSSL avoids intestinal epithelium disrup-
tion that can be caused by undigested lipids and/or accumu-
lation of some non absorbed lipolysis products as shown in
mice neonates (113). To note that BSSL is fully inactivated
by pasteurization explaining why the activity of BSSL in
milk from lactarium is very low-to-null (0-0.3U/mL) (9),
and is not present in infant formula, leading to negative
consequences on lipid absorption and growth in prema-
ture newborns (6). To solve these problems and improve
lipid digestion in newborns, several options are available
such as 1) search for alternative treatment methods for do-
nor human milk with, for example, the Ultraviolet-C Ir-
radiation that was recently shown to protect BSSL (50); ii)
production of human recombinant BSSL (175) that can be
beneficially added at a dose physiologically found in hu-
man milk (0.15 g/L) (kiobrina from Biovitrum), in preterm
formula (ClinicalTrials.gov NCT00658905) or in pasteur-
ized breast milk (ClinicalTrials.gov NCT00659243); after
positive safety and tolerability assessments and promising
results on growth velocity and improvement of absorption
rate of DHA and AA, a phase Il clinical trials is under pro-
gress (149); 1ii) possible use of specific phospholipid types
for constituting the surface of the lipid droplet (Figure 1)
to highly enhance the BSSL activity for producing highly
digestable infant formulas (11).

Secondly, BSSL displays a ceramidase activity and
transformes, in a synergetic action with CDases from the
pancreas and the intestinal brush border, one to two third
of the ceramide, provided by the breakdown of milk SM
by SMases, into sphingosine and free fatty acid (182).

Thirdly, BSSL displays an antiviral activity contributing
to prevent diarrhea in newborns. The highest glycosylated
form of BSSL (130 KDa) is able to inhibit the Norwalk
virus ligand-binding to gut mucosa specific receptors by

BSSL Activity (U/mL)

Human Mature

Human Human
Colostrum Transitional Milk
Milk

Figure 5. Bile Salt-Stimulated Lipase (BSSL) activity in human milk.
Data are means = SD from n = 5 (Colostrum and Transitional milk)
or n = 9 (mature milk) samples. One unit is defined as one umole of
free fatty acid released per minute from triolein emulsion as previously
published (9).
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direct interaction of the enzyme glycosylated moities to
virus, and thus appears as one of most effective decoy re-
ceptors found in milk (202).

IMPACT OF GROWTH FACTORS AND HOR-
MONES

Human milk contains also a substantial number of
growth factors and hormones that can highly impact on
intestinal development (Table 4).

Growth factors and insulin

Human milk is a very important source of growth fac-
tors such as insulin-like growth factors (IGF-I and IGF-II,
7.5-7.65 kDa) (75,76,93,167,186,226), epidermal growth
factor (EGF, 6 kDa) (44,71,93,127,181,185) and insu-
lin (213,214,215). IGF-1 and EGF are particularly high
in colostrum (76,181,185,226) while insulin seems to be
provided at constant levels in colostrum, transitional and
mature milk (213,214). In addition, their receptors have
been found at high levels in the gut of term and preterm
newborns (60,72,163), suggesting a key role of such mol-
ecules during development. Indeed, exposure to IGF-I, or
IGF-II in one study, leads to the proliferation of intestinal
cells, and to increases in mucosal growth, enterocyte mi-
gration rates, villus height, brush border enzymes activity,
and expression of glucose transporters in newborns piglets
or rat pups (110,111,147,192,242). To note that the oral
doses used were much higher than physiological amounts
that could be ingested by human premature neonates (0.2-
2 pg/ml of formula or 1 pg of recombinant human IGF-I
daily for 3 days, or 200 pg/kg body weight/d, compared to
0.1 or 0.68 pg of IGF-I plausibly provided by 45 or 170ml
of human milk) in four of these studies (110,111,147,247),
but was much plausible for one study (about 400-500 ng/d)
(192). Interestingly, premature human neonates receiving
during the first month of life a formula supplemented in
IGF-I (extracted from cow milk whey fraction) ata con-
centration twice that found in colostrum (i.e. 100 pg/L)
showed a lower permeability of the intestine compared
to control at 14 days (54). Oral administration of EGF
through formula at different concentrations (1.2 to 6 pg/
ml) enhances intestinal growth (weight, length) and func-
tional development (DNA content) in rat pups (19). Mice
KO for EGF receptor have impaired gut development and
enhanced risk of NEC occurrence (165), while EGF sup-
plementation through formula (concentration 500 ng/ml,
intake of 425 ng/d) decreases incidence and severity of
inducted NEC in neonatal rats by acting at the site of dam-
aged intestinal mucosa via an increase in EGF receptors
(70) and a reduction of cells autophagy (160). Consider-
ing the fact that the rat pups intake of formula should be
about 1 ml/d, the efficient doses of EGF through all these
rat studies (425 ng to 6 pg/d) are in accordance with the
amounts of EGF provided by mother’s milk to the human
premature neonates (about 1.82 to 6.89 ug/d for 45 to 170
ml of milk per day (86) at the average concentration of
40.53 ng/ml). This highly suggests that human milk EGF
plausibly plays a key role in intestinal epithelium cell ho-
meostasis through proliferation, differentiation and matu-
ration of enterocytes, balance of apoptosis and autophagy
processes, as well as it contributes to epithelial protection
from injury and post-injury mucosal repair (72,160) in hu-
man neonates. Insulin provided by human milk influences

also small intestinal development and maturation. Insulin
used at the concentration of 3 mU/ml on cultured explants
from human jejunum was shown to stimulate the prolif-
eration of epithelial cells (163), but the concentration used
was about 60 fold higher than in human colostrum (see
Table 4). Oral feeding of milk insulin increases ileal mu-
cosa mass and some disaccharidases activity (lactase and
maltase) in newborn piglets at the high dose of 85 mU/ml
(217), and reduces intestinal permeability and macromol-
ecules penetration through the intestinal barrier in adrenal-
ectomised suckling rats (102). More recently in an ongo-
ing study, the addition of insulin to preterm infant formula
results in a better growth and an accelerated intestinal
maturation (212). Insulin may also protect from bacterial
infections as shown in sucking mice treated during 7 days
with E. Coli heat-stable endotoxin, and receiving orally 5
to 50 pg of insulin per day (5). Indeed, insulin administra-
tion increased the differentiation of intestinal brush border
membrane and modified its structure/function in order to
better respond to the infectious agent through upregulation
of a specific endotoxin receptor (5).

Adipokines

Human milk contains several adipokines such as leptin
and adiponectin (Table 4), and also ghrelin (ranges: 260-
6000 pg/ml in whole milk) (16,69,122,203), obestatin (me-
dian (IQR): 846.6 (472.1) pg/ml, or 538.9 + 46 pg/ml in
colostrum and 528.5+£39 pg/ml in mature milk) (17,203),
and resistin (1710£68 pg/ml in colostrum or 670+18 pg/ml
in 3-6 months mature milk, or median (IQR): 0.18 (0.44)
ng/ml) (114,204). Among these adipokines, only leptin
and adiponectin seem to demonstrate effects on gut mat-
uration, and their receptors were found expressed in the
small intestine of neonatal piglets (240) and mice (247),
parallely to the presence of both hormones in the milk of
these species (240). Human milk leptin concentrations ex-
hibit a large dispersion from 0.16 to 105 ng/ml (Table 4)
(17,22,35,43,63,112,153,162,168,199,204,220,238). Milk
adiponectin concentrations highly vary from 1.25 to 90
ng/ml (Table 4) (35,69,153,162,205). Adiponectin is pre-
sent as its different isoforms in human milk (trimeric low
molecular weight, hexameric medium molecular weight
and high molecular weight of large multimers of 12-18
subunits) but the most abundant form is the higher length
one. Leptin and adiponectin concentrations in milk dimin-
ish through lactation, are positively correlated with the
mother’s BMI postpregnancy but are not linked to gender
of the infants (35,112,153). More specifically, milk leptin
concentrations are significantly higher in term milk com-
pared to preterm milk (22,35,162), while milk adiponec-
tin concentrations only tend to be higher in preterm milk
compared to term milk (162) and exhibit variability due to
ethnicity (lower in mexican women versus non-hispanic
whites) (153). Neonatal piglets fed formula (leptin: 20.3
+ 2.5 ng/ml) showed a limited growth of their small intes-
tine and a slower maturation of intestinal mucosa, regard-
ing morphometry, cell proliferation and enterocytes brush
border membrane activities, compared to piglets fed sow
milk containing leptin (colostrum: about 63 ng/ml; tran-
sitional milk: 25.5 + 2.5 ng/ml) (240). This was reversed,
giving an intestinal development feature close to the one
obtained with sow milk, by intragastric administration of
exogenous leptin in formula fed animals but at the highest
dose tested (about 50 pug leptin/d versus about 10 pg/d)
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Table 4. Growth factors and hormones from human milk potentially involved in intestinal maturation and health’

Time

Gestational

Proteins References postpartum Methods of measurement n age Concentrations Values ranges
IGF-1 (226) 134+ 6 hrs  RIA on skim milk 15 Term 49+ 17 ng/L
48 £20 hrs  RIA on skim milk 21 Term 29+ 27 pg/L
(76) 1d RIA on skim milk 8 Term 52 +2.3 ng/ml
3d RIA on skim milk 8 Term 8.6 £3.0 ng/ml
4-8d RIA on skim milk 8 Term 3-6 ng/ml
(75) 7d RIA on skim milk 30 24-31 wks 2.8 + 0.2 ng/ml
21d RIA on skim milk 19 24-31 wks 2.6 £0.2 ng/ml
7d RIA on skim milk 19 37-41 wks 2.3+ 0.1 ng/ml
21d RIA on skim milk 16 37-41 wks 1.9+0.1 nlg/ml
(167) 3-18d RIA on skim milk 23 Term 3 ng/m
8936) 5-46d RIA on skim milk 51 T and PT 2.16 ng/ml 0.26-14.14 ng/ml
(186) 3d RIA on skim milk 29 Term 0.19 ng/ml IQR: 0.09-0.35
7d RIA on skim milk 29 Term 0.12 ng/ml IQR: 0.06-0.26
28d RIA on skim milk 29 Term 0.31 ng/ml IQR: 0.16-0.49
3d RIA on skim milk 29 Preterm 2.31 ng/ml IQR: 1.49-3.07
7d RIA on skim milk 29 Preterm 3.58 ng/ml IQR:2.47-4.70
28d RIA on skim milk 29 Preterm 4.19 ng/ml IQR: 3.12-5.70
IGF-1I (76) 1d RIA on skim milk 3 Term 10.5 £ 8.5 ng/ml
6d RIA on skim milk 3 Term 35+ 21 ng/ml
EGF (71) 1-4 wks ~ RIA on skim milk 16 23-27 wks 7.9+ 0.9 ng/ g protein 135-165 pg/ml
1-4 wks  RIA on skim milk 16 32-36 wks 4.8+ 0.5 pg/ g protein 62-110 pg/ml
1-4 wks  RIA on skim milk 15 38-42 wks 49+0.5 p%/égsprotein 75-105 pg/ml
(185) 1-5d ELISA on skim milk 20 22-31 wks 159.24 +51.05 ng/ml
1-5d ELISA on skim milk 28 32-36 wks 102.03 + 55.43 ng/ml
1-5d ELISA on skim milk 33 Term 95.75 + 48.58 ng/ml
(127) >3 wks  ELISA on skim milk 60 Term 129.01 +35.5 pg/dl
93 5-46d ELISA on skim milk 35 Tand PT 40.53 ng/ml 13.5-78 ng/ml
44 3d ELISA on skim milk 22 Term 70-90 pg/L
10d ELISA on skim milk 22 Term 30 ug/(i
30d ELISA on skim milk 22 Term 25 él(%/L
3d ELISA on skim milk 10 Preterm 100-1 g/L
10d ELISA on skim milk 10 Preterm 50 ug}i
30d ELISA on skim milk 10 Preterm 40 pg/L
3d ELISA on skim milk 10 VPT 80-120 pg/L
10d ELISA on skim milk 10 VPT ng/
30d ELISA on skim milk 10 VPT 35 ng/L
(181) 1-3d ELISA on skim milk 31 Term 131.6 +20.4 ng/ml
5d ELISA on skim milk 23 Term 35.9 £ 2.2 ng/ml
30d ELISA on skim milk 23 Term 24.7 £ 6.3 ng/ml
Insulin (213) 3d-1mo  RIA on skim milk 42 Term 60.23 +£41.05 pU/ml 6.5-305.7 pnU/ml
(214) 3d RIA on skim milk 90 30-41 wks 50.1 £ 34.6 pU/ml 7-179 pU/ml
10d RIA on skim milk 90 30-41 wks 41.1 +28.5 nU/ml 12-183 pU/ml
Leptin (43) 1-5d WB on skim milk 34 - 1.35+£0.16 pg/L 0.35-4.6 pg/L
(112) - RIA on skim milk 23 - 1.5+ 0.87 ng/ml 0.5-5 ng/ml
- RIA on whole sonicated milk 23 - 10.1 + 2.6 ng/ml 0.0-60 ng/ml
(220) - RIA on skim milk 4 Term 1.1-1.45 ng/ml
- RIA on whole sonicated milk =~ 4 Term 73.22 +£39.03 ng/ml 45-105 ng/ml
- RIA on skim sonicated milk 4 Term 1.05-1.25 ng/ml
(199) 14d RIA on lipolysed whole milk 11 23-34 wks 6.02 + 8.97 ng/ml
28 d RIA on 11%01 sed whole milk 11 23-34 wks 5.18 £4.96 ng/ml
(22) 2-3d RIA on whole sonicated milk 24 Term 1.34 +0.14 ng/ml 0.5-2.5 ng/ml
4-5d RIA on whole sonicated milk 24 Term 0.92 +0.12 ng/ml 0.4-1.8 ng/ml
4-6 wks  RIA on whole sonicated milk 24 Term 0.4-2 ng/ml
2-3d RIA on whole sonicated milk 9 Preterm 0.63 +0.18 ng/ml 0.25-1.5 ng/ml
4-5d RIA on whole sonicated milk 9 Preterm 0.46 £ 0.10 ng/ml 0.25-1 ng/ml
4-6 wks  RIA on whole sonicated milk 9 Preterm 0.25-1.25 ng/ml
(153) 1-7 mo RIA on skim milk 30 Term 0.4 ng/ml 0.2-2.25 ng/ml
(35) 2d ELISA on skim milk 56 Term 0.5+ 0.05 ng/L 0-1.37 pg/L
2d ELISA on skim milk 8 Preterm 0.3+0.09 pg/L
2d ELISA on skim milk 48 Term 0.6 = 0.05 pg/L
238 42d ELISA on skim milk 766  32-41 wks 0.28 = 0.38 ng/ml 0-1.37 ng/ml
168 1. mo ELISA on whole milk 28 Term 0.156 £+ 0.039 ng/ml 0-0.853 ng/ml
17) 2d EIA on skim milk 31 Term 2.01 £ 0.34 ng/ml
25d EIA on skim milk 15 Term 2.04 £ 0.67 ng/ml
(63) 1d RIA on skim milk 15 Term 5.69 + 4.58 ng/ml 1.5-15.4 ng/ml
21-30d RIA on skim milk 15 Term 23.84 £ 17.79 ng/ml 2.6-46.3 ng/ml
(162) 6-8d ELISA on skim milk 15 24-31 wks 3-7.5 ng/ml
6-8d ELISA on skim milk 5 Term 7-9 ng/ml
13-15d  ELISA on hind skim milk 15 24-31 wks 3-7 ng/ml
13-15d ELISA on hind skim milk 5 Term 6-8 ng/ml
20-22d  ELISA on hind skim milk 15 24-31 wks 2-6 ng/ml
20-22d ELISA on hind skim milk 5 Term 5-7 ng/ml
27-29d  ELISA on hind skim milk 15 24-31 wks 2-5 ng/ml
27-29d ELISA on hind skim milk 5 Term 4-6 ng/ml
(204) <6 mo RIA on skim milk 23 Term 2.34 ng/ml IQR: 5.73 ng/ml
Adiponectin (153) 26-42 d RIA on skim milk 19 Term 19.8 ng/ml (non-hispanic) 9-78.6 ng/ml
31-40d  RIA on skim milk 37 Term 11.7 ng}/ml (hisll)anic) 6.2-39.8 ng/ml
Iwk-7mo  RIA on skim milk 199 Term 17.7 ng/m 4.2-87.9 ng/ml
35 2d ELISA on whole milk 59 Term 13.7+£ 0.8 pg/L 3.9-30.4 pug/L
69 1d ELISA on whole milk 25 Term 29.5 £ 6.4 ng/ml 1.26-77.1 ng/ml
(162) 6-8d ELISA on skim milk 15 24-31 wks 13-25 ng/ml
6-8d ELISA on skim milk 5 Term 7.5-15 ng/ml
13-15d  ELISA on skim milk 15 24-31 wks 10-20 ng/ml
13-15d  ELISA on skim milk 5 Term 7.5-14.5 ng/ml
20-22d  ELISA on skim milk 15 24-31 wks 7.5-17.5 ng/ml
20-22d  ELISA on skim milk 5 Term 2.5-10 ng/ml
27-29d  ELISA on skim milk 15 24-31 wks 2.5-12.5 ng/ml
27-29d  ELISA on skim milk 5 Term 1.25-7.5ng/ml
(205) < 6 mo ELISA on skim milk 46 Term 9.99 ng/ml 3.59-20.52 ng/ml
'Data are means = SEM or SD, or median values or ranges; “ - ”: not indicated in the article cited; EGF: epidermal growth factor; EIA: enzyme immuno assay;

