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INTRODUCTION

Growth factors are composed of a heterogeneous group of proteins and pep-
tides that initiate cellular growth and expression of differentiated function.
Circulating growth factors may act in an analogous manner to classic endocrine
hormones. In addition, most growth factors are synthesized in multiple cell
types throughout the body and may act locally within a particular cell or upon
adjacent cells via autocrine or paracrine mechanisms, respectively.

In the 1970s and 1980s, researchers demonstrated that milk is a potent
stimulator of growth both in vivo and in vitro. Widdowson et al (122) docu-
mented the marked increase in gastrointestinal (GI) weight, length, and protein
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and DNA content of colostrum-fed neonatal piglets in the first 24 h of life.
More recent piglet studies have demonstrated stimulation of GI DNA (114)
and protein synthesis (19) by both mature milk and, to a greater degree,
colostrum. Colostrum-fed piglets also had greater fractional protein synthesis
rates in liver, kidney, spleen, and skeletal muscle than piglets fed milk, which
indicates that colostral factors may mediate growth of tissues outside of the
GI tract (19). In 1978, Klagsbrun provided the first in vitro evidence thathuman
milk contains mitogenic factors (58). At a concentration of 1% in the culture
media, human milk was as effective as 5% human serum or 10% calf serum
at stimulating DN A synthesis in fibroblasts. Human milk is potent mitogen for
cultured hepatocytes (59) and enterocytes (55) as well.

In addition to the direct trophic effects of milk growth factors on the
intestine, recent evidence suggests that we must consider the potential effect
of these growth factors on the autocrine regulation of intestinal growth. For
example, the addition of epidermal growth factor (EGF) to intestinal explants
downregulated its own mRNA while upregulating the expression of TGF-
(80). Moreover, growth factors present in the serum of the neonate may also
modulate GI growth via receptors on the serosal membranes of enterocytes.
The ability of systemically administered insulin (78), EGF (63), and insulin-
like growth factor-I (IGF-I) (5, 100) to stimulate GI growth and maturation
supports this hypothesis.

This review discusses recent findings on growth factors in milk and their
potential roles in the neonate. We focus on human milk, the human infant, and
animal models used in neonatal research (e.g. rodents, piglets). The role of
growth factors both in normal growth and development as well as their poten-
tial therapeutic role during recovery from intestinal injury is addressed. With
the exception of insulin, this review does not discuss hormones in milk, which
were the subject of several recent reviews (46, 62)

EPIDERMAL GROWTH FACTOR (EGF)

Background and General Physiological Function

The EGF family of growth factors currently includes EGF, transforming
growth factor-o (TGF-c), amphiregulin, and a number of viral growth factors.
Of this family, EGF and TGF- are thought to be the major peptides involved
in mammalian growth and development (22). Several reviews cover many
facets of EGF biochemistry and physiology (21, 22, 61, 75, 93).

Human EGF (also known as urogastrone) is composed of 53 amino acids
(~ 6 kDa), with ~ 50% sequence homology to rodent species. Structural
similarities are sufficient to allow EGF from a given species to elicit effects
in other species (75). EGF is translated into a 1200 amino acid prepro form,
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which is rapidly processed to mature EGF in some tissues (e.g. mouse sub-
maxillary gland), whereas others (e.g. kidney and mammary gland) accumulate
the precursor (18, 97). The EGF family of mitogens possesses a common
high-affinity receptor with an extracellular mitogen-binding site and a cyto-
plasmic domain possessing tyrosine-kinase activity. The details of the second-
messenger cascade are not fully known but are the subject of active research.
The cascade ultimately culminates in mitosis and/or differentiation of the target
cells.

Milk Concentrations and Sources

EGF seems to act as a local regulator of prepartum mammary gland develop-
ment (93). Studies in rodents have revealed that the EGF receptor is present
in mammary tissue, that EGF stimulates mammary cell growth in vitro, and
that EGF binding in mammary tissue increases 150% by days 10-15 of ges-
tation (37). EGF concentration of human prepartum mammary secretions ex-
ceeds that of mature milk (12), which may imply a similar prepartum accumu-
lation (Table 1).

