4984

J. Agric. Food Chem. 2000, 48, 4984-4990

Lactoferrin in Infant Formulas: Effect on Oxidation

M. Teresa Satué-Gracia,” Edwin N. Frankel,*" Nagendra Rangavajhyala,* and J. Bruce German’

Department of Food Science and Technology, University of California, Davis, California 95616, and
Nestlé R&D Center, Inc., New Milford, Connecticut 06776

Lactoferrin is an iron transport protein present in human milk at an average concentration of 1.4
mg/mL. Commercially modified infant formulas based on cow’s milk contain much lower amounts
of lactoferrin (0.1 mg/mL lactoferrin) and soy based formulas have none. In addition to its role in
iron transport, lactoferrin has bacteriostatic and bactericidal activities. Infant formulas are
supplemented with relatively large amounts of iron (up to 12 mg/L). The effect of various
concentrations of added lactoferrin and supplemental iron on lipid oxidation was tested in two
different infant formulas. The extent of oxidation in the formulas as a function of time was
determined by formation of hydroperoxides, production of hexanal, and fluorescence. On the basis
of all three of these determinations, lactoferrin acted as an antioxidant in the absence and presence
of different concentrations of supplemented iron. Lactoferrin inhibited oxidation in a concentration-
dependent manner even at concentrations beyond its capacity to bind iron at its two high affinity
binding sites. Lactoferrin can be used, therefore, as a dual purpose additive in infant formulas and
similar food products for its antioxidant and its antimicrobial properties.
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INTRODUCTION

Lactoferrin is a non-heme iron-binding glycoprotein
found in many biological secretions from various species.
The protein structure, affinity for iron, and isoelectric
point are similar among species (Brock, 1997). The
amino acid composition of bovine lactoferrin is similar
to that of human lactoferrin (69% sequence homology)
(Pierce at al., 1991), but the iron saturation and
concentration in milk vary considerably. Bovine milk
contains approximately 0.1 mg/mL of lactoferrin that
is 22% saturated with iron, compared to an average of
1.4 mg/mL of lactoferrin (10—20% total protein) that is
only 4% iron-saturated in mature human milk (Lon-
nerdal et al., 1976). Lactoferrin concentrations in human
milk increase in response to iron supplementation and
increasing iron status in human mothers (Zapata et al.,
1994). The role of lactoferrin as an iron carrier is
unclear. Despite the low concentration of iron in human
milk, iron deficiency is uncommon in breast-fed infants
under 6 months of age. However, attempts to relate the
high bioavailability of iron in human milk to lactoferrin
have thus far been unsuccessful. Commercial infant
formulas are supplemented with iron, generally in the
form of ferrous sulfate, to meet the nutritional require-
ments of infants. This iron supplementation decreases
the oxidative stability and creates a shelf life problem
for the product. The usual level of iron fortification in
the U.S. is about 220 M (11 mg/L), compared to 4—7
uM (0.2—0.4 mg/L) iron in mother’s milk. According to
Lonnerdal and Hernell (1994), 72 uM (4 mg/L) iron as
ferrous sulfate is adequate for infants up to 6 months
of age.
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In addition to its role in iron transport, lactoferrin
has bacteriostatic (Oram and Reiter, 1968) and bacte-
ricidal (Arnold et al., 1977) and fungistatic (Kuipers et
al., 1999) activities. The bacteriostatic activity is thought
to be in part due to iron deprivation of bacteria (Sanchez
et al., 1992), but the bactericidal activity is independent
of iron withholding. This activity is mediated by basic
regions near the N-terminal region of lactoferrin (Bel-
lamy et al., 1992). Furthermore, the peptide obtained
by partial proteolysis of lactoferrin, termed lactoferricin,
is more active than intact lactoferrin (Facon et al., 1996).
The mechanism of the bactericidal effects of lactoferrin
peptide implicates a strong synergism with lysozyme,
another protein constituent of milk (Leitch and Willcox,
1999).

