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Nutritional and Physiologic Signi� cance of -Lactalbumin in
Infants
Bo Lönnerdal, Ph.D., and Eric L. Lien, Ph.D.

-Lactalbumin is the major protein in breast milk
(20 –25% of total protein) and has been described
to have several physiologic functions in the neo-
natal period. In the mammary gland, it partici-
pates in lactose synthesis, thereby creating an
osmotic “drag” to facilitate milk production and
secretion. -Lactalbumin binds divalent cations
(Ca, Zn) and may facilitate the absorption of es-
sential minerals, and it provides a well-balanced
supply of essential amino acids to the growing
infant. During its digestion, peptides appear to be
transiently formed that have antibacterial and im-
munostimulatory properties, thereby possibly
aiding in the protection against infection. A novel
folding variant (“molten globule state”) of multi-
meric -lactalbumin has recently been discov-
ered that has anti-infective activity and enhances
apoptosis, thus possibly affecting mucosal cell
turnover and proliferation. Cow milk also contains

-lactalbumin, albeit less than human milk (2–5%
of total protein in bovine milk), and protein frac-
tions enriched with -lactalbumin may now be
added to infant formula to provide some of the
bene�ts of human -lactalbumin.
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Introduction

-Lactalbumin is a protein that is present in the milk of
all mammals. It is a component of the lactose synthase
complex in the mammary gland and is consequently
present in relatively high concentrations in milk of spe-
cies with high lactose concentration, including human
milk. -Lactalbumin has an amino acid composition that

contributes substantially to meeting the essential amino
acid requirements of newborn infants and may therefore
be important in infant nutrition. The intact protein, as
well as various forms of -lactalbumin, such as multim-
ers and fragments resulting from partial digestion, has
been suggested to have various biologic activities (Fig-
ure 1). Because bovine -lactalbumin preparations of
various degrees of purity now are commercially avail-
able and may be added to infant formula to increase its

-lactalbumin concentration, it is important to evaluate
the nutritional and physiologic signi� cance of such for-
ti� cation. In this review, we address what is known about
the biochemistry and biological functions of -lactalbu-
min, and discuss suggested implications of -lactalbu-
min-enriched infant formula.

Chemical and Molecular Properties of
-Lactalbumin

The gene for -lactalbumin is located on chromosome
12.1 It is a single-chain polypeptide of 123 amino acids
in both human and cow’s milk,2 corresponding to a
molecular mass of 14,070 D in human milk and 14,178
D in cow’s milk. Both proteins contain four disul� de
bonds and the amino acid sequence homology between
human and bovine -lactalbumin is 74%. The primary
structure of -lactalbumin is very similar to that of
c-type lysozyme;3 it has been suggested that the two
proteins have evolved from a common ancestral gene.
The amino acid composition of human and bovine

-lactalbumin is shown in Table 1.4 The protein is
relatively high in tryptophan (4 –5%), as well as in lysine
(11%) and cysteine (6%). -Lactalbumin contains two
major domains:5 the -domain, which contributes four

-helices, and the b-domain, which contains a b-sheet
and loop regions.6 Its isoelectric point is 4.2 to 4.6 and it
is highly soluble in water and salt solutions.

When exposed to low pH, such as would occur in the
stomach, -lactalbumin can be transformed into what is
called a “molten globule” state. This structure is an
intermediate between the native state and the fully un-
folded state, and is likely to be important for the proteo-
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lytic digestion of -lactalbumin. The molten globule
state contains a high degree of native-like secondary
structure, whereas some of the tertiary structure of the
native -lactalbumin is missing.7,8 Other conditions may
also transform the protein into its molten globule state,
such as alkaline pH, moderate heat treatment, or addition
of metal ions, such as zinc.9,10 The volume of the molten
state -lactalbumin is approximately 6% larger than its
native form and the -domain largely retains its structure
in the molten globule state, while the b-domain is less
structured. Also, the b-domain does not appear to be
necessary for the formation of the molten globule state,
whereas at least part of the -domain is needed. The four
disul� de bonds do not appear to have any signi� cance
for formation of the molten globule state because site-
directed mutagenesis replacing the cysteine residues with
alanine did not affect the ability of -lactalbumin to form
the molten globule state.11