Milk EGF may be derived from the maternal circulation or from mammary
synthesis. The 30- to 1000-fold milk:plasma EGF concentration ratio coupled
with low circulating EGF levels (i.e. < 0.1 nM; 50) indicates that mammary
uptake of EGF from plasma would require an active transport mechanism.
Indeed, the lactating goat mammary gland was shown to take up 83% of an
infused '2I-EGF dose. However, only 3% of the dose appeared in milk, which
indicates that serum EGF is probably not the primary source of milk EGF (17).
The presence of EGF mRNA in rodent mammary tissue and its modulation by
lactogenic hormones (39) suggest that local EGF synthesis may contribute to
milk EGF. Endogenous mammary EGF production may also explain the re-
ported size heterogeneity of human (12, 28, 54, 89, 101) and rat (96) milk
EGF. Whether these high molecular weight forms represent various degrees
of proteolytic processing of prepro EGF, aggregation of mature 6 kDa EGF,
or association of EGF with other proteins is not fully lnown. The predominant
form of EGF in human milk was recently shown to be a 160—170 kDa heparin-
binding glycoprotein that results from proteolytic cleavage of the cytoplas-
mic domain of prepro EGF (83). EGF species of high molecular weight have
been reported to account for 0 (12, 28, 87, 101) to 50% (54) of total milk EGF
activity. However, the active form of EGF may be produced within the stomach
of the infant, since EGF forms of high molecular weight are labile to pertur-
bations in pH (3).

Human milk EGF concentrations categorized by stage of lactation and
method of analysis are presented in Table 1. Human milk values over a
40-fold range (3-133 nM) may be partially explained by normal changes
over the course of lactation but could also result from methodological
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Table 1 EGF in human mammary secretions

Days peripartum EGF (nM) Assay® Reference
Prepartum Average 58
20to ~-1d 22-133 RIA 12
23t —-3d 50.0 RIA 28
13to =5d 27.0 RRA 101
Colostrum Average 25
0Oto2d 6-73 RIA 12
Oto2d 50.0 RIA 28
not specified 14.7 RIA 81
0to3d 7.8 pretem; 6.5 term” RIA 55
Oto2d 78 very preterm; 70 preterm; 54 term RRA 99, 101
Otold 5.9 RRA 54
Mature milk Average 10
210 50d 3-19 RIA 12
2to42d 11.5 RIA 81
4t042d 13.0 RIA 28
4t074d 5.1 preterm; 5.3 RIA 55
banked milk 10.8 RIA 89
8d 7.5 RRA 54
46 d 15 very preterm; 10 preterm; 4.9 term RRA 99, 101

*RIA, radioimmunoassay; RRA, radioreceptor assay.
®Term 38-41 weeks gestation; preterm 31-36 wk; very preterm 26-30 weeks.

variation. The primary assays used are homologous radioimmunoassays
(RIA) and heterologous radioreceptor assays (RRA). Direct methodological
comparisons have shown that RIA and RRA are not always comparable (28,
55, 86). Therefore, data derived from differing assay conditions should be
compared with caution.

With only one exception (81), EGF content in human prepartum secretions
and colostrum was higher than in mature milk (Table 1). Milk EGF and protein
decline in a parallel manner (101), resulting in a fairly constant protein:EGF
ratio throughout lactation. EGF content of milk from mothers delivering pre-
maturely was reported to be equivalent (55, 81) or higher (99) than that of
term milk when assessed with RIA and RRA, respectively. Whether this
discrepancy is related to presence of other growth factors (e.g. TGF-ot) that
may interact in the RRA remains to be determined.

For comparison, EGF values from other species are given in Table 2. The
EGF content of mouse (13) and porcine milk (56) is higher than that of human
milk, whereas levels in rat milk are lower (96). Concentrations ranging from
2-324 pg/liter have been reported in fresh cow milk; however, EGF is barely
detectable in infant formulas (54, 55, 99).
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Table 2 Concentrations of milk growth factors in various species

Secretion
Prepartum® Colostrum Milk Units  Reference
EGF
Porcine NR 1500 * 525 160-240 g/l 56
Bovine NR 4-8 2-324 pne/L 54
Rat NR 1.8 3.6-12.0 mg/L 96
Mouse NR 55 130-427 pneg/L 13
Insulin
Human:
Term® 245-44.2 2155 2603 ug/L 101
Preterm NR 7.2 *14 1.4 £ 03 ug/L 9
V. preterm NR 34 1.1 1.5+03 g/l 99
Porcine NR 300 = 80 40 to 80 mU/L 56
Bovine NR 37 £ 14 5506 ng/l 74
IGF-1
Human:
Term NR 109 £ 5.3 71+ 04 ug/lL 11
Term 31 9.9 19.1 png/L 29
Rat NR 27.8 £2.0 16.2 £ 2.2 Mg/l 33
Porcine 136.3 + 22.6 39.0 = 22 114 1.4 ung/L 36
Bovine 2949 + 1158 NR 5.0+ 2.0 ug/L 121
IGF-11
Human NR NR 2.7 0.7 ung/L 34
Rat NR 1.2 £ 0.2 <1.0 ug/L 33
Porcine 291 £ 645 823575 16.8 = 5.8 mg/L 36
Bovine 1825 = 608 NR 1.0 = 0.1 g/l 121
NGF
Human identified but not quantitated 124
Mouse NR NR 100 to 1100 mg/L 84
Relaxin
Human NR 327 £ 110 500 + 53 ng/L 72
Bovine NR NR 1467 to 4770 ng/L 72
TGF-a
Human 0-50 2.2-7.2 Ot 8.4 ug/L 27, 87
TGF-B1 & B2
Bovine detected but not qualified 57