ELISA: enzyme-linked immunosorbent assay; IGF: insulin-like growth factor; IQR: Interquartile range; RIA: radio-immuno assay; WB: western blot.
T: Term (37-42 weeks of gestation); PT: moderate or late Preterm (32-<37 weeks of gestation); VPT: Very preterm (28-<32 weeks of gestation).
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that is also higher than the amount provided by sow milk
(by calculation 12.5 ug to 25.5 pg leptin /d assuming a
plausible ingestion of 500 ml to 1 L of sow milk) (240).
This suggests that milk of the specie is more efficient due
to a synergetic action of several bioactive compounds
sharing trophic properties (leptin together with EGF for
example). Moreover, the oral supplementation with 50 pg
of leptin per day (10 pg/kg body weight each 8 hours) re-
duced cell apoptosis/autophagy and increased the mitosis-
to-apoptosis ratio samely as sow milk in neonatal piglets
(92). This is of peculiar interest because while in the adult
apoptosis/autophagy represent processes necessary for a
quick turnover of the gut cells, such phenomena have to
be slowed down transiently during the suckling period for
contributing to a rapid phase of intestinal growth. Fewer
studies have been conducted with adiponectin, and showed
that full-lenght adiponectin stimulates the growth of intes-
tinal cells (HT29) in vitro (183).

WHEY PROTEINS AND PROTEINS FROM THE
MFGM

Other proteins from human milk playing a key role in in-
testinal health of the newborn are located only in the aque-
ous fraction of human milk (such as lactoferrin) or only in
the milk fat globule membrane (such as MUC-1, MUC-4,
lactadherin), or partition between both fractions (sCD14,
slgA) (195, 209). Their respective levels in human milk
are listed in Table 5.

Lactoferrin

Lactoferrin is a multifunctional whey iron-binding gly-
coprotein (80 kDa) which concentration is higher in human
colostrum (ranging about 2.3-7.2 g/L) (94,135) then di-
minishes in mature milk over lactation (1-2 g/L) (94,171).
Cow milk contains much less lactoferrin compared to hu-
man milk (1-2 g/L in cow colostrum and 0.01-0.1 g/L in
mature cow milk). Preterm milk is about 1.6-fold richer in
lactoferrin compared to term milk at least during the first 3
months of lactation (95,162). Considering the intake of 45
ml to 170 ml/d of own mother’s fresh milk through the first
month of postnatal life in very premature infants (86), the
amount of lactoferrin ingested is comprised between 112
and 425 mg/d. In case of the use of donor milk, amounts
will range 25-94 mg/d resulting from both a lower concen-
tration in mature term milk and a loss of 63% of this protein
during the pasteurization process (3). Lactoferrin resists
in part to proteolysis through the infant’s digestive tract
(47,59,138) and is thus able to act in the gastrointestinal
lumen. Lactoferrin plays a key role in the intestinal health
of neonates through several mechanisms of action. Firstly,
it can facilitate intestinal epithelium development, as sug-
gested by in vitro studies on cell lines, by directly promot-
ing enterocytes proliferation in a dose-dependant manner
(from 0.1 pg/ml to 1 mg/ml), and also differentiation with
maximum effects for a lower range of concentrations (1 or
100 ng/ml) (36,138). Secondly, lactoferrin exerts a broad-
spectrum of primary defense activity by bacteriostatic and
bactericidal action against bacteria, fungi, protozoa and
viruses (232). Indeed, because lactoferrin is a strong and
stable chelator of iron, it can compete efficiently with most
of the bacterial siderophores and limitates the growth of a
large broad of bacteria. Lactoferrin, or derived-peptides,
can also directly bind to Gram- and Gram+ bacteria or to

fungi that will destabilize/modify their cell wall, destroy-
ing them or preventing them to interact with the host cells.
Lactoferrin helps also to fight against bacterial and viral
infections by exerting a competition for binding to the dif-
ferent specific microbes receptors (GAGs and integrins
as for examples) onto gut mucosa and thus preventing
pathogens adherence and internalization into cells. Finally,
lactoferrin is also able to recognize pathogen-associated
molecular patterns (PAMPs), such as LPS, and in the same
time to interact with immunologic system activating the
innate immunity (most particularly macrophages, neutro-
phils, basophils, esosinophils, mastocytes and NK Cells)
or adaptive immunity (B and T-cells, dendritic cells), ei-
ther as a pro-inflammatory or an anti-inflammatory agent
(74,136). Interestingly, a randomized clinical trial in very-
low-birth-weight premature neonates is under progress
to investigate the efficiency of an oral supplementation
from birth until 30-45 days of life with cow milk lactofer-
rin (100 mg/d, GRAS status), that shares a high peptide
homology with the human counterpart, alone or in asso-
ciation with probiotics (Lactobacillus rhamnosus GG, 6 x
10° CFU/g), to prevent late-onset sepsis (150). Preliminary
results showed that both treatments compared to placebo
were able to reduce the incidence rates of overall sepsis,
the incidence and severity of NEC, and the rate of mor-
tality (150).. Furthermore, lactoferrin-derived peptides
formed during partial digestion were shown to promote
the growth of beneficial bacteria (like lactobacillus and bi-
fidobacteria) in vitro (139). Data are more controversial in
term infants studies showing no effect on faecal flora of
formula containing bovine lactoferrin at the concentration
of 10 mg/100 ml (200), or of 280 mg/100 ml administrated
for 2 weeks (18), while a formula at a concentration of
100 mg/100 ml allowed the establishement of a « bifidus
flora », comparable to the one of breastfed infants, in half
of the infants studies at the age of 3 months (200).

Immunoglobulins

Among the immunoglobulins found in human milk (IgA,
IgM, IgG), the secretory immunoglobulins A (sIgA, 75-
95 kDa) are the most abundant antibodies and vary from
0.25 to 11.5 g/L (44,94,95,162,171). The sIgA concentra-
tion is generally higher in preterm milk through lactation
compared to term milk (44,95,162), and is very high in
colostrum (from 6.5 to 11.5 g/L in preterm and from 2 to 8
g/L in term) then diminishes in mature milk (0.4 to 2 g/L
in preterm and 0.4 to 1 g/L in term) (44,94,95,162). Nev-
ertheless, The sIgA concentration in mature milk is highly
variable but not directly linked to the lactation stage as it
can go up and down (from 1.0+£0.3 mg/ml to 0.5+0.1 mg/
ml) throughout lactation (94). This seems to be explained
by immunologic pathways, linking the mother’s gut and
respiratory tract to the mammary gland, which might oper-
ate throughout lactation to provide antibodies protecting
the infant against enteric and respiratory tract pathogens
from the mother (94,101). The amount of sIgA provided
by human milk to premature newborns is relatively high
being about 22-90 mg to 85-340 mg/d considering a daily
volume of administrated milk of 45 ml to 170 ml through
the first month of enteral feeding (86), and could be of
great interest to ensure local Ig-related gastrointestinal
tract protection against viruses and bacteria due to its sta-
bility under digestion steps (47,101). Indeed, exogenous
slgA were shown to bind enteric pathogens and their tox-
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Table 5. Bioactive whey and MFGM proteins from human milk potentially involved in intestinal maturation and health’

Proteins References Time Methods of measurement n Gestational age Concentrations Values ranges
postpartum
Lactoferrin (94) 2-3d Electroimmunodiffusion 10 Term 5.3+ 1.9 mg/ml
4-52 wks Electroimmunodiffusion 11-4 Term 1.9+0.3-0.8+ 0.4 mg/ml
95) 2-12 wks Electroimmunodiffusion 8 Preterm (32 wks) 2-3 mg/ml
2-12 wks Electroimmunodiffusion 13 Term 1-2 mg/ml
(171) 15-225d MEN-Immunoassay whole milk 497 - 22¢g/L IQR: 0.5-5.1 g/L
(39) 8 mo Immunobiosensor 2 - 98.5 ppmor 1.23 pM
(135) 5d Electrophoresis (WF) 14 Term 2.27 4 0.19 mg/ml WF (Japan)
5d Electrophoresis (WF) 15 Term 2.64 +0.19 mg/ml WF (Thai)
(162) 6-8d EIA on skim milk 15 24-31 wks 400-600 pg/ml
6-8d EIA on skim milk 5 Term 700-900 pg/ml
13-15d EIA on hind skim milk 15 24-31 wks 225-400 pg/ml
13-15d EIA on hind skim milk 5 Term 400-600 pg/ml
20-22d EIA on hind skim milk 15 24-31 wks 225-400 pg/ml
20-22d EIA on hind skim milk 5 Term 300-500 pg/ml
27-29d EIA on hind skim milk 15 24-31 wks 80-225 png/ml
27-29d EIA on hind skim milk 5 Term 100-300 pg/ml
slgAs (94) 2-3d Fluo. immunoabsorbent assay 10 Term 2.0 +2.5 mg/ml
4-52 wks Fluo. immunoabsorbent assay 11-4 Term 1.0£0.3-0.5+0.1 mg/ml
(95) 2-12 wks Fluo. immunoabsorbent assay 8 Preterm (32 wks) 1-2 g/L
2-12 wks Fluo. immunoabsorbent assay 13 Term 1 g/L
(171) 15-225d MEN-Immunoassay whole milk 495 - 1.2 g/L IQR: 0.2-4.9 g/L
(44) 3d ELISA on skim milk 22 Term 5-8 g/L
10d ELISA on skim milk 22 Term 1 gL
30d ELISA on skim milk 22 Term 0.5 g/L
3d ELISA on skim milk 10 Preterm 6.5-11.5 g/L
10d ELISA on skim milk 10 Preterm 1g/L
30d ELISA on skim milk 10 Preterm 0.5 g/L
3d ELISA on skim milk 10 VPT 1.5-3.5¢g/L
10d ELISA on skim milk 10 VPT 1g/L
30d ELISA on skim milk 10 VPT 0.5 g/L
(162) 6-8d ELISA on skim milk 15 24-31 wks 600-1000 pg/ml
6-8 d ELISA on skim milk 5 Term 400-800 pg/ml
13-15d ELISA on hind skim milk 15 24-31 wks 450-900 pg/ml
13-15d ELISA on hind skim milk 5 Term 400-800 pg/ml
20-22d ELISA on hind skim milk 15 24-31 wks 400-800 pg/ml
20-22d ELISA on hind skim milk 5 Term 400-800 pg/ml
27-29d ELISA on hind skim milk 15 24-31 wks 500-900 pg/ml
27-29 d ELISA on hind skim milk 5 Term 400-800 pg/ml
sCD14 (128) all Western Blot 22 - 52.9 +24 pg/ml
<6d Western Blot 10 - 67.09 £27.61 pg/ml
>7d Western Blot 12 - 41.12 £ 11.91 pg/ml
5d ELISA 10 - 20.1 + 8.74 pg/ml
1 mo ELISA 10 - 12.06 +4.77 pg/ml
3 mo ELISA 10 - 12.16 £ 3.75 pg/ml
6 mo ELISA 10 - 15.05 £ 4.08 pg/ml
(233) all ELISA 40 - 14.84 + 6.39 pg/ml
<6d ELISA 10 - 20.1 + 8.74 pg/ml
>8d ELISA 30 - 13.09 £ 4.31 pg/ml
(25) 6-9.d ELISA 15 Term 29.5 + 15.4 pg/ml
12-16d ELISA 15 Term 25.1+ 11.9 pg/ml
26-32d ELISA 15 Term 22.3 + 14 pg/ml
(129) 3 mo ELISA 38 Term 9 pg/ml IQR: 7.1-11.8
5D 1-2d ELISA 43 Term 26.23 pg/ml 95% CI: 22-31
1 mo ELISA 44 Term 5.08 pg/ml 95% CI: 4.2-6.1
MUC-1 (187) - - Term 40 pg/ml
(190) <15d RIA (Mc5) on whole milk 15 Preterm 913 + 131 pg/ml 130-2500 pg/ml
<15d RIA (BrE3) on whole milk 15 Preterm 932 + 135 pg/ml 347-2940 pg/ml
>15-90 d RIA (Mc5) on whole milk 26 Preterm 554 + 52 pg/ml 94-1240 pg/ml
>15-90 d RIA (BrE3) on whole milk 26 Preterm 643 + 73 pg/ml 53-1530 pg/ml
Lactadherin (190) <15d RIA (Mc3) on whole milk 15 Preterm 139+ 17 pg/ml 37-333 pg/ml
>15-90d RIA (Mc3) on whole milk 26 Preterm 66+ 5 pg/ml 28-126 pg/ml
(179) 1 wk-mo RIA on whole milk 31 Term 26.2-48.4 pg/ml 5.6-180 pg/ml

"Data are means = SEM or SD, or median values or ranges; “ - ”: not indicated in the article cited; CI: confidence interval; EIA: enzyme immuno

assay; ELISA: enzyme-linked immunosorbent assay; IQR: Interquartile range; MEN-Immunoassays: microparticle-enhanced nephelometric im-
munoassays; MUC-1: Mucin-1; RIA: radio-immuno assay; sCD14: soluble cluster of differentiation 14; WF: whey fraction.
T: Term (37-42 weeks of gestation); PT: moderate or late Preterm (32-<37 weeks of gestation); VPT: Very preterm (28-<32 weeks of gestation).
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ins, thus preventing their adherence to intestinal cells, and
to limit the bacterial translocation through the gut mucosa
in baby rabbits (6.25 mg/kg/d of human sIgA) and mice
models (103,159). This is of peculiar importance given the
low levels of circulating antibodies in preterm newborns.
Nevertheless, a limitation in sIgAs action can be due to
the fact that immunoglobulins are heat-sensitive, and par-
tially denaturated during pasteurization of own mother
milk (necessary when pathogens have been detected) or of
donor milk that will be delivered to very premature infants
(3), depriving them of these protective molecules.