There is no post-translational modi� cation of -lact-
albumin in most species, but in some species, glycosyl-
ation at Asn 45 has been reported.12 -Lactalbumin in
the milk supply may be lactosylated.13 When care is
taken to preserve the native structure of -lactalbumin
during processing, lactosylation can be minimized.
MALDI-TOF (matrix-assisted laser desorption/ioniza-
tion, time-of-� ight) mass spectroscopy indicated that at
the most one residue is added per protein molecule,14

which does not appear to affect the proteolytic digestion
of -lactalbumin. Levels of lactosylation have also been
reported in commercial whey products. For example,
Hau and Bovetto15 reported some but not all -lactalbu-

Table 1. Percentages of Amino Acids in Bovine
and Human -Lactalbumin1

Mole %
Bovine

-lactalbumin
Human

-lactalbumin

Essential
Arginine 1.1 1.1
Cysteine 5.8 5.8
Histidine 2.9 2.0
Isoleucine 6.4 9.7
Leucine 10.4 11.3
Lysine 10.9 10.9
Methionine 0.9 1.9
Phenylalanine 4.2 4.2
Threonine 5.0 5.0
Tryptophan 5.3 4.0
Tyrosine 4.6 4.6
Valine 4.2 1.4

Non-essential
Alanine 1.5 2.5
Aspartic acid 10.6 9.8
Glutamic acid 6.4 7.4
Glycine 2.4 2.4
Proline 1.4 1.4
Serine 4.3 5.0
Asparagine 6.4 3.2
Glutamine 5.4 6.4

Totals
Amino Acids 100.0 100.0
Percent Coverage

Amino acid sequence data from the ExPASy Molecular Biol-
ogy Server.

Figure 1. Physiologic signi� cance of -lactalbumin.
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min molecules have one or two lactose residues when
commercial samples of whey were analyzed. At such
levels, protein quality should not be adversely affected.
Lactosylated -lactalbumin has been shown to bind to E
coli heat-labile enterotoxin,16,17 and this binding is elim-
inated by treatment with b-galactosidase, which removes
terminal galactose. It can also inhibit binding of entero-
toxin to GM1 ganglioside and decrease the cellular
effects of this toxin,11 suggesting that it may act as an
analogue for intestinal enterotoxin receptors. Similarly,
enteropathogenic E coli (EPEC) bacteria require lac-
tosamine sequences for adherence18 and lactosylated

-lactalbumin may therefore inhibit binding of EPEC to
intestinal cells19 and prevent infection (see below).

-Lactalbumin normally binds one calcium ion (Kd

10 7 M); this binding dramatically changes the tertiary
structure of the molecule from an open � exible form to a
tight, compact globular structure (Figure 2), resulting in
a major difference in size (Stokes’ radius) from 50 Å to
35 Å.2 There is also a second calcium-binding site
(Figure 2A),20 which may not be occupied in vivo.
Binding of calcium to -lactalbumin does not appear to
be essential for binding to galactosyltransferase (the
catalytic unit of lactose synthase) or for the enzymatic
activity of the lactose synthase complex. Other divalent
metal ions such as zinc (Figure 2B), manganese, and
cobalt can also bind to -lactalbumin,21 but this does not
appear to occur in vivo. Although virtually all -lactal-
bumin molecules in milk appear to exist in the calcium-
bound form, this amount of calcium is low in proportion

to the total calcium concentration of milk (0.1–0.15% in
human milk; much less in cow’s milk) and it is therefore
unlikely to be of signi� cance with regard to calcium
nutrition of the newborn.22

Multimeric Forms of -Lactalbumin

A unique form of -lactalbumin found in human milk
has been described to induce apoptosis.23 This form was
shown to contain oligomers of -lactalbumin and to
reduce leukemia cell viability by inducing apoptosis.24

Structural studies indicated that the multimeric forms of
-lactalbumin were kinetically stable against dissocia-

tion into monomers and had a retained secondary struc-
ture, but also had a less well organized tertiary structure
suggestive of a molten globule–like state.25