2Colostrum 1 to 4 days postpartum; mature > S days postpartum.
®Term 38-41 weeks gestation; preterm 31-36 weeks; very preterm 26-30 weeks.

Effects on the Neonate

A plethora of studies in rodent species supports the hypothesis that milk-borne
EGF conveys important regulatory signals to the developing offspring, includ-
ing the timing of eyelid opening and tooth eruption as well as intestinal,
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hepatic, pancreatic, and lung development (reviewed in 22, 60, 61, 76). These
studies have vastly increased our knowledge of EGF physiology and function,
and it is tempting to extrapolate these findings to humans. However, obvious
differences in physiology and genetics and in the ontogeny (rate and sequence)
of GI maturation (79) between species make direct comparisons difficult.

EGF is resistant to degradation within the gastric milieu of the suckling
rat (15) and preterm infant (16), which suggests that milk-borne EGF may
retain bioactivity in the neonatal GI tract. Recombinant human 123 EGF
incubated for 1 h with gastric aspirates from preterm infants co-chromato-
graphed with mature EGF and retained more than 75% of its ability to bind
to EGF affinity columns or to EGF receptors (16). Developmental differences
were observed in the small intestinal degradation of EGF. In suckling rats,
EGF degradation was relatively low, but it increased 12-fold in weanling
animals (15).

Data on the effect of EGF on the developing human GI tract are limited
primarily to in vitro studies. Using intestinal explants from human fetuses
(11-14 week gestation), Ménard and colleagues (77, 79) observed responses
of various jejunal brushborder enzymes to EGF (77) and used quantitative
autoradiography to demonstrate extensive EGF binding by crypt cells and in
the basolateral infranuclear region of cells at the base of the villi (79). In
contrast, other investigators have reported EGF-receptor immunoreactivity
(80) and mRNA levels (6) extending to the villus tip. Absorption of orally
administered 125I-EGF has been clearly demonstrated in rats (120). A twofold
increase in urinary EGF content of premature infants consuming breast milk
vs cow milk-based infant formulas led Gale et al (42) to conclude that EGF
is absorbed by the human infant. Whether this increase truly reflects absorption
of EGF from breast milk or is due to increased renal EGF production (97)
remains unknown.

In addition to its putative role in normal GI growth and development, EGF
may also be beneficial during recovery from GI trauma. Weanling rats sub-
jected to intestinal resection experienced a 19-25% increase in small intestinal
regrowth when fed formula supplemented with 83 nM EGF for 7 days follow-
ing surgery (98). Subcutaneous administration of EGF or TGF-a stimulated
DNA synthesis and enhanced the healing of stress-induced gastric ulcerations
in rats (63). Similarly, Petschow et al (90) treated adult rats with methotrexate
to induce intestinal injury and demonstrated that after 6 days of feeding of
EGF at 1 or 10 times that in human milk levels, intestinal leucine amino-
peptidase and sucrase were increased by 80-250%. Most recently, we (125)
developed a colostrum-deprived piglet model to study the role of growth
factors in GI recovery from rotaviral damage. Addition of human recombinant
EGF to formulas at 83 and 166 nM increased villus length and lactase specific
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Table 3 Human insulin, IGF-I and -II receptors, and IGFBPs

Peptides Molecular weight Reported in milk
Insulin 5734 (a,B) human (65, 99, 101)?, porcine (56), bovine (75, 106)
IGF-1 7649 human (11, 29, 34, 117), bovine (121), goat (94), porcine (36,
115), monkey (123), rat (33)
IGF-1I 7541 human (34), bovine (121), goat (95), porcine (36), rat (121)
Molecular weight Affinity