Interestingly, the total IgA concentrations in milk from
mothers supplemented with Bifidobacterium lactis (9x 10°
CFU/day), starting at 2-5 weeks before delivery and con-
tinuing for 6 months after, were higher compared to not
supplemented women (about 67% more IgA in transitional
milk at 1 week, and about 8-fold higher level at 3 months)
(194).

sCD14 and sTLR2

Soluble forms of Toll-like receptors (sTLR2, 83-, 70-,
66-, 40-, and 38 kDa) and of the TLR’s co-receptor CD14
(bacterial pattern recognition receptor sCD14, cluster of
differentiation 14, 48 kDa) are both present in human milk.
They may contribute to immune programming through the
set-up of transient activation and subsequent downregu-
lation of intestinal TLR2 and TLR4, involved in micro-
bial recognition with the help of a membrane co-receptor
(mCD14). Because the activation of such TLRs leads to
the production of a variety of proinflammatory molecules,
the set-up of this system has to be done in a tightly regu-
lated way to prevent unremitting or excessive inflamma-
tion in the face of microbial exposure (133,134,233). The
sCD14 is present in human milk at much higher concentra-
tions (9-67 ug/ml) than in serum (3-4 pg/ml) that suggests
a strong health impact in breast-fed newborns and infants
(25,51,128,129,233). The levels of sTLR2 in human milk
mirrore those of sCD14 suggesting that these molecules
act synergetically (133). Milk sCD14 resists in part to pro-
teolysis in the digestive tract by forming a complex with
a-lactalbumin and it is thus able to display bioactive effect
in the intestine (25,221). Nevertheless, it has to be noted
that milk sCD14 is very sensitive to heat treatment and
was reported to be not detectable in pasteurized human
milk from lactarium (86). In the light of studies conducted
on fetal intestinal epithelial cells and on animal models,
it is suggested that premature newborns are highly sensi-
tive to NEC by developing inappropriate strong inflam-
matory response to intestinal microorganisms (presenting
a high density of antigens from a wide spectrum of spe-
cies) because their intestinal cells, unlike adult intestine,
expressed very high levels of TLR4 and TLR2 being thus
hyperresponsive to LPS (1,119,161,177). The milk sCD14
might counteract the lack of enterocytes mCD14, by form-
ing a complex with LPS that will activate the neonatal
TLR2 and TLR4 for cytokines production (128,133,233).
In order to avoid an excessive local inflammation, STRL2
can intervene as a modulator by interacting directly with
sCD14 or with cellular TLR2 (forming dimers) or by bind-
ing to the microbial components recognized by TLR2 act-
ing as a milk decoy receptor, thus diminishing the activa-
tion of the TLRs (133).

MUC and lactadherin

Among the major proteins located in the MFGM (195),
some have been shown to play a key role in intestinal
health, especially the mucin MUC-1 and the lactadherin,
by conferring protection against bacteria (such as Salmo-
nella, E. Coli) (142,208) and viruses (poxvirus, rotavirus,
Norwalk) (99,187,245). Both glycoproteins concentrations
are very variable between mothers and are higher in early
milk (< 15 days postpartum) than in later milk (15-90 days
postpartum) (190) (concentrations in Table 5). They are
proteins exhibiting resistance to degradation in the stom-
ach of premature newborn (190), probably due to a high
degree of glycosylation together with a pH preventing op-
timal pepsin activity (pH 5-6), and also to degradation in
the intestine totally or in part (187).

MUC-1 is a large (400 kDa) transmembrane highly O-
glycosylated (50%) protein (100,187). MUC-4 was also
reported in human milk (142,202). Their large oligosac-
charide part, exhibiting substantial sialic acid at their ter-
mini, accounts for binding to specific gut receptors recog-
nized by pathogens (galectin 3, as example) or for binding
directly certain pathogenic microorganisms, through dif-
ferent glycosylated motifs within the proteins (fucosylated
glycans, or mannose or neuraminic acid motifs, as exam-
ples) (142,202,208). MUC-1 is a more effective competi-
tive inhibitor of Salmonella binding to receptors on the ep-
ithelium than MUC-4 (IC 50 7-8 ug/L versus 33-39 pg/L)
(142). This difference may be explained by carbohydrates
composition but also by different peptide motifs that could
account also for the biological activity (142). Human milk
mucin fraction is agglutinated by S-fimbriated E. coli via
direct interaction through neuraminic-acid of the glyco-
protein (208). MUC-1 is able to aggregate poxviruses prior
to their entry into host cells preventing their effects (99).
MUC-1 and MUC-4 act as decoy receptors in milk and
inhibit the attachement of viruses to their glycan receptors
on gut epithelium, such as Norwalk virus that binds to a
2-linked fucosylated glycan as receptors (202). Deglyco-
sylation of the mucin complex results in the loss of antivi-
ral activity on rotavirus (245).

The lactadherin (homologue to PAS 6/7 or MFG-ES) is
a N-glycosylated 46-53 KDa protein containing a RDG
(ArgGlyAsp)-cell adhesion sequence that binds to integ-
rin and a C-terminal sequence containing a phosphatidyl-
serine-binding site (198). Lactadherin plays two different
roles in intestinal health as it contributes to inhibit patho-
gens binding and infectivity in addition to repair intesti-
nal mucosa. Lactadherin inhibits the ability of different
rotavirus strains, responsible for much of the diarrhea in
infants worldwilde, to infect intestinal cells in vitro via a
dose-dependant manner; the highest inhibition rates are
obtained for a concentration of 2.5 g/L (50-90%) and low-
er inhibition rates for a physiological concentration of 0.25
g/L (10-60%) (179). The removal of sialic acid from the
protein conducts to the loss of the antiviral property sug-
gesting that lactadherin inhibits the binding of rotavirus to
host cell glycoprotein receptor that contains also a terminal
sialic acid. As MUC, lactadherin acts as a decoy receptor
in milk. The variation of the concentration of lactadherin
in milk is of clinical relevance for rotavirus infection as it
was reported that infants receiving milk samples containing
about 48 ng lactadherin per ml (range 5.6-180 pg/ml) kept
asymptomatic unlike to infants receiving milk with lower
lactadherin concentrations (median: 29 pg/ml, range: 6.2-
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103.4 pg/ml) (179). Exogenous lactadherin accelerates the
rate of migration of stem cells from the intestinal crypts
onto the villus surface possibly by binding to a patch of
exposed phosphatidylserine at the posterior region of the
migrating cells (198). This phenomenon contributes to the
gut cells turnover. Furthermore, in mice model, the en-
dogenous lactadherin expression is dramatically reduced
following sepsis reducing the enterocyte migration from
the crypts to the villi, and the administration of exogenous
lactadherin restores crypt cell migration (198).

PROBIOTICS & PREBIOTICS

Human milk is a symbiotic food because it contains pro-
biotics and prebiotics. Human milk probiotics are mainly
composed of Lactobacillus (fermentum, salivarius, plan-
tarum, gasseri), Bifidobacterium (longum, bifidum, breve,
adolescentis, dentium, animalis, catenulatum), Streptococ-
cus and Staphylococcus spp. (98,152,154,155,156,188).
Their level, from 10° to 10° per ml of milk, their composi-
tion and diversity, are highly variable within and between
mothers (151,155,188) due to the lactation stage and
metabolic status (less bifidobacteria, more lactobacillus
and reduced microbial gene richness in mature milk from
obese mothers) (38). For more detailed information on this
topic, we suggest to the readers to consult recent reviews
(10,80). Probiotics are transferred from the mother’s gut
to the mammary gland through intestinal translocation and
transport via leucocytes (188). Human milk probiotics will
contribute to intestinal health and maturation of immunity
in neonates by several different ways. The more general
way is due to their major implication in the development
of the microbiota in the early life through their high abili-
ties to survive in the gastrointestinal environment (152).
More specifically, some microorganisms interact with spe-
cific apical surface receptors on the enterocytes; this inter-
action triggers a response that prevents an overexpression
of inflammatory cytokines, thus providing protection from
pathogen-induced mucosal damage (176). Also, probiotics
are able to produce antimicrobial compounds against path-
ogenic bacteria (bacteriocins such as defensins, hydrogen
peroxide, lactic acid), and they will ferment carbohydrates
(lactose, prebiotics) helping themselves to proliferate (in-
crease of the mass of microbiota) and producing some of
the antimicrobial molecules, and short chain fatty acids,
especially butyric acid for a good development of the in-
testinal cells (10,104,152). One main problem in preterm
neonates-feeding practice when milk from donors is used
is that such milk is submitted to pasteurization to destroy
potential pathogens (such as cytomegalovirus), which
eliminates at the same time the favourable bacteria. In ad-
dition, intestinal microbiota development can be delayed
by comparison to neonates born at term due to antibio-
therapy in intensive care units (79,237). It was reported
that premature neonates fed native own mother’s milk
have less risk of developing NEC by comparison to the
neonates fed pasteurised milk from milk bank or formula
(207). These data highly suggest that another trigger for
the intestinal inflammation in preterm neonates could be
the quality of their microbiota. It was thus suggested that
the administration of certain probiotics might be beneficial
for preventing or treating NEC. Randomized clinical tri-
als conducted in premature newborns have shown that the
administration of Lactobacillus Rhamnosus GG (ATCC

53103) for 7 days reduced the incidence of NEC (57), and
that the administration of Bifidobacterium breve or mix-
tures of probiotics (Bifidobacterium infantis + Lactobacil-
lus acidophilus or Bifidobacterium infantis + Streptococ-
cus thermophilus + Bifidobacterium bifidum) since birth
reduced incidence and severity and/or mortality by NEC
(23,141,176). Furthermore, the administration of three
species of bifidobacteria (B. breve M-16V, Bifidobacterium
longum subsp. infantis M-63 and B. longum subsp. longum
BB536; 5 x 10* CFU of each strain) resulted in reduced
rates of clostridium through the earlier formation of a bifi-
dobacteria-predominant fecal microbiota and maintenance
of this microbiota (118). Recently, it was shown in vitro
that the probiotic Lactobacillus acidophilus counteracts
PAF-induced inflammation cascade in intestinal epithelial
cells models (30). Interestingly, as another example of syn-
ergetic action between components of human milk, it was
shown that LC-PUFA enhance the adhesion of probiotics
to mucosal surfaces augmenting their health promoting ef-
fects (58); thus, a combination of LC-PUFA and probiotics
could offer an additional protection.

Concerning prebiotics, human milk contains mostly
indigestible oligosaccharides (HMOs) that represent the
third most abundant component reaching concentrations of
11-23 g/L in colostrum and in transitional milk, and 9-20
g/L in mature milk compared to about less than 1g/L in
cow milk (53,85). The molecular structure of these prebi-
otics, synthesized by the mammary gland from the elonga-
tion of lactose, is highly variable (more than 100 different
molecular structures) and more complex than other mam-
malian milk (61,179). The main molecules involved are
glucose, galactose, N-acetylglucosamine, fucose and sialic
acid. Almost all HMOs consist of a lactose core that can
be conjugated, in more complex HMOs, with repeats of
lacto-N-biose (P 1-3 linkage) or with N-acetyllactosamine
(B 1-6 linkage) that can be further fucosylated, via the ac-
tion of fucosyltransferases, or sialylated at the terminal
positions (85,179). HMOs vary quantitatively and quali-
tatively depending especially on lactation period, mother’s
lewis blood group (related to four basic phenotypic HMOs
groups through fucosyltransferases genes expression)
and on gestational duration (preterm versus term milk)
(61,85,179,219,228). Human milk oligosaccharides will
protect the intestine in neonates by different mechanisms.
Firstly, due to their prebiotic capability, HMOs are able
to stimulate the growth of specific beneficial commensal
bacteria species such as bifidobacteria preferentially (53),
and thus promote the establishment of a beneficial bifidus-
predominant microbiota well characteristic of breastfed
infants in the early life (Bifidobacterium breve in 70% of
cases, B. longum subsp. infantis in 41%, B. longum subsp.
longum in 37%, B. bifidum in 22%) (158). Indeed, it was
shown in vitro that some bifidobacteria are genetically
adapted to substantially (B. bifidum PRL2010, B. longum
subsp. Infantis ATCC 15697) or moderately (B. breve)
grow using HMOs as substrates with some specific pref-
erence of the constituents to be fermented (glucosamine,
fucose and sialic acid for B. breve strains and B. infan-
tis) (201,229,235). These bifidobacteria grown on HMOs
will enhance the intestinal barrier through the production
of short chain fatty acids such as acetate having trophic
and anti-inflammatory effects on the gut (84), and via the
expression of tight junction proteins decreasing epithe-
lial permeability as shown in animal model or cell lines
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(49,77). Several clinical studies in healthy term infants
have shown that formulas enriched in an oligosaccharides
mixture composed of short-chain galacto-oligosaccha-
rides and long-chain fructo-oligosaccharides (0.8 g/100
ml) affect the early microbiota composition and activity
in a similar manner than human milk (184). Furthermore,
fucosylated HMOs function as soluble receptor analogs
competing for bacterial binding to the epithelial cell sur-
face glycans of the intestinal mucosa, preventing the ad-
hesion and translocation of pathogens; thus they can stop
the action of bacteria-induced diarrhea, of stable toxin of
Escherichia coli which stimulates the production of cy-
clic GMP by binding to the extracellular domain of cells
guanylate cyclase producing futher diarrhea, or of enteric
viruses (179). Milk specimens containing higher levels of
a-2-linked fucosyloligosaccharides compared to o-3/4-
linked ones seem more effective (179).

MICRO RNA

MicroRNAs (miRNAs), small noncoding RNAs of
19-24 nucleotides that play a key role in regulating the
gene expression in various biological processes by tar-
geting mRNAs, were recently identified in human milk
(125,174,236,248) and also in cow milk (48). They are
carried within breast milk exosomes or microvesicles of
30-300 nm in size (248) or even by milk fat globules (174).
While the biological function is still unclear, it has been
postulated that they represent a way of communication
between the mother and the infant via the digestive tract
route. Among the 429-602 miRNAs found in human milk
(236,248), a considerable number are immune-related
miRNAs and are highly expressed especially in the first
6 months of lactation (125, 248). Milk miRNAs are very
stable during storage and multiple freeze-thaw of milk, to
RNase digestion, and to very acidic conditions probably
protected by their lipidic vehicles (125, 248). This sug-
gests that they can reach intact the intestinal lumen, can
be absorbed and act as innate immune-regulatory agents to
protect the newborn from various infections by microbes
through intestinal homeostasis .and mucosal immunity.
The miRNAs that could be especially involved are miR-
125, the Let-7 family, miR-146 along with miR-132 and
miR-155 which downregulate cellular LPS sensitivity and
prevent excessive inflammation, miR-212 along with miR-
146 and miR-132 that are implicated in the establishment
and maintenance of postnatal TLR tolerance, and miR-21
which enhances the production of cytokine IL-10 decreas-
ing the pro-inflammatory response (174,222,236). The let-
7 family is also associated with cell differentiation and de-
velopment (222). Recently, a potential role for miR-200b
was reported in maintaining intact the intestinal epithelium
through the inhibition of epithelial mesechymal transition
and in promoting intestinal epithelial cells (48). Finally,
miR-375 is a key regulator of intestinal epithelial prop-
erties, that are necessary for securing epithelium-immune
system cross-talk, and of intestinal goblet cells differen-
tiation (24). The miR-584, that is present in mature milk
but not in colostrum (236), is involved in the post-tran-
scriptional expression of lactoferrin receptor in the small
intestinal cells during the perinatal period (137,138) and
might contribute by this way to the beneficial effect of
milk lactoferrin. To note that all the listed miRNAs above,
except miR-584, were also reported in cow milk (48). The

expression pattern of human milk miRNAs is very variable
between individuals due to mother’s living environment
such as diet and probably genetics, metabolic status (obese
versus lean), and during stages of lactation for the same
mother (125,174).

