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Special Properties of Human Milk
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Current research findings support the conclusion that human milk
constituents are not interchangeable with tliose of other nutrient
sources. The intense clinical interest in breastfeeding has prompted
a remarkable increase in investigations of human milk and a careful
review of health policies that promote breastfeeding, support its prac-
tice, and foster investigations of lactation physiology.”® Because of
data generated by current investigations, clinical nutritionists rec-
ommend human milk as the ideal food for full-term infants. Much of
their enthusiasm is based on the concept that human milk constituents
play unique dual roles: the classically recognized role associated with
most nutrients, that is, the provision of enzymatic cofactors or sub-
strates for energy or structural components, and a complex functional
role in which constituents complement the developing abilities of
maturing infants.26 34

Each of the major classes of organic nutrients is represented in
human milk. Proteins provide amino acids for growth, but they occur
as polypeptides that aid digestion,®! host defense,** and other func-
tions.>! Fats provide energy, but some also have antiviral proper-
ties.'®> Carbohydrates provide energy but also may enhance mineral
absorption,'°® modulate the growth of bacteria,®® and prevent the at-
tachment of selected bacteria to epithelial cells along the respiratory
and gastrointestinal tracts, which are exposed to human milk at each
nursing.*! Recent findings suggest that human milk may actively stim-
ulate the production of selected immune factors by the infant.®> This
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discussion will focus on these characteristics of human milk
components.

PROTEIN: NUTRITIONAL CONSIDERATIONS

Protein Needs During Early Infancy

The National Research Council (NRC) has set protein allowances
for infants 6 months of age or younger at 2.2 gm protein per kg body
weight.'2 This estimate was based on “the amount of protein provided
by the quantity of milk required to ensure a satisfactory rate of
growth.” Allowances were estimated to fall gradually from 2.4 g per
kg per day during the first months of life to approximately 1.5 gm per
kg per day by the sixth month. A 75 per cent adjustment is made in
the allowance for older children to account for the decreased effi-
ciency of protein utilization from a mixed diet. Observed mean intakes
for infants 1 to 4 months of age are summarized in Table 1. The mean
protein intake dropped from 1.6 gm per kg per day at month 1 to 0.9
gm per kg per day at month 4. The mean intake plus two standard
deviations for months 1 and 4 were 2.2 and 1.3 gm per kg per day,
respectively. ;

The values for the mean plus two standard deviations agree well
with protein allowances recommended by the NRC, but the mean
values are substantially below factorially derived estimates of protein
requirements.® The factorial method to determine protein require-
ments sums up the amounts of nitrogen needed for maintenance and
growth.2° This sum should represent the mean minimal amount of
protein required for normal growth and development. These estimates
also are found in Table 1. The mean requirements derived by the
factorial method are 17 per cent, 33 per cent, 29 per cent, and 30 per
cent above the intakes of protein N measured for months 1, 2, 3, and
4 respectively. If we assume that both protein and nonprotein nitrogen
in human milk are nutritionally available to the infant, mean intakes
match factorially derived estimates of requirement well. The close

Table 1. Protein and Total N Intakes Compared with Protein and
Nitrogen Requirements Derived by the Factorial Method

TOTAL
PROTEIN NITROGEN NITROGEN PROTEIN

AGE INTAKE INTAKE REQUIREMENT REQUIREMENT
(M0) (GM/KG/DAY) (MG/KG/DAY) (MG/KG/DAY) (GM/KG/DAY)

1 1.6 + 0.3 345 + 48 310 1.97

2 1.1 £ 02 250 + 31 270 1.68

3 1.0 = 02 215 +.22 220 1.40

4 09 = 0.2 200 + 23 200 1.27

Adapted from data from references 8 and 9.
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agreement between observed mean intakes and estimates of require-
ment suggest, however, that only a small margin may exist to account
for potential disparities between individual intakes and a normal per-
son’s protein requirement.”> % Furthermore, no surfeit nitrogen is
available to offset the effects of infections and other stresses that tran-
siently increase nitrogen needs.?”

Nonetheless, hypoproteinemia is seldom, if ever, encountered in
exclusively breastfed infants whose mothers manage their lactation
successfully. Although failure to thrive has been documented in
breastfed infants, abnormal milk composition has rarely been impli-
cated without evidence of concomitant mammary gland involution.
Low milk volumes due to mismanagement usually have been the most
likely cause of inadequate energy and protein intakes.>® What then
are the properties of human milk nitrogen that contribute to its ap-
parent efficient utilization? The answer to this-question will be based
on the acceptance of two premises: (1) that protein requirements can
be estimated by the factorial approach, and (2) that exclusive breast-
feeding for the first 4 months of life provides adequate nutrition. We
shall return to the second premise in a later section.