Receptors (kDa) Insulin IGF-I IGF-11 Reported in intestine
Insulin 100% 2% 2% dog (44), rat (40)

a-subunit 130

B-subunit 95
Type 1 1% 100% 10-30%  bovine (8), rat (67),

porcine (107)

a-subunit 125

B-subunit 95
Type 11 250 0% 0.1-0.2% 100% bovine (8), porcine (107),

rat (49, 67)
Core protein Mol Wt by
IGFBPs mol wt (kDa) SDS-PAGE" Reported in milk®
IGFBP-1 25 same human (RIA; 117), 28 kDa IGFBP by LB: bovine
(116), porcine (36)
IGFBP-2 31 same human (LB; 34), rat (LB; 33), bovine (LB; 116),
porcine (LB; 36)
IGFBP-3 29 ~37, 43° bovine (LB; 116), porcine (LB; 36), rat (LB; 33)
150 human (C; 11, 29), porcine (C; 115), rat (C; 35)

IGFBP-4 26 25; 28° bovine (LB; 116), porcine (LB; 36), rat (LB; 33)
IGFBP-5 28 same N.R.¢
IGFBP-6 23 same N.R.

2Reference number
®Mol wt change due to post-translational modifications.
¢ Assay method: RIA radioimmunoassay; LB western ligand blotting; C Gel filtration chromatography

9Not reported

activity in a linear dose-response fashion when fed to virus-infected pigs for
8 days. At 83 nM, effects were noted only in the proximal portions of the small
intestine, whereas effects from the higher EGF level extended further down
the tract. Collectively, these studies suggest that supplementation with phar-
macological levels of EGF may aid in the recovery of sraumatized intestine,
but further studies are required to determine safe and effective upper limits.
In addition, the comparative safety and efficacy of intestinal as well as systemic
administration of EGF on GI recovery needs to be assessed.
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INSULIN, RELAXIN, AND INSULIN-LIKE GROWTH
FACTOR-I AND -II

Background and General Physiological Function

All four members of the insulin-like family of peptides (insulin, relaxin, IGF-I,
and IGF-II) have been reported in milk (Tables 2 and 3). IGF-I and IGF-II are
7.5 kDa polypeptides that retain 70% overall amino acid homology and a 50%
homology with proinsulin (102). The biological actions of IGF-I and IGF-II
are mediated primarily through the type I IGF receptor, which is structurally
homologous to the insulin receptor and consists of two extracellular c-subunit
ligand-binding domains joined by disulfide bonding to two B-subunits, each
of which contains a transmembrane domain and a cytoplasmic tyrosine kinase
domain (Table 3). In addition, IGF-II binds with high affinity to the type II
IGF receptor/cation-independent mannose-6-phosphate receptor (type I/M6P
receptor), a monomeric 250 kDa protein (49, 102). Insulin and type I and II
IGF receptors have all been detected in the neonatal intestine (Table 3).
Because of the homology between insulin and the IGFs, insulin at pharmaco-
logical doses stimulates mitogenesis via interaction with the type I IGF recep-
tor. Likewise, high doses of IGF-I cause hypoglycemia as a result of stimu-
lation of glucose uptake via the insulin receptor (102). Relaxin is primarily
known for its role in cervical softening prior to parturition (53). However, in
conjunction with prolactin, estrogen, and progesterone, relaxin promotes mam-
mary growth and differentiation (48).

Unlike insulin and relaxin, the IGFs associate with a family of IGF-binding
proteins (IGFBPs) (Table 3). Six genetically distinct but structurally related
IGFBPs have been cloned and sequenced in the rat and human (110).
IGFBP-3, the predominant serum IGFBP, is unique in that it binds to an
additional 85 kDa protein known as the acid-labile subunit (ALS) to form a
150 kDa complex that does not cross the vascular epithelium (10), thereby
increasing the half-life of serum IGFs. Additionally, IGFBPs function as
more than just carrier proteins by modulating the interaction of IGFs with
their cellular receptors (25).

Insulin

MILK CONCENTRATIONS AND SOURCES Insulin has been reported in human
(65, 99, 101), porcine (56), and bovine (74) milk (Tables 2 and 3). Insulin
accumulates in the bovine mammary gland in late gestation. This accumulation
is reflected in 3- to 10-fold higher insulin levels in prepartum secretions and
colostrum than in mature milk (74). If a similar mechanism occurs in humans,
it may explain the lower milk insulin levels in women delivering prematurely
(99). By measuring arteriovenous differences, Malven et al (74) demonstrated
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that insulin is readily taken up from the maternal circulation by the lactating
bovine mammary gland (3.94 U/day). In contrast to EGF, of which very little
(3%) is transported into the milk (17), 62% of the insulin taken up by the
mammary gland appeared in milk in an immunoreactive form (2.46 U/day)
(74).