Recently the same research group showed that the
conversion to this special, multimeric form of -lactal-
bumin, which they call HAMLET (human -lactalbumin
made lethal to tumor cells), requires partial unfolding
and the fatty acid oleic acid (C18:1) as a speci� c cofac-
tor.26,27 The authors were able to convert human milk

-lactalbumin and recombinant human -lactalbumin
(produced in E coli) to the HAMLET form by unfolding
the molecule with EDTA (Ca2 -removal) and by passing
the apo-forms through a “C18:1-conditioned” column.
Simply mixing C18:1 with apo- -lactalbumin in solution
did not result in the same level of activity. The HAMLET
form was shown to have broad activity against cells of
both human and animal origin; it induced apoptosis in

Figure 2. Tertiary structure of human -lactalbumin. Figure 2A illustrates two calcium ions associated with -lactalbumin; 2B
illustrates the calcium/zinc-associated structure. From reference 6.
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several human and murine cell lines such as the Jurkat
and L1210 leukemia cell lines, the A549 lung carcinoma
line, and the A-498 kidney carcinoma line. Native -lact-
albumin had no effect on these cells. The L1210 cells
died rapidly when exposed to the HAMLET form (0.2
mg/mL) and DNA fragmentation was induced. Confocal
microscopy showed striking differences in subcellular
and nuclear uptake of HAMLET and native -lactalbu-
min. Whereas HAMLET bound to the cell surface and
passed through the cytoplasm to the nucleus, the native
form only weakly associated with the cell surface and
was not internalized. The authors speculated that
HAMLET may be formed from -lactalbumin in breast
milk under conditions of the gastrointestinal tract of
breastfed infants and may prevent childhood cancer in
breastfed children. A recent study28 demonstrated that
folding variants of -lactalbumin induce mitochondrial
permeability with release of cytochrome c and lead to
activation of the caspase cascade and apoptotic death,
suggesting a possible mechanism for cancer prevention.
HAMLET may have activities in addition to tumor
suppression. Håkansson et al.26 have also shown that the
complex formed between the folding variant of -lactal-
bumin and C18:1 has bactericidal activity against anti-
biotic-resistant and antibiotic-susceptible strains of
Streptococcus pneumoniae.

There is, however, no in vivo evidence that
HAMLET is formed in the gastrointestinal tract of in-
fants. Acid secretion in infants is much lower than in
adults and the stomach pH is frequently approximately 4
to 5 even up to 6 months of age.29 It is therefore
uncertain whether unfolding of -lactalbumin would
occur. Whereas C18:1 is likely to be released from milk
fat during lipid digestion, in vitro mixing of apo- -
lactalbumin and C18:1 did not result in a fully active
HAMLET, although running a sample through a “C18:
1-conditioned” column did.27 Thus, it is uncertain
whether in vivo conditions in infants actually would
convert -lactalbumin to HAMLET. Studies on gastric
and duodenal aspirates from breastfed infants of different
ages should resolve these questions. Such studies would
also provide information on the stability of HAMLET
against proteolytic digestion in vivo. Based on the sim-
ilarities in structure, the possibility of bovine -lactalbu-
min forming a similarly active form should also be
explored.

In order to affect apoptosis, -lactalbumin must be
internalized by the cell. A study in Caco-2 cells by
Caillard and Tomé30 suggests that this may occur. When

-lactalbumin was introduced at the apical side of a
monolayer of Caco-2 cells at concentrations similar to or
lower than in human milk (0.2–3 g/L), the protein bound
and was found to be internalized. Part of the internalized

protein was transported across the monolayer (5%) to the
basolateral side, whereas the major part (70%) was
degraded intracellularly. Intact human -lactalbumin has
been found in serum of breastfed human infants,31 but
this only occurs at very early age; by the time the infant
is weaned -lactalbumin is no longer detectable in se-
rum, suggesting that -lactalbumin is ef� ciently de-
graded. By contrast, bovine b-lactoglobulinwas detected
even after weaning in a large proportion of infants.