Protein: General Nutritional Aspects

The nutritional value of a protein food source may be assessed
by examining the general composition of its nitrogen contents, amino
acid pattern, and apparent digestibility. The protein content of mature
human milk is approximately 0.8 per cent to 0.9 per cent.® Protein
concentration, however, changes as lactation progresses.® Usually by
the end of the second postpartum week the transition from colostrum
to mature milk is complete and the protein concentration is approx-
imately 1.3 g per cent.® This value falls to approximately 0.9 per cent
by the end of the second month. Values continue to decrease after
this time, although after the third month mean values do not fall much
below approximately 0.8 per cent. The concentration of nonprotein
nitrogen also decreases,® but to a lesser extent (approximately 15 per
cent over the first 4 months of lactation) than that of protein. Protein
concentrations also may be expressed per 100 kcal: human milk pro-
tein is approximately 1.5 gm per 100 kcal at the end of the first month
and 1.3 gm per 100 kcal at the end of the fourth month.

Nonprotein Nitrogen

Nonprotein nitrogen (NPN) accounts for 18 per cent to 30 per cent
of total milk N and consists mostly of urea, free amino acids, the amino
sugars N-acetyl glucosamine and N-acetyl neuraminic acid, creatine,
nucleic acids, the amino alcohols, choline and ethanolamine, and
smaller amounts of several other substances.!! Fifty-two per cent of
the NPN originates from N-acetyl glucosamine, approximately 30 per
cent from urea, and less than 10 per cent from N-acetyl neuraminic
acid. All other sources individually contribute less than 5 per cent of
the total NPN.!!
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Protein Composition

Human milk proteins are not homogeneous and may be grouped
into two principal categories (casein and whey), which differ in sol-
ubility characteristics. There is significant heterogeneity within in-
dividual proteins in each category, which is primarily due to genetic
polymorphism, post-translational phosphorylation and glycosylation,
and in the case of the immunoglobulins, maternal antigenic exposure.
The significance of the heterogeneity is difficult to assess but is likely
to be more impeortant from a functional than from a nutritional
consideration.

The casein group of human milk proteins constitutes approxi-
mately 20 per cent to 40 per cent of the total protein and consists of
at least two subtypes of alpha caseins and various forms of beta,
gamma, and kappa caseins.*® 8 The major component of the casein
family in human milk is a protein similar in size, composition, and
electrophoretic mobility to bovine beta-casein. The major difference
between the two is that the human protein occurs in multiphosphor-
ylated forms (0—5 phosphates per molecule). The bovine protein con-
tains a specific number of phosphate groups per molecule.®> The nu-
tritional and functional significance of this difference is not
understood. Debate continues whether human milk contains alpha or
kappa caseins. The major whey proteins that constitute 60 per cent to
80 per cent of total human milk protein are alpha-lactalbumin, lac-
toferrin, and secretory IgA (sIgA).*° The concentration of lactalbumin
is 0.22 to 0.46 gm per dl.® Changes in the concentration of lactalbumin
as lactation progresses have not been characterized as well as those
of lactoferrin and sIgA. Lactoferrin concentrations fall from approxi-
mately 0.5 gm per dl at week 1 of lactation to 0.1 per cent at week
12,32 and remain relatively stable for the next 2 years of lactation.3!
Secretory IgA concentrations follow a similar pattern,3? that is a fall
from approximately 0.2 gm per dl at week 1 to approximately 0.08 gm
per dl at week 12. Despite these decreases in concentration, the in-
takes of the immunoproteins are substantial'® whenever milk provides
a significant proportion of the total diet. The immunoprotein concen-
trations generally rise or remain constant after the onset of gradual
weaning.®® The interindividual variability in their concentration is
substantial, approximately 20 to 30 per cent or more.*? A study con-
ducted in the Gambia of the variation in the concentration of the pro-
tective factors in human milk identified parity as the major determi-
nant of the variation.”® Mothers of parity 1 and 2 produced the highest
concentrations of immunoproteins.

Amino Acid Composition

The significance of the general amino acid pattern of human milk
has been the topic of many investigations.?® Generally, differences
between the amino acid content of human milk- and cow milk-based
formulas appear to be of greater significance to the premature infant
than to the infant born at term. The nutritional significance of recent
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reformulations of cow milk-based formulas with contents augmented
with bovine whey proteins is difficult to evaluate because of persistent
differences between the amino acid composition of human milk and
that of the reformulations and the denatured character of the cow milk
proteins.

To understand amino acid utilization by the exclusively breastfed
infant, we have followed their postprandial amino acid responses at
1, 2, and 3 months of age.

Plasma amino acid levels were determined before nursing and 1
and 2 hours after the initiation of feeding. We expected to find that
postprandial changes in plasma amino acid concentrations were re-
lated to the ratio of the index amino acid’s dietary level to its uptake
for the synthesis of proteins or energy. Decreases in postprandial
plasma concentrations below preprandial levels would suggest an in-
adequate intake.®® The postprandial plasma concentrations of several
essential and nonessential amino acids fell below preprandial con-
centrations. The most marked reduction occurred in plasma glycine
concentration, which suggests that glycine intake may have been mar-
ginal. Indeed, a preliminary comparison of the total amount of glycine
ingested by exclusively breastfed infants over the first 3 months of
postnatal life with the net amount of glycine accumulated for growth?®
106 quring this period indicated that approximately 40 per cent of the
net glycine that accumulates must be synthesized de novo. All other
amino acids were ingested in amounts that either equaled or exceeded
the quantities that accumulate during these 3 months.

