
MINIREVIEW

Gut Responses to Enteral Nutrition
in Preterm Infants and Animals

PER T. SANGILD
1

Department of Human Nutrition, Royal Veterinary and Agricultural and Veterinary University,
DK-1958 Frederiksberg C, Denmark

Preterm birth is associated with Immature digestive function
that may require the use of total parenteral nutrition and special
oral feeding regimens. Little Is known about the responses to
oral food in the preterm neonate and how enteral nutrients affect
the immature gastrointestinal tract (Gin. In vivo studies are
difficult to perform In laboratory rodents because of their small
body size and that of immature organs at birth, and this makes
the large farm animals (e.g., pigs, cattle, sheep) more attractive
models In this field. In these species, preterm delivery at 88%-
95% gestation Is associated clinical complications and degrees
of GIT Immaturity similar to those In Infants born at 70"1....90%
gestation. Studies in both animals and infants indicate that the
Immature GIT responds to the first enteral food with rapid
Increases In gut mass and surface area, blood flow, motility,
digestive capacity, and nutrient absorption. To a large extent,
the enteral food responses are birth Independent, and can be
elicited also In utero, at least during late gestation. Nevertheless,
preterm neonates show compromised GIT structure, function,
and Immunology, particularly when delivered by caesarean
section and fed diets other than mother's milk. Formula·fed
preterm Infants are thus at Increased risk of developing
diseases such as necrotizing enterocolitis, unless special care
is taken to avoid excessive nutrient fermentation and bacterial
overgrowth. The extent to which results obtained In preterm
animals (most notably the pig) can be used to reflect similar
conditions In preterm Infants Is discussed. Exp Bioi Med
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Introduction
Birth requires that the body rapidly adapts to meet a

major change in the mode of nutrition. Before birth, the
fetus receives a constant flow of maternal elemental
nutrients via the placenta. After birth, the neonate must
adjust to a variable uptake of nutrients from milk, which are
available only after specialized digestive processes have
occurred in the gastrointestinal tract (GIT). The final
maturation of the GIT for enteral nutrient intake occurs
shortly before or after term. Thus, preterm birth is associated
with immature digestion and absorption, which, coupled
with other complications (respiratory, circulatory, excretory,
metabolic), may lead to problems in accomplishing a
smooth transition from parenteral to enteral nutrition in
the perinatal period.

Preterm delivery in man, defined as birth before 90%
gestation, is a significant global health problem, with
considerable variation within and across populations,
ranging from 50/0-10% of births in industrialized countries
to as high as 25% of births in areas of Asia and Africa (1-6).
In industrialized countries, preterm birth is probably the
most important risk factor for neonatal survival and health.
Epidemiologic studies indicate that preterm birth affects
development and health mainly in the short term, whereas
another related and partly overlapping complication, intra-
uterine growth retardation, tends to have life-long health
consequences (5). Much research in this area has been done
to investigate lung and brain maturation, and the respiratory
and cerebral defects associated with preterm birth. Less is
known about gut maturation and the GIT responses to the
first enteral food, despite the fact that the clinical aspects of
feeding preterm infants is well documented (7-12). The
importance of this area is underlined by the frequent GIT
diseases in the neonatal period of both preterm infants and
animals. The most serious of these, necrotizing enterocolitis
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Table 1. Parameters of GIT Function in Preterm Infants and Preterm Domestic Animals at a Comparable Stage
of Maturlty"

Man and primates Domestic anlmals"
Gut function (70%-90% gestation) (88%-95% gestation)

Gut structure, metabolism
Mass, surface area, proliferation 1 (48,52) - 1 (31,32,39,40,50,51,58,66)
Blood flow, nutrient metabolism 1 (54, 56,57, 186, 187) -(l) (57,72-74)

Digestive enzymes/secretions
Lactase-phloridzin hydrolase - 1 (16,45,52,53,77,85,86) - 1 (32, 40, 58, 60, 66, 80)
Other disaccharidases/peptidases (-) (16,76,77,79) (-)l (32,40,58,60,66,80,131)
Gastric/pancreatic hydrolases (-) (16, 45, 81-84) -(l) (32,58,60,93,96,126,127)

Nutrient absorption
Nutrient absorption (-) 1 (53, 85, 98, 99) (-) 1 (32,51,58,100,101,107)
Macromolecule absorption + 1 (102-104,192) - 1 (32,36,38,40, 107, 109)

Gut motility and regulation
GIT motility, enteric nerves - 1 (46,54,112,113,116,120) - 1 (58,59,121,122)
Gut regulatory peptides (-) 1 (113,117,124,132,188) (-)l (24,118,126-131,189,190)

Gut microbiology and defense
Bacterial diversity, fermentation -(l) (90,134,136,140,141,150) - 1 (60,92)
Inflammatory reactions + 1 (137, 158, 160) (+)l (40, 59, 60, 69, 92, 169)
Gut permeability, integrity +(1) (53, 104, 105, 148, 191) + 1 (101,107)

a "-1+" indicates reduced/increased value following preterm birth, relative to term birth; "l/!" indicates whether a given function in preterm
neonates decreases or increases in response to enteral food. Parentheses denote inconsistent results. Reference numbers are given
in parentheses.
b Sheep, cattle, pigs.

(NEC), is closely linked with both preterm birth and enteral
feeding.

The lack of information about GIT development in
preterm neonates, and the response to enteral food intake,
arises partly from difficulties in performing well-controlled
studies on this vulnerable population of infants. In addition,
few studies have been performed with preterm animals,
despite the fact that immature organ function at birth may
playa major role for the large perinatal mortality (5%-20%)
in the large domestic species (e.g., pig, sheep, cattle, horse)
(13-15). In these animals, birth takes place just after the
completion of some final maturational changes in essential
organ systems, which makes domestic animals relatively
susceptiple to prematurity at birth, even when birth occurs
close to term. On the other hand, direct comparison between
preterm infants and term animals is complicated by the
differences in organ maturation at birth and by the
endocrine, metabolic, and circulatory conditions specificalIy
related to pretenn birth. Recent studies in fetal and pretenn
newborn farm animals (piglets, calves, lambs) may help to
delineate how gestational age at birth, the mode of delivery
(caesarean or vaginal), and diet influence the response of
the immature OIT to enteral food. In this review, new
results from domestic animals are coupled with current
literature from human infants to gain a better understanding
of the interactions between OIT maturity and response to
enteral food intake immediately before or after pretenn
delivery. The discussion focuses on the stage of develop-
ment during which neonates generally survive without
intensive, long-term clinical care, yet demonstrate signifi-
cant organ immaturity. By these criteria, pretenn birth takes

place at 70%-90% gestation in humans (28-39 weeks
gestation), at 880/0-95% gestation in the large domestic
species (pig: 102-109 days; cattle: 248-268 days; sheep:
130-140 days), and at 940/0-97% gestation in rats (1 day
before term at 22 days).

