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ABSTRACT

The present article reviews recent advances in our understanding of the regulatory role played
by miik in the physiology of the neonate. Importance of milk bioactive proteins and peptides (BAPP)
and their endogenous counterparts (hormones, gut regulatory peptides, growth factors) in the regu-
lation of the development of the gastrointestinal tract (GIT) structure and function in the new-born is
discussed. Mother's milk is often replaced with a milk formula that contains little or no BAPP.
Although deprivation of milk BAPP is not lethal to the neonate, it affects GIT development proces-
ses, produces noticeable reduction of animal performance and lowers the resistance to GIT disorders.
1t is recommended that either the industrial processing is modified so as to avoid BAPP degradation
or that the commercial milk formutas and weaning feeds should be supplemented with BAPP.

KEY WORDS: regulatory peptides, milk, food, young animals, children

LIST OF ABBREVIATIONS

ANP, atrial natriuretic peptide; BAPP, bioactive proteins and peptides; CCK,
cholecystokinin; CDGF, colostrum-derived growth factor; EGF, epidermal growth
tfactor; ET-1, endothelin-1; G17, G 34, gastrin-17 and -34; GIT, gastrointestinal
tract; [gA, immunoglobulin A; IGF (-1, -1I or -1, -2), insulin-like growth factors;
MAF, milk antiproliferative factor; MDGI, mammary-derived growth inhibitor;
PYY, polypeptide YY; TGF (-a, -b), transforming growth factor; VIP, vasoactive
intestinal polypeptide.
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INTRODUCTION

Colostrum and milk previde the new-born mammal with more than 2000 mole-
cules which cover the nutritional requirements of the young, intensively growing
organism. Among them, milk proteins are the major components responsible for
the high nutritive valuc of milk. In addition to the nutritional aspect, milk proteins
and peptides possess certain biological, e.g. growth stimulating, regulatory, anti-
infectious, immunomodulating and enzymatic activities. Milk therefore provides
an important link in the mother-offspring interaction during early postnatal life.
Present animal production tends, however, to early-wean the offspring (pig pro-
duction) or to replace mother’s milk with artificial milk formulas (dairy cattle). In
human infant nutrition both of these tendencies can also be observed. Simultane-
ously, more attention is being paid to feed supplementation for young animal and
human infant nutrition. Feed supplementation aims to improve the function of the
gastrointestinal tract (GIT) — which plays a central role in the development and
health of young animals. Certain bioactive milk components could be potentially
used as such feed supplements. This paper will briefly review the most recent
knowledge concerning the presence of bioactive proteins and polypeptides (BAPP)
found in milk, the role played by BAPP in the GIT and peripheral tissues in young
animals, and discuss the question of supplementation of industrial feeds with BAPP.

BIOACTIVE PROTEINS AND PEPTIDES IN COLOSTRUM AND MILK

Mother's colostrum and milk contain a large variety of biologically active pro-
teins and peptides that are synthesised in the mammary gland and/or arc cxtracted
from the mother's blood (Table 1), Some of these proteins and all polypeptides are
biologically active in milk (hormones, gut regulatory peptides, growth factors,
enzymes, immunoglobulins, mucins) whilst the other proteins become active in
the gastrointestinal tract as a result of their enzymatic digestion (e.g., caseins and
their derived peptides). Bioactive milk components, being the product of milk
protein digestion, were recently the subject of several extensive reviews by Wong
et al. (1996), Mciscl (1997), Rudloff and Kunz (1997}, Schanbacher ¢t al. (1997),
Tirelli et al. (1997), and therefore will be only briefly mentioned in the section
concerning processing of milk. Milk immunoglobulins are reviewed in this issue
by Grongnet and Duvaux-Ponter (1998).