If the infant uses the nonprotein component of human milk to
meet his or her need for nitrogen, there may be significant reliance
on the hydrolysis of human milk urea by colonic bacteria.” Ammonia
liberated by this hydrolysis could be used for glutamine synthesis. To
identify the possible physiologic bases for the low intakes of glycine,
it is of interest to note that of all negative feedback inhibitors of glu-
tamine synthetase, the major enzyme for the utilization of NHj, only
two are not end products of glutamine metabolism: alanine and gly-
cine.>® The low levels of ingested glycine would promote the activity
of glutamine synthetase. The introduction of liberated ammonia into
glutamine would make a potential waste product readily available to
amino acid metabolism. A waste product in maternal metabolism also
would be converted into a component of lean tissue by the infant. This
partial explanation for the efficient utilization of human milk nitrogen
requires experimental verification.

Digestibility of Human Milk

The digestibility of specific human milk proteins has been as-
sessed only indirectly. Apparent absorption of human milk nitrogen
has been estimated in term and preterm infants fed unpasteurized and
pasteurized human milk. Apparent digestibility in very low birth-
weight infants (VLBW) is between 80 and 90 per cent®; in full-term
infants the values are also between 80 and 90 per cent.®® Infants fed
either cow’s milk-based formula or human milk excreted similar
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Figure 1. Intakes and fecal excretion (see key under figure) of lactoferrin, sIgA,
and lysozyme are compared. Subjects were very low birthweight infants fed fortified
human milk.

amounts of N in their feces despite unequal intakes of N. Human milk-
fed infants consumed less total N than did those infants fed cow’s
milk.?® The term “apparent,” as it applies to digestibility and absorp-
tion, should be noted. Methods that have been used to assess the
digestibility of human milk do not allow the differential quantitation
of fecal N losses of endogenous and dietary origins. Therefore, true
digestibility of milk protein is likely to be considerably higher than
these values indicate.

These estimates are of particular interest because of recent sug-
gestions that major whey proteins are largely unavailable to the in-
fant.?® In vitro assessments of the digestibility of lactoferrin® and
sIgA® and preliminary assessments®® °° of the fecal output of these
components in neonates have led to the suggestions. More recent stud-
ies of VLBW®5 and full-term infants'® do not support these views. As
summarized in Figure 1, fecal lactoferrin and sIgA accounted for less
than 5 and 10 per cent, respectively, of the amounts of each of the
proteins fed to VLBW infants.8%> These observations of apparent di-
gestibility of specific whey proteins coupled with clinical studies as-
sessing the general digestibility of human milk nitrogen indicate that
more than 90 per cent of human milk nitrogen is probably absorbed
in most infants.
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PROTEINS: FUNCTIONAL CONSIDERATIONS

Casein

The most notable property of casein proteins is their ability to
form stable aggregates, casein micelles, which include calcium and
phosphorus. This property increases the Ca and P content of human
milk beyond the amounts permitted by the solubility of either mineral.
Most investigations of the functional properties of human milk pro-
teins have focused on whey rather than casein proteins.

Whey Protien: sIgA

The whey proteins that comprise the immunologic system in
human milk have been studied most often. In collaboration with Gold-
man and Goldblum of the University of Texas Medical Branch, Gal-
veston, we have focused on sIgA, lactoferrin,and lysozyme. Secretory
IgA is a dimer that includes the J chain found generally in polymeric
immunoglobulins and the secretory piece that is specific to sIgA and
IgM. The secretory piece may help to protect this form of IgA against
proteolytic digestion.*2

Specific sIgA against a wide array of enteric and respiratory bac-
terial and viral pathogens is found in human milk. Various investi-
gators have demonstrated that the specificity of human milk sIgA de-
pend on the mother’s antigenic exposure.?2° The mechanism
responsible for the appearance of these antibodies is understood only
partially. Sensitized plasma cells are transported from the
gastrointestinal,?® and bronchotracheal-associated®? lymphatic tissues
to multiple mucosal surfaces, including breast alveoli during lactation.
The participation of the maternal urinary tract in this general response
also has been suggested.*®> During lactation, the “homing” of these
cells to the breast appears to be activated by lactogenic hormones.!%*
This mechanism provides similar specific immunities to most mucosal
surfaces.

Secretory IgA has the ability to attach itself to mucosal epithelium
and prevent the attachment, and possibly invasion, of specific infec-
tious agents.®®> Animal models have demonstrated binding to the gly-
cocalyx of epithelial cells in microvilli of the small intestine. Studies
have shown that human milk sIgA may bind to an infant’s buccal
mucosa, providing a potential physical mechanism for sIgA to act as
a protective agent in the infant’s hypopharynx!” (pars laryngeaphar-
yngis); sIgA also has the ability to prevent the adhesion of Escherichia
coli to epithelial cells of the urinary tract.®® These findings are of
potential importance if the infant can absorb milk sIgA.