The antimicrobial activities of lactoferrin make it an
attractive supplement for value-added foods, and infant
formula constitutes an obvious choice. Roberts et al.
(1992) compared the development of faecal flora in
newborns fed breast milk, adapted formula, and lacto-
ferrin supplemented (1 mg/mL) adapted formula and
found that lactoferrin stimulated a Bifidobacterial flora
typical of breast milk-fed infants. This beneficial shift
in infant microflora was associated with a preferential
interaction between lactoferrin and Bifidobacterium
(Petschow et al., 1999), possibly though not exclusively
through the selective provision of iron to Bifidobacterial
species (Miller-Catchpole et al., 1997).

The effects of lactoferrin on the oxidation of a corn
oil emulsion and a liposome model system was previ-
ously reported (Huang et al., 1999). The antioxidant or
prooxidant activity of lactoferrin depended on the lipid
system, buffer, lactoferrin concentration, the concentra-
tion of metal ions and oxidation time.

Proteins were reported to have antioxidant effects in
different test systems. Bovine serum albumin reduced
the rate of oxidation in liposomes (Dean et al., 1991;
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Table 1. Identification and Metal Concentration of the
Infant Formula Samples

formulas iron? (uM) copper? (uM)

whey-based formula

no iron 0 8.5
WF-88 88 8.5
WF-172 172 8.5
WF-220 220 8.5
casein-predominant formula

CF-17 17 8.2
CF-113 113 8.2
CF-171 171 8.2
CF-216 216 8.2

a 1ron and copper were analyzed by the method of Suddendorf
and Cook (1984).

Heinonen et al., 1998). The presence of 20% bovine
serum albumin, influenced the activity of various phe-
nolic antioxidants (Heinonen et al., 1998). Various
proteins showed antioxidant properties in fatty acid and
oil systems (Yamashoji et al., 1979), in emulsions (Lin
et al., 1993) and in lipoproteins (Kunitake et al., 1992).
The proposed mechanism for this antioxidant action
generally involves the capacity of proteins to bind or
chelate metal ions. At high relative metal concentra-
tions, however, these complexes can be active oxidation
catalysts. Whether or not lactoferrin promotes or re-
duces the rates of oxidation of unsaturated lipids in
complex emulsion systems such as infant formulas has
not yet been established. The present study was aimed
at determining the effect of lactoferrin on oxidative
stability of infant formulas supplemented with different
concentrations of iron.

MATERIALS AND METHODS

Materials. A whey-based liquid infant formula (whey
formula, WF) and a casein-predominant formula (CF)
were prepared on a pilot plant scale. The whey-based
formula (WF) contained water, enzymatically hydro-
lyzed reduced minerals whey protein concentrate (from
cow’s milk), vegetable oils (5.1 g/100 Kcal), lactose, corn
maltodextrin, minerals, vitamins, taurine, nucleotides,
and L-carnitine. The casein-predominant formula (CF)
contained nonfat milk, corn syrup solids, vegetable oils
(4.1 g/100 kcal), corn maltodextrin, minerals, soy leci-
thin, and vitamins. The two formulas were supple-
mented with four different concentrations of iron (Table
1). The highest iron concentration for both types of
formulas is that most used commercially. Some infant
formula products contain low concentrations of iron,
which correspond to the two intermediate concentra-
tions in the formulas tested. Iron and copper contents
in the formulas are shown in Table 1. Bovine lactoferrin
isolated from cheese whey (92.6% purity, 22% iron
saturation) was donated by DMV International (Fraser,
NY), bovine serum albumin, BSA fraction V (min 96%),
was obtained from Sigma Chemical Co. (St. Louis, MO).
Dextrose tryptone agar and bacto-peptone were pur-
chased from Fisher Scientific (Fair Lawn, NJ). All other
chemicals and solvents used were of ACS quality and
were obtained from commercial sources.

Metal Analysis. Iron and copper were analyzed by
the method of Suddendorf and Cook (1984).