The Role of -Lactalbumin in Lactose
Synthesis

Lactose, which is synthesized by the mammary gland, is
the most abundant component of both human and bovine
milk. Within the mammary gland, -lactalbumin serves
as a regulator of the enzyme galactosyltransferase, which
is responsible for the synthesis of lactose from galactose
and glucose (Figure 1).32 Galactosyltransferase is capa-
ble of synthesizing a variety of disaccharides, but under
the regulatory control of -lactalbumin, only lactose is
synthesized. Lactose is essential for milk production
because it is the driving osmotic force in milk volume
formation. -Lactalbumin is transported from the inner
surface of the mammary Golgi apparatus (where it exerts
its regulatory role) to mammary secretory vesicles and
then to the alveolar lumen during milk formation. The
relationship between the concentration of milk -lactal-
bumin and lactose is complex, but in general there is a
direct correlation between these components; for exam-
ple, milk from seals and sea lions, which has very low
concentrations of lactose, also has very low -lactalbu-
min concentrations.33 It appears unlikely that the con-
centration of -lactalbumin alone is regulating lactose
synthesis, however, as knockout and knock-in mouse
genotypes34 with highly varying -lactalbumin concen-
tration had similar lactose concentrations (see also be-
low).

The importance of -lactalbumin in lactose synthe-
sis and milk production has been demonstrated by a
knockout mouse model.34,35 Homozygous knockout
mice were fertile but the dams were not able to feed their
pups because the milk they produced was so viscous that
it could not be removed from their mammary glands by
the normal suckling stimulus. Milk physically removed
from the glands was high in lipid and protein but very
low in lactose, and the milk contained no detectable

-lactalbumin. Heterozygous mice had 40% less -lact-
albumin than control mice, but the lactose concentration
was only 10 to 20% lower,35 possibly suggesting that the
mammary gland normally has more -lactalbumin than
needed for optimal lactose synthesis. When the murine

-lactalbumin gene was replaced with the human -lact-
albumin gene,34 lactation and pup survival were normal,
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demonstrating that human -lactalbumin can replace
mouse -lactalbumin in the murine lactose synthase
complex. The human -lactalbumin gene expressed 15
times more mRNA and 14 times more protein than the
mouse -lactalbumin gene, showing that the concentra-
tion of -lactalbumin is directly correlated to gene dos-
age, and that the major regulators of human -lactalbu-
min expression are close to or within the gene.

Recombinant -Lactalbumin

Recombinant human -lactalbumin has been expressed
in tobacco plants and the puri� ed protein was shown to
be active in lactose synthesis when combined with galac-
tosyltransferase.36 The expression level was low (5
mg/kg of leaves), which, combined with the need for
extensive puri� cation prior to use in infant nutrition,
makes the use of this form of recombinant -lactalbumin
economically unrealistic. Recombinant human -lactal-
bumin has also been expressed in transgenic cows,37 but
this has not yet resulted in any commercial applications.

Human -lactalbumin has been expressed in trans-
genic rats at high levels38 and bovine -lactalbumin has
been expressed at high levels in transgenic mice.39 Milk
from transgenic mice contained 5 to 15 times more
bovine -lactalbumin than mouse -lactalbumin, but
concentrations of lactose, fat, and total solids, as well as
mammary morphology were similar to control mice.
Again, this suggests that the mammary gland normally
has enough -lactalbumin for optimal lactose synthe-
sis. In vitro lactose synthesis by mammary gland homog-
enates from -lactalbumin transgenic mice was in-
creased compared with controls, showing that bovine

-lactalbumin can interact with mouse galactosyltrans-
ferase. Pups from transgenic mice showed increased
growth although there was no signi� cant impact on milk
volume, which might suggest a growth-regulating effect
of -lactalbumin.