The first aim is to evaluate fetal age as a determinant of
OIT maturation in pretenn neonates. Knowledge about the
progression of OIT structure and function in the perinatal
period is important to validate animal models and to indicate
limitations in extending results from newborn animals to
preterm infants. The second aim is to show how the preterm
GIT responds to enteral nutrition in infants and in some
large domestic species. The results from both aims are
summarized in Table I, which shows some selected indices
of mucosal structure, digestive function, nutrient absorption,
gut motility and microbiology, their.degree of immaturity at
preterm birth, and their responses to enteral nutrition given
just after birth. Following some introductory remarks to
comparative research in the field of pediatric gastroenterol-
ogy and nutrition, the review folIows the structure outlined
in Table I.

Species-Dependent Pattern of GIT Maturation

Whereas primates are generalIy viable from about 70%
of the length of gestation, species such as pigs, calves,
sheep, dogs, and rats are poorly viable until 90% gestation,
even with intensive neonatal care. This developmental
pattern is reflected in the ontogeny of the GIT. In humans,
the functional maturation of the GIT (e.g., digestive
enzymes and absorptive function) starts relatively early
(i.e., during the first part of gestation), and progresses
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Gastrointestinal maturation in relation to birth and weaning
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Figure 1. Thetimingof GITmaturation in threedifferent groupsof mammalian species. Inhumansandotherprimates, GITdevelopment is slow
and maturation startsearly (in fetal life). In mostsmall rodents andcamivorous species, the developmental changes occurrelatively quicklyand
late (postnatally around weaning). GIT maturation in largedomesticanimals(pigs, sheep, cattle) is intermediate (i.e.,maturation is rapidduring
the periodfromshortlybeforebirthto shortlyafterweaning). Aroundweaning (blackareas) and birth(darkgreyareas), maturation is particularly
rapid, resulting in a weaning clusterand a birthclusterof maturational changes. Birthof viablepreterm neonates occursover a wider rangeof
gestational ages in humans compared with domestic animals like the pig (lightgrey areas).

relatively slowly (Fig. 1). At term birth, the infant GIT is
thus sufficiently mature to digest significant amounts of
nonmilk carbohydrates and proteins in addition to the
nutrients contained in milk. From a "gut point of view,"
humans and primate species have a "precocious" mode of
development. In contrast, most small rodents (e.g., rats and
mice) and most carnivorous species (e.g., mink and cats)
have very immature GITs at the time of birth, reflecting an
"altricial" mode ofGIT development. In these species, adult
diets are poorly tolerated until relatively late into postnatal
life, and adult-type GIT functions develop mainly post-
natally and rapidly. In the pig, sheep, cattle, and horse, the
timing and the rate of GIT maturation are intermediate, and
major developmental events in the gut take place both pre-
and postnatally (Fig. I). The scientific evidence supporting

these general contentions is derived from studies on GIT
ontogeny during the last decades (16-24).

In addition to the gradual maturational process
determined by the postconceptual age in each species,
GIT maturation is particularly rapid at birth (a birth cluster
of maturational changes) and at weaning (a weaning cluster
of maturational changes). At these time points, the dietary
habits change dramatically, and are accompanied by marked
changes in the endocrinology, microbiology, and immunity
of the GIT. A number of earlier studies have attempted to
delineate the influences of external determinants of matura-
tion at these two time-points (i.e., how endocrine factors like
cortisol, or changes in diet at birth and weaning, modify the
intrinsic GIT developmental program [16, 22-26]). From
this information, it is evident that both diet and endocrine
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factors play important roles, although the effects are both
time- and species-specific. Hence, the birth cluster of
maturational changes is more pronounced in species that
are relatively mature at birth (e.g., large domestic species,
guinea pigs, and nonhuman primates), whereas the weaning
cluster of maturational changes is most important in altricial
animal species (e.g., rats, mice, dogs, and cats). Less
detailed information is available for human infants. It is
likely, however, that OIT maturation around birth and
weaning is more gradual and less dramatic in infants,
because of the earlier and slower development of the OIT
relative to that in the large domestic species and in altricial
rodents (see Fig. I). Little is known about the extent to
which the birth and weaning clusters of maturation exist
following preterm birth and preterm weaning. If an infant or
an animal is born prematurely, the OIT has to adapt even
more rapidly to cope with the challenge of oral foods,
especially when continued total parenteral nutrition (TPN)
for a period after birth is not possible. This OIT adaptation
in preterm neonates may differ in timing and pattern from
the normal birth-related OIT maturation. It may also differ
markedly from the normal responses of the fetus to enteral
intake of amniotic fluid.

Enteral Nutrition of Fetuses In Utero
Before birth, the fetus, including its GIT, receives

nutrients for growth and development mainly via the
placental circulation, passing into the fetus via the
hepatic-portal vein (i.e., parenteral nutrition). From midg-
estation, however, the fetus also receives considerable
enteral nutrition by swallowing large amounts of amniotic
fluid (about 20% of body weight per day during late
gestation). Although the nutrient content is relatively low
(-I% protein), nutrients in swallowed amniotic fluid has
been estimated to contribute 100/0-20% of the fetal energy
demands (27). Studies on enteral nutrition in fetal animals in
utero may help to differentiate between the factors of birth
and ontogenetic immaturity. If the fetal OIT responds
differently to enteral nutrients than the preterm newborn
intestine, factors other than ontogenetic immaturity appear
to determine enteral food responses. On the other hand, a
series of physiologic conditions differ markedly between
fetuses and preterm neonates (e.g., blood oxygenation, OIT
blood flow, body temperature, parenteral nutrition, and
microflora exposure). These factors, and the extensive
surgical manipulation often required to do fetal studies,
must be kept in mind when comparing results from in utero
and ex utero studies, even at the same postconceptual age.

In large domestic species, major developmental
changes take place in the gut following the onset of fetal
swallowing (28-30), and amniotic fluid in the OIT lumen is
important in maintaining and stimulating mucosal differ-
entiation during the prenatal period. Fetal lambs, in which
swallowing of amniotic fluid has been prevented by ligating
the esophagus at 90 days of gestation, show both reduced

growth and altered differentiation of the intestine by late
gestation. Similar effects have been observed in fetal lambs,
pigs, and rabbits after short-term esophageal ligation in late
gestation (31-33), at which time-point body growth is
significantly reduced after just 1-2 weeks of esophageal
ligation. When luminal fluid input is restored after
esophageal ligation in lambs at 80%-90% gestation (29),
or when ligated fetuses are infused with amniotic fluid, milk
whey, or colostrum whey (31), OIT growth is partly
reversed. Also, in the fetal rabbit, the small intestine grows
in response to enteral nutrients given in late gestation (34,
35).