EFFECTS ON THENEONATE Insulin was the first peptide shown to be absorbed
from the neonatal GI tract in a biologically active form. Oral administration of
pharmacological levels of insulin to the suckling rat [4 U/100 g body weight
(BW)](51), piglet (20 U/100 g BW), (2) or calf (3-50U/100 g BW) (92) resulted
in hypoglycemia, which indicates that insulin was absorbed intact and retained
its ability to stimulate glucose uptake. Insulin receptors on jejunal and ileal
brushborder membranes (40, 44) may allow for direct action upon the enterocyte
and/or receptor-mediated uptake. Recent studies have both supported and
contradicted these earlier observations on insulin absorption. In studies in which
neonatal piglets (19) and calves (106) were fed colostrum or mature milk, serum
insulin levels were two- and fourfold higher, respectively, in colostrum-fed
neonates than in those fed mature milk. These results supported the concept of
insulin absorption from the neonatal GI tract. Neither study determined whether
this discrepancy was due to absorption of colostral insulin or to enhanced
endogenous secretion, although endogenous insulin secretion is thought to be
suppressed for at least 12-48 h postpartum (47). In contrast, two studies in which
insulin was added to a formula (85 Ulliter) (111) or administered orally (50
mg/100 g BW) immediately prior to feeding colostrum (47) did not result in a
rise in serum insulin or a decline in blood glucose.

Enterally and systemically administered insulin accelerates GI growth and
maturation. A single s.c. insulin injection (1.25 U/100 g per day) to eight-day-
old mice induced changes not normally observed until weaning, including
increased sucrase activity and a decrease in the crypt-to-villus cell transit time
from six to four days (78). Intraperitoneal insulin injections (1.25 U/100 g per
day) to suckling rats also induced sucrase activity; however, no such effect
was observed when weanling rats were treated with the same dose of insulin.
This finding suggests that the sensitivity of the enterocyte to insulin is devel-
opmentally regulated, or that insulin does not retain bioactivity in the GI tract
of the weanling rat (20).

Piglet studies involving either subcutaneously (118) or orally (111) admin-
istered insulin further support a role for insulin in GI maturation. Gut closure
in piglets occurs 18-36 h postnatally and is thought to be partially regulated
by a humoral factor released postprandially, since fasted piglets have delayed
gut closure (70). Svendsen et al (118) investigated whether insulin is the
humoral factor involved in gut closure by subcutaneously injecting insulin (50
U/100 g) to colostrum-fed newborn piglets at 3 and 6 h postpartum. By 12 h
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postpartum, insulin-treated piglets showed a 70% reduction in the macromo-
lecular transport compared with control (colostrum-fed) piglets. The authors
suggested that insulin-induced changes in enterocyte basement membrane
proteoglycan synthesis may be a potential mechanism for the enhanced gut
closure. Although this study used systemically administered insulin, colostral
insulin may also play a role in GI maturation since insulin intake may be as
high as 200 mU/day per day and may be transmitted into the blood (2).

Effects of oral insulin intake were studied in piglets consuming formula
with or without supplemental porcine insulin (85 U/liter) between days two
and nine postpartum (111). Formula intake, weight gain, and serum insulin
levels did not differ significantly between treasment groups. However, piglets
consuming formula + insulin (mean intake 16 U/day) exhibited increased ileal
mucosal weight, protein, RNA and DNA content, and lactase and maltase
activities. These results suggest that luminal insulin may act directly on the
enterocyte. A subsequent study (112) showed that the elevation in ileal lactase
activity in piglets consuming insulin-supplemented formula was not due to
increased ileal lactase mRNA expression or to changes in the relative propor-
tion of the precursor and active forms of the enzyme. The exact mechanism
by which insulin exerts its action remains to be determined, but it may involve
decreasing the rate of protein degradation, as has been shown in liver, cardiac
and skeletal muscle, and kidney (82).

Relaxin

MILK CONCENTRATIONS ANDSOURCES  Relaxin mRNA is present in the corpus
luteum in sows and rats (4) and in the mammary gland (88) and endometrium
of guinea pigs (69). Endometrial nRNA rapidly declines postpartum, whereas
mammary and ovarian expression are detectable during lactation. Relaxin has
been reported in human and bovine milk (72) (Table 2). The mean concentration
in human milk increased from 195 to 438 ng/liter between days 3 and 6 post-
partum, after which time levels remained relatively constant through 34 weeks
postpartum. In contrast, plasma relaxin levels declined from 83 to 32 ng/liter
between days 3 and 6 postpartum and were undetectable after day 7 postpartum,
which suggests that the mammary gland is the primary source of relaxin. Mean
relaxin content of fresh bovine milk was 2916 ng/liter. In pasteurized samples,
levels were approximately half that amount (1414 ng/liter) (72).

