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Free radical injury is thought to play a significant role in the
pathogenesis of several disease processes in low birth weight
premature infants including retinopathy of prematurity and ne-
crotizing enterocolitis. Because iron is a known catalyst in free
radical–mediated oxidation reactions, the objectives of the
presentin vitro studies were to determine whether after exposure
to air 1) iron present in infant formula, or that added to human
milk or formula as medicinal iron or as iron contained in human
milk fortifier, increases free radical and lipid peroxidation prod-
ucts; and2) recombinant human lactoferrin added to formula or
human milk attenuates iron-mediated free radical formation and
lipid peroxidation. Before adding medicinal iron to formula and
human milk, significantly more ascorbate and�-hydroxyethyl
radical production and more lipid peroxidation products (i.e.
thiobarbituric acid reactive substances, malondialdehyde, and
ethane) were observed in formula. After the addition of medic-
inal iron to either formula or human milk, further increases were
observed in free radical and lipid peroxidation products. When
iron-containing human milk fortifier was added to human milk,
free radicals also increased. In contrast, the addition of apo-
recombinant human lactoferrin to formula or human milk de-
creased the levels of oxidative products when medicinal iron or

human milk fortifier was present. We speculate that the presence
of greater concentration of iron and the absence of lactoferrin in
formula compared with human milk results in greaterin vitro
generation of free radicals and lipid peroxidation products.
Whether iron-containing formula with lactoferrin administered
enterally to preterm infants will result in less free radical gener-
ationin vivo has yet to be established.(Pediatr Res 52: 964–972,
2002)

Abbreviations
�-OHet·, �-hydroxyethyl free radical
apo-r-Hu-Lf, apo-recombinant human lactoferrin
Asc·�, ascorbate free radical
EPR, electron paramagnetic resonance
HMF, human milk fortifier
holo-r-Hu-Lf, holo-recombinant human lactoferrin
MDA, malondialdehyde
POBN, �-(4-pyridyl-1-oxide)-N-tert-butylnitrone
r-Hu-Lf, recombinant human lactoferrin
TBARS, thiobarbituric acid reactive substances
SOD, superoxide dismutase
Lf, lactoferrin

With increasing survival of very low birth weight premature
infants, the number of such infants at risk for developing
intraventricular hemorrhage, periventricular leukomalacia, ret-
inopathy of prematurity, bronchopulmonary dysplasia, and
necrotizing enterocolitis has increased. Although still specula-
tive, the pathogenesis of these conditions has been linked to
free radical injury (1). Iron added to infant formula or breast
milk has the potential of exacerbating free radical oxidation
through its role as a catalyst in oxidative reactions (2). Al-

though the use of iron-fortified infant formulas to prevent iron
deficiency anemia among term infants has been a major public
health success (3), the risks and benefits of this approach for
premature infants is uncertain. Premature infants are at high
risk for developing iron deficiency as storage iron becomes
depleted during the period of rapid postnatal growth (4, 5) and
also at risk of oxidant injury as a result of their lower levels of
endogenous antioxidant enzymes and their lower concentra-
tions of free-radical scavengers when compared with their
full-term counterparts (6–9).

It has been recommended that enteral iron supplementation
be started in very low birth weight infants by 8 wk of life (10,
11). Despite these recommendations and the paucity of the
necessary risk-benefit data, premature infants are commonly
introduced to iron-fortified formula in their first enteral feed-
ings. Strategies for reducing iron-mediated free radical gener-
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ation while at the same time providing sufficient iron for
normal growth and development are likely to benefit premature
infants. Lactoferrin, a member of the iron-binding transferrin
protein family, inhibits formation of reactive oxygen species
by binding iron and thus attenuating oxidation (12). Although
Lf is abundant in human milk (13), it is not yet included as an
additive in iron-fortified infant formulas. In the present in vitro
study, we hypothesize that dietary iron supplements given in
the form of iron-fortified infant formula, medicinal iron, or
HMF contribute to iron-mediated oxidation, which in turn can
be inhibited by the addition of r-Hu-Lf. In testing this hypoth-
esis, our objectives were 1) to determine whether iron present
in infant formula or that added to human milk or formula as
medicinal iron or as iron contained in HMF increases free
radicals and lipid peroxidation products after exposure to air;
and 2) to test whether r-Hu-Lf attenuates iron-mediated free
radical formation and lipid peroxidation when added to human
milk or infant formula.

METHODS

This study was approved by the University of Iowa Institu-
tional Review Board.

