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ABSTRACT

We hypothesized that premature (PT) infants’ mother’'s milkuperoxide dismutase, and glutathione peroxidase to fornmukas (
may provide antioxidant advantages compared with milk from) increased resistance to oxidative stress. Denaturing endogenous
mothers of full-term (FT) infants, and human milk may provideenzymes did not decrease the ability of human milk to resist
antioxidant properties not seen in infant formulas. We designedidative stress. Ferrous sulfate plus vitamin C added to human milk
three experiments to test these hypotheses. Experiment 1 asd formulas fortified with iron increased oxidative stress. Addition
sessed resistance to oxidative stress of human milk and formuddisgron chelators to formula reduced oxidative stress. In conclusion,
designed for FT and PT infants. Experiment 2 determined diftuman milk has better antioxidant protection than do formulas,
ferences in resistance to oxidative stress between milk froperhaps because of the higher iron content of formulas. Milk from
mothers of FT and PT infants, including analysis of catalaseothers of PT and FT infants has equal resistance to oxidative
activity. Experiment 3 examined factors in-human milk that magtress(Pediatr Res 51: 612-618, 2002)
account for increased resistancerto oxidative stress. In experi-
ment 1, we induced physiologic oxidative stress in human milk Abbreviations
(n = 5) and formula § = 2) ‘and measured ascorbate radicaCAT, catalase
using electron paramagnetic resonance. Results indicated B¥ETAPAC, diethylenetriaminepentaacetic acid
following: 1) during oxidative stress, ascorbate may be sparedBPR, electron paramagnetic resonance, alias ESR
human milk compared with formula; 2) ascorbate radical prd=SR, electron spin resonance, alias EPR
duction is more intense in formula compared with human mill§T, full-term
with or without oxidative stress; and 3).oxygen consumption-i@Px, glutathione peroxidase
human milk is less than that in formula, with or without oxidativeHM, human milk
stress. In experiment 2, milk samples were collected from mothkX, hypoxanthine
ers of PT i = 28) and FT ( = 17) infants at wk 1, 2, and 12 MDA, malondialdehyde
of lactation. No differences in oxygen consumption after oxidativeT, premature
stress appeared between PT and FT milk. Catalase levels in hurB&D, superoxide dismutase
milk increased with time. In experiment 3, addition of catalas&O, xanthine oxidase

HM is the ideal food during infancy (1). In addition to beingMcllherhan (4) reported that human colostrum manifests anti-
the best source of nutrients, it also supplies a number @fidant properties, being capable of spontaneous reduction of
defense factors for the growing infant (2). Protection by HMytochromec, depletion of polymorphonuclear leukocyte—
resides in a complex system of host defense factors that preduced HO,, and protection of epithelial cells from pely
distinct from other mammalian milks (3). Buescher anthorphonuclear leukocyte—mediated detachment. We do not

know the complete list of active antioxidant components in
HM. It is known, however, that scavengers of free radicals,
_ , which includea-tocopherol, cysteine, and ascorbate, are con-
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Cow’s milk is not routinely fed to human infants, but is
modified into formulas that are more comparable to HM ().
These formulas have excess chain-breaking antioxidants com-
pared with HM (1). Goldman et al. (6) state that many factors,
including antioxidants, are either absent or poorly represented
in cow’s milk or other artificial feedings, and that the attain-
ment of appropriate plasma levels of some antioxidantsin early
infancy is dependent upon the feeding of HM. Van Zoeren-
Grobben et al. (7) reported that premature infants who were fed
HM had higher plasma peroxyl radical trapping ability in vitro
than did control infants who were formula fed. Milk from
mothers of PT infants is also known to vary in composition
from milk from mothers of FT infants (8).