Environmental Specificity of Human Milk

The ability of the mother to secrete antibodies directed against
specific antigens that she and her infant encounter in the environment
gives human milk an environmental specificity with significant pro-
tective potential. The dynamics and properties of this response, how-
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ever, are not well understood. Evidence suggests that the sIgA re-
sponse in human milk after maternal mucosal exposure is not uniform
among antigens. In the rabbit model, for example, a response to res-
piratory syncytial virus has been well documented; comparable ex-
posure to bovine serum albumin does not induce a similar response.®®
Whether requirements necessary for a positive sIgA response in milk
reside exclusively on the antigen or in their immunologic processing
is unknown. This processing includes the route of immunization and
possibly undefined characteristics of cells that initially take up the
antigen. For example, epithelial cells overlaying lymphoid follicles
in the gastrointestinal tract appear to be specialized to sample the
intestinal contents and possibly participate actively in the processing
of potential antigens for eventual sensitization of the host.®

The complexities of this sIgA response also are evident from the
work of Hanson and his collaborators.!3 41 7> 98 Qral immunization
of lactating women with live poliovirus vaccine after natural exposure
to the virus resulted in reduction rather than enhancement of specific
sIgA antibodies in milk.°” Simultaneous cholera vaccination further
decreased the response to the polio vaccine.*! Oral administration of
a cow pea antigen to Guatemalan lactating women also resulted in a
decreased titer in those with significantly high titers before the index
administration.!® In related experiments, subcutaneous immunization
against cholera resulted in a significant rise in sIgA titer in 70 per
cent of Pakistani women tested, but in none of the Swedish women
used as a comparison group.®® The Swedish group did not respond to
a booster dose administered 14 days after their initial immunization.
These results suggest a significant difference in the capacity of par-
enterally administered cholera vaccine to stimulate sIgA antibody for-
mation in naturally sensitized and nonsensitized women.

Nonspecific Protective Factors

In contrast to the highly specific protective proteins in human
milk, there are a number of nonspecific factors that may play protective
roles in vivo (e.g., lactoferrin). Because lactoferrin binds free iron in
human milk avidly, presumably lactoferrin also limits iron availability
to potentially pathogenic¢ enteric flora by competing with bacterial
enterochelin for iron.3® Lysozyme, another nonspecific protective fac-
tor, catalyzes the hydrolysis of beta-1,4-glycosidic bonds in bacterial
cell walls. The pattern of lysozyme secretion differs from that of lac-
toferrin.?’ 32 As discussed previously, lactoferrin levels decrease rap-
idly in early lactation and remain fairly stable after the first 4 months.
Lysozyme levels also decrease initially to approximately 25 pg per ml
at 2 to 4 months but rise steadily thereafter to 250 pg per ml at 6 months
and remain close to 200 pg per ml for as long as 2 years of lactation.

Several nonspecific protective proteins act synergistically with
each other and with sIgA to enhance specific functional effects. The
anti-E. coli effects of lactoferrin and sIgA acting in concert are greater
than those of either component acting alone.> These two components
also act synergistically to enhance the antibacterial effects of perox-
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idase.®® Lactoferrin appears to modulate inflammation by influencing
macrophage antibody responses.!® Secretory IgA also interacts with
cellular elements of the immune system. It appears to enhance spe-
cifically the natural antibacterial activity of gut-associated lympho-
cytes and induces antibacterial activity in splenic leukocytes in animal
models; no comparable effects are noted on cells from the thymus or
popliteal nodes.”® The function of these and other protective factors
in human milk in the development of normal gut permeability is not
well understood, although a portion of the nonspecific protective prop-
erties may be mediated by an enhancement of the gut’s role as a barrier
between the infant and the environment.!%°

Potentially, an even more dramatic demonstration of the multiple
functions of human milk proteins may be that of bile salt-stimulated
lipase. Lipase activity in human milk complements the normally low
level of pancreatic lipase activity of infants. Bilé salt-stimulated lipase
activity is stable at a pH of 3.5 at 37°C for 1 hour. This stability should
provide significant activity at the level of the small intestine to digest
the amounts of fat normally consumed. Although lipase is inactivated
by trypsin and chymotrypsin at a pH of 6.5, inactivation is prevented
by bile salts. The physiologic significance of this enzyme to fat diges-
tion has been reviewed.* More recently, investigators have reported
that human milk has a cholate-dependent ability to kill a common
intestinal parasite (Giardia lamblia) known to cause diarrhea and to
be associated with failure to thrive in young infants.2” Bile salt-stim-
ulated lipase has been proposed as the active agent. Field studies,
however, assessing the antigiardial activity of human milk have been
unable to confirm whether the lower giardial infection rates observed
in breastfed infants are due to the protective properties of human milk
or to a decreased rate of exposure to the parasite.” The possibility of
a similar activity against other intestinal parasites has been investi-
gated only partially. If this or other antiparasitic activities are con-
firmed by future work, a molecule will have been identified that com-
plements the digestive abilities of the infant and protects him or her
from common parasites associated with significant morbidity.