Although amniotic fluid has an important role in the
structural development of the small intestine, its effects on
the functional development of the GIT is equivocal, and
depends on both the specific OIT function and the stage of
gestation. Enteral feeding experiments with pig fetuses at
870/0-94% of gestation and sheep fetuses at 820/0-87% of
gestation show increased plasma gastrin levels after 6-7
days of intragastric infusion of amniotic fluid, milk whey, or
colostral whey (28). In these studies, the effects of the three
fluids on gastrin release were similar, despite large differ-
ences in their content of protein and growth factors.
However, both the absolute concentrations and the relative
increases in plasma gastrin during the infusion period were
lower in fetal sheep than in fetal pigs, indicating effects of
species and/or gestational age. Fetuses receiving no fluid at
all following esophageal ligation showed decreased plasma
gastrin levels. Both the lack of luminal nutrients (proteins,
peptides) and gastrin-releasing substances in amniotic fluid
may be responsible for the decrease in gastrin secretion in
such fetuses. In the fetal pig, but not the fetal lamb, fluid
infusions decreased gastric fluid pH at preterm birth (28),
indicating that such luminal fluids may enhance maturation
of immature parietal cells, which is consistent with the
findings in fetal rabbits (27).

In fetal piglets, prevention of amniotic fluid intake at
800/0-90% gestation results in lowered aminopeptidase
activities in the distal small intestine (32). Lack of
swallowed fluid has no negative effect on the ability to
absorb glucose, amino acids, and dipeptides, and actually
increases the activity of lactase in the small intestine (32),
probably as a result of an associated rise in cortisol.
Likewise, brush border enzyme activities have been little
affected in studies on esophageal ligation in fetal lambs at
820/0-87% gestation. Protein endocytosis remained low,
with or without subsequent infusion of amniotic fluid,
growth factor (gastrin releasing peptide), milk whey, or
colostrum whey in these animals (36). Luminal fluids also
have limited effects on fetal rabbit intestinal lactase at 770/0-
97% gestation (33), although infusion of glucose and amino
acids increased nutrient absorptive capacity (34). The
modulating effects of luminal factors on development of
the fetal OIT may take longer to become expressed if
luminal dietary manipulations are instituted before the
immediate prenatal period. Enterocyte turnover is slower in
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Figure 2. The GIT trophic response to enteral food in fetal and
newbom pigs. Bars (mean :t SEM) show small intestinal mucosal
mass (Upper panel) and villous height (Lower panel) before and after
feeding colostrum or formula (15 ml/kg/3 h) for 1->:! d. Significantly
different value in fed pigs vs. unfed pigs (P < 0.05). Results are
compiled from different enteral feeding experiments in fetuses and
neonates (preterm, preterm TPN-fed, and term) (40, 59-61).

the fetal intestine than in the postnatal intestine (30), and
molecular mechanisms linking enteral food with mucosal
differentiation may be immature. It has not yet been tested
whether amniotic fluid has trophic and anti-inflammatory
effects on the small intestine of preterm infants, but
preliminary trials suggest that amniotic fluid protects against
NEe in preterm pigs (37).

The lack of effects of amniotic fluid and other
exogenous luminal fluids on the functional characteristics
of the immature intestinal enterocyte at 80% gestation
contrasts with the results of studies on milk infusions into
fetal pigs later in gestation for either I week (38, 39) or just
I day (40). In both of these series of experiments, significant
maturational effects of milk infusion were observed for
brush border enzymes and the ability to absorb protein
macromolecules by endocytosis. We therefore conclude that
the trophic and maturational effects of enteral food on the
immature orr do not depend on birth and the associated
endocrine (e.g., cortisol increase), metabolic (e.g., placental
separation), and environmental (e.g., microbiological)
influences. However, a normal orr response to introduction
of oral food may not occur until relatively close to term,
concomitant with the time in gestation when the fetus can
survive without extensive long-term clinical care. It is
conceivable that this conclusion is valid for both human and
animal fetuses. The time in gestation when the immature
orr starts to respond normally to enteral food depends on
the developmental timing of birth in each species, as
indicated in Figure 1.

Mucosal Growth and Metabolism in Preterm
Neonates

In term neonates, the orr has a marked trophic
response to the introduction of oral food, forming a key
aspect of the adaptation to life and nutrition ex utero. A
wealth of information on this trophic response has been
obtained from pigs (41-44), and it has been generally
assumed that a similar orr tissue response is present in term
and preterm human infants. Because limited direct evidence
is available from preterm infants, results from suckling
animals have been used to support the important clinical
concepts of "minimal enteral nutrition" and "trophic
feeding" of preterm infants (43, 45, 46). In preterm infants,
the intestine is relatively short (47, 48), and may have a
reduced absorptive area, consistent with studies in pigs and
calves (32, 49-51) (Table I). In infants, the apparent surface
area of the orr increases with pre- and postnatal age and
amount of enteral feeding (48, 52), whereas TPN induces
mucosal atrophy and increased permeability (53).

Intestinal blood flow and nutrient metabolism may be
key determinants of the trophic response to enteral feeding.
In preterm infants, intolerance to oral food is associated with
an impaired ability to increase mesenteric blood flow (54).
The orr in suckling pigs normally depends heavily on
substrates such as glutamate, glutamine, aspartate, and
glucose for oxidation (55). In preterm infants, this nutrient
metabolism may be altered toward more glucose, relative to
amino acids, as substrate for oxidation (56). Furthermore,
intestinal amino acid metabolism differs between preterm
and term birth, potentially making preterm neonates
deficient in amino acids such as arginine, which are
important for mucosal blood perfusion, growth, and
immunity (57). Enterocytes synthesize citrulline and
arginine, which are crucial to maintain arginine homeostasis
in the fetus and neonate. Synthesis of citrulline from
glutamine or proline is low, and there is little conversion of
citrulline into arginine in enterocytes of preterm neonates
(57).

Relatively little is known about the trophic response to
enteral diets during the immediate postnatal period in
preterm infants. Results from preterm animal models provide
information on variables such as gestation length, mode of
birth, and types of feeding and diets. Studies in newborn,
caesarean-delivered, preterm pigs and calves suggest that the
trophic response to mother's milk is similar, although not
identical, in preterm and term neonates. Despite being
relatively small, the small intestine, with its underdeveloped
villous structure, shows a 500/0-80% increase in mass during
the first I-2 days in milk-fed neonates, similar to the changes
observed in term neonates (39. 49, 50, 58; Fig. 2). This
marked orr trophic response is indeed induced by the
exposure to luminal milk nutrients, and is not a result of birth
perse,as shown by the lack of orr and pancreatic growth in
piglets fed TPN after birth (58). In addition. the small
intestine of fetal pigs (92% gestation) responds rapidly to the
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introduction of oral colostrum or milk formula with large
increases (+50%-75%) in intestinal weight (Fig. 2), similar
to those in preterm and term newborn pigs receiving sow's
colostrum (40). However, only after birth is colostrum
ingestion associated with increased villous height (Fig. 2).
Thus, the OIT trophic response to the first oral food is
certainly present following preterm birth, at least when birth
occurs at a time when the neonate is normally viable with
moderate clinical support (Table I).

