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ABSTRACT. Because of the importance of breast-feeding 
to child health, research in the formation, composition, and 
biological effects of human milk should be strongly en- 
couraged. Future exploration should include the processes 
that are responsible for the synthesis and secretion of 
human milk; the nature and function of the physical com- 
partments in human milk; the structure and function of 
certain proteins and other components in human milk; and 
the in vivo fate and effect of a host of constituents including 
nutrients, growth factors, hormones, inducers, immunolog- 
ical factors, and antiinflammatory agents. Because of the 
potential public health benefits, these studies should be a 
high priority in pediatric research for the next decade. 
(Pediatr Res 22: 493-496, 1987) 

Although the survival of the human species until recently has 
been dependent on breast-feeding, there has been comparatively 
little scientific interest in human lactation and the composition 
and biological effects of human milk. Investigators in this field 
have usually dealt with questions concerning diseases of specific 
organs, norms of growth and development in nonbreast-fed 
populations, o r  the effects of nutrients other than human milk. 
Furthermore, most studies dealing with the health of infants o r  
with the occurrence or treatment of disorders that are prone to 
develop during infancy have not examined the effect of breast- 
feeding as an independent variable. 

The situation is, however, changing. In the last few years, three 
international conferences on human milk have been sponsored 
by the National Institute of Child Health and Human Develop- 
ment (1-3), proposals regarding this subject have been sought by 
that institute, and an international society for research in human 
milk has been formed. Research in breast-feeding is also driven 
by societal pressures. The major federally sponsored nutrition 
program targeted at women and young children (WIC) promotes 
breast-feeding as the optimal feeding. The National Institutes of 
Health and the United States Department of Agriculture rec- 
ommend that infants be breast-fed (4). The Surgeon General's 
Report on Health Promotion and Disease Prevention (5) pro- 
posed that the proportion of women who breast-fed their infants 
be increased, and those objectives are part of the World Health 
Organization's goal, "Health for All by the Year 2000" (6). 

With the advent of new technologies, it has been established 
that human milk is composed of an array of nutrients (71, 
enzymes (8), hormones (9), growth factors (9, lo), and host 
defense agents ( I  I), many of which display dynamic changes 
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during lactation and are poorly represented in milks from other 
species. We are only beginning to unravel the complexities of 
their formation, fate, and biological actions. In that respect, we 
will outline some questions that may be worthy to explore at this 
time. 

FORMATION OF HUMAN MILK 

Biochemical mechanisms-maternal factors. Human milk is 
a unique secretion formed by active synthesis and selective 
uptake by the mammary gland. In goats, amounts of essential 
amino acids secreted in milk proteins (12) agree well with their 
uptake by the mammary gland. Nonessential amino acids are 
taken up  in excess and may provide 20 to 40% of energy used 
by the mammary gland. Similar human data are not available, 
and there are no data to assess the role of amino acid uptake or 
in sit11 catabolism in controlling the levels of milk constituents. 
The secretion of milk proteins appears to be tied closely to a 
series of membrane "transfers" steps ( 13). Proteins destined for 
export move from the endoplasmic reticulum to the Golgi. 
Modified proteins and other milk constituents contained in 
secretory vesicles are emptied into the alveolar lumen following 
their fusion of those vesicles with plasma membranes (14). The 
levels of most proteins such as lactoferrin peak in colostrum, fall 
to a nadir in a few months, and then remain stable until the 
introduction of other foods, whereas the quantitative patterns of 
other proteins such as lysozyme are more unusual (15). The 
controls over these events and the substantial interindividual 
variability in the concentrations of milk proteins are understood 
poorly. 

Endocrine influence on milk protein synthesis in humans also 
deserve further study. Enzymes associated with the synthesis of 
lactose, casein, and certain fatty acids develop during the post- 
partum period when prolactin levels surge and prolactin inhibi- 
tors such as progesterone wane (16). In ruminants, growth hor- 
mone also controls milk production (17). The mechanisms re- 
sponsible for increased milk yield and repartitioning of nitrogen 
are unclear. 