The Role of -Lactalbumin in Infant Nutrition

-Lactalbumin is a major protein in human milk; it is
present in concentrations of 2 to 3 g/L and comprises
approximately 25 to 35% of the total protein content.40,41

A recent multicenter study in nine countries showed that
the concentration of -lactalbumin is relatively constant
across a variety of populations, but may be higher or
lower in certain locales.42 The reason for this variation is
not known, but it is unlikely to be due to nutritional
status as both severely malnourished and well-nourished
Ethiopian women had concentrations of -lactalbumin
that were similar to those of well-nourished Swedish
women matched for stage of lactation.40 Its contribution
to the protein content of human milk varies with the

stage of lactation; colostrum protein contains greater
than 20% -lactalbumin in mothers delivering at term41

and 14% in mothers delivering prematurely.43 During the
course of lactation (in women delivering term infants),

-lactalbumin concentration slowly declines and is pos-
itively correlated with total nitrogen concentration.40 By
contrast, the -lactalbumin in bovine milk is only ap-
proximately 2 to 5% of total protein.44 -Lactalbumin
contains an unusually high proportion of essential amino
acids (Table 1)— 63% of total amino acids—which can
be compared to 51% in bovine casein and 52% in cow
milk protein.45 Importantly, -lactalbumin has a high
content of cysteine, lysine, and particularly tryptophan.
The low levels of both cysteine and tryptophan in bovine
milk represent a challenge when designing infant formu-
las with appropriate amino acid content. It is the high
concentration of -lactalbumin in human milk that gives
it its unique amino acid composition.46

Cow’s milk has a whey protein:casein ratio of ap-
proximately 20:80; this ratio is approximately 60:40 in
human milk.35 Milk-based infant formulas are usually
made by adding whey protein concentrate to skim milk
to make the whey protein:casein ratio more similar to
that of human milk. This modi� cation in the ratio of the
whey to casein proteins results in an amino acid compo-
sition that still is quite different from that of human milk
protein, however, and results in a plasma amino acid
pro� le in formula-fed infants that in many ways does not
match that of breastfed infants.47 The reason for these
differences lies in the composition of whey protein from
cow’s milk and human milk whey proteins. b-Lactoglob-
ulin is a major protein in bovine whey, but is absent from
human milk. -Lactalbumin is rather a major protein in
human milk, but not in cow’s milk, and the high levels of
some essential amino acids of this protein contribute
substantially to the amino acid requirement of infants.48

Researchers have therefore suggested that development
of an infant formula with increased levels of -lactalbu-
min (and decreased levels of b-lactoglobulin) would
result in an amino acid composition more similar to that
of human milk and a plasma amino acid pro� le more
similar to that of breastfed infants.46,48 However, bovine

-lactalbumin by itself is not an appropriate source of
protein for infants. Although it contains high levels of
such essential amino acids as tryptophan and cysteine, it
contains exceptionally low levels of arginine, and there-
fore cannot serve as the sole whey protein source (Figure
3). Carefully balanced mixtures of bovine proteins com-
ing from -lactalbumin-rich whey fractions (which are
now commercially available49) and standard bovine ca-
sein fractions present the possibility of more closely
meeting the amino acid requirements of infants.

Modi� cation of the amino acid composition of in-
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fant formula has recently become more important; sci-
entists have noted that infant formula may contain a
higher concentration of protein than needed and that a
reduction of the protein level of formula may be desir-
able.50 Infant formula has for some time generally con-
tained approximately 15 g of protein/L; this results in
satisfactory growth as well as in high levels of some
plasma amino acids (e.g., threonine) and blood urea
nitrogen (BUN). Such high levels of BUN indicate that
levels of some dietary amino acids are excessive and are
therefore being catabolized. A reduction in the protein
level of infant formula would thus “normalize” concen-
trations of the elevated amino acids and of BUN, possi-
bly reducing metabolic stress on immature organs in the
newborn, such as liver and kidneys. Although no long-
term effects of this “metabolic stress” have been docu-
mented, a lower level of protein in formula has been
deemed prudent. When reducing the protein content of
infant formula, however, concentrations of some essen-
tial amino acids may become lower than those in breast
milk; this is of concern especially if they are rate-limiting
amino acids for protein anabolism or brain transmitter
synthesis. In a study on infant formulas,51 concentrations
of tryptophan were between 72 and 108% and concen-
trations of cysteine methionine were 57 to 91% of the
concentrations in human milk, respectively. Fazzolari-
Nesci et al.52 and Hanning et al.53 showed that feeding
infants with liquid formula containing 15 g of protein/L
resulted in plasma tryptophan concentrations lower than
those of breastfed infants. By contrast, Lönnerdal and
Chen47 showed that infants fed powdered formula with

13 g of protein/L had plasma tryptophan concentrations
similar to those of breastfed infants. The type of formula
(i.e., casein-predominant vs. whey-predominant, liquid
or powdered form, source of whey used, etc.) may
determine whether feeding speci� c formulas will result
in plasma amino acid concentrations signi� cantly lower
than those of breastfed infants.