Regardless of the marked trophic responses in preterm
animals, there are also indications that the preterm OIT
reacts differently to enteral food than the term OIT. For
example, the absence of enteral food with TPN feeding does
not induce a marked decrease in the mucosal weight and
villous height in preterm pigs (58, 59) like that in newborn
and suckling pigs born at term (60-64). Furthermore, when
oral milk diets are given to 3-day-old TPN-fed preterm pigs,
the mucosal trophic response is clearly diminished relative
to that in newborn preterm pigs without a TPN period (59;
Fig. 2). Preterm-delivered calves and pigs also differ from
term neonates in their intestinal cell proliferative and
apoptotic responses to oral diets (65, 66).

The differences in the trophic responses between
preterm and term neonates are most pronounced when
using diets other than mother's milk. In preterm pigs and, to
a lesser degree, fetal pigs, formula feeding is associated with
a diminished OIT trophic response relative to colostrum (40,
44, 59, 60). Feeding an infant milk replacer to preterm
newborn pigs leads to a marked atrophy of the mucosal
surface, particularly in the distal small intestine and colon, a
response not seen when using natural sow's colostrum. Such
diet-dependent mucosal atrophy may playa causative role in
NEC in preterm infants (67), and term newborn pigs and
rats also develop mucosal atrophy and NEe when
aggressive formula feeding is combined with hypoxia or
hypothermia (68-70). Mucosal atrophy and inflammation
prior to NEC may result from a partial inability of the
enterally fed intestine to increase cell proliferation, decrease
apoptosis, and control GIT blood flow (68, 71, 72). A
diminished intestinal synthesis of arginine, an important
nitric oxide (NO) precursor, may increase the problems of
poor intestinal immunity and NO-induced tissue perfusion
in preterm neonates (57). On the other hand, the preterm pig
intestine maintains GIT blood flow surprisingly well during
hypoxia and hypothermia (73, 74). Likewise, preterm rats
are even more resistant to intestinal injury following
reperfusion injury than are corresponding term rats (75).
Together, these results make it questionable that immature
regulation of mesenteric blood flow alone is a key factor
leading to mucosal atrophy and dysfunction in preterm
neonates following introduction of suboptimal enteral diets.

Nutrient Hydrolysis in Preterm Neonates
Digestive function is thought to be immature in preterm

infants, and this has formed the rationale behind the

Figure 3. Digestive enzyme responses to oral food Introduction in
newborn pigs.Bars(mean ± SEM) showactivity of Intestinal maltase
(Upper panel), intestinal lactase (Middle panel), and pancreatic
amylase (Lower panel) before andafter feeding colostrum or formula
(15 mllkg/3h) for 1-2 days." Significantly different value in fed pigs
vs. unfedpigs (P < 0.05). Results arecompiled fromdifferent enteral
feeding experiments in fetuses andneonates (preterm, preterm TPN-
fed, and term; Refs. 40, 60, 61, 92).

widespread use of partially hydrolyzed milk diets and a
delayed enteral food introduction. Nevertheless, the extent
to which the preterm infant intestine is immature with regard
to digestive function remains unclear. In baboons (nonhu-
man primates), intestinal lactase and peptidase activities
appear only slightly reduced in pretenn relative to term
neonates, and sucrase and maltase activities are well
developed (76, 77). The latter two enzymes have often
been used as marker proteins for the development of mature
brush border function in mammals (17, 78). Their develop-
ment during the early fetal period in man and other
nonhuman primates (16, 79), during the perinatal period of
the large domestic species (80), and during the weanling
period of altricial rodents (17) supports the species-specific
developmental trends presented in Figure 1. Other hydro-
lytic enzymes, such as gastric pepsin and pancreatic
hydrolases, have also been reported to be immature
following pretenn birth, although they are responsive to
enteral food intake (particularly lipases), but these data are
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not consistent (81-84). More consistent are reports on
decreased brush border function in preterm infants,
indicated by reduced lactase activity and lactose hydrolysis
(52, 53, 79, 85). Lactase activity is stimulated by enteral
food, especially mother's milk (45, 86, 87), and this may
benefit carbohydrate digestibility (88, 89). On the other
hand, an increase in dietary lactose content does not
neccessarily result in maldigestion and excessive colonic
nutrient fermentation in preterm infants (90, 91).

Studies employing controlled diet regimens in preterm
domestic animals provide insights into a wider range of
digestive enzymes at more specific gestational ages.
Intestinal lactase activity reaches a maximum before birth
in lambs, whereas in pigs and calves, a peak is reached at
term. In all three genera, the prenatal developmental
changes are stimulated by cortisol (23, 80). Both short-term
(l day) and longer-term (l week) infusion of colostrum into
fetal or preterm newborn pigs markedly increase the activity
of maltase and aminopeptidases, whereas lactase activity
remains stable or decreases slightly (39,40, 60). Although
these responses are generally similar to those in term pigs
(42, 44) there are also a number of differences, consistent
with findings in preterm and term calves (66). Hence, the
postnatal rise in maltase activity in colostrum-fed preterm
pigs is only temporary, and lactase activity at 1 week of age
tends to be lower than in corresponding term piglets (58).
Preterm pigs deprived of enteral food and given 3 days of
TPN also respond to oral colostrum with a much lower
increase in maltase activity compared with newborn preterm
pigs (Fig. 3; Ref. 92). Finally, the enzymic responses to the
first enteral food in preterm pigs are highly diet dependent in
that the increase in maltase activity is absent, and the
decrease in lactase activity is more rapid, following formula
feeding compared with colostrum feeding (Fig. 3). Collec-
tively, these results show that brush border enzyme
maturation in domestic animals is highly responsive to
introduction of oral food (Table I), but that the responses
depend on TPN, enteral diet, and gestational age at birth.