After the colostral phase, lactose concentrations remain stable 
throughout lactation. Lactose synthesis may determine milk 
volume since this carbohydrate accounts for 60 to 70% of the 
osmoles in milk. Lactose biosynthesis is well described (1 8), but 
the linkages between genetic and epigenetic factors that deter- 
mine the rate and absolute synthesis of lactose are not under- 
stood. It is unclear if other determinants of milk volume drive 
lactose synthesis or conversely if factors that influence milk 
volume d o  so by first modulating lactose synthesis. Other car- 
bohydrates are found in milk (l9),  but little is known about their 
synthetic or secretory mechanisms or  their changes during lac- 
tation. 

Total lipid levels in human milk are more variable than those 
of lactose or  total protein (20) probably because of maternal and 
dietary factors and differences in sampling techniques. Other 
factors, however, appear to operate in the control of fatty acids. 
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Fatty acids are synthesized de novo in the mammary gland by a 
multienzyme complex (2 1). In the rat (22), long chain fatty acids 
are produced by adipocytes, whereas medium chain fatty acids 
are made by aveolar cells. The significance of this dichotomy of 
function is unclear. The secretion of fat is accomplished by 
formation of milk fat globules. The factors that determine the 
final concentration of fat have not been identified. 

Environmental influences. The specific effects of environmen- 
tal influences on human lactation remain elusive. Three research 
aspects are important: the supportive structures that surround 
the lactating woman, her diet, and environmental contaminants. 
Lactation does not develop optimally unless there is effective 
stimulation of the nipple and areola and psychological support 
for the mother. The production of prolactin, one of the more 
important effectors of lactation, appears to be activated by sero- 
tonin and inhibited by dopamine (23). When the nipple and 
areola are stimulated, signals are transmitted from the spino- 
thalamic tract to the anterior pituitary via the hypothalamus 
resulting in prolactin secretion or to the posterior pituitary re- 
sulting in oxytocin secretion. By incompletely understood mech- 
anisms, prolactin induces its own receptors, the hypertrophy of 
secretory cells, and transcription of DNA needed for synthesis of 
many components of human milk (24,25). Lactation failure can 
often be traced to factors which impede prolactin or oxytocin 
secretion. Inadequate oxytocin release may result from ineffec- 
tive stimulation of the nipple and areola or from adverse physical 
or psychological situations that augment baseline sympathetic 
activity (26). Consequently, if the breast is incompletely emptied, 
alveolar pressure increases, synthesis and secretion of milk de- 
creases, and the mammary gland involutes. The details of these 
events are important to determine in order to devise means to 
prevent or curtail lactation failure. 

The effects of the maternal diet and environment are also 
important. Limited data indicate that milk production is con- 
served despite significant protein-energy malnutrition (27). Less 
is known concerning the effects of nutritional deprivation upon 
milk composition. No differences were found among the quan- 
tities of SIgA and SIgA antibodies to Escherichia coli somatic 
antigens in milks of Swedish women, low or high socioeconomic 
groups in Guatemala, and Ethiopian women at apparent nutri- 
tional risk (28). Studies in Gambia detected no differences in 
milk volume or milk proteins in food supplemented and non- 
supplemented groups of women with low food intakes (27). 
Miranda et al., however, reported lower levels of IgA, IgG, and 
C4 in milk of women in poor nutritional status than in those 
with normal nutritional indices (29). Given these conflicting 
results, more studies of the effects of diet on lactation are 
desirable. The increased intake of certain dietary factors such as 
trans-fatty acids by lactating women (30) is one of the main 
issues. The effect of environmental contaminants on maternal 
health and lactation is of particular concern in view of the drive 
in third world countries to industrialize despite possible delete- 
rious environmental consequences. 

Feedbackfrom the infant. It was anticipated that milk volumes 
would be related to infant size and growth rate. However, only a 
small amount of the variance in milk production is explained by 
those variables. Methodological problems in estimating milk 
production may be a partial explanation. Hormonal stimuli and 
possibly physical factors, e.g. blood flow and alveolar pressure 
that are modulated by the frequency, intensity, and duration of 
suckling may also play a role. Bursts of prolactin occur with 
suckling (3 l), and the increase of this hormone above baseline 
during suckling has been related to milk volumes. Milk volumes 
change little after production is established, although baseline 
prolactin levels are much lower later in lactation (31). The 
dynamics of prolactin release and the effect of sucking on the 
delivery of oxytocin and possibly other hormones to the breast 
suggest a complex communication between mother and infant. 