CONCLUSION & FUTURE PROSPECTS

To summarize, it is now well established that human
milk is a complex fluid with multifunctional roles within
the developing gastrointestinal tract. It is the unique na-
ture’s first functional food for the neonate to establish and
maintain intestinal cells homeostasis, allowing digestion/
absorption, gut barrier function, and the development of
immune tolerance, as well as to contribute highly to the
set-up of the microbiota and to the protection against path-
ogens indispensable for extra-uterine survival. Indeed,
among all the numerous biological molecules found in hu-
man milk, some exhibit powerful trophic properties, or are
part of the intestinal cells membrane, others educate the
innate immune system to. recognize and respond appro-
priately to bacteria components, leading to the emerging
concept that human milk influences the neonatal immune
system’s perception of « danger », while many of them dis-
play direct fighting against pathogens, or are dedicated to
the establishment of the gut microbiota (Table 6). Interest-
ingly, many of the bioactive compounds of human milk are
multifunctional agents. Most of these biological actions
are mediated via interaction with specific receptors present
at the intestinal mucosa. For some of these bioactive mol-
ecules, the high potential interest for intestinal health early
in life has been reported by clinical studies in newborns
with enriched infant formulas. This is the case for the im-
mune benefits of LC-PUFA (AA: 0.6%, DHA: 0.4%) on
T-cell development and function (82), for the protection
against NEC of LC-PUFA-phosphatidylcholines (41), for
the benefit of recombinant BSSL on intestinal absorption
rate of lipids (149), for the faster decrease in gut perme-
ability by IGF-I (54), for the protective effects against
sepsis and NEC of lactoferrin (150), for the protection of
probiotics against clostridium invasion (118) and against
NEC (23,57,141,176), and for the prebiotic ability of oli-
gosaccharides (53,184). The intestinal health interest of
other bioactive molecules in premature newborns has been
pointed-out through human observational studies as for
plasmalogens (89) and for lactadherin regarding its protec-
tion against rotavirus infection (179). For the rest of the
molecules cited in this review, clinical trials still have to
be conducted. Most importantly, clinical trials taking into
account a mixture of most of all the bioactive molecules, at
concentrations close to human milk, should be envisaged,
as some synergy of action between compounds have been
revealed or are higly suggested through the literature cited
in this review.

In intensive neonatal care units, the use of own mother’s
milk is promoted to feed premature infants but this prac-
tice is not always possible due to the difficulty encoun-
tered by some mothers to produce milk in this extremely
hard emotional time of having a premature baby. The use
of donor’s milk from milk-bank is the second option but
the composition of such milk is not always well adapted to
the premature neonate requirements in term of biological
molecules. Firstly, because it can be mature term milk of
several months, and the concentration of many bioactive
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Table 6. Synthesis of the plausible intestinal effects of the main bioactive molecules from human milk.

T cells

. . Trophic Cell I.nnatfz Gut proliferation/ Flg.ht Microbiota
Bioactive agents microbial . against .
effect membranes o, closure maturation/ establishment
recognition activation pathogens
Lipids
Fatty acids (C8, C12, C14, X
C18:1, C18:2 n-6)
sn-2 monoglycerides (C8-C12) X
PUFA (LA) X
LC-PUFA (AA, DHA) X X X X X
Branched chain fatty acids X
Phosphatidylcholine X X
Sphingomyelin X X X
Gangliosides X X X
Plasmalogens X
Cholesterol X X
Enzymes
SMase X
BSSL X X
Growth factors & Hormones
IGF X X
EGF X
Insulin X X X
Leptin X
Adiponectin X
Whey & MFGM proteins
Lactoferrin X X X X
slgA X
sCD14 X
sTLR2 X
MUC-1 X
Lactadherin X X
Others
Probiotics X X X X
Prebiotics X X X X
miRNA X X X

AA: arachidonic acid (C20:4 n-6); BSSL: Bile Salt-Stimulated Lipase; DHA: docosahexaenoic acid (C22:6 n-3); EGF: epidermal growth fac-
tor; IGF: Insulin-like growth factor; LA: linoleic acid (C18:2 n-6); LC-PUFA: long-chain polyunsaturated fatty acids; MFGM: Milk Fat Globule
Membrane; MUC-1: Mucin-1; PUFA: polyunsaturated fatty acids; sCD14: soluble cluster of differentiation 14; sIgA: secretory immunoglobulins

A; SMase: sphingomyelinase; sTLR2: soluble Toll-Like receptor 2.

compounds diminished during the lactation period or/and
are different in preterm milk compared to term milk. Sec-
ondly, because donor’s milk is' most often heat-treated by
pasteurization to eliminate possible pathogens that will de-
stroy at the same time, partly or fully, some of the bioactive
proteins. For instance, the regular pasteurization process
applied in milk bank (i.e. 62.5-63°C for 30 min or 70°C
for 20 min, cycle of 1.5 to 2.5 hours) destroys 100% BSSL,
about 100% of sCD14, probiotics, 34% of IgA, 100%
of IgM, 63% of lactoferrin, 64% of leptin, 30% of acid
SMase, 39% of IGF-I and 10% of IGF-II (3,9,86,93,199).
Alternative technological processes are currently investi-
gated in order to preserve as far as possible the precious
bioactive molecules from human milk, and some of them
seem promising. The flash pasteurization, recommended
in developing countries to prevent HIV transmission from
milk (72.9°C during a short time then quick cooling), pre-
serves 80% IgA and 70% IgG (46). A quick pasteurization
(62.5°C during 5 seconds) preserves fully the amount of
IGF-I and IGF-II (93). The high-pressure processing (no
more than 400 MPa at 12°C) totally preserves IgA (189).
Ultrasounds with then a quick heat treatment protect IgA,
lactoferrin and BSSL (55). More recently, ultraviolet-C ir-
radiation was shown to eliminate bacteria with no loss of
BSSL and no change of fatty acid profile (50). To coun-

teract the low levels of bioactive compounds, the use of
specific new types of fortifiers could be envisaged. The
fortifier currently used should be improved by containing
indispensable lipid sources (DHA, AA, phospholipids) in-
stead of mainly medium-chain and saturated triglycerides
such as in liprocil (100% lipids, 82% saturated fatty acids,
78.6% MCT, 4.2% oleic acid and 14.5% linoleic acid) and
Liquigen (50% lipids, 47.1% saturated fatty acids, 46.2%
MCT), as well as more numerous specific bioactive pro-
teins. The last possibility relies on the production of more
functional preterm infant formulas, the most appropriate
possible for programming good intestinal health since the
beginning of birth, on the basis of clear new recommenda-
tions that should be urgently set-up by pediatricians and
scientists expert in the field of infant nutrition.

Human milk is clearly vital through so-called early
« programming effects » that lead to long-term biological
and physiological outcomes important for, among others,
intestinal health later in life. Our knowledge on the cru-
cial components provided by human milk is now strong
enough in this 21 century to help us to improve substan-
tially the specific clinical care practices for premature new-
borns. For illustration of this remark, it may be noted that
despite the fact that we know that DHA is very important,
no action is actually proposed in neonatology to ensure a
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sufficient intake, both due to the lack of consensual guide-
lines and of adapted industrial products (86,130). In order
to give the premature newborns the same chances for an
optimal development when own mother’s fresh milk is not
available, substantial efforts have to be made for proposing
more appropriate donor milk (selection by date after post-
partum, accordingly to DHA and AA levels that will have
to be measured, as for some examples), adapted and well-
thoughtful milk fortifiers, and functional better-defined
preterm infant formulas.

REFERENCES

1. Abreu, M.T., Vora, P., Faure, E., Thomas, L.S., Arnold, E.T. and Ar-
diti, M., Decreased expression of Toll-like receptor-4 and MD-2 cor-
relates with intestinal epithelial cell protection against dysregulated
proinflammatory gene expression in response to bacterial lipopolysac-
charide. J. Immunol. 2001, 167:1609-1616.

2. Agostoni, C., Buonocore, G., Carnielli, V.P., De Curtis, M., Dar-
maun, D., Decsi, T., Domell6f, M., Embleton, N.D., Fusch, C., Genzel-
Boroviczeny, O., Goulet, O., Kalhan, S.C., Kolacek, S., Koletzko, B.,
Lapillonne, A., Mihatsch, W., Moreno, L., Neu, J., Poindexter, B., Pun-
tis, J., Putet, G., Rigo, J., Riskin, A., Salle, B., Sauer, P., Shamir, R., Sza-
jewska, H., Thureen, P., Turck, D., van Goudoever, J.B., Ziegler, E.E.
and ESPGHAN Committee on Nutrition., Enteral nutrient supply for
preterm infants: commentary from the European Society of Paediatric
Gastroenterology, Hepatology and Nutrition Committee on Nutrition. J.
Pediatr. Gastroenterol. Nutr. 2010, 50(1):85-91.

3. Akinbi, H., Meinzen-Derr, J., Auer, C., Ma, Y., Pullum, D., Kusano,
R., Reszka, K.J. and Zimmerly, K., Alterations in the host defense prop-
erties of human milk following prolonged storage or pasteurization. J.
Pediatr. Gastroenterol. Nutr. 2010, 51(3):347-352.

4. Alessandri, J.M., Joannic, J.L., Delpals, S. and Durand, G., Effect
of early dietary deficiency in polyunsaturated fatty acids on two lec-
tin binding sites in the small intestine of post-weanling rats. J. Pediatr.
Gastroenterol. Nutr. 1995, 21(2):165-176.

5. Al-Majali, A.M., Asem, E.K., Lamar, C., Robinson, J.P., Freeman,
J. and Saeed, A.M., Insulin modulates intestinal response of suckling
mice to the Escherichia coli heat-stable enterotoxin. Adv. Exp. Med.
Biol. 1999, 473:113-123.

6. Andersson, Y., Sdvman, K., Bliackberg, L. and Hernell, O., Pasteuri-
zation of mother’s own milk reduces fat absorption and growth in pre-
term infants. Acta Paediatr-2007, 96(10):1445-1449.

7. Andersson, E.L., Hernell, O., Blackberg, L., Filt, H. and Lindquist,
S., BSSL and PLRP2: key enzymes for lipid digestion in the newborn
examined using the Caco-2 cell line. J. Lipid Res. 2011, 52(11):1949-
1956.

8. ANSES. Actualisation des Apports Nutritionnels Conseillés pour les
acides gras. Rapport d’expertise collective. Saisine n® 2006-SA-0359,
ANC AG. Mai 2011.

9. Armand, M., Hamosh, M., Mehta, N. R., Angelus, P. A., Philpott, J.
R., Henderson, T. R., Dwyer, N. K., Lairon, D. and Hamosh, P., Effect
of human milk or formula on gastric function and fat digestion in the
premature infant. Pediatr. Res. 1996, 40:429-437.

10. Armand, M., Le lait maternel: source de probiotiques! Actualités en
Diététique et Nutrition 2009, 50:113-129.

11. Armand, M. and Pieroni, G., Inventors; Innovation Santé des Lip-
ides (I.S.L.)/I.N.S.E.R.M., assignee. Foodstuff composition to improve
digestibility of Foodstuff lipids. French patent WO 2009/037398, Inter-
national Application No.: PCT/FR2008/001062.

12. Armand, M., Chapitre 25. Stratégies de controle de la biodispo-
nibilité des lipides. In : Structure des aliments et effets nutritionnels.
Fardet, A., Souchon, 1., Dupont, D. coord, Edition QUAE, Collection
Synthéses, 2013, pp 373-413.

13. Arslanoglu, S., Corpeleijn, W., Moro, G., Braegger, C., Campoy,
C., Colomb, V., Decsi, T., Domellof, M., Fewtrell, M., Hojsak, 1., Mi-
hatsch, W., Molgaard, C., Shamir, R., Turck, D., van Goudoever, J. and
ESPGHAN Committee on Nutrition, Donor human milk for preterm
infants: current evidence and research directions. J. Pediatr. Gastroen-
terol. Nutr. 2013, 57(4):535-542.

14. Arterburn, L.M., Hall, E.B. and Oken, H., Distribution, interconver-
sion, and dose response of n-3 fatty acids in humans. Am. J. Clin. Nutr.
2006, 83(6 Suppl):1467S-1476S.

15. Awada, M., Soulage, C.O., Meynier, A., Debard, C., Plaisancié, P.,
Benoit, B., Picard, G., Loizon , E., Chauvin, M.A., Estienne, M., Per-
etti, N., Guichardant, M., Lagarde, M., Genot, C. and Michalski, M.C.,
Dietary oxidized n-3 PUFA induce oxidative stress and inflammation:
role of intestinal absorption of 4-HHE and reactivity in intestinal cells.
J. Lipid Res. 2012, 53(10):2069-2080.

16. Aydin, S., Aydin, S., Ozkan, Y. and Kumru, S., Ghrelin is pres-
ent in human colostrum, transitional and mature milk. Peptides 2006,
27(4):878-882.

17. Aydin, S., Ozkan, Y., Erman, F., Gurates, B., Kilic, N., Colak, R.,
Gundogan, T., Catak, Z., Bozkurt, M., Akin, O., Sen, Y. and Sahn, L.,
Presence of obestatin in breast milk: relationship among obestatin, ghre-
lin, and leptin in lactating women. Nutrition 2008, 24(7-8):689-693.
18. Balmer, S.E., Scott, P.H. and Wharton, B.A., Diet and faecal flora
in the newborn: lactoferrin. Arch. Dis. Child. 1989, 64(12):1685-1690.
19. Berseth, C.L., Enhancement of intestinal growth in neonatal rats
by epidermal growth factor in milk. Am. J. Physiol. 1987, 253(5 Pt
1):G662-G665.

20. Berseth, C.L.; Bisquera, J.A. and Paje, V.U., Prolonging small feed-
ing volumes early in life decreases the incidence of necrotizing entero-
colitis in very low birth weight infants. Pediatrics 2003, 111:529-534.
21. Berton, A., Sebban-Kreuzer, C., Rouvellac, S., Lopez, C. and Cren-
on, I., Individual and combined action of pancreatic lipase and pancre-
atic lipase-related proteins 1 and 2 on native versus homogenized milk
fat globules. Mol. Nutr. Food Res. 2009, 53(12):1592-1602.

22. Bielicki, J., Huch, R. and von Mandach, U., Time-course of lep-
tin levels in term and preterm human milk. Eur: J. Endocrinol. 2004,
151:271-276.

23. Bin-Nun, A., Bromiker, R., Wilschanski, M., Kaplan, M., Ridensky,
B., Caplan, M. and Hammerman, C., Oral probiotics prevent necrotiz-
ing enterocolitis in very low birth weight neonates. J. Pediatr. 2005,
147:192-196.

24. Biton, M., Levin, A., Slyper, M., Alkalay, 1., Horwitz, E., Mor, H.,
Kredo-Russo, S., Avnit-Sagi, T., Cojocaru, G., Zreik, F., Bentwich, Z.,
Poy, M.N., Artis, D., Walker, M.D., Hornstein, E., Pikarsky, E. and Ben-
Neriah, Y., Epithelial microRNAs regulate gut mucosal immunity via
epithelium-T cell crosstalk. Nat. Immunol. 2011, 12(3):239-246.

25. Blais, D.R., Harrold, J. and Altosaar, 1., Killing the messenger in the
nick of time: Persistence of breast milk sCD14 in the neonatal gastroin-
testinal tract. Pediatr. Res. 2006, 59:371-376.