Proteins and peptides found in a biologically active form in milk include pro-
tein hormones (insulin, somatostatin, prolactin), gut regulatory polypeptides (gas-
trin, CCK,, VIP, bombesin, neurotensin) and growth factors (EGF, [GF-1, TGF).
They arc structurally identical and manifcst similar biological activities to those
found in the blood and gastrointestinai tissues of the mother and offspring. The list
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TABLE 1

Biologically active proteins and peptides in milk

Proteins and peptides present in active form

Hormones

Regulatory peptides

Growth factors

Mammary gland
inhibitors

Enzymes
Immunoglobulins

Glycoproteins

Protein precursors

Casein

Whey protein

Lactoferrin

Lactoalbumins

prolactin, somatostatin, growth hormone, growth hormone-releasing factor,
calcitonin, insulin, thyroxin, oxytocin, melatonin, ANP, ET-1

gastrin, bombesin, CCK, VIP, neurotensin, delta sleep inducing peptide

EGE-I and -11, IGF, nerve growth factor, TGF-o and -8, platelet-derived growth
factor, CDGF

marnmastatin, MDGI, MAF
amylase, serum-sensitive lipase
lgA, 1gG, [gM

lactoterrin, milk mucins {e.g.. mannose containing glycoproteins), adhesion
molecules

bioactive substances resulting from the digestion of milk proteins

o and B-casein fragments — casomorphins, caseinophosphopeptides,
immunopeptides, casokinins
K-casein fragments — casoxins, casoplatenins

a-lactoglobulin fragments — a-lactophoring
B-lactoglobulin fragments — [3-lactophoring

lactoferroxins

lactorphins

is probably not vet closed. Indeed, a novel colostrum-derived growth factor (CDGF)
has rccently been isolated from porcine colostrum (Kelly and Coutts, 1997). Be-
sides these apparently pro-trophic factors, there are several inhibitors in milk that
control the growth, ditferentiation and regression of the mammary gland, e.g. mam-
mastatin (Erwin et al., 1989), mammary-derived growth inhibitor, MDGI (Brandt
et al., 1987), and milk antiproliferative factor, MAF (Toth et al,, 1992). Trans-
forming growth factor-f (TGF-[), an inhibitor of mammary cell growth (Silber-
stein and Daniel, 1987), has been suggested to counteract TGF-a and EGF during
growth and development of the mammary gland in mice. The hological role of
milk inhibitory peptides in the offspring remains unknown. Milk enzymes {amyla-
se, serum-sensitive lipase) and glycoprotein mucins, which prevent microbiai ad-
herence in the gut epithelium (for references sce: Rudloft and Kunz, 1997), may
also be considered BAPP. Milk components can further enhance the bioactivity of
BAPP or protect them from degradation in the GIT lumen. Rat milk protects so-
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matostatin in the gut and facilitates its absorption in a biologically active form
(Rao et al., 1990). Defatted porcine colostrum or its components, the cascin or
acid-soluble fractions, protect gastrin and EGF from degradation during incuba-
tion with intestinal fluids (Shen and Xu, 1996; Xu ct al., 1996).

The majority of bioactive peptides are present in milk at concentrations conside-
rably higher than those found in maternal blood or in the tissues of the oftspring.
As an example, the insulin and bombesin concentrations in milk are 100 times
greater than in the maternal blood plasma (Ballard et al., 1982; Westrém et al,,
1987). Concentrations of most bioactive peptides, howcever, arc not constant and
are usually higher during the first few days of lactation; e.g., neurotensin and en-
dothelin-1 (ET-1) concentrations are initially more than 10 times higher than in
the maternal and oftspring blood plasma but they gradually decline with duration of
lactation (Westrom et al., 1987; Ken-Dror et al., 1997). There are also exceptions.
Thus, atrial natriuretic peptide (ANP) is present in human colostrum and milk at the
concentrations observed in the mother's blood and the concentration does not change
during lactation {Ken-Dror et al., 1997). In rodents, the peak concentrations of bioac-
tive peptides are observed in mid-lactation {Xu, 1996). The concentration of inhibito-
ry polypeptides in milk {mammostatin, MDGI, MAF) increases in the late period of
lactation (Brandt et al., 1987; Erwin et al., 1989; Toth et al., 1992).