Basis for In Vitro Modeling in Premature Infants

A telephone survey of neonatal intensive care units in the
United States indicated that a majority administered medicinal
iron supplements to premature infants on once a day basis in
close proximity to a feeding. To mimic this practice in vitro,
we added iron to human milk or formula in an amount equiv-
alent to that which would provide a 1.5-kg preterm infant with
2 or 6 mg of elemental iron per kilogram per day. Because we
assumed that the infant’s daily enteral intake would be 130
mL/kg divided evenly in eight feedings, the volume of indi-
vidual feedings given at 3-h intervals would be 16.25 mL/kg.

Human Milk, Infant Formula, HMF, Medicinal Iron
Preparations, and Test Reagents

Before analysis, human milk samples were stored at �20°C
and experiments were performed within 24 to 48 h of collec-
tion. Enfamil HMF (Mead Johnson Nutritionals, Evansville,
IN, U.S.A.) designed to supplement human milk for rapidly
growing premature infants was also studied because it provides
a substantial additional source of iron, i.e. 14.4 mg of iron/L
when added to human milk as intended. Commercially avail-
able ready-to-feed liquid formulas used for term infants in-
cluded Enfamil With Iron (20, 22, 24 calories/ounce) and
Enfamil Low Iron (24 calories/ounce). The preterm formula
studied was Enfamil Premature With Iron (24 calories/ounce;
Mead Johnson Nutritionals). Experiments were conducted at
room temperature.

The medicinal iron preparations studied included 1) ferrous
sulfate (Major Pharmaceuticals, Livonia, MI, U.S.A.); 2) ferric
ammonium citrate (Feosol; SmithKline Beecham, Pittsburg,
PA, U.S.A.); 3) ferrous fumarate (Feostat; Forest Pharmaceu-
ticals, St. Louis, MO); 4) polysaccharide-iron complexes (Nu
Iron and May Vita; Merz Pharmaceuticals, Greensboro, NC,
U.S.A.; Ni-Fe-rex; Schwarz, Milwaukee, WI, U.S.A.); and 5)

ferric polymaltose (Maltofer; Vifor International AG, St.
Gallen, Switzerland). Solutions of apo- and holo-r-Hu-Lf
(Agennix, Houston, TX, U.S.A.) and desferrioxamine (Des-
feral, Sigma Chemical Co., St. Louis, MO, U.S.A.) were made
up in 0.9% NaCl. The concentrations used are reported as the
final concentration present in the human milk or infant formula
samples being tested.

Free Radical Markers of Oxidative Stress

EPR spectroscopy was used to measure free radical concen-
trations in milk and formula. Two different free radical prod-
ucts of oxidation, Asc·� and the carbon-centered �-hydroxy-
ethyl radical (CH3

·CHOH, abbreviated as �-OHet·) were
measured. Asc·� is a relatively long-lived (seconds to hours,
depending on the pH and Asc·� concentration) real-time indi-
cator of oxidative stress arising from ascorbate naturally
present in human milk or as an additive to formula (14, 15).
Because of the effect of pH on Asc·� concentration, the pH of
human milk or formula, with or without additives, was mea-
sured before each experiment using a pH meter (model 10501,
Broadley James Corp, Santa Ana, CA, U.S.A.).

In contrast to Asc·�, �-OHet· and many other radicals are
too short-lived to be detected directly by real-time EPR. In-
stead, these short-lived free radicals are detected by the use of
“spin traps,” i.e. exogenously administered chemical probes
that form stable nitroxide spin adducts. They have the advan-
tage of being less affected by pH than Asc·�. Ethanol readily
reacts with strong one-electron oxidants, such as hydroxyl
radical (HO·) or oxidants formed by ferrous iron and dioxygen
(O2) (2), to produce the transient �-hydroxyethyl free radical,
�-OHet·. When �-OHet· from ethanol (10 mM) is spin trapped
using �-(4-pyridyl-1-oxide)-N-tert-butylnitrone (POBN, 25
mM; Aldrich Chemical, Milwaukee, WI, U.S.A.), it produces
the long-lived spin adduct, POBN/�-OHet·, which is readily
detectable by EPR (16).