Active or Passive Protection

Two general mechanisms have been proposed to explain the man-
ner in which specific components in human milk may protect the
infant from infection. One is the interaction between specific con-
stituents in milk with epithelial surfaces or with specific substances
in the gastrointestinal lumen during the digestion and absorption of
human milk. Evidence for this mechanism is strong and rests on ex-
periments that support the survival of the protective factors in human
milk in the infant’s gastrointestinal tract.56: 68 80.90 These experiments
are basically of two types: in vitro demonstrations of the resistance of
these proteins to proteolytic digestion®® 8° and the demonstration of
higher levels of these proteins in the feces of infants fed human milk.%¢
% The other mechanism is the possible modulation of the infant’s
immune system by protective factors in the milk, which results in
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selective production of immune factors by the infant.* 50 72. 74. 86, 91
No conclusive data, however, have been published to demonstrate
that either of the mechanisms explains the putative protective effects
of human milk or that the mechanisms are mutually exclusive.

Our laboratory has conducted a series of experiments to evaluate
these possibilities.?> The amounts of lactoferrin, sIgA, lysozyme, and
specific antibodies to a pool of E. coli O somatic antigens were mea-
sured in four consecutive 24-hour collections of urine and one con-
comitant 96-hour collection of feces from infants fed fortified human
milk or cow-milk formula designed specifically for VLBW infants. The
protocol, which has been described,?* called for the addition of human
milk protein and cream to milk produced by mothers of VLBW infants.
The feces obtained from infants fed human milk had significantly
greater amounts of lactoferrin, lysozyme, and sIgA than those of infants
fed the cow milk-based formula. Specific sIgA antibodies to E. coli
were detected in the feces of 90 per cent of the human milk-fed infants,
but in none of the infants fed the cow milk-based formula. A significant
correlation was found between the fecal and human milk concentra-
tions of specific sIgA antibodies to E. coli O somatic antigens.

Had the analyses of these data been limited to those described
in the preceding paragraph, one might have concluded that the ex-
pected survival of protective factors after passage through the infant’s
gastrointestinal tract had been noted once again. We found, however,
no other significant relationships among the milk’s concentrations of
any other of the selected immune factors and their fecal excretion or
between the infant’s intakes and excretion. Significant relationships
were nonetheless, noted among the immune factors in the feces. The
increased quantity of selected immune factors in the feces of VLBW
infants fed human milk may have resulted, therefore, from the passive
ingestion and persistence of these factors throughout the gastrointes-
tinal tract or from endogenous synthesis induced by unidentified fac-
tors in the milk.

Several reports support the hypothesis that human
milk may induce the production of selected immune factors by the
infant. Preliminary analyses have detected significantly greater
amounts of sIgA and laetoferrin in the urine of the VLBW infants fed
fortified human milk than in those fed the cow milk-based formula.®°
The urinary concentration and output of these materials were 100- to
200-fold greater in the group fed human milk. Although both complete
proteins and fragments of each of the proteins are present in the urine,
the fragments appear larger than peptides commonly found in urine.
Unconfirmed reports also suggest that human milk-fed infants may
passively acquire T cell responsiveness to specific antigens through
an unidentified mechanism.%¢

Plasma concentrations of immune factors, however, do not fully
corroborate the concept that human milk stimulates the production of
immune factors. Previous investigations reporting the absorption of
small amounts of sIgA from milk have been limited to the first few
days of life.1°! Investigators comparing the concentrations of serum

4, 30, 72, 74, 86, 91
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antibodies to commensal E. coli O lipopolysaccharide antigens in later
stages of infancy report higher levels in bottlefed infants.®3 It is not
clear, however, if these higher levels are the result of greater antigen
exposure, differences in gut permeability,'° or differences in the mat-
uration of the capacity to respond immunologically. Investigators have
found higher levels of salivary sIgA in very young infants fed human
milk than in those fed a synthetic formula,®® whereas others have
failed to confirm this observation.?” Although the ontogeny of secre-
tory immunity has been a topic of investigation for several years,” the
mechanisms underlying the disparate responses between feeding
groups have not been identified.

In vitro studies have detected an increase in the synthesm of IgA
by cord blood lymphocytes when milk from early lactation is added
to the culture media.”! In more recent studies, this unidentified factor
was credited with the selectlve stimulation of IgA synthesm by human
tonsilar lymphocytes.”™ jo—

The potential role of human milk as an ‘immunization vehicle is
also of interest. The functional significance of cytomegalovirus (CMV)
excretion in milk has been of particular concern.'®” In a study that
describes the nature of the debate, CMV was detected in 39 per cent
of the milk, vaginal secretions, urine, or saliva of a lactating popula-
tion. Sixty-nine per cent of the infants of these women became infected
and infected infants shed CMV chronically, but none demonstrated
chronic clinical illness. Two premature infants developed a transient
pneumonitis. Does this type of viral transmission coupled with ma-
ternal immunologic protection provided transplacentally and via the
breast result in long- and short-term protection of the infant? The risk
is not clear. The case of the seronegative premature infant consuming
CMV-infected human milk from a donor other than the infant’s mother
is of most concern.