We hypothesized that milk from mothers of PT infants
would have better overall antioxidant protection than milk
from mothers of FT infants, and that HM has inherent antiox-
idant properties that infant formulas do not provide. We de-
signed three experiments to test these hypotheses. Experiment
1 assessed resistance to oxidative stress of HM and artificia
formulas designed for both FT and PT infants. Experiment 2
determined differencesin resistance to oxidative stress between
milk collected from mothers of both FT and PT infants,
including a longitudinal analysis of CAT activity,.one of the
primary antioxidant enzymes not yet analyzed in HM. Exper-
iment 3 examined factors in HM that may account for in-
creased resistance to oxidative stress.

MATERIALS AND METHODS
Protocol

This study was approved by the Memoria. University -of
Newfoundland and Health Care Corporation Ethics Commit-
tees. Informed consent was obtained from each mother.

Milk Collection

For experiment 1, samples of HM were collected from the
mothers of four PT infants of varying gestational' ages (25-37
wk) and one FT infant at the neonatal intensive care unit at the
University of lowa Hospital. Commercial formulas for PT
infants (NeoSure, Ross Products Division, Columbus, OH,
U.S.A.; Enfamil Premature Formula, Mead Johnson Nutrition-
als, Evansville, IN, U.SAA.) were also used. NeoSure is a
speciaized premature formula for infants, with 13.4 mg/L iron
content, and has elevated nutrients compared with standard
term formulas. Enfamil Premature Formulaisaspecial formula
for PT infants (13.5 mg/L iron) and is for in-hospital use only
(9).

For experiment 2, between milks of FT and PT infants,
samples were collected from 17 mothers of FT infants and 28
mothers of PT infants at wk 1, 2, and 12 of lactation, at the
Janeway Child Health Center, St. John's, NF, Canada. Wk 1
samples were collected as soon as possible after birth, between
d 0 and 4; wk 2 samples were collected between d 6 and 8; and
wk 12 samples between d 70 and 74. Each sample was
collected by manual pump (Hollister, Libertyville, IL, U.S.A.)
or by hand expression and immediately frozen at —70°C until
analysis. The volume of milk from mothers differed for each
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collection, and on occasion there was not enough milk avail-
able for al analyses.

For experiment 3, HM samples collected as above as well as
avariety of premature formulas (from Ross Products Division
and Mead Johnson Nutritionals) were evaluated to test for the
contribution of known antioxidants to the ability to reveal
oxidative stress.

Assessing Oxidative Stress

For both ESR studies (experiment 1) and oxygen consump-
tion/depletion studies (experiments 1-3), HX/XO was used as
abiochemical source of oxy-radicals. XO in 50 mM phosphate
buffer (pH 7.4) with HX was added directly to milk for afinal
activity of 25 mU/mL XO and 500 uM HX. Buettner and
Jurkiewicz (10) have shown that ascorbate free radical ESR
signal intensity can serve as amarker for the degree of ongoing
freeradical oxidative stress. Therefore, for valid ESR analyses
of ascorbate radical (10), vitamin C levelsin the milk samples
were made equal by adding vitamin C to HM samples in
experiment 1, which always contained less vitamin C than did
formula samples (9). For oxygen consumption/depletion stud-
ies, vitamin C was only added to samples of HM when testing
the effects of additional iron. Vitamin C was analyzed using the
colorimetric method (hydrazine) of Omaye et al. (11).

ESR analyses were run with and without oxidative stress and
until cessation of the ascorbate radical signal. Consecutive
ESR spectra were taken at 48-s intervals with an ESP 300
spectrometer. (Bruker [Instruments, Billerica, MA, U.SA.) at
room temperature. EPR settings were 40 mW nomina micro-
wave power, 0.71 G modulation amplitude, 328 ms time
constant, and receiver gain 5 X 10°. Spectra were collected
using a Bruker TM,, cavity and agueous flat cell (Wilmad
Glass, Buena, NJ) into which 450 pL of milk sample and 50
pl-of-HX/XQ in buffer.was added. Signal height was recorded
in arbitrary units.