EPR spectra were recorded at room temperature using a
Bruker EMX spectrometer (Karlesruhe, Germany), equipped
with a TM110 cavity and 10-mm flat cell. EPR settings were
100 kHz modulation amplitude, 40 mW nominal microwave
power, 1 G modulation amplitude, 8 G/42 s (Asc·�) and 60
G/82 s (POBN/�-OHet·) sweep rate, and 655 ms (Asc·�) and
84 ms (POBN/�-OHet·) time constant. Asc·� and �- OHet·

concentrations were determined from the averaged signal
heights of 10 different spectra per sample. This was done by
using a known reference sample and peak height converted to
nanomolar concentrations. 3-Carboxy-proxyl (�234 � 2370
M�1 cm�1) (17) was used as the standard for both the Asc·�

and POBN experiments, taking into account saturation effects
(18). Because in the absence of oxygen there is no detectable
free radical production in the formula, in all experiments
formulas were exposed to air before EPR measurement (19).

Lipid Peroxidation Markers of Oxidative Stress

Although lipids abound in both human milk and formula, the
lipid composition of each differs markedly. To examine the
extent of lipid peroxidation, three different complementary
indicators were measured.
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Thiobarbituric acid reactive substances. The spectrophoto-
metric thiobarbituric acid assay used for the measurement of
aldehyde lipid peroxidation products was that described by
Wagner et al. (20). In this method, samples are incubated at
75°C for 30 min in 40% trichloroacetic acid and 1 N HCl.
Supernatant fractions of reaction products are read at 532 nm
using standards generated by the hydrolysis of
1,1,3,3-tetramethoxypropane.

Malondialdehyde. MDA was measured by modification of
the method of Londero and LoGreco (21). Briefly, reaction
mixtures for derivatization were prepared by adding 150 �L of
0.44 M phosphoric acid, 5 �L of 50 mM EDTA, 5 �L of 2%
butylated hydroxytoluene in ethanol, 10–25 �L of sample or
standard (1,1,3,3-tetraethoxypropane), and 40% ethanol to a
total volume of 185 �L. For experiments in which r-Hu-Lf,
desferrioxamine, and ferrous sulfate were added to formula or
human milk, samples were incubated for 1 h at room temper-
ature. Disodium EDTA and butylated hydroxytoluene were
added to reaction mixtures to prevent artifactual formation of
MDA during the derivatization procedure (22). After a 10-min
room temperature incubation, 50 �L of 0.6% thiobarbituric
acid was added to form the thiobarbituric acid-MDA analyte
(TBA2MDA). Reaction mixtures were subsequently heated to
95°C for 30 min, and cooled to 4°C before neutralization with
0.5 M KOH in 50% (vol/vol) methanol. Samples were centri-
fuged at 16,000 � g for 1–5 min, and 20 �L of supernatant
were injected onto a 4.6 � 150-mm (Beckman Ultrasphere
ODS, Fullerton, CA, U.S.A., 5 �m) analytical column with a
4.3 � 10-mm guard cartridge (Upchurch C-750, Oak Harbor,
Washington, U.S.A.). The analytes were eluted at ambient
temperature with 65% 50 mM potassium phosphate buffer, pH
7.0. The thiobarbituric acid-MDA complex in the eluate was
detected and quantified by fluorescence spectroscopy (�ex, 532
nm; �em, 553 nm).

Ethane gas chromatography headspace assay. Ethane, a
volatile, lipid peroxidation breakdown product of �-3 fatty
acids, was measured using the method of Wagner et al. (20).
Briefly, 5 mL of infant formula or human milk was placed in
a 20-mL syringe previously purged with compressed air. A
6-mL headspace of compressed air was placed over the sample
and sealed with a syringe plunger septum. The addition of the
medicinal iron preparations was achieved by injection through
the septum. Samples were mixed and incubated at 37°C for 2 h,
after which 1 mL of the sample was expressed through a

22-gauge needle to purge the needle’s void volume with the
remaining 5 mL of headspace gas being injected into a sam-
pling loop containing 60/80 mesh Alumina F-1 (Supelco,
Bellafonte, PA, U.S.A.). The trapped headspace gas in the
sampling loop was then diverted into the injection port of a
5710A Hewlett Packard gas chromatograph. Using nitrogen as
the carrier gas, chromatographic separations were run isother-
mally at 50°C at a flow rate of 20 mL/min through a one-eighth
inch � 5 m 80/100 mesh Poracil C (Supelco) column and
detected by flame ionization at 150°C. Ethane levels were
determined using a 14 ppm methane, 14 ppm propane, 14 ppm
butane, 14 ppm pentane gas as standard (Supelco).

Data Analysis

Statistical analyses were performed using commercial soft-
ware (StatView 5.0, Abacus Concepts, Inc., Berkeley, CA,
U.S.A.). Between-group comparisons were done using the
unpaired t test. For within- and between-group comparisons
over time, one-factor and two-factor ANOVA with and without
repeated measures procedures as appropriate were used. Only
two-tailed significance testing was applied. The � level � 0.05
was considered statistically significant. Comparisons with sig-
nificant ANOVA F values were subjected to post hoc testing
using Dunnett’s or Fisher’s least significant difference method.
Results are presented as the mean � SEM.