26. Blank, C., Neumann, M.A., Makrides, M. and Gibson, R.A., Op-
timizing DHA levels in piglets by lowering the linoleic acid to alpha-
linolenic acid ratio. J. Lipid Res. 2002, 43(9):1537-1543.

27. Blencowe, H., Cousens, S., Oestergaard, M.Z., Chou, D., Moller,
A.B., Narwal, R., Adler, A., Garcia, C.V., Rohde, S., Say, L. and Lawn,
J.E., National, regional, and worldwide estimates of preterm birth rates
in the year 2010 with time trends since 1990 for selected countries: a
systematic analysis and implications. Lancet 2010, 379:2162-2172.

28. Bokor, S., Koletzko, B. and Decsi, T., Systematic review of fatty
acid composition of human milk from mothers of preterm compared to
full-term infants. Ann. Nutr. Metab. 2007, 51(6):550-556.

29. Bone, R.C., Balk, R.A., Cerra, F.B., Dellinger, R.P., Fein, A.M.,
Knaus W.A., Schein, R.M.H. and Sibbald, W.J., Definitions for sepsis
and organ failure and guidelines for the use of innovative therapies in
sepsis. Chest 1992, 101(6):1644-1655.

124



C. GARCIA et al. / Human milk compounds and newborn intestinal health.

30. Borthakur, A., Bhattacharyya, S., Kumar, A., Anbazhagan, A.N.,
Tobacman, J.K. and Dudeja, P.K., Lactobacillus acidophilus alleviates
platelet-activating factor-induced inflammatory responses in human in-
testinal epithelial cells. PLoS ONE 2013;8(10):e75664.

31. Boué-Vaysse, C., Billeaud, C., Guesnet, P., Couédelo, L., Alessan-
dri, J.M., Putet, G. and Combe, N., Teneurs en acides gras polyinsaturés
essentiels du lait maternel en France: évolution du contenu en acides
linoléique et alphalinolénique au cours des 10 derniéres années. OCL
2009, 16(1):4-7.

32. Boyd C.A., Quigley, M.A. and Brocklrhurst, P., Donor breast milk
versus infant formula for preterm infants: systematic review and meta-
analysis. Arch. Dis. Child. Fetal. Neonatal Ed. 2007, 92:169-175.

33. Brandtzaeg, P., Gate-keeper function of the intestinal epithelium.
Benef. Microbes 2013, 4(1):67-82.

34. Brenna, J.T., Varamini, B., Jensen, R.G., Diersen-Schade, D.A.,
Boettcher, J.A. and Arterburn, L.M., Docosahexaenoic and arachidonic
acid concentrations in human breast milk worldwide. Am. J. Clin. Nutr.
2007, 85(6):1457-1464.

35. Bronsky, J., Karpisek, M., Bronskd, E., Pechova, M., Jancikova,
B., Kotolovéa, H., Stejskal, D., Prusa, R. and Nevoral, J., Adiponectin,
adipocyte fatty acid binding protein, and epidermal fatty acid binding
protein: proteins newly identified in human breast milk. Clin. Chem.
2006, 52(9):1763-1770.

36. Buccigrossi, V., de Marco, G., Bruzzese, E., Ombrato, L., Bracale,
1., Polito, G. and Guarino, A., Lactoferrin induces concentration-de-
pendent functional modulation of intestinal proliferation and differen-
tiation. Pediatr. Res. 2007, 61(4):410-414.

37. Burrin, D.G. and Stoll, B., Key nutrients and growth factors for the
neonatal gastrointestinal tract. Clin. Perinatol. 2002, 29(1):65-96.

38. Cabrera-Rubio, R., Collado, M.C., Laitinen, K., Salminen, S., Iso-
lauri, E. and Mira, A., The human milk microbiome changes over lac-
tation and is shaped by maternal weight and mode of delivery. Am. J.
Clin. Nutr. 2012, 96(3):544-551.

39. Campanella, L., Martini, E. and Tomassetti, M., New immunosen-
sor for Lactoferrin determination in human milk and several pharma-
ceutical dairy milk products recommended for the unweaned diet. J.
Pharm. Biomed. Anal. 2008, 48(2):278-287.

40. Caplan, M.S., Russell T, Xiao Y, Amer M, Kaup S, and Jilling, T.,
Effect of polyunsaturated fatty acid supplementation on intestinal in-
flammation and necrotizing enterocolitis in a neonatal rat model. Pedi-
atr. Res. 2001, 49:647-652.

41. Carlson, S.E., Montalto, M.B., Ponder, D.L., Werkman, S.H. and
Korones, S.B., Lower incidence of necrotizing enterocolitis in infants
fed a preterm formula with egg phospholipids. Pediatr. Res. 1998,
44:491-498.

42. Carnielli, V.P., Simonato, M., Verlato, G., Luijendijk, I., De Curtis,
M., Sauer, P.J. and Cogo, P.E., Synthesis of long-chain polyunsaturated
fatty acids in preterm newborns fed formula with long-chain polyun-
saturated fatty acids. Am. J. Clin. Nutr. 2007, 86(5):1323-1330.

43. Casabiell, X., Pifieiro, V., Tomé, M.A., Peind, R., Diéguez, C. and
Casanueva, F.F., Presence of leptin in colostrum and/or breast milk
from lactating mothers: a potential role in the regulation of neonatal
food intake. J. Clin. Endocrinol. Metab. 1997, 82(12):4270-4273.

44. Castellote, C., Casillas, R., Ramirez-Santana, C., Pérez-Cano,
F.J., Castell, M., Moretones, M.G., Lopez-Sabater, M.C. and Franch,
A., Premature delivery influences the immunological composition
of colostrum and transitional and mature human milk. J. Nutr. 2011,
141(6):1181-1187.

45. Catassi, C., Bonuccia, A., Coppa, G.V., Carluccia, A. and Giorgi,
P.L., Intestinal permeability changes during the first month — Effect of
natural versus artificial feeding. J. Pediatr. Gastroenterol. Nutr. 1995,
21:383-386.

46. Chantry, C.J., Israel-Ballard, K., Moldoveanu, Z., Peerson, J., Cout-
soudis, A., Sibeko, L. and Abrams, B., Effect of flash-heat treatment on

immunoglobulins in breast milk. J. Acquir. Immune Defic. Syndr. 2009,
51(3):264-267.

47. Chatterton, D.E.W., Rasmussen, J.T., Heegaard, C.W., Sorensen,
E.S., and Petersen, T.E., In vitro digestion of novel milk protein in-
gredients for use in infant formulas: Research on biological functions.
Trends Food Sci. Technol. 2004, 15:373-383.

48. Chen, X., Gao, C., Li, H., Huang, L., Sun, Q., Dong, Y., Tian, C.,
Gao, S., Dong, H., Guan, D., Hu, X., Zhao, S., Li, L., Zhu, L., Yan,
Q., Zhang, J., Zen, K. and Zhang, C.Y., Identification and character-
ization of microRNAs in raw milk during different periods of lacta-
tion, commercial fluid, and powdered milk products. Cell Res. 2010,
20(10):1128-1137.

49. Chichlowski, M., De Lartigue, G., German, J.B., Raybould, H.E.
and Mills, D.A., Bifidobacteria isolated from infants and cultured on
human milk oligosaccharides affect intestinal epithelial function. J. Pe-
diatr. Gastroenterol. Nutr. 2012, 55(3):321-327.

50. Christen, L., Lai, C.T., Hartmann, B., Hartmann, P.E. and Geddes,
D.T., Ultraviolet-C irradiation: a novel pasteurization method for donor
human milk. PLoS One 2013, 8(6):¢68120.

51. Collado, M.C., Laitinen, K., Salminen, S. and Isolauri, E., Maternal
weight and excessive weight gain during pregnancy modify the immu-
nomodulatory potential of breast milk. Pediatr: Res. 2012, 72(1):77-85.
52. Commare, C.E. and Tappenden, K.A., Development of the infant
intestine: implications: for nutrition support. Nutr. Clin. Pract. 2007,
22:159-173.

53. Coppa, G.V., Zampini, L., Galeazzi, T. and Gabrielli, O., Prebiotics
in human milk: a review. Dig. Liver Dis. 2006, 38 Suppl 2:S291-294.
54. Corpeleijn, W.E., van Vliet, 1., de Gast-Bakker, D.A., van der
Schoor, S.R., Alles, M.S., Hoijer, M., Tibboel, D. and van Goudoever,
J.B., Effect of enteral IGF-1 supplementation on feeding tolerance,
growth, and gut permeability in enterally fed premature neonates. J.
Pediatr. Gastroenterol. Nutr. 2008, 46(2):184-190.

55. Czank, C., Simmer, K. and Hartmann, PE., Simultaneous pasteuri-
zation and homogenization of human milk by combining heat and ultra-
sound: effect on milk quality. J. Dairy Res. 2010, 77(2):183-189.

56. Dalli, J., Colas, R.A. and Serhan, C.N., Novel n-3 immunoresol-
vents: structures and actions. Sci. Rep. 2013, 3:1940.

57. Dani, C., Biadaioli, R., Bertini, G., Martelli, E. and Rubaltelli, F.F.,
Probiotics feeding in prevention of urinary tract infection, bacterial
sepsis and necrotizing enterocolitis in preterm infants. A prospective
double-blind study. Biol. Neonate 2002, 82:103-108.

58. Das, U.N., Essential fatty acids as possible enhancers of the benefi-
cial actions of probiotics. Nutrition 2002, 18(9):786-789.

59. Davidson, L.A. and Lonnerdal, B., Persistence of human milk pro-
teins in the breastfed infant. Acta Paediatr. Scand. 1987, 76:733-740.
60. Debertin, A.S., Korwitz, S., Tschernig, T., Kleemann, W.J. and
Gotz, W., Tissue distribution of components of the insulin-like growth
factor system in sudden infant death and controls. Forensic. Sci. Int.
2000, 113(1-3):199-204.

61. De Leoz, M.L., Wu, S., Strum, J.S., Niflonuevo, M.R., Gaerlan,
S.C., Mirmiran, M., German, J.B., Mills, D.A., Lebrilla, C.B. and Un-
derwood, M.A., A quantitative and comprehensive method to analyze
human milk oligosaccharide structures in the urine and feces of infants.
Anal. Bioanal. Chem. 2013, 405(12):4089-4105.

62. Dial, E.J., Zayat, M., Lopez-Storey, M., Tran, D. and Lichtenberger,
L., Oral phosphatidylcholine preserves the gastrointestinal mucosal
barrier during LPS-induced inflammation. Shock 2008, 30(6):729-733.
63. Doneray, H., Orbak, Z. and Yildiz, L., The relationship between
breast milk leptin and neonatal weight gain. Acta Paediatr. 2009,
98(4):643-647.

64. Duan, R.D., Nyberg, L. and Nilsson, A., Alkaline sphingomyelinase
activity in rat gastrointestinal tract: distribution and characteristics. Bio-
chim. Biophys. Acta. 1995, 1259(1):49-55.

65. Duan, R. D. and Nilsson, A., Sphingolipid hydrolyzing enzymes in

125



C. GARCIA et al. / Human milk compounds and newborn intestinal health.

the gastrointestinal tract. Methods Enzymol. 2000, 311:276-286.

66. Duan R.D., Cheng, Y., Yang, L., Ohlsson, L. and Nilsson, A., Evi-
dence for specific ceramidase present in the intestinal contents of rats
and humans. Lipids 2001, 36:807-812.

67. Duan, R.D., Cheng, Y., Jonsson, B.A., Ohlsson, L., Herbst, A.,
Hellstrom-Westas, L. and Nilsson, A., Human meconium contains sig-
nificant amounts of alkaline sphingomyelinase, neutral ceramidase, and
sphingolipid metabolites. Pediatr: Res. 2007, 61:61-66.

68. Duan, R.D. and Nilsson, A., Metabolism of sphingolipids in the gut
and its relation to inflammation and cancer development. Prog. Lipid
Res. 2009, 48:62-72.

69. Diindar, N.O., Diindar, B., Cesur, G., Yilmaz, N., Siitgu, R. and
Ozgiiner, F., Ghrelin and adiponectin levels in colostrum, cord blood
and maternal serum. Pediatr. Int. 2010, 52(4):622-625.

70. Dvorak, B., Halpern, M.D., Holubec, H., Williams, C.S., McWil-
liam, D.L., Dominguez, J.A., Stepankova, R., Payne, C.M. and Mc-
Cuskey, R.S., Epidermal growth factor reduces the development of
necrotizing enterocolitis in a neonatal rat model. Am. J. Physiol. Gas-
trointest. Liver Physiol. 2002, 282(1):G156-G164.

71. Dvorak, B., Fituch, C.C., Williams, C.S., Hurst, N.M. and Schanler,
R.J., Increased epidermal growth factor levels in human milk of moth-
ers with extremely premature infants. Pediatr: Res. 2003, 54(1):15-19.
72. Dvorak, B., Milk epidermal growth factor and gut protection. J.
Pediatr. 2010, 156(2 Suppl):S31-35.

73. Ehrenkranz, R.A., Early nutritional support and outcomes in ELBW
infants. Early Human Dev. 2010, 86:S21-S25.

74. Elass, E., Masson, M., Mazurier, J. and Legrand, D., Lactoferrin
inhibits the lipopolysaccharide-induced expression and proteoglycan-
binding ability of interleukin-8 in human endothelial cells. /nfect. Im-
mun. 2002, 70:1860-1866.

75. Elmlinger, M.W., Hochhaus, F., Loui, A., Frommer, K.W., Obladen,
M. and Ranke, M.B., Insulin-like growth factors and binding proteins in
early milk from mothers of preterm and term infants. Horm. Res. 2007,
68(3):124-131.

76. Eriksson, U., Duc, G., Froesch, E.R. and Zapf, J., Insulin-like
growth factors (IGF) I and II and IGF binding proteins (IGFBPs) in
human colostrum/transitory milk during the first week postpartum:
comparison with neonatal and maternal serum. Biochem. Biophys. Res.
Commun. 1993, 196(1):267-273.

77. Ewaschuk, J.B., Diaz, H., Meddings, L., Diederichs; B., Dmytrash,
A., Backer, J., Looijer-van Langen, M. and Madsen, K.L., Secreted
bioactive factors from Bifidobacterium infantis enhance epithelial cell
barrier function. Am. J. Physiol. Gastrointest. Liver Physiol. 2008,
295(5):G1025-G1034.

78. Facchinetti, F., Fazzio, M. and Venturini, P., Polyunsaturated fatty
acids and risk of preterm delivery. Eur. Rev. Med. Pharmacol. Sci. 2005,
9(1):41-48.

79. Fanaro, S., Chierici, R., Guerrini, P. and Vigi, V., Intestinal micro-
flora in early infancy: composition and development. Acta Paediatrica
2003, 91:48-55

80. Fernandez, L., Langa, S., Martin, V., Jiménez, E., Martin, R. and
Rodriguez, J.M., The microbiota of human milk in healthy women.
Cell. Mol. Biol. 2013, 59(1):31-42.

81. Fieker, A., Philpott, J. and Armand, M., Enzyme Replacement Ther-
apy for Pancreatic Insufficiency: Present and Future. Clin. Exp. Gastro-
enterol. 2011, 4:55-73.

82. Field, C.J., Clandinin, M.T., and Van Aerde, J.E., Polyunsaturated
fatty acids and T-cell function: implications for the neonate. Lipids
2001, 36(9):1025-1032.

83. Freed, L.M., Berkow, S.E., Hamosh, P., York, C.M., Mehta, N.R.
and Hamosh, M., Lipases in human milk: effect of gestational age
and length of lactation on enzyme activity. J. Am. Coll. Nutr. 1989,
8(2):143-150.