Oxygen_consumption/depletion was monitored with a Y S|
model 53 biologic oxygen monitor (YSI Inc., Yellow Springs,
OH, U.S.A.). During oxygen depletion analysis, milk samples
were measured with and without oxidative stress. Oxygen
consumption/depletion was measured in three different ways:
as percentage depletion from baseline, set at 100%; as nmoles/
mL/min; or as total nmoles oxygen consumed over a 10-min
analysis after calibrating the instrument to read 100% con-
sumption as 226 nmoles oxygen/mL (12). A volume of 1350
uL of HM or formula was added to the chamber with 300 mL
of HX/XO solution and 1350 uL of phosphate buffer. For
experiment 2, MDA analysis was done as a measure of lipid
damage on stressed milk samples (volume = 390 uL), when
available, using HPLC (13) after chloroform extraction. CAT
analysis (volume 30 uL) was performed using a polarographic
method (14). Not enough milk was available from mothers to
complete al CAT analyses. Milk protein determination was
performed using the Lowry assay and the Folin-Ciocalteu
reagent with BSA (1 mg/mL) as standard.
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Experiment 3: Antioxidants and Oxidants in Milks

HM. HM, collected in bulk from a mother of a full-term
infant aged 1 mo, was used for these procedures. HM was
pasteurized in a hot water bath for 5 min at 85°C to denature
SOD, GPx, and CAT (data not shown) and determine their
contribution to antioxidant protection. HM samples were frac-
tionated using the sucrose gradient technique (wt/vol, 10—40%
sucrose). Fractions were isolated and dialyzed using Spectra/
Por membranes (Spectrum Laboratories, Rancho Dominguez,
CA, U.SA)) and individual fractions were tested for oxygen
stress. HM samples were also centrifuged at 35,000 RPM for
40-45 min to separate casein and fat. The supernatant was put
through a 30-K Amicon filter (Millipore Corporation, Bedford,
MA, U.SA.) at 6°C using ultracentrifugation. Nutrient Forti-
fier (Mead Johnson Nutritionals) was added to HM samples to
test the effect on oxidative resistance. Iron (12 mg/L) and
vitamin C (80 mg/L) were added to samples of HM to deter-
mine their effect on enhancing oxidative stress.

Formulas. Iron formulas (Similac Special Care and Similac
Advance, Ross Products Division) fortified at two levels(3 and
12 mg/L) were examined for their ability to resist-oxidative
stress. DETAPAC was added to iron-containingformulas.to
determine the effect of iron chelation on oxidative stress. CAT,
GPx, and SOD at levels found in HM (15 U/mL, 0.1U/mL; 35
U/mL, respectively) (5) were added to avariety of formulas for
PT infants (from Ross Products Division and Mead Johnson
Nutritionals) to test their ability to enhance oxidative stress.

Statistical Analysis

For experiment 1, each formula'was run once, and the PT
HM sample was run twice. For experiments 2 and-3, each milk
sample was analyzed six times and the mean was then calcu-
lated. MDA and CAT analyses were done in triplicate. Two-
tailed independent sample t tests, using Levene's test for
equality of variances, and repeated-measures ANOVA were
performed to determine differences between PT and FT groups,
with the support of the Mann-Whitney- U test. Between sam-
pling times within each group, dependent sample.t tests were
used. Group descriptives are expressed as mean (= SEM.
Pearson correlations were used to express rel ationship between
variables. All analyses were performed with p < 0.05 chosen
as significant using SPSS (version 9.0; SPSS Inc., Chicago, IL,
U.SA)).