The concentration of BAPP in colostrum and milk is also species specific, e.g.
human and sow colostrum and milk is rich in EGF, whereas cow and rat celostrum
and milk contain little EGF (Read et al., 1984; Jaeger et al., 1987; Raadberg ¢t al.,
1990; lacopetta et al., 1992). In contrast, cow colostrum and milk are several times
richer in insulin, I{GF-1 and IGF-II, and poorer in lysozyme compared to human
{Ballard et al., 1982; Baxter et al., }984; Ekman et al., 1985; Malven et al., 1987).
This raises the problem of replacing maternal milk with artificial formulas which
are usually based on cow milk.

The function of most milk bivactive peptides remains unclear, and a few expla-
nations could be considered. On the one hand, colostrum and milk may be a con-
venient way of biological clearance from the maternal organism. This concerns
especialiy the hormones and growth factors which are intensively extracted from
the circulating blood, or synthesised in the mammary tissues, during late pregnan-
cy and early lactation periods and are involved in the development of the mamma-
ry gland (prolactin, EGF, insulin) (Westrom ct al., 1987; Grosvenor et al., 1992).
Exclusively cleared substances could be of less relevance for the milk formula
industry. On the other hand, colostrum and milk BAPP may support the induction
and further regulation of the development of the gastrointestinal tract structure and
function of the nconate. This may explain a higher concentration of certain hor-
mones and growth factors at the beginning of lactation. During the first days after
parturition, high concentrations of insulin and 1GF-1 in colostrum and milk coin-
cide with intensive growth of the intestinal mucosa and pancreas tissue; colostral
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insulin may be an important regulator of macromolecular transmission and gut
closure (Svendsen ct al., 1986; Read, 1988). At that time, these peptides might
carry out a double function in the neonate, i.e. stimulate gut endocrine system
development as well as transicntly regulate GIT activity until the neonate's own
endocrine system begins to function. This phenomenon can be somehow homalo-
gous to the delivery of colostral immunoglobulins and the development of the gut
immune system. On the way, there may be several important links between BAPP
and the immune system, ¢.g. TGF-B in bovine milk may mediate the primary im-
mune response initiating secretion of IgA in the GIT of the new-born calves (Ber-
thon and Salmon, 1993). Certain BAPP may also be involved in the endocrine
type of communication between mother and suckling young, thus affecting the
functions of the neonate far beyond the "gut barrier”. As an example, the levels of
thyroxin in the milk are influenced by the status of the thyroid gland of the lacta-
ting rat, and consequently reflect the thyroxin concentration in the blood of the
suckling offspring (Strbak et al., 1980; Koldowsky et al., 1995), A substantial part
of circulating prolactin in rat nconates is delivered in milk, since rat neonates se-
crete relatively little prolactin (Grosvenor et al., 1992). ANP and ET-1 are recent
cxamplces that presumably fulfil all the above mentioned functions: they are im-
portant systemic regulators of blood pressure and flow, natriuresis and diuresis in
the mother and neonate, and are local stimulators of the development of mammary
gland and lactogenesis in the mother as well as gut motility in the neonate (Lam ct
al, 1991; Ken-Dror et al., 1997).

BAAP IN MILK FORMULAS

Processing of milk {e.g., short lasting heating) increases protein digestibility
and reduces bacterial contamination, therefore from the classical nutritional point
of view it may be considered beneficial. On the other hand, heating manifests
certain unfavourable influences on amino acids and sugars. It has also been repor-
ted that the ability of protein to bind minerals is reduced by heating (Rudloff and
Lonerdal, 1992a). Milk sterilisation, and to a lesser degree the UHT (ultra-high-
temperature) process, reduces the digestibility of milk proteins by modification of
the secondary and tertiary structure of protein melecules (Rudloff and Lonnerdal,
1992b; Rudloff and Kunz, 1997),