EFFECTS ON THE MAMMARY GLAND Whether milk relaxin plays a direct role
in the neonate has not been investigated. However, studies using monoclonal
antibodies during the second half of pregnancy to neutralize endogenous re-
laxin have demonstrated a specific role for relaxin in regulating morphological
development of the nipple required for successful lactation (52, 64). Antibody-
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treated rats had significantly shorter nipples and altered morphological char-
acteristics, including smaller lactiferous ducts and blood vessels. In addition,
tissue histological changes were apparent in antibody-treated rats. For example,
a greater percentage of the nipple was composed of collagen, and these rats
had shorter elastin fibers than control animals (64). The mechanism by which
relaxin affects nipple structure and whether milk-borne relaxing mediates a
similar response in the neonate remain to be determined.

IGF-I, IGF-1I, and IGF-Binding Proteins

MILK CONCENTRATIONS AND SOURCES IGF is a potent stimulator of both
mitogenesis and galactopoiesis in cultured mammary cells (108) and is thought
to mediate most of the action of growth hormone on the mammary gland (31).
IGF-I has been reported in the milk of all species investigated thus far (Tables
2 and 3). Although milk IGF-II has been less well characterized, it has been
present in all species studied (Tables 2 and 3). IGF-I and IGF-II are higher in
prepartum secretions and colostrum but decline sharply during the first 2—4
days of lactation. Colostral IGF levels in the human (11) and rat (33) are 2-
to 3-fold higher than those in mature milk, whereas bovine (121) and porcine
(36, 115) colostrum contains 10- to 500-fold higher levels than mature milk.
Whether differences in prepartum mammary IGF accumulation are a reflection
of the fact that production species have been selected for high milk production
remains unknown. In addition, a truncated form of IGF-I (des-tripeptide IGF-I)
has been reported that accounts for 50% of the IGF-I in bovine colostrum (41)
but only 3% in bovine milk (109). This truncated variant of IGF-I, which lacks
the first three amino terminal amino acids, has a reduced affinity for several
IGFBPs and has a 5- to 10-fold higher biological activity in in vitro bioassays
(105). Read et al (100) recently reported that growth of the rat GI tract was
particularly sensitive to the action of des-IGF-I1. Whether des-IGF-I is present
in the milk of other species has not been determined. IGF is unaffected by
pasteurization of bovine milk (79° C, 45 s) (26) or by heat treatment of banked
human milk (56° C, 30 min) (34) but is either removed or destroyed during
the processing of infant formulas (26, 55, 85).

Because of the low abundance of mammary IGF-I mRNA (119), maternal
serum seems to be the primary source of milk IGF. Type I and II IGF receptors
are present in mammary tissue (32) and may function to sequester IGF from
the maternal circulation. In most species in which IGF-II is the predominant
serum IGF (human, goat, and pig), IGF-II is also the major milk IGF. In the
rat, however, serum IGF-I levels are 80 times higher than those of IGF-II, and
IGF-I is predominant in milk (33) (Table 2). Recent studies by Prosser et al
(94, 95) using close-arterial infusions of 125I-IGF-I (94) or 12I-IGF-II (95) into
a mammary gland of lactating goats demonstrated that both peptides are
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transported from serum into milk; however, the methods of transport appear
to differ. Inclusion of unlabeled IGF-I in the infusate reduced the specific
activity of 1[-IGF-I in milk, which indicates that the IGF-I transport mech-
anism is competitive and saturable (94). Conversely, unlabeled IGF-II in the
infusate did not lower the specific activity of milk 12I-IGF-II (95), which
suggests that IGF-II is transported nonspecifically.

Four of the six mown IGFBPs (IGFBP-1 through -4) have been reported
in milk, but their presence is species dependent (Table 3). IGFBPs can be
separated into fractions of high molecular weight (150 kDa) or low molecular
weight (m S0 kDa) by size-exclusion chromatography. The 150 kDa IGFBP-
3/ALS peak has been demonstrated in human (11, 29), rat (35), and porcine
(115) milk (Table 3). Milk is the only physiological fluid other than serum
and lymph that contains the 150 kDa IGFBP-3 complex. Using western ligand
blotting technique, milk has also been shown to contain IGFBP-2 (33, 34, 36,
116), IGFBP-1 (117), and IGFBP-4 (33, 36, 116) (Table 3). Whether milk
IGFBPs protect milk-borne IGFs from digestion remains unlnown. However,
IGFBPs appear to affect IGF action in the intestine as evidenced by the greater
effectiveness of IGF analogs, which bind poorly to IGFBPs, in stimulating GI
growth (100).