84. Fukuda, S., Toh, H., Hase, K., Oshima , K., Nakanishi, Y., Yoshimu-

ra, K., Tobe, T., Clarke, J.M., Topping, D.L., Suzuki, T., Taylor, T.D.,
Itoh, K., Kikuchi, J., Morita, H., Hattori, M. and Ohno, H., Bifidobac-
teria can protect from enteropathogenic infection through production of
acetate. Nature 2011, 469(7331):543-547.

85. Gabrielli, O., Zampini, L., Galeazzi, T., Padella, L., Santoro, L.,
Peila, C., Giuliani, F., Bertino, E., Fabris, C. and Coppa, G.V., Preterm
milk oligosaccharides during the first month of lactation. Pediatrics
2011, 128(6):e1520-1531.

86. Garcia, C., Duan, R. D., Confort-Gouny, S., Millet, V., Gire, C.,
Palix, C., Lutz, N., Deprez, P., Bernard, M. and Armand, M., Consump-
tion of bioactive molecules protecting from necrotising enterocolitis in
premature newborns receiving native or pasteurised human milk. Proc.
Nutr. Soc. 2008, 67:E208.

87. Garcia, C., Millet, V., Coste, T. C., Mimoun, M., Ridet, A., An-
tona, C., Simeoni, U. and Armand, M., French mothers’ milk deficient
in DHA contains phospholipid species of potential interest for infant
development. J. Pediatr. Gastroenterol. Nutr. 2011, 53:206-212.

88. Garcia, C., Lutz, N.W., Confort-Gouny, S., Cozzone, P.J., Armand,
M. and Bernard, M., Phospholipid fingerprints of milk from different
animal species determined by *'P NMR: towards specific interest in hu-
man health. Food Chem. 2012, 135 (3):1777-1783.

89. Garcia, C., Brévaut-Malaty, V., Millet, V., Duan, R.D., Gire, C.,
Simeoni, U., Gaudart, J., Bernard, M. and Armand, M., Phospholip-
ids composition of human milk determined by *'P-NMR and relation-
ship to intestinal maturity in premature neonates. MAGMA 2013, 26(1
Suppl):180 (P642).

90. Gibson, R.A. and Kneebone, G.M., Fatty acid composition of
human colostrum and mature breast milk. Am. J. Clin. Nutr. 1981,
34(2):252-257.

91. Glauser, M.P., Heumann, D., Baumgartner, J.D. and Cohen, J.,
Pathogenesis and potential strategies for prevention and treatment of
septic shock: an update. Clin. Infect. Dis. 1994, 18 Suppl 2:S205-S216.
92. Godlewski, M.M., Stupecka, M., Wolinski, J., Skrzypek, T., Skr-
zypek, H., Motyl, T. and Zabielski, R., Into the unknown--the death
pathways in the neonatal gut epithelium. J. Physiol. Pharmacol. 2005,
56(Suppl 3):7-24.

93. Goelz, R., Hihn, E., Hamprecht, K., Dietz, K., Jahn, G., Poets, C.
and Elmlinger, M., Effects of different CM V-heat-inactivation-methods
on growth factors in human breast milk. Pediatr. Res. 2009, 65(4):458-
461.

94. Goldman, A.S., Garza, C., Nichols, B.L. and Goldblum, R.M., Im-
munologic factors in human milk during the first year of lactation. J.
Pediatr. 1982, 100(4):563-567.

95. Goldman, A.S., Garza, C., Nichols, B., Johnson, C.A., Smith, E.O.
and Goldblum, R.M., Effects of prematurity on the immunologic sys-
tem in human milk. J. Pediatr. 1982, 101(6):901-905.

96. Groh-Wargo, S. and Sapsford, A., Enteral nutrition support of the
preterm infant in the neonatal intensive care unit. Nutr: Clin. Pract.
2009, 24:363-376.

97. Gross, S.J., Growth and biochemical response of preterm infants
fed human milk or modified infant formula. N. England J. Med. 1983,
308:237-241.

98. Gueimonde, M., Laitinen, K., Salminen, S. and Isolauri, E., Breast
milk: A source of Bifidobacteria for infant gut development and matura-
tion? Neonatology 2007, 92:64-66.

99. Habte, H.H., Kotwal, G.J., Lotz, Z.E., Tyler, M.G., Abrahams, M.,
Rodriques, J., Kahn, D. and Mall, A.S., Antiviral activity of purified hu-
man breast milk mucin. Neonatology 2007, 92(2):96-104.

100. Hamosh, M., Peterson, J.A., Henderson, T.R., Scallan, C.D., Ki-
van, R., Ceriani, R.L., Armand, M., Metha, N.R. and Hamosh, P., Pro-
tective function of human milk: the milk fat globule. Semin. Perinatol.
1999, 23:242-249.

101. Hanson, L.A. and Korotkova, M., The role of breastfeeding in pre-
vention of neonatal infection. Semin. Neonatol. 2002, 7(4):275-281.

126



C. GARCIA et al. / Human milk compounds and newborn intestinal health.

102. Harada, E. and Syuto, B., Precocious cessation of intestinal mac-
romolecular transmission and sucrase development induced by insulin
in adrenalectomized suckling rats. Comp. Biochem. Physiol. A. 1991,
99(3):327-331.

103. Harris, N.L., Spoerri, L., Schopfer, J.F., Nembrini, C., Merky, P.,
Massacand, J., Urban, J.F. Jr, Lamarre, A., Burki, K., Odermatt, B.,
Zinkernagel, R.M. and Macpherson, A.J., Mechanisms of neonatal mu-
cosal antibody protection. J. Immunol. 2006, 177(9):6256-6262.

104. Heikkila, M.P. and Saris P.E.J., Inhibition of Staphylococcus au-
reus by the commensal bacteria of human milk. J. Appl. Microbiol.
2003, 95:471-478.

105. Henderson, J.J., McWilliam, O.A., Newnham, J.P. and Pennell,
C.E., Preterm birth aetiology 2004-2008. Maternal factors associated
with three phenotypes: spontaneous preterm labour, preterm pre-labour
rupture of membranes and medically indicated preterm birth. J. Matern.
Fetal Neonatal. Med. 2012, 25(6):642-647.

106. Hernell, O., Ward, H., Blackberg, L. and Pereira, M.E., Killing of
Giardia lamblia by human milk lipases: an effect mediated by lipolysis
of milk lipids. J. Infect. Dis. 1986, 153(4):715-720.

107. Hernell, O., Bliackberg, L., Chen, Q., Sternby, B. and Nilsson, A.,
Does the bile salt-stimulated lipase of human milk have a role in the use
of the milk long-chain polyunsaturated fatty acids? J. Pediatr. Gastro-
enterol. Nutr. 1993, 16(4):426-431.

108. Hodek, J.M., von der Schulenburg, J.M. and Mittendorf, T., Mea-
suring economic consequences of preterm birth - Methodological rec-
ommendations for the evaluation of personal burden on children and
their caregivers. Health Econ. Rev. 2011, 1(1):6 (1-10).

109. Hornung, B., Amtmann, E. and Sauer, G., Lauric acid inhibits
the maturation of vesicular stomatitis virus. J. Gen. Virol. 1994, 75(Pt
2):353-361.

110. Houle, V.M., Schroeder, E.A., Odle, J. and Donovan, S.M., Small
intestinal disaccharidase activity and ileal villus height are increased in
piglets consuming formula containing recombinant human insulin-like
growth factor-1. Pediatr. Res. 1997, 42(1):78-86.

111. Houle, V.M., Park, Y.K., Laswell, S.C., Freund, G.G., Dudley,
M.A. and Donovan, S.M., Investigation of three doses of oral insulin-
like growth factor-1 on jejunal lactase phlorizin hydrolase activity and
gene expression and enterocyte proliferation and migration in piglets.
Pediatr. Res. 2000, 48(4):497-503.

112. Houseknecht, K.L., McGuire, M.K., Portocarrero, C.P., McGuire,
M.A. and Beerman, K., Leptin is presentin human milk and is related to
maternal plasma leptin concentration and adiposity. Biochem. Biophys.
Res. Commun.1997, 240(3):742-747.

113. Howles, P.N., Stemmerman, G.N., Fenoglio-Preiser, C.M. and Hui,
D.Y., Carboxyl ester lipase activity in milk prevents fat-derived intesti-
nal injury in neonatal mice. Am. J. Physiol. Gastrointest. Liver Physiol.
1999, 277(3 Pt 1): G653-G661.

114. Ilcol, Y.O., Hizli, Z.B., Eroz, E., Resistin is present in human breast
milk and it correlates with maternal hormonal status and serum level of
C-reactive protein. Clin. Chem. Lab. Med. 2008, 46(1):118-124.

115. Innis, S.M., Perinatal biochemistry and physiology of long-chain
polyunsaturated fatty acids. J. Pediatr. 2003, 143:S1-S8.

116. Isaacs, C.E., Thormar, H. and Pessolano, T., Membrane-disruptive
effect of human milk: inactivation of enveloped viruses. J. Infect. Dis.
1986, 154(6):966-971.

117. Isaacs, C.E., Litov, R.E. and Thormar, H., Antimicrobial activity
of lipids added to human milk, infant formula, and bovine milk. J. Nutr:
Biochem. 1995, 6(7):362-366.

118. Ishizeki, S., Sugita, M., Takata, M. and Yaeshima, T., Effect of
administration of bifidobacteria on intestinal microbiota in low-birth-
weight infants and transition of administered bifidobacteria: a compari-
son between one-species and three-species administration. Anaerobe
2013, 23:38-44.

119. Jilling, T., Simon, D., Lu, J., Meng, F.J., Li, D., Schy, R., Thomson,

R.B., Soliman, A., Arditi, M. and Caplan, M.S., The roles of bacteria
and TLR4 in rat and murine models of necrotizing enterocolitis. J. Im-
munol. 2006, 177(5):3273-3282.

120. Johnson, K., Ross, L., Miller, R., Xiao, X. and Lowe, M.E., Pan-
creatic lipase-related protein 2 digests fats in human milk and formula
in concert with gastric lipase and carboxyl ester lipase. Pediatr. Res.
2013, 74(2):127-132.

121. Kabara, J.J., Swieczkowski, D.M., Conley, A.J. and Truant, J.P.,
Fatty acids and derivatives as antimicrobial agents. Antimicrob. Agents
Chemother. 1972, 2(1):23-28.

122. Kierson, J.A., Dimatteo, D.M., Locke, R.G., et al., Ghrelin and
cholecystokinin in term and preterm human breast milk. Acta Paediatr.
2006, 95(8):991-995.

123. Klein, C.J and Heird, W.C., Summary and comparison of recom-
mendations for nutrient contents of low-birth-weight infant formulas.
Life Siences Research Olffice, Inc. 2005.

124. Klingenberg, C., Embleton, N.D., Jacobs, S.E., O’Connell, L.A.
and Kuschel, C.A., Enteral feeding practices in very preterm infants:
an international survey. Arch. Dis. Child Fetal Neonatal Ed. 2012,
97(1):F56-61.

125. Kosaka, N., Izumi, H., Sekine, K. and Ochiya, T., microRNA as
a new immune-regulatory agent in breast milk. Silence 2010, 1(1):7.
126. Kugelman, A. and Colin, A.A., Late preterm infants: near term
but still in a critical developmental time period. Pediatrics 2013,
132(4):741-751.

127. Kumral, A., Ozkan, H., Duman, N., Yesilirmak, D.C., Islekel, H.
and Ozalp, Y., Breast milk jaundice correlates with high levels of epi-
dermal growth factor. Pediatr: Res. 2009, 66(2):218-221.

128. Labéta, M.O., Vidal, K., Nores, J.E., Arias, M., Vita, N., Morgan,
B.P., Guillemot, J.C., Loyaux, D., Ferrara, P., Schmid D, Affolter, M.,
Borysiewicz, L.K., Donnet-Hughes, A. and Schifftin, E.J., Innate rec-
ognition of bacteria in human milk is mediated by a milk-derived high-
ly expressed pattern recognition receptor, soluble CD14. J. Exp. Med.
2000, 191(10):1807-1812.

129. Laitinen, K., Hoppu, U., Himéldinen, M., Linderborg, K., Moil-
anen, E. and Isolauri, E., Breast milk fatty acids may link innate and
adaptive immune regulation: analysis of soluble CD14, prostaglandin
E-2, and fatty acids. Pediatr. Res. 2006, 59(5):723-727.

130. Lapillonne, A., dit Trolli, S.E. and Kermorvant-Duchemin, E.,
Postnatal docosahexaenoic acid deficiency is an inevitable consequence
of current recommendations and practice in preterm infants. Neonatol-
ogy 2010, 98:397-403.

131. Lapillonne, A., Groh-Wargo, S., Gonzalez, C.H. and Uauy, R.,
Lipid needs of preterm infants: updated recommendations. J. Pediatr:
2013, 162(3 Suppl):S37-47.

132. Lattka, E., Rzehak, P., Szabo, E., Jakobik, V., Weck, M., Wey-
ermann, M., Grallert, H., Rothenbacher, D., Heinrich, J., Brenner, H.,
Decsi, T., Illig, T. and Koletzko, B., Genetic variants in the FADS gene
cluster are associated with arachidonic acid concentrations of human
breast milk at 1.5 and 6 mo postpartum and influence the course of milk
dodecanoic, tetracosenoic, and trans-9-octadecenoic acid concentra-
tions over the duration of lactation. Am. J. Clin. Nutr. 2011, 93(2):382-
391.

133. LeBouder, E., Rey-Nores, J.E., Rushmere, N.K., Grigorov, M.,
Lawn, S.D., Affolter, M., Griffin, G.E., Ferrara, P., Schiffrin, E.J., Mor-
gan, B.P. and Labéta, M.O., Soluble forms of Toll-like receptor (TLR)2
capable of modulating TLR2 signaling are present in human plasma and
breast milk. J. Immunol. 2003, 171(12):6680-6689.

134. LeBouder, E., Rey-Nores, J.E., Raby, A.C., Affolter, M., Vidal,
K., Thornton, C.A. and Labéta, M.O., Modulation of neonatal micro-
bial recognition: TLR-mediated innate immune responses are specifi-
cally and differentially modulated by human milk. J. Immunol. 2006,
176(6):3742-3752.

135. Leelahakul, V., Tanaka, F., Sinsuksai, N., Vichitsukon, K., Pinyo-

127



C. GARCIA et al. / Human milk compounds and newborn intestinal health.

pasakul, W., Kido, N. and Inukai S., Comparison of the protein compo-
sition of breast milk and the nutrient intake between Thai and Japanese
mothers. Nurs. Health Sci. 2009; 11(2):180-184.

136. Legrand, D. and Mazurier, J., A critical review of the roles of host
lactoferrin in immunity. Biometals 2010, 23:365-376.

137. Liao, Y. and Lonnerdal, B., miR-584 mediates post-transcriptional
expression of lactoferrin receptor in Caco-2 cells and in mouse small
intestine during the perinatal period. /nt. J. Biochem. Cell. Biol. 2010,
42(8):1363-1369.

138. Liao, Y., Jiang, R. and Lonnerdal, B., Biochemical and molecular
impacts of lactoferrin on small intestinal growth and development dur-
ing early life. Biochem. Cell Biol. 2012, 90(3):476-484.

139. Liepke, C., Adermann, K., Raida, M., Méagert, H.J., Forssmann,
W.G. and Zucht, H.D., Human milk provides peptides highly stimulat-
ing the growth of bifidobacteria. Eur: J. Biochem. 2002, 269(2):712-
718.