The bhiological activity of peptides in processed milk depends on the parame-
ters of the technological process (duration and temperature), and the bioactive
peptides in milk are much more susceptible to lose their activity than the BAPP
derived from milk protein precursors. Caseins, lactoferrin and whey proteins are
thermosensitive although they retain some of their activity after sterilisation of
milk (Murakami, 1989). Presumably the prior binding of the ligand increases the
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termoresistance of the protein-ligand complex (Puyol et al., 1994). Heating modi-
fies the structure of proteins, thus whey protein is glycosyiated in the presence of
milk sugars (McCrae and Muir, 1995), and the products manifest similar biologi-
cal activity to glycoproteins (Vardn, 1993; Guimont et al., 1997). On the other
hand, heating inactivates all lysozyme (> 62.5°C) and most milk cnzymes (>70°C)
and immunoglobulins (>72°C) (Bjorksten et al., 1980; Odumodu et al., 1993).
Pastcurised cow milk contains much less EGF than fresh cow milk (Read et al.,,
1985). Prolactin concentration is reduced but detectable in the whey of pasteurised
milk but not in milk pasteurised and fermented using yoghurt lactic acid bacteria.
Bombesin, insulin, TGF-B2 and NGF arc detectable in boiled or pasteurised milk
and pasteuriscd whey although in much lower concentrations than in fresh milk or
colostrum (Guimeont et al,, 1997). The concentrations of EGF and IGF-I in infant
formulas based on bovine milk are low or undetectable (Read et al., 1985; Na-
gashima et al., 1990). While reviewing the literature for this article no information
was found concerming production on a commercial scale of an artificial milk for-
mula suppicmented with BAPP.

BIOACTIVE PROTEIN AND PEPTIDES IN THE GASTROINTESTINAL TRACT

Gastrin was the first regulatory peptide to be detected in the lumen of the sto-
mach in adult human subjects (Jordan and Yip, 1972). Since then many regulatory
peptides have been found in the GIT lumen (Rao, 1991), Luminal gastnn, somato-
statin, sceretin, CCK, substance P and PY'Y originate from the endocrine cells in
the intestinal mucosa (Miller et al., 1980; Sninsky ct al., 1984; Kuvishnoff et al.,
1991; Rao, 1991), and substantial amounts of insulin and somatostatin arrive at the
duodenum within the pancreatic juice (Conlon et al., 1979). Saliva is the main
source of growth factors (EGF, IGF) and neuropeptides (substance P, neurokinin
A, calcitocin gene-related peptide, neuropeptide Y, and vasoactive intestinal
polypeptide) in the GIT lumen (Rao, 1991; Dawidson et al., 1997). The route by
which gut peptides produced in the endocrine celis enter the duodenal lumen is not
yet completely understood. Fujimiya et al. (1995) showed that enterochromaffin
cells actively releasc scrotonin into the lumen of the small intesting, and the ratio
of luminal content to tissue content is higher in embryonic and nconatal gut com-
pared to the gut of aduit rats. Okumiya et al. (1996), in an immuno-¢lectron micro-
scopic study, demonstrated changes in the subcellular localisation of gastrin granu-
les (migration from basal to apical rcgions) and gastrin release into the small
intestinal lumen induced by carbachol. The above morphological data help in un-
derstanding the route by which gastrointestinal peptides may appear in the intesti-
nal lumen following stimulation, and sharply contrasts with the widely accepted
unidirectional stimulus-secretion coupling hypothesis (Kanno and Imai, 1976).
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Interestingly, the regulatory peptides are detected in biologically active forms
in the GIT lumen. Furthermore, all authors consistently emphasise that the peptide
concentration in the gastrointestinal lumen or the calculated output into the lumen
is greater than the respective venous concentration or output ~ both under control
conditions and following stimulation (for review see: Rao, 1991). In vitro studies
reveal that, despite disadvantagcous conditions in the stomach and gut lumen (acidic
pH values, and/or abundance of proteolytic enzymes), regulatory peptides and
growth factors arc remarkably stable in gastrointestinal fluids. Nevertheless, the
survival of gut peptides is much better in the digestive juices collected from ne-
onates than from adults (Shen and Xu, 1996; Xu et al., 1996). The degradation rate
of gastrin (G17 and G 34) incubated for 20 min in the intestinal juice collected
from adult pigs is between 10 and 15% (Xu et al., 1996) and that of EGF about
20% (Shen and Xu, 1996). The addition of acid soluble or casein fractions of porcine
colostrum to the intestinal fluids markedly reduces the degradation rate of gastrin
and EGF. Read et al. {(1987) reported that 60 to 90% of intragastrically adminis-
tered EGF reached the small intestine in the intact form in new-born lambs. These
data suggest that the biological half-life of regulatory peptides in the intestinal
Jumen may be much longer than in the blood plasma which strengthens their po-
tential physiological relevance at the iuminal site.