FAT: NUTRITIONAL AND FUNCTIONAL PROPERTIES

Fat provides 50 per cent of the energy in human milk; the total
fat content of human milk is approximately 3.5 per cent, which remains
fairly stable throughout the first few months of established lactation.®
Human milk fat produced by women who consume at least 30 to 40
per cent of dietary energy as fat is derived from blood triglycerides.
The mother’s diet determines the composition of the fat in her milk,*®
(her milk fat composition may reflect a high-fat, energy-adequate diet
or if her diet fails to meet her energy needs, the composition will
reflect that of her adipose tissue stores. If a high-carbohydrate, energy-
replete diet is consumed, the proportion of triglycerides of medium-
chain length fatty acids is increased and fatty acids of 18-carbon chain
length are decreased almost proportionally. Experiments are under-
way in our laboratory to determine if the fatty acid composition of milk
can be altered by manipulating the mother’s diet to improve the di-
gestibility of human milk fat by VLBW infants.?® Unlike the coeffi-
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cients of fat absorption of approximately 95 per cent in full-term in-
fants,®® those of VLBW infants commonly are 80 per cent or less.?*

The triglycerides in human milk have a unique positional distri-
bution of fatty acids compared with the equal distribution of the fatty
acids in dietary and depot fat triglycerides.® Fully saturated triglyc-
erides usually contain stearate in position 1, palmitate in position 2,
and fatty acids of 14- and 18-carbon chain length in position 3. Tri-
glycerides that contain monoenoic fats also have palmitate in position
2. This fatty acid distribution complements pancreatic lipase’s pref-
erential hydrolysis of fatty acids in positions 1 and 3.%* The 2-mon-
oglyceride of palmitic acid is better absorbed than is free palmitic
acid.?® Evaluation of the physiologic significance of triglyceride po-
sitional specificity and the action of pancreatic lipase in human milk
is difficult because of the absence of any positional preference of bile
salt-stimulated lipase to hydrolyze fats in the 1 or 2 position.*® None-
theless, human milk fat appears to be highly digestible, possibly as
the result of many factors, that include the combination of fatty acid
composition, triglyceride positional specificity, and complementary
enzymatic activities that originate in the milk and in the infant’s gas-
trointestinal tract.

The lipid fraction of human milk also provides essential fatty acids
for structural (cellular membranes) and other functional (prostaglan-
dins) purposes and fat-soluble vitamins. Additionally, milk lipids ap-
pear to contribute to the infant’s immunologic protection.'®> Although
studies have reported close correlations between lipase activity in
milk and lipid-mediated antiviral activity, the research has demon-
strated that milk lipase activity is not directly responsible; the free
fatty acids and monoglycerides generated by milk lipases account for
activity directed against viruses with envelopes. Palmitoleic, oleic,
and lauric acids were found to be the most effective and also have been
reported to have antibacterial and antifungal activities. The fat globule
membrane in the sow is able to bind E. coli, which suggests yet an-
other potential protective property of the lipid fraction.?

The influence of fat and cholesterol intake in early infancy on
lipid metabolism in later life remains unresolved.** Evidence that the
consumption of human milk either protects the infant or places him
or her at greater risk to disorders of lipid metabolism in adulthood is
inconclusive. The complexity of the problem has been reviewed
recently.*®

CARBOHYDRATE: NUTRITIONAL AND FUNCTIONAL
PROPERTIES

Lactose is the principal carbohydrate in human milk and provides
approximately 50 per cent of the energy content. The utilization of
lactose as an energy substrate depends on its hydrolysis by lactase,
beta-1,4 galactosidase, a disaccharidase maximally active during in-
fancy. Lactose is found almost exclusively in milk. The physiologic
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advantage of lactose as a primary energy source in milk has not been
identified. The increased susceptibility of lactase (relative to the other
intestinal disaccharidases) during infections and other stresses is par-
ticularly puzzling. Transient lactose intolerance is a common com-
plication of viral and bacterial gastroenteritis. The common need to
replace lactose with sucrose in the diet of bottlefed infants is ample
evidence of the increased vulnerability imposed by lactase.®® Lactose
intolerance under similar clinical conditions does not appear to be as
common in human milk-fed infants.>° Evidence that lactose promotes
the absorption of calcium has been presented,!®® but it is not fully
accepted.®?

Lactose is proposed often as a determinant of the infant’s gas-
trointestinal flora. Because lactose is digested slowly, significant
amounts may reach the large intestine where they.possible modulate
the resident flora. Recent work evaluating breath Hy, an accepted
marker of carbohydrate fermentation in the colon, demonstrates that
significant amounts of lactose reach the large intestine of breastfed
children.5®

Human milk also contains trace amounts of glucose and small but
significant amounts of oligosaccharides and glycoproteins. These com-
ponents of the carbohydrate fraction are thought to participate in the
modulation of colonic flora by promoting the growth of the Lacto-
bacillus bifidus and thus limit the growth of other bacteria. The re-
sulting commensal flora may act in a protective manner by occupying
the limited number of potential binding sites, thus the sites become
unavailable to potential pathogens.®” Of more recent interest, how-
ever, is the presence of oligosaccharides, which are structurally similar
to the oligosaccharides found on the surface of retropharyngeal epi-
thelial cells. These human milk oligosaccharides may bind potential
pathosgzens by mimicking receptors normally found on epithelial
cells.