EFFECTS ON THE NEONATE Several factors suggest that IGFs will prove resis-
tant to digestion and thus may retain bioactivity within the GI tract of the
human infant. First, IGFs and IGFBPs appear to be quite stable to acidic
conditions (pH = 2) and extreme temperature (26, 34). Second, gastric acid
secretion and small intestinal enzyme activities in the infant are only 10-60%
of adult levels (68). Finally, the presence of IGFBPs and protease inhibitors
in milk (71) may further protect the IGF peptide from digestion.

Type I and II IGF receptors have been detected on both mucosal (67, 107)
and serosal surfaces (67) of the intestine. These findings support the view that
both systemically (100) and orally administered (8) IGF stimulate GI prolif-
eration. Higher binding of both IGF-I and IGF-II to crypt cells than to villus
cells provides a mechanism by which IGFs may mediate the proliferation of
the intestinal mucosa (67). In the piglet, binding of [25I}-IGF-I to intestinal
receptors was highest at birth (32%), declined at 3 (18%) and 5 (15%) days
postpartum, but recovered by 21 days postpartum (27%) (107). Lastly, the
reported Kd for the type I receptor in the piglet GI tract (~ 1 nM) (107) and
the type II receptor (~ 0.1 nM) (102) falls within the range of normal milk
IGF levels in all species.

Recent studies investigated the potential role of milk-borne IGF in the
neonate. Oral administration of 25I-IGF-I to suckling rats has shown that the
majority (78%) of the IGF-I was retained, primarily in the stomach and intes-
tinal lining (91), where it may exert a local effect. In calves, small amounts
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of orally administered !>I-IGF-I were transported into the circulation (9). The
effect of feeding bovine milk replacer alone (devoid of IGF) or with supple-
mental IGF-I (750 pg/liter) for seven days was investigated in calves (8). No
difference in serum IGF-I levels was observed between the two diets for the
first three days; however, ingestion of milk replacer + IGF-I resulted in an
acute, transient decrease in serum insulin (within 2 h) and an increase in serum
prolactin levels (4-8 h postingestion). In addition, IGF ingestion increased
thymidine incorporation into jejunal and ileal intestinal explants prepared at
termination of the experiment. The enhanced DNA synthesis may be due to
an upregulation in type I IGF receptors observed in jejunal and ileal micro-
somal membranes in the IGF-supplemented group (8). Taken together, these
studies suggest that orally administered IGF at least partially survives diges-
tion, binds to the GI #ract, upregulates its own receptor, and may stimulate
cellular proliferation. In addition, IGF can be absorbed into the blood, where
it may affect the secretion of other hormones.

As was previously noted for EGF, IGF may also play a role in recovery of
the GI tract. Recent studies investigated the effect of systemic IGF adminis-
tration to rats after gut resection or to rats in a catabolic state as a result of
streptozotocin-induced diabetes or dexamethasone treatment (5, 100). Admin-
istration of IGF-I for seven days resulted in increased weight gain and selective
growth of the spleen, stomach, and intestine. These effects were augmented
by the use of IGF analogs, which bind poorly to IGFBPs (e.g. des-IGF-I or
LR3IGF-I). Whether enterally administered IGF would be equally effective,
particularly in the gut resection model, remains to be assessed. =

OTHER PEPTIDE GROWTH FACTORS IN MILK

In addition to those discussed thus far, several other growth factors have been
identified in milk (46). With the exception of nerve growth factor (NGF), the
effect of oral administration of these factors on the neonate has not been
studied. NGF is present in mouse milk at concentrations of 30-1000 pg/liter
(45, 84) and has also been identified in human milk (124). Appearance of
1251.NGF in the blood of neonatal rodents following oral (1) or ileal (113)
administration suggests that NGF may survive gastric digestion and may be
absorbed intact. NGF is crucial to the survival of specific neurons of the
peripheral nervous system (14). Neuronal hypertrophy was observed in mice
fed NGF for the first week of life (1).

Recent studies have greatly increased our lnowledge of the potential role
of TGF-a and TGF-B in intestinal development. TGF-o. and - are present in
milk (27, 87) (Table 2) and appear to be important in mammary gland devel-
opment (30, 93). In addition, local production of TGF- and -B within the
intestine (7, 80) suggests that they act as autocrine and/or paracrine regulators
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of GI function. Intestinal TGF-o expression was increased threefold in jejunal
explants exposed to 17 nM EGF (80). Whether EGF in milk regulates in vivo
intestinal TGF-a production remains to be studied.