RESULTS

Human milk versus formula. In experiment 1, data from
ESR analysesindicated that, at all times, theinitial background
free radical production was higher in formula than was the
signal in HM samples (four FT, one PT). Once the milk
samples were stressed, the rate of ascorbate radical depletion
did not appear to differ from that of the formula (for four of the
five HM samples). However, for one PT infant, who was the
only infant to have a collection in the first week of life, there
was a distinct difference in both background and dope to
perdition of the ascorbate radical signal (Fig. 1). Oxygen
consumption/depletion always occurred at a faster rate in
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Figure 1. ESR analysis measuring ascorbate radical levels after stressing
(HX/XO) two formulas for PT infants (NeoSure and Enfamil) and premature
HM_ sample (in duplicate).
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Figure 2. Average oxygen consumption/depletion for two formulas for PT
infants (NeoSure and Enfamil) and HM sample with and without oxy-radicals
(n = 6). Arrows indicate initiation of HX/XO.

formula compared with samples of HM (Fig. 2). Once oxy-
radicals were introduced, the rate of oxygen consumption/
depletion increased in formula at a faster rate than in HM
collected at any stage of lactation.

Experiment 2: Comparison of milk from mothers of PT
and FT infants. Milk samples from mothers of PT and FT
infants demonstrated no significant difference between groups
in oxygen consumption at any stage of lactation. There was a
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decrease in the rate of stress-induced oxygen consumption
nmoles/mL/min after wk 1 of lactation as compared with wk 2
(7.46 = 0.49, n = 36; 4.90 = 0.27, n = 26) and with wk 12
(4.40 = 0.30, n = 29) when the values for both groups are
combined (Fig. 3), but no significant change between wk 2 and
12.

MDA (umol/L) results for the PT and FT groups, respec-
tively, after addition of HX/XO were 0.58 = 0.08, n = 14, and
072+ 011,n=8,awk 1; 0.64 = 0.07,n = 12, and 0.58 =
0.08, n = 14, at wk 2; and 0.42 = 0.09, n = 11, and 0.27 =
0.06, n = 16, at wk 12. There was no significant difference
observed between the groups with respect to MDA produced at
either wk 1, 2, or 12 of lactation. There was no initial decrease
in MDA levelsfrom wk 1 to wk 2 when values were combined,
but a significant decrease was observed from wk 1 (0.60 =
0.31, n = 22) and wk 2 (0.60 = 0.28, n = 26) to wk 12 of
lactation (0.32 = 0.26, n = 27).

CAT values for the specific activity (in U/mg protein: 0.50
+ 0.08,n = 12, and 0.43 = 0.05, n = 8, for wk 1; 0.72 = 0.10,
n= 11, and 0.82 = 0.13, n = 14, for wk 2; and 0.97 = 0.21,
n = 13, and 0.84 = 0.12, n = 16, for wk 12 of lactation for PT
and FT milk samples, respectively) did not differ. WWhen values
were combined, there was an increase in specific_activity
(U/mg protein) over time from wk 1 to wk 2 (0.47 = 0.05, n
= 20; 0.78 = 0.08, n = 25) but no change between wk2 and
12 (0.90 = 0.61, n = 29). Protein content of milk samples was
24.2 = 9.5mg/mL (n = 20) at wk 1, 19.7 = 3mg/mL (n = 25)
a wk 2, and 16.2 = 5 mg/mL (n = 29) a wk 12. Protein
content differed between PT (18 = 6 mg/mL) and FT (14.2 =
2.1 mg/mL) at wk 12. Protein content dropped-significantly ‘at
each sampling time. No difference between groups was ob-
served when data were expressed as units per milliliter. of milk
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Figure 4. Comparison of oxygen consumption (total nmoles/mL/10 min) in
HM and infant formulas after oxidative stress (HX/XO) (mean = SEM; p <
0.05), including Similac Special Care with (SmSpFe) and without (SpCare)
iron and Similac Advance with (SmAdFe) and without (SmAd) iron.

at any sampling time. When values for CAT were combined,
there.was an increase in activity over time fromwk 1 (10.1 =
6, n = 36) towk 2 (14.4 = 8.4, n = 28) but not to wk 12 (14.4
.10, n = 31). We found no-difference in CAT activity after
freezing, storage, or ‘thawing before analysis. Commercial
formula had no CAT activity.