RESULTS

Oxidation Products in Infant Formulas and Human Milk

Asc·� free radical. Asc·� concentration was measured in
five cow’s milk–based formulas and in human milk before and
after the addition of the iron binding agents apo-r-Hu-Lf and
desferrioxamine (Table 1). Human milk had significantly lower
Asc·� concentrations (p � 0.05) than any of the infant formu-
las. Compared with the Asc·� concentration in human milk
before the addition of the iron binding agents Lf and desferri-
oxamine, mean Asc·� concentration for the combined group of
infant formulas was significantly higher: 23 � 2 nM, n � 18,
versus 39 � 2, n � 23, respectively, p � 0.0001. Enfamil Low
Iron had significantly lower Asc·� levels (p � 0.01) compared
with Enfamil 20, 22, or 24 but it did not differ significantly
when compared with Enfamil Premature With Iron (p � 0.13).

Table 1. Mean ascorbate radical concentration (�SEM) in formula and human milk before and after the addition of iron binding agents

Formula type
Iron content

(mg/L)

Ascorbate radical concentration (nM)

No
treatment � apo-r-Hu-Lf � desferrioxamine

Enfamil with iron (20 calories/ounce) 12 48 � 2 [3] 33 � 2 [3]* 23 � 1 [3]*
Enfamil with iron (22 calories/ounce) 13 44 � 1 [3] 35 � 1 [5]* 27 � 3 [3]*
Enfamil with iron (24 calories/ounce) 15 47 � 3 [5] 32 � 2 [5]* 24 � 1 [4]*
Enfamil low Fe (24 calories/ounce) 4.69 30 � 2 [6] 28 � 1 [5] 22 � 1 [3]*
Enfamil premature with iron (24 calories/ounce) 15 36 � 2 [6] 30 � 1 [3] 27 � 2 [3]*
Human milk (�20 calories/ounce) 0.3† 19 � 5 [4] 17 � 5 [4] 8 � 2 [4]

[ ] number of samples assayed.
* p � 0.05 compared with no treatment.
† Estimated.
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The level of Asc·� was higher in term formula (Enfamil 20)
compared with premature formula, although the latter con-
tained slightly more iron (15 versus 12 mg elemental iron/L).
This may be the result of premature formula being fortified
with higher concentrations of antioxidant vitamins E (50 versus
13 IU/L of the acetate form) and C (160 versus 80 mg/L) than
term formula.

POBN/�-OHet· free radical. Although all of the infant
formulas tested generated detectable levels of POBN/�-OHet·,
this radical was undetectable in human milk. POBN/�-OHet·

levels were measurable in iron-fortified term (standard iron-
fortified 20 cal/ounce) and premature formulas (iron-fortified
24 cal/ounce) but these levels were not different: 1.34 � 0.02
�M, n � 8, and 1.40 � 0.04 �M, n � 9, respectively, p �
0.13.

In contrast, both the term and premature iron-fortified for-
mulas had significantly higher POBN/�-OHet· concentrations
than low iron formula, 0.51 � 0.02 �M, n � 6, p � 0.0001.

Lipid peroxidation products. All three indicators of lipid
peroxidation demonstrated that premature infant formula was
associated with greater lipid peroxidation than human milk.
TBARS were below the limit of detection in human milk but
were easily detectable in premature formula, i.e., 3.75 � 0.28
nmol/mL, n � 3. Similarly, although MDA was detectable in
both human milk and premature formula, its concentration was
significantly less in human milk than in premature formula:
0.29 � 0.04 �M, n � 4, versus 3.38 � 0.47 �M, n � 8,
respectively, p � 0.0001. Ethane levels were below the limit of
detection in human milk, most likely because �-3 fatty acids
constitute �1% of the fatty acids in human milk of North
American women (23). With its 3.1% �-3 fatty acids, prema-
ture formula demonstrated measurable—but low—levels of
ethane, i.e. �20 pmol/mL. Thus, iron-fortified infant formulas
generate significantly higher concentrations of free radicals and
lipid peroxidation products than human milk.