Luminal gastrins, cholecystokinins and secretin affect intestinal motility and
absorption, exert trophic effects on enterocytes and stimulate pancreatic juice se-
cretion in adult dogs and neonatal calves (Johnson ¢t al., 1978; Chey et al., 1979;
Sninsky et al., 1984; Schwartz and Storozuk, 1986; Zabielski et al., 1995). Lumi-
nal effects of CCK are reversed by intraduodenal administration of a poorly ab-
sorbed CCK-A receptor antagonist {Zabielski et al., 1996). Konturek et al. (1981)
have found that luminal somatostatin can be reabsorbed by the intestine, circulate
into the pancreas and inhibit its exocrine function which suggests that the lumen of
the intesting may be an important link of enteropancreatic circulation of some
regulatory peptides. Oral administration of insulin causes hypoglycaemia in pigs
and calves (scc review of Koldowsky et al., 1988), and subcutaneous administra-
tion of msulin speeds up gut closure in pig neonates (Svendsen et al., 1986). The
growth factors manifest numerous local biological effects on the gut epithelium as
well as peripheral effects following their absorption from the gut into the circula-
ting blood. The latter is especially significant in neonates and wcancd young ani-
mals (Thomburg et al., 1984, 1987; Read et al., 1987). Thus, EGF inhibits gastric
scerction (Konturek et al., 1984) stimulates epithelial cell growth and ccll diffe-
rentiation (James et al., 1987; Thomburg and Koldovsky, 1987), and increases the
specific activity of mucosal ornithine decarboxylase and the incorporation of la-
belled thymidine into DNA (Ulshen et al., 1986; Berseth, 1987b). IGFs exert simi-
lar effects on the gastrointestinal tract mucosa (Lemmey ct al., 1991; Vanderhoof,
1992). Exogenous IGF-1 prevents bacterial translocation in the GIT in rats with
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experimental burn injury (Huang et al., 1993). CDGF induces gene activation and
cell growth in cultured intestinal cells in vitro (Kelly and Coutts, 1997).

IMPORTANCE OF MILK BAPP FOR SUCKLING

The effects of bioactive proteins and peptides delivered with milk have been
studied by selective suppression of compounds in the maternal plasma (immuno-
necutralization, gene knock-out), by physical (heating, centrifugation} or biochemi-
cal pretreatment (trypsin and chymotrypsin pretreatment) of milk. Experiments
with oral administration of single BAPP (often in unphysiologically high doses)
and with pharmacological block of mucosal receptors {which may also influcnce
endogenous factors) have also been employed. The review by Xu (1996) discusses
a number of results that point to an important role for bioactive compounds in
colostrum and milk 1n the development of the GIT. Although the cxperimental
methods leave room for doubt, the results are worth consideration. The depriva-
tion of milk prolactin, insulin, growth hormone, CCK, EGF and [GF, slows growth
and functional maturation of the GIT and peripheral tissues in neonates of ditfe-
rent species (Berseth et al,, 1983; Grosvenor ¢t al., 1986; Berseth, 1987; Behringer
etal., 1990; Xu et al., 1994; Wang and Xu, 1996; Mubiru, 1997; Zabielski et al.,
199%). In bottle-fed neonate pigs, feceding with bovine colostrum results in a lower
weight of the intestinal mucosa than feeding with sow colostrum (Tungthanatha-
nich et al., 1992). Feeding new-born dogs with an artificial formula reduccs the
growth of the GIT, although it does not affect the body weight gain (Heird et al.,
1984). Feeding pig neonates with colostrum devoid of insulin (by trypsin predi-
gestion) inhibits maturation of intestinal cnzymes (Wang and Xu, 1996). Also,
feeding piglets with an infant formula suppiemented with IGF-1 and IGF-11 leads
to a higher DNA content in the stomach and increases the cell proliferation in the
upper gut as comparcd to an infant formula alone (Xu et al., 1994). Recently, the
importance of [GF-1 in rat and human milk has been questioned following reports
that endogenous IGF-I may be produced in sufficient amounts and then taken up
selectively by the proximal gut in the newborn (Burrin, 1997; Steeb et al., 1997).