In the stomach and pancreas of the fetal pig and lamb,
the concentration of hydrolytic enzymes (e.g., pepsin,
chymosin, amylase, trypsin, and chymotrypsin) increases
markedly during the weeks before term (32, 93-95).
Correspondingly, preterm-delivered animals have signifi-
cantly lower levels of such enzymes (Table 1). Immediately
after birth, the enzyme contents of exocrine cells in the
gastric mucosa and pancreas decrease in most species
investigated, but this may reflect a birth-associated empty-
ing of secretory granules rather than decreased enzyme
biosynthesis (94). In the days following birth, the enzyme
concentrations generally increase, and this increase is in part
stimulated by enteral feeding. In particular, amylase
concentrations undergo a marked diet-independent increase
in response to enteral feeding relative to TPN, and this
response is very similar in preterm and term pigs (58), but is
absent in fetal pigs (Fig. 3; Ref. 40).

The lack of amylase responsiveness to the introduction

of oral food in pig fetuses (Fig. 3) may be explained not
only by ontogenetic immaturity of the exocrine pancreas,
but also by the lack of exposure to a perinatal, birth-
associated rise in cortisol levels. This hypothesis is
supported by the maturational effects of oral diets infused
into pig and lamb fetuses. Neither plasma cortisol nor
pancreatic amylase levels were increased by I week of milk
or colostrum whey infusion into lamb fetuses at 83%-87%
gestation (96). When similar studies were performed in pig
fetuses at 880/0-95% gestation (closer to the time of the
normal prenatal cortisol surge), infusion of oral amniotic
fluid and milk diets were associated with increases in both
cortisol and pancreatic amylase concentrations (96). Amy-
lase concentrations and a series of other cortisol-sensitive
GIT enzymes were also elevated in fetuses prevented from
receiving any luminal fluid after surgical esophageal ligation
(32, 97). For digestive functions that are cortisol sensitive
around birth (e.g., intestinal lactase, aminopeptidases and
gastric/pancreatic chymosin, amylase, and acid secretion),
induction of GIT maturation by enteral feeding depends on
the perinatal cortisol surge (23, 28). In summary, gastric,
pancreatic, and intestinal hydrolytic enzymes are immature
in the immediate postnatal period of infants and domestic
animals. The introduction of enteral food increases enzyme
activity, but the responses are enzyme-specific and differ in
timing, extent, and direction from those in term neonates,
particularly if the time and mode of delivery (e.g., elective
caesarean section) results in low cortisol levels.

Nutrient Absorption in Preterm Neonates
In noninvasive clinical studies, it is difficult to differ-

entiate between the absorptive function of the small
intestinal mucosa and the digestive (hydrolytic) function of
the GIT. Nutrients transported across the brush border
membrane by active, saturable, carrier-mediated mecha-
nisms (e.g., glucose and galactose) could be affected by
immature enterocyte function at the time of birth. Likewise,
the ability of the enterocyte to take up protein macro-
molecules by endocytosis is likely to depend on the
structural and functional maturation of the brush border
membrane. Nutrients absorbed passively and in a concen-
tration-dependent manner (e.g., fatty acids and fructose), or
by both passive and active mechanisms (e.g., many amino
acids), are less likely to be affected, although immature
brush border membrane structure could still play a role.
Fatty acid absorption is little affected by gestational age at
birth in infants, and it increases in both preterm and term
infants following enteral food intake (98). In contrast,
carrier-mediated glucose absorption is relatively low in
preterm infants, but again, absorption is enhanced by milk
feeding and advancing pre- and postnatal age (Table I; Refs.
53, 99). The weakness of these studies, like many others in
preterm infants, is that corresponding measurements in term
healthy infants have not been made. Thus, animal studies
help to define more precisely how intestinal absorptive
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Figure 4. Absorption of intact protein (% absorption, mean :!: SEM)
during development in pigs. The upper panel shows absorption of
bovine serum albumin (BSA) in fetal pigs (88% gestation) and in
preterm and term caesarean-delivered pigs fed BSA-eontaining
colostrum or formula. The lower panel shows absorption of IgG after
feeding colostrum to fetal pigs in utero (88% gestation) or to preterm
pigs (91% gestation) and term pigs delivered either by elective
caesarean section or following induced vaginal birth. * Significantly
higher value in pigs fed colostrum vs. other diets (Upper panel) or in
pigs delivered vaginally vs. by caesarean section (Lower panel) (P <
0.05). Results are compiled from a series of different experiments
(36,38,44, 107).

capacity reacts to enteral food, and how this response may
differ from that in term neonates.

In pigs, the absorption of nutrients as measured by the
uptake of monosaccharides and amino acids by the intestinal
mucosa is low during the first half of gestation, but increases
rapidly thereafter (100). During the final weeks of gestation,
there is a rapid increase in the tissue-specific capacity for
glucose uptake, whereas the ability of the mucosa to absorb
most amino acids, remains largely unchanged (32, 51, 101).
The low glucose absorption in newborn preterm pigs (32) is
compensated by an increase in transport function within the
first week after birth, even in TPN-fed preterm pigs (58). In
contrast, the ability of intestinal tissue to transport glucose
decreases postnatally in term pigs, although to a lesser
degree in enterally fed pigs than in TPN-fed pigs (58, 64).
These results suggest that the feeding-induced decrease in

glucose absorptive function at the tissue level (Table 1) may
not be as pronounced for preterm neonates as it is for term
neonates (Table 1), and that the TPN-induced intestinal
absorptive dysfunction is less pronounced in preterm than in
term piglets. It should be noted, however, that the results
reflect only the tissue-specific uptake of glucose per gram of
intestine, whereas the actual total in vivo uptake capacity for
nutrients is determined also by factors such as intestinal
motility and total mucosal mass. Regardless, these results
clearly demonstrate that studies in term animals do not
necessarily reflect the physiologic conditions present in
animals or infants delivered prematurely.

Preterm infants absorb more intact proteins, such as
lactalbumins and oligosaccharides (e.g., lactulose), than
term infants, but the absorbed amounts remain small « 1%)
(102-105). Following the initiation of feeding, the GIT
permeability to large molecules decreases in both term and
preterm infants (Table 1; Refs. 53, 105). In the large
domestic species, the conditions for intestinal macro-
molecule uptake differ markedly from those in humans
because of the dependence on absorbing bulk amounts of
Igs from colostrum immediately after birth, and the lack of
prenatal placental transfer of maternal Igs. Hence, the
uptake of macromolecules by the newborn domestic animal
is not merely a result of "an immature or leaky epithelium,"
but reflects a specific maturational process 'that involves
both a specific IgG receptor and nonspecific endocytosis
(106). As such, intact protein absorption in domestic
animals is a sensitive marker of enterocyte function around
the time of birth, both term and preterm.