A significant (r? = 0.443) positive correlation existed be-
tween the level of MDA observed in both groups combined at
wk 2 of lactation and the level of oxygen consumption ob-
served during wk 1. A-negative correlation (r> = —0.30) aso
existed between the overall level of oxygen consumption ob-
served and the specific activity of CAT for values of wk 1, 2,
and 12 combined. No correlation was found between the level
of MDA and specific activity of CAT at any stage of lactation
or with all weeks combined.

Experiment 3: Factors in HM that may account for in-
creased resistance to oxidative stress. A difference was found
in total oxygen consumption (nmoles) between the HM [44.8
+ 1.7 (mean = SEM)] and both the low-iron (1.5-3 mg/L iron:
99 + 3.1) and standard-iron (12-14 mg/L; 169 = 9.5) formulas
after the addition of the free radical generator (Fig. 4). These
results were consistent for al samples of HM examined at any
stage of lactation. Formulas with standard levels of iron ex-
hibited nearly a 2-fold increase in oxygen consumption com-
pared with the same formula with low iron levels. Addition of
DETAPAC significantly reduced the oxidative stress seen in
iron-fortified formulas (data not shown).

Both low- and standard iron formulas were tested for their
ability to resist oxidative damage with and without the addition
of CAT, SOD, and GPx. Addition of these enzymes signifi-
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Figure 5. Oxygen consumption (total nmoles/mL/10 min) after stress (HX/
XO) in low (3 mg/L) and normal (12 mg/L) iron-fortified formulas. after
addition of the enzymes CAT, SOD, and GPx (mean = SEM, p < 0.05).
SmAd, Similac Advance; SmAd+Enz, Similac Advance plus enzymes;
SmAdFe, Similac Advance with iron; SmAdFe+Enz, Similac Advance with
iron plus enzymes.

cantly increased antioxidant capacity by decreasing the total
oxygen consumption (nmoles) ‘of the low-rand standard-iron
formulas to 66 + 6.5 and 105 */8.7, respectively (Fig: 5).

Addition of iron and vitamin C to HM resulted in a 2-fold
increase in oxygen consumption (81.5 nmoles) upon addition
of HX/XO in the samples containing iron compared with HM
controls. Samples with only vitamin C added to HM were not
different from controls (49.3 nmoles) (Fig. -6).-Neither. the
addition of HM fortifier nor different fractions by density or
molecular weight affected the antioxidant properties. of HM
samples. There was no difference between HM 'milk samples
before and after heat treatment with respect to oxygen con-
sumption during oxidative stress (data not shown).

DISCUSSION

Oxidation of human milk and premature formula using
ESR analysis (experiment 1). Of the five HM samples exam-
ined in experiment 1, in comparison with speciaized formulas
for PT infants, not all HM samples were able to maintain better
protection against oxy-radical attack when measured to perdi-
tion of the ascorbate radical by ESR. However, all HM samples
displayed alower initial risein the ascorbate signal, suggesting
a buffering effect at the commencement of free radical attack.
Further, one particular sample (Fig. 1) showed both a slower
initial response and longer duration than did the artificial
formulas. Why this particular sample of milk from a mother of
a premature infant had better antioxidant properties was un-
certain. Although we were unable to determine the exact time

HM Control HM+Fe+Vit C HM+Vit C

Test Group

Figure 6. Effect of addition of formula-equivaent levels of iron (Fe) and
vitamin C (Vit C) on oxygen consumption (total nmoles/mL/10 min) after
oxidative stress (HX/X0O). FT HM collected at 1 mo of age (mean = SEM, p
< 0.05).