Medicinal Iron Supplements Increase Oxidation Products
in Human Milk and Formula

Asc·� free radical. Because of the lowering effect of pH on
Asc·�, the pH was measured in medicinal iron preparations
before and after their addition to human milk and formula. At
pH � 6.5 (approximately), the Asc·� is increasingly more
difficult to detect because of its more rapid rate of dismutation
and slower rate of formation (15, 24). The pH of human milk
before the addition of medicinal iron ranged from 7.12 to 7.24
whereas that for infant formula ranged between 6.70 and 6.83.
The pH of the medicinal iron preparations before their addition
to premature formula or human milk were ferrous sulfate, 1.70;
ferric ammonium citrate, 4.50; ferrous fumarate, 4.75; ferric
polymaltose, 6.00; iron polysaccharide complex (Nu Iron,
polysaccharide “A” ), 6.30; iron polysaccharide complex (Ni-
Fe-rex, polysaccharide “B” ), 6.76; and iron polysaccharide
complex (May Vita, polysaccharide “C” ), 8.00.

The final pH of human milk or formula with ferrous sulfate,
ferric ammonium citrate, or ferrous fumarate ranged between
5.8 and 6.5 whereas that for the three iron polysaccharide
preparations ranged between 6.6 and 7.2. Because of pH

interference with Asc·� detection, data for the human milk and
formula samples containing added iron that decreased the pH
to �6.5 are not reported. In contrast, when the three polysac-
charide iron formulations were added to milk or formula that
allowed the maintenance of a near neutral pH, a clear dose-
dependent increase in Asc·� was observed (Fig. 1).

POBN/�-OHet· free radical. In human milk, POBN/�-
OHet· radical levels remained below the limit of detection after
adding either 2 or 6 mg/kg of iron polysaccharide complex
“C.” In contrast, significant increases in POBN/�-OHet· levels
were observed when iron polysaccharide complex “C” was
added to term infant formula (p � 0.0001; Fig. 2).

Lipid peroxidation products. After the addition of all seven
medicinal iron preparations, TBARS demonstrated significant
increases both in human milk and in premature infant formula
(Fig. 3). The increases in TBARS had a tendency to be dose
related—although the magnitude of the stepwise increase in
going from 2 to 6 mg iron/kg was not uniform for all iron
preparations tested. Like TBARS levels, MDA levels increased

Figure 1. Asc·� increased in human milk (A) and premature infant formula
(B) after the addition of 2 mg and 6 mg elemental iron per kilogram body
weight daily of a hypothetical 1.5-kg premature infant. Following the name of
the iron preparation are the final pH values in the sample after no treatment,
and after the addition of 2 mg and 6 mg/kg iron, respectively. Three paired
replicates were measured for each preparation. Values are expressed as mean
� SEM.
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in a stepwise manner in both human milk and premature infant
formula after the addition of ferrous sulfate at 2 and 6 mg/kg
estimated body weight (p � 0.001; Fig. 4). The absolute levels
of MDA were uniformly lower in human milk than for prema-
ture infant formula, with the magnitude of the percentage
increase from baseline in the MDA level being higher in
human milk than formula (p � 0.0001). Ethane concentrations
in human milk were below the limit of detection after adding
any of the seven medicinal iron preparations. In contrast, all
seven of the iron preparations increased ethane levels in for-
mula. Although mean ethane levels in premature formula were
significantly (p � 0.005) higher after adding either 2 or 6 mg
iron/kg, a dose-dependent increase was not observed (Fig. 5).
These data indicate that the addition of medicinal iron to
human milk or formula leads to a significant rise in iron-
induced free radical generation and lipid peroxidation
products.

HMF Containing Iron Increases Free Radicals
in Human Milk

Iron-containing HMF added to human milk resulted in sig-
nificantly higher Asc·� levels compared with human milk
alone, i.e. 54 � 3 versus 23 � 3 nM, n � 5, p � 0.002.
Although POBN/�-OHet· radical adducts were below the limit
of detection in human milk before the addition of HMF, n �
11, after its addition, �-OHet· radicals were easily measurable,
i.e. 2200 � 100 nM, n � 3. Lipid peroxidation products were
not measured in human milk samples after the addition of
HMF.

Apo-r-Hu-Lf Supplementation Attenuates Oxidation

Asc·� free radical. The addition of apo-r-Hu-Lf in a final
concentration of 87 �M significantly decreased (p � 0.05) the

level of Asc·� in infant formula in three of the five formulas
studied, but not in human milk (p � 0.78; Table 1). Similarly,
the addition of the cationic chelator, desferrioxamine, to either
formula or human milk in a final concentration of 28 mM also
resulted in a decrease in Asc·� levels in formula (p � 0.05), but
not for human milk (p � 0.10).