The significance of these factors to bacterial colonization of the
colon appears clear. The colonization pattern of breastfed and bot-
tlefed infants is similar at day 7, although by day 30, stable and distinct
patterns may be identified in each group.” By this age, bifidobacteria
are the predominant colonic flora of breastfed infants and outnumber
enterobacteria by greater than two magnitudes. Enterococci are re-
duced and Clostridia and Bacteroides are rarely isolated. In the bot-
tlefed infant, the flora observed at day 7 have changed little by day
30; at day 7 the flora are dominated by enterococci and bifidobacteria
with enterobacteria a close second. Clostridia is also common, but
Bacteroides are rarely detected. At day 30, bifidobacteria are dominant
but outnumber enterococci by only a small margin; Clostridia become
even more prevalent, but Bacteroides remain rare.

Dietary carbohydrates are unlikely to be the sole determinants of
these flora. Two theories have been proposed to explain the coloni-
zation patterns’®: one maintains that the distinct floras are a conse-
quence of physiochemical properties of human milk. Proponents sug-
gest that although amounts of carbohydrate that reach and are
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fermented in the colon are similar in breastfed and bottlefed infants,
the lower buffering capacity of human milk (a consequence of its lower
mineral and protein contents) results in a more acidic environment,
which favors the bifidobacteria.

The second theory underscores the presence of lactoferrin, ly-
sozyme, sIgA, and the other components of human milk with func-
tional properties. Interactions of these components with the floras ac-
quired by the infant from his or her environment and the mother
during birth determine the final flora. It is likely that the determinants
are both the physiochemical properties of milk and the unique array
of functional components.

IN VIVO SIGNIFICANCE OF UNIQUE NUTRITIONAL AND
FUNCTIONAL PROPERTIES OF HUMAN MILK

Energy intake and utilization have been key factors in under-
standing the significance of feeding human milk. Energy utilization
is the common denominator that underlies all metabolic processes and
is a key indicator of functional well-being. Until recently, little in-
formation was available regarding normal volumes and composition
of milk produced under optimal nutritional and environmental con-
ditions. The lack of data has prevented the resolution of apparent
discrepancies between the projected volumes of milk required to meet
an infant’s energy and protein requirements and the lower volumes
of milk consumed by apparently healthy infants studied in field eval-
uations. Both the NRC!2 and the World Health Organization®® have
estimated that the average healthy 3-month-old infant needed ap-
proximately 850 gm of milk per day and that the 5- to 6-month old
infant needed over 1100 gm of milk per day to meet energy require-
ments. Commonly observed rates of milk production, however, ranged
from 600 to 800 gm per day.® '8 70- 192 Despite this discrepancy, human
milk has supported adequate infant growth throughout the first 4 to
6 months of life, and possibly longer.! Resolution of this discrepancy
has been difficult because many longitudinal and cross-sectional stud-
ies have not addressed disparities in breastfeeding skills among sub-
jects and the possible inclusion of a disproportionate number of high-
volume milk producers. Recent studies have begun to document more
carefully the subjects’ lactation management skills and the causes for
subject attrition from longitudinal studies.

In our longitudinal studies of 45 infants, the attrition rate was less
than 10 per cent; subjects who left the study did so for reasons un-
related to their breastfeeding.® A support staff trained to help mothers
manage lactation successfully was available to the subjects throughout
the study. Over the 4 months of investigation, milk intake of the infants
plateaued at 733 gm per day. Nutrient intakes were based on the an-
alysis of individual milk samples collected through a 24-hour period.
On a body weight basis, energy intakes fell from 110 kcal per gm at
month 1 to 71 kcal per kg at month 4. By the fourth month, therefore,
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Figure 2. Weight for length and weight expressed as Z scores of exclusively
breastfed 1- to 4-month-old infants.

these infants were consuming less than 65 per cent of the energy
recommended for their age by the NRC.

Assessing the functional consequences of these apparently low
intakes is difficult. Growth, as the criterion for adequate intake, ap-
pears to be an obvious choice. Weight-for-age, length-for-age, and
weight-for-length percentiles of the study subjects were above 50° and
remained above this level for the 4 months of observation. There was,
however, a statistically significant negative trend for the weight-age-
percentile per month. Length for age was stable from month 1 to month
4. Weight for length declined at a rate of 3.9 percentiles per month.
The weight-for-length Z scores are illustrated for months 1 through 4
in Figure 2.2° This growth index is particularly informative because
it accounts for both the expected mean weight for length and the dis-
tribution of this growth parameter at the ages specified. A Z score of
1 indicates that the group was one standard deviation above the mean
and a Z score of —1, one standard deviation below the mean. A Z
score of 0 is coincident with the mean. In terms of individual children,
7 per cent of the group fell below the 10th weight-for-age percentile
at birth; thereafter none of the infants were below the 10th percentile
ranking. On the upper end, 19 per cent of the infants were above the
90th percentile at birth, and 14 per cent were at this level at 4 months.
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The remainder of the infants tended to be grouped between the 50th
and the 90th percentiles.