Intestinal macromolecular uptake is present in utero
during the last 2 weeks of gestation, but is markedly lower
in the pig fetus during late gestation (88%-95% gestation)
compared with the neonate (Fig. 4; Ref. 38). At 80%-85%
gestation, the protein absorptive function in the fetal lamb
intestine is barely detectable (36), whereas newborn lambs
have a large capacity to take up intact macromolecules.
These results, coupled with those of studies on fetal tissues
in vitro (32) and postnatal in vivo studies (58, 10I, 107),
confirm that the endocytotic capacity of the developing
intestine in domestic animals reaches its maximum at term
or a few days before term. Correspondingly, the capacity for
Ig absorption is severely depressed in caesarean-delivered,
preterm piglets (Fig. 4), calves, and lambs (Table 1; Refs.
32,36,58, 107-109). In addition to ontogenetic immaturity
of enterocyte function, altered metabolic or endocrine
parameters (hypoxia, acidemia, lack of cortisol) may
prevent the intestinal enterocytes in preterm neonates from
reaching their full endocytotic potential. Changes in such
factors may explain why induced vaginal birth partly
prevents the reduction in protein endocytotic capacity
observed after preterm caesarean section (Fig. 4).

Studies in fetal and neonatal pigs (38, 44, 110) indicate
that colostrum itself plays a key role in the endocytotic
capacity and induction of intestinal closure. Experimental
colostrum infusion into the prenatal pig intestine (88%-93%
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Figure 5. Relative change (means:!: SEM) in intestinal mucosal mass, maltase activity, and glucose absorption following GLP-2 treatment in
fetal pigs (87%-92% gestation), preterm, TPN-fed pigs (93% gestation), term TPN·fed pigs (100% gestation), and weanling pigs (31 days
postnatally).• Significant increase (P < 0.05) expressed relative to the value in saline-treated control pigs (defined as 1.0). (Adapted, with
permission, from data in Reference 133).

gestation) has shown a decreased Ig uptake, and a delayed
intestinal closure (Table I), relative to newborn pigs.
Similar results are observed in preterm newborn pigs (40,
58). The ability to take up and transfer intact proteins from
the epithelium into the circulation is therefore a highly
specialized function that develops close to term. Colostrum
itself not only provides the substrates for endocytosis (Igs)
but also stimulates the endocytotic capacity by mechanisms
that are as yet unknown. The dramatic reductions in the
intestinal protein absorptive capacity following feeding with
noncolostrum diets take place to a similar extent in fetal,
preterm, and term newborn pigs (Fig. 4). Thus, the
detrimental effect of formula on endocytotic function is
determined by the chemical nature of the diet rather than by
the developmental stage of the intestinal epithelium (40,
44).

Gut Motility and Gut Regulatory Peptides in
Preterm Neonates

Numerous hormones and regulatory factors are pro-
duced by the cells of the GIT mucosa and from the enteric
nervous system (ENS) (e.g., gastrin, motilin, neurotensin,
pancreatic polypeptide (PP), glucose-insulinotropic peptide
(GIP), somatostatin, vasoactive intestinal polypeptide,
gastrin releasing peptide, cholecystokinin, secretin, and
many others). Some of these regulators are produced and
released specificaUy in response to oral food intake, and
play well-defined roles in the digestive processes, including
GIT motility, exocrine secretion, and absorptive function.
Until now, gut regulatory peptides in preterm neonates have
received little attention, but a few examples indicate how
immaturity of gut regulatory peptide synthesis and secretion
may affect the response to enteral food in preterm neonates.
In infants, there has been a focus on gut peptides in relation
to the development of GIT motility. In combination with
locally released nonpeptide components from the ENS (e.g.,
NO, cholinergic substances), certain regulatory peptides act
to control GIT motility via endocrine, paracrine, as well as
neurocrine pathways. Normal patterns of intestinal motility

develop during the last 10% of gestation, as least in rabbits
(111), and immature gut motility and stasis. therefore,
contributes to development of enteric disease in preterm
infants (46, 111). Also in preterm piglets, bowel movements
are not well developed during the first days of enteral
feeding (58), probably because of dysfunctional enteric
neurons (59), and this may lead to to stasis, inappropriate
colonization, nutrient fermentation, and NEC (40, 59, 60).
Early feeding of preterm neonates, even with small amounts
of milk, is believed to decrease food transit time and induce
maturation of GIT motility patterns, probably via increased
endocrine release of gut hormones, such as motilin and
gastrin (46, 112-116), and increased number of nitrergic
neurons (Table 1; Ref. 59).

The enteroendocrine cells of the gut, and the circulating
levels of gut regulatory peptides, develop relatively early in
gestation in both humans and domestic animals (24, 117-
119). Likewise. the ENS, and its neuronal production of
regulatory peptides, has an early (fetal) structural develop-
ment in both humans (120) and pigs (121, 122). Preterm
infants respond to enteral food intake with large increases in
many gut regulatory peptides (motilin, gastrin, PP, neuro-
tensin, GIP, and enteroglucagon). and the increases are
generally comparable with those in term infants, with
similar responses occurring for breast milk and formula
diets (123, 124). This does not preclude, however, the
possibility that a functional immaturity of such cells, and
their target GIT receptors, contribute to a disturbed GIT
response to enteral food in preterm neonates (125).

Probably the best example of a GIT regulatory peptide
hormone showing immature synthesis. secretion. and effects
in preterm neonates is gastrin. This hormone is produced by
the enteroendocrine G-cells of the stomach, and is known to
have trophic effects on, and stimulate acid secretion by, the
gastric mucosa. The circulating levels reach peak values in
neonatal pigs and infants, concomitantly with a relatively
low gastric acid secretion and tissue synthesis of hormone
(126, 127). In late gestation, fetal pigs and lambs have
gastrin and gastric acid secretions that are immature, despite
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the fact that the release of these hormones is responsive to
infusion of enteral diets (97, 128). In the fetus and neonate,
gastrin concentrations are high in the stomach lumen and
responsive to enteral food intake, indicating that, during
early development, the G-cells may function not only in an
endocrine, but also an exocrine, manner (97, 126, 127).
Thus, ingestion of amniotic fluid plays a role in prenatal
gastrin development in the pig, despite the fact that
interaction with other endocrine determinants (e.g., the
prenatal cortisol surge) may be even more important (28,
126).