POBN/�-OHet· free radical. Because POBN/�-OHet· radi-
cals were below the limit of detection in untreated human milk,
r-Hu-Lf experiments were not performed. However, when
iron-containing HMF was added to human milk, r-Hu-Lf
blunted the increase in POBN levels from 2200 � 100 nM, n
� 3, to 1250 � 80 nM, n � 3, p � 0.0023. The addition of
r-Hu-Lf to term formula in a final concentration of 166 �M
resulted in significantly decreased levels of POBN/�-OHet· (p
� 0.0001; Fig. 6). r-Hu-Lf was also added to term infant
formula in a final concentration of 150 �M followed by the
addition of 2 and 6 mg/kg of medicinal iron. POBN/�-OHet·

levels were significantly decreased at both iron concentrations
(p � 0.0001; Fig. 2).

Lipid peroxidation products. The addition of apo-r-Hu-Lf in
a final concentration of 87 �M to premature formula did not

Figure 2. POBN/�-OHet· levels were measured in term infant formula before
treatment (n � 4) and after the addition of 2 (n � 4) or 6 mg (n � 3) elemental
iron per kilogram body weight daily of a hypothetical 1.5-kg premature infant.
The POBN/�-OHet· levels were also measured after the addition of apo-r-
Hu-Lf (final concentration 150 �M) to the samples containing iron-fortified
term formula and medicinal iron at 2 (n � 4) or 6 mg (n � 3). The iron
concentrations in the samples were as follows: infant formula, 109 �M; infant
formula with 2 mg/kg/d, 1.45 mM; and infant formula with 6 mg/kg/d, 4.13
mM.

Figure 3. TBARS increased in human milk (A) and premature infant formula
(B) after the addition of all medicinal iron preparations at both 2 mg and 6 mg
elemental iron per kilogram body weight daily of a hypothetical 1.5-kg
premature infant. Three paired replicates were measured for each iron prepa-
ration. Values are expressed as mean � SEM.
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decrease the basal level of MDA, i.e. 3.14 � 0.12, n � 3,
versus 3.32 � 0.17 �M, n � 9. However, the addition of
apo-r-Hu-Lf did prevent the increase of MDA measured in
premature formula after the addition of ferrous sulfate. Initial
MDA levels in premature formula after adding 2 or 6 mg/kg
estimated body weight of ferrous sulfate were 6.88 � 0.42, n
� 9, and 10.13 � 0.35, n � 9, respectively. MDA levels in
these formula with the concurrent addition of r-Hu-Lf (87�M)
and 2 or 6 mg/kg of iron were significantly lower, i.e. 5.16 �
0.03 �M, n � 3, p � 0.04, and 7.95 � 0.04 �M, n � 3, p �
0.006, respectively.

Apo-r-Hu-Lf Attenuates Free Radical Production When
Added to Term Formula Significantly More Than

Holo-r-Hu-Lf

Although both iron-unsaturated apo-r-Hu-Lf and the iron-
saturated holo-r-Hu-Lf, significantly (p � 0.0001) decreased
the concentration of POBN/�-OHet· radicals in term formula,
there was a significantly (p � 0.0001) greater decrease when
apo-r-Hu-Lf (166 �M) was added compared with holo-r-Hu-Lf
(166 �M; Fig. 6). Desferrioxamine (174 �M) decreased the

level of POBN/�-OHet· to the same degree as apo-r-Hu-Lf did.
Thus, the reduction of iron-mediated oxidation products is
likely a result of the binding of iron by apo-r-Hu-Lf, thereby
preventing iron from chemically reacting with oxygen and
lipids.

DISCUSSION

The principal finding of our study is that iron-induced
oxidation products abound in iron-fortified formulas and in-
crease further after the addition of medicinal iron supplements.
Although human milk showed less of iron-induced oxidation

Figure 4. MDA levels increased in human milk (A, n � 3) and premature
infant formula (B, n � 7) after the addition of ferrous sulfate at both 2 mg and
6 mg elemental iron per kilogram body weight daily of a hypothetical 1.5-kg
premature infant. Values are expressed as mean � SEM.

Figure 5. Ethane in premature infant formula significantly (p � 0.005)
increased after the addition of all seven medicinal iron preparations at both 2
mg and 6 mg elemental iron per kilogram body weight daily of a hypothetical
1.5-kg premature infant. Human milk has very low levels of �-3 fatty acids,
and ethane levels were undetectable before and after the addition of medicinal
iron. Three paired replicates were measured for each iron preparation. Values
are expressed as mean � SEM.