of the sample collection, nurses' notes indicated that the sam-
plewascollected in the first week after birth. The results of this
particular-sample lead us to hypothesize that PT HM would
have more resistance than FT.HM to oxidative attack, partic-
ularly during wk ‘1. Therefore; we initiated collection of sam-
ples over 12 wk from a total of 45 mothers. (17 FT, 28 PT.)
Comparison of milk from mothers of FT and PT infants.
Buescher and Mcllherhan (4) suggested that colostrum has
heterogeneous antioxidant capability that may aid the imma-
ture ‘antioxidant defense system of the premature infant (15).
Saugstad (16) and Sullivan (17) have suggested that the critical
diseases of prematurity are due to an imbalance of antioxidant
defense and exposure to free radicals brought about by hyp-
oxialreperfusion injury. This attack occurs shortly after birth,
and the exposure of PT infants to excess free radicals places
them at risk for intraventricular hemorrhage, bronchopulmo-
nary dysplasia, retinopathy of prematurity, and necrotizing
enterocolitis. Because of our initial experiments and because
PT infants seem to have underdevel oped antioxidant protection
(15), we hypothesized that HM of the PT infant would com-
pensate for this underdevelopment, as it does for the compen-
sation of essential nutrients (8). Therefore, HM samples from
wk 1, 2, and 12 of lactation were collected from mothers of PT
and FT infants for analysis. The first 2 wk of lactation were
chosen because it is during this time that oxidative damage is
most severe, and any antioxidant protection that can be pro-
vided would be most beneficial. Week 12 was chosen to
examine how HM antioxidant properties vary throughout the
duration of lactation and to represent “mature milk.” From our
results, preterm HM samples demonstrated the same antioxi-
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dant characteristics as did samples from the FT group. There
was the same amount of lipid damage and CAT-specific ac-
tivity at all stages of lactation, clearly illustrating that the PT
milk samples do not exhibit enhanced antioxidant properties
over and above those seen in FT milk samples. However,
although the PT samples did not contain more antioxidant
capacity, they were as effective in resisting oxidative stress and
preventing the formation of MDA as were those in the FT
group compared with formulas. To our knowledge, there are no
other studies comparing the antioxidant capacity of milk from
mothers of FT and PT infants, even though they are known to
differ in nutrient composition (8, 18). Coping with excess
oxygen exposure in PT infantsis arelatively recent concern, as
most PT infants did not survive 40 years ago. Technology has
advanced more quickly than the biologic ateration of HM in
adapting to early birth.

Heyndrickx (19) was the first to report an approximation of
CAT activity in HM to be about 10 times greater than the level
determined in cow’s milk. We report here longitudinal values
for the specific activity of CAT in milk from mothers of both
PT and FT infants. Both groups demonstrated the same activity
at wk 1, 2, and 12 of lactation, illustrating that milk from
mothers of low-birth-weight infants is not compromised:with
respect to this antioxidant enzyme. The specific activity of the
enzyme was also seen to increase with the length of lactation
to anear 2-fold difference between wk 1 and wk 12 because of
the decline in protein content. When expressed per milliliter of
milk, there was also a change over time between wk 1-and.2.
This was the opposite of that which we expected, because it
would seem appropriate for the mother to have an increased
expression of the gene for the CAT enzyme during the period
when the infant would be at most oxidative risk, and could
benefit from extra antioxidant protection. Heyndrickx (19)
found atrend to decrease in activity between colostrum (3-5 d)
levels and normal milk (7-32 d), however, samples were not
collected from the same mother.