In contrast to gastrin, there are other gut regulatory
peptides that show peak levels in plasma in the days after
birth, and for these it is more likely that the first enteral food
intake stimulates peptide secretion. One example of such a
gut regulatory peptide is glucagon-like peptide 2 (GLP-2),
an enterotropic hormone that is produced in the ileal L-cells
and is released in response to a meal rich in fat and
carbohydrate. Circulating GLP-2 levels are much lower in
late-gestation pig fetuses (5 ± 2 pM) compared with
newborn pigs (17 ± 3 pM) or pigs receiving luminal
nutrients for 1 week (60 ± 10 pM) (129). To support the
hypothesis that GLP-2 is a key nutrient-responsive growth
factor for the intestinal mucosa just after birth, the effects of
exogenous GLP-2 infusion into TPN-fed fetal, premature
neonatal, and term neonatal pigs have been compared. The
results show that exogenous GLP-2 has a significant effect
on mucosal growth just after birth (even after preterm
delivery), but has little, if any, effect on intestinal mucosal
growth in utero (65, 129-131). Although enteral diets
induce large increases in GLP-2 secretion in pig fetuses, and
GLP-2 receptors are present both before and after birth
(129), the release of GLP-2 in response to the first intake of
enteral food appears to playa trophic and functional role for
neonatal gut adaptation only after birth. Also, in sick
preterm infants, the circulating GLP-2 levels are well
correlated with the ability to tolerate oral food (132), and
these data make GLP-2 one of the most promising
candidates for a regulatory signal between enteral food
intake and GIT adaptation in preterm neonates. Whether this
knowledge can be used therapeutically in preterm neonates
unable to tolerate oral food remains to be investigated, but
studies in preterm pigs suggest that exogenous GLP-2 and
epidermal growth factor (EGF) both fail to prevent NEC
development (60). It is also noteworthy that the OIT
adaptation seen in TPN·fed, OLP-2-treated piglets differs
structurally and functionally from that which occurs after
oral milk intake (65, 131). Figure 5 summarizes some
results from studies on exogenous OLP-2 treatment in
developing pigs, suggesting that OLP-2 may mediate at
least some of the intestinotropic and enterocyte maturational
effects ofenteral nutrition in preterm and term neonatal pigs,
whereas OLP-2 may have more limited effects before birth
and after weaning (133).

Gut Microflora and Inflammatory Responses in
Preterm Neonates

The postnatal development of bacterial assemblages in
the GIT involves progressive changes in the type and
number of species that may differ between preterm and term
neonates. Commensal genera, such as Bifidobacterium and
Lactobacillus, take longer to become established in the OIT
lumen, and the flora is less diverse in preterm than in term
infants (134). In healthy preterm infants, a slower
colonization pattern is followed by a lower production of
short chain fatty acids in the GIT lumen (90). The use of
broad-spectrum antibiotics and parenteral nutrition further
delay colonization (92, 135, 136), and could make the
immature OIT more susceptible to bacterial overgrowth
with pathogenic strains (e.g., Escherichia coli, Clostridium,
Staphylococcus, Klebsiella, and Bacterioides) (134, 137,
138). When luminal substrates are made available following
maldigestion, excessive bacterial fermentation and luminal
distension may damage the immature GIT mucosa (139,
140) and start the inflammatory cascade of NEC. Detailed
studies of the microflora in relation to infant NEC is
complicated by the limited access to luminal contents and
mucosal tissue prior to clinical evidence of mucosal atrophy,
inflammation, and necrosis. There is, however, increasing
evidence that nonenteropathogenic bacteria added to
mother's milk or formula can safely alter the GIT
colonization pattern in preterm neonates and thereby reduce
NEC by suppressing the pathogen load (141-145).

The differences in bacterial assemblages between term
and preterm neonates may be related to immaturity of the GIT
epithelium. Among the intrinsic developmental factors that
predispose to a suboptimal bacterial colonization is an
immature GIT motility that allows potentially harmful
bacteria to proliferate and ferment nutrients in the OIT
lumen, and attach to the mucosa at the expense of beneficial
bacteria (139, 140). Production of mucous, including the
protective trefoil factor-S (146), and gastric acid and
proteases, are reported to be immature in preterm infants
(82,83, 137, 147), leading to a diminished barrier function,
impaired mucosal repair, and lowered intraluminal degrada-
tion of bacterial toxins. In preterm pigs and lambs, gastric acid
and protease secretions are severely compromised, partic-
ularly following caesarean section (93, 126, 127). Impaired
systemic immunity in preterms (5, 58), as well as lower levels
of secretory IgA and gut B and T lymphocytes, may facilitate
increased bacterial adherence to the intestinal mucosa and
infection (137, 148). Coupled with the increased intestinal
mucosal permeability in preterms (53, 105), this impairment
leads to the delivery of whole bacteria and toxins deep into the
mucosa, or even translocation to the blood stream.

The initial colonization pattern in preterm infants may
be closely related to environmental factors in addition to the
deficient host-associated defense mechanisms (136, 149,
150). Particularly following caesarean section, the neonate
is prevented from the normal inoculation with matemal
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rectal and vaginal flora during the birth process. Coupled
with decreased gastric acid secretion relative to vaginal birth
(127, 151), this may lead to an abnormal colonization
pattern for caesarean-delivered infants (150, 152). On the
other hand, it has not been possible to demonstrate a
consistent relation between NEC and delivery method in
preterm infants (150) or pigs (153). Inoculation with the
maternal vaginal/rectal flora, therefore, does not seem to
playa crucial role in securing a normal response to the first
enteral food in preterm neonates.

The nature of the enteral diet, formula or mother's milk,
plays a role in determining not only mucosal structure and
function (see earlier), but also the pattem of bacterial
colonization in preterm infants (135, 137) and pigs (89,
121). Interestingly, the detrimental effects of formula
feeding to immature pigs depend on the presence of a GIT
microflora, as shown in studies on gnotobiotic (germ-free)
preterm pigs or pig fetuses (40, 60). Regardless, sponta-
neous development of NEC has not yet been associated with
any single pathogen or group of pathogens, either in infants
or in animals. The carbohydrate-fermenting Clostridium
have played a predominant role among the bacterial species
that colononize the mucosa during spontaneous NEC in
preterm infants (138), preterm pigs (60, 92), and newbom
quails (154). Conversely, experimental models of NEC in
newborn term rats or pigs have used gram-negative
endotoxemia, in combination with hypoxic and ischaemic
insults (139, 155-157), to provide evidence that NEC
results from a disordered enterocyte signaling to bacterial
toxins via the release of proinflammatory mediators (e.g.,
platelet activating factor, interleukin (IL)-l~, IL-6, IL-8).
These mediators activate p38 kinase, cyclooxygenase-2, and
transcriptional nuclear factor KB (NF-KB) signaling path-
ways in intestinal cells leading to necrosis (135, 137, 156-
158). Further studies will show whether these proposed
molecular pathways of NEC explain spontaneous develop-
ment of NEC in pretenn neonates not being exposed to the
artificial aggressive insults used in experimental NEC
models. The nature, localization, and inflammatory potential
of the OIT microflora prior to NEC need further study in
pretenn animal models. Regardless, the available literature
show that the resident microflora do not act independently
of other related OIT problems in pretenn neonates (e.g.,
maldigestion, ischemia, hypoxia) to produce NEC.