140. Lillienau, J., Cheng, Y., Nilsson, A. and Duan, R.D., Development
of intestinal alkaline sphingomyelinase in rat fetus and newborn rat.
Lipids 2003, 38(5):545-549.

141. Lin, H.C., Su, B.H., Chen, A.C., Lin, T.W., Tsai, CH., Yeh, T.F. and
Oh, W., Oral probiotics reduce the incidence and severity of necrotizing
enterocolitis in very low birth weight infants. Pediatrics 2005, 115:1-4.
142. Liu, B., Yu, Z., Chen, C., Kling, D.E. and Newburg, D.S., Hu-
man milk mucin 1 and mucin 4 inhibit Salmonella enterica serovar Ty-
phimurium invasion of human intestinal epithelial cells in vitro. J. Nutr:
2012, 142(8):1504-15009.

143. Lopez-Pedrosa, J.M., Ramirez, M., Torres, M.I. and Gil, A., Di-
etary phospholipids rich in long-chain polyunsaturated fatty acids im-
prove the repair of small intestine in previously malnourished piglets. J.
Nutr: 1999, 129(6):1149-1155.

144. Lotz, M., Giitle, D., Walther, S., Menard, S., Bogdan, C. and Hor-
nef, M.W., Postnatal acquisition of endotoxin tolerance in intestinal epi-
thelial cells. J. Exp. Med. 2006, 203(4):973-984.

145. Lowe, M.E., The triglyceride lipases of the pancreas. J. Lipid Res.
2002, 43(12):2007-2016.

146. Lucas, A. and Cole, T.J., Breast milk and neonatal necrotising en-
terocolitis. Lancet 1990, 336:1519-1523.

147. Ma, L. and Xu, R.J., Oral insulin like growth factor-I stimulates in-
testinal enzyme maturation in newborn rats. Life Sci. 1997, 61(1):51-58.
148. Maestre, R., Douglass, J.D., Kodukula, S., Medina, I. and Storch,
J., Alterations in the intestinal assimilation of oxidized PUFAs are ame-
liorated by a polyphenol-rich grape seed extract in an in vitro model and
Caco-2 cells. J. Nutr. 2013,143(3):295-301.

149. Maggio, L., Bellagamba, M., Costa, S., Romagnoli, C., Rodriguez,
M., Timdahl, K., Vager6, M. and Carnielli, V.P., A prospective, ran-
domized, double-blind crossover study comparing thBSSL (recombi-
nant human Bile Salt Stimulated Lipase) and placebo added to infant
formula during one week of treatment in preterm infants born before
32 weeks of gestational age. http://www.sobi.com/PageFiles/356/
Study020_eaps_abstract FINAL.pdf. Abstract EAPS meeting 2010.
150. Manzoni, P., Decembrino, L., Stolfi, I., Pugni, L., Rinaldi, M., Cat-
tani, S., Romeo, M.G., Messner, H., Laforgia, N., Vagnarelli, F., Memo,
L., Bordignon, L., Saia, O.S., Maule, M., Gallo, E., Mostert, M., Mag-
nani, C., Quercia, M., Bollani, L., Pedicino, R., Renzullo, L., Betta, P.,
Ferrari, F., Magaldi, R., Mosca, F., Stronati, M., Farina, D. and Italian
Task Force for the Study and Prevention of Neonatal Fungal Infections,
Italian Society of Neonatology, Lactoferrin and prevention of late-onset
sepsis in the pre-term neonates. Early Hum. Dev. 2010, 86(Suppl 1):59-
6l.

151. Martin, R., Langa, S., Reviriego, C., Jimenez, E., Marin, M.L.,
Xaus, J., Fernandez, L. and Rodriguez, J.M., Human milk is a source
of lactic acid bacteria for the infant gut. J. Pediatr. 2003, 143:754-758.
152. Martin, R., Olivares, M., Marin, M.L., Fernandez, L., Xaus, J. and
Rodriguez, J.M., Probiotic potential of 3 lactobacilli strains isolated

from breast milk. J. Hum. Lact. 2005, 21:8-17.

153. Martin, L.J., Woo, J.G., Geraghty, S.R., Altaye, M., Davidson,
B.S., Banach, W., Dolan, L.M., Ruiz-Palacios, G.M. and Morrow, A.L.,
Adiponectin is present in human milk and is associated with maternal
factors. Am. J. Clin. Nutr. 2006, 83(5):1106-1111.

154. Martin, R., Heilig, H.G.H.J., Zoetendal, E.G., Jimenez, E., Fernan-
dez, L., Smidt, H. and Rodriguez, J.M., Cultivation-independent assess-
ment of the bacterial diversity of breast milk among healthy women.
Res. Microbiol. 2007, 158:31-37.

155. Martin, R., Heilig, H.G.H.J., Zoetendal, E.G., Smidt, H. and Rod-
riguez, J.M., Diversity of the lactobacillus group in breast milk and
vagina of healthy women and potential role in the colonization of the
infant gut. J. Appl. Microbiol. 2007, 103:2638-2644.

156. Martin, R., Jimenez, E., Heilig, H., Fernandez, L., Marin, M.L.,
Zoetendal, E.G. and Rodriguez, J.M., Isolation of Bifidobacteria from
breast milk and assessment of the bifidobacterial population by PCR-
denaturing gradient gel electrophoresis and quantitative real-time PCR.
Appl. Environ. Microbiol. 2009, 75:965-969.

157. Maskrey, B.H., Megson, L.L., Rossi, A.G. and Whitfield, P.D.,
Emerging importance of omega-3 fatty acids in the innate immune re-
sponse: Molecular mechanisms and lipidomic strategies for their analy-
sis. Mol. Nutr. Food Res. 2013, 57(8):1390-1400.

158. Matsuki, T., Watanabe, K. and Tanaka, R., Genus- and species-spe-
cific PCR primers for the detection and identification of bifidobacteria.
Curr. Issues Intest. Microbiol. 2003, 4(2):61-69.

159. Maxson, R.T., Jackson, R.J. and Smith, S.D., The protective role
of enteral IgA supplementation in neonatal gut origin sepsis. J. Pediatr.
Surg. 1995, 30(2):231-233.

160. Maynard, A.A., Dvorak, K., Khailova, L., Dobrenen, H., Argan-
bright, K.M., Halpern, M.D., Kurundkar, A.R., Maheshwari, A. and
Dvorak, B., Epidermal growth factor reduces autophagy in intestinal
epithelium and in the rat model of necrotizing enterocolitis. Am. J.
Physiol. Gastrointest. Liver Physiol. 2010, 299(3):G614-G622.

161. McKernan, D.P., Nolan, A., Brint, E.K., O’Mahony, S.M., Hyland,
N.P., Cryan, J.F. and Dinan, T.G., Toll-Like Receptor mRNA Expression
Is Selectively Increased in the Colonic Mucosa of Two Animal Models
Relevant to Irritable Bowel Syndrome. PLoS One 2009, 4(12):¢8226.
162. Mehta, R. and Petrova, A., Biologically active breast milk proteins
in association with very preterm delivery and stage of lactation. J. Peri-
natol. 2011, 31(1):58-62.

163. Ménard, D., Corriveau, L., Beaulieu, J.F., Insulin modulates cellu-
lar proliferation in developing human jejunum and colon. Biol. Neonate
1999, 75(3):143-151.

164. Messerlian, C., Maclagan, L. and Basso, O., Infertility and the risk
of adverse pregnancy outcomes: a systematic review and meta-analysis.
Hum. Reprod. 2013, 28(1):125-137.

165. Miettinen, P.J., Berger; J.E., Meneses, J., Phung, Y., Pedersen,
R.A., Werb, Z. and Derynck, R., Epithelial immaturity and multiorgan
failure in mice lacking epidermal growth factor receptor. Nature 1995,
376(6538):337-341.

166. Miklavcic, J.J., Schnabl, K.L., Mazurak, V.C., Thomson, A.B.,
Clandinin, M.T., Dietary ganglioside reduces proinflammatory signal-
ing in the intestine. J Nutr Metab. 2012, 2012:1-8.

167. Milsom, S.R., Blum, W.F. and Gunn, A.J., Temporal changes in in-
sulin-like growth factors I and II and in insulin-like growth factor bind-
ing proteins 1, 2, and 3 in human milk. Horm. Res. 2008, 69(5):307-311.
168. Miralles, O., Sanchez, J., Palou, A. and Pico, C., A physiological
role of breast milk leptin in body weight control in developing infants.
Obesity (Siler Spring) 2006, 14(8):1371-1377.

169. Molt6-Puigmarti, C., Plat, J., Mensink, R.P., Miiller, A., Jansen, E.,
Zeegers, M.P. and Thijs, C., FADS1 FADS2 gene variants modify the
association between fish intake and the docosahexaenoic acid propor-
tions in human milk. Am. J. Clin. Nutr. 2010, 91(5):1368-1376.

170. Molt6-Puigmarti, C., Castellote, A.L., Carbonell-Estrany, X. and

128



C. GARCIA et al. / Human milk compounds and newborn intestinal health.

Lopez-Sabater, M.C., Differences in fat content and fatty acid propor-
tions among colostrum, transitional, and mature milk from women
delivering very preterm, preterm, and term infants. Clin. Nutr. 2011,
30(1):116-123.

171. Montagne, P.M., Tregoat, V.S., Cuilliere, M.L., Béné, M.C and
Faure, G.C., Measurement of nine human milk proteins by nephelo-
metric immunoassays: application to the determination of mature milk
protein profile. Clin. Biochem. 2000, 33(3):181-186.

172. Moschetta, A., vanBerge-Henegouwen, G.P., Portincasa, P., Palas-
ciano, G., Groen, A.K. and van Erpecum, K.J., Sphingomyelin exhibits
greatly enhanced protection compared with egg yolk phosphatidylcho-
line against detergent bile salts. J. Lipid Res. 2000, 41(6):916-924.

173. Motouri, M., Matsuyama, H., Yamamura, J.I., Tanaka, M., Aoe,
S., Iwanaga, T. and Kawakami, H., Milk Sphingomyelin accelerates
enzymatic and morphological maturation of the intestine in artificially
reared rats. J. Pediatr. Gastroenterol. Nutr. 2003, 36:241-247.

174. Munch, E.M., Harris, R.A., Mohammad, M., Benham, A.L., Pejer-
rey, S.M., Showalter, L., Hu, M., Shope, C.D., Maningat, P.D., Gu-
naratne, P.H., Haymond, M. and Aagaard, K., Transcriptome profiling
of microRNA by next-gen deep sequencing reveals known and novel
miRNA species in the lipid fraction of human breast milk. PLoS One
2013, 8(2):e50564.

175. Murasugi, A., Asami, Y. and Mera-Kikuchi, Y., Production of re-
combinant human bile-salt-stimulated lipase in Pichia pastoris. Protein
Expr. Purif. 2001, 23(2):282-288.

176. Murguia-Peniche, T., Mihatsch, W.A., Zegarra, J., Supapannacha-
rt, S., Ding, Z.Y., and Neu, J., Intestinal mucosal defense system, Part 2.
Probiotics and prebiotics. J. Pediatr. 2013, 162(3 Suppl):S64-71.

177. Nanthakumar, N.N., Fusunyan, R.D., Sanderson, I. and Walker,
W.A., Inflammation in the developing human intestine: A possible
pathophysiologic contribution to necrotizing enterocolitis. Proc. Natl.
Acad. Sci. 2000, 97(11):6043-6048.

178. Neu, J., Walker, W.R., Engelhardt, E.L., Wu-Wang, C.Y., Roa,
M.B., Thomas, M.R. and Gimotty, P.A., Alterations in piglet small in-
testine after cholesterol deprivation. Pediatr. Res. 1987, 22(3):330-334.
179. Newburg, D.S., Ruiz-Palacios, G.M. and Morrow, A.L., Human
milk glycans protect infants against enteric pathogens. Annu. Rev. Nutr.
2005, 25:37-58.

180. Nishimukai, M., Wakisaka, T. and Hara, H., Ingestion of plasmal-
ogen markedly increased plasmalogen levels of blood plasma in rats.
Lipids 2003, 38(12):1227-1735.

181. Nojiri, T., Yoshizato, T., Fukami, T., Obama, H., Yagi, H., Yotsu-
moto, F. and Miyamoto, S.; Clinical significance of amphiregulin and
epidermal growth factor in colostrum. Arch. Gynecol. Obstet. 2012,
286(3):643-647.

182. Nyberg, L., Farooqi, A., Blackberg, L., Duan, R.D., Nilsson, A.
and Hernell, O., Digestion of ceramide by human milk bile salt-stimu-
lated lipase. J. Pediatr. Gastroenterol. Nutr. 1998, 27(5):560-567.

183. Ogunwobi, O.0O. and Beales, I.L.P., Adiponectin stimulates prolif-
eration and cytokine secretion in colonic epithelial cells. Regul. Pept.
2006, 134(2-3):105-113.

184. Oozeer, R., van Limpt, K., Ludwig, T., Ben Amor, K., Martin, R.,
Wind, R.D., Boehm, G. and Knol, J., Intestinal microbiology in early
life: specific prebiotics can have similar functionalities as human-milk
oligosaccharides. Am. J. Clin. Nutr. 2013, 98(2):561S-5718S.

185. Oslislo, A., Czuba, Z., Slawska, H., Kazmierczak, W. and Krol, W.,
Decreased human milk concentration of epidermal growth factor after
preterm delivery of intrauterine growth-restricted newborns. J. Pediatr.
Gastroenterol. Nutr. 2007, 44(4):464-467.

186. Ozgurtas, T., Aydin, I., Turan, O., Koc, E., Hirfanoglu, .M.,
Acikel, C.H., Akyol, M. and Erbil, M.K., Vascular endothelial growth
factor, basic fibroblast growth factor, insulin-like growth factor-I and
platelet-derived growth factor levels in human milk of mothers with
term and preterm neonates. Cytokine 2010, 50(2):192-194.

187. Patton, S., Gendler, S.J. and Spicer, A.P., The epithelial mucin,
MUCI1, of milk, mammary gland and other tissues. Biochim. Biophys.
Acta. 1995, 1241(3):407-423.

188. Perez, P.F., Doré¢, J., Leclerc, M., Levenez, F., Benyacoub, J., Ser-
rant, P., Segura-Roggero, 1., Schiffrin, E.J. and Donnet-Hughes, A.,
Bacterial imprinting of the neonatal immune system: lessons from ma-
ternal cells ? Pediatrics 2007, 119:E724-E732.

189. Permanyer, M., Castellote, C., Ramirez-Santana, C., Audi, C.,
Pérez-Cano, F.J., Castell, M., Lopez-Sabater, M.C. and Franch, A.,
Maintenance of breast milk Immunoglobulin A after high-pressure pro-
cessing. J. Dairy Sci. 2010, 93(3):877-883.

190. Peterson, J.A., Henderson, T.R., Hamosh, M., Scallen, C., Kivan,
R., Metha, N.R., Taylor, M.R., Armand, M. and Ceriani, R.L., Milk fat
globule glycoproteins are present in gastric aspirates of human milk-fed
premature infants. Pediatr. Res. 1998, 44:499-506.

191. Phan, C.T. and Tso, P., Intestinal, lipid absorption and transport.
Front. Biosc. 2001, 6:299-319.

192. Philipps, A.F., Anderson, G.G., Dvordk, B., Williams, C.S., Lake,
M., Lebouton, A.V. and Koldovsky, O., Growth of artificially fed infant
rats: effect of supplementation with insulin-like growth factor I. Am. J.
Physiol. 1997, 272(5 Pt 2):R1532-R1539.