HM versusinfant formula. The potentialfor-HM to-directly
affect oxygen-induced tissue injury in the newborn is supported
by experimental studies in animals. Neonatal rat intestine will
peroxidize HM, supporting the presence of reactive oxygen
species in the gut (20). The release of oxygen radicals by the
intestine has been implicated in the pathology of necrotizing
enterocoalitis (21). Early feeding of HM reduces the incidence
of necrotizing enterocolitis in the premature infant (22).
Breast-fed premature infants have a lower incidence of reti-
nopathy of prematurity (23). Pitt et al. (24) and Lucas and Cole
(22) have suggested that the lower incidence of necrotizing
enterocolitis in breast-fed babies may be due to some property
of HM. Furthermore, common neonatal infections have been
shown to be lower in infants receiving milk from mothers of
PT infants than in infants receiving the prescribed nursery
formula (25). Our results indicating that HM is less susceptible
to oxidative stress than are specialized premature formulas—as
seen by some (26, 27), but not others (20), using a variety of
model systems—adds support to the idea that it may be the
antioxidant properties of HM that afford a part of this
protection.
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Formulas for PT infants are heavily fortified with vitamins
E, A, and C (the small-molecul e antioxidants), which are found
in higher concentration in formulas than in HM (9). This
implies that the protective effect of milk is due to factors other
than these antioxidants and may involve milk enzymes. We (5)
and others have reported on the presence of GPx and SOD in
HM. We hypothesized that the antioxidant enzymes CAT,
SOD, and GPx present in HM would play arole in providing
the HM with its antioxidant capability in vitro. However, upon
pasteurization of the HM and inactivation of these enzymes, its
antioxidant properties were not compromised upon oxidative
stress, suggesting that HM exhibits aternate, and equally
effective, means of dealing with excess oxidative stress and
does not depend solely upon the known antioxidant enzymes.
Buescher et al. (28), suggest that colostrum antioxidant activity
is heterogeneous, which may explain our inability to isolate
one specific compound accounting for milk antioxidant protec-
tion. This also makes sense if we consider that HM is exposed
to an acid and an enzymatic environment before it movesto the
small intestine to help protect against necrotizing enterocolitis.
Nonetheless, the antioxidant enzymes CAT, SOD, and GPx,
when' added together to formula, were shown to provide in-
creased protection against oxidative stress and lipid damage,
likely working with other systems in the HM. This suggests
that the addition of these protective agents to formulas may
help reduce the harmful effects of excess oxidative stress and
inflammatory-induced reactive oxygen species, resulting in
reduced symptoms, faster recovery, and normal devel opment,
as has been shown previously with SOD given intramuscularly
(29).-Consistent with these results is the report of Van Zoeren-
Grobben ,et- al. (7), who found that healthy breast-fed PT
infants had higher antioxidant capacity in plasma compared
with formula-fed infants. Theresults of Marshall and Roberts
(20) showing that the survival of newborn rat pups exposed to
>95% oxygen declined when fed with HM compared with
formula feeding are less easy to comprehend.

Iron asafreeradical generator in milk. Vitamin C and iron
are_found in high quantities in most neonatal formulas, and
potentially at levels that allow for a source of free iron that is
capable of “initiating free radical reactions (30, 31). When
ferrous iron reduces H,O, to produce *OH, it becomes ferric
iron. In the presence of vitamin C, the iron is converted back
to itsferrous state and is again available to begin another cycle
of ®*OH formation if it is not sequestered by iron storage or
transfer proteins (32). In the present study, when iron and
vitamin C but not vitamin C aone were added to HM at
equivalent levels found in formula, there was a greater increase
of oxygen consumption, indicating that the iron was initiating
free radical reactions. The increase in oxygen consumption in
HM thus treated was not as great as levels seen in iron-fortified
formulas, a finding reported by others (26). This confirms that
iron content per se, does not account for al oxidative stress
seen in formulas. It is possible that increased polyunsaturated
fatty acid content seen in premature formulas (9) may provide
more substrate for free radica attack.

In our study, formulawith 12—14 mg/L iron demonstrated a
2-fold increase in the amount of oxygen consumed compared
with the same formula containing low amounts of iron (1.5-3.0
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mg/L). A decreased production of free radicals in these for-
mulas was found upon the addition of the iron binder DETA-
PAC. A correlation of iron content in infant nutrient prepara-
tions with peroxidation products was reported by Marshall and
Roberts (20). The addition of both CAT and desferrioxamine
has previously been shown to inhibit radical formation in
formulas (26), supporting a role for iron chemistry. It may be
that lactoferrin, an iron binder present in HM, may function not
only as an inhibitor of bacterial growth but may act to prevent
free radical reactions (33).

In summary, these data support further advantages for HM
in protecting against oxidative stress in the newborn premature
infant. The precise mechanisms for this protection are not yet
clear, however, this ability appears to be heterogeneous.
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