Preparation of Formulas and Oxidation. Differ-
ent amounts of lactoferrin or bovine serum albumin
were directly added to the formulas and dissolved by
gentle shaking. Tables 2 and 3 show the molar ratios
of lactoferrin to iron in the formulas tested. The oxida-
tion of the formulas was carried out in 50-mL Erlenm-
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eyer flasks with screw caps at 50 °C in a shaker oven
(Lab-Line Instrument, Inc., Melrose Park, IL). Oxidative
stability of the samples was determined by measuring
conjugated dienes spectrophotometrically, hexanal by
headspace gas chromatography (GC), and protein—lipid
oxidation interactions fluorometrically. All experiments
and analyses were carried out in duplicate, and the
results were analyzed by one-way analysis of variance
(ANOVA) (Wagner, 1992).

Microbiological Test. To ensure that there was no
microbial growth during oxidation, four formulas (lowest
and highest iron content for both formulas) were tested
for thermophiles before and after incubation at 50 °C
for 9 days. Each sample was tested at 10°, 10%, and 102
dilutions that were made with 0.1% bacto-peptone in
water. Samples were inoculated by the pour-plate
technique in plates containing dextrose tryptone agar
medium and incubated for 48 h at 55 °C. No colonies
were observed in any plate.

Lipid Extraction. A solvent extraction method was
used for recovering lipids from the infant formulas.
Briefly, 0.25 mL of liquid formula was mixed with 2.5
mL each of ethyl acetate, ethanol, hexane, and water.
After centrifugation, the aqueous phase was removed
and used to measure fluorescence. The organic phase
was washed with 2.5 mL of 1% saline solution, sepa-
rated by centrifugation and evaporated under a nitrogen
flow.

Measurement of Conjugated Diene Hydroper-
oxides. The organic phase from the lipid extraction was
diluted with isooctane to obtain measurable absorbance
at 234 nm. The results were expressed as millimoles of
hydroperoxides per kilogram of fat using an extinction
coefficient of 26 000 for methyl linoleate hydroperoxides
(Chan and Levett, 1977).

Measurement of Protein-Oxidized Lipid Inter-
actions. The aqueous phase from the lipid extraction
was used to measure fluorescence (Fletcher et al., 1973)
with a fluorometer (Turner Digital Fluorometer, Model
450) standardized with quinine sulfate, gain set at 5,
excitation at 360 nm and emission at 415 nm.

Measurement of Hexanal by Static Headspace
GC. A method was developed to determine hexanal
directly in the infant formula samples without lipid
extraction. The main polyunsaturated fatty acid in the
infant formulas is linoleic acid. Hexanal is a volatile
product formed in the decomposition of hydroperoxides
and is a useful marker of n-6 polyunsaturated fatty acid
oxidation (Frankel, 1982). One milliliter aliquots were
placed in 22-mL headspace vials, sealed, and equili-
brated at 60 °C for 15 min in an HS-40 headspace
autosampler. An aliquot of the headspace was then
injected in an autosystem gas chromatograph (Perkin-
Elmer, Norwalk, CT) equipped with a DB-1701 column,
30 mlong, 0.32 mm i.d., and 1 um film thickness (J&W
Scientific, Folsom, CA). The injector and detector tem-
peratures were 180 and 200 °C, respectively. The oven
temperature was programmed at 30 °C for 4 min,
followed by an increase to 80 °C at a rate of 10 °C/min.
Hexanal was identified by comparison of its retention
time with that of a hexanal standard.