Are biochemical signals transmitted from the infant to mother 
to modulate the function of the mammary gland? The amounts 

of certain proteins in human milk ingested by the infant and the 
synthesis of these same proteins at mucosal sites during early 
infancy (1 1) are inversely related, but it is undetermined whether 
these events are independent or interrelated. The specialized 
ectoderm of the nipples and areola of the breast may be a 
recognition-absorption site for factors produced either at the 
mouth or the oropharynx of the recipient, and this may provide 
a negative feedback mechanism to decrease the production of 
the very factors that are made by the infant. One could also 
envision that cell to cell interactions between the buccal and 
nipple-areolar epithelium may be involved. 

PHYSICAL COMPARTMENTS OF HUMAN MILK 

Human milk is characterized by physical compartments in- 
cluding the fluid phase; milk fat globules and cellular membranes 
formed by apocrine processes; micelles composed of giant casein 
molecules; and living cells. Components that are distributed in 
the nonaqueous compartments include iron and molybdenum 
in fat globules (32), calcium in casein micelles (32), certain 
enzymes in fat globules (8, 33), and folate-binding proteins in 
the particulate fraction (34). Compartmentation may be respon- 
sible for the increased bioavailability of iron, zinc, and other 
nutrients in human milk and for the localization of action of 
certain components. Compartmentation may also shield certain 
components from digestion until they are required at key sites 
of the gastrointestinal tract. More studies are needed to examine 
the pattern of compartmentation during the several phases of 
lactation, the partition of components in human milk, and the 
function of the compartments. 

COMPOSITION OF HUMAN MILK 

Protein structure and function. The structure and function of 
certain proteins in human milk have not been ascertained. 
Undoubtedly, the characterization of these proteins will aid in 
understanding the effects of human milk on the recipient infant. 
Indeed, it appears that this exploration will be accelerated by 
using genes that encode for these proteins. Clues to the function 
of these novel agents may then be provided by computerized 
comparisons of their structures to those whose functions are well 
established. 

Carbohydrates. The physiological advantage of lactose as the 
primary energy source in milk remains unclear. The enzyme that 
principally degrades lactose, lactase, is low as compared to other 
disaccharidases in the intestinal tract and those levels of that 
enzyme are often further diminished during infections and other 
stresses (35). The principal advantage of lactose may reside in its 
ability to modulate the infant's intestinal flora. Because of the 
slow digestion of this disaccharide, significant amounts of the 
sugar reach the colon in breast-fed infants. The predominate 
colonic bacteria of the breast-fed infant, Lactobacillus bifidus, 
use this substrate to produce organic acids that limit the growth 
of other bacteria (36) and also may compete with binding sites 
on colonic epithelium for those pathogenic microorganisms. 

There are many oligosaccharides in human milk, some of 
which interfere with the attachment of Escherichia coli, Vibrio 
cholera, or their enterotoxins (37). The chemistry of these recep- 
tor analogues and the function of other oligosaccharide moieties 
are not completely determined. 

EFFECTS ON THE RECIPIENT 

Growth. The daily intake of exclusively breast-fed infants and 
of older infants who consume human milk and solid foods appear 
to be significantly below the expected 100 kcallkg found in 
formula fed infants (38, 39). Their growth patterns also appear 
to differ from NCHS standards (40, 41) in that they do not 
appear to maintain their weight or weight for length percentiles 
over time. These findings should be confirmed in larger popula- 
tions and various socioeconomic groups. 
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The array of nutrients and other special components in human 
milk may promote a maximal level of metabolic efficiency that 
is not attained with other foods. Alternatively, apparent differ- 
ences in intake and possible disparities in growth patterns may 
be the consequences of the distinct feeding patterns of breast- or 
bottle-fed infants. Detailed studies of energy expenditure are 
needed to determine whether differences in energy intake are 
associated with differences in energy expenditure for basal me- 
tabolism, growth, or activity. 