Increasing the concentration of tryptophan in for-
mula by adding free tryptophan has been evaluated by
some investigators.52–54 Whereas such additions did in-
crease plasma tryptophan concentrations of the formula-
fed infants, it is likely that the absorption kinetics for the
free amino acid are quite different from those of protein-
bound tryptophan, which may affect its use in protein
synthesis and ultimately its catabolism. Another possi-
bility is to add a protein that is rich in tryptophan and
cysteine compared with infant formula. Heine et al.55

added bovine -lactalbumin (80% purity) to infant for-
mula with reduced protein content (13 g/L) at two dif-
ferent levels, thereby increasing the tryptophan content
to 1.88 and 2.10%, respectively. In a crossover design,
infants were fed these formulas or formula with “regu-
lar” protein content (18 g/L; 1.66% tryptophan). They
were then compared with a control group of breastfed
infants. Infants fed the low-protein formula with the
higher tryptophan content (2.10%) had plasma trypto-
phan concentrations similar to those of breastfed infants,
whereas those fed the formula with lower tryptophan
content did not; infants fed formula with the “regular”
level of protein did not have plasma tryptophan concen-
trations similar to those of breastfed infants either. The

Figure 3. Amino acid composition of 60/40 whey-predominant formula with bovine -lactalbumin as the sole source of whey
protein compared with that of mature human milk as described by the European Union (EU HM). Data from reference 46.
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true tryptophan concentration in human milk protein is
dif� cult to determine, but is likely to be above 2%. If the
protein content of infant formula is lowered, therefore,
forti� cation with -lactalbumin may be of nutritional
signi� cance in that it may increase both formula and
plasma tryptophan concentrations. Heine et al.45 previ-
ously stated that tryptophan and cysteine are low in
formula and that increasing the -lactalbumin content
would result in increased plasma levels of not only
tryptophan but also cysteine. Unfortunately, plasma cys-
teine was not measured in their formula-feeding study;
formula concentrations of cysteine were increased, how-
ever, possibly leading to increased plasma levels.

Formulas with increased levels of -lactalbumin
may have speci� c physiologic bene� ts for the infant.
Tryptophan is the precursor to the neurotransmittor se-
rotonin; consuming this amino acid at a concentration
similar to that of human milk, balanced with appropriate
levels of other amino acids, may be bene� cial to the
infant. When preparations rich in -lactalbumin were
provided to adults vulnerable to stress, depression scores
were lower and cognitive performance was im-
proved.56,57 Such activities could be evaluated in infants
receiving formulas with -lactalbumin levels similar to
human milk.

Digestibility of -Lactalbumin

-Lactalbumin, commercially once known as “lactalbu-
min” or whey protein, was traditionally considered a
highly digestible protein and, owing to its balanced
amino acid composition, of high biologic value.48 Eval-
uations in some experimental animals proved this
theory.58,59 Recent studies in vitro and in infant rhesus
monkeys demonstrated the need to further investigate
the digestibility of -lactalbumin. Jakobsson et al.60

examined the in vitro digestion of bovine casein, -lact-
albumin, and b-lactoglobulin in duodenal juice obtained
from 3- to 19-month-old infants. In pure form, 30 mg of
casein was hydrolyzed/mL of duodenal juice/minute,
whereas only 1 mg of -lactalbumin and b-lactoglobulin
was hydrolyzed. When the proteins were present in
cow’s milk or infant formula, hydrolysis was slower,
the corresponding numbers being 16, 0.03, and 0.12
mg mL 1 minute 1, respectively. Pre-incubation of the
samples with gastric aspirates at a pH of 4 to 5 (normal
gastric pH in infants) did not affect the results probably
because there was minimal or no pepsin activity at this
pH. Thus, casein appeared to be digested rapidly and
effectively, whereas this was not the case for -lactal-
bumin and b-lactoglobulin. Results in adults, however,
were different suggesting that age-related differences in
gastrointestinal conditions strongly affect the digestive
fate of milk proteins. Mahe et al.61 studied the digestion