RESULTS

Effect of Iron on Oxidative Stability of Infant
Formula. The oxidative stability of infant formulas at
50 °C was followed using several indices of oxidation.
The oxidation experiments were terminated when the
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Table 2. Percentage Inhibition by Lactoferrin (LF) of the Formation of Hydroperoxides, Hexanal, and Fluorescence in a
Whey-Based Formula (WF) Containing Different Molar Ratios Iron:Lactoferrin

% inhibition®

formulas LF Fe:lactoferrin
(«M iron) (uM) hydroperoxides hexanal fluorescence molar ratio
WEF (0)2 0.0¢ 0.0¢ 0.0°

+ LF 12.5 61.9p 72.0° 14.2ap 0.0:12.5
+ LF 25.0 92.12 95.22 39.12 0.0:25.0
WF (88)P 0.0d 0.0d 0.0°

+ LF 12.5 18.7¢ 27.8° 2.4b 7.0:1.0
+ LF 25.0 65.40 77.7° 9.0P 3.5:1.0
+ LF 44.0 94.72 95.82 24.32 2.0:1.0
WF (172)¢ 0.0d 0.0d 0.0°

+ LF 12.5 17.5°¢ 33.9¢ 8.0P 13.8:1.0

+ LF 25.0 48.0P 76.8° 51.92 6.9:1.0

+ LF 86.0 94.42 92.52 69.02 2.0:1.0
WF (220)d 0.0d 0.0d 0.0¢

+ LF 12.5 23.2¢ 65.9¢ 1.7bc 17.6:1.0

+ LF 25.0 64.8b 87.9p 16.4° 8.8:1.0

+ LF 37.5 92.92 95.62 32.2ab 5.9:1.0

+ LF 110.0 101.22 97.82 47.62 2.0:1.0

a Data calculated at day 20 of oxidation. P Data calculated at day 14 of oxidation. ¢ Data calculated at day 12 of oxidation. 9 Data calculated
at day 11 of oxidation. ¢ Values in each column for samples with the same amount of iron and with the same superscript letter are not

significantly different (p < 0.05).

Table 3. Percentage Inhibition by Lactoferrin (LF) of
the Formation of Hydroperoxides and Hexanal in a
Casein-Predominant Formula (CF) Containing Different
Molar Ratios Iron:Lactoferrin

formulas LF % inhibition® Fe:lactoferrin

(uMiron)  («M) hydroperoxides hexanal molar ratio
CF (17)2 0.0¢ 0.0¢

+ LF 12.5 26.30 15.90 1.4:1.0
+ LF 25.0 63.92 63.32 0.7:1.0
CF (117)° 0.0d 0.0d

+ LF 12.5 31.2¢ 40.3¢ 9:1.0

+ LF 25.0 55.9b 60.9° 4510
+ LF 58.5 83.72 75.42 2.0:1.0
CF (171)° 0.0¢ 0.0¢

+ LF 12.5 7.44 22.9d 13.7:1.0
+ LF 25.0 29.3¢ 37.5¢ 6.8:1.0
+ LF 375 46.2° 62.20 4.6:1.0
+ LF 85.5 92.72 89.72 2.0:1.0
CF (216)¢ 0.0d 0.0¢

+ LF 125 —2.0d 21.9d 17.3:1.0
+ LF 25.0 44.0¢ 45.3¢ 8.6:1.0
+ LF 375 77.10 62.00 5.8:1.0
+ LF 108.0 95.82 89.52 2.0:1.0

a Data calculated at day 7 (hydroperoxides) and day 8 (hexanal)
of oxidation. P Data calculated at day 6 (hydroperoxides) and day
7 (hexanal) of oxidation. ¢ Data calculated at day 7 (hydroperox-
ides) and day 8 (hexanal) of oxidation. 9 Data calculated at day 7
(hydroperoxides) and day 8 (hexanal) of oxidation. ® VValues in each
column for samples with the same amount of iron and with the
same superscript letter are not significantly different (p < 0.05).

control samples reached a maximum level of hydroper-
oxides. The effect of lactoferrin on oxidation was tested
on a whey-based (WF) and a casein-predominant (CF)
ready-to-feed infant formula prepared with four differ-
ent concentrations of iron. With both formulas, oxidation
rates increased with increasing iron concentration
(Figures 1 and 2), but the casein-predominant formula
oxidized faster than the whey-based formula, despite a
similar initial level of oxidation (11—12 mmol hydro-
peroxides/kg oil).