Figure 6. POBN/�-OHet· levels in term infant formula were measured before
treatment (n � 8), and after the addition of iron-unsaturated apo-r-Hu-Lf (158
�M; n � 7), iron-saturated holo-r-Hu-Lf (158 �M; n � 7), or desferrioxamine
(174 �M; n � 3). The iron concentration in the samples was 146 �M. Values
are expressed as mean � SEM.
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products compared with infant formula, oxidation products in
human milk increased significantly after the addition of me-
dicinal iron or iron-containing HMF. From the decrease in free
radical production observed after the addition of the iron-
binding protein Lf, we speculate that these oxidation products
are primarily generated by iron catalysis.

Although it is recommended that premature infants receive
at least 2–4 mg/kg/d of iron to prevent iron deficiency anemia
(25), high amounts of iron added to the diet have been shown
to decrease serum ceruloplasmin (26) and copper-zinc SOD
levels in erythrocytes (27). These effects may be the result of
adverse effects on copper metabolism from excess iron. Iron
supplements have been shown to generate oxidation products
via iron-oxygen chemistry (2), but may also decrease the levels
of the antioxidants ceruloplasmin and SOD. Low ceruloplas-
min and SOD levels could predispose the premature infant to
significant oxidative stress. These potential untoward effects of
higher dose iron supplementation might be reduced by the
inclusion of Lf in infant formula.

Absorption of enteral iron requires the oxidation of iron
from the ferrous to the ferric state by intestinal xanthine
oxidase (28). Reactions catalyzed by xanthine oxidase result in
the generation of superoxide and hydroxyl radical that in turn
contribute to the pool of oxidant products to which the gut is
exposed. Glutathione-dependent mechanisms may have a pro-
tective role in the metabolism of luminal hydroperoxides (29).
However, the role of glutathione-dependent mechanisms in the
gut of the preterm infant is uncertain as this has not been
studied in preterm infants receiving high-dose iron
supplementation.

Infants weighing less than 1500 g at birth are at risk for iron
deficiency because their adequate stores of iron at birth are
rapidly depleted by their subsequent rapid weight gain in
association with a concomitant increase in their erythrocyte
mass (5). Data from Hall et al. (30) demonstrated that infants
weighing less than 1800 g at birth and receiving a low-iron
content premature formula demonstrated evidence of iron de-
ficiency at the time of hospital discharge compared with infants
receiving high-iron content premature formula. Although iron
deficiency affects a wide spectrum of biochemical and hema-
tologic functions, of most concern is its association with
adverse behavioral and developmental outcomes (31). Al-
though these data suggest an important role of iron supple-
ments in low birth weight infants approaching discharge home,
the timing of when after birth iron supplementation should be
started is likely a more important question than whether it
should be started. Although there is agreement that enteral iron
supplementation should be provided, the present data suggest
that the timing of this be put off until the infant is at lower risk
for sustaining the complications that have been suggested as
being associated with oxidation processes that iron is capable
of exacerbating, e.g. intraventricular hemorrhage, periventricu-
lar leukomalacia, retinopathy of prematurity, bronchopulmo-
nary dysplasia, and necrotizing enterocolitis. This may be
especially important because iron released from Hb in packed
red blood cell transfusions is a major source of iron in the
initial 6–8 wk of life (32) for very low birth weight premature
infants. Consequently, in the early weeks of life, premature

infants may encounter excess iron more often than a deficiency
(33).

The increased level of iron-induced oxidation products we
observed in human milk and infant formulas substantiates
previous findings in primates of potential harm from formulas
containing 12 mg iron/L (26). In our study, oxidation products
were measured in infant formulas containing 4.7, 12, 13, and
15 mg iron/L, with the results showing a trend toward an
increase in oxidation products with increasing iron concentra-
tions in the formulas studied.

Furthermore, on the basis of the results of clinical studies
showing no demonstrable benefit of improved iron status,
Fomon et al. (34) and Hertrampf et al. (35) both recommended
decreasing the iron content in iron-fortified infant formulas
from 12 to 8 mg iron/L. Similarly, the American Academy of
Pediatrics has stated that iron supplementation has no demon-
strable impact on anemia of prematurity occurring in the first
months of life (3). Hence, although there is higher absolute
amount of iron absorbed with the high iron formulas, there is
a greater potential for iron-induced oxidation damage. Among
preterm infants whose antioxidant systems may be less effec-
tive than those of their term counterparts, these circumstances
could contribute to an increased propensity for oxidative
damage.