One of the components that have received most
attention in relation to the escalating feeding-induced
inflammatory responses in pretenn neonates is NO.
Moderate levels of NO play an important role in maintain-
ing OIT blood flow, provide enteric smooth muscle
relaxation, and protect the mucosa from injury. This
constitutive NO production is controlled by the activity of
NO synthetase (NOS) in the endothelium (endothelial NOS)
and ENS (neuronal NOS [oNOS]). During states of mucosal
inflammation, including that in NEC, constitutive NO
release is replaced by an excessive NO production
facilitated by escalating inducible NOS (iNOS) activity in

villous enterocytes, leading to oxidative damage and
inflammation (159).

In both preterm and term pigs, formula feeding induces
a marked upregulation of iNOS activity relative to mother's
milk feeding, but only in pretenn neonates is the increased
NO production associated with NEC (60,61,92). The lack
of a normal birth signal in caesarean-derived preterm pigs
(e.g., lowered prostaglandin, cortisol secretion) may playa
role, as an artificial induction of parturition reduces the
intestinal proinflammatory effects of excessive NOS pro-
duction in preterm piglets (69). Elevated iNOS activities in
intestinal tissue have been observed in infants with NEC
(160) and, conversely, stimulation of constitutive NOS
activity in preterm pigs decreases the formula-induced
mucosal injury (161). On the other hand, preterm pigs
showed increased (rather than decreased) expression of
nNOS-containing neurons prior to feeding-induced NEC
development (59). These results contrast with the decreasing
NOS neuron density observed after feeding in term neonatal
pigs (121), and suggest a functional basis for the disturbed
GIT motility in pretenn neonates. Defective mechanisms in
the antioxidant systems of the small intestine (159), or the
lack of dietary antioxidants (60,92), may render the mucosal
cells more sensitive to elevated NO production and, thus,
contribute to the diet- and colonization-dependent develop-
ment of NEC in preterm neonates.

Bioactive Milk Factors for Preterm Neonates
As indicated above, the local OIT response to the first

intake of enteral food and bacteria differs markedly between
preterm and term neonates, despite the fact that many
indices of OIT morphology and nutritient digestion and
aborption respond similarly. The elevated sensitivity to
inflammatory insults, and the apparent immaturity of the
immune system (5), may explain why the supply of anti-
inflammatory factors in mother's milk is particularly
important following preterm delivery. Milk contains a large
number of immunologic factors that help to protect the
immature intestine from bacterial overgrowth and inflam-
matory responses, and the contents of such factors may be
even higher in preterm milk (10, 162-164).

The main bacteriostatic function of milk could be to
prevent mucosal adherence of pathogenic bacteria and tissue
damage by mucosal infiltration and toxin release (60, 135).
Oligosaccharides may function as receptor analog decoys,
binding bacteria before they adhere to glycoconjugates on
the microvillus membrane. Hence, improved colonization
with a beneficial microflora has been observed in formula-
fed preterm infants following dietary oligosaccharide
supplementation (165-168). More specific immunity could
be provided by maternal milk in the form of lymphocytes
and secretory polymeric IgA specifically directed against
enteric pathogens to which the mother has previously been
exposed (169). Milk also contains nucleotides and cytokines
that may aid in the protection from chemical injury in
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immature enterocytes (170, 171), and, likewise, high
amounts of antioxidants (e.g., vitamins E and C) help to
protect the preterm intestine from the damaging actions of
reactive oxygen free radicals, also suggested from studies in
preterm pigs (40, 60). The molecular mechanisms of the
milk effects remain poorly understood, but in vitro studies
indicate that milk suppresses the IL-I ~induced activation
of the NEC-like inflammatory cascade by inhibiting the
activation pathway of NF-KB (172).

The concentrations of some peptide growth factors, like
EGF, insulin, and insulin-like growth factor, are particularly
high in the first milk, even when birth occurs prematurely
(173-177). Because high concentrations of receptors for
milk-borne growth factors have been found for both preterm
and term pigs and calves (129, 178-180), and luminal
proteolysis is decreased in preterm neonates (181, 182), it is
plausible that milk-borne growth factors playa particularly
important role in GIT maturation in preterm neonates. This
hypothesis is supported by several reports on the beneficial
effects of mother's milk in preventing enteric disease (e.g.,
NEC) in preterm infants and pigs (40, 60, 67). Provision of
single milk growth factors or regulatory peptides have often
failed to affect term neonates (41, 183, 184), but the
potential remains that the immature intestine is particularly
responsive to luminal growth factor stimulation, provided
that epithelial growth factor receptors are present and
functional. Transforming growth factor 13 (TOF-13), an
important anti-inflammatory cytokine in milk, did not
activate TGF receptors to the same extent in milk-fed fetal
or preterm pigs (unpublished observations) compared with
term newborn pigs (185). Regardless, the identification of
regulatory factors in milk that mediate maturational changes
in the immature GIT remains an attractive goal. Supple-
mentation with a combination of such factors, during TPN
or formula feeding, may mimic the effects of bioactive
components normally present in mother's milk.

Conclusion

Studies in both infants and large farm animals show
that enteral food, particularly mother's milk, induces rapid
maturation of the gut mucosa, some hydrolytic enzymes,
nutrient absorption, gut motility, and microbial colonization
in preterm neonates. Together, these results provide strong
support for the concept of minimal enteral feedingto
improve the adaptation of the immature intestine to oral
food (43, 45). The evidence for OIT immaturity following
preterm birth, and the maturational responses to enteral
nutrition, are summarized for infants and the large domestic
species in Table 1. Although many GIT responses to enteral
nutrition are similar between preterm and term neonates,
there are also marked differences in the timing, and the
nature the responses. This makes preterm neonates more
sensitive to serious feeding-induced GIT complications,
such as NEC. Immature digestive, absorptive, and immuno-
logic functions lead to nutrient fermentation, bacterial

overgrowth, and mucosal inflammation. The possible
hypoxia, hypothermia, intestinal ischemia, altered endocrine
and metabolic status, and inappropriate bacterial coloniza-
tion related to preterm birth may add to this increased
susceptibility to enteric disease. All these clinically relevant
factors are difficult to study without the use of animal
models that allow easy experimental manipulation of
physiologic conditions before birth (e.g., growth retardation
and access to luminal diets), at birth (time and mode of
delivery), and shortly after birth (e.g., TPN versus enteral
nutrition, hypoxia, hypothermia, and bacterial colonization).
An animal model of nutrition in preterm infants should
ideally have a OIT structure and a dietary habit in the adult
animal reflecting those in adult humans. The preterm piglet
fulfills all these requirements. In addition, the size, large
number of offspring per litter, and apparent clinical and
developmental similarity with preterm infants make the pig
an attractive animal model for futher studies on the many
physiologic and clinical complications related to preterm
birth.
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