In the presence of increasing concentrations of lacto-
ferrin, the induction periods of both formulas increased
and the rates of oxidation decreased (Figures 3 and 4).
Percentage inhibitions were calculated during the last
stages of the propagation phase (following the induction
period) relative to the control sample. Tables 2 and 3
show the percentage inhibition of hydroperoxides and
hexanal formation for all formulas tested. In all formu-
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Figure 1. Effect of iron concentration on the formation of (a)
hydroperoxides and (b) hexanal in a whey-based formula (WF).

las, lactoferrin showed antioxidant activity, which in-
creased with increasing concentration, in both the
absence and presence of iron. Figure 5 shows the
correlation of the iron:lactoferrin molar ratio with the
percent inhibition of hydroperoxide and hexanal forma-
tion in the formulas containing amounts of iron similar
to those found in commercial formulations. High cor-
relations were obtained between inhibition of oxidation
and iron:lactoferrin molar ratio in all the samples tested.
In the whey-based formulas, correlation coefficients
were higher than 0.97 for hydroperoxide, 0.98 for
hexanal, and 0.89 for fluorescence inhibition. In the
casein-predominant formulas, the correlation coeffi-
cients were higher than 0.90 for hydroperoxide and 0.91
for hexanal inhibition.
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Figure 2. Effect of iron concentration on the formation of (a)
hydroperoxides and (b) hexanal in a casein-predominant
formula (CF).

Oxidation of Whey-Based Formula. In the absence
of iron, the whey-based formula showed a lag period of
16 days for both hydroperoxide and hexanal formation
(Figure 1). Bovine lactoferrin inhibited oxidation of the
whey-based formula without and with iron. With in-
creasing content of iron, the lag period decreased to 9
days for the formula containing 88 uM iron, and to 6
days for the formulas containing 172 and 220 uM iron.
The inhibition of the formation of hydroperoxides,
hexanal, and fluorescent products increased with in-
creasing concentrations of lactoferrin. Figure 3 shows
the oxidation of a whey-based formula fortified with 220
uM iron. Lactoferrin showed the most antioxidant
activity at a lactoferrin:iron molar ratio of 1:2. Lacto-
ferrin decreased oxidation at all the concentrations
tested, and the order of activity increased with decreas-
ing iron:lactoferrin molar ratio: 2:1 > 6:1 > 9:1 > 18:1.
When lactoferrin was tested in the absence of iron, at a
concentration in the range of that of human milk (1 mg/
mL, 12.5 uM), the rate of oxidation decreased, and after
20 days, when oxidation of control reached a maximum,
lactoferrin inhibited hydroperoxide formation 62% (1
mg/mL, 12.5 uM) and 92% (2 mg/mL, 25 uM) and
hexanal formation 72% and 95% (Table 2).

Lactoferrin at 1 mg/mL (12.5 M) inhibited hydro-
peroxide formation 19, 18, and 23% in the formulas
containing, respectively, 88, 172, and 220 uM iron.
Inhibition of hexanal formation was 28, 34, and 66%
for the formulas containing, respectively, 88, 172, and
220 uM iron. Lactoferrin at 2 mg/mL (25 uM) decreased
oxidation at least 48% as measured by hydroperoxide
formation and at least 77% as measured by hexanal
formation. At a molar ratio lactoferrin:iron of 1:2,
formation of both hydroperoxides and hexanal was
inhibited >90% in all the samples (Table 2).