Although the bacteriostatic (36), bactericidal (37, 38), and
fungistatic (39) properties of Lf have been well established,
free radical production has not, to our knowledge, been previ-
ously studied in human milk or formula after the addition of Lf.
In the current study, the addition of medicinal iron and iron-
containing HMF to human milk resulted in a significant in-
crease in Asc·� and the appearance of POBN/�-OHet·, which
had not been previously detected. The 2-mg iron/kg body
weight added to human milk or formula in the present exper-
iments reflects the lower end of the dose currently recom-
mended by the American Academy of Pediatrics (10). The
6-mg/kg dose was chosen to simulate the dose of iron supple-
ments used in clinical trials in conjunction with recombinant
human erythropoietin (40) and is similar to the dose adminis-
tered to preterm infants in some centers (41).

Previous studies have demonstrated the presence of lipid
peroxidation products in infant formulas and human milk
(42–44). In the present study, we have confirmed that the lipid
peroxidation products, MDA, TBARS, and ethane, are present
in greater quantities in infant formula relative to human milk
after exposure to ambient oxygen. After the addition of me-
dicinal iron or iron-containing HMF to both human milk and
infant formula, we observed that free radical lipid peroxidation
products—most likely the result of free radical–mediated in-
jury—had increased significantly.

Findings of the present study are consistent with the speculation
that the observed increases in free radical production and in fatty
acid peroxidation are the result of the pro-oxidant properties of
unbound iron. The rationale for this is that free iron is bound by
the two high-affinity iron-binding sites on Lf, an endogenously
produced protein found in high concentrations in breast milk and
other body fluids. Several observations in the present study sup-
port this speculation. First, in addition to the low concentration of
iron normally present in human milk, the presence of endogenous
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Lf may have been a contributor to the lower free radical concen-
trations observed in human milk relative to formula. Second, the
observation that the addition of apo-r-Hu-Lf to human milk with
added iron-containing HMF blunted the increase of POBN/�-
OHet· of HMF alone adds further support of this speculation. The
third piece of supporting data comes from the observation that
after the addition of medicinal iron with resultant pHs �6.5
(approximately), dose-dependent elevations of iron-induced free
radicals and oxidation products were observed. Fourth, when
apo-r-Hu-Lf was added to human milk with HMF or formula with
medicinal iron added, both showed a significant reduction in free
radical production. Although we observed a significant attenua-
tion of free radical formation with the addition of apo-r-Hu-Lf at
iron:Lf molar ratios �2, an attenuation of lipid peroxidation
products present in infant formula has been previously reported by
Satué-Gracia et al. (44). These authors fortified infant formula
with bovine Lf and observed attenuated lipid peroxidation at all
molar ratios studied, i.e. up to 18. These authors demonstrated that
this peroxidation effect was an Lf-specific effect and postulated
that it was caused by the binding of iron to Lf at sites other than
the two high-affinity iron binding receptors of Lf as previously
shown by Nagasako et al. (45). As such, binding of iron to sites
other than the two high-affinity iron binding sites of Lf may have
been responsible for the decrease we observed in POBN/�-OHet·

adducts after the addition of iron-saturated holo-r-Hu-Lf.
Bovine Lf-fortified infant formulas used in previous clinical

trials were well tolerated (46, 47). Dietary Lf is minimally
hydrolyzed in the preterm infant’s stomach (48), with some Lf
persisting during transit through the bowel (49). The presence
of Lf-specific receptors in the human intestine (50) suggests a
physiologic role for Lf and makes it likely that Lf supplemen-
tation of formula would be tolerated. An in vivo study in rats by
Nimmagudda et al. (51) showed that Lf provides cytoprotec-
tion in limiting mediated free radical injury of the gastrointes-
tinal tract. In another study, iron supplementation has been
shown to generate hydroxyl radicals in vivo in rats (52). What
remains to be shown is whether human Lf added to formula
protects the intestinal mucosa of preterm infants from iron-
induced oxidation products in vivo.

CONCLUSIONS

In summary, medicinal iron supplements added to formula
and HMF containing iron added to human milk increased free
radical generation and lipid peroxidation. These effects were
diminished with the addition of r-Hu-Lf. Because ours was an
in vitro study, there are limitations in extrapolating the present
findings to very premature infants. Nonetheless, our in vitro
findings raise questions regarding the potential for iron sup-
plementation to have significant oxidant effects. Our findings
also suggest a therapeutic role for Lf in attenuating oxidant
effects of iron supplementation. Future in vivo studies defining
the role of enteral iron in oxidant injury in preterm and term
infants are needed before the potential benefits of human Lf in
decreasing iron-induced oxidative injury are explored.
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