193. Possemiers, S., Van Camp, J., Bolca, S. and Verstraete, W., Charac-
terization of the bactericidal effect of dietary sphingosine and its activity
under intestinal conditions. /nt. J. Food Microbiol. 2005, 105(1):59-70.
194. Prescott, S.L., Wickens, K., Westcott, L., Jung, W., Currie, H.,
Black, P.N., Stanley, T.V., Mitchell, E.A., Fitzharris, P., Siebers, R., Wu,
L. and Crane J., and Probiotic Study Group, Supplementation with Lac-
tobacillus thamnosus or Bifidobacterium lactis probiotics in pregnancy
increases cord blood interferon-gamma and breast milk transforming
growth factor-beta and immunoglobin A detection. Clin. Exp. Allergy
2008, 38(10):1606-1614.

195. Quaranta, S., Giuffrida, M.G., Cavaletto, M., Giunta, C., Godovac-
Zimmermann, J., Canas, B., Fabris, C., Bertino, E., Mombro, M. and
Conti, A., Human proteome enhancement: high-recovery method and
improved two-dimensional map of colostral fat globule membrane pro-
teins. Electrophoresis 2001, 22(9):1810-1818.

196. Ranade, P.S. and Rao, S.S., Maternal diet, LCPUFA status and
prematurity in indian mothers: A cross-sectional study. F.F.H.D 2012,
2(11):414-427.

197. Ran-Ressler, R.R., Khailova, L., Arganbright, K.M., Adkins-
Rieck, C.K., Jouni, Z.E., Koren, O., Ley, R.E., Brenna, J.T. and Dvorak,
B., Branched chain fatty acids reduce the incidence of necrotizing en-
terocolitis and alter gastrointestinal microbial ecology in a neonatal rat
model. PLoS One 2011, 6(12):¢29032.

198. Raymond, A., Ensslin, M.A. and Shur, B.D., SEDI/MFG-E8 : a
bi-motif protein that orchestrates diverse cellular interactions. J. Cell
Biochem. 2009, 106(6):957-966.

199. Resto, M., O’Connor, D., Leef K., Funanage V., Spear M., Locke
R., Leptin levels in preterm human breast milk and infant formula.
Pediatrics 2001, 108(1):E15.

200. Roberts, A.K., Chierici, R., Sawatzki, G., Hill, M.J., Volpato,
S. and Vigi, V., Supplementation of an adapted formula with bovine
lactoferrin: 1. Effect on the infant faecal flora. Acta Paediatr. 1992,
81(2):119-124.

201. Ruiz-Moyano, S., Totten, S.M., Garrido, D.A., Smilowitz, J.T.,
German, J.B., Lebrilla, C.B. and Mills, D.A., Variation in consumption
of human milk oligosaccharides by infant gut-associated strains of Bifi-
dobacterium breve. Appl. Environ. Microbiol. 2013, 79(19):6040-6049.
202. Ruvoén-Clouet, N., Mas, E., Marionneau, S., Guillon, P., Lom-
bardo, D. and Le Pendu, J., Bile-salt-stimulated lipase and mucins from
milk of ‘secretor’ mothers inhibit the binding of Norwalk virus capsids
to their carbohydrate ligands. Biochem. J. 2006, 393(Pt 3):627-634.
203. Savino, F., Benetti, S., Lupica, M.M., Petrucci, E., Palumeri, E. and
Cordero di Montezemolo, L., Ghrelin and obestatin in infants, lactating

129



C. GARCIA et al. / Human milk compounds and newborn intestinal health.

mothers and breast milk. Horm. Res. Paediatr. 2012;78(5-6):297-303.
204. Savino, F., Sorrenti, M., Benetti, S., Lupica, M.M., Liguori, S.A.
and Oggero, R., Resistin and leptin in breast milk and infants in early
life. Early Hum. Dev. 2012, 88(10):779-782.

205. Savino, F., Lupica, M.M., Benetti, S., Petrucci, E., Liguori, S.A.
and Cordero Di Montezemolo, L., Adiponectin in breast milk: relation
to serum adiponectin concentration in lactating mothers and their in-
fants. Acta Paediatr. 2012, 101(10):1058-1062.

206. Schanler, R.J., Shulman, R.J. and Lau, C., Feeding strategies for
premature infants: beneficial outcomes of feeding fortified human milk
versus preterm formula. Pediatrics 1999, 103(6 Pt 1):1150-1157.

207. Schanler, R.J., Lau, C., Hurst, N.M. and Smith, E.O., Randomized
trial of donor human milk versus preterm formula as substitutes for
mothers’ own milk in the feedings of extremely premature infants.
Pediatrics 2005, 116:400-406.

208. Schroten, H., Hanisch, F.G., Plogmann, R., Hacker, J., Uhlen-
bruck, G., Nobis-Bosch, R. and Wahn, V., Inhibition of adhesion of S-
fimbriated Escherichia coli to buccal epithelial cells by human milk fat
globule membrane components: a novel aspect of the protective func-
tion of mucins in the nonimmunoglobulin fraction. Infect. Immun. 1992,
60(7):2893-2899.

209. Schroten, H., Bosch, M., Nobis-Bosch, R., Kohler, H., Hanisch,
F.G. and Plogmann, R., Secretory immunoglobulin A is a component of
the human milk fat globule membrane. Pediatr. Res. 1999, 45(1):82-86.
210. Serhan, C.N., Chiang, N. and Van Dyke, T.E., Resolving inflam-
mation: dual anti-inflammatory and pro-resolution lipid mediators. Nat.
Rev. Immunol. 2008, 8(5):349-361.

211. Serhan, C.N. and Chiang, N., Resolution phase lipid mediators
of inflammation: agonists of resolution. Curr. Opin. Pharmacol. 2013,
13(4):632-640.

212. Shamir, R. and Shehadeh, N., Insulin in human milk and the use
of hormones in infant formulas. Nestle Nutr. Inst. Workshop Ser. 2013,
77:57-64.

213. Shehadeh, N., Gelertner, L., Blazer, S., Perlman, R., Solovachik,
L. and Etzioni, A., Importance of insulin content in infant diet: sugges-
tion for a new infant formula. Acta Paediatr. 2001, 90(1):93-95.

214. Shehadeh, N., Kjaesh-Goldberg, E., Shamir, R., Perlman, R., Su-
jov, P., Tamir, A. and Makhoul, I.R., Insulin in human milk: postpartum
changes and effect of gestational age. Arch. Dis. Child. Fetal Neonatal.
Ed. 2003, 88:F214-216.

215. Shehadeh, N., Sukhotnik, I. and Shamir, R., Gastrointestinal tract
as a target organ for orally administered insulin. J. Pediatr. Gastroen-
terol. Nutr. 2006, 43:276-281.

216. Shoji, H., Shimizu, T., Kaneko, N., Shinohara, K., Shiga, S., Saito,
M., Oshida, K., Shimizu, T., Takase, M. and Yamashiro, Y., Comparison
of the phospholipid classes in human milk in Japanese mothers of term
and preterm infants. Acta Paediatr. 2006, 95(8):996-1000.

217. Shulman, R.J., Oral insulin increases small intestinal mass and di-
saccharidase activity in the newborn miniature pig. Pediatr. Res. 1990,
28:171-175.

218. Shulman, R.J., Schanler, R.J., Lau, C., Heitkemper, M., Ou, C.N.
and Smith, E.O., Early feeding, antenatal glucocorticoids, and human
milk decrease intestinal permeability in preterm infants. Pediatr. Res.
1998, 44(4):519-523.

219. Smilowitz, J.T., O’Sullivan, A., Barile, D., German, J.B., Lonnerd-
al, B. and Slupsky, C.M., The human milk metabolome reveals diverse
oligosaccharide profiles. J. Nutr: 2013, 143(11):1709-1718.

220. Smith-Kirwin, S.M., O’Connor, D.M., De Johnsto, J., Lancey,
E.D., Hassink, S.G. and Funanage, V.L., Leptin expression in human
mammary epithelial cells and breast milk. J. Clin. Endocrinol. Metab.
1998, 83(5):1810-1813.

221. Spencer, W.J., Binette, A., Ward, T.L., Davis, L., Blais, D.R., Har-
rold, J., Mack, D.R. and Altosaar, ., Alpha-lactalbumin in human milk
alters the proteolytic degradation of soluble CD14 by forming a com-

plex. Pediatr. Res. 2010, 68(6):490-493.

222. Staedel, C. and Darfeuille, F., MicroRNAs and bacterial infection.
Cell Microbiol. 2013, 15(9):1496-1507.

223. 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., Oh, W., Bauer, C.R., Korones, S.B., Shankaran, S., Laptook, A.R.,
Stevenson, D.K., Papile, L.A. and Poole, W.K., Late-onset sepsis in
very low birth weight neonates: The experience of the NICHD Neonatal
Research Network. Pediatrics 2002, 110(2):285-291.

224. Storck Lindholm, E., Strandvik, B., Altman, D., Moller, A. and
Palme Kilander, C., Different fatty acid pattern in breast milk of obese
compared to normal-weight mothers. Prostaglandins Leukot. Essent.
Fatty Acids 2013, 88(3):211-217.

225. Stromqvist, M., Hernell, O., Hansson, L., Lindgren, K., Skytt, A.,
Lundberg, L., Lidmer, A.S. and Blackberg L., Naturally occurring vari-
ants of human milk bile salt-stimulated lipase. Arch. Biochem. Biophys.
1997, 347(1):30-36.

226. Suikkari, A.M., Insulin-like growth factor (IGF-I) and its low mo-
lecular weight binding protein in human milk. Eur. J. Obstet. Gynecol.
Reprod. Biol. 1989, 30(1):19-25.

227. Swan, J.S., Hoffman, M.M., Lord, M.K. and Poechmann, J., Two
forms of human milk bile-salt-stimulated lipase. Biochem. J. 1992,
283(1):119-122.

228. Thurl, S., Munzert, M., Henker, J., Boechm, G., Miiller-Werner,
B., Jelinek, J. and Stahl, B., Variation of human milk oligosaccharides
in relation to milk groups and lactational periods. Br. J. Nutr. 2010,
104(9):1261-1271.

229. Turroni, F., Bottacini, F., Foroni, E., Mulder, 1., Kim, J.H., Zomer,
A., Sanchez, B., Bidossi, A., Ferrarini, A., Giubellini, V., Delledonne,
M.; Henrissat, B., Coutinho, P., Oggioni, M., Fitzgerald, G.F., Mills,
D., Margolles, A., Kelly, D., van Sinderen, D. and Ventura, M., Ge-
nome analysis of Bifidobacterium bifidum PRL2010 reveals metabolic
pathways for host-derived glycan foraging. Proc. Natl. Acad. Sci. U S
A. 2010, 107(45):19514-19519.

230. Uauy, R., Mena, P., Wegher, B., Nieto, S. and Salem, N. Jr., Long
chain polyunsaturated fatty acid formation in neonates: effect of gesta-
tional age and intrauterine growth. Pediatr. Res. 2000, 47(1):127-135.
231. Uchiyama, S.I., Sekiguchi, K., Akaishi, M., Anan, A., Maeda, T.
and Izumi, T., Characterization and chronological changes of preterm
human milk gangliosides. Nutrition 2011, 27:998-1001.

232. Valenti, P. and Antonini, G., Lactoferrin: an important host de-
fence against microbial and viral attack. Cell. Mol. Life Sci. 2005,
62(22):2576-2587.

233. Vidal, K., Labeta, M.O., Schiffrin, E.J. and Donnet-Hugues, A.,
Soluble CD14 in human breast milk and its role in innate immune re-
sponses. Acta Odontol. Scand. 2001, 59:330-334.

234. Wagner, C.L., Taylor, S.N. and Johnson, D., Host factors in amni-
otic fluid and breast milk that contribute to gut maturation. Clinic. Rev.
Allerg. Immunol. 2008, 34:191-204.

235. Ward, R.E., Nifionuevo, M., Mills, D.A., Lebrilla, C.B. and
German, J.B., In vitro fermentability of human milk oligosaccha-
rides by several strains of bifidobacteria. Mol. Nutr. Food Res. 2007,
51(11):1398-1405.

236. Weber, J.A., Baxter, D.H., Zhang, S., Huang, D.Y., Huang, K.H.,
Lee, M.J.,, Galas, D.J. and Wang, K., The microRNA spectrum in 12
body fluids. Clin. Chem. 2010, 56(11):1733-1741.

237. Westerbeek, E.A.M., van den Berg, A., Lafeber, H.N., Knol, J.,
Fetter, W.PF. and van Elburg, R.M., The intestinal bacterial coloni-
sation in preterm infants: a review of the literature. Clin. Nutr. 2000,
25:361-368.

238. Weyermann, M., Beermann, C., Brenner, H. and Rothenbacher, D.,
Adiponectin and leptin in maternal serum, cord blood, and breast milk.
Clin. Chem. 2006, 52(11):2095-2102.

239. Willemsen, L.E., Koetsier, M.A., Balvers, M., Beermann, C.,

130



C. GARCIA et al. / Human milk compounds and newborn intestinal health.

Stahl, B. and van Tol, E.A., Polyunsaturated fatty acids support epi-
thelial barrier integrity and reduce IL-4 mediated permeability in vitro.
Eur J. Nutr. 2008, 47(4):183-191.

240. Wolinski, J., Biernat, M., Guilloteau, P., Westrom, B.R. and Za-
bielski, R., Exogenous leptin controls the development of the small in-
testine in neonatal piglets. J. Endocrinol. 2003, 177: 215-222.

241. Xie, L. and Innis, S.M., Genetic variants of the FADS1 FADS2
gene cluster are associated with altered (n-6) and (n-3) essential fatty
acids in plasma and erythrocyte phospholipids in women during preg-
nancy and in breast milk during lactation. J. Nutr. 2008, 138(11):2222-
2228.

242. Xu, R.J., Mellor, D.J., Birtles, M.J., Breier, B.H. and Gluckman,
P.D., Effects of oral IGF-I or IGF-II on digestive organ growth in new-
born piglets. Biol. Neonate 1994, 66(5):280-287.

243. Xu, J., Anderson, V. and Schwarz, S.M., Dietary GD3 ganglioside
reduces the incidence and severity of necrotizing enterocolitis (NEC)
by sustaining regulatory immune responses. J. Pediatr. Gastroenterol.
Nutr. 2013, 57(5):550-556.

244. Yavin, E., Brand, A. and Green, P., Docosahexaenoic acid abun-
dance in the brain: a biodevice to combat oxidative stress. Nutr. Neuro-
sci. 2002, 5(3):149-157.

245. Yolken, R.H., Peterson, J.A., Vonderfecht, S.L., Fouts, E.T., Midt-
hun, K. and Newburg, D.S., Human milk mucin inhibits rotavirus rep-
lication and prevents experimental gastroenteritis. J. Clin. Invest. 1992,
90(5):1984-1991.

246. Zhang, Y., Cheng, Y., Hansen, G.H., Niels-Christiansen, L.L.,
Koentgen, F., Ohlsson, L., Nilsson, A. and Duan, R .D., Crucial role
of alkaline sphingomyelinase in sphingomyelin digestion: a study on
enzyme knockout mice. J. Lipid Res. 2011, 52(4):771-781.

247. Zhou, Y., Sun, X., Jin, L., Stringfield, T., Lin, L. and Chen, Y.,
Expression profiles of adiponectin receptors in mouse embryos. Gene
Expr. Patterns 2005, 5:711-715.

248. Zhou, Q., Li, M., Wang, X., Li, Q., Wang, T., Zhu, Q., Zhou, X.,
Wang, X., Gao, X. and Li, X., Immune-related microRNAs are abun-
dant in breast milk exosomes. /nt. J. Biol. Sci. 2012, 8(1):118-123.

131