Oxidation of Casein-Predominant Formula. The
casein-predominant formula oxidized faster than the
whey-based formula. The formula had a lag period of 5
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Figure 3. Effect of lactoferrin concentration on the formation
of (a) hydroperoxides, (b) hexanal, and (c) fluorescent products
in a whey-based formula fortified with 220 M iron (WF-220).

days for hydroperoxide formation in the presence of 17
uM iron and 4 days in the presence of 113, 171, and
216 uM iron (Figure 2). The rate of oxidation increased
at the higher concentrations of 113 and 171 uM iron,
but the rate did not increase further at 216 «M iron
(Figure 2). The order of antioxidant activity of lacto-
ferrin decreased with increasing iron:lactoferrin molar
ratio: 2:1 > 6:1 > 9:1 > 17:1. Figure 4 shows the
development of oxidation of casein-predominant formula
containing 216 uM iron.

As in the whey-based formula, lactoferrin was an
antioxidant at all the concentrations tested except in
the formula containing 216 uM iron at 1 mg lactoferrin/
mL. With the formula containing traces of iron (17 uM),
the addition of lactoferrin at 1 mg/mL (12.5 uM)
decreased the formation of hydroperoxides by 26% and
the formation of hexanal by 16%. At 2 mg/mL (25 uM),
lactoferrin inhibited the formation of hydroperoxides
64% and the formation of hexanal 63% (Table 3). With
the formula containing 216 uM iron, hexanal formation
was inhibited 22%, although lactoferrin at a concentra-
tion of 12.5 uM (1 mg/mL) did not affect hydroperoxide
formation. At an iron:lactoferrin molar ratio of 2:1
lactoferrin inhibited the formation of hydroperoxides
84% and the formation of hexanal 75% (Table 3).
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Figure 4. Effect of lactoferrin concentration on the formation
of (a) hydroperoxides and (b) hexanal in a casein-predominant
formula fortified with 216 uM iron (CF-216).

Oxidation of Infant Formula in the Presence of
Bovine Serum Albumin (BSA). To compare the
activity of lactoferrin with other proteins in affecting
oxidation, an oxidation stability experiment was carried
out with bovine serum albumin (Table 4). This protein
was added to infant formula at an iron:BSA molar ratio
of 0:25 and 2:1. The samples containing BSA oxidized
similarly to their corresponding controls. After 12 days
of oxidation, in the absence of added iron, hydroperoxide
and hexanal formation were slightly higher in the
sample containing BSA compared to the control without
added protein. However, these differences were signifi-
cant (p < 0.05) only for the hydroperoxides. In the
presence of 220 uM iron, both hydroperoxides (72.6 vs
65.1 mmol/kg) and hexanal (3.5 vs 3.1 mmol/kg) were
significantly (p < 0.05) higher in the sample containing
BSA.

DISCUSSION

Lipid oxidation is known to be strongly catalyzed by
trace amounts of transition metals such as iron and
copper. The rate of oxidation increases with increasing
amounts of metals. Metals promote the decomposition
of hydroperoxides, favoring both the initiation of free
radical propagation reactions as well as the formation
of volatile break down products. High concentrations of
metals are also known to promote chain termination
(Frankel, 1998). This deteriorative action of transition
metals poses a significant problem for foods such as
infant formula that must meet complete nutritional
requirements. Iron in particular is necessary as a
nutritional component of the food, and yet its presence
limits the shelf life of the product.
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Figure 5. Correlations between percent inhibition of hydro-
peroxide formation (solid lines) and hexanal formation (dashed
lines) and iron:lactoferrin molar ratio for (a) whey-based
formula (WF) and (b) casein-predominant formula (CF).

Table 4. Effect of Bovine Serum Albumin (BSA) on
Hydroperoxide and Hexanal Content in a Whey-Based
Formula (WF) in the Absence and Presence of Iron

formula BSA Fe:BSA

hydroperoxides hexanal

(uMiron)  (uM) (mmol/kg)? (mmol/kg)2 molar ratio
WF (0) 14.02 0.12

+ BSA 25.0 14.50 0.22 0:25

WF (220) 65.12 3.12

+ BSA 110.0 72.60 3.50 2:1

2 Data calculated at day 12 of oxidation. Values in each column
for samples with the same amount of iron and with the same
superscript letter are not significantly different (p < 0.05).