Although further methods should be developed, we should 
capitalize on current techniques such as total body electrical 
conductivity (42), bioelectrical impedance analysis (43), acoustic 
plethysmography (44), and stable isotope techniques (45) to 
assess growth and development in infancy more critically. Poten- 
tial applications of the dual-labeled water method for measuring 
total energy expenditure (46) are also exciting. These tools along 
with classical indirect calorimetry may permit the partitioning 
of energy expenditure into basal metabolism and the thermic 
effect of food, growth, and activity. 

Changes in fatty acids during early lactation may have func- 
tional significance. The proportion of polyunsaturated fatty acids 
whose carbon chain lengths are less than 20 falls as lactation is 
established (47). This change may be linked to alterations which 
occurs in the developing neonatal brain development (48). Rapid 
cell division in the neonate's brain heightens the need for such 
fatty acids; as cell division tapers off and myelination increases, 
the need for monoenoic fatty acids rises. Such nutritional-central 
nervous system relationships will be important to  explore. 

Immunological influences. The prevailing view concerning the 
immunological factors in human milk is that their effects are 
limited to the alimentary tract and the respiratory system. One 
objection that has been raised to  this assumption is that only 
small amounts of ingested components such as secretory IgA, 
lactoferrin, and lysozyme are excreted in the stools of the recip- 
ient (49). The fate of the bulk of these factors is thus uncertain. 
It is unknown whether they are digested in the intestinal tract, 
adhere to the intestinal mucosa, o r  are transported into the 
systemic circulation. These propositions and the possible induc- 
tion of production of immunological factors in the infant by 
human milk remain to be explored. 

The role of the leukocytes in human milk is also unclarified. 
Arguments have been advanced that the contribution of these 
cells to the recipient's immunity is negligible because they would 
not survive the high acidity of the gastric secretions. That premise 
does not account for the possibility that the cells may function 
in sites proximal to  the stomach or  that the cells may escape the 
effects of gastric secretions because of the buffering capacity of 
human milk. Studies are required to further understand the 
function of these cells. The phagocytes may be able to  generate 
toxic oxygen radicals, but they are not upregulated by chemoat- 
tractant agents (50). Furthermore, the neutrophils d o  not move 
well in vitro (50, 51), whereas the macrophages migrate readily 
into three-dimensional matrices (5 1). Perhaps, the two classes of 
~haaocvtes  in human milk have a dichotomy of function. The 

for the following reasons. Much of the surface of the alimentary 
tract may be exposed to growth factors and hormones from 
human milk. In that regard, animal experiments demonstrate 
that colostrum enhances the early growth of intestinal epithelium 
(53). Finally, differences have been found in the membrane 
structure of microvilli of the small intestine of newborns and 
adults (60). Thus, human milk may accelerate the maturation of 
the gastrointestinal tract of the infant. Studies of the effect of 
human milk and its constituents on the gastrointestinal tract 
should be highly productive. 

Viral contarninanfs. Although cytomegalovirus is common in 
human milk, no disease has associated with its presence (55). 
Conversely, although there are little data concerning the possi- 
bility, there is much apprehension that acquired immunodefi- 
ciency may be transmitted by human immunodeficiency viruses 
in human milk. It is urgent that studies be started to  determine 
the frequency of this virus in human milk, whether breast-feeding 
per se transmits the infection and what steps should be taken to 
reduce the risk. 

CODA 

There are many unresolved issues concerning human milk 
including the factors that modulate the formation and secretion 
of human milk; the limiting nutrients in lactation; the influence 
of energy expenditure for work and of stress in the workplace 
and home on lactation; effects of human milk on the infant's 
body composition, growth, and development; the interplay be- 
tween the components of human milk and those of the mucosa 
of the alimentary tract of the recipient; how breast-feeding pro- 
tects against infections and allergic insults in the infants; the 
relationships between the biochemical maturation of the infant 
and the changes that occur in the composition of human milk 
as lactation proceeds; feedback systems between the infant and 
the mother; and the effects of weaning on those relationships. 
Such studies should lead not only to  insights concerning the 
formation and chemistry of human milk, but also to  improve- 
ments in child health. 
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