time course of milk proteins in adult short-bowel sub-
jects. They found that -lactalbumin and b-lactoglobulin
were present in jejunal ef� uents, but only for the � rst 30
minutes, whereas casein was detected for 1 to 2 hours. It
is therefore possible that active gastric digestion, which
occurs in adults, may increase the digestibility of -lact-
albumin and b-lactoglobulin. This is supported by ob-
servations by Sakai et al.,62 who incubated infant formu-
las with pepsin at various pHs between 1.5 and 4.0. Both

-lactalbumin and b-lactoglobulin were hydrolyzed at a
pH of 1.5 to 2.5, whereas they were resistant to proteol-
ysis above pH 3.0. The gastric pH of infants is approx-
imately 4 to 5 up to at least 6 months of age,29 which
might explain the lack of effect of pepsin on -lactalbu-
min. The reason for the persistence of casein in adults is
not known; however, it is possible that digestion occurrs,
but smaller fragments with intact epitopes remain in the
upper gut. It is also possible that heat treatment has a
negative effect on the digestibility of casein (see below).

Studies in preterm and 6-week-old infant rhesus
monkeys also indicate that digestion of -lactalbumin
and b-lactoglobulin is slow.63 As much as 30 to 50% of
these proteins were detected in duodenal aspirates 60
minutes after ingestion and intact -lactalbumin was
found in serum, suggesting absorption of the protein in
the small intestine. -Lactalbumin in breast milk, how-
ever, appears to be easily digested. When extracting
proteins from fecal samples obtained from term infants,
no intact -lactalbumin was detected by crossed immu-
noelectrophoresis using antibodies against human whey
proteins; lactoferrin and secretory IgA, on the other
hand, were present.64 Similarly no -lactalbumin was
detected in the stool of preterm infants fed breast milk,
whereas several other breast milk proteins were found in
intact form.65

Global endpoints of protein digestibility and quality
indicate that term infants can digest formulas rich in

-lactalbumin. Heine et al.55 observed elevated plasma
tryptophan levels when feeding formulas enriched with

-lactalbumin, which demonstrated excellent tryptophan
bioavailability.In addition, Lien et al.66 recently reported
the results of a multicenter clinical study comparing a
formula with elevated -lactalbumin levels with a stan-
dard formula. Growth rates and protein status (serum
albumin) were similar between the two groups. These
results demonstrate that formulas with elevated levels of

-lactalbumin have high protein quality and are well
utilized.

When feeding preterm infants human milk, so-called
“human milk forti� ers” are often added to increase the
protein content of the breast milk. This practice may
affect the digestion of -lactalbumin in breast milk
because the forti� ers are made from cow’s milk protein.
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Lindberg et al.67 found that both bovine and human milk
-lactalbumin were relatively resistant to digestion when

human milk with forti� ers and preterm formulas were
exposed to proteolysis by duodenal juice from preterm
infants, a 3-year-old child, or adults; approximately 20 to
50% of the -lactalbumin was immunologically intact
after 40 minutes of digestion. Casein, however, was more
rapidly digested. These observations may have implica-
tions for the design of improved forti� ers and formulas
for preterm infants.

Bioactive Peptides Derived from
-Lactalbumin

During the digestion of -lactalbumin, smaller peptides
are formed that may exert biologic activities in the
intestine, or elsewhere in the body, if absorbed intact.
Several of these (amino acids 50–52, 99–103, and 104–
108) have been shown to inhibit angiotensin-I-convert-
ing enzyme (ACE) in vitro.68 A number of these peptides
have been synthesized,69 but their biologic effect appears
to occur only at concentrations that are much higher
(mM) than those likely to be formed in the gut. An opioid
peptide (amino acids 50–53) called -lactorphin, which
is structurally similar to human leu-enkephalin, has been
shown to lower blood pressure in spontaneously hyper-
tensive rats when administered subcutaneously,70 but it
is uncertain whether these effects would be observed
when it is formed during digestion.