As noted previously, TGF-o. is a member of the EGF family of peptides
and can stimulate mitotic events through the EGF receptor. TGF-a levels in
human milk (0-8.4 /g per liter) (27) are low compared with EGF and are
relatively constant during the first week postpartum (87). TGF-¢t expression
has been quantified in rat (6) and human fetal (80) GI tracts. TGF-o mRNA
was found throughout the human fetal GI tract but was most abundant in the
duodenum (80). Differential isolation of enterocytes along the villus-crypt axis
of the jejunum revealed that both TGF-a mRNA and immunoreactive TGF-a
were present in villus cells, but crypt cells did not stain, which suggests that
TGF-a is associated with differentiated rather than proliferating cells. As with
EGF (63) and IGF (5, 100), TGF-o administration augments GI recovery after
an insult (63). Subcutaneous infusion of TGF-a into rats reduced the severity
of ethanol- or stress-induced gastric lesions and accelerated the rate of gastric
recovery when administered immediately following stress. Intragastric admin-
istration of TGF-a was without effect.

The TGF-P growth factor family was recently studied in rat (30, 104) and
bovine (73) mammary tissue. Together with other locally produced growth
factors, TGF-P growth factors are thought to modulate development and dif-
ferentiated function (103) of the mammary gland. The B1 and B2 isoforms
have been identified in bovine milk (57) and as such may play a role in GI
development of the suckling neonate. Unlike traditional growth factors, TGF-
B1 inhibits proliferation and induces terminal differentiation of intestinal epi-
thelial cells in vitro (66). Consistent with this observation is the finding of
mRNA in mouse jejunum and colon for the three isoforms (7). Expression in
jejunal mucosa was greatest in cells located on the villus tip but was not
detected in cells of the crypt. Using intestinal IEC-6 epithelial cells in an in
vitro wounding model, Ciacci et al (24) showed that TGF-B1 inhibited prolif-
eration but accelerated the rate of healing by stimulating the migration of cells
into the wound area. TGF-B also stimulates IgA production by intestinal
lymphodal cells (23) and may thus play a role in the immunological protection
of the GI mucosal surface.

CONCLUDING REMARKS

The sources and levels of growth factors in milk have been fairly well de-
scribed; however, much less research has been conducted on their potential
roles in the neonate. In particular, little is known about the mechanisms
underlying the variety of responses observed following oral administration of
growth factors. In addition, the potentially complex interactions among growth
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factors and horinones in milk have only begun to be considered. For example,
human milk stimulates growth of cultured cells by 2- to 50-fold (29, 56), but

physiologically relevant concentrations of pure EGF or IGF added alone could

only account for 4-17% of this increase. This observation suggests that other
factors acting independently or synergistically with IGF and EGF must be
taken into account. Lastly, the effect of exogenously administered peptide
growth factors on endogenous production of that peptide (80), its receptor (8),
or other growth factors (80) needs to be addressed before we consider supple-
menting infant fornnulas with growth factors.

This review has focused primarily on the role of milk growth factors in the
intestine. However, colostrum- and milk-derived growth factors (i.e. insulin,
IGF, EGF, and NGF) may also mediate the growth of tissues not directly
associated with the GI tract and therefore may have greater implications for
overall growth and development of the neonate. Moreover, growth factors
appear to enhance recovery of the compromised GI tract (prematurity, GI
resection, rotaviral infection). The potentially therapeutic role of oral or sys-
temic administration of growth factors during compromised states may lead
to their future application in the human infant, particularly in the premature
or postsurgical infant.

The apparently normal growth and development of healthy infants receiving
formulas devoid of growth factors indicate that they are not essential for
survival of the infant. However, as summarized by Ellis & Picciano (38),
epidemiological assessment of the health consequences of formula feeding
versus breast-feeding suggests that the relative risk of developing various
illnesses through early adulthood is elevated in fortnula-fed infants. Several
of these illnesses are related to the intestine, including diarrhea, necrotizing
enterocolitis, colitis, and Crohn’s disease. Importantly, the apparent protective
effect of breast-feeding in decreasing the risk of colitis and Crohn’s disease
persists through young adulthood. Bioactive compounds (growth factors, hor-
mones, enzymes, and immune components) present in breast milk but absent
in formulas may be responsible for these effects.

Any Annual Review chapter, as well as any article cited in an Annual Review chapter, may be
purchased from the Annual Reviews Preprints and Reprints service
1-800-347-8007; 415-259-5017; email: arpr @ciass.org
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