Although these trends were not sufficiently severe to have
aroused clinical concern, they support the view that human milk may
have become limiting during this period. The conclusion, however,
is based on the acceptance of the NCHS growth curve as the normative
criterion, despite the fact that this curve was derived primarily from
the growth of formula fed infants.

We®* and others?* also have studied the intakes of 1- and 4-month-
old formula fed infants. The 1-month-old infants in our study®* con-
sumed 120 kcal per kg per day and the 4-month-old group consumed
98 kcal per kg per day. These intakes are approximately 110 and 138
per cent, respectively, of the intakes observed for the analogous age
groups of exclusively breastfed infants.

Subsequent studies®® °> have been designed to determine if the
intakes of human milk represent an undesirable condition, that is, the
infant’s outgrowth of the mother’s capacity to provide adequate nu-
trition, or if the unique properties of human milk combine to make
the infant more energy efficient or induce a growth pattern that is
significantly different from that of the formula-fed infant. In prelim-
inary studies of 5- to 7-month-old infants who were exclusively
breastfed for 5 months, energy intakes remained at approximately 70
kcal per kg per day after the introduction of ad libitum quantities of
solid foods (available only after nursing). If human milk were limiting
by the fourth month, an increase in energy consumption and possibly
an acceleration in the growth rate would be likely after the ad libitum
introduction of solid food. Neither was observed in these preliminary
studies. The intake of exclusively breastfed infants at month 5 was 66
+ 7 kcal per kg. Energy intakes from human milk and solid foods at
months 6 and 7 (solid foods were first offered at month 6) were 73 =
11 kcal per kg per day and 71 + 13, respectively. Weight-for-age per-
centiles also decreased slightly in this study, but the identification of
normative growth criteria represents a problem for reasons previously
discussed.

Do formula-fed infants require “more” food to attain approxi-
mately the same endpoint as their human milk-fed counterparts or do
differences in intake between formula- and breastfed infants represent
a more or less active “gatekeeping” role by mothers of formula-fed
infants? These different intakes may represent physiologically sound
responses to different nutrient sources. One mechanism that may con-
tribute to a more efficient utilization of energy and protein is a sig-
nificant reduction in clinical and subclinical infections. The nutri-
tional cost of such stresses has been documented in developing
countries®® and controlled laboratory studies of adults. Nonetheless,
the potential role of protective factors in reducing infections in infants
has been extrapolated to a significant degree from in vitro studies. A
definitive demonstration of protective functions in free-living popu-
lations is much more complex. Most studies comparing morbidity
among children fed human milk or synthetic formula have reported
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significantly fewer illnesses in breastfed infants.!* !5 52 A few have
found no differences,?> 77 but none has reported increased morbidity
among the human milk-fed groups. The most consistent differences
in morbidity between feeding groups have been demonstrated in de-
veloping countries. Cholera, for example, has been noted to be less
likely in infants of women with high levels of antibodies to Vibrio
cholera in their milk than in infants of women with little or no anti-
body.2® Mata and co-workers demonstrated the presence of Shigella
in the feces of breastfed infants without clinical disease.5” The con-
clusiveness of these and other data is debated, however, because of
confounding environmental and demographic variables that are dif-
ficult to control. Issues such as the degree of preventable contami-
nation of artificial formula, the number of caretakers with whom the
index child has contact, and the behavioral characteristics of the care-
taker, including sanitation practices and other mothering skills, cannot
be controlled easily.8! Whether the protective properties of human
milk are made real or potential by environmental-and behavioral vari-
ables, such benefits are possible only if the infant is breastfed.

SUMMARY

Human milk is a highly complex fluid with a nutrient balance and
an array of functional properties that may promote a level of metabolic
efficiency that is not attainable when a cow milk-based formula is fed.
This is not a novel idea. Mitchell in 1933%2 proposed that the level of
efficiency of energy use is determined by the nutrient “balance” in
the diet. Nonetheless, difficulties remain in the attempt to reconcile
the low levels of intake with established estimates of energy needs.®
If the amount of energy that appears necessary for growth and main-
tenance of a 4-month-old infant is compared with that from his or her
intake of an exclusive human milk diet, the infant should have little
or no energy left for activity. Do metabolic economies contribute to
more efficient uses of energy for growth and maintenance in breastfed
infants? Are there differences in body composition? Does more effi-
cient use of energy occur as a result of a decrease in clinical and
subclinical infections? Is efficient energy utilization accomplished by
significant curtailment in activity? If an excess level of energy is con-
sumed by bottlefed infants, what are the positive or negative short-
term or long-term consequences? These questions are the focus of
research in numerous laboratories. Field and clinical studies of
breastfed infants and in vitro studies of human milk offer unique op-
portunities to understand basic mechanisms of human adaptations to
nutrient intake and environmental challenges.
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