Three bactericidal domains of bovine -lactalbumin
are formed during digestion with trypsin and chymotryp-
sin in vitro.71 No bactericidal peptides were formed
during pepsin incubation. Of those formed during trypsin
digestion, one was small (residues 1–5), while the other
was more complex (residues [17–31]S-S[109–114]) and
included a disul� de bridge. The peptide formed by chy-
motrypsin digestion was also complex (residues [61–
68]S-S[75–80]). The peptides were mostly active against
Gram-positive bacteria (e.g., B subtilis), while Gram-
negative bacteria were only marginally affected. Concen-
trations of 55 nmoles/sample were used, but it is not yet
known whether these peptides are formed in vivo, and if
so, at what concentrations. Pihlanto-Leppala et al.72 also
produced enzymatic hydrolysates of -lactalbumin and
found a peptide that inhibited the growth of E coli;
however, the concentration needed for growth inhibition
(25 g/L) is much higher than the concentration usually
found for antibacterial peptides (mg/L). Brück et al.73

used batch culture and a two-stage continuous culture
system to study the effect of -lactalbumin-supple-
mented formula on mixed populations of human gut
bacteria. They found that -lactalbumin supplementation
caused a signi� cant reduction of potentially pathogenic
micro� ora (Bacteroides, Clostridia, E coli), similar to

that observed in breastfed infants. However, whether this
effect was due to peptides formed from -lactalbumin
was not investigated.

It is possible that peptides formed during digestion
of -lactalbumin not only have an inhibitory effect on
pathogens, but also stimulate host-friendly gut micro-
� ora. Kee et al.74 found peptide fractions from pepsin-
hydrolyzed -lactalbumin that stimulated the growth of
Bi� dobacteria in vitro. This � nding needs to be followed
up in vivo.

The immune-stimulating peptide, GLF, which con-
sists of Gly-Leu-Phe (amino acids 51–53, symbols GLF),
is formed at concentrations (nM) that are likely to be of
biologic signi� cance.19 This tripeptide has been shown
to enhance phagocytosis by human macrophages and to
stimulate polymorphonuclear neutrophil oxidative me-
tabolism as well as phosphoinositide metabolism, all of
which are important in bacterial killing.75 Speci� c bind-
ing sites for the GLF peptide have been found on human
phagocytic cells, such as polymorphonuclear leukocytes
and monocytes.76 When puri� ed bovine -lactalbumin
was digested by human neonatal gastric juice, GLF, as
well as several small peptides having a GLF N-terminal
sequence, were identi� ed. The amount formed was sim-
ilar when pH 2 and pH 4 were used. The GLF peptide
was also found in gastric aspirates from young infants
fed human milk, showing that it is also formed from
human -lactalbumin in vivo. The concentration of GLF
required for stimulation of immune cell activity was
approximately 30 mM, which is considerably higher than
the physiologically active concentration of 1 nM.75 The
released GLF peptide may stimulate phagocytosisby two
different mechanisms.19 One possibility is that it stimu-
lates macrophages at the lamina propria of the villi,
possibly aided by tripeptide transporters known to be
present in the intestinal epithelium.77 Another possibility
is that GLF acts on macrophages in breast milk, which
are believed to aid in the defense against infections.78

Phagocytes in colostrum, of which macrophages consti-
tute 80%, have been shown to kill EPEC, possibly
explaining the observation that infant formula supple-
mented with bovine -lactalbumin had a protective ef-
fect against induced EPEC infection in infant rhesus
monkeys.79

Conclusion

-Lactalbumin is the predominant protein in human milk
and it appears that during evolution several roles have
developed for this protein. Besides its better known roles
of being part of the lactose synthase complex and a
source of amino acids, recent research suggests that

-lactalbumin can be physiologically active by affecting
gut micro� ora, by enhancing mineral absorption, by
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stimulating immune function, and possibly by having a
role in apoptosis.
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