The differences in the rates of oxidation observed
between the whey-based and casein-predominant for-
mulas may be explained by differences in composition.
The casein-predominant formula contained soy lecithin
(not present in the whey-based formula) though less
total fat than the whey-based formula (4.1 g vs 5.1 g/100
kcal). The more rapid oxidation of the casein-predomi-
nant formula may well be caused by the presence of soy
lecithin, which is known to oxidize readily (Porter et al.,
1980) and, as a good emulsifier, it may facilitate the
reaction of oxygen with catalytic metals. Another com-
positional difference between the two formulas is the
type of protein used. Milk whey protein, but not caseins,
contain disulfide bonds (S—S) and sulfhydryl (—SH)
groups (Brunner, 1977), which are reducing agents
capable of scavenging free radicals.

Lactoferrin is an iron transport protein that binds iron
with high affinity in two distinct iron-binding domains
(Smith et al., 1994). These domains apparently bind the
iron with sufficient coordination that these atoms ap-
pear to be no longer active in the redox cycling and
hydroperoxide decomposition reactions that promote the
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oxidation of polyunsaturated lipids. This ability of
lactoferrin to avidly bind two atoms of metal per
molecule is consistent with the high antioxidant effect
observed at iron/lactoferrin molar ratios of 2:1. Lacto-
ferrin previously was shown to have an antioxidant
effect on a corn oil emulsion and on a lecithin liposome
system (Huang et al., 1999). However, Gutteridge et al.
(1981) reported that iron-saturated lactoferrin was
unable to inhibit oxidation in a liposome system. Bald-
win et al. (1984) suggested that lactoferrin promoted
formation of hydroxyl radicals when the concentration
of iron exceeded lactoferrin’s chelating ability.

Bovine lactoferrin functioned as an antioxidant in all
experiments with both whey-based and casein-predom-
inant infant formulas, even when saturated with iron.
These results are consistent with the report of Matsue
et al. (1994) that lactoferrin could suppress malonalde-
hyde formation beyond the iron-binding capacity. Non-
specific binding of metal could account for the antioxi-
dant effect observed at iron/lactoferrin molar ratios
higher than 2:1. Nagasako et al. (1993) also reported
evidence suggesting that bovine lactoferrin can bind iron
at sites other than the two high affinity-binding sites.
On the other hand, other proteins, like casein hydroly-
sate and bovine serum albumin, did not effectively
stabilize iron in solution. In the present study, bovine
serum albumin was not an antioxidant when tested
under the same conditions as lactoferrin (Table 4).

The antioxidant activity of lactoferrin in inhibiting
oxidation of an infant formula that contained no added
iron could be explained by chelation of copper, which is
present in all the formulas. Lactoferrin binds metals in
the presence of a suitable anion, usually bicarbonate
(Masson and Heremans, 1968). The addition of bicar-
bonate to the infant formula did not affect the antioxi-
dant activity of lactoferrin (data not shown). This
observation is consistent with the report of Aruoma and
Halliwell (1987) that the presence of bicarbonate did not
modify the inhibitory effects of apo-lactoferrin on hy-
droxyl radical generation at pH 7.4. At the physiological
pH of 7 observed for the infant formulas, lactoferrin has
high affinity for iron (binding constant ~ 10%°). More-
over, according to Feeney et al. (1983), ambient bicar-
bonate seems sufficient for the iron-binding activity of
lactoferrin in the absence of competing substances.

In summary, lactoferrin has been proposed as a
multifaceted ingredient for functional foods (Steijns,
1996). Its value to foods in providing iron binding and
antimicrobial properties has been established. The
present paper demonstrates the additional ability of
lactoferrin to inhibit oxidation, which is one of the main
causes of food spoilage. This beneficial effect, in addition
to other proposed functions, makes lactoferrin a very
useful ingredient for foods, such as infant formula, that
are relatively rich in fat and especially those for which
the addition of catalytic iron is mandated for nutritional
requirements.
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