Studies on late effects of single BAPP supplementation on human and animal
health and performance are lacking. Numerous investigations, however, have been
made comparing the effects of breast-feeding versus milk formula feeding in hu-
mans. Collingwood and Alberman (1979} in their questionnaire studies found that
children who had been separated from their mothers immediately after birth, fora
minimum period of 17 days, were morc likely to have “poor health and appetite”.
Infants who had been breast-fed for up to 6 months have reduced risk of allergies,
respiratory and gastrointestinal disorders, type I diabetes and childhood lympho-
mas compared to formula-fed infants (for references see: Zinn, 1997). Huffman
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and Combest (1990) reviewed the literature seeking interrelations between breast-
feeding and morbidity and mortality from diarrhoca in infants in the developing
countries. The outcome of their investigation is that non-breast-fed infants have a
25-times greater risk of dying from diarrhoea than breast-fed infants. According to
their study, early food supplementation leads to an increased risk of diarrhoea.

BAPP AS FEED ADDITIVES ?

In the majority of artificial milk formulas, growth factors, hormones and gut
regulatory peptides are undetectable or present at very low concentrations com-
pared to fresh milk. According to present knowledge, a physiological role of these
bioactive substances in the development of young production animals cannot be
completely ruled out. Even though BAPP deprivation from the neonate is appa-
rently not lethal, it may increase the risk of certain gastrointestinal and other organ
disorders. Moreover, some BAPP deficiencies (e.g., EGF, IGF-1) may be presuma-
bly compensated by the endocrine system of the neonate when this has developed.
So, should we consider providing these BAPP as feed additives? It is perhaps
premature to state ultimately that BAPPs should be provided as feed additives, the
more 50 since at least two human generations and several dairy cattle generations
have already grown up on a variety of artificial formulas which had certain BAPP
deficits. However, during that time nutritional and hygienic standards have greatly
improved thus reducing the risk of bacterial or metabolic disorders. The diet has
also been better balanced for nutritional value and its composition has been enriched
with a number of substancecs accelerating animal performance and reducing the
risk of disease (minerals, vitamins, antibiotics, etc). Nevertheless, in the face of
serious environmental problems caused by the intensive use of certain feed
additives (e.g., zinc oxide, antibiotics) we should consider BAPP supplementation
as a more physiological and environmentally friendly alternative to feed additives
for young animais. We also need to modify the technologies used in preparing
the artificial milk formulas, based usually on processed cow milk, in order to
avoid/minimise the degradation of bioactive peptides, and to supplement the
formula with certain bioactive substances according to the species-specific
requirements. Namely, in the new formula preparations for infants the deficiency
of IGF-1, EGF, prolactin and TGF should be considered. For the preterm infant, a
supplementation of the artificial formula with IGF-I scems to be particularly 1m-
portant. Adamson and Reynolds (1995) have already suggested the utilisation on a
commercial scale of the anticariogenic phosphopeptides released during casein
digestion with pancreatin as a food additive, toothpaste and mouthwash for the
prevention of dental caries in children. In the pig industry, attention should be paid
to the time of weaning and milk production in the sow. In carly weaned pigs,
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nutritional stimulation of GIT maturation as well as the addition of BAPP prepara-
tions to the weancd food nced to be investigated. Neonatal calves should not be
separated from their mothers within the first week of life, since this period is cha-
racteriscd by the highest BAPP concentration in milk. Calves should suckle their
dams directly, since the treatment of colostrum and milk (cooling, storing and
rewarming) reduces the level of BAPP. Pet neonates, e.g., dogs, should be fed with
formulas that meet species-specific demands of the